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INTRODUCTION 

V. E. McKelvey 
Director, U.S. Geological Survey, Reston, Virginia 

The theme of thisconference, "Energy Horizons on the  Pacif ic  

Coast ," appropriately encompasses the  f u l l  spectrum of problems 

which must be dea l t  with t o  provide adequate, r e l i a b l e  supplies of 

energy t o  a region which has heretofore been notable fo r  i t s  

heavy dependence upon o i l  and gas. New sources of o i l  and gas 

must indeed be found, and recovery f k o m  known deposits enhanced, 

using every available t o o l  of geology, paleontology, geophysics, 

and production technology. 

Beyond the  t r ad i t i ona l  fue ls ,  however, the Pacif ic  Coast 

region must increasingly look t o  other sources of energy f o r  the 

sa t i s fac t ion  of i t s  requirements: 

resources of coal, heavy crude o i l ,  o i l  shale, and geothermal energy. 

the r i c h  and largely unutil ized 

The authors of the  papers presented here have responded 

imaginatively t o  the  inv i ta t ion  t o  contribute t o  the  advancement 

of geological exploration and development of a l l  energy resources 

i n  the Pacif ic  region. 

challenge i n  Pacif ic  energy development and the  authors here show 

t h a t  t he  challenge can be taken on with confidence! 

A l l  of us recognize the  magnitude of the 



STRATIGRAPHIC REMTIONSHIP OF THE MIPDLX EOCENE 
KEI;LoGG AND SIDNEY FLAT SHALES OF NORTHERN CALIFORNIA 

Alvin A, Almgren and -Kristin McDougall 
Union Oil of California 

Santa Fe Springs, California 1 

ABSTRACT 

The Kellogg shale and the Sidney Flat shale are planktonic-rich 
units that are exposed on Mt. Diablo in Contra Costa County, California. 
Although the planktonic foraminiferal faunas are the same, and no dis- 
tinct diffepences exist in the diatom assemblages, the two shales have 
been considered stratigraphically separate units in the literature. 

Evidence is presented which indicates that the Kellogg shale and 
the Sidney Flat shale represent separate exposures of the same strati- 
graphic unit. 
foraminiferal data, planktonic foraminiferal data concerning the under- 
lying Nortonville shale, and supporting regional subsurface data. 

INTRODUCTION 

This correlation is based on published diatom and 

\ 

The Kellogg shale and the Sidney Flat shale are fossiliferous units 
that are exposed on Mt. Diablo in Contra Costa County, California (see 
Figure 1). Although published data have indicated that the planktonic 
foraminiferal faunas are the same, and that no distinct differences exist 
in the diatom assemblages, the two shales have been considered strati- 
graphically separate units. 

and the Sidney Flat shale represent separate exposures of the same 
stratigraphic unit. 
foraminiferal data, and supporting regional subsurface data. 

STRATIGRAPHY 

Evidence is presented herein that indicates that the Kellogg shale 

This correlation is based on published diatom and 

On the north side of Mt. Diablo in Township 1 North, Range 1 East, 
MDBM, approximately 6000 feet of Middle Eocene sediments are exposed in 
an apparently continuous marine cycle of deposition (Figure 2). 
cycle of deposition began with the marine Domengine sandstone trans- 
gression which covered most of the southern Sacramento Valley. 

the deposition of 500 f'eet of Nortonville shale occurred probably under 
deep bathyal conditions in the Mt. Diablo area. 
western trough continued with the Markley Formation. The lower member 
of the Markley Formatibn is predominantly a sandstone which attains a 
thickness of about 30Ob feet in the western Mt.Diablo area, but thins 

This 

Following this tr a sgression and a rapid subsidence of the basin, 
Deposition in this deep 

1 
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FIGURE 1 SIMPLIFIED GEOLOGIC MAP, NORTH AND EAST OF MI'. DIABLO, MODIFIED 
AFTER CLARK AND CAMPBELL, 1942 



rapidly to the east. 
Sidney Flat shale conformably overlies the lower Markley sand in the 
west, but to the east the authors believe it onlaps the older sediments 
overlying the Nortonville shales and Domengine sandstone. 
part of Mt. Diablo, near Byron, the Sidney Flat shale has been described 
as the Kellogg shale (Clark and Campbell, 1942). 

Conformably overlying the Sidney shale on the north side of Mt. 
Diablo is the upper Markley sandstone, about 700 feet thick, which is 
overlain by the Oligocene, Kirker Formation. 
shale is 'unconformably overlain by the Upper Miocene, San Pablo Formation. 

The middle member of the Markley Formation, the 

In the eastern 

To the east, the Kellogg 

LITHOLOGY 

The type localities of the Sidney Flat shale and Kellogg shale are 
on the north side of Mt. Diablo about eleven miles apart (Figure l), but 
the exposures are discontinuous in the vicinity of Marsh Creek making 
their stratigraphic relationship based on field mapping uncertain. 

The middle member of the Markley Formation exposed at Sidney Flat 
in Markley Canyon, Township 2 North, Range 1 East, MDDA, is the type 
locality of the Sidney Flat shale (Clark and Campbell, 1942). Here 
(Figure 1, @ ) the white diatomaceous shale member is about 700 feet 
in thickness and is conformable between the upper and lower Markley 
sandstone units. 

. The Kellogg shale consists of light gray to buff colored, diato- 
maceous shale that crops out in a belt of (discontinuous) restricted 
exposures in the hills due west of the town of Byron, cutting diagonally 
across Township 1 South, Range 3 East, MDEM (Clark and Campbell, 1942, 
p. 6). It is best exposed in a road cut about one and one-half miles 
west of the town of Byron (Figure 1, @ ) where it has a thickness of 
about 120 feet. 
with apparent conformity. Solari and McFadden (in Clark and Campbell, 
1942, p. 6) with the aid of auger borings claimed to have traced the 
Kellogg shale to the northwest where they interpreted it to be overlain 
by the basal sands of the Markley Formatian. They also considered it 
to be stratigraphically equivalent to the type Nortonville shale which 
$s overlain by the basal sands of the Markley Formation and underlain 
by the Domengine sandstone. 

The authors do not agree with this interpretation and consider 
the "basal sands of the Markley Formation'' of Solari and McFadden to be 
instead the basal sands of the upper Markley sandstone member. The 
authors have not, however, done any additional augering to support this 
interpretation. 

The Nortonville Formation is lithologically unlike the Sidney 
Flat shale and the Kellogg shale, as it consists dominantly of chocolate 
brown mudstone. In the type area at Nortonville (Figure 1, 0 1 it 
is about 500 feet thick and is conformable with the underlying Domengine 
sandstone and the overlying lower Markley sandstone. 

Here the Kellogg shale overlies the Domengine sandstone 

~ 
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MICROFOSSIL ASSEMBLAGES 

S i b 9  Flat and Kellogg Shales 

compared microfossil assemblages of the Kellogg shale and the Sidney 
Flat shale and pointed out that they are essentially the same. 

-- -------- -e-- 
Taro Kanya (1957) and Ronald Roy Schmidt (1970) have described and 

The benthonic foraminiferal assemblages of the Sidney Flat shale 
and the Kellogg shale have been listed by several workers. 
more common and characteristic benthonic foraminifera present in these 
shales, listed by various authors, are shown on accompanying checklist 

Taro Kanaya (1957, p. 40)  pointed out that the foraminiferal 

except for the presence of Amphimrphina 
Laiming (1939, p. 543) assigned the 

Some of the 

(Figure 3). 

assemblages of the Kellogg shale and the Sidney Flat shale are Ifnot 
particularly different, 
jenkensi in the latter shale unit. 
diatomaceous shale of the Markley Formation, the Sidney Flat shale, to 
his A-1 zone which he defined as being characterized by the common and 
restricted occurrence of Amphimorphinu jenkensi associated with PZanuZaria 
markZeyana, VaZuuZineria twneyensis, and RobuZus weZchi. 

Ronald Roy Schmidt (1970, p. 75) listed a number of species of 
planktonic foraminifera from the Kellogg shale and The Sidney Flat shale, 
shown on Figure 4 .  
shale and the Kellogg shale, Schmidt (1970, p. 73) stated: 
little benthic and no planktonic foraminiferal fauna change to indicate 
an age difference between the Kellogg shale and the Sidney Flat shale." 
Schmidt assigned both of these shales to the TmorataZoides  
rotundharginatus planktonic foraminif era1 eone and to the C"z$phragmaZithus 
quadratus nannoplankton zone (p. 73 ). 

In comparing the foraminifera of the Sidney Flat 
"There is 

Taro Kanaya (1957) made a detailed study of the diatoms of the 
Kellogg and Sidney Flat shales in which he described thirty-nine species 
and made a comparison of the assemblages of the two units. 

Kanaya concluded that Ifthe assemblages from the two stratigraphic 
units should be considered as one fossil flora which lived durhg the 
late Eocene time in the geographic area where the Kellogg and ltSidneylr 
sediments accumulated. It 

The radiolarian assemblages of the subject shale units were inter- 
preted by Clark and Campbell (1942) to be markedly different and were 
considered to represent distinct faunal zones. 
were described with only thirty-one being common to both formations; 
forty-three species were restrcited to the Sidney Flat shale and fifty- 
three to the Kellogg shale. 
variance may be an artifact resulting from excessive splitting of taxa. 

A total of 127 species 

Schmidt (1970) suggests that much of this 

Nannoplankton from a limited number of samples indicate that the 
assemblages from all three formations fall within the Ch$phragmaZithus 

dratus zone of Hay, et a1 (1967), which corresponds to Sullivan's 
1965) faunizone IV. The most coxnon species present include 

5 
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hncoro ta lo ides  densus 

R 
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Chiasmolithus grandis, Chiasmolithus gigas, Reticulofenestra umbizica, 
Retimlofenestra coenura, Braarudosphaera P i g e l d ,  Transversopontis 
putcheroides, and Discoaster elegans. With additional studies, it may 
be possible to divide this zone into subzones. 

Nortonville Shale --------- 
The foraminiferal assemblage of the Nortonville shale is very 

different from that of the Sidney Flat shale and the Kellogg shale. 
It is characterized by the restricted occurrence of BuZimina corrugata, 
Uvigerina churchi, Uvigerina gamaensis, Gyroidina orbicu Z d s  var. 
planuta, and many other species restricted to the A-1 zone of Laiming 
(1940) or the Bul<mhz  corrugata zone of the lower Narizian stage of 
Wllory (1969, p. 72) .  Charles V. Fulmer (19%) published a detailed 
checklist of foraminifera that demonstrates the very different assemb- 
lages of the Sidney Flat and Kellogg shales and the Nortonville shale. 
Selected species from Fulmer's checklist are shown on Figure 3. 

A sample, C.A.S. 16749 from the basalmost part of the type Norton- 
ville, furnished to the authors by C. C. Church, contains a diverse 
assemblage of benthonic and planktonic foraminifers that correlates with 
the type Canoas which immediately overlies the Domengine Formation in the 
Coalinga area. 
present in sample C.A.S. 16749 are shown in the checklists, Figure 3 
and Figure 4. This assemblage of foraminifers, which includes the 
planktonic species Morozovella aragonensis, is Ulatisian in age, within 
the Amph&oY.phina califomaka zone of Mallory. 

Some of the more characteristic benthonic foraminifers 

SUEURFACE MIDDLE EOCENE STRATIGRAPHY, SO. SACRAMENTO VALLEY 

A s  mentioned earlier, the continuous sequence of Middle Eocene 
strata, as exposed on the north slope of Mt. Diablo, is also present 
in the subsurface north of Mt. Diablo and extending over much of the 
southern Sacramento Valley. Figure 5 shows the location of a-section 
of wells in reference to the Mt. Diablo outcrop section. 
of wells (Figure 6 )  shows that the lower Markley sandstone thins to the 
east and in the eastern part of the Valley it is absent with the Sidney 
Flat shale equivalent resting on the Nortonville. The absence of the 
lower Markley sandstone to the east is probably due to nondeposition, 
rather than unconformity. 

This section 

The scope of this paper does not permit detailed listing of 
foraminiferal and nannoplankton data for the wells shown in Figure 6. 
However, a brief summary of foraminiferal data from the wells shown in 
the cross section and projected from nearby wells is given below to 
support the interpretation shown which is the subsurface equivalent 
of the section exposed on Mt. Diablo. 

As in the outcrop section, the subsurface equivalent of the Sidney 
Flat shale is characterized by the presence of Amphimorphina jenkinsi, 
VaZuulineAa twneyensis, Globigerine 1 l a  micra, and abundant nonpyrit ized 
radiolaria. 
the eastern part of the basin. 

The foraminifera are generally sparse in occurrence in L 

t 
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2. Occidental, Signal-R.I.L. #1, Sec. 5, 

T2N, R2E 
3. Signai, Signal-Burroughs #1, Sec. 20, 

T2N, R3E 
4. Amerada, Dutra #1, Sec. 23, T2N, R3E 
5. Atlantic, Mantelli #1, Sec. 14, TlN, R4E 
6. Monarch & Fischgrund, E. W. Woods #1, 

I Sec. 26, TlN, R5E 6 miles , 
Horizontal 1000 ' 
Vert i ea1 - 

FIGURE 6 SUBSURFACE STRATIGRAPH12 SECTION OF MIDDLE EOCENE STRATA 



The subsurface equivalent of the Nortonville shale is charac- 
terized by common pyritized radiolaria and the restricted occurrence 
of B u ~ ~ ~ ? a a  comwgata, Bulin6na scuzptizis,  and Vazvuzine& thomasi. 
This subsurface stratigraphic relationship of the Sidney Flat shale 
and the Nortonville shale is the same as that as interpreted by the 
authors for the surface exposures of these units on Mt. Diablo. 

SUMMARY 

As cited in this paper, previously published benthonic and 
planktonic foraminiferal data, foraminiferal occurrences observe 
by the authors, and published diatom data all indicate the equi- 
valency of the microfossil assemblages of the Sidney Flat shale 
and the Kellogg shale. 
Narizian Amphimorphinu jenkinsi zone of Mallory in age. 
microfossil assemblage of the older Nortonville shale is distinctly 
different and is Eocene A-2 zone, lower Narizian/upper Ulatisian 
in age. 

The overlap of the Sidney Flat shale over the lower Markley 
sandstone and, in part, the Nortonville shale, as demonstrated in 
the subsurface, is supporting evidence for the interpretation of the 
stratigraphic relationship of these units as exposed in the outcrop. 

They are Eocene A-1 zone of Laiming or upper 
The 

(See Figure 7. ) 
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MOLLUSCAN BIOSTRATIGRAPHY OF THE 
LINCOLN CREEK FORMATION, SOUTHWEST WASHINGTON 

John M. Armentrout 
Mobil O i l  Corporation 

P.O. Box 5444 T.A. 
Denver , Colorado 

The Ter t ia ry  rocks o f  southwestern Washington represent a unique , 
wel l  preserved succession o f  nearly continuous upper Eocene t o  lower 
Miocene deposition. This repor t  presents qua l i t a t i ve  b iost rat igraphic  
documentation o f  the l a t e s t  Eocene through 01 igocene molluscan se- 
quence w i th in  the Lincoln Creek Formation and defines molluscan stages 
and concurrent range zones. The zones and stages defined i n  t h i s  
repor t  are considered t o  augment o r  replace Durham's (1944) zones and 
replace Weaver and others (1944) "Stages" as appl ied t o  the Pac i f i c  
Northwest l a t e  Eocene through Oligocene formations (Fig. 1). 

PREVIOUS STUDIES 
I 

The framework f o r  prov inc ia l  age determinations and correlat ions 
o f  marine Ter t ia ry  s t ra ta  o f  the Pac i f i c  Northwest has followed three 
main h i s to r i ca l  thrusts. The i n i t i a l  framework was established i n  
Ca l i fo rn ia  by Arnold (1906) (Fig. 2) and l a t e r  extended t o  the Pacif ic 
Northwest by Arnold and Hannibal (1913). Arnold defined "formations" 
which were, i n  e f fect ,  b iost ra t igraphic  un i t s  characterized by d is t inc -  
t i v e  invertebrate assemblages. The inherent t ime-strat igraphic nature 
o f  these "formations" has been demonstrated by t h e i r  effectiveness i n  
interbasinal  correlat ions. These u n i t s  were redefined and modified by 
subsequent workers (Weaver, 1912, 1916a, 1916c, 1937; Clark, 1918, 
1929, 1930) who var iously termed them "faunas," "formations ,I' o r  
"horizons . I' 

The second phase o f  molluscan b iost rat igraphic  invest igat ions i n -  
volved def in ing "zones" [e.g., Weaver's (1916a, 1916c) "Tu r r i t e l l a  

and "Molopophorus l incolnensis zones" and Van Winkles 
These "zones" were 1 i t t l e  more than 

a euphemism f o r  l w c h l y  foss i l i fe rous  beds and are more approprr 
i a t e l y  re fer red t o  as zonules (Fenton and Fenton, 1928). 

merriami zone"]. 

The t h i r d  phase o f  research involved the de ta i l i ng  o f  the s t r a t i -  
graphic occurrence o f  molluscan taxa w i th in  essent ia l ly  continuous 
s t ra t igraphic  in terva ls .  Such data allowed f o r  the refinement and 
Qef in i t ion  o f  provincial, molluscan b i o s t r a t i  raphic sequences. A 
series o f  Oligocene zones defined by Durham 9 1944) i n  northwestern 
Washington became the basis f o r  a sequence o f  three stages (Keasey, 
"Lincoln," "Blake1 ey") erected by Weaver and others (1 944). These 
stages have become p a r t  of the molluscan b iost rat igraphic  standard f o r  
the Pac i f i c  West Coast. 
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NECESSITY OF A NEW BIOCHRONOLOGY 

Three problems inherent i n  the present Pac i f i c  West Coast mollus- 
can biochronologies require the development o f  a new b iost rat igraphic  
and t ime-strat igraphic system f o r  Oregon and Washington. 

The f i r s t  problem concerns the provincial ism o f  Pac i f i c  West 
Coast molluscan faunas. The t r a d i t i o n a l  molluscan stages o f  Weaver 
and others (1944) were erected under the presumption t h a t  the Te r t i a ry  
molluscan faunas o f  the southern Cal i fornian and northern Oregon- 
Washington areas const i tuted a s ing le faunal province and t h a t  a 
s ingle set  o f  "stages" and "zones" could be u t i l i z e d  throughout the 
e n t i r e  area. Correlations between California, Oregon, and Washington 
can be eas i l y  accomplished wi th  molluscan assemblages o f  middle and 
ea r l y  l a t e  Eocene age which do occupy a s ing le faunal province. 
However, l a t e s t  Eocene t o  Recent faunas show i n t e n s i f i e d  provincial ism 
and inherent ly greater d i f f i c u l t y  i n  correlat ion.  The re la t ionship 
between the "Blakeley" and "Vaqueros Stages" o f  Weaver and others 
(1944) i s  a case i n  point. Or ig ina l l y  defined as successive time- 
s t ra t igraphic  e n t i  t ies ,  the "Blakeley Stage" fauna o f  Washington i s  
now recognized as a temperate biofacies i n  p a r t  coeval w i t h  the t r o p i -  
cal  t o  subtropical biofacies fauna, o f  the "Vaqueros Stage" o f  Cal i forn ia  
(Addicott, 1967, 1968, 1972). Therefore, the Te r t i a ry  molluscan fauna 
o f  Oregon and Washington i s  most appropriately treated as belonging t o  
a biogeographic province d i s t i n c t  from t h a t  o f  the more southern 
faunas o f  Cal i f o r n i a .  

1 

A second problem w i t h  the stages o f  Weaver and others (1944), i s  
the unfortunate nomenclatural confusion t h a t  has resul ted from using 
p r imar i l y  l i t hos t ra t i g raph ic  terms i n  a t ime-strat igraphic context. 
For example, the "Lincoln Stage" o f  Weaver and others (1944) i s  ea r l y  
and middle Oligocene i n  age, whereas the Lincoln Formation, which 
served as the type f o r  the "Lincoln Stage," has subsequently been 
shown t o  encompass l a t e  Eocene through Oligocene strata.  Simi lar  
nomenclatural problems also e x i s t  f o r  both the Keasey and "Blakeley." 

And th i rd ,  two of Durham's (1944) zones lack superpositional 
control and wel l  .defined stratotypes. Therefore, a need exists f o r  
the establ ishment o f  a we1 1 defined and superposi t iona l  l y  control  l e d  
sequence o f  b iost ra t igraphic  and t ime-strat igraphic molluscan u n i t s  
appl icable t o  the biogeographic province o f  Oregon and Washington. 

CURRENT STUDY 

The Lincoln Creek Formation (Beikman and others, 1967) o f  southwestern 
Washington (Figs. 1 and 3)  was chosen as the s t ra t igraphic  base f o r  
t h i s  study as i t  affords some o f  the best exposed and most f o s s i l i -  
ferous sections i n  the Paci f ic  Northwest. The formation i s ,  i n  many 
sections , conformable w i t h  underlying and overlying sediments and 
lacks s t ructura l  complexity. 
a prov inc ia l  molluscan biostrat igraphic and chronostratigraphic se- 
quence. Rau (1958, 1966) has defined the benthonic foramini feral  

I t  i s  thus ideal for use as the type f o r  
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zones f o r  western Washington w i t h i n  many o f  the same sections as 
studied f o r  t h i s  report, permi t t ing a c lose co r re la t i on  o f  both b io-  
chronologies . 

F i e l d  work involved the sampling o f  f i f t e e n  sections as wel l  as 
several s i g n i f i c a n t  i so la ted  l o c a l i t i e s  w i t h i n  the L incoln Creek 
Formation. Sampling was car r ied  out  during 1971 and 1972, w i t h  f o s s i l s  
co l lected from 200 l o c a l i t i e s  (Fig. 4). The faunal assemblages co l -  
lected include 258 taxa, 226 being mollusks. Twenty-three new taxa 
were recognized. A more extensive treatment o f  the s t ra t igraphy and 
pal eontol ogy, i ncludi  ng paleoecology, systematics, new species descrip- 
t ions, check l i s t s ,  plates, l o c a l i t y  data, and maps, i s  avai lab le i n  
Armentrout (1973b, unpublished Univers i ty  o f  Washington thesis-- 
avai lab le through Univers i ty  Microfi lms, Ann Arbor, Michigan). The 
types and s t ra t ig raph ic  co l lec t ions  are on deposit a t  the Thomas Burke 
Memorial Washington State Museum, Un ivers i ty  o f  Washington, Seattle, 
Washington. A comparison o f  type mater ia l  o f  t h i s  study and t h a t  o f  
Weaver (1942), Durham (1944), and Hickman (1969), permits a synthesis 
of b iost ra t igraphic  data from the four  reports. 

BIOSTRATIGRAPHY 

Based upon the l oca l  range and t o t a l  range o f  taxa, the sequence 
of l a t e  Eocene t o  l a t e  Oligocene L lncoln Creek Formation s t ra ta  i s  
subdivided i n t o  f i v e  concurrent range zones and two stages w i t h  i n -  
formal d e f i n i t i o n  o f  over ly ing and underlying u n i t s  f o r  superposi t i ona l  
control .  Previously proposed names are retained when a r e d e f i n i t i o n  
wi thout substantive a l t e r a t i o n  o f  the o r i g i n a l  d e f i n i t i o n  would suf f ice.  
Species used fo r  the zone names are e i the r  r e s t r i c t e d  t o  t h a t  zone o r  
are charac ter is t i c  o f  the zone. Correlations o f  the stages and zones 
w i th  Pac i f i c  Coast b ios t ra t ig raph ic  and l i t hos t ra t i g raph ic  u n i t s  are 
given i n  Figures 5-7. The time-scale u t i l i z e d  i n  t h i s  repor t  f o r  
cor re la t ion  o f  the European and Pac i f i c  West Coast ser ies i s  t h a t  o f  
Berggren (1972) modif ied b the work o f  K le inpe l l  and Weaver (1963), 
Rau (1966), Addicot t  (1972 J , Bandy (1972), and Lipps and Kalisky 
(1972). The resu l t i ng  corre la t ions are shown on Figure 5 as wel l  as 
on the other cor re la t ion  charts o f  t h i s  report .  
i n  de f in i t ions  o f  zones are described i n  Armentrout (1973b). 

New species u t i l i z e d  

1 

UNNAMED LATE EOCENE ZONULE 

An Unnamed Late Eocene Zonule i s  t en ta t i ve l y  defined f o r  sub- 
jacent cont ro l  o f  the s t ra t ig raph ica l  l y  lowest, formal ly  defined zone 
o f  t h i s  report .  It possibly 3s -indicative o f  a zonal e n t i t y  but  
extensive studies on the d i s t r i bu t i on ,  ecology, and taxonomy o f  re-  
l a ted  faunas would be required before erect ion o f  a formal b ios t ra t ig raph ic  
un i t .  

The reference sect ion f o r  the Unnamed Late Eocene Zonule i s  
- 

tc 
wi th in  the Cowlitz Formation along Olequah Creek between Vader and 
Winlock, Washington, where more than 2,300 f e e t  o f  poor ly exposed 
s i l t s t o n e  and sandy s i l t s t o n e  occur along the creek banks (Figs. 3 and 
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4). The section has beeh studied I n  d e t a i l  by Weaver (1916b) and 
Henricksen (1956). Henricksen (1956) interpreted the contact between 
the Cowl i t r  Formation and the overlying Lincoln Creek Formation t o  be 
unconformable along Olequah Creek. The s t ra t igraphica l  l y  highest 
f o s s i l  l o c a l i t y  o f  the Unnamed Late Eocene Zonule occurs a t  the $ig 
Bend o f  the Cowl i t z  River 1.5 mi les east o f  Vader. The l o c a l i t y  -(UW 
loc. 1 )  has an abundant and var ied fauna, well  described and i l l u s t r a t e d  
i n  Weaver (1 942). 

Taxa making t h e i r  highest occurrence i n  the Unnamed Late Eocene 

GASTROPODS PEL €CY PODS 

Zonule are: 

A c r i l l a  berthiaumei C a l l i s t a  wil'liamsoni 
Ceri th iops i  s .washingtoniana 
Conus cowl i tzensis 
Conus vaderensi s 
Crepi dul a d i c kersoni 
Cymathium cowl i tzensi s 
Cymathium etherf ngtQni 
Cyma thium was h i  ng ton1 anum 
Echinophoria tri -tuberculata 
Ectinochilus elongata 
Ec ti noc h i  1 us wash 1 ng tonens 1' s 
Mol opophorus bre tz i  
Murex cowl i tzensi s 
Murex packardi 
Olequahfa washi ngtoniana 
Perse washingtonensis 
Polinices h o r n i l  
Pol i n i  ces weaveri 
Priscofusus w i l l i s i  
T u r r i  t e l l  a uvasana 01 equahensi s 
Tur r i  t e l l  a uvasana stewart i  

Gari cowl 5 t tens i s 
loxocardium olequahensi s 
Auculana cowl i tzens is  
Os t rea i d r i  aens i s 
P i  t a r  eocenica 
Veneri cardi a horni i c l  a r k i  

Taxa t yp i ca l  o f  but not r e s t r i c t e d  t o  the Unnamed Late Eocene Zonule are: 

GASTROPODS 

Ex i l  l a  dickersoni Ac i la  decisa 
Ficopsis cowl i t tensis P i t a r  cal i forn iana 
Siphonalia sopenahensis 

cula cowli tzensis 

Dental lum stramineum 

These l a t t e r  species occur i n  sediments Interbedded w i t h  the overlying 
basal sandstones o f  the Lincoln Creek Formation I n  the Chehalis- 
Central ia area (Snavely and others, 1958, p. 52), and may i n  pa r t  be 
t rans i t i ona l  t o  the Bathybembix columbiana Zone, which over l ies the 
Unnamed Late Eocene Zonul e. 
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The lowest collection from Lincoln Creek s t ra ta  along Olequah 
Creek (UU loc. 291) contains a fauna assignable t o  the Echino horia 

cblumbiana Zone. The absence o f  Bath bembix columbiana Zone assemblages 
may be due to  failure to  sample, A w a l  between the highest  
Unnamed Late Eocene Zonule locali ty along Olequah Creek is  about 400 
feet stratigraphically below the lowest Echino horia d a l l i  Zone faunal 

sented by the unconformity between the Cowlitz and Lincoln Creek 
Formations. In Oregon, the type section of the Bath bembix columbiana 

formity, strata of the "Cowlitz" Formation which  contains a fauna 
(Warren and Norbisrath,'l946) assignable t o  the Unnamed Late Eocene 
Zonule. 

The molluscan assemblage of the Unnamed Late Eocene Zonule is 
also known i n  Washtngton from the Cowlitz Formation along Coal Creek 
i n  Lewis County (Weaver, 1916b), from the Skookumchuck Formation 
(Snavely and others, 1958), and from rocks assigned t o  the Puget Group 
south of Seattle (McWil1 iams , 1971 ) . 

d a l l i  Zone which occurs stratigraphically above the Bat + ybem i x  

locality; or the Bathybembix columbiana + one ntervalmaybe repre- 

Zone along Rock Creek (Durham, 1944) overlies, w T+€m t pro a e con- 

Age o f  t h e  Unnamed Late Eocene Zonule 

Correlations have been made between the molluscan assemblages of 
the Unnamed Late Eocene Zonule and the "Tejon Stage" o f  California 
(Weaver and others, 1944) by Arnold and Hannibal (1913), Dickerson 
(1917), Weaver (1916b, 1937, 1942), and others (Ffgs. 2 and 5). The 
"Tejon Stage" is assigned to  the provincial early l a t e  Eocene (Durham 
1954, Addicott 1972, 1973). 

The foraminiferal assemblage associated w i t h  the mollusca a t  the 
type locali ty of the Unnamed Late Eocene Zonule has been assigned t o  
the A-1 Zone of Laiming (1940) by Henricksen (1956) and Rau (1958), 
and to  the Bulimina schencki - Plectofrondicularia cf. P. jenkinsi 
Zone of R a u m  These Zones are correlatives of th; umer Narizian 
Stage Amphimorphina enkinsi  Zone of Mallory (1959), assighed t o  the 
provincially early # % -  l a t e  ocene (Kleinpell and Weaver, 1963) (Fig. 5) .  

GALVINIAN STAGE 

The Galvinian Stage, named for  Galvin, Washington, near where 
strata of this age are widely distributed, i s  subdivided Into three 
zones. Type sections are designated i n  those areas w i t h  the best 
molluscan assemblages and superposi tional control : 

Upper Echfnophoria - fax Zone 

Porter Bluff Section, Lincoln Creek Formation, 
Was h i  ngton 

f 
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I 

1 Middl e Echinophoria dal 1 i Zone 

Pe Ell-Doty Section, Lincoln Creek Formation, 
Washington 

J 
i 
i 
1 Lower Bathybembix columbiana Zone 

Rock Creek Section, Keasey Formation, Oregon; 
reference section defined i n  the Willapa River 
Section, Lincoln Creek Formation. 

The lower boundary of the Galvinian Stage is conformable i n  some 
sections, unconformable i n  others. These relationships ref lect  the 
trans ressive character of the basal Lincoln Creek Formation (Armentrout, 
1973a 3 . In the western part of the basin,deposition was uninterrupted 
w i t h  Cowlitz Formation s t ra ta  grading upward into the Llncoln Creek 
Formation, Here s t ra ta  correlated w i t h  the Unnamed Late Eocene Zonule 
are conformably overlain by a sequence of s t ra ta  containing the success- 
ively younger Bath bembix columbiana and, Echino horia dal1 i Zonal 

Creek Formation was not deposited u n t i l  Echinophoria dal l i  Zone time 

of the Unnamed Late Eocene Zonule s t ra ta  or older units. W i t h i n  the 
Galvinian Stage the zonal boundaries occur i n  gradational sedimentary 
sequences (Fig. 4) .  

BATHYBEMBIX COLUMBIANA ZONE 

assqblages. E--%-- astwar i n  the basin the transgress __er ng basat Lincoln 
i 
l and t h i s  Zone unconformably over1 ies difcferentially preserved portions 
1 
I 

The lowest zone of the Galvinian Stage is the Bathybmbix columbiana 
Zone. 
Rock Creek i n  Columbia County, Oregon (Warren and others, 1945, Locs. 
38, 39, 30, 26, 23, 21, 22). ’ Rocks of the type Bath bembix columbiana 

glauconitic layers. 
i t y  s i1  tstones and micaceous sandstones of the Cowlitz Formation and 
grade upward i n t o  tuffaceous sil tstones of t h e  overlying Echinophoria 
dal l i  Zone. A reference section is proposed i n  the Willapa River 
-on where the lower 250 feet  of the Lincoln Creek Formation are 
assigned t o  the Bathybembix columbiana Zone (Lac. UR-2) (Figs. 3 and 

I t s  type is i n  the basal member of the Keasey Formation along 

Zone are dominantly s i l ts tone w i t h  interbeds of + c aystone and some 
Strata of this Zone overlie w i t h  apparent conform- 

i 1 
4 )  

J 

The Zone is characterized by the lowest occurrence of: 

GASTROPODS PELECYPODS 

Conus Call i s t a  pittsburgensis 
Nemocardium weaver1 
Nucula hanni bal i Exilia lincolnensis 

Scaphander stewarti Solemya da l l i  - 
Turri cul a was h i  ng tonens 1 s Thyasira bisecta 

Yoldia oregona 

n ,  sp. Amentrout 

I Phanerolepida cf. P. oregonensis Yoldia chehalisensis 
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SCAPHOPOD 

Dentalium porterensis 

and by the res t r i c ted  occurrrence of: 

GASTROPODS PELECYPODS 

Bathybembix col umbiana 
Bathybembix A n. sp. 

Armentrou t 
Conus n. sp. 
Epi tonium keaseyense 
Margarites n. sp. ' 

Aci 1 a nehal emens i s 
Solemya wil lapaensis 

I n  Washlngton, the molluscan assemblages o f  the Bath bembix 
columbiana Zone are known frdm the basal sandstones o f  + t e Lincoln 
Creek Fonnatlon i n  the Willapa (Lac. NR-2) and Canyon River Sections 
(LOC. CR-1 t o  CR-4), as wel l  as from the Centralia-Chehalis area 
(Figs. 3 and 4). I n  t h i s  l a t t e r  area, Vokes ( i n  Snavely and others, 
1958) recognized two faunas; one occurring i n  sandstone and closely 
re la ted t o  the faunule of the underlying Unnamed Late Eocene Zonule, 
w i th  the fo l lowing species in  common: 

GASTROPODS PELECYPODS 

Exi 1 i a  dfckersoni - Ac i la  decisa 
Ficops$s cowl i ttens is  
Siphonal i a  sopenahensis 
Turr icu la  cowl i tzensis 

P i  t a r  ca l  i forniana 

SCAPHOPOD 

Dental Sum porterensis 

The second o f  Vokes' faunas occurs i n  s i l t s tone  s l i g h t l y  higher 
i n  the basal L incoln Creek Formation than the a b v e  sandstone fauna. 
It contains such diagnostic post Unnamed l a t e  Eocene Zonule taxa as: 

GASTROPODS PELECYPODS 

Exi 1 i a  1 i ncol nensi s 
Gemmula bentsonae 
Scaphander stewart i  

Aci 1 a nehal emens i s 
Pi t a r  c l a r k i  

Ac i la  nehalemensis is res t r i c ted  t o  the Bath bembix cohmbiana Zone; 
thus, Loc. M-26 o f  Snavely and others (1 58 + s referable t o  the 

8 Bathybembix columbiana Zone age. Other s i l t s tone  faunas o f  the basal 
sandstone o f  the Lincoln Creek Formation i n  the Centralia-Chehalis 
area (LOC. M18, M22, M23) are more c losely  a l l i e d  t o  faunas o f  the 
over ly ing Echinophoria d a l l i  Zone. 
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Nomenclature o f  the Bathybembix columbiana Zone 

As both the type section and the time in te rva l  o f  the Bathybembix 
columbiana Zone are the same as t h a t  o f  the "Turctcula columbiana 
Zone'' o f  Durham (19441, the same zonal species i s  retained wfth the 
generic name modified t o  current usage (Turcicula = Bathybembix) (Fig. 
5). Durham ten ta t i ve l y  proposed h i s  "Turcicula columbiana Zone" as 
the fauna o f  t h a t  i n te rva l  was poorly known. Reports by Warren and 
others (1945, 1946) , Snavely and others (1958), and Armentrout (1973b) 
provide s u f f l c i e n t  documentation f o r  i t s  forma1 de f in i t i on .  

Age o f  the Bathybembix columbiana Zone 

The s t ra ta  encompassed by the Bathybembix columbiana Zone were 
used t o  define the "Keasev Stacte" o f  Weaver and others (1944) which 
over l ies the "Tejon Stage" o f  i h e  same authors (Figs.2 and 5). This 
overlying re la t ionship resul ts  i n  a corre la t ion o f  the Bath bembix 

* ( 1 9 3 6 ) e  commonly used f o r  benthonic foramini feral  biochronologies. 
However, as pointed out by Addicott (1972, 1973) the Refugian Stage 
was defined on both Foraminifera and Mollusca and has been used wi th  
both i n  Cal i forn ia  where i t  represents the provincial  l a t e s t  Eocene 
and e a r l i e s t  Oligocene. 

in te rva l  as the Bathybembix columbiana Zone molluscan assemblage 
suggests lower Refugian age, spec i f i ca l l y  the Stgmomorphina schencki 
Zone o f  Rau (1958) (Figs. 4 and 5). This Zone i s  correlated by Rau 
(1958) w i th  Laiming's (1940) R-Zone, and wi th  a t  l eas t  pa r t  o f  the 
lower Refugian Uvigerina cocoaensis Zone o f  Kleinpel l  and Weaver 
(1963), both Cal i forn ia  zones. These correlat ions r e s u l t  i n  an age 
assignment f o r  the Bathybembix columbiana Zone o f  l a t e  Eocene accord- 
ing t o  current provincial  usage of European series names i n  Cal i forn ia  
(Kleinpel l  and Weaver, 1963; Addicott, 1972, 1973). 

columbiana Zone w i t h  the Refugian Stage o f  Schenck and + K einpe 

Correlat ions o f  the Foraminifera from the same st ra t igraphic  

ECHINOPHORIA DALL1 ZONE 

The middle zone o f  the Galvinian Stage i s  the Echinophoria d a l l i  
Zone. The type c t i o n  i s  the lower 1100 f e e t  o f  he Lincoln C r S i T  
Formation along the Chehalis River between Pe E l l  nd Doty, Washington 
(LOC. PD-1 t o  PD-8) (Figs. 3 and 4). I n  the Pe Ell-Doty Section, the 
Lincoln Creek Formation overl ies, w i th  unconformity, sandstones o f  the 
Skookumchuck Formation, which are a 1 i thologic and b iost rat igraphic  
corre la t ive o f  the Cowlitz Formation and Unnamed Late Eocene Zonule. 
Strata o f  the Bathybembix columbiana Zone have not been recognized i n  
the Pe Ell-Doty section and may be represented by the unconfonnity. 
Gradationally overlying the Echinophoria d a l l i  Zone are s t ra ta  o f  the 
superjacent Echinophorla fax  Zone. The rocks o f  the Echino hor ia 

t i c  sandstones which grade upward t o  tuffaceous, medium-grained sand- 
s tones. 

d a l l i  Zone i n  the type section are medim-to coarse-gra + ned, g auconi- 
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The Zone i s  characterized by the lowest occurrence of: 

GASTROPODS 

Acteon chehal isensis 
Bwc la rk ia  columbianum 
Molopophorus gabbi 
Neveri t a  nom1 andi 
Olequahia lorenzana 
Pol in ices washingtonensis 
Priscofusus chehal isensis 
Siphonal i a  washingtonensis 

and by the r e s t r i c t e d  occurrence of: 

GASTROPODS 

Acteon parvum 
Aanaea oa kv i 1 1 ens i s 
Bruclarkia n. sp. 

Armen t rou t 
Echinophoria d a l l i  
Gyri neum jeffersonensi s 
Mol opophorus dal 1 i 
Molopophorus e f f i n g e r i  
Molopophorus stephensoni 
Odostomia griesensis 
Perse p i  ttsburgensis 

PELECYPODS 

Aci 1 a s humardi 
Myadesma dal 1 i 
Nuculana washingtonensis 
Ostrea 1 incolnensis 
P i  t a r  c l  a r k i  
P i  t a r  d a l l  i 
T e l l  i na townsendensi s 
Thracia condoni 

PELECYPODS 

Arca merriami 
Barbatia r e i n h a r t i  
Cycl ocardia hanni bal i 
Diplodontia griesensis 
Lima b e l l a  
Lima oregonensi s 
Lima oa kv i  11 ensi s 
Myti 1 us buwal dana 
Ostrea griesensis 
Posterius gabbi 
Spisula packardi 

The Zone i s  further characterfzed by the l a s t  occurrence of: 

PELECYPODS 

Nemocardium weaveri 
Yoldia oregona 

The Echino hor ia d a l l i  Zone fauna occurs w i th in  the Lincoln Creek 
Formation + n t e Pe E l m y  Section (Loc. PD-1 t o  PD-8), i n  the 
Porter B l u f f  Section (LOC. PB-1 and PB-2), a t  the Oakvi l le Basalt 
Quarry and Gries Ranch l o c a l i t i e s ,  and i n  the Middle Fork of the 
Satsoo River Section (Loc. MF-1 t o  MF-3) (Fiqs. 3 and 4). I n  Oregon, 
s t ra ta  o f  the Echino hor ia d a l l i  Zone occur above s t ra ta  o f  the Bathybembix 

and others, 1945, LOC. 55, 101, and 113, i n  the Keasey Formation; Loc. 
6, 13, 15, 27, 29, 52, 57, 58, 59, 62, 115, 116, 117, and 124 i n  the 
Pi t tsburg B l u f f  Formation). 

columbiana Zone +-- n t e Keasey and Pi t tsburg B l u f f  Formations (Warren 

Nmencl ature o f  the Echi nophori a dal 1 i Zone 

The molluscan assemblage o f  the Echino hor ia d a l l i  Zone repre- 
sents the same time span as the Molopop A- orus step ensoni and Molopophorus 

t 
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abbi Zones of Durham (1944) (Fig. 5) .  The faunal assemblages used by 
k m  t o  separate his two Zones unquestionably occur i n  his type 
sections i n  the Quimper Sandstone near Hadlock, Washlngton. However, 
the Zones are not recognized as dis t inct ly  separate enti ties elsewhere, 
as elements o f  each occur together In areas of Oregon (Warren and 
others, 1945), and i n  Washlngton outside Durham's type sections. 
the basal sandstone of the Lincoln Creek Formation, Pe Ell-Doty 
Section, the Echino horia da l l i  Zone fauna of local i t ies  PD-4 to  PD-6 

to M. gabbi (M. nodos*o* There is a gradation 
fr6M. stephFns-ward and including the more nodose forms close 
to, b u t  not conspecific w i t h ,  M.  
of Durham's two Zones, occur wTth n t e same collecting horizons i t  is  
probable that  Durham's Zones represent biofacies of the Echinophoria 
dal l i  Zone. 

In 

includes the _fl_ spec es Mo o ahorus ste hensonf and forms very similar 

w As these species , suggestive 

The Echinophoria da l l i  Zone also includes s t ra ta  previously 
assigned to  the " B a r b a f i e r r i a m i  Zone" of Van Winkle (1918) (Fig.  2 )  
typed a t  the Porter Creek m i l l e  Basalt Quarry local i t ies  near 

and 4). Van Winkle considered the Gries Ranch fauna to  be a correlative 
of the "Barbatia merriami Zone,ll a relationship substantiated by this 
report ' s a E i T j 7  

I the towns of Porter and Oakville, Washington, respectively (Figs. 3 

Age o f  the Echinophoria da l l i  Zone 

defined Mol0 o horus s t e  h e n s o n i x M o l o  o horus gabbi Zones of 
Durham (l*-e*zones*y Weaver and others 
(1944) to  define the lower part of the "Lincoln Stage" of the West 
Coast molluscan chronology (Fig. 5) .  The "Lincoln Stage" was or ig i -  
nally considered early Oligocene i n  age. 

Zone both contain f o r a m m e r a l  assemblages assignab + e to t e Sigmomorphina 
schencki Zone o f  Rau (1958). As such, the molluscan zones are con- 
-to be coeval w i t h  the lower and upper parts of the Sigmomorphina 
schencki Zone respectively, a relationship demonstrated by s t r a t i  - 
graphic position of a l l  three w i t h i n  the same sections. The S. schencki 
zone is correlated w i t h  the lower Refugian Uvigerina cocoaensis Zone 
of California (Rau , 1966) The l a t t e r  CaliTornia Zone is consfdered 
l a t e s t  Eocene i n  age (Kle ell and Weaver, 1963; Rau, 1966; Addicott, 
1972, 1973). The above correlation suggests that  the Echinophoria - dal l i  Zone is l a t e s t  Eocene i n  age. 

ECHINOPHORIA FAX ZONE 

Strata of the Echinophoria da l l i  Zone include the previously 

The Echinophoria d a l l i  Zone and the underlying Bath bembix columbiana 

The youngest zone o f  the Galvinian Stage is the Echino horia fax 
Zone. The type section is w i t h i n  the Porter Bluff Sect +- on of the 
Lincoln Creek Formation, from 200 t o  1,600 fee t  above the basalts a t  
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the base of the section (LOC. PB-3 to PB-27) (Figs. 3 and 4). The 
rocks are typically massive, tuffaceous si1 tstone and sandstone with 
concretionary beds throughout. Strata of the type Echino horia fax 

Echinophoria Zone. 

Zone overlk and are gradational with strata of the 6 c ino hor a dall i 
Zone, and underlieand are conformable with strata o + t e over ying 

The Zone is characterized by the lowest occurrence of: 

GASTROPODS PELECYPODS 

Bathybembix washingtoniana Limopsis carmanahensis 
Li racass i s 

n. sp. Armentrout Nemocardium lorenzanum 
Musashia Venericardia 'castor 

n. sp. Armentrout 
Turris kincaidi 

Macoma twinensis 

Yo1 di a tenui ssima 

SCAPHOPOD 

Dentalium n. sp. Armentrout 

and by the restricted occurrence o f :  

GASTROPODS PELECYPODS 

Acrilla lincolnensis 
Aforia campbell i , 
Aforia packardi SCAPHOPOD 
Echinophoria fax 
Molopophorus 1 incolnensis Cadulus durhami 
Neptunea cf. N. landesi 
Olequahia 1 incolnensis 
Perse 1 i ncol nensi s 
Scaphander washingtonensis 
Suavodrillia thurstonensis 
Suavodrill ia worchesteri 
Turris dickersoni 

Glycymeri s chehal i sensi s 

t Turri tell a porterensi s 

The Zone is further Characterized by the last occurrence of: 

GASTROPODS PELECYPODS 

Conus Acila shumardi 
n. sp. Armentrout 

Exi 1 ia 1 incol nensis 
Brucl arkia col umbianum 
Priscofusus chehal isensis 
Siphonalia washingtonensis Tellina 1 incolnensis 
Turricula washingtonensis 

Cyclocardia hanni bal i 
Ostrea 1 i ncol nens i s 
Pi tar cl arki 
Pi tar dall i 
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The molluscan assemblage characteristic o f  this Zone is best 

developed i n  the Lincoln Creek Formation a t  the type section a t  Porter 
Bluffs (LOC. PB-3 to  PB-27) and i n  the lower 250 feet  o f  the Galvin 
Section (LOC. GS-1 t o  GS-8). I t  is less well developed i n  the Lincoln 
Creek Formation t n  the Pe Ell-Doty Section (LOC. PD-9 t o  PD-ll), 
Middle Fork o f  the Satsop River Section (LOC. MF-4 t o  MF-7), Canyon 
River Section (LOC. CR-6 t o  C R - l l ) ,  L i t t l e  River Section (LOC. LR-2 
and LR-3), West Fork of the Satsop Rfver Section (LOC. WF-4), and the 
Willapa Rjver Section (Lac. WR-3). 

Nomenclature o f  the Echfnophoria fax Zone 

The Echino horia fax Zone encompasses both the Turritella 
icens + s an u r r i m a  porterensis Zones o f  Durham (1944)' (Fig. 

the Turritella 01 icensis Zone as having a 
poorly preserved and poorly known fauna, + recogn zed only i n  the upper 
part of one section of the Quimper Sandstone. Re-collection of the 
type section by this author failed to  add t o  the number of taxa listed. 
The fauna o f  Durham's type Turritella porterensis Zone a t  Porter Bluff 
was found t o  extend several hundred fee t  down-section from i t s  pre- 
viously recognized occurrence to a p o i n t  where i t  overlies s t ra ta  of 
the Echinophoria da l l i  Zone. The writer believes t h a t  the Turritella 
olympicensis Zone and the T. porterensis Zone are local ecological 
variants w i t h i n  the r e g i o n v b l e  Echinophoria fax Zone. 

Age o f  the Echinophoria fax Zone 

strata contain foraminiferal faunas of 
T h i s  o f  Rau (1966) (Figs. 4 and 5 ) .  

w i t h  the upper Refugian Stage Uvi erina 
vicksburgensis Zone defined i n  the type area of the Refugian Stage -+- n 
California by Kleinpell and Weaver (1963). The upper p a r t  of the 
Refugian Stage is considered t o  be lower Oligocene i n  the current 
provincial West Coast chronology (Kleinpell and Weaver, 1963; Addicott, 
1972, 1973); therefore the Echinophoria fax Zone is  regarded as lower 
01 i gocene. 

MATLOCKIAN STAGE 

The younger Matlockian Stage, named for Matlock, Washington, near 
where s t ra ta  of this age are widely d i s t r i b u t e d ,  is subdivided into 
two zones, both typed i n  this report i n  the Canyon River Section of 
the Lincoln Creek Formation. The Zones are: 

Upper: Echinophoria apta Zone 

Lower: Echinophoria rex Zone 

The lower boundary of the Matlockian Stage i s  w i t h i n  a sequence 
of strata continuous w i t h  t h a t  of the underlying Galvinian Stage. The 



upper boundary o f  the Matlockian Stage i s  conformable w i t h  Unnamed 
Superjacent Stage s t r a t a  o r  unconformably over la in  by the Montesano 
Formation where s t ra ta  o f  the Unnamed Superjacent Stage are missing. 

i 
t 
t 

ECHINOPHORIA - REX ZONE 

the Echino hor ia rex Zone. The reference section proposed i n  t h i s  

Section (Figs. 3 and 4). Here the s t ra ta  consist of dominantly massive 
s i l t s t o n e  beds wi th  interbedded, fine-grained, s i l t y  sandstone from 
3,450 t o  6,130 f e e t  above the base o f  the Formation (LOC. CR-12 t o  CR- 
26). The reference section o f  the Echino hor ia rex Zone i s  conformable 
above and below w i t h  the s t ra ta  conta 77p7i- n ng t e w x y i n g  and underlying 
zones. 

Strata o f  the lower p a r t  o f  the Matlockian Stage are assigned t o  

repor t  + s n s t r a t a o f  the Lincoln Creek Formation i n  the Canyon River 

The Echinophoria - rex Zone i s  characterized by the lowest occur- 
rente of: 

GASTROPODS PELECYPODS 

A f  ori a wardi 
Amaurapsis b l  akelyensis 
Argobuccinum goodspeedi 
Bathybembix B 

n. sp. Armentrout 
Margi ne1 1 a shepardae 
Priscofusus hanni bal i 
Scaphander gordoni 
Suavodri 1 1 i a  h e r t l  e i n i  

Ac i 1 a get tys  bu r g  ens i s 
Aci la  nelsoni 
Anadara devincta 
Cochlodesma bainbridgensi s 
Lima twinensis 
Macoma lorenzanum 
Macoma vancouverensis 
Modi o l  us res t o r a t i  onensi s 
Serr i  pes 

n. sp. Armentrout 
Y o l  d i  a c 1 a1 1 amens i s 

and i s  fu r the r  defined by the r e s t r i c t e d  occurrence of: 

GASTROPODS PELECYPODS 

Ances t r o l  epi  s 1 andesi 
Oxys t e l  e dorni i n. sp. Armentrout 
Perse tegl andae 
Priscofusus f o x i  
Priscofusus stewart i  
So la r i e l l a  k incaid i  
T u r r i t e l l a  blakeleyensis 

Cal l  i s t a  

Species making t h e i r  l a s t  appearance i n  t h i s  Zone are: 

GASTROPODS PELECYPODS 

Pseudoperi ssol ax (? ) 
t r o  p hono 1 des - Chlamys grunskyi 

Nuculana hanni bal i 
Nuculana washingtonensi s 
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Within the Lincoln Creek Formation the Echtno horia rex Zone 
assemblage i s  developed i n  the Canyon River + Sect on L0c.x-12 t o  CR- 
26), Middle Fork of the Satsop River Section (LOC. MF-11 t o  MF-14), 
West Fork of the Satsop River Section (LOC. WF-5 to  WF-12), Nillapa 
River Section (Lac. W-4 t o  WR-6), Galvin Section (LOC. GS-9 to  GS- 
lo ) ,  Porter Bluff  Section (LOC. PB-28 to  PB-29, and Pe Ell-Doty Section 
(Loc. PD-12 t o  PD-13). 

Nomenclature of the Echinophoria Zone 

The Echino horia pi%- Zone of this report i s  the time equivalent 
o f  Durham s 94 Zone o f  the same name (Fig.  5). The type section, 
however, has been augmented by definition o f  a reference section i n  
the Canyon River Section i n  addition t o  Durham's type i n  the Blakeley 
Formation a t  Restoration P o i n t  on Bainbridge Island near Seattle, 
Washington. 
both the underlying and overlying zones whereas the section a t  Restoration 
Po in t  lacks assemblages o f  either of the bounding zones. 

Strata i n  the Canyon River Section includes faunas of 

Age of the Echinophoria rex Zone 

Durham's (1944) Echinophoria rex Zone was used as a lower zone 
of the type "Blakeley Stage" by WeKr and others (1944), who considered 
the "Blakeley Stage" to  be lower upper Refugian; i t  was originally 
interpreted as of Zemorrian age by Durham. 

Foraminiferal faunas occurring w i t h  the molluscan assemblage of 
the Echino horia rex Zone are of the lower Zone of the Zemorrian 
Stage + of Rau 96rwhich  he correlates w i t h  the Uvigerina gallowayi 
Zone of California. General correlation of faunal assemblages and 
superposition of s t ra ta  of the Echinophoria rex Zone suggests an age 
assignment of middle Oligocene i n  context of-e provincial West Coast 
chronology (Kleinpell and Weaver, 1963; Addlcott ,  1972, 1973). 

ECHINOPHORIA APTA ZONE 

The upper zone o f  the Matlockian Stage is  the Echinophoria apta 
Zone. The reference section o f  this report is i n  the Canyon River 
Section of the Lincoln Creek Formation (Figs.  3 and 4) .  'Strata of the 
type section are dominantly tuffaceous s i1  tstone and fine-grained 
sandstone between 6,130 and 8,875 feet above the base of the measured 
section, and occur conformably above s t ra ta  of the underlying Echinophoria - rex Zone and conformably below s t ra ta  of the overlying Liracassis 
petrosa zone (LOC. CR-27 t o  CR-52). 

of :  
The Echinophoria apta Zone is characterized by the lowest occurrence 

PELECYPOD 

P i  t a r  oregonens i s 
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and by the restricted occurrence of: 

GASTROPODS 

Bathybembix C 

Echi nophori a apta 
n. sp .  Armentrout 

and by the l a s t  occurrence of the following taxa: 

GASTROPODS 

AforJa wardi 
hauropsi s bl a kel eyensi s 
Argobucci num goodspeedi 
Bathybembix B 

n. sp. Armentrout 
L i racass i s 

n. sp. Armentrout 
Marginella shepardae 
Musas h i a 

n. sp. Armentrout 
Musashia weaveri 
Nati ca tegl andae 
Natica weaveri 
Scapha nder gordon i 
Suavodrillia hertleini 

P EL ECY PODS 
I 

Acila nelsoni 
Cochlodesma bainbridgensis 
Lima t w i  nens i s 
Limopsis carmanahensis 
Modiolus restora tionensi s 
Myadesma da l l i  
Nemocardium 1 orenzanum 
Serri pes 

n. sp.  Armentrout 
Solemya d a l l i  
Sol ena 1 i ncol nensi s 
Tell i na townsendensi s 
Thyas i ra b i  sec t a  
Venericardia castor 
Yoldia clallamensis 

SCAPHOPODS 

Dental Sum porterensis 
Dental ium 

n. sp. Armentrout 

Faunas o f  the Echinophoria apta Zone occur i n  the Lincoln Creek 
Formation i n  the Canyon River Section (LOC. CR-27 to CR-52), Middle 
Fork of the Satsop River Section (Lac. MF-15 to  MF-35), West Fork of 
the Satsop River Section (Lac. WF-13 to  WF-27), Willapa River Section 
(LOC. WR-7), and Galvin Section (LOC. GS-11 t o  GS-13). 

Nomenclature o f  the Echinophoria apta Zone 

The Echinophoria apta Zone of this report is the time equivalent 
of the zone o f  the same name erected by Durham i n  1944 (Fig. 5). The 
definition of the Echinophoria apta Zone of this report differs from 
tha t  of Durham i n  a reference section being proposed w i t h i n  the Canyon 
River Section of the Lincoln Creek Formation where excellent s t r a t i -  
graphic and faunal control is available. The original type section is 
i n  the Twin River Formation i n  the 2,500 feet o f  section between one 
and one-eighth miles eas t  of Twin Rivers westerly to  the vicinity o f  
Pysht, Washington (Durham, 1944, p. 113). 
continous, structurally complex, and lack well-defined superpositional 
faunal control. 

Exposures there are  ctis- 
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Age of the Echinophoria apkh Zone 

Neaver and others (1944) ut i l ized the Echino horia a t a  Zone o f  

considered to  be of late Oligocene and early Miocene age. Addicott (1967) 
suggested t h a t  the "Blakeley Stage" was i n  part  contemporaneous w i t h  the 
"Vaqueros Stage" of California and was t h u s  of l a t e s t  Oligocene and 
perhaps earliest Miocene age i n  the context o f  the provincial West Coast 
chronostratigraphlc nomenclature. 

The foraminiferal assemblages of the Echino horia apta Zone are  
assigned to  the upper Zemorrian zone o f  Rau + 6 and cwrelated 
w i t h  upper Zemorrian age s t ra ta  of California. These s t ra ta  i n  both 
Cal ifornia and Washington are  overlain by foraminiferal assemblages o f  
Saucesian Stage age. Currently, the Zemorrian-Saucesian boundary is  
taken as the provincial Oligocene-Miocene boundary (Rau, 1966; Bandy, 
1972; Lamb and Hickernell, 1972; Lipps and Kalisky, 1972). Thus s t ra ta  
of the Echinophoria apta Zone are  of l a t e s t  Oligocene age. 

One occurrence of Saucesian Stage Foraminifera has been reported 
from the s t r a t a  o f  "Blakeley Stage" age i n  Washington. That report, 
by Rau (1951, 1958), involved the occurrence of Rau's (1958) Epistominella 
arva Zone i n  the upper part  of the Lincoln Creek Formation o f  the 

h p a  River Section of southwestern Washington. Subsequent detailed 
mapping by Wagner (1967) along the Willapa River has shown that  the 
section is  repeated by faulting and that  the s t r a t a  of the E istominella 

others, 1967). Strata of the Echinophoria apta Zone occur no higher  
than upper Zemorrian and t h u s  are  of l a t e  Oligocene age only. 

UNNAMED SUPERJACENT STAGE 

Rocks of the Unnamed Superjacent Stage overlie w i t h  conformity 
( i n  most areas) the s t r a t a  of the Matlockian Stage. One zone is 
informally defined encompassing the entire fauna .of the Astoria (?) 
Formation occurring w i t h i n  the area of this study, A formal zone and 
perhaps additional younger zones may be definable upon completion of. 
detailed studies of the regional character of the Astoria (?) Formation 
and i t s  correlatives. 

Washington to  be largely absent, w i t h  the middle Miocene Clallam and 
Astoria (?) Formations unconformably overlying the older 01 igocene 
"Blakeley" age rocks. 
stratigraphic intervals resulted i n  the 01 igocene s t ra ta  being considered 
of "Blakeley Age," the Astoria (?) and Clallam Formations o f  "Temblor" 
age (Weaver and others, 1944) and the intervening "Vaqueros Stage" 
time, i n  Oregon and Washington, represented as  a hiatus marked by the 
pre-Astoria (?)-Clallam unconformity. Subsequent work however, (Snavely 
and others, 1958; Pease and Hoover, 1957, Rau, 1958, 1966, 1967; 
Gower, 1960; Beikman and others, 1967; Addlcott, 1967), has shown tha t  
the above unconformity does not exis t  i n  most cases,but that  the 

Durham (1944) as  the upper zone o f  tRe "Bla ++ e ey Stage w ch was 

parva Zone belong i n  the overlying Astoria (2 )  Formation (Be * 

Weaver (1937, p. 173) considered the lower Miocene of Oregon and 

Correlation of the molluscan faunas of these 
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Astoria (?) Formation of southwestern Washington conformably over1 ies  
the Lincoln Creek Formation i n  the Willapa River and Canyon River 
Sections, and t h a t  the Clallam Formation o f  northwestern Washington 
conformably over l ies the Twin River Formation. Thus, i n  Washington, 
s t ra ta  containing the molluscan assemblage o f  the Echinophoria apta 
Zone are over la in i n  most places conformably by s t r a t a  o f  the superjacent 
Liracassis petrosa zone o f  the Unnamed Superjacent Stage. 

not necessarily the same as the Astoria (?) Formation o f  Washington 
(see Snavely and others, 1958, p. 54), o v e r l i e  the Nye Mudstone w i th  
angular discordance. The Nye Mudstone i s  Saucesian i n  age (W.W. Rau, 
personal communication, 1975) and contains a molluscan fauna (Vokes 
and others, 1949) c losely  re la ted t o  the faunule o f  the Liracassis 

Subjacent to, and i n  pa r t  i n te r f i nge r ing  with, the Nye 

Formation (Vokes and others, 1949) has strong a f f i n i t i e s  w i th  the 
fauna o f  the Echinophoria apta Zone. 
are considered Zemorrian i n  age (Rau, 1966). Thus, deposition across 
the Zemorrian-Saucesian boundary was continuous i n  the Yaquina Bay 
area o f  Oregon, the post-Nye, pre-Astoria unconformi ty  occurring 
during middle Saucesian time. Strata containing the Echinophoria apta 
Zone assemblage and those o f  the overly; ng Li racassi s petrosa zone 
are, i n  most cases, conformable. 

I n  Oregon, s t ra ta  o f  the Astoria Formation, a co r re la t i ve  of, but 

etrosa zone. %-- Mu stone i s  the Yaquina Formation. The molluscan fauna o f  the Yaquina 

Yaquina Formation Foraminifera 

The upper boundary o f  the Astoria (?) Formation i s  an unconformity 
of a t  l eas t  intra-regional extent. Rocks o f  the Astor ia (?), Astoria 
and other age equivalent u n i t s  are, i n  most cases, over la in with 
marked unconformity by the Montesano Formation, by basal t  f lows general ly 
correlated w i th  the Columbia River (Basalt) Group (both o f  middle t o  
l a t e  Miocene age), o r  younger uni ts.  This post Unnamed Superjacent 
Stage erosion removed varying thicknesses o f  the Astoria (?) Formation, 
and p a r t  o f  uppermost Lincoln Creek Formation. I n  the Canyon River 
Section only the lower 300 f e e t  o f  the Astoria (?)  Formation i s  present. 
Further west i n  the Wynoochee River Val ley an estimated thickness o f  
nearly 3,500 f e e t  o f  Astoria (?) Formation i s  preserved (Rau, 1967). 
Here Rau (1967, p: 23) recognized and in formal ly  named three foraminiferal 
zones; S i  phogeneri na k l  e i  npel 1 i zone, Ba i na was h i  ng tonensi s zone, 

Relizian, an-sibly Luisian Sta es, thus representing a much greater 
period o f  time than the Astoria (? 3 Formation i n  the Canyon River 
Section where only foraminifers o f  Saucesian age are known. On the 
Middle and West Forks o f  the Satsop River the Astoria (?) Formation 
has been.completely removed and the Lincoln Creek Formation i s  unconformably 
over la in by the Montesano Formation (Figs. 4). 

and Rotal ia becki zone. These zones are 4er ass gnable t o  the Saucesian, - 

LIRACASSIS PETROSA ZONE 

w i th in  the Unnamed Superjacent Stage f o r  superpositional control  a t  
the upper boundary o f  the Echinophoria apta Zone. 

One zone, the Liracassis petrosa zone, i s  informal ly defined 

It i s  typed i n  the 
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Canyon River Section w i t h i n  the micaceous sandstone and s l l ts tone of the 
Astoria (1 )  Formation. The section is 300 feet thick (LOC. CR-53 t o  
CR-58) ,conformably overlying si1 tstone of the Lincoln Creek Formation 
and underlying w i t h  marked "angular discordance t h k  conglomeratic 
sandstone of the Montesano Formation (Figs. 3 and 4). 

rence of: 
The Liracassis petrosa zone t s  characterized by the lowest occur- 

GASTROPODS PELECYPODS 

Crepidul a praerupta Chione ensifera 
Vertipecten sp.  
Katherinella angustifrons 
Sol en conradi 
Spisula albaria 

by the restricted occurrence of: 

GASTROPODS PELECYPODS 

Amphissa decepta Aci 1 a conradi 
Bruclarkia oregonensis Cyclocardia subtenta 
"Cancel 1 aria" wynoochens i s Litorhadia astoriana 
Cy1 ichni na petrosa Macoma a1 baria 
Cy1 ichnina temblorensis Mytilus watersi 
Epitonium clallamensis Nucula nuculana 
Hinia ? lincolnensis Nucul ana chehal i sensis 
Liracassis petrosa Nuculana ochsneri elmana 
Musashia i ndurata 
Natica oregonensis 
Priscofusus medial is 
Sear1 esia ? car1 soni 
Turri tella oregonensis 

and the l a s t  occurrence of: 

GASTROPODS PELECYPODS 

Fiscus modesta Aci 1 a gettysburgensi s 
Crenel l a  porterensis Lucinoma 
hann i  bal i Macoma arctata 
Portlandia chehal isensis 
Thracia trapezoides 

The above taxa are  we1 1 defined i n  Moore (1 963). 

zone occurs i n  s t r a t  ssignable t o  the 
Astoria 
i n  the Canyon River Section as mentioned, the Pe Ell-Doty Section 
(LOC. PD-141, the Willapa River Section (LOC. MR-8), and the Galvin 
Section (Loc. GS-14). 

ying s t ra ta  of the Lincoln Creek Formation, 
, 
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Nomenclature o f  the Liracassis petrosa zone 

zone i n  a biostrat igraphic context was by Weaver (1916a). He referred 
the fauna o f  t h i s  s t ra t igraphic  in te rva l  t o  the "Arca montere ana 
Zone" o f  the "Wahkiakum Horizon" typed i n  WahkiaEEiTounty, + Was ington, 
along the Alockaman River about twelve mi les north of the town o f  
Cathlamet (Weaver, 1912, 1916a, 1916~).  These s t ra ta  would today be 
included w i th in  the Astoria (?) Formation. 

(?) Formation s t ra ta  along the south side o f  the Chehalis River and 
arranged them as follows: 

The f i r s t  reference t o  s t ra ta  coeval w i th  the Liracassis petrosa 

Etherington (1931 ) recognized three faunal "zones" i n  the Astoria 

Upper "Nuculana chehal isensis Zone" 

Middle "Arca devincta Zone" 

Lower "Arca devi ncta montereyana Zone" 

The faunal assemblages character is t ic  o f  these "zones" were recognized 
as facies-faunas (Etherington, 1931; Weaver, 1937) and as such are not 
concurrent range zones. The faunas given by Etherington as character- 
i s t i c  o f  each "zone" are a l l  present i n  the Canyon River Section 
fauna, and t h i s  fauna, the Liracassis petrosa zone assemblage, i s  
considered t o  encompass the e n t i r e  time span o f  Astoria (?)  Formation 
deposition i n  southwestern Washington and includes each o f  Etherington's 
"zones" as biofacies. 

As Weaver s "Arca montereyana Zone" was never defined preci  sel y , 
a new name, Liracassis petrosa zone, i s  here in formal ly  proposed, 
typed i n  the Canyon River Section w i t h  good superpositional control 
and including both sandstone and s i 1  tstone facies. 

Age o f  the Liracassis petrosa zone 

The molluscan faunas o f  the Astoria, Astoria (?), and Clallam 
Formations o f  Oregon and Washington have long been correlated w i t h  the 
Temblor Formation o f  Cal i forn ia  and considered middle Miocene i n  age. 
With the recognit ion o f  the p a r t i a l  equivalency o f  the "Vaqueros" and 
"Blakeley" stages o f  Cal i forn ia  and Washington respectively, the 
"Temblor Stage", superjacent t o  the Vaqueros," i s  considered t o  be 
l a t e  ea r l y  and middle Miocene i n  age (Fig. 5). 

Foraminiferal correlat ions o f  the microfaunas associated w i t h  the 
molluscan assemblage o f  the Liracassis petrosa zone i n  the type 
section ind icate a Saucesian age. The Saucesian Sta e i n  Cal i forn ia  
i s  considered t o  be ear ly  and middle Miocene i n  age 'i Kleinpel l  and 
Weaver, 1963). Elsewhere i n  Washington (Rau, 1967) and Oregon (Moore, 
1963) , s t ra ta  assignable t o  the Liracassis petrosa zone include fora- 
m in i fe ra l  faunas considered correlat ives o f  Saucesian, Re1 i z i a n  , and 
Luisian Stages. These stages, and thus the Liracassis petrosa zone, 
encompass e a r l i e s t  Miocene t o  middle Miocene time. 
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UNNAMED LATE MIOCENE ZONUL 

The fauna of the Montesano Formation i n  the West Fork o f  the 
Satsop River Section was studied and possibly i s  i nd i ca t i ve  o f  an 
Unnamed Late Miocene Zonule. The Montesano Formation unconformably . 
over l ies the Astorta Formation i n  the Canyon River Section (Fig. 4-3), 
and unconfonnably over l ies the Lincoln Creek Formation i n  the West and 
Middle Forks o f  the Satsop River Sections (Figs. 4-1 and 4-4). De- 
t a i l e d  regiohal studies o f  the l a t e  Miocene o f  Washington and the 
associated faunas must be undertaken before formal zones and stages 
may be defined. 
l a t e  Miocene, are dominantly coarse-grained, cross-bedded, brownish 
gray sandstones w i t h  channel deposits o f  pebbly sandstones and conglom- 
erates. 

The faunal assemblage o f  the Zonule i s  based upon co l lect ions by 
the author and review o f  checkl ists compiled by Weaver (1916a, 1916~) .  
Species character is t ic  o f  the Unnamed Late Miocene Zonule and making 
t h e i r  l a s t  appearance w i th in  the Zonule are: 

Sedfments i n  the area studied, representative o f  the 

GASTROPODS 

Crepidula praerupta 

PELECYPODS 

Chione ensifera 
Katheri ne1 1 a angusti f  rons 
P i  t a r  oregonensi s 

Taxa r e s t r i c t e d  t o  the Zonule include: 

PELECYPODS 

Chione securis 
Sol en conradi 

Making t h e i r  f i r s t  appearance are the species: 

GASTROPOD 

Thais precursor 

Several species not r e s t r i c t e d  t o  t h i s  Zonule but character is t ic  o f  i t  
are: 

PELECYPODS 

Aci la  empirensis 
Anadara tri 1 i neata 

PELECYPODS 

Ceras toderma corbi  s 
. Panopea abrupta 

' Spisula a lbar la  

Mol 1 uscan assemblages o f  the Unnamed Late Miocene Zonule occur i n  
southwestern Washington w i t h i n  the Montesano Formation. 
f o r  t h i s  repor t  were made i n  the West Fork o f  the Satsop River Section 

Collections 

( LOC. WF-28 t o  WF-30). 
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Nomenclature o f  the Unnamed Late Miocene Zonule 

Strata o f  the upper Miocene o f  Washington y i e l d  faunas referred 
t o  as the "Yoldia s t r i  ata Zone" by Weaver (1916a). Weavkr d i d  not 
c i t e  a typ-on -5- o r  oca1 i t y  but the faunal assembl age- was def i n i  t e l y  
from the Montesano Formation o f  the Chehalis River Valley. To date, 
no def in i t ive 's tudy o f  the molluscan fauna o f  t h i s  age has been made. 
and the zonule introduced i s  done so i n  only the most tentat ive manner 
f o r  superpositional control on the upper boundary o f  the Echinophoria 
apta Zone. 

Age o f  the Unnamed Late Mtocene Zonule 

Weber (1912) assigned an upper Miocene age t o  the Montesano 
Formation based on the mollusca which he considered' co r re la t i ve  w i th  a 
l a t e  Miocene San Pablo Formation megafauna o f  Cal i fornia.  Foramini- 
fera o f  the Montesano Formation, from s i l t s t o n e  u n j t s  wel l  t o  the west 
o f  the area studied i n  t h i s  report, have suggested corre la t ion wi th  
the Mohnian and Delmontian Stages o f  Cal i forn ia  ind icat ing an upper 
Miocene age (Fowler, 1965; Rau, 1967, 1970). 

1 

DISCUSS I O N  

The molluscan biochronology proposed i n  t h i s  repor t  i s  defined by 
object ive stratotypes and documented by assemblages on f i l e  a t  the 
Burke Museum a t  the Universi ty o f  Washington. The zones and stages 
are proposed as an improvement on previous biostrat igraphic and time- 
s t ra t igraphic  frameworks applied t o  the marine l a t e  Eocene and 01 igocene 
s t ra ta  o f  Oregon and Washington. This i s  done wi th  f u l l  awareness 
t h a t  the proposed sequence o f  zones and stages represent a progress 
report, and t h a t  addi t ional  research i s  ce r ta in  t o  br ing about re f ine-  
ment. 
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FOOTNOTES 
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Revision of the Eocene Stratigraphy of Southwestern Oregon 

Ewart M. Baldwin, Department of Geology 
University of Oregon, Eugene, Oregon 97403 

Introduction 

The ‘formations of southwestern Oregon are mostly of sedimentary 
and volcanic rocks deposited i n  a basin located along a mobile b e l t  
marginal t o  the continent. 
on the south and extended northward through western Oregon and Washing- 
ton. The region 
was t ec tonica l ly  ac t ive  during the ear ly  Cenozoic and there were several  
invasions of the sea of successively decreasing extent, 

The basin bordered the Klamath Mountains 

The eastern margin l i e s  beneath the western Cascades. 

The southern end of the Paleogene basin is underlain by thick 
Tr iass ic ,  Jurassic, and Cretaceous sedimentary and volcanic un i t s  
intruded by d i o r i t e  and granodiorite bodies and overthrust by serpen- 
t i n i t e  and sch is t ,  Repeated u p l i f t  of t h i s  area has contributed much 
of the sediment that f i l l e d  the Paleogene basin of southwestern Oregon, 
The pre-Tertiary formations a re  not d i f fe ren t ia ted  on the geologic 
map (Figure 1). 

of r e l i e f  up t o  4,000 f ee t  dissected by numerous streams, 
r a i n f a l l s  reach 100 inches near the c r e s t  of the C o a s t  Range but a re  on 
the order of 35 inches a t  Roseburg. 
f a c i l i t a t e d  by a network of public roads and pr ivate  logging roads. 

Paleogene deposits of southwestern Oregon are i n  a rugged area 
Regional 

Vegetation is dense but access is 

Previous Work 

Diller (1898, 1899, 1901) named the well known Cenozic units:  

Turner (1938) described fos s i l s  of the  
Umpqua, Tyee, and Coaledo. 
and Bastendorff Formations. 
Eocene un i t s  and named the late Eocene Spencer Formation, 
(1965) noted a threefold divis ion of the Umpqua Formation and divided 
it i n t o  three new un i t s  (19741, the Roseburg, Lookingglass, and Flournoy 
Formations and t h e i r  members, 
Formation (Figure 1). 
an upper member of the Tyee Formation (Baldwin, 1961) and the Bateman 
Formation was proposed for  the sandstone overlying the Elkton i n  the 
hear t  of the Coast Range, Wells (19%) proposed the name Colestin 
Formation fo r  volcanic rocks and sediments i n  the Medford area and 
th i s  d t  has been extended northward by Peck and others (1964) t o  
include rocks mapped as the m s h e r  Formation, Volcanic rock along the 
coast a t  Heceta Head were designated the Yachats Basalt by Snavely and 
NacLeod (1974). The geology of Coos County was mapped by Baldwin (1973) 
with a geological report  by Baldwin and Beaulieu (19731, and the geology 
of the Paleogene formations of southwestern Oregon was described by 
Baldwin (1974). These later a r t i c l e s  give a more extensive list of 
previous workers, 

Schenck (1927) named the late Eocene Fisher 

Baldwin 

He r e s t r i c t e d  the extent of the Tyee 
The ELkton Formation was f i r s t  designated 86 
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Figure 1. Geologic map of the Eocene formations of southwestern Oregon 
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tratigraphy 

RoseburR Formation. 
e s  the volcanic rock and intercalated sedimentary beds i n  the lower part 
of the Umpqua Formation o€ Di l l e r  (1898). 
i n  the North Fork of the Umpqua River from the f i e a r  Bridge, west of 
Glide, t o  the junction with the South Fork. Additional type sect ion in- 
cludes nearly 8,000 f ee t  of strata exposed along U. s. Highway 1-5 south 
of the Red H i l l  ant ic l ine.  
f a u l t  which may i n  places be high angle reverse. 
burg Formation is usually faulted and not exposed. 
be 12,000 t o  15,OOO fee t  thick. 
crops out along Highway 42 between Coquille and Myrtle Point. 
roughly 2,000 f e e t  of basa l t  is overlain by nearly 8,000 f ee t  of sedi- 
mentary rocks bounded at the top by the valley of the North Fork of the 

The Roseburg Formation of Baldwin (1974) encompass- 

Its type sect ion is exposed 

These two areas a r e  separated by a thrust 
The base of the Rose- 

The Formation may 
Another thick sect ion of Roseburg 

Here, 
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Coquille River. 
here and it is only along the south end of the Roseburg exposure i n  the 
West Branch of Cow Creek that the base is exposed. 

Neither the top or the  bottom of the Formation is exposed 

!he basa l t  appears t o  be r e s t r i c t ed  t o  the lower part of the Bose- 
burg Formation. It is made up la rge ly  of pillow basa l t s  and breccias 
which are exposed i n  a n t i c l i n a l  highs and along the southeast s ide  of 
major faults. The basa l t  has been penetrated i n  deep wells i n  several  
other places indicating that it is even more widespread. Some of the 
l a rges t  exposures of volcanic rocks are along the North Fork of the 
Umpqua, i n  the Red H i l l  an t ic l ine ,  and i n  three pa ra l l e l  an t i c l ines  
near Drain. 
glomerate and sandstone are present. 
thick or repeated by infolding or imbricated f a u l t  plates. 
has been described by Hoover (1963, p. DlO-13). 

I n  places along the North Fork of the Umpqua beds of con- 
This sect ion is e i the r  unusually 

The basa l t  

!Phe sedimentary sect ion of the upper part of the Roseburg Formation 
contains graywacke turb id i tes  which range from th in  dark gray fine- 
grained sandstone and s i l t s t o n e  only a few inches thick t o  more 
massive coarse- t o  medium-grained sandstone and conglomerate several  
feet thick w i t h  minor amounts of silt. 
stone occur i n  wildflysch. 
from the nearby Late Jurassic  Otter  Point Formation. 

Blocks of blue schist and green- 
These blocks probably s l i d  i n t o  the basin 

Foss i l s  are not abundant i n  the turb id i te  sect ion but Thorns (1965) 
found Foraminifera he considered t o  be Penutian or lower Eocene. A 
Paleocene microfauna was found i n  interbeds within the basalt east of 
Myrtle Point (Baldwin 1965) and i t  is l i k e l y  that extrusion s t a r t e d  i n  
the Paleocene and was succeeded by the sedimentary sect ion which is 
la rge ly  ear ly  Eocene. Nannoplankton from three l o c a l i t i e s  i n  the Rose- 
burg s t r a t a  were considered t o  be ear ly  Eocene by Bukry (Baldwin, 1974, 
p. 9). 
Volcanics (Snavely and Baldwin, 1948) and the sedimentary sect ion a t  
l e a s t 3 n  part is equivalent t o  the Kings Valley S i l t s tone  Member of the 
S i l e t z  River Volcanics (Figure 2). 

The basa l t s  are considered equivalent t o  the S i l e t z  River 

Hicrofossils  of the Roseburg sedimentary rocks as w e l l  as some of 

Yet the Roseburg Formation has been severely folded and faulted 
the overlying Lookingglass Formation contain a Penutian fauna (Thorns, 
1965). 
pr ior  t o  deposition of the Lookingglass. 
abrupt movements of the oceanic p l a t e  against  the continent telescoped 
the Roseburg Formation during subduction. 
probably emplaced at this  t i m e .  
erosion a l l  took place within the Penutian s tage p r io r  t o  advent of the 
Lookingglass sea. 

It is l i k e l y  that rather 

The Colebrooke Schis t  w a s  
The deformation, u p l i f t ,  and ensuing 

Lookingglass Formation. The Lookingglass Formation was named and 
described by Baldwin (1974). 
Valley, but its type sect ion of nearly 5,OOO f ee t  is along Tenmile 
Creek between Bushnell Rock and Tenmile Butte near the community of 
Tenmile. 
between Parers and Agness, i n  the Sixes River valley,  and along Bear 

Its name was derived from Lookingglass 

It also crops out a t  Glide, a t  places i n  Cow Creek drainage, 
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Creek near Bandon, 
of the Klamath Mountains indicat ing t h a t  the Lookingglass sea a t  one 
time overstepped infaul ted Roseburg onto the Klamaths, 
evidence that the Lookingglass sea reached as far north 88 Eugene, 

Small reatlants are faulted against  pre-Tertiary rock 

There 58 no 

Basal Lookingglass is nearly always composed of massive conglomer- 
ate and coarse- t o  medium-grained sandstone. 
i n  Bushnell Rock along Tenmile Creek and th i s  w a s  named the Bushnell 
Rock Member by Baldwin (1974). 
sandstone, and some medium-grained in t rus ive  rocks a r e  present indicat ing 
a source i n  the Klamath Mountains t o  the south, 
ens t o  the south against  the Klamath6 but thins o r  is absent along the 
North Fork of the Coquille River west of Sitkum. 

The conglomerate is e q o s e d  

Pebbles of chert ,  quartz, greenstone, 

The conglomerate thick- 

The conglomerate grades rapidly upward i n t o  th in  rhythmically 
bedded fine- t o  medium-grained graywacke sandstone and s i l t s tone .  This 
unit w a s  designated the Tenmile Member and underlies Tenmile Valley, 
The Tenmile Member grades upward i n t o  pebbly sandstone and conglomerate 
unit ,  
Creek is cal led the Olalla Creek Member (Baldwin, 1974). Both the 
Bushnell Rock and Olalla Creek Members thicken t o  the south as the Ten- 
mile Member th ins  suggesting t h a t  the Lookingglass sea approached, 
then withdrew from the Klamath a t  a time the  Klamaths were ac t ive ly  
r i s ing ,  d i s t r ibu t ing  coarse material a t  the top of the fornation by an 
offlapping sea (Figure 3) .  

a r e  considered t o  be Penutian and Ulat is ian by Thoms (1965). 
megafauna contains many shallow water forms such as oysters,  Venericardia 
and Turr i te l la ,  
faunas found i n  the Capay and Domengine Formations of the California 
Eocene, 
Coast megafossil s tages  by Weaver and others (1944) and ehown i n  t h e i r  
approximate posit ion on Figure 2, 

Flournoy Formation, The Flournoy Formation was described by Baldwin 
(1974) and its type sect ion is i n  Flournoy Valley. Other sect ions are 

' present along the Middle Fork of the Coquille River from B point near 
the eas t  l i n e  of Sec, 14, T, 30 S., R. 10 W,, westward t o  the mouth of 
Rock Creek near Remote and a nearly continuous sect ion l ies along yet  
another Rock Creek south of Bone Mountain, A thick sect ion of graded 
sandstone beds, formerly mapped as Tyee and exposed along the t r i bu ta r i e s  
of the Coos and Coquille Rivers, is now assigned t o  the Flournoy Forma- 
tion. 
of the Cascades and south t o  Lone Rock Bridge near Glide are a l s o  
assigned t o  the Flournoy Formation. 
formerly mapped as Burpee (Schenck, 1927) and later a6 Tyee (Voke, 
Norbisrath, and Snavelg, 1949) t o  the Flournoy Formation. 
probably does not reach the Siuslaw River (Figure 1). 

This lat ter un i t  capping Tenmile Butte and exposed along Olalla 

Microfossils are abundant i n  the  Lookingglass Formation and they 
The Glide 

Turner (1938) described it as t rans i t iona l  between 

The terms Domengine, Capay and Tejon a r e  a l so  used as West 

The beds that wrap around Roseburg from Poncalla t o  the foo th i l l s  

The wr i te r  now assigns all the beds 

The Tyee 
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The Flournoy Formation is d iv i s ib l e  i n t o  two members. The basal 
pebbly sandstone and sandstone which makes up White T a i l  and Sugar Pine 
ridges along the southeast side of Flournoy Valley a r e  included i n  the 
White T a i l  Member. 
i n  Flournoy Valley and elsewhere are designated as the Camas Valley 
Member (Baldwin, 1974). 
is much thicker  and the s i l t s t o n e  is thinner and intermit tent ly  present 
owing t o  deformation and erosion pr ior  t o  the advent of the Tyee sea. 
An infaul ted sect ion of s i l t s t o n e  a t  Sacchi Beach, south of Cape Arago, 
is assigned t o  the Camas Valley Member as is the s i l t s t o n e  a t  Lorane 
near Eugene. 
Elkton Formation but their s t ra t igraphic  posit ion is more compatible 
with the Flournoy Formation. 

The overlying s i l t s t o n e  and thin-bedded sandstone 

On the west side of the basin the sandstone 

Both have been paleontologically correlated w i t h  the 

The sandstone is rhythmically bedded and contains quartz, feldspar, 
and l i t h i c  fragments i n  a matrix of clay minerals and c h l o r i t i c  material. 
Mica flakes and plant fragments are present along the bedding planes. 
The beds are very similar t o  much of the Tyee and d i f f i c u l t  t o  d i s t in -  
guish, 

Microfossils are present which have been assigned t o  the U l a t i s i a n  
Stage by Thoms (1965). A microfauna from Comstock, south of Cottage 
Grove, was assigned by F&u (Hoover, 1963, p. 028) t o  the middle Eocene 
B-1 Zone of Laiming. Megafossils found near Comstock by Turner (1938) 
were considered equivalent t o  the middle Eocene Domengine Formation of 
California. 
Tyee are ac tua l ly  from the Flournoy Formation and t h i s  has been a 
source of confusion. 
faunas changed l i t t l e  so that they would be g i f f i c u l t  t o  dis t inguish 
anyway. 
Roseburg strata as far north as Bandon suggest tha t  the basin may have 
been p a r t i a l l y  enclosed on the west by a peninsula (Mgure 3). 
and others (1964) measured flow s t ruc tures  which indicate  t h a t  the source 
w a s  t o  the south although some trends came from the west along that part 
of the basin south of Bandon, 

Many of the f o s s i l  l o c a l i t i e s  formerly assigned t o  the 

There appears t o  b e l i t t l e  lapsed time and the 

The presence of pre-Tertiary rock along the coast as well as 

Snavely 

Tyee Fonnation. The Tyee Formation was named by Diller (1898) fo r  
strata exposed i n  Tyee Mountain northwest of Roseburg and the sect ion 
along the Umpqua River west of Coles Valley is generally considered 
the type section. 
thick, l i e s  along Oregon Highway 38 between a point 6 miles west of 
drain and Elkton (Baldwin, 1961; Hoover, 1963). 

Another section, which may be as much as 6,000 f ee t  

The Tyee Formation was extended from its type area i n t o  the Coos 
Bay area by Allen and Baldwin (1944) and i n t o  the cent ra l  Coast Range 
by Vokes, Norbisrath, and Snavely (1949) during the ear ly  stages of 
detai led geologic mapping i n  the Coast Range. 
the Flournoy Formation evidently were mistaken fo r  the Tyee. 

The similar strata of 

The wee Formation has been considered i n  considerable d e t a i l  by 
Snavely, Wagner and MacLeod (1964) and Love11 (1969). Baldwin (1973, 
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1974) found that much of the sandstone near Coos Bay mapped as Tyee 
was Flournoy. 
northwesterly trending strike ridges that are perpendicular t o  north- 
east trending an t ic l ines  flanked by Flournoy strata, 
shows the w e e  s t r i k i n g  eastward and plunging southward as it wraps 
around the Elkton basin, Although the northern contact between the  
Flournoy and Tyee has not been determined (Figure 31, s t ruc tu ra l  
trends and inferred differences i n  l i thology indicate  that the Tyee 
does not  reach the Siuslaw River, It is eas i e r  t o  dis t inguish between 
the two formations t o  the  south where the unconformity has been mapped. 
A t  the northern extent both un i t s  are rhythmically bedded sandstones 
with s i m i l a r  l i thology and only a detailed study of the s t ruc ture  w i l l  
reveal the unconformity, 

In the  Drain and Anlauf quadrangles, Hoover (1963) shows 

Baldwin (1961) 

Baldwin (1974) divided the Tyee along the eastern margin i n t o  
three members, the lower Tyee Mountain Member which is about 2,500 f ee t  
thick,  the s i l t y  Hubbard Creek Member which is approximately 400 f ee t  
thick,  and the Baughman Member that is exposed a t  the Baughman Lookout 
and which underlies the center of the Coast Range syncline between 
Roseburg and Coos Bay. 

The Qee is a bluish-gray t o  medium gray, rhythmically bedded, 
micaceous l i t h i c  o r  feldspathic wacke with s t ra ined quartz, feldspar 
and l i t h i c  h.agments i n  a matrix of c lay  minerals. 
and is characterized by abundant flakes of m i c a  and plant fragments 
along bedding planes. 
o r  more i n  thickness, and show less rhythmic s t ructure ,  The southern 
beds contain some conglomerate and coal and i n  places are crossbedded 
but t o  the north bedding is thinner,  and the percentage of silt increases 
i n  the rhythmically bedded sandstone. 
s t ra ined,  and mica may indicate a source i n  the sch i s t  and uncovered 
g ran i t i c  intrusives  i n  the Klamath Mountains t o  the  south. 
others (1964) measured flow s t ruc tures  which indicated that the ~ o u r c e  
was from the south, 

The latter un i t  is probably 2,500 feet thick, 

It is firmly cemented 

A t  the south end the beds are commonly f ive fee t  

The abundant quartz,  some of it 

Snavely and 

The Tyee Formation unconformably overl ies  the Roseburg, Looking- 

Pre-Tertiary rock as far north as Bandon 
glass ,  and Flournoy Formations and may l ap  against  the pre-Tertiary 
overlooking the Rogue River, 
and a thick sect ion of Roseburg and Flournoy rocks i n  the Bandon t o  
Coos Bay area may indicate  that a posi t ive area exis ted northward along 
the coast and that an u p l i f t  of that area contributed 6ome sediments 
from eroded Flournoy and older beds. 

Very few f o s s i l s  ocqur i n  the Tyee Formation but a la rge  mega- 
fauna is present a t  the top of the Tyee where it grades i n t o  the base 
of the Elkton Formation a t  Basket Point (Turner, 1938) and 1% miles 
southwest of Elkton (Baldwin, 1961 1, The megafossils were correlated 
with the middle Eocene Domengine Formation by Turner, 
echinoids examined by Durham (Baldwin, 1961) were suggestive of rela- 
t i ve ly  shallow water about 300 f ee t  deep, 
most of the microfaunas previously referred t o  the Tyee probably come 
from the Flournoy Formation, Microfaunas i n  the underlying and over- 

Corals and 

Microfossils a r e  scarce and 
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ly ing  formations confine the Tyee Formation t o  the  middle Eocene Ula- 
t i s i a n  Stage of Mallory (1959). 

Elkton Formation, 
Elkton, Oregon. 
w i t h  lemes of massive sandstone resembling the wee Fonnation i n  its 
lower part, 
(1961) considered the Elkton a member of the wee, 
(1967) and k v e l l  (1969) considered it a formation as does Baldwin (1973, 
1974). 
Road exposure was considered t o  be the best  section, 
&der and Waggoner Creeks traverse b e t t e r  sections. 

The Elkton Formation occupies a basin south of 
It is made up of approximately 3,000 f e e t  of s i l t s t o n e  

The formations a re  conformable and gradational and Baldwin 
Thorns (1.9651, Bird 

A t  the time it was or ig ina l ly  described the Lutsinger Creek 
Newer road6 up 

The Elkton Formation is thickest i n  the center and noticeably 
th ins  along the margin so that beneath Green Mountain t o  the south it 
is nearly pinched out. This thinning may be due t o  slight adjustment 
in the basin during deposition, o r  s l i g h t  erosion of Elkton beds 
during a p a r t i a l  withdrawal of the sea. 
present,  appears t o  be minimal. 

Any s t ra t igraphic  break, if 

Beds of the Elkton Formation are dark gray s i l t s t o n e  with t h i n  
fine-grained sandstone. 
i n  the base of the formation, are very similar t o  the Tyee and were no 
doubt derived from the same general source t o  the south. The beds may 
be deposited i n  quiet  water during a time of maximum onlap of the Tyee- 
Elkton seaway, 

Rau (Baldwin, 19611, and Bird (1967). 
with B-l and B-1A Zones of Laiming (1940) which are comparable t o  the 
Ulat is ian and perhaps lower Narizian Stages of Mallory (1959). 
faunas are present i n  the Y a m h i l l  Formation of northwestern Oregon 
(Figure 21, 

the ELkton Formation on the bas i s  of fauna, These beds are overlain 
by the Coaledo Formation on both flanks of a small ant ic l ine,  
south the two formations are unconformable but on the north they are 
generally pa ra l l e l  and Dott (1966) argues for  a gradational contact, 
I f  the Tyee is missing,as postulated,there would be a s igni f icant  
s t r a t i e a p h i c  break here as usually occur8 a t  the base of the Coaledo 
throughout the region, 

j u s t  south of Sacchi Beach, which a re  reported from the middle Eocene 
elsewhere. 
Lorane a r e  a l l  argillaceous. 
from these beds are more indicat ive of fac ies  than of equivalent age, 
Previous correlat ions of the Sacchi.Beach have been la rge ly  on a faunal 
bas i s  but the writer herein assigns both the Sacchi Beach and Lorane 
beds t o  the upper part of the Flournoy on the bas i s  of s t ra t igraphic  
position, 

Lenses of thicker  bedded sandstone, more common 

Mic ro foss i~s  are abundant and these were studied by Stewart (1957). 
The microfaunas are cor re la t ive  

Similar 

Beds at Sacchi Beach, west of Coos Bay, have been correlated with 

On the  

McKeel (1972) found planktonic Foraminifera from Agate Beach, 

The Elkton Formation, beds a t  Sacchi Beach, and’beds a t  
It is l i k e l y  that fos s i l  assemblages 

The writer has found that microfossils  have been useful i n  



distinguishing between older and younger Eocene formations but are not 
diagnostic when dating fornations that are not far apart i n  age. 
i t i o n  was probably faster than s ign i f i can t  faunal changes. 
Foraminifera make up most of the  faunas used t o  date. 
assemblages may help but t o  date not enough have been found t o  more 
closely pin ages of the Eocene formations. 

Depos- 
Benthonic 

Planktoaic 

The Elkton Foxmation is correlated with the Yamhill Formation of 
northwestern Oregon (Figure 2).  The Yamhill has presented problem i n  
correlation. Beds mapped formerly as Burpee and Tyee but now assigned 
t o  the Elournoy Formation were thought t o  grade upward i n t o  the Y a m h i l l  
Formation. The Y a m h i l l  Formation (Baldwin and oth,ers, 1955) is exposed 
i n  the type sect ion along M i l l  Creek, a t r ibu ta ry  of the Yamhill River. 
As or ig ina l ly  described, the formation-where i t  overl ies  the S i l e t z  
River Volcanics--contains about 500 feet of tuffaceous s i l t s t o n e ,  and 
th i s  lower s i l t s t o n e  is overlain by approximately 500 feet of predomin- 
an t ly  greenish-gray sandstone which contains a meager fauna but whose 
Venericardia and Tur r i t e l l a  have been correlated with faunas formerly 
cal led Tyee but could be equivalent t o  the Flournoy. Above the sand- 
stone rests approximately 4,000 fee t  of micaceous thinbedded sandstone 
and s i l t s t o n e  which is generally thought of as t m i c a l  Yamhill. 

Stewart (Baldwin and others, 1955) shows that the fauna of the 
lower 1,OOO fee t  is considerably d i f fe ren t  from that above. The writer 
now f e e l s  that the Y a m h i l l  should be r e s t r i c t ed  t o  the upper 4,000 feet 
and that the lower 1,OOO fee t  from the volcanics t o  the top of the 
greenish-gray sandstone should be restudied and reassigned. Subsequent 
discussion of the Yamhill fauna w i l l  refer only t o  the upper thicker  
part which is younger than the Flournoy Formation and closer  t o  t h a t  of 
the Elkton Formation. 

t 

S i l l s  l i e  i n  the area between the Flournoy Formation and typ ica l  
Y a m h i l l  beds. 
(mapped as w e e ,  Baldwin, 1964) t o  grade upward and in te r f inger  wi th  
the Yamhill. 
beds is coincidental. A fauna col lected from Flournoy beds a t  Black 
Rock beneath a thick sill was examined by Rau (Baldwin, 1964, p. 18)  

The writer has a t  times considered the Flournoy beds 

However, it seems that the juxtaposit ion of argil laceous 

who s t a t e d  that "Amphistegina ca l i forn ica  Cushman and M. A. hnna is 
present,  together w i t h  other forms that suggest a middle t o  possible 
lower Eocene agett. 
Rickreall Creek near Dallas microfossils  from beds the wr i te r  would 
place i n  the r e s t r i c t ed  Y a m h i l l  were assigned by Rau t o  the la te  Ula- 
t i s i a n  t o  ear ly  Narizian or ear ly  late Eocene. The intervening sills 
appear t o  be discordant upon the Flournoy and generally parallel t o  the 
overlying Yamhill. 

Downstream on the edge-of F a l l s  Ci ty  and-along 

Bateman Formation. The Bateman Formation, named by Baldwin (1974) 
f o r  Bateman Lookout, occupies the  center  of the southern Coast Range 
(Figure 1). The Elkton beds appear t o  grade upward i n t o  the massive 
crossbedded and current sor ted Bateman sandstone although thinning of 
the Elkton along the  margins suggests slight basin adjustment during 
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deposition or loca l  disconformities. 
is well exposed-along tlie Rader and Waggoner Creek roads and along 
Camp Creek where no break is detectable. 
shallow water beds are present. 
the beds now mapped as Bateman t o  the Coaledo because of similar l i th- 
ology and depositional environment. 

The basal part of the Formation 

Approximately 1,500 f ee t  of 
Baldwin (1961) questionably assigned 

The sandstone beds contain abundant quartz, mica, and l i th ic  
fragments not unlike the underlyingTyee sandstone but they lack the 
charac te r i s t ic  rhythmic bedding of the Tyee. The Bateman beds were 
probably deposited i n  prograding de l tas  during the off lap of the Tyee- 
ELkton sea and may share a common source. Coal beds indicate marshy 
conditions that accompanied sea withdrawal. Uplif t  and widespread 
erosion apparently took place before encroachment of the Coaledo and 
Spencer embayments. 

Megafossils a r e  ra re  but a late middle t o  ear ly  upper Eocene age 
is indicated by the s t ra t igraphic  position. 
cardia califia near the base of the Bateman Formation which is present 
i n  the Tyee Formation but not i n  the Coaledo. 
presented a f l o r a l  list of plants  associated with the coal-bearing 
s t r a t a  near the top of the Bateman Formation which he considered t o  
be no younger than late Focene. 

The writer found Veneri- 

Brown (Baldwin, 1961) 

Microfossils are not abundant but B i r d  (writ ten communication, 
June 20, 1967) reported finding Foraminifera in beds along the ridge 
eas t  of Ivers  Peak. 
deposition a t  she l f  depths, probably between 200 and 600 feet. 

' The fauna indicated an upper Ulat is ian age and 

Coaledo Formation. The Coaledo Formation, named by Diller (1901), is 
made up of 6,000 feet of shallow-water coal-bearing strata a t  the base 

I 

and top w i t h  a middle member of more open water marine s i l ts tone.  
formation is confined t o  the Coos Bay area. 
formation into the lower, middle, and upper members and described the 
fauna. Allen and Baldwin (1944) studied the coal deposits and attempted 
t o  map the members throughout the field.  
the middle Coaledo thinned along the eastern margin of the basin where , 
it was d i f f i c u l t  t o  Oetermine posit ion within the formation. Eowever, 
throughout most of the f i e l d  the threefold divisions could be mapped. 
Dott (1966) studied and i l l u s t r a t e d  the numerous primary s t ruc tures  of 
the Coaledo Formation, examined the composition, and postulated deposi- 
t ion on prograding deltas. 

The 
Turner (1938) divided the 

Baldwin (1973) found that 

Coal was discovered i n  approximately 1855 and mining has continued 
Maximum production of nearly 115,OOO tons in 1914 in te rmi t ten t ly  since. 

came mostly from the Beaver H i l l  bed of the upper Coaledo. 
was revived during World War 11 with production of approximately 
35,000 tons mostly from the Southport mine. 
and is ra ted  a t  approximately 9,OOO B.T.U. as received. 

The f i e l d  

The coal is subbituminous 
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Later invest igators  were i n  search of o i l  and several  wells were 
One by the Ph i l l i p s  Petroleum Co. along Davis Slough reached 

The w e l l  started near the top of the lower Coaledo and 
W l l e d .  
6,900 feet. 
penetrated 2,300 feet before entering the Roseburg volcanic rocks 
without encountering intervening formations. This is not unusual 
s ince there  is a pronounced regional unconformity a t  the base of the 
Coaledo and it r e s t s  on the Roseburg, Lookingglass, and Flournoy 
Formations a t  various places around the r i m ,  
t o  be i n  contact with the Tyee Formation. 

The Coaledo is not known 

The Coaledo Formation is made up of l i gh t -  t o  medium-gray current 
sor ted sandstone with th in ,  dark gray beds of s i l t s t o n e  and mudstone 
commonly bearing carbonaceous material. 
pebbly sandstone and conglomerate. 
from older formations, a r e  common. 
material i n  the sandstone is however derived from volcanics. No doubt 
some of the Roseburg Volcanics were eroded t o  provide these pebbles 
but i t  is a l s o  l i k e l y  that contemporaneous volcanism w a s  taking place 
t o  the east i n  the older Cascades. Crossbedding, r ipp le  marks, and 
slump s t ruc tures  are common, 

I n  places, there are beds of 
Pebbles of quartz perhaps derived 
Many of the pebbles and much of the 

Weaver (1945) believed that the "Arago beds", an e a r l i e r  name 
that encompasses the Coaledo, were deposited i n  a gulf with a western 
barrier, with some sediments derived from the west. 
Wagner (1963) show a s l i g h t  western ba r r i e r  i n  l a t e  Eocene tjmes. 
Pre-Tertiary and older Eocene rocks a r e  present along the coast  a% far 
north as Bandon. 
t ions within the center of Eandon but it is d i f f i c u l t  t o  determine 
whether they a r e  upon Raseburg o r  pre-Tertiary rock. 
calls for u p l i f t  and removal of a la rge  amount of e a r l i e r  Eocene rock 
from t h i s  pa r t  of the coast  p r io r  t o  and perhaps during the time of 
Coaledo deposition. It is possible that some of the sediments were 
contributed from the west as proposed by Weaver. 

Snavely and 

Coaledo s t r a t a  unconformably l a p  against  older forma- 

The relat ionship 

The Coaledo strata a r e  overlain conformably by the Bastendorff 
Formation which i n  turn is conformable with the middle Oligocene Tunnel 
Point Formation. Signif icant  deformation evidently followed the middle 
Oligocene a t  which time a l l  three formations were s teeply folded. 
Miocene strata present within South Slough syncline west of Coos Bay 
are apparently unconformable upon a l l  three of the pre-Oligocene forma- 
tions. 

Megafossils are abundant i n  the lower and upper Coaledo members, 

Turner (1.938) concluded that the Coaledo 
and microfossils  occur i n  the middle Coaledo and argil laceous part of 
the lower and upper members. 
was l a t e  Eocene and generally equivalent t o  the Tejon Formation of 
California. 
and thus may indicate  rapid deposition. 
and cor re la tes  it with the Cowlitz Formation of Washington and the 
Tejon Formation of California. 
f a l l  i n  the A - 1  Zone of Laiming (1940) and the Narizian Stage of 
Mallory (1959). 

The faunas of upper and lower Coaledo d i f f e r  very l i t t l e  
Weaver (1945) lists the fauna 

Microfaunas studied by Stewart (1957) 

The uni t  correlates  with the Spencer, Nestucca, and 
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Cowlitz Formations of des'tern Oregon. 
deposited a t  approximately the same time but it is not known whether 
the Spencer and Coaledo seaways were connected or  whether the C o a s t  
Range had already created a barrier.  

A l l  of these un i t s  were probably 

Bastendorff Formation, 
of the Coos Bay coa l f i e ld  and rests conformably upon the Coaledo Forma- 
tion, 
Allen and Baldwin (1944) and Baldwin and Beaulieu (1973). The forma- 
t i on  is best exposed along Bastendorff Beach but also occurs infolded 
i n  narrow synclines along Isthmus Slough and a t  Sumner southeast of 

The Bastendorff Formation occupies the center 

It wa6 named and described by Schenck (1927) and discussed by 

coos Bay. 

The Bastendorff beds are medium- t o  dark-gray s i l t s t o n e  and shale 
Diller 

The Bastendorff Formation is nearly a l l  

with very l i t t l e  sandstone, 
(1901) did not separate the Bastendorff from the Coaledo and referred 
t o  it as "diatomaceous shale". 
argil laceous where found and i f  there were a coarser grained shoreline 
fac ies  it is not known. The Bastendorff Formation was probably deposited 
i n  quiet  water open t o  the ocean a t  a time when streams were not bringing 
much coarse material t o  the are&. 

Microfossils studied by Stewart (1957) indicated that although 

McKeel (1972) suggests t ha t  the e n t i r e  Bastendorff 

It weathers t o  a l ight  buff color, 

much of the  Bastendorff was l a t e  Eocene the upper part was Refugian o r  
ear ly  Oligocene. 
may be late Eocene. 

Intrusive Imeous Rocks. 
the eastern and northern margin of the map, 
d ikes  which now cap some of the mountains. 
gabbroic although smaller bodies may be of basalt.  
not considered t o  be Eocene and i n  fac t  intrude rocks as y6ung as 
middle Oligocene. 

Post-Eocene Formations. 
s i tua ted  la rge ly  along the C o a s t  a t  Coos Bay and Cape Blanco, 
consis t  of the middle Oligocene Tunnel Point Formation, unnamed 
Miocene strata i n  South Slough near Coos Bay and Cape Blanco, the 
Pliocene Fhpire Formation-of Coos'Bay and Cape Blanco, Pleistocene 
terrace deposits,  sand dunes, and Holocene alluvium, dunes and bay 
deposits. 

Intrusive bodies are shown on Figure 1 along 
These occur as sills and 

The in t rus ive  are 
The rocks are generally 

Formations deposited a f t e r  the Eocene are 
They 

s 

These have been described by Baldwin and Beaulieu (1973). 

Tectonic History 

The coastal  margin of Oregon has been i n  a mobile b e l t  at  least 
a$ far back as the Mesozoic as shown by the arced pat tern of the pre- 
Tert iary strata i n  the northern Klamath Mountains. 
ward t o  the v i c in i ty  of Cape Blanco then turn northeastward i n t o  Eastern 
Oregon. 
trends u n t i l  the end of the lower Eocene with northeastern s t r i k e s  

They s t r i k e  north- 

Tectonic movements continued along the same general structural 
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through the center of the C o a s t  Range para l le l ing  the northern Kl&ths. 
The final surge came rapidly during the Penutian stage as Roseburg 
volcanic and sedimentary rocks were closely folded and i n  some places 
thrust. 
ex is t ing  continent of that time. 
i t e d  in an onlapping sea which overstepped the faulted and compressed 
Roseburg onto the Klamath pre-Tertiary. Coarse deposits both a t  base 
and top imply deposition a t  a time continued u p l i f t  was taking place 
along the Klamath margin. 
faulted against  pre-Tertiary rocks, and some of these f au l t s  display 
throw i n  excess of 1,OOO feet. 

This telescoping of oceanic deposits evidently added t o  the 
The Lookingglass deposits were depos- 

Most of the Lookingglass remnants are 

The Flournoy sea spread across both deformed Roseburg and Looking- 
glass  as f a r  as the western Cascades eas t  of Glide and northward i n t o  
northwestern Oregon. 
beds and is gently folded and broken by fewer f a u l t s  than older forma- 
tions. 
e r l y  trends of the Roseburg Formation. 

It withdrew without leaving coarser offlapping 

Structural  trends tend t o  be more northerly than the northeast- 

The Tyee, Elkton, and Bateman Formations occupy a central posi t ion 
in the southern Coast Range. The Tyee a t  the southern end occupies a 
simple shallow syncline which broadens toward the north. Deformation 
of the syncline is gentle and no s teep  dips o r  major faults a r e  evident. 

The Coaledo Formation was deposited i n  a rapidly subsiding basin 
near the  coast a t  a time the Coast Range was re la t ive ly  stable.  
i t i o n  of the Bastendorff and middle Oligocene Tunnel Point Formations 
continued without deformation. 
s teep dips  commonly 60-70 degrees i n  the Coaledo, Bastendorff and 
Tunnel Point while the older  beds i n  the cent ra l  C o a s t  Range remained 
r e l a t ive ly  s t ab le  with much gent ler  dips. 
of minor movement of the oceanic p l a t e  against the continent. 

Depos- 

By la te  Oligocene compression caused 

This may have been a period 
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SEDIMENTARY FACIES AND TRACE FOSSILS IN THE 

EOCENE DELMAR FORMATION AND TORREY SANDSTONE, CALIFORNIA 

1 Jannette E. Boyer 
Exxon Co., U.S.A. 

John E. Warme 
Rice University 

Introduction 

Purpose and scope 
The seacliffs at Solana Beach (Fig. 1) are formed from terrigenous 

sedimentary rocks of Middle Eocene age. The cliff face, swept clean by 
winds and waves, reveals an intricate pattern of sedimentary structures 
and trace fossils, affording an opportunity for detailed investigation 
of the clastic facies. 
processes -- biologic and physical -- that contributed to the original 
character of the sediments, and thus to describe the depositional envi- 
ronments. 

The purpose of this study is to report those 

Methods 
Eighteen stratigraphic sections in the Delmar Formation and Torrey 

Sandstone (Fig. 1 and 2) were measured at Solana Beach. Sediment tex- 
tures, physical sedimentary structures, body fossils and trace fossils 
were described. 
fication is after Reineck and Singh (1973), unless otherwise noted. 
Names assigned to the rocks follow the textural classification of Folk 
(1968), and are based on field observations and on textural analysis in 
the laboratory. Procedures are detailed in Boyer (1974, p. 153). 
Biogenic sedimentary structures were described both in outcrop and in 
impregnated slabs prepared in the lab (Boyer, 1974, p. 98,99). 

Geologic Setting 

Terminology relating to bed forms and types of strati- 

Mesozoic and Early Tertiary history of the San Diego area 

sedimentary strata that rest unconformably on an igneous and metamorphic 
basement of late Jurassic and Cretaceous age (Bushee and others, 1963; 
Fife and others, 1967). Basement rocks are the Santiago Peak Volca- 
nics (Black Mountain Volcanis of Hanna, 1926, p. 199-204) and parts of 
the southern California batholith. 

The San Diego coastal area is underlain by Cretaceous and Tertiary 

Pronounced uplift in middle and late Cretaceous time brought base- 
ment rocks to the surface, where they contributed debris westward to a 
belt of non-marine conglomerates and marine siltstones, sandstones, and 
conglomerates known collectively as the Rosario Group (Kennedy and 
Moore, 1971; Jones and Peterson, 1973). During latest Cretaceous and 
early Tertiary time a widespread erosion surface with several thousand 
feet of relief developed across the basement complex and the most land- 
ward deposits of the Rosario Group (Lusardi Formation) (Peterson and 
Abbott, 1973). Upon this surface were deposited Eocene fluviatile, 
marginal marine, and fully marine clastic strata that in the San Diego 

b.0. Box 120,'Denver, Colo. 80201 'Houston, Texas 77001 
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S O L A N A  'BEACH 

\ \  

= DELWAR FACIES 
. . . . . . . . . . , -............. [-I . .. . . . . . . . . . . . = TORREY FACIES . . . . . . . . . . . . . . 

FIGURE 1. 
tions. 
schematically at far right. Redrawn from U.S.G.S. topographic maps, in- 
cluding parts of 7 1/2' Del Mar and Encinitas quadrangles. 

Locations of study area and of measured stratigraphic sec- 
Gross distribution of Delmar and Torrey facies are presented 
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area are approximately 700 m thick (Kennedy, 1973). The Eocene beds, 
including the formations investigated in this report, now crop out 
along the southern California coast. 

Eocene rocks of the San Diego area, previous work and geologic history 
The first geologic map of the San Diego area was made by Blake 

(1856) as part of a railroad survey. Since then, Ellis (1919), Clark 
(1926) and especially Hanna (1926, 1927) have contributed much to the 
geologic mapping of the region and to establishing formal stratigraphic 
nomenclature. 
members of the La Jolla Formation, and assigned Delmar macrofossils to 
the Domengine molluscan stage (Middle Eocene) (Hanna, 1927). 

Hanna defined the "Delmar Sand" and "Torrey Sand" as 

Kennedy (1967) recently remapped the coastal area from Point Loma to 
Oceanside at a scale of 1:24,000, including the entire 7 1/2 minute 
Delmar quadrangle in which this study took place. 
(1971) redefined stratigraphic nomenclature of the Cretaceous and Ter- 
tiary rocks and discussed their facies relationships; their analysis is 
summarized in Figure 3. Kennedy and Moore (1971) divided the Eocene 
strata into a Mid-Eocene La Jolla Group and Late Eocene Poway Group; 
these two groups include nine formations. The Delmar and Torrey members 
were raised to formational status and included in the La Jolla Group. 

Kennedy and Moore 

The Eocene formations record a series of interdigitations of marine 
and terrestrial deposits over a rather short lateral distance. 
and bathyal environments to the west are preserved now in the Ardath 
Shale of the San Diego coastal plain (Gibson, 1971; Kennedy and Moore, 
1971; Steineck and others, 1972) and in some Middle Eocene units that 
outcrop on the channel islands of the continental borderland (Weaver, 
1969; Howell and others, 1974; Yeats and others, 1974). The Ardath 
Shale contains coccoliths, planktonic and benthonic foraminifera and 
marine molluscs. Benthonic forams indicate water depths of 500-1500 m 
(upper middle bathyal) (Gibson, 1971), and coccolith zonation by Bukry 
and Kennedy (1969) suggests correlation with Lutetian strata in France 
(=Middle Eocene). 

The shelf 

The Ardath interfingers with and transgresses over the Torrey Sand- 
stone, which in turn interfingers with and transgresses over the Delmar 
(Fig. 3). Because both the Torrey and Delmar are correlative with part 
of the Ardath, they are considered to be Middle Eocene in age (Kennedy 
and Moore, 1971). The Delmar rests unconformably on basement rocks 
and interfingers eastward with non-marine deposits of the Friars 
Formation. The Friars contains terrestrial vertebrate fossils that 
according to Lillegraven (1973) belong to an "early Uintan North 
American land mammal age" (=Late Eocene). 

The Delmar Formation and Torrey Sandstone 
The Delmar Formation and Torrey Sandstone are time-transgressive 

units deposited in an interface zone between marine (Ardath) and 
terrestrial (Friars) environments. The Delmar is finer grained than 
the Torrey; it is characterized by a greater abundance of fossils and 
organic debris and by considerable biologic reworking. Delmar sedi- 
ments are interpreted as deposits of a lagoon and associated tidal 
flats and tidal creeks (Kennedy and Moore, 1971; Boyer, 1974, p. 67-75). 
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Figure 3. Stratigraphic sequence in the Del M a r  quadrangle, California. sw Redrawn from Kennedy and Moore (1971, Fig. 3)  and KE 
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The Torrey is coarser grained than the Delmar and i ts  depositional fea- 
tures are dominantly those resul t ing from processes of physical sedi- 
mentation and reworking. Torrey sediments are interpreted t o  have been 
deposited i n  an offshore shoal o r  bar and i n  associated t i d a l  de l t a s  
and channels (Kennedy and Moore, 1971; Boyer, 1974, p. 75-79). Torrey 
sands enclosed and then transgressed over Delmar sediments. Both for- 
mations are,lens-shaped l i tho logic  uni t s  t ha t  outcrop along the coast 
from 5-6 km north of Encinitas t o  Torrey Pines S ta te  Park, 20 km south. 
They are believed to  extend southeastward i n  the subsurface and to  have 
been eroded a t  t h e i r  northwestward extent (Kennedy and Moore, 1971). 

D e l m a r  Formation The D e l m a r  Formation is about 60 m thick (Hanna, 1926); 
about 15 m of nearly flat-lying Delmar strata are exposed a t  Solana 
Beach. 
t i ve ly  th in  sequence diverse rock types and depositional features are 
displayed. 
rock types and sedimentary s t ruc tures  observed a t  Solana Beach outcrops. 

The Delmar is highly var iable  l a t e ra l ly ,  so even i n  t h i s  rela- 

A composite sect ion (Fig. 4A) of the Delmar  i l l u s t r a t e s  the 

The lower 9 m of the Delmar consis ts  primarily of oyster  beds, in- 

The oyster beds 
tensely bioturbated muddy sandstone, burrowed sandy mudstone, and 
interbedded s i l t y  sandstone, mudstone and clay-shale. 
are composed overwhelmingly of Ostrea idr iaens is  Gabb, but a l so  ,con- 
t a i n  a var ie ty  of other bivalve and gastropod she l l s  i n  a sandy, 
calcite-cemented matrix. Muddy sandstones form 0.3-1.2 m thick beds 
tha t  commonly are finer=grained upward and are capped by a layer of 
sandy mudstone. 
Ostrea and other molluscs. 
i n  some beds d i s t i n c t  biogenic s t ructures  have been destroyed by 
intense and/or prolonged bioturbation. 
sandstone, mudstone and clay-shale show re la t ive ly  few trace fos s i l s ;  

These beds contain scat tered she l l s  and molds of 
They also have abundant trace fos s i l s ,  but 

In  contrast ,  interbedded s i l t y  
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thus de l i ca t e  planar and r ipp le  lamination and f l a s e r  bedding are pre- 
served. 
coal i n  these beds. 

There is much>carbonaceous material and even a small lens  of 

The upper 6-7 m of the D e l m a r  contains some scat tered s h e l l  material 
but no biostromic oyster beds. The sediments are primarily muddy sand- 
stones and sandy claystones; a vest ige of medium-scale cross-bedding is 
preserved i n  some sandstone beds, but i n  general bioturbation is in- 
tense. A trough-shaped erosional surface marked by concave-downward 
pelecypod valves s ignals  I n i t i a t i o n  of Torrey deposition. 

Torrey Sandstone The Torrey Sandstone is a t  most 60 m thick 
(Kennedy and Moore, 1971); about 15 m of sect ion are exposed a t  Solana 
Beach. A composite section (Fig. 4B) of the Torrey i l l u s t r a t e s  rock 
types and sedimentary s t ructures  observed i n  the Solana Beach outcrops. 
The Torrey is composed largely of broad, shallow troughs of cross- 
bedded muddy sandstone with mudstone lenses. 
dant, but overa l l  bioturbation is not so intense tha t  physical sedi- 
mentary s t ruc tures  a re  destroyed. 
channels i n  the Torrey tha t  are f i l l e d  with beds of s l i gh t ly  granular 
muddy sandstone tha t  conform approximately t o  the channel shape. 
are rare i n  these beds. 

Trace f o s s i l s  are abun- 

There are some broad, 2-6 m deep 

Burrows 

Sediments 

Sediments of the Delmar Formation and Torrey Sandstone are composed 
of lay-, silt-, sand- and some granule-sized grains. The sandstones 
are compositionally immature; they contain s ignif icant  amounts of feld- 
spars and l i t h i c  fragments. 
immature as w e l l ,  containing 10-15 percent mud by weight. 

Many of the sandstones are tex tura l ly  

Composition 
The coarser-grained rocks of the Delmar and Torrey are subarkoses 

and arkoses, following the terminology of Folk (1968, p. 124) (Kennedy, 
1973; Boyer, 1974, p. 28,55; J. W. EriCson, 1974, pers. commun.). The 
feldspars include orthoclase, plagioclase and a small amount of micro- 
cl ine.  Bio t i te  and muscovite compose up t o  10-15 percent of the coarse 
fraction,and rock fragments from grani t ic ,  sedimentary (claystone and 
mudstone), s i l ic ic  volcanic, and metamorphic rocks add another 1-6 per- 
cent, Minerals present i n  trace quant i t ies  include hematite, epidote, 
topaz, zircon, tourmaline, pyroxene, amphibole, and glauconite. 
According t o  Kennedy .(1973), the clay-sized f rac t ion  consis ts  of 
smectite and kaol ini te .  Carbonaceous material is present i n  most of 
the D e l m a r  rocks: as f i n e  debris  i n  the  sandy rocks, and, i n  the mud- 
stones, as recognizable remains of grass and wood fragments t h a t  are 
concentrated along bedding planes. The D e l m a r  a l so  contains a s m a l l  
coal lens from which amber has been recovered (J. P. Kern, 1972, pers. 
commun.), The coal appears t o  be limited t o  a meter-wide pocket and 
may represent a tree trunk or large wood fragment. 

Texture 
Although the range of grain s izes  is  very similar f o r  Delmar and 

Torrey sediments, the d is t r ibu t ion  of grain s izes  i s  qui te  d i f fe ren t  
i n  the two formations. The differences are of two types. 
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F i r s t ,  sand f rac t ions  of Torrey sediments are coarser and b e t t e r  
sor ted than those of the D e l m a r  (Boyer, 1974, p. 154-156). The 
histograms i n  Figure 5 i l l u s t r a t e  grain s i z e  d is t r ibu t ions  of some ana- 
lyzed samples from the  D e l m a r  and Torrey. Three of four sand f rac t ions  
from the  D e l m a r  exhibi t  a primary mode of f i n e  sand (2.25-2.50) and a 
secondary mode of medium sand (1.5-1.75g). I n  contrast ,  f i n e  sand is  a 
secondary mode or  non-modal i n  a l l  but one Torrey sample; medium sand 
(1.5-1.75$) is  dominant, and very coarse sand and minor gravel are pre- 
sent  i n  a l l  samples. 
range from 0.83 t o  1.09 (moderately t o  poorly sorted);  sor t ing  co- 
e f f i c i en t s  of a l l  but  one Torrey sand f rac t ion  are less than 8.3, as 
l o w  as 0.7 (moderately w e l l  sorted t o  moderately sorted) (Folk, 1968, 
p. 46). The evidence discussed above indicates  t ha t  Torrey sediments 
were subject  t o  stronger and more pers i s ten t  waves and currents  than 
were sediments i n  D e l m a r  environments. 

Sorting coeff ic ients  of D e l m a r  sand f rac t ions  

The second major tex tura l  difference between Delmar and Torrey 
f ac i e s  is  tha t  s i l t  and clay are more abundant i n  the  D e l m a r .  
percent mud i n  Delmar sandstones ranges from 1.5 t o  15.5 (see mud 
columns i n  Fig. 5) , compared t o  mud contents of 7.6-12.8 percent i n  
Torrey samples. Further, D e l m a r  fac ies  exhibi t  more and thicker  beds 
of fine-grained sediment (Fig. 2). The reasons fo r  these differences 
w i l l  be more obvious following a discussion (below) of the d i s t r ibu t ion  
of f ines  i n  general i n  the rocks a t  Solana Beach. 

Weight 

Sand- and mud-sized grains occur i n  very c lose  associat ion i n  both 
formations. 
mud concentrated along r ipp le  forese ts  (a type of f l a s e r  bedding), mud 
f i l l i n g  i n  r ipp le  troughs and draping crests ( f laser ,  wavy,  and l en t i -  
cu la r  bedding using terminology of Reineck and Wunderlich, 1968), and 
mud i n  i n t e r s t i c e s  between sand grains.  There is  evidence f o r  several 
types of processes ( l i s t ed  below) tha t  could contribute t o  the  observed 
d is t r ibu t ion  of f i n e  sediment. 

There is  mud interlaminated with sand i n  cross-bedded uni t s ,  

(1) S i l t  and clay were deposited as f eca l  and other types of 
biogenic pe l le t s .  
shale  beds i n  the D e l m a r  (Boyer, 1974, p. 23). Further, there  are 
abundant body and trace f o s s i l s ,  i n  the Torrey and especial ly  i n  the  
D e l m a r ,  t ha t  evidence an active faunal population t h a t  must have pro- 
duced f eca l  pe l le t s .  
a grain much la rger  than i ts  consti tuent grains. 

ducing mud p e l l e t s  and by mixing adjacent layers  of sand and mud. 
p e l l e t s  t ha t  form burrow walls (Fig. 8B) o r  f i l l  burrows are an exam- 
p l e  of t h i s  type of biologic  mixing of coarse and f i n e  sediments, as 
are the  many churned, bioturbated layers. 

(3) Much of the clay s e t t l e d  from suspension as floccules.  
and s i l t  have been observed together i n  s ing le  laminae of laminated 
mud beds. Since the re  is  no evidence of biologic  mixing, the  clay 
and si l t  must have s e t t l e d  simultaneously -- the  clay i n  floccules.  
Flocculation would have been aided by nuclei  provided by abundant 
organic debris i n  the  water column (van Straaten and Kuenen, 1958, 
p. 412). 

Probable f eca l  p e l l e t s  have been recovered from mud- 

A p e l l e t  would be hydrodynamically equivalent t o  

(2) Infauna introduced mud d i r ec t ly  in to  coarser sediments by pro- 
Mud 

Clay 
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The th ree  processes discussed above were in tens i f ied  i n  D e l m a r  
environments, because faunal dens i t ies  were grea te r  there  (as indicated 
by more abundant body and trace fos s i l s ) ,  and because there  w a s  more 
organic debris i n  the  water (indicated by grea te r  amounts of carbona- 
ceous material preserved i n  the  D e l m a r ) .  Further, cer ta in  physical 
sedimentary s t ruc tures  i n  the  Delmar (discussed elsewhere i n  t h i s  paper) 
suggest t h a t  f i n e  sediment w a s  concentrated shoreward by a var ie ty  of 
processes t h a t  are re la ted  t o  t i d a l  cycles. These include f luctuat ions 
i n  energy levels caused by periods of t i d a l  f l o w  and slack, the  "scour 
lag" and "se t t l ing  lag" e f f ec t s  described by van Straaten and Kuenen 
(1958), and other processes t h a t  have been discussed by Postma (1961), 
Kuenen (1961, p. 492-495) andvan Straaten (1965, p. 63-65). 

Physical Sedimentary Structures 

Some of the most s t r i k i n g  and informative features  i n  the Solana 
Beach outcrops are the  physical sedimentary s t ructures .  I n  both Torrey 
and D e l m a r  f ac i e s  a var ie ty  of sedimentary s t ruc tures  occur tha t ,  along 
with evidence from trace and body f o s s i l s  and from sediment textures,  
help t o  define the subfacies described i n  the  la t ter  pa r t  of t h i s  paper. 

Physical sedimentary s t ruc tures  of t he  D e l m a r  Formation 

D e l m a r  are more diverse  and are on a smaller scale than those of the 
Torrey. The s t ruc tures  ind ica te  sedimentary processes t h a t  commonly 
operate i n  tidally-influenced, protected, shorel ine environments. There 
is evidence f o r  frequent and rad ica l  f luctuat ions i n  physical energy 
levels, f o r  both wave and current ac t iv i ty ,  f o r  c lose  juxtaposi t ion i n  
t i m e  and space of erosional  and sedimentary events, and more generally, 
f o r  heterogeneity of deposit ional processes i n  t i m e  and space. 
s t ruc tures  are individually described and discussed below. 

Physical sedimentary s t ruc tures  and bedding cha rac t e r i s t i c s  of the  

Specific 

Interbedded sand and mud Interlaminated and interbedded sand and 
mud, and f l a se r ,  wavy and l en t i cu la r  bedding are common bedding types, 
par t icu lar ly  i n  the  lower pa r t  of the D e l m a r  (Fig. 4A). The c lose  as- 
sociat ion of mud and sand probably is  a r e su l t  of tidally-controlled 
deposition and biogenic pe l le t iza t ion .  Sand is  deposited from the  
t r ac t ion  load during t i d a l  flow and ebb; 
during s lack water (Reineck, 1960). The r e s u l t  is mud drapes t h a t  
.give rise t o  f l a s e r ,  wavy, and l en t i cu la r  bedding. Where f i n e  sedi- 
ment and organic debris have been reformed i n t o  p e l l e t s  by organisms 
(Haven and Morales-Alamo, 1968; Pryor, 1972), the  p e l l e t s  can be  de- 
posited from the  t r ac t ion  load, giving rise t o  mud laminae i n  forese ts  
of r ippled sand (Fig. 6A) and t o  mud interlaminated with sand i n  large- 
scale cross-bedded un i t s  (Fig. 7A). 

mud settles from suspension 

I 

Micrograded laminae A meter-thick, flaser-bedded sequence at  
section 1 (Fig. 2) exhibi ts  four pa i r s  of micrograded laminae (Fig. 
6B). 
gray-green clay and is 2-4 mm thick. 
e r a l l y  f o r  a t  least two meters (width of outcrop undisturbed by 
fau l t s ) ;  
Probably the  laminae were deposited from suspension i n  a very slow- 

Each lamina grades upward from gray silt and f i n e  sand t o  dark 
The laminae are pe r s i s t en t  lat- 

the  grains  are well-segregated ve r t i ca l ly  acording t o  size.  
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FIGURE 6. 
drawn from photographs of exposures normal to bedding. 
simple flaser bedding; b = bifurcated wavy bedding; c = wavy mud 
layer; d = lenticular bedding with connected lenses; e = lenticular 
bedding with single lenses; f = bioturbated mud layer (a biogenic 
structure); g = micrograded beds; h = laminated silty sandstone. 
Terminology after Reineck and Wunderlich (1968). 
and clay-shale; dot pattern = muddy or silty sandstone and sandy 
siltstone. 

Physical sedimentary structures in the Delmar Formation, 
Legend: a = 

Black = mudstone 
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moving o r  still  body of water. 
s t r i k ing  and suggest deposition through t i d a l  cycles. 

The paired occurrences are qu i t e  

Thicker mud beds The Delmar a l so  contains r e l a t ive ly  th ick  (great- 
er than 5 cm) mud layers  t h a t  exhibi t  m i l l i m e t e r  laminae of pure clay- 
shale. 
plugs inabandoned, shallow channels. Other mud beds are more persis- 
t e n t  l a t e ra l ly ;  these may have accumulated i n  areas of pers i s ten t  high 
turbidi ty .  Studies i n  Recent environments show that, if the  concentra- 
t ions  of suspended sediment i n  water are su f f i c i en t ly  high, mud w i l l  be 
deposited a t  flow ve loc i t i e s  t h a t  would normally keep such material i n  
suspension (McCave, 1970; Oertel, 1973). This r e s u l t s  i n  accumulations 
of th in ly  laminated muds t h a t  are associated with layers  of much coarser 
sediment . 

Some of the  mud layers  are only a few meters wide; these may be 

I 

Laminated sand Planar laminated sands compose a small pa r t  of 
Delmar sediments; they are associated with interbedded sand and mud and 
with flaser.bedding as shown in  Figure 6B. Laminated sands are com- 
posed of f i n e  and medium sand with some si l t ;  beds are approximately 
10 cm thick and grade upward i n t o  e i t h e r  interbedded sand/mud o r  rippled 
and cross-bedded sand. Some but  not a l l  laminated sand beds exhibi t  
erosional contacts with underlying sediments. 

These sands might have formed by swash and backwash (Reineck, 1963; 
Clifton, 1969), by currents  i n  plane-bed phase of the  upper flow regime 
(Simons and others ,  1965, p. 36, 37), o r  by deposition from suspension 
clouds produced by channel currents  or  shoaling waves (Reineck, 1963). 

Cross-s t ra t i f icat ion A t  least four types of c ross -s t ra t i f ica t ion  
have been observed i n  D e l m a r  outcrops: (1) current  r i p p l e  and (2) 
o sc i l l a t ion  r ipp le  c ross -s t ra t i f ica t ion ,  (3) medium scale trough cross- 
s t r a t i f i c a t i o n ,  and (4) tabular  sets of planar,  incl ined beds. 

flasers (Fig. 6A) are composed of f i n e  sand and silt.  Osci l la t ion 
r ipp les  are formed by wave action; i n  D e l m a r  strata they are much 
rarer than current  r ipples.  
cross-bedding are composed of muddy f i n e  and medium sand. 
above la rger  cross-sets and may represent waning currents  o r  r ipp les  
superposed on megaripples. 

of muddy sand. 
c m  deep and 1.6 m wide. 
lunate  megaripples. 

0.5-1.0 m thick units of muddy sandstone tha t  grade upward t o  sandy mud- 
stone. 
incl ined laminae d ip  15-24 degrees and are discordant with the  basa l  
surface. 
straight-crested megaripples. 

(1) and (2) Current and osc i l l a t ion  r ipp les  associated with mud 

Current r ipp les  associated with l a rge r  scale 
They occur 

(3) Trough cross-s t ra t i f ied sets are 15-20 c m  th ick  and composed 
One set c l ea r ly  w a s  deposited i n  a shallow channel 18 

Other sets appear t o  be deposits of migrating, 

(4) Tabular sets of planar, incl ined beds occur a t  the  base of 

The lower bounding surface is  planar t o  s l i g h t l y  i r regular ;  

These s t ruc tures  probably w e r e  formed by migration of 

Sedimented s h e l l  beds Physically accumulated s h e l l  deposits i n  
the  D e l m a r  Formation are preserved as decimeter-thick s h e l l  hashes and 
as th in  s t r inge r s  of Ostrea she l l s .  
lenses  about 10 cm th ick  and a meter or two long tha t  are composed of whole 

The s h e l l  hashes observed are 
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and fragmented bivalve and gastropod she l l s  other than Ostrea. 
valves occur i n  almost a l l  orientations but exhibi t  a s l i g h t  preference 
fo r  concave upward positions. The she l l s  are i n  a matrix of muddy sand 
tha t  grades upward t o  sandy mudstone. 
thick and is intensely bioturbated. The absence of Ostrea and the broken 
s h e l l s  suggest t h a t  the s h e l l  hashes were physically sorted and deposited. 
The she l l s  perhaps w e r e  concentrated by storms (Howard and Reineck, 1972, 
p. 102), or  they may be lag  accumulations a t  the base of a shallow channel. 

Pelecypod 

The entire bed is about 20 cm 

A more common s h e l l  deposit is th in  s t r ingers  of la rge  she l l s ,  

The she l l s  could be a l ag  deposit 
chief ly  Ostrea, t h a t  define the base of approximately meter-thick, in- 
tensely bioturbated, graded beds. 
marking the base of a migrating channel; the e n t i r e  channel-fi l l  was  then 
reworked by burrowing organisms. Alternatively, the she l l s  might have 
been eroded from nearby oyster reefs  by physical (wave) or  biologic 
(burrowers) undercutting. Currents and waves then redis t r ibuted the 
she l l s  and concentrated them s l tgh t ly .  

Bored claystone beds and mud-pebble beds Claystone clasts i n  
D e l m a r  sediments indicate  exposure and erosion of cohesive claystone beds 
(Frey and Howard, 1969, p. 435). I n  f ac t ,  there  is d i r ec t  evidence fo r  
t h i s  process: 
by claystone c l a s t s  derived from i t  (Boyer, 1974, P l a t e  5). 
stone conformably overl ies  a muddy sandstone; its upper contact is  very 
i r regular  but sharply defined. 
from the top dawn and are f i l l e d  with sediment from the overlying bed. 
The claystone bed probably was  exhumed i n t e r t i d a l l y  by waves, o r  by 
erosive currents i n  the inner s u b l i t t o r a l  zone. 

Physical sedimentary s t ructures  of the Torrey Sandstone 

i n  the Torrey than i n  the Delmar. Exposed i n  the Solana Beach outcrops 
are large-scale trough cross-bedding, large channels, large-scale wedge 
sets of planar cross-bedding, and a minor amount of interbedded sand- 
stone and mudstone with f l a s e r  bedding. Most of these s t ructures  formed 
by migration of channels, subaqueous dunes and megaripplesl, and by 
construction of sand lobes and bars i n t o  loca l  depressions. There is no 
evidence i n  these outcrops fo r  sand deposition i n  the wave swash zone of 
beaches or  exposed bars. Rather, the Torrey s t ructures  are those 
charac te r i s t ic  of shoals and t i d a l  del tas .  

a claystone bed tha t  was  bored by organisms is  overlain 
The clay- 

Cylindrical borings penetrate the bed 

Physical sedimentary s t ructures  are on a considerably larger  s ca l e  

Trough cross-bedded sandstone A large pa r t  of the Torrey is com- 
posed of large-scale trough cross-bedded sandstone, i l l u s t r a t ed  i n  
Figures 7A and 11-IV.  The troughs are 5-30 m wide and 1-4 m deep; some 
of the sets are terminated by an erosional surface and/or a mud lens. 
S t r a t i f i ca t ion  has i n  most cases been disruptedbutnot  destroyed by 
burrowers; apparently sedimentation rates were suf f ic ien t ly  rapid t o  

1 
As defined by Coleman (1969), dunes are distinguished from megaripples 

by s ize .  Dunes are larger  forms, with heights of 5-25 f e e t  (1.5-7.5 m) 
and lengths of 140-1600 f e e t  (42-480 m). 
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prevent complete destruction of bedding by infauna. 
probably were formed by migration of subaqueous dunes and/or by i n f i l l i n g  
of channels (Reineck and Singh, 1973, p. 63, 9 2 ) .  Both of these process- 
es r e su l t  i n  deposition of curved, inclined beds i n  a trough-shaped 
scour, when viewed i n  section approximately normal t o  current flow. The 
mud lenses suggest tha t  movement of bed forms was  sporadic, and that mud 
accumulated i n  depressions and scours during t i m e s  of less vigorous 
current and wave ac t iv i ty .  

These s t ructures  C 

Large channels Four large channels (Fig. 7C) are exposed i n  the 
Solana Beach seac l i f f s ;  these channels are 2-6 m deep and up t o  80 m 
wide (Fig. 11-IV) .  Very coarse sand, gravel, and some claystone clasts 
up t o  30 c m  across mark the base of the channels, which are f i l l e d  with 
s l i gh t ly  granular muddy sandstone. Most of the in te rna l  s t ruc tures  are 
on the  same s i z e  scale as the trough i t s e l f ;  the channels are f i l l e d  i n  
down-bowed beds tha t  follow the shape of the scour surface. 
channel, megaripple cross-s t ra t i f icat ion is  superposed on a larger-scale 
pat tern of lateral channel f i l l .  

I n  one 

A l l  four channels are characterized by a unique lack of biogenic 
sedimentary s t ructures  tha t  is especially s t r ik ing  because adjacent 
beds exhibi t  abundant trace foss i l s .  This condition is i n  contrast  t o  
major t i d a l  channels and i n l e t s  i n  Recent environments, which normally 
support an ac t ive  infaunal population (Warme, 1971, p. 38, 39). The 
channels e i ther  were created by fresh-water flow and/or they were 
scoured and f i l l e d  very rapidly, before burrowers were ab le  t o  invade the 
substrate.  Possibly the channels formed a f t e r  periods of high r a in fa l l .  
A t  t h i s  t i m e  brackish water would be flushed out of the lagoon, through 
the Torrey shoal. Scour and f i l l  would occur quickly, perhaps i n  a few 
hours or  days. 

Planar cross-bedded sandstone Outcrops a t  sect ion 10 of wedge- 
shaped sets of planar cross-bedded sandstone are shown i n  Figure 7B. 
sediment (sample 1202, Fig. 5) is  s l igh t ly  granular muddy sandstone; the 
sand f rac t ion  is be t t e r  sor ted ( <I 
than any other sand collected from the  Torrey or D e l m a r .  
channels, these deposits have experienced l i t t l e  o r  no biogenic reworking. 

The 

= 0.7 or  moderately w e l l  sorted) 
Like the 

The cross-bedded sets appear t o  have been generated e i the r  by 
migration of straight-crested subaqueous dunes o r  by sediment avalanching 
down the back of a bar or  lobe of sand. 
again suggests rapid deposition, perhaps related t o  storm ac t iv i ty .  
is a l so  possible tha t  these beds are eolian i n  or igin.  However, it 
seems more l i ke ly  tha t  they were deposited subaqueously, because the 
sediments contain about 10 percent mud and because the sand is  rather  
coarse, exhibit ing a primary mode of medium (1.5-1.750) sand. 

The absence of t race  f o s s i l s  
It 

Interbedded sandstone and mudstone A th in  sequence of interbedded 
sandstone and mudstone is  exposed i n  the lower par t  of the Torrey, a t  
sect ion 17. The beds are flat-lying but are interrupted by low-angle 
erosion surfaces draped with mud. 
Accumulated both i n  millimeter-laminae and i n  f lasers .  

Trace f o s s i l s  are abundant. The mud 
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The interbedded sandstone and mustone beds w e r e  deposited by 
much weaker currents than those responsible fo r  much of Torrey sedimenta- 
tion. They are s imilar  t o  D e l m a r  deposits and appear t o  be t rans i t iona l  
with them, as the oyster and f l a s e r  beds charac te r i s t ic  of D e l m a r  fac ies  
crop out only a few tens of meters t o  the north, a t  section 18. 
bedded sandstones and mudstones probably accumulated i n  the i n t e r t i d a l  
zone, i n  t i d a l  f l a t s  or i n  loca l  depressions protected by shoals and bars. 

Inter- 

Body Fossi ls  

The Delmar Formation and Torrey Sandstone contain both microfossils 
and macrofossils. 
where the assemblage is charac te r i s t ic  of brackish water environments 
(see below). 

Macrofossils i n  the D e l m a r  Formation 

cemented beds dominated by Ostrea idr iaens is  Gabb. 
par t icular ly  in te res t ing  because they represent i n  s i t u  oyster reefs; 
many of the oysters are preserved i n  l iv ing  posit ion with valves 
ar t iculated.  

Macrofossils are par t icu lar ly  abundant i n  the D e l m a r ,  

The most diverse assemblage of molluscan f o s s i l s  is preserved i n  
The oyster beds are 

Other mollusc species have been studied i n  the reefs ,  i n  sedimented 
s h e l l  beds, and as molds and casts i n  muddy sandstones. Hanna (1927) 
ident i f ied  16 species of Pelecypoda and 16 of Gastropoda; he correlated 
them with the Damengine molluscan stage (Mid-Eocene) defined by Clark 
(1926). Hanna (1927, p. 257) considered the assemblage t o  indicate  
"brackish water conditions". C. R. Givens (1973, pers. commun.) has 
recognized an additional four molluscs, two of them species misidenti- 
f ied  by Hanna (see Boyer, 1974, Fig. 11). H e  did not,  however, f ind 
e i the r  Tur r i t e l l a  applinae o r  Turricula praeattenuata, two typical ly  
marine species common t o  Eocene uni t s  of the San Diego area tha t  w e r e  
deposited i n  s u b l i t t o r a l  zones. Givens' environmental interpretat ion,  
i n  agreement with Iianna's, is tha t  the D e l m a r  fauna is "definitely 
brackish". 

Macrofossils i n  the Torrey Sandstone 
Macrofossils are present only ra re ly  i n  the Torrey Sandstone. A t  

Solana Beach mollusc she l l s  w e r e  observed a t  one local i ty:  ironstained 
out l ines  of a few, completely-leached pelecypod valves rest concave 
downward a t  the base of a la rge  channel a t  sect ion 9. The lack of body 
f o s s i l s  is  i n  par t  owing t o  poor preservation frequently encountered i n  
coarse-grained, terrigenous rocks such as the Torrey Sandstone. Cer -  
t a in ly  t race  f o s s i l s  i n  the Torrey attest t o  an ac t ive  fauna (see below). 
Ostrea she l l s ,  however, are exceptionally thick and r e s i s t en t  t o  leaching 
and abrasion, so t he i r  absence here indicates t ha t  they did not l ive i n  
Torrey environments. Possibly the oysters could not survive the r igors  
of repeatedly sh i f t i ng  sands. 

Microfossils 

and Torrey Sandstone include pollen, spores, hystrichospheres, and 
dinoflagellates.  

Palynomorphs recovered from mud-shale beds of the D e l m a r  Formation 

There are a t  least 44 genera of pollen and spores as 
w e l l  as several  undescribed genera and species (Elsik and B c y e r ,  i n  
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prep.). The age of the  f l o r a  is  Middle Eocene, based on angiosperm 
pollen type and divers i ty;  i t  correlates  w e l l  with Mid-Eocene assem- 
blages from the Gulf and Pac i f ic  coasts (Elsik and Boyer, i n  prep,). 
Environmentally, the palynomorphs indicate  a warm, humid climate, 
based on similarities t o  the Chalk Bluffs f l o r a  of northern California 
(Andrews, 1961, p. 200) and on the abundance of pollen of broadleaf trees 
and several  t rop ica l  plant  genera. 

Other microfossils  recovered from the Solana Beach outcrops in- 
clude a s ingle  cast of an ostracode valve and some possible arenaceous 
foraminifera. 

Trace Fossi ls  

Animals l iv ing  i n  the sediment or  on the  sediment surface have l e f t  
t h e i r  mark on almost every bed and lamination i n  the Solana Beach out- 
crops. 
where many beds have been so thoroughly churned by organisms tha t  no 
d iscre te  s t ruc tures  -- e i the r  physical o r  biogenic -- have been pre- 
served. The physical environment i n  both D e l m a r  and Torrey fac ies  
apparently was  a t  a l l  times hospitable t o  a diverse and p l en t i fu l  
infauna; var ia t ions i n  abundance of t races  depended on faunal dens i t ies  
supported by each sub-environment, and on sedimentation rates and 
frequency and depth of physical reworking. 

The abundance of traces.is par t icu lar ly  s t r ik ing  i n  the D e l m a r ,  

Trace f o s s i l s  present i n  the  Solana Beach outcrops are l i s t e d  and 
described below. 
i t  does not r e fe r  t o  the trace-making organism. 

Each ichnologic name appl ies  only t o  the lebenspur; 

It is  w e l l  known tha t  similar t races  are made by d i f f e ren t  or- 
ganisms, and t h a t  a s ing le  organism can produce widely varying traces. 
As a re su l t  there is  an unneccessary and confusing pro l i fe ra t ion  of 
names i n  ichnological l i t e r a tu re .  It is a lso  generally t rue ,  however, 
t h a t  "trace f o s s i l s  must be named t o  survive" (Osgood, 1970, p. 295). 
Therefore i n  t h i s  study a trace which does not f i t  readi ly  i n t o  a 
previously described and named ichnogenus will wherever possible be 
assigned to  the  ichnogenus t h a t  most closely resembles it. 
descr ipt ion appl ies  only t o  the  trace f o s s i l  as it appears i n  Solana 
Beach outcrops and is not intended as a def in i t ion  of the ichnogenus or 
ichnospecies, (For more detai led descriptions and i l l u s t r a t i o n s ,  r e f e r  
t o  Boyer, 1974, p. 100-152). 

Trace f o s s i l s  common t o  both Delmar and Torrey fac ies  
Biogenic sedimentary s t ruc tures  tha t  are charac te r i s t ic  of both 

formations are l i s t e d  below i n  approximate order of decreasing abun- 
dance. 

Each 

Ophiomorpha nodosa Lundgren 1891 - Figure 8A, B 

Description: Cylindrical, branching burrow with smooth inner 
surface and nodose exterior.  
layer  of b a l l s  of mud and f i n e  sand. 
Y-branches, usually a t  an angle of 90-120 degrees. 
dosa (small form) are common trace f o s s i l s  i n  bioturbated muddy sand- 

Burrow w a l l s  are constructed from a s ing le  
The burrows divide i n  side- o r  

Ophiomorpha no- 
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stones and laminated sandstones of t he  Delmar. 
burrows range from 0.8-2.0 cm; pel le ted walls are 0.2-0.5 cm thick. 
Burrow orientat ions are ch ief ly  horizontal. (Note: The pe l le ted  bur- 
row Ophiomorpha is  continuous with a non-nodose, mud-walled burrow 
known as Thalassinoides Ehrenberg 1944; the two traces probably were 
constructed by the  same organism and thus are considered together i n  
t h i s  paper.) 
cross-bedded sandstones of t he  Torrey. 
are 2.5-5.0 cm; w a l l s  are 0.5-1.5 c m  thick. 
ch ief ly  vertical. 

Inner diameters of 

Ophiomorpha nodosa ( large form) is  abundant i n  trough 
Inner diameters of burrows 

Burrow orientat ions are 

Interpretat ion:  Ophiomorpha is presently constructed by a t  least 
two species of the  ghost shrimp Callianassa@rey and Mayou, 1971; 
Hertweck, 1972, p. 136, 150-155) ; f o s s i l  Ophiomorpha probably a l s o  
w e r e  b u i l t  by decapod crustaceans, possibly of the  genus Callianassa 
(Chamberlain and Baer, 1973). Although Ophiomorpha has been documented 
i n  deep w a t e r  deposits (Kern and Warme, 1974), i t  is most cha rac t e r i s t i c  
of l i t t o r a l  and shallow n e r i t i c  fac ies  (Weimer and, Hoyt, 1964). I n  the 
Delmar and Torrey units, Ophiomorpha nodosa ( large form) was  b u i l t  by a 
r a the r  la rge  crustacean that l ived deep i n  sh i f t i ng  sands of the Torrey; 
t he  progenitor of Ophiomorpha nodosa (small form) w a s  smaller and 
constructed less sturdy, shallower burrow systems i n  the  protected 
Delmar lagoon. 

Conostichus Lesquereux 1876 - Figure 8D 

Description: Vertically-oriented locomotion t r ace  i n  which suc- 
cessive strata are bowed down over a roughly c i r cu la r  area t o  form a 
cone of disturbed sediment. I n  a x i a l  sect ion t h e  d is tor ted  strata 
look l i k e  nested U's o r  V's. Conostichus is  most abundant i n  cross- 
s t r a t i f i e d  sandstones of the  Torrey, but  is  common i n  D e l m a r  sand- 
stones as w e l l .  
several decimeters long and 5 t o  15 c m  wide. 

The s t ruc tures  vary grea t ly  i n  s i ze ,  from 10 ern t o  

Interpretat ion:  Conostichus probably r e s u l t s  from v e r t i c a l  mi-  
Similar s t ruc tures  are known t o  be produced by grat ions of infauna. 

burrowing anemones (Shinn, 1968; Schaefer, 1972, p. 289-290) and by 
ce r t a in  lamellibranch bivalves (Reineck, 1958). 

Vertical Burrow With Spreiten - Figure 8C 

Description: Dwelling burrow and locomotion trace tha t  is a 
ve r t i ca l ,  r a r e ly  branching tube with curved, concave upward spre i ten  
inside.  
stones and interbedded sandstone and mudstone of the Delmar and i n  
cross-bedded Torrey sandstones. 
are 0.7-1.5 cm wide; the  sprei ten are a t  least 0.3 cm apa r t  ver t ica l ly .  

Vertical burrows with spre i ten  are common traces i n  muddy sand- 

Burrows are up t o  17-20 c m  long and 

Interpretat ion:  Vertical burrows with spre i ten  can or ig ina te  
e i t h e r  (1) by physical meniscus-filling of an open burrow, o r  (2) 
as dwelling burrows of infauna such as anemones o r  bivalves. The 
spre i ten  form when t h e  animal migrates upward and small amounts of 
sediment sett le t o  the bottom of the  tube (Schaefer, 1972, Fig. 165 
and 223). 

i 

82 



i 

FIGURE 8. Trace fossils common to both the Delmar Formation and Tor- 
rey Sandstone. (A) ,Ophiomorpha nodosa (small form) grading into a- 
lassinoides in a burrow system exposed on a bedding plane in the Del- 
mar. Note enlarged turnarounds at branchings. (B) 0. nodosa (large 
form) in exposure perpendicular to bedding, Torrey Sandstone. Note 
size difference between specimens from Delmar (A) versus Torrey (B) 
facies. 
Delmar and Torrey. (D) Conostichus in cross-bedded sandstone, Tor- 
rey Ss. 
shafts. 
cess shaft. 
from Delmar specimens (E,F). 

(C) Vertical burrows with spreiten in muddy sandstones of the 

(E) Gyrolithes in the Delmar. 
(F) Gyrolithes in the Delmar Fm. 

Note vertical upper access 
Note horizontal lower ac- 

(G) Gyrolithes in the Torrey Ss. Note difference in size 
In drawings A,B,E,F, and G :  black = mud. 

i 
I 
i 

i 
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Gyrolithes Saporta 1884 - Figure 8E-F 

Description: Dwelling burrow tha t  is loosely coiled and is oriented 
upright ( co i l  ax is  vertical). 
cross-section and has a smooth mud w a l l .  
vertically-oriented, branching access sha f t  connecting t o  the  upper end 
of the  coiled shaf t ;  a lower, horizontal access s h a f t  a l so  i s  present 
i n  a few Gyrolithes. Gyrolithes (small form, Fig. 8E, F) is a common 
1ebensspur.in bioturbated muddy sandstones of the  D e l m a r .  
4-5 c o i l s  i n  a coiled sect ion 4.0-13.0 c m  long. 
1.5 cm thick; c o i l  and sha f t  diameters are 2:O-3.5 c m  and 0.5-1.3 cm, 
respectively. Gyrolithes ( large form, Fig. 86) is  documented from a 
s ing le  specimen i n  cross-bedded Torrey sandstone; i t  is  about 40 c m  
long and has a sha f t  diameter of 2-3 cm. 

The burrow sha f t  is roughly c i r cu la r  i n  
Some specimens exhibi t  a 

It exhibi ts  
Burrow w a l l s  are 0.1- 

Interpretat ion:  Like Ophiomorpha nodosa and Thalassinoides, 
Gyrolithes probably w a s  constructed by a decapod crustacean. Although 
no d i r e c t  connections between Gyrolithes and Ophiomorpha were observed 
i n  the  Solana Beach outcrops, such connections have been noted by 
other  workers (Kilpper, 1962; K e i j ,  1965; Kennedy, 1967; C. T. Siemers 
c i t ed  i n  Gernant, 1972). Further, i n  Solana Beach outcrops the  two 
burrows are very similar i n  morphology, s t ructure ,  s i ze ,  and dis t r ibu-  
t i o n  (Boyer, 1974, p. 110, 114). 

Trace f o s s i l s  of t he  D e l m a r  Formation 

l i s t e d  and described below i n  approximate order of decreasing abundance. 
Lebensspuren t h a t  generally are r e s t r i c t ed  t o  D e l m a r  f ac i e s  are 

Small Horizontal and Vertical Burrows 

Description: Sinuous, cy l indr ica l  burrows 1 c m  o r  less i n  dia- 
meter tha t  branch, cross-cut one another, and do not exhibi t  preferred 
or ientat ions i n  the  sediment. 
mud w a l l s ;  burrows i n  muddy sediments are not l ined but are sand-filled. 
Burrows are most abundant i n  mudstone and very muddy sandstone. 

Most burrows i n  sandy sediments have 

Interpretat ion:  Small burrows probably were created by vagi le  
deposit  feeders t h a t  dig i n  search of food, but a l s o  maintain the 
burrows b r i e f l y  as dwelling burrows. 

Dendritic Burrows - Figure 9E 

Description: Mud-filled burrows t h a t  are oriented mainly normal 
t o  bedding and t h a t  branch upward i n  a dendr i t ic  pattern.  
less than 5 mm i n  diameter but extend several decimeters v e r t i c a l l y  
i n  the  sediment. 
muddy sandstones of t he  D e l m a r .  

Burrows are 

Dendritic burrows are common traces i n  bioturbated, 

Interpretation: Polychaete worms are l i k e l y  progenitors of these 
burrows. 
polychaetes i n  the  upper offshore of Sapelo Island, Georgia (Hertweck, 
1972, p. 132, 133). 

Somewhat s i m i l a r  burrow systems are constructed by modern 
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Vertical Movement Paths - Figure 9A 

Description: Verpically-oriented columns-or cones of churned 
sediment t ha t  are up t o  60 c m  long and 5.10 c m  i n  diameter. 
tures  are well-defined burrows a t  t h e i r  base, but become less d i s t i n c t  
upward. Vertical movement paths are res t r ic ted  t o  sequences of inter-  
bedded sandstone and mudstone. 

The struc- 

Interpretation: Vert ical  movement paths probably w e r e  created dur- 
ing rapid, emergency ascents by animals i n  response t o  bur ia l  under 
f reshly deposited sediment. The paths widen upward, suggesting tha t  the  
upper layers  of sediment were less compacted and more watery. 

lPhycodes Richter 1850 - Figure 9B, C 

Description (For morphologic terminology r e fe r  t o  Fig. 9C): 
A bowl-shaped grouping of mud-filled tubes. The tubes are bundled to- 
gether and are indistinguishable near the base and center of the bowl, 
but separate as they extend upward and outward with concave-upyard 
curvature. Individuals range i n  shape from nearly c i rcu lar  t o  ob- 
long, and are 6-15 c m  wide; height of the trace averages 5-6 cm. Mud- 
f i l l e d  branches are about 2 mm i n  diameter. A few specimens possess 
short ,  cyl indrical  stems about 2 cm i n  diameter and up t o  5 c m  long, 
extending downward from the base of the bowl. 

Interpretation: These bowl-shaped s t ructures  were constructed 
endogenetically, probably by a deposit feeder. The organism might 
have been a burrowing b r i t t l e  star tha t  anchored i t s e l f  i n  the sand 
and extended two o r  three arms t o  the surface t o  co l lec t  edibles 
(Boyer, 1974, p. 128, 129), much as the ophiuroid Hemipholus elongata 
behaves today (Hertweck, 1972, p. 138). Hemipholus l i n e s  the sediment 
around i ts  arms with mud, so tha t  various posit ions of the arms generate 
d i s t i n c t  burrows tha t  converge downward. The Delmar Phycodes, on the  
other hand, could .be the feeding burrow of a tentaculate de t r i t u s  feeder 
such as an anemone; the branches would then represent posit ions of 
tentacles  extended t o  the sediment surface. Alternatively, a deposit- 
feeding worm could have repeatedly burrowed up and out from a cent ra l  
area, s tuf f ing  each burrow (branch) with feca l  material and mud as it  
returned t o  i t s  point of origin.  

?Palaeophycus H a l l  1847 - Figure 9D 
J Description: Unlined, cyl indrical  burrows t h a t  are parallel o r  

subparal le l  t o  bedding. 
on themselves and interpenetrate  so tha t  they are qui te  dense. Burrows 
are nearly c i r cu la r  i n  cross-section and measure 0.4-0.5 c m  i n  diameter. 
The i n f i l l i n g  sediment is  somewhat l i gh te r  colored than the matrix, and 
mica flakes are concentrated a t  burrow peripheries. Palaeophycus occurs 
i n  only one, meter-thick bed of micaceous muddy sandstone. 

The burrows do not branch, but wind back 

Interpretation: Palaeophycus was probably created by l oca l ly  dense 
populations of small crustaceans, worms, o r  gastropods plowing through 
the  sediment i n  search of food. J 
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FIGURE 9 . -  Trace f o s s i l s  of t he  D e l m a r  Fm. 
bedded sandstone and flaser-bedded sand and mudstone. 
rows a t  the  base of each s t ruc ture ,  but were forced t o  abandon them when buried too 
deeply by f resh  sediment. 
are caused by increased water content i n  upper layers  of sediment, o r  by thixotropy 
induced by movements of t he  animal. 
posure normal t o  bedding; 
i s  concentrated i n  t h e  inner pa r t  of the  main branches; sandy mud is  pushed t o  the 
perimeter. 
green) tha t  is  p a r a l l e l  t o  bedding. (C) ?Phycodes viewed normal t o  bedding, i l l u s -  
t r a t i n g  morphologic terminology. 
ophycus i n  f ine ,  muddy sandstone. 
matrix sediment, and heavy minerals are concentrated a t  t h e i r  periphery. 
system i n  outcrop normal t o  bedding. 

~ 

(A) Vertical movement paths i n  cross- 
The organisms occupied the  bur- 

The i r regular ,  enlarged areas of the s t ruc tures  perhaps 

(B) ?Phycodes i n  muddy sandstone. Right, an ex- 
l e f t ,  sect ion cu t  p a r a l l e l  t o  exposure surface. Pure mud 

The branches extend upward t o  a surface of color change (orange t o  l i g h t  

(D) ?Palae- 

(E) Burrow 

Black = dark green mud and sandy mud. 
The i n t e r i o r  of the  burrows is  l i g h t e r  than the  

Black = mud burrow f i l l .  

D 
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Borings i n  Claystone 

Description: Roughly cyl indrical ,  non-branching tubes tha t  
penetrate downward from the eroded, i r regular ,  upper surface of a 
claystone bed. The tubeq are f i l l e d  with sediment from an overly- 
ing bed. The tubes are 1.0-1.5 cm i n  diameter, extend downward up 
t o  15 cm, and are densest near the upper surface of the claystone. 

Interpretation: These tubes are borings, excavated by organisms 
Such borings are when the clay w a s  already s t i f f  and cohesive. 

presently made by some pelecypods i n  old marsh deposits exhumed inter-  
t i d a l l y  a t  Sapelo Island, Georgia (Frey and Howard, 1969, p. 435). 

Trace f o s s i l s  of the Torrey Sandstone 

l i s t e d  below i n  order of decreasing abundance. 

Surface Depressions - Figure 10B, C 

Lebensspuren t h a t  generally are r e s t r i c t ed  t o  Torrey fac ies  are 

Description: Roughly c i rcu lar  s t ruc ture  i n  which laminae have 
been pushed downward from a bedding plane o r  erosional surface. 
face depressions range i n  s i z e  from 5 c m  wide and 12 c m  deep to  20 
cmwide and 30 cm deep. 

Sur- 

Interpretat ion:  Surface depressions are probably polygenetic. 
They could be res t ing  t races  made by organisms seeking temporary. 
she l t e r  i n  the sediment, or  they could be shallow burrows of organ- 
isms tha t  must maintain contact with the water-sediment interface.  
S i m i l a r  t races  are presently created by some burrowing crabs and cuma- 
cean crustaceans (Schaefer, 1972, p. 385-388, 392, 393). 

Collapse Structure - Figure 10D 

Description: 
ment of beds increases downward, and diameter of disturbed area de- 
creases downward. 
dipping towards the axis  of the trace. 
continuous with surrounding s t r a t i f i c a t i o n .  
are common i n  cross-bedded sandstones. 
can be up t o  1 7  cm across and 50 c m  deep. 
beneath the t i p s  of most collapse structures.  

Cone-in-cone s t ruc ture  i n  which v e r t i c a l  displace- 

Periphery of cone may exhibi t  small normal f a u l t s  
Down-dropped laminae are 

Collapse s t ructures  
They vary great ly  i n  s ize ,  and 

Large burrows are present 

Interpretation: Collapse s t ructures  were created by sudden, 
downward displacement of sediment i n to  an open burrow. Sediment im- 
mediately above the tube pours i n ,  leaving steeply down-turned cut- 
off beds along the periphery and a disturbed, s t ructureless  zone im- 
mediately above the tube. 
may be accommodated by small normal fau l t s .  

Rapid collapse of superjacent laminae 

Fat, Mud-lined Burraws 

Description: 
w a l l  t ha t  is smooth on the inside and rough and i r regular  on the 
ex ter ior  sutface. 

Simple, non-branching dwelling burrow with a mud 

The burrows penetrate obliquely downward up t o  

87 
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FIGURE 10. Trace f o s s i l s  of the Torrey Sand- 
stone. (A) ?Ardelia i n  cross-bedded muddy 
sandstone, cross-section p a r a l l e l  t o  bedding. 
Mud-filled, secondary ga l l e r i e s  are concen- 
t ra ted  along the  periphery of a large,  sand- 
f i l l e d  burrow. (B) and (C) Resting traces i n  
cross-bedded sandstone, cross-sections normal 
t o  bedding, 
organism out l ines  trace (B). Trace (C) pos- 
s i b l y  w a s  made by an animal (crab-like?) seeking 
temporary protect ion i n  a shallow burrow. (D) 
Collapse s t ruc ture  i n  sandstone. The s t ruc ture  
formed when overlying sediment poured suddenly 
i n t o  an open burrow. 

A mud lamina pushed down by an 

F" 

C ' 10 CMi 
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18 cm; inner diameter is  4-5 cm and the mud w a l l  is  1 cm thick. 

Interpretation: Because of t h e i r  s i z e  and mud walls, these bur- 
Some- rows were most l i ke ly  constructed by burrowing crustaceans. 

what similar (but unlined) burrows are constructed by some modern 
ghost and f idd ler  crabs (Frey and Howard, 1969, P1. -3 and Fig. 4; 
Frey and Mayou, 1971, p. 58-65). The mantis shrimp Squi l la  a l so  
builds a large,  obliquely-oriented burrow, usually l ined with mud 
(Frey and Howard, 1969; Hertweck, 1972, p. 136). 

?Ardelia Chamberlain and Baer 1973 - Figure 10A 

Description: Small,,branching, mud-filled burrows a r i s ing  from 
la rger  burrows and covering them densely. 
0.4 cm i n  diameter; they arise from a large shaf t  tha t  is 2-4 c m  
wide and is probably continuous with Ophiomorpha. 
out several  centimeters from the main shaf t ,  and some branch i n  
broad Y ' s .  

The s m a l l  tubes are 0.2- 

The tubes extend 
a 

Interpretation: Ardelia is probably the feeding burrow of a 
small, deposit-feeding animal tha t  e i the r  l ived commensally with the 
organism responsible for  the main shaf t  or adopted i ts  abandoned 
burrow. 

Paleoecologic s ign i f icant  of t race f o s s i l s  i n  the Delmar and Torrey 

Contrasts between t race  f o s s i l s  of D e l m a r  facies  versus Torrey 
facies  are par t icu lar ly  d i s t inc t ive  and emphasize the differences be- 
tween the two formations. 
angle movement (Conostichus, v e r t i c a l  burrows with spreiten) dominate 
the cross-bedded sands of the Torrexwhereas a var ie ty  of mud-filled 
O r  mud-lined feeding burrows characterizes Delmar sediments. 
burrows such as Ophiomorpha nodosa, Thalassinoides and Gyrolithes are 
present i n  both formations, but are much la rger  and more stoutly- 
l ined i n  the Torrey, 
Thalassinoides are more common i n . t h e  D e l m a r ,  w h i l e  v e r t i c a l  or ientat ions 
predominate i n  the Torrey. 
contrasts  i n  s i z e  between formations similar t o  tha t  shown by 
Ophiomorpha and Gyrolithes. Relative abundances of t race  f o s s i l s  are 
a l so  informative: 
lebensspuren, while i n  the D e l m a r  almost' a l l  beds exhibi t  some degree 
of biogenic reworking, of ten complete homogenization.. 

For example, traces of v e r t i c a l  or  high 

Dwelling 

Horizontal or ientat ions of Ophiomorpha and 

Vertical burrows with sprei ten exhibi t  

several  un i t s  i n  the Torrey contain few or  no 

These observations indicate  t h a t  the Delmar fac ies  were charac- 
ter ized by lower current ve loc i t ies  and more s tab le ,  muddy substrates  
r i c h  i n  organic matter. 
vagi le  and sessile animals mining the sediment for.food are very 
common, and populations of infauna a re  denser, as predicted by Purdy 
(1964) based on s tudies  of Recent animal/substrate relationships.  
In  contrast ,  the  Torrey lebensspuren suggest higher current velo- 
c i t i e s ,  unstable, sh i f t i ng  substrates,  and less organic matter i n  
the sediment. 
infauna, par t icu lar ly  suspension feeders. Crustacean burrows i n  the  
Torrey appear t o  have been constructed by large,  strong species that 

Therefore feeding burrows constructed by 

Therefore the burrowing fauna w e r e  dominated by vagi le  



lived deep in the sediment to avoid exposure by erosion. 
long, vertical burrows to the surface; therefore vertical orientations 
are common in the Torrey. 

They built 

Description and Interpretation of Subfacies 

The Delmar Formation and Torrey Sandstone are elongate sand 
bodies deposited approximately parallel to the Mid-Eocene shoreline 
trend. Delmar facies developed in a protected, shoreline environ- 
ment such as an estuary, bay or lagoon; Torrey facies developed as 
parts of a shoal or bar separating the Delmar environments landward 
from an open sea to the southwest (Kennedy and Moore, 1971; Boyer, 
1974). Within this general, paleoenvironmental setting were devel- 
.oped several subenvironments, each characterized by a distinctive 
suite of depositional processes. In Solana Beach outcrops of 
the Delmar Formation and Torrey Sandstone we have recognized five 
subenvironments (subfacies), based on sediments, sedimentary struc- 
tures, body fossils and trace fossils. The subfacies are described 
below and interpreted in terms of depositional environments. 

Subfacies of the Delmar Formation . 

I. Oyster beds - Figure 11-1 
Description: The most distinctive and easily recognized subfacies 

are oyster beds that occur in the lower part of the Delmar Formation. 
These are 15-20 cm-thick, tabular beds of concentrated mollusc shells 
dominated by Ostrea idriaensis Gabb in living position. The beds are 
tightly cemented with calcite spar; they are quite hard and form 
prominent, broad ledges that jut out into the modern surf zone. Each 
bed persists no more than a few hundred meters along strike, thinning 
into a stringer of broken shells along its perimeter. 

Oyster beds consistently develop atop surfaces of mudstone or 
very muddy sandstone, but there is little terrigenous sediment within 
shell beds. 
and probably have been thoroughly bioturbated. 
sand-filled, cylindrical burrows approximately 1 cm in diameter. 

Muddy beds beneath oyster beds are almost structureless 
They exhibit a few 

Interpretation: The oyster beds are fossilized, in situ oyster 
reefs1. -- such as a bay, lagoon, or estuary -- that experienced broad salinity 
fluctuations. 

(1) 
position. 

(2) 
to brackish-water environments or are euryhaline (C. R. Givens, 1973, 
pers. commun.). 

stone or very muddy sandstone. 

They grew in a protected, low energy, shallow-water environment 

This interpretation is based on several lines of evidence. 
Many Ostrea valves are preserved articulated and in living 

The associated molluscs either are characteristic of fresh 

(3) Oyster beds consistently rest conformably on surfaces of mud- 
This relationship suggests biologic 

'As defined by Stenzel (1971, p. N1041), oyster reefs are "natural accumu- 
lations of oyster shells, dead or alive, that rise above the general 
level of the substratum they are built on". 
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FIGURE 11. 
11, 111) and Torrey Ss. (IV, V) a t  Solana Beach outcrops. 
oyster  beds are foss i l ized ,  i n  s i t u  oyster  r ee f s  t ha t  thrived along the  
margins of the Delmar lagoon. (11) Flaser-bedded sequences formed on 
t i d a l  f l a t s  bordering t h e  lagoon. (111) Fining-upward sequences were 
deposited i n  t i d a l  creeks of the  lower t i d a l  f l a t s  and i n  s u b l i t t o r a l  
t i d a l  channels and ponds i n  deeper pa r t s  of the  lagoon. - scale, trough cross-bedded sandstones are deposits of subaqueous dunes 
and major t i d a l  channels on a t i d a l  d e l t a  or i n t e r io r  s i d e  of an off- 
shore shoal o r  bar. 
generated by drainage of the lagoon a f t e r  high run-off o r  spring t ides .  

Schematic presentation of subfacies i n  the  Delmar Fm. (I, 
(I) The 

(IV) Large- 

(V) Large channels are short-lived channels 
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s e l e c t i v i t y  f o r  subs t ra te  and energy regime, ra ther  than hydrodynamic 
concentration of shells. 

t o  sweep out  most f i n e  sediment, and succumbed only when smothered by a 
rapidly deposited, r e l a t ive ly  thick sand unit .  

According t o  Stenzel (1971, p. N1041) only coas ta l ,  brackish- 
water species  of modern oysters form reefs .  
r ee f s  grow most abundantly i n  bays and lagoons and along t i d a l  channels 
of es tuar ies .  

(4) The beds are capped by sand. Apparently the  oysters  were able 

( 5 )  
With few exceptions, modern 

11. Flaser-bedded sequences - Figure 11-11 

Description: Closely associated with the  oyster  r ee f s  i n  the 
Delmar Formation are interbedded and interlaminated claystone, sandy 
mudstone, and muddy sandstone. These sequences are moderately bio- 
turbated; they exhibi t  f l a se r ,  wavy and l en t i cu la r  bedding, planar 
lamination, micro-graded beds, r i pp le  cross-lamination, and some 
medium-scale trough cross-bedding. 
are concentrated along bedding planes, and there  is a small lens  of coal. 

Abundant carbonized plant  fragments 

Interpretation: Flaser-bedded sequences are t i d a l  f l a t  deposits of 
the l i t t o r a l  zone. 
observations: 

(1) Flaser ,  wavy and l en t i cu la r  bedding are common s t ruc tures  of 
t i d a l  f l a t  deposits. 

(2) I n  the Delmar Formation, f l a se r ,  wavy and l en t i cu la r  bedding 
are developed on both current and wave r ipples ,  but current r ipp les  
predominate. This is i n  cont ras t  t o  s u b l i t t o r a l  zones of lagoons and 
bays, which display chief ly  osc i l l a t ion  r ipp les ,  and t o  deeper (below 
wave base) environments offshore tha t  exhibi t  only current r ipples.  

direct ions.  

This in te rpre ta t ion  is  based on the  following 

(3) Ripple cross-laminations ind ica te  b id i r ec t iona l  current  

(4) Micro-graded beds occur i n  pa i r s ,  suggesting t i d a l  control.  
( 5 )  
(6) 

Small channels are present i n  t h i s  subfacies. 
Percent bioturbation is  qu i t e  variable,  but a la rge  proportion 

of these beds exhibi t  only rare burrows. This indicates  loca l ly  rapid 
deposition and/or frequent physical reworking of the deposits. 
conditions can e x i s t  on t i d a l  f l a t s ,  i n  cont ras t  t o  most offshore 
s u b l i t t o r a l  environments, which usually are intensely bioturbated. 

Such 

111. Fining-upward sequences - Figure 11-111 

Descriptionr Fining-upward sequences comprise a th i rd  subfacies 
recognized i n  the  Delmar Formation. These sequences are more var iab le  
and less well-defined than subfacies A and B, because the  beds have been 
intensely bioturbated and t h e i r  physical o r ig ins  obscured. We have in- 
cluded three types of deposits i n  t h i s  subfacies: 

(1) Approximately 1.0 m-thick beds onsis t ing of ,  from bottom t o  
top, an erosional  surface,  a tabular  set f medium-scale, planar cross- 
beds of muddy sandstone =medium-scale trough cross-beds of muddy sand- 
stone, 2 r ipp le  cross-laminated muddy sandstone, and a cap of sandy 
mudstone and mudstone tha t  may exhibi t  millimeter-laminae of clay- 
shale. 
s t r a t i f i e d  t o  burrowed" upward. 

Bioturbation increases upward, so t ha t  the  sequence is "cross- 
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(2) 0.3-1.0 m-thick beds consisting of ,  from bottom t o  top, a 
s t r inge r  of O s t r e a  she l l s ,  bioturbated muddy sandstone,Zcap of 
sandy muds tone. 

Approximately meter-thick beds with a lag  deposit  of 
claystone clasts and wood fragments a t  t he  base, grading upward i n t o  
muddy sandstone and sandy mudstone. 

(3) 

Bioturbation increases upward. 

Interpretation* Fining-upward sequences are polygenetic. They 
w e r e  deposited on the lower pa r t s  of t i d a l  f l a t s  and on the  s u b l i t t o r a l  
f l oo r  of the D e l m a r  "lagoon". 
ghosts of interbedded sandstone and mudstone and f l a s e r  bedding, and 
are probably bioturbated equivalents of the  t i d a l  f l a t  deposits described 
above (subfacies 11). A majority of the  beds, however, were deposited 
by migrating t i d a l  channels. A lag  deposit  o r  erosional  surface out l ines  
the  base of each channel; a cap of fine-grained sediment marks its 
passage. 

Some beds i n  t h i s  subfacies exhibi t  . 

Sediments accumulating i n  the  channel probably were or ig ina l ly  com- 
posed of interbedded sand and mud o r  of sand with biogenic mud pe l l e t s .  
The latter sediments were deposited as longitudinal beds (Reineck, 
1958b) on point bars  o r  as trough cross-beds of megaripples i n  the 
channel. Channels t ha t  were r e l a t ive ly  s t ab le  were populated by 
burrowers a t  a very ear ly  stage; these deposits have been thoroughly 
bioturbated. Sediments deposited by rapidly migrating channels w e r e  
later invaded by infauna from the  surface; these are the  "cross- 
s t r a t i f i e d  t o  burrowed" sequences. 

Apparently these sediments w e r e  covered by water much of the t i m e  
and physical reworking w a s  sporadic, allowing burrowers t o  rework la rge  
volumes of sediment. 
f l a t s ,  where animal l i f e  w a s  less abundant and/or physical reworking 
by t i d a l  currents  and storms w a s  more frequent. 

This contrasts  with conditions higher on the  

Subfacies of the  Torrey Sandstone 

I V .  Large-scale trough cross-bedded sandstone - Figure l l - I V  

Description: The Torrey Sandstone as exposed i n  Solana Beach 
s e a c l i f f s  is composed mainly of coarse o r  s l i g h t l y  granular muddy 
sandstone i n  large-scale trough cross-beds. The troughs are 5-30 m 
wide and 1-4 m deep. 
the  incl ined bedding i n  the sand o r  rest on erosional surfaces. 
S t r a t i f i c a t i o n  has been disrupted but not destroyed by burrowers; 
apparently sedimentation rates w e r e  su f f i c i en t ly  rapid t o  prevent com- 
p l e t e  destruct ion of bedding by infauna. The most abundant trace 
f o s s i l s  i n  t h i s  subfacies are Ophiomorpha nodosa ( large form) and 
Conostichus. A s ing le  Gyrolithes of very la rge  s i z e  was  observed. 

Thin mud beds are a l so  present t ha t  e i t h e r  follow 

Interpretation: Sediments i n  t h i s  subfacies were deposited i n  
subaqueous sand dunes and i n  channels on a t i d a l  d e l t a  o r  on the  inshore 
s i d e  of a b a r r i e r  bar of shoal. 
s t ruc tures  ind ica te  very strong waves and currents.  
energy level were provided by the  t i d a l  cycle and accentuated by some 
shielding from wave action. 

The physical and biogenic sedimentary 
Fluctuations i n  

Turbid waters from t h e  protected (Delmar) 

,- 
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environments shoreward contributed f i n e  sediment t ha t  s e t t l ed  during 
periods of s lack water i n  troughs protected by dunes-and i n  depressions 
of abandoned channels. 

2 ,  

Nordstrom and others (1965) have described beds i n  the  Torrey Sand- 
stone which they a t t r i b u t e  t o  beach o r  eolian or igins ,  indicating that 
the subfacies described here is indeed a pa r t  of a ba r r i e r  bar. 
Solana Beach outcrops, however, there is  no evidence of subaerial  ex- 
posure of these sediments, e i t he r  i n  a swash platform o r  as wind-blown 
dunes 

I n  the  

V. Large channels - Figure l l - V  

Description: Large channels i n  the Torrey Sandstone comprise the  
The channels 

The base of each channel is a trough-shaped 

f i f t h  subfacxes recognized i n  the  Solana Beach outcrops. 
are up t o  80 m wide and 2-6 m deep; 
granular muddy sandstone. 
scour surface marked by lag  deposits of coarse sediment and mudstone 
c las t s .  

they are f i l l e d  with s l i gh t ly  

These beds exhibit  l i t t l e  o r  no biogenic sedimentary structures.  

Interpretation: The large channels were generated by temporary 
flushing of the D e l m a r  lagoon a f t e r  periods of high r a i n f a l l  o r  a f t e r  
storms tha t  pi led up water along the coast. 
based on the following evidence: 

trasts with ac t ive  t i d a l  channels i n  Recent nearshore environments; 
they usually support a healthy population of burrowers. 
i n  the Torrey e i the r  were created by fresh-water flow or  were scoured 
and f i l l e d  very quickly, before infauna had an opportunity to- se t t le  and 
t o  penetrate the sediment. 

Bidirectional currents are indicated by cross-beds i n  only one 
channel (Boyer, 1974, P1. 12);  the  other three channels apparently were 
scoured and f i l l e d  by unidirectional flow. 

This interpretat ion is  

(1) Trace f o s s i l s  i n  the channels are rare o r  absent. This con- 

Large channels 

(2) 

i 

Conclusions 

(1) The Delmar Formation and Torrey Sandstone are elongate sand 
bodies tha t  were deposited i n  nearshore environments oriented p a r a l l e l  
t o  the Mid-Eocene shoreline trend. 

(2) The D e l m a r  Formation, as exposed a t  Solana Beach, is  composed 
of deposits of a shallow lagoon bounded on i ts  landward s ide  by t i d a l  
f l a t s  and oyster reefs  i n  the  i n t e r t i d a l  (= l i t t o ra l )  zone, and on its 
seaward s ide  by deposits of the Torrey Sandstone. 

(3) The Torrey Sandstone, as exposed t Solana Beach, formed 
largely as subaqueous dunes and channels on an i n t e r i o r  t i d a l  de l t a  o r  
on the  in t e r io r  margin of a bar r ie r  bar o r  shoal. 
enclosed and separated the D e l m a r  lagoon from an open ocean t o  the 
southwest . 

The Torrey sand body 

(4) The presence of abundant biogenic s t ructures  i n  the Solana 
Beach outcrops is a r e l i ab le ,  easy-to-use indicator of marginal marine 

i 
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t o  marine conditions. 

f (5) The abundant trace f o s s i l s  Ophiomorpha nodosa and Gyrolithes 
appear t o  be good indicators  of l i t t o r a l  and inner s u b l i t t o r a l  envi- 
ronments i n  the  formations studied; 
brackish environments of t he  Delmar lagoon. 

Gyrolithes is  especial ly  common i n  

L 
( 6 )  "he s i z e  and w a l l  thickness of both Ophiomorpha nodosa and 

D e l m a r  
f ac i e s  

Gyrolithes vary d i r ec t ly  with the  s t rength of waves and currents. 
addition, vertical or ientat ions of Ophiomorpha/Thalassinoides predomi- 

I n  

I. oyster beds = oyseer r ee f s  
11. flaser-bedded sequences = t i d a l  f l a t  deposi ts  
111. fining-upward sequences = lower t i d a l  f l a t s  and sub- 

na t e  i n  cross-bedded and planar laminated sandstones and are indica t ive  
of a sh i f t ing ,  unstable subs t ra te  and r e l a t ive ly  high current ve loc i t ies .  

(7) Traces of vertical migrations of vagi le  infauna (such as Cono- 
s t ichus  and the  vertical movement paths described i n  t h i s  paper) are 
most abundant i n  the  Torrey Sandstone. 
erosion and sedimentation cha rac t e r i s t i c  of l i t t o r a l  and inner  subl i t -  
t o r a l  environments. 

They indica te  frequent, rapid 

(8) Feeding burrows and traces l e f t  by vagi le  deposit  feeders and 

are more common i n  muddy sediments of the  D e l m a r  
sessile suspension feeders (?Palaeophwus, ?Phycodes, small horizontal 
and vertical burrows) 
Formation. These indica te  lower current velocities and more abundant 
organic matter i n  the  sediment relative t o  Torrey sands. 

Torrey 
fac ies  

Acknowledgements 

M. P. Kennedy made avai lable  h i s  geologic quadrangle maps of t he  
San Diego area and suggested several areas fo r  f i e l d  study. 
indebted t o  C. R. Givens and W. C. Elsik,  who furnished unpublished in- 
formation from t h e i r  s tud ies  of molluscan f o s s i l s  and microfossils ,  re- 
spectively,  of the  D e l m a r  Formation and Torrey Sandstone. 

W e  are a l so  

M r s .  Lois A. Grant, Exxon Co., U. S. A., typed the  f i n a l  manuscript, 
and M r .  Lee H. Jordan, a l s o  of Exxon, draf ted the  f igures .  
and support of several colleagues a t  Exxon is  gra te fu l ly  acknowledged 
by Boyer. 

The advice 

I 

. Research f o r  t h i s  study w a s  funded by a Henry L. and Grace Doherty L Charitable Foundation grant awarded t o  Warme, through Rice University. 

I 96 



i 
! 
I 

/I 
I 

I 
J 
I 

i 

This paper is  based on a M.A. thesis written by Boyer while a Doherty 
graduate fellow at  pic& University. 

J 

References Clted 

Andrews, 8. N . ,  Jr., 1961, Studies in paleobotany: 
Blake, W. P., 1856, Observations on the physical geography and geology of the coast of Cali- 

fornia, from Bodega Bay to San Diego: U. s. Coast Survey Rept. for 1855, p. 376-398. 
Boyer, J. E., 1974, Sedimentary facies and trace fossils in the Eocene Delmar Formation and 

Torrey Sandstone, California [M. A. thesis]: 
Bukry, David and Kennedy, M. P., 1969, Cretaceous and Eocene coccoliths at San Diego, Cali- 

fornia: California Div. Mines and Geology Special Rept. 100, p. 33-43. 
Bushee, Jonathan, Holden, John, Geyer, Barbara, and Gastil, Gordon, 1963, Lead-alpha dates 

for some basement rocks of southwestern California: Geol. SOC. America Bull., v. 74, 
p. 803-806. 

Chamberlain, C. K. and Baer, J. L., 1973, Ophiomorpha and a new thalassinid burrow from the 
Permian of Utah: Brigham Young Univ. Geology Studies, v. 20 (part l), p. 79-94. 

Clark, B. L., 1926, The Domengine horizon, Middle Eocene of California: Univ. California, 
Dept. Geol. Sci. Bull., v. 16, p. 99-118. 

Clifton, H. E.,.1969, Beach lamination - nature and origin: Marine Geology, v. 7, p. 553- 
559. 

Coleman, J. M., 1969, Brahmaputra River: Channel processes and sedimentation: Sedimentary 
Geology, v. 3, p. 129-239. 

Ellis, A. J., 1919, Geology, western part of San Diego County, California: U. S. Geol. Sur- 
vey Water-supply Paper 446, p. 50-76. 

Fife, D. L., Minch, J. A,, and Crampton, P. J., 1967, Late Jurassic age of the Santiago Peak 
Volcanics, California: Geol. SOC. America Bull., v. 78, p. 229-304. 

Folk, R. L., 1968, Petrology of sedimentary rocks: 
Frey, R. W. and Howard, J. D., 1969, A profile of biogenic sedimentary structures in a Hole 

New York, John Wiley & Sons, Inc., 487 p. 

Houston, Rice University, 174 p. 

Austin, Hemphill's, 170 p. 

cene barrier island-salt marsh complex, Georgia: Gulf Coast Assoc. Geol. SOC. Trans., 
V. 19, p. 427-444. 

washover fans, Georgia: Senckenbergiana Maritima, v. 3, p. 53-77. 

Paleontology, v. 46, p. 735-741. 

(Eocene), San Diego Basin, California: Southern California Acad. Sci. %ull., v. 70, 

Frey, R. W. and Mayou, T. V., 1971, Decapod burrows in Holocene barrier island beaches and 

Gernant, R. E., 1972, The paleoenvironmental significance of Gvrolithes (lebensspur): 

Gibson, J. M., 1971, Benthonic foraminifera of the Ardath Shale and Stadium Conglomerate 

Jour. 

p. 125-130. 
Hanna, M. A., 1926, Geology of the La Jolla quadrangle, California: Univ. California, Dept. 

- 1927, An Eocene invertebrate fauna from the La Jolla quadrangle, California: 
Haven, D. S. and Morales-Alamo, R., 1968, Occurrence and transport of faecal pellets in sus- 

Hertweck, GUnther, 1972, Georgia coastal region, Sapelo Island, U. S. A.: Sedimentology and 

Geol. Sci. Bull., v. 16, p. 187-246. 

California, Dept. Geol. Sci. Bull., v. 16, p. 247-398. 

pension in a tidal estuary: Sedimentary Geology, v. 2, p. 141-152. 

biology. 
skeletal remains: Senckenbergiana Maritima, v. 4, p. 125-167. 

Howard, J. D. 
Sedimentology and biology. 
nearshore shelf: Senckenbergiana Maritima, v. 4, p. 81-123. 

faulting in'the southern California borderland: Geology, v. 2, p. 93-98. 

tion at Point Lama and La Jolla, California: * Ross, Arnold and Dowlen, R. J., eds., 
Studies on the geology and geologic hazards of the greater San Diego area, California: 
San Diego, San Diego Assoc. Geologists, p. 23-25. 

Paliiontologische Zeitschrift, v. 39, 

Univ. 

V. Distribution and environmental significance of lebensspuren and in-situ 

and Reineck, H.-E.,  1972, Georgia coastal region, Sapelo Island, U. S. A.: 
IV. Physical and biogenic sedimentary structures, of the 

Howell, D. G., Stuart, C. 3., Platt, J. P., and Hill, D. J., 1974, Possible strike-slip 

Jones, S. D. and Peterson, G. L., 1973, Provenance of the Upper Cretaceous Cabrillo Forma- 

Keij, A. J., 1965, Miocene trace fossils from Borneo: 

Kennedy, M. P., 1967, Preliminary report, engineering geology of the City of San Diego, 
p. 2201228. 

California: California Div. Mines and Geology Open-file Rept., 21 p., 3 maps, scale 
1:24,000. - 1973, Bedrock lithologies, Sen Diego coastal area, California: &Ross, Arnold and 
Dowlen, R. J., eds., Studies on the geology and geologic hazards of the greater San 
Diego area, California: San Diego, San Diego Assoc. Geologists, p. 9-15. 

cene formations, San Diego coastal area: Am. Assoc. Petroleum Geologists Bull., v. 55, 
p. 709-722. 

Kennedy, M. P. and Moore, G. W., 1971, Stratigraphic relations of Upper Cretaceous and Eo- 

97 



I 

Kennedy, W. J., 1967, Burrows and surface traces from the Lower Chalk of southern England: 

Kern, J. P. and Warme, J.  E., 1974, Trace fossils and bathymetry of the Upper Cretaceous 
British Museum (Natural History) Bull., Ceology, v. 15, p. 127-167. 

Point Loma Formation, San Diego, California: Ceol. SOC. America Bull., V. 85, p. 893- 
900. 

Kilpper, Karl, 1962, Xenohelix Mansfield 1927 aus der miozHnen neiderrheinischen Braun- 
kohlenformation: Palirontologische Zeitschrift, v. 36, p. 55-58. 

Kuenen, Ph. H., 1961, Problems of epicontinental sedimentation, & Sears, Mary, ed., Ocean- 
ography: Am. Assoc. for the Advancement of Science Pub. No. 67, p. 475-495. 

Lillegraven, J. A., 1973, Terrestrial Eocene vertebrates from San Diego County, California, - in Ross, Arnold and Dowlen, R. J., eds., Studies on the geology and geologic hazards of 
the greater San Diego area, California: San Diego, San Diego Assoc. Geologists, p. 9- 
15. 

Jour. Geophys. Research, v. 75, p. 4151-4159. 

Sandstone, western San Diego County, California [abs.]: 
Paper 87, p. 221. 

the entrance of a Georgia tidal inlet: Jour. Sed. Petrology, v. 43, p. 33-41. 

McCave, I. N., 1970, Deposition of fine-grained suspended sediment frdm tidal currents: 

Nordstrom, C. E., Shawa, M. S., and Bailey, S. M., 1965, Cross-bedding in the Eocene Torrey 
Geol. SOC. America Special 

Oertel, G. F., 1973, Examination of textures and structures of mud in layered sediments at 

Osgood, B. G., Jr., 1970, Trace fossils of the Cincinnati area: Paleontographica Americana, 

Peterson, G. L., and Abbott, P. L., 1973, Weathering of the pre-Eocene terrane along coastal 
southwestern California and northwestern Baja California, &Ross, Arnold and Dowlen, 
B. J., eds., Studies on the geology and geologic hazards of the greater San Diego area, 

V. 6 ,  p. 281-444. 

' California: San Diego, San Diego Assoc. Geologists, p. 19-25. 
Postma, H., 1961, Transport and accumulation of suspended matter in the Dutch Wadden Sea: 

Netherlands Journal of Sea Research, v. 1, p. 148-190. 
Pryar, W. A., 1972, Biogenic pelletization and alteration of suspended argillaceous sedi- 

ments tabs.]: SOC. Econ. Paleontologists and Mineralogists, Abstract volume (Annual 
Meeting, Denver, Colorado), p. 645. 

Purdy, E. G.1, 1964, Sediments as substrates, Imbrie, John and Newell, N. D., eds., A p  
proaches to paleoecology: 

Reineck, E.-E., 1958a, Wiihlbau-Gefiige in Abhgngigkeit von Sediment-Umlagerungen: 

-1958b. Longiadinale SchrZIgschichten im Watt: - 1960., h e r  ZeitlOcken in rezenten Flachsee-Sedimenten: 
- 1963, Sedimentgefiige im Bereich der siidlichen Nordsee. 
Reheck, E.-E. and Singh, I. B., 1973, Depositional sedimentary environments, with reference 

Reineck, E.-E. and Wunderlich, Friedrich, 1968, Classification and origin of flaser and len- 

Schaefer, Wilhelm, 1972, Ecology and paleoecology of marine environments: 

New York, John Wiley 6 Sons, Inc., p. 238-271. 
Sencken- 

Obergiana Lethaea, v. 39, p. 1-24. 
Geologische Rundschau, v. 47, p. 73-82. 

Geologische Rundschau, v. 49, 

Senckenbergische Naturforschende 
p. 149-161. 

Gesellschaft Abhandlungen, v. 505, p. 1-138. 

t o  terrigenous clastics: 

ticular bedding: Sedimentology, v. 11, p. 99-104. 

University of Chicago Press, 568 p. (A translation of Schaefer, W., 1962, Aktuo- 
PalPontologie nach Studien in der Nordsee: Frankfurt am Main, Kramer, 666 p. 
translation by Irmgard Oertel, edited by G. Y. Craig.) 

Shim, E. A., 1968, Burrowing in Recent lime sediments of Florida and the Bahamas: 
Paleontology, v. 42, p. 879-894. 

S h m ,  D. B., Richardson, E. V., and Nordin, C. F., Jr., 1965, Sedimentary structures gen- 
erated by flow in alluvial channels, &Middleton, G. V., ed., Primary sedimentary 
structures and their hydrodynamic interpretation: 
and Mineralogists Special Pub. No. 12, p. 34-52. 

Rose Canyon and Poway Formations, San Diego, California: 

New York, Springer-Verlag, 439 p. 

Chicago, The 

English 

Jour. 

Tulsa, SOC. Econ. Paleontologists 

Steineck, P. L., Gibson, J. M., and Morin, R. W., 1972, Foraminifera from the Middle Eocene 
Jour. Foraminiferal Research, 

V. 2, p. 137-144. 
Stenzel, E. B., 1971, Oysters, &Moore, R. C., ed., Treatise on invertebrate paleontology, 

Part N, v. 3(of 3). Mollusca 6, Bivalvia: Lawrence, Geol. SOC. America and Univ. 
Kansas Press, p. N953-N1224. 

Straaten, L. M. J. U. van, 1965, Coastal barrier deposits in South- and North-Holland, in 
particular in the areas around Scheveningen and Ijmuiden: 
gisch Stichting, Nieuwe Serie No. 17, p. 41-75 and plates 1OA-14. 

Straaten, L. M. J. U. van and Kuenen, Ph. H., 1958, Tidal action RS a cause of clay accumu- 
lation: Jour. Sed. Petrology, v. 28, p. 406-413. 

Warme, J. E. ,  1971, Paleoecological aspects of a modern coastal lagoon. 
Pub. Geol. Sci., v. 87, 131 p. 

Weaver, D. W., 1969, Geology of the Northern Channel Islands: 
gists and SOC. Econ. Paleontologists and Mineralogists, Pacific Sections, Special 
Volume, 200 p. 

Weber, R. J. and Hoyt, J. H., 1964, Burrows of Callianassa major Say, geologic indicators 
of littoral and shallow neritic environments: Jour. Paleontology, v. 38, p. 761-767. 

Yeats, R. S., Cole, M. R., Merschat, W. R., and Parsley, R. M., 1974, Pmay fan and subma- 
rine cone and rifting of the inner southern California borderland: Geol. SOC. Ameri- 
ca Bull., v. 85, p. 293-302. 

Mededelingen van de Geolo- 

Univ. California 

Am. Assoc. Petroleum Geolo- 

c 

98 



GEOTHERMAL ENERGY ON DIE! PACIFIC COAST 

David R. Butler 
Chevron O i l  Company Minerals Staff 

$an Fxancisco, California 

XNTRODUCTION 

The Geysers f ield north of San Francisco is the only geo- 
thermal f ie ld  producing electr ic i ty  i n  the United States. Gross gen- 
erating capacity a t  The Geysers i n  December, 1974 was 43.2 megawatts 
(NM) which is  sufficient e lectr ic i ty  t o  supply the needs of a ci ty  of 
400,000 people. Cerro Prieto f ie ld  just south of Mexicali, Mexico is  
the only other geothermal f ie ld  in  the Americas tha t  i s  currently 
generating electr ical  power.' Gross generating capacity a t  Cerro 
Prieto in December, 194 was 75 W .  Both fields are being further 
developed at  the present time. The concentration of hot springs i n  
the western United States indicates that  geothermal energy may offer 
significant potentiel for generation of additional e lectr ical  power 
that  can be uti l ized on the Pacific Coast. 

I'JATURE OF GEoTHEmML ENERGY 

I n  order t o  assess the additional geothermal potential of 
the Pacific C o a s t ,  it is  necessary t o  consider the nature of geo- 
thermal energy. What is it and how can it be used? 

, 
Geothermal energy is quite simply the natural heat of the 

This heat is derived from radioactive decay within the earth earth. 
and i s  conducted and convected t o  the surface where it is  radiated 
into space (Figure 1). Normal flow of heat toward the surface is  1.5 
microcalorieq per square centimeter per second, or 1.5 Heat Flow 
Uni ts  (HFL'). This amount of heat flowing through ordinary rocks near 
the earth's surface results i n  geuthermal gradients of 1°F t o  2'F per 
100 feet  
beer, 22,250 feet  and 44,500 feet  t o  encounter a temperature of 5W°F 
(assuming an average ambient surface temperature of 55°F). 

area i s  too small and the depth t o  commercial temperature is too great 
for the geothermal energy t o  be used for economical power generation. 
The heat flow must be qgraded, or concentrated, i n  some manner t o  
suitable levels. On EA worldwide basis, significant concentrat ion of 
heat f low occurs where molten magma rises into shallower portions of 
the  earth's crust, &s along global plate boundaries which represent 
spreading ridges or subduction zones (Figure 2). 

This means a w e l l  would have t o  be dril led t o  a depth be- 

In areas of normal heat flow, the mount of heat per unit 

IMPORTANCE OF PE€&IEABILfTY 

Shallow magmas do not of themselves assure a commercial geo- 
thermal power development. 
cannot be developed from e;eothernml energy in impermeable rocks a t  8~ 

With today's technology, commerciel p m r  
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depth, regardless of temperature. A t t e m p t s  t o  do so are currently 
underway, but it is nut believed that these attempts w i l l  bear f ru i t  
in the near future. 

, 
If rocks above a magma have only horizontalpemabil i ty ,  

With technology avail- 
heat transfer toward the surface w i l l  be by conduction alone and con- 
ductive heat transfer is quite inefficient. 
able now, 500°F water can be withdrawn from rocks of sufficient hori- 
zontalpermeability and used t o  generate cammercial e lectr ical  power. 
However, if heat transfer is  s t r i c t ly  conductive, 500°F water at  an 
economical dr i l l ing depth of 5000 feet requires a convecting magma 
with a temperature of 1206°C at a depth of only 5 miles. 

t ive  transfer of heat toward the surface is possible. 
commercial temperature at  great depths may be convected upward t o  
shallow depths where it can be tapped and used t o  generate power. 
The close association of geothermal areas w i t h  faul ts  suggests that 
faul ts  or fault zones are the conduits, or ver t ical  permeability, 
along which hot waters are convected toward the surface. With con- 
vection, there can be commercial develupment of power from geothermal 
energy even though the depth t o  the top of the magma is mcC greater 
than 5 miles. 
temperature of 1200°C is  a t  a depth of 10 miles, 500°F water w i l l  ?,e 
encountered a t  about ll,OOO feet i n  rocks having only horizontal 
permeability (conductive heat transfer). 
across the rocks with horizontal permeability a t  11,000 feet affords 
ver t ical  permeability t o  the surface, 500°F water w i l l  be convected 
upward t o  about 1500 feet  before it begins t o  cool. 
t o  tap the resource can be dr i l led  t o  1500 feet  rather than 11,000 
feet. 

If rocks above a magma have ver t ical  permeability, convec- 
Vater of 

For example, i f  the  top of a convecting rr~,ctm with a 

If 8 faul t  zone cuttixg 

Therefore, wells 

Figure 3 i l lust rates  the important role that  permeability 
plays i n  conductive versus convective heat transfer above a concen- 
trated source of heat. 
1200°C magma i s  a t  a depth of 10 miles. 

In each case, the top of the convecting, 

Areas where hot water i s  convected upward along a fault  
If these zoye are referred t o  as  "hot water geothermal systems." 

systems are also associated with higher than normal heat flvi, they 
have the potential for  being developed t o  generate commercial elec- 
t r i c a l  p m r .  Figure 4 shows what i s  believed t o  represent a 
typical hot water geothermal system. The temperature profile plots 
temperature versus depth in the core of the system shown along the 
fault zone on the cross section. 

In this  model, the heat source i s  a convecting magma a t  an 
Heat fromthe magma anomalously shallow depth in  the earth's crust. 

is  conducted through impermeable rocks t o  the base of a succession 
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of permeable sedimentary, igneous or metamorphic rocks. 
ducted into the permeable rocks is  stored i n  both the host rock and 
the fluids present i n  the  host rock, creating a "hot spot." 

Heat con- 

If meteoric waters can circulate through the permeable rocks, 
these waters w i l l  absorb and redistribute t o  some degree the heat 
stored in  the hot spot. 
temperature which i s  a function of the heat available and the ra te  of 
circulation. 
of the system. 
the liquid s ta te  a t  base temperatures amroaching 700'F. 

Circulating waters are heated t o  a maximum 

This maximum temperature is  termed the "base temperature" 
Because of the hydrostatic head, water can remain in  

If a faul t  zone cutting across the hot spot offers suffi- 
cient ver t ical  permeability, circulating meteoric waters, which are 
reletively less dense by virtue of being heated t o  base temperature, 
w i l l  be buoyantly convected up the faul t  zone. Init ially,  the rising 
water w i l l  cool t o  some extent on i t s  m y  t m r d  the surface because 
of comluctive heat loss t o  cooler rocks. But once the overall system 
has reaxhed therm1 equilibrium, water at  base temperature in the core 
of the system w i l l  not cool un t i l  it .rises t o  that depth where hydro- 
s t a t i c  pressure equals c r i t i ca l  pressure for water of that  temperature. 
A t  that depth boiling begins. As the water fraction continues t o  r i se  
towird the surface, more and more steam is  boiled off, or "flashed," 
and the water fraction cools progressively in  conformance with the 
boiling point curve. 

I39 the faul t  zone is open t o  the surface, the water fraction 
w i l l  cool t o  212'F, or whatever the boiling temperature is  a t  the 
surface altitude, and boiling springs w i l l  be found a t  the surface. 
However, i f  the rising water and flashed steam m i x  with cool, near- 
surface waters, the steam w i l l  be condensed and the hot water reduced 
in te.qerature. 
be found a t  the surface insteed of boiling springs. 

I n  t h i s  situation, warm springs dr  hot springs w i l l  

However, it is  believed that  most hot water geothermal 
systems are sealed off below the surface. Hot water circulating 
through rocks w i l l  dissolve and take into solution s i l i ca  and other 
minerals. 
waters approach the surface and cool they become supersaturated w i t h  
respect t o  s i l i ca  and other minerals. 
mineral content i s  precipitated in the faul t  zone, blocking further 
flow t o  the surface. Water and flashed steam then circulate later- 
ally into permeable formations and mix with cool, near-surface waters. 
Steam is condensed and the hot water is  further reduced i n  temperature, 
causing additional precipitation of s i l i ca  and other minerals. 
t h i s  manner, a horizontal "caprock" of s i l i ca  and other minerals is  
created. Eventually the circuit  may be completed t o  form a crude 
steady-state convection system. 

I n  a convective hot water system, when these mineral-laden 

The excess s i l i ca  and other 

I n  
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HOT WATER GEOTHERMAL SYSTEMS 
W I T H  A DRY STEAM RESERVOIR 

Water is  the dominant phase i n  a typical hot water system. 
HaJwrer, under certain conditions steam my accumulate t o  become the 
dominant phase overlying a water-dominated phase. 
hated phase of a hot water systemhas been previously considered t o  
be a separate type of geothermal system and has been referred t o  as a 
"vapor-dominated" or "dry steam" system. 
steam reservoirs is s t i l l  open to'considerable question but it 
appears likely that the so-called dry steam system is simply a 
special'end-member product of a typical hot water system. 

water geoth'ermal system that has a dry steam reservoir abuve the 
watkr-dominated phase. As before, the temperature profile plots 
temperature versus depth i n  the core of the system s h a m  along the 
fault on the cross section. 

The steam-dom- 

The exact nature of dry 

Figure 5 shows what is  believed t o  best represent a hot 

Dry steam reservoirs are believed t o  occur when the country 
rock has very l i t t l e  permeability and regional recharge is  ncrt suffi- 
cient t o  maintain convective circulation throughout the original hot 
water system. 

Fracture zones i n  rocks of l o w  permeability tend t o  remain 
open and may serve init ially a s  local recharge channels. However, as 
waters circulate through these fracture zones toward the system and 
become heated, minerals of inverse solubility, such as calciunr, carbo- 
nate and anhydrite, are precipitated and block f'urther local recharge 
in to  the system. The sil ica ceprock remaining from the original hot 
water system, the low permeability of the country rock and the seal- 
ing of local rechsrge channels combine t o  create an impermeable 
sheath around the system and th i s  sheath serves t o  insulate the 
system from hydrostatic pressure. Flashed steam can then begin t o  
accumulate i n  the upper part of the trap created by the sheath. 
boil-off a t  the steam-water interface exceeds regional recharge, the 
interface drops and a steam-dominated reservoir accumulates above 
the water-dminated portion of the system. 
continues t o  drap u n t i l  a crude steady-state is  achieved between 
5oil-off and regional recharge. 

As 

The steam-water interface 

The temperature profile shows that the temperature i n  a 
dry steam reservoir remains essentially the same throughout its 
vertical extent. No data are yet available concerning wells that 
have been drilled deep enough t o  penetrate the steam-water interface 
but it is believed that the temperature w i l l  be considerably higher 
i n  the liquid-dominated part of the system. Since the dry steam 
reservoir is insulated from hydrostatic pressure, reservoir pressure 
will be essentially that of a column of steam. 
t o  be around 500 psi i n  dry steam reservoirs t o  depths of 9OOO'. 

Pressures are founc! 
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Hot  water geothermal systems having a dry steam reservoir at  
the top are believed t o  be relatively rare. 
only one in twenty. hot water systems discovered w i l l  have R dry steam 
reservoir abwe the water-dominated portion of the syrrtem. However, 
two of the relatively rare llry steam reservoirs account for nearly 75% 
of the electricity generated worldwide from geothermal energy. 

It has been es twted that 

OTHER TYPES OF CfEOTHERlMAL SYSTEMS 

Althaugh hot water systems are the only geothermal systems 
tbat  are currently producing electrical  power in the world, other types 
of geothermal systems shown i n  Figure 6 have also been considered for 
t h i s  purpose. 

basins, such as the Gulf Coast, which are characterized by rapid sub- 
sidence and rapid sedimentary loading. In this  environment, isolated 
sandstone reservoirs with abnormally high fluid pressures are found at  
depths of 10,000 t o  15,000 feet or deeper. Water confined i n  the iso- 
lated reservoir cannot be expelled as  loading and conpadion progresses 
and part of the l i thostat ic  load I s  transferred t o  the trapped water. 
Progressive thermal expansion of the confined water adds further t o  
the excess fluid pressure. Research pro jeds  are underway t o  determine 
if‘ geopressured systems can be economically exploited t o  produce power. 
Hotvever, it is not believed t h a t  geopressured geothermal systems will 
be generating significant power before 1985. 

The Atomic Energy Comission has been investigating dry hot 

Geopressured systems are generally found in  yaung sedimentary 

rock geothermal systems. These are systems i n  which high heat f l a w  is  
confined t o  impermeable rocks. The impermeable rocks have t o  be frac- 
tured hydraulically or with explosives so that  water introduced from 
the surface can be circulated through the hot rocks t o  ‘bine” heat for 
return t o  the surface. 
year t o  evaluate t h i s  technique. 
make it unlikely that dry hot rock geothermal systems w i l l  be gener- 
ating significant power before 1985. 

If you 
d r i l l  deep enough, temperature sufficient for  commercial power genera- 
t ion w i l l  be encountered. Because of the high costs of dr i l l ing and 
producing deep geothennalwells9 it is unlikely that normal gradient 
systems trill ever be utilized for  power production. 

Two wells have been d r i l l ed  within the last 
The results of these projects t o  date 

Normal gradient geothermal systems exist everywhere. 

POFIER C;ENERATIY)N 

Three methods of production and generation have been devel- 

Figure 7 shows haw dry steam reservoirs are utilized t o  

oped to  produce electr ical  power from hot water systems. 

produce electricity, 
steam produced is  piped directly t o  the turbo-generator. 

A well is  d r i l l ed  into the reservoir and the 
After 

I 
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elrpanaing through the turbine, the steam is condensed and excess con- 
densate is reinjected into the reservoir. 
and relatively inexpensive. 
expected t o  be quite rme. 

Figure 8 shows haw most hot water reservoirs are currently 
being exploited to  produce power. A w e l l  is drilled into the reser- 
voir and if the reservoir water i s  hot enough it will f l a w  t o  the 
surface. On the way t o t h e  surface, pressure decreases and some per- 
centage of the hot mte r  flashes t o  steam (usually 20 t o  2% by 
weight). A t  the surface, the mixture of hot water and steam is piped 
t o  a separator. 
generator and condenser set just  like that used i n  the previous dry 
steam reservoir elcample. Excess steam condensate and waste hot water 
are reinjected into the reservoir. 

This method i s  qutte simple 
Unfortunately, dry steam reservoirs are 

The dry steam is  drawn off and piped t o  & turbo- 

Figure 9 s h m  how hot water reservoirs of laer temperature 
can be utilized t o  generate electricity. 
producing well delivers hot water under pressure t o  a heat exchanger. 
Pressure is  maintained a t  a level sufficient t o  prevent flashing of 
steam and consequent cooling of the water. I n  the heat exchanger, 
heat i s  transferred *om the hot water t o  freon or some other low 
boiling-point working fluid. 
and the freon vapor is expanded through the turbine. Downstream of 
the turbine, the freon vapor is  condensed and returned again t o  the 
heat exchanger. The spent hot water i s  reinjected into the reservoir. 
No binary cycle heat exchange system iyin comercittl operation today, 
A small pilot plant of this  type has been operating i n  Russia since 
196'7, using freon &s the working fluid. 
centage of the geothennalprospects i n  the United States will have 
reservoir temperatures that require binary cycle heat exchenge t o  
generate power. 
a significant impact on the development of geothermal power i n  the 
United States . 

A PUMP installed i n  the 

The heat transferred vaporizes the freon 

It appears that & large per- 

Therefore, early perfection of t h i s  method w i l l .  have 

Unlike fossi l  fuels, geothermal energy cannot be transported 
great distances before consumption. 
impractical t o  pipe hot water or dry s tem more than a mile or two, 
Therefore, geothermal power plants are constructed a t  t'ne producing 
f ie ld  i n  modules of 50 t o  135 megawatt (MW) capacity, each i n  close 
proximity t o  the wells drilled t o  supply that module. 

Because of heat losses, it is  

Geothennal power plants uti l ize steam-driven turbo-generators 
just lilse those used i n  conventional fossil  fuel power plants. 
contrast t o  conventional plants, however, geothermal parer plant;s do 
not require boilers for generating s tem t o  drive the turbines. The 
steam, or heat necessary t o  vaporize a working fluid, comes directly 
from the geothermal reservoir . Consequently, geothermal plants con- 
serve that amount of fuel needed t o  f i r e  the boilers i n  conventional 
plants generating an equal amount of power. 
of electricity generated i n  a geothermalpower plant conserves about 

In 

Each megawatt hour (MWI) 
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l* barrels of fuel o i l  t h a t  would have o t h e m s e  been burned t o  gener- 
ate the same MWH fn the most ef f ic ien t  conventional f o s s i l  f u e l  plant. 
Each Mt? of geothermal capacity v d l l  thus conserve about 12,500 barrels 
of o i l  per year. Assuming geothermalplants displace existing conven- 
t i ona l  plants  of average efficiency, each MI{ of geothermal capacity 
w i l l  conserve 15,000 barrels of o i l  per year. 

OTHER USES OF GEOTHEBMAL ENERGY 

Geothermal energy offers a wide variety of potent ia l  uses 
other than e l ec t r i ca l  generation. 
uses are  space heating and cooling, process or  industr ia lheat ing,  
desalination and horticulture. 
demand for  a l ternate  fuels  or energy sources accordingly. 
near term harever, economics of geothermal exploration and development 
trill require that  e l ec t r i ca l  generation remain the primary objective. 

Some of the more important potent ia l  

Develupxnent of these uses wi l l  reduce 
Over the 

VORIDWlDE GENERATION 

Figure 10 shows the location of geothermalpmer develop- 
ments throughout t5e world. 
E J  of geothermal generating capacity were on l i ne  i n  t h e  world. 
how close3J; pmrer developments are msociated with spreading ridges, 
subduction zones and major plate  boundaries - areas of concentrated 
heat flow. 
respect t o  those features which serve t o  concentrate heat flaw. 

As of January 1, 195, approximately ll50 
Note 

The Pacific Coast is particularly well situated tdth 

GEOTIIEXMAL POTENTW OF l"rIE PACIFIC COAST 

With th i s  knowledge of the nature of geothermal energy and 
i ts  ut i l izat ion,  it is possible t o  make sone tentat ive estimates of 
the  g e o t h e m l  potent ia l  of the  Pacific Coast. 

Estimates of the future potent ia l  for  geothermal power gener- 
ation in  the United States vary vildly.  Recent Federal surveys esti- 
mate tha t  geothermal generating capacity i n  the United States w i l l  be 
between 7000 and 15,000 IN by 1985 and between l50,OOO and l90,OOO MW 
by the year 2000. 
132,000 MW by 1985 and 395,000 MV by the year 2000. Assuming a real-  
i s t i c  r a t e  of exploration and discovery between now and 1980, it 
appears t ha t  something on the order of 5500 t o  6000 Mw of geothermal 
generating capacity could be on l i n e  i n  1985. This leve l  would con- 
serve 75 t o  90 million barrels of fue l  o i l  t ha t  would otherwise be 
consumed i n  conventional f o s s i l  f u e l  power plants i n  1985 t o  generate 

Estimates in  the recent past have gone as high 8s 

6000 MW. 

Although this represents a cons5derable savings *of fuel o i l ,  
6000 MW of geothermal pawer would mount t o  only 1% of the nation's 
e l ec t r i ca l  needs in  1985, Figure ll. makes it quite clear that by no 
s t re tch of the imagination can geothermal energy solve the nation's 
energy problems. 
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It is believed t h a t  most, if nat al l ,  of the geothermal p m r  

Figure 12 is a map of the western portion of the conti- 
developed by 1985 w i l l  be in the western portion of the contiguous 
United States. 
guous United States which shows the  location of hot springs. 
Geysers and Cerro Prieto gecvtheml fields are a l so  shown. 
obvious from th is  map that the e n t i r e  western portion of the contiguous 
United States has geothermalpotential. 
California, Nevada, Oregon, Idaho and U t a h  i s  particularly attractive.  
Any geothermal pawer developed i n  the western Great Basin wil l  l ike ly  
be committed t o  the Pacific Coast mrket. 
California and Mexico i s  another area t h a t  is very a t t rac t ive  because 
of i t s  association with the East Pacific R i s e  spreading ridge and i t s  
proximity t o  the Los Angeles market. 

The 
It is 

The Great Basin Area of 

The Imperial Valley of 

Hopefully, geothermal energy can eventually generate 5% of 
the nation’s e lec t r ica l  demand. 
most geothermalprospects are found, geothermal energy may ultimately 
generate perhaps lo$ of local  e l ec t r i ca l  needs. 
seem that t h i s  is  an insignificant amount of power tha t  does not 
j u s t i fy  the time or trouble t o  develop, Figure 13 shows the economic 

. significance of a single geothermal field, The Geysers i n  California. 
This f i e l d  was generating jus t  over 400 MCIJ i n  December of 194 and 
projected expansion is  expected t o  bring the t o t a l  t o  around 2000 E M  
by 1985. 
barrels of f u e l  o i l  w i l l  be conserved i n  1985 that would have otherwise 
been required fo r  a conventional 2000 MW f o s s i l  fue l  plant. A t  the 
projected generating capacity and sales  price for  1976, The Geysers 
w i l l  provide around $5O,OOO,OOO of gross revenue for  the producers. 
Even if  the sales  price did not increase, 2000 NW a t  The Geysers i n  
1985 would provide some $UO,OOO,OOO of gross revenue f a r  t3e 
producers. 
c i t y  a t  m e  Geysers is equivalent t o  750 to 90@ million barrels of 051. 
This i s  obviously an economically significant project fo r  n s t u r a l  
resources producers. 

In the western United States where 

Although it might 

\ 

If the 2000 MW goal i s  attained, some 25 t o  30 millian 

Over the anticipated 30 year f i e l d  l i f e ,  2000 KV of cr(pw- 

The Geysers appears t o  be a very large reserve as geotherinal 
It is a dry steam reservoir and dry steam reservoirs are f i e lds  go. 

expected t o  be relat ively rare. 
steam reservoir producing and i t s  capacity is about 400 KW. The more 
common hot water reservoirs do not Rppear t o  be as large, i n  term of 
reserves, a s  dry steam reservoirs. 
in the 200 
i s  equivalent t o  a 75 t o  90 million barrel of1 field. 

!There i s  only one other nzjor dry 

The larger hot m t e r  f ields are 
range, but over a 30 year f i e ld  l i f e ,  200 NY of capaci”,- 

A l l  reported estimates of discovery rates ,  f i e ld  s izes  and 
generating capacity must be tempered by the  realization tha t  there 82‘5 
only a dozen or so geothermal fields generating power i n  the world 
today. 
hensive d r i l l i ng  s t a t i s t i c s  preclude s t s t i s t i c a l l y  accurate estimates 
of discovery rates, f i e l d  sizes and generating capacity. The 1985 
estimate of 5500 t o  6000 WJ on l i n e  i n  the United States i s  obviously 

The small number of producing fields and the lack of compre- 



subject t o  drastic revision i n  either direction. 
prove t o  have been too high if constraints t o  exploration continue or 

the fields discovered are smaller than expected. 

f u l l  speed ahead, if the discovery ra te  is  higher than expected, if the 
f ie lds  discovered are larger than expected or if dry steam reservoirs 
are more common than expected. 

The estimate w i l l  

I become more s t r i c t ,  if ' the discovery rate  is  less than expected or if 

the estimate Will prwe t o  have been too low if exploration can move 

J 
1 

1 

On the other hand, 
1 

, 
I 
1 

Even if  6000 MW on l ine by 1985 cannot make a dent i n  the 
nation's energy requirements, t h i s  capacity w i l l  certainly be signifi- 
cant i n  the areas where it is developed and w i l l  offer the opportunity 
for significant return t o  individual, privately-owned companies. 

CONCLUSIONS 

To conclude, geotherml energy i s  a unique resource that can 
be uti l ized t o  generate e lectr ical  power competitive i n  price with 
alternate sources and with less effect on the t o t a l  environment. Each 
increment of geothermal energy developed w i l l  conserve an amount of 
alternate energy that  would otherwise be needed for the same purpose. 
Although development of geothermal parer i s  expected t o  be modest with 
respect t o  nationvide power requirements, t h i s  amount of power is 
expected t o  have a significant -act i n  the western United States. 
*The development of geothermal energy i s  expected t o  have a particu- 
lar ly  significant impact on the Pacific Coast because it is  here that  
a zone of concentrated heat flow coincides w i t h  a growing, high-demand 
market for environmentally acceptable power. 

i 
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Paleogene Geography of California 

J 

Samuel H. Clarke ,  Jr., David G. H o w e l l ,  and Tor H. Nilsen 
U.S.  Geological Survey, Menlo Park, California 94025 

ABSTRACT 

Paleogeographic maps of California have been prepared for the Ynezian 
(Paleocene), late Penutian (ear ly  Eocene), Narizian ( late Eocene) and 
Refugian (late Eocene or ear ly  Oligocene) Pacific Coast foraminiferal 
Stages. Major pe r s i s t en t  physiographic features included, from east t o  
w e s t :  (1) a continental  landmass t h a t  extended southeastward through the 
areas of the present Sierra Nevada, Mojave Desert, and Peninsular Ranges; 
(2 )  an elongate marginal sea i n  the  area of the present San Joaquin Valley 
and adjacent eastern Coast Ranges of cent ra l  California;  (3) a northwest- 
trending, i r regular  continental  borderland i n  the area presently occupied 
by the Salinian block of the Coast Ranges; (4 )  an east-trending marine 
embayment a t  t he  south end of the borderland i n  the area of the present 
Transverse Ranges; and perhaps (5) a trensh t h a t  extended from the  present 
northern Coast Ranges southward along the  western margin of t he  borderland. 

The present G r e a t  Valley comprised a shallow-marine shelf i n  the east and 
a basin i n  t h e  w e s t ,  separated by a west-facing slope. During much of the 
Paleogene, this region probably w a s  divided i n t o  the  Sacramento basin t o  
the  north and the San Joaquin basin t o  the south by a west-trending struc- 
t u r a l  and physiographic high, the  Stockton arch. The marine region w e s t  
of the present Peninsular Ranges was underlain by a broad shelf  -thought t o  
have been incised by a submarine canyon which funneled d e t r i t u s  westward 
i n t o  a deep basin. 

Thick sequences of coarse-grained sediments w e r e  deposited as submarine 
fans a t  bathyal t o  abyssal depths i n  the  areas of the present southwestern 
Sacramento Valley, western San Joaquin Valley, Coast Ranges, cen t r a l  and 
western Transverse Ranges and southern California borderland. Major source 
areas l ay  t o  the east i n  the present region of the  Sierra Nevada, Mojave 
Desert and Peninsular Ranges, and t o  the  w e s t  i n  the Paleogene borderland, 
where i s lands  supplied la rge  volumes of de t r i tus .  

Regional marine t ra  
and middle Eocene t i m e .  
Eocene t i m e  and culminated i n  the Oligocene w i t h  widespread deposition of 
nonmarine sediments. 

gressions occurred during ear ly  Paleocene and ear ly  
An extensive marine regression began i n  la te  

INTRODUCTION 

Information from recent  s tudies  of the  h is tory  of o f f s e t  along the San 
Andreas and related f a u l t s  and of Paleogene sedimentation and bathymetry 
necessi ta tes  t he  revision of paleogeographic maps of California. 
our interpretat ions of evidence from these s tudies  and f i e ld  work i n  the 
San Joaquin Val ley ,  cen t ra l  and southern Coast Ranges, Transverse and 
Peninsular Ranges, and southern California borderland (fig.  l), we have 
prepared maps depicting the geography of California during four in te rva ls  
of the Paleogene: Ynezian (Paleocene), late Penutian (ear ly  Eocene), 

Based on 
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Figure 1. Map of Cal i forn ia  showing geographic l o c a l i t i e s  and physio- 
graphic f ea tu res  r e fe r r ed  t o  i n  tex t .  
SB - Santa Barbara; SLO - San Luis  Obispo; B - Bakersfield; SC - Santa 
Cruz; SF - San Francisco; S - Sacramento; PA - Point Arena. 

SD - San Diego; LA - Los  Angeles; 
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Figure 2. 
tectonic blocks and bounding faults used in the early Tertiary palin- 
spastic reconstruction. (b) Palinspastic map of California, showing 
the 14 tectonic blocks of Figure 2a restored to their inferred relative 
positions during early Tertiary. 
Andreas fault and north of the Garlock fault is assumed to be fixed. 
See text for displacements used in this reconstruction, and Figure 1 
for names of cities shown above. 

(a) Map of California showing the present locations of the 14 

Block 1, located east of the San 
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t h i s  vol.), include: (1) auriferous gravels deposited i n  the  Sierra Nevada 
area by westward-flowing r ivers ;  (2) the  Ione Formation, deposited along the  

shallow-marine environments; (3) t he  Domengine Formation, deposited i n  the 
D i a b l o  Range and southern Sacramento Valley areas i n  shallow-marine environ- 
ments; (4) t h e  Avena1 Sandstone, deposited i n  the southern D i a b l o  Range’area 
i n  shallow-marine environments; (5) t he  Matilija Sandstone, deposited largely 
as a submarine fan complex i n  t h e  cent ra l  Transverse Ranges area, and (6) 
nonmarine gravels of middle or la te  Eocene(?) age deposited i n  the Penin- 
su l a r  Ranges by westward-flowing rivers. 

’ w e s t  f lank of t he  Sierra Nevada i n  northern California i n  shoreline and 

Current or def in i t ive  sources of information concerning important 
s t ra t igraphic  un i t s  or areas are l isted a t  the end of the paper. 
references are keyed numerically t o  each of t he  paleogeographic maps. 
Ci ta t ions i n  the  t e x t  have been minimized for brevi ty  and continuity. 
comprehensive bibliographies concerned with Paleogene geographic reconstruc- 
t i ons  a re  l is ted by Nilsen and Clarke (1975) and i n  unpublished Ph.D. theses 
by Clarke (19731, Sage (1973) and Howell (1974) . 

These 
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PALEOGENE GEOGRAPHY 

A northwest-trending continental  landmass embraced much of the  present area 
of the Sierra Nevada, Mojave D e s e r t  and Peninsular Ranges of California and 
northern Mexico during earliest Tert iary t h e .  To the w e s t  l ay  the Pac i f ic  
Ocean. By l a t e s t  Cretaceous o r  possibly Paleocene t i m e ,  220 t o  420 km of 
r igh t - la te ra l  displacement along a postulated proto-San Andreas f a u l t  zone 
had resul ted i n  the  emplacement of an i r regular ,  g ran i t i c  continental  
borderland (“Sal inia”)  which extended northwestward about 300 km from the  
present southern Sierra Nevada (Suppe, 1970; Nilsen and C l a r k e ,  1975). A s  
a r e s u l t  of t h i s  displacement, basement rocks of the Franciscan Complex of 
Berkland and others  (1972) i n  the  area of t he  present Diablo and northern 
Temblor Ranges probably were juxtaposed with Salinian g ran i t i c  rocks i n  the  
borderland t o  t h e  w e s t .  
Ocean from an elongate marginal basin which occupied the  present S a n  Joaquin 
Valley and adjacent eastern p a r t  of t he  Coast Ranges. 
a l s o  probably w a s  separated a t  t i m e s  from the  Sacramento basin t o  the north 
by a west-trending s t ruc tu ra l  and physiographic high, t he  Stockton arch. 
Right-slip apparently ceased by e a r l y  Paleocene t i m e ,  but  similar large- 
scale displacement resumed after ea r ly  Miocene t i m e  with development of the  
present San Andreas f a u l t  system ( A t w a t e r ,  1970; Clarke and Nilsen, 1973). 

Marine sedimentary basins and upland source areas apparently began t o  form 
along the  proto-San Andreas f a u l t  zone as ear ly  as L a t e  Cretaceous t i m e ,  
when thick,  coarse-grained, mostly marine deposits began to  accumulate i n  
the Gualala, Sierra Madre and Santa Ynez areas (Wentworth, 1966, 1968; 
Gower and others ,  1966; Vedder and others ,  1967; Vedder and Brown, 1968; 
Chipping, 1972a; Sage, 1973; Dibblee, 1950). These basins may have orig- 
inated as oblique pull-apart basins (Crowell, 1974), formed by c rus t a l  
extension along t h e  f a u l t  zone a t  t he  same time t h a t  l oca l  compression ele- 
vated adjacent areas. I n  ear ly  Tert iary t i m e ,  a major east-trending embay- 
ment apparently marked the  south end of the  borderland i n  the present area 
of the  Transverse Ranges and southern Coast Ranges (Stauffer,  1967; Gibson, 
1972, 1973; Sage, 1973). 

The borderland p a r t i a l l y  separated the  Pac i f ic  

This marginal basin 
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A deep-sea trench located w e s t  of California during the  Paleogene has been 
inferred from sea floor spreading da ta  ( A t w a t e r ,  19701, and from f i e l d  
s tudies  of ear ly  Tert iary rocks i n  the  northern Coast Ranges (OIDay and 
Kramer, 1972; O'Day, 1974; Kleist, 1974). A trench located along the 
cent ra l  part of the present Coast Ranges during la te  Eocene and ear ly  
Oligocene t i m e  a l so  has been suggested on the basis  of d i f f e ren t  evidence 
(Travers, 1972). However, t h i s  s i te  and timing appear t o  be incompatible 
with the  regional paleogeography presented here. I f  present, the  trench 
probably extended from the  northern Coast Ranges southward along the 
western margin of the  Paleogene continental  borderland. 

The major features of each paleogeographic map are summarized i n  the  
following pages. 
north t o  south, i n  the following order: 
ing areas, the  San Joaquin basin and adjoining areas, the  Paleogene 
continental borderland, the Transverse Ranges area and, f i na l ly ,  the  
region t o  the  south which encompassed present-day southern California w e s t -  
ward f r o m  the  Peninsular Ranges. 

These summaries cover the  study area generally from 
the Sacramento basin and adjoin- 

Ynezian Stage (Paleocene) 

The extent of Paleocene marine deposition i n  northern California is  unknown 
because strata of t h i s  age are truncated by unconformities i n  many areas. 
Thick, mostly shallow-marine clastic deposits on the  north flank of Mount 
D i a b l o  and i n  klippen a t  several  localities i n  the  present northern Coast 
Ranges suggest t h a t  shallow seas covered much of t h i s  region ( f ig .  3).  
Deep-marine strata are exposed along t h e  northwest flank of the  Diablo Range 
(Vine H i l l  Sandstone of Weaver, 1953; Pinehurst Shale),  indicat ing t h a t  the 
Sacramento basin deepened southwestward. 
with t h e  abrupt thickening of t he  Paleocene sect ion w e s t  of the  Midland f a u l t  
(Pac i f ic  Sec., Am. Assoc. Petroleum Geologists, 1951, 1967a). Sediments 
deposited i n  the  Sacramento basin probably w e r e  derived ch ief ly  from 
Sierran sources. However, Franciscan clasts and minor coal seams are 
found i n  Paleocene strata i n  a klippe i n  the  northern Coast Ranges, 
suggesting t h a t  p a r t s  of t h i s  region also w e r e  emergent (Berkland, 1973). 

This bathymetric trend is  consis tent  

The San Joaquin basin consisted largely of a broad stable shelf  having a 
southward and westward slope. 
(lower part of t h e  Lodo,Formation) blankets m o s t  of the  present southwestern 
San Joaquin Valley south of t he  Vallecitos area. 
probable Paleocene age (lower part of the  Walker Formation) i n  the eastern 
part of t he  Valley define the  eastern extent of marine deposition (Pacif ic  
Sec., Am. Assoc. Petroleum Geologists, 1969). The l i tho logic  change from 
shale (Lodo Formation) t o  coarser grained, shallow-marine and brackish water 
deposits along t h e  east flank of the  northern D i a b l o  Range (Laguna Seca 
Formation of Payne, 1951, and Tesla Formation) r e f l e c t s  a northward shoaling 
of t he  basin. A westward deepening t o  lower n e r i t i c  and bathyal, and perhaps 
greater depths is suggested by benthonic foraminifera from the  northern Temblor 
Range and Vallecitos area (lower p a r t  of the  Lodo Formation) and from the  
cent ra l  Coast Ranges southeast  of San Francisco (Bolado Park Formation of 
Sullivan, 1965; unnamed strata of Carter, 1970, and McLaughlin, 1973). 

Shale containing l i t t o r a l  and n e r i t i c  faunas 

Nonmarine deposits of 

' 

Although the  pr incipal  source of sediments i n  the  San Joaquin basin appears 
t o  have been the  Sierra Nevada, parts of the  present Diablo Range w e r e  
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Ynezian Stage 

Figure 3. Paleogeographic map o f  California for Ynezian (Paleocene) 
time. 
reference table. City names are given in  Figure 1. 

Selected data sources are l i s ted  by local i ty  number i n  the 
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emergent. The Martinez Formation on the north flank of Mount Diablo over- 
laps Cretaceous un i t s  and contains clasts apparently derived f r o m  Mesozoic 
rocks t o  the  south i n  the  D i a b l o  Range (Colburn, 1961). Sandstone i n  the 
Tesla Formation i n  the  northern D i a b l o  Range contains glaucophane, indi- 
cat ing a t  l e a s t  a p a r t i a l  Coast Range origin.  
marine and brackish water strata near the Stockton arch and absence of 
Paleocene rocks on the  arch suggest t h a t  it also may have been emergent. 

The presence of shallow- 

Thick sequences of nonmarine sand and gravel (Witnet and Goler Formations) 
w e r e  deposited i n  the  Tehachapi and E l  Paso Mountains areas southeast  of 
Bakersfield (figs. 1 and 3) (Dibblee, 1952, 1967). These strata apparently 
w e r e  deposited by a l luv ia l  processes i n  a norkheast-trending lowland between 
highlands i n  the  present Mojave Desert and southern Sierra Nevada. 

The Salinian continental  borderland w a s  emergent i n  west-central California,  
forming the inferred source terrane f o r  a thick deep-sea fan deposit  i n  the 
Gualala area (German Rancho Formation of Wentworth, 1966, 1968). C l a s t i c  
sediments deposited on t h i s  fan are thought to  have had a southwestern source 
area, possibly an island. Other submarine fan deposits located near San 
Francisco a t  Point San Pedro (unnamed strata of Chipping, 1972b) and 
south of Monterey Bay a t  Point Lobos (Carmelo Formation of Bowen, 1965) . 
may have been derived from western borderland source areas or from the 
Sierra Nevada. The Point San Pedro deposits a l so  may have been recycled 
from Cretaceous sedimentary rocks i n  p a r t s  of the  southern D i a b l o  and 
northern Temblor Ranges which stood adjacent t o  t h i s  area and which pres- 
en t ly  are not covered by Paleocene strata. These areas are flanked by 
r e l a t ive ly  shallow marine Ynezian deposits (Mallory, 1959, 1970) and may 
have undergone u p l i f t  throughout much of the Paleogene. 
of Paleocene deposits are present elsewhere i n  the  cent ra l  and northern 
parts of t h i s  ancient borderland, but l i t t l e  is known of t h e i r  fac ies  rela- 
t ions,  deposit ional environments and paleogeographic implications, A 
t h in  basal conglomerate and sandstone are present a t  Point Reyes (Laird 
Sandstone) , a basa l  shallow-marine conglomerate is overlain by deep- 
marine shale  i n  the  Santa Cruz Mountains (Locatelli Formation of B r a b b ,  
1960), and conglomerate, sandstone and shale  probably representing shallow 
t o  deep-marine environments are present i n  the northern and cent ra l  Santa 
Lucia Range (unnamed s t ra ta  of Dickinson, 1965, and D i p  Creek Formation 
of Tal iaferro,  1944). 
of t h e  cen t r a l  and northern pa r t s  of the borderland; these seas probably 
deepened through t i m e  i n  some areas. 

Isolated remnants 

It  appears t h a t  shallow seas i n i t i a l l y  covered much 

N e a r  t h e  south end of t he  Paleogene borderland, a thick sequence of unnamed 
nonmarine, shallow-marine and deep-marine sediments, apparently derived 
from t h e  continental  region t o  the  east, was deposited i n  the Sierra Madre 
basin. Submarine fan deposits are prominent i n  the  east and w e s t  parts of 
t h i s  basin. 
the southwest edge of t he  basin,  which apparently merged t o  the  southeast 
with a large,  east-trending deep-marine embayment. A thick southwest- 
prograding submarine fan complex .(San Francisquito Formation) w a s  deposited 
i n  the  east end of t h i s  embayment, t he  present eastern Transverse Ranges. 
Sands and gravels w e r e  deposited a t  shallow to  intermediate depths along 
t h e  eastern and southern margins of the  embayment (Martinez Formation and 
unnamed sandstone of Sage, 1973; Pattiway Formation). To the  w e s t ,  deep- 
marine muds and silts containing th in  tu rb id i t e s  (lower part of the Anita 

The San Rafael high may have formed an emergent area along 
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Shale of Kelley, 1943) accumulated south of t he  San Rafael high i n  the 
present  Santa Ynez Mountains. 
grained deposits (Sierra Blanca Limestone) indicates  l oca l  shoal conditions. 

In  southern California,  a shoreline and a broad stable shelf  probably ex- 
tended southward along the  w e s t  edge of the  Peninsular Ranges i n t o  B a j a  
California. Sediments presumably were shed westward onto this shelf  f r o m  
emergent areas i n  t h e  Peninsular Ranges. However, i n  Cal i fornia  these 
sediments are represented so le ly  by para l ic  deposits a t  the  north end of 
the Peninsular Ranges (Silverado Formation). If other  Paleocene marine 
s t ra ta  were present,  they must have been.eroded completely prior t o  the  
deposition of lower and middle Eocene transgressive sand and gravel. 
Ynezian tu rb id i t e s  a r e  present on San Miguel Island (undifferentiated 
Pozo-Cazada Formation of Weaver and DOerner, 1969), suggesting t h a t  a sub- 
marine fan may have begun t o  develop i n  t h i s  region. Shelf environments 
are suggested by sandstone and s i l t s t o n e  containing n e r i t i c  faunas nearby 
on Santa Cruz Island (Pozo Formation of Doerner, 1969). 

The Coastal bel t  of t h e  Franciscan Complex of Berkland and others  (1972), 
located i n  the  western p a r t  of the  present northern C o a s t  Ranges, comprises 
s t r a t a  of Late Cretaceous t o  la te  Eocene age (O'Day and Kramer, 1972; 
O'Day, 1974). Olis tostrome-l ike deposits i n  these rocks are inferred to  
have accumulated i n  a tectonical ly  unstable submarine trench ( K l e i s t ,  
1974), perhaps t h e  Paleogene equivalent of t he  Mesozoic trench system i n  
which s imi la r  but older  Franciscan rocks are thought to  have been deposited. 
I f  present,  t h e  trench probably extended from the northern Coast Ranges 
southward along the western margin of the  Paleogene continental  borderland 
of central  California. 

Algal limestone associated with these fine- 

L a t e  Penutian Stage (ear ly  Eocene) 

Glauconitic s i l t s t o n e  and claystone (Capay Formation) containing ' ne r i t i c  
faunal assemblages are widespread i n  the Sacramento Valley. 
r e f l e c t  l o w  energy, s l o w  rates of deposition and loca l ly  stagnant bottom 
conditions following a major ear ly  Eocene marine transgression ( f ig .  4) .  
They coarsen eastward i n  the probable d i rec t ion  of land. S i m i l a r  strata 
are present i n  klippen i n  the  northern Coast Ranges, suggesting that 
shallow seas extended w e s t w a r d  w e l l  beyond the  present l i m i t s  of the 
Sacramento Valley. 
i s ' i nd ica t ed  by abrupt thickening of the Capay Formation w e s t  of t h e  Midland 
fau l t .  Likewise, paleobathymetric in te rpre ta t ions  from foraminiferal  
assemblages suggest greater  depths i n  this part of the  basin (Smith, 1957). 
The Capay or Princeton gorge, a south-trending erosional feature  i n  the  
western Sacramento Valley, cuts  i n t o  lower Tert iary and Cretaceous strata 
and is f i l l e d  by 650 m (metres) o r  more of lower Eocene mudstone, sandstone 
and minor conglomerate (Safonov, 1962; Redwine, 1972). This gorge has been 
interpreted as a submarine canyon whose posi t ion w a s  a t  least pa r t ly  con- 
t r o l l e d  by subsidence of the basin t o  the  south. 

The cen t r a l  San Joaquin basin apparently persisted as a broad shelf  on 
which fine-grained hemipelagic sediments (mdo Formation) accumulated. 
Neritic depths are inferred from f o s s i l  assemblages along the  w e s t  s ide 
of the  present San Joaquin Valley. Along the  east s ide  of the Valley, 
nonmarine strata (lower p a r t  of the  Walker Formation) indicate  the eastern 

These deposits 

Continued subsidence i n  the  southwest Sacramento basin 



Figure 4. Paleogeographic map of California for late Penutian (early 
Eocene) time. Selected data sources are listed by Iocality number in 
the reference table. City names are given in Figure 1. 
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l i m i t  of marine sedimentation (Pacif ic  Sec., Am. Assoc. Petr@leum Geologists, 
1969). 
la te  Eocene time is  marked by basal  conglomerate and sandstone (Uvas Con- 
glomerate Member of t he  Tejon Formation) a t  the south end of the San Joaquin 
Valley (Nilsen, 1973). A northwest-trending trough i n  the  Vallecitos area 
of the  west-central San Joaquin basin, formed during late Paleocene t h e ,  
continued t o  subside t o  lower n e r i t i c  to  bathyal depths. This trough 
received thick submarine fan deposits (Cantua Sandstone Member of the Lodo 
Formation and possibly t h e  T r e s  Pinos Sandstone of K e r r  and Schenck, 19251, 
apparently derived from a g ran i t i c  source i n  the continental  borderland to  
the  w e s t  (Nilsen and others,  1974). Coeval silts and sands w e r e  deposited 
a t  s i m i l a r  depths i n  the cent ra l  Coast Ranges southeast  of San Francisco 
(McLaughlin, 1973) . 

The beginning of an eastward transgression which continued i n t o  

Northward shoaling of the San Joaquin basin i s  indicated by the l i tho logic  
change from shah  ~ (Lodo Formation) to  shallow-marine sandstone (Laguna Seca 
Formation of Payne, 1951,-and Tesla Formation) along the  present northeast  
f lank of the northern Diablo Range. This shoaling, together with the  
absence o€.lower Eocene rocks t o  the  eas t ,  suggests that the Stockton arch 
w a s  a physiographic high. 
t a in ly  were emergent. Glaucophane i n  shallow-marine sandstone (Tesla 
Formation) i n  t h e  northeast  part of the  Diablo Range probably w a s  derived 
from Franciscan rocks t o  the w e s t  (Morris, 1962). On the w e s t  flank of 
the  Diablo Range, coarse-grained Franciscan d e t r i t u s  apparently derived 
from the east i s  abundant i n  sandstone deposited a t  shelf  depth near San 
Francisco (Beaulieu, 1970). Shallow-marine s t r a t a  overlap Cretaceous 
sedimentary rocks i n  p a r t s  of the southern Diablo Range; a t  one loca l i t y  
serpentine i n  shallow-marine sandstone (lower part of the  Acebedo Member 
of t he  Lodo Formation of Mallory, 1959) appears t o  have been derived from 
a nearby northern source area (Herrera, 1951). I n  the  southernmost Diablo 
and northern Temblor Ranges, very shallow depths are indicated by f o s s i l  
assemblages from la te  Penutian marine sandstones (Mabury and Middle Lodo 
Members of t he  Lodo Formation of Mallory, 1959; 1970; Dickinson, 1966). 

Par t s  of the  present Diablo Range almost cer- 

Nonmarine sandstone and conglomerate (Witnet and Goler Formations) i n  the 
Tehachapi and E l  Paso Mountains areas indicate  a l l u v i a l  deposition i n  a 
northeast-trending lowland between the  present southern Sierra Nevada 
and Mojave Desert. These strata are incompletely dated; however, the 
grea t  thickness of section above a Paleocene ver tebrate  fauna suggests 
t h a t  deposition continued i n t o  Eocene time (Dibblee, 1967). 

Grani t ic  is lands i n  the  Paleogene continental  borderland shed coarse- 
grained sediments northward onto major submarine fans i n  the  Gualala and 
Santa Cruz Mountains areas (German Rancho Formation of Wentworth, 1966, 1968; 
Butano Sandstone). 
ward onto t h e  f loor  of t he  adjacent marginal sea, and are represented now 
by co-genetic s t r a t a  east of the  San Andreas f a u l t  i n  t he  Vallecitos area, 
southeastern p a r t  of the  Coast Ranges and southwestern San Joaquin Valley. 
The German Rancho Formation may be equivalent t o  the  Cantua Sandstone Member 
and possibly t h e  T r e s  Pinos Sandstone of the Vallecitos area (Nilsen and 
others, 1974). Similarly, Penutian strata i n  the Butano Sandstone may be 
equivalent t o  t h e  lower p a r t  of the  Poin t  of Rocks Sandstone (Clarke, 1973; 
Clarke and Nilsen, 1973). The coarseness, freshness and angularity of 

, d e t r i t a l  grains and thickness of these fan deposits suggest t h a t  the 

These submarine fan deposits probably sp i l l ed  east- 

4 
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is land source‘areas had subs tan t ia l  relief and underwent rapid erosion. 

Shallow-marine transgressive sand w a s  deposited on an uneven topographic 
surface on c rys t a l l i ne  basement i n  the northern Santa Lucia Range (Juniper0 
Sandstone of Thorup, 1941). Coeval shale  i n  the  northern Gabilan-Range 
(lower part of t he  San Juan Bautista Formation of K e r r  and Schenck, 1925) 
and superjacent mudstone i n  the Santa Lucia Range (Lucia Mudstone of Dickinson, 
1965) record offshore <sites of deposition and greater  depths a8 the trans- 
gression proceeded. The transgressive sequence here resembles cor re la t ive  
deposits i n  the  Tejon Formation i n  the  San Joaquin Valley, and it is probable 
t h a t  these t w o  areas were contiguous s i tes  of deposition during the  Paleogene I 

i (Nilsen and L i n k ,  1975). 

Farther south, coarse-grained sediments were transported west- and south- 
w e s t w a r d  onto submarine fans i n  t h e  Sierra Madre basin (Chipping, 1972a). 
This northwest-trending basin occupied the  present area of the  southernmost 
C o a s t  Ranges. To t he  southwest it w a s  bounded by the  emergent San Rafael 
high; shoaling adjacent t o  t h i s  high is  indicated by a l g a l  limestone 
(Sierra Blanca Limestone) which loca l ly  contains d e t r i t u s  of the  Francis- 
can Complex. 
trending marine embayment i n  the  present Transverse Ranges. Deep-marine 

p a r t s  of t h i s  embayment, while shelf  and shallow-marine sediments (Santa 
Susana Formation of Clark, 1924, Llajas Formation of Cushman and McMasters, . 
1936, and Maniobra Formation of Crowell and Susuki, 1959) were deposited 
along the  landward margins to  the  southeast and east. 

1 
i 
I 
I 

To the  southeast t he  Sierra Madre basin merged with an east- 
1 
I sand, s i l t  and mud (Anita’Shale) were deposited i n  the  cent ra l  and western 
i 

1 I 
I 
I B a s a l  shallow-marine sandstone and conglomerate (basal part of the  La Jolla 

Group) near San Diego mark the  beginning of a major eastward.transgression 
across a broad stable shelf  which probably extended southeastward from Los 
Angeles i n t o  B a j a  California. The shelf  deposits contain g ran i t i c  debris, 
probably derived from the  Peninsular Ranges, and s i l i c i c  volcanic clasts, 
probably derived from a volcanic terrane fa r ther  east. This shelf  appar- 
en t ly  w a s  incised by a submarine canyon through which shelf  sediments were 
transported onto a submarine fan now located i n  the northern part of the 
southern California borderland (undifferentiated Pozo-Ca&da Formations 

(CaGada Formation of Doerner, 1969) r e f l e c t  ‘ low energy environments and 
lower n e r i t i c  and bathyal depths i n  areas adjacent to t h i s  fan., 

The continued presence of a submarine trench along the  w e s t  s i de  of the 
present northern Coast Ranges is inferred from olistostrome-like deposits 
i n  the  Coastal b e l t  of the Franciscan Complex of Berkland and others  
(1972). 
ern margin of the  Paleogene continental  borderland of cent ra l  California.  

I 
1 
I 
i of Weaver and Doerner, 1969). Coeval shale  and fine-grained sandstone 
i 
~ 

I 
I 
I 

1 
1 If  present,  this trench probably extended southward along the  w e s t -  1 
~ 

~ Narizian Stage (late Eocene) 

The extent of Narizi  
as rocks of t h i s  age generally are truncated by an unconformity. 
shelf  probably occupied much of the  southern Sacramento basin. 
shale with t h i n  sandstone beds and mostly sub l i t t o ra l  faunas (upper part 
of the  Nortonville Shale Member of the  Kreyenhagen Shale) characterizes 
deposition i n  t h i s  region ( f ig .  5 ) .  The Markley gorge, a 350 m deep sub- 

marine deposition n northern California is unknown, 
A broad 

Hemipelagic 

J 



I .  

Figure 5. Paleogeographic map of California for  Narizian (late 
Eocene) t i m e .  Selected data sources are l i s t e d  by loca l i t y  
number i n  the reference table. City names are given i n  Figure 1. 
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f marine canyon cu t  i n t o  t h i s  shelf  during Eocene t i m e ,  apparently funneled 
sediments southwestward across the Midland f a u l t  i n t o  the  subsiding south- 
western p a r t  of the basin. A thick sequence of sandstone derived from 
Sierran sources and deposited largely by turb id i ty  currents (Markley 
Formation of Clark and Campbell, 1942) may represent a large submarine fan 
t h a t  accumulated a t  the  mouth of t h i s  canyon. 
are suggested for this p a r t  of the  basin by microfossils  from coeval shale 
(Mallory, 1959). 

Bathyal or greater  depths 

The San Joaquin depositional basin consisted of a shallow-marine shelf  i n  
the east and a deep basin i n  the  w e s t ,  separated by a northwest-trending, 
west-facing slope. A t  the  south end of the  S a n  Joaquin Valley, shale 
containing bathyal t o  abyssal microfaunas grades eastward i n  outcrop i n t o  
shallow-marine sandstone (Tejon Formation), indicat ing the  t rans i t ion  
from deep basin to  inner shelf  environments (Nilsen, 1973). S t i l l  f a r the r  
east are nonmarine deposits which probably are pa r t ly  coeval (Tecuya 
Formation) (Nilsen, 1973). The same t r ans i t i on  is  apparent farther north, 
where shale and s i l t s t o n e  (Kreyenhagen Shale) containing bathyal, and 
loca l ly  perhaps abyssal, microfossils  grade eastward i n  subsurface i n t o  
sandy shale and f ina l ly  i n t o  shallow-marine sandstone (Famosa sand of 
Hackel, 1966) (Clarke, 1973). These marine strata in te r f inger  fa r ther  east 
with nonmarine deposits (Walker Formation). The basin w a s  deepest i n  the 
southwest, i n  the  area now occupied by the western San Emigdio Range, south- 
western San Joaquin Valley and adjacent southeastern Coast Ranges. 
area, thick coarse-grained submarine fan deposits (Point of Rocks Sandstone), 
which are inferred t o  have been derived from the Salinian block t o  the w e s t ,  
were deposited a t  bathyal t o  abyssal depths (Clarke, 1973). The extent of 
t h i s  deep basin is unknown because Eocene strata are missing throughout most 
of the present D i a b l o  Range. However, bathyal or greater  depths have been 
inferred f o r  i so la ted  outcrops of shale and sandstone i n  the  cent ra l  p a r t  of 
the  C o a s t  Ranges northwestward nearly t o  San Francisco (upper p a r t  of the  
Los Muertos Creek Formation of Wilson, 1943; unnamed strata of McLaughlin, 
1973; unnamed s t r a t a  of Beaulieu, 1970). 

In  t h i s  

The San Joaquin basin apparently shelved northward toward the Stockton 
arch. Narizian shale (Kreyenhagen Shale) i n  the northern p a r t  of the San 
Joaquin Val ley  i s  sandy and loca l ly  contains n e r i t i c  faunas and carbona- 
ceous matter (Booth, 1950; Briggs, 1953; Hackel, 1966). The present northern 
Diablo Range area w a s  posi t ive and may have been emergent local ly .  Franciscan 
rocks i n  the  core of t h e  Range have been suggested as a partial  source f o r  
upper Eocene (?) sandstone southeast of San Francisco (Ortalda, 1948; Carter, 
1970; McLaughlin, 1973). 

. 

The undated upper parts o f  thick nonmarine deposits (Witnet and Goler For- 
mations) i n  the  Tehachapi and E l  Paso Mountains areas may contain l a t e  
Eocene or younger strata. Alluvial  deposition i n  a northeast-trending 
lowland has been inferred for these deposits (Dibblee, 1967). 

I n  the  Paleogene continental  borderland, older sedimentary and g ran i t i c  
rocks i n  the  Monterey Bay area continued t o  shed d e t r i t u s  northward onto a 
submarine fan (Nilsen and Sirnoni, 1973). This fan is  thought t o  be repre- 
sented by thick,  coarse-grained sandstone i n  the  Santa Cruz Mountains 
(Butano Sandstone) and i n  the  southern Diablo and northern Temblor Ranges 
east of t he  San Andreas f a u l t  (Point of Rocks Sandstone) (Clarke and 
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Nilsen, 1973) . Coincident with fan deposition, fine-grained, outer shelf  
or slope sediments (middle part of t he  San Juan Bautista Formation of Kerr 
and Schenck, 1925) were deposited southeast  of Santa Cruz. When fan growth 
ceased, hemipelagic sediments accumulated over the  e n t i r e  deposit ional area 
(Wobar Shale Member of Brabb, 1960, of t he  San Lorenzo Formation i n  the 
Santa Cruz area; Kreyenhagen Shale i n  the  southwestern San Joaquin Valley 
area). Another, apparently smaller submarine fan (The Rocks Sandstone of 
Thorup, 19411, probably derived from a southeastern source, w a s  deposited 
a t  t h e  same t i m e  i n  the  area of the  northern Santa Lucia Range (Link, 1975). 

Farther south, silt and mud (Cozy D e l l  Shale; Sacate Formation of Kelley, 
1943) accumulated i n  deep-marine areas, while foss i l i fe rous  sand (Cold-  
water Sandstone of K e r r  and Schenck, 1928) w a s  deposited i n  l i t to ra l  and 
sublittoral environments i n  the  cen t r a l  and eastern parts of the  east- 
trending embayment i n  the  present Transverse Ranges. 
shelf  seas  which earlier had occupied the  southeast and northeast  margins 
of t he  embayment had been replaced by areas of nonmarine deposition (Stock, 
1931; Kriz, 1947). Toward the close of the  Narizian, shallow-marine sands 
i n  the  cen t r a l  and western p a r t s  of the embayment prograded westward. 
Nonmarine sands (upper part of the  Santiago Formation) were deposited 
loca l ly  i n  the northern p a r t  of t he  Peninsular Ranges, and deltaic sand 
and gravel (Poway Group of Kennedy and Moore, 1971) were deposited i n  the 
San Diego area.. Sediment probably derived from sources i n  the  Peninsular 
Ranges and f a r the r  to  t h e  east continued to  be funneled w e s t w a r d  onto a 
large submarine fan ( Jo l l a  V i e j a  Formation and Cozy D e l l  Shale 'of Doerner, 
1969; South Point Formation of Weaver and Doerner, 1969; un i t s  15[?1-30 
of Vedder and Norris, 1963) now located i n  t he  southern California border- 
land. 

The continued presence of a submarine trench along the  w e s t  s ide  of the 
present northern Coast Ranges is suggested by possible la te  Eocene marine 
deposits i n  the  Coastal b e l t  of the  Franciscan Complex (O'Day and KTamer, 
1972: O'Day, 1974). This  trench, i f  present, probably extended southward 
w e s t  of the continental  borderland of central California. 

By la te  Eocene t i m e ,  

L 

Refugian Stage (late Eocene or ear ly  Oligocene) 

In  the  Sacramento Valley marine Refugian strata are preserved loca l ly  and 
continental  deposits of t h i s  age are d i f f i c u l t  t o  dis t inguish from younger 
nonmarine strata i n  subsurface; consequently, reconstructions of the Refugian 
Sacramento basin are questionable. 
stone Wheatland Formation of Clark and Anderson, 1938) adjacent t o  andesite 
mudflow breccias (Reeds  Creek Andesite of Clark and Anderson, 1938) suggest 
a marine margin i n  the southeast part of the Valley, near the apparent 
landward end of the Markely gorge (Durrell,  1966) ( f ig .  6 ) .  This submarine 
canyon is f i l l e d  by upper Eocene t o  lower Miocene(?) marine shale  and sand- 
stone (Almgren and Schlax, 1957; Pac i f ic  Sec., Am. Assoc. Petroleum Geolo- 
g i s t s ,  1967a, 1967b). I n  the southern part of t he  basin, t u f f s  and marine 
sands (Kirker Tuff and subjacent sandstone) were deposited at  r e l a t ive ly  
shallow depths. 

In  the southeastern San Joaquin Valley, la te  Eocene or Oligocene nonmarine 
deposits (Walker and Tecuya Formations) prograde w e s t w a r d  over Narizian 
and Refugian shallow-marine strata (Famosa sand of Hackel, 1966; Tejon 

Shallow-marine conglomerate and sand- 
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Figure 6. Paleogeographic map of California for  Refugian ( l a t e  
Eocene or  early Oligocene) time. Selected data sources are l isted 
by loca l i ty  number i n  the reference table. 
i n  Figure 1. 

City names are given 
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and San Emigdio Formations), indicating a major marine regression. The 
nonmarine deposits interf ingez westward i n  outcrop w i t h  shallow-marine 

Valley. 
marine shale (upper part of t h e  Kreyenhagen Shale; Tumey Formation of 
A t w i l l ,  1935). Bathyal depths and restricted access t o  the open ocean 
are suggested by microfaunas f r d m  shale i n  the western San Joaquin Valley 
(Mallory, 1959; Ph i l l i p s  and others,  1974). Lenticular,  mostly shallow- 
marine sandstones (Oceanic sand of Hackel, 1966; sandstone i n  the lower 
part of the Wagonwheel Formation [Smith, 19561; Tumey Sandstone of A t w i l l ,  
1935; and an unnamed sandstone i n  the  Vallecitos area [Phi l l ips  and others, 
197411, which appear t o  have been derived from older  sedimentary rocks t o  
the w e s t ,  occur within these fine-grained hemipelagites. These sandstones 
probably w e r e  deposited along the east flank of a landmass i n  the present 
area of the southern D i a b l o  and Temblor Ranges. 

sandstone (lower part of the P le i to  Formation) a t  the south end of the 
The shallow-marine units i n  turn  grade northwestward i n t o  deep- 

. 

Marine and nonmarine strata are also present i n  the  area of the Paleogene 
continental  borderland. Hemipelagic mud (Rices Mudstone M e m b e r  of B r a b b ,  
1960, 1964, of the San Lorenzo Formation) accumulated a t  bathyal t o  n e r i t i c  
depths i n  a basin having restricted access t o  the open ocean i n  the  Santa 
Cruz Mountains area. 
Formation of R e r r  and Schenck, 1925, and Church Creek Formation) w e r e  
deposited i n  shoreline t o  upper slope environments a t  the north end of the 
present Gabilan Range and i n  the  northern Santa Lucia Range ( B r a b b  and 
others, 1971; Clark and Rietman, 1973), while nonmarine sand and gravel 
(Berry Formation) w e r e  deposited t o  the southeast  (Dickinson, 1965; Nilsen 
and Link, this vol.). Nonmarine sand and gravel (Sespe and Simmler Forma- 
t ions;  Plush Ranch Formation of Carman, 1964) also were deposited i n  the 
cen t r a l  and eastern parts of the pers i s ten t ,  east-trending embayment a t  
t h e  south end of t he  Paleogene borderland and i n  the region t o  the  north- 
east. C l a s t s  apparently derived from the  Franciscan Complex i n  the  San 
Rafael high t o  the  northwest are present i n  nonmarine conglomerate i n  the 
cent ra l  par t  of t h i s  embayment (Flemal, 1967; McCracken, 1972). Shallow- 
marine and coastal environments are indicated by sandstone and shale  
(Gaviota Formation of Effinger, 1936) fa r ther  w e s t .  

Sand and silt (upper pa r t  of the San Juan Bautista 

Nonmarine strata (Sespe Formation) are present i n  the northern and western 
Peninsular Ranges; i n  the  lat ter area they over l ie  Eocene marine rocks, 
r e f l ec t ing  a marine regression. Nonmarine deposits (Sespe Formation) also 
are present on Santa Rosa Island but  appear t o  be missing on Santa Cruz 
and San Miguel Islands to  the  east and w e s t .  

CONCLUSIONS 
I 

Terrigenous and hemipelagic sediments containing l i t t o ra l  and n e r i t i c  faunas 
w e r e  deposited on northwest-trending, stable shelves about 20-80 km w i d e  
which occupied m o s t  of t he  present Sacramento Valley, eastern'san Joaquin 
Valley, south-central Transverse Ranges and western Peninsular Ranges. 
These deposits generally grade eastward in to  nonmarine strata and westward 
i n t o  deep-marine shale, Major transgressions occurred during ear ly  Paleo- 
cene and ear ly  and middle Eocene t i m e ;  a major regression began i n  late 
Eocene t i m e  and culminated during the  Oligocene. 
s ide  of the Midland f a u l t  i n  the southwestern Sacramento basin strongly 
influenced Paleogene marine sedimentation i n  northern California. 

Subsidence on the w e s t  

The late 
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Paleocene t o  ear ly  Eocene Meganos gorge, ear ly  Eocene Princeton (Capay) 
gorge, and late Eocene and Oligocene Markley gorge appear t o  be submarine 
canyons that funneled large volumes of sediment .southward and westward into 
t h i s  areao Major submarine fans a l s o  were deposited during the  Eocene i n  
the southwestern part of the San Joaquin basin. The w e s t  side of the San 
Joaquin Valley and adjacent C o a s t  Ranges were ac t ive  tectonical ly  during 
t h e  Paleogene. Parts of the present northern D i a b l o  Range probably were 
emergent during Paleocene and ear ly  and middle Eocene t h e ,  and u p l i f t  
occurred i n  the Diablo and northern Temblor Ranges i n  ear ly  and middle 
Eocene and during la te  Eocene or ea r ly  Oligocene t i m e .  These upl i f ted  
areas are inferred t o  have been the sources fo r  Paleocene to  midge  Eocene 

Complex. Their eastern flanks probably formed the  depositional sites f o r  
lower t o  middle Eocene and Oligocene shallow-marine sedimentary rocks i n  
the present southwestern San Joaquin Valley. 

I 

I 
1 
I 
I 

I 

1 
I 

1 deposits t h a t  contain glaucophane, serpentine and clasts of the  Franciscan 
1 
i f 

, 
! 

i 

I 

i 

I 
I '  
I 

1 

Submarine fan deposits t h a t  are coarse-grained, thick and area l ly  l imited 
are the most prominent deposit ional features  of t he  Paleogene continental  
borderland of west-central California. 
f r o m  nearby highlands and deposited a t  lower n e r i t i c  t o  bathyal depths i n  
r e l a t ive ly  small, localized basins. Some fans sp i l l ed  eastward onto the 
f loor  of the adjacent marginal sea, and subsequently were truncated by 
Neogene o f f s e t s  along the  San Andreas faul t .  
borderland, a large east-trending marine embayment occupied the area of 
t h e  present  Transverse Ranges throughout most of Paleogene t i m e ,  but  
probably had its grea tes t  extent  during the  Paleocene and ear ly  Eocene when 
it merged w i t h  t h e  Sierra Madre basin of the  present southernmost Coast 
Ranges. The San Rafael high northwest of the  present Transverse Ranges 
shed d e t r i t u s  southward in to  t h i s  embayment during Eocene and possibly 
Paleocene t i m e ,  and a l s o  may have formed the  southwest margin of the 
Sierra Madre basin. 
t a in ing  Franciscan clasts probably were derived from this upland. 

These fans apparently were derived 

A t  t he  south end of the 

Late Eocene or Oligocene nonmarine deposits con- 

A submarine canyon apparently c u t  t he  continental  shelf  i n  southern C a l i -  
fornia. 
m a r i n e  fan to the west. G r o w t h  of t h i s  fan continued throughout the 
Eocene, bu t  w a s  most ac t ive  during middle and late Eocene t i m e .  

ACKNOWLEDGEMENTS 

I 
I 

I Sediments transported through t h i s  canyon supplied a major sub- 

I 
I W e  are g ra t e fu l  f o r  helpful reviews by W. R. Dickinson and J. G, Vedder. 

i 
! 

I 
I W e  are g ra t e fu l  f o r  helpful reviews by W. R. Dickinson and J. G, Vedder. 

i 
! 

J 
i 

143 



, 

REFERENCES CITED 

Addicott, W. 0,, 1968, Mid-Tertiary zoogeographic and paleogeographic 
discontinuities across the San Andreas fault, California, in 
Dickinson, W. R., and Grantz, Arthur, eds., Proc. conf., geol. 
problems of San Andreas fault system, p. 144-165: Stanford Univ. 
Pubs. Geol. Sci., V. 11, 374 p. 

Allen, V. T., 1941, Eocene anauxitic clays and sands in the Coast Ranges 
of California: Geol. SOC. America Bull., v. 52, p. 271-294. 

Almgren, A. A,, and Schlax, W. N., 1957, Post-Eocene age of "Markley 
Gorge" fill, Sacramento Valley, California: Am. Assoc, Petraleum 
Geologists Bull., v. 41, no, 2, p. 326-330. 

Atwater, Tanya, 1970, Implications of plate tectonics for the Cenozoic 
tectonic evolution of western North America: Geol. SOC. America 
Bull., v. 81, no. 12, p. 3513-3536. 

Atwill, E. R., 1935, Oligocene Tumey Formation of California: Am. 
Assoc. Petroleum Geologists Bull., v. 19, no. 8, p. 1192-1204. 

Bailey, E. H., Irwin, W. P., and Jones, D. L., 1964, Franciscan and 
related rocks and their significance in the geology of western 
California: California Div. Mines and Geology Bull. 183, 177 p. 

Bartow, J. A., 1974, Oligocene alluvial sedimentation in the Caliente 
Range, California: Geol. SOC, America Abs. with Programs, v. 6, 
no. 3, p. 142-143. 

Beaulieu, J, D., 1970, Cenozoic stratigraphy of the Santa Cruz Mountains, 
California and inferred displacement along the San Andreas fault: 
Stanford Univ., Stanford, Calif., Ph.D. thesis, 202 p. 

Berggren, W. A., 1972, A Cenozoic the-scale - some implications for 
p. 195-215. 
regional geology and paleobiogeography: Lethaia, v. 5, no. 2, 

Berkland, J, O., 1972, Paleogene "frozen" subduction zone in the Coast 
Ranges of northern California: Proc, 24th Internat. Geol. Cong., 
Sec. 3, p. 99-105. 

1973, Rice Valley outlier--new sequence of Cretaceous-Paleocene 
strata in northern Coast Ranges, California: Geol. SOC. America 
Bull., v. 84, no. 7, p. 2389-2406. 

Berkland, J. O., Raymond, L. A., Kramer, J. C., Moores, E. M., and 
O'Day, M., 1972, What is Franciscan?: Am. Assoc. Petroleum 
Geologists Bull,, v. 56, no. 12, p. 2295-2303. 

Bohannon, R, G., 1974, Mid-Tertiary nonmarine phase of southern Cali- 
fornia geologic history:' Geol. SOC. America Abs, with Programs, 
v. 6, no. 3, p. 146. 

f 

c 

144 



. 

Booth, C. V., 1950, Geology of the west-central portion of the Orestimba 
quadrangle: California Univ., Berkeley, M.A. thesis, 58 p. 

Bowen, 0. E., 1965, Stratigraphy, structure and oil possibilities in 
Monterey and Salinas quadrangles, California, in Symposium of 
papers, p. 48-67: 
1965 Ann. Mtg., Bakersfield, Calif. 

Pacific Sec., Am. Assoc. PeFoleum Geologists, 

Brabb, E. E., 1960, Geology of the Big Basin area, Santa Cruz Mountailis, 
California: Stanford Univ., Stanford, Calif., Ph.D. thesis, 192 p. 

1964, Subdivision of San Lorenzo Formation (Eocene-Oligocene), west- 
central California: Am. Assoc. Petroleum Geologists Bull., v. 48, 
no. 5, p. 670-679. 

Brabb, E. E., Bukry, David, and Pierce, R. L., 1971, Eocene (Refugian) 
nannoplankton in the Church Creek Formation near Monterey, central 
California: U.S. Geol. Survey Prof. Paper 750-C, p. C44-C47. 

Brice, J. C., 1953, Geology of Lower Lake quadrangle, California: Cali- 
fornia Div. Mines Bull. 166, 72 p. 

Briggs, L. I., 1953, Geology of the Ortigalita Peak quadrangle, Cali- 
’ fornia: California Div. Mines Bull. 167, 61 p. 

Carman, M. F., 1964, Geology of the Lockwood Valley area, Kern and 
Ventura Counties, California: California Div. Mines and Geology 
Spec. Rept. 81, 62 p. 

Carter, C. H., 1970, Geology of the Palassou Ridge area, California: 
California State Univ., San Jose, M.S. thesis, 70 p. 

Case, J. E., 1968, Upper Cretaceous and lower Tertiary rocks, Berkeley 
and San Leandro Hills, California: U.S. Geol. Survey Bull. 1251-J, 
p. Jl-J29. 

Castro, M. J., 1967, Geology and oil potential of the area westerly of 
San Juan Bautista, California, &I Marks, J. G., chm., Gabilan 
Range and adjacent San Andreas fault, p. 81-86: 
Am. Assoc. Petroleum Geologists and SOC. Econ. Paleontologists and 
Mineralogists, Field Trip Guidebook, 110 p. 

Pacific Secs., 

Chipping, D. H., 1972a, Early Tertiary paleogeography of central Cali- 
fornia: Am. Assoc. Petroleum Geologists Bull., v. 56, no. 3 ,  
p. 480-493. 

1972b, Sedimentary structures and environments of some thick sand- 
stone beds of turbidite type: Jour. Sed. Petrology, v. 42, no. 3 ,  
p. 587-595. 

- 

Clark, B. L., 1924, A summary of work in progress on the Tertiary and 
Quaternary of western North America: 
Australia,1923, Proc., v. 1, p. 874-879 

Pan-Pacific Sci. Cong., 

145 



Clark, B. Log and Anderson, C. A., 1938, Wheatland formation and its 
relation to early Tertiary andesites in the Sierra Nevada: Geol. 
SOC. America Bull., v. 49, no. 6, p. 931-955. 

Clark, B. L. ,  and Campbell, A. S., 1942, Eocene Radiolarian faunas from 
the Mt.. Diablo area, California: Geol. SOC. America Spec. Paper 
39, 112 p. 

Clark, J. C., 1966, Tertiary stratigraphy of the Felton-Santa Cruz area, 
Santa Cruz Mountains, Callfornia: Stanford Univ., Stanford, Calif., 
Ph.D. thesis, 179 p. 

1968, Correlation of the Santa Cruz Mountains Tertiary--implications 
for San Andreas history, in Dickinson, W. R., and Grantz, Arthur, 
eds., Proc. conf., geol. problems of San Andreas fault system, 
p. 166-180: Stanford Univ. Pubs. Geol. Sci., v. 11, 374 p. 

Clark,.J. C., and Rietman, J. D., 1973, Oligocene stratigraphy, tectonics, 
and paleogeography southwest of the San Andreas fault, Santa Cruz 
Mountains and Gabilan Range, California Coast Ranges: U.S. Geol. 
Survey Prof. Paper 783, 18 p. 

Clark, S. G., 1940, Geology of the Covelo district, Mendocino County, 
California: California Univ. Dept. Geol. Sci. Bull., v. 25, no. 2, 
p. 119-142. 

Clarke, S. H., Jr., 1973, The Eocene Point of Rocks Sandstone--Provenance, 
mode of deposition and implications for the history of offset along 
the San Andreas fault in central California: California Univ., 
Berkeley, Ph.D. thesis, 302 p. 

Andreas fault, central and 
and Nur, Amos, eds., Proc. 
fault system, p. 358-367: 
494 p. 

Colburn, Ivan, 1961, The tecton 

Clarke, S. H., Jr., and Nilsen, T. H., 1973, Displacement of Eocene 
strata and implications for the history of offset along the San 

northern California, in Kovach, R. L., 
conf., tectonic problems of the San Andreas 
Stanford Univ. Pubs. Geol. Sci., v. 13, 

c history of Mt. Diablo, California: 
Stanford Univ., Stanford, Calif., Ph.D. thesis, 276 p. 

Crowell, J. C., 1952, Strike-slip displacement of the San Gabriel fault, 
southern California: California Div. Mines Bull, 170, chap. 4, 
p. 49-52. 

- .  1962, Displacement along the San Andreas fault, California: 
SOC. America Spec. Paper 71, 61 p. 

Geol . 

t 

1974, Sedimentation along the San Andreas fault, California - in 
DOtt, R. H-, Jr., and Shaver, R, H., eds., Modern and ancient geo- 
synclinal sedimentation, p. 292-305: SOC. Econ. Paleontologists 
and Mineralogists Spec. Pub. 19, 380 p. 

146 



i 

Crowell, J. C., and Sus i, .Takeo, 1959, Eocene stratigraphy and 
paleontology, Orocopia Mountains, southeastern California: Geol. 
SOC. America Bull., v. 70, p. 581-5192, 
\ 

Cummings, J. C., Touring, R. M., and Brabb, E. E., 1962, Geology of the 
northern Santa Cruz Mountains, California, in Bowen, 0. E., Jr., ed., 
Geologic guide to the oil and gas fields of'iorthern California, 
p. 179-220: California Div. Mines and Geology Bull. 181, 412 p. 

Cushman, J. A., and McMasters, J. H., 1936, Middle Eocene Foraminifera 
from the Llajas formation, Ventura County, California: Jour. 
Paleontology, v. 10, no. 6, p. 497-517. 

Darrow, R, L., 1963, Franciscan Formation in the Montara Mountain 
quadrangle: California Div. Mines and Geology Spec. Rept. 78, 23 p. 

J 

Dibblee, T. W., Jr., 1950, Geology of southwestern Santa Barbara County, 
California: California Div. Mines Bull. 150, 95 p. 

. 1952, Geology of the Saltdale quadrangle, California: California 
Div. Mines Bull. 169, p. 7-43. - 

1967, Areal geology of the western Mojave Desert: U.S..Geol. Survey 
Prof. Paper 522, 153 p. 

- 1972, The Rinconada fault in the southern Coast Ranges, California, 
and its significance, in Technical Program Preprints: Pacific Secs., 
Am. Assoc . Petroleum Gzlogists, SOC. Explor. Geophysicists and SOC. 
Bakersfield, Calif. 

I Econ. Paleontologists and Mineralogists, Joint Ann. Mtg., 1972, 

Dickinson, W. R., 1965, Tertiary stratqgraphy of the Church Creek area,, 
Monterey County, California: California Div. Mines and Geology 
Spec. Rept. 86, p. 25-44. 

* 1966, Structural relat ionships of San Andreas f a u l t  system, Cholame- 
Valley and Castle Mountain Range, California: Geol. SOC. America 
Bull., v. 77, no. 7, p. 707-726. 

Dderner , D. P, , 1969, Lower Tertiary biostratigraphy of southwestern 
Santa Cruz Island, p. 17-29, in Weaver, D. W., [ea.], Geology of the 
northern Channel Islands: 
Geologists Spec. Pub., 200 p. 

Paxfic Sec., Am. Assoc . Petroleum 
Durham, D. L., 1974, Geology of the southern Salinas Valley area, Cali- 

Du'rrell, Cordell, 1966, Tertiary and Quaternary geology of the northern 

fornia: U . S .  Geol. Survey Prof. Paper 819, 111 p. 

Sierra Nevada, &Bailey, E. H., ed., Geology of northern California, 
p. 185-197: California Div. Mines and'Geology Bull. 190, 508 p. 

Effinger, W. L., 1936, Gaviota Formation of Santa Barbara County, Cali- 
fornia: Geol. SOC. America Proc. for 1935, p. 351-352. 

147 



i 

i 

i 

Flemal, R. C., 1967, Sedimentology of the Sespe Formation, southwestern 
California: Princeton Univ., Princeton, N. J., Ph.D. thesis, 230 p. 

FOSS, C. D., and Blaisdell, Robert, 1968, Stratigraphy of the west side 
southern San Joaquin Valley, in Guidebook, geology and oilfields, 
west side- southern San JoaquirValley, p. 33-43: 
Am. Assoc. Petroleum Geologists, SOC. Explor. Geophysicists and SOC. 
Econ. Palentologists and Mineralogists, Field Trip Guidebook. 

Pacific Secs., 

Galloway, A. J., 1961, The geology of the Point Reyes Peninsula: U.S. 
Natl. Park Service, Land Use Survey,. proposed Point Reyes Natl. 
Seashore, Region Four Office, San Francisco, Calif., p. 30-34. 

Gibson, J. M., 1972, The Anita Formation and "Sierra Blanca Limestone" 
kaleocene-early Eocene), western Santa Ynez Mountains, Santa 
Barbara County, California, in Weaver, D. W., leader, Central 
Santa Ynez Mountains, Santa Barbara County, California, p. 16-19: 
Pacific Secs., Am. Assoc. Petroleum Geologists and SOC. Econ. 
Paleontologists and Mineralogists, Field Trip Guidebook, 84 p. 

1973, Foraminiferal biostratigraphy of the Anita Formation, western 
Santa Ynez Mountains, Santa Barbara County, California: Southern 
California Univ., Los Angeles, M.S. thesis, 319 p. 

GOwer, H. D., Vedder, J. G., Clifton, H. E., and Post, E. V., 1966, 
Mineral resources of the San Rafael primitive area, California: 
U.S. Geol. Survey Bull. 1230-A, p. Al-A28. 

Gribi, E.,A., Jr., 1967, The Salinas basin oil province, in Payne, M. B., 
chm., Guidebook to the geology of Salinas Valley and7he San Andreas 
fault, p. 16-27: Pacific Secs., Am. Assoc. Petroleum Geologists and 
SOC. Econ. Paleontologists and Mineralogists, 168 p. 

Hackel, Otto, 1966, Summary of the geology of the Great Valley, in Bailey, 
E. H., ed., Geology of northern California, p. 217-238: 
Div. Mines and Geology Bull. 190, 508 p. 

Cazfornia 

Herrera,'L. J., Jr., 1951, Geology of the Tent Hills quadrangle, Cali- 
fornia: California Univ., Berkeley, M.A. thesis. 

Hill, M,,L., Carlson, S. A., and Dibblee, T. W., Jr., 1958, Stratigraphy 
of Cuyama Valley-Caliente Range area, California: Am. Assoc. 
Petroleum Geologists Bull., v. 42, no. 12, p. 2973-3000. 

Hill, M. L., and Dibblee, T. W., Jr., 1953, San Andreas, Garlock and 
Big,Pine faults, California--a study of the character, history, and 
tectonic significance of their displacement: Geol. SOC. America 
Bull., v. 64, no. 4, p. 443-458. 

Howell, D. G., 1974, Middle Eocene paleogeography of southern California: 
California Univ., Santa Barbara, Ph.D. thesis, 228 p. 

1975, Middle Eocene paleogeography of southern California: this 
vol . 

148 



Howell, D. G., Stuart, C. V., Platt, J. P., and Hill, D. J., 1974, 
Possible strike-slip faulting in the southern California border- 
land: Geology, v. 2, no. 2, p. 93-98. 

Field Trip Guidebook, 110 p. 

Kleist, J. R., 1974, Deformation by soft-sediment 
Coastal Belt, Franciscan Complex: Geology, v. 

‘,Kriz, S. J., 1947, Stratigraphy and structure of the 
Reasoner Canyon area, Ventura and Los Angeles 
Princeton Univ., Princeton, N. J., Ph.D. thesis, 

Lachenbruch, M. C., 1962, Geology of the west side 
Valley, California, in Bowen, 0. E., ed., Geologic 
and oil fields of nozhern California, p. 53-66: 
Mines and Geology Bull. 181, 412 p. 

Link, M. H., 1975, Stratigraphy and sedimentology 04 

Huey, A, S., 1948, Geology of the Tesla quadrangle, California: Cali- 
fornia Div. Mines Bull. 140, 75 p. 

Kaar, R. <F., 1962, Lower Tertiary Foraminifera from north central San 
Benito County, California: California Univ., Berkeley, M.A. thesis, 
144 p. 

extension in the 
2 ,  no. 10, p. 501-504. 

Whitaker Peak- 
aounties, California: 

68 p.- 

of the Sacramento 
guide to the gas 
California Div. 

The Rocks Sandstone, 

Kelley, F, R., 1943, Eocene stratigraphy in the western Santa Ynez Moun- 
tains, Santa Barbara County, California: Am. Assoc. Petroleum 
Geologists Bull., V. 27, no. 1, p. 1-19. 

Kennedy, M. P., and Moore, G. W., 1971, Stratigraphic relations of Upper 
Cretaceous and Eocene formations, San Diego coastal area, California: 
Am. Assoc. Petroleum Geologists Bull., v. 55, no. 5, p. 709-722. 

Kerr, P. F., and Schenck, H. G., 1925, Active thrust-faults in San Benito 
.County, California: Geol. SOC. America Bull., v. 36, no. 3, 
p. 465-494. 

1928, Significance of the Matilija overturn [Santa Ynez Mountains, 
Califprnia]: Geol. SOC, America Bull., v. 39, no. 4, p. 1087-1102. 

with Programs, v. 7, no. 3, p. 341-342. 

149 



1 
i 

Mallory, V. S., 1959, Lower Tertiary biostratigraphy of the California 

c Coast Rangesr Tulsa, Okla., Am. Assoc. Petroleum Geologists, 416 p. 

1970, Lower Tertiary Foraminifera from the Media Aqua Creek drainage 
area, Kern County, California: 
State Mus. Res. Rept. No. 2, 211 p. 

Thomas Burke Memorial Washington 

McCracken, W. A.,,1972, Paleocurrents and petrology of Sespe sandstones 
and conglomerates, Ventura basin, California: 
Stanford, Calif., Ph.D. thesis, 192 p. 

Stanford Univ., 

McLaughlin, R. J., 1973, Geology of the Sargent fault zone in the 
vicinity of Mount Madonna, Santa Clara and Santa Cruz Counties, 
California: California State Univ., San Jose, M.S. thesis, 137 p. 

Michael, E. D,,.1966, Large lateral displacement on Garlock fault, Cali- 
fornia, as measured from offset fault system: 
Bull., v. 77, no. 1, p. 111-114. 

Geol. SOC. *America 

Morris, E. C., 1962, Mineral correlations of some Eocene sandstones of 
central California: Stanford Univ., Stanford, Calif., Ph.D. 
thesis, 85 p. 

Nili-Esfahani, Alireza, 1965, Investigation of Paleocene strata, Point 
Lobos, Monterey County, California: California Univ., Los Angeles, 
M.A. thesis, 228 p. 

Nilsen, T. H., 1973, Facies relations in the Eocene Tejon Formation Of 
the San Emigdio and western Tehachapi Mountains, California, 
Vedder, J. G., chm., Sedimentary facies changes in Tertiary rocks-- 
California Transverse and southern Coast Ranges, p. 7-23: SOC. 
Econ. Paleontologists and Mineralogists Field Trip Guidebook, no. 2, 
1973 Ann. Mtg., Anaheim, Calif.,.GO p. 

Nilsen, T. H., and Clarke, S. H., Jr., 1975, Sedimentation and tectonics 
in the early Tertiary continental borderland of central California: 
U.S.,Geol. Survey Prof. Paper 925, in press. 

Nilsen, T. H., Dibblee, T. W., Jr., and Addicott, W. O., 1973, Lower and 
middle Tertiary stratigraphic units of the San Emigdio and western 
Tehachapi Mountains, California: U.S. Geol. Survey Bull. 1372-H, 
p. Hl-H23. 

Nilsen, T. H., Dibblee, T. W., Jr., and Shoni, T. R., Jr., 1974, 
Stratigraphy and sedimentation of the Cantua Sandstone Member of 
the Lodo Formation, Vallecitos area, California, & Payne, M. B., 
chm., "he Paleogene of the Panoche Creek-Cantua Creek area, p. 38- 
68: Pacific Sec., SOC. Econ. Paleontologists and Mineralogists, 
Field Trip Guidebook, 152 p. 

Nilsen, T. H., and Link, M. H., 1975, Stratigraphy, sedimentology and 
offset along the San  Andreas fault of Eocene to lower Miocene 
strata of the northern Santa Lucia Range and the San Emigdio 
Mountains, Coast Ranges, central California: this vol. 

150 



Nilsen, T. H., and Simoni, T. R., Jr., 1973, Deep-sea fan paleocurrent 
patterns of the Eocene Butano Sandstone, Santa Cruz Mountains, 
California: Jour., ceol. Survey Res.# V. 1, no. 4, p., 439-452. 

O'Brien, 3. M., 1973, Narizian-Refugian (Eocene-Oligocene) sedimentation, 
western Santa Ynez Mountains, Santa Barbara County, California: 
California Univ., Santa Barbara, Ph.D. thesis. 

O'Day, Michael, 1974, Correlation of the sandstones of the central and 
coastal belts of the Franciscan complex, northern California: 
Geol. SOC. America Abs. with Programs, V. 6, no. 3, p. 230-231. 

O'Day, Michael, and Kramer, J. C., 1972, The "coastal belt" of the 
. northern California Coast Ranges, in Moores, E. M., and Matthews, 
R. A. 8 eds., Geologic guide to thexorthern Coast Ranges--Lake, 
Mendocino and Sonoma Counties, California, p. 51-56: Geol. SOC. 
Sacramento, Field Trip Guidebook, 136 p. 

Ortalda, R. A., 1950, Geology of the northern part of the Morgan Hill 
quadrangle, California: California Univ., Berkeley, M.A. thesis, 
55 p. 

Pacific Sec., Am. Assoc. Petroleum Geologists, 1951, Cenozoic correlation 
section 1 from northside Mt.,Diablo to eastside Sacramento Valley: 
Los Angeles, Pacific Sec., Am. Assoc. Petroleum Geologists. 

1957a, Cenozoic correlation section 8, south San Joaquin Valley, San 
Andreas fault to Sierra Nevada foothills, California: 
Pacific Sec., Am. Assoc. Petroleum Geologists. 

Los Angeles, 

- 1957b, Correlation section 9, central San Joaquin Valley, San 
Andreas fault to Sierra Nevada foothills: 
Am. Assoc. Petroleum Geologists. 

1958, Correlation SectionslON and S (2 sheets), central San Joaquin 
Valley, Rio Vista through Riverdale and Riverdale through Tejon 
Ranch area, California: Los Angeles, Pacific Sec., Am. Assoc. 
Petroleum Geologists. 

1959, Correlation section 11, westside San Joaquin Valley, Coalinga 
to Midway Sunset and across San Andreas fault into southeast Cuyama 
Valley, California: Los Angeles, Pacific Sec., Am. Assoc. Petroleum 

Los Angeles, Pacific Sec., 

' Geologists. 

1960, Cenozoic correlation section 13, longitudinally north-south 
through Sacramento Valley from Red Bluff to Rio Vista, California: 
Los Angeles, Pacific Sec., Am. Assoc. Petroleum Geologists. 

- 

- 1967a, Correlation section 15, Sacramento Valley, Suisun Bay to Lodi, 
California: fios Angeles, Pacific Sec., Am. Assoc. Petroleum Geologists. 

1967b, Correlation section 16, Sacramento Valley, Winters to MOdeStO, 
California: Los Angeles, Pacific Sec., Am. Assoc. Petroleum J Geologists. 

1 
I 

151 
~ I 



Pacif ic  Sec., Am. A s s o c .  Petroleum Geologists, 1969, Correlation section 
17: San Joaquin Valley, Kingsburg t o  Tejon H P l l s ,  California: Los 
Angeles, Pacific Sec., Am. Assoc. Petroleum Geologists. 

Page, B. M., and Tabor, L. T., 1967, Chaotic s t ructures  and d6collements 
i n  Cenozoic rocks near Stanford University, California: Geol. SOC. 
America B u l l . ,  V. 78, no. 1, p. 1-12. 

Payne, M. B., 1951, Type Moreno Formation and overlying Eocene strata on 
the  w e s t  s ide  of t he  San Joaquin Valley, Fresno and Merced Counties, 
California: California Div. Mines Spec. Rept. 9, 29 p. 

Phi l l ips ,  F. J., Tipton, Ann, and Watkins, Rodney, 1974, Outcrop s tudies  
of the  Eo-Oligocene Tumey Formation, Monocline Ridge, Fresno County, 
California,  i n  Payne, M. B., chm., The Paleogene of the Panoche 
Creek-Cantuayreek area, p. 99-131: 
Paleontologists and Mineralogists, Field Trip Guidebook, 152 p. 

Pacific Sec,, SOC. Econ. 

Redwine, L. E., 1972, The Tert iary Princeton s u h a r i n e  val ley sequence, 
California,  Parts I and 11: California Univ., Los Angeles, Ph.D. 
thes i s ,  480 p. . 

Safonov, Anatole, 1962, The challenge of the Sacramento Valley, C a l i -  
fornia,  &Bowen, 0. E., Jr., ed., Geologic guide to the o i l  and 
gas f i e l d s  of northern California,  p. 77-97: California Div. Mines 
and Geology B u l l ,  181, 412 p. 

Sage, 0. G., 1973, Paleocene geography of southern California: Cali- 
fornia  Univ., Santa Barbara, Ph.D. thes i s ,  250 p. 

Schroeter, C. E., 1972, Stratigraphy and s t ruc ture  of the  Juncal Camp- 
Santa Ynez f a u l t  slice: California Univ., Santa Barbara, M.A. 
thes i s ,  89 p. 

Schwade, I. T., Carlson, S. A., and O'Flynn, J. B., 1958, Geologic 
environment of Cuyama Valley o i l  f i e l d s ,  California,  %Weeks, 
L. G., ed., Habitat of o i l ,  p. 78-98: Tulsa, Okla., Am. A s s o c .  
Petroleum Geologists, 1384 p, 

Seiden, Hy, 1964, Kettleman H i l l s  area (California):  San Joaquin G e o l .  
SOC., Selected Papers, v. 2,  p. 46-53. 

Sharp, R. V., 1967, San Jacinto f a u l t  zone i n  the Peninsular Ranges of 
southern California: Geol. SOC. America Bull . ,  v. 78, no. 6, 
p. 705-730. 

Smith, B. Y., 1957, L o w e r  Ter t iary Foraminifera from Contra Costa County, 
California: California Univ. Pubs. Geol. Sci., v. 32, no. 3, 
p. 127-242. 

Smith, G. I., 1962, Large lateral displacement on Garlock f a u l t ,  C a l i -  
fornia ,  a s  measured from o f f s e t  dike swarm:  Am. A s s o c .  Petroleum 
Geologists B u l l . ,  v. 46, no. 1, p. 85-104. 

152 

c 



i 
I 
i 
J 

Smith, H. P., 1956, Foraminifera from the  Wagonwheel Formation, Devils 
Den D i s t r i c t ,  California:  California Univ. Pubs. Geol. Sci., v. 32, 
no. 2, p. 65-126. 

1 
1 
1 
I Stauffer,  P, H., 1967, Grain-flow deposits and t h e i r  implications, Santa 
! 
i p. 487-508, 
I 

Ynez Mountains, California:  Jour, Sed. Petrology, v. 37, no. 2, 

I 

! 

Stock, Chester, 1931, Discovery of upper Eocene land mammals on the  
Pacif ic  Coast: Science, v. 74, no. 1927, p. 577-578. 

Sullivan, F. R., 1965, Lower Tert iary nannoplankton from the California 
Coast Ranges, I1 Eocene: California Univ. Pubs. Geol. Sci., v. 53, 
p. 1-75, 

Suppe, J o b ,  1970, Offset  of la te  Mesozoic basement terranes by the San 
Andreas f a u l t  system: Geol. SOC. America Bull , ,  v. 81, no. 11, 
p. 3253-3258. 

Swe, Win, and Dickinson, W. R., 1970, Sedimentation and thrust ing of la te  
Mesozoic rocks i n  the  Coast Ranges near C l e a r  Lake, California: 
Geol. SOC. America Bull., v. 81, no. 1, p. 165-188. 

Tal iaferro,  N. L., 1944, Cretaceous and Paleocene of Santa Lucia Range, 
California:  Am. Assoc. Petroleum Geologists Bull . ,  v. 28, no. 4, 
p. 449-521. 

1945, Geologic map of the  Holl is ter  quadrangle: California Div. 
Mines Bull .  143. 

1 
1 

i 

1 

Thbrup, R. R., 1941, Vaqueros formation (Tertiary) a t  i t s  type loca l i t y ,  
Juniper0 Serra quadrangle, Monterey County, California Labs.]: 
G e o l .  SOC. America Bul lo ,  v. 52, no. 12,  p. 1957-1958. 

i 
f 
1 Travers, W. B., 1972, A trench of f  cen t ra l  California i n  la te  Eocene- 

1 p. 173-182: Geol. SOC. America Mem.  132, 683 p. 

i 

I e a r ly  Oligocene t i m e ,  in Studies i n  ear th  and space sciences, 

Vedder, J. G., Beyer, L, A., Junger, Arne, Moore, G ,  W., Roberts, A. E., 
Taylor, J. C., and Wagner, H. C., 1974, Preliminary report on the 
geology of t he  continental  borderland of sguthern California:  U.S. 
Geol. Survey Misc. Field Studies Map MF-624. 

Vedder, J. G., and Brown, R. D., Jr., 1968, Structural  and s t ra t igraphic  
relations along the  Nachiento f a u l t  i n  the  southern Santa Lucia 
Range and San Rafael Mountains, California,  i n  Dickinson, W. R., 
and Grantz, Arthur, eds., Proc. conf . geol. problems of San Andreas 

! 
1 

i f a u l t  system, p. 242-259: Stanford Ueiv. Pubs. Geol. Sci., V. 11, 

1 
374 p. 

Vedder, J. G . ,  Dibblee, T. W., Jr., and Brown, R. D., Jr., 1973, Geologic ~ 

map of t he  upper Mono Creek-Pine Mountain area, California: U.S. 
G e o l .  Survey M i s c .  G e o l .  Inv. Map 1-752. J 

I 
I 
I 
L 

153 1 



Vedder, J. G., and Norris, R. M., 1963, Geology of San Nicolas Island, 
California: U.S. Geol. Survey Prof. Paper 369, 65 p. 

Vedder, J. G., Yerkes, R. F., and Schoellhamer, J. E., 1957, Geologic 
map of the San Joaquin Hills-San Juan Capistrano area, Orange 
County, California: U.S. Geol. Survey Oil and Gas Inv. Map OM-193. 

Weaver, C. E., 1953, Eocene and Paleocene deposits at Martinez, Cali- 
fornia: Washington Univ. Pubs. in Geology, v. 7, p. 1-102. 

Weaver, D. W., 1962, Eocene Foraminifera from west of Refugio PaSS, 
California: California Univ. Pubs. Geol. Sci., v. 37, no. 5, 
p. 353-420. 

Weaver, D. W., and Doerner, D. P., 1969, Lower Tertiary stratigraphy, 
San Miguel and Santa Rosa Islands, p. 30-47, in Weaver, D. W., 
[ea.], Geology of the northern Channel Islandz 
Assoc. Petroleum Geologists-Spec. Pub., 200 p. 

Pacific Sec., Am. 

Weaver, D. W., and Molander, G. E., 1964, The Eocene faunal sequence in 
the eastern Santa Rosa Hills, Santa Barbara County, California: 
California Univ. Pubs. Geol. Sci., v. 41, no. 3, p. 161-248. 

Weaver, W. R., and Weaver, D. W., 1962, Upper Eocene Foraminifera from 
the southwestern Santa Ynez Mountains, California: California 
Univ. Pubs. Geol. Sci., v. 41, no. 1, p. 1-96. 

Wentworth, C. M., Jr., 1966, The Upper Cretaceous and lower Tertiary 
rocks of the Gualala area, northern Coast Ranges, California: Stan- 
ford Univ., Stanford, Calif., Ph.D. thesis, 197 p. 

1968, Upper Cretaceous and lower Tertiary strata near Gualala, Cali- 
fornia, and inferred large right slip on the San Andreas fault, * 
Dickinson, W. R., and Grantz, Arthur, eds., Proc. conf. geol. problems 
of San Andreas fault system, p. 130-143: Stanford Univ. Pubs. Geol. 
Sci,, v. 11, 374 p. 

White, R. T., 1940, Eocene Yokut Sandstone north of Coalinga, California: 
Am. Assoc. Petroleum Geologists Bull., v. 24, no. 10, p. 1722-1751. 

Wilson, I. F., 1943, peology of the San Benito quadrangle, California: 
California Jour. Mines and Geology, v. 39, no. 2, p. 183-270. 

Woodring, W. P., and Popenoe, W. P., 1945, Paleocene and Eocene stratig- 
raphy of the northwestern Santa Ana Mountains, Orange County, Cali- 
fornia: U.S. Geol. Survey Oil and Gas Inv. Prelim. Chart 12, 

Yerkes, R. F., and Campbell, R. H., 1971, Cenozoic evolution of the Santa 
Monica Mountains-Los Angeles basin area: 
Abs. with Programs, v. 3, no. 2, p. 222-223. 

Geol. SOC. America 

Yerkes, R. F., McCulloch, T. H., Schoellhamer, J. E., and Vedder, J. G., 
1965, Geology of the Los Angeles basin, California - an introduction: 
U.S. Geol. Survey Prof. Paper 420-A, p. Al-A57. 

c 

i 
Zimmeman, John, Jr., 1944, Tumey Sandstone (Tertiary), Fresno County, California: 

Am. Assoc. Petroleum Geologists Bull., v. 28, no. 7, p. 953-976. 

154 
4 



Upper Cretaceous and Paleogene Stratigraphy 
along the Western Big Pine f a u l t ,  
Santa Barbara County, California 

by 

Steven C. Comstock 
Department o€ Geological Sciences 
University of California 
Santa Barbara, Cal i fornia  93106* 

ABSTRACT 

Approximately 4130 meters of Upper Cretaceous and Paleogene rocks 
a r e  exposed i n  a 70 square kilometer area along the Big Pine f a u l t  i n  
northern Sianta Barbara County, 
of arkosic  sandstones, s i l t s t o n e s  and s i l t y  mudstones. Minor conglom- 
e r a t e s ,  shales  and limestones are a l s o  present. 
cordant from Upper Cretaceous through Middle Eocene, and include a 
previously unreported Paleocene sequence’. 
s i g n i f i c a n t l y  d i f f e r e n t  on opposite s ides  of the Big Pine f a u l t ,  with 
the S ier ra  Blanca Limestone lying only t o  the south of the f a u l t ,  and 
with l i t h o l o g i c  cont ras t s  i n  the separate  undifferent ia ted Eocene 
sequences . 

The l i thology cons is t s  predominantly 

The s t r a t a  are con- 

The rock sequences a r e  

Upper Cretaceous rocks were deposited i n  bathyal depths by proximal 
t u r b i d i t y  currents  from a g r a n i t i c  and s i l iceous  metavolcanic landmass 
t o  the northeast .  
bathyal (1OOOm t o  200Om) depths. The Sierra Blanca Limestone represents  
several  Eocene a l g a l  bank l i t h o f a c i e s  of Penutian(?) Age associated with 
a l o c a l  topographic high t o  the southwest. 
i n  the  Middle Eocene and t u r b i d i t e  deposi ts  again came from the north- 
east . 

Paleocene s i l t y  mudstones were depos’ited i n  outer 

This l o c a l  high disappeared 

INTRODUCTION 

The Big Pine f a u l t  trends east-west across Santa Barbara, Ventura 
and Kern Counties, Cel i fornia ,  a t  the boundary between the Coast and 
Transverse Ranges. (Fig. 1) The western portion of the f a u l t  extends 
through rugged San Rafael Wilderness Area, where problems of access and 
poor rock exposure have l imited previous s tud ies  t o  reconnaissance 
methods-only (Fairbanks, 1894; Nelson, 1925; Vedder e t  a l ,  1967). 

Cretaceous and Paleogene rocks are exposed both north and south 
Big Pine f a u l t  i n  t h i s  area.  Approximately 410Om of sec t ion  was 

recorded i n  a 70 square km area i n  northern Santa Barbara County 

*Present address: Mobil O i l  Corporation 
P. 0 .  Box 5444 
Denver, Colorado 80217 
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Figure 1. I n d e x  map.  
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[.:.:I Miocene Monterey ( ? )  

Eocene Juncal(?) 

Siliceous shale and silty claystone 

Sandstone and siltstone w/minor conglomerate shale 

mi] Eocene 
n Paleocene Anita(?) Silty mudstone, limy siltstone very fine sandstone 

--- Upper Cretaceous Unnamed Sandstone, siltstone and conglomerate 

Sierra Blanca Limestone Limestone w/interbedded limy to silty mudstone 

. .  



STRATIGRAPHY 

CRETACEOUS 

Lithology 

Approximately 1 8 3 h  of Upper Cretaceous rocks a r e  exposed i n  the  
mapped area  north of t he  Big Pine f a u l t .  These rocks cons i s t  mainly 
of approximately equal thicknesses of (a) dark colored, very t h i n  t o  
medium bedded, very f i n e  grained sandstone, s i l t s t o n e  and massive 
s i l t y  mudstone, interbedded i n  gross i n t e r v a l s  with (b) l i g h t  colored, 
t h i ck  t o  very th i ck  bedded, coarse grained sandstone and subordinate 
conglomerate. 
conglomerate c l a s t s  a r e  predominantly s i l i c e o u s  metavolcanic and coarse 
grained g r a n i t i c ,  with lesser amounts of q u a r t z i t e .  

The sandstones a r e  genera l ly  l i t h i c  arkose and the  

The coarse grained u n i t s  (b) a r e  in t e rp re t ed  a s  proximal t u r b i d i t e  
f a c i e s  according t o  t h e  c r i t e  s tab l i shed  by Walker (1967). Evidence 
supporting t h i s  i n t e r p r e t a t i o  ludes (1) the l e n t i c u l a r  and channeled 

the  absence of sha les  o r  abundant very 
the bedding; (2) t h  ck, coarse-grained and massive l i t h -  

ed equivalents;  and the abundance of sedimentary s t ruc -  
the  sandstone u n i t s ;  

t u r e s  associated with the  h i  rgy flow regime. 

The most common l i t h o l o g i c  trend encountered i n  these  coarse- 
grained u n i t s  i s  a f in ing  upward sequence from conglomerate t o  s i l t -  
s tone ,  and containing most elements of an idea l ized  t u r b i d i t e  s t r u c t u r e  
sequence (Bouma, 1962). P e l i t i c  d iv i s ions  were r a r e l y  observed, however, 
and the  uppermost exposed d iv i s ion  of p a r a l l e l  laminations i n  each 
sequence is most of t en  convoluted and/or b iogenica l ly  disturbed. 
lower and upper lOcm t o  l m  of t h i ck  t o  very th i ck  bedded sandstone 
d iv i s ions  a r e  usua l ly  graded, while t h e  c e n t r a l  portions may be massive 
and s t r u c t u r e l e s s  o r  contain d i s h  and a l e u t r i a t i o n  (de-watering) f ea tu res .  

The 

The lower contacts of the  coarse-grained u n i t s  most o f t en  d isp lay  
channels, scour marks, f l u t e  c a s t s ,  s t r i a t i o n s ,  prod marks, t o o l  marks 
and other primary sedimentary s t r u c t u r e s  normally assoc ia ted  with a high 
energy flow regime (Walker, 1967). These f ea tu res ,  along with s h a l e  
I 1  rip-ups" and overturned convolutions and flames i n  the  finer-grained 
u n i t s  a r e  in te rpre ted  a s  paleotransport  d i r e c t i o n  ind ica to r s  (Fig. 3). 

Paleocurrent d i r ec t ions  a r e  in t e rp re t ed  from measurements of sed i -  
mentary s t r u c t u r e s  such as r ipp le s ,  f o r e s e t s ,  trough laminations and 
o thers  commonly found i n  t h e  finer-grained u n i t s  of the Upper Cretaceous 
sequence (Fig. 4). These fine-grained u n i t s  (a) a r e  in t e rp re t ed  a s  
t u r b i d i t e  and marine l u t i t e  f a c i e s ,  and are composed predominantly of 
p a r a l l e l  laminated and r i p p l e  laminated very t h i n  t o  t h i n  bedded s i l t -  
stones and massive s i l t y  mudstones. 

Approximately 55Om(?) of Upper Cretaceous rocks of both the  proxi- 
mal t u r b i d i t e  and t u r b i d i t e  and marine l u t i t e  f a c i e s  are very poorly 
exposed south of the  North Branch of the Big Pine f a u l t  i n  the  western 
por t ion  of the  mapped area  (Fig. 2) .  1 
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m l ini 'directional ~ B l d i r e c t l o n a l  

il 3rre 3. Paleot ransgor  d i r e c t i o n  rose  f i r  5 8  Upper 
C r c t a c e w s  sed tgen t s ry  s t r u c t u r e  readinqs.  
D a t a  f rom nor th  of the  Big Pine f a u l t  and 
s m t h  o f  Yest B io  P i n e  Mountain. In t e rva l  
f o r  bear ing  10 deorees ;  c i r c l e  a t  12 u n i t  
d i s t ance .  

- 

=Unid i r ec t iona l  Bfd t r ec t iona l  

Fioure 4. Paleocdrren t  d l r e c t i o n  rose  f o r  6 7  Upper  
Cretaceous sedimentary s t r u c t u r e  readinas .  
Data from north of t he  B i a  Pine f a u l t  and 
soutn o f  Nest 6 f o  Pine Mountain. I n t e r v a l  
for bearing 10 degrees ;  c i r c l e  a t  12 u n i t  
d i s t ance .  



The base of the  Cretaceous sequence is  not exposed i n  t h e  mapped 
area. To the northwest, near Figueroa Mountain (Fig. I), t h i s  sect ion 
unconformably over l ies  both Jurass ic  and Lower Cretaceous Espada(?) 
rocks (Dibblee, 1950). 
age t o  microfossils  from t h i s  section. 
yielded an assemblage indicat ive of e a r l y  Maestrichtian and/or l a t e  
Campanian, Upper Cretaceous (App. 1) . 

Vedder and others  (1967) assigned a "Cretaceous" 
Samples col lected f o r  t h i s  study 

Paleogeography 

Paleocurrent and paleotransport  data  from the Cretaceous rocks of 
t h i s  area ind ica te  sediment movement from east-northeast  t o  west-south- 
west (Figs. 3 and 4). 

Limited t race  f o s s i l s  included i n  the Nereites ichnofacies of 
Seilacher (1967) suggest deposit ion a t  bathyal or s l i g h t l y  shallower 
depths i n  an area of tu rb id i ty  current  deposition. 

Outer bathyal (1000-2OOOm) depths of deposit ion a r e  suggested by 
the microfaunal assemblages of t h i s  sequence (App. 1). The Bathvsiphon 
eocenicus - Rhabdammina eocenica assemblage of sample 744-3-3 is 
ecological ly  c h a r a c t e r i s t i c  of the outer bathyal environment. 
t i o n a l l y ,  Bulh ina  spinata  and Gyroidina-like forms of 
sample Bp-5m character ize  these depths. 

Addi- 

PALEOCENE 

Rocks of Paleocene age have not previously been reported from t h i s  
generalregion.  Thenearest  known exposures of Paleocene rocks a r e  (1) 
the  Pattiway Formation of the Caliente Range and San Emigdio Mountains, 
35 Rm northeast  of the study area and (2) the lower 60 meters of the 
Anita Formation i n  the western Santa Ynez Mountains, 65 Km southwest of 
the study area (Sage, 1973). 

Lithology 

I n  the study area,  these rocks a r e  greenish gray t o  o l i v e  green, 
t h i n  bedded s i l t y  mudstones and interbedded gray t o  brownish gray, t h i n  
bedded, limy s i l t s t o n e s  and very fine-grained, t h i n  bedded sandstones. 
They occur both north and south of the Big Pine f a u l t .  

This rock sequence is conformable with the underlying Upper Cre- 
taceous rocks, i s  concordantly overlain by the S ier ra  Blanca limestone 
south of the Big Pine f a u l t ,  and appears conformable with the  over- 
lying Eocene rocks north of the f a u l t .  
i n t e r v a l  both north and south of the Big Pine f a u l t  yielded age determi- 
nations of Upper Paleocene (Buli t ian ?) (App. 1). Key species  i n  these 
determinations, those whose occurrences a r e  r e s t r i c t e d  t o  the  Paleocene, 
include Globinerina velascoensis,  Globorotalia brodermanni and Spiro- 
plectammina gryzbowski. Several other foraminifers whose most common 
occurrence is i n  the Paleocene, such as  Pelosina complanata, Dorothia 
b u l l e t t a  and Haplophragmoides egg&r&r, were found i n  abundance i n  
these samples. 

Microfossil  samples from t h i s  
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t h e  Gyroidina faunules, Bathysiphon eocenicus - Rhabdammina 
eocenicus assemblages and diverse arenaceous assemblages indicate  

outer  bathyral  (1000-2OOOm) depths of deposit ion,  
tonic  foraminifers are c h a r a c t e r i s t i c  of open ocean influencel 
d i r e c t i o n a l  sedimentary s t r u c t u r e  data  from t h i s  u n i t  a r e  presented 
i n  Figure 5. 

The diverse plank- 
Sparse 

SIERRA BLANCA LIMESTONE 

The S i e r r a  BlanaLimestone Formation has been mapped and 
described by many workers as discontinuous lenses throughout many p a r t s  
of Santa Barbara and Ventura Counties (summarized by Vedder, 1972, p. 
D2 and D5). 

The formation crops out along a s e r i e s  of r idges south of and 
general ly  p a r a l l e l  t o  the Big Pine f a u l t  across most of the  mapped 
area (Fig 2).  

Thickness of the formation var ies  throughout the region from a s  
l i t t l e  as a few centimeters, t o  the 68 M sec t ion  a t  the type l o c a l i t y  
(Keenan, 1932). The u n i t  th ins  t o  less than a meter i n  the c e n t r a l  
study area,  thickens east and west t o  approximately loom, and pinches 
out (? )  e n t i r e l y  t o  the east. 
north of the Big Pine f a u l t .  

The S ier ra  Blanca Limestone i s  not exposed 

Lithology 

The rocks a r e  generally interbedded limestone, limy t o  s i l t y  mud- 
s tone and s i l t s t o n e .  
ca t ion  of these rocks i n t o  several  l i t h o f a c i e s  which are inferred t o  
represent  deposits of: 1) an a l g a l  bank; and associated 2) s h e l f ;  
3) breccia;  4) t a l u s  slope; and 5) transgressive sand. 

Lithology and internal '  s t ruc tures  allow c l a s s i f i -  

I n  the westernmost exposures of the formation limestone occurs i n  
t h i r t y  o r  more individual t h i n  t o  medium th ick  beds interbedded with 
s i l t y  t o  massive mudstones. The t h i n  bedded limestones a r e  general ly  
micr i te  or  biomicrite.  The medium th ick  beds commonly grade upwards 
from a basal  pebbly-sandy, biosparrudite or  microfossi l i ferous i n t r a -  
sparrudi te  i n t o  micr i te  or  biomicrite.  
contains large mi l io l id  and orb i to id  Foraminifera up t o  4.5mm i n  
diameter as well  a s  abundant carbonaceous woody plant mater ia l .  
rocks a r e  indicat ive of the shallow wat shelf  fac ies .  

This l i t h o l o g i c  assemblage 

These 

Massive, predominantly b i o l i t h i t e  beds, formed calcareous a l g a l  
bioherms, may comprise as much as 20-30% of the  l i thology i n  the west- 
c e n t r a l  map area.  

The breccia l i t h o f a c i e s  i s  represented by th ick  beds of blocky, 
angular fragments of a l g a l  c l u s t e r s  and other  broken allochemical rocks 
and intraclasts ,  lmm t o  20cm i n  diameter, cemented with sparry c a l c i t e .  
These rocks are noted immediately east and west of the a l g a l  bank 
l i t h o f a c i e s .  

. Further e a s t ,  individual  limestone beds a r e  less abundant, much 
thinner  bedded i n  general ,  and exclusively in t raspar rudi tes  with 
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subordinate structureless orthochemical beds. Here, interbedded limy 
to silty mudstones, massive claystones and thin bedded limy quartzitic 
siltstones yield planktonic dominated microfossil assemblages. These 
rocks are inferred to represent the talus slope facies. The top of 
this sequence is in the form of a lenticular, light gray, medium to 
coarse grained limy sandstone or laterally equivalent sandy limestone. 
This facies overlies all others in the formation and is interpreted as 
a transgressive sand. 

3 

Limited directional sedimentary structures from the formation 
indicate movement from south to north-northwest (Fig. 6). 

Age 

Johnson (1968) summarizes previous authors' evidence for the age 
of Sierra Blanca Limestone. 
(lower Eocene) for this unit based on important orbitoid Foraminifera. 

A microfossil sample from the unit 2.8 Km south of the study area 
suggests a Middle(?) Eocene Age (Vedder, et al, 1967), Schroeter (1972) 
described Foraminifera and reported nannoplankton from the formation 
18 Km south of the present study area, which were supportive of a 
Penutian Age. 
planktonic microfossils, for the Sierra Blanca Limestone in the Moon- 
shine Canyon area 70 Km southeast of the study area. 
argues that on this basis the benthonic Foraminifera must have longer 
ranges than previously supposed and are therefore inadequate for bio- 
stratigraphic age determinations. 

Mallory (1959) assigns a late Penutian Age 

Gibson (1972) suggests a 'bedial Paleocene age," based on 

Gibson (1972) 

However, paleoenvironmental reconstruction of the regional exposures 
of the formation by Johnson (1968) and more detailed local paleogeography 
interpreted by Schroeter (1972) suggest that the sequence was transgres- 
sive toward the north and east. In such a transgression, the formation 
would necessarily be older in the southwest than in the northeast. 
Thus, it may be the Sierra Blanca Limestone that is time transgressive 
and not the benthonic Foramin'ifera, as suggested by Gibson (1972). 

. 

EOCENE 

Eocene rocks are exposed concordantly above Sierra Blanca Lime- 
stone south of the Big Pine fault and concordantly above the Paleocene 
sequence north of the fault. They were assigned to the widely applied 
"Juncal" formation by Dickenson (19693 and Vedd 
sedimentary sequence may be in part equiv 
and Cozy Dell formations of western Santa 

Lithology 
L 

South of the fault, the 925 m of this unit within the mapped area 
is composed primarily of sandstone and siltstone, with a few thin lenses 
qf pebble conglomerate and minor amounts of mudstone and shale. 
thick bedded, medium grained lithic arkoses and thinly interbedded silt- 
stones which dominate the sequence display evidences of turbidity 
current origin. 

The 
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North of the f a u l t ,  the  sequence i s  considerably thicker  and 
coarser than the Eocene rocks t o  the south. 
of these rocks exposed within the mapped area are predominantly gray 
t o  yellowish-brown, medium t o  very coarse grained sandstone, with 
numerous lenses of pebble t o  boulder conglomerates. 
brownish-gray s i l t s t o n e s  occur loca l ly .  

The approximately 1500 M 

Interbedded 

Age 

Gower and others  (1966) suggest an age range from Lower(?) t o  
Middle Eocene f o r  the s t r a t a .  Vedder and others  (1967) indicate  a 
Middle(?) Eocene age f o r  these rocks. Howell (1975) suggests a Penu- 
t i a n (  ?) / U l i t i s i a n  (Lower (?) /Middle Eocene age) Foraminiferal species 
Globorotalia aequa and Globinerina soldadoensis a r e  present i n  a 
sample from the sequence north of the f a u l t .  The former i s  noted by 
Mallory (1959) as l a s t  occurring i n  the U l i t i s i a n  stage; and the l a t t e r  
noted by Schmidt (1970) a s  l a s t  occurring i n  h i s  "Subbotina" senni zone 
(Lower Eocene). Sedimentary s t ruc tures  col lected from t h i s  sequence 
ind ica te  a change i n  paleotransport  d i rec t ions  from north t o  southwest 
a few tens of meters from the base of the sect ion (Figs. 7 and 8) .  

MIOCENE 

An estimated 500(?) meters of l i g h t  colored, th in ly  bedded s i l iceous  
shale  and minor sandstone unconformably over l ie  the Eocene rocks i n  the  
western portion of the study area.  Vedder and others  (1967) suggest a 
Relizian( ?) Age f o r  these rocks. 

Upper Cretaceous rocks were deposited i n  lOOOm t o  200Om depths i n  
t h i s  area by t u r b i d i t y  currents  from a g r a n i t i c  and s i l i c e o u s  metavol- 
canic landmass t o  the northeast .  
i n  bathyal depths by low energy regime processes. 
occurred i n  Upper Paleocene t o  Lower Eocene times as  re f lec ted  by the 
shallow water deposits of the S ier ra  Blanca Limestone Formation. 
t h e  t i m e  of S i e r r a  Blanca deposit ion,  there was a localized high i n  the 
south c e n t r a l  port ion of the study area.  
and associated singular corals  and molluscan fauna were immediately 
flanked by brecciated deposits of t h i s  bank complex. 
shallow shelf  environment was dominated by biomicr i t ic  deposit ion.  To 
the  north and e a s t ,  deeper water and open ocean influence affected the 
deposit ion of predominantly in t raspar rudi te  assemblages. 
and north of the present Big Pine f a u l t  shallow water limestones were 
not  deposited. A transgression followed i n  the  Lower Eocene and tur -  
b i d i t y  current  deposits again came from the northeast .  
regression was followed by Miocene deposit ion of s i l i ceous  shales  and 
sandstones unconformably upon the older rocks. 

Paleocene age sediments were deposited 
An abrupt regression 

During 

Here, a calcareous a l g a l  biohem 

To the west, a 

Further  e a s t ,  

An Oligocene 
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APPENDIX 1 
Partial Foraminiferal Checklist 

Ammodiscus cZ. A .  inccrtus 
Anoma liaa ruk ISinosa 
Bathysiphon zocenicu’s 

Bulimina spinata 
B e  SP 
Cibicidcs susanaensis 
c. spp. 
c. sp. 
Claw. linoidcs cs li Zornicus 
Cribrostomoiles cretaceous 
Cyclamnina sp. 
Dentalina spp . 
Discorbis sp. 
Dorothia bullatta 
D. oqcona 
Eponides sp. 
Gaudryina bentoncnsis 
G. pyramidata 

Globigerina soldadoensis 
G. soldadoensis angulosa 
G. triloculinoides 
G. velascoensis 
G .  cf. G. mitidus 
G loborota lia aequa 
G. brodermarini 
G. elongata 
G. imitata 
G. pseudobuiloides 
G. velascoensis 
Gyr oid ina f lor ea 1 is 
G. soldianii 
G. cf. G. aequilateralis 
Gyroidinoides quadrata 
Haplophragnoides egzeri 
H. sp. 
Karr er ie 1 la ~ e d  ia -a qua ens is 
Iagena sp. 
Nonion sp. 
Pelosina complanata 
Pleurostomclla alazanensis var. cubensis 
P. sp. 
Pu 1 lenia qu inque lata 
Rhabdamina eocenica 
Robulus sp. 
Silicosigmolinn californica 
3y ir op L c c t axxina L L 0:) s!ci 
Textulnr ia , su;xoni.cci 
T. cf. T. Srgzbo:rski 
Trochamiina t;lobi,,crina~ormis 
V::r:iag i l i n a  np . 

B e  SP. 

. .  

Go sp- 
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1 
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fl 
I 
P 
F1 
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m K, 

R 
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M 
( 

!I 

r 
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I 
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R 
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F 
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- 
I 

I Sample locality (Fig. 2 )  

A abundant 
C cxmon 
F freqvent 
fa notel 
2 rare 
v;i vary rare 
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SEDIMENTOLOGY OF THE SOUTH POINT FORMATION ( E O C E N E ) ,  
SANTA ROSA ISLAND, CALIFORNIq 

J o h n  W. E r i c k s o n ,  Exxon Company, U.S.A. 
Los A n g e l e s ,  C a l i f o r n i a  

I N T R O D U C T I O N  

On t h e  C o n t i n e n t a l  B o r d e r l a n d  o f . S o u t h e r n  C a l i f o r n i a  
( S h e p a r d  a n d  Emery, 1 9 4 1 )  a r e  f o u n d  t h e  n o r t h e r n  C h a n n e l  
I s l a n d s :  A n a c a p a ,  S a n t a  C r u z ,  S a n t a  R o s a ,  a n d  San  M i g u e l .  
T h i s  east-west  t r e n d i n g  i s l a n d  c h a i n  f o r m s  t h e  o f f s h o r e  e x t e n -  
s i o n  o f  t h e  S a n t a  Monica  M o u n t a i n s  a n d  m a r k s  t h e  s o u t h e r n m o s t  
b o u n d a r y  o f  t h e  T r a n s v e r s e  Ranges  P r o v i n c e ,  c h a r a c t e r i z e d  b y  
g e n e r a l l y  east-west  s t r u c t u r a l  t r e n d s .  S a n t a  Rosa  (see f i g . 1 )  
i s  t h e  s e c o n d  l a r g e s t  i s l a n d  i n  t h e  c h a i n  w i t h  a maximum 
w i d t h  o f  10  m i l e s  ( 16  km) a n d  l e n g t h  o f  15  m i l e s  ( 2 4  km) a n d  
i s  a p p r o x i m a t e l y  30 m i l e s  ( 4 8  km) s o u t h w e s t  o f  S a n t a  B a r b a r a ,  
C a l i f o r n i a .  

The g e o l o g y  o f  S a n t a  Rosa I s l a n d  was f i r s t  d i s c u s s e d  by 
S m i t h  ( ~ 9 0 0 )  w i t h  r e f e r e n c e  o n l y  t o  t h e  e f f e c t s  of l i t h o l o g y  
o n  v a r i o u s  p h y s i o g r a p h i c  f e a t u r e s .  K e w  ( 1 9 2 7 )  made a r e c o n -  
n a i s s a n c e  o f  t h e  i s l a n d  f r o m  w h i c h  h e  d e l i n e a t e d  t h e  b a s i c  
s t r a t i g r a p h y .  A p r e l i m i n a r y  p a l e o n t o l o g i c a l  a n a l y s i s  of  t h e  
Miocene  m o l l u s c a n  f a u n a  w a s  p r e s e n t e d  by  H e r t l e i n  ( 1 9 2 7 ) .  
Redwine  ( 1 9 4 9 )  summar ized  t h e  s t r a t i g r a p h y ,  o f  t h e  n o r t h e r n  
p o r t i o n  o f  t h e  i s l a n d ;  a n d  i n  1 9 5 2  t h e  American A s s o c i a t i o n  
o f  P e t r o l e u m  G e o l o g i s t s ,  P a c i f i c  S e c t i o n , i n c l u d e d  i n  i t s  
c o r r e l a t i o n  c h a r t s  a n d  s e c t i o n s  o f  t h e  V e n t u r a  B a s i n  g e n -  
e r a l i z e d  g e o l o g i c  c o l u m n s  o f  S a n t a  Rosa  I s l a n d  (Redwine ,  - e t  
-* a 1  ' 1 9 5 2 ) .  A v i l a  ( 1 9 6 8 )  s t u d i e d  t h e  m i d d l e  T e r t i a r y  
s e q u e n c e .  The m o s t  r e c e n t  a n d  d e t a i l e d  d i s c u s s i o n  o f  t h e  
g e o l o g y  o f  S a n t a  Rosa  I s l a n d  i s  i n c l u d e d  i n  "Geology o f  t h e  
N o r t h e r n  C h a n n e l  I s l a n d s ,  S o u t h e r n  C a l i f o r n i a  B o r d e r l a n d "  by  
Weaver ,  - e t  - * 5  a 1  ( 1 9 6 9 ) .  The S o u t h  P o i n t  F o r m a t i o n  c r o p s  o u t  
o n l y  o n  t h e  s o u t h e r n  p o r t i o n  o f  S a n t a  Rosa  I s l a n d  a t  t h e  
b a s e  o f  a s t r u c t u r a l l y  c o m p l i c a t e d  s e q u e n c e  o f  Q u a t e r n a r y  
a n d  T e r t i a r y  m a r i n e  a n d  n o n - m a r i n e  r o c k s ,  v o l c a n i c l a s t i c  
r o c k s ,  a n d  b a s a l t i c  i n t r u s i v e s  (see f i g . 2 ) .  The s a n d s t o n e s ,  
s i l t s t o n e s ,  a n d  m u d s t o n e s  o f  t h i s  f o r m a t i o n  a r e  t h e  o l d e s t  
r o c k s  e x p o s e d  on t h e  i s l a n d  a n d  a r e  t h e  o b j e c t  o f  t h i s  s t u d y .  

S O U T H  POINT FORMATION 

Age a n d  C o r r e l a t i o n  

t i o n .  I n  t h e . f i n e r  g r a i n e d  i n t e r v a l s  f o r a m i n i f e r s  a r e  
l o c a l l y  common. Weaver _.- e t  a l .  ( 1 9 6 9 )  h a v e  shown t h a t  d e p o s i -  
t i o n  o f  t h e  S o u t h  P o i n t  F o r m a t i o n  o c c u r r e d  d u r i n g  t h e  m i d d l e  
a n d  l a t t e r  p a r t  o f  t h e  E o c e n e ;  t h a t  i s  d u r i n g  U l a t i s i a n  a n d  
N a r i z i a n  t i m e  ( t e r m i n o l o g y  of  M a l l o r y ,  1 9 5 9 ) .  The f a u n a  i s  
c h a r a c t e r i z e d  b y  s u c h  f o r m s  a s  R o b u l u s  w e l c h i ,  U v i g e r i n a  
g a r z a e n s i s ,  a n d  V a l v u l i n e r i a  c h i r a n a .  A g e - e q u i v a l e n t  r o c k s  
c r o p  o u t  i n  s m a l l  a r eas  o f  t h e  C o n t i n e n t a l  B o r d e r l a n d  a n d  
e x t e n s i v e l y  i n  t h e  a d j a c e n t  a r e a s  o f  S o u t h e r n  C a l i f o r n i a .  

No m e g a f o s s i l s  h a v e  b e e n  f o u n d , i n  t he  S o u t h  P o i n t  Forma- 
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GENERALIZED GEOLOGIC COLUMN 
SOUTHERN SANTA ROSA ISLAND, CALIFORNIA 

( AFTER WEAVER ~ * ~ * ,  1969) 
I I 

z =  
LITHOLOGY = F :  oz = e  

DESCRIPTION 
W O  

Brown and blue-gray shale and 
minor sondstone and siltstme, 
barol t I C  int ruslon 

green mudstone ;. 
cut by dark , 

F i g .  2 .  Genera l i zed  g e o l o g i c  column o f  southern  
Santa .Rosa  I s l a n d ,  C a l i f o r n i a .  
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To the west on San Miguel Island sandstones and mud- 
stones of Ulatisian and Narizian age are assigned to the 
South Point Formation (Weaver et al., 1969). On Santa Cruz 
Island the mudstone and siltstone beds of the upper portion 
of the CaZada Formation have been assigned a,Ulatisian and 
Narizian age. The overlying Jolla Viega and Cozy Dell For- 
mations are of Narizian age (Doerner, 1968 and 1969). 

The thick sequence of sandstones, conglomerates, and 
finer grained clastic rocks exposed on San Nicolas Island 
contain foraminifers and nannoplankton that indicate Narizian 
and Ulatisian ages for all these unnamed rocks (D.W. Weaver, 
1975, personal commun.). Southward and eastward from San 
Nicolas Island in the San Diego area, Kennedy and Moore (1971) 
report that the LaJolla and Poway Groups are of middle and 
late Eocene age. These groups are inferred to be partially, 
if not entirely, age-correlative with the South Point Forma- 
tion. 

To the north of Santa Rosa Island along the Santa Bar- 
bara coast, Kleinpell and Weaver (1963) show the Matilija 
Sandstone to be largely of Ulatisian age. The upper portions 
of this formation as well as the overlying mudstone and sand- 
stone of the Cozy Dell and Sacate Formations are of Narizian 
age. 

General Description 

marine sedimentary rocks composed predominantly of buff to 
yellpw brown, well indurated, fine to coarse-grained sand- 
stones with lesser amounts of siltstone and mudstone and 
rare pebbly sandstone. The sandstones vary from single, thin 
bedded (Ingram, 1954) units to the abundant thick and very 
thick, single and amalgamated units. Siltstones are lami- 
nated to medium bedded and the mudstones are laminated to 
massive. The total thickness exposed is 700 feet (213 m), 
but 3445 feet of sandstones and mudstones assignable to the 
South Point Formation is reported from the Standard Oil, 
Santa Rosa No. 1 well (Weaver, et e., 1969). 

The South Point Formation is a sequence of clastic 

Bottom contacts of the sandstone beds are sharp, though 
slightly undulose due to minor erosion and loading. Sole 
markings include flute casts, groove marks, load casts, and 
tracks and trails. The sole marks are rarely seen due to 
limited bottom exposures. Where scouring has not removed 
the upper portion of sand beds, the top contacts are rapidly 
transitional to siltstone and mudstone. Lateral variation 
in thickness is rarely seen, perhaps owing to limited 
exposures along strike and to structural complications. One 
sandstone bed, however, was traced approximately 2000 feet 
(610111) with no apparent variation in thickness. 

i 
I 

c 

172 



Sedimentary structures found within the sand beds of 
the South Point Formation include graded bedding, even to 
slightly undulose continuous and discontinuous laminations, 
dish structures (see Wentworth, 1967 and Stauffer, 1967), 
floating clasts, flame struetures, contorted laminations, 
rip-up structures, cross lamination, and cross bedding. Of 
these, the graded bed is most common and when complete is 
marked by a "coarse" massive base overlain by an interval of 
parallel laminations, followed by contorted laminations, 
parallel laminations of fine sand and silt, and then clay. 
Such a vertical sequence (see fig.3) can be described by the 
Bouma sequence (1962); however, two major variations of the 
classic Bouma sequence are present in the graded beds of the 
South Point Formation. First, grading is present only in 
the uppermost portions of'the beds instead of throughout them. 
Secondly, contorted laminations instead of ripple lamina- 
tions are found in the Bouma "C" interval. Cross lamina- 
tions, when present, are found above the interval of con- 
torted laminations. The upper, finer portions are often 
absent due to nondeposition and/or erosion. 

Further complicating of this simple Bouma type sequence 
is caused by the presence of dish structures, which can occur 
at any level of a bed below the contorted laminations (see 
fig.4). Also, dish structures are replaced within the same 
bed along strike by the Bouma A and/or B intervals. The 
significance of this lateral change from a "non"-Bouma 
interval to Bouma intervals will be discussed later in the 
section dealing with "Environment and Mod2 of Deposition. II 

The zone of contorted laminations, when present, is the 
most distinctive feature of a graded bed. These folded lay- 
ers of fine sand, silt and -clay often have a preferred 
orientation and have amplitudes ranging from two to fourteen 
inches ( 5  to 36 cm). The origin of contorted laminations is 
somewhat problematical. Arguments for and against a primary 
origin f o r  these structures have been presented by Dzulynski 
and Smith (1963), Dott (1963), and Sanders (1960). The 
presence of partially truncated contorted laminations (see 
fig.5) strong1 suggests that these structures are contem- 
poraneous with deposition of the containing bed nd are the 
consequence of internal instability caused by flow and depo- 
sition. Small, poorly developed flame structures on the 
contorted laminations further suggests that frictional drag 
and loading caused by the deposition of the overlying bed 
may contribute further t the deformation of the contorted 
laminations. 

The floating clasts are composed of elongate, planar 
fragments of mudstone up to fourteen inches (36 cm) long and 
2 inches (5 cm) thick, or pebbles and cobbles with a maximum 
diameter of two and one-half inches (6.4 cm) all set in a 
matrix of sand-sized particles. The elongate mudstone 
clasts are randomly oriented or imbricated (see fig.6). 
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F i g .  ograph o f  grad e d .  
n a t i o n s  o f  t h e  e r  

i n t e r v a l  ( a r r o w s )  a r e  
t r u n c a t e d  by t h e  o v e r l y i n g  
b e d .  
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Fig. 5. Photograph of contorted laminations 
which are partially truncated. Flame 
structures (arrow) can also be present 
on these features. 

Fig. 6. Photograph of imbricated mudstone clasts. 
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P e t r o g r a p h i c  s t u d y  o f  10 t h i n  s e c t i o n s  h a v i n g  a mean 
g r a i n  s i z e  ( F o l k ,  1 9 6 8 )  f r o m  . 1 9  t o  .41mm ( f i n e  t o  medium 
s a n d )  shows t h a t  t h e s e  S o u t h  P o i n t  s a n d s t o n e s  a re  p o o r l y  t o  
m o d e r a t e l y  s o r t e d  a n d  a r e  composed o f  p r e d o m i n a n t l y  a n g u l a r  
a n d  s u b a n g u l a r  ( P o w e r s ,  1 9 5 3 )  c l o s e l y  p a c k e d  g r a i n s .  The 
g r a i n s  a re  g e n e r a l l y  r a n d o m l y  o r i e n t e d ;  h o w e v e r ,  e l o n g a t e  o r  
p l a t y  g r a i n s  may b e  o r i e n t e d  p a r a l l e l  t o  b e d d i n g  .or i m b r i c a t e d .  
C o n s i d e r i n g  t h e  " c o a r s e "  s i z e  o f  t h e s e  s a n d s ,  s i l t  a n d  d e t -  
r i t a l  c l a y  a r e  q u i t e  a b u n d a n t ,  r a n g i n g  f r o m  2 . 8  t o  1 2 . 6  p e r -  
c e n t  o f  t h e  t o t a l .  Cement composes  up  t o  f i v e  p e r c e n t  o f  t h e  
t h i n  s e c t i o n s  s t u d i e d .  S p a r r y  c a l c i t e  i s  t h e  m o s t  common 
f o l l o w e d  b y  c h l o r i t e  a n d  r a re  s i l i c a .  F i e l d  o b s e r v a t i o n s ,  
h o w e v e r ,  i n d i c a t e  t h a t  s p a r r y  c a l c i t e  cemen t  i s  l o c a l l y  more  
a b u n d a n t  i n  c o n c r e t i o n a r y  z o n e s  a n d  i n  t h e  f i n e r  g r a i n e d  
i n t e r v a l s .  Due t o  t h e  p o o r  s o r t i n g ,  h i g h  s i l t  a n d  c l a y  
c o n t e n t ,  g r a i n  a n g u l a r i l y ,  c l o s e  p a c k i n g ,  a n d  t h e  p r e s e n c e  
o f  c e m e n t ,  t h e  p o r o s i t y  i s  i n t e r p r e t e d  t o  b e  low.  

F o l l o w i n g  t h e  scheme  o f  F o l k  ( 1 9 6 8 ) ,  t h e  s a n d s t o n e s  a r e  
c l a s s i f i e d  a s  a r k o s e s  a n d  l i t h i c  a r k o s e s  (see f i g . 7 ) .  The 
m o s t  a b u n d a n t  t e r r i g e n o u s  g r a i n  t y p e s  a r e  q u a r t z ,  f e l d s p a r s ,  
s i l i c i c  v o l c a n i c  r o c k  f r a g m e n t s ,  a n d  g r a n i t i c  r o c k  f r a g m e n t s .  
Less a b u n d a n t  c o m p o n e n t s  ( i n c l u d e d  u n d e r  " O t h e r s "  i n  f i g u r e  
7 )  a r e  micas ,  d e t r i t a l  c l a y ,  s e d i m e n t a r y  a n d  low g r a d e  m e t a -  
m o r p h i c  r o c k  f r a g m e n t s ,  c h e r t ,  h e a v y  m i n e r a l s ,  a n d  o r g a n i c  
p a r t i c l e s .  The a v e r a g e  c o m p o s i t i o n  f o r  a l l  s a m p l e s  i s  shown 
i n  f i g u r e  7.  

P a l e o s l o p e  I n t e r p r e t a t i o n  
N i n e t y - s e v e n  d i r e c t i o n a l  a n d  t h i r t y - o n e  b i - d i r e c t i o n a l  

s e d i m e n t a r y  s t r u c t u r e s ,  i n t e r p r e t e d  t o  i n d i c a t e  t h e  p a l e o -  
s l o p e  d i r e c t i o n  o r  t o  g i v e - o n l y  t h e  s e n s e  o f  t h e  p a l e o s l o p e ,  
were m e a s u r e d  i n  t h e  S o u t h  P o i n t  F o r m a t i o n  w i t h  a B r u n t o n  
compass .  The b e a r i n g s  o f  t h e  l o n g i t u d i n a l  o r  f o l d  a x e s ,  
w h i c h  are  i n f e r r e d  t o  b e  n o r m a l  t o  t h e  p a l e o s l o p e ,  were 
t a k e n  f o r  c o n t o r t e d  l a m i n a t i o n s ,  f l a m e  s t r u c t u r e s ,  a n d  r i p -  
up s t r u c t u r e .  When t h e s e  s t r u c t u r e s  e x h i b i t e d  a p r e f e r r e d  
o r i e n t a t i o n ,  t h e  p a l e o s l o p e  d i r e c t i o n  was d e t e r m i n e d  by  
a d d i n g  o r  s u b t r a c t i n g  90' f r o m  t h e  b e a r i n g  o f  t h e  f o l d  a x i s .  
The d i r e c t i o n  o f  p r e f e r r e d  o r i e n t a t i o n  i s  i n f e r r e d  t o  b e  i n  
t h e  d o w n s l o p e  d i r e c t i o n .  F l u t e  c a s t s ,  c r o s s - b e d d i n g ,  ( s e e  
f i g . 8 )  and  g r o v e  m a r k s  were m e a s u r e d  d i r e c t l y .  C r o s s -  
l a m i n a t i o n s  a r e  n o t  i n c l u d e d  i n  t h e  s t u d y ,  s i n c e  when p r e s e n t  
t h e y  o c c u r  a t  t h e  t o p  o f  t h e  g r a d e d  s e q u e n c e  a b o v e  t h e  con-  
t o r t e d  l a m i n a t i o n s ,  a n d  a r e  b e l i e v e d  t o  b e  f o r m e d  b y  o c e a n i c  
c u r r e n t s .  They ,  t h e r e f o r e ,  a r e  n o t  n e c e s s a r i l y  r e l a t e d  t o  
t h e  p a l e o s l o p e  a n d  may, i n  f a c t ,  b e  n o r m a l  t o  t h e  p a l e o s l o p e  
( H o l l i s t e r  and  H e e z e n ,  1 9 6 7 ) .  When d i p s  were g r e a t e r  t h a n  

/ 25' ,  c o r r e c t i o n s  f o r  t e c t o n i c  t i l t  were made o n  a s t e r e o n e t .  
The d a t a  w a s  t r e a t e d  b y  t h e  method o f  v e c t o r  a n a l y s i s  as o u t -  
l i n e d  b y  P o t t e r  a n d  P e t t i j o h n  ( 1 9 6 3 ,  p .  264-265) .  
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B SOUTH POINT FORMAT10 
SAWTA ROSA ISLAND,  CALIFORNIA 

a 

Fig. 7. Compositional diagram and average composition i of ten South Point sandstones. 
I 
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Fig. 8 Photograph of cross-bedding indicating a 
paleoslope of N79OW (right to left). 
Scale is 15 cm long. 

Directional 
Structures 

Flute Casts 
Flame Structures 
Imbrication 
Rip-up 
Cross Bedding 
Contorted Lamination with 

preferred orientation 
All Structures 

Bi-Directional 
Structures 

Groove Marks 
Contorted Lamination without 

All Structures 
preferred orientation 

Number of 
Observations 

81 
9 7  

Number of 
Observations 

7 

24 
31 

Vector 
Mean 

N 34 W 
N 76'W 
N 45 W 
N 5 E  
N 79 W 

N 47 W 
N 45 W 

Mean 
Sense 

N42W-S42E 

Table 1. Directional and bi-directional paleoslope 
indicators of the South Point Formation, 
Santa Rosa Island. 
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PALEOSLOPE MEASUREMENTS, 
SOUTH POINT FORMATION 

SANTA ROSA ISLAND, CALIFORNIA 

N 
VECTOR M E A N  t 

I RIP-UP STRUCTURE 

1 -  F i g .  9. 
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I 1 

The r e s u l t s  o f  t h e  p a l e o s l o p e  a n a l y s i s  a r e  g i v e n  i n  
T a b l e  1. A p a l e o s l o p e  d i r e c t i o n  of N 45' W w a s  d e t e r m i n e d  
f rom a l l  d i r e c t i o n a l  s e d i m e n t a r y  s t r u c t u r e s  ( s e e  f i g . 9 ) ,  o f  
w h i c h  c o n t o r t e d  l a m i n a t i o n s  w i t h  a p r e f e r r e d  o r i e n t a t i o n  
a re  d o m i n a n t .  The mean s e n s e  o f  N41°W-S410E d e t e r m i n e d  f r o m  
a l l  b i - d i r e c t i o n a l  s e d i m e n t a r y  s t r u c t u r e s  i s  i n  c l o s e  a g r e e -  
ment w i t h  t h i s  d i r e c t i o n .  The a p p a r e n t  b i - m o d a l  n a t u r e  o f  a l l  
d i r e c t i o n a l  i n d i c a t o r s  w a s  f o u n d  n o t  t o  b e  r e l a t e d  t o  s t r a t i -  
g r a p h i c  p o s i t i o n ,  g e o g r a p h i c  p o s i t i o n ,  o r  t y p e  o f  s e d i m e n t a r y  
s t r u c t u r e .  

E n v i r o n m e n t  a n d  Mode o f  D e p o s i t i o n  
F o s s i l  f o r a m i n i f e r s  c o l l e c t e d  f r o m  t h e  m u d s t o n e  i n t e r -  ~- 

v a l s  o f  t h e  S o u t h  P o i n t  F o r m a t i o n  by  Weaver, et e. ( 1 9 6 9 )  
a re  c h a r a c t e r i z e d  b y  a b u n d a n t  s m a l l ,  c o s t a t e ,  a n d  s p i n o s e  
b u l i m i n i d s ,  u n i s e r i a l  l a g e n i d s ,  a n d  s m a l l  c a s s i d u l i n a s ,  
whose r e c e n t  a n a l o g u e s  a r e  m o s t  a b u n d a n t  a t  b a t h y a l  d e p t h s  
(Bandy, 1 9 5 6 ) .  Even t h o u g h  t h e  s a n d s t o n e  b e d s  a r e  u n f o s -  
s i l i f e r o u s ,  t h e y  a r e  i n t e r p r e t e d  t o  h a v e  b e e n  d e p o s i t e d  
a l o n g  w i t h  t h e  m u d s t o n e  b e d s  a t  b a t h y a l  d e p t h s .  The mater -  
i a l  i n  t h e  m u d s t o n e  b e d s  i s  i n t e r p r e t e d  t o  h a v e  s e t t l e d  f r o m  
s u s p e n s i o n ;  h o w e v e r ,  t h e  s u i t e  o f  s e d i m e n t a r y  s t r u c t u r e s  i n  
t h e  c o a r s e r  i n t e r v a l s  s u g g e s t s  a n o t h e r  a n d  m a r k e d l y  d i f f e r e n t  
d e p o s i t i o n a l  p r o c e s s  f o r  t hem.  

The p r e s e n c e  o f  r e p e a t e d  g r a d e d  b e d s ,  f l u t e  c a s t s ,  
r i p - u p  s t r u c t u r e s ,  f l o a t i n g  c l a s t s ,  e r o s i o n a l  s u r f a c e s ,  a n d  
v a r i a t i o n s  i n  b e d  t h i c k n e s s  i n d i c a t e s  t h a t  t h e  s a n d s t o n e  
b e d s  were d e p o s i t e d  f r o m  a f l o w  s y s t e m  c h a r a c t e r i z e d  by h i g h  
p a r t i c l e  c o n c e n t r a t i o n s  a n d  v a r y i n g  a n d  d e c l i n i n g  f l o w  e n e r g y :  
t h a t  i s ,  f r o m  mass f l o w s  o r  s e d i m e n t  g r a v i t y  f l o w s  ( M i d d l e t o n  
and Hampton, 1 9 7 3 ) .  A t t e m p t i n g  t o  d e t e r m i n e ,  h o w e v e r ,  i f  
d e p o s i t i o n  o c c u r r e d  f r o m  a s p e c i f i c  t y p e  o f  f l o w  s y s t e m  b a s e d  
upon v a r i o u s  a n d  h y p o t h e t i c a l  s u p p o r t  m e c h a n i s m s ,  w h i c h  a r e  
i n f e r r e d  f r o m  s e d i m e n t a r y  s t r u c t u r e s ,  i s  i m p r a c t i c a l  f o r  t h e  
S o u t h  P o i n t  s a n d s t o n e s .  A m a j o r  c r i t e r i o n  f o r  r e c o g n i t i o n  
o f  v a r i o u s  t y p e s  o f  f l o w  m e c h a n i s m s  i s  t h e  p r e s e n c e  o f  d i s h  
s t r u c t u r e s  ( s e e  S t a u f f e r ,  1 9 6 7 ,  a n d  M i d d l e t o n  a n d  Hampton, 
1 9 7 3 ) .  A s  m e n t i o n e d  e a r l i e r ,  d i s h  s t r u c t u r e s  were r e p l a c e d  
w i t h i n  t h e  s a m e  b e d  by  p a r a l l e l  l a m i n a t i o n s .  M i d d l e t o n  a n d  
Hampton ( p . 1 4 ,  1 9 7 3 )  a l s o  n o t e d  t h a t  d i s h  s t r u c t u r e s  a r e  ... f o u n d  i n  mass ive  b e d s  o r  c l o s e l y  a s s o c i a t e d  w i t h  d i f f u s e  
p a r a l l e l  o r  l e n s i t i c  l a m i n a t i o n :  t h e  l a m i n a t i o n  may b e  e i t h e r  
a b o v e  o r  b e l o w  t h e  d i s h  s t r u c t u r e s  ( o r  b o t h ) . "  To u s e  t h e  
p r e s e n c e  o r  a b s e n c e  o f  d i s h  s t r u c t u r e s  a s  a c r i t e r i o n  t o  
i n d i c a t e  d i f f e r e n t  f l o w  m e c h a n i s m s  i n  c o a r s e  g r a i n  s e d i m e n t  
g r a v i t y  f l o w s  i s ,  t h e r e f o r e ,  u n w a r r a n t e d .  F u r t h e r m o r e ,  t h e  
b a s i c  c r i t e r i a  u s e d  i n  t h e  c l a s s i f i c a t i o n  o f  a l l  s e d i m e n t  
f l o w  d e p o s i t s  a r e  t h e  p r e s e r v e d  s e d i m e n t a r y  s t r u c t u r e s .  

I t  
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The f u n d a m e n t a l  a s s u m p t i o n ,  h o w e v e r ,  i s  t h a t  d i f f e r e n t  s u i t e s  
o f  s e d i m e n t a r y  s t r u c t u r e s  m u s t  b e  p r o d u c e d  b y  d i f f e r e n t  f l o w  
m e c h a n i s m s .  T h i s  a s s u m p t i o n  i s  u n d o u b t e d l y  v a l i d  f o r  d e b r i s  
f l o w  d e p o s i t s ,  w h i c h  r e p r e s e n t  o n e  p o s s i b l e  e n d  member o f  
f l o w  t y p e .  T h i s  a s s u m p t i o n ,  h o w e v e r ,  m u s t  be  o p e n l y  q u e s -  
t i o n e d  f o r , t h e  rea lm of  s e d i m e n t  g r a v i t y  f l o w  d e p o s i t s  o f  
w h i c h  t h e  S o u t h  P o i n t  s a n d s t o n e s  a r e  t y p i c a l .  

I f  t h e  c l a s s i f i c a t i o n  s c h e m e s  o f  Bouma (1962),  S t a u f f e r  
(1967) ,  a n d  M i d d l e t o n  a n d  Hampton ( 1 9 7 3 )  a r e  f o l l o w e d  t h r e e  
d i f f e r e n t  mechan i sms  o f  f l o w  a re  n e e d e d  f o r  t h e  s a n d  d e p o s i -  
t i o n :  t u r b i d i t y  c u r r e n t ,  g r a i n  f l o w ,  a n d  f l u i d i z e d  s e d i m e n t  
f l o w .  O c c a s i o n a l l y  d i f f e r e n t  f l o w  m e c h a n i s m s  wou ld  b e  
r e q u i r e d  w i t h i n  a s i n g l e  b e d .  I f  t h e  c o n c e p t  o f  a f l u x o -  
t u r b i d i t e  ( D z u l y n s k i  -- e t  a l .  1 9 5 9 )  i s  a c c e p t e d  a f o u r t h  
mechan i sm o f  f l o w  i s  r e q u i r e d .  W i t h  t h e  f o l l o w i n g  q u a l i f i -  
c a t i o n s  d e p o s i t i o n  f rom f l o w s  h a v i n g  o n e  mechan i sm o f  
s e d i m e n t  s u p p o r t ,  a d m i t t e d l y  w i t h  unknown a n d  p e r h a p s  
m y s t e r i o u s  p r o p e r t i e s ,  i s  s u g g e s t e d  f o r  t h e  S o u t h  P o i n t  
s a n d s t o n e s .  F i r s t ,  t h e  s e d i m e n t a r y  s t r u c t u r e s  r e c o r d  depo-  
s i t i o n  f r o m  t h e  f l o w  a n d  n o t  t h e  mechan i sm o f  f l o w .  S e c o n d ,  
d i s h  s t r u c t u r e s  c a n  b e  f o u n d  i n  t h e  Bouma A a n d / o r  B i n t e r -  
v a l s  a n d  c a n  b e  r e p l a c e d  by  t h e  n o r m a l l y  m a s s i v e  a r ea  a n d /  
o r  p a r a l l e l  l a m i n a t i o n s  o f  t h e s e  i n t e r v a l s .  T h i s  r e l a t i o n -  
s h i p  i s  p r e s e n t  i n  o u t c r o p .  T h i r d ,  t h e  f l o w  s y s t e m  i s  
c a p a b l e  of  e r o s i o n ,  w h i c h  i s  d o c u m e n t e d  b y  e x p o s u r e s  (see 
f i g . 3 ) .  F o u r t h ,  a t  a n y  g i v e n  l o c a l i t y  t h e  f i n e r  p o r t i o n s  
o f  a f l o w  may n o t  b e  s e g r e g a t e d  o u t  b y  d e p o s i t i o n ;  a n d  f i f t h ,  
a f t e r  d e p o s i t i o n  s e d i m e n t a r y  s t r u c t u r e s  may b e  a l t e r e d  o r  
d e s t r o y e d  by  s u c h  p r o c e s s e s  as  l o a d i n g  a n d  d e w a t e r i n g .  
F i g u r e  10  shows how v a r i o u s  d e p o s i t s ,  a t t r i b u t e d  t o  d i f f e r -  
e n t  f l o w  m e c h a n i s m s ,  c a n  b e  g e n e r a t e d  by  a s i n g l e  f l o w  
m e c h a n i s m .  

P o s s i b l e  mechan i sms  o f  f l o w  f o r  s a n d  s i z e  p a r t i c l e s  
h a v e  b e e n  t h o r o u g h l y  r e v i e w e d  a n d  d i s c u s s e d  b y  M i d d l e t o n  a n d  
Hampton ( 1 9 7 3 ) .  The p u r p o s e  o f  t h e  p r e v i o u s  d i s c u s s i o n  w a s  
n o t  t o  s u g g e s t  a n y  new f l o w  m e c h a n i s m s ,  b u t  m e r e l y  t o  s u g -  
g e s t  t h a t  a s i m p l e  e x p l a n a t i o n  e x i s t s  f o r  t h e  p r e s e n c e  o f  
t h e  v a r i e d  s u i t e  o f  s e d i m e n t a r y  s t r u c t u r e s  f o u n d  w i t h i n  t h e  
commonly t h i c k  t o  v e r y  t h i c k  b e d d e d ,  f i n e  t o  c o a r s e  s a n d -  
s t o n e  d e p o s i t s ,  i n c l u d i n g  t h e  S o u t h  P o i n t  F o r m a t i o n ,  t h a t  
h a v e  b e e n  a t t r i b u t e d  t o  d e p o s i t i o n  by  v a r i o u s  s e d i m e n t  
g r a v i t y  f l o w  mechan i sms .  C o n t i n u e d  s t u d y  a n d  r e e v a l u a t i o n  
o f  s u c h  d e p o s i t s  may p e r h a p s  r e v e a l  e n o u g h  s i m i l a r i t i e s  
t h a t  m u l t i p l e  f l o w  ( t r a n s p o r t )  m e c h a n i s m s  n e e d  n o t  b e  c a l l e d  
upon  t o  e x p l a i n  d e p o s i t i o n a l  o r  p o s t d e p o s i t i o n a l  f e a t u r e s .  
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' Sed' imentary F a c i e s  
The r o c k s  o f  t h e  Sou th  P o i n t  F o r m a t i o n  c a n  b e  d e s c r i b e d  

by f o u r  p r i m a r y  a 
f a c i e s .  The d e e p  e r  env i ronmen t  o f  d e p o s i t i o n  and  t h e  
s i m i l a r i t y  o f  t h e s e  f a c i e s  t o  t h o s e  d e s c r i b e d  f o r  r e c e n t  and  
a n c i e n t  s u b m a r i n e  f a n s  (see f o r  example N e l s o n  and N i l s e n ,  
1974 ;  M u t t i ,  1 9 7 4 ;  Walker and  M u t t i ,  1973 ;  Ne l son  and Rulm, 
19.73; S t a n l e y  and Unrug, 1972 ,  Normark, 1 9 7 0 ;  and Jacks's 
-9 a 1  1 9 6 8 )  l e a d s  t h e  a u t h o r  t o  c o n c l u d e  t h a t  t h e  s i t e  of  t h e  
Sou th  P o i n t  d e p o s i t i o n  was a submar ine  f a n  complex.  The 
f a c i e s  p r e s e r v e d  i n  o u t c r o p  and d e s c r i b e d  be low a re  1) t h i c k  
bedded  s a n d s t o n e ,  2 )  t h i n  bedded s a n d s t o n e , .  3) i n t e r b e d d e d  
s a n d s t o n e  and  muds tone ,  4 )  muds tone ,  and 6 )  c h a o t i c  s lump.  
The r e l a t i v e  abundance  o f  t h e s e  f a c i e s  s u g g e s t s  t h a t  d e p o s i -  
t i o n  o c c u r r e d  p r i m a r i l y  on t h e  c h a n n e l i z e d  i o n s  of t h e  
m i d d l e  f a n  a r eas  and  o n . t h e  uppe r  f a n  area Walker and  
M u t t i ,  1 9 7 3 ,  f o r  d i s c u s s i o n  of t e r m i n o l o g y )  

, T h i c k  Bedded S a n d s t o n e  F a c i e s .  Rocks a s s i g n a b l e  t o  t h e  t h i c k  
bedded s a n d s t o n e  f a c i e s  a r e  t h e  most  common i n  o u t c r o p  and  
a r e  c h a r a c t e r i z e d  by t h i c k  t o  v e r y  t h i c k  ( Ing ram,  1 9 5 4 ) ,  
i n d i v i d u a l  a n d  amalgamated b e d s  composed g e n e r a l l y  of  p o o r l y  
t o  m o d e r a t e l y  w e l l  s o r t e d  medium t o  c o a r s e  s a n d .  D i s h  s t r u c -  
t u r e s ,  f l o a t i n g  c l a s t s  and  e r o s i o n a l  s u r f a c e s  a r e  common 
w i t h i n  t h e  b e d s .  Graded b e d s  and c o n t o r t e d  l a m i n a t i o n s  may 
o r  may n o t  b e  p r e s e n t  due  t o  e r o s i o n  and ama lgamat ion  by  t h e  
mass f l o w  u n i t s .  I n t e r b e d d e d  s i l t s t o n e  and  muds tone  b e d s  
a r e  r a re .  

T h i n  Bedded S a n d s t o n e  F a c i e s .  T h i s  f a c i e s  i s  
s i n g l e ,  t h i n  t o  t h i c k  bedded f i n e  t o  c o a r s e  s 
which  a r e  p o o r l y  t o  o c c a s i o n a l l y  w e l l  s o r t e d .  
g r a d e d  s e q u e n c e s  o r  t h o s e ' l a c k i n g  o n l y  t h e  Bouma B i n t e r v a l  
a r e  common. D i s h  s t r u c t u r e s  and f l o a t i n g  c l a s t s  a r e  o f t e n  
p r e s e n t .  Where o b s e r v e d  i n  o u t c r o p ,  t h i s  f a c i e s  g r a d e s  up- 
ward and  downward i n t o  e t h i c k  bedded s a n d  

, I n  t e r b  edded  Sands  t o n e  Mudstone. T h i s  f a  
r y t h m i c a l l y  i n t e r b e d d e d ,  v e r y  t h i n  t o  t h i n  b 
f i n e  t o  f i n e  s a n d s t o n e s  and v e r y  t h i n  t o  l a m  
s t o n e s  and  d a r k  muds tones .  The s a n d s t o n e s  and  s i l t s t o n e s  
a r e  m o d e r a t e l y  t o  w e l l  s o r t e d ,  commonly c a l c i t e  ce  
p a r a l l e l  l a m i n a t e d ,  +and a re  o c c a s i o n a l l y  marked by 
' h o r i z o n t a l  b u r r o w s .  T h i s  f a c i e s  i s  b e s t  exposed  i 
f a u l t  b l o c k ,  bounded by t h e  P a c i f i c  Ocean,  j u s t  w e s t  o f  
.South  P o i n t  a n d  i s  p o s s i b l y  t h e  o l d e s t  ex 

n e  s e c o n d a r y  sedimentary-lithological 

1 .  

, ~ P o i n t  F o r m a t i o n  o n  S a n t a  Rosa I s l a n d ,  

Mudstone F a c i e s :  T h i s  f a c i e s  is c h a r a c t e r i z e d  by d a r k  g r a y -  
i s h  and  b r o w n i s h ,  m a s s i v e  t o  l a m i n a t e d  muds tone  w i t h  r a r e  
i n t e r b e , i l s  of  t h i n  t o  v e r y  t h i n ,  f i n e  t o  v e r y  f i n e  s a n d s t o n e  
and  s i l t s t o n e .  Maximum t h i c k n e s s  f o r  t h i s  f a c i e s  i s  es t i -  
mated  t o  b e  1 0 0  f e e t  (30  m ) .  F o r a m i n i f e r s  a r e  l o c a l l y  
common. 
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F i g .  11. P h o t o g r a p h  of  c h a o t i c  s lump 
f a c i e s  d e p o s i t i o n a l l y  o v e r -  
l a i n  by b e d s  o f  t h e  t h i c k  
bedded  s a n d s t o n e  f a c i e s .  

C h a o t i c  Slump Facies.  T h i s  f a c i e s  c o n t a i n s  a m a s s i v e  c h a o t i c  
m i x t u r e  of  b r o k e n  and c o n t o r t e d  b e d s  o f  f i n e  t o  c o a r s e  s a n d -  
s t o n e  and i n t e r b e d d e d  s i l t s t o n e  and  muds tone  t h a t  a r e  i n f e r r e d  
t o  have  moved e n  masse, dawns lope  a f t e r  o r i g i n a l  d e p o s i t i o n .  
T h i s  f e c i e s ,  t h e r e f o r e ,  d o e s  n o t  r e p r e s e n t  a p r i m a r y  s e d i -  
mentary  f a c i e s .  P r i m a r y  s e d i m e n t a r y  s t r u c t u r e s  i n  t h e  b r o k e n  
and c o n t o r t e d  b e d s  are  s t i l l  p r e s e r v e d  i n d i c a t i n g  t h a t  down- 
s l o p e  movement o c c u r r e d  a f t e r  c o n s o l i d a t i o n .  Resedimenta-  
t i o n  of  t h e s e  b e d s  w a s  by p l a s t i c  and  e l a s t i c  movement. A 
d e p o s i t i o n a l  p r o c e s s  w i t h  t h e s e  p r o p e r t i e s  i s  by d e f i n i t i o n  
s lumping  ( D o t t ,  1963) .  The c h a o t i c  s lump f a c i e s  i s  o v e r l a i n  
d i r e c t l y  and  d e p o s i t i o n a l l y  by b e d s  o f  t h e  t h i c k  bedded  s a n d -  
s t o n e  f a c i e s  ( f i g . l l ) ,  which  f u r t h e r  i n d i c a t e s  t h a t  s l u m p i n g  
o c c u r r e d  b e f o r e  t h e  d e p o s i t i o n  of  t h e  o v e r l y i n g  b e d s .  The 
c h a o t i c  s lump f a c i e s  is r e p r e s e n t e d  by e x p o s u r e s  i n  o n l y  o n e  
l o c a l i t y  where  t h e  base is n o t  exposed. T o t a l  t h i c k n e s s  is 
6 . 2  f e e t  (190 cm). 

! 

c 

,- 



J 

V E R T I C A L  PROFfLES I N  SUBMARINE,FAN DEPOSITS 

R e c e n t l y ,  M u t t i  ( 1 9 7 4 )  and  W a l k e r  a n d  M u t t i  ( 1 9 7 3 )  h a v e  
p r e s e n t e d  a d e p o s i t i o n a l  mode l  f o r  a n c i e n t  s u b m a r i n e  f a n  
d e p o s i t s  b a s e d  upon  t h e  r e c o g n i t i o n  o f  v a r i o u s  s e d i m e n t a r y  
f a c i e s  a n d  v e r t i c a l  f a c i e s  a s s o c i a t i o n s .  From t h i s  m o d e l  
o n e  s h o u l d  b e  a b l e  t o  d e t e r m i n e  l o c a l  d e p o s i t i o n a l  s e t t i n g s ,  
f o r  e x a m p l e  t h e  m i d d l e  o r  o u t e r  f a n .  Such  a mode l  seems 
a p p l i c a b l e  t o  t h e  S o u t h  P o i n t  F o r m a t i o n  e v e n  t h o u g h  f a u l t -  
i n g . a n d  l i m i t e d  e x p o s u r e s  p r e c l u d e  a n y  i n d e p t h  v e r t i c a l  o r  
l a t e r a l  f a c i e s  a n a l y s i s .  The m o d e l ,  h o w e v e r ,  h a s  two s e r i o u s  
(and p e r h a p s  c l o s e l y  r e l a t e d )  s h o r t c o m i n g s .  The m o d e l  w i l l  
n o t  a p p l y  t o  t h o s e  f a n s  w h i c h  wou ld  b e  composed o f  f i n e  
g r a i n e d  m a t e r i a l ,  s u c h  as  t h o s e  t h a t  m i g h t  b e  p r e s e n t  i n  t h e  
T e r t i a r y  c l a s t i c  p r o v i n c e  of  t h e  G u l f  C o a s t  a rea  o f  t h e  
U n i t e d  S t a t e s ,  o r  t o  t h o s e  f a n s  c h a r a c t e r i z e d  b y  n u m e r o u s  
l a t e r a l  s h i f t s  i n  t h e  s i t e  o f  d e p o s i t i o n ,  w h i c h  c o u l d  b e  
c a u s e d  by a s m a l l e r  g r a i n s i z e  a v a i l a b i l i t y  o r  d i f f e r e n c e s  
i n  t h e  amount a n d  r a t e  o f  s l o p e  c h a n g e .  D u r i n g  a n y  g i v e n  
u n i t  o f  t i m e  a n d  w i t h  t h e  l a t e r a l  s h i f t i n g  o f  d e p o s i t i o n a l  
s i t e s ,  t h e  v e r t i c a l  s e q u e n c e s  p r e s e r v e d  a t  v a r i o u s  l o c a t i o n s  
w i t h i n  a m a j o r  u n i t  o f  t h e  s u b m a r i n e  f a n  complex  ( f o r  e x a m p l e  
t h e  m i d d l e  f a n )  c o u l d  l e a d  t o  v a r i o u s  i n t e r p r e t a t i o n s  as  t o  
t h e  s i t e  o f  d e p o s i t i o n .  The b e s t  s o l u t i o n  t o  s u c h  a p r o b l e m  
i s  t o  h a v e  e n o u g h  c o n t r o l  t o  g e n e r a t e  a t h r e e - d i m e n s i o n a l  
p i c t u r e  of s e d i m e n t a t i o n  d u r i n g  a n y  g i v e n  t i m e  i n t e r v a l .  
O u t c r o p s ,  h o w e v e r ,  r a r e l y  p r o v i d e  t h i s  c o n t r o l .  Even  s o ,  i n  
t h e  s t u d y  a n d  e v a l u a t i o n  o f  s u b m a r i n e  f a n  d e p o s i t s ,  r e g a r d -  
l e s s  o f  t h e  maximum c l a s t  s i z e  a v a i l a b l e  f o r  s e d i m e n t a t i o n ,  
t h e  r e c o g n i t i o n  a n d  t h e  u n d e r s t a n d i n g  o f  t h e  s e d i m e n t o l o g i -  
c a l  i m p l i c a t i o n s  o f  t h e  f o u r  v e r t i c a l  s e q u e n c e  shown i n  
f i g u r e  1 2  i s  n e c e s s a r y .  

F i g u r e  12A r e p r e s e n t s  a r a p i d  i n i t i a t i o n  o f  " c o a r s e "  
c l a s t i c  d e p o s i t i o n  f o l l o w e d  by  a g r a d u a l  c e s s a t i o n  of  
" c o a r s e "  d e p o s i t i o n  b y  s e d i m e n t  r e s t r i c t i o n  o r  a g r a d u a l  
l a t e r a l  m i g r a t i o n  of t h e  " c o a r s e "  m a t e r i a l .  F i g u r e  12B 
r e p r e s e n t s  a g r a d u a l  i n i t i a t i o n  o f  l l c o a r s e "  c l a s t i c  depo-  
s i t i o n  f o l l o w e d  by  i t s  a b r u p t  t e r m i n a t i o n .  F i g u r e  12C 
r e p r e s e n t s  b o t h  a r a p i d  i n i t i a t i o n  a n d  t e r m i n a t i o n  o f  

c o a r s e "  c l a s t i c  s e d i m e n t a t i o n ,  a n d  F i g u r e  1 2 D  r e p r e s e n t s  
b o t h  a g r a d u a l  i n i t i a t i o n  a n d  c e s s a t i o n  o f  " c o a r s e "  s e d i -  
m e n t a t i o n .  I n  a l l  c a s e s  a r e l a t i v e  c h a n g e  i n  i n d i v i d u a l  
bed  t h i c k n e s s  is assumed  t o  c o r r e s p o n d  t o  c h a n g e s  i n  
a v e r a g e  g r a i n s i z e .  P r o c e s s e s  r e s p o n s i b l e  f o r  g r a d u a l  i n i t i a -  
t i o n  o r  t e r m i n a t i o n  o f  " c o a r s e "  s e d i m e n t a t i o n  a r e  p r o g r a -  
d a t i o n ,  l a t e r a l  m i g r a t i o n ,  r e g i o n a l  t r a n s g r e s s i o n ,  o r  t e c t o n i c  
c h a n g e s  w h i c h  r e s t r i c t  t h e  g r a i n s i z e  a v a i l a b l e  f o r  d e p o s i t i o n .  
A b r u p t  c h a n g e s  f r o m  o r  t o  " c o a r s e "  S e d i m e n t a t i o n  c a n  b e  
e x p l a i n e d  b y  r a p i d l y  d i v e r t i n g  t h e  " c o a r s e "  mater , ia l  t o  
a n o t h e r  a r ea  o f  t h e  s u b m a r i n e  f a n  by  a p r o c e s s  s i m i l a r  t o  
t h e  f o r m a t i o n  o f  c r e v a s s e  f a n s  i n  t h e  f l u v i a l - d e l t a i c  
e n v i r o n m e n t .  T e c t o n i s m  o r  s l u m p i n g  may a l s o  c a u s e  a 
r a p i d  c e s s a t i o n  o f  t h e  " c o a r s e "  c l a s t i c  s e d i m e n t a t i o n .  

I 1  
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VERTICAL SEQUENCES IN 
SUBMARINE FAN DEPOSITS 
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Dur ing  t h e  t i s i a n '  and N a r i z i a n  es o f  t h e  Eocene,  
c o a r s e  c l a s t i c s  were b e i n g  s h e d  w e s t  o b a t h y a l  d e p t h s  

i 
I 
1 o n t o  a s u b m a r i n e  f a n .  P a r t s  of  t h i s  re p r e s e r v e d  i n  
i o u t c r o p  on S a n t a  Rosa I s l a n d .  The r e l a t i v e  abundance  o f  t h e  

t h i c k  bedded  s a n d s t o n e  f a c i e s  i n d i c a t e s  t h a t  d e p o s i t i o n  
o c c u r r e d  p r i m a r i l y  on  t h e  c h a n n e l i z e d  p o r t i o n s  of  t h e  m i d d l e  
f a n  areas  and  on t h e  u p p e r  f a n .  The p o o r l y  t o ' m o d e r a t e l y  

I I 

I 1 

1 

i f rom s e d i m e n t  g r a v i t y  f l o w s .  Even though  t h e  v a r i o u s  s u i t e s  
i of  s e d i m e n t a r y  s t r u c t u r e s  c a n  b e  i n t e r p r e t e d  t o  r e p r e s e n t  

I w e l l  s o r t e d ,  q u a r t z  and f e l d s p a r  r i c h  s a n d s t o n e s  were d e p o s i t e d  

v a r i o u s  mechanisms of s e d i m e n t  s u p p o r t  and t r a n s p o r t a t i o n ,  
o n l y  o n e  t y p e  of  s e d i m e n t  g r a v i t y  f l o w  i s  needed  t o  a c c o u n t  
f o r  the  s a n d  d e p o s i t i o n .  Models f o r  s u b m a r i n e  f a n  d e p o s i t i o n  
p r e s e n t e d  i n  t h e  l i t e r a t u r e  a r e  a p p l i c a b l e  t o  t h e  S o u t h  P o i n t  
F o r m a t i o n  b u t  may n o t  b e  f o r  f a n s  c h a r a c t e r i z e d  by  l a t e r a l  
m i g r a t i o n  of d e p o s i t i o n  o r  w i t h  a f i n e  grained sediment source. 
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PETROLOGY O F  SOME M I D D L E  AND LATE E O C E I ~ E  SANDSTONES 
FROM THE SOUTHERN CALIFORNIA BORDERLAND 

J o h n  W. E r i c k s o n ,  Exxon Company, U.S.A. 
Los A n g e l e s ,  C a l i f .  

I N T R O D U C T I O N  

The p r e s e n c e  o f  m i d d l e  t o  l a t e  E o c e n e  ( U l a t i s i a n  a n d  
N a r i z i a n  a g e )  r o c k s  o n  t h e  i s l a n d s  o f  San  M i g u e l ,  S a n t a  
R o s a ,  S a n t a  C r u z ,  a n d  San N i c o l a s  o f  t h e  C o n t i n e n t a l  B o r d e r -  
l a n d  o f  S o u t h e r n  C a l i f o r n i a  is now w e l l  e s t a b l i s h e d  (Weaver 
- e t  -', a 1  1 9 6 9 ;  D o e r n e r ,  1 9 6 8 ;  a n d  Vedder  a n d  N o r r i s ,  1 9 6 3 ) .  
P a l e o e c o l o g i c a l  i n d i c a t o r s  show t h a t  d e p o s i t i o n  o c c u r r e d  i n  
m a r i n e  waters  a t  b a t h y a l  d e p t h s  (Weaver ,  S ' G . ,  1 9 6 9 ;  
D o e r n e r ,  1 9 6 8 ;  a n d  D .  W .  Weaver ,  1 9 7 5 ,  p e r s o n a l  commun.). 
P a l e o s l o p e  a n d  s e d i m e n t o l o g i c a l  s t u d i e s  show t h a t  t h e  s e d i -  
m e n t s  were d e r i v e d  f r o m  a n  e a s t e r n  s o u r c e  a n d  t h a t  t h e  

o n  s u b m a r i n e  f a n s  ( E r i c k s o n ,  1 9 7 2 ;  C o l e ,  1 9 7 0 ;  M e r s c h a t ,  
1 9 6 8  a n d  1 9 7 1 ;  and  P a r s l e y ,  1 9 7 2 ) .  

c o a r s e "  c l a s t i c s  were d e p o s i t e d  f r o m  s e d i m e n t  g r a v i t y  f l o w s  I t  

With  s u c h  l i m i t e d  o u t c r o p s  i n  a n  a rea  as  v a s t  a n d  
g e o l o g i c a l l y  c o m p l e x  a s  t h e  S o u t h e r n  C a l i f o r n i a  B o r d e r l a n d ,  
o n e  m i g h t  a s s u m e  t h a t  t h e s e  E o c e n e  r o c k s  wou ld  w a r r a n t  l i t t l e  
a t t e n t i o n  i n  t h e  g e o l o g i c a l  l i t e r a t u r e  u n t i l  more  d a t a  h a s  
become a v a i l a b l e .  T o  t h e  c o n t r a r y ,  i n  t h e  l a s t  t h r e e -  
q u a r t e r s  o f  a d e c a d e  numerous  a r t i c l e s ,  d i s c u s s i o n  o f  a r t i -  
c l e s ,  r e p l i e s  t o  d i s c u s s i o n s  o f  a r t i c l e s  a n d  u n p u b l i s h e d  
t h e s e s  h a v e  a p p e a r e d ,  a l l  o f  w h i c h  c o n t a i n  p r o p o s a l s  f o r  
t o t a l  o r  p a r t i a l  p a l e o g e o g r a p h i c  o r  t e c t o n i c  r e c o n s t r u c t i o n  
o f  t h e  B o r d e r l a n d ;  t h e  i s l a n d s  c o n t a i n i n g ' t h e s e  r o c k s  h a v e  
b e e n  i n d i v i d u a l l y  o r  c o l l e c t i v e l y  r i f t e d  a n d  r a f t e d ,  r o t a t e d ,  
a n d  s t r i k e - s l i p p e d  b y  t h e s e  v a r i o u s  a u t h o r s  whose  r e c o n s t r u c -  
tions a r e  s e e m i n g l y  s p r i n k l e d  w i t h  a s s u m p t i o n s  ( Y e a t s ,  1968; 
C o l e ,  1 9 7 0 ;  Y e a t s  -- e t  a l . ,  1 9 7 0 ;  E r i c k s o n ,  1 9 7 2 ;  Yeats et e., 
1 9 7 4 ;  Howel l  e t  a l . ,  1 9 7 4 ;  C o l e  sa., 1 9 7 5 ;  H o w e l l  -- e t  a l . ,  
1 9 7 5 ;  H o w e l l ,  1 9 7 5 ;  a n d  G a s t i l ,  1 9 7 5 ) .  T o n l y  g e o l o g i c a l  
c a l a m i t y  n o t  y e t  a s c r i b e d  t o  t h e s e  Eocen  r o c k s  by  t h e  
shamans  o f  t e c t o n i c  p i n b a l l  is t h e  p e r v e r s i o n  o f  s u b d u c t i o n .  

-- 

A s  a p a r t  o f  t h e  a u t h o r ' s  mos t  rece  s o j o u r n  i n  t h e  
e x p e r i e n c e  of  h i g h e r  e d u c a t i o n ,  t h i n  s e c t i o n s  f r o m  t h e  m i d d l e  
t o  l a t e  E o c e n e  s a n d s t o n e s  f r o m  t h e  S o u t h  P o i n t  F o r m a t i o n  o f  
San  M i g u e l  a n d  S a n t a  Rosa I s l a n d s ,  f r o m  t h e  J o l l a  Vie ja  F o r -  
m a t i o n  o f  S a n t a  Cruz  I s l a n d ,  f r o m  t h e  unnamed r o c k s  o f  San  
N i c o l a s  I s l a n d ,  a n d  f r o m  t h e  T o r r e y  S a n d ,  S c r i p p s  F o r m a t i o n ,  
a n d  S t a d i u m  C o n g l o m e r a t e  o f  t h e  San  D i e g o  a rea  (see f i g . 1 )  
were s t u d i e d  p e t r o g r a p h i c a l l y  t o  d e t e r m i n e  t e x t u r a l  parame-  
t e r s  a n d  m i n e r a l  c o m p o s i t i o n  a n d  t o  make p r o v e n a n c e  i n t e r -  
p r e t a t i o n s  ( E r i c k s o n ,  1 9 7 2 ) .  The f i n d i n g s  a n d  i n t e r p r e t a -  
t i o n s  d e r i v e d  f r o m  t h a t  e n d e a v o r  a r e  p r e s e n t e d  h e r e  f o r  
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SMI = SAN MIGUEL ISLAND 
S R I  = SANTA ROSA ISLAND 
SCI = SANTA CRUZ ISLAND 
S N I  = SAN NICOLASISLAND 
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F i g .  1. I n d e x  map s h o w i n g  l o c a t i o n s  o f  m i d d l e  a n d  l a t e  
Eocene  o u t c r o p s  i n  t h e  S o u t h e r n  C a l i f o r n i a  
B o r d e r l a n d  a n d  a d j a c e n t  a r eas .  

p u r p o s e s  o f  g e n e r a l  i n f o r m a t i o n  a n d  p e r u s a l  i n  t h e  b e l i e f  t h a t  
a l i t t l e  d a t a  c a n  n e v e r  h u r t  a good g e o l o g i c a l  i n t e r p r e t a t i o n .  
F u r t h e r m o r e ,  no  d i s c u s s i o n  o f  t h e s e  a b o v e - m e n t i o n e d  r e g i o n a l  
r e c o n s t r u c t i o n s  w i l l  b e  made. A f t e r  a l l ,  t h e  s t a g e  o f  a p e t r o -  
g r a p h i c  m i c r o s c o p e  i s  n o t  t h e  p l a c e  f r o m  w h i c h  t o  make s u c h  
d i s c u s s i o n s .  

Me thods  a n d  P r o c e d u r e s  

One s a m p l e  f r o m  e a c h  o f  t he  San  D i e g o  area f o r m a t i o n s  was 
u t i l i z e d .  Ten s a m p l e s  f r o m  S a n t a  Rosa  I s l a n d  a n d  f i v e  s a m p l e s  
f r o m  e a c h  o f  t h e  r e m a i n i n g  i s l a n d s  were s t u d i e d .  The s a m p l e s  
f r o m  San N i c o l a s  I s l a n d  were b o r r o w e d  f r o m  R .  Ef. N o r r i s  a t  t h e  
U n i v e r s i t y  o f  C a l i f o r n i a  a t  S a n t a  B a r b a r a .  The r e m a i n i n g  
s a m p l e s  were c o l l e c t e d  by  t h e  a u t h o r .  A l l  s a m p l e s  c o l l e c t e d  
by  t h e  a u t h o r  were c u t  n o r m a l  t o  b e d d i n g  a n d  s t a i n e d  f o r  
p o t a s s i u m  f e l d s p a r s .  The t h i n  s e c t i o n s  f r o m  San  N i c o l a s  I s l a n d  
w e r e  u n s t a i n e d .  P o i n t  c o u n t s ,  u t i l i z i n g  a m e c h a n i c a l  s t a g e ,  
t o  a t o t a l  o f  1 0 0  e s s e n t i a l  g r a i n s  ( q u a r t z ,  f e l d s p a r s ,  a n d  r o c k  
f r a g m e n t s )  were made. The a b u n d a n c e  o f  h e a v y  m i n e r a l s  was 
d e t e r m i n e d  by  s y s t e m a t i c a l l y  s c a n n i n g  e a c h  t h i n  s e c t i o n  u n d e r  
h i g h  power a n d  c o u n t i n g  t h e  number o f  g r a i n s  t h a t  came i n t o  t h e  
f i e l d  of view.  The t h r e e f o l d  s u b d i v i s i o n  o f  s a n d s t o n e  compo- 
s i t i o n  ( F o l k ,  1 9 6 8 )  i n t o  t e r r i g e n o u s ,  a l l o c h e m i c a l ,  and  o r t h o -  
c h e m i c a l  componen t s  i s  f o l l o w e d .  I n  t h e  f o l l o w i n g  d i s c u s s i o n s ,  

T w e n t y - e i g h t  t h i n  s e c t i o n s  were a n a l y s e d  i n  t h e  s t u d y .  
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" l o c a l i t y "  w i l l  r e f e r  t o  e a c h  i n d i v i d u a l  i s l . a n d  o r  S a n  D i e g o .  
C l a s s i f i c a t i o n  a n d  t h e  d e t e r m i n a t i o n  o f  mean g r a i n  s i z e ,  s o r t -  
i n g ,  a n d  r o u n d n e s s  ( P o w e r s ,  1 9 5 3 )  f o l l o w  t h e  m e t h o d s  o u t l i n e d  
by  F o l k  ( 1 9 6 8 ) .  

COMPOSITION 

T e r r i g e n o u s  Components  

l a n d  o u t s i d e  t h e  b a s i n  o f  d e p o s i t i o n  - i n c l u d e  q u a r t z ,  f e l d -  
s p a r s ,  r o c k  f r a g m e n t s ,  micas ,  d e t r i t a l  c l a y ,  h e a v y  min  r a l s ,  
and  m i s c e l l a n e o u s  o r g a n i c  f r a g m e n t s ,  The f e l d s p a r s  a r e  
p l a g i o c l a s e ,  o r t h o c l a s e  a n d  m i c r o c l f n e  a n d  t h e  r o c k  f r a g m e n t s  
a r e  s i l i c i c  v o l c a n i c ,  g r a n i t i c ,  f i n e  g r a i n  s e d i m e n t a r y  a n d  
low g r a d e  m e t a m o r p h i c .  A l l  s a m p l e s ,  e x c e p t  f o r  o n e  f e l d s p a t h i c  
l i t h a r e n i t e ,  a r e  a r k o s e s  a n d  l i t h i c  a r k o s e s  a n d  a r e  p l o t t e d  on  
t h e  d i a g r a m  i n  f i g u r e  2 .  I n d i v i d u a l  g r a i n  p e r c e n t a g e s ,  a s  
w e l l  a s  t h e  a v e r a g e  c o m p o s i t i o n  f o r  e a c h  l o c a l i t y ,  a r e  g i v e n  
i n  T a b l e s  1 t o  3 a t  t h e  e n d  of t h e  p a p e r .  I n d i v i d u a l  g r a i n  
p e r c e n t a g e s  a r e  q u i t e  v a r i a b l e  b u t  t h e  a v e r a g e  p e r c e n t a g e s  
f o r  e a c h  l o c a l i t y  show a c l o s e  s i m i l a r i t y  i n  c o m p o s i t i o n ,  
The a v e r a g e  c o m p o s i t i o n s  a r e  p l o t t e d  i n  t h e  h i s t o g r a m s  of  
f i g u r e  3. 

Q u a r t z .  Q u a r t z  i s  t h e  m o s t  a b u n d a n t  m i n e r a l  r a n g i n g  f r o m  28.9 
t o  4 5 . 3  p e r c e n t  o f  t h e  t e r r i g e n o u s  g r a i n s .  The h i g h e s t  con-  
c e n t r a t i o n  o f  q u a r t z  i s  s e e n  i n  t h e  s a m p l e s  f r o m  t h e  San  D i e g o  
.area.  The m o s t  common t y p e  o f  q u a r t z  g r a i n  i s  m o n o c r y s t a l l i n e  
w i t h  u n d u l o s e  e x t i n c t i o n .  Less t h a n  t e n  p e r c e n t  o f  t h e  g r a i n s  
a r e  p o l y c r y s t a l l i n e  o r  m o n o c r y s t a l l i n e  w i t h  s t r a i g h t  e k t i n c t i o n .  
P a r a l l e l  a l i g n m e n t  o f  m u s c o v i t e  w a s  s e e n  i n  some o f  t h e  p o l y -  
c r y s t a l l i n e  g r a i n s .  L e s s  t h a n  a f r a c t i o n  o f  a p e r c e n t  c o n t a i n  
o v e r g r o w t h s ,  w h i c h  a r e  i n t e r p r e t e d  t o  h a v e  b e e n  p r e s e n t  b e f o r e  
d e p o s i t i o n .  W i t h i n  t h e  q u a r t z  g r a i n s ,  m i n e r a l  i n c l u s i o n s  o r  
f l u i d - f i l l e d  v a c u o l e s  a r e  r a r e .  M i c r o l i t e s  c o n s i s t  o f  z i r c o n ,  
a p a t i t e ,  a c i c u l a r  i n c l u s i o n s  ( r u t i l e ? ) ,  t o u r m a l i n e ,  b i o t i t e ,  
o r t h o c l a s e ,  p l a g i o c l a s e ,  a n d  o p a q u e  m i n e r a l s .  The f l u i d  
v a c u o l e s  a r e  r a n d o m l y  o r i e n t e d  o r  a r e  i n  t r a i n s .  

F e l d s p a r s .  The f e l d s p a r  g r o u p  i s  r e p r e s e n t e d  by  p l a g i o c l a s e ,  
o r t h o c l a s e ,  a n d  m i c r o c l i n e .  T o t a l  f e l d s p a r s  r a n g e  f r o m  21,.4 
t o  4 6 . 0  p e r c e n t ,  P l a g i o c l a s e  i s  t h e  m o s t  common f e l d s p a r  . 

r a n g i n g  f r o m  43 .4  t o  7 4 . 9  p e r c e n t  o f  t h e  t o t a l .  L e s s  t h a n  
o n e  t o  1 6 . 7  p e r c e n t  o f  t h e  f e l d s p a r s  a r e  m i c r o c l i n e  a n d  1 6 . 6  
t o  4 6 . 4  p e r c e n t  a r e  o r t h o c l a s e .  

The  t e r r i g e n o u s  c o m p o n e n t s  - t h o s e  g r a i n s  d e r i v e d  f r o m  

The  p l a g i o c l a s e  c o m p o s i t i o n  i s  q u i t e  u n i f o r m ;  m o s t  g r a i n s  
a r e  o l i g o c l a s e  (Anlo-Ango) .  Minor  a m o u n t s  o f  a l b i t e  (Ano- 
A n l o )  a n d  a n d e s i n e  (Anc~o-An50) a re  a l s o  p r e s e n t .  A f e w  g r a i n s  
e x h i b i t i n g  o s c i l l a t o r y  z o n i n g  a n d  a n t i p e r t h i t i c  t e x t u r e  were 
o b s e r v e d .  Bo th  u n t w i n n e d  a n d . t w i n n e d  g r a i n s  a r e  p r e s e n t .  
T w i n n i n g  t y p e s  a r e  a l b i t e ,  p e r i c l i n e ,  c a r l s b a d ,  o r  combina -  
t i o n .  O r t h o c l a s e  a n d  m i c r o c l i n e  b o t h  show p e r t h i t i c  t e x t u r e ,  
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MIDDLE AND LATE EOCENE SANDSTONES 
I SOUTHERN CALIFORNIA BORDERLAND 

SAN MIGUEL I. A 
SANTA ROSA I. e 

F FORMAT OF FOLK (1968) R 
F i g .  2 .  Compositional diagram o f  middle a n d  l a t e  

Eocene sandstones from the Southern California 
Borderland a n d  the San D i e g o  area. 
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but mos,t commonly do not show this exsolution texture. 
Orthoclase is untwinned, only ocFasionally exhibiting the 
Carlsbad form. The microcline is twinned, showing the 
typical, albite-pericline, gridiron texture. 

Both fresh and altered feldspars are present; however, 
altered forms are estimated to be the most common, especially 
in the plagioclase. Seritization is most common in the 
plagioclase. Other types of alteration observed are kaolini- 
zation, vacuolization, and sauceritization. 

Rock fragments. This general grouping includes silicic vol- 
canic, granitic, fine grain sedimentary, and metamorphic rock 
fragments. Of these the silicic volcanics and the gran-itic 
fragments are most common ranging from 1.9 to 2 5 . 0  and less 
than one to 13.8 percent of the terrigenous grains. Except 
for one sample from Santa Rosa Island, the sedimentary and 
metamorphic rock fragments are minor constituents in all 
samples analyzed. 

Three types of silicic volcanic fragments were observed. 
The most common type contains a microgranular matrix of 
quartz and orthoclase occurring alone or with subhedral to 
euhedral phenocrysts of quartz (which may be embayed), ortho- 
clase, and/or plagioclase. Finely disseminated opaque 
minerals may also be present. Figure 4 shows a typical 
example of this type of grain. These fragments are believed 
to have been derived from devitrified, silicic, ash-flow 
tuffs ( R o s s  and Smith, 1960). The second and third type 
of volcanic fragments compose less than five percent of the 
total and consist of a microgranular matrix showing spheru- 
litic texture and relict shards ( 1 )  or a microcrystalline 
arrangement of orthoclase, plagioclase and quartz. This last 
type is thought to have been derived from volcanic flow rocks 
or hypabyssal intrusions. * 

The granitic rock fragments contain allotriomorphic and 
hypidiomorphic granular intergrowths of orthoclase, plagi- 
oclase, and quartz; microcline, plagi.oclase and quartz; or 
a two-mineral combination of orthoclase,microcline, plagio- 
clase, quartz, biotite or muscovite. Myrmekitic, micro- 
graphic, and granophyric intergrowths are also present. The 
composition of these granitic fragments suggests a source 
having a quartz monzonitic to granodioritic composition. 

Sedimentary rock fragments include mudstone, siltstone 
and chert, which is treated separately in the tables. The 
anomalously high abundance of chert particles, including, 
radiolarian chert, in sample 11 from Santa Rosa Island is 
unexplained. Except for this sample, the sedimentary rock 
fragments are a minor portion of the terrigenous components. 

The metamorphic fragments include pelitic phyllites, 
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Fig. 4. Photograph of silicic volcanic fragment 
consisting of a microgranular matrix of 
quartz and orthoclase and a subhedral 
phenocryst of plagioclase. Bar length 
is .10mm. Crossed nicols. 

quartz-albite-muscovite schists, and semischists (see 
Williams, Turner, and Gilbert, 1954, p.205). These forms 
are all indicative of a low grade regionally metamorphosed 
terrane. Metamorphic rock fragments, when present, compose 
less than two percent of the terrigenous grains. 

Micas. The micas consist of biotite, muscovite, and chlorite. 
An estimated twenty percent of the micas are muscovite and 
an insignificant fraction are chlorite. Muscovite occurs as 
fresh flakes, whereas biotite may be fresh, bleached, or 
partially altered to magnetite-hematite or chlorite. The 
chlorite grains are possibly completely altered biotite. 

Terrigenous lay. Terrigenous clay, believed to have an 
illitic composition on the basis of petrographic properties 
(Folk, 1968, p.91), occurs in interstitial areas and is 
yellowish-brown, the result of staining by iron oxide. All 
samples contain varying amounts of terrigenous clay. The 
maximum amount observed is 5.4 percent. 

The heavy minerals observed include the 
epidote group (includes epidote, allanite, clinozoisite, and 
piedmontite), *sphene, zircon, garnet, opaque minerals 
(magnetite and ilmenite), tourmaline, hornblende, apatite, 
spinel and clinopyroxene. Even though this group represents 
a minor percentage of the terrigenous grains, the heavy 
minerals represent the only significant variation in abun- 
dances that were observed for samples from the various 
localities. The opaque minerals are present in all samples. 
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A s  shown i n  F i g u r e  5 ,  t h e  e p i d o t e  g r o u p  a n d  s p h e n e  a re  mos t  
a b u n d a n t  (see "me thods  a n d  p r o c e d u r e "  f o r  d i s c u s s i o n )  i n  t h e  
t h i n  s e c t i o n s  f r o m  San  M i g u e l  I s l a n d ,  S a n t a  C r u z  I s l a n d ,  a n d  
f r o m  t h e  S a n  D i e g o  a rea .  T h e s e  two g r o u p s  a r e  a b s e n t  o r  
uncommon i n  t h e  t h i n  s e c t i o n s  f r o m  S a n t a  Rosa  a n d  San  N i c o l a s  
I s l a n d s .  Such  v a r i a t i o n s  c o u l d  b e  t h e  r e s u l t  o f  l o c a l  s o u r c e  
c o n t r i b u t i o n s ,  s e l e c t i v e  c o n c e n t r a t i o n  by  e r o s i o n a l  p r o c e s s e s  
b e f o r e  d e p o s i t i o n ,  o r  i n t r a s t r a t a l  s o l u t i o n  e f f e c t s .  Z i r c o n ,  
g a r n e t ,  a n d  t o u r m a l i n e  a r e  s t r i k i n g l y  l e s s  a b u n d a n t  (0-10 
g r a i n s  p e r  t h i n  s e c t i o n )  b u t  a r e  r e p r e s e n t e d  a t  e a c h  l o c a l i t y .  
H o r n b l e n d e ,  a p a t i t e ,  s p i n e l ,  a n d  c l i n o p y r o x e n e  a r e  v e r y  r a r e ,  
r e p r e s e n t e d  by  o n e  o r  two g r a i n s  when p r e s e n t ,  a n d  a r e  a l s o  
n o t  r e s t r i c t e d  t o  a n y  s p e c i f i c  l o c a l i t y .  

M i s c e l l a n e o u s  c a r b o n a c e o u s  m a t e r i a l .  F i n e  g r a i n e d  p l a n t  o r  
wood f r a g m e n t s  a r e  p r e s e n t  i n  f e w  s a m p l e s  a n d  a r e  t h e r e f o r e  
a n  i n s i g n i f i c a n t  f r a c t i o n  o f  t h e  t e r r i g e n o u s  c o m p o n e n t s .  

A l l o c h e m i c a l  Components  

t h e  b a s i n  o f  d e p o s i t i o n ,  c o m p r i s e  l e s s  t h a n  a p e r c e n t  of t h e  
t o t a l  i n  e v e r y  t h i n  s e c t i o n .  G l a u c o n i t e  p e l l e t s  a n d  r o u n d e d  
. c a l c a r e o u s  s h e l l  d e b r i s  were t h e  o n l y  a l l o c h e m i c a l  c o m p o n e n t s  
o b s e r v e d .  

A l l o c h e m i c a l  c o m p o n e n t s ,  r e w o r k e d  p r e c i p i t a t e s  f o r m e d  i n  

O r t h o c h e m i c a l  Components  
The i n t e r s t i t i a l  c e m e n t s  o r  t h e  o r t h o c h e m i c a l  c o m p o n e n t s  

i n c l u d e  s p a r r y  c a l c i t e  a n d  ra re  s i l i c a  a n d  c h l o r i t e .  The 
amount  o f  s p a r r y  c a l c i t e  cemen t  r e a c h e s  25 p e r c e n t  f o r  s a m p l e  
1 6  f r o m  S a n t a  Cruz  I s l a n d .  A l l  s a m p l e s ,  b u t  1 4 ,  f r o m  S a n  N i c o l a s  

o t h e r  s a m p l e s  c o n t a i n  f i v e  p e r c e n t  o r  l e s s .  
* I s l a n d  c o n t a i n  g r e a t e r  t h a n  1 0  p e r c e n t  c a l c i t e  c e m e n t .  A l l  

TEXTURE 

A l l  t e x t u r a l  p a r a m e t e r s  a r e  p r e s e n t e d  i n  T a b l e  4 a t  t h e  
end  of  t h e  p a p e r .  A l l  o f  t h e  s a m p l e s  a n a l y s e d  h a v e  mean g r a i n  
s i z e s  w h i c h  f a l l  w i t h i n  t h e  r a n g e  o f  f i n e  a n d  medium s a n d  
(Wentwor th ,  1 9 2 2 ) .  A l l  b u t  t h e  s a m p l e  f r o m  t h e  S t a d i u m  Con- 
g l o m e r a t e  a r e  p o o r l y  t o  m o d e r a t e l y  s o r t e d .  P a c k i n g  o f  t h e  
g r a i n s  i s  c l o s e  e x c e p t  w h e r e  c a l c i t e  cemen t  h a s  d i s r u p t e d  t h e  
g r a i n s ,  a n d  t h e  p o r o s i t y  i s  low.  The a v e r a g e  r o u n d n e s s  o f  
t h e  g r a i n s  is a n g u l a r  t o  s u b a n g u l a r .  A compa ' r i son  o f  t h e  
a v e r a g e  r o u n d n e s s  o f  t h e  f i n e  t o  medium g r a i n  f r a g m e n t s  o f  
q u a r t z ,  f e l d s p a r s ,  a n d  t h e  s i l i c i c  v o l c a n i c  f r a g m e n t s  i n d i c a t e s  
t h a t  t h e  s i l i c i c  v o l c a n i c  f r a g m e n t s  a r e  b e t t e r  r o u n d e d .  As 
shown b y ' f i g u r e  6 ,  8 9  a n d  86  p e r c e n t ,  r e s p e c t i v e l y ,  o f  t h e  
s i l i c i c  v o l c a n i c  f r a g m e n t s  a r e  b e t t e r  r o u n d e d  ( p l o t t i n g  a b o v e  
t h e  s o l i d  l i n e )  t h a n  q u a r t z  a n d  t h e  f - e l d s p a r s .  F i g u r e  7 
shows t h e  t y p i c a l  t e x t u r a l  p r o p e r t i e s  o f  m i d d l e  a n d  l a t e  
Eocene  s a n d s t o n e s  f r o m  t h e  B o r d e r l a n d  a r e a .  
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F i g .  7 .  P h o t o g r a p h  o f  a t h i n  s e c t i o n  f r o m ’ S a n t a  
Cruz  I s l a n d  s h o w i n g  t h e  t y p i c a l  t e x t u r a l  
p r o p e r t i e s  o f  m i d d l e  a n d  l a t e  E o c e n e  
s a n d s t o n e s  f r o m  t h e  S o u t h e r n  C a l i f o r n i a  
B o r d e r l a n d .  The s a m p l e  is p o o r l y  s o r t e d  
w i t h  m o s t l y  a n g u l a r  a n d  s u b a n g u l a r  g r a i n s .  
Bar l e n g t h  is .35mm. P l a n e  l i g h t .  

PROVENANCE INTERPRETATION 

C a u t i o n  m u s t  b e  u s e d  when a t t e m p t i n g  t o  d e t e r m i n e  t h e  
p r o v e n a n c e  of  s a n d s t o n e s  f r o m  t h i n  s e c t i o n  a n a l y s i s .  Such  
f a c t o r s  as  s e l e c t i v e  w e a t h e r i n g  o r  t r a n s p o r t a t i o n  c a n  g r e a t l y  
a f f e c t  t h e  g r a i n  c o m p o s i t i o n  a n d  t h e r e f o r e  t h e  p r o v e n a n c e  
i n t e r p r e t a t i o n ,  R e c o g n i z i n g  s u c h  l i m i t a t i o n s ,  a g e n e r a l i z e d  
p r o v e n a n c e  i n t e r p r e t a t i o n  c a n  s t i l l  b e  made f o r  t h e s e  s a n d -  
s t o n e s .  The s u i t e  o f  t e r r i g e n o u s  g r a i n s  combined  w i t h  t h e i r  
t e x t u r a l  p a r a m e t e r s  s u g g e s t s  t h a t  t h e  Eocene  b o r d e r l a n d  s e d i -  
m e n t s  were d e r i v e d  m a i n l y  f r o m  g r a n i t i c  r o c k s  o f  a q u a r t z  
m o n z o n i t e  t o  g r a n o d i o r i t e  c o m p o s i t i o n .  Lesser c o n t r i b u t i o n s  
of  m a t e r i a l  o r i g i n a t e d  i n  a s i l i c i c  v o l c a n i c  t e r r a n e  con-  
s i s t i n g  of  d e v i t r i f i e d  a s h - f l o w  t u f f s ,  f l o w s ,  a n d  h y p a b y s s a l  
i n t r u s i o n s .  Minor  a m o u n t s  o f  m a t e r i a l  were d e r i v e d  f r o m  
f i n e  g r a i n  s e d i m e n t a r y  r o c k s  a n d  low r a n k  r e g i o n a l l y  meta- 
morphosed  r o c k s .  

G r a n i t i c  b a s e m e n t  r o c k s  o l d e r  t h a n  Eocene  c r o p  o u t  o n  
S a n t a  C r u z  I s l a n d  a n d  o n  t h e  m a i n l a n d  i n  t h e  S o u t h e r n  C a l i f -  
o r n i a  B a t h o l i t h .  On S a n t a  C r u z  t h e  b a s e m e n t  c o n s i s t s  o f  
h o r n b l e n d e  d i o r i t e ,  t o n a l i t e ,  a n d  minor  a m o u n t s  o f  t r o n d h j e -  
m i t e ,  g a b b r o ,  h o r n b l e n d i t e ,  and  o l i v i n e  c l i n o p y r o x e n i t e  
(Weaver - e t  - * ,  a 1  1 9 6 9 ,  a n d  H i l l ,  1 9 7 4 ) .  Such  a m a f i c  r i c h  
s o u r c e  i s  n o t  i n d i c a t e d  by  t h e  s a n d s t o n e  c o m p o s i t i o n .  
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L a r s e n  ( 1 9 4 8 )  a n d  J a h n s  ( 1 9 5 4 )  r e p o r t  t h a t  t h e  S o u t h e r n  C a l i f -  
o r n i a  B a t h o l i t h  c o n t a i n s  r o c k s  r a n g i n g  i n  c o m p o s i t i o n  f r o m  
g a b b r o  t o  g r a n i t e  w i t h  t h e  a v e r a g e  c o m p o s i t i o n  i n  t h e  t o n a l i t e  
r a n g e .  N i n e t y  p e r c e n t  o f  t h e  e x p o s e d  p o r t i p n s  a r e  a l s o  
r e p o r t e d  t o  h a v e  c o m p o s i t i o n s  r a n g i n g  f r o m  g a b b r o  t o  g r a n o d i o -  
r i t e .  T a k i n g  i n t o  c o n s i d e r a t i o n  t h e  a f f e c t s  o f  s e l e c t i v e  
w e a t h e r i n g  a n d  t r a n s p o r t a t i o n ,  t h i s  w r i t e r  b e l i e v e s  t h a t  t h e s e  
r o c k s  c o n t a i n  t o o  l i t t l e  p o t a s s i u m  f e l d s p a r  a n d  p l a g i o c l a s e s  
t o o  h i g h  i n  a n o r t h i t e  c o m p o s i t i o n  t o  h a v e  c o n t r i b u t e d  s i g n i f i -  
c a n t l y  t o  t h e  m i d d l e  a n d  l a t e  E o c e n e  s e d i m e n t s .  P o s s i b l y  t h e  
s e d i m e n t s  were d e r i v e d  f r o m  a more  a c i d i c ,  b u t  now e r o d e d ,  
u p p e r  p o r t i o n  o f  t h e  p l u t o n .  D i r e c t  e v i d e n c e  o f  s o u r c e  r o c k  
c o m p o s i t i o n  i s  g i v e n  by  t h e  c o m p o s i t i o n s  o f  two g r a n i t i c  

c 

c o b b l e s  w h i c h  were f o u n d  i n  a c o n g l o m e r a t i c  i n t e r v a l  o f  t h e  
J o l l a  V i e j a  F o r m a t i o n  o f  S a n t a  Cruz  I s l a n d .  P e t r o g r a p h i c  
a n a l y s i s  shows o n e  s a m p l e  t o  b e  a n  a p l i t i c  q u a r t z  m o n z o n i t e  
c o n t a i n i n g  50 p e r c e n t  q u a r t z ,  24 p e r c e n t  m i c r o c l i n e ,  1 2  p e r -  
c e n t  o r t h o c l a s e ,  a n d  1 4  p e r c e n t  p l a g i o c l a s e .  The o t h e r  samp e 
i s  a l s o  a q u a r t z  m o n z o n i t e  b u t  c o n t a i n s  30 p e r c e n t  q u a r t z ,  30 
p e r c e n t  p l a g i o c l a s e  ( o f  a n  o l i g o c l a s e  c o m p o s i t i o n ) ,  34  p e r c e n t  
m i c r o c l i n e ,  a n d  3 p e r c e n t  e a c h  o f  b i o t i t e  a n d  m u s c o v i t e .  

The s i l i c i c  v o l c a n i c  f r a g m e n t s  a r e  b e l i e v e d  t o  b e  s a n d -  
s i z e d  p a r t i c l e s  o f  Poway c l a s t s ,  f o r  w h i c h  no  known s o u r c e  
e x i s t s  ( B e l l e m i n  and  Merriam, 1958;  Woodford -- e t  a l . ,  1 9 6 8 ;  
a n d  P e t e r s o n ,  et &., 1 9 6 7 ) .  S i n c e  t h e s e  p a r t i c l e s  a r e  b e t t e r  
r o u n d e d  t h a n  t h e  f e l d s p a r s  a n d  q u a r t z  a n d  a r e  a p p a r e n t l y  of 
c o m p a r a b l e  h a r d n e s s ,  t h e  s i l i c i c  v o l c a n i c  p a r t i c l e s  a r e  
i n t e r p r e t e d  t o  h a v e  b e e n  r e w o r k e d  f r o m  a n  o l d e r  s e d i m e n t a r y  
d e p o s i t .  P o s s i b l e  s o u r c e  r o c k s  f o r  t h e  l o w  g r a d e  m e t a m o r p h i c  
f r a g m e n t s  o c c u r  b o t h  o n s h o r e  a n d  i n  t h e  B o r d e r l a n d .  F i n e  
g r a i n  s c h i s t ,  a r g i l l i t e ,  a n d  q u a r t z i t e  a r e  f o u n d  i n  t h e  
B e d f o r d  Canyon F o r m a t i o n  o f  t h e  S a n t a  Ana, E l s i n o r e  a n d  S a n t a  
M a r g a r i t a  M o u n t a i n s ,  i n  t h e  J u l i a n  S c h i s t  o f  t h e  Agua T i b i a  
and  Laguna  M o u n t a i n s ,  a n d  i n  n o r t h e r n  Baja C a l i f o r n i a  ( J a h n s ,  
1 9 5 4 ) .  On S a n t a  C r u z  I s l a n d  m e t a s e d i m e n t s  a n d  l o w  g r a d e  
s c h i s t s  a r e  p r e s e n t  (Weaver _.- e t  a l . ,  1 9 6 9 ;  H o w e l l  -- e t  a l . ,  
1 9 7 4  and  1 9 7 5 ) .  

SUMMARY AND CONCLUSIONS 

The m i d d l e  a n d  l a t e  Eocene  s a n d s t o n e s  o n  t h e  i s l a n d s  i n  
t h e  S o u t h e r n  C a l i f o r n i a  B o r d e r l a n d  h a v e  g r a i n  c o m p o s i t i o n s  
s u g g e s t i n g  t h e y  were d e r i v e d  f r o m  t h e  same o r  a s i m i l a r  
s o u r c e .  A s i m i l a r  c o m p o s i t i o n  f o r  a g e  e q u i v a l e n t  r o c k s  f r o m  
t h e  San  D i e g o  a r e a  i s  c o n s i s t e n t  w i t h  a n  e a s t e r n  s o u r c e  f o r  
t h e  o f f s h o r e  r o c k s .  A l l  r o c k s  a r e  i n t e r p r e t e d  t o  h a v e  b e e n  
d e r i v e d  p r e d o m i n a n t l y  f r o m  i g n e o u s  r o c k s  o f  a q u a r t z  m o n z o n i t e  
t o  g r a n o d i o r i t e  c o m p o s i t i o n  a n d  o l d e r  s e d i m e n t s  t h a t  o r i g i -  
n a t e d  i n  a s i l i c i c  v o l c a n i c  t e r r a n e .  
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h) 
0 w 

SANTA R O S A  I S L A N D  

r 6 7 8 9 3 14 A V E ,  SAMPLE ' - - - _ I _ - - - - - -  16 19 11 5 

37.6 39.6 42.1 35.1 35.4 38.9 38.7 37.0 33.3 40.2 37.8 

21 .7 22.4 20.7 18.6 24.1 19.8 23.1 - 25.0 20.6 21.6 

Quartz 

P1 agiocl ase 20.2 

8 .4  15.3 9.7 8.3 9 .0  12.0 8.3 11.2 10.0 .: Orthoclase 6.4 11.3 

Mi crocl I ne ' 1.8 

Total Feldspar (28.4) (34.9)  (31.7) (38.7)  (31 . O )  (35;l) (28.8) (36.0) (35.2) (31.8) (33.2) 

S i l i c i c  V o l .  R . F .  11.0 

Granitic R . F  

1.9 .9  2.7 2.7 2.7 T .9 1.9 T 1.6 

7.5 9.3 8.1' 18.6 13.9 15.3 10.2 16.7 15.9 12.7 

13.8 ' 11.3 T 7.2 2 9-7 4.6 6.3 9.3 5.6 5.6 6 .6  

.9  T T 

Chert .9  10.3 .9 T T 

Metamorphic R.F.  .9 .9 1.8 
Mi cas 

C 1  ay 

Heavies 

\ 

6.4 2.8 ,9  4.5 8.8 5.6 5.4 3.7 5.6 4.6 4 . 8  

2.8 2.8 5.4 1.8 1.9 4.5 3.7 .9 1.9 2.8 

T .9 T .9 T T T .9 T 

Organic 1.9 T .  T 

Total 99.9 99.8 99.9 99.9 100.1 100.0 99.9 99.9 100.0 100.0 

Tab1.e 1. Indivi-dual percentages  of t e r r i g e n o u s  components i n  t h i n  s e c t i o n s  from . 
t h e  South Po int  Formation, Santa Rosa I s l a n d ,  C a l i f o r n i a .  
(T: present  i n  t h i n  s e c t i o n  but not  touched by p o i n t  c o u n t . )  



E 
C 
rl 

SAMPLE 

Q u a r t z  

P l a g i o c l a s e  

O r t h o c l a s e  

M I  c r o c l i  ne 

T o t a l  F e l d s p a r  

S l l l c i c  Vol .  R.F. 

G r a n i t i c  R. F. 

Sedlrnentary R.F. 

C h e r t  

Metarnorphlc R.F. 

# i c a s  

C 1  ay 

Heavies 

Organ ic  

T o t a l  

SANTA CRUZ .ISLAND 

23 24 16 34 26 Ave. ------ 
28.9 32.5 42.1 29.9 35.4 33.8 

22.8 19.7 13.1 17.9 13.3 17.4 

10.7 7.7 12.1 10.3 7.1 9.6 

5.3 3.4 .9 1.7 2.7 2.8 

(38.8) (30.8) (26.1) (29.9) (23.1) (29.8) 

12.3 14.5 14.0 15.4 15.0 14.2 

6.1 6.8 10.3 6.8 13.3 8.7 

.9 .9 

.9 .9 1.7 .9 

.9 1.7 

4.4 7.7 5.6 6.8 6.2 6.1 

5.3 4.3 T 2.9 2.7 3.0 

2.7 2.7 .9 4.8 2.7 

100.3 100.2 99.9 99.9 100.2 

SAN M I G U E t  ISLAND 

1 2 5 6 7 Ave. 

38.6 36.4 29.7 31.2 33.0 33.8 

27.2 20.9 24.3 25.7 24.1 24.4 

------ 

11.4 8.2 9.0 10.1 15.2 10.8 

1.8 4.5 1.8 1.8 1 .a 2.3 

(40.4) (33.6) (35.1) (37.6) (41.1) (37.5) 

3.5 10.0 18.9 19.3 9.8 12.3 

5.3 10.9 5.4 3.7 5.4 6.1 

/ 

T 

7.9 6.4 6.3 5.5 7.2 6.7 

1.8 1.8 .9 1.8 1.8 1.6 

2.6 .9 2.7 .9 1.8 

100.1 100.0 99.0 100.0 100.1 

.Tab le  2. I n d i v i d u a l  p e r c e n t a g e s  o f  t e r r i g e n o u s  componen t s  i n  t h i n  s e c t i o n s  f r o m  t h e  
J o l l a  V i e j a  F o r m a t i o n ,  S a n t a  C r u z  I s l a n d  a n d  f rom t h e  S o u t h  P o i n t  F o r m a t i o n ,  
San  M i g u e l  I s l a n d ,  C a l i f o r n i a .  
( T :  p r e s e n t  i n  t h i n  s e c t i o n  b u t  n o t  t o u c h e d  by p o i n t  c o u n t . )  

T- II 



N 
0 
ul 

SAN D I E G O  

Torrey Scripps Stadium Ave. 
45.3 43.2 45.1 44.5 

18.9 19.0 17.6 18.5 

18.9 8.6 3.9 10.5 

5.7 .9 2.0 2.9 

(43.5) (28.5) (23-5)  (31.9) 

1.9 6.8 15.7 8.1 

3.8 6.8 11.8 7.5 

SAN NICOLAS ISLAND 

1 5  5 11 12 1 Ave. ------ SAMPLE 

quartz  37.2 37.0 42.9 32.2 35.4 36.9 

Plagioclase 18.6 17.9 14.3 32.2 20.6 20.7 

Orthocl aSe 12.4 8.0 7.1 10.6 8.8 9.4 

Microcl ine  T 2.2 T 3-2  5.9 2.3 

Tota l  Feldspar (31.0) (28.1) (21.4) (46.0) (35.3) (32.4) 

S i l i c i c  Vol. R . F .  24-8 18.7 25.0 12.9 17.7 19.8 

G r a n i t i c  R.F. 1.8 4.2 1.8 .9  5.9 2.9 

Sedimentary R.F. .9 ' t  
Chert T 

Metamorphlc R.F. 

Mi c a s  3.6 5.6 4.5 5.5 3.6 4.6 

Clay 1.8 4.7 3.6 3 .2  1.8 3.0 

Heavies T *9  .9 T T T 1.7 T 

Organfc 

Tota l  100.2 100.1 100.1 100.7 99.7 100.2 99.8 100.1 

Table 3 .  I n d i v i d u a l  percentages  o f  t e r r i g e n o u s  components i n  t h i n  s e c t i o n s  from 
m i d d l e  and l a t e  Eocene sands tones  from San N k o l a s  I s l a n d  and from 
San Diego ,  C a l i f o r n i a .  
( T :  p r e s e n t  i n  t h i n  s e c t i o n  but n o t  touched by p o i n t  c o u n t . )  

2.0 

.9 

3.8 8.5 2.0 4.8 

1.9 3.4 T 1.8 



MEAN G R A I N  S I Z E  SORTING AVERAGE ROUNDNESS SAMPLE 

n m  d verbal  P verba l  

. 
c. 

=I e 

U 

4 * 

0 

5 

1 6  

2 3  

24 

16 

34 

- 
c. 

4 
4 

I = 
L 
U 

1 4  

* s  
11 

1 2  

- 1  

.18 

-24 

.22 

.18 

.17 

-25  

.31 

-27 

.22 

.20 

.26 

.31 

-41 

.25 

.19 

.18 

-19 

-27 

.17 

.24 

.16 

.19 

.21 

.21 

.22 

.15 

.27 

.38 

w 
0 4  

I 

* .S 

1.92 a n g u l a r  1.01 poor 

1.63 poor 2.10 subangular  

1.10 poor  2.13 subangular  

1.18 poor 1.91 a n g u l a r  

1.23 poor 1.89 a n g u l a r  

Torrey  

S c r l p p s  

Stadlum 

1.28 

1.17 

1.46 

1 .so 
1.31 

.94 

1.07 

.96 

1.11 

1.12 

1.40 

1.10 

-86 

1 . I 5  

1.21 

.78 

1.01 

.88 

.89 

1.07 

poor  

poor 

poor 

poor 

poor 

moderate 

poor 

moderate 

poor 

poor 

poor 

poor 

moderate 

poor 

poor 

moderate 

poor 

moderate 

moderate 

poor 

2.37 

2.24 

2.08 

1.95 

1.64 

1 .E3 

1.91 

2.34 

1.81 

1.60 

2.24 

2.10 

2.23 

2.00 

2.42 

2.20 

2.10 

2.12 

2.19 

2.06 

subangular  

subangular  

subangular  

a n g u l a r  

a n g u l a r  

a n g u l a r  

a n g u l a r  

subangular  

a n g u l a r  

a n g u l a r  

subangular  

subangular  

subangular  

subangular  

subangular  

subangular  

subangular  

subangular  

subangular  

subangular  

.72 moderate 2.17 subangular  

.87 moderate 2.41 subangular  

.35 well  2.60 subangular  

T a b l e  4. T e x t u r a l  p a r a m e t e r s  of m i d d l e  a n d  
l a t e  E o c e n e  s a n d s t o n e s  f r o m  t h e  
S o u t h e r n  C a l i f o r n i a  B o r d e r l a n d  a n d  
f r o m  t h e  San  D i e g o  Area. 

il 
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STRATIGRAF'HY AND PALEONTOLOGY OF THE 
TYPE BLAKEW AND BLIUELY =OR FORMATIONS 

Chasles V. Fulmer 
Seattle, Washington 

ABSTRACT 

The type section of the Blakeley Formation as defined by Weaver is 
exposed in three discontinuous beach sections. Each profile contains all 
or a portion of the two lithologic members characterizing this formation. 
The Orchard Point or lowermost member is composed of coarse clastic sedi- 
ments interbedded with relatively minor amounts of fine-grained sandstone 
and siltstone.' This member is most completely exposed along the south- 
western shore of Sinclair Inlet, where it is approximately 2600 feet 
thick. 
grained sandstone, siltstone, and shale with minor amounts of pebbly 
sandstone. 
southern and southeastern shores of &inbridge Island. 
Point Member is approximately 4500 feet thick. 

The overlying Restoration Point Member is characterized by fine- 

The strata assigned to this member are best exposed along the 
Here the Restoration 

Both lithologic members are composed predominantly of volcanic debris 
derived from two distinct source areas. Ekisaltic debris is usually the 
dominant volcanic element of the coarser clastic sediments. The matrix 
of the sandstone and conglomerates, in addition to much of the silt and 
clay size material present in the finer clastics, is composed of light 
colored felsitic tuff. 
of Crescent or Coast Range basalt and felsitic tuff was supplied from the 
Cascade volcanic provenance to the east. 

The basaltic debris was eroded from nea'rby areas 

-The typical Blakeley Formation contains a rich molluscan and 
foraminiferal fauna. The molluscan elements comprise the A&Za get ty -  
burgensis associa,tion of Weaver and the Echinophorh rex assemblage of 
Durham. The lower 850 feet of the Orchard Point Member is characterized 
by a foraminiferal faunule of Refugian Age. The remainder of the for- 
mation is characterized by a foraminiferal association of Zemomian Age. 

The organic and inorganic elements characteristic of the Blakeley 
Formation suggests that both lithologic and biologic mixing has taken 
place during the Blakeley depositional cycle. 
conspicuous but not restricted to the coarser clastic units of this 
formation. 
by rounded to subangular grits, pebbles, cobbles, and sometimes boulders 
of basalt associated with abundant fine-grained intergranular matrix 
composed of light colored felsitic tuff. 
hand is characterized by a fossil faunal association composed of elements 
belonging to shallow water, subtropical molluscan and coral assemblages 
mixed with deeper cold water benthonic foraminifers. 

The poorly sorted, mixed character of the bio,ogic and lithologic 

This mixing is more 

Lithologic mixing displayed by these beds is characterized 

Biologic mixing on the other 

elements of the coarser clastic strata of this formation suggest the 
possibility of submarine -slumping and transport by turbidity currents 
to deep water. 
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INTRODUCTION . 

During the past fifty years,the formational term Blakeley has been 
applied in several different ways, frequently implying different strati- 
graphic, biostratigraphic and chronologic meaning. 
this usage has resulted In considerable confusion with respect to the 
typical lithologic clmracter, correlation and time-rock nomenclature. It 
is the purpose of this paper to define and to restrict the Blakeley 
Formation, to describe its lithologic character, and to figure and des- 
cribe the contained foraminiferal faunules. The term Blakeley was first 
applied in a formational sense to a thick sequence of sedimentary strata 
exposed along the beaches of Bainbridge Island and Sinclair Inlet by 
Weaver in 1912. This formational unit received its name from the nearby 
village of Port Blakely and its harbor. 
spelling was not retained by Weaver possibly because the name llBlakelyl* 
had been previously used by Ulrich in 1911 for a sandstone unit of Lower 
Ordovician age. 
was deposited in a nonmarine environment and is lithologically distinct 
from the underlying strata. 
the Blakeley Formation to the marine deposits and to rename the super- 
adjacent unit. The molluscan faunules of the Blakeley Formation have 
been studied in detail by Weaver in 1912, 1916, and 1942; Tegland in 
1933, and more recently by Durham in 194.4. Additional work on the 
molluscs has not been undertaken. 

The Blakeley Formation of Weaver occupies an important biostrati- 
graphic position in the Pacific Coast, Oligocene-Miocene chronology. 
This importance is in part historical as the megainvertebrate fossils 
collected from the presently recognized Blakeley and Astoria Formations 
were among the first studied from the Pacific Northwest, The fossil 
associations of these formations have since been used for formational 
recognition, stage assignment and regional ( 

The multiplicity of 

The more common geographic 

The uppermost portion of Weaver's type Blakeley Formation 

It appears advisable, therefore, to restrict 

cific Coast ) correlation. 

The typical Blakeley Formation also contains rich and well-known 
foraminiferal faunules that can be correlated with the Refugian and 
Zemorrian stages of California. The Joint occurrence of the molluscan, 
coral, and forminiferal assemblages associated with the characteristic 
felsi?;ic tuff matrix affords an excellent correlation between Keechelus 
Series and similar Cascade volcanic rocks and the standard Marine Tertiary 
sequence. Thus additional biostratigraphic, lithologic, and structural 
data are available for evaluation of the Oligocene and its boundary 
problems. Problems which have been emphasized elsewhere (Schenck 1935, 
Kleinpell 1938, Goudkoff and Porter 1942, Eames, Banner, Blow, and Clarke 
1962, and Kleinpell and Weaver 1963 1. 

.The writer is indebted to Dr. V. StandishMallory for his review 
and many valuable suggestions. 
Muldrow and Martha Johnson for their work In typing the manuscript. 

Special recognition is also due Anna 

HISTORICAL REVIEW 

Arnold (1906) described two species of the genus Pecten from beds 
(presently assigned to the Orchard Point Member) exposed near Bean Point. 
These species were considered by Arnold to be Oligocene-Miocene in age. 
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Dall (1909) collected and described several molluscan species from strata 
(now assigned to the Restoration Point Member) exposed near Restoration 
Point. These new faunal elements were considered by Dall to be Oligocene 
in age. A s  a result of these two early papers, surprisingly accurate age 
determinations were made prior to formational or lithologic defination. 

Weaver (1912 1 formally named the Blakeley Formation and. designated 
the type section, "at Restoration Point, Kitsap County, opposite Seattle.11 
In the discussion concerning this newly named formation, Weaver (1912, 
p. 16) implies that the type section also includes strata exposed on the 
mainland from Orchard Point to the vicinity of Waterman Point on Sinclair 
Inlet. 
papers by Weaver (1916 a, b, c, d, and 1937 ). 

The composite nature of the type section was clarified in later 

The molluscan fauna characteristic of this newly named formation 
was recognized by Weaver (1912, p. 17) from several other localities in 
Western Washington. These isolated localities were referred to as the 
"Blakeley Beds." The exposures at Alki Point and Georgetown, now within 
the city of Seattle and the so-called Blakeley Beds exposed in the New- 
castle Hills and near the village of Cathcart are lithologically similar 
to the type section of the Blakeley formation. 
Beds" exposed in Chehalis County, on the Quimper Peninsula, and at various 
points along the Strait of Juan de Fuca differed in lithologic character 
and were later assigned to other formations. 
that the type section of the Blakeley Formation and the more widely 
spread molluscan association characteristic of this formation were 
recognized by Weaver at approximately the same time. 

upper portion of the type Blakeley Formation of Weaver, to the Seattle 
Formation and the lower portion, to the San Lorenzo Formation. 
addition, a four-fold division of 'the Pacific hast Oligocene based on 
molluscan assemblages was recognized. 
Vancouver Island was considered the oldest followed by the San LOrenzo, 
Seat t le ,  and Twin Rivers Formations. It is  now obvious that the formations 
recognized by Arnold and Hannibal were based on faunal similarities rather 
than lithologic character. 

However, the "Blakeley 

It is important to note 

. 

Later in the same year, Arnold and Hannibal (1912) referred the 

In 

The Sooke Formation of south 

In 1916, Weaver published four papers that included discussions of . 
the typical Blakeley Formation and its contained molluscan fauna. In 
this work he followed the philosophy of Arnold and Hannibal and other 
early workers in formational recognition based on the composition of its 
contained molluscan fauna. He also presented at this time a more accurate 
stratigraphic measurement and lithologic description of the strata exposed 
in the typical sections of the Blakeley and Blakely Harbor Formations. 
The strata exposed along the shore of Riche Passage and Sinclair Inlet 
were included in the measured section. 
w$s divided into seven lithologic belts ( A  to G) which were recogaized 
as uppernost; Oligocene in age. 

The entire stratigraphic sequence 

I Subsequently, Van Winkle ( 1918 ) described two new molluscan species 
collected from beds exposed near Restoration Point and followed Weaver in 
assigning these beds to the upper Oligocene. 
(1918 ) correlated the typical Blakeley Formztion with a portion of the 

In the same year Clark 
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San Lorenzo Formation of the Mt, Diablo area of central California. 
Clark and Asno1.d (1923) correlated the Sooke Formation of Vancouver 
Island with the Blakeley 
Slower Niocene. Several new molluscan species were collected ana 
described by Clark (1925) from Blakelcy stra-ka exposed on %inbridge 
Island. In the same year, Hertlein and Crickmay (1925) cor,tinued to 
regard the typical Blakeley Formation as upper Oligocene in age. 
(1933) described in more detail the known molluscan fauna of the type of 
Blakeley Formation and presented a canparison of this association with 
other molluscan assemblages reported frm the Astoria, Lincoln, San 
Lorenzo, and Sooke Formations. 
graphic terminology, 

referring it to the upper Oligocene 

Tegland 

She also employed Weaverrs 1916 strati- 

Weaver (1938) summarized several years of geologic study in his 
monograph on the Tertiary Stratigraphy of Western Washington and North- 
western Oregon. In this important work, the lithologic character of 
the vapiow Terti-ary formations was emphasized. 
originally recognized in 1912 was redefined more accurately in terms of 
lithology. 
remked unchanged and the names 'IBlakeley Horizonf1 an3 IfBlake1ey Beds" 
of the earlier papers were discarded. 

Washington were proposzd by Durha3n (1944). 
Formation, here recognized, =re included in the Echinopbria rex Zone. 
Durham thus followed Weaver in assigning the typical Blakeley Formation 
to a single zone. 

The typical Blakeley 

The age essigrrment, of the contained molluscan assemblage 

Seven new megafaunal zones of the Oligocene of Northwestern 
Both members of the Blakeley 

STRATIGRAPHY OF THE BLAKELEY FOFWLTION 

The type section of the Blakeley Formation as defined by Weaver 

Each profile 
in 1912, 1916. and 1937, is exposed in three discontinuous beach sections 
(Sinclair Inlet, Orchard Point, and Restoration Point ), 
contains all or a portion of the two lithologic members characterizing 
this formation. The base of the Blakeley is exposed south of Waterman 
Point near the village of Waterman on Sinclair Inlet. 
lowest beds exposed (Bean Point and Orchard Point) represent deposition 
at higher stratigraphic positions than the base of the foration exposed 
near the village of Waterman. 
lowermost beds exposed at Bean and Orchard Points has not been accwately 
determined; however, while the basal Orchard Point beds are older, geo- 
metric projections of the strike of these beds suggest that not more than 
a few hundred feet of basal strata are unexposed at Bean Point. 

Elsewhere the 

The exact st2atigraphic position of the 

The uppermost strata included in the Sinclair Inlet section Ere 

The stratigraphic throw along this fault has not been 
separated by a fault from the uppermost strata measured in the Orchard 
Point seetiom. 
accurately determined but rough measurements again suggest that this 
parameter probably does not exceed a few hundred feet. 

The upper portion of the Blakeley Formation is not exposed in the 
beach section from Orchard Point northwest to Middle Point. 
of the formation is, however, well exposed in the Restoration Point section 
on Bainbridge Island. 

This portion 

The lower Blakeley is exposed in the vicinity of 
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SINCLAIR INLET SECTION 

Hard, mass ive ,  d a r k  g ray ,  dense. w e l l  i n d u r a t e d  s h a l e  

T h i n l y  bedded, t u f f a c e o u s  sandy 
f t n e - q r a i n e d  b a s a l t i c  sands tone 
Hard, da rk -g ray ,  b r i t t l e ,  w e l l  c 

te rbedded w i t h  

Th in ly -bedded.  t u f f a c e o u s .  sandy s h a l e  i n t e r b e d d e d  w i t h  
f i n e - s r a i n e d  b a s a l t i c  sands tone 

In te rbedded  r e d d i s h  brown f i n e  t o  medium g r a i n  t u f f -  
sands tone and da rk  q r a y  h a r d  f i s s i l  s h a l e  

SCALE 
IO0 feet 
c-.( 

WATERMAN POINT CONGLOHERAT~ 

Mass ive  t o  t h i n  bedded pebb le  t o ' c o b b l e  cong lomera te  
composed o f  robnded t o  subrounded c l a $ t s  o f  b a s a l t .  
b a s a l t i c  a n d e s i t e  and a n d e s i t e .  i n t e r b e d d e d  w i t h  coa rse -  
g r a i n e d  t u f f a c e o u s ,  b a s a l t i c  sands tone 
and t u f f a c e o u s  s i l t s t o n e  r e l a t i v e l y  t h  edded and l o c a l l y  
v e r y  f o s s i l i f e r o u s  near  t h e  base 

n e - q r a i n  sands tone.  

- F i n e  t o  medium g r a i n .  t h i n l y  bedded. t u f f a c e o u s ,  a r g i l l a c e o u s .  
p o o r l y  s o r t e d  b a s a l t i c  sands tone and t u f f a c e o u s  S i l t s t o n e  

T h i n  bedded. medium t o  coa rse -q ra ined .  b a s a l t i c  sands tone 
wea the r ing  t o  a da rk  brown c o l o r  

B a s a l t i c  peLb le  and cobb le  cong lomera te  

In te rbedded  f i n e  g ra ined .  t u f f a c e o u s  sands tone,  d a r k  g r a y  
s i l t s t o n e  and c l a y  s h a l e  

In te rbedded  coa rse  t o  med ium-gra in  b a s a l t i c  sands tone 
and b a s a l t i c  and a n d e s i t i c  pebb le  t o  cobb le  cong lomera te  

Massive,  f i n e  t o  medium o r a i n  brown b a s a l t i c  sands tone 
w i t h  l i g h t e r  c o l o r e d  b a d l y  weathered f e l s f t i t  f raclments 

M ino r  t h i n  beds o f  d a r k e r  g r a y  t u  

Gray-brown, t h i n l y  bedded sandy t 
w i t h  m i n o r  t h i n  beds o f  s i l t s t o n e  
brown sandstone 

I n t e r b e d d e d  g ray -b roun  t u f f a c e o u s  
sands tone w i t h  l i g h t e r  c o l o r e d  f e l s i t i c  t u f f a c e o u s  fragments,  
massive t o  t h i c k  bedded t u f f a c e o u s  Sandstone and m ino r  s i l t s t J n e  
Tu f faceous  sandy s i l t s t o n e  and m ino r  t h i n  beds o f  f i n e - g r a i n  

obb le  cong lomera te  co  
nds tone c l a s t s  w i t h  c 

bedded t h i n  l a y e r s  o f  a ray-brown 

Massive.  f i n e  t o  medium a r a i n  t u f  
g r i t t y ,  i n t e r b e d d e d  w i t h  micaceous d a r k  q raY s f l t s t o n e  
Hard  dense da rk  g r a y  f i s s i l e  s h a l e  w i t h  s i l i c a  cement 

Mass ive  d a r k  brown t u f f a c e o u s  sand 
l a y e r s  o f  da rk  q r a y  micaceous s i l t s t o n e  and s h a l e  

Mass ive  p o o r l y  s o r t e d  pebb le  cong lomera te  composed o f  sub- 
rounded fraqments o f  b a s a l t  akd  brown t u f f a c e o u s  sands tone 

Dark g ray-brown sandy s i l t s t o n e  and'more mass iJe  d a r k  g r a y  
v i icaceous s h a l e  e 

ne i n t e r b e d d e d  w i t h  t h i n  

I 
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ORCHARD P O I N T  - MIDDLE P O I N T  S E C T I O N  

FAULT 

Dark gray-brown 

Massive f i n e  t o  

f i n e  g r a i n  t u f f a c e o u s  sandstone and sha le  

medium g r a i n  t u f f a c e o u s  b a s a l t i c  sandstone 
w i t h  t h i n  s i l t s t o n e  and mudstone t n t e r b e d s  

Dark gray-brown f i n e  g r a i n  t u f f a c e o u s  sandstone in te rbedded  
w i t h  equa l  amount o f  s i l t s t o n e  and s h a l e  

Dark g ray  ha rd  micaceous tu f faceous  t h i n l y  bedded s h a l e  
s i l t s t o n e  and v e r y  f i n e  g r a i n  sandstone 

F ine  g r a i n  tu f faceous  sandstone and s i l t s t o n e  

Massive brown p o o r l y  s o r t e d  coarse g r a i n  pebbly  b a s a l t i c  
sands tone 

MIDDLE P O I N T  
H e l l  bedded dark brown sandstone s i l t s t o n e  and sha le  

Massive p o o r l )  s o r t e d  f i n e  t o  medium o r a i n  b a s a l t i c  sandstone 
in te rbedded  w i t h  minor  amount o f  t u f f a c e o u s  s i l t s t o n e  

Massive coarse grain b a s a l t i c  sandstone w i t h  l o c a l  l enes  o f  
pebble conglomerate 
A l t e r n a t i n a  beds o f  f i n e  sandstone and t u f f a c e o u s  s i l t s t o n e  

Brown b a s a l t i c  massive coarse g r a i n  p o o r l y  s o r t e d  l o c a l l y  
g r i t t y  sandstone 
Dark gray-brown tu f faceous  s i l t s t o n e  and t h i n n e r  bedded 
ha rde r  micaceous t u f f a c e o u s  s h a l e  

Massive f i n e  g r a i n  tu f faceous  s i l t s t o n e  and sandstone 
in te rbedded  w i t h  micaceous and t u f f a c e o u s  sha le  

CLAIt BP.Y 

Unexposed i n t e r v a l  r e p r e s e n t i n g  approx ima te l y  1850 f e e t  
o f  s e c t i o n  

Dark gray-brown t h i n l y  bedded t u f f a c e o u s  micaceous 
s i l t s t o n e  and sha le  i n te rbedded  w i t h  w e l l  r r n e n t e d  f i n e  
g r a i n  brown sandstone v a r y i n q  i n  t h i c k n e s s  from 1 t o  3 
f e e t  

Massive brown coa rse -g ra in  p o o r l y  s o r t e d  b a s a l t i c  sandstone 
w i t h  t h i n  beds and lenes  o f  b a s a l t i c  pebble conglomerate 

Covered 

Massive p o o r l y  s o r t e d  c o a r s e - g r a i n  b a s a l t i c  sandstone 
w i t h  l i g h t e r  c o l o r e d  f e l s i t i c  f ragments and w e l l  rounded 
pebbles o f  b a s a l t  i n  t h i n  beds, two or t h r e e  pebbles t h i c k  

Massive p o o r l y  s o r t e d  b a s a l t i c  pebb le  conglomerate i n t e r -  
bedded w i t h  coarse sandstone, cobb le  and bou lde r  conglomerate 
and a few t h i n  beds o f  sandstone and s i l t s t o n e  

i 
i 
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RESTORATION POINT SECTION 

Hard well cemented t u f f a c e o u s  sandy s i l t s t o n e  in te rbedded  
w i t h  t h i n  beds o f  f o s s i l i f e r o u s  l i g h t e r  g ray  qraywacke 
sands tone 

RESTORATION POINT 

Hard well cemented da rk  g r a y  t u f f a c e o u s  r e e f - f o r m i n g  
s i l t s t o n e  in te rbedded  w i t h  t h i n  l a y e r s  o f  l i g h t e r  g ray  f i n e -  
g r a i n  t u f f a c e o u s  sandstone 

A l t e r n a t i n g  h a r d  ca l ca reous  cemented f i n e - g r a i n  f o s s i l i f e r o u s  
graywacke sacldstone and s i l t s t o n e  

Hard ca l ca reous  cemented f i n e - g r a i n  f o s s i l i f e r o u s  g ray  brown 
graywacke sandstone rex h o r i z o n  

F i n e - g r a i n  g ray-brown wea the r ing  t u f f a c e o u s  sandstone and 
d a r k e r  g ray  s i l t s t o n e  

Dark g r a y  i n te rbedded  f o s s i l i f e r o u s  sandy t u f f a c e o u s  s i l t s t o n e  
and l i g h t e r  g ray  c l a y  sha le  

Dark 
w i t h  

A t u r i a  h o r i z o n  

g r a y  f i n e  t o  medium g r a i n  t u f f a c e o u s  sandstone in te rbedded  
s i 1  t s t o n e  

Dark brown medium t o  coa rse  g r a i n  sandstone in te rbedded  w i t h  
l a y e r s  o f  t u f f a c e o u s  s i l t s t o n e  and s i l t y  sandstone 

Mass ive  h a r d  t u f f a c e o u s  s i l t s t o n e  and s h a l e  w i t h  t h i n  beds o f  
b a s a l t i c  sandstone and cong lomera te  

A l t e r n a t i n g  f i n e  g r a i h  graywacke w i t h  d a r k e r  g r a y  t u f f a c e o u s  
s i l t s t o n e  and micaceous s h a l e  

Hard  da rk  g r a y  f i n e  t o  medium g r a i n  graywacke sandstone w i t h  
ca l ca reous  cement i n te rbedded  t h i n  l a y e r s  o f  t u f f a c e o u s  s i l t -  
$tone and cong lomera te  



Bean Point but the actuel base of tke formetion is covered by the waters 
of Puget Sound. 

TIE ORCHARD POINT MEMBER 

The Orchard Point Member represents the lower and coarser clastic 
po?tizn of the Blakeley depositional cycle. 
=ember is finer grained than the lower and agpears to gyade gê ?erally 
upward into the overlying Restoration Point Member. 
typjcal Orchard Point Member lithology exposed southwest of Waterman 
Point conformably overlie a dark gray, thialy bedded, poorly exposed, 
tuffaceous, fossiliferous, clay shale. This fine clastic interval is 
approxirhately 200 feet thick and may represent the uppermost portion of 
an older unnamed formation. 
included in the basal Blakeley Member because of its gross lithologic 
similarity to the finer grained units of this member and because of its 
limited geographic extent. 
Blakeley formation by Weaver, although he recognized the possibility that 
it might represent a portion of the Lincoln 
not contairl diagnostic molluscs, but a typica-1 offshore Refugian foramini- 
feral famule is present 

The upper portion of this 

The lower beds of 

The interval is poorly exposed and has been 

This interval was also included in the typical 

These beds do 

The max-3um thickness of the Orchard Point Member 'i7as measured in 
thc Sinclnir Inlet section where approxhately 2600 feet of strata are 
cxposec?. This figure includes the Refeian shale exposed at the base. 
Elsevhere, approxjmateljr 1000 feet of strata assigned to this member are 
exposed at the Orchard PointJMiddle Pain+, section anrl about 800 feet of 
shflar  strata are well exposed in the lower part of the Restoration 
Point section on Bainbridge Island. 
these sections is probably due to concealment by younger glacial deposits 
and water cover, 
and the individual lithic units of the Orchard Point Member are shown on 
the accmpanying columnar sections. Figures 1 (a-c) display the general 
outcrop characteristics of this member. 

The reduced thickness measured in 

The lithologic description and fossil collection stations 

LITHOLOGIC CHARACTEX 

The Orchard Point Member is characterized by coarse clastic sedi- 
ments interbedded with lesser amounts of fine to medium-grained sandstone, 
siltstone, and tuffaceous clay shale. The coarser clastic elements of 
this member are thick to massive, poorly sorted conglomerates composed 
of pebbles, cobbles, and sometimes boulders of well-rounded to angular 

Crescent basa ssociated with varying amounts of light 
sh gray, fiqe-grained andesit 

The basaltic pebbles and c fragments of white vein quartz. 
generally quite uniform in their mineral composition, however, they 
display considerable varation in texture, grain size, and degree of 
alteration. 
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l b  

l c  
Exposures of the Orchard Point Member 

a i  Basaltic debris dark color, felsitic tuff light color 
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The light colored felsitic tuff matrix that characterized the 
conglomerate and some of the finer clastic beds is camposed of glass and 
devitrified glass shards, both frequently much altered to kaolin and some- 
times replaced by carbonate and zeolite cement, Under the microscope this 
matrix is dark, fine-grained, usually much altered material of low bire- 
fringence. Some of the thinner bedded, pebbly intervals contain only 
minor amounts of tuffaceous material; other beds contain approximately 
equal amounts of basaltic debris and tuffaceous matrix; and in other, 
more poorly sorted beds, the basaltic pebbles are isolated and appear 
to in a predominantly altered tuffaceous host. Authigenic 
zeolite and carbonate material are very common mineral cements throughout 
the exposed Blakeley Formation. 
commonly replace glass in tuffaceous lithic fragments, pumice, and 
individual shards. McLean (1968) has determined by x-ray and selective 
staining the composition of the zeolitic cement. 
present in  the Blakeley Formation is Clinoptilolite and not Heulandite 
as previously considered by the writer. 
consider the formation of Clinoptilolite to result from the diagenetic 
alteration of volcanic glass. 
and geologic occurrence but appears to be more locally related to the 
alteration of basaltic glass of the Crescent Formation. 
well developed in the vugs and voids in the Crescent basalt exposed in a 
large quarry of Basalt Point, Mats Bay. This locality is approximately 
30 miles northwest of the type Blakeley area, on the Olympic Peninsula, 
at the north end of the Hood Canal. 
microscopic characteristics of the altered felsitic matrix are shown on 
Figure 2 a-e. 

They form interstitial cements that 

He concludes the zeolite 

Coombs (1954) and Deffeys (1959) 

Heulandite is very similar in both chemistry 

Heulandite is 

Photomicrographs displaying the 

Overlying the basal conglomeritic strata, in all three of the 
principal sections are alternating thick beds of poorly sorted, tuffaceous, 
coarse-grained, brown, basaltic sandstone and finer, less massive, tuff- 
aceous sandstone, thinly bedded siltstone, and clay shale. The strata 
of the latter character appears to grade upward into beds that are 
generally finer .grained and less massive than those of the Orchard Point 
Member, but similar in mineralogic composition. These beds have been 
assigned to the Restoration Point Member. 

The top of the Orchard Point Member and the base of the Restoration 
Point Member were selected arbitrarily as the top of the uppermost exposed 
bed of coarse, tuffaceous, brown sandstone containing scattered subround 
pebbles and grits of basalt. 
found in all three of the typical profiles. 
of the members' boundary is not intended to be absolute or have more than 
local stratigraphic significance. There are a few similar coarse, pebbly 
conglomerate beds exposed at higher stratigraphic positions. These beds 
belong to the Restoration Point Member and are underlain and overlain by 
thick intervals of less massive, fine-grained, clastic sediments more 
typical of the Restoration Point Member. These occurrences of coarse 
clastic sediments may possibly represent local events of higher energy 
turbity transport to deeper offshore environments. 

Beds similar in lithologic character were 
This lithologic defination 

The sandstone and siltstone beds characterizing the upper portion 
of the Orchard Point Member are similar in mineralogical composition to 
the coarser and more massive strata just described. The main difference 
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2 r  

2 b  

2a Angular plagioclase fragments, basalt pebble with zeolite and 
calcite cement. Plane light 25x 

2b Angular plagioclase fragments- cemented zeolite [clinoptilolite] 
x-nicols 25x 

2c Finer grained plagioclase fragments with small rounded grains of 
basalt cemented with zeolite [clinoptilolite] and calcite. Plane 
light 25x 

I 
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is one of grain size and gncreasing percentages of clay minerals and 
mineral cements. 
of altered tuffaceous and argillaceous material, iron oxide, calcium 
carbonate, and zeolitic cement. 

The cementing agents of the finer clastic beds consist 

The rrheavyrl mineral assemblages characterizing the sandstone beds 
of this member are composed of mineral species common to the Crescent 
%salt, associated with very minor mounts of garnet and zircon possibly 
derived from older sedimentary rocks of Eocene age. 
of lrheavyTr minerals includes olivine, green pyroxene, basaltic hornblende, 
magnetite, ilmenite and its alteration mineral, leucoxene. 

The basaltic suite 

THE RESTORATION POINT MEMBER 

The Restoration Point Member represents the upper and fine-grained 
portion of the Blakeley depositional cycle. 
are well-bedded, less massive than the lower Orchard Point Member and 
are composed of fine to medium-grained, tuffaceous, brown sandstone, and 
thin-bedded+siltstone and shale. The tuffaceous siltstone and clay shale 
are dark gray in color and usually very fossiliferous. The dark colored 
shale is locally hard, brittle, sometimes fissile and frequently contains 
both siliceous and calcareous cement. 

The strata of this member 

A well e d section is found along the beaches on the south end 
of Bainbridge Island where both the.base and the top of this member are 
present. 
strata have be sured. 
approximately eet of strata outcropping in the vicinity of Middle 
Point on the ma d, and by approximately 1800 feet or  similar appearing 
beds exposed a inclair Inlet. The general outcrop characteristics 
of the sandstone and interbedded tuffaceous siltstone and shale units of 
this member are shown on Figure 3 (a-b). 

Point Member are nearly identical with the sandstone and conglomerate beds 
of the subjacent member. 
essentially the same source areas; each contain the same basaltic Irheavyr1 
mineral suite and display similar microscopic characteristics. 

The main difference between the two recognized members of the 

Here approximately 4600 feet of finer clastic, very fossiliferous 
This member is also represented in part by 

The petrographic character of the sandstone beds of the Restoration 

Both members appear to have been derived from 

Blakeley Formation is one of gross grain size. 
Restoration Point Member represents deposition at lower energy levels 
than the coarser subjacent Orchard Point Member. 
character of the sandstone beds assigned to the Restoration Point Member 
are shown on the photomicrographs, Figure 4 .  

The fine-grained upper or 

The petrographic 

THE BLAKELY HARBOR FORMATION 

The name Blakely Harbor Formation is here proposed for nonmarine, 
massive, basaltic, conglomeratic strata formerly included in the upper- 
most Blakeley Formation of Weaver (Belts A and B, 1916, and Members A 
and B, 1937). The strata assigned to this formation &e well exposed 
along the shores of Blakely Harbor and northward along the east beach 
of Bainbridge Island, toward the village of Winslow. Nearly identical 
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3 r  

3 b  

, 3 t  

3b Finegrained sandstone exposed at Restoration Point , 

3c Fossiliferous Restoration Point siltstone 
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FIGURE 4 

Photomicrography of f ine-grained 
sandstone exposed at Restoration 
Point. 
Quartz and plagioclase grains with 
associated clay and calcareous ce- 
ment. 

x-nicols. 25x 

5 b  

t 

FIGURE 5 

Exposures of the Blakeley Harbor Formation. 
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a? bEkKELV HARBOR SECTION, BAINBRf DGE ISLAND 

Top of the Exposed Section 

Massive to moderate bedded, dark reddish-brown cobble to 
boulder conglomerate well temented matrix o f  coarse-grained, 
poorly sorted sandstone. The sandstone and conglomerate are 
composed o f  subangular to well rounded clasts of basalt, 
andesite, hard well-cemented basaltic sandstone, dark gray 
siltstone and a few quartzose and metamorphic rock fragments. 
Thin layers of lighter gray-brown clay mudstone, carbon- 
aceous siltstone and coal are interbedded. 

Carbonized tree 

\ 

Unexposed interval covered by Blakely Harbor 

* 

Thin coal beds interbedded with gray carbonaceous siltstone, 
claystone and mudstone exposed at the base of the section. 
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strata are also exposed to the east, and offshore, at Blakely Rocks. All 
of these exposures are typical and.are hereby designated as belonging to 
the type section of this formation. The general outcrop character of the 
Blakely Harbor Formation is shown on Figure 5 .  

’ 

The base of this lithic unit was selected at the lowest strata 
containing thin coal layers interbedded with dark gray carbonaceous silt- 
stone. 
grained, fossiliferous sandstone and siltstone comprising the uppermost 
beds of the subjacent Blakeley Formation. 
in color, grain sfze, and lithology but are poorly exposed and deeply 
weathered and much of the lower I400 feet of this formation is covered 
by the mud flats of Blakely Harbor. The few poor exposures available 
suggest that this interval is composed of soft, easily weathered dark 
gray, carbonaceous claystone and brown siltstone with interbedded layers 
of lignitic coal, 
this interval but fossil foraminifera and molluscs were not found in any 
of the samples collected from this formation. 

These beds appear to be conformable with the underlying fine- 

The overlying strata are similar 

Carbonlzed vegetative material are common throughout 

Overlying this poorly exposed interval is a much better exposed 
section of massive, brown, well-rounded, basaltic conglomerate. The 
lowermost stratigraphic occurrence of this conglomerate is an isolated 
exposure located on the south shore near the western end of Blakely 
Harbor. Here the conglomerate is composed of massive, firmly cemented 
pebbles of basalt in a matrix of poorly sorted basaltic sandstone, 
argillaceous and zeolite cement. 
bed appears to be nearly identical with both the basal beds of this 
formation and the underlying marine strata of the restricted Blakeley 
Formation. 

The general attitude of this resistant 

Massive beds of basaltic conglomerate, sbilar in lithologic 
character, are well exposed along the north shore of Blakely Harbor ne r 
the old pier at Port Blakely. 
toward Blakely Rocks offshore. Similar conglomerate is well exposed, to 
the north, along the east shore of kinbridge Island for approximately a 
mile; here the massive basaltic conglomerate is unconformably overlain 
by glacial tillite. 
Blakely Harbor Formation is approximately 3400 feet including the poorly 
exposed basal interval. 
better exposed portion of this formation are composed of massive, bedded, 
dark reddish-brown, poorly sorted, well-rounded, pebbles, cobbles and 
boulders of Crescent Basalt. 
basaltic sandstone, iron oxide, and calcite. Associated with the basalt 
clasts are subangular, well-rounded pebbles and cobbles of greenish-gray 
andesite, hard, well cemented basaltic sandstone, siltstone, hard, dense 
well-rounded metamorphis clasts containing prehnite and a few dark colored 
chert fragments. 
entrance of Blakely Harbor contained the following rock types: 

Here the conglomerate beds strike due east 

The total thickness of the exposed portion of the 

The conglomerate characterizing the upper and 

These clasts are cemented with poorly sorted 

A pebble count of the conglomerate exposed at the north 

Crescent basalt 85 percent 
Dense metamorphic rocks 7 percent 
Andesite 3 percent 
Basaltic sandstone 2 percent 
Hornblende dacite 1 percent 

I 

e 
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Massive whfte vein quartz 1 percent 
1  ark green dense’ chert 1 percent 

The massive and thick bedded conglomerates described above, are 
interbedded with thin layers of lfghter gray-brown sandstone, carbonaceous 
clay mudstone and siltstone. Locally, thin layers of coal and carbonized 
wood are also hterbedded with the conglomerate. The Blakely Harbor 
conglomerates differ fram the older conglomerate beds of the Orchard 
Point Member of the typical Blakeley Formation in that the light colored 
felsitic tuff matrix, characteristic of the latter, is not present in the 
younger conglomerate strata, Also lacking are the rich molluscan,,coral, 
and foraminiferal fossil associations. 

The age of the Blakely Harbor Forplation can only be stated in terms 
It is clear relative to the underlying fossiliferous Blakeley Formation. 

that the Blakely Harbor Formation is younger than Zemorrian Age and that 
these strata may represent the lower portion of a younger depositional 
cycle. 
Crescent and older terrain, and the weathered detritus was deposited in 
local areas that appear to have been above sea level. 
sequent erosion, and deposition may have been confined to the eastern 
portion of the present Olympic Mountains. 
transported the eroded debris to the Blakeley basin during an interval of 
the characterized by a relative reduction of volcanic activity in the 
Cascade area further to the east. 

This cycle of deposition began after a renewed uplift of the nearby 

This uplift, sub- 

If so,’ eastward flowing streams 

The presence of coarse clastic strata characterizing much of the 
Clallam Formation-of the northwest Olympic Peninsula suggests, however, 
the possibility that this uplift was more widespread geographically and 
perhaps a precursor to the late Miocene orogenic events that compressionally 
folded both the Blakeley and Blakely Harbor Formations. It is quite 
possible that the Blakely Harbor Formation may correlate in part with the 
Astoria and Nye Formations of Oregon or the ClaUam Formation of the 
northwest Olympic Peninsula. However, a more accurate age assignment 
will require detailed study of the fossil pollen assemblages present in 
the finer grained intervals of the formation. 

PALEONTOLOGY OF THE BL&KELEX FORMATION 

The megaf aunal elements (mollusc, coral, echinoderm, brachypod, 
pteropod, scaphopod, crinoid, and annelid) of the Blakeley Formation 
have been studied and described in detail in the previously cited work 
of several writers. 
will not be discussed except when various elements of this group can 

This portion of the fauna has not been restudied and 

’supply information regarding a new environmental interpretation. - 

The typical Blakeley Formation contains, in addtion to tfie already 
described megafauna, a foraminiferal continuum from Refugian at the base,’ 
through Zemorrian above. The composition of the foraminiferal faunule of 
Refugian Age is similar in conposition to other faurial sequences of this 
age described from various localities in California (Wilson 1954, H. P. 
Smith 1956, R. K. Smith 1971; Sullivan 1962; Kleinpell and Weaver 1963; 
and Tipton, Kleinpell, and Weaver 1973). 
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The basal beds of the typical Blakeley Formation exposed along the 
shore of Sinclqir Inlet, contqin a Uveesina cocoaens$s/Uu@e&a ai?dtZ< 
offshore assemblage. 
with Cibic3des elmaensis, E p W d n u  eocensca, CyczanOnina pacifica, 
iVodosaz4a f r i zze l  23, CasSiduZina galvinensis, Gyroidina orbicuzctris 
p h t a ,  and Anomalina californiens$s. The l a t t e r  two species become 
more dominant i n  and characterize the microfaunal assemblage of the 
overlying strata. The assemblage referred t o  above constitutes the 
Cibic$des/Uvigerina f aunule and clearly represents the Uvigerina 
cocoaensis Zone of Cushman and Simonson (1944) and the typical offshore 
lower Refugian of the Santa Barbara embayment. 
occurrence and frequency of these and other foraminiferal species are 
shown on the accompanying check list.  
upper Refugian foraminiferal or molluscan assemblage, similar i n  
character t o  the shallow water faunule of the Lincoln Formation is  
interesting. 
the middle San Lorenzo Formation, Santa Cruz Mountains, California. 

These characterrstfc species are here associated 

The stratigraphic 

The absence of a near shore, 

A similar condition has been reported (Sullivan 1962) in  

The overlying, conformable, coarse clastic sediments of the Orchard 
Point Member and the superadjacent beds of the Restoration Point Member 
are characterized by the dominance of four species. 
catiforniensis, Gyroidina orbicularis pZanata, Cibicides ezmaensis, and 
Cassidulina galvinensis. Each of these species is  well known and have 
stratigraphic ranges extending into s t ra ta  both older and younger than 
the type Blakeley Formation. 
species of the microfaunal assemblage varies somewhat from profile to  
profile and from member t o  member. For th i s  reason, and because of 
important differences in  the occurrence of the less  common elements of 
the micr'ofaunal assemblage, three .faunules have been recognized and 
indicatedon the check l ist .  These are: the AnomaZina/Gyroidina faunule, 
the Anomalina/Gyroidina/Cibicides f aunule and the AnomaZina/Gyroidina/ 
Cassidulina f aunule. 

These are Anomalina 

The frequency of these four characteristic 

The Orchard Point s t ra ta  exposed along the shore of Sinclair Inlet 
and i n  the vicinity of Orchard Point are characterized by the AnomaZina/ 
Gyroidina faunule. 
Anomlina californiensis and Gyroidina orbicularis p l a n a t a  associated with 
less  common Uvigerina auberiana, Gyroidina condoni and Valwulineria 
&Zkpaensis. The beds of this l i t h i c  member, exposed in the Bainbridge 
Island profile, are characterized by the Anomalinu/Gyroidina/Cib~ides 
faunule which is composed of common t o  abundant Anomalina californiensis, 
Gyrdd ina  o r b i c u l d s  plixnata, and Cibicides elmaensis and much less  
common Uvigerinel la obesa impolita, Uvigerinu gal lowayi, Valvulineria 
WLl Zapaensis, and Cassidulina galvinensis. 

This assemblage is  composed of common to  abundant 

The s t ra ta  assigned t o  the Restoration Point Member exposed along 
Sinclair Inlet section are characterized by Anomalina/Gyroidina i n  
abundance, i n  addition t o  UvZgerhz atlbexdana, Eponides mansfieZdi 
oregmnsis,  Cibicides hensis ,  Cassidulina galvienensis and Nonion 
blaketeyezsis n. sp. similar assemblage characterizes th i s  member 
i n  the Bainbridge Island section, however, Cibicides e h e n s i s  was found 
again t o  be a dominant element and Bulimina all5gata, Nonion blakeleyensis, 
Dentalinu quadrulata, Eponides mansfieldi oregonensis, and Bolivina 
m g i n u t a  adelaidana are more conspicuous. 

228 





L E G E N  0 

X R A R E  

0 FEW 
0 COMMON 

e A B U N D A N T  

s P E C l E S  

; F O R M A T I O N  

S E C T 1'0 N S I  N C L  A I R  I N L E T  

M E M B E R  

I 

S T A G E - A G E  R E F U G I A  N 

F A U N U L E  C l e l C l o E S  

LOCALI-Y NUMBERS 

--t- - - -  -- 

ORCHARD POINT 

v 
A N O M A L I N A  - 

G YRODIN A 

......... 
d o g  o w  j 1 

. G  . . .  
. . I  .. 
. . . . .  

X 

X 
. ... -r - -. 

-x- -  - 
_. - 

g x  

f 

YX x 

230 



t
 

1*
1*

 
18

61
 

I5
6

9
 

1
5

7
0

 
15

71
 

15
72

 
10

13
 

I 5
7*

 
I
 5

7
5

 
IS

7
6

 
1

5
7

1
 

I 
5?

8 
IS

?
* 

1
6

1
0

 
I5

1
1

 
1

5
8

1
 

I
 5
1

3
 

I5
1

4
 

I 5
1

5
 

15
17

 
I5

1
8

 

I
 a

m
 

I Bt
lt 

ia
si

 
ia

a
 

I5
9

3
 

I
 SI
* 

I 
SI
5 

I1
9

6
 

I
$

¶
?

 
#a

s*
 

ia
es

 
1.0

0 
1

6
0

1
 

I
 10

2 
I6

0
3

 

D
 
z
 

0
 

E P
 

z
 

D
 I b
)
 

-c 0
 

2
 

D
 

a
 = I m c 0
 - o
 

m
 

lJl
 

D
 z
 

0
 
L
 
D
 

r
 - z D I b
)
 

4
 

0
 

0
 

I
 

D
 

n
 - 

I*
 m
 
f
 

0
 a
 
a
 - D
 z 



F O R M A T I O N  

L E G E N D  

S E C T l  O N  

X R A R E  

0 F E W  
COMMON 

H A B U N D A N T  S T A G E - A G E  

M E M B E R  

F A U N U L E  

LOCALI'Y NUMBER! 

S P E C I E S  I UNIVERSITI e l  WASRINGlON 

UNkVERSl l r  61 CALIFORNIA  I 

B L A K E L E Y  

R E S T O R  A T 1 0  N 

A N O M A L I N A  - G Y R O D I N A  

X 

x x  

X x 

x 0 . X X X  x X 

232 



N
 

w
 

w
 

.u
 

x 

X
 

..
. /
X

 

,g
 

x 

!
'

 

X
- 

-
r

 4 
X

 
'

X
 

X
 

X
 



I AGE REUTIONSHIP OF THE BWCEI;EY FAUNULES 

The Cibicides/Uvigerina faunule that characterizes the fine, tuff- 
aceous, clastic sediments of the basal Blakeley Formation clearly repre- 
sents the U v i g e r h  cocoaensis Zone of Cushman and Simonson (1944) and 
the tropical offshore lower Reguf'ian of the Santa Barbara embayment. 
Most of the species of this assemblage have been reported from widespread 
localities in California by Kleinpell 1938, H. P, Smith 1956, Sullivan 
1962, Kleinpell and Weaver 1963, R. K. Smith 1971, and Tipton, Kleinpell, 
and Weaver 1973; in Oregon by Cushman and Schenck 1928; and in Washington 
by Rau 1951 and 1958. 

Gyroidina OrbicuZaris p lanata, Epis tomina eocenica, and Cycldna 
pacifica are members of this faunule representing a group of "holdovers1' 
from middle and upper Eocene time. 
commonly here and in the Lincoln Formation; Cibicides elmensis and 
Nodosaria f r i zze l l< occur commonly in this faunule and in similar 
assemblages described from the Porter Formation of the Chehalis basin. 

Cassidulina galvinensis occurs 

Anomlina californiensis, Gyroidina OrbicuZaris planata, 
Cassidulina galvinensis and C$bicides elmaensis are the predominant 
species throughout the Blakeley Formation; for this reason, they are 
used in faunule definition, 
graphic ranges but they can be important as bathymetric indicators, 
because of their abundance. 

These species have relatively long strati- 

The Gyroidina/Anomlina and the Gyroidina/Anomalina/Cibicides 
faunules of the Orchard Point Member include several species that are 
much less abundant, but have a more restricted stratigraphic range. 
this reason, they are more diagnostic as chronologic indicators. The 
species listed below have varying stratigraphic ranges but they do not 
occur in the Uu$gerina/Cibicides faunule that characterizes the basal 
Blakeley beds nor are they known to range down into the Uvigerhu 
cocoaensis Zone of the Refugian Stage elsewhere. 

For 

These are: 

Uvigerina gaZlowayi 
Epistomina ramonensis 
Verneuilina a f f .  V. compressa 
Uvigerinella obesa impolita 
Trochanmina parva 
Dentalina quadrulata 
Bolivina mg$nata adeZaidana 
Eponides mans f i e  Zdi oregonensis 
Eponides healdi 
E l p h i d i m  minuttun 
Cassiduzina modeloensis 
Nonion blakeleyensis n. s p .  
Nonion i n c i s m  kernensis 
Nonwn incistun 
Uvigerina auberiana 

The first three species appear to be restricted to the Uvigerina 
galZowayi Zone (Kleinpell 1938, p. 110) of the Zemorrian Stage. 
T r o c k i n a  pama and Nonion ~nc~swn kernensis were found here only in 
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the Orchard Point Member but, elsewhere, these two species are known 
froh younger horizons, The ather indbdduals X$sted are also present in 

lapping ranges of these species associated with the more restricted 
individuals previously noted, suggest that the Orchard Po'int faunules 
represent the U&ge&na gaZZonxyi Zone of the Zemorrian Stage as defined 
by Kleinpell (1938). 

1 the sediments of the superadjacent Restoration Point Member, The over- 

'in 
to 

The overlyhg Restoration Point Member contains many taxa present 
the Uvigerina cocoaensis and the U v i g e r k  galZowayi Zones, in addition 
several species that make their first local appearance here. The 

species listed below do not occur abundantly in the strata of this member 
but, as an association, they are important age indicators. These species 
are: 

I 

VaZwZinera araucaria 
PZecto f r o n d h i  Zmia miocenica directa 
Pseudoparre 2 Za parva 
RobuZus wmmani 
Nodogenera sanctaecrucis 
Haplophmgmoides trullissata 
&rZ.imina aZligata 

The above locally restricted species are associated with several 
species that make theirfirst Blakeley appearance in the Orchard Point 
Member but are more abundant in the overlying Restoration Point strata. 
These species are: 

BoZMna mrginata adeZa&tanu 
Elph<d$wn mh&un 
Eponides mansfie zdi oregonensis 
Nmion bZak Zeyensis n. sp .  
Nonion 3nc$swn ~ 

Uvigerina auberiana 
Uvigerinel Za obesa &npo Zita 

Formation of Oregon (Cushman, Stewart, and Stewart) and they have been 
previously recorded from California strata of Saucesian and younger age. 
On the other hand, species belonging to the genus Sip?wgene&na and other 
forms characteristic of Saucesian assemblages elsewhere in Western 
Washington, California are conspicuous by their'absence. 

The total aspect and stratigraphic positilon of the Restoration 
Point assemblage clearly suggests that this association is chronologically 
late Zemorrian (UvigeAneZZa spmsicostata Zone ). A comparison of typical 
California upper Zemorrian faunules with the Restoration Point faunules 
reveals, however, only a few individuals in common. 
p. 111) restricts Trocha7mnina parva and Nmion incibm to this zone, 
both occur in the Orchard Point Member. However, from an excellent 
upper Zemorrian faunule (L. S. J, U. 1771) collected by D. E. Taylor, 
Kleinpell (p. 113 ) records Robulus w m n i ,  Bolivina marginata, and 
Uvigesna obesa hpozita.  
Point Member. 

Several of these species have 'reported from the Astoria 

Kleinpell (1938, 

These species are present in the Restoration 
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The gross differences in compos$tion of the mQre restricted elements 
of the Uviger$neZZa sparsicostata Zone and the Restoration Point famule 
may be attrPbuted to zoogeographfc characteristics. If the compositional 
difference fs of provincialmgnftude, as suggested by the distribution 
of stratigraphic Tanges of the assoclated faunule elements, it would seem 
advisable to erect for biostratigraphic convenience a new zone, chrono- 
logically equivalent to the UvigeAneZZa sparsicostata Zone of the typical 
Zemorrian Stage, 

The overlapping ranges of the previously listed, more restricted 
species of the Restoratlton PoSnt Member define the stratigraphic limits 
of such a zone, 
this new uppermost zone of the Zemorrian Stage. 
confined stratigraphreally to this horizon, as the lowermost known 
occurrence of this species has been noted previously in the Uvigerina 
gaZZmayi Zone. 
through the Siphogenerina transversa and the PZectofrondicuZaria miocenba 
Zones of the Saucesian Stage, 

to Ionion betridgens5s described by Barbat and Johnson from California. 
The latter species occurs rather cmonly in foraminiferal assemblages 
of Mohnian and Delmontfan age. 
Identified here as CassidUZina mode Zoensis, Eponides heatdi, VaZvuZinerk 
araucaria and PZectofrondicuZaria docenha  vax. directa. Very similar 
forms have also been reported from the Astoria formation of Oregon. Both 
the Blakeley and Astoria individuals are morphologically similar, and 
perhaps ancestral to the better h o r n  species that occur in the California 
sections in later Iiocene times. 

The name Nonion bZakeZeymsis Zone is here proposed for 
This new species is not 

The known upper occurrence of this species extends 

Nonion bZakeZeyensis n. sp .  is very similar in morphologic character 

This specfes occurs with other individuals 

The typical Blakeley Formation has been zoned on the basis of its 
contained molluscan fauna by Weaver ( 1916), and Durham (1944). 
recently Rau (1958) has proposed a zonation based on fossil foraminiferal 
of the marine Tertiary strata of western Washington that includes the 
typical Blakeley formation and correlative strata. It is clear from the 
work of these writers that each has applied the term zone in a different 
manner. 
'lfundamental para-rock-time unit," as such it is basically indivisible 
and the stuff that composes a stage. In other words, a zone must be a 
sub-set of a stage; this particular property of a zone has been emphasized 
much earlier by Kleinpell (1938 ); however, the AciZa getteysburgensis 
Zone of Weaver (1916), the Echinophoria rex Zone of Durham (1944), and 
the PseudogZanduZina a f f .  P. inflata Zone of Rau (1958) are not sub- 
divisions of any recognized or defined stage. 
Rau has an additional serious defect in that the various foraminiferal 
facies present in his assemblages have not been recognized and, therefore, 
these associations have not been reduced to a common denominator. An 
analysis of this problem has been fully discussed by Kleinpell (1938, 
p. 83) and need not. be repeated here. 

More 

According to Wheeler, et al, (1950, p. 2364), a zone is a 

The zonation proposed by 

DEPOSITIONAL HISTORY 

The Oligo-Miocene marine transgression began locally in Refugian 
time following a regional regression that characterized the close of 
the Eocene Epoch. This transgression is believed to have reached its 
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marine zenith samethe during the depositfon o f  the upper Blakeley in 
Zemorrian time. Early andesitic and rhyolitic terrestrlal volkanic 
eruptions along the present trend of the Cascade Mountains that begin 
about the same time as the Refugian marine transgressfon in Western 
Washington and Oregon futher reflect changing tectonic conditions. 
felsitic tuffaceous matrix characterlstic of the conglomerates and finer 
clastic sediments of the Blakeley formation is considered to have been 
supplied from this source. 
later became lithified to form the Blakeley and Blakely Harbor Formations, 
was derived from nearby land masses of Crescent or Coast Range basalt. 
Much of this basalt was extruded as submarine volcanic flows, covering 
most of Western Washington and Oregon. 

The 

The bulk of the sedimentary debris, that 

The Blakeley and Blakely Harbor Formations, in addition to the 
other post-basalt sediments, were deposited in depressions formed between 
and around these major centers of basalt accumulation, 
basinal depressions in Refugian the were at or above sea level; others 
were covered by shallowmarine water, still others, as the Blakeley 
depositional site, relatively deep marine troughs with nearby basaltic 
highlands. Such hlghlands were locally subjected to subaerial erosion 
throughout the entire depositional history of the Blakeley and Blakely 
Harbor Formations. 
be determined by relative abundance of foraminiferal species comprising 
the association. 
contain representatives of many genera, some of which are usually found 
in shallow water, others in deeper environments down to abyssal depths. 
The shallow water genera (HapZophgrmnoides ), the medium depth genera 
(RobuZus and other lagenids), and the moderate depth genera (PZecto- 
frondimtZaria, UvigezheZZa, and Inflated buliminids ) are well represented 
but are not the dominant elements of the Blakeley foraminiferal faunules. 
The deeper wafer genera (Gyro.idina, AnomaZina, CycZmumha, and carinate 
cassidulinids) are the dominant elements of each faunule and best reflect 
the general bathymetric conditions at the time of deposition. Carinate 
cassidulinids are reported by Cushman (1911, pp. 96-100) from the North 
Pacific in deep cold water; G y r o i d h a  orbicuzaris pImutta, a form similar 
to Gyroidina soZdan<i has been reported from the North Pacific Chllanger 
and Albatross stations living at bathyal to abyssal depths (Cushman 1915, 
p. 71); and AnomaZ<nu californiensis a form similar to Nonion wnb3Z<catUhn 
(Montague) which is recorded from the North Pacific Challanger and Alba- 
tross stations in waters of bathyal and abyssal depths (Cushman 1914, 
P. 24). 

Some of these 

The bathymetric conditions of deposition can best 

The foraminifera faunules of the Blakeley Formation 

1 

In contrast to the deep, cold water, abundant foraminifera present 
in the Orchard Point Member are the warm, shallow water, subtropical 
corals belonging to the genera Siderastrea and E u s m i Z k .  
are presently confined, according to Durham (1942, pp. 88-89), to the 
Gulf of California in subtropical waters. 
are found in conglomerates that contain boulders up to two feet in 
diameter, but interbedded dth the conglomerates are occasional beds as 
much as six inches thick that are composed largely of the crushed tests 
of spatangoid echinoids, suggesting moderate depth of water. In addition, 
the associated molluscan fauna does not contain any species limited to an 

These genera 

He states, "Most of the corals 

! 
I 
1 

1 extremely shallow depth. It 

I 

3 
I 
i 
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It j.s clear that well-rounded basaltic cobbles and boulders associated 
with delicate, subtropical corals and deepcold water formintfera contained 
in a tuffaceous andesitic matrix require some rather special depositional 
characteristics. Currents and wave action strong enough to round basalt 
boulders and cobbles and remove these clasts from the beach areas to sites 
!below wave base where the corals could survive, will also Winnow the 
'felsitic tuffaceous material to deeper and quieter shelf environments. 
*Initially the undaform surface of the Blakeley depositional basin (Rich 
1951, p. 2)may have been characterlzed by relatively thick accumulations 
of basaltic debris camposed of material from silt-size tuffaceous material 
to boulders overly3ng a gently sloping surface of eroded Crescent basalt. 
The clinoform surface by contrast [Rich 1951, p. 2), may have been 
characterized by finer basaltic debris and thick accumulations of felsitic, 
tuffaceous material overlying a more steeply dipping surface of submarine 
extruded basalt. 

Large scale submarine landslides may have developed from time to 
time during the course of Blakeley deposition, produced as a result of 
seismic events or at times when the static loading of the coarser clastic 
material exceeded the coheslve strength of the finer grained tuffaceous 
material. 
biologic and lithologic m i x i n g  found in the Blakeley Formation. 
the physical conditions visualized here are also common t o  marine environ- 
ments that have been known to produce turbidity currents. 
arises, did turbidity currents aid in  the transport of the coarser clastic 
material into deeper water environments? This question cannot be answered 
directly as the horizontal distance of transport and the original shelf 
slope characteristics are not known, 

The net effect of such gravity sliding and slumping could produce 
l h y  of 

The question 

Graded clastic series similar to those described by Migliorini (1944) 
and Bouma (1962) frequently characterize the internal stratigraphic detail 
of the Blakeley Formation. 
pronounced in the Orchard Point Member because of its much coarser character. 
The graded succession of subunits composing each member are similar and 
characterized by a coarser clastic graded interval at the base, overlain 
by thinner, silty-arenaceous interval characterized by parallel lamination. 
The mid-subunits of this sequence include a superadjacent arenaceous 
interval characterized by current ripple lamination, overlain by a silty- 
arenaceous interval also characterized by parallel lamination. This sub- 
unit is capped by a pelitic interval of varying thickness. 

Other features usually associated with submarine slurhping and tur- 
bidity deposition are also present and locally characterize portions of 
the Blakeley strata. There are: 

The graded sequential relationships are more 

1. "Crinkled" bedding 
2. 
3. Irregular and convolute bedding 
4. 

Pull-apart fragments of laminated beds 

Flute casts and sole markings 

In summary, the sediments of the Blakeley formation appear to have 
been finally deposited in a relatively deep, cold, marine environment 
by submarine slumping and turbidity currents that mixed diverse biologic 
and lithologic elements. The Blakely Harbor Formation, by contrast, 
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was deposited in a low-lying, nonmarine environm 
change in configuration of the depositional bas 
basaltic material appears to have been from the nearby land masses 
composed of Coast Range or Crescent basalt of Eocene age and some 
older rock types, The tuffaceous material, on the other hand, is 
thought to have originated in the Cascade Mountain volcanic province 
to the east and been transported to the Blakeley basin by both streams 
and wind. 

dicating a major 
source of the 

' 

SAMPLE LOCALITIES I 

Description of the sample localities are on file at the University 
of California (UC Locality numbers) and at the University of' Washington 
(UW locality numbers ). 

SYSTEMATIC LISTING OF FORAMINIFERA 

University of California Museum of Paleontology type numbers are 
University of Washington type numbers are indicated indicated by UC. 

by UW. 

NEW SPECIES AND VARIETIES 

BuZiminu blukezeyensis n. sp. 
P1. 6, Fig. 3a, b, c. 

BuZimina sp., Mu, 1951, p. 65, fig. 17. 
BuZimina alsatica Cushman and Parker, Rau, 196 
B u Z i ~ n u  cf. B .  aZsatica Cushman and Parker, 

fig. 14. 

Test small, tapered but rapidly expanding in  the last whorl; 
i n i t i a l  end pointed with short spine; chambers indistinct except those 
of the last whorl; early sutures less distinct, later sutures depressed; 
wall of*last whorl smooth except basal fringe of small, thin, pointed 
costae not crossing the suture; early chambers costate; aperture loop- 
shaped. 
Parker, but diffefis in being smaller, less robust, and having smaller, 
thinner, more ac;mlar costae. It differs from B u Z i f r h ~  rnaciZenta 
Cushman and Parkey in being less tapering and more inflated in the 
ultimate whorl, and havtng sharper and more distinct costae. 

B-8827; Paratype UW 20796, Lot. 1612. 

This species is sfmilar to BuZ~min& aZsatica Cushman and 

Eolotype UC 46735, Lo 
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Nmion blakeleyensis n. sp. 
Pl. 5, Fig. 2a, b, 3a, b. 

Nmwn s p . ,  Rau, 1951, p. 437, pl. 64, figs. 23, 24. 
Nmion cf. N .  bei?r+idgens<s Barbat and Johnson, Cushman, Stewart, and 

Stewart, 1947, p. 15, pl. 2, fig. 1. 

Test involute, bilaterally symmetrical, more elongate than broad, 
slightly unbilicate; mbilicus partially filled; periphery acute; 8-10 
chambers in ultimate whorl; sutures very slightly limbate, more 
depressed near umbilicus; wall smooth, calcareous, finely perforate; 
apertural face subtriangulate, widest at the ventral margin. 
species differs from Nmion beZridgensis Barbat and Johnson in having 
fewer chambers and in having a more subtriangulate, less inflated 
apertural face. 

This 

Holotype UC 46785, Loc. B-8792; Paratype UW 20828, bcb 1577; 
Paratype UC 46832, Loc . B-8792, 

Silicosigmoilina kleinpelZi n. sp .  
P1. 1, Fig. 12a, b. 

Test in early stages nearly planispiral, later becoming sigmoid; 
wall finely arenaceous with siliceous cement; aperture at end of tubular 
chamber without apparent apertural teeth. This species is larger, more 
oval and the sutures are less well marked than SiZicosigmoiZim 
cazifornica Cushman and Church. 
form than Si1iCosigmoiZh.a greenlandica (Cushman) of Loeblich and 
Tappan. 
and lower Saucesian of western Washington and Oregon and has been 
found in oil well cores. 

It is also less quinqueloculine in 

SiliCosigmo<lina kZeinpeZli occurs rarely in the Zemorrian 

Holotype UC 46817, Loc. B-8888. 

Uvigerinu gullowayi Cushman var. blakeleyensis n. var. 
P1. 6, Fig. 5a, b, e. 

The Blakeley specimens referred to this variety differ from the 
typical forms in being thinner, less inflated, with more numerous but 
less heavy, straighter costae. These individuals occur mostly in the 
Orchard Point Member of the Blakeley Formation. 
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REFERENCES TO IDENTIFIED SPECIES AND VARIETIES 

Original descriptions and illustrations of taxa are not necessarily cited. 

Allomorphinu cf. A. macrostoma Karrer. Rau, 1948a, p. 173, pl. 31, figs. 4, 5. 
Hypotype UC 46730, Loc. B-8807; pl. 9; fig. 6. 

AnomaZina califormiensis Cushman and Hobson, 1935, P. 64, pl. 9, fig. 8. 
Hypotype UC 46731, Loc. B-8786, UW 20792, Loc. 1571; pl. 10, fig. 4. 

Bathysiphon eocenica Cushman and Hanna, 1927, p. 210, pl. 13, figs. 2, 3. 
Hypotype UC 46732, Loc. B-8783, UW 20793, Loc. 1568; pl. 1, fig. 1. 

Bolivina marginata Cushman var. adelaidma Cushman and Kleinpell, 1934, p. 10, pl. 1, 
figs. 1, 2. Hypotype UC 46733, LOC. B-8818, UW 20794, Loc. 1603; pl. 6, fig. 12. 

Bulimina alligata Cushman and Laiming. Cushman, Stewart, and Stewart, 1947a, p. 18, 
pl. 2, fig. 11. Hypotype UC 46734, LOC. B-8785, UW 20795, Loc. 1570; pl. 6, fig. 2. 
They may represent a new variety in that each successive chamber displays a more rapid 
expansion, 
crowded and slender. 
apex. 

The test is somewhat less robust than typical and the costae are more 
The apertural face is more elongate and somewhat pointed at the 

Bulimina ovata d'Orbigny. Rau, 1951, p. 440, p l .  65, fig, 10. Hypotype UC 46736, 
LOC. B-8804, IN 20797, Lot. 1589; pl. 6, fig. 6. 

Buliminella bassendorfensis Cushman and Parker, 1947, p.  66, pl. 17, fig. 6. 
Hypotype UC 46737, Loc. 8-8827, UW 20798, LOC. 1612; pl. 6, fig. 1. 

Cassidulina galvinensis Cushman and Frizzell, 1940, p. 43, pl. 8, fig. loa--c. 
Hypotype UC 46738, Loc. E!-8800, UW 20799, Loc. 1585; pl. 9, fig. 1. Individuals 
assigned to this species are identical to typical specimens from the Lincoln Creek 
Format ion. 

Cassidulina modetoensis Rankin. Cushman and Kleinpell, 1934, p. 23, pl. 3, fig. 12. 
Hypotype UC 46739, Loc. B-8795, UW 20800, LOC. 1580; pl. 9, fig. 2. They are very 
similar to the Astoria forms but somewhat more keeled than the typical Modelo forms. 

Cassidulina cf. C. punctata Reuss. 
pl. 9, fig. 3. Individuals referred to this species were collected from both members 
of the Blakeley Formation at the Sinclair Inlet section. 
pwlctata figured by Cushman (1926, p. 56, pl. 9, figs. 23, 24). However Marks (1951, 
p. 68) places Reuss' species in synonym with Cassidulina laeuigata d'Orbigny. 
Blakeley individuals are quite distinct f r o m  CassiduZina Zaevigata var.  car?h.zta f r o m  
Nye shale of Oregon and other correlative strata of Oregon and Washington. 

Cassidulina subglobosa H. B. Brady. Cushman, 1929, p. 100, pl. 14, fig. 11. WPotYW 

Cassidulinoides sp., Hypotype UC 46742, Loc. B-8907; pl. 9, fig. 5. 
Cassidutinoides sp. Rau, 1964, p. 23, pl. 7, fig. 2, from correlative strata of the 
Twin River Formation, northern Olympic Peninsula of.Washington. 

Ceratobulimina washburnei Cushman and Schenck, 1928, p. 314, pl. 45, fig. 1. Hypotype 
UC 46743, Loc. D-280, UW 20803, Loc. 1613; pl. 8, fig. 5. The latter individuals were 
poorly preserved and eroded, suggesting that these forms may have been reworked from 
the subjacent beds. 

Chilostomella oolina Schwager, 1878, p. 527, pl. 1, fig. 16. Hypotype UC 46744, 
Loc. B-8793; pl. 9, fig. 8. 

Cibicides etmaensis ~au, 1948 a, p. 173, pl. 31, figs. 18-26. 

cornuspira byramemis Cushman. 
UC 46746, Loc. D-288; pl. 2, fig. 3. 

Hypotype UC 46740, Loo, D-283, W 20801, Loc. 1911; 

They are similar to Cassidulina 

The 

UC 46741, LOC. B-8814, UW 20802, Loo. 1599; pl. 91 fig. 4- 
It is similar t o  

Hypotme UC 46745, 
L ~ c .  B-8842, UW 20804, LOC. 1628; pl. 10, fig. 5. 

Rau, 1948a, p. 160, pl. 128, figs. 6 & 7. Hypotype 
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@ e M h  cmcet tata var. obesa Cushman and Laiming, 1931, p. 94, PI. 9 ,  fig. 10- 
Hypotype UC 46747, Loc. B-8811; pl. 1, fig. 5 .  

~yctarmrrina incisa (Stache). 
-type UC 46748, LOC. B-8812, UW 20806, LOC. 1597; PI. 1, fig. 6 .  

cyczarrpnina pacifica Beck, 3,943, p. 591, pl. 98, figs. 2 & 3. 
Loc. D-281, UW 20807, Loc. 1911; pl. 1, fig. 7 .  

Dentalina cf. D .  consobrina d'Orbigny. 
Loc. 1573; pl. 3, fig. 7 .  

Cushman and Laiming, 1931, P. 93, PI. 9 ,  fig. 6 .  

Hypotype UC 46749, 

Hypotype UC 46750, Loc. B-8788, UW 20808, 
A few broken specimens are similar to the forms figured 

by Cushman, 1929, p. 86, PI. 12, figs. 27, 29. 

Dentalina nasuta Cushman,1939bJ p. 57, pl. 10, figs. 10 & 11. Hypotype UC 46751, 
LOC. B-8934, UW 20809, LOC. 1739; pl. 3, fig. 11. 

Dentalina of .  D .  pioneerensis Kleinpell. 
Loc. 1580; pl. 3, fig. 9. Positive identification will depend upon better preserved 
individuals. 

Dentalina c f .  D .  quadrulata Cushman and Laiming. 
pl. 3,  fig. 10. A few broken individuals resemble the figured specimen of Cushman 
and Laiming, 1931, p. 90, PI. 10, fig. 13. 

E l p h i d i m  minutwn (Reuss). 

EntosoZenia s p .  Hypotype UC 46755, bc. B-8789, uw 20813, LoC. 1574; PI. 6 ,  fig. 8.  

Epistomina eocenica Cushman and knna, 1927, p. 53, PI. 5 ,  figs. 4 5 ,  WPO~YP~ UC 
46756, LOC. D-285, uw 20814, LOC. 1921; pl. 8 ,  fig. 3. They have been compared with 
typical California specimens and similar individuals assigned to this species that 
were recorded from several Oregon and Washington localities. 

Epistomina .ramonensis Cushan and Kleinpell, 1934, p. 15, pl .  3, fig. 1. HYPotYPe 
UC 46757, LOc. B-8866, UW 20815, Loc. 1662; pl. 8 ,  fig. 4 .  The Blakeley individuals 
appear to be nearly identical to the typical Kirker specimens. 

Eponides gaviotaensis Wilson, 1954, p. 143, pl. 16, fig. 11. HxPotYPe UC 46758, 
Loc. B-8812, UW 20818, Loc. 1597; pl. 8 ,  fig. 1. The Blakeley specimens have been 
compared with topotypes from the Gaviota Formation. The test wall of the Blakeley 
individuals are smoother and less heavy than the typical forms from the Gaviota. 

Eponides heaMi Stewart and Stewart, 1930, p. 7 0 ,  pl. 8 ,  fig. 8 .  

Eponides rmnsfieldi var.  oregonensis Cushman, Stewart, and Stewart, 1947a, p.  48, 
pl. 6 ,  fig. 4. Hypotype UC 46760, Loc. B-8842, UW 20817, Loc. 1597; p l .  8 ,  fig. 2. 
It has also been recorded from the Astoria Formation of Oregon and from strata of 
Blakeley equivalent age in southwestern Washington and on the northern Olympic Peninsula. 

Epoqideswnbonatus (Reuss). 

Hypotype UC 46752, Loc. B-8795, UW 20810, 

Hypotype UC 46753, Loc. B-8814; 

Hypotype UC 46754, Loc. B-8845; pl. 4 ,  fig. 12. 

HYPotYPe uc 46759J 
LOC. B-8812, UW 20817, LoC.  1597; pl. 7 ,  fig. 5.  

Kleinpell and Weaver, 1963, p. 179, pl. 12, fig. 3. 
. Hypotype Uc 46761, Loc. D-288, UW 20819, Lac. 1924, pl. 7 ,  fig. 6. 

Gaudr~ina triangularis Cushman. 
Hypotype 46762, Loc. B-8803, UW 20829, Loc. 1588; pl. 1, fig. 10. 

ih.d&na s p . ,  Hypotype UC 46763, Loc. B-8783; pl. 1, fig. 11. 
Member, Blakeley Formation. 
Cushman in that the triserial portion is not triangular in cross section and the late 
chambers are more inflated. 

Globigerina bulloides d'Orbigny. 
Hypotype UC 46764, Loc. B-8800, UW 20821, Loc. 1585; pl. 10, fig. 2. 

Globiger& cwlomerata Schwager. 
Hypotype UC 46765, Loc. B-8803; pl. 10, fig. 3. 

Cushman and Parker, 1931, p. 2,  pl. 1, fig. 1. 

Restoration Point 
A single specimen differing from Gaudryina t r k g u h i s  

Kleinpell, 1938, p. 343, pl. VII, fig. 17. 

Cushman and Laiming, 1931, P. 117, PI. 14, fig. 5. 
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& $ t ~ t i n a  frankei Cushman and Ozawa. 
figs. 17 & 18. Hypotype UC 46766, Loc. B-8795, UW 20825, Loc. 1580; pl. 4, fig. 10. 

GuttuZina irreguZaris (d'orbigny). 
Hypotype UC 46767, Loc. D-281; pl. 4, fig. 11. A few rare individuals from the 
lower portion of the Orchard Point Member exposed on Sinclair Inlet are very similar 
to the Porter forms and to the figured specimens of Cushman and Ozawa, 1930, pp. 25-27, 

Gyroidina condoni (Cushman and Schenck). 
fig: 3. 

Qroidina orbicuZaris var. p t a n a t a  Cushman. Rau, 1951, p. 447, pl. 66, figs. 4--6. 
Hypotype UC 46769, Loc. B-8795, UW 20824, Loc. 1580; pl .  7, fig. 3. 

HapZophmgmoides tmtt iaeata (H. B. haw). cushman and Laiming, 1931, p. 93, PI. 9, 
fig. 5. Hypotype UC 46770, LOC. B-8792, UW 20826, Loc. 1577; p l .  1, fig. 2. 

Haptophrapoides sp., Hy-potype UC 46771, Loc. B-8783; pl. 1, fig. 3. A few flattened 
individuals with crenulated peripheries resemble flattened forms of HapZophragmoides 
obtiquicameratus Marks, 

Lagena acutioosta Reuss. 
Loc. B-8796, UW 20827, Loc. 1581; pl. 4, fig. 1. 

Lagena cf. L. laevis (Montagu). motype UC 46773, Loc. B-8944; pl. 41 fig. 2. A 
single individual from the Restoration Point Member appears to be very similar to 
~ a g e n a  cf. L. taevis figured by Cushman and Stainforth, 1945, p. 3, p l .  4, fig. 22. 

~agena s t m o s a  Reuss. Galloway and &Trey, 1929, p. 20, pl. 2, fig. 8. Hypotype 

Lagena of. L .  eubstriata Williamson. 
It is similar in character to Lagena of. L. subSt*ta Beck, 1943, p. 602, p l .  107, 
fig. 30, from the Cowlits Formation of Washington. 

Lenticuzina convergens (~ornemann). 

Lenticutina cf. L. cmssa (d'orbigny). 

raarginutina subbuttata Hantken. 

Cushman and Friizdll, .1943, p. 84, pl. 14, 

Rau, 1948a, p. 169,, pl. 80, figs. 7 & 8. 

pl. 7, figs. 1 & 2. 

Kleinpell and Weaver, 1963, p. 179, pl. 11, 
Hypotype UC 46768, LOC. B-8843, UW 20823, Loc. 1629; pl. 7, fig. 2. 

Kleinpell, 1938, p. 224, pl, VIIj fig. 13. Hypotype UC 46772, 

UC 46774, Loc. B-8800, UW 20828, LOC. 1585; pl. 4, fig. 3. 
I 

Hypotype UC 46775, Loc. B-8788; Pl. 4, fig. 4. 

Kleinpell, 1938, P. 205, PI. 111, figs. 5 1  8, 

Kleinpell and Weaver, 1963, P. 169, PI. 5, 

Cushman and Laimhg, 1931, p. 99, pl. 10, fig. 8. 

10. MOtype uc 46776, bc. B-89299 20828, Lot. 1734; PI. 3, fig. 1. 

fig. 8. Hypotype uc 46777, LOO. E89359 uw 80330, LoC. 1740; PI. 3, fig. 2. 

WOtype uc 46778, hC. B-8865, UW 20831, Lot. 1661; PI. 3, fig. 4. 
McW&lUzi?Zl SP., Hypotype uc 46779, LOC. B-8929, 20832, LoC. 1734; PI. 3, fig* 5 -  

NodogeneSna sanctaecmcis Kleinpell, 1938, P. 246, PI. I V J  fig. 22. . Hy-potYPe 
UC 46780, Loc. B-8866, UW 20836, Loc. 1662,"pl. 5, fig. 8. 

N&os&a g d i s  Reuss. 
Loc. D-276, UW 20833, Loc. 1908; pl. 3, fig. 12. 
Restoration Point Member are identical to the Porter forms. 

Nodosaria hamitli Kleinpell, 1938, p. 218j.pl. m, figs. 4 & 5. 

&U, 194% p. 167, PI. 30, fig. 9. motY$e uc 46781, 
Individuals collected from the 

m o t m e  uc 46782J 
Lot. B-8976, uw 208349 hC. 1806; PI* 3, fig. 13. 
N o d 0 8 6  Zongiscata d'Orbigny. 

Nmion cf, N .  affinis (Reuss). Hy-potype UC 46784, Loc. B-8858, UW 20837, Loc. 1654; 
pl. 5, fig. 1. 
Nmh affinis (Reuss), Cushman, 1929, p. 89, pl. 13, fig. 24, and to Nonion aff inis  
(Reuss), Kleinpell, 1938, p. 229, pl. VI, figs. 3, 7. 
less inflated and the umbilical region has a greater amount of shell filling. 

Kleinpell, 1938, p. 218, PI. I ~ J  fig. 16. %"Potme 
uc 46783, h C i  D-285, UW 20835, Lot. 1922; a. 3, fig. 14 

Orchard Point Member specimens are similar to the figured specimen 

The BlakeW specimens are 
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Nonion iru&wn (Cushman). 
Hypotype UC 46786, LOC. B-8820, UW 20839, LOC. 1605; p l .  5,  fig. 5 .  

Nonion incisum (Cushman) vm. kernensis Kleinpell, 1938, pp. 232-233. Hypotype 
UC 46787, Loc. B-8820; pl .  5, fig. 4.  A single individual characterized by a more 
compressed test and a more convex and rounded apertural form than the typical forms. 

flonionim incisa Cushman, 192613, pp. 90-91, pl. 18, fig. 3 .  
t 

Nonion p z c i f i m  (Cushman). 
Loc. B-8846; pl. 5 ,  fig. 6.  
species described by Cushman. 

Nonion tubercukztwn (dlorbigny). Cushman, 1939b,p. 13, pl. 3 ,  figs. 12, 16, 17. 
Hypotype UC 46789, Loc. B-8792, UW 20840, Loc. 1572; pl. 5 ,  fig. 7.  Individuals 
from the Restoration Point Member have less inflated chambers but are otherwise 
similar to the figured specimens of Cushman. 

Cushman, 1939byp. 25, pl. 6 ,  fig. 25. Hypotype UC 46788, 
A few individuals are very similar to the Recent Pacific 

PZectofrGndhuZaria cf .  P. caZifornica Cushman and Stewart. 
Loc. B-8965; p l .  5 ,  fig. 9.  It differs from the typical forms by having heavier and 
longer ribs on the central portion of the test. 

PZectofrond~cuZaria miocenha Cushman var.  &recta Cushman and Laiming, 1931, p. 105, 
pl. 11, fig. 11. Hypotype UC 46791, Loc. B-8818; pl. 5 ,  fig. 10. 

PZectofrondicuZaria packardi var. packardi Cushman and Schenck, 1928, p. 311, p l .  43, 
figs. 14 & 15 .  Hypotype UC 46792, Loc. D-274, WY 20843, LOC. 1905; pl. 5, fig. 11. 

Hypotype UC 46790, 

Plectofrondieularia vaughani Cushnan. Cushman and Hobson, 1935, P. 59, PI. 9 ,  fig, 1. 
Hypotype UC 46793, Loc. B-8866; pl. 5 ,  fig. 12. 

PoZymorphina s p . ,  Hypotype UC 46794, Loc. B-8815; pl. 4 ,  fig. 5 .  Megalospheric specimen. 

PseudocZavuZim connmazis (d'orbigny ). 
p. 193, pl. 111, figs. 3 & 4.  Hypotype UC 46795, L0c.B-8797; pl. 1, fig. 4 .  

PseudoglanduZina infZata (Bornemann). 
fig. 14. Hypotype UC 46796, Loc. B-8787, UW 2084b, Loc. 1572; pl. 3,  fig. 1 5 .  The 
Blakeley individuals appear to be identical to specimens from the type Lincoln Creek 
Format ion. 

CZavuZina connmcnis d'Orbigny, Kleinpell, 1938, 

Cushman and Frizzell, 1943, p. 84, pl. 14, 

PseudogZandulina nalzpeensis Rau, 1951, P. 435, ~ 1 .  64, fig. 8.  IIypotype uc 46797, 
Loc. B-9030, UW 20846, LOC. 1899; pl. 3 ,  rig. 16. 'These individuals have fewer chambers 
( 3 - 4 )  than the typical form from the Willapa River section. 
less inflated than PseudogZanduZina inftata. 

PseudoparreZZa p m a  (Cushman and Laiming). 
1931, p. 115,  pi. 13, fig. 5.  Hypotype UC 46798, Loc. B-8865, UTN 20847, Lot. 1661; 
pl. 8 ,  fig. 6.  

PseudopoZymorphina s p . ,  Hypotype UC 46799, LOC. B-8942; pl. 4 ,  fig. 6 .  

PuZ2en-k quinquszoba (Reuss). Mallory, 1959, P. 247, p l .  34, fig. 1. 
Uc 46800, LOC. B-8849, UW 20848, Loc. 1637; pl. 9 ,  fig. 9.  

PrrZ2en-k cf. P. salisburyi R. E. and K. C. Stewart. Hypotype UC 46801, Loc. D-285; 
pl. 9 ,  fig. 7. 

QuinqueZocuZina imperiaZis Hanna and Hanna, 1924, p. 58, PI. 13, figs. 8 ,  9 ,  10. 
Hypotype UC 46802, h e .  B-8795, UW 20849, Loc. 1580; pl .  1, fig. 13. 

Quinquetoculina minuta Beck, 1943, p. 593, pl. 99, figs. 5-7. Hypotype UC 46803, 
Loc. B-8799, UW 20850, LOC. 1584; p l .  1, fig. 14. 

Robertina cf. R. decZivis (Reuss 1. Hypotype UC 46804, LoC. B-8800; PI. 6 ,  fig. 4 .  
The ultimate chamber of this individual is less inflated than the specimens figured 
by Cushman and Parker, 1946, p. 94, pl. 16, figs. 8-12. This specimen differs from 
Robertim rmgusta (Cushman), Cushman and Frizzell, 1943, P. 85, PI. 14, fig. 15, 
in being much less inflated and in the location of the aperture. 

They are more elongate, 

PuZvinuZineZZa pama Cushman and Laiming, 

Hypot?rpe 

244 



i 
i 
i 
i 

i I 

i 

RobuZus budensis (Hantken). 
UC 46805, Loc. D-284, UW 20854, Loc. 1920; pl, 2, fig. 5. 

Rau, 19486, p. 161, pl. 28, figs. 12 & 13. Hypotype 

Robutus calcar (Linne). 
UC 46806, Loc. B-8866, UW 20851, Loc. 1662; pl. 2, fig. 6. 

RobuZus chehutisensis Rau, 1951, p. 431, pl. 64, fig. 25. 

Robutus inornatus (d'hbigny). Beck, 1943, p. 595, pl. 104, figs. 1-4, 10, 14. 
Hypotype UC46808, Loc. B-9030, UW 20853, Loc. 1899; pl. 2, fig. 8. 

Robutus cf. R. docenicus (Chapman'). Hypotype UC 46809, Loc. B-8985; pl. 2, fig. 9. 
A few rare individuals are very similar to RobuZus miocenicus (Chapman), Kleinpell, 
1938, p. 199, p l .  IV, fig. 9. . 

RobuZus wrmnmri Barbat and von Estorff. Kleinpell, 1938, p. 204, pl. VIII, fig. 2. 
Hypotype UC 46810, LOC. B-8792; pl. 2, fig. 10. 

RobuZus sp., Hypotype UC 46811, Loc. B-8949; pl. 3, fig. 6. A few poorly preserved 
specimens may be assigned to the genus Robulus. 

Saracenaria schencki Cushman and Hobson, 1935, p. 57, pl. 8, fig. 11. Hypotype 
UC 46812, LOC. B-8940, UW 20855, LOC. 1745; pl. 3, fig. 8. 

Sigmoidina cf. S. pacifica Cushman and Ozawa. Hypotype UC 46813, Loc. B-8786, 
UW 20856, Loc. 1571; pl. 4, fig. 9. Specimens collected display considerable 
variation in size and number of visible chambers. 
figured form of Cushman and Ozawa, 1929, p. 77, pl. XIV, figs. 12 & 13. 

hu, 1951, p. 431, PI. 63, figs. 23 & 24. Hypotype 

Hypotype 46807, 
LOC. D-286; pl. 2, fig. 7; 

They appear to be similar to the 

SigmoiZina tenuis Czjzek. Rau, 1951, p. 430, pl. 63, fig. 2. Hypotype UC 46814, 
Loc.B-8792, UW 20857, Loc. 1517; pl. 2, fig. 2. 

Sigmomorphina schencki Cushman and Ozawa. Rau, 1948a, p. 170, pl. 30, figs. 13 & 14. 
Hy-potype UC 46816, Loc. D-277, UW 20858, Loc. 1909; PI, 4, fig. 8. 

Sigmomorphina unduzata Rau, 1948a, p. 170, pl. 30, figs. 15 & 16. Hypotype UC 46815, 
Loc. D-276, UW 20859, Loc. 1908; pl. 4, fig. 7. This species is identical to the 
Porter specimens of pau. 

Siphonodosaria frizzeZZi Rau, 1948a, p. 171, pl. 30, fig. 10. 
Loc. D-278, UW 20860, LOC. 1910; pl. 6, fig, 11. 

qhaeroidina var iabiZ is  d'orbigny. Rau, 1964, p. 23, p l .  7, fig. 7. Hypotype 
UC 46819, Loc. B-9003, UW 20861, LOC. 1836; pl. 10, fig. 1. 

SpiroZocuZina t e x m  Cushman and Ellisor, 1944, p. 51, pl. 8, figs. 14 & 15. 
Hypotype UC 46820, LOC. B-8822, UW 20862, LOC. 1607; pl. 2, fig. 1. 

T e x t u Z d a  sp., Hypotype UC 46821, Loc. B-8783. 

Trot-na of. T. p m a  Cushman and Laiming. Hypotype UC 46822, Loc. B-8807, 
UW 20864, LOC. 1592; pl. 2, fig. 4. The individuals assigned to this species 
compare favorably with the Los Sauces Creek form described by Cushman and Laimhg. 
The Blakeley individuals are flattened. 

UvigePina auberiana d'Orbigny. 
UC 46823, Loc'. B-8790, UW 20864, Loc. 1515; pl. 6, fig. 7. 

Uvigerina cocoaensis Cushman. 
Hypotype UC 46824, Loc. E-274, UW 20865, Loc. 1904; pl. 6, fig. 9. 

Uvigerinella obesa Cushman var. impoZita Cushmm and Laiming, 1931, P. 111, PI. 12, 
fig. 11. Hypotype UC 46826, Loc. B-8842; pl. 6, fig. 10. 

Hypotype UC 46818, 

Sullivan, 1962, p. 277, pl. 16, fig. 1. Hypotype 

Cushman and Schenck, 1928, p. 312, pl .  43, figs. 17-19. 



Vaginuzinopsh cf. V .  saundersi (Hanna and Hanna) subspecies ~&sensis Beck. 
Hypotype UC 46827, Loc. B-8814, pl. 3, fig. 3. A single megalospheric individual 
appears to be similar to the subspecies from the Cowlitz Formation described by 
hck, 1943, p. 598, PI. 105, figs. 3, 13. 

VaZvutineria araucaria (d'orbigny). 
pl: 3, fig. 1. Hypotype UC 46828, Loc. B-8986; pl. 7, fig. 4. 

VaZvuZineda dZZapaensis Rau, 1951, p. 447, pl. 66, figs. 23-25. 
UC 46829, Loc. B-8802, UW 20867, Loc. 1587; p1.'7, fig. 1. 

Verneuizina aff.  V .  compressa Andrea. 
fig. 8. 
compressa Andrea in gross character and relative shape of the chambers. 
s p .  ( ? )  of Cushman and Hobson, 1935, p. 56, pl. 8, fig. 6, may be conspecific. 

CUS~IU~II, Stewart, and Stewart, 1947a, p. 20, 

Hypotype 

Hypotype UC 46830, Loc. B-8783; pl. 1: 
A few badly crushed and distorted specimens which resemble VerneuiZzM 

VerneuiZina 

Vemuit ina sp . ,  Hypotype UC 46831, Loc. B-8783; pl.  1, fig. 9. 
having a coarser textured, less compressed test and more inflated chambers than the 
forms referred to VerneuiZina aff. 8. compressa Andrea. 

A single specimen 

e 
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1. 

2. 

3. 

4. 

5a, b. 

6. 

7. 

8. 

9. 

10. 

11. 

12a, b. 

13a, b. 

14a, b. 

PLATE 1 

Bathzjsiphon eocenica Cushman and Hanna 17X UC 
LOC, B-8783, Hy-potype US 46732, 

HapZophragmoides truZZissata CH, B. Brady) 26X UC 
LOC. B-8792, Hypotype UC 46770, 

HapZophramoides sp. 48X UC Loc. B-8783, Hypotype 
UC 46771. 

PseudocZavuZina conormnis (d'orbigny) 75X UC Loc. 
B-8797, m o t y p e  UC 46795. 

CycZammina canceZZata H. B. Brady var. obesa Cushman 
and Laiming 25X UC Loc. B-8811, Hypotype UC 46747. 

CycZ&na incisa (Stache) 27X UC Loc. B-8812, 
Hypotype UC 46748. 

CycZmina pacifica Beck 21X UC LOC. D-281, 
Hypotype UC 46749. 

VerneuiZha a f f .  V. compressa Andrea 40X UC Loc. 
B-8783, Hy-poty-pe UC 46830. 

Verneuilina s p .  40X UC Loc. B-8783, Hypotype 
UC 46831. 

Gaudzyina trianguZa&s Cushman 34X UC LOC. B-8803, 
Hypotype UC 46762. 

Gaudryina sp. 54X UC LOC. B-8783, Hy-poty-pe 
UC 46763. 

SiZicosigmoiZina kZeinpeZZi n. s p .  31X UC 
LOC. B-8888, Holotype UC 46817. 

QuinqueZocuZina imper&zZis Hanna and Hanna 
UC Loc. B-8795, Hypotype UC 46802. 

QuinqueZocuZ<na minuta Beck 46X UC Loc. B-8799, 
Hypotype UC 46803. 

25X 

. .  
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1. 

2. 

3. 

4. 

5a, b. 

6a, b. 

7a, b. 

8a, b. 

9a, b. 

loa, b. 

PLATE 2 

SpiroZomrZim texana CushQw and El l t so r  63X UC 
Loc. B-8822, Hypotype UC 46820, 

SigmoiZina tenuis (Czjzek) 86X UC Loc B-8792, 
Hypotype UC 46814, 

Cornuspira byramensis Cushman 33X UC Loc. D-288, 
Hypotype UC 46746. 

Trochammina cf. T. p m a  Cushman and Laiming 54.X UC 
Loc. B-8807, Hy-potype UC 46822. 

RobuZus budensz's (Hantken) 24X UC Loc. D-284, 
motyye  UC 46805. 

RobuZus caZccrr (Lime) 54X UC Loc. E8866 
Hypotype UC 46806. 

RobuZus chehQZisensis Rau 29X UC Loc. D-286, 
Hypotype UC 46807. 

RobuZus <nomatus (d'orbigny) 57X UC Loc. B-9030, 
Hypotype UC 46808. 

Robuzus cf. R. r&ocenicus (Chapman) 35X UC Loc. 
B-8985, Hy-potype UC 46809. 

RobuZus warmani Barbat and von Estorff 46X UC Loc. 
B-8792, Hypotype UC 46810. 

i 
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PLATE 3 

la ,  b. LenticuZina convergeas CBarnemm) 54X UC Loc, 

2a, b. LenticuZina ef. L. massa (d'orbigriy) 75X UC Loc. 

B-8929, Hypotype UC 46776, 

B-8935, Hy-potype UC 46777, 

VaginuZinopsis cf. V. saundersi (Hanna and Hanna 1 sub- 
species Zezjisensis Beck 57X UC Loc. B-8814, Hypotype 
UC 46827. 

3. 

4. Marginuzina subbuzlata Hantken 42X UC LOC. B-8865, 
Hy-potype UC 46778. 

5. Marginuzina sp. 120X UC LOC. B-8929, Hy-potype 
UC 46779. 

6. RobuZus s p .  46X UC Loc. B-8949, Hypotype 
UC 46811. 

7. DentaZZna cf. D. consobrina d'0rbigny 86X UC Loc. 
B-8788, ?Jy-poty-pe UC 46750. 

8a, b. SaracermGa schenck< Cushman and Hobson lOOX UC 
LOC. B-8940, Hypotype UC 46812. 

Loc. B-8795, Hy-potype UC 46752. 
9. DentaZina cf. D. pioneerensis Kleinpell 30X UC 

10. DentaZina cf. D. quadruZata Cushman and Laiming 86X 
UC Loc. B-8814, Hypotype UC 46753. 

11. DentaZinu nasuta Cushan 23X UC Loc . B-8934, 
Hypotype UC 46751. 

12. Nodosada grandis Reuss 38X UC Loc. D-276, 
Hy-potype UC 46781. 

13 Nodosaria hamiZZi Kleinpell 86X UC Loc. B-8976, 
Hy-potype UC 46782. 

Hy-potype UC 46783. 

B-8787, Hypotype UC 46796. 

B-9030, Hy-potype UC 46797. 

l4. Nodosda  Zongiseata d'0rbigny 18X UC LOC. D-285, 

15. PseudogZrmduZinu infZata (Bornemann) 66X UC Loc. 

16 PseudogZanduZina nuZZpeensis Rau 57X UC Loc. 
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I PLATE 4 

1. Lagena acuticosta Reuss 15Qx UC Loc B-8796. 
Hypotype UC 46772, 

2. Lagena cf. L. Zaevis (Montagu) 109X UC Loc, 

3. Lagena stmaosa Reuss lOOX UC Loc, B-8800, 

4. Lagena cf. L. substdata Williamson 92X UC LOC. 

B-8944, Hypotype UC 46773. 

Hypotype UC 46774.' 

. B-8788, Iiypotype UC 46775. 

5, . PoZymorphina s p .  34X UC Loc. B-8815, Hypotype 
UC 46794. 

6. PseudopoZynorphina s p .  3SX UC Loc. B-8942, 
Hypotype UC 46799. 

7a,b,c. Sigmmorphina unduZata Rau 38X UC Loc. D-276, 
Hypotype UC 46815. 

UC Loc. D-277, Hy-potype UC 46816. 
8a,b,c. Sigmomorphina schencki Cushman and Ozawa 54X 

9. Sigmoidina cf. S. pacifica Cushman and Ozawa 27X 
UC Loc. B-8786, Hypotype UC 46813. 

10. 

11 

12a, b. 

GuttuZina frrmkei Cushman and Ozawa 27X UC Loc. 
B-8795, Hypotype UC 46766. 

GuttuZina i r r e g u b i s  (d'0rbigny ) 43X UC h e .  
D-281, Hyyotype UC 46767. 

E l p h i d i m  nrhutwn (Reuss) 66X 
Hy-potype UC 46754. 

! 

uc LOC. B-8845, 

4 
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PLATE 5 

' la, b. Nonson cf .  N. a f f i n b  (Reuss) l O O X  UC LOC. B-8858, 
Hypotype UC 46784. 

2a, b. Nonion blukeieyensis n,  sp. 86X UC Loc. B-8792, 

3a, b. Nonion bZakeZeyensis n. s p ,  86X UC LOC. B-8792, 

4a, b. Nonhn i n & m  (Cushman) v m ,  kernensis Kleinpell, 
75X UC Loc. €3-8820, Hy-potype UC 46787. 

5a, b, Nonion ~nciswn (Cushman) 86X UC LOC, B-8820, \. 

Holotype UC 46785. 

Paratype UC 46832. 
1 

Hypotype UC 46786. 

Hypotype UC 46788, 
6a, b. Nonion pacificwn (Cushman) 66X UC LOC. B-8846, 

7a, b. Nonion tubercuzatwn (d'orbigny) lOOX UC Loc. B-8792, 
Hypotype UC 46789. 

8. Nodogenerim sanctaecrmcis Kleinpell 75X UC Loc. 
B-8866, Hy-potype UC 46780. 

9. PZectofrondicuZaria cf. P. caZifornica Cushman and 
Stewart 66X UC Loc. B-8965, Hypotype UC 46790. 

PZectofrmdicuZaria miocenica Cushman var .  directa 
Cushman and La5ming 54X UC LOC. B-8818, Hy-potype 
UC 46791. 

10. 

11. PZectofrondicuZaria packardi var. packardi Cushman and 
Schenck 75X UC Loc. D-274, Hyyotype UC 46792. 

12. PZectofrondicuZ&a vaughuni Cushman 86X UC LOC. 
B-8866, Hypotype UC 46793. 
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1. 

2. 

3 a A  c 

4% b. 

5a,b,c. 

6. 

7.  

8 .  

9. 

10. 

11. 

12. 

PLATE 6 

BuZ$mGzeZZCr bassendorfends Cushman and Parker 8& 
UC Loc, B-8827, UC -type 46737, 

BuZMnu aZZigata Cusbman and Laiming 80X UC Loc, 
B-8785, Hy-potype UC 46734, 

BuZ.imina bZakeZeyensis n. sp. 15OX UC Loc. B-8827, 
Hylotype UC 46735. 

Robertinu cf. R, deczivis 12OX UC Loc. B-8800, 
I-Qyotype UC 46804. 

Uvigerinu gaZZooayi Cushman var, bZakeZeyensis n. var. 
6OX UC Loc. B-8854, Holotype UC 46825. 

BuZ6dna ovata drOrbigny 70X UC Loc. l3-8804, 
Hypotype UC 46736, 

U v i g e r h  aubemkna d'0rbigny 7!Z UC LOC. B-8790, 
Hypotype UC 46823, 

Entosoknia sp. 75X UC LOC. B-8789, Hypotype 
UC 46755. 

UvigeAnu cocoaensis Cushman 75X UC LOC. D-274, 
Hy-potype UC 46824. 

UvigeAneZZa obesa Cushman vm.  3mpoZita Cushman and 
Laiming 70X UC Loc. B-8842, Hypotype UC 46826. 

Siphonodosaria fmkzeZZi Rau 66X UC Loc. D-278, 
Hypotype UC 46818 

BoZivina m g i n u t a  Cushman var. adekzidana Cushman and 
Kleinpell 60X UC Loc, B-8818, Hyyotype UC 46733 
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la,b,c. 

2a,b, e. 

3% b, c 

4ay b, c 

5a,b, c. 

6a,b, c. 

PLATE 7 

VaZvuZineria dZZapaensis Rau 5QX UC Loc, 
B-8802, Hypotype UC 46829. 

Gyroidina c o d m i  (Cushman and Schenck)' l O O X  UC 
Loc. B-8843, Hy-poty-pe UC 46768, 

Gyroidina orbicuZaris d'mbigny vm. phnata Cushman 
66X UC Loc. B-8795, Hypotype UC 46769. 

VaZvuZineria araueana (d'orbigny) 86X UC Lm. 
B-8986, Hypotype UC 46828. 

@onides hea2di Stewart and Stewart lOOX UC h e .  
B-8812, Hy-potype UC 46759 

@onides wnbonatus (Reuss) 86X UC LOC. D-288, 
Hypotype UC 46761. 
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la, b, c . 

2a,b,c. 

3a,b,c. 

' 4a,b,c. 

5a,b,c. 

6a,b,c. 

PLATE 8 

Epanges gav3otaensis Wilsan 57X UC Loc, 
E-8812, Hypoty-pe UC 46758, 

wonides mansfieldi Cushman vm. oreganensis 
Cuskrman, Stewart and Stewart 75X UC Loc. B-8842, 
Hy-potype UC 46760. 

Epistom2na eocenica Cushrnan and Hanna 46X UC Loc. 
D-285, Hypotype UC 46756. 

Epistominu ramonensis Cushmm and Kleinpell 
UC Loc. l3-8866, Hypotype UC 46757. 

31X 

CeratobuZiminu washburme; Cushman and Schenck 60X 
UC LOC. D-280, Hy-potype UC 46743. 

PseudoparreZZa p m a  (Cushman and Laking) 
UC Loc. B-8865, Hypotype UC 46798. 

92X 

i 
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1 a, b. 

2 a, b. 

3 8, b, 

4 a, b. 

5 a, b. 

6. 

7 a, b. 

8. 

9 a, b. 

Cassidulina galvinensis Cushman and Frizzel l  
UC LOC, B-8800, Hypotype UC 46738. 

Cass$dulina modetoensis Rankin 86X UC LOC, B-8795, 
Hypotype UC 46739, 

Cassidulina cf. C ,  punctata Reuss 92X UC LOC. D-283, 
Hypotype UC 46740, 

Cassidutina subgtobosa H, B, Brady 109X UC Loc. 
B-8814, moty-pe UC 46741, 

75X 

CassiduZ6zoides s p .  134X UC Loc. B-8907, 
Hypotype UC 46742. 

Allomorzphina cf. A. macrostoma Karrer 75X UC Loc. 
B-8807, Hy-potype UC 46730. 

PulZenia cf. P. salisburyi Stewart and Stewart 
UC Loc. D-285, Hy-potype UC 46801. 

ChilostomeZla oolinu Schwager 92X UC LOC. B-8793, 
Hypotype UC 46744. 

PuZlenia quinqueloba (Reuss) 80X UC LOC. B-8849, 
Hypotype UC 46800. 

55X 

1 
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la, b. 

2a, b, c. 

PLATE 10 

Sphaeroidirur vmiabitis Reuss 1OOX UC LOC, 
B-9003, Hypotype UC 46819. 

GZobigerina buZZoides dt0rbigny 93X UC Loc. 
B-8800, Hyyotype UC 46764, 

GZobigerina congbnerata SchwageT 86X UC Loc. 
B-8803, Hy-potype UC 46765. 

. 

AnomZina catiforniensis Cushman and Hobson 
UC Loc. B-8786, Hyyotype UC 46731. 

Cibicides elmaensis Rau 60X UC Loc. B-8842, 
IIypotype UC 46745. 

66X 
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Middle Eocene Paleogeography of Southern California 

David G. Howell, U.S. Geological Survey, Menlo Park, California 94025 

ABSTRACT 

The onshore and offshore topography of the middle Eocene areas of the 
Santa Ynez, San Rafael, Topatopa and Orocopia Mountains were characterized 
by high relief. 
regions over a short distance. The Santa Monica Mountains and Simi Hills 
areas were characterized by a broad low-relief shelf environment. 
and coastal delta environments are suggested by middle Eocene rocks along 
the west side of the Peninsular Range. In the S a n  Diego area, middle 
Eocene rocks indicate from east to west successive fluvial, coastal delta, 
and steeply inclined submarine canyon environments. 

The offshore areas deepened from the coast to bathyal 

Paralic 

Post-Eocene right-lateral faulting in the southern California Borderland 
apparently has separated once contiguous strata such as the middle Eocene 
bathyal-fan rocks (including the Poway-like conglomerate exposed on San 
Nicolas, Santa Cruz and San Miguel Islands, and in the subsurface on 
Santa Rosa Island) from continental, shallow-marine and submarine canyon 
rocks in the San Diego area. 

The middle Eocene,mainland coast extended northwestward along the west 
flank of the Peninsular Range to the west Sierra Nevada. 
trending embayment indented this coastline toward the present site of the 
Orocopia Mountains. 
Pransverse Ranges against the emergent San Rafael high. 

- A large east- 

Shoal areas were also present narth of the present 

INTRODUCTION 

Middle Eocene strata crop out over a wide area o f  southern California 
that can be informally subdivided into six regions (Fig. 1). A brief 
account of the middle Eocene geologic history for each of the designated 
six regions is given below. The middle Eocene, for purposes of this 
report, is considered to be equivalent to the Ulatisian Stage of Mallory 
(1959) and is inferred to be nearly 3 million years in duration, from 
approximately 46-49 m.y. B.P. Figure 2 is a correlation chart for the 
principal middle Eocene rock units of southern California. 

Significant paleogeographic changes may have occurred in a given area 
during middle Eocene the, but owing to the basic limits in the precision 
of biostratigraphic correlation only generalized paleogeographies are 
reconstructed and interpolated on an interregional basis. In order to 
delineate the middle Eocene paleogeography of southern California from 
paleontologic and lithologic analyses, the following palinspastic 
adjustments were made: 210 km (kilometres) of right-slip along the 
San Andreas fault, 50 km of right-slip along the San Gabriel fault, 15 km 
of left-slip along the Big Pine and Santa Ynez faults, 90 km of left- 
slip on the Malibu Coast fault system, and 180 km of right-slip along 
the postulated East Santa Cruz Basin fault system. 

272 



J 

s 

z
 
0
 

c3 
W

 
a
 

- 0
 

9
' 

* z 0 W
 

G
 
a
 

0
' 

,
 273 



., 
+ 

EO
CE

N
E 

+
 

ea
rl

y
 

I 
I 

~ 

m
id

dl
e 

la
te

 
I 

I 
I 

I
 I I
 

8
 8

 ', 
m

ti
li

ja
 

: 
C

oz
y 

D
e

ll
 

', 
S

an
ds

to
ne

 
I 

S
ha

le
 

cn
 
3
.
 

...
 ... 

I
r

n
 

... ...
 

so
ut
h 

P
o

in
t 

F
or

m
at

io
n 

: &
E! 

... 
-
J
 
::
: 

of
 

a
I-

w
 

... ... 
W

ea
ve

r 
an

d 
W

er
n

er
 

(1
96

9)
 

I
 

... 
S

o
u

th
 P

o
in

t 
F

or
m

at
io

n 
of
 W

ea
ve

r 
an
d 

D
O

eL
he

r 
(1

96
9)

 
(1

96
9)

 
.'.*.*. ..
..

 
...

.. 
1
 

... 
: 1 u

nn
am
ed
 u

n
it

s 
17

-3
0 

of
 

I 
a

:
;

;
 

U
nn

am
ed

 u
n

it
s 

1-
16

? 
of
 

no
t 

=p
os

ed
 

:<
{{

V
ed

de
r 

an
d 

N
o

rr
is

 
11

96
3)

 
U

 
: 
:::. 

V
ed

de
r 

an
d 

N
or

rf
s(

l9
63

; 
..

..
 

I 
I 

i 
I
 

S
es

pe
 

~ 
F

or
m

at
io

n 
U

 
S

an
ti

ag
o 

F
or

m
at

io
n 

s.r
i.r

 



.. 

BASIN ANALYSIS 

Santa Ynez and southern San Rafael Mountains (region 1 of Fig. 1) 

Lithology and environment of deposition. 
of the western Transverse Ranges is marked by the Poppin shale of 
Dibblee (1950, p. 26) which is a massive red and green mudstone in the 
upper part of the Anita shale as defirfed by Kelley (1943). 
western Santa Ynez Mountains, the Poppin shale grades upward into 
massive black to dark-gray mudstone and bedded siltstone of the upper 
part of the Anita shale which contains a few local fine-grained, thin- 
to medium- bedded sandstone layers, 
structures within these strata combined with their fine-grained texture 
of the sediment suggests a low energy environment of deposition. 
Matilija Sandstone overlies the Anita shale and is a medium- to very 
thick bedded fine- to medium-grained arkose and lithic arkose. 
beds of micaceous mudstone increase in abundance up section, so that 
the top of the Matilija is gradational with the overlying shale and 
siltstone beds of the late Eocene Cozy Dell Shale. 

Foraminiferal assemblages from these middle Eocene beds suggest an 
upper bathyal to lower neritic environment of deposition (Weaver, 1962; 
Weavek and Weaver, 1962; Weaver and Molander, 1964). The marine basin 
within this area shoaled to the north against Mesozoic granitic, 
Franciscan metamorphic, and Lower and Upper Cretaceous sedimentary rocks. 

The middle Eocene sequence of the east Santa Ynez Mountains differs from 
the sequence to the west. East of the San Marcos Pass, the Juncal 
Formation is divided into three members: 
a siltstone; the middle member, the Camino Cielo Sandstone of Page and 
others (19511, is an interbedded sandstone and siltstone sequence; and 
the upper member .is principally siltstone with a few sandstone interbeds. 
The fine-grained facies of the Juncal are massive- to thin-bedded, graded 
units. Stauffer (1967) refers to the Juncal as a'flysch sequence. 

Graded bedding occurs in more than SO percent of the beds in the Camino- 
Cielo Sandstone Member. The sandstone is generally medium- to thick- 
bedded medium-grained micaceous lithic arkose. The thicker beds show 
evidence of amalgamation of two or more thinner sandstone beds. 
graded bedding, lutite interbeds, and sole markings suggest a turbidite 
origin of deposition for these flyschlike beds. 

The upper member is and resembles e lower member. Paleo- 
current data indicate a predominant west to southwest flow direction, with 
a more south to southeast trend for the upper member. 

The Matilija Sandstone of the east Santa Ynez Mountains is a medium- 
to thick-bedded medium- to coarse-grained arkose and lithic arkose. 
Within its lowest part thin- to medium-bedded, graded units similar 
to those of the Juncal Formation are present, but most sandstone beds 
in the Matilija are ungraded. 

The base of the middle Eocene 

In the 

The general lack of internal 

The 

Inter- 

the lower member is principally 

The 

The overall structureless nature of the 
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massive, often amalgamated beds in the Matilija Sandstone is characteristic 
of grain-flow deposits (Stauffer, 1967). In the middle part of the Matilija 
in the same area, channeling, erosional contacts, and both large and small- 
scale cross beds are present. 
indicate a shoaling condition (Link, 1971). The upper part of this formation 
becomes more flyschlike with lutite interbeds increasingly abundant up 
section. Paleocurrent data from the Matilija indicate sediment transport 
principally to the west and southwest (Link, 1971). The Matilija grades 
into the massive shale and siltstone beds of the late Eocene Cozy Dell 
Shale . 

Fossil mollusks and benthonic foraminifers 

In the south San Rafael Mountains, north of the east Santa Ynez Mountains 
middle Eocene deposition began locally within the Poppin shale here 
occurring at the base of the Juncal Formation but the section consists 
principally of medium- to coarse-grained arkose and lithic arkose inter- 
bedded with thin- to medium-bedded siltstone. The flyschlike character 
of these rocks, the graded bedding, and abundant sedimentary structures 
suggest a turbidite origin. The sediment dispersal pattern was diverse, 
though a southwest-flowing system was dominant. Middle Eocene foraminifers 
from the San Rafael Mountains indicate open ocean conditions and deposition 
in moderate water depth equivalent to outer shelf and/or upper slope depths 
(Bukry, Brabb and Vedder, 1973; A. Tipton Donnelly, written comun., 1974). 

Paleogeography. 
rocks of region 1 indicate that the marine environment shoaled northwest- 
ward against the emergent S a n  Rafael high (Reed and Hollister, 19361, 
which was bounded on the south by an east-west-oriented basin and on the 
east by a northwest-oriented marine embayment. Middle Eocene rocks of 
the San Rafael Mountains indicate the presence of coalescing bathyal fans 
that prograded south and southwest. 
reflect an area of fan/delta systems prograding westward, whereas those 
in the west Santa Ynez Mountains reflect grain-flow deposition'from the 
north. Figure 3 schematically represents this paleogeographic setting. 

The distribution and lithofacies of the middle Eocene 

Rocks in the east Santa Ynez Mountains 

Figure 3. Middle Eocene paleogeographic reconstruction of region I, 
geographic reference points are: PC = Point Conception, SB = 
Santa Barbara, BC = Bluff Camp, OC = Os0 Canyon. 

c 

c 
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Topatopa and Pine Mountain areas (region 2 of Fig. 1) 

Lithology and environment of deposition. 
Eocene exposures in region 2 shown on figure 1 is only approximate 
owing to the paucity of biostratigraphic data. 
designated, there are three general lithofacies: principally siltstone 
with minor amounts of sandstone (facies 11, principally massive sand- 
stone with minor thin- to medium-bedded sandstone and siltstone (facies 
2), and massive conglomerate (facies 3). 

Lithofacies 1, above, has been mapped as the Juncal Formation by 
Dickinson (19691, Vedder, Brown and Dibblee (19731, and Givens (1974) and 
as part of the Piru Formation by Kriz (1955). These strata form the 
oldest middle Eocene beds, and in part may be as old as early Eocene. 

Stratigraphically above the oldest conglomeratic unit in the lower Piru 
Creek area is approximately 2,800 m (metres) of principally massive 
black to dark-yellowish calcareous siltstone. 
massive conglomerate that is 700 m thick is present within this siltstone. 
The conglomerate wedges out eastward within a short distance and is not 
present in Canton Canyon where the siltstone is 3,100 m thick. 

Westward, in the Mutau Flat area, 5,000 m of shale, siltstone and 
conglomerate locally lies unconformably upon the granite basement 
(Schlee, 1952). The thickness of the mudstone is variable but reaches 
a maximum of 2,700 m (Kiessling, 1958). The fine-grained facies is 
increasingly coarser grained north and northwest of Mutau Flat; there, 
it is less massive and is interbedded with thin- to thick-bedded fine- 
to medium-grained arkosic sandstone. 
fine-grained facies is mapped as the Juncal Formation (Jestes, 1963), 
which consists of 300-500 m of shale and siltstone with interbedded thin- 
to thick-bedded fine- to coarse-grained arkosic sandstone. These beds 
are generally graded and have been interpreted to be turbidite deposits 
with flow in a west-southwest direction (Stauffer, 1967). 

The distribution of middle 

Within the area 

A lens-shaped unit of 

In the south part of region 2, the 

Facies 2, the massive sandstone with minor amounts of thin- to medium- 
bedded sandstone, overlies the fine-grained facies. The Matilija 
Sandstone is the most characteristic and best known formation represen- 
tative of this sandstone facies. The largest outcrops of massive sand- 
stone are in the south and northwest part of region 2. The sandstone is 
mostly fine- to medium-grained fair- to well-sorted thin- to massive- 
bedded (mostly thick-bedded) arkose. Using orientation of sedimentary 
structures, Jestes (1963) infers northwest, west, southwest and south 
transport directions. 

The conglomerate, lithofacies 3, of region 2 is restricted to the east 
area with exposures surrounding the granitic basement complex of the 
Piru Creek drainage. 
conglomerate units with a maximum aggregate thickness of 1,250 m 
(Kiessling, 1958). The conglomerate units thin abruptly to the west 
and southwest and wedge out within 5 km from the granitic basement. 
The contact be,tween Eocene beds and the’granitic basement is at places 
faulted, but the separation probably is minor. 

Near Mutau Flat there are five distinct wedge-shaped 

There are a number of 
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places where conglomerate rests unconformably upon this basement. 
one place north of Mutau Flat, a wedge of conglomerate several hundred 
metres wide gnd about 10 m thick lies unconformably on the basement 
(Schlee, 1952). 
of Mutau Flat angular, 3-m-thick granitic "joint" clasts of the local 
basement are admixed with well rounded granitic, volcanic, and quartzitic 
clasts. The pebbles and cobbles of the Mutau Flat area are composed of: 
granite and granodiorite (30-40 percent); gneiss (10-15 percent); 
quartzite (10-15 percent); gray, green, and red volcanic material (20-35 
percent) and sandstone (5-15 percent). Channeling and clast imbrications 
suggest that the material was deposited by currents flowing toward the 
south and southwest. 

At 

Just south of this locality at the northwest corner 

Farther to the east in the lower Piru Creek area, 1,000 m of conglomerate 
is in fault contact with the granitic basement (Kriz, 1947; Sage, 1973). 
Above this conglomerate unit in sequential order are 1,600 m of shale 
and siltstone, 650 m of conglomerate, 1,200 m of shale and siltstone, 
and 1,000 m of medium-bedded flyschlike sandstone. The conglomerate 
clasts are composed of granite-granodiorite (20-50 percent); gneiss 
(10-20 percent), quartzite (0-10 percent)., and gray, green, red and 
purple volcanic material (40-60 percent). 

A few clasts are  as large as 3 m, but most range from 1 cm to 1.5.m. 
All clasts larger than 0.5 m are composed of granite and gneiss. 
dimensional pattern of the conglomerate is unknown, although a lens 
shape is suggested as 4 km to the east, along strike in Canton Canyon, 
no conglomerate crops out. 
ment of deposition, possibly a paleo-submarine canyon or a channel in an 
upper fan complex. 

The 

These relations suggest a high-energy environ- 

Paleogeography. 
the buttress unconformities near the Mutau Flat, Sespe Hot Springs, and 
lower Piru Creek areas indicate that the upper Piru Creek drainage area 
was a high-relief source terrane during the early(?) and middle Eocene 
(Kriz, 1947; Kiessling, 1958). The shoreline between Mutau Flat and 
lower Piru Creek is inferred to have trended approximately east-west on 
the basis of: (1) the distribution of the conglomerate facies, ( 2 )  the 
location and orientation of basal unconformities, and (3) inferred south- 
ward paleotransport directions. 

The thick, wedge- and lens-shaped conglomerate units and 

The paleocurrent data demonstrate a general south to southwest transport 

data from the Matilija Sandstone in the southern part of this region, 
however, indicate west and northwest flow direction. To the south in 
region 3, middle Eocene rocks and fossils indicate shelf conditions 
without local source areas. The isopach map of Eocene strata, for the 
south part of region 2 (Fig. 4), shows a thick east-west trend. Else- 
where in region 2, the data indicate a source terrane to the north and 
northeast. 
originated from a northeast source terrane and was dispersed to the south 

' direction for most of the clastic debris for this region. Paleocurrent 

It is therefore suggested that the Matilija Sandstone 

1 

, 

c 
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Figure 4. Isopachous map of Eocene strata i n  southern California. Thick isopachous l i n e s  represent 
shoreline pinch-outs; th in  zero isopachous l i n e s  are pinch-outs due t o  pos t  Eocene diastrophism, 
and the wavy zero isopachous l i n e  i n  the borderland is  an inferred deposit ional onlap pinch-out. 
D a t a  modified from Woodring and Popenoe (19451, Dibblee (19501, Weaver and others  (1969), 
Crawford (1971), Kennedy and Moore (1971), Nagle and Parker (1971) and Parker  (1971) . 



into an east-west-oriented basin in which flow directions were west and 
northwest (Fig. 5). 

Figure 5. Middle Eocene paleogeographic reconstruction of region 2. 
Geographic reference points are: MF = Mutau Flats, PL = Piru Lake. 

a 

Simi Valley, Elsmere Canyon, and Santa Monica Mountains (region 3 of Fig. 1) 

Lithology and environment of deposition. 
stratigraphically above the lower Eocene conglomerate of the Llajas 
Formation of Cushman and McMasters (1936) is a mudstone that contains 
abundant mollusks especially of Turritella. Prominent at many horizons . 
in the mudstone are discocyclinids indicative of tropical shelf seas. 
Also, numerous concretionary layers are present within the mudstone and 
commonly contain concentrated (transported) megafossil shell debris. The 
fossils in the shell debris represent upper shelf-littoral organisms. 
The shell fragments probably accumulated in broad depressions or channel 
bottoms within their habitat range. 
in this interval. 

In the Simi Valley area 

Glauconitic sandstone is also common 

The upper part of the Llajas Formation is composed of alternating mudstone 
and sandstone in which the sandstone crops out in beds 4-10 m thick. 
sandstone is fine- to coarse-grained arkose and lithic arkose with a few 
lenses containing 0.5 to 1.5 cm pebbles. Bishop (1950) reports some 
sandstone beds to be "almost pure quartz". Large scale cross bedding is 
rare, but where present, it indicates flow to the west. These data suggest 
that the Llajas Formation was deposited in shallow marine conditions. 

The 

Very limited exposures of possible middle Eocene strata occur in Elsmere 
Canyon. These strata consist of medium- to coarse-grained massive arkose 
and lithic arkose with a basal cobble conglomerate containing anorthosite 
and gneissic material that is in composition similar to a conglomerate 

, 
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reported directly below the possibly middle Eocene shales in Continental 
Oil Company's Well, Phillips No. 1 (Oakeshott, 1958). This conglomerate 
is compositionally similar to basement rocks of the San Gabriel Mountains 
lying to the east (Oakeshott, 1958) . 
In the Santa Monica Mountains is 400 m of Eocene strata that in part may 
be middle Eocene in age (Yerkes, oral commun., 1974). The lowest stratum 
is an interbedded coarse-grained arkose and conglomerate sequence, in 
which clast size ranges from 0.5 to 20 cm. 
volcanic clasts are the most abundant, with minor amounts of quartzite. 
The sequence is about 25 m thick in the easternmost exposure, but it 
thins abruptly westward. 

Above the conglomerate is a sequence of thin- to medium-bedded siltstone 
and sandstone. The sandstone siltstone ratio is about 2:l in the east area 
and decreases to about 1:l in the west area. 
a gray bioturbated siltstone and very fine grained sandstone crops out. 
These strata are similar to beds near the top oftheLlajas Formation in 
simi Valley. 

The decrease in abundance of conglomerate and sandstone from east to 
west suggests a possible westward-flowing dispersal system. According 
to Yerkes (written commun., 19731, the habitats of modern analogs of the 
fossil genera from Eocene rocks on the Santa Monica Mountains, occupy a 
shallow marine environment, "low tide to about 50 fathoms". 

Paleogeography. 
for region 3 are sparse, several conditions are consistent: (1) all 
reported fossils are shelf-inner shelf marine organisms, (2) everywhere 
there is evidence of a marine regression culminating in the deposition 
of the nonmarine Sespe Formation, the lower part of which is late Eocene 
in age, (3) all sediment transport directions suggest westward flow, and 
(4) conglomerate clasts have affinities to basement terranes to the east. 
Therefore, an upper shelf-coastal environment of deposition is inferred 
with shoaling to the east (Fig. 6). The data from region 2 suggest that 
the north part of region 3 may have been an area of higher energy deposition 
that fluctuated in depth through time (Link, 1971; Jestes, 1963). In region 
3 in the Simi Hills-Santa Monica Mountains area the conditions remained 
shsllow marine throughout the middle Eocene and gave way to nonmarine 
environments, advancing from the east, by late Eocene time. 

, Granitic, gneissic, and 

Near the top of the formation, 

Although data that permit a paleogeographic reconstruction 

Figure 6 .  Paleogeographic reconstruction of region 3 inset into a large 
paleogeographic setting for perspective, and direction of shoaling. 
Geographic reference points are: 
SC = Solistice Canyon. 

EC = Elsmere Canyon, S = Simi, 
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Santa Cruz, Santa Rosa, San Miguel and San Nicolas Islands (region 4 
of Fig. 1) 

Lithology and environment of deposition. On Santa Cruz Island the middle 
Eocene part of the Csada Formation of Doeqner (1969) is principally shale, 
thin-bedded siltstone, and fine-grained sandstone, with 5- to 15-cm-thick 
sandy limestone beds dispersed throughout. 
current-formed sedimentary structures and are inferred to have been 
deposited in low-energy environments. 

The low-energy condition during the middle Eocene, unique to Santa Cruz 
Island compared to the other islands, is broken only by the deposition 
of the late Eocene Jolla Vieja Formation of Doerner (1969). This 
formation is principally a medium-grained thick- to massive-bedded arkose 
with prominent lens-shaped conglomerate beds. In composition the 
conglomerate resembles the Stadium Conglomerate of the Poway Group in the 
San Diego area (Woodford and others, 1968; Kennedy and Moore, 1971; Minch, 
1972). Lutite interbeds are rare though mudstone rip-ups clasts, commonly 
imbricated, do occur. The conglomerate beds are inferred to represent 
channel deposits whose axes are oriented southwest. Clast imbrications 
and tabular cross beds indicate flow toward the west and southwest. 

Foraminifers from the CaRada Formation indicate deposition at bathyal depths. 
Walker and Mutti (1973) indicate that pelagic and hemipelagic shale and 
marl with indistinct and poorly developed laminations occur between major 
turbidite sequences in upper bathyal fan deposits. Deposition results 
from dilute suspensions (pelagic rain, nepheloid layers, dilute turbidity 
currents) . 
On Santa Rosa Island, 200 m of the South Point Formation of Weaver and 
Doerner (1969) consists principally of medium- to coarse-grained medium- 
to thick-bedded arkose and lithic arkose. Standard Oil Well, Santa Rosa 
No. 1, penetrated approximately 1,100 m of sandstone, near the basal 
part 

These strata possess few 

is a conglomerate composed of "red volcanic clasts." 

Petrographic analysis of the feldspars and lithic fragments in samples of 
the sandstone indicates a bimodal source: (1) granitic batholithic and 
(2 )  silicic volcanic rocks (Erickson, 1972). The bed forms,foraminifers, 
and sedimentary structures indicate that this sandstone was deposited by 
north and northwest-moving turbidity currents, principally in channels 
of the upper part of a bathyal fan (Weaver and others, 1969; Erickson, 
1972; Howell, 1974) . 
On San Miguel Island, a 15-m-thick Poway-like conglomerate (Minch, 1972; 
Howell, 1974) is composed of beds of pebbles and cobbles (maximum size 
47 cm, mean 7 cm) that alternate with medium- to coarse-grained thick- 
bedded lithic arkoses. Megascopically, the suite of clasts is indistin- 
guishable from conglomerate in the Poway Group at San Diego. Conformably 
above the conglomerate is 300 m of thin- to medium-bedded siltstone, in 
turn overlain by 120 m of medium- to massive-bedded, medium- to coarse- 
grained lithic arkose, similar to the South Point Formation of Santa Rosa 
Island (Weaver and Doerner, 1969).1 Sedimentary structures, fossil 
foraminifers, andbed forms indicate deposition principally in channels 
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of the upper part of a bathyal fan environment by processes of turbidity 
currents, as well as other high-energy systems, moving to the north and 
northwest. 

The middle Eocene strata of San Nicolas Island resemble those of San Miguel 
and Santa Rosa Islands. A 6 m thick Poway-like conglomerate is exposed near 
the base of the exposed sequence. In a stratigraphically random sequence 
above this are alternating beds of siltstone and thin- to massive-lithic 
arkosic sandstone. This flyschlike sequence contains foraminifers indicating 
a bathyal environment of deposition and sedimentary structures indicating 
flow to the south and south-southwest. 
turbidity currents and associated flow processes in channels and interchannel 
areas of an upper fan. 

These data suggest deposition from 

Paleogeography. All the middle Eocene rocks on the islands, except Santa 
Cruz Island, indicate high energy turbidite environments of deposition; 
channelized deposits predominate and probably were associated with one 
or more bathyal fans. Furthermore, the inferred sediment transport 
directions suggest that San Miguel, Santa Rosa, and San Nicolas Islands 
may have been located within the same sediment dispersal area. The 
similar lithologies also support this hypothesis (Fig. 7) .  On the other hand 
-on Santa Cruz Island, finer grained material, displaying little evidence 
of a high energy dispersal, suggests that this part of region 4 was 
peripheral to the bathyal environment during the middle Eocene time. 
Jolla Vieja Formation, however, suggests that for at least part of late 
Eocene time the Santa Cruz Island area occupied a proximal, highly channelized, 
position on this bathyal fan. 

The 



I 

A large area of the borderland between regions 4 and 5 appears to have no 
Eocene deposits (Reed and Hollister, 1936; Vedder and Norris, 1963; Weaver 
and others, 1969; Parker, 1971). The oldest superjacent rocks in this 
area are Miocene volcanic and sedimentary rocks that are inferred to be 
resting unconformably on schist(?) basement terrane (Parker, 1971; Vedder 
and others, 1974). The paleogeographic interpretation for region 4 and 
is fundamentally the same as that portrayed by Weaver and others (1969). 
There are, however, important differences involving the location of this 
environment relative to the other middle Eocene regions of southern 
California, to be discussed below. 

Western Peninsular Ranges, Santa Ana Mountains to San Diego (region 5 of 
fig. 1) 

Lithology and environment of deposition. 
present in region 5: (1) pebble and cobble conglomerate composed of red, 
black and gray silicic volcanic clasts with minor quartzite clasts 
(Ballena Gravel of Miller, 1935; Poway Group and Mount Soledad Formation 
of Kennedy and Moore, 1971; Minch, 1972) as well as channelized conglomer- 
ate (in the Rose Canyon Shale of Hanna, 1926); (2) gray-green and yellowish 
brown mudstone and sandstone (Delmar Formation); ( 3 )  principally well-sorted 
white sandstone (Torrey Sandstone, Santiago Formation, in part, and upper 
part of the Rose Canyon Shale), and (4) a intermixed mudstone, sandstone 
and locally conglomeratic lithofacies (Rose Canyon Shale and Santiago 
Formation, in part). 

Four principal lithofacies are 

The lateral and superpositional relation of these lithofacies is 
described in Kennedy and Moore (1971) and Howell (1974) and is depicted 
graphically, for the San Diego area, on figure 8. This sequence is 
inferred to represent a major Eocene marine transgression followed by 
a marine regression (Reed and Hollister, 1936), with the following environ- 
ments represented: fluvial (Ballena Gravel), coastal-deltaic(Cong1omeration 
Poway Group), lagoonal (Delmar Formation), barrier bar (Torrey Sandstone), 
and a shelf and upper slope submarine canyon (Rose Canyon Shale). North 
of the San Diego area along the west flank of the Peninsular Ranges, in 
the Santa Ana Mountains, and in the San Joaquin Hills, the Santiago Formation 
is inferred to be a paralic-coastal deposit (Yerkes and others, 1965). 

~ ~~~~ 

Figure 8 .  Diagrammatic cross section of lithofacies of region 5, San 
Diego area: Lithofacies 1 = conglomeratic unit; Lithofacies 2 = 
gray-green yellowish brown mudstone and sandstone; Lithofacies 3 = 
well sorted whitish-brown sandstone; and Lithofacies 4 = variable 
mudstone, sandstone, locally conglomeratic. Modified from Milow 
and Ennis (1961), Kennedy and Moore (1971), and Minch (1972). 
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I n  the San Diego area rocks inferred t o  be from the most eastern paleo- 
f l u v i a l  deposits t o  the westernmost shelf ,  upper slope, and canyon 
deposits,  sedimentary s t ructures  indicate  east t o  w e s t  flow, Thus the 
conspicuous s i l i c ic  volcanic stones (Poway assemblage of Howell and 
others,  1974) t h a t  are  so conspicuous had to  or iginate  e a s t  of the crest 
of the Peninsular Range. Minch (1972) and Woodford, Welday and Merriam 
(1968) suggest possible sources i n  northwest Sonora, Mexico. 

Paleogeography. The paleogeography of region 5 requires that :  (1) east 
of the San Diego coastal  area a west-flowing r i v e r  system t h a t  transported 
s i l ic ic  volcanic stones across a l l  or  most of the Peninsular Range 
Province, (2)  north of San Diego most of the Peninsular Range Province 
area w a s  a topographic high; ( 3 )  the  shoreline was roughly p a r a l l e l  t o  
but e a s t  of the present shoreline, (4)  the l o w e r  Eocene shoreline w a s  w e s t  
of the middle Eocene shoreline, which transgressed eastward, and then 
regressed westward i n  la te  Eocene t i m e ,  (5) de l t a i c  accumulation of 
sandstone w a s  minor i n  the San Diego coastal  area,  (6) the shelf  and slope 
gradient was s teep i n  the San Diego area,  (7 )  north of San Diego only 
shallow, coastal-marine, and nonmarine environments a re  represented, 
Figure 9 is  a paleogeographic reconstruction fo r  middle Eocene time. 
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Orocopia Mountains (region 6 of Fig. 1) 

Lithology and environment of deposition. 
Crowell and Susuki (1959) is 1,210 m thick and lies with depositional 

The Maniobra Formation of 

onlap on granite and quartz monzonite basement. 
consists mostly of conglomerate and breccia grading upward to siltstone 
and sandstone. 

The basal section 

The conglomerate, with a maximum thickness of 600 m, is massive and con- 
tainsbeds asthickas 30 m. 
quartz monzonite, granodiorite, gneiss, and slightly metamorphosed silt- 
stone (Kirkpatrick, 1958). Clasts of the local basement material, as 
large as 9 m, are incorporated in the basal part. Many of the larger 
clasts are inferred to be unabraided joint blocks. The conglomerate is 
inferred to represent a nearshore deposit, and the larger clasts may be 
remnants of collapsed sea-stacks (Crowell, oral commun., 1974). 

The clasts are composed of quartzite, granite, 

The overlying sandstone is medium-grained, poorly sorted, angular to 
subangular arkose and lithic arkose. The sandstone thickens toward the 
west and southwest from 100 m to as much as 400 m. Interbedded with the 
sandstone is thin- to medium-bedded and massive buff mudstone. Fossils 
from the mudstone indicate shelf depths (Crowell and Susuki, 1959; Johnston, 
1961) . 
Paleogeography. 
The rugged north and northeast land area is inferred from the distribution 
and nature of the conglomerate lenses of the Maniobra Formation. 
limits of the marine environments to the southwest are unknown. 

Figure 10 is a paleogeographic reconstruction for region 6. 

The 

0 2 0  hm 

Figure 10. 
OC = Orocopia Mountains, MV = Maniobra Valley. 

Middle Eocene paleogeographic reconstruction of region 6. 

i 

t 
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SUMMARY 

J 

Figure 11 is a composite of the paleogeographic reconstructions for 
regions 1-6, in which each region is located in its present relative 
position. An unlikely paleogeographic setting would result if one 
attempted a reconstruction without shifting the locations of these 
regions. 

Many lines of evidence have been offered that indicate approximately 
260 km of post-middle Miocene left-slip on the San Andreas fault system 
(Crowell, 1962, 1973). This amount of left-slip brings together the 
inferred middle Eocene shorelines of region 2 (Piru Creek drainage area) 
and region 6 (Orocopia Mountains). Thus, it appears that by middle 
Eocene time, and probably early Eocene time as well, an east trending 
basin had developed in the area of the Neogene Ventura Basin, the east 
margin of which is represented by the Maniobra Formation of the Orocopia 
Mountains. 

The configuration of Eocene strata reflected by the isopach map (Fig. 4) 
supports this postulated Eocene east-trending basin in the Transverse 
Range area. The low-energy shelf deposits of region 3 (Shi Hills and 
Santa Monica Mountains) are inferred to represent a southward shoaling 
of this basin. Thus, the coarse clastic material that flowed toward the 
south from the Piru Creek drainage area was deflected to the west along 
the trough of this basin. 

Depositional environments in the western Santa Ynez and southern San 
Rafael Ranges indicate that a borderland was developed by middle Eocene 
time. Sediments being shed off this borderland flowed principally to the 
south. East of the borderland a northwest-trending marine embayment 
existed, and sediment flowing into this basin originated to the east and 
northeast. 

Data from region 4 indicate that a channelized, bathyal, upper fan area 
was located east of a position about halfway between Santa Rosa and San 
Nicolas Islands. The Eocene strata east of the inferred bathyal fan, 
pinch to zero thickness, probably by depositional onlap, with the basement 
complex (Parker, 1971; Vedder and others, 1974). The composition of this 
basement rock is unknown. However, there seem to be only two distinct 
groups of pre-Tertiary crystalline rocks in the-borderland area. The 
first consists of schistose rocks exposed on Santa Catalina Island. The 
second group includes basic plutonic,metavolcanic and metasedimentary 
rocks exposed on Santa Cruz Island. Neither of these two rock types are 
likely source terranes for the clastic constituents of the Ulatisian 
arkoses and in particular the stones in the Poway-like conglomerates. 

It is proposed that the middle Eocene bathyal fan postulated for region 4 
lay due west of the San Diego area of region 5. 
reconstruction brings together all the Poway-like conglomeratic suites 
into one paleogeographic setting. 
east-to-west sequence of fluvial, coastal-deltaic, submarine canyon and 
bathyal fan environments. A probable means of restoring this paleogeo- 
graphic setting is to adjust palinspastically the bathyal fan part of 

Such a palinspastic 

This reconstruction also results in an 
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region 4 (180 km) ,along the inferred northwest trending East Santa Cruz 
Basin fault system. Alternative hypothesis have been offered by Cole 
(1970) and Yeats, Cole, Marschat, and Parsley (1974). 

Figure 12. Middle Eocene paleogeographic reconstruction of southern 
California. Geographic reference points are: SB = Santa Barbara, 
LA = Los Angeles, and SD = San Diego. 

In summary, figure 12 is an inferred middle Eocene paleogeographic setting 
based on basin analyses for regions 1-6 and palinspastic adjustments for: 
210 km of right-slip on the San Andreas fault, 50 km of right-slip on the 
San Gabriel fault, 90 km of left-slip on the Malibu Coast fault system, 
15 km of left-slip on the Big Pine and Santa Ynez faults, and 180 km of 
right-slip on the East Santa Cruz Basin fault system. 
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WEST COAST ENERGY REQUIREMENTS 
BY 

STANLEY E. KARP 
BAKERSFIELD COLLEGE 

Abstract. 

The energy needs of California and the West Coast are 
met by oil (49%), natural gas (40%), hydropower (9%) and 
geothermal and nuclear (2%). Major consumers of this 
primary energy include transportation (30.5%), generation 
of electricity (21.6%), industry (19.1%), residential 
(12.3%), commercial (4.6%), military (4.3%) and misc. 
(7.6%). 

California's present total energy demand of 6.8 quad- 
rillion Btu should double by 1995, requiring the 
equivalent energy provided by 2.3 billion barrels of 
oil. 

Enerqy Consumption by Type of Fuel. 

Californians depend, as does the rest of the nation, on 
petroleum products to meet their ever increasing need 
for energy. Today, hydrocarbons fill 75% of our nation's 
energy requirements but unlike the rest of the United 
States, California relies on oil and natural gas to 
provide nearly 90% of the state's basic energy needs. 

In 1920, coal furnished more than 75% of the nation's 
energy demand but its use has steadily declined to where 
today it accounts for less than 20% of our nation's 
requirements. Although coal is found in many California 
counties, the quality and quantity of this domestic fuel, 
limit its present (1%) and future use (0.3%) as a major 
energy source for the West Coast. 

Hydropower never has claimed more than 5% of the nation's 
energy budget and furnishes only 9% of California's 
energy market. 

Nuclear fusion and geothermal power fill approximately 
2% of California's energy market but provide less than 
one-half percent of the nation's energy need. 

Data for all curves presented with this report was 
obtained from public records and the references are 
noted with each graph. Projections of the curves are 
those of the author and are based on the "logical" 
assumption that trends are slow to change. They are not 
intended to indicate precise values, but rather the order 
of magnitude of consumption. 
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These p r o j e c t i o n s  do n o t  include t h e  effects of conser- 
va t ion  measures t h a t  cou ld  be i n i t i a t e d  i n  the near  fu tu re .  
My prognosis tends t o  be somewhat pessimistic. Three 
years  ago, I reported t h a t  Americans consumed 15.5 m i l l i o n  
b a r r e l s  of  o i l  p e r  day i n  1971. Since then we have 
experienced an energy crunch, a crisis, an o i l  embargo, 
gasless Sundays, a t h r e a t  of r a t ion ing ,  reduced highway 
speeds, increased gaso l ine  prices, reduct ion of m i l i t a r y  
a c t i v i t y ,  a recess ion ,  new s t a t e  and f e d e r a l  administra- 
t i o n s ,  and w i t h  a l l  t h a t  Americans consumed 16.7 m i l l i o n  
b a r r e l s  of o i l  per day i n  1974. 

C a l i f o r n i a  Crude O i l  Production. 

O i l  has  been th i s  coun t ry ' s  primary source of energy 
s i n c e  19508-and w i l l  undoubtly cont inue t o  be o u r  main 
source of f u e l  for t h e  next  25 years .  The West Coast 
r e l i a n c e  on hydrocarbons d a t e  back t o  the e a r l y  days of 
t h i s  century  because of t h e  then abundant c r u d e  o i l  i n  
Ca l i fo rn ia  and the obvious l ack  of c o a l  on the W e s t  
Coast. The s t a t e  produced i t s  f i rs t  m i l l i o n  b a r r e l  
annual r a t e  i n  1895 and became a major o i l  producer i n  
1919 when production first exceeded 100 m i l l i o n  b a r r e l s .  

Figure 1 -- U.S. Energy Consumption b y  Type  of Fuel  

295 



C a l i f o r n i a  then  ranked number one among o i l  producing 
s ta tes ,  today it i s  the third l a r g e s t  producer ,  b u t  we 
must import n e a r l y  a m i l l i o n  b a r r e l s  per day (951,000) 
t o  m e e t  o u r  own s t a t e ' s  energy needs.  

L a s t  year ,  C a l i f o r n i a ' s  domestic c rude  o i l  product ion  
dipped t o  307 m i l l i o n  barrels, down t e n  m i l l i o n  f r o m  
1973. C a l i f o r n i a ' s  p roduct ion  has dec l ined  every  yea r  
s i n c e  1968 when the s ta te ' s  a l l  t i m e  record product ion  
w a s  373 m i l l i o n  barrels. 

During 1974, W e s t  C o a s t  r e f i n e r i e s  processed 673 m i l l i o n  
barrels of petroleum products ,  b u t  the conibined crude  
product ion  of C a l i f o r n i a  and Alaska amounted t o  378 
m i l l i o n  b a r r e l s  o r  55% of what the W e s t  consumed. 

Offshore product ion  h a s  increased  s t e a d i l y  f r o m  28  
m i l l i o n  barrels i n  1960 t o  84 m i l l i o n  i n  1974 and now 
r e p r e s e n t s  27% of C a l i f o r n i a ' s  t o t a l  product ion .  

SEK Sourer DOG, API 

Figure 2 -- California Crude O i l  Production 
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California Natural Gas Consumption. 6- 

% 

The disposition of natural gas varies so rapidly that 
it is virtually impossible to predict its future. 
California has been unable to supply its gas requirements 
since 1947 when natural gas was first imported by pipelin- 
from West Texas, 
in the country will be required to importpan excess of 
1700 billion cubic feet of gas this year to fill the 
deficit created by the present demand for low cost 
energy. 

California's natural gas marketed production has steadily 
declined from its peak production of 714 billion cubic 
feet in 1968, to last year's net withdrawal of 374 billion 
cubic feet. The 1974 production figures reflect a 130 
billion cubic feet reduction from the previous year, 

A s  statewide production declines, the demand for 
"uninterruptable" gas continues to increase. This year, 
Californians will consume nearly two trillion cubic feet 
of gas of which only 15% will be recovered from California 
sources. The drop in gas consumption beginning in 1970 
is caused by the conversion to fuel oil by the electric 
utilities for electric generation. For most of the past 
decade nearly 90% of their fuel needs have been met with 
natural gas, but electric utilities have low priorities 
and must import low sulfur ail mostly from Alaska and 
Indonesia. 

The sixth largest gas producing state 

I 

Figure 3 -- California Natural Gas Consumption 

297 



6 0 0  

4 50 

3 0 0  

15C 

0 

Our proved gas reserves are estimated (D.O.G.) at 5 . 8  
trillion cubic feet If we were forced to rely solely 
on our domestic reserves, we would deplete our known 
supply in less than three years. 

California Electric Enerqy Consumption. 

California's third source of energy is hydropower and 
accounts for 30% of the state's electric generation capa- 
city but less than 9% of the total primary energy consumed. 
Five years ago falling water generated 36% of the state's 
electric production, but because most of the desirable 
dam sites have either been developed or have been removed 
from development by environmental pressures, hydropower * 

is not expected to share more than 22% of our future 
electric power generation. 
generating capacity planned thru 1978 will be hydro gen- 
erated. 
by hydropower is imported into California from Arizona 
and the Pacific Northwest. 

Only 9"/0 of California's new 

Approximately 20% of the electricity generated 

Figure 4 -- California Electrical Energy Consumption 
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T h i s  y e a r ' s  demand of  175 b i l l i o n  k i lowa t t  houks 
electric power is  t w i c e  t h a t  consumed i n  t h i s  s t a t e ' i n  
1963 and amounts t o  an annual growth r a t e  of 8%. 
we  assume a more moderate growth of  i n  o u r  electric 
energy demand for  t h e  next  decade, b 11985 we w i l l  use 
approximately 277 b i l l i o n  k i lowat t  hours of electric 
power or the equiva len t  energy procuded by 160 m i l l i o n  
b a r r e l s  of o i l .  

I f  

Ca l i fo rn ia  Consumption of Electric Enerqy by Type of 
Producer. 

The demand f o r  electric ,power is expected t o  double i n  the 
next  decade a s  it has  doubled  every t e n  years  s i n c e  1940. 
I n  the next  f i v e  years ,  electric u t i l i t i e s  have planned 
and a r e  cons t ruc t ing  a d d i t i o n a l  resources t o  meet these 
f u t u r e  requirements. B u t  even these  scheduled add i t ions  
r e l y  h e a v i l y  on fos s i l  f u e l s .  
C a l i f o r n i a ' s  new genera t ing  capac i ty  w i l l  be f o s s i l  
f u e l  f i r e d ;  32% nuclear  f u e l  and 9% w i l l  be from hydro 
p l a n t s .  

F i f t y  n ine  pe rcen t  of  
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The development of nuclear energy in California has been 
much slower than expected. Our first nuclear plant began 
operations in 1963 and now only three nuclear facilities 
generate electricity in California. Four more new plants 
or additions to existing nuclear facilities are planned 
for completion in the 1970's. 
on schedule, California nuclear generators will develop 
35 billion kilowatt hours of power and a savings of fuel 
oil of 60 million barrels per year in 1980. 

If construction remains 

THE ENERGY CONSUMERS 

The purpose of this report is to focus attention on 
energy consumption on the West Coast and particularly 
in California. The energy consumers can be divided 
into six major catagories, each with their present 
energy requirements and future demand. 
end use sectors are (1) transportation ( 2 )  industry 
(3) residential (4) commercial (5) power plants and 
(6) military. 

These principal 

Transportation. 

The largest consumer of primary energy is transportation, 
which accounts for approximately 30% of California's 
energy budget. Included in this sector is highway, rail 
and air travel as well as marine and land shipping. 

i 
Figure 6 -- California Energy Demand Transportation 
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Petroleum products have always domina&ed this -market 
and they will continue to do so in the future. Con- 
verting the present 2151 trillion Btu expended on 
transportation to barrels of oil, we now consume 370 
million barrels of oil for transportation alone. (This 
exceeds the state domestic production by 63 million 
barrels. ) 

If the growth rate of transportation continues at its 
present rate of 4.6% per year and California's domestic 
production continues to decline as it has the past few 
years, we will allocate twice the amount of oil we produce 
just for transportation alone during the next ten years. 

Gasoline Consumed. 

Approximately 45% of a barrel of oil is converted into 
gasoline, which furnishes 70% of the energy used for 
transportation. The 10 billion gallon consumption of 
gasoline last year by Californians, amounted to 13% of 
national usage and was three billion gallons more than 
that consumed in Texas and four billion more than New 
York state. 

Figure 7 -- Gasohne Consumed 
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Twenty years  ago t h e f a m i l y c a r  averaged 14% m i l e s  per 
g a l l o n  of  gaso l ine .  W i t h  advanced automotive engineer- 
inq,  improved combustion and exhaust con t ro l s ,  the 
American automobile now averages 13.1 m i l e s  per ga l lon ,  

! 
Lower maximum highway speeds and smaller c a r s  w i l l  un- 
doubtly improve t h e  m i l e s  pe r  g a l l o n  f i g u r e s ,  b u t  more 
Cal i forn ians  a r e  highway bound every year.  

Motor fehicle Req i s t r a t ion .  

Cal i forn ians  own and d r i v e  eleven percent  of the n a t i o n ' s  
vehic les .  Our 13.5 m i l l i o n  automobiles, t rucks  and buses 
a r e  nea r ly  double tha t  of Texas 01: New York, o u r  n e a r e s t  
competitors.  Every year f o r  t h e  p a s t  t e n  years  we  have 
added over  340,000 c a r s  t o  our  overcrowded highways. 
C a l i f o r n i a ' s  automobile d e n s i t y  is 80 veh ic l e s  p e r  m i l e  
of roadway;Washington29; Oregon 16, Each v e h i c l e  w i l l  
consume an average of 740 ga l lons  pe r  year  and the 
petroleum indus t ry  m u s t  make a v a i l a b l e  an a d d i t i o n a l  
250 m i l l i o n  ga l lons  of gaso l ine  t o  m e e t  t h i s  new yea r ly  
demand. 

We have doubled the number of veh ic l e s  on o u r  highways 
i n  the p a s t  20 years  and should this  t rend  cont inue we  
c o u l d  have 19 m i l l i o n  c a r s  crowding our  streets and 
highways i n  1985. The 17.5 m i l l i o n  veh ic l e s  on the 
W e s t  Coast w i l l  consume 13 b i l l i o n  g a l l o n s  of gaso l ine  
this year.  

15 I I f l  
/ 

M O T O R  V E H I C L E  
R E G I S T R A T I O N S  

f /n  m / / / / o n s  1 

'- SEK \T Source API 

Figure 8 -- Motor Vehicle R e g i s t r a t i o n  
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^ .  Aircraft Travel. .I 

California is truely a state on the move, not only on the 
highway but in the air as well. Of the ten busiest air- 
ports in the United States, six are in California. 
Santa Ana airport recorded more than 632,000 aircraft 
take-offs and landings and was second only to the 695,000 
operations at Chicago's O'Hare. Van Nuys and Long Beach 
airports both exceeded Los Angeles International for 
aircraft activity. Torrance and San Jose Municipal 
handle more aircraft than New York's Kennedy or La Guardia. 
Most of these operations are limited to general aviation 
as California's 109,000 licensed pilots, (Texas, our 
nearest competition has 528000 pilots) based at 754 
airports account for 73% of the state's ten million 
aircraft operations. 

Not everyone pilots a plane but it appears everybody 
wants to fly. In 19738 fifty-four million passengers 
boarded or deplaned at California's ten major commercial 
airports, this was egght m'illion more passengers than in 
1971 and an average of nearly 3planetrips per year for 
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every resident in the state. 

AIRCRAFT OPERATIONS 

US. EA.A. CONTROL. 

SEK 

Figure 9 -- Aircraft Operations 
Source FAA 
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To f i l l  av ia t ion ' s  energy needs, W e s t  Coast re f iner ies  
shipped 78.8  million bar re l s  of j e t  f u e l  for  comme.rcia1 
aviation and 2.5 million bar re l s  (105 million gallons) 
of gasoline for  general aviation u s e  for  W e s t  Coast con- 
sumers i n  1974. 

Recreation. 

Californians are  traveling more and seeing more. During 
the pas t  twenty years, the s t a t e ' s  population increased 
60% while v i s i t o r  attendance a t  the s t a t e  parks increased 
nearly 400%. 

W e s t  Coast s t a t e s  are  well known fo r  t h e i r  scenic beauty 
and outdoor recreation f a c i l i t i e s .  Cal i forn ia ' s  224 
s t a t e  recreation areas ( s t a t e  parks, reserves, h i s t o r i c a l  
monuments, beaches and recreation areas) w i l l  a t t r a c t  
some 43 million v i s i t o r s  t h i s  year, as they have the 
pas t  f i ve  years. This does not include the millions 
of v i s i t s  t o  some of the most popular and beaut i ful  
federally owned parks i n  California. 

4 * 6' 6% 4 0  If) ,9S0 
Source Parks - Recreation 

3 '' SEK 

Figure 10 -- Ca'lifornia S t a t e  Parks V i s i t o r  Attendance 
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W e s t  Coast States have provided i ts  c i t i z e n s  wi th ’  550 
parks and recreat ionJ areas (Cal i fornia  224, Oregon 182,  
Washington 144) ,  many w i t h  motor home campsite f a c i l i t i e s .  
I n  1973, three quar te rs  of a mil l ion mobil homes and 
recrea t iona l  vehicles  w e r e  sold i n  the U.S. Records 
are unavailable a t  the present  t i m e  indicat ing the  n d e r  
of recreat ion vehicles  i n  the W e s t ,  b u t  anyone leaving 
Los Angeles on a Friday evening is soon convinced t h a t  
m o s t  of the campers a r e  i n  Southern Califorfiia. 
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California  is not general ly  considered a highly indus- 
t r i a l i z e d  s ta te  b u t  19% of o u r  primary energy and 26% 
of the  t o t a l  energy produced is  u t i l i z e d  by industry.  
A l l  s ec to r s  of industry,  l a rge  and s m a l l ,  are included 
i n  t h i s  catagory except power p lan ts .  

500 8 

F igure 11 -- Cal i forn ia  I n d u s t r i a l  Demand 
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The p r e f e r r e d  energy source  for i n d u s t r y  i s  n a t u r a l  gas 
w h i c h  provides  49% of i t s  energy needs,  O i l  accounts  
for  38% and e l e c t r i c i t y  13%. As gas s u p p l i e s  become 
m o r e  l i m i t e ' d  i n d u s t r y  w i l l  be requ i r ed  t o  r e l y  on l o w  
s u l f u r  f u e l  o i l  and greater dependence on imports t o  
m e e t  its energy requirements .  
consume 1390 t r i l l i o n  Btu of energy or  the e q u i v a l e n t  
of 2.40 m i l l i o n  barrels of o i l .  This demand should grow 
t o  2050 t r i l l i o n  Btu b y  1990 o r  the- energy produced b y  
353 m i l l i o n  barrels of o i l .  

C a l i f o r n i a  i n d u s t r i e s  w i l l  

C a l i f o r n i a  A g r i c u l t u r e .  

C a l i f o r n i a  Agri-business  is included w i t h  i n d u s t r y  
because it ranks  first n a t i o n a l l y  i n  55 o u t  of 103 crop 
and l ivestock commodities. C a l i f o r n i a  farmers consume 
about  5% of the s t a t e ' s  t o t a l  energy requirements .  The  
30,000 acres of new land t o  be brought  under c u l t i v a t i o n  
th i s  yea r  w i l l  b r i n g  added demands for energy. H e r e  too,  
n a t u r a l  gas provides the largest share (53%) of the 
energy market. F e t i l i z e r s ,  their  product ion ,  d i s t r i b u -  
t i o n  and a p p l i c a t i o n  consume 15% of a l l  the energy  
supp l i ed  t o  a g r i c u l t u r e .  L a s t  yea r ,  C a l i f o r n i a  growers 

ENERGY CONSUUPYION 
CALIFORNIA AGRICULTURE 
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Figure 1 2  -- Energy Consumption C a l i f o r n i a  A g r i c u l t u r e  
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I . 
applied to  the i r  land, more than half a million*ltons 
of Nitrogen f e r t i l i z e r  produced mainly from natural 
gas. 

i 

D i e s e l  f u e l ,  the second major energy source (18%) provides 
f ros t  protection, transporation and f ie ld  operations. 
Crop i r r igat ion,  requires 14% of agriculture 's  energy 
budget or  68% of the e lec t r ic i ty  used i n  farming. 

popu la'tion . 

30 
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There is  l i t t l e  doubt regarding the popularity of 
California as a place to  l ive.  California 's  population 
has t r ipled since 1940 and continues to  grow but fortu- 
nately the ra te  seems to  be slackening. The years 1950 
to  1960 saw a yearly increase of 5138000 new residents.  
Four hundred and twenty three thousand persons were added 
each year t o  California 's  population from 1960 to  1970. 
Present growth ra te  appears t o  be about 250,000 per year 
(1 .2%) .  
population of 27.5 million by the year 2000. The California 

Stanford Research I n s t i t u t e  projects a s t a t e  

Department of Finance sees 3 2 * 2  miilion people l iving i n  
California by 2000. Most of the population w i l l  concentrate 

POPULATION 

WESTERN S T A ~ E S  

t i n  mi / / ions)  

Figure 13 -- Population Western States i 
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i n  urban areas.  L o s  Angeles County has a present  popu- 
l a t i o n  densi ty  of 1729 per  square m i l e ,  Orange County 
has 1831 and San Francisco w i t h  a l l  i t s  beauty and 
splendor crowds 15,734 residents  i n t o  every square m i l e  
o r  5000 more people per  square m i l e  than Hong Kong. 

Residential .  

The twenty one mil l ion residents  of Cal i fornia  w i l l  
require  6825 t r i l l i o n  B t u  of energy this year o r  a per  
capi ta  need of 325 mi l l ion  Btu.  .Converting t h i s  energy 
appet i te  t o  b a r r e l s  of o i l ,  each Cal i fornian consumes 
the energy produced by 56 barrels of o i l .  

The r e s i d e n t i a l  s ec to r  requires  12% of our primary o r  
18.5% of our t o t a l  energy resources fo r  space heat ing,  
cooking, a i r  conditioning, l igh t ing ,  appliances and 
other  household necess i t ies .  The l i o n ' s  share  of the 
energy burden i s  car r ied  by na tura l  gas ,  Despite the 
l imi ta t ion  of supply, gas furnishes  78% of t h e  resi- 
den t i a l  energy and consumers w i l l  continue t o  receive 
preferential service with non-interruptable deliveries 
f o r  mostly space heat ing (62%), water heat ing (31%) and 
cooking (5%). The major competitor t o  gas  i s  e l e c t r i c i t y ,  
furnishing 18% of the r e s iden t i a l  energy budget. Much 
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Figure 14 -- Cal i fo rn ia  Energy Demand 
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of this market can only be served by electricity,, Food 
preparation and preservation account for 33% of the elec- 
tricity used in the hbme, lighting 21% space heating and 
cooling 14%, apparel washing and drying lo%, television 
8%, water heating 7%, and other residential uses 7%. 

Heating. 

Space heating has never been a great concern of most 
Californian residents. Southern California enjoys a 
heating degree day index of 2000. A degree day is 
defined as the number of degrees that the actual tempera- 
ture for the day is below the base temperature of 65OF. 
(Example - if the average temperature on a given day is 
45'F, the index for the day would be 20 thus requiring 
the use of fuel for space heating). San Francisco's 
average degree day index is 2500. Portland 4300, 
Seattle 6000 and Spokane 8000. 

6' 4 ,9eo .\ ,o 
SEK Source API 

Figure 15 -- West Coast House Heating Oil 
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Although'Washington and Oregon' s population is one 
fourth that of California, our northern neighbors use 
30 million barrels of distillate and residual oil, or 
eight times the heating oil consumed in California. 

Our continued reliance on natural gas for space heating 
(2/3 of residential gas sales) rather than distillate 
accounts for California's low heating oil consumption. 

Commercial. 

One of the fastest growing markets for energy (8.7% per 
year 1960-71), the commercial sector consumes 4.6% of 
California's basic energy and 13% of the total energy. 
This includes hospitals, schools, office buildings, 
shopping malls, wholesale and retail markets. 

Like the residential sector, the energy needs of the 
commercial market is primarily met by natural gas. 
Fifty-four percent of today's commercial demand of 515 
trillion Btu is provided by gas while electricity meets 
43% of the energy requirement and oil 3%. 

-~ 
C A L IFORN IA 
ENERGY DEMAND 
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Because most commercial establishments are on a-non- 
interruptable gas delivery, natural gas w i l l  continue 
t o  dominate the energy of th i s  sector t h r u  the 1970's .  
The growing dependence on a i r  conditioning should boost 
the reliance on e lec t r ic i ty  as the major energy source 
by 1980. Today's commercial energy demand is equivalent 
to  88.6 million barrels  of o i l .  

California Energy Demand -- Power Plants. 

37,800 megawatt generating capacity. O i l  now dominates 
the fuel  used as natural gas becomes unavailable, as a 
bo i le r  f u e l .  This year California e lec t r ic  u t i l i t i e s  
w i l l  consume 168 million barrels  of o i l  and 104 b i l l ion  
cubic fee t  of gas. 

The California Public U t i l i t i e s  Commission s ta tes  tha t  
"by 1975 no natural gas w i l l  be available for e lec t r ic  
generation." 
to  meet peak e lec t r ic  demands, but the volume consumed 
w i l l  drop to  2 1  b i l l ion  cubic fee t  by 1976. 

A t  present, fo s s i l  fuel  plants provide 65% of California 's  

Some gas w i l l  be used i n  gas turbine u n i t s  
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Figure 1 7  -- California Energy Power Plants 
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Military . 
Since our disengagement i n  V i e t  Nam, the  mi l i ta ry  sector  
should require .less than 5% of the s t a t e ' s  available 
primary energy. Mili tary use  of j e t  fuel ,  i n  the w e s t  
amounted t o  l e s s  than 33 million bar re l s  i n  1973 and 
un le s s  our mi l i ta ry  commitments change radical ly  i n  the 
next few years, the W e s t  Coast drain of energy t o  meet 
mi l i ta ry  needs should remain s tab le  a t  the equivalent 
value of 50 million bar re l s  of o i l  per year. 

CALlFORNlA ENERGY DEMAND 

300 

200  

I O 0  

S E U  Source S R I  
Figure 18 -- Mili tary 

Conclusion. 

I t  seems obvious from the foregoing s t a t i s t i c s  t h a t  
Cal'ifornia is short  on energy. 
opposition t o  the d r i l l i n g  and production of our offshore 
reserves, the resistance t o  nuclear power, the apathetic 
conservation e f f o r t s  and the le thargic  research and 
development of new energy sources, add pressures t o  our 
rapidly declining f o s s i l  f u e l  reserves. 

The environmental 

The general public expects the petroleum geologist  t o  
work miracles andamajor discovery is  j u s t  t h a t  -- a 
miracle. 

The energy problem is apparent, an indolent solution is 
not. 
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A DETAILED GRAVITY SURVEY OF 
THE CRISTIANITOS FAULT ZONE, 

SOUTHERN ORANGE COUNTY, CALIFORNIA 

Harold R. Lang and Roswitha B. Grannell, Department 
of Geological Sciences, Cal i forn ia  S t a t e  University,  
Long Beach, Cal i forn ia  90840. 

INTRODUCTION 

The C r i s t i a n i t o s  Fa-ult is t h e  most westerly member of a system 

This 
of northwesterly trending normal fablts which bounds the  southeastern 
Los Angeles Basin, separa t ing  it  from t h e  Santa Ana Mountains. 
f a u l t  system (consisting of  t h e  Cr i s t i an i to s ,  Mission Viejo, Aliso, 
and subs id ia ry  f a u l t s )  i s  as y e t  poorly known; t h e  d e t a i l e d  g rav i ty  
survey t o  be discussed here  is t h e  i n i t i a l  phase of a longer term 
pro jec t  t o  supplement t h e  ava i l ab le  geological information with de- 
t a i l e d  geophysical work and f u r t h e r  geological mapping. 
study is shown on the  index map (Figure 1 on t h e  following page), 
and includes por t ions  of t he  San Clemente, Canada Gobernadora, and 
San Juan Capistrano 7-1/2' quadrangles. 

The area of 

Further research i n  t h i s  region is  espec ia l ly  appropr ia te  a t  
t h e  present time for  t h e  following reasons: (1) two recent (1975) 
earthquakes i n  t h e  area, coupled with poss ib le  o f f s e t  of Holocene 
sediments i n  a backhoe trench es tab l i shed  across  a western branch of 
t he  C r i s t i a n i t o s  Fault  (Morton and o thers ,  1974), suggest t h e  poss- 
i b i l i t y  o f  some seismic risk associated with t h i s  f a u l t  system; and 
(2) successfu l  small-scale commercial production of petroleum from 
t h e  San Clemente and C r i s t i a n i t o s  f j e l d s ,  together with hot  spr ing  
a c t i v i t y  along the  Aliso Faul t ,  i nd ica t e  poss ib l e  f u r t h e r  develop- 
ment of energy resources assoc ia ted  with t h e  f a u l t  system. 
t h e  region is becoming increas ingly  urbanized, an immediate assess- 
ment o f  t h e  seismic r i s k  and resource p o t e n t i a l  i s  c r u c i a l  t o  effective 
urban planning. 

Since 

GENERALIZED GEOLOGY AND SEISMICITY 

Figure 2 (following t h e  index map) i s  a generalized geological 
map of t he  research area, which is over l a in  by Bouguer anomaly con- 
tours. For purposes of comparison wi th  these  g r a v i t y  values,  for -  
mations with similar d e n s i t i e s  are grouped i n t o  map u n i t s ,  and are 
described below: 

* 

(I) Basement Complex (density = 2.76 gm/cm3). The o l d e s t  rocks 
i n  t h e  region cons i s t  of  metamorphosed sedimentary and volcanic rocks 
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of Jurassic (?) age which have been intruded by Cretaceous gabbro 
and granodior i te  plutons. While these  rocks reportedly do not  crop 
ou t  i n  t h e  area of the  g rav i ty  survey, they form t h e  basement f o r  
a l l  younger rock un i t s ;  recognition of t h e i r  presence i s  c r u c i a l  t o  
t he  i n t e r p r e t a t i o n  of t h e  g rav i ty  da ta ,  s ince  they are more dense 
than t h e  overlying sedimentary rocks. Included in  t h i s  complex ( in  
order of decreasing age) are the  Bedford Canyon Formation and San- 
t i ago  Peak Volcanics of  J u r a s s i c  (?) age, and t h e  San Marcos Gabbro, 
Bonsall Tonalite,  and undi f fe ren t ia ted  granodior i tes  of  Cretaceous 
age. 

(2) 
2.47 gdcm 1. 
Cretaceous rocks which are exposed only t o  t h e  east of t h e  Mission 
Viejo Faul t ;  these rocks unconformably o v e r l i e  t h e  basement complex, 
and apparently under l ie  Te r t i a ry  rocks throughout t he  f i e l d  area, 
s ince  w e l l s  i n  t h e  San Clemente oil f i e l d  encountered them a t  
depths o f  3500' t o  5000' (Lang, 1972). These well-consolidated 
sha les ,  sandstones, and conglomerates t o t a l  a minimum thickness 
of 5000'; included are the  nonmarine Trabuco, and marine Ladd and 
W i l l i a m s  Formations, i n  o rde r  of  decreasing age. 

gpper Cretaceous and Paleocene Sediments (density = 
The o l d e s t  sedimentary u n i t s  cons i s t  of Upper 

The Paleocene Epoch is represented by t h e  Silverado 
Formation, which c o n s i s t s  of nonuiirine t o  marine sandstones, silt- 
s tones  and conglomerates. This u n i t  is l o c a l l y f o u n d  i n  t h e  f i e l d  
area as minor outcrops which are too small t o  be shown on Figure 2. 
However, the  formation has been encountered as a 1000' t h i ck  u n i t  
i n  t h e  subsurface ( Ib id) ,  and i t s  presence has been incorporated 
i n t o  t h e  ca lcu la ted  g rav i ty  model, t o  be discussed later i n  t h i s  
paper. 

3 (3) Younger Te r t i a ry  Sedimentary Rocks (density = 2.11 gm/cm ). 
The Younger Te r t i a ry  sedimentary u n i t s  range i n  age from Eocene 
through Pliocene; included are both marine and nonmarine sha les ,  
sandstones, conglomerates, and brecc ias ,  with l o c a l l y  interbedded 
minor yolcanic  flows. 
the  f i e l d  area, and have been f u r t h e r  subdivided on Figure 2 in to  
t h e  following uni t s :  (a) Eocene rocks (Santiago Formation); 
(b) Miocene rocks (Topanga Formation, San Onofre Breccia, and 
Monterey Formation, i n  o rde r  of decreasing age); and (c) Pliocene 
rocks (Capistrano Formation). Tota l  thickness f o r  these  Te r t i a ry  
rocks ranges f o m  approximately 3000' t o  5000'. The dens i ty  value 

average of dens i ty  values f o r  t he  individual formations as reported 
by Dames and Moore (1971). L 

These rocks occupy the  major por t ion  of 

of  2.11 gm/cm 5 l i s t e d  above f o r  t h i s  group of rocks is t h e  weighted 

Not shown on Figure 2 are Quaternary alluvium, te r race ,  and land- 
s l i d e  deposits.  Although these  rock u n i t s  commonly mask t h e  under- 
l y ing  geology, they are quan t i t a t ive ly  unimportant t o  evaluation of 
g rav i ty  va lues  except l oca l ly .  
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The above u n i t s  have been juxtaposed by t h e  major f a u l t  system 
i n  t h e  area. 
normal f a u l t s  dipping s t eep ly  t o  t h e  w e s t ,  with t h e  eas t e rn  block 
typ ica l ly  up l i f t ed  relative t o  t h e  western block. 
displacement on ind iv idua l  f a u l t s  has not been adequately de te r -  
mined, but estimates range from 200' t o  1600'; the  aggregate u p l i f t  
across  t h e  f a u l t  system of t h e  Santa Ana Mountains relative t o  the  
U s  Angeles Basin is approximately 7500' (Yerkes and o thers ,  1965). 
Two named major members of t h i s  system ( the  C r i s t i a n i t o s  and t h e  
Mission Viejo) are present i n  t h e  f i e l d  area; t h e  trace of a t h i r d ,  
t h e  Aliso Faul t ,  l i e s  outs ide  t h e  study area approximately three  
kilometers nor theas t  of t h e  Mission Viejo Fault .  
f a u l t s  with t h e  same trend occur i n  t h e  area, both as onshore westerly 
branches of t h e  C r i s t i a n i t o s  Faul t  and of fshore  on the  cont inenta l  
she l f  (Morton and Miller, 1973). 

This system trends N2S0W, and cons i s t s  of several 

The amount of 

Numerous subsidiary 

Two o the r  f a u l t  systems are represented i n  t h e  immediate f i e l d  
area i n  a minor way: 
subpara l le l ing  ma jo r . f au l t s  such as t h e  Newport-Inglewood and Norwalk 
F a u l t s  ( the more e a s t e r l y  p a r t  of t h e  Aliso Fau l t  a l s o  bends around 
t o  t h i s  o r i e n t a t i o n ) ;  and (2) two small f a u l t s  with no r theas t e r ly  
traces. 

(1) several small f a u l t s  wi th  a N70-80°W trend, 

Movement along these  var ious  f a u l t s  has apparently deformed the  
sedimentary and basement rocks by u p l i f t ,  folding, and t i l t i n g .  Reg- 
iona l ly ,  t h e  s t r i k e s  of sedimentary bedding planes p a r a l l e l  t h e  
trace of t h e  C r i s t i a n i t o s  Faul t ,  while d ips  l i e  a t  low angles t o  the 
southwest; a t t i t u d e s  are o f t e n  unre l iab le  because of s u r f i c i a l  s l i d -  
ing. Locally, fo ld ing  has produced a n t i c l i n e s  and synclines,  and 
petroleum accumulation has been cont ro l led  by a combination of an t i -  
c l i n a l  and f a u l t  t raps .  

The se i smic i ty  of t h e  area is poorly known. Two magnitude 3.0+ 

From t h i s  same area, t h e  ep icenters  of four in- 
earthquakes i n  January 1975 could be a t t r i b u t e d  t o  branches of the  
C r i s t i a n i t o s  Faul t .  
strumentally recorded small earthquakes with magnitudes less than 3.0 
were located i n  the  San Juan Capistrano Quadrangle i n  1937 and 1948 
(Morton and o the r s ,  1974), and a magnitude 5.5 earthquake i n  1938 was 
centered t o  the  nor theas t  i n  Trabuco Canyon ( ib id ) ,  near t h e  i n t e r -  
s ec t ion  of t h e  projected traces of t h e  Norwalk and Mission Viejo 
Faults.  Additionally, t h e  ep icenter  of a poorly documented earth- 
quake i n  1929 may have been located i n  t h i s  area, as was t h a t  of an 
h i s t o r i c a l  earthquake i n  1769. Quaternary movement along t h e  Cris- 
t i a n i t o s  Fau l t  is  suggested by poss ib le  o f f s e t s  observed i n  Eolocene 
sediments which were exposed by a backhoe trench c u t  across  t h e  f a u l t  
zone (ibid) . 
geologically recent  displacement of t h e  f a u l t  (Vedder and o the r s ,  
4974), and t h e  sen ior  author has observed poss ib le  o f f s e t s  i n  land- 
s l i d e s  i n  t h e  area. 
bers  o f  t h e  C r i s t i a n i t o s  Fau l t  system may be active. 

Off shore t runca t ion  of post-Miocene isopachs implies 

Thus, t he re  is s u b s t a n t i a l  evidence t h a t  mem- 
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GRAVITY SURVEY AND DATA REDUCTION 
J 

Approximately 60 gravi ty  s ta t ions  were,established i n  the  f i e l d  
area. Seventeen of these s ta t ions  were set up i n  a l i n e  across the  
main trace of the  Cr is t ian i tos  Fault; t h e i r  elevations were obtained 
by level l ing.  
known elevation (bench marks and useful  elevations),  f o r  t h e  purpose 
of establ ishing regional control. 
shown on Figure 2. A l l  data were obtained with Lacoste and Romberg 
gravi ty  meter 6300 and were referred t o  base s t a t i o n  #322 i n  Ocean- 
s ide,  which has an absolute gravity value of 979.5713 ga ls  (Chapman, 
1966). 

The remaining s ta t ions  w e r e  occupied on points of 

Locations f o r  a l l  s ta t ions  are 

Gravity data were reduce to  complete Bouguer anomaly values 
using a density of 2.00 gm/cm 4 ; these Bouguer values include t e r r a i n  
effects which were evaluated out t o  a radius of 2.61 km (through 
Hammer zone €I). 
i n t e rva l  t o  produce a gravity map, which is shown superimposed on 
the generalized geological map (Figure 2). The gravi ty  map includes 
marine gravi ty  values contoured a t  5 mil l iga ls  which were obtained 
on the continental  borderland of California; these marine values 
were t i ed  i n t o  Chapman's land base s t a t i o n  network (Beyer and 
others, 1974) and thus can be d i r ec t ly  incorporated. 

The values have been contoured a t  a 1 mil l iga l  

INTERPRETATION OF GRAVITY VALUES 

Two de f in i t e  trends can be observed in t h e  gravity data shown 
on Figure 2. 
a northwesterly direct ion,  paral le l ing the  Cr is t ian i tos  f a u l t  zone. 
The other i s  a more regional alignment of coastal  values i n  the  western 
portion of t he  map with the  coas t l ine  and with offshore gravi ty  data. 
Both trends are discussed i n  more d e t a i l  below. 

One is  the  loca l  alignment of gravi ty  contour l i n e s  i n  

The most prominent feature  of t he  gravi ty  map is the  e l l i p t i c a l  
1(H mi l l iga l  high associated with t h e  Cr is t ian i tos  Fault ,  shown on the 
northern par t  of the  map. This area has been mapped as San Onofre 
Breccia (Morton and Miller, 1973), which is normally characterized 
by a r e l a t ive ly '  low density value of 2.24 gm/cm3 (Dames and Moore, 
1971). The reported geological and density data are thus i n  conf l i c t  
with the Bouguer anomaly values, which should have yielded a gravi ty  
low ra ther  than a high. 
t h i s  confl ic t :  
perhaps because of a greater  r a t i o  of large basement clasts t o  fine- 
grained matrix; o r  (2) 
least p a r t i a l l y  by basement rock. 
suggest that the northern pa r t  of t he  area mapped as San Onofre 
Breccia i s  ac tua l ly  an exposure of the  basement complex; fo l i a t ions  
of "clasts" apparently are oriented i n  one direct ion,  and individual 
outcrops are too extensive t o  be individual clasts. Farther south, 
San Onofre Breccia appears to  be present, and overlies basement. If 
t h i s  in te rpre ta t ion  can be ver i f ied by additional geological mapping, 

Two explanations are capable of resolving 
the  San Onofre Breccia is  loca l ly  more dense, (1) 

the gravi ty  high is  ac tua l ly  underlain a t  
Preliminary f i e l d  observations 
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t h i s  would be the  only reported ins tance  of San Onofre Breccia 
r e s t i n g  d i r e c t l y  on i t s  source area. 
t h e  f a u l t i n g  i n  t h e  area has r e su l t ed  i n  an u p l i f t e d  basement block 
between t h e  C r i s t i a n i t o s  Fau l t  and i t s  western branch. 

We t e n t a t i v e l y  conclude t h a t  

South of t h e  grav i ty  high, t h e  presence of t h e  C r i s t i a n i t o s  
Faul t  continues t o  dominate t h e  alignment of Bouguer anomaly values. 
I n  t h e  c e n t r a l  p a r t  of t h e  area, contour lines p a r a l l e l  t h e  f a u l t  
zone, and t o  t h e  south near t h e  coas t ,  prominent bending of t h e  
contours ind ica t e s  t h e  continued con t ro l  exerted by t h e  f a u l t  on 
l o c a l  geology. This e f f e c t  i s  i n  our opinion a l s o  f e l t  offshore,  
where the  projected trace of  t h e  f a u l t  and i ts  western branch is 
characterized by prominent d i s t o r t i o n  of t h e  g r a v i t y  contours, as 
shown on t h e  g rav i ty  map of  t h e  Cal i forn ia  cont inenta l  borderland 
(Beyer and o the r s ,  1974); t h i s  d i s t o r t i o n  equates t o  an approximate 
5 m i l l i g a l  anomaly. 

The reg iona l  northwesterly alignment of of fshore  f ree-a i r  
g rav i ty  va lues  (ibid) is  pa ra l l e l ed  onshore i n  the  western p a r t  of 
the  g rav i ty  map by Bouguer values near San Clemente. This g r a v i t y  
trend r e f l e c t s  t h e  dominant s t r u c t u r a l  g ra in  i n  southern Cal i forn ia  
which is expressed by t he  o r i e n t a t i o n  of several major r igh t - l a t e ra l  
t ranscur ren t  f a u l t  zones (i.e., t h e  Newport-Inglewood, San Andreas, 
San Jac in to ,  and %%ittier-Elsinore; r e f e r  t o  the  index map, Figure 
1). Locally, t h i s  s t r u c t u r a l  g ra in  is  expressed by seve ra l  minor 
f a u l t s  i n  the  western p a r t  of the  f i e l d  area. The reg iona l  g rav i ty  
grad ien t  is l a rge ly  o b l i t e r a t e d  t o  the  east by t h e  dominance of t h e  
more no r the r ly  C r i s t i a n i t o s  Faul t  g rav i ty  trend, s ince  t h e  normal 
f a u l t i n g  associated with the  f a u l t  has more profoundly a f fec ted  the  
basement, thus  c rea t ing  s i g n i f i c a n t  lateral dens i ty  v a r i a t i o n s .  The 
i n t e r s e c t i o n  of t he  regional grad ien t  w i th  t h e  C r i s t i a n i t o s  trend 
has created a prominent g rav i ty  nose which r e s u l t s  i n  a r e s i d u a l  
g rav i ty  low near San Juan Capistrano; geologica l ly  this probably 
r e f l e c t s  a th i cke r  wedge of low dens i ty  Capistrano Formation, which 
abuts  aga ins t  basement along t h e  western branch of t h e  C r i s t i a n i t o s  
Faul t ,  and then swings t o  t h e  southeast  to end aga ins t  t h e  main trace 
of t h e  f a u l t .  This marks t h e  termination of t h e  so-called Capistrano 
embayment (Lang, 1972), whose eas t e rn  margin may have been cont ro l led  
by movement along t h e  C r i s t i a n i t o s  Fault .  

A t h i r d  grav i ty  trend i s  defined by contours aligned i n  a north- 
e a s t e r l y  d i r ec t ion ;  t h i s  is developed i n  the  southeastern p a r t  of 
F i g q e  2, and p a r a l l e l s  several minor f a u l t s .  
this trend is real, i t  is  a t  present poorly defined because of 
sparse  g rav i ty  da t a  i n  t h e  area. 

Although we be l ieve  

Figure 3 on the  following page dep ic t s  a geological c ros s  sec t ion  
loca ted  along l i n e  A-A' (shown on Figure 2). This c ross  sec t ion  ser- 
ved as the b a s i s  f o r  a two-dimensional grav i ty  ncodel; t h e  g rav i ty  
curve derived from so lu t ion  of t h i s  model is compared with t h e  r e s idua l  
anomaly curve on Figure 3 above the geological c ross  sec t ion .  
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The geological model was chosen along A-A' f o r  two reasons: (1) 
the  loca t ion  of a major paved-access road subpa ra l l e l  t o  A-A' facil i-  
t a t ed  t h e  co l l ec t ion  of c lose ly  spaced g rav i ty  s t a t i o n s ,  t o  provide 
addi t iona l  grav i ty  cont ro l ;  and (2) two w e l l s  d r i l l e d  i n  t h e  aban- 
doned San Clemente o i l  f i e l d  w e s t  of t he  C r i s t i a n i t o s  Fau l t  provided 
subsurface geological con t ro l  t o  a depth of 6000' - 7000', both on 
t h e  d ip  of t h e  f a u l t  zone (which was penetrated by t h e  easternmost 
wel l )  and on d ip  and thicknesses of  major s t r a t i g r a p h i c  u n i t s .  
sur face  dens i ty  information was a l s o  r e a d i l y  a v a i l a b l e  f o r  t he  various 
formations present i n  the  area (Dames and Moore, 1971). 

Sub- 

Solution of the  two-dimensional g r a v i t y  model was accomplished 
by the  method of p a r t i a l  i n f i n i t e  s l a b s ,  assuming t h a t  t h e  f a u l t  zones 
and s t r a t i g r a p h i c  u n i t s  i n  t h e  area continue i n d e f i n i t e l y  t o  the  north- 
w e s t  and southeast. The ca lcu la ted  model curve coincides c lose ly  with 
the  a c t u a l  r e s idua l  g rav i ty  curve, as shown on Figure 3, with t h e  d i s -  
crepancy between the  two averaging less than one mi l l i ga l .  
s impl i f ied  geological c ros s  sec t ion  may provide a reasonable approxi- 
mation t o  subsurface conditions. 

Thus the  

Several f ea tu re s  of t he  model bear f u r t h e r  elucidation: 
(1) The displacement along t h e  C r i s t i a n i t o s  Fau l t  as estimated on 

the  model is  over 2000', and examination of the  two curves suggests 
t h a t  if a somewhat g rea t e r  displacement were incorporated i n t o  the  cal- 
cu la t ions ,  a c lose r  coincidence of t h e  two curves could be accomplished. 
Thus the  grav i ty  da ta  support s izeable  o f f s e t  on the  f a u l t ,  even grea t -  
er than t h e  previously reported maximum value of 1600', which w a s  based 
on geological evidence (Lang, 1972). The t o t a l  vertical displacement 
across  both the  C r i s t i a n i t o s  and Mission Viejo Fau l t s  is  approximately 
SOOO', based on the  g rav i ty  model. 

(2) The block east of 'the C r i s t i a n i t o s  Faul t  appears t o  be ro t a t -  
ed on the  b a s i s  of subsbrface da ta ;  t he  g rav i ty  da ta  do not  contra- 
d i c t  t h i s  observation, and the  f a u l t  thus shares a c h a r a c t e r i s t i c  with 
many Basin and Range and o the r  normal f a u l t s .  

5000' i n  the  model; one w e l l  i n  the  San Clemente o i l  f i e l d  penetrated 
some 3000' of Upper Cretaceous, but d id  not reach basement ( ib id) .  
The g rav i ty  da ta  thus provide an estimate of t he  thickness of t h i s  
u n i t  i n  the area. 

(3) The thickness of t h e  Upper Cretaceous sec t ion  t o t a l s  about 

The discrepancies between t h e  g rav i ty  curves i n  Figure 3 may be 
due t o  erroneous assumptions concerning d e t a i l s  of t h e  geology as de- 
picted i n  t h e  c ros s  sec t ion .  Al te rna te ly ,  t he  assumption t h a t  struc- 
t u r e s  extend i n f i n i t e l y  i n  t h e  t h i r d  dimension i s  assuredly p a r t i a l l y  
incor rec t ,  based on t h e  g rav i ty  map, and t h i s  f a c t o r  may cont r ibu te  
t o  the  l ack  of coincidence between t h e  curves. As an example, the  
basement wedge postulated t o  e x i s t  between the  branches of t he  Cristi- 
a n i t o s  Faul t  i n  t h e  northern map area is nowhere found a t  t h e  surface 
t o  the  south along the  l i n e  of the  geological c ros s  aec t ion ;  indeed, 
t he  basement appears t o  be dipping toward t h e  south, so t h a t  i t s  
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surface would be encountered there  a t  a depth -of g r e a t e r  than 8000'. 
Y e t  t he  presence of basement a t  o r  near t h e  su r face  t o  t h e  no r th  will 
never the less  affect t h e  g rav i ty  va lues  along l i n e  A-A', making them 
a r t i f i c i a l l y  high i n  comparison with model values.  

The greaterjt discrepancy between t h e  two g rav i ty  curves on Figure 
3 e x i s t s  a t  t h e  eas t e rn  edge of t h e  model, where t h e  ca lcu la ted  curve 
rises 3 m i l l i g a l s  above t h e  r e s i d u a l  anomaly curve. 
taceous was assumed t o  t h i n  eastward; i t  may not  do so, o r  may be ac- 
t u a l l y  less dense than measured values. 

The Upper Cre -  

SUMMARY REMARKS 

The f ind ings  of t h i s  study can be summarized as follows: 
(1) The C r i s t i a n i t o s  Fau l t  is  a major normal f a u l t  with approx- 

imately 2000' of displacement. 
s i o n a l  component corresponding t o  a north-south compression system 
which def ines  the  s t r u c t u r a l  g ra in  of southern Cal i forn ia .  
s l i p  f a u l t s  associated with t h i s  stress p a t t e r n  (i.e., San Andreas, 
Newport-Inglewood) are recognized as be'ing se i smica l ly  active. 
i b l e  se i smlc i ty  assoc ia ted  with t h e  C r i s t i a n i t o s  f h l t  system is  there- 
f o r e  cons is ten t  with t h i s  regional pa t te rn .  

of the  study area. 
reported near t h i s  loca t ion ,  and hence the  p o s s i b i l i t y  e x i s t s  t h a t  t h e  
San Onofre may be i n  contact with i t s  basement rock source a t  t h i s  
site. 
t h i s  hypothesis. 

t h e  subsurface of the  study area may approximate a thickness of 5000'. 

This f a u l t  may r e s u l t  from t h e  ten- 

The s t r i k e -  

Poss- 

(2) An unreported basement s l i v e r  may exist i n  t h e  northern p a r t  
The presence of San Onofre Breccia has a l s o  been 

Further geological f i e l d  mapping i s  needed t o  s u b s t a n t i a t e  

(3) Model ca l cu la t ions  ind ica t e  t h a t  Upper Cretaceous strata i n  

Further work i s  necessary, and planned, t o  reso lve  several ques- 
t ions .  
to  the  major s t r i k e - s l i p  system pf southern Cal i forn ia?  Does basement 
crop o u t  i n  the  northern por t ion  of the  research a rea?  And what f u t u r e  
energy sources (both petroleum and geothermal) may be  assoc ia ted  with 
the  C r i s t i a n i t o s  f a u l t  system, on land and i n  t h e  cont inenta l  border- 
land? 

What is t he  exact r e l a t ionsh ip  of t h e  C r i s t i a n i t o s  Fau l t  system 
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T e l l u r i c  Mapping Over the Mesa Geothermal 
Anomaly, Imper ia l  Valley,  C a l i f o r n i a  

by 

\ John P. Maas 

Unive r s i ty  of C a l i f o r n i a  a t  R ive r s ide  

Abstract 

The te l lur ic  prospect ing method employs n a t u r a l l y  occur- 
r i n g  AC ezlectric f ie lds  i n  t h e  e a r t h  t o  measure the v a r i a t i o n s .  
i n  lateral electrical conductance wi th in  a sedimentary basin,  
It is a r e l a t i v e l y  inexpensive,  r a p i d  and deeply  pene t r a t ing  
method of e s t ima t ing  electrical conduct ivi ty .  Telluric measure- 
ments were made a t  t h i r t y  nine s t a t i o n s  i n  
Mesa Geothermal Anomaly, Imperial Val ley,  C a l i f o r n i a  i n  order  
t o  eva lua te  t he  u s e f u l l n e s s  of t h e  method as% geothermal pro- 
spec t ing  too l .  The area of i n v e s t i g a t i o n  is cha rac t e r i s ed  by 
t h i c k  (about 3 km) and h i g h l y  c o n d u c t i v e ( r e s i s t i v i t y  on the o r d e r  
of 5 ohm-m) sediments. The l a rge  sediment depth  and conduc t iv i ty  
Nsccessi ta ted ‘a more s e n s i t i v e ( p p  noise  level = 5 uvlappara tus  
opera t ing  at lower f requencies ( .  0067 hz)  than  is  normally employ- 
ed for t e l l u r i c  i nves t iga t ions .  Re la t ive  e l l i p s e  areas were de- 
termined f o r  t h e  s t a t i o n s  and p lo t ted  as t o t a l  f i e l d  and resid- 
u a l  contour maps. These maps c l e a r l y  reveal t h e  presence of 
t h e  thermal  anomaly. 
anomaly shown by shal low thermal  g r a d i e n t  d a t a  and are c o n s i s t -  
e n t  w i t h  temperature  data  from f i v e  d e e p  wells I n  the  area. 

t h e  v i c i n i t y  of the  

They co inc ide  w e l l  i n  geometry with the 

In t roduc t ion  

I t  is w e l l  known tha t  t h e  electrical conduc t iv i ty  of rocks  
hcreases w i t h  r i s i n g  temperature. 
conduc t iv i ty  i n  s i t u  have t h u s  played a n  important r o l e  i n  
the  d e t e c t i o n  and e v a l u a t i o n  of geothermal resources .  

Methods of measuring 

T h e  t e l l u r i c  method, long used for petroleum e x p l o r a t i o n  
outs ide  of America, has several p o t e n t i a l  advantages as a 
method of mapping c o n d u c t i v i t y  v a r i a t i o n s  over a n  ares. It 
is  capable of deep pene t r a t ion  (3 lan i n  th is  s tudy)  and is  
r a p i d  and inexpensive i n  i t s  f i e l d  a p p l i c a t i o n  
crew can  occupy s ix  s t a t i o n s  per day.), 
r e a d i l y  d isp layed  i n  map form so areal changes i n  conduc t iv i ty  
can  be e a s i l y  seen. 

The t e l lu r i c  method has been w e l l  descr ibed  i n  t h e  liter- 
ature(Berdichevskii,1960; Boissonnas and Leonarddon,1948; Yungul, 
tlerubree, and Greenhouse, 1973). The method u t i l i s e s  c e r t a i n  
f requencies  of n a t u r a l l y  occurr ing  electric c u r r e n t s  which have 

(A t h r e e  man 
The data obtained can  be 
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t h e  property of f lawing i n  m o r e  or less uniform s h e e t s  w i t h i n  
t h e  sedimentary l aye r  of t h e  e a r t h ' s  c r u s t .  The f requencies  
used are chosen t o  have enough depth  of pene t r a t ion  t o  r each  
the bottom of the sedimentary s e c t i o n  y e t  not  be able t c  induce 
s i g n i f i c a n t  c u r r e n t  f low i n  t h e  more e l e c t r i c a l l y  i n s u l a t i n g  
cr ys ta 1 ine  r oc ks be 1 ow. 

\ 

For t h e s e  f requencies  it is g e n e r a l l y  accepted t h a t  i f  
basement depth  and sediment r e s i s t i v i t y  va ry  only g e n t l y  i n  
lateral d i r e c t i o n s ,  t h e n  t h e  h o r i z o n t a l  e lectr ic  f i e l d  due t o  
these  f requencies  measured a t  one s t a t i o n  (a f i e l d  s t a t i o n )  w i l l  
be r e l a t e d  t o  t h a t  a t  another  s t a t i o n  (a base s t a t i o n )  by 
- 

E, = AE, + BEy 

(Berdichevs k i i ,  1960 1 
Y (1) E, = DE, + CE 

where E, and E, are t h e  h o r i z o n t a l  components of t h e  electric 
f i e l d  a t  t h e  f i e l d  s t a t i o n  and E, and E are t h e  components a t  
t he  base s t a t i o n .  
s t a t i o n  which depend on local geology. It  i s  e a s i l y  seen  t h a t  
t h e  Jacobian  J = AD - BC i s  a l s o  a cons tan t  r e l a t e d  t o  local 
ge o l  ogy. 

A,B,C .and D are conszant parameters for each 

For a h o r i z o n t a l l y  layered subsurface it has been shown 
(Berdichevski i , l960)  t h a t  t o  a good approximation 

'b 
J Z -  

sf 
(2 1 

where t h e  s u b s c r i p t s  r e f e r  t o  base and f i e l d  s t a t i o n s  and S is  
t h e  long i tud ina l  conductance 

hi ' =&- . 
i=1 

hi and p 
below t h e  sur face .  The summation inc ludes  a l l  t he  l a y e r s  between 
t h e  e a r t h ' s  su r f ace  and t h e  i n s u l a t i n g  basement rocks.  
continuous v a r i a t i o n  of r e s i s t i v i t y  wi th  depth,  eq. 3 can be 
expressed i n  i n t e g r a l  fora 

are the  th i ckness  and r e s i s t i v i t y  of t he  i ' t h  l aye r  

For a 

where z is  depth below t h e  su r face  and D i s  t h e  basement depth. 

Methods of determining J from f i e l d  measurements are w e l l  
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known (Berdichevskii,l960; Yungu1,1968). As can be seen 
from eqs. 2 and 3, t he  value of J w i l l  be proportional t o  t h e  
square of the r e s i s t i v i t y  under a s t a t i o n  and inverse ly '  propor- 
t i o n a l  t o  t h e  square of the thickness of the  sediments. By 
measuring the value of J a t  many d i f f e r e n t  s t a t i o n s  we can 
thus prepare a map which e f f e c t i v e l y  represents  (but does not 
d i f f e r e n t i a t e  behween) va r i a t ions  i n  conductivity and thickness 
of the sedimentary cover i n  a region. 
high values of J i n  areas of t h i n  or poorly conductive sediments. 

Such a map would show 

The Mesa Geothermal Anomaly 

The Mesa Geotherma1:mmnaly is located ( f ig .  1) i n  Califwe- 
nia's Imperial Valley, a deep  basin f i l l e d  i n  t h e  most part with 
Cenozooic c l a s t i c  sediments  (Diblee ,1954). The anomaly is  on 
the order of 40 km2 i n  area, 
deep geothermal test  wells are on the  order of 
depths g rea t e r  than a kilometer(U.S ,B.R.,1974). 

Temperatures encountered i n  severa l  
160 t o  2OO0C a t  

Th i s  a r ea  was chosen as the  s i t e  f o r  t he  t e l l u r i c  inves t i -  
' gation f q r  severa l  reasons. Gravity and seismic data (Biehler,  

1971) show t h a t  t he  basement depth i s  f a i r l y  uniform t h e r e  and on 
the  order of 3 km. The area i s  c e n t r a l l y  located i n  the 
bas in  ani: it i s  reesonable t o  expect that there  w i l l  not be ex- 
treme va r i a t ions  i n  the nature of the sediments wi th in  t h e  area 
of inves t iga t ion .  The l ack  of extreme va r i a t ions  i n  basement 
depth  and sed imen t  type i s  an  ideal condition fo r  t h e  i d e n t i -  
f i c a t i o n  of e f f e c t s  on the  t e l lu r ic  electric f i e l d  due t o  t h e  
the  presence of the  thermal anomaly. 

The ar'ea has been inves t iga ted  ex tens ive ly  by other geo- 
physical methods , notably g rav i ty  and seismic r e f r a c t i o n  

t i v i t  y (Me idav and Furger s on, 1971 ; Furger 6 on, 1972 1. 
s t c d i e s  provide a n  important framework withLn which the telluric 
data Can be evaluated. 

I (Biehler ,19711, thermal studies(Combs,1971,1972) and DC resis- 
These 

Apparatus 

The te l lur ic  recording apparatus cons i s t s  of a s e t  of elec- 
trodes f o r  sampling t h e  ear th ' s  electric f i e l d ,  a s e n s i t i v e  two 
channel ampl i f ie r ,  a two channel f i l t e r  f o r  removal of unde- 
s i r ed  frequency components, and an X-Y recorder. Two 
channel recording is neccessary because, as w i l l  be explained 
la ter ,  t he  method of determining J r equ i r e s  knowledge of two 
orthogonal, hor izonta l  components of t he  te l lur ic  electric f i e ld .  

I n  t h i s  study, t h e  th ree  electrodes were connected i n  a n  
L shaped a r r a y  0.3 km on a s i d e  with a 90' angle a t  the  apex. 
Tho po ten t i a l  d i f fe rence  between each of t he  outer electrodes 
and the  center electrode was measured t o  obtain the  two electric 
f i e l d  components. The recording ,instruments were located near 
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the apical electrode and the two outer electrodes were connected 
by m a n s  of insu la ted  wires. 

Two proper t ies  of the Imperial Valley influenced the 
design of the apparatus. 
ductive (resistivities on the order of five t o  t e n  ohm-meters 
i n  the tes t  area) and q u i t e  thick (on the order of three k i l o -  
meters). These conditions cause the s igna l  level there t o  be 
except iona l ly  small. Typical s igna l  levels were t e n  t o  f i f t y  
microvolts, varying fram day t o  day w i t h  the state of e x c i t a t i o n  
of the geomagnetic f i e l d  . 

A second effect of l o c a l  conditions w a s  decreased depth of 
penetration of the na tu ra l  electromagnetic f i e l d  due t o  the low 
r e s i s t i v i t y  of the sediments. T h i s  effect was compensated 
for by observing lower frequencies than  usual for tel luric 
prospecting methods. 
response a t  .0067 hz (equivalent t o  a period of 150 sed .  Mean- 
ingfu l  data could not be collected f o r  periods shor t e r  than 
30 sec because f o r  these higher frequencies it was impossible 
t o  c o r r e l a t e  the records between f i e l d  and base s t a t ions .  

The sediments there are q u i t e  con- 

The f i l t e r s  used i n  t h i s  s tudy  had a peak 

Because of the low s i g n a l  l e v e l s  encountered i n  the meas- 
urements, it was neccessary t o  reduce instrument noise t o  a 
minimum.  
i n t e r n a l  noise l eve l ,  the electrodes which connect the appara- 
t u s  t o  the ground are the major source of instrument noise. 
Several  d i f f e r e n t  types of electrode were tested for use i n  the 
project and it was found that the q u i e t e s t  were silver-silver 
ch lo r ide  electrodes. These had an  i n t e r n a l  peak t o  peak noise 
l e v e l  of less than 5 uV as compared t o  about 
copper-copper sulphate porous pot electrodes . Electrode noise 
l eve l s  were tested by immersing various types of electrodes 
i n  so lu t ions  which duplicated their e l e c t r o l y t e s  and measur- 
ing the i r  noise output with the same apparatus used for  making 
the measurements of te l lur ic  voltages i n  the f ie ld .  The phys- 
ical cons t ruc t ion  of the electrodes a c t u a l l y  used i n  the f i e l d  
i s  shown i n  f i g .  2. 

Since modern s o l i d  state amplifiers have a very low 

25 UV for a pair  of 

The amplifiers used i n  the study were t w o  s tage  devices 
u t i l i s i n g  operational ampl i f ie rs  ( f ig .  3) .  The first s tage  was  
an  Analog Devices AD 504M operational amplifier connected i n  the 
noninverting conf igura t ion  wi th  a ga in  of 100. T h i s  was AC 
coupled t o  a second s tage  of ga in  10. 
had the effect of removing s i g n a l s  w i t h  periods longer than 1,200 
sec and was far the purpose of removing the effect of electrode 
d r i f t .  
removed by a b ia s ing  network i n  t h e  f i r s t  s tage  input. 
ond s t age  ampl i f ie r  was  a National Semiconducters It4 308H connec- 
t e d  i n  the noninverting configuration. 
had noise l eve l s  between 1 and 2 UV i n  the frequency band of 

The AC coupling network 

The pure DC component of the electrode poten t ia l  was 
The sec- 

The couplete amplifiers 
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i n t e r e s t .  i q u t  impedence was l a rge r  than one megohm. 

Undesired frequency canponents of t h e  tel luric f i e l d  and 

peak response of t h e  f i l t e r s  was  at a period of 150 sec 
c u l t u r a l  noise were removed by means of a c t i v e  f i l t e r s ( f i g .  4). 
The 
(.0067 hz) wi th  a t t enua t ion  proportional t o  t h e  square of t he  

pec ia l ly  neccessary f o r  the high frequency end of t he  f i l t e r  
curve Fn order  t o  s t rong ly  reject 
the range 1 t o  30 sec. 
with amplitudes l a rge r  than  the frequencies of i n t e r e s t  and had 
t o  be s t rongly  attenuated i n  order t o  obta in  usefu l  data. 

' frequency away from t h e  peak (fig.  5). A sharp  cu tof f  was es- 

frequencies w i t h  periods i n  
These frequencies o f t en  were observed 

Method of Determining J 

The J values f o r  t h i s  study have been determined bp the 
I n  t h i s  method t h e  two "vectorgram" method of Yungul(1968). 

components of t h e  hor izonta l  electric f i e l d  are a m p l i f i e d ,  
f i l t e r e d  and fed i n t o  t h e  two channels of an  X-Y recorder. The 
pen of the recorder w i l l  then  trace out a p l o t  of the va r i a t ions  
of the electric f i e l d  with tim. If t h i s  recording is  made fo r  
a period of several minutes, the record w i l l  appear  as a series 
of loops made by the pen recross ing  i ts  path several times i n  
a m o r e  or less random manner. Since, wi th in  a given s t r u c t u r a l  
bas in ,  t h e  electric f i e l d  is qu i t e  coherent, a vectorgram 
produced i n  t h i s  way at a f i e l d  s t a t i o n  w i l l  be very similar 
t o  one produced s imdtaneous ly  at  the base s t a t i o n .  
shown t h a t  t h e  r a t i o  of areas of corresponding loops on simultan- 
eous f i e l d  and base vectorgrams is equal t o  J. 
t ice the re  is  a considerable amount of v a r i a t i o n  i n  J values 
obtained i n  single measurements and data from about t e n  d i f f e r e n t  
pa i r s  of loops should be averaged t o  obtain the J value a t  a 
pa r t i cu la r  s t a t ion .  

Yungul has 

I n  actual prac- 

As a measure of t h e  r e l i a b i l i t y  of the mean J values, t h e  
standard devia t ion  of the man,Sm,was ca lcu la ted  a t  each s t a t ion .  
This  is  a measure of the deviations of t h e  means of many separa te  
samples arond the t r u e  mean of the population being sampled ( i n  
t h i s  case the t r u e  value of J). I f  a number of sample means were 
determine'd, S, would be the standard devia t ion  of the populatkon 
of sample means. It i s  given by 

S 
a -  

sm IrT- 
(5  1 

where Sm is t h e  standard devia t ion  of t h e  mean, S is the standard 
devia t ion  of t h e  individual determinations of J a t  a s t a t i o n ,  and 
N i s  the number of ind iv idua l  determinations of J a t  a s t a t ion .  
S is given by 
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1l'I [ i=l 

where t h e  Ji  'are determinations of J from d i f f e r e n t  s i n g l e  pairs 
of loops and 3 is  t he  mean J determined a t  a s t a t ion .  

A t  most s t a t i o n s  Sm was found t o  be about 5 or 10% of t he  
mean J value. 
2 S, of t h e  t r u e  mean a t  a s t a t i o n  (Bevington,l969). 
i s t ical  parameters f o r  t he  individual s t a t i o n s  are given i n  
Table 1. 

Over 68% of t h e  sample means should l i e  within 
The stat- 

Table 1: S t a t i s t i c a l  Parameters of Telluric Stations.  

S t a t ions  are l i s t e d  according t o  increasing 5 and with the 
nor thernmat  s t a t i o n  f i r s t  where values of 3 are duplicated. 

Mean Value Standard Standard Standard Number of 
of J Meas- Deviation Deviation Deviation Measurements, 
urements,? of J Meas- of Mean,Sm of Mean as N 

'rements ,S % of mean 

J 

~ 

044 . 166 . 062 14.2 7 
047 . 130 039 , 8.3 11 
049 .181 . 050 10.3 13 . 52 . 999 . 033 6.4 9 
52 . 148 . 034 6.7 18 . 55 . 124 . 039 7.1 10 
056 . 164 . 054 9.7 9 . 55 . 103 . 034 5.9 9 
058 .251 . 094 16.4 7 

. 54 . 160 .048 7.6 11 
0 6 4  . 109 .025 3.9 19 . 65 -302 . 101 15.6 9 . 73 . 163 . 062 8.4 7 . 74 .162 . 049 60 6 11 . 74 .132 .042 5.6 10  . 77 . 176 . 059 7.7 9 

. 81 . 129 . 049 6.0 7 
85 0304 . 087 10.3 12 . 85 .299 . 100 J1.8 9 
56 .lo3 .030 3.5 12 . 88 0329 :125 14.1 7 

. 92 ,276 .lo4 11.4 9 

. 50 . 182 . 064 10.7 8 

. 80 . 151 . 062 7.7 6 

89 .239 . 084 9.4 8 
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Table 1: Continued: 

Mean Value Standard Standard Standard Number of 
of J Meas- Deviation Deviation Deviation Measurements 
urements of J Meas- of Mean of Mean 

urements (S of mean) 

.92 

.95 

.96 

.97 
1.03 
1.12 
1.13 
1.14 
1.16 
1.24 
1.32 
1.46 
1.72 
2.01 

.200 

.204 

.241 
-265 
118 

.234 

.291 

.402 

.275 

.167 
-428 
.446 
.530 
.142 

-070 
.062 
.098 
084 

.042 

.074 

.092 

.142 

. l o 4  

.056 
-135 
,141  
.168 
.045 

7.7 
6.5 
10.2 
8.6 
4.0 
6.6 
8.1 
12.4 
8.9 
4.5 
10.3 
9.7 
9.8 
2.2 

8 
11 
6 
10 
8 
10 
10 
8 
7 
10 
10 
10 
10 
10 

Interpretat ion 

Two maps have been prepared from the  data .  The f i r s t  
shows the  measured values of J a t  the various s ta t ions .  The 
second is  a res idual  map. 
l e a s t  squares f i t t i n g  of a planar regional t o  the 
data and subtraction of the  regional value a t  each data point.  
Both maps have a contour in te rva l  of 0.2. Contouring was done 
automatically on an IBM 360-50 computer. The value given by the 
contours a t  any given point represents a weighted l eas t  squares 
f i t  t o  a l l  the  data ( e i the r  t o t a l  f i e l d  or  residual,  depending 
on which map) under the following weighting function. 

The residual  map was prepared by 
raw J 

(7) w =  0 ' r  > ro 

ro = 20km 6 = . 1 5 h  

r = distance from MP point t o  f i e l d  data  point 

The regional var ia t ion i n  J can be seen i n  the t o t a l  f i e l d  
map ( f i g .  6) a s  a tendency for  J values t o  decrease from south- 
e a s t  t o  northwest. This decrease i n  J value t o  the northwest is 
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probably the r e s u l t  of a decrease i n  ground water r e s i s t i v i t y  due 
t o  increasing s a l i n i t y  i n  t h a t  direct ion (Meidav and Furgerson, 
1971). 

The most s t r ik ing  feature on the residual  map ( f ig .  7) is a 

Comparison of the J contours with the shal- 
large negative J anomaly coinciding i n  posi t ion with the Mesa 
Geothermal Anomaly. 
low thermal gradient data i n  f i g .  7 shows a strong agreement 
i n  the posi t ion and shape of the anomaly shown by the two data 
types with the l o w  J values corresponding t o  high thermal grad- 
i e n t  values. 
shape between the 
J contour over the western and northern portions of the anomaly. 

T h i s  i g  well i l l u s t r a t e d  by the s imi la r i ty  i n  
8 F/100ft thermal gradient contour and the - .2  

An in te res t ing  exception t o  t h i s  correspondence is seen i n  
Here a t  a s ingle  point the  soutneastern corner of the  anomaly. 

is  seen a high residual  J anomaly of +.38 i n  a place where the 
high thermal gradient value would predict  a negative residual  J. 
This high value has been ver i f ied  by repeating the f i e l d  meas- 
urement. Such a large increase i n  J over surrounding values is 
indicat ive of a substant ia l  amount of r e s i s t i ve  material  i n  the 
subsurface. The f a c t  t h a t  t h i s  material  does not produce a v is i -  
ble e f f e c t  a t  adjacent s ta t ions  ove m i l e  d i s t an t  indicates t h a t  

. it is a t  shallow depth, probably a few thousand f e e t  or  less .  
This body is most reasonably explained e i the r  by the presence 
of steam (which has a much higher e l e c t r i c a l  r e s i s t i v i t y  than 
water) or  by f i l l i n g  of the pore spaces i n  the sediments by 
hydrothermally deposited minerals. Since none of the w e l l s  , 
dril led over the Mesa Anomaly have encountered steam and the 
anomalous r e s i s t i v e  body: is  located over a m i l e  t o  the e a s t  of 
the  ho t t e s t  pa r t  of the anomaly (as  judged by thermal gradient 
data) the r e s i s t i v e  body appears most l ike ly  t o  represent mineral 
precipi ta t ion within the shallow pa r t  of the sedimentary column. 

* 

The U.S. Bureau of Reclamation has d r i l l e d  f ive  deep 
geothermal test  wells over the  Mesa Anomaly which have encoun- 
te red  temperatures i n  excess of 160 C (V.S.B.R.,1974). A l l  f i ve  
of these w e l l s  a re  closely spaced around the cen t r a l  low i n  

residual  tel luric anomaly which is  i l l u s t r a t e d  i n  Pig. 7. This 
supports the hypothesis t h a t  high temperatures a t  depth tend  
t o  occurr near places with large negative residual  J values 
i n  t h i s  area. If anything, one would expect the  correlat ion 
w i t h  deep w e l l  temperatures t o  be better than the correlat ion 
with shallow thermal gradient data because of the  large depth 
penetration charac te r i s t ic  of the t e l l u r i c  method. 

0 
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c 
Conclusions 

On the basis of t h i s  test  project,  the  telluric prospecting 
method appears t o  show promise a s  a reconaissance too l  f o r  geo- 
thermal investigations i n  sedimentary basins. 
es of the method are  t h a t  it can be applied rapidly i n  the f i e l d  
by a small crew; the apparatus is  inexpensive; and it can sample 
the en t i r e  sedimentary sequence, even t o  grea t  depth. 

The main advantag- 

I n  t h i s  study the  t e l l u r i c  method has located a known 
geothermal anomaly and shown a gemetry f o r  it which is  consis- 
t e n t  with t h a t  shown by available thermal data. 
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THE ElITCROFAUNA OF THE TYPE SECTION OF THE 
KEASEY FORMATION OF NORTHWESTERN OREGON 

Kristin McDougall 
Union Oil of California 

Santa Fe Springs, California 

Abstract 

The term Keasey has unfortunately been used in a lithostratigraphic 
and time stratigraphic sense. 
adequately sampled and studied. 
present permits biostratigraphic and paleoecological study of this forma- 
tion with relation to other West Coast formations. Biostratigraphically 
the type section of the Keasey Formation is Narizian to Refugian in age. 
The Refugian section represents the basal Refugian and lower Refugian zones 
of California and the Sigmomorphina schencki zone of Washington. Paleo- 
ecologically, the formation represents the outer shelf-upper slope region. 

In either case the formation has been in- 
The abundant and diverse microfauna 

Introduction 

The lower Tertiary strata of Northwestern Oregon and Southwestern 
Washington is composed of a complex of nearly continuous marine sedimen- 
tary and volcanic sequences. 
been frequently studied but the microfaunas of these formations have 
received little attention except for an occasional published paper and by 
micropaleontology classes from local Universities. Several of these for- 
mations are cited by Schenck and Kleinpell (1936) in the definition of the 
Refugian Stage of California, as time equivalents of the type but represen- 
ting a different facibs of the stage. 
mations cited are the Lincoln Creek Formation (Lincoln and Keasey Formations) 
of Washington and the Keasey and Bastendorff Formations of Oregon. The 
Lincoln Creek Formation has been extensively studied by Rau (194.8, 1951, 
1958, 1966, and 1967) and it was from this formation that Rau (1958, 1966) 
proposed a zonation for the Washington Refugian Stage. 
Formation is covered by another paper in this volume (A .  T. Donnelly). 

The abundant megafossil assemblages have 

Among the microfossiliferous for- 

The Bastendorff 

The Keasey Formation of Oregon, although it contains abundant micro- 
fossils, has been largely ignored. 
understanding of the mid-latitude zonation of the Refugian Stage and 
represents a facies different from those present in either the Bastendorff 
or the Lincoln Creek Formations. 

Previous Work 

Yet this fauna is essential to the 

The name Keasey Shale was first applied by Schenck (1927 1 to the 
sandy shales underlying the sandstone at Pittsburg Bluff Columbia County 
Oregon. Megafauna, typical of this formation, can be found along the 
railroad near Keasey Station, Rock Creek drainage. 
Oligocene was suggested on the basis of this megafauna as well as possible 
correlation with the Bastendorff and Moody Shale Formations of Oregon. 

A n  age of lower 
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The following year, Schenck (1928) published a more extensive re- 
view of the Oligocene of Oregon, 
Shale lithologically as tlsmdy tuffaceous, blulsh fossiliferous shale" 
and cited the outcrops along the banks of Rock Creek, near Keasey (Uni- 
vewuty of California locality UC 4194; Stanford University locality 
N.P. 3,N. P. 4; and California Academy of Science locality C.A.S. 162) 
as being the most characteristic of this strata, Molluscan, foraminiferal 
and stratigraphic relations continued to suggest an 
formation. 
Washington along the Willapa River suggests a correlation. 

In his disewsion he described the Keasey 

Oligocene age for this 
The similarity of the megafauna with an assemblage in Western 

Cushman and Schenck (1928) studied the foraminiferal samples from 
the Keasey Formation and some from the Bastendorff Shale (locality UC A-94) 
and decided that the correlation made by Schenck (1927 ) between these two 
formations and the Oligocene strata was valid. Weaver (1942) and Weaver 
et.al. (1944 1 further described the megafauna and supported these correla- 
tions. 
correlated with the lower Refugian, Uvigerina cocoaensis foraminiferal 
zone of California. 

Weaver et. al. (1944) also implied that the Keasey Formation 

Mapping of Northwestern Oregon was undertaken in 1945 by a U.S.G.S. 
group (Warren, Norsbirath, and Grivetti, 1945). 
accurate done on the area and has been little modified since publication. 
The following year, Warren and Norsbirath (1946) elaborated on the earlier 
mapping and divided the Keasey Formation into three lithologic members. 
Deacon (1953) attempted a revision which is generally not accepted. He 
introduced the terms llNehalemtl for parts of the lower member of the Keasey 
Formation, and flRocQ Pointtlfor the underlying Cowlitz Formation. Van 
Atta (1971) made a very careful study of the sedimentary petrology of the 
area and was able to refine the contact between the Cowlitz and the Keasey 

This map is the most 

Formations only very slightly from that described by Warren and Norsbirath 
( 1946 1. 
Stratigraphy 

The Keasey Formation of this study outcrops in the northwestern 
corner of Oregon. Exposures of the formation can be seen along the rivers 
and creeks which drain the region, the logging roads, railroads, and high- 
ways, and in the quarries. 
alter the exposures rapidly making geologic work difficult. 

The heavy cover of vegetation and high rainfall, 

The relationship between the Keasey Formation and the underlying 
Cowlitz Formation and Goble Volcanics in this area is poorly understood, 
and has been considered both conformable and unconformable. The Cowlitz 
Formation consists of conglomerate, arkose, and siltstone which interfingers 
with the pillow basalts, basaltic flows and breccias of the Goble Volcanics 
(Beaulieu, 1971, and Niem and Van Atta, 1973). The upper limit of the 
Cowlitz Formation is marked by massive mudstones and siltstones where as 
the lower Keasey Forniation contains siltier, more stratified sediments 
(Van Atta, 1971). Occassionally the contact is marked by a pebbly tuff- 
aceous mudstone. The Cowlitz and Goble Volcanics are considered late 
Eocene (Narizian microfaunal stage) in age. 
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Overlying the Keasey Formation in this area is the Pittsburg Bluff 
Formation. The finely laminated arkose, glauconitic sandstone, siltstone, 
mudstone, and conglomerate of this formation conformably overlie the Keasey. 
The Pittsburg Bluff Formation has been considered middle Oligocene in age. 

The Keasey Formation can be divided into three lithologic members 
following the work of Warren and Norsbirath (1946) and Van Atta (1971). 
These three members can be described as: 1) a lower dark gray glauconitic 
tuffaceous mudstone which interfingers with a volcanic sandstone, 2) a 
middle massive tuffaceous siltstone, and 3 )  a sequence of concretionary 
tuffaceous siltstone and mudstone beds. 

The type section of the Xeasey Formation along Rock Creek consists 
primarily of the lower member and a part of the middle member is poorly 
exposed. 
Sunset Highway (Wolf Creek Highway) t o  the south, however the lower member 
and the Keasey-Cowlitz contact are not exposed. 

Both the middle and upper members are best exposed along the 

- Age 

The microfauna of the type section of the Keasey Formation has 
previously only been described by Schenck (1928) and Cushman and Schenck 
(1928) from three samples. 
Creek in the summer of 1973 in an attempt to more accurately describe the 
fauna. , 

Therefore samples were collected along Rock 

The base of the Keasey Formation along this section is marked by a 
pebbly tuffaceous sandstone which is barren of microfossils (KAM 1002). 
The fauna from KAM 1003 to KAM 1008 contains some species characteristic 

in age. 

Some of the Refugian species which have been found to first appear 
below the stage boundary are present within this interval. 
Cibicides hodgei (KAM 1010 ), Bulimina sculptilis lacinata (KAM 1008 1, 
Plectofrondicularia packardi packardi (-1003),andneria tumey- 
ensis (KAM 1013). 

For example 

- 
The Narisian species are gone from the assemblage in KAM 1016.but 

included in the assemblage are species typical of the Refugian Stage of 
Schenck and Kleinpell (1936) and Sigmomorphina schencki zone of Rau (1958, 
1966). This assemblage marks the first appearance of Cibicides elmaensis, 
Cibieides haydoni, Ceratobulimina washburnei, and Guttulina problema. 

This assemblage continues up through KAM 1038 and also adds other 
Among species which are indicative of the Sigmomorphina schencki zone. 

these species are Cibicides pseudoungerianus evolutus, Dentalina dusenburyi, 
Guttulina frankei, Guttulina hantkeni, Guttulina irregularis, Nonion 
halkyardi, Sigmomorphina schencki, Quinqueloculina imperialis, and &in- 
queloculina weaveri. 
and - Uvigerina cocoaensis. Both of these species are V i c  

Absent from this assemblage is Uvigerina atdlli 
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of the lower Refugian3 Uvigerina cocoaensis zone (Kleinpell and Weaver, 
1963), to which Rau correlated the Sigmomorphina schencki zone. It is, 
therefore snggested that this interval of strata correlates with a "basal" 
Refugian zone! as suggested by Tipton et. al. (1973,1974). This zone would 
lack the Uvigerina atwilli and Uvigerina cocoaensis, but contain Bulimina 
sculptilis lacinata, Vslvulineria tumeyensis, and - Plectofrondicularia packardi 
packardi. Unpublished work in the Gaviota Formation of California suggests 
that this basal Refugian would also be characterized by the last appearance 
of Eggerella subconica. This species is present in the Keasey Formation 
furthering the implication that this-strata represents the basal Refugian. 

Section above locality KAM 1038 becomes difficult to sample because 
of poor exposure. 
erina cocoaensis and Eponides gaviotaensis which are present in the Uviger- 
h a  cocoaensis zone of California and the Sigmomorphina schencki zone of 
Washington. 
teristic lower Refugian species have disappeared, however none of the upper 
Refugian species are present. 

Assemblages in KAM 1043 and KAM 1070 both contain - Uvig- 

With the exception of these species most of the other charac- 

The poor exposures suggest that in order to biostratigraphically 
describe the fauna of the middle and upper members of the Keasey Formation 
samples w i l l  have to be taken from along other sections. 
ology the middle and upper members are best exposed along the Sunset High- 
way to the south. 
68, not check listed in this paper) indicate that the fauna present is 
characteristic of the Sigmomorphina schencki zone and the lower Refugian 
Stage, Uvigerina cocoaensis zone. Important species present in these samples 
include : 

Based on lith- 

Preliminary work there (samples KAM 104-107 and B0060- 

Ceratobulimina washburnei 
Cibicides useudounrrerianus evolutus 
Eponides gaviotaensis 
Guttulina irregularis 
Guttulina Droblema 
Plectofrondicularia packardi packardi 
Pseudoglandulina inflata 
Quinaueloculina inmerialis 
Quinaueloculina weaveri - -  + -  

Uvigerina atwilli 
Uvirzerina cocoaensis 

Paleoecology 

The Narizian section of th Kea ey Formation long Rock Creek suggests 
that the fauna represents an environment probably bathyal in depth. 
corrugata has been compared to Bulimina rostrata in modern faunas where it 
represents water depths of bathyal to abyssal (Mallory, 1959 ). 
tumeyensis which resembles Eponides pygmaea of the modern faunas is 
considered to represent cold, bathyal conditions. Also the Bulimina micro- 
costata present in these Narizian assemblages is indicative of bathyal 
depths. 

Bulimina 

Valvulineria 

The Refugian strata along Rock Creek contains a mixture of species 
which are representative of cold, deep water and sane species which repre- 
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sentative of medium water depths. 

Uvigerinas, Lenticulinas, and Gponides (Smith, 1471). 
these assemblages represent an outer shelf - upper slope (outer neretic- 
upper bathyal) environment. 
responding to cold water and not depth. 

Summam 

The cold deep water species include 
Cassidulinas, and Nonion umbilicatulus 
in the medium depth species are the - It is suggested that 

The cold, deep water species present are 

The type section of the Keasey Formation is abundantly microfossili- 
ferous. 
the very lowest part of the section. 
sentative of a basal Refugian zone which has not yet been well described 
in California. 
Refugian age, Uvigerina cocoaensis zone of California and the Sigmomorphina 
schencki zone of Washington. 

The microfauna indicates that the Narizian Stage is present in 
This is followed by strata repre- 

The rest of this section is represented by strata of lower 

The Keasey Formation was initially deposited at bathyal depths but 
depths of outer neretic to upper bathyal persisted throughout most of the 
formation's deposition in the Rock Creek section. 
influenced by the presence of cold water and could, therefore, exist 
in shallower water depths. 

The faunas were 
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D I A P I R I C  INTRUSIONS AND BASIN FORMATION I N  THE CONTINENTAL 
BORDERLAND 

John A. Minch and A. Harvey James 
Department of  Geology, Saddleback College,  
Mission Viejo,  C a l i f o r n i a  92675 

Abst rac t  

Tne Sierra Vizcaino i n  t h e  Vizcaino Peninsula ,  Baja 
C a l i f o r n i a  i s  an example of an e longated  a r c h  produced by 
co ld  u l t r a m a f i c  d i a p i r i c  i n t r u s i o n s  which may be common’in 
the continental borderland. 

The basement rock c o n s i s t s  of s c h i s t s ,  u l t r a -maf i c  and 
mafic rocks (187 my.) which were i n t r u d e d  by lower Cretaceous 
t o n a l i t e s  (123-154 my.).  These basement rocks were emplaced 
as a d i a p i r  i n t o  middle  and upper Cretaceous V a l l e  rocks  as 
r e l a t i v e l y  co ld  bodies  accompanied by hydro-thermal 
eminat ions.  The u l t ra -maf ic  i n t r u s i o n s  d i d  not  meta- 
morphose t h e  Valle beyond a few t e n s  of  meters from t h e  
con tac t .  Tha t  metamorphism c o n s i s t s  almost e n t i r e l y  of 
s i l i c i f i c a t i o n  of t h e  Valle rocks w i t h i n  a f e w  meters of 
t h e  c o n t a c t s  accompanied by f a u l t i n g .  The i n t r u s i o n s  
cont inued i n  stages through Miocene and Pl iocene  t i m e  
forming deep bas ins  marginal  t o  t h e  r idge .  

i n  t h e  c o n t i n e n t a l  border land  which d i d  not  appear t o  be 
shedding sediments p r i o r  t o  Miocene t i m e .  Such h ighs  may 
w e l l  have t h i c k  Miocene b a s i n s  marginal  t o  t h e i r  axes .  
These r e l a t i o n s h i p s  i f  no t  c l e a r l y  understood may lead t o  
the assumption t h a t  t h e  highs are e n t i r e l y  Cretaceous 
f e a t u r e s  when i n  fac t  t h e y  probably had t h e i r  greatest 
development i n  t h e  Cenozoic. 
fac t  t h a t  g e o l o g i c a l l y  o l d  basement may be t e c t o n i c a l l y  
young basement. 

T h i s  t e c t o n i c  s t y l e  may e x p l a i n  t h e  presence  of h ighs  

We must a l s o  be aware of t h e  

L 

I 



J 

J 

Introduction 
. -  

The Sierra Vizcaino occupy the western and north- 
western portions of the Vizcaino Desert (Fig. 1). They 
consist of a core of meta-sedimentary and intrusive rocks 
which form the most rugged peaks of the mountain mass, 
This core is flanked on both sides by a foothill belt of 
steeply dipping Mesozoic sedimentary rocks. 
coast the range is flanked on both sides by moderately’ 
thick Miocene and Pliocene basins. Numerous fault valleys 
sub-parallel the range,’ 

with basic and ultrabasic intrusives. The dominant rock 
types are hornblende schist, hornblende gneiss, horn- 
blendites, tonalite and gabbro. Fault zones contain 
hornblendite, diabase, serpentine and serpentinized 
peridotite. 
basic-ultrabasic diapiric intrusion. 

Older schists and basic intrusives of the basement 
complex yield dates of 187 to 167 my. Tonalite plutons 
yield dates of 154 to 123 my. 
ultrabasic diapirs followed the emplacement of the tonalite 
plutons . 
Evolution of the Vizcaino Arch 

Near the 

The basement complex consists of metamorphic rocks 

Near the coast this body represents a large 

The emplacement of the basic- 

The intrusion and accompanying arching of the Sierra 
Vizcaino probably began early in Valle time as evidenced by 
thinning of the lower Valle over the arch (Fig, 2). This 
highland could not have been very high at any time, as there 
are no significant sediments shed off of it. Uplift and 
erosion occurred sporadically in the area throughout middle 
V a l l e  time forming angular unconformities between the 
lower Valle shales and the middle Valle conglomerates, 

After deposition of the Valle conglomerates, the 
ultramafic rocks of, the Sierra Vizcaino forcefully penetrated 
through lower Valle rocks arching them into a broad faulted 
anticline (Fig, 3). There is no known Paleocene or Eocene 
sediments within the range. During the Miocene the Sierra 
Vizcaino continued to be elevated by the diapiric intrusions. 
This depressed the range flanks and allowed the deposition 
of the only deep water marine Miocene (Tortugas Formation) 
in the Vizcaino, which occupies two troughs north and south 
of the main ultramafic diapir: one near Bahia Tortugas and 
one near Asuncion (Fig. 4). 

In the Pliocene, as in the Miocene, the Sierra Vizcaino 
continued to rise, causing the deposition of thick sections ’ 
of Almejas Formation (Pliocene) on both sides of the range 
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i n  p o s i t i o n s  co r re spond ing  t o  t h e  Miocene b a s i n s .  The 
Sierra  Vizca ino  appears t o  b e  r i s i n g  today ,  as remnants  of 
P l i o - P l e i s t o c e n e  sed imen t s  are found a t  h i g n  e l e v a t i o n s  i n  
t h e  r ange  w h i l e  t h e  f l a n k i n g  pediments  are  b e i n g  d lssec ted .  

I n t r u s i v e  R e l a t i o n s h i p s  

The c o n t a c t s  between t h e  basement complex and t h e  
e n c l o s i n g  Cre taceous  Valle Formation are c l e a r l y  s e e n  i n  
numerous p l a c e s  i n  t h e  S ie r ra  Vizca ino  p a r t i c u l a r l y  or: t h e  
r o a d  t o  P u e r t o  Nuevo which c r o s s e s  t h e  c o r e  o f  t h e  r ange .  
Th i s  c o n t a c t  u s u a l l y  c o n s i s t s  o f  up t o  30 meters o f  well-  
s i l i c i f i e d  Valle Formation r o c k s .  These r o c k s  appear t o  De 
l a r g e l y  " indura ted1 '  and u s u a l l y  do n o t  e x h i b i t  any r e z l  
s i g n s  o f  metamorphism. Loca l ly  t h e  shales are  a l te red  t o  
red and g r e e n  s p l i n t e r y  shales w h i l e  t h e  s a n d s t o n e s  are 
t o t a l l y  s i l i c i f i e d .  T h i s  " s i l i c i f i e d "  zone i s  u s u a l l y  i n  
f a u l t  c o n t a c t  w i t h  u n a f f e c t e d  Valle r o c k s .  There are  o r t e n  
numerous s n e a r  s u r f a c e s  p a r a l l e l  t o  t h e  bedding ,  and t h e  
r o c k  may be c o n t o r t e d  as though i t  were deformed between t h e  
fault zone and the intrusion (Fig. 5 ) .  

These d i a p i r i c  b o d i e s  p robab ly  formed below t h e  s e a  
f l o o r  as layered d i f f e r e n t i a t e s .  A t  a l a t e r  time t h e y  were 
i n t r u d e d  dynamica l ly  upward r a i s i n g  t h e  r o o f  as t h e y  
p e n e t r a t e d  p r o a u c l n g  p e r i p h e r a l  f a u l t s .  Tine n o b i l i z i n g  h o t  
water caused  hydro the rma l  a l t e r a t i o n  w i t h i n  and n e a r  these  
f r a c t u r e s  w i t h  t h e  f o r m a t i o n  of n a g n e s i t e  and c h l o r i t e .  
L o c a l l y  s u l f i d e  m i n e r a l i z a t i o n  a l s o  o c c u r s  w f t h i n  t h e s e  
zones.  T h i s  a l t e r a t i o n  and m i n e r a l i z a t i o n  has  produced a 
l igh t -grey  t o  w h i t e  weathered s u r f a c e  on t h e  d i a p i r .  

Other  P o s s i b l e  D i a p e r i c  I n t r u s i o n s  

t h e  c o n t i n e n t a l  b o r d e r l a n d .  Between the SIerra Vizca ino  and 
Asuncion s e v e r a l  small basement h i g h s  p robab ly  r e p r e s e n t  
smaller v e r s i o n s  o f  t h e  Vizca ino  D i a p i r .  They  separate  small 
i.liocene b a s i n s  on t h e  f l a n k s  o f  a large X o c e n e  b a s i n ,  

Margarita I s l a n d  i n  s o u t h e r n  Baja C a l i f o r n i a  has s imilar  
basement and c o n t a i n s  w e l l  s i l i c i f i e d  Cre taceous  r o c k s  which 
cou ld  be  t h e  remnants  o f  t h e  s i l i c i f i e d  c o n t a c t ,  Margarita 
i s  f l a n k e d  by a deep b a s i n  on i t s  landward s i d e  ( g e o p h y s i c a l  
e v i d e n c e ) .  Cedros I s l a n d  c o n t a i n s  similar t y p e  basement 

* and has a Miocene b a s i n  a s s o c i a t e d  w i t h  i t ,  C a t a l i n a  I s l a n d  
a l s o  c o n t a i n s  such  basement and shows e v i d e n c e  o f  hav ing  been  
a high w i t h o u t  shedd ing  sed imen t s .  
Miocene rocks  on i t s  f l a n k s .  S e v e r a l  o f  t h e  o f f s h o r e  banks 

There  are a number o f  p o s s i b l e  d i a p i r i c  i n t r u s i o n s  In 

It a l s o  has deep water 

are p o s s i b l e  d i ape r i c  i n t r u s i v e  h i g h s  . 
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Summary 

The Sierra Vizcaino appears t o  be  a d i a p i r i c  i n t r u s i o n  
of o l d e r  basement i n t o  younger marine sedimentary rocks.  
As such i t  leads t o  a v a s t l y  d i f f e r e n t  i n t e r p r e t a t i o n  of 
borderland t e c t o n i c s  i n  t h a t  a g e o l o g i c a l l y  old basement 
can b e  r e s p o n s i b l e  f o r  forming t h e  ove r ly ing  s t r u c t u r e s  by 
i n t r u s i o n  i n t o  them i n s t e a d  of t h e  s t r u c t u r e s  forming by 
drap ing  over  p r e e x i s t i n g  highs. Th i s  mobil ized u l t r a b a s i c  

. rock  nay not  be expressed i n  outcrops  i n  t h e  upper par t s  of 
a d i a p i r ,  I n s t e a d  exposures c o n s i s t  of  a s u i t e  of o l d e r  
rocks ,  i n c l u d i n g  con to r t ed  and a l te red  sediments ,  which 2re 
bounded by a f a u l t  zone which i s  i n  t u r n  surrounded by  
youn&er rocks and/or b a s i n  sediments ,  These co ld  i n t r u s i o n s  
and a c t i v e  t e c t o n i c  h ighs  would allow f o r  t h e  accumulation 
of o i l  a g a i n s t  and nea r  t h e  con tac t s .  
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Stratigraphy, sedimentology and o f f s e t  along t h e  San Andreas f a u l t  of 

t o  lower Miocene strata of t he  northern Santa Lucia Range 

and t h e  San Emigdio Mountains, Coast Ranges, c e n t r a l  Cal i forn ia  

Tor H. Nilsen and Martin H. Link 

U.S. Geological Survey, Menlo Park, Calif .  94025 
Los Angeles Harbor College, Wilmington, Calif. 90744 

ABSTRACT 

Our s t u d i e s  of Eocene t o  lower Miocene strata i n  the  Coast Ranges 
of c e n t r a l  Cal i forn ia  suggest t h a t  t he  sequence w e s t  of t h e  San Andreas 
f a u l t  i n  t he  northern Santa Lucia Range was deposited contiguously with 
a sequence east of t h e  San Andreas f a u l t  i n  t he  San Emigdio and western 
Tehachapi Mountains. The sequences record a similar geologic h i s t o r y  
and are characterized by near ly  i d e n t i c a l  s t r a t i g r a p h i c  r e l a t i o n s  and 
rock types and in fe r r ed  paleogeographic frameworks, sedimentary envi- 
ronments, and sedimentary processes. Paleogeographic recons t ruc t ion  
suggests t h a t  these  sequences have been o f f s e t  approximately 190-200 
miles (305-320 km) by post-early Miocene r i g h t - l a t e r a l  o f f s e t  along 
the  San Andreas f a u l t .  

The Eocene t o  lower Miocene sequence i n  the  northern Santa Lucia 
Range cons i s t s  in  ascending order  of (1) the  Junipero Sandstone of 
Thorup (1941), (2) t h e  Lucia Mudstone of Dickinson (1965), (3) The 
Rocks Sandstone of Thorup (1941), (4) t he  Church Creek Formation, (5) 
the  Berry Formation, and (6) t h e  Vaqueros Formation. More than 5,000 
feet (1,525 m) of conglomerate, sandstone, s i l t s t o n e ,  mudstone, and 
sha le  accumulated i n  t h i s  depos i t iona l  area commencing i n  "Capay" 
(ear ly  Eocene) time with deposit ion of the  basa l ,  shallow-marine, trans- 
gress ive  Junipero Sandstone. The, sequence rests unconformably on 
Mesozoic g r a n i t i c  basement rocks except t o  t h e  southwest, where i t  rests 
on strata of Paleocene and L a t e  Cretaceous age. I n  general  it th ins  
and shoa l s  toward the  southeast;  paleocurrent d i r ec t ions ,  thickness,  
and s t r a t i g r a p h i c  r e l a t i o n s  i n  the  exposed sec t ions  ind ica t e  t h a t  sedi-  
ments were transported northwestward 3nto t h e  basin. The sedimentary 
rocks were deposited primarily i n  shallow t o  deep marine environments 
with t h e  exception of t he  Berry Formation, a nonmarine conglomerate 
and sandstone of Oligocene(?) age t h a t  i n t e r f i n g e r s  northwestward with 
marine strata of t h e  Church Creek and Vaqueros Formations. 

The Eocene t o  lower Miocene s t r a t i g r a p h i c  sequence i n  t h e  San 
Emigdio and western Tehachapi Mountains cons i s t s  i n  ascending order of 
(1) The Tejon Formation, subdivided i n t o  (a) t he  Uvas Conglomerate 
Member, (b) t h e  Liveoak Shale Member, (c) t h e  Metralla Sandstone Member, 
and (d) t h e  Reed Canyon S i l t s t o n e  Member; (2) t he  $an Emigdio Formation; 
(3) t h e  P l e i t o  Formation; (4) . t h e j  Tecuya Formation; and (5) t h e  Temblor 
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Formation. More than 5,000 f e e t  (1,523 m) of conglomerate, sandstone, 
s i l t s tone ,  mudstone, and shale accumulated i n  t h i s  depositional area, 
generally referred t o  as the southern San Joaquin basin, commencing i n  
"Capay" (early Eocene) time with deposition of the basal,  shallow- 
marine, transgressive Was Conglomerate Member i n  the western end of 
the basin. -The sequence rests unconformably on Mesozoic gabbroic rocks 
in the w e s t  and on grani t ic  rocks in the east. In general, i t  thins  
and shoals t o  the east and southeast; paleocurrent directions,  thick- 
ness, and s t ra t igraphic  re la t ions  i n  the exposed sections indicate  t h a t  
sediments w e r e  transported westward and northwestward in to  the basin. 
The sedimentary rocks were deposited primarily i n  shallow t o  deep ma- 
r ine  environments with the exception of the Tecuya Formation, a nonma- 
r ine  conglomerate and sandstone of latest Eocene(?) t o  ear ly  Miocene 
age tha t  contains volcanic rocks i n  the east and par t ly  overlays and 
par t ly  interf ingers  westward with marine strata of the San Emigdio, 
Plei to ,  and Temblor Formations. 

W e  conclude tha t  the following s t ra t igraphic  uni t s  from the two 
depositional areas are l i tho logica l ly  similar and were deposited by 
similar processes i n  similar environments during approximately similar 
time intervals :  (1) the Juniper0 Sandstone and Was Conglomerate 
M s m b e r ,  basal  shallow-marine transgressive deposits;  (2) the Lucia 
Mudstone and Liveoak Shale Member, outer n e r i t i c  t o  abyssal hemipelagic 
deposits; (3) The Rocks Sandstone and Metralla Sandstone Member, shallow 
and deep marine deposits, the former a submarine fan complex tha t  grades 
southeastward in to  a shallow marine sandstone sequence, and the latter 
a thinly bedded turb id i te  sequence tha t  grades eastward in to  a shallow 
marine Sandstone sequence and westward in to  deep-marine shale;  (4) the 
Church Creek Formation and Reed Canyon Si l t s tone  Member, San Emigdio 
Formation, and possibly pa r t  of the P le i to  Formation, shallow t o  deep 
marine deposits, (5) the Berry Formation and Tecuya Formation, nonma- 
r ine  deposits, and (6) the  Vaqueros Formation and p a r t  of the P le i to  
Formation and the Temblor Formation, mostly shallow marine deposits. 

The reconstructed depositional area is inferred t o  have extended 
southward as a narrowing linear basin from the San Emigdio Mountains 
area across the present t race  of the San Andreas f a u l t  and through*the 
Gabilan Range area in to  the northern Santa Lucia Range area. We i n f e r  
t ha t  most of the sequence or iginal ly  deposited i n  the northern Gabilan 
Range area was  subsequently eroded of f ;  however, a depositional remnant 
of these strata is present at the northern end of the Gabilan Range 
near San Juan Bautista, where lower Eocene t o  Miocene s i l t s t o n e  and 
fine-grained sandstone deposited a t  shallow marine t o  bathyal depths, 
nonmarine red beds, and volcanic rocks are exposed. 

INTRODUCTION 

The San Andreas f a u l t  (f ig.  l ) ,  a major r igh t - la te ra l  f a u l t  i n  
California, has juxtaposed tectonic  blocks underlain by contrasting 
basement complexes tha t  have d i f fe ren t  s t ra t igraphic  and s t ruc tu ra l  
his tor ies .  In  cent ra l  and northern California,  the San Andreas forms 
the eastern boundary of the Salinian block, a long, narrow tectonic 
sl iver underlain by Mesozoic gran i t ic  crust .  East and w e s t  of the t 
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SELECTEO OUTCROPS 
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SEDIYENTARY ROCKS 

N E V A D A  
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0 180 KILOMETERS 
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Figure 1. Index map of Cal i forn ia  showing loca t ion  of study areas, 
s e l e c t e d  outcrops of lower Te r t i a ry  rocks, and t h e  San Andreas 
and o the r  f a u l t s .  SF=San Francisco, WMonterey, B=Bakersfield. 

Sa l in ian  block, t h e  Franciscan assemblage, thought t o  represent sub- 
ducted Mesozoic oceanic c r u s t  and sediments, forms t h e  basement com- 
plex. 
deposited unconformably on the  two basement complexes have been o f f s e t  
by major r i g h t - l a t e r a l  movement along t h e  $an Andreas f a u l t .  

L a t e  Cretaceous and Cenozoic sedimentary and volcanic strata 

The h i s t o r y  of t h e  San Andr f a u l t  has  been the  subjec t  of many 
s t u d i e s  s ince  H i l l  and Dibblee (1953) suggested t h a t  cumulative o f f s e t  
along it might amount t o  hundreds of miles. 
shown t h a t  Holocene t o  lower Miocene strata in  c e n t r a l  and northern 

Numerous s t u d i e s  have 
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Cal i forn ia  are o f f s e t  by progressively g r e a t e r  d i s tances  along t h e  
f a u l t  t o  a maximum of about 190-200 m i l e s  (305-320 km) (Dibblee, 1966; 
Dickinson and Grantz, 1968; Addicott, 1968; Turner and o thers ,  1970; 
Huffman, 1972; Dickinson and others,  1972; Mathews, 1973). Other 
s tud ie s  have ind ica ted  t h a t  Mesozoic basement rocks and Late Cretaceous 
strata i n  c e n t r a l  and northern Cal i forn ia  are o f f s e t  g r e a t e r  distances,  
on t h e  order of 325-450 miles (525-725 km) (Dibblee, 1966; Wentworth, 
1968; H i l l  and Hobson, 1968;Colburn,1969; Ross, 1970; Ross and o thers ,  
19 73). 

I 

i 

T h i s  paper forms p a r t  of a continuing study by the  U.S. Geological 
Survey t o  determine o f f s e t s  of Paleocene, Eocene, and Oligocene strata 
along t h e  San Andreas f a u l t  i n  c e n t r a l  and northern California.  
of lower Ter t ia ry  strata amoe t ing  t o  about 190-200 m i l e s  (305-320 km) 
have been suggested from comparative s t u d i e s  of the  Gualala and 
Val lec i tos  areas (Nilsen and o thers ,  1974), t h e  San Juan Baut i s ta  and 
San Emigdio Mountains areas (Clarke and Nilsen, 1973), and t h e  Santa 
Cruz Mountains and Temblor Range areas (Clarke and Nilsen, 1973) ( f ig .  
1). These suggested o f f s e t s  along the  San Andreas f a u l t  support t h e  
inference t h a t  a proto-San Andreas f a u l t ,  subpa ra l l e l  t o  t h e  modern San 
Andreas f a u l t ,  w a s  responsible f o r  r i g h t - l a t e r a l  o f f s e t s  of 135-260 
m i l e s  (220-420 km) during L a t e  Cretaceous t o  possibly e a r l y  Paleocene 
time (Suppe, 1970; Kistler and o thers ,  1973; Clarke and Nilsen, 1973). 
Regional' analyses of e a r l y  Te r t i a ry  paleogeography, tec tonics ,  and . 
sedimentation f o r  c e n t r a l  and northern Cal i forn ia  i n  r e l a t i o n  t o  the  
h i s t o r y  and influence of t he  San Andreas f a u l t  have recent ly  been com- 
p i l e d  by Nilsen and Clarke (1975) and Clarke, Howell, and Nilsen ( t h i s  
volume). 

Offse ts  

The purpose of t h i s  paper is t o  compare the  s t r a t ig raphy  and sedi-  
mentology of Eocene t o  lower Miocene sedimentary and volcanic  rocks of 
the  northern Santa Lucia Range with those of the  San Emigdio and w e s t -  
e rn  Tehachapi Mountains ( f i g s . ' l ,  2). The northern Santa Lucia Range 
is loca ted  i n  t h e  west-central p a r t  of t he  Sa l in ian  block about 25 m i l e s  
(40 km) southwest of t h e  San Andreas f a u l t .  The San Emigdio and western 
Tehachapi Mountains are loca ted  east of the  San Andreas f a u l t  and form 
the  southwestern extension of t he  S i e r r a  Nevada province. The sequences 
are very similar and provide da ta  f o r  add i t iona l  determinations of 
o f f s e t s  along t h e  San Andreas f a u l t .  I n  addi t ion ,  a sequence of Eocene 
t o  lower Miocene strata a t  t h e  northern end of t he  Gabilan Range adja- 
cen t  t o  and w e s t  of t h e  San Andreas f a u l t  ( f ig .  2), although not s tud ied  
in d e t a i l  by us, provides add i t iona l  da t a  t o  support the  offsets sug- 
gested here in  and t o  strengthen our inferences about lower Tertiary 
paleogeography. 

NORTHERN SANTA LUCIA RANGE 

Introduction 

The northwest-trending northern Santa Lucia Range i s ' unde r l a in  by 
a pre-Tertiary g r a n i t i c  and metamorphic c r y s t a l l i n e  basement complex 
(fig.  3). Cretaceous and Cenozoic strata rest unconformably on the  
basement complex and are exposed i n  down-faulted homoclines and as 
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Figure 2. Lower and middle Tertiary formations exposed i n  the  San 
Emigdio and western Tehachapi Mountains, northern Santa Lucia 
Range, and northern Gabilan Range. Foraminiferal s tages  from 
Kleinpell (1938) and Mallory (1959); megainvertebrate s tages  
from Weaver and others (1944) and Addicott (1972). Sources of 
data include Nilsen and others (1973) f o r  San Emigdio and w e s t -  
ern Tehachapi Mountains, Dickinson (1965), Brabb, Bukry and 
Pierce (1971), and Durham (1974) f o r  northern Santa Lucia Range, 
and Clark and Reitman (1973) f o r  northern Gabilan Range. 
pled units are nonmarine; ve r t i ca l ly  l ined  uni t s  are volcanic; 
inclined l i nes  indicate  absence of strata. 
note tha t  dn the text of t h i s  paper we use the following age 
assignments f o r  provincial  stages: 
Ulatisiantmiddle Eocene, Narizianmlate Eocene, Refugian and 
Zemorrian=Oligocene, and Saucesian=early Miocene. 

Stip- 

The reader should 

PenutianPearly Eocene, 

erosional remnants adjacent t o  major reverse f a u l t s  of Pliocene and 
Pleistocene age (Dickinson, 1965). The strata are generally t i l t e d  
toward the  northeast and minor folding is present locally. 
formation names, and s t ra t igraphic  re la t ions  of the lower and middle 

The ages, 
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Ter t i a ry  sequence are shown i n  f igu res  2 and 4. 

The Sur-Nacimiento f a u l t  i n  t h e  western p a r t  of t h e  range is t h e  
western boundary of t he  Sa l in ian  block; it is thought t o  be primarily 
a reverse f a u l t  t h a t  forms t h e  contact between Franciscan basement rocks 
t o  t h e  w e s t  and g r a n i t i c  and metamorphic basement rocks t o  the  east 
(Page, 1970). 
Dibblee (1972) is present along the  eastern margin of the  range; t h i s  
r i g h t - l a t e r a l  f a u l t  extends northward i n t o  t h e  Sa l in ian  block several 
hundred m i l e s  from the  Transverse Ranges t o  t h e  south, dying o u t  i n  
t h e  v i c i n i t y  of t he  northern Santa Lucia Range. 
gested as much as 40 m i l e s  (64 km) of post-early Te r t i a ry  o f f s e t  along 
t h e  f a u l t  i n  t h e  c e n t r a l  and southern Santa Lucia Range area. 

The northern end of t h e  Reliz-Rinconada f a u l t  system of 

Dibblee (1972) sug- 

The basement complex cons is t s  of (1) high-grade metamorphic rocks 
of the  Sur Ser ies  of Trask (1926, p. 134), s c h i s t ,  qua r t z i t e ,  marble 
and c a l c - s i l i c a t e  rocks thought t o  be metamorphosed miogeosynclinal 
sedimentary rocks of Paleozoic age on t h e  b a s i s  of f o s s i l s  found i n  
s i m i l a r  rocks i n  the  northern Gabilan Range (Bowen and Gray, 1959), 
and subordinate metavolcanic rocks of t he  amphibolite and l o c a l l y  
g r a n u l i t e  f a c i e s  (Dickinson, 1965); and (2) p lu tonic  rocks t h a t  are 
primarily quar tz  monzonite t o  quartz d i o r i t e ,  bu t  range i n  composition 
from p e r i d o t i t e  t o  g r a n i t e  (Compton, 1966). 

Previous work 

Hamlin (1904, p. 14) proposed t h e  name "Vaquero Sandstone" f o r  
strata i n  Los Vaqueros Valley r e s t i n g  on c r y s t a l l i n e  basement rocks and 
underlain by t h e  Monterey Formation. Later workers (Anderson and Martin, 
1914; Wiedey, 1929; Kleinpell ,  1930; Loel and Corey, 1932;Schenck, 1936; 
Eaton and o thers ,  1941; Thorup, 1941; Ta l i a fe r ro ,  1943) demonstrated 
t h a t  t h e  Vaqueros Formation was a mappable u n i t  ranging i n  age from 
e a r l y  Eocene t o  ea r ly  Miocene. Thorup (1943) redefined t h e  type 
Vaqueros Formation, i n  the  Vaqueros Canyon area, dividing it in ascend- 
ing  order i n t o  f i v e  new formations, the  Junipero Sandstone, Lucia Shale, 
The Rocks Sandstone, Berry Conglomerate, and the  Vaqueros Formation. 
Dickinson (1959, 1965) recognized the  same s t r a t i g r a p h i c  u n i t s  i n  t h e  
Church Creek area northwest of Vaqueros Canyon, no t ing  t h a t  t h e  Berry 
Conglomerate in t e r f inge red  with the  Church Creek Formation and modify- 
ing  t h e  name Lucia Shale t o  Lucia Mudstone. 
1957; Dickinson 1959, 1965; Masters, 1962; Waters, 1963; Durham, 1963, 
1974; and Brabb and o thers ,  1971) f u r t h e r  defined the  ages and charac- 
terist ics of t hese  uni t s .  

Subsequent s t u d i e s  (Wardle, 

Durham (1963, 1974) grouped t h e  s t r a t i g r a p h i c a l l y  lowest u n i t s  
(Junipero Sandstone of Thorup (1941), Lucia Mudstone of Dickinson (1965), 
and The Rocks Sandstone of Thorup (1941))as unnamed members of t h e  
Reliz Canyon Formation, noting t h a t  t h e  upper and lower arenaceous mem- 
bers are indis t inguishable  where the  middle p e l i t i c  member is absent. 
Durham (1974) also reintroduced the  name Berry Formation (Bramlette 

'and Daviess, 1944) f o r  t he  Berry Conglomerate (Thorup, 1943). I n  t h i s  
paper, t h e  formation names of Thorup (1941), as modified by Dickinson 
(1965), Bramlette and Daviess (1944), and i n  p a r t  by Durham (19741, are 

. 
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E X P L A N A T I O N  

Marine shale Marine Sandstone NOllllUlrine Plutonic and 
rmmmaphic a d  i me n m ry 

mdu d S  

Figure 4. General l i t h o f a c i e s  and geologic r e l a t i o n s  of t he  lower and 
middle Te r t i a ry  s t r a t i g r a p h i c  u n i t s  of t h e  northern Santa Lucia 
Range. &conformities are indica ted  by wavy lines. Dots with 
letters i n d i c a t e  cri t ical  megainvertebrate co l l ec t ions  and s t age  
assignment, p a r t l y  from published sources c i t e d  i n  t ex t :  
"Capay Stage"; D, "Domengine Stage"; T r ,  "Transition Stage"; T j  , 
drawn t o  scale nor  with reference t o  t i m e  l i nes .  
l oca t ion  and o r i en ta t ion  of cross-section l i nes .  Note: Monterey 
Formation is present i n  t h e  northwestern p a r t  of t he  study area, 
bu t  no t  i n  contact with Church Creek Formation. 

C, 

* "Tejon Stage"; R, "Refugian Stage"; V, "Vaqueros Stage." Not 
See Figure 3 for 

c 
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used: 
Formation, Church Creek Formation, and Vaqueros Formation. 

S t ra t igraphy and sedimentolopy 

Junipero Sandstone, Lucia Mudstone, The Rocks Sandstone, Berry 

\ 

General 

S t r a t a  overlying the  basement rocks range age from Late 
Cretaceous t o  Quaternary, cons is t  mostly of clastic marine sedimentary 
rocks, and are about 25,000 f e e t  (7,620 m) thick. The pre-middle 
Miocene rocks are d i v i s i b l e  i n t o  two continuous sequences t h a t  are bound- 
ed-by unconformities and whose basa l  beds res 
rocks. 

a l l y  upon basement 

The o lde r  unnamed Late Cretaceous and Paleocene sequence is more 
than 10,000 f e e t  (3,050 m) t h i c k  and rests unconformably on basement 
rocks along t h e  western f l ank  of t h e  northern Santa Lucia Range (fig.  3). 
The Paleocene strata cons is t  of basa l  shallow-marine sandstone and con- 
glomerate over la in  by mudstone and s i l t s t o n e  deposited i n  deeper marine 
and possibly l o c a l l y  i n  nonmarine environments (Compton, 1957; Dickinson. 
1959). 

The younger Penutian t o  Saucesian sequence is more than 5,000 feet 
(1,525 m) t h i c k  (fig.  2) and rests unconformably’upon e i t h e r  basement 
rocks o r  the Cretaceous and Paleocene sequence. 
Junipero Sandstone of Thorup (1941), t he  Lucia Mudstone of Dickinson 
(1965), The Rocks Sandstone of Thorup (1941), t he  Berry Formation, t h e  
Church Creek Formation, and t h e  Vaqueros Formation. These units were 
deposited i n  marine environments a t  bathyal,  n e r i t i c ,  and l i t t o r a l  
depths except f o r  t h e  Berry Formation, which w a s  deposited pr imar i ly  
under nonmarine conditions,  

It” includes t h e  

Overlying younger strata, more than 10,000 f e e t  (3,050 m) t h i c k  
and middle Miocene t o  Quaternary in age, include t h e  Tierra Redonda 
Formation, Monterey Formation, Pancho Rico Formation, and Paso Robles 
Formation (Durham, 1974). 

Junipero Sandstone of Thorup (1941) 

Junipero Sandstone a t  its t y p e . l o c a l i t y  in Reliz Canyon rests 
unconformably on basement, forming t h  
Miocene sequence. 
rests unconformably(?) on the  Paleocene and Cretaceous strata. Because 

, t h e  basa l  contact is topographically i r r e g u l a r ,  t h e  Junipero is t h i c k e r  
h areas t h a t  were topographic lows and th inner  o r  l o c a l l y  absent i n  
areas t h a t  were topographic highs a t  t h e  t i m e  of deposition. It is 
th i ckes t  t o  t h e  southwest, where it is as t h i c k  as 500 f e e t  (150 m) o r  
more. The Junipero includes boulder conglomerate containing clasts 
derived from t h e  l o c a l  basement complex,cobbly and pebbly sandstone 
containing q u a r t z i t i c  and volcanic clasts derived from e i t h e r  more dis- 
t a n t  sources o r  reworked o lde r  conglomerates, and t h i n  i n t e r c a l a t i o n s  of 
mudstone and s i l t s t o n e .  Compositionally the  sandstones are a rkos i c  and 
l o c a l l y  contain abundant heavy minerals; t e x t u r a l l y  they are moderately 

base of t h e  Eocene t o  lower 
To the  southwest i n  The San Antonio River area it 
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w e l l  so r t ed  and contain subangular t o  rounded grains.  Common sedimen- 
t a r y  f ea tu res  are massive bedding, cross bedding, p a r a l l e l  lamination, 
and bioturbation. 

Locally abundant f o s s i l s  of "reefoid" algae,  mollusks, and o rb i to id  
foraminifers i nd ica t e  deposit ion i n  shallow, aera ted  marine waters dur- 
i ng  Penutian time (Dickinson, 1965, p. 33). The Junipero is a basa l  
t ransgress ive  un i t  deposited i n  nearshore, high-energy conditions t h a t  
grades upward i n t o  th in ly  bedded, f i n e r  grained strata deposited i n  
deeper marine conditions. 

Lucia Mudstone of Dickinson (1965) 

The Lucia Mudstone a t  its type l o c a l i t y  i n  the Reliz Canyon area 
cons is t s  of 300-500 f e e t  (90-150 m) of thin-bedded, greenish-gray mud- 
stone t h a t  contains interbeds of l o c a l l y  t h i c k  and massive sandstone 
and maroon mudstone i n  its upper par t .  It ranges from 0 t o  500 f e e t  
(0-150 m) o r  more i n  thickness and rests conformably on t h e  Junipero 
Sandstone o r  unconformably on basement rocks where t h e  Junipero is 
l o c a l l y  absent. 
Junipero Sandstone and t h e  overlying The Rocks Sandstone merge. 

It pinches out southeastward, where the  underlying 

Abundant and dominantly pe lag ic  foraminifers suggest f r e e  connec- 
t ions  with the  open ocean (Wardle, 1957; Dickinson, 1965), deposit ion 
a t  ou te r  n e r i t i c  t o  bathyal depths, a Penutian age f q r  t he  lower p a r t  
(Wardle, 1957) and a Ulatisian age f o r  t h e  upper p a r t  i n  Reliz Canyon. 
The poorly-sorted, b io turba ted  mudstone w a s  probably deposited slowly 
i n  a generally deep and qu ie t  marine environment with sporadic  deposi- 
t i on  l o c a l l y  of thin- t o  thick-bedded tu rb id i t e s .  

The Rocks Sandstone of Thorup (1941) 

The Rocks Sandstone a t  its type l o c a l i t y  i n  Reliz Canyon cons i s t s  
of 2,000 f e e t  (610 m) o r  more of thick-bedded t o  massive sandstone t h a t  
conformably o v e r l i e s  t h e  Lucia Mudstone and is conformably over la in  by 
t h e  nonmarine Berry Formation. To the  northwest i n  the  Church Creek 
area it is over la in  conformably by the  marine Church Creek Formation 
and t o  t h e  southeast  i t  onlaps the  Lucia Mudstone, l o c a l l y  r e s t i n g  
unconformably on basement rocks o r  conformably on the  Junipero Sandstone. 
It varies i n  thickness from 400 t o  2,000 f e e t  (120-610 m) o r  more/and 
cons is t s  of lens-shaped sandstone bodies t h a t  form prominent hogbacks 
and f l a t i r o n s  and contain minor amounts of conglomerate and t h i n  s i l t y  
sandstone and mudstone interbeds. 

c 

A meager fauna includes o r b i t o i d  foraminifers from sandstone i n  t he  
lower pa r t ,  ubiquitous p l an t  debr i s ,  and benthonic and pe lag ic  foramin- 
i f e r s  from mudstone i n  t h e  upper p a r t  (Masters, 1962; Dickinson, 1965)that 
i nd ica t e  a Ula t i s i an  and Narizian age and deposit ion primarily a t  ou te r  
n e r i t i c  and bathyal depths at  a depos i t iona l  s i t e  connected t o  t h e  open 
ocean. It is o lde r  t o  the  southeast  i n  the  Reliz Canyon area and young- 
er t o  the  northwest i n  t h e  Church Creek area. 

The Rocks Sandstone is arkos ic  and contains subangular d e t r i t u s  
i 
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t h a t  includes volcanic and q u a r t z i t i c  clasts; the  g r a i n  s i z e  coarsens 
and bed and sec t ion  thickness increase  toward t h e  southeast. Common 
sedimentary s t r u c t u r e s  and features include channeling at t h e  base of 
beds, d i sh  s t r u c t u r e s ,  mudstone rip-up clasts, groove, f l u t e ,  and load 
casts, s m a l l -  t o  large- scale cross-bedding, p a r a l l e l  lamination, con- 
vo lu t e  lamination, disturbed bedding, and imbricated pebbles and mud- 
s tone  clasts. 

The Rocks Sandstone is i n fe r r ed  t o  have been deposited as a sub- 
marine fan i n  moderately deep marine conditions. 
suggest deposit ion by t u r b i d i t y  cur ren ts ,  f l u id i zed  sediment flows, and 
gra in  flows. Paleocurrent, thickness,  and s t r a t i g r a p h i c  da ta  ind ica t e  
t ranspor t  of sediments toward t h e  northwest. 

Sedimentary s t r u c t u r e s  

Church Creek Formation 

The Church Creek Formation a t  its type l o c a l i t y  along Church Creek 
cons i s t s  of 1,250-1,500 f e e t  (380-455 m) of interbedded marine gray mud- 
stone,  brown s i l t s t o n e ,  and sandstone with minor amounts of phosphate. 
In general, i t  conformably o v e r l i e s  The Rocks Sandstone and is over la in  
conformably by t h e  Vaqueros Formation. 
outcrops elsewhere i n d i c a t d  t h a t  i t  v a r i e s  l a t e r a l l y  i n  l i t ho logy  and 
thickness,  i n t e r f inge r ing  southeastward with the  nonmarine Berry 
Formation in t h e  Church Creek and San Antonio River areas, and possibly 
in subsurface (Standard Gould 18) near Reliz Canyon. 

Sca t te red  and poorly exposed 

Abundant foramini fe ra l  and nannoplankton faunules ind ica t e  an e a r l y  
Narizian(?) t o  Refugian age, deposit ion at  ou te r  n e r i t i c  t o  ba thya l  
depths, and f r e e  connections t o  the  open ocean (Dickinson, 1959, 1965; 
Masters, 1962; Waters, 1963; Brabb and o thers ,  1971). A shallow-marine 
a l g a l ,  molluscan, foramini fe ra l ,  and c o r a l  fauna is present i n  t h e  San 
Antonio River area. These faunas da ta  ind ica t e  t h a t  it is t i m e -  t rans- 
gressive,  being s l i g h t l y  o lde r  t o  the  southeast  and younger t o  t h e  north- 
w e s t  (Masters, 1962; Waters, 1963; Dickinson, 1965). 

Shallow- t o  deep-marine mudstone, sandstone, and s i l t s t o n e  of t h e  
Church Creek Formation w e r e  deposited at ou te r  n e r i t i c  t o  bathyal depths. 
A shallow marine fauna and in t e r f inge r ing  with t h e  nonmarine Berry 
Formation ind ica t e  shallow marine deposit ion i n  t h e  San Antonio River 
area. Variable l i t h o l o g i e s ,  thicknesses,  and sedimentary f ea tu res  
probably r e f l e c t  deposit ion i n  basin f loo r ,  s lope  and she l f  environments. 

Berry Formation 

The Berry Formation at  i ts  type l o c a l i t y  i n  Reliz Canyon cons i s t s  
of interbedded conglomerate, sandstone, and mudstone t h a t  rest conform- 
ably on The Rocks Sandstone and are over la in  conformably by and l o c a l l y  
i n t e r f i n g e r  with ehe Vaqueros Formation (fig.  2). Where present i n  t h e  
east and south it rests unconformably on e i t h e r  underlying lower 
Te r t i a ry  u n i t s  o r  the  basement complex. Over basement rocks, i t  c o n s i s t s  
of a basa l  conglomerate t h a t  grades upward i n t o  a cross-bedded white 
sandstone t h a t  is i n  tu rn  over la in  by and interbedded with red t o  yellow 
mudstone. I n  t h e  w e s t ,  northwest, and southwest, i t  i n t e r f i n g e r s  with 
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t h e  Church Creek Formation. It is 600-1,500 f e e t  (185-465 m) thick.  

Although no f o s s i l s  have been found, an Oligocene(?) age has been 
assigned t o  it (Durham, 1974) because of i t s  conformable pos i t ion  below 
the  Vaqueros Formation and above The Rocks Sandstone, and its lateral 
in t e r f inge r ing  with t h e  Church Creek Formation. 
least from Refugian t o  ea r ly  Zemorrian in age. 

It probably ranges a t  

Sandstone and conglomerate of t h e  B e r r y  Formation cons i s t  of angular 
t o  well-rounded l o c a l  basement complex c l a s t s  and well-rounded q u a r t z i t e  
and volcanic clasts. Thorup (1943, p. 465) suggested t h a t  these  w e l l -  
rounded clasts were reworked from pre-Eocene conglomerates. The basa l  
conglomerate is generally poorly sor ted ,  whereas the  finer-grained white 
sandstones are moderately t o  well-sorted and contain abundant cqoss- 
beds. Common sedimentary s t r u c t u r e s  include smal l - to la rge-sca le  cross- 
bedding, climbing r ipp le s  , curren t  r i p p l e  markings , p a r a l l e l  laminations , 
l a r g e  channels, imbricated pebbles, and trace f o s s i l s .  Abrupt vertical 
and lateral  va r i a t ions  i n  bedding thickness and m a x i m u m  clast  s i z e  are 
typical.  

The Berry was deposited primarily under terrestrial conditions , 
probably i n  a l l u v i a l  fan, fluvial, dune, floodplain,  and lagoonal envi- 
ronments. The poorly sor ted ,  red-brown, b a s a l  sandstone and conglomerate 
i n t e r v a l  suggests mud-flow and debris-flow depos i t s  on a l l u v i a l  fans;  
t he  well-sorted, white cross-bedded sandstones suggest f l u v i a l ,  dune, 
and possibly beach environments; and the  interbedded white cross-bedded 
sandstones and t h e  red t o  yel€ow mudstones suggest a flood p l a i n  o r  
lagoonal environment. 
the  Church Creek and t h e  Vaqueros Formations suggests i n  p a r t  t r ans i -  
t i o n a l  marine environments. 

The in t e r f inge r ing  r e l a t ionsh ip  of t h e  Berry with 

Vaqueros Formation 

The Vaqueros Formation a t  its type l o c a l i t y  near Vaqueros Creek 
cons i s t s  of 2,000 feet (610 m) of highly f o s s i l i f e r o u s  white t o  gray, 
cross-bedded sandstone-and s i l t s t o n e  t h a t  is i n  grada t iona l  contact with 
t h e  underlying Berry Formation and overlying Monterey Formation. 
as t h i c k  as 2,500 f e e t  (765 m) o r  more and has  been l o c a l l y  subdivided 
informally i n t o  s i x  members (Thorup, 1941, 1943). Abundant molluscan 
and foramini fe ra l  faunas from the  Vaqueros Formation belong t o  the  
"Vaqueros" provinc ia l  megainvertebrate s t a g e  and Zemorrian and lower 
Saucesian foramini fe ra l  s t ages  (Thorup, 1941, 1943). Numerous molluscan 
and echinoid biostromes can be t raced  f o r  m i l e s .  Sedimentary f ea tu res  
include various types of cross-bedding, accretionary channels, l a g  
gravels,  climbing r ipp le s ,  cur ren t  r i p p l e  markings, p a r a l l e l  laminations, 
and trace f o s s i l s .  
shallow-marine environment, probably during a renewed t ransgress ion  over 
t h e  Berry Formation. 

It is 

The Vaqueros Formation w a s  deposited i n  a high-energy, 

Younger u n i t s  

The lower Eocene to lower Miocene sequence is over la in  conformably 
by t h e  shallow marine Tierra Redonda Formation of middle Miocene age 
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&id t h e  Monterey Formation of middle and la te  Miocene age. The Monterey 
is a marine s i l i c e o u s  sha le  t h a t  contains calcareous mudstone and sha le ,  
che r t ,  p roce lan i te ,  s stone, dolomite, and saine volcanic  rocks, and 
w a s  deposited a t  n e r i t i c  t o  Hbyssal depths (Durham, 1974). 

Paleogeography 

The Eocene t o  lower Miocene sequence i n  the  northern Santa Lucia 
Range was deposited within t h e  Sa l in ian  block a t  n e r i t i c  t o  ba thya l  
depths, w i th  some nonmarine sedimentation. 
a major t ransgress ion  from west-northwest t o  east-southeast from 
Penutian t o  Bu l i t i an  and possibly Narizian t i m e  ( f ig .  2). During t h i s  
t ransgress ion ,  t he  shallow-marine Junipero Sandstone w a s  deposited on a 
topographically i r r e g u l a r  basement complex, followed by deposit ion of 
the  Lucia Mudstone i n  deeper marine conditions. 
ward during Bul i t ian  t o  Refugian time, r e s u l t i n g  in deposit ion of t h e  
regress ive  The Rocks Sandstone and t h e  Berry and Church Creek Formations. 
The Rocks Sandstone submarine-fan complex w a s  covered by the  northwest- 
ward-prograding nonmarine Berry and marine Church Creek Formations. 
During Oligocene and e a r l y  Miocene t i m e ,  t h e  widespread shallow-marine 
t ransgress ive  Vaqueros Formation w a s  deposited. 

Deposition commenced during 

The sea r e t r e a t e d  w e s t -  

Approximately north-south trending s lopes  and shore l ines  are indi- 
cated by paleocurrent, thickness, petrographic, and s t r a t i g r a p h i c  
s tud ie s  of t he  Eocene t o  lower Miocene sequence i n  the  northern Santa 
Lucia Range. The source areas w e r e  located t o  the  east and southeast  
and were composed of g r a n i t i c  and metamorphic rocks and probably minor 
amounts of sedimentary rocks. Volcanic and metasedimentary clasts may 
have been derived from t h e  reworking of Cretaceous and Paleocene con- 
glomeratic rocks. 
t r anspor t  toward the  northwest. 
southeastern end of t he  depos i t iona l  area is indica ted  by (1) southeast- 
ward thinning of t h e  Eocene un i t s ,  (2) southeastward pinching out  local-  
l y  of t he  Lucia Mudstone, r e s u l t i n g  i n  t h e  Junipero and The Rocks 
Sandstone r e s t i n g  on one another, (3) the  presence t o  t h e  southeas t  of 
t h e  nonmarine Berry Formation r e s t i n g  unconfonnably on basement rocks 
and o lde r  sedimentary u n i t s ,  and (4) the  southeastward i n t e r f i n g e r i n g  
of the  marine Church Creek i n t o  the  nonmarine Berry Formation. 

Paleocurrent pa t t e rns  generally i n d i c a t e  sediment 
Proximity t o  the  source area a t  t h e  

SAN EMIGDIO AND WESTERN TEHACHAPI MOUNTAINS 

Introduction 

The lower and middle Ter t ia ry  s t r a t i g r a p h i c  u n i t s  exposed along 
the  nor th  f l ank  of t he  San Emigdio and western Tehachapi Mountains were 
deposited along the  southern margin of what is generally r e f e r r e d  t o  as 
the  San Joaquin basin. The u n i t s  form a sequence of sedimentary and 
l o c a l  volcanic rocks , t h a t  is moderately t h i c k  and complete ( f ig .  2). 
The strata d ip  northward off a pre-Tertiary c r y s t a l l i n e  basement complex, 
have been folded and f a u l t e d  along a series of south-dipping t h r u s t  
f a u l t s ,  and form a prominent northeast-plunging syncl ine  i n  t h e  Devils 
Kitchen area (fig.  5). The sequence thickens westward from a few hun- 
dred t o  many thousands of f e e t ,  with some u n i t s  extending northwestward 
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Figure 5. Simplif ied geologic  map of the San Emigdio and western Tehachapi 
Mountains (from Nilsen and others,  1973). Modified from Smith (1964) 
and Jennings and Strand (1969). DK, Devils Kitchen area, locat ion of 
Devils Kitchen syncl ine.  



i n t o  the  Temblor Range. The ages, formation rimes, and s t r a t i g r a p h i c  
r e l a t i o n s  are shown i n  f igu res  2 and 6. 

The sequence is unconformably over la in  by primarily nonmarine late 
Cenozoic sedimentary rocks and rests unconformably on pre-Tertiary plu- 
ton ic  and metamorphic c r y s t a l l i n e  basement rocks t h a t  are primarily 
g r a n i t i c ,  except i n  t h e  Los Lobos Canyon area, where mafic and u l t r a -  
mafic igneous and metamorphic rocks are present. Ross (1970, 1972) in- 
f e r r ed  t h a t  t he  non-granitic rocks are a fragment of Mesozoic oceanic 
c rus t .  

Previous work 

. 

The reader is r e fe r r ed  t o  the  l i s t i n g  of previous work by Nilsen 
and o the r s  (1973, p. H4-H7),for a summary. The l i t h o l o g i e s ,  strati- 
graphic r e l a t i o n s ,  thicknesses, ages, and depos i t iona l  environments of 
the  lower andmiddle  Tertiary s t r a t i g r a p h i c  u n i t s  are a l s o  summarized i n  
Nilsen and o thers  (1973). The upper Tertiary and Quaternary stratl- 
graphic u n i t s  are described by Hoots (1930), M c G i l l  (19511, and Dibblee 
(1961). 
with emphasis on paleogeography, are summarized by Nilsen (1973). The 
d i s t r i b u t i o n  of Te r t i a ry  and underlying basement rocks is shown by 
Dibblee and Nilsen (1973). Subsurface s t r a t ig raphy  is described by 
Tipton (1971), Tipton and o thers  (1973, 1974) , Clarke (1973), and Weber 
(19 73). 

The s t r a t ig raphy  and sedimentology of t he  Eocene TejonFormation, 

Stratigraphy and sedimentology 

General 

Te r t i a ry  sedimentation began with t h e  marine Tejon Formation of 
Eocene age, which w a s  deposited across most of t h e  study area. 
ing t h e  Tejon Formation i n  t h e  western p a r t  of the  area is a sequence 
of conformable marine un i t s ,  in  ascending order,  t he  San Emigdio,Pleito, 
and Temblor Formations. The P l e i t o  and Temblor Formations i n t e r f i n g e r  
eastward i n t o  t h e  nonmarine Tecuya Formation and t h e  San EmigdioFormation 
pinches out eastward between t h e  Tecuya and Tejon Formations. The Tecuya 
Formation conformably o v e r l i e s  t h e  Tejon Formation i n  the  eas t e rn  p a r t  
of t h e  area. 
an o s c i l l a t i n g  late Eocene, Oligocene, and e a r l y  Miocene shore l ine .  The 
Miocene Monterey Shale conformably o v e r l i e s  t h e  Temblor Formation i n  the  
western and c e n t r a l  p a r t s  of t h e  area and in te r tangues  eastward i n t o  
unnamed nonmarine conglomerate t h a t  unconf ormably ove r l i e s  t h e  Tecuya 
Format ion. 

Overly- 

Sedimentary f a c i e s  i n  t h e  c e n t r a l  p a r t  of t h e  area def ine  

Tejon Formation 

The Tejon Formation records a major eastward t ransgress ion  during 
ea r ly ,  middle and possibly la te  Eocene t i m e  followed by a westward re- 
gression i n  late Eocene time. It thickens westward from zero near Tunis 
Creek t o  more than 4,000 f e e t  (1,210 m) near  P l e i t o  Creek i n  the  c e n t r a l  
p a r t  of t he  San Emigdio Mountains; westward from the re  i t  t h i n s  t o  about 
1,000 f e e t  (305 m) near  Santiago Creek, where i t  is unconformably trun- 
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cated by the Temblor Formation on Brush Mountain (fig.  6). Marks (1943) 
subdivided the  Tejon Formation i n  the Grapevine Canyon area i n t o  four 
members, which were subsequently extended throughout the outcrop area by 
Nilsen (1973). The menibers, in ascending order, are the  Was Conglomerate 
Member, the  Liveoak Shale Member, the Metralla Sandstone Member, and the  
Reed Canyon Si l t s tone  Member. 

* 

The Uvas Conglomerate Member is a basal  conglomerate and sandstone 
tha t  rests unconformably on the basement complex. 
contact is topographically i r regular ,  the Uvas is thicker  i n  areas tha t  
were topographic lows and thinner o r  loca l ly  absent i n  areas tha t  were 
topographic highs a t  the time of deposition. Its maximum thickness is 
about 400 f e e t  (120 m). It includes boulder conglomerate containing 
clasts derived from the loca l  basement complex, pebble and cobble con- 
glomerate containg qua r t z i t i c  and volcanic clasts probably derived most- 
l y  from more d i s t an t  sources, breccia containing fragments derived by & - s i t u  weathering of the  basement complex, and thin- t o  thick-bedded sand: 
stone containing minor amounts of shale. Locally abundant f o s s i l s  of 
mollusks and orb i to id  foraminifers indicate  deposition a t  depths of less 
than 15 fathoms i n  nearshore environments with bare rock commonly ex- 
posed as shoals o r  reefs;  sedimentary s t ructures ,  grain-size dis t r ibu-  
t ions,  and textures suggest a high-energy environment of deposition. 
Trace f o s s i l s  are common local ly  as long vertically-oriented cy l indr ica l  
burrows and medium- t o  large-scale cross-strata,  flat-strata, and cur- 
rent  r ipp le  markings are common. 
sediments toward the west-northwest. The Uvas records i n  outcrop an 
eastward marine transgression tha t  spanned most of the Eocene Epoch. 
It grades upward i n t o  shale  of the overlying Liveoak Shale Member ex- 
cept a t  the eastern end of the area, where it merges with and is over- 
l a i n  d i r ec t ly  by the Metralla Sandstone Member. 

Because the basal  

Paleocurrents indicate  transport  of 

The Liveoak Shale Member is a bioturbated shale and mudstone tha t  
contains some i n t e r s t r a t i f i e d  s i l t s t o n e  i n  most areas, and sandstone i n  
its upper and lower parts where i t  grades in to  the coarser grained mem- 
bers of the Tejon Formation. It isas thick as 2,000 feet (610 m) i n  
the P le i to  Creek area; eastward it  pinches,out between the  Uvas and 
Metralla Members. Foraminifers are common and indicate  a Ulat is ian and 
Narizian (middle and la te  Eocene) age, deposition a t  lower bathyal t o  
abyssal depths t o  the w e s t  and bathyal t o  shallow marine depths t o  the 
east, and f r e e  access t o  the  open ocean. 

The Metralla Sandstone Wmber increases i n  thickness westward from 
a few hundred f e e t  near Pastor ia  Creek t o  about 2,000 f e e t  (610 m) near 
P le i to  Creek; fur ther  w e s t  i t  thins  t o  form a turb id i te  sequence t h a t  
interf ingers  with s i l t s t o n e  and shale  of the Liveoak Shale Member near 
San Emigdio.Canyon. The Metralla is conformably overlain by the Tecuya 
Formation i n  the eastern,  Reed Canyon Si l t s tone  Member i n  the central ,  
and San Emigdio Formation i n  the  western pa r t s  of the area. It consis ts  
of a shallow marine, megafossil-rich, conglomeratic sandstone character- 
ized by cross bedding and r ipp le  markings i n  the east and a deeper ma- 
r ine,  microfossil-rich, f i n e r  grained sandstone characterized by graded 
bedding, Bouma sequences and so le  markings in the w e s t .  Paleocurrents 
indicate westward transport  of sediments i n  both shallow and deep ma- 
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r i n e  fac ies .  Megafaunas and microfaunas ind ica t e  a la te  Eocene age, 
with the  u n i t  younger t o  the  w e s t ,  suggesting a late Eocene westward 
regress  ion. 

The Reed Canyon S i l t s t o n e  Member is less than 200 f e e t  (60 m) t h i c k  
and cons i s t s  of bioturbated fine-grained sandstone, s i l t s t o n e ,  and s i l t y  
sha le  containing abundant carbonaceous material. West of Reed Canyon it 
is a th in ,  very poorly exposed fine-grained u n i t  t h a t  ove r l i e s  t h e  
Metralla Sandstone Member and near  S a l t  Creek may grade l a t e r a l l y  i n t o  
t h e  middle sha le  u n i t  of the  overlying San Emigdio Formation o r  p e r s i s t  
westward as a t h i n  u n i t  below t h e  San Emigdio Formation. Foraminifers 
suggest a Narizian age. 
shallow marine sedimentation, and is in fe r r ed  t o  probably represent la- 
goonal sedimentation behind b a r r i e r  bars. 

It l o c a l l y  contains mollusks ind ica t ive  of 

San Emigdio Formation 

The San Emigdio Formation forms a sequence of marine sandstone and 
sha le  about 1,000 f e e t  (305 m) t h i ck  i n  the  Devils Kitchen area, where 
it is d i v i s i b l e  i n t o  th ree  u n i t s ,  a lower unfoss i l i fe rous  sandstone t h a t  
is l o c a l l y  conglomeratic, a middle sha le ,  and an upper f o s s i l i f e r o u s  
sandstone that also is local ly  conglomeratic. To the  east it  th ins  t o  a 
l o c a l l y  f o s s i l i f e r o u s  sandstone t h a t  pinches out between the  Tejon and 
Tecuya Formations near  S a l t  Creek. To the  w e s t  i t  thickens t o  a loca l ly  
f o s s i l i f e r o u s  conglomeratic sandstone t h a t  is interbedded with s i l t s t o n e  
and shale. 

Foraminiferal faunas ind ica t e  a Narizian age f o r  the  middle sha le  
un i t  i n  San Emigdio Canyon and deposit ion a t  upper ba thya l  o r  outermost 
she l f  depths (DeLise, 1967). Molluscan faunas from the  upper sandstone 
u n i t  i nd ica t e  a Refugian age and deposit ion a t  inner  she l f  depths. The 
San Emigdio Formation w a s  deposited w e s t  o r  of fshore  from the  nonmarine 
Tecuya Formation and may grade l a t e r a l l y  i n t o  it  as w e l l  as pinch out 
beneath it. I n  the  San Emigdio Canyon area it apparently records a 
minor eastward o r  southward t ransgress ion  followed by a regression. 
Both outcrop r e l a t i o n s  and subsurface thickness and f a c i e s  changes sug- 
ges t  der iva t ion  of sediments from t h e  south and southeast  (Nilsen and 
o thers ,  1973; Tipton and o thers ,  1973, 1974). 

P l e i t o  Formation 

The P l e i t o  Formation is about 2,300 f e e t  (700 m) of marine sand- 
stone and sha le  i n  i ts  type sec t ion  near  San Emigdio Creek. 
ably o v e r l i e s  t h e  San Emigdio Formation, i n t e r f i n g e r s  eastward i n t o  
nonmarine beds of t he  Tecuya Formation, and under l ies  t he  Temblor 
Formation. In t h e  San Emigdio Canyon area it is d i v i s i b l e  i n t o  th ree  
un i t s ,  a lower massive f o s s i l i f e r o u s  sandstone containing a t h i n  b a s a l  
conglomerate, a middle sha le  un i t ,  and an upper l o c a l l y  conglomeratic 
f o s s i l i f e r o u s  sandstone. 

It conform- 

i Mollusks from t h e  lower p a r t  of t h e  P l e i t o  ind ica t e  a Refugian age, 
foraminifers from the  middle and upper p a r t s  a Zemorrian age, and mol- 
lusks from t h e  top p a r t  a late Oligocene age (unnamed provinc ia l  mega- 
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i nve r t eb ra t e  s tage  o f  Addicott, 1972). 
t i o n  of t h e  coarse-grained u n i t s  i n  shallow marine envi roments  and t h e  
microfauna ind ica t e  deposit ion of t he  fine-grained u n i t s  a t  middle t o  
lower ba thya l  depths. The changing depths probably coincide with mi- 
gra t ions  of t h e  sho re l ine  caused by minor transgressions and regressions,  
and are defined by the  in t e r f inge r ing  contact of t h e  P l e i t o  and Tecuya 
Formations. 
changes suggest der iva t ion  of sediments from the  south and southeas t  
(Nilsen and o thers ,  1973; Tipton and o thers ,  1973, 1974). 

The megafauna ind ica t e  deposi- 

Both outcrop r e l a t i o n s  and subsurface thickness and f a c i e s  

Tecuya Formation 

The Tecuya Formation is  about 2,350 feet (715 m) t h i c k  near Tecuya 
Canyon, where it c o n s i s t s  of th ree  u n i t s ,  both t h e  upper and lower of 
interbedded red, green, gray, and brown mudstone, s i l t s t o n e ,  sandstone, 
and pebble and cobble conglomerate, and t h e  middle of b a s a l t  and andes- 
i t e  with minor amounts of dac i te .  
t h e  canyon w e s t  of Tecuya Canyon is considered t o  be of sedimentary o r i -  
gin. 
Creek, conformably on t h e  Metralla Sandstone o r  Reed Canyon S i l t s t o n e  
Members of t he  Tejon Formation between Tunis Creek and S a l t  Creek, and 
conformably on t h e  San Emigdio Formation w e s t  of S a l t  Creek. 
east, i t  is truncated with angular unconformity by an unnamed conglom- 
erate of Miocene age; t o  the  w e s t ,  it i n t e r f i n g e r s  with shallow marine 
sandstone of t he  P l e i t o  and Temblor Formations. The volcanic u n i t  
pinches out westward i n t o  t h e  marine Temblor Formation j u s t  east of San 
Emigdio Canyon. 

A b a s a l  g r a n i t i c  brecc ia  present  i n  

The Tecuya rests unconformably on basement rocks east of Tunis 

To t h e  

Vertebrate f o s s i l s  from the  Tecuya Formation ind ica t e  an Oligocene 
t o  e a r l y  Miocene age, bu t  s t r a t i g r a p h i c  r e l a t i o n s  suggest t h a t  its b a s a l  
p a r t  may be as o l d  as late Eocene (Nilsen and o thers ,  1973). It is in- 
f e r r e d  t o  have been deposited as a complex series of coalesced a l l u v i a l  
fans  on a coas t a l  p l a i n  by streams dra in ing  source areas t o  t h e  east 
and southeast. 
northwestward as t h e  la te  Eocene and Oligocene shore l ine  r e t r e a t e d  and 
it intertongues 
with marine strata. 
nearby f i s s u r e s  o r  vents. 

It is a regress ive  u n i t  t h a t  prograded westward and 

westward i n  outcrop and northwestward i n  subsurface 
The volcanic rocks were probably extruded fro? 

Temblor Formation 

The Temblor Formation is a th i ck  marine sandstone and s h a l e  u n i t  
t h a t  can be t raced  southeastward i n t o  the  San Emigdio Mountains from t h e  
Temblor Range. I n  the  w e s t  it conformably o v e r l i e s  t h e  P l e i t o  Formation 
and is conformably over la in  by t h e  Monterey Shale. 
formably o v e r l i e s  and intertongues with t h e  upper p a r t  o f  t he  Tecuya 
Formation and is  unconformably over la in  by unnamed Miocene nonmarine 
conglomerate. 
w e s t  of Santiago Creek t o  about 2,000 f e e t  (610 m) near S a l t  Creek; 
southward toward Brush Mountain, it th ins  t o  1,000 feet (305 m) o r  less, 
becomes very coarse-grained, unconformably overlaps t h e  San Emigdio and 
Tejon Formations onto the  basement complex, and contains several l o c a l  
lenses  of dac i te .  

Eastward, i t  con- 

The Temblor t h i n s  eastward from about 5,500 feet (1,675 m) 

385 



i 

Mollusks ind ica t e  a "Vaqueros" and "Temblor" age and foraminifers 
a late Zemorrian t o  la te  Saucesian age. 
suggest general  shallow marine and l o c a l  deep marine deposit ion during 
an eastward transgression; l o c a l  o s c i l l a t i o n s  of the  shore l ine  are in- 
d ica ted  by in t e r f inge r ing  with t h e  Tecuya Formation. 
apparently derived from source areas loca ted  t o  t h e  south and southeast. 

Sparse sedimentologic da t a  

The Temblor w a s  

Younger u n i t s  

The Monterey Shale, a thin-bedded s i l i c e o u s  and semi-siliceous 
sha le  of middle and late Miocene age, conformably o v e r l i e s  t h e  Temblor 
Formation (Dibblee, 1961). An unnamed a rkos i c  nonmarine conglomerate 
of probable Miocene age truncates t h e  lower and middle T e r t i a r y  sequence 
from S a l t  Creek eastward t o  Tunis Creek, where i t  rests d i r e c t l y  on 
g r a n i t i c  basement rocks. This conglomerate probably intertongues north- 
ward and westward with marine Miocene formations such as t h e  Monterey 
Shale. 

Paleogeography 

The lower and middle Te r t i a ry  sedimentary rocks of t he  S a n  Emigdio 
and western Tehachapi Mountains record a series of marine transgressions 
and regressions across a she l f  area t h a t  are defined by in t e r f inge r ing  
eastward of shallow marine sandstone and deeper marine s h a l e  with non- 
marine strata. This depos i t iona l  cyc le  began with a marine transgression 
i n  e a r l y  Eocene time and continued u n t i l  a t  least middle Miocene t i m e .  
Up l i f t  took place a t  least l o c a l l y  during la te  Oligocene o r  e a r l y  Miocene 
time i n  the  Brush Mountain area, where the  Temblor Formation t runca tes  
o lde r  strata with angular unconformity. Extensive e rupt ions  of dac i t e  
and b a s a l t  flows covered t h e  eastern terrestrial area and flowed p a r t l y  
out onto the  marine she l f  during late Oligocene and e a r l y  Miocene t i m e .  
Post-middle Miocene tectonism and t h r u s t  f a u l t i n g  u p l i f t e d  t h e  lower 
and middle Te r t i a ry  strata along the  east-west t rending  s t r u c t u r a l  
o r i en ta t ion  of t h e  present mountain range. 

Paleocurrents and f a c i e s  r e l a t i o n s  suggest der iva t ion  of sediments 
mostly from the  east and southeast  during the  Eocene and from t h e  south 
and southeast  during t h e  Oligocene and Miocene. 
cated t o  t h e  east, southeast ,  and south, and contained primarily gran i t -  
ic,  q u a r t z i t i c ,  and po rphyr i t i c  volcanic rocks. The boundary between 
mafic and f e l s i c  basement t e r r anes  near S a n  Fhigdio Canyon corresponded 
during the  la te  Eocene t o  a physical change from a shallow marine she l f  
i n  t h e  east to  a submarine s lope  and deep marine f l o o r  i n  t h e  w e s t .  
This paleogeography is expressed as a lateral  f a c i e s  change i n  t h e  
Metralla Sandstone Member of t h e  Tejon Formation. 

Source areas were lo- 

Subsurface da ta  from w e l l s  d r i l l e d  f o r  o i l  t o  t h e  nor th  ind ica t e  
t h a t  (1) t h e  submarine s lope  and she l f  edge trended approximately N 70 
E, suggesting t h a t  t u r b i d i t e s  of t h e  Metralla were derived from the  
southeast  (Weber, 1973); and (2) fine-grained Oligocene sedimentary 
rocks i n  subsurface t o  t h e  northwest beneath the southwestern San Joaquin 
Valley were deposited in deeper environments than coeval strata i n  the  
San Emigdio Mountains, suggesting t h a t  source areas were located t o  t h e  
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south i n  t h e  d i r e c t i o n  of Santiago and San Emigdio Creeks 
Tipton and o thers ,  1973, 1974). 

(Tipton, 1971; 

The area of early-Eocene t o  e a r l y  Miocene sedimentation consisted 
of a r e l a t i v e l y  narrow marine she l f  bounded on t h e  east and southeas t  by 
a cdas t a l  p l a i n  on which f l u v i a t i l e  sediments and volcanic rocks were 
deposited. 
marine s lope  and deep-sea f loo r ,  where muds and some fine-grained tur- 
b i d i t e s  were deposited. 

The area northwest of t h e  she l f  w a s  charac te r ized  by a sub- 

NORTHERN GABILAN RANGE 

The Gabilan Range is separated from t h e  northern Santa Lucia Range 
by the  Sa l inas  Valley, and is.bounded op t h e  east by the  San Andreas 
f a u l t  ( f ig .  1). It is underlain mostly by g r a n i t i c  basement rocks, al- 
though mafic and u l t ramaf ic  basement rocks are present l o c a l l y  a t  Logan 
Quarry (Ross, 1970, 1972). Lower and middle Te r t i a ry  strata are present  
north of t h e  Vergeles f a u l t  ( f igs .  2, 3), where they rest unconformably 
on the  g r a n i t i c  and mafic basement complex. 
order  of (1) t he  marine San Juan Baut i s ta  Formation of Kerr and Schenck 
(1925), Penutian o r  Ula t i s ian  t o  ea r ly  Zemorrian i n  age, 1,800-5,000+ 
f e e t  (550-1,525 m) th ick ,  a poorly bedded fine-grained sandstone and 
s i l t s t o n e ;  (2) t he  marine Pinecate Formation of Kerr and Schenck (1925), 
Zemorrian i n  age, 650-1,100+ f e e t  (200-335 m) th ick ,  a massive arkos ic  
sandstone with a few interbeds of pebble and boulder conglomerate; (3) 
nonmarine red beds of Kerr and Schenck (1925), thought t o  be Zemorrian 
and e a r l y  Saucesian i n  age on the  bas i s  of s t r a t i g r a p h i c  r e l a t ionsh ips ,  
0-1,200 f e e t  (0-365 m) thick,  pebble and boulder brecc ia  and conglomerate 
w i t h  some interbedded arkos ic  sandstone; and (4) an unnamed volcanic 
u n i t ,  thought t o  be Saucesian i n  age (dated by Turner, 1968, as 21.670.7 
m.y.), 1,000-1,400 f e e t  (305-425 m) thick,  d a c i t i c  and a n d e s i t i c  flows 
and agglomerate with interbeds of a rkos ic  sandstone ( K e r r  and Schenck, 
1925; Allen, 1946; Castro, 1967; Waters, 1968; Addicott, 1968; Turner, 
1968; Cl-k and Reitman, 1973). . 

They cons i s t  i n  ascending 

The lower 600 f e e t  (185 m) of the  San Juan Baut i s ta  Formation of 
Kerr and Schenck (1925) cons i s t s  of foramini fe ra l  s i l t s t o n e  deposited a t  
bathyal depths (Castro, 1967; Waters, 1968). The upper p a r t  of t h e  u n i t ,  
which is sandier ,  contains mollusks and foraminifers i n d i c a t i v e  of 
shallow marine deposit ion,  but may a l s o  have been deposited p a r t l y  i n  
terrestrial conditions (Clark and Reitman, 1973, p. 8 ) .  Conglomeratic 
beds i n  the  Pinecate Formation and red beds of Kerr and Schenck (1925) 
are in fe r r ed  t o  have been deposited along a shore l ine  o r  as a l l u v i a l  
fanglomerates (Allen, 1946; Clark and Reitman, 1973). 

T ETS 

Background 

o northeast-trending Eocene t o  e a r l y  Miocene paleogeo- 
graphic elements and depos i t iona l  f a c i e s  i n  the  southern San Joaquin 
bas in  are truncated by the  modem San Andreas f a u l t .  
em continuation of t h i s  bas in  has probably been displaced by r igh t - s l ip  

The presumed south- 
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along t h e  San Andreas f a u l t .  
t o  e a r l y  Miocene paleogeographic elements and depos i t iona l  pa t t e rns  of 
t he  northern Santa Lucia area cannot be e a s i l y  t raced  northward because 
of lack  of outcrops. 
em Gabilan Range is truncated by the  San Andreas f a u l t  t o  the  north 
and cannot be e a s i l y  t raced  southward because of l ack  of outcrop’s. 
vious reconstructions f o r  the  basement rocks and lower and middle 
Ter t ia ry  strata of t hese  areas along the  San Andreas f a u l t  are summa- 
r i zed  below. 

The north- t o  northwest-trending Eocene 

The Eocene t o  lower Miocene sequence i n  the  north- 

Pre- 

Offse ts  of basement rocks 

Ross (1970) concluded t h a t  mafic basement rocks i n  Logan Quarry a t  
t h e  nor th  end of t he  Gabilan Range ( f ig .  3) are o f f s e t  about 200 m i l e s  
(320 km) from mafic basement rocks near Los Lobos Canyon i n  the  western 
San Emigdio Mountains (fig.  5). Wentworth (1968), Ross (1970), and Ross 
and o thers  (1973) suggested t h a t  mafic conglomerates of Late Cretaceous 
age i n  the  Gualala area ( f ig .  1 )  are o f f s e t  350 m i l e s  (565 km) from 
t h e i r  postulated source area of mafic basement rocks i n  the  western San 
Emigdio Mountains. 

Offsets of Eocene s t ra ta  

H i l l  and Dibblee (1953) and Dibblee (1966) suggested t h a t  t he  
Butano Sandstone i n  the  Santa Cruz Mountains ( f ig .  1 )  might be o f f s e t  
225 m i l e s  (360 km) from the  Tejon Formation i n  the  San Emigdio Mountains. 
Clarke and Nilsen (1972, 1973) concluded t h a t  the  Butano Sandstone is 
o f f s e t  about 190 m i l e s  (305 km) from t h e  Point of Rocks Sandstone i n  the  
Temblor Range and suggested t h a t  Eocene strata i n  t h e  northern Gabilan 
Range are o f f s e t  t he  same amount from the  Tejon Formation i n  the  western 
San Emigdio Mountains ( f ig .  1). 

Offse ts  of Oligocene strata 

H i l l  and Dibblee (1953) and Dibblee (1966) suggested t h a t  Oligocene 
shore l ine  i n  the  northern Santa Lucia and Gabilan Ranges is o f f s e t  about 
175 m i l e s  (280 km) from a shore l ine  of s imilar  age i n  the  San Emigdio 
Mountains. Addicott (1968), based on add i t iona l  da ta ,  concluded t h a t  
t he  northeast-trending Oligocene shore l ine  and depos i t iona l  basin.pre- 
served i n  t h e  northern Santa Lucia and Gabilan Ranges are o f f s e t  190- 
200 miles (305-320 km) from t h e  same shore l ine  and bas in  i n  the  San 
Emigdio Mountains. Addicott a l s o  in fe r r ed  t h a t  t he  Oligocene northern 
Santa Lucia depos i t iona l  area o r i g i n a l l y  extended i n  unbroken fashion 
across t h e  Sa l inas  Valley and t h e  northern Gabilan Range areas t o  the  
San Andreas f a u l t .  Allen (1946) and Clark and Reitman (1973), on the  
o the r  hand, concluded t h a t  u p l i f t  had taken place during Oligocene t i m e  
on the  south s i d e  of t he  Vergeles f a u l t ,  r e s u l t i n g  i n  deposit ion of 
nonmarine and shallow marine sediments along an east-west trending shore- 
l i n e  i n  the  San Juan Baut i s ta  area t o  t h e  north ( f ig .  3). The same of f -  
set of about 180-200 miles (290-320 km) r e s u l t s  from reconstructions 
based on the  northeast-trending shore l ine  of Addicott (1968) and the  
east-west-trending shore l ine  of Allen (1946) and Clark and Reitman (1973). 
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Offsets of lower Miocene s t ra ta  

H i l l  and Dibblee (1953), Bazely (1961), Dibblee (1966), and Addicott 
J 

(1967, 1968) suggested t h a t  marine, nonmarine and volcanic rocks of t h e  
northern Gabilan Range and San Emigdio Mountains are o f f s e t  175 m i l e s  
(280 km) along the  San Andreas f a u l t .  Radiometric da t ing  and de ta i l ed  
petrographic s t u d i e s  by Turner (1968, 1969) ind ica t e  t h a t  lower Miocene 
d a c i t i c  vo lcanic  rocks (about 22 m.y.) i n  t h e  northern Gabilan Range 
are o f f s e t  about 190 m i l e s  (305 km) from similar rocks i n  t h e  western 
San Emigdio Mountains. 

Summary 

Previous workers have suggested t h a t  basement rocks and Eocene t o  
lower Miocene strata i n  the northern Gabilan Range are o f f s e t  r igh t -  
l a t e r a l l y  about 190 m i l e s  (305 km) from similar rocks i n  t h e  San Emigdio 
Mountains. From Eocene t o  e a r l y  Miocene t i m e  t h e  northern Santa Lucia 
and northern Gabilan Range depos i t iona l  areas formed a s i n g l e  intercon- 
nected depos i t iona l  area t h a t  connected northward with t h e  southern San 
Joaquin bas in  t o  form a continuous, southward-narrowing depos i t iona l  
area. The depos i t iona l  area within the  Sa l in ian  block is underlain by 
g r a n i t i c  c rus t  whereas i n  t h e  western p a r t  of the  southern San Joaquin 
basin i t  is underlain by Mesozoic oceanic c rus t .  This reconstruction 
strengthens the conclusion t h a t  Eocene t o  lower Miocene strata are off-  
set by the  same amount i n  c e n t r a l  California.  

I 

PALEOGEOGRAPHIC RECONSTRUCTIONS 

Eocene paleogeography 

A major eastward transgression of t h e  sea commenced during e a r l y  
Eocene time, r e s u l t i n g  i n  deposit ion of t he  Uvas Conglom rate Member 
and Juniper0 Sandstone, both discontinuous b a s a l  conglomerate and sand- 
s tone  u n i t s  t h a t  are younger toward t h e  east. 
east-, southeast-, and possibly southward i n  middle Eocene t i m e ,  s h a l e  
and mudstone of the  Liveoak Shale Member and the  Lucia Mudstone of 
Dickinson (1965) were deposited offshore i n  deeper water t o  the  w e s t  and 
northwest. 

As t he  shore l ine  migrated 

The t ransgress ion  reached i ts  maximum exten t  during middle o r  
possibly e a r l y  la te  Eocene t i m e ,  and was followed by a major regression 
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Sandstone Member east of San Emigdio Canyon grades l a t e r a l l y  westward 
i n  outcrop i n t o  a fine-grained, thin-bedded t u r b i d i t e  facies t h a t  i n  
tu rn  pinches out i n t o  the  Liveoak Shale Member a t  t he  w e s t  end of the  
San Emigdio Mountains; t he  Liveoak i n  t h i s  area was deposited a t  lower 
bathyal t o  abyssal depths and is  l a t e  Eocene i n  age ( f ig .  6). 

The Reed Canyon S i l t s t o n e  Member may have been deposited i n  la- 
goons behind b a r r i e r  bars  during the  regression across the  eastern she l f  
area. 
i n  t h e  northern Santa Lucia Range, although The Rocks Sandstone may 
possibly have been deposited i n  shallow marine conditions toward the  
southeast. 
i s t i c  of sedimentary basins loca ted  within t h e  northern cont inenta l  
borderland (Salinian block), and may be due t o  the  postulated extension- 
a l  pull-apart o r ig in  of the  basins,  which yielded deep, areally r e s t r i c t -  
ed basins adjacent t o  ac t ive ly  u p l i f t i n g ,  a r e a l l y  r e s t r i c t e d  source areas 
(Nilsen and Clarke, 1975). 

No c l e a r l y  defined la te  Eocene she l f  sequence can be recognized 

The lack  of lower Te r t i a ry  she l f  deposits may be character- 

I n  the  northern Gabilan Range, t he  Eocene sequence rests unconform- 
ably on basement rocks and w a s  deposited during the  same t i m e  i n t e r v a l  
as t h e  San Emigdio and northern Santa Lucia Range sequences. A basa l  
conglomerate o r  sandstone u n i t  hasnot  been described from t h i s  area, but we 
suspect t h a t  one may be present t h a t  is t h i n  o r  only l o c a l l y  present and 
would be equivalent t o  t h e  Uvas Conglomerate Member and t h e  Juniper0 
Sandstone. 
age, deposited a t  bathyal depths, comprises most of t h i s  sequence. The 
sequence is  in fe r r ed  t o  be coeval with and deposited contiguously with 
the  Liveoak Shale Member i n  t h e  western San Emigdio Mountains and cor- 
relative with and o r i g i n a l l y  continuous with the  Lucia Mudstone i n  the  
northern Santa Lucia Range. 

S i l t s t o n e  of Ula t i s ian  and Narizian and possibly Penutian 

The in fe r r ed  regional Eocene paleogeography, based on r e s to r ing  
about 190-200 m i l e s  (305-320 km) of r i g h t - l a t e r a l  s l i p  along t h e  San 
Andreas, is shown i n  Figure 7A. The Sa l in ian  block extended f a r t h e r  
north,  probably as a series of t ec ton ica l ly  a c t i v e  i s l ands  t h a t  supplied 
sediment t o  t h e  Butano-Point of Rocks deep-sea fan i n  the  western San 
Joaquin bas in  (Clarke and Nilsen, 1973). However, the  main source areas 
f o r  t h e  Eocene sedimentary rocks of t he  eastern and southern S a n  Joaquin 
basin and t h e  northern Gabilan and Santa Lucia Range areas were located 
t o  t h e  east and south i n  t h e  g r a n i t i c  basement rocks of t he  S i e r r a  
Nevada, Mojave Desert, and southern Sa l in ian  block areas ( f ig .  7A). 

Oligocene paleogeography 

The westward regression begun i n  la te  Eocene time continued during 
Oligocene t i m e  i n  both the  southern San Joaquin and northern Santa Lucia 
areas, with extensive deposit ion of t he  nonmarine Tecuya and Berry 
Formations. 
i n t e r f inge r ing  with shallow t o  deep marine deposits of t he  San Emigdio 
and P l e i t o  Formations of t h e  San Emigdio Mountains and the  Church Creek 
and lower Vaqueros Formations of t h e  northern Santa Lucia Range. 

The nonmarine deposits prograded westward and northwestward, 

Marine Oligocene strata of the  northern Gabilan Range, which include 
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Figure 7. Generalized l a t e  Eocene (A) and Oligocene (B) reg iona l  pale- 
ogeographic maps of c e n t r a l  Cal i forn ia  based on r e s t o r a t i o n  of 
about 190-200 m i l e s  (305-320 km) of post-Eocene r i g h t - l a t e r a l  off- 
set along the  San Andreas f a u l t .  
ment transport .  I n  Map A, t h e  l a r g e r  deep-sea fan  i n  the  northern 
p a r t  comprises the  Butano Sandstone of the  Santa Cruz Mountains 
and t h e  Point of Rocks Sandstone of the  Temblor Ranges, as res tored  
by Clarke and Nilsen (1973); t he  smaller deep-sea fan t o  the  south 
represents  The Rocks Sandstone. 
t r a c e  of modern Garlock and San Andreas f a u l t s ,  and San Francisco 
(SF), Monterey (M), and Bakersfield (B) shown f o r  reference. 

Arrows ind ica t e  d i r ec t ions  of sed- 

Modern coas t l i ne  (dotted l i n e ) ,  
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t he  uppermost p a r t  of t h e  S a n  Juan Baut i s ta  Formation and Pinecate 
Formation, were deposited a t  shallow marine depths, and document a 
gradual shoaling of t h i s  depos i t iona l  area from e a r l y  Eocene t o  Oligocene 
t i m e .  
ments (red beds of Kerr and Schenck, 1925) were deposited over t h e  
shallow marine deposits of earlier Oligocene age. 
published regarding t h e  source area and d i r ec t ionof  t r anspor t  of these red 
beds, although Allen (1946) and Clark and Reitman (1973) in fe r r ed  de- 
r iva t ion  from t h e  south, across t h e  Vergeles f a u l t  ( f i g .  3). Deposits 
a t  t h e b a s e o f  these  red beds appear t o  be younger than those a t  the  bases 
of t h e  nonmarine Berry and Tecuya Formations,whichmay possibly be as 
o ld  as la te  Eocene. Based on t h e  regional paleogeographic framework, we 
suggest t h a t  t h e  red beds represent t h e  northwesternmost ex ten t  of non- 
marine deposit ion during the  maximum late Oligocene regression, t h a t  they 
are r e l a t e d  t p  t he  Tecuya and Berry Formations, and t h a t  they w e r e  de- 
r ived  f r o p  source areas t o  the  east and southeas t ,  as suggested i n  p a r t  
by Addicott (1968). 

Tn apparently late Zemorrian and Saucesian t i m e ,  nonmarine sedi-  

L i t t l e  da ta  have been 

The reg iona l  Oligocene paleogeography is shown i n  Figure 7B. Source 
areas were primarily the  S i e r r a  Nevada, Mojave Desert, and southern 
Sa l in ian  block areas. 
Mountains, u p l i f t  of a l a r g e  i s l and  area apparently r e su l t ed  i n  l o c a l  
deposit ion of nonmarine sediments and widespread deposit ion of shallow- 
t o  deep-marine sandstones (Cummings and o thers ,  1962; Clark, 1968; 
Clark and R e i t m a n ,  1973). W e  conclude t h a t  t h e  southern San Joaquin 
bas in  during t h e  Oligocene continued t o  extend i n  unbroken fashion a- 
cross the  northern Gabilan Range southward i n t o  the  northern Santa Lucia 
Range area; however, nonmarine and nearshore sedimentation predominated 
during the  Oligocene i n  the  southward-narrowing trough, as opposed t o  
she l f  and deep-marine sedimentation during t h e  Eocene. The p a t t e r n  of 
broad reg iona l  u p l i f t ,  regression, and widespread deposit ion of nonmarine 
sediments toward the  c lose  of Eocene t i m e  and during the  Oligocene is 
c h a r a c t e r i s t i c  of many p a r t s  of California.  

To the  north,  i n  t he  area of t he  Santa Cruz 

Early Miocene paleogeography 

Major paleogeographic changes took place during e a r l y  Miocene t i m e .  
Extensive coeval volcanic rocks t h a t  Turner (1968) determined t o  be 
i d e n t i c a l  and o f f s e t  about 190 miles (305 km) were extruded i n  the  San 
Emigdio, Tehachapi, and northern Gabilan Range areas. I n  the  San Emigdio 
and Tehachapi Mountains, t h e  nonmarine Tecuya Formation i n t e r f i n g e r s  
westward with extensive shallow marine depos i t s  of t h e  Temblor Formation 
and i n  t h e  northern Gabilan Range, shallow marine a rkos ic  sandstone is 
interbedded with volcanic rocks (Castro, 1967). Volcanic rocks are not  
abundant i n  t h e  lower Miocene sequence of t he  northern Santa Lucia Range, 
which cons i s t s  primarily of shallow marine deposits of the  Vaqueros 
Formation and possibly some nonmarine deposits,  i f  the  upper beds of t he  
Berry Formation are as young as e a r l y  Miocene. 

Lower Miocene s h e l f ,  slope,  and abyssal depos i t s  have not  been 
carefu l ly  delineated i n  any of t he  th ree  study areas, so t h a t  t h e  re- 
gional paleogeography is not well-defined. It is  complicated by the  
angular unconformity a t  the  base of t he  Temblor Fonnation near  Brush 
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Mountain i n  t h e  westeh 'San Emigdio Mountains and l o c a l  unconfomi t ies  
a t  t h e  base of t h e  Berry and Vaqueros Formations i n  t h e  northern Santa 
Lucia area (figs. 4, 5, 6). Up l i f t  near Brush Hountain MY have shed 
sediments westward i n t o  the  area of thenor thernGabi lan  Range, and could 
possibly be r e l a t e d  t o  the  i n i t i a t i o n  of t h e  modem S a n  Andreas f a u l t  
and r i g h t - l a t e r a l  s l i p  along it. Other source areas t o  the  east, south- 
east, and possibly south remained the  s a m e  as those t h a t  w e r e  p resent  
during Eocene and Oligocene time. During t h i s  i n t e r v a l  of renewed tec- 
ton ic  a c t i v i t y  t h a t  probably extended i n t o  middle Miocene t i m e ,  Eocene, 
Oligocene and lower Miocene strata may have been s t r ipped  from much of 
the  c e n t r a l  and northern Gabilan Range and possibly p a r t s  of t he  Santa 
Lucia Range. 
Gabilan Range may have been an important source area f o r  t he  Temblor 
Formation and younger strata i n  t h e  western San Emigdio Mountains, as 
suggested i n  p a r t  by Nilsen, Dibblee, and Addicott (1973, p. H20). 

Older sedimentary rocks and g r a n i t i c  basement rocks i n  the  

SUMMARY AND CONCLUSIONS 

W e  conclude t h a t  t h e  s t r a t i g r a p h i c ,  sedimentologic, and paleontologic 
c h a r a c t e r i s t i c s  of Eocene t o  lower Miocene rocks i n  t h e  n o r t h e m  Santa 
Lucia Range, northern Gabilan Range, and San Emigdio Mountains and w e s t -  
em Techachapi Mountains are compatible with 190-200 m i l e s  (305-320 km) 
of r i g h t - l a t e r a l  o f f s e t  along the  San Andreas f a u l t .  However, l i t t l e  o r  
no post-Eocene r i g h t - l a t e r a l  o f f s e t  is apparent between t h e  northern 
Santa Lucia and northern Gabilan Ranges based on our comparison of these  
strata. 

We suggest t h a t  t h e  Eocene t o  e a r l y  Miocene southern San Joaquin 
basin o r i g i n a l l y  extended southward in narrowing fashion across  t h e  trace 
of t h e  modern San Andreas f a u l t  i n t o  t h e  areas of t h e  present northern 
Gabilan Range and northern Santa Lucia Range. I f  so, t h i s  elongate bas in  a 

o r  trough extended across  the  c e n t r a l  p a r t  of t h e  Sa l in ian  block, separ- 
a t i n g  it i n t o  a southern p a r t  apparently attached t o  t h e  western Mojave 
Desert area and a northern cont inenta l  borderland p a r t  cons is t ing  prob- 
ably of islands. The continuous S a n  Joaquin-northern Gabilan-northern 
Santa Lucia depos i t iona l  area w a s  later displaced and o f f s e t  by post- 
early'Miocene displacements along t h e  San Andreas f a u l t .  

The suggested o f f s e t s  support a general  h i s t o r y  of movement of t h e  
San Andreas f a u l t  derived from o the r  s t u d i e s  t h a t  c o n s i s t s  of (1) 135- 
260 m i l e s  (220-420 km) of pre-late Paleocene r i g h t - l a t e r a l  o f f s e t  along 
a proto-San Andreas f a u l t  t h a t  may poss ib ly  have been loca ted  i n  t h e  
present  Sa l inas  Valley, (2) no major - r i g h t - l a t e r a l  displacements 
from late Paleocene t o  e a r l y  Miocene t h e ,  and (3) 190-200 m i l e s  (305- 
320 km) of r i g h t - l a t e r a l  o f f s e t  from post-early Miocene time t o  t h e  
present along t h e  modern San Andreas f a u l t  (f ig.  8). A major angular 
unconformity and outcrops of volcanic  rocks near  Brush Mountain i n  t h e  
western San.Emigdio Mountains and t h i c k  sedimentary and volcanic  rocks 
i n  t h e  northern Gabilan Range may be r e l a t e d  t o  t h e  i n i t i a l  movements 
alonk and crea t ion  of t h e  modern San Andreas f a u l t  during ea r ly  o r  
middle Miocene time. 

. 
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i fe r red  h i s t o r y  of o f f s e t  along the  San Andreas f a u l t  i n  
c e n t r a l  and northern California.  
and o the r s  (1972); (2) Huffman (1972); (3) Turner and o thers  (1970); 
(4) Turner and o the r s  (1970); ( 5 )  Addicott (1968); (6) Clarke and 
Nilsen (1973); (7) Nilsen and o the r s  (1974); (8) Ross and o thers  
(1973); and (9) t h i s  paper (cross-hatched area). S ize  of .box in- 
d i ca t e s  i n fe r r ed  general  accuracy of t ie .  Locations of Bodega Head 
(BH), Point Arena (PA), and She l t e r  Cove (SC) shown on f i g u r e  1. 
Age estimates of t i m e  boundaries from Berggren (1972). 

Data po in t s  include (1) Dickinson 
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PALEOGENE PALEOSOLS AND PALEOCLIMATES, SOUTHWESTERN CALIFORNIA 

G. L. Peterson, S. E. Pierce, and P. L. Abbott 
Department of  Geological Sciences 

San Diego State Univers i ty  
San Diego, Ca l i fo rn ia  92182 

ABSTRACT ’ 

The Eocene rocks o f  the San Diego area (La J o l l a  and Poway 
Groups) res t  unconformably on Upper Cretaceous sedimentary rocks (Rosario 

‘Group), on mid-Cretaceous g r a n i t i c  rocks and on pre-bathol i t h i c  metavol- 
canic rocks. 
been severely weathered t o  a l a t e r i t i c  paleosol. 

The gent ly r o l l i n g  terrane beneath the unconformity has 

The l a t e r i t e  developed on the metavolcanic rocks i s  t y p i c a l l y  
hematite-enriched and b r i ck  red. 
but t y p i c a l l y  they are t h i n  erosional remnants. The paleosol developed 
on granodior i te  tends t o  be grayish-white. 
outcrops where the remaining A horizon i s  over 40 fee t  th ick.  
zon here i s  two-thirds k a o l i n i t e  and one-third residual quartz grains. Age 
o f  the paleosol i s  possibly l a tes t  Cretaceous but i t  probably ranges wel l  
i n to  the Paleocene. The formation o f  the pre-Eocene l a t e r i t i c  paleosol 
required a humid t rop i ca l  c l imate probably accompanied by lush vegetation, 
an environment which we in te rpre t  t o  be s im i la r  t o  tha t  dominant w i th in  20 
degrees o f  the modern equator. Annual r a i n f a l l  probably exceeded 50 
inches . 

Paleosol exposures are f a i r l y  common 

South o f  the U.S. border are 
The A hor i -  

I n  marked contrast  some o f  the nonmarine Middle t o  Upper Eocene 
rock un i t s  (Fr iars  Formation and Mission Valley Formation) contain wide- 
spread aggradational paleosols characterized by well-developed caliches. 
The presence o f  these cal iches i n  the Middle t o  Upper Eocene rock un i t s  
implies a marked change t o  a semi-arid c l imate and accompanying savanna- 
o r  steppe-type o f  vegetational cover. Annual r a i n f a l l  probably was less 
than 25 inches and seasonal t o  g ive a l te rna te  periods of  p rec ip i t a t i on  
and evaporative pumping necessary for soluble s a l t s  (ch ie f l y  ca lc i te)  t o  
become concentrated i n  the upper por t ion  o f  the s o i l  p ro f i le .  

Neither o f  the Paleogene paleosols i s  compatible w i th  the 
modern cl imate which i s  temperate, ar id,  and w i t h  an annual r a i n f a l l  of 
about 10 inches. Some possible explanations f o r  the markedly d i f f e r e n t  
climates indicated by the paleosols include movement o f  the continent 
(or par t  o f  the continent) w i t h  respect t o  the earth’s c l ima t i c  b e l t s  
o r  possibly markedly d i f f e r e n t  sizes o f  c l ima t i c  be l t s  i n  the Paleogene 
Period. 

I NTRODUCT ION 

The nature of the residual s o i l  formed by weathering i s  depend- 
ent on the parent rock, the topography, the durat ion o f  exposure, and, 
most importantly, the c l imate o r  condit ions o f  weathering. Given enough 
time t o  produce a mature s o i l  p r o f i l e ,  the mineralogy, thickness, and 
degree of development o f  the various s o i l  horizons are i n  harmony w i t h  
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\ the preva i l ing  c l ima t i c  conditions. 

Soils, i n  large part,  provide the sediment, both chemical and 
d e t r i t a l ,  which u l t imate ly  are transported and deposited t o  make up the 
s t ra t ig raph ic  record. In  some places, s o i l  p r o f i l e s  themselves are pre- 
served i n  the s t ra t ig raph ic  record, and are then referred t o  as paleo- 
sols. Since the ancient s o i l s  developed i n  response t o  the c l ima t i c  
condit ions preva i l ing  a t  tha t  time, the study and c l a s s i f i c a t i o n  o f  
paleosols, and comparisons w i th  the d i s t r i b u t i o n  o f  modern analogs and 
the climates under which they develop, can y i e l d  useful information 
regarding climates o f  the past. 

I n  the Paleogene succession o f  San Diego and v i c i n i t y ,  two 

It i s  the purpose o f  t h i s  paper t o  b r i e f l y  o u t l i n e  the d is-  
d i s t i n c t i v e l y  d i f f e r e n t  paleosols form a par t  o f  the s t ra t ig raph ic  
record. 
t r i b u t i o n  and character o f  these paleosols, t o  compare them w 
so i ls ,  and t o  ind icate t h e i r  implications regarding Paleogene 
o f  southwestern Cal i forn ia .  

PALE0 GEN E RECORD 

t h  modern 
c l  imates 

The Paleogene s t r a t a l  record i s  sparse i n  southwestern C a l i -  
There are no Paleocene o r  Oligo- fo rn ia  and adjacent Baja Cal i forn ia .  

cent rocks and only roughly 1,000 feet  o f  Middle and Upper Eocene rocks. 
The l a t t e r  res t  unconformably on a pre-Eocene terrane consist ing of 
pre-bathol i th ic  Upper Jurassic metavolcanic rocks, Cretaceous ba tho l i t h i c  
rocks, and a narrow b e l t  o f  post -bathol i th ic  Upper Cretaceous sedimentary 
rocks. The pre-Eocene terrane had a topographic r e l i e f  i n  excess of 
2,000 fee t  and was severely weathered p r i o r  t o  deposit ion o f  the Eocene 
rocks (Peterson and Nordstrom, 1970; Peterson, 1971; Peterson and Abbott, 
1973; Flynn, 1970). The severely weathered erosion surface and i t s  
l a t e r i t i c  paleosols are o f  probable .Late Cretaceous, Paleocene, and 
Early Eocene age and are the f i r s t  o f  the paleosols t o  be discussed 
i n  t h i s  paper. 

The Eocene sedimentary succession i s  subdivided i n t o  two mark- 
edly contrast ing groups o f  rocks (Kennedy and Moore, 1971). The lower 
and westernmost rock u n i t  i s  the La J o l l a  Group, a succession dominated 
by an assemblage o f  marine, ba r r i e r  bar, lagoonal, and c l a s t i c  rock uni ts.  
The uppermost formation i n  the La J o l l a  Group, the Fr ia rs  Formation, i s  
the on ly  rock u n i t  which is predominantly of nonmarine or ig in .  
upper and easternmost rock u n i t  i s  the  Poway Group which i s  predomin- 
an t l y  of f l u v i a l  and d e l t a i c  o r ig in .  I n  s t ra t ig raph ic  order, i t  con- 
s i s t s  o f  the Stadium Conglomerate, the Mission Valley Formation, and 
the Pomerado Conglomerate (Kennedy and Moore, 1971 ; Peterson and 
Kennedy, 1974). Within the nonmarine port ions o f  the Fr ia rs  and 
Mission Valley Formations are a number o f  th in ,  scattered, but f a i r l y  
widespread ca 1 i che horizons (Hanna, 1926; Pierce, 1974). These con- 
s t i t u t e  the second type o f  paleosol i n  the Paleogene s t r a t a l  record. 

The 

PRE-EOCENE PALEOSOL c The pre-Eocene paleosol i s  wel l  developed and widely dis-  
t r i bu ted  i n  southwestern Ca l i fo rn ia  and adjacent Baja Cal i forn ia .  It 
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i s  h igh ly  var iab le i n  h-ickness and characte rom place t o  place, bu t  
l i e s  beneath the Eoce succession and invol  a l l  pre-Eocene rock un i t s  
t o  varying degrees. One o f  the d i f f i c u l t i e s  i n  studying the pre-Eocene 
paleosol i s  tha t  i t  underwent erosion p r i o r  t o  and during deposit ion of 
the Eocene rocks. Thus the p r o f i l e  i s  only p a r t i a l l y  preserved and t o  
varying degrees. I n  rare areas near ly the e n t i r e  prof ;  l e  i s  preserved, 
whereas i n  most areas only the lower o r  C horizon i s  preserved. For 
paleocl imat lc interpretat ions,  o f  course, the A and B port ions o f  the 
p r o f i l e  are the most c r i t i c a l ,  and the f i r s t  t o  disappear under condi- 
t ions o f  et-osion. 

The pre-bathol i th ic  rocks consist  o f  a complex assemblage of 
andesi t ic  volcanic, vo lcan ic las t i c  and re la ted sedimentary rocks along 
w i t h  numerous small plutons associated w i t h  t h i s  assemblage. I n  several 
places, p a r t i c u l a r l y  i n  cu t  slopes I n  some o f  the newer res ident ia l  d is-  
t r i c t s  of San Diego and v ic in i ty ,  the upper par t  o f  the pre-Eocene paleosol 
i s  wel l  developed on the volcanic rocks and i s  we l l  exposed, a t  leas t  for  
the moment. Good exposures o f  the paleosol crop out  i n  the Rancho Penas- 
qul tos development immediately south o f  Black Mountain. Another exposure 
i s  along the western t o  southwestern f l ank  o f  Del Cerro near San Diego 
State University. Other l o c a l i t i e s  are abundant, but  the exposures are 
not  good. 
sorted c las t i cs  and c lay- r i ch  s t ra ta  o f  the Fr ia rs  Formation and the con- 
t a c t  between the two is hard t o  p i ck  wi thout almost per fect  exposure. 

Typica l ly  the c lay- r i ch  paleosol i s  over la in  by the very poorly 

A t  l o c a l i t i e s  where the paleosol i s  we l l  developed on the vol-  
canic rocks, exposures are t y p i c a l l y  b r i c k  red. 
by residual  hematite, c lay  minerals, and small chips o f  r e l a t i v e l y  unweath- 
ered parent rock. This residual cap grades downward i n t o  the same f i n e  
ferruginous mater ia l  containing spheroidal boulders o f  the r e l a t i v e l y  
unweathered parent volcanic rock, which i s  apparently wel l  down w i t h i n  
the C horizon. 

The paleosol i s  dominated 

I n  other places, the paleosol i s  developed on the g r a n i t i c  
b a t h o l i t h i c  rocks. Here i t  t y p i c a l l y  consists o f  grus or sap ro l i t e  
a l te red  t o  varying degrees depending on which par t  o f  the paleosol i s  
preserved and exposed. I f  f u l l y  preserved, the top por t ion  of the paleo- 
sol  consists of  a mixture of  quartz, c lay minerals, i ron  oxides, and 
l i t t l e  else. 
beds o f  the over ly ing Fr ia rs  Formation which consists o f  d e t r i t u s  derived 
from the paleosol (Peterson, 1971). Good exposures of  the paleosol occur 
nor th  o f  San Diego around the communities o f  Rancho Bernard0 and Poway. 
Addi t ional  exposures occur i n  E l  Cajon Valley near Santee and Lakeside, 
and along the eastern edge o f  Fletcher H i l l s ,  

The paleosol i s  d i f f i c u l t  t o  d is t ingu ish  from the basal 

The best exposure o f  the pre-Eocene paleosol located t o  date 
occurs south o f  Ti juana near Rancho Delicias. 
developed on granodior i te.  
ness. The lower por t ion  grades from unaltered granodlor i te t o  spheroidal 
boulders o f  granodfori  t e  separated by grus t o  progressively more weather- 
ed grus horizons i n  the C p r o f i l e .  The A p r o f i l e  a t  t h i s  l o c a l i t y  i s  
roughly 50 fee t  t h i ck  and consists e n t i r e l y  of kao l in i te ,  quartz, and 
minor amounts o f  i r on  oxide. It i s  severely depleted i n  a l l  soluble 

Here the paleosol i s  
The t o t a l  p r o f i l e  exceeds 100 fee t  I n  th ick-  
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compounds (Abbott e t  a1 . , 1973). There i s  no evidence o f  a zone o f  
accumulation. It i s  ove r la in  by Middle Eocene marine sedimentary rocks 
(Flynn, 1970) 

The abundance o f  k a o l i n i t e  i n  the A horizon, the t o t a l  th ick-  
ness o f  the p r o f i l e ,  and the absence o f  a B horizon a l l  ind icate tha t  
the pre-Eocene paleosol i s  a l a t e r i t e  o r  very close t o  being a l a t e r i t e .  
Although hydroxides o f  i r on  and aluminum, c h a r a c t e r i s t i c  o f  many l a t e r -  
i tes,  have not been detected, a l l  the other cha rac te r i s t i cs  f i t .  

LATE EOCENE CALICHE 

Two o f  the Middle t o  Late Eocene nonmarine rock uni ts ,  the 
F r ia rs  and Mission Valley Formations, are characterized by containing 
f a i r l y  widespread caliches. A cal iche, as we are using the term here, 
i s  a secondary accumulation c h i e f l y  composed o f  ca l c  um carbonate and 
thought t o  have formed i n  the B horizon o f  a pedocal s o i l  p r o f i l e .  I t  
i s  t y p i c a l l y  wh i t i sh  and h igh l y  f r i a b l e  w i t h  calcium carbonate making 
up about three quarters o f  the cal iche. 

Caliches have been noted i n  the Late Eocene rock u n i t s  i n  the 
past (Hanna, 1926; Emery, 1945), however, some question has been raised 
regarding t h e i r  age o f  formation. Some o f  them appear t o  be a modern 
development as they conform w i t h  the topography (Emery, 1945; Pierce, 
1974), however, an addi t ional  explanation i s  required regarding t h i s  
observation. 
ance o f  expansive montmor i l lon i t ic  clays. 
these clays provide an ideal mechanism f o r  downslope t ranspor tat ion 
o r  creep. Thus, f o r  example, i n  many places the Stadium o r  Pomerado 
Conglomerate crops out a t  the c res t  o f  a h i l l ,  drapes over the edge, 
and covers the slopes o f  the h i l l  a l l  the way t o  the bottom w i t h  a 
veneer o f  conglomeratic debris. I n  some places t h i s  veneer exceeds 10 
feet t h i c k  and without exposures i n  a r t i f i c i a l  cuts can be very m i s -  
leading. Where they crop 
out, they l ikewise drape down the sides o f  the h i l l  and conform t o  the 
modern topography. However, t h i s  i s  not where the cal iches formed, 
but ra ther  they owe t h e i r  pos i t i on  t o  downslope mass movement. 
are modern i n  a sense, but are derived from Eocene formations. For the 
purpose o f  our Paleogene paleocl imat ic i n te rp re ta t i on  we are ignor ing 
t h i s  type o f  cal iche. 

The Late Eocene rock u n i t s  are characterized by an abund- 
With we t t i ng  and dry ing 

The same phenomena works w i t h  the cal iches. 

They 

I 

Caliches are apparently not forming i n  the v i c i n i t y  o f  San 
Diego a t  the present time. O f  a l l  the sedimentary rock u n i t s  i n  San 
Diegqonly  the nonmarine Eocene formations contain cal iches i n  any , 

abundance. I f  ca l iche formation were a modern phenomenon, most rock 
u n i t s  presumably would be affected. 

An addi t ional  l i n e  o f  evidence indicates tha t  the cal iches 
are o f  Late Eocene age. 
i n  the Fraiars and especia l ly  the Mission Valley Formation, the ca l -  
iches can be observed t o  fo l low the Eocene s t r a t i f i c a t i o n .  Good 
examples o f  t h i s  type o f  ca l i che  can be found i n  the Mission Valley 
Formation i n  the Rancho Penasquitos development nor th  o f  San Diego, 

Where deep a r t i f i c i a l  cuts have been produced 
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I 
and i n  Tierrasanta, College Heights, San Carlos, and Fletcher H i l l s  i n  
San Diego (Pierce, 1974). 

Several d i f f e r e n t  types o f  ca l iche occur w i t h i n  the Mission 
Valley Formation. One type i s  t y p i c a l l y  whi te and f r i a b l e ,  but  l o c a l l y  
may be wel l  indurated. I t  i s  observed i n  a r t i f i c i a l  cuts where i t  
fol lows the s t r a t i f i c a t i o n  o f  the formation. Typ ica l l y  t h i s  type of 
ca l iche ranges i n  thickness from a few inches t o  a foo t  o r  more and gen- 
e r a l l y  i t  occurs as m u l t i p l e  layers fo l lowing one another. This type o f  
ca l  iche i s  p a r t i c u l a r l y  cha rac te r i s t i c  o f  the Rancho Penasquitos and 
Tierrasanta l o c a l i t i e s .  

A second type o f  ca l iche i s  nodular. The nodules range i n  
s i ze  from a f r a c t i o n  of  an inch t o  several inches 1ong.and are general ly 
wel l  indurated. The ca l i che  nodules are usual ly  whi te  but l o c a l l y  vary 

o r  o f  the surrounding rocks. 
ong w i t h  the bedded f r i a b l e  

t o  red, brown, o r  green depending on the co 
In some places the nodular ca l iche occurs a 
ca l  iche. 

A t h i r d  type o f  calcium carbonate 
some o f  the sandier port ions o f  the Mission 

accumulation i s  found i n  
Val ley Formation. It ranges 

from cal iche t o  a calcite-cemented sandstone i n  which c l a s t i c  mater ia ls 
make up about 50 percent of  the sample. 

The cal iches i n  the F r ia rs  and Mission Valley Formations are 
interpreted as having formed i n  B horizons i n  a series o f  s o i l  p r o f i l e s  
developed dur ing deposi t ion o f  those Late Eocene formations. The pro- 
f i l e s  o f  the pre-Eocene paleosols developed on an erosion surface, but 
the Late Eocenecaliches developed dur ing aggradation. A f t e r  the sand 
and f i n e r  c l a s t i c  mater ia ls were deposited, a s o i l  p r o f i l e  was formed 
o r  p a r t i a l l y  formed. The p r o f i l e  development was in ter rupted by f u r t h e r  
deposi t ion and another p r o f i l e  was developed on the l a t e r  deposits. The 
end r e s u l t  i s  m u l t i p l e  layers o f  ca l iche developed t o  varying degrees 
and running p a r a l l e l  t o  the s t r a t i f i c a t i o n  o f  the host formation. 

PALEOCLIMATIC IMPLICATIONS 

The development of the pre-Eocene l a t e r i t i c  paleosol implies 
tha t  a warm, humid, t r o p i c a l  c l imate ex is ted dur ing i t s  formation. 
Modern l a t e r i t e s  are predominantly located wi th in  20 degrees o f  the ' 
equator i n  the western hemisphere, w i t h i n  15 degrees o f  the equator i n  
Af r ica,  and mostly w i t h i n  30 degrees o f  the equator i n  the Asia- 
Indonesia-Austral l a  region (McNei 1, 1964). 
Cretaceous-Paleocene-Early Eocene paleocllmate t o  be s i m i l a r  t o  tha t  
o f  the modern equatorial,  b e l t .  Ra in fa l l  probably exceeded 50 inches 
per year and the average annual temperature was probably i n  the v i c i n i t y  
o f  20-25' centigrade (Maignien, 1966). 
t a t i o n  probably predominated. 

We in te rp re t  the Late 

A lush ra in fo res t  type o f  vege- 

The humid t r o p i c a l  paleocl imate indicated by the l a t e r i t i c  
paleosol d i f f e r s  markedly from the present San Diego climate. 
present the c l imate is .mi ld ,  temperate, and w i t h  about 10 inches o f  
r a i n f a l l  per year. 

A t  

The vegetation i s  characterized by grass and sparse 
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chaparral. 
c l ima t i c  conditions. 
c l imate must have undergone a dramatic change. 

A l a t e r i t i c  s o i l  p r o f i l e  could not form under the present 
Between the Ear ly Eocene and the present, the 

The reasons f o r  the c l  imat i c  change are problematical. One 
might immediately speculate tha t  i f  a humid t rop i ca l  c l imate prevailed, 
then perhaps the San Diego area might have been i n  the humid t rop i ca l  
b e l t  a t  tha t  time. The simple reconstruction o f  removing the Gulf of 
Ca l i fo rn ia  opening i s  s u f f i c i e n t  t o  put San Diego 150-175 miles to the 
south - closer t o  the area of  modern l a t e r i t e  formation, but not near 
enough. Furthermore, paleomagnetic la t i tudes  ind icate tha t  the San 
Diego area has not changed la t i tudes  s i g n i f i c a n t l y  and, i f  anything, 
was farther north (Teissere and Beck, 1973). 

A second poss ib i l i t y -  i s  thatethe present c l ima t i c  b e l t s  were 
not charac ter is t i c  o f  condit ions i n  the Eocene. Perhaps, f o r  example, 
the equatorial humid t rop i ca l  c l ima t i c  b e l t  was grea t ly  expanded t o  the 
po in t  where San Diego and v i c i n i t y  were w i th in  it. An addi t ional  possi- 
b i l i t y  includes a worldwide cl imate o f  considerably warmer and more 
humid condit ions due t o  a d i f ference i n  the pos i t ion  o f  the continents 
and resu l t ing  di f ferences i n  ear ly  Ter t ia ry  oceanic currents (Frakes 
and Kemp, 1972). We cannot say what the reasons are from evidence i n  
the San Diego area; i t  i s  clear, however, tha t  a humid t rop i ca l  c l imate 
qu i te  un l i ke  that  o f  today prevai led i n  Late Cretaceous and Early Paleo- 
gene time. 

Assuming tha t  the cal iches present i n  the Late Eocene rock 
un i t s  are indeed Late Eocene i n  age, then they imply a c l imate d i f fe ren t  
than that  prevalent i n  the e a r l i e r  Paleogene record. Caliches form i n  
areas having a t  least  semi-arid climates. Water from r a i n f a l l  soaks 
i n t o  the ground but not t o  the water table. Evaporation a t  the surface 
draws the water back t o  the surface, but the soluble sa l t s  are prec ip i -  
tated i n  the B horizon. The extent o f  ca l iche development might depend 
upon topography, s o i l  permeabil ity, amount o f  time, and so fo r th ,  but 
i t  probably would not form i n  cl imates where the annual r a i n f a l l  exceed- 
ed 25 inches (Steel, 1974), and i t  would seem a necessity tha t  evapora- 
t i o n  exceeded prec ip i ta t ion .  

We thus in te rpre t  the Late Eocenepaleoclimate as semi-arid 
w i t h  an annual r a i n f a l l  o f  less than 25 inches. I n  t h i s  c l imate the 
vegetational cover would probably be considerably less than tha t  in- 
dicated by the e a r l i e r  paleosol. We expect tha t  the vegetation would 
be more l i k e  the modern savanna o r  steppe regions w i t h  grass or other 
sparse vegetation and scattered drought res is tan t  trees and shrubs 
predominating. Ra in fu l l  would probably be markedly seasonal. Although 
we v isua l i ze  the Late Eocene cl imate t o  be semi-arid, we do not in te r -  
p re t  i t  t o  be as a r i d  as the present climate. Thus i t  might i n  par t  
ind icate a t  least  a por t ion o f  the t rans i t i on  from the humid t rop i ca l  
c l imate of the e a r l i e r  Paleogene t o  the a r i d  c l imate of  the present. 

A major change i n  Ear ly Ter t ia ry  climates was l ikewise noted 
by Frakes and Kemp (1972), who deduced c l  imat i c  condit ions f rom 
assumed posi t ions o f  continents and resu l t ing  oceanic c i r c u l a t i o n  
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patterns i n  the Eocene and Oligacene. It i s  in te res t ing  t o  note tha t  
they ca l l ed  for a change from widespread humid t rop i ca l  condit ions more 
charac ter is t i c  o f  the Eocene t o  cooler and d r i e r  condit ions i n  the Oligo- 
cene. 
ind icate that  the change took place during Late Eocene time. 

Our loca l  observations l ikewise suggest such a change except 
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OF THE ALSEA FORMATION OF WESTERN OREGON 

BY 
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ABSTRACT 

The Alsea Formation, of tuffaceous siltstone and sandstone, ranges in thick- 

ness from 50 to 1100 meters and forms an arcuate outcrop pattern on the central 

Oregon coast. Parts of both the Refugian Stage of Schenck and Kleinpell (1936) and 

the Zemorrian Stage of Kleinpell (1938) are represented in  the formation. Although 

the boundary between these stages i s  gradational, i t  i s  fairly well defined in  the type 

section at Alsea Bay. A limited number of  foraminiferal species suggest that a lower 

part of the Refugian Stage may be represented i n  the lower part o f  the Alsea Formation. 

Upper Zemorrian Foraminifera occur in  the upper part of the Alsea Formation, as well 

as in  the overlying Yaquina Formation. Based on the biostratigraphic framework of 

Kleinpell and Weaver (1963), the Alsea Formation falls entirely within the Pacific 

coast Oligocene, with the possible exception that the lowest part of the formation 

may be within the uppermost part of the Eocene. 

Foraminifera of the Alsea Formation suggest a particularly good correlation 

with the Cassidulina and Pseudoglandulina inflata zones of the Lincoln 

Creek Formation of southwest Washington, the entire known part of the type Blakeley 

Formation of the Puget Sound area, and the middle and upper parts of the Twin Rivers 

Formation of the northern Olympic Peninsula, Washington. 
* 

Outer shelf to, occasionally, upper slope depositional environments are 

inferred by the Foraminifera of the Refugian part of the Alsea Formation. Relatively 

shallow conditions, possibly inner sublittoral depths, are suggested for a short period 

during lowermost Zemorrian deposition. Shelf conditions continued through the 

remaining part of the Zemorrian, at times probably reaching outer sublittoral depths. 

Shoaling conditions are suggested L locally i n  the uppermost part of the Alsea Forma- 

tion, particularly i n  the Yaquina River area where littoral depths probably prevailed 

I 

throughout the deposition of much of the overlying Yaquina Formation. 
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INTRODUCTION 

The recently named Alsea Formation (Snavely and others, 1975) forms the 

lower part of a marine Oligocene sedimentary sequence that crops out in a westward- 

dipping arcuate outcrop belt on the central Oregon coast (fig. 1). The type section 

has been designated as exposures along both the north and south sides of Alsea Bay. 

A reference section has also been designated as outcrops and roadcuts along a part of 

the north side of the Yaquina River. Although the formation i s  thinner in  the latter 

area, contact relations both at the top and bottom of the formation are best seen in 

the Yaquina River section. 

The tuffaceous siltstone and sandstone now designated as the Alsea Formation 

are an upper part of the Toledo Formation of Harrison and Eaton of 1920. In several 

recent reports and geologic maps by Snavely and others (1 969), Snavely and others 

(1972 a,b), and MacLeod and Snavely (1973)t tuffaceous siltstone and sandstone of 

early and middle Oligocene age have been mapped for more than 65 kilometers along 

the west side of the central Oregon Coast Range and informally referred to as "s i l t -  

stone of Alsea." These strata are now formally regarded by the U.S. Geological 

Survey as part of the Alsea Formation. 

t 

In the Yaquina River section and throughout most of its area of outcrop, the 

massive- to thick-bedded tuffaceous s i 1  tstone and sandstone of the Alsea Formation 

conformably overlie thin-bedded s i  Itstone of the Nestucca Formation of late Eocene 

age. Although the contact i s  usually gradational within a few meters, in places i t  

i s  sharply defined. The Alsea Formation i s  overlain conformably by a predominantly 

sandstone sequence, the Yaquina Formation of late Oligocene and early Miocene 

age. 

The Alsea Formation ranges from 50 to 11 00 meters in thickness and shows an 

inverse thickness relation to the overlying Yaquina Formation (fig. 1)-a result from 

lateral gradation of the coarse clastic deltaic sedimentary rocks of the lower part of 

the Yaquina Formation with deeper water siltstone of the Alsea Formation. 

The Alsea Formation typica I ly consists of  massive- to medium- bedded tuffaceous 

siltstone and very fine-grain sandstone. Calcareous concretions and nodules occur in  

many outcrops. Mollusks are well preserved in  parts of the formation and Foraminifera 

are particularly abundant and diverse. 
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BIOS TRAT I G RAPHY 

Evidence for the position of the Alsea Formation i n  the Pacific coast bio- 

stratigraphic framework i s  corroborated by both the Foraminifera and Mollusca. 

Foraminifera from the formation are referable to both the Refugian Stage of Schenck 

and Kleinpell of 1936, and the Zemorrian Stage of Klqinpell, 1938. Although 

nowhere i s  the boundary between the Refugian and Zemorrian parts of the sequence 

known to be a precise horizon, i t  can be most accurately located i n  the section at 

Alsea Eay (fig. 2). There, i t  i s  placed within an unexposed part of  the section that 

has been calculated to represent about 25 meters of thickness. This concealed 

interval lies some 25 meters stratigraphically below a 20-meter-thick concretionary 

sandstone bed that i s  exposed some 80 meters below the top of the section on the 

north side of the q y .  Of the many typical Refugian species that dominate the lower 

part of the formation, those listed on the lower part of figure 2 make their highest 

occurrence at or immediately below this covered interval. Furthermore, of the 

typical Zemorrian forms that constitute the fauna of the upper part of the formation, 

those listed on the upper part of figure 2 make their lowest occurrence at or just 

above this interval. Although some characteristic Refugian forms do occur above 

and some Zemorrian forms below, the most noticeable break between typical Refugian 

and Zemorrian assemblages occurs at this interval. 

Neither the base of the Refugian Stage nor the top of the Zemorrian Stage 

are represented in  the Alsea Formation i n  either the Alsea Bay section or the Yaquina 

River section. However, the formation may extend down into the lower part of the 

Refugian Stage because a few species commonly known in that part of the stage, for 

example, Uvigerina cocoaensis, and Vaginulinopsis saundersi, do occur in  the lower 

part of the formation at Alsea Bay. Furthermore, the lower 400 meters of the forma- 

tion i n  the Alsea Bay section has yielded only poorly preserved and essentially non- 

diagnostic assemblages. 

The uppermost part of the Zemorrian Stage, as known in the Pacific Northwest, 

i s  represented i n  the superjacent Yaquina Formation. However, the occurrence in  

the Alsea Formation of such forms as Cassidulinoides californiensis, Bolivina advena, 

Uvigerinella - obesa impofita, and Planulina cushmani suggests that the Alsea Forma- 

tion may also extend up into an upper part of the Zemorrian Stage. 

The generally accepted biostratigraphic framework used by Kleinpell and 

Weaver, 1963, places the lower part of the Refugian Stage in  an uppermost part of 

the Pacific coast Eocene sequence, whereas the upper part of the Refugian Stage and 
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a l l  of the Zemorrian Stage i s  referred to the Oligocene. On this basis, the Alsea 

Formation i s  entirely within the Oligocene, with the possible exception that the 

lowest part of the formation may be in the uppermost part of the Eocene. 

Foraminifera of the Alsea Formation compare well and therefore suggest 

correlation of the formation with formations of other areas of the Pacific Northwest. 

Faunas displaying the greatest similarity are those from the Lincoln Creek Formation 

of southwest Washington, particularly those from the Cassidulina galvinensis and 

Pseudoglandulina inflata zones of Rau, 1966 and 1958. 
section of the type Blakeley Formation of the Puget Sound area and from the middle 

Assemblages from the entire 

and upper part of the Twin Rivers Formation of the northern Olympic Peninsula (Rau, 

1964) also compare well with those of the Aliea Formation. 

. PALEOECOLOGY 

Paleoecologic conditions inferred from the Foraminifera of the Alsea Formation 

are dominantly those of a shelf environment, but vary from perhaps uppermost bathyal 

to possibly littoral depths with water temperatures varying from cool to cold, particularly 

for the shallow depths suggested in  certain parts of the formation. Moderately deep 

water i s  suggested by the faunas of the lower or Refugian part of the formation. The 
persistent and in places abundant occurrences of Epistomina eocenica, Cassidulina 

galvinensis, various species of Lenticulina, varied Polymorphids, a species of Alabamina, 

Uvigerina cocoaensis, C i bi cides e lmae nsis and Plectofrond icu la ria p c k a  rdi are among 

those significant elements that together suggest outer shelf to possibly, at times at 

least, upper slope environments of deposition. The characteristically robust size of 

the Foraminifera in this part of the formation suggests optimum conditions for their 

development where an abundance of nutrients was available. Unusually large Fora- 

minifera are typical of many of the assemblages of the Refugian Stage in the Pacific 

Northwest from west-central Oregon to at least as far north as southern Vancouver 

Island, and suggest that a similar shelf environment extended throughout these areas 

during the Refugian time. 

Shelf conditions probably continued throughout much of the Zemorrign deposition. 

Evidence of a short period of particularly shallow conditions, possibly inner sublittoral 

depths, i s  suggested in  deposits of the lower Zemorrian. There, some of the deeper 

water forms that were common in the lower part of the formation are absent and a large 

Elphidum similar to - E. californicum appears common, along with a diversity of 
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i s  

Lenticulina and other Lagenids. However the occurrences iogether throughout most 
i 

f 
J 
I 

of the Zemorrian part of the section of such forms as Cassidulina crassipunctata, 

Virgulina bramlettei, Gyroidina orbicularis planata, Bdivina marginata adelaidana, 

Buliminella bassendorfensis, and Nonion incisum kernensis suggests that shelf con- 

ditions continued to prevai I, though probably somewhat shallower than during 

j Refugian times, possibly inner sublittoral but occasionally extending down to outer 

sub1 i ttoral depths. 

Shoaling probably took place locally during the deposition of the uppermost 
i 
i 
i 

part of the Alsea Formation, particularly in the Yaquina River area as marked by the 

first occurrence of Nonionella miocenica, Nonion cf. N. costiferum, Elphidium 

minutum, and a small species of Bolivina, together with the common occurrence 

again of an Elphidium similar to E. californicum. 

- 

Shoaling conditions persisted throughout the overlying and interfingering 

Yaquina Formation where littoral and some inner sublittoral depths are inferred by a 

dominance in the foraminiferal fauna of a large Elphidium, similar to E. cf. 

californicum, Nonion incisum kernensis, and Buccella mansfieldi oregonensis. 
- 
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Upper Cretaceous and Paleocene Sedimentation and Tectonic Implications, 
Simi H i l l s ,  Ventura County, California.  

Sage, Orrin,  Jr., Environmental Studies Program, University of  C a l i -  
forn ia ,  Santa Barbara 93106 

ABSTRACT 

Upper Cretaceous and Paleocene strata i n  the  Simi H i l l s  a r e  sepa- 
rated by a s l i g h t  disconformity ye t  were deposited i n  the following di- 
verse environments: 1) gravel,  sand and silt of the Upper Cretaceous 

Chico" Formation were deposited from north-northwesterly flowing t u r -  
b i d i t y  currents  on a submarine fan complex; 2)  cobble, sand, s i l t  and 
c lay  of t h e  Paleocene Simi Conglomerate, Las Virgenes Sandstone and 
"Martinez" Marine Member were successively deposited i n  a southwesterly 
flowing a l l u v i a l  system, i n  a lagoonal complex, and i n  a t ransgressive 
marine environment. 

11 

Comparison of a northwest trending, d i s t inc t ive ,  Paleocene piso- 
l i t i c  claystone i n  the  Simi H i l l s  and Santa Ana Mountains suggest ap- 
proximately 60 kilometers of l e f t - s l i p  on the  Malibu Coast-Santa Monica 
f a u l t  system. 

Other workers have noted t h a t  source area rocks f o r  Upper Creta- 
ceous strata i n  t h e  Simi H i l l s  a r e  presently not eqosed  i n  a southerly 
d i rec t ion  from these strata. 
southerly outcrops of the  Upper Cretaceous source t e r r a i n  would have 
a l s o  been displaced approximately 60 kilometers by l e f t - s l i p  on t h e  Mali- 
bu Coast-Santa Monica fault system. 

Paleocene geography suggest that the  

INTRODUCTION 
* 

Detailed s tudies  of the Upper Cretaceous "Chico" Formation , i n  t he  
eastern Simi H i l l s ,  and the  Paleocene '%Martinez" Formation of t h e  western 
Santa Susana Mountains and the  Simi H i l l s  were undertaken i n  spring of 
1971 and f a l l  of 1972 (Fig. 1). 
i n t e rp re t a t ion  of sedimentation t rends between rock strata t h a t  are 
separated by only a s l i g h t l y  disconformable contact. 
t a t i o n  of Paleocene geography of t h e  Los Angeles region has given a clue 
as t o  post-Paleocene movement on several  major southern California fault 
systems. 
merly d i r e c t l y  south-southeast of Upper Cretaceous strata of t he  eastern 
Simi H i l l s  i s  a l so  suggested by Paleocene geography. 

Results of these s tudies  have aided i n  

Further interpre-  

Subsequent l e f t - s l i p  movement of probablp source t e r r a i n  for-  

LITHOSTFUITIGRAPHY 

Upper Cretaceous St rat  a 

Upper Cretaceous strata, as exposed i n  the  eastern portion of t he  
Simi Hills comprise interbedded sandstone, s i l t s tone ,  and subordinate 
pebble conglomerate (Fig. 2). These strata have been subdivided in to  a 
lower, foss i l i fe rous  sandstone and s i l t s tone  member; a middle, sparsely 
fos s i l i f e rous ,  highly resistant sandstone and s i l t s tone  member; and an 
upper, sparsely foss i l i fe rous ,  weakly resistaat sandstone and s i l t s t o n e  
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FIGURE 1. 
Location map of study area. 
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member (Fig. 3) .  
considered t o  be late CAmpanian t o  ear ly  Maastrichtian ( ? )  (Almgren, 

Age of these strata, based on foraminiferddata ,  i s  

1973 1 

The lower member comprises dark-gray s i l t s t o n e ,  medium-grained, 
moderately sorted,  calcareous, light-brown sandstone and foss i l i fe rous ,  
coarse-grained, calcareous, light-brown sandstone. The foss i l i fe rous  
sandstone form highly r e s i s t an t  "reef-l ife" beds consisting of in-s i tu  
r e l a t i v e l y  shallow water mollusks (Popenoe , 1973). 

The middle member i s  separated from the  lower member by a fault, 
hence, v e r t i c a l  continuity between the  two sequences i s  not possible. 
The middle member comprise the  following interbedded l i tho logies  : A )  
thick-bedded, medium-to very coarse-grained, poorly sorted,  buff sand- 
stone , with subordinate pebble conglomerate, and thin-bedded light-gray 
s i l t  stone ; and B)  thick-bedded, light-gray s i l t s tone  with subordinate 
thin-bedded, f ine-to medium-grained, moderately sorted,  buff sandstone. 

The first of the above mentioned l i tho logies  contain t h e  following 
features:  1) Complete Bouma (1962) sequences consisting of a Graded 
Bedding in te rva l  0.5 centimeters t o  225.0 centimeters th ick ,  a Lower 
Parallel-Lamination in te rva l  0.3 centimeters t o  59.0 centimeters thick,  
a Contorted Bedding and Micro-Cross-Lamination (less than 5 centimeters 
high) in t e rva l  0.5 centimeters t o  17.0 centimeters th ick ,  an Upper 
Parallel-Lamination in te rva l  0.3 t o  5.0 centimeters th ick ,  and a Pelagic 
in t e rva l  ( s i l t s t o n e )  0.8 centimeters t o  15.0 centimeters thick.  The 
above thicknesses a re  qui te  var iable  as a re  the bedding un i t s  within the  
Upper Cretaceous strata. 2) Incomplete Bouma sequences consisting of 
successive, th ick ,  Graded Bedding and Lower Parallel-Lamination in t e rva l s  
separated by a t h i n  Pelagic in te rva l  o r  successive amalgamated Graded 
Bedding and Lower Parallel-Lamination in te rva ls .  3 ) Channel-shaped 
concentrations of pebble conglomerate interspersed within t h e  th ick  
Graded Bedding in te rva ls .  
within t h e  pebble conglomerate concentrations. 5 )  Bathyal depth fora- 
minifera wlthin the  Pelagic in te rva ls  (Almgren, 1973). 6) Sedimentary 
s t ruc tures  consisting of sole markings, rip-ups, flame s t ruc tures ,  slump 
fo lds ,  pebble imbrication, micro-cross-laminations, channels, and large- 
scale  cross-bedding (greater  than 25 centimeters high).  7) Lateral con- 
t i n u i t y  of some of t h e  thick-bedded sandstone un i t s  for  near ly  1200 
meters along s t r ike .  

4)  Abraded thick-shelled mollusk fragments 

\ 

The second d i s t i n c t  l i tho logic  uni t  within the  middle member has 
1) Thick-bedded (30 meters) s i l t s t o n e  the  following charac te r i s t ics :  

sequences with subordinate t h i n  (2  centimeters t o  10 centimeters) sand- 
stone beds. 
bedding ( l e s s  than 5 centimeters high). 
it i s  of a d i f fe ren t  o r ig in  than the  above mentioned fnicro-cross-lamina- 
t i ons  s ince it i s  not found within Bouma sequences. 

2) The sandstone beds contain r ipp les  and small-scale cross- 
The cross-bedding is rare ye t  

The middle and upper members a re  gradational and contain similar 
sedimentary features  as described f o r  t he  middle member. 
does contain a higher proportion of s i l t s tone  and forms correspondingly 

The upper member 
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Upper Cretaceous stratigraphic section. 
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- less  r e s i s t a n t  bedding units and outcrop patterns.  

Paleocene Strata 

Overlying the  Upper Cretaceous strata is the  Paleocene section 
(Fig. 2)  consisting of the Simi Conglomerate, Las Virgenes Sandstone and 
"Martinez" Marine Member as described by Nelson (1925). 
s t r a t a ,  based on ""Martinez" Marine Member foraminifera is  Ynezian (Mal- 
lory,  1959). 

Age of these 

Descriptive sections of t he  Paleocene s t r a t a  are shown i n  Figure 
4. 

The Simi Conglomerate contains the  following descriptive features:  
1) The contact with the underlying "Chico" Formation is  disconformable 
with loca l  cut and f i l l  s t ructures  common along the  contact. 2) Litho- 
logic  charac te r i s t ics  of the uni t  change rapidly t o  the west as shown i n  
Figure 4. 
t o  thick-bedded, moderate t o  poorly sorted, pebble-to boulder-conglom- 
era te  with subordinate interbeds of medium-to very coarse-grained, poor- 
l y  sorted,  buff sandstone. West of Runkle Canyon, the  thick-bedded 
conglomerate begins t o  grade in to  two  separate l i thologic  uni ts .  
lowest un i t  i s  a thin-bedded, red t o  pink sequence of conglomerate, 
sandstone, s i l t s tone  and p i s o l i t i c  sandy claystone tha t  thickens t o  the 
west, a t ta ining a maximum thickness of 10  meters. The upper uni t  i s  a 
medium-to very coarse-grained, poorly sorted, micaceous, light-gray t o  
white  sandstone. Lenticular interbeds of dark-gray carbonaceous shale 
a re  commonly interspersed i n  the sandstone. 
i s  considered the Las Virgenes Sandstone w e s t  of Runkle Canyon. 
Runkle Canyon the  Sandstone grades in to  conglomerate that  can no longer 
be separated from the underlying Simi Conglomerate. 
c l a s t  s i z e  and conglomerate bed thickness decrease t o  the  w e s t .  4)  The 
lower portions of the  Simi Conglomerate are non-fossiliferous. 
top of the Simi Conglomerate and Las  Virgenes Sandstone contain in-situ 
brackish water megafossils as described by Fantozzi (1955) and Zinsmeister 
(personal communication, 1973). 
well rounded, poorly sorted, and imbricated. 
within the  Simi Conglomerate, are len t icu lar ,  parallel-laminated 
contain rare large-scale , trough-shaped cross-bedding . 
the Simi Conglomerate and the Las Virgenes Sandstone west of hrnkle 
Canyon, display 
shaped cross-bedding. 

East of Runkle Canyon the  uni t  predominately consis ts  of thin- 

The 

The above sandstone unit 
East of 

3)  Conglomerate 

5) The 

6 )  Condomerate clasts a re  generally 
7 )  Sandstone interbeds, 

and 
8) Portions of 

fininpupward sequences and ra re  large-scale trough- 

The "Martinez" Marine Member overlies the  Simi Conglomerate east 
of R u n k l e  Canyon and the Las Virgenes Sandstone w e s t  of R u n k l e  Canyon. 
This unit  consis ts  of interbedded medium-to fine-grained, moderate t o  
well sorted, foss i l i fe rous ,  light-brown sandstone and fossi l i ferous 
brown-to bluish-gray, s i l t s tone .  
1) Sandstone i s  more prevalant n e w  the base of t he  Member. 
in s i l t s tone  and fine-grained, calcareous sandstone occur upsection. 
3 )  Carbonaceous fragments are common within the  sandstone near t h e  base 
of the section. 
the lower portions of the 
sils are common i n  the upper portions of the Member. 

Characterist ics of t h i s  un i t  include: 
2) Increases 

4 )  In-situ thick-shelled marine f o s s i l s  are common i n  
5 )  In-situ Shin-shelled marine fos- ember. 

6 )  Calcareous 
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concretions occur near the  top of t he  Member. 
suggest a l i t t o r a l  t o  bathyal water depth f o r  t h i s  un i t  (Mallory, 1959). 

7 )  Foramineria data 

PALEOCURRENT DIRECTIONS 

Paleocurrent data were obtained from the  middle and upper members 
of the  "Chico" Formation and from the  Simi Conglomerate. 
sent a s t a t i s t i c a l  representative of paleocurrent d i rec t ion  throughout 
t h e  areas studied as shown i n  Figure 2, Abundant data were obtainable 
from micro-cross-laminations i n  t he  Upper Cretaceous strata and from 
pebble imbrication i n  t h e  Paleocene strata. Pebble imbrication, groove 
cas t s  and small-scale cross-bedding were rare i n  the Upper Cretaceous 
strata. Paleocurrent summaries a re  shown i n  Figure 5. 

The data pre- 

DEPOSITIONAL ENVIRONMENTS 

Descriptive l i t ho log ie s ,  paleocurrent d i rec t ions ,  and sedimentary 
s t ruc tures ,  when compared t o  published diagnostic charac te r i s t ics ,  allow 
postulation of t h e  following deposit ional environments f o r  the Upper 
Cretaceous and Paleocene strata. 

Upper Cretaceous Strata 

Deposition of t h e  "Chico" Formation can be subdivided i n t o  two 
phases: one, includes the  deposition of the  sediments of t h e  lower mem- 
ber, and two, the deposition of the sediments of the  middle and upper 
members. The lower member consis ts  of foss i l i fe rous  sandstone and silt- 
stone beds. 
a r t i cu la t ed  valves. The interbedded s i l t s tone  un i t s  have w e l l  preserved 
bedding planes that could indicate  a quiet-water deposition, i n  which 
t h e  sediments were probably carr ied seaward by ocean currents  and de- 
posited from suspension. 
more ind ica t ive  of a rough water environment. Bedding i s  poorly pre- 
served and th ick ,  water-worn s h e l l  fragments are numerous. 
sand w a s  probably car r ied  offshore by strong ocean currents during 
stormy periods and deposited on t h e  ocean bottom. 

Many of the f o s s i l s  are whole, thick-shelled mollusks with 

The coarser sand and f o s s i l  interbeds a re  

The coarse 

The majority of t h e  middle and upper members are composed of coarse- 
grained c l a s t i c  sediments containing sedimentary fea tures  indicat ive of 
deposition by tu rb id i ty  currents.  
t i o n  by tu rb id i ty  currents  is found over the  e n t i r e  two members i n  the  
form of Bouma sequences. 
Bouma sequences was probably deposited from suspension by ocean currents  
between successive tu rb id i ty  flows. 

Further evidence f o r  sediment deposi- 

The Pelagic in te rva l  ( s i l t s t o n e )  within t h e  

Thick-bedded s i l t s tone  u n i t s  with subordinant thin-bedded, r ippled,  
sandstone appear t o  have been deposited from suspension and incorporated 
with offshore ocean bottom currents.  

The paleocurrent indicators  within the  Bouma sequences indicate  a 
general consistent deviation of current flow between t h e  pebble imbrica- 
t i o n  am3 groove cas t s ,  and t h e  micro-cross-laminations. Pebble imbrica- 
t i ons  indicate  a mean d i rec t ion  of sediment t ransport  t o  the  northwest. 

424 



NORTH 

19 OBSERVATJONS 

CURRENT DIRECTIONS FROM 

PEBBLE IMBRICATIONS 

I 

285 OBSERVATIONS 

CURRENT DIRECTIONS FROM 

MI C RO - C R OS S - L AM IN AT IO N S 

SENSE OF CURRENT DIRECTION 

FROM GROOVE CASTS 

CURRENT DIRECTION FROM 

SMALL-SCALE CROSS- BEDS 

37 OBSERVATIONS 

UPPER CRETACEOUS STRATA A 
PALEOCENE STRATA e 

0 -  

t34 OBSERVATIONS 

PALEOCURRENT DIRECTION FROh 

PEBBLE IMBRICATION 

FIGURE 5. 
Paleocurrent directions. 
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Groove cas t s  give a northwest-southeast sense of current flow. 
cross-laminations indicate a direct ion of current flow t o  the  north- 
northeast. 

Micro- 

The above discrepancies between the  paleocurrent directions may be 
explained by the  following ideas. 
deposition of the  Bouma in te rva ls  in terms of flow regimes (Fig. 6). 
The lower flow regime is analogous t o  the c ,  d,  and e in te rva ls  of Bouma. 
Walker defines flow regime i n  terms of bed form which suggests a gradu- 
a l l y  changing flow regime of a tu rb id i ty  current that tends t o  decrease 
during its deposition. As t he  flow decreases the turb id i ty  current can 
no longer hold the grains i n  suspension and these grains a re  then de- 
posited. Turbidity currents usually consist  of a " ta i l "  that  ca r r i e s  
smaller grains i n  suspension i n  the  lower flow regime. Walker (1967) 
states tha t  "Although the  ' tail '  generally slows down through the trac- 
t i ona l  ranges of flow regime, re la t ive ly  s t a t i c  sea water i s  drawn i n  
behind t h e  tai l  and turbulence pat terns  could r e su l t  i n  changing cur- 
rent  directions.  
the t a i l  produces r e l a t ive ly  constant eddy systems, (micro) cross-lamina- 
t ions  could be formed oblique t o  the main direct ion of the  turbidity 
current. In t h i s  case, the  (micro) cross-laminations directions would 
be divergent from the sole  marks." The paleocurrent var ia t ion between 
t h e  micro-cross-laminations and pebble imbrication and groove cas t s  
across t he  formation may i n  pa r t  be explained by an irregular eddy sys- 
t e m .  Generally, the pebble imbrication-groove cas t s  and micro-cross- 
lamination paleocurrent directions are  l e s s  divergent i n  thinner tu rb id i te  
sequences. 
water behind the "tail" of the tu rb id i ty  current. 2) Parkash and Middle- 
ton (1970) a t t r i bu te  the var ia t ion between sole  markings and micro-cross- 
laminations t o  either a tu rb id i ty  current flowing down a sinuous channel 
o r  a tu rb id i ty  current flowing from one side of a canyon t o  the other i n  
a sinuous pattern.  The finer-grained sediments would tend t o  be l e f t  be- 
hind by t h e  more rapidly flowing coarse-grained sediments. As a result, 
t he  f i n e r  sediments may have a different  direct ion of current flow. The 
paleocurrent directions from the sole  markings across the "Chico" Forma- 
t i o n  are  r e l a t ive ly  uniform. Therefore a current floiring down a sinuous 
channel i s  rather unlikely. 
s l i gh t ly  i n  direct ion because of bottom irregularities. 
case, a s l igh t  discrepancy between sole markings and micro-cross-lamina- 
t ions  might appear. 
s i l t s tone  beds, contain small-scale cross-bedding that shows a general 
northeast current direction. 
Bouma sequences and are somewhat rare across the  formation. 
scale  cross-bedding may have formed by the reworking o r  deposition of 
sediments by t r ac t ion  currents. 
t o  be no def in i te  d e p t h l i m i t  t o  appreciable currents on the sea f loor .  

1) Walker (1967) characterizes the 

If a large-scale inward movement of sea water behind 

This retiuced divergence may be caused by a smaller inf lux of 

However, a tu rb id i ty  current may have deviated 
If t h i s  were the 

3) S m a l l  lenses of sandstone, occurring between 

These sandstone lenses a re  not par t  of the 
The small- 

Shepard (1963) s t a t e s  that there appears 

The small-scale cross-bedding un i t s  may be a clue t o  t h e  deviation 
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between pebble imbrication, groove casts ,  and micro-cross-lamination 
paleocurrent directions.  
be deposited from a tu rb id i ty  current t rave l l ing  i n  a north-northwest 
direct ion,  a pers is tent  t rac t ion  current may have exerted a northeast 
t o  eas te r ly  component of force. 
tend t o  cause an actual  depositional direction of the  micro-cross- 
laminations i n  a north t o  northeast direction. The northeast direction 
of t he  t rac t ion  current i s  reasonable because of the general northeast 
component of paleocurrent direct ion shown by the small-scale cross- 
bedding. 

A s  the micro-cross-laminations were about t o  

This component of current force would 

Walker (1967) compiled a l is t  of features  fo r  proximal versus d i s t a l  
t u rb id i t e s  (Fig. 7 ) .  Proximal turbidi tes  a re  deposited i n  a near-shore 
environment on continental shelves, i n  submarine canyons, on submarine 
fans,  and a t  the  base of subnarine fans. 
i n  a far-shore environment on the  ocean or basin f loor ,  o r  on abyssal 
plains.  

Distal  turbidi tes  are deposited 

Characterist ics of the  turb id i tes  of the  "Chico" Formation based on 
representative detai led measurements (Sage, 1971) plus general observa- 
t ions  across the  formation follow: 

A. Beds thick: Approximately 50 percent of the  beds measured a re  
greater  than 15 centimeters thick.  Generally, the beds across the for- 
mation are greater  than 15 centimeters and they a re  often over 3 meters 
thick.  

' 

B. Beds coarse-grained: Approximately 48 percent of the  beds mea- 
sured consis t  of medium-to very coarse sand. 
across the formation are very coarse. 

Generally, grain s izes  

C. Individual sandstones often amalgamate: In 17 percent of the  
measurements the  sandstones amalgamated. Generally, within the  forma- 
t i o n  the  coarse-grained sandstones tended t o  amalgamate. 

D. Beds irregular i n  thicknesses: Bedding i s  highly i r regular  i n  
thickness across the en t i r e  formation. 

E. Scours, washouts and channels common: conglomerate f i l l e d  
channels, scours, and washouts are common a t  the  base of the tu rb id i t e  
sequences. 

F. Mudstone partings between sandstone poorly developed. Sand/ 
Mudstone partings are poorly developed i n  the thick- mud r a t i o  high: 

bedded, coarse-grained units.  
about 1 O : l .  
exceptions t o  t h i s  a re  found i n  a th ick  siltstone-sandstone uni t  near 
the summit of the  Simi Hills, and in t he  s i l t s tone  interbeds of t he  
upper member. 

Sand/mud r a t i o  var ies  from about 1 : l t o  
Generally, the sand is  more abundant than the  mud. Two 

G. 
well-graded. 

Beds ungraded or  crudely graded: A majority of t he  beds are 
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PROXIMAL DISTAL 

A. Beds Thick A, Beds Thin 

B. Beds Coarse Grained B. Beds Fine Grained 

C . Individual  Sands tones C , Individual  Sands tones Rarely 
Cften Amalgamate Amalgamate 

D. Beds I r r e g u l a r  i n  

E. Scours, Washouts and E. Few Small  Scours, No Channels 

D. Beds Regular i n  Thickness 
Th i c  kne s s 

Channels Common 

F.  Mudstone Part ings F. Mudstone Layers Between 
Between Sandstones Sandstones Well Developed, 
PGorly Developed o r  
Absent. Sand/Mud Rat io  
High 

Sand/Mud Rat io  Low 

C .  Beds Ungraded or  
Poorly Grad2d 

H.  Base Of Sand Always 
Sharp, Top Often Sharp Top Grades In to  F iner  
Many AE Sequences 

Occur Infrequent ly  Very Common 

G. Beds Well Graded 

H, Base of Sand Always Sharp 

Sediment, AE Sequences Rare 

I. Laminations and R i p p l e s  I. Laminations and R i p p l e s  

J. Scour Marks Occur More J. Tool Marks Occur More 
Frequently than Tool 
Marks 

Frequent ly  than Scour Marks 

of turbidity current deposits (Walker, 1967). 
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H. Base of sandstone always sharp, top often sharp, many a-e 
sequences: 
sand bases; 86 percent of the  intervals '  tops a re  sharp; and 25 percent 
are complete a-e Bouma sequences. 
hold t rue  across the  formation. 

Eighty-five percent of the  measured intervals  have sharp 

The same general percentages should 

I. Laminations and r ipples  occur infrequently: Ripples and lamina- 
t ions  occur infrequently; i n  approximately one-third of the  measured se- 
quences. 

J. Scour marks more frequent than too l  marks: Tool marks and 
scour marks were rare i n  the Formation. 

From the  above c r i t e r i a ,  one can postulate t h a t  the  tu rb id i ty  se- 
quences of the  "Chico" Formation are proximal turbidites. 
of proximity is  d i f f i c u l t  t o  determine, however, because the  beds do not 
contain material coarser than pebble s i ze ,  beds a re  w e l l  graded, a-e se- 
quences are not too common; and the sand t o  mud percentage is  about equal. 

The degree 

The grain s i ze  i s  determined i n  par t  by the  r e l i e f ,  l i thology, and 
erosional fac tors  i n  the  source area, plus the distance of t he  source 
area from the shore. 
i n  par t  upon the  size of the materials supplied. 

Thus, the grain s ize  within the rocks should depend 

Beds are w e l l  graded which precludes a very proximal environment be- 
cause segregation of t he  grains must occur over "some distance" o f* tu rb id i -y  
current flow t o  produce grading. 

Many a-e sequences are missing. This may be due t o  non-deposition 
because of the rap id i ty  of emplacement, or many of the  in te rva ls  may 
have been scoured or eroded away by the  impinging coarse-grained sedi- 
ment s of the  next successive flow. 

The equal sand t o  mud percentages occur only i n  l imited areas and 
are related t o  a decrease i n  the amount of sand-sized material deposited 
by each successive tu rb id i ty  current. 

In summary, it is postulated from available data, that the c l a s t i c  
material of the middle and upper members was deposited on the  lower por- 
t ions  of a la rge  suba r ine  fan complex primarily by north-northwesterly 
flowing tu rb id i ty  currents,  by northeasterly t r ac t ion  currents,  and from 
suspension. 

Paleocene S t r a t a  

The Simi Conglomerate, Las Virgenes Sandstone and "Martinez" Marine 
Member present at  least four separate deposit i o n d  environments , 
lower portion of the  Simi Conglomerate was  probably deposited by a south- 
westerly-flowing braided r ive r  complex (Fig. 8).  
portion grades westerly in to  the  red conglomerate-claystone which was 
probably deposited i n  a southwesterly-flowing meandering r ive r  and 
lagoonal environment (Fig. 9A and gB). 
discontinuous pods of carbonaceous shale, and sandy p i s o l i t i c  claystone. 

The 

The lower conglomerate 

The claystone deposits consist  of 
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CHARACTERISTICS OF ALLUVIAL FAN AND BRAIDED RIVER DEPOSITS 

GECMETRY: prismatic;  fan  o r  blanket  shape; downslope t rend-  
ing  complex of channel l e n t i l s  of var ious sedinrent types;  
depos i t s  perpendicular t o  depos i t iona l  s t r i k e ;  upslope 
po r t ion  of depos i t  fan  shaped. 

LITHOLOGY : poorly sor ted conglomerate and coarse-grained 
sandstone; subordinate  s i l ts tone,carbonaceous sha le s ,  
pea t  and coa l ;  sandstone usual ly  micaceous; l a t e r a l ,  
v e r t i c a l  ,and downslope decrease i n  g ra in  s i z e ;  s o r t -  
ing  may improve downslope; f ining-  upward sequences of 
conglomera te-sands tone-isolated sha le ;  u n i t  commonly 
grades i n t o  meandering r i v e r  downslope. 

SEDIMENTARY STRUCTURES : l e n t i c u l a r  channel depos i t s  of 
conglomerate,sandstone and downslope,occasional s i l t -  
s tone  and carbonaceous sha1e;pebble imbricat ion;  cong- 
lone ra t e  commonly inverse graded and matr ix  supported; 
v e r t i c a l  sequences of conglomerate ,massive t o  graded 
sandstone, la rge-sca le  cross-bedded and paral le l - lamin-  
a ted sands tone . 

PALEOCURRENT PATTERNS : l o c a l l y  trend downs lope; region-  
a l l y  fan-shaped; source upcurrent. 

FOSSILS: rare ver tebra tes ;  conmon p lan t  fragments. 

References : Doeglas (1962) , Beerbower (1964), Allen (1965) , , Klein (19671, Sel ley  (19701, Fisher (1971). 

FIGURE 8 
Characteristics of alluvial fan and braided 

river deposits. 
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CHARACTERISTICS OF MEANDERING RIVER DEPOSITS 

GEOMETRY: shee t ;  coalesced conglomerate and sandstone 
channels enclosed i n  shale .  

LITHOLOGY: coarse-to fine-grained sandstone and sha le  
with subordinate  conglornerate,peat and coa1,and clay-  
s tone; micaceous sands tone comaon; downslope decrease 
i n  g ra in  size.  

SEDIMENTARY STRUCTURES: fining-upward sequences of cong- 
lomerate , large-scale  cross-bedding and paral le l - lamin-  
a t i o n s  within sandstone,rippled sandstone,and laminated 
s i l t s t o n e ;  conglomerate and sandstone usual ly  graded. 

PALEOCURRENT PATTERNS: wide scatter;  reg iona l ly  p a r a l l e l  
to  pa Leos lope . 

FOSSILS: p lan t  deb r i s ;  rare ve r t eb ra t e s ;  f r e s h  t o  brackish-  
water megafossils .  

References: Beerbower (19641, Allen (19651, Klein (19671, 

A 
B 

Pot t e r  (19671, Shelton (19671, S e l l e y  (1970). - --- -- - 
CHARACTERISTICS OF LAGOONAL DEPOSITS 

GEOMETRY: shee ts  o r  shoestr ings p a r a l l e l  t o  paleo- 
s t r i k e ;  o f t e n  discontinuous.  

LITHOLOGY: patchy d i s t r i b u t i o n  of c l a y s t o n e , s i l t s t o n e ,  
f ine-grained sandstone,peat and coa l ;  c l a s t i c  s ize  
may change l o c a l l y  where a l l u v i a l  channels present .  

SEDIMENTARY STRUCTURES: conglomerate channels occasion- 
a l l y  present ;  laminated f i n e  grained sandstones and 
s i l t s t o n e s ;  pods and seams of peat and coal .  

PALEOCURRENT PATTERNS : rare except wi th in  a l l u v i a l  dep- 
osits .  

FOSSILS: f r e s h  and brackish-water megafossi ls ;  p l a n t  
fragments . 

References : Moore (19661, Selley (1970) . 
FIGURE 9 

A. Characteristics of meandering river deposits. 
B. Characteristics of lagoonal deposits. 

,- 
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The p i s o l i t i c  claystone i s  found within a d i s t inc t ive  marker bed about 1 
meter thick.  Overlying the  red conglomerate-claystone, west of Runkle 
Canyon, is  the L a s  Virgenes Sandstone which contains features of both a 
lagoonal-alluvial depositional environment. The "Martinez" Marine Mem- 
ber w a s  deposited i n  a transgressive marine environment (Fig. 10).  

PALEDGEOGRAPHY 

Regional paLeogeographic reconstruction of Upper Cretaceous strata 
are  not feasible  based only on study o f ' s t r a t a  i n  the  eastern Simi Hills. 
However, paleocurrent data do indicate t h a t  source t e r r a i n  f o r  these 
strata existed d i r ec t ly  t o  the south-southeast ( t h i s  report)  and east 
(Colburn, 1973). 

Source t e r r a i n  f o r  the  above Upper Cretaceous strata a re  not exposed 
i n  a d i r e c t  south-southeast direction. Pre-Upper Cretaceous igneous 
basement t e r r a i n  i n  the northern Santa Ana Mountains as described by 
Colburn (1973) may be similar t o  Chico" Formation conglomerate c l a s t s  of 
t he  Simi H i l l s  (Sage, 1971). 
igneous rocks are presently s i tuated east of the  Simi H i l l s  Upper Cre- 
taceous deposits and on t he  south side of the Malibu Coast-Santa Monica 
f a u l t  system. Juxtaposition of these strata with possible source t e r r a in  
would require 50 t o  80 kilometers of palinspastic res torat ion on the  le f t -  
l a t e r a l  Malibu Coast fault system as suggested by Colburn (1973). 

11 

However, northern Santa Ana Mountains 

Study of Paleocene s t r a t a  i n  the  Simi H i l l s ,  western Santa Monica 
Mountains, Elsinore and Santa Ana Mountains area (Sage, 1973), have al- 
lowed paleogeographic reconstruction fo r  these strata which i n  turn  can 
help account fo r  the lack of source t e r r a i n  d i r ec t ly  south-southeast 
of t he  Upper Cretaceous strata of t he  eastern Simi H i l l s .  

Paleocene geography i s  interpreted as consisting of a contiguous 
se r i e s  of r i v e r s  flowing southwesterly in to  a lagoonal complex which was 
subsequently transgressed by marine waters. 
f igurat ion of the Paleocene geography for  t he  Simi H i l l s ,  western Santa 
Monica Mountains, Elsinore, and Santa Ana Mountains loca l i t i e s .  

Figure 1lA shows the  con- 

The following episodes of movement a re  postulated as a means of 
positioning t h e  reconstructed Paleocene l o c a l i t i e s  of Figure 1lA in to  
t h e i r  respective or ientat ions today (Figure 1 1 C ) .  

The first episode of movement involves the Malibu Coast-Santa Monica 
f a u l t  system along which Yerkes and Campbell (1971) suggested 90 kilo- 
meters of l e f t - s l i p  movement i n  middle Miocene time. This hypothesis was 
based i n  par t  on t h e  offset  of a north-south trending p i s o l i t i c  claystone 
uni t  i n  the  Santa Monica Mountains and Santa Ana Mountains. 
shows a reconstructed lower Paleocene geography and Figure 11B shows the 
posit ion of Paleocene strata at  the  end of middle Miocene t i m e .  
r e a l i s t i c  o f f se t  of 60 kilometers f o r  t he  claystone uni t  i s  postulated f o r  
t h e  following reasons: 
which probably closely pa ra l l e l s  a northwest-southeast trending lower 
Paleocene shoreline; 2 )  the  locat ion of t he  claystone i n  the  Simi Hills 
reduces the  postulated 90 kilometers of lef t -s l ip;  and 3) palinspastic 

Figure 1I.A 

A more 

1) t h e  claystone represents a lagoonal deposit 
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CHARACTERISTICS OF TRANSGRESSIVE MARINE DEPOSITS 

GEOMETRY: t h i n  sandstone shee t s  o r  shoes t r ings  commonly 
p a r a l l e l  t o  pa l eos t r ike ;  t h i ck  l a t e r a l  sequences of 
sandstone and sha le .  

LITHOLOGY: 1 )  coa r s+ to  fine-grained ,poor t o  w e l l  so r t ed  
sandstone over ly ing  a l l u v i a l  o r  lagoonal depos i t ;  com- 
mon pebble conglomerate and micaceous concen t r a t ions ,  
and i s o l a t e d  pea t  o r  c l a y  l e n t i l s  and pods 2 )  preceed- 
ing  l i t ho logy  ove r l a in  by moderate t o  w e l l  s o r t e d ,  
coarse- t o  fine-grained sands tone ,sha le  and l imestone;  
g r a i n  s i z e  decreases  up sec t ion .  

SEDIMENTARY STRUCTURES: grada t iona l  o r  abrupt  l a t e ra l  
and v e r t i c a l  con tac t s ;  sand u n i t  d i r e c t l y  above a l l -  
u v i a l  or  lagoonal depos i t  commonly coarsens upward 
and conta ins  l a rge - sca l e  cross-bedding and p a r a l l e l -  
laminated sandstone; over ly ing  sandstone-shale seq- 
uence may con ta in  pa ra l l e l - l amina t ions  and r i p p l e  
marks . 

PALEOCURRENT PATTERNS: l a rge - sca l e  cross-bedding d i p s  on 
o r  o f f shore  and i s  b ipo la r  if wi th in  t i d a l  channel. 

F O S S I L S :  shal low t o  deepwater marine megafossi ls  over- 
l i e  f r e s h  t o  brackishwater megafossi ls  and p l a n t  f r ag -  
ments . 

References : Klein (19671, P o t t e r  (1967) Shel ton  (1967), 
Selley (1970) . 

FIGURE 10 
Characteristics of transgressive marine 

deposits. 
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res tora t ion  of Paleocene strata by the  Whittier-Elsinore f a u l t  system 
was not considered i n  the  or ig ina l  90 kilometer estimate. 
kilometer o f f s e t  i s  probably only accurate t o  +5 kilometers s ince a dis- 
t i n c t i v e  f ac i e s  "wedge-out l ine"  could not be iocated; hence, areas of 
similar sedimentary sequences were chosen as areas  of of fse t .  

The 60 

A second episode of  movement is  shown i n  Figure 1 1 C  where approxi- 
mately 40 kilometers of r igh t -s l ip  is  suggested along t h e  Whittier- 
Elsinore fault system due t o  o f f se t  of t he  claystone uni t .  
a l s o  postulated about 40 kilometers of r igh t -s l ip  based on o f f s e t s  of 
Paleocene marine f ac i e s  during l a t e  Miocene t o  ear ly  Biocene time. 
t i o n a l  movement of the Simi Hills and Santa Monica Mountains l o c a l i t i e s  
t o  t h e  north and west a l so  occurred along the  San Gabriel f a u l t  system. 
Crowell (1962) c i t e s  documentation of approximately 50 kilometers of 
r igh t -s l ip  along t h i s  system primarily during Pliocene time. 

Lamar (1961) 

Addi- 

A t h i r d  episode of movement i s  shown i n  Figure 1 1 C  where late Plio- 
cene t o  ear ly  Pleistocene, north t o  south thrust ing,  took place i n  t h e  
Simi Hills-Santa Monica Mountains area (Yerkes and Campbell, 1971). 
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UPPER PALEOCENE-MIDDLE EOCENE PLANKTONIC BIOSTRATIGRAPHY 
FROM THE GREAT VALLEY OF CALIFORNIA AND ADJACENT AREAS, 
AND CORRELATION TO THE WEST COAST MICROFAUNAL STAGES 

Ronald R. Schmidt 
Rijksuniversiteit te Utrecht 

Geologisch Instituut 
Utrecht, the Netherlands 

INTRODUCTION 

Planktonic microfossilL are now employed on a worldwide basis as a 
means of detailed biostratigraphic analysis. 
foraminifera and calcareous nannoplankton studies in various parts of the 
world have established these two groups as the most significant for inter- 
regional correlations. This has resulted in so-called standard zonations, 
often used with a number notation: for planktonic foraminifera, see Berggren 
(1972); and for calcareous nannoplankton, see Martini (1971). These two 
zonations have gained recognition as scales for worldwide biostratigraphy and 
are often used in the sense of chronozones. 
Eocene interval under consideration, the standard planktonic foraminiferal 
zonation follows that of Bolli (1957a,b; 1966) for Trinidad. For the same 
interval, the calcareous nannoplankton zonation agrees with the compilation of 
Mohler and Hay and Hay (in Hay et aZ., 1967; also Hay and Mohler, 1967). 
purposes of comparison, these latter papers will be referred to as the 
standards as they are the more direct sources of the data. 

At present, planktonic 

For the Upper Paleocene-Middle 

For 

For biostratigraphic and chronostratigraphic subdivision of Paleogene 
strata from California, the microfaunal scheme of Mallory (1959) is most 
commonly used. Oppel-zones of benthonic foraminifera are utilized to define 
a sequence of zones and stages widely employed on the West Coast. 

I 
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Mallory (1959) also provides information on previous attempts at subdivision, 
including some data of the informal molluscan zonation, or the so-called 
megafaunal scheme. The papers on calcareous nannoplankton of Bramlette 
and Sullivan (1961) and Sullivan (1964, 1965) provide another means of 
analyzing the same strata (e .g. ,  Mohler and Hay and Hay in Hay e t  aZ., 1967; 
Hay and Mohler, 1967). The work of Sullivan (1966, 1965) is directly 
comparable to that of Mallory in that he makes use of the same sections and 
samples utilized earlier by Mallory (1959). 

The planktonic foraminifera have promise as another means for analyzing 
Paleogene strata in California. 
interval have appeared (i,aZ., Milow in Milow and Ennis, 1961; Bandy and 
Kolpack, 1963; Lipps, 1967; Steineck and Gibson, 1971; Steineck et aZ., 1972, 
Gibson, in press). 
California is now being prepared for publication (cf. Schmidt, 1970); an 
outline of that zonation is presented here. 

Reports of such studies for parts of this 

A fully documented zonation for the lower Tertiary of 

In the present paper, a planktonic foraminiferal zonation for the 
Ynezian-Narizian interval (Mallory, 1959) will be discussed. This planktonic 
foraminiferal zonation will be compared to the standard planktonic references. 
This will be followed by a correlation to the West Coast marine stages, 
including the data attainable from the calcareous nannoplankton. 

PLANKTONIC FORAMINIFERAL ZONATION 

Six planktonic foraminiferal zones can be consistently diagnosed for 
Upper Paleocene through Middle Eocene strata from California. 
interval in which a portion of the standard reference sequence is thought to 
be missing. 
the INTERNATIONAL SUBCOMMISSION OF STRATIGRAPHIC CLASSIFICATION (1972). 
Except for the first and last zones, all zones are interval-zones, defined 
by the appearance (entry) and disappearance (exit) of index taxa. Other 
taxonomic occurrences relevant to the zonation are also mentioned (see also 
Figure 1 ) .  

Included is one 

The terminology for the zonation conforms to that suggested by 

Whenever possible, the index species of the Trinidad standard zonation 
have been utilized (Bolli, 1966). However, regional differences, probably 
temperature-related, exclude some of the index species reported from Trinidad 
so that other index species have been chosen for the Lower-Middle Eocene 
interval in California. In general, correspondence of zones between the 
California and Trinidad reference sections decreases from the lowest to the 
highest zones recognized (Figure 2). For the Lower-Middle Eocene interval, 

Figure 1 

Compiled range chart of key index species of planktonic foraminifera 
The generic assignments are based from the lower Tertiary of California. 

on the author's ideas concerning lineage studies (ef.Mc Gowran, 1968; 
Berggren, 1968). 
keel are considered less important than wall microstructure and presumed 
phylogeny (ef. Lipps, 1966; McGowran, 1968). 

The position of the aperture and the development of a 
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UPPER LOWER 
PALEOCENE EOCENE 

LANDENIAN YPRESIAN 
STAGE STAGE 

MIDDLE 
’ EOCENE 

LUTETIAN 
STAGE 

1 

Index Species of 

Planktonic Foraminifera 
from the Lower Tertiary 

of California 

most important 

for the zonation 

Subbotina ve Zascoensis 
Chi Zoguembe Zina midwayensis 
MorozoveZZa aequa 
M; pusil Za Zaevigata 
GZobanoma Zina chapman; 
GZobanoma Zina imitata 
GZobanomaZina pseudomenardii 
TruncorotaZoides so Zdadoensis 
ChiZoguernbeZina wiZcoxensis 
ChiZoguembe Zina trinitatensis 
GZobanomaZina Zuxorensis 
TruncorotaZoides africanus 
MorozoveZZa subbotinae 
Truncorota Zoides interpositus 
Truncorota Zoides wi Zcoxensis 
T . pa eudo topi Z ens i s 
M. formosa graciZis 
Pseudohastigerina wiZcoxensis 
M. aragonensis aragonensis 
TruncorotaZoides pentacameratus 
Turborotalia turgida 
GZobanomaZina pseudoehapmani 
Truncorota Zoides quetrus 
GZobigerapsis senni 
Pseudohastigerinu cf. P. micra 
M. aragonensis caucasica 
CZavigerineZZa eocanica 
Turborotalia wi Zsoni 
Turboro taZia frontosa 
TruncorotaZoides densus 
T. rotundimargimtus 
T. cf. T. topiZensis 
Pseudohastigerina micra 
GZobigerapsis index 
Hantkeninu dwnbZei 



a correlation between California and the North Caucasus (Subbotina, 1953; 
Krasheninnikov, 1969) is apparent when faunules of the two areas are 
compared. 

Globammalina pseudomenardii Range-zone (Upper Paleocene) : This zone 
is recognized worldwide by the total-range of the zonal marker. Besides 
Globammalina pseudomenurdii (BOLLI) , G. chapmani (PARR) and MorozoveZZa 
pusiZZa Zaevigata (BOLLI) are restricted to this zone, 
ensis (CUSHMAN) and Subbotina velascoensis (CUSHMAN) appear for the first 
time at the base of this zone (Bolli, 1957a). 

MorozovelZa VehscO- 

This zone is represented at the base of several lower Tertiary 
sequences in California: 
Susana Formations, 
Ynezian); Media Agua Creek (lower Lodo Formation, Ynezian, except uppermost 
three samples of Mallory, 1959); and Martinez area (Vine Hill Sandstone, 
Ynezian). At the western end of the Santa Ynez Range, the basal Anita 
Formation (= type area of the Ynezian Stage) is reported to contain a rich 
planktonic assemblage, including Globammalina pseudomenardii (Allison, 
1964, p. 9; Gibson, in press). 

northern Simi Valley ("Martinez" and lower Santa 
Ynezian and Bulitian); Lodo Gulch (lower Lodo Formation, 

MorozoveZla veZascoensis Interval-zone (Upper Paleocene): As defined by 
Belli (1957a, 1966), this zone includes the interval from the last occurrence 
of Globanomalina pseudomenardii (BOLLI) to the last occurrence of the zonal 
marker. 
africanus (EL-NAGGAR) seem to be restricted to this zone. GZobanomalina 
Zuxorensis (NAKKADY) , a species showing the transition of Globanomalina 
to Pseudohastigerina, appears in this zone (Schmidt, 1968). Chiloguembelina 
midwayensis (CUSHMAN) , MorozoveZla velascoensis (CUSHMAN) , and Subbotinu 
VeZascoensis (CUSHMAN) become extinct at the top of the zone (Bolli, 1957a; 
Beckman, 1957). 

- 

Chiloguembelina trinitatensis (CUSHMAN & RENZ) and Truncorotaloides 

This zone is recognized in the northern Simi Valley section (upper 
Santa Susana Formation, Penutian) and at Lodo Gulch (lower Lodo Formation, 
Ynezian). For the most part, the strata in these two sections represented 
by this zone can be assigned to the Discoaster multiradktus calcareous 
nannoplankton Zone (Mohler and Hay in Hay et al.; Hay and Mohler, 1967) 

Unrepresented interval equivalent to the MorozoveZZa subbotinae 
Interval-zone (Lower Eocene): According to Bolli (1957a, 1966), the 
tfGloborotalia rex" Zone (= Morozovella subbotinue Zone) is defined by the 
presence of the zonal marker from the last occurrence of MorozovelZa 
velascoensis (CUSHMAN) to the first occurrence of M. araqonesis (NUTTALL) 
and M. formosa formosa (BOLLI). 

-- -- 

In the Lodo Gulch section a paraconformity 150 feet from the base of 
the Lodo Formation is indicated by the absence of the MorozoveZZa subbotinue 
Zone. No lithologic change is apparent at this discontinuity, but the 
residue contains a concentration of glauconite and a relatively low per- 
centage of planktonic foraminifers. In their study of calcareous nanno- 
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Figure 2 

Correlation chart of the California lower Tertiary with the 
European stages by means of planktonic foraminifera. 
Stage assignment is from Lipps , 1967 (1 )  ; GZobigerapsis sed5nvoZuta 
(KEIJZER) is now known to be a junior synonym of C. mex~cana (CUSHMAN). 
The stage assignments are based upon planktonic distributions in the 
Media Agua Creek section (2) and in the type area of Mallory's stages 
(3). The time-scale follows that of Berggren, 1969 (4). 

The Refugian 

J 
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plankton from the type Lodo Formation, Bramlette and Sullivan (1961, p.  135) 
point out that the species turnover between units "2" and "3" (= Dhcoaster 
muZtiradiatus and Marthasterites tribrachiatus Zones)is so abrupt that a 
discontinuity in time or facies is apparent. 
Marthasterites contortus and Discoaster binodosus Zones, elsewhere have been 
introduced at the level of this suspected hiatus mohler and Hay in Hay et 
aZ., 1967). 

Two additional zones, the 

The MorozoveZZa subbotinae Zone was not found in any California section 
that I have studied. Bilking Sullivan's (1964, 1965) lists of calcareous 
nannoplankton from other California lower Tertiary sections, it is not 
possible to recognize the Marthasterites contortus Zone, and only occasional- 
ly short sequences of the Discoaster binodosus Zone Wohler and Hay in Hay et 
aZ., 1967; Hay and.Mohler, 1967). The MorozoveZZa subbotinae planktonic 
foraminiferal Zone correlates within the limits of these two calcareous 
nannofossil zones (Hay and Mohler, 1969). 

' 

Strategic sampling from continuous sequences elsewhere may reveal 
This zone planktonic foraminifers of the MorozoveZZa subbotinae Zone. 

is reported by Gibson (in press) from the Anita Formation in the western 
Santa Ynez range. 

MorozoveZZa aragonensis IntervaZ-zone -- (Lower Eocene): This zone is 
defined as extending from the first occurrence of the zonal marker to the 
first occurrence of GZobigerapsis senni (BECKMANN) . 
"GloborotaZia" formosa formosa and"G". aragonensis Zones of Bolli ( 1  966). 
The two zones are separated in the Trinidad sequence by the first occurrence 
of two rather indistinct species, rrGZobigeY.ina" taroubaensis BRONNIMANN 
and "G". turgida FINLAY, and the co-occurrence of the extremely rare 
MorozoveZZa formosa formosa (BOLLI). TruncorotaZoides quetrus (BOLLI) 
is an index species restricted to this interval-zone. 

It includes the 

Pseudohastigerina WiZcoxensis (CUSI-MAN & PONTON) and MorozoveZZa formosa 
gracilis (BOLLI) make their last appearance in the MorozoveZZa aragonensis 
Zone. In the Lodo Fbrmation at the base of this zone, the gradual transition 
of M. aragonensis aragonensis (NUTTALL) from M. Zensifods (SUBBOTINA) is 
evident. 
M. subbotinae (MOROZOVA) so that the lowest samples at the Lodo Gulch and 
Media Agua Creek localities may represent the uppermost portion of the 

This interval includes rare M. marginodentata (SUBBOTINA) and 

, "GZoborotaZiatr formosa formosa Zone (sensu Bolli, 1957a, 1966). 

In the type Lodo Formation, the MorozoveZZa aragonensis Zone includes 
strata that Mallory (1959) assigned to his Bulitian Stage. 
Barbara Embayment area along Las Cruces Road, the lower "Poppin shale" 
member of the Anita Formation contains a diverse plankton-rich assemblage 
of this zone (see Sullivan, 1965, loc. A-8855, correlated to the Penutian). 

In the Santa 

In the Media Agua Creek section, the listed occurrence of key planktonic 
species (Mallory, 1959, 1970), and comparative samples, indicates the upper- 
most Ynezian, Bulitian, and Penutian (type) stages can be assigned to the 
MorozoveZZa aragonensis Zone. Pseudohastigerina WiZcoxensis (= gonion 
WiZcoxensis of Mallory, 1959) is a good marker species for the MorozoveZZa 
aragonensis Zone in California. c 
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GZobigerapsis sen& Interval-range -- Zone (Lower Eocene): This zone is 
delimited by the first occurrence of the zonal marker prior to the first 
occurrence of TruncorotaZo%es densus (CUSHMAN) . In this zone MorozoveZZa 
aragonensis caucasica (GLAESSNER) is more prevalent than MorozoveZZa 
aragonensis 8.8.  
aragonensis %one but are more abundant in the Gtobigerapsis senni Zone 
include GZobanomaZina pseudochapmani (SUBBOTINA) and Truncorotatoides 
pentacameratus (SUBBOTINA). 

- 

Other species that occur in the underlying MorozoveZZa 

The GZobigerapsis send Zone is comparable to the"GZoborotaZia" 
paJmerae Zone (Bolli, 1957b; 1966). ,ffGZoborotaZiafr paZmerae CUSHMAN & 
BERMUDEZ has a limited geographic distribution worldwide, apparently 
restricted to tropical regions (Schmidt and Raju, 1973). The evolutionary 
appearance of GZobigerapsis senni ( from"GZobigerina" turgida FINLAY) is 
thought to be approximately the same as that for "GZoborotaZia" pazmerae. 
The interval from the first occurrence of GZobigerapsis senni (BECKMANN) 
to the first occurrence of Truncorotatoides densus (CUSHMAN) is thought to 
be a means of delimiting the "GZoborotaZia" paZmerae Zone in high-latitudinal 
areas (op cit., p. 177). This also agrees with Bolli's (1957b, fig. 26) 
range chart for the zone in question. 
sidered by me to be the first representative of the genus GZobigerapsis 
(cf. Mallory , 1970). 

"GZobigar&zaN senni is now con- 

In the Lodo Gulch section the GZobigerapsis senni Zone comprises the 
upper 900 feet of the type Lodo Formation (Penutian and Ulatisian). 
Las Cruces Road the upper "Poppin shale" of the Anita Shale (Ulatisian) 
contains a plankton-rich assemblage of the Gtobigerapsis senni Zone 
(Sullivan, 1965, loc. D-1017). In the Media Agua Creek section, the 
reported initial occurrence of GZobigerapsis senni (esphaeroidina gredutensis 
COOK in Mallory, 1959) corresponds to the Lower Ulatisian boundary. 

Along 

!Buncorotatoides densus Interval-zone 7 (Middle Eocene): This zone is 
distinguished by the joint occurrence of the zonal marker and MorozoveZZa 
aragonensis s.Z., prior to the extinction of the latter. 
TruncorotaZoides densus (CUSHMAN) , MborotaZia wizsoni (COLE), CZauiger- 
ineZZa eocanica (NUTTALL), and Turborotalia frontosa (SUBBOTINA) make their 
appearance in this zone. 
"crassaformdst' Zone of Soviet micropaleontologists (Subbotina, 1953; 
Krasheninnikov, 1969). Acarininu frcrassafodsttsensu Subbotina and'MZoboro- 
taliat' bulzbrooki BOLL1 are judged to be junior synonyms of TruncorotaZoides 
densus (see Cifelli, 1972). 

In addition to 

The zonal markers are the same as for thet%cm*in"a" 

In the standard zonation of Trinidad (Bolli, 1957b, 1966), the four 
species mentioned above appear initially in the Hantkenina aragonensis 
Range-zone. Hantkenina aragonensis NUTTALL appears to be restricted to a 

ironment, and is rarely en ered in mid-latitude 

rial from the Woodside Faunule described by Graham and 
Classen (1955) has yielded a plankton-rich faunule of this zone, which 
is considered to belong to the Ulatisian Stage (Mallory, 1959, p. 219). 



From the Media Agua Creek section, a shale interbed of the lower Point 
of Rocks Sandstone Member of the "Tejon" formation contains a Trumorota- 
Zoides densus Zone assemblage (similar to UCMP loc. A-7037, Mallory, 1959, 
Upper Ulatisian). Similarly, topotype material from the Canoas Siltstone 
from the Oil City section can be assigned to this zone. 
localities can be correlated to the Discoaster subZodoensis Zone (Hay in Hay 
et aZ., 1967; Hay and Mohler, 1967). 

The last two 

i 

TruncorotaZoides rotundimarginatus AssembZage-zone - (Middle Eocene) : 
This zone is defined by the joint occurrence of T r u n c o r o t m s  rotundi- 
marginatus (SUBBOTINA) , T. cf. T. topilensis (CUSHMAN) , GZobigerapsis index 
(FINLAY), and Hantkenina dwnbZei WEINZIERL . & APPLIN subsequent to the 
last occurrence of MorozoveZZa aragonensis 8 .2 .  
TruncorotaZoides densus Zone also present in this zone include CkzvigerineZla 
eocanica (NUTTALL), TwlborotaZia WiZsoni (COLE), T. frontosa (SUBBOTINA) , and 
Pseudohastigerina micra (COLE) of increased size and abundance. 

Species from the underlying 

This assemblage of species is comparable to the t%carininanrotundi- 

WEINZIERL & APPLIN, which has been reported rargly in 
marginata Zone of the north Caucasus (Subbotina, 1953; Krasheninnikov, 1969). 
Hantkenina dwnbZei 
California Narizian strata, is identical to H. Ziebusi SCHOKHINA as recog- 
nized by Soviet micropaleontologists (see Subbotina, 1953, p. 132). .In the 
north Caucasus, Hantkenina Ziebusi is restricted to @-iertAcarininatt rotundi- 
marginata Zone (Krasheninnikov, personal communication). 
sequence Globigerapsis index (FINLAY) and Hantkenina dwnbZei are reported to 
make their appearance in the GZobigerapsis kugZeri Zone (Bolli, 1957b). 

In the Trinidad 

Several plankton-rich Narizian localities can be assigned to the 
Truneorotatoides rotudimarginatus Zone. 
area, the lower Cozy Dell Formation along Las Cruces Road (type for the 
assemblage-zone) has the most diverse planktonic fauna (same as UCMP 
loc. A-8862, Sullivan, 1965) including typical T. rotwadimarginatus, 
!l'iwborotaZia frontosa and Hantkenina dwnbZei. Topotype material from 
the Santa Rosa Road Faunule described by Hornaday (1965) can also be 
assigned to this zone. 
organic shale members of the Kreyenhagen Formation contain planktonic 

of the type Kreyenhagen Shale, Garza Creek (Cushman and Siegfus, 1942, 
members "J", "H", and "G"); type Kellogg Shale and Sidney Flat Shale, 
Mount Diablo area (Clark and Campbell, 1942). 

In the Santa Barbara Embayment 

Along the western border of the San Joaquin Valley 

' assemblages of the Tmneorotazoides rotund$marginatus Zone: lower members 

GZobigerapsis semi&n.llo Zuta Range-aone (Upper Eocene): From the - western Santa Ynez Mountains of the Santa Barbara area, Lipps (1967, p. 
996) has recorded several planktonic species from two localities near the 
top of the Gaviota Formation in Arroyo el Bulito. 
rare in numbers and species, contains GZobigerapsis semiinvozuta (KEIJZER) 
and other long-ranging Eocene species. In Trinidad, G. se&invoZuta is 
restricted to the Upper Eocene zone bearing its name (Bolli, 1957b, 1966). 

This planktonic assemblage, 
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CORRELATION WITH WEST COAST MARINE STAGES 

Mallory (1959, fig. 7) has illustrated the distribution of his 
mi rofaunal stages in a stratigraphic chart for the California lower Tertiary. 
Similarly, Sullivan (1965, fig. 2) has related his provisional nannoplankton 
faunizones to Mallory's stage terminology, utilizing many of the same 
sections and samples available to Mallory. 
for three important stratigraphic sections have been plotted in relation to 
the standard zonations for planktonic foramipifera and calcareous nanno- 
p 1 ankton . 

In Figure 3, stage assignments 

In comparison, the microfaunal stage boundaries show some inconsistencies 
when correlated to the planktonic zonations. 
stages, the lower and uppermost of Mallory's lower Tertiary stages, demon- 
strate good correspondence from section to section. 
pseudomenardii Zone (Upper Paleocene) has its inception within the Ynezian 
Stage; the base of the Narizian Stage corresponds to the base of the 
TruncorotaZoides rotundimarginutus Zone (Middle Eocene) consistently in all 
sections studied. For intermediate strata correlated to the Bulitian, 
Penutian, and Ulatisian stages, different zonal assignments occur from 
section to section, As a result, the available planktonic evidence from 
the type localities of Mallory's stages is of particular significance in 
relating the two biostratigraphic schemes. 

Only the Ynezian and Narizian 

The GZobanomaZina 

The papers of Sullivan (1964, 1965) on calcareous nannoplankton 
provide another source for evaluating the type areas of Mallory's 
stage succession. 
have been utilized in the discussion below concerning the correlation of 
the California lower Tertiary stages to the standard planktonic zonations 
(see also Mohler and Hay and Hay in Hay et aZ ., 1967; Hay and Mohler, 1967, 
1969; Martini, 1971; Berggren, 1972). 

His distribution charts of calcareous nannofossils 

\ 

Ynezian and BuZit&m Stages (type: Arroyo eZ BuZito, Santa Barbara 
County; the tgpe zones f o r  these two stages, Media Agua Creek): In the type 
area of the Anita Formation, Sullivan (1964, p: 168, 173, table 2) has 
described a nannoplankton-bearing interval designated the South Gully Zonule 
and the Watershed Faunule. This interval contains foraminifers assignable to 
theupper zone of Mallory's type Ynezian Stage. The South Gully Zonule can be 
referred to the HeZioZithus riedeZi Zone, Upper Paleocene, and the Watershed 
Faunule to the Discoaster muZtiradiatus Zone, Upper Paleocene (Hay and Mohler, 
1967, p. 1520-1521). 
in strata from the lower Anita Formation (Allison, 1964). 

The GZobanomaZinu pseudornenardii Zone is known to occur 

Fossil nannoplankton are not reported in the type Bulitian Stage in 
the interval above the Watershed Faunule and below the limestone lenses in 
the middle part of the Anita Formation (Sullivan, 1964, p. 168). A sparse 
nannoplankton assemblage, the Sierra Blanca Faunule, occurs in the sandy 
limestone lenses which have been correlated to the Penutian Stage (Mallory, 
1959,.p. 36). 
brachzatus Zone (Lower Eocene) . 
muZtiradiatus Zone and the Marthasterites tribrachiatus Zone, the strata of 
the type Bulitian Stage cannot be assigned definitely to either the 

This assemblage can be assigned to the Marthasterites tri- 
Although bracketed between the Discoaster 
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Figure 3 

Correlation chart of three important California lower Tertiary sections 
in relation to planktonic zonations based upon planktonic foraminifera and 
calcareous nannoplankton. Planktonic foraminifera: this report and 
correlation to the Trinidad section (Bolli, 1957a,b, 1966; see Fig. 2). 
Calcareous nannoplankton: Bramlette and Sullivan (1961), Sullivan (1964, 
1965) , Mohler and Hay and Hay (in Hay et az., 1967) , Hay and Mohler 
(1967, 1969). 



Upper Paleocene or the Lower Eocene by means of the planktonic evidence 
presented by Sullivan (1964, 1965). 
Arroyo el Bulito, Gibson (in press) has shown that the type Ynezian- 
Bulitian interval can be assigned to the Upper Paleocene both by plank- 
tonic foraminifera and calcareous nannoplankton, with the possible exception 
that the basal Anita strata may be older. It is also important to consider 
the distribution of plankton at Media Agua Creek, actually the better 
documented type locality for the 4 oppel-zones recognized in the Ynezian 
and Bulitian Stages (Mallory, 1959, 1970; see following discussion)., 

On the basis of detailed sampling in 

Penutian Stage (type: Media Agua Creek, Fresno County): Mallory's 
(1959, 1970) samples from the type Penutian Stage are included in the 
upper part of Sullivan's (1965, p. 9) Braarudosphaera Zonule. This 
calcareous nannoplankton zonule can be assigned to the Marthasterites 
trib7achiatus Zone (Hay and Mohler, 1967, p. 1523). Also Mallory's 
samples from the type zones of the underlying Bulitian Stage, the BuzimiW 
bradburyi Zone and the VaZvuZineria witcoxensis Zone, belong to the 
Braarudosphaera Zonule, or the lower part of the Marthasterites tribrachiatus 
Zone (Lower Eocene). 

As discussed earlier, the type Penutian Stage interval can be assigned 
to the upper part of the MorozoveZZa aragonensis Zone. 
zqnes of the Bulitian Stage belong to the MorozoveZZa aragonensis Zone 
(Lower Eocene). 
1959, 1970), the type zones for the underlying Ynezian Stage belong to the ,. 
GZobanomaZina pseudomenardii Zone (Upper Paleocene). 

Also the type 

Except for the top three samples (as listed by Mallory, 

UZatisian Stage (type: UZatis Creek, SoZano County) : Sullivan ( 1  965, 
p. 18) has discussed the two stratigraphic units from the "Vacaville" shale 
that comprise Mallory's type Ulatisian Stage. The lower unit, the "blue- 
gray mudstone" member (240 feet thick) contains a calcareous nannofossil 
assemblage designated the Lower "Vacaville" Zonule. The "chocolate-brown 
silty mudstone" member (80 feet thick) is separated from the lower member 
by a glauconitic sandstone bed and is barren of microfossils other than , 
arenaceous foraminifers. 

In the Lower "Vacaville" Zonule the nannofossil distribution is sparse 
but characterized by the joint occurrence of Discoaster Zodoensis and rare 
Marthasterites tribrachiatus . The concurrent-range of these taxa suggests 
correlation to the upper part of "Biostratigraphic Unit 3" (Bramlette and 
Sullivan, 1961, p. 135), or the Marthasterites tribrachiatus Zone. This 
biostratigraphic interval from the upper part of the type Lodo Formation 
contains planktonic foraminifers of the GZobigerapsis senni Zone (Lower 
*Eocene). 

The biostratigraphic assignment of the upper unit of the type Ulatisian 
Stage, the "chocolate-brown silty mudstone" member, remains equivocal, as 
it lacks calcareous nannofossils (Sullivan, 1965, p.  19). For the "Vacaville" 
shale interval, Mallory (1959, p. 40) provides no specific documentation of 
the two zones in the type Ulatisian Stage. 
of the Ulatisian Stage has yet to be demonstrated in the type section 
(Sullivan, 1965). 

The occurrence of the upper zone 
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Again, for the Media Agua Creek section, Mallory (1959, 1970) has 
indicated the distribution of foraminifers in closely spaced stratigraphic 
sampling. The two zones of the Ulatisian Stage have been distinguished in 
the upper Lodo Formation and the basal "Tejon" formation, respectively. 
Sullivan (1965, table 6) has studied the distribution of calcareous 
nannoplankton from these same samples. 
Sullivan's Upper Lodo Zonule and Lower "Tejon" Faunule have been assigned 
to the upper part of the Marthasterites tribrachiatus Zone, to the Discoaster 
Zodoensis Zone, and to the Discoaster subzodoensis Zone(Hay in Hay et aZ. , 
1967, p. 438,  fig. 7 ;  Hay and Mohler, 1967, p. 1523-1524). These zones 
indicate a Lower-Middle Eocene transitional sequence. 

For the Ulatisian Stage interval 

In terms of the planktonic foraminiferal zonation, Ulatisian strata 
of the Media Agua Creek section belong to the GZobigerapsis senni Zone 
(Lower Eocene) and the TruncorotaZoides densus Zone (Middle Eocene). 

Narizian Stage (type: Devils Den area, Kern County): Calcareous 
nannofossils have not been studied from the type Narizian section (Sullivan, 
personal communication). However, in the adjacent section at Media Agua 
Creek, Sullivan (1965, table 6) has included Mallory's samples, which 
delineate the transition between the upper zone of the Ulatisian Stage 
and the lower zone of the Narizian Stage, in his Lower "Tejon" Faunule 
and Middle "Tejon" Faunule. Hay (in Hay et az., 1967, p. 438)  has 
utilized these two faunules for the type reference localities of the 
Discoaster sub Zodoensis Zone and the CkiphragmaZithus quadratus Zdne , 
respectively. 

In all the six sections studied by Sullivan (1965), the base of 
Mallory's Narizian Stage corresponds well to the base of his provisional 
11 Faunizone IV" (= Discoaster subzodoensis Zone-ChiphragmaZithus -quadratus 
Zone boundary sensu Hay in Hay et aZ., 1967). 
tinguished not only by a distinct turnover in calcareous nannoplankton 
(Sullivan, 1965, p. 28)  but also in species of benthonic foraminifera 
(Hornaday, 1965, p. 3 3 ) .  

This prominent datum is dis- 

Planktonic foraminifera in several scattered localities suggest 
that the Lower Narizian- ChiphragmaZithus quadratus Zone datum conforms 
to the boundary between the TruncorotaZoides densus Zone (Middle Eocene) 
and the T. rotundimarginatus Zone (Middle Eocene). The lower Cozy Dell 
Formation along Las Cruces Road contains the most diverse planktonic 
foraminiferal assemblage of this zone so far. Other Narizian plankton-rich 
faunules from the Santa Barbara Embayment area and from the San Joaquin- 
Sacramento Valley area belong to the TruncorotaZoides rotundimarginatus 
Zone. 

Narizian Stage (Middle Eocene or Upper Eocene?): In California, 
the Narizian Stage is traditionally assigned to the Upper Eocene (Mallory, 
1959, p. 8 0 ;  Hornaday, 1965, p. 3 0 ) .  In all Narizian localities studied 
to date, not one planktonic species has been recovered that is restricted 
to the Upper Eocene. 

It seems that Milow (in Hilow and Ennis, 1961, p. 3 2 )  first put forth i 
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the suggestion that most of the West Coast Narizian should be recognized as 
Middle Eocene (Lutetia e stated that planktonic foraminifers in the 
upper units of the Po tion, a Narizian equivalent exposed near 
San Diego, indicate a synchronization well below the top of the Middle 
Eocene of the Gulf Coast, Mexico, and Caribbean sections, His findings 
in the San Diego area have been corroborated by Steineck e t  aZ. (1972). 

Bandy and Kolpack (1963, p. 120, text-fig. 4) correlated the Cozy Dell 
Shale of the Tecolote Tunnel (central Santa Ynez Mountains near Santa 
Barbara) with the Lutetian Stage (Middle Eocene). 
planktonic species present as diagnostic for the lower part of the Middle 
Eocene standard planktonic foraminiferal zonation. 
(1971) have also concluded a Middle Eocene assignment for some Upper 
Ulatisian and Narizian localities. 
in California by strata from the Refugian Stage, as can be determined by 
planktonic microfossils. 
Refugian Stage (Lipps, 1967) and calcareous nannoplankton from the Church 
Creek Formation, a Refugian equivalent near Monterey (Brabb, Bukry, and 
Pierce, 1971), indicate independently a Late Eocene Age assignment. 

They considered the few 

Steineck and Gibson 

Upper Eocene is known to be represented 

Planktonic foraminifera from the type area of the 

With calcareous nannofossils, it is possible to demonstrate a 
first-order correlation for Lutetian sediments in the Paris basin and 
the Upper Ulatisian-Narizian sequence from Media Agua Creek. 
nannoplankton in the type area for the Middle Eocene, described by 
Bouch6 ( I  962), can be assigned to the Discoaster subZodoensis Zone 
(Hay i n  Hay e t  aZ., 1967). 
typical reference the work of Sullivan (1965) from Media Agua Creek 
(Upper Ulatisian, sample A-7047). In Belgium the Sands of Weunnel 
(type Wemmelian Stage, which is generally correlated to the uppermost 
part, or substage, of the Lutetian sequence) contains a flora assignable 
to the overlying ChiphragmaZithus quadratus Zone (or more correctly the 
ChiphragrnaZithus aZatus Zone, Achuthan and Stradner, 1969; Martini, 1971) 
Similarly, the reference assemblage for this calcareous nannofossil zone 
(Hay in Hay e t  aZ., 1967) comes from the Media Agua Creek section (Sullivan, 
1965, sample A-7023, Narizian). This forms an unequivocal means for 
assigning Upper Ulatisian and Narizian strata from California to a 
Lutetian Stage assignment, and by second-order correlation to the correspond- 
ing planktonic foraminiferal zone equivalents (Figures 2,3). 

Calcareous 

This standard nannofossil zone has as its 

Planktonic foraminifera are not well represented in the shallow-water 
deposits of the Paris 'basin and the adjoining North Sea basin. 
index species necessary to make an assignment at the zonal level are not 
present (Bronnimann e t  aZ., 1968). However, the species reported show good 
correspondence to those in the combined TruncorotaZoides densus-T. rotundi- 
marginatus Zone interval from California. 

The 
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Paleogene Lyropectens and V e r t i  pectens from the Transverse 
and southern Coast Ranges o f  C a l i f o r n i a  

Judi th  Terry Smith 
1527 Byron Street, Palo Al to,  C a l i f o r n i a  94301 

and U.S. Geological Survey, Menlo Park, Cal i forn ia  94025 

Paleogene ancestors o f  the g ian t  pect in ids t h a t  aharacterize 
Miocene megafaunal stages are geographical ly more r e s t r i c t e d  than 
t h e i r  Neogene descendants. Figure 1 shows the Paleogene/Neogene 
boundary del ineated by species o f  V e r t i  pecten and Lyropecten , omi tti ng 
the 8-10 Neogene taxa younger than middle "Vaqueros" stage. The 
boundary separates the lower and middle pa r t s  o f  the "Vaqueros" mega- 
faunal stage and agrees with the Zemorrian/Saucesian boundary dated 
as 22.5 m.y. (Turner, 1970). The upper and middle par ts  o f  the 
"Vaqueros" staae are a r b i t r a r i  l v  considered Miocene and the lower 
"Vaqueros" 01 igocene, a1 though Qert ipecten and Lyropecten species 
a lso support a major boundary a t  the base o f  the lower "Vaqueros" 
stage, the Paleogene/Neogene-division preferred by Addicott  (1974) 
and Berggren and Van Couvering (1974). 

Vert ipecten and Lyropecten are o f  greatest  use i n  co r re la t i ng  
shallow n e r i t i c  deposits i n  the Santa Ynez Mountains, southern Coa 
Ranges, northeastern La Panza Range and Channel Islands. They are 
p o t e n t i a l l y  he lp fu l  i n  i n t e r p r e t i n g  sections i n  the Cal i e n t e  Range 

t 

and the area south o f  the Cuyama Valley, although several key species 
are missing there and diagnost ic foramin i fera are not  associated w i t h  
the pect in ids.  More evidence . i s  needed t o  v e r i f y  what mapping suggests: 
t h a t  i n  the Cuyama area c r i t i c a l  Oligo-Miocene species o f  L r o  ecten 
and Vert ipecten range higher than elsewhere i n  C a l i f o r n i a  ? Vedder and 
Repenning, 1975). 

Paleogene g ian t  pect in ids t h a t  are useful  i n  c o r r e l a t i o n  are 
i l l u s t r a t e d  i n  Plates 1 and 2. The Vertipectens are V. a lexc la rk i  
Addicott,  which i s  r e s t r i c t e d  t o  the Wygal Sandstone Rember'of the 
Temblor Formation i n  the eastern centra l  Temblor Range, 11. yneziana 
(Arnold) and V. p e r r i n i  (Arnold). 
Mountains f rom the middle Gaviota F & n a t i o n  t o  the Alegr ia  Formation. 
Higher i n  the  Alegr ia  sect ion there are morphologic forms between the  
Refugian species v. yneziana and the lower "Vaqueros" index f o s s i l  V. 
p e r r i n i ,  which i s  abundant i n  the Vaqueros Formation nor th  of Morro- 
Bay i n  the v i c i n i t y  o f  Morro and Tor0 Creeks (Pr ior ,  1974). Although 
- V. p e r r i n i  was reported from the upper members o f  the Vaqueros Formation 
a t  i t s  type l o c a l i t y  i n  the  Juniper0 Serra Peak quadrangle (Thorup, 
1943), these specimens are the Neogene species V.  nevadanus (Conrad) 
o f  the middle "Vaqueros" stage. Comparative moFphologic studies o f  
mater ia l  from the Santa Ynez and southern Coast Ranges and the Poso 
Creek area northeast o f  Bakersf ie ld document a phylogenetic progression 
from - V. yneziana t o  - V .  p e r r i n i  t o  - V. nevadanus i n  about 12-15 m.y. 

V. yneziana occurs i n  the Santa Ynez 
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Paleogene Lyropectens are L, submiguelensis (Loel & Corey) and 
L. magnolia (Conrad), both of tfie lower "Vaqueros" sta e, L. sub- 
miguelensis occurs in the northeastern La Panza Range 9 M2837) and on 
Santa Rosa Island (A-311) with Turritella inezana. It is older than the 
Neogene species L. mi uelensis from the upper Vaqueros" stage and not, 

- 

as originally describe + , a subspecies of it. 
Lyropecten magnolia has two forms whose chronostratigraphic ranges 

are not completely known. The "many ribbed form" has 8-9 ribs (P1 . 2, 
figs. 4, 5) and is commonly associated with Vertipecten perrini in the 
Santa Ynez, eastern Temblor, and La Panza Ranges. Smaller, 5-6 ribbed 
specimens of the "Ojai form'' (Pl. 2, fig. 3) occur in the Ojai Valley 
(A-326) , Kern River area, San Emigdio Range and Pescadero Beach , San 
Mateo County. 
ribbed form'' is lower and middle lower "Vaqueros" stage, except in the 
Cuyama area where it occurs in rocks mapped as middle "Vaqueros." The 
few ribbed "Ojai form" is uppermost lower "Vaqueros .-I' The significance 
of these two forms and the Cuyama area occurrences are under further 
investigation. 

Incomplete stratigraphic data suggest that the "many 

Special problems concerning fossi 1 localities and stratigraphic 

I thank them all for their help. 

positions were discussed with Warren 0. Addicott, who also offered 
suggestions on the manuscript, and with J. G. Vedder and T. W .  Dibblee, 
Jr. 
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FOSSIL LOCALITIES 
Abbrevi a t i  ons : A- Univers i ty  o f  Cal i f o r n i  a Museum o f  Pal eontol ogy , Berkeley (UCMP) 

B- Univers i ty  o f  Ca l i fo rn ia  Museum o f  Paleontology, Berkeley 
M- U.S. Geological Survey, Menlo Park Cenozoic l o c a l i t y  (USGS) 

LSJU Stanford Univers i ty  UCSB Univers i ty  o f  Ca l i fo rn ia  , Santa Barbara 
UCLA Univers i ty  o f  Ca l i fo rn ia  , Los Angeles USNM United States National Museum, Washington, UCR Un ivers i ty  o f  Cal i forn ia ,  Riverside D. C. 

Megafaunal Stage Local i ty , a1 1 i n  €a1 i f o r n i  a 
8-1656 Kern Co. , Knob H i  11 7 1/2 
M-2826 San Luis Obispo Co., La Panza 15' qd., Hay Cn., sec. 21, T. 30 S., R. 17 E., 

M-5211 Kern Co. , Rio Bravo Ranch 7 1/2' qd., SW f lank o f  Pyramid H i l l  , Jewett Sand 
LSJU 2412 Monterey Co., Juniper0 Serra 15' qd., sec. 3, T. 20 S., R. 6 E., type sec t ion  * . l  

M-3520 San Luis  Obispo Co., Cuyama 7 1/2' qd., sec. 11, T. 10 N., R. 25 W . ,  Vaqueros Fm. 
A-311 Santa Rosa Is land 
A-326 Ventura Co., M a t i l i j a  7 1/2' qd., SW o f  Ojai,  NW o f  mouth o f  L ion Cn., Vaqueros Fm. 
M-2831 San Luis Obispo Co., La Panza 15' qd., Hay Cn., sec. 21, T. 30 S., R. 17 E., 

UCLA 6069 San Luis Obispo Co., Cypress M t .  7 1/2' qd., sec. 4, T. 28 S., R. 10 E., 

UCLA 6204 Morro Bay No. 7 1/2' qd. , between Morro ti Tor,o Cks. , sec. 4, T. 29 S. , 
UCR 1185 Kern Co. , Pine M t .  7 1/2' qd. , sec. 4, T. 28 S. , R. 29 E. , probably Vedder Sand 
M-3772 Kern Co., Las Yeguas Ranch 7 1/2 qd., sec. 23, T. 28 S., R. 19 E., Wygal SS. Mbr., 

UCSB 1561 Santa Barbara Co., Sacate 7 1/2' qd., Santa Ani ta  Cn., Alegr ia Fm. 
8-7033 Santa Barbara Co., Sacate 7 1/2' qd., r idge  between W. branches o f  Cuarta Ck., 

8-6985 Santa Barbara Co., Los Olivos 15' qd., above Gaviota Cn i n  Nojoqui Ck., Gaviota 

9 set* 32, 7-0 27 s *  9 R *  29 € 0  9 Freeman-Jewett S i l t  

m i  dd l  e 
"Vaqueros " 

Painted Rock Ss . 
Vaqueros Fm. 

middle o r  lower 

A .  1 ower s "Vaqueros 'I 
I Painted Rock Ss. 

Vaqueros Fm. 

R. 11 E., Vaqueros Fm. 

Unnamed 
Temb 1 o r  Fm . 

Ref ug i an 
Alegr ia Fm. 

Fm . 



i PLATE I EXPLANATION 

Figs.  

1,  3 Verti ecten nevadanus (Conrad). Left, r i g h t  valves, respectively. 
USNM 647085 from M-5211, Pyramid Hi1 1 ,  Kern County, 

1 ower Miocene , middle "Vaqueros" stage Jewett Sand. Type 
species of Vertipecten. Good example o f  Vertipecten r i g h t  
valve hinge and byssal area. Height 12.3 cm, length 12.2 an. 

Verti ecten nevadanus (Conrad). Interior hinge of a specimen from 
2 +  M-156 , Pyramid Hill, Jewett Sand. Note smooth cardinal area, 

absence i f  teeth, in-contrast t o  Lyropecten hinge (P1 . IT , 
f ig .  6). 

4, 5 Vertipecten errini (Arnold). Posterior view, l e f t  valve, 
respective f-- y,  o f  holotype LSJU 13 from upper Oligocene, lower 
"Vaqueros" stage. Locality interpreted t o  be UCLA 6204, nor th  
o f  Morro Bay, San L u i s  Obl'sDo Count-v, Vaqueros Formation. Side 
view shows iypical Vertipecten profi'le: ' f la t  r i g h t  valve, 
convex l e f t  valve. ComDare equally convex valves of a typical 
Lyropecten {P l .  11, fig: 7).  'Height 15 cm, length 16 cm.' 

6 Vertipecten yneziana (Arnold). Left valve o f  hypotype LSJU 9262 
from Eo-Oligocene, Refugian or upper Narizian stage. UCMP 
locality B-6985, Lompoc quadrangle, Gaviota Fm. Height 9.5 cm, 
l eng th  9.8 cm. 

7 Vertipecten alexclarki Addicott. Left valve o f  holotype USNM 
646529 from the lower Oligocene unnamed stage, USGS locality 
M-3772, east side central Temblor Range. hfygal Sandstone 
Member of the Temblor Formation. Note fine microsculpture, 
narrow umbonal angle restored from another specimen. Height 
8.2 cm, length 6.3 cm. 

Note phylogenetic progression from V. yneziana t o  - V. perrini t o  l. 
nevadanus, figs. 6 t o  5 t o  1 ,  i n  abFut 12-15 m.y. 

Photographs by Kenji Sakamoto, U.S. Geological Survey, Menlo Park, 
Cal i fornia . 
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PLATE I I EXPLANATION 

Figs. 

1, 2 Lyropecten submiguelensis (Loel & Cor ' R i  ght 9 1 e f t  valves 9 

respect ive ly  , o f  holotype UCMP 31 737 from upper 01 igocene 
lower "Vaqueros" stage. UCMP l oca l  i ty A-31 1 , Santa Rosa 
Island. Vaqueros Formation. Height 6.7 cm, length 7 cm. 

of hypotype UCMP 31734. Upper Oligocene, uppermost lower 
"Vaqueros" stage. UCMP l o c a l i t y  A-326, Ojai  Valley. Vaqueros 
Formation. Height 9.7 cm, length 10.9 an. 

3 Lyropecten magnolia (Conrad). Few r ibbed "Ojai form, l e f t  valve 

4, 5 L r o  ecten magnolia (Conrad). Many r ibbed form, r i g h t  and l e f t  + respect ively.  Upper Oligocene, lower IlVaquerosI~ stage. 
Possibly middle "Vaqueros" i n  the  Cuyama area. USGS l o c a l i t y  
M-3520, Caliente Range, Vaqueros- Formation. Height 14.5 an, 
length 17 cm. Hypotype USNM 647534. 

6 Lyropecten es t re l  lanus (Conrad). I n t e r i o r  hinge o f  holotype 
USNM 13317, type species o f  the  genus Lyropecten. Upper 
Miocene, Santa Margari t a  Formati on, San Juan River area , 
San Luis  Obispo County. Hinge length 5 cm. Note prominent 
cardinal  teeth. 

7 Lyropecten maqnolia (Conrad), Side view o f  a specimen showing 
t yp i ca l  Lyropecten p r o f i l e ,  r i g h t  and l e f t  valves equal ly 
convex. 
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AGE, CORRELATION, AND POSSIBLE TETHYAN 

OF FRESNO COUNTY, CALIFORNIA 

Judith Terry Smith 
1527 Byron Street, Palo Alto, California 94301 and 

Research Associate, Department of Geology, 
Stanford University, Stanford , California 94305 

AFFINITIES OF MOLLUSKS FROM THE LODO FORMATION 

INTRODUCTION 
Marine mollusks from the basal Lodo Formation were examined by 

Anderson and Pack (191 5:66-67) , White (1939) , Stewart (see Schoell hamer 
and Kinney, 1953), and Terry (1964). This paper lengthens to 65 the 
1 ist of known megainvertebrate species and singles out significant 
age and stage indicators. 
A-9717, 10 others are discussed, all of which at one time or another 
have been considered basal Lodo. However, the presence of the gastropod 
Co hocara stantoni Stewart at 4 of these localities in the Chounet 
k d m u g g e s t s  that those beds are Cretaceous, and referrable 
to either the lower part of the Laguna Seca Formation or the Cima 
Sandstone Member of the Moreno Formation. 

Besides the main locality, LSJU 2073 = UCMP 

Mapping Upper Cretaceous and basal Tertiary beds in the Chounet ~ 

Ranch quadrangle is difficult because of the’ scarcity of megafossils, 
the lithologic similarity of rock types, and the obliteration of 
outcrops by soil cover and bulldozers prospecting for gypsum. Attempts 
to recollect fossils from Chaney Ranch, Marca and Gres Canyons were 
unsuccessful despite the presence of good material in the collections 
of the University of California Museum of Paleontology and Stanford 
University. 

include the relations between the Lodo, Laguna Seca, and Moreno Formations 
and delineation of the Cretaceous/Paleocene boundary in this part of 
California. Mollusks from the type area of the Laguna Seca Formation 
in the Ortigalita Peak quadrangle indicate that it spans the Cretaceous- 
Paleocene boundary. In Rattlesnake Canyon fossils 50 feet above the 
base of the Laguna Seca are Cretaceous; in Laguna Seca Creek, in the 
middle part of the formation, Paleocene fossils are present. 

Stratigraphic problems which the Lodo fossils may help solve 

Finally, many Lodo mollusks are remarkably similar to those in the 
Kincaid Formation of the Gulf Coast lower Midway Group and to Thanetian 
Stage assemblages of the Paris Basin. On first sight, the Lodo species 
appear Tethyan , re1 ated to taxa of the Paleogene Mediterranean and 
Indo-European province. Closer study shows that the similar forms 
(genera and in some cases, species) are not Tethyan but cosmopolitan 
taxa of Paleocene age, referable to a more northerly, warm temperate 
pal eozoogeographic province. 
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LOCALITY DATA AND FOSSIL OCCURRENCES 

FiguPes 1 and 2 show loca l i t i es  i n  sections from the Tumey Hills 
and Chounet Ranch quadrangles. Four loca l i t i es  originally reported as 
Lodo or  Laguna Seca Formation (Payne, 1951 ) yielded C?phocara stantoni 
Stewart ( P l .  11, f ig s .  17, 18), which is a Maastrichtian fossi7- 
oral commun., 1975) found also i n  the basal Laguna Seca i n  Ortigali ta 
Peak quadrangle (UCMP A-6607). One local i ty  i n  Gres Canyon (UCMP D-6356) 
yielded many of the same species found i n  the basal Lodo, b u t  i t s  
1 i tho1 ogy suggests the Laguna Seca Formation. 

Hills quadrangle a t  LSJU 2073 = UCMP A-9717, i n  the bluff east  of Panoche 
Road, about  1/4 mile south of the junction between Panoche and Silver 
Creeks (Stop 1 on SEPM f i e ld  t r i p ,  f a l l ,  1974). Most of the fos s i l s  are  
fragmented, chalky, and poorly preserved, although collections by White 
i n  1939 yielded some ou t s t and ing  specimens. T h i s  local i ty  represents 
the basal  30 fee t  of section i n  a n  area where the Lodo is  1,197 feet 
thick (Schoellhamer and Kinney, 1953). Figure 1 shows the outcrop and 
the basal l i thologic sequence that  can be traced southeast along strike 
a t  least as far as the type local i ty  of the Lodo (LSJU M-74), i n  the l - X  
section of Martin (1943), just south of Lodo Gulch (White, 1938). The 
section a t  LSJU 2073 is  Cretaceous Moreno shale (purp l  ish-chocolate 
mudstone chips), unconformably overlain by a fossil iferous glauconitic 
sandstone, we1 l-sorted unfossi 1 iferous grey sand, and an upper marly 
fossiliferous sand that  weathers t o  a yellow concretionary ledge. This 
l i thologic sequence i s  repeated i n  the basdl  type Lodo b u t  the  concentra- 
t i o n  of mollusks is  lacking from the sandy layers. Here the rich shallow 
ner i t ic  assembl age of LSJU 2073 i s represented by only scattered , 1 eached 
so l i ta ry  corals (mainly Trochocyathus z i t t e l i ) ,  small oysters, and 
small veneri d clams . 

flank of the Panoche Hills, are 2 loca l i t i es  bearing basal Lodo mollusks, 
LSJU 454 a n d  CAS 31318. 
l a t t e r  is CAS 31318a, described on specimen labels as "The lowest sand- 
stone reef above the Moreno." Fossils from CAS 31318a d i f f e r  from the 
basal Lodo assemblage a t  the other 2 loca l i t i es ;  tentati9e identifications 
suggest t h a t  the assemblage is  Cretaceous or Paleocene older t h a n  the 
assemblage a t  LSJU 2073. The material i s  well preserved and merits 
further collection and study. 

The most important assemblage of Lodo mollusks occurs i n  the Tumey 

Northwest of LSJU 2073, across Panoche Creek on the southeastern 

Two hundred  feet  stratigraphically below the 

AGE AND CORRELATION OF THE BASAL PART OF +HE LODO FORMATION 

Mollusks present a t  the base of the Lodo Formation are Paleocene, 
lower Martinez megafaunal stage species. 
Eocene i n  age as commonly reported (Mal lory, 1959) , b u t  many forms are 
ancestral t o  Eocene species and morphologically similar t o  t h e m  ( for  
example, "Polinices" susanaensis i n  the Lodo, and I'p.'' horni i  i n  the 
Meganos). Diagnostic Martinez stage indicators are starred i n  Table 1 * 
The Martinez zones recognized by Dickerson (1914)--Meretrix da l l i  
Trochocyathus z i t te l i  , and Solen stantoni-are no t  separable i n  the 
basal Lodo, where most of the species from a l l  of the zones occur 

They are not Paleocene t o  
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together. Calcareous foraminifera occurring with the mollusks at 
LSJU 2073 are Ynezian (Mallory, l959:91) 
LSJU 2073 is equtvalent in age to that of the middle Laguna Seca 
Formation at fts type locality In Laguna Seca Creek (UCMP A-6604), 
although lithologtcally the Laguna Seca represents a shallower shelf 

' deposit (BrJg s, 1953:38). The Basal Laguna Seca Formation in Rattle- 
snake Canyon ? UCMP A-6607) is Cretaceous, Drobablv Maastrichtian. based 

The molluscan assemblage at 

on the presence of Cophocara stantoni and a fasciolariid gastropod also 
found in 4 localities in the Chounet Ranch quadrangle. The only basal 
Lodo-middle Laguna Seca molluscan assembl age known-from the Chounet 
Ranch quadrangle north of Escarpado Canyon is from Gres Canyon (UCMP 
D-6356) , less than 200 feet geographically from UCMP B-8580, which 
yields Cretaceous, basal Laguna Seca molluscan species. 
field mapping and foraminiferal studies to determine whether these 
Cretaceous beds should be assSgned to the Laguna Seca Formation or the 
Cima Sand Member o f  the Moreno Formation. 

It remains for 

MODE OF DEPOSITION OF THE BASAL LODO 
AS IMPLIED BY THE MOLLUSCAN FAUNULE 

The molluscan assemblage at LSJU 2073 consists of warm temperate 
to subtropical shallow neritic to sublittoral species which live on a 
sandy substrate. Except for the basal fossiliferous sands the Lodo 
Formation in this area consists of 1,160 feet of deep-water mudstones 
that thin to the northwest (Schoellhamer and Kinney, 1953). The sandy 
horizon bearing the shallow-water mollusks can be traced over at least 
3/4 mile, although the megafaunal assemblage itself i s  restricted to 
less than 1/4 mile. This localized occurrence suggests deposition by 
currents, perhaps in a submarine canyon. 

MEGAINVERTEBRATES IDENTIFIED FROM THE BASAL LODO 
AND SUBJACENT UNITS 

(Plates I, 11, Tables 1 ,  2) 

Plates I and I1 illustrate some typical Lodo species as well as 
distinctive but only tentatively identified forms. 
were made primarily from the literature, in some cases with reference 
to type specimens. New species are not formally described here, and 
tentative names are given for taxa currently undergoing systematic 
revisions (turrids, Hickman; naticids, Marincovich). 
commonest , most diagnostic Martinez taxa (e.g., "Meretrix" stantoni ) 
have been generically misidentified in most of the California Tertiary 
literature. As they require systematic revision beyond the scope of 
this paper, such taxa are listed in quotes. Asterisks mark the most ' 

important Martinez stage indicators. 
and other Martinez stage assemblages is the absence of infaunal genera 
such as Solen and the nuculids. Tables 1 and 2 list the 54 gastropods, 
20 pelecypods, 2 scaphopods, 1 nautiloid cephalopod, 3 corals, and 3 
brachiopods identified from the basal Lodo and from 6 localities 
formerly identified with the Lodo but now recognized as older. 

Identifications 

Some of the 

One difference between the Lodo 

\ 
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TABLE 1 .--SPECIES FROM THE BASAL PART OF THE LODO FORMAT N , LOCALITIES 
LSJU 2073 = UCMP A-9717, LSJU 454, LSJU M-74a. 

* denotes Martinez stage indicator 
+ 
'I 

Many minute gastropod species were present at LSJU 2073 but not identified 

Gastropods 

denotes species illustrated in this paper 
I' indicates that generic taxonomic assignment i s  incorrect or 

questionable 

for this paper. 

Macrarene sp. 
*+Turri tell a infragranul ata Gabb, 1864 
*+Turritel la pachecoensis Stanton, 1896 
Turritella reversa Waring, 1917 
+Turritella stocki Merriam, 1941 
+!letacerithium packardi Nelson, 1925 
+Epitonium n. sp. 

( ?  Epitonium aff. E. cookii Gardner, 1933) 
Calyptraea diegoana (Conrad, 1855) 

[= C. calabasasensis Nelson, 19251 
Calyptraea sp. cf. C. maminilaris Broderip, 1835 

+Polinices susanaensis Nelson, 1925 
Polinices sp. cf. P. nuciformis (Gabb, 1864) 
Polinices sp. aff. P. rectus Tegland, 1933 

+"Polinices" sp. cf. "P." pinyonensis Dickerson, 1914 
"Ampullella sp. cf. A. schencki Vokes, 1939" 
Crommium andersoni (Dickerson , 1914) 
Lacunaria sp. aff. L. striata (Gabb, 1866) 

+Cypraea n. sp. 
+Gisortia sp. cf. G. clarki Ingram, 1940 
*Priscoficus caudata (Gabb, 1866) 
"Fusitriton" sp. aff. Murex (Argobuccinum) mansfieldi Gardner, 1933 
"Ranel 1 ina" sp. aff . R. pi 1 sbryi Stewart, 1927 

+Colubraria (Colubraria) n. sp. 
+Typhis n. sp. 
Latirus sp. cf. L. roseburgensis Hendon in Turner, 1938 
Latirus sp. 
"Latirus" buwaldana (Dickerson 1915 Whi tneyel la auctt 1 
"Fusinus" simiensis Nelson, 1925 
Fusinus calabasensis Nelson, 1925 . 

+Columbarium sp. 
"Exilia" sp. cf. E. talliaferroi Vokes, 1939 

*Brachysphingus 1 iratus (Gabb, 1864) 
"Brachysphingus sinuatus Gabb 1866 
*"Neptunea" mucronata Gabb , 1866 
Olivella mathewsonii Gabb, 1864 
Olivella sp. 

+Pseudo1 iva sp. [not P. inornata Dickerson or P. howardi (Dickerson)] 
+Pseudoperissolax blakei subsp. praeblakei Vokes, 1939 
*Retipirula crassitesta (Gabb, 1866) 

*+Heteroterma striata Stanton, 1896 

469 



, 

Heteroterma trochoidea Gabb, 1866 
+"Surcul i tes" mathewsoni i (Gabb. 1864) 
*RSurcula" merriami Dickerson, 1914 
+"Turrtcul a" sp. 
+"Turricula" waringi Nelson, 1925 

+Pleurofusia sp. aff. P. fresnoensis (Arnold, 1910) 

*Tornatellaea pinguis (Gabb, 1864) 

turrid , "Turritella martinezensis Gabb" of Waring , 1917 
Pleurofusia sp. 

Gilbertia sp. 
Cylichnina sp. cf. C. tantilla (Anderson & Hanna) 
Physa sp. 

Scaphopods 
Dentalium cooperi Gabb 

Pelecypods . 
Acila (Truncacila) decisa (Conrad , 1855) 

*+Cucul laea mathewsoni i Gabb , 1864 
*Glycymeris veatchii major (Stanton, 1896) 
+Brachidontes lawsoni (Nelson, 1925) 
+Crassatella compacta,Gabb, 1866 
+Crassatella sp. 

*+Eomi 1 tha turneri (Stanton , 1896) 
+Sax01 ucina sp. 

*+"Meretrix" stantoni Dickerson, 1914 
+Venericardia keenae Verastegui, 1953 = V. argentea Verastegui, 1953 
+Venericardia mulleri Verastegui , 1953 
"Arctica" weaveri (Dickerson , 1914) 

"Cyrena" sp. cf. C. studleyi (Dickerson, 1914) 

[= Spisula (? )  weaveri n. sp. Packard of Dickerson, 19141 

Brachiopods 
Eogryphus sp. cf. E. tolmani Hertlein and Grant, 1944 
brachiopod sp. represented by 2 brachial valves, long muscle scars 

Corals 
*Flabellum remondianum Gabb, 1864 
Del tocyathus whi tei Durham , 1943 
oculinid coral, Archoheia sp. ? 

LSJU M-74a, basal 20 ft o f  Lodo Formation at its type locality, the I-X 
section of Martin, 1943 
Acila sp. 
disarticulated oysters 
1 eached , disarticulated smal 1 cl ams 

small , sol itary coral 
*Trochocyathus zitteli (Vaughan, 1900) 
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LSJU 454 
Eomi 1 tha t u r n e r i  (Stanton 1896) 
oysters 
Terebratul ina tejonensis waringi H e r t l e i n  and Grant, 1944 

TABLE 2. --SPECIES FROM LOCALITIES I N  THE CHOUNET RANCH QUADRANGLE, FROM 
THE LODO FORMATION AND SUBJACENT UNITS. 

+ denotes .species i l l u s t r a t e d  i n  t h i s  paper 

LSJU 460 
+Cophocara s tantoni  Stewart, 1927 
Brachysphingus sp. 
Pseudo1 i v a  sp. 
F a s c i o l a r i i d  gastropod sp. a 
? "Dosinia mi l thoidea" Waring, 1917 

LSJU 1068 
Cophocara stantoni  Stewart, 1927 
Tornatel laea sp., c f .  T, p inguis Gabb, 1864 
Fasci o l a r i  i d gastropod 
Pseudoperissolax b lakei  (Conrad, 1855) 
small, s o l i t a r y  cora ls  

LSJU 2245 
+Cophocara stantoni  $€ewart, 1927 
Brachysphingus sp. ? 
F a s c i o l a r i i d  gastropod mold 

UCMP D-6356 
Brachysphingus sinuatus Gabb, 1866 
Tornatel laea pinguis Gabb, 1864 
Nucula sp. 
Nuculana sp. 
Yoldia. sp. 
Cucul 1 aea mathewsoni 5 Gabb , 1864 
Solen sp. 
cora l ,  Astrocoenta sp. 

UCMP B-8580, Gres Canyon, Chounet Ranch quadrangle 

Cophocara stantoni  Stewart, 1927 
n a t i c i d  juv.  ? 
F a s c i o l a r i i d  gastropod sp, a 
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I CAS 31318 

Olivella mathewsonii Gabb, 1864 
Eomiltha turneri (Stanton, 1896) 
many unidentifled minute gastropods 
nautiloid, Eutrephoceras stephensoni (Dickerson , 1914) 
internal mold of a heart urchin 
Trochocyathus t i  ttel i (Vaughan , 1900) mold 
seed 

CAS 31318a 
Brachysphingus sp. 
"Neptunea" sp. aff . !IN. mucronata" Gabb , 1866 
Tornatellaea sp. cf. 7. pinguis Gabb, 1864 
Opisima ? cf. 0. pacifica Anderson, 1958 

"Semelid" clam, cf. "Semele" packardi (Dickerson, 1914) 
Teredo ridden wood fragment 
Dental ium sp. 
brachiopod, Eogryphus sp. ? 
"Rhynconella (?)  sp." Dickerson, 1914 

+Acila [Truncacila) sp., not A. (T.) decisa (Conrad, 1855) 

CORRELATION OF THE LODO FORMATION 
WITH THE GULF COAST MIDWAY GROUP 

Dickerson (1914:117-120) discussed genera common to the FYlartinet 
and Midway Formations and concluded that the Martinez stage was partly 
equivalent to and partly older than the Midway. Dickerson compared 
Martinez specimens with figures of Midway taxa , correlating genera 
rather than species. For the present study , congeneric , possibly 
conspecific , forms were compared using Lodo specimens and Gardner's 
monograph (1933). Taxonomic affinity seems greater between Lodo and 
Kincaid Formation mollusks of the lower Midway stage than between 
Lodo and upper Midway Wills Point Formation taxa. In the absence of 
readily available Midway collections , no attempts were made to tabulate 
percentages of species in common with the Lodo or to test Dickerson's 
claim that the Martinez stage is in part older than the lower Midway. 
The close affinity of many species is remarkable, however, considering 
the absence of known Paleocene dispersal routes between the Gulf of 
Mexico and California north of the area between Guatemala and Panama. 

POSSIBLE AFFINITIES BETWEEN LODO , NORTHERN 
EUROPEAN , AND TETHYAN FAUNAS 

At first perusal of literature on Paleogene mollusks, a number of 
Lodo species look very similar to Paris Basin and Mediterranean (Tethyan) 
forms, a correspondence with interesting implications for the extent 
of the east-west trending Tethyan sea in the Paleocene. 
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The presence of Tethyan genera i n  the Eocene of the eastern and 
southern United States (especially i n  marly units)  was discussed by 
Palmer (1957). Some of the same genera have also been reported from 
California (Palmer, 1957, 1967). The most diagnostic Tethyan taxa,. 
such as  the neritid gastropod Velates, occur i n  the upper Eocene of 
Florida, the lower Eocene Llajas and the middle Eocene Domengine 
Formations o f  California. The absence i n  California of diagnostic 
Tethyan genera older than early Eocene suggests tha t  the Lodo mollusks 
w i t h  European a f f in i t i e s  a re  cosmopoli tan warm-water taxa rather than 
Mediterranean and Indo-European Tethyan forms. 

Before discussing the relation between Lodo and European mollusks, 
i t  i s  important t o  consider the extent of the Paleocene Tethyan Sea i n  
the Mediterranean region. During the Paleocene epoch, a period of 
transgression i n  western Europe (Gignoux , 1955:474-476) , the Tethys was 
connected by a narrow s t r a i t  t o  Nigeria (Adegoke, 1972) b u t  d i d  not 
extend as  far north as the Paris Basin, which was inundated from the 
northwest by a warm temperate, possibly subtropical sea. Some of the 
Paleocene cosmopolitan mollusks tha t  inhabi ted  t h a t  sea remained there 
through the middle Eocene, when the Tethys was connected t o  the Paris 
Basin. As a r e su l t ,  the Lutetian stage fauna o f  the Paris Basin is a 
mixture of cosmopol i tan warm temperate and Tethyan subtropical species. 
In California faunas from the middle Eocene Domengine Formation and 
lower Eocene Llajas Formation are a l so  of mixed origins,  having North 
American, cosmopolitan, and Tethyan elements. Typical Tethyan mollusks 
include the following: Velates , Bat i l la r ia ,  Eovasum, Calyptraphorus , 
Vulsella, Terebellum, Carolia, Clavili thes,  Campanile, and Gisortia 
'(Pa')mer, 1967). O f  these, only Gisortia occurs i n  the Lodo, i n  a form 
very different  from the Tethyan Gisortia S.S. 

The Lodo fauna, therefore, is not Tethyan, although i t  includes 
elements of a warm, widespread Paleocene sea. I t  lacks the t rue Tethyan 
Paleogene markers although i t  contains large numbers of forms also found 
i n  the Paris Basin. 
dontes, Eomiltha, fo r  example, are  known from a t  l ea s t  the Cretaceous of 
western North America, indicating a cosmopolitan dis t r ibut ion for  some 
of the Lodo taxa before the Paleocene. I t  i s  remarkable how very close, 
almost conspecific i n  some cases, the Lodo and Paris Basin Paleocene 
forms are.  As recognized by Weaver (1905) , the Martinez fauna corresponds 
t o  tha t  o f  the Thanet Sands and the Bracheux Beds, a correlation shared 
by the mollusks from the basal par t  of the Lodo Formation. 
some of the Lodo species tha t  a r e  closely related t o  taxa from the Bracheux 
Sands, sables de Rilly,  and "sable infdrieur" which crop o u t  northwext 
and northeast, respectively, of Paris near the towns o f  Beauvais, Chalons- 
sur-Vesle, Noailles, Oise, Jonchery (Farchad, 1936). There a re  more 
pelecypods than gastropods i n  common between the Lodo and Bracheux 
assemblages. There a re  more gastropod but  fewer pelecypod species and 
individuals i n  the basal Lodo Formation, but  more pelecypods i n  the 
Bracheux sands. 

Some of these genera, Cucullaea, Glycymeris, Brachi- 

Table 3 lists 
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TABLE 3 ,--SOME CONGENERIC I N  SOME CASES CONSPECIFIC, MOLLUSKS OCCURRING 
I N  THE LODO FORMATION I N  FRESNO COUNTY AND THE BRACHEUX BEDS I N  THE 
NORTHERN PARIS BASIN, LIST COMPILED FROM SPECIMENS I N  THE CLOEZ 
COLLECTION, UNIVERSITY OF CALIFORNIA MUSEUM OF PALEONTOLOGY, AND 
THE STAADT COLLECTION, STANFORD UNIVERSITY, AS WELL AS FARCHAD (1936) 

OF CALIFORNIA MUSEUM OF PALEONTOLOGY 
AND COSSMANN (1895-1925). LOCALITY DATA REGISTERED AT THE UNIVERSITY 

BERKELEY. 

Lodo-rLSJU 2073 = UCMP A-9717 

"Arctica' ' weaveri (Dickerson, 
1914) ["Spisula (?) weaveri 
Packard o f  D i  c kerson] 

Cucullaea mathewsonii Gabb, 1864 

"Cyrena" sp. c f .  IT." s tud ley i  
(Dickerson, 1914) 
[ co rb i cu l i d  clam] 

Eomi 1 tha t u r n e r i  (Stanton, 1896) 

Crassatel l a  compacta Gabb, 1866 

Glycymeris veatchi i major 
(Stanton, 1896) 

Venericardia mu1 l e r i  
Verastegui , 1953 

Tornatel laea pinguis (Gabb, 
1864) 

G i  1 b e r t i a  sp. 

Bracheux Sands LOC. 

(Des hayes ) UCMP B-7178 
Meret r ix  ( P i t a r i a )  obl iqua 

Cucullaea ince r ta  Deshayes 
UCMP 8-5406 

Cyrena cunei formi s 
UCMP D-2213 

"Luci na" contorta Defrance 
( Farchad, 1936) 

Crassatel la bel lovacina (Deshayes) 
UCMP D-2216 

Glycymeri s t e reb ra tu l  a r i  s (Lamarck) 

Venericardia petuncul a r i s  

Tornatel laea pa r i s iens i s  Deshayes 

UCMP B-7195 

Lamarc k 

G i  1 b e r t i a  sp . 

Figure 3 indicates stage corre la t ions based on the basal Lodo 
mollusks and the Bracheux assemblage. It i s  hoped t h a t  specimens from 
rocks s t r a t i g r a p h i c a l l y  lower than the Lodo can be i d e n t i f i e d  and used 
t o  locate more p rec i se l y  the Danian/Martinez stage boundary i n  the 
eastern Panoche H i  11 s (see Hornaday , 1974) . 

SUMMARY 

extensive, they f i x  the base o f  the Lodo Formation as Paleocene i n  age, 
lower Martinez stage, the equivalent of the Thanetian stage Bracheux 
beds of the northern Par is Basin. The Lodo mollusks are shallow n e r i t i c  
t o  sub1 i t t o r a l  mainly sandy substrate forms, and t h e i r  geographically 

I 

Although the f o s s i l i f e r o u s  layers a t  LSJU 2073 are no t  geographically 
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FIGURE 3. --POSITION OF MOLLUSK-BEARING BASAL LODO SANDSTONES WITHIN MEGA- 
FAUNAL STAGES OF CALIFORNIA AND EUROPE. 
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PLATE I 

All specimens from the Lodo Formation, LSJU 2073 = UCMP A-9717 
Figure 1. 

2. 

3, 6. 

4. 

5. 

7. 

8. 

9. 

10. 

11, 12. 

13. 
14, 15. 

16, 17. 

18, 21. 

19. 

20, 23. 

22. 

Metacerithium packardi Nelson, 1925, juv. UCMP hypotype 14196. 
Ht. 1.2 cm. 

Columbarium sp., abapertural view of specimen characterized 
by flat triangular spines on the keel. LSJU hypotype 
10224. Ht. 2.4 cm. 

Turritella pachecoensis Stanton, 1896. 3, LSJU hypotype 10244, 
ht. 5.2 cm. (growth line inked in). 6, UCMP hypotype 14197, 
ht. 6.8 cm. 

Turritella infragranulata Gabb, 1864. Abapertural view of 
LSJU hypotype 10225. Ht. 7.9 cm. 

Turritella stocki Merriam, 1941. LSJU hypotype 10226. 
Ht. 4.2 cm. 

Turricula sp. 

Turricula sp. 

Pleurofusia sp. aff. P. fresnoensis (Arnold, 1910). 

"Turricula" waringi Nelson , 1925. Abapertural view of UCMP 

E itonium n. sp., aff. E. cookii Gardner, 1933, from the Kincaid 
-ion. AbapertuFal , apertural views, respectively, of 

Arrow points to characteristic basal 

Crassatella sp. UCMP hypotype 14201. Ht. 1.1 cm, length 2 cm. 
Pseudoliva sp. not E. inornata Dickerson or P. howardi 
'(Dickerson). Fig. 14 is adult hypotype LFJU 10229, ht. 

3.2 cm. Fig. 15 is a younger individual, UCMP hypotype 
14202, ht. 2.1 cm. 

Typhis n. sp. Two views of UCMP hypotype 14203. Ht. 1.5 cm. 
Specimen is incomplete and poorly preserved but has 7 
varices on the body whorl aligned with varices on preceding 
whorls. 

Eomiltha turneri (Stanton, 1896), interior and exterior views, 
respectively of LSJU hypotype 10230. 
6 cm. 

Side view showing turrid notch in an incomplete 

May be a younger individual of the same species 
specimen. LSJU hypotype 10227. Ht. 4.5 cm. 

as Fig, 7. Abapertural view of UCMP hypotype 14198. Ht. 
3 cm. 

of UCMP hypotype lTl99. 

hypotype 14200. Ht. 1.9 cm. 

LSJU hypotype 10228. 
cord. Ht. 1.7 cm. 

Abapertural 
Ht. 2.7 cm. 

I 

Ht. 4.8 cm, length 

Colubraria (Colubraria) n. sp. LSJU hypotype 10231. Ht. 2.1 
Spec?men has fine, cancel late microsculpture, curved cm. 

varices SDaced 3/4 of a whorl apart. 
Cucullaea mathewsonii Gabb, 1864. ' Interior and exterior views, 

respectively, o f  hypotype LSJU 10232. 
5 cm. 

Ht. 4.5 cm, length 

Saxolucina sp. or a variant of Eomiltha turneri, figs. 18, 21. 
Hypotype LSJU 10233. Ht. 7 cm, length 6.8 cm. 

476 



3 

16 17 

PLATE I 

477 





$ >  

'PLATE XI 
A l l  specimens except f igs. 3, 17, and 18 from t h e  Lodo Formation, 

LSJU 2073 = UCMP A-9717 
Figure 1, 2. 

3. 

4, 7. 

5. 

6. 

8. 

9, 13. 

Crassatel la compacta-Gabb, 1866. Hypotype LSJU 10234. 

A c i l a  (Truncacila) sp. , no t  A. (T.) decisa (Conrad). 
C A S  .hypotype 55758 from CAS 3r318a. H t .  1.1 cm, 

"Meretr ix" stantoni  Dickerson, 19 , Fig. 4 shows venerid 

H t .  1.3 cm, length 1.7 cm. 

H t .  2.2 cm, length 3 cm. 

length 1.5 cm. 

type o f  i n t e r i o r  hinge i n  hypotype UCMP 14204. H t .  
.8 cm, length 1.2 cm. 
valve, hypotype UCMP 14205. 

Venericardia (Glyptoact is)  keenae Verastegui , 1953. 
Holotype, a r i g h t  valve, LSJU 7992, from LSJU 2073. 
H t .  3.3 cm, length 3.7 cm. 

Brachidontes ._. lawsoni (Nelson, 1925). 
Longest dimenslon 1.4 cm. 

Venericardia m u l l e r i  Verastegui , 1953. 
H t .  6.4 cm, length 5.7 cm. 

G iso r t i a  sp. c f .  5. c l a r k i  Ingram, 1940. 
view, an te r io r  end t o  r i g h t ,  f i g .  13 o f  apertural  view 
( l i p  restored) o f  hypotype LSJU 10235. 

Fig. 7 i s  i n t e r i o r  view o f  l e f t  

Hypotype UCMP 14206. 

Hypotype UCMP 14207. 

Fig. 9, s ide 

Ht .  2.2 cm, 
length 3.9 cm. 

Fig. 10, s ide view o f  
hypotype LSJU 10236. H t .  1*.7 cm, length 3.3 cm. ' 

Fiq. 14, apertural  view o f  hypotype UCMP 14208: H t .  

10, 14. Cypraea sp., adu l t  ind iv iduals .  

tneyel 1 a 
2.3 cm, length 5 cm.. 

"Lat i rus"  c f .  L. buwaldana (Dickerson, 1915) [Whi 
auctt] .  Abzpertural , aper tura l  views, respect ive ly  , 
nf hvnntvpe LSJU 10239. H t .  2.2 cm; 

I mathewsoni i (Gabb , 1864). Abapertural view , 

11, 12. 

15. 

16. 

17, 18. 

". . .<r--J "Surcul i t e s '  
hypotype LSJU 10237. H t .  2.5 cm. 

Pseudoperissolax b lakei  subsp. praeblakei Vokes, 1939. 
Abapertural view, hypotype LSJU 10238. H t .  1.4 cm. 

Cophocara stantoni  Stewart, 1927. 
of hypotype LSJU 10240 from LSJU 2245, ht.  2.5 cm. 
Fig.  18, abapertural view of hypotype LSJU .lo241 from 
LSJU 460, h t .  2 cm. Cretaceous, lower Laguna Seca 
Formation o r  a member o f  the Moreno Shale? 

Heteroterma s t r i a t a  Stanton , 1896 F i g  19 abapertural 
view nf hvPotvDe LSJU 10245, from LSJU 2073, h t .  4 cm; 

Fig. 17, apertural  view 

- - * r - - * r -  - - .-.. -. 
f i g .  20 , abapertural view o f  hypotype UCMP14209, h t  . 

I .  

Nelson, 1925. Apertural view, . Length 3.3 cm. 
inyonensis Dickerso 

v!ew , hypotype UCMP 14210, h t  . 
t u r a l  view ( r i g h t  angled fragment 
rt o f  t he  s h e l l )  o f  hypotype 

LSJU.10243. H t ,  3.2 cm. J 
I 
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LOCALITY DATA 

LSJU Leland Stanford University CAS California Academy of Sciences 

UCMP University of California Museum of Paleontology (See Figs. 1, 
2 for maps) 

Fresno County, California, Tumey Hills 7 1/2t quadrangle 

LSJU 2073 = UCMP A-9717 = UCMP A-4657 = 'UCMP A-1284 = UCMP A-4295 = 
UWa A-2500 of Mallory, 1959 

E. side of Panoche Pass road about 1/4 mile south of the junction 
of Panoche and Silver Creeks. About 2,000 ft W., 100 ft N. of 
SE cor. sec. 20, T. 15 S., R. 12 E. Lodo Formation, basal 
glauconitic sandstone sands and shale lenses (see Fig. 1). 

LSJU 2073a, 1,000 ft SE along strike from LSJU 2073, in bluff above road. 

Lodo Formation, same horizon as LSJU 2073. 

LSJU M-74 Type locality of the Lodo Formation (White, 1938), NE 1/4 
SE 1/4 sec. 29, T. 15 S., R. 12 E. 
the lower 200 feet of the type section in a wash south of the 
first canyon south of Lodo Gulch. Megafossils labelled M-74a, 
I-X section, were collected by Smith, 1974, from the lower 20 ft 
of the I-X section. 
just above the Moreno shale talus and from the yellowish sandy 
concretionary layer just above the soft, well-sorted grey sand 
[see Fig. 1 for the same lithologic sequence at LSJU 2073). 

I-X section of Martin (1943), 

Specimens came from the micaceous sandy layers 

Fresno County, California, Chounet Ranch 7 1/2' quadrangle 

LSJU 454 Just north of Panoche Creek, 1,800 ft S., 1,650 ft W. of 
NE cor. sec. 17, T. 15 S., R. 12 E. Basal Lodo Formation. Coll. 
Max Payne; 454a coll. P. Verastegui, 1948. 

CAS 31318 1/4 to 1 mile north o f  Panoche Creek, near center of sec. 17, 
T. 15 S., R. 12 E., on east side of south-trending gully, 100 ft 
above wash. Collections from 2 concretionary sandy masses, the 
more westerly one lying on the brown Moreno Shale. Coll. C. C. 
Church, J. J. Bryan, 1940. 
suggest the Lodo Formation.] 

[Species identified for this paper 

CAS 31318a Sec. 17, T. 15 S., R. 12 E . ,  beds 200 ft stratigraphically 
lower than those of CAS 31318. 
Moreno Shale, in lowermost sand above the Cretaceous. 
Hanna, Bryan, Kotik, 1940. 
the Lodo assemblage, either Cretaceous or earlier Paleocene.] 

In sandstone reef adjacent to brown 
Coll. Church, 

[Mollusks identified as older than 
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LSJU 460 300 ft  S,, 650 f t  W .  of NE cor. sec, 24,.T, 14 S , ,  R ,  11 E, 
300 f t  stratigraphical ly below Domengine Paleocene, Basal Laguna 
Seca Formation, 
than the Lodo assemblage a t  LSJU 2073 or LSJU 454.) 

imply Cretaceous or Paleocene older t h a n  the Lodo assemblage a t  
LSJU 2073.1 

LSJU 2245 100 f t  S., 700 f t  W.  of NE cor, sec. 24, T. 14 S., R. . l l  E. 
"Basal Laguna Seca Sand," Paleocene. 
Domengine. 
[Mollusks imply Cretaceous or  Paleocene older than the Lodo 
assemblage a t  LSJU 2073.1 

North slope of Gres Canyon near l e f t  hand base of "G" i n  "Gres" 
(Chounet Ranch 1 :24,000 , 1956 ed. ) . 
Paleocene contact. 
Col l .  Paleo. c lass ,  1964. 
Cretaceous or Paleocene older t h a n  the Lodo assemblage a t  LSJU 2073.1 

Gres Canyon a t  approximately the 920-foot contour a t  the point of 
"G" i n  "Gres" (Chounet Ranch 1:24,000, 1956 ed.). About the middle 
of SE l j 4  of sec. 12. Exposure 30-40 f t  thick,  rocks b u f f  t o  brown 

[Mollusks imply Cretaceous or Paleocene older 

LSJU 1068 Sec. 19, T. 14 S., R ,  13 E. Coll. R.  T. blhite. [Mollusks 

300 f t  below base of the 
Coll. R .  A.  C. Brown, Muller, Payne, Schenck, 1940. 

UCMP B-8580 Gres Canyon, SE 1/4 NW 1/4 sec. 12, T.  14 S . ,  R. 11 E. 

Basal conglomerate a t  Cretaceous/ 
Dull ye1 lowish-grey-whi t e  sandy pebble conglomerate. 

"Lodo or Laguna Seca Fm." [Fossils imply 

UCMP 5-6356 SE 1/4 NW 1/4 sec, 12, T. 14 S . ,  R .  11 E. North bank of 

sandstones, conglomeratic i n  places. Fossils from the 
Laguna Seca Formation. Coll. Paleo. class, 1972. [Mo 
Paleocene, equivalent of basal Lodo assemblage a t  LSJU 
middle Laguna Seca Formation assemblage a t  UCMP A-6604 

Merced County, California , Ortigali ta Peak 15' quadrangle 

conglomerate. 
lusks imply 
2073 and of 
1 

jun,ction of UCMP A-6604 Laguna Seca Creek, about 1,100 f t  S. 60" W .  of 
nor th  fork of Laguna Seca along small s p u r  400-500 f t  north of 
stream bed near center of W 1/2 sec. 18, T. 12 S . ,  R. 11 E. 
Martinez Sandstone [Laguna Seca Formation], about middle of 
formation. Coll. Briggs, 1948-49. [Fossils a re  Paleocene, some 
of the same species as i n  the basal Lodo Formation a t  LSJU 2073.1 

UCMP A-6607 North bank of Rattlesnake Canyon, about 50 feet s t r a t i -  
graphically above base of Martinet Fomation [Laguna Seca Formation], 
about h a l f  way up stream bank i n  middle of E 1 /2  NW 1/4 sec. 34, 
,T. 11 S . ,  R .  10 E. Good corall ine faunule. 
Cretaceous or Paleocene older Than the Lodo assemblage a t  LSJU 
2073; assemblage same as that  a t  UCMP B-8580.) 

[Mollusks imply 
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i THE ROLE OF COAL 
By Dr. C. M. Swinney 

SETTING THE STAGE 

Clearly the largest hydrocarbon resource on earth 
is coal. (See Fig. 1). It represents both for the world and 
for the United States about three-quarters of the total hydro- 
carbon supply, with the remaining one-quarter comprised of 
petroleum, natural gas, oil shale and tar sand. Fortunately, 
the United States, including Alaska, has about 45% of the 
total coal resource. Coal, therefore, must become increasing- 
ly important as a source of hydrocarbons both for energy 
supply as well as industrial uses. There is no reason to 
believe that the Pacific Coastal States will vary greatly from 
the rest of the nation in their dependence upon utilization of 
coal for energy. 

The rate at which coal will be integrated into the 
energy supply spectrum on the Pacific Coast will be dependent 
upon several factors: 

1. 

2. 

3 .  Federal, State and Local governmental policies 

The supply and cost of petroleum and natural gas; 

The overall status of the economy; 

and regulations; 

4. Economically feasible alternative energy sources; 

5 .  Environmental considerations, generally encompassed 
by No. 3 .  

These items are not listed in order of importance, 
since any one of the factors, or combination of these factors, 
would certainly influence the use of coal as an energy source. 

frames will be considered. The first, a relatively short 
span of time, extending out some 15 years to the year 1990; 
and the second, a longer term view, extending beyond the year 
2000. 

In this discussion of coal utilization, two time 

FACTORS INFLUENCING COAL USE ON THE PACIFIC COAST 

Consider now the factors listed in the first section 
of this paper and their inpact on the utilization of coal as a 
source of energy in the Pacific Coastal States. Of those mcn- 
tioned, probably the two having the greatest impact in the 
next 10-15 years, are (1) policies and regulations promulgated 
by the governmental agencies and (2) the extent of new dis- c 
coveries of petroleum-reserves. 
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Before discussing the future, consider briefly 

The land contained 

the past. 
trial growth and developed into a highly industrialized 2nd 
affluent society for one reason only. 
abundant and easily recovered natural resources. 
resources, particularly petroleum, have played a major role 
in creating the industrialized society of today. 

Over the past 75 years, discovery of major oil and 
gas fields in the United States progressed at a rapid rate, 
particularly between.1900 and 1955. 
low cost energy, and developed the means of using it. 
ment policy and regulations encouraged maintaining low cost 
energy supplies to the consumer. The result has been an 
annual growth rate in energy use of some 3 .6% since 1955, with 
projections indicating that such a rate will likely continue 
through 1985. From the late 1950's to date, even with highly 
sophisticated exploration techniques and improved onshore and 
offshore drilling equipment, the finding rate for major oil 
and gas reserves has rapidly dropped. Finding and producing 
the remaining domestic reserves of petroleum will require a 
much greater effort and will cost far more than in the past. 

Production of domestic oil and gas reserves peaked 
in the early 1970's, suggesting, therefore, that half of the 
total reserve has been produced. Even if additional major 
domestic discoveries are made, this will only postpone the 
decline by a few years. 

The United States experienced phenomenal indus- 

The energy 

The Country had abundant, 
Govern- 

Looking ahead to the next 10-15 years, increasing 
amounts of petroleum must come from outside the Country or a 
shift must be made to alternative energy resources. 
10-12 years ago several Pacific Coast utilities began a shift 
away from the burning of oil and gas for electric power 
generation. The alternatives were coal and nuclear fuel, with 
the priority resting with nuclear reactors. Currently, three 
nuclear generating stations, producing about 1500 Mw, are 
operating in California. During this year, 1975, an additional 
plant in Oregon will come on line with,an output of about 1190 
Mw. Coal-burning electrical generating stations located in 
New Mexico, Arizona, Nevada and Washington input some 3600 
megawatts of electric Fower into the West Coast energy supply. 
The total output of both the nuclear and coal-fired plants is 
only about 3-1/2% of the West Coast total energy demand. 

accomplished several things: 
plete dependence on a low-cost energy supply. It emphasized, 
although perhaps not fully realized as yet, that such energy 
sources are depletable. It also made the nation more conser- 
vation-minded and it created consternation and confusion in 
governmental agencies, particularly the Federal Government. 

Some 

The energy shortage of late 1973 and early 1974 
It highlighted the nation's com- 



i 
Without belaboring all the reasons why an energy supply 
shortage developed so quickly, and they are numerous, 
ranging a l l  the way from environmental restrictions to 
the oil embargo of the Organization of Petroleum Export- 
ing Countries, it is sufficient to say that we no longer 
have, or will have, low-cost energy in the time frame which 
we are currently discussing. 

, 

The world's supply of petroleum will likely in- 
ut costs of finding and producing it will be high. 

Much of the supply will be offshore or in remote areas that 
have not yet been explored. New discoveries may eventually 
bring about a greater geographic dispersion of the world's 
oil reserves, but lead time for exploration and development 
is such that little change in the basic supply pattern could 
occur prior to the mid-1980's. Until, and if, such a re- 
alignment of oil reserves takes place, the OPEC will try to 
maintain production which will be conducive to sustaining 
prices close to or above their current levels. 
these countries, such as Saudi Arabia, the intent is to use 
the oil as a basis for developing an industrialized nation. 
Short of a disaster,'such as a major war, these nations are 
going to make the most of their oil assets to accomplish 
their purposes. 
and they certainly will maximize its use. 

Economic & Environmental Impact 

cannot expect to make up deficits of energy supply by import- 
ing increasing amounts of costly foreign o i l .  
there will be a major e hasis placed upon shifting our hydro- 
carbon energy base fr etroleum to coal. The Administration 
has already taken the ition that petroleum is too valuable 
to burn for the production of electric power. Thus to the 
extent possible, existing power plants will convert to coal 
and new planned electric generation will be either nuclear 
or coal-burning. 

Southern California Edison,'my employer, is currently 
constructing tw 
In addition,, th 
jected 3,000 megawatt coal-fired generating facility in 
Southern Utah. 
units will begin coming on line about 1980. 
Coast utilities ha similar plans. 

qualtty, have added greatly to the cost'of energy to the 
consumer. 

In many of 

They realize they have a depleting resource 

The U.S. economy, with serious inflation problems, 

Therefore, 

150 megawatt nuclear units at San Onofre. 
ompany plans to be a 40% owner of the pro- 

Both the nuclear plants and the coal-fired- 
Other Pacific 

Environmental considerations, particularly air 

A given sized plant prodiices the same amount of 
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product, whether it be gasoline, kilowatts, or whatever, 
even though its cost of construction and operation may 
double as a result of steps taken to protect the environ- 
ment. Cost of product, therefore, increases. A part of 
our current inflation results from the impact of clean-up 
procedures and operations which do not add to productivity. 

It is most unfortunate that at a time of great 
need for domestic petroleum reserves, exploration is at 
almost an all time low. Greatly needed is a Federal energy 
policy that will provide economic incentives, along with an 
aggressive leasing program on the Public Domain. Instead, 
pricing control and tax penalties are suppressing the search 
for oil. 

State and local policies and regulations, particu- 
larly in California, are going to add still further to the 
pressing need to develop coal resources. Apparently, the 
current thinking within the State Energy Resources Conserva- 
tion and Development Commission favors prohibition of any 
further offshore exploration or drilling for petroleum on 
State-controlled lands. Attempts to block such developments 
beyond the three-mile limit on Federal leases by denying 
access to the coast is also being considered. Any potential 
offshore oil that could ease the oil import problem over the 
next 10-15 years is not likely to become available and will 
place still further strain upon an already shaky economy. 

Manifestly, a pressing need exists to provide energy 
from coal as quickly as possible, not only for electric power 
genration, but for the production of gaseous and liquid hydro- 
carbons to supplement natural petroleum products. 

c Deterrents to Coal Development 

Coal, like oil and gas, has its own share of economic, 
environmental, and governmental problems, all of which bear 
strongly on its rate of development and integration into the 
energy mix for the Pacific Coast. In the face of rapidly 
rising costs, the United States Congress passed a Surface 
Mining bill, which has been estimated by some to increase 
electric utility fuel costs by about 55%. The National Coal 
Association estimates that at least 100 million tons of coal 
now produced annually by surface methods may no longer be 
available. This loss could be replaced by oil, which is a 
poor alternative, or from underground coal mines that do not 
exist at this point in time. If underground coal mining , 
capacity cannot be brought on stream on quickly enough, oil 
would be required at a replacement cost of an additional $ 3 . 3  
billion, most of which would be absorbed by electric utility 
customers. In addition, increased cost of reclamation for , 

surface mined coal (the bill.required a 25C/ton tax on all 
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deep mined coal and a 3 5 ~  per ton tax on surface mined 
coal) could make the total cost of the bill come to about 
$4 billion a year. These are the numbers which suggest 
this piece of legislation would increase fuel costs for 
the nation's electric utilities by 55%. President Ford 
has used a pocket veto to stop this legislation, but it 
is almost certain that it will come up again in the new 
Congress. 

It is ironic that while one part of government, 
the Administration, presses for increased development of 
our coal resources to reduce the nation's dependency on 
foreign sources, another part of government, the Congress, 
provides laws and regulations that retard or block such 
activity. There is no problem in land restoration. The 
Europeans have been doing this for generations and the land 
is returned to its prior use after mining ceases. The 
problem rests with added taxes, superimposed layers of 
local, state and federal jurisdiction, hearings, and regu- 
latory red tape. 
high costs. 

COAL AS AN ENERGY SOURCE FOR THE PACIFIC COAST 

How will coal, as an energy source, increasingly 
supply the Pacific Coast energy mix? As mentioned earlier, 
it is already making some impact as a source for electric 
power generation. In the coming 10-15 years, electric 
generation and, to a lesser extent, manufactured gas, will 
be the methods by which energy from coal is utilized. 
Existing and planned electric generating facilities are 
mine-mouth and located at the coal deposits. 
tims are generally at considerable distances from load 
centers and require long transmission lines. 
will convert caal to more environmentally acceptable fuel 
are in the offing and among the first will be installations 
that will convert coal to high Btu gas to replace diminish- 
ing natural gas supplies. Initially, such plants are also 
likely to be mine-mouth installations. 

One important factor to consider, however, is that 
no matter how much pressure there may be to bring coal- 
derived fuels into our energy mix, the rate at which this 
takes place will be slow. Technology for the production of 
gaseous fuel from coal is already in hand. Even with known 
technology, however, the lead time, from the development of 
a mine and construction of a plant, until product is produceG, 
may be as much as ten ye'ars. Two to four years of this time 
may be involved with environmental considerations. Proposed 
legislation will discourage exploration and may prevent some 
reserves from being developed. 

The results are long delays and abnormally 

Such installa- 

Plants which 
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Production of clean liquid fuels from coal is 
just entering the demonstration stage. Only an all-out 
crash program would speed this timetable up. This is 
not normally a desirable way to proceed, but if our in- 
dustrial complex falters for want of energy, it may be 
necessary. 

COAL CONVERSION SYSTEMS 

Burning coal directly in a boiler is the most 
efficient way, at present, to produce electricity. For 
gas service use, i.e., distribution by a gas utility, 
gasification to SNG (Substitute Natural Gas) appears to 
be the preferred method. In both cases, the impact on 
the coal resource is about the same. In other words, a 
ton of coal produces just about the same amount of end 
use energy whether its burned to produce electric power or 
converted to SNG. 

Direct combustion of coal to produce electric 
power is more environmentally abrasive than conversion to 
other forms of fuel. Therefore, coal conversion systems 
that yield liquid and gaseous fuels having less environ- 
mental impact will be developed in the coming 10-15 years. 
Even at a loss in overall efficiency, such fuels will 
likely be burned to generate electric power. As mentioned 
later, non-fossil fuel energy sources must be developed for 
the production of electricity, thus conserving our hydro- 
carbon resources for industrial use. 

Synthesizing liquid and gaseous fuels from coal is 
nothing new. Long before petroleum nade its debut on the 
energy scene, coal was providing illuminating gas, coal oil, 
tar, resins and carbon. With the launching of the petroleum 
era in the late 1850'~~ oil and natural gas took over the 
role that had been occupied for years by coal. 
particularly true in the United States. In Europe coal still 
continued to supply minor amounts of gas for industrial 
purposes and, of course, during World War I1 coal provided 
fuels for the German war effort. 

This was 

Depending upon the severity of treatment, coal con- 
version processes can be optimized to produce high Btu gas, 
suitable as a replacement for natural gas, or various grades 
of liquids and even a clean de-ashed solid. 

Gasification Processes 

Gasification of coal is a commercial technology,. 
therefore, a discussion of coal conversion processes will 
begin with a review of gasification concepts. 
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A simplified diagram illustrating gasification 
of coal is shown in Figure 2. 
is reacted with steam and oxygen, or air, under pressure 
in a closed vessel. The resulting product, called pro- 
ducer gas, is further treated in a second stage to yield 
product gas whose heating value will vary depending upon 
the severity of the treatment, To obtain a high Btu gas 
which can substitute for natural gas, producer gas is 
hydrogenated to yield a product rich in methane. 

Crushed or pulverized coal 

J 

Ttio commercial gasification processes, Lurgi 
and Koppers-Totzek, are available today. Both are German 
concepts and stem from development during World War 11. 
The Lurgi process, probably the best known, cannot handle 
caking coal. Therefore, many of the coals occurring in 
the Eastern United States cannot be gasified by this process. 
The Koppers-Totzek gasifier is capable of handling any type 
of.coa1 and will, therefore, likely have more universal 
application. Both systems are capable of producing either 
low or high Btu gas, depending upon the degree of methana- 
tion applied to the producer gas. 
cation processes are being investigated in this Country in 
the hopes of improving upon the economics of the two German 
processes. Figure 3 lists various processes and indicates 
their present status. As shown, all are capable of prodcc- 
ing medium to high Btu gas and a number of them produce a 
low Btu gas. 

Several commercial size gasification plants pro- 
ducing SNG are expected to be built in the near future. Two, 
the El Paso Natural Gas Company and the Texas Eastern-Pacific 
Lighting Company projects, are ready to start construction 
as soon as all permits can be obtained. Four others are in 
the planning stages as shown inFigure 4. In the ease of all 
but the Northern Natural Gas Company project, a Lurgi gasifi- 
cation system is being used with methanation to upgrade the- 
producer gas to high Btu pipeline gas. 
were compiled, Northern Natural Gas Company had not yet 
decided on the process it will use. In addition to the 
planned commercial facilities, at least six processes are 
being actively investigated in the pilot plant stage. 
5 shows the status of these various gasification concepts 
and there are probably others that have recently come under 
development that are not listed. 

In situ Coal Gasification 

A number of other gasifi- 

At the time the data 

Figure 

The above discussion deals with surface plants 
utilizing mined coal. 
being investigated. This involves the ignation of coal in 
place in the presence of air, oxygen, gteam-air, or steam- 
oxygen mixtures. 

In situ gasification of coal is also 

The process has been amply demonstrated 
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Process Reactor 

Fluid Entrained Moving 
Bed Bed Bed 

Commercial 

Op. Pressure 

(Psi) 
0-1 5 100-500 1000-1 500 

STATUS OF TECHNOLOGY OF COAL GASIFICATION 

Lurgi X 

Koppers-Totzek X 

Heating Value 
BTUlSCF 
Medium High 

100-250 250-550 950-1 000 

X X X X 

X X X X 

A. 

Atgas 

Molten Salt 

X X X 

X X 

Pre- Pilot 

Molten 
Salt 

I 

X 

Synthane 

Molten 
Iron X 

X X X X I  I x  

Figure 3 



I , .. . . ... , .. . , ~ , ~ 1.1 

26,600 

1 Process Company 

250 Ready to begin construction. 
Cost about $450-500 million. 
Start-uo - 1977 

Lurgi El Paso Natural Gas Co. 

- 

& 
A 

~ 

Lurgi Texas Eastern Trans. Co. 
Pacific Lighting Co. 

Lurgi Texas Gas Transmission Co. 

Lurgi Eastern Gas & Fuel 
Associates 

I Lurgi Panhandle Eastern Pipeline 

29,000 

-- Northern Natural Gas 
Cities Service 

250 Ready to start construction. 
Cost about $450-$500 million. 
Start-up - 1977 

SNG from Coal 

Illinois 

New Mexico 

Planned Commercial U. S. Plants 

Coal reserves acquired. 
Planning & design 

Coal reserves acquired. 
Planning 

Capacity 
Feed SNG 
(Tpd) I MMscf/d 

Powder River Basin, 
Montana 

'Location 

110,000 250 X 4 Coal reserve acquired. 
Planning a $1.5 billion plant. 

Status 

New Mexico 

New Mexico 

I I I Planning stage. I _ _  

I I I J 
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COAL GASIFICATION PROCESSES UNDER DEVELOPMENT 

Process Company Location Status 

Pilot plant in operation ,. 

(40 tPd) 
Consolidation Coal Co. CO, Acceptor Rapid City, S.D. 

Bigas Pilot plant under construction 
(1 20 tpd) 

Bituminous Coal Research 

Inst. of Gas Technology 

Horner City, Pa. 

Pilot plant operable. 
Investigating three variations of 
Drocess. 

Chicago, 111. 

Applied Technology Has a $1.1 million EPA/AGA 
con tract 

Atgas -- 

Molten Salt M. W. Kellogg Co. OCR dropped project. Kellogg 
continuing with process 

Pilot Plant operable 
(70 tPd) I. 

Synthane Bruceton, Pa. U.S. Bureau of Mines 

Figure 5 



on small scale, and the Russians operated a 15,000 kW 
generating plant for a number of years on low Btu gas 
produced in situ. 

The U.S. Bureau of Mines is currently working 
with an in-situ project at Hanna, Uyoming. The test is 
in a 30-foot thick seam under some 400 feet of cover. 
As in all previous in situ operations, the produced gas 
is of poor quality, averaging about 85 Btu/scf. Some 
difficult problems need to be solved before in situ 
methods can be considered to be technically or economically 
feasible. Such items as control of the reaction to pro- 
duce high Btu gas, establishing and maintaining perme- 
ability, leakage control, and groundwater intrusion rep- 
resent the principal areas of investigation. If and when 
techniques are found to make in-situ gasification attrac- 
tive, a great deal of coal, particularly deeply buried 
seams,could become producible. 

Liquefaction Processes 

Production of liquid fuels from coal is not as 
far advanced as is gasification. Coal liquefaction, like 
gasification, involves reacting coal, with or without a 
catalyst, in a closed vessel. Figure 6 lists the various 
techniques for coal liquefaction. Presently, one commercial 
process is in operation in South Africa. 

rather than gaseous products as shown in Figure 7. A liquid, 
being more concentrated than gas is easier, and less costly, 
to transport and store. It is also easier on the coal re- 
source, having a thermal efficiency for conversion of about 
80% versus 65% for gasification. Last, but not least, the 
investment in plant is less for liquefaction and water re- 
quirements are lower. It is for these reasons that a number 
of utility companies, as well as oil companies, are interested 
in processes which produce liquids from coal. Petroleum 
refineries can utilize a synthesized crude oil from coal as 
feed stock even though the material is higher in aromatics 
than petroleum crude. 

Figure 8 lists the four processes being developed 
for the production of liquids from coal and indicates the 
conditions pertaining for the conversion of coal to liquids. 
The only large size commercial plant producing liquids from 
coal today is government-owned and operated and is located 
in South Africa. This plant, at Sasol, utilizes the Lurgi 
technique to gasify coal, followed by a Fischer-Tropsch 
reaction to yield gasoline. This process is not currently 
considered to be economical in the United States. Of the 
other processes listed, all are in early stages of investi- 
gation. Figure 9 indicates the status of liquefaction 
technology in the U.S. 

There are some advantages in producing liquid 
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COAL LIQUEFACTION 

TECHNIQUES: GASIFICATION - SYNTHESIS (FISCHER - TROPSCH) 

MILD NON-CATALYTIC HYDROGENATION (SOLVENT EXTRACTION) 

Ab 0 MORE SEVERE CATALYTIC HYDROGENATION 

0 PYROLYSIS OR DESTRUCTIVE DISTILLATION 
3 

Figure 6 



ADVANTAGE OF LIQUID PRODUCT 

0 MORE CONCENTRATED FORM OF ENERGY (CHEAPER TO TRANSPORT) 

0 MORE EASILY STORABLE 

0 LESS HYDROGEN REQUIREMENT: COAL - LIQUID -GAS 

0 HIGHER THERMAL EFFICIENCY (80% VS. 65% FOR SNG) 

0 ECONOMIC ADVANTAGE 

0 LESS ENVIRONMENTAL IMPACT (WATER REQUIREMENTS & WATER POLLUTION 
PROBLEMS) 

Figure 7 



COAL LIQUEFACTION PROCESSES 

PROCESS 
TYPE CONDITIONS 

FISCHER - TROPSCH COAL GASIFIED 
SYNTH ESlS TO SYNTHESIS A 

\3 
\3 

GAS: CO,H2 

SOLVENT EXTRACTION 

PLUS HYROCRACKING 
PLUS MILD HYDROGENATION 800" F, 1000 psi 

750" F, 500 psi 

CATALYTHIC HYDROGENATION 850" F, 2700 psi 

PYROLYSIS 1600" F, LOW PRESSURE 

Figure 8 

EXAMPLE 
PROCESS 

SASOL SOUTH AFRICA 
(NOT ECONOMIC FOR U.S.) 

SRC 
CSF 

H-COAL 

COED 



STATUS OF COAL LIQUEFACTION TECHNOLOGY 

DATE COULD 
START 

COMMERCIAL LIQUID YIELD 
PROCESS DEVELOPER CAPACITY DESIGN BBLSlTON 

FISCHER-TROPSCH 

SRC 

CSF 

H-COAL 

FIXED BED 

FIXED BED HYDRO 

CCL 

COED 

FLASH CRACKING 

TOSCOAL 

LURGI 

GULF 

CONSOL 

HRI 

FMC 

USBM 

GULF 

FMC 

GARRETT R&D 

TOSCO 

I. GAS I F I CAT1 0 N -SY N TH E S I S 

MAIN 
PRODUCTS 

COMMERCIAL GASOLINE 

II. MILD NON-CATALYTIC HYDROGENATION 

EXTRACT 
(HEAVY FUEL 

OIL) 

2.8-3.0 50 TPD 1976 

111. CATALYTIC HYDROGENATION 

PRODUCT 
SULFUR & ASH 

CONTENT 

%SULFUR %ASH 

20 TPD 1976 3.0 DISTILLATE 

3 TPD 1977 3.0 DISTILLATE/FUEL OIL 

- 30 TPD 1976 - 
0.06 TPD 1978 2.9 DISTILLATE 

0.06 TPD 1978 3.1 DISTILLATE/FUEL OIL 

IV. PYROLYSIS 
36 TPD NOW 1 .o DISTILLATE, SNG, CHAR 

1 5 TPD 1977 1.8 DISTILLATE, GAS, CHAR 

25 TPD 1976 1 .o CHAR, OIL, GAS 

0.3 0.1 

0.3 0.1 

0.3 0.1 

- - 
0.1 9 1 .o 

0.04 0.02 

0.08 

50 % REMOVAL 

Figure 9 



COAL CONVERSION RESEARCH AND DEVELOPMENT 

Much of the work to be performed on the various 
processes, both for gasification and liquefaction, has 
been a cooperative program between the Office of Coal 
Research and various companies or industrial groups. Con- 
solidation Coal Company, now a subsidiary of Continental 
Oil Company, has done a great deal of work on coal conver- 
sion. A newly formed subsidiary of Continental Oil Company, 
Conoco Coal Development Company, has combined all the work 
of Consolidation Coal as well as Conoco, and will be re- 
sponsible for coal conversion activities. CCDC is currently 
operating a gasification pilot plant at Rapid City, South 
Dakota. During the late '~O'S, Consolidation Coal Company 
operated a pilot plant to produce synthetic fuels from coal, 
located at Cresap, West Virginia. 
down in 1970, but is being reactivated by Fluor Corporation 
for continued studies of the process. Pittsburgh and Midway 
Coal Company, a subsidiary of Gulf Oil Company, is operating 
a SO-ton per day pilot plant near Tacoma, Washington, to 
further develop a solvent-refined method of producing liquid 
fuels from coal. 

The plant was closed 

Federal Support of Research and Development 

The level of research on coal conversion methods 
in the United States over the past 10-12 years has been 
modest. OCR has spent approximately $160 million during 
this period of time in support of the various processes dis- 
cussed. 

With Washington concerned in shifting to a coal 
economy to implement Project Independence, a great deal more 
money will be channeled into coal Conversion research and 
development. Indeed, in 1974 the Office of Coal Research 
extended invitations for proposals for coal conversion 
program to the industry. Response to their invitation was 
poor. 
asked to put up funds and act as a contractor for the Federal 
Government, rather than being able to develop the processes 
which they preferred. Interestingly enough, an unsolicited 
proposal submitted to the Office of Coal Research by Old Ben 
Coal Company, a subsidiary of Sohio, was rejected. This 
submittal had been made to the OCR prior to its invitation 
for proposals. Recently one proposal was accepted, that of 
Coalcon Company, a jointly-owned subsidiary of Union Carbide 
Corporation and General Tire and Rubber Company. 
tract is for $237.2 million, with the initial government 
studies being funded to the extent of $21  million. 
proposed plant will be a 2600 ton per day coal unit producing 
3,900 barrels per day of liquids and 22 million cubic feet 
of gas. 

Many companies apparently felt that they were being 

The con- 

The 

The on-stream date is estimated to be late 1979. 
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Industry-Sponsored Demonstration Plant 

Southern California Edison Company seriously 
considered responding to the OCR invitation, but for the 
reasons mentioned above, decided to attempt to privately 
finance an investigation of a coal conversion process in 
conjunction with other companies. To date Edison, Conoco 
Coal Development Company, Mobil Research and Development 
Company, and Electric Power Research Institute have signed 
an agreement to carry out the preliminary engineering 
studies for a plant based on Consolidation Coal Company's 
synthetic fuel process. 
will join in this venture. 
plant would be capable of handling about 600 tons of coal 
per day, yielding some 1800 barrels of clean liquid fuel 
per day. It is anticipated that a commercial plant, pro- 
cessing 35,000 tons of coal per day, and producing a 
little over 100,000 barrels of clean liquid fuel per day, 
could be brought on stream by 1982. Such fuel could replace 
petroleum in electric power generating plants located in or 
near the metropolitan areas along the West Coast. 

It is expected that other companies 
The proposed demonstration 

Economic Incentives 

Much of the basic research and development work 
has already been accomplished during the past 10-12 years 
that the OCR has been carrying out its program. It would 
now seem that the quickest way to bring conversion processes 
to commercial fruition would be for the Federal Government 
to provide economic incentives, including price protection, 
during the payout period for such facilities. 
would thus have a much sounder justification for committing 
the huge sums of money necessary to build conversion plants. 
Investment, in 1974 dollars, in coal conversion plants could 
be as much as $10 billion by 1985, with product priced at 
about $12 per barrel and $2.50 per mcf for oil and gas, 
respectively. 

Industry 

The OPEC nations will certainly carefully monitor 
progress in synthesis fuels and can easily post a price for 
oil that will be below that required to economically build 
and operate a facility producing liquid fuels from coal. 
The long lead times required to bring coal conversion plants 
on line, necessitate the commitment of funds prior to an 
economic climate that will support such investment. To 
provide for a smooth transition to coal based fuels and 
avoid severe shortages, economic incentives must be provided, 
particularly since we are so heavily dependent upon imported 
petroleum. 
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COAL RESOURCES 

petroleum to coal, it is gratifying to note, as mentioned 
in the beginning of this paper, that our largest domestic 
hydrocarbon resource is coal. 
Alaska, the United States Geological Survey estimates the 
coal resource to be approximately 1.5 trillion short tons 
with overburden depths of less than 3,000 ft. 
able to assume that about half of this coal is recoverable. 
The Pacific Coastal States themselves, however, contain 
very little coal. 
contains no coal of commercial interest, Oregon has approxi- 
mately 400 million tons, and it is estimated that Washington 
has about 36 billion tons of coal in place. Wyoming, 
Montana, Alaska, Colorado, New Mexico, Utah, and Arizona, 
are the principal coal-bearing States that could be expected 
to provide energy derived from coal to the Pacific Coast. 
Figures 10 & 11 show the distribution of coal in this region. 

Some generalizations about the Western coals can 
be made. They are of Cretaceous and Tertiary Age and are 
thus younger than the Paleozoic coals of the Eastern United 
States. They are.low sulhr and frequently occur in multi- 
seam deposits, with some seams attaining thicknesses of as 
much as 100 ft. 
and non-coking. 
acter, although a given seammay extend over a considerable 
area. 

WATER SUPPLIES 

itself is water required for both processing and cooling 
in coal conversion facilities. For example, a 120,000 bpd 
syn-crude plant uses about 13,000 gallons of water per minute 
or 4 bbls. per barrel of oil produced. A large SNG plant, 
producing about a billion cubic feet per day, uses some 
30,000 gallons of water per minute or a little over lmillion 
barrels of water per. day. Thus, serious consideration must 
be given to water supply, particularly in the semi-arid 
western states. 

supplement petroleum supplies requires an effective program 
between various states and the Federal Government to resolve 
water rights and allocations, thus permitting the construc- 
tion of necessary pipelines and aqueducts. 
is not a simple one and immediate action is needed if coal 
conversion projects are to move forward. 

With a shifting of our supply of energy from 

In the Western States and 

It is rea'son- 

For all practical purposes, California 

They are sub-bituminous high volatile coals 
Individual seams are lenticular in char- 

A commodity as important as' the coal resource 

Development of synthetic fuels production to 

The water problem 
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ENERGY FROM COAL FOR THE PACIFIC COAST - 
CURRENT AND FUTURE DEVELOPMENTS 

As mentioned earlier, some electric power from 
coal generating facilities is already entering the'Pacific 
Coast energy mix. Currently, Southern California Edison 
Company is receiving its 48% share of two jointly owned 
7 9 5  megawatt coal-burning units at the Four Corners Station 
located near Farmington, New Mexico. The Los 
Department of Water & Power is a 21% particip 
Navajo Plant located near Page in Northern Arizona. 
facility consists of three 750 megawatt units which burn 
coal supplied by a mine at Black Mesa in Northern Arizona. 
Edison will purchase some surplus energy from the Navajo 
Plant until such time as the participants can utilize the 
entire output. 

Both Edison and the Department of Water & Power 
receive energy from the Mohave Generating Station, located 
in the southern tip of Nevada. This facility is jointly 
owned by several utilities, with Edison serving as the 
operator. Edison's share of the output is 52% and the 
Department of Water & Power receives about 20%. Coal for 
the power plant is supplied from the Black Mesa coal mine 
arid transported to the power plant via a slurry pipeline. 
The station's net output is approximately 1580 megawatts. 
A coal-fired 1400 megawatt electric generating station, 
located near Centralia in Washington, operated by Pacific 
Power &Light Company, provides electric energy to utilities 
in the northwest power area. 

utilities along the Pacific Coast and neighboring states to 
the east are connected by fairly firm interties. Interties 
through Utah and Idaho, however, are relatively low voltage 
and not capable of carrying very large electrical loads. 
(See Figure 12). Nevertheless, electrical energy produced 
by coal-fired generating facilities in the states lying in 
the Rocky Mountain and Plateau areas are capable of supply- 
ing electrical energy to the Pacific Coast in time of need. 

Planned Coal Facilities 

This 

These locations are shown on Figure 12. The 

A major coal-fired electric generating facility 
is in the advanced states of engineering and will be located 
on the Kaiparowits Plateau in Southern Utah. Arizona Public 
Service Company, San Diego Gas & Electric Company, Salt River 
Project, and Southern California Edison Company are the 
participants in-the project, with Southern California Edison 
acting as operator. The station will consist of four 750 
megawatt generating units located at mine-mouth, utilizing i 
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coal produced from the Kaiparowits Coal Field. San 
Diego Gas & Electric Company and Southern California 
Edison Company will together receive over half of the 
output of the 3,000 megawatt station. The first unit is 
expected to be on stream by mid-1981. This facility has 
been delayed by about three years and undergone increase 
in costs of about 60% as a result of environmental con- 
siderations. 

Although most of the coal-based energy which 
will be used-in the Pacific Coastal States in the next 
15 years will be in the form of electricity, some may 
begin to enter the mix in the form of gas and liquid from 
coal conversion plants and a minor amount may be burned 
directly as fuel for the manufacture of Portland cement. 

The first major increments of coal-based energy, 
other than electric power, entering the Pacific Coast fuel 
mix will be gas. (See Figure 3 ) .  
Company is preparing to build a large Lurgi gasification 
plant to be located some 25 miles south of Farmington, New 
Mexico. The plant will be mine-mouth and will utilize sub- 
bituminous coal found in that area. Texas Eastern Trans- 
mission Company and Pacific Lighting Company are jointly 
planning to build a similar plant in the same vicinity. 
The two plants are in the order of 250 million cubic feet 
capacity per day, utilizing abollt 27,000 tons of coal for 
the process. About half of the gas produced is expected 
to come to the Pacific Coast. Plans call for bringing the 
facilities on stream by 1977. This probably will not be 
soon enough to avoid serious gas shortages in California. 

El Paso Natural Gas 

THE LONG TEKV 

We are living during one of the most crucial 
periods of modern civilization. The decisions and courses 
of action taken over the next decade could make the differ- 
ence between continued development as a vital industrialized 
civilization or decline to a cultural level that existed 
prior to the inception of a socio-industrial complex. 
problems facing us are intricate and multitudinous, involv- 
ing both the sociological as well as the technological 
aspects of our society. Furthermore, they are largely 
international in character and actions taken by the United 
States to solve domestic situations will have 2 substantial 
impact worldwide. 

The 

Continued Growth of Energy Demand 

This is not the place to discuss the factors that 
give rise to an industrialized society or to ponder the 
underlying reasons behind. the enormous contrasts that exist 
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between the technically developed nations of North 
America, Western Europe, and Japan, and the primarily 
agrarian areas of the world. 
that the industrialized societies, particularly the 
United States, have achieved a remarkable standard of 
living, mainly through the use of energy. The annual 
per capita consumption of energy in the United States is 
equivalent to about 55 barrels of oil or some 16 tons of 
coal. The other industrialized countries of the world 
are approaching this level of energy consumption and the 
emerging nations of the world are striving to become in- 
dustrialized. The result, of course, is a continued 
expanding need for raw materials, particularly the energy 
raw materials, to sustain the existing technologically 
developed countries and provide the industrial complex 
for the emerging nations. 

productivity, we will continue to use additional incre- 
ments of energy simply because it will take more energy 
to provide the materials which we use. 
easily recovered natural resources are being exhausted 
and lower grade, higher cost, materials will take their 
place. Additionally, if we maintain or improve environ- 
mental protection programs, these too will require addi- 
tional increments of energy. Therefore, it can be assumed 
that the growth rate of energy use will continue at some 
level, possibly 2% or 3% annually, and very likely at a 
higher rate in the countries throughout the world that are 
striving to industrialize. 

It is sufficient to note 

To maintain a level approximating today's 

The low cost 

I 

Declining Petroleum Resources 

Petroleum production in the United States peaked 
several years ago and we are now following a decline curve 
Production of world petroleum resources will likely peak 
within the next 20 years. Clearly, therefore, we must shift 
our energy base from petroleum to other energy sources, that 
is, coal, oil from shale and other bituminous deposits, 
nuclear energy, thermonuclear fusion, solar energy, and heat 
from the earth itself. 
sources of energy is the crying need to improve conversion 
efficiency . 

It has been suggested that a no growth policy be 
adopted to maintain our present standard of living and 
extend the life of our energy resources. Even if we should 
achieve such a status in this country and, assuming that we 
develop more efficient ways of converting energy for our use, 
the need for energy resources will still continue to grow 
for the reasons mentioned above, If we instead determine 

1 

Implicit in using any of these 

I 

J 
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that we will hold our energy requirements at no growth, 
then also for the reasons just stated, our standard of 
living deteriorates. That this will happen runs contrary 
to human nature, since the tendency is to strive to im- 
prove living conditions, rather than allow them to retro- 
grade. 

sources currently available are the fossil fuels. If the 
entire world could suddenly be placed at the same indus- 
trial level as that of the United States, the remaining 
utlimate oil reserve would be used up in some 30 years 
and the coal reserve would be finished in a little over a 
century. *Therefore, there is little hope that the under- 
developed nations of the world will ever achieve standards 
of living now enjoyed by industrialized nations if the 
fossil fuels are the only available energy source. It 
further follows that there will be no chance that the 
activities of highly industrialized nations can be main- 
tained at present levels for very long. Indeed, we are 
seeing cutbacks taking place already in our industrial 
complex which’ affect our standards of living. 

For all practical purposes, the only energy 

Conservation of Hydrocarbon Resources 

Based on the above, our basic energy requirements 
must be furnished by electricity, which can be produced 
from sources other than hydrocarbons. It is imperative 
that we conserve our hydrocarbon resources, particularly 
the huge cerl reserves, as well as our dwindling petroleum 
supplies, for uses other than energy generation. The most 
vital task facing us in the coming years is to develop 
electrical energy from renewable sources such as solar 
energy or thermonuclear reactions whose fuel supply is 
virtually infinite. Beyond the year 2000, therefore, the 
bulk of our energy will come from electricity generated 
from non-hydrocarbon sources and our remaining reserves of 
coal 
industrial purposes. 
we will be heavily dependent upon coal reserves to carry 
our energy load until the alternative sources for electric 
power generation are developed. 

SUMMARY 

and petroleum will be used only for much higher level 
During the interim period, however, 

Coal will begin replacing petroleum as a raw 

It will 
material energy source on the Pacific Coast in ever in- 
creasing amounts during the next 15-20 years. 
initially be in the form of electrical power, hut increasing 
amounts will enter the energy mix in the form of SNG and 
as synthesis crude or diseillates. 
a l l  hydrocarbons, coal and petroleum alike, will be much 

Beyond the year 2000, 
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too valuable to consume to produce energy. 
industrial complexes of the world are to survive and if 
emerging cpuntries.are ever to attain levels of indus- 

energy load must be carried by renewable, or extremely 
long-lived sources. Thermonuclear and solar generation 
of electric power offer this possibility; 
of meeting the energy requirements for a period of time 
beyond the year2000 while alternative sources are being 

If the socio- 

I trialization similar to the Western World, then our basic 
1 
I 

4 developed. 

i 
i 
I 

Coal is capable 
1 1 
i 

1 

One further point. Industrialized societies 
are very vulnerable to disruption. 
tition for resources that is the result of the process of 
industrialization of the under-developed areas of the 
world, the need to avoid a major war is obvious. The 
industrialized nations survived the last war only because 
a large reserve of resources, particularly petroleum, 
remained to be developed. 
a point of no return - indeed, we may already have passed 
it - whereby a major disruption of the industrialized 
societies of the world would be irreversible and we would 
again return to an agrarian culture able to support only a 
small fraction of today's population. 

With increasing conpe- 

We are probably approaching 
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BIOSTRATIGRAPHY OF THE UMPQUA GROUP, SOUTHWESTERN OREGON 

Richard E. Thorns, Ph.D. 

Ear th  Sciences Department, Por t land Sta te  U n i v e r s i t y  

ABS TRACT 

The s tud ies  o f  F.E. Turner (1938) on the  s t ra t i g raphy  and Mol 
o f  the  Eocene o f  western Oregon form a background f o r  the study o f  
Foramin i fera o f  a p o r t i o n  o f  the Lower T e r t i a r y  marine vo lcan ic  an 
sedimentary rocks o f  southwestern Oregon. These rocks inc lude the 

usca 
the 

S i l e t z  River  Formation, the  Umpqua Group, and the Tyee and E lk ton  
Formations, i n  ascending s t r a t i g r a p h i c  order. Two hundred and twenty 
f i v e  species o f  smal ler  Foramin i fera found i n  e igh ty -e igh t  samples and 
f o u r  species o f  "o rb i to ida l ' '  Foraminifera found i n  f i v e  samples are 
described from measured sect ions a long the Nor th Umpqua River ,  the 
Middle Fork o f  the  Coqu i l l e  River ,  the South Fork o f  the Coqu i l l e  River, 
and twelve o ther  l o c a l i t i e s  throughout southwestern Oregon. 

fe ra ,  "orb i  t o i d a l "  Foramin i fera and la rge r  marine inver tebra tes  i n  the 
S i l e t z  River  Formation, the Umpqua Group, and the E lk ton  Formation 
ind ica tes  t h a t  depos i t i on  o f  these u n i t s  took p lace i n  warm shallow 
waters o f  s u b l i t t o r a l  t o  n e r i t i c  depths w i t h  connections t o  the open 
ocean occas iona l l y  p r e v a i l i n g .  

Foramin i fera i n  the S i l e t z  River  Formation, the Umpqua Group and the 
E lk ton  Formation ind ica tes  t h a t  these u n i t s  a re  re fe rab le  to ,  re -  
spec t i ve l y ,  the Penutian Stage, Lower Penutian-Upper U l a t i s i a n  Stages and 
the  Upper U l a t i s i a n  Stage as,defined by V.S. Ma l l o ry  (1959) i n  C a l i f o r n i a .  
The Tyee Formation i s  quest ionably  re fe r red  t o  M a l l o r y ' s  (1959) U l a t i s i a n  
Stage. 

Penutian equiva lents  o f  the S i l e t z  River  Formation and the lower 
p o r t i o n  o f  the  Umpqua Group inc lude the  Metchosin vo lcanics,  Crescent 
Formation and the  lower p o r t i o n  o f  the "Scow Bay" Formation o f  the 
Quimper Peninsula area i n  the  P a c i f i c  Northwest; the upper Santa Susana 
Formation, lower An i ta  Formation, S i e r r a  Blanca limestone, lower Arroyo 
Hondo member o f  the Lodo formation, lower Las Juntas shale and the  
lower Mui r  sandstone i n  Ca l i f o rn ia .  U l a t i s i a n  equiva lents  o f  the upper 
p o r t i o n  o f  t he  Umpqua Group inc lude the upper p a r t  o f  the  "Scow Bay" 
Formation o f  the  Quimper Peninsula area i n  the  P a c i f i c  Northwest; the 
lower L la jas  Formation, upper An i ta  Formation, Gredal, Arroyo Hondo 
and Yokut members o f  the Lodo Formation, upper Mui r  sandstone, and the  
lower Vacav i l l e  shale i n  Ca l i f o rn ia .  U l a t i s i a n  equiva lents  o f  the  
Tyee and E lk ton  Formations inc lude the basal p o r t i o n  o f  the Yamhill 
Formation of northwest Oregon; the Metchosin vo lcanics and McIntosh 

* 

The presence o f  e c o l o g i c a l l y  d iagnos t ic  forms o f  smal ler  Foramini- 

The presence of ch rono log ica l l y  d iagnos t ic  congregations o f  smal ler  
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Formation o f  southwest Washington; the  "Maynard" sandstone o f  the  Quimper 
Peninsula area; and the  upper L la jas  Formation, Canoas s i l t ,  Domengine 
sandstone and upper Vacav i l l e  shale o f  Ca l i f o rn ia .  

INTRODUCTION 

The area i n  which the  f o s s i l i f e r o u s  rocks s tud ied  f o r  t h i s  paper a re  
exposed l i e s  i n  southwestern Oregon. I t  extends from Lat. 42 30' N. t o  
Lat. 45 N., and from the 123rd Mer id ian t o  the P a c i f i c  coast (see Loca- 
t ion  Map), and includes po r t i ons  o f  the  Western Cascades, Coast Range, ' 

and Klamath Mountains physiographic provinces. 

a t h i c k  sequence o f  Cenozoic marine and con t inen ta l  sedimentary and v o l -  
canic  rocks, ranging i n  age from lower Eocene t o  Pleistocene, which are  
w ide ly  d i s t r i b u t e d  i n  both western Oregon and western Washington. These 
rocks were deposited i n  a s t r u c t u r a l  embayment o f  the C o r d i l l e r a  which 
was bounded by the  p re -Te r t i a ry  rocks of  the Northern Cascades o f  Wash- 
ington, the  Wallowa Mountains o f  eastern Oregon, and the Klamath Mountains 
o f  southwestern Oregon. * 

fauna o f  the  Lower T e r t i a r y  o f  Western Oregon and t o  e s t a b l i s h  the  degree 
o f  c o r r e l a t i o n  which might e x i s t  between the evidence o f f e r e d  by the 
Mollusca, the  " o r b i t o i d a l "  Foraminifera, and the  smal l e r  Foraminifera, 
the  w r i t e r  has s tud ied  the Umpqua Group and the  formations t h a t  immediately 
under l i e  and o v e r l i e  it. 
s t r a t i g r a p h i c  s tud ies  o f  the  west Coast T e r t i a r y  f o r a m i n i f e r a l  faunas 
which have been c a r r i e d  out  over the past  th ree  decades by pa leonto log is ts  
associated w i th  the  Department and Museum o f  Paleontology, Berkeley. 

In generaf, an attempt was made t o  measure and c o l l e c t  from the 
f o r a m i n i f e r a l  po r t i ons  o f  the North Umpqua and Middle Fork Coqu i l l e  sec- 
t i o n s  s tud ied  by Turner (1938) f o r  h i s  c l a s s i c  work on the Mollusca and 
S t ra t i g raphy  o f  the  western Oregon Eocene. I n  add i t ion ,  samples taken 
from s i g n i f i c a n t  s t r a t i g r a p h i c  i n t e r v a l s  i n  the lower and middle Eocene 
throughout much o f  western Oregon were studied, and the p e r t i n e n t  l i t e r a -  
t u r e  on the s t r a t i g r a p h y  and paleontology of the lower T e r t i a r y  o f ' t h i s  
area was reviewed. 

o f  the  summers o f  1961, 1962, and 1963. Add i t i ona l  f i e l d  s tud ies  were 
made i n  the f a l l  o f  1961, i n  the sp r ing  o f  1964, and i n  the summer o f  
1974. 
measured and c o l l e c t e d  from by the w r i t e r  was c a r r i e d  out ,  aided by mapping 
i n  s t r a t i g r a p h i c a l l y  c r i t i c a l  areas. The measurement o f  t he  sec t i on  ex- 
posed a long the  South Fork  of the  Coqu i l l e  River  was done by M r .  Steve Born 
i n  1962, as a p o r t i o n  o f  h i s  s tud ies f o r  the Master 's Degree a t  the Univ- 
e r s i t y  of Oregon. M r .  Born a l s o  d i d  the  d e t a i l e d  mapping i n  the v i c i n i t y  
o f  t h i s  sec t i on  and c o l l e c t e d  the  f o r a m i n i f e r a l  samples presented i n  the 
present paper. 

o f  C a l i f o r n i a ' s  Museum of Paleontology a t  Berkeley. 

The Paleogene f o s s i l i f e r o u s  rocks o f  southwestern Oregon are p a r t  o f  

To ga in  in fo rmat ion  about the here to fo re  l i t t l e  known f o r a m i n i f e r a l  

These s tud ies  are  p a r t  o f  the cont inu ing  b io -  

F i e l d  work e n t a i l e d  i n  t h i s  p r o j e c t  was c a r r i e d  out  through po r t i ons  

Deta i led  mapping i n  the v i c i n i t y  o f  those sect ions which were 

A l l  specimens included i n  t h i s  study are  on deposi t  a t  the  U n i v e r s i t y  

I 
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STRAT I GRAPHY 

General. I dea l l y ,  i n  order  t o  e s t a b l i s h  a standard chronologic  b i o s t r a t i -  
graphic  sequence f o r  the Umpqua Formation, one should be ab le  t o  show t h a t  
the sequence i s  under demonstrable superpos i t iona l  con t ro l ,  t h a t  i t  
represents continuous and un in te r rup ted  deposi t ion,  t h a t  i t  i s  paleon- 
t o l o g i c a l l y  c o n t r o l l e d  a t  both bottom and top, and t h a t  i t  i s  cont inuous ly  
f o s s i l i f e r o u s .  The f o l l o w i n g  d iscuss ion  i s  intended t o  demonstrate how 
w e l l  the Umpqua sequence f u l f i l l s  these idea l  requirements. 

H i s t o r i c a l  Review. Eocene deposi ts  i n  Oregon were e a r l y  recognized by W. 
White and by Professor Thomas Condon, the p ioneer  Oregon geo log is t ,  i n  
I885 and again i n  1889. 

Oregon, ment ioning more d iscover ies  o f  Eocene f o s s i l s  by Condon i n  the 
Roseburg area. 
graphic sequence o f  beds r e f e r r e d  t o  the Eocene i n  western Oregon, say ing 
tha t  "...in general the o ldes t  Eocene s t r a t a  are those composed o f  vo l can ic  
ma te r ia l ,  and they are c l o s e l y  assdciated w i t h  the lavas t o  which they 
belong. Next above them comes a great  mass o f  shales, con ta in ing  here 
and there much mate r ia l  o f  igneous o r i g i n ,  and i n  the upper p a r t  o f  the 
se r ies  massive beds o f  sandstone predominate." (p. 456) I n  the same 
paper, D i l l e r  a l s o  app l ied  the  f i r s t  s p e c i f i c  terminology t o  rocks o f  the 
Oregon T e r t i a r y ,  r e f e r r i n g  t o  the "Arago beds," which l i e  between the 
p r e - T e r t i a r y  and the "Miocene sandstones" near Cape Arago. 
the  Umpqua and Tyee Formations, the most widespread o f  any o f  the 
T e r t i a r y  u n i t s  o f  western Oregon, were es tab l i shed by D i l l e r  i n  the 
Roseburg F o l i o  (U.S.G.S., 1898). Fur ther  subd iv i s ion  o f  the Arago beds 
by D i l l e r  (1899) produced the format ional  terms ''Coaledo'' f o r  the upper 
coa ly  beds o f  the Arago, and "Pulaski" f o r  the more sandy lower p o r t i o n  
o f  t h i s  group. 
Bay F o l i o  (U.S.G.S., 1901), but  i n  the Por t  Or fo rd  F o l i o  (U.S.G.S., 1903), 
he ignored t h i s  prev ious subd iv i s ion  and r e f e r r e d  a l l  the Eocene s t r a t a  
t o  the "Arago Fokmation." Ac tua l l y ,  s t r a t a  o f  the so-ca l led  Pulask i  
Formation o f  the Coos Bay region, and o f  the so-ca l led  Arago Formation 
of D i  l l e r ' s  usage i n  the Por t  Or fo rd  area, a re  now known t o  represent 
the Umpqua and the Tyee Formations instead. These format ions had been 
named by D i l l e r  h imse l f  i n  the Roseburg Fo l i o .  A f u r t h e r  te rmino log ica l  
compl ica t ion  e x i s t s  i n  t h a t  the name "Pulaski" was preoccupied a t  the 
t ime i t  was proposed by D i  1 l e r .  

Paleogene sequence o f  western Oregon were accomplished by D i  1 l e r '  (1907). 
Arnold and Hannibal (1913, 191b), Dickerson ( Ig lb ) ,  Washburne ( I g l b ) ,  
S m i t h  and Packard (1919), C la rk  (1921), H e r t l e i n  and Crickmay (1925), 
Schenck (1927, 1928), Cushman and Schenck (1928), Turner (1929) , Merriam 
and Turner (1937), Weaver (1937), Berthiaume (1938) , Vokes (1939), Bentson 

D i l l e r  (1893) summarized the s t a t e  o f  knowledge o f  the Eocene i n  

I n  1896, D i  l l e r  s ta ted  h i s  conclusions about the s t r a t i -  

The names o f  

These two terms were again employed by him i n  the Coos 

Fur ther  s tud ies  on the s t r a t i g r a p h y  and paleonto logy o f  the marine 
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(1941), Weaver (1942), A l l e n  and Baldwin (1944), Weaver, e t .  3 a l .  (1944), 
Warren and N o r b i s r a t h  (1946), and Snavely and Baldwin (Ism). 
i n  a paper which covered the general geology, a rea l  d i s t r i b u t i o n ,  s t r a t i -  
graphic  sequence, and f o s s i l  Mollusca o f  the Eocene s t r a t a  o f  western 
Oregon. An at tempt was made by him t o  d i v i d e  the Umpqua i n t o  an upper 
and a lower u n i t ,  d e f i n i n g  each on the basis o f  the fauna contained there in .  
This  same c r i t e r i o n  was used t o  separate the Tyee and Umpqua Formations. 
Turner co r re la ted  the Umpqua w i t h  the Capay, cons ider ing  t h a t  i t  might 
a l s o  be p a r t l y  equ iva len t  t o  the Domengine o f  C a l i f o r n i a .  He a l s o  co r -  
re la ted  the Tyee Formation w i t h  the Domengine, and the Coaledo w i t h  the 
Tejon o f  C a l i f o r n i a  and the  C o w l i t z  Formation o f  Washington, For h i s  
d iscuss ion o f  the s t r a t i g r a p h y  o f  the Coos Bay region, Turner re ta ined 
D i  1 l e r ' s  terminology o f  "Arago," "Pulaski , I1 and "Coaledo." 

the Cowl i tz  Formation o f  Washington, s ta ted  tha t  a t  l eas t  the top 360 f e e t  
o f  the Coaledo Formation were equ iva len t  i n  age t o  the Cowl i tz .  

I n  1944, Bandy, desc r ib ing  a f o r a m i n i f e r a l  faunule from Cape 
Blanco, Oregon, re fe r red  the outcrops o f  b lack  mudstone exposed there 
t o  the Arago Formation, and assigned i t  t o  the middle Eocene. 

out  by Cushman, Stewart, and Stewart (1947). They descr ibed three 
f o r a m i n i f e r a l  faunules; one from an unnamed format ion exposed a t  
Helmick H i l l ,  near Salem; and two from the Coaledo Formation a t  Yokam 
Po in t  and at Sunset Bay, i n  the Coos Bay area. The authors co r re la ted  
a l l  three faunules w i t h  the faunules o f  the Cowl i tz  Formation o f  Washing- 
ton. 

S t i l l  another f o r a m i n i f e r a l  faunule from the Eocene o f  Oregon was 
descr ibed by Cushman, Stewart, and Stewart i n  1949. This was from the 
Moody shale member o f  the Toledo Formation i n  the Yaquina Bay reg ion.  
I t  was co r re la ted  by them w i t h  the faunules o f  the beds a t  Helmick H i l l  
and the Bastendorf shale a t  Coos Bay. 

Washington, s ta ted  tha t  the middle member o f  the Lodo Formation a t  
Media Agua Creek, on the west s ide  o f  the San Joaquin Va l l ey  i n  
Ca l i f o rn ia ,  the Nabury member o f  the Lodo a t  D e v i l s '  Den nearby, the 
S i e r r a  Blanca limestone o f  the Santa Barbara Coast, and the Capay 
Formation on the west s ide  o f  the Sacramento Va l ley  o f  C a l i f o r n i a ,  were 
equ iva len t  i n  age t o  the lower Umpqua o f  Oregon and the Crescent Formation 
of Washington. The assignment o f  the lower Eocene age, 'lCapay" o r  C-Zone 
( i n  the terminology o f  Laiming, 1939), t o  these s t r a t a  was based upon 

A major s t r a t i g r a p h i c  synthes is  was accomplished by Turner (1938), 

Beck (1943), s tudy ing  the Foramin i fera o f  the type l o c a l i t y  o f  

Fur ther  s tud ies  o f  the Eocene Foramin i fera o f  Oregon were c a r r i e d  

Ma l lo ry  (1953), comparing the Eocene o f  C a l i f o r n i a ,  Oregon, and 

the common occurrence o f  Pseudophraqmina p s i  la ,  Ac t inocyc l  ina as ter ,  
and severa l  age - res t r i c ted  species o f  sma l  l e r  Foramin i fera (p. 2781). 

I n  a se r ies  o f  repor ts  f o r  the Oregon Department o f  Geology and 
Minera l  I n d i s t r i e s ,  Stewart  (1956-1957) descr ibed f o r a m i n i f e r a l  faunules 
from most o f  the T e r t i a r y  Formations o f  western Oregon. 
Formation i n  i t s  type area near G l ide  was c o r r e l a t e d  w i t h  the C-B3 Zones 
of Laiming's (1939) C a l i f o r n i a  T e r t i a r y  sequence, and a range through the 
82-81 Zones was ind ica ted  f o r  the Tyee Formation a t  Basket Po in t ,  on 
the Umpqua River,  the l o c a l i t y  from which Turner descr ibed the Mollusca 
of the "type Tyee." Unpublished work i n  l a t e r  years includes the s t r a t i -  
g r a p h i c a l l y  d e t a i l e d  work o f  B i r d  (1967). on the E lk ton  Formation; and 
o f  Gaston (1974) on the type Yamhill Formation. 

The Umpqua 

5 18 



The Subjacent Formations. The term pre-Ter t ia ry  as used he re in  re fe rs  t o  
t h a t  la rge  body o f  folded and sheared metamorphosed sedimentary and vo l -  
can ic  rocks, and sedimentary rocks, ranging i n  age from S i l u r i a n  t o  mid- 
Cretaceous, which crop ou t  immediately t o  the south and southeast o f  the 
area occupied by the T e r t i a r y  Formations o f  western Oregon, l a r g e l y  i n  
the Klamath Mountains (see Wells, 1961), and are i n  contac t  w i t h  the 
o v e r l y i n g  Umpqua Formation. They inc lude the "Dothanl' ( ~ i  1 l e r  and Kay, 1924), 
"Rogue" (Wells and Walker, 1953), "Galice" ( D i l l e r ,  1907). "Riddle" 
(Imlay, - e t  -* a1 9 1959), and "Days Creek'' Formations (Imlay, e t  a l . ,  1959). 

and Dothan Formations i s  shown i n  places on the geologic  map o f  western 
Oregon (Wells, 1961), t o  be i n  contact  w i t h  the Umpqua Group. 

c e r t a i n  areas, are i n  contact  w i t h  the Umpqua, were o r i g i n a l l y  in t ruded 
i n t o  the Jurass ic  and Cretaceous rocks as p e r i d o t i t e  and dun i te  bodies 
and l a t e r  a l t e r e d  t o  t h e i r  present composition (Baldwin, 1959). La ter  
i n t rus ions  o r  l a t e r  f o l d i n g  apparent ly  a l s o  took p lace i n  T e r t i a r y  time, 
as ind ica ted  by a t t i t u d e s  i n  the Umpqua sediments near some o f  these 
bodies. 

The contact  o f  t he  Umpqua w i t h  the p re -Te r t i a ry  u n i t s  mentioned 
above has been va r ious l y  described by d i f f e r e n t  authors as a f a u l t ,  an 
unconformity, o r  a contact  o f  undete:rmined nature. 

The Umpqua Group. I n  1898, the Uni ted States Geological Survey publ ished 
the Geologic F o l i o  A t l a s  o f  the Roseburg Quadrangle, by J.S. D i l l e r .  
This c l a s s i c  paper contains the o r i g i n a l  descr ip t ions  o f  the two most 
widespread T e r t i a r y  u n i t s  o f  western Oregon, the Umpqua and the Tyee. 

i t  consis ted o f  an extens ive ser ies  o f  sandstones and shales, interbedded 
w i t h  less abundant conglomerates, and minor beds o f  t u f f ,  coal ,  and 
limestone, o v e r l y i n g  a t h i c k  sequence o f  basa l ts .  

D i l l e r  (1898) went on t o  describe the thickness, type sect ion,  and 
d i s t r i b u t i o n  o f  the Umpqua, saying t h a t  " i t  i s  by f a r  the t h i c k e s t  
format ion i n  the Roseburg Quadrangle, but on account o f  the lack  o f  good 
exposures o f  c e r t a i n  members o f  the ser ies  the whole could not be 
accura te ly  measured. The best outcrops are along the L i t t l e  River, where 
a continuous sec t i on  o f  a p o r t i o n  o f  the se r ies  i s  w e l l  exposed. This 
p o r t i o n  has a thickness o f  about 7500 fee t .  I t  i s  i n te r rup ted  on the 
northwest by the la rge  mass o f  diabase, beyond which ... about 4500 f e e t  
o f  s t i l l  lower beds a re  seen, making a t o t a l  thickness o f  .approximately 
12,000 f e e t  f o r  the e n t i r e  exposed formation. It increases i n  thickness 
t o  the northwest and has wide d i s t r i b u t i o n  throughout the Coast Range ... 
The Umpqua Formation i n  places conta ins many f o s s i l s ,  some o f  which are 
e s p e c i a l l y  c h a r a c t e r i s t i c .  Along L i t t l e  River ,  for  a d is tance o f  3-3 
m i  les,  they are abundant.I' 

D i l l e r  next discussed the huge thickness of f l o w s ,  p i l l o w  la.vas, 
t u f f s  and agglomerates which under l i e  the Umpqua sedimentary rocks. 
He re fe r red  t o  these vo lcanics as "diabase," but  c l e a r l y  d i d  no t  
completely understand t h e i r  mode o f  o r i g i n .  Ac tua l l y ,  i t  i s  easy t o  
see why D i l l e r  was confused, f o r  i n  a d d i t i o n  t o  ex t rus i ve  b a s a l t i c  
rocks, the Umpqua (as defined by D i  1 l e r )  has several gabbroic s i  11s 
and dikes, emplaced a t  a l a t e r  time than the ex t rus ion  o f  the lavas. 
D i l l e r  proposed modes o f  o r i g i n  f o r  each o f  these rock types, but d i d  

Gneiss formed by the reg ional  metamorphism o f  the Galice, Rogue, 

The masses o f  serpent ine and o ther  u l t ramaf i c  rocks which, i n  

Concerning the pet rographic  nature o f  the Umpqua, D i l l e r  noted t h a t  
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not  r e a l i z e  t h a t  they were pa r t s  o f  separate episodes o f  igneous 
a c t i v i t y .  

(1898) as an angular unconformity, although he d i d  not  mention a l o c a l -  
i t y  where t h i s  could be seen. 

on the o r i g i n  o f  c e r t a i n  rock types, but d i d  not e laborate on the o r i g i n a l  
usage. 

i n te rp re ted  t o  be three mappable u n i t s  w i t h i n  the formation, thus 
p e r m i t t i n g  i t s  e l e v a t i o n  t o  group s ta tus .  These subdiv is ions o f  the 
Umpqua Group are, i n  ascending s t r a t i g r a p h i c  order, the Roseburg, 
Lookingglass, and Flournoy Formations. The Lookingglass cons is ts  o f  
three members, named Bushnell Rock, Tenmile, and O l a l l a  Creek; and the 
Flournoy of  two, named White T a i l  Ridge and Camas Val ley.  The reader i s  
re fe r red  t o  Baldwin's paper (1974) f o r  the o r i g i n a l  descr ip t ions  o f  
these un i t s .  

the Roseburg and Lookingglass, i n te rp re ted  by Baldwin main ly  from d i f -  
ferences o f  a t t i t u d e  i n  separated outcrops, as more probably due t o  
d i f fe rences  i n  competence o f  the Roseburg and the basal conglomerates 
o f  the Lookingglass (Bushnell Rock member), the former tending t o  f o l d  
wh i l e  the l a t t e r  f rac tu red .  No unconformity was observed by the w r i t e r  
between the Lookingglass and Flournoy, as described by Baldwin along 
Highway 42 between Camas Mountain and Remote, although the mapped basal 
contact  o f  the Flournoy does appear t o  be d iscordant  i n  places w i t h  
pa t te rns  seen i n  the subjacent u n i t s .  

The vo lcanics o f  Baldwin's Roseburg are re fe r red  t o  i n  the f o l l o w i n g  
d iscuss ion as a separate formation, the S i l e t z  River  Formation. The 
S i  l e t z  R iver  Volcanic Series was described by Snavely and Baldwin (1948), 
w i t h  a type sec t i on  exposed along the  S i l e t z  River  i n  the western c e n t r a l  
Coast Range (see Locat ion map). The authors considered the vo lcanics t o  
be equiva lent  i n  p a r t  t o  the Ti l lamook vo lcanics o f  Warren and Norb israth 
(1946), the Metchosin (Crescent o f  some authors) vo lcanics o f  Washington 
and B r i t i s h  Columbia, and the  vo lcanics associated w i t h  the Umpqua 
Formation (par t  o f  D i  1 l e r ' s  "diabase"). The w r i  t e r  i n t e r p r e t s  the Umpqua 
vo lcanics as represent ing the same l i t h o g e n e t i c  u n i t  as the S i l e t z  River  
volcanics, because o f  s i m i l a r  l i t h o l o g y  and s t r a t i g r a p h i c  pos i t i on ,  as 
w e l l  as s i m i l a r  s t r u c t u r a l  trends, and p rox im i t y  o f  outcrops. 

t o  the south o f  Roseburg (Wells, 1961), and i t s  basal contact  has not  
been recorded as exposed anywhere i n  western Oregon. The format ion i s  
w ide ly  d i s t r i b u t e d ,  cropping ou t  ex tens ive ly  i n  the northern, c e n t r a l ,  
and southern Coast Range; i n  the douthern Wi l lamet te  Val ley;  and i n  the 
Roseburg area. I n  places, i n  the nor thern and c e n t r a l  Coast Range and 
i n  the southern Wi l lamet te Val ley,  the vo lcanics conformably under l i e  
and i n t e r f i n g e r  w i t h  w a t e r l a i d  t u f f s ,  b a s a l t i c  sandstones, and b a s a l t i c  
conglomerates which con ta in  a "Capay" molluscan fauna, and Foramin i fera 
which, according t o  Rau ( i n  Baldwin, - e t  _. a1 ' 1955), i nd i ca te  an age o f  
"62-C Zone" i n  Laiming's (1939) c l a s s i f i c a t i o n  o f  the lower T e r t i a r y .  
The Tyee sandstone, the E lk ton  s i l t s t o n e ,  o r  t h e i r  co r re la t i ves ,  o r  
younger sediments 1 i e  w i t h  apparent unconformi t y  on the basa l ts  or t he i  r 

The contact  w i t h  the subjacent s t r a t a  was described by D i l l e r  

Turner (1938), fo l lowed D i  l l e r ' s  s t r a t i g r a p h i c  terms, commenting 

Baldwin (1974) subdivided the Umpqua, d e f i n i n g  and naming what he 

The w r i t e r  i s  i n c l i n e d  t o  regard the apparent unconformity between 

The S i l e t z  R iver  Formation i s  i n  f a u l t  contact  w i t h  the p re -Te r t i a ry  

I 
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associated sediments. The K ing 's  Va l ley  s i  Its-tone o f  the eastern c e n t r a l  
Coast Range, and the Roseburg apparent ly  are conformable on the S i l e t z  
R iver  Formation, o r  i n t e r f i n g e r  w i t h  i t  a t  t h e i r  bases. 

been observed, but  i t  i s  est imated by c e r t a i n  authors as i n c l u d i n g  
p o s s i b l y  as much as 10,000 f e e t  o f  f l o w  rock. 
Snavely and Baldwin measured a minimum poss ib le  th ickness o f  3,000 - 5,000 
f ee t .  

d is tance from the type sec t i on  on L i t t l e  River ,  rocks which belong t o  
the Roseburg Formation are  preserved i n  a shal low sync l i ne  i n  the under- 
l y i n g  vo lcanics.  They cons is t  o f  a basal conglomerate, o v e r l a i n  by dark 
mudstones and rhy thmica l l y  bedded s i l t s t o n e  and sandstone. The contac t  
w i t h  the o v e r l y i n g  Lookingglass Formation i s  a f a u l t  zone about 1/8 m i l e  
i n  width.  The beds upstream from the f a u l t ,  belongyng 1-9 the Lookingglass, 
c o n s i s t  o f  massive basal conglomerates, t h i c k  sandstones w i t h  interbedded 
l i g n i t i c  shales,  and a massive mudstone u n i t  a t  the top o f  the sequence. 
The top o f  t h i s  mudstone i s  separated by a covered i n t e r v a l  from the 
base of  the o v e r l y i n g  Tyee sandstone. 
Tyee has probably removed the Flournoy Formation i n  t h i s  sect ion.  

Hoover (1963) has descr ibed i n  some d e t a i l  the sediments o v e r l y i n g  the 
vo lcan ics .  A t o t a l  th ickness o f  5,000 f e e t  o f  rocks, re fe rab le  t o  the 
Roseburg Formation was measured between the S i l e t z  R iver  and Tyee 
Formations. No rocks s imi  l a r  t o  the Lookingglass o r  Flournoy Formations 
are  known t o  occur i n  t h i s  area. 

The Roseburg has been mapped i n  the c e n t r a l  Coast Range as the 
K ing 's  Va l l ey  s i l t s t o n e  by Vokes, - e t  _ *  a l  ' (1954), who considered i t  t o  
be a member o f  the S i l e t z  River  Formation. 

Lookingglass, and Flournoy Formations i n  Coos County. The b i o s t r a t i -  
g r a p h i c a l l y  important sec t ions  a long the Middle and South Forks o f  the 
C o q u i l l e  R iver  a re  inc luded i n  h i s  paper. Both the Tyee sandstone and 
the Coaledo Formation are i n  contac t  w i t h  the Umpqua Group i n  t h i s  area. 
The t o t a l  th ickness o f  the Umpqua i n  t h i s  area i s  unknown, but  must amount 
t o  severa l  thousands o f  f e e t .  

The Superjacent Formations. Lying s t r a t i g r a p h i c a l  l y  above the Umpqua 
Group i n  much o f  western Oregon i s  the Tyee sandstone, a l s o  of Eocene 
age. I t  was named by D i l l e r  (1898) from i t s  exposures a long the bo ld  

$escarpment on the eas tern  face o f  Tyee Mountain, i n  the northwestern 
corner  o f  the Roseburg Quadrangle, According t o  Turner (1938), the 
Tyee as exposed west o f  the Roseburg Quadrangle i s  about 5,000 f e e t  
t h i c k ,  composed p r i n c i p a l l y  o f  massive micaceous sandstone, occas iona l l y  
cross-bedded, w i t h  lesser  amounts o f  shale. Baldwin (1974), corraborated 
these observa t i ons . 
i s  a prominent r idge-former i n  the v i c i n i t y  of  Bone Mountain, Eden Ridge, 
and Bald Knob (see Locat ion map). Here coa l  i s  interbedded i n  places 
w i t h  the massive sandstone, and a t h i n  conglomerate appears a t  the base 
o f  the u n i t .  A t  Eden Ridge, where the Tyee o v e r l i e s  the Umpqua Formation, 
f o s s i l  wood has been observed i n  interbeds w i t h i n  the sandstone. Where 

The thickness o f  t h i s  format ion i s  unknown, s ince  i t s  base has never 

I n  the type sec t ion ,  

I n  the v i c i n i t y  o f  Gl ide,  a long the Nor th Umpqua River ,  j u s t  a sho r t  

Eros ion before depos i t i on  o f  the 

To the n o r t h  o f  Roseburg, i n  the Dra in-and Anlauf Quadrangles, 

Baldwin (1973) has mapped the ex ten t  o f  the S i  l e t z  River ,  Roseburg, 

I n  the southern Coast Range, near the Klamath Mountains, the Tyee 
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the Middle. Fork o f  the Coqu i l l e  crosses the Coast Range, the Tyee occurs 
again as a r idge-former,  exposed a t  h igher  e leva t i ons  on both s ides o f  
the stream, but no t  i n  i t s  bed. 

To the west, i n  the Coos Bay Quadrangle, A l l e n  and Baldwin (1944) 
discussed the pet rographic  nature of the Tyee a t  some length.  As i n  
o ther  areas, smal l  coal  beds occur, and mud cracks were found i n  some 
places. Near McKinley and Dora (see Locat ion map) the Tyee o v e r l i e s  
a t h i c k  sequence o f  Umpqua sediments, but  on Blue Mountain i t  res ts  on 
the S i l e t z  R iver  Formation. 

Northward, i n  the c e n t r a l  Coast Range, 5,000 - 6,000 f e e t  o f  Tyee 
sandstone res ts  on the S i l e t z  River  Formation and on the "lower member'' 
o f  the Umpqua Formation, r e f e r r e d  i n  t h i s  area t o  the K ing 's  Va l ley  
s i l t s t o n e  (Vokes, - e t  a1 
de f ined a t  t h e i r  bases, grading upward through medium to , f i ne -g ra ined  
sandstone and fb l lowed by s i l t s t o n e .  Here rhythmic bedding i s  more pro-  
nounced, the grading being repeated over and over again i n  v e r t i c a l  
sequence. 

red t o  as the Burpee Formation, and i s  thought by some authors t o  be 
more near l y  o f  t e r r e s t r i a l  depos i t i on  than the t y p i c a l  Tyee. Approximately 
5,000 f e e t  of rhy thmica l l y  bedded massive micaceous sandstones w i t h  
s i l t s t o n e  interbeds o v e r l i e  the S i l e t z  R iver  Formation i n  the Dal las,  
Valsetz,  and S p i r i t  Mountain Quadrangles, i n  the lower Siuslaw R iver  area, 
and a long the coas ta l  reg ion  in land from Cape Kiwanda t o  Cape Foulweather 
(see loca t  i o n  map). 

s i l t s t o n e  and the S i l e t z  R iver  Formation, respec t i ve l y ,  from the west t o  
the east.  About 4,000 f e e t  o r  more o f  massive micaceous blue-gray a r k o s i c  
sandstone con ta in ing  wr ink led  b i o t i t e  and muscovite f l akes  and o v e r l y i n g  
a basal basa l t  pebble conglomerate were recorded by Vokes, e t  a l . ,  (1954). 

A t  the southern end o f  the Wi l lamet te  Va l ley  5,000 f e e t  o f  Tyee 
sandstone are  exposed, o v e r l a i n  by the Lorane shale.  The base o f  sandstone 
i s  not  exposed i n  t h i s  region, but t o  the south, i n  the Anlauf and Dra in  
Quadrangles (Hoover, 1963), i t  res ts  on the S i l e t z  River  Formation and 
the Umpqua Formation. 

The nature o f  the contact  between the Tyee sandstone and the 
under ly ing  u n i t s ,  p a r t i c u l a r l y  the Umpqua, has been discussed by var ious 
authors,  i nc lud ing  D i  1 l e r  (1896) , Turner (1938), and Baldwin (1973, 1974). 
I t  w i l l  be noted t h a t  nowhere has i t  been demonstrated tha t  the Tyee 
r e s t s  upon the t runcated bedding o f  the Umpqua Group, a l though both 
D i l l e r  (1896) and Baldwin (1973, 1974) have s ta ted  t h a t  such a p o s s i b i l i t y  
e x i s t s ,  based upon t h e i r  observance o f  d iscordant  a t t i  tudes i n  adjacent 
outcrops o f  the two u n i t s ,  and Baldwin (1974) has observed c u t  and f i  1 1  
s t ruc tu res  a t  the base o f  the Tyee. I t  i s  more probable there fore ,  t h a t  
the Tyee i s  a t  best d isconformable on the  Umpqua, and over laps i t  and 
r e s t s  upon the S i l e t z  R iver  Formation i n  many places i n  the Coast Range. 

Baldwin (1961) designated 2,000 - 3,000 f e e t  o f  dark gray a r g i l -  
laceous s i l t s t o n e  and t h i n l y  bedded sandstones, occu r r i ng  near the town 
of  E lk ton,  on the Umpqua R iver  (see Locat ion map), as the type sec t i on  
of a u n i t  which he named the "Elkton s i l t s t o n e  member o f  the Tyee 
Formation." La ter  ( I n  1974), he r e f e r r e d  t o  t h i s  u n i t  f o rma l l y  as the 
"E 1 k ton  Formation". 

1954). The beds i n  the Tyee a re  o f t e n  sharp ly  

I n  the nor thern  Coast Range, the Tyee sandstone has a l s o  been r e f e r -  

I n  the v i c i n i t y  o f  Corva l l i s ,  the Tyee over laps the K ing 's  Va l l ey  
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I n  i t s  type area, the E lk ton  Formation res ts  conformably on 
sandstone cha rac te r i s t1c :p f  the Tyee FormatiQn; A t  Basket Po in t ,  t o  the 
south, i t  l i e s  immediately above, and apparent ly  again conformable upon, 
the type sec t i on  o f  the Tyee. West o f  Basket Po in t  the Coaledo res ts  
upon the E lk ton  (Baldwin, 1961). The molluscan fauna which Turner 
(1938) c o l l e c t e d  from the "Tyee type (Basket Point)',' was probably obtained 
from the  E lk ton  Formation, according t o  h i s  l o c a l i t y  data. 

s i  1 tstone ind i s t i ngu ishab le  from the E lk ton  has been mapped as the 
"Lorane shale" (Vokes, et e., 1951). 
gray a rg i l l aceous  s i l t s t o n e s ,  600 f e e t  t h i c k ,  con ta in ing  a f o r a m i n i f e r a l  
faunule which has been assigned t o  Laiming's ' 'Bl-Bla" Zones. The E lk ton  
i n  t h i s  area apparent ly  i s  conformable upon the Tyee sandstone, a l though 
Vokes -- e t  a l , ,  were no t  completely c e r t a i n  o f  t h i s  re la t i onsh ip .  

i n  the Coast Range adjacent t o  the west c e n t r a l  Wi l lamet te  Val ley,  
a s i l t s t o n e  c h a r a c t e r i s t i c  o f  the E lk ton  conformably o v e r l i e s  the Tyee, 
according t o  Vokes, e t  a l . ,  (1954). 

(1947) i n  the Da l las  and Valsetz Quadrangles f o r  the E lk ton  Formation, 
which appears t o  be the upper p o r t i o n  o f # h i s  "Umpqua-Tyee." 
apparent ly  conformable upon the basal sandstone o f  t h i s  l a t t e r  u n i t ,  
which probably represents the Tyee sandstone i n  t h i s  area. 

by the beds a t  Sacchi Beach, three mi les  south o f  Cape Arago, and by 
the Eocene shales a t  Cape Blanco (see Locat ion map). 
mapped as Umpqua by A l l e n  and Baldwin (1944), occur i n  the a x i s  o f  a 
f a u l t e d  a n t i c l i n e  i n  the Coaledo Formation. The upper contac t  w i t h  the 
Coaledo i s  no t  exposed, and tne lower po r t i ons  o f  the beds are  i n  f a u l t  
contact  w i t h  the Coaledo. 

The dark shales a t  Cape Blanco, from which a f o r a m i n i f e r a l  faunule 
has been described by Bandy (1944), may represent the southernmost 
occurrence o f  the E lk ton  Formation. Unfor tunate ly ,  the beds are  much 
slumped, showing no depos i t iona l  s t ruc tu res .  No base nor top t o  the 
sec t ion ,  nor indeed even i t s  thickness, i s  known. 

I n  the  Sheridan and McMinnvi l le  Quadrangles, southwest o f  Por t land,  
rocks which may be p a r t i a l l y  equiva lent  i n  age t o  the E lk ton  Formation 
have been mapped by Baldwin et aJ., (1955) as the Yamhill Formation. 
type sec t i on  cons is ts  o f  5,000 f e e t  o f  dark gray shales and s i l t s t o n e s  
outcropping a long M i l l  Creek and the Yamhill R iver .  The base, i n  t h i s  
area, i s  unconformable on the S i l e t z  R iver  Formation, according t o  the 
authors. 

Northward, along the southern end o f  the Wi l lamet te Val ley,  

This "shale" cons is ts  o f  dark 

A probable thickness o f  over 1,000 f e e t  was ind ica ted  by Baldwin 

I t  i s  

To the southwest o f  i t s  type area, the E lk ton  may be represented 

The former beds, 

The 

STRUCTURAL GEOLOGY 

The major s t r u c t u r a l  p a t t e r n  exh ib i t ed  by the lower T e r t i a r y  
rocks o f  southwestern Oregon i s  t h a t  o f  a se r ies  o f  broad gen t le  f o l d s  
and f a u l t s  t rend ing  northeast-southwest. This p a t t e r n  i s  i t s e l f  on ly  a 
p o r t i o n  o f  a s t i l l  g rea ter  eastward indenta t ion  o f  t he  lower T e r t i a r y  
and p re -Te r t i a ry  rocks o f  the Cord i l l e ra ,  the ax i s  o f  which i s  approximately 
co inc ident  w i t h  the Columbia River. 

For a d e t a i l e d  i l l u s t r a t i o n  o f  the major f o l d s  and f a u l t s  o f  western 
Oregon, the reader i s  re fe r red  t o  the U.S.G.S. Geologic Map of Oregon 
west o f  the 121st Mer id ian  (Wells, 1961), and t o  papers by Hoover (1963) 
and Baldwin ( I g g ,  1973, 1974). 
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A s t r u c t u r a l  p a t t e r n  which f i g u r e s  g r e a t l y  i n  the  i n t e r p r e t a t i o n  
o f  the  s t r ' a t i g r a p h y  o f  the  Umpqua Group occurs a l o n g  the  nor thwestern 
border o f  the main area o f  ou tc rop  o f  the S i l e t z  R i v e r  Format ion near 
Roseburg. The nor theastward ex tens ion  of  t h i s  ou tc rop  p a t t e r n ,  which 
i s  b a s i c a l l y  a minor a n t i c l i n o r i u m ,  has been mapped by Hoover (1963) 
as the "Coon Creek A n t i c l i n e . "  He showed a h igh-angle reverse or t h r u s t  
f a u l t  a long t h e  nor thwest  l i m b  o f  t h i s  s t r u c t u r e  on the  geo log ic  c ross-  
s e c t i o n s  accompanying h i s  map, b u t  d i d  n o t  e l a b o r a t e  on t h i s  i n  h i s  
t e x t .  The d i p s  a long the nor thwest  f l a n k  a r e  steep, up t o  90°. To the 
southwest, t h i s  f l a n k  o f  the  a n t i c l i n o r i u m  i s  much broken up by f a u l t i n g ,  
as can be seen i n  ou tc rop  and roadcut exposures f rom the v i c i n i t y  o f  the 
Bonanza Mine, near Nonparei1,to U.S. Highway 1-5. This  zone o f  deforma- 
t i o n  has been named the Bonanza F a u l t  by Baldwin (1964), who recognized 
i t  as a h igh-angle reverse f a u l t  which t h r u s t s  the S i l e t z  R i v e r  Format ion 
f rom the  southeast  over  the  Roseburg Format ion t o  the  nor thwest .  
Baldwin has t raced t h i s  s t r u c t u r e  on h i s  map o n l y  as f a r  as the Umpqua 
R i v e r  near Melrose, s t r u c t u r a l  compl ica t ions  t o  the south as f a r  as 
Dutchman B u t t e  i n d i c a t e  t h a t  the Umpqua Group i s  p robab ly  i n v o l v e d  i n  
severa l  h i g h  ang le  reverse f a u l t s .  

On the  Nor th Umpqua R i v e r ,  downstream f rom Gl ide ,  a nor th -nor theas t  
t r e n d i n g  f a u l t  zone severa l  hundred yards wide a f f e c t s  bo th  the Roseburg 
and Lookingglass Format ions, thus obscur ing  t h e i r  c o n t a c t  r e l a t i o n s  i n  
t h i s  c r i t i c a l  s e c t i o n .  

i s  o v e r t h r u s t  f rom the  southeast  by serpent ine ,  and serpent ine  i s  aga in  
i n v o l v e d  a l o n g  f a u l t  c o n t a c t s  w i t h  the Roseburg and S i l e t z  R i v e r  Formations 
i n  Coos County a l o n g  the Midd le  and South Forks o f  the C o q u i l l e  R i v e r ,  

Elsewhere, many f o l d s  and f a u l t s  occur i n  the Paleogene u n i t s  o f  
wes tern  Oregon, f a r  t o o  many t o  be adequate ly  discussed i n  t h i s  paper.  
I n  genera l ,  t h e  b a s a l t s  o f  the S i l e t z  R i v e r  Format ion and the  sandstones 
o f  the  Tyee Format ion have p layed the  r o l e  o f  s t r u c t u r a l l y  competent 
bodies,  be ing  i n v o l v e d  u s u a l l y  i n  broad f o l d s  w i t h  r e l a t i v e l y  l o w  d i p s ,  
The s t r e s s  t o  which they have been sub jec ted  has been taken up main ly  
by f a u l t i n g .  On the  o t h e r  hand, the f i n e r  and thin-bedded sediments o f  
t h e  Umpqua Group, be ing less  competent, d i s p l a y  a g r e a t e r  amount o f  f o l d i n g ,  
and t h e  Roseburg Format ion e x h i b i t s  t h i s  t o  a g r e a t e r  degree than the 
Lookingglass and F lournoy Formations. The g r e a t e r  number o f  competent beds, 
i n  the  form of  massive conglomerates and sandstones, which occur i n  the  
l a t t e r  u n i t s ,  p robab ly  accounts f o r  t h i s  d i f f e r e n c e .  Broad f o l d s  and d i p s  
up t o  4S0, but  u s u a l l y  less ,  a r e  e x h i b i t e d  by these Format ions, whereas 
the  Roseburg i s  o f t e n  c o n t o r t e d  i n t o  t i g h t  i s o c l i n a l  f o l d s ,  T h i s  
d i f f e r e n c e  may have been enhanced by p r o x i m i t y  t o  major f a u l t s  such as 
those descr ibed above. 

A l though 

Along t h e  L i t t l e  R iver ,  between G l i d e  and Peel ,  the Lookingglass 

PALE0 NTOLOGY 

The Mol lusca. Throughout the Paleogene o f  western Oregon, f o s s i l  Mol lusca 
a r e  common t o  abundant i n  sediments e i t h e r  in terbedded w i t h ,  o r  o t h e r -  
w ise  c l o s e l y  assoc ia ted  w i t h  those c o n t a i n i n g  f o s s i l  Foramin i fe ra .  M o s t  
o f  the  s t u d i e s  o f  f o s s i l  Mol lusca f rom t h i s  i n t e r v a l  i n  western Oregon 
have been concerned w i t h  s i n g l e  i s o l a t e d  samples, and o n l y  one, t h a t  o f  
Turner (1938) , has d e a l t  w i t h  a b i o s t r a t i g r a p h i c  s tudy  o f  t h i s  impor tant  
group of  organisms. 
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I n  t h i s  paper, Turner l i s t e d  assemblages o f  f o s s i l  mollusca from 

many l o c a l i t i e s  i n  u n i t  i c h  he r e f e r r e d  t o  I t  1 owe r Umpqua" , "upper 
Umpqua", and "Tyee." T d i v i s i o n s  were ba by Turner on the presence 
o f  c e r t a i n  f o s s i l s ,  as he s ta ted  on page 32 o f  h i s  t e x t :  

9 

'I.. . the Tyee and Umpqua d i v i s i o n s  are  -recognized on the basis o f  
'gu ide f o s s i l s '  r a the r  than any marked d i f f e r e n c e  o f  the faunas as a whole. 

W i t h i n  the Umpqua the d i s t i n c t i o n  between the upper and lower p o r t i o n  i s  
made w i t h  g rea ter  d i f f i c u l t y  and i s  sometimes impossible." 

The fauna l i s t e d  by Turner f o r  the Umpqua west o f  Roseburg comes from 
beds l i t h o l o g i c a l l y  i nd i s t i ngu ishab le  from the Roseburg Formation. The 
fauna from the  sec t  on exposed a long the North Umpqua near G l ide  occurs 
i n  the Lookingglass Formation and corresponds t o  the lower p a r t  o f  h i s  
"Tyee" i n  tha t  sec t  on. Turner l i s t e d  f o s s i l  mollusca from h i s  "lower 
Umpqua" near G l ide  presumably the l o c a l i t i e s  shown on h i s  map near 
Beckley Ferry)  i n  h s general c h e c k l i s t  f o r  Eocene Formations o f  C a l i f o r n i a ,  
Oregon, and Washington, but he d i d  not  inc lude these i n  h i s  d iscuss ion  o f  
the Gl ide  fauna. These l o c a l i t i e s  a re  included by the w r i t e r  i n  the 
Roseburg Formation. Along the Middle Fork o f  the Coqu i l le ,  Turner l i s t e d  
f o s s i l s  f rom the "lower" and "uppert' Umpqua and from the 'ITyee." 
"Tyee" i s  no t  the Tyee Formation, but corresponds approximately t o  the 
Flournoy Formation. 
Umpqua" correspond t o  the Lookingglass Formation. 
'Ilower Umpqua", and a t  t h a t  the p a r t  f o r  which he l i s t e d  no f o s s i l s ,  
f a l l s  w i t h i n  the u n i t  recognized by the w r i t e r  as the Roseburg Formation. 

as exposed a t  Basket Po in t .  This mol luscan fauna i s  very  l i t t l e  d i f f e r e n t  
from t h a t  of  the faunule c o l l e c t e d  by Turner from an exposure a t  the over- 
pass on the o l d  P a c i f i c  Highway 1/2 m i l e  south o f  Comstock. 
1938, p. 19, 21, 38.) According t o  Hoover (1963, p. 24) the beds a t  Comstock 
appear t o  be equ iva len t  t o  the E lk ton  Formation. 
and "Middle Fork Coqu i l l e  R." molluscs ( l i s t e d  on h i s  c h e c k l i s t  f o r  the 
Tyee Formation) were c o l l e c t e d  from the upper p a r t  o f  the Umpqua Group 
(see above). 

The Foramin i fera.  The fo ramin i fe rs  discussed i n  t h i s  paper came from 
the S i l e t z  River  Formation, the Umpqua Group, and the E lk ton  Formation. 
More s p e c i f i c a l l y ,  they are  from the upper sedimentary rocks o f  the 
S i l e t z  R iver  Formation exposed i n  the quarry  a t  E l lenda le ;  from the 
rhy thmica l l y  bedded s i l t s t o n e s  and f i n e  sandstones, and mudstones of the 
Umpqua Group exposed a long the banks o f  the South and Middle Forks of 
the Coqu i l l e  R iver  and the  Nor th Umpqua R iver ,  and i n  stream and road 
cu ts  a t  p o i n t s  between these sec t ions ;  and from s i l t s t o n e s  r e f e r r e d  t o  
the E l k t o n  Formation, exposed a t  Basket Po in t  and Sacchi Beach. For 
d e t a i l e d  geographic and s t r a t i g r a p h i c  l o c a t i o n  o f  these f o s s i l i f e r o u s  
sect ions,  the reader i s  r e f e r r e d  t o  the geologic  maps and the columnar 
sec t ions  i n  t h i s  paper. 

sandstones, s i l t s t o n e s ,  and mudstones i s  a t  a maximum i n  the Umpqua 
Group. I n  add i t i on ,  assoc ia t i on  i n  the same beds o f  molluscs and 
' h n a l  l e r "  f o ramin i fe rs ,  and o f  both '%ma1 l e r "  and " o r h i t o i d a l "  fo ramin i fe rs ,  
as w e l l  as o f  " o r b i t o i d a l "  f o ramin i fe rs  and molluscs, and occas iona l l y  o f  

Turner 's  

Turner 's  "upper Umpqua" and a p o r t i o n  o f  h i s  "lower 
Only a p a r t  o f  Turner 's  

Turner 's  (1938) "Tyee type" molluscs come from the E lk ton  Formation 

(see Turner,  

Turner 's  "North Umpqua" 

The in terbedding o f  mol lusc-bear ing sandstones and f o r a m i n i f e r a l  
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a l l  three, are found i n  the Umpqua Group. The E lk ton  Formation a t  
Basket Po in t  conta ins both mol luscs and 'Isma1 ler" ,  f o ramin i fe rs ,  and a t  
the type sec t i on  (near E lk ton) ,  co ra l s ,  mol luscs,  and both " o r b i t o i d a l "  
and '%mal l e r "  Foramin i fera have Seen found (Baldwin, 1961). 

River ,  Umpqua, and E lk ton  Formations are  g r a p h i c a l l y  represented on the 
c h e c k l i s t  accompanying t h i s  paper. 

In  general, the greatest  degree o f  s p e c i f i c  d i v e r s i t y  i n  the S i l e t z  
R iver  and Umpqua Formations i s  d isp layed by the Lagenidae, which i s  a l s o  
one o f  the most numerous fami l i e s  represented. The a g g l u t i n a t i n g  
fo ramin i fe rs ,  represented by several  f a m i l i e s ,  a re  more numerous, but  
less d iverse  s p e c i f i c a l l y ,  than the lagenids. Ro ta l i ds  a re  j u s t  somewhat 
less numerous and s p e c i f i c a l l y  d iverse  than these f i r s t  two groups, and 
the anomalinids d i sp lay  even less numerical abundance and d i v e r s i t y .  The 
Bu l im in idae a re  represented by fewer i n d i v i d u a l s  but more species than 
the anomalinids. The Nonionidae and M i l i o l i d a e  are  about equa l l y  less 
numerous and d iverse  than are the Bul imin idae.  Abundant specimens but  
few species o f  two f a m i l i e s  o f  " la rger "  f o ramin i fe rs ,  the Camerinidae 
and the Discocyc l in idae,  occur i n  var ious beds w i t h i n  the S i l e t z  River  
Formation and the Umpqua Group. 

a g g l u t i n a t i n g  Foramin i fera are present,  and they are  the most abundant 
and most d iverse,  s p e c i f i c a l l y ,  o f  any o f  the groups present .  The 
lagenids, a l though much less numerous than the a g g l u t i n a t i n g  fb ramin i fe rs ,  
a re  nea r l y  as d iverse,  and a re  fo l lowed c l o s e l y  i n  the same p a t t e r n  by 
the r o t a l i d s .  The Bul imin idae show near l y  as much d i v e r s i t y  i n  species. 
as the r o t a l i d s ,  but  a re  much less numerous. Anomalinids, a l though 
near l y  as numerous as the a g g l u t i n a t i n g  fo ramin i fe rs ,  a re  even less 
d iverse  s p e c i f i c a l l y  than the bu l im in ids ,  and show the leas t  s p e c i f i c  
d i v e r s i t y  o f  any f a m i l y  represented. 
occur i n  the type area. 

The d e t a i l s  o f  the d i s t r i b u t i o n  o f  the Foramin i fera o f  the S i l e t z  

I n  the E lk ton  Formation, representat ives o f  severa l  f a m i l i e s  o f  

Rare specimens o f  the D iscocyc l in idae 

PALE0 -ECOLOGY 

General. The bathymetr ic d i v i s i o n s  used here in  are intended t o  i n d i c a t e  
depth o f  depos i t i on  on ly  i n  a r e l a t i v e  way, and f o r  t h i s  reason, absolute 
depths i n  f e e t  o r  meters a re  not  given. These bathymetr ic d i v i s i o n s  are: 
l i t t o r a l ,  the reg ion  between h igh  and low t i d e s  (corresponding t o  Nat land 's  m; n e r i t i c ,  the depths between lowest t i d e  and the edge o f  the 
con t inen ta l  s h e l f  (corresponding t o  Nat land 's  Zone I I I ) ;  and bathyal ,  the 
reg ion  between the edge o f  the con t inen ta l  s h e l f  and the base o f  the 
con t inen ta l  s lope (corresponding t o  Nat land 's  Zone I V ) .  

The term "warm" used h e r e i n a f t e r  re fe rs  t o  marine waters w i t h  an 
annual minimum sur face temperature o f  about 20° - 16OC., and i s  t o  be 
contrasted w i t h  the terms ' k o o l "  (annual minimum sur face temperature o f  
about 16O - 10OC.) and "cold" (annual minimum sur face temperature o f  
about IOOC. and co lder ) .  

considered as benthonic (bottom-dwell ing) ,  unless s p e c i f i e d  as pe lag i c  
(open-ocean p lank ton ic ) .  

The mode o f  l i f e  o f  a l l  f o ramin i fe rs  discussed below i s  t o  be 

S i l e t z  River  Formation. The presence o f  Opercul ina,  a form found today 
o n l y  i n  the warm shal low waters o f  the Indo-Paci f ic  (Cushman, 1955), 

526 



4 

seems t o  i nd i ca te  t h a t  the waters i n  which the  upper sedimentary beds o f  
the S i l e t z  R iver  Formation were deposited were of the s o r t  c h a r a c t e r i s t i c a l -  
l y  found today i n  the t rop i cs .  
the shal lower waters i s  g iven by the presence o f  ' 'o rb i to ida l l l  Foraminifera, 
the c loses t  analogs t o  \nihfkh are found among the Recent " larger" Foramini- 

megafossi ls associated w i t h  these f o s s i l  fo ramin i fe rs  inc lude ree f -dwe l l ing  
co ra l s ,  bryozoa, and Ostrea, which tend t o  re in fo rce  the i n t e r p r e t a t i o n  
o f  shallow, warm waters o f  upper n e r i t i c  depth as the p r i n c i p a l  depo- 
s i t i o n a l  environment f o r  the sedimentary po r t i ons  o f  t h i s  Formation. 
These cond i t ions  seem t o  have p reva i l ed  throughout most o f  the time t h a t  
S i l e t z  R iver  sedimeQts were being deposited, f o r  the assoc ia t ion  l i s t e d  
above i s  found i n  nea r l y  a l l  f o s s i l  c o l l e c t i o n s  from t h i s  Formation. 

Umpqua Group. The abundance and d i v e r s i t y  o f  lagenids throughout the 
f o r a m i n i f e r a l  porti,ons o f  t h i s  u n i t  seem t o  i nd i ca te  depos i t ion  i n  
marine waters of medium, (r ler i  t i c  'and upper ba thy l )  depths (Cushman, 1955). 

Fur ther  evidence f o r  warm cond i t ions  o f  

. f e r a  o f  shal low t r o p i c a l  waters (Cushman, 1955; Bandy, 1960). Marine 

Specimens o f  0 e r c u l i n a  and Pseudo hra mina, abundant i n  some samples 
(see c h e c k l i s t  -e-----?- would seem to. i nd i ca te  f o r  pa r t s  o f  the Umpqua as f o r  the 
S i  l e t z  R iver  Formation) t h a t  a t  p a r t i c u l a r  times and places depos i t ion  
took p lace i n  much more sha l l ow  watbr, and t h a t  these shal lower waters 
were s t i i l  warm (Cushman, 1955; Bandy, 1960). Common specimens o f  
Vaginul inopsis ,  a la rge  and ornamented lagenid, would seem t o  re in fo rce  
the idea o f  warm temperatures a t  shal low depths (Mallory, 1959, p. 32). 
Occasional occurrences o f  common t o  abundant pe lag ic  fo ramin i fe rs ,  such 
as Globorota l  i a  and Globiger ina (see check1 i s t ) ,  i nd i ca te  t h a t  surface 
connections t o  the open sea were present (Cushman, 1955). Megafossils 
found i n  the coarser interbeds o f  the rhy thmica l l y  bedded po r t i ons  of 
t h i s  u n i t .  i n  the more massive sandstones. and i n  the f o r a m i n i f e r a l  
mudstones, inc lude large T u r r i  t e l  las  (Tur r i  t e l  l a  meganosensis protumescens) 
and q i a n t  Venericards, both o f  which are  i nd i ca to rs  o f  warm shallow waters 
o f  upper n e r i t i c  depth, such as are found i n  the modern t r o p i c s  (J.P. 

a t  l e a s t  i n  two areas, as evidenced by the occurrence o f  l ign i tarseams 
near the base of the Lookingglass Formation i n  the Midble Fork Coqu i l l e  
sect ion,  and below the base o f  the uppermost mudstone i n  the Nor th Umpqua 
sect  ion. 

Tyee Formation. 
ma te r ia l  found i n  t h i s  Formation suggest depos i t ion  took p lace a t  near- 
shore depths o r  poss ib l y  even above sea leve l .  As the w r i t e r  w i l l  
mention elsewhere i n  th is  paper (see sec t i on  on Age and Cor re la t i on ) ,  
we l l -subs tan t ia ted  occurrences of marine megafossi ls i n  the Tyee sandstone 
are non-existent. 
from the  s i l t s t o n e s  o f  the  o v e r l y i n g  E lk ton  Formation. 

S m i  th, 1919). ' ,  

Local ly ,  depos i t ion  may even have taken p lace above the s t r q n d ' l i n e ,  

The la rge  amount o f  p l a n t  debr is  and coa ly  and woody 

A1 1 o f  the pub1 ished "Jyee1I mol luscs appear t o  come 

E lk ton  Formation. Foramin i fera are not  p a r t i c u l a r l y  conspicuous i n  those 
occurrences o f  the E lk ton  Formation incorporated i n  t h i s  study. Common 
specimens o f  Bu l im ine l l a ,  a form which in'modern seas ranges from the 
bathyal  t o  the l i t t o r a l  zones (Natland, 1933), y i e l d s  l i t t l e  c lue  as t o  
the depth o f  depos i t ion  o f  t h i s  Forma'tion. The presence o f  the la rge  
and ornate lagenid Vaginul inopsis  may ind i ca te  warm temperatures a t  
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shal low depths, c h a r a c t e r i s t i c  o f  the modern t rop i cs ,  f o r  the po r t i ons  
o f  t h i s  Formation i n  which i t  i s  common (see c h e c k l i s t ;  a l s o  see Mal lo ry ,  
1959, p. 32). According t o  J.W. Durham ( i n  Baldwin, 1961), c o r a l s  and 
echino ids found i n  the type sec t i on  o f  the Formation i nd i ca te  t h a t  
depos i t i on  there .took p lace  i n  water about 300 f e e t  deep (upper n e r i t i c  
zone) under warm sur face cond i t ions .  The occurrence o f  "orb i  t o i d a l "  
f o ramin i fe rs ,  noted by Baldwin (1961) i n  the type sec t ion ,  would seem 
t o  r e i n f o r c e  the idea o f  warm shal low waters as the environment o f  
depos i t i o n  (Cushman, 1955; Bandy, 1960) o f  the E l  k ton  Format ion,  a t  
l e a s t  a t  the type l o c a l i t y .  

Yamhill Formation. According t o  Gaston (1974), "The lowermost p a r t  o f  
the type Yamhi l l  Formation was deposi ted a t  middle t o  lower bathyal  
depths i n  poo r l y  aeyated water o f  a s i l l e d  basin. A gradual shal lowing 
occurred, reaching lower n e r i t i c  cond i t ions  du r ing  the depos i t i on  o f  the 
more c l a s t i c  sediments o f  the middle sandstone member, which were probably 
der ived  from the vo lcan ic  area t o  the south. Connection w i t h  open ocean 
cur ren ts  du r ing  t h i s  t ime was good. I n  the southern p a r t  o f  the basin, 
a r e t u r n  t o  bathyal  cond i t ions  fo l lowed the depos i t i on  o f  the middle 
sandstone member. I n  the c e n t r a l  p a r t s  o f  the bas in t o  the nor th ,  con- 
temporaneous depos i t i on  occurred a t  a s l i g h t l y  deeper upper t o  middle 
bathyal  depth. A t rend toward shal lower cond i t i ons  and good connect ion 
w i t h  open ocean cu r ren ts  occurred du r ing  the  depos i t i on  of the upper 
type Yamhi l l  Formation." 

AGE AND CORRELATION 

Mollusca. 
Formations of  the western Oregon Paleogene were based on the Mollusca, 
the s tudy o f  which has resu l ted ,  i n  Oregon as i t  d i d  i n  the C a l i f o r n i a  
Lower T e r t i a r y ,  i n  the b lock ing  ou t  o f  the major Epochs and t h e i r  sub- 
d i v i s ions .  

and "Capay Stages" o f  the  C a l i f o r n i a  Lower T e r t i a r y  mol luscan chronology. 
I n  the a p p l i c a t i o n  o f  these terms, confus ion has been brought about by 
the  lack  o f  adequate superpos i t iona l  c o n t r o l  and the lack  o f  knowledge 
concerning the s t r a t i g r a p h i c  ranges o f  i n d i v i d u a l  species.  These 
inherent  inadequacies prevent  c lose  c o r r e l a t i o n  between the megafossi l  
"Stages" and the chronology based upon smal ler  Foramin i fera i n  the West 
Coast Paleogene. 

Most o f  the species found i n  the S i l e t z  R iver  Formation occur a l s o  
i n  the super jacent Umpqua Group, which has, a t  l e a s t  i n  i t s  lower po r t i on ,  
been co r re la ted  w i t h  the Capay Formation o f  C a l i f o r n i a  (see below). The 
Crescent Formation o f  Washington a l s o  conta ins many o f  the forms l i s t e d  
from the  S i l e t z  R iver  Formation and i s  probably s t r a t i g r a p h i c a l l y  (as w e l l  
as chrono log ica l  l y )  equ iva len t  t o  the tu f faceous sediments o f  the l a t t e r  
Formation. 

The f i r s t  at tempt t o  make c o r r e l a t i o n s  o f  the Umpqua w i t h  deposi ts  
i n  o ther  regions a t  a more re f ined leve l  than t h a t  o f  Period-Epoch was 
made by Dickerson (1914). He co r re la ted  the beds exposed a t  G l i de  (near 
the  confluence o f  L i t t l e  R iver  and the North Umpclua River)  w i t h  the fauna 

The o r i g i n a l  age assignments which have been g iven t o  the 

Reference i s  made i n  the f o l l o w i n g  d iscuss ion t o  the "Domengine" 

of h i s  "Siphonal i a  su t te rens i s  Zone" as exposed' a t  Marysvi 1 l e  But tes and 
near Orovi  1 le ,  ,Ca1 i f o r n i a .  

I n  1921, B. L. Cla rk  noted t h a t  Dickerson's c o r r e l a t i o n  o f  the 
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Umpqua w i t h  the M a r y s v i l l e  and O r o v i l l e  Eocene was correct ' ,  and he f u r t h e r  
co r re la ted  the l a t t e r  two w i t h  the Meganos Formation o f  the M t .  D iab lo  
region. But C la rk  a l s o  showed t h a t  Dickerson's s t r a t i g r a p h i c  i n te rp re ta -  
t i ons  were i nco r rec t ,  and t h a t  h i s  "Siphonalia su t te rens i s  Zone" was the  
o ldes t ,  and no t  the youngest, Eocene, and was the shal low water fac ies  o f  
D i c ke r son ' s o 1 des t "Zone. 

the Lookingglass Formation) along the Middle Fork o f  the Coqu i l le  w i t h  
the beds west of Roseburg (which are  re fe rab le  t o  the Roseburg and Look- 
ingglass Formations). 

Turner co r re la ted  the Gl ide  fauna w i th  both the  I1Capay" and "Domen- 
gine" molluscan "Stages" of C a l i f o r n i a ,  l i s t i n g  approximately equal 
numbers o f  species i n  common w i t h  both the "Domengine" and "Capay Stages." 
He a l s o  co r re la ted  the G l ide  fauna w i t h  the fauna of h i s  "upper Umpqua" 
a long the Middle Fork o f  the Coqui l le ,  

he considered t o  be o f  p a r t i c u l a r  s ign i f i cance ,  commenting: 

Turner (1938) suggested a c o r r e l a t i o n  o f  h i s  "lower Umpqua" (ac tua l l y  

From h i s  "lower Umpqua" west o f  Roseburg Turner l i s t e d  species which 

"These species are  bel ieved t o  i nd i ca te  t h a t  the beds i n  which they 
are  found correspond more c l o s e l y  i n  age t o  the  Capay stage and lower 
L la jas  o f  C a l i f o r n i a  than t o  the Tejon, Domengine, o r  Meganos." 

Turner co r re la ted  a molluscan fauna from an exposure a t  an overpass 
a long the Pac.i f ic Highway south o f  Comstock (see Turner, 1938, p. 19, 21, 
38;) w i t h  t h a t  of the "Domengine Stage" o f  C a l i f o r n i a ,  on the bases tha t :  
1) the Venericardia found i n  the Tyee was i d e n t i c a l  w i t h  ones found i n  

, the upper L la jas  Formation and the Rose Canyon shales of Southern C a l i f -  
orn ia ,  which are considered t o  be equiva lent  i n  age t o  the Domengine 
Formation (see Vokes, 1939); and t h a t  2) T u r r i t e l l a  uvasana hendoni var. 
h. o f  the Tyee more c l o s e l y  resembled the T u r r i t e l l a  a p p l i n i  group o f  
the Rose Canyon shales t h a t  any other  group o f  West Coast T u r r i t e l l a .  

Turner a l s o  co r re la ted  the Basket Po in t  molluscs (from the E lk ton  
Formation) w i t h  the faunas o f  the Rose Canyon shales, the upper L la jas  
Formation, and the Domengine Formation o f  C a l i f o r n i a  on the same bases 
t h a t  he co r re la ted  the Tyee near Comstock w i t h  these Formations. 

La ter  s tud ies by Trumbull and Durham ( i n  Baldwin, 1961) o f  the  
megafossi ls from the type sec t i on  of the  E lk ton  Formation have corrobor-  
ated Turner's conc lus ion as t o  the age o f  t h i s  Formation. 

Foraminifera. A sample (0-955) from the sediments immediately ove r l y ing  
the basa l ts  o f  the  S i l e t z  River  Formation i n - a  quarry  a t  E l lendale,  west 
o f  Salem (see check1 i s t )  has y ie lded  a f o r a m i n i f e r a l  assemblage which 
i nc 1 udes : 

Species C a l i f o r n i a  Tei lzone 

Anoma 1 i na ga rzaens i s ' L. Penutian - U. Na r i z ian  

Robulus a la to- l imbatus L. Penutian - U. Nar iz ian  

Opercul ina cushmani U. B u l i t i a n  - U. U l a t i s i a n  

Thes.e data do not  permi t  a g rea ter  refinement o f  age t h a t  a range 
from the lower Penutian (P lec to f rond icu la r i a  kern i  Zone) t o  the upper 
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U l a t  i s i an  (Amphimorph i ne ca 1 i f o r n i  ca Zone) Stages. 
Rau ( i n  Baldwin, - e t  -* a1 ' 1955) recorded a f o r a m i n i f e r a l  assemblage 

from the upper sedimentary s t r a t a  o f  the S i l e t z  R iver  Formation i n  the 
Mary's Peak and Alsea Quadrangles, and assigned t o  i t  an age o f  "B-2" 
t o  "C" i n  Laiming's c l a s s i f i c a t i o n .  This i s  a somewhat more r e s t r i c t e d  
age than i s  provided by the w r i t e r ' s  data as summarized above, s ince the 
i n t e r v a l  "8-2" t o  ' I  C I '  i n  Laiming's zones i s  approximately equiva lent  t o  
M a l l o r y ' s  Penutian Stage p lus  on ly  the lower Zone (Vaginul inopsis mexicana 
Zone) o f  h i s  U l a t i s i a n  Stage. An age determinat ion approximately equiva- 
l e n t  t o  t h a t  provided by the w r i t e r ' s  f o r a m i n i f e r a l  data i s  ind ica ted  by 
the presence of a "Capay1I molluscan fauna i n  t h i s  Formation, p a r t i c u l a r l y  
i n  i t s  type area (Snavely and Baldwin, 1948. See a l s o  t h i s  paper, 
Paleontology, the Mollusca). 

assigned i t  by Rau (OJ. - c i t . ) ,  however, s ince i t  i s  o v e r l a i n  by the sed i -  
mentary beds o f  the Roseburg Formation which, as discussed below, appear 
t o  be Penutian and no younger wherever the Formations are  i n  demonstrable 
supe rpos i t i on. 

The fo ramin i fe ra l  fauna o f  the Roseburg exposed along the North Umpqua 
River  near G l ide  (see c h e c k l i s t ,  t h i s  paper) includes the f o l l o w i n g  chrono- 
l o g i c a l l y  d iagnos t ic  congregation: 

The age o f  t h i s  Formation may very w e l l  be r e s t r i c t e d  t o  the i n t e r v a l  

Spec i es 

Aster  i qer i na crassaf ormi s 
umb i l i ca tu la  

Cassidul ina qlobosa 

Globiger ina bul lo ides  

M a r t i n o t t i e l l a  eocenica 

Robulus a la to- l imbatus 

Uv i ge r i na I odoens i s 
m i  r i amae 

Nonion micrum 

Cib ic ides  fo r tunatus  

Nonion wi lcoxensis  

C a l i f o r n i a  Tei lzone 

L. Penutian - L. Nar iz ian  

L. Penutian - 
L. Penutian - 
L. Penutian - U. Nar iz ian  

L. Penutian - U. Nar i z ian  

L. Penutian - U. U l a t i s i a n  

L. Penutian - L. Nar i z ian  

U. Ynezian - U.  Penutian 

U. Ynezian - U. Penutian 

f 

An age of  Penutian i s  ind icated o r  t h i s  sec t ion  by the over lap of 

Samples c o l l e c t e d  from the western l imb o f  the Roseburt A n t i c l i n e  
the te i l zones  shown here. 

(see c h e c k l i s t )  conta in :  

Species C a l i f o r n i a  Tei lzone 

Cassidul ina qlobosa L. Penutian - 
G l o b i  qer i na bul  l o i  des L.  Penutian - 



M a r t i n o t t i e l l a  edcenica L. Penutian - U. Nar iz ian  

P lec t i na qarzaens i s L. Penutian - U. Nar i z ian  

Uviqer ina lodoensis 
m i  r i amae L. Penutian - U. U l a t i s i a n  

* 

C ib ic ides  fo r tunatus  

Anoma 1 i na tennesseensis 

U. Ynezian - U. Penutian 

U. Ynezian - U. Penutian 

The over lap i n  te i l zones  o f  these species, and espec ia l l y  o f  the 

Along the Middle Fork o f  the Coqu i l le  River ,  the Roseburg conta ins 
C ib ic ides ,  seems again t o  i nd i ca te  an age o f  Penutian f o r  t h i s  sequence. 

(see checkl i s t )  t h i s  ch rono log ica l l y  d iagnos t ic  congregation: 

Species C a l i f o r n i a  Tei lzone 

Anomalina qarzaensis L. Penutian - U. Na r l z ian  

M a r t i n o t t i e l l a  eocenica L. Penutian - U. Nar iz ian  

C i  b ic ides  fo r tunatus  U. Ynezian - U. Penutian 

This  sec t i on  again seems t o  be Penutian i n  age, based on the over lap 
o f  the te i l zones  l i s t e d  here. 

A sample (D-954) c o l l e c t e d  from the rhy thmica l l y  bedded sandstones 
and s i l t s t o n e s  (probably Roseburg Formation ) exposed along Yellow Creek, 
between Powers and M y r t l e  Po in t  (see checkl i s t ) ,  contains the f o l l o w i n g  
ch rono log ica l l y  d iagnos t ic  congregation: 

Spec i es C a l i f o r n i a  Tei lzone 

M a r t i n o t t i e l l a  eocenica L. Penut 

Uvi q e r i  na I odoens i s 
L. Penut 

r- 
m i  r i amae 

an - U. Nar iz ian  

an - U. U l a t i s i a n  

Quinquelocul ina 
yequaensis U. Penutian - U. U l a t i s i a n  

The over lap of  the te i l zones  presented here would seem t o  i n d i c a t e  , 

Samples (0-956-929) c o l l e c t e d  from the Lookingglass a long Four- 
an age o f  l a t e  Penutian t o  l a t e  U l a t i s i a n  f o r  t h i s  sec t ion .  

m i l e  Creek, near the coast south o f  the mouth o f  the  Coqu i l l e -R ive r  
(see c h e c k l i s t )  con ta in  t h i s  congregation: 

Species C a l i f o r n i a  Tei lzone 

C i  b i c ides  fo r tunatus  U. Ynezian - U. Penutian 

Pseudophraqmina psi l a  L. B u l i t i a n  - U. Penutian 

.Robulus a la to- l imbatus L. Penutian - U. Nar iz lan  
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Thus an age of  Penutian i s  ind ica ted  f o r  these samples. 
The fo l l ow ing  congregation was found i n  beds o f  the Lookingglass 

exposed a t  the  drainage d i v i d e  between Estes and Salmon Creeks, southwest 
o f  Powers (0-944, see c h e c k l i s t ) :  

Species 

Bulimina d e b i l i s  

Pseudophragmina p s i l a  

C a l i f o r n i a  Tei lzone 

L. B u l i t i a n  - U. U l a t i s i a n  

L. B u l i t i a n  - U. Penutian 

An age o f  B u l i t i a n  t o  Penutian i s  poss ib le  f o r  t h i s  sample, 
A sample c o l l e c t e d  from the Lookingglass a t  the drainage d i v i d e  be- 

tween the South Fork o f  the  Coqu i l le  River  and the Roque River  (D-954, see 
checkl i s t )  contained on ly  one chronologica l  l y  d iagnos t ic  species, C ib ic ides  
fo r tunatus ,  which ranges from the  upper Ynezian (Bul imina e x c a v a t a r  
t o  the upper Penutian (Alabamina w i  lcoxensis Zone)ifornia. 

G 1  ide  (see checkl i s t )  y ie lded  the f o l  lowing congregation: 
The Lookingglass Formation exposed along the North Umpqua River  near 

Spec i es 

Globiger ina bul lo ides  

Robulus a la to -1  imbatus 

Pseudophragmina p s i l a  L. B u l i t i a n  - U. Penutian 

C i  b i c ides  fo r tunatus  U. Ynezian - U. Penutian 

An age o f  Penutian apparent ly  i s  ind ica ted  f o r  t h i s  sect ion,  but a 
poss ib l y  more r e s t r i c t e d  age o f  l a t e  Penutian (Alabamina wi lcoxensis  
Zone) i s  suggested by the occurrence o f  Quinquelocul ina yeguaensis, which 
seems t o  be r e s t r i c t e d  t o  t h a t  i n t e r v a l  i n  Ca l i f o rn ia .  

(Note t h a t  the Gl ide  molluscan fauna, which Turner (1938) co r re la ted  
w i t h  both the "Capay" and "Domengine" mol luscan faunas o f  C a l i f o r n i a  
came from t h i s  sec t ion  o f  the Lookingglass Formation). 

Buckhorn Creek, south o f  G l ide  (D-901-902, see c h e c k l i s t )  and re fe rab le  t o  
the Lookingglass Formation, has y ie lded  a fo ramin i fe ra l  fauna which includes: 

A mudstone exposed i n  a s p i l l w a y  excavated on the  Magness Farm on 

Spec i es 

Pseudoglandulina ovata 

Robulus a la to- l imbatus 

Robulus c f .  E. 
pseudomammiligerus 

Nodosar i a  l a te juga ta  

Vaginul inopsis  mexicana 
vacavi 1 l ens i s  

L. Penutian - U. Nar iz ian  

L. Penutian - U. Na r i z ian  

U. Ynezian - U. U l a t i s i a n  

L. Ynezian - U. U l a t i s i a n  

U. Ynezian - U. U l a t i s i a n  
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An age assignment of ear.ly Penutian (Plectofrondicularba- - kerni Zone) 
t o  late Ulatisian (Amphimorphina californica Zbne) is permitted for this 
sequence. 

of the foregoing sections are considered to have the same range in the 
Oregon Lower Tertiary as they do in the Lower Tertiary of the California 
Coast Ranges, for they occur in the Siletz River Formation and Umpqua 
Group in company with the same species with which they are associated in 
California. These include: 

Several species which the writer has regarded as diagnostic of the age 

Anoma 1 i na qa rzaens i s P lect i na ga rzaens i s 

Robulus alato-1 imbatus Anoma 1 i na tennesseens i s 

Opercul ina cushmani Quinqueloculina yeguaensis 

Cassidulina globosa 

Asteriqerina crassaformis Pseudophragmina psi la 
umbi 1 icatula 

Epistomina partschiana 

Globigerina bulloides 

Martinottiella eocenica 

Uvi ger i na 1 odoens i s 
m i  r i amae 

Nonion micrum 

Ci bicides fortunatus 

Nonion vilcoxensis 

The beds at Sacchi Beach 
contain a foraminiferal faunu 

Bulimina debilis 

Pseudoglandulina ovata 

Robulus cf. R .  
p s e u d o m a m m T 1  i gerus 

Nodosa r i a latej uga ta 

Vaginulinopsis mexicana 
vacavi 1 lens is 

Bulirnina guayabalensis 

apparently part of the Elkton Formation, 
e which includes: 

Spec i es California Teilzone 

Amphimorphina californica U. Ulatisian 

Gyroi d i na orbi cu la r i s 
p 1 ana ta U. Ulatisian - U. Narizian 

This would s 

In the type section of the Elkt 

to indicate an age of  late Ulatisian (Amphimorphina 
californica Zone) for these beds. 

the following faunule: 
Formation, Stewart (1 957) found 

Anomalina c f .  A ,  Marginulina mexicana var. 
A. Laiming cos 1 i ngens is- - 
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Cib i  I ides c f .  &. e. 
Cushman and McMasters 

Denta l ina c f .  - D. 
approximata 

D. communis - 
D. consobrina 

Eponides e l l i s o r a e  

- 

Gyroidina so ldan i i  
oc tocame ra  t a  

M. mexicana var. E. - 
Laiming 

Nodosa r i a 1 a t e j  uga t a  

Quinquelocul ina c f .  - Q. 
yequaens i s 

Robulus i nornatus 

- R.  c f .  - R. midwayensis 

R. pseudovortex Text u 1 a r i a 1 ab i a t a  

The E lk ton  format ion a t  Basket Po in t  included thej fo lowing species 

- 

a l s o  i d e n t i f i e d  by Stewart (1957): 

Bathysiphon (?) s p .  - E. c f .  k. minimus 

C ib ic ides  c f .  C. 
j e f  f e  rsonensTs 

Gaudryina (?) sp. 

C. c f .  C. sp. D. Cushman Gyroidina so ldan i i  - 
and MFMasters oc tocame ra  ta  

Cyclammina c f .  C. c l a r k i  Marqinul ina mexicana 
var. L. Laiming 

Denta l ina communis 

Eponides c f .  - E. 
e l  1 isorae 

Nodosa r i  a l a t e  j uga ta  

Nonionella c f .  - N. f ranke i  

Robu 1 us i norna t us 

Both o f  these faunules were re fe r red  by Stewart t o  Laiming's "B-Zone." 
Samples s tud ied  by W. W. Rau ( i n  Baldwin, 1961) from the type sec t i on  

This determinat ion corresponds approximately 
o f  the E lk ton  Formation were assigned by him t o  the "8-I" and ' IBIA" zones 
of  Laiming's c l a s s i f i c a t i o n .  
t o  t h a t  made by the w r i t e r  f o r  the beds a t  Sacchi Beach. 

a t  the  Comstock overpass by Hoover (1963, p. 28), from beds which appear 
t o  be p a r t  o f  the E lk ton  Formation. 

Another faunule was described by W. W.  Rau from a sample c o l l e c t e d  

The fo l l ow ing  species were i d e n t i f i e d :  

Gaudryina c f .  G. 
coa 1 i ngens i s- 

Gyroidina c f .  - G. 
s imiens i s 

Qui nquelocul i na sp. Eponides c f .  - E. mexicanus 

Robulus holcombensis C ib ic ides  c f .  - C. haydoni 
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s, 

Vaginulinopsis _ - -  Cibic ides hodgei ,' J vacavi 1 lens i s  

Nodosaria la te jugata . C i  b i  c i do i  des 
coa 1 i ngens i s  

Rau equated t h i s  faunule w i t h  those which he had studied from the 
type sect ion of the Elkton Formation and from the Lookingglass Formation 
o f  the North Umpqua River section, and w i t h  the fauna o f  Laiming's "B-1 
Zone" o f  Cal i f o r n i a .  

Stewart (1957) recorded much the same faunule from the same l o c a l i t y ,  
and assigned the same age t o  i t. 

The foramin i fera l  faunule 1 i s t e d  by Stewart (1957) from the "G1 ide 
sect ion Tyee?", "Basket Point type Tyee," and the "Elkton Tyee," d i d  not 
come from the Tyee Formation. The f i r s t  o f  these i s  from the uppermost 
mudstone o f  the Lookingglass Formation i n  the North Umpqua River section, 
and the l a t t e r  two are from the Elkton Formation, which Stewart re fers  
t o  as "High Tyee." 

Concerning the Yamhill Formatfon i n  i t s  type area, where i t  rests  
unconformably upon the S i  l e t z  River Formation, Gaston (1974) has stated: 
"The foramin i fera l  fauna o f  the type Yamhill Formation can best be cor- 
re la ted  w i t h  Mal lory 's  Nar iz ian stage. 
Yamhill, the lower 1600 ft. can be assigned t o  the lower Nar iz ian 
Bulimina corrugata zone and the remaining 750 ft. to the Upper Nar iz ian 
Amphimorphina j enk ins i  zone. 

Apparently cont rad ic tory  evidence f o r  the age o f  some.of the fore-  
going sections i s  given by specimens of several species which do not 
occur i n  the C a l i f o r n i a  Lower T e r t i a r y  i n  company w i t h  the species w i th  
which they are associated i n  the Umpqua Group and S i l e t z  River Formation. 

The f i r s t  o f  these i s  Bol iv ina incrassata, which i s  found i n  a 
sect ion exposed on H i l l  622, one m i le  north o f  Myr t le  Point, and i n  the 
Roseburg .Formation i n  the North Umpqua sect ion (see check1 i s t ) ,  i n  associ- 
a t i o n  w i t h  a faunule which the w r i t e r  regards as Penutian i n  age (see 
above). Mal lory (1959) assigned a te i lzone o f  lower Ynezian t o  upper 
B u l i t i a n  t o  t h i s  species i n  Cal i fornia,  but R.M. K l e i n p e l l  (oral  communi- 
cat ion,  1964) has informed the w r i t e r  t ha t  i t  occurs i n  the Canoas s i l t ,  
which Mal lory has assigned t o  the upper Zone o f  h i s  U l a t i s i a n  Stage on the 
basis of other evidence. 

Vaginul inopsis echinata, f o r  which Mal lory (1959) has l i s t e d  a 
te i lzone of lower Ynezian t o  lower Bu l l t i an ,  occurs i n  the Roseburg 

O f  the 2350 ft. o f  the type 

J 

i n  the North Umpqua sect ion (see check l is t )  i n  associat ion 
u l e  which the w r i t e r  has assigned t o  the Penutian Stage (see 

A t  least  seven o f  the species represented i n  t h i s  sect ion do not above). 
range below the Penutian Stage i n  Cal i forn ia ,  and the w r i t e r  therefore 
concludes t h a t  the te i l zone  oT 1. echinata i n  Oregon must be d i f f e r e n t  
from i t s  te i lzone i n  Cal i forn ia ,  poss ib ly  due t o  a longer range i n  the 
former area. 

the North Umpqua section, and i n  the Roseburg o f  the Middle Fork Coqui l le 
sect ion (see check l i s t ) ,  i n  associat ion i n  both cases w i t h  a faunule in -  
terpreted by the w r i t e r  on a l l  other l i nes  o f  evidence as Penutian in 
age (see above), a l so  appears t o  be anomalous, f o r  Mal lory has stated tha t  
the species ranges i n  the Ca l i f o rn ia  Lower Te r t i a ry  from the lower U l a t i s i a n  
t o  the lower Narizian. I n  the Oregon sections l i s t e d  here, i t  occurs in  

The occurrence o f  Bulimina curt issima i n  the Roseburg Formation o f  
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assoc ia t ion  w i t h  C ib ic ides  fo r tunatus  and Nonion wi lcoxensis ,  bo th  species 
which do not  range above the Penutian Stage i n  C a l i f o r n i a ,  according t o  
Mal l o r y  (1959). 

Another s i m i l a r  occurrence i s  t h a t  o f  Nonion a p p l i n i ,  which seems 
t o  be r e s t r i c t e d  t o  deposits of  U l a t i s i a n  age i n  Ca l i f o rn ia .  Th is  species 
occurs i n  faunules from the Roseburg o f  the North Umpqua sec t i on  and from 
exposures of the Umpqua Group on the western l imb o f  the Roseburg A n t i c l i n e  
(see check l i s t ) ,  bo th  o f  which have been assigned a Penutian age by the 
w r i t e r  (see above). I t  i s  a l s o  found i n  the beds exposed on the  Magness 
Farm (see check l i s t ) ,  which the  w r i t e r  regards as Penutian i n  age. 
a p p l i n i  i s  associated i n  these sect ions w i t h  C ib ic ides  fo r tunatus  and 
Nonion wi lcoxensis ,  which do not range above the  Penutian i n  C a l i f o r n i a .  

t o  the upper Nar iz ian  i n  Ca l i f o rn ia ,  i s  found i n  the Roseburg Formation 
i n  the North Umpqua sec t i on  (see check l i s t ) ,  which the w r i t e r  regards 
as Penutian i n  age (see above). Here i t  i s  associated w i t h  C ib ic ides  
fo r tunatus  and Nonion wi lcoxensis ,  both species which do no t  occur i n  
C a l i f o r n i a  i n  s t r a t a  h igher  than the upper Penutian. 

of Nar iz ian  age i n  the  Lower T e r t i a r y  of C a l i f o r n i a ,  i s  found i n  the 
Roseburg Formation i n  the Nor th Umpqua sec t i on  (see c h e c k l i s t ) ,  t o  
which the  w r i t e r  has assigned an age o f  Penutian (see above). 
a ted i n  t h i s  sec t ion  w i t h  C ib ic ides  fo r tunatus  and Nonion wi lcoxensis ,  
which do not  range above the Penutian Stage i n  C a l i f o r n i a ,  and w i t h  

Nonion 

Cyclammina p a c i f i c a ,  a species which ranges from the  upper U la t i s7an 

Haplophraqmoides obliquicameratus, a species r e s t r i c t e d  t o  s t r a t a  

I t  i s  associ- 

Uv iqer ina lodoensis miriamae, which does not  range above the U l a t i s i a n  
Stage i n  Ca l i f o rn ia .  I t  seems more probable t h a t  the t e i l z o n e  o f  - H. obl iquicameratus i n  the Oregon L&er T e r t i a r y  d i f f e r s  from t h a t  i n  
Ca l i f o rn ia ,  ra the r  than t h a t  an e x t e n s i m  of ranges i s  warranted f o r  these 
three o ther  species. 

Ma l l o ry  has s ta ted  t h a t  Verneui l i n a  t r i a n g u l a t a  appears t o  be re-  
s t r i c t e d  t o  the  lower Penutian i n  the C a l i f o r n i a  Lower Te r t i a ry .  I t  
occurs i n  the Roseburg Formation exposed a long the  North Umpqua River, 
and i n  the mudstone of the Lookingglass Formation exposed on the Magness 
Farm (see check l i s t ) ,  both o f  which conta in  a faunule assigned by the 
w r i t e r  t o  the  upper Penutian (see above). This d i f f e r e n c e  i n  age i s  no t  
ou ts tand ing ly  great, however, and may be more apparent than rea l ,  f o r  
the age o f  the former sec t i on  i s  based upon the presence o f  Quinquelocul ina 
yeguaensis ( r e s t r i c t e d  t o  the upper Penutian i n  C a l i f o r n i a  and somewhat 
discontinuous i n  i t s  occurrence there), and the age o f  the l a t t e r  sec t i on  
i s  based upon the occurrence of a s i n g l e  form which does no t  range below 
the upper Penutian i n  the C a l i f o r n i a  Lower T e r t i a r y  (Bulimina suayaba 
lens is ) .  

which apparent ly  do not  range s t r a t i g r a p h i c a l  l y  lower than the lower 
U l a t i s i a n  Stage i n  C a l i f o r n i a ,  a re  found i n  the  Umpqua Group. The 
former occurs i n  the samples from the western l imb o f  the Roseburg 
A n t i c l i n e ,  and the l a t t e r  i s  found i n  t h a t  sec t ion  as w e l l  as i n  the 
Roseburg Formation o f  the Middle Fork o f  the Coqui l l e  (see c h e c k l i s t )  
The w r i t e r  has assigned an upper age l i m i t  o f  l a t e  Penutian t o  these 
sections, based i n  both cases on the presence o f  C ib ic ides  for tunatus,  
which does not  range h igher  than t h i s  i n t e r v a l  i n  the C a l i f o r n i a  Lower 
Te r t i a ry ,  and which i s  associated i n  o ther  sect ions o f  the  Umpqua Group 
(see above) w i t h  several o ther  species which possess a s i m i l a r  upper age 

Two species, Alabamina wi lcoxensis  c a l i f o r n i c a  and Nonion planatum, 
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l i m i t  i n  Cal i forn ia .  The extension o f  the ranges o f  a l l  three o f  these 
species may be warranted by t h i s  evidence, 

i ch ranges1 no h i  gher 
s t r a t i g r a p h i c a l l y  than the lower B u l i t i a n  i n  Cal i forn ia ,  i s  found i n  
the Roseburg Formation along the Middle Fork o f  the Coqui l le River 
(see check l i s t )  i n  associat ion w i t h  Anomalina qarzaensis and Mart inot-  
t i e l l a  eocenica, which do not range below the lower Penutian i n  
Ca l i f o rn ia .  Thus i t  seems tha t  the range o f  E. cyl indracea i n  the 
Oregon Lower Te r t i a ry  d i f f e r s  from i t s  range i n  the Lower T e r t i a r y  of  
the Ca l i f o rn ia  Coast Ranges. 

Point, contain a faunule (see check l is t )  which the w r i t e r  t e n t a t i v e l y  
assigns t o  the Penutian Stage on the basis o f  the j o i n t  occurrence o f  
Globigerina bul lo ides and Verneuil ina t r iangulata,  Both o f  these species 
do not range below the Penutian Stage i n  Ca l i f o rn ia ,  and the l a t t e r  
may not be r e s t r i c t e d  t o  the lower  Penutian i n  Oregon, as i t  apparently 
i s  i n  Ca l i f o rn ia  (see above). The associat ion o f  Nodosaria macneil i  
w i t h  these species i n  t h i s  sect ion may warrant the extension o f  i t s  
range i n  the West Coast Lower Ter t iary ,  f o r  i t  i s  not known i n  Cal i forn ia  
from beds higher than the upper Bu l i t i an .  S im i la r l y ,  the associat ion 
o f  Globigerina bakeri, which i s  apparently r e s t r i c t e d  t o  the lower 
U l a t i s i a n  i n  Cal i fornia,  w i t h  the species mentioned above, may warrant 
the extension o f  i t s  range also, and i t s  occurrence i n  the Lookingglass 
i n  the South Fork Coqui l le section, t o  which the w r i t e r  has assigned 
an age o f  l a t e  Penutian t o  l a t e  U l a t i s i a n  (see above), may thus not 
warrant a f u r t h e r  r e s t r i c t i o n  o f  the age o f  that  section. 
r e s t r i c t e d  range o f  t h i s  species i n  Ca l i f o rn ia  may we l l  have been caused 
by i t s  pe lag ic  habit,  which would account f o r  a somewhat discontinuous 
d i s t r i b u t i o n  i n  the near-shore facies o f  the Ca l i f o rn ia  Lower Te r t i a ry .  

Bul iminel la  g ra ta  convoluta, a subspecies which ranges from the 
lower U l a t i s i a n  t o  the lower Narizian i n  Cal i forn ia ,  i s  found i n  the 
Roseburg i n  the Middle Fork Coqui l le sect ion (see check l is t ) ,  which 
the w r i t e r  regards as Penutian, and no younger, i n  age. 

Ca l i f o rn ia ,  occurs i n  the S i l e t z  River Formation a t  El lendale and i n  
the Umpqua Group i n  the sections exposed i n  the west l imb o f  the 
Roseburg A n t i c l i n e  and on the Magness Farm (see check l i s t ) .  
o f  these sections are regarded by the w r i t e r  as being no younger than 
Penut i an. 

In the South Fork Coqui l le sect ion o f  the Lookingglass Formation 
(see check l is t ) ,  C i  b ic ides praecursorius, a species r e s t r i c t e d  t o  the 
Ynezian Stage i n  Cal i forn ia ,  occurs i n  associat ion w i t h  a congregation 
regarded as no o lder  than Penutian by the w r i t e r .  

Gyroidina guayabalensis, a r e s t r i c t e d  lower U l a t i s i a n  species i n  
Cali fornia,occurs i n  the Roseburg i n  the Middle Fork Coqui l le sect ion 
(see check1 i s t )  i n  company w i t h  Penutian foramini fers.  This d i f ference 
may be only  minor, however, since i t  revolves about the problem o f  
the boundary between two adjacent stages. 

lower B u l i t i a n  i n  Cal i forn ia ,  i s  found i n  both the Roseburg Formation o f  
the Middle Fork Coqui l le sect ion and the Lookingglass Formation o f  the 
North Umpqua River sect ion (see check l is t )  i n  company w i t h  Penutian 
Foraminifera. .- 

Pseudoglandulina cyclindra,cea, a speci 

Exposures i n  road cuts along H i l l  622, one m i le  nor th  o f  Myr t le  

The apparently 

Cibic ides laurisae, which i s  r e s t r i c t e d  t o  the Narizian Stage i n  

A l l  three 

Cibic ides susanaensis, a species which ranges no higher than the 

Another minor discrepancy o f  ranges i s  shown by the occurrence of 
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Eponides minima, which ranges no lower than the lower U?a t i s ian  Stage i n  
Cal i fornia,  w i t h  foramini fers considered t o  be no younger than Penutian 
by the w r i t e r  (see Estes Creek l o c a l i t y  on check l is t ) ,  

summarized as fol lows: the S i l e t z  River Formation appears t o  correspond 
i n  age t o  tha t  po r t i on  o f  the Ca l i f o rn ia  Paleogene refer red t o  the Penutian 
Stage. This i s  based upon the occurrence o f  chronologica l ly  diagnost ic 
foramini fers and molluscs i n  t h i s  Formation, plus i t s  s t ra t i g raph ic  
p o s i t i o n  beneath the Umpqua Group. The Umpqua appears t o  be Penutian i n  
age i n  most o f  the sections studied, but may be as young as U l a t i s i a n  i n  
a t  least  one sect ion (the Lookingglass o f  the Middle Fork Coqui l le section). 
This determination corresponds approximately t o  Turner's (1938) assign- 
ment o f  a "Capay" t o  "Domengine" age t o  the Umpqua molluscan fauna. 
Tyee and Elkton Formations apparently are equivalent i n  age t o  those 
s t r a t a  i n  C a l i f o r n i a  which are assigned t o  the upper p o r t i o n  o f  Laiming's 
"B-Zone" o r  Mal lory 's U l a t i s i a n  Stage. This i s  approximately equivalent 
t o  Turner's determination o f  a "Domengine" age f o r  the molluscs from these 
Formations and seems t o  corroborate the "Domengine"-Ulatisian approximate 
equi valence i n Ca 1 i fornia.  

as most s i g n i f i c a n t  chronological ly occur i n  the Oregon Paleogene i n  
company w i t h  foramini fers w i t h  which they are a l so  associated i n  
Cal i forn ia ,  and thus apparently no extensions o r  changes o f  t h e i r  ranges 
are warranted. 
Formation and the Umpqua Group appear, however, t o  possess tei lzones 
which d i f f e r  from those t o  which they are r e s t r i c t e d  i n  Ca l i f o rn ia ,  f o r  
they are found here i n  associat ion w i t h  species which do not occur w i t h  
them i n  the Ca l i f o rn ia  Paleogene. 

In terpretat ions made by the w r i t e r  from the evidence herein pre- 
sented are the bases f o r  the loca l  corre la t ions o f  sections i n  the Oregon 
Coast Range. I n  general, the w r i t e r ' s  studies have tended t o  corroborate 
the corre la t ions made by Turner (1938), based on the f o s s i l  Mollusca. 
That is ,  those por t ions o f  the Oregon Ter t i a ry  sequence which turner 
considered t o  be equivalent t o  the Capay and Domengine Formations o f  
Ca l i f o rn ia  apparently are equivalent, respectively, t o  the Penutian 
and U l a t i s i a n  Stages o f  Cal i forn ia .  One d i f ference should be noted, 
however. Whereas Turner corre la ted the Mollusca f rom the Gl ide sect ion 
o f  the Umpqua Formation w i t h  the molluscs o f  both the Domengine and Capay 
Formations o f  Ca l i f o rn ia ,  the w r i t e r  would co r re la te  the Foraminifera w i t h  
those o f  the Penutian Stage o f  Cal i forn ia ,  an i n t e r v a l  which, along w i t h  
the lower p a r t  o f  the U l a t i s i a n  Stage, i s  approximately equivalent t o  
the "Capay stage" of the West Coast mol luscan terminology. 

Elsewhere i n  the West Coast Ranges, Penutian equivalents o f  the 
S i l e t z  River Formation and por t ions of  the Umpqua Group include the 
S i l e t z  River Formation of northwestern Oregon, the Metchosin volcanics, 
Crescent Formation, and lower por t ions o f  the "Scow Bay" Formation o f  
the Quimper peninsula area (Thorns, 1959); and the upper Santa Susana 
Formation, lower Ani ta  Formation, S ier ra Blanca limestone, lower Arroyo 
Hondo member of the Lodo Formation, lower Las Juntas shale and the lower 
Muir sandstone of the Cal i forn ia  Paleogene. 

upper p a r t  of the "Scow Bay" Formation o f  the Quimper peninsula area 
(Thorns, 1959); the lower L la jas Formation; upper Ani ta Formation; the 

The age i n t e r p r e t a t i o n  f o r  the Paleogene i n  Western Oregon may be 

The 

As noted previously, twenty o f  the species considered by the w r i t e r  

Certain of the species present i n  the S i l e t z  River 

U l a t i s i a n  equivalents of port ions o f  the Umpqua Group include the 
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Gredal, Arroyo Hondo, and Yokut members of  the  Lodo Formation; upper 
Mu i r  sandstone; and t h  lower Vacav i l l e  shale. . 

U 1 a t  i s i an equ i va 1 tk of the  Tyee and E lk ton  Formations inc lude the 
Metchosin vo lcanics and McIntosh Formation o f  southwestern Washington, 
the ''Maynard'' sandstone of  the Quimper peninsula area (Thorns, 1959); and 

' 
the  upper L l a j a s  Formation, Canoas S i l t ,  Domengine sandstone, and upper 
Vacav i l l e  shale o f  C a l i f o r n i a ,  
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, 1  

Fig. la. 
Ib. 

2a. b. 
3a, b. 

4a.b. 
5a.b. 

6a, b. 

7. 

8a, b. 
9a, b. 

1 Oa, b, c. 

1 la,b,c, 

12. 
13. 
143, b,c. 

16. 

17. 

18a,b. 
19. 
20. 

21. 
22. 
23a. b. 

' 24a.b. 
25a. b. 

26a, b. 

27a, b. 

Plate I 

Marsonel l a  oxycona (Reuss) 75X 0-916 Hypotype no. 40602 
Haploph'ragmoides ob1 iquicameratus Marks 47X 0-906 

Spi roplectamina r i cha rd i  Mar t in  75X D-876 Hypotype no, 40604 
Spi roplectamina tejonensis Mal l o r y  40X 0-876 Hypotype 

no. 40605 
Verneui 1 ina t r iangulata Cook 94X D-929 Hypotype no, 40606 
Gaudryina cf, G. jacksonensis coal ingensis Cushman 24X 

M a r t i n o t t l e l l a  eocenica Cushman & Bermudez SOX 0-874 

S i l i cos igmo i l i na  c a l i f o r n i c a  Cushman & Church 27X 

Verneui 1 ina t r iangulata Cook 63X 0-952 Hypotype no. 40610 
Dorothia c f .  D. p r i nc ip iens i s  Cushman & Bermudez 28X 0-926 

Quinqueloculina cf.  Q. t r i a n g u l a r i s  d'0rbigny 68X 0-945 

Quinqueloculina c f .  Q. imper ia l is  Hanna & Hanna 40X 0-943 

Dentalina approximata Reuss 40X 0-916 Hypotype no, 40614 
Dentalina consobrina d'0rbigny 3 3 X  0-919 Hypotype no. 40618 
Quinqueloculina yeguaensis Weinzierl  & Appl in 58X D-890 

Dentalina spinosa o rna t i o r  d'0rbigny 63X D-916 Hypotype 

Lagena conscripta Cushman & Barksdale 68X 0-919 Hypotype 

Pseudoglandulina cyl indracea Reuss 42X 0-879 Hypotype 

Hypotype no. 40603 

0-888 Hypotype no. 40607 

Hypotype no. 40608 

Hypotype no. 40609 
0-876 

Hypotype no. 40611 

Hypotype no. 40612 

Hypotype no. 40613 ) 

Hypotype no. 40616 

no. 40619 

no. 40620 

no. 40621 
Lent icu l ina theta Cole 63X 0-895 Hypotype no. 40622 
Marginul ina subbul l a t a  Hantken 68X 0-924 Hypotype no. 40624 
Nodogenerina lep idu la (Schwager) 34X 0-947 Hypotype 

Nodosaria arundinea Schwager 34X D-879 Hypotype no. 40626 
Nodosaria latejugata Gumbel 12X 0-879 Hypotype no. 40627 
Robulus alato-1 imbatus Gumbel 6 8 ~  0-906 Hypotype no. 40628 
Robulus antipodurn (Stache) 25X 0-924 Hypotype no, 40631 
Robulus a r t i c u l a t u s  texanus (Cushman & Appl in)  27X D-921 

Robulus c f .  R. midwayensis {Plummer) 33X 0-929 Hypotype 

Robulus pseudovortex Cole 3 8 ~  D-879 Hypotype no, 40634 

no. 40625 

Hypotype no. 40632 

no. 40633 

1 
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Pla te  I I  

Fig. la,b. Robulus welchi Church 32X D-917 Hypotype no. 40636 
2a,b. - Vaginu l inopsis  echinata Thalmann 63X 0-905 Hypotype no. 

40637 
3a,b. Vaginul inopsis  c f .  V. echinata Thalmann 50X 0-906 Hypotype 

no. 40638 
4a,b. Vaginul inopsis  rnexicana nudicostata Cushman & Hanna 38X 

5a,b. Vaginul inopsis  mexicana vacav i l l ens i s  Cushman & Hanna 24X 

6a,b. Nonion a p p l i n i  Howe & Wallace 54X 0-901 Hypotype no. 40641 
7a,b,c. Elphidium ca l i f o rn i cum Cook 34X D-930 Hypotype no, 40642 
8a,b. Nonionel l a  f l o r i nense  (Cole) 47X D-919 Hypotype no. 40643 
ga,b. Nonion planatum Cushman & Thomas 75X 0-876 Hypotype no. 

D-920 Hypotype no. 40639 

D-897 Hypotype no. 40640 

40644 
10. Operculina cushmani Cole 27X 0-954 Hypotype no. 40646 
11. Amphimorphina c a l i f o r n i c a  Cushman & McMasters 26X D-592 

12. P lec to f rond icu la r i a  vokesi Cushman, Stewart & Stewart 38X 

13a,b. Bo l i v i na  incrassata Reuss 94X D-906 Hypotype no. 40649 
14a,b. Bulimina c f .  8. consanguinea Parker & Bermudez 63X D-947 

l5a,b. Bulimina elongata d '0rb igny 89X D-879 Hypotype no. 40651 

17a,b. Bulimina cur t i ss ima Cushman & Siegfus 9 4 X  0-910 Hypotype 

18a,b. Bu1imir .a pupoides N u t t a l l  63X D-953 Hypotype no. 40654 
19a,b. Bul imina guayabalensis Cole 6 8 ~  0-901 Hypotype no. 40655 
20a,b. Bulimina pachecoensis Smith 75X 0-906 Hypotype no. 40656 
21a,b. Bu l im ine l l a  grata-convoluta Ma l lo ry  125X D-879 Hypotype 

Hypotype no. 40647 

D-921 Hypotype no. 40648 

Hypotype no. 40650 

' 16a,b. Bulimina d e b i l i s  Mar t i n  44X 0-944 Hypotype no. 40652 

no. 40653 

no. 40657 
22a,b'. Bu l im ine l l a  robe r t s i  (Howe & E l l i s )  94X 0-949 Hypotype 

no. 40658 
23a,b. T r i f a r i n a  advena c a l i f o r n i c a  Cushman & Ma l lo ry  84X 0-906 

24. Loxostomum appl inae (Plummer) 32X D-905 Hypotype no. 40660 
25. Bulirnina ovata d '0rb igny 50X D-905 Hypotype no. 40661 
26. E l l ipsonodosar ia  plummerae Cushman 44X D-874 Hypotype 

27. E l l ipsonodosar ia  n u t t a l l i  g r a c i l l i m a  Cushman & Ja rv i s  44X 

28. Uviger ina elongata Cole 94X 0-879 Hypotype no. 40664 
29a,b,c. D iscorb is  ba in ton i  Mal l o r y  l07X 0-906 Hypotype no. 40665 

Hypotype no. 40659 

no. 40662 

D-906 Hypotype no. 40663 
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Fig. 

P late 1 1 1  

la,b,c, Eponides d o r f i  Toulmin 47X 0-896 Hypotype no. 40666 
2a,b,c. Eponides e l l i s o r a e  Garret 54X 0-921 Hypotype no. 40667 
3a, b,c. Eponides mexicana Cushman 63X 0-876 Hypotype no, 40668 
4a,b,c. Eponides minima Cushman 68X 0-943 Hypotype no, 40670 
5a,b,c. Eponides umbonata (Reuss) 107X 0-906 Hypotype no. 40671 
6a,b,c. Gyroidina condoni (Cushman & Schenck) 47X 0-900 , Hypotype 

7a,b,c. Gyroidina o r b i c u l a r i s  ob1 iquata Cushman E McMasters 68X 

8a,b,c. Gyroidi na o r b i c u l a r i s  planata Cushman 63X 0-924 Hypotype 

ga,b,c. Gyroidina soldani octocamerata Cushman & Hanna 75X 0-879 ' 

lOa,b,c. Valvu l iner ia  c h i l d s i  Mar t in  125X 0-929 Hypotype no. 40678 
lla,b,c. Aster iger ina crassi formis umbi l icatu la  Mal lory 

12a,b,c. Alabamina wilcoxensis c a l i f o r n i c a  Toulmin & Mal lory 

no. 40672 

0-876 Hypotype no. 40673 

. no. 40674 P 

Hypotype no. 40675 

Hypotype no. 40680 
84X rD-916 

75X 
0-919 Hypotype no. 40681 

I t 
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P l a t e  I V  

Fig. la,b, Pu l l en ia  quinqueloba Reuss 75X 0-917 Hypotype no. 40682 
2a,b, Nonion wi lcoxensis  Cushman & Ponton l25X D-906 Hypotype 

3a,b. Nonion micrum Cole 84X 0-905 Hypotype no. 40688 
4a,b,c. Anomalina tennesseensis W. Berry l07X D-919 Hypotype 

5a,b,c. "Anomalina sp. A, cushman" (of Ma l lo ry )  54X D-920 

6a,b,c. C ib ic ides  beatus Mar t i n  58x 0-919 Hypotype no. 40693 
7a,b,c. C ib ic ido ides  coal ingensis  Cushman & Hanna 54X D-929 

8a,b,c. C i  b ic ido ides  alazanensis ( N u t t a l l )  l07X D-945 Hypotype 

ga,b,c. C i  b ic ides  cushmani N u t t a l l  68X D-903 Hypotype no. 40696 
lOa,b,c, C ib ic ides  fo r tunatus  Mar t i n  84X D-906 Hypotype no. 40697 
lla,b,c. C ib ic ides  laur isae  Ma l lo ry  54X D-902 Hypotype no. 40698 
12a,b,c. C ib ic ides  na t land i  Beck 30X D-921 Hypotype no. 40699 
13a,b,c. C ib ic ides  pachyderma Rzehak 75X D-873 Hypotype no. 40700 
14a,b,c. C ib ic ides  sandiegensis Cushman & Hanna 68X D-921 Hypotype 

15a,b,c. C ib ic ides  susanaensis Browning 84X 0-976 Hypotype no. 40702 

no, 40687 

.no. 40691 

Hypotype no, 40692 

Hypotype no. 40694 

no. 40695 

no. 40701 
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FORAMINIFERAL BIOSTRATIGRAPHY OF THE LATE 
EOCENE TO EARLY OLIGOCENE TYPE BASTENDORFF 
FORMATION, NEAR COOS BAY, OREGON 

Ann Tipton ' 

University of California,  Santa Barbara 

Introdtiction 

Current research on West Coast Eo-Oligocene correlat ions and foraminiferal 
zoogeography has brought a t ten t ion  to  a r i c h  foraminiferal sequence occurring 
in the type sect ion of the Bastendorff Formation near Coos Bay, on the 
southern Oregon coast .  The southern-most occurrence of foraminiferal 
Narizian through Refugian sediments i n  the Pacif ic  Northwest, the  Basten- 
dorff geographically links cor re la t ive  sequences of California,  where 
the West Coast foraminiferal. stages were o r ig ina l ly  developed, with those 
of Oregon and Washington, where Rau's (1958, 1966) detailed biostrat igraphic  
s tudies  have given rise to  a separate zonal (though not stage) c l a s s i f i ca t ion  
based on Foraminifera. 

Previous paleontological s tudies  of the type Bastendorff have determined 
tha t  the formation is late Eocene to ear ly  Oligocene. 
aims t o  del imit  the age of the Bastendorff more adequately i n  terms of the 
foraminiferal c lass i f ica t ion  of s tages  and zones (Kleinpell, 1938; Schenck 
and Kleinpell. 1936; Mallory, 1959); t o  in te rpre t  the paleoecology of t h e  
formation; and to compare its foraminiferal content with t h a t  of near-corre- 
l a t i v e  sequences i n  California, Oregon, and Washington. 

The present study 

, 
Based on samples collected in 1950, the  present study derives addi- 

t ional  s ignif icance from the inrreasingly heavy vegetation covering the 
c l i f f s  a t  Bastendorff Beach, type l o c a l i t y  and still the most complete expo- 
sure of the formation. Armentrout (1967, pp. 14-15) reports  that p r io r  to  
1925, along Bastendorff Beach "the shoreline extended from headland to  
headland with l i t t l e  o r  no beach development". 
of the Bastendorff Formation were then r e l a t ive ly  f resh  and accessible. 

The beach-cliff exposures 

Construction of the south j e t t y  a t  the entrance to Coos Bay i n .  1925 (see 
Figure 1) resulted i n  increased beach development, seaward retreat of 
high-water l ine away from the c l i f f s  and establishment of vegetation. 
With the exception of the more r e s i s t a n t  sandstones, the c l i f f s  a t  Basten- 
dorff Beach are now nearly e n t i r e l y  covered with dense brush. The samples 
reported on here were collected by John Browning and W i l l i a m  Grier, f o r  
the Museum of Paleontology, University of California,  Berkeley, more 
than 20 years ago from re l a t iv ly  f r e sh  exposures of the Bastendorff mudstones. 
They cons t i tu te  a detai led sampling of the formation that may never again 
be  obtainable . 

The present report  is the r e s u l t  of a determination to  record t h i s  
excellent but apparently unduplicatable foraminiferal succession. 
hoped tha t  the nannofossil content of the Browning-Grier samples w i l l  a lso 
be reported on by spec ia l i s t s  t o  whom portions of the samples have been 
sent.  

It is 
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Figure 1. Location map, type Bastendorff Formation. Geologic contacts after Baldwin (1973). 
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Previous Studies 

An excel lent  summary of the earliest s t ra t igraphic  s tudies  of lower 
Tert iary strata near Coos Bay is  t h a t  of Weaver (1945, pp. 31-36, 44-47). 
The Bastendorff Formation was or ig ina l ly  described and named the "Bastendorf 
shale" by Schenck ( 1 9 2 7 ) .  
of Coos Bay (see Figure 1 )  were designated as type loca l i ty .  
and Schenck (1928)  described and i l l u s t r a t e d  foraminiferal faunules from 
the type "Bassendorf" and Keasey shales,  concluding tha t  the formations 
are cor re la t ive ,  "probably lowest Oligocene". 

The exposures a t  Bastendorff Beach southwest 
Cushman 

In  designating the Refugian Stage of the  West Coast Tertiary,  Schenck 
and Kleinpell (1936, p. 220) included the "Bassendorf beach" sect ion 
among the most cr i t ical  in establishing the new Stage, which they assigned 
to the la te  Eocene o r  ear ly  Oligocene. 

Allen and Baldwin (1944)  mapped the Coos Bay area and descriaed the 
s t ra t igraphic  uni ts ,  establishing the correct  spel l ing as "Bastendorff" 
Formation, i n  accordance with the spel l ing of the Bastendorff family name. 

Weaver (1945)  summarized a plane-table survey and detai led s t ra t igraphic  
study of the Tertiary formations in the Coos Bay area. 
"Bassendorf" formation to  the uppermost Eocene and lowermost Oligocene, and 
the overlying Tunnel Point sandstones t o  the Oligocene. 
(op. ci t .)  shows the section at  Bastendorff Beach, and has been modified 
in pa r t  as Figure 6 of the present report .  

He assigned the 

Plate 7 of Weaver 

Detling (1946)  described and i l l u s t r a t e d  the succession of foraminiferal 
lages  i n  19 samples from the "Bastendorf" Formation a t  the type section, 

and i n  29 samples from the underlying Coaled0 Formation, though she did not 
show the s t ra t igraphic  a l locat ion of her samples o r  the occurrences of the  

g to  sample. 

In  1950, John Browning and W i l l i a m  Grier carr ied out detai led sampling 
of the Bastendorff Formation a t  Bastendorff Beach, depositing some 85 samples 
i n  the microfossil  col lect ions of the Museum of Paleontology of University 
of Cal i fornia  a t  Berkeley. Though s tudies  of the Browning-Grier samples 
have been undertaken i n  the past (notably by John Marr, graduate research, 
University of California, Berkeley, 1967-1970), they have not previously 
been reported on in  the  l i t e r a tu re .  

4 

J 
i 
1 
I 

565 



Baldwin (1973,  pp. 31-32) mapped Coos County and summarized the  strati- 
graphic r e l a t i o n s ,  evidence f o r  age, and previous s t u d i e s  of t he  Bastendorff 
Formation. 

S t ra t igraphic  Relations 

The e a s i l y  eroded Bastendorff Formation is  preserved i n  the  southern 
Coos Bay area only a t  the  axes of t h ree  s t r u c t u r a l  downfolds of Te r t i a ry  
strata trending roughly nor th  t o  nor theas t .  
syncline,  including the exposures at  Bastendorff Beach, the  Sumner syncline 
some e igh t  m i l e s  east of t he  type sec t ion ,  and the  Riverton syncline 
ten miles southeast  (see Baldwin, 1973, p. 31 ,  and North and Middle sec t ions ,  

These are the  South Slough 

Geologic Map). 

Predominantly s i l t y  mudstone, the  Bastendorff grades abruptly,  apparently 
conformably, downward in to  marine sandstones of the  Coaledo Formation and 
upward i n t o  sandstones of t he  Tunnel Point Formation (op. - c i t . ) .  

The upper sandstones of t he  Coaledo Formation (Diller, 1899) crop out 
prominently on Yoakam Point w e s t  of Bastendorff Beach. 
the  Coaledo "cons is t s  of a maximum of 6.000 f e e t  of lower and upper sandstone 
separated by a mudstone member...The sequence t y p i f i e s  a transgressive-re- 
gress ive  cyc le  of deposit ion i n  which the  middle fine-grained member represents  
the deeper water conditions r e s u l t i n g  from m a x i m u m  transgression" (Baldwin, 
1973, p. 2 7 ) .  The Coaled0 sandstones show cross-bedding, channeling, 
p a r a l l e l  lamination, and other evidences of depos i t ion  under the influence 
of t r a c t i o n  cur ren ts .  Coal is abundant l o c a l l y .  
29)  pos tu la tes  a d e l t a i c  environment of depos i t ion  f o r  the Coaledo, wi th  
the Upper Sandstone,Member, underlying the  Bastendorff, representing "an 
offlapping phase of sedimentation". 

Narizian i n  age, 

Baldwin (op. - c i t ,  p. 

The Tunnel Paint Formation (Dall, 1898; see a l s o  Weaver, 1945, pp. 50-52) 
crops ou t  only a t  Bastendorff Beach, where Allen and Baldwin ( 1 9 4 4 )  measured 

by Pliocene sandstones of t he  Empire Formation (see Armentrout, 1 9 6 7 ) .  
The Tunnel Point sandstones are th icker  bedded low i n  the  formation, 
with beds measuring 4 t o  6 f e e t  i n  thickness;  higher i n  the  formation, 
many beds are 4 t o  8 inches thick.  A tuffaceous and quartzo-feldspathic 
sandstone, coarse t o  medium grained, t h e  Tunnel Point d i sp lays  p a r a l l e l  
lamination, small-scale cross-bedding , trough cross-bedding, channeling 
and contorted lamination. The molluscan fauna ( see  Weaver, 1945, pp. 
50-51) appears t o  be current-concentrated p a r t i c u l a r l y  above scour sur faces ,  
and many s h e l l s  are broken. 
of considerable cur ren t  o r  wave energy. 

* 800 f e e t  of sandstone overlying the Bastendorff and over la in  unconformably 

These f e a t u r e s  suggest a depos i t iona l  environment 

A t  Bastendorff Beach, approximately 2200 f e e t  of Bastendorff Formation 
are exposed along the sea c l i f f s ,  according t o  the  measurement of Browning 
and Grier. (Weaver, 1945, measured a s l i g h t l y  g rea t e r  thickness.) An 
addi t iona l  600 t o  700 f e e t  of un res i s t an t  lowermost Bastendorff is  presumed 
to be concealed beneath the  alluvium a t  the  mouth of Miner Creek (see 
Figure 6) .  

i 
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Figure 2. Bastendsrff Beach, viewed toward east, August, 1974. Middle 
Bastendorff sandstone a t  r igh t ,  Tunnel Point sandstone Ln l e f t  background. 
Upper Bastendorff mudstone covered by vegetation, center background . 

Figure 3. Bastendorff Beach, August, 1974,  view from 
vegetated area of Bastendorff-Tunnel Point formational contact. 
sandstones i n  c l i f f  a t  l e f t ,  Bastendorff mudstone beneath t r ees  a t  r igh t .  

ach showing he=W 
Tunnel Point 
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Figure 4.  Mudstones of upper Bastendorf f Formation, 
interbedded with two-inch thick sandstone beds. a t  
center, Bastendorff Beach, August, 1974. 

. 

Figure 5 .  Resistant sandstones, interbedded with 
si1 tstones and mudstones, middle Bastendorf f 
Formation, east  of Miner Creek, Bastendorf f Beach, 
1974. 
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L i t h o l o g i e s  and thicknesses  modified from Weaver (1945, p l ,  7 )  , 



Where a t t i t u d e s  are measurable, beds i n  the  Bastendorff strike roughly 
N15W and d i p  60 degrees o r  less t o  the  east. The dominant l i t ho logy  of t h e  
formation is  s i l t y  mudstone ("shale" of Weaver, 1945), i n  p a r t  tuffaceous 
and interbedded l o c a l l y  with t h i n  beds of s i l t s t o n e  o r  fine-grained tuffaceous 
sandstone. A prominent exception t o  t h i s  t y p i c a l l y  fine-grained t ex tu re  
occurs j u s t  east of t he  mouth of Miner Creek where well-indurated Bastendorff 
sandstone bed6 form a promontory, d iv id ing  the  formation i n t o  lower (poorly 
exposed) and upper mudstone u n i t s  (see Figure 6 ) .  

The thickness of the  middle sandstone i n t e r v a l  is  d i f f i c u l t  t o  a sce r t a in  
prec ise ly ,  due t o  the heavy cover of vege ta t ion  now found on a l l  but t he  
bes t  indurated sandstone beds. Baldwin assigned the u n i t  a thickness of 
60+ f e e t .  Browning and Grier (see l o c a l i t y  descr ip t ions ,  A-8001 t o  A-8011) 
and Weaver (1945, p l .  10) record s l i g h t l y  more than 200 f e e t  of dominantly 
sandy l i t ho logy  interbedded with finer-grained sediments. 
measurements f o r  the sandstone are here considered maximum values t h a t  include 
considerable proportions of finer-grained interbeds.  

These l a r g e r  

The Bastendorff sandstone as present ly  exposed (See Figure 5) c o n s i s t s  of 
several sandstone subunits having ind iv idua l  beds 1 t o  3 f e e t  thick.  
sandstone i n t e r v a l s  are separated from one another by s i l t y  and shaley 
intervals 2 t o  10 f e e t  thick.  
(where f r e s h ) ,  tuffaceous and micaceous a rkos ic  sandstone, medium grained 
and subangular, with a s i l t y  m a t r i x .  
s ta ined  concretions aligned roughly p a r a l l e l  t o  bedding. 
and r i p p l e  markings occur i n  the s i l t s t o n e  interbeds.  

The 

The coarse-grained beds cons i s t  of light-gray 

The most r e s i s t a n t  beds contain iron- 
Rare coaley l a y e r s  

Neither the  base nor the top of t he  Bastendorff Formation is now exposed 
at the  beach sec t ion .  The lower contac t  wi th  t h e  Coaledo Formation is buried 
under the  Recent alluvium of Miner Creek. 
Point is today obscured by t h i c k  vegeta t ion ,  though Weaver (1945) found i t  
be be well-exposed. 
s ide  of t h e  contac ts  suggests concordance, and the  l a c k  of paleontologically 
measurable h i a tus  suggests con t inu i ty  of depos i t ion  f o r  the three  formations. 

The upper contac t  with the  Tunnel 

The general  agreement of s t r i k e s  and d ips  on e i t h e r  

Paleontology 

Browning and Grier co l lec ted  two samples from the  t h i n l y  bedded sha le  
of t h e  Coaledo Formation, 280 f e e t  below i ts  upper contac t ,  and 85 samples 
from the  Bastendorff Formation. 
samples is described in the  appendix of l o c a l i t y  descr ip t ions ,  and t h e i r  
approximate pos i t i on  along the  beach-cliffs is shown i n  Figure 6. The author 
examined washed material from the samples and se lec ted  f o r  checkl i s t ing  those 
containing s i g n i f i c a n t  foraminiferal  assemblages. 
containing sparse assemblages of agglutinated foraminifers were eliminated 
from fu r the r  consideration. The s t r a t i g r a p h i c  a l loca t ion  of t he  se lec ted  
samples is shown i n  Figure 7, and t h e i r  foram'iniferal content is checklisted 
in Figure 8. 

The s t r a t i g r a p h i c  d i s t r i b u t i o n  of a l l  t h e i r  

Barren samples and samples 

Diatoms and r ad io l a r i ans  are conspicuous throughout t he  sec t ion ,  f re -  
quently where calcareous foraminifers are lacking, and i t  is poss ib le  t h a t  
s i l i ceous  o r  calcareous nannoplankton may a l s o  be abundant i n  some samdes. 
The mud pecten Delectopecten peckhami (Gabb) occurs i n  Bastendorff muditone 
exposed i n  a roadcut near the  beach a t  roughly t h e  s t r a t i g r a p h i c  i n t e r v a l  
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Figure 8. Distribution of Foraminifera, type Bastendorff Formation. 
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of locali;eies+-8048 t o  A-8052. 
Weaver (1945, p. 49) recorded poorly preserved Dentalium cf .  por te rens is  
Weaver, Cylichnina t u r n e r i  Effinger, Nuculana c f .  merriami (Dickerson), Spisula 
c f .  packardi Dickerson, and - Acila sp. 
interbeds of the  middle Bastendorff sandstone, but have not  been studied. 

From the upper 500 f e e t  of the Bastendorff, 

Leaf impressions occur i n  the s i l t y  

Several samples from fine-grained interbeds i n  the Tunnel Point Formation 
were examined f o r  microfossils ,  revealing only a few diatoms and no Fora- 
minifera. 

The foraminiferal  assemblages of the Bastendorff Formation are dominantly 
benthonic (64 taxa). Several species of planktonic Foraminifera, a l l  glo-  
biger inids ,  are most common i n  the lower p a r t  of the  upper mudstone uni t .  

A s i n g l e  new taxon of Foraminifera was found, a v a r i e t y  of Bulimina - micro- 
, c o s t a t a  Cushman and Parker, from the  middle Bastendorff sandstone uni t .  The 

new v a r i e t y  w i l l  be formally designated and i l l u s t r a t e d  i n  a f u t u r e  publication. 

& 
The samples from the upper Coaled0 Formation (A07992 and A-7993) as w e l l  

as samples A-8000 through A-8038 of the uppermost lower Bastendorff mudstone, 
middle sandstone, and upper mudstone u n i t s  are a l l  referable  t o  the Narizian 
Stage. 
microcostata var., Cibicides cushmani, Cibicides nat landi ,  and Lenticulina 
welchi ind ica te  t h a t  those strata are no younger than Narizian, based on 
the known t e i lzones  of those species both i n  the Pacif ic  Northwest and i n  
California.  Occurrences of Bulimina schencki, Bolivina basisenta,  Plecto- 
f rondicular ia  packardi var. packardi, and Eponides gaviotaensis suggest an 
age no older  than upper Narizian f o r  the i n t e r v a l  A-7992 through A-8038. 

Occurrences of Bulimina corrugata, Bolivina basisenta,  Bulimina 

Thus, the highest demonstrably Narizian assemblage occurs some 750 f e e t  
above the top of t h e  middle Bastendorff sandstone. 
of strata both above and below indica tes  t h a t  the unexposed lower port ion 
of the  Bastendorff t h a t  is concealed by alluvium a t  the mouth of Miner Creek 
is a l s o  upper Narizian. 

The upper Narizian age 

The lowermost diagnost ical ly  Refugian assemblage is t h a t  of Loc. A-8046, 
some 300 f e e t  above the highest conclusively Narizian assemblage. 
haydoni and Uvigerina cocoaensis occur lowest there ,  along with the  typ- 
i c a l l y  though n o t  r e s t r i c t e d l y  Refugian species  Alabamina kernensis, Bulimina 
s c u l p t i l i s  var .  l a c i n i a t a  and Cibicides hodgei. Cibicides haydoni is 
diagnost ical ly  Refugian i n  Cal i fornia  sequences, though Rau (1958) repor t s  

Cibicides 

\ earlier occurrences i n  Washington, 
the Refugian Stage throughout the West Coast. 

Uvigerina cocoaensis is  r e s t r i c t e d  t o  

The occurrences of the la t ter  two species,  i n  addition t o  Plectofron- 
d i c u l a r i a  packardi var. packardi, Cibicides hodgei, and Bulimina s c u l p t i l i s ,  
as high as a few inches below the Bastendorff-Tunnel Point contact are 
conclusive evidence f o r  the Refugian age of a l l  the upper Bastendorff mudstone 
above Loc. A-8046. 
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Within tha t  Refugian portion of the  upper Bastendorff, the in te rva l  of 
samples A-8046 through A-8058 is probably re ferab le  to  the lower pa r t  of 
the Stage, roughly cor re la t ive  with the Sigmomorphina schencki Zone of Rau 
(1958), on the bas i s  of the occurrences of Valvulineria tumeyensis, a species 
confined to  lower Refugian and older strata in West Coast sequences. 

The uppermost 150 f e e t  of the formation (samples A-8073 t o  A-8079) bear 
Uvigerina gallowayi, a 'species strongly suggestive of upper Refugian age, 
cor re la t ive  with the ten ta t ive  Uvigerina vicksburgensis zone of Kleinpell 
and Weaver (1963) and the Eponides kleinpelli-Cassidulina galvinensis Zone 
of Rau (1958, 1966). Corroborative evidence f o r  the upper Refugian age of 
the uppermost Bastendorff is Detling's (1946) recording of "Uvieerina SD," 
near the top of the formation, a form apparently conspecificy 
vicksburgensis Cushman. 

z - r  - ~~~ 

with Uvigerina 

The upper Refugian age of the highest Bastendorff beds implies that the 
Tunnel Point sandstone is no older than upper Refugian, thus not a s  old as 
shown by Armentrout (1973, Fig. 14). Armentrout assigns the Tunnel Point 
Formation to  h i s  (1973) Echinophoria d a l l i  and Echinophoria fax molluscan 
zones f o r  Oregon and Washington, middle and upper "Chehalian" Stage (now 
renamed the Galvinian Stage, Armentrout, t h i s  volume) and cor re la t ive  with 
the middle and upper Refugian Stage. It would appear instead that, on the 
bas i s  of the foraminiferal evidence, the  Tunnel Point is no older than upper 
Refugian. 

- - 

Paleoecology 

The following paleobathymetric in te rpre ta t ions  are based on present know- 
ledge as t o  morphological var ia t ions  (Bandy, 1960) and community-type 
var ia t ions  (Natland, 1933) with depth among modern foraminiferal faunas. 

Late Narizian shelf-sea depths are indicated fo r  deposition of the  upper 
Codedo and lower and middle Bastendorff beds from which samples A-7992, 
A-7993, A-8000, and A-8003 were col lected,  though not necessar i ly  f o r  the 
intervening unexposed portion of the lower Bastendorff. 
is based on the presence of the very f i n e l y  cos ta te  and smooth-walled 
buliminids (microcostata var., schencki, and ovata) . the common coiled 
lagenid (Lenticulina inornata) ,- biconvex Eponides (gaviotaensis) . 
Possibly shallower, m-ulent conditions may have been represented by 
the cross-bedded, channel-scoured, sandstones of the uppermost Coaledo, i n  
keeping with Baldwin's (1973, p. 27) in te rpre ta t ion  of marine regression 
for  t ha t  in te rva l .  

This interpretaion 

- 

A middle o r  lower bathyal environment i s  indicated fo r  the Bastendorff 
Formation above the middle sandstone, as suggested by the predominance of 
cost  ate w iger in i d s  and bul iminids , t h ic  k-te s t ed p l  ec t o  f rond i c  ul a r  i d s  and 
strongly plano-convex gyroidinids. 
represents a period of maximum marine transgression in  the Coos embayment 
during late Narizian and Refugian t i m e .  Sl ight  shallowing, t o  perhaps 
upper bathyal depths, may be suggested fo r  la te  Refugian time, f o r  the 
forms mentioned above as indicating deep-water conditions are less conspi- 
cuous near the top of the Formation. 

The upper Bastendorff mudstone thus 
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Abundant diatoms and radiolar ians  a t  many horizons of the middle and 

upper Bastendorff t e s t i f y  t o  strong open-ocean influences during latest 
Narizian and Refugian time. 

* Correlations 

Figure 9 summarizes the age cor re la t ion  of the Bastendorff Formation with 
the type Refugian section in southern California,  and with selected fora- 
miniferal  sequences i n  the Pacific Northwest. 
dorff is most c losely equivalent t o  the Keasey Formation of northwest Oregon 
and to  the Gaviota Formation of California. 

Chronologically, the Basten- 

Ecologically, the Bastendorff foraminiferal  assemblages are most remini- 
scent,  not  of cor re la t ive  faunas i n  the Pacif ic  Northwest, but of deep-water 
faunas i n  California,  such as the type Refugian of the western Santa Ynez 
kbuntains (Kleinpell and Weaver, 1963) and the subsurface Tumey Formation 
of the San Joaquin Valley (Cushman and Simonson, 1944). 
costate  and hispid uvigerinids, heavily cos ta te  buliminids, thick-tested 
plectofrondicularids,  and a d ive r s i ty  of straight-tested lagenids, the Gaviota, 
Tumey, and Bastendorff deep-water assemblages are a l l  but indistinguishable. 

With t h e i r  abundant 

In  cont ras t ,  late Narizian-Refugian foraminiferal assemblages i n  the 
Cowlitz (Beck, 1943) and Lincoln Creek (Rau, 1948, 1951, 1966) Formations 
of southwestern Washington are of a dominantly n e r i t i c  aspect, including 
a d ive r s i ty  of coiled lagenids, common mi l io l ids ,  Siphonina, Sigmomorphina, 
and other forms inferred to  have a shelf-sea optimum. Typically deeper-water 
forms are present, such as costate  uvigerinids, but i n  proportions suggesting 
somewhat shallower conditions than indicated f o r  the Bastendorff. McDougall 
(1975, o r a l  comm.) reports  t h a t  foraminiferal  assemblages of the Keasey Forma- 
t ion are a l so  indicat ive of moderate depths, shallower than indicated by the  
Bastendorff fauna. 

Among corre la t ive  faunas of the Pacif ic  Northwest, the  Bastendorff is 
perhaps c loses t  i n  ecologic fac ies  t o  assemblages from the middle Twin River 
Formation of the northern Olympic Peninsula (Rau, 1964, pp. G12-613), inter-  
preted as i n d i c a t i n g  "deep, c o l d  water". 

The absence of the species of Sigmomorphina in the upper Bastendorff, as 
w e l l  as i n  a l l  published records of Refugian sequences i n  California con- 
trasts s t r ik ing ly  with c m o n  occurrence6 of t h i s  l ineage during Refugian 
as w e l l  as Zemorrian times i n  Washington and northwestern Oregon (& schencki, 
c S. pseudoschencki, & undulata, and 2. sp. A, i n  Lincoln Creek, Blakeley, 
and Keasey Formations; see Rau, 1948, 1951, 1958; Fulmer, t h i s  volume; 
Cushman and Schenck, 1928). This faunal difference may be due t o  1) a pre- 
ference of Sigmomorphina fo r  the r e l a t ive ly  cool waters of northern Oregon 
and Washington, --- vis  a v i s  southern Oregon and California,  o r  2) the prefer- 
ence of Sigmomorphina for  the shelf-sea environment apparently present i n  
southern Washing ton during deposition of the .Lincoln Creek Formation, ra ther  
than the deeper-water habi ta t  present during deposition of the Bastendorff, 
Gaviota, and Tumey Formations. 

' 
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The first-named hypothesis, implying l a t i t u d i n a l  d i f f e r e n t i a t i o n ,  would 
not by i t s e l f  explain the r a r i t y  of Sigmomorphina i n  the W i n  River Formation 
of northern Washington (see Rau, 1964) ,  f o r  the %in River exposures are 
at even higher l a t i t u d e s  than the Sigmomorphina-rich Lincoln Creek Formation. 
It seems more l i k e l y  t h a t  depth may have been the dominant fac tor  i n  re- 
s t r i c t i n g  the Refugian occurrences of Sigmomorphina t o  exclude Cal i fornia  
and the Coos Bay area, where cont inental  shelf  environments were not  developed. 
Alternately,  several  factors ,  zoogeographic o r  ecologic, may have worked 
together i n  a manner d i f f i c u l t  t o  de l inea te  i n  these instances of e x t i n c t  
taxa. 

The c lose  s i m i l a r i t y  of the Bastendorff foraminiferal  fauna t o  correla- 
t ive faunas of California and the northern Olympic Peninsula, i n  addi t ion t o  
most elements (excluding Sigmomorphina) i n  common with Lincoln Creek and 
Uasey  assemblages, implies t h a t  during Refugian time a s ingle  zoogeographic 
province f o r  Foraminifera s t re tched from southern Cal i fornia  a t  least as 
f a r  north as northern Washington. F o r a n h i f e r a l  taxa t h a t  have i n  the past  
been recorded only i n  the Pacif ic  Northwest (e.g. Bulimina schencki, Val- 
v u l i n e r i a  menloensis) or  only i n  Cal i fornia  (e.g. Uvigerina vicksburgensis) 
have been recent ly  ident i f ied  by the author i n  Refugian faunas of Cal i fornia  
and the Pac i f ic  Northwest, respectively.  
d i s t inguish  the  two regions. 
among West Coast Refugian foraminiferal  faunas cont ras t s  with the marked 
provincialism of contemporaneous West Coast molluscan faunas of the  “Lincoln 
Stage”, as noted by Addicott (1970 a, b) . 

Few faunal differences remain t o  
This absence of l a t i t u d i n a l  d i f f e r e n t i a t i o n  
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References t o  Checklisted Species 

Alabamina kernensis Smith.. .......................... .Tipton. Kleiapell. and Ueavcr . 1973. 
p. 61. pl. 10. f ig .  5. 

A n m l i n a  californiensis Cushman and Hobsoon...........Cushman and Hobson, 1935. p. 64. 
pl. 9. fig.  8. 

01. 13. figs.  2. 3. 

p. 102. pl. 13. f ig .  6 

Bathysiphon eocenica Cushman and €Ianna..........~.....Cuahman and G.D. flanna. 1927. p. no. 

Bolivina basisenta Cushman and' Stone ............... ...Cusban, Stevart. and Stewart. 1947b. 

Bolivina jacksonensis var. tcrmeyensis........,........1Llrinpell imd Weaver. 1963. p. 176. 
Cushman and Simonson pl. 9. fig.  7. 

Bolivina e f .  & kleinpel l i  Beck.......................Cushman. Stewart. and S twar t ,  1974a. 
pl.  8. fig.  8. 

Bolivina SP.. ......................................... Characterized by sharply angled peri- 
phery. moderately compressed test. and 
fine str iae .  

Bulimina corrugata Cushman and Siegfus ................ Cushman and Siegfus. 1942. p. 411 pl.  
16, f i g .  38. 

Bulimina microcostata Cushman and........ ............. Differing from the typical in being 
Parker n. var. larger  and more elongate. withmore 

nearly paral le l  s ides  in mature speci- 
mens. 

p. 53. pl. 5. fig. 10. 
Bulimlna d'0rbfgny .............................. Tipton. Kleinpell. and Ueaver. 1973, 

Bulimina schencki Beck ................................ &ck. 1943. P- 605. PI- 107. figs- 
28. 33. 

Bulimina s c u l p t i l i s  Cushman ........................... CusLman. 1923. PI. 3. f ig .  39 Pa 23- 

Bulimina s c u l p t i l i s  var. laciniata  .................... -ban and Parker, 1937. p. 38. PI. 4. 
Cushman and Parker fig.  4. 

Cancris joaquinensis Smith ............................ Smith. H.P.. 1956. pp. 98-99. pl .  15. 

Cibicides cushmani Nuttall ............................ kIallory, 1959. pp. 264-265. pl. 31. 

- 
f igs .  5. 6. 

fig.  3. 

pl.  14. f ig .  3. 
Cibicides haydoni (Cushman and Schenck)............. ..Kleinpell and Weaver. 1963, p. 181. 

Cibicides natlandi Beck ............................... Beck. 1943. p. 612. pl. 109. figs.  1. 
5. 13. 

Cibicides cf .  Lpseudoungerianus var.................Smaller. having more abundant she l l  
evolutus Cushman and tlobson material a t  the unbilucus than is 

typical.  

p l .  2. f ig .  9 

f igs .  2. 3. 

Cyclammina c l a rk i  (lama)..... ........................ IUeinpell and Weaver. 1963. p. 167. 

Cyclammina pacifica Beck .............................. Beck. 1943, PP. 591-592. PI. 98. 

Dentaline consobrina d'Orbigny. ....................... Wilson. 1954. p. 135. pl.  14, f i g ,  7. 

Dentalinti dusenbutyi Beck ............................. Beck. 1943. p. 599. PI. 105. figs. 20. 23. 

Dentalina cf.  dusrnburyi Beck.. .................... Beck. 194% p. 599. PI- 105 f i g -  14. 
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Dentalina pauperata d'orbigny.,... .................... YlQinpell. 1938. P. 213, PI.  11. 
f ig s .  6. 

B g e r e l l a  clongata Blaisdell;..'.......................Tipton, Yleinpell. and Weaver, 1973. 
p. 42, p l .  1 f igs .  9, 10. 

Ellipsonodosaria ( 1 )  sp. B ......................... ...Cusban and Simon-% 1944, P. 200s 
pl. 33, f ig .  8, 9. 

Ellipsonodosaria cf.  5 cocoaensis (Cushman) .......... Beck, 1943, p. 608, pl .  108, f ig .  10. 

Epistomina eocrnica Cushman and Hanna ................. Cushman and Schenek, 1928. p. 313. 
pl.  44. f ig .  9. 

Eponides duprei Cushman and Schenck ................... Cushman and Schenck, 1928, p. 313. 
pl .  44. f ig .  8. 

Eponides gaviotaensis Wilson .......................... WflSon. 1954, p. 143, PI. 16 f igs .  11. 
12. 

Eponides yeguaensis Weinzierl and Applin .............. Beck, 1943, p. 608, PI. 108.' f i g s =  
1. 4. 

Globigerina cf.  G. v i l son i  Cole ....................... Differing from G. wileoni in being 
more trochoid. and in consisting of 
four rather than the typical  f i ve  
chambers. 

Globigerina spp.. .................................... .Poorly preserved individuals 

Globigerinatheka index index (Finlay) ................. Blow, 1972, pp. 124-126. pl .  1. f igs .  
1-4. 6, 7. 

Globobulimina pacifica Cusban...; .................... Beck. 1943, p. 606, pl .  107, f i g .  16. 
. 

Globobulimina pacifica var. oregonensis...............Cushman, Stewart. and Stewart, 1974b, 
Cushman, Stewart. and Stewart p. 101. p l .  12. f i g .  13. 

Globocassidulina ................... .Fairchild . Wesendunk, and Weaver . 
1969. pl.  22, f ig .  15. 

Globocassidulina margareta (Karrer)...................Tipton, Itleinpell. and Weaver. 1973. 
p. 62. p l .  11, f ig .  1. 

Guttulina problema d'0rbigny .......................... Beck. 1943, P. 602. PI.  1% f i g s -  
11. 17, 20. 

Gyroidina condoai (Cushman and Schenck)... ............ Klcinpell and Weaver. 1963. p. 179, 
pl .  11, f ig .  3. 

Gyroidina orbicular is  var. planata Cushman.. ......... .Sullivan, 1962, pp. 280-281 . pl.  18, 

HaPlOphragmoidQs s p  .................................. .Poorly presemed individuals 

f ig .  1. 

Lenticulina chtrana (Cushman a d  Stone).........,.....Tipton. Blleinpell, and Weaver, 1973, 
p. 44. pl.  2, f ig .  2. 

p. 45, pl.  2, f ig .  9. 
Lcnticulina inornata (d'orbigny) ..................... .Tipton, Kleinpell. and Weaver . 1973, 

Lcnticulina velchi (Church).. ..,.....................Robulus velchi Church, Mallory, 1959. 
0. 143. pl .  7, f ig .  8. 

22. 
Hodogenerina sanctaecrucis Weinpell.. ............... .Itleiupell. 1938. p. 246, pl .  4, f ig .  

Hodosaria anomala buss ............................... Wilson, 1954, p. 136, p l .  14, f i g .  11. 

- Nonion applini  Hove and Wallace ....................... Mallory. 1959, p. 180, p l .  36, f ig .  14. 

Plectofrondlcularia garzaensis ........................ Hallory, 1959, p. 212, p l .  18. f ig .  1. 
Cushmk and Siegfus 
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Plec tof rondicular ta  packardi var. 
Oushman and Simonson 

1944. p. 197, multilineata........Cushmau and Simonson. 
pl.  32. f ig s .  2. 4. 

1963. p l .  174. 
14. 

packardi.. ......... .Klchpell and Weyer . 
pl .  8. f ig s .  5-7. 10. 

- robusta.............Kleinpell and Weaver. 
pl .  9. f ig .  1. 

Plectofrondicularia packardi var. 
tk~shman and Schenck 

1963. p. 174. Plectofrondicularia packardi var. 
Weinpel l  and Weaver 

1963. p. 174. 

-1963. p. 171s 

Plectofrondicularia vokesi Cushman, Stewart.. ........ .Kleinpell and Weaver. 
and Stewart pl .  9, f i g .  2. 

Pseudoglandulina ovata (Cushman and Applin)...........Kleinpell and Weaver, 
p l .  7. f i g .  7. 

guinqueloculina sp.. ................................. .Bare and poorly preserved representa- 

Spiroloculina wilcoxensis ............................. Detling, 1946. p. 352. p l .  46. f i g .  3. 

Uvigerina a twil l i  Cushman and Simonson................Cushman and Simonson, 1944, p. 200, 

t i v e s  of the genus. 

p l .  33. f ig s .  2-4. 

Uvigerina cocoaensis Cushman .......................... Cushman and Schenck, 1928. p. 312. 
p l .  43. f i g s .  17. 19. 

Uvigerina gallovayi Cushman ........................... Cushman and Simonson. 1944. p. 200. 
p l .  32, f i g .  18. 

Uvigerina garzaensis Cushman and Siegfus .............. Cushman and Siegfus, 1939, pp. 28-29. 

Valvulineria jacksonensis var. welcomensis............Mallory. 1959. p. 231. p l .  20. f i g s .  

pl. 6. f i g .  15. 

Mallory . 3. 5. 

Valvulineria tumeyensis Cushman and Simonson.. ....... .Cushman anti Simonson. 1944, p. 201 . 
p l .  33. f ig s .  13. 14. 

Virgulina bramlettei  Galloway and kbrrey .............. Sullivan. 1962, p. 275. p l .  15, f ig s .  
1. 2. 

Locality Descriptions 

The following l o c a l i t y  descr ip t ions  were recorded by John Browning and W i l l i a m  Grier. 
A l l  sample l o c a l i t i e s  who col lec ted  samples A7994 through A8079 during the summer of 1950. 

are those of t he  Huseum of Paleontology, University of  California.  Berlrley. 
I 

I A1994 through A8079, were collected in the type Bastendorff Formation in the Coos Bay 
area, Coos County, Oregon, between pa ra l l e l s  43 degrees 20' and 124 degrees 23'W Longitude. 
The Bastendorff Formation is exposed in sea c l i f f s  (slumps common), in an approximately 
east-west d i r e c t  along Bastendorff Beach. 
d i p  6OE. 

Individual beds average in s t r i k e  N15W and in 

A-1992 and A-7993 were collected from the Coaledo Formatlon which underlies the  
Bastendorff Formation and is separated from it on Bastendorff Beach by an area of  slump 
approx. 700' in width. The samples a r e  from a th in ly  bedded shale which is 280' strati- 
graphically below the  contact of the Coaledo Formation with the slump a rea  (see Weaver, 
1945, p l a t e s  6. 7). 

I 

A-7994 t h r u  A-8000 collected from beds of f i n e  brown p la ty  sha le  which are inter- 
bedded with a grayish massive feldspathic sandstone. 

A-1994 is 8' s t r a t ig raph ica l ly  above the contact of  t he  lower 

h-1995 is 2' s t r a t ig raph ica l ly  above A-7994 
11 " A-1995 

A-7996 
A-7996 is 3' 
45-7997 .is 12' 

I1 " A-7997 
A-7998 

A-7998 IS 13' 
A-7999 is 115' 
A-8000 is 7' " A-7999 

Bastendorff with the  slump. 

I1  

I1 

11 

t 
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L 

A-8001 thru A-8005 were collected from light. brown sandy shale s t r inge r s  within 
gray. laminated. fine-grained feldspathic sandstone beds which are interbedded with a 
brown shale. 

A4001 is  182' s t ra t igraphical ly  above A-8000 and 6' above the 
lower contact of the f i r s t  laminated sandstone. 

A4002 is 5' st rat igraphical ly  abwe A4001 
11 " A4002 

I 11 A4003 
A4003 is 10' 

A4004 
A4004 is 20' 
A4005 is 65' 11 

Sandstone is platy a t  A4005 and becomes gradually less so. increasingly more con- 
eretlonary. as you mwe up the column to A-8011. 

A4006 is 85' s t ra t igraphical ly  above A4005 
A4006 
A4007 

A4007 is 8' 

A4008 
A4008 is 6' 

A4009 
A4009 is 2' 

A4010 
A4010 is 9' 
A4011 is 2' 

11 

18 

H 

ll 

ll 

Pear A4012 the sandstone disappears except fo r  rare str ingers  and samples A-8012. 

A-8014 th ru  A4018 were collected from a shale bed contained within 
d A4013 and A-8019 thru A-8022 were collected from a f ine  brown s i l t s tone  which is the 
dominant formation. 
the ei l ts tone.  

A4012 is  15' s t ra t igraphical ly  abwe  A4010 and 1' abwe  the 

A4013 is  
A4014 is  60' 
A4015 is 4' 
A4016 is 2' 

A4018 is 2' 
A4019 is 7' 
A4020 is 5' 
A4021 is 10' 

sandstone-siltstone contact. 
15' s t ra t igraphical ly  abwe A4012 

" A4013 
" A4014 

11 It A4015 
A4016 
A4017 
A4018 
A4019 

ll A4020 

11 

11 

11 

0 

ll 

ll 

A-8017 is 2' 

There is a general slump area between A4021 and 15-8040. Samples were collected 
A-8023 and A-8029 w e r e  collected. from a few re s t r i c t ed  areas that remained in place. 

from shales that. with interbedded tuff. form a bed about 35. thick within the s i l t s tone .  

A4022 i s  30' s t ra t igraphical ly  abwe  A-8021 
" A4022 

A4023 
A4023 i s  215' 

ll A4024 A4024 is  6' 

A4025 
A4025 is 1' 

*' A4026 
' A4026 is 1' 

" A-8027 
A4027 is 2' 

11 A4028 
A4029 
A4030 

A4030 is 55' 

A4031 
A4031 i s  7' 

It A4032 
A4032 is 2' 

A4033 
" A4034 
" A4035 

11 A4036 
A4037 
A4038 
A4039 

11 

ll 

ll 

11 

ll A-8028 IS 3' 
A-8029 is 3' 

11 

11 

11 

18 

18 

11 

11 

A-8033 is  47' 
A4034 iS 75' 
A-8035 is 60' 
A4036 is 3' 
A4037 is 10' 

A4039 is 5' 
n 
U 

ll 

6-8038 is 3. 

. A-8040 is a* 
A4041 th ru  A4044 were collected from a brown sandy shale which is interbedded with 

tuff  and f i n e  grained sandstone. 

A4041 ts 175' s t ra t igraphical ly  abwe  A-8040 
'" A4041 
" A4042 

A4043 
A4043 i s  4' 
A4044 is  17' 

11 

11 

1) 

A-a042 is  3' 

A4045 thru' A4047 were collected from a w e l l  consolidated f ine brown s i l t s tone .  

A4045 is 
A4046 is 68* 
A-8047 is 7' 

IS' s t ra t igraphical ly  above A-8044 
" A4045 
a A4046 

11 

11 

581 



A4048 thru A4059 were collected frsm tuffaceous brown shales interbedded with 
muastone. 

A4048 is 
A4049 is 30' 
A4050 ts  4' 
A4051 is 11' 
A4052 is  32' 
A4053 is 18' 
A4054 is 3' 
A4055 is 10' 
A4056 is 4' 
A-8057 is 7' 
A-8058 is 2' 
A4059 is 105' 
A4060 is 85' 

7' st rat igraphical ly  above A3047 
A4048 
A4049 

" A4050 
A4051 
A4052 
A4053 
A4054 
A4055 

" A4056 
n A-8057 
n A4058 
n A-8059 and was collected 

10 

W 

n 
n 
n 
n 
n 
10 

00 

ln a tuffaceous brown shale. 

A4061 thru A4079 were collected from a massive brown mudstone (mapped as tuffa- 
ceous shale by Weaver, 1945). 

A4061 is 22' st rat igraphical ly  above A-8060 and 3' abwe the 

A4062 is  
A4063 is  2' 
A4054 is 3' 
A4065 is 34' 
A4066 is 3' 
A4067 is 6' 
A4068 i s  2' 
A4069 is 10' 
A4070 is 8' 
A4071 is 20' 
A4072 is 4' 
A4073 is 120' 
A4074 is 6' 
A4075 is 7' 
A4076 is 5' 
A4077 is 77' 
A4078 is 47' 

contact of the mudstone and last sandstone. 
8' st rat igraphical ly  abwe A4061 

A4062 
A4063 

n O0 A4064 
n A-8065 

A4066 
n 00 A4067 

It A4068 
A4069 

I( A4070 
A4071 
A4072 
A4073 
A4074 

" A40 75 
" A40 76 
" A4077 and 2' below the 

01 

11 

00 

00 

00 

10 

n 

01 

00 

n 

n 
n 

contact of the upper Bastendorff with the Tunnel Point 
sandstone. 

A4079 is about 2 inches below the above contact. 

c 

t 
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mLIABILITY OF C-14 DATING I N  DETERMINING LATE PZ,EISTOCENE CORRELATION 
AND RATES OF DEFORMATION: BALDWIN HILLS - RANCHO LA BREA, 

LOS ANGELES, CALIFORNIA. 

GEOFFREY D. WOODARD 

Geology Department, Cal i forn ia  S t a t e  University and Colleges, Sonoma, 
Rohnert Park, Cal i forn ia ,  94928. 

$. ABSTRACT -- Radiocarbon da tes  of 36,000 - 2,750 years from marine s h e l l s ,  
and 28,450 * 2,600 years f o r  f o s s i l  wood w e r e  used by previous authors 
t o  c o r r e l a t e  late Pleistocene events i n  the  Baldwin H i l l s ,  western Los 
Angeles Basin, with similar events known 5 km t o  t he  nor th ,  a t  Rancho La 
Brea. Numerous published'Carbon-14 d a t e s  of f o s s i l s  a t  Rancho La Brea, 
radiometric da tes  of marine faupas comparable t o  those of t he  Baldwin 
H i l l s  and Rancho La Brea, and s t r a t i g r a p h i c  evidence, are presented t o  
show t h a t  i f  such co r re l a t ion  exists, t h e  reported Baldwin H i l l s  s h e l l  
da t e  is far too  young, and t h a t  r e s u l t a n t  ca lcu la ted  rates of u p l i f t  i n  
t h e  Baldwin Hills of 0.5 t o  0.8m per  100 years ,  during t h e  p a s t  36,000 
years,  are excessive. An average rate of u p l i f t  i n  t he  Santa Monica 
Mountains f o o t h i l l s ,  i n  t he  v i c i n i t y  of Rancho La Brea, f o r  t h e  p a s t  
100,000 years appears t o  have been between 0.04 and 0.05 m per  100 years ,  
o r  about one order of magnitude less than t h a t  determined from the  Bald- 
win H i l l s ,  f o r  the  pas t  36,000 years. 

INTRODUCTION 

I n  t h e  Baldwin H i l l s  area of t h e  northwestern Los Angeles Basin, 
recent s t r a t i g r a p h i c  s tud ie s ,  together with radiocarbon analyses of mar -  
i n e  s h e l l s  and f o s s i l  wood have provided quan t i t a t ive  estimates concern- 
i ng  both t h e  rates of sedimentation during a p a r t  of l a te  P le i s tocene  
t i m e ,  and t h e  rate of u p l i f t  along one known a c t i v e  t ec ton ic  f e a t u r e ,  
t h e  Newport-Inglewood s t r u c t u r a l  zone. The r e s u l t s  of t h i s  recent ly  pub- 
l i s h e d  study depend on two cr i t ica l  f a c t o r s ;  t h e  r e l i a b i l i t y  of Carbon - 
14 da t ing  of s h e l l s  from t h e  marine strata,  and co r re l a t ion  of these  
sediments with an uppermost, la te  Ple i s tocene  marine biozone known 5 km 
t o  t he  qor th  a t  Rancho La Brea, i n  t h e  Santa Monica Mountains f o o t h i l l s .  

Because d i f f e r e n t  depth f ac to r s  appear t o  be involved, d i r e c t  com- 
parison, and thus undisputed co r re l a t ion  of t he  marine faunules is not 
possible.  
calities lends some support f o r  co r re l a t ion  of marine and non-marine - 
events,  numerous r e l i a b l e  Carbon-14 da tes  from Rancho La Brea, and radio- 
metric datings of equivalent marine horizons from elsewhere i n  southern 
Cal i forn ia  suggest t h a t  t h e  marine s h e l l  da t e  is f a r  too  young. 
is so, both pos tu la ted  rates of sedimentation and u p l i f t  i n  t he  Baldwin 
H i l l s  are too high. 
vasion of t h e  northwestern Los Angeles Basin occurred i n  Sangamonian, 
and not  middle Wisconsin t i m e ,  as has been proposed. 

While t h e  comparable stratal  sequences determined a t  both lo- 

I f  t h i s  

Present evidence ind ica t e s  t h a t  latest marine in- 

An assumption t h a t  
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Figure 1. Location maps showing.(a) Baldwin Hills-Rancho La Brea, 
and (b) street map in the vicinity of Rancho La Brea 
showing Pit 91 and bore-hole sites pertinent to this 
study 



t h e  Rancho La Brea f o s s i l  deposits should be  younger than 28,000 years ,  
a t  which t h e  i t  has been in fe r r ed  t h a t  marine submergence ceased i n  
the  northwestern Los Angeles Basin, cannot be cor rec t .  Numerous radio- 
carbon da tes  of f o s s i l  wood and bones a t  Rancho La Brea are i n  excess 
of 35,000 t o  40,000 years  old. 

STRATIGRAPHIC EVIDENCE : BALDWIN HILLS - RANCHO LA BREA 

I n  the  Baldwin H i l l s  (34O N., 118' 20' W . ) ,  western Los Angeles 
Basin (Fig. l ) ,  Bandy and Marincovich (1973) reported late Ple i s tocene  
marine and terrestrial sediments which they suggested t o  be  c o r r e l a t i v e  
wi th  marine and terrestrial depos i t iona l  equivalents,  f i v e  kilometers 
t o  the  nor th ,  a t  t h e  Hancock Park S c i e n t i f i c  Monument (Rancho La Brea). 
Radiocarbon ana lys i s  of marine s h e l l s  excavated from the  w e s t  s i d e  of 
La Cienega Boulevard, w e s t  of t h e  Newport-Inglewood f a u l t  zone a t  an 
e l eva t ion  of about 78 m yie lded  a reported age of 36,000 f 2,750 years.  
I n  t h e  summit of t he  h i l l s  carbonized f o s s i l  wood samples taken from an 
e l eva t ion  of 145 m yielded an age of 28,450 f 2,600 years.  
these  da tes ,  together with paleoecological i n t e r p r e t a t i o n  of t h e  marine 
faunules,  and deposit ion adcompanying f luc tua t ing  sea-levels during la te  
Pleistocene t i m e ,  they concluded t h a t  marine deposit ion i n  the  Baldwin 
H i l l s  area of t h e  Los Angeles Basin had concluded less than 28,000 years 
ago, and t h a t  rates of t ec ton ic  u p l i f t  i n  t he  Baldwin H i l l s  w e r e  of t he  
order  of 0.5 t o  0.8 m per  100 years ,  during the  p a s t  36,000 years.  

Based on 

A t  Rancho La Brea, a phase of warm, shallow-water marine deposi- 
t i o n  i n  t h e  northwestern Los Angeles Basin is evidenced from the  occur- 
rence of twenty-two spec ies  of marine gastropods and pelecypods, together 
with assoc ia ted  foraminiferan, r ad io l a r i an ,  and ostracod faunules (Valen- 
t i n e  and Lipps, 1970), a t  an e leva t ion  of 35 m above sea-level, o r  15.3 
m below the  present land surface.  D r i l l i n g  records of t he  L. T. Evans 
Corporation, Consulting Foundation Engineers, Los Angeles, show t h a t  
marine s h e l l s  w e r e  encountered a t  a depth of 21.3 m (30.6 m above sea- 
l e v e l )  54 m south of Wilshire Boulevard a t  Spaulding Avenue, and approx- 
imately a t  16.5 m depth (35.1 m above sea- leve l ) ,  100 m east of Rancho 
La Brea a t  S i e r r a  Bonita Avenue. A t  t h e  si te of P i t  9 1  (elev. 48.6 m; 
1914 survey), t h e  marine strata occur a t  depths between 13.5 and 15 m 
(35.1 - 33.6 m a b w e  sea-level) .  
is thus w e l l  e s tab l i shed  a t  a l t i t u d e s  ranging between 30.6 and 35.1 m 
above sea-level i n  t h e  v i c i n i t y  of Rancho La  Brea. 
mammal depos i t s  excavated by t h e  University of Cal i forn ia  a t  Berkeley, 
and the  Los Angeles County Museum of Natural  History were confined t o  
t h e  upper 7.9 m of sediments a t  a l t i t u d e s  g rea t e r  than 41.6 m (Woodard 
and Marcus, 1973). The intervening 6.4 t o  1 1 m  of t a r  impregnated 
quartzose sand, gravel,  and pebble conglomerate, which have not y ie lded  
marine f o s s i l s ,  record t h e  t r a n s i t i o n  from marine t o  non-marine depos- 
i t i o n a l  environments, and pre-date widespread a l l u v i a t i o n  t h a t  was  
accompanied by su r face  exzdation of o i l ,  and accumulation of t he  w e l l -  
known late Pleistocene Rancho La  Brea f o s s i l s .  

The upper l i m i t  of t h e  marine biozone 

The a s p h a l t i c  f o s s i l  

I n  recent years,  numerous %Carbon-14 da tes  have been determined 
f o r  both f o s s i l  wood and bones from various of t h e  Rancho La Brea sites 
(Howard, 1960; Berger and Libby, 1966; 1968). The most r e l i a b l e  da t ing  
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Figure 2. Comparison of stratigraphic columns at Rancho La Brea and 
the Baldwin Hills showing previously suggested correlation. 
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of bone has  followed t h e  per fec t ion  of techniques f o r  separa t ing  pur i -  
f i e d  @no gcids .derived from collagen from bones impregnated with iso- 
t o p i c a l l y  dead petrgleum compounds (Ho, 1965; Ho, Marcus, and Berger , 
-1968). Collagen amino ac id  res idue  dates have i n  p a r t  suggested t h a t  
t he  Rancho La Brea f o s s i l  depos i t s  may show an  o v e r a l l  gross s t r a t i f i -  
cation. Present ly  t h e  o l d e s t  bones dated by t h e  amino ac id  r e s i d u e .  
method have y ie lded  ages of 33,100 f t o  35,500 f years from depths of 
5 t o  5.5 m (R. Berger; pers. .comm., 1975) i n  P i t  4, and 32,600 2,800 
years from the cur ren t  excavation of P i t  91  (T. Downs; pers ,  comm. , 
1972), A f o s s i l  wood specimen, UCLA-773C, from P i t  77 w a s  dated a t  I 

37,000 2,660 years,  while four  o ther  samples appear t o  be g r e a t e r  
than 40,000 years o ld  (Berger and Libby, 1966). Thus, accumulation of 
f o s s i l s  i n  t h e  a spha l t i c  sediments a t  Rancho La Brea is  r e l i a b l y  docu- 
mented a t  least 32,000 t o  35,000 years ago from bone dates, and may 
have.begun much earlier, as suggested by f o s s i l  wood da tes  t h a t  are great-  
er than 40,000 years old. 

A number of contradictions are apparent from t h e  evidence c i t e d  
by Bandy and Marincovich f o r  t h e i r  suggested co r re l a t ion  of marine and 
non-marine strata of t h e  Baldwin Hills with the  similar s t r a t i g r a p h i c  
record known a t  Rancho La Brea, i f  t h e  Baldwin H i l l s  marine u n i t  is as 
young as 36,000 years old. A t  Rancho La Brea, and t o  t h e  east, t h e  upper- 

< 

c 

most mar ine . inver tebra te  records are i n  t h e  sub-surface from sediments 
of t he  Palos Verdes,Sand (Crowder and Johnson, 1963), a t  a l t i t u d e s  rang- 
i n g  between 30.6 and 35.1m above present sea-level (Fig. 2). Sediments 
recording t h e  t r a n s i t i o n  from marine t o  non-marine environments l i e  
above the  marine biozone t o  s l i g h t l y  varying a l t i t u d e s  approximating 42 
m above sea-level a t  Rancho La Brea, and r i s i n g  gently t o  about 47 m 
a l t i t u d e  a t  Masselin Avenue, 0.6 km t o  t h e  east. Over t h i s  d i s tance ,  
t h e  a spha l t i c  sand member B of t he  Palos Verdes Sand ranges between 9 
and 14 m i n  thickness,  and the  maxim thickness of sediment above the  
marine biozone ranges between 6 and l lme te r s .  The upper contact with 
the  younger a l l u v i a l  sediments at Rancho La Brea forms a gent ly  undulat- 
i n g  su r face  of disconformity. 
p a r t  of t h e  San Pedro Formation, as has been suggested, co r re l a t ion  of 
t h e  marine strata i n  question is c l e a r l y  denied. The marine biozone a t  
Rancho La Brea i s  confined t o  t h e  lower 6 m of t h e  upper a r e n i t e  member 
B of t h e  Palos Verdes Sand, and lies a t  least 30 m above t h e  upper sur- 
f ace  of t h e  San Pedro Formation, as determined i n  bore-holes south and 
east of Rancho Lg Brea. 

I f  t h e  Baldwin H i l l s  marine u n i t  is  a 

A t  the  Baldwin H i l l s  t he  marine s h e l l  bed occurs at 78 m a l t i t u d e ,  
t h e  overlying t r a n s i t i o n  sediments which include equivalents of t h e  Palos 
Verdes Sand, ly ing  between t h i s  he ight  and an a l t i t u d e  of 145 m. This 
thickness of 67 m of sediment, as compared t o  only the  6 t o  1 1 m  maximum 
now present i n  t h e  v i c i n i t y  of Rancho La Brea appears incongruous wi th  
t h e  i n t e r p r e t a t i o n  of  l i t t o r a l  and f l u v i a t i l e  deposit ion accompanying 
southward encroachment of coalescing fans from the  Santa Monica Mountains. 
I f ,  as seems l i k e l y  from sedimentary evidence, t h e  Santa Monica Mountains 
were a p r i n c i p a l  source of sediment cont r ibu t ing  t o  late Ple i s tocene  de- 
pos i t i on  i n  the  northwestern Los Angeles Basin, a g r e a t e r  thickness of 
sediment might be expected c lose r  t o ,  r a t h e r  than f u r t h e r  from t h e  source 
area. Corresponding1y;unless the  area now underlying Rancho La Brea w a s  

. 
L 
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a topographic o r  structural high during mch of , late Ple i s tocene  t Y m e ,  
a ' g r e a t e r ' r e l a t i v e  rate o f  sedimehtdtionmight be-expected i n  t h i s  area 
ly ing  iearer t h e  Santa'Monica Nountaixfs, r a t h e r  thari f u r t h e r  from-the 
source area i n  the v i  y of t he  present Baldwin H i l l s .  
i t y  presented by t h i c  ' d a t a  not only suggests t h a t  t h e  marine s h e l l  
beds are 'not  the same, but i nd ica t e s  t h a t  t h e  Baldwin H i l l s  s h e l l  bed 
is oldeir than t h a t  a t  Ranch6 La Brea, desp i t e  t h e  young age'determina- 
t i o n  of-36,000 years. 
ies t u  those known at  Rancho La Brea should occur i n  the.Baldwin H i l l s  
at  a hfgher e l eva t ion  than 78 m; bu t  below t h e  level of t h e  carbonized 

Shoaling of t h e  

The incofigru- 

Marine sediments of comparable age and depth fac- 

le dated a t  28,000 years,  a t ~ 1 4 5  m a l t i t ude :  
pos i t i on  of more than 100 m of sediment:in about 83000 years 

has been proposed t o  account f o r  t h e  t r a n s i t i o n  sequence i n  t h e  Bald- 
win H i l l s  t h a t  lies between 78 and 145 m e leva t ions .  
sedimentation appears a l toge ther  disproportionate t o  minimum rates of 
accumulation known a t  Rancho La Brea. Here, Carbon-14 da tes  independ- 
e n t l y  determined f o r  both wood and bone samples i n - P i t  3 document less 
than 4 rh of accumulation i n  about 14,500 years ,  and about 7 m i n  21,000 

suggest an average rate of deposit ion of about 

This high rate of 

Other estimates f o r  var ious  of t h e  Rancho,La Brea excavations 
per 30,000 years.  ' 

At t h e  Baldwin H i l l s ,  foraminiferans assoc ia ted  with t h e  marine 
mega-fauna have been used t o  i n f e r  water depths of about 100 m, but less 
than 200 m (Bandy and Marlncwich, OJ-. &.) . While t h e  Baldwin H i l l s  
marine horizon may be co r re l a t ive  with t h a t  a t  Rancho La Brea, none of 
the  twenty molluscan spec ies  from t h e  Mutual Benefit Building excavation 
immediately south of Hancock Park, or from below P i t  91 , ' i nd ica t e  water 
depths g rea t e r  than a few meters, a t  most. The associated foraminiferan 
and ostracod faunules are cons is ten t  with t h i s  i n t e r p r e t a t i o n ,  except 
f o r  a few moderately deep-water foraminiferans t h a t  appear t o  have been 
reworked from o lde r  sediments,(tr&lentine and Lipps, 1970). This l o c a l  
area would seem t o  approximate c lose ly  t h e  zone of l i t t o r a l  deposit ion 
along t h e  northern margin of t h e  submerged Los Angeles Basin,, 'or shoal- 
i n g  over a shallowly submerged s t r u c t u r a l  o r  topographic high. As rec- 
e n t l y  reported (Valentine and Lipps , E. a. ) , t h e  consensus of da tes  

l e n t s  of the marine biozone at Rancho La Brea is 100,000 years, 
Although ' a younger age of the  Rancho La Brea marine f o s s i l s  
cluded, t he  s h e l l s  cannot be as young as 36,000 years ,  as de- 

Radiocarbon da te s  f o r  bone speci- 

wood, are g r e a t e r  

termined f o r  t h e  Baldwin H i l l s  site. 
mens, as much as 11.4 m s t r a t i g r a p h i c a l l y  higher than the  marine horizon 
are i n  excess of 35,000 ars o ld ,  and i n  t h e  

Olsson (1968) has emphasized t h a t  r ad io  da tes  of shel-ls 
o lde r  than 25,000 years may be highly un re l i ab  
phe r i c  contamination by C02. 

age from t h e  non-marine beds i s  21,400 - 560 years ,  o r  t h a t  t h e  Rancho 
La Brea f o s s i l  depos i t s  should be  younger than 28,000 years ..(Bandy and 
Marincovich, E. &.). 
depth i n  P i t  3 (Berger and Libby, 1968; Ho, Marcus, and Berger, 1968), 
i nd ica t e s  only t h a t  t h i s  was a s i t e  of terrestt ial  f o s s i l  accumulation 

ow level atmos- 

furthermore be assumed+that t h e  maximum radiocarbon 

The da te  of 21,400 years f o r  bone a t  6.6 m 
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a t  t h i s  time, but  does not l i m i t  t he  p o s s i b i l i t y  t h a t  a deeper record 
of f o s s i l  accumulation, and thus o lder  da tes ,  might y e t  be determined 
from t h i s  l o c a l i t y ,  as they have f o r  o ther  sites at Ranch La Brea. 

I f  an age of 36,000 years f o r  t he  Baldwin H i l l s  marine s h e l l s  
should be co r rec t ,  t he  f o s s i l b i o z o n e  a t  Rancho La Brea cannot possib- 
l y  be cor re la t ive .  Radiocarbon dating of both wood and bone ind ica t e s  
t h a t  terrestrial deposit ion,  subsequent t o  marine inundation, was al- 
ready taking place i n  the  Santa Monica Mountains f o o t h i l l s  area, a t  
t h i s  t i m e .  However, co r re l a t ion  of t he  uppermost Baldwin H i l l s  strata 
with t h e  Rancho La Brea terrestrial  sediments i s  acceptable. Compara- 
b l e  dates of about 28,000 years ,  as ww determined f o r  f o s s i l  wood i n  
t h e  Baldwin H i l l s ,  are known from a number of collagen amino ac id  
analyses i n  various of t he  Rancho La Brea excavations. 
La Brea and i n  t h e  Baldwin H i l l s ,  s i m i l a r  t r a n s i t i o n  sequences occur 
above the  f o s s i l i f e r o u s  marine strata. The notable d i f fe rence  i n  
thicknesses appear t o  be  i n  p a r t  due t o  inaccuracy of co r re l a t ion  be- 
tween these two l o c a l i t i e s ,  bu t  may a l s o  be explained as the  r e s u l t  of 
l o c a l  changes i n  paleo-slope, complexities of l o c a l  u p l i f t ,  va r i ab le  
sediment supply, and probable sea-leva1 f luc tua t ions  a f f ec t ing  base- 
level. 
i l y  understood. 

A t  both Rancho 

The ind iv idua l  importances of these f a c t o r s  i s  not s a t i s f a c t o r -  

CONCLUSIONS 

Although the  s t r a t ig raphy  reveals a notable s i m i l a r i t y  of la te  
Pleistocene events a t  Rancho La Brea and the  Baldwin H i l l s ,  t he re  is 
l i t t l e  o ther  evidence t h a t  supports co r re l a t ion  of t h e  f o s s i l i f e r o u s  
marine strata. A l l  evidence poin ts  t o  the  Baldwin H i l l s  s h e l l  bed, re- 
portedly from the  San Pedro 'Formation, being o lder  than the  marine hor- 
izon a t  Rancho La Brea, which is confined t o  the  upper Palos Verdes 
Sand. The marine s h e l l  da t e  from the  Baldwin H i l l s  appears t o  be f a r  
too  young. This i n  turn  ind ica t e s  t h a t  t he  ca lcu la ted  rate of u p l i f t  
of 0.5 t o  0.8 m per  100 years ,  during the  pas t  36,000 years ,  along the  
Newport-Inglewood s t r u c t u r a l  zone, is excessive. I n  the  Santa Monica 
Mountains f o o t h i l l s ,  a t  Rancho La Brea, an average rate of u p l i f t  f o r  
t h e  p a s t  100,000 years would appear  t o  be of the  a rder  of 0.04 t o  0.05 
m per  100 years ,  relative t o  present sea-level,  o r  s l i g h t l y  less i f  
t he  marine biozone coincides with a high-level Sangamonian I n t e r g l a c i a l  
s tand  of the  ocean. 
s t r u c t u r a l  zone, i f  t h e  Baldwin H i l l s  marine horizon w e r e  deposited a t  
about 100 m depth, is  less than 0.2 m p e r  100 years ,  i f  marine submerg- 
ence approximates Sangamonian age. This would not seem excessive i n  
l i g h t  of t h e  known t ec ton ic  a c t i v i t y  along t h i s  zone of u p l i f t  (Barrows, 
1973). 

A m a x i m  rate of u p l i f t  along the  Newport-Inglewood 
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THE S m A  BARBARA CHANNEL: To BE OR NOT TO BE 
D. L. Zieglar 

~ Chief Exploration Geologist 
Standard O i l  Co. of California, W.O.I. 

The introduction of Hamlet's Soliloquy seems apropos: 

"To be, o r  not t o  be, tha t  is the question; 
Whether 'tis nobler i n  the mind t o  suf fer  
The s l ings  and arrows of outrageous fortune, 
O r  t o  take arms against  a sea of troubles, 
And by opposing end them?" 

There is  l i t t le  question tha t  the energy and energy related companies 
. 

operating i n  the Santa Barbara and Southern California area have received 
t h e i r  share of "slings and arrows of outrageous fortune" i n  the pas t  
few years. 
tabloidl ike "slings and arrows" which have been launched i n  various 
news media. 
of offshore operations, about offshore operations as a source of o i l  . 
pollution, about the consequences of an o i l  s p i l l ,  about aesthetics,  
about geologic hazards, and about supply and demand. I n  other cases, 
it seems t o  me, tha t  these "slings and arrows" are purposely designed 
t o  generate anti-industry, emotional reactions. Arnold Toynbee, the 
Bri t ish his tor ian,  observed tha t  an act ive minority can control a 
passive majority. This is especially t rue  i n  complex matters, such as 
energy and environment, where emotion causes some t o  lose  s igh t  of the 
overal l  problem. 

Figures 1, 2 and 3 show some of the s implis t ic ,  emotional, 

I n  some cases these r e f l e c t  a serious concern about safety 

During the past  few years, these subjects of concern have been 
addressed and readdressed at  numerous governmental hearings, have been 
published i n  numerous environmental impact reports,  and some have been 
synthesized i n  s c i e n t i f i c  journals. Figure 4 shows six such compila- 
t ions about the Santa Barbara Channel and Southern California. These 
have a 22 inch shelving index and t o t a l  more than 5400 pages. A 
problem now is finding t i m e  t o  read and evaluate these masses of 
information. 
suffer ing from "paralysis by analysis". 

I agree with a recently made observation tha t  w e  now are 

Let's look a t  some of the issues. Hat about safety with respect 
t o  blowouts while d r i l l i n g  and accidents during producing operations. 
Table 1 which is based on information contained i n  the National Science 
Foundation's RANN (Research Applied t o  National Needs) report  "Energy 
Under the Oceans" prepared a t  the University of Oklahoma by 8 non-oil 
industry related authors-2 p o l i t i c a l  s c i en t i s t s ,  2 aeronautical-mechani- 
cal-nuclear engineers, 1 zoologist, 1 indus t r i a l  engineer, and 1 
lawyer- ref leces  the sa fe  and capable technology used i n  both onshore 
and offshore operations. 
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TABLE 1 
Safety of d r i l l i n g  and producing operations 

OFFSEIORE 
1964-1971 Dri l l ing . (who blowouts) 99 . 9 70X 
1964-1971 Producing (who accidents) 99.966% 

ONSHORE 
196b1970 Dr i l l ing  (who blowouts) 99.961% 

From Energy Under the  Oceans pI* 285-286 

These data compiled by a non-industry group of authors are unbiased 
and obviously r e fu t e  simplistic statements l i k e  "primitive state of 
technology", "unsafe and untried techniques'' and "off shore d r i l l i n g  
more hazardous than onshore". 
the California Coastal Zone Cammission's Energy Element dated 1-4-75. 

How about offshore operations as a source of o i l  pollution? 

The latter is the t i t l e  of Finding 84 of 

Figure 5 ,  using data from "Energy Under the Oceans" shows tha t  about 4% 
of the  o i1 , input  i n t o  the marine environment is estimated t o  be assign- 
ab le  to off  shore operations. 
r e f e r s  t o  a study of 36 o i l  s p i l l s  l a rger  than 2,000 barre l s  during the  
years 1956-1969 which assigns 5.5X to  offshore d r i l l i n g  and producing 
operations. 
caused by other  than,offshore operations. 

The California Resource Agency (1971) 

Stated another way, 94 to  96% of t h e  o i l  pol lut ion is 

Notwithstanding t h i s  observation, i t  seems to me tha t  94 to 96% of 
the regulatory and l eg i s l a t ive  e f f o r t s  are directed toward offshore 
operations which would seem t o  be an over k i l l .  
new and revised work practices,  regulations, Inspection and enforcement 
procedures, especial ly  by the USGS on OCS leases, have contributed to a 
reduction i n  the amount of o i l  sp i l l ed  from offshore operations. No 
s igni f icant  s p i l l s  re la ted  t o  offshore d r i l l i n g  and producing operations 
have befouled any U.S. shoreline s ince 1969, although three platform 
accidents with o i l  sp i l lage  occurred i n  the Gulf of Mexico I n  1970 and 
1971. No accidents have occurred s ince  then. 

In the pas t  5 years 

re the consequen f an offshore accident and resu l tan t  
s p i l l ?  Since 1969 there have been many research projects  directed to 
the f a t e  of o i l  i n  the marine environment with research being carr ied 
out at  such places as Scripps, Allan Hancock Foundation, U.C. Santa 
Barbara, College of Marin, Battelle Northwest, Battelle Columbus, Texas 
Am, U. of Niami, Woods Hole, Gulf Universit ies Research Consortium (20 
associated univers i t ies)  and various research centers i n  foreign 
countrieg. 
pushed by anti-industry critics, tha t  o i l  f ract ions absorbed by marine 
animals w i l l  be concentrated, be passed up the  food web, and be a 
hazard to  human health ism& repeat not supported. Rather these 
s tudies  show, as is  i l l u s t r a t e d  by Figure 6, tha t  the animals w i l l  
rapidly purge themselves of o i l  contamination once t h e i r  exposure to 
o i l  i s  terminated. Because of t h i s  purging, the poss ib i l i t y  of food 

These s tudies  strongly suggest the hypothesis, vigorously 

\ 
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web contamination is extremely remote or  non-existant. Ihe Gulf Univer- 
sities Research Consortium (1974) recently completed a two year synoptic 
study of a 400 square m i l e  o i l  producing area i n  offshore Louisiana and 
adjoining Timbalier Bay with the conclusion tha t  no s igni f icant  or 
pers i s ten t  e f f e c t s  assignable to o i l  producing operations could be 
recognized based on the analysis of about 1,000,000 b i t s  of data. 

Onsite s tudies  of crude o i l  s p i l l s  t ha t  have been stranded show 
no long term damaging e f f ec t s  t o  the marine biota. 
cized s p i l l s  of d iese l  and f 2  fue l  o i l  i n t o  a small bay at West Falmouth, 
Mass. and i n t o  a lagoon on the coast of Baja California are acknowledged 
t o  have had slow recovery. 
can not be used, but frequently are, as evidence of the threa t  t o  the 
environment from offshore exploration and production operations. 
o i l  is not crude o i l .  

W o  highly publi- 

These two s p i l l s  of refined o i l  products 

Fuel 

Currently there are o i l  s p i l l  clean up cooperatives located at 
San Francisco, Santa Barbara, and Las Angeles. These cooperatives have 
an organizational plan which is compatible with both state and national 
oil s p i l l  contingency plans. 
complement of trained personnel on call, and a nucleus s t a f f  which is 
a l so  w e l l  trained. 
s p i l l  clean up and containment technology is readily available i n  the 
Santa Barbara channel today. O i l  industry associations interested i n  
exploring virgin areas have pledged to  the Department of In te r ior ,  
Council of Environmental Quality and Federal Energy Agency tha t  equipped 

They have a stockpile of equipment, a 

There is no question tha t  state of the art o i l  

coop's w i l l  be formed p r io r  t o  exploratory dr i l l ing .  

An objective analysis of these observations concerning safety,  
sources of o i l  s p i l l s ,  consequences of o i l  s p i l l s  and clean up and 
containment technology strongly suggests tha t  continued defer ra l  or 
prohibit ion of offshore d r i l l i n g  and producing operations can not be 
j u s t i f i e d  on any of these grounds. 

I have purposely not discussed the asethet ics  of platforms or  the 

Uniformity of opinion concerning aes the t ics  can hardly be 
e f f ec t  of o i l  s p i l l s  on b i rd  l i f e  as both these are highly emotional 
issues. 
exepected. However, s tud ies  done f o r  Western Oil and Gas Association 
(1974) indicate  tha t  the p r i ce  of ocean view property is not affected 
by the  presence of platforms. Even though a large number of b i rds  might 
be involved, the threat  t o  bird l i f e  from an o i l  s p i l l  from offshore 
operations can be no la rger  than the probabi l i ty  tha t  a s p i l l  w i l l  
occur. 
a s l i g h t  chance tha t  the threat  w i l l  ever materialize and have a 
s igni f icant  impact. If offshore operations are t o  be denied on these 
grounds, so be i t  - but such should be c lear ly  stated so the public can 
judge the trade off of energy benefi ts  t o  the local,  regional, s tate 
and national population versus platform aes the t ics  and the rare chance 
of an accidental s p i l l  s ign i f icant ly  involving b i rd  l i f e .  

With a h i s t o r i c  sa fe ty  record of 99.96 to  99.70% there  is only 



Eow about the "to be" portion of the Santa Barbara Channel. 
the benefi t  of the few who b o w  less about the Santa Barbara Channel 
than I and as a refresher for  the experts, needed o r  not, Figures 7 and 
8 w i l l  serve as cross-sectional and index map displays for  the ensuing 
discussion. 

For 

Structural ly  the Santa Barbara Channel, which may be c lass i f ied  as 
a synclinorium, is pa r t  of the Transverse Range s t ruc tu ra l  province and 
is bounded on the  north by the Santa Ynez Mountains and on the  south by 
the Channel Islands. The Channel is  the offshore extension of the 
onshore Ventura Basin, and includes about 1750 square miles of which 
74% o r  1300 square miles are i n  the Federal domain. Maximum water 
depth i s  about 2050 f e e t  Shel l  O i l  Company's recent successful explora- 
tory d r i l l i n g  i n  more than 2100 f ee t  of water i n  offshore West Africa 
shows tha t  the  e n t i r e  Channel needs to  be considered explorable. 
Technology fo r  production from depths greater  than about 1,000 f ee t  
still has t o  be developed. 

6 

The Channel is characterized by 'many east-west fold and high angle 
reverse f a u l t s  trends. Some major fau l t s ,  such as Red Mountain, dip to 

< t h e  north while others,  l ike  Oakridge, dip t o  the south. Wave length 
of folding ranges from as s m a l l  as 2 t o  3 miles t o  as large as 6 t o  8 
miles. Maximum fold amplitudes are i n  the lO,OOO t o  12,000 foot range. 
Individual folds  have a narrow, s teep flank from 2 t o  3 miles vide and 
a more gently dipping broad flank up to 6 miles wide. Reverse fau l t s  
are commonly associated with the narrow flanks. '  Individual fold trends 
on which several  culminations may occur extend f o r  distances of 20 t o  
30 m i l e s .  Deep s t ruc tu ra l  resolution of the complex, faulted folds has 
been a continuing problem i n  re f lec t ion  seismic interpretat ions because 
of generally poor record quality. 

of clastic rocks ranging i n  age from Cretaceous t o  Holocene. Thick- 
nesses In the  40,000 foot range are estimated i n  the eastern part of 
the Channel and i n  the 20,000 foot range i n  the western pa r t  of the 
Channel. On a gross basis,  the sect ion can be subdivided i n t o  two 
basin-fi l l ing,  transgressive-regressive pulses. The older includes the 
deep water sands and shales  of the Cretaceous and Eocene and culminates 
i n  the non-marine Sespe sequence of Oligocene age. The younger sequence 
starts with the widespread lower Miocene transgressive sediments, 
expands with the upper Miocene deep-water Monterey shale deposition 
a f t e r  which the sand content increases upward through the Sisquoc o r  
Santa Margarita, Repetto, P ic0  i n t o  the Pleistocene and Holocene 
non-marine beds. 
with the Pliocene belng the major objective i n  the east cent ra l  par t  
of the Channel and the Miocene Mcmterey shale  and older un i t s  on the 
north flank of t h e  basin. Curran e t  a1 (1971) estimated basin -eserves 
i n  the 10 b i l l i o n  ba r re l  o i l  i n  place range. 
Agency (1971) estimated 4 b i l l i o n  bar re l s  recoverable from the basin i n  
waters shallower than 200 meters. 

c 

Stratigraphically,  the Santa Barbara Channel contains a sequence 

Hydrocarbon production is obtained from both sequences 

The California Resource 
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To date 9 offshore o i l  f ie lds ,  4 offshore gas f i e l d s  and the 

Eight offshore platforms and one d r i l l i n g  
offshore extensions of 3 onshore o i l  f i e l d s  have been developed i n  the 
Santa Barbara Channel. 
is land have been s i t e d  on Sta te  tideland leases and 5 platforms have 
been erected on OCS leases acquired i n  the 1966 and 1968 OCS sales. 
Exploratory and de l inea t im  w e l l  d r i l l i n g  subsequent t o  the 1968 OCS 
sale has indicated a t  least 8. other probable producing areas most of 
which still require additional delineation before producing operations 
can be jus t i f ied .  

Following the blowout i n  Jan. 1969, a l l  operations on the OCS were 
suspended pending a review of safety and d r i l l i n g  procedures. Explora- 
tory d r i l l i n g  resumed on selected OCS leases by mid 1969 and more than 
35 exploratory and delineation w e l l s  have been d r i l l ed  s ince tha t  time. 
From Feb., 1969 u n t i l  April, 1971, an informal moratorium was i n  e f f ec t  
on a l l  S ta te  tideland leases, a t  which t i m e  operations were formally 
suspended. 
sal  t o  allow d r i l l i n g  from exis ten t  offshore structures.  
defer ra l  i n  Jan., 1975, of requests by Arc0 fo r  operations i n  South 
Elwood offshore on the grounds tha t  Arco's environmental statement 
needed more study and then rul ing that  Socal's request at  Summerland 
needed a f u l l  statement ra ther  than a negative declaration strongly 
suggests that  a de facto moratorium now ex i s t s  on S t a t e  tidelands i n  
the Santa Barbara Channel; more than 5 years a f t e r  i t s  i n i t i a l  inception. 

In  August 1974, the  U.S. Geological Survey approved development of 

In Dec. 1973, the S ta te  Lands Commission approved a propo- 
However the i r  

the Santa Ynee uni t  by Exxon a f t e r  lengthy environmental impact hear- 
ings. The Santa Ynez Unit which includes 3 of the 8 indicated produc- 
t i v e  areas found on OCS leases has an estimated recoverable o i l  poten- 
t i a l  of 0.7 t o  1.1 b i l l i o n  bar re l s  and gas poten t ia l  of 370 t o  550 
b i l l i o n  cubic feet. The Hondo f i e l d  i n  the eastern par t  of the uni t  is 
t o  be developed from a 28 w e l l  platform s i t e d  i n  850 f ee t  of water on 
the north s ide  of the indicated producing area. Further development of 
the unit may require 3 t o  5 additional platforms o r  the usage of 
submerged production systems. O i l  and gas has been tested a t  commercial 
rates from the Eocene Matilija sand, the Gaviota-Aegria-Sespe sands, 
the lower Miocene Vaqueros sand, the middle t o  upper Miocene lower 
Monterey sand, and the upper Miocene fractured, s i l i ceous  shales of the 
Monterey formation. This latter uni t  which is the primary reservoir i n  
the Hondo f i e ld ,  ranges i n  thickness from 1250 t o  2500 f e e t  and is 
composed of interbedded diatomaceous, s i l iceous,  cherty, calcareous 
phosphatic, and dolomitic "shales". 
matrix porosity created during the recrys ta l l iza t ion  of the or ig ina l  dia- 
tomaceous material. 
by recrys ta l l iza t ion  of opaline material t o  calcedonic chert. Good 
reservoir continuity is suggested by production testing. O i l  g rav i t ies  
range from 1 2  t o  26 API with GORs of 200 to  600. Sulfur content is 
between 3.5 and 4.0%. 

Some s i l iceous  uni t s  have favorable 

Chert zones tend t o  have f rac ture  porosity formed 

Permits have been requested f o r  an onshore f a c i l i t y  on a 15 acre 
s i te  i n  La Flores Canyon, 6.7 m i l e s  from the Hondo f ie ld ,  and for  a 

598 



1 

marine loading terminal 00. f ee t  offshore. ' In i t ia l  capacity of the 
onshore t rea t ing  faci l i t ies  is t o  be 40,000 BOPD with expansion capa- 
b i l i t i e s  t o  80,000 BOPD. pas production is estimated t o  peak a t  77 ' 

million cubic feet per day and,,will be sold a f t e r  removal of sulfur. 
I f  state and loca l  permits fo r  the onshore f a c i l i t i e s  and offshore 
marine terminal are not received, o i l  handling f a c i l i t i e s  w i l l  have t o  
be constructed on the offshore platform and gas production w i l l  have t o  
be r e in j  ected . 
Arc0 s t a r t ed  recompleting exis t ing wells i n  the South Elwood offshore 
f i e l d  i n t o  the Monterey formation. 
very similar t o  tha t  described a t  Hondo. 
producers, and 1 gas inject ion w e l l  had been recompleted from the 
Monterey and 5 additional wells were scheduled f o r  recompletion. 
the so-called removal of the moratorium on operations on Sta te  tideland 
leases, permits  were requested fo r  the d r i l l i n g  of an additional 17 
w e l l s  from the exis t ing platform. A s  the plans were formulated for  
i n s t a l l a t ion  of gas handling f a c i l i t i e s  on an exis t ing 4.46 acre,  
onshore f a c i l i t i e s  site. 
removal i f  permits are obtained. 

re inject ion is  necessary, and 20,000 BOPD i f  gas can be cleaned and 
sold. 

In  1969, the same year tha t  the Hondo accumulation was discovered, 

The l i tho logic  sequence there is 
By the end of 1973, 4 o i l  

Upon 

Again produced gas w i l l  be sold a f t e r  su l fu r  
I f  not, gas W i l l  have t o  be reinjected 

Producing rates are estimated a t  12,000 BOPD if gas i n t o  the Monterey. 

.. 

The offshore operations at  South Elwood and the pipel ine and 
marine terminal canstruetion i n  S ta te  t ide lands- to  support Hondo 
require permits from both the S ta te  Lands Commission and from the 
California Coastal Zone Commission. 
from the California Coastal Zone Connnission and the County of Santa 
Barbara, 
Elwood was approved by the Coastal Commission by an 8-3 vote a f t e r  
consideration of an Attorney General's opinion that Arco's p r io r  
a c t i v i t i e s  and expendftures which s t a r t ed  i n  1964, gave them a vested 
r igh t  fo r  operations. This rul ing was immediately challenged i n  the 
Superior Court by GOO, a 1500 member organization, on the grounds tha t  
the S ta t e  Lands commission had not given approval of individual w e l l  

, applications at  the time Arc0 was granted an exemption. 
"last .discretionaryv' approval had not been granted. 
v i t h  GOO'S interpretation. 
s ider ing Arco's 3 volume environmental impact report,' I n  Emson's 
operations, a lawsuit has been f i l e d  concerning t h e i r  proposed pipeline 

nstruction across state lands, and the S ta te  Lands Commission, i n  
n., 1975, requested the  Attorneys General t o  determine the va l id i ty  of 
xon's lease of S t a t e  lands f o r  the pipel ine and marine terminal 

Onshore f a c i l i t i e s  require permits 

The i n i t i a l  application fo r  renewed operations a t  South 

That is, the 
Ihe court agreed 

Ihe S ta t e  Lands Commfssion is also recon- 

construction. Further action by the Land Cotlrmission w i l l  be delayed 
u n t i l  the lawsuit has been t r ied.  

While these regulatory mazes are being traversed, gas production 
from Santa Barbara Channel f i e lds  as shown i n  Figure 9 has been declin- 
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ing a t  rates of 15 t o  30% per  year s ince production peaked at 58 
b i l l i o n  cubic f ee t  per year i n  1967. 
18.5 b i l l i o n  cubic feet .  Naturally state roya l t ies  and county ad 
valorem taxes have declined commensurately. The bulk of the decline is 
a t t r ibu tab le  to  the exhaustion of the dry gas f i e lds  on the north flank 
of the basin. 
lands there is no way t o  explore f o r  new accumulations which might slow 
o r  reverse the decline. 
which may range from 7 t o  25 b i l l i o n  cubic f ee t  per year would make a 
s igni f icant  contribution t o  the Channel's production. 

The 1974 est imated-rate  is only 

With the prohibit ion of new d r i l l i n g  ac t iv i ty  on state 

Gas production from Hondo and South Elwood 

As you would expect, o i l  production from Channel f i e l d s  as shown 
i n  Figure 10 also is declining a t  rates of 15 t o  25% per year from a 
peak production of 34.9 mill ion bar re l s  per year i n  1971 t o  an estimated 
rate of 20 million bar re l s  i n  1974. 
royalty and county ad valorem taxes has declined from an estimated peak 
of 9 million bar re l s  in 1968 t o  an estimated 3 mill ion bar re l s  i n  1974. 
O i l  production from Hondo and S. Elwood would e f fec t ive ly  double the 
1974 rate of production from Channel f ie lds .  Added production is 
possible at Dos Cuadros where a t  least 2 additional platforms are 
needed f o r  development dr i l l ing .  Permits fo r  these s t ructures  requested 
by the operators, were denied by the Department of In te r ior  i n  1971, 
and are currently being l i t iga ted .  

Ihe portion subject t o  state 

L 
The establishment of Eocene pay zones i n  the Santa Ynez Unit and 

of the Monterey fractured "shale" i n  both the Santa Ynez U n i t  and at  
South Elwood highlight the north flank of the Channel as an attractive 
area fo r  additional exploration f o r  these sparsely explored objectives. 
On the south flank of the basin, regional geologic relationships 
indicate tha t  the Eocene and Oligocene beds probably have not been 
buried as deeply nor have undergone as severe tectonic  deformation as 
in the north flank f ie lds .  Reservoir capacity consequently may be 
improved. 

Before concluding, I'd l i k e  t o  make a few observations about a new 
antiindustry argument which appeared i n  several comments in the  S. 
Elwood Environmental Impact Report. 
Elwood's production w i l l  only be 2% of the state's t o t a l  and t h i s  is 
such a small amount i t  i sn ' t  important and can eas i ly  be foregone. 
Table 2 shows tha t  only 10 of the state's 185 oil fields product at 
rates greater than 2X of the state's producing rate (878,000 BOPD i n  
O c t .  1974). 
from f ie ld8  which individually produce at  rates less than 2%. I f  we 
follow the anti-industry logic, then 95% of the state's exis t ing f i e lds  
can be shut in as they aren't large enough t o  be significant.  This is 
obvious foolishness. 

This argument i n  essence is - S. 

In  fact ,  35 t o  40% of the state's production is obtained 
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TABLE 2 

California o i l  f i e l d s  c lass i f ied  by 
Percent of State 's  Production Oc t .  1974 

Percent of 
State 's  Prod. 

0-1 
1-2 
2-3 
3-4 
4-5 
5-6 
6-7 
7-8 
8-9 
9-10 

Number of Percent of 
Fields State 's  Prod. 

16 3 10-11 
10* 11-12 
2** 12-13 
2 13-14 
2r** 14-15 
1 15-16 
0 16-17 
O**** 17-18 
1 18-19 
0 20-21 

Number of 
Fields 

0 
1 
0 
0 
0 
0 
0 
0 
0 
1 

* S. Elwood at 12,000 BOPD ** S. Elwood at  20,000 BOPD *** Hondo at  40,000 BOPD **** Hondo at  70,000 BOPD 

In conclusion, the t i m e  f o r  discussing the question "to be o r  not 

Regulatory and l eg i s l a t ive  decisions must be based 
to  be" is  passed. 
must be developed. 
on recognition of energy needs and a realistic assessment of documented 
fac tors  of safety,  sources of pollution, consequences of s p i l l s ,  and 
o i l  s p i l l  clean up technology rather  than on worst-case analysis and on 
emotional, s implis t ic ,  tabloid-like generalizations. Governmental 
agencies ra ther  than industry must be held accountable fo r  energy 
shortages which d i rec t ly  r e su l t  from prohibit ive regulations and 
policies.  
needed which recognize tha t  o i l  operations are not incompatible with 
environmental protection and which w i l l  provide clear guidelines t o  
governmental agencies and t o  the courts. The industry can develop the 
o i l  and gas resources in the Channel Without raping the land; devastating 
the coastl ine;  creat ing jungles of tank farms, re f iner ies ,  pipelines, 
d r i l l i n g  r igs ;  or  disrupting the economy o r  lives of millions. 
Channel has the poten t ia l  t o  be and must be allowed t o  be a s igni f icant  
contributor t o  the energy requirements of the local ,  regional, state 
and nat ional  population. 

The o i l  gas poten t ia l  of the Santa Barbara Channel 

More knowledgeable leg is la t ion ,  regulations and pol ic ies  are 

The 
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Figure 4 

SOME OF THE ENVIRONMENTAL AND RESOURCE 

AND SOUTHERN CALIFORNIA 
REPORTS ON SANTA BARBARA CHANNEL 
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Figure 7 
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Figure 9 

ANNUAL GAS PRODUCTION 
OFFSHORE SANTA BARBARA CHANNEL 

From Conservation Committee of California Reports 

(Excludes Rincon and Montalvo Offshore) 

L 

0 a 
>- 
a a 

LL 

U 

9 
3 
U 

‘1. 

.- 

C 
0 .- - - .- 
a 

>. 
0 
n 
‘1. a 
a 

LL 

U 

.a 
3 
U 

.- 

. c  

610 



Figure 10 

ANNUAL OIL PRODUCTION 
OFFSHORE SANTA BARBARA CHANNEL 

- .  . .  
From Conservation Committee of California Reports 

(Excludes Rincon and Montalvo Offshore) 
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* 
APPLICATION OF COMPLEX RESISTIVITY MEASUREMENTS J TO GEOTHERMAL PROSPECTING 

I 
I 

between regional  explorat ion techniques and d r i i l i n g  is geo- 
physics, 
geothermal f i e lds  are wel l  documented (Kruger and Otte, 1973; 
United Nations symposium on Geothermics, 1972), most of these 
c h a r a c t e r i s t i c s  are n o t  p a r t i c u l a r l y  suscept ib le  t o  conventional 

While physical and chemical c h a r a c t e r i s t i c s  of known 

by 
K.L. Zonge, J , C .  Wynn and G.N. Young 

Zonge Engineering & Research Organization 
85712 5634 E a s t  Pima, Tucson, Arizona 1 

ABSTRACT 

Recent f i e l d  t es t s  have indicated t h a t  a new r e s i s t i v i t y  
measuring technique can overcome many of t h e  l imi t a t ions  en- 
countered i n  deep r e s i s t i v i t y  surveys. This  new approach is 
based on low frequency t r a n s i e n t  o r  complex r e s i s t i v i t y  meas- 
urements similar t o  those which have been performed i n  t h e  
f i e l d  f o r  t he  past  t h r e e  years i n  t h e  search f o r  economic 
sulfides . 

Basic advantages of CR measurements are (1) the  removal 
of induct ive coupling e f f ec t s  which contaminate most resisti- 
v i t y  sounding methods, (2) deeper penetrat ion through the  use 
of received electromagnetic r e f l ec t ions  i n  mapping deep sub- 
surface s t ruc tu re ,  and (3) t h e  a b i l i t y  t o  i d e n t i f y  changes i n  
host  rock a l t e r a t i o n  a t  depth, and t o  provide an e l e c t r i c a l l y  
derived apparent geologic sect ion.  
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i v i t y  &d u l t  low frequency EM systems . Complex Res i s t iv i ty  
spectra  have been used t o  del ineate  areas of d i f f e r ing  host 
rock a l t e r a t ion  as w e l l  as mineral different ia t ion.  

- t i o n  electromagnetic effects  have been used as an a id  f o r  more 
accurate interpretat ion of r e s i s t i v i t y  pseudosections and 
apparent geologic structure.  Although t h i s  system has-not  yet 
been used d i r e c t l y  i n  the  search f o r  geothermal sources, the 
advantages of recognizing d i f f e r ing  a l t e r a t ion  patterns,  re- 
moving EM coupling e f f ec t s  i n  low r e s i s t i v i t y  areas, and using 
EM re f lec t ion  data f o r  deeper penetration a r e  all d i r e c t l y  
applicable t o  geothermal exploration. 

Host Rock Delineation 

duction qual i ty  i n  geothermal f i e ldsa re  strongly associated 
wi th  the a l t e r a t ion  minerals present. 
been well-documented f o r  the  Otake and Komatsu f i e l d s  i n  Japan, 
with the greatest  geothermal a c t i v i t y  being associated w i t h  an 
a luni te  zone, hosting a lun i t e  and other re la ted clay minerals 
including kaolin and montmorillonite. When ch lo r i t e  a l t e r a t ion  
products are exposed t o  hot geothermal f lu ids ,  large amounts of 
chloride ions go d i rec t ly  in to  solution. 
indicate t h a t  "Chloride is the  most c r i t i c a l  s ingle  constituent 
i n  distinguishing hot-water systems from va or-dominated systems.. 
..a chloride-bearing water body (C1 3 5OPPMp def in i t e ly  indi-  
cates  a hot-water system." Chloritized rocks give a de f in i t e  
spec t ra l  signature as w i l l  be explained i n  the  following 
discussion. 

I n  addi- 
-. 

As discussed i n  Browne (1972), the  zones of highest pro- 

Alteration zoning has 

X r u g e r  and Otte (1973) 

Recent laboratory and f i e l d  research (Zonge and Wynn, 1975) 
has indicated tha t  the  spec t ra l  response of mineralized and 
unmineralized rocks can be loosely grouped in to  three categories. 
These "host'' responses are shown i n  Figure 1 i n  an idealized 

an inherent e l e c t r i c a l  signature, and the in t ens i ty  and type 
of response appears t o  be closely related t o  a l t e r a t ion  and 
a l t e r a t ion  products. 

A portion of some laboratory measurements are summarized 
i n  Figures 2 and 3 and represent a suggestive correlat ion al- 
though incomplete i n  scope. 
Figure 2, that  the  ch lo r i t e  a l t e r a t ion  discussed above gives 
a reasonably consistent Type C response. This  trend is a l so  
consistently noted i n  f i e l d  measurements over chlor i t ized areas. 

system by combining the  magnitude and phase responses of rocks 
measured a t  24 discre te  frequencies ranging from .01 Hz through 
110 Hz. 
plane, in-phase vs. quadrature o r  real vs. imaginary, as i n  
Figure 1. Field measurements a r e  typ ica l ly  made with a dipole- 
dipole array and the  data plotted i n  pseudosection form similar 
t o  conventional representations of r e s i s t i v i t y  data. 

o m  as Type A ,  B and C curves. Almost a l l  rocks seem t o  have 

Note from the  middle graph i n  

These host rock signatures are measured with our current 

These results are usually plotted i n  the complex 

L 

1 
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A representat ive set  of data over a hydrothermal ore  

Figures -7 a d .  8 show 

depos i t  is given i n  Figures  4, 5.and 6, 
response in-Figure  5 ou t l ines  the c lay-ser ic i te  a l t ' e ra t ion  

: .North of. t h e  fault zone qu i t e  w e l l .  
another example of t he  'use of tcomple 
na te  between rock types. I n  th i s  ca 

suhsequent d r i l l  hole at '  s t a t i o n  4. confirmed 'the 'elect 
derived geologic sec t ion  and in te rsec ted  f r e sh -vo lcan i  
1150 feet; 
de l inea tes  rock type changes missed by 
polar izat ion.  

The Type A host  rock 

s i s t i v i t y  t o  discrimi- 
either m c k  type is 

. 

. ,  s i g n i f i c a n t l y  alcered, and no sulfides are indicated,  A 

As i n  t h i s  case, host  rock s p e c t r a l  data of ten 
' " s t i v i t y  o r  induced 

Electromagnetic Ef fec ts  

:EM e f f e c t s  are general ly  considered a problem in normal 
induced polar izat ion (IP) o r  resis t ivf ty 'sur i reys , ,  However, 
the full s p e c t r a l  measurements of CR permit the  complete 're- 
moval of unwanted induct ive coupling and t h e  u t i l i z a t i o n  of 
r e f l e c t i v e  coupling for  EM sounding me 
Zonge ; 1975) 

techniques t o  some advantage, 
attempts is reported by Kinghorn (1967), who obtained l i m i t e d  
success i n  de l inea t ing  r e s i s t i v e * s t r u c t u r e  t o  a depth of 
approximately 1500 meters using a perpendicular bipole-dipole 

i '  array,  The main problems encountered w i t h  h i s  system a r e  
e l e c t r i c a l ' n o i s e  and the  i n a b i l i t y  t o  remove ,polar izat ion 
e f f e c t s  of the  ground which would c rea t e  in to le rab le  e r r o r s  i n  
depth calculat ions.  

and separat ion of responses due t o  EM r e f l e c t i o n s  and ground 
polar iza t ion  e f fec ts .  
i n  areas of low r e s i s t i v i t y  and intense a l t e r a t i o n  - a combination 
which usually renders  measurements from conventional r e s i s t i v i t y  
.techniques inaccurate.  

I n  order  t o  t e s t  the o s s i b i l i t i e s  of EM so 
niques, t he  'UJillcox Playa fa d ry  ke ' near  Tucso 
was  selected as a t e s t  s i te .  Th ake bed sediments are be- 
l ieved t o  b a t  least  k000 feet  ck and very conductive, so 
t h i s  provided a good, extreme tes t  area.  
shor t  by l ack  of time and input  power, s ince  our system then 

ments (Wynn and 

EM r e f l ec t ion  
One of t he  more successful  

Several  i r ivest igators  have t r ied 

* The present  CR system provides s e l e c t i v e  d i g i t a l  f i l t e r i n g  

This  permits u s e , o f  EM sounding techniques 

These tests were cu t  

u t t i n g  less than 500 watts i n t o  the  low resis- ' was capable o 
owever, these i n i t i a l  measurements look 
wo sets are included i 

nsmit ter  is a 15OOmeter b 
ving dipole ,  

shallow soundings 'i 

he subsequent f igures ,  

' This i s ' a  typ ica l  s u i t e  of curves f a r  a~ layered earth environ- 
ment w i t h  l aye r s  a t  pth increasing i n  r e s i s t i v i t y .  'Figure 
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10 displays a set  of t h e o r e t i c a l  two-layer ea r th  curves f o r  
constant N-spacing, constant depth t o  dipole  length r a t i o  
(D/A), and varying r e s i s t i vT ty  contrasts .  
perpendicular bipole-dipole a r r ay  used f o r  t h e  ca lcu la t ions  
and f o r  f i e l d  measurements. 
r e s i s t i v i t y  contrast .  Figure 11 shows t h e  r e s u l t s  of curve 
matching four  of the  s ix  curves i n  Figure 9. This approach 
can be considered as a type of r e s i s t i v i t y  inversion where 
unique s impl i s t i c  models can be obtained from suites of curves 
obtained by varying frequency and N-spacing. Figure 1 2  again 
shows f i e l d  and curve matched data f o r  a deeper sounding i n  
t h e  same area. A good fit was  obtained only after an aniso- 
t rop ic  l aye r  a t  200 meters w a s  included. 

I t . h a s  been observed during the  course of normal res i s -  
t i v i t y  surveys t h a t  EM re r l ec t ions  are more diagnost ic  of both 
shallow and deep r e s i s t i v i t y  in t e r f aces  than standard resis- 
t i v i t y  sounding methods, 
onic s tage  of i n t e rp re t ing  r e f l e c t i o n  data i n  the  course of 
normal r e s i s t i v i t y  analysis ,  t h e  work done so far  has been 
encouraging and rewarding. 
inversion process, a l a r g e  amount of computer processing needs 
to be done f o r  accurate  results. However, it appears that 
rough depth estimates f o r  f i e l d  data w i l l  be possible  by con- 
s t ruc t ing  sets of "type" curves f o r  EM r e f l e c t i o n  data. 

Using reasonable s i z e d  a r rays ,  it appears possible  t o  
obtain accurate  sounding results t o  a t  l e a s t  2000 meters. A 
reasonable s i zed  system would be a t r ansmi t t e r  bipole  2000 
meters long and a rece iver  dipole  of 400 meters. 
ience is needed t o  f ind  out  w h a t  can be a c t u a l l y  expected i n  
complex geologic areas. 

Also shown is  the  

Note t h e  s t rong dependence upon 

Although we are still  i n  the  embry- 

Due t o  the  complexity of t h i s  

More exper- 

Conclusions 

To date, the  Complex R e s i s t i v i t y  system has been used i n  
mineral explorat ion over a wide range of environments i n  t h e  
U.S. and Canada, but not ye t  over an ac t ive  geothermal zone. 
The evidence, both f i e ld  and theo re t i ca l ,  ind ica tes  t h a t  CR is 
p a r t i c u l a r l y  w e l l  su i t ed  f o r  de l inea t ing  and evaluat ing a geo- 
thermal system, f i l l i n g  the gaps l e f t  by conventional geophysi- 
c a l  and geochemical techniques. It can discr iminate  between 
a l t e r a t i o n  types and i n t e n s i t y  of a l t e r a t i o n ,  and between differ-  
ent barren,  unaltered rock types as well. I n  addi t ion,  e lectro-  
magnetic coupling can be used t o  i d e n t i f y  conductors a t  depth. 
Instead of being treated as a nuisance and avoided, it can be 
exploited t o  augment the  effect iveness  of t h e  system. Complex 
R e s i s t i v i t y  is a hybrid technique which adds another dimension 
t o  r e s i s t i v i t y  and Induced Polar izat ion,  and i n  the  process has 
been establ ished as a powerful new t o o l  i n  mineral exploration. 
We expect it w i l l  soon be established as an equal ly  powerful 
t o o l  i n  the  explorat ion f o r  and evaluat ion of geothermal energy 
resources. 
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