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ABSTRACT

This report is based on a detailed investigation of cuttingsvre—
covered from three wells in the Salton Sea geothermal field located
'at the southeast end of the Salton Sea, California. The wells,
.'Magmamax #2, Magmamax #3, and Woolsey #1 penetrate l340 m, 1200 m, and
730 m, respectively, of altered sandstones, siltstones, and shales of
the Colorado River delta.» The wells are located at the crest of a ,f
‘thermal anomaly, reach a maximum of 320 C‘at 1070 m, and produce a brine .

containing approximately 250 000 mg/l of dissolved solids.rn, |
B At shallow depths, hydrothermal alteration results in silicifica-
tion and localized potassium metasomatism of feldspars and montmoril— ,
.lonite to form K—mica. Increasing alteration causes dissolution of
silicates and precipitation of abundant calcite. In the highest staged
‘ alteration encountered calcite and detrital silicates are largely

'replaced by an assemblage of adularia, epidote, anhydrite, tremolite,
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pyrite, and hematite. Detrital mica is altered to chlorite, and in the
most altered rocks hydrothermal chlorite recrystallized to form biotite;
feldspafs are albitized and phyllosilicates replaced by albite. Sﬁall
amounts of garnet, talc, and'a.highAtémperature-montmorillonite are
present in the deepest rocks.

Each mineral assemblage has a limited vertical range. The presence
and abundance of secondary minérals is strongly controlled by the matrix
content. The impaired permeability of argillaceous rocks impedes water
circulation aﬁd slows reaction rates‘so thai rélict minerai assemblages
are préserved outside-their usual rangeé;

| Extensive oxygen and carbon isotope exchange has occurred between
geothermal brines and country rocks. Detrital and d}agenetic carbonates
havé.exchanged with the brines at tempefatures‘as low aé 100-150°C.
Both detrital and authigenic quartz in dense, highly aifered and:mineral—
ized san&stonés have completelonr alﬁost completely exchanged at tem—
peratures as low as 290°C; Hydrothermal epidote ox&gen dgl vélﬁesgére
apprbximately 4 o/oo lighter than‘coexisting quartz. Hydrothermai )
hematite is in appareﬁt oxygen isotopic equilibrium with quértz at
‘measured borehol temperatures (m300°C). | | o .

Superimposed on the gross trend of lower del values at’increasing
temperature is another important effect due to‘permeabilitf variations in
Eﬁe reservoir rocks.VFAquifers are cﬁéracféf;zed by low;éel_values;iand
aquitérds by high values. The oxygen déiv;alues of Qein‘caléifeh;re
0;1 o/do lighter than calcite cemen; in sandétbneé,iwhiéh inrturﬁ ié
1-7 6/oo 1iéhte; thén calcite in shale.‘_Hydrothermal alteraﬁion:ié_
‘ﬁore extenSiveAin zones chafacterized by low &éi values; and différs
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significantly from‘the'alteration assemblages in less permeable horizons.
Aquifer permeability'is predominahtly secondary and lithologic
variation hés a strong effect on the creation of microfractpres.' Water
circulation is largely,reétricted to ‘horizontal aquifers which have been
correlated between wells using-dgl values. Fluidscwithih veinlets are
locally derived and verticai fractureé have been felativelY'unimportant

as circulation channels.
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INTRODUCTION

Active geothermal areas provide an invaluable opporﬁunity to study
on—going hydrothermal alteration. 1In these areas it.is possible to
directly measure the temperature and depth at which minefals are forming
and also to analyze the circulating fluids. Similarly, the study of
hydrothermal alteration is an essential prerequisite to understanding
the hydrology.of a geothermal reservoir so that it can be investigated
and developed intelligently.

The intent of this study is to investiggte the effect of original
permeability variations én the altération aéd oxygen and carbon isotopic
composition ofithe rocks. Three adjacent §e11s, Magmamax #2, Magmamax #3,
and Woolsey #1, were.;tudied in order to trace these gffects laterally
~ as well as vertically. These particular wells were chosen because thef
had not yet been studied, sample recovery was excellent, and ;eqperature
and géqphysical data were available. )

This study.haé been arranged into two seﬁi—independent chapters--
petrology and stable isotope geochemistry--each with a final discussion
and summary of the data contained in it. The metric system is uséd

throughout except for recording depths at which samples were recovered

in order to conform with the drillers' records.



LOCATION AND PREVIOUS WORK

The Salton Sea geothermal field is located in an alluvial plain'.
at the southeast end of the Salton Séa in the Imperial Valley of
California (Fig. 1). The field exhibits anomolously high heat flow
(Rex, 1966), and is associated with a strong positive gravity aﬁomaly
(Elders and others, 1972). The compound positive magnetic anomaly of
thé area is only partly due to the exposed rhyolite volcanoes (Griscom
and Muffler, 1971).

Since 1961 the Salton Sea field has been the site of extensive
exploration for geothermal power. Somé 20 wells (Fig. 2) ranging in
depth from 1700' to 8100' have tapped an exceedingly saline brine with
over 250;000 mg/1 dissolved solids. Temperétures in the brine reservoir
" range up to 360°C at 7100'. |

The Magmamax #2, Magmamax #3, and Wbbisey #1 wells are located in
Section 33, T11S, 313E in the southwest;eﬂd of the Salton Sea geothermal
field (Fig. 2). The wells were drilled aﬁd logged by'Magma Power Com-
pan& in 1972. Magﬁamax‘#Z'and #3,<and Woolsey #1 were drilled to 4400',
4000', and 2400', respectively. Cuétings were collected at approximately

30' intervals. The lease, including nearby Magmamax #1 and #4, is con-

o

trolled by the Imperial Magma Company which is presently settiﬁg up an
'exﬁerimental two-stage heat exchange uhit.

Magmamax #2, #3, and Wbolséy #1 are located on the crest of the
thermal anomaly (Randall, 1974); temperature profiles of the three wells

are shown in Fig. 3. Magmamax #2 shows a slight, broad temperature
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dreversal at about 3600'. Temperatures were only logged to 3100' in
Magmamax #3, but the profile appears similar to that of Magmamax #2.

Muffler and White (1969) studied the mineralogy of cuttings and core
from IID #1 and Sportsman #1 at the northeast end of the anomaly and
compared these to samples from a deeper well, Wilson #1, drilled in the
center of the Imperial Valley. The wells penetrate a sequence of fiue-
.grained sandstones, siltstones, and shales which range in age from Recent
at the surface to late Pliocene at 8000' (Clayton and others, 1968). 1In
response to the elevated temperatures at depth, these sediments are being
transformed to low gradevmetamorphic rocks of the albite—epidote hornfels
facies (Muffler and White, 1968). The most common metamorphic assem~
blage at temperatures greater than 300°C is quartz + epidote + chlorite
+ K~-feldspar + albite % K-mica (Muffler and White, 1969). Decarbonation
reactions during.metamorphism are probably the'source of the abundant
CO2 produced from the Imperial Carbon Dioxide Gas Field (Muffler and
White, 1968)r

Subsurface stratigraphic correlations in the Salton Sea area are
very difficult to make due to the highly variable nature of the sand-
shale sequences and the presence of many fault zones. Randall (1974)
made parastratigraphic correlations among Salton Sea wells based on the
percent volume of sand bodies per 500' interval; his work suggests the
presence of:many minor faults. |

The saline brines contain over 250,000 mg/1 dissolved solids,
primarily Cl1, Na, Ca, K, and Fe (White, 1968). Brines from IID #1
deposited metal-rich siliceous scale containing an average of 207 Cu

and 6% Ag at a rate of 2-3 tons per month (Skinner and others, 1967).



This brine is a potential ore-forming fluid (Doe and others, 1966).
fLead and strontium isotopic evidence is compatible with an origin of the
heavy metals by leaching and recrystallization of sediments in the brine
reservoir (Doe and others, 1966) Coplen_(l973) analyzed over 200 well,
spring, and geothermal water sampleslfrom the Imperial Valley and con-
cluded‘that miost of the subsurface waterlis derived from the Colorado
River. ‘ ( ‘
Clayton and others (1968)‘studied carbonates and silicates in bulk
- --samples from River ﬁanch #1 and found extensive oxygen isotope exchange
between hydrothermal solutions‘and the country rocks; Carbonates and some
: silicatesvhave'reached-isotopicAequilibrinm'as'low as 150°C. There was
generally good agreement”betweenithe measured borehole temperatures'and
those derived from the calcite-water geothermometer using an estimated
oxygenvisotopic composition for water of 2,0 + .5 °/oo relative to SMOW.
They reported'a‘yolume ratio of water-rock reaction at depths between
3000'-6000"' of approximately 1.
,.There arerfive'small rhyolite dones aloné the crest of the thermal,
grayity, and magne:1¢~anoma11esi‘?ihese volcanics COntain‘abundant xeno-
.1iths‘conposed‘1ar§e1y of‘basalt,;ﬁithileSSer amounts‘ofrgranitic,‘sedi-.
mentary,.andVmetaSedimentary*rocks,“fThe origin of this bimodal rhyolite-'
vbasaltVassemblage'is attrihnted'to pOSSibleotﬁoFStagejfusion of”mantle‘

peridotite (Rob:l.nson'!and others, 1976) T‘Ranc’lé'i1?‘"(”’1'9'74) *foﬁﬁd'i:ha't' ‘the

ﬂafgeometry of: isotherms 4n the Salton Sea‘Field was tiot controlled by

Alocal stratigraphic or structural relationships, ‘but by the distance
-from a hypothesized magma instrusion that generated the anomaly. ‘However,

seismic refraction studies in the vicinity of the Salton Buttes found



no evidence for a significant intrusive body 1n the 6 km of sediments above
basement (Biehler, pers. com. 1975) An impermeable caprock of shale has

- acted as an insulating barrier'to retain most of the volcanic-related
heat within the water reservoir (Helgeson, 1968; ‘Muffler and White,

“ 1969 Randall, 1974)

REGIONAL SETTING

The Salton Trough, the landward extension of the Gulf of California, )

is a closed sedimentary basin about 200 km long and 5-130 km wide par- .
tially filled with lete Tertiary and Quaternary deltaic and lacustrine
sediments. It is a complex rift valley bordered by steep, step-faulted
mountains of Mesozoic and other crystalline rocke and is apparently
controlled by en-echelon faulting of the San Andreas and related fault
‘systems. To the south, it 1is separated from the Gulf of California by
the apex of the Colorado River delta. The Salton Sea, 70 m below sea
level, presently occupies the lowest point of“the Salton basin.

The Salton trough was probably a morphotectonic low as early as
the Miocene (Downs and others, 1961) when a marine embayment extended
as far north as the fish Creek Mountains (Du;hamvand Allison, 1962).
The Colorado Rivef began to empty into thevnortheastern Gulf of -
Celifornia in latest Miocene or early Pliocene (Longwell, 1954), and
has eince been the predominant source of detritus for the basin (Merriam
and Bandy,» 1965) although lesser volumes of material are also deriyed
frnm the basin na.rgins.r The Colorado Plateau-derived deltaic clastics

are distinctly less arkosic than basin margin sediments (Van de Kamp,



1973). These marginal alluvial fans have comﬁleX'facies relationships
with the deltaicvdeposits and lacustrine clays and silts that dominate
. the.sedimentshof the central‘nortion of the Salton basin (Van de Kamp,
.'1973; Bird, 1975). ‘

: Growth of‘the ColoradofRiver delta perpendicular to the Gulf of
California—Salton trough during the mid-Pleistocene resulted in the
isolation of the. Salton basin from the Gulf of California’ (Van de Kamp,
-1973). The present delta forms a low divide which marks the boundary
~ between the Imperial Valley of California and the Mexicali Valley of
dMexico.;

The major faults in the region are shown in Fig. 1. Movement along
the Banning-Mission Creek and San Jacinto faults is  known to: be right
lateral and was probably initiated in the Tertiary (Crowell 1962)
Faults in the basin itself are more difficult to identify-due to their
: usual lack of surface expression. Fault locations have.been deduced
mainly from seismic reflection (Sigurdson and others, 1971), electrical |
resistivity (Meidav and Ferguson, 1972), and microearthquake studies d'

' (Combs and Hadley, 1973). The Salton trough 1e believed to have formed
by'a combination of tensional”and»right-lateral strike-slip movements
associated with the opening of the Gulf of California (Elders and others,
1972) o D -

The Salton trough is characterized as an area of high heat flon
(Rex, 1966; Helgeson, 1968) The localized high thermal gradients at
Vthe Salton Buttes, Cerro Prieto Heber and East MEsa are associated

with high heat flows. Only at Salton Buttes and Cerro Prieto is there



10

, surface;expressionrof these thérmalfanomaiies in the form of warm'’

springs and Quaternary voléénic domes. One of the Salton Buttes domes

. has been dated, using the K;Ar méthod, at between 16,000 and 50,000

years old (Mﬁffler #ﬁd White, 1968). Thermal spfihgs northeast of the

:.Salfon Sea are aligned_aloﬁg.two qorthwest trending lineaments ﬁarallel
to‘lqgal fault orientgtién.,

| ‘According to Elders' (1972) model for the Salton trough, tensional

zones or:rhombochasms are developing between en-echelon faults. These

areas of crustal depression and thinning are the sites of partial melting

in the mantle, which result in the formation of young volcanic rocks
which penetrate the thick sedimentary accumulations, as at the Salton
Buttes and Cerro Prieto, Mexico. The heat generated by magmatic activity
ma& be trapped within a circulating water resgrvoir by an impermeable
ghale sequence, as suggested by Randall (1974) for the Salton Sea. At
the Dunes hydrologic system, hot water is.trapped in the subsurface by
cap rocks produced by self-sealing (Combs, 1971; Elders and Bird,

1974).

METHODS OF STUDY

This thesis is based primarily on.studies of cuttings retrieveé
.from the three wells. Major emphasis is given to isotopic, petrolbgic
and.x-rgy diffraction investigations. / o

" The oxygen and carbon isotopic analySés were made on ;:douﬁié;

focusing, double-collecting isotope ratio massRSPectroﬂetéi\(Copién,
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m‘l973) in the stable'isotope laboratOry'at'the ﬁniversity of California
at hiversidev(UCR). Most of the analyses were of carbonate cement in
sandstones-and shales. A few detrital and authigenic silicates and
‘oxides werefalso'analyzed.

Petrological investigations were made using a variety: of techniques.
'Cuttings were examined under binocular microscope, -and about 100 grain
‘mounts made-of/grains from'more,interesting intervals.' While some of the
grain mounts'consistedioffrandom grains from an' interval, most of them
consisted of handpicked grains. Major attention was given to textural
and mineralogical changes 'in sandstones-and veins. The scanning electron
microscope atdﬁCR “and MAC-5 electron microprobe at California
Institute of Technology were uSedrfor more detaileditexturaleand chemical
- studies. X—ray analysesgwere'made on an automated”Picker:diffractometer
at UCR. Clay and silt—sizedifractions of bulk‘samples*chosen at '100'-200"
intervals in all three wells in addition to selected shale chips were

analyzed.

INHERENT PROBLEMSfWITH CUTTINGS

Cuttings from a given depth are often contaminated by sloughing
of unconsolidated sediment from above, especially in the upper 1000'
77‘In all three wells after drilling down to 1000' casing was cemented in
rat the approximate base of the clay layer.‘ The cement plug was then
,ldrilled thus below 1000' this casing prevents sloughing from shallower .

aediments 80 that rocks here are less contaminated. However, minor
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amounts of red shale in cuttings below 1800' in Magmamax #2 and #3 and

. below 1500' in Woolsey #1 are probably due to sldughing. Although in a
strict sense pnly the first appearance of a mineral or roék,type is a
totally reliable indicator of its depth, in general slumping appears to . .
‘be only a minor problem and is readily recognized. Rocks of low abundance
which resemble rocks from shallower depths should always be considered
suspect. Evidence that sloughing is only of minor importance is shown

by consistent isotopic trends and by intérnalnconsistency in the petro-
logic data (Clayton and others, 1968; Muffler and White, 1969).

In addition to contamination by slumping, the cuttings often.contain
debris and drilling additives, commonly including lignite, casing'cement,
rust chips from the drill barrels, plant fibers, rubber, paint chips,
gypsum, and montmdrillonite or other clays in the drilling ﬁud;v.Mont-
morillonite is a problem only in shallow, unconsolidated sediments. Mud
and lignite are removed by washing, and the others are easily recognized
and can be usually handpicked and removed. Besides lignite, the most
confusing contaminant is the casing cement. Cuttings collected from
about 1006' in all three wells have large quantities of casing cement
composed of volcanic glass plus sanidine and quartz which resembles a
volcanic tuff.

All samples were washed repeatedly to remove all driiliné hud and
lignite. ﬁnfoftunately, thisAélso removed viftﬁally all of tﬁe ciay from
the unconsolidated shales in theYCIay'i;yér'above 1000°'. AAlmbét éll
‘that reméins after washing shallow cuttiﬁgs are anhydrité nod&lés’and

véinlets, pyritized graiﬁé, minor sand aﬁd siit, and rare shales. Hence,
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the shallow cuttings samples are highly biaséd;:and the lithology of the
original sedimentary sequence can best be interpreted from drilling
logs.,

Theré'is a variable lag~time between the time the‘drilling bit
cuts through a particular interval and when the'cuttings from this
interval are carried to the surface and collected. Cuttings'afe labeled
with the depth of the bitvwhen collected, and therefore the frue depth
is unknown. Actual depths can usually be estimated by compafing cuttings

logs with well logs.



PETROLOGY

STRATIGRAPHY -AND SEDIMENTATION

LitholOgy

Cuttings recovered from Magmamax #2, #d, and‘Woolsefi#l consist of
‘interbedded terrigeneous sediments’ with an overall average of 70%
shales, SZ siltstones, and 25% fine to very fine-grained sandstones.
An upper sedimentary unit’extending from the surface down to about
1006' ‘is composed largeiy of tan and‘ gray—brown clays.andbshales
with rare 1nterbedded siltstones and sandstones A lower unit below
about 1000' consists of interbedded sandstone, siltstone and gray, red,
and green shales which have been extensively metamorphosed to the quartz-
’albite-epidote-biotite subfacies of the greenschist facies (Turner,
1968) Locally the boundary between the two sedimentary units is an

unconformity (Dibblee, 1954)
DetritaI.Mineralogy andvFabric

;Evidence presented by Mnffler'andeoe\(1968) indicates’that the
" sediments deposited in the Salton Trough have been of similar chemical

and mineralogical composition*throughout-the'late'Cenozoic,'and were

14
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derived:largely from the upper_Coiorado River drainage basin (Merriam

and Bandy, 1965). These Colorado River sediments have a uniform mineral-
ogical compoéition: quartz + célci:e + plagioclase'+ K—feldépér +
dolomite + montmorillonite + illite + kaolinite + accessories. Lesser

" amounts of Salton Trough sediments are derived from Holocene alluvial

fan deppsits at the base of»mountains adjacent to the Salton Trough which-
differ minefalogically from the Colorado River sediments, primafily

in tpe small amount of calcite, the absence of dolomite, and thevpresence
of large quantitieé of chlorite and amphibole.

Sandstones in the three wells contain abundant feldspér and lithic
fragments, and vary from subarkose to sublithic arenitesv(élassification
of‘Pettijohn and others, 1972). The feldspars are largely microcline,
but orthoclase, albite and calcic plagioclase are locally abgﬁdént{
| About two-thirds of the lithic clasts are'nonsedimenfafy, usually igneous,
‘and one-third are sedimentary. Olivine basalt chips apd pyroxenes are
"occasionally common, but altered rhyolite chips are rare; these may
represenf subsurface volcanics. Accessory detrital minerals include.
biotite, muscovite, sphene, tourmaline, amphibole, fyroxede; magnetite,
zircon, and apatite. Heavy mineral layeré are occasion#lly préseﬂt. |

In each 30' sampling interval there are:at leést two diéﬁiﬁéf
varieties of sandstoné-—one with little or no matrix, and oné with
phyllosilicate matrix material. "In shallow, relatively unaltered
sandstone, it is clear that this difference is detrital, and that the
_two sandstqnevvarieties;cgn be labeled.arenites and wackes, respebtivély_

(Petfijphn§andvothers, 1972). However, inAdeeper,.highly¥altered meta-
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sandstones the phyllosilicate abundance is no longer‘entirely detrital
and may have been diminished or éugmented during hydrothermal altera?
tion; thérefore sandstone classifications are no longer appiicéblé. For
the'purpbses_of this study, sandstones and meta-sandstones are loosely
, groubedvintp two,ca;egofies‘based on the amount of phyllosilicate matrix:
argiilaceouS-sandstones, usually containing >15% matrix, an& non-
argiliaceous‘sandstones, with <15% matrix. - Siltstones also are grouped
 into argillaceous and non-argillaceous siltstoﬁes based on matrix content. )

The color and indurati;n of the sediments are variable mainly due to
differences ;n the type and iﬁtensity of post-depositional alteration.
Sandstones and'siltstones are mainly tan-white, but red, green-gray, and
brown types arellocally abundant.K.Shales—from the upper 1Q00' are tan
and:gray—brown. vSIightly deeper shales are of various shades of red due
to finely disseminated 1ronvokides. The upper 1060' is poorly consoli-~
datgd, with the e#ception of severallbe&s of irqﬁ sulfidé—cemenéed sand~
stone and anhydrite-mineralized shale. . Below 1000' the sediments are
all lithified,bgenerally with‘increasingicementation,with increasing
depth. | |

-The,sand—sizé fracfionléf sandstones is fine to very fine; well
‘sorted, and subangular to subrounded. Quartz grains are usually more

rounded and spherical -than feidsPatfor’11thic<c1asts of the’same size.

. Stratigraphy and Parastratigraphy

The sedimentary £i1l of the central part of the Salton Trough

is up to 6 km‘thick'(ﬁiehler, 19645;'and consists of a complex sequence
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of alluvial, fluvial, lacustrine, -and marinevdepbsits‘(Dibblee, 1954).

~The stratigraphy of the Buttes aféa is relatively simple. The dense
clay-shale section in the upper. 1000' is probabl} a facies 6f the

Brawley-Borrego Formation-(Dibbiée,\l954);"Below this, arkosic sand-
stone with intermittent argillaceous beds are probably a Cploradb’River
delta facies of the Palm Springs Formation (Helgesbn; 1968).

It is extremely difficult to correlate subsurface sandstone-shale
. . sequences in the Salton basin due to the wide spacing of wélls,@mény
local faults, and rapid facies changes in the deltaic'sédiﬁents.

: Randallﬁs (1974) correlation of subsurface data from Magmamax #1, #2, #3,
and Woolsey #1 is shown in Fig. 4.. His technique was to measure the
_thickness of sand bodies as interpreted from electrical logs, plot their
percent volume per 500', and correlate these '"units" between wells.

Figure 5 shows a-correlation of the cuttings lithology in Magmamax
#3»with‘the electrical induction log as interpreted by Randall (1974,
Appendix III). In general, the lag-time for the retrieval of cuttings
samplgs from a particular horizon results in a difference of about 100'
between the depth of'the'horizon on the drilliné logs and the depth
attributed to the cﬁttings colléctéd from this horizon. ‘Hence cuttings
samples labeled 4000' are from about 3900' on the well logs.

An attempt was made to correlate the 1ithologies of the three:
wells, using both geophysical andAcuttings logs. Figure 6 shows the-
sandstone-siltstone-shale ratios agd sﬁaiévcoiofs.'uLines between,the
wells indicate proposed correlations. The litholqgies,of Magmamax #2

and #3 appear to be virtually,identigal chq_to_2600f:2700f.f Cuttings
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Figure 5. Correlation of Cuttings and Geophysical Logs
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Figure 6. Lithologic Correlations
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| from the iﬁterval 2690-2720' in Magmamax #2 include abundant mineralized
breccia fragments, suggesting é1ﬁajor fracture cuts the well at this
"depth. This breccia zone coincides with a fault inferred by Randall
(1974) by dipmeter survey_(see Fig. 4), Below this there is no apparent
lithologic correlation betweén the two wells,

Red shales are abundant in Magmamax #2 and #3 down to about 1750,
" and in Woolsey #1 down to 1450'. Their base and the base of the upper
'~ shale unit are the only apparent correlations between Wbolsey #1 and
_Magmamax #3; thinning of units to the southeast is in agreeﬁent with .
'Randall’s (1974) parastratigraphy. =

Green shales first appear at 3300', 2800', and 2100' in Magmamax #2,
#3 and Woolsey #1 respectively, but this boundary, as will be discussed
._iater, does not denote a primary lithologic change, but,znstead marks

“the incipient alteration of gray to green shales.

ANALYTICAL TECHNIQUES
Sample Selection

During description of-gach cutting interval, tthﬁore interesting
grains were handpickéd; later, intervals in which abuﬁdant interesting
grains had been collected were chosen for detailed petrographic examina—
tion. Several thin sections were made of egch inter;éi choéen, using
the handpicke& grains plus a group of other grains added #t random.
Additional intervals were then selected to improve the‘;niform coverage

of the well.
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" Since Magmamax #3'waé investigated first, 39 intervals were examined
using thin sections. 'Using the'experience gained, only 21 intervals
were thin-sectioned in Magmamax #2, and 5 in Woolsey #1. The locations
of the intervals where thin sections were studied are shown on Figs. 8-26.

Twopdifferent groups oflsamplesvwere selected, prepared, and analyzed

on the diffractometerr ‘the first and major group are bulk samples col-
lected at 100';200"intervals‘in all three wells.. These were collected
» to provide a general picture of mineralogic changes in the wells. The
second group consists of handpicked homogeneous, shale grains selected
at 100'-200’ intervals in Magmamax #2 and #3. The <2u'fraction of each
samp]e was also analyzed because finer grained particles have much greater
surface areas and-would be more sensitive}to variations in temperature

" and chemical environment than coarser grained material.

.Sample Preparation

The preparation procedure used is a modifiedrversion of that
formerly employed byvthe Deep Sea_Drilling’frojectbx-ray Mineralogy
Laboratory at UCR. The same technique.iS'used;for both handpicked and
bulk samples, except that. bulk samples were passed repeatedly through a
‘splitter to obtain:random samples. All samples were divided, ‘one portion

‘was ground to clay-size, and/ana1Yzed as the bulk fraction. The other

.fportion'Was'disaggregated, dispersed with QOSZ (NaPOS)» solution, and

siaeéfractionated by centrifuge. The suspended <2y ‘fraction was £locu-

lated, dried, and analyzed as the clay fraction. 'The samples were run
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on an automated Picker x—rayAd;ffractometer~using.CuKd radiation, a
graphite crystal monochrometer, and a. scanning speed of. 2°20 per minute.

Both fractions were then glycolated and analyzed again.

Diffractogram Interpretation

" The interpretation of the difffaétogféms is done mainly byhhand.
The minerals present are identified by comparing the glycolated_éﬁd
'unglyéblated diffréctograms with étrip—éharté'éthing the méjof péaks of
| each mineral. Once the peaks are identified, the inténsitylabové the
background scatter of a single, diagnostic peak fdr each minefal is
. méasured. Usiﬁg empirically dérived intenéity factors, the faw'iﬂﬁénsity
measureﬁents for the minerals are compﬁted as mineral percentagés,.and
normalized to 1007 (see Cook and others, 1974). Ciay fraction data‘are
usually reported qualitatively using a 0 to 5 scale of increasing abun-

dance indicating absent, trace, present, major, and abundant, respectively.

HYDROTHERMAL ALTERATION , . . , -
Presentation of the Data

Study of the minerals and textures of different rock types, together
with their isotopic gompositions;:revealgg.thgt.rocks with different
original apparent permeabilities had very different responses to water-
rock interaction. For this reason, data on argillaceous:and non- .

argillaceous sandstone, argillaceous and{nqg-argillaceous-siltstone, and -

-
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éray and non-gray shalessare'presented‘separately. This facilitates
study of progressine changes in rocks of the same original litholcgy.

Figures 8-26.(pages728-47)' are a set of diagrams, ell drawn to the
same scale, which show the alteration and mineralization of‘the_sediments.
Dsta on the diagrams are primatilyvfrom handsemple (cuttings) and thin
section examinstions. The:organization of the data and definitions of
‘terms are explained below.

Cuttings were collected approximately‘every 30'. The relative
Vamounts of shale, siltstone, and sandstone (or their metamorphic equiva-
lents) in each‘interVallere shown in.histogram form in the "lithology"
column. ‘Intervals where petrographic or X-ra&iexaminations were made
are blacked in. Data on the diagram outside these intervals are from
handsample examinations, or are due to interpolation. ' |

Since sandstone and siltstone types are not readily distinguished
in handsample, relative abundance data are only available at thin |
sectioned intetvals..'Relative quantities of argillaceous and non-
argillaceous rocks are indicated by the follcwing symbols: -

- *' >70% of the total sandstone (or siltstone)

+ - the two sandstone (or siltstcne) types are of subequal abundance

- <307 of the total sandstonef(or‘siltstone). |
Relative'abundances of gray andfncn-gray shales are easily estimated
-from handsamples and hence are illustrated as spindle diagrams. '

-For ‘the purpose: of illustration, each lithologic type is considered
to have.three components--sand. or silt, matrix, and cement in sandstones'

and siltstones; and sand plus -silt, matrix, and mineralization in
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shales. The relative abundahces of each component are shown on the.
figures.

The categories of sand ;nd gilt <include allfdetrital,grains,
' excluding.bhyllosilicates, greater than- .05 mm and .005 ﬁm, respectively.

‘Matrix includes all phyllosilicates, regardless.of grain sizé or
origin, and all other clay-sized (<.005 mm) grains. Sand‘or?silt-sized
detrital ph&llosilicates.are minor constituents, rarely exceeding 1%;
heﬁce grouping them with matrix phyllosilicates does not appreciably
alter the sand-matrix ratio. All phyllosilicates are grouped together
because éf the gréat difficulty in distinguishiﬁg among unaltered, altered,
or authigenic phyllosilicates. The alteration and recrystallization of
phyllosilicates are shown in the "Alteration" column.

The terms cement or mineralization as used here include all neo-
crystalline non—detrital minerals, excluding phyllosilicatés or recrys-
tallized detritals. "Altération minerals" applies to grains formed by
the breakdown or recrystallization of detritals such as feldspars qf
phyllosilicates; there is no "Alteration" column fof siltstones.due to
lack bf data. Neocrystalline, voidefilling‘pﬁyllosilicates rarely
exceed 1%, and hence are not shown on the figures. Alteration and
mineralization_are distinguished becauge,the former probably requires
much less change in the total rockAéhemistry'tﬁan‘the.iatter.,

Thé‘relative abundances of the twelve most common neocryétalline
.minerals are shown in the fMinéralizafion"-bolumnx Due to the difficulty
.in dis#inguishing between reéfys;gliized and authigenic carbonate, both

‘types are grouped together.. Carbonaceous material . is also included with .



126

the neocrystaliine minerals although it probably consists of slightiy
-remobiliéed_detrital organic matter. Note that the sum of the percen-
tageslof minerals at each deﬁﬁh in the "Mineralization" column is equal
to the total cement or mineraliiatibn shown in the "Componenss" column.
|  The_basic ﬁextures of nebc:ystalline minerals as shown on the figures
are explained below:
Digseminated grgins--éryStals >.005 mm which are distinct and
isolated from eacﬁ3other by matrix or by another type of
" cement; in ‘shales this category only includes crystals
'<,25 mm. | |

- Fine grained'patéhés--aggregates or clots of <.05 mm crystals

Micrite--cement composed of g?ains <,.005 ‘mm

Interlocking grains--cement composed of intergrown crystals >.005 mm

' Poikilitié cemeht--texture formed when cement filling several pores
is in optical continuity and encloses detrital grains.
- Overgrowths—~minerals'which grow on and partially enclose the sand
grains. : -

Mega-porphyroblasts--very large mineral grains (>.25 mﬁ)'in’shaie,

-often euhedral; some as large as 2 mm. Equally large grains

" in sandstones and siltstones genetaliy are poikilitic..

* Replacement banding--texture formed when mineralization occurs
| *withinlse;ected-sedimentary»bédé. |
Data are shown in~this‘coluﬁﬁbnlf'Where{petrographic,examinatioﬁ; were
made, © Each mineral present with“aﬁ abundance greater than 1% ﬁasvs-
symbol in the column ;hich best déscribeé‘its téxture; 'The symbols

- used are as follows:
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A = anhydrite . H = hematite

C = calcite M = carbonaceous material -
D = dolomite | 0 = other iron oxides

E = epldote ' P = pyrite |

Ff= feldspar (alkali) Q = quartz

G = gypsum T = tremolite

. The relative abundances of the six main phyllosilicate types in
shale_are derived largely from x-ray analyses of handpickedishales;
data on the column outside the x-rayed intervals are due to interpola-
tion, extrapolation from x-ray analyses of bulk samples, and minor
petrographic observations. '"Mica" includes both muscovite and biotite
since these are difficult to distinguish in x-ray'patterns..‘The presence
of mega-biotite was noted during petrographic examination, they are
>.05 mm, euhedral, oriented crystals.

The "Fracture Mineralization" column displays the relative abun-
dances of the eight most common vein minerals. The abundancé of fracture
mineralslin any 30' interval rarely exceeds 1-5%, and usually is well
under 1%. No percentage scales are included because of the difficulty
of accurate estimation.

Blackened intervals in Figures 24-26 indicate the locations of the
22 most common mineral assemblages seen in veinlets. The_mingral
compoﬁents of each assemblage are listed in the most common péragenetic
or&er. For example, for the Assemblage "epidote—tremqlite-hematite"
epidote was the fi;st‘mineral formed. In assemblages where two minerals
are usually ¢optemporangous or where the_order of mineralization-ié

variable, the minerals are listed: '"epidote + calcite."”



28

ARGILLACEOUS SANDSTONES IN MAGMAMAX

#2

2 FuNLVHINIL

53

i)

|3z

atd

206

=2
=]

|-25¢
|26

| 202

|-320
321
»
320
30
- 75
|36
315 ]

ALTERATION

L e
wresIvyd

- e

SHLMCUINIAG
 truncusano]
ANINAD
21411104
SNV
SHINDOTFANE
Jium
N
- 340,
s

crah o ¥ibe

MINERAL
TEXTURE

AE A Qf

SNOILYIOT NO.LTIS ML

»qF.P €

WNILYN
$NOIWNOBEYD

$idixo
NO¥|

3LiLYNIN
&V 345

3.Ead

3LT0AINL

MINERALIZATION

310043

ANSdae

3LCAHNY

vievinay

Ziwvnd

- INTERSTITIAL

34370

o B

ANINID

XIHLVN

SANDSTONE
ICOMPONENTS

aNvs

[rouvonney WBuY-NON

LT At c

5

CONSTITUENTS

LITHOLOGY
11 shue

CUTTINGS
& murston:
B samostome

Hid3a

Figure 7



29

42

NON-ARGILL ACEOUS .SANDSTONES IN MAGMAMAX

Do FHNLVUIANIL

53

100

}-133 7

160

|84

-2086

224

|- 264

[-282
F298

309

314

320

321
|36
320

YT
=LY

ALTERATION

- fest

256

302

b- 3175

e

SHIMDUSUIAC
FLELTE
IR
. SNIVUG
ONINIOTB LN
3ot

S o Lve
O3NIVHE 3h 2
NIV
Q1¥NINISE 4

‘[

|

TEXTURE

MINERAL

|

[

ENDLLYIOY NOLADIS Miwe

IVHILYA
SNOIWNOBYI
$3QinC
© NOwI
FULYNIN
AVINTEaS

Bdinas
i

FI T

MINERALIZATION

v 310C43

WNSdAL

FLIHAANNTY

vigyInay

Ziwvee

INTERSTITIAL

3117w

ENL ol

R

—— e

4AN3N3D

XIULVN

SANDSTONE
COMPONENTS

aNvs

panzn:

o

TROLSONVS

3necurar] IS

I Lvtay

LITHOLOGY

Hid3Q

Figure 8



30

ARGILL ACEOUS = SANDSTONES .IN MAGMAMAX  #3

~9e UNLYNIINIL

|- 93

138

- o3

|- 2208

240}

|~ 253)

I-270;

- 203

- 2908

293

303

Lo
[N L]
ENETE ]
LSS L)
LV

C . VNN
- yWE013

NOLAYZILIEY
Nweg1d

: ALTERATION

SNLADUBUIAD
ANIRID
Jiii1niod
TNIVES
SN0 WILNL
Lot

3
oIk It

MINERAL
TEXTURE

P

|

AL LY

SNOILYIOT NOILOTE WML

IvNILYN
SNOIWNOBHYD

8300
NOHI

FLILUNIH
¥YINI3dS

3ildAd

L7034

MINERALIZATION

3,00W3

NNSdAD

ALIMOAHNY

vidvanay

Ziuvno

“INTERSTITIAL

f Vol 1]

. 3Lmo100

ANIN3D

XLV

SANDSTONE
COMPONENTS

aNvs

p— T

anvs [ IHDTEIRY

CONSTITUENTS

LITHOLOGY
O suace

B sivsvone
B sanpsTONE

CUTYINGS

k]
i

Hidla

Figure 9



31
NON-~ARGILLACEOUS SANDSTONES IN MAGMAMAX #3

- =
90 UNLYNINEL 3 * m

uuoe
4= XIWIVR

¢ iwae

- XINLYA
["""Z1wwnt |
/o VWA -
e LY

NOLLYZLLAW
wwisaas

5
150
|- 03
20
|- 220}
239
-e40
200
270
- 203}
- 200}
298
303
- 308}
- 306}

ALTERATION

11NN0d
EWVe
Suix20BLNI

JLWOIN

MINERAL
TEXTURE

321LVNIH
YOS

e B e erueaey — - PR

3L0oN3NL

MINERALIZATION

310063 Y e e — -
NNSdAD .

BLINCAHNY

yavwnay

zLuvnp

(NTERSTITIAL

FTT 7Y —

31180700 m M

SERE——
1vanad| [ —
SR

Xigivie

anvs mM u

ALV N '

- ——— - - - e —————] — e eecccmasd

i SANDSTONE
g COMPONENTS

CONSTITUENTS
O swae
& swrsrone
B sanosToNe
t
H

LITHOLOGY

cuTTINGS

Hid30

Figure 10



- 32

ARG‘LLACEOUS SANDSTONES ' IN WOOLSEY #*

" 3¢ BUNLVNINDL

=]
50
-1e0
-mo
203
2001 -
24
230
220

e
A= XHILYR

Adise
=X
[~ |

/o ¥IIR=N
-ewiea1d

ALTERATION

oLz
AN

SHLBOUSEIAG
. NINTD
IO
S
SHXOCIWILNE
pmere—
BLow

MINERAL
TEXTURE

e
ro
e
Qe

f

Wwe'ce
e

AllLvwan
UINDIE

Adtad

340NML

MINERALIZATION

" 31003

WNEdAS

JLWAANNY

wsvInay

DR T

.. INTERSTITIAL -

B T3 Y

311N0700

i

SANDSTONE|

JCOMPONENTS

ANBNIO

" Xt

anve

Bt

BALIN

ien . ]

O swarg
E sursTone
@ sanpsrone

TTME!
“M!'lfflll'l

E

—:.suh Su3LIN

11

tguars

1‘ .



33

NON~-ARGILLACEOUS SANDSTONES IN WOOLSEY ®

Do NNUVUIINEL

e | -

ALTERATION

Woe
= XIULYR

pr - g
~Xiyive

[T eS|

~/ WIR=

+ PWeaTId

wOLLYTILEW

F 2%
Sl
-3

MINERAL
TEXTURE

SHLAONONIAD

Er!

oy

F=%wvab |

SHROOINILN

foama s
LY

[e:sbEE |

CEP CPQ) .

NIV

2= SoBVNOswD | -

$301X0
2Ol

LJLAVNIM
. NYMOIdS

JLird

IU0ONIEL

T MINERAUIZATION

2100143

INTERSTITIAL

SANDSTONE

COMPONENTS

|

LITHOLOGY

wrTmes

CONSTITIANTS
O suaie

LE L0

H sanpsvone

Hid3Q

-
]
.

Su3LIN

gure 12

e

X



ARGILLACEOUS SILTSTONES IN MAGMAMAX #2

34

¢ BUNLVNIGWIL 2 e H

=i
-0
-4
208
|- 224
251
236
|- 264
202
290
302
309
-8
320
e
e
320
9
xS
36

45 R0NBNIN0 . °
P M ' °

¥o

E EINRTEN )
SNl | . .

W SNIAOWILN © hd . hd

Nﬂ Bawim . © © o

F | oadves Yos
HYWD

93,YNiN3Es30

SHOILYIOY NOLLDIE L .\ -,’

IINILvN

- | snoaowmosuvs

$301x0 . .
LUININ T . . ; -
¥y INI345

ERAL

%

e
mc
| 1]

« 3ilAd R — P . ) ) R

oNIul

MINERALIZATION

3100143 —— —— o —

~SNSIAD

JLWAAHNY : -

vinvinay ’ . -

Ziwvne - . ) -

INTERSTITIAL
&

AL10Nv3

348000 m %

IN3N3D

X1V

3NOLSLNS -mm
: - H@Wu_«?
AL 2

SILTSTONE
COMPONENTS

|

CONSTITUENTS

O swaLe

B sanpsToNE
T
I

LITHOLOGY
‘I mvsvone

cuTTINGS

o

-
B
[y

4

004

4

Hidag

“SuSLIN A L

Figure 13



35
NON-ARGILLACEOUS SILTSTONES IN MAGMAMAX #2

06

Do FNLVNIANIL

H

53
™
104
|- 133
|- 160
-84

2
|- 224
I-25¢
|- 256
284
202
| 298
- 302
%09
il
|- 320
321
I 36
|- 320
O30
75
|36
l]lﬁ

SH2 HOUDWIAD o L]
+NINIT

o Siinivios

< Shiveo w

RvUn DN:XI0TUILN : *

w.

Nod JiwdN
S
I | kbR,
SNIVHE
0i.yNImISSIC

SNOIAYI0T WOILIS Niks H F - - q

|

|

ITIYILYN
SNOIITNOBLYD

$3CnD
Nos: | o

|3
M e
BR{ce €
| ]
E €p

ILLUVAIH .
Y INI3aS . .

ETCTY - -

4700342
3100103 |- . . o » .

WIS2AD

MINERALIZATION

FAWHCAMNT

Y INgY . —_

Zidvno — -

INTERSTITIAL

EIT . . .

311M070C m m

ANINID

Xidlvn

3NOLSLHS m umm

SILTSTONE
COMPONENTS

[3omvanney
INAvIIe

LITHOLOGY
COMSTITUENTS
01 sHaLe

W sratone
) sawpsvone

Y

CUTTINGS.

Hi43Q

Figure 14



 ARGILLACEOUS SILTSTONES IN MAGMAMAX #3

36

3 o -] 3 B ]
0 JUNLVEIONIL | 2 2 8 H g - H] 2 : g g £ : 28 38 3 §
A A 1 i A i L A Y L A ' n 1 I [ 1
SHLAOUNIAD o o L) o oo -] o o
ININTD i :
r 1 L111M104
Mw Gl.lﬂ.ﬂlﬁ"‘ﬂ”,_ . .- . . . . . . . © N © ©
Ex Q 0 Y O o c o [t [} [T}
SNOLLTI0T NOILIDE ML
L
SNOIOYNOBNYS
$30i%0 .
wou |- - .. - - o e A . . L L -
z
Qo ILUVHIH '
= - WPINOILS S
< ; .
] - 3lad VL . E T L S I TR
2 . =
5 YT '
z ] " =
‘wsda
o] ILMGAMNY . CoT L e e PRSI _ 2
FE
£ e . e
£ ] - -
"
b4 -
m Z1uvno — , —_— NS —
T
3.m0700 mm
I N n
W AN3N3D
SZ
5 | xwivw -
"a
23 R *
"o |INOLSLUS
S ik
fzonvonney uﬂwmp.rm-_ + 4 : * .. '
IM1v 8L
,>-b l nd + * + » )
> - oM i3
g |5 1f :
% 5,28 3
ot D ® ap-g
HERR ]
: w faia) L
cum] 8
i ey T — e A T ——
43 o .
Widd| 0iam i w i .m X L

Figure 15



37

NON-ARGILLACEOUS SILTSTONES IN MAGMAMAX %3

)

Do 3UNLVHIINIL

j-158

2204

2404

SHASMOUBNIAL
ANINII

o5 X0

T3R31va

= | oavves S
SNV,

QUIVNINTSSI

) Siriidiod
. Sld1VMOd |

LE | swootuIiN
z5 ) 2w

AL LELLR

ANOILYIOT NOILITE WML

IWIEILYN

SNOIOVNOBYYD

$301x0
L NOMt

ILUVANIN
YYINI3IdS

" 31wad

ILONIYL -

 MINERALIZATION

13104143

_WNSaAD

vw..rED>221

VIYINaY

0

INTERSTITIAL

34090

34180700

°
w
i

I 283}
|- 290
293
=303
308
af-308

L e e

IN3N3D

Xl

SILTSTONE
COMPONENTS

ANOLSLUS

;
i

v
INLVIIY

LITHOLOGY -
CONSTITUENTS
2 suae

W mrsvone
¥ sinostone .

CUTTINGS

Hild30

Figure 16



v JUNLVEIGNIL

e
50
=
=4
-203
208
214
|-230

S 2 BONOUIAO ,

PCITTE) . . . ° : , ,
m 3 1iTiniod B o X
-3 SNivad Qv o

" T
M ON 230 NN . " o
g2 [ voem] : _

=

:

" . , c v. ,. w..‘..v
“ Juem . : - e
FTETT] . o . o .
| s T . ) - -
SN |
3, TNWIE$20

SILTSTONES IN WOOLSEY #!

38

GNOHLYID™ NG L1236 NiWi . N * M - = - - - N - N . - - AN i i g
AL BEECEE B " T - ) -
$rO3OTNOREVY .
$30X0 : e
E NOM N

ERIE B TR ST S
av7103ds : - BRI - - s Rt

‘Felnad : Do ulululul ce e . \

T 3umow3us

MINERALIZATION

3100143 . . T el o iz

WNSJAD

wtx,ﬁ)!:d

uyre 17

o
o

. vigwanoy

-

Z14V00.

INTERSTITIAL -
4]
.

340V . - K . E i

31180700 m m

ANIN3D

TRV

SILTSTbNE

LITHOLOGY “lcompoNENTS

INOLSINS

Ho0%-

CONSTITUENTS
0 swarg
8 suratone
B sanosTONE
i
i

curTTmes

Hiddd| suaiamf N

-
-

-
8001
000




39

. SITAINNY AvH-X

i | S o - v -
. i v
- o . 2 o = o

s ¢ 8 8 % 3 ¥} § 3 & ¥ & ® ¥ 3z § 5337 i I3

k 111401 -youm . .

W voin

28 = ;

= H B8R eon . .

S 321M0WD

¥ 2 2 e L
@ AIM0YN

MINERAL
TEXTURE

SNV,
ANINIIV I
$15V 1008
-ANd¥Od VEIN
LR

Linom

$In3ivd
[T

ShiVED
Q3LVNMISSIC

SNOLLTI0Y WOLLOIE WML

GRAY SHALE IN “AGMAMAX *2

SNOIDIFNOBUYD

IVIYILYN

$301X0
NOYI

EFOL Lk
YYNI3IIE

3llwAe

31108304

3100143

MNSAD

MINERALIZATION |

ILaAHNY

310
~Vidy oY

Ziuvnd

AW

31w0%040

SHALE
OMPONENTS

NOVYZI
~IVUINN

T Xl

. ANs
[ONV QNVS

TAE
AT -NON

TYNS VWD

LITHOLOGY | RELATIVE

CONSTITUENTS,

O sae

CuTIMNGS

& snrsrons
W SAROSTONE

H1d30

Figure 18



40

NON-GRAY SHALE IN MAGMAMAX ¥2

Js JUNIVUIdWIL

bS53

m
aad
133
o

184

[-206

[-224

251

264

-282

34408 -¥0IN
Y

.J.mbsr.u_,o:

2

RELATIVE
[ABUNDANCE
PHYLLOSK.

o
&
3|
EX 1 .
S

4NN

£ISITUNY avw-2

SNYE
ANINDIY g 3w

S ¥ 9CY.
-4M4H0g_¥OIN

EIETY

$IHIive
SINVUD Ihis

ShIvND
03IPNINISSIG

MINERAL
TEXTURE

€0
L)
co

3
[

SNOLINIOT NOHLDIS Niws

VI LYW
SNOJOYNCIYYD

$301X0
NOwt

JLUTNIH
HYINI3dS

Fatghe

310W3uy

34003

NNSaA0

MINERALIZATION

3LWOAHNY

31107
—vigenay

2ibYynb

AL

31180700

NOLLYZ)
~IVHININ

XIYLYN

SHALE
OMPONENTS

s
[ONY ONYS

TIVT
ATHD -NON

IIWHS AvaD

LITHOLOGY | RELATIVE

- COMSTITUENTS

.0 sHME

B sursTone

. SANOSTONE
T

CUTINGS

x
£
¥

Figure 19



41

GRAY SHALE IN MAGMAMAX = #3

T JWNIVYISNIL

[-128
188
- 193
210,
220
233
2404
- 285
270

- 283
- 290§
293
303
- 308
- 308

34 200-v03N
T v

2

ABUNDANCI

PHYLLOSIL

FLIWOWD

FAINTOVN

RELATIVE

SITAYNY AVH-X

SONYE,
ANINIIV Y
5.Sv008
-indu0d yoIm

Mo

§InIIVe
SINTES M

Shivi®
S3.vNNISTIO

MINERAL
TEXTURE

SNOILEIO™ NS 4038 NHL

VALY
SNO30TNOENYD

$30IX0-
NOUY

3A1UVAH
¥YINIIdS

3i18Ad

3uN0N3NL

3500143

ANSGAD

MINERALIZATION

C L BaraanNY

W
-71a7IN0Y

21NVN0

EFSral b

-.mroa | B E

Y
« *
v © Vv VO v o o o ©
w W - ww oW ow w s
a a a o a a -,

NOLLYZY
~TVHININ

Xiyivn

SHALE

ms |H2
anv_oNvs [H 8

TS

3°wMs Avio

NMOYB-AVYD:

-—

ouel

SILTSTONE

SANDSTONE

LONSTITULNTS
0 suace

RELATIVE

LiTHoLOGY AmANCELOMPONENTS
.

8

U TGS

13331
Hid0 ﬁ su3in [©

o

Figure 20



42

NON-GRAY SHALE IN MAGMAMAX #3

v FWNIVIIINIL

[

3
125
158
)
210

240}

-270]

- 203

- 290)

|-203]
303
306
308

RELATIVE
IABUNDANCE -

BAINMOVR

RISAINY SWE-X

SONYS.
ANIREOV AN
I

~Atde0e

LN

0SS

MINERAL
- TEXTURE

WALV

| snozowwosuva | -

. $30X0
4 L

2LIVAIH
¥4

W BalAd |

21ONINL

3100143

 wnsda9

'MINERALIZATION

BLIWAAHNY

amny
~Visv QY

¢

i8N0

. 3sawd

ILIG00

NOUYZI

“<TUNING |

xgivmg

s
JONY * ONVS

i nzunv:J sHaLe |
LITHOLOGY Lo bANCE| COMPONENTS

Hid30|  gunizm

Figure 21



43

GRAY_ SHALE IN WOOLSEY #I

203

n..e

MINERALIZATION

. BaaAnny

fIL
=TV

.. ZaNwnd

N )

.- 3400

SHALE .
COMPONENTS

NOLLVZ)
~TVUINA

XHAYN

s
joNY OnvS

LITHOLOGY ,g;,g;,vgJ o

£
g

gure 22

Fi



44

NON-GRAY SHALE IN WOOLSEY #)

Do JUNLVNIGNIL

—d
|- 150
|- 188

|24

SONYS.
ANINIOVIGIN

$16Y00Y
-4HdWOd ¥OIW

L Bamom

[ET]
QINIVD INIY

MINERAL
.TEXTURE

SHIVMD
S2UVHINGSER)

WELALEL LR

SNOILYIOT NOILOZS Nwd

IeIive
SNO3IVNOBYYD

$301X0
) NOBI

ENULLED]
HYINIILE

IitbAd

uonINL

3.0Q1d3

WNSaA9

3LH0AHNY

MINERALIZATION

L.
ha ik i)

218V

2uows |-

31180700

JEED
00%~

NOLYZI
~WHININ

xigivm

SHALE
OMPONENTS

s
[ANV ONYS

o
H00%~ "

TIVRS
j—axaooNOn 4

WM AvaD

LITHOLOGY | RELATIVE

COTTINGS

. CONSTITUENTS
0 e
@ swrstone

B sanDsToNE
1

Hid30

Figure 23




45

MINERALIZED FRACTURES IN MAGMAMAX %2

Je FUMIVEIINIL

o
104
|33
160
184
[-206
|-224
281
256
264
|-es2
298
302
- 309
|31
320
32
6
320
-39

ASSEMBLAGES

MINERAL

Jinad

3412793~ aurion3un

| SOl Sk L £

B4 WI-ALIONINL = 2400143

= 349773 FitNOAWNY
34 EWIU~T2ONINL

= 34100 LMNY + 3100143
22 DOFRNV S 2002

JLiATWIE = TLOAHNY

.
ILIIVAIN

PAUYNI-~ 2.0 10NINL ~ 2400w |

341708384 ~ 310043

RETGIE OTY

3414V —3100143

Jiuvwa

ALINAS=ILINOANNY

3L1QANNY

3Ad~ 3100143

210042

UiAe 310G -ALOWD

24107¥I 4 3400143

3100143 - VY NaY

vwyinov

2L UCAHNY > 32002 |

34mvD

SNO/LYIOT NOILI2E WA

p PO

ALbAd

3110N3¥2

3100103

NNSaAD

3210 AMNY

FRACTURE MINERALIZATION

viyrSngy

3.0 m umr

ATWNS val

ENg N
ATHE-NCY

LITHOLOGY | RELATIVE

LONSITULNTS
R
. ANUS TONE

LT TGS
& swisron

Hid30

o4

Figure 24



46

20 3unavzenas|

- 193

240

203
- 290}

e

BAITIWO =~ BArT0MINL

AL ~LIOAML =310042
LIaVRM

D4 SYRIH = L
= DA ANNY ¢ 31002

U BavRIH—200AeY

L =duzvo~didarey | ¢

Bussvase - 21 itomaus ~2s00u3. |-

2110ATYL ~ 3L00M3

. BLOWMML

UG+ 300D

ASSEMBLAGES

ALV~ 210043

AUV

D BREA=TAR0AMNY

24 WCAMNY

T BlAe—DMNdY

* ds00w3

MINERAL - -

T 3iWAd-3100143 - 11T WD

- MINERALIZED FRACTURES IN MAGMAMAX *3

uonIYL |-

. ai00ia3

nSeAD

JLWAANNY

- VYINgY

U™

'.'f-: ’-}-in

LITHOLOGY ,,zw,,,;l FRACTURE * MINERALIZATION

Hida |

CUT TN
. CONSTITVENTS
RE-E
E & swravom
W SANOSTORE

Figure 25



47

MINERALIZED FRACTURES IN WOOLSEY. #|

Ii‘tuvi'nmz o

E LITHOLOGY uzumtl‘ FRACTURE MINERALIZATION ! MINERAL * ASSEMBLAGES
. . . !
== (L LTI T
A HHHHHHEH §=§§ ; ; g§§§§§?§
1} : .E _'gué‘;' |!éu§‘!g ég;é;:
T sszgigiigiggiéiﬂ?gi. .
1 { ’ HHHHHH S

|-208

Figure 26



48

Sandstones

- ARGILLACEOUS - VS NON-ARGILLACEOUS SANDSTONES

Two different sandstones with different types and amounts of

/.‘:mineralization——one‘with}abundant«matrix:and;one with-little .or no .

matrix—-occur\in,each,30'=interval. Data from these: two rock types are
compiled=intoAseparate,charts‘(Figs. 7~12) for the reasons stated -

earlier,

SANDSTONE COMPONENTS
| For each well the sandstones are composed of 20-80% sand 0—407
matrix and 2—80% mineralization (cement), open pore species are rare.
In non-argillaceous sandstones, the components are approximately evenly
kdivided between sand and cement with very minor matrix In argillaceous U
: sandstones, relative abundances are more variable, but in.general 65/
is sand and 35% is matrix plus cement . The difference in sand abundance
between the two sandstone varieties (50% versus 657) is mainly due to
greater-sand dissolution in‘the non—argillaceous sandstones, the
difference is not thought to be a primary sedimentary feature.“j‘=“
The argillaceous sandstones of Magmamax #3 (Fig. 9) show a‘very

pronounced inverse relationship between matrix and cement largely due

to replacement of matrix by cement at particular horizons.‘ Matrix in
vMagmamax #2 (rig. 7) is predominantly confined to three locations.

:above 2200' 2850—3000' and 3650-4000" the percentage of cement is

: relatively constant throughout the well The argillaceous sandstones in

' Ié

vaolsey #l (Fig. ll) are more similar to those of Magmamax #3
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MINERALIZATION

Dolomite. The.most abundant cement in shallow sandstones is dolo-
mite. Much of it may be,recryétallized detrital grains,bﬁﬁt rhombic
crystals occasionally replace'miérife:and’phyllosilicaies;: Béidw 1000"
dolomite never constitutes_more'tﬁan 1% of the sandstone and disappears
cbmpletelyAby iSOO'. Such small quantities are not observable in thin
section or in diffraction patterns but can be interpreted from isotope
shifts (p. 146).

Calcite. Near the surface, fine grained diagenetic and detrital
calcite cements argillaceous and non-argillaceous sandstones.  Some
shallow sandstones show quartz overgrowths replacing priméry micritic
cement and calcareous matrix (e.g., Magmamax #3 at 1050'; fig. 10), but
elsewhere recrystallized and authigenic calcite embays both detrital sand
and quartz overgrowths. In non—afgillaceous sandstones,ywith increased
depth and)or increased permeability, calcite recrystallizes'and generally v
changes in texture from micrite, to interlocking sparry cement, to large
optically~-continuous crystals that enélose sand remnanﬁs (poikiliﬁic
texture). Oxygen isotope studies (page 129) indicate that the degfée
of recrystallization is very sensitive to changes in permeability.

The impaired permeability of the a:gillaceous‘séndétones inhibifé :
recrystallization. - o

Calcite is present in élmost all sandstones dowﬁ td éﬁout”3560',
but it is very rare below 3000°'. Above 2500°', non-argillaéédﬁs sand-
stones contain about 50% calcite cement; argiilaceous sandstonés‘ha;e

much lesé calcite and its abundance is inveréely propdrtional to that of
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quartz overgrowths. Since in this interval calcite replaces quartz, the
reaction in the non—argillaceous sandstones is much closer to completion.
, Calcite in argillaceous sandstones in Magmamax #3 (Fig. 9) is abundant
”only in’ four distinct horizons. 1900' 2500' 2850', and 3250'
These horizons are largely composed of shale,_with only a few percent’of
sandstone._
ggartz. Virtually ell authigenic quartz occurs as overgrowths.
In poorly cemented sandstones, quartz occurs as tiny (.01 mm) euhedral
,crystals in optical continuity with the detrital sand substrate. As
| silicif:lcation progresscs, authigenic quartz forms syntaxial optically-'
continuous crystal rims, grain boundaries are usually planar or concave-
convex. Epitaxial quartz overgrowths on feldspars or lithic clasts
are common in argillaceous sandstones above 3000' | Minor fine-grained
quartz or chert is present, both as cement and as an, alteration or
‘ replacement of detrital minerals. |
All argillaceous sandstones below 1000' in all three wells contain
authigenic quartz, but its abundance rarely exceeds 20% Authigenic
.quartz in the non—argillaceous sandstones has a more limited vertical
l'extent. below 2500" 1900', and 1300' in Magmamax #2 #3 and Woolsey 1,
:respectively. Above these depths, authigenic quartz is extremely rare,
lexcept for ~3OZ quartz in Magmamax #3 at 1050' The rare overgrowths
present are being actively replaced by calcite._ Detrital quartz is
_also being dissolved resulting in corresponding low sand" percentages.
B Adularia. Like quartz, adularia occurs mainly as overgrowths. In

shallow, poorly cemented sandstones, it forms tiny ( 01 mm) rhombic
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crystals on detrital Krfeldspar. vBetter cemented sandstones have up to
10% adularia overgrowths, virtually all syntaxial but occasionally
epitaxial on detrital quartz or plagioclase. Overgrowths in shallow
rocks show no optical continuity with orthoclase or with the orthoclase
exsolution lamellae in microcline. Boundaries between detrital and
authigenic feldSpars are occasionally sutured, suggesting minor replace~
" ment 1of detritals by adularia. = Crystals are rarely twinned, ’butv frequently
| show growth banding. | | | |

Adularia is present from 2500-3800' in Magmamax #2 and from 1350-
2450' in Woolsey #1; in these wells matrix abundance seems to have no
relationship with the range or abundance of adularia. However, matrix
content is related to adularia formation in Magmamax #3: in non-
argillaceous sandstones adularia is present fromv2700—3400', but in
argillaceous sandstones it is very abundant (10%) at 2950° and‘3400'
and elsewhere is absent. ' |

The adularia zone in Magmamax #2 and #3 slightly overlaps the lower
temperature zone of feldspar (mainly plagioclase) sericitization and
sericite precipitation. The insensitivity of adularia to matrix abundance
and therefore to permeability can perhaps be attriouted‘to the former
abundance of K-micas in the sandstones, makiné long distance solution
transport of cations less necessary. | .

Adularia replaces phyllosilicates, quartz and feldspar detritals,
and quartz overgrowths.. The adularia is partially contemporaneous with
calcite, but also often'replaces it. Pyrite is frequently rimmed and

corroded by adularia.
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Anhydritef The rare sandstones.within the upper clayklayer
occasionally contain anhydrite cement assoclated with pyrite pseudo-
morphing_marcasite; this anhydrite 1s probably altered from gypsum.

Deep (>3500') anhydrite in Magmamax‘#z and #3 is entirely metamorphic and
shows no. relationship to any sedimentary feature. Anhydrite veinlets are
abundant below 3500' (Figs. 24—26)

Anhydrite forms disseminated crystals, interlocking grains, or large
poikilitic crystals, euhedral crystals are rare. Fluid inclusions are
common. Anhydrite is typically associated‘with epidote and occasionally
replaces it. -The two minerals are usually contemporaneous and often
seem to compete for room. Finely bedded sandstones commonly have
alternate, but overlapping, zones of abundant anhydrite or epidote.
Anhydrite rarely embays quartz, but does replace matrix,,producing non-
argillaceous sandstones with abundant anhydrite.,,

Calcite and anhydrite are closely related in non—argillaceous sand-
stones at two locations in Magmamax #2 v At 2900' calcite and anhydrite
are contemporaneous, both replace the locally abundant matrix in the
rare sandstones in a largely shale interval.‘ At 4300', a fine grained
mixture of calcite and earthy hematite replaces anhydrite along cleavage
4traces and grain margins' this may be a retrograde reaction.;

In Magmamax #2 and #3 anhydrite is more abundant in the non—argillaceous
sandstones, particularly in permeable sandstones in shaley intervals 1like
~at 3500°' in Magmamax #3. Wbolsey 1 sandstones contain anhydrite in two
vseparate locations, with a higher abundance in the non—argillaceous

sandstones.
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Epidote. Epidote first appears at 1350 in Woolsey #1, 1950' in

Magmamax #2, and 2700' in Magmamax #3, and‘is pfeseﬁt from these depths

on down. Although it usually constithtes‘aboutVSZ of the»sandstones;

locally its abundance may exceed 50%.
At shallow depths, epidote firét appears as tiny (.Ol ) néedles
and needle rosettes. With increased depth, needle patches recrystallize

into small disséminated'crystals, which in turn grow together to form

‘a "cement" of interlocking, subhedral laths. In argillaceoué'sandstones,

"epidote 1is present usually as small patches of fine graiﬁed, tutbid _Y

crystals.

The depth range of gpidote is the samé in both types of sandétone,
but abundances are greater in non-argillaceous sandstones; epidéte
abundance shows little vertiéal variation in Magmamax #2 and Woolsey #1.
However, in Magmamax #3 there are several distinct zgnes with veiy
abundant epidote.

Calcite abundance in non-argillaceous sandstones deéreases shérply '
where epidote firsf appears, Muffler and White (1969) considefed-that
epidote formed from calcium liberated during the breakdown of caléité,
and there is abundant textural evidence to support this. Epidote

typically preferentially replaces calcite, but it also replaces detrital

and authigenic quaftz, adularia, and phyllosiiicates. There'is also a

strong correlation between carbon isotope shifts and the presénce:of
epidote, suggesting fractionation of carbon isotopes during the break-

down of calcite to evolve carbon dioxide (page 146).
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Shallow epidote intimately associated with pyrite or hemdtite is
often highly oxidized Nearby pyrite occasionally is also oxidized
“but usually appears little altered Anhydrite and pyrite are partially
contemporaneous with epidote formation, but often replace epidote.
Hematite and tremolite are both formed 1ater.

Keith and others (1968) reported on ‘two epidotes from IID #1 and
#2 which had compositions of 20 and 32 mole % Ca2 3Si3012(0H), res-
pectively. Figure 27 shows the variation in Fe 3 of epidotes in'sand—'
stones and veinlets from Magmamax #2 and #3. Although most of the data
are from microprobe analyses (Table A-II, Appendix I), some composit{ons
were determined by‘use’of Myer's'(1§65) X-ray determinative curve for
hydrothermal epidote. The epidotes range in composition from 20 to
35 mole % Although the compositions of epidotes from Magmamax #3
show no relationship to depth, epidotes from Magmamax #2 become pro—'
gressively more iron-rich from 2700-3850', andAare approximately uniform
below. This uniformity may be‘due to the coexistence of hematite with -
epidote below 3800'; above 3800°" the major iron—bearing—mineral is |
pyrite. Epidote composition is 1arge1y a function of oxygen fugacity
(Keith and others, 1968). The,oxygen isotopic compositions of epidotes"
. are discussed on p. 152. / | ‘

Tremolite. Sandstones below 3500' commonly contain tremolite, its
abundance never exceeds 2% - The most.common’habit:of~tremolite is fine-
grained fibrous aggregates, and laths are usually only seen in. veinlets.

Tremolite in both sandstones and veinlets is colorless or extremely pale

greenish-white. Analyses by Keith and others (1968) give a composition
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EPIDOTE COMPOSITION IN

MAGMAMAX #2 AND #3

X-RAY DIFFRACTION ANALYSIS
X -

MICROPROBE ANALYSIS
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Figure 27. Variability of epidote composition in Magmamax #2 and #3.
Microprobe analyses are identified by well and grain-type in the legend.
The X-ray compositions are of sandstone cements from both wells which
were analyzed for their oxygen isotopic compositions (see Table A-II,

Appendix I)
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vof 17 mole % ferro—actinolite._ Microprobe analyses of vein tremolite
- are shown in Table A-III (Appendix I), w1th a comp031t10nal range of
.18—19 mole % ferrofactinolitei

Iremolite sheaves commonly-crystallize from fine-grained phyllo-
silicates. Tremolite‘often:fills'in cracks, rims, and replaces quartz
and feldsparrsandvgrains.y‘Pyrite is‘commonlyvassociated with, and
occasionally enclosed_by; tremolite. Epidote is commonly associlated
with tremolite, andkthe two are generally contemporaneous.

‘Pyrite. .Pyrite is ubiquitous in both time and space. It is
sporadic above 2500 and very common below, but its abundance rarely
egceeds 2%1_ Pyrite replaces all minerals except hematite, and is re-

_ placed by a11 minerals except quartz and calcite. It ‘generally occurs
1as disseminated subhedral to euhedral cubes, but when abundant, sand-
stone‘interstices may be completely filled with,poikilitic,pyrite crys-
tals; Minor amouhts of chalcopyrite»are often associated‘withvpyrite.

Hematiteland other Iron Oxides. Iron oxides are:divided into two

| categories on Figures 7- 23 specular hematite and other iron oxides
(earthy hematite, goethite, limonite, etc ) The specular hematite
occurs as discrete crystals, with a needle or blade habit.hk_

Hematite occurs sporadically throughout Wbolsey #l. ‘In argillaceous
’sandstones this hematite'is typically hydrated, producing red sandstonest
Jthe non-argillaceous sandstones contain unhydrated hematite and are
generally white: hematite in Woolsey #l appears to have been stable
‘Iduring most of the mineralization. It always replaces matrix but

appears to have been contemporaneous with either ‘quartz or calcite in
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different intervals. Adularia and hematitg,are commonly associated,
witﬁ the adularia enclosing earlier hematite. The felationéhip'befween
hematite and'pyfite is complex;vtﬁey coéxist étably in soﬁe intérVals,
but in others the pyrite is anhedfg1 énd.appearS'siightly resorbed,
sdggésting a change to a mbre'oxidizing gnvironment. -
Hematite 1n'MagmamaX‘#2 and #3 is present only below 3500f and
appears to bé the last mineral formed; it typically replaces epi&dte
grains. Oiygen isotope analyses of hematites are discussed on p. 153.
Other iron oxides are typically present in two areas: in shallow
sandstones as fine-grained detrital matrix material’ﬁhich is being
replaced by célcite, and in deep sand;tones associated with hematite.
Shallow saﬁdsfonés with minor iron oxides are typically red or reddish

brown.

Carbonaceous Material. Argillaceous sandstones in all three wells
contain minor (usually <1%) carbonaceous material forming elongate,
discontinuous bands parallel to the detrital and authigenic micas. The
carbonaceous material is black, opaque, and very fined-grained. The
material has clearly been remobilized during recrystaliization of the
rocks, and is closely related to pyrite“miheralizatioﬁ;’ Associated
micas often are fretted and replaced by pyfite. It is frequently
Qifficult to distinguish between fine-grained pyrite and the carbonaceous
material. In hand samples, these carbonaceous sandstones are chaféc-_
terized by abundant thin, black lamellae.

The carbonaceous material in allythree wells isvfoﬁnd in ﬁery

similar argillaceous sandstdnes;‘probably within‘the same stratigraphic
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unit (see Figs. 7, 9,_11),, The material is present in Magmamax #2, #3

~and Woolsey #1 from 1800—2509', 1900-2500',:and‘époradiqallyrfrom‘

1400-2350", respectively. The carbonaceous material is probably due to

decayed organic matter‘depositéd with‘this‘sandstone unit which was
‘ 1ate: sligptly remobilizgd}‘ The presence of the carbonaceous material

probably;produced éilocal'reducing environment in the impermeable,

argillgceous sandstones, causing the precipitation of pyrite and its

replacemeqt,of detrital and authigenic micas.

- ALTERATION

7. “There are two distinct zones where feldspars and phyllosilicates

are being altered and/or recrystallized. In the shallower zone, sand~

. stones are undergoing potassium metasomatism. At higher temperatures

feldspars are albitized and chlorite is recrystallized to biotite.

Sericitization. .The alteration of plagioclasefandiminor‘K—feldspar

to sericite plus quartz. and the recrystallization of montmOrillonité to

-sericite (illite?) are-associated events. 'Both alterations have apprbxi-

Vmatgly“the_same depth rangg,;wiﬁh;feldspar,seficitization at 1700-3000°', .

1950-2850i;;and;l?OO(?)—ZéSO(?)F{ and matrixdséricitization‘at‘1600—3050',

‘7195012950',=andleOO(?)—é450(?)f in Magmamax #2; #3, and Woolsey #1;

;;resﬁeétively.

.; . Sericite both»rihs_andiforﬁs within feldspars, but in general

__sericitization is minor so that the type of feldspar is still clearly

. recognizable. Sericite or hydromuscovite recrystallizing from the matrix

are arranged subparallel. Sericite :arelwaills open pore spaces. - The

sericite is. generally very fine‘grained:(?.Olvmm);fpaIE‘gréen, and has a
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weak pléochroism; %tiié optically very similar tq_water—fich*K—mica

from the Dunes (Bird,71975) #nd Eaét;Mesa (Héégland,A1976) hydfolbgic

sfStems.' .‘ » - r,v -

" The sericitization in Magmamax #2, #3, and Woolsey #1, like that at
Dunes and East Mesa, représéﬁtsV#h’eafly‘stage’df potassium métasomatism
closely associated with siiicification.. At higher temperatures, a ;ater
'stagé Qf p&tassium metasomatism results.in adularia forméiioh. The
sericite and adularia zonés‘overléﬁ slightly; the sericite hére is
replaced byiboth calcite and adularia. There is no evidence that ;he

_ sérigitization zdne ever had any greater vertical extent; feldsparé

above and below the zone show no alteration to mica.

- Albitization and Biotite Formation. Albitization of feldspar and

the recr&stallization of matrix chlorite and muscovite(?) to biotite
are assoclated evengs. Both alterations appear at approximately the
same depths and persist Fo the bases of the wells. Albitization occurs
at 3500' and 2900', and biotite forms at 3250' and 3000' in Magmamax #2
and #3, respectively. Biotite is very rare in'non—argillaceous‘sand-

. stones due to the pre-existing low amount of matrix (generally <1%).
Both plagioclasé and K-feldspars are ﬁeing recrystallized and
albitized; twin lamellae in plagioclése and microcline are only popr;y
preserved, and the feldspars are very ;urbid. The ‘sandstone albitiga-
fion'is closely associated with the formation of albite in shales. Much
.of the authigenic feldspar ovérgrowths in sandstones below 3500’ may be

albite rather than adularia."r'
‘SeVéral hydrothermal alteration studies»(é.g., Browne and Ellis,

1970; Naboko, 1970) have noted that feldspar composition is dependent on
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‘permeability; adularia is found to be stable in permeableAzones, and
albite in less permeable horizons. Comparison of Schlumberger
Saraband‘permeability logs shown in Fig. 28 nith Figs. 8-26‘indicates
that,the‘same;relationshipfbetween feldspar type and present permeability
exists in Magmamax #2 and #3. Hence the albitization is related to the
impaired permeability of rocks below 3000' in both wells.
Biotite rarely exceeds 1% in abundance, and the grains are large
‘(<2 mm), fresh brown or green-brown, euhedral plates which are oriented
parallel to one another and bend around nearby detritals. Biotite is
often intimately associated with epidote and anhydrite, and appears to be
approximately contemporaneous. Biotite seems to form 1argely'byrthe
'replacement of chlorite and muscovite(?), a relationship'muchpmore apparent
in shales (page 66). Several biotites were microprobed and havefant5 |
‘average composition of K 8Na.2(Mgl 41 1 09 l.37 .13)(A11 30‘ 2 70)Olo(OH)

(c. I Huang, pers. comm., 1976).

aThe‘paragenesis of mineralization in\Sandstones is illustrated in
Fig.'29. rThe diagram shows both the sequence of mineral deposition over
time and the changes in mineral stability with increased temperature.

The earliest events other than the recrystallization of. detrital
carbonates were silicification and localized potassium metasomatism which
- altered feldspars and montmorillonite to form K-mica. In the;interval
1000-2500', calcite replaces the earlier formed quartz overgromths.and

K-mica. Between 2500' and 3500', adularia, epidote and pyrite replace
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detritals, quartz overgrowths, and calcite. Below 3500', epidote,
anhydrito,.tremolite, and hematite are deposited, detrital feldspars are
albitized, and the matrix recrystallizeo to form large biotites.

'The earliest mineralization was the development of quartz overgrowths
:repiacing detrital phyllosilicateo and carbonato. Quartz overgrowths are
found throughout the total vertical extent of the wells, aithough they
are preseotly being replaced éverywhere and are presumably unstable.

Since silicification is a common diagenetic change in sandstones, fho
overgrowths may have been formed io all sandstones early in the history
of the sediments, perhaps even before the thermal anomaly developed.

The other mineralogical changes were all superimposed over the

original silicification, have limited vertical extents, and are apparently

strongly controlled By temperature and water composition. For example,
feldspars, particularly plagioclase, in the interval 2000-2900' in
Magmamax #2 and #3 are being altered to Krmica; Above'and4below this
intérval, feldspars show no oign of sericitization, and plagioolase is
abundant. Hence, potassium metasomatism is an event presently super-
imposed over a distinct interval; it is not a diagenetic change which
occurred in all sediments as they were buried below é particuiar depth.
The mineralogies at various depths are, in a sense, a'zonation of
minerais due to the recent effects of the circulation of hot, saline
fluids through a sedimentary sequence.

The presence andvaoundance of mioeraio'are strongly controlled by
the matrix content of the sandstones. Quartz overgrowths are more abun-

dant in the argillaceous sandstones; they are less abundant in the non-
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.argillaceous'sandstones, largely because of later mineralization and
replatement by other silicates.andfcalcite. Ihe argillaceous sandstones
generally have the same authigenicvmineralsrasjthe non-argillaceous sand-
stones,. but the minerals are less abundant and firstroccurvat greater
-depths in argillaceous sandstones. Differences in mineralogy are probably
due to relative permeabilities of the sandstones—jthe.non-argillaceous
sandstones are more permeable and’hence have had more f£luid circulation;
the impaired permeability of the argillaceous rocks impedes water circu-
lation and hence slows reaction.
Mineralogieq are also affected by the permeability’of nearby rocks.

In lntervals largely composed of shale, rare sandstones present are argil-
‘laceous and therefore relatively impermeable, sandstones in intervals |
lacking shales are especially permeable. Calcite in argillaceous sand-
stones in Magmamax #3 is abundant only in four distinct intervals; these
intervals arereharacteriaed B& abundant caleareous shale. The deenest
calcite-rich interval is -at 3750'; sandstones just above andvbelow‘3750'
lack calcite, which is presumably‘stablerat 3750' due to'the impaired.
"-permeability of the interval caused‘by the high shale content. There
-1s a faint correlationrbetweenﬁzonesAof;abundant epidotefand sandstone
abundance. ;Quartz;o#ergrowths:are:mOre-oommon in argillaceouS'sand-
-.. stones because -there has been:insufficient mineralization to replace

them with calcite, epidote, and other silicates.
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Siltstones

ARGILLACEOUS VS NON-ARGILLACEOUS SILTSTONES

Two different siltstones with different iypes and amounts of
mineralization and with different matrix contents occur in each intefval.
Data from the two rock typés are compiled into separateAcharts for
Magmamax #2 and #3 (Figs. 13-16) but are combined iﬁto a single chart for

| Woolsey #1 (Fig. 17).

SILTSTONE COMPONENTS

For each well, the siltstones are composed of 30-90% silt, 0-607%
matrix, and 2-807 mineralization (cement). Siltstones in general have a
higher abundance of matrix and cement, and a lower abundance of framework
grains (silt and sand) than séndstones; The siltstopes of Magmamax #3
are all very argillaceous; siltstones in Magmamax #2 and Woolsey 1

are less argillaceous.

MINERALIZATION

The siltstones in the three wells studied are usually rather coarse-
grained (.01~.05 mm) and are much more similar to séndstones than shales
in their fabric and mineralization. Since the textures and patterns of
mineralization are so very similar to those in sandstones, they are con-
sidered here only briefly.

Thé most common siltstone cement, as in sandstone, is caléige.

Like the non-argillaceous sandstones of.Magmamax #3, the nbn—argillace&ué
siltstones have high calcite abundances only in &istinct zones which are

located at approximately the same depths as zones in the sandstones.
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There is no apparent relationship between matrix content and calcite

. abnndance in siltstones. The non-argillaceous siltstones of Magmamax #2
have very little calcite (<5%), probably because earlier .silicification
filled most ‘of the available pore space. Calcite disappears at about
the same depth in both siltstones and sandstones.

Epidote first appears at about the same depths in both siltstones

and sandstones of Magmamax #3 and Woolsey #1, and the abundances of

epidote are quite similar.

SUMMARY

The textures and mineralization trends in siltstones are very similar
to those‘of’sandStone. Siltstones in general have more matrix and cement,
"and less framework grainsvthan sandstones. Magmamax #3 siltstones are

very argillaceous, and hence relatively impermeable.

Shales

GRAY VS NON-GRAY SHALES

For.each mell,'there,are two shale diagrams-éone for grayrand‘one
for non-gray shales (Figs. 18-23). . Non-gray shales include two different
13types;j the'shallow‘tan, gray;brown, and red shales; and the deeper
green shales. Data on. the non—gray shales are grouped together'for_ease
: of presentation since these shales have non—overlapping vertical ranges.
There are several reasons for distinguishing among shales of
different colors. Most importantly, the variations in shale color are
closely related to differences in mineralogy and fabric. Oxygen and carbon

isotopic compositions of different colored shales are also different
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(page 133), suggesting variable degreés of exchange wiﬁh the water.
Green shales appear to be the metamorphosed cbunterparts of gray shales.
Shales of different colors have limited vertical ranges. Tan and
gray-brown shales.are present only in the clay or shale layer above
1000 in all three wells. Red shales are the deeper counterpart of
these shales; they extent down to 2500', 2300', and 2000' in Magmamax #2,
#3 and Woolsey #1 resﬁectively, but are abundant only down to 1750',
1700', and 1400°'. ~Gray shales are ﬁresent below 1000' and are abundant
down to’3300', 2800', and 2100' in Magmamax #2, #3 and Woolsey #1,

respectively. Below these depths, green shales are present also. Rela-

tive ébundances of gray and green shales are quite variable.

- Different shale colors are produced by differences in mineralization.
The red color is a result of the higher iron oxide coﬁtént. Abundant
chlorite, and to a lesser extent epidote, produce fhe green color. The
major differences between the red and gray shales from 1000-2500' are
the greater dolomite and iron oxide content of the red shales, aﬁd the
minor epidote in the deeper gray shales. As shown in Figs. 18-23, green
shales differ from gray shales mainly by their lack of calcite, higher
chlorite and anhydrite contents, slightl& higher epidote abundance, and
the presence of large biotite porphyroblasts in the green shales (horn-

felses).

SHALE COMPONENTS

Figures 18-23 show that shales are composed of 0-20% sand and silt,
5-95% matrix, and 5-95% mineralization (cement). However, the average

shale has less than 5% sand and silt, more than 75% matrix, and 20%
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mineralization. Non-gray shales generally have more mineralization and
less matrix than gray shales.

X-ray diffraction techniques are useful for determining shale con-
stituents since shales are largely too fine-grained for petrographic
ﬁork. Uﬁfortuﬁately, mineralé ﬁifh abuﬁdénces’less thanYS-loz may not
be readily detected on diffract;grams.

Minerél:percentages in the bulk fraétion»of shales from Magmaﬁax #2
and #3 are presented on Tables I and I1. The compositionallranges.of‘
shales are as follows: 0-19% calcite, 0-86% other carbonates, 2-40%
qﬁértz, 0—41%1K~fe1dspar, 0-59% plagioclase, 0-6% kgolinite, 0-17%
interlayered illite-montmorillonite, 07882 miéa, and 0-87% chlorite. The
"average" shale has about 6% calcite; 15% quartz, 10% K-feldspar, 12%

plagioclase, 1% interlayered clays, 40% mica, and 16% chlorite.

MINERALIZATION

. Muffler and Doe (1§68) suggest that thepé is as much as 107% detrital
carbonate in Colorado River deltaic deposits. It is extremely difficult
tq disﬁinguiéh between detrital and diagenetic carbonate in thin section
soAtheﬁéfore both_typesihave been grouped together. o

Dolomite. Iron-rich dolomite (ankerite) is the most‘abundaﬁt cement

in tan shales. The oxygen and carbon isotopic compositions suggest that
: sbﬁé of‘ﬁhe«dblomite may be‘diagenétic rather than detrital (page 161).
Doiomitétis present in,shéles}to atbleaSt 2000-2500", but beléw»lSOOv
the abundance is so low that itris detecte& only by oxygen isotope

analyses.



69

TABLE I

X-ray Diffraction Analyses of Shales from Magmamax f2

Bulk Fraction Mineral Percentages

' DEPTH COLOR DOL. ANK., CALC. QT2. PLAG. KSPAR  KAOL. MIXED MICA CHL. TOTAL

LAYER
580" tan 86 — - 8§ - - 2 — 5 - 101
90 tam -~ 0 5 1 - -~ 5 71 2 -~ 9%
1090  tan - 7 n 8 S — - 17 52 5 100
1400 gray -~ -— 4 9 - - - 15 64 8 100
1610 gray ~— -- 3 8 -- = -~ 5 70 1 100
1820  gray - - 3 7 — - - 3 77 10 100
2000  gray S — 5 == == == - 18 17 100
2220 . gray -~ - 7 u, - - - 5 59 16 101
2420 gray ~-- - 3 10 - - - - 75 13 101
2660  gray - - 8 12 - - - 2 6 15 100
2900 gray = - - g 17 - - - 2 57 16 100
3110 gray- - - 5 11 - — - - 70 14 100
green
3200  gray == -- - 10 21 - - - 4 51 14 100
3350  gray - - g 19 - 10 - - 46 1n 100
3440 gray - - 7 13 - 23 - 2 38 19 102
3440 green - |- 5 10 - 24 - - 40 20 .99
3530 green - - 2 io, - 21. - 2 36 29 100
3720 green  -—- - 3 9 15 22 - 1 25 25 99
3720  greem  -- - 2 7 13 16 - 3 2 31 100
3720 purple - - - 18 59 - - 4 12 7 100
3950  green  ~-- - 2 5 9 13 - 3 50 19 101
4140 green -— L — 3 8 16 - - 2 55 16 100

4280 green - - 2 4 - 12 - 3 40 39 100
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TABLE I1

X-ray Diffraction Analyses of Shales from Magmamax #3

Bulk Fraction Mineral Percentages

DEPTH COLOR  ANK. CALC. SID. QTZ. ©PLAG. - KSPAR KAOL. MIXED MICA CHL. TOTAL

LAYER
636' _tam 72— e 14 e em 2 =< 12 - 100
840 tan 30 2 3 .10 .~ - 6 1 3¢ 2 102
020 gay W 4 - 1 — - 5 7 55 3 g
1210 gray == 6 == 16 == == e =77 2 101
1210  red .= - .3 == 7 - e = = g8 2 100
1430  gray -— 7 - 20 - — - - 67 6 100
1650  red - 8 - 10 - = - -~ 7 5 100
1810 gray = == 11— 19 3 o~ -~ g2 4 99
1960 gray - == 11 se 32 e - - - 5 4 100
.- 2080 gray -— - - 16 - - -— -— 64 20 100
2370 gray - R 9 - - —~ - 8 6 10
2560  gray - 10 - 12 2 - = - 68 8 101
2590  gray = —- 8 — 18 2 = -~ - e 7 9

2770 green = == == 13 e . e o o= 87 100

2830  gray -— 6 == 13 4 — == e .70 - 8 101
3040 gray - 12 - 38 13 - = == 3 3 101
300 green - § -~ 20 2 — - - 61 8 99
3100 green - 13 e 13 35 R Y 101
3100  purple --. 8 == 18 - 5 . == == —= 6l 8 100

3210  gray - 4 -~ 15 & - - - 13 27 99
3330 green -~ - - 20 12 - - - - 68 100
3390 ' green . == == v 36 20 25 e  — 13 7 10

Jaslb . green == == . == 6 18 . e=Ti.Ze - 500727 101
3610 green  ~= = —= 11 26 . == == ==, 0 350 28 100
670 ;ray' e 1 - 8 26 - - - u 2 99
3760 gray | = = = 3 18 -~ = — . 50 100
3790 .. green L ee 2 23 e LD 2T es T 10 101
3910  green - 9 -~ 13 31 e = 6 20 10
3970 greem — @ — - 3 12 - - - 3% 50 101

3970 green == == == 5 18 == —  — 713 4 100
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Calcite. Although rare or absent in green shales, calcite is the
most abundant cement in red and gray shales. Its abundance rarely exceeds
20%; the texture is usually micritic with calcite randomly intergrown

within the phyllosilicate matrix. Calcite is present in all red shales

and its abundance in the wells shows little relationship to depth,

except that it Increases as dolomite decreases in quantity.

The calcite content of gray shales correlates with the relative

abundance of gray shale. Gray shales in intervals with abundant gray

" shale and only minor green shale héve highef calcite abundances than in .

intervals with abundant green shale. Since green shales are alteréd or
metamorﬁhosed gray shales, it seems that calcite abundance is highest
in the relatively unaltered (i.e., largely gray shale) intervals.

As will be discussed later, calcite is preserved in‘gray shales due to
their lower permeability.

Examples of the close relationship between calcite content and gray
shale abundance are as follows: the vertical ranges of gray énd green
shales in Magmamax #3 and Woolsey #1 overlap for many hundreds of feet,
with alternate horizons of abundant gray or green shales. Calcite abun-
dances in Magmamax #3 and Woolsey #1 are greater where the relative
abundance of gray shales is high. Stratigraphic overlap of gray and
green shales in Magmamax #2 is much less, and in this short interval
gray shales gradually decrease and green shales increase in abundance;
calcite content gradually decreases as the abundance of gray shales

decreases. At about 2700' in Maéﬁamax #2 and #3, the célcite content of

the gray shales is rather low. This interval is characterized by abundant
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mineralized fractures. Perhaps greater water circulation resulted in
the removal of calcite and its replacement by epidote and anhydrite.
Calcite 1is fare in green shales, and is usually absent in green

shales from intervals with abundant green shales and only minor gray

ones. It is replaced'by epidote, anhydrite, and pyrite.

Carbonate cement in shales was analyzed to determine the oxygen
and carbon 1isotopic compositions of the carbonates (p. 128). Most of
the analyses are of gray shales because of their large vertical range.

Green shales were rarely analyzed because of their low calcite abundance.

Adularia-albite. Authiggnic feldspaf was ohly detepfgd in thin
sections of green shaies_from two intervais: 379073820Y-in Magmamax #3
and 3810—3840' in Magmamax #2. The Magmamax' #3 interval contains abun-
dant epidote-anhydrite veinlets within green shales. Fine grained\

(.05 mm), interlocking albite replaces the shale near fhelieinlets. A
microprobe analysis of this albite is given in Table A-I KAppendix 1),
along with other éuthiggnic féldspafs. Lensbid; ,1-.4 mm; porthroblasts
of interlocking aibite ére often seen in shales‘iﬁ‘this 1p;er§ai.

In Magmamax #2, the feldspar is also fine grained (05 mm) and

" interlocking, and seems to replace some large (2 tm) pre-existing,

vaguéiy tabular cffstals; perhaps aﬁhydrite(?).v‘Tﬁe feldéﬁér pseudo-
morphs were microprobed and found to be adularia With 957 of the ortho-
clase endmember and 5% of albite (Table A~T, Appendix I) |

The mineralogies of the clay fractions of. shales of Magmamax #2 and
#3 are given on Tables III and IV. .Since-feldspars are absent in the clay

fraction above 3300', it 1is likely that all the'feldspar below here
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TABLE ILI

X-ray Diffraction Analyses of Shales from Magmamax #2

Clay Fraction Relative Mineral Abundances *

DEPTH COLOR ANK.  CALC. QTZ. MIXED MICA CHL. MONT.

LAXER
580" tan 3 -_— L —- 2 1 -— —
910 tan & - 2 2 1 2 -
1090 tan - - 2 2 2 2 -—
1400 gray - — 2 2 4 2 -~
1610 gray - 1l 2 2 4 3 ——
1820 gray -— - 3 - 4 2 —
2000 gray -— - 2 1 2 4 —
2220 gray - -_— -— o1 & 3 -—
2420 gray - - 1 1 4 3 -
2660 gray - - 1 - 3 4 -—
2900 gray - - 2 1 3 4 -—
3110 gray- - -— 2 1 2 4 -
green
3200 gray - - -— - 2 2 -—
3350 gray - - 2 1 2 4 -
3440 gray - - 2 - 2 2 2
3440 green - ;- 2 - 1 3 —
3530 green - - 1 — 1 3 -—
3720 green - - - - 1 4 2
3720 green — - ' - 1 1 2 '4
3720  purple - - 1 1 1 & —
3990 green - - - 1 1 2 | 4
4140 green - - - - 1 3 4
4280 green - - - - 1 3 4

* Relative abundances are reported qualitatively using a 0 to 5 scale of increasing
abundance indicating absent, trace, present, major, and abundant, respectively.
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TABLE IV

X-ray Diffraction Analysesﬁof Shales from Magmamax #3

Clay Fraction Relative Mineral Abundances

_ DEPTH - COLOR  ANK.  CALC.: QTz.~ 'FELD. KAOL. MIXED MICA CHL. MONT.
LAYER

630" tan’ - -2 - e
840 T -_— 2 — e g -
1020 = gray - = 2 ' — 2 2 3 imm s
1210 gray ‘ - - 2 , -— »42 2‘ ' 3 - _;

1210 red | - = 2 L~ 3 |
1430 gray - == 2 oo g

1650 red . == == 2. == ==

1810 gray — - 2 - -

1960 r.gray - - 2 - -

o= NN

~2080 - gray ' e= .2 -- -
2370.; gray - -~ - 1- 2 - R AR o
2560  gray - ~— T -

2590 gray - —_ 2 — - -—

W W S W W W W W W
~N
'
1

2770 green - - — — _— -

w oW oW woow
!

2830 gray . -2 - g -— i :: g

3040  gray 2 e 2 e e -— 3. -
3100 green: - - 1 - —_— == 2 -
3100 green | == = == — - - -— -

3100 purple = == T2 w2 .13

.

3210 gray . == - ome Lo 2 iewiiiet 2

330 green - = = e —— =~ -
5590" green = -- - 2 2 — — ' 2 -
N 3390 : green B ._,.—,I,:' . ",..‘, S -- T ’ 2 o o 2 o —.

D e T

3510 .- green- C— BRIt R

NN
P
!

[

N

3610 green 1 -

w s W Fe e e W e oW

3670 gray 1 - 2 - -
3760 gray | = - 1 2

3790 green .. == em 0 lziil

NN N
1
H
'
H
NS
W oW s
-

3910  green - = -- (' 1o

w
g

3970 green -_ — .1, 2, - o~ -1

A3970A ’ greén i 1 ' ‘7—;} i‘ -b ~— . — 1 1 —



is authigenic. The clay fractionjdata suggest that appreciable fine
grained feldspar is forming in shales, probably by replacing mica.

Anhxdrite. Anhydrite is present in two distinct zones in the‘wells:'
from 0—2000', and below 3406'. Shélléw-anhydrite occurs both as nodules-
and lath-aggregates, and is freﬁuent;y aséociated with pyfite.‘ The
nodules are white, spherical to botryoidal, «1<10 mm balls of very fine
grained (.005-.05 mm), fibréus anhydrite; x-ray analyses show that they
contain small amounts of gypsum and hemimorphite; Nodules form within
shallow shales and are especially'abundant in the unconsolidated clay
layer. Below 1000', tiny nodules are occasionally seen within lithified
shales; much of the larger loose anhydrite nodules in the cuttings are
probably contaminants.

Anhydrite aggregates, rosettes or random clusters of silt and sand-
size anhydrite laths, often form within the shallow shales by the pro-
gressive recrystallization of anhydrite nodules which gct as nuclei for
further shale replacement. Aggregates often have fine grained, fibrous
cores, and shale remmants are common in iﬁterstices. Anhydrite aggre~
gates are only found in the upper 500' of the section. Shales rarely have
beds of isolated, rounded, and oriented detrital anhydrite laths which
were probably removed from pre-existing shales by stream channeling, and
then redeposited.

The deeper anhydrite which forms in shales below 3400' is associated
with.abundant anhydrite-filled veinlets. Shale anhydrite is clearly
metamorphic; the euhedral porphyroblasts commonly disfupt the meta—éhale

foliation. Phyllosilicates in shales lacking porphyroblasts are all &'ﬁ
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extremely well oriented parallel to each other. However where porphyro-

blasts are present the shale fabric is disturbed and is divided into

very irregular zones with slightly different phyllosilicate orientations.
| Anhydrite in these deep shales typically occurs as single crystals

or rosettes ranging in size from .05-5 mm, Anhydrite occasionally

selectively replaces certain shale beds, producing banded shales.

Epidote and anhydrite are largely contemporaneous. The anhydrite porphyro-~

blasts replace both phyllosilicates and pre—existing fine grained epidote

‘ patches. Pyrite commonly rims or forms within the anhydrite by the reduc-

tion of the calcium sulfate. R .
Other than at 3400' in Magmamax #3 where gray shales are largely

replaced by pink anhydrite, metamorphic anhydrite is very rare in gray

2shales, it is more abundant in the green shales where it locally consti-

tutes up to 20% of the shale. Anhydrite abundance in Magmamax #2 decreases

steadily downwards from a maximum at about 3500' The abundance in

Magmamax #3 has a minimum at 3600-3800', perhaps related to the high shale

N

abundance in the interval and consequent very low permeability.
Gyps' . Traces of gypsum and hemimorphite are present in shallow

anhydrite nodules in shales, anhydrite textures frequently suggest recrys—

' tallization from gypsum. Gypsum has also been tentatively identified in

association with deeper metamorphic anhydrite.» Small . 05- 2 mm), sub-

hedral to euhedral gypsum crystals occasionally recrystallize from

anhydrite in sandstones, shales, and veinlets.

Epidote., Gray and green shales below 2000-2500' commonly contain

epldote which typically occurs in small ( 01— 1 mm) patches or aggregates



77

‘of clay and silt sized grains. The constituent crystals are.usually
pale yeilow—green, turbid, anhedral graihs and are intimately inter-
grown witﬁ very fine grained albite-édularia; iron oxides, andvﬁhyllo-
silicates. o

- Epidote patches are commbhly eioﬁgate and arrangéd squarallel to
phylibsiliCafe orientation. In a few shales, the elongate patches are
‘connected to’formbthin, swirly, crenuléte fine gfainéd bands. In
other locations, selected shale beds are largely‘replaced by abundant
 epidote. Shales below 3600° c&mmonly have epidote, anhydrite, pyfite,
or iron oxide~-rich bands.

At 3670' in Magmamax #3, thin dark gray shale lamellae wiﬁhin
lighter gray shales are selectively replaced by silt-sized, interlocking
epidote with minor disseminated iron oxides. This epidote is black
rather than the usual yellow-green, perhaps due to disseminated ﬁaferial.
‘Microprobe analyses of the black epidote are given in Table A-II (Appendix
D. The black epidotes are within the range of other epidote cémposi-
tions.

Epidote abundance in shales rarely exceeds 157 and is inversely
proportional to the calcite content; the éorrelation is best seen in the
green shales Magmamax #2 and #3. Green shales have less calcite and more
epidote than gray shales 6f the same depth. Anhydrite porphyroblasts
usually occur in greeﬁ shaleé with less than normal epidote conteﬁts,
perhaps because fluids in these shaleé are less‘célcium.depleted. V

Tremolite. Tremolite is an extremely'rére constituent of green shéles

and is present in only two locations (Figs. 19 and 21). In both instances,
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fibrous tremolite replaces phyllosillcates within largely-epidotized
“shales.

Pzrite. Althoughypyrite is a conmon shaleICOnstituent, it rarely
‘excéAAsigz. Itﬁis entrenely rere‘in red shales‘&ue to theiprevsiling
oxidizing:environment; Pyrite is:ebundant in the shallow tan shales
where it is associeted with, and‘replaces, anhydrite. Although the
pyrite shows the cockscomh hebit typical of narcasite, x-ray analysis
indicates thet the sulfide is now entirelyipyrite;‘it is apparently
pseudomorphous after marcasite. ' 7

Pyrite in Magmamax #2 and #3 is virtually absent in shales in the
interval 1000-2700'.; Gray shales below 3000' and 2700' in Magmamax #2
end #3‘respectively contain pyrite; pyrite is also present in all green
shales. lhe depth et‘which pyrite first appears in gray shales is
»approximatelyﬁthe depth‘ettwhich’green sheles begin to form. Hence
kpyrite occurs in all corexistingrgray and green shales. The same rela-
tionship hetween the appearance of pyrite and green shale formation
exists in Woolsey #l but at a different depth.~ Pyrite and green shales
here start at about 1950' and 2100' respectively.

Pyrite formation is apparently related to incipient shale metamor-
phism and consequent formation of _green shales;: The major reaction in
‘ the progressive alteration of green shales is the breakdown of chlorite
to form muscovite and biotite, apparently liberating iron. The excess

. iron produces pyrite as’ well as the higher ‘epidote content of the green

"shales.~
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" Pyrite below 2500' occurs as subhedral to euhedral cubes ranging
from‘.OOS-.Z mm. The cubes are sometimes randomly distributed, but more
commonly are arranged in small (.05-5 mm) pétches elongate pérailel to.

- the bedding. Pyrite patches inIWell laminated shales often grow together
and replacé surrounding shale to férm bfoad, pyrite-rich bands'parallel
to the bedding. Pyrite preferentially forms in the more éilty lamellae.

Hematite and Other Iron Oxides. Specular hematite is a rare consti-

tuent in shales and is more common in gréy than green shales. It is
present in rare red shales, but usually in the form of finely disseminated,
earthy, iron oxides. Shales with specular hematite are commoﬁly purplish- |
gray in color due to the earthy iron oxi&es associated with the hematite.
The specular hematite is usually randbmly disseminated throughout the
shale in the form of silt-sized, blade-like crystals.

In Magmamax #2 and #3, shales with hematite generally contain very
little pyrite. Below 3800' in Magmamax #2, the pyrite content of gray
shales decreases as hematite becomes more abundant. Small pyrites in
these gray shaleé are oxidized, but the larger cubes are still fresh.

Hematite replaces minor pyrite in green shales below 4250'.

PHYLLOSILICATE ABUNDANCE

The data in the column lébeled "Relative Abundgnce-of ijllosili—
cates" are derived.largely from x-ray analysis of handpicked shales.
Complete shale compositional data are given in chart form oﬁ Tables I-IV.

Kaolinite is present only in shallow shales above 1000°'. Mufflefv
and White (1969) suggest that kaolinite, ankerite, and dolomite react

" in the interval 1200-2300' in IID #1 to form chlorite, calcite, and CO,.
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Mixed-layer clays are not detected below 2000' in Magmamax #3. 1In
Magmamax #2 they are abundant only above 1500' but traces of mixed-
layer clays are present in gray and green shales throughout . the well.

Mica is the most abundant phyllosilicate. The term "mica" here
_includes both muscovite and biotite since it is very difficult to distinguish
between them in diffraction patterns and in thin sections of shale. Mica
constitutes 802 of phyllosilicates in tan, red and gray shales of above
7:3500' in Magmamax #2 and 90% of the phyllosilicates in the same shales

above 3100' in Magmamax #3. Regardless of the phleOS1licate content

of shales in these intervals, the ratio of mica to total phyllosilicates
remains remarkably constant (Figs. 18 -21). The remaining 10-20% of the
phyllosilicates are composed of kaolinite, mixed-layer clays, and chlorite
above 1500" below 1500' the kaolinite and mixed layer clays»are largely
converted to chlorite |
o The consistent ratio of mica to‘total phyllosilicates (mica/phyllo-
silicates) in tan, red and gray shales throughout the upper 3100' or
3500' of the wells suggests that the argillaceous detritus deposited in
isthe Salton Trough had a remarkably consistent mineralogical composition.r
”Muffler and Doe (1968) reported that the bulk chemical and mineralogical
”composition of the sediments has been very similar throughout the late
‘Cenozoic. ‘ _ v | .

| The invariance of the mica/phyllosilicates ratio also suggests that
Vthe mica in the tan, red and gray shales is stable down to 3100' in
Magmamax #3 and 3500' in Magmamax #2. Gray shales below these depths

show a progressive decrease in the mica percentage and an increase in
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the chlorite percentage of the total phyllosilicates. The decrease in
the mica/chlorite ratio is probablj indicative of the breakdown of

‘detrital mica to form authigenic'chlorlte; “‘Two miéroprdbe'analyses.of

chlorite in green shales are given in Table A-III (Appendix I). The chlorites -

are magnesium and alkalil rich and iron poor, with an average composition

of (Mg6 4Al Ti ) Al

2.67°1.,2" 1.75%.3020 (OH,.

Although the mica/chlorite ratio is constant from 1500-3100', both
mica and chlorite have recrystallized considerably in this interval.
The width of the 10 & mica peak is closely related_to mica crﬁstéllinity;
as the mica becomes better crystallized, the mica peak becomes sharper
(de Segonzac, 1970). Figures 30 and 31 show the changes in shale mica
" peak width with increasing depth in Magmamax #2 and #3.

In Magmamax #2 shales, the peak widths of mica in both rhe élay and
bulk fraction (Fig. 30) show the same pattern»df dgéréasiﬁg péak‘width v
withiincreasing depth. Theré is considerable scatter abéve 1760', but
in the interval‘1700-3400' the peak width is approximately‘conétant.
Below 3400' the peak width decreases again. Clay-size micas are better
- ecrystallized than bulk micas, presumably due to their greater surface

areas. The mica/chlorite ratio increases below 3500' and chlorite is

being recrystallized to form well crystallized hydrothermal mica.

Magmamax #3 shales also show a pattern of decreasing mica peak width

with increasing depth (Fig. 31). This pattern'is'best developédkin the
bulk fraction; the peak width decreases rabidly to 2100', éﬁd then

gradually below. There is considerable scatter in the clay fraction
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data;’hut the"same trend is nresent}’ There is no apparent correlation
between the shale color and mica peak width
The Fe content :of chlorite'can.be‘calculated from diffraction
patterns according to the method given by Brindley'(in Brown ed., 1961).
Figure 32 shows the variation in the Fe content of chlorite with depth in
the clay fraction of shales in Magmamax #2 and #3 There is considerable
data scatter, but the Fe contént in Magmamax #eraguely increases and
that of Magmamax #3 vaguely decreases with increasing depth.
 Green shales of Magmamax #3 show a very close relationship between
mica and chlorite. Green shales at 2800' h'ave‘a ph&llosilicate content
of 5% mica and 957 chlorite.‘ The mica/chlorite:ratio decreases slightly
down to 3350'.‘fBetween‘3350' and 3800 the ratio decreases rapidly;
below 3800' it decreases slightly to the bottom of the well where phyllo-
silicates consist of 95% mica, 3% chlorite, and 24 miscellaneous. The
progressive decrease in chlorite and increase in mica content suggest ,
that mica is replacing the previously—formed chlorite.” Thin sections
in this interval show the development of coarse-grained biotite which
appears to replace finer-grained phyllosilicates.
The green shales of Magmamax #2 show a different relatiOnship
between mica and chlorite, their relative abundances show less variation
with increased depth than in Magmamax #3.‘ The mica/chlorite ratio
increases slightly from 3450—3550', and then slowly decreases from 3550'
to the bottom of the well where the phyllosilicate content is 75% mica,
20% chlorite, and 5% miscellaneous. The trend below 3550" is the same

as in Magmamax #3, but the ratio changes less with increased deptht In
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general; chlorite is being progressively replaced by mica within the
green shales. |

Authigenic biotite is forming in green shales below 3250' in
) Magmamax #3 and 3400' in Magmamax #2. The biotites are large (up to 2 mm),
. euhedral tablets generally orientedfoarallel to the bedding. The biotite
iSfpartially contenporaneous with epidote and anhydrite formation.

Associatedrwith the neo—crystalline micas is a montmorillonite—like
clay. The clay is expandable, and diffractograms before and after gly-
colation are shown;in Fig. 33. The montmorillonoid is present in the
clay fraction of green shales below 3500' in Magmanax‘#3_and 3700" in
Magnamax #2 (Figs. 19 and 21). The abundance of tne montmorillonoid
tnever exceeds 2%. A

Although nontnorillonites arefgenerally considered to be low tem-
perature clays (Brown,_l961), de Segonzac (1970) notes that montmoril-
l'llonite has been identified in other metamorphic rocks and attributes
their presence to local very special geochemical conditions or to late
hydrothermal phenomena. Experimental studies have shown a close relation-
ship between composition and thermal stability (Sand and others; 1957).
* Sodium nontmorillonites With high Mg/Al ratios are stable up to 750°C
(Ames and Sand, 1958). The interval containing the montmorillonite is
characterized by albite and by magnesium—rich minerals such as talc,
v tremolite, chlorite, and biotite, hence,’ the montmorillonite is probably
sodium and magnesium-rich.

Tale was’identified only in diffractograms of the clay fraction of
shales from 3600-3800' in Magmamax #3. This internalicontains abundant

and presumably impermeable gray shale.
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"f The'following 1s aESummary‘of changes'in phyllosilicates'nith in-
creased depth'- Detrital kaolinite and mixed layer clays are transformed
into chlorite above 1500'\ The mica/phyllosilicate ratio of tan, red,
“and gray shales above about 3000' is approximately constant due to the
stability of mica below about 300°c. Gray shales below about 3000' show
e progressive decrease in the mica/chlorite ratio‘due to alteration of
** detrital mica to chlorite. - The recrystallized chlorite in green meta-
shales 18 progressively altered to fine grained muscovite‘and biotite
porphyroblastsfwith»increaSed depth. The'iron.liberated'in‘the breakdown

of chlorite is converted into pyrite and epidote.

: RELATIONSHIP BETWEEN GRAY AND GREEN SHALES

L Green shales first appear at 3250' 2800', and’ 2100' in Magmamax
#2 #3 and Woolsey #1, respectively Below these depths, both gray and
_green shales co-exist with variable relative abundances. Gray shales
are rare below. 3550' in Magmamax #2 Although the shales here have been
categorized as either gray or green shales, there are a wide variety of

"colors gradational between gray and green.: Generally, the shale colors,

- are more gradational in those intervals where the abundances of gray ‘and
green are subequal than in intervals consisting primarily of only one
shale type.' The colors become less gradational and more distinct toward -
the bottom of the wells.' The gradations in color seem to predominantly

‘_ reflect variations in the abundance of chlorite (and epidote?), and

hence gradations in the degree of metamorphism.; ﬂiuﬂf‘A

Green shales begin to appear at about the same depth at which sand-

stones begin to be mineralized by epidote and .adularia. Gray and green
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shales:shafe'thé same‘éltérg;ion and_mineralizafion t;ends, but the
changes occur at,shallowér'dépths in,the greén‘shales. - For examplg;
. calcite ié very r#fe and:is pfgéent»oﬁly in fhé shallpwegt greenrshales;
in gr#yﬁShalgs_thé galcitéfgpntent'deéreases with’increasing”depth, but
diéappeafs”onl& néar~£he:bo;toﬁs_of the wells. .Me;amofphié minerals |
. such as anhydritevand epidote are morgJabundant.in green shales. The
 inference is that grﬁy shales gre the less.a1tefed countérparts éf»green
shales. |
| ,Mégmamax‘#z shows a'generai trend of decreasing gfay shéles and
~increasing éreen shales downhole. Thié paﬁtern'is consistent with a
prdéressive metamorphism of gray to green shales with increasing tempera-
ture. Magmamax #3 shows thé same bésic trend of in;reased ébundﬁhce of
green shales‘with depth, but gray shales continue t§ persiéf in #bun&ance
down as deep as 3800'. In Magmamax #2 and Woolsey #1, gray shéles co-
. existvwith green shales for only 206—300'; iﬁ Magmamax #3,‘the shales
coexist for 1000'.
There is an excellent correlation Setween'theirelative abundance
of gray shale aﬁd the bulk lithology of the interval. Where saﬁdstones

are rare or lacking, gray shales are more abundant. For éxample, in

Magmamax #3 sandstones are virtuallf absent from_3600—3800'; the interval

3650-3800' contains virtually no green shaies,,only'gray bhes. fsénd-
stones are also rare from 3050-3100' aﬁd‘315043300‘; ﬁheéé intervals also
hé#e abundaﬁt gray shales. . :

Sinée sandstones havé a;highé::ofiginal pefméé$i1i£§ thah shales,

intervalé withbabundant sandstone have had ﬁdre water‘cifculation than
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.all-shale areas. Shales in the sandy intervals are more highly altered
‘due to water circulation in the adjoining sandstones. Cuttings often

‘?show‘that shales bordering'sandstone bedsvare greener than.shales farther

away. The conclusion is that gray shales are found in zones of low |
permeability where minerals persist outside their stability ranges due
totthe 1ack of_water circulation.

’In summary, there is e general trend of progressivehalteration of
gray shales to green shales_hith increasing depth and temperature. how—
ever, superimposed on thisibasic pattern is the effect of local low
permeability which preserves otherwise unstable;aSSemblageS“yithin the
gray shales. Magmamax #3 has many\zones‘of abundant gray shale below
2860'where'green shales first appear. Magmamax‘#Z has‘feW“COmparable
zones of grayvshale. The inference: is that zones of local impermeability
have more effect on the mineralogy of shales in Magmamax #3 than in

Magmamax #2

. SUMMARY

" The paragenesis of mineralization in shales is illustrated in

l{Fig. 34._ ‘The diagram shows both the sequence of mineral deposition over
,itime and the changes in- mineral stability with increased temperature.
'.iIn the first 2000' kaolinite and mixed-layer clays are replaced by
?Tchlorite, and dolomite is gradually‘replaced by calcite, gypsum dehydrates

dto anhydrite which is partially replaced by pyrite pseudomorphic after

o marcasite.‘ﬁln—the interval_2090:3509f ‘the: major mlneralogical

change is that epidote patches replace calcite. The mica/chlorite ratio

is constant down to about 3200' where chlorite'begins to recrystallize
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from’detrital_micaa,;Below‘SSOO',hiotite_and.muscovite(?) replace
chlorite within‘green shales. nAnhydrite and_pyrite, as well as epidote,
develop within,shales. -Minor tremolite and hematite are present, The
_ahundance of epidote‘and pyrite patches, and,anhydriterporphyroblasts
‘produces a-generally "spotted" fabric; the meta-shales could reasonably
- be termed."spotted.hornfelses"ap' o
The different shale colors are‘produced by the differences in
A/mineralization of the‘shales. The red color is a.product of the higher
~iron oxide content. The purple tint of the purple-gray shales is pro-
duced by finely disseminated specular hematite and'earthy hematite.
Abundant chlorite, and to a lesser extent epidote;:causes the green
jcolor. 77 }i. \k | e ‘lr~ d | 4 e omens
) The green shales differ from the gray shales mainly by the lack of
vvcalcite, higher chlorite and anhydrite contents, slightly higher epidote
fﬂabundance, and the presence of large biotite porphyroblasts in the green
tshales. Green shales are the metamorphosed counterparts of gray shales.
There is a general trend of progressive alteration of gray shales to
’green shales with increasing temperature. >However, superimposed on this
basic pattern is the effect of local permeability.‘ Gray shales are
ijvpresent in zones of low permeability where minerals persist outside
‘Jtheir normal stability ranges due to insufficient water circulation.

°  Fracture Mineralization

The eight major vein minerals are calcite,*adularia,nanhydrite,

’gypsum;'epidote,ctremolite,'pyrite, and hematite. ' The .relative abun-
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dances of these minerals throughout the three wells are illustrated in
iFigs. 24-26. Minor fracture'minérais inclﬁde: sphene, chalcopytite,
sphalerite, and garnet. Fluid‘inclusions‘are'cOmmon, but were'nét
invesfigated. Tﬁe mineral assoclations seen in multi-mineral veinlets
are also shown on the figures. Neafly‘all the mineralized fractures are
within shales, with about 75% of them oriented parallel to thé'bedding.
:Veinlets rahge in width from .005 to 3mm. " Only in cuﬁtings from the fault
o zdﬁe ét 2700' in Magmamax #2 are there remnants of potentially much wider

"~ veinlets.

 MINERAL ASSEMBLAGES

The mineral occurrence and minefal assoclation data can ﬁe inter-
preted as three major vein mineral assemblages, each with a diétinct
rdowhhole range.

Calcite. The first, and shallowest mineral zone is cﬁaracterized
by calcite véinlets and extends from about 1600' down fo 2300' iﬁ Magﬁamax
#2 and 2600' in Magmamax #3. Within this zone, veinlets are qﬁite rare,
and almost all are composed entirely of calcite. Epidote or pyrite
véinlets are extremely rare.

The calcite veinlets are almost always in gray shaies;' Veiﬁlets
rarély exceed 2 mm iﬁ width and usually have # cockscomhlfa$¥iéyof tiny
crystals growing in from the walls; some veinlets‘are récrys;éliiied
- into a solid, optically-continuous mass. Vein caléite from all three
wells have been analyzed to determiné their oxygen and carbon isotopic

compositions (page 128). .

Adularia-epidote~calcite. The second assemblage is characterized by

the assemblage of adularia, epidote, and calcite. Pyrite, hematite and
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5;sphene<areflocally¢abdndént.‘vThe zone containing this mineral association
extends from 2300'—3300' in Magmamax #2, 2600'-3500' in Magmamax #3,
_,and from 1400'. to the bottom of the well in Woolsey #1.

.~ In the interval 2690'~2720' in Magmamax #2 the cuttings consist
largely of highly brecciated rocks cemented by the:assémblage of adularia,
. epidote, and calcite.. -There are minor similarly brecciated and healed
rocks at 2710-2740' in Magmamax #3. Randall (1974) haé inferred a fault
at this location in Magmaméx #2 based on dipmeter surveys. _ _

"Within the brecciated interval there:are abundéntfveinlets; Typi-

cally, the open spaces are first lined with euhedral adularia rhoﬁbs;
epidote nged}es or laths grow inward ffom”thé'édul#ria rims; frequently‘
corroding the earlie; adularia, :Epidote interstiges are SOmetimesylater
filled with adularia, but often the interstices are léft unfilled.
'Euhedral sphene and pyrite are quite common. Calcité replaces both
- ~adularia and epidote.:-

Fractures inAthefintervals2830'-2950?.in'Magmamax'#B werevrepeatedly :

.- 'reopened ‘and rehealed; one veinlet had been reopened’'and healed at least

. six times.  Each time.it opened, euhedral adularia formed on the wall

. rocks, and epidote;latér7partia11y‘corrcded the ‘adularia and filled the
remaining .open space. - The~veinlét reopened éadh:time élong the veinlet-
4;wa1l rock'boundary§rshale temnants:are“ﬁsually~trapped in each new frac-
ture. 'Thé repetitive{veinlet fabric is suggestive of hjdroffacturing
during boiling; eaghvtime,the_rﬁcks f:ac;uréd,lthe same fluid flowed in
and followed the same crystallization péth,f_ .

U.Where;hematité is associated with.epidote, the epidote 1is often

oxidized to a reddish-green, turbid color. Microprobe analyses indicate
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~that the red epidotes are largely replaced by iron oxides; nearby pyrite

is also oxidized.

Egidote-anhydrite-tremolite—pyrite-hematite{ The third and deepest

mineral assemblage is characterized by epidote, anhydrite, tremolite,

_pyrite, and hematite; calcite and adularia are locally abundant.. The

zone containing this mineral assemblage begins at 3300' in Magmamax #2
and 3500' in Magmamax #3, and extends to the bottoms of the wells.

Epidote-anhydrite veinlets are common. - The minerals are partially
contemporaneous, and replace each other., Sixteen vein epidotes were
.vmicroprobed, and the analyses are given in Table A-II (Appendix I). They
range in composition from 23-37 mole percent CaZFe3813012(0H).

In the interval 3810-3840' in Magmamax #2, a few rare veiﬁiets
contain the assemblage: garnet-epidote-anhydrite-hematite. 'The garnet
has been partially replaced by epidote and anhydrite; hematite was
deposited last. The garnet is zoned, and microprobe analyses of two of
the zones are given in Table A-IV (Appendix I). The garnet is honey~colored
with first order gray birefringence colors. The inner zone has a composi-
tion of 74.6% andradrite, 24.37% grossularite, .77 spessartine, and .4%
pyrope; the outer zone 1is 627 andradite, 37% grossularite, .7% spessértine,
and .4% ﬁyrope.' The basic shift in composition is f:ém high Fe and low

Al to high Al and Low Fe. The coexisting epidote in this veinlet was
. microprobed, and the analyses are giVeh,ianable A-I1 . (Appendix I).
Epidote and tremolite are commonly associated. Typically; the

fracture is rimmed by epidote, and fibrous tremolite replaces some

epidote and fills the remaining open space. Tremolite is virtually
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always £ibrous, ahd ;ﬁé tibers are'uSﬁally'éliéned parallel to each other

and at some angle to tﬁe ﬁeiniét.b Micropfobé'analyses of tremolite

at 3670-3700' in Magmamax #3 are given in Table A-III (Appendix I). The totals
‘are\all‘toorlow due to epoxy volét;zation. Compositions rgnge.from 18-19

mole percent fgrro-actinolité., Calcite occasionally replaces epidote and

‘ treﬁolite,

Anhydrite is commonly associated“with pyrite;_pyriﬁe,is always the
later mineral andlforms as cubes within anhydrite 6; aé rims enélosing
T 4t. Therefore, thevnqrmal sequence 1s to deposit,anhydrite'under oxi-

dizing conditions, and then to 1aier reduce the sulfur to'form pyrige.

In one interval, 4310;4340' in Magmamax #2, the anhydrite-pyrite
association was later oxidized. In sandstones, shales, and veinlets in
this interval, the earlier anhydrite and pyrite are,replaqed‘by a fine
- grained mixture of calcite,and,fihe grained.ea:thy hemafité_whi;ﬁ‘réplace
-anhydrite along veinlet margins,.between grains,~and along,cleavage
;traces.j Pyrite cubes are oxidized and there aie severallhydraiéd hema-
tite veinlets.

.. Within this dépth zonerthegé:gré quradic,gyp§u@ yeinLets.’ The
. ..gypsun forms honey—colpred,Adrusy aggrqgategiwithin gteeg‘gbalgs.r_There
: :is_no;evidence of,dehydrgtion to anhydfi;e andfqﬁe,xelatiqnship;bétweén
;,theidrusy,aggregates and anhydrite ve1nletswis unknown. ¢Ihe gypsum
-was identifiedvby”3fraying,_and singe,it,pcpurs asaveinlgts_in g£ggg
, shaleé;it_cannot ﬁg sldughéd,from‘éhallower than 3000' yhegg.temperatﬁres
‘and salinitiesfare;app:oximately‘the“sgme. ~ The presence,‘df ‘gypsum

veinlets at temperatures greater than‘300°c and at salinities
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of approkimately 250,000 mg/1 is anomalous} under these conditions anhy-

drite is the stable phase (Blount and Dixon, 1973).

FRACTURE MINERALIZATION AND wALL ROCK CHEMISTRY

The mineralogy of veinlets is very closely related to the mineralogy
of the surrounding rocks. Intervals whéré gray shales are relatively
abundant have veinlets containing calcite; intervals where green shales
are abundant are characterized by anhydrite-bearing veiﬂlets.

This relationship is most apparent in Magmamax #3 where the relative
abundance of gray and green shales fluctuates greatly (Fig. 20). ‘Green
shales begin to appear at about 2900', and are abundant down to 3100';
in this interval vein calcite is rare. From 3050-3306','gray shales are
abundant,'and calcite mineralization is present. Greén shales gradually
replace gray shales in the interval 3300'3650'; no calcite is‘present
and anhydrite is very abundant. Between 3650' and 3800', virtually all
the shale is gray; calcite mineralization is abundant, and anhydrite is
uncommon. Below 3800', all the shales are green and calcite disappears
and anhydrite is abundant.

The relationship between wall rocks and vein mineralization is
less apparent in Magmamax #2 because the two shale types coexist only.
over a shoft interval. Green shales begin to éppear at about 3250';
anhydrite veinlets first occur at about this depth. In the interval
3250-3550", gray and green shales coexist in approximately equal abundance;
both calcite and anhydfite veinlets are present. Between 3550' and 4300',

gray shales never constitute more than 17 of the total shales; the rest

are green., In this interval, anhydrite is very abundant, and the rare
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‘ calcite veinlets are found only in intervals with minor gray shales.

Beloy»4300'? gray shales are more common, and .calcite plus hematite
replaces’anhydrite\in,veinlgts_here.
 Woolsey #1 is‘rgiatively ugmineral#zed. No anhydrite veinlets
were seen. Calcite veinlets are very abundant in the interval 2250-2350'
where the shaleg are‘mostly gtay rather thgn gréen.
. The question is? why sﬁquld the relative abundance of calcite and

anhydrite veinlets be related to shale color? As discussed earlier,

green shales are the metamorphic counterparts of gray shales, and hence

intervals where green shalés are locally abundant are the most highly

metamorphosed zomes.

Probably the major differences between gray and green shales are

~ their calciﬁe and anhydrite abundances in both the shale ground masses

and in veinlets. Gray shales are characterized byvtheif abundance of
calcite and very rare anhydrite; green shales lackicalcite. and have
abundant anhydrite. The pyrite contents of gray and green shales are -

quite similer; greeﬁ,sha%es»have‘slightly(more epidote, _Thereforg,

-veinlet mineralogy isLsimila;.to the mineralogy of the wall rocks, with

calcite_veinlé;s developing in calcitefbgat;ngirocks, and gnhyd:ite

.veinlets whgréignhydrite isrsgéblerinrthe_wall rocks.

The mineralogies of‘all‘chree wells show great variation yith depth.

As an examplé, at about 2700' in Magmamax #2 and #3 the mineral assem-

blage is: quartz + adularia + mica + epidote + calcite + chlorite; at

3900' the assemblage is: quartz + élbi;e‘+ biotite + muscovite;+

chlorite + epidote + anhydrite + tremolite + pyrite. It is unreasonable
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_to expect that the waters within these two‘internals which deposited
nany of these minerals would be the same. Helgeson.(l969) indicates
that the salinity of Salton Sea geothermel fluids increases with depth.
Isotopic studies of hydrethefmai minerals also suggests that the waters
in different hOrizons'afe‘diffefent (pége 153).

Petrographic observations suggest that the veinlets were formed
‘concurrently with metamorphism of the rocks. The paragenesis of minerals
’seen in veinlets and seen in the mineralization of sandstones and shales
is almost identical, suggesting that the simplest model for veinlet
’ minerelization might be that the vein minerals were formed from the same
fluids which were altering and mineralizing the wall rocks. Therefore,
when shales were fractured, fluids within microfractures in nearby rocks
flowed into the open spaces and healed them with sequences of minerals
similar to those being deposited in the nearby host rocks. In rocks
where calcite was present, and presumably metastable, the hydrothermal
fluids deposited calcite in fractures. Where anhydrite was stable in
the wall rocks, anhydrite veinlets were developed.

This simple model basically implies that all vein waters are locally
derined. An alternative model would be that the waters were derived from
elsewhere, but mixed with the rock microfracture fluids and reected
with the wall rocke to depoéit mineral assemblages similaf tovthbse of
the enclosing rocks. Both models are geologically reasonable and
suggest that the microfracture fluids control the mineralogy of larger
veins; there is no evidence to distinguish between them; H0wever,

isotopic evidence suggests that most of the water cifculation is within
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horizontal aquifers, and that vertical fracture flow is relatively

unimportant.

SUMMARY

The parageﬁesis of fracture mineralization is illustrated in
Fig. 35. Mineral occurrence and mineral association data can be inter-
preted as three major vein mineral assemblages, each with a distinct
vertical range. The shallowest mineral zone, which extends to about
2400', is characterized by calcite veiclets. The second assemblage
consisting of adularia, epidote, and calcite, with locally ebun&ant
'pyrite, hematite, and sphene extends ffom about 2400-3400'. The third
assemblage ie present below 3400' and is compoeed of epidote, anhydrite,
tremolite, pyrite, and hematite with occasionally abundant calcite and
adularia; garnet is rare. 7 ’
| The mineralogy of veinlete is_#erffsimilar to the mineralogylof the
wall rocks. Where local impermeabilityuhas preserved lcwer temperature f
mineral assemblages in shales, the associated fractures are filled with
approximately the same mineral assemblages; Vein mineralization appears'
to have been concurrent with metamorphism of the rocks. The parageneses
of fracture and shale mineralization are very similar. Since the major
fluid circulation within the rocks appears to be within horizontal
aquifers, the fracture fluids are 1ike1y to be locally derived from the

enclosing shales.
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DISCUSSION AND CONCLUSIONS

The mineraliaation andlalteration of sandstones;~siltstones, shales,
and veinlets have been discussed independently, and thedconclusions
- summarized at the endiof‘each section. The rocks .show a‘veryadistinct
- 'vertical mineral zonatiohﬁ hydrothermal reactions:occur~within discrete
intervals. Differences in original sediment composition, permeability,
and water chemistry result in slightly different mineralization and
- alteration of the various rock types. The presence and abundance of

ﬁ minerals is strongly controlled by the matrix content of the rocks;

.; the impaired permeability of argillaceous rocks impedes water circulation

- and hence slows reaction rates. Therefore,“metamorphic mineralogy is

; strongly affected by permeability. Although‘there is a general’progres-
sive metamorphism with increased depth superimposed on this basic pattern
: 1s the effect of variations in permeability. Mineral assemblages in;zones
: of low permeability persist outside their normal stability ranges due

to insufficient water circulation. Vein mineralization appears to have

i been concurrent with the[metamorphism of the rock5° the parageneses

§ of minerals in the metasediments and the veinlets are very similar.

E'The mineralogy of fractures is very closely related to the mineralogy

of the enclosing wall rocks. Eluids within ‘the fractures are probably
vlocally derived from the enclosing shales.;‘

The petrologic differences among Magmamax #2 #3 and Wbolsey #1
ihave been discussed in previous sections. Figures 36 and 37 summarize

" the differences in bulk mineralogy of the wells and provide a simple

‘means ‘of comparing the wells by:ignoring the effect of lithology. The
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mineral abundances éhowh wéfe dgﬁermined"by x-ray diffraction analysis
"L'Qf'fhe ﬁﬁlk‘and c1ay'fgactions of bulk cuttings samples; the data are
given in tabular fpfm in-Appendix“II. | k v
| "Abdve 2700' fﬁg stfatiéraphies of Magmamax #Zvandl#S afe.quite
similar, and as discussed in previous sections, the h&drothermal
mineraiogies are very similar also; theréfore,vthe buik minérai abun-
dances above 2700' should be élosely related. Figures 37 and 38 show.
fhat the abundances are indeed nearly identical above 2700',7ﬁith two
major exéeptions: quartz and mica. Both these minerals show wide fluc—:
tuations in abupdance with depth. Below 2300', the f?ends of Magmamai 2
and #3 are inverses of each other; where quartz (or mica) i§ abundant in
one well, it is minor.in the other. The ampliiudes of the fluctuations
in quartz and mica abundance of Magmamax #3 are greater than those of |
Magmamax #2. Since quartz and mica are the major constituénts §f sand-
stone and shale respectively, where shales are abundant the mica‘content
.should be high and that of quartz low. The higher amplifudes of Magmamdx
_#3 therefore imply ;hat sandstones and shales here are less eveniy ‘
distributed and/or thicker bedded than in Magmamax #2. Hydrpthe?mal
mineral abundgnées show more variation in Magmamax #3 than in Magmamax‘#Z.
‘Since permeability is closely related to the sandstone/shale ratio, the
difference in bed thickness and distribution between thé wells may = -
‘account for the gréatgr effect of permeability variations on the
mineralogy of Magmamax #3.

In general, Magmamax #2 and #3 are quité similar,,gndybothidiffgf

:markedly'from;qulsey #1. The calcite content of the bulk fraction
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of Woolsey #13sgmples;is considerabiy lower and that of the clay fraction
higher than in Magmamax #2 or #3; thin section observations indicate
that in general Woolsey #1 rocks contain more calcite than the éther
wells. Quartz is generally much less abundant in Wboisey #1 than in the
other two wells although sandstones are more common in Woolsey #1.
The decrease in quartz abundance with depth is due both to a decrease in
‘sandstone ;ontent and to quartz replécement. “The high;feldspAr and low
‘““quartz contents of Woolsey #1 suggest that the abundant authigenic
feldspar seen in thin section (Figs. 11 and 12) is replacing large amounts
of quartz.’ Chlorite, epidote, éﬁd*anhydrite are all much more abundant
in Woolsey #1 than at the same depths in Magmamax #2 or #3. The close
geographic proximity of the wells makes it unlikely that the difference
- in mica/chlorite ratio is detrital. . Thé-moét’reaSCnéblg explanation is
‘that mica is being fecryétallized‘into‘chlorité‘ét‘énoméibﬁsly éhgllow
'“5depths‘in.W601ée&:#l. 'Eﬁidéte and mbst'of fheiaﬁhYdrité aré élso hydro~
" thermal. | ' |
' “The difffacfidn'étﬁdy;in&iéhteéithat the whole-rock ﬁiﬁéralbgiéal
1lfgnd§7bf'Wbblééy #1'aréfdiétincfiY‘difféfent fr6mffhbéé of“thmamax #2
and #3 at thé'same‘depths. In fact,.théiﬁinérai abundan¢esvof Woolsey #1
”ffog‘fﬁbb—2400f~(190-2605b) are géﬁeréily ﬁuéh moré'éiﬁiiér éo the inter-

~val’ 3000-4200" (310-320°C) in Magmamax #2 and #3 than to 1200-2400'.

" Green shales are present at 2100' in Woolsey #1, but do not appear until

43200'°énd'28067“1n'MagmémAkf#Zzénd:#3tfé8pécti§e1y;‘ wbélsey 1 is
*piéséntl&,élightly'coldetuthan'éither'of‘the‘bthér”twovwells; but it is
* ‘possible that it was once hotter and the mineralization occurred at

this time. It is, however, unlikely that the temperature in the interval
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, 1200-2400' in Woolsey #1 was ever as high as the present temperature of
the same minergl assemblage in Magmamax #2 and #3. Sandstones are much
more abundant in Woolsey #1; pefmeability may be more important than
ﬁeﬁpérgpureé in regulating mineralogical changes.

| Muffler‘and White i;969) studied the mineralogies of cuttings from
two Salton Sea geothermal wells, IID #1 and Sportsman #1, and one
cooler well outside the field, Wilson #1. Their data were derived
largely from x-rafldiffraction studies of bulk cut;ings samples, and ﬁay_
be compafed with the mineral abundances determined by x—rayvanalysis of
bulk cuttings from Magmamax #2, #3, and Woolsey #1 as shown in Fig. 36.
Unfortunately, their data are given in terms of peak intensitieé rather
than in mineral percentages, so quantitative comparisons are difficult.
| Muffler and White (1969) show that ankerite, dolomite, and kaolinite
are abundant in shallow rocks but disappear at about 1800' by rgacting
to form chloritg.and caleite. Cuttings above 1200-1500' in Magmamax #2,
#3, and Woolsey #1 were not analyzed because the rocks were so poorly
indurated that most of the clay was removed during washing. Ankerite,
dolomite, and kaolinite are present only above 1100' in Magmaﬁax,#z and
#3 shales (TaBles I and II).
_ Below'ZOOO; mineral abundances and distributions in IID #1 and
i Spottémaﬁ #1 are quite similar to those of Magmamax #2 and #3 (Fig. 36).
All four wells show an abrupt decrease in calcite in the interval 3000-
3506'.associated:with an increase in epidote abundance, an increase in
.'Krféldspar below 3000', and an increase in chlorite with increasing

depth. In IID #1 and Sportsman #1 mica abruptly decreases in abundance
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and chlorite increases at about 3500°'. Mica and chlorite abundances

are much more:complicated.in Magmamaa #2 and,#3,}with mica apparently
"replacing chlorite.below 3500-4000'. Muffler and White (1969) foond

only sporadic anhydrite' it apparently is much more abundant in Magmamax

#2, #3, and Woolsey .,

The geothermal wells in the:Salton Trough penetrate afsequence of
sediments which are being metamorphosed at depth‘in'response to the
elevated temperatures and pressures. -The metamorphic grade of the
deeper rocks has been described as the albite-epidote hornfels facies by
Muffler and White (1968) and as 1ow grade greenschist facies by Muffler
and White (1969). These ‘two different facies are the appropriate cate-
gories for the observed mineral suite in contact and regional metamorphic
terrains, respectively. The localized nature of the metamorphism, the
presumed relationship with magmatic activity at depth and the lack of
pressure'effects suggest that thesmetamorphic environment is probably

. pore similar to contact than regional metamorphism,

The 1ocations of isograds based on the first appearance of hydro-

thermal minerals are shown on Fig. 38. The differences in depth ‘between
the first appearances of minerals in Magmamax #2 and #3 is largely due
to differences in the sandstone/shale ratio, or permeability, between

_ the two wells;, Above 2700' Magmamax #2 has the higher sandstone/shale

ratio and epidote and adularia are first formed:at shallower depths.
N Below 2700" Magmamax #3 is _more permeable, and biotite, albite, and
anhydrite are crystallized at shallower depths than in Magmamax #2.

Isograds are about 1000' shallower in Woolsey #1, probably due to its
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greater permeability. As it is difficult to distinguish between detrital
and‘hydrothermal muscovite; and since there is a continual gradation
between hydrothernal illite and muscovite, no muscovite isograd could
be drawn. |
The mineralogies of the three wells studied show a continuous grada-
tion between a typical sedimentary assemblage of quartz + calcite +
plagioclase + K-feldspar + dolomite + montmorillonite + illite +
kaolinite plus minor accessories, and a metamorphic assemblage of quartz +
- albite +'epidote + anhydrite + tremolite + chlorite + biotite, with minor
hematite, talc, garnet,:and pyrite. Figure 39 consists of fiye ACF dia-
grams showing the mineral assemblages present“at increasing-temperatures.
Available mieroprobe analyses (Tables I-1IV) were used to locate~minera1
positions as accurately as possible. There were insufficient data to
illustrate variations in the compositions of solid solution minerals with
itemperature. ’ » < |
| Hydrothermal alteration in the interval 254210°C’results in the
destructionrof'the assemblage seen in diagram #1 (Fig. 39) and the
formation of that in'diagram #2. Chlorite night be formed bfia'oecar-

bonation'reaction such as:
dolomite +‘ankerite.+\kaolinite + Féf3': chlorite + calcite + co,

. with theiiron required coming from the iron-rich brine.' Potassium

metasomatism results in the formation of illite-sericite by the break-
down of montmorillonite, kaolinite,‘and plagioclase. These reactions

precipitate quartz, and release sodium]and calcium into solution; some
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of the calcium reacts with bicarbcnate and precipates as calcite. The
relationship between pyrite and ferric oxides is ccmplex, but in some

rocks hydrothermal solutions are capable of reduction reactions such as:
anhydrite + carbon + ferric oxides (hematite) i_pyrite + Ca+f + CO2

VSulfur is also derived from the breakdown of sulfur—bearing,orgahic
cchpochds; organic bands (carbohaceous material) in sandstones are
ofteh selectiveiy replaced bp‘pyrite.

» The ‘major changes between the mineral assemblages at 210° and 240°C
are the disappearance of illite and the formation of epidote and adularia,

perhaps by a decarbonation reaction like:
4+ 43 | |
illite + calcite + quartz + K + Fe =~ epidote + adularia

+ Mg+2

The abundance of epidote ' in sahdstohes is clearly inperSeli related to
that ofncalcite and quartz.

Biotite, albite, and anhydrite are formed in the temperature range

| “‘:240-315°C, and calcite generally disappears. $he_abandances;of chlorite

and mica are inversely related,:presumably due to reactions such;as:
chlorite + adularia + 8" =2 A'biotite + muscovite + pyrite
: + Mg

Excess iron is precipitated as. pyrite or. hematite depending on local
conditiqns. Adularia and albite ‘coexist in this interval and may form

byrthe,hreakdown of muscovite:.
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’ + .
~ muscovite + quartz + Na _ adularia + albite.

Sodium is derived from the brine. The abundances of anhydrité and cal-

cite are inverseiy related as shown below:
CaCO4 + S0,~ < CasS0, + CO3~

The,reéétion is largely controlied by the CO2 pressure. The briné sul fur
Eonteﬁt is negligible due to reactions févdfing the'precipitatibn‘of
pyrite and anhydrite. |

The mineral assemblage at 320°C can be generated by reactions of the

following types:

chlorite + calcite + quartz + Na+ - tremolite + albite + co,

chlorite + quartz + Nat < talc + albite + Fet?

chlorite + quartz + Na@ + cat? ~ talc + garnet + albite

+ Mg+2 + Fe+2

These reactions all involve the dissolution of chlorite and quartz, and
the addition of sodium. Magnesium released by the breakdown of.chlorite
is precipitated as talc or tremolite; excess iron may be deposifed‘aé
pyrite by reducing the sulfur in anhydrite. |

Sﬁudies of other hfdrbthermally altered rocks have indicated a
relationship between feldspar composition and permeability (Naboko,
1970; Browne and Ellis, 1970). Adularia is deposited in permeable zones,
and albite in 1ess‘permeab1e horizons. Boiling in permeable bedé; by

causing a losé of C02 and a consequent increase in pH, results in the
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d eposition of adularia; calcite may also be precipitated. Albite and
albitization occur in zones nhere the CO2 is still in solution, often

below the adularia zone.

In Magmamax #Z.and #3, adularia is common in,sandstones and vein-
lets from 2500'-3800', and’it typically replaces calcite. vDetrital
feldspars below 3000' are being albitized. Authigenic albite and adularia
coexist in shales below 3500‘ where they are apparently recrystallizing
from K-mica.i Accordinglto the Saraband_computed perneahilities (Fig. 28),
the adularia zone is presently more permeable than the‘deeper adularia-

-albite zone. BelonSZOOO'-carbon isotopic compositions,hecomevprogressively
lighter; this trend couldrbe due to fractionation of carbon isotopes
during CO2 formation and escape (p. 138). |

" The boiling. curve for Magmamax #2 is plotted in Figure 40 The‘curve
was plotted using the .0287 bar/foot hydrostatic gradient measured in
Magmamax #2. This is only slightly different from the .0291 bar/ft
gradient meaSured in six other geothermal wells in the Salton Sea field
(Helgeson, 1968). The boiling curve for pure water intersects the
thernal profile at about 3006' underlpresent‘conditions; o

However, Salton Sea geothermal fluids have salinities as high as
250 000 mg/l (Mnffler and White, 1969). Helgeson (1968) indicates that
the salinity of the fluids increases steadily with depth to about 3000';
'below which it is approximately constant.~ Salinity elevates the boiling
temperature, and the boiling curves for 150,000 and 250 000 mg/1 (15%
and 25%) NaCl solutions are plotted on Figure 40, The data are from
Haas (1971), but are corrected for the observed hydrostatic gradient

(Haas uses .0216 bar/ft.).
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The effect of dissolved gases on the boiling curve of Magmamax #2
ais negligible. The calculated values for P and P . at 112 bars
, : , co, . Hy8 A
(319 C) are .61 and 1012 bars respectively (Truesdell and Singers, 1971).

Therefore, ‘the dissolved gas content lowers the vapor pressures by only
.62 bars. At Broadlands where the PCOZ is calculated to be 11 bars at
‘261°C (Truesdell and Singers, 1971), the effect of dissolved gas far
outweighs the effects of dissolved salts.

Figure 41 shows that the brine is not boiling undet present condi-
tions. However, the adularia may have been deposited during an earlier
episode of boiling, or perhaps feldspars were formed by some other
mechanism,

Variations in the relative abundance of calcite and anhydrite
closely narallel fluctuations in the sandstone/shale ratio. The higher
the'sandstone/shale ratio, the greater the hydrothermal alteration,'and
the more anhydrite present. The dissolution of calcite in the more‘
premeable rocks and its replacement by anhydrite is apparently due to a
change in the CO3++/804= ratio for a given ca't activity. There is a
vague correlation of carbon isotopic composition‘and'anhydrite/calcite
ratio (p. 146) which is consistent with greater CO2 escape in intervals
where abundantvanhydrite has been deposited.

Due to gradational nature of the contact between sedimentary and
metasedimentary rocks, it is consequently difficult to decide where to
establish a boundary between’sandstones, siltstones, and shales, and'
their metamorphic eguivalents--granofels and hornfels. Metamorphic

textures and mineralogies develop at different depths in different rock

types, so a sandstone with a metamorphic mineralogy is often found at
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shallower depths than a typically sedimen;ary shale. The :ocks above
2000' are definitel& sedimenfary; if one wanted to esfabiish a contact,
it should probably be located.within the intérval 2000-3000' in these
three wellg. There are several reasoﬁable criteria that one might use
fof establishing the onset of metamorphism: first appéarahce’of epidote,
édexistence of Both epidote and adularia,‘transformation of gray to
‘green shaleé, breakdown of detrital ciays to form chlorite, or disappear-

ance of calcite.



' STABLE ISOTOPE GEOCHEMISTRY

Stable isotope studies in active geothermal areas have provided
important informatibn about preseﬁt and past mineralization teﬁberatures,
about the existence of equilibrium or non-equilibrium among coexisting
i_mineralg and about the origin, nature, and quantity of hydrothermal
 fluid invplved,in.wgterfrock interactions (Taylor, 1968). If tempera-
tures are sufficiently high there is oxygen isotope exchange between
the water and country rock, resulting in a depletion in 018 in the
country rocks concﬁrrentiwith an enrichment in the hydrothermal fluid
(Craig, 1966). This report descriﬁes the results of an investigation
similar to the étﬁdyvdf‘Rivér'RanCh #1 by Cia&ton and 6thers'(1968) in
that it concentrates p;imarily on chaﬁges in oxygen and cafbon isotopic‘
composition of host rpéks as a result of interaction with?ﬁydfothérmal

brines.
METHODOLOGY
. Notation and Terminology. -

- -Isotapic ahalyses are réported in the § notation which is the devia-
tion in parts per thousand (permil, or o/oo) of the isotope ratio of

the sample from that of a standard. Oxygen analyses in this study are

118
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reported relative to Standard Mean Ocean Water (sMOW) (Craig, 1961b).
Carbon analyses are reported relative to the Chicago Pee Dee Belemnite
(PDB) ‘standard (Epstein and others, 1951; Craig, 1957). Letting

R = (0187016)

R(standard) - -

' 5018=[_Rlﬂ1L1€—2_ 1].x'1000

6C13 is similarly defined in terms of ;he‘ClB/C12 ratios of a sample
and a standard.
If there is an isotopic fractionation between coexisting phases (A

and B) in iéotopic equilibrium, the fractionation factor, denOtéd as o

* 1is defined as:

o = RA) _ 1+(54/1000)
A-B  R(B) 1+(8B/1000)

A useful alternate expression for the fractionation is:

A,_p = 6A - 8B X 1000 In a, .

Isotopic Exchange Reactions

Variations in isotopic composifion in nature can result from
equilibrium or kinetic processes, or from physical processes such as

aqueous diffusion or ultrafiltration. Equilibrium processes are of the

type:

aA + bB%* ~ aA* + bB
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where A and B are two subétancé§ (sdchwas'CaCOQ énd'HZO)”with excﬁangeable
isotopes. Thé’asterisk indicatés‘a mbieégle which contains the heavy
isotope. 'Moleculés:Without“an asterisk contain fhexiighf isbtqyé. The
reaction, like any reactionm, will prbceed toward equilibrium, 6t toward
'a configuration of minimal free energ}. Thelequilibriuﬁ.cohsfant can be

written:
Y (o (e

)2 @%b

If all isotopically substituted molecular positions are equivalent,
if there 1is no intermolecular fractionation, and 1if n atoms are exchanged

in the reaction:

o _=SR)A
o AB O (R)B

| 7;,_

" “If the exchange reaction is written sucﬁfthat only one atom is ex-~

" changed, a * K.

' Geothermometry

_bThe‘mggnitﬁde of the isotopic fractionation petﬁeenrtworcpex;sting
phasis.is a functipn of tempepggupe. If the temperature dependence of
_the fractionation factor is knownm, thevtemperatu;ebat'which the two

__ phasgs become,isq;opicgily'eguilﬁbrq;ed»cqnvbe determinedffrpm their

50%$,Va1ues, o
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The possiﬁility ;f using equilibrium distributions of dxygen iso-

_ topes betweeﬁ two or more phases as a geothermometér was fitst discussed
.vby Urey (1947) who emphasi;ed - with fractionation of oxygen isot&pesv |
bétweep H2) and CaCO3. It is not necessary that water Be one

of ;he.phases used in the geothermémeter, nor is oxygen the only element
which can be used. What ié-ﬁeeded is an gccurate calibration of the
temperature dependence of the isotope distribution,'or fractioﬁation

factor, of the phases in question. Such calibrations may be obtained

experimentally by equilibrating two phases over the desired temperature

range and measuring the isotopic ffactionation, empirically by analysis
of mineral pairs in rocks equilibrated under known or determinable

temperatures,‘theoretically using spectroscopic and thermodynamic data

fof‘each phase, or eclectically by utilizing all available fractionation
data. |

The calcite~water fractionation equation is the only well-established
- mineral-water fractionation which has been experimentally s£udiea'a£
both high and low temperatures. The vafiation of 1000 1n o (calcite-water)
is linear with 1/T2 between 0 and 500°C. For lack of any experiméntal‘
evidence to the contrary, other mineral-water fractionations are assumedl
also to vary 1ipear1y on such a plot, and linear extrapolations have been
used in this study for constructing isotopic geothermometers fo;.tem-
peratﬁrés outside experimgntal ranges. |

‘Successful application of-isofope geothetﬁometry fequires that the
variation of the isotopic fractionation with temperature be.écgﬁrétéiy

Aknown, and that the phases must have reached equilibriumbaﬁd'maintaiﬁed Q;J
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- their equilibrium compositions regardless of later temperature changes.
In metamorphic and igneous systems, the mineral isotopic compositions
~ are usuallyi"ftozen in" at the highest temperature reached (Taylor and

Epstein, 1962). Geothermal systems may or may not be the same.

. ANALYTICAL TECHNIQUES - .
Sample Selection

~Both carbonatesvand silicates were seleeted,.analyzed,‘and plotted
on graphs in several batches. The fitst samples were selected at more
or. less discrete intervals. - Successive saﬁplee were seleeteo to elucidate
patterns'seen in previous plots, orktoliovestigate intervels‘which were
,ﬂLlithologically or mineralogically anomalous. o |

-‘Virtuailf'no bulkfeamples were. analyzed; almost~a11jsamples were
handpicked for homogeneity.' Forlexampie, sandstone chips collected in
a particular 30' interval were all'ofbthe same~color3'gtain'size, end_
‘mineralogy; hence. all the chips are\from»the.same'or very similar types
vof:sandetones.v Qyzchoosing'uniform”samples ieotopicntrends~¢en more:
: easilyebe'correlated w1th~f1ﬁctuations.iﬁ textural and mineralogical
a,parameters. in bolk samples these trends are ﬁasked-by the sopetpositioo‘
- of. 1sotopic patterns of - other types of : grains, ‘and by the relative abun-
1 dances of different grein types. The major drawback -to handpicked |

.'Versus bulk samples is that many more ‘gsamples are needed to document the

*rltrends of - several distinct grain types than.to 111ustrate -one . bulk

trend.
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Approximately 175 carbonate samples were colleéted. These are
.- divided into three distinct gfoups--cement in shales, cement invsand—
stones, and calcite veinlets. The charécteristics of these samples are
listed in Appendik'III. The percent carbonate in grains decréases»with |
increased depth.and below 3000' calcite is often very rare or absént, |
making sampling difficult or impossible. Shales generally have more-
carbonate than sandstones. 10-2000 mg of chips were handpicked for each
sample, depending on the type of grain and depth.

Epidote is a common constituent of sandstones, ‘shales, and vein;ets
below 2500°', and-ls samples were analyzed. It was frequently difficult
to identify the original lithology of an epidotized grain, but-ah attempt
was made to select grains which appeared to be highly epidote-mineralized
sandstones and siltstones. Magmamax #2 and #3 were sampled by handpicking
at 100-200' infervals. Approximately 50-200 mg of epidbte—ricﬁ gfainS'
were collected for each sample. | »

Two distinct types of quartz samples were handpicked:and>ana1yied.
The first was a group of 33 sandstones from Magmamax #3, selected at
-100-200' intervals. Each sample was homogeneousviﬁ grain size, color,
and mineralization. All of these sandstones were predoﬁinantly.cemented
by>quartzvand/or calcite, with minor pyrite, epidote, adularia, or trémo—'
lite. The second group of quartz samples were derived from the quartz-
rich fractions of the epidote samples. Sample size was 50-200 mg.

Hematiteé rarely occurred in sufficient amounts for.isotopic analyses.

' Because of the low abundance of hematite, each of the-9 samples analyzed
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‘consisted of hema;ite in Veinlgts combined with minor hematite from

sandstones in the same interval. -

Sample Prepafation

Carpona;es'are very simple to pfepare. The_chips are ground with
a mortar and pestleyso’that the grains will pass through a 100 mesh
(.15 mm) sieve. |
. The pfepaxgtion pf sili¢ates,andﬂpxidgs {nvolves more elaborate
 ;¢chniqugs. The pgréosg of thesg pFoced§res is to remove all_qther
mineral phases from the desired mineral witﬁout utilizing.aﬁy method
whicﬁ would appreciably alter the isotopic composition of this desired
mineral. . The techniqges used are differep; £o; different minerals.v
Quartz from sandétbnes includes both detrital qﬁattz»aﬁd authigenic
~overgrowths; éampleS'are disaggregated as geptly'asféoééible so,as'nbg
fAtoﬁpu1Vérize thé oVefgfawths;’bBOiliﬁg'fdr.iS¥30 ﬁiﬁuteé id,éﬁfﬁél‘removes )
‘ cafBon;té, sulfate, aﬁdvifbn'okidé'temént'(Syers,aﬁd 6théfé,.1968); :
Dépehding"oh tﬁé?bércéht>6f:héavy minerals, they,may'éither be,ﬁéndpicked”7_
" or removed by heavy“lidﬁiditeéhniqués;a Remaining_clays, micas, ‘and
;féidépars‘are‘feﬁoved by gehgly‘boiling ih‘HBF4 (fiﬁorobo:ic‘acid) for -
‘1G15¥3O-ﬁiﬁufes. The réaCtiGﬁ broduéts produéeﬁ by ﬁpiling éfeAéasiiy
fémeed bymuifrésonic diéaggregatién and decanting, Thé'saﬁpies are then
,_exémined with a Biﬁdcﬁlaf ﬁiéf6éc6pe or x-rayed to déterﬁiné'purity;_
minéf'ﬁaﬁdpiékiﬁg isvdsdaily'ﬁeceéééry; The qﬁarti*shbﬁld be >95%

pure.
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‘Epidote and hgmatite a:e‘purif;ed by using heavy liquids. Samples

| are first grbund to pass through the(lOO mgsh but rest on the‘200 mesh;
.ultrasonic disaggregafion is very helpful to break apart m;nerals. Abouf
50—100'ﬁg.of sample is placed in a conical centrifuge'tubé aloﬁg with a
sblution of the appropriate séecific gravity, Aftgr centrifuging, the

' ‘fuberis partially lowered into a dewar of liquid nitrbgen. This freezes
the'hégvy'matefial and allows easy removal of the lighter material before
tﬁé bottom unffeezes. Repeated separations are usualiy neceééafy fo
beneficiate a qample to >95% pure; minor handpicking 1is uSualiy.necessaty.:
.Samples are examined by binocular microscope and/or x-tayed tovdetermine

purify.

Techniques of Gas Extraction

Carbon dioxide was evolved frqm carbonates by reaction with 100%
H3P04 (phosphoric acid) at 25°C (MhCrea,\l950). Sampleg f:om,gbgve
2500' in.the wells contained both calcite and dolomite-anke:ite;‘ Thése
two carbonate species could not be physically isolated fqr sepg:ate.
éxtraction; bdﬁ tﬁe‘gas evolved from the two species could bé éeparafed'
by thé differing reaction rates of the carbonates in H3P04'using'a.‘
modificétion of the procedure,of»Epsteiu,gnd others (1964). The co,
evolved duriﬁg therfitst hourligﬁalmost'entirely frog the dissplutiqn
2 eyblved:bgtween 1.
and 24 hours is from both caicite and dolomite, a@d is d;sgatded. The

of calcite, and is collected and analyzed. The co

CO2 evolved between 24 hours and 1 week is collected and anélyzed for

the 6018'and 6C13 of doloﬁité. The gas from samples from below 2500'
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where dolonite iskabsentbis‘collected’frombl to 24 bours. ln order to
reduce fractionation due to isotopic variations in grain size, all samples

" were crushed as little as possible, and sieved to pass through a 100 mesh
sieve (Walters and others, 1972) o -

"The preparation and extraction of silicates and oxides for oxygen
isotope analysis is described by Clayton and Mayeda (1963) About 10-20
mg of sample 1is placed in a dry box for 24 hours.' The sample is then
loaded into tubes, outgassed preheated to remove adsorbed water and
reacted with BrF5 for 9 hours at 550° for quartz, and 650° for epidote
and hematite. Oxygen is liberated quantitatively from the mineral and

| is converted into carbon dioxide by passage over hot carbon catalyzed

by platinum. The carbon dioxide is collected measured and analyzed
for oxygen isotopic composition. If the measured gas.yield differs
from the theoretical yield by ‘more than 3% -the gas sample 15 considered

. suspect.

—,Mass;Spectrometer-s

Tﬁe'éoé fromlall‘sanples>nas'analyzed for its isotopic composition
on a double—focusing, double-collecting’isotope ratio mass spectrometer-

(Coplen, 1973 ).

,fﬁeproducibility of Isotopic Analyses .

-‘Thé average deviation of repeated analyses of a single gas ‘sample
‘on the mass spectrometer is:leSS'than .1 °/oo from the mean (Coplen, 1974).
Duplicates of each sample were prepared, extracted, and analyzed. If

the 6018 values'of the pair were witbin .2 /oo, they were averaged and
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plotted. Additional analyses uere:very_rarely required for carbonates,
but were conmonly necessary for silicates. If the 6018 values of the
bcarbonate pair were acceptable, only one sample was analyzed for 6Cl3
because pastvexperience has indicated that 6013 values are almost always
reproduced to within + .06 /oo (Coplen, pers; comm. , 1976) .

Only one silicate NBS #28 was prepared, extracted, and analyzed
vbsufficient times to provide data on silicate reproducibility. lhe_
7rmean composition of NBS #28 was 9.03 and the average‘deviation from the
mean was .23”°/oo (Coplen and others; 1975); this standard’wasrinterspersed
between sample analyses to check the reproducibilit§ oi silicate prepara;

tion. Small corrections (+ .02 O/oo) were made to sample 6018 compositions

to correct for drift in the composition of NBS #28.

Data Corrections

In the reaction of a carbonate with phosphoric acid, only two-thirds
of the oxygen is éVOlVEd as COZ’ and an isotopic fractiomation occurs.
It is thus necessary to apply a correction to the observed isotopic

ratio. These corrections, called acid fractionation factors, are
defined as:
R CO,

_ 2 , 18,16

" R carbonate ~where R =07"/0
For calcite and dolomite the factors are 1.0l008vand 1.01090 respectively,
. as modified after Sharma and Clayton'(l965). ‘Isotopic compositions were

(calculated using‘a(CO2 - H20) = 1.04112 (Coplen, pers. comm., 1976).

. Machine corrections were_madevafter Mook (1968); tail corrections

_are trivial.
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| WATER-ROCK INTERACTION
Carbonates

Ihere‘are at least three different typesfof oarbonate in the reser-
L ryoirirocksf-detritel,,diegenetic,,and_hydrothermal;,the relative propor-
jtions of these in any sample are variable and generally unknown. Petro-
graphic studies (F;gs. 7517;4"Minera}.Textnres? columns) 1ndicete that
with 1nereas1ng temperature both detrital and diageneticeearbonates
recrystallize from micritevto sand-size’poikilitic.grains._ Isotope
exchange by SOlid diffusion‘}svprobably.minima1,~bnt during,recrystalliza-
. tion appreeiable_exohange ean occur betweenioarbonates and brines. Con?
current nith-recrystallization, edd;tionalihydrothermal_cerbonate was
preoipitatedvin 1sotopic equiiibrinm,with the brine. Therefore, deeper
rocks contain_a mixture'of totallybandupartially~exchenged earbonete.v-All -
-of the carbonate may be in isotopic equilibrium in horizons where tempera— '

tures and permeabilities are sufficient for recrystallization to

totally,exchangeforiginel carbonate.tfzv e

Results of oxygen and carbon isotope analyses are presented in
Appendix I1II. Figures 41-43 show-oxygen isotopeioatafandrﬁigures 96-48
'7-_cerbon:data;for,oa;citeAendioolomiteffrom MagnemaxA#Z;i#3, and Woolsey

. #l;vrespeetively. 1;he;s;ze of the data points approximates the:uncer?
teintyr1nAge?tnjf?9f);en§’oomposit;oni(,z °/00).. Analyses of mixed
esrbonetes ??é,#189,éiY¢9m19fAPPendix IiI,_but are not plotted.

- sii esrbonatesamples,were'homogeneous;and_handpickeq,‘and are of

three types: carbonate cement in sandstones, carbonate cement in shales,
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and vein calcite. Data are sparse below 3000—3500"due to the low

abundance of calcite in the host rocks, esPeciélly in sandstones.

CALCITE

Oxygen'Isotopes. Oxygen in rocks cén‘exchangevWitﬁ the oxygen of

the water circulating through the tfocks; the effect of this'exéhange is

“ to -enrich the water and deplete the rock in 018. The ﬁagnitudé of this

‘6018 sﬁift depends on the temperature, degree of equili_br_ium,'GOl8 of
the water and rock prior to isotope exchange; and the ratio of mass of
wate; to rock which depends‘on permeability. |
| As shown in Figs. 41-43, the range of 6018 for calcite covers 18 °/oo.

There is a general decrease in 6018 with increasing depth down to about
3000', below which it increases slightly to the bottoms of wélls.' The
variation with depéh is most simply interpreted as‘resulting-from varia-
tion in the degree of isotope exchange between calcite and water with
increasing temperature. Superimposed on this generél trénd are two
lesser patterns: (1) calcite in veinlets is usuaily lighter‘(ldwer
ratios of 018/016) than in adjacent sandstone, and that calcitevin shale
is heavier; and (2) 6018 values show a distinct zig-zag pattern with
variasble amplitudes. |

The pattern of alternating isotopé maxima andvmihimé (isotope inver-
sions) is producéd bf_variations‘in the degrée'offisotobic exchange
between rocks and circulating water. The temperature profiles'(Figs 3)
show émoofh thermal gradients with no evidence of reﬁééﬁed tempeféture

inversions. It is possible that an earlier thermal fggime did have

mﬁltiple thermal inversions to which the rocks'wéiéﬁequiiibratéd, but
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Carbonate  in -Magmamax #3
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Carbonate in Woolsey #|
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it is unlikely that the_temﬁérature variations would be as extreme és
the 25-100°C variatioﬁ in only a few hundred feet as suggestgd by the
isbtope iﬁvérsioné. it is also uﬁlikely that the isotope inversions are 
due to variations in the initial 6018.of the sediment cérbonate; the
depositional environment and source of the sediments.were approximately
constant throughout the section (Merriam and Bandy, 1965). The most
piausible éxplanation is that the multiple inversions are due to varia-
tions in permeability and hence to degree of equilibrgtion. The lower

the 6018, the more permeable the horizon was. Sandstone calcite is

generally 1 to 7 °/oo lighter than shale céléite.

There 1s an excellent correlation between isotobe inversions and
original permeability; horizons with low sandsfone/shale'ratios are
characterized by isotope maxima; and horiions with high sandstone/shale
ratios by minima. Good examples in Magmamax #2 (Fig. 41) include the

maxima at 1720', 2550', and 3450', and the minima at 2100" and 2500'.
18

The broad minimum in the interval 3500-4400' with its increaée in 60
with increased depth appears to be unaffected by the ovéfall increase

in the sandstone/shale ratio in this interval, and is discussed further

on p. 136. Calcite in green shales is typically lighter than.in gréy shales,

There is little variation in the sandstone/shale ratio in'Wbolsey 1 -
(Fig. 43), and hence isotope inversions are poorly defined. Sandstones

018 values of

are reiatively uncommon at 1350' and 2270°', and the &
calcite here are higher.
Several isotope inversions can be correlated between wells as shown

in Fig.'44. No correlations can be made below 2700' where the rocks in ‘ L;J
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Magmamax #2 haQe apparently been offset by faulting. The correlation
bétween isotope inversiops‘is.really a correlation betﬁeen stratigraﬁhic
ﬁérizons in the three wells. The strong minimum at about 2000-2100' in
all three wells is a major aquifer, the maximum at approximately 2300' is
an aquitard. The pattern of 6018 inversions hence provides information
about horizontal water circulation between the wells.

Although it has been possible to correlate several's;ratigraphic
horizons between wells, the curves for calcite cement in sandstonés and
shales (Figs. 41-43) are considerably different, suggesting that the
lithologies and/or water circulation patterns of the wells are different_
in detail. In particular, the amplitudes of correlated isotope inver-
sions are greater in Magmamax #3 than #2;. This is shown clearly in
Fig. 45 where the sandstone curves of Figs. 41-43 are superimpoéed.
Although the minima in Magmamax #2 and #3 have approximately the same v
isotopic composition, maxima in Magmamax #3 are much heavier. |

The explanation for the difference in isotope patterns among the

wells might be the same as that offered to explain the different minerali-

zation trends: differences in sedimentary bedding. The three weilé aré
locafed about 1 km ;part. The Salton Trough is, ahd»has long Beén, an
environment of fluctuating sedimentary conditions. The two most common °
sedimentary deposits are lacustrine shales and stream-laid sandstones,
and rapi& facies changes are common. The depositional environments of the

wells may have been slightly different so that although major units are

~ correlative and the sandstone/shale ratios of Magmamax #2 and #3 are veryv

similar’above 2]00', the distribution may have been quite different.

2
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If the sandstone and>sha1e bede are thinner and more evenly distributed
in Magmamax #2 as discussed earlier (page 105), there would be only a
small difference in water flow between the finely interbedded sandstones
and shales, and hence only a small difference in the isotopic composi-
tions of adjacent rock types. In Magmamax #3 the beds could be thicker
and/or less evenly distributed so that water flow would‘be restricted to
major aquifers, and therefore adjacent rock types woold have large
differences in isotopic composition. Minor sandstones within large
shale beds.would be affected by the impermeability of the enclosing shale.
Another possibility is that Magmamax #3 might contain more diseontinuous
sandstone beds which, because of their lack of continuity, have impaired
water flow. . |

| Figures 44 and 45 show that above lSOOf both the shale and sandetone ‘
curves of Woolsey #1 are considerably lighterithan’those of Megmamax"#z -
and #3. The higher sandstone/shale ratios of Woolsey #lbin;this inter-
vallpresomably accounts for the-greeteriisotope exohange of the rocks,v Data -
from Magmenax #2 are']..ighter at shallower depths than in Magmanax #3,
reflecting the impaired circulation of’ the latter well.

Both Magmamax #2 and #3 have broad isotope minima beginning at

about 2700' with inversion points at 3100-3300' and below this a gentle o

18

inerease‘in-GO»* with'depth;“ The temperature profiles (Fig. 3) also 5

show that the thermal gradients flatten at about 3000'° therefore, the
broad isotope minima are at least partially due to the lower thermal

gradients. The increase in 6018 below 3300' in Magmamax #3 is probably

caused by the increaee in Shalevebundence_andﬂhence lower permeability.
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However, in Magmamax' #2 the shalércontent generally décreases below

- 3100' and fhe increase in 6018 may be related to the decrease in frac-
ture abundance below 3600' (Fig; 25); with fewer fractures, there is
less water circulation in the rocks, and hence the 6018 is greaﬁer.

The 6018 trendé‘of calcite in sandstones, shales, and veinlets are
very similar, but in general sandstone calcite is 1 to 7 o/oo lighter
than shale calcite; and vein calcite is generally lighter than sandstone
calcite. The isotopic compositions of calcite in shalés, sandstones,
and veinleté-all cbnverge to within + 1 %/oo with increasing depth.
Convergence occurgfat about 2700 (300°C) in Magmamax #2 and #3, and at
2300' (225°C) in wbolsey #1. Since vein calcite, unlike sandstone and
‘shale calcite, is entirelj authigenic, it presumably was deposited in
isotopic equilibrium with the water. 'Therefbre, as a first approximation,
all the calcite preéent bélow the convergence depths, regardléss of “
origins, 1s apprdximételyiiﬁrequilibriﬁm with'the éirculaﬁiné brines.

13

Carbon Isotopes; The_;ange of 8C~ for calcite covers 7 o/oo. As

shown in Figs. 46-48, there. is considerable scatter in the data'éboye,
. 13 _

1500'. Below 1500', there is a general decrease in 6C° " with ihégeésingi

depth. The variation ﬁith.&epthris most simply interpreted as résﬁltiﬁg

in fhe

from isotoﬁe exchange betweén carbonates and the dissolved CO2

circulatihg,waterf ,
Suéer;mpésed on thié general trénd of decreasing 6013 with depths

Afe two iéééér égfterns;, The first is that calcite in%veinleté isrusually

lightef ilower fafio of-é}3/012) than in sandstones, and that calcite in

shale is heavier than in sandstones. The second pattern is that the
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Carbonate in Magmamax # 2
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Carbonate in Magmamax #3
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Carbonate in. Woolsey #
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5C13 values showva pattern of multiple inversions with variable ampli—
' tudes. »

The pattern of alternating isotope maxima and minima is produced by
variations in the degree of isotope exchange between the rocks and the
water. There is an:eXcellent correlation between 6C13 inversions and
6018 inversions. The;i'SC13 inversions are not ‘as sharply defined and do
not have amplitudes as great as the 6018 inversions, but most of the
maxima and minima are at the same depths for both elements. The correla—
vtion between 6018‘and 6013 inversions indicates that carbon isotope
shifts are alSo strongly controlled by permeability; the more shale in
an interval, the greater the 6¢13 values of rocks.

13

Figure 49 is a plot of 6018 versus 6C° in carbonates in MagmamaXv#Z,

#3, and Woolsey #1. The range of 6013 is about half that of 8018. ﬁata
from the three wells are virtually identical. There is an appronimately
linear relationship between 6018 and &C 3; much’ofithe scatter is Caused
by'shallow“uneachanged carbonates and deep vein calcite. Data from
below 2000-2500"' generally cluster into an area of low 5013 and low 5018v.
these deep carbonates show more variation in 6Cl3 and less in 6018'than'
shallow carbonates. The oxygen isotopes show little variation here
largely because of the approgimately constant temperature. The,greater
range in:6013 may be due to decarbonation reactions and Coz,production;
‘.Thév6013 trends of calcite in sandstones,‘shales, and veinlets all
show a general decrease.in 60;3 with increasing depth. Calcite;in vein-

lets is 0 to 3 o/oo~lighter than in sandstones, and calcite in sandstones

is generally 0 to 4 °/oo lighter than'in.shales, Carbon isotopes,
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like oxygen isotopes,~show,more*scatter'in.Magmamax #3 than in
;Magmamaxl#Z;

Shale 6013-curves for Magmamax #2 and #3 are almost identical above
2700°'; 6618 curves in this interval are markedly different and show much
more complete exchange in the Magmamax #2 shales. Below 2700' the shale
6C13 curves ‘for Magmamax #2 and #3 are less similar than at’ shallower
depths.” Therezare vague_broad 6013 minima below 3200' in Magmamax #3
and 3660"in7Magnanax #2,1which approximately correspond toithe 6018
minima. | |

The 6013 curves for calcite in sandstone in the three wells are
very different. Carhon-isotopes, like oxygen isotopes, are:lighter at
shallower depths in Magmamaé ﬁZ than Magmamax #3, reflectinglthe~impaired.
circulation in Magmaman #3, Magmamax #3 carbon values alsofshow'more
variation than in Magmamax #2, but in general the calcite in Magmamax #2
sandstones above 2700' is considerably 1ighter than in Magmamax #3
sandstones. It is enigmatic that in the interval 1000-2700' the carbon
isotopes of Sandstones and the ggzggg isotopes of shales in Magmamax #2
are much lighter than in Magmamax #3. :

The‘6013 curves for vein calcite in Magmamax #2 and #3;show no
apparent relationshipttorthe sandstone and shale trends. Veinletsvin

13 in the interval 2000-3000', and

18

both wells show a rapid deerease‘inISC
"there is a vague correspondenee between_ﬁo and 6013 inversions.

Figure 36 shows that the calcite content of the rocks deereases with,
depth. There is also a vague decrease in 6C13 with deereasing

carbonate abundance (Fig. 50)-. Temperaturevand‘salinity in the wells
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increases with depth; hence the solubility of calcite increases (Ellis,
1963) and calcite is replaced by higher temperature calcium-bearing
minerals~such as epidote, anhydrite, and tremolite. Shifts-in‘6C13.
»reflect‘isotopic‘fractionation during decarbonation reactions (Muffler
and White,’1969)."The'iSOtope'minima‘correlate with zones where the
permeabilities:were greater, epidote and anhydrite replaced calcite,
and perhaps where C13erich COy escaped. The composition of CO, released

in COZ'prOduction wells is consistent with fractionation from the

calcite cement (Lang, 1959).

| DOLOMITE _ |

The isotopic fractionation of oxygen and carbon inbthe system
*_dolomite—water and dolomite—bicarbonate is not very well known at low
temperatures due to the difficulty of synthesizing dolamite at tempera-
tures and pressures comparable to those of sedimentary environments..»'
”'Extrapolations.from high temperaturerexperiments seem to predict, however,

18 enrichment in dolomite compared to syngenetic calcite

8 5 to, 7 /oo 0

| (Northrop and Clayton, 1966 0 Neil and Epstein, 1966), whereas the
;:;carbon isotope fractionation is much smaller with about 2 5 /oo enrich-
_ment of 013 in the dolomite (Sheppard and Schwarcz, 1970). LHowever many o
wrecent studies have presented evidence that the oxygen and carbon isotope
fractionations observed are : much smaller.

Degens and Epstein (1964), on the basis of oxygen and carbon iso-

» topic studies of recent and ancient dolomites, concluded that recent

dolomites are formed by metasomatism of pre-existing crystalline carbonate.

18 13
Their conclusions were based on recent observations that the 60" and &C

of coexisting calcites and dolomites in several modern sediments are
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essentialiy identical. The dolomi;ization process was beligvgﬁ to be a
solid state cation exchange and reor&etingiwithin calcite without altera-
tion of the original oxygen and carbon isotopic composition of the
calcite precursor. Fritz and Smith (1970) showed that secondary and
chemically precipitated protodolomites have considerably smaller dolomite-r
calcite fractionaﬁions (3 to 4 o/oo) than expected from extrapolations
- from higher temperature experiments..

Many authors ﬁave noted tﬁat the oxygenviSOtope iractionation between
calcite and dolomite is directly related to the degree §f-ordering of fhe :
dolomite (e.g. Northrop and Clayton, 1966; Fritz and Sﬁith, 1970). Strue-
turally and compositionally, the difference between dolomite and calcite
is greatest when the dolomite is well crystallized and defined. Hence
there is no reason to expect thaé the fractionation predicted for’ﬁell—
defined dolomites (Northrop and Clayton, 1966) would be the same as for
recent, low-temperature, poorly-ordered frotodolomites.

Petrologic and X-ray diffraction studies indicate that dolomite is
: present-in shale and sandstone samples above 2000’ in'all three wells

(Figs. 7-23). Dolomite rafely exceeds 10%Z in shallow'sandstdnés, but tan
'shales‘above 1000' may contain up to 85% dolomite, aﬁkerite, and rare
" giderite. With increased depth, dolomite and ankefite disappear and
calcite becomes more abundant. Muffler and White (1969) indiéaté that
the reaction may be as follows: dolomite + ankerite + kéoliﬁite >
chlorite + éalcite + C02.
Figures 41—43_show the oxygen isotopic compositions of dolomité

and cdexisting calcite in sandstones and shales of Magmamax #2, #3, and
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“ Woolsey #1. Dﬁlomite;i;how more ‘scatter théﬁhkhe corresponding cal-
cites, but generally parallel tﬁe calcite trénd. Most samples show a
5 to 8 /oo fractionation between doloﬁiﬁé aﬁd'calciﬁe; occasional
gamples ‘have only a 1¥°/bo'ftaCtionétion: There is no apparent decrease
" in ‘the observed fractionations with increased depth.
Figures 46-48 show the carbon isotopic compositions of dolomite and v
"¢oéxisf1ng‘éalcite in sandstones and shales of MagmaﬁaX'#Z;'#S, and
‘Woolsey #1. Dolomites are generally 1 to 3.5 ®/go heaviet than the
f'Eorréspoﬁdihg calcites; a few dolomites are slightly lighter than the
corresponding calcites. The carbon isotopic compositions show no’
" apparent relationship with depth or calcite-GCls,‘Berhaps because of

;the'sparsity'of data.' -

Silicates and Oxides =~

QUARTZ
Two distinct types of sandstones’wefg collgcted»and.analyzed.to‘

déterm;nevthe_GOlerof‘the cqns;itgenp quartz. The first and largest

sgrpug consists of pyre,Tqugrtéftich sands;onqsnf:qm»Magmamgx #3,_with
liﬁti;‘m;;ri¥ aﬁd;;igﬁig QF‘no}epigqte,:anh&drité,J;rembligg, o;ﬂhema-
 tite. Tpqu'ggnés;oﬁgs;grevggner@}ly pprous_w;g@tmtqor;(l—ioz) quértz
féfergpowtﬁ%‘éﬁa'va;igble>émquq£s of églcite‘ggggn;ﬂjlxhe §§cqnd}§nd

1 ‘smélle;ﬂgréﬁg4pfuéan4§£ongshgré f;qy“bqth,ﬂagmgpaﬁ_#?aandA#S, These
7‘q;;;t; §amp1es aré,sgpgrq;gs‘ftom ex;:eyglyvwgllfm;@egalized;sandstones,

and are the qﬁartzAwh}ch remained after the removal of epidote or hematite
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for analysis. All these sandstones are alike in being very dense and
nonporous. | . .

" The variations in 808 of quartz in Magmamax #2 and #3 with depth
_are plotted‘oh'Figs; 51 and 52. In the interval 1000-3000' in Magmamax #3,
the ox&gen isotopic compositions of quartz in porous sandstones have a
pattern of cyclic variations with .5 to 1 o/oo amplitudes afound a mean
_composition of 13.5 ®/00. There is a very good correlation between
_.the quartz isotopic inversions and lithology. Intervals éontgining
}abundént shale have higher values of‘GO18 than more sandy in;ervals;
hence, 1ikg carbonates, quartz exchanges ﬁore readily in ﬁermeable'zones.

Below 3000' in Magmamax #3, porous sandstones are rather sparse

18 to 12 °/oo

and fheir isotopic compositions show a decrease in 60
at 3900'. Quartz data, like most of the calcite data, show little or
no relationship to permeability below 3000'.

The general pattern of isotopic compositions of porous saﬁdstqnés
~in Magmamax #3 is very similar to that of quartz in River Rénchi#l
(Clayton and others, 1968). The River Ranch #1 quartzes have a constaﬁt
coﬁposition of 13.5 °/oo above 4000', and then decrease'to‘ll,S °/oo at
' 8000'{ quartz is very resistant to 018 exchange and hés-exchanged'only
half-way to equilibrium (Clayton and others, 1968).

At the béginning of this isotope study it was thought thét'pbrous
and hence unmineralized sandstomes would have had the greatést‘water circu-
 lation and hence the most complete isotopé exchange; however, the Quaftz

.in these sandstones were found to be only partially exchanged. Later-the

excellent correlation found betweéﬁ dégreé of>hy&rothermalyalterhation
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: and'calcite'6018'miniﬁa,sdggested'that'the presently ﬁnpofoos but highly
‘mineralized sandstones mightfhavé'had'ﬁore'water circulation but now are
‘ sealed.ykTherefore; nonporous sandstones were collected and anaiyzed
"ahd are generally 1 to 3 °/oo0 liéhter‘thah the previous group.  The
isotopic.compositions“of“the qhaftz'io:weiljmineraiizedisandstohes
- ‘also’ show a definite correlation with the sandstone/shale ratio, and

" ‘the more mineralized the sandstone, the lower the 50'C.

EPIDOTE
All the epidotes analyzed are from well mineraiized sandstones; the
coexisting.quartz fractions of most of the sandstones were”also‘ahalyzed.
'”The oxygen isotopic compositions of both theiepidotes and the coexisting
quartz are plotted on Figs. 51 and'52.{;The'6018‘va1ues of epidote from
" both Magmamax #2 and #3 range ftoh'3.5:to:6{5 °/oo;vabout 4 o/ooilighter |
“"than' the associated'ouartzfd ’ - V |

018 of epidote

" There is an extremely good correlation between the 6
“and’ coexisting quartz in Magmamax #2. 'The trends of‘the quartz and epi-
»dote are subparallel and have isotope maxima and minima at the same

depths, The same relationship is not seen in Magmamak #3 ﬁhere the quartz
is less wellfekohanged”aﬁd‘also“ﬁhetevfeﬁér.¢oexisting quartz samples

~ were analy?edfﬁ Quartz isotope ihyetsiohs_appear toﬁbe:reiated to the
 Awperheabi1ity:o£_the neatby,rocks;ztheJéolé is gehetailyﬁlightet in inter-
18

7 (vals with abundant sandstone._ The correlation between the §0

quartz and epidote suggests that the isotopic composition of epidote

A

may also be related to permeability._;



153

There apparently is no simple relationship between epidote composi-

18 18

tion, the &0 of epidote, and the estimated 60 of water. Studies of

epidotes in regioﬁally metamorphosed zones show that the iron content of

epidotes is closely related to the fugacity of oxygen (Ernst, 1964;

Brown, 1967). Keith and others (1968) in their étﬁdy of epidotes in:the

IID wells also concluded that oxygen fugacity controls composition.  There

is a good correlation between hematite abundance and the high iron content
of epidote in Magmamax #2; the Fe+3 content of Magmamax #3 epidotes

shows no correlation with the hematite/pyrite ratio.

HEMATITE

Hematite was collected primarily from veinlets with a few from
sandsfone>mineralization. The 6018 values range from -4.90 to -.25 0/00-
as éhown on Figs. 51 and 52. Eight of the hematites are from~the¢1nterf
val 3600~4100' in Magmamax #2; one heﬁatite is from 3085; in Magmamax #3.
Three of the hematites, two at 3825' and one at 3945' in Magméﬁax’#i,
were mainly from sandstone mineralization and the coexisting quartz was

analyzed separately.

Water Composition and Isotopic Equilibrium

Based on analyses from several wells, Clayton and others (1968)
éstimated that the oxygen isotopic composition of brines in the central
ﬁart of the Salton Sea geothermal field is 2 * .5 o/oo, and found that

calcite in the interval 400(?)-7000' in River Ranch #1 was in apparent

isotopic equilibrium at present temperatures with a brine of this

&

-

- :
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constant composition. No‘iéotopé anaiyses of ﬁater from Magmamax #2,
#3, or Woolsey #1 are presently available; however,'theoreticél water
compositions in isdtopic equilibrium with calcite have been calculated
using-the‘fraCtionation calibration of O0'Neil and others (1969), and
are plotted on Figs. 53-55 for Magmamax #2, #3, and Wbolsej #l,‘respectively.
The graphs suggest that unlike at River Ranch #1, the water composi-
ition in these'fhree wells cannot be assumed to be constant.

The range of oxygeh isotopic compositions of calcite in fhe three
wells extends from about 25 ©/oo in shallow shales and sandstdnes to a

minimum of 7 o/oo at 3000-3500'. This decrease in 6018

is due to

exchange wi;h the oxygen of the circulating water which has/the net effect
of enriching the water and depleting the calcite in 613.' Craig (1966)
estiméted that the initial composition of water in ;he reservoir was

about -11 °/oo. As the 018

of“calci;e'decréases with depth due to
exchange, the 018 of the watér should’increase,;and apﬁears,;q_reéch
a composition of approximately é_o/oo.

At equilibrium, the fractionation of oxygen isotopes‘betﬁeen caicite
and water is a function of témpgrature, and hence ig;;hgjqalcitebahd
water in thé wélls are in isoippic'equilibrium at the logged temperatures,
the water cﬁmpoSitioﬁ Cén bé'éaiculated. Unfortupétéiy, isot¢§ip_equili_
brium, 1like chemical quuﬂ;rium, is difficult to prove. Pei’meabiiity,
as ﬁellAas:temperatute,'haS‘a'sfrohg efféc; §n théiéstablishmeﬁt of »
‘isotopic equilibrium. If insufficient wéter has ¢ircu1ated thiough the

rocks, the calcite will not be compietely exchanged; if temperétures

are too low, the reaction kinetics are too slow. It is :easonéble to
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‘ﬁ'exnect'thet'sheilow<ca1citeAWiII‘ndt4be eicﬁanged,'andFWith increasing
déﬁfﬂ'éxcﬁéﬁge will be more complete. |

‘So'ﬁﬁetiFiée;j53;55 show 15 a model of water compositions would be
ifﬁalthnevcelciEekwefe:inieauiiibrium eczioggedftempefetures. ,Pre;‘
iiﬁin;fi studies on fluid incluEions‘in/Megnenax #2 indicate that
minefaiizationfoccnffedieé'anoroxinately present temperatures (C. I.
’:vHuéng;:peie.fcom:,”i97é)§ycﬁefef6re;:tne aSsnnption that ekChange:during
recrystallization and precipitation ‘took place at ‘logged temperatures
is probably valid. ) .

he calculated water compositions of the three wells show the same

besic pattern. With increasing depth, the waters first increase abruptly
1o so'® froﬁ%;§i°765'tc'abdut'io,°/6o'at'509-1500'; the composition
: Enenidec}éeées'toia minimum of about 2 o/oo_atIBOOO', and then increases

in 508

to the bottoms of:ehe wells. Theiisotope petternsiin°Magnamax
‘#é and #3 are very similar, Bﬁt the‘amniitndes of.makime'end'ninima in

S”{Magﬁamak‘#é'é}é‘agéin'g}éateii'ihé‘watéf ieotonicfcompoéifione‘of—ehaieér

" in waalééy"#i‘éfe“5§561é£i‘aﬁa“fhoéé‘bf*séhdstones are lighter than

o ih tﬁe‘aiﬁér“thfwéilé;'fﬁéiow*2006!f1h”wbolsé§; and 2860' in Magmamax

#2 and #3 the calculated water compositions of shales,‘sandstones, and

‘tveinlets are within approximately 1 /oo of each other.ir

018 from the surface to 500-1500" is probably'

e The rapid increase in 6
’ﬁFédue to incomplete exchange in the-upper shale unit. .Geothe:mal wells
o tnfoughonéthelseléon'TfouényheGe e¥1000-2900f€£hick'shaie:can rock
(Randall] 1974)." This unit is very impermeable so that water/rock
t}natioe;erellow;“and'iSOtonefekchenge'betﬁeen detrital carbonate and water

is likely to be indomplete. OcCesional samples have calculated water
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_ compositions less than -5 o/oo,'and in rare samples very close to -11 %/00.
This might suggest isotopic qquilibrium with waters only sliéhtlyzchanged
from the initial -11 °/00. Onwthe othér hand, the measured 018 of
the\calcite in thgée-samples is suspiciously close to the 1nitia1
.composition of thé clastic or gvaporapive carbonates, so litt;e or no
exchange»may have occurred. It is possible that much of the:caicite in
shallow samples is diageneticAtatherxthan evaporativé and hence formed in
equilibrium with waters of compositions very close té ~11 o/oo.

Petrologic evidence suggests that most of the calcite wég formed
early in the mineralization history of the rocks. The calcite was
originally micritic, and has later been recrystallized to interlocking
or sparry cement in sandstones. During recrystallization variable amounts
of authigenic calcite were precipitated in‘the sandstones; Since véry |
shallow sandstones contain abundant calcite formed at low temperaturés,
it‘is perhaps reasonable to infer that the original micrite in the sand-
stones and shaleé formed diagenetically near_the surface.afAvery idw
temperatures. Under.these conditions, ﬁhe compositions of the original
_caicite and the water in equilibrium with it would be close to 22 to
25 o/oq and -11 /oo, respectively.

Below 500-1500', depending on well and relative permeabilities;
there probably has been sufficient water exchanging wifh the calcite
for isotopic equilibrium to be gstablished. The extensive mineralization
in this interval guggests water circulation has been great. Sgndstones,
because of their greater permeability, are in presumed equilibrium with

.lighter water than - shales. Above 3000',,the,water in sandstones and (ﬁJ
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‘shales ranges in composition from 2 to 10 °foo in Magmamax #2 and #3.
4:Wbélséy:#1isand9tonés'have:Waters‘ranging between 0 and 3 °/oo.
One way to éSEiﬁéfg‘tﬁe'ﬁater composition is by analyzing vein
" “calcite. Since the vein calcite 1is fofﬁed:at'equilibfiﬁﬁ withvthe circu-
lating water, if the temperature has not changed since depoéifibﬁ, or

'if the calcite has re-equilibrated to present temperatures, we can then
‘calculate the vein water composition. If‘tﬁe'enéiCSihgifocks have isotope
" compositions similar to that of the vein calcite, the compositions of
.frac;ureVWaters and rock waters are pfobablj similar; 1f the vein and
rock caleite éoﬁbositibhé’ére very different;'thé sources of the waters
miy be different, or the rock calcite is incompletely exchanged.
‘  THe‘vein'ca1cite7watér composition éﬁfvés“parallél those of the
eﬁéioSing rdéké; and vein water is géﬁéf&iif idéntiéél‘éfbsiightiy‘ :

#3 ‘and from above 3000' in Magmamax #2 is in calculated equilibrium with
water of abdﬁt 2 %/o0 at 1bggéd‘feﬁpérétufésa” Since the trends and

. mégnitudes of the wétericomﬁoSitions in veinlets and eﬁcibéinglfocks are
" go similar, it is reéébhéble”fhéf>fhé‘VEiﬂ’ﬁatérs:ﬁéfe Hefiééd from the
”ﬁeafby?fdéks}‘ The féSebeifobcEs afé“1argé1y’éééiéd By'hydrothgtmal
”ﬁiﬁéraliiélioﬁVSO'pr6SaBl;‘aﬁyxﬁatéfvin.théﬁ is léhatea_invmié;éfractures;
:ifhe'éiightTdifférehdérbétweeﬁ'Veiﬁ’én& rock ‘calcite ddﬁﬁositibh'ﬁay'be
ﬂ?dﬁé;t6“ffacfioﬁétithof fhé-watéfs*tréfbéd in'zhé ;ﬁehwfraéfdféétduringA
precipitation of vein calcité. g
biéﬁhééiﬁﬁboféiéofopfééédﬁiiibfiuh‘in fhe;bféVibas.ﬁageé is hampered

by a lack of real data on water'éomﬁbéitions at various depfhs.. In the
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absence of water samples, thg next best way to demonstrate: equilibrium is
to compare the isotopié compositiqns of two or more minerals presumed to
be in isotopic'equilibrium.. Assuming logged temperatures, if the wéﬁer |
compositions calculated using the two geothermometers are concqrdant, then'
isotopic equilibrium has been established between the two mingréLs and
the brine,:and the actual water composition has hence Been calculated.
In this study, dolomitg, quartz, hematite, and epidote samples were
analyied in addition to calcite, but none of the possible mineral pairs
proyed to bg satisfactory éeothermometers over large depths.
Figures 53-55 compare the calculated water compositionév;n eﬁuilibrium

with dolomite (Northrop and Clayton, 1966) with the corresponding water

compositions calculated for coexisting calcite. About half of the dolo-
mite waters are 1 to 2 °/oo heavier, 1/4 are 1 to 2 °/00 lighter, and
1/4 are 3 to8 o/od heavier than the corresponding calculated composition
of the water in equilibrium with ﬁalcite. The closg correspondence of
water compositions calculated for the calcite-dolomite pairs indicates
that shallow coexisting calcite and dolomite in shales and sandstones
'Vare approximately in isotopic equilibrium with each cher. Since tgmpera%
tures about 1000' are low and the rocks relatively impermeable, the
apparent isotopic equilibrium between calcite and dolomite is probably
priginal ra;her,than due to later exchange; this suggests tha; both
minerals are probably 1a;gelyrevapor§tive or diagénetic,,and were formed
“in equilibrium‘at‘ot near present tempera;ures. |
The fractionation of oxygen between dolqmite and calcite below

1000' is less explicable. These dolomites are apparently not in equi-
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librium with coexistiné calcitevet present tenperatures. Since dolomite
"is'less?reeoily exchanéed'than celcite (Epstein and others, 1964),

these deeperkdolonites may not be re-equilibrated in accordance with
present temperatures and water compositions.

7 Figures 56‘;5& 57 show the calculated water conpositions in theo-

retical equilibrinm'with.quartz at the logged temperatures using the
i quartz-weter'celioration equations of Clayton and others (1972). The
| calculated water compositions in equilibrium with calcite in sandstones,
shales, and'veinlets ate also shown on the plots.

‘The:calculeted water compositions in theoretical equilibrium with
quartz in the porous sandstones of Magmame# #3 show a progressive increase
in 60" £rom 0 to 6 °/oo in the interval 120d—3b00', and then a decrease
to 5 ®/oo at 3900'. The close match betweenicalcolated weter comnosi-
tions for quartz in porous sandstones and calcite is probably fortuitous.
Quartz in the unexchanged sediment is primarily detrital and is probably
derived from igneous and metamorphic rocks in which the $0 18 for quartz
is usually in the range of +10 to 15 cv’/oo. Due(totthe compeneeting
effects of temperature and 5018 of the water,‘this is aieotebout the
same range expected for quartz eqUilibratedrin;the geothermal system.
Variations in the 6018 of quartzccorrelate oefQ'nell with oermeability
changes, and hence are probably due to partial exchange rather than
inherited differences in detrital quartz composition. The gtadual :
decrease in quartz 6018 below73000' is also_probably duetto greater

exchange at higher teﬁperatnres.
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An alternative to partial exchange is the effect of a much lower
'6018 of overgrowths on the total quartz isotopic composition. However,
there is only a vague correlation between overgrowth abundance and
isotopic composition. Since the overgrowth/detrital ratio is usually
- less than 1/10, ;he lower 6018 composition of the overgrowth wéul& have

only a slight effect on the overall 6018.

Quaftz in well mineralized sandstones is generally 1 to 3 o/oo
lighter:than that of porous sandstones, and most héve 6618 values between
9 and 10 ®/oo. The calculated water compositions in théoretical equili-
brium with the quartz in these sandstones are also shown in Figs. 56 and
'57. Water compositions range from 1 to 4 o/oo, but most of them are
between 2 to 3 °/oo. The calculated waters in equilibrium with both
calcite and these quartz are quite similar below 2700', suggesting that

both minerals in these well mineralized sandstones are approximately in

isotopic equilibrium at existing temperatures.
The overgrowth/detrital ratio of sandstones in tﬁis interval are
about 1/8 for Magmamax #3 and 1/4 for Magmamax #2; therefore, both over-
growth and detrital quartz in some sandstones have complétely gxchanged
with water of 2 to 3 o/oo and are in isotopic equilibrium at teﬁperatures
as low as 290°C. Since exchange by solid state diffusion is minimal,_it
is anomalous that the detrital quartz cores appear to have totally
exchanged with the brine. Previous studies of detrital Qﬁartz (e.g;,
Clayton and others, 1968; Coplen, 1976) or igneous quarti (e.g., Eslinger
and .Savin, 1973; Blattner, 1975) show much less exchange with water..Althoﬁgh

' :
there is still an optical boundary between the detrital core and hydro- (;J
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tthermal overgrowth perhaps there hasybeen recrystallization of the
detrital core during mineralization which aided isotope exchange.

Both magnetite and hematite tend to concentrate 016 during equili-
briumJoxygen isotopic exchange. Empirical observations indicate that the
bfractionation of oxygen isotopes between hematite and magnetite is very
slight (Clayton and Epstein, 1961), thus for a first approximation,
magnetite-water geothermometers can be used for hematite—water.

In the last fifteen years several contradictory magnetite (hematite)-
water fractionation curves have been calculated The hematiteewater
calibration curve of Clayton and Epstein (1961) was estimated from ob-
served fractionations between coexisting minerals, and at 320°C, the |
hematite-water oxygen isotopic fractionation (A hematite-water) is about
+l 4 /oo. The magnetite—water fractionation curve of o' Neil and Clayton
‘.(1964) is derived from experimental data in the range 400—800 C and on

the observed fractionation between magnetite chiton and water at 9°C,

at 320°C, the A magnetite—water is +3 8 /oo. Anderson and others (1971)

present a magnetite-water fractionation curve based on observations of
;mineral fractionations in mafic rocks, extrapolating from their curve,
at 320°C A magnetite-water is -8 6 /oo. Becker (1971) derived a
fmagnetite—water fractionation curve from theoretical experimental and
: empirical data, the fractionation at 320°C is about —8 l °/oo. The

experimental magnetite-water calibtation curve of Bertenrath and others

' (1972) shows that A -9 6 o/oo at 320°C. Bottinga and Javoy (1973) esti-

_mate a magnetite—water curve for temperatures between 500-800' based on
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both theoretieal consideratione'and.the'date of Anderson and bthers
(1971); at 320°cC, therextrapolated A= -7.9‘°/oo.

Extrepolations‘ftomrthe most recent:magnetite—water_ftaetionation
curves thus show that tne‘fractionation-at 320°C ie’between -7.9 and
-9.6 °/oo. Since the present’uncertainty is about 1.7 °/o§ at 320°c,
the calculated water compositiuns cannot be estinated nith eny greater
accuracy; The theoretical water compositions in equilibrium with hema-‘
tite using A hematite-water = —8 1 o/oo are shown in Figs. 56 and 57.
calculated water compositions range from 3 to 8.5 /oo, and thus the
wetet comp051tion is not constant

The water compositions calculated for calcite insandstones, shales,
and veinlets in Magmamax #2 are also plotted on Fig.‘56. Calcite data
are very sparse below 3500' due to'the.general absence of celcite in
permeeble rocks at high temperatures. Wéter‘compositions ealculated‘fOr
.hematite generally fall between the ueter compositione ealculeted for
calcite in shale and quartz in sandstones, suggesting that the three
minerals and water are alllapproximately in isotopic equilibriun. Due
to the scarcity of hematite, veinlet and sandstone mineralization were
‘generally combined. As has been illustrated eatlier,‘veinlet and sand~-

stone water compositions are not necessarily identical. Therefore, some

of the scatter of the hematite data may be due to the combining of varia- -

ble amounts of hematite equilibrated with waters of slightly different

compositions.

Only one hematite was analyzed from Magmamax #3. The calculated

 water composition is shown on Fig. 57 along with the water composition

trends calculated for calcite in sandstones, shales, and veinlets. There
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18 of the water calculated

is an excellent correlation between;the high 80
for the hematite sample, and a sharp isotope maximum calculated for
water in equilibrium with nearby shale calcite. The hematite sample was
, collected from tiny veinlets in purple and gray shales, these types of
A shales tend to be impermeable. The similarity of the calcite and hema-
_'tite water calculations suggests that the hematite was deposited from
water very similar in oxygen isotopic cotnposition to that circulating
vwithin the enclosing, rather impermeable, shales.‘ Therefore not only
are waters in permeable sandstones in equilibrium with the rocks, but‘
.‘waters in some shales as well |
Below 2700', water compositions calculated for calcite, quartz,

and hematite are within about 2 /oo of each other, suggesting that
”below here isotopic equilibrium has been established in many intervals.
o Above 2700', both dolomite and quartz were analyzed in addition to calcite,’

' but neither dolomite nor quartz appear to be in equilibrium with the
calcite. Vein calcites in the interval 2000—2700' often have approxi-
:mately the same composition as nearby sandstones, suggesting that the
;calcite cement in these sandstones is in isotopic equilibrium with the
Vlwater. Due to low temperatures and the impermeability of the upper
shale unit above 1000' it is unlikely that hydrothermal calcite here is

in equilibrium with the water.‘Between 1000' and 2000' there are insuffi-A

cient data to conclude anything about isotope exchange, the calcite is

'probably only partially exchanged with the brine
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Effect of Salinity on 8018 Activity

In oxygen isotope geochemistry, rafely is a distinction made between

the éctivitz isotope ratio and the concentration isotope ratio because

in most studies the difference between these ratios is within expérimen-
rtal accuracy. However, Truesdell (1974) has found that iﬁ hof highly

' saliﬁe'fluids such és Salton Sea geothefﬁal brines there may be é'
: significant'difference between thelactivity and concentration ratios

due to water molecules bound into salt hydration sttuctures.

| Figure 58 shows the difference in the activity‘and conéentfaﬁion

6018 values of brine from a hypothetical Salton Sea well. The author
collaborated on the construction of the figure; the calculations and
aséumptions made in the construction of the figure are-presentedkin
.Olson (1976). At elevated temperatures, the salt_effectvmay be as high
as 7 /oo, thus without accurate Wafer salinity data, water 5018_concen—n
trations cannot be calculated with any greater accuracy. Howevef, one
can use calibration equations (e.g., O'Neil and others, 1969) to calcu-
late water 6018 activities. Therefore, the water 6018 coﬁpoéitidns pre-
sentéd in Figs. 53-57 are actually activity values, rather thénrconcentra-vl
-tions.

Given accurate water salinity data, water concentration véiues
may be calculated'from activity 6018 values. Preliminary fluid
inclusion freezing temperature data indicate that salinitigs
in Magmamax #2 are similar to values célcﬁlated ‘by Hélgeson.
salinities in ﬁagmamax #2 are similar to values calculated by Helgeson

-(1968) for nearby wells (C. I. Huang, pers. com., 1976), but présently

18 '
there are insufficient data to estimate the actual water 60 concentra-
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tions. Part of the variation in water 6018 activities of different rock
types:shown in Figs. 53-57 may be due to saliﬁity'differences, but large
differences in salinity over short vertical intefvéls are unlikely.
| Because of the difficulty of recrystallizing minerals in pure water,
most calibrations of isotope gebthermometers have been made with dilute
salt sélutions as "mineralizers". Preliminary experiments suggest that
' at 250°C the observed fractionations in the calcite-water and quartz-
water systems may be too high by 1.5 and .3 ®/oo, respectively (Truesdell,
1974). As a result, water 6018 activities calculated for calcite and

quartz shown in Figs. 53-57 may be slightly too light.

DISCUSSION AND CONCLUSIONS

Extensive oxygen and carbon isotope exchange has occurred between
geothermal brines and country rocks. Detrital and diagenetic carbonates
have exchanged with the brines at temperatures as low_aé 100-150°c. |
Both defrital and authigenic quartz in dense, highly altered and ﬁineralized
sandstones have completely or almost completely exchanged at femperatﬁres
as low as 290°C. Hydrothermal epidote del values aré_depleted in 018 by,
approximately 4 ©/oo relative to coexisting quartz. Hydrothermal hematite
is in apparent oxygen isotopic equilibrium with quartz at measured bofe-
hole temperatures.

In all three wells there is a general decrease iﬁ carbonate>6018
with increasing depth down to about 3000', below which it incréases

slightly -to the bottoms of the wells, ' Superimposed on the general trend

is a pattern of mﬁltiple isotopic inversions; the locations and ampli-
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tudes of the inversions are stratigraphically controlled. The isotopic

‘composition of vein'calcite”isrgenerally 0tol o/oo lighter than calcite

" ‘cement in sandstones, which in turn is 1 to'oloo lighter than calcite

in shale. °

'There is a slight increase in GCls’with-depth in:the interval

" 1000-3500', below which it is approximately constant. Carbon isotope

inversions are usually present at the same depths as oxygen isotope

“inversions.  The carbon isotopic composition of vein calcite is lighter'

~ than that of sandstones, and carbon in sandstones is lighter than in

shales. - Shifts in BC are probably due to decarbonation reactions
resnlting'in\carbon isotope fractionation among carbonates, dissolved
carbonate, and evolved COZI

Several isotope‘inversions above 2700' can be correlated between

wells. What is actually being-cortelated are the major horizontal

°aqﬁifersjand'aqnitards. bwatet'transportiin'tne»interVal 1000-3000' is

Ylargely lateral and ‘is stratigraphically controlled. ‘Although the loca-.
”"tionsiof'the_innersions are the ‘same in the"three'wells, the amplitudes

"are‘differentg'suggesting~that”a1though“the same‘stfatigranhicrunit is

’f?present in a11 the wells, it shows appreciable 1ateral variations.

Amplitudes of isotope inversions in Magmamax #3 are generally

! “greater ‘than those’inrMagmamax #2.*'The~greater~amplitude is caused by
‘"4 'gredter variation in permeability in sandstones and shales in Magmamax
'35?#3;1?Watef is apparently largely restricted to ‘distinct aquifers in

“wﬁaéﬁamax‘#3§ whiié*infﬂagmamaX“#Z"the water ttansport‘is*more evenly

distributed. The differences in the water distribution patterns in the

three wells are probably a result of original differences in sedimenta-
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tibn§ one possibility is,&hat alﬁhough major units are correlative and
sandstone/shale ratios in Magmémax #2 and . #3 are very similar above
2700', their distribution might be quite different, resulting in more
e;enly»distributed water transport in Magmamax #2 than #3.
One of the problems of ﬁsing guttings,rather than core is(thét in

. any handpicked sample of uniform chips, the individual chi?s are probably
- from several different beds within the sampled intefval. .If the calcite
in similarfapfearing chips from different beds within a 30':interval

. have very different. isotopic compositions, the composition of thé total

sample represents a weighted "average" of several beds. Significant tempera¥'

ture fluctuations are unlikely over a 30' interval, so probably any varia-

tion in isotopic composition among similar-appearing chips from several
nearby beds is due to permeability differences.

In his study bf‘core from East Mesa geothermal wells,’Coplen (1976)
found as much as 8 ®/oo variation in 508 over several meters of hdmo-
geneous-appearing rocks. The variation within shale units (2 °/oo) waé
generally less than within sandstone units. Calcite ig sandstong.and |
‘shale beds only 10 cmAapartvhad compositions differing by as much as
10 °/oo. Where sandstone and shale beds were thinner, théir difference-
in 6018 was less. The variation in 60;8 was largely dué‘tp differences
in permeability; calcite in coarser grained sandstones had lower 6018
values. Calcite in thin shale beds enclosed by more permeable sandstones
had isotopic compositions very close to that of the enclosing sandstone;

hence the permeability of nearby rocks was important in determining the

. isotopic exchange of -a rock. Due to the great scatter in 1sotbpic com~
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position over short distances seen in cores, when studying cuttings
Coplen used bulk samples in order to average out the sharp variations.
e Unfortunately, 1o ‘core is available from Magmamax #2, #3, or

Woolsey #1. ‘However,'it is reasonable to expect’ that at the higher
temperatures of these wells there WOuld’belless isotopic variation or
L‘disequilibriumvamong homogeneous-appearing‘rocks’over short intervals.
Mesa 6-1, the hottest of the East Mesa Wells is only 205°C at 8000°'.
" Magmamax .#2 and #3 reach 200° at about1500v', and 300° at 2900'. Above
'about 1500"inlMagmamax:#27and #3, calcite‘in‘sandstonesrand shales is
‘apparently not in isotopicveQuilibrium. Re—picked samples above 1500'
.frequentlyAhave quiteidifferent isotopic compositions, suggesting that
there is appreciable variation:injokygen isotopic composition of these

v homogeneous—appearing chips} below 1500', the chips in homogeneous-

| appearing‘samples:séem to,havevgenerally little variation in'composition.'
- Henceitheranalpsisfofﬁanv;handpicked, uniform_sample below 1566’{probablv
is a'reliable“indicator of the composition'ofArocks vithin‘the’interval,
: rather than an average of scattered data. Additional supportrfor the
- reliability of homogeneous cuttings samples at temperatures over 200° is

"'that the isotopic data form smooth regular patterns ‘which can be easily

;correlated with lithologic and mineralogical trends.: Coplen (1976)
. 018 of calcite in bulk samples with
"lithologic composition, mineralogy, or geophysical logs.‘

Isotopic equilibrium, 1ike chemical equilibrium, is very difficult
toiprove. Above 500-1500' the rocks,are relatively impermeable and‘

temperatures low; hence reaction kinetics are slow and isotope exchange
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is incomplete. Above 1000°', calcite and dolomite appear‘to be-
approximately in isotopie equilibriumlat.p:esept‘temperafure: since.
temperatures in this interval are rather low for compleee exehange of
'rdetrifai‘carbonates,_the apparentvequilibrium may be due tO‘eqeilibrium »
precipitation of diegenetic carBonates. |

In the interval 1500—2%60' only caleite isotopie data are-available.
Celcite in the most permeable horizons has approximately thevsame isotopic
cdmpoSition as vein calcite, so presumably ip at least some interals
.calcite has totally exchanged with the Srine. There are insuffieient

18

data to conclude whether the higher §0~ values in less permeable hori-

zons indicates incomplete exchange or equilibration with a water of

18

higher 607" than in more permeable horizoms.

Below 2500' the oxygen isotopic compositions of calcite in veinlets,
sandstones, and shales’converge to within approximately 1 9/00, ShOWiﬁg
that permeebility variations have less effect on isotopic composition
and suggesting that all the calcite has completely exchanged with brine
of the same composition. Below 2760', there is excellent agreement
between water compositions calculated for. quartz and hematite, and this
‘watef compesition is within about 2 ©/oo of that ealchla;ed to be in
equilibrium with calcite at borehole temperatures. Therefore, many
oxygen-beafing’minerals below. about 2700f are probably at or clpee to
" isotopic equilibrium with each other, and have equilibrated with a brine
and 6018 activity of about 2 to 4 °/oo. This eoncordanceref geo-

thermometers may provide grounds for refuting any significant salt

| effect.
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The consistency of calculated water compositions ‘below 2700' sug-

: gests thorough mixing. Fractures are abundant in the interval and minor

vertical water transport within these fractures is probably partly
responsible for the consistent compositions regardless of permeability.
The slight increases in calculated water compositions at the bottoms

'of Magmamax #2 and #3 are probably due both to lithologic changes and to
atslight decrease in‘fracture abundance.

Above 2700'; permeability variations appear to have a strong
‘effect on isotope exchange. 'The large variation in calcite 6018 suggests
that there are 1arge-differences in water isotopic composition in dif-
7ferent‘lithologic units, and therefore that the waters are very poorly

"mixed. There has apparently been less brittle fracture above 2700',
. Lprobably due to lesser mineralization and hencé'lesser induration of the
rocks. Since fractures here arezless abundant, vertical'flow'through
" ghales 1is more‘difficult; the largely lateral flow of water results
‘in’ large vertical variations in materfcompOSition: ' |
':The‘originaI”pérmeabilities“of'thétréservoirdrocks;'particu1ar1y the
-‘shales, hauejbeen‘considerably“reducéd by compaction:andfmineraliiation.
Normally theﬁpermeability of shale is seVeraliorders'ofamagnitude7lower
uthanfsandstone;rhowever,;calcite.iSOtopic,compositions suggest'that
. there havevbeen:on1ygsmallgdifferences:inathe:water/rock'ratios of‘
‘*Adifferent lithologic unitsfguThis suggestsrthat,nater circulation in the
nfreservoireisﬂlargely due to{secondary‘rather,than primary:permeability.
1;%Although"rcservoir rocks'are;sealedbe‘hydrothermal-alteratiOn, the in-

- creased mineralization makes them more~susceptible‘to brittle'fracture,
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_thereby increasing.their effective permeability. The secondary pérmea—
bility is probably éaused by the déveiopment of intergranulér microfrac-
tures. 7 4 :
| Lithéiogic-variations sti11 héve a strong effect on ex;hange,.indi-
cating that the creation of secondary'permeability ié lithologiéally
controlled. Above 2700',-microfracturing greatly ailds latefal fipw but

apparenfly produces very little vertical flow. Below.2700' waters are

more mixed, probably due to tﬁe development of abundantvlarge fracturés
which, although largely confingd to shales, apparently provide minor

vertical circulation between lithologic units.

Minerals in larger fractures, such as the major fauit offsetting
the sedimentary section below 2700' in Magmamax #2 and the many vein-
lets with widths of several millimeters found below 2500' in the wells,
have approximately the same chemical and isotopic compositions as
minerals in the wall rocks. This suggests that the large fractures
have not been majof vertical water conduits since if they had, the
chemical and‘isotopic compositions of the conduits water, and hence of
the minerals precipitated, should have been very different from waters

in the lithologically-controlled microfractures.

Above 2700' there is a good correlation between isotope minima and
zones of high Saraband permeability; hence the isotopic compositions here
reflect present rather than past permeabilities. Below_2700f,Athe Saraband
~ logs suggest that the present permeability is iow;'however, in this inter-
val the water is well mixed and minerals in different‘lithdlogic,units

sare in equilibrium. The abundance of veinlets in this interval also

o,
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éuggests a high permeability. Either thefinterval is now sealed and
impermeaﬁle, 6r the Safabandrcalculatéd pérmeability here is grossly
inaccurate.

During thé hydrothetmai self-sealing ofifheVWells, oxygen isotopic
composifions of minerals ﬁay have been "frozen in'". The aéparent isotopic
equilibrium between pairs of minerals méy represent equilibrium to condi-
tions no longér‘existing; the 2 to 4‘°/oo“water to which minerals
épparentiy equilibrated‘maf hé#e béeﬁ flﬁshed‘away.-(Without analyzing
formation fluids, one cannot prove cOﬁclusively whether the equilibrium
' between minerals is fossil or represents equilibrium undérrﬁiesént condi-
tions. The best.evidehcé fhatrthé°waﬁer’ﬁith which theNrbcks have appa- .
rently equilibrated has not been‘late;'fluShed aﬁéy is the consistency
" of calculated water’cémpositibns fof'differénf mineréls.

Calcite, quartz, and ﬁématite iéo%dpic'cdmpoéifiénstall suggest
eduilibrafiéh~withfé brine of 2 to 4"0700. QuértztisAvér§;£eéis£éntvﬁo
igsotope exchange and would be very slaw to reieqﬁiiibratejto énné;
brine. Calcite is readily exchanged; ﬁhile'mbst>ofyfhe'c;icitelveinlets
were formed early in the mineralizatign history, some were qumed léte,
and many have seen repeatedly refractured and healed with additional
calcite. Hematite was generally the last minerél:depositeﬁ. Regardless
: of.theée differences in paragénesis énd eXchangeability, the isotopic
compositions of all three minergls suggest equilibra;ion with the same
brine; there is no evidence tﬁat this briné has been since flushed
a&ay. , S :

Brihes in the wells studied are apparently only well mi#ed below

2700'; above here the brines have great vertical variation in isotopic

-~

L]
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composition. However, at River Ranch #l'Clayton and others (1968) con-
cluded that calcite in the interval 400(?);7000' was in isotopic equili-
brium with brines 6f'a constant compositioﬁ of 2 £ .5 % oo0. Their data |
showed none of the strong lithologic control which is so prominent in
fhis §tu&y. | ’

| The.most plausible explaﬁation fér the discrepéncy betweenﬁthis
study and the River Ranch #1 study is that the sémpling techniques used

are differeht. Clayton and others (1968) used bulk samples rather than

stoﬁes and shales caused by their relative permeabilities has therefore
been averaged together. Tﬁgir sampling interval is also considerably
greater than in this study, hence reducing the probability of encounter-
ing rocks with anomalous 6018 values. Below 5700' in River Ranch #1

the calcite 5018 is 1 to 10 ®/oo heavier than it should be-if at equili-
brium with the same water at the logged teﬁperatures, and this difference
is attributed to low permeability in this region (Clayton and others,
1968). The consistency of the estimated ﬁater composition between

400-5700' may be largely fortuitous.



SYNTHESIS

A major'finding of'this study is‘the effect of‘permeability'varia-
tions on the‘isotopic composition and alteration of the'rochs. Three
‘nearby‘wellsrmere studied in order to trace these effectsflaterally as
well as vertically. The information in this studyvhas been arranged into
twovsemi—independent'chapters: petrology and stable isotope‘geochemistry,
both with a‘finalvdiscussion and summary of the data contained in it.
"Themdiscussionjbelow‘isaanﬁintegration of‘conclusionslfromythe previous
" chapters. » ”

In evaluating a potentially—useful geothermal system, reservoir
‘engineers are particularly interested in such topics as: the total amount
of water and heat'in‘storage,'theklocatiOn of the best aquifers, communi-
cation between deep and” shallow aquifers, the pattern of lateral water
’ﬁcirculation, self-sealing,vand changes in reservoir rock characteristics
iéto be expected from production and reinjection.‘ Study of'the petro-

- logy and stable isotope geochemistry provides information relating
ifto all of these topices. ' ST -

" The most direct way to‘findithe‘most“usefuljaquifers'inla:system
1is to drill a well while measuring the quantity of water produced at
”ﬂsuccessive horizons.‘ Another means of determining the best aquifers is
by running a Saraband log and using the computer-calculated permeability

analysis, this computer program, however, was written for use in oil

180
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wells, and exﬁects to find oil; not extremely hot and saline brines, in
the pore spaces. Saraband permeability values are hence useful only
in a qualitative sense.

Saraband permeability logs for Magmamax #2, #3 (Fig. 28), and
Woolsey #1 generally reflect séndstone—shale variations. Above 3000',
the Saraband logs show several good aquifers. Stratigraphic éorrelations
between wells'using electrical logs is extremely diffi;ult if ﬁot
impﬁssible due to the rapid facies changes in the Salton Trough (Randall,
1974). Correlations of aquifers using Sarabands thus are‘also very |
tenuous. However, correlations of isotopic inflections between wells
clearly indicate the lateral water circulation patterns. By knoWing
‘precisely where the water is flowing; one caﬁ observe the effects of
wifhdrawal, such aé potential-sealing, in the same aquifer in an adjacent
well, |

Mineralogical and isotopic trends do not neceésarily indicate
where rocks are presently permeable. The trepds really only shown

~ where water has been circulating in the paét; units may not be
completely sealed. However, if the unit is permeable according to a
geophysical log, ahd petrology is consistent with a high permeability,
for example: unaltered adularia rather than albite, the unit may still
be a good producer. Or if several aquifers appear petrographically to
beiequally porous and unsgaled, the horizon which the isbtoperdafa
‘indicate has the highest water/rock ratio might be fhe best ﬁrodudgr.

Below 3600f, tﬁe rocks in Magmamax #2 aﬁd #3 are largely sealed by
hydrothermal minerais-—epidote, anhydrite, an& pyri;e. -Although in

‘this interval there are still minor differences in the oxygen'ahd carbon
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isotopic compositions of minerals in alternating sandstone and shale
units, the calcite, hematite, and much of the quartz appear to be
approximately in oxygen isotopic equilibrium with each other and with
»~ the presumed water composition. Quartz is extremely resistant to oxygen
V-isotope exchange, and since much of the detrital quartz has been re-
equilibrated, probably most of the other silicates have also re-equili—
_brated. A considerable volume of water was necessary to exchange with all
these rocks, however, the“rochs are now relatively impermeable due to
‘self—sealing. So although the water/rock ratio in this zone 1is very high,
the ratio only indicates a fossil permeability.’
| » The carbon and oxygen isotopic compositions of calcite in sand-
stones are generally several per mil lighter than in adjacent shales due
. to the greater permeability of the sandstones. There is also an excel-
;lent correlation between the sandstone/shale ratio and isotopic composi-
ytion. In shaley units, the oxygen isotopic composition of minerals in
-both the shales and sandstones is locally high in the more sandy inter- -
_vals which are presumablyv more permeable, the isotopic compositions of
'both rock types are lower: Therefore, the isotopic composition of
‘calcite or any other mineral is strongly affected by the permeability of
adjacent but different rocks. Although the detrital mineralogy and
Vfabric of sandstones in shaley and sandy intervals may be identical the
isandstone in the gandz.interval is found to be more highly altered and
Vlthe minerals have more completely exchanged isotopically with the water

than sandstones in shaley intervals. There is a good correlation among
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the more permeable zones as indicated‘by the'sandstone/shalelratio,
isotope minima, and high abundance of late stage hydrothermal minerals.

Below 3000' in Magmamax #3 there are several very shaley intervals
which, according to the low degree of isotope exchange, have had only
minor vater circulation;‘ The mineral assemblages in the shales and
vminor sandstones are very different from assemblages in adjacent,.more
permeable zones. The impermeable zone assemblages appear to be relict
assemblages preserved beyond their otherwise normal stability range due
fto the insufficient water circulation which impeded mineral reaction |
rates. Mineral assemblages in these impermeable zones are generally
typical of rocks 1000' shallower.

In Woolsey #1,‘the sandstone/shale ratio is relatively high, and
the higher pearmeability has resulted in mineral assemblages at shallow
depths in Woolsey #1 which are typical of over 1000' deeper (and hotter) :
in Magmamax #2 and #3. The isotopic composition of calcite in'Wbolsey
#1 is also much lower than at the same level in the other wells;* Tempera-
ture seems to often be less important than permeability and water circu-
lation in the kinetics of mineral stabilities. |

Mineralized fractures are very abundant in Magmamax #2 and #3
below 3000'. Although the wall rocks are largely sealed, the fractures
might provide sufficient permeability to make this zone a- potential
".producer. Bodvarsson (1964) notes that "fractures of various types are

the most important conductors of circulating fluids in practically all

major geothermal systems.' Natural hydraulic fracturing in self-sealed
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.areas frequently makes these zones better producers than the most porous

- - stratigraphic units.

. The mineralogy of the veinlets is very closely related to that of
‘the adjacent wall rocksf The mineral.parageneses are almost identical,
- .and mineralization;of the veinlets appears to have been largely contem-
poraneous with wall rock mineralization. . Veinlets in the impermeable
zones have the same ﬁrelict"Aassemblages as are found in the host rocks.
-The oxygen and carbon isotopic compoeitions»of vein minerale-are
also frequently closely related to those of minerals in the nearby wall
. rocks. - The compoeitions‘of_veiniminerals are heavier in relatively
impermeable zones; the vein waters apnear-to reflect the'composition of
nearby pore waters. The vein minerals are isotopicallyrslightly lighter
than minerals in adjacent rocks. .This is probably the result of frace
tionation between: water and ‘minerals during the precipitation of vein
cminerals from an isolated fluid;: or. ‘possibly due to evolution of CO2
ﬂ during hydraulic fracturing., | |
. The close: similarity between mineralogy and. the isotopic composition
- of veinlets and enclosing rocks suggests that vein waters might: reasonably :
nﬁbe locally derived from adjacent rocks. Or if the water 'was derived from
;etelsewhere, it rapidly equilibrated chemically and - isotopically with the
’ wall .rocks so as: to. be. identical to waters circulating through adjacent
-rocks; in this-case,nthe;water/rock ratio infthe»veinletesmust,have been
.- very small. ‘
- -Available data.cennotfdistinguiehtbetweenithese;two»different vein-

water models. Both models indicate that the veinlets were unimportant
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as circulation chaﬁnels; little or no water flowed in veinlets very far
from the source of the water. The zone of highly fractured but - other-
wise nonporous rocks beloﬁ 3000' does not seem to be a potential produc-
tion zone.

The largest fault zone in the wells studied is located at about
2700' in Magmamax #2 (Randall, 1974). Since units below this depth cannot
-~ be correiated'with any intervals in M;gmamax_#B, there has appafently been
-considerable offset. The fault zone has.beeﬁ extensively brecciéted and
mineralized, indicating abundant water circulation, but caléi;e and
quartz in this interval are not more exchanged than in neatrby rocks.
Therefore, it is likely that the calcite and quartz in both the veinlets
and adjacent'rocks have completely exchanged and are in equilibrium
with the water.

Not only are there large differences. in mineralogy and iSotope
exchange among the various rock types, but there also are large varia-
tions between similar rock types in vertically adjacent intervals. These
lafge vertical variations indicate that water circulation was largely lateral
rather than vertical. The abundant shales serve as aquitards preventing
water mixing, and the waters are consequently vertically stra;ified,
Salinity increases with increasing depth; salinity curves approximately
parallel temperature profiles (Helgeson, 1969). Tﬁe.variations in water
‘composition bétween rock types probably parallel variations in rock
permeability and isotope exchange. The lesser variation in the isotopic

composition of minerals in sandstones and shales in Magmamax #2, and

( w



186

the more gradual nature of its mineralogical trends probably reflects
lesser vertical variation in water chemistry, and hence better mixing.

The samé stratigraphic units are present above 2700' in all three
“wells; the individual beds, however, are different due t§ the rapid ]
~ facies changeS’ih the Salton Trough. Rock units in Magmamax #2 and #3
are very similar, but the units thin towards Woolsey #1 and the sandstone/

- shale ratio here is greater.
Several isotope inversions can be correlated between Magmamax #2
~and #3, but the amplitudes of the inflections ate different. Although
there is very little difference in sandstone/shale ratios between the
~ wells; theiémplitudes:are always significantly greater in Magmamax #3.
X-ray diffraction data indicate that ‘the amplitudes of,the quartz and
mica ébundances’ihfbulk'samples are;greater'in Magmama# #3. Since

. quartz and mica arg:the~mostxabundantvmineralé in sandstones and shales
‘:~respectiveiy, the“x—ray'data—suggest‘that sandstones and_shaies_are |

- less evenly distributed and that individual sandstone and shale beds are
‘thicker in Magmamax #3 thah inrMagmamax‘#Z;.This model'ichbnsistent with

the isotope data. With<thinneannd more‘finely'intérbed&ed sandstone and “v‘
shale beds in'ﬁagmamax #2, water in édjacenﬁ beds Qould‘havé more opportunity'
to exchange chemically and:isofopicélly; resulting in less vériation in
.isopopic composition betﬁeen beds, more vertical circulation, and
Better-mixed geotﬁermal fluids. The differencg in bedding distribution
between Magmamax #2 and #3 is probablyrdue to some slight facies change

between the wells. It is péculiar,that there 1is éuch a systematic dif_
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ference in bedding over greater thaﬁ 2760' when the wells are oniy
one-halfAﬁile apart.

The top of the circulating geothermal system can be inferred from
isotope data. Théfe is considerable scatter in the oiygen and carbon
- isotopic compositions of calcite in rocks above 1500'. The inhdmogeneity
indicates that there has been insufficient circulation to estéblish
isotopic equilibrium over even short vertical or horizontal distances.
Below 1500' there is considerably more exchange between the water and
the rocks Hue to greater water circulation. The top of the system
approximately coincides with the base of the upper shale caé rock.
Randall (1974) noted that the shale unit acts as an insulating barrier
which has helped retain the heat.

The»study of active geothermal systems provides a fascinating
insight into the arcane mysteries of metamorphism, metasomatism, énd
ore genesis which have been the traditional objecﬁives of much petro-
logical and geochemical research. In return, such studies provide a
basis for improving our understanding of geothermal systems themselves.
It is my hope that this thesis has made some contribution to both

these aspects.
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APPENDIX I, TABLE I

- Microprobe Analyses of Authigenic Feldspar*

$10, | 64.66 66.00  63.86 66.30
Ti0, R .02
A1,0, 18.18  18.64  18.07 = 19.30
Feo .01 .18 .01 .18
MgO 02 .06 - .
Ba0 .03 .19 .83 -
Ca0 - .16 - , .32
Na0 49 4.83 .40 10.80
K,0  15.14 8.70  14.55 .12
TOTAL . '98.53 93.60- 97.72 97,08
Molé Z. ‘

or | 95.02  53.02 . 94.30 .73
A 469 44,69 3.96  96.72
= e - ; 1.59

* Descriptions of microprobed samples are given on page 201



TABLE II

Microprobe Analyses of Epidote

1. 2, 3. 4, 5. 6. 7. 8._‘ 9.
510, 38.14 36.99 38.13 38.74 38.87 37.26 37.41 39.04 35.66
Ti0, .01 .07 .1 .09 .06 .01 —_— .03 .02
A1203 22,77 20.72 20.47 20.57 20.62 21.39 24,05 23.48 19.83
FeO 13.56 14.74 13.33 13.83 12,46 14.12 11.85 12,90 14.68
MnO .15 .14 .28 .14 .19 .11 .07 .13 .38
MgO .09 .25 .29 .19 .19 .13 .02 .16 .21
Ca0 23.57 23.53 22.73 22.80 21.77 23.76 23.72 23.79 21.78
Ce203 11 — .17 .09 —— .02 —_— -— -—
F .12 .07 .06 -— ——— .08 -— .14 .08
TOTAL 98.52 96.51 95.56 96.45 94.16 96.88 97.12 99.67 92.64

+3 ' - ~

Fe .89 .991 .91 93 .86 <94 .78 .83 1,03
m'! 2.10 1.93  1.96  1.95. 2.00  2.00  2.20  2.14  1.95

961
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i A A e - e
'TABLE II (continued)
10. 11, 12. 13 14. 15.  1e. 17. 1.
510, 37.79  35.66  37.03  36.58  36.25  37.03  37.58  37.06  37.64
110, .03 .06 01 .06 - — — — .04
AL, 20.16  19.95  22.57  20.52  20.71  21.90  23.99  24.08  23.17
FeO 15.17 16.21  12.59 - 15.80 15.63  13.87  10.89  10.76  10.38
MnO 13 .23 L1 .1 .57 .37 .43 74 .25
Mgo. 19 .09 .06 .06 .13 S VA — 03 .12
ca0 . 23.49  23.38  23.96  23.73  23.14  23.35  23.44  23.20  24.10
-’Cezo3 »fog - .05 -—- 716“ - - .08 -
F 17 - 03 - -— - - - 1
TOTAL ' 97.22  95.58  96.31  96.34  96.59  96.56  96.17  95.95  95.80
+3 -
Fe' 1,02 1.10 .84 1.03  1.05 .93 .73 .72 .69
NI |
Al 1.90 © 1.82 1.90  1.89  2.03  2.24  2.24  -2.19

L6T



TABLE II (continued)

2.07

19. 20. 21. 22, 23, 24, 25, 26.
510, 36.71  43.44  35.91  35.23  35.90  34.88  35.01  35.12
Ti0, - .07 | .04 .08 .10 .07 .03 .06.
AL, 23.78  19.51  17.58  18.80  20.99  18.44  20.42  19.27
FeO 11.46  12.07  13.70  12.72  11.29  12.53  12.24  13.70
MnO .10 .24 .23 .05 .19 .25 .19 .22
MgO .04 .15 .04 .29 .20 .29 .08 .32
ca0 23.97  19.59  20.21  20.48  21.39 19.80  21.57  20.15
Ce,0, N J— — - — — .24 .02
F Y S— — N — .08 .10 .03
TOTAL 96.18  95.07  87.71  87.68  90.06  86.34  89.88  88.89
Fe'd .77 .82 1.02 9% .81 .9 .88 1.00
At 2.17 1.8  1.84  1.96  2.12  1.95

1.98

861
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TABLE III

Microprobe Analyses of Chlorite and Tremolite

11.75

Chlorite
1. 2.

s10, 33.22 33.35
Ti0, 20270 1,41
FeO 6.95 7.54
MnO -— .05
MgO 23;33 22.34
- Ca0 14 .08 -
Na,0 ‘;29 22 ¢
K0 - 1.59 1.94

F 20 ”;20“;fﬁ f
c1 .07 .07
TOTAL 85.68  86.74
Excess Ox  14.32 13.26 .
Form. Prop. (3%’0&) (36 0x)”‘5 -
si 6.33 6.23
Ti .40 .15
agl 1.69 177
m, 2.71 2.56
Fe - 1.20 1.09
Mo .- .02 -—

Ca .017 .03
Na .08 11

K 47 .38

cl .02 ;02
si+a1lY 8.02 8.00
Rest 10.98_ 

Tremolite * SRS

3. 4. 5. 6.

35.49  45.39 42,68 41.75

.02 02 .02 —
s 68 .66 .75
5.15 6.65 - 6.35 6.50

.32 420 .29 .34

12.64 16.32 14.86  15.37

. 6.51 8.57 ~ 8.3  7.83
.25 420 32 .27

.09 .29 .23 12
o8 s w40 .2
.35 .33 .8 .23

61.41  79.44  74.20  73.37

38.59  20.56 25.80 26.63

% Ferro-actinolite:

18.6  17.9 - 19.3 19.1

* These totals are low probably
because of the difficulty of analyzing

. such fine-grained material. However,
the effect on major cations is likely

to be uniform so that the reported ratios
FeO to Mg0 are believed to be represen-
tative of the true values.
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TABLE IV

Microprobe Analyses of Garnets *

1. 2.
§i0, 34.67 34.69
Ti0, 03 - 17
A1203 5.23 7.51
Cry04 — -
Fe203 24,83 20.73
MnO .34 .36
MgO .10 .05
Ca0 34.67 34.80
TOTAL 99.87 98.31
Mole %
Spessartine .7 .8
fyrope | b .2
Andradite * 74.6 62.0
Grossularite 24.3 37.0

* ,DgscriptionS’éf,micropfobed samples are given on page 201



201

Descriptions of Microprobed Samples

TABLE I |

1. and>2}'R38ld;'iniMagmamaxv#2§'osemdomorph after anhydrite(?) in shale.
3: 3500' in Magmamax #2' veinlet in green shale with epidote core.

i &; 3790' in Magmamax #3 forms a. band replacing shale along boundary

' betWeen shale and calcite veinlet. :

lABLE Il. B . ‘

*:1; and 2. 3670" in Magmamax #3; yeinlet in~darkfgray shale.

3.-5. '3670' in Magmamax #3 band in dark gray shale replaced by black
' epidote. ,

6. 3670' in Magmamax’ #3 veinlet of green epidote cross—cutting black
: epidote band (analyses #3-5)

11.-13 ' 3810' in Magmamax #2' veinlet in siltstone. The epidote is
r'associated ‘with hematite, anhydrite, and garnet (analyses #1 and
v 2, Table IV) ; '

’214.-15 3810' in Magmamax #2'Avein1et in green shale.

16 and 17 3600' in Magmamax #2; veinlet in shale with adularia rim
S - (analysis #3, Table I)

?:lét and“19. 2690' in- Magmamax #2' pale yellowish epidote forming
ELw honeycomb breccia cement ~associated with adularia.

ﬂ?@?lo 3670' in Magmamax #3, miscellaneous green epidote veinlets in
PRI ~dark gray shale associated with calcite, tremolite (analyses #
3 5, Table III) and- pyrite. j

120 -26 3410' in Magmamax #2‘ epidote cement in miscellaneous sandstones.

TABLE 11 | | |
ll; and“2, 3600;‘in MagmamaX'#Z‘ oriénted'Chlorite in green shale.

f3!-5; 3670' in- Magmamax #3s fibrous tremolite in veinlets in dark gray
S shale. ' .The low 'yields are due to epoxy -volatization; however,
fthe stoichiometries of the analyses are. reasonable.‘f
' . L . b + \‘f
" TABLE Iv; ;
1; and"2; 3810' in Magmamax”#Z; veinlet'in siltstone. The garnet is
' pale honey-colored, first order gray, and is cut across by

h hematite, anhydrite, and epidote (analyses #11-13, Table II);
-it is zoned and the analyses were positioned as shown below:
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APPENDIX II, TABLE I

X-ray Diffraction Aﬁalyses of Bulk Shales
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MAGMAMAX #2

. MAGMAMAX #3

WOOLSEY #1

DEPTH ~ CALC. QTZ.
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APPENDIX 1I; TABLE II

X-ray Diffraction Analyses of the Clay Fraction of Bulk Samples

2380

PLAG. KSPAR MICA . CHL. MONT. TALC
1550" -— 8.8 - - 71.6 19.6 -~ -
1700 - - 6.9 - -  76.4 16.7 - -—
1940 —_— 2,9 e -~ 54,5 42.6 -- -—
2120 -  °20.8 - - 28,1 51.1 -~ -
12330 - 6.8 - - 77.2 16.0 -- -
2630 — 10.9 == - 70.2 18.9  -- -
2780 0.6 1.3 — -— 52,8 .45.8 == -
3020 2.5 15,9 2.2 4.7 4.0 30.7 - —
3230 -— 5,5 - -~ 63,0 31.6 - -
3380 2.2 5.8 - -~ 38.2 53.8 - -
3470 == 5.0 7.2 == 45,1 42,7 @ -- -
3500 . <= 4.8 13,7 == 20,7 58,4 @ - -
3660 - 4.2 - 4.8 9.0 11.8 3.9 54,0 12.4 @~
3780 -~ 5.5 10.3 14.1 12.4 57.71 - -
3900 — 4,8 == - 12,5 82,7 -- —
4020 ~~ 9.1 14.1 27.3 6.1 43,4  -- -—
4170 — 13,1 -- 25,1 16.6 37.5 7.8 -
4230 -~ 13,2 == 2.5 6.4 37.3 18.5 --
4280 - 10,7 . - 5.3 31.6  31.7 20.6 ==
1495 1.3. 4.1 - -~ -77.6 17.0  -- —_—
1780 0.2 3.1 .  -- -— . 86.8 9.3  -= -
2050 - 149 e -~ 69,1 29.0 -- -
2230 - 54 - -~ 68.0 26.6 ~- -
© 2400 -~ 13,1 - - 50.7 32,1 - -
:2560° - 1.l 4.0 ee ~~ 69,9 24,9 -= -
2710 0.4 2.5 == == 1.4 25.7 == -—
2830 . 3.3 6.6 - - . 57.3 32,9 @ == -
2980 - 0.5 3.2 -~ ~= 39,9 56,4 == ==
3240 - 6.1 10.3 - -- - " 40.6 43.0 — =
3420 - 6.0 7, =~ 44,8 41,4  -- -
13640 0 == : 5,1 2,2 = 251 -67.6 - -
3730 . 6.9 /5.7 14.7 20.5 1.9 50.4 - -
3820 00 e= . == - - . 34,4 11.9 33.7 = 20.0
3940 .. -o==. 1.6 26,4 -- 26.2 30.9 -- = 14.9
1200 5.2 13.1 . -- -~ 24,5 57,2 @ -= -
1480  11.4 . 31.0 -- - 23,6 34,0 - -
1760 0.5 2.4 = - 69.6 - 27.5 == -
1880 . . 0.9 6.0 -- == 40.9 52,2 -= -
12135 2,1 9.3 - - 27.0 61,5 -- —
2260 0.3 2.0 -- -~ 61.6 36.0 -~ -—
1.6 6.9 _~-- --  40.9 50.6 -~ -
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APPENDIX IIT, TABLE 1

Isotopic Composition of Carbonate in Cuttings from Magmamax #2

DEPTH CARBONATE c,018 018 - YIELD in SAMPLE DESCRIPTION
IN TYPEX in %/oo rel. in /oo rel. amoles
FEET , to SMOW to PDB co, / mg
: : . 7 sample **
120 c 18.15 ~7.79 3.20 siltstone concretions
120 D 27.11 -.57 siltstone concretions
210 G 43.29 +3.06 gastropods
520 c 22,61 -3.24 .16 sandstone
520 c 21.05 -3.33 sandstone
520 D 26.88 -,92 .25 t sandstone
850 . C 32.22 =3.51 . 1.45 tan shale
-850 D 30.18 -2.93 6.77 t - tan shale
970 c 22.54 -8.04 1.98 tan shale
970 c 24.52 _— L tan shale
970 - D 30.04 -3.93 6.70 t tan shale
© 1000 c 16.59 -~18.89 . bulk
1060 c 24,66 -5.88 1.60 gray shale
1060 D 25.93 -2.53 4.38 t  gray shale
1240 M 19.72 -6.76 red shale
1240 D 20.35 ~6.86 red shale i .
1240 c 17.68 -3.42 2.55 very well indurated sandstone
1240 c 20.71 -2.93 <88 very pale greenish-gray shale
1240 D 27.13 +.19 1.29 t  very pale greenish-gray shale
1400 M 21.04 -2.68 : ghale ' .
1400 D 25.14 -.73 shale
1400 c 20.22 ~2.87 1.09 gray shale
1400 D 27.91 +.68 1.53 t gray shale
1400 c 20.49 -2.54 .86 red shale
1400 D 27.67 - 1.23 t red shale
1490 c 18.49 -2.77 1.06 gray shale
1580 c 14.70 -3.73 1.08 sandstone
1580 c 16.99 -3.02 1.20 gray shale
1580 D 27.04 +.34 gray shale
1700 c 15.50 -4.27 2.36 sandstone
1700 [ 18.15 -2.76 .90 gray shale
1700 D 27.56 +.42 1.80 t = gray shale
1760 [ 14.58 -3.17 1.30 gray shale
1820 M 11.97 -5.82 bulk
1820 C 9.60 - .92 sandstone
1880 c 13.34 =3.41 .94 gray shale
1940 c 10.62 ~5.64 .71 fine grained, well 1ndurated sandstone
2090 C 9.60 -6.34 " .64 sandstone
2090 c 11.00 - gray shale
2150 C 11.48 -3.24 gray shale
2150 c 10.46 -5.90 sandstone
2240 C 10.22 -5.73 75 well cemented sandstone
2270 c 20.72 -3.41 1.11 gray shale
2330 c 9.84 -3.82 1.03 gray shale :
2200 ¢ 8.20 -6.59 vein calcite from gray shale
2420 c 8.90 -6.80 sandstone
- 2480 c 8.38 «5.36 .51 well cemented sandstone .
12510 c 8.88 -3.82 .61 gray shale
2540 C 11.82 - .55 "moderately indurated sandstone
2600 Cc 9.82 -3.26 ' gray shale
2600 c 9.09 -4.07 gray shale
2630 . C 10.09 -5.34 .89 sandstone
2660 C -9.30 ~4.16 gray shale
2660 c 8.23 ~7.80 . _ vein calcite
2690 c - 8.85 -6.84 .24 sandstone v
2690 c 7.74 -7.31 . " vein calcite (pure):
2720 C '8.32 -8.52 ) vein calcite
2750 4 7.80 -6.30 sandstone
2810 c 7.91 -8.23 . vein calcite
2870 c - 8.88 : -3.75 ., .58 gray shale

r &
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Table I continued

2930 ¢ - 7.63 -6.43 .64 sandstone
3020 (I 7.51 <5.74 .88 sandstone
3020 ¢ 78455 -4,71" gray shale

3020 © € ~7.92 -9.18 " - ‘vein calcite

3020 c ~7.75 -9.07 vein calcite
‘3110 c S 1.2 -6.38 <29 sandstone
3200 ' C 9,70 -8.03 .- - vein calcite
3200 c ‘9,31 -7.73 - ‘vein calcite
3230 c 9.13 -6.59 .62 ver fine grained sandstone

73230 - C 9.05 -4,96 «82 4 -dark gray shale
3230 . C . - 9.48 ~7.98 _vein calcite
3260 C . -9.31 -5.06 gray shale
3260 c © 7.74 -6.71 | .55 dark gray shale
3260 ‘C - 8.63 -4.62 .68 sandstone
3320 c 7.90 -6.85 .62 white sandstone
3320 © 8.04 ~7.69 ‘sandstone with epidote cemeat

© 03380 c 9.44 -6.22 sandstone with rare calcite

3380 c 8.71 «5.20 61 very dark gray shale .
3380 c . 8.72 -8.72 . vein calcite

-3410 c- T11.21 , -5.38 .64 d dark gray shale
3410 c 10.93 ‘ -6.13° ‘cale.~anhy. veinlets in dk. gray shale
3410 c - 10.26 -7.91 | calc.-anhy. veinlets in dk. gray shale
3410 C ' .9.08 .. . =6.74 1.11 very fine grained sandstone
3440 c 12.50 ’ ‘=7.45 gray shale
3440 c 13.10 ’ -7.15 gray shale i
3440 c 11.24 S =9.48 .81 “very fine grained sandstome
3500 C- 12,98 S =12.25 calc.~-anhy. veinlets in green shale
3500 c 10,25 o «12,18 0 78 rare very fine grained sandstone
3600 c : 9,41 -6.12 - «35 very dark gray shale
3870 c o 9.86 -5.11 -~ .12 dark gray shale
4170 C v i 11028 et =544l 7 L05 green shales and white gandstones
4250 c © 13454 ~-4,83 7 ‘green ghales and white sandstones
4250 [ © > 16.93 ) ~4,83 - green shales and white sandstone
4310 c s 11,37 =573 0 - .28 sandstone with red hematite cement
* There are three types of carbonate : calcite- ), mixed carbonate

(M), and dolomite (D). The dolomite analysis is from- the same sample
as the calcite analysis immediately preceding it.

k% 'Yield values not followed by a letter are ‘the amounts of:CO
. collected after. one hour of reaction with phosphoric acid. Val&es

followed by the letters "d" and "t" are yields after one day and the
total yield after one week, respectively.
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APPENDIX III, TABLE II -

Isotopic Composition of Carbonate in Cuttings from Magmamax #3

18 18

DEPTH CARBONATE gO gO YIELD in SAMPLE DESCRIPTION
IN TYPE* in /oo rel. inm /oo rel. p.moles
FEET to SMOW to PDB
o simp1e ax
160 G 41.48 2.38 o Gastropods
490- c 21.28 -3.99 ~ bulk-anhy. and sand aggtegates
490~ M 22.29 -3.76 : bulk-anhy. and sand aggregates
490~ D 25.63 -2.76 . bulk-anhy. and sand aggregates
810~ M 21.14 -6.52 anhydrite aggregate
930~ c 24.77 -3.55 gray shale
930- D 26.45 -4.27 gray shale '
1060~ M 21.47 ~8.06 drilling cement aggregates
1060~ - C 21.04 ~4,13 . pale green shale
1060~ D 26.99 -.05 . pale green shale
1150-- C 20.25 -5.13 .68 .red + gray shale
1150~ M - 21.42 -6.03 _ red + gray shale
1150- D 24,71 -2.07 red + gray shale
1270- M 18.32 -4.09 1,50 d red + gray shale
1270~ c 18.96 -3.32 .67 red shale
1300- c 18.47 4,30 gray shale
1300- D 25.96 -.94 gray shale
1360~ c 14.84 -3.50 vhite sandstone
1430- c 19.43 -2.85 .93 gray shale
1430~ M 25.60 -.57 gray shale
1430- D 27.59 +.54 gray shale
1465~ c 17.15 ) -16.69 3.30 dark brown sandstone
1465- ¢ ¢ 18.46 ~4.77 . .80 white sandstone
1495~ C 19.11 =3.35 .94 gray shale
1530~ M 16.77 ~3.07 1.20 d red + gray shale
1590~ c 19.66 ~2.94 .92 ‘red shale
1590~ M 25.44 -.70 red shale
1590- D 27.64 +.43 red shale
1620~ C 18.37 -6.98 2.62 very well cemented sandstone
1650~ c 19.17 -3.19 .60 red shale
1650~ D 20.75 -2,60 red shale
1650~ c 18.50 -2.96 .75 gray shale
1650- D 20.45 =4.21 gray shale
1750~ c 18.53 -3.05 .50 red + gray shale
1750- D 19.52 -2.84 1.4 ¢t red + gray shale
1750~ c 17.37 -6.12 vhitish~tan sandstone
1840- c 17.89 -3.37 1.06 gray shale
1840- M 23.79 -1.30 . gray shale
1840- D 27.23 +.30 gray shale
1840~ c 15.72 ~2.84 1.57 well cemented sandstone
1840- M 17.42 -5.00 well cemented sandstone
1840- D 23.72 -1.88 well cemented sandstone
1840~ D 21.18 -2.51 well cemented sandstone
1930- c 10.55 ~4 .44 1.79 gandstone
1930- " C 16.83 -3.22 gray shale
1960~ C 15.78 ~4,92 w42 gray shale
1960~ M 17.23 -3.22 : gray shale
1960-~ D 21.82 -1.60 gray shale
1990- c 9.77 -4.12 sandstone-small angular chips
2050- c 13.44 - shale
2080~ Cc 8.45 -3.72 very fine grained sandstone with black unknown
2110~ c 16.30 -2.98 .76 gray shale -
2110~ (8 16.42 ~2.98 gray shale -
2110~ c 10.01 -3.70 " calcite veinlets ) -
- 2110~ c 10.48 -3.73 calcite veinlets ;
2170~ C 14.16 -5.20 1.83 _sandstone : L’
2230- c 17.64 . -2.59 1.00 sandstone
2230- c 12.77 -2.50 sandstone
2230- D 23.40 ~.74 1.40 t sandstone
2230~ c 16.89 - gray shale



Table II continued

2305
2340
2340
2400
2400
2435
2470
2500
2500
2500
2500
2620
2680
2710
2710
2710
2800
2830
2860
2980
2980
2980
3010
3010
3100
3210
3270
3270
3450
3670
3760
3730
3730
3790
3790
3880

* There are three types of carbonate:

GGG R R R G K - L K e K e K R - K g )

11.83

14.57

15.40
9.65
11.55
9.28
11.09
11.31
12.59
12.16
13.05
10.11
7.81
7.63
9.70
8.321

- 8.31

8.50
7.33
11.15
13.60
10.19
6.72
10.24
7.56
13.45
6.87
6.93

- 7.40

8.23
7.41
8.19
10.48
7.87
7.61
8.07

(M), and dolomite(D).
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-4.43
-3.50
-3.29
-3.90

-5.29
-3.96
-4.05
-3.22
-3.23
~2.58
=5.59
-8.06
-7.53
-4.15
-6.24
-5.40
-4.42
-7.84
-3.22
-3.29
-3.23
-6.57
-3.61
-4.93
-7.26
-5.96
-7.30
-6.15
-6.40
-7.91
-5.98
-6.78
-7.16
-6084
-50“

.84 ~ sandstone
gray shale
gray shale

.85 d sandstone
gray shale
veln calcite

.65 . sandstone

1.28 4 sandstone

.80 gray shale

gray shale
1.03 t gray shale

sandstone

vein calcite

.55 d “vein calcite
1.36 4 gray shale
gandstone
.28 white sandstone with rare epid.
.49 d gray shale
vein calcite
1.00 d red shale
.68'd 1t., purplish gray shale
.67 d dark purplish gray shale
.41 d sandstone
.88 dark gray shale
.77 @ dark gray shale
white siltstone
1.39 d 1ight gray shale
vein calcite
+47 & gray shale
+93 d gray shale

vein calcite

.70 dark gray shale
vein calcite
vein calcite

«22 d 1ight gray shale

.78 4 dark gray shale

calcite(C), mixed carbonate

The dolomite analysis is from the same sample
as the calcite analysis immediately preceding it.

*% Yield values not followed by a letter are the amounts of CO
collected after one hour of reaction with phosphoric acid. Valfes
followed by the letters "d" and "t'" are yields after one day and the
total yield after one week, respectively.
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APPENDIX I1I, TABLE III

Isotopic Oomposit:lon of Carbonate in Cuttings from Woolsey #1

DEPTH CARBONA’I;E ‘ 6018 0]'8 YIELD in v SAMPLE DESCRIPTION

IN TYPE*  in °/oo rel. 1n "/oo rel. ~umoles
FEET ~ to SMOW . to PDB Co, / mg
: sample ¥ %
630 € - 24,53 - =1.78 <51 gray shale
630 D 28.02 - =2,19 1.01 ¢t gray shale
750 c 24,67 - =3.80 1.51 brown ‘shale
870 . € 20.72 . =5.97 1.46 " gray shale partly replaced by anhy.
870 D 23.06 . =4,48 4.60 t gray shale partly replaced by anhy.
1050 c 16.92 . -2.45 1.32 red shale
1200 .C 15.12 T =3.45 1.16 gray shale
1200 C 8.09 ~6.55 2.14 sandstone
1355 C 14,42 . =3.19 1.05 gray shale
1355 c 9.73 T =4.46 1.05 sandstone with iron oxide cement
1355 C 8.63 -4.,37 2.04 white sandstone -
1575 c 13.00 -3.24 .98 gray shale
1605  C 8.66 -5.36 1.34 sandstone
1730 c’ ' 9.20 -5.40 1.21 white sandstone
o 1760 c 13.89 . =2.93 .78 gray shale
i 1760 c 10.57 . ~4.54 1.27 sandstone
o 1850 . 11.80 L =2.99 .81 gray shale
1910 € 9.82 ~4.48 1.31 white sandstone
2000 .C 11.40 . -3.39 1.80 gray shale
2020 c 9.66 . =3.86 1.26 - well indurated sandstone
2105 ¢’ 10.26 L -h .42 1.42 very fine grained sandstone '
2135 L€ 9.76 . =3.43 .88 gray shale
2165 € 10.10 .. =4,68 1.03 white sandstone
2260 -C 9.21 o =354 .68 very well cemented sandstone
2260 C 10.53 T =3.49 «70 1light gray shale
2290 c 7.16 o o=6.47 . vein calcite '
2326 - - C 8.92 .- =3.84 .76 very fine grained sandstone
2326 .C-. 8.67 . =5.57 1.07 pale green shale :
R 2326 . C .- 7.76 v -5.96 . vein calcite
oo 2356 € 7.52 =621 .- vein calcite
o 2387 C.. 8.56 -3.42 1.13 gray shale
2387 . C . 1.00 rare white sandstone

8.70 | . -4.79

* There are three types of carbonate: calcite (C), mixed carbonate -
(M), and dolomite (D). The dolomite analysis is from the same sample
as the calcite analysis immediately preceding it.

k% Yield values;not followed by a letter are the amounts of CO
collected after one hour of reaction with phosphoric acid. Valiies
followed by the letters "d" and "t" are yields after one day and the
total yield after one week, respectively. :
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" TABLE IV

Isotopic Compoéition of Quartz and Hematite

QUARTZ in Magmamax #2

Well Mineralized Sandstones

QUARTZ IN Magmamax #3

Porous Sandstones

Depth in
Feet

2650
3320
3600
3720
3810
3840
3930
3990
4200
4310

298
490
1180
1270
1300
1465
1465 .

- 1530
1650
1750
1780
1840
1900
1960
2110
2200
2340
2370
2470
2500
2620
2710
2740
2860
2920
2950
2980
3010
3100
3300
3360
3450
3880

08 in %00

Relative to SMOW

10.96
11.98
9.68
9.63
10.84
10.01
9.85
9.49
11.19
10.81

11.85
12.46
13.84
13.78
13.29
12.99
13.22
13.50
13.76
14.28
13.36
13.15
13.73
12.93
13.25
13.20
14.05
13.54
13.38
13.01
12.99
13.53
13.36
13.35
13.31
12.71
12.86
13.76
13.17
12.99
12.76
12.63
12.03

YIELD in
Amoles

co, / mg
sample

15.67
16.91
16.54

16.15

16.75

© 16.38

16.48
15.87
16.51
16.00

. 16.96

17.50
- 16.50
16.75
16.70
16.70
16.40
16.50
16.60
16.50
16.52
16.75
17.50
16.73
16.90
16.50
16.50
16.36
16.91
16.87

16.83

16.40
16.47
16.69
16.66
18.40
17.25
17.00
16.50
16.80

16.25

16.54

17.30
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Table IV continued

Well Mineralized Sandstones

HEMATITE in Magmamax #2

HEMATITE in Magmamax #3

3330
3510
3820
3970

3600
3810
3810
3840
3870
3900
3930
4020

3070

11.50
9.41
11.69
8.76

-3.83°

-3.31
-4.05

-3.26

-4.78
-4.54
-2.26
-4.90

-0.25

16.24
15.40
16.39
15.43

9.05
10.45
10.14

9.80

9.80 .

8.91 -
10.99

9.75

9.93
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N~/ | TABLE V

Isotopic Composition of Epidote

Depth in 50" 1n /oo FORMULA PROPORTIONS YIELD in
Feet . Relative to SMOW Fet3 AVl Mmoles
co, / mg
sample
Magmamax #2
. 2690 4.79 .59 2,41 13.28
3320 6.48 «69 2.31 14.05 -
3600 5.55 .92 2.08 14.36
' , . 3720 4.51 .99 2.01 13.71
' . 3840 4,72 - 1.04 1.96 13.30
. 3990 4.38 .99 2,01 14.35
4200 5.57 1.04 1.96 14.00
4310 4.97 9.67 2.03 14.00
, - Magmamax #3
2920 4.51 .94 2.06 13.40
3100 5.05 .94 2.06 14.35
3330 5.61 .82 2.18 14.45
3510 5.48 97 2.03 13.60
) 3670 4.02 .89 2.11 13.10
D 3670 3.61 <92 '2.08 13.85
3970 5.81 1.04 1.96 14.74
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