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ABSTRACT 

v This r epor t  is based on a d e t a i l e d  inves t iga t ion  of c u t t i n g s  re- 

covered from t h ree  wells 

a t  t h e  southeast  l i f o r n i a .  The w e l l s ,  

t h e  Salton S e a  geothermal f i e l d  located 

Magmamax f2 ,  Magrnamax #3, and Woolsey f 1  penet ra te  1340 m, 1200 m, and 

730 m, respec t ive ly ,  of a l t e r e d  sandstones, s i l t s t o n e s ,  and sha le s  of 

t h e  Colorado River d e l t a .  The crest 0 

9 thermal anomaly, reach a max produce a b r i n e .  

containing approximately 250 ssolved so l id s .  

shallow depths, h 

Q t i o n  and loca l ized  potassium metasomatism of fe ldspars  and montmoril- 

l o n i t e  t o  form K-mica.  Increas t e r a t i o n  causes d i s so lu t ion  of 

silicates and n of abundant calcite. I n  t 

r? a l t e r a t i o n  en lc i te  and d e t r i t a l  silicates are l a rge ly  

u replaced by an assemblag of adu la r i a ,  epidote,  anhydrite,  t remol i te ,  

Y 
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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; 

feldspars are albitized and phyllosilicates replaced by albite. Small 
b amounts of garnet, talc, and a high temperature montmorillonite are 

present in the deepest rocks. 

Each mineral assemblage has a limited vertical range. The presence 

and abundance of secondary minerals is strongly controlled by the matrix 

content. The impaired permeability of argillaceous rocks impedes water 

circulation and slows reaction rates so that relict mineral assemblages 

are preserved outside their usual ranges. 

Extensive oxygen and carbon isotope exchange has occurred between 

geothermal brines and country rocks. 

have exchanged with the brines at temperatures as low as 100-150°C. 

Both detrital and authigenic quartz in dense, highly altered and mineral- 

Detrital and diagenetic carbonates 
e 

ized sandstones have completely or almost completely exchanged at tem- 

peratures as low as 29OoC.  Hydrothermal epidote oxygen del values are 

approximately 4 O/oo lighter than coexisting quartz. Hydrothermal 

e 

in 

equilibrium with quartz at hematite is in apparent oxygen isotopic 

measured borehol temperatures (%3OO0C). 

Superimposed on the gross trend of 

temperature is another important effect 

b 

lower del values at increasing 

due to permeability variations 

the reservoir rocks. 

aquitards by high values. The oxygen del values of vein calcite are 

0-1 O/oo lighter than calcite cement in sandstones, which in turn is 

Aquifers are characterized by low del values, and 

1-7 O/oo lighter than calcite in shale. Hydrothermal alteration is 

more extensive in zones characterized by low del values, and differs 
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s ign i f i can t ly  from the  a l t e r a t i o n  assemblages in less permeable norizons. 

Aquifer permeabili ty is predominantly secondary and l i t h o l o g i c  

va r i a t ion  has a s t rong e f f e c t  on the  c rea t ion  of microfractures.  

c i r c u l a t i o n  is l a rge ly  r e s t r i c t e d  t o  horizontal  aqui fe rs  which have been 

Water 

cor re la ted  between w e l l s  using d e l  values. 

l o c a l l y  derived and v e r t i c a l  f r ac tu res  have been r e l a t i v e l y  unimportant 

as c i r cu la t ion  channels. 

Fluids  within ve in l e t s  are 

v i  
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INTRODUCTION 

Active geothermal areas provide an invaluable opportunity t o  study 

on-going hydrothermal a l t e r a t i o n .  

d i r e c t l y  measure t h e  temperature and depth a t  which minerals are forming 

and a l s o  t o  analyze the  c i r cu la t ing  f l u i d s .  

hydrothermal a l t e r a t i o n  is  an e s s e n t i a l  p re requ i s i t e  t o  understanding 

the  hydrology*of a geothermal r e se rvo i r  so t ha t  i t  can be investigated 

I n  these areas it  is  possible t o  

Similarly,  t he  study of 

w and developed i n t e l l i g e n t l y .  

The i n t e n t  of t h i s  study is  t o  inves t iga t e  the  e f f e c t  of o r i g i n a l  

permeabili ty va r i a t ions  on t h e  a l t e r a t i o n  oxygen and carbon i so top ic  

0 composition of t h e  rocks. Three adjacent,  s, Magmamax 82, Magmamax f3 ,  

and Woolsey #l, were studied i n  order t o  trace these  e f f e c t s  l a t e r a l l y  

as w e l l  as v e r t i c a l l y .  

had not ye t  been studied, sample recovery w a s  exce l l en t ,  and temperature 

and geophysical d a t a  were ava i lab le .  

These p a r t i c u l a r  w e l l s  w e r e  chosen because they 

0 

This study has been arranged i n t o  two semi-independent chapters-- 

Y petrology and s t a b l e  isotope geochemistry-each with a f i n a l  discussion 

and summary of t h e  d a t a  contained i n  it. The metric system is used 

W 

bd 

throughout except f o r  recording depths a t  which samples were recovered 

i n  order t o  conforpq with the  d r i l l e r s '  records. 

W 
1 '  
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LOCATION AND PREVIOUS WORK 

The Salton Sea geothermal f i e l d  is located i n  an a l l u v i a l  p l a in  
W 

W 

crr 

a t  t h e  southeast  end of t h e  Salton Sea i n  t h e  Imper ia l  Valley of 

Cal i forn ia  (Fig. 1). The f i e l d  exhfb i t s  anomolously high heat flow 

(Rex, 1966), and i s  associated with a strong p o s i t i v e  grav i ty  anomaly 

(Elders and o the r s ,  1972). The compound pos i t i ve  magnetic anomaly of 

t he  area is only p a r t l y  due t o  t h e  exposed r h y o l i t e  volcanoes (Griscom 

and Muffler, 1971). 

Since 1961 t h e  Salton Sea f i e l d  has been t h e  s i t e  of extensive 

exploration f o r  geothermal power. Some 20 w e l l s  (Fig. 2) ranging i n  

depth from 1700' t o  8100' have tapped an exceedingly s a l i n e  b r ine  with 

over 250,000 mg/l dissolved so l id s .  

range up t o  36OOC a t  7100'. 

v 
Temperatures i n  t h e  b r ine  r e se rvo i r  

Y 

The Magmamax #2, Magmamax #3, and sey #l w e l l s  are located i n  
Y 

Section 33, TllS, Rl3E i n  t he  southwest 

f i e l d  (Fig. 2). The w e l l s  were d r i l l e d  and logged by Magma Power Com- 

pany i n  1972. 

of t h e  Salton Sea geothermal 

Magmamax #2 and 53, .and Woolsey #1 were d r i l l e d  t o  4400', 

Y 

Y 

u 

4000' ,  and 2400' ,  respectively.  

30' i n t e rva l s .  The lease, including nearby Magmamax #1 and 114, is con- 

t r o l l e d  by t h e  Imperial Magma Company which is present ly  s e t t i n g  up an 

experimental two-stage heat exchange un i t .  

Cuttings were col lec ted  a t  approximately 

P 

Magmamax #2, #3, and Woolsey #1 are located on t h e  crest of t h e  

thermal anomaly (Randall, 1974); temperature p r o f i l e s  of t h e  th ree  wells 

are shown i n  Fig. 3. Magmamax #2 shows a s l i g h t ,  broad temperature 

Y 
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Figure 1, 
Valley and adjacent areas. (after Robinson and others,1976) 
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Figure 3. Temperature profiles; data from Randall (1974). 
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reversal at about 3600.'. 

Zfagmalnax #3, but the profile appears similar,to that of Magmamax 82. 

Muffler and White (1969) studied the mineralogy of cuttings and core 

Temperatures were only logged to 3100' in 

from.IID #l and Sportsman #l at the northeast end of the anomaly and 

compared these to samples from a deeper well, Wilson 81, drilled in the 

center of the Imperial Valley. The wells penetrate a sequence of fine- 

grained sandstones, siltstones, and shales which range in age from Recent 

at the surface to late Pliocene at 8000' (Clayton and others, 1968). 

response to the elevated temperatures at depth, these sediments are being 

transformed to low grade metamorphic 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 

In 

+ K-feldspar + albite k K-mica (Muffler and White, 1969). Decarbonation 

reactions during metamorphism are probably the source of the abundant 

C02 produced from the Imperial Carbon Dioxide Gas Field (Muffler and 

White, 1968). 

' 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. 

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. 

Randall (1974) 

The saline brines contain over 250,000 mg/l dissolved solids, 

primarily C1, Na, Ca, K, and Fe (White, 1968). Brines from IID #1 

deposited metal-rich siliceous scale containing an average of 20% Cu 

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

c 
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This brine is a potential ore-forming fluid (Doe and others, 1966). 

ead and stront ompatible with an origin of the 

stallization of sediments in the brine 

reservoir (Doe and others, 1966). Coplen (1973) analyzed over 200 well, 

spring, and geothermal water samples from the Imperial Valley and con- 

cluded that most of the subsurface water is derived from the Colorado 

River. 

Clayton and others (1968) studied carbonates and silicates in bulk 

d extensive oxygen isotope exchange samples from River Ranch fl and f 

between hydrothermal solutions and the country rocks. 

silicates, have reached isotopic equilibrium as low as 150OC. There was 

generally good agreement between the measured borehale temperatures and 

those derived from the calcite-water geothermometer 

oxygen isotopic composition for water of 2.0 rt .S  O/oo relative to SMOW. 

Carbonates and some 

ing an estimated 

They reported a volume ratio of water-rock reaction at depths between 

3000'-6000' of approximately 1. 

There are five small rhyolite domes along the crest of the thermal, 

volcanics contain abundant xeno- 

esser amounts of 

gravity, and magnetic anomalies, 

liths composed largely of ba 

mentary, and meta 

basalt assemblage 

peridotite (Robinson and others, 1976). 

geometry of isoth 

local stratigraph the distance 

from a hypothesized 

seismic refraction studies in the vicinity o'f the Salton Buttes found 

J 
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CI 
no evidence f o r  a s i g n i f i c a n t  i n t r u s i v e  body i n  t h e  6 km of sediments above 

basement (Biehler, pers. com. 1975). An impermeable caprock of sha le  has 

acted as an in su la t ing  b a r r i e r  t o  r e t a i n  most of t h e  volcanic-related 

heat wi th in  t h e  water r e se rvo i r  (Helgeson, 1968; Muffler and White, 

1969; Randall, 1974). 

U 

c 
REGIONAL SETTING 

The Salton Trough, t he  landward extension of t h e  Gulf of Cal i forn ia ,  

is a closed sedimentary basin about 200 lim long and 5-130 lan wide par- u 
t i a l l y  f i l l e d  with late Ter t i a ry  and Quaternary d e l t a i c  and l a c u s t r i n e  

sediments. It is a complex r i f t  va l l ey  bordered by s teep ,  step-faulted 

mountains of Mesozoic and o ther  c r y s t a l l i n e  rocks and is apparently ad 

cont ro l led  by en-echelon f a u l t i n g  of t h e  San Andreas and r e l a t ed  f a u l t  

systems. To t h e  south, it is separated from t h e  Gulf of Cal i forn ia  by 

t h e  apex of t h e  Colorado River de l t a .  The Salton Sea, 70 m below sea G 

level, present ly  occupies the  lowest po in t  of t he  Salton basin. 

The Salton trough was probably a morphotectonic low as e a r l y  as 

the  Miocene (Downs and o the r s ,  1961) when a marine embayment extended t 

as f a r  nor th  as the  Fish Creek Mountains (Durham and Allison, 1962). 

The Colorado River began t o  empty i n t o  t h e  northeastern Gulf of 

Cal i forn ia  i n  latest Miocene o r  e a r l y  Pliocene (Longwell, 1954), and t 

has s ince  been t h e  predominant source of d e t r i t u s  f o r  t h e  basin (Merriam 

and Bandy, 1965) although lesser volumes of material are a l s o  derived 

from t h e  basin margins. The Colorado Plateau-derived d e l t a i c  clastics c. 
L.' are d i s t i n c t l y  less arkos ic  than bas in  margin sediments (Van de Kamp, 

c 
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1973). These marginal a l l u v i a l  fans  have coinplex f a c i e s  r e l a t ionsh ips  

with t h e  d e l t a i c  depos i t s  and l a c u s t r i n e  c l a y s  and silts that dominate 

t h e  sediments of t he  c e n t r a l  port ion of t he  Salton basin (Van de Kamp, 

1973; Bird, 1975). 

Growth of t he  Colorado River d e l t a  perpendicular t o  the Gulf of 

California-Salton trough during the  mid-Pleistocene resu l ted  i n  t h e  

i s o l a t i o n  of the Salton basin from the  Gulf of Cal i fornia  -(van de Kamp, 

1973). 

between t h e  Imperial Valley of Cal i forn ia  and the  Mexicali Valley of 

The present d e l t a  forms a low d iv ide  which marks the  boundary 

Mexico 

The major f a u l t s  i n  the  region are shown i n  Fig. 1. Movement along 

t h e  Banning-Mission Creek and San Jac in to  f a u l t s  is  known t o  be r i g h t  

lateral and was  probably i n i t i a t e d  in  t h e  Te r t i a ry  (Crowell, 1962). 

Fau l t s  in t he  bas in  i t s e l f  are more d i f f i c u l t  t o  i d e n t i f y  due t o  t h e i r  

u s u a l  l ack  of sur face  expression. Fault  loca t ions  have been deduced 

mainly from seismic r e f l e c t i o n  (Sigurdson and o thers ,  1971);' electrical 

r e s i s t i v i t y  (Meidav and Ferguson, 1972) , and microearthquake s t u d i e s  

(Combs and Hadley, 1973). 

by a combination of tens iona l  'and r i g h t - l a t e r a l  s t r i k e - s l i p  movements 

The Salton trough is  believed t o  have formed 

ed with the  o g of the  Gulf of Cal i forn ia  (Elders and o thers ,  

1 

e Salton trough is cha 

sa are associated 

with high heat  flaws. Only a t  Salton Buttes and Cerro P r i e to  is t he re  W 

V 
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surface expression of these  thermal anomalies i n  t h e  form of warm 

spr jngs  and Quaternary volcanic domes. One of t h e  Salton Buttes domes 

has been dated, using the  K-Ar method, at between 16,000 and 50,000 
b - 

years o ld  (Muffler and White, 1968). 

Salton Sea are aligned along two northwest trending lineaments p a r a l l e l  

Thermal spr ings  nor theas t  of t h e  

t o  l o c a l  f a u l t  o r ien ta t ion .  
b 

According t o  Elders' (1972) model f o r  t h e  Salton trough, tens iona l  

zones o r  rhombochasms are developing between en-echelon f a u l t s .  These 

areas of c r u s t a l  depression and thinning are the  sites of p a r t i a l  melting 

In t h e  mantle, which r e s u l t  i n  the formation of young volcanic rocks 

which penet ra te  t he  t h i c k  sedimentary accumulations, as at t h e  Salton 

Buttes and Cerro P r i e to ,  Mexico. The heat generated by magmatic a c t i v i t y  

ei 

6 
may be trapped within a c i r cu la t ing  water r e se rvo i r  by an impermeable 

sha le  sequence, as suggested by Randall (1974) f o r  t h e  Salton Sea. A t  

t h e  Dunes hydrologic system, hot water is trapped i n  t h e  subsurface by b 
, cap rocks produced by se l f - sea l ing  (Combs, 1971; Elders and Bird, 

1974). 

METHODS OF STUDY 

This t h e s i s  is  based primarily on s tud ie s  of c u t t i n g s  r e t r i eved  

!from the  th ree  w e l l s .  Major emphasis is  given t o  i so top ic ,  pe t ro logic  
e 

and x-ray d i f f r a c t i o n  inves t iga t ions .  I 

I The oxygen and carbon i so topic  analyses were made on a double- 1 
focusing, double-collecting isotope r a t i o  mass spectrometer (Coplen, 
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1973) i n  the  s t a b l e  isotope laboratory a t  the  University of Cal i forn ia  

a t  Riverside (UCR), 

sandstones and shales .  A few d e t r i t a l  and au t  

oxides were a l s o  analyzed. 

Most of  the  analyses were of carbonate cement i n  

Pe t ro logica l  inves t iga t ions  were made using a va r i e ty  of techniques. 

Cuttings were examined under binocular microscope, and about 100 gra in  

mounts made of gra ins  from more i n t e r e s t i n g  in t e rva l s .  

g ra in  mounts consisted of random gra ins  from an in t e rva l ,  most of them 

consisted of handpicked grains.  Major a t t e n t i o n  was given t o  textural  

and mineralogical changes i n  sandstones and veins. 

microscope a t  UCR and MAC-5 e lec t ron  microprobe a t  Cal i forn ia  

I n s t i t u t e  of Technology were used f o r  more de t a i l ed  t e x t u r a l  and chemical 

s tud ies .  

a t  UCR. 

i n t e r v a l s  i n  a l l  th ree  w e l l s  i n  addi t ion  t o  se 

analyzed. 

While some of t he  

The scanning e l ec t ron  

X-ray analyses were made on an automated Picker diffractometer  

Clay and s i l t - s i zed  f r a c t i o n s  of bulk samples chosen at 100'-200' 

1- PROBLEMS WITH CUTTINGS 

Cuttings from a given depth are o f t en  contaminated by sloughing 

of unconsolidated sediment from above, espe 

I n  a l l  th ree  w e l l s  a f t e r  s cemented i n  

a t  the  approximate base o 

d r i l l e d ;  thus  below 1000 

sediments so that rocks here  are less contaminated. However, minor 
LJ 

Y 
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amounts of red sha le  i n  c u t t i n g s  below 1800' i n  Magmamax #2 and 53 and 

below 1500' i n  Woolsey #1 are probably due t o  sloughing. Although i n  a 

strict sense only t h e  f i r s t  appearance of a mineral 

t o t a l l y  r e l i a b l e  ind ica tor  of i ts  depth, i n  general  slumping appears t o  

o r  rock type is  a 

be only a minor problem and is r ead i ly  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 

b 

by cons is ten t  i so topic  trends. and by i n t e r n a l  consistency i n  the  petro- 

l o g i c  da t a  (Clayton and o thers ,  1968; Muffler and White, 1969). 
b 

In addi t ion  t o  contamination by slumping, t h e  c u t t i n g s  o f t emcon ta in  

deb r i s  and d r i l l i n g  addi t ives ,  commonly including l i g n i t e ,  casing cement, 

c r u s t  chips from the  d r i l l  b a r r e l s ,  p l an t  f i b e r s ,  rubber, pa in t  ch ips ,  

gypsum, and montmorillonite o r  o ther  c l ays  i n  t h e  d r i l l i n g  mud. 

mor i l l on i t e  is  a problem only i n  shallow, unconsolidated sediments. Mud 

and lignite are removed by washing, and t h e  o the r s  are e a s i l y  recognized 

and can be usually handpicked and removed. 

Mont- 

Q 
Besides l i g n i t e ,  t he  most 

confusing contaminant is  t h e  casing cement. 

about 1000' i n  a l l  t h ree  w e l l s  have l a r g e  q u a n t i t i e s  of casing cement 

composed of volcanic g l a s s  p lus  sanidine and quartz which resembles a 

volcanic tu f f  . 

Cuttings co l lec ted  from 

6 

A l l  samples were washed repeatedly t o  remove a l l  d r i l l h g  mud and 
c; 

l i g n i t e .  

t h e  unconsolidated sha les  i n  t h e  c l ay  layer  above 1000'. 

Unfortunately, t h i s  a l s o  removed v i r t u a l l y  a l l  of t he  c l ay  from 

Almost a l l  

c t h a t  remains a f t e r  washing shallow cu t t ings  are anhydrite nodules and 

v e i n l e t s ,  py r i t i zed  gra ins ,  minor sand and s i l t ,  and rare shales. Hence, u 

c 
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t he  shallow c u t t i n g s  samples are highly biased, and the  l i tho logy  of t h e  

o r i g i n a l  sedimentary sequence can bes t  be in te rpre ted  from d r i l l i n g  

logs.  

There is a va r i ab le  lag-time between t h e  time t h e  d r i l l i n g  b i t  

c u t s  through a p a r t i c u l a r  i n t e r v a l  and when t h e  c u t t i n g s  from t h i s  

i n t e r v a l  are ca r r i ed  t o  t h e  surface and co l lec ted .  Cuttings are labe led  
3 

w i t h ’ t h e  depth of t h e  b i t  when co l l ec t ed ,  and therefore  t h e  t r u e  depth 

is unknown. Actual depths can usua l ly  be estimated by comparing c u t t i n g s  

Y ’  

L 

l ogs  with w e l l  logs. 

Y 

W 

Y 



PETROLOGY 

STRATIGRAPHY AND SEDIMENTATION 

Lithology 

Cuttings recovered from Magmamax 62, #3,  and Woolsey tl cons i s t  of 

interbedded terrigeneous sediments'with an o v e r a l l  average of 70% 

sha les ,  5% s i l t s t o n e s ,  and 25% f i n e  t o  very fine-grained sandstones. 

An upper sedimentary u n i t  extending from t h e  sur face  down t o  about 

1000' 'is composed l a rge ly  of t an  and gray-brown c lays  and sha les  

with rare interbedded s i l t s t o n e s  and sandstones. A lower u n i t  below 

about 1000' cons i s t s  of i n t  ne, s i l t s t o n e ,  and gray, red ,  
0 

een sha les  which have 

Evidence presented by Muffler Doe (1968) ind ica t e s  t h a t  t h e  

sediments deposited i n  t h e  Salton Trough have been of similar chemical 

and mineralogical composition throughout. t h e  late Cenozoic, and were 

14 
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c 
derived l a r g e l y  from t h e  upper Colorado River drainage basin (Merriam 

and Bandy, 1965). 

og ica l  composition: 

dolomite +montmoril lonite i- i l l i t e  + k a o l i n i t e  + accessories.  

These Colorado River sediments have a uniform mineral- 

tu quartz + calcite + plagioc lase  + K-feldspar + 
Lesser 

amounts of Salton Trough sediments are derived from Holocene a l l u v i a l  

fan  depos i t s  a t  t h e  base of mountains adjacent t o  t h e  Salton Trough which 

d i f f e r  mineralogically f r o m  t h e  Colorado River sediments, primarily 

cr 

i n  t he  small amount of calcite, t h e  absence of dolomite, and the  presence 

of l a rge  q u a n t i t i e s  of c h l o r i t e  and amphibole. C 

Sandstones i n  the t h r e e  wells contain abundant fe ldspar  and l i th ic  

fragments, and vary from subarkose t o  s u b l i t h i c  a r e n i t e s  ( c l a s s i f i c a t i o n  

of Pe t t i j ohn  and o the r s ,  1972). The f e ldspa r s  are l a r g e l y  microcline, G 
but orthoclase,  a l b i t e  and c a l c i c  p lag ioc lase  are l o c a l l y  abundant. 

I 

About two-thirds of t h e  l i t h i c  clasts are nonsedimentary, usua l ly  igneous, 

and one-third are sedimentary. 

occasionally common, but a l t e r e d  r h y o l i t e  chips are rare; these  may 

Olivine b a s a l t  chips and pyroxenes are c 

represent subsurface volcanics. Accessory d e t r i t a l  minerals include 

b i o t i t e ,  muscovite, sphene, tourmaline, amphibole, pyroxeae, magnetite, c 
zircon, and a p a t i t e .  

In  each 30' sampling i n t e r v a l  t he re  are at least two d i s t i n c t  

varieties of sandstone--one with l i t t l e  o r  no matrix, and one with 

p h y l l o s i l i c a t e  matrix material. I n  shallow, r e l a t i v e l y  unaltered 

Heavy mineral l aye r s  are occasionally present. 

c 

sandstone, it is clear t h a t  t h i s  d i f f e rence  is  d e t r i t a l ,  and t h a t  t h e  

two sandstone v a r i e t i e s  can be labeled areqites and wackes, respec t ive ly  - G 

(Pett i john and o the r s ,  19721,. However, i n  deeper, highly a l t e r e d  meta- L J  
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sandstones t h e  p h y l l o s i l i c a t e  abundance is  no longer e n t i r e l y  d e t r i t a l  

and may have been diminished o r  augmented during hydrothermal altera- 

t i on ;  t he re fo re  sandstone c l a s s i f i c a t i o n s  are no longer applicable.  

t h e  purposes of t h i s  study, sandstones and meta-sandstones are loose ly  

grouped i n t o  two ca tegor ies  based on the  amount of p h y l l o s i l i c a t e  matrix: 

For 

a rg i l l aceous  sandstones, usually containing '15% matrix, and non- 

a rg i l laceous  sandstones, with ~ 1 5 %  matrix. 

i n t o  a rg i l l aceous  and non-argillaceous s i l t s t o n e s  based on matrix content.  

S i l t s t o n e s  a l s o  are grouped 

, 
The color  and induration of t h e  sediments are va r i ab le  mainly due t o  

d i f f e rences  i n  the  type and i n t e n s i t y  of post-depositional a l t e r a t i o n .  

Sandstones and S i l t s t o n e s  are mainly tan-white, but r ed ,  green-gray, and 

brown types are l o c a l l y  abundant. 

and gray-brown. 

t o  f i n e l y  disseminated i ron  oxides. 

dated,  with t h e  exception of severa l  beds of i ron  sulfide-cemented sand- 

s tone  and anhydrite-mineralized shale. . Below 1000' t he  sediments are 

a l l  l i t h i f i e d ,  genera l ly  with increasing cementation with increasing 

depth. 

Shales from the  upper 1000' are t a n  

S l igh t ly  deeper sha les  are of various shades of red due 

The upper 1000' is poorly consoli- 

I 

The sand-size f r a c t i o n  of sandstones is f i n e  t o  very f i n e ,  w e l l  

. sor ted ,  and subangular t o  subrounded. Quartz g ra ins  are usua l ly  more 

rounded and spher ica l  than fe ldspar  o r  l i t h i c  clasts of t h e  same s ize .  

Stratigraphy and Parastratigraphy Stratigraphy and Parastratigraphy 

sedimentary f i l l  of t h e  cent  p a r t  of t h e  Salton Trough 

and cons i s t s  of a complex sequence is up t o  6 km t h i c k  (Biehler, 1964) 
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c 
, of a l l u v i a l ,  f l u v i a l ,  l acus t r ine ,  and marine depos i t s  (Dibblee, 1954). 

The s t ra t igraphy of t h e  Buttes area is r e l a t i v e l y  simple. 

clay-shale sec t ion  i n  t h e  upper 1000' is probably a f a c i e s  of the  

Brawley-Borrego Formation (Dibblee, 1954). Below t h i s ,  a rkos ic  sand- 

stone with in t e rmi t t en t  a rg i l laceous  beds are probably a Colorado'River 

d e l t a  facies of the  Palm Springs Formation (Helgeson, 1968). 

The 

c1 

(u 

It is  extremely d i f f i c u l t  t o  c o r r e l a t e  subsurface sandstone-shale 

sequences i n  the  Salton basin due t o  the  wide spacing of w e l l s , '  many 

l o c a l  f a u l t s ,  and rap id  facies changes i n  the  d e l t a i c  'sediments. 

Randall 's (1974) co r re l a t ion  of subsurface da t a  from Magmamax #1, #2, #3, 

, 

L 

and Woolsey #l is shown i n  Fig. 4. 

thickness of sand bodies as in t e rp re t ed  from electrical logs ,  p l o t  t h e i r  

percent volume per 5 0 0 ' ,  and c o r r e l a t e  these  "units" between w e l l s .  

H i s  technique w a s  t o  measure the  

&i 

Figure 5 shows a co r re l a t ion  of t h e  c u t t i n g s  l i tho logy  i n  Magmamax 

4 #3 wi th .  t h e  electrical induction l o g  as in te rpre ted  by Randall (1974, 

Appendix 111). In  general, t he  lag-time f o r  t h e  r e t r i e v a l  of c u t t i n g s  

samples from a p a r t i c u l a r  horizon r e s u l t s  i n  a d i f f e rence  of about 100' 

between t h e  depth of t he  horizon on the  d r i l l i n g  logs  and t h e  depth 

a t t r i b u t e d  t o  t h e  c u t t i n g s  co l lec ted  from t h i s  horizon. 

6 
Hence cu t t i ngs  

samples labeled 4000' are from about 3900' on t h e  w e l l  logs. 

An attempt w a s  made t o  c o r r e l a t e  the  l i t h o l o g i e s  of t h e  three  

w e l l s ,  using both geophysical and c u t t i n g s  logs. 

sandstone-siltstone-shale r a t i o s  and sha le  colors.  Lines between t h e  

Figure 6 shows t h e  
> I  

L w e l l s  i nd ica t e  proposed cor re la t ions .  The l i t h o l o g i e s  of Mapamax #2 

and f 3  appear t o  be v i r t u a l l y  i d e n t i c a l  down t o  2600'-2700'. Cuttings I 
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Figure 5 .  Correlation of Cuttings and Geophysical 
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from t h e  i n t e r v a l  2690-2720' i n  Magmamax #2 include abundant, mineralized 

brecc ia  fragments, suggesting a major f r a c t u r e  c u t s  t h e  w e l l  a t  t h i s  

depth. This brecc ia  zone coincides with a f a u l t  in fer red  by Randall 

(1974) by dipmeter survey (see Fig. 4). 

l i t h o l o g i c  co r re l a t ion  between t h e  two w e l l s .  

Below t h i s  t h e r e  is  no appalient 

Red shales are abundant i n  Magmamax #2 and #3 down t o  about 1750', 

. and i n  Woolsey #1 down t o  1450'. Their base and t h e  base of t h e  upper 

sha le  u n i t  are t h e  only apparent co r re l a t ions  between Woolsey #1 and 

Magmamax #3; thinning of u n i t s  t o  t h e  southeast is i n  agreement with 

Randall 's (1974) parastratigraphy. 

Green sha les  f i r s t  appear a t  3300', 2800', and 2100' i n  Magmamax #2, 

#3 and Woolsey #l respec t ive ly ,  but t h i s  boundary, as w i l l  be discussed 

later, does not denote a primary l i t h o l o g i c  change, but ins tead  marks 

t h e  inc ip i en t  a l t e r a t i o n  of gray t o  green shales.  

ANALYTICAL TECHNIQUES 

Sample Selection 

During descr ip t ion  of each cu t t i ng  i n t e r v a l ,  t h e  more i n t e r e s t i n g  

g ra ins  were handpicked; later, i n t e r v a l s  i n  which abundant i n t e r e s t i n g  

g ra ins  had been co l lec ted  were chosen f o r  de t a i l ed  petrographic examina- 

t ion .  

t h e  handpicked gra ins  p lus  a group OE other  g ra ins  added a t  random. 

Additional i n t e r v a l s  were then se lec ted  t o  improve t h e  uniform coverage 

Several t h i n  sec t ions  were made of each i n t e r v a l  chosen, using 

of t h e  w e l l .  

tu 

Ld 
c1 

b 

6 

b 

6 

e 

b 
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Since Magmamax f 3  was investigated f i r s t ,  39 i n t e r v a l s  were examined 

using t h i n  sections.  Using the  experience gained, only 21 i n t e r v a l s  

Y 
were thin-sectioned i n  Magmamax #2, and 5 i n  Woolsey 171. 

of t h e  i n t e r v a l s  where  t h i n  sec t ions  were studied are shown on Figs. 8-26. 

The loca t ions  

Two d i f f e r e n t  groups of samples were se lec ted ,  prepared, and analyzed 

on ' the  diffractometer:  

l ec t ed  a t  100'-200' i n t e r v a l s  i n  a l l  t h ree  w e l l s .  

t o  provide a general p i c t u r e  of mineralogic changes i n  the  w e l l s .  

second group c o n s i s t s  of handpicked, homogeneous, sha le  gra ins  se lec ted  

t h e  first and major group are bulk samples col- 

These were co l l ec t ed  
V 

The 

u 
a t  100'-200' intervals i n  Magmamax 12 and #3. The <21.1 f r a c t i o n  of each 

sample w a s  a l s o  analyzed because finer grained p a r t i c l e s  have much g rea t e r  

sur face  areas and would be more s e n s i t i v e , t o  v a r i a t i o n s  i n  temperature 

and chemical environment than coarser grained material. 

V 

v Sample Preparation 

The preparation procedure used is a modified vers ion  of that  

. 
formerly employed by t h e  Deep 

Laboratory at UCR. 

bulk samples, except t h a t  bu lk  samples were passed repeatedly through a 

s p l i t t e r  t o  obta in  random samples. 

a Dr i l l i ng  Pro jec t  X-ray Mineralogy 
r3 

The same technique is used . for  both handpicked and 

A l l  samples were divided; one por t ion  

as ground t o  clay-size, and analyzed a . The o ther  
8 

por t ion  w a s  disaggregated, dispersed with .05% (NaPOi)6 s o l u t i  

size-fractionated by ce he suspended <2p f r a c  
Y 

l a t e d ,  d r i ed ,  and analyzed as t h e  clay f r ac t ion .  The samples were run 
W 

. .  I 
i 
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on an automated Picker x-ray diffractometer using.CuKa rad ia t ion ,  a 

graphi te  c r y s t a l  monochrometer, and a scanning speed of.2"20 per  minute. 

Both f r ac t ions  were then glycolated and analyzed again. 

Diffractogram In te rp re t a t ion  

The in t e rp re t a t ion  of the  diffractograms is  done mainly by hand. 

The minerals present are iden t i f i ed  by comparing the glycolated and 

unglycolated diffractograms with s t r ip -cha r t s  showing the  major peaks of 

Lr 

each mineral. 

background scatter of a s ing le ,  diagnostic peak f o r  each mineral is  

measured. Using empirically derived i n t e n s i t y  f ac to r s ,  t he  r a w  i n t e n s i t y  

measurements f o r  the  minerals are computed as mineral percentages, and 

normalized t o  100% (see Cook and o thers ,  1974). Clay f r a c t i o n  da ta  are 

Once t h e  peaks are i d e n t i f i e d ,  t he  i n t e n s i t y  above t h e  b 

usual ly  reported qua l i t a t ive ly  using a 0 t o  5 scale of increasing abun- 

dance ind ica t ing  absent, t r a c e ,  p resent ,  major, and abundant, respectively.  Q 

HYDROTHERMAL ALTERATION 

. e  
Presentation of the  Data 

Study of t he  minerals and t ex tu res  of d i f f e r e n t  rock types, together 

with t h e i r  i so top ic  compositions, revealed t h a t  rocks with g i f f e r e n t  u 
o r i g i n a l  apparent permeabili t ies had very d i f f e r e n t  responses t o  water- 

rock in te rac t ion .  For t h i s  reason, da t a  on a rg i l laceous  and non 

arg i l laceous  sandstone, a rg i l laceous  and non-argillaceous s i l t s t o n e  and u 
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gray and non-gray sha les  are presented separately.  

study of progressive changes i n  rocks of the  same o r i g i n a l  l i thology. 

This f a c i l i t a t e s  

w 
Figures 8-26 (pages 28-47) are a set of diagrams, a l l  drawn t o  the  

same scale, which show the  a l t e r a t i o n  and mineralization of t he  sediments. 

Data on t h e  diagrams are primarily from handsample (cu t t ings)  and t h i n  

sec t ion  examinations. 

terms are explained below. 

The organization of t he  da t a  and d e f i n i t i o n s  of 
Y 

Cuttings were col lec ted  approximately every 30'. The r e l a t i v e  

amounts of shale, s i l t s t o n e ,  and sandstone (or t h e i r  metamorphic equiva- 

l e n t s )  i n  each i n t e r v a l  are shown i n  histogram form i n  the  "lithology" 
Y 

column. I n t e r v a l s  where petrographic o r  x-ray examinations were made 

are blacked in. Data on t h e  diagram outs ide  these  i n t e r v a l s  are from 
v 

handsample examinations, o r  are due t o  in te rpola t ion .  

Since sandstone and s i l t s t o n e  types are not r ead i ly  d is t inguished  

i n  handsample, relative abundance da ta  are only ava i l ab le  a t  t h i n  

sectioned in t e rva l s .  
V 

Relative q u a n t i t i e s  of arg i l laceous  and non- 

Y 

Y 

c. 

a rg i l l aceous  rocks are indicated by t h e  following symbols: 

* >70X of t h e  t o t a l  sandstone (or s i l t s t o n e )  

+ t h e  two sandstone (or s i l t s t o n e )  types are of subequal abundance 

- <30X of t h e  t o t a l  sandstone (or s i l t s t o n e ) .  

Relative abundances of gray and non-gray sha le s  are e a s i l y  estimated 

from handsamples and hence are i l l u s t r a t e d  as sp indle  diagrams. 

For t h e  purpose of i l l u s t r a t i o n ,  each l i t h o l o g i c  type is considered 

t o  have three components--sand o r  silt, matrix, and cement i n  sandstones 

u and s i l t s t o n e s ;  and sand p lus  silt, matrix, and mineralization i n  I 

Y 
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shales. The r e l a t i v e  abundances of each component are shown on t h e  

figures.  

I 
The ca tegor ies  of sand and s i l t ' i n c l u d e  a l l  d e t r i t a l  g ra ins ,  

b 
excluding p h y l l o s i l i c a t e s ,  g rea te r  than .OS mm and .005 mm, respectively.  

Matrix includes a l l  p h y l l o s i l i c a t e s ,  regard less  of gra in  s i z e  o r  

Q or ig in ,  and a l l  o ther  clay-sized (c.005 mm) grains. Sand.or s i l t - s i z e d  

d e t r i t a l  phy l los i l i ca t e s  are minor cons t i tuents ,  r a r e l y  e x c e e d i ~ g  1%; 

hence grouping them with matrix p h y l l o s i l i c a t e s  does not appreciably 

b alter t h e  sand-matrix r a t i o .  

because of the grea t  d i f f i c u l t y  i n  d is t inguish ing  among unaltered, a l t e r e d ,  

A l l  p h y l l o s i l i c a t e s  are grouped together 

o r  authigenic phy l los i l i ca t e s .  The a l t e r a t i o n  and r e c r y s t a l l i z a t i o n  of 

p h y l l o s i l i c a t e s  are shown i n  t h e  "Alteration" column 

The terms cement o r  mineralization as used here include a l l  neo- 

c r y s t a l l i n e  non-detri tal  minerals, excluding p h y l l o s i l i c a t e s  or recrys- 

6 t a l l i z e d  d e t r i t a l s .  

t he  breakdown o r  r e c r y s t a l l i z a t i o n  of d e t r i t a l s  such as fe ldspars  o r  

phy l los i l i ca t e s ;  t he re  is  no "Alteration" column f o r  s i l t s t o n e s  due t o  

l a c k  of data. 

exceed l X ,  and hence are not shown on t h e  f igu res .  

"Alteration minerals" app l i e s  t o  gra ins  formed by 

6 Neocrystall ine,  vo id - f i l l i ng  g h y l l o s i l i c a t e s  r a r e l y  

Al te ra t ion  and 

mineralization are distinguished because the  former probably requi res  

much less change i n  t h e  t o t a l  rock chemistry than t h e  lat ter.  Ij 

The r e l a t i v e  abundances of t he  twelve most common neocrys ta l l ine  

minerals are shown i n  t h e  "Mineralization" co lum.  Due to t h e  d i f f i c u l t y  

b i n  d i s t inguish ing  between r ec rys t a l l i zed  and authigenic carbonate, both 

types are grouped toge ther . .  Carbonaceous material is a l s o  included with . I$ 

v 
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t h e  neoc rys t a l l i ne  minerals although it probably cons i s t s  of s l i g h t l y  

remobilized detr i ta l  organic matter. 

tages  of minerals a t  each dedth i n  t h e  "Mineralization" column is equal 

t o  t h e  t o t a l  cement o r  mineralization shown i n  the  "Components" column. 

Note t h a t  the  sum of the  percen- 

s 

The bas ic  t ex tu res  of neocrys ta l l ine  minerals as shown on t h e  f i g u r e s  

are explained below: 

Disseminated grains-crystals >.005 mm which are d i s t i n c t  and 

i so l a t ed  from each other by matrix o r  by another type of 

cement; i n  sha les  t h i s  category only includes c r y s t a l s  

c.25 mm. 

Fine grained patches--aggregates o r  c l o t s  of < .05 mm c r y s t a l s  

Micrite--cement composed of gra ins  c.005 mm 

Interlocking grains--cement composed of intergrown c r y s t a l s  >.005 mm 
* 

P o i k i l i t i c  cement--texture formed when cement f i l l i n g  several pores 

is in o p t i c a l  cont inui ty  and encloses d e t r i t a l  grains.  

Overgrowths--minerals which grow on and p a r t i a l l y  enclose t h e  sand 

grains.  

l a r g e  mineral g ra ins  (s.25 mm) 

o f t e n  euhedral; some as l a rge  as 2 mm. Equal1 

i n  sandstones and s i l t s t o n e s  generally are p o i k i l i t i c .  

Replacement banding--texture formed when m'ineralization occurs 

within se lec ted  sedimentary bed 
, 

Data are shown i n  t h i s  c o l  rographic examinations were 

made. Each mineral present with an abundance g rea t e r  than 1% has a 

bs symbol i n  t h e  column which bes t  descr ibes  i ts  texture.  

used are as 'follows': 

The symbols 
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A = anhydrite 

C = calcite M = carbonaceous material 

D = dolomite 0 = other  i ron  oxides 

H = hematite 

E = epidote P = p y r i t e  

F = fe ldspar  ( a l k a l i )  Q = quartz 

G = gypsum 

0 

T = t remol i te  

e 

Lid 
c 

The r e l a t i v e  abundances of t he  s ix  m a i n  phy l los i l i ca t e  types i n  

sha le  are derived l a rge ly  from x-ray analyses of handpicked shales; 

da ta  on the  column outs ide  the  x-rayed i n t e r v a l s  are due t o  interpola-  

t i on ,  extrapolat ion from x-ray analyses of bulk samples, and mihot 

petrographic observations. 

since these are d i f f i c u l t  t o  d i s t inguish  i n  x-ray pa t te rns .  

of mega-biotite w a s  noted during petrographic examination, they are 

>.05 nun, euhedral, or iented c rys t a l s .  

b 

"Mica" includes both muscovite and b i o t i t e  

The presence 

The "Fracture Mineralization" column d i sp lays  the  r e l a t i v e  abun- 

dances of the  e igh t  most common vein minerals. 

minerals i n  any 30' i n t e rva l  r a r e l y  exceeds 1-5%, and usual ly  is w e l l  

under 1%. 

The abundance of f r a c t u r e  

No percentage scales are included because of t he  d i f f i c u l t y  

b 

sr 

6 
of accurate  estimation. 

Blackened i n t e r v a l s  i n  Figures 24-26 i nd ica t e  the  loca t ions  of t h e  

@$ 
22 most common mineral assemblages seen i n  veinlets .  The mineral 

components of each assemblage are l i s t e d  i n  the  most common paragenetic 

order. For example, f o r  t he  assemblage "epidote-tremolite-hematite" 

epidote was the  f i r s t  mineral formed. 
b 

In  assemblages where two minerals 

are usual ly  contemporaneous o r  where the  order of mineral izat ion is L 
variable ,  t he  minerals are l i s t e d :  "epidote + calcite.'' 

c 
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ARGILLACEOUS SANDSTONES IN MAGMAMAX *2 
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NON-ARGILLACEOUS SANDSTONES IN MAGMAMAX '2 
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ARGILLACEOUS SANDSTONES IN MAGMAMAX a3 
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NON-ARGILLACEOUS SANDSTONES IN MAGMAMAX #3 
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NON-ARGILLACEOUS SANDSTONES IN WOOCSEY el 
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ARGILLACEOUS SILTSTONES IN MAGMAMAX #2 
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NON-ARGILLACEOUS SILTSTONES IN MAGMAMAX '2 
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NON-ARGILLACEOUS SILTSTONES IN MAGMAMAX *L3 
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Sandstones 

I ARGILLACEOUS VS NON-ARGILLACEOUS SANDSTONES 

1 

Two d i f f e r e n t  sandstones with d i f f e r e n t  types and amounts of 

mineralization--one with abundant matrix and one with l i t t l e  o r  no 

matrix--occur i n  each 30' i n t e rva l .  Data from these  two rock types are 

compiled i n t o  separa te  charts (Figs. 7-12) f o r  t he  reasons s t a t e d  

earlier. 
W 

3 

U 

SANDSTONE COMPONENTS 

For each well, t h e  sandstones are composed of 20-80% sand, 0-40% 

matrix, and 2-80% mineralization (cement); open pore spec ies  are rare. 

In  non-argillaceous sandstones, t h e  components are approximately evenly 

divided between sand and cement, with very minor matrix. 

sandstones, r e l a t i v e  abundances are more var iab le ,  but i n  general  65% 

is sand and 352 is matrix p lus  cement. 

In  a rg i l l aceous  

The d i f fe rence  i n  sand abundance 

between t h e  two sandstone varieties' (50% versus 65%) is mainly due t o  

g rea t e r  sand d i  l l aceous  sandstones; t h e  

U 

1 3 

Magmamax #2 (Fig. 7) is predominantly confined t o  t Y 

r e l a t i v e l y  constant throughout t h e  
u 
W 

. *  
Woolse (Fig 

3 
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MINERALIZATION 

Dolomite. 

m i t e .  Much of 

The most abundant cement i n  shallow sandstones is dolo- 

it may be r ec rys t a l l i zed  d e t r i t a l  g ra ins ,  but rhombic 

c r y s t a l s  occasionally rep lace  micrite and phy l los i l i ca t e s .  Below 1000' 

dolomite never c o n s t i t u t e s  more than 1% of t h e  sandstone and disappears 

completely by 1500'. Such small q u a n t i t i e s  are not observable i n  t h i n  

sec t ion  o r  i n  d i f f r a c t i o n  pa t t e rns  but can be in t e rp re t ed  from isotope 

s h i f t s  (P* 146). 

Calcite_. Near t h e  surface,  f i n e  grained d iagenet ic  and d e t r i t a l  

calcite cements a rg i l laceous  and non-argillaceous sandstones. 

shallow sandstones show quartz overgrowths replacing primary micritic 

Some 

cement and calcareous matrix (e.g., Magmamax #3 at 1050'; Fig. l o ) ,  but 

elsewhere r ec rys t a l l i zed  and authigenic calcite embays both d e t r i t a l  sand 

and quartz overgrowths. In  non-argillaceous sandstones, with increased 

depth and/or increased permeability, calcite r e c r y s t a l l i z e s  and generally 

changes i n  t ex tu re  from micrite, t o  in te r locking  sparry cement, t o  l a r g e  

optically-continuous c r y s t a l s  that enclose sand remnants ( p o i k i l i t i c  

tex ture) .  Oxygen isotope s tud ie s  (page 129) ind ica t e  t h a t  t h e  degree 

of r e c r y s t a l l i z a t i o n  is very s e n s i t i v e  t o  changes i n  permeability. 

The impaired permeability of t h e  a rg i l laceous  sandstones i n h i b i t s  

r ec rys t a l l i za t ion .  

Ca lc i t e  is present i n  almost a l l  sandstones down t o  about 3500', 

but it is  very rare below 3000'. Above 2500', non-argillaceous sand- 

s tones  contain about 50% calcite cement; a rg i l laceous  sandstones have 

much less calcite and i ts  abundance is inverse ly  proportional t o  t h a t  of 

c 
t 

c1 

-+I 

t 

c 

c 

L: 

6s 

L! 

e 
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quartz overgrowths. S i m e  i n  t h i s  interval calcite rep laces  quartz, t h e  

c lose r  t o  completion. 

3 (Fig. 9) is  abundant 

2850'., and 3250'. 

i t h  only a few percent of 

sandstone. 

V i r tua l ly  a l l  authigenic qu z occurs as overgrowths. 

In  poorly cemented sandstones, quartz occurs as t i n y  (.01 mm) euhedral 

c r y s t a l s  i n  o p t i c a l  cont inui  t h  t h e  d e t r i t a l  d subs t ra te .  As 

s i l i c i f i c a t i o n  n i t  quartz forms syntax ia l ,  op t i ca l ly -  

continuous c r y s t a l  r i m s ;  g r a in  boundaries are usua l ly  planar o r  concave- 

convex. Ep i t ax ia l  quartz overgrowths on fe ldspars  o r  l i t h i c  clasts 

are common i n  a rg i l laceous  sandstones above 3000'. Minor fine-grained 

r t z  o r  che r t  is present ,  both as cement and as an a l t e r a t i o n  o r  

replacement of d e t r i t a l  miner 
0 

is  extremely rare, 

except f o r  -30% quartz i n  Magmam 

shallow, poorly cemented sandstones, it forms t i n y  (.01 mm) rhombic 
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c r y s t a l s  on d e t r i t a l  K-feldspar. 

10% adu la r i a  overgrowths, v i r t u a l l y  a l l  syntax ia l  but occasionally 

e p i t a x i a l  on d e t r i t a l  quartz o r  plagioclase.  

rocks show no o p t i c a l  cont inui ty  with or thoc lase  o r  with t h e  or thoc lase  

exsolution lamellae I n  microcline, 

authfgenic fe ldspars  are occasionally sutured, suggesting minor replace- 

Better cemented sandstones have up t o  

6 Overgrowths i n  shallow 

Boundaries between d e t r i t a l  and 

cy 

' ment of d e t r i t a l s  by adularia.  Crys ta l s  are r a r e l y  twinned, but f requent ly  

show growth banding. 

b Adularia is present from 2500-3800' i n  Magmamax #2 and from 1350- 

2450' i n  Woolsey #l; i n  these  wells matrix abundance seems t o  have no 

r e l a t ionsh ip  with t h e  range o r  abundance of adular ia .  However, matrix 

content is  r e l a t e d  t o  adu la r i a  formation i n  Magmamax 83: i n  non- 6 

arg i l laceous  sandstones adu la r i a  is present from 2700-3400', but i n  

a rg i l laceous  sandstones i t  is very abundaqt (10%) a t  2950' and 3400' 

and elsewhere i s  absent. 4 

The adu la r i a  zone i n  Magmamax #I2 and 113 s l i g h t l y  overlaps t h e  lower 

temperature zone of fe ldspar  (mainly p lag ioc lase)  s e r i c i t i z a t i o n  and 

sericite p rec ip i t a t ion .  The i n s e n s i t i v i t y  of adu la r i a  t o  matrix abundance 6 

and therefore  t o  permeability can perhaps be a t t r i b u t e d  t o  t h e  former 

abundance of K-micas  i n  t h e  sandstones, making long d i s t ance  so lu t ion  

t ranspor t  of ca t ions  less necessary. ci 

Adularia rep laces  p h y l l o s i l i c a t e s ,  quartz and fe ldspar  d e t r i t a l s ,  

and quartz overgrowths. , The adular ia  is p a r t i a l l y  contemporaneous with 

calcite, but a l s o  o f t e n  replaces it. P y r i t e  is frequently rimmed and b 

corroded by adular ia .  Li 
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U 
Anhydrite. The rare sandstones within t h e  upper c l a y  l aye r  

occasionally conta in  anhydrite cement associated with p y r i t e  pseudo- 

W 
morphing marcasite; t h i s  anhydrite is probably a l t e r e d  from gypsum. 

- 
Deep (>3500') anhydrite i n  Magmamax-#2 and #3 is  e n t i r e l y  metamorphic and 

shows no r e l a t ionsh ip  t o  any sedimentary fea ture .  Anhydrite v e i n l e t s  are 
, 

Y 
abundant below 3500' (Figs. 24-26). 

Anhydrite forms disseminated c r y s t a l s ,  interlocking g ra ins ,  o r  l a rge  

p o i k i l i t i c  c r y s t a l s ;  euhedral c r y s t a l s  are rare, 

common. Anhydrite i s  t y p i c a l l y  associated with epidote and occasionally 

rep laces  it. The two minerals are usua l ly  contemporaneous and o f t en  

Fluid inc lus ions  are 

,, 
seem t o  compete f o r  room. Finely bedded sandstones commonly have 

a l t e r n a t e ,  but overlapping, zones of abundant anhydrite or  epidote. 

Anhydrite r a r e l y  

a rg i l l aceous  sand undant anhydrite. 

U 
does replace matrix, producing non- 

Calcite and anhydrite are c lose ly  r e l a t e d  i n  non-argillaceous sand- 
W 

s tones  a t  two loca t ions  i n  Magmamax #2. 

are contemporaneous; both replac 

c i te  and anhydr i te  

i n  the 

rare sandstones i n  a l a rge ly  sh  t e rva l .  A t  4300' ,  a 

mixture of calcite and ear thy  hematite rep laces  anhydrite along cleavage 

traces and g ra in  margins; be a re t rograde  reac t ion .  

cp 
In Magmamax #2 and # is more abundant i n  t h e  non-argillaceous 

san nes, p a r t i c u l  s i n  shaley i n t e r v a l s  l i k e  

#l sandstones contain anhydrite i n  two 

separa te  loca t ions ,  with a. h abundance i n  non-argillaceous 

sandstones. 
W 

bd 



53 

, .  

Epidote. Epidote f i r s t  appears a t  1350' i n  Woolsey 81, 1950' i n  

Magmamax #2, and 2700' i n  Magmamax #3,  and is  present from these  depths 

on down. b Although i t  usual ly  cons t i t u t e s  about 5% of the  sandstones, 

l oca l ly  its abundance may exceed .50%. 

A t  shallow depths, epidote first appears  as t i ny  (- 01 mm) needles 

and needle rose t tes .  

i n t o  small disseminated c rys t a l s ,  which i n  turn  grow together t o  form 

a "cement" of inter locking,  subhedral l a ths .  

epidote  is present usual ly  as small patches of f i n e  grained, turbid 

c rys t a l s .  

With increased depth, needle patches r e c r y s t a l l i z e  

In  a rg i l laceous  sandstones, 

The depth range of epidote  is  the same i n  both types of sandstone, 

but abundances are grea te r  i n  non-argillaceous sandstones; epidote  6 

abundance shows l i t t l e  v e r t i c a l  va r i a t ion  i n  Magmamax #2 and Woolsey #l. 

However, i n  Magmamax #3 there are severa l  d i s t i n c t  zones w i t h  very 

abundant epidote . ti, 

Calcite abundance i n  non-argillaceous sandstones decreases sharply 

where epidote f i r s t  appears. Muffler and White (1969) considered t h a t  - 
epidote  formed from calcium l ibera ted  during the breakdown of calcite, 

\ 

and the re  is abundant t e x t u r a l  evidence t o  support t h i s .  

t yp ica l ly  p re fe ren t i a l ly  replaces c a l c i t e ,  but i t  a l s o  replaces  d e t r i t a l  

Epidote 

and authigenic quartz ,  adular ia ,  and phy l los i l i ca t e s .  There is a l s o  a Q 

st rong co r re l a t ion  between carbon isotope s h i f t s  and the  presence of 

epidote,  suggesting f rac t iona t ion  of carbon isotopes during the  break- 

down of calcite t o  evolve carbon dioxide (page 146). 
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of t en  highly oxidized. Nearby p y r i t e  occasionally i s  a l s o  oxidized, 

but usua l ly  appears l i t t l e  a l t e r ed .  

contemporaneous with epidot 

Hematite and t remol i te  are 

Keith and o the r s  (1968) reported on two epidotes from I I D  #1 and 

Anhydrite and p y r i t e  are p a r t i a l l y  
, .  

a t i o n , , b u t  o f t en  replace epidote.  

#2 which had compositions of 20 and 32 mole % Ca Fe S i  0 

pectively.  

s tones  and v e i n l e t s  from Magmamax 112 and #3. 

are from microprobe analyses (Table A-11, Appendix 1) 

were determined by use of Myer's (1965) X-ray determinative curve f o r  

hydrothermal epidote. 

35 mole %. 

show no r e l a t ionsh ip  t o  depth, epidote 

g re s s ive ly  more iron-rich from 2700-38 0 ' ,  and are approximately uniform 

below. 

epidote below 3800'; above 3800' t major iron-bear ing-mineral is 

pyr i t e .  

(Keith and o the r s ,  1968). 

are discussed on p. 152. 

(OH), res- 2 3 3 1 2  

Figure 27 shows the  v a r i a t i o n  i n  Fe+3 of epidotes i n  sand- 
, "  

Although most of t h e  d a t a  

some compositions 

The epidotes range i n  composition from 20 t o  

Although t h e  compositions of epidotes from Magmamax 113 

from Magmamax #2 become pro- 

This uniformity may be due t o  the  coexistence of hematite with 

Epidote composition is l a  e l y  a function of oxygen fugacity 

The oxygen i so top ic  compositions of epidotes 

Tremolite. Sandst n l y  contain tremolite;  i t s  

abundance never exceeds habi t  of t r emol i t e  is f ine-  

grained f ibrou 

Tremolite i n  both sands 

greenish-white. Analyses by Keith and o the r s  (1968) give a composition 
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EPIDOTE COMPOSITION IN 
MAGMAMAX # 2  AND #3 

X 

B 

c3 

X- RAY 0 IF F R AC T I O N  A N  A LY S I S 

M IC RO P R OB E A N  A LY S I S 
X 

MAGMAMAX # 2  
0 2690-2710' MINERALIZED BRECCIA 

3410-3440' CEMENT 
A 3600-3630' CEMENT 

A 3810-3840' CEMENT 

0 3810-3840' VEINLETS 

MAGMAMAX 1 3  
4 3670-3700' VEINLETS 

0 3670-3700' BLACK EPIDOTE 
VEINLETS 

x 4 
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FORMULA PROPORTION F i 3  
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% Ca2 Fe3 Si3 Ole(OH) ci 
L id  

Figure 27. 
Microprobe analyses are identified by w e l l  and grain-type i n  the legend. 
The X-ray compositions are of sandstone cements from both w e l l s  which 
were analyzed for thetr oxygen isotopic compositions (see Table A-11, 
Appendix I) .  

Variability of epidote composition i n  Magmamax #2 and #3. 
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of 1 7  mole % fe r ro-ac t ino l i te .  Microprobe analyses of v e i n  t remol i te  

are shown i n  Table A-111 (Appendix I), with a compositional range of 

18-19 mole % f e r ro -ac t ino l i t e .  

Tremolite sheaves commonly c r y s t a l l i z e  from fine-grained phyllo- . 

silicates. Tremolite o f t en  f i l l s  i n  cracks,  rim replaces  quartz 

and fe ldspar  sand 

occasionally enclosed by, tremolite.  Epidote is commonly associated 

with t remol i te ,  and t h e  two 

P y r i t e  i s  commonly associated with, and 

generally contemporaneous. 

Pyrite.  P y r i t e  is ubiq us i n  both time and space. It is 

sporadic above 2500' and very common below, but i t s  abundance rarely 

exceeds 2%. 

placed by a l l  minerals exce quartz and calcite. I t ' g e n e r a l l y  occurs 

as disseminated subhedral t o  euhedral cubes, but when abundant, 

stone i n t e r s t i c e s  may be completely f i l l e d  w i t  

tals. Minor amounts of chalco e are o f t en  a s soc ia t e  

P y r i t e  replaces a l l  minerals except hematite, and is re- 

sand- 

l i t i c  p y r i t e  crys- 

Hematite and o ther  Iron . Iron oxides are divided i n t o  two 

ca tegor ies  on Figure r hematite an  

(earthy hematite, go e.). The spec 

o r  blade habit .  

Hematite occurs sp throughout Wool 

generally white: hematite in 

during most of t h e  mineralization. It always rep laces  matrix, but 

appears t o  have been contemporaneous with e i t h e r  quartz o r  calcite i n  
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b 

d i f f e r e n t  i n t e rva l s .  Adularia and hematite are commonly assoc ia ted ,  

r 

with the  adu la r i a  enclosing earlier hematite. 

hematite and p y r i t e  is complex; they coexis t  s t a b l y  i n  some i n t e r v a l s ,  

The r e l a t ionsh ip  between 

c 
but i n  o the r s  t h e  p y r i t e  i s  anhedral and appears s l i g h t l y  resorbed, 

suggesting a change t o  a more oxidizing environment. 

H e m a t i t e  i n  Magmamax 82 and #3 is present only below 3500' and t 

appears t o  be t h e  last  mineral formed; it t y p i c a l l y  replaces ep idote  

grains.  &ygen isotope analyses of hematites are discussed on p. 153. 

i n  shallow CI Other i ron  oxides are t y p i c a l l y  present in two areas: 

sandstones as fine-grained d e t r i t a l  matrix material which is  being 

replaced by calcite, and i n  deep sandstones associated with hematite. 

Shallow sandstones with minor i ron  oxides are t y p i c a l l y  red o r  reddish ct 

brown. 

Carbonaceous Material. Argillaceous sandstones i n  a l l  th ree  w e l l s  

contain minor 

discontinuous bands p a r a l l e l  t o  t he  d e t r i t a l  and authigenic micas. 

carbonaceous material is black, opaque, and very fined-grained. 

(usually < 1 X )  carbonaceous material forming elongate,  4i 

The 

The 

material has c l e a r l y  been remobilized during r e c r y s t a l l i z a t i o n  of t h e  e 
rocks, and is c lose ly  r e l a t ed  t o  p y r i t e  minera l iza t ion . '  Associated 

micas o f t en  are f r e t t e d  and replaced by py r i t e .  It is f requent ly  

d i f f i c u l t  t o  d i s t ingu i sh  between fine-grained p y r i t e  and t h e  carbonaceous b 

material. 

t e r i zed  by abundant t h i n ,  black lamellae. 

I n  hand samples, these  carbonaceous sandstones are charac- 

The carbonaceous material i n  a l l  t h r e e  w e l l s  is found in  very h 

similar a rg i l l aceous  sandstones, probably within t h e  same s t r a t i g r a p h i c  L, 

c 
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W 
u n i t  (see Figs. 7 ,  9,  11).  The material is  present i n  Mag 

and Woolsey #3. from 1800-2500', 1900-2500' r a d i c a l l y  from 

1400-2350', respectively.  The carbonaceous material is  probably due t o  
v 

ecayed organic m a t t  i 
esence of t h e  carbonaceous material 

nvironment i n  t h e  Impermeable, 
V 

s, causing t h e  p rec ip i t a t ion  of p y r i t e  and its 

replacement of d e t r i t a l  and aurhigenic micas. 

v 

V 

Y 

ALTERATION 

There are two d i s t i n c t  zones where fe ldspars  and p h y l l o s i l i c a t e s  

are being a l t e r e d  and/or r ec rys t a l l i zed .  In  the  shallower zone, sand- 

s tones  are undergoing potassium metasomatism. 

f e ldspa r s  are a l b i t i z e d  and c h l o r i t e  i s  r ec rys t a l l i zed  t o  b i o t i t e .  

A t  higher temperatures 

S e r i c i t i z a t i o n .  The a l t e r a t i o n  of p lag ioc lase  and minor K-feldspar 

t o  scricite p lus  quartz and the  r e c r y s t a l l i z a t i o n  of montmorillonite t o  

Both a l t e r a t i o n s  have approxi- 

fe ldspar  s e r i c i t i z a t i o n  a t  1700-3000', 

r i x  s e r i c i t i z a t i o n  at  1600-3050', 

3, and Woolsey #1, 

eldspars ,  but i n  general  - 
f fe ldspar  is still c l e a r l y  

e c r y s t a l l i z i n g  from the  matrix 

are arranged subpara l le l .  Sericite r a r e l y  f i l ls  open pore spaces. The 

seticite is  generally very f i n e  grained (c.01 mm), pale green, and has a W 
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weak pleochroism; it is o p t i c a l l y  very similar t o  water-rich K-mica 

from t h e  Dunes (Bird, 1975) and East Mesa (Hoagland, 1976) hydrologic 

systems. 

The s e r i c i t i z a t i o n  i n  Magmamax #2,* 63, and Wool t 

Dunes and East Mesa, represents  an e a r l y  s t age  of potassium metasomatism 

c lose ly  associated with s i l i c i f i c a t i o n .  A t  higher temperatures, a later t 

s t age  of potassium metasomatism r e s u l t s  i n  adu la r i a  formation. 

sericite and adu la r i a  zones overlap s l i g h t l y ;  t h e  sericite here  is 

The 

replaced by both calcite and adular ia .  There is  no evidence t h a t  t h e  fu 

s e r i c i t i z a t i o n  zone ever had any g rea t e r  vertical  ex ten t ;  f e ldspa r s  

above and below the  zone show no a l t e r a t i o n  t o  mica. 

f l b i t i z a t i o n  - and B i o t i t e  Formation. A lb i t i za t ion  of fe ldspar  and c 

I t h e  r e c r y s t a l l i z a t i o n  of matrix c h l o r i t e  and muscovite(?) t o  b i o t i t e  
, 
I are associated events. Both a l t e r a t i o n s  appear a t  approximately the  

same depths and p e r s i s t  t o  t h e  bases of t h e  wells. Alb i t i za t ion  occurs 6 

a t  3500' and 2900', and b i o t i t e  forms a t  3250' and 3000' i n  Magmamax 62 

and #3, respectively.  B i o t i t e  is  very rare i n  non-argillaceous sand- 

s tones  due t o  the  pre-existing low amount of matrix (generally <14&). 6 

Both p lag ioc lase  and K-feldspars are being r ec rys t a l l i zed  and 

a l b i t i z e d ;  twin lamellae i n  p lag ioc lase  and microcline are only poorly 

preserved, and the  fe ldspars  are very turbid.  The sandstone a l b i t i z a -  c 

t i o n  i s  c lose ly  associated with the  fo'mation of a l b i t e  i n  shales.  Much 

of t h e  authigenic fe ldspar  overgrowths i n  sandstones below 3500' may be 

a l b i t e  r a t h e r  than adular ia .  - t 
L 

Several hydrothermal a l t e r a t i o n  s tud ie s  (e.g., Browne and Ellis, 

1970; Nabob, 1970) have noted that feldspar composition is  dependent on 

tt 
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permeability; adu la r i a  is found t o  be s t a b l e  i n  permeable zones, and 

a l b i t e  i n  less permeable horizons. 

Saraband permeability l o g s  shown i n  Fig. 28 with Figs. 8-26 ind ica t e s  

Comparison of Schlumberger 

relationship,between fe ldspar  type and present permeabili ty 

ex i s t s  i n  Magmamax 1112 and #3. 

impaired permeability of rocks below 3000' i n  both wells. 

Hence t h e  a l b i t i z a t i o n  is r e l a t e d  t o  t h e  

t i t e  r a r e l y  exceeds 1% i n  abundance, and the  gra ins  rge  

(12 

para 

f r e sh ,  brown o r  green-brown, euhedral p l a t e s  which are or ien ted  

t o  one another and bend around nearby d e t r i t a l s .  B i o t i t e  is  

l y  associated with epidote and anhydrite,  and 

contemporaneous. B i o t i t e  seems t o  form l a r g e  

c h l o r i t e  and muscovite(?) , a re l a t ionsh ip  mu 

e 66). Several b i o t i t e s  were microprobed and 

o s i t i o n  of K . 8  Na.  (Mgl. 41Fel. 09A1. 37Ti.  13) (All. 

(C. I,. Huang, pers. corn., 1976). 

SUMMARY 

sis of mineralization i n  sandstones is  i l l u  

gram shows both t h e  sequence of mineral deposit ion over 

hanges i n  mineral s t a b i l i t  t h  increased te 

ts o the r  than t h e  y s t a l l i z a t i o n  

f i c a t i o n  and loca l ized  potassium m e t  carbonates were s 

a l t e r e d  f e ldspa r s  and montmorillonite t o  form K-mica. 

1000-2500', calcite rep laces  the  earlier 

K-mica. 

In 

rmed quartz ove 

Between 2500' and 3500', adular ia ,  ep idote  and .py r i t e  replace 
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Figure 28. Saraband Permeability logs  for Magmamax # 2  and 83 
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d e t r i t  Is, quartz overgrowths, and lcite.  Below 3500', epida z ,  

anhydrite, t remol i te ,  and hematite are deposited, d e t r i t a l  f e ldspa r s  are 

a l b i t i z e d ,  and t h e  matrix r e c r y s t a l l i z e s  t o  form l a r g e  b i o t i t e s .  G 

The earliest mineralization w a s  t he  development of quartz overgrowths 

replacing d e t r i t a l  p h y l l o s i l i c a t e s  and carbonate. Quartz overgrowths are 

found throughout t h e  t o t a l  v e r t i c a l  extent of t h e  w e l l s ,  although they b 

are present ly  being replaced everywhere and are presumably unstable. 

Since s i l i c i f i c a t i o n  is a common diagenetic change i n  sandstones, t h e  

overgrowths may have been formed i n  a l l  sandstones e a r l y  i n  the  h i s to ry  ci 

of t he  sediments, perhaps even before t h e  thermal anomaly developed, 

The o ther  mineralogical changes w e r e  a l l  superimposed over t he  

o r i g i n a l  s i l i c i f i c a t i o n ,  have l imi ted  vertical ex ten t s ,  and are apparently 4 L i  

s t rongly  cont ro l led  by temperature and water composition. For example, 

fe ldspars ,  p a r t i c u l a r l y  plagioclase,  i n  t h e  i n t e r v a l  2000-2900' i n  

Magmamax #2 and #3 are being a l t e r ed  t o  K-mica. Above and below t h i s  6 

i n t e r v a l ,  f e ldspa r s  show no s ign  of s e r i c i t i z a t i o n ,  and p lag ioc lase  is 

abundant. Hence, potassium metasomatism is  an event present ly  super- 

imposed over a d i s t i n c t  i n t e r v a l ;  it is not a d iagenet ic  change which rt 

occurred i n  a l l  sediments as they were buried below a p a r t i c u l a r  depth. 

The mineralogies a t  var ious  depths are, i n  a sense, a zonation of 

minerals due t o  t h e  recent e f f e c t s  of t h e  c i r c u l a t i o n  of hot, s a l i n e  c; 

f l u i d s  through a sedimentary sequence. 

The presence and abundance of minerals are s t rongly  cont ro l led  by 

t h e  matrix content of t h e  sandstones. Quartz overgrowths are more abun- 

dant i n  t h e  a rg i l laceous  sandstones; they are less abundant i n  t h e  non- 

oi 

c3 

3 
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argillaceous. sandstones, largely because of later mineralization and 

replakement by other silicates and calcite. 

generally have the same authigenic minerals as the non-argillaceous sand- 

stones, but the minerals are less abundant and first occur at greater 

depths in argillaceous sandstones. 

due to relative permeabilities of the sandstones--the non-argillaceous 

sandstones are more permeable and hence have had more fluid circulation; 

the impaired permeability of the argillaceous rocks impedes water circu- 

The argillaceous sandstones 

Differences in mineralogy are probably 

lation and hence slows reaction. 

Mineraloaiea are also affected by the permeability of nearby rocks. 

In intervals largely composed of shale, rare sandstones present are argil- 

laceous and therefore relatively impermeable; sandstones in intervals 

lacking shales are especially permeable. 

stones in Magmamax #3 is abundant only i n  four distinct intervals; these 

intervals are characterized by abundant calcareous shale. 

calcite-rich interval is .at 3750'; sandstones just above and below 3750' 

Calcite in argillaceous sand- 

The deepest 

lack calcite, which is  presumably stable at 3750' due t o  the impaired 

permeability of-the interval caused by the high shale content. There 

s a faint correlation between zones of abundant epidote and sandstone 

abundance. Quartz overgrowths are more common in argillaceous sand- 

stones because there has been insufficient mineralization to replace 

them with calcite, epidote, and other silicates. 
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ARGILLACEOUS VS NON-ARGILLACEOUS SILTSTONES 
t;r 

Two d i f f e r e n t  s i l t s t o n e s  with d i f f e r e n t  types and amounts of 
& 

mineralization and with d i f f e r e n t  matrix contents occur i n  each in t e rva l .  

Data from t h e  two rock types are compiled i n t o  separa te  c h a r t s  f o r  
b 

Magmamax #2 and #3 (Figs. 13-16) but  are combined into a s i n g l e  chart for  

Woolsey #1 (Fig. 17) .  

SILTSTONE COMPONENTS 

For each w e l l ,  t h e  s i l t s t o n e s  are composed of 30-90% silt, 0-60% 

matrix, and 2-80% mineralization (cement). S i l t s t o n e s  i n  general  have a 

higher abundance of matrix and cement, and a lower abundance of framework c 
gra ins  (silt and sand) than sandstones. The s i l t s t o n e s  of Magmamax #3 

are a l l  very a rg i l laceous ;  s i l t s t o n e s  i n  Magmamax #2 and Woolsey #1 

are less arg i l laceous .  6 

MINERAL IZAT ION 

The s i l t s t o n e s  i n  the  th ree  w e l l s  s tudied are usua l ly  r a t h e r  coarse- 
%! 

grained (.01-.05 mm) and .are  much more similar t o  sandstones than sha les  

i n  t h e i r  f a b r i c  and mineralization. Since the  t ex tu res  and pa t t e rns  of 

mineralization are so very similar t o  those i n  sandstones, they are con- 

sidered here only b r i e f ly .  
G 

The most common s i l t s t o n e  cement, as i n  sandstone, is  calcite. 

Like t h e  non-argillaceous sandstones of Magmamax #3, t h e  non-argillaceous 

s i l t s t o n e s  have high calcite abundances only in d i s t i n c t  zones which are 

located a t  approximately t h e  same depths as zones in  t h e  sandstones. 

G 

L i  
. 

r 
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There is no apparent r e l a t ionsh ip  between matrix content and calcite 

abundance i n  s i l t s t o n e s .  

have very l i t t l e  calcite (<5%), probably because earlier s i l i c i f i c a t i o n  

f i l l e d  most'of t h e  ava i l ab le  pore space. 

t h e  same depth i n  both s i l t s t o n e s  and sandstones. 

The non-argillaceous s i l t s t o n e s  of Magmamax 172 

Calcite disappears a t  about 

Epidote f i r s t  appears a t  about t he  same depths in both s i l t s t o n e s  

. and sandstones of Magma- #3 and Woolsey ill, and the  abundances of 

epidote are q u i t e  similar. 

SUMMARY 

The t ex tu res  and mineralization t rends  i n  s i l t s t o n e s  are very similar 

S i l t s tones  iri general have more matrix and cement, t o  those of sandstone. 

and less framework g ra ins  than sandstones. Magmamax i"3 s i l t s t o n e s  are 

very a rg i l laceous ,  and hence r e l a t i v e l y  impermeable. 

Shales 

For each w e l l ,  t he re  are two sha le  diagrams--one f o r  gray and one 

s. 18-23). Non-gray sha les  include two d i f f e r e n t  

rown, and red shales;  and t h e  deeper 

green sha les .  Data on t h e  non-gray sha le s  are grouped together f o r  ease 

. of presenta t ion  s ince  these  sha les  have non-overlapp 

There are sever hing among sha les  of 

a t i o n s  i n  sha le  co lor  are 

ralogy and f ab r i c .  Oxygen and carbon 

i so top ic  compositions of d i f f e r e n t  colored sha les  are a l s o  d i f f e r e n t  
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(page 133), suggesting va r i ab le  degrees of exchange wi th  the water. 

Green sha le s  appear t o  be t h e  metamorphosed counterparts of gray shales.  

Shales of d i f f e r e n t  co lo r s  have l imited v e r t i c a l  ranges. Tan and 
b 

gray-brown sha les  are present only i n  t h e  c l a y  o r  sha le  l aye r  above 

1000' i n  a l l  t h ree  w e l l s .  Red shales are t h e  deeper counterpart  of 

b 
these  sha les ;  they extent down t o  2500', 2300', and'-2000' i n  Magmamax #2, 

#3 and Woolsey #1 respec t ive ly ,  but are abundant only down t o  1750', 

1700', and 1400'. Gray shales are present below 1000' and are abundant 

Cl down t o  3300', 2800', and 2100' i n  Magmamax #2, 83 and Woolsey #1, 

respectively.  Below these  depths, green shales are present a l so .  Re la -  

t i v e  abundances of gray and green sha les  are qu i t e  var iab le .  

6 Different sha le  co lo r s  are produced by d i f f e rences  i n  mineralization. 

The red color is  a r e s u l t  of t h e  higher i ron  oxide content. Abundant 

c h l o r i t e ,  and t o  a lesser extent epidote, produce t h e  green color.  The 

major d i f fe rences  between t h e  red and'gray sha les  from 1000-2500' are 

the  grea te r  dolomite and i ron  oxide content of t he  red sha les ,  and t h e  

c 

minor epidote i n  t h e  deeper gray shales.  As shown i n  Figs. 18-23, green 

6 sha les  d i f f e r  from gray sha le s  mainly by t h e i r  l ack  of c a l c i t e ,  higher 

c h l o r i t e  and anhydrite contents,  s l i g h t l y  higher epidote abundance, and 

t h e  presence of l a r g e  b i o t i t e  porphyroblasts i n  t h e  green sha le s  (horn- 

f elses) . u 

SHALE COMPONENTS 

I Figures 18-23 show that sha les  are composed of 0-20% sand and si l t ,  

hJ 
5-95% matrix, and 5-95% mineralization (cement). However, t h e  average 

shale has less than 5% sand and si l t ,  more than 75% matrix, and 20% 
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I-r' 
mineralization. Non-gray shales generally have more mineralization and Y 

Y 

V 

less matrix than gray shales. 

X-ray diffraction techniques are useful for determining shgle con- 

stituents since shales are largely too fine-grained for petrographic 

work. 

be readily detected on diffractograms. 

Unfortunately, minerals with abundances less than 5-10% may not 

Mineral percentages in the bulk fraction of shales from Magmamax f2 

and #3 are presented on Tables I and 11. 

shales are as follows: 0-19% calcite, 0-86% other carbonates, 2-40% 

The compositional ranges of 

Y 
quartz, 0-41% K-feldspar, 0-59% plagioclase, 0-6% kaolinite, 0-17% 

interlayered illite-montmorillonite, 0-88% mica, and 0-87% chlorite. The 
I 

average" shale has about 6% calcite, 15% quartz, 10% K-feldspar, 12% 11 

v 

V 

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

MINERALIZATION 

Muffler and Doe (1968) suggest that there is as much as 10% detrital 

carbonate in Colorado River deltaic deposits. It is extremely difficult 

to distinguish between detrital and diagenetic carbonate in thin section 

so therefore both types have been grouped together. w 
Dolomite. Iron-rich dolomite (ankerite) is the most abundant cement 

an shales. The oxygen and carbon isotopic compositions suggest that 

43 of the dolomite may be diagenetik rather than detrital (p 

Dolomite is present in shales to at least 2000-2500', but below 1500' 

the abundance is so low that it is detected only by oxygen isotope 

Y 

U 
analyses. 
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TABLE I 

X-ray Diffraction Analyses of Shales from Magmamax #2 

Bulk Fraction Mineral Percentages 

Q 

CALC. QTZ. PLAG. KSPAR MOL. MIXED 
LAYER 

MICA CHL. TO% DEPTH 

580' 

COLOR DOL. ANK. 

5 

21 

52 

64 

70 

77 

78 

59 

-- 101 

-- 99 

5 100 

8 100 

14 100 

10 100 

_- a -  - 2 tan 

tan 

tan 

gray 

7 

17 

15 

5 

3 

910 

1090 

1400 

1610 

1820 

2000 

2220 

If 100 

16 101 

13 101 

15 100 

16 100 

14 100 

14 100 

11 100 

19 102 

20 99 

29 loo 

25 99 

37 100 

I 100 

19 101 

16 100 

39 100 

5 

- 75 

- 2 63 

-- - 3 lo -- 
-- 8 12 - 

2420 gray -- 
2660 gray I 

2900 gray - -- 8 17 -- - - 2 57 

3200 gray -- - lo 21 -- -- - 4 51 

I 5 11 - -- -- 70 -- -- 3110 gray- 
green 

3350 gray -- - 9 19 - 10 -- -- 46 

c 

ir 

3440 

3440 

3530 

3720 

3720 

3720 

3990 

4140 

4280 

gray 

green 

green 

green 

green 

purple 

we- 
green 

green 

2 38 7 13 -- 23 - 
5 lo -- 24 -- -- 40 

2 36 2 lo -- 21 -- 
3 9 15 22 -- 1 25 

2 7 13 ' 16 - 3 22 

-- 18 59 - - 4 12 

2 5 9 13 -- 3 50 

3 8 16 -- -- 2 55 

2 4 -- 12 -- 3 40 

c 

c 
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TABLE I1 

X-ray Diffraction Analyses of Shales from Magmamax 13 

Y 

b 

V 

DEPTB 

630' 

840 

1020 

1210 

1210 

COLOR ANK. CALC. 

tan 72 - 
tan 30 2 

gray 14 4 

6 

3 

-- gray 

red - 

Bulk Fraction Mineral Percentages 

SID. QTZ. P U G .  KSPAR KAOL. MIXED MICA CHL. TOTAL 
LAYER 

2 -- 12 -- 100 

3 . lo -- -- 6 17 32 2 102 

-- 14 -- -- 

5 7 55 3 98 

I - 77 2 101 

88 2 100 

I 11 - 
- 16 - 

7 -- 

-- 
-- 
-- - -- - 

-- -- 67 6 100 

-- 77 5 100 

l l -  19 3 -- - 62 4 99 

-- 53 4 loo 

1430 gray u 7 - 20 -- -- 
-- - 8 -- lo - 1650 red - 

-- 1810 gray -- 
1960 grey -- 11 ..- -- - 32 -- 'c9 

W 

W 

64 20 100 

4 -- 9 -- - -- 82 6 101 

-- 68 8 101 

64 7 99 

87 100 

6 -- 13 4 -  -- - 70 8 101 

-- 33 5 101 

8 -- 20 2 -- - 61 8 99 

6 34 101 

8 100 

2080 gray L -- -- - -- 
2370 gray -- 
2560 gray -- 10 -- 12 2 -  - 
2590 gray -- 8 -  18 2 -  - - 
2770 green - -- - - - -- 
2830 gray -- 
3040 gray e 12 -- 38 13 -- - 

- 16 - 
-- 

- 13 - 

-- 
-- -- 3100 green - 13 -- 13 35 -- 

-- 61 -- - . 3100 purple 8 -- 18 

13 27 99 

68 100 

I 13 7 101 

* I  - -- 

3510 green - 6 18 - 
35 28 100 

W 

-- 50 100 

3790 green - 
3910 green - 
3970 green - 3 12 -- -- -- 36 50 101 

v 

- - 73 4 100 -- 5 18 -- 3970 green -- - LiJ 

Y 
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Calcite. Although rare o r  absent i n  green s 

Li 
Y 

a-es, calcite *s t he  

Its abundance r a r e l y  exceeds 
1 

most abundant cement i n  red and gray shales.  

20%; t h e  t ex tu re  is usually micritic with c a l c i t e  randomly intergrown 

within the  phy l los i l i ca t e  matrix. Calcite is present i n  a l l  red sha le s  

b 

. .  

and its abundance i n  t h e  w e l l s  shows l i t t l e  r e l a t ionsh ip  t o  depth, 

except t h a t  i t  increases as dolomite decreases i n  quantity.  c1 

The calcite content of gray sha les  c o r r e l a t e s  with t h e  r e l a t i v e  

abundance of gray shale. Gray sha le s  i n  i n t e r v a l s  with abundant gray 

sha le  and only minor green sha le  have higher c a l c i t e  abundances than in ccr 
, 

i n t e r v a l s  with abundant green sha le .  

metamorphosed gray sha les ,  i t  seems tha t  calcite abundance is highest 

in the r e l a t i v e l y  unaltered (i.e., l a rge ly  gray sha le)  i n t e rva l s .  

As w i l l  be discussed later,  calcite is preserved i n  gray sha le s  due t o  

t h e i r  lower permeability. 

Since green sha les  are a l t e r e d  o r  

Examples of t h e  c lose  r e l a t ionsh ip  between calcite content and gray I 
I 

sha le  abundance are as follows: t h e  v e r t i c a l  ranges of gray and green 

6 

c 

I sha les  i n  Magmamax #3 and Woolsey #1 overlap f o r  many hundreds of f e e t ,  

I with a l t e r n a t e  horizons of abundant gray o r  green shales. Ca lc i t e  abun- c 
dances i n  Magmamax #3 and Woolsey dl are g rea t e r  where t h e  r e l a t i v e  

abundance of gray sha le s  is high. S t ra t igraphic  overlap of gray and 

green sha les  i n  Magmamax #Z is much less, and i n  t h i s  shor t  i n t e r v a l  

gray sha le s  gradually decrease and green sha les  increase i n  abundance; 

calcite content gradually decreases as t h e  abundance of gray sha le s  

i 

decreases. A t  about 2700' i n  Mabmax #2 and #3, the  c a l c i t e  content of 

the  gray sha les  is r a the r  low. This i n t e r v a l  is characterized by abundant 

G 

I 
I 
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mineralized f r ac tu res .  Perhaps grea te r  water 'cdrculation r e su l t ed  in 

t h e  removal of calcite and i ts  replacement by epidote and anhydrite. 

, Calcite is rare i n  green sha les ,  and is usual ly  absent i n  green 
Y 

sha le s  from i n t e r v a l s  with abundant green sha le s  and only minor gray 
i 
I ones. It is  replaced by epidote,  anhydrite, and py r i t e .  

Carbonate cement i n  sha les  w a s  analyzed t o  determine the  oxygen 
W 

and carbon i so top ic  compositions of the  carbonates (p. 128). Most of 

W 

t h e  analyses are of gray sha les  because of t h e i r  l a rge  vertical range. 

Green sha le s  were r a r e l y  analyzed because of t h e i r  low c a l c i t e  abundance. 

Adularia-albite. Authigenic fe ldspar  was only detected i n  t h i n  

sec t ions  of green sha les  from two in t e rva l s :  

and 3810-3840' i n  Magmamax #2. 

dant epidote-anhydrite v e i n l e t s  within green shales.  

(.05 m), in te r locking  a l b i t e  replaces the  sha le  near t h e  v e i n l e t s .  

3790-3820' i n  Magmamax #3 

The Magmamax. 113 i n t e r v a l  conta ins  abun- 
W 

Fine grained 

A 

Y 
microprobe ana lys i s  of t h i s  a l b i t e  is given i n  Table A-I  (Appendix I ) ,  

along with o ther  authigenic fe ldspars .  Lensoid, .l-.4 mm, porphyroblasts 

of in te r locking  a l b i t e  are o f t en  seen i n  sha le s  t h i s  i n t e rva l .  

In  Magmamax #2,  t he  fe ldspar  is a l s o  f i n e  grained (.OS mm) and 

in te r locking ,  and seems t o  replace some l a rge  (2 mu) pre  b 
- 1  

vaguely tabular  c r y s t a l s ,  perhaps anhydrite(?).  

morphs were microprobed and found t o  be adular ia  

c l a se  endmember and 5% of a l b i t e  (Table A-I, 

The mineralogies of t he  c l a y  f r a c t i o n s  

The fe 

t he  ortho- 
0 

#3 are given on Tables I11 and I V .  Since f e ldspa r s  are absent i n  t h e  c lay  
Y 

f r a c t i o n  above 3300', i t  is l i k e l y  t h a t  a l l  t he  fe ldspar  below here bd 

Y 
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DEPTH 

580' 

910 

1090 

1400 

1610 

1820 

2000 

2220 

2420 

2660 

2 900 

3110 

3200 

3350 

3440 

3440 

3530 

3720 

3720 

3720 

3990 

4140 

4280 

TABLE Iff 

X-ray Diffract ion Analyses of Shales from Magmamax #2 

Clay Fraction Relative Mineral Abundances * 

COLOR 

tall 

t an  

tan 

gray 

gray 

gray 

gray 

gray 

gray 

gray 

t r a y  

gray- 
green 
gray 

gray 

gray 

green 

green 

green 

green 

purple 

green 

green 

green 

aLc.  QTZ. MIXED MICA 
LAYER 

2 1 

2 1 

2 2 

2 4 

2 4 

1 2 

1 4 

1 4 

1 3 

1 2 

2 

1 2 

1 1 

1 1 

1 1 

1 -- 

CHL. Mom. 
t 

t 

t 

t 

c 

6 

* Relative abundances are reported qua l i t a t ive ly  using a 0 t o  5 sca l e  of increasing 
abundance indicat ing absent, t race,  present,  major, and abundant, respectively.  
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TABLE IV 

X-ray Diffraction Analyses of Shales from Magmamax 13 

Clay Fraction Relative Mineral Abundance6 

DEPTH COLOR ANK. CAW. ~ QTZ. . FELh. KAOL.' M U r E d  MICA CHL. MONT. 
LAYER 

-- 2 -- 2 -- 2 -- 630 * tan -- -- 
840 tan -- - 2 -- 3 -  -- 
1020 gray -- - 2 -  2 2 3 -- c 

1210 gray -- -- 
1210 red -- - 
1430 gray -- - 2 -  - 
165 red -- -- 

W 

- 2 -  2 2 3 -- 
2 -- a 3 2 -  

2' 3 2 -- 
2 ,  - 2 3 2 -- 

W 

I 2 3 -- 
1 3 2 -- 

1810 gray --- -- 2 -  - 
1960 gray -- -- - 2 -- 

W 

3 -- 
3 -- 
3 _-- 

1 3 

4 

3 

-- -- - .  2 -- 2680 gray 

2370 gray -- 1 2 -  -- - 
2560 gray -- -- 2 -  - -- 
2590 gray - - 2 -- -- - 3 3 -  

2770 green -- -- -- -- -- -- 
2830 gray 2 -- 2 -  -- 3 3 -  

-- I - 3 3 -  

4 -- 1 

Y 
2 4 -- 

I - 4 -  

3100 green. -- -- 1 -  - -- 
3100 green -- - -- I I 

3 3 1 

4 -& 2 

green -- - 4 -- 
green - 2 4 -  

3100 purple - 
-- 

Y 

3390 green -- -- 
green - 

3610 green 1 -- 
0 

3910 green -e 

3970 green 
W 

1 1 -  3970 green 1 -  1 -  I -- bd 
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L, 
u 

is  authigenic. 

grained fe ldspar  is forming i n  sha les ,  probably by replacing mica. 

The c l ay  f r a c t i o n  d a t a  suggest that appreciable f i n e  

Q Anhydrite. Anhydrite is present in two d i s t i n c t  zones i n  the  w e l l s :  

from 0-2000', and below 3400'. Shallow anhydrfte occurs both as nodules 

and lath-aggregates, and is frequently associated with py r i t e .  The 

nodules are white, spher ica l  t o  botryoidal,  .l-10 mm b a l l s  of very f i n e  ii 

grained (.005-.OS mm), f ib rous  anhydrite; x-ray analyses show t h a t  they 

contain small amounts of gypsum and hemimorphite. 

shallow sha le s  

layer .  

shales; much of t h e  l a rge r  loose  anhydrite nodules i n  t h e  c u t t i n g s  are 

Nodules form within 

and are espec ia l ly  abundant i n  t h e  unconsolidated c l a y  (I 

Below l O O O ' ,  t i n y  nodules are occasionally seen within l i t h i f i e d  

probably contaminants. 6 

Anhydrite aggregates, r o s e t t e s  or  random c l u s t e r s  of silt and sand- 

s ize  anhydrite la ths :  o f t en  form within the  shallow sha le s  by t h e  pro- 

gress ive  r e c r y s t a l l i z a t i o n  of anhydrite nodules which act as n u c l e i  f o r  t 

f u r t h e r  sha le  replacement. Aggregates o f t en  have f i n e  grained, f i b rous  

cores,  and sha le  remnants are common i n  i n t e r s t i c e s .  Anhydrite aggre- 

ga t e s  are only found i n  the  upper 500' of t h e  sec t ion .  Shales r a r e l y  have &I 

beds of i so l a t ed ,  rounded, and or ien ted  d e t r i t a l  anhydr i te  l a t h s  which 

were probably removed from pre-existing sha les  by stream channeling, and 

then redeposited. 2 

The deeper anhydrite which forms f n  sha les  below 3400' is associated 

wi th  abundant anhydrite-fi l led ve in l e t s .  Shale anhydrite i s  c l e a r l y  

metamorphic; t h e  euhedral porphyroblasts commonly d i s r u p t  t h e  meta-shale c1 

f o l i a t i o n .  Phy l los i l i ca t e s  i n  shales lacking porphyroblasts are a l l  J 

c 
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extremely w e l l  oriented p a r a l l e l  t o  each other.  However, where porphyro- 

b l a s t s  are present ,  t h e  sha le  f a b r i c  is disturbed and is  divided i n t o  

very i r r e g u l a r  zones with s l i g h t l y  d i f f e r e n t  p h y l l o s i l i c a t e  or ien ta t ions .  

Anhydrite i n  these  deep sha les  t y p i c a l l y  occurs as s i n g l e  c r y s t a l s  

or  r o s e t t e s  ranging i n  s i z e  from .05-5 mm, Anhydrite occasionally 

s e l e c t i v e l y  rep laces  c e r t a i n  sha le  beds, producing banded shales.  

nhydrite are l a rge ly  contemporaneous. The anhydrite porphyro- 

b l a s t s  rep lace  both p h y l l o s i l i c a t e s  and pre-existing f i n e  grained epidote 

patches. P y r i t e  commonly rims o r  forms within the  anhydrite by t h e  reduc- 

t i o n  of t h e  calcium su l f a t e .  

Other than a t  3400' i n  Magmamax #3 where gray shales are l a rge ly  

replaced by pink anhydrite,  metamorphic anhydrite is  very rare i n  gray 

sha les ;  it is  more abundant i n  the  green sha les  where it l o c a l l y  consti-  

t u t e s  up t o  20% of t h e  shale.  Anhydrite abundance i n  Magmamax #2 decreases 

a t  about 3500'. The ab 

Magmamax #3 has a minimum at  3600-3800', perhaps r e l a t ed  t o  t h e  high sha le  

abundance i n  the  i n t e r v a l ,  a 
\ 

equent very low permeability. 

. Traces of gypsum and hemimorphite are present 

anhydr i te  nodules i n  sha les ;  anhydrite t ex tu res  frequently suggest recrys- 

sum has a l s o  been t ive ly  iden t i f i ed  i n  

1 (.05-.2 IIUU), sub- 

t o  euhedral s t a l l i z e  from 

0-2500' commonly conta in  

epidote which typ ica l ly  occurs i n  small (.01-.1 nun) patches o r  aggregates 
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of c l a y  and silt sized grains.  

pa le  yellow-green, tu rb id ,  anhedral gra ins  

grown with very f i n e  grained a lb i te -adular ia ,  i ron  oxides, and phyllo- 

The cons t i tuent  c r y s t a l s  are usually 

and are in t imate ly  in t e r -  

silicates. 

Epidote patches are commonly elongate and arranged subpara l le l  t o  

In a few shales, t h e  elongate patches are p h y l l o s i l i c a t e  or ien ta t ion .  

connected t o  form th in ,  swir ly ,  c renula te  f i n e  grained bands. 

o ther  loca t ions ,  se lec ted  sha le  beds are l a rge ly  replaced by abundant 

I n  

epidote. 

or iron oxide-rich bands. 

Shales below 3600' commonly have epidote,  anhydrite,  p y r i t e ,  

u 
e 

v 

A t  3670' i n  Magmamax #3, t h i n  dark gray sha le  lamellae within 

l i g h t e r  gray sha le s  are s e l e c t i v e l y  replaced by s i l t - s i z e d ,  in te r locking  &I 

epidote with minor disseminated i ron  oxides. This epidote is  black 

r a t h e r  than t h e  usual yellow-green, perhaps due t o  disseminated material. 

Microprobe analyses of t h e  black epidote are given i n  Table A- I1  (Appendix c 

I). The black epidotes are within t h e  range of o ther  ep idote  composi- 

t ions. 

Epidote abundance i n  sha les  r a r e l y  exceeds 15% and is inverse ly  . t  

proportional t o  t h e  calcite content;  t h e  co r re l a t ion  is  bes t  seen i n  t h e  

green shales'Magmamax f 2  and #3. 

epidote than gray sha le s  of t h e  same depth. Anhydrite porphyroblasts 

usua l ly  occur i n  green sha le s  with less than normal epidote contents,  

perhaps because f l u i d s  i n  these  sha les  are less calcium depleted. 

Green sha le s  have less calc'ite and more 

&+ 

I 

t Tremolite. Tremolite is an extremely rare cons t i t uen t  of green sha les  

I and is present i n  only two loca t ions  (Figs. 19 and 21). I n  both instances,  

1 

I 
I L, 
i 

, b , 

, 
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f ib rous  t remol i te  rep laces  p h y l l o s i l i c a t e s  within largely-epidotized 

shales.  

Pyr i te .  Althou y r i t e  is  a common sha le  cons t i tuent ,  i t  r a r e l y  

exceeds 2%. 

oxidizing environment. Py r i t e  is abundant i n  the  shallow t an  sha le s  

where it is associated h, and replaces,  anhydrite. Although t h e  

p y r i t e  shows t h e  cockscomb hab i t  t y p i c a l  of marcasite, x-ray ana lys i s  

i nd ica t e s  t h a t  t h e  s u l f i d e  is now e n t i r e l y  p y r i t e ;  i t  is  apparently 

It i s  extremely rare i n  red sha le s  due t o  t h e  preva i l ing  

pseudomorphous a f t e r  marcasite. 

P y r i t e  i n  Magmamax #2 and #3 is v i r t u a l l y  absent in sha les  i n  t h e  

i n t e r v a l  1000-2700'. Gray sha les  below 3000' and 2700' i n  Magmamax #2 

and #3 respec t ive ly  contain py r i t e ;  p y r i t e  is  a l s o  present i n  a l l  green 

shales.  

approximately t h e  depth sha les  begin t o  form. Hence 

p y r i t e  occurs i n  a l l  co 

The depth a t  which p y r i t e  f i r s t  appears i n  gray sha le s  i s  

gray and green sha les .  The same rela- 

t ionship  between t h e  appearance of p y r i t e  and green sha le  formation 

e x i s t s  i n  Wools . P y r i t e  and green sha le s  



. 

7 9  

P y r i t e  below 2500' occurs as subhedral t o  euhedral cubes ranging 

from .005-.2 mm. 

commonly are arranged i n  small (.OS-5 mm) patches elongate p a r a l l e l  t o  

The cubes are sometimes randomly d i s t r i b u t e d ,  but more 

the  bedding. 

and rep lace  surrounding sha le  t o  form broad, pyr i te - r ich  bands p a r a l l e l  

t o  t h e  bedding. 

Py r i t e  patches i n  w e l l  laminated sha le s  o f t en  grow together 

Pyr i t e  p r e f e r e n t i a l l y  forms i n  t h e  more s i l t y  lamellae. 

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

t uen t  i n  shales and is  more common i n  gray than green shales.  

present i n  rare red shales, but usua l ly  i n  t h e  form of f i n e l y  disseminated, 

ear thy ,  i ron  oxides. Shales with specular hematite are commonly purplish- 

gray i n  co lor  due t o  t h e  earthy i ron  oxides associated with t h e  hematite. 

It is 

The specular hematite is usua l ly  randomly disseminated throughout t h e  

sha le  i n  t h e  form of s i l t - s i z e d ,  blade-like c r y s t a l s .  

I n  Magmamax 12 and #3, shales with hematite generally contain very 

Below 3800' i n  Magmamax 112, t h e  p y r i t e  content of gray l i t t l e  py r i t e .  

sha l e s  decreases as hematite becomes more abundant. Smal l  p y r i t e s  i n  

these  gray sha les  are oxidized, but t h e  l a r g e r  cubes are s t i l l  f resh .  

Hematite rep laces  minor p y r i t e  i n  green sha les  below 4250'. 

PHYLLOS I L  ICAT E ABUNDANCE 

The da ta  i n  the  column labeled "Relative Abundance of Phy l los i l i -  

cates" are derived l a rge ly  from x-ray ana lys i s  of handpicked sha les .  

Complete sha le  compositional da t a  are given i n  cha r t  form on Tables I - I V .  

Kaolinite is present only i n  shallow sha les  above 1000'. Muffler 

and White (1969) suggest that kao l in i t e ,  anke r i t e ,  and dolomite react 

i n  t h e  i n t e r v a l  1200-2300' i n  I I D  #1 t o  form c h l o r i t e ,  calcite, and C02. 

c 

c 

Ii 

c 

L 

k*, 
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W "  
Mixed-layer c l a y s  are not detected below 2000' i n  Magmamax #3. In  

abundant only above 1500', but traces of mixed- 

Y 
l aye r  c l ays  are present i n  gray and green sha le s  throughout t he  w e l l .  

Mica is the most abundant phy l los i l i ca t e .  The term "mica" here 

includes both muscovite and b i o t i t e  s ince  it is very d i f f i c u l t  t o  d i s t i n g u i s h  
' 9  

between them i n  d i f f r a c t i o n  pa t t e rns  and i n  t h i n  sec t ions  of sha le .  Mica I 
c o n s t i t u t e s  80% of phy l los i l i ca t e s  i n  tan,  red and gray sha le s  of above 

3500' i n  Magmamax 1 2 ,  and 90% of the  phy l los i l i ca t e s  i n  t h e  same sha le s  

above 3100' i n  Magmamax.#3. 

of sha le s  i n  these  i n t e r v a l s ,  t he  r a t i o  of mica t o  t o t a l  p h y l l o s i l i c a t e s  

Regardless of t h e  p h y l l o s i l i c a t e  content 

remains remarkably constant (Figs. 18-21). The remaining 10-20% of t h e  

p h y l l o s i l i c a t e s  are compo 

above 1500'; ,below 1500' t he  k a o l i n i t e  and mixed l aye r  c lays  are l a rge ly  

d of kao l in i t e ,  mixed-layer c lays ,  and c h l o r i t e  
u 

W 

converted t o  c h l o r i t e .  

The cons is ten t  rat mica t o  t o t a l  p h y l l o s i l i c a t e s  (mica/phyllo- 

silicates) i n  tan ,  red and gray sha les  throughout t h e  upper 3100' o r  

3500' of t h e  w e l l s  suggests that t h e  a rg i l l aceous  d e t r i t u s  deposited i n  
I 

ough had a remarkably cons is ten t  miner 

Muffler and Doe (1968) reported t h a t  t h e  bulk chemical and mineralogical 

composition of t h e  sediments has been very similar throughout t h e  late 

Cenozoic. 
3 

tes r a t i o  a l s o  suggests that 

n t h e  t an ,  re s t a b l e  down t o  3100' i n  I 
Magmamax #3 and 3500' i n  Magmamax 82. Gray sha le s  below these  depths 

show a progressive decrease i n  the  mica percentage and an increase i n  



a i  

c1 

t h e  c h l o r i t e  percentage of t he  t o t a l  phy l los i l i ca t e s .  

t he  mica/chlorite r a t i o  is probably ind ica t ive  of t h e  breakdown of 

The decrease i n  

d e t r i t a l  mica t o  form authigenic c h l o r i t e .  Two microprobe analyses of 

c h l o r i t e  i n  green sha les  are given i n  Table A - I 1 1  (Appendix I ) .  The c h l o r i t e s  

bl 
, 

, 

are magnesium and alkali  r i c h  and i ron  poor, with an average composition 

Of 'Mg6.4A12.6Fel.2Ti.6) Ail.7si6.3020 (OH) 2. 
ci 

Although the  mica/chlorite r a t i o  is constant from 1500-3100', both 

mica and c h l o r i t e  have r ec rys t a l l i zed  considerably i n  t h i s  interval. 

The width of t h e  10 2 mica peak is  c lose ly  r e l a t e d  t o  mica c r y s t a l l i n i t y ;  cr 

I as t h e  mica becomes b e t t e r  c r y s t a l l i z e d ,  t he  mica peak becomes sharper 

(de Segonzac, 1970). Figures 30 and 31 show t h e  changes i n  sha le  m i c a  

(1 

i 
I bulk f r a c t i o n  (Fig. 30) show t h e  same p a t t e r n  of de t reas ing  peak width 
~ 

peak width with increasing depth i n  Magmamax #2 and #3. 

In Magmamax #2 shales, the  peak widths of mica i n  both t h e  c l ay  and 

with increasing depth. There is  considerable scatter above 1700', but 4i 

i n  t he  i n t e r v a l  1700-3400' the  peak width is  approximately constant.  

Below 3400' t h e  peak width decreases again. Clay-size micas are b e t t e r  

c r y s t a l l i z e d  than bulk micas, presumably due t o  t h e i r  g rea t e r  sur face  

areas. The mica /ch lor i te  r a t i o  increases below 3500' and c h l o r i t e  is 

being r ec rys t a l l i zed  t o  form w e l l  c r y s t a l l i z e d  hydrothermal mica. 

b 

Magmamax #3 sha les  a lso  show a p a t t e r n  of decreasing mica peak width b 

with increasing depth (Fig. 31). This pa t t e rn  is  bes t  developed i n  t h e  

bulk f r a c t i o n ;  t he  peak width decreases rap id ly  t o  2100', and then 

gradually below. There is considerable scatter i n  t h e  c l ay  f r a c t i o n  L 

. .  
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M I C A  C R Y S T A L L I N I T Y  IN L, 
MAGMAMAX # 3  S H A L E S  c 

MICA PEAK W I D T H  (QUALITATIVE)  
0 I 2  3 4 5 6 7 8 9 IO I 1  12 

I I I I I I 1 I I I I I 

5 0 0  

c 
X 0 

IO00 0 X 

0 x x  
c 

o x  
I500 

X 0 

o x  
o x  

Q 

4i n 

i- 2000 k 
Y 

x o  
2 5 0 0  W n E O 0  

o x  

3000 
( 

o x  
X o x  

o x  

x o  
X 
x o  

x o  
x o  
x o  0 

x 
3500(  t 

U 

4000 

4500 

BULK FRACTION X 

CLAY FRACTION o 

. 
Figure 31 



w 

14 
d 

da ta ,  but t h e  same trend is  present. There is no apparent co r re l a t ion  
. .  

between t h e  sha le  co lor  and mica p e a k w i  

The Fe contentaof c h l o r i  e can be ca lcu la ted  from d i f f r a c t i o n  

p a t t e r n s  according t o  t h e  method given by Brindley ( in  Brown e., 1961). . 

Figure 32 shows t h e  v a r i a t i o n  i n  t h e  Fe content of c h l o r i t e  with depth i n  

the  c l a y  f r a c t i o n  o f . s h a l e s  i n  Magmamax #2 and f 3 .  

data  scatter, but t h e  Fe content i n  Magmatnax #2 vaguely increases  and 

t h a t  of Magmamax #3 vaguely decreases with increasing depth. 

There is considerable 

Green shales of Magmamax f 3  show a very c lose  r e l a t ionsh ip  between 

Green sha les  a t  2800' have a p h y l l o s i l i c a t e  content mica and c h l o r i t e .  

of 5% mica and 95% ch lo r i t e .  

down t o  3350 ' .  Between 3350' and 3800' t h e  r a t i o  decreases rap id ly ;  

below 3800' it decreases s l i g h t l y  t o  t h e  bottom of the  w e l l  where phyllo- 

The mica /ch lor i te  r a t i o  decreases s l i g h t l y  

silicates cons is t  of 95% mica, 3% c h l o r i t e ,  and aneous. The 

progressive decrease i n  c h l o r i t e  and increase i n  mica content suggest 

that mica is replacing t h e  previously-formed ch lo r i t e .  Thin sec t ions  

i n  t h i s  i n t e r v a l  show t h e  development of coarse-grained b i o t i t e  which 

appears t o  rep lace  finer-grained phy l los i l i ca t e s .  

The green shal of Magmamax #2 show a d i  t r e l a t ionsh ip  

. between mica and ch  i te ;  t h e i r  r e l a t i v  show less v a r i a t i o n  

with Increased depth than i n  Magmamax #3 

increases  s l i g h t l y  from 3450-3550' 

t o  t h e  bottom of t h e  w e l l  where t h  

20% c h l o r i t e ,  and 5% miscellaneous. The 3550' is  t h e  same 

c h l o r i t e  r a t i o  

decreases from 3550' 

ohtent is 75% mica, 

as in Magmamax 13 ,  but t h e  r a t i o  changes less with increased depth. I n  



85 

500 

Fe CONTENT OF 

I 1 1 1 1 

CLAY FRACTION 

- 
MAGMAMAX # 2  * 

b 

CHLORITE IN SHALE 

ATOMS Fe /OCTAHEDRAL SITES (6) 

(i 

(J 

ci 

cr 
cj 

Figure 32 
b 



86 

general, chlorite is being progressively replaced by mica within the 

green shales. 

Authigenic biotite is forming in green s es below 3250' in 

max #3 and 3400' in Magmamax #2. The biotites are large (up to 2 mm), 

euhedral tablets generally oriented parallel to the bedding, The biotite 

artially contemporaneous with epidote and anhydrite formation. 

Associated with the neo-crystalline micas is a montmorillonite-like 

clay. 

colation are shown n Fig. 33. The montmorillonoid is present in the 

clay fraction of green shales below 3500' in Magmamax #3 and 3700' in 

Magmamax #2 (Figs. 19 and 21). The abundance of the montmorillonoid 

The clay is *expandable, and diffractograms before and after gly- 

never exceeds 2%. 

Although montmor enerally considered to be low tem- 

hat montmoril- 

nd attributes 

their presence to local, very special geochemical conditions or to late 

hydrothermal phenomena. 

ship between composition and thermal stability (Sand and others, 1957). 

Sodium montmorillonites with high Mg/A1 ratios are stable up to 7 5 O O C  

Experimental studies have shown a close relation- 

' 

(Ames and Sand, 1958). The interval containing the montmorillonite is 

characterized by albite and by magnesium-rich minerals such as talc, 

tremolite, chlorite, and 

sodium and magnesium-rich. 

illonite i s  probably 

Talc was identified only in diffractograms of the clay fraction of 

shales from 360-3800' in Magmamax #3. This internal contains abundant 

and presumably impermeable gray shale. 
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cv Figure 33. Diffractogram of shale from 3790-3820' in 
Magmamax #3 showing the shift in the 17 8 (001) peak 
after glycolation which is diagnostic of montmorillonite. 
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The following is a ges in p h y l l o s i l i c a t e s  with in- 

creased depth: Detrital k a o l i n i t e  and mixed l a  c l ays  are transformed 

The mica /phyl los i l i  

and gray shale t 3000' is  approximately con a n t  d u e ' t o  the  

s t a b i l i t y  of m i c a  below about 300'C. 

a progressive decrease itl t he  mica /ch lor i te  r a t i o  d 

Gray sha le s  

l t e r a t i o n  of 

d e t r i t a l  mica t o  c h l o r i t e .  

sha les  is progressively a l t e r ed  t o  f i n e  grained muscovite and b i o t i t e  

porphyroblasts with increased depth. The i r o n U b e r a t e d  i n  t h e  breakdown 

of c h l o r i t e  is converted in to  p y r i t e  and epidote. 

The reckys ta l l ized  c h l o r i t e  i n  green meta- 

6 .  

ces. Gray shales 

are rare below 3550' i n  Magmamax 52. Although t h e  shales here  have been 

r e f l e c t  v a r i a t i o n s  i n  t h e  abundance of chlo  

s tones  begin t o  be mineralized by ep idote  and adular ia .  Gray and green 
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L, 

shales share the same a l te ra t ion  and.minera1ization trends, but the 

changes occur at  shallower depths i n  the green shales. 

calcite is very rare and is present only i n  the shallowest green shales; 

For example, 

(u , 
I i n  gray shales the ca l c i t e  content decreases with Increasing depth, but 
i 

d isapp only near the bottoms of the w e l l s .  Metamorphic minerals 

such as anhydrite and epidote are more abundant i n  green shales. 

inference is tha t  gray shales are the less al tered counterparts of green 

The 
cu 2 

shales. 

Magmamax f 2  shoys a general trend of decreasing gray shales and 
b 

hcreas ing  green shales downhole. This pattern is consistent with a 

progressive metamorphism of gray t o  green shales with Increasing tempera- 

ture. 

green shales with depth, but gray shales continue t o  pe r s i s t  i n  abundance 
6 

Magmamax #3 shows the same basic trend of increased abundance of 

down as deep as 3800'. In Magmamax #2 and Woolsey #1, gray shales co- 

ctr 
exis t  with green shales for  only 200-300'; i n  Magmamax #3, the  shales 

coexist for  1000'. 

There is an excellent correlation between the re la t ive  abundance 

c of gray shale and the bulk lithology of the interval.  

are rare or lacking, gray shales are more abundant. 

Magma- #3 sandstones are v i r tua l ly  absent from 3600-3800'; the interval  

Where sandstones 

For example, i n  

3650-3800' contains v i r tua l ly  no green shales, only gray ones. 

stones are also rare from 3050-3100' and 3150-3300' ; these intervals  also 

have abundant gray shales. 

'Sand- 

- r u  Since sandstones have a higher or iginal  permeability than shales, 

intervals  with abundant sandstone have had more wate.r circulation than c; 



. a l l - sha le  areas. Shales i n  t h e  sandy intervals are more highly a l t e r e d  

due t o  water c i r c u l a t i o n  i n  t h e  adjoining sandstones. Cuttings o f t en  . /  
show.that sha l e s  bordering sandstone beds are greener than-sha les  f a r t h e r  

away. 

permeabili ty where minerals p e r s i s t  ou ts ide  t h e i r  s t a b i l i t y  ranges due 

t o  t h e  l a c k  of water c i r cu la t ion .  

The conclusion i s  t h a t  gray shales are found i n  zones of low 

I n  summary, t h e r e  i s  a general trend of progressive a l t e r a t i o n  of 

gray sha le s  t o  green sha les  with increasing depth and temp 

ever, superimposed on t h i s  bas ic  p a t t e r n  i s  t h e  e f f e c t  of l o c a l  low 

permeability which preserves otherwise unstable assemblages within t h e  

ature. How- 

gray sha les .  Magmamax #3 has many zones of abundant gray sha le  below 

2800' where green sha les  first appear. Magmamax 12 has  few comparable 

zones of gray shale.  

have more e f f e c t  on the  mineralogy of sha le s  i n  Magmamax 13 than i n  

The inference is that zones of l o c a l  impermeability 

Magmamax 82. 

SUMMARY 

agenesis of mineralization i n  sha le s  is  i l l u s t r a t e d  i n  

era1 depos i t ion  over 

sed temperature. 

are replaced by 

lc i te ;  gypsum dehydrates 

eudomorphic after 

mineralogical 

change is t h a t  ep idote  patches rep lace  calcite. 

is  constant down t o  about 3200' where c h l o r i t e  begins t o  r e c r y s t a l l i z e  

The mica/chlorite r a t i o  
W 

Y 
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from d e t r i t a l  mica, 

c h l o r i t e  within green shales. .Anhydrite and py r i t e ,  as w e l l  as epidote,  

develop wi th in , sha le s .  Minor t r emol i t e  and hematite are present. The 

Below 3500' b i o t i t e  and muscovite(?) replace 

u 
ance of epidote y r i t e  patches, an i t e  porphyroblasts 

produces a genera l ly  "spotted" f a b r i c  ; .the meta-shales could reasonably 

be termed "spotted horafelses". v 
The d i f f e r e n t  shale co lo r s  are produced by t h e  d i f f e rences  i n  

minera l iza t ion  of t h e  

i r o n  oxide content. 

duced by f i n e l y  disseminated specular hematite an 

Abundant c h l o r i t e ,  and t o  a lesser exten t  epidote 

es. The red co lor  i s  a product of t he  higher 

The purple t i n t  of t h e  purple-gray s h a l  
W 

Y color.  

The green sha le s  d i f f e r  from t h e  gray shales mainly 

0 
shales. Green sha les  are t h e  metamorphosed counterparts of gray sha les .  

t i o n  of gray sha le s  t o  

ss green sha le s  with increasing temperature. However, superimposed on t h i s  

bas i c  p a t t e r n  i s  t h e  e f f e c t  of l o c a l  permeability. Gray sha le s  are 

where minerals ist outs ide  

t h e i r  normal f f i c i e n t  water c i r cu la t ion .  
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t hese  minerals throughout t h e  t h r e e  wells are i l l u s t r a t e d  in 

Figs. 24-26. Minor f r a c t u r e  minerals include: sphene, chalcopyrite,  

spha le r i t e ,  and garnet. Fluid inc lus ions  are common, but  were not b 

investigated.  

are a l s o  shown on the  f igures .  

The mineral assoc ia t ions  seen i n  multi-mineral v e i n l e t s  

Nearly a l l  t h e  mindralized f r a c t u r e s  are 

within shales,  with about 75% of' them or ien ted  p a r a l l e l  t o  t h e  bedding. b 

Vein le t s  range i n  width from .005 t o  3mm. 

zone a t  2700' i n  Magmamax #2 are the re  remnants of p o t e n t i a l l y  much wider 

Only i n  c u t t i n g s  from t h e  f a u l t  

ve in l e t s .  b 

MINERAL ASSEMBLAGES 

The mineral occurrence and mineral assoc ia t ion  d a t a  can be i n t e r -  

preted as t h r e e  major ve in  mineral assemblages, each with a d i s t i n c t  

downhole range. 

Calcite. The f i r s t  , and shallowest mineral zone is characterized 
e by c a l c i t e  v e i n l e t s  and extends from about 1600' down t o  2300' i n  Magmamax 

#2 and 2600' i n  Magmamax #3. 

and almost a l l  are composed e n t i r e l y  of calcite. 

v e i n l e t s  are extremely rare. 

Within t h i s  zone, v e i n l e t s  are q u i t e  rare, 

Epidote o r  p y r i t e  

e 

The calcite v e i n l e t s  are almost always i n  gray sha les .  Veinlets 

r a r e l y  exceed 2 mm i n  width and usua l ly  have a cockscomb f a b r i c  of t i n y  

c r y s t a l s  growing i n  from t h e  walls; some v e i n l e t s  are rec rys t a l l f zed  e 

i n t o  a s o l i d ,  optically-continuous mass. Vein calcite from a l l  t h r e e  

wells have been analyzed t o  determine t h e i r  oxygen and carbon i so top ic  

compositions (page 128). b 

(M, 
Adularia-epidote-calcite. The second assemblage is characterized by 

t h e  assemblage of adu la r i a ,  ep idote ,  and calcite. Pyr i t e ,  hematite and 
. b  
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sphene are l o c a l l y  abundant. The zone containing t h i s  mineral a s soc ia t ion  

extends from 2300'-3300' i n  Magmamax f 2 ,  2600'-3500' i n  Magmamax f3, 

and from 1400' t o  t h e  bottom of t h e  w e l l  i n  Woolsey #l. 

. 

I n  t h e  i n t e r v a l  2690'-2720' i n  Magmamax 82 t h e  c u t t i n g s  cons i s t  

l a r g e l y  of highly brecciated rocks cemented by t h e  assemblage of adu la r i a ,  

. ep ido te ,  and calcite. There are minor s imi l a r ly  brecciated and healed 

rocks a t  2710-2740' ip Magmamax 113. Randall (1974) has in fe r r ed  a f a u l t  

a t  t h i s  l oca t ion  i n  Magmamax f 2  based on dipmeter surveys. 

Within the  brecciated i n t e r v a l  t he re  are abundant veinlets. Typi- 

c a l l y ,  t h e  open spaces are f i r s t  l i ned  with euhedral adu la r i a  rhombs; 

ep idote  needles o r  l a t h s  grow inward from.the adu la r i a  rims, f requent ly  

corroding t h e  earlier adularga. 

f i l l e d  wi th  adu la r i a ,  but o f t en  t h e  interstices are l e f t  un f i l l ed .  

Euhedral sphene and p y r i t e  are q u i t e  common. 

adu la r i a  and epidote. 

Epidote interst-ices are sometimes later 

Calcite rep laces  both 

' I  Frac tures  i n  t h e  i n t e r v a l  2830'-2950' i n  Magmamax 13 were repeatedly 

reopened and rehealed; one v e i n l e t  had been reopened and healed a t  least 

six times. 

rocks, and ep idote  later p a r t i a l l y  corroded t h e  adu la r i a  and f i l l e d  t h e  

remaining open space. The veinlet reopened each time along t h e  ve in l e t -  

. w a l l  rock boundary; sha le  remnants are usua l ly  trapped i n  each new frac- 

t u r e ,  

during boi l ing ;  each time t h e  rocks f rac tured ,  t h e  same f l u i d  flowed i n  

Each t i m e r i t  opened, euhedral adu la r i a  formed on t h e  w a l l  

The r e p e t i t i v e  veinlet f a b r i c  is  suggestive of hydrofracturing 

and followed t h e  same c r y s t a l l i z a t i o n  path,  

Where hematite is associated with epidote,  t h e  epidote is o f t en  

oxidized t o  a reddish-green, tu rb id  color.  Microprobe analyses ind ica t e  

M 
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t h a t  t he  red epidotes are l a r g e l y  replaced by i ron  oxides; nearby p y r i t e  

is a l s o  oxidized. 

Epidote-anhydrite-tremolite-pyrite-hematite. The t h i r d  and deepest 

mineral assemblage is characterized by ep idote ,  anhydrite,  t remol i te ,  

p y r i t e ,  and hematite;. calcite and adu la r i a  are l o c a l l y  abundant. 

zone containing t h i s  mineral assemblage begins a t  3300' i n  Magmamax 12 

and 3500' i n  Magmamax C3, and extends t o  t h e  bottoms of t h e  w e l l s .  

The 

Q 

Epidote-anhydrite veinlets are common. The minerals are p a r t i a l l y  

contemporaneous, and replace each other.  

microprobed, and the  analyses are given i n  Table A-I1 (Appendix I). They 

Sixteen ve in  epidotes were 
ti 

range i n  composition from 23-37 mole percent Ca2Fe3Si3012 (OH). 

In t h e  i n t e r v a l  3810-3840' i n  Magmamax #2, a few rare v e i n l e t s  
ft 

contain t h e  assemblage: garnet-epidote-anhydrite-hematite. The garnet 

has been p a r t i a l l y  replaced by epidote and anhydrite;  hematite was 

deposited last. 

t he  zones are given i n  Table A-IV (Appendix I). The garnet is honey-colored 

The garnet i s  zoned, and microprobe analyses of two of 
6 

with f i r s t  a rder  gray birefringence colors.  The inner zone has a composi- 

t i o n  of 74.6% andradr i te ,  24.3% grossu la r i t e ,  .7% spessa r t ine ,  and .4% 

pyrope; t h e  outer  zone Is 62% andradi te ,  37% g r o s s u l a r i t e ,  .7% spessar t ine ,  

and .4% pyrope. The bas ic  s h i f t  i n  composition is  from high Fe and low 

A 1  t o  high A 1  and Low Fe. 

microprobed, and the  analyses are given i n  Table A-11 (Appendix I). 

The coexisting epidote i n  t h i s  v e i n l e t  w a s  

Epidote and t remol i te  are commonly associated.  Typically, t h e  

f r a c t u r e  is rimmed by epidote,  and f ibrous  t remol i te  rep laces  some 

epidote and f i l l s  the  remaining open space. Tremolite is  v i r t u a l l y  

6 

2 
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f 

always f ib rous ,  and t h e  f 

and a t  some angle t o  t h e  ve in l e t .  

are usua l ly  aligned p a r a l l e l  t o  each o ther  

Microprobe analyses of t remol i te  

a t  3670-3700' i n  Magmamax #3 are given i n  Table A- I11  (Appendix I). The t o t a l s  

are a l l  too  low due t o  epoxy vola t iza t ion .  

mole percent f e r ro-ac t ino l i te .  

tremolite.  

Compositions range from 18-19 

Calcite occasionally rep laces  epidote and ' 

Anhydrite is  commonly associated with py r i t e ;  p y r i t e  is always t h e  

later mineral and forms as cubes within anhydrite or as rims enclosing 

' it. Therefore, t h e  normal sequence is t o  depos i t  anhydrite under oxi- 

d i z ing  eondi t ions ,  and then t o  later reduce the  s u l f u r  t o  form pyr i t e .  

I n  one i n t e r v a l ,  4310-4340' i n  Magmamax #2, t h e  anhydrite-pyrite 

a s soc ia t ion  w a s  later oxidized. I n  sandstones, sha les ,  and v e i n l e t s  in 

t h i s  i n t e r v a l ,  t h e  earlier anhydrite and p y r i t e  are replaced by a f i n e  

grained mixture of calcite and ine  grained ear thy  hematite wh 

anhydr i te  along veinlet margins, between gra ins ,  and along cleavage 

traces. 

t i t e  ve in l e t s .  

P y r i t e  cubes are oxidized and the re  are several hydrated hema- 

Within t h i s  dept 

gypsum forms honey-colored, drusy aggregates 

i s  no evidence of dehydration t o  anhydrite and t h e  r e l a t ionsh ip  between 

t h e  drusy aggregates and anhydr i te  veinlets is unknown. 

w a s  i d e n t i f i e d  by x-raying, and s i n c  

sha le s  it cannot be sloughed from shallower than 3000' where temperatures 

and s a l i n i t i e s  are approximately t h e  same. e presence o*f gypsum 

v e i n l e t s  a t  temperatures g rea t e  han 300°C and a t  s a l i n i t i e s  

The gypsum 

v e i n l e t s  i n  green  
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of approximately 250,000 mg/l i s  anomalous; under these conditions anhy- 

d r i t e  i s  the  s tab le  phase (Blount and Dixon, 1973). 

FRACTURE MINERALIZATION AND WALL ROCK CHEMISTRY 

The mineralogy of ve in le t s  is very closely re la ted  t o  the  mineralogy 

of the  surrounding rocks. Intervals  where gray shales  are re l a t ive ly  . 

abundant have ve in le t s  containing calcite; in te rva ls  where green shales 

a r e  abundant are characterized by anhydrite-bearing veinlets .  

This re la t ionship is  most apparent i n  Magmamax P3 where the  r e l a t i v e  

abundance of gray and green shales f luc tua tes  grea t ly  (Fig. 20). 

shales  begin t o  appear a t  about 2900', and ark abundant down t o  3100'; 

Green 

i n  t h i s  in te rva l  vein c a l c i t e  is  rare. 

abundant, and calcite mineralization is  present. 

replace gray shales i n  the  in te rva l  3300'3650'; no calcite is present 

and anhydrite is very abundant. Between 3650' and 3800', v i r t u a l l y  a l l  

t he  shale  is  gray; calcite mineralization i s  abundant, and anhydrite is  

uncommon. Below 3800', a l l  t he  shales are green and calcite disappears 

and anhydrite i s  abundant. 

From 3050-3300', gray sha les  are 

Green shales gradually 

The relat ionship between w a l l  rocks and vein mineralization is 

less apparent i n  Magmamax #2 because the  two shale types coexist  only 

over a short  interval .  

anhydrite ve in l e t s  f i r s t  occur at  about t h i s  depth. 

3250-3550', gray and green shales coexist  i n  approximately equal abundance; 

Green shales begin t o  appear a t  about 3250'; 

In  the  in t e rva l  

both calcite and anhydrite ve in le t s  are present. 

gray shales never cons t i tu te  more than 1% of the  t o t a l  shales;  the  rest 

are green. 

Between 3550' and 4300',  

In  t h i s  in te rva l ,  anhydrite i s  very abundant, and the  rare 

e 

Li 
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calcite v e i n l e t s  are found only i n  i n t e r v a l s  with minor gray shales.  

Below 4300’ ,  gray sha le s  are more common, and calcite p lus  hematite 

rep laces  anhydrite i n  v e i n l e t s  here. 

Woolsey 81 is r e l a t i v e l y  inera l ized .  No anhydrite v e i n l e t s  

were seen. 

where t h e  sha le s  are mostly gray r a the r  than green. 

Calcite v e i n l e t s  are very abundant i n  t h e  i n t e r v a l  2250-2350’ 

The question is: why should the  relative abundance of calcite and 

anhydrite v e i n l e t s  be r e l a t ed  t o  sha le  color? As discussed earlier, 

green sha le s  are t h e  metamorphic counterparts of gray shales, and hence 

i n t e r v a l s  where green sha les  are l o c a l l y  abundant are t h e  most highly 

metamorphosed zones. 

Probably t h e  major di f fe rences  between gray and green sha le s  are 

t h e i r  calcite and anhydrite abundances i n  both the  shale ground masses 

and i n  v e i n l e t s .  Gray sha les  are characterized by t h e i r  abundance of 

calcite and very rare anhydrite;  green sha le s  l ack  calcite and have 

abundant anhydrite. 

q u i t e  s i m i l a r ;  g r e  sha les  have s l i g h t l y  more epidote. Therefore, 

v e i n l e t  mineralogy is s imi l a r  

The p y r i t e  contents of gray and green sha les  are 

t h e  mineralogy of t h e  w a l l  rocks, with 

loping i n  calcite-bearing rocks, and anhydrite 

v e i n l e t s  where anhydrite is s t a b l e  i n  t h e  w a l l  rocks. 

The mineralogies of al l  th ree  w e l l s  show grea t  v a r i a t i o n  with depth. 

As an e 

blage is: 

3900’ t h e  assemblag a l b i t e  + b i o t i t e  + muscovite + 
c h l o r i t e  + epidote  + anhydrite + t remol i te  + pyr i te .  

, a t  about 2700’ i n  Magmamax 82 and #3 t h e  mineral-assem- 

o t e  + calcite + c h l o r i t e ;  a t  quartz + adu la r i a  + mica 

It is unreasonable 

I .... 
..A. 

“‘I 
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I .  

t o  expect t h a t  t h e  waters within these  two i n t e r v a l s  which deposited 

many of t hese  minerals would be t h e  same. 

t h a t  t h e  s a l i n i t y  of Salton Sea geothermal f l u i d s  increases  with depth. 

I so topic  s tud ie s  of hydrothermal minerals a l s o  suggests t h a t  t h e  waters 

Helgeson (1969) ind ica t e s  

b 

i n  d i f f e r e n t  horizons are d i f f e r e n t  (page 153). 

Petrographic observations suggest t h a t  t h e  v e i n l e t s  were formed 
Q 

concurrently with metamorphism of t h e  rocks. 

seen i n  v e i n l e t s  and seen i n  t h e  mineralization of sandstones and shales 

is  almost i den t i ca l ,  suggesting t h a t  t h e  simplest model f o r  v e i n l e t  

The paragenesis of minerals 

. mineralization might be that t h e  vein minerals were formed from t h e  same 

f l u i d s  which were a l t e r i n g  and mineralizing t h e  w a l l  rocks. Therefore, 

u 

when sha les  w e r e  f rac tured ,  f l u i d s  within microfractures i n  nearby rocks 

flowed i n t o  the  open spaces and healed them with sequences of minerals 

similar t o  those being deposited i n  t h e  nearby host rocks. 

where calcite w a s  present,  and presumably metastable, t h e  hydrothermal 

f l u i d s  deposited calcite i n  f r ac tu res .  

c 

I n  rocks 

6 
Where anhydrite w a s  s t a b l e  i n  

the  w a l l  rocks, anhydrite v e i n l e t s  were developed. 

This simple model bas i ca l ly  i m p l i e s  t h a t  a l l  ve in  waters are l o c a l l y  

An a l t e r n a t i v e  model would be t h a t  t h e  waters were derived from derived. 

elsewhere, but mixed with the rock microfracture f l u i d s  and reacted 

i 

with t h e  w a l l  rocks t o  deposit  mineral assemblages similar t o  those of 

t he  enclosing rocks. Both models are geologically reasonable and 

suggest t h a t  t h e  microfracture f l u i d s  con t ro l  t h e  mineralogy of l a r g e r  

veins;  t he re  is  no evidence t o  d i s t ingu i sh  between them. 

i so topic  evidence suggests t h a t  most of t he  water 

However, 

c 

b 

bi 
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hor izonta l  aqu i f e r s ,  and t h a t  ver t ical  f r a c t u r e  flow is relat ively 

unimportant. 

SUMMARY 

The paragenesis of f r a c t u r e  mineralization i s  i l l u s t r a t e d  i n  

Fig. 35. 

preted as th ree  major ve in  mineral assemblages, each with a d i s t i n c t  

Mineral occurrence and mineral assoc ia t ion  da ta  can be inter- 

vertical range. 

2400', is  characterized by calcite veinlets. The second assemblage 

cons is t fng  of adu la r i a ,  epidote,  and calcite, with l o c a l l y  abundant 

p y r i t e ,  hematite, and sphene extends from about 2400-3400'. 

assemblage is  present below 3400' and is composed of epidote,  anhydrite,  

t remol i te ,  py r i t e ,  and hematite with occasionally abundant calcite and 

adu la r i a ;  garnet i s  rare. 

The shallowest mineral zone, which extends t o  about 

The t h i r d  

The mineralogy of v e i n l e t s  is very s imi l a r  t o  the  mineralogy of t he  

w a l l  rocks. 

mineral assemblages i n  sha les ,  t h e  ass 

approximatelk t h e  same minera assemblages. Vein mineralization appears 

The parageneses 

Where l o c a l  impermeability has preserved lower temperature 

i a t ed  f r a c t u r e s  are f i l l e d  with 

tamorphism of t h e  rocks. 

of f r a c t u r e  and s h a l e  mineralization are very similar. 

f l u i d  c i r c u l a t i o n  within t h e  rocks appears t o  be within hor izonta l  

aqui fe rs ,  t h e  f r a c t u r e  f l u i d s  are l i k e l y  t o  be l o c a l l y  derived from t h e  

Since t h e  major 

enclosing shales.  

i 
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DISCUSSION AND CONCLUSIONS 

The mineralizqtion and a l t e r a t i o n  of sandstones, s i l t s t o n e s ,  shales, 

and veinlets have been discussed independently, and t h e  conclusions 

summarized at  t h e  end of each sec t ion .  The rocks show a very  d i s t i n c t  

v e r t i c a l  mineral zonation; hydrothermal r eac t ions  occur within d i s c r e t e  

i n t e rva l s .  Differences i n  o r i g i n a l  sediment composition, permeabili ty,  

and water chemistry r e s u l t  i n  s l i g h t l y  d i f f e r e n t  mineralization and 

a l t e r a t i o n  of t h e  var ious  rock types. The presence and abundance of 

minerals i s  s t rongly  cont ro l led  by t h e  matrix content of t h e  rocks; 

t h e  impaired permeability of a rg i l laceous  rocks impedes water c i r c u l a t i o n  

and hence slows r eac t ion  rates. Therefore, metamorphic mineralogy is 

t h e  d i f f e rences  i n  bulk mineralogy of t h e  w e l l s  and provide a simple 

means of comparing t h e  w e l l s  by ignoring t h e  e f f e c t  of l i tho logy .  The 
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u i 
mineral abundances shown were determined 'by x-ray d i f f r a c t i o n  ana lys i s  

of t h e  bulk and c l a y  f r a c t i o n s  of bulk cu t t i ngs  samples; t h e  da t a  are 
I 

~ given i n  tabular  f m i n  Appendix I T -  

c Above 2700' t h e  s t r a t i g r a p h i e s  of Magmamax f 2  and #3 are q u i t e  

similar, and as discussed i n  previous sec t ions ,  t h e  hydrothermal 

mineralogies are very similar a l so ;  therefore ,  t h e  bulk mineral abun- 

t 
I dances above 2700' should be c lose ly  r e l a t ed .  Figures 37 and 38 show 

t h a t  t h e  abundances are indeed near ly  i d e n t i c a l  above 2700', with two 

I major exceptions: quartz and mica. Both these  minerals show wide fluc- 
4d tuat ions i n  abundance with depth, 

and C3 are inverses of each other'; where quartz (or mica) is abundant i n  

one w e l l ,  it is  minor i n  t h e  o ther .  

i n  quartz and mica abundance of Magmamax #3 are grea te r  than those  of 

Magmamax 112. 

stone and sha le  respec t ive ly ,  where shales are abundant t h e  mica content 

should be high and that of quartz low. 

#3 therefore  imply t h a t  sandstones and sha le s  here are less evenly 

d i s t r i b u t e d  and/or th icker  bedded than i n  Magmamax #2. 

mineral abundances show more v a r i a t i o n  i n  Magmamax #3 than i n  Magmamax 82. 

Since Permeability is  c lose ly  r e l a t e d  t o  t h e  sandstone/shale r a t i o ,  t h e  

d i f f e rence  i n  bed thickness and d i s t r i b u t i o n  between t h e  w e l l s  may 

account f o r  t h e  grea te r  e f f e c t  of permeability v a r i a t i o n s  on the 

mineralogy of Magmamax #3. 

Below 2300', t h e  t rehds  of Magmamax #2 

The amplitudes of t h e  f l u c t u a t i o n s  

Q 

Since quartz and mica are t h e  major cons t i t uen t s  of sand- 

e The higher amplitudes of Magmamax 

Hydrothermal 

0 

6 

I n  general ,  Magmamax f 2  and #3 are q u i t e  s imi l a r ,  and both d i f f e r  
(cr 

1 markedly from Woolsey #1. The calcite content of t h e  bulk f r a c t i o n  
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u 
w 

of Woolsey #1 samples is considerably lower and t h a t  of t h e  c l ay  f r a c t i o n  

higher than i n  Magmamax 12 o r  #3; t h i n  sec t ion  observations ind ica t e  

that i n  general  Woolsey #l rocks contain more calcite than t h e  o ther  

w e l l s .  

o ther  two w e l l s  although 

The decrease i n  quartz abundance with depth is due both t o  a decrease i n  

sandstone content and t o  quartz replacement. 

ccd 
Quartz is genera l ly  much less abundant i n  wooisey #1 than i n  t h e  

stones are more common i n  Woolsey 81. 

Y 
The high fe ldspar  and low 

quartz conten ts  of Woolsey #1 suggest t h a t  t h e  abundant authigenic 

f e ldspa r  seen i n  t h i n  sec t ion  (Figs. 11 and 12) is replacing l a r g e  amounts 

of quartz.  

i n  Woolsey #1 than a t  t h e  same depths i n  Magmamax #2 o r  #3. 

geographic proximity of t h e  wells makes it unl ike ly  t h a t  t h e  d i f f e rence  

i n  mica /ch lor i te  . r a t i o  is d e t r i t a l .  The most reasonable explanation is 

Y 
Chlor i te ,  epidote, and anhydrite are a l l  much more abundant 

The c l o s e  

v 

t h a t  mica is being recry  a l l i z e d  i n t o  c h l o r i t  l ous ly  shallow 

depths i n  Wools 

thermal. 

fl. Epidote and most of t h e  anhydrite are a l s o  hydro- 

ha t  t h e  whole ck mineralogical 

f f e r e n t  from those of Magmamax 82 s of Woolsey #l 

and 83 a t  t h e  same depths. I n  f a c t ,  t h e  mineral abundances of Woolsey 81 

m 1200-2400’ (190-260OC) are re similar t o  t h e  in t e r -  

than t o  1200-2400’. 

o l sey  81, b u t  d 

present ly ,  s l i g h t l y  colder than e i t h e r  of t h e  o ther  two wells, but i t  is 

ible’ t h a t  it was once h o t t e r  and he” mineralization occurred at  

this  time. It is, however, un l ike ly  t h a t  t h e  temperature i n  t h e  i n t e r v a l  

Y 

I 
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t, 
* 

1200-2400' i n  Woolsey 81 w a s  ever as high as t h e  present temperature of 

t h e  same mineral assemblage i n  Magmmax #2 and 1 3 .  Sandstones are much 

more abundant i n  Woolsey #l; permeability may be more important than 

temperatures i n  regula t ing  mineralogical changes. 

Muffler and White (1969) studied t h e  mineralogies of c u t t i n g s  from 

two Salton Sea geothermal wells, IID 81 and Sportsman #1, and one 
- 

cooler w e l l  ou ts ide  t h e  f i e l d ,  Wilson #le 

l a r g e l y  from x-ray d i f f r a c t i o n  s tud ie s  of bulk c u t t i n g s  samples, and may 

be compared with the  mineral abundances determined by x-ray ana lys i s  of 

bulk c u t t i n g s  from Magmamax 12, #3, and Woolsey #l as shown i n  Fig. 36. 

Unfortunately, t h e i r  d a t a  are given in  terms' of peak i n t e n s i t i e s  r a t h e r  

Theit d a t a  were derived 

u 

b 

than i n  mineral percentages, so quan t i t a t ive  comparisons are d i f f i c u l t .  

Muffler and White (1969) show that anke r i t e ,  dolomite, and k a o l i n i t e  

are abundant i n  shallow rocks 

t o  form c h l o r i t e  and calcite. 

#3, and Woolsey #1 were not analyzed because t h e  rocks were so poorly 

indurated that most of t h e  c l ay  w a s  removed during washing. 

but disappear a t  about 1800' by r eac t ing  

Cuttings above 1200-1500' i n  Magmamax #2, 

Ankerite, 

dolomite, and k a o l i n i t e  are present only above 1100' i n  Magmamax 82 and 

#3 sha le s  (Tables I and 11). 

Below 2000' mineral abundances and d i s t r i b u t i o n s  i n  IID fl and 

6 

B 

c 

Sportsman #1 are q u i t e  similar t o  those  of Magmamax #2 and #3 (Fig. 36). 

A l l  four w e l l s  show an  abrupt decrease i n  calcite i n  t h e  i n t e r v a l  3000- 

3500' associated with an increase i n  epidote abundance, an increase i n  

c 

K-feldspar below 3000', and an increase i n  c h l o r i t e  with increasing 
L 

G depth. I n  I I D  #1 and Sportsman #l mica abrupt ly  decreases i n  abundance 

c 
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and c h l o r i t e  increases  at  about 3500'. Mica and c h l o r i t e  abundances 

are much more complicated i n  Magmamax #2 and #3, with mica apparently 

replacing c h l o r i t e  below 3500-4000'. Muffler and White (1969) found 

only sporadic anhydrite;  it apparently is  much more abundant i n  Magmamax 

C2, #3, and Woolsey #1. 

The geothermal w e l l s  i n  t h e  Salton Trough p 

sediments which are being metamorphosed a t  depth i n  response t o  t h e  

elevated temperatures and pressures. 

deeper rocks has been described as t h e  a lb i te -ep idote  hornfe ls  f a c i e s  by 

Muffler and White (1968 as low grade greenschist  f a c i e s  by Muffler 

and White (1969). Thes d i f f e r e n t  f a c i e s  are t h e  appropriate cate- 

go r i e s  f o r  t h e  observed mineral s u i t e  i n  contact and regional metamorphic 

The metamorphic grade of t h e  

t e r r a i n s ,  respectively.  The loca l ized  na ture  of t h e  metamorphism, t h e  

presumed re l a t ionsh ip  with magmatic a c t i v i t y  a t  depth, and t h e  l ack  of 

t t h e  metamorphic environment is probably 

reg iona l  metamorphism. 

d on t h e  f i r s t  appearance of hydro- 

38. The d i f f e rences  

i n e r a l s  i n  Magmamax #2 and #3 

ale r a t i o ,  o r  permeabi 

x 12 has 'the higher 

irst formed a t  shallower depths. 

O ' ,  Magmamax 13 t i t e ,  a l b i t e ,  and 

are c r y s t a l l i z  i n  Magmamax #2. 

Isograds are about 1000' shallower i n  Woolsey 51, probably due t o  its 

I 
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grea te r  permeability. A s  i t  is d i f f i c u l t  t o  d i s t ingu i sh  between d e t r i t a l  

and hydrothermal muscovite, and s ince  the re  is a continual gradation 

between hydrothermal i l l i t e  and muscovite, no muscovite isograd could 1 
be drawn. 

The mineralogies of t h e  th ree  wells studied show a continuous grada- 

t i o n  between a typ ica l  sedimentary assemblage of quartz + calcite + 
plagioc lase  + K-feldspar + dolomite +montmoril lonite + i l l i t e  + 
k a o l i n i t e  p lus  minor accessor ies ,  and a metamorphic assemblage of quartz + 
a l b i t e  + epidote + anhydrite + t remol i te  + c h l o r i t e  + b i o t i t e ,  with minor 

hematite, talc, garnet,  and pyr i te .  Figure 39 consksts 04 Riye ACF d%a- 

grams showing the  mineral assemblages present a t  increasing temperatures. 

Available microprobe analyses (Tables I-IV) were used t o  l o c a t e  mineral 

pos i t ions  as accura te ly  as possible.  

i l l u s t r a t e  v a r i a t i o n s  i n  t h e  compositions of s o l i d  so lu t ion  minerals with 

temp era t u r e  . 

t 

There were i n s u f f i c i e n t  d a t a  t o  

Hydrothermal a l t e r a t i o n  i n  t h e  i n t e r v a l  25-210°C r e s u l t s  in t h e  

des t ruc t ion  of t h e  assemblage seen i n  diagram #1 (Fig. 39) and t h e  

formation of t h a t  i n  diagram #2. 

bonation r eac t ion  such as: 

Chlor i te  might be formed by a decar- 

dolomite + a n k e r i t e  + k a o l i n i t e  + F.e+3 c h l o r i t e  + calcite + CO, 

with t h e  i ron  required coming from t h e  iron-rich brine. 

metasomatith r e s u l t s  i n  t h e  formation of illite-sericite by t h e  break- 

down of montmorillonite, kao l in i t e ,  and plagioclase.  

Potassium 

These reac t ions  

p r e c i p i t a t e  quartz,  and release sodium and calcium i n t o  so lu t ion ;  some 

! 
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of t h e  calcium reacts with bicarbonate and prec ipa tes  as calcite. The 

e l a t ionsh ip  between p y r i t e  and f e r r i c  oxides is complex, bu t  i n  some 

w 

U 

rocks hydrothermal so lu t ions  are capable of reduction reac t ions  such as: 

anhydrite + carbon + f e r r i c  oxides (hematite) p y r i t e  + Ca +t . + CO2 

Sulfur is  a l s o  derived from t h e  breakdown of sulfur-bearing organic 

compounds; organic bands (carbonaceous material) i n  sandstones are 

o f t en  s e l e c t i v e l y  replaced by py r i t e .  
I 

The major changes between t h e  mineral assemblages a t  210' and 24OOC 
w 

are t h e  disappearance of i l l i t e  Ad t h e  formation of epidote and adular ia ,  

perhaps by a decarbonation r eac t ion  l i k e :  

+ 
W i l l i t e  + calcite + quartz + K + F 

The abundance of ep idote  i n  sandstones is c l e a r l y  inverse ly  r e l a t e d  t o  

t h a t  of calcite and quartz. 
4$ 

Bio t i t e ,  a l b i t e ,  and d i n  t h e  temperature range 

and mica are inverse ly  r e l a t e d ,  presumably due t o  reac 

c h l o r i t e  + adu la r i a  

0 += 

Excess i r o n  is p r  

conditions. Adul t h i s  interval and may form 

a t i te ,  depending on l o c a l  

by t h e  breakdown of muscovite: 
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+ A  
muscovite'+ quartz + N a  T- adu la r i a  + a l b i t e .  

Sodium is derived from t h e  brine.  The abundances of anhydrite and cal- 

c i te  are inversely r e l a t e d  as shown below: t 

C ~ C O ~  + so4 , CaSo4 + cog= 

The r eac t ion  i s  l a rge ly  controlled by t h e  C02 pressure. The b r ine  s u l f u r  4d 

content is negl ig ib le  due t o  r eac t ions  favoring t h e  p rec ip i t a t ion  of 

* p y r i t e  and anhydrite. 
I 

The mineral assemblage at 32OOC can be generated by r eac t ions  of t h e  c1 

following types: 

+ - L  c h l o r i t e  + calcite + quartz + Na , t r emol i t e  + a l b i t e  + C02 

+ - L  +2 , t a lc  + a l b i t e  + Fe c h l o r i t e  + quartz + N a  

+ +2 -L c h l o r i t e  + quartz + Na + Ca , ta lc  + garnet + a l b i t e  

+ Mg+2 + Fe +2 

These reac t ions  a l l  involve t h e  d i s so lu t ion  of c h l o r i t e  and quartz,  and 

t h e  addi t ion  of sodium. Magnesium released by t h e  breakdown of c h l o r i t e  

is prec ip i ta ted  as talc o r  t remol i te ;  excess i ron  may be deposited as 

p y r i t e  by reducing t h e  s u l f u r  i n  anhydrite. 

Studies of o ther  hydrothermally a l t e r e d  rocks have indicated, a 

6 

b 

(i 

c 

r e l a t ionsh ip  between fe ldspar  composition and permeabili ty (Naboko, 
, 
1 1970; Browne and E l l i s ,  1970). Adularia is deposited i n  permeable zones, 

and a l b i t e  i n  less permeable horizons. Boiling i n  permeable beds, by c 
L 

causing a l o s s  of C02 and a consequent increase i n  pH, r e s u l t s  i n  t h e  

b 
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depos i t i on  of adular ia ;  calcite may a l s o  be prec ip i ta ted .  A lb i t e  and 

a l b i t i z a t i o n  occur i n  zones where the  C02 is sti l l  i n  so lu t ion ,  o f t en  

below t h e  adu la r i a  zone. 

I n  Magmamax #2 and #3, adular ia  i s  common i n  sandstones and vein- 

le ts  from 2500'-3800', and i t  typ ica l ly  replaces calcite. 

f e ldspa r s  below 3000' are being a l b i t i z e d .  

coexis t  i n  sha le s  below 3500' where they are apparently r e c r y s t a l l i z i n g  

from K-mica. 

t h e  adu la r i a  zone is present ly  more permeable than t h e  deeper adularia- 

a l b i t e  zone. Bel 2000' carbon i so top ic  compositions become progressively 

l i g h t e r ;  t h i s  trend could be due t o  f r ac t iona t ion  of carbon i so topes  

during C02 formation and escape (p. 138). 

Detrital 

Authigenic a l b i t e  and adu la r i a  

According t o  the  Saraband computed permeabi l i t i es  (Fig. 28), 

The bo i l ing  ,curve f o r  Magmamax 112 is plo t ted  i n  F 

w a s  p lo t t ed  u s  he .0287 bar/foot hydros ta t ic  g rad i  measured i n  

Magmamax #2. is only s l i g h t l y  d i f f e r e n t  from t h e  

gradient measu 

(Helgeson, 1968). 

thermal p r o f i l e  at about 3000' under present conditions.  

six other  geothermal w e l l s  i n  t h e  Salton Sea f i e l d  

The boi l ing  curve f o r  pure water i n t e r s e c t s  t h e  

However, Salton Sea geothermal f l u i d s  have s a l i n i t i e s  as high as 

000 mg/l (Muffler and White, 1969). Helgeson (1968) i nd ica t e s  t h a t  

t h e  s a l i n i t y  of t h e  f l u i d s  increases s t e a d i l y  with depth t o  about 3000'; 

below which it  is approximately constant,  S a l i n i t y  elevates t h e  bo i l ing  

temperature, and t h e  boi l ing  curves f o r  150,000 and 250,000 mg/l (15% 

and 25%) N a C l  so lu t ions  are p lo t t ed  on Figure 40. The d a t a  are from 

Haas (1971), but are corrected f o r  t h e  observed hydros ta t ic  gradient 

(Haas uses .0216 bar / f t . ) .  
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! plotted. 
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Figure 40. 

curves for pure water and for 15% and 25% NaCl solutions are 

Effect of s a l i n i t y  on the boi l ing  temperature i n  

G 
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The e f f e c t  of dissolved gases on t h e  boi l ing  curve of Magmamax #2 
. *  

is negl ig ib le .  The ca lcu la ted  values fo r  P and P a t  112 ba r s  
co2 HZS 

(319 C) are .61 and 1012 bars  respec t ive ly  (Truesdell and Singers, 1971). 

Therefore, t h e  dissolved gas content lowers t h e  vapor pressures by only 

.62 bars. A t  Broadlands where t h e  P is ca lcu la ted  t o  be 11 bar s  a t  

261OC (Truesdell and Singers, 1971), t h e  e f f e c t  of dissolved gas f a r  

outweighs the  e f f e c t s  of dissolved salts. 

, 

co2 

Figure 41 shows t h a t  t h e  br ine  is not bo i l ing  under present condi- 

However, t h e  adu la r i a  may have been deposited during an earlier t ions .  

episode of bo i l ing ,  o r  perhaps.fe1dspars were formed by some o the r  

mechanism. 

Variations i n  t h e  relative abundance of calcite and anhydrite v 
c lose ly  p a r a l l e l  f l uc tua t ions  i n  t h e  sandstone/shale r a t i o .  The higher 

t h e  sandstone/shale r a t i o ,  t h e  g rea t e r  t h e  hydrothermal a l t e r a t i o n ,  and 

t h e  more anhydrite present. 

< 

The d i s so lu t ion  of calcite in t h e  more 0 

premeable rocks and its replacement by anhydrite is apparently due t o  a 
u =  i+ change i n  the  C03 /SO, r a t i o  f o r  a given Ca a c t i v i t y .  There is a 

vague co r re l a t ion  of carbon i so top ic  composition and anhydr i t e l ca l c i t e  

r a t i o  (p. 146) which is  cons is ten t  with g rea t e r  C02 escape i n  intervals 

where abundant anhydrite has been deposited. 

9 

u Due t o  gradational na ture  of t h e  contact between sedimentary and 

metasedimentary rocks, i t  is consequently d i f f i c u l t  t o  decide where t o  

e s t a b l i s h  a boundary between sandstones, s i l t s t o n e s ,  and sha les ,  and 

t h e i r  metamorphic equivalents--granofels and hornfels.  

t ex tu res  and mineralogies develop a t  d i f f e r e n t  depths i n  d i f f e r e n t  rock 

types, so a sandstone with a metamorphic mineralogy is o f t en  found a t  

Metamorphic 6 
6-) 
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I 
I 

shallower depths than a typical ly  sedimentary shale. 

2000' are de f in i t e ly  sedimentary; i f  one wanted t o  es tab l i sh  a contact,  

it should probably be located within the  in te rva l  2000-3000' i n  these 

three w e l l s .  

fo r  establishing the onset of metamorphism: 

coexistence of both epidote and adular ia ,  transformation of gray t o  

green shales, breakdown of d e t r i t a l  c lays  t o  form chlor i te ,  o r  disappear- 

ance of calcite. 

The rocks above 

There are several reasonable criteria tha t  one might use 

f i r s t  appearance of epidote, 

i 



STABLE ISOTOPE GEOCHEMISTRY 

Stable isotopa s tudies  i n  ac t ive  geothermal areas have provided 

important information about present and past  mineralization temperatures, 

about the existence of equilibrium or non-equilibrium among coexisting 

minerals and about the  or ig in ,  nature, and quantity of hydrothermal 

f lu id  involved i n  water-rock interact ions (Taylor, 1968). I f  tempera- 

tu res  are suf f ic ien t ly  high there  is oxygen isotope exchange between 

the water and country rock, resu l t ing  i n  a depletion i n  0l8 i n  the 

country rocks concurrent with an enrichment i n  the hydrothermal f lu id  

(Craig, 1966). This report  describes the  r e s u l t s  of an investigation 

similar t o  the study of River Ranch #l by Clayton and others  (1968) i n  

tha t  i t  concentrates primarily on changes in  oxygen and carbon isotopic  

compbsition of host rocks as a r e su l t  of interact ion with hydrothermal 

brines 

METHODOLOGY 
. i  

Notation and Terminology 

Isotapic  analyses are reported i n  the  6 notat ion which is  the  devia- 

t i o n  in p a r t s  per thousand (permil, o r  O/oo) of the isotope r a t i o  of 

t he  sample from tha t  of a standard. Oxygen analyses i n  t h i s  study are 

118 
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reported r e l a t i v e  t o  Standard Mean Ocean Water (SMOW) (Craig, 1961b). 

Carbon analyses are reported relative t o  t h e  Chicago Pee Dee Belemnite 

(PDB) standard (Epstein and o thers ,  1951; Craig, 1957). 

R = (0 /o 

Let t ing  

18 16 k 

R(sample) - 1 x 1000 
R(standard) 1 60l8 =[  

13 12 
6C13 is s imi l a r ly  defined i n  terms of t h e  C /C r a t i o s  of a sample 

and a standard. 

I f  t he re  is an i so top ic  f r ac t iona t ion  between coexisting phases (A 

and B) i n  i so topic  equilibrium, t h e  f r ac t iona t ion  f ac to r ,  denoted as a 

is defined as: 

e 
- - - -  R(A) - 1+ (6A/1000) 

A-B R(B) 1+(6B/1000) a 

A usefu l  a l t e r n a t e  expression f o r  t he  f r ac t iona t ion  is: 

= 6A - 6B 2 1000 I n  aA - 'A-B 

b 

I so topic  Exchange Reactions 

Variations i n  i so topic  composition i n  na ture  can r e s u l t  from 

equilibrium o r  k i n e t i c  processes, o r  from physical processes such as 

aqueous d i f fus ion  or u l t r a f i l t r a t i o n .  Equilibrium processes are of t h e  

type: 

c 
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where A and B are two substances (such as CaC03 and H20) with exchangeable 

isotopes. 

isotope. Molecules without an a s t e r i s k  contain t h e  l i g h t  isotope. The 

reac t ion ,  l i k e  any reac t ion ,  w i l l  proceed toward' equilibrium, o r  toward 

The a s t e r i s k  ind ica tes ' a  molecule which contains t h e  heavy 

c 

a conf igura t ion  of minimal free energy. 

w r i t  ten: 

The equilibrium constant can be 

If a l l  i so top ica l ly  subs t i t u t ed  molecular pos i t ions  are equivalent,  

i f  t h e r e  is no intermolecular f rac t iona t ion ,  and i f  

i n  t h e  reac t ion :  

atoms are exchanged 

1 
m=F 

A-B (R)B U 

If t h e  exchange r eac t ion  is wri t t en  such t h a t  only one atom is ex- 

changed, a % K. 

een two coexisting 

e. If t h e  temperature dependence of 

which the  two 

r a t ed  can be determined from t h e i r  

6o18 values. 

I 
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The p o s s i b i l i t y  of using equilibrium d i s t r i b u t i o n s  of oxygen iso- 

topes between two o r  more phases as a geothermometer w a s  f i r s t  discussed 

by Urey (1947) who emphasized with f r ac t iona t ion  of oxygen isotopes 
I 

It is  not necessary t h a t  water be one cu_ 
3' bitween H2) and CaCO 

of t h e  phases used i n  t h e  geothermometer, nor is oxygen the  only element 

I 
' 

which can be used. What is needed is an  accurate c a l i b r a t i o n  of t h e  

temperature dependence of t h e  isotope d i s t r i b u t i o n ,  o r  f r ac t iona t ion  

f a c t o r ,  of t h e  phases i n  question. 

experimentally by equ i l ib ra t ing  two phases over t h e  desired temperature 

range and measuring t h e  i so topic  f r ac t iona t ion ,  empirically by ana lys i s  

of mineral p a i r s  i n  rocks equi l ibra ted  under known or  determinable 

%I 

Such c a l i b r a t i o n s  may be obtained 

t 

temperatures, t h e o r e t i c a l l y  using spectroscopic and thermodynamic d a t a  

f o r ' e a c h  phase, o r  e c l e c t i c a l l y  by u t i l i z i n g  a l l  ava i l ab le  f r ac t iona t ion  
c 

data. 

The calcite-water f r ac t ions t ion  equation is t he  only well-established 
b 

mineral-water f r ac t iona t ion  which has been experimentally studied a t  

both high and low temperatures. The va r i a t ion  of 1000 I n  a (calcite-water) 

is  l i n e a r  with 1 / T  2 between 0 and 500°C. For l ack  of any experimental 
6 

evidence t o  the  contrary,  o ther  mineral-water f r ac t iona t ions  are assumed 

a l s o  t o  vary l i n e a r l y  on such a p l o t ,  and l i n e a r  ex t rapola t ions  have been 

used i n  t h i s  study f o r  constructing i so top ic  geothermometers f o r  tem-  

pera tures  outs ide  experimental ranges. 

Successful appl ica t ion  of isotope geothermometry requi res  t h a t  t h e  

, v a r i a t i o n  of t h e  i so top ic  f r ac t iona t ion  with temperature be accura te ly  

known, and that t h e  phases must have reached equilibrium and maintained 

c 

b 

ivJ 

tr' 
I 
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t h e i r  equilibrium compositions regardless of later temperature changes. 

In metamorphic and igneous systems, the  mineral isotopic  compositions 

are usually "frozen in" a t  the highest temperature reached (Taylor and 

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

ANALYTICAL TECHNIQUES ' 

Sample Selection 

Both carbonates and silicates were selected,  analyzed, and plot ted 

on graphs i n  several batches. 

o r  less d i sc re t e  intervals .  

pa t te rns  seen i n  previous p lo ts ,  o r  t o  investigate Intervals  which were 

The first samples were selected at  more 

Successive samples were selected t o  e lucidate  

~ , l i t h  log ica l ly  or  mineralogically anomalous. ? 
Virtual ly  no bulk samples were analyzed; almost a l l  samples were 

handpicked f o r  homogeneity. 

a par t icu lar  30' in te rva l  were a l l  of the  same color,  grain s ize ,  and 

mineralogy; hence a l l  the chips are from the same o r  very similar types 

For example, sandstone chips col lected i n  

of sandstones. By choosing uniform samples isotopic trends can more 

eas i ly  be correlated with f luctuat ions i n  t ex tu ra l  and mineralogical 

parameters. 

of isotopic  pat terns  of other types of grains ,  and by the  relative abun- 

In  bulk samples these trends are Asked by the superposition 

f d i f fe ren t  grain types. The major drawback t o  handpicked 

versus bulk samples is t h a t  many more samples are needed t o  document the 

trends of several  d i s t i n c t  grain types than t o  i l l u s t r a t e  one bulk 

trend. 

.. 

. . -  . .  . .  
,_ .. . .. . 

. .. .. 
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Approximately 175 carbonate samples were co l lec ted .  These are 

divided i n t o  three  d i s t i n c t  groups--cement i n  sha les ,  cement i n  sand- 

stones,  and calcite ve in l e t s .  

l i s t e d  i n  Appendix 111. The percent carbonate i n  gra ins  decreases with 

increased depth and below 3000' calcite is o f t en  very rare o r  absent,  

The c h a r a c t e r i s t i c s  of t hese  samples are 

making sampling d i f f i c u l t  o r  impossible. Shales generally have more 

carbonate than sandstones. 10-2000 mg of chips were handpicked f o r  each 

sample, depending on t h e  type of gra in  and depth. 

Epidote is  a common cons t i tuent  of sandstones, .shales, and v e i n l e t s  

below 2500', and 15  samples were analyzed. 

t o  i d e n t i f y  the  o r i g i n a l  l i tho logy  of m epkdotlized g ra in ,  but an  attempt 

It was frequently d i f f i c u l t  

w a s  made t o  select gra ins  which appeared t o  be highly epidote-mineralized 

sandstones and s i l t s t o n e s .  

a t  100-200' in te rva ls .  Approximately 50-200 mg of epidote-rich g ra ins  

Magmamax 112 and #3 were sampled by handpicking 

were col lec ted  f o r  each sample. 

Two d i s t i n c t  types of quartz samples were handpicked and analyzed. 

The f i r s t  was  a group of 33 sandstones from Magmamax #3, se lec ted  a t  

100-200' i n t e rva l s .  Each sample w a s  homogeneous i n  gra in  s i z e ,  co lo r ,  

and mineralization. A l l  of these  sandstones w e r e  predominantly cemented 

by quartz and/or calcite, with minor p y r i t e ,  epidote,  adu la r i a ,  o r  tremo- 

l i te.  The second group of quartz samples were derived from the  quartz- 

r i c h  f r a c t i o n s  of t h e  epidote samples. Sample s i z e  w a s  50-200 mg. 

Hematite r a r e l y  occurred in s u f f i c i e n t  amounts f o r  i so top ic  analyses. 

Because of t h e  low abundance of hematite, each of t he  9 samples analyzed 
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consisted of hematite i n  v e i n l e t s  combined with minor hematite from 

sandstones i n  t h e  same in t e rva l .  

Sample Preparation 

Carbonates are very simple t o  prepare.  The chips are ground with 

a mortar and p e s t l e  so t h a t  t h e  g ra ins  w i l l  pass through a 100 mesh 

(.15 m) sieve. 

The preparation of silicates and oxides involves more e labora te  

techniques. The purpose of these  

mineral phases from t h e  desired mineral without u t i l i z i n g  any method 

which would appreciably alter t h e  i so top ic  composition of t h i s  desired 

mineral. The techniqu f o r  d i f f e r e n t  minerals. 

edures is t o  remove a l l  o ther  

Quartz from sandstones includes both d e t r i t a l  quartz and au th igenic  

overgrowths; samples are disaggregated as gent ly  as poss ib le  so as not  

e r i z e  t h e  ov i l i n g  f o r  is-30 

carbonate, s u l f a t e ,  and i ron  oxide cement (Syers and o the r s ,  1968). 

Depending on t h  heavy minerals, they nay e i t h e r  be handpicked 

removed by heavy l i q u i d  techniques. Remaining c l ays ,  micas, and 

g i n  HBF4 (fluoroboric ac id)  f o r  ' 

n products produced by bo i l ing  are e a s i l y  

d by u l t r a son ic  disaggregation and decanting, The samples are then 

examined with a binocular microscope or x-rayed t o  de t e  

handpicking i The quartz should be >95% 

pure. 
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Epidote and hematite are purified by using heavy liquids.  Samples 

are f i r s t  ground t o  pass through the 100 mesh but rest on the 200 mesh; 

ul t rasonic  disaggregation is  very helpful t o  break apart  minerals. 

50-100 mg of sample is placed i n  a conical centrifuge tube along with a 

About 

solution of the  appropriate spec i f ic  gravity. 

tube is p a r t i a l l y  lowered in to  a dewar of l iqu id  nitrogen. 

the  heavy material and allows easy removal of t he  l i g h t e r  material before 

the bottom unfreezes. 

beneficiate  a sample t o  >95X pure; minor handpicking is usually necessary. 

Samples are examined by binocular microscope and/or x-rayed t o  determine 

After centrifuging, the  

This freezes 

Repeated separations are usually necessary t o  

purity. 

Techniques of Gas Extraction 

Carbon dioxide was evolved from carbonates by react ion w i t h  l O O X  

€$PO4 (phosphoric acid)  a t  25OC (McCrea, 1950). 

2500' i n  the  w e l l s  contained both calcite and dolomite-ankerite. These . 

two carbonate species could not be physically isolated fo r  separate 

extraction, but the  gas evolved from the two species could be separated 

by the d i f fe r ing  reaction rates of the carbonates i n  H3PO4 using a 

modification of the procedure of Epstein and others  (1964). 

evolved during the first hour is almost en t i r e ly  from the  dissolut ion 

of calcite, and is collected and analyzed. The CO evolved between 1 

and 24 hours is from both calcite and dolomite, and is discarded. 

C02 evolved between 24 hours and 1 week is collected and analyzed for 

the  60l8 and 6C13 of dolomite. The gas from samples from below 2500' 

Samples from above 

The C02 

2 

The . 
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where dolomite is absent is  co l lec ted  from 1 t o  24 hours. In  order  t o  

reduce f r ac t iona t ion  du 

Were crushed as l i t t l e  as possible,  and sieved t o  pass  through a 100 mesh 

s i eve  (Ualters and o the r s ,  1972). 

i so top ic  v a r i a t i o n s  i n  gra in  s ize ,  a l l  samples 

The preparation and ex t r ac t ion  of silicates and oxides f o r  oxygen 

isotope ana lys i s  is described by Clayton and Mayeda (1963). 

mg of sample 'is placed i n  a dry  box f o r  24 hours. 

loaded i n t o  tubes, utgassed, preheated t o  remove adsor 

reacted with BrF5 f o r  9 hours a t  550' f o r  quartz,  and 650' f o r  epidote 

About 10-20 

The sample is  then 

and hematite. Oxygen is l ibe ra t ed  quan t i t a t ive ly  from the  mineral and 

is converted i n t o  carbon dioxide by passage over hot carbon catalyzed 

by platinum. The carbon dioxide is  col lec ted ,  measured, and analyzed 

f o r  oxygen i so top ic  composition. 

from t h e  t h e o r e t i c a l  y i e ld  by more than 3%, t h e  gas sample is  considered 

I f  t h e  measured gas y i e ld  d i f f e r s  

suspect. 

Mass_Spectrometer 

The CO from a l l  s es w a s  analyzed f o r  its i so top ic  composition 

on a double-focusing, double-collecting isotope r a t i o  mass spectrometer 

2 

(Coplen, 1973 ). 

Reproducibility of Is0 

The average deviati  repeated analyses of ing le  gas simple 

on t h e  mass spectrometer is less t h a n  .1 O/oo from the  mean (Coplen, 1974). 

Duplicates of each sample were prepared, ex t rac ted ,  and analyzed. 

the  

If 

values  of t he  p a i r  were within .2 O/oo, they were averaged and 
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LJ 
plotted.  Additional analyses were very r a r e l y  required f o r  carbonates, 

but were commonly necessary f o r  silicates. 

carbonate p a i r  were acceptable, only one sample w a s  analyzed f o r  6C 1 3  , 
I f  t h e  60 l8  values of t he  

because pas t  experience has indicated t h a t  6C13 values are almost always 

reproduced t o  within k .06 
0 

/oo (Coplen, pers.  comm., 1976). 

Only one silicate, NBS 628, w a s  prepared, extracted,  and analyzed 

s u f f i c i e n t  times t o  provide da ta  on si l icate reproducib i l i ty .  T h e .  e 

mean composition of NBS #28 w a s  9.03 and t h e  average devia t ion  from t h e  

mean w a s  .23 O/oo (Coplen and o thers ,  1975); t h i s  standard was in te rspersed  

between sample analyses t o  check t h e  reproducib i l i ty  a f  si l icate prepara- 

t ion .  

t o  cor rec t  f o r  d r i f t  i n  t h e  composition of NBS 828. 

v 

0 Smal l  cor rec t ions  (5 .02 / o o )  w e r e  made to sample 60 l8  compositions 

e 

Data Corrections 

&I In  the  reac t ion  of a carbonate with phosphoric ac id ,  only two-thirds 

of t he  oxygen i s  evolved as C02,  and an i so top ic  f r ac t iona t ion  occurs. 

It is  thus necessary t o  apply a cor rec t ion  t o  the  observed i so topic  

f r a t i o .  These cor rec t ions ,  ca l led  ac id  f r ac t iona t ion  f a c t o r s ,  are 

defined as: 

R CO, 
L a =  R carbonate where 18 16 R = O  /O r; 

For calcite and dolomite the  f a c t o r s  are 1.01008 and 1.01090 respec t ive ly ,  

as modified after S h a m  and Clayton (1965). 

calculated using a(C02 - H20) = 1.04112 (Coplen, pers. comm., 1976). 

Machine cor rec t ions  were made a f t e r  Mook (1968); t a i l  cor rec t ions  

I so topic  compositions were 
k' 

b. 

are t r ivial .  ' 
b 
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WATER-ROCK INTERACTION 

Carbonates 

There are a t  least th ree  d i f f e r e n t  types of carbonate i n  the  reser- 

v o i r  rocks-detri tal ,  diagenetic,  and hydrothermal; t h e  relative propor- 

t i o n s  of these  i n  any sample are va r i ab le  and generally unknown. Petro- 

graphic s t u d i e s  (Figs. 7-17 ; "Mineral Textures" columns) Indica te  t h a t  

with increasing temperature both d e t r i t a l  and d iagenet ic  carbonates 

r e c r y s t a l l i z e  from micrite t o  sand-size p o i k i l i t i c  grains. Isotope 

exchange by s o l i d  d i f f u s  

t i o n  appreciable exchange can occur between carbonates and br ines .  

cur ren t  with r e c r y s t a l l i z a t  

probably minimal, but during r e c r y s t a l l i z a -  

Con- 

1 hydrothermal carbonate w a s  

i p i t a t e d  i n  i so top ic  e with t h e  brine.  mere fo re ,  deeper 

rocks conta in  a mixture of t o  

i l ib r ium i n  horizons where tempera- 

f o r  r e c r y s t a l l i z a t i o n  t o  

analyses are presented i n  , 

Appendix 111. Figures 41-43 show oxygen i so top  

m Magmamax 82, f 3 ,  and Woolsey 

po in t s  approximates the  uncer- 

2 o/oo) .  Analyses of mixed 

A l l  carbonate samples were homogeneous and handpicked, and are of 

t h ree  types: carbonate cement ndstones, carbonate cement i n  sha les ,  
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and vein calcite. Data are sparse below 3000-3500’ due t o  the low 
c; 

abundance of calcite in the host rocks, especial ly  i n  sandstones. 

t CALCITE 

0xyRen.Isotopes. Oxygen i n  rocks can exchange with the oxygen of 

the  water circulat ing through the rocks; the  e f f ec t  of t h i s  exchange is 

t o  enrich the water and deplete the rock i n  0 18 . The magnitude of t h i s  b 

60l8 s h i f t  depends on the temperature, degree of equilibrium, 60l8 of 

the  water and rock p r io r  t o  isotope exchange, and the r a t i o  of mass of 

water to  rock which depends on permeability. CI 

As shown i n  Figs. 41-43, the  range of 60l8 fo r  calcite covers 18 O/oo. 

There is a general decrease i n  60l8 with increasing depth down t o  about 

3000*, below which it increases s l i gh t ly  t o  the bottoms of w e l l s .  The G 

variat ion with depth is  most simply interpreted as resu l t ing  from varia- 

t i on  i n  the  degree of isotope exchange between calcite and water with 

increasing temperature. Superimposed on t h i s  general trend are two c 
lesser patterns:  (1) calcite i n  ve in le t s  i s  usually l i gh te r  (lower 

18 16 r a t i o s  of 0 /O ) than i n  adjacent sandstone, and tha t  calcite i n  shale 

i s  heavier; and (2) 60l8 values show a d i s t i n c t  zig-zag pat tern with ic 

variable  amplitudes. 

The pat tern of a l ternat ing isotope maxima and minima (isotope inver- 

sions) is produced by var ia t ions i n  the degree of isotopic  exchange b 

between rocks and circulat ing water. 

show smooth thermal gradients with no evidence of repeated t 

inversions. 

The temperature p ro f i l e s  (Fig. 3) 

It is possible tha t  an earlier thermal regime did have b d  

multiple thermal inversions t o  which the rocks were equi l ibrated,  but 
LJ 

t 
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Carbonate in Magmamax #3 
SO'* Relative to SMOW in %O , 
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* 
it  is unl ike ly  t h a t  t he  temperature v a r i a t i o n s  would be as extreme as 

the  25-100°C va r i a t ion  i n  only a few hundred f e e t  as suggested by t h e  

isotope inversions. 

due t o  va r i a t ions  i n  t h e  in i t ia l  6 0  

It is a l s o  unl ike ly  t h a t  t h e  isotope inversions are 

18 
of t h e  sediment carbonate; t h e  

cr 

depos i t iona l  environment and source of t h e  sediments were approximately 

constant throughout t he  sec t ion  (Merriam and Bandy, 1965). The most 

p laus ib le  explanation is t h a t  t he  multiple inversions are due t o  varia- 

t i o n s  i n  permeability and hence t o  degree of equi l ibra t ion .  

t he  60l8, t he  more permeable t h e  horizon was.  

(J 

The lower 

Sandstone calcite is 

genera l ly  1 t o  7 O/oo l i g h t e r  than sha le  calcite. 

There is an exce l len t  co r re l a t ion  between i so tope  invers ions  and 

o r i g i n a l  permeability; horizons with low sandstone/shale r a t i o s  are 

characterized by isotope maxima, and horizons with high sandstone/shale 

r a t i o s  by m h i m a .  Good examples i n  Magmamax #2 (Fig. 41) include t h e  

maxima a t  1720', 2550', and 3450', and t h e  minima a t  2100' and 2500'. 

The broad minimum i n  the  i n t e r v a l  3500-4400' with i t s  increase  i n  60  

with increased depth appears t o  be unaffected by the  o v e r a l l  increase 

6 

6 18 

i n  t he  sandstone/shale r a t i o  i n  t h i s  i n t e r v a l ,  and is discussed fu r the r  

on p. 136. 
Q 

Calcite i n  green sha les  is  t y p i c a l l y  l i g h t e r  than i n  gray sha les .  

There i s  l i t t l e  v a r i a t i o n  i n  t h e  sandstone/shale r a t i o  i n  Woolsey 81 

(Fig. 43), and hence isotope inversions are poorly defined. Sandstones 

are r e l a t i v e l y  uncommon at  1350' and 2270', and t h e  60l8 values of 
c 

calcite here are higher. 

Several isotope inversions can 

i n  Fig. 44. No cor re l a t ions  can be 

be cor re la ted  between w e l l s  as shown 

made below 2700' where the  rocks i n  
b 
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Magmamax 112 have apparently been o f f s e t  by f au l t i ng .  

between i so tope  inversions i s  r e a l l y  a co r re l a t ion  between s t r a t i g r a p h i c  

horizons i n  t h e  th ree  w e l l s .  

a l l  t h r e e  w e l l s  is a major aqui fe r ;  t h e  maximum at approximately 2300' is 

an aquitard.  

about hor izonta l  water c i r cu la t ion  between t h e  w e l l s .  

The co r re l a t ion  . 

The strong minimum at  about 2000-2100' i n  cr 

The pa t t e rn  of Sol8 inversions hence provides information 

t.l 
Although it has been poss ib le  t o  c o r r e l a t e  s eve ra l  s t r a t i g r a p h i c  

horizons between w e l l s ,  t h e  curves f o r  calcite cement i n  sandstones and 

sha les  (Figs. 41-43) are considerably d i f f e r e n t ,  suggesting that the  

l i t h o l o g i e s  and/or w a t e r  c i r cu la t ion  pa t t e rns  of t h e  w e l l s  are d i f f e r e n t  

6 

i n  d e t a i l .  I n  p a r t i c u l a r ,  t he  amplitudes of cor re la ted  isotope inver- 

6 s ions  are grea te r  i n  Magmamax #3 than 112. This is shown c l e a r l y  i n  

Fig. 45 where the  sandstone curves of Figs. 41-43 are superimposed. 

Although the  minima i n  Magmamax #2 and #3 have approximately t h e  same 

c i so top ic  composition, maxima i n  Magmamax #3 are much heavier. 

The explanation f o r  t h e  d i f fe rence  i n  isotope p a t t e r n s  among t h e  

w e l l s  might be the  same as t h a t  offered t o  explain t h e  d i f f e r e n t  minerali- 

za t ion  trends: d i f fe rences  i n  sedimentary bedding. The th ree  w e l l s  are 6 
' 

located about 1 km apa r t .  The Salton Trough is, and has long been, an 

environment of f luc tua t ing  sedimentary conditions. The two most common 

sedimentary depos i t s  are l a c u s t r i n e  sha les  and stream-laid sandstones, 

and rapid f a c i e s  changes are common. The depos i t iona l  environments of t h e  

wells may have been s l i g h t l y  d i f f e r e n t  so t h a t  although major u n i t s  are 

c o r r e l a t i v e  and the  sandstone/shale r a t i o s  of Magmamax 1 2  and #3 are very 

c 

b 
similar above 2700', t h e  d i s t r i b u t i o n  may have been q u i t e  d i f f e ren t .  

I 
bj 
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If t h e  sandstone and sha le  beds are thinner and more evenly d i s t r i b u t e d  

i n  Magmamax #2 as discussed earlier (page 105), t h e r e  would be only a 

u small d i f f e rence  i n  water flow between the  f i n e l y  interbedded sandstones 

and sha les ,  and hence only a small d i f fe rence  i n  t h e  i so top ic  composi- 

t i o n s  of adjacent rock types. 

and/or less evenly d i s t r i b u t e d  so t h a t  water flow would be r e s t r i c t e d  t o  

major aqui fe rs ,  and therefore  adjacent rock types would have l a r g e  

I n  Magmamax #3 the  beds could be th i cke r  

Y 

Y 

di f fe rences  i n  i so top ic  composition. 

sha l e  beds would be a f fec ted  by the  impermeability of t he  enclosing shale. 

Minor sandstones within l a r g e  

Another p o s s i b i l i t y  is  t h a t  Magmamax #3 might contain more discontinuous 

sandstone beds which, because of t h e i r  l ack  of cont inui ty ,  have impaired 

water flow. v 
Figures 44 and 45 show t h a t  above 1800' both t h e  sha le  and sandstone 

curves of Woolsey #1 are considerably l i g h t e r  than those of Magmamax #2 

and f3. The higher sandstone/shale r a t i o s  of Woolsey 171 i n  t h i s  i n t e r -  

V a l  presumably accounts f o r  t h e  g rea t e r  isotope exchange of t h e  rocks. 
u 

Data I 

W 

Y 

I 

i from Magmamax f 2  are l i g h t e r  at  shallower depths than i n  Magmamax f3 ,  

r e f l e c t i n g  t h e  impaired c i r c u l a t i o n  of t h e  lat ter w e l l .  

Both Magmamax 12 and #3 have broad isotope minima beginn 

about 2700' with inversion po in t s  at 3100-3300' and below t h i s  a gen t l e  

increase  i n  60l8 with depth. 

show that t h e  errnal gradien ts  f l a t t e n  a t  about 3000'; therefore ,  t h e  

broad i so tope  minima are a t  least p a r t i a l l y  due t o  t h e  lower thermal 

gradients.  

The temperature p r o f i l e s  (Fig. 3) a l s o  

The increase  i n  60l8 below 3300' i n  Magmamax f 3  i s  probably 

LJ caused by t h e  increase  i n  sha le  abundance and hence lower permeability. 
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However, i n  Magmamax'f2 the  sha le  content generally decreases below 

3100' and t h e  increase  i n  60l8 may be r e l a t e d  t o  t h e  decrease i n  frac- 

t u r e  abundance below 3600' (Fig. 25); with fewer f r a c t u r e s ,  t h e r e  is 

less water c i r c u l a t i o n  i n  t h e  rocks, and hence t h e  60  18 is grea te r .  

The 60l8 t rends  of calcite i n  sandstones, sha les ,  and v e i n l e t s  are 

very similar, but i n  general  sandstone calcite is 1 t o  7 O/oo l i g h t e r  

than sha le  calcite, and ve in  calcite is genera l ly  l i g h t e r  than sandstone 

calcite. The i so top ic  compositions of calcite i n  sha les ,  sandstones, 

and v e i n l e t s  a l l  converge t o  within 5 1 O/oo with increasing depth. 

Convergence occurs a t  about 2700' (3OOOC) i n  Magmamax #2 and 113, and a t  

2300' (225°C) i n  Woolsey #l. Since ve in  calcite, un l ike  sandstone and 

sha le  calcite, is  e n t i r e l y  authigenic,  it presumably w a s  deposited i n  

i so top ic  equilibrium with t h e  water. 

a l l  t h e  calcite present b low t h e  convergence depths, regard less  of 

o r i g i n s ,  i s  approximately i n  equilibrium with the  c i r c u l a t i n g  br ines .  

Therefore, as a f i r s t  approximation, 

Carbon Isotopes. The range of 6C13 f o r  calcite covers 7 O/oo.  As 

shown i n  Figs. 46-48', t h e r e  is considerable scatter i n  t h e  d a t a  ab 

1500'. Below 1500', t h e r e  is  a general decrease i n  6C13 with increasing 

depth. The v a r i a t i o n  with.depth is  most simply in te rpre ted  as r e s u l t i n g  

from iso tope  exchange between carbonates and t h e  dissolved C02 i n  t h e  

c i r c u l a t i n g  water . 
Superimposed on t h i s  general  trend of decreasing 6C13 with depths 

are two lesser pa t te rns .  

l i g h t e r  (lower r a t i o  of C 

sha le  is heavier than i n  sandstones. 

The f i r s t  is t h a t  c a l c i t e  i n  v e i n l e t s  is usua l ly  

13 12 / C  ) than i n  sandstones, and t h a t  calcite i n  

The second pa t t e rn  is t h a t  t h e  

J 
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6C13 va lues  show a p a t t e r n  of mul t ip le  invers  

tudes. 

ons with va r i ab le  ami  i- 

The pa t t e rn  of a l t e r n a t i n g  isotope maxima and minima is produced by 

v a r i a t i o n s  i n  t h e  degree of isotope exchange between t h e  rocks and t h e  

water. 

60l8  inversions.  

not have amplitudes as g rea t  as the  60l8 inversions,  but most of t he  

There is an exce l len t  co r re l a t ion  between 6C13 invers ions  and 

T l ~ e ' b C ~ ~  inversions are not as sharply defined and do 

maxima and minima are a t  t h e  same depths f o r  both elements. The cor re la -  

t i o n  between 60l8 and 6C13 inversions ind ica t e s  t h a t  carbon isotope 

s h i f t s  are a l s o  s t rongly  cont ro l led  by permeability; t h e  more shale i n  

an i n t e r v a l ,  t h e  g rea t e r  t h e  6C13 values of rocks. 
2 

18 Figure 49 is a p lo t  of 60 .versus  6C13 i n  carbonates i n  Magmamax 112, 

#3, and Woolsey 111. 

from t h e  t h r e e  w e l l s  are v i r t u a l l y  iden t i ca l .  

l i n e a r  r e l a t ionsh ip  between 60l8  and 6C13; much of t h e  scatter 

by shallow' ,unexchanged carbonates and deep ve in  calcite. 

below 2000-2500' genera l ly  c l u s t e r  i n t o  an  area of low' 6C13 and low 6d8; 

these  deep carbona 

The range of 6CL3 is about half  t h a t  of 60Lo. Data 

There is an appro 

Data from 
I 

show more v a r i a t i o n  i n  6 and less i n  60l8 than 

shallow carbonates. The oxygen isotopes show l i t t l e  v a r i a t i o n  here 

l a r g e l y  because of t h e  approximately constant temperature. 

range i n  6C13 may be due t o  decarbonation r eac t ions  and C02 produ 

The g rea t e r  

Th6 6C13 t rends  of calcite i n  sandstones, shales,, and v e i n l e t s  a l l  

show a general  decrease i n  6C13 

0 
le ts  is 0 t o  3 

is genera l ly  0 t o  4 O/oo l i g h t e r  than I n  shales.  

increasing depth. Calcite i n  vein- 

/ o o - l i g h t e r  than i n  sandstones, and calcite i n  sandstones 

Carbon isotopes.  
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U 

l i k e  oxygen isotopes,  show more scatter i n  Magmamax #3 than i n  

Magmamax 52. 

Shale 6C13 curves f o r  Magmamax #2 and #3 are almost i d e n t i c a l  above 

2700'; 60l8 curves i n  t h i s  i n t e r v a l  are markedly d i f f e r e n t  and show much 

more complete exchange i n  t h e  Magmamax #2 shales.  Below 2700' t h e  sha le  

6 C  curves Magmamax #2 and #3 are less similar than a t  shallower 13  

depths. , There are vague broad 6C13 minima below 3200' i n  Magmamax 113 

18 and 3600' i n  Magmama 112, which approximately correspond t o  t h e  60 

minima. 

The 6C13 curves f o r  calcite i n  sandstone i n  the  t h r e e  wells are 

very d i f f e r e n t .  Carbon isotopes,  l i k e  oxygen isotopes,  are l i g h t e r  a t  

shallower depths i n  Magmamax #2 than Magmamax f 3 ,  r e f l e c t i n g  t h e  impaired 
, 1  

c i r c u l a t i o n  i n  Magmamax #3, 

v a r i a t i o n  than i n  Magmamax 112, but i n  general t h  

sandstones above 2700' is  considerably l i g h t e r  t n Magmamax 13 

sandstones. It is  enigmatic t h a t  i n  t h e  000-2700' t h e  carbon 

Magmamax #3 carbon values a l s o  show more 

e i n  Magmamax #2 

isotopes of gandstones and t h e  oxygen isotop sha les  i n  Magmamax #2 

are much l i g h t e r  than i n  Magmamax #3. 

The 6C13 curves f o r  ve in  calcite i n  Magmamax #2 and # 

apparent r e l a t ionsh ip  t o  t h e  sandstone and sha le  trends.  

both w e l l s  show a rap id  decrease i n  6C13 i n  t h e  i n t e r v a l  2000-3000', and 

t h e r e  is  a vague correspondence between and 6C inversions. 

Vein le t s  i n  

13 

Figure 36 shows that t h e  calcite content of t h e  rocks decreases with 

depth. 

carbonate abundance (Fig. 5 0 ) .  Temperature and s a l i n i t y  i n  t h e  w e l l s  

There is a l s o  a vague decrease i n  6C13 with decreasing 
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increases  wi th  depth; hence t h e  s o l u b i l i t y  of calcite increases  ( E l l i s ,  

1963) and calcite is replaced by higher temperature calcium-bearing 

13 minerals such as epidote, anhydrite,  and tremolite.  S h i f t s  i n  6C 

r e f l e c t  i so top ic  f r ac t iona t ion  during decarbonation r eac t ions  (Muffler 

and White, 1969). The isotope minima’correlate with zones where t h e  

permeabi l i t i es  w e r e  g rea t e r ,  epidote and anhydrite replaced calcite, 

apd perhaps where C13-rich C02 escaped. The composition of C02 released 

i n  C02 production w e l l s  is cons is ten t  with f r ac t iona t ion  from t h e  

calcite cement (Lang, 1959). . 

DOLOMITE 

The i so top ic  f r a  

-water and do 

temperatures due t o  t 

carbon i n  t h e  system 

s not very w e l l  known at low 

thes iz ing  dolomite a t  tempera- 

t u r e s  and pressures comparable t o  those of sedimentary environments. 

re experiments t o  p red ic t ,  however, 

syngenetic calcite 

(Northrop and C 1  1 and Eps te i  966) , whereas t h e  

n isotope f r a c t i o  ion  is.much smaller with about 2.5 O/oo enrich- * 

l3 i n  t h e  dolomite (Sheppar z ,  1970). However, many 

recent  s t u d i e s  have presented evidence t h a t  t h e  oxygen and carbon isotope 

ions  observed a much smaller, 

Degens and Epstein (1964), on t h e  bas n and carbon iso- 

t op ic  s t u d i e s  of recent  and ancient dolomites, concluded that recent  

dolomites are formed 

Their conclusions were based on recent  observations t h a t  t h e  60l8 and 6C 

of coexis t ing  calcites and dolomites i n  several modern sediments are 

omatism of pre-existing c r y s t a l l i n e  carbonate. 
I . 2. , a  . . _  

13 
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e s s e n t i a l l y  iden t i ca l .  The dolomitization process was believed t o  be a 

s o l i d  state ca t ion  exchange and reordering within calcite without altera- 

t i o n  of t h e  o r i g i n a l  oxygen and carbon i so top ic  composition of t h e  

calcite precursor. F r i t z  and Smith (1970) showed t h a t  secondary and 

chemically p rec ip i t a t ed  protodolomites have considerably smaller dolomite- 

calcite f r ac t iona t ions  (3 t o  4 O/oo) than expected from ext rapola t ions  

from higher temperature experiments. 

Many authors have noted t h a t  t h e  oxygen isotope f r ac t iona t ion  between 

calcite and dolomite is d i r e c t l y  r e l a t e d  t o  t h e  degree of ordering of t h e  

dolomite (e.g. Northrop and Clayton, 1966; F r i t z  and Smith, 1970). Struc- 

t u r a l l y  and compositionally, t h e  d i f f e rence  between dolomite and calcite 

is  g rea t e s t  when t h e  dolomite is  w e l l  c r y s t a l l i z e d  and defined. 

t he re  is  no reason t o  expect t h a t  t h e  f r ac t iona t ion  predicted f o r  w e l l -  

Hence 

defined dolomites (Northrop and Clayton, 1966) would be t h e  same as f o r  

recent ,  low-temperature, poorly-ordered protodolomites. 

Petrologic and X-ray d i f f r a c t i o n  s tud ie s  ind ica t e  that dolomite is 

present i n  sha le  and sandstone samples above 2000' i n  a l l  t h ree  w e l l s  

(Figs. 7-23). 

sha l e s  above 1000' may contain up t o  85% dolomite, anke r i t e ,  and rare 

s i d e r i t e .  

Dolomite r a r e l y  exceeds 10% i n  shallow sandstones, but t a n  

With increased depth, dolomite and anke r i t e  disappear and 

calcite becomes more abundant. Muffler and White (1969) ind ica t e  that 

t h e  r eac t ion  may be as follows: dolomite + anke r i t e  + k a o l i n i t e  -C 

2' c h l o r i t e  + calcite + CO 

Figures 41-43 show t h e  oxygen i so top ic  compositions of dolomite 

' and coexisting calcite i n  sandstones and shales of Magmamax 82, #3, and 
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Woolsey f l .  Dolomites' show more scatter t h  he corresponding cal- 

cites, but genera l ly  p a r a l l e l  t he  calcite trend. 

5 t o  8 O/oo f r ac t iona t ion  between dolomite and calcite; occasional 

samples have only a 1 O/oo f rac t iona t ion .  

Most samples show a 

There is no apparent decrease 

' i n  t h e  observed f r ac t iona t ions  with increased depth. 

Figures 46-48 show the  carbon i so top ic  compositions of dolomite and 

coexis t ing  calcite i n  sandstones and sha les  of Magmamax 112, 1 3 ,  and 

Woolsey #l. Dolomites are genera l ly  1 t o  3.5 ' / O O  heavier than t h e  

corresponding calcites; e few dolomites are s l i g h t l y  l i g h t e r  than t h e  

corresponding calcites. The carbon i so top ic  compositions show no 

13 apparent rel 'at ionship with depth o r  calcite 6C 

t h e  s p a r s f t y  of data.' 

, haps because of 

d i s t i n c t  types 

les are separa tes  m extremely well-mineralized sandstones, 

and are t h e  t z  which remained a f t e r  t h e  removal of epidote o r  hematite 
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L, 
b 

f o r  ana lys i s .  

nonporous. 

A l l  these  sandstones are a l i k e  i n  being very dense and 

The va r i a t ions  i n  d o l 8  of quartz i n  Magmamax #2 and #3 with depth t 
are p lo t ted  on Figs. 51 and 52. 

t h e  oxygen i so topic  compositions of quartz i n  porous sandstones have a 

pa t t e rn  of c y c l i c  va r i a t ions  with .5 t o  1 

composition of 13.5 O/oo. 

I n  t h e  i n t e r v a l  1000-3000' i n  Magmamax 53, 

0 

&I 
/oo amplitudes around a mean 

There is a very good cor re l a t ion  between 

the  quartz i so top ic  inversions and l i tho logy .  I n t e r v a l s  containing 

ai abundant sha le  have higher values of dol8 than more sandy intervals; 

hence, l i k e  carbonates, quartz exchanges more r e a d i l y  i n  permeable zones. 

Below 3000' i n  Magmamax 13, porous sandstones are r a t h e r  sparse  

c and t h e i r  i so top ic  compositions show a decrease i n  d o l 8  t o  12 3 /00  

a t  3900'. 

no r e l a t ionsh ip  t o  permeability below 3000'. 

Quartz da t a ,  l i k e  most of t h e  calcite da ta ,  show l i t t l e  or 

c The general pa t t e rn  of i so top ic  compositions of porous sandstones 

i n  Magmamax #3 is very similar t o  t h a t  of quartz i n  River Ranch #1 

(Clayton and o thers ,  1968). 

composition of 13.5 O/oo above 4000', and then decrease t o  11.5 O/oo a t  

8000'; quartz is  very r e s i s t a n t  t o  0l8 exchange and has exchanged only 

The River Ranch #l quartzes have a constant 

G 

half-way t o  equilibrium (Clayton and o thers ,  1968). 

b A t  t h e  beginning of t h i s  isotope study i t  w a s  thought t h a t  porous 

and hence unminerazized sandstones would have had t h e  g r e a t e s t  water circu- 

l a t i o n  and hence t h e  most complete isotope exchange; however, t h e  quartz 

i n  these  sandstones were found to' be only p a r t i a l l y  exchanged. 

exce l len t  co r re l a t ion  

. 

Lr Later t h e  

. L J  found between degree of hydrothermal a l t e r n a t i o n  
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and calcite 60l8 minima suggested t h a t  t he  present ly  unporous but highly 

mineralized sand nes might have had more water c i r c u l a t i o n  but now are 

sealed. Therefore, nonporous sandstones were co l lec ted  and analyzed 

and are genera l ly  1 t o  3 O/oo l i g h t e r  than t h e  previous group. 

i so top ic  compositions of t h e  quartz i n  w e l l  mineralized sandstones 

a l s o  show a d e f i n i t e  Correlation with the  sandstone/shale r a t i o ,  and 

t h e  more mineralized t h e  sandstone, t h e  lower the  60 . 

The 

18 

EPIDOTE 

A l l  t h e  epidotes analyzed are from w e l l  mineralized sandstones; t h e  

coexis t ing  quartz f r a c t i o n s  of most of t he  sandstones w e r e  a l s o  analyzed. 

The oxygen i s o t o p i c  compositions of both the  epidotes and t h e  coexis t ing  

quartz are p lo t t ed  on Figs. 51 The values of ep idote  from 

both Magmamax #2 and #3 range from 3.5 t o  6.5 O/oo,  about 4 O/oo l i g h t e r  

than t h e  associated quartz.  

There is an extremely good co r re l a t ion  between the  60l8  of ep idote  

' *  and coexis t ing  quartz in Magmamax #2. 

dote  are subpa ra l l e l  and have isotope maxima and minima a 

depths. 

is less w e l l  exchanged and also where fewe 

The t rends  of t h e  quartz and epi-  

The same re l a t ionsh ip  is not seen i n  Magmamax #3 where t h e  quar tz  

g quartz samples 

appear t o  be r e l a t e d  t o  t h e  

b i l i t y  of t h e  nea 1;lghter i n  i n t e r -  

f 

ua r t z  and epid suggests tha  ion of ep idote  

1 '  , 
may a l s o  be r e l a t e d  t o  permeability. 
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There apparently is no simple r e l a t ionsh ip  between epidote composi- 

t ion ,  t he  d o l 8  of epidote,  and t h e  estimated 601* of water. 

ep idotes  i n  reg iona l ly  metamorphosed zones show t h a t  t h e  i r o n  content of 

ep idotes  i s  c lose ly  r e l a t ed  t o  the  fugac i ty  of oxygen (Ernst, 1964; 

Brown, 1967). 

I I D  w e l l s  a l s o  concluded t h a t  oxygen fugac i ty  con t ro l s  composition. There 

is a good co r re l a t ion  between hematite abundance and t h e  high i ron  content 

of epidote i n  Magmamax C2; t h e  Fe+3 content of Magmamax #3 epidotes 

shows no co r re l a t ion  with the  hematite/pyrite r a t i o .  

Studies of 

Keith and o the r s  (1968) i n  t h e i r  study of epidotes i n  t h e  

HEMATITE 

H e m a t i t e  w a s  co l lec ted  primarily from v e i n l e t s  with a few from 

sandstone mineralization. The 60 18 values range from -4.90 t o  -.25 O/oo 

as shown on Figs. 51 and 52. 

v a l  3600-4100' i n  Magmamax #2; one hematite is  from 3085' i n  Magmamax 83. 

Three of t h e  hematites, two a t  3825' and one a t  3945' i n  Magmamax #2, 

Eight of t h e  hematites are f r o m t h e  in t e r -  

w e r e  mainly from sandstone mineralization and t h e  coexisting quartz was 

analyzed separately.  

Water Composition and Iso topic  Equilibrium 

Based on analyses from severa l  w e l l s ,  Clayton and o the r s  (1968) 

estimated t h a t  t h e  oxygen i so topic  composition of b r ines  i n  t h e  c e n t r a l  

pa r t  of t h e  Salton Sea geothermal f i e l d  is  2 -+ .5 O/oo, and found t h a t  

calcite i n  t h e  i n t e r v a l  400(?)-7000' i n  River Ranch #1 w a s  i n  apparent 

i so top ic  equilibrium a t  present temperatures with a br ine  of t h i s  
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constant composition. No isotope analyses of water from Magmamax 12, 

13, o r  Woolsey #1 are present ly  ava i lab le ;  however, t heo re t i ca l  water 

compositions i n  i so top ic  equilibrium with calcite have been ca lcu la ted  

using t h e  f r ac t iona t ion  c a l i b r a t i o n  of O ' N e i l  and o the r s  (1969), and 

are p lo t t ed  on Figs. 53-55 f o r  Magmamax #2, #3, and Woolsey 111, respectively.  

The graphs suggest t h a t  un l ike  a t  River Ranch ill, t h e  water composi- 

t i o n  i n  these  th ree  w e l l s  cannot be assum'ed t o  be constant.  

The range of oxygen i so topic  compositions of c a l c i t e  i n  t h e  th ree  

w e l l s  extends from about 25 O/OO i n  shallow sha les  and sandstones t o  a 

minimum of 7 ' / o o  a t  3000-3500'. This decrease i n  60l8 is due t o  

exchange with t h e  oxygen of t h e  c i r c u l a t i n g  water which has t h e  n e t  e f f e c t  

of enriching t h e  water and deple t ing  t h e  calcite i n  0 

estimated t h a t  t h e  i n i t i a l  composition of water i n  t h e  r e se rvo i r  was 

about -11 O/oo. As t he  

exchange, t h e  

a composition of approximately 2 O/oo.  

18 . Craig (1966) 

of calcite decreases with depth due t o  

0l8 of t h e  water should increase,  and appears t o  reach 

A t  equilibrium, t h e  f r ac t iona t ion  of oxygen isotopes between calcite 

and w a t e r  is a func t ion  of temperature, and hence i f  t h e  calcite and 

water i n  t h e  w e l l s  are i n  p i c  equilibrium a t  

t h e  water composition can lcu la ted .  Unfortu , i so topic  equ i l i -  

brium, l i k e  chemical equilibrium, is d i f f # c u l t  t o  prove. Permeability, 

as w e l l  as temperature, has a strong e f f e c t  on t h e  establishment of 

i so top ic  equilibrium. If i n s u f f i c i e n t  water has c i r cu la t ed  t h r  

rocks, t h e  calcite w i l l  not be completely exchanged; if temperatures 

- 
ogged temperatures, 

I 

are too  low, t h e  r eac t ion  k ine t i c s  are too slow. It is  reasonable t o  
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w .  
W 

expect that shallow calc 

depth exchange w i l l  be more 

So what Figs. 53- 

w i l l  not be exchanged, and with increasing 

lete. 

a model of water compositions would be 
W 

uid inclusions in’bgmamax #2 indicate  tha t  

Y 

0 

v 

erns i n  Magmamax 

u 
I 

I 

u 

cp 

v 
hd exchange between d e t r i t a l  carbonate and water 

is l i k e l y  t o  be inkomplete. Occasional samples have calculated water 

Y 
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Lr' 
3 

compositions less than -5 O/oo, and i n  rare samples very Close t o  -11 ' l oo .  

This might suggest i so top ic  equilibrium with waters only s l i g h t l y  changed 

from t h e  i n i t i a l  -11 O/oo. 

t h e  calcite i n  these  samples is  suspiciously c lose  t o  t h e  i n i t i a l  

On t h e  o ther  hand, t h e  measured 0l8 of 

.composition of t he  clastic o r  evaporative carbonates, so l i t t l e  o r  no 

exchange may have occurred. 

shallow samples i s  diagenetic r a t h e r  than evaporative and hence formed i n  

equilibrium with waters of compositions very c lose  t o  -11 O/oo. 

It is poss ib le  t h a t  much of t he  calcite i n  
b 

Petrologic evidence suggests t h a t  most of t h e  calcite w a s  formed 
Q 

e a r l y  i n  the  mineralization h i s to ry  of t h e  rocks. 

o r i g i n a l l y  micritic, and has later been r e c r y s t a l l i z e d  t o  in te r locking  

or  spar ry  cement i n  sandstones. 

of authigenic calcite w e r e  p rec ip i t a t ed  i n  t h e  sandstones. 

The calcite w a s  

During r e c r y s t a l l i z a t i o n  va r i ab le  amounts 
6 

Since very 

shallow sandstones contain abundant calcite formed a t  low temperatures, 

it is perhaps reasonable t o  i n f e r  t h a t  t h e  o r i g i n a l  micrite i n  t h e  sand- 

stones and sha le s  formed d iagene t i ca l ly  near t he  surface a t  very low 
4 3  

temperatures. Under these  conditions,  t h e  compositions of t he  o r i g i n a l  

calcite and t h e  water i n  equilibrium with it would be c l o s e  t o  22 t o  

25 O/oo and -11 O/oo,  respec t ive ly .  
6. 

Below 500-1500', depending on w e l l  and relative permeabi l i t i es ,  

t he re  probably has been s u f f i c i e n t  water exchanging with t h e  calcite 

f o r  i so topic  equilibrium t o  be established. 

i n  t h i s  i n t e r v a l  suggests water c i r c u l a t i o n  has been grea t .  Sandstones, 

because of t h e i r  g rea te r  permeability, are i n  presumed equilibrium with 

The extensive minera l iza t ion  

b 

t$ l i g h t e r  water than shales.  Above 3000', t h e  w a t e r  i n  sandstones and 
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W 
V 

sha les  ranges in composition from 2 t o  1 0  O/oo i n  Magmamax #2 and #3, 

Woolsey 111 sandstones have waters ranging between 0 and 3 o/oo.  

b a t e  t h e  water composition is  by analyzing ve in  ru / 

alcite. Since t h e  ve in  calcite i s  formed at e q u i l i b r i  with t h e  circu- I 

water, i f  t h e  tempe u re  has not changed s ince  depos'ition, o r  

i f  t h e  calcite has re-equilibrated t o  present temperatures, we can then 

c a l c u l a t e  t h e  ve in  water composition. 

compositions similar t o  t h a t  of t h e  ve in  calcite, t h e  compositions of 

f r a c t u r e  waters and rock waters are probably similar; i f  t he  ve in  and 

rock calcite COmpOSitiOnB 

V 
I f  t h e  enclosing rocks have isotope 

w 
e very d i f f e r e n t ,  t h e  sources 

f f e r e n t ,  o r  t h e  rock calcite is incompletely exchanged. 

Y 
enclosing rocks, and ve in  water i 

l i g h t e r  than t h e  wate 

1 3  and from above 3000' i n  

calcite from Magmamax 

cd 

Y 1 

b, 

n f r a c t u r e s  during 

v 

eic, 
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absence of water samples, t he  next bes t  way t o  demonstrate equilibrium is 

t o  compare t h e  i so topic  compositions of two o r  more minerals presumed t o  

be i n  i so top ic  equilibrium. Assuming logged temperatures, i f  t h e  water 

compositions calculated using t h e  two geothermometers are concordant, then 

i so topic  equilibrium has been established between t h e  two minerals and 

the  br ine ,  and the  a c t u a l  water composition has hence been calculated.  

I n  t h i s  study, dolomite, quartz,  hematite, and ep idote  samples were 

analyzed i n  addi t ion  t o  calcite, but none of the  poss ib le  mineral p a i r s  

proved t o  be s a t i s f a c t o r y  geothermometers over l a r g e  depths. 

Figures 53-55 compare t h e  ca lcu la ted  w a t e r  compositions i n  equilibrium 

with dolomite (Northrop and Clayton, 1966) with t h e  corresponding water 

compositions ca lcu la ted  f o r  coexisting calcite. About ha l f  of t he  dolo- 

m i t e  waters are 1 t o  2 O/oo heavier,  1 /4  are 1 t o  2 O/oo l i g h t e r ,  and 

1 /4  are 3 t o  8 O/oo heavier than t h e  corresponding ca lcu la ted  composition 

of t h e  water i n  equilibrium with calcite. The c l o s e  correspondence of 

water compositions calculated f o r  t h e  calcite-dolomite p a i r s  i nd ica t e s  

t h a t  shallow coexisting calcite and dolomite i n  sha les  and sandstones 

are approximately i n  i so top ic  equilibrium with each o ther .  

t u r e s  about 1000' are low and t h e  rocks r e l a t i v e l y  impermeable, t h e  

Since tempera- 

apparent i so top ic  equilibrium between calcite and d d o m i t e  i s  probably 

o r i g i n a l  r a t h e r  than due t o  later exchange; t h i s  suggests that both 

minerals are probably l a rge ly  evaporative o r  d iagenet ic ,  and were formed 

i n  equilibrium a t  o r  near present temperatures. 

The f r ac t iona t ion  of oxygen between dolomite and calcite below 

1000' is  less expllcable.  These dolomites are apparently not i n  equi- 

Y 

L d  
d 

b 

b 

b 

6 

r 



162 

- _  > 

l ib r ium with coexisting calcite a t  present temperatures. Since dolomite 

i s  less r e a d i l y  exchanged than calcite (Epstein and o the r s ,  1964), 

these  deeper dolomites may not be re-equilibrated i n  accordance with 

present temperatures and water compositions. 

Figures 56 and 57 show t h e  calculated water compositions i n  theo- 

retical equilibrium with quartz a t  t h e  logged temperatures using t h e  

quartz-water'calibration equations of Clayton and o t h e r s  (1972). 

ca lcu la ted  water compositions i n  equilibrium with calcite i n  sandstones, 

sha les ,  and v e i n l e t s  are a l s o  shown on t h e  p l o t s .  

The 

The ca lcu la ted  water compositions i n  t h e o r e t i c a l  equilibrium with 

quartz i n  t h e  porous sandstones of Magmamax #3 show a progressive increase  

i n  60l8 from 0 t o  6 O/oo i n  t he  i n t e r v a l  1200-3000', and then a decrease 

t o  5 O/oo a t  3900'. 

t i o n s  f o r  quartz i n  porous sandstones and calcite i s  probably fo r tu i tous .  

Quartz i n  t h e  unexchanged sediment is primarily d e t r i t a l  and is  

derived from igneous and metamorphic rocks i n  which t h e  

is usua l ly  i n  t h e  range of +10 t o  15 O/oo. 

e f f e c t s  of temperature and 60l8 of t h e  water, t h i s  is  a l s o  

The c l o s e  match between ca lcu la ted  water composi- 

f o r  quartz 

Due t o  t h e  compensating 

same range expected f o r  quartz equi l ibra ted  i n  t h e  geothermal system. 

Variations i n  t h e  60l8 of quartz c o r r e l a t e  ve w e l l  with permeabili ty 

changes, and hence are probably due t o  p a r t i a l  exchange r a t h e r  than I 
i nhe r i t ed  d i f f e rences  i n  d e t r i t a l  quartz composition. 

decrease i n  quartz 60 

exchange a t  higher temperatures. 

The gradual 

18 
below 3000' is  a ls  probably due t o  g rea t e r  
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fs 
An a l t e r n a t i v e  t o  p a r t i a l  exchange i s  t h e  e f f e c t  of a much lower 

60l8 of overgrowths on t h e  t o t a l  quartz i so topic  composition. 

t he re  is  only a vague co r re l a t ion  between overgrowth abundance and 

i so topic  composition. 

However, 

b 
Since t h e  overgrowth/detri tal  r a t i o  is usua l ly  

less than 1/10, t h e  lower 60l8 composition of t he  overgrowth would have 

18 only a s l i g h t  e f f e c t  on t h e  ove ra l l  60 . 
Quartz i n  w e l l  mineralized sandstones is generally 1 t o  3 ' / o o  

b 

l i g h t e r  than t h a t  of porous sandstones, and most have 60l8 va lues  between 

9 and 10  O/oo.  The calculated water compositions i n  theo re t i ca l  equ i l i -  

brium with t h e  quartz i n  these  sandstones are a l s o  shown i n  Figs. 56 and 

57. Water compositions range from 1 t o  4 / o o ,  but most of them are 

e 

0 

between 2 t o  3 O/oo.  

calcite and these  quartz are qu i t e  similar below 2700', suggesting t h a t  

The calculated waters i n  equilibrium with both 
e 

both minerals i n  these  w e l l  mineralized sandstones are approximately i n  

i so topic  equilibrium at  ex i s t ing  temperatures. 
b 

The overgrowth/detri tal  r a t i o  of sandstones in  t h i s  i n t e r v a l  are 

about 1/8 f o r  Magmamax #3 and 1 /4  f o r  Magmamax f 2 ;  therefore ,  both over- 

growth and d e t r i t a l  quartz i n  some sandstones have completely exchanged 

with water of 2 t o  3 O/oo and are i n  i so topic  equilibrium a t  temperatures 

as low as 290OC. 

is anomalous t h a t  the  d e t r i t a l  quartz cores appear t o  have t o t a l l y  

exchanged with t h e  brine. Previous s tud ie s  of d e t r i t a l  quartz (e.g., 

Since exchange by so l id  state d i f fus ion  is  minimal, it 

t' 

Clayton and o thers ,  1968; Coplen, 1976) o r  igneous quartz (e.g., Eslinger . 

and Savin, 1973; Bla t tner ,  1975) show much less exchange with water. Although 

the re  i s  s t i l l  an o p t i c a l  boundary between the  d e t r i t a l  core  and hydro- 
ti 

Li 
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thermal overgrowth, perhaps the re  has been r e c r y s t a l l i z a t i o n  of t h e  

d e t r i t a l  core during mineralization wh aided isotope exchange. 
16 

Both magnetite hematite tend t o  concentrate 0 during equ i l i -  
i 

brium oxygen isotop p i r ica l  observations ind ica t e  t h a t  t he  

f r ac t iona t ion  of oxygen 

s l i g h t  (Clayton and Epstein, 19611, thus f o r  a f i r s t  approximation, 

magnetite-wat 

tween hematite and magnetite is very 

geothermometers can be used f o r  hematite-water. 

last f i f t e e n  years severa l  cont rad ic tory  magnetite (hematite)- 

water f r ac t iona t ion  curves have been ca lcu la  . The hematite-water 

c a l i b r a t i o n  curve of Clayton and Bpstein (1961) was estimated from ob- 

served f r ac t iona t ions  between coexisting minerals, and a t  32OoC, t h e  

* 

a t  32OoC, t h e  A 

t e  a magnetite-water 
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u both t h e o r e t i c a l  considerations and t h e  da t a  of Anderson and o the r s  

(1971); a t  320°C, t h e  extrapolated A = -7.9 O/oo. 

Extrapolations from t h e  most recent magnetite-water f r ac t iona t ion  

curves thus show t h a t  t h e  f r ac t iona t ion  a t  32OOC is between -7.9 and 

-9.6 O/oo. 

t h e  ca lcu la ted  water compositions cannot be estimated with any g rea t e r  

accuracy. 

t i t e  using A hematite-water = -8.1 O/oo are shown i n  Figs. 56 and 57. 

Calculated water compositions range from 3 t o  8.5 O/oo, and thus 'the 

Since t h e  present uncer ta in ty  is  about 1.7 O/oo a t  320°C, 

The theo re t i ca l  water compositions i n  equilibrium with hema- 

water composition is not constant. 

The water compositions calculated f o r  calcite i n  sandstones, sha les ,  

and v e i n l e t s  i n  Magmamax #2 are a l s o  p lo t t ed  on Fig. 56. Calcite d a t a  

are very sparse below 3500' due t o  t h e  general absence of calcite i n  

permeable rocks a t  high temperatures. 

hematite generally f a l l  between t h e  water compositions calculated f o r  

calcite i n  shale and quartz i n  sandstones, suggesting t h a t  t h e  t h r e e  

minerals and water are a l l  approximately i n  i so topic  equilibrium. Due 

t o  t h e  s c a r c i t y  of hematite, v e i n l e t  and sandstone mineralization were 

generally combined. 

stone water compositions are not necessar i ly  iden t i ca l .  Therefore, some 

Water compositions ca lcu la ted  f o r  

As has been i l l u s t r a t e d  earlier, v e i n l e t  and sand- 

of t h e  scatter of t h e  hematite da t a  may be due t o  t h e  combining of varia- 

b l e  amounts of hematite equi l ibra ted  with waters of s l i g h t l y  d i f f e r e n t  

compositions. 

Only one hematite w a s  analyzed from Magmamax f3.  The ca lcu la ted  

water composition is shown on Fig. 57 along with t h e  water composition 

t rends  ca lcu la ted  f o r  calcite i n  sandstones, sha les ,  and ve in l e t s .  There 
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is  an exce l len t  co r re l a t ion  between t h e  high of t h e  water ca lcu la ted  

f o r  t h e  hematite sample, and a sharp i 

water i n  e q u i l i b r  

pe maximum calculated f o r  

with nearby sha le  calcite. The hematite sample w a s  

co l lec ted  from t i n y  v e i n l e t s  i n  purple and gray sha les ;  t hese  types of I 
sha le s  tend t o  be impermeable. The s i m i l a r i t y  of t h e  calcite and hema- 

t i t e  water ca l cu la t ions  suggests t h a t  t h e  hematite w a s  deposited from 

water very s imi l a r  i n  oxygen i so top ic  cotnposition t o  t h a t  c i r c u l a t i n g  

within t h e  enclosing, r a t h e r  impermeable, shales. herefore not only 

are waters i n  permeable sandstones i n  equilibrium with t h e  rocks, but 

waters i n  some shales as w e l l .  

, suggesting t h a t  

Above 2700', both 

2700' of t en  have approxi- 

i 
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Y 
Effect of S a l i n i t y  on 60l8 Act iv i ty  

I n  oxygen isotope geochemistry, r a r e l y  i s  a d i s t i n c t i o n  made between 

t h e  a c t i v i t y  isotope r a t i o  and t h e  concentration isotope r a t i o  because CLi 

i n  most s tud ie s  the  d i f fe rence  between these  r a t i o s  is within experimen- 

t a l  accuracy. However, Truesdell (1974) has found t h a t  i n  hot highly 

s a l i n e  f l u i d s  such as Salton Sea geothermal br ines  the re  may be a Q 

signif. icant d i f fe rence  between the  a c t i v i t y  and concentration ratios 

due t o  water molecules bound i n t o  salt  hydration s t ruc tu res .  

Figure 58 shows t h e  d i f fe rence  i n  t h e  a c t i v i t y  and concentration $ 

d o l 8  values of b r ine  from a hypothetical  Salton Sea w e l l .  The author 

collaborated on t h e  construction of t h e  f igu re ;  t h e  ca l cu la t ions  and 

assumptions made i n  t h e  construction of t h e  f i g u r e  are presented i n  c 

Olson (1976). A t  elevated temperatures, t h e  sal t  e f f e c t  may be as high 

as 7 O/oo,  thus without accurate water s a l i n i t y  da t a ,  water 60l8 concen- 

t r a t i o n s  cannot be ca lcu la ted  with any g rea t e r  accuracy. However, one e 

can use  c a l i b r a t i o n  equations (e.g., O ' N e i l  and o the r s ,  1969) t o  calcu- 

l a t e  water 60l8 activit ies.  Therefore, t he  water @18 compositions pre- 

sented i n  Figs. 53-57 are a c t u a l l y  a c t i v i t y  values,  r a t h e r  than concentra- c 

t ions. 

Given accura te  water s a l i n i t y  da ta ,  water concentration values 

may be ca lcu la ted  from a c t i v i t y  60  18 values. Preliminary f l u i d  c 
inc lus ion  f reez ing  temperature da t a  ind ica t e  t h a t  s a l i n i t i e s  

i n  Magmamax #2 are similar t o  values ca lcu la ted  by Helgeson 

s a l i n i t i e s  i n  Magmamax P2 are similar t o  values ca lcu la ted  by Helgeson 

(1968) f o r  nearby w e l l s  (C. I. Huang, pers. com., 1976), but present ly  

G 

u 
18 

the re  are insu f f i c i en t  da ta  t o  estimate t h e  a c t u a l  water 60 concentra- 

t 
# 
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18 t ions .  Pa r t  of t h e  v a r i a t i o n  i n  water 80 a c t i v i t i e s  of d i f f e r e n t  rock 

types shown i n  Figs. 53-57 may be due t o  s a l i n i t y  d i f fe rences ,  but l a r g e  

d i f fe rences  i n  s a l i n i t y  over shor t  v e r t i c a l  i n t e r v a l s  are unlikely.  
ci 

Because of t h e  d i f f i c u l t y  of r e c r y s t a l l i z i n g  minerals i n  pure water, 

most c a l i b r a t i o n s  of isotope geothermometers have been made with d i l u t e  

s a l t  so lu t ions  as "mineralizers". Preliminary experiments suggest t h a t  

a t  250°C t h e  observed f r ac t iona t ions  i n  t h e  calcite-water and quartz- 

water systems may be too high by 1.5 and .3 O/oo,  respec t ive ly  (Truesdell, 

1974). 

quartz shown i n  Figs. 53-57 may be s l i g h t l y  too l i g h t .  

c: 

As a r e s u l t ,  water 601* a c t i v i t i e s  ca lcu la ted  f o r  calcite and 
Q 

DISCUSSION AND CONCLUSIONS 
6 

Extensive oxygen and carbon isotope exchange has occurred between 

geothermal b r ines  and country rocks. Detrital and d iagenet ic  carbonates 

have exchanged with t h e  b r ines  a t  temperatures as low as 100-150OC. (. 

Both d e t r i t a l  and authigenic quartz i n  dense, highly a l t e r e d  and mineralized 

sandstones have completely o r  almost completely exchanged a t  temperatures 

as low as 290OC. Hydrothermal epidote d e l  values are depleted i n  0l8 by I€ 

approximately 4 O/oo relative t o  coexisting quartz. 

is i n  apparent oxygen i so topic  equilibrium with quartz a t  measured bore- 

Hydrothermal hematite 

hole temperatures. G 
In  a l l  t h ree  w e l l s  there  is a general decrease i n  carbonate 60 18 

with increasing depth down t o  about 3000', below which it increases 

s l i g h t l y  t o  t h e  bottoms of t he  w e l l s .  Superimposed on t h e  general  trend G 

is a pa t t e rn  of mul t ip le  i so topic  inversions; t h e  loca t ions  and ampli- 
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tudes of t h e  inversions are s t r a t i g r a p h i c a l l y  cont ro l led .  

composition of ve in  calcite is generally 0 t o  1 O/oo l i g h t e r  than calcite 

cement i n  sandstones, which i n  tu rn  is 1 t o  O/oo l i g h t e r  than calcite 

i n  shale. 

The i so top ic  

I.. 

There is a s l i g h t  increase i n  6C13 with depth i n - t h e  i n t e r v a l  

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

inversions are usua l ly  present a t  t h e  same depths as oxygen isotope 

Carbon i so tope  

inversions. 

than t h a t  of sandstones, and carbon i n  sandstones is l i g h t e r  than i n  

The carbon i so topic  composition of ve in  calcite is  lighter^ 

shales. 

r e s u l t i n g ' i n  carbon isotope f r ac t iona t ion  among carbonates, dissolved 

carbonate, and evolved C02. 

S h i f t s  i n  6C13 are probably due t o  decarbonation r eac t ions  

Several isotope inversions above 2700' can be cor re la ted  between 

What is  ac tua l ly  being cor re la ted  are t h e  major hor izonta l  

aqu i f e r s  and aquitards.  

l a r g e l y  lateral- and ' is s t r a t i g r a p h i c a l l y  controlled.  

t i o n s  of t h e  inversions are t h e  same i n  t h e  t h r e e  w e l l s ,  t h e  amplitudes 

are d i f f e r e n t  , 
present  i n  a l l  t h e  wells, 

Water t ranspor t  i n  t h e  i n t e r v a l  1000-3000' is  

Although t h e  loca- 

although t h e  same s t r a t i g r a p h i c  u n i t  is 

hows appreciable lateral var 

e r s ions  i n  Magmamax #3 ar 

e g rea t e r  amplitu 

Amplitudes of i s o t o  

permeability i n  sandstones and sha les  i n  Magmamax 

.#3. Water is apparently y r e s t r i c t e d  t o  i l i s t i n c t  aqu i f e r s  i n  

gmamax #3, whil #2 t h e  water t r anspor t  -is more evenly 

d i s t r ibu ted .  The d i f fe rences  i n  t h e  water d i s t r i b u t i o n  p a t t e r n s  i n  t h e  

th ree  wells'are probably a r e s u l t  of o r i g i n a l  d i f fe rences  i n  sedimenta- 
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Lid 
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t i on ;  one p o s s i b i l i t y  is tha t  although major u n i t s  are c o r r e l a t i v e  and # 

j 
j 
: ,  

sandstone/shale r a t i o s  i n  Magmamax #Z and f"3 are very similar above 

2700', t h e i r  d i s t r i b u t i o n  might be q u i t e  d i f f e r e n t ,  r e s u l t i n g  i n  more 
b 

evenly d i s t r ibu ted  water t ranspor t  i n  Magmamax 112 than #3. 

One of t h e  problems of using c u t t i n g s  r a t h e r  than core  i s  t h a t  i n  

any handpicked sample of uniform chips ,  t h e  ind iv idua l  ch ips  are probably 
c 

! 

from severa l  d i f f e r e n t  beds within t h e  sampled in t e rva l .  I f  t h e  calcite 

i n  similar-appearing ch ips  from d i f f e r e n t  beds within a 30' i n t e r v a l  

have very d i f f e r e n t  i so top ic  compositions, t h e  composition of t h e  t o t a l  

sample represents  a weighted "average" of several beds. 
lu 

Signi f icant  tempera- ! .  

t u r e  f luc tua t ions  are unlikely over a 30' i n t e r v a l ,  so probably any varia- 

t i o n  i n  i so topic  composition among similar-appearing ch ips  from several 
6 

nearby beds is due t o  permeability d i f fe rences .  

I n  h i s  study of core  from E a s t  Mesa geothermal w e l l s ,  Coplen (1976) 

found as much as 8 O/oo v a r i a t i o n  i n  60l8 over severa l  meters of homo- 
01 

geneous-appearing rocks. 

generally less than within sandstone un i t s .  

The v a r i a t i o n  within sha le  u n i t s  (2 O / O O )  w a s  
~ 

Calcite i n  sandstone and 

shale beds only 10 c m  apa r t  had compositions d i f f e r i n g  by as much as 

10 O/oo. 

i n  60 

6 
Where sandstone and shale beds were th inner ,  t h e i r  d i f f e rence  

The v a r i a t i o n  i n  60l8 was l a r g e l y  due t o  d i f f e rences  18 w a s  less. 

18 i n  permeability; calcite i n  coarser grained sandstones had lower 60 

values. Calcite i n  t h i n  shale beds enclosed by more permeable sandstones 
G 

had i so top ic  compositions very c lose  t o  t h a t  of t h e  enclosing sandstone; 

hence t h e  permeability of nearby rocks was important i n  determining t h e  c 
b i so top ic  exchange of a rock. Due t o  t h e  g rea t  scatter i n  i so top ic  com- 

b 
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pos i t i on  over sho r t  d i s tances  seen i n  cores,  when studying c u t t i n g s  

Cople d bulk samples i n  order t o  ave e out t h e  sharp va r i a t ions .  

- Unfortunately core  is ava i l ab le  from Magmamax #2, 63, o r  

Woolsey f l .  

temperatures of t hese  w e l l s  t he re  would be less i so topic  v a r i a t i o n  o r  

disequilibrium among homogeneous-appearing rocks over shor t  i n t e r v a l s .  

However, it is  reasonable t o  expect t h a t  a t  t h e  higher 

Mesa 6-1, t h e  h o t t e s t  of t h e  East Mesa wells is  only 205'C a t  8000'. 

ax 12 and #3 reach 200' a t  about 1500', and 300' a t  2900'. Above 

about 1500' i n  Magmamax #2 and #3, calcite i n  sandstones and sha le s  is 

apparently not i n  i so topic  equilibrium. Re-picked samples above 1500 * 
f requent ly  have q u i t e  d i f f e r e n t  i so top ic  compositions, suggesting that 

2 

t he re  is appreciable v a r i a t i o n  i n  oxygen i so topic  composition of these  

us-appearing chips;  below 1500', t h e  chips i n  homogeneous- 

appearing sample 

Hence t h e  ana lys i s  

l i t t l e  v a r i a t i o n  i n  composition. 

, uniform sample below 1500' probably 

is  a r e l i a b l e  ind ica tor  of t h e  co i t i o n  of rocks wi th in ' the  i n t e r v a l ,  

onal support f o r  t h e  

e ra tu re s  over 200' is  

i c h  can be e a s i l y  
0 

l a t e d  with 1 

W 

U 

temperatures low; hence r eac t ion  k i n e t i c s  are slow and isotope exchange W 

Y 
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is incomplete. Above l O O O ' ,  calcite and dolomite appear t o  be 

approximately i n  i so top ic  equilibrium a t  present temperature; s ince  

temperatures i n  t h i s  i n t e r v a l  are r a t h e r  low f o r  complete exchange of 

d e t r i t a l  carbonates, t h e  apparent equilibrium may be due t o  equilibrium 

p rec ip i t a t ion  of d iagenet ic  carbonates. 

In  t h e  i n t e r v a l  1500-2700' only calcite i so top ic  d a t a  are ava i lab le .  

Calcite i n  t h e  most permeable horizons has approximately t h e  same i so top ic  

composition as ve in  calcite, so presumably i n  a t  least some i n t e r v a l s  

calcite has t o t a l l y  exchanged with the  brine.  There are i n s u f f i c i e n t  

da ta  t o  conclude whether t h e  higher 60l8 values i n  less permeable hori- 

zons ind ica t e s  incomplete exchange o r  equ i l ib ra t ion  with a water of 

higher 60l8 than i n  more permeable horizons. 

Below 2500' t h e  oxygen i so top ic  compositions of calcite i n  v e i n l e t s ,  

sandstones, and sha les  converge t o  within approximately 1 O/oo,  showing 

t h a t  permeability va r i a t ions  have less e f f e c t  on i so topic  composition 

and sugBesting t h a t  a l l  t h e  calcite has completely exchanged with b r ine  

of t h e  same composition. Below 2700', t he re  is  exce l len t  agreement 

between water compositions calculated f o r  quartz and hematite, and t h i s  

water composition is within about 2 O/oo of t h a t  ca lcu la ted  t o  be i n  

equilibrium with calcite a t  borehole temperatures. 

2 

Therefore, many 

oxygen-bearing minerals below, about 2700' are probably a t  o r  c l o s e  t o  

i so top ic  equilibrium wi th  each o ther ,  and have equ i l ib ra t ed  with a b r ine  

and 6018 a c t i v i t y  of about 2 t o  4 ' l o o .  

thermometers may provide grounds f o r  r e fu t ing  any s i g n i f i c a n t  s a l t  

effect ' .  

This concordance of geo- 
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The consistency of ca ulated water compositions 'below 2700' sug- 

Fractures are abundant i n  the in te rva l ,  and minor gests  thorough mixing. 

v e r t i c a l  water transport  within these f rac tures  is probably pa r t ly  

responsible f o r  the c 

The s l i g h t  increases i n  calculated water compositions at  the  bottoms 

of Magmamax 82 and 113 are probably due both to  l i tho logic  changes and t o  

a s l igh t  decr 

1 
i t i ons ,  regardless of permeability. 

se i n  f rac ture  abundance. 

Above 2700', permeability var ia t ions appear t o  have a strong 
18 e f f ec t  on isotope exc ge. The la rge  var ia t ion i n  calcite 80 suggests 

that there  are la rge  ferences i n  water isotopic composition i n  d i f -  

fe ren t  l i tho logic  uni t s ,  and therefore tha t  the waters are very poorly 

mixed. 

probably due t o  lesser mineralization and hence lesser induration of the  

There has apparently been less b r i t t l e  f racture  above 2700', 

. Since f rac tures  here are less abundant, vertical flow through 

shales is  more d i f f i c u l t ;  the  lar 

i h  large v e r t i c a l  Yariations - i n  water composition 
I 

shales, have been cons ced by compaction and m 1 

l y  lateral flow of water r e s u l t s  

I The or ig ina l  permeabill eservoir 'rocks, par t icu lar ly  the  

, i  
Normally the  perme 

-than sandstone; howeve otopic compositions suggest t ha t  

there  have been only small d i f fe rences . in  the.water/rock r a t i o s  of 

d i f f e ren t  l i tho logic  un i t s  

l e  is  several orders 

This suggests tha t  water c i rcu la t ion  i n  the 

eservoir i s ' l a r g e l y  due t o  secondary ra ther . than  primary permeability. 

though reservoir rocks are sealed by hydrothermal. a l te ra t ion ,  the in- 

creased mineralization makes them more susceptible t o  b r i t t l e  f racture ,  ki 
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thereby increasing t h e i r  e f f e c t i v e  permeability. The secondary permea- 

b i l i t y  i s  probably caused by t h e  development of in te rgranular  microfrac- 

tu res .  

Lithologic v a r i a t i o n s  s t i l l  have a strong e f f e c t  on exchange, indi- 

ca t ing  t h a t  t h e  c rea t ion  of secondary permeability is l i t h o l o g i c a l l y  

controlled.  

apparently produces very l i t t l e  vertical flow. 

more mixed, probably due t o  t h e  development of abundant l a r g e  f r a c t u r e s  

which, although l a r g e l y  confined t o  shales, apparently provide minor 

v e r t i c a l  c i r c u l a t i o n  between l i t h o l o g i c  un i t s .  

Above 2700', microfracturing g r e a t l y  a i d s  lateral flow but 

Below 2700' waters are 

Minerals i n  l a r g e r  f r ac tu res ,  such as t h e  major f a u l t  o f f s e t t i n g  

t h e  sedimentary sec t ion  below 2700' i n  Magmamax 6 2  and t h e  many vein- 

lets with widths of s eve ra l  millimeters found below 2500' i n  t h e  w e l l s ,  

have approximately t h e  same chemical and i so top ic  compositions as 

minerals i n  t h e  w a l l  rocks. This suggests t h a t  t h e  l a r g e  f r a c t u r e s  
Q have not been major v e r t i c a l  water conduits s ince  if they had, t h e  

chemical and i so top ic  compositions of t he  conduits water, and hence of 

t h e  minerals p rec ip i t a t ed ,  should have been very d i f f e r e n t  from waters 

i n  the  l i tho logica l ly-cont ro l led  microfractures. 
Q 

Above 2700' t he re  is  a good co r re l a t ion  between isotope minima and 

zones of high Saraband permeability; hence t h e  i so topic  compositions here  

r e f l e c t  present r a t h e r  than pas t  permeabi l i t i es .  
z 

Below 2700', t h e  Saraband 

logs  suggest t h a t  t h e  present permeability is  low; however, i n  t h i s  i n t e r -  

val t h e  water is  w e l l  mixed and minerals i n  d i f f e r e n t  l i t h o l o g i c  u n i t s  

are i n  equilibrium. 
li;. 

. 
The abundance of v e i n l e t s  i n  t h i s  i n t e r v a l  a l s o  
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suggests a high permeability. E i ther  t he  i n t e r v a l  is now sealed and 

impermeable, o r  t h e  Saraband ca lcu la ted  permeability here is gross ly  

inaccurate. 

During t h e  hydrothermal se l f - sea l ing  of t h e  w e l l s ,  oxygen i so top ic  

compositions of minerals may have been "frozen in". The apparent i so top ic  

equilibrium between p a i r s  of minerals may represent equilibrium t o  condi- 

t i o n s  no longer ex i s t ing ;  t h e  2 t o  4 O/oo water t o  which minerals 

apparently equi l ibra ted  may have been flushed away. 

formation f l u i d s ,  one cannot prove conclusively whether t h e  equilibrium 

between minerals is f o s s i l  r e s e n t s  equilibrium u present condi- 

t i ons .  The bes t  evidence t h a t  t cks have appa- 

Without analyzing 

r e n t l y  equi l ibra ted  has n later flushed away is t h e  consistency 

s f o r  d i f f e r e n t  minerals. f ca lcu la ted  water compos 

Calcite, quar tz ,  and hematite i so top ic  o s i t i o n s  a l l  suggest 

e q u i l i b r a t i o n  with a b r ine  of 2 t o  4 0 .  Quartz i s  r e s i s t a n t  t o  

i so tope  exchange and would be very s 

brine. 

t o  re -equi l ibra te  t o  a 

Calcite is r e a d i l y  exchanged; while most of t h e  calcite v e i n l e t s  

were formed e a r l y  i n  t h e  minera l iza t ion  h i s to ry ,  some were formed late, 

and many have been repeatedly re f rac tured  and healed with add i t iona l  

calcite. H e m a t i t e  w a s  generally t h e  last  mineral deposited. Regardless 

of t hese  d i f f e rences  i n  paragenesis and exchangeability, t h e  i so top ic  

compositions of a l l  t h r e e  minerals suggest equ i l ib ra t ion  with t h e  same 

brine; t h e r e  is no evidence that t h i s  b r ine  has been since flushed 

away. 

Brines in t h e  w e l l s  s tudied are apparently only w e l l  mixed below 

2700'; above here t h e  br ines  have grea t  v e r t i c a l  v a r i a t i o n  i n  i so top ic  
.. 

4 
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b 
composition. However, a t  River Ranch b l  Clayton and o t h e r s  (1968) con- 

cluded t h a t  calcite i n  the  i n t e r v a l  400(?)-7000' w a s  i n  i so top ic  equ i l i -  

brium with b r ines  of a constant composition of 2 ?r .5 O/oo. Their d a t a  
b 

showed none of t h e  s t rong  l i t h o l o g i c  cont ro l  which is so promtnent i n  

t h i s  study. 

The most p l aus ib l e  explanation f o r  t h e  discrepancy between t h i s  
t; 

study and the  River Ranch 111 study is  t h a t  t he  sampling techniques used 

are d i f f e r e n t .  Clayton and o the r s  (1968) used bulk samples r a t h e r  than 

stones and shales caused by t h e i r  r e l a t i v e  permeabi l i t i es  has the re fo re  

been averaged together. 

g rea t e r  than i n  t h i s  study, hence reducing t h e  p robab i l i t y  of encounter- 

ing rocks with anomalous 60l8 values. 

t h e  calcite 60l8 is  1 t o  10 O/oo heavier than it  should be i f  a t  equ i l i -  

brium with t h e  same water a t  t h e  logged temperatures, and tws d i f f e rence  

e 
Their sampling i n t e r v a l  is a l s o  considerably 

c Below 5700' i n  River Ranch #1 

c is  a t t r i b u t e d  t o  low permeability i n  t h i s  region (Clayton and o the r s ,  

1968). 

400-5700' may be l a rge ly  fo r tu i tous .  

The consistency of t h e  estimated water composition between 

e 
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A major f ind ing  of t h i s  study is t h e  e f f e c t  of permeability var ia -  

t i o n s  on the  i so top ic  composition and a l t e r a t i o n  of t he  rocks. 

nearby w e l l s  w e r e  s t u d i  

Three 

w e l l  as v e r t i c a l l y  

two semi-independ : petrology and s t a b l e  isotope geochemistry, 

both with a f i n a l  

The d iscuss ion  below 

chapters . 

rmation i n  t h i s  study has been arranged i n t o  

and summary of t he  d a t a  contained i n  it. 

t eg ra t ion  of conclusions from the  previous 

I n  evaluating a potentially-useful geothermal system, r e se rvo i r  

engineers are par i n t e re s t ed  i n  such top ic s  as t o t a l  amount 

of water and heat e, t he  loca t ion  of t h e  

t t e rn  of lateral water 
1 

c i r cu la t ion ,  se l f - sea l ing ,  and changes r v o i r  rock c h a r a c t e r i s t i c s  i 

e expected f t ion  dy of petro- 
. ,  

logy and s t a b l e  i so tope  geochemistr t i o n  r e l a t i n g  

these  topices. 

u se fu l  aqu i f e r  a tem 

of water produced a t  

ing  the  bes t  aqu i f e r s  is 

ing  a Saraband log  and g the  computer-calm ed permeability 

ana lys i s ;  t h i s  computer gram, however, w a s  wr i t t en  f o r  use i n  o i l  

180 
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, LJ 
I 
j w e l l s ,  and expects t o  find o i l ,  not extremely hot and s a l i n e  br ines ,  i n  

k 

I 
t h e  pore spaces. Saraband permeability values are hence use fu l  only 

i n  a q u a l i t a t i v e  sense. 

Saraband permeability logs  f o r  Magmamax f 2 ,  #3 (Fig. 28), and 
ci 

Woolsey #l generally r e f l e c t  sandstone-shale va r i a t ions .  

t h e  Saraband logs  show severa l  good aquifers.  

Above 30001,  

St ra t ig raph ic  co r re l a t ions  I 
1 
I .  between w e l l s  using electrical logs  is  extremely d i f f i c u l t  i f  not 4d 

impossible due t o  the  rapid f a c i e s  changes i n  t h e  Salton Trough (Randall, 

1974). 

I 

Correlations of aqu i f e r s  using Sarabands thus are a l s o  very 

tenuous. However, co r re l a t ions  of i so topic  i n f l e c t i o n s  between wells bl 

c l e a r l y  ind ica t e  t h e  lateral  w a t e r  c i r c u l a t i o n  pa t t e rns .  By knowing 

p rec i se ly  where t h e  water is  flowing, one can observe t h e  e f f e c t s  of 

withdrawal, such as po ten t i a l - sea l ing ,  i n  t h e  same aqu i fe r  i n  an adjacent 

w e l l .  

e 

Mineralogical and i so top ic  t rends  do not necessar i ly  i n d i c a t e  

The t rends  r e a l l y  only shown Q 
where rocks are p resen t ly  permeable. 

where water has been c i r c u l a t i n g  i n  t h e  pas t ;  u n i t s  may not be 

completely sealed. However, i f  t h e  u n i t  is permeable according t o  a 

geophysical log,  and petrology is cons is ten t  with a high permeability, 

f o r  example: 

be a good producer. 

be equally porous and unsealed, t h e  horizon which t h e  i so tope  d a t a  

unaltered adu la r i a  r a t h e r  than a l b i t e ,  t h e  u n i t  may s t i l l  

O r  i f  several aqu i f e r s  appear pe t rographica l ly  t o  

ind ica t e  has the  highest  waterlrock r a t i o  might be t h e  bes t  producer. 

e 

c 

I Below 3000', t h e  rocks i n  Magmamax #2 and #3 are l a r g e l y  sealed by 
G 1 

I 
I hydrothermal minerals--epidote, anhydrite,  and pyr i te .  Although i n  L' 

t h i s  i n t e r v a l  t he re  are still minor d i f f e rences  i n  t h e  oxygen and carbon 

Ci. 
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w 
isotopic  compositio t ing  sandstone and shale 

uni t s ,  the  calcite, ch of the  quartz appear t o  be 

approximately i n  oxygen i so to  

the presumed osi t ion.  Quartz i s  extremely r e s i s t an t  t o  oxygen 

isotope exch d e t r i t a l  quartz h 

quilibrium with each other and with 

! 

equi l ibrated,  probably most of the other silicates have a l so  re-equili- 

brated. 

these rocks, however, t h  

self-sealing. So a1 

the  r a t i o  only indicates  a f o s s i l  permeability. 

A considerable volume of water was necessary t o  exchange with a l l  

s are now re l a t ive ly  impermeable due t o  

r/rock r a t i o  i n  t h i s  zone is very high, 

The carbon and oxygen isotopic  compositions of calcite i n  sand- 

stones are generally several  per l i gh te r  than i n  adjacent shales due 

c a l l y  high; i n  t e sandy inter-  

permeability of 
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t h e  more permeable zones as indicated 

isotope minima, and high abundance of la te  s tage  hydrothermal minerals. 

t h e  sandstone/shale r a t i o ,  

Below 3000' i n  Magmamax 113 t he re  are several very shaley 

which, according t o  t h e  low degree of isotope exchange, have had only 

minor water c i r cu la t ion .  

minor sandstones are very d i f f e r e n t  from assemblages i n  adjacent,  more 

permeable zones. The impermeable zone assemblages appear t o  be relict 

assemblages preserved beyond t h e i r  otherwise normal s t a b i l i t y  range due 

t o  t h e  i n s u f f i c i e n t  water c i r c u l a t i o n  which impeded mineral reac t ion  

rates. Mineral assemblages i n  these  impermeable zones are generally 

The mineral assemblages i n  t h e  sha les  and 

u 
b 

G 

&i 

Q 

t y p i c a l  of rocks 1000' shallower. 

L I n  Woolsey ill, t he  sandstone/shale r a t i o  is r e l a t i v e l y  high, and 

t h e  higher pearmeability has r e su l t ed  i n  mineral assemblages a t  shallow 

depths i n  Woolsey #1 which are typ ica l  of over 1000' deeper (and ho t t e r )  

i n  Magmamax 1'2 and #3. 

#l is a l s o  much lower than a t  the  same l e v e l  i n  t h e  o ther  w e l l s .  

t u r e  seems t o  o f t en  be less important than permeability and water circu- 

b The i so top ic  composition of calcite i n  Woolsey 

Tempera- 

l a t i o n  i n  t h e  k i n e t i c s  of mineral s t a b i l i t i e s .  c 
Mineralized f r a c t u r e s  are very abundant i n  Magmamax 112 and #3 

below 3000'. Although t h e  w a l l  rocks are l a r g e l y  sealed,  t h e  f r a c t u r e s  

. c  might provide s u f f i c i e n t  permeability t o  make t h i s  zone a p o t e n t i a l  

. -producer. Bod rsson (1964) notes t h a t  ' 'fractures of var ious  types are 

t h e  most important conductors of c i r c u l a t i n g  f l u i d s  i n  p r a c t i c a l l y  a l l  

major geothermal systems . I '  Natural hydraulic f r ac tu r ing  i n  self-sealed e 
Ld 

b 
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W 

areas frequently makes these zones be t te r  producers than the most porous 

s t ra t igraphic  u n i t s  . 
The mineralogy of the ve in le t s  is  very closely related t o  t h a t  of 

the  adjacent w a l l  rocks. The minera1.parageneses are almost ident ical ,  i 

and mineralization of the  veinlets appears t o  have been largely contem- 

poraneous with w a l l  rock mineralization. 

zones have the same ':relict" assemblages as are found i n  the  host rocks. 

Veinlets i n  the  impermeable 

. 

a l so  frequent€y closely related t o  those of minerals in the  nearby w a l l  

rocks. 

The oxygen and carbon isotopic  compositions of vein minerals are 

The compositions of vein minerals are heavier i n  r e l a t ive ly  

impermeable zones; the vein waters appear t o  r e f l e c t  the  composition of 

nearby pore waters. 

than minerals i n  adjacent rocks. 

The vein minerals are isotopical ly  s l i gh t ly  l i gh te r  
Y 

This is  probably the  r e s u l t  of frac- 

t ionat ion betweenswater and minerals during t h e  precipi ta t ion of vein 

minerals from an isolated f lu id ,  o r  possibly due t o  evolution of C02 

during hydraulic fracturing. 
v 

The c lose  s i m i l a r i t y  between mineralogy and the  isotopic  composition 

of ve in l e t s  and enclosing rocks suggests tha t  vein waters might reasonably ; 
(Y 

e loca l ly  derived from rocks. O r  if the  water w a s  derived from 

elsewhere, it rapidly equilibrated chemically and i so topica l ly  with the  

w a l l  rocks' so as t o  be ident ica l  t o  waters c i rcu la t ing  through adjacent 

rocks; $XI t h i s  case, the water/r ck r a t i o  i n  the vein1ets.must have been 
"3 

I 

- 1  very small. 

v Available da ta  cannot dis t inguish betweensthese two d i f fe ren t  vein- 

W 

Y 

water models. Both models indicate  tha t  the  ve in le t s  were unimportant 
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as c i r c u l a t i o n  channels; l i t t l e  o r  no water flowed i n  v e i n l e t s  very f a r  

from t h e  source of t h e  water. The zone of highly f rac tured  but other- 

w i s e  nonporous rocks below 3000' does not s e e m  t o  be a po ten t i a l  produc- 

t i o n  zone. 

The l a r g e s t  f a u l t  zone i n  the  w e l l s  studied is located a t  about 

2700' i n  Magmamax #2 (Randall, 1974). Since u n i t s  below t h i s  depth cannot 

hi 

be cor re la ted  with any i n t e r v a l s  i n  Magmamax 8 3 ,  there has apparently been 

considerable o f f se t .  The f a u l t  zone has been extensively brecciated and 

mineralized, ind ica t ing  abundant water c i r cu la t ion ,  but calcite and 
b 

quartz i n  t h i s  i n t e r v a l  are not more exchanged than i n  nearby rocks. 

Therefore, it is  l i k e l y  t h a t  t h e  calcite and quartz i n  both t h e  v e i n l e t s  

6 
and adjacent rocks have completely exchanged and are i n  equilibrium 

with t h e  water. 

Not only are the re  l a r g e  d i f fe rences  i n  mineralogy and isotope 

exchange among t h e  various rock types, but t he re  a l s o  are l a r g e  varia- 

t i o n s  between similar rock types i n  v e r t i c a l l y  adjacent i n t e rva l s .  These 
G 

l a r g e  v e r t i c a l  va r i a t iogs  ind ica t e  t h a t  water c i r c u l a t i o n  w a s  l a rge ly  la teral  

r a t h e r  than v e r t i c a l .  The abundant shales serve as aqu i t a rds  preventing 
G 

water mixing, and t h e  waters are consequently v e r t i c a l l y  s t r a t i f i e d .  

S a l i n i t y  increases with increasing depth; s a l i n i t y  curves approximately 

p a r a l l e l  temperature p r o f i l e s  (Helgeson, 1969). The-var ia t ions  i n  W a t e r  

composition between rock types probably p a r a l l e l  v a r i a t i o n s  i n  rock 
& 

permeability and isotope exchange. The lesser v a r i a t i o n  i n  t h e  i so topic  

e composition of minerals i n  sandstones and sha le s  i n  Magmamax 62, and 

Lid 
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t h e  more gradual na ture  of i t s  mineralogical t rends  probably r e f l e c t s  

lesser vertical v a r i a t i o n  i n  water chemistry, and hence b e t t e r  mixing. 

The same s t r a t i g r a p h i c  u n i t s  are present above 2700' i n  a l l  t h r e e  

I w e l l s ;  t h e  ind iv idua l  beds, however, are d i f f e r e n t  due t o  t h e  rap id  

f a c i e s  changes i n  t h e  Salton Trough. 

are very  similar, but t h e  u n i t s  t h i n  towards Woolsey #1 and t h e  sandstone/ 

sha le  r a t i o  here  is grea te r .  

Rock u n i t s  i n  Magmamax f 2  and #3 

Several isotope inversions can be cor re la ted  between Mapmax f 2  

and #3, but t h e  amplitudes of t h e  in f l ec t ions  are d i f f e r e n t .  

t he re  is very l i t t l e  d i f fe rence  i n  sandstone/shale r a t i o s  between t h e  

w e l l s ,  t h e  amplitudes are always s i g n i f i c a n t l y  grea te r  i n  Magmmax #3. 

Although 

X-ray d i f f r a c t i o n  da ta  ind ica t e  t h a t  t h e  amplitudes of t h e  quartz and 

mica abundances i n  bulk samples are g rea t e r  i n  Magmamax #3. 

quartz and mica are the  most abundant minerals i n  sandstones and sha le s  

respec t ive ly ,  t h e  x-ray d a t a  suggest that sandstones and sha le s  are 

Since 

1 

less evenly d i s t r ibu ted  and t h a t  ind iv idua l  sandstone and sha le  beds are 

th icker  i n  Magmamax #3 than i n  Magmamax'#2. This model is  cons i s t en t  wi th  

t h e  i so tope  data.  With thinner and more f i n e l y  interbedded sandstone and 

sha le  beds i n  Magmamax #2, water i n  adjacent beds would-have more opportunity 

t o  exchange chemically and i so top ica l ly ,  r e s u l t i n g  i n  less v a r i a t i o n  i n  

i 

i so top ic  composition between beds, more v e r t i c a l  c i r cu la t ion ,  and 

better-mixed geothermal f l u i d s .  The d i f f e rence  i n  bedding d i s t r i b u t i o n  

between Magmamax #2 and #3 is  probably due t o  some s l i g h t  f a c i e s  change 

between t h e  wells. It is pecul ia r  t h a t  t he re  is such a systematic d i f -  
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ference i n  bedding over g rea t e r  than 2700' when t h e  w e l l s  are only 

one-half m i l e  apar t .  

The top of t he  c i r cu la t ing  geothermal system can be infer red  from 
c 

i so tope  data. 

i so top ic  compositions of calcite i n  rocks above 1500'. 

There is  considerable scatter i n  t h e  oxygen and carbon 

The inhomogeneity 

ind ica t e s  t h a t  t he re  has been in su f f i c i en t  c i r c u l a t i o n  t o  e s t a b l i s h  
c; 

i so topic  equilibrium over even shor t  v e r t i c a l  o r  hor izonta l  distances.  

Below 1500' t he re  is  considerably more exchange between t h e  water and 

t h e  rocks due t o  g rea t e r  water c i r cu la t ion .  The top of t he  system 
b 

approximately coincides with t h e  base of t h e  upper shale cap rock. 

Randall (1974) noted t h a t  t h e  sha le  u n i t  acts as an in su la t ing  b a r r i e r  

which has helped r e t a i n  t h e  heat. 
ft 

The study of a c t i v e  geothermal systems provides a f a sc ina t ing  

in s igh t  i n t o  the  arcane mysteries of metamorphism, metasomatism, and 

6; 
o r e  genesis which have been t h e  t r a d i t i o n a l  ob jec t ives  of much petro- 

l o g i c a l  and geochemical research. I n  r e tu rn ,  such s tud ie s  provide a 

b a s i s  f o r  improving our understanding of geothermal systems themselves. 

It is my hope t h a t  t h i s  t h e s i s  has made some cont r ibu t ion  t o  both 

these  aspects.  
&I 
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APPENDIX I, TABLE I 

Microprobe Analyses of Authigenic Feldspar* 

1. 2. 3. 4. 

SiO2 64.66 66.00 63.86 66.30 

.02 Ti02 -- -- -- 

A1203 

FeO 

18.18 18.64 18.07 19.30 

. 01 .18 . 01 .18 

.02 .06 -- .04 

-- .03 .19 a 83 

.32 CaO -- .16 -- 
Na20 .49 4.83 .40 10.80 

15.14 8.70 14.55 .12 K2° 

97.08 TOTAL 98.53 98.60 97.72 

Mole % 

O r  95.02 53.02 94.30 .73 

96.72 1 

gr 

Y 

1.59 

* Descriptions of microprobed samples are given on page 201 
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TABLE I1 

Microprobe Analyses of Epidote 

- 
9. - 1. 2. 3. 4 .  5. 6. 7. 8. 

SiO2 38.14 36.99 38.13 38.74 38.87 37.26 37.41 39.04 35.66 

T i 0 2  .01 .07 .1 .09 .06 .01 --- .03 .02 

22.77 20.72 20.47 20.57 20.62 21.39 24.05 23.48 19.83 A1203 

c.r FeO 13.56 14.74 13.33 13.83 12.46 14.12 11.85 12.90 14.68 

MnO .15 .14 
io 
Q\ 

.28 .14 .19 .11 .07 .13 .38 

MgO .09 .25 .29 .19 .19 .13 .02 .16 .21 

CaO 23.57 23.53 22.73 22.80 21.77 23.76 23.72 23.79 21.78 

TOTAL 98.52 96.51 95.56 96.45 94.16 96.88 97.12 99.67 92.64 

+3 Fe .a9 .991 .91 93 .86 .94 .78 .83 , 1.03 

A l v l  2.10 1.93 1.96 1.95. 2.00 2.00 . 2.20 2.14 1.95 

c 
a $4 



6 c c c c c 

TABLE I1 (continue 

10. 11, 12. 13. 14. 15. 16. 17. 18. 

, I  

s io2 37.79 35.66 37.03 36.58 

.03 .06 . 0 1  .04 
1 ! '  

20.16 19.95 22.57 20.52 A120 3 
FeO 15.17 16.21 12.59 15.80 

13 .23 . 01 

M&O .19 .09 .06 .06 

CaO 23.49 23.38 23.96 23.73 

--- .05 

.03 

--- . Ce203 . 09 

--- --- F .17 

36.25 37.03 

20.71 21.90 

15.63 13.87 

.57 .37 

.13 .14 

23.14 23.35 

--- .16 

37.58 37.06 

--- -I 

23.99 24.08 

10.89 10.76 

.43 .74 

.03 

23.44 23.20 

--- 

--- .08 

37.64 

.04 

23.17 

P 
\o 
4 

10.38 

.25 

.12 

24.10 

.1 

& I  

TOTAL 97.22 95.58 96.31 96.34 96.59 96.56 96.17 95.95 95.80 

1.02 1.10 .84 1.03 1.05 .93 .73 .72 .69 Fe 

A 1  1.90 ' 1.82 2.09 1.90 1.89 2.03 2.24 2.24 2.19 

+3 
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TABLE I1 (continued) 

sio2 36.71 43.44 35.91 35.23 35.90 34.88 35.01 35.12 

.07 .04 .08 .10 .07 .03 .06 

23.78 19.51 17.58 18.80 20.99 18.44 20.42 19.27 *'2'3 
FeO 11.46 12.07 13.70 12.72 11.29 12.53 12.24 13.70 

T i 0 2  --- 

MIlO .10 .24 .23 .05 .19 .25 .19 .22 

Y 

MgO .04 .15 -04 .29 .20 .29 .08 .32 

CaO 23.97 19.59 20.21 20.48 21.39 19.80 21.57 20.15 

.24 .02 Ce203 .08 

.08 .10 .03 F .04 

--- --- --- --- --- 
--- .03 --- --- 

TOTAL 96.18 95.07 87.71 87.68 90.06 86.34 89.88 88.89 

.77 .82 1.02 .94 .81 .94 .88 1.00 Fe 

AIV1 2.17 1.88 1.84 1.96 2.12 1.95 2.07 1.98 

+3 
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TABLE III 

V Microprobe Analyses of Chlorite and Tremolite 

Chlor i te  Tremolite* . 
2. 3. 4. 5. 6. 1. 

SiO2 33.22 33.35 

Ti02 '-. 27 ' 1.41 

v 19.62 19.54 Al 2'3 

35.49 45.39 42.68 41.75 

--- .02 .02 . 02 

.51 .68 .66 .75 

6.95 7.54 5.15 6.65 6.35 6.50 FeO 

MnO --- .05 .32 .42 .29 .34 

w 23.33 22.34 12.64 16.32 14.84 15.37 MgO 
.14 . 08 6.51 8.57 8.13 7.83 . CaO 

Na20 ' .29 .22 .. . 25 .42 . 32 .27 

1.59 1.94 .09 .29 . 23 .12 

.20 .08 .35 .40 . 21 
Y K20 

F . 20 

. 07 .35 . 33 . 28 . 23 c1 .07 

85.68 86.74 * 61.41 79.44 74.20 73.37 TOTAL 

Excess Ox 14.32 13.26 38.59 20.56 25.80 26.63 

Form. Prop. (3b Ok) (36 Ox)' X;  Ferro-actinolite:  

6.33 6.23 
.40 .15 18.6 17.9 19.3 19.1 s i  

T i  

Y 

Y 

u 

IV 
%I 
Al+2 Fe 
Mn 
a 
ca 
Ma 
K 
F 
c1 

1.. 69 1.77 
2.71 2.56 
1.20 1.09 

.02 
6.32 6.52 
.017 03 . 08 .ll 
.47 . 38 . 1 2  . 1 2  
02 a 02 

u- 

* These totals are low probably 
because of the  d i f f i c u l t y  of analyzing 
uch fine-grained material. However, 
he ef fec t  on major cations is l i k e l y  7 

t o  be uniform so t ha t  the reported r a t i o s  
FeO t o  MgO a re  believed t o  be represen- 
tat ive of the t rue  values. 

Si+AlIV 8.02 8.00 
4Jd H20. 16.96 18.04 

10.98 Rea t 11.75 
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TABLE I V  

Microprobe Analyses of Garnets * 

1. 2.  

sio2 34.67 34.69 

T i 0 2  .03 . .17  

A1203 5.23 7 . 5 1  

Cr203 

Fe203 

--- --- 
24.83 20.73 

MnO 

MgO 

CaO 

.34 .36 

.10 .05 

34.67 34.80 

TOTAL 

~ ~- 

99.87 98.31 

Mole X 

Spessar t i n e  . 7  

Pyrope . 4  

Andradite 74.6 

Grossularite 24.3 

. 

. 8  

.2  

62.0 

37.0 

, 

ci 

Q 

t 

L. * Descriptions of microprobed samples are given on page 201 

c 
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Descriptions of Microprobed Samples 

TABLE I 

1. and 2. 3810' i n  Magmamax #2; pseudomo after anhydrite(?) i n  shale. 

e t  i n  green sha le  

4. 3790' i n  Magmamax 113; forms a band replacing shale along boundary 
between shale and calcite ve in l e t .  

1 _  

TABLE I1 

1. and 2. 3670' i n  Magmamax #3; v e i n l e t  i n  dark gray shale.  

3.-5. '3670' i n  Magmamax #3; band i n  dark  gray shale replaced by black 
'epidote ; 

~I 

6.: 3670' i n  Magmamax #3; v e i n l e t  of .green 
ep idote  band (analyses # 

. ,  

11.-13. 3810' -in kgmamax f2 ;  v e i n l e t  i n  s i l t s t o n e ;  The 
associated 'with hematite, anhydrite,  and garnet 
2, Table IV). 

14.-15. 3810' ; veinlet  i n  green shale. 

and 17.  3600' i n  Magmamax 12; v e i n l e t  i n  sha le  with adu la r i a  rim 
(analysis f 3 ,  Table I) 

2690' i n  Magmamax #2; p l e  yellowish 
honeycomb brecc ia  cement associated with adular ia .  

and 19. 

10. 3670' in Magmamax #3; miscellaneous green epidote 
r dark  gray sha le  associated with ca , t remol i te  (analyses # 

e d ' c h l o r i t e  'in gree 

$-5. 3670' in-Magmamax #3; f ibrous  
shale.  The low y i e l d s  'are du 0 epoxy v o l a t i z a t i o  
he stoichiom s of t h e  analyses reasonable. 

, .  

TABLE tV. 

1. and 2. 
- *  

3810' i n  Magmamax 82; v e i n l e t  i n  s i l t s t o n e .  The garnet is 
pa le  honey-colored, first order gray, and is  cu t  ac ross  by 

. hematite, anhydrite,  and epidote (analyses #ll-13, Table 11); 
it is  zoned and t h e  analyses were ,positioned as shown below: 



DEPTH - 
1940 
2120 
2330 
2630 
2780 

2 3020 
3230 

3660 
3780 
3900 
4020 
4170 
4230 
4280 

1495 
1780 
2060 
2230 
2400 

2 2560 
27 10 

3640 
3730 
3820 
3940 

1200 
4 1480 

1760 
CA 1880 
8 2135 
0 2260 

2380 

* 

3 

b 
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Ld 
rrr APPENDIX 11, TABLE I 

X-ray Diffraction Analyses of Bulk Shales 

CALX. QTZ. - 
11.2 31.0 
17.0 38.7 
12.1 38.3 
14.1 42.3 
11.6 32.9 
14.6 38.7 
9.9 37.0 
ll.4 22.8 
10.8 30.1 
11.0 30.4 -- 20.3 
5.3 15.8 
2 . 8  19.1 -- 23.6 
3.4 20.8 
0.7 14.5 
0.9 21.9 
0.4 21.6 
0.6 20.5 

11.0 26.8 
19.5 25.3 
7.5 53.7 
12.2 36.6 
15.6 51.6 
19.7 35.3 
7.9 25.9 
10.7 30.4 
2.5 44.4 
5.8 21.4 -- 36.4 -- 20.0 
16.1 17.6 
2.5 15.9 -- 6.1 

5.3 20.9 
0.7 25.4 

-- 19.8 
12.1 12.9 
2.9 15.2 -- 6.3 

. 1.8 19.0 

7.2 13.2 
6.3 7.9 
18.2 16.8 
14.2 14.4 
9.9 9.7 
15.6 3.0 
20.2 10.0 
22.4 3.7 
'16.8 12.2 
20.2 -- 
37.8 -- 
37.2 -- 
24.8 2 4 . 1  
27.9 19.3 
23.1 19.3 
19.1 24.7 
13.2 31.4 
18.1 20.7 
19.7 21.1 

9.3 6.4 
6.1 8.4 
14.1 6.7 
12.5 6.3 
11.1 6.3 
11.6 2.9 
6.5 5.1 
9.5 17.8 
18.7 18.5 
15.3 21.3 
24.6 20.1 
14.2 14.6 
47.3 -- 
40.3 -- 
57.0 -- 
15.0 21.9 
24.0 24.0 

13.7 13.7 
34.2 28.3 
39.3 4.5 
56.3 -- 

36.7 -- 

-- EPID. PYR. - -  MICA CHL. CI 

-- 34.8 2.6 _- 26.8 3.4 -- ,11.0 3.6 -- 12.3 2.8 

-- 20.0 8.1 -- 12.4 6.2 -- 29.7 10.1 -- 21.2 8.9 -- 28.8 9.5 -- 21.8 13.9 %li 

1.5 20.0 16.7 
1.5 8.2 13.4 
1.2 4.3 13.1 -- 11.1 12.5 
0.5 17.8 15.1 

-- 20.2 10.7 
1.5 22.0 8.1 

-- 42.5 3.9 -- 28.9 3.5 

-- 27.7 4.7 -- 10.8 5.6 
0- .24.4 6.1 -- 41.2 8.3 
c- 24.1 7.6 

-- 22.9 13.2 -- 10.5 
0.8 7.0 19.0 
1.7 4.2 13.1 

28.9 6.9 k -- 

0.7 10.6 14.0 f 

-- 12.8 5.1 c 

0- 5.5 8.0 c 
-- 

c 2.1 18.3 7.5 
1.2 7,6 3.6 

- 23.1 13.8 -- 1.7 10.6 
1.1 19.8 15.0 
0.9 7.5 19.4 
1.2 2.4 8.9 ~ 

5. 
_- 20.1 8.0 t' 
1.1 8.6 3.3 

cc: 

1 
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APPENDIX 11; TABLE 11 

X-ray Diffraction Analyses of the Clay Fraction of Bulk Samples 

CALC. QTZ. PUG. - - DEPTH 

8.8 -- 1550' -- 
6.9 -- 17 00 -- 
2*9 -- 1940 -- 

2120 -- 20.8 - 
6.8 -- 2330 -- 

2630 -- 10.9 -- 
2780 0.6 1.3 - 

5.5 -- 
5.0 7.2 3470 , 

4.8 13.7 
3660 . 4.2' 4.8 9.0 
3780 
3900 - 
4020 -- 9.1 14.1 

- 

2 3020 2.5 15.9 2.2 -- 
2.2 5.8 -- -- !j E:: 

9 3500 -e 

- MICA C& 

71.6 19.6 
76.4 16.7 
54.5 42.6 
28.1 51.1 
77.2 16.0 
70.2 18.9 
52.8 .45.8 
44.0 30.7 
63.0 31.6 
38.2 53.8 
45.1 42.7 

3.9 54.0 
12.4 57.7 
12.5 82.7 
6.1 43.4 

-20.7 58.4 

i 

4170 25.1 16.6 37.5 
4230 24.5 6.4 37.3 
4280 5.3 31.6 31.7 

1495 -- - 71.6 .o 
1780 -- 86.8 .3 
2050 -- 69.1 .o 
2230 -- 68.0 26.6 

50.7. 32.1 2400 c- -- 69.9 24.9 
0.4 2.5 -- -- 71.4 25.7 
3.3 6.6 - -- 57.3 32.9 -- -- 70 0 q& L w... d'V.7 

40.6 '43.0 -- 
3420 -8 -- 44.8 41.4 0- 

* 3640 .2 -- 25.1 67.6 -- 
3730 .7 20.5 1.9 S0.4 -- -- 
3820 
3940 

1200 5.2 13.1 -- 
17 60 -- 69.6 27.5 -- -- 40.9 52.2 -- 

- -- 

-- , 34.4 11.9 33.7 20.0 
26.2 30.9 -- 14.9 

< 1480 -- 
E 
UI 1880 

2.1 9,3 -- - 27.0 61.5 -- -- o 2135 
z 2260 0.3 2.0 -- -- 61.6 36.0 -- -I. 

cl 
0 

-- 40'.9 50.6 -- 2380' 1.6 6;9 -- 
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APPENDIX 111, TABLE I 

Isotopic Composition of Carbonate i n  Cuttings from Magmamax #2 i 
b 

DEPTH CARBONATE 018 0l8 YIELD i n  SAMPLE DESCRIPTION 
IN TYPE* i n  O/oo rel. in  O/oo rel. Kmoles 

FEET t o  mow t o  PDB a2 1 m8 
sample ** 

120 
120 
210 
520 
520 
52 0 
850 
850 
970 
970 
970 
1000 
1060 
1060 
1240 
1240 
1240 
1240 
1240 
1400 
1400 
1400 
1400 
1400 
1400 
1490 
1580 
1580 
1580 
1700 
1700 
1700 
1760 
1820 
1820 
1880 
1940 
2090 
2090 
2150 
2150 
2240 
2270 
2330 
2420 
2420 
2480 
2510 
2540 
2600 
2600 
2630 
2660 
2660 
26 90 
2690 
2720 
2750 
2810 
2870 

C 
I) 
G 
C 
C 
D 
C 
D 
C 
C 
D 
C 
C 
D 
M 
D 
C 
C 
D 
M 
D 
C 
D 
C 
D 
C 
C 
C 
D 
C 
C 
D 
C 
M 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

18.15 
27.11 
43.29 
22.61 
21.05 
26.88 
32.22 

22.54 
24.52 
30.04 
16.59 
24.66 
25.93 
19.72 
20.35 
17.68 
20.71 
27.13 
21.04 
25.14 
20.22 
27.91 
20.49 
27.67 
18.49 
14.70 
16.99 
27.04 
15.50 
18.15 
27.56 
14.58 
11.97 
9.60 
13.34 
10.62 
9.60 

11.00 
11.48 
10.46 
10.22 
20.72 
9.84 
8.20 
8.90 
8.38 
8.88 
11.82 
9.82 
9.09 
10.09 
9.30 
8.23 
8.85 
7.74 
8.32 
7.80 
7.91 
8.88 

30.18 

-7.79 
-.57 
+3.06 
-3.24 
-3.33 
-.92 
-3.51 
-2.93 
-8.04 

-3.93 
-18.89 
-5.88 
-2.53 
-6.76 
-6.86 
-3.42 
-2.93 
+. 19 
-2.68 
-.73 
-2.87 
+.68 
-2.54 

-2.77 
-3.73 
-3.02 

-4.27 
-2.76 
+.42 
-3.17 
-5.82 

-3.41 
-5.64 
-6.34 

-3.24 
-5.90 
-5.73 
-3.41 
-3.82 
-6.59 
-6.80 
-5.36 
-3.82 

-3.26 
-4.07 
-5.34 
-4.16 
-7.80 
-6.84 
-7.31 
-8.52 
-6.30 
-8.23 
-3.75 6 

- 

-- 

2.34 

-- 

-- 

36.20 

.16 

.25 t 
1.45 
6.77 t 
1.98 

6.70 t 

1.60 
4.38 t 

2.55 

1.29 t 
88 

1.09 
1.53 t 
.86 

1.23 t 
1.06 
1 .os 
1.20 

2.36 
.90 

1.80 t 
1.30 

.92 

.94 

.71 

.64 

75 
1.11 
1.03 

. 51  
61 
.55 

.89 

.24 

58 

s i l t s t o n e  concretions 
s i l t s t o n e  concretions 
gastropods 
sandstone 
sandstone 
sand stone 
tan  shale 
tan shale 
tan  shale 
tan shale 
tan sha le  
bulk 
gray shale 
gray shale 
red shale 
zed sha le  
very well indurated sandstone 
very pa le  greenish-gray 8hale 
very pale greenish-gray sha le  
shale 
shale 
gray shale 
gray shale 
red shale 
red shale 
gray shale 
sandstone 
gray shale 
gray shale 
sandstone 
gray shale 
gray shale 
Bra; shale 
bulk 
sandstone 
gray shale 
f ine  grained, well indurated sandstone 
sands tone 
gray shale 
gray shale 
sandstone 
well cemented sandstone 
gray shale 
gray shale 
vein c a l c i t e  from gray shale 
sandstone 
well cemented sandstone 
gray shale 
moderately indurated sandstone 
gray shale 
gray shale 
sands tone 
gray sha le  
vein c a l c i t e  
sands tone 
vein c a l c i t e  (pure) 
vein c a l c i t e  
aand s tone 
vein c a l c i t e  
gray shale 

c 

c 

t 

% 

LI 

c 
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Table I continued 

2930 C 7.63 -6.43 

3020 C 8-55 -4.71 
3020 C 7.92 -9.18 
3020 C 7.75 -9.07 
3110 C 7.21 -6.38 
3200 . C  9.70 -8.03 
3200 C 9.31 -7.73 

9.48 -7.98 
3260 C 9.31 -5.06 
3260 C , 7.74 -6.71 
3260 C 8.63 -4.62 
3320 C 7.90 -6.85 
3320 C 8.04 -7.69 
3380 C 9.44 -6.22 
3380 C 8.71 -5.20 
3380 C 8.72 -8.72 
.3410 C . , 11.21 -5.38 
3410 C 10.93 -6.13 
3410 C 10.26 -7.91 ~ 

3410 C 9.08 -6.74 
3440 C 12.50 -7.45 
3440 C 13.10 -7.15 
3440 C ll .24 -9.48 
3500 C -12.25 
3500 c -12.18 
3600 C -6.12 

-5.11 
-5.41 

4250 C -4.83 
4250 C -4.83 
4310 C 11. 

3020 C 7.91 -5.74 

9.13 -6.59 
9.05 -4.96 

.64 

.88 

29 

.62 

.a2 d 

.55 

.68 

.62 

61 

.64 d 

1.11 

81 

78 
.35 
.12 
05 

.28 

sandstone 
sandstone 
gray s h a l e  
vein calcite 
vein c a l c i t e  
sandstone 
v e b  calcite 
vein calcite 
ver f ine  grained sandstone 
dark gray shale 
vein calcite 
gray shale 
dark gray shale 
sands tone 
white sandstone 
sandstone with epidote cement 
sandstone with rare c a l c i t e  
very ddrk gray shale 
vein calcite 
dark gray shale 
ca1c.-anhy. veinlets  in dk. gray shale 
ca1c.-anhy. veinlets  i n  dk. gray shale 
very fine-grained sandstone 
gray shale 
gray shale 
very f i n e  grained sandstone 
ca1c.-anhy. veinlets  in green shale 
rare very f i n e  grained sandstone 
very dark gray shale 
dark gray shale 
green shales and white sandstones 
green shales and white sandstones 
green shales and white sandstone 
Sandstone with red hematite cement 

' * There are t h r e e  types of carbonate : calcite (C), mixed carbonate  
The dolomite a n a l y s i s  i s  from.the same sample ). 

sis immediately preceding it. as t h e  calci  

** Yield va lue  
co l l ec t ed  a f t e r  hour of r eac t ion  with phosphoric acid. Val ies 
followed by t h e  letters "d" and "t" are y i e l d s  a f t e r  one day and t h e  
t o t a l  y i e ld  a f t e r  one week, respec t ive ly .  

t followed by a let ter are t h e  amounts of CO 

, 
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APPENDIX 111, TABLE I1 

I so topic  Composition of Carbonate in Cuttings from Magmamax ?3 . t  

DEPTH CARBONATE 6OI8 60" YIELD in SAMPLE DESCRIPTION 
IN TYPE* in OIOO rel. i n  OIOO rel. &moles 

FEET t o  SMDW t o  PDB co lmg 
s L p 1 e  ** 

160 
490- 
490- 
490- 
810- 
930- 
930- 
1060- 
1060- 
1060- 
1150- 
1150- 
1150- 
1270- 
1270- 
1300- 
1300- 
1360- 
1430- 
1430- 
1430- 
1465- 
1465- 
1495- 
1530- 
1590- 
1590- 
1590- 
1620- 
1650- 
1650- 
1650- 
1650- 
1750- 
17S0- 
1750- 
1840- 
1840- 
1840- 
1840- 
1840- 
1840- 
1840- 
1930- 
1930- 
1960- 
1960- 
1960- 
1990- 
2050- 
2080- 
2110- 
2110- 
2110- 
2110- 
2170- 
2230- 
2230- 
2230- 
2230- 

G 
C 
M 
D 
M 
C 
D 
M 
C 
D 
C 
M 
D 
M 
C 
C 
D 
C 
C 
M 
D 
C 
C 
c 
H 
C 
M 
D 
C 
C 
D 
C 
D 
C 
D 
C 
C 
M 

' D  
C 
M 
D 
D 
C 
C 
C 
M 
D 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
D 
C 

41.48 
21.28 
22.29 
25.63 
21.14 
24.77 
26.45 
21.47 
21.04 
26.99 
20.25 
21.42 
24.71 
18.32 
18.96 
18.47 
25.96 
14.04 
19.43 
25.60 
27.59 
17.15 
18.46 
19.11 
16.77 
19.66 
25.44 
27.64 
18.37 
19.17 
20.75 
18.50 
20.45 
18.53 
19.52 
17.37 
17.89 
23.79 
27.23 
15.72 
17.42 
23.72 
21.18 
10.55 
16.83 
15.78 
17.23 
21.82 
9.77 
13.44 
9.45 
16.30 
16.42 
10.01 
10.48 
14.16 
17.64 
17.77 
23.40 
16.89 

2.38 
-3.99 
-3.76 
-2.76 
-6.52 
-3.55 
-4.27 
-8.06 
-4.13 
-.os 
-5.13 
-6.03 
-2.07 
-4.09 
-3.32 
-4.30 
-.94 
-3.50 
-2.85 
-.57 
+.54 

-16.69 
-4.77 
-3.35 
-3.07 
-2.94 
-.70 
+.43 
-6.98 
-3.19 
-2.60 
-2.96 
-4.21 
-3.05 

-6.12 
-3.37 
-1.30 
+. 30 
-2.84 
-5.00 
-1.88 
-2.51 
-4.44 
-3.22 
-4.92 
-3.22 
-1.60 
-4.12 

-3.72 
-2.98 
-2.98 
-3.70 
-3.73 
-5.20 
-2.59 
-2.50 
-.74 

-2.84 

-- 

I 

w 
a Gastropods 

bulk-anhy. and sand aggregates 
bulk-anhy. and sand aggregates 
bulk-anhy. and sand aggregates 
anhydrite aggregate 
gray rhale 

d r i l l i n g  cement aggregates 
pa l e  green sha le  . pale green shale 

gray shale 4f 

.68 

1.50 d 
67 

.93 

3.30 
.80 
.94 

1.20 d 
.92 

2.62 
.60 

.75 

.50 
1.14 t 

1.06 

1.57 

1.79 

.42 

76 

1.83 
1.00 

1.40 t 

red + gray shale 
red + gray shale 
red + gray sha le  
red + gray shale 
red sha le  
gray shale 
gray shale 
white sandstone 
gray sha le  
gray shale 
gray sha le  
dark brown sandstone 
white sandstone 
gray shale 
red + gray shale 
red shale 
red shale 
red sha le  
very w e l l  cemented sandstone 
red shale 
red sha le  
gray shale 
gray sha le  
red + gray shale 
red + gray shale 
whit ish-tan sandstone 
gray sha le  
gray shale 
gray sha le  
wel l  cemented sandstone 

L 

c 

G 

w e l l  cemented sandstone 
well cemented sandstone 
w e l l  cemented sandstone 
sands tone 
gray shale 
gray shale 
gray sha le  
gray shale 
sandstone-small angular chips 
shale 
very f i n e  grained sandstons with black unknown 
gray shale 
gray shale 
calcite ve in l e t s  
c a l c i t e  ve in l e t s  
sandstone 
sandstone 
sands tone 
sandstone 
gray shale 

cr 

c 
CJ 

b 
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Table 11 continued 
u 

Y 

Y 

u 

# 

W 

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 

C 
K 
D 
C 
C 
C 
C 
C 
C 
H 
D 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

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 
8.31 
8.31 

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 

7.87 
7.61 
8.07 

8.50 

10.48 . 

-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 
-6.84 
-5.64 

.84 

.85 d 

.65 
1.28 d 

80 

1.03 t 

.55 d 
1.36 d 

.28 

.49 d 

1.00 d 
.68 d 
.67 d 
.41 d 
.88 
.77 d 

1.39 d 

.47 d 

.93 d 

.70 

.22 d 
*78 d 

sandstone 
gray shale 
gray shale 
sandstone 
gray shale 
vein calcite 
sands tone 
sandstone 
gray shale 
gray shale 
gray shale 
sandstone 
vein calcite 
vein c a l c i t e  
gray shale 
sandstone 
white sandstone with rare epid. 
gray shale 
vein calcite 
red shale 
It. purplish gray shale 
dark purplish gray shale 
sandstone 
dark gray shale 
dark gray shale 
white s i l t s tone  
l i g h t  gray shale 
vein calcite 
gray shale 
gray shale 
vein calcite 
dark gray shale 
vein calcite 
vein calcite 
l i g h t  gray shale 
dark gray shale 

* There ate t h r e e  types  of carbonate: c a l c i t e ( C ) ,  mixed carbonate 
(M), and dolomite(D). 
as the calcite a n a l y s i s  immediately preceding it. 

** Yield 'va lues  not-fol lowed by a letter are t h e  amounts of CO 
co l l ec t ed  a f t e r  one hour of r eac t ion  with phosphoric acid.  
followed by t h e  letters "d" and "t" are y i e l d s  a f t e r  one day and ' the  
t o t a l  yield a f t e r  one week, respect ively.  

The dolomite ana lys i s  is from t h e  same sample 

Vades 
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APPENDIX 111, TABLE 111 

Isotopic Compo.sition of Carbonate i n  Cuttings from Woolsey #I 

DEPTB CARBONATE d8 go18 YIELD i n  SAMPLE DESCRIPTION 
IN TYPE* i n  O/oo rel. i n  loo rel. &moles 
FEET t o  wow t o  PDB C02 i mg 

sample** 

630 
630 
750 
870 
870 
1050 

. 1200 
1200 
1355 
1355 
1355 
1575 
1605 
1730 
1760 
1760 
1850 
1910 
2000 
2020 
2105 
2135 
2165 
2260 
2260 
2290 
2326 . 
2326 
2326 
2356 
2387 
2387 

C 
.D 
C 
C 
D 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

' c  ' 
C 
C 
C 
C 
C 
C 
C 
C '  
C 

24.53 
28.02 
24.67 
20.72 
23.06 
16.92 
15.12 

8.09 
14.42 

9.73 
8.63 

13.00 
8.66 

' 9.20 
13.89 
10.57 
11.80 

9.82 
11.40 

9.66 
10.26 

9.76 
10.10 

9.21 
10.53 

7.16 
8.92 
8.67 
7.76 
7.52 
8.56 
8.70 

-1.78 51 
-2.19 1.01 t 
-3.80 1.51 
-5.97 1.46 
-4.48 4.60 t 

-3.45 1.16 
-6.55 2.14 
-3.19 1.05 
-4.46 .1.05 
-4.37 2.04 
-3.24 .98 
-5.36 1.34 
-5.40 1.21 
-2.93 .78 
-4.54 1.27 
-2.99 .81 
-4 48 1.31 
-3.39 1.80 
-3.86 1.26 
-4 -42 1.42 

-4.68 1.03 
-5.54 .68 

-2.45 1.32 

-3.43 88 

-3.49 70 
-6.47 . 
-3.84 .76 
-5.57 1.07 
-5.96 
-6.21 - 
-3.42 1.13 
-4.79 1.00 

gray shale 
gray shale 
brown shale 
gray shale pa r t ly  replaced by anhy. 
gray shale par t ly  replaced by anhy. 
red shale 
gray shale 
sands tone 
gray shale 
sandstone with i ron oxide cement 
white sandstone 
gray shale 
sands tone 
white sandstone 
gray shale 
sandstone 
gray shale 
white sandstone 
gray shale 
w e l l  indurated sandstone 
very f i n e  grained sandstone 
gray shale 
white sandstone 
very w e l l  cemented sandstone 
l i g h t  gray shale 
vein calcite 
very f ine  grained sandstone 
pale green shale 
vein calcite 
vein calcite 
gray shale 
rare white sandstone 

* There are t h r e e  types of carbonate: calcite (C), mixed carbonate 
(M), and dolomite (D). 
as t h e  calcite ana lys i s  immediately preceding it. 

** Yield va lues  not followed by a letter are t h e  amounts of CO 
col lec ted  a f t e r  one hour of r eac t ion  with phosphoric acid.  
followed by t h e  letters "d" and "t" are y ie lds  a f t e r  one day and t h e  
t o t a l  y i e ld  a f t e r  one week, respectively.  

The dolomite ana lys i s  is from t h e  same sample 

2 Values 
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TABLE IV 

Isotopic Composition of Quartz and Hematite 

QUART? i n  Mapamax #2 

Well Mineralized Sandstones 

QUARTZ IN Magmamax #3 

Porous Sandstones 

2690 
3320 
3600 
3720 
3810 
3840 
3930 
3990 
4200 
4310 

10.96 
11.98 

9.68 
9.63 

10.84 
10.01 

9.85 
9.49 

11.19 
10.81 

Depth i n  6018 i n  Of00 

Relative to SMOW Feet 

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 

11.85 
12.46 
13.84 

13.29 
12.99 
13.22 
13.50 
13.76 
14.28 
13.36 
13.15 
13.73 
12.93 

13.78 

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 

12.99 
12.76 

12.03 

13.17 

12.63 

YIELD in  
lrmoler 
co I m p  
s&le 

15.67 
16.91 
16.56 

. 16.15 
16.75 
16.38 
16.68 
15.87 
16.51 
16.00 

16.96 

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 
16.60 
16.b7 
16.69 
16.66 
18.60 
17.25 

16.50 
14.80 
16.25 
14.5) 
17.30 

17.50 

17.00 



w 

w 
W 

,w 

Y 

w 

Table IV continued 

Well Mineralized Sandstones 

BPUTITE in Magmamax #2 

W 

210 

3330 
3510 
3820 
3970 

3600 
3810 
3810 
3840 
3870 
3900 
3930 
4020 

3070 

11.50 
9.41 

8.76 
11 69 

-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 . 

9.09 
10.45 
10.14 

9.80 
9.80 
8.91 

10.99 
9.75 

9.93 

I 

Y 
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V 

TABLE V 

Isotopic Camposition of Epidote 

Depth in  6018 in  O/oo WX@"LA PROPORTIONS YIELD i n  
Feet Relative to SMOW Fe+3 AlVI Kmolies 

sample 
cO2 / mg . 

W 

w 

rs 

Magmamax f 2  

2690 
3320 
3600 
3720 
3840 
3990 
4200 
4310 

Magmamax 53 

2920 
3100 
3330 
3510 
3670 
3670 
3970 

4.79 
6.48 
5.55 
4.51 
4.72 
4.38 
5 -57 
4.97 

4.51 
5.05 
5.61 
5.48 
4.02 
3.61 
5.81 

.59 
a 6 9  
.92 
.99 

1.04 
.99 

1.04 
9.67 

.94 

.94 

.82 

.97 

.a9 
6 92 

1.04 

2.41 
2431 
2.08 
2.01 
1.96 
2.01 
1.96 
2.03 

2.06 
2.06 
2.18 
2.03 
2.11 
2.08 
1.96 

' I  
13.28 
14.05 
14.36 
13.71 
13.30 
14.35 
14.00 
14.00 

13.40 

14.45 
13.60 
13.10 
13.85 
14.74 
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