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ABSTRACT 

. Fluid production from, and hence the economic viabi l i ty  of,  a geothermal 

field is re1a-d t o  the amount of clay minerals i n  the caprock and i n  the 

reservoir rocks. 

Trough of southern California, United States, and Fiaja California, Mexico, 

. 
1cn both the East Mesa and Cerro Prieto fields i n  the Salton 

scanning electron micrography (Sa) has vividly documented the role of clay 

fabrics i n  deltaic quartz-sandstone reservoirs. 

w e l l  78-30 a t  1630 m depth i n  a zone of quartz dissolution, the clay present 

i n  pores exhibits an irregular, crenulate, honeycomb fabric and has the 

following composition from energy dispersive x-ray analysis (EDAX): 

Al E%, Fe 20%, Na 65, K 2%, and Mg 1%. 

For example, i n  East Mesa 

Si 612, 

Platy clusters of c lay  (kaolinite?) 

fn Cerro Prieto w e l l  T-366 a t  2522 m i n  a 3OOOC geothermal aquifer were 

analyzed as: Si 62%, A 1  25%, h Q  6k, and Fe 1%. In other samples, i l l i t e  (?)  
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INTRODUCTION 

The importance of clays has been noted i n  the study of subsurface f lu id  

movement for  many years. 

an understanding of clays is critical f o r  dri l l ing and completion i n  pay zones 

(Wilson and PittmanO 19778 &on and Davies, 1978). The role of clays in 

Ngher-temperature geothermal fields has also been studied. 

depths from 675 to 1350 m, hydrothennally precipitated montmorillonite i n  the 

In  the moderate temperatures of petroleum reservoirs, 

For example, a t  

basalts of w e l l  EGP-A a t  Puna, Hawaii, aids i n  forming a relatively impermeable 

caprock (Fan, 1978). A t  the ftrafla field i n  Iceland, smectite in the lavas 

from 200 'to 450 m depth h i l a r  capping zone ( a s l a son  and others, 

ongoing study i s  an attempt to f t whether determination of 

the clay fabrics and clay chemistry i n  geothermal fields w i l l  allow us to pre- 

d ic t  zones of variable permeability within the reservoirs, as w e l l  as i n  the 

caprock. 

made a t  the annual conference of the Clay Minerals Society, October 5 0 7 ~  1980, 

This report is an expanded version-of a poster-session presentation 

' in Waco, Texas. 

alton Trough i n  

instal led electric 

in  the late 1980s. More 

w e l l 6  have been dr i l led  I n  the deltaic sandstones and shales 

Fluid temperatures range up to 35OoC, 

Details 

to,depths ranging from 1.5 to 3.2 km. 

and to t a l  dissolved solids are approximately 20 parts per thousand. 
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of research on Cerro P r i e t o  can be found i n  the symposia volumes (Reed, 1975; 

Lawrence Berkeley Laboratory, 1978 ; Comisi’on Federal de Electricidad, 1979 . 
The E a s t  Mesa geothermal f i e ld  has approximately nineteen wells, The 

maximum depth dr i l led is 2.7 km w i t h  temperatures up t o  2 O O O C  and t o t a l  dis- 

solved solids ranging from 2 t o  20 parts per thousand (see Boward and others, 

1978, €or details) .  

Previous research in  the Cerro Prieto reservoir has indicated extensive 

dissolution porosity a t  depth (Lyons and van de Kamp, 1980; Noble and Vonder 

Haar, 1980). Figures 3, 4, 5, and 6 i l l u s t r a t e  t h i s  work, which has been aug- 

mented by recent Terra Tek studies (Abau-Sayed and others, 1979; Schatz and 

others, 1980). 

Research by E l d e r s  and others (1981) using computerized x-ray diffraction 

techniques have provided useful information on the clay mineralogy a t  Cerro 

Prieto. 

175OC and approximately 1 km depth to i l l i t e  and chlorite i n  a zone that  ex- 

These data suggest a transit ion from kaolinite and montmorillonite a t  

tends t o  about 240OC. The ch lor i te / i l l i t e  r a t io  increases w i t h  depth and 

temperature. 

reservoir sandstones consist of 5 t o  25% clay. 

fabrics and the i r  suggested influence on porosity and permeability. 

The x-ray analyses of bulk well cuttings indicate that  the 

Our work centers on the clay 

The SEM and EDAX data are presented i n  Table 1 and i n  Figures 7 through 

18; interpretations are provided i n  the figure captions. 

iat ion in M g  and K percentages from samples w i t h  similar fabrics i n  Table 1. 

Note the minor var- 
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microfracture) 

lyses, f . 
- 

e l l  Depth si Al K ca Fe 

I Cerro Prieto 

G l  2720 46 16 15 13 stacked plates 
2720 33 9 6 15 stacked plates 

2720 54 10 10 5 - tangled hairs 
2720 48 12 12 14 .cI 13 - smeared plates 
2720 56 10 10 11 - 12 - stacked plates 

2720 58 10 9 6 - stackedplates 

2720 13 12 1 -- stacked plates 

M-38 1215 45 24 18 3 - - thin plates 
1215 54 19 11 3 - - smeared plates 

57 23 4 2 
56 24 7 - 

M-3 2203 54 27 10 - 
2203 58 23 7 9 - 3 - mixed and smeared 

amb 
hon - clay? lathe 

shaped - collapsed honey- 
Camb 

203 53 32 13 . 3 - honeycomb 
203 56 29 12 3 -- honeycomb 

*In sandstone pores except where the rock i s  noted as shale. 
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Further study is neededto determine if such variation is of diagnostic use 

for  permeability studies. 

quantitative rather than ewct. 

fabrics in the Cerro 

EDAX geochemical data are best considered semi- 

In general, w e  have found three types of clay 

Prieto and E a s t  Mesa samples: 

1. A crenulate honeycomb as i n  Figure 13, with S i  52%, Al 31%, Mg 12%, 

Fe 58 ,  K trace?; or as i n  Figure 14, w i t h  Si 53%, ~l 20%, Fe 12%, 

K 8%, N a  4%, Ca trace? 

2. Plates as in Figures 10 and 16, with Si 48%, K 15%, Fe 15%, Al 12%, 

Mg lo%, Ca trace? 

3. Hairlike clays, d i f f i cu l t  t o  analyze by EDAX (one analysis showed 

S i  48%, Al 17%, Mg 13%, K 12%, Fe 9%). 

Our working hypothesis, based on microphoto interpretation, is that 

these clays, collectively, clog pore throats between sand grains, thus reltuc- 

ing permeability even when dissolution porosity ranges from 25 t o  35%, as 

shown i n  Figures 3 and 4. Additional work is needed t o  test this concept. W e  

have been cautious about applying names to these clays without further compre- 

hensive work, and refer interested parties t o  the nomenclature recommendations 

of Bailey and others (1980). 

The E a s t  Mesa and Cerro Prieto geothermal fields appear t o  be natural 

laboratories for  documenting accelerated clay mineral alteration and diagen- 

esis i n  deltaic sandstones. Previous work has not taken in to  account the 

detailed role of clays on permeability and hence recoverable energy. 

reveal enough variation i n  clay fabric and clay chemistry t o  warrant further 

Our data 
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Figure T. In n of the Cerro Prieto a othermal 
f i e l d s  in the Salton Trough. 
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Figure  2. Cerro P r i e t o  w e l l  locations (also refer to Table 1).  
cores from nineteen w e l l s  have been analyzed using SEN. 

To date, 
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Figure 4. Porosity and density plot versus depth for Cerro Prieto 
w e l l  M-103 from downhole electrical logs. The variable 
porosity below 4000 f t  suggests that the original shale 
and quartz deltaic  sandstone have been extensively altered. 
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DENSIFIED ZONE 

c 

Sur face 

1 km 

2 k m  

2 k m  

3 k m  

5 '10 EPIDOTE 

2 

XBL 805-7073 

Cerro Prieto based on 
ified zone represents a 

rcent combined with a shift  in 
illite/chlorite/montmorillanite ratios (see Elders and 
others, 1981, for data) along With a change fram clay 
and sand to shale and sandstone. 
unconsolidated sand to sandstone 
contact by geologists at the Comis . 

icidad. Between the densified surface and the 5% 
- : epidote surface is  the-main geothermal reservoir 

studied by SE24 for clay fabrics. 
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40 3a 10 10 0 

Porosity (VOL %) 

XBL 805-7075 

Figure 6. Conceptualized porosity zones a t  C e r r o  Prieto. Curve limits 
set by available porosity data from cores and downhole elec- 
trical logs (see Vonder Haar, 1981 ) . 
represents mainly mechanical reduction of primary porosity 
and ea r ly  c lay  diagenesis 
chemical reduction of primary porosity, and corresponds to 
the A/B density contact i n  Figures 4 and 5. 
*Em are zones of extensive carbonate and silicate mineral 
dissolution, respectively. 
t h i s  study f a l l s  within these mature zones. 
zone is a me+amorphic zone from which l i t t l e  information is 
available. Terminology follows Schmidt and McDonald,(l979). 

The immature stage 

The semi-matore stage is mainly 

Mature *A* and 

Most of the S a  and EDAX data of 
The super-mature 
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100pm 
t I XBB 797-9452 

Figure 7. Well M-38 at Cerro Prieto, 1215 m. A typical low-magnifica- 
tion view of the deltaic  quartz sandstones i n  the geothermal 
reservoir (see Figure 8 for 
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20 p m  
t I XBB 797-9451 

Figure 8 .  Close-up of t h e  center  of Figure 7, showing p a r t i a l  removal 
of quar tz  and fe ldspar  by f l u i d s  h o t t e r  than 27OoC, with 
addi t ion of c lay  minerals. Composition from EDAX: S i  45%, 
A 1  24%, Mg 13%, Fe lo%, K 3%. 
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. 1 0 0 p m  
1 I 

XBB 805-5960 

- 
F i g u r e  9. W e l l  NL-1, Cerro Prieto, 2720 m. Note the extensive 

development of intermixed stacked plates  (best  devel 
the center of the angled hairs i n  the 
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4 0  wm 
XBB 805-5959 

Figure 10. Close-up of the center of Figure  9, showing the  p l a t e l e t s  
i n  both angular orientation and i n  the "book leaves" fabric.  
Thi s  sandstone i l l u s t r a t e s  the hair-like growths inter- 
mingled with the p la te l e t s ,  which show EDAX values of Fe 37%# 
S i  33%, K 15%# A1 9%, Mg 6%. 
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IO p m  
XBB 805-5955 

. .  , . . . -  

Figure 11. High-resolution close-up of p a r t  of Figure 9. 
l e t s t w i t h  a composition of S i  58%, A 1  16%, Mg 9%,, Fe 9%' 
C a  9%, and K 6%, are s imi l a r  to t h e  wispy f a b r i c s  of S i  54%, 
Ca 11%, Mg l o % ,  A 1  l o % ,  Fe l o % ,  K 5%. Perhaps they were 
precipitated from a mother f l u i d  a t  t h e  same , t i m e .  Also 
note t h e  bundle of wispy f i b e r s  t o  t h e  lower r i g h t  of center.  

These p l a t e -  
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Figure 12. W e l l  T-366 a t  Cerro Prieto, 2522 m. A dissolution zone, as 
shown by the p i t t ed  quartz. The wispy c lusters  cover 20% of 
the surface area of the sample; the ir  composition i s  S i  49%, 
A1 17%, Mg 13%, K 12%, Fe 9%. The p l a t e l e t s  i n  the upper 
le f t  are composed of S i  62%, A 1  25%, Mg 6%, K 6%, and F e  1%. 

20 p m  
t I XE39 805-6034 
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XBB 797-9459 

* 

and crenulate 
Clay fabric. EDAX: S i  56%, A 1  29%, Mg 12%, Fe 3%. A sand grain 
i n  the lower right  corner, which was plucked away during sampling, 

the clay fabric development. 
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A 

B 

XBB 8111-10251 

XBB 8111-10252 

Figure 14. W e l l  78-30, East Mesa, 1680 m. Sandstone core a f t e r  f i v e  days a t  
simulated in - s i tu  temperature (165QC) and pressure. (A )  Quartz 
c r y s t a l s  with crenulate  c lays  a t  their base. (B and C) P a r t i a l l y  
dissolved quartz ,  i l l u s t r a t i n g  p rec ip i t a t ion  of the clays. (I)) 
Close-up of c renula te  c lays  shown i n  C. EDAX: Si  61%, Fe 20%, 
Al lo%, N a  6%, K 1.7%, Mg l % ,  and Ca 0.3%. 
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Y 

XBB 8111-10253 

XBB 8111-10254 i 
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A 

XBB 8111-10255 

B 

XBB 8111-10256 

Figure 15. W e l l  78-30, E a s t  Mesa, 1680 m. These high-resolution photographs 
ind ica t e  t h a t  subs t an t i a l  reduction of microfractures  can occur 
by p rec ip i t a t ion  of c lays .  This core sample w a s  s tudied before 
being subjected t o  high-temperature/pressure simulations. 
The clays i n  the microfracture  are composed of S i  32%, Fe 21%, Al 
18%, Ca 16%, K 6%, N a  4%, and Mg 1%. (B) The c lays  i n  the lower 
r i g h t  a re  composed of S i  60%, A 1  22%, K 16%, Fe 1%. 

(A)  
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Y 

i 

Xf3B 799-12518 4 0 p m  Xf3B 799-12518 
t i 

W e l l  NL-1, Ce a t ic  example of c l a y  
formation i n  

lower center  A 1  16%, Mg 15%, K 13%, and 
Fe 10%. 

j acen t  to a g ra in  t h a t  w a s  plucked away 
- during sample the  area outlined a t  the 

4 0 p m  
t i 

W e l l  NL-1, Ce 720 a t ic  example of c l a y  
formation i n  acent  to a g ra in  t h a t  w a s  plucked away 

- The clays i n  the  area outlined a t  the 
ta of S i  46%, A 1  16%, Mg 15%, K 13%, and 

Fe 10%. 
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t 4 P  i XBB 797-9461 

Figure 17. Well M-3, Cerro P r i e t o ,  2203 m. This high-magnification 
micrograph shows la the- l ike  c r y s t a l s  t h a t  may be clays.  
Composition is  approximately S i  57%, K 23%, A 1  20%. These 
c r y s t a l s  are i n  the pore t h r o a t  between sand grains.  Many 
o ther  f a b r i c s  w e r e  observed while using t h e  SIN i n  our 
field-wide s tudies ,  which may provide clues  to pulses  of 
f l u i d  f l o w ,  permeabili ty barriers, and thermal diagenesis  
when invest igated f u r t h e r  . 
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40  p m  
t I 

XBB 799-12527 

Figure 18. W e l l  NL-1, Cerro Prieto, 3209 m. This  sample, taken from beneath 
the 5% epidote zone shown i n  Figure 5, r e p r e s e n t s  t h e  lower por- 
t i o n  of the reservoir a t  Cerro Prieto, where c l a y  minerals  appear 
to be r e l a t i v e l y  rare and have l i t t l e  inf luence  compared to  frame- 
work c r y s t a l  overgrowths and metamorphism from f l u i d s  i n  excess  
O f  350'C. 




