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ABSTRACT
Microfossils including benthic gnd planktic foraminifera, ostracodes,

calcareopg_a}gae, f?shggkgle;al ma;etial, qu fragmentsiof pelecypods were
found in 14 core samples from depths of lgs‘to:19527m‘in thé Cerro Prieto
geo;hermgiifiglg,vprgyiQQng gvi&enceuof‘botbﬂthe gge»apdrdepositional history
of_sedimeﬁtg comprising ghg;3000-g-thick:fliocgpe‘ggd:Pleistoqeng section in
thisAargg, Ostrgcheg.gg brggkightwaégr and maripeiqyigin constitute the most
common mictofossi}svppegen?}inwthis sequence occurrigg iq_ﬁ samples; in situ
litgoral and ng;iticfspgcies:qf?bqqghicijrgminifgrglchur in 5 samples with
plank;ig{gpsqigs ptgsenpjig{Z_sgmplgs, ;Distgibutigna1>patterns of ostracodes
lgnd»fq:amipifgra‘goggthgrrwith,p:eviously_gna}y;ed_lithofacies_(Lyons and van
de Kamp, 1980) indicate that the Cerro Prieto section represents an inter-
tonguing complex of alluvial, deltaic, estuarine, and shallow marine environ-
ments deposited-along the front of the Colorado River delta as it prograded
across. the Salton.Trough during Pliocene and Pleistocene time.. Foraminiferal
~evidence . i;n&icag;es -that a sand and shale unit commonly present at depths betv.zeen
700;andallggbm;rgpreéentstahgignificant mid-Pleistocene marine incursion in
the Cerro Prieto area,. Tentative correlation of the Cerro Prieto section with
the well dated:Palm Springs Formation of the Imperial Valley, California:area
.suggests that the Pliocene/Pleistocene boundary occurs at a depth of approxi-
:mately 2000'm in the area of. well M-93.. Reworked specimens:of Cretaceous
foraminifera and fragments:of the Cretaceous pelecypod Inoceramus were found
in fivegsamplestfurther,sdbstantiating the Colorado Plateau provenance of a.
significantﬁportionaof the Colorado River deltaic. sediments in the Cerro

Prieto area...:



INTRODUCTION

“Thirty core samples from twenty wells drilled in the Cerro Prieto
geothermal field, Baja California, Mexico (Figs. 1 and 2) were énaiyzéa for
microfossils with the aim of clarifying the age, provenance, and’deﬁbéitidnai
history of sediments forming the stratigraphic column in thislafeé;'yﬁiéfo-'”
“fossils including foraminifera, ostracodes, calcareous algae, fish skeletal
material, and fragments of pelecypods were found in 14 samples from 11 of
the 20 wells ‘studied, with microfossils occurring at well depths ranging from
185 m to 1952 m; Saﬁples were not analyzed for nannofossils. :EmpHASis'wﬁé‘;
placed on analysis of foraminifera due to their well established environmental
preferences.

" 'Seismic evidence and drilling records indicate that an average of 3000 m
of unlithified sediments and indurated sedimentary rock of Holocene, Pleisto-
cene, and Pliocene age overlie granodioritic basement rock in the central area
of the Cerro Prieto geothermal field, with the sedimentary column thickening to
the northeast and thinning to the southwest (Lyons and van de Kamp, 1980).

The various Plio-Pleistocene lithofacies forming this sequence represent a
complei of intertonguing non-marine and shallow marine sediments deposited
along the southwestern margin of the Colorado River delta as it prograded imto
and ultimately filled the Salton Trough in the northern portion of the Gulf: of
California rift system (Lyonsand van de Kamp, 1980). Pleistocene tectonic and
volcanic activity are thought to be responsible for both faulting of this
sequence as well as the present geothermal activity in the Cerro Prieto area.
Age and environmentally diagnostic microfossils have been found in many-

upper Cenozoic formations of the Imperial Valley-Mexicali Valley-Colorado
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River area (F1g. 1) as deta1led by Tarbet and Holman (1944), Arnal (1961),
Merrlam and Bandy (1965), Sm1th (1970), and Ingle (1974), prov1d1ng
partlcularly useful 1nformat1on for reconstructlng the most recent geologlc

hlstory of th1s tecton1cally actlve reglon. Spec1f1cally, the occurrence and

dlstrlbutlon of Pllo—Ple1stocene spec1es of foram1n1fera have not only

prov1ded d1rect ev1dence of marine depos1t1on but have also allowed variations

in depth of water and subs1dence to be analyzed (Ingle, 1974) In add1t1on,

occurrences of Cretaceous foramlnlfera redeposlted in Pllo-PleLstocene
7w ‘ IV :

Colorado R1ver delta1c deposxts of the Salton Trough from exposures in the

iColorado Plateau (Merrlan and Bandy, 1965) prov1de concrete evidence of the

5provenance of these sedxments as well as 1nslght 1nto'the development of the

Colorado River drainage system (Lucchitta, 1972).

A previous analysis of well cuttings from 55 wells in the Cerro Prieto

f1eld disclosed the presence of ostracodes, redeposited Cretaceous and mid -

Tertlary foramlnlfera and calcareous nannoplankton, fish skeletal mater1a1,

fragments of pelecypods,'and plant'debrls (Cotton and'Vonder Haar, 1979); no

" in situ Plio-Pleistocene species of foraminifera were identified in these

" samples. However, the identification of a mid-Tertiary species of planktic

foraminifera, caéélgééinéi1a‘éhipbiehgis (Cushman and:Ponton):‘intsanplesAM?II

(351 m), M-11 (470 ©), and M-38 (480 m) was enigmatic inasmuch as current

'JLdeas regardlng the geologlc evolutlon of the Gulf of Callfornla preclude

1n1t1a1 marine sed1mentat1on in the northern portxon of the Gulf prlor to

upper Mlocene“time.' Hence, one of the obJect1Ves of the present study Was to

search for @dditional specimens of Cassigerinella in order to confirm its

anomalous' presence in the northern Gulf Fill. 3Slénificantly, nodspecimens'of

cagéigeriﬁei1a’Qéfé“fbdﬁaz{n‘aﬁy of the'sanples‘eianlned‘during this study.:

R



Core sanples examxned ranged from l1ght1y 11th1f1ed sands and‘shales to
h1ghly 1ndurated‘sed1mentary rock represent1ng hydrothermally altered sands, o
s11ts, and mnds (Lyons and ven de Kamp, 1980; Vonder Haar and Howard, 1979)
vSpec1al care was taken w1th samples thought to represent mater1a1 not h1gh1y _
altered by geothermal fluxds due to the 1ncreased potent1a1 of th1s mater1a1
for y1e1d1ng m1crofoss1ls; Megascop1c and hand lens examlnatlon of cores“
suggested the followxng samples represent some of the least altered materxal
avallable 1nc1ud1ng samples M-3 (2206 m) M-5 (500-506 m), M—S (706 m), M-5
(900 m), Mr6 (700 704 m), Mr9 (818-824 m), M—ll (700-705 m), MrlS (704-706 m),
M—lS (1090—1095 m), M—lS (1239-1244 m), M-21 (185 191 m), M-93 (1565 1573 m),

and NL—l (1886 5-1895.5 m).

LABORATORY METHODS

Approximately 120-150 cn3 of material was broken from the center of each
egre»sample with special care taken to exclude drilling mud cakedlon the :
exter}qr of the cores. Each core sample was then crushed’using an iron‘mortar
and pestle to small pebble and grit sized particles. Crnshed.material was next
. .placed in a 400 ml glass beaker and covered with a solution of Quaternarjjp
(an indpstrial_grade detergent) and water and left to soak and disaggregﬁte
for 24 hours. In a few cases samples were heated in the Quaternary-0 sglgtjon
but this step proved unnecessary or alternatelytdid not assist in disaggre-,
gating,the‘mpst,highly indurated material. 1In fact, those,samples_fron}the
deeper and most hydrothermally altered portlons of the Cerro Pr1eto sequence
. were generally g0 well 1ndurated that proce681ng w1th kerosene and/or!,K
.antergarx-q .did_not:hreak the nater1al 1nto»snaller particles than those

preduced by crushing with the mortar and pestle.



Aftef soaking and disaggregation in the Quaternary-0 solution, samples
were placed on .a.250 mesh screen (62 micron ppenipgs),and washed using a
fforged.QCream‘Qf»wﬁterAto remove clay and silt size material and retaining
‘qnly.sand size grains and Larger;upbrokenvpafticles of the original rock. -
Grit size and‘;arger_particles (greater: than 2 mm) were removed by wet seiving
the materialqthréugh,appropriate;screens reducing: the sample to dissaggregated
sand-sized particles-gﬁd/or broken sgqgfsiged Particles_of the most well
indurgted sandsvaﬂdfshales} . This material was then washed into a filter paper
and dried at 50°c.

. Washed and dried sand size mate{ial was then poured slowly into .a 400 ml
glass beaker filled with carbon tetrachloride (CC14)Zin,ordet to sepataté
_lightgr fragments including foraminiferal tests from heavier material by
floatation. Floated material was: next decanted into a filter paper for drying
and_the;rémaining heavier material washed .into a separate filter. paper. The
?ﬁloagedzseparaqé;was placed in .a small corked vial, in turn placed in a larger
,1abe1edfvial,élpng;witb.thg,dried.hggyy separate to await analysis. Any

. material larger -than 2 mm remaining after the‘ﬁashing process was placed back
vinatheioriginal sample bag. .. - |

‘Washed,,fldated; and dried sample material was examined as follows.

:-Initially, floated separate was :poured onto a black metal picking tray and

-.systematically searched for microfossils at SOXVand 80X using a;binocg}arv
_,micxoscope.¢,ALI:miérofossilsL,found were .picked using a wet sumi brush (mo.
350) -and placed.on,individually numbered 60-square cardboard microfossil

r;mslideS;using@Waterjsolublg“gqm{;ragacanthAglue.ngfte:iexamigatiqn of the-

lWith the exception of carbonaceous plant material common in many samples
and common fragments of ostracode valves in sample M-5 (706 m). .



picking tray in portiﬁns just.lafge>enough‘to cover'the‘ffay:with‘h gingle

layer of particles and also examined for microfossils. - It was necessary to

search’ both the floated -and heavier separates of each sample because not all
- microfossils were separated by floatation in‘CCIA.« For‘eiample,‘mdgt

- ~redeposited specimens of Cretaceous foraminifera filled with_‘.dalc‘ium carbonate

and filled specimens of Elphidium gunteri Cole in sample M-93 (1944-1952 m)

did not float. ‘Alternately, floatation in ccl, recovered very rare
specimens of unfilled foraminifera and ostracodes in several samples which
‘might ‘othérwise have been missed during examination of the more voluminous

amounts of heavy ‘separate. -

FAUNAL ‘ANALYSIS

The general and specific occurrences of microfossils found in the Cerro
‘Prieto samples studied are detailed on Tables 1 and 2; 16 of the 30 samples
examined proved to be barren of the microfossil groups analyzed. Generally,
" barren samples are from well depths below 800 m, including ;he déeper portions
of the Cerro Prieto sequence most highly affected by circulating geothermal
fluids. However, not all deep samples were barren, with ostracodes and
foraminifera found at 1944-1952 m in well M-93 (Fig. 3). Because the material
analyzed was carefully extracted from core samples it is reasonable ‘to assume
that all microfossils found represent in place (in situ) occurrences ‘and do
not involve contaminated assemblages common to samples of well cuttings.
Cotton and Vonder Haar (1979) discuss likely examples of sample contamination
in their study of cuttings from Cerro Prieto wells, noting that deep
occurrences of pst;gques in their samples likely represent dbwﬁhéié

displacement’by’recirchlating drilling fluids. The assumed in situ nature of

L%



m1crof05811 occurrences in the core samples analyzed durlng this study
substantlally 1ncreases‘the1r value for both age and env1ronmental :
determinations. |

Ostracodes represent the most abundant microfossils found dur1ng th1s study
with foramlnlfera generally rare.} However, sample M-93 (1944-1952 m) contains

common f111ed spec1mens of the benthxc foram1n1fera Elph1d1um 5unter1 Cole.

Preservation of all microfossils'ranged‘from moderate to excellent with the
eneeptiontof“filled endfehraded:tests of Cretaceous foraminifera reworked andt
transported from the Colorado Plateau area. ﬁvenmfilled‘llio;Pleistocene
Aspec1mens of foram1n1fera such as those found in M-93 (1944-1952 n) were
ivread1ly 1dent1f1able although dlssolutlon and/or abraslon allowed only generic
¢1dent1f1cat1on of some spec1mens of foramlnlfera in other samples (Table 2).

e

Foram1n1fera -

Foram1n1fera sre shelled protozoans of the class Sarcodina and constltute
the best known snd most w1dely utlllzed group of m1crofoss1ls ‘for ‘age and
enVLronmental determlnatlon in marxne sed1ments of Cenoz01c age. Benthlc or
bottom dwe111ng forms 1nc1ude speCLes wh1ch secrete a calcareous "shell" or
J'test as well as spec1es constructlng agglutlnated tests of mlneral and/or
blologlc partlcles held together with a secreted organ1c ‘cement.

Both 1n s1tu P11o-Ple1stocene foram1n1fera as well as reworked ‘Cretaceous

foram1n1fera were found in Cerro Prleto samples (Table 2).° In s1tu Plio-

Plelstocene foramlnlfera were found in five samples 1nc1ud1ng ‘benthic spec1es

of Bu11m1nella, Elph1d1um, Eplstom1ne11a, and Nonlonella ‘(Table 2). ‘SlgnL-
>f1cantly, most of these speclmens were found w1th1n a predomlnantly shaly

unit at depths between 700 and 1100 m suggestlng a marine or1g1n for ‘these



sediments. This interpretation is further strengthened by the occurrence

of planktic species of Globigerina and Globigerinita within the same unit

(Table 2) as discussed in a later section of the report.

:RewnrkedﬂFo:aminifera
. Reworked spec1mens of Cretaceous foraminifera were first neported fron
Colorado R1ver deltalc sediments by Merrlam and Bandy (1965) w1th later ‘
workers elsoAnq;;ng‘;hezr presence in Pliocene and Pleistocene marine and non-
marine sediments of the Imperial Valley (ﬂncepit;a, 1972). Cotton and Vonder
Haar ﬂ;???)?preyionsly:dpcumented the presence of :ewp;ked_Cretaceons fora-
m1n1fera and calcareous nannoplankton 1n the Cerro Prleto deltaic sequence.‘
'Rare fxlled and abraded spec1mens of the Cretaceous planktic genera Hedbergella
and_ﬂetergnellx as well as a single specimen of ;he benthic genera Gavelinella
were found during this study at well depths ranging from 185 to 916 m
(Table g)f These occurrences are thus consistent with earlier reporterqf
Cretaceous_microfoesils in Colorado River deltaie sediments thought.to repre-
sent material eroded from upper Cretaceous Mancoe Shale exposures in Utah and
Colorado and transported to the Salton Trougn area by the Colorado River
(Merriam and Bandy, 1965; Lucchitta, 1972; Ingle, 1974). Interestingly, broken
and abraded fragments (prisms) of the common Cretaceous pelecypodrInocefamusi
were also found in the Cerro Prieto cores (Table 2)nproviding additionnil
evidence of the provenanee,df the Plio-Pleistocene delta sediments frdn the
Colqrado.Piatenurpegion. |

. Of special concern is the fact that no reworked specimens of the mid

Tertiary‘plankticfforaminifer,_Cassigerinella chipolensis (Cnshman and Ponton)
were found 1n any. of the core samples analyzed dur1ng this study. This

distinctive and age d1agnost1c (Oligocene to middle Miocene) species was



; reported by Cotton and Vonder Haar (1979) to be present in cuttings from two
;Cerro Prieto wells.> These same authors recognized that the presence of this
fspec1es, 1f confirmed had s1gn1f1cant 1mp11cations for the geologic history
vof the Gulf of California. Currently accepted plate tectonic reconstructions
of Gulf evolution (Atwater, 1970; Karig and Jensky, 1972; Moore, 1973; and
others) call for 1n1t1a1 marine incur31ons 1nto the newly formed Gulf no E
earlier than late Miocene time (5 11 million years before the present )

. thus precluding the presence of Oligocenevthrough mid’Miocene marine sediments

in the Gulf rift from which the specimens of Cassigerinella might have been
eroded and reworked into the Cerro Pr1eto. The eXtremely rsre occurrences of

Cassigerinella and accompanying un1dent1f1able Juvenile Tertiary planktic

_(foraminifera found 1n Cerro Prieto well cuttings by Cotton and Vonder Haar
(1979) together with the absence of these species in uncontaminated core
\ samples analyzed during this study, suggest that the anomalous occurrences of

UECassigerinella may represent contamlnation from drilling mud or laboratory

contamination.t However, 1t should be noted that lower and middle Miocene
_merine sediments presumably representing pre-Gulf mid-Tertiary patterns of
marine deposition along the Pac1f1c Coast of MGXLCO are present on the L
peninsula of BaJa California (Mina, 1956' Gastil, Phillips, and Allison, 1975'
Helenes-Escamilla, 1979). In additionm, mid-Miocene microfossils have_been

~ reported but not confirmed“from‘water wells in coastal Sonors,,Mexico‘EGomezy
1971) _Thus, there remains the,remote possibility that the specimens of

Cass1ger1nella reported 1n Cerro Prieto sediments by Cotton and Vonder Haar

7(1979) were derived from Oligo-Miocene marine units w1th1n the Gulf of

California province. However, the northeast-southwest progrsdation of the

2Hereafter abbreviated "m.y.b.p."



Céio?édb River deita into the Saltoﬁ Trougﬁ further reduces the.possibility of
réworkiﬁg of bligd?Miocene micréfossils frbm'known mid-Cenozoic units ekpbéed

‘aléng’ﬁhe southﬁestern margin of the Gulf far to the south of the Cerrb Pfieto
sres.

Oséfacddes

Ostracodes are sﬁéll to microscopic crugtaceans which secréte a caléafedus
bivalved shell or carapace; each animal produces many shells during its life
'cyéie due to shedding of shells during each stage (instar) of its growth (Haq
and:BQéfsma,:i§78). Ostracodes occur in fresh, brackish, marine, and
Tﬁypérsaline waters with the majority of species having a benthic habit.

Both fragments of ostracode shells as well as complete shells were found
in éight of the core samples examined with abundant shells occurtihg in sample
M-5 (706 m). No attempt was made to identify these specimens to genera or
species but the moderate to little ornamentation of the shells suggests they
represent shallow marine or brackish water species similar to those previously
reported from the Cerro Prieto wells by Cotton and Vonder Haar (1979). The
excellent state of preservation of the ostracodes including the most delicate
features of the shells indicates-that they represent in situ occurrences
within the probable deltaic/marginal marine environment of deposition.
Mollusks

' Rére fragments of unornamented small pelecypods (clams) were found in four
sampies'(Table 2). The fragile nature of this material dictates that it
réﬁféséﬁts in-place occurrences of broken shell consistent with the Plio-
Pleistocehe deltaic/shallow marine environment of deposition envisioned for

the Cerro Prieto sequence.

10
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env1ronment at the delta marg1n.

(500-506 m) and may represent a broken p1ece of an agglutxnated benthlc

foramlnxfera.
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" As noted earlxer, rare fragments (prlsms) of the common Cretaceous
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pelecypod Inoceramus were found in four samples. Thxs is the flrst reported
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occurrence of thls d1st1nct1ve Cretaceous fOBSll debrls in Colorado R1ver
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‘delta1c sed1ments and further substantlates the tran8port of sxgn1f1cant
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amounts of Pl1o-Ple1stocene deltaxc sed1ments 1n the Salton Trough from the

Colorado Plateau reglon.
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Algae

A sxngle speclmen ofzthe oogon1a\of the fresh nater genera of algae,
Chara, was found in sample M—39 (872-878 m) ubogonaa of Qhﬁﬁﬁ are common 1n
fresh and bracklsh water deposlts of Cenozo1c age and the occurrence of thxs

31ngle spec1men suggests 1t was transported 1nto a shallow marxne or brack1sh
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Mlscellaneous m1crofoss1ls
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Y Phosphat1c f1sh bone was recovered in samPle M-26 (1270'1275 m) and adds

l1ttle to 1nterpretat1on of the Cerro Pr1eto sect1on, Cotton and Vonder Haar

Seyt 4 -

(1979) also report fxsh skeletal materlalyfrom drlll cuttxngs in Cerro Przeto
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g '_‘/L« zr,,;vv:; e WA ool 7( * - EER S S - Wi P : v"-«n

wells.

A broken agglutxnated or arenaceous tube was found in sample M—S
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Agz and Correlatlon of the Cerro Pr1eto Sect1on

Prev1ous stud1es of the strat1graph1c sequence in the Cerro Prleto area

Y : t iy ol

(Puente and de 1a Peﬁa, 1978' Lyons and van' de Kamp, 1980) together w1th

P -

numerous reports deal1ng w1th the late Cenozo1c depos1txonal hrstory of the
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adJacent Imper1a1 Valley (Dxbblee, 1954° Durham and Alllson, 1960 Arnal,
:1961' Merr1am and Bandy, 1965, Downs and Wh1te, 1968 Metzger, 1968 Hunt,
'1969 Smlth, 1970 Lucchxtta, 1972' Ingle, 1974 Woodard, 1974) all 1nd1cate
that (1) Colorado R1ver delta1c sed1ments began sp1ll1ng 1nto the northernmost
reaches of the ancestral Gulf of California durlng latest Mlocene or éa£1y"
Pl1ocene time (7—5 m.y b.j p.), (2) progradatlon of the Colorado R1ver delta
into the Cerro Prieto area of the Salton Trough occurred in m1d to-late ‘
Pllocene time (3—2 m. .b.p ), and (3) that the bulk of the Cerro Pr1eto o
strat1graph1c sect1on was 11ke1y deposxted dur1ng P1e1stocene tlme (2-0. 01‘
‘m.y.b.p ) w1th severance of the Gulf of Cal1forn1a-lmper1a1 Valley marine
”connect1on by mld-Plelstocene time (g&;gg 1 m.y.b.p.). Microfaunal data
obtained durxng‘thxs study support a P1e1stocene age for the eastern portlon
Cerro Prieto section to a depth of about 2000 m w1th underlylng sed1ments
assigned a P11ocene age (Fig, 4); simple 11tholog1c correlat1on of the Cerro
’Pr1eto sequences east and west of the M1choac5n Fault (Fig. 4) suggests the
P11oeene/P1e1stocene boundary may occur at an approx1mate depth of
| 1500-1600 m west of this fault (Fig. 4). All of the species of benthic and
planktic foraminifera found in the Cerro Prieto core samples (Table 2),
exclusive of reworked Cretaceous specimens, are still living in the marginal
eastern Pacific Ocean today consistent with a general Plio-Pleistocene age for
this sequence.

Biostratigraphic correlation of the Cerro Prieto sectiom with the much
studied Imperial Valley 6a1lfornia ?lio-?leistocene sequence to the north
(Fig. 1) is aided by the occurrence of a distincti&e speclee of benthic fora-

m1n1fera, Elph1d1um gg_terl Cole, in sample M—93 (1944—1952 m) Signifi-

cantly, Elph1d1um gunterl Cole occurs 1n common to prollflc abundance w1th1n

12
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[ 2]

;\.\:{;,» Ly BT
marlne sed1ments of the P11o-Ple15tocene Palm Sprxngs format1on and underlylng

Pllocene Imper1a1 format1on of the Imper1a1 Valley, Callforn1a (Arnal, 1961'

Merr1am and Bandy, 1965, Ingle, 1974) Recent paleomagnetlc stud1es of the‘

f & ke

Palm Sprlngs format10n (Opdyke, L1ndsay, Johnson, and Downs, 1977) 1nd1cate
that the 01duva1 event (1 8 m.y b p ), commonly ut111zed to 1dent1fy the
Pllocene/Plelstocene epoch boundary (Berggren and van Couverlng, 1974), occurs

S

1n the upper half of the Palm Sprlngs formatlon close to the strat1graph1cally

hlghest occurrence of beds conta1n1ng an 1mpover1shed marxne megafauna

(Woodard, 1974) and Elph1d1um gunter1 Cole (Arnal, 1961' Ingle, 1974).

Thus, correlatlon of the horxzon contaxnlng common speczmens of Elphldlum

‘,;_(,.~ RN S AR e

ggnterx Cole in Cerro Pr1eto sample M—93 (1944—1952 m) w1th the youngest occur-

i B
MR PR N

rence of thls spec1es in the Palm Sprlngs format1on to the north suggests that
S ST TT e R

,,,,, ~

the P11ocene/PleLstocene boundary (l 8 n.y .b p ) may be located close to a

b LR . - \'\ stk R T

depth of 2000 m beneath the eastern part Cerro Pr1eto geothermal f1e1d

3 ,.4 b

(Flg. 4) Strat1graph1ca11y h1gher sed1ments can 1n turn be asslgned a

";’;- i . Js’:’.‘ B

Plexstocene age on the ba51s of stratlgraphlc superpOSLtlon, assumed rates of

i ~. - RS 3

sed1mentat10n, nd the presence of 11ttora1 marxne mxcrofaunas in whxch »

l':,m

Elphldxum gunterl Cole 1s absent (Table 2), sedlments between 2000 and 3000 o

S .(,.4

are assumed to be P11ocene 1n age. Thzs tentat1ve placement of the Plxocene/

s oemnrwt oo Ll WL PR

Plelstocene boundary in the eastern Cerro Przeto sectxon 1s con51stent WLth
: Loy SVO-DNEL o ’
the estlmated m1d-P1exstocene (1 n.y .b p ) shoallng of the Gulf of Caleorn1a—
Inperlal Valley mar1ne connectlon based on lxthofac1es analysxs of the Cerro

oy oo -
ca 2

Pr1eto sequence by Lyons and van de Kamp (1980) These correlatlons also’M
allow the marlne shale un1t present at well depths of 750 to 1100 o 1n thetN‘z

western part of the Cerro Pr1eto f1eld to be tentatively dated as mid-

Pleistocene in age (Fig. 4).
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Depositional Envxronments

T Based on detailed 11thofac1es and seismic analysis,. Lyons andnvan de . Kamp
(1980) conclude that the Cerro Prieto.sect1on represents a series of 1nter—-:
tonguing alluvial, deltaic, and shallow marine units depOSLted along the o
margin of the Colorado Rrver delta as it prograded southwestward across the
Salton Trough during Plio—Pleistocene time. The presence of reworked | |
ECretaceous foraminifera and Inoceramus prisms from the Colorado Platean-as
‘well as 1n 51tu occurrences_of brackish and marine ostracodes, oogonia of the
fresh water algae thra, and littoral and neritic spec1es of benthic foramini-
fera (Table 2) a11 support this general 1nterpretation, w1th the distribution

of these microfossils a110w1ng additional 1n51ghts regarding the depositional
‘enwironnents represented in this sequence. -

IOStraeodes are'present in varying abundance throughout the Cerro Prieto_d
section to a depth of at least 1952 m with theﬂunornamented nature of the
shells indicating a.brackish or shallow marine origin. Similar forms to those
present in the Cerro Prieto sediments are common in the shallow marsh areas of
the modern Salton Sea (Arnal, 1961) and 1agoona1 and deltaic environments. of |
the Gulf of California (Bandy, 1963; Swain, Miller,;and Mandelbaun, 1964)
where‘individual species display specific environmental tolerances. ,Thns,.'
further detailed study of ostracode assemblages in the Cerro Prieto‘sampies is
recommended. Samples M-5 (500-506 m), M-21 (185-191 m), M-39 (872-878 m), and
NL-l (1886 5-1895.5 m) contain ostracodes but no in situ foraminifera, sugges-
ting these horizons represent fresh or brackish water sites of depositlon
based on modern trends of ostracode/foraniniferal»ratios in modern paralio

environments of coastal California and the dulf of California (Bandy, 1963);

14



The presence of the fresh water algae ghgsg-in\sample M-39 (872-878 m) is
[further evidence of fresh or brackish water;environmentstin this.area.pwﬁg o
. The distribution of Plio-Pleistocene foramlnifera in the Cerro Prieto
section provides direct evidence of marine depositlon in two, portlons of this

sequence above 2000 m. .. Foraminifera indicative of, littoral and neritic marine
. \_,\? N k .
env1ronments are present. in five core samples, (Table 2) with four samples

including M-5 (706 m), M-5 (900 m), M-15 (700-706 m) and M-15 (1090—1095 m);
located 1n a mid-Pleistocene shaly un1t present 1n mnch of the Cerro Prleto

sequence at depths between 700 and 1100 n (Fig. 4) This pattern of

(Y ra,‘

foraminiferal dlstribution 1nd1cates that this particular unit was likely

A 7 -:,W’lft” M i

deposited 1n a shallow marine env1ronment possibly encompassing a transitlon

T PR LT :
.p & climha Ll L

from a marine lagoon to open continental shelf along the margin of the

3 ilc-,'s.- SR G u:-.a-

ST s B

Colorado River delta.‘ Elphidium articulatum 8.1 (d Orbigny) present 1n

£

A A Y :_;?.‘M,-J.,‘t:., il

sample M—S (706 m) }s most _common 1n marine lagoons of the modern Gulf of

it . v
R ROTOOS DD IORCT AR

California (Bandy, 1961) 1nd1cat1ng a similar env1ronment for the ostracode-

1os7 ,_\..,\A,

rich assemblage found at this horizon (Table 2). Alternately, the presence of

s oyinen ! KBS LRY = W A ,,L-r ERDUIE T I R S FRANEY

Buliminella elegantissima (d Orbigny) Epistominella bradyana (Cushman),.w‘

and Nonionella sp. in sample M—lS (1090-1095 m) is indicative of an open

neritic (continental shelf) marine environment with water depths in excess;‘
of 20 m based on the modern distribution of these species in the Gulf of ;Ma

California (Bandy, 1961; Phleger, 1964). Finally, the occurrence of planktic

species of foraminifera including Globigerina sp. and Globigerinita uvula

(Ehrenberg) in sample M-15 (7OQ;ZO§‘ml“confirms the.presence of open marine
jyater adjacent to this area during the waning phases of.mid-Fleistocene,
marine deposition in this area,, Although-the.number of specimens of foraminifera

. s . . R . .
- ) N - B .
e Ty RS 4 o R SUF I R VS T e P s T M -~ P R
ooy enion ST UV D e BTID D BITN T U MRS f R

eF Loap St e oy Sre Yoy e tie 7o IR ORE
. 15



in these'eempleepreciudeenweningfﬁl‘quantitetive”analySie;“the*stratigraphic
pattérn’ of species distribution suggests that the mid-Pleistocene sand and
shale unit present at depths of 700-1100 m represents a significant marine .
"incursion induced by either a eustatic rise in sea level, a reduction in the’
rate of progradation of the:Colerado River delta in‘ttis area or a major

chﬁnge@in;IBEﬁé of déposition of the delta.’

Sandstone unlts underlylng the marine un1t d1scussed above ylelded only

-

one sample conta1n1ng 1n situ benth1c foram1n1fera, 1nd1cat1ng the maJor

port1on of these sedlments were deposxted in brack1sh or non-marine deltalc/

estuarlne env1ronments. However, the common presence of Elph1d1um gunterl

Cole in sample M—93 (1944-1952 m) along with rare ostracodes 1nd1cates this
horlzon tepresents the site of 11ttoral marine dep031t10n in water of
subtrop1ca1 to trop1ca1 temperature based on the 11v1ng d1str1butlon of this
ebecies (Phieger, 1960). iﬁe fact that'meej of the specimené of Elgﬁidiumy
| guntetiiéoie:diepley%abeotmal tests also sﬁggests a nearby source ef:fresh or
brackish water (Afﬁa1,71961)Aand an estuafine environment of &eposition.
Foraminifera were not found in‘sahples deeper than 1952 m but lithofacies
analysis (iyohe‘eed van de Kamﬁ, 1980) indicate Plioeeﬁe(?) sediments below
this)&eﬁthilikely‘repfeseﬁt non-marine and occasional littoral or estuarine

delta front 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 1732-1736
M-3 2206
M-5 - 500-506 X X X
706 X X
900 X X
1100-1106
M-6 700-704" -
- 866-872 - X
1907-1913
M-9 818-824 X
M-11 700-705
1099-1104 ,
M-13 847-853
M-15 704-706 X X
1090-1095 X
1239-1244
M-20 911-916 X X
M-21 185-191 X X
M-26 1270-1275 X
M-38 1213-1217
M-39 872-878 X X X
M-93 1565-1573
1944-1952 X X
M-94 2416-~-2421
M-96 1977-1985
M-123 1949 X
M-129 1600-1610
1800-1809
M-149 1889-1897
NL-1 1886.5-1895.5 4 ) X
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TABLE 2. SPECIFIC OCCURRENCE OF MICROFOSSILS IN CERRO PRIETO
’ G’EOTBBRHAL WELLS, BAJA CALIFORNIA, MEXICO

SAMPLES

1050-1095 o
911-916 n

818-824 o
M-20

M-5"

706 n
M-5

900 m
M-6
866-872 m
M-9 ‘

M-5
" 500-506 m
872-8718 m

1270-1275 m
H-93

M~-15
700-706 m
M-21
185-191 o
M-26
M-39

M-15

MICROFOSSILS

BENTHIC FORAMINIFERA
. Buliminiella elegantiaﬂm’,(d'Otbigny) 1 . . 1 =

Elphidium articulatum 8,1, (d'Orbigny) ' ) S - X

Elphidium gunteri Cole

Elphidium translucens Natland' ) ' » 4

Epistominella bradyana (Cuehman) i IR KA , X

.*Gavelinella sp. : o . X

£C

Nonionella sp. , L « ' X

PLANKTIC FORAMINIFERA _ ‘ 1
*Hedbergella spp. B ' ' o ’ ‘ B x| x

- *Heterohelix globosa (Ehrenberg) - 1-X

c}obigeti'na' spp. (Juveniles) \ = , x| X
Globigerinita uvula (Ehrenberg) '

L)

OSTRACODES . X|x IXx 1 X X X
HOI.LUSKS ‘ '
Pelecypod tragmencu ) N X X

Inoceramus prisms ' p 4 X X i X

1944-1952 o
| M-123
1949
1886.5-
1895.5 n

NL-1"

FISH BONES. - . L ' X

ALGAE , , _
Chara oogonia - : . ‘ X

MISCELLANEOUS ‘
Arenaceous tubes : x

*Revorked Cretaceous species from.Colorado Plateau area
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Figure 1. Location of the Cerro Prieto geothermal field and the Salton Trough
(from Lyons and van de Kamp, 1980).
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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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Figure 3.

XBB 821-493

Representat ive microfossils recovered from Plio-Pleistocene
sediments of the Cerro Prieto geothermal field, Baja Cali-
fornia, Mexico. A. SEM exterior view of ostracode shell
from 706 m in well }-5. B. SEM view of interior of ostra-
code shell from 706 m in well M-5. C. SEM view of reworked
Cretaceous Inoceramus prism from 818-824 m in well M-9. D.
SEM view of reworked partial internal mold of the Cretaceous
planktic foraminifer Hedbergella. E. Line drawing of a
replaced specimen of the benthic foraminifer Elphidium
gunteri Cole from 1944-1952 m in well M-93. Wote that the
distance bhetween the two dots beneath each view represents
100 microns. '
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Figure 4. Schematic cross section through the Cerro Prieto geothermal field,

Baja California, Mexico. Tentative position of the Pliocene/Pleistocene
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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