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INTRODUCTION 

Petrologic and geochemical analysis o f  subsur- 
face mater ia ls can be important i n  assessment 
of the  po ten t ia l  o f  a geothermal we l l  and i n  
construction o f  an appropriate reservo i r  model 
for the  resource. Qua l i t a t i ve  information can 

'be  gained r e l a t i n g  t o  the reservo i r ' s  thermal 
evolut ion, the nature and d i s t r i b u t i o n  o f  
f l u i d  f low a t  depth, and the  geologic/tectonic 
environment cont ro l  l i n g  the underlying geom- 
e t r y  and mechanisms o f  heat and mass t rans fer  
i n  the  reservoir.  Geologic models based on 
petrologic analysis o f  the Salton Sea and 
Cerro P r ie to  Qeothermal f i e l d s  (e&, Younker, 
e t  a1 
ne=;; proven the value 

1982;-Elders, G a l . ,  1982j have 
such geologic 

imput i n '  e f f i c i e n t  and accurate f i e l d  assess- 
ment and development. 
v id ing  data f o r  production and d r i l l i n g  deci- 
sions, geologic character izat ion o f  the 
resource can a s s i s t  i n  appropriate parameter 
select ion f o r  numerical reservo i r  model l i n g  
and a i d  i n  i n te rp re ta t i on  o f  geophysical, 
geochemical, and we l l  l o g  data. 

I n  add i t ion  t o  pro- 

The Imperial Valley l i e s  w i t h i n  the Salton 
Trough (Fig. l), a tec ton ic  depression which 
represents an extension o f  the spreading 
center underlying the Gulf  o f  Cal i fornia.  
During the Cenozoic t h i s  basin was f i l l e d  by a 
th i ck  sequence o f  predominantly f l u v i a t i l e ,  
lacustr ine,  and d e l t a i c  sediments derived from 
the Colorado River system. The Salton Trough 
i s  an area o f  c rus ta l  th inn ing  and extension, 
characterized by ac t ive  tectonism, Quaternary 
s i l i c i c  and basa l t i c  magmatism, and high 
regional heat f low (Elders, 1979), leading t o  
i t s  high po ten t i a l  as a geothermal resource. 
The magmatic a c t i v i t y  i n  the Imperial Val ley 
has few surface manifestat ions other than the 
Cerro P r ie to  and Sal ton  Sea volcanics (Fig. 1 1, 
and descript ions o f  subsurface igneous i n t r u -  
sives from geothermal d r i  11 holes have previ  - 
ously been l i m i t e d  and/or propr ietary.  

Recently, a geothermal we l l  near East Brawley 
intersected a ser ies o f  t h i n  (3-35111) diabasic 
t o  d i o r i t i c  in t rus ives .  The petrology and 
chemistry o f  these meta-igneous rocks can 
provide i n s i g h t  i n t o  the  thermal and f l u i d  
chemical charac ter is t i cs  o f  the reservo i r  and 
i n t o  the  processes o f  magma generation a t  
depth. A descr ipt ion o f  the rock types and 

t h e i r  hydrothermal a l t e ra t i on  i s  presented i n  
order t o  increase the pe t ro log ic  data base 
r e l a t i n g  t o  t h i s  important facet o f  the geo- 
thermal po ten t ia l  o f  the Salton Trough and t o  
provide a case study i l l u s t r a t i n g  how deta i led  
pe t ro log ic  examination o f  wel l  cut t ings can 
provide important i npu t  i n  the construction o f  
a geothermal reservo i r  model. 

PETROCHEMISTRY OF THE INTRUSIVES 

The presence o f  horn fe ls ic  margins both above 
and below these t h i n  igneous un i ts  and t h e i r  
f i n e  t o  moderate g ra in  s ize  suggest a shallow 
in t rus i ve  o r ig in .  The intrusives,  which cu t  
t h i n l y  interbedded d e l t a i c  calcareous sand- 
stones, s i l t s tones ,  and claystones, are gen- 
e r a l l y  calc-alkal ine i n  t h e i r  chemical a f f i n i -  
t i e s  (Fig. 2) and s im i la r  t o  diabasic s i l l s  
f r o m  the Salton Sea and Heber areas and t o  
Cenozoic Gulf  o f  Ca l i f o rn ia  volcanics. These 
un i t s  are s l i q h t l y  more K-rich and a l ka l i ne  
than t yp i ca l  basalts from oceanic spreadinq 
r idges (Kay, e t  al., 1970). 

I I I I 

Figure 1. Generalized geologic map o f  the Salton Trough. mdi f ied 

from Elders. 1979. 
intrusive and volcanic rocks are indicated. 

Locations of reported Quaternan igneous 
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I n  hand specimen, the  dikes are f i n e  t o  medium 
grained black t o  dark green equigranular 
igneous material,  w i t h  moderate amounts o f  
calc i te,  ch lo r i te ,  and quartz veining suggest- 
i n g  pos t - so l i d i f i ca t i on  f ractur ing.  Textur- 
a l l y ,  the in t rus ives  o r i g i n a l l y  ranged from 
glass t crys ta ls  (hypocrystal l ine - now re- 
c rys ta l l i zed  t o  very f i n e  grained c r y s t a l l i n e  
matr ix)  t o  equigranular, ho locrys ta l l  ine  
coarser diabasic material.  The very f i n e  
grained chips may represent more rap id l y  
c h i l l e d  th inner in t rus ives  o r  c h i l l e d  rims on 
th icker  bodies - ve r t i ca l  control  from we l l  
cut t ings i s  not precise enough t o  d is t ingu ish  
between these poss ib i l i t i es .  

These rocks had an o r ig ina l  mineralogy o f  
euhedral plagioclase (phenocrysts up t o  4m 
and f ine swal lowtai l  la ths)  + skeletal  magne- 
t i t e  t i lmen i te  t pyroxene t o l i v i n e  i n  a f i n e  
grained t o  glassy matrix. This assemblage i s  
appropriate f o r  t h e i r  normative c l a s s i f i c a t i o n  
based on I C P  analyses (Table 1) rangin from 
andesite t o  l a t i t e  andesite t o  basal t  ?Fig. 3 ) .  
Microprobe analyses permit more precise i den t i -  
f i c a t i o n  o f  the opaques as i lmen i te  t t i t a n -  
magnetite, o f  the  pyroxenes as augite, and o f  
the few unaltered feldspars as oligoclase, 
consistent w i th  a d i o r i t e  t o  diabase composi- 
t ion .  

K-Ar AGE DATES 

To d is t ingu ish  whether the igneous mater ia l  i n  
t h i s  we l l  i s  re la ted  t o  r e l a t i v e l y  young 
Quaternary volcanism (associated w i th  c rus ta l  
spreading and r i f t i n g  w i th in  the Salton Trough) 
o r  represents the older Te r t i a ry  t o  pre- 
Cambrian basement cmplex, K-Ar age dates were 
obtained f o r  three samples (Table 2). The 
dates are qu i te  consistent (8.1-10.5 m i l l i o n  
years) and ind ica te  a Pliocene age. The sedi- 
ments a t  depths below 10,000 fee t  i n  the 
Imperial Valley may be Miocene o r  older 
(Elders, 1979), and hence these in t rus ions  can 
be re la ted  t o  volcanism which occurred a f t e r  
r i f t i n g  and sedimentation i n  the Salton Trough 
were we l l  established. 0 

TABLE 2: K-Ar Age Oates for Igneous 
Intrusives from East Brawley 

Age Range 
JMillions of Years) sui 

Quartz Latite Andesite 1 8.1 t o . 9  0.624 

Basalt/Oiabase 5 10.5 5 0.9 0.870 

Diabase 10 8.2 t 0.8 0.920 

K-Ar dates can be a f fec ted  by slow cool ing 
rates o f  the  i n t rus ion  and by l a t e r  meta- 
morphism, and hence should be regarded as 
minimum ages. Although the in t rus ives  do show 
considerable a1 t e r a t i  on, the plagioclase, 
which i s  the  probable host f o r  most o f  the K 
and Ar, i s  r e l a t i v e l y  f resh i n  these three 
uni ts.  The concordant dates f o r  a l l  three 
in t rus ions  - much o lder  than the  downhole 
a1 te ra t i on  due t o  the  present hydrothermal 
system - lend c r e d i b i l i t y  t o  the  age dating. 

Although no s i m i l a r  d ike materials have been 
reported from o the r  deep we l ls  i n  the  Brawley 
area, s im i la r  diabasic s i l l s  and dikes have 
been encountered during d r i l l i n g  i n  Cerro 
Pr ieto,  the Salton Sea geothermal area, and 
from Heber (Elders, 1979; Robinson e t  al., 
1976; B i r d  and Norton, 1981; Browne, 1977). 
Young volcanoes i n  Cerro Pr ie to  and near the 
Salton Sea ( e l  m i l l i o n  years o ld )  also a t t e s t  
t o  the  presence o f  continued igneous a c t i v i t y  
i n  the area. 

HYDROTHERMAL ALTERATION OF THE DIKE ROCKS 

The d ike  rocks have been pervasively a l t e red  
t o  Greenschist facies mineral assemblages sim- 
i l a r  t o  those described by Browne (1977) f o r  
the Heber diabase intrusives.  Although 
appearing r e l a t i v e l y  f resh i n  the  chips, i n  
t h i n  sect ion the mafic minerals and the glassy 
matr ix can be seen t o  be extensively replaced 
by c h l o r i t e  t c a l c i t e  t amphibole t epidote t 
sphene. Plaainclazc and maanetite amear less  

TABLE 1: Ytmle Rock Chemical Analyses of Igneous Intrusives  f m n  the Salton Trough 

East Brwley l n t r u s r w  Rocks Cerm Prieto Salton Sea 

2 3 4 5 6 7 8 9 14 15 10 11 12 13  - 1  

S& 54.1 53.1 54.9 55.6 51.3 53.1 56.2 55.3 51.1 51.7 68.6 73.6 52.2 71.4 51.9 
13.7 14.1 15.2 13.5 12.9 13.7 15.6 15.0 14.4 12.7 15.6 13.5 14.7. 12.8 14.1 

4.9 11.8 , . FcO 8.9 11.9 8.5 11.1 9.8 11.1 5.6 7.4 12.2 11.6 3.6 1.8 6.2 
s.1 0.2 0.1 0.2 0.1 0.1 .0.1 0.1 0.1 0.2 0.9 0.1 0.2 0.1 6.8 0.2' 0.6 - 4.8 
3.7 4.0 3.7 3.6 3.3 3.7 3.8 3.9 4.5 3.9 

0.1 
'8.8 6.0 7.3 7.7 6.9 5.9 9.9 7.0 6.5 7.0 8.7 7.0 4.7 0.9 70.4 CdO 

W 1.8 1.3 0.7 1.3 1.3 1.3 2.9 2.3 1.0 0.9 1.3 4.1 0.4 , 5.4 3.1 
2.7 4.5 3.6 3.1 4.4 N&c 2.8 2.7 4.9 4.3 3.4 3.6 2.7 2.9 3.5 3.2 

0.5 2.4 1.0 2.6 1.9 2.3 1.9 2.2 0.7 1.2 2.0 2.3 0.5 0.04 1.8 
0.1 , 0.2 
0.2 0.1 

0.2 0.3 0.3 0.5 0.3 0.3 0.2 0.2 0.3 0.5 

I% 

3 4 . 1  4 . 1  4 . 1  0.7 4.1 '0.1 0.1 4 . 1  0.3 0.9 

F 85 118 75 83  84 79 76 71 76 86 
Pb 25 11 <lo < lo  <lo < lo  -10 .10 <lo e10 

N i  
UI 32 23 5 28 14 17 14 17 26 33 

18 16 16 36 12 12 16 18 17 17 
Zr 71 118 91 210 88 107 49 75 77 164 

r 

- 500 240 

1-10  h a l y s e s  by inductively coupled plasma spectmscopy. 11. Average of 2. frmo Elders. 1979. 
FcO: Total Fe. 12. Average o f  4 s a w l e r  f r o m  Obsidian Butte fmm Elders, 1979. 
1.2.7: Quartz- la t i  te-andesi te. 13. Average of 5 basa l t i c  xenoliths fmn Elbrs 1979. 
8: Quartz wnzodior i te .  14. Average of 5 subsurface s iHcic*twcks.  fmn bbinson et a l . .  1976. 
3.5.10: Basalt/diabase. 15. Average of 6 subsurface basal ts .  fmn Robinson. d . T l 3 6 .  
4.9: Lat i te-basal t .  
6: Wonzodiorite. 
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altered, although microprobe/optical analyses 
ind ica te  incomplete a l b i t i z a t i o n  o f  the fe ld -  
spars. Secondary g r w t h  o f  white mica, 
pyr i te ,  hematite, chalcopyrite, r u t i l e ,  and 
spha ler i te  has a l so  been noted. Textural 
associat ions o f  sphene, Ti-magnet1 t e / i  lmenite, 
and c h l o r i t e  represent the breakdown o f  T i -  
bearing pyroxenes. By analogy w i th  theore t i -  
cal/experimental data on mineral s t a b i l i t y  and 
by comparison w i th  mineralogical and tex tu ra l  
zonation w i t h  temperature determined by Elders 
and h i s  cworkers, these rocks correspond t o  
temperatures i n  the range o f  300-320% - the 
Calc-Aluminum S i l i c a t e  Zone o f  Elders (1979). 

Epidote i s  never present i n  the great abun- 
cance reported from metasediments from other 

I '  

t 

e 

Gulf o f  California: 
Gdstil. e t  a l .  1979. Numbers i n  parentheses r e f e r  to source 
o f  the d X a T ' t h e  reference l i s t .  Fields "a" and "b" pmvide 
average values for Juan de Fuca and Hid-Atlantic r idge basaltr 
f r u m  Kay. e t  a l . .  1970. 
Pleistocene GZf of California volcanic province (Gastil, - rl.. 1979). 

Rock association boundaries are from 

Fie ld  *c" represents rucks from the 

geothermal areas i n  t h i s  temperature range. 
I t s  presence i n  the meta-diabase proves t h a t  
temperatures were adequate f o r  i t s  s t a b i l i t y ,  
and i t s  i s  bel ieved tha t  inappropriate f l u i d  
composition (high fugaci ty o f  CO , low fugac- 
i t y  o f  0 ) i n  the  sediments (as gvidenced by 
the persfstence o f  c a l c i t e  t o  these depths) 
i n h i b i t s  the  development o f  epidote and other 
calcium aluminum s i l i c a t e s .  This suggestion 
i s  supported by both theore t ica l  and experi- 
mental work on the s t a b i l i t y  o f  calcium alum- 
inum s i l i c a t e s  (e.g., A l len  & Fawcett, 1982). 
Estimates o f  fse and f02 based on the coexis- 
tence o f  anhydrite + hematite + p y r i t e  + 
magnetite i n  the  dike rocks can also be used 
t o  corroborate geochemical estimates from 
b r ine  analyses and as an ind ica tor  o f  
whether the observed mineral assemblages and 
the b r ine  are i n  thermal and chemical equ i l -  
i b r i  um. 

FRACTURE ASSEMBLAGES 

The pe t ro log ic  features o f  the East Brawley 
reservo i r  r e s u l t  from the superimposition o f  
f low features on mineralogical / textural  
changes i n  response t o  the high geothermal 

a2 

R 

Figure 3. Normative c lass i f i ca t ion  of East Brawley in t rus ive  rock 

types based on I C P  analyses shown i n  Table 1. S N o l s  f o r  
other Salton Sea mcks (some are averages) are shwn i n  

02 - Quartz; PL - Plaqioclase feldspar. 
Ftqure 2. AF = A lka l i  feldspar; F = Feldspathoids; 

gradient. As such i t  does not correspond 
d i r e c t l y  t o  simple models proposed i n  the 
l i t e r a t u r e  f o r  other f i e lds .  

Production o r  f low zones i n  the subsurface can 
be recognized from we l l  cut t ings by diagnos-. 
t i c  mineral features. I n  the shallower meta- 
sediments, t h i ck  aquifer-type sandstone un i t s  
bear evidence f o r  s i g n i f i c a n t  hot-water f l o w  
by the presence o f  abundant ch lo r i t e .  SEM 
photographs o f  sandstones reveal both euhedral 
overgrowths on d e t r i t a l  grains (Fig. 4) and 
d isso lu t ion  features i nd i ca t i ve  o f  dynamic 
response t o  f low a t  depth. 

Figure 4. SEH photograph o f  quartz overgmwths i n  sandstonelquartzite 
fmn a geotkrrnpl flow zone a t  East Brawley. Bar = 10 microns. 
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Figure 5. Authigenic a l b i t e  (center) and euhedral quartz crystals i n  
Bar = 1 micron. fracture-dominated flow zone from East Brawley. 

Although w i th  increasing depth primary poros- 
i t y  i n  the reservo i r  i s ,  i n  general , decreased 
as the r e s u l t  o f  a l te ra t ion ,  zones o f  euhedral 
quartz c rys ta l s  (mn-size) w i t h i n  the meta- 
sediments and the dike rocks suggest t h a t  
f rac tu r i ng  (renewable poros i ty )  provides the 
dominant control  on deep subsurface flow. 
Authigenic a l b i t e  (Fig. 5), adularia, pyr i te ,  
ca l c i t e ,  quartz, and ch lo r i te ,  a l l  i n  apparent 
equ i l ib r ium w i t h  the present f low system, can 
fu r the r  def ine the chemical charac ter is t i cs  o f  
the geothermal f l u i d s  by permi t t ing  a c t i v i t y  
constraints t o  be calculated. Abundant chlo- 
r i t e  i n  veins and s i l i c i f i c a t i o n  i n  the sedi- 
ments adjacent t o  the dikes fu r the r  a t t e s t  t o  
equi 1 i brium between these rocks and the 
present hydrothermal system. SEM and t h i n  
sect ion tex tu ra l  re la t i ons  suggesting con- 
current (simultaneous) growth f o r  most o f  
these ve in / f rac tu re  minerals are i n  agreement 
w i t h  f l u i d  inclusion-derived temperature 
and s a l i n i t y  data. 

RELATION OF IGNEOUS ACTIVITY TO THE GEOTHERMAL 
RESOURCE 

These b a s a l t i d d i o r i t i c  in t rus ives  a t  depth 
appear t o  have a s i g n i f i c a n t  re la t ionsh ip  t o  
the p roduc t i v i t y  o f  the wel l .  In t rus ives  
w i th  ages greater than 8 m i l l i o n  years cannot 
be invoked as d i r e c t  heat sources f o r  the 
reservoir .  They are, however, probably 
d i r e c t l y  re la ted  t o  deeper continuing dike 
i n j e c t i o n  associated w i th  r i f t i n g  i n  the 
Salton Trough. Composition, age, and spa t ia l  
associations - when compared t o  basalts from 
the Gulf  o f  Ca l i f o rn ia  and from other oceanic 
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spreading centers - suggest t h a t  these i n t r u -  
sives are p a r t  o f  a dike swarm (sheeted d ike  
complex) t yp i ca l  o f  such a tec ton ic  environ- 
ment. 

The change i n  physical propert ies w i t h  depth 
due t o  hydrothermal a l t e r a t i o n  and loca l  con- 
t a c t  metamorphism/silicification (increased 
density and competence) resu l t s  i n  a t rans i -  
t i o n  from f low regimes cont ro l led  by primary 
(sandstone) poros i ty  i n  the upper po r t i on  o f  
the reservo i r  t o  combined dissolut ion/matr ix 
poros i ty  t o  fracture-dominated (secondary) 
f low a t  depth. These fractures, which are  
no t  eas i l y  resealed by minera l i za t ion  and 
remobi l izat ion o f  carbonates and sulfates, 
provide an e f f i c i e n t  condui t  system which may 
permit upwell ing o f  thermal solut ions and an 
increase i n  the l oca l  geothermal gradient 
(a "thermal bulge") i n  the East Brawley area. 
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