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ABSTRACT 

Microfossils  including benthic and plankt ic  foraminifera, ostracodes, 

calcareous algae , f is  k e l e t a l  material, 

found i n  14 core s i n  the Cerro Pr ie to  

geothermal I _  f i e l d ,  p r  

of sediments compr 

n t s  of pelecypods were 

g evidence of both the age and deposit ional h i s tory  

Pleistocene sect ion i n  

g in  c o n s t i t u t e  the most 

common microfossils  present i n  t h i s  sequence occurring i n  8 samples; i n  s i t u  

l i t t o r a l  and neritic species of enthic  foraminifera occur i n  5 samples with 

plankt ic  species p r  i n  2 samples. Dis t r ibu t iona l  pa t te rns  of ostracodes 

and foraminifera t o  r with previously analyzed l i t h o f a c i e s  (Lyons and van 

de Kamp, 1980) indicate  t h a t  the Cerro P r i e t o  sec t ion  represents an in te r -  

tonguing complex of a l l u v i a l ,  d e l  

ments deposited-along the f ront  of the  Colorado River d e l t a  as it prograded 

across the Salro Trough during Pliocene and Pleistocene t i m e .  Foraminiferal 

1 -- 
, %  

ic,  es tuar ine,  and shallow marine environ- 

sandand shaleunitcommonlypresentatdepthsbetween 

represents a s igni f icant  mid-Pleistocene marine incursion i n  700 and, 11 

the Cerro Pr ie to  area, 

the well dated 

Tentative cor re la t ion  of the Cerro P r i e t o  sect ion with 

alm,Springs Formation of the Imperial Valley, California area 

.,suggests t h a t  the Pliocene/P$eistocene boundary occurs a t  a depth of approxi- 

-matelp 2000 m i n  the area o f , w e l l  M-93. Reworked specimens of Cretaceous 

foraminifera and fragments of the Cretaceous pelecypod Inoceramus were found 

i n  f ive  samples fur ther  subs tan t ia t ing  the Colorado Plateau provenance of 8 

s igni f icant  portion of the Colorado River d e l t a i c  sediments i n  the Cerro 

P r i e t o  area. I , *  . *  
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INTRODUCTION 

Thirty core samples from twenty wells d r i l l e d  i n  the  Cerro P r i e to  

geothermal f i e l d ,  Baja Cal i fornia ,  Mexico (Figs. 1 and 2) were analyzed for  

microfossi ls  with the aim of c l a r i fy ing  the age, provenance, and deposi t ional  

h i s tory  of sediments forming the s t ra t igraphic  column i n  t h i s  area. Micro- 

f o s s i l s  including foraminifera, ostracodes, calcareous algae,  f i s h  ske le t a l  

mater ia l ,  and fragments of pelecypods were found i n  14 samples from 11 of 

the  20 w e ' l l s  studied, with microfossi ls  occurring a t  w e l l  depths ranging from 

185.111 t o  1952 m; samples were not analyzed for nannofossils. 

placed on ana lys i s  of foraminifera due t o  t h e i r  w e l l  es tabl ished environmental 

preferences. 

Emphasis was 

'Seismic evidence and d r i l l i n g  records indicate  tha t  an average of 3000 m 

of un l i th i f i ed  sediments and indurated sedimentary rock of Holocene, Pleis to-  

cene, and Pliocene age over l ie  granodior i t ic  basement rock i n  the cen t r a l  area 

of t he  Cerro Pr ie to  geothermal f ie ld ,with the sedimentary column thickening t o  

the northeast  and thinning t o  the southwest (Lyons and van de Kamp, 1980). 

The various Plio-Pleistocene l i thofac ies  forming t h i s  sequence represent a 

complex of intertonguing non-marine and shallow marine sediments deposited 

along the southwestern margin of the Colorado River d e l t a  as i t  prograded in to  

and ult imately f i l l e d  the Salton Trough i n  the northern portion of the Gulf of 

Cal i fornia  r i f t  system (Lyonsand van de Kamp, 1980). Pleistocene tectonic  and 

volcanic a c t i v i t y  are thought t o  be responsible fo r  both fau l t ing  of t h i s  

sequence as w e l l  as the present geothermal a c t i v i t y  i n  the Cerro P r i e to  area. 

Age and environmentally diagnostic microfossi ls  have been found i n  many 

upper Cenozoic formations of the Imperial Valley-Mexicali Valley-Colorado 

2 



River area (Fig. 1) as de ta i led  by Tarbet and Holman (19441, Arnal (19611, 

rriam and Ba t h  (19701, and Ingle (1974), providing 

t i o n  for  reconstructing s t  recent geologic 

e c i f i c a l l y ,  the occurrence and 

ne species of foraminifera have not only 

. ne deposit ion but so allowed var ia t ions  

i n  depth of water and subsidence t o  be analyzed (I 

occurrences of Cretaceous foraminif era redeposited i n  Plio-Ple i s  tocene 
1 -  i I 

Colorado River d e l t a i c  deposi ts  of t he  Salton Trough from exposures i n  the 

ado‘ Plateau’ ( te evidence of the  

Colorado River drainage system (Lucchitta,  1972) 

A previous analysis  of well cu t t i ngs  from 55 wells i n  the Cerro P r i e to  
i 

f i e l d  disclosed the  presence of ostracodes, redeposited Cretaceous and mid - 
ton,  ’ f ish s k e l e t a l  material, 

on and Vonder Haar, 1979); no 

minifera were ident i f ied  i n  these 
w 

species of plankt ic  

(Cushman and Ponton) 

38 (480 m) was enigmatic inasmuch as cu r ren t  

l i f o r n i a  preclude 

CI t i o n  in- the northern port ion of t 

. 
ign i f icant ly ,  no s 

xamined during t h i s  study. 
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Core samples examined ranged from l i g h t l y  l i t h i f i e d  sands and shales  t o  
1 

highly indurated sedimentary rock representing hydrothermally a l t e r ed  sands, , 
- -  

s i l t s ,  and muds (Lyons and van de Kamp, 1980; Vonder Haar and Howard, 1979). 

Special  care was taken with samples thought t o  represent mater ia l  not highly 

a l t e r ed  by geothermal f lu ids  due t o  the increased po ten t i a l  of t h i s  mat 

fo r  yielding microfossils .  Megascopic and hand lens  examination of cores 

suggested the following samples represent some of the least a l t e r ed  material 

ava i lab le  including samples M-3 (2206 m), M-5 (500-506 m), M-5 (706 m),  M-5, 

(900 m), M-6 (700-704 m), M-9 (818-824 m), M-11 (700-705 m), M-15 (704-706 m), 

M-15 (1090-1095 m), M-15 (1239-1244 m), M-21 (185-191 m), M-93 (1565-1573 m), 

and.Nt-1 (1886.5-1895.5 m). 

LABORATORY METHODS 
3 Approximately 120-150 c m  of material was broken from the  center  of each 

core sample with spec ia l  care taken t o  exclude d r i l l i n g  mud caked on the  

ex te r io r  of the cores. 

and p e s t l e  t o  small pebble and g r i t  sized pa r t i c l e s .  

placed i n  a 400 m l  g lass  beaker and covered with a so lu t ion  of Quaternary-0 

(an i n d u s t r i a l  grade detergent) and water and l e f t  t o  soak and disaggregate : L  

for  24 hours. 

but t h i s  s t ep  proved unnecessary or a l t e rng te ly  did not assist i n  disaggre- 

gat ing .the most, highly indurated material. I n  f a c t ,  thos 

deeper and most hydrothermally a l t e r ed  port ions of the  Cerro P r i e to  sequence 

Each core sample was then crushed using an i ron  mortar 

Crushed material was next 

I n  a few cases samples were heated i n  the Quaternary-0 so lu t ion  1 : * I .  

, were generally so w e l l  indurated t h a t  processing with kerosene and/ 

did not break the  material i n t o  . .  smaller p a r t i c l e s  tha  Quaternary,-0 

produced by crushing with the mortar and pes t le .  

4 



After soaking' and disaggregation i n  the Quaternary-0 solut ion,  samples 

were placed on a.250 mesh 

.forced stream of water t o  remove c l ay  and silt s i z e  material and re ta in ing  

only sand s i z e  gra ins  and la rger  unbroken p a r t i c l e s  of the o r ig ina l  rock. 

G r i t  size and la rger  p a r t i c l e s  (grea te r  than 2 mm) were removed by wet seiving 

the  material through appropriate screens reducingsthe sample t o  dissaggregated 

sand-sized p a r t i c l e s  and/or broken sand-sized p a r t i c l e s  of the most well 

indurated sands and shales.  

and dr ied a t  5OoC. 

creen (62 micron openings) and washed using a 

. 
1 .  

This mater ia l  was then washed in to  a f i l t e r  paper 

. Washed and dr ied sand s i z e  material was then poured slowly i n t o  .a 400 m l  

g l a s s  beaker f i l l e d  with carbon te t rachlor ide  (CC14) i n  order t o  separate  

l i gh te r  fragments including foraminiferal  tests from heavier material by 

f loa ta t ion .  Floated material was next .decanted in to  a f i l t e r  paper for  drying 

and the remaining heavier material washed , in to  a separate  f i l t e r .  paper. The 

,floated 'separate w a s  placed i n  a small corked v i a l ,  i n  tu rn  placed i n  a la rger  

labeled v i a l  along with the dr ied heavy separate  to  await ana lys i s .  Any 

mater ia l  l a rger  than 2 mm remaining a f t e r  the washing process was placed back 

i n  the  o r ig ina l  sample bag- 

Washed,, f loated,  and dried sample rqaterial was examined as follows. 

* . I n i t i a l l y ,  f loated ,separate was poured onto a black metal picking t ray  and 

systematical ly  searched for  microfossi ls  a t  50X and 80X using a binocular 
1 1s found were picked using a w e t  sumi brush (no. 

350) and placed on individual ly  numbered 60-square cardboard microfossi l  

s l i d e s  -using ,water soluble gum tragacanth glue. .After examination of the 

f loated -separate  he remaining heavy separate  was sca t te red  onto the black 

a t  p les  
os tracode valves , i n  sample M-5 (706 ~ m) . 

. I  
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picking t r ay  i n  portions j u s t  large enough t o  cover the t ray  with it s i n g l e  

layer 'of  pa r t i c l e s  and a l s o  examined f o r  microfossils .  

search both the f loated-and heavier separates of each sample because not a l l  

It was necessary t o  

\microfossi ls  were separated by f loa t a t ion  i n  CC14. 

redeposited specimens of Cretaceous foraminifera f i l l e d v i t h c a l c i u m  carbonate 

and f i l l e d  specimens of Elphidium p n t e r i  Cole i n  sample M-93 (1944-1952 m) 

d id  not f loa t .  

specimens of un f i l l ed  foraminifera and ostracodes i n  several  samples which 

For example, most 

Alternately,  f l oa t a t ion  i n  CC14 recovered very r a r e  

might otherwise have been missed during examination of the more voluminous 

amounts of heavy 'separate. 

FAUNAL ANALYSIS 

The general  and spec i f i c  occurrences of microfossi ls  found i n  the  Cerro 

'Pr ie to  samples studied are de ta i led  on Tables 1 and 2; 16 of the 30 samples 

examined proved to  be barren of the microfossi l  groups analyzed. 

barren samples are from w e l l  depths below 800m,including the deeper portions 

Generally, 

of the  Cerro Pr ie to  sequence most highly affected by c i r cu la t ing  geothermal 

f lu ids .  

foraminifera found a t  1944-1952 m i n  w e l l  M-93 (Fig. 3). 

However, not a l l  deep samples were barren, with ostracodes and 

Because the mater ia l  

analyzed w a s  carefu l ly  extracted from core samples it i s  reasonable t o  assume 

t h a t  a l l  microfossi ls  found represent i n  place ( i n  -- s i t u )  occurrences and do 

not involve contaminated assemblages common t o  samples of well cu t t ings .  

Cotton and Vonder Haar (1979) discuss l i ke ly  examples of sample contamination . 

i n  t h e i r  study of cut t ings  from Cerro P r i e to  wells, noting t h a t  deep 

' 

occurrences of ostracodes i n  t h e i r  samples l i ke ly  represent downhole . .  
displacement by rec i rcu la t ing  d r i l l i n g  f luids .  The assumed -- i n  s i t u  nature of 

6 



microfossi l  Occurren 

subs t an t i a l ly  inc rea e fo r  both age a environmental 

determinations. 

the core samples analyzed during t h i s  study 

Ostracodes represent the most abundant microfossi ls  fo 

.. with foraminifera However, sample M-93 (1944-1952 m) contains  

common f i 1 led spec h ic  foraminifera Elphidium g u n t e r i  Cole. 

ts of Cretaceous foraminifera reworked and 

Foraminif era 

- 
Pleistocene foraminifera were found i n  f ive  samples including belrthic species . 

nantly shaly 

and 1100'm suggesting*a marine or ig in  fo r  these 
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sediments. This i n t e rp re t a t ion  is fur ther  strengthened by the occurrence 

of plankt ic  species of Globigerina and Globiger ini ta  within the same u n i t  

(Table 2) as discussed i n  a later sect ion of the report .  

Reworked Foraminifera 

Reworked specimens of Cretaceous foraminifera were f i r s t  reported from 

Colorado River d e l t a i c  sediments by Merriam and Bandy (1965) with later 

workers a l so  noting t h e i r  presence i n  Pliocene and Pleistocene marine and non- 

m a r i n e  sediments of t he  Imperial Valley (Lucchitta,  1972). 

b a r  $19791, previously documented t 

Cotton and Vonder 

eworked Cretaceous fora- 

minifera and calcareoug nannoplankton i n  the Cerro P r i e to  d e l t a i c  sequence. 

Rare f i l l e d  and abraded specimens of the Cretaceous plankt ic  genera Hedbergella 

and Heterohelix as well as a s ingle  specimen of the  benthic genera Gavelinella 

were found during t h i s  study a t  well depths ranging from 185 t o  916 m 

(Table 2). 

Cretaceous microfossi ls  i n  Colorado River d e l t a i c  sediments thought t o  repre- 

sent  material eroded from upper Cretaceous Mancos Shale exposures i n  Utah and 

Colorado and transported to  the Salton Trough area by the Colorado River 

(Merriam and Bandy, 1965; Lucchitta,  1972; Ingle ,  1974). 

and abraded fragments (prisms) of the comon Cretaceous pelecypod Inoceramus 

were also found i n  the  Cerro P r i e to  cores  (Table 2) providing addi t ional  

evidence of the provenance of the Plio-Pleistocene d e l t a  sediments from the 

Colorado Plateau region. 

These occurrences are thus cons is ten t  with earlier repor t s  of 

In te res t ing ly ,  broken 

. Of spec ia l  concern is  the f a c t  t h a t  no reworked specimens of the mid 

Ter t ia ry  p lankt  ic  -f oramin i f  el:, Cas s i ge r  ine l l a  c hip0 lens  is  ( Cushman and Ponton) 

were found.in any of  the core samples analyzed during t h i s  study. 

d i s t i n c t i v e  and age diagnostic (Oligocene t o  middle Miocene) species  was 

This 
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reported by Cotton and Vonder Haar (1979) to be present in cuttings from two 

Cerro Prieto wells. e same authors reco ed that the presence 

species, if confirmed, had significant implications for the geologic history 

of the Gulf of California. 

of Gulf evolution (Atwater, 1970; brig and Jensky, 1972; Moore, 1973; and 

others) call for initial marine incursions into the newly formed Gulf no 

earlier than late Miocene time (5-11 

thus precluding the presence of Oligoc 

in the Gulf rift from which the specimens of Cassigerinella might have been 

eroded and reworked into the Cerro Prieto. 

Cassigerinella and 

Currently accepted plate tectonic reconstructions 

2 on years before the present 

rough mid Miocene marine sediments 

The extremely rare occurrences of 

companying unidentifiable juvenile Tertiary planktic 

ound in Cerro Prieto wellscuttings 

the absence of these specie 

d during this tudy, suggest that 

otton and Vonder Haar 

uncontaminated core 

. I  

Cassigerinella may represent contamination from drill 

oted that lowe 

g pre-Gulf mid-Tertiary patterns of 

st of Mexico are prese 

. L  

marine sediments pr 

illips, and Allison, 1975; 

Helenes-Escamilla, 1979). In addition, mid-Miocene microfossils have been 

rmed from water 11s in coastal Sonora, Mexic 

1971). Thus, t emote possibility that the specimens of 

Cassigerinella reported in Cerro Prie 

(1979 ived -from Oligo-Mi arine units with 

California province. However, the northeast-southwes 

sediments by 

2Hereaf ter abbreviated "m. y .b . p. 
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Colorado River d e l t a  i n to  the Salton Trough fur ther  reduces the poss ib i l i t y  of 

reworking of Oligo-Miocene microfossi ls  from known mid-Cenozoic un i t s  exposed 

along the southwestern margin of the Gulf f a r  t o  the south of the Cerro P r i e to  

area 

Ostracodes 

Ostracodes are  small t o  microscopic crustaceans which secre te  a calcareous 

bivalved s h e l l  or  carapace; each animal produces many s h e l l s  during i t s  l i f e  

cycle due t o  shedding of she l l s  during each s tage ( i n s t a r )  of i t s  growth (Haq 

and Boersma, 1978). Ostracodes occur i n  f resh ,  brackish,  marine, and 

hypersaline waters with the lnajority of species having a benthic habit .  

Both fragments of ostracode s h e l l s  as w e l l  a s  complete s h e l l s  were found 

i n  e ight  of the core samples examined with abundant s h e l l s  occurring i n  sample 

M-5 (706 m). 

species but the moderate to  l i t t l e  ornamentation of the s h e l l s  suggests they 

No attempt was made to  ident i fy  these specimens t o  genera or  

represent shallow marine o r  brackish water species s imilar  t o  those previously 

reported from the Cerro P r i e to  wells by Cotton and Vonder Haar (1979). 

excel lent  state of preservation of the ostracodes including the most de l i ca t e  

features  of the s h e l l s  indicates  t ha t  they represent -- i n  s i t u  occurrences 

within the probable deltaic/marginal marine environment of deposition. 

Mollusks 

The 

Rare fragments of unornamented small pelecypods (clams) were found i n  four 

samples (Table 2).  

represents in-place occurrences of broken s h e l l  consis tent  with the Plio- 

Pleistocene deltaic/shallow marine environment of deposit ion envisioned fo r  

the Cerro Pr ie to  sequence. 

The f r a g i l e  nature of t h i s  mater ia l  d i c t a t e s  t ha t  i t  

10 
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c 

are common in  

- * .  , 

we 11s. 
7 .  , , 

piece of an aggl 

E) L f "  

Previous studies  of the stratigraphic sequence in the Cerro Prieto area 
j ~ c J  . *  

(Puent 78; Lyons and van' d 
e ; * -  - ' : r  

numerous reports hea ate 



adjacent Imperial Valley (Dibblee, 1954; Durham and Allison, 1960; Arnal , 
Merriam and Bandy, 1965; Downs and White, 1968; Metzger, 1 

Smith, 1970; Lucchitta,  1972; Ingle,  1974; Woodard, 1974) 

1 )  Colorado River de l t a i c  sediments began s p i l l i n g  in to  the nor 

reaches of the ances t ra l  Gulf of Cal i fornia  during latest Miocene o r  ea r ly  

Pliocene time (7-5 m.y.b.p.1, (2) progradation of t he  Colorado River d e l t a  

in to  the Cerro P r i e to  area of the Salton Trough occurred i n  mid-to-late 

Pliocene time (3-2 m.y.b.p.1, and (3) t h a t  the bulk of the  Cerro P r i e to  

s t ra t igraphic  sect ion was  l i ke ly  deposited during Pleistocene t i m e  (2-0.01 

m.y.b.p.) with severance of the  Gulf of California-Imperial Valley marine 

., . < 

, _  

connection by mid-Pleistocene time 

obtained during t h i s  study support 

- I  

Cerro P r i e to  sect ion t o  a depth of 

assigned a Pliocene age (Fig. 4); 

Pr ie to  sequences east and west of 

Pliocene/Pleistocene boundary may 

(circa - 1 m.y.b.p. 1. 

a Pleistocene age f o r  the  eastern port ion 

about 2000 m with underlying sediments 

Microfaunal da ta  

simple l i tho logic  co r re l a t ion  of the  Cerro 

the MichoacLn Faul t  (Fig. 4) suggests the 

occur a t  an approximate depth of 

1500-1600 m west of t h i s  f a u l t  (Fig. 4). 

plankt ic  foraminifera found i n  the  Cerro P r i e to  core samples (Table 2) ,  

exclusive of reworked Cretaceous specimens, are s t i l l  l iv ing  i n  the marginal 

eas te rn  Pac i f ic  Ocean today consis tent  with a general  Plio-Pleistocene age f o r  

A l l  of the species of benthic and 

t h i s  sequence. 

Biostrat igraphic  co r re l a t ion  of the Cerro P r i e to  sec t ion  with the much 

studied Imperial Valley Cal i fornia  Plio-Pleistocene sequence to  the north 

(Fig. 1) is  aided by the occurrence of a d i s t i n c t i v e  species  of benthic fora- 

minifera,  Elphidium p n t e r i  Cole, i n  sample M-93 (1944-1952 m). Signif i -  

cant ly ,  Elphidiumgunter i  Cole occurs i n  common t o  p r o l i f i c  abundance within 

12 



i 

i 

i a  (Arnal, 1961; . .  

. 
1977) ind ica te  

1 

Pliocene /P le is tocene epoch boundary (Be n Couvering, 1974) 
t j  

i n  the  upper half  of t h e  Palm Springs formation c lose  t o  the  s t r a t ig raph ica l ly  

(Woodard, 1974) and Elphidium 
* I  

J 

Thus, co r re l a t ion  of the horizon containing common specimens of Elphidium 
_ .  

gunter i  Cole i n  Cerro P r i e to  sample M-93 (1944-1952 m) with the youngest occur- 
, -  - l . I  " , -  : 2  I 7  t :  I t  

rence of t h i s  species  i n  the Palm Springs formation t o  the north suggests t h a t  

ocene age on 

is  absent (Table 2); sediments between 2000 and 3000 rn 
- ,  1 

are assumed t o  be Pliocene i n  age. This t en ta t ive  placement of the Pliocene/_ 

allow the marine shale  u n i t  pre hs of1730 ,to 1100 m i n  the 
- 0  6 

western pa r t  of the  Cerro P r i e to  f i e l d  t o  be ten ta t ive ly  dated as mid- 

Pleistocene i n  age (Fig. 4). 

13 



Depositional Environments 

Based on de ta i led  l i t ho fac i e s  and seismic analysis ,  

conclude t h a t  the Cerro P r i e to  sect ion represents series of inter-  

tonguing a l l u v i a l ,  d e l t a i c ,  and shallow marine u n i t s  deposited along 

margin of the Colorado River d e l t a  as it prograded southwestward across the 

Salton' Trough during Plio-Pleistocene time. 

Cretaceous foraminifera and Inoceramus prisms from the  Colorado Plateau as 

The presence of reworked 
'. 

L 

i n  s i t u  occurrences of brackish and marine ostracodes, oogonia of the -- 
, .  

f r e sh  k te r  algae -' Chara and l i t t o r a l  and 

f e ra  (Table 2) a l l  support t h i s  general  in te rpre ta t ion ,  with the d i s t r ibu t ion  

i t i c  species of benthic foramini- 

I 6  
of the be microfossi ls  a 1 lowing addi t ional  ins ights  regarding the deposi t ional  
- .  
environments represented i n  t h i s  sequence. 

. .  
Ostracodes are present i n  varying abundance throughout the Cerro Prieto.  

sec t ion  to  a depth of a t  l ea s t  1952 m with the unornamented nature of the 

s h e l l s  indicat ing a brackish or  shallow marine or igin.  Similar forms to  those 

present i n  the Cerro P r i e to  sediments are  common i n  the shallow marsh areas  of 

the  modern Salton Sea (Arnal, 1961) and lagoonal and de l t a i c  environments of 

the Gulf of Cal i fornia  (Bandy, 1963; Swain, Miller; and Mandelbaum, 1964) 

where individual species display spec i f ic  environmental tolerances.  Thus, 

fur ther  de ta i led  study of ostracode assemblages i n  the Cerro P r i e to  samples is 

recommended. Samples M-5 (500-506 m),  M-21 (185-191 m), M-39 (872-878 m), and 

E - 1  (1886.5-1895.5 m) contain ostracodes but no -- i n  s i t u  foraminifera, sugges- 

t i ng  these horizons represent f resh  o r  brackish water si tes of deposit ion 

based on modern trends of ostracode/foraminiferal  r a t i o s  i n  modern para l ic  

environments of coas t a l  Cal i fornia  and the Gulf of Cal i fornia  (Bandy, 1963). 

14 



The presence of the f resh  water algae - Chara i n  sample M-39 (872-878 m) is  

.further evidence of f resh .  o r ,  brackish water . .  environmen$s , >  ,_ ~ , i n  

The d i s t r i b u t i o n  of PJio-Pleistocene 

sec t ion  provides . _- d i r e c t  evidence ,?f marine% deposi  

sequence above 2000 , Foraminif era - i ative n f .  litt 

envitbnments are .present i n  f ive  core samples (Table, 2) with - "  four samples 
/ -J - -a  

including M-5 (706 m), M-5 (900 m), M-1,5 

Cerro Pr ie to  

a t r a n s i t i o n  
1 .  

Colorado River de Ita. 6.1. (d'orbigny) present i n  

dern Gulf of 

of 20 m based 
*<; ' , < e  

Cal i fornia  (Bandy, 1961; Phleger, 1964). 

species  of foraminifera including Globigerina sp. and Globigerinita uvula 

(Ehrenberg) i n  sample M-15 ( t h e  presence of open marine 

Final ly ,  

\ - 
1 
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I ,  

i n  t hese  samples precludes meaningful quant i ta t ive  ana lys i s ,  the s t r a t ig raph ic  

spec ie s  d i s t r ibu t ion  suggests t h a t  t h e  mid-Pleistocene sand and 

shale u n i t  present at depths of 700-1100 m represents  a s ign i f i can t  marine 

' ihcursion Induced by e i t h e r  a e u s t a t i c  rise $n sea l eve l ,  a reduction i n  the  

rate of progradation af t he  Colorado River d e l t a  i n  t h i s  area o r  a major 

change 'in locus .of deposit ion of the de l t a .  

Sandstone un i t s  underlying the marine u n i t  discussed above yielded only 

one sample containing -- i n  s i t u  benthic foraminifera, indicat ing the major 

portion of the 

estuarine environments. 

Cole i n  sample M-93 (1944-1952 m) along with rare ostracodes indicates  t h i s  

sediments were dep ted i n  brackish o r  non-marine d e l t a i c /  

However, the common presence of Elphidium gunter i  

horizon represents the si te of l i t t o r a l  marine deposit ion i n  water of 

subtropical  t o  t rop ica l  temperature based on the l iv ing  d i s t r ibu t ion  of t h i s  

species (Phleger, 1960). 

gun te r i  Cole display abnormal tests a l so  suggests a nearby source of f resh o r  

The f a c t  t h a t  many of the specimens of Elphidium 

brackish? water (Arnal, 1961) and an estuar ine environment of deposition. 

Foraminifera were not found i n  samples deeper than 1952 m but l i t ho fac i e s  

analysis  (Lyons .and van de Kamp, 1980) ind ica te  Pliocene(?) sediments below 

t h i s  depth l i ke ly  represent non-marine and occasional l i t t o r a l  o r  es tuar ine 

d e l t a  f ront  environments. 
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TABLE 1. GENERAL OCCURRENCE OF MICROFOSSILS IN CORE SAMPLES 
EXAMINED FROM CERRO PRIETO GEOTHERMAL WELLS, 

BAJA CALIFORNIA, MEXICO 

Sample 
WELL Depth m Foraminifera Ostracodes Algae Other 

E-2 
M- 3 
M-5 

M-6 

M- 9 
M-11 

M-13 
M-15 

M-20 
M-21 
M-26 
M-38 
M-39 
M-93 

M-94 
M-96 
M-123 
M-129 

M-149 
EL-1 

1732-1736 
2206 

500-506  

706 
900 

1100-1106 
700-704' 
866-872 
1907-1913 
818-824 
700-705 
1099-1104 
847-853 
704-706 
1090-1095 
1239-1244 
911-916 
185-191 
12 70-12 75 
1213-1217 
872-878 
1565-15 73 
1944-1952 
2416-2421 
1977-1985 

1949 
1600-1610 
1800-1809 
18 8 9 -'189 7 
1886.5-1895.5 

X 
X 
X 

X 
X -  

X 

X 

X 
X 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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50
0-

50
6 
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70
6 
m 

90
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rn 

86
6-

87
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81
8-

82
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to
o-

10
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m 

91
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91
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1
8

5
1

9
1
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12
70
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27
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2-

87
8 

m 



I /-- 

XBL801-6718 

Figure 1. Location of the Cerro Prieto geothermal f i e l d  and the Salton Trough 
(from Lyons and van de Kamp, 1980). 
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XBL 804 -7022C 

Figure 2. Location of geothermal wells and faults in the Cerro Prieto 
area, and location of schematic cross section A-A' illustra- 
ted on Figure 4. 
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F i g u r e  3. R e p r e s e n t a t i v e  m i c r o f o s s i l s  r e c o v e r e d  f rom P l i o - P l e i s t o c e n e  
s e d i m e n t s  o f  t h e  Cerro P r i e t o  geo the rma l  f i e l d ,  Ba ja  C a l i -  
f o r n i a ,  I lex ico .  A. SEI1 ex te r ior  v iew o f  o s t r ac -ode  s h e l l  
from 706 m i n  w e l l  I:-5. B. SEI4 v i e w  o f  i n t e r i o r  of ostra- 
r o d e  s h e l l  f rom 706 m i n  w e l l  13-5. C. SEM view of reworked 
C r e t a c e o u s  Inoceramiis  p r i s m  f rom 818-824 m i n  we l l  Pi-9. D. 
SEM view o f r e w o r k e d  p a r t i a l  i n t e r n a l  mold o f  t h e  C r e t a c e o u s  
p l a n k t i c  f o r a m i n i f e r  Hedberge l  ____ l a .  E. L i n e  d rawing  of a 
r e p l a c e d  specimen of t h e  benthic-  f o r a m i n i f e r  - ~ -  Elph id ium 
g u n t e r i  Cole from 1944-1952 m i n  w e l l  11-93. Note t h a t  t h e  
d i s t a n c e  between t h e  two d o t s  b e n e a t h  e a c h  view r e p r e s e n t s  
100  mic rons .  
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Figure 4. Schematic cross section through the Cerro Prieto geothermal field, 
Baja California, Mexico. 
boundary is based upon analysis of foraminifera as discussed in text. 
Position of cross section shown on Fig. 2; figure modified from Vonder 
Haar and Howard (1979). 
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