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ABSTRACT 

Since high concentrations o f  radionuclides and high temperatures are not 
normally encountered i n  s a l t  domes or  beds, f inding an exact geologic analog 
o f  expected near- f ie ld conditions i n  a mined nuclear waste repository i n  s a l t  
w i l l  be d i f f i c u l t .  The Salton Sea Geothermal Field, however, provides an 
opportunity t o  investigate the migration and retardation o f  natural ly-  
occurring U, Th, Ra, Cs, S r  and other elements i n  hot brines which have been 
moving through clay-r ich sedimentary rocks f o r  up t o  100,000 years. 

f o r  e lec t r i ca l  generation penetrate sedimentary rocks containing concentrated 
brines where temperatures reach 365 C a t  only 2 km depth. The brines are 
pr imar i ly  Na, K, Ca chlorides with up t o  25 percent o f  t o t a l  dissolved solids; 
they also contain high concentrations o f  metals such as Fe, Mn, Li, Zn, and 
Pb. 

This report describes the geology, geophysics and geochemistry o f  t h i s  

The more than t h i r t y  deep wells d r i l l e d  i n  t h i s  f i e l d  t o  produce steam 

system as a prelude t o  a study of the mobi l i ty  o f  naturally-occurring 
radionuclides and radionuclide analogs within it. 
provide data t o  assist  i n  val idat ing quant i tat ive models o f  repository 
behavior and t o  use i n  designing and evaluating waste packages and engineered 
barr iers  . 

The aim o f  t h i s  study i s  t o  
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1 EXECUTIVE SUMMARY 
U 

The purpose of t h i s  document i s  t o  review the present s ta tus o f  knowledge 
o f  the geology, geochemistry and geophysics o f  the Salton Sea Geothermal F i e l d  
(SSGF). A comprehensive inves t iga t ion  o f  the occurrence and migrat ion o f  
radionucl ides w i t h i n  t h i s  geothermal system i s  now underway, The resu l t s  o f  
t h i s  new study and t h e i r  relevance t o  problems o f  waste i s o l a t i o n  i n  s a l t  w i l l  
be the subject  of f u tu re  reports. The present repor t  therefore describes the 
geology o f  the SSGF and'po ints  out the po ten t ia l  i t  o f f e r s  as a natura l  
laboratory  f o r  studying water-rock react ions and mater ia l  t ranspor t  i n  hot 
h i g h l y  sa l ine  solut ions,  This geothermal f i e l d  o f f e r s  a number o f  advantages 
as a s i t e  f o r  analog studies of radionucl ide migration. Measurements o f  the 
temperature f i e l d  can be made, and samples o f  rock and br ine  obtained. 
S imi la r ly ,  measurements o f  permeabi l i ty  and poros i ty  can be made and 
inferences der ived on natura l  ra tes o f  heat and mass t ransfer .  Since 
geothermal systems normally have l i f e t imes  of 100,000 years o r  less,  the 
ef fects o f  m i  g r a t  i o n  and re ta rda t ion  o f  natura 1 1 y-occurr i  ng rad i  oact i ve 
elements by the ac t ion  o f  hot br ines moving through c lay - r i ch  rocks over long 
periods o f  time can be studied d i rec t l y .  

best  representing temperature-sal i n i t y  analogs f o r  a waste reposi tory  i n  sa l t .  
A l l  o f  these geothermal f i e l d s  contain arg i l laceous rocks and have . 
temperatures bracket ing those which are expected i n  high- level  nuclear waste 
reposi t o r t e s  
concentrat ion from 3,000 t o  285,000 ppm t o t a l  d issolved so l i ds  (TDS) i n  the  
d i f f e r e n t  f i e lds .  

o f  the Gulf  o f  Ca l i fo rn ia .  This region marks the t r a n s i t i o n  between the  

extensional tec ton ics  of the East Pac i f i c  Rise the  t ransform f a u l t  
tec ton ics  o f  .the San Andreas fau l t .  The T gh i s  p a r t i a l l y  f i l l e d  by 
terrigeneous d e l t a i c  sediments deposited by the Colorado River i n  Late 
Te r t i a ry  t o  Recent times, 
character ized by pronounced pos i t i ve  g rav i ty ,  magnetic, and heat-flow 

anomalies. Models suggest t h a t  there has been marked th inn ing  o r  d i l a t i o n  o f  

The geothermal f i e l d s  of the Salton Trough i n  Ca l i f o rn ia  were chosen as 

I n  addi t ion,  they contain a l k a l i  ch lo r ide  br ines ranging i n  

The Salton Trough i s  a fau l ted basin which forms the landward extension 

I t  i s  an area o f  h igh se ismic i ty  and i s  
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b the cont inental  crust ;  the consequent emplacement o f  new c r u s t  w i th  decided 
oceanic cha rac te r i s t i cs  produces a basement o f  mafic igneous rocks. Although 
the two occurrences o f  Quaternary volcanic rocks i n  the Salton Trough are 
s i l i ceous  i n  composition, they have p r i m i t i v e  o r  depleted 87Sr /86Sr  r a t i o s  
suggesting t h a t  they were mantle-derived magmas. 

The major geothermal f i e l d s  i n  the Trough are associated w i th  en echelon 
f a u l t  systems which are l oca l  zones o f  crusta l  d i l a t i o n .  Best known i s  the 
Cerro P r ie to  f i e l d  i n  Mexico, which has been extens ive ly  d r i l l e d  and studied. 
Magnetic, g rav i t y ,  and heat t ransfer  modell ing o f  t h i s  f i e l d  suggests t h a t  i t s  
heat source i s  a gabbro i n t r u s i o n  3 t o  5x104 years old,  some 4 t o  5 km across, 
w i th  a top a t  a depth o f  5 t o  6 km. 

L igh t  stable i so top ic  studies o f  ground waters i n  the Trough show t h a t  
the waters are derived both f rom connate and p a r t i a l l y  evaporated Colorado 
River water. Studies o f  dissolved sol i d s  recognize several d i f f e r e n t  b r i ne  
types formed by various mixtures o f  r i v e r  water, l o c a l  p r e c i p i t a t i o n ,  and 
hypersal ine freshwater evaporite. 

U.S. p a r t  o f  the Salton Trough. 
t o  280,000 ppm TDS are encountered a t  depths as shallow as 2,100 m i n  
P1 io-Pleistocene sediments. F l u i d  pressure i n  the reservo i r  i s  hydrostat ic  

The SSGF i s  the largest ,  hot test ,  and most sa l ine geothermal f i e l d  i n  the 
Temperatures as high as 365 C w i th  br ines up 

fo r  the br ine,  w i th  a gradient o f  0.098 bars/m. This geothermal f i e l d  has 
been penetrated by more than 32 deep wel ls and has an estimated volume 
exceeding 115 km3 t o  an explored depth o f  3 km. The SSGF i s  therefore the 
most extensive kriown hot br ine hydrothermal system i n  North America undergoing 
commercial development. 

so lu t ions containing some o f  the highest concentrations o f  d issolved metals 
known i n  nature. Typical values o f  dissolved const i tuents  i n  published 
analyses are : C1 83,000-155,000 ppm, Na 40,000-59,000 ppm, Ca 13,000-59,000 

The SSGF br ines are concentrated sodium, potassium, calcium ch lo r i de  

ppm, K 7,000-15,000 ppm, Fe 200-1,200 ppm, Mn 500-1,100 ppm, Zn 300-800 ppm, 
L i  90-287 ppm, S i l i c a  180-400 ppm, Pb 40-100 ppm, Cu 0.5-8 ppm, Ag 0.8-1.4 
ppm. The very high concentrations o f  the br ines i s  now bel ieved t o  be derived 
from d i sso lu t i on  o f  non-marine evaporites associated w i th  l acus t r i ne  rocks and 

LJ the a l te red  d e l t a i c  sediments which cons t i t u te  the rese rvo i r  rock o f  the SSGF. 

A recent estimate o f  the po ten t i a l  f o r  recovery o f  minerals from a 1,000-Mk 
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combined geothermal power and mineral recovery p lan t  i n  t h i s  f i e l d  ind icated a 
high economic po ten t i a l  f o r  these dissolved materials. The market value o f  
the power was estimated a t  $394 m i l l i on /yea r  whereas the value o f  the mineral 
production could range from $500 t o  $1,500 mi l l ion/year.  

The sediments i n  the reservo i r  consist  o f  a mixture of de l ta i c ,  quartzo- 
fe ldspath ic  sandstones , wi th  c lay  o r  carbonate cements, interbedded w i th  
l acus t r i ne  mudstones and s i l ts tones.  D e t r i t a l  p h y l l o s i l i c a t e s  i n  these rocks 
are c h i e f l y  montmori l lonite, i l l i t e ,  and k a o l i n i t e ,  as well  as lesser  amounts 
of coarser-grained d e t r i t a l  b i o t i t e ,  c h l o r i t e ,  and muscovite. The gross 
s t ra t igraphy i n  the d r i l l e d  p a r t  o f  the f i e l d  consists o f  an upper 
c lay -s i l t - evapor i t e  l acus t r i ne  sequence 400 t o  500 m t h i c k  i n  the center o f  
the 'f i e l  d , and a 1 owe r , i nte  rbedded sand-s ha1 e sequence. 

t h i s  f i e l d  a t  moderate depth. 
p r e c i p i t a t i o n  t h a t  forms a self-sealed caprock below the l acus t r i ne  sequence. 
With increasing temperature and depth, a ser ies o f  decarbonation and 
dehydration react ions causes progressive breakdown o f  c lay  and carbonate 
minerals. A t  the highest temperatures encountered, these reactions produce a 
metamorphic mineral assemblage somewhat s i m i l a r  t o  the greenschist metamorphic 
facies. S i m i l a r l y  there are abundant and diverse metal su l f ides,  su l fa tes  and 
oxides being formed i n  d i f f e r e n t  par ts  o f  the system. 

Four metamorphic zones are therefore recognized: 
anker i te  zone (a t  temperatures <190 C), i n  which mixed-layer i l l i t e / s m e c t i t e  
a l s o  occurs w i th  c a l c i t e ,  hematite, quartz and sphene; (2) a c a l c i t e - c h l o r i t e  
- zone ( a t  190-325 C), accompanied by i l l i t e / p h e n g i t e ,  quartz, a l b i t e ,  adular ia,  
epidote, p y r i t e ,  sphene, sphaler i te ,  and anhydrite; (3) a b i o t i t e  zone (a t  
325-365 C) i n  which vermicul i te,  t a l c ,  quartz, orthoclase/microcl ine , a l b i t e ,  
epidote, p y r i t e ,  a c t i n o l i t e  sphene and minor amounts o f  muscovite, c h l o r i t e ,  
anhydr i te and spha le r i t e  a lso occur; and (4) a garnet zone (a t  >360 C) i n  
which andradite garnet occurs w i th  b i o t i t e ,  -quartz, a l b i t e  , epidote, 
a c t i n o l  i t e  p y r i t e  , and sphene . 

A t  temperatures below 190 C the rocks r e t a i n  t h e i r  d e t r i t a l  fabr ic.  

Between 250 t o  300 C pore f i l l i n g  by c a l c i t e  and epidote, overgrowth on 
framework minerals, and eventual recrysta l  1 i z a t i o n  progressively form 
granoblast ic textures. Above 350 C few vestiges o f  the o r i g i n a l  d e t r i t a l  

I n  response t o  the elevated temperatures , ac t i ve  metamorphism occurs i n  
F i r s t  there i s  a zone o f  in tens ive carbonate 

(1) a dolomite/ 

- 
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textures remain and the rock tends t o  acquire a ho rn fe l s i c  texture. These LJ 
changes i n  mineralogy and texture are accompanied by corresponding decreases 
i n  porosi ty,  from t y p i c a l l y  15-20 percent i n  the c a l c i t e  zone t o  5 percent i n  
the b i o t i t e  zone, together wi th  corresponding increases i n  rock density. As 
these changes occur, however, ve in  minerals become more abundant. These 
observations i nd i ca te  t h a t  one r e s u l t  o f  increased temperature i s  t h a t  matr ix  
permeabi l i ty  decl ines and f rac tu re  permeabi l i ty  increases. The veins record 
abundant evidence f o r  repeated opening and seal ing o f  fractures. Such 
fracture opening may be caused by e i t h e r  hydraul ic o r  seismic fa i l u re .  

mentioned above. Major ore minerals found are, i n  order o f  decreasing 
abundance , p y r i t e ,  hematite sphaler i te,  chalcopyr i te,  py r rho t i t e ,  marcasite, 
and galena. Ore minera l izat ion can be d iv ided i n t o  three main types: 
(1) diagenetic s u l f i d e  mineral izat ion,  occurr ing a t  depths less than 760 m and 
temperatures l ess  than 250 C; (2) metamorphic s u l f i d e  minera l izat ion,  
occurr ing a t  depths greater than 760 m and temperatures greater than 250 C; 
and (3) vein-related s u l f i d e  and oxide minera l izat ion,  occurr ing i n  r e s t r i c t e d  
i n t e r v a l s  a t  depths greater than 760 m. 

diagenet ic i r o n  su l f i des  are both nuc le i  and sources o f  s u l f u r  and i r o n  f o r  
l a t e r  diagenetic, metamorphic, and hydrothermal s u l f i d e  and oxide 
mineral izat ion.  Most l a t e r  Cu-Pb-Zn su l f i des  and i r o n  oxides replace e a r l i e r  
diagenetic and porphyroblastic py r i t e .  Cu, Pb, and Zn are derived mainly from 
the immediately surrounding sediments. Sul f ide p r e c i p i t a t i o n  i s  apparently 
con t ro l l ed  by a c c e s s i b i l i t y  o f  sulfur-poor br ines t o  e a r l i e r  formed py r i t e .  

m i  ne ra 1 s i n the sys tem Na, 0- K2 0-Ca 0-Mg 0- Fe, O3 -A1 O3 - S i  0, -H2 0-CO, -HCl has been 
performed f o r  the mineral assemblages observed i n  the Salton Sea geothermal 
system. 
several tenths o f  a l o g  u n i t  as depth and temperature increase 250 t o  350 C, 

whereas aca2+/a2~t  decreases two orders o f  magnitude over t h i s  temperature 
range. The fugaci ty of CO gas i s  1.5 bars a t  - <310 C. Thermodynamic analysis 
of the vein ore mineral assemblages and br ines ind icates t h a t  the present ly 

produced br ines are i n  equ i l i b r i um w i th  the open, porous, hematite-dominated 
vein assemblage a t  300 C, w i th  i n  s i t u  pH = 5.4 and l o g  fo, = -30. Calculated 

I n c i p i e n t  s u l f i d e  and oxide mineral i zat ion accompanies the metamorphism 

The textures o f  the ore minerals i n  the SSGF i nd i ca te  t h a t  early-formed 

Thermodynamic analysis o f  the phase re la t i ons  among aqueous so lut ions and 

Aqueous species a c t i v i t y  r a t i o s  aNa+/"+ and aKt/aHt increase 

2 

L.l! 
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L, metal-chloride complex s o l u b i l i t i e s  f o r  Cu, Pb, and Zn a lso agree well  w i th  
the br ine analyses . 
suggested t h a t  they were derived from the associated volcanic rocks. However, 
B, L i ,  NH , S r  and Pb are now thought t o  be derived by leaching from the 
sediments. For example, i so top i c  evidence ind icates a t  l e a s t  80-100 percent 
o f  S r  and 50-100 percent o f  Pb has been leached from the Colorado River de l ta  
sediments by i n t e r a c t i o n  w i th  hot brines. Although t h i s  does not preclude the 
p o s s i b i l i t y  o f  some other  metals derived from a magmatic source, t e x t u r a l  
evidence suggests t h a t  the major source of Cu, Pb, and Zn i s  derived from the 
shales . 

The e a r l i e s t  ideas on the o r i g i n  o f  the dissolved metals i n  t h i s  system 

4 

The content of t o t a l  ore metals i n  the br ine exceeds t o t a l  s u l f u r  by a 
f a c t o r  o f  8 on a molal basis, w i th  the br ine apparently saturated wi th  respect 
t o  su l f i de  components. The o r i g i n  o f  su l fu r  i n  t h i s  system i s  s t i l l  not  
e n t i  r e l y  understood. The s u l f u r  i n  early-formed synsedimentary/diagenetic 
i r o n  su l f i des  i s  probably derived from inorganic su l fa te t h a t  has been reduced 
by bacteria. The occurrence o f  evaporites i n  the shallow sedimentary sequence 
suggests t h a t  s u l f a t e  was transported i n  Colorado River water and concentrated 
i n  the Salton Basin. The 634S values i n  the s u l f i d e s  and su l fa tes  i n  the 
reservoir ,  on the other  hand, support a magmatic source, e i t h e r  d i r e c t l y  o r  by 
erosion o f  igneous rocks w i th  p r i m i t i v e  su l fur .  

occurr ing analogs t o  radionucl ides i n  the Salton Sea system i s  now underway. 
The concentrat ion o f  uranium i n  br ine from the SSGF i s  reported t o  be 110 ppb. 
Prel iminary analysis data o f  t y p i c a l  rock cores from the SSGF i nd i ca te  the 
fo l lowing concentrat ions o f  analog elements: U 1.3-5.3 ppm, Th 2.5-24.4 ppm, 
S r  181-534 ppm, and Cs 0.5-7.5 ppm. From radiography, uranium i s  found almost 
exc lus ive ly  associated w i th  very f ine-grained (0.01-0.005 mm) matr ix  minerals 
inc lud ing c l a y  minerals, i l l i t e ,  c h l o r i t e ,  and epidote. The associat ion o f  0 
wi th  these minerals i s  consistent w i th  the observation t h a t  uranium contents 
o f  SSGF shale samples are i n  the range 4-5 ppm whereas t h a t  o f  the sandstones 
i s  only 1-2 ppm, independent of the temperatures over a range o f  100 t o  350 C. 

geochemical studies on e x i s t i n g  and newly acquired core and br ine,  the next 
stage w i l l  be t o  apply the data and concepts derived t o  problems o f  nuclear 

An extensive i nves t i ga t i on  of the migrat ion and retardat ion o f  n a t u r a l l y  

A f t e r  completion o f  laboratory mineralogical  , petro log ica l ,  and 
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waste iso la t ion .  
and br ine  composiion w i l l  be evaluated. 
migrat ion and re ta rda t ion  o f  n a t u r a l l y  occurr ing rad ioact ive and radiogenic 
elements i n  hot br ines moving through c lay- r i ch  rocks w i l l  be used f o r  
v a l i d a t i o n  o f  geochemical models and computer codes. These models w i l l  have 
app l ica t ions  t o  design o f  waste packages, b a c k f i l l  mater ia ls,  and assessments 
o f  the expected performance o f  engineered b a r r i e r  systems and host rocks under 
an t ic ipa ted  near f i e l d  condi t ions f o r  nuclear waste repos i to r ies  excavated i n  
s a l t  beds and domes. 

The s t a b i l i t y  o f  c l a y  minerals as a func t ion  o f  temperature 
The r e s u l t i n g  informat ion on the 
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2 INTRODUCTION 

2.1 WASTE ISOLATION I N  SALT 

2.1.1 Rock Sa l t  

During the l a s t  30 years, discussions o f  safe, environmentally acceptable 
means of i s o l a t i n g  m i l i t a r y  and c i v i l i a n  radioact ive wastes have produced 
regulat ions i n  the U.S.A. favoring development o f  deep, mined geologic 
repos i to r i es  ( I R G  NWM, 1979; Carter, 1983). The concept i s  t h a t  rocks i n  
appropr iate geologic environments and the engineered b a r r i e r  system should 
r e t a r d  release of radionucl ides dur ing the many thousands o f  years dur ing 
which containment i s  necessary (EPA, 1981; NRC, 1983). 
system includes a waste package o f  mu1 t i p l e  b a r r i e r s  containing components 
such as canisters,  buf fers ,  overpacks, and b a c k f i l l  mater ia ls  (Klingsberg and 
Duguid , 1982) 

studied i s  rock s a l t ,  which occurs e i t h e r  as s t r a t i f i e d  deposits o r  as s a l t  
d i a p i r s  (Gonzales, 1981). The i n t r i n s i c  features which make rock s a l t  
a t t r a c t i v e  as a medium f o r  nuclear waste i s o l a t i o n  are i t s  high thermal 
conduct iv i ty ,  extremely low permeabil i ty, ease o f  mining, low water content, 
and high p l a s t i c i t y  which favors heal ing o f  i n c i p i e n t  fractures. Rock s a l t  
occurrences are widespread i n  the U.S.A. (Johnson and Gonzales, 1978). 

However, s a l t  presents the obvious problem o f  high s o l u b i l i t y  i n  water. 
Ancient beds o r  domes o f  rock s a l t  which are f ree  o f  d i sso lu t i on  phenonema and 
which are i so la ted  from ground-water i n t rus ions  must be i d e n t i f i e d .  

Pure s a l t  a lso su f fe rs  from the disadvantage o f  having poor sorpt ive 
q u a l i t i e s  r e l a t i v e  t o  other  rock types (Moody,.1982, Table 11). Using 
bentoni te o r  c lay - r i ch  media as b a c k f i l l  around waste canis ters  o r  as 
reposi tory  room b a c k f i l l s  i s  one opt ion t o  improve the so rp t i ve  propert ies o f  
the engineered b a r r i e r  system. An addi t ional  problem i s  t h a t  most s a l t  
deposits contains small amounts (usual ly <1 percent) o f  h igh l y  concentrated 
br ines (Roedder and h s s e t ,  1981) which occur as f l u i d  inc lus ions i n  the sa l t .  
Because o f  the increase i n  s o l u b i l i t y  o f  s a l t  w i th  increasing temperature, i f  
gas phases are absent, f l u i d  inclusions i n  s a l t  tend t o  migrate toward a heat 

The engineered b a r r i e r  

Among the candidate rock types f o r  geologic reposi tor ies,  one o f  the most 
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source such as would be generated by a radioact ive waste canis ter  (Jenks, hd 
1979). An addi t ional  funct ion o f  using impermeable b a c k f i l l  mater ia ls  such as 
c lays could be t o  i n h i b i t  access o f  corrosive br ines t o  the metal canisters. 

2.1.2 Expected Repository Conditions 

The exact condi t ions ant ic ipated w i t h i n  and around a waste reposi tory  
excavated i n  rock s a l t  depend upon the nature o f  the waste form, the age o f  
i t s  radioact ive components, the design and loading h i s t o r y  o f  the reposi tory,  
the geologic set t ing,  and the spec i f i c  l oca t i on  wi th  respect t o  the waste. A 
d i s t i n c t i o n  i s  made between near - f i e ld  and f a r - f i e l d  ef fects .  The near f i e l d  
i s  defined as t h a t  rock volume i n  which the dominant processes are caused by 

The f a r  f i e l d  i s  the reposi tory host rock unaffected by the heat and radiation 
of emplaced waste. I n  t h i s  repor t  only near f i e l d  ef fects w i l l  be considered. 

Considerable e f f o r t  has been d i rected i n  recent years t o  developing 
conceptual designs o f  waste reposi tor ies i n  rock s a l t  and est imat ing the  
expected environments w i th in  them. For example, Claiborne e t  a1 (1980) 
reported an extensive modell ing study of the expected temperature condi t ions 
i n  mined reposi tor ies i n  rock s a l t .  They assumed t h a t  the waste would be 10 
years o l d  a t  the time of emplacement. High-level waste (HLW) would then 
generate 2.6 kW per canister,  whereas spent-fuel waste (SF) would generate 
0.55 kW per canister. 
generate about 12 t o  37 W/m2 and SF 10 t o  15 W/m2 o f  i n i t i a l  thermal load, 
averaged over the excavated rooms and p i l l a r s  i n  the reposi tory  (Figure 2-1). 
This thermal load i s  greater than the worldwide average natural  heat f l ow  i n  
the earth 's crust  o f  approximately 0.065 W/m2 o r  t y p i c a l  values i n  intense 
geothermal areas o f  <2 W/m2. The waste emplacement thermal load, therefore,  
represents a s i g n i f i c a n t  perturbat ion of the ambient temperature f i e l d .  With 
the highest thermal load modelled, Claiborne e t  a1 (1980) calcu lated t h a t  the 
maximum temperatures a t  the canis ter  surface could be as high as 308 C ,  and a t  
the waste cen te r l i ne  354 C (Table 2-1). the 
maximum temperature i n  the near f i e l d  i n  rock s a l t  would on ly  be 211 C and 

would decline. 

on o f  the geologic reposi tory  and the presence o f  the waste. 

Depending on the spacing of the canisters,  HLW would 

However, according t o  t h i s  model 

u l d  occur 15 years a f t e r  ernplacement, a f t e r  which the temperatures W 
Di f fe ren t  scenarios would lead t o  d i f f e r e n t  thermal h i s to r i es ;  



250 
v) 

100 

HIGH-LEVEL WASTE - 
150 kW/ACRE (371 W/m2) 

/ HIGH - L €VEL W A S T E  

I I I 

200 

175 

W 
150 5 

c 
Q 
P 
W 

125 
W c 

100 

75 

50 

1 10 100 1000 0.1 
YEARS FROM EMPLACEMENT 

Figure 2-1. Maximum Rock Sa l t  Temperatures Based on D i f f e ren t  I n i t i a l  Thermal Loads i n  
Model Radioactive Waste Repositories i n  Rock Salt. 

(Source - Claiborne e t  a1 , 1980, Fig. 5). 
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Table 2-1. %ximum Temperatures* i n  the  Rock Salt,  Canister Surface, and Waste Center l ine 

m 

Waste center1 i n e  
Sa l t  Canister surface (o r  center p i n )  

Maxi mum Yeiirs a f t e r  Maximum Years a f t e r  Maximum Years a f t e r  
temperature empl acement tempe r a t  ure empl acement temperature empl acement 

O F  O C  O F  O C  OF "C 
HLW, 150 kW/acre 412 21 1 15 587 308 10 670 354 3 

(37.1 W/m2) 

HLW, 100 kW/acre 312 156 15 508 264 3 603 317 1.5 
(24.7 W/m2) 

-I 

HLW, 50 kW/acre 228 109 5 459 23 7 0.67 580 304 0.5 0 

(12.4 kW/m2) 

SF, 60 kW/acre 21 1 99 50 237 113 25 280 138 -5 
(14.8 W/m2 ) 

SF, 40 kW/acre 171 77 50 202 94 15 270 132 -3 
(9  . 88 W/m2 ) 

*Assumes the  waste i s  10 yr  o l d  on emplacement. The HLW decay rates were based on fuel t h a t  i s  a 3:l mix o f  
f resh UO, and MOX fuels. The HLW can is te r  thermal loading was 2.16 kW, and the  SF was 0.55 kW (one PWR f u e l  
element). 

- 

Source - Claiborne e t  a1 , 1980, Table S-1. 

c- 
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e.g., the  lower the  i n i t i a l  thermal loading chosen, the l a r g e r  the  volume o f  
repos i to ry  necessary t o  contain a given mass o f  waste. 
between favorable condi t ions and favorable costs can be expected. 

the  holes d r i l l e d  f o r  can is te r  emplacement depend upon the i n i t i a l  
concentrat ion o f  b r ine  i n  the s a l t  and upon the  ca lcu lated thermal h is tory .  
From the Claiborne e t  a1 (1980) model, i n  a mined reposi tory  a t  610 m depth, 
w i th  emplacement holes i n  i t s  f l o o r  5.5 m deep and 0.25 m i n  diameter, the 
maximum t o t a l  b r ine  in f low over the f i r s t  100 years a f t e r  emplacement would be 
a minimum o f  6 l i t e r s  f o r  each can is te r  hole. 

important both t o  modell ing the i n t e g r i t y  and s u r v i v a b i l i t y  o f  the waste form 
and t o  discussions o f  the possible use o f  mater ia ls  as b a c k f i l l .  Three types 
o f  b r ine  might be involved: 
emplacement hole, and in t rus ions  o f  b r ine  resu l t i ng  from mine flooding. 
extremes f o r  b r i ne  compositions are shown i n  Table 2-2 (from Claiborne e t  a l ,  
1980). Brine A i s  based on analyses o f  several br ines from the  McNutt potash 

Thus a t rade-of f  

Quan t i t a t i ve  estimates o f  the amount o f  residual  b r ine  which could enter  

The expected chemical environment o f  canis ters  emplaced i n  rock s a l t  i s  

b r ine  inc lus ions,  reacted br ine  i n  the 
Two 

bear ing region o f  the Salado formation. Br ine B represents a saturated b r ine  
which might be produced i n  a flooded mine, based on d isso lv ing  a core from 830 
m depth i n  the WIPP s i t e  near Carlsbad, New Mexico (Claiborne e t  a l ,  1980). 

2.1.3 Duration o f  I so la t i on  

The intense r a d i o a c t i v i t y  o f  f i s s i o n  products f o r  several hundred years 
and the  persistence o f  a c t i v i t i e s  f o r  many thousands o f  years requi re 
i s o l a t i o n  o f  high-level rad ioact ive waste products from the biosphere f o r  very 
long times i n  order t o  permit r a d i o a c t i v i t y  t o  decay t o  safe levels.  

enough?" and suggest t h a t  an appropr iate answer i s  the t ime necessary f o r  the  
rad ia t i on  produced by the waste t o  decay t o  a l e v e l  equivalent t o  t h a t  
produced by natura l  uranium ores (Figure 2-2). During the  f i r s t  1,000 years 
f i s s i o n  products are the  main source o f  rad iat ion;  l a t e r  the  act in ides and 
t h e i r  daughter products are the  main contr ibutors .  I n  500 years high-level 
wastes decay t o  a l e v e l  o f  rad ia t ion  equivalent t o  a uranium ore body. 

Kl ingsberg and Duguid (1980, 1982) pose the  question, "HOW long i s  long 

Spent 
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Table 2-2. Compositions o f  Waste I s o l a t i o n  
P i l o t  Plant Brines A and B 

Ion Concentration [(mg/a) k 3%) 
Brine A Brine B 

Na + 42,000 115,000 
K+ 
Mg 2+ 

30,000 
35,000 

15 
10 

Ca 2+ 600 900 
Fe 3+ 2 2 

L i  + 20 
Rb+ 20 1 
cs+ 1 1 

Sr2+ 5 15 

c1- 190,000 175,000 
soG2 
BO :- - 
HCO 
NO 3 
B r -  

1- 

3,500 
1,200 
700 

400 

10 

3,500 
10 
10 

400 
10 

pH (adjusted) 6.5 6.5 
Speci f ic  g r a v i t y  1.2 1.2 

Possible br ine compositions i n  a waste reposi tory  i n  
sa l t .  Brine A i s  based on analyses o f  several br ines 
from potash-bearing s a l t  formations. 
a possible b r i ne  produced by so lu t i on  o f  s a l t s  i n  the 
WIPP s i t e  near Carlsbad, New Mexico (Source - Table 10, 
Claiborne e t  a1 , 1980). 

Brine B represents 
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Figure 2-2. Relat ive Tox ic i t y  o f  Equivalent Amounts o f  Uran 
Fuel , and High-level Waste. 

um Ore, =,.)ent 

"Equivalent amounts'' means (1) the quant i ty  o f  ore containing 
0.2% uranium required t o  produce one metr ic  ton o f  reactor 
f u e l ,  (2) one metr ic ton o f  spent f ue l ,  and (3)  the amount o f  
HLW produced from reprocessing one metr ic  ton o f  spent f ue l  
(Source - Klingsberg and Duguid, 1980, Fig. 2). 
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fue l ,  which has not been reprocessed, requires about 7,000 years t o  reach t h i s  
l e v e l  (K1 ingsberg and Duguid, 1980) . 
2.2 NATURAL ANALOG STUDIES 

2.2.1 Purpose 

The problem o f  modell ing and pred ic t ing  the probable migrat ion o f  
radionucl ides deeply bur ied i n  a geologic reposi tory  over thousands o f  years 
i s  unprecedented. 
package can only  be p a r t l y  sa t i s f i ed  by short-term experiments. 
remain i n  ext rapolat ing laboratory  resu l ts  t o  a geologic reposi tory  where 

processes are not only of much longer duration, bu t  l i k e l y  more complex. The 
need t o  understand the long-term e f f e c t s  o f  even low rates o f  heat and mass 
t rans fe r  and the  e f f e c t s  o f  water/rock react ions on the i n t e g r i t y  o f  the 
geologic system i s  fundamental t o  p red ic t ing  the  performance o f  waste 
repos i to r ies  . 

Although these e f f o r t s  must r e l y  t o  a great degree upon mathematical 
modell ing, regulat ions f o r  l i cens ing  geologic repos i to r ies  requi re va l i da t i on  
o f  computer codes. 

The need t o  understand the  long-term behavior o f  the waste 
Uncertaint ies 

Val idat ion o f  these codes requires t h a t  resu l t s  o f  
mathematical modell ing be compared w i th  appropr iate laboratory  and f 
measurements. Studies o f  natura l  analogs must therefore be used f o r  
w i t h  durat ions longer than i s  possible i n  the laboratory.  

Fortunately the geological record provides examples o f  natura l  

e l  d 
processes 

ong-1 i ved 
labora tor ies  where processes comparable t o  a rad ioact ive waste i s o l a t i o n  have 
occurred. 
ore body a t  Oklo i n  Gabon, West Af r ica,  which n a t u r a l l y  achieved nuclear 
c r i t i c a l i t y  over a per iod o f  about 2x105 years about 1800 m i l l i o n  years ago. 
The radionucl ides produced were comparable t o  those produced i n  man-made 
reactors. Study o f  t h i s  occurrence support, a t  l eas t  q u a l i t a t i v e l y ,  the 
concept o f  the  general ef fect iveness o f  geologic ba r r i e rs  t o  the t ranspor t  o f  
long-1 ived  radionucl ides (Cowan, 1976) . 

Other natural  analogs which might be considered include metamorphic 
haloes around igneous in t rus ions  t o  provide data on the e f f e c t  o f  heat on c l a y  
b a c k f i l l  mater ia ls ,  the metamict e f f e c t  i n  mineraTs t o  provide informat ion on 

Probably the most apt example of a natura l  analog i s  the uranium 

i 
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L J  po ten t ia l  damage t o  ceramic mater ia ls  by r a d i o a c t i v i t y ,  and the  e f f e c t s  o f  
long-term heat t r a n s f e r  on aqui fers  i n  ac t i ve  geothermal systems (Tammemagi e t  
a1 , 1983). 

regard. 
o f  rock and b r ine  obtained, 

and p o r o s i t y  can be made and inferences der ived on na tura l  ra tes o f  heat and 
mass t r a n s f e r  over the  l i f e t i m e  o f  the  f i e l d .  
well-explored geothermal f i e l d  developed i n  bedded o r  domal rock s a l t  i s  
lacking. 
i s  adverse t o  the  su rv i va l  o f  sa l t .  

Studies o f  ac t i ve  geothermal f i e l d s  o f f e r  a number o f  advantages i n  t h i s  
D i rec t  measurements o f  the  temperature f i e l d  can be made and samples 

S im i la r l y ,  d i r e c t  measurements o f  permeabi l i ty  

Unfortunately, an example o f  a 

E f f i c i e n t  heat t rans fer  a l so  requi res convecting ground water, which 

2.2.2 Choice o f  the  Salton Sea F i e l d  

The SSGF i n  the  Imperial Val ley o f  southern C a l i f o r n i a  was chosen f o r  
t h i s  study o f  a nea r - f i e ld  analog because: 

(1) the  SSGF i s  a geo log ica l l y  well-defined geothermal area; 
(2)  the  SSGF i s  undergoing commercial development, so t h a t  d r i l l  

( 3 )  t he  SSGF has measured temperatures bracket ing the  range expected 

(4) deep groundwater s a l i n i t i e s  cover the  t o t a l  range expected i n  

(5) a1 though s a l t  i s  absent, the  sedimentary s t r a t i g r a p h i c  sequence 

cores, cu t t i ngs  and water samples can be obtained from it; 

i n  a waste reposi tory ;  

a s a l t  reposi tory ;  and 

i s  otherwise s i m i l a r  t o  t h a t  found i n  bedded o r  domal s a l t  areas. 
The aims o f  t he  study are t o  i nves t i ga te  (1) the  geologic condi t ions under 
which rock/water i n te rac t i ons  mob i l i ze  elements such as U, Th, Ra, Cs, and Sr ;  

and (2) i f  mobil ized, how f a r  they are t ransported before being removed from 
the  b r i n e  by chemical processes. The mineral s t a b i l i t i e s ,  espec ia l l y  o f  
c lays,  w i l l  a l s o  be s tud ied f o r  t h e i r  d u r a b i l i t y  as a func t ion  o f  temperature, 
depth and s a l i n i t y .  
i n p u t  f o r  waste package design and performance assessments o f  the  engineered 

b a r r i e r  system and host rock under the  condi t ions o f  a s a l t  reposi tory ,  and 
w i l l  be used q u a n t i t a t i v e l y  f o r  geochemical model va l ida t ion .  

We expect t h a t  the r e s u l t s  o f  t h i s  study w i l l  be used as 

W 
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3 GEOTHERMAL SYSTEMS OF THE SALTON TROUGH 

3.1 REGIONAL SETTING 

The Salton Sea Geothermal F i e l d  (SSGF) i s  one o f  a number o f  high- 
i n t e n s i t y  geothermal f i e l d s  which occur i n  a s t ruc tu ra l  depression, known as 
the  Salton Trough, a t  the  head o f  the  Gulf o f  Ca l i f o rn ia  i n  northern Baja 
Ca l i fo rn ia ,  Mexico, and southern Ca l i fo rn ia ,  U.S.A. (Figure 3-1). This 

depression forms pa r t  o f  the  boundary between the  North American and P a c i f i c  
plates. 
tec ton ics  o f  the East Pac i f i c  Rise t o  the south, a t  the mouth o f  the Gulf, and 
the  transform f a u l t  tec ton ics  o f  the San Andreas Faul t  system, t o  the  north. 
The SSGF thus represents one o f  the few places i n  the  world where an 
extensiongl p l a t e  boundary i s  a f f e c t i n g  cont inenta l  c rus t  (Elders e t  a1 , 1972; 

Elders and Biehler,  1975). The Salton Trough i s  a sediment- f i l led r i f t  va l l ey  
t h a t  represents the landward extension o f  the Gul f  o f  Ca l i f o rn ia  i n t o  North 
America. 
o f  the geothermal resources o f  the  Salton Trough. This associat ion has 
recent ly  been described by Elders (1979); much o f  the fo l low ing  regional 
discussion i s  based on t h a t  publ icat ion.  

This region marks the  t r a n s i t i o n  between the  pure ly  extensional 

The h igh  heat f low o f  t h i s  tec ton ic  s e t t i n g  i s  the  u l t imate  o r i g i n  

3.2 STRATIGRAPHY AND SEDIMENTATION 

The present apex o f  the Colorado River de l ta  forms a low d iv ide  (11 m 
above sea l e v e l  a t  i t s  lowest po in t )  between the Imperial  Val ley t o  the  nor th  
and the  k x i c a l i  Val ley t o  the south (Figure 3-1). Most o f  the Imperial 
Val ley l i e s  below sea level .  
covers about 930 km2 and has a surface e leva t ion  o f  about 70 m below sea 

level .  
The Colorado River enters the Salton Trough from the east a t  Yuma, 43 m above 
sea level .  
and southward ( a t  -0.35 m/km) t o  the Gulf  o f  Ca l i fo rn ia .  During 1905 t o  1907, 
the  Colorado River flooded over the de l ta  c res t  i n t o  the  Salton Basin, forming 
the Salton Sea (Sykes, 1937). Although the discharge o f  the  River i s  now i n t o  
the  Gulf o f  CaliYornia, i n f l o w  o f  Colorado River water v i a  i r r i g a t i o n  canals 
causes the Salton Sea t o  pe rs i s t  today. 

A t  i t s  northern end i s  the Salton Sea, which 

Water enter ing the  Imperial Val l e y  can only  escape by evaporation. 

The de l ta  slopes northward ( a t  -0.8 m/km) i n t o  the Salton Basin 

hB 
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Figure 3-1. Geothermal F ie lds o f  the Salton Trough. 
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L d  The Salton Trough i s  an a c t i v e l y  growing r i f t  va l l ey  i n  which 
sedimentation has almost kept pace w i th  tectonism. 
perpendicular t o  the length o f  the Gulf o f  Ca l i f o rn ia  r i f t  has iso la ted  the  
Salton Basin from the Gulf, forming a closed sedimentary basin 200 km long and 
up t o  90 km wide. When the r i v e r  flowed t o  the Gulf,  it graded i t s  bed t o  sea 
l e v e l  and therefore formed a steeper gradient t o  the nor th  t o  the  closed 
basin. I n  times o f  f lood, when the r i v e r  topped i t s  levees, any 
d i s t r i b u t a r i e s  which flowed nor th  could capture the flow. 
f i l l e d  u n t i l  i t  s p i l l e d  over the low po in t  o f  the c rus t  o f  the del ta.  
r i v e r  then graded i t s  bed t o  the e leva t ion  o f  the lake i t  had created, 11 m 
above sea level .  
steeper than t h a t  t o  the  nor th  so tha t ,  i n  t imes o f  f l ood  when the r i v e r  
topped i t s  levees, the d i s t r i b u t a r i e s  which flowed south captured the  flow. 
Thus the d e l t a  o s c i l l a t e d  between two metastable condi t ions w i th  the r i v e r  
f lowing a l te rna te l y  t o  the nor th  and south. The h i s t o r y  o f  the  Salton Basin 

dur ing the  l a s t  few m i l l i o n  years has thus been cycles o f  f i l l i n g  w i th  
freshwater lakes fol lowed by desiccation. Although sediments from the  wal ls  
of  the Basin form marginal a l l u v i a l  fans, the  Colorado River has dominated the 
sedimentary h is tory .  

s i l t s ,  clays, and pebble conglomerates (Van De Kamp, 1973) w i t h  the percentage 
o f  sand bodies i n  the sediments decreasing away from the  de l ta  apex towards 
the  northwest (Randall, 1974). The de l ta  sediments are interspersed w i th  
l acus t r i ne  and reworked eo l ian  deposits. Rather l i t t l e  i s  known, however, o f  
the  nature and age o f  the  sedimentary rocks i n  the cent ra l  pa r t  o f  the Basin. 
The deepest wel ls  y e t  d r i l l e d  i n  the  Imperial Val ley penetrate 3-4 km but  
there have not been any published reports o f  t h e i r  paleontology and 

Formation o f  the de l ta  

Then the  basin 
The 

A t  t h i s  po in t  the gradient t o  south t o  the  sea would be 

The d e l t a i c  deposits consis t  o f  interbedded, poor ly  f o s s i l i f e r o u s  sand, 

strat igraphy. A t  Cerro Pr ie to,  however, Ing le (1981) reported t h a t  the  
Pleistocene-Pliocene boundary occurs a t  a depth o f  2,000 m y  based upon 
micropaleontological  study o f  d r i l l  cut t ings.  

complex zones on both sides o f  the Imperial Val ley has been summarized by 
Dibblee (1954) and by Sharp (1982). 
o f  the basin are a few marine un i ts ,  the o ldest  o f  which may be as o l d  as 
Miocene. Maximum marine submergence occurred dur ing the  Pliocene, and 

The st ra t igraphy o f  the Neogene rocks cropping ou t  i n  s t r u c t u r a l l y  

Included i n  these formations a t  the sides 

I 
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LJ i n t e r m i t t e n t  shallow marine environments pers is ted i n  the western p a r t  o f  the 
Imperial Val ley u n t i l  middle Pleistocene (Woodard, 1974). Such marine rocks 
have not y e t  been r e l i a b l y  reported from any o f  the numerous d r i l l  holes i n  
the main p a r t  o f  the va l ley,  even i n  the deepest, which i s  the Wilson No. 1 

(4097 m ) ,  10 km southeast o f  Brawley, 

subsurface becomes p a r t i c u l a r l y  d i f f i c u l t  , Even a t  outcrop, corre la t ions are 
not easy because o f  abrupt l a t e r a l  facies changes (Wagoner, 1977). 
s t r a t i g r a p h i c  sections shown i n  Figure 3-2 record the changing condi t ions i n  
the basin. 

Imperial Valley, are fan deposits and conglomerates which record e a r l y  
nonmarine deposi t ion i n  a closed basin. The Middle t o  Late Miocene S p l i t  
Mountain and Mecca Formation$, and the Pliocene Imperial Formation are 
areni tes ,and mudstones ,which together record a major marine incursion i n t o  the 
.basin i n  l a t e  Miocene t o  e a r l y  Pliocene time. The upper p a r t  o f  these 
formations record a gradual change t o  a cont inental  provenance. This marine 
.embayment apparently stretched i n t o  the area o f  Yuma and along the va l leys o f  
the Colorado and Gi la  Rivers; as the marine Bouse Formation o f  Arizona i s  
apparently . p a r t l y  c o r r e l a t i v e  w i th  the Imperial Formatidn and i s  approximately 
5 MY o l d  (Olmsted e t  a l ,  1973). 
nor th  as Whitewater i n  the Coachella Valley; the Salton Trough thus was 
already wel l  defined a t  t h a t  time. 
the  region r e s t  on c r y s t a l l i n e  rocks, h igh above the basin i n  the mountains on 
i t s  ‘western side. 
o lde r  than 19 MY. I ’  

Lucchi t ta  (1972) discussed the e a r l y  h i s t o r y  o f  the Colorado River i n  
the Basin and Range Province and suggested t h a t  a large r i v e r ,  an ancestral 
.Colorado, entered the .Bouse marine embayment from the north, progressively 
f i l l e d  i t  and reached the ’Salton Trough. 
.MY ago. ’Late Cretaceous foramini fera,  apparently derived from the Mancos 
Shale o f  the Colorado *Plateau, have been reported from the (Imperial and 
younger formations (Lucchitta, 1972), i n d i c a t i n g  t h a t  the ancestral ‘ r i v e r  was 
b r ing ing  sediment t o  a Salton basin occupied by sea water a t  ‘ that  time. 
the d e l t a  continued t o  f i l l  the trough, condi t ions gradually changed from 

I n  t h i s  d e l t a i c  envi ronment c o r r e l a t i o n  o f  s t ra t i g raph ic  u n i t s  i n  the 

The 

The Miocene sedimentary rocks o f  the Anza Formation, i n  the southwestern 

’ 

The marine embayment also stretched as f a r  

The o ldest  Te r t i a ry  sedimentary u n i t s  i n  

These sedimentary rocks are the Jacumba Gravels which are 

This r i v e r  d i d  not e x i s t  ,before 10.6 

As 
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Figure 3-2. Regional Strat igraphy o f  the Imperial Valley. 

The fence diagrams represent the t r u e  r e l a t i v e  thicknesses of the  sedimentary 
formations and d isp lay  the  regional thickness changes and fac ies changes o f  the 
uni ts.  The sections represent the  southwestern , northwestern , and northeastern 
Imperial Valley. The hor izonta l  scale i s  schematic. Adapted from Dibblee 
(1954) and Woodward (1974) (Source - Wagoner, 1977, Fig. 3) .  
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LJ marine, t o  d e l t a i c ,  t o  subaerial. A wel l  developed Colorado River ex is ted  by 
3.3 MY (Lucchi t ta,  1972). 
w i t h  subsidence o f  the basin. 

Imperial  and Palm Springs Formations (Figure 3-2) and occurs mainly along the 

west s ide o f  the basin. The P a l m  Springs Formation i s  a f l u v i a l  and d e l t a i c  
deposi t  formed throughout the basin, whereas the Borrego and Brawley 
Formations represent the lacus t r ine  sedimentation w i th  i n te rm i t ten t  marine 
incur ions which was dominant i n  the basin dur ing the Pleistocene. The 
O c o t i l l o  Conglomerate i s  the western t e r r e s t r i a l  basin-margin fac ies o f  the 
Brawley Formation. F ina l l y ,  the Lake Cahui l la  beds represent the most recent 
i n  a ser ies o f  Holocene f resh t o  brackish water lakes which have occupied the 
closed Salton Basin as the r i v e r  flowed north. 

Since t h a t  t ime deposi t ion has apparently kept pace 

The Canebrake Conglomerate represents a coarse basin-margin fac ies o f  the 

3.3 SEISMICITY AND STRUCTURE OF THE SALTON TROUGH 

I n  locat ion,  gross s t ructure,  and s ize the Salton Trough belongs t o  the 
Gulf  o f  Ca l i f o rn ia  tec ton ic  regime. I n  both the Gulf and the Salton Trough, 
rap id  tec ton ic  deformation and patterns o f  h igh heat flow, se ismic i ty ,  sedi- 
mentation, and Quaternary volcanism r e f l e c t  the t r a n s i t i o n  from a divergent t o  
a transform p l a t e  boundary. The Salton Trough and Gulf  o f  Ca l i f o rn ia  are both 
dominated a t  present by "leaky" transform f a u l t i n g ,  w i th  tensional  zones 
developed at the ends o f  r ight -s tepping en echelon s t r i k e - s l i p  f a u l t s  (Elders 
and Biehler,  1975). 

The Salton Trough i s  a roughly t r i a n g u l a r  basin some 350 km long and 120 
km wide a t  i t s  southern end. This complex rift va l l ey  i s  bordered by 
moimtalns cons is t ing  o f  Mesozoic and o lde r  g r a n i t i c  and metamorphic rocks, 
w i t h  some Ter t i a ry  volcanic rocks. 
and a broad, r e l a t i v e l y  f l a t  basement f l o o r  beneath a cover o f  sedimentary 
rocks apparently 6 t o  10 km t h i c k  i n  the center  o f  the Imperial  Val ley 
(B ieh le r  e t  a1 , 1964; Elders e t  a1 , 1972; Fuis e t  a1 , 1982). These rocks are 
t ransected by three major f a u l t  systems which t rend northwest-southeast : the 
San Andreas, San Jacinto, and Els inore f a u l t  zones (Figure 3-1). Numerous 
subsid iary  blocks and basins are a l igned along these major s t r i k e - s l i p  fau l t s .  

The Trough has teep , step-faul t ed  margins 

cd 
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LJ 
I n  the second model, the swarms are i n fe r red  t o  be t r iggered by episodic 

creep events a t  depths of 3 t o  6 km which induce. red is t r ibu t ion  o f  

Seismic a c t i v i t y  on these f a u l t s  makes the Salton Trough one o f  the most u 
earthquake-prone areas i n  North America. 
modif ied Merca l l i  i n t e n s i t y  greater than VI11 i n  the region t h i s  century. The 
area i s  characterized by two d i s t i n c t  types o f  se ismic i ty ,  i.e., by 
mainshock/aftershock sequences producing r ight -1 a te ra l  s t r i  ke-sl i p  f a u l t i n g  , 
and by frequent earthquake swarms i n  which as many as a thousand events may 
occur i n  a few days (Johnson and H i l l ,  1982). 

and aftershock sequences occurred on October 15, 1979. 
had a moment-magnitude (M) o f  6.5 w i th  an epicenter located 3 km south o f  the 
in te rna t iona l  border, approximately 10 km east o f  Mexical i , Mexico (USGS, 

1982). A l l  of the surface rupture and most o f  the damage occurred f u r t h e r  
no r th  i n  the region o f  E l  Centro and Brawley, along the Imperial f a u l t  (Figure 
3-3). Most o f  the aftershocks, one o f  which had a l o c a l  magnitude (ML) o f  
5.8, a lso occurred fu r the r  nor th  near Brawley. The mainshock produced surface 
rupture along a 30.5 km long segment o f  the  Imperial f a u l t  w i th  a maximum 
r i g h t - l a t e r a l  o f f s e t  o f  about 60 cm. 
s l i p  produced an addi t ional  displacement o f  up t o  30 cm (USGS, 1982). 

years (Figure 3-3). The swarms a lso  show predominantly r i gh t - l a te ra l  s t r i k e -  
s l i p  f i r s t  motions but a s i g n i f i c a n t  number o f  events have d i l a t a t i o n a l  f i r s t  
motions. 
These swarms, although d isc re te  i n  space and time, a lso e x h i b i t  migrat ion o f  
hypocenters dur ing a swarm. 

(Johnson and H i l l ,  1982). 
rate-control1 i n g  agent associated w i th  readjustment o f  s t ress 
model proposes tha t  loca l  spreading between o f fse t  s t r i k e - s l i p  fau l ts  i s  taken 
up by emplacement o f  igneous dikes p a r a l l e l  t o  the  regional  p r i nc ipa l  
hor izonta l  stress. Earthquake swarms are generated along planes o f  shear 
f a i l u r e  connecting t i p s  of adjacent o f f se t  dikes as the f l u i d  pressure 
approaches the value o f  the minimum p r inc ipa l  hor izonta l  s t ress i n  the b r i t t l e  
c rus t  (Johnson and H i l l ,  1982). 

There have been 12 earthquakes o f  

, 

An example o f  a major earthquake associated w i th  r i gh t - l a te ra l  f a u l t i n g  
This mainshock event 

During the next s i x  months post-seismic 

Earthquake swarms occur along the Brawley f a u l t  zone every two o r  three 

I n  June 1981, one event i n  a swarm had a magnitude (ML) o f  5.0. 

Two d i f f e r e n t  models have been proposed t o  expla in  t h i s  swarm a c t i v i t y  
I n  both, f l u i d  i s  postulated t o  be the p r inc ipa l  

The f i r s t  
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Epicenters w i th  Relat ive Horizontal Location Errors Less than 
2.5 km f o r  In te rva l  June 1973 Through November 1978 Which 
Included Several Earthquake Swarms . 
Ci rc le  marks instrumental epicenter o f  1940 Imperial Val ley 
earthquake (ML = 7.1), dot  f o r  1942 Superst i t ion Mountain 
earthquake (ML = 6.5), and s t a r  f o r  1979 Imperial Valley 
earthquake. 
Ca l i f o rn ia  seismic network (Source - USGS, 1982). 

Let ters  r e f e r  t o  s t a t i o n  l o c a l i t i e s  i n  southern LJ 
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i n t e r s t i t i a l  f l u i d  pressure; t h i s ,  i n  turn,  induces shear f a i l u r e  (Johnson 

and H i l l ,  1982). The occurrence o f  earthquake swarms due t o  changes of f l u i d  
pressure, whether caused by magma i n j e c t i o n  a t  depth o r  by episodic f a u l t  
creep, has important impl icat ions f o r  the geothermal reservo i rs  i n  the Salton 
Trough. 
generates f rac tu re  permeabi l i ty  and enhances f l u i d  flow. 

Ca l i f o rn ia  are shallower than 15 km and most o r i g ina te  a t  less  than 6 km 
(Elders, 1979). Indeed, w i th in  the Imperial Val ley the focal  depths are 
t y p i c a l l y  between 4 and 6 km and none exceed 8 km depth (Johnson and H i l l ,  

1982). Nearly a l l  o f  the seismic f a i l u r e  i s  therefore w i th in  the sedimentary 
sect ion above the  basement. E a r l i e r  work on surface seismic-wave dispersion 
suggests t h a t  the c rus t  beneath the Imperial Val ley t h i n s  t o  about 20 km and 
t h a t  the c rus t  under the northern h a l f  o f  the Gul f  may be only  10 km t h i c k  
(Thatcher e t  a l ,  1971; and Elders and Biehler,  1975). Cer ta in ly  a la rge  p a r t  
o f  the regional g rav i t y  anomaly can be explained i n  t h i s  way. 

ear th 's  c rus t  i s  i s o s t a t i c a l l y  compensated south o f  the  Salton Sea where the  
va l ley,  although under la in by 6 km o f  low-density sediments, i s  character ized 
by a broad g r a v i t y  maximum (Biehler, 1964). Immediately nor th  o f  the Salton 
Sea, where the thickness o f  sediments i n  the Coachella Val ley i s  less than 3 
km, the  residual  g rav i t y  anomaly i s  markedly negative, reaching a minimum o f  
-44 m i l l i g a l s .  

g r a v i t y  measurements was compiled by averaging Bouguer anomalies w i th in  20-km 
squares and produced a smoothly contoured map (Figure 3-4) (Elders e t  a l ,  
1972). Because features l i k e  the  Imperial Val ley have widths considerably i n  
excess o f  20 km, t h i s  averaging process does not remove the  e f f e c t  o f  the 
low-density sediments i n  the southern po r t i on  o f  the Salton Trough. 
basis of basement seismic re f rac t ion ,  borehole, and geological data, Elders e t  
a1 (1972) constructed a densi ty model o f  the sediments o f  the Imperial Val ley 
and estimated t h e i r  e f f e c t  on g rav i t y  (dashed l i n e s  i n  Figure 3-4). The 
r e s u l t  i s  crust-mantle models such as the one shown i n  Figure 3-4. 

Trough i s  e i t h e r  (1) about 8 km th inner  (thickness 20 t o  22 km) o r  (2) o f  

Changes i n  f l u i d  pressure cause f l u i d  f low, and b r i t t l e  deformation 

A l l  hypocenters reported from the Salton Trough and northern Gulf o f  

A complete Bouguer anomaly map o f  the Salton Trough ind icates t h a t  the  

A regional Bouguer anomaly map o f  southern Ca l i f o rn ia  based on 28,000 

On the  

These models ind icate t h a t  the c rus t  beneath the ax is  o f  the Salton 

i 

L' 
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8. E E' 

PENINSULAR SALTON MOJAVE 
RANGES TROUGH DESERT 

Figure 3-4. (A) Regional Boug r Gravity Anomal i of Southern Cal i forn ia  
from the Continental Borderland t o  the Colorado River. (B) One 
Crust-mantle Model, Computed Along the Line EE' i n  (A), Showing 
the Thinner Crust Beneat the Salton Trough. 

The s o l i d  l i n e s  are contours i n  m i l l i g a l s .  The dashed l i nes ,  
south o f  the Salton Sea, represent the g rav i ta t i ona l  e f f e c t  o f  
low-density sediments i n  the Imperial Valley (Source - Elders e t  
a1 , 1972). 

1 L, 
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higher densi ty (densi ty excess 0.10 gram per cubic centimeter) than the normal 
cont inenta l  thickness and densi ty f o r  the surrounding area. Combinations o f  
these two models w i l l  a lso  f i t  the g rav i t y  anomaly. 
changes were a t t r i b u t e d  t o  processes t h a t  cause the c rus t  t o  undergo d u c t i l e  
th inn ing  and become more oceanic (mafic) i n  character t o  the south (Elders e t  
a1 , 1972). 

Savino e t  a1 (1977) simultaneously inver ted  the g rav i t y  data o f  B ieh ler  
(1964) and teleseismic t r a v e l  t ime data t o  der ive a model o f  c rus ta l  
thickness beneath the Imperial Val ley and i t s  geothermal f i e lds .  The l a t e r a l  
densi ty  and ve loc i t y  contrasts needed t o  f i t  the observed data were qu i te  
large: greater than 0.3 gin cm'3 and -0.7 km/s, respect ively.  Savino e t  a1 
(1979) a t t r i b u t e d  the observed anomalies i n  g r a v i t y  and seismic t rave l  times 
t o  l a t e r a l  var ia t ions  i n  c rus ta l  thickness. Their  model requires t h a t  c rus ta l  
thickness both west o f  the Imperial Val ley, i n  the Peninsular Ranges, and 
east, i n  the Chocolate Mountains, i s  greater than 30 km. The reduction i n  
c rus ta l  thickness beneath the Imperial Val ley suggested by t h e i r  model i s  even 
greater  than t h a t  o f  Elders e t  a1 (1972). This reduct ion i s  p a r t i c u l a r l y  
pronounced beneath the SSGF where they propose t h a t  c rus ta l  thickness i s  o f  
the order o f  10 km. Uncertaint ies i n  the model c rus ta l  thickness are 
introduced by l oca l i zed  occurrences o f  h igh densi ty  sediments and/or igneous 

These rap id l a t e r a l  

in t rus ions  associated w i th  geothermal f i e l d s  (Savino e t  a l ,  1977). 
The most recent inves t iga t ion  o f  the c rus ta l  s t ruc tu re  o f  the Imperial 

Val ley i s  a lso the most comprehensive t o  date (Fuis e t  a i ,  1982). 
de ta i l ed  seismic-refract ion p r o f i l e s ,  based upon 1,300 recording s ta t ions  and 
more than 3,000 usable seismograms, reveal a trough o f  sedimentary and 
metasedimentary rocks as much as 10-16 km deep t h a t  has a conf igurat ion 
tending t o  be an exaggeration o f  the present topography o f  the Salton Trough. 
The deepest p a r t  of t h i s  trough coincides w i th  the zone o f  highest se ismic i ty  
i n  the center o f  the val ley.  
bounded t o  the west by a bur ied scarp co inc id ing  i n  places w i th  the mapped 
Superst i t ion H i l l s  and Superst i t ion Mountain fau l t s ,  and elsewhere w i th  what 
the authors i n t e r p r e t  as the bur ied r i f t  t h a t  i n i t i a t e d  formation o f  the 
Salton Trough (Fuis e t  a1 , 1982). On the east side o f  t h i s  bur ied rift, 
th inn ing  o f  the sedimentary p i l e  i s  more gradual, as a bur ied scarp i s  not  
apparent. No re f rac t ions  from the Moho were observed o r  expected i n  the range 
o f  distances covered by t h i s  survey. 

Five 

This centra l  zone o f  present- lay r i f t i n g  i s  

b, 
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I n f e r r e d  va r ia t i ons  o f  seismic v e l o c i t y  w i th  depth are shown i n  Figure 
3-5 (Fuis e t  a l ,  1982). I n  the centra l  p a r t  of the val ley,  near the 
i n te rna t i ona l  border, the v e l o c i t y  increases from 1.8 km/s near the surface t o  
5.05 km/s a t  a depth of 5.8 km. A t  t h a t  depth the increase o f  v e l o c i t y  w i th  
depth becomes much less, so tha 5.85 km/s i s  not  reached u n t i l  13 km depth. 
There a sudden jump i n  seismic v e l o c i t y  t o  6.6 km/s occurs, which i s  fol lowed 
by a rap id  increase i n  gradient, producing an increase t o  7.2 km/s w i th in  only 
1 km. Below 14 km depth the velocity-depth gradient i s  again small (Figure 

3-5). The sudden jump from 5.85 t o  6.60 km/s occurs a t  progressively deeper 
l'evels t o  the northwest. This d i scon t inu i t y  occurs a t  16 km depth immediately 
south o f  the Salton Sea (Fuis e t  a1 , 1982). 

This v e l o c i t y  s t ructure i s  i n  marked contrast  w i th  t h a t  observed i n  the 
western t h i r d  o f  the Imperial Val ley (curve l a b e l l e d  "West Mesa" i n  Figure 
3-5). S ta r t i ng  w i t h  a value of 1.8 km/s the v e l o c i t y  gradual ly increases t o  
2.4 km/s a t  1.4 km depth t o  the f i r s t  d i scon t inu i t y  where it jumps t o  5.9 
km/s. The seismic v e l o c i t y  then increases a t  a less steep gradient. The jump 
i n  seismic v e l o c i t y  a t  about 2 km depth beneath West Mesa i s  I n f e r r e d  t o  be 
the i n te r face  between sediment and g r a n i t i c  basement. The v e l o c i t y  o f  5.9 
km/s i n  t h i s  basement i s  appropriate f o r  c r y s t a l l i n e  rocks o f  g r a n i t i c  
composition (Fuis e t  a l ,  1982). 

A simple sediment-crystal l ine rock boundary, which requtres a sharp jump i n  
seismic ve loc i ty ,  does not occur. Instead, the sudden decrease i n  ve loc i t y -  
depth gradient i s  apparently due t o  a t r a n s i t i o n  i n t o  metasedimentary rocks, 
w i th  seismic v e l o c i t y  o f  5.65 km/s, t h a t  i s  too low fo r  g r a n i t i c  basement but  
consistent w i th  v e l o c i t i e s  i n  rocks o f  lower greenschist metamorphic fac ies 
(Fuis e t  a i ,  1982). 
observed i n  deep boreholes , we can an t i c ipa te  t h a t  temperatures exceeding 
300 C could be f a i r l y  ubiqui tous below 
Imperial Val ley (Elders , 

and i s  under la in by a "lower basement" 

km/sec and even 7.2 km/s. Two l i n e s  o f  reasoning suggest t h a t  t h i s  lower 
basement consists o f  mafic i n t r u s i v e  rocks. F i r s t ,  the observed range o f  
seismic v e l o c i t i e s  i s  s i m i l a r  t o  t h a t  obser 

~ 

The nature of "basement" i n  the center of the va l l ey  i s  q u i t e  d i f f e r e n t .  

I n  view of the h igh heat f l ow  and high temperatures 

epth i n  the centra l  p a r t  o f  the 

This metasedimenta e r s i s t s  t o  a depth o f  I O  t o  16 km 
seismic v e l o c i t i e s  exceeding 6.6 

oceanic c rus t  a t  depths o f  5 
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Figure 3-5. Seismic Veloc i ty  w i th  Depth i n  the Salton Trough. 

b, Sol id  l i n e s  are from Fuis e t  a1 (1982). Their  "Imperial Valley" 
p r o f i l e  i s  s i m i l a r  t o  t h a t  o f  B ieh ler  e t  a1 (1964) [dot-dash l i n e ]  
f o r  the centra l  Valley; the "West Mesa" p r o f i l e  compares well  w i th  
the e a r l i e r  one o f  Hamilton (1970) [dotted l i n e ]  f o r  the west f lank  
o f  the Salton Trough. 
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t o  8 km i n  the East P a c i f i c  and Cocos Plates. There, by analogy w i th  
o p h i o l i t e  sequences, the lower c rus t  appears t o  be a t r a n s i t i o n  from sheeted 
d ike swarms o f  diabase above t o  gabbro below (Lewis, 1978). 
evidence f o r  mafic in t rus ions beneath the Salton Trough comes from the 
occurrence o f  diabase dikes i n  geothermal wel ls i n  the SSGF (Robinson e t  a1 , 
1976), the East Brawley f i e l d  (Keskinen and Sternfeld, 1982), the Heber f i e l c  
(Browne and Elders, 1976; Browne, 1977), the Cerro P r i e t o  f i e l d  (Elders e t  a1 , 
1981) and the Mesa de Andrade f i e l d  (Figure 3-1). Furthermore, xenol i ths o f  
diabase, basal t ,  and gabbro occur i n  the Quaternary r h y o l i t e  domes w i t h i n  the 
Salton Sea geothermal f i e l d  (Robinson e t  a1 , 1976). 

These models o f  seismic v e l o c i t y  s t ructure were then used by Fuis e t  a1 
(1982) t o  const ra in  a new, more de ta i l ed  g r a v i t y  model f o r  the Salton Trough 
(Figure 3-6). This east-west cross-section extends from the P a c i f i c  Coast a t  
La Jo l l a ,  j u s t  no r th  o f  San Diego, across the Peninsular Ranges, over the 
Salton Trough i n  the v i c i n i t y  o f  Brawley, and f i n a l l y  t o  the Chocolate 
Mountains, east o f  the Imperial Valley. Although the model i s  only two- 
dimensional and i s  not or iented SW-NE, which would be perpendicular t o  the 
s t r u c t u r a l  g ra in  o f  the Trough and the general t rend  o f  isogals w i th in  it, 
c e r t a i n  impl icat ions are  c l e a r  (Figure 3-6) . 
proposed l a y e r  o f  mafic i n t r u s i v e  rocks i n  the lower basement (model densi ty 
3.1 g/cm3) more than compensates f o r  the low-density sediments above (model 
dens i t i es  2.3-2.55 g/cm3). 
Salton Trough a lso impl ies t h a t  va r ia t i ons  i n  the thickness o f  these low- 
densi ty  sediments are compensated by va r ia t i ons  i n  the thickness o f  the high- 
densi ty  layer. The negative g r a v i t y  anomalies under the c r y s t a l l i n e  rocks o f  
t he  Peninsular Ranges and the Chocolate Mountains require t h a t  the mafic l aye r  
i s  absent o r  deeper beneath the mountains bordering the Trough (Fuis e t  a l ,  

1982) . 
3.4 VOLCANISM I N  THE SALTON TROUGH 

Second, d i r e c t  

Because o f  the p o s i t i v e  g r a v i t y  anomaly along the ax i s  o f  the Trough, the 

The r e l a t i v e l y  f l a t  g r a v i t y  p r o f i l e  across the 

I n  add i t i on  t o  the minor i n t rus ions  penetrated i n  boreholes, surface 
Quaternary volcanic rocks occur i n  two locales i n  the Salton Trough. The 
young volcanoes a t  Cerro P r ie to  and the SSGF are apparently p a r t  o f  the s u i t e  
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Figure 3-6. East-Northeast Section Across the Sal ton  Trough. 

A = g r a v i t y  p r o f i l e .  B = model, where densi t ies are i n  gm/cm3. Hachured area 
i s  a dense "subbasement" o f  almost mantle density. 
sect ion,  i s  designated "M" and was determined by seismic re f rac t ion .  Depth t o  
Moho i n  Salton Trough i s  not  constrained by seismic data (Source - Fuis e t  a l ,  
1982). 
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o f  volcanic a c t i v i t y  associated w i th  the East Paci f ic  Rise and the Gulf o f  
Cal i forn ia .  Basalt dredged from the deep basins and occurr ing on the is lands 
i n  the Gulf i s  o l i v i n e  t h o l e i i t e  s i m i l a r  t o  t h a t  found on the East P a c i f i c  
Rise and other  ocean spreading centers (Kay e t  a1 , 1970; Batiza, 1978). Cores 
o f  s i m i l a r  basal t ,  together wi th  hydrothermally a l t e red  sediments o f  
greenschist facies,  were a lso recent ly  obtained by the Deep Sea D r i l l i n g  
Pro ject  i n  the Guayamas Basin (Curry e t  a l ,  1979). 

3-1) cone, which appears t o  be the product of a s ing le erupt ive cycle. The 
marked lack o f  erosion of the cone a t t e s t s  t o  the r e l a t i v e l y  youthfu l  age o f  

t h i s  eruption. Although it has not  been p rec i se l y  dated as yet ,  i t  i s  known 
t o  be magnetized i n  the Recent normal p o l a r i t y  i n t e r v a l  and i s  therefore 
c e r t a i n l y  younger than 700,000 years and probably younger than 100,000 years 
(Elders , 1979). Such ca lc-a lka l ine rhyodacite volcanism appears t o  be 
c h a r a c t e r i s t i c  o f  the Pleistocene Gulf o f  Ca l i f o rn ia  (Gast i l  e t  a l ,  1979). 

domes arranged along a northeast trend. These domes, c o l l e c t i v e l y  known as 
the Salton Buttes, were extruded onto Quaternary alluvium. A s ing le K-Ar age 
determination on the westernmost dome, Obsidian Butte, gave an age o f  
approximately 16,000 years (Muffler and White, 1969). Two'of the domes, those 
a t  Red H i l l ,  are l i n k e d  by subaqueous py roc las t i c  deposits; the others are 
s ing le  extrusions w i th  o r  without marginal lava flows. A l l  o f  the domes 
consis t  o f  low-calcium, a l k a l i  r h y o l i t e  w i th  only 1 t o  2 percent c r y s t a l s  
(Table 3-1). S imi lar  rocks recovered from geothermal wel ls have been a l t e r e d  
extens ive ly  by water-rock reactions. The f resh r h y o l i t e s  are i d e n t i c a l  i n  
composition t o  soda r h y o l i t e s  erupted on the is lands o f  the East P a c i f i c  Rise 
and have s i m i l a r  p r i m i t i v e  Sr86/Sr87 r a t i o s  (Robinson e t  a1 , 1976). Basal t ic  
rocks occur as xenol i ths i n  the domes and as subsurface dikes, s i l l s ,  o r  
flows. Except where hydrothermally a l t e red  by br ines,  these rocks are a l so  
s i m i l a r  t o  low-potassium t h o l e i i t i c  basal ts erupted an the East P a c i f i c  Rise 
and on is lands i n  the Gulf o f  4 C a l i f o r n i a  (Robinson e t  a1 , 1975). These 
observations support the hypothesis t h a t  the condi t ions t h a t  con t ro l  magma 
genesis under the Salton Trough and the Gulf of Cal i forn ia  are s i m i l a r  t o  
those operat ing beneath oceanic spreading centers (Elders, 1979) . 

The Cerro P r i e t o  volcano i s  a l i t h o i d a l  , calc-a lka l ine rhyodacite (Table 

A t  the south end of the Salton Sea are f i v e  small ext rus ive r h y o l i t e  
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Table 3-1. Chemical Analysis of  Volcanic Rocks i n  the Salton Trough 

Obsidian Butte Basalt Xenol i ths 
Cerro Pr ie to  (Sal ton Buttes) (Sal ton Buttes) 

(Average of  2) (Average of 5) (Average of 4) 

S i  0, 68.62 73.6 52.19 

T i  0, 0.54 0.04 1.79 

A12 4 15.58 13.5 14.73 

Fe2 4 * 5.59 2.8 9.63 
Mn 0 0.10 0.05 0.17 

Mg 0 
Ca 0 

0.87 
4.68 

0.21 
0.9 

6.79 
10.36 

Na, 0 2.73 4.5 3.57 
K20 1.29 4.1 0.42 
Total 100.01 99.70 99.65 

- 

*Total Fe as Fez% 

Source - Elders (1979). 
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Numerous p a r t l y  melted g r a n i t i c  xenol i ths i n  these r h y o l i t e  domes show 
var ious degrees o f  e i t h e r  co tec t i c  mel t ing along quartz- fe ldspar boundaries o r  
d isequ i l ib r ium incongruent mel t ing o f  hydrous ferromagnesian minerals. These 
g ran i te  inc lus ions  contain notably higher SiO,, CaO, and Na20 and lower t o t a l  

i r o n  than the enclosing rhyo l i t e .  The compositions and textures of these 
rocks suggest t h a t  they a re  fragments o f  cont inenta l  basement ra ther  than 
being cogenetic w i th  the rhyo l i tes .  This idea i s  a lso supported by t h e i r  
s t ront ium isotopes, which show tha t  they are not  cognate xenol i ths.  Whereas 
the  r a t i o  8 7 S r f 6 S r  o f  the r h y o l i t e  i s  0.705, t h a t  i n  the  g r a n i t i c  xenol i ths 
i s  0.720. As mentioned above, these g r a n i t i c  xenol i ths are accompanied by 
basal t i c  xenol i ths and by inc lus ions of una1 tered sediment and hydrothermal l y  

a l t e r e d  sediment. 
xenol i ths,  they probably come from a l eve l  deeper than the sediments and 
metasediments. 
1 ower basement where they occur as septa between mu1 t i p l e  sheeted d ike swarms. 
A l te rna t ive ly ,  me l t ing  o f  arkose a t  the bottom o f  the sedimentary p i l e  might 
produce textures and compositions s i m i l a r  t o  those observed i n  the g r a n i t i c  
xenol i ths  (Elders , 1979). 

3.5 

Since p a r t i a l  mel t ing i s  on ly  seen i n  the  g r a n i t i c  

Perhaps these h igh l y  melted gran i te  fragments came from the 

STRUCTURAL EVOLUTION OF THE SALTON TROUGH 

As ind icated i n  sect ion 3.1, the Salton Trough i s  an example o f  a complex 
r i f t  val ley.  
t o  the  c rus ta l  t h inn ing  required by the g r a v i t y  and seismic data, 
f i r s t  stage, two layers o f  cont inenta l  c rus t  are shown before spreading 
i n i t i a t e d .  As spreading begins, upward extension and l a t e r a l  r i f t i n g  o f  the 
c r u s t  i s  accompanied by thermal expansion and metamorphism caused by hot zones 
i n  the  upper mantle. Duc t i le  th inn ing  o f  the lower c rus t  and b r i t t l e ,  
tens ional  f a i l u r e  i n  the  upper c rus t  generates a widening trough which 
receives low-density sediments. Since r i f t i n g  and sedimentation are 
contemporaneous, o lde r  sediments are deformed and fau l ted  and younger 
sediments grow progress ive ly  t h i c k e r  toward the  ax i s  of the val'ley. 

I n  the  t h i r d  stage, the  upper mantle produces basa l t i c  magma which 
invades and metamorphoses the  lower crust. This e f f i c i e n t  process o f  heat 
t r a n s f e r  causes greater  thermal metamorphism o f  the sedimentary p i l e  and even 

Figure 3-7 i s  a simple two-dimensional cartoon r e l a t i n g  r i f t i n g  
I n  the  
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Figure 3-7. Model o f  R i f t i n g  and Magma Generation f o r  the Salton Trough 

The sections are drawn p a r a l l e l  t o  s t r i k e - s l i p  fau l t s .  Two 
layers o f  c rus t  o v e r l i e  a hot zone i n  the mantle. M = Moho 
d iscon t inu i t y ,  A and A '  = reference points  f o r  l a t e r  movements, 
GS = greenschist metamorphism. 
(Source - Elders e t  a1 , 1972). id See t e x t  f o r  explanations 
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more th inn ing  o f  the c rus t  away from what i s  now an ac t i ve  spreading center. 

T i l t i n g  o f  the va l l ey  wal ls  causes g rav i ta t i ona l  s l i d i n g  o f  u p l i f t e d  basement 
toward the r i f t  val ley.  The basement beneath the t rough i s  now new crust ,  o f  
more oceanic type, created by i n t r u s i o n  o f  b a s a l t i c  magma i n t o  the o lder  
cont inenta l  c r u s t  and younger sediments (Elders e t  a1 , 1979). 

greenschist metamorphism i n  the sediments. 
enough i n t o  the  crust ,  g r a n i t i c  basement rocks begin t o  melt. 
r h y o l i t i c  magma from the  mantle en t ra ins  fragments o f  basal t ,  metamorphosed 
sediments and g r a n i t i c  basement. 

t he  important t rans la t i ona l  motions on the major t ransform f a u l t s  i n  the 
region. The cross sections are or iented p a r a l l e l  t o  and between major 
s t r i k e - s l i p  f a u l t s  and, therefore,  obl ique t o  the val ley.  
t h i s  cartoon t o  these f a u l t s  it i s  necessary t o  consider'deformation on a 
l a r g e r  scale (Elders e t  a l ,  1972). 

More than 50 years ago Wegener, as part' o f  h i s  comprehensive scheme o f  
cont inenta l  d r i f t ,  proposed t h a t  the 1500 km long tec ton ic  depression o f  the 
Gul f  o f  C a l i f o r n i a  formed by separation o f  the peninsula o f  Baja Ca l i f o rn ia  
from mainland Mexico (Wegener, 1924). This idea remained dormant u n t i l  t he  
advent o f  p l a t e  tectonics.  

f o r  the  l a s t  15 m i l l i o n  years. Marine foramin i fera of l a t e  Miocene t o  e a r l y  
Pliocene age a t t e s t  t o  the existence o f  deep water i n  the Gulf from 11 t o  6 
m i l l i o n  years ago ( Ingle,  i n  Elders and Biehler,  1975). A t  t h i s  time the Gulf  
may have been about two-thirds i t s  present s ize,  having formed as a volcano- 
tec ton i c  rift zone s i m i l a r  t o  the r i f t s  commonly formed behind i s land  arc- 
t rench systems. The mechanism responsible f o r  the  formation o f  t h i s  
proto-Gulf  i s  not c lear.  

f a u l t i n g ?  This problem was discussed by Carey (1958) who, before the ' theory  
o f  p l a t e  tec ton ics  was formulated, coined the term "rhombochasm" t o  describe 
the  tensional  gap formed between en echelon p a i r s  o f  s t r i k e - s l i p  fau l ts .  The 

idea i s  p a r t i c u l a r l y  appealing i n  the case o f  the southern two-thirds o f  the 
Gulf ,  where marine geophysical surveys have revealed numerous young 

LJ 

Plumes o f  hot b r ine  are l a r g e l y  responsible f o r  the development o f  
When the  700 C isotherm r i s e s  h igh 

F i n a l l y  

The two-dimensional model (Figure 3-7) was de l i be ra te l y  or iented t o  omit 

I n  order t o  r e l a t e  

Paleontological  evidence suggests t h a t  the Gulf  o f  Ca l i f o rn ia  has ex is ted  

We can a lso  ask i n  what way i s  the modern Gulf re la ted  t o  s t r i k e - s l i p  

-> 

kd 
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LJ topographic depressions i n  the Gulf f l o o r  bounded by se ismica l ly  ac t i ve  
fau l t s .  These closed basins have heat f lows several times the c rus ta l  
average, have p o s i t i v e  g r a v i t y  anomalies o f  up t o  +80 mgal, and appear t o  have 
been produced by ac t ive  movement along en echelon f a u l t  segments (Moore, 
1973) . 

Lomnitz e t  a1 (1970) and Elders e t  a1 (1972) both suggested t h a t  t h i s  
pa t te rn  o f  t ransform f a u l t s  and "pu l l  -apart" basins pe rs i s t s  f u r t h e r  no r th  
i n t o  the  Salton Trough. On land, however, the basins were f i l l e d  as r a p i d l y  
as they formed by d e l t a i c  sedimentation (Figure 3-7). Depressed areas on 
e i t h e r  s ide o f  the apex o f  the Colorado River de l ta  may be subt le  expressions 
o f  such tec ton ic  subsidence t h a t  have not  been o b l i t e r a t e d  by sedimentation. 
The en echelon arrangement o f  the western boundary o f  the imperial  Valley, 
w i t h  i t s  numerous low embayments, a lso  supports t h i s  idea. Figure 3-8 shows a 
poss ib le  arrangement o f  tension "pu l l  -apart" basins , compression zones , and 
s t r i k e - s l i p  fau l ts .  As an explanation o f  the numerous ac t i ve  f a u l t s  d iverg ing 
northwest from the Salton Trough, Lomnitz e t  a1 (1970) suggested t h a t  ra tes of 
spreading on i nd i v idua l  "spreading centers" decrease progress ive ly  northward. 
Elders e t  a1 (1972) pointed out the consequences o f  such a model (Figure 
3-8A). If spreading centers X, Y, and 2 have v e l o c i t i e s  o f  spreading V1 , V2 , 
and V,, respect ively,  the  v e l o c i t y  o f  movement on the f a u l t  DC i s  (V, + V2), 
bu t  on the extension o f  t h i s  f a u l t  CC' i t  i s  on ly  (Vl - V2). As ind icated i n  
Figure 3-8A, t h i s  model o f  f a u l t i n g  has a complementary system o f  l e f t - l a t e r a l  
f a u l t s  t o  the southeast. 
f a u l t s  has not y e t  been reported e i t h e r  i n  the  Gulf o f  C a l i f o r n i a  o r  i n  
Sonora . 
possib le  hypotheses f o r  l oca l  pat terns o f  spreading which might be re la ted  i n  
a complex way t o  the ove ra l l  r e l a t i v e  motion o f  the l i thosphere and 
asthenosphere i n  t h i s  region. 
r a p i d i t y  o f  i t s  growth, unstable and t rans ien t  movements are a lso  t o  be 
expected ( E l  de r s  , 1979) 

To our knowledge, such a system o f  l e f t - l a t e r a l  

The simple conceptual model, shown i n  Figure 3-8A, i s  on ly  one o f  many 

I n  view o f  the youth o f  the v a l l e y  and the ! 
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Figure 3-8. Plate-tectonic h d e l  and Map o f  Northern 6 u l f  o f  Ca l i fo rn ia  and 
Salton Trough. 

Ideal lzed m d e l  (A) o f  sketch map (6) i l l u s t r a t e s  i n te r re la t i ons  o f  
major spreading centers: Brawley seismic zone (BZ). Cerro Pr ie to  
g e o t h e m l  area (CP), and Wagner Basln it ; major transfonn fau l rs :  
San Andreas f a u l t  (SA), Imperial f a u l t  111. Cerro Pr ie to  f a u l t  

San Jaclnto f a u l t  zone I S J ) ,  Elsinore f a u l t  (E), and East Highline Canal seismlci ty 
lineament (EH). Laguna Salada f a u l t  (LS). which appears t o  be the 
seismical ly most ac t i ve  extension o f  Elsinore f a u l t  southeastward, 
does not appear t o  connect wi th any know transfonn fau l t .  Such 
departures from ideal ized m d e l  (A) may r e f l e c t  influence o f  North 
Amrican continent. w i th  i t s  p re-ex is t ing  weaknesses. on oceanic 
p la te  tectonics. X’s denote f racture zones o r  sutures tha t  are 
inac t ive  i n  Indicated l e f t - l a t e r a l  sense. East Highline Canal 
seismici ty lineament appears t o  be associated w i th  noma1 d ip -s l i p  
motions; there Is cur ren t ly  no seismic o r  geologic evldence f o r  
exlstence o f  other two proposed sutures. I n a c t i v i t y  along sutures 
on east side o f  Gulf o f  Ca l l fo rn la  and Salton Trough requires tha t  
spreadlng centers migrate northwestward from Block 2 a t  t h e i r  
spreading half-rates. We assume tha t  these hal f - rates decrease 
northwestward: V3 < V, < V . Hodlf ied from Elders and others 
(1972, Fig. 7) by Fuis e t  a i  (1982). 

CPF); and major f rac tu re  ronqs o r  sutures: 
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3.6 HYDROTHERMAL SYSTEMS I N  THE SALTON TROUGH LJ 

3.6.1 Regional P ic ture 

The Gulf  o f  Ca l i f o rn ia  and the Salton Trough are characterized by 
regional  heat flow. The deep basins w i th in  the  Gulf geothermal anomal 

h igh 
es can 

-2 1 e x h i b i t  very high heat f low values, as high as 5 0 ~ 1 0 ' ~  ca l  cm so . On land 
more than a dozen geothermal anomalies have been recognized. These anomalies 
inc lude the  Salton Sea, Westmorland, East Brawley, Brawley, Heber, East Mesa, 

Cerro Pr ie to,  Tulecheck, Panga de A 
and Desierto de A l t a r  geothermal f i e l d s  o f  the Mexical i  Val ley (Figure 3-1). 

An aspect o f  these geothermal f i e l d s  t h a t  i s  important from the  view o f  
nuclear waste i s o l a t i o n  i s  t h a t  they usual ly  lack  surface discharge o r  any 
other  k ind  o f  surface expression even though they can have temperatures as 
h igh as 370 C a t  1,800 m depth. Only the  Salton Sea and Cerro P r ie to  f i e l d s  
have any surface manifestat ions such as hot spr gs and fumaroles. 
f i e l d s  are a l so  the only  s associated w i th  Q ry volcanoes. The 
remainder have been acc ident ly  discovered dur ing 
we l ls  o r  by geophysical surveys using grav i ty ,  thermal gradient, o r  e l e c t r i c a l  

Glamis, and Border geotherma i e l d s  i n  the  Imperial Valley, and the  
o , Mesa de Andrade , Mesa de San Luis, 

Those two 

r i l l i n g  of (dry) o i l  

assess these "b l  Snd" 

i n tense met amo r p  h i sm 

fac ies  rocks i s  occurr ing a t  depths o f  1 t o  2.5 km below the surface, where W 
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the  temperature ranges up t o  365 C a t  2 km depth (Muf f ler  and White, 1969; 
McDowe11 and Elders, 1979). 
25 w t  percent of t o t a l  d issolved so l i ds  (Helgeson, 1968). 

A1 though s i m i l a r  geothermal gradients are encountered i n  the Cerro P r ie to  
geothermal f i e l d ,  the br ine  i s  much less  saline. Typ ica l l y  the  br ine  contains 
only  13-15,000 ppm o f  C1 , 7-8,000 ppm of Na , 5-600 ppm o f  Cas and 1,500-2,000 

Brines recovered from these depths contain up t o  

ppm o f  K. The hydrothermal minerals encountered are s i m i l a r  t o  those seen i n  
the  Salton Sea f i e l d ,  but  the degree o f  r e c r y s t a l l i z a t i o n  i s  less  intense. 
both o f  these geothermal f i e l d s  hydrothermal a1 t e r a t i o n  a f f e c t s  the physical  
proper t ies o f  the sediments by reducing poros i ty  and increasing density. 
A t r a n s i t i o n  i n  the  nature o f  the permeabi l i ty  i n  these reservo i rs  therefore 
occurs from matr ix  poros i ty  i n  the upper pa r t  o f  the reservo i r  t o  
fracture-dominated permeabi l i ty  a t  depth (Elders, 1979). 

temperatures and s a l i n i t i e s  intermediate t o  those o f  the Salton Sea f i e l d  and 
the  o ther  i d e n t i f i e d  geothermal f i e l d s  o f  the Salton Trough. Temperatures i n  
excess of 300 C and s a l i n i t i e s  o f  200,000 ppm TDS have been encountered there. 
Although a dozen o r  so deep wel ls  penetrate these reservoirs,  l i t t l e  pub l i c  
in format ion i s  ava i lab le  a t  t h i s  time. 

Such h igh temperatures and h igh l y  sa l ine  br ines have no t  been found i n  
the  other  thermal anomalies d r i l l e d  t o  date. Temperatures from 100 t o  200 C 
and br ines containing from 3,000 t o  20,000 ppm t o t a l  d issolved so l i ds  are much 
more charac ter is t i c .  
c h a r a c t e r i s t i c a l l y  less than t h a t  seen i n  rocks from the Salton Sea and Cerro 
P r ie to  f i e l d s  (Elders , 1979). 

Surface expression o f  these thermal anomalies i s  retarded by impermeable 
caprocks. For example, the Salton Sea geothermal f i e l d  has an impermeable 
caprock of l acus t r i ne  c lays up t o  450 m t h i c k  (Helgeson, 1968; Randall, 1974). 
The Dunes hydrothermal system, on the  other  hand, developed an impermeable 
caprock by sel f -seal ing.  
Dunes f i e l d ,  there are seven i n t e r v a l s  o f  intense cementation o f  sandstone t o  
quar tz i te ,  w i th  dens i t ies  as h igh as 2.55 g/cm3 and po ros i t i es  as low as 3 

I n  

The Brawley and East Brawley geothermal f i e l d s  appear t o  have 

S imi la r ly ,  the degree o f  metamorphism observed i s  

I n  the  upper 300 m o f  a 6 1 2 4  deep borehole i n  the 

percent (Elders and Bird, 1974; Bird,  1975). 

and Brawley - 300 C) are a l l  s i tua ted  i n  young pu l l -apar t  zones. The other  
The ho t tes t  geothermal f i e l d s  (Salton Sea - 365 C, Cerro P r ie to  - 370 C, 
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geothermal f i e l d s  such as Heber and East Mesa are associated w i t h  the less  
a c t i v e  extensions o f  the transform f a u l t s  (e.g., EH and E in Figure 3-8B). 
These geothermal f i e l d s  are under ac t ive  development as sources o f  steam f o r  
generation o f  e l e c t r i c i t y .  The most developed i s  the Cerro P r i e t o  f i e l d  i n  
Mexico, which already has an i n s t a l l e d  capaci ty o f  180 MWe and two p lants  each 
o f  220 MWe under construction. For environmental and technica l  reasons , 
development o f  geothermal power sources has been slower i n  the Imperial 

Valley. A t  t h i s  p o i n t  on ly  p i l o t  scale plants,  w i t h  net r a t i n g s  o f  about 10 
MWe, e x i s t  a t  the  East Mesa, Brawley and Salton Sea si tes.  According t o  
publ ished estimates o f  the U.S. Geological Survey (Muff ler ,  1979), the 
geothermal resources ava i lab le  f o r  power generation nor th  o f  the i n t e r n a t i o n a l  
border are s u f f i c i e n t  t o  generate 2,000 MWe f o r  a century. This estimate, 
based upon data ava i lab le  i n  1978, must be regarded as a minimum value. The 
subsequent discovery o f  the East Brawley f i e l d  and recent developments and 
step-out d r i l l i n g  i n  the e x i s t i n g  f i e l d s  suggests t h a t  the source may be much 
l a r g e r  (see discussion i n  sect ion 4.1.1). Because much o f  these new data are 
propr ie tary ,  however, a precise estimate cannot be made a t  present. 

3.6.2 Heat Sources 

There are two classes of geothermal systems i n  the  Salton Trough: 
(1) moderate temperature systems, such as Heber and East Mesa, w i t h  
temperatures - <200 C a t  2 km depth; and (2) h igh i n t e n s i t y  systems such as 
Brawley, East Brawley, Salton Sea and Cerro Pr ie to,  w i t h  temperatures o f  
IC.) >300 C a t  -2 km. Maximum measured temperatures reported t o  date are 370 C a t  
Cerro P r i e t o  and 365 C a t  Salton Sea. 

Although dikes o r  s i l l s  were penetrated i n  d r i l l i n g  a t  Heber (Browne and 

Elders, 1976; Browne, 1977), apar t  from the  h igh heat flow, a geophysical . 

s ignature o r  -other i n d i c a t i o n  o f  la rge  nearby in t rus ions  associated w i t h  these 
moderate temperature f i e l d s  has not been observed. The heat source f o r  these 
moderate temperature systems i s  probably deep c i r c u l a t i o n  of ground water, 
poss ib ly  f a u l t  cont ro l led,  i n  an area o f  r e g i o n a l l y  h igh heat flow. The lack 

o f  la rge  p o s i t i v e  g r a v i t y  and magnetic anomalies associated w i t h  these 
moderate temperature f i e l d s  suggests t h a t  minor i n t r u s i v e s  are not 
s u f f i c i e n t l y  abundant t o  be heat sources. 
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Simi lar ly ,  a ser ies o f  m u l t i p l e  dikes o r  s i l l s  3 t o  35 m t h i c k  and 
ranging i n  composition from andesite t o  basal t ,  which were encountered i n  a 
w e l l  i n  the East Brawley f i e l d ,  i s  too o l d  t o  be a heat source f o r  the modern 
system. 
1 0 . 5 ~ 1 0 ~  years) according t o  Keskinen and Sternfeld (1982). 

I n  contrast ,  as ind icated above, two o f  the intense geothermal f i e l d s ,  
the Salton Sea and Cerro P r ie to  systems, a r e  associated w i th  both minor 
i n t rus i ves  and Quaternary volcanoes (Elders e t  a l ,  1981; Robinson e t  a l ,  

Potassium-argon dates f o r  these rocks gave e a r l y  Pliocene ages (8.1 - 

1976). 
suggestive o f  l a rge r  i n t rus ions  a t  depth as heat sources. 

These two f i e l d s  also have large g r a v i t y  and magnetic anomalies 

3.6.3 Models o f  the Cerro Pr ie to Geothermal System 

Because i t  i s  by f a r  the best studied geothermal f i e l d  i n  the Salton 
Trough, the Cerro P r ie to  system, some 25 km south o f  the i n te rna t i ona l  border, 
can serve as a model f o r  o ther  high i n t e n s i t y  systems. More than 110 wells, 
some deeper than 3 km, penetrate t h i s  system and a l l  o f  the informat ion from 
t h i s  f i e l d  i s  i n  the publ ic  domain. 
an i n te rna t i ona l  cooperative study by the Comisidn Federal de E lec t r i c i dad  o f  
Mexico (CFE) and the U.S. Department of Energy (DOE) i n  the per iod 1977 t o  
1982 i n  which the Geothermal Resources Program a t  the Univers i ty  o f  
Ca l i f o rn ia ,  Riverside part ic ipated. 

o f  f l u i d  f l ow  i n  t h i s  f i e l d  before production began (Elders e t  a l ,  1981). 
This model draws upon a l l  ava i lab le information and was b 
l o c a t i o n  of the natural  surface discharges i n  an arc west of the f i e l d ;  (2) 
temperature gradients measured i n  wells; (3)  depths o f  the production zones i n  
f lowing wells; (4) depths t o  the f i r s t  occurrence o f  va 
mineral zones, especia l ly  epidote and b i o t i t e ;  (5) i s o t  
geothermometry; (6) estimates o f  the r e l a t i v e  durations o f  heating from 
v i t r i n i t e  reflectances; (7) the locat ions of zones of h igh and 
r e s i s t i v i t y ,  based on downhole e l e c t r i c a l  logs; (8) the l o c a t i  
dikes i n  wells H2, NL-1, T-366 and M-189, along the eastern margin o f  the 

9) co r re la t i ons  wi th  s ace surveys of DC e l e c t r i c a l  resi 

The Cerro P r ie to  f i e l d  was the subject o f  

One r e s u l t  o f  t h i s  co l laborat ion i s  a comprehensive model f o r  the pa t te rn  

us hydrothermal 

(10) the resu l t s  from newer step-out wells. LJ 
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A key feature o f  t h i s  model . i s  d i v i s i o n  o f  the f i e l d  i n t o  fou r  sections: 

-, 
(1) an area o f  co ld  water recharge t o  the northeast; (2) a zone o f  upward 
f lowing b o i l i n g  water i n  the center; (3) a region o f  surface discharge l y i n g  
t o  the west; and (4) an aqu i fe r  a t  the extreme western boundary o f  the f i e l d  
i n  which f l ow  o f  hot water i s  p r i m a r i l y  hor izontal .  The model fur ther  
i n f e r r e d  t h a t  t h i s  pat tern was produced by hydrothermal convection i n  which a 
buoyant hydrothermal plume, dipping 45' t o  the northeast, discharges t o  the 
southwest. 
descends and i s  heated by a deep magmatic heat source i n  t h a t  d i r e c t i o n  
(Figure 3-9). 

The study o f  oxygen isotope and subsurface temperature data indicates 
t h a t  a rese rvo i r  volume of about 12 km3 has exchanged i t s  oxygen isotopes w i th  
water a t  temperatures greater than 200 C. 
unreacted sediments, hydrothermally a l t e red  sediments, and the waters y i e l d s  a 
water t o  rock mass r a t i o  o f  1.33 o r  a volume r a t i o  of approximatey 3. Thus 36 
km3 o f  water h o t t e r  than 200 C reacted w i th  the 12 km3 o f  the so-far explored 
reservo i r ,  causing the observed i so top ic  exchanges (Elders e t  a1 , 1982) . 

Deta i led studies o f  f i s s i o n  t rack  annealing i e t r i t a l  apat i tes i n  
sandstones i nd i ca te  t h a t  well  T-366 on the eastern de o f  the f i e l d  reached 
the  temperature range 160-180 C less than 10,000 years ago. If t h i s  age i s  
general ized t o  the whole reservoir ,  it impl ies t h a t  the f l ux  o f  >200 C water 
occurred i n  l ess  than 10,000 years. This f l u x  i n  t u r n  requires a f l ow  o f  more 
than 3.6~10 m o f  water a year through the whole rese rvo i r  i n  the natural  
s ta te  f o r  approximately 10,000 years. I f  t h i s  f l u i d  flowed through a cross 
sect ion o f  the rese rvo i r  averaging 6 km2 i n  area, then the s p e c i f i c  discharge 
would be 0.6 m3/year. For an average po ros i t y  o f  10 percent, the t ranspor t  
would then have been 6 m3/year averaged over 1 

Rough estimates o f  the heat stored i n  the 
rese rvo i r  h o t t e r  than 200 C, down t o  a depth o f  3 km, show t h a t  it i s  
equivalent t o  the enthalpy contained i.n a t  l e a s t  1.5 km3 o f  molten ba 
For such a l a rge  amount o f  .heat t o  be t r a n s f e r  
years by convection requires t h a t  the so 
The Cerro P r i e t o  geothermal f i e l d  should 
magma-hydrothermal system (Elders e t  a1 1982). 

Mass f l ow  i s  recharged by co ld  water from the northeast which 

The measured sl80 s h i f t s  between 

6 3  

ears (Elders e t  a1 , 1982). 
t o f  t h i s  geothermal 

i n t o  the sediments i n  10,000 
ea t  be both large and close. 

fore be considered as an ac t i ve  

\ 



m 

500 

n 
E 1000 
u 

I + 1500 e 
W 

2000 

2500 
P 
P 

HEAT 
SOURCE ? 

Figure 3-9. SW-NE Cross-section Showing the Flow Regime Proposed f o r  Cerfo Pr ie to .  

M6, M9, e tc .  = Location o f  geothermal wells 
H = Zone o f  horizontal  flow 
D = Zone o f  surface discharge 
P = Zone o f  r i s i n g  plume of bo i l ing  water 
R = Zone o f  cold water discharge (see t e x t )  

(Source - Elders e t  a1 , 1981). 

c c 
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Although the  nearby Quaternary volcano o f  Cerro P r ie to  i s  a rhyodacite 
dome, two compelling reasons e x i s t  f o r  assuming t h a t  the heat source f o r  the 
f i e l d  i s  a b a s a l t i c  in t rus ion.  F i r s t l y ,  the dikes encountered i n  deep 
boreholes are l a r g e l y  diabase. Secondly, i n  t h i s  tec ton ic  s e t t i n g  of c rus ta l  
spreading associated w i th  "leakyt1 transform f a u l t s  o f  the San Andreas f a u l t  - 
Gulf o f  Ca l i f o rn ia  system, basal t  in t rus ions  are l i k e l y  (Elders e t  a l ,  1972). 

source for  the Cerro P r ie to  system, a ser ies of numerical analog models o f  

heat and mass t rans fer  was generated by Elders e t  a1 (1983). The aim was t o  
r e p l i c a t e  the  t im ing  and temperature d i s t r i b u t i o n  i n  the observed p a r t  o f  the 
hydrothermal system. The f i r s t  step was t o  ca lcu la te  the  enthalpy contained 
i n  the  two cross-sections across the f i e l d .  Next, s imp l i f y i ng  assumptions 
were made on the d i s t r i b u t i o n  o f  rock permeabi l i ty  a t  depth. Then a ser ies o f  
numerical f i n i t e  element models o f  conductive and convective heat t rans fe r  
were computed fo r  a ser ies of d i f f e r e n t  heat sources and d i f f e r e n t  assumed 
permeab i l i t ies  (Elders e t  a1 , 1982). 

f i e l d  observed today have i n  common a funnel-shaped gabbroic in t rus ion ,  
probably 3 t o  5 x lo4 years old,  some 4 t o  5 km across and w i th  a top  a t  a 
depth o f  5 t o  6 km. The i n c l i n a t i o n  o f  the thermal plume i s  apparently 
con t ro l l ed  by the asymmetry of the i n t rus ion  and by shallow permeabi l i ty  
b a r r i e r s  t h a t  are presumably breached by f a u l t i n g  (Figure 3-10) (Elders e t  
a1 1982). 

I f ,  as seems l i k e l y  i n  t h i s  tec ton ic  s e t t i n g  o f  c rus ta l  spreading, there 
have been repeated incursions o f  magma f o r  a long period, then the i n t rus ions  
must be even l a r g e r  and have begun ea r l i e r .  Above the heat source there i s  
probably a sheeted d ike  complex, as i s  t y p i c a l  o f  o p h i o l i t e  complexes formed 
a t  ocean spreading centers. Whatever i t s  form, the existence o f  a young, 
large, shallow igneous i n t r u s i o n  seems inescapable (Elders e t  a1 , 1983). 

Since these models were i n i t i a l l y  proposed , independent geophysical 
evidence f o r  the presence o f  a gabbroic body beneath the Cerro P r ie to  f i e l d  
was proposed by Goldstein e t  a1 (1983). A broad d ipo la r  magnetic anomaly 5 km 
east  o f  the 180 MWe power p lan t  a t  Cerro P r ie to  i s  modeled by a tabu la r  block 
4 by 6 km i n  area and 2.3 km t h i ck ,  w i th  a top 3.7 km deep. The 
s u s c e p t i b i l i t y  o f  the magnetic source i s  equivalent t o  t h a t  o f  a 

To quant i fy an estimate o f  the s ize,  age, and loca t i on  o f  a gabbroic heat 

The two-dimensional numerical models which best f i t  the  features o f  the  
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Figure 3-10. Two-dimensional Heat Transfer Model f o r  the Cerro Pr ie to  
Geothermal Field.  

I n i t i a l  condition and temperatures for four time steps. The 
upper model shows the permeability i n  m i l l i d a r c i e s  a t  the time 
o f  emplacement of the int rusion (which i s  s t ippled)  (Source - 
Elders e t  a1 , 1982, Fig. 15). 
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magnetite-bearing gabbro. 
be the Curie isotherm f o r  magnetite (575 C). A l i n e a r  ext rapolat ion o f  
temperature gradients from well  logs through the depth o f  the Curie isotherm 
suggests a mel t  zone a t  a depth of 9 t o  10 km (Goldstein e t  a1 , 1983). 

shows the upper k i lometer o f  the postulated pldton having cooled below 800 C 
a t  6 km depth i n  50,000 years. Thus the concepts t h a t  large, young gabbroic 
i n t rus ions  occur beneath the high temperature geothermal f i e l d s  o f  the Salton 
Trough and t h a t  these in t rus ions may s t i l l  be molten a t  depths o f  6 t o  9 km 
seems plausible. 

The base o f  t h i s  magnetic source a t  6 km appears t o  

This depth i s  consistent w i th  the model o f  Elders e t  a1 (1983) which 

3.7 GROUND WATER IN THE SALTON TROUGH 

Water wel ls and wells d r i l l e d  i n  the search f o r  o i l  and geothermal 
resources i n  the Salton Trough penetrate a v a r i e t y  o f  waters t h a t  d i f f e r  i n  
i s o t o p i c  r a t i o s  and s a l i n i t y .  
o r i g i n  o f  the water and the s a l t ,  bu t  also t o  determine the degree o f  
i n t e r a c t i o n  o f  a given groundwater sample w i t h  a hydrothermal system. 

These data are used not only t o  determine the 

3.7.1 

The primary s tab le i so top ic  species i n  water are H2Ol6 , 4Ol8 , and HD016 
(where D = deuterium). The r a t i o  of these species can be employed f o r  a 
v a r i e t y  o f  hydrological  invest igat ions.  Craig (1963) showed t h a t  s tab le 
isotope measurements are useful  i n  determining the o r i g i n  o f  water i n  
geothermal systems because: 

The oxygen and hydrogen i so top ic  compositions o f  meteoric 
p r e c i p i t a t i o n  d i f f e r  from one l o c a l i t y  t o  another due p r i m a r i l y  t o  di f ferences 
i n  the temperature o f  p rec ip i t a t i on .  Craig (1961) found a l i n e a r  c o r r e l a t i o n  
between 8D and 6l8O f o r  meteoric water samples from a l l  over the ea r th  such 

(1) 

that  

Samples from colder  locat ions are more negative i n  6D and 6’*0 while 
p r e c i p i t a t i o n  from equator ia l  zones i s  c loser  t o  Standard Mean Ocean Water 
(SMOW) . 

6D = 86180 + 10. 
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(2) A geothermal system has n e g l i g i b l e  e f fec t  upon the hydrogen i so top ic  
composition o f  the water f lowing through the system because the quant i ty  o f  
hydrogen i n  rocks i s  so low. The hydrogen i so top ic  composition o f  
p r e c i p i t a t i o n  which enters a ground water system and f lows through i t  i s  
general ly unchanged. 
waters from d i f f e r e n t  sources. 

geothermal system can be modif ied i f  the system i s  s u f f i c i e n t l y  hot 0100 C) 
due t o  exchange o f  oxygen i n  water wi th  oxygen i n  the rock. The net e f f e c t  i s  
t o  increase the ' * O  content of the f l u i d  and decrease t h a t  of the rock, g i v i n g  
r i s e  t o  the well  known s h i f t  o f  180. 

Figure 3-11 p l o t s  6 D  versus 6l80 f o r  waters from the Imperial Valley 
(Coplen e t  a l ,  1975) and compares them w i th  the meteoric water l i n e  o f  Craig 
(1961). Coplen e t  a1 (1975) showed t h a t  waters f rom i r r i g a t i o n  wells i n  the 
centra l  Imperial Valley p l o t  on a l i n e  connecting lower Colorado River water 
(Lake Mead) t o  surface water from the Salton Sea, a t  the lowest po in t  o f  the 
closed basin. This regular re la t i onsh ip  ind icates t h a t  the non-geothermal 
waters o f  the v a l l e y  f o l l o w  a t rend  o f  evaporation, becoming heavier i n  both 
hydrogen and oxygen as the subsurface flow moves northward. This i so top ic  

re la t i onsh ip  i s  consistent w i th  the hydrologic studies o f  Loe l t z  e t  a1 (1975), 
which i nd i ca te  t h a t  groundwater recharge i n t o  the Imperial Valley occurs 
almost exc lus ive ly  by i n f l o w  o f  the Colorado River a t  Yuma, Arizona. 
near the margins o f  the Trough i n  a few shallow aqui fers  i s  there s i g n i f i c a n t  
water derived from l o c a l  p rec ip i t a t i on ,  as shown by the s o l i d  c i r c l e s  i n  
Figure 3-11 (Coplen e t  a1 , 1975). 

Isotop ic  r a t i o s  o f  three selected geothermal systems are a lso p l o t t e d  i n  
Figure 3-11. A t y p i c a l  h igh- in tens i ty  geothermal sample (Cerro Pr ie to)  shows 
an i so top ic  s h i f t  o f  about 3 per m i l  i n  oxygen due t o  water-rock reactions a t  
h igh temperatures. Samples from a moderate temperature geothermal system 
(East Mesa, i n  which temperatures do not exceed 200 C a t  2 km) and a low 

Wdrogen i so top ic  compositions can thus serve t o  "tag" 

(3) The oxygen i so top ic  composition o f  p r e c i p i t a t i o n  which enters a 

Only 

temperature geothermal system (the Dunes, w i th  temperatures o f  100 C a t  600 m) 
p l o t  close t o  the evaporation l i n e .  These i so top ic  data suggest t h a t  the 
waters i n  these geothermal systems are derived from evolved and evaporated 
Colorado River water and have not reacted w i th  rocks t o  exchange oxygen a t  
temperatures greater than 200 C. Because there i s  l i t t l e  oxygen exchanged i n  u 



a 

-2c 

2 - -4a 
3 
0 E w 

W > 

O J  
W 

5 -8c 

a 

0 MESA GEOTHERMAL SAMPLES 
0 CENTRAL IMPERIAL WLLEY WELLS 

QIHER IMPERIALVALLEY WELLS 

OCEAN WATER(SMOW1 + 

/ 
/ SALTON SEA X 

I I 1 I I I 1 I 

80'8 RELATIVE TO SMOW IN %o 

Figure 3-11. 6 D  Versus 6l80 o f  Wdrothermal and Well Water Samples from the Imperial 
Area. 

(Source - Coplen e t  a1 , 1975, Fig. 3) .  

c 

Val 1 ey 



50 

these low t o  moderate temperature systems, a water/rock r a t i o  f o r  oxygen c 
cannot be determined (Coplen e t  a l ,  1975). 

Br ine Types 

A l l  deep waters i n  L e  I ton Trough are prI lnar i ly  NaCl brines. The 
o r i g i n  o f  the  s a l t s  and waters i n  a geothermal system may be d i f f e ren t ;  t h i s  
p o s s i b i l i t y  i s  discussed by Rex (1972) f o r  the Cerro Pr ie to  geothermal system. 
Although the i so top ic  r a t i o s  o f  the water suggest pa r l y  evaporated Colorado 
River water as the source o f  f l u i d s  a t  Cerro Pr ie to,  the s a l t s  i n  t h i s  system 
appear t o  be marine. The r a t i o  o f  ch lo r ide  t o  bromide i n  water has been used 
t o  invest igate the  o r i g i n  o f  s a l t  i n  these geothermal systems (White, 1970; 
Rex, 1972). C l / B r  r a t i o s  i n  waters o f  the ocean and Cerro P r ie to  geothermal 
f i e l d  are 300 and 400, respectively. This suggests t h a t  the  s a l t  i n  the  Cerro 
P r ie to  system i s  marine i n  or ig in .  I n  contrast ,  White (1968) has suggested 
t h a t  the very sa l ine  br ine  i n  the  SSGF (containing 280,000 ppm TDS) i s  der ived 
from the  so lu t i on  o f  evaporites which were formed from Colorado River water 
(containing 800 ppm TDS). Because the r a t i o  C l / B r  of water from both the SSGF 
and from DWR Dunes No. 1 (4000 ppm TDS) i s  1600, which i s  i den t i ca l  w i th  t h a t  
from the  Colorado River, it seems l i k e l y  t h a t  the  source o f  the s a l t s  i n  the  
geothermal f i e l d s  o f  the Imperial Val ley i s  Colorado River  water (Coplen e t  
a l ,  1975). Rex (1972) 
pointed out  t h a t  C l j B r  r a t i o s  i n  evaporites are usua l ly  h igh l y  var iab le and 
the  C l / B r  r a t i o  o f  s a l t  from l o c a l  p r e c i p i t a t i o n  i s  much lower than 1600. 
Thus i t  may be only  coincidental  t h a t  the  C l / B r  r a t i o  i s  i den t i ca l  i n  these 
three hydrologic systems. 

Imperial Val ley po in t  out  some o f  these complexities. Rex (1983) suggested 
t h a t  the geothermal br ines are der ived from several sources inc lud ing  l o c a l  
p rec ip i t a t i on ,  f o s s i l  lake waters from former lakes formed when the  f l ow  o f  
the r i v e r  f i l l e d  the  basin w i th  brackish water, and d i sso lu t i on  o f  the sa l ine  
residue from dehydration o f  these lakes. According t o  Rex (1983), because 
rocks contain very l i t t l e  C1 and Br ,  the C l / B r  r a t i o  i s  unaffected by 
geothermal processes and serves as a useful genetic and mixing tracer.  On 
t h i s  basis Rex (1983) recognizes s i x  types o f  subsurface br ines i n  the Salton 

Trough: 

However, the  s i t u a t i o n  i s  probably not  so simple. 

More recent studies by Rex (1983) on the o r i g i n  of the  br ines i n  the  

u 
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Type 1 i s  a deep metamorphosed br ine r e s u l t i n g  from chemical 
e q u i l i b r a t i o n  o f  co ld  hypersaline NaCl b r i ne  with rocks h o t t e r  than 
300 C: they are convectively mixed and have C l / B r  I 20,000. 

Type 2 shows var iable s a l i n i t y  w i th  temperature and i s  composit ional ly 
graded as s a l i n i t y  increases, w i th  temperature balancing s a l i n i t y  as 
described by Helgeson (1968): C l / B r  range from 1,200 t o  1,300 due t o  
mixing Type 1 br ine  wi th  Type 3. 

f o s s i l  lake waters (Type 4). This mixing causes p r e c i p i t a t i o n  o f  metal 
su l f ides,  sul fates,  oxides, and carbonates i n  the host rock. 
resu l tan t  br ine has a lower C l / B r  r a t i o  due t o  the higher B r  content o f  
Type 4 water. 

Type 4 i s  water from ancestral Lake Cahuil la. 
Type 5 i s  l oca l  p r e c i p i t a t i o n  runo f f  o r i g i n a t i n g  from marine a i r .  

Type 3 i s  a hypersal ine b r ine  s i g n i f i c a n t l y  modif ied by mixing w i th  

The 

It i s  
concentrated by evaporation and enriched i n  sodium and bicarbonate by 
react ion w i th  rocks a t  low temperatures. 

from the Colorado River drainage. 
Type 6 i s  the unreacted underflow o f  brackish water enter ing the va l l ey  

I n  addi t ion,  Rex (1983) postulates a hypothetical Type 0 br ine which i s  
b r i ne  formed a t  20 C by saturat ing water by h a l i t e .  Type 0 would have a 
densi ty  o f  1.2, would form w i t h i n  the sal inas o f  the Salton Trough, and could 
descend along f rac tu re  networks i n t o  the reservoir .  According t o  Rex (1983) 
the  Heber and East Mesa f i e l d s  contain mainly Type 4 waters. South Brawley, 
East Brawley, and the Salton Sea geothermal f i e l d s  contain Type 2 brines. 
Type 1 b r ine  i s  apparently found i n  the I.I.D. #1 w e l l  i n  the SSGF which has 
the highest c h l o r i n i t y  o f  any o f  the wells. 



4 THE SALTON SEA GEOTHERMAL FIE1 D 

4 . 1 INTRODUCTION 

The Salton Sea Geothermal F i e l d  (SSGF) i s  one o f  the best known 
geothermal f i e l d s  i n  the world. 
Pr ieto,  the SSGF i s  well-known because i t  was one o f  the f i r s t  f i e l d s  t o  be 
d r i l l e d  i n  the U.S.A. for  a source o f  e l e c t r i c  power, because o f  i t s  great 
s ize,  and because of i t s  h igh temperature gradients. The SSGF i s  a lso well  
known for the problems t h a t  i t s  h igh l y  sa l ine br ines pose f o r  power 
production, and f o r  the oppor tun i t ies and challenges presented by the h igh 
content o f  metals the br ines contain. 

Although not as extens ive ly  d r i l l e d  as Cerro 

4.1.1 Resource Estimates 

According t o  Mu f f l e r  (1979), the reservo i r  volume of approximately 116 
km3 explored by d r i l l i n g  t o  t h a t  time, and having a mean temperature o f  330 C, 
contained about 1x18' Joules. 
assigning a reasonable recovery fac to r  and thermal e f f i c i e n c y  factor,  the 
estimated e l e c t r i c a l  energy po ten t i a l  f o r  the SSGF i s  3400 MWe f o r  30 years 
(Muffler, 1979). On the other hand, k i d a v  and Howard (1979) p o i n t  out  t h a t  
Lee and Cohen's (1979) shallow heat f low data i nd i ca te  t h a t  the area 
e x h i b i t i n g  conductive heat f low greater than 200 mi l l iwatts/m2 (4.8~10'~ ca l  
cm2 s") may cover more than 560 km2. Meidav and Howard (1979) therefore 
suggested t h a t  a reservo i r  2 km t h i c k  underlying t h i s  area, with a mean 
temperature o f  265 C, should contain 5.86~10~'  Joules. 
the recoverable energy i s  19,900 MWe f o r  30 years, s i x  t imes t h a t  made by the 
USGS. 

the f i e l d ,  Younker and Kasameyer (1978) estimated the recoverable heat t o  l i e  
between 870 and 5800 MWe for 30 years. 
be determined by extensive well  - t es t i ng  and rese rvo i r  engineering analyses. 
Unfortunately the data from many studies are propr ie tary  and hence these 
analyses have not been done on a f ie ld-wide basis. 

w i t h i n  the f i e l d ,  a 16 MWe (gross) p i l o t - sca le  p lant ,  has been operated f o r  

Assuming a poros i ty  o f  20 percent and 

Thus t h e i r  estimate o f  

Based upon the area of the magnetic and g r a v i t y  anomaly associated w i th  

The t r u e  s i ze  o f  the resource can only 

LJ 
I n  s p i t e  o f  the evident large s ize o f  the resource, the f i r s t  power p lan t  
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only the l a s t  year by the Southern Ca l i f o rn ia  Edison Company ( l oca t i on  i n  
Figure 4-1). The slow ra te  o f  commercial development i s  due t o  the 
environmental and technical  problems o f  hand1 i n g  br ines containing 28 w t  
percent TDS. These problems include both corrosion and scaling. 
f i r s t  discovery, however, the br ines have a lso presented the challenge o f  
using them as a source o f  recoverable metals (White e t  a l ,  1963). 

from a 1000 MWe combined geothermal power and minerals recovery p lan t  i n  the 
SSGF. This author pointed out t h a t  a 1000 MWe plant,  s e l l i n g  e l e c t r i c  power 
a t  6 cents/kWh, would earn $394 m i l l i on /yea r  i n  1982 U.S. do l lars .  This p lan t  
would requi re a b r i ne  f l ow  ra te  o f  45 m i l l i o n  kg/h. Assuming 90 percent o f  
the mineral values would be recovered, the market value o f  the minerals 
produced would be about $500 t o  $1,500 mi l l ion/year .  The wide range r e f l e c t s  
the unce r ta in t i es  about the content o f  precious metals. 
l i t h i u m  since the po ten t i a l  production from the SSGF could be an order o f  
magnitude greater than the 1980 t o t a l  world sales. The p lan t  could supply 
14-31 percent o f  the U.S. demand f o r  manganese, a s t r a t e g i c  mater ia l  . This 
b r i n e  f i e l d  may a l so  p o t e n t i a l l y  cons t i t u te  the l a rges t  reserve o f  plat inum i n  
the U.S.A. (Maimoni, 1982). 
s o l u t i o n  which would pass through such a plant,  however, i t  i s  by no means 

Since t h e i r  

Recently Maimoni (1982) estimated the po ten t i a l  f o r  minerals recovery 

The estimate excludes 

I n  s p i t e  o f  the large value o f  the metals i n  

c l e a r  t h a t  the techniques avai lab le t o  recover them would be economic a t  the 
present . 
4.1 2 H i  s t o r y  o f  Development 

Geothermal f i e l d s  i n  the Salton Trough are t y p i c a l l y  c r y p t i c ,  i.e., they 
are not associated w i th  surface manifestat ions o f  geothermal a c t i v i t y  such as 
ho t  springs, geysers, mud pots, o r  fumaroles except f o r  the Cerro P r ie to  and 
Salton Sea geothermal f i e l d s ,  
discovery o f  America, Melchor Dlaz followed the Gulf o f  Ca l i f o rn ia  northward 
and penetrated overland i n t o  the d e l t a  o f  the Colorado u n t i l  turned back by 
" f i e l d s  o f  b o i l i n g  mud" (Pourade, 1971). This could have been e i t h e r  a t  
Laguna Volcano, a t  Cerro Pr ieto,  o r  a t  Mul le t  Is land i n  the Salton Sea. 

Mu l l e t  Is land (Figure 4-1) i s  one o f  the f i v e  small r h y o l i t e  domes 
associated with the SSGF (Robinson e t  a l ,  1976). 

I n  1540, on ly  48 years a f t e r  Columbus' 

L ive steam fumaroles, mud 
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Figure 4-1. l oca t ion  o f  Exist ing and Proposed Geothermal M l l s  i n  the Salton 
Sea and Mstmorland Geotheml Areas (Source - Huramoto. 1982). 
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volcanoes and b o i l i n g  mud pots were noted there by l o c a l  inhabi tants before 
the area was inundated by the r i s i n g  lake, the modern Salton Sea, i n  1906 
(Lande, 1979). A small remnant area o f  mud pots i s  s t i l l  v i s i b l e  about 4 km 
southeast o f  Mul le t  Island. The f i r s t  attempt t o  e x p l o i t  the geothermal 
resources o f  the SSGF was by the Pioneer Development Company which d r i l l e d  
three wel ls near Mul le t  Is land i n  1927 and 1928. The deepest reached 450 m 
and a l l  three produced steam, b o i l i n g  water and carbon dioxide, but  not  i n  
s u f f i c i e n t  quant i ty  for  commercial development (Lande, 1979) . 
Imperial carbon d iox ide f i e ld ,  which produced commercially from 1933 t o  1954, 
was discovered northeast o f  Mul le t  Is land (Figure 4-1). Carbon dioxide, 98 
percent pure, was produced from shallow sands 60 t o  220 m below the surface 
and was used t o  produce dry  i c e  f o r  re f r i ge ra t i on .  Abandonment o f  the f i e l d  
i n  1954 came about by the development o f  modern re f r i ge ra ted  t ranspor t  and was 
hastened by the r i s i n g  waters o f  the lake, which inundated many o f  the wel ls 
(Lande , 1979) . 
a depth o f  1400 m and produced hot water and steam. 
near the surface s h o r t l y  afterwards. 
expressly f o r  steam, the Sportsman No, 1, was completed t o  1500 m, about 6 km 

The occurrence o f  CO, l e d  t o  f u r t h e r  explorat ion d r i l l i n g .  I n  1932 the 

I n  1957 the S i n c l a i r  No. 1 well , an o i l  and gas prospect, was d r i l l e d  t o  
This well  scaled shut 

I n  1961 the f i r s t  well  t o  be d r i l l e d  

northeast o f  S i n c l a i r  No. 1, and was a good steam producer. I n  the next three 
years ten new geothermal wel ls were d r i l l e d  i n  the v i c i n i t y ,  e i g h t  o f  which 
were good producers. These wells showed br ine concentrations o f  up t o  280,000 
ppm TDS. Recognizing t h e i r  po ten t i a l  , Morton Sa l t  Company and Union O i l  
Company erected small p i l o t  p lants  t o  experiment w i th  b r i ne  handling. A f t e r  
several years o f  e f f o r t  .these f a c i l i t i e s  were abandoned as uneconomical . 

A f t e r  a per iod o f  i n a c t i v i t y ,  f i v e  new explorat ion wells were d r i l l e d  i n  
the  SSGF dur ing 1972 i n  a renewed search f o r  a l t e rna te  energy. 
brine-handling f a c i l i t y  was j o i n t l y  operated by the Department o f  Energy, San 
Diego Gas & E l e c t r i c  Company, and Magma Power Company from about 1976 t o  1979. 
Since t h a t  t ime more than a dozen new wel ls  have been d r i l l e d ,  so t h a t  today 
more than 32 deep wel ls e x i s t  i n  the f i e l d  (Figure 4-1). 
MWe power p lan t  operated by Southern Ca l i f o rn ia  Edison Company, p lants  o f  50 
MWe are being planned both by Magma Power Company and Parsons Engineering, 
Inc. f o r  the near future. 

A p i l o t  

Apart from the 16 
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4.1.3 Previous Opportunit ies f o r  Studies o f  the SSGF 

Although pub l i ca t i on  of ear th  science-related work on the SSGF has been 
hindered by the l i m i t a t i o n s  o f  deal ing w i t h  p rop r ie ta ry  data, there has been a 
s i g n i f i c a n t  number o f  published studies on t h i s  f i e l d .  Most informat ion was 
released i n  1961-1968 dur ing the f i r s t  rush o f  enthusiasm f o r  development when 
the  novel ty of the discoveries being made, coupled w i th  the disappoint ing 
commercial resul ts ,  created a c l imate where release of p rop r ie ta ry  information 
was possible. Another f a i r l y  open s i t u a t i o n  f o r  release o f  data occurred 
dur ing the per iod 1974-1979 i n  connection w i th  the t e s t  f a c i l i t i e s  which 
operated using br ine from wel ls d r i l l e d  by the Magma Power Company. Since 
t h a t  time, the major operators i n  the f i e l d  have f o r  corporate reasons kept 
p rop r ie ta ry  the information on the newer wells. The l a t t e r  now exceed the 
number d r i l l e d  p r i o r  t o  1979 (Figure 4-1). 

4.1.4 Some Previous Publications on the SSGF 

Five years a f t e r  the i n i t i a l  repor t  o f  discovery o f  t h i s  hot hypersal ine 
geothermal system (White e t  a1 , 1963), a pioneering repor t  on many aspects o f  
i t s  chemistry and thermodynamic propert ies appeared (He1 geson , 1968). This 
work was fol lowed s h o r t l y  thereaf ter  by the f i r s t  discussion o f  the ac t i ve  
greenschist facies metamorphism going on w i t h i n  t h i s  system (Muf f ler  and 
White, 1969). I n  1974 the f i r s t  attempt a t  understanding the subsurface 
geology using w i re l i ne  logs was completed (Randall , 1974) and, about the same 
time, a useful compilat ion o f  water analyses and other data was published 
(Palmer, 1975). 
(Robinson e t  a l ,  1976) and a more de ta i l ed  study o f  metamorphic reactions i n  
the  f i e l d  appeared i n  1980 (McDowell and Elders, 1980). F ina l l y ,  i n  1982, a 
comprehensive review o f  the geological and geophysical cha rac te r i s t i cs  o f  the 
SSGF, together wi th  a s i m p l i f i e d  thermal model , appeared (Younker e t  a l ,  

1982) . 

Tbe associated volcanic rocks were f i r s t  described i n  1976 

4.2 GEOPHYSICAL ANOMALIES ASSOCIATED WITH THE FIELD 

The geophysical cha rac te r i s t i cs  of the SSGF are w e l l  summarized i n  i 
Younker e t  a1 (1982). As well as being a locus o f  high heat f l ow  and high 
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temperatures, the f i e l d  i s  associated w i th  p o s i t i v e  g rav i t y ,  magnetic and 
seismic v e l o c i t y  anomal ies,  low e l e c t r i c a l  r e s i s t i v i t y ,  and high micro- 
s e i smi c i ty . 
4.2.1 Gravi ty Anomalies 

I n  add i t i on  t o  the regionally-developed p o s i t i v e  g r a v i t y  anomaly along 
the ax i s  o f  the Salton Trough, there are l oca l  g r a v i t y  maxima associated w i th  
the geothermal f i e l d s  w i th in  it. These g r a v i t y  maxima have been a t t r i b u t e d  t o  
e i t h e r  an increase i n  densi ty o f  the sediments r e s u l t i n g  from hydrothermal 
a l t e r a t i o n ,  o r  the i n t r u s i o n  o f  dikes and s i l l s  i n t o  the sedimentary section, 
o r  both (Elders e t  a1 , 1972). 
centered on the Red H i l l  volcano i n  the SSGF (Figure 4-2), corresponds t o  a 
residual  Bouguer anomaly o f  t 23  m i l l i g a l s  (Biehler, 1971) t h a t  i s  much too 
l a rge  t o  be due only t o  dens i f i ca t i on  o f  sediments o r  presence o f  sporadic 
dikes and s i l l s .  
rock seems required. 

By f a r  the l a rges t  o f  these loca l  maxima, 

Instead, the emplacement o f  a l a r g e r  volume o f  mafic igneous 

, 

4.2.2 Magnetic Anomalies 

W 
I 

The above hypothesis i s  supported by the magnetic signature o f  the SSGF. 
Magnetic surveys by Ke l l y  and Soske (1936) and Griscom and M u f f l e r  (1971) 
reveal the presence o f  rocks w i th  high magnetic s u s c e p t i b i l i t y  and remanent 
magnetization a t  f a i r l y  shallow depth (Figure 4-3). This compound p o s i t i v e  
magnetic anomaly i s  due only i n  p a r t  t o  the exposed r h y o l i t e  volcanoes. A 
long magnetic p o s i t i v e  anomaly o f  1000 gammas, 5 t o  8 km wide, extends 28 km 
northwester ly from C a l i p a t r i a  over the southern p a r t  o f  the Salton Sea. 
Griscom and M u f f l e r  (1971) i n t e r p r e t  t h i s  high as being caused by the presence 
o f  numerous concentrated dike swarms a t  depths greater than 2.25 km. 
l a rge  e l l i p t i c a l  magnetic anomalies (each marked by an X i n  Figure 4-3) t h a t  
are superimposed on t h i s  l i n e a r  high represent magnetic masses t h a t  may be 
w i t h i n  300 m o f  the surface. 
these e l l i p t i c a l  anomalies are also due t o  c lus te rs  o f  dikes o r  o ther  minor 
in t rus ions.  Several small anomalies w i th  amplitudes of 10 t o  100 gammas ( A  t o  
D i n  Figure 4-3) are a t  l e a s t  p a r t l y  associated wi th  the f i v e  r h y o l i t e  domes. 

The t w o  

Griscom and Muf f l e r  (1971) f u r t h e r  suggest t h a t  
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Figure 4-2. Bouguer Gravity Anomaly Map o f  the Area Around the Salton Sea 
Geothermal Field.  

Heavy s o l i d  l i n e  shows the posi t ion o f  the seismic re f rac t ion  
p r o f i l e  shown i n  Figure 4-4. The contour i n t e r v a l  i s  2.5 mgals 
(Source - Biehler ,  1971). 
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Calipatria a 
Figure 4-3. Map Showing the Salton Butte Volcanoes, Selected Geothermal 

Wells, Magnetic Anomalies, and Magnetic Contours. 

A t o  0 are l o c a l  magnetic anomalies o f  about 10 gammas. The 
"volcanic arc"  i s  a f t e r  Randall (1974) (Source - Robinson e t  a l ,  
1976; A f te r  Griscom and Muf f ler ,  1971). 
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Li Randal 1 (1974) suggested t h a t  these anomal i e s  form an arcuate s t ructure which 
he termed a "volcanic arc." 

4.2.3 Seismic Veloci ty 

The associat ion o f  a g r a v i t y  anomaly w i th  a seismic t ravel - t ime anoma Y 
i n  the SSGF (Savin0 e t  a l ,  1977) was mentioned i n  sect ion 3.3. A seismic 
re f rac t i on  study of the SSGF and v i c i n i t y  undertaken t o  obtain more 
information about t h i s  anomaly (F r i t h ,  1978) involved fou r  long-distance 
re f rac t i on  shots and produced seven seismic r e f r a c t i o n  prof i les .  One p r o f i l e ,  
shown i n  Figure 4-4 and located i n  Figure 4-2, runs westwards from near the 
center o f  the f i e l d .  Compared w i th  the t y p i c a l  seismic v e l o c i t i e s  o f  Fuis e t  
a1 (1982) f o r  the centra l  Imperial Valley, shown i n  Figure 3-5, a remarkably 
high v e l o c i t y  o f  4.05 km/s between only 0.8 km t o  1.8 km depth i s  postulated. 
Those depths compare w i th  depths o f  3 km f o r  t h i s  v e l o c i t y  i n  the center o f  
t he  Imperial Val ley (Figure 3-5). A "basement" w i th  seismic v e l o c i t y  o f  6.18 
km/s - a v e l o c i t y  higher than expected i n  grani te  basement - i s  a lso 
suggested. Reduction o f  po ros i t y  due t o  hydrothermal a1 t e r a t i o n  and i n t r u s i o n  
o f  basal t i c  mater ia l  may expla in  these seismic veloci ty-depth observations. 

4 .2 . 4 Res i s t  i v i  t y  

Meidav e t  a1 (1976) used D.C. e l e c t r i c a l  currents as high as 200A t o  
detect  r e s i s t i v i t i e s  o f  less than 0.5 nm t o  depths o f  several ki lometers i n  
the SSGF. The survey consisted o f  60 soundings w i th  maximum separations o f  
over 5 km and approximately 60 km o f  d ipo le survey l ines.  This survey 
detected a large volume of h igh l y  conductive sedimentary rock between the 
surface and 2 km depth. A broad area o f  h igh conductance extends along the 

ax i s  o f  the Imperial Valley. The highest conductance coincides w i th  the 
maxima o f  the g r a v i t y  and magnetic anomalies i n  the SSGF, where the low 
r e s i s t i v i t y  coincides w i t h  high temperature and high s a l i n i t y  (Younker e t  a l ,  
1982) . 

This concept was confirmed by the t e l l u r i c  soundings made by Humphreys 

u (1978) i n  the v i c i n i t y  o f  the SSGF. This method has the po ten t i a l  o f  
determining r e s i s t i v i t y  t o  much greater depths than a D.C. r e s i s t i v i t y  survey. 
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Figure 4-4. Seismic Refract ion Prof i le  from Obsidian Butte t o  the Alamo River. 

The posi t ion o f  the  p r o f i l e  i s  indicated on the g r a v i t y  anomaly map (Figure 
4-2). Ve loc i t ies  are i n  km/s. 
Fee No. 7, i s  a lso shown (Source - F r i t h ,  1978). 

The locat ion  o f  a proposed very deep hell, the 
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T e l l u r i c  s ignals were recorded a t  for ty- two s ta t i ons  over a broad range o f  LJ 
frequencies and analyzed a t  nine nominal periods ranging from 40 seconds t o  
1667 seconds. 
SSGF and the North Brawley geothermal f i e l d ,  was obtained. The resu l t s  show a 
narrow trough o f  low r e s i s t i v i t y  (<2 nm) running from the SSGF t o  the North 
Brawley f i e l d ,  more l i k e l y  due t o  high s a l i n i t y  ra ther  than high temperature 
alone. 
which i s  presumably a zone o f  h igh permeabi l i ty  t h a t  permits communication o f  
hypersaline pore f l u ids .  A t  the south end o f  t h i s  trough i s  a near-surface 
r e s i s t i v i t y  low w i th  r e s i s t i v i t i e s  o f  <0.5 nm. A large pronounced r e s i s t i v i t y  
low (<0.4 nm) i s  associated w i th  the sedimentary sequence i n  the SSGF due t o  a 
combination o f  h igh temperature and high s a l i n i t y .  The upper basement 6 km 
beneath the r e s i s t i v i t y  trough i s  very conductive f o r  a presumed c r y s t a l  1 i ne  
rock, usual ly  having r e s i s t i v i t y  <15 nm. However, beneath the SSGF and North 

Brawley Geothermal Fields i s  a shallower upper basement w i th  r e s i s t i v i t i e s  o f  
- <20 am. This more r e s i s t i v e  upper basement beneath the geothermal f i e l d s  
impl ies lower connected poros i ty  and hence lower content o f  b r i ne  than i s  
observed i n  the d r i l l e d  reservo i r  (Humphreys, 1978). This r e s i s t i v e  zone 
could consis t  o f  indurated metasediments, f ractured b a s a l t i c  sheeted dikes, o r  
a combination o f  both. 

Thus a denser and l a r g e r  coverage o f  the r?gion, inc lud ing the  

This trough o f  low r e s i s t i v i t y  fo l lows the t rend o f  the Brawley fau l t ,  

4.2.5 Faul t ing and Seismici ty i n  the SSGF 

Figure 4-5 shows a number o f  i n f e r r e d  f a u l t s  which run NW-SE across the 
SSGF (Younker e t  a l ,  1982). To the southeast i s  the Brawley f a u l t  which was 
i d e n t i f i e d  by G i l p i n  and Lee (1978) on the basis o f  hypocentral locat ions o f  
microseisms. 
Babcock (1971) using i n f r a r e d  a e r i a l  photography and the alignment o f  hot 

To the northeast i s  the Ca l i pa t r i a  f a u l t  f i r s t  postulated by 

springs (Muf f ler  and White, 1968). Between these two fau l t s  l i e s  the Red H i l l  
f a u l t ,  f i r s t  proposed by i n t e r p r e t a t i o n  o f  ground magnetic data by Meidav and 
Furgerson (1972), and l a t e r  confirmed by w i re l i ne  l o g  i n te rp re ta t i ons  (Towse , 
1975) and located by seismic re f ract ion survey ( F r i t h ,  1978). 

where seismic swarms are frequent. 
ends o f  en echelon f a u l t s  (Figure 4-5), consistent w i th  the concept o f  these 

As mentioned i n  sect ion 3.3,  the SSGF i s  p a r t  o f  the Brawley seismic zone 
Ind iv idual  swarms tend t o  occur a t  the 

LJ 
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Figure 4-5. Location o f  Faul ts and Earthquake Epicenters i n  the  Salton Sea 
Geothermal F i e l d  Area fo r  the Period October 1, 1976 Through 
December 31, 1976. 

The solid t r i a n g l e s  and solid c i r c l e s  are seismograph s ta t ions  
i n  the  Imperial Val ley network. Open c i r c l e s  and dots are the  
observed epicenters. Tentat ive f a u l t  loca t ions  are shown i n  
broken l ines .  B = Brawley f a u l t ,  R = Red H i l l  f a u l t ,  C = 
C a l i p a t r i a  f a u l t  (Source - Schnapp and Fuis, 1977). 
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being "pul l -apart"  zones. Two kinds o f  subsurface evidence suggest the 
mechanisms responsible f o r  t h i s  swam a c t i v i t y  (sect ion 3.3) - e i t h e r  d ike 
in t rus ions  o r  r e d i s t r i b u t i o n  o f  i n t e r s t i t i a l  f l u i d  pressure. F i r s t ,  minor 
in t rus ions  o f  r h y o l i t e  o r  diabase have been penetrated i n  a t  l e a s t  s i x  wel ls  
i n  the SSGF (Robinson e t  a1 , 1976), and presumably t h e i r  emplacement was 
accompanied by earthquake a c t i v i t y .  The second k ind  o f  evidence i s  the ve in 
minerals which record repeated episodes o f  opening and seal ing o f  f ractures.  

4.2.6 Temperatures and Heat Flow Within the SSGF 

The most comprehensive pub1 ished compi lat ion o f  temperature information 
from the SSGF i s  i n  Younker e t  a1 (1982). Figure 4-6 shows t h e i r  compi lat ion 
of temperature pro f i les ,  apparently measured i n  equ i l ib r ium condi t ions,  fo r  13 
deep boreholes near the  center o f  the f i e l d .  Temperatures t y p i c a l l y  exceed 
320 C a t  2 km depth, w i th  the highest reported t o  date being 365 C a t  3100 m 

i n  the Elmore No. 1 borehole. The locat ions o f  the boreholes c i t e d  i n  Figure 
4-6 are ind icated i n  Figure 4-7, which a lso  shows isothenns a t  914 m (3000 ft) 
depth and contours o f  heat f l u x  measured near the surface (McDowell and 
Elders , 1980) . 
of nine o f  these 13 wel ls  near the center o f  the f i e l d ,  and are an order o f  
magnitude lower a t  greater depths. Younker e t  a1 (1982) a t t r i b u t e  t h i s  change 
t o  d i f f e r e n t  mechanisms o f  heat t ransfer .  They i n f e r  t h a t  the steep near- 
surface gradient i s  due t o  conductive heat t r a n s f e r  associated w i th  an 
impermeable c lay - r i ch  caprock which over l ies  the f i e l d .  
i n  the moderately- t o  we1 1 -consol idated interbedded sandstone-si1 tstone- 
mudstone d e l t a i c  sequence described by Randall (1974), where heat t rans fe r  i s  
p r i m a r i l y  by convective f low o f  pore f lu ids ,  Convective heat t ranspor t  i n  the 
sect ion below the thermal cap i s  con t ro l l ed  by the  thickness of the sandstone 
beds present. However, Younker e t  a1 (1982) a lso  i n f e r  t h a t  f l ow  i s  impeded 
by t h i n  shale beds i n  t h i s  lower aqui fer  system. Thus large-scale v e r t i c a l  
convection o f  f l u i d  cannot take place. 

t he  l i t h o l o g i c a l  caprock of Randall (1974). This thermal cap i s  in fer red from 
the  break i n  slope o f  temperature prof i les .  Younker e t  a1 

Typica l ly ,  gradients are very steep (0.38 C/m) i n  the upper 600 t o  700 m 

Below t h i s  i s  a zone, 

The thermal cap i n  the center o f  the f i e l d  does not exac t ly  conform w i th  

(1982) p l o t t e d  a LJ 
i 

i 
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( A ) ,  (B) Wells from the northern p a r t  o f  the f i e l d .  
Wells from the southern par t  o f  the f ie ld .  Data compilation by 
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Figure 4-7. Location of Boreholes and Isotherms a t  914 m (3000 f t )  Depth i n  
the Salton Sea Geothermal Field. 

Solid l i n e s  = temperature ( C ) ,  modified after Palmer (1979) and 
Randa112(1974). Dashed l i n e s  = relative heat f lux  i n  10- 
watts/m from Lee and Cohen (1979). Rhyolite extrusives: OB = 
Obsidian’Butte; RH = Rock Hill; RI = Red Island; MI = Mullet 
Island. Hachured line //// = outline of the Salton Sea KGRA 
(Source - McDowell and Elders, 1980). 
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north-south cross sect ion across the f i e l d  t h a t  compared the reservo i r  

character w i th  the  thickness o f  the thermal cap (Figure 4-8). The base o f  the  
thermal cap i s  o f ten  w i t h i n  a zone containing greater than 20 percent sand 
(Towse and Palmer, 1975), and the  f i r s t  appearance of h igh reservo i r  q u a l i t y  
a lso  appears a t  the base o f  the thermal caprock. These observations support 
the  authors' i n te rp re ta t i on  t h a t  the dominant cont ro ls  on heat t ranspor t  are 
t h i c k  sandstone beds and in tervening shales. Fracture permeabi l i ty  o f  the  
shales, however, may be l o c a l l y  s ign i f i can t  (Younker e t  a l ,  1982). 

Morse and Thorsen (1978), on the basis of reservo i r  engineering tes ts ,  
ca lcu la te  t h a t  the reservo i r  has hor izonta l  permeabi l i t ies  o f  100 t o  500 md 
whi le  v e r t i c a l  permeabi l i t ies  across shale layers are only  0.1 t o  1.0 md. 
Another f a c t o r  precluding large s a l e  v e r t i c a l  convection i s  the densi ty  
p r o f i l e  o f  the brines. Helgeson (1968) showed t h a t  the hydrostat ic  
pressure-versus-depth p r o f i l e  i n  the f i e l d  i s  almost constant a t  0.098 bars/m, 
consis tent  w i th  a f l u i d  o f  constant densl ty  o f  1 g/cm3. The e f f e c t  o f  
increas ing s a l i n i t y  w i th  depth balances the e f f e c t  o f  increasing temperature, 
tending t o  keep the  densi ty  uniform wi th  depth. 

Younker e t  a1 (1982) thus s ta te  t h a t  heat t ransfer  mechanisms i n  the SSGF 
can be modeled as a three l aye r  system. These are (1) an impermeable thermal 

cap; (2) a l a y e r  w i t h i n  the thermal cap w i th  h igher  thermal conduct iv i t y  sands 
producing a lower temperature gradient; and (3) a zone o f  low thermal 
gradients consistent w i th  small-scale c e l l u l a r  convection l i m i t e d  t o  
i nd i v idua l  sand bodies. 

Younker e t  a1 (1982) d iv ided the f i e l d  i n t o  three d i s t i n c t  areas. 
F i r s t ,  there i s  a cent ra l  zone w i th  near ly  constant v e r t i c a l  conductive heat 
f l o w  having a thermal cap with gradients o f  0.4 C/m and over ly ing  a near ly  
isothermal zone extending t o  2000 m depth. Next i s  an intermediate region 
w i th  low near-surface gradient and an increasing temperature gradient a t  
greater  depths. F ina l l y ,  t o  the southeast i s  an outer  zone w i th  near ly  
uni form and lower shallow gradient o f  0.1 C/m, s i m i l a r  t o  the normal regional 
values. This ove ra l l  pa t te rn  i s  consistent w i th  a large-scale hor izonta l  f l ow  

i n  l a y e r  three which t rans fers  heat from the area o f  the volcanic domes 
southeast towards the margins o f  the f i e l d .  

have been rudimentary. Schroeder (1976) analyzed the sparse data ava i lab le  
To date the only  published preproduction reservo i r  models o f  the SSGF 
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I.I.D. 82, and Sportsman #l (Source - Younker e t  a1 , 1982). 
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W from d r i l l  stem t e s t  records i n  wells Magmamax No. 1 and Woolsey No. 1 and 
concluded t h a t  the upper reservo i r  between the caprock and the f i r s t  major 
shale break had a hor izonta l  permeabi l i ty  o f  500 md i n  sands w i th  po ros i t y  o f  
30 percent. Later Riney e t  a1 (1978) performed a two  dimensional s imulat ion 
o f  the po r t i on  o f  the reservo i r  around Magmamax 1, 2, and 3 and Woolsey No. 1. 
They considered a three-layer model o f  caprock and upper and lower reservoirs,  
w i th  the l a t t e r  separated by a leaky barr ier .  Noting t h a t  temperatures a t  the 
southeast end o f  a hor izonta l  section through the reservo i r  are lower than a t  

the northwest end, Riney e t  a1 (1978) suggest t h a t  there i s  a lengthwise 
pressure d r i v e  which should cause i n f l u x  o f  -50 C ground water from the 
southeast, i.e., i n  a d i r e c t i o n  opposed t o  the f low o f  hot water proposed by 
Younker e t  a1 (1982). This "cold" water f l ow  would cool the upper reservo i r  
i f  hot b r i ne  i n fus ion  from the lower reservo i r  were completely precluded. 
This s imulat ion showed t h a t  the upper reservo i r  i n  t h i s  po r t i on  o f  the SSGF 
appears capable o f  supplying b r ine  f o r  a 50 MWe net e l e c t r i c  p lan t  from the 
upper aqu i fe r  w i th  very l i t t l e  decl ine i n  temperature over 30-40 years. This 
s imulat ion was based on very l i m i t e d  data, however, and assumed a number o f  
u n r e a l i s t i c  boundary condit ions, e.g., t h a t  the b r ine  has uniform s a l i n i t y  o f  
25 w t  percent, and t h a t  the Brawley and Red H i l l  f a u l t s  p a r a l l e l  t o  the 
modeled two dimensional sect ion are boundaries o f  no flow. 

compi lat ion o f  Younker e t  a1 (1982). Temperature logs have been released f o r  
some o f  these, inc lud ing wel ls i n  the Westmorland area 7-8 km south o f  the 
center o f  the f i e l d  and the B r i t z  No. 3 well near Niland, 6-7 km t o  the 
northeast o f  the main p a r t  o f  the f i e l d .  Figure 4-9 shows the temperature 
gradients from wel ls i n  the Westmorland pa r t  o f  the SSGF. 
production we1 1 s have essent ia l  l y  1 i nea r  temperature gradients o f  
approximately 0.087 C/m f o r  the f u l l  range o f  depth, y i e l d i n g  temperatures of 

188 t o  217 C a t  2000 m and a maximum o f  262 C measured a t  2350 m. These 
1 i nea r  gradient imply t h a t  the v e r t i c a l  heat t r a n s f e r  i s  conductive. Brines 
produced from t h i s  p a r t  o f  t h  SSGF had i n  each case t o t a l  dissolved so l i ds  o f  
less than 70,000 ppm, s i m i l a r  t o  deep br ines elsewhere i n  the Imperial Valley. 

The s a l i n i t y  i s  even less i n  the most souther ly o f  the Westmorland boreholes. 
Based upon t h i s  f a c t  and on the var ia t ions i n  6'*0, which increase from south 
t o  north, Olson and Mat l ick  (1978) proposed t h a t  t h i s  systematic v a r i a t i o n  

Figure 4-1 shows addi t ional  deep boreholes which were not included i n  the 

These fou r  
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requires l a t e r a l  subsurface f low o f  cooler  more d i l u t e  b r ine  from south t o  

north. 

most nor theaster ly  o f  the wel ls  shown i n  Figure 4-1. 
hole temperature o f  285 C a t  2800 m. B r i t z  No. 3 a lso  e x h i b i t s  a l i n e a r  
temperature gradient o f  0.087 C/m, suggestive o f  conductive v e r t i c a l  heat 

Figure 4-10 shows the temperature gradient i n  the B r i t t  No. 3 wel l ,  the  
This wel l  had a bottom 

flow. For comparison, the gradient f o r  the borehole Elmore No. 1, the ho t tes t  
i n  the  SSGF, i s  a lso  shown. Brines from B r i t t  No. 3 had s a l i n i t i e s  o f  

- <250,000 mg/l. These wel ls near Niland have i n  common w i th  those near 
Westmorland the  f a c t  t h a t  t h e i r  shale/sand r a t i o  i s  much higher than wel ls  
such as Elmore No. 1 and others i n  the center o f  the f i e l d .  Thus t h e i r  
v e r t i c a l  permeabi l i ty  i s  apparently too  low t o  permit development o f  extensive 
v e r t i c a l  convection. An overa l l  synthesis and comprehensive modell ing o f  the 
temperature data f o r  the SSGF must await fu tu re  work. 

4.3 BRINE CHEMISTRY I N  THE SSGF 

The br ines i n  the SSGF are concentrated sodium, calcium, potassium 
ch lo r i de  so lut ions containing some o f  the highest concentrations o f  d issolved 
metals known i n  nature. These br ines :are comparable i n  t h e i r  heavy metal 
concentrations t o  the unusually h igh s a l i n i t y  br ines which have been produced 
from geothermal wel ls  i n  the Cheleken a n t i c l i n e ,  on the east shore o f  the 
Caspian Sea (Lebedev, 1973), and from the enclosed deeps i n  the Red Sea 

(Degens and Ross, 1969). 
116 km3 o f  the  SSGF (noted i n  sect ion 4.1.1: i.e., depth o f  3 km, mean 
reservo i r  temperature 330 C, and assumed po ros i t y  10 percent) contained the 
fo l l ow ing  valuable elements i n  met r ic  tonnes: 

White (1981) calcu lated t h a t  the estimated volume o f  

Zn 5 x lo6; Pb 9 x lo'; 
As 1.2 x IO'; Cu 6 x lo4; 
Cd 2 x 10'; Ag 1 x lo4; 
K 1.7 x 10'; 
B 4 x io6; cs 1.5 x 10'; 
Tl 1.4 x 10'; Mn 1.6 x lo6. 

If, as seems'apparent from the work o f  Humphreys (1978), these h igh  s a l i n i t y  
br ines extend from the  SSGF t o  the  Brawley Geothermal F ie ld ,  then the  volume 
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hd o f  accessible concentrated br ines could be an order o f  magnitude greater  than 

the  estimate made by White. 

4.3.1 Br ine Chemistry 

The chemistry o f  SSGF br ines was f i r s t  reported by White e t  a1 (1963). 
Later  Craig (1966) compared t h e i r  chemistry and i so top ic  r a t i o s  w i th  br ines 
from the Red Sea. Deta i led analyses of br ines from the e a r l y  wel ls  were then 
published by Helgeson (1968) , Skinner e t  a1 (1967) , and White (1968). Later  
involvement o f  s t a f f  o f  Lawrence Livermore National Laboratory i n  studies o f  
wel ls  supplying the  San Diego Gas and E l e c t r i c  Geothermal Test Loop Experiment 
F a c i l i t y ,  from 1.975-1978, l e d  t o  a compi lat ion o f  data on these wel ls  (Palmer, 
1975) and studies o f  various aspects o f  the br ine  chemistry (Harrar e t  a l ,  
1979; Aust in e t  a1 , 1977; Maimoni , 1982). 

1975 i n  the cent ra l  po r t i on  o f  the SSGF (wel l  loca t ions  appear i n  Figure 4-1). 
Geothermal b r ines  are no tor ious ly  d i f f i c u l t  t o  sample. A t  the  well-head they 

Table 4-1 summarizes the chemical compositions o f  wells d r i l l e d  before 

cons is t  o f  a multiphase mixture o f  condensible and uncondensible gas, l i q u i d ,  
and suspended sol ids.  Normally the greatest  problem i s  t o  evaluate the steam 
l o s s  due t o  b o i l i n g  before a sample i s  taken. Thus there may be sampling 
e r r o r s  as wel l  as possible ana ly t i ca l  e r r o r s  i n  reported values. Addi t ional  
e r r o r s  are introduced due t o  reactions w i t h i n  the br ines on quenching t o  room 
temperature , e.g. a the p r e c i p i t a t i o n  o f  barium s u l f a t e  before sample analysis. 
A f u r t h e r  problem i s  l l -head compositions vary w i th  changes i n  flow 
ra tes  , possib ly  due i f f e ren t  aquifers o r  f racture systems a t  
d i f f e r e n t  well-head pressures. Table 4-2 shows some changes i n  b r i ne  
composition dur ing production o f  the we11 Magmamax No. 1 over a two month 
per iod  i n  1976 (Maimoni , 1982). 

we1 1 t o  wel l  . For example , an analys is  reported from No. 1 gave a t o t a l  
concent r a t i o n  o f  250,000 ppm TDS , as two samples from B r i t z  No. 3, the  
wel l  c loses t  t o  Fee No. 1, are reported as 116,000 and 133,772 ppm IDS from 
zones a t  roughly the  same depths. Presumably these differences came from 
mixing d i f f e r e n t  f l u i d s  tapped from d i f f e r e n t  aquifers. Cer ta in ly  wel ls  i n  
the  Westmorland p a r t  o f  the f i e l d  (Figure 4-1) have penetrated a much lower 

S a l i n i t y  var ies both v e r t i c a l l y  i n  a given wel l  a 

u 



Table 4-1. Chemical Compositions of Salton Sea Brines 

woolsey No. 1 
Palmer 19 

State o f  Cal i f .  (maximu: L? 
I.I.D. No. 1 1.I.D. No. 1 1.I.D. No. 2 No. 1 'values from Magmamax No. 1 

Skinner e t  a1 (19 67)* hit e [1968]$ He1 geson (1968) * tlelgeson ( 1 9 m  Magma Power Co.)t Palmer ( 1 9 m  

Zn 
Pb 
cu 
Ag 
Fe 
Mn 
Na 
Ca 
K 
L i  
c1 
sa, 
Su l f i de  S 
S i l i c a  
PH 
TDS 
S.G. 
BHT 

790 
84 
8 
0.8 

2,090 
1,560 
50,400 
28,000 
17,500 

215 
155,000 

5 
16 
400 

258,360 
5.2 

-0.. 

316 C 

540 
102 
8 
1.4 

2,290 
1,400 
50,400 
28,000 
17,500 

21 5 
155,000 

16 
400 

-250,000 

5.4 

5.2 

0-0 

340 C 

500 
80 
3 
2 

2,000 
1,370 
53,000 
27,800 
16,500 

210 
155,000 
30 (Total S) 

400 
4.64 

258,769 
-0- 

332 C 

500 
80 
2 

(1 
1,200 
950 

47,800 
21,200 
14,000 

180 
127,000 

30 
0-0 

0-0 

-0.. 

219,500 
..IO 

305 C 

0-0 

-0- 

0-0 

-0- 

244 
488 

49,729 
12,658 
6,510 

90 
83,183 

0-0 

00- 

181 

151,237 
6.25 

1.106 
238 C 

-0- 

-0- 

-0- --- 
93 
200 

52,500 
25,000 0 9  

5,000 
U 

-0- 

0-0 

0- 0 

-00 

500 

>loo ,000 
6.65 

1.022 
265 C 

All compositions are given i n  ppm unless otherwise noted. Not a l l  analyzed const i tuents  a r e  l i s t e d .  

*Known t o  be corrected f o r  steam loss  
tNot known i f  corrected f o r  steam loss 
TDS - Total Dissol ved Sol i d s  i n  ppm by w t  

S.G. - Speci f ic  Gravi ty a t  20 t o  25 C 
BHT - Bottom Hole Temperature --- - Not reported 

c c 
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Table 4-1 (cont.). Chemical Compositions o f  Salton Sea Brines 

a $1'". 
Magmamax No. 1 Wodlsey No. 1 

Needham e t  a1 (19 80) Neeham e t  a1 (19 
(Average o f  Jan. Average chemical Sportsman No. 1 S i n c l a i r  No. 4 

80) 

Palmer (19/S)t Palmer (1975) t 1977 t e s t s )  analyses Feb. 1977) 

zn 290** -0- 

Pb 44 --- 
cu 0.5 00 - 
Ag 0.8 I... 

Fe 280 235 
Mn 635 0.- 

Na 38,300 40,000 
Ca 21,100 16,700 
K 10,400 9,100 
L i  150 t o  200** 140 
c1 128,700 99 ,000 
sa, 
S u l f i d e  S 
S i l i c a  239** 0.- 

PH 5.5 5.44 
TDS i200,000 >150,000 
S.G. -0. 

BHT I... 200 c 

- 
-I- -0- 

0-0 00- 

--I 

.-I 

-0- --- 
-I. 

4,200 

70,000 
34,470 
24,000 

150 
201,757 

34 

5 

334,987 

-.I. 

-00 

4.82 t o  6.10 

1 . 207 
310 C 

600 - 
60 
3 
1 

1,300 
1,700 

78,000 
37,735 
20,690 

400 
210,700 

75 

625 

387,500 

-0. 

5.0 

-0. 

260 C 

v 
U 

- 

**Concentrations from samplings i n  1976 

4 
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L d  
Table 4-2. Changes i n  Brines Composition During Production of Magmamax No, 1 

Date Taken (1976) 
6/29 6/30 8/08 8/10 8/10 

Temperature ( O C )  

Pressure (psig) 
Composition (ppm by weight) 

L i th ium 
Sodi urn 
S i  1 i con  
Potassium 
I r o n  
Copper 
Rubidi urn 
Barium 
Ma gne s i urn 
Zinc 
Strontium 
T i  n 
A1 umi num 
Chlorine 
Cal c i  um 
Manganese 
Antimony 
Lead 

NH3 
co, 
4s 

PH 
Oxidat ion-reduct i o n  po ten t i a l  

(mv vs. b) 
Density (g/cm2) 
Total so l i ds  (g/kg br ine)  

214 
240 

-0- 

42100 
187 

7000 
16 1 

1 
--- 

85 
125 
183 
--I 

23 
-0- 

105000 
16900 

494 
4 

22 
--.. 
0-0 

--- 
5.7 

-0- 

1.12 1.12 

230 215 
320 23 5 

128 135 
41200 42700 

190 200 
6600 6500 

199 180 
1 1 

115 118 
95 - 99 

275 285 
360 373 

111000 112000 
17900 18200 

565 570 

5.8 6.1 

192 177 
1.13 1.14 

215 
235 

141 
42000 

202 
8600 

256 
1 

64 

118 
80 

361 
388 --- 

1 
121000 
20000 

690 
0-0 

78 
30-60 

1-2 ( W t x )  

10-30 
5.2 

237 
1.15 

by evaporation 169 171 197 196 208 

(Source - k i m o n i  1982) 
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br s a l i n i t y  system w i th  14,600 t o  72,000 ppm TDS a t  950-1800 m depth (Table 4-3). 
A fence diagram i l l u s t r a t i n g  some of these hor izonta l  var ia t ions  i n  s a l i n i t y  
i s  shown i n  Figure 4-11 (Muramoto, 1982). Ver t i ca l  gradients i n  s a l i n i t y  are 
somewhat more d i f f i c u l t  t o  quant i fy ,  since geothermal wel ls  are normally 
completed w i th  an open i n t e r v a l  which may be a hundred meters o r  more th ick.  
Thus b r ine  can flow i n t o  the wel l  over a la rge  i n te rva l ,  even though br ines i n  
o ther  pa r t s  o f  the sect ion are excluded by the wel l  casing. A crude estimate 
o f  v e r t i c a l  changes i n  s a l i n i t y  may be made by examining adjacent wel ls  which 
are completed a t  d i f f e r e n t  depths. Bet ter  s t i l l  are d r i l l  stem t e s t s  made 
dur ing d r i l l i n g ,  bu t  these are r a r e l y  done and the  data are o f ten  held 
propr ie tary .  For the  wel l  S i n c l a i r  No. 4, k l g e s o n  (1968) estimated the  
change o f  s a l i n i t y  w i th  depth by ca l cu la t i ng  a u n i t  isochore f o r  a simulated 
br ine,  as temperature and s a l i n i t y  both r i s e  together (Figure 4-12). This 

concept was v e r i f i e d  i n  t h i s  w e l l  by determining the  depression o f  f reez ing 
po in ts  o f  f l u i d  inc lus ions from various minerals a t  d i f f e r e n t  depths 
(Freckman, 1978). These l a s t  data ind ica te  approximately 5-10 percent 
s a l i n i t y  a t  220-240 C, whereas there i s  15-25 percent s a l i n i t y  o f  270-300 C. 

4.3.2 Source o f  the Br ine 

When these metal- and ch lo r ide- r i ch  br ines were f i r s t  discovered i t  was 
suggested t h a t  the o r i g i n  of the metals was magmatic and tha t  the SSGF 
provided an unusual oppor tun i ty  . t o  analyze magmatic f l u i d s  (White e t  a l ,  
1963). 
a l te red  sediments revealed t h a t  most o f  the water must be meteoric (Craig, 
1966, 1969; Clayton e t  a l ,  1968; White, 1968). Craig (1966) found t h a t  the 
br ines  i n  the  SSGF had a 6 D  of -75 per m i l ,  s i m i l a r  t o  the  l oca l  meteoric 
water. Values of 6l80 f o r  SSGF br ines var ied be n -11 and t 3  per  m i l  and 

were systemat ica l ly  re la ted  t o  c h l o r i n i t y .  The rocks, on the other  hand, are 
g r e a t l y  depleted from an o r i g i n a l  6l80 o f  18 t o  8 per m i l  due t o  exchange o f  
oxygen dur ing water/rock reactions. This oxygen i so top ic  data requires 

reac t ion  w i th  a meteoric water w i th  i n i t i a l l y  lower values o f  6l8O than i s  
poss ib le  i n  magmatic waters (Craig, 1966). 

source w i th in  the reservotr ,  views on the nature o f  the recharge d i f f e r .  

Later  i so top i c  studies o f  the br ines and the associated hydrothermally 

A1 though meteoric water i s  now genera l ly  recogni zed as the dominant water 
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Table 4-3. Chemical and Iso top ic  Data f o r  F lu ids  Produced from the  Westmorland Geothermal System 

Kal i n  Dea rbo r n  Dea rborn 
Landers No. 1 Landers No. 2 Landers No. 3 Farms No. 1 Farms No. 1 Farms No. 2 

Sample i n t e r v a l ,  m 1818-2349 1818-2288 949-1414 1632-2588 1631-2438 946-1373 

PH 5.3 5.5 8.0 7.8 8.3 7.3 
TDS, mg/R 72,083 57,657 26,640 48,894 14,652 21,910 

S i %  s W / R  270 237 95 298 319 118 

Cas mg/R 2,333 1,887 9.7 758 13.2 88 

Mg, mg/a 60 52 12.5 64.7 3.34 26.5 

K, mgla 2,033 1,231 470 3,234 295 930 

6,590 

Na mg/R 20,333 19,420 9,000 12,474 4,356 7,000 

HC03 ¶ mg/a 84 45 5,001 239 994 

co, s 0 0 0 0 136 0 

sa, s mg/R <1 19 16.3 41 42 70 

c1 s mg/R 35,600 33,880 10,710 23,507 6,072 7,960 

F, mg/R 2.3 2.3 1.14 1.62 0.82 0.98 

B, W / R  143 115 108 77.6 46.6 70 

Br,  mg/R 14.5 9.7 5.6 19.4 10 10 

PO (SMOW), per m i l  +2.2 +3.4 -1.5 -3.6 NA -3.7 
6D (SMOW), per m i l  -82.9 -85.4 -86.2 -81 5 NA -88.6 
T r i  tuim u n i t s  2.9 NA 0.6 NA NA 7.0 

Source - Olson and Mat1 i c k  , 1978. 
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State o f  Cal i f o r n i a  

0 1 2 Mi les - 
0 1 2 3 Kilometers - 

Horizontal  and V e r t i c a l  Scale 

Dearb-rn Farms 

14,652' 

48,894' 

a = Helgeson (1968) 

b = C a l i f o r n i a  Department o f  Water Resources (1970) 
c = Olson and Mat l ick  (1977) 
d = Needham and others (1980) 

Well depth and reported production horizon 

Figure 4-1 1. Fence Diagram Showing We1 1 Depth, Perforated I n t e r v a l  , and 
Formation F l u i d  S a l i n i t y  f o r  Selected Wells i n  the Sal ton Sea 
and Westmorland Geothermal Areas. 

S a l i n i t y  data are i n  ppm t o t a l  dissolved so l i ds  (Source - 
Muramoto, 1982, Fig. 42). 
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These values are compared with Helgeson's (1968) calculated u n i t  isochore for a 
simulated geothermal br ine i n  the system KC1 -CaC12-NaC1 -H20 
(KC1 :CaC12 :NaC1=1:1.95:3.55 by weight) (Source - Freckman, 1978). 
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Craig (1966) suggested recharge was from the l o c a l  p r e c i p i t a t i o n  i n  the 
Chocolate Mountains t o  the east. 
proposed t h a t  the high s a l i n i t y  o f  the b r ine  was p a r t l y  due t o  d i sso lu t i on  o f  
subsurface freshwater evaporites . Berry (1966) proposed t h a t  membrane 
f i l t r a t i o n  o f  meteoric water could account f o r  the high s a l i n i t y ,  and Helgeson 
(1968) appealed t o  b o i l i n g  and evaporative concentrat ion o f  Colorado River 
water i n  a closed geothermal system p r i o r  t o  deposi t ion o f  the mudstone 
caprock. Craig (1969) pointed out, however, t h a t  evaporative concentrat ion 
would produce waters i s o t o p i c a l l y  heavier than the waters observed. More 
recent ly  Coplen (1976) showed t h a t  meteoric water i n  the Imperial Valley i s  
heavier (60 = -63 per  m i l )  than Craig had determined. From t h i s  evidence and 

White (1968) accepted t h i s  hypothesis and 
W 

I 
! 

I 

from hydro log ic-s tud ies i nd i ca t i ng  groundwater f low from the southeast towards 
the Salton Sea (Loel tz  e t  a l ,  1975), Coplen (1976) demonstrated t h a t  a l l  the I 
subsurface waters i n  the centra l  Imperial Val l e y  are p a r t l y  evaporated 
Colorado River water. The s a l i n i t y  gradients re fe r red  t o  above and i so top ic  
data o f  Olson and Mat l ick  (1978) support the model o f  i n f l o w  o f  f resher water 
from the south towards the SSGF, This i n t e r p r e t a t i o n  i s  a lso supported by 
C l / B r  r a t i o s  t h a t  are s i m i l a r  t o  each other and t o  Colorado River water, but 
are about three t i m e s  higher than i s  observed i n  seawater (White, 1981) (see 
a l s o  sect ion 3.7). 

4.3.3 Source o f  the Metals 

! 

i 
i 

I 
1 

~ I 

I 
I U  I 

! 
I 
I 
1 
1 

I 

I f  the source o f  the water i s  evolved and evaporated Colorado River 
I water, and the source o f  the halogens i s  freshwater evaporite, what then i s  

the source o f  the metals? Doe e t  a1 (1966) made a radiogenic t r a c e r  study o f  
Pb and S r  t o  determine the source o f  these and presumably other heavy metals 
i n  Salton Sea brines. Isotopic  evidence ind icates t h a t  80-100 percent o f  S r  

and 50-100 percent o f  Pb has been leached from the associated Colorado River 
d e l t a  sediments by react ion w i th  br ines a t  h igh temperature. These S r  and Pb 
data do no t  preclude the p o s s i b i l i t y  o f  some metals being derived from a 

magmatic source. 
the sediments (White, 1981). S i m i l a  l y  the average values of 634S i n  e i g h t  
s u l f i d e  samples from the SSGF i s  1.1 per m i l  (White, 1968), near the meteor i te 

standard. 

I 
i 
I 

L i  , B, NH3 , S r  and Pb have most probably been leached from 
i 

I 
1 

According t o  White (1981) t h i s  S i s o t o p i c  r a t i o  i s  commonly taken 
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t o  i nd i ca te  t h a t  the source o f  the s u l f u r  i s  magmatic, which i s  reasonable i n  
terms of the tec ton i c  s e t t i n g  and the  youth o f  the r h y o l i t e  domes i n  the SSGF 

(16,000 years; Mu f f l e r  and White, 1969). On the other  hand, the s u l f u r  could 
be derived from the sediments which i n  t u r n  der ive from the erosion o f  igneous 
rocks . 

, _-, 

4.3.4 Pipe Scales from the Ear ly b k l l s  

One e f f e c t  of the great concentrat ion o f  metals with chalcophi le a f f i n i t y  
i n  these br ines i s  t h a t  they p r e c i p i t a t e  s u l f u r - r i c h  scales when f lashed t o  
the atmosphere. Quan t i t a t i ve  analyses of these s u l f i d e - r i c h  scales have been 
published by Skinner e t  a1 (1967) (Table 4-4). 

Bulk compositional data f o r  three scale samples are given i n  Tables 4-5 
and 4-6. The occurrence o f  nat ive Ag i n  assemblages l ack ing  d igen i te  agrees 
w i t h  phase r e l a t i o n s  i n  the system Cu-Ag-S. The Fe r i c h  opal ine scale 
contains an average o f  20 w t  percent Cu and up t o  6 w t  percent Ag i n  s u l f i d e  
phases and as nat ive Ag (Skinner e t  a1 , 1967). Although Pb and Zn are 

w i t h  Cu and Ag fo r  the l i m i t e d  avai lab le s u l f u r  (<30 ppm) i n  the brine. 

Flow i n  a steam wel l  i s  v i r t u a l l y  adiabat ic,  and pressure a t  a ce r ta in  
production depth i n  the well  i s  constant under steady-state conditions. 
Therefore, expansion o f  the f l u i d  i n  a f lowing wel l  i s  i sen tha lp i c  as wel l  as 
ad iabat ic  (Helgeson, 1968). Brine i s  produced a t  h igh v e l o c i t i e s  through an 
i r o n  pipe w i t h  no chance t o  react w i t h  w a l l  rocks o r  w i th  cooler  surface 
waters o f  d i f ferent  compositions (Skinner e t  a l ,  1967). On f l ash ing  t o  the 

I 

, 
I 

I 
, abundant i n  the br ine (Table 4-3), these metals d i d  not compete successful ly 

The pipe scale represents a non-equil ibr ium assemblage o f  mineral izat ion.  
I 

1 

! 

I 

I 

I 
1 atmosphere, cool ing i s  extremely rap id  and steam and gas phases separate from 

the br ine upon pressure release. Thus condi t ions of scale deposi t ion are f a r  
1 
I , 

from equi l ibr ium, w i th  k i n e t i c  factors  probably c o n t r o l l i n g  mineral 
assemblages (Skinner e t  a1 , 1967). The sulfide-opal assemblage i s  deposited 
i n  the well  head and discharge pipes w i th  su rp r i s ing  r a p i d i t y  under these 
condit ions. I n  a three month t e s t  per iod o f  discharging the I.I.D. No. 1 
wel l ,  even though 5 t o  8 tons o f  scale were deposited, <0.1 percent o f  the 
t o t a l  heavy metals ( inc lud ing Fe) were removed from so lu t i on  as pipe scaling. 
However, the scales contained about 20 percent copper and precious metal, w i th  
values o f  several kilograms of s i l v e r  gnd several grams o f  gold per tonne. 
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Table 4-4. Sul f ide Minerals i n  Pipe Scales from the SSGF 

Atomic Ratios: 
Metal s/S 

9/ 5 

Fo rmu 1 a Name 

D i  geni t e  
Borni te Cu,FeS,+ o r  (Cu , A S ) ~ F ~ S ,  6/4 
Chal coc i  t e  and Cu,S o r  (Cu ,Ag),S 2/ 1 

Stromeyerite Cu Ag S 2/ 1 

Arsenopyrite FeAsS 2/ 1 

Chalcopyrite Cu Fe S, 2/ 2 
P y r i t e  Fe S3 1/2 

Cug S, o r  (Cu ,Ag 19 S5 

"dense" chal coc i  t e  

Tetrahedr i te (CU ,Ag ,Zn ,Fe)l2(Sb,As)4S13 16/13 

Source - Skinner e t  a1 (1967). 



Table 4-5. XRF Analyses of Sulfide-Rich Layers o f  Well Scales i n  I I.D. No. 1 

W-769 W-767 W-768 
Collected a t  Wellhead Collected i n  Discharge Pipe Just Inside Mouth o f  Discharge Pipe 

(-200 C) (-170 C) (-130 C)  
Sample 1 Sample 2 Sample 1 Sample 2 Sample 3 Sample 6 (youngest scale) 

cu 10.0 43.6 14.0 27.5 23.6 28.2 
a3 m Ag 1.2 5.8 1.2 3.1 1.0 3.4 

Fe 3.8 7.1 15.7 8.6 10.6 9.8 
As 0.23 0.15 0.20 0.13 0.13 0.11 
Sb 1.05 0.69 0.52 0.66 0.57 0.55 
S 6.6 22.5 10.2 13.4 12.8 14.2 
Metal s /S  2.47 2.55 3.10 2.98 2.80 2.96 
CU/AS 8.9 7.5 11.7 8.9 23.6 8.3 
Sb/As 4.6 4.6 2.6 5.1 4.4 5.0 

A l l  concentrations i n  w t  percent (Source - Skinner e t  a l ,  1967, Table 4). 

c c 
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! 

Table 4-6. Quant i ta t ive  Spectrographic Analyses of 

Sulfide-Rich Scale i n  1.1.0. No. 1 
1 

I 

I 

I 
i 

W-769 W-767 W-768 
--- --- --- 1 Zn 

I 
! 

i 
7.0* . 1.3 2.8 I Fe 5.0 7.0 6.0 

I 
1 
! Na 1* 1* 1* 

Pb 0012 001 1 .007 
i cu 1" I* 1* 

Ag 

Mn .055 0.42 0.34 
1 

Ca 0.55 0.60 0.55 

1 K 1.5* 1.0* 1.5* 

I B .019 0.11 . 080 

1 co .0050 < 0004. -0006 . 

4 Sb 0.72 0.17 0.25 

1 

I Ba .014 ,020 .0090 

, 

I 

r- - method used. 

Table 2).  

h d  
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More elaborate t e s t s  o f  the chemistry o f  scale formation performed by 
Harrar e t  a1 (1979) and Austin e t  a1 (1977) showed t h a t  the condi t ions o f  
f l ash ing  have a major e f f e c t  on the chemistry o f  these scales. Table 4-7 
(Maimoni, 1982) shows t y p i c a l  metal contents f o r  two wel ls i n  the f i e l d ,  
whereas scale compositions under various condi t ions are shown i n  Table 4-8 
(Harrar e t  a1 , 1979). 

equipment, depending on the concentrat ion o f  H2S and CO, and the t ime elapsed 
D i f f e r e n t  compounds p r e c i p i t a t e  a t  d i f f e r e n t  pa r t s  o f  mult istage f l a s h  

since f l ash ing  o f  the brine. Copper i s  concentrated i n  the highest 
temperature stage. Here, because cool ing occurred i n  the presence o f  evolved 
H2S caused by f l ash ing  through an exhaust nozzle, the wel l  head scale 
contained 88 w t  percent PbS and 0.34 w t  percent Ag. The f l u i d s  contained high 
contents o f  Mn and P t  and are o f  i n t e r e s t  as po ten t i a l  "ores" f o r  these 
important s t r a t e g i c  metals. 

4.4 SUBSURFACE GEOLOGY OF THE SSGF 

The SSGF l i e s  beneath i r r i g a t e d  f i e l d s ,  the ponds and marshes o f  a b i r d  
sanctuary, and the waters o f  the Salton Sea. The only  rocks which crop out  
are the f i v e  small r h y o l i t e  domes refer red t o  above (Figure 4-7), and the 
Recent deposits o f  the former Lake Cahuil la, ancestral to,  but  l a r g e r  than, 
the present Salton Sea. 

sedimentological and paleontological  cha rac te r i s t i cs  o f  the SSGF has never 
been f u l l y  synthesized. 
emphasized water/rock reactions ra the r  than sedimentology. 
parast rat igraphic  and s t ruc tu ra l  studies have been done, however, using 
w i r e l i n e  logs. 

I n  s p i t e  o f  the large number o f  e x i s t i n g  deep boreholes, the subsurface 

Studies o f  cu t t i ngs  and cores have h i t h e r t o  
Some 

4.4.1 Paras t r a  t i g rap hy 

The f i r s t  and most comprehensive parast rat igraphic  study, done by Randal 1 
(1974) was based upon downhole w i  re1 i ne  logs, inc lud ing temperature logs, 
from 16 wel ls c h i e f l y  i n  the west-central po r t i on  o f  the f i e l d .  This study 

was augmented by t h a t  o f  Tewhey (1977) who, i n  addi t ion,  studied cu t t i ngs  and LJ 
I 



Table 4-7. "Typical"  Analysis f o r  Magmamax No. 1 and S i n c l a i r  No. 4 Brines 

Magmamax No. 1 S i n c l a i r  No. 4 

Total sol ids  (g/a) 190 

PH 
Eh (vs. NHE) 
Composition ( ppm) 

S i  4 

Li  
K 
Rb 

Mg 
Sr 
Ba 
Mn 

Fe 
co 
Mo 

cu 
Zn 
B 
Sn 

Pb 

NH, 

5.6 
0.18 

200 
45 

117 
8500 

56 
75 

366 
290 
56 5 
422 

0.3 
4 
0.8 

226 
10 

I 23 
70 

AS 0.2 

Sb 4 
B i  5 
Se 6 
Ag 0.5 
Au 0.1 

294 
5.2 
0.18 

506 
440 
245 

14300 
25 
68 

600 

P t  0.06 0.06 

Source - Maimoni, 1982. 



Table 4-8. Analyses o f  Scale from Magmamax No. 1 Wellhead and the LLNL Four-stage Flash System 
Af ter  -720 H o f  Operation 

Composition, wt% 
Separated 

unmodified 2nd-stage 2nd-stage 3rd-stage 3rd-stage 4th-stage Delay 
Wellhead, brine, brine, steam, brine, steam, brine, line, 

Element 220°C 200 - 220°C 150°C 150°C 125°C 125°C I10"C 85'C 

Si as S i 0 2  
Li 
Na 
K 
Rb 
Be 
Me 
Ca 
Sr 
Ba 
B 
AI 
Y 
S 
As 
Sb 
Ti 
Cr 
Mn 
FC 
Ni 
Mo 
As 
CU 
Zn 
Pb 
CI 
Br 
F 

2 
n.d. 
n.d. 
0.5 

<0.1 
n.d. 
n.d. 
2 
trace 

<0.1 
n.d. 
n.d. 

c1 
12 
n.d. 
trace 
0.03 
0.09 
0.03 
0.7 
0.01 
n.d. 
0.34 
0.02 
0.07 

n.d. 
n.d. 
n.d. 

76 

27 

10 
0.1 

1.6 
0.01 
0.0003 
0.2 
4.2 
0.06 

co.1 
0.03 
0. I 

c 0.005 
2.4 
0.15 
0.019 

c 0.05 
c0.02 

0.67 
22 
< 0.01 
c0.002 

0.008 
1 .O 
0.1 1 
1.3 
7.9 
0.02 
n.d. 

60 
0.03 
3 
1.3 
0.02 
0.001 
0.02 
2.0 
0.04 

C0.1 
0.03 
0.3 
0.01 

< 1.0 
0.32 
0.22 

c 0.05 
0.03 
0.21 
7. I 
0.19 

< o m 2  
0.028 
0.4 
0.04 
0.16 
9.9 

c 0.01 
n.d. 

27 
0. I 
1 
1.5 
0.02 
O.OOO6 
0.02 
1.2 
0.01 

<0.1 
0.2 
2 
0.1 

< 1.0 
0.97 
0.65 

0.34 
0.27 

1.7 
0.004 
0.1 1 
0.5 
0.03 
0.08 
1.7 

co.01 
n.d. 

c 0.05 

14 

64 
0.03 
3 
0.64 
0.007 
0.0003 
0.02 
2.7 
0.22 
3.5 
0.03 
0.1 

~ 0 . 0 0 5  
c 1.0 

0.21 
0.11 

~ 0 . 5  
c 0.2 

0.12 
2.4 
0.07 

<0.002 
0.024 
0.2 
0.06 
0.55 
7.7 

co.01 
n.d. 

64 
0.01 
3 
0.82 
0.004 
0.0003 
0.05 
2.9 
0.03 
0.32 
0.05 
0.2 

~ 0 . 0 0 5  
c 1.0 

0.45 
0.27 

< 0.05 
<0.01 

0.12 
6.0 
0.16 

c0.002 
0.056 
0.6 
0.09 
0.90 
4.3 

c 0.01 
n.d. 

49 
0.01 
1 
0.8 
0.003 
0.002 
0.03 

0.12 
I .2 
0.1 
0.2 
0.02 
1.5 
0.07 
0.069 

26 

<0.2 
<0.05 

0.03 
1.4 
0.05 

c 0.002 
0.01 
0.15 
0.02 
0.21 
3.2 

c 0.01 
26 

39 

20 
0.1 

1.4 
0.01 
O.OOO1 
0.02 
6. I 
0.40 
5.3 
0.05 
0.02 

<0.005 
2.3 
0.1 1 
0.083 

c0.8 
c0 .3  

0.12 
0.59 

c0.01 
c0.002 

0.012 
0.08 
0.08 
0.25 

c0.01 
n.d. 

18 

0 

c 
n.d. = not determined. 

(Source - Harrar e t  a1 , 1979). 

c 
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cores from the  Magmamax No. 2, Magmamax No. 3 and Woolsey No. 1 wells. These 
data revealed a l i t h o l o g i c  sequence o f  shales and sandstones consis t ing o f  (1) 
a caprock; (2) an upper reservo i r  o f  s l i g h t l y  a l t e red  rocks; and (3) a lower 
reservo i r  o f  h igh l y  a l t e red  rocks (Figure 4-13), According t o  Randall (1974) 
the  caprock i s  a sedimentary u n i t  p r i m a r i l y  composed o f  l acus t r i ne  c lays and 
s i l t s .  
t h i c k  and i s  composed o f  two d i s t i n c t  layers. 
unconsolidated c l a y  and s i l t  which, because o f  i t s  uncemented nature, i s  
poor ly  represented i n  d r i l l  cut t ings.  The lower l aye r  consists o f  
consolidated clays,  s i l t s ,  and sands, w i th  a carbonate cement, in te rca la ted  
w i th  consolidated s i l t s  w i th  anhydr i te cement presumed t o  be evapor i te layers. 
These rocks apparently record sequences o f  inundation and desiccat ion o f  
freshwater lakes which preceded the modern Salton Sea. 

Using combined spontaneous-potentia1 and r e s i s t i v i t y  logs, Randal 1 (1974) 
mapped the thickness o f  the sedimentary caprock (Figure 4-14). 
d istance o f  s i x  k i lometers the caprock var ies from zero thickness i n  the south 
t o  430 m t h i c k  i n  Elmore No. 1. Randall 's map (Figure 4-14) shows the  caprock 
as a wedge th ickening t o  the northwest and bounded t o  the west by a f a u l t  
detected bx the dipmeter l o g  o f  Magmamax No. 2. 
considerable r e l i e f  i n  the east-west d i rect ion.  
between adjacent wel ls  l e d  Randall t o  i n f e r  several growth f a u l t s  which o f f s e t  
the  caprock (Figure 4-14). 

under ly ing upper reservo i r  sequence. 
the  sharp t r a n s i t i o n  between reservo i r  rocks and the over ly ing caprock 
represents the boundary between lacus t r i ne  sediments above and under ly ing 
"marine sediments", which were deposited before the  Salton Trough was i so la ted  
from the  southern po r t i on  o f  the basin i n  the  " m i  d- P1 e i s tocene " times . 
However, they do not present evidence f o r  these rocks being "marine" i n  
character. 

mid-Pleistocene age i n  the  western p a r t  of the Imperial val ley,  there are no 
publ ished paleontological  data from any o f  the wel ls i n  the  cent ra l  por t ions 
o f  the Imperial Valley, inc lud ing  the SSGF (see sect ion 3.2). S imi la r ly ,  as 

was s tated above, C l / B r  r a t i o s  support the idea t h a t  the o r i g i n  o f  the s a l t  i s  

I n  the  v i c i n i t y  o f  the Magmamax wells, the caprock i s  340 t o  370 m 
The upper 200 m consis ts  o f  

Over a 

The base o f  t h i s  wedge shows 
Lack o f  depth, c o r r e l a t i o n  

The caprock l i e s  i n  apparently unconformable re la t i onsh ip  on the 
Younker e t  a1 (1982, p. 225) asser t  t h a t  

A1 though Woodward (1974) repor ts  i n t e r m i t t e  hal low marine rocks o f  
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1000 

2000 

Magmamax 2 Magrnamax 3 Magmamax 1 Woolsey 1 
D 

. . . .  . . 

- - - - -  - 0.  

3000 

4000 

1 I Unaltered r e s e r v o i r  rock 

E l  Indication o f  d ip of sedimentary s t r a t a  

Hydrothermally a1 te red  r e s e r v o i r  rock 

Direct ion of decreasing poros i ty /permeabi l i  ty 

Figure 4-13. East-west Cross Section Through the Magmamax and Woolsey Wells 
i n  the Salton Sea Geothermal Field. 

The three rock types, i.e., cap rock, s l i g h t l y  a l t e red  rese rvo i r  
rock, and hydrothermal l y  a1 tered reservoi r rock, are 
c l a s s i f i c a t i o n s  based on petrographic analysis . The o r ien ta t i on  
o f  s t r a t a  i n  the reservo i r  rock i s  shown by dashed l ines.  For 
wel l  locat ions see Figure 4-1 (Source - Tewhey, 1977, Fig. 23). 
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freshwater evapor i te (sect ion 3.7.2) and i so top ic  studies i nd i ca te  t h a t  the 
water i s  evolved and p a r t i a l l y  evaporated Colorado River water (sect ion 
3.7.1). 
supported by studies o f  the w i re l i ne  logs and c u t t i n g s  here o r  elsewhere i n  
the centra l  Imperial Valley. Rapid fac ies changes, i nvo l v ing  l e n t i c u l a r  sand 
bodies and in te rca la ted  laminated s i l t s  and mud rocks w i th  steep deposi t ional  
dips, are c h a r a c t e r i s t i c  o f  deposi t ion i n  a prograding delta. Correlat ion, 
even a t  outcrop, i s  d i f f i c u l t  even over a few hundred meters (Wagoner, 1977). 

F ina l l y ,  the presence of a t r u e  marine sedimentary fac ies i s  not 

The l e n t i c u l a r  nature o f  the sedimentary u n i t s  and t h e i r  steeply dipping 
progradational nature i n  the SSGF i s  a lso most apparent i n  unpublished, 
propr ie tary ,  seismic r e f l e c t i o n  (Vibroseis) p r o f i l e s .  

Apart f rom- lacust r ine facies, the sedimentary fac ies present i n  the 
cen t ra l  Imperial Valley are d e l t a i c  sands and s i l t s ,  dune-braided stream 
deposits, and c h a n n e l - f i l l  pebble-bearing sands (Bi rd  and Elders, 1976), none 
of which have a t r u e  marine aspect. The upper rese rvo i r  i n  the SSGF consists 
o f  terr igenous d e l t a i c  sands, s i l t s ,  and muds, w i th  occasional l acus t r i ne  and 
stream deposits. The sands are indurated quar tz  fe ldspar areni tes and l i t h i c  
wackes containing minor d e t r i t a l  mica and c h l o r i t e ,  w i th  varying degrees o f  
c a l c i t e  cement and in tergranular  po ros i t y  o f  10 t o  30 percent. The amount o f  
c a l c i t e  cementation i s  greatest near the top o f  the section, beneath the c lay  
caprock. 
lead t o  appreciable secondary porosity. The arg i l laceous rocks are indurated 

With increasing depth and temperature, d i sso lu t i on  o f  carbonates can 

mudstones and f ine-grained s i l t s t o n e s  consis t ing of clay-sized quartz, 
feldspar, and c a l c i t e  together w i th  k a o l i n i t e ,  montmoril l o n i t e  and d e t r i t a l  

i l l i t e  as the c h i e f  c l a y  minerals (Muff ler  and Doe, 1968). Although sporad 
t h i n  l i g n i t e  beds are present, caut ion i s  necessary i n  est imat ing t h e i r  
thickness, as most l i g n i t e  seen i n  borehole cu t t i ngs  i s  a d r i l l i n g  mud 
a d d i t i v e  . 

In  the west-central po r t i on  o f  the SSGF the thickness o f  the upper 

C 

rese rvo i r  zone i s  500 t o  600 m; however, i n  the eastern p a r t  o f  the f i e l d  near 
Niland, the upper reservo i r  zone i s  much t h i c k e r  and the sedimentary sect ion 
i s  much more argi l laceous. With increasing temperature, there i s  a f a i r l y  
rap id  t r a n s i t i o n  i n t o  the l o w r  reservo i r  which consists o f  indurated 
hydrothermal y a l te red  reservo i r  rocks. 
o f  the upper reservo i r  as being the f i r s t  appearance of authigenic epidote a t  

Younker e t  a1 (1982) def ine the top 
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280 C. However other  workers have observed epidote apperance a t  225 C 
(McDowell and Elders, 1979, 1980). Randall (1974) defined the top  o f  the 
lower reservo i r  as being the top  o f  a metamorphic zone where shales and 
carbonates react  t o  form c h l o r i t e  by decarbonation reactions. The physical 
changes accompanying these react ions cause marked loss  o f  poros i ty  i n  the 
shales and cause them t o  acquire e l e c t r i c a l  l o g  cha rac te r i s t i cs  s i m i l a r  t o  
carbonate rocks (low spontaneous po ten t i a l  and h igh r e s i s t i v i t y ) .  Invar iab ly ,  
sandstones and s i l t s tones  are a f fec ted  more by r e c r y s t a l l i z a t i o n  than are less  
permeable shales. The changes induced by react ions o f  the rocks w i th  hot 
b r ines  (described i n  sect ion 4.5) eventual ly  lead t o  dest ruct ion o f  poros i ty  
and reduct ion i n  permeabi l i ty  (Figure 4-15) wi th  increasing temperature. 

4.4.2 Subsurface Structure 

I n  the  west-central po r t  on o f  the f i e l d ,  i n  the area studied by Randall 
(1974) and Tewhey (1977), the s t r a t a  d i p  west a t  lo0. Although co r re la t i on  i s  
d i f f i c u l t ,  Randall (1974) attempted cor re la t ions  between 16 wel ls  by de f i n ing  
paras t ra t ig raph ic  u n i t s  using percentage volume o f  sand bodies per 160 m (500 
ft) i n t e r v a l s  (Figure 4-16). Randall a lso was able t o  co r re la te  c e r t a i n  
d i s t i n c t i v e  marker beds between some adjacent wells. An example o f  t h i s  
approach i s  seen i n  Figure 4-17 which shows co r re la t i on  on a north-south 
p r o f i l e  through f i v e  wel ls  using spontaneous po ten t ia l  logs t o  co r re la te  
sand-shale boundaries and thicknesses o f  d i s t i n c t i v e  uni ts .  Such cross 
sect ions def ine a broad sync l ine w i th  an east-west ax i s  plunging gent ly  west. 
A general tendency f o r  th ickening o f  i nd i v idua l  sedimentary u n i t s  from nor th  
t o  south i s  a l so  shown (Figure 4-17). 

4.4.3 In f luence o f  Structure on Heat Transfer 

One o f  the  important outcomes o f  these parast rat igraphic  and s t ruc tu ra l  
s tud ies was the f i n d i n g  t h a t  the isotherms are - not con t ro l l ed  t o  any apparent 
extent  by l o c a l  sedimentary s t ra t i g raph ic  and s t ruc tu ra l  re la t ionsh ips  
(Randal 1 , 1974) . Isothermal surfaces are seen t o  t ransect  sedimentary 
bedding, ignor ing  the s t r i k e  and d i p  o f  the s t ra ta.  S i m i l a r l y  the  temperature 
cross sect ions seem unaffected by the loca t ions  o f  postulated fau l ts .  Randall 
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(1974) therefore concluded t h a t  distance from a postulated magmatic heat 
source i s  almokt the sole determining fac to r  f o r  the shape and s ize o f  the 
thermal anomaly. 

4.5 WATER/ROCK REACTIONS 

I n  response t o  elevated temperatures and the presence o f  concentrated 
br ines,  the sedimentary sect ion w i th in  the  SSGF undergoes a ser ies o f  
react ions and exchanges t o  form low grade metamorphic rocks w i th  ho rn fe l s i c  
textures.  The mineral and i so top ic  exchange react ions involved have been the 
subject  o f  numerous studies since the pioneering work o f  Helgeson (1967, 
1968). Among these are publ icat ions by Skinner e t  a1 , 1967; Doe e t  a1 , 1966; 
M u f f l e r  and White, 1968, 1969; Kei th  e t  a l ,  1968; Craig, 1966, 1969; Clayton 
e t  a1 , 1968; Kendall , 1976; Elders, 1977; Tewhey, 1977; Freckman , 1978; Olson, 
1978; Olson and Mat l ick ,  1978; McDowell and McCurry, 1978; McDowell and 
Elders, 1979, 1980; McKibben, 1979; B i r d  and Norton, 1981. A recent review o f  
the  geochemistry o f  hydrothermal -magma sjstems i n  the  U.S. states, "These 
studies,  based l a r g e l y  on cu t t ings  from several d r i l l  holes and t o  a lesser  
extent  on d r i l l  cores, represent a major con t r i bu t i on  t o  the understanding o f  
hydrothermal processes i n  the cont inenta l  c rus t "  (A. White, 1980) . This 
ongoing metamorphism i n  the SSGF represents an opportuni ty,  ra re  i n  geology, 
t o  study metamorphic processes i n  a s i t u a t i o n  where the p r o t o l i t h  i s  known and 
temperature, pressure, and f l u i d  chemistry can be measured d i r e c t l y .  

4.5.1 Mineralogy o f  the Sediments o f  the Reservoir 

As ind icated i n  sect ion 4.4.1, the sediments consis t  o f  an upper 
c lay-s i l t -evapor i te  lacus t r ine  sequence and a lower complexly interbedded 
sandstone/siltstone/shale sequence. Apart from the e f f e c t s  o f  consol idat ion,  
diagenesis, and hydrothermal a l t e ra t i on ,  these rocks have textures,  c l a s t i c  
mineralogy, and chemistry s i m i l a r  t o  Recent sediments o f  Lake Cahui l la and the 
Colorado River de l ta  (Muf f ler  and I n  the  lower 
reservo i r ,  o r i g i n a l  c l a s t i c  mineralogy and textures can f requent ly  s t i l l  be 
recognized even i n  samples from an environment h o t t e r  than 300 C. 

, 1968; Van de Kamp, 1973). 
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I n  the cent ra l  por t ion  of the SSGF, i n  the Elmore No. 1 borehole, the 
boundary between the upper u n i t  o f  unconsolidated l acus t r i ne  fac ies and the 
lower u n i t  o f  consolidated d e l t a i c  facies occurs a t  420 m depth. According t o  
Kendall (1976), the average lower d e l t a i c  sequence i s  25 percent sandstone, 
5 percent s i l t s tone ,  and 70 percent shale. 
used, somewhat loosely,  f o r  consolidated, usual ly  laminated, bu t  non- f i ss i le  
mudstones. 

quartz, plagioclase, and a1 k a l i  feldspar; subordinate ca l c i t e ,  dolomite; and 
minor but v a r i  b l e  amounts o f  Fe-Ti oxides, z i rcon , tourmaline , apat i te ,  
epidote, muscovite, b i o t i t e  and leucoxene. 
t h i r d  o f  these sandstones and consis t ,  i n  decreasing order o f  abundance, o f  
chert ,  s i l i c i c  volcanics, s i l t s t o n e  and shale, and metamorphic and p lu ton ic  
rocks. Typical abundances o f  major c l a s t i c  components o f  the sands include 
66-77 percent quartz, 5-7.5 percent plagioclase, 6-9 percent a1 k a l i  fe ldspar,  
2-13 percent carbonate, 0-2.5 percent l a y e r  s i l i c a t e s  , 1 percent heavy 
minerals, and 3-12 percent l i t h i c  c las ts  (Van de Kamp, 1973). The 
arg i l laceous rocks consis t  o f  quartz, fe ldspar,  montmori l loni te,  i l l i t e  and 
kao l i n i t e .  

Here the term "shale" i s  commonly 

The coarser-grained c l a s t i c s  consis t  o f  subangul a r  t o  subrounded dominant 

L i t h i c  c las ts  comprise less  than a 

The upper p a r t  o f  the d e l t a i c  sequence immediately beneath the l acus t r i ne  
caprock contains indurated shales and sandstones which are h igh l y  cemented by 
c a l c i t e  and/or anhydr i te (McDowell and Elders, 1980). I n  the shallowest p a r t  
of  the d e l t a i c  sequence the sandstones range from s t rong ly  cemented low 
po ros i t y  rock w i th  50 percent o f  ava i lab le  pore space f i l l e d  w i th  c a l c i t e  t o  
sandstones w i th  po ros i t i es  i n  the  range 15-20 percent. These rocks a t  the  top  
o f  the  d e l t a i c  fac ies cons t i t u te  an add i t iona l  s t rong ly  cemented 
carbonate-rich cap t o  the geothermal system i n  the centra l  p a r t  o f  the f i e l d .  

This carbonate-cemented cap, between the deeper d e l t a i c  reservo i r  below and 
the  l acus t r i ne  rocks above, e f f e c t i v e l y  extends the permeabilty b a r r i e r  
represented by the deposi t ion o f  the c lay - r i ch  rocks above. This c a l c i t e  
p r e c i p i t a t i o n  required an i n f l u x  o f  carbonate-saturated water beneath the 
sedimentary caprock. Carbonate saturat ion could occur i n  response t o  heating, 
which decreases carbonate s o l u b i l i t y  (Hoagland and Elders, 1978), o r  t o  the 
migrat ion o f  carbon dioxide from deeper and h o t t e r  zones o f  the  reservo i r  
where decarbonation reactions are occurring. 
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4.5.2 Hydrothermal A1 t e r a t i o n  Textures 

The boundary between the carbonate cap and the deeper reservoir ,  which 
occurs a t  440 m i n  Elmore No. 1 (McDowell and Elders, 1979), represents a 
major t e x t u r a l  d iscont inu i ty .  An abrupt increase i n  po ros i t y  o f  the 
sandstones t o  values near 20 percent i s  observed and the amount o f  carbonate 
cement i s  reduced by 50 t o  75 percent. 
i n i t i a t i o n  o f  a l t e r a t i o n  o f  d e t r i t a l  l a y e r  s i l i c a t e  minerals. This increase 
i n  po ros i t y  w i th  increasing temperature al lows a regular ser ies o f  
mineralogical ,  compositional, and t e x t u r a l  changes t o  occur; these can be 
fol lowed systemat ical ly t o  the highest temperatures y e t  penetrated by 
d r i l l  ing. A regular  prograde metamorphic zonation resul ts.  With increasing 
temperature, the formation o f  numerous authigenic minerals leads t o  strong 
rec rys ta l  1 i z a t i o n  and reduction o f  porosity. 
examination o f  cu t t i ngs  , therefore,  three t e x t u r a l  zones i n  the reservo i r  can 
be defined, which ( i n  order o f  increasing temperature) are a low po ros i t y  
carbonate cap, a zone o f  secondary porosi ty,  and a low po ros i t y  hornfe ls  zone 
(McDowell and Elders , 1979). 

4.5.3 Hydrothermal Mineral Zones 

These changes are accompanied by 

Based upon petrographic 

M u f f l e r  and White (1969) made pe t ro log i ca l  studies on cu t t i ngs  and 
deduced a number o f  metamorphic reactions i n  I.I.D. No. 1 and Sportsman No. 
1. These wel ls each are about 1500 m deep and are nor th  o f  the center o f  the 
f i e l  d Det r i  t a l  montmor i 1 1 on i t e  converts t o  i 1 1 i te-montmo r i  1 1 oni t e  bel ow 100 
C; the l a t t e r  converts t o  i l l i t e  a t  temperatures below 210 C. Ankerite forms 
by conversion o f  c a l c i t e  and/or dolomite a t  temperatures as low as 100 C. 
Dolomite, anker i te,  k a o l i n i t e ,  and Fe+, (from br ine)  reacted t o  produce 
c h l o r i t e ,  c a l c i t e ,  and CO, a t  temperatures below 180 C. Mu f f l e r  and White 
(1969) a lso i n f e r r e d  t h a t  between 290 and 310 C, c a l c i t e ,  K-mica, quartz, and 
Fe+2 react t o  form Fe-epidote and K-feldspar w i th  f u r t h e r  release o f  CO,. 
Muff ler and White (1968) had e a r l i e r  proposed t h a t  these reactions were the 
sources o f  large amounts o f  CO, a t  shallow leve ls  i n  the Imperial Carbon 
Dioxide Gas F i e l d  mentioned i n  sect ion 4.1.2. The high CO, a c t i v i t y  r e l a t i v e  
t o  $0 a c t i v i t y  precluded z e o l i t e  formation i n  the SSGF. Above 300 C, the 
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most common mineral assemblage reported by Mu f f l e r  and White (1969) i s  quar tz  L 
+ Fe-epidote + c h l o r i t e  + K-feldspar + a l b i t e  + K-mica, w i th  sporadic p y r i t e  
and hematite. 
temperatures. 

Na-Ca plagioclase pers is ts  t o  the highest observed 

Subsequent de ta i l ed  mineralogical  and chemical studies o f  authigenic 
minerals were made by Kendall (1976), Tewhey (1977), McDowell and McCurry 
(1978) and McDowe11 and Elders (1980). The most de ta i l ed  work has been 
performed on the Elmore No. 1 w l l  , near the center o f  the f i e l d  and the 
ho t tes t  wel l  from which samples have been released f o r  study. Figure 4-18 
summarizes the authigenic minerals and temperatures found i n  t h i s  w e l l  . 
f i g u r e  a lso shows a s i m p l i f i e d  l i t h o l o g i c  sect ion based upon examination o f  
cut t ings,  Because sandstones tend t o  be less  indurated than shales, however, 
they are under-represented i n  d r i l l  cu t t i ngs  r e l a t i v e  t o  t h e i r  t r u e  
abundances. Were sandstone i s  present, there i s  usua l ly  a d i s t i n c t  break i n  
g ra in  s ize between the vo lumet r ica l l y  dominant shale and the subordinate 
sandstone/siltstone. 
sec t ion  i s  0.13 mn and ranges from 0.06 t o  0.25 mm. 

The borehole was terminated a t  2,169 m depth i n  a metarhyol i te  i n t r u s i v e  
body; since chips o f  s i m i l a r  r h y o l i t e  occur i n  la rge  concentrations i n  o ther  
r e s t r i c t e d  in te rva ls ,  t h i n  volcanic i n t r u s i v e  u n i t s  are present elsewhere i n  
the  borehole (Robinson e t  a l ,  1976). 

mean o f  seven surveys over an e i g h t  month per iod i n  an undisturbed wel l  
(Helgeson, 1968). The working assumption t h a t  the reported w l i  temperatures 
are a good approximation o f  the actual  geothermal gradient i s  supported by the 
agreement o f  measured well temperature and f l u i d  inclusion-der ived 
temperatures on both vein c a l c i t e  and quartz grains r e c r y s t a l l i z e d  from 
sandstone (Freckman, 1978). The f l u i d  pressure i n  t h i s  borehole i s  
hydros ta t i c  f o r  the h igh l y  sa l ine  (25 t o  30 w t  percent NaC1 equivalent)  br ines 
observed i n  the SSGF and has a gradient o f  0.098 bars/m (Helgeson, 1968). 
Thus the  f l u i d  pressure a t  the bottom o f  the borehole i s  213 bars (McDowell 
and Elders , 1980). 

The va r ia t i on  o f  the authigenic sheet s i l i c a t e  mineral assemblage i n  
sandstone w i th  depth and temperature i s  also summarized i n  Figure 4-18. 

The 

The average gra in  s ize  o f  sandstones examined i n  t h i n  

A temperature-depth p r o f i l e  f o r  Elmore No. 1 (Figure 4-18) represents the  

Four 
LiJ 
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metamorphic zones may be dist inguished: (1) dolomite/ankerite zone a t  depths 
o f  439 in o r  l ess  and <190 C, i n  which mixed l a y e r  i l l i t e / s m e c t i t e  occurs w i th  
dolomite/ankerite, c a l c i t e ,  hematite and possibly quartz and sphene; (2) 
c a l c i t e - c h l o r i t e  zone, a t  439 t o  1135 m depth and 190-325 C, i n  which c h l o r i t e  
and i l l i t e / p h e n g i t e  occur w i th  c a l c i t e ,  quartz, a l b i t e ,  orthoclase/microcl ine, 
epidote, p y r i t e ,  sphene, sphaler i te,  and anhydrite; (3) b i o t i t e  zone, a t  1135 
t o  2120 m depth and 325-360 C, i n  which b i o t i t e  and clay-size vermicu l i te  
occur, a t  d i f f e r e n t  depths, wi th  t a l c ,  quartz, orthoclase/microcl ine, a l b i t e ,  
epidote, py r i t e ,  a c t i n o l i t e  , sphene and minor amounts o f  muscovite, c h l o r i t e ,  
anhydrite, and sphaler i te;  and (4) garnet zone, a t  depths greater than 2155 m 
and >360 C, i n  which andradite garnet occurs w i th  b i o t i t e ,  quartz, a l b i t e ,  
epidote, ac t i no l  i t e  , p y r i t e  , and sphene (McDowel 1 and E l  ders , 1980) . 
preserved d e t r i t a l  morphologies a t  depths near 439 in (190 C). 
620 t o  925 in (250 t o  308 C), through processes o f  overgrowth formation, pore 
f i  11 i n g  by c a l c i t e  and epidote, and eventual recrysta l  1 i zat ion o f  framework 
minerals, the sandstones are progressively transformed i n t o  hornfel  s i c  rocks 
w i t h  s t rong ly  i n t e r l o c k i n g  granoblast ic textures. A t  depths o f  1100 m (320 C) 
o r  more, r e c r y s t a l l i z a t i o n  has proceeded t o  the po in t  where a l l  t races of 
overgrowths have been annealed away and most o f  the o r i g i n a l  d e t r i t a l  grains 
have been homogenized t o  authigenic textures. 
t o  the bottom o f  the well  (McDowell and Elders, 1980). 

c h l o r i t e  zone t o  5 percent i n  the b i o t i t e  zone. A general decrease i n  open 
pore space through the c a l c i t e - c h l o r i t e  zone r e f l e c t s  the gradual 
r e c r y s t a l l i z a t i o n  o f  the sandstone as the b i o t i t e  "isograd" i s  approached. 
The estimated po ros i t y  remains a t  approximately 5 percent t o  the bottom o f  the 
wel l ,  i n  the garnet zone (McDowell and Elders, 1980). 

The ove ra l l  progression o f  mineral assemblages i n  both sandstone and 

The framework- minerals quartz, a1 ka l  i feldspar, and plagioclase show we1 1 
I n  the i n t e r v a l  

The r e s u l t i n g  hornfe ls  p e r s i s t  

The estimated po ros i t y  decreases from 15-20 percent i n  the c a l c i t e -  

b 

shale i s  l i s t e d  i n  Table 4-9 (McDowell and Elders, 1980). 
minerals addi t ional  to those described by Mu f f l e r  and White (1969) are 
present. These minerals include vermicul i te,  t a l c ,  anhydrite, and andradite 
garnet . Changes i n  phyl l o s i l  icates which accompany the progressive a l t e r a t i o n  
are a l so  summarized i n  Table 4-9. 
sandstones, the phyl l o s i l  i ca tes  are ill ite/mixed l a y e r  phase w i th  10 percent 

Several authigenic 

u I n  the dolomite/ankerite zone i n  
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Table 4-9. Summary o f  ,&higenic Minera Assemblages, Elmore No. 1, Salton Sea Geothermal F i e l d  

Mineral Sandstone Shale 
Zone 

DOlO- 
mite/ 
Ankerite Hematite f Quartz. sphene 1/15% SP 185'C. 1/S%SQ210°C 
-19o.c 

Dolomite/ankcrite+caIcite+ fIlite/lO% Smectite + Same as sandstone (?I. > '4 expandable laym. 

No data 2100-245' C 

Chlorite- 
Calcite 

Chlorite+ 1/0-5'6 S + Epidote + Caicite +Albite 
+K-fcldspar+Quafiz+~ritc+Sphene 

Same as above. but 0.0 Smectite 

Chlorite+ I/0-10*/0 S+ Epidote+Calcite+ 
Feldspar +Quartz + Pyrite f Sphene 

275.0 C --- - - - - - - - -- - - - - - - - - - - - - _ _  
2900c-------------------------- 

Same as above. but 0'0 Smectite 
Same as sandstone (?) - 3000 C - Signifmnt recrystallization. Chlorite 

+Phengite+Calcite+ Epidote+Albite+ K-feldspar 
+ Pyritc+Sphene 

325' C 
Biotite+Quartz+Epidote+ K-feldspar+Albite+ 
Tak+Pyrite+Sphene+Traccs of Phmgite. Chlorite 

- w c  -------------------------- 
Same as sandstone (?) but no Talc. > Vi Chlorite 

Biotite Vermiculite 

Biotite+Quartz+Epidote+ K-feldpsar +Albite 
+Actinolite +Talc+Pyrite +Tram Chlorite. 
Vermiculite. Sphene 

-Jso"C--------------------------------------------------------- 

As above. without chlorite Same as sandstone. but signifwant decrease in 
Vochlorite 

359OC---------- - - - - - - - - - - - - - - - -  

As above. without chlorite 

3w c ? 

GSrncC Biotite+Quartr+Epidote+ Andradite+Albite+ No data 
Actinolite+ Pyritc+Trace Sphene 

(Source - McDowe11 and Elders, 1980). 
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expandable layers (I/lO%S) whereas i n  shales the percentage o f  expandable 
layers i n  the mixed laye r  phase changes from 10-15 percent a t  185 C t o  5 
percent a t  210 C (Ills% t o  I/5%). I n  the c h l o r i t e / c a l c i t e  zone, where epidote 
i s  a lso  abundant, the layer  s i l i c a t e s  become a mixture o f  i l l i t e  and ch lo r i t e .  
With increasing temperatures i n  t h i s  zone the i l l i t e  rec rys ta l l i zes  t o  
phengi t ic  white mica. Throughout the b i o t i t e  zone and i n t o  the  garnet zone 
the  b i o t i t e  undergoes compositional changes from a s i 1  iceous , K-deficient 
b i o t i t e  t o  a t y p i c a l  low-grade metamorphic b i o t i t e .  Ch lo r i t e  completely 
disappears from sandstone a t  approximately 350 C and abrupt ly  diminishes i n  
amount i n  the more c h l o r i t i c  shales a t  the same temperature. 

4.5.4 Phase Relations o f  Authigenic Minerals 

Although the reactions between the br ines and rocks t o  produce these 
a l t e r a t i o n  assemblages can be described i n  terms of the complex system 
Na20-~O-CaO-MgO-FeO-Fe24 -A124-Si02-C02-HC1 -S-H20, various simp1 i f y i n g  
assumptions must be made i n  order t o  proceed. For example, Younker e t  a1 
(1982) used the  simpler subsystem CaO-A1203-Si02-C02-~0 and considered the 
isobar ic  phase re la t i ons  as a funct ion o f  temperature and mole f r a c t i o n  o f  
CO, , assuming Pf lu id  = 2 kbar (10 times higher than the observed f l u i d  
pressure i n  Elmore No. 1 w e l l ) .  A more r igorous approach was taken by B i rd  
and Norton (1981) who performed thermodynamic ca lcu la t ions  o f  compositional 
re la t i ons  among aqueous so lut ions and minerals i n  the system 
Na, 0-K2 0-CaO-Mg O-Fe2 03 -A1 03 -Si O2 40, -He1 -H20. Among the react ions they 
considered we re : 

i l l i t e / p h e n g i t e ,  a l b i t e ,  sanidine, c a l c i t e ,  and an aqueous so lut ion,  which i s  
represented by the fo l low ing  reactions*: 

Ch lor i te  + c a l c i t e  zone assemblage cons is t ing  of epidote so l  i d  so lu t ion  

(Equations begin on the  next page) 

*The phase i s  w r i t t en  above the chemical formula; i n  the cases where s o l i d  
so lut ions occur, the component i s  w r i t t en  beneath the formula. 
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fe ldspar  i l l i t e / p h e n g i t e  

3NaA1Si30g t NaA12(AlSi3010)(OH)2 t 4H+ 
u 

a1 b i t e  paragonite 

(1) 
i l l i t e / p h e n g i t e  

pyrophyl 1 i t e  
$ 3A12Si,40(OH)2 + 4Nat, 

fe ldspar  
3KA1Si30g + KA1,(A1Si30,,)(0H), t 4Ht 
sanidine muscovite 

i 11 i te/phengi t e  

(2) 
i 11 i te/phengi t e  

pyrophyl 1 i t e  
# 3A12Si4010(OH), + 4Kt, 

fe ldspar  ill ite/phengi te  

sanidine pyrophyl l  i t e  
KAlSi3Og + Al2Si401o(OH), 

(3) 
i 1 1 i te/phengi t e  

muscovite 
$: KA12 (AlSi3010)(OH)2 + 4Si02(aq) s 

epidote f e  1 dspa r 

c l  i n o z o i s i t e  sanidine 
2Ca2A13Si342(OH) t 31(AlSf3% + 8Ht 

(4) 
ill i te/phengi t e  

muscovite 

* 3KA12(AlSi,010)(OH)2 + 6Si02(aq) + 4Ca2' + 2H20, 

c a l c i t e  
CaC% +' 2H+ Ca2+ + C O q g )  + 40. (5) 

B i o t i t e  zone assemblage cons is t ing  o f  epidote sol i d  so lut ion,  a l b i t e ,  
sanidine/K-feldspar, b i o t i t e ,  t remo l i t e  sol  i d  so lut ion,  quartz, and an 
aqueous so lut ion,  which i s  represented by the react ions 

1 W 

, 
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f e l  dspa r feldspar 
NaAlSi3% + K + *  KAlSi,O, + Na+, 
a1 b i t e  K-fel dspar 

b i o t i t e  

p h l  ogopi t e  
KMg3 (A1 Si, 010 ) (OH), + 6H+ 

fe ldspar  
KAlSi,O, + 3Mg2+ t 4 4 0 ,  

K-feldspar 

fe ldspar  amphibole 
5KA1Si30, + 3Ca,Mg,Si8%,(OH), + 12H+ 

K-feldspar t remol i t e  

b i o t i t e  

phlogopi te 

5KMg3(AlSi30,0)(OH)2 + 6Ca2+ + 24SiOz(aq) + 4H20, 

epidote 

c l i n o z o i s i t e  
Ca,Al3Si34,(OH) + 6Si02(aq) + 3Na+ + H+ 

fe ldspar  
3NaA1 Si, O, + 2Ca2+ + H,O. 
a1 b i t e  

Using the mass ac t ion  equations f o r  the react ions 1 t o  5, together w i th  
the  a c t i v i t i e s  of components o f  s o l i d  so lut ions and assuming u n i t  a c t i v i t y  f o r  
a l b i t e ,  a l k a l i  feldspar, c a l c i t e ,  and water allowed ca l cu la t i on  o f  aNa+/aH+, 

depth, temperature and pressure. S i m i l a r  r esu l t s  together w i th  aMg2+/a2Ht, 
were a lso  obtained by considering equations 6 t o  8. Calculat ions were a lso  
performed f o r  the garnet zone assemblage of garnet, b i o t i t e ,  epidote sol i d  
so lu t i on  , quartz, and aqueous solut ion.  

aK+/aH+, aCa2+/a 2 H+, aSiO2 (aq), and fco2 i n  the f l u i d  phase as a function o f  

Lr 
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B i r d  and Norton's (1981) ca lcu la t ions  showed tha t ,  i n  the  upper 2.5 km o f  
the  SSGF, there are systematic gradients i n  the  a c t i v i t y  r a t i o s  o f  the a l k a l i  
and a l k a l i n e  ea r th  cat ions t o  hydrogen ions and i n  the fugac i ty  o f  C02(g). 
The ca lcu lated values were i n  remarkably c lose agreement t o  the measured 
so lu te  concentrations i n  the geothermal f l u i d s  produced by the wel ls.  Near 
Elmore No. 1, aNa+/aHt and aKt/aHt vary several tenths o f  a l o g  u n i t  from 250 
t o  350 C, whereas aCa2+/a2H+ decreases two orders o f  magnitude over the same 
range, The fugaci ty  o f  CO,  gas i s  1.5 bars a t  - (310°C. Uncertaint ies e x i s t  
both i n  these ca lcu la t ions  and i n  the measurements o f  temperatures and f l u i d  
compositions. However, B i r d  and Norton (1981) conclude t h a t  the c lose 
agreement between the  predic ted and observed cha rac te r i s t i cs  o f  these 
geothermal f l u i d s  suggests t h a t  these uncer ta in t ies do not ma te r ia l l y  a f f e c t  
t h e i r  f i n a l  ca lcu lat ions.  

4.5.5 Ore Minera l i za t ion  i n  the SSGF 

The h igh concentrat ion of metals i n  the br ines o f  the SSGF re fe r red  t o  i n  
sect ion 4.3 makes the br ines themselves o f  i n t e r e s t  as po ten t i a l  sources o f  
metal . More minerals are widespread i n  the deeper p a r t  o f  the system as 
i n c i p i e n t  s u l f i d e  and oxide minera l i za t ion  accompanies the mineral react ions 
re fe r red  t o  i n  sect ion 4.5.4. A recent study on economic minera l i za t ion  i n  

t h e  SSGF by McKibben (1979) was based p r i m a r i l y  upon studies o f  the cu t t ings  
from the  River Ranch No. 1 wel l  and comparisons w i th  other  wel ls  i n  the  

north-central  p a r t  o f  the f i e l d .  A t  depth, ore minerals are more abundant i n  
shales than sandstones. 

Major ore minerals found are, i n  order o f  decreasing abundance: py r i t e ,  
hematite, sphaler i te ,  chalcopyr i te,  py r rho t i t e ,  marcasite, and galena. Ore 

m ine ra l i za t i on  was d iv ided by McKibben (1979) i n t o  three main types: (1) 
d iagenet ic  s u l f i d e  minera l i za t ion  , occurr ing a t  depths less  than 760 m and 
tempe r a t  u res less  han 250°C; (2) metamorphic s u l f i d e  minera l izat ion,  
occurr ing a t  depths greater than 760 m and temperatures greater  than 250°C; 
and (3) ve in- re la ted s u l f i d e  and oxide minera l izat ion,  occurr ing c h i e f l y  i n  
r e s t r i c t e d  i n t e r v a l s  a t  depths greater than 760 m. 

Diagenetic minera l i za t ion  consists o f  f ine-grained i r o n  su l f i des  
occurr ing as cement i n  sandstone and as disseminated layers i n  shale formed by 
a l t e r a t i o n  o f  early-formed framboidal i r o n  su l f i des  t o  marcasite and pyr i te .  
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Minor amounts o f  sphaler i te ,  chalcopyr i te,  and galena a lso  occur as cement 
intergrown w i th  these i r o n  su l f ides.  

Metamorphic minera l i za t ion  here re fe rs  t o  the progressive development o f  
porphyroblast ic p y r i t e  w i th  increasing depth and temperature , i t s  replacement 
by py r rho t i t e ,  chalcopyr i te  , spha ler i te  , and galena a t  depths greater  than 
1200 m, and i t s  decomposition i n t o  ske le ta l  aggregates a t  depths greater than 
1500 m concurrent w i th  the ho rn fe l s i c  r e c r y s t a l l  i z a t l o n  o f  the host sediments 
re fe r red  t o  i n  sect ion 4.5.3. 

cont rast ing types: (1) hematite-dominated; and (2) sulfide-dominated. The 
hematite-dominated type occurs as the assemblage hematite + quartz + 
chalcopyr i te  + py r i t e ,  o r  the  assemblage hematite + epidote + anhydr i te + 
chalcopyr i te  + pyr i te .  Both assemblages occur as open, porous veins i n  a 
s ing le  v e r t i c a l  zone a t  l eas t  220 m t h i c k  i n  River Ranch No. 1. 

Sul fide-dominated ve in minera l i za t ion  occurs as the var iab le  assemblage 
spha ler i te  + chalcopyr i te  + c a l c i t e  + epidote + quar tz  + adu lar ia  + galena + 
anhydr i te a t  depths less  than 1170 m, and as the var iab le  assemblage 
p y r r h o t i t e  + c a l c i t e  + spha ler i te  + chalcopyr i te  a t  depths greater  than 

1190 m. A l l  sulfide-dominated veins are sealed and occur i n  r e l a t i v e l y  
r e s t r i c t e d  v e r t i c a l  i n t e r v a l s  (McKibben, 1979). 

analyses ind icates t h a t  the modern reservo i r  br ines are i n  equ i l ib r ium w i th  

V e i n - f i l l i n g  and re la ted  p o r e - f i l l i n g  minera l i za t ion  i s  o f  two 

Thermodynamic analysis of the ore mineral vein assemblages and b r ine  

the  open, porous hematite-dominated vein assemblage a t  3OO0C, w i th  pH = 5.4 
and l o g  fo, = -30. Calculated metal-chloride complex s o l u b i l i t i e s  f o r  Cu, Pb 

and Zn a lso  agree wel l  w i th  the br ine  analyses (McKibben, 1979). 

assemblages requi re t h a t  e a r l i e r  f l u i d s ,  i f  formed a t  the same temperature and 
pH, had t o  be more reduced and more su l fu r - r i ch  than the present s l i g h t l y  more 
oxidized, sul fur-poor brines. Ear ly  compaction-related, in t rabas ina l  f l u i d s  
may have been responsible f o r  the sulfide-dominlated assemblages, whi le the 
hemati te-dominated assemblages and present br ines may represent l a t e r a l  i n f l u x  
of l a t e r ,  more s u r f i c i a l  waters, such as p a r t l y  evaporated and reacted 
Colorado River water (McKibben, 1979). 

Textures o f  the ore minerals i n  the  SSGF ind i ca te  t h a t  early-formed 
diagenet ic i r o n  su l f i des  p lay  an important r o l e  as nuc le i  and sources o f  

Phase re la t i ons  of the presently-sealed sul  fide-dominated ve in 

L4 

c 
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sul fur  and i r o n  f o r  l a t e r  diagenetic, metamorphic, and hydrothermal s u l f i d e  
and oxide minera l i za t ion  (McKibben , 1979) . Most l a t e r  Cu-Pb-Zn su l f i des  and 
i ron oxides replace e a r l i e r  diagenetic and porphyroblast ic py r i t e ,  and the  
l a t t e r  are commonly enveloped and resorbed by veins. In t ragranular  
replacement textures invo lv ing  p y r i t e  porphyroblasts requi re  t h a t  Cu, Pb, and 
Zn be der ived mainly from br ines i n  the  immediately-surrounding sediments. 
Thus t h i s  system, as present ly  explored, i s  an i n c i p i e n t  stratabound s u l f i d e  
deposi t  which i s  being overpr inted by hydrothermal and metamorphic processes. 
Su l f ide  p r e c i p i t a t i o n  i s  apparently cont ro l led  by a c c e s s i b i l i t y  o f  meta lor ich 
b u t  SUI fur-poor br ines t o  e a r l  fer-formed p y r i t e  s u l f u r  (McKibben , 1979) . 

As ind icated by McKibben (1979), t ex tu ra l  evidence suggests t h a t  the 
major  source o f  Cu, Pb and Zn i n  the br ines i s  by leaching o f  the shales (see 
sect ion 4.3.4). From the br ine  analyses i n  sect ion 4.3.1, the t o t a l  

L J  

concentrat ion o f  ore metals i n  the br ine  exceeds t o t a l  s u l f u r  by a f a c t o r  o f  
e i g h t  on a molal basis, w i th  the br ine  apparently saturated w i th  respect t o  
su l f ide .  The o r i g i n  o f  s u l f u r  i n  t h i s  system i s  not e n t i r e l y  understood. The 
s u l f u r  i n  early-formed synsedimentaryldiagenetic i r o n  su l f i des  i s  probably 
der ived from inorganic su l fa te  t h a t  has been reduced by bac te r ia l  action. The 
occurrence o f  sul  f a te - r i ch  evaporites i n  the  shallow sedimentary sequence 
suggests t h a t  s u l f a t e  was transported i n  so lu t i on  i n  Colorado River water and 
concentrated i n  the  Safton Basin. As pointed ou t  by White (1981), a 
c l u s t e r i n g  o f  634S values near the  meteor i te standard tends t o  support a 
magmatic source, e i t h e r  d i r e c t l y  o r  by erosion o f  igneous rocks w i th  p r i m i t i v e  
i so top ic -  r a t i o s  (see sect ion 4.3.3). 

/ 

4.5.6 

The 6D and s1*0 r a t i o s  o f  the  groundwaters I n  the Imperial  Valley and i n  
the  SSGF were discussed i n  sect ions 3.7.1 and 4,3.2, respect ively.  Studies 
have a lso  been made o f  the exchange o f  these isotopes between the br ines and 

the SSGF are progress ive ly  depleted i n  l80 wi th  increasing 
rocks. For example, Clayton e t  a1 (1968) found t h a t  subsurface 

temperature. They proposed a s ing le  6''O value o f  +2 per m i l  for  geothermal 
br ines from the cent ra l  reservo i r ,  i.e., t h a t  the br ines are wel l  mixed 
i so top ica l l y .  Later, Olson (1978) compared 6l80 o f  vein c a l c i t e s  from e i g h t  
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wel ls i n  the SSGF. Even though a l l  these c a l c i t e  samples were from depths 
corresponding t o  the same ambient temperature o f  250 C, they showed a 
va r ia t i on  o f  4 per m i l  i n  6l80 which he a t t r i b u t e d  t o  var ia t ions  i n  6l80 o f  
waters i n  the f i e l d .  

Kendall (1976) studied i n  d e t a i l  three wel ls  i n  the  Buttes area o f  the 

L 

SSGF and c a r e f u l l y  i n t e r r e l a t e d  iso top ic  and pe t ro log ica l  studies. The wel ls  
s tud ied were Magmamax No. 2, Magmamax No. 3 ,  and Woolsey ffo. 1, which have 
maximum temperatures of 320 C a t  1340 m depth. Kendall (1976) found t h a t  
extensive oxygen and carbon isotope exchange has occurred between geothermal 
br ines and country rock. D e t r i t a l  and diagenet ic carbonates have exchanged 
w i t h  the br ines a t  temperatures as low a t  100-150 C. Both d e t r i t a l  and 
authigenic quartz- i n  dense, h igh ly  a l t e red  and mineral ized sandstones have 
completely o r  almost completely exchanged a t  temperatures as low as 290 C. 
Hydrothermal epidote 6l80 values are approximately 4 per m i l  l i g h t e r  than 
coex is t ing  quartz. Yydrothermal hematite i s  apparently i n  oxygen i so top ic  
equ i l i b r i um w i th  quartz a t  measured borehole temperature (-300 C). 

Superimposed on the general t rend o f  lower 6l80 values a t  increasing 
temperature i s  another important e f f e c t  due t o  permeabi l i ty  var ia t ions  i n  
reservo i r  rocks (Kendall , 1976). A pa t te rn  o f  m u l t i p l e  inversions i s  observed 
i n  p l o t s  o f  c a l c i t e  6l80 versus depth i n  adjacent wells. 

these inversions i s  apparently s t ra t i g raph ica l  l y  cont ro l  l e d  and can be 
cor re la ted  from wel l  t o  well. Aquifers are character ized by low de l ta  values, 
and aqui tards by high values. The 6'*0 values o f  ve in c a l c i t e  are 0-1 per  m i l  
l i g h t e r  than those o f  c a l c i t e  cement i n  sandstones, which i n  t u r n  are 1-7 per  
m i l '  l i g h t e r  than those o f  c a l c i t e  i n  shale. Yydrothermal a l t e r a t i o n  i s  more 
in tens ive  i n  zones character ized by low d e l t a  values and i n  mineral 
assemblages t h a t  d i f f e r  s i g n i f i c a n t l y  from those of less  permeable horizons. 
Kendall (1976) i n f e r r e d  t h a t  aqu i fe r  permeabi l i ty  i s  predominantly secondary 
and t h a t  l i t h o l o g i c  va r ia t i on  has a strong contro l  over creat ion o f  
microfractures.  Water c i r c u l a t i o n  i s  l a r g e l y  r e s t r i c t e d  t o  the  hor izon ta l  
aqui fers,  which Kendall (1976) corre la ted between wel ls using 6l80 values. 
Kendall a lso  suggested t h a t  f l u i d s  w i th in  veins are l o c a l l y  derived and 
v e r t i c a l  f ractures have been r e l a t i v e l y  unimportant as c i r c u l a t i o n  channels. 

conclusions o f  Randall (1974), whose data seem t o  show t h a t  isothermal 

R e  locat ions o f  

This l a s t  f i nd ing  seems a t  f i r s t  s igh t  t o  be a t  variance w i th  the e a r l i e r  
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both hydraul ic and seismic f a i l u r e  (Elders , 1982). Natural hydraul ic 
f ractures can resu l t  from the thermal expansion o f  confined f l u i d s  being 
heated conduct iv i ty ,  causing high f l u i d  pressures. 

which show evidence f o r  mu l t i p le  episodes o f  f rac tu r i ng  and seal ing by 
mineral izat ion.  Two examples from the SSGF have a lso  &en documented. Tewhey 
(1977) i l l u s t r a t e d  an anhydrite vein, which when viewed by catholuminescence, 
reveals two o r  more episodes o f  f rac tu r i ng  and deposi t ion (Figure 4-19) i n  
which anhydrites w i th  d i f f e ren t  amounts o f  Y, Ce and La were precipi tated. 
Frecktnan (1978) sampled c a l c i t e  veins i n  s i l t s t o n e  cores from the S i n c l a i r  No. 
4 w e l l  i n  the SSGF and made numerous f l u i d  inc lus ion  measurements i n  a c a l c i t e  
ve in 5 mm t h i c k  a t  1350 m depth. These showed homogenization temperatures 
spanning a range from 253 C t o  297 C. The temperature l o g  f o r  t h i s  well  
ind icates a borehole temperature o f  273 C, 10 m above t h i s  core. 
o f  6”O i n  c a l c i t e  from t h i s  vein showed a range o f  s”0 values equivalent t o  
a temperature va r ia t i on  of 33 C. The temperature var ia t ions  suggested 
therefore seem Val id. Catholuminescence studies a lso reveal o s c i l l a t o r y  
zonation i n  t h i s  vein (Elders, 1982). The f ractures i n  the SSGF may be f i l l e d  
and sealed by p r e c i p i t a t i o n  from f l u i d s  d i f f e r e n t  i n  temperature and iso top ic  
chemistry from the pore f lu ids.  Sealed f ractures may then reopen and tap 
f l u i d s  from d i f fe ren t  sources. The s ign i f icance o f  t h i s  episodic behavior f o r  
heat t rans fe r  i n  the system needs fu r the r  thought. 
processes which are episodic on the small scale appear more continuous when 
in tegrated over a l a rge r  scale. Howeier volcanic and phreattc eruptions, 
earthquakes, and hydrologic changes due t o  the catastrophic f looding and 
desiccat ion o f  Lake Cahui l la are episodic events. which should leave t h e i r  
impr in t  i n  the rocks over volumes la rge r  than s ing le  veins. Steady-state L. 

models o f  heat and mass t rans fe r  may therefore be too s i m p l i s t i c  i n  the case 
of the SSGF. 

Batzle and Simmons (19~76) describe veins i n  the Dunes geothermal system 

Measurements 

It i s  conceivable t h a t  

‘ 

4.5.8 Corre la t ion o f  Wirel ine Logs wi th  Petrology 

Further manifestat ions o f  the e f f e c t  o f  hydrothermal a l t e r a t i o n  on rock 
proper t ies are seen i n  a study o f  w i re l ine  logs from 11 wel ls  i n  the SSGF and 
blestmorland geothermal system (Muramoto, 1982). For the SSGF there i s  an 

lj 
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Y, Ce, La 
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Figure 4-19. Ca lc i te  and Epidote Veins i n  Shale from -900 m Depth i n  the 
Salton Sea Geothermal Field. 

Ion-microprobe traverses were made across zoned anhydr i te grains 
t o  determine the geochemical basis f o r  d i f ferences i n  
luminescent in tens i ty .  The pos i t i on  o f  data po ints  i n  the graph 
i s  shown on the ion-microprobe transverse. Posi t ive 
concentration-anomalies o f  Y, Ce, and La correspond t o  zones o f  
ye1 1 ow 1 uminescence (Source - Younker e t  a1 1982) . W 
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cs/ 5 THE ON-GOING STUDY OF THE SSGF 

5.1 INTRODUCTION 

Because Some of the rock types, f l u i d  compositions, and temperatures i n  
t h i s  system over lap environments expected t o  be found i n  the near f i e l d  o f  
proposed rad ioact ive waste repos i to r ies  i n  s a l t  , an extensive program o f  
i nves t i ga t i on  o f  the  migrat ion and re ta rda t ion  o f  n a t u r a l l y  occurr ing 
radionucl ides i n  the Salton Sea Geothermal F i e l d  (SSGF) i s  now underway a t  the 
Un ivers i ty  o f  Cal i forna, Riverside (UCR). 

The concentrat ion of uranium i n  b r ine  from the SSGF i s  approximately 10 

ppb. New b r ine  samples are necessary i n  order t o  conf i rm these data and 
determine concentrations i n  the br ine  o f  o ther  t race  elements o f  i n t e r e s t  t o  
t h i s  pro ject .  Prel iminary analyses o f  t y p i c a l  rock cores from t h i s  and other  
re la ted  geothermal systems i n  the Salton Trough ind i ca te  t h a t  these rocks 
conta in  the fo l l ow ing  concentrations o f  elements o f  i n te res t :  U, 1.3-5.3 ppm; 
Th, 2.5-24.4 ppm; Sr, 181-534 ppm; and Cs, 0.5-7.5 ppm. Radiographic 
determinations i nd i ca te  t h a t  mappable uranium i s  found almost exc lus ive ly  
associated w i th  very f ine-grained (0.1-0.005 mm) matr ix  minerals inc lud ing  
c l a y  minerals, i l l i t e ,  c h l o r i t e ,  and epidote. More ra re ly ,  d i s t i n c t  t rack  
c lus te rs  were t i e d  t o  c rys ta l s  o f  fe ldspar  o r  zircon. These uranium data are 
consis tent  w i th  the observation t h a t  uranium contents o f  shale samples are i n  
the range 4-5 ppm whereas t h a t  o f  the sandstones i s  on ly  1-2 ppm, independent 
of  temperature over a range o f  100 t o  350 C. 

The methods o f  analysis being employed inc lude o p t i c a l  and e lec t ron  
microscopy, X-ray d i f f r a c t i o n  , X-ray fluorescence , atomic absorption , induced 
neutron a c t i v a t i o n  , l i g h t  isotope mass spectrometry, alpha counting , heavy 
isotope mass spectrometry, e lec t ron  microprobe analys is  , and radiography. The 
emphasis i s  on determining the locat ions,  

react ion produ 
and migrat ion paths 

5.2 PROBLEMS OF ACCESS TO SAMPLES 

The l i m i t i n g  f a c t o r  i n  performing t h i s  study i s  the a v a i l a b i l i t y  o f  
subsurface data and appropr iate we1 1 -documented samples o f  subsurface rocks 
and brines. This requires access t o  boreholes f o r  sampling. Rock samples i n  



the form of d r i l l  cores apd gu$$J 
s i m i l a r l y ,  w i r e l i n e  logs must be run before k l l s  are cased. Once obtained, 
these samples and data can be analyzed and in te rpre ted  a t , ~ ~ ~ ~ ~ ~ ~ ~ u e n l . ~ i m e .  
I n  contrast ,  water and gas samples can, i n  p r i n c i p l e ,  be obtained a t  any t ime 

s a only  & obJained dur ing d r i l l i n g ;  w 2 2  I E i n  "I3 \ u >  f? ~~~~~~*~~ 3 

? l  I Pi  i 
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design o f  waste packages and b a c k f i l l  mater ia ls ,  and t o  assessments o f  the 
expected performance o f  engineering b a r r i e r  systems and host rocks under 
conditions ant ic ipated t o  occur i n  the near f i e l d  o f  nuclear waste 
repositories i n  s a l t .  
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CORNEU UNIVERSITY 
JOHN BIRD 
ARTHUR 1. BLOOM 
DUANE CHAPMAN 
FRED H. KULHAWY 
ROBERT POHL 

CORTLAND COUNTY HEALW DEPT 
I. V. FEUSS 

D. R. E. 
KARL J. ANANIA 

DALTON, DALTON f NEWPORT 
MARIA R. EICERMAN 

DAMES C MOORE 
RON KEAR 
CHARLES R. LEWIS 
0.1. OZTUNOLI 

LISA K. DONOHUE 
ABBY FORREST 
AMINA HAMDY 
PETER C. KELSALL 
CARL E. SCHUBERT 

CLEVELAND ELECTRIC IUUMINATING C O  

COLORADO GEOLOGICAL SURVEY 

COLORADO SCHOOL OF MINES 

DAPPOLONIA CONSULTING ENGINEERS INC 

DAWCON MANAGEMENT CONSULTING 
SERVICE 

DAVID A. WEBSTER 
DEAF SMITH COUNTY LIBRARY 
DELAWARE GEOLOGICAL SURVEY 

DEUTSCHE GESEUSCHAFT FUR 

HANKE WERTHMANN 

J. DONALD DIXON 

JOHN E. DOOLEY 

ROBERT R. JORDAN 

WlEDERAUFARBElTUNG VON 

DIXON ASSOCIATES 

DUCHESNE LAND f OIL 
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DUKE UNIVERSITY 
THOMAS DAVIS 

DUNN GEOSCIENCE CORP 
WILLIAM E. CUTCLIFFE 

DYNATECH R/D COMPANY 
STEPHEN E. SMITH 

E. 1. DU P O M  NEMOURS t CO 
D. H. TURN0 

E. L H. PUBLICATIONS - THE 
HELMINSKI & WILKEN 

E. R. JOHNSON ASSOCIATES INC 
E. R. JOHNSON 
G. L. JOHNSON 

EA1 CORP 
LEON LEVENTHAL 

EARTH RESOURCE ASSOCIATES INC 
SERGE GONZALES 

EARTH SCIENCE AND ENGINEERING INC 
LOU BLANCK 

EAST COMPANY INC 
RAYMOND PEREZ 

EAST TENNESSEE STATE UNIVERSITY 
ALBERT F. IGLAR 
MICHAEL R. SMITH 

ZUBAIR SALEEM 
RAYMOND H. SHUM 

MICHAEL BENNER 

ROSS VINCENT 

R. E. 1. STANFORD 

C. SUNDARARAJAN 

GEORGE B. LEVIN 
ROGER A. MAYES 
M. D. MCCORMACK 
T. H. SMITH 

ELECTRIC POWER RESEARCH INSTITUTE 
CHAW BRAUN 

ELSAM - DENMARK 
A. V. JOSH1 
ARNE PEDERSEN 

ENERGY FUEU NUCLEAR INC 
DON M. PILLMORE 

ENERGY INC 
ENERGY REsuI lcH GROUP INC 

MARC GOLDSMITH 
ENGINEERS INTERNATIONAL INC 

FRANCIS S. KENDORSKI 
ENVIRONMENTAL WUCY INSTITUTE 

DAVID M. BERICK 
FRED MILLAR 

EBASCO SERVICES INC 

ECOLOGY I ENVIRONMENT INC 

ECOLOGY CENTER OF LOUISIANA 

EDISON ELECTRIC INSTITUTE 

EDS NUCLEAR INC 

EG t G IDAHO INC 

ENVIRONMENTAL RESOURCES MANAGEMENT 
INC 

RONALD A. LANDON, P.E. 
ENVIROSPHERE COMPANY 

ROGER G. ANDERSON 
K. E. LIND-HOWE 

ERIE COUNTY ENVIRONMENTAL 
MANAGWENT COUNCIL 

JOAN P. SCHMIDT 

JOSEPH C. GIBSON 
MATT WERNER 
KENNETH 1. WllSON 

GARY WAYMIRE 

ERTEC WESIERN INC 

WON NUCLEAR IDAHO COMPANY INC 

FF.NlX t SCISSON INC 
JOSE A. MACHADO 
CHARLENE U. SPARKMAN 

FLORIDA DEPT OFENVIRONMENTAL 
REGULATION 

HAMILTON OVEN 
FLORIDA lNsmLm OF TECHNOLOGY 

JOSEPH A. ANGELO, JR. 
FLORIDA POWER & UGHT COMPANY 

JAMES R. TOMONTO 
FLORIDA STATE UNIVERSITY 

jOSEPH F. DONOCHUE 
FLUOR ENGINEERS t CONSTRUCTORS INC 

JOAN V. MCCURRY 
FORD. BACON 81 DAMS INC 

ROBERT D. BAlRD 
DARRELL H. CARD 
ROBERT F. OVERMYER 
BURTON 1. THAMER 

FOSTER-MIIlER ASSOCIATES INC 
NORBERT P A M  

FREESTONE COUNTY COURTHOUSE 
SAM BOURNIAS 

FREIE UNlVERSlTAET BERLIN 
HANSKARL BRUEHL 

FRIENDS OF THE EARTH 
RENEE PARSONS 

GABlE B m S  BURTON MEMORIAL UBRARY 
GENERAL ATOMIC COMPANY 

ROBERT J. CAMPANA 
H. C. CARNEY 

TIMOTHY 1. BURKE 

BRUCE HUTCHINS 

ALVIN K. JOE, JR. 

JEFFREY HUME 
LIBRARY 

1. F. ANDERSEN 

SIGURD HUSEBY 

SUSAN SHALAGAN 

MELVIN W. CARTER 
GEOFFREY G. EICHHOU 
ALFRED SCHNEIDER 
CHARLES E. WEAVER 

GEOTECHNICAL ENGINEERS INC 
RONALD C. HIRSCHFELD 

GEOTHERMAL ENERGY INSTITUTE 
DONALD F. X. FINN 

GEOMERMAL WORLD COMPANY 
EDITORIAL AND ADVERTISING OFFICE 

GEOTRANS 
JAMES MERCER 

GERMANTOWN FRIENDS SCHOOL 
HERB BASSOW 

GESEUSCHAFT F. STRAHLEN U. 

GENERAL COURT OF MASSACHUSEllS 

GENERAL ELECIRIC COMPANY 

GEO/RESOURCE CONSULTANTS INC 

GEOLOGICAL SURVEY OF CANADA 

GEOLOGICAL SURVEY OF DENMARK 

GEOLOGICAL SURVEY OF NORWAY 

GEORGETOWN CONSULTING GROUP 

GEORGIA INSRTUTE OF TECHNOLOGY 

UMWELTFORSCHUNG M.B.H. - W. 
GERMANY 

WOLFGANG BODE 
H. MOSER 

GESEUSCHAFT FUR STRAHLEN-UND 
UMWELTFORSCHUNG M.B.H. - W. 
GERMANY 
. NORBERT FOCKWER 

GllBERT/COMMONWEAlTH 
JERRY L. ELLIS 

GLOBAL MARINE INC 
ROBERT F. BAUER 

COLDER ASSOCIATES 
DONALD W. CALDWELL 
1. w. VOSS 

GRAND COUNTY HIGH SCHOOL UBRARY 
GRAND COUNTY PUBUC UBUARY 
GRIMCO 

GSE/NUCLEAR OMAHA PUBUC POWER 
DONALD H. KUPFER 

DISTRICT 
JOHN K. NUAD 

GTC GEOLOGIC TESTING CONSULTANTS LTD - 
CANADA 

JOHN F. PICKENS 

JOHN E. BARRY 

WILLIAM R. RHYNE 

BRUCE HARTENBAUM 

KERNFORSCHUNG BERLIN 
KLAUS ECKART MMSS 

JAMES R. LAMBRECHTS 

GULF STATES UTIUTIES COMPANY 

H t R TECHNICAL ASSOCIATES INC 

H-TECH UBORATORIES INC 

HAHN-MEITNERR-INSCTTC FUR 

HALEY AND AIDRICH INC 

HANFORD ENGINEERING DEVELOPMENT 
LABORATORY 

ALBERT G. BLASEWITZ 
ROBERT EINUGER 
R. L KNECHT 

FRANK C. KRESSE 
HARDING UWSON ASSOCIATES 

HARRIEllE ?ERSON MEMORIAL UBRARY 
HARRISON COUNTY LIBRARY 
HART-CROWSER AND ASSOCIATES 

MICHAEL BAILEY 
HARVARD UNIVERSITY 

CHARLES W. BURNHAM 
DADE W. MOELLER 
RAYMOND SIEVER 

HAnlESBURG PUBUC UBRARY 
HIGH PLAINS UNDERGROUND WATER DlST 

HIGH U I N S  WATER DISTRICT 
TROY SUBLETT 

DON MCREYNOLDS 
DON D. SMITH 
A. WAYNE WYATT 

HIRAM COLLEGE 
JAMES W. COWDEN 

HlTACHl WORKS, HITACHI LTD 
MAKOTO KlKUCHl 

HOUCH-NORWOOD HEALTH CARE CENTER 
GEORGE H. BROWN, M.D. 

IDAHO BUREAU OF MINES AND GEOLOGY 
EARL H. BENNETT 

IDAHO DEPT OF HEALTH AND WELFARE 
ROBERT D. FUNDERBURG 

IUlNOlS DEFT OF NUCLEAR SAFETY 
TERRY R. LASH 

ILUNOIS STATE GEOLOGICAL SURVEY 
KEROS CARTWRIGHT 
E. DONALD MCKAY, 111 

TECHNOLOGY - ENGLAND 
IMPERIAL COLLEGE OF SCIENCE AND 

B. K. ATKINSON 
NEVILLE 1. PRICE 

HAL S. STOCKS 

HAYDN H. MURRAY 

INDIANA STATE BOARD OF HEALTH 

INDIANA UNIVERSITY 

, 
, 



141 

FINLAND 
VElJO RYHANEN 
JUKKA-PEKKA SAL0 

H. GlES 
KLAUS KUHN 
E. R. SOLTER 

INSTITUT FUR TIEFLAGERUNG - W. GERMANY 

INSTITUTE FOR CHEMICAL TECHNOLOGY - W. 
GERMANY 

REINHARD ODOJ 
INSTITUTE OF GEOLOGICAL SCIENCES - 

STEPHEN THOMAS HORSEMAN 
ENGIAND 

INSTITUTE OF RADIATION ?ROTECTlON - 
flNLAND 

KAI JAKOBSSON 

F. 1. PEARSON, JR. 
ROBERT WILEMS 

INTERA ENVIRONMENTAL CONSULTANTS INC 

INTERNATIONAL ATOMIC ENERGY AGENCY - 
AUSTRIA 

EVERETT R. IRISH 

BLYTHE K. LYONS 

JOHN A. BOWLES 

INTERNATIONAL ENERGY ASSOCIATES LTD 

INTERNATIONAL ENERGY SYSTEMS CORP 

INTERNATIONAL ENGINEERING COMPANY 
INC 

TERRY 1. STEINBORN 
MAX ZASLAWSKY 

INTERNATIONAL RESEARCH AND 
EVALUATION 

R. DANFORD 

LEWIS P. BUSH 
JOHN VOIGT 

lOWA STAlE UNIVERSITY 
MARTIN C. EDELSON 

JRT CORP 
J. STOKES 

ISTTlUTO SPERIMENTALE MODEUI E 

INTERNATIONAL SALT COMPANY 

STRUTTCIRE &?A - ITALY 
NEIL A. CHAPMAN 
F. CERA 

MICHAEL P. HARDY 

1.1. MAGRUDER 

J. F. T. ACAPiTO C ASSOCIATES INC 

J. L MAGRUDER C ASSOCIATES 

JACWSON METROPOLITAN LIBRARY 
JACKSON STATE UNlMRSlTY 

JACKSON-GEORGE REGIONAL LIBRARY 
JAPAN ATOMIC ENERGY RESEARCH INSTITUTE 

ESTUS SMITH 

TARO I T 0  
HARUTO NAKAMURA 

JAY L SMITH COMPANY INC 
JAY 1. SMITH 

JGC CORPORATION - JAPAN 
MASAHIKO MAKINO 

JOHNS HOPKINS UNIVERSITY 
JARED 1. COHON 

JOINT RESURCH CENTRE - ITALY 
FRANCESCO GlRARDl 

JONES COUNTY JUNIOR COLLEGE UBRARY 
JORDAN GORRILL ASSOCIATES 

JOHN D. TEWHEY . 'SER ENGINEERS INC 

KAIAMAZOO COLLEGE 
RALPH M. DEAL 

KANSAS DEPT OF HEALTH AND 
ENVIRONMENT 

GERALD W. ALLEN 

WILLIAM W. HAMBLETON 

LARS 6. NILSSON 

FRANK WREATH 

KANSAS STATE CEOLOCICAL SURVEY 

KBS - SWEDEN 

KEUER WREATH ASSOClAlES 

KERNFORSCHUNGSZENTRUM KAWRUHE 
GMBH - W. GERMANY 

K. D. CLOSS 
KIHNASSOCIATES 

HARRY KlHN 
KIUGORES INC 

CHARLES KILLGORE 
KLM ENGINEERING INC 

B. GEORGE KNIAZEWYCZ 
KYOTO UNIVERSITY -JAPAN . 

YORITERU INOUE 
UNUSTER AVENUE UBRARY 

F. M. CALVARESI 
LAW ENGINEERING TESTING COMPANY 

JAMES 1. GRANT 
LAWRENCE EERKELEY LABORATORY 

JOHN A. APPS 
THOMAS D O E  
NORMAN M. EDELSTEIN 
E. MAJER 
ROBIN SPENCER 
J. WANG 
HAROLD WOLLENBERG 

LAWRENCE UMRMORE NATIONAL 
LABORATORY 

LYNDEN B. BALLOU 
HUGH HEARD 
FRANCOIS E. HEUZE 
DONALD D. JACKSON 
R. CARROLL MANINGER 
PAUL 1. PHELPS 
LAWRENCE D. RAMSPO'IT (2) 
W. G. SUTCLIFFE 
TECHNICAL INFORMATION DEPARTMENT 

RICHARD VAN KONYNENBURG 
DALE G. WILDER 

LEHIGH UNIVERSITY 
D. R. SIMPSON 

LOCKHEED ENGINEERING & MANAGEMENT 

1-53 

COMPANY 
STEVE NACHT 

ERNEST A. BRYANT 
P. 1. BUSSOLINI 
GEORGE A. COWAN 
8. CROWE 
BRUCE R. ERDAL 
WAYNE R. HANSEN 
CLAUDE HERRICK 
DONALD T. OAKLEY 
K. K. S. PILLAY 
JOE SMYTH 
JOHN T. WHE'ITEN 
KURT WOLFSBERG 

HELEN F. GRAM 
R. 1. KINGSBURY 

LOS ANGELES ?ISRCE COUEGE 
SIGMUND P. HARRIS 

LOUISIANA DEP? OF NATURAL RESOURCES 
B. JIM PORTER 
FRANK SIMONEAUX 

LOS ALAMOS NATIONAL LABORATORY 

10s AUMOS TECHNICAL MSOCIATES INC 

LOUISIANA DEPT OF TRANSPORTATION & 
DEVELOPMENT 

GEORGE H. CRAMER. II 

CHARLES G. GROAT 
SYED HAQUE 
LEE W. JENNINGS 

LOUISIANA NUCLEAR ENERGY DIVISION 
1. HALL BOHLINGER (3) 

LOUISIANA STATE UNIVERSITY 
jEFFREY S. HANOR 
JlMMlE H. HOOVER 

LIBRARY 

R. H. THOMPSON 

MICHAEL A. BAUSER 

LOUISIANA GEOLOCICAL SURVEY 

LOUISIANA TECH UNIVERSITY 

LOUISIANA TECHNICAL UNIVERSITY 

LOWENSlEIN, NEWMAN, RUS & AXELRAD 

MASSACHUSmS INSTITWE OF 
TECHNOLOGY 

JOHN DEUTCH 
TED GREENWOOD 
MARSHA-CEVINE 

1. W. SHEMILT 

FREDERIC F. MELLEN 

DAVID H. BDLTZ 
JAMES BOYD 
LARRY BRADLEY 
JACK BRANDT 
STEPHEN S. BRIGGS 
WILLIAM E. CONAWAY 
STEM CONEWAY 
JIM CONKWRIGHT 
C. COOKE 
DANNELLE D. DUDEK 
DOROTHY FORD 
CARL A. GlESE 
SHIRLEY M. GIFFORD 
STEPHEN 1. G l L L m  
DARYL GLAMANN 
OSWALD H. GREAGER 
DOUGLAS H. GREENLEE 
JOAN GREGOR 
KENNETH GUSCOTT 
C. F. HAJEK 
ARLIE HOWELL 
KENNETH S. JOHNSON 
RUDOLPH W. KOPF 
THOMAS H. LANGEVIN 
JOE MADlA 
MAX MCDOWELL 
A. ALAN MOCHISSI 
JAMES 6. MUCKERHEIDE 
ALAN D. PASTERNAK 
SHAKER S. PHILBRICK 
MARTIN RATHKE 
JOHNNY SLUDER 
NORMAN C. SMITH 
M. J. SZULINSKI 
GORDON THOMPSON 
W. VON BLACK 
GARY WAGNER 
A. E. WASSERBACH 
JIMMY 1. WHITE 
RICHARD J. WILLIS 

MESA COUNTY WBUC LIBRARY 
GEORGE VAN CAMP 

MICHAEL BAKER, JR. INC 
C. J. TOUHILL 

M-R UNIVERSITY - CANADA 

MELLEN GEOLOGICAL ASSOCIATES INC 

MEMBERS OF THE GENERAL WBUC 
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MICHIGAN DEPT OF NATURAL RESOURCES 
R. THOMAS SEGALL 

MICHIGAN DEPT OF PUBUC HEALTH 
GEORGE W. BRUCHMANN 

MICHIGAN DISTRICT HEALTH DEPT NO. 4 
EDGAR KREFT 

MICHIGAN PUBLIC SERVICE COMMISSION 
RON CALLEN 

MICHIGAN STATE UNIVERSITY 
WILLIAM C. TAYLOR 

MICHIGAN TECHNICAL UNIVERSITY 
DAE S. YOUNG 

MINERALS WEST INC 
STEVE NIELSON 

MINNESOTA ENERGY AGENCY 
MlKE MURPHY 

MINNESOTA GEOLOGICAL SURVEY 
MATT 5. WALTON 

MINNESOTA STATE ENERGY AGENCY 
DAVID BULLER 

MISSISSIPPI AllORNEY GENERALS OFFICE 
MACK CAMERON 

MISSISSIPPI BUREAU OF GEOLOGY 
MICHAEL B. E. BOGRAD 

MISSISSIPPI CITIZENS AGAINST NUCLEAR 
DISPOSAL 

STANLEY DEAN FLINT 
MISSISSIPPI DEPT O F  ENERGY AND 

TRANSPORTATION 
JOHN W. GREEN (3) 

ALVIN R. BICKER, JR. 
CHARLES 1. BLALOCK 
CURTIS W. STOVER 

MISSISSIPPI DEPT OF WILDLIFE 

KENNETH 1. GORDON 

MISSISSIPPI DEPT OF NATURAL RESOURCES 

CONSERVATION 

MISSISSIPPI EMERGENCY MANAGEMENT 
AGENCY 

JAMES E. MAHER 

SARA TUB0 
MISSISSIPPI LIBRARY COMMISSION 

MISSISSIPPI MINERAL RESOURCES INSTITUTE 
MISSISSIPPI POWER f LIGHT 

MISSISSIPPI STATE BOARD OF HEALTH 
ROBERT SHADDIX 

EDDIE S. FUENTE 
GUY R. WILSON 

REPRESENTATIVES 
MISSISSIPPI STATE HOUSE OF 

TERRELL BRELAND 
E. FRED DOBBINS 
JERRY OKEEFE 

MISSISSIPPI STATE SENATE 
MARTIN T. SMITH 

MISSISSIPPI STATE UNIVERSITY 
TROY 1. LASWELL 

MITRE CORP 
LESTER A. ETTLINGER 

MOBAY CHEMICAL CORP 
KENNETH H. HASHIMOTO 

MONTICEUO HIGH SCHOOL LIBRARY 
MEDIA CENTER 

NAGRA - SWITZERLAND 
MARLIES KUHN 

NATIONAL ACADEMY OF SCIENCES 
JOHN T. HOLLOWAY 
HAROLD L. JAMES 

NATIONAL AERONAUTICS AND SPACE 
ADMINISIRATION 

MICHAEL R. HELFERT 
NATIONAL BOARD FOR SPENT NUCLEAR 

FUEL. KARNBRANSLENAMDEN - SWEDEN 
NILS RYDELL 

LEWIS H. GEVANTMAN 
WILLIAM P. REED 

INSTITWE - CANADA 

NATIONAL BUREAU OF STANDARDS 

NATIONAL HYDROLOGY RESEARCH 

DENNIS J. BOTTOMLEY 

THOMAS B. COCHRAN 

J. HAWKE 

KERRY BENNERT 
CHARLES B. KlLLlAN 

NATURAL RESOURCES DEFENSE COUNCIL 

NEVADA O M C E  OF COMMUNITY SERVICES 

NEW ENGLAND NUCLEAR CORP 

NEW JERSEY DEPT OF ENVIRONMENTAL 
PROTECCION 

JEANEllE ENG 

BILL HATCHELL 
NEW MEXICO BUREAU OF GEOLOGY 

NEW MEXICO BUREAU OF MINES AND 
MINERAL RESOURCES 

FRANK E. KOmOWSKl 
NEW MEXICO ENVIRONMENTAL EVALUATION 

GROUP 
ROBERT H. NEIL1 

NEW YORK DEPT OF HEALTH 
DAVID AXELROD, M.D. 

NEW YORK ENERGY RESEARCH I 
DEVELOPMENT AUTHORITY 

JOHN P. SPATH (8) 
NEW YORK GEOLOGICAL SURVEY 

ROBERT H. FAKUNDINY 
NEW YORK POWER AUTHORITY 

MYRON M. KACZMARSKY 
NEW YORK STATE ELECTRIC f GAS CORP 

LEWIS 1. STALEY 
NEW YORK STATE ENVIRONMENTAL 

FACIUnES CORP 
PICKEll T. SIMPSON 

NEW YORK STAE ERDA 
JOHN C. DEMPSEY 

NEW YORK STATE GEOLOGICAL SURVEY 
ROBERT H. FICKIES 

NEW YORK STATE PUBLIC SERVICE 
COMMISSION 

FRED HAAG 

MERRIL EISENBUD 
NEW YORK UNIVERSITY MEDICAL CENTER 

NIEDERSACHSISCHES SOZlALMlNlSTERlUM - 
W. GERMANY 

HORST SCHNEIDER 
NORTH CAROLINA CONSERVATION 

COUNQL 
JANE SHARP 

M. KIMBERLEY 

JOHN M. HALSTEAD 

NORTH CAROLINA STATE UNIVERSITY 

NORTH DAKOTA STATE UNIVERSITY 

NORTHEAST FOUR COUNTY REGIONAL 
PLANNING f DEVELOPMENT 
ORCANIUTION 

JOHN C. PIERSON 
NORTHEAST UTIUnES SERVICE CO 

PATRICIA ANN OCONNELL 
NOR- UNIVERSllT 

BERNARD I. WOOD 

NTR GOVERNMENT SERVICES 
THOMAS V. REYNOLDS 

NUCLEAR ASSURANCE CORP 
JOHN V. HOUSTON 
jEAN RlON 

ANTHONY MULLER 
NUCLEAR ENERGY AGENCY/OECD - FRANCE 

NUCLEAR INFORMATION AND RESOURCE 
SERVICE 

GARY HZKOWITZ 

IZUMI KURIHARA 

HELEN LETARTE 

W. G. BELTER 
JOSEPH J. DINUNNO 
DOUGLAS D. ORVIS 
YONG M. PARK 

NUTECH ENGINEERS INC 
GARRISON KOST 

NWC CORP 
W. 1. PEARL 

OAK RIDGE NATIONAL LABORATORY 
CARLOS E. BAMBERGER 
1.0. BLOMEKE 
H. C. CLAIBORNE 
ALLEN C.  CROFF 
LESLIE R. DOLE 
JOHN T. ENSMINGER 
CATHY S. FORE 
DAVID C. KOCHER 
T. F. LOMENICK 
E. B. PEELLE 
ARTHUR 1. SHOR 
ELLEN D. SMITH 
STEPHEN S. STOW 

OHIO DEPT OF HEALTH 
ROBERT M. QUILLIN 

OKLAHOMA GEOLOGICAL SURVEY 
CHARLES 1. MANKIN 

OKLAHOMA STATE DEPT OF HEALTH 
R. 1. CRAIG 

R. W. BARNES 
K. A. CORNELL 
C. F. LEE 

-CANADA 

NUCLEAR SAFFCY RESEARCH ASSOCUTION 

NUCLEAR WASTE WATCHERS 

NUS CORP 

ONTARIO HYDRO - CANADA 

ONTARIO MINISTRY OF THE ENVIRONMENT 

JAAK VllRLAND 
OPEN EARTH - ENGLAND 

PETER 1. SMITH 
ORANGE COUNTY COMMUNITY COLLEGE 

LAWRENCE E. OBRIEN 
OREGON DEPT OF ENERGY 

DONALD W. CODARD 
MICHAEL W. GRAINEY 

ORGANISATION FOR ECONOMIC 
COOPERATION AND DEVELOPMENT 
-FRANCE 

OTHA INC 

P.0.W.E.R 

PACIFIC NORTHWEST LABORATORY 

1. P. OLlVlER 

JOSEPH A. LIEBERMAN 

RALPH DILLER 

DON 1. BRADLEY 
H. C. BURKHOLDER 
1.1. CLARK 
HARVEY DOVE 
1. H. JARRETT 

-. 



DONALD E. LARSON 
ROBERT MCCALLUM 
R. WILLIAM NELSON 
R. E. NIGHTINGALE 
1. M. RUSIN 
R. JEFF SERNE 

DOUGLAS INC 
T. R. KUESEL 
ROBERT PRIETO 
MARK E. STEINER 

JUDITH C. HACKNEY 

PARSONS BRINCKERHOFF QUADE & 

PB-KBB INC 

PENNSYLVANIA GOVERNORS ENERGY 
COUNCIL 

HERBERT JACOBS 
PENNSYLVANIA OFFICE OF VOCATIONAL 

REHABILITATION 
ANDREW CHOPAK 

WILLIAM A. JESTER 
DELLA M. ROY 
WILLIAM B. WHITE 

GEOLOGICAL SURVEY 

?ENNSYLVANIA STATE UNIVERSITY 

PENNSYLVANIA TOPOGRAPHIC & 

ARTHUR A. SOCOLOW 
PERMIAN BASIN REGIONAL ?LANNlNG 

COMMISSION 
E. W. CRAWFORD 

PAUL D. JOHNSTON, SR. 
PERRY COUNTY BOARD OF SUPERVISORS 

PERRY COUNTY CITIZENS AGAINST NUCLEAR 
WASTE DISPOSAL 

WARREN STRICKLAND 
PElTIS WALLEY 

PERRY COUNTY SCHOOLS 
MANIEL A. COCHRAN 

PHYSIKAUSCH-TECHNISCHE BUNDESANSTALT - W. GERMANY 
PETER BRENNECKE 

PINE FOREST REGIONAL LIBRARY 
POINT BEACH NUCLEAR PLANT 

PORTLAND GENERAL ELECTRIC 

POTASH CORP OF SASKATCHEWAN - 
JAMES 1. ZACH 

1. W. LENTSCH 

CANADA 
CRAEME C. STRATHOEE 

POWER REACTOR AND NUCLEAR FUEL 

PRESQUE ISLE COURTHOUSE 
PUBUC LAW UTILITIES GROUP 

DORIS FALKENHEINER 
POBUC SERVICE INDIANA 

ROBERTS. WEGENC 
PURDUE UNIVERSITY 

PAUL S. LYKOUDIS 
QUADREX CORP 

FRANCIS 1. KENESHEA 
R. L SHLEMON AND ASSOCIATES INC 

R. J. SHLEMON 
RADIAN CORP 

BARBARA MAXEY 

TERl 1. VlERlMA 

WISCONSIN -u AME SCHAEFER 

DEVELOPMENT CORPORATtON * YPAN 

u D i A n o N  PROTE~ON COUNCIL 

Ar)lOACllVE WASTE REMEW BOARD, STATE 

RANDAU COUNTY LIBRARY 
REBPEC INC 

GARY D. CALLAHAN 
PAUL F. GNlRK 
WILLIAM C. MCCLAIN 
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RENSSELAER ?OLYECHNIC lNSTITUTE 

RHOADS MEMORIAL LIBRARY 
RICHTON CITY H A U  

R. RAHAIM 
RIDIHALGH, EWERS I ASSOCIATES INC 

PHILIP E. EGCERS 
RIO ALGOM CORP 

DUANE MATLOCK 

LARS CARLSEN 

RONALD C. ARNETT 
R. A. DEJU 
GEORGE C. EVANS (2) 
1. R. FITCH 
R. J. CIMERA 
KARL M. LA RUE 
K. THIRUMALAI 
D A M  A. TURNER 

JAMES WU 

RlSO NATIONAL LABORATORY - DENMARK 

ROCKWEU HANFORD OPERATIONS 

ROCKWELL INTERNATIONAL ENERGY SYSTEMS 
GROUP 

LAWRENCE 1. SMITH 

ARTHUR SUTHERLAND . 

JACK A. HALPERN 

MICHAEL V. MELLINGER 
HARRY W. SMEDES 

ROGERS & ASSOCIATES ENGINEERING CORP 

ROGERS GOLDEN f HALPERN 

ROY F. WESTON INC 

ROYAL INSTITUTE OF TECHNOLOGY - 
SWEDEN 

WARS NERETNIEKS 

STANLEY E. LOGAN 

ROBERT W. KUPP 
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