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ABSTRACT 

The Cerro P r i e t o  geothermal f i e l d  is located near the  southwestern 

margin of the  Colorado River d e l t a  i n  the  Mexicali Valley, which is p a r t  of 

the  se i smica l ly  a c t i v e  Sal ton Trough/Gulf of Cal i forn ia  r i f t  basin system. 

The Cenozoic s t r a t i g r a p h i c  record in  the  Imperial Valley t o  the  north and 

the  geologic h i s to ry  of the  Colorado River suggest t h a t  the  southwesterly 

progradation of t he  Colorado d e l t a  across  the  marine r i f t  basin began i n  

middle Pliocene and w a s  e s s e n t i a l l y  complete by la te  Pliocene. 

The subsurface s t r a t ig raphy  a t  Cerro P r i e to  is character ized by complex 

v e r t i c a l  and lateral va r i a t ions  i n  l i t h o f a c i e s ,  which is typ ica l  of d e l t a i c  

deposits.  The geothermal production zone is not a uniform reservoi r  layer  

over la in  by a l a t e r a l l y  continuous top-seal of low-permeability strata. 

The deeper pa r t  of the  s t r a t i g r a p h i c  sec t ion  i n  the  main producing area 

including the  productive i n t e r v a l s  represents  lower d e l t a  p l a in  deposi ts  of 

the  a n c e s t r a l  Colorado de l ta .  

of the  main producing area is in t e rp re t ed  as a d e l t a i c  coas t a l  complex i n  a 

t i de -  o r  tidelwave-dominated de l ta .  The area between the  coas ta l -de l ta ic  

depos i t s  and the basin margin a l l u v i a l  fans  to the west was probably an area 

of at least in t e rmi t t en t  marine deposi t ion u n t i l  the  middle Pleistocene. 

A t h i c k  predominantly sand sequence j u s t  west 

In  addi t ion  t o  the  northeast-southwest and northwest-southeast f a u l t  

t r ends ,  which have been emphasized i n  earlier f a u l t  interpret 

Cerro P r i e t o  area rth-south and north northeast-south southwest t rends 

are a l s o  prominent. Older f a u l t s ,  r eac t iva t ed  older  f a u l t s ,  and younger f a u l t s  

are present  i n  the  f i e l d .  There does not seem t o  be any convincing geophysical 

evidence f o r  a basement ho r s t  underlying the  f i e l d ,  as suggested by var ious 

workers i n  the  past .  Ins tead ,  t he re  is apparently a general  deepening of the  
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basement i n  a southeas te r ly  d i r e c t i o n  across  the  f i e ld .  
dn 

The top of the  hydrothermal a l t e r a t i o n  zone has a dome-like configurat ion 

which cu ts  across  the  sedimentary strata. Shales in the  a l t e r e d  zone exh ib i t  

high d e n s i t i e s  and high resistivities on the  w e l l  logs. Except f o r  the  rela- 

t i v e l y  cool ,  shallow production on the  northwest f lank  of the  Cerro P r i e t o  

f i e l d ,  t he  geothermal production i n t e r v a l s  genera l ly  s t r add le  or  underl ie  the  

top of the  h igh - re s i s t i v i ty ,  high-density shales.  

Sandstones i n  the  hydrothermal a l t e r a t i o n  zone commonly have f a i r  t o  good 

p o r o s i t i e s  (15% t o  35% o r  h ighe r ) ,  which resu l ted  from the  removal by so lu t ion  

of unstable  grains  and carbonate cement. Open f r a c t u r e s  appear t o  be unusual 

i n  the  a l t e r e d  zone based on core descr ipt ions.  

important cont r ibu tor  t o  reservoi r  permeabili ty l o c a l l y ,  secondary matrix 

poros i ty  and permeabili ty a r e  considered t o  be more important volumetr ical ly  

i n  the  Cerro P r i e to  reservoi rs .  

While f r ac tu res  may be an 

It appears  t ha t  the  o lder  f a u l t i n g  of the  basin f i l l ,  t he  dens i f i ca t ion  

of sediments by hydrothermal a l t e r a t i o n ,  and the onset of Quaternary volcanism 

northwest of the  Cerro P r i e to  f i e l d  were roughly synchronous. The date of the  

o ldes t  known erupt ion a t  the  Cerro P r i e to  volcano (approximately l o 5  y r  B.P.) 

may be a minimum age f o r  t h i s  major thermal-tectonic "event." Episodic 

thermal and tec tonic  a c t i v i t y  occurred from t h i s  event t o  the  present.  The 

secondary so lu t ion  poros i ty  i n  the  a l t e r e d  sandstones developed during t h i s  

period. 

thermal-tectonic event. 

There may have been loca l ized  cooling in some areas s ince  the  "main" 

Surface geophysical de tec t ion  of geothermal anomalies i n  the  Cerro P r i e to  

region may be d i f f i c u l t  from r e s i s t i v i t y ,  magnetic, o r  grav i ty  data.  The 

occurrence of a reflection-poor zone coincident with the  hydrothermal 

a l t e r a t i o n  zone a t  East Mesa and at  Cerro P r i e to  suggests t ha t  the  seismic 

r e f l e c t i o n  method may be a good approach, b u t  other  types of geophysical 
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data  are necessary t o  e l imina te  a l t e r n a t e  sources of reflection-poor zones 

W on seismic p r o f i l e s  . 
1. INTRODUCT1,ON 

The subsurface inves t iga t ion  of the  Cerro P r i e t o  f i e l d  and surrounding 

area described below was undertaken t o  provide information on the  s t r a t ig raphy ,  

s t r u c t u r e ,  hydrothermal a l t e r a t i o n ,  and reservoi r  proper t ies  f o r  use i n  

designing r e se rvo i r  s imulat ion models and f o r  planning development of the  

f i e l d .  Another ob jec t ive  was t o  gain in s igh t  into the  depos i t iona l ,  t ec ton ic ,  

and thermal h i s t o r y  of the  Cerro P r i e to  area. Since 1975 numerous geological  

and geophysical s tud ie s  of the  Cerro P r i e to  geothermal f i e l d  have been 

published o r  presented at  technica l  meetings by inves t iga to r s  from the  

Comisi6n Federal  de E lec t r i c idad  de Mgxico (CFE), Lawrence Berkeley 

Laboratory (LBL) ‘of the  Universi ty  of Ca l i fo rn ia ,  the  U. S. Geological 

Survey, t h e  Universi ty  of Cal i fo rn ia  at  Rivers ide,  and severa l  other  

organizations.  Spec i f ic  s tud ie s  used are re fe r r ed  t o  throughout t h i s  

report .  

The following types of da ta  were used i n  t h i s  study: (1) well sample 

desc r ip t ions  and analyses (x-ray d i f f r a c t i o n ,  petrography, and porosi ty-  

permeabi l i ty  determinat ions) ;  (2)  w e l l  logs  (spontaneous p o t e n t i a l ,  

r e s i s t i v i t y ,  gamma-ray, dens i ty ,  sonic  and c a l i p e r ) ;  (3) geophysical 

surveys ( r e s i s t i v i t y ,  g r a v i t y ,  magnetics,  r e f r a c t i o n  seismic, r e f l e c t i o n  

seismic, and se i smic i ty)  ; (4) physiography (modern depos i t iona l  pa t t e rns  

and sur face  manifestat ions of f a u l t s ) ;  and ( 5 )  reg iona l  geology. 

.r 

The de ta i l ed  i n t e r p r e t a t i o n  of the  subsurf ace geology presented i n  t h i s  

repor t  should be usefu l  f o r  f i e l d  development. A s impl i f i ed  vers ion w i l l  be 

necessary for- r e se rvo i r  s imulat ion modeling. The approach taken i n  the  study 
W 



and f i e l d  development i n  other  sedimentary basins. 

2. STRATIGRAPHIC FRAMEWORK 

General Deposit ional S e t t i n g  

and the  concepts developed herein may be appl icable  t o  geothermal explorat ion 

cj 

The Cerro P r i e t o  geothermal f i e l d  is located near the  southwestern marg-1 

of t he  Colorado River d e l t a  i n  the  Mexicali Valley, which is p a r t  of the  

seismical ly  active Sal ton Trough/Gulf of Ca l i fo rn ia  r i f t  basin system (Figure 1) 

Paleontologic data ind ica t e  a Miocene age f o r  t he  o ldes t  sediments i n  the  

Imperial Valley t o  the  north and i n  the  Gulf of Ca l i fo rn ia  t o  the  south 

(Elders and B ieh le r ,  1975; Wagoner, 1977). Although the  o ldes t  sediments i n  

the  f i e l d  have not been dated, t h e  regional  data  imply t h a t  r i f t  basin 

deposi t ion began i n  the  Cerro P r i e t o  area during the  Miocene as w e l l ;  t h e  

deeper sediments are older. The Cenozoic s t r a t ig raphy  i n  the  Imperial  

Valley (Wagoner, 1977) and the  geologic h i s t o r y  of the  Colorado River 

(Hunt, 1969) suggest t h a t  the  progradation of the  Colorado d e l t a  across  

the  marine r i f t  basin began i n  the  middle Pliocene. 

southwesterly advance of the  d e l t a  was e s s e n t i a l l y  complete, which r e su l t ed  

i n  the  conversion of the  Sal ton basin t o  a nonmarine depocenter and d e l t a  

p l a i n  deposit ion i n  the  Cerro P r i e t o  area. 

By l a t e  Pliocene, t he  

Some workers have suggested t h a t  the  d e l t a i c  sediments of the  main 

' producing area intertongue with a l l u v i a l  fan  sediments derived from the  

Cucapa Range t o  the  west (e.g. Puente C. and de la PeSa L., 1979). A 

d i f f e r e n t  i n t e r p r e t a t i o n  of the  s t r a t i g r a p h i c  r e l a t ionsh ips  i n  the  Cerro 

P r i e t o  area w i l l  be developed below. 

L i tho fac i e s  Analysis 

One of the  main con t ro l s  on the  geometry, volume and recharge/discharge Ll 
of the  geothermal r e se rvo i r  is the  d i s t r i b u t i o n  of porosi ty  and permeability 

4 
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Figure 1. Location of the Cerro Prieto geothermal field (Elders,  1979, 
Fig. 1). 
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i n  the  subsurface. Permeabili ty r e s u l t s  from matrix poros i ty  and/or 

f rac tures .  Matrix poros i ty  and permeabili ty depend on l i tho logy  (deposi- 

t i o n a l  tex ture)  and on post-deposit ional modifications by diagenesis  and 

metamorphism. The main purpose of t h i s  s ec t ion  is t o  i l l u s t r a t e  the  

three-dimensional va r i a t ions  i n  subsurface l i tho logy  a t  Cerro P r i e t o  which 

represents  one aspect of the  permeabili ty d i s t r ibu t ion .  

Deltaic strata are character ized by a complex v e r t i c a l  and lateral  

arrangement of l i t h o l o g i c  u n i t s  f o r  the  following reasons. F i r s t ,  d e l t a s  

comprise a d ive r s i ty  of depos i t iona l  environments t ha t  may include some 

o r  a l l  of the  following, depending on the  i n t e r a c t i o n  of river discharge,  

waves, and t i d e s  : 

t i d a l  f l a t  including t i d a l  channels,  d i s t r ibu tary-mouth  ba r ,  lagoon, 

c o a s t a l  b a r r i e r ,  f r i n g e  ( shoreface) ,  and t i d a l  bars  and shoals.  

d ivers ion  and abandonment of d i s t r i b u t a r y  channels and r e l a t i v e  sea l e v e l  

changes r e s u l t  i n  repeated s h i f t i n g  of depos i t iona l  environments. 

d i s t r i b u t a r y  channel, l evee ,  d e l t a  plain/swamp , bay, 

I 
I 

Second, 

Four cross  sec t ions  were constructed f o r  the  Cerro P r i e t o  geothermal 
I 

f i e l d  t o  i l l u s t r a t e  the  s t r a t i g r a p h i c  complexities of the  subsurface,  

including both the  o lder  producing area and the new area cur ren t ly  being 

developed to  the  east ( r e f e r  t o  the  index m p  i n  Figure 2). Sections 

1-1’ and 11-11‘ are near ly  t ransverse  and sec t ions  111-111’ and IV-IV’ are 

near ly  longi tudina l  with respect  t o  a southwest-to-westerly progradation 

of the  Colorado del ta .  

r e f l e c t i o n  p r o f i l e s  f o r  most of t h e i r  lengths.  

Sections 1-1’ and 111-111’ c lose ly  follow seismic 

The f i r s t  s t e p  i n  construct ing subsurface s t r a t i g r a p h i c  cross  sec t ions  

is t o  determine the  s t r a t i g r a p h i c  or  l i t h o l o g i c  sequences penetrated by 

t h e  w e l l s  along the  l i n e  of sect ion.  

wire-line (geophysical) w e l l  logs  are used fo r  t h i s  purpose. 

Subsurface sample descr ip t ions  and 

t! 
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I n  the  co r re l a t ion  sec t ions  of Elders et al. (1978), t he  subsurface 

s t r a t ig raphy  i n  the  Cerro P r i e t o  f i e l d  is represented by sandstone percentage 

logs derived from cu t t ings  descriptions.  

misleading due t o  problems inherent i n  d r i l l i n g .  F i r s t ,  where unconsoli- 

dated sands are interbedded with fine-grained sediments, sand recovery is 

commonly very poor r e s u l t i n g  i n  the  sec t ion  being logged as dominantly 

fine-grained sediments. Thus, sand percentage is o f t en  underestimated i n  

t h e  shallow p a r t  of the  section. Second, caving of t he  borehole w a l l  

r e s u l t s  i n  continued recovery of t he  up-hole l i thology while a new l i t h o l o g i c  

u n i t  is being d r i l l e d ,  which causes some l i t h o l o g i c  u n i t s  t o  be overestimated. 

F ina l ly ,  a less ser ious problem, the re  is a lag  between the  a c t u a l  depths 

of l i t h o l o g i c  t r a n s i t i o n s  and the  depths shown on the  l i t h o l o g i c  log due 

t o  the  t i m e  required f o r  t he  recovery of the  cu t t ings .  For these reasons, 

l i t h o l o g i c  logs derived only from cu t t ings  descr ipt ions are not s a t i s f a c t o r y  

f o r  i l l u s t r a t i n g  the  subsurface s t r a t i g r a p h i c  framework. 

Such l i t h o l o g i c  logs may be very 

In subsurface s t u d i e s ,  reduced wire-line log curves are o f t en  used t o  

represent  the  l i t h o l o g i c  sequence on s t r a t i g r a p h i c  c ross  sections.  This 

approach was not taken i n  t h i s  study f o r  two reasons. F i r s t ,  t o  i l l u s t r a t e  

t h e  s t r a t i g r a p h i c  r e l a t ionsh ips  from the  surface down t o  the  t o t a l  

depths of the  Cerro P r i e t o  w e l l s  without v e r t i c a l  exaggeration, t he  degree 

of l og  reduction necessary f o r  a convenient c ross  sect ion s i z e  would have 

re su l t ed  i n  a loss of s t r a t i g r a p h i c  information. Second, i n t e r p r e t i n g  

l i t ho logy  from a s i n g l e  log curve, such as spontaneous p o t e n t i a l  (SP) o r  

gamma-ray, is  o f t en  very d i f f i c u l t  i n  t he  Cerro P r i e t o  w e l l s  because of 

pore-water s a l i n i t y  v a r i a t i o n s  i n  the  shallower sec t ion  and complex 

hydrothermal a l t e r a t i o n s  i n  the  deeper section. W e  have observed t h a t  many 
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sands i n  the  unal tered sec t ion  exhib i t  an anomalous SP response (suppressed 

o r  reversed) accompanied by high r e s i s t i v i t y  and "normal" dens i ty ,  which 

ind ica t e s  low-salinity pore waters. 

i n t e r v a l s  could be mis in te rpre ted  as sha les  or silts. 

hydrothermally a l t e r e d  sec t ion ,  t h e  gamma-ray curve commonly lo ses  i ts  

charac te r  while the  SP curve normally d iscr imina tes  between the  hot br ine  

Based on the  SP log alone,  such 

Conversely, i n  the  

sandstones and the  a l t e r e d  shales .  Thus, based on the  gamma-ray curve 

a lone ,  l i t h o l o g i c  discr iminat ion i n  the  unal tered zone is general ly  good, 

but  i n  the  a l t e r e d  zone is o f t en  d i f f i c u l t .  The r e s i s t i v i t y  and densi ty  

curves are a l s o  f requent ly  he lp fu l  i n  determining the  l i t h o l o g i c  sequence, 

but  the  c r i t e r i a  are var iable .  

Detailed l i t h o l o g i c  sequences were in t e rp re t ed  f o r  Cerro P r i e t o  w e l l s  

by u t i l i z i n g  the  SP, gamma-ray, r e s i s t i v i t y ,  and densi ty  curves and by 

c a l i b r a t i n g  the  log response pa t t e rns  with l i t h o l o g i c  data ( i .e . ,  c u t t i n g s  

and core descr ip t ions) .  To i l l u s t r a t e  the  v e r t i c a l  and 'lateral s t r a t i g r a p h i c  

v a r i a t i o n s  i n  the  subsurface at Cerro P r i e to ,  these  de t a i l ed  l i t h o l o g i c  

sequences had t o  be s impl i f ied  because of d i sp lay  scale l imi ta t ions .  

The approach taken i n  t h i s  study was t o  construct  l i t h o f a c i e s  columns 

f o r  the  w e l l s  on t he  cross  sec t ions  based on the  l i t h o l o g i c  sequences in- 
I 

t e rp re t ed  from the  w e l l  logs  (wire-line,  no t  l i t h o l o g i c )  and the l i t ho -  

l o g i c  descr ip t ions  ( cu t t i ngs  and cores) .  After  a preliminary ana lys i s  of 

t he  l i t h o l o g i c  sequences penetrated by severa l  w e l l s  i n  the  f i e l d ,  f i v e  

l i t h o f a c i e s  classes were defined ranging from predominantly sand (I) t o  

predominantly s i l t / s h  (V). L i thofac ies  c l a s ses  11, 111, and I V w e r e  

d i f f e r e n t i a t e d  pr imari ly  by the  thickness  d i s t r i b u t i o n  of sand deposi t ional  

un i t s .  Five l i t h o f a c i e s  classes do not represent  p a r t i c u l a r  deposi t ional  
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environments. Examples of SP curves f o r  the  l i t h o f a c i e s  classes based 

on SP curves are given i n  Figure 3. As mentioned above, it was of t en  

necessary t o  use other  log curves t o  i n t e r p r e t  the  l i t h o l o g i c  sequence. 

Consequently, i n  some parts of t he  sec t ion ,  t he  l i t h o f a c i e s  classes were 

in t e rp re t ed  from gamma-ray, r e s i s t i v i t y ,  and/or densi ty  log  curves using 

the  same curve shape pa t t e rns  f o r  c l a s s i f i c a t i o n .  

Li thofac ies  I is  character ized predominantly by sand with very thick 

sand u n i t s  (commonly g r e a t e r  than 150 f t  o r  46 m )  separated by t h i n  sha le  

beds (less than 10 f t  or  3 m). This l i t h o f a c i e s  suggests stacked channels 

o r  possibly eo l ian  deposits.  

L i thofac ies  I1 cons i s t s  dominantly of sand with sand u n i t  thick-  

nesses up t o  50 f t  (15 m) o r  more and sha le  un i t  thicknesses  up to  20-30 

f t  (6-9 m). On the  logs ,  t he  th icker  sand u n i t s  f requent ly  appear as 

c y l i n d r i c a l  o r  %locky" curves with abrupt lower boundaries t h a t  suggest 

channels. The thinner  sands may represent  e i t h e r  channel overbank sands 

on the  d e l t a  p l a in  or  del ta-front  sands; t he  log shape and pos i t i on  i n  the  

s t r a t i g r a p h i c  sequence may d i s t ingu i sh  between these two depos i t iona l  

environments. 

Li thofacies  I11 i s  character ized by roughly equal sand and sha le  

percentages , although sand may be dominant i n  some cases. The th icker  

sands are 20-30 f t  (6-9 m) t h i c k  and have t r a n s i t i o n a l  bases. These 

f ea tu res  and the  assoc ia t ion  with thinner  sands,  s i l ts ,  and sha les  suggest 

a del ta-front  environment. However, some of t h i s  l i t h o f a c i e s  may represent  

d i s t r i b u t a r y  overbank depos i t ion  on the  d e l t a  plain.  

Li thofacies  I V  a l s o  cons i s t s  of near ly  equal sand and sha le  percentages,  
1 

but  the  sands are thinner  than 10 f t  (3 m). This l i t h o f a c i e s  may represent  

10 
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e i t h e r  "d is ta l"  overbank deposi t ion on the  d e l t a  p l a i n  or  lower energy 

del ta-front  deposi t ion ("outer fringe") . 
Lithofacies  V cons i s t s  dominantly of s i l t  and sha le  and may represent  

a v a r i e t y  of depos i t iona l  environments: 

lagoon, o r  prodelta.  For a l l  f i v e  l i t h o f a c i e s  discussed above, t he  v e r t i c a l  

and lateral l i t h o f a c i e s  r e l a t ionsh ips  may help t o  d i s t ingu i sh  among mult iple  

environmental i n t e r p r e t a t i o n s  of each. 

d e l t a  p l a in  swamp, c o a s t a l  bay/ 

After construct ing the  l i t h o f a c i e s  columns f o r  the  w e l l s ,  t he  next 

s t e p  was t o  search the  w e l l  logs f o r  marker horizons which could be 

cor re la ted  from w e l l  t o  w e l l  along the  s t r a t i g r a p h i c  cross  sect ions.  The 

c o r r e l a t i o n  markers recognized on the  Cerro P r i e t o  w e l l  logs represent  the  

tops or bottoms of d i s t i n c t i v e  depos i t iona l  u n i t s  (sands or s h a l e s ) ,  many of 

which were i d e n t i f i e d  from a combination of w e l l  log curves ( p a r t i c u l a r l y  

SP, gamma-ray, and r e s i s t i v i t y ) .  These co r re l a t ion  markers are considered 

t o  be approximately time-equivalent s t r a t i g r a p h i c  horizons. Very few 

co r re l a t ion  markers were found t h a t  could be ca r r i ed  across  the  f i e l d ,  which 

is not surpr i s ing  i n  view of the  d e l t a i c  depos i t iona l  s e t t i ng .  With the  

co r re l a t ion  markers as a guide, l i t h o f a c i e s  co r re l a t ions  were made from w e l l  

t o  w e l l .  The geometry of the  co r re l a t ion  markers suggests t ha t  some of the  

l i t h o f a c i e s  co r re l a t ions  e s s e n t i a l l y  p a r a l l e l  t i m e  horizons and o thers  c l e a r l y  

cu t  across  t i m e  horizons. The l i t h o f a c i e s  columns, c o r r e l a t i o n  markers, and 

l i t h o f a c i e s  co r re l a t ions  are given on the  four s t r a t i g r a p h i c  cross-sections 

(Figures 4-7). The i n t e r v a l s  open t o  production are a l s o  shown f o r  reference.  

I n  order t o  emphasize the  d i s t r i b u t i o n  of r e l a t i v e l y  th i ck  sand u n i t s ,  l i t h o -  

f a c i e s  I, 1-11, 11, 11-111, and 111 are highl ighted on the  cross  sec t ions  

( l i t h o f a c i e s  1-11 and 11-111 represent  t r a n s i t i o n a l  or  intermediate  types).  

12 
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Referring t o  the  s t r a t i g r a p h i c  cross  sec t ions  i n  Figures 4-7, 

t he  s t r a t i g r a p h i c  framework at Cerro P r i e to  is c l e a r l y  character ized by 

complex vertical and lateral va r i a t ions  i n  l i t h o f a c i e s  , which is t yp ica l  

of d e l t a i c  deposits.  

imply cont inui ty  of ind iv idua l  sands between the  wells. The ac tua l  

p robab i l i t y  of sand cont inui ty  within a given l i t h o f a c i e s  depends on the  

depos i t iona l  environment and the  o r i en ta t ion  of the  l i n e  of sec t ion  with 

respect  t o  depositonal trends. 

A l i t h o f a c i e s  co r re l a t ion  between two w e l l s  does not 

To c l a r i f y  the  l i t h o f a c i e s  re la t ionships  within the  main geothermal 

production zone, t he  e f f e c t  of later s t r u c t u r e  was removed by using the  

neares t  overlying co r re l a t ion  marker with the  g rea t e s t  lateral extent  as 

a datum f o r  r e s to r ing  the  s t r a t i g r a p h i c  r e l a t ionsh ips  i n  the  underlying 

sect ion.  

s t r a t i g r a p h i c  c ross  sec t ions  11-11. and 111-111' (Figures 5 and 6 ) ,  b u t  

are shor t e r  because of the  l imi ted  d i s t r i b u t i o n  of the  datum horizon. The 

The res tored  cross  sec t ions ,  which are' given i n  Figure 8, follow 

l i t h o f a c i e s  vary from I t o  I V  both v e r t i c a l l y  and l a t e r a l l y  within the  

production zone. The pos i t ion  of Reservoir A (Abril G. and Noble, 1979; 

Pr ian C., 1979a,b) is shown on the  res tored  cross-sections where information 

was avai lable .  

t o  I I I - I V .  

is not a uniform reservoi r  layer  over la in  by a l a t e r a l l y  continuous 

Even within t h i s  "reservoir," t h e  l i t h o f a c i e s  vary from I 

It is clear from Figure 8 t h a t  t he  geothermal production zone 

top-seal of low-permeability strata. 

It seems reasonable t h a t  t he  pronounced l i t h o f  acies va r i a t ions  i l l u s t r a t e d  

i n  the  s t r a t i g r a p h i c  cross-sections (Figures 4-7) must s i g n i f i c a n t l y  inf luence 

t h e  movement of hot  b r ines  and cold recharge waters and reservoi r  productivity.  

Thus, t h i s  information should be usefu l  f o r  designing reservoi r  simulation 
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i, 

models and f o r  planning and monitoring f i e l d  development ( L e . ,  production and 

b, i n j e c t i o n  w e l l s )  . 

3. DEPOSITIONAL MODEL 

As mentioned earlier, t h e  Cerro P r i e to  f i e l d  is located near the  

southwestern margin of the  Colorado River del ta .  There is general  

agreement t h a t  the  s t r a t i g r a p h i c  sequence penetrated i n  the  main producing 

area represents  d e l t a i c  deposi ts  and tha t  a l l u v i a l  fan deposi ts  occur i n  

the  subsurface along the  western margin of the  basin near t he  mountain 

f ront .  Between these  areas, however, t he  paleo-depositional environments 

are not as clear. One of the  keys t o  the  problem is the  environmental 

s ign i f icance  of the  s t r a t i g r a p h i c  sequence encountered in wells northwest, 

w e s t ,  and south of the  main producing area. The deeper pa r t  of the  sec t ion  

i n  w e l l s  M-96, M-3, M-6, and S-262 is dominated by l i t h o f a c i e s  I. Several 

workers (e.g. Maiion M. e t  al., 1977) have in te rpre ted  the s t r a t i g r a p h i c  

sec t ion  i n  the  v i c i n i t y  of these w e l l s  as the  intertonguing of alluvial fan 

depos i t s  derived from t h e  Cucapa Range t o  the  w e s t  with d e l t a i c  deposi ts  

derived from t h e  Colorado River. On t he ' o the r  hand, Pr ian C. (1979a) relates 

the  very th i ck  l i t h o f a c i e s  I i n t e r v a l  t o  a major paleochannel on the delta. 

Various types of da ta  t h a t  bear on t he  i n t e r p r e t a t i o n  of depos i t iona l  

environments i n  the  Cerro P r i e to  area w i l l  be considered i n  t h i s  section. 

c Several problems with t h  a l t e r n a t e  i n t e r p r e t a t i o n s  above w i l l  be discussed, 

and a new depos i t iona l  model w i l l  be suggested f o r  t he  deeper pa r t  of t he  

sec t ion  including the  main production zone. 
i 

Sandstone Composition 

In the  Imperial  Valley, van de Kamp~ (1973) found tha t  Colorado 

23 



River sands are compositionally d i s t i n c t  from sands derived from the  

i n t r u s i v e  and metasedimentary rocks of t he  Peninsular Ranges on the  west 6.I 
f l ank  of the  basin. The composition of Cerro P r i e to  sandstones was 

examined to  d i f f e r e n t i a t e  sands derived from the Colorado River from sands 

derived from the  Cucapa Range t o  the  west, which is comprised of bas i ca l ly  

t h e  same rock types as t he  Peninsular Ranges t o  the  north. To determine 

sandstone composition quan t i t a t ive ly ,  a petrographic study was done on 

t h i n  sec t ions  prepared from nine core samples represent ing seven wells. 

The cores  s tudied are l i s t e d  i n  Table 1. Point counts of 300 t o  500 

poin ts  were made on seven sandstones from s i x  w e l l s .  

The sandstone composition data (Table 1) show t h a t  the  major d e t r i t a l  

components are quartz ,  p lag ioc lase ,  K-feldspar , and volcanic rock fragments 

with minor amounts of che r t ,  carbonate,  and micas. Quartz is the  dominant 

component comprising 44% t o  76% of the  s o l i d  framework by volume. 

spars  make up 12% t o  18% of the  framework. As i l l u s t r a t e d  on the  ternary 

compositional diagram i n  Figure 9,  these  sandstones are similar t o  the  

Holocene Colorado River sands i n  van de Kamp (1973) and are considerably 

less fe ldspa th ic  than a rkos ic  Holocene sands derived from the  Peninsular 

Ranges on the  west f lank  of the  Imperial  Valley. Although these th in  

sec t ions  are a small s ta t is t ical  sample of sandstone composition below abou 

800 m, t h e  cu t t i ngs  descr ip t ions  by CFE personnel i nd ica t e  t h a t  t he  petro- 

graphic da ta  are representa t ive  of t he  sampled in te rva l .  

appears t h a t  sandstones throughout t he  Cerro P r i e to  f i e l d  area, a t  least 

below 800 m, were derived from the  same source as the  Holocene Colorado 

River sands,  Le. ,  the  Colorado Plateau provenance. 

Feld- 

Therefore, i t  
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TABLE 1. CERRO PRIETO FIELD SANDSTONE COMPOSITIONS 

W 
Well Number and Depth (m) 

M-6 M-9 M-96 M-96 NL-1 M-92 M-20 

1910 818.5 1979 1981 2735 2510 915.3 

Quartz 

Plagioclase 

K-feldspar + 
p erthite 

Muscovite 

Biotite 

Chlorite 

Illite + 'clays 
Heavy & opaque 

Siltstone & 
shale R.F. 

Volcanic R.F. 

Chert 

Metamorphic R.FI 

Granitic R.F. 

Glauconite 

Ep ldo te 

Carbonate I 

Isotropic mineral 
r 

z Organic matter 

Grain Size 

Sorting 

Porosity ( X )  I 

W Permeability (md) 

64.3 

8.9 

9.6 

tr. 

0.7 

0. 7 

0.5 

9.3 

1.4 

0.7 

0. 3 

2.1 

1.4 

m 

W 

23.5 

22.0 

44.0 

6.7 

9.7 

0.3 

1.0 

7.7 

1.0 

0.6 

29.0 

m 

W 

18.0 

47.0 

76.0 

7.0 

6.3 

tr. 

0.3 

O m  3 

0. 3 

3.7 

2.7 

3.3 

f-Ill 

W 

22.3 

4. 8 

63.0 

4.7 

9.7 

tr. 

1.0 

tr. 

11.7 

1.3 

tr. 

8.3 

m-c 

m-w 

14.2 

2.5 

63.2 

7.2 

6.2 

tr. 

12.1 

0.2 

2.5 

1.2 

7.4 

f 

W 

21.5 

18.1 

64.0 

7.0 

7.3 

0.7 

tr. 

tr. 

1.7 

13.0 

0.3 

5.7 

0.3 

f 

W 

28.6 

4.9 

66.7 

6. 0 

6. 0 

tr. 

0. 3 

1.0 

1.0 

1.3 

10.7 

1.0 

trm 

tr. 

0.3 

5.7 

f-m 

W 

23. 7 

33.0 
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Figure 9. Composition diagram comparing sandstones from subsurface at  
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Pore Water S a l i n i t i e s  

Pore water s a l i n i t i e s  f o r  sands were in te rpre ted  from w e l l  log data  ti 
t o  provide clues  t o  depos i t iona l  environments (fresh-water, t r a n s i t i o n a l ,  

o r  marine). I n  w e l l  NL-1 east of the  f i e l d ,  sands i n  the  unconsolidated 

t o  semi-consolidated por t ion  of the  sec t ion  commonly exhib i t  anomalous SP 

(suppressed or  reversed) ,  high resistivities (5 t o  20 ohm-m on the  deep 

inves t iga t ion  curve) , and "normal" dens i t ies .  These c h a r a c t e r i s t i c s  

i nd ica t e  low pore-water s a l i n i t i e s ,  i.e., fresh-water sands. Good 

SP development and lower r e s i s t i v i t i e s  i nd ica t e  more s a l i n e  sands. 

gamma-ray log  is usefu l  fo r  recognizing sands where the  SP response is 

anomalous, while t he  sonic  o r  densi ty  log  normally discr iminates  high- 

r e s i s t i v i t y  zones due t o  indurat ion (anomalously low t r a n s i t  t i m e  o r  high 

dens i ty)  o r  gas sa tu ra t ion  (anomalously high t r a n s i t  t i m e  or low dens i ty) .  

Thus, a s u i t e  of w e l l  logs  is necessary f o r  i n t e rp re t ing  s a l i n i t y  changes 

The 

with confidence . 
Based on t he  w e l l  log da t a ,  t h e  percentage of fresh-water sands gradually 

decreases in  a wester ly  d i r e c t i o n  across  the  producing area as shown on t he  

c ross  sec t ion  i n  Figure 10, which corresponds t o  cross-section 111-111' 

i n  Figure 6. I n  w e l l  M-6 on the west edge of the f i e l d ,  only one t h i n  

f r e s h  water sand w a s  noted (at about 900 f t  or 274 m) , although o thers  

may be present i n  the  i n t e r v a l  above 830 f t  (253 m) f o r  which logs are 

not avai lable .  I *. 

This lateral s a l i n i t y  grad ien t  suggests a t r a n s i t i o n  from an upper 
s 

d e l t a  p l a i n  environment east of the  Cerro P r i e to  f i e l d  to  a marine environment 

w e s t  of t he  f i e l d .  This t r a n s i t i o n a l  environment i n t e r p r e t a t i o n  is supported 

by the  geochemical ana lys i s  of the  reservoi r  f l u i d s  by Truesdell  et al. 
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. 

(1979). Their data ind ica t e  mixing of Colorado River water with sea water 

(or possibly lagoonal or  e s tua r ine  water). 

The s a l i n i t y  d a t a  are not cons is ten t  with a continuous a l l u v i a l  fan 

wedge from the  mountain f ron t  t o  the w e s t  s i de  of the  f i e ld .  I f  the thick.  

l i t h o f a c i e s  I sequences i n  S-262, M-6, M-3, and M-96 represented d i s t a l  

a l l u v i a l  fan f a c i e s ,  low-sal ini ty  sands should be characteristic of the  

i n t e r v a l  i n  these wells. This is c l e a r l y  not the case. 

If  the  predominantly sand i n t e r v a l  i n  these wells represented a 

major paleochannel on the  d e l t a  ( ac tua l ly ,  stacked d i s t r i b u t a r y  channels,  

because of the  grea t  thickness) as suggested by P r i m  C. (1979a), d e l t a  p l a in  

sediments would be expected t o  the  w e s t .  In  t h a t  case,' s a l i n i t i e s  on 

t he  w e s t  s i d e  of the  f i e l d  should not be s i g n i f i c a n t l y  d i f f e r e n t  from 

s a l i n i t i e s  on t h e  east side.  

is  a l s o  not cons is ten t  with the  lateral s a l i n i t y  gradient.  

Hence, t h i s  environmental i n t e rp re t a t ion  

Surface r e s i s t i v i t y  surveys (e.g., sec t ion  E-E' located i n  Figure 2, 

and i n  W i l t  et al., 1979) showed decreasing r e s i s t i v i t y  from northeast  t o  

southwest above the  production zone, which may be explained by the  lateral 

s a l i n i t y  grad ien t  i n t e rp re t ed  from w e l l  log data. Other evidence w i l l  be 

discussed below supporting a depos i t iona l  environment in t e rp re t a t ion  f o r  

t h e  s a l i n i t y  gradient.  Variations i n  s a l i n i t y  due t o  deposi t ional  environ- 

ment should be taken i n t o  account before  in t e rp re t ing  the  d i s t r i b u t i o n  of 

hot  br ines  and cold,  low-sal ini ty  recharge waters from r e s i s t i v i t y  data. 

Seismic Ref lec t ion  Pa t t e rns  

Seismic r e f l e c t i o n  pa t t e rns  can be u s e f u l - f o r  i n t e rp re t ing  l i t h o f a c i e s  

va r i a t ions  and depos i t iona l  environments. Before discussing the seismic data  

from the  Cerro P r i e to  area, a br ie f  review of bas i c  pr inc ip les  is i n  order. 
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Seismic reflections are produced by the interaction of a down-going 

seismic signal with acoustic impedance (velocity times density) contrasts 

in the subsurface. 

bedding (depositional surfaces) and thus define the geometry of the 

Generally, these so-called primary reflections parallel 

subsurface strata. Coherent seismic events may also represent multiple 

reflections; diffractions (normally hyperbolic events caused by lateral 

terminations of reflectors, inhomogeneities, or tight curvature); reflections 

from out of the plane of the seismic profile ("side-energy"); or source- 

generated surface waves. These unwanted events often can be recognized 

by their discordant geometry, but not always. 

generated within the stratigraphic section and at the surface may not be 

Multiples that may be 

recognizable. Velocity analysis data (velocity spectra) are also useful for 

discriminating primary reflections from unwanted events (noise). 

The principal characteristics of seismic reflections for stratigraphic 

interpretation are amplitude, spacing (frequency), lateral continuity, 

lateral waveform variations, and geometry. Although it is beyond the 

scope of this report to discuss these parameters in detail, it must be 

noted that they also depend on factors unrelated to stratigraphy, such as 

source signal characteristics, recording parameters, processing of the 

data, various types of noise, surface statics, multiple reflections, 

structure, and pore fluid variations. 

seismic sections, inferences about stratigraphy and depositional environments 

can be derived from the combined reflection attributes, if the data are 

However, from a careful analysis of 

not too noisy. 

The portion of the D-D' seismic profile extending from well M-9 to the 

southwest is given in Figure 11. Primary reflections are obscured in places 
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by (1) random noise ,  (2) s t eep ly  i n c l i n e s ,  low v e l o c i t y  events ,  which are re l a t ed  

t o  surface waves, and (3) f a u l t  d i s rupt ions  and d i f f r ac t ions  ( j u s t  southwest of 

M-6). 

(16/24/60/80 Hz) and s tacking based on widely spaced ve loc i ty  analyses. 

add i t iona l  processing, i t  is conceivable t h a t  the  seismic sec t ion  could have 

been "cleaned up." 

Only minimal processing of t he  data  was done; namely, band-pass f i l t e r i n g  

With 

Looking through the noise ,  we see c lose ly  spaced p a r a l l e l  

r e f l e c t i o n s  southwest of shotpoint  180 extending from near t he  surface down t o  

t h e  s t rong r e f l e c t i o n  below about 1.7 seconds. Since many of the  r e f l e c t i o n s  

are truncated at the  end of the  l i n e ,  t h e  lateral r e f l e c t i o n  cont inui ty  may be 

much g rea t e r  than seen on t he  seismic section. 

qua l i t y  and the  processing used, r e f l e c t i o n  amplitude and waveform va r i a t ions  

may not represent s t r a t i g r a p h i c  changes. The seismic r e f l e c t i o n  pa t t e rn  from 

j u s t  southwest of M-6 t o  t he  end of t h e  D-D' p r o f i l e  suggests an a l t e r n a t i n g  

l i t h o l o g i c  sequence with good lateral cont inui ty  of the  l i t h o l o g i c  units.  

Because of the va r i ab le  da ta  

In  con t r a s t ,  a t  w e l l  M-6 there  is downward l o s s  of re f lec t ions .  

Comparing the  r e f l e c t i o n  pa t t e rn  t o  the  s t r a t i g r a p h i c  sequence i n  the  w e l l  

( r e f e r  t o  cross-section 111-111' i n  Figure 6 ) ,  it is apparent t h a t  the  w e l l  

developed r e f l e c t i o n s  i n  the  shallower pa r t  of the  sec t ion  correspond t o  an 

a l t e r n a t i o n  of l i t h o f a c i e s  types (I, 11, 1 1 1 - I V  and I V ) ,  while t he  re f lec t ion-  

poor zone corresponds t o  the  th i ck  l i t h o f a c i e s  I in t e rva l .  Surface wave 

noise ,  f a u l t i n g ,  and poss ib le  d i f f r a c t i o n  energy a l s o  i n t e r f e r e  with any 

primary r e f l ec t ions  i n  the  reflection-poor zone; but it is clear from the  

w e l l  log da ta  t h a t  very few primaries would be expected i n  t h i s  zone. Since 

t h e  s t rong r e f l ec t ions  below t h e  reflection-poor zone were not penetrated 

by M-6, t h e i r  s t r a t i g r a p h i c  s ign i f icance  is unknown. 
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Another example of the  r e l a t ionsh ip  between the  s t r a t i g r a p h i c  sequence 

and seismic r e f l e c t i o n s  is on seismic p r o f i l e  A-A' a t  M-93 (Figure 12). 

The abundant r e f l e c t i o n s  seen on the  sec t ion  correspond t o  a complex 

a l t e r n a t i o n  of l i t h o f a c i e s  types (from I t o  IV). The l o s s  of r e f l ec t ions  

below about 1.9 seconds is probably r e l a t ed  t o  hydrothermal a l t e r a t i o n ,  

which w i l l  be discussed i n  d e t a i l  later. 

The r e l a t ionsh ips  between s t r a t i g r a p h i c  sequence and seismic r e f l e c t i o n  

pa t t e rns  seen a t  M-6 and M - 9 3 ,  which we observed i n  a va r i e ty  of sedimentary 

bas ins ,  support our i n t e r p r e t a t i o n  of the  r e f l e c t i o n  pa t t e rn  southwest of 

M-6: i.e., a l t e r n a t i n g  l i t h o l o g i c  sequence with good lateral cont inui ty  of 

l i t h o l o g i c  uni ts .  We cannot conclude t h a t  a unique deposi t ional  environment 

exists, p a r t i c u l a r l y  without more seismic coverage t o  determine the  geographic 

ex ten t  of t h i s  r e f l e c t i o n  pat tern.  For a d e l t a i c  s e t t i n g ,  some p o s s i b i l i t i e s  

are coas t a l  bays i n  a river-dominated d e l t a ,  t i d a l  f l a t s  (lower d e l t a  

p l a in )  i n  a t ide-  o r  wave/tide-dominated d e l t a ,  o r  low-energy d e l t a  f r o n t  

t o  prodelta.  

In s p i t e  of t he  environmental ambiguity of the  r e f l e c t i o n  pa t t e rn  south- 

west of M-6, i t  seems clear t h a t  t h e  th ick  lit 

is not continuous with the  

but is separated by an area of a l t e r n a t i n g  sand and sha le  deposition. 

This is cons is ten t  with the  s i t i o n  and pore water s a l i n i t y  

data. The lateral s a l i n i t y  g rad i  described earlier suggests t h a t  a 

d e l t a  f r o n t  t o  mar 

f a c i e s  I i n t e r v a l  i n  M-6 

s i n  margin a l l u v i a l  fan wedge t o  the  southwest, 

e environment would be more l i k e l y  than coas ta l -de l ta ic  

o r  lower d e l t a  plain.  

Combining w e l l  data  and seismic r e f l e c t i o n  pa t t e rns ,  an attempt was 

made to  map t h e  d i s t r i b u t i o n  of the t h i ck  l i t h o f a c i e s  I encountered i n  
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Figure 12. Portion of ref lect ion seismic profi le  A-A' from just  north of 
the f i e l d  to the v i c i n i t y  of w e l l  S-262. 

, 



Id 
S-262, M-6, M-3, and M-96. 

d i r ec t ion  is bes t  defined i n  the  v i c i n i t y  of M-6. 

r e f l e c t i o n  p a t t e r n  immediately southwest of M-6 is obscured by f au l t i ng ,  

t h e  pos i t ion  of t he  southwest l i m i t  of l i t h o f a c i e s  I can be r a the r  c lose ly  

approximated. 

l i t h o f a c i e s  boundary is not poss ib le  because of the  d is rupt ion  of deposi- 

t i o n a l  r e f l e c t i o n s  by t h e  cross-cutt ing hydrothermal a l t e r a t i o n  zone 

(discussed l a t e r ) .  

by l i t h o f a c i e s  111, 111-IV, and IV, t h e  boundary is a r b i t r a r i l y  placed 

midway between M-6 and M-9. 

The extent  of t h i s  l i t h o f a c i e s  i n  a t ransverse 

Although the seismic 

d 

Northeast of M-6, however, seismic i n t e r p r e t a t i o n  of the  

Because the  equivalent i n t e r v a l  i n  M-9 is represented 

The northeastern boundary of l i t h o f a c i e s  I i n  t h e  v i c i n i t y  of S-2622 

w a s  i n t e rp re t ed  from the  seismic r e f l e c t i o n  pa t t e rn  on the  nearby A-A' seismic 

p r o f i l e  (Figure 12). The reflection-poor zone below about 0.65 seconds t o  

t h e  south of shotpoint  305 i n  Figure 1 2  probably corresponds t o  the  l i t ho -  

f a c i e s  I i n t e r v a l  i n  S-262, although f a u l t i n g  may be p a r t i a l l y  responsible  

f o r  t h e  disappearance of r e f l ec t ions .  

t h e  c lose ly  spaced p a r a l l e l  r e f l e c t i o n s  north of shotpoint  290. 

c o r r e l a t e s  with a complex a l t e r n a t i n g  s t r a t i g r a p h i c  sequence i n  M-92 ( r e f e r  

t o  cross-section 1-1' i n  Figure 41, loca ted  about 360 m west of the  prof i le .  

The r e f l e c t i o n  pa t t e rn  north of shotpoint  290 continues t o  the  M-93 w e l l  

mentioned above. 

This pa t t e rn  is i n  sharp con t r a s t  t o  

The pa t t e rn  

It was not poss ib le  t o  recognize a southwest boundary i n  

*) t h i s  area due t o  seismic data qua l i ty  d e t e r i o r a t i o n  and the  lack of w e l l  

con t ro l  . 
A p o s s i b l e  extension of the  northeast  boundary of the  l i t h o f a c i e s  I 

b e l t  t o  t he  southeast  was based on a t e n t a t i v e  i n t e r p r e t a t i o n  of r e f l e c t i o n  

pa t t e rns  on seismic p r o f i l e  E-E'. Because of shallow da ta  gaps and poor 
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d a t a  qua l i t y ,  t h i s  i n t e r p r e t a t i o n  is less r e l i a b l e  than t h e  i n t e r p r e t a t i o n  

of p r o f i l e s  D-D' and A-A'. bj 
No seismic p r o f i l e s  are ava i l ab le  t o  def ine the  l i t h o f a c i e s  I boun- 

da r i e s  near M-3 and M-96. 

be approximated based on w e l l  control.  

not found i n  M-9, M-11,  M-114, o r  M-94, bu t  it is not clear whether t h e  

l i t h o f a c i e s  I b e l t  includes M-7 and 4-757 because of t h e  r e l a t i v e l y  shallow 

depths of these  wells. 

boundary near  M-3 or  e i t h e r  boundary near M-96. 

East and northeast  of M-3, t h e  boundary can only 

A t h i c k  l i t h o f a c l e s  I sequence was 

No w e l l  cont ro l  is ava i l ab le  t o  def ine t h e  southwest 

Based on the  above i n t e r p r e t a t i o n  of w e l l  and seismic da ta ,  t h e  th i ck  

l i t h o f a c i e s  I sequence occurs i n  an a rcua te  b e l t  extending from northwest 

t o  south of t he  f i e l d .  This  is i l l u s t r a t e d  on the  depos i t iona l  environment 

map (Figure 16) a t  the  end of Section 3 (Depositional Model). The environ- 

mental s ign i f icance  of t h i s  l i t h o f a c i e s  b e l t  w i l l  be discussed below. 

- 

Present  Physiography 

The present physiography of t h e  Colorado d e l t a  suggests t h a t  t he  

d i s t r i b u t a r y  channels trended from northwesterly t o  souther ly  during the  

late Cenozoic evolut ion of t h e  d e l t a ,  b u t ,  i n  t he  v i c i n i t y  of t he  f i e l d ,  were 

dominantly southwesterly which is roughly normal t o  the  th i ck  l i t h o f a c i e s  I 

be l t .  It would be a remarkable coincidence i f  t he  four w e l l s  (M-96, M-3, 

M-6, and S-262) a l l  penetrated separa te  s t a t iona ry  d i s t r i b u t a r y  channel 

sequences. Furthermore, s ince  d e l t a s  are character ized by s h i f t i n g  

d i s t r i b u t a r i e s ,  t h e  grea t  thickness  of l i t h o f a c i e s  I i n  these  w e l l s  

(2  3280 f t  o r  1000 m) seems incons is ten t  with a composite d i s t r i b u t a r y  

channel i n t e rp re t a t ion .  
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Rather,  t he  pos i t ion  and trend of the a rcua te  l i t h o f a c i e s  I b e l t  

* 

h, suggests a coas ta l -de l ta ic  environment. The apparent lateral cont inui ty  

of t h i s  l i t h o f a c i e s  b e l t  ind ica tes  s t rong wave and/or t i d a l  inf luence (as 

opposed t o  a river-dominated b i rdfoot  de l ta ) .  A v a r i e t y  of coas t a l  gene t ic  

sand types are present i n  such d e l t a s ,  including some or a l l  of the follow- 

ing: d i s t r i b u t a r y  channel or  es tuary ,  eo l i an ,  beach/shoreface, t i d a l  

channel, and t i d a l  bar/shoal.  

be a composite of many genet ic  sand types. Grain s i z e  va r i a t ions  noted in  

cores  from fine-grained sand t o  conglomeratic coarse-grained sand and complex 

dip pa t t e rns  on dipmeter logs (var iab le  dip azimuths and magnitudes) support  

such a composite sequence, although it was not poss ib le  t o  break the  

sequence down i n t o  gene t ic  u n i t s  with the  ava i l ab le  data. 

Thus the  th i ck  l i t h o f a c i e s  I sequence may 

Closely spaced 

cores  would be necessary f o r  a de ta i l ed  genet ic  i n t e rp re t a t ion .  

Based on t h e  present  topography southwest of the  f i e l d ,  t h e  la te  

Quaternary a l l u v i a l  fans  on the  f lank  of the  Cucapa Range do not appear 

t o  extend i n t o  the  area underlain by c lose ly  spaced, p a r a l l e l ,  l a t e r a l l y  

continuous r e f l e c t i o n s  southwest of the  th ick  l i t h o f a c i e s  I b e l t  (seismic 

p r o f i l e s  D-D' and E-E'). g rav i ty  da t a  (Figure 13) and seismic p r o f i l e  

E-E' (Figure 14 )  suggest  that the main basin boundary f a u l t  is buried 

i n  the  subsurface approximately 2 .4  km t o  the  east of the present mountain 

f r o n t ,  which is toward the  basin of t he  l i m i t  of the  "modern" fans. 

mountain f r o n t s  have a l s o  been observed i n  the  va l leys  of the  Great Basin i n  

Nevada (e.g., Fos te r ,  1979). Nonetheless, t h e  dimensions of t he  late 

Buried 

- 
Quaternary fans suggest t h a t  even fans r e l a t e d  to  the  buried mountain f r o n t  

would 

above 

not have extended across  the  area of the  r e f l e c t i o n  pa t t e rn  described 

(Figure 15). This is cons is ten t  with the  i n t e r p r e t a t i o n  given 
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Figure 13. Bouguer gravity anomaly map of Cerro Prieto area (Razo M. and 
Fonseca L., 1978) .  
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Figure 14. Southwest portion of ref lect ion seismic profi le  E-E' i l lustrat ing  
buried mountain front (basin boundary fault)  and apparent 
volcanic layering underlying interpreted marine strata southwest 
of the Colorado delta. 
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Figure 15. Basin fill facies from the Cerro Prieto field to the Cucapa Range 
and basin margin configuration. 
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earlier t h a t  t h i s  r e f l e c t i o n  pa t t e rn  represents  an area of marine deposi- 

t i o n  separa t ing  the  Colorado d e l t a  from the  basin margin a l l u v i a l  fans. 

Imperial Valley Deposi t ional  Record 

According t o  Woodard (1974), i n t e rmi t t en t  shallow marine deposit ion 

continued u n t i l  middle Pleis tocene in the  western p a r t  of the  Imperial  

Valley. This implies t h a t  there  was an in t e rmi t t en t  connection t o  the  

Gulf of Cal i forn ia  west of the  Colorado d e l t a  u n t i l  middle Pleis tocene which 

is probably represented by the  area between the  basin margin a l l u v i a l  fans 

and the  th ick  l i t h o f a c i e s  I be l t .  

Considering the  s t rong t i d a l  cur ren ts  a t  the head of the  present Gulf 

of Ca l i fo rn ia ,  i t  is reasonable t o  assume tha t  s t rong longi tudina l  t i d a l  

cu r ren t s  were present i n  the  narrow remnant of the  paleo sea-arm southwest 

of the  Colorado del ta .  Such cur ren ts  would have red i s t r ibu ted  sand supplied 

by the  d i s t r i b u t a r i e s  along the  d e l t a  f r o n t ,  thus contr ibut ing t o  the develop- 

ment of a continuous sand be l t .  Shoreward and longshore t ranspor t  by wave 

energy (longshore d r i f t )  may a l s o  have been a fac tor .  To bui ld  up such a 

th i ck  sequence of l i t h o f a c i e s  I, deposi t ion and subsidence must have been 

i n  balance. 

The th i ck  l i t h o f a c i e s  I sequence i n  M-6, f o r  example, is overlain 

by about 2700 f t  o r  823 m of interbedded sands and shales. '  The s a l i n i t i e s  

of t he  sands, ind ica ted  by electrical log curves and the  color of the  f ine-  

grained sediments from the  cu t t i ngs  desc r ip t ions ,  suggest an upward gradation 

from shallow mar inehearshore  t o  nonmarine. This sequence probably corre- 

sponds t o  the  late Pleis tocene inf ill of the  connecting "estuary. It 
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Synthesis 

LJ A generalized map of the depositional environments is shown in Figure 

16 for the deeper part of the section (including the main productive zone) in 

the Cerro Prieto area. 

relationships, sandstone composition, pore water salinities, seismic 

This interpretation is based on the lithofacies 

reflection patterns, present physiography, and regional basin history. 

4. STRUCTURE 

Granitic rocks were penetrated in three wells (M-96, M-3, and S-262), 

which suggests that the basement underlying the Cerro Prieto area corres- 

ponds to the Upper Cretaceous granitic and metasedimentary rocks outcrop- 

ping in the Cucapa Range to the west and southwest. 

ture is characterized by complex block faulting of the basement and over- 

lying sedimentary section. 

The subsurface struc- 

Fault maps have been produced by several investigators based on 

different types of data: i.e., well log correlations (Abril and Noble, 

1979, Prian C., 1979a; Puente C. and de la PeZa Lo, 1979); aerial photos 

and seismic refraction (Puente C., and de la Peiia L., 1979); gravity 

(Razo M. et al., 1979); and seismicity (Albores L. et al., 1979). One 

widely held view is that there are two principal fault systems: north- 

east-southwest trending normal faults forming horsts and grabens in the 

field area bounded by en echelon northwest-southeast trending strike-slip 

faults to the northeast and southwest (Figure ,171. 

made to pull-apart basins (possibly spreading centers) between en echelon 

transform faults in the Gulf of California (Elders et al., 1972). 

An analogy has been 
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Figure 16. Generalized map of depositional environments for the deeper part 
of the section (including the main productive zone) 
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Figure 17.  Regional tectonics (Elders e t  a l . ,  1972). The spreading center 
indicated at Cerro Prieto is the area of northeast-southwest 
trend Lng extensional faults .  
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Faul t  I n t e r p r e t a t i o n  

In t h i s  study, a f a u l t  map (Figure 18) was  produced based on an 

in tegra ted  i n t e r p r e t a t i o n  of w e l l  log co r re l a t ions ,  l i n e a r  surface fea tures  

(mainly drainage p a t t e r n s ) ,  thermal spr ings ,  seismic r e f l e c t i o n  and refrac-  

t i o n  p r o f i l e s ,  and gravi ty  and magnetic maps. Linear surface fea tures  are 

indica ted  as f a u l t s  on t he  map only where there  is supporting evidence of 

displacement from other  data. 

l i n e a r s  represent major f a u l t s  or minor f a u l t s  with in s ign i f i can t  displacement. 

It is not known whether the  other  surface 

Some of the  f a u l t s  i n t e rp re t ed  by o ther  workers were recognized and 

some were not. There may be many more f a u l t s  present than shown i n  Figure 

18. Faul t s  could be seen on the  r e f l e c t i o n  seismic sec t ions  f o r  which 

the  f a u l t  t rends could not be determined, due t o  the  lack of supporting 

evidence away from t h e  seismic prof i les .  Moreover, some apparent o f f s e t s  

of co r re l a t ion  markers between w e l l  p a i r s  could not be mapped as f a u l t s  

with the  subsurface cont ro l  used in  the  study (46 w e l l s  out of 64 were 

cor re la ted) .  If a l l  the  w e l l s  at Cerro P r i e to  had been cor re la ted ,  undoubt- 

edly more f a u l t s  would have been mapped. 

Three p r inc ipa l  classes of f a u l t s  were i d e n t i f i e d  based on the  timing 

of f a u l t  displacements of the  basin f i l l  which were recognized from o f f s e t s  

of cor re l a t ion  markers. The th ree  classes are: (1) o lder  f a u l t s  o f f s e t t i n g  

t h e  deeper pa r t  of t he  sec t ion  only; (2) reac t iva ted  o lder  f a u l t s  with a 

smaller o f f s e t  or reversed sense of o f f s e t  above some horizon r e l a t i v e  t o  

t h e  o f f s e t  below t h a t  horizon ( the  reversed o f f s e t  case may represent  two 

separa te  nearby f a u l t s ) ;  and (3) young f a u l t s  o f f s e t t i n g  the e n t i r e  section. 

An example of the  f i r s t  type of f a u l t  displacement between w e l l s  M-50 and M-90 

is i l l u s t r a t e d  i n  Figure 5, t h e  second type between w e l l s  M-39 and M-10 is 

.r 

- 
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Figure 18. Faults and surface l inears,  apparent distribution of volcanic 
layer and possible volcanic center southwest of the f i e l d ,  
and gravity minimum axis in  the same area. 



IS M- 0 and I- shown i n  Figure 6, and the  t h i r d  type between we appears 

i n  Figure 5. These f a u l t  classes are i d e n t i f i e d  on t he  f a u l t  map in  . k, 
Figure 18. 

This c l a s s i f i c a t i o n  of f a u l t s  does not imply t h a t  there  were only 

two periods of f a u l t i n g  s ince  the  formation of the  basin i n  the  Miocene. 

The w e l l  log co r re l a t ions  ind ica t e  t h a t  t he  older  f a u l t s  are not a l l  t i m e -  

equivalent ( r e f e r  t o  the  s t r a t i g r a p h i c  cross-sections i n  Figures 4-71 - 
Furthermore, earlier f a u l t i n g  events may be recorded i n  the  older  pa r t  

of the  basin f i l l  not penetrated by the  w e l l s  at Cerro Prieto.  

t he  sur face  l i n e a r s  i nd ica t e  very young f a u l t  movements, a t  least some of 

Although 

these  f ea tu res  may be reac t iva ted  older  f au l t s .  

nized i n  the  basin f i l l  may represent  r eac t iva t ion  of the  i n i t i a l  f au l t i ng  

Any of the  f a u l t s  recog- 
L 

of the  basement i n  t h e  Miocene. It is not clear how many periods of 

f a u l t i n g  have occurred, bu t  it there  may have been in t e rmi t t en t  f au l t i ng  in 

t h i s  area s ince  the  Miocene. 

The northeast-southwest trending zigzag l i n e  on the  f a u l t  map (Figure 

18), extending from j u s t  east of M-53 t o  j u s t  west of M-105, represents  

t h e  south-eastward termination of several d i s t i n c t i v e  sands i n  the  shallow 

part of the sec t ion  which exh ib i t  anomalous log response pa t t e rns  (suppressed 

o r  reversed SP and r e l a t i v e l y  high r e s i s t i v i t i e s ) .  - 

discussed i n  Section 2 (Li thofacies  Analysis). This la teral  d iscont inui ty  

may be a s t r i k e - s l i p  f a u l t  because w e l l  log co r re l a t ions  suggest t h a t  (1) 

t he re  is no s i g n i f i c a n t  v e r t i c a l  displacement along some p a r t s  of t h i s  

l i n e ,  and (2) where the re  is vertical displacement, i t  may be r e l a t ed  t o  

These sands were 

.. - 

c 

f a u l t s  with a d i f f e r e n t  trend. 
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Only dip-s l ip  f a u l t  displacement could be recognized from the  geo- 

physical  data  and well-log cor re la t ions .  Consequently, although the  

f a u l t s  are shown as dip-s l ip  f a u l t s  on the  map i n  Figure 18, t he re  may be 

a s ign i f i can t  l a t e r a l - s l i p  component i n  some cases (oblique-slip f a u l t s ) .  

The f a u l t i n g  i n  the  Cerro P r i e to  area appears more complex than 

indicated i n  previous papers,  i n  t e r m s  of f a u l t  t rends and h i s to ry  of f a u l t  

movements. In addi t ion  t o  the  northeast-southwest and northwest-southeast 

f a u l t  t rends which have been emphasized i n  earlier f a u l t  i n t e r p r e t a t i o n s ,  

north-south and north northeast-south southwest t rends are a l s o  prominent 

on the  f a u l t  map. 

It has been suggested tha t  t he  f a u l t s  i n  the  f i e l d  are growth f a u l t s  

because of increasing o f f s e t  of co r re l a t ion  markers with depth (Razo 

M., personal communication, 1979). This o f f s e t  pa t t e rn  is i l l u s t r a t e d  by 

most of the  f a u l t s  shown i n  the  cross sec t ions  i n  Abr i l  G. and Noble 

(1979). Many of the  earlier co r re l a t ions  are quest ionable ,  however, due t o  

pronounced lateral  s t r a t i g r a p h i c  changes ( r e f e r  t o  the  s t r a t i g r a p h i c  cross 

sec t ions  i n  Figures 4-7 of t h i s  repor t )  and cross-cut t ing hydrothermal 

a l t e r a t i o n  e f f e c t s  (e.g., the  A/B boundary discussed i n  the  Li thofac ies  

Analysis sect ion) .  Well-log co r re l a t ions  i n  t h i s  study, however, suggested 

d i s t i n c t  episodes of f a u l t  displacement f o r  most of the  in t e rp re t ed  f a u l t s  

r a t h e r  than continuous growth. 

Basement S t ruc t u r e  

Using ava i lab le  da t a ,  i t  is very d i f f i c u l t  t o  def ine basement s t r u c t u r e  

i n  the  Cerro P r i e to  area. 

and S-262), a t  depths of 2722 m,  2547 m,  and 1478 m, respec t ive ly ;  but nearby 

Only th ree  w e l l s  penetrated basement (M-3, M-96, 
~ 

6. 

c 

w e l l s  i nd ica t e  abrupt changes i n  depth t o  basement. Basement in t e rp re t a t ion  
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from geophysical da ta  is confuse4 by anomalies within the  basin 1 

u Geophysical data coverage is another l imi t ing  fac tor .  Various problems i n  

in t e rp re t ing  basement s t r u c t u r e  i n  t h i s  area from geophysical data are 

discussed below, followed by an i n t e r p r e t a t i o n  of the  major basement 

s t r u c t u r a l  features .  

The seismic r e f l e c t i o n  data are not t i e d  t o  any of the  basement tests. 

An apparent basement r e f l e c t i o n  was recognized only i n  a few places south 

and southeast  of the  f i e l d  (e.g., on p r o f i l e  G4' i n  Figure 19). 

of t he  s t r u c t u r a l  confusion on t h i s  seismic sec t ion  is apparently due t o  

r e f l e c t e d  energy coming from out of the  plane of the  section. 

wester ly  dipping r e f l e c t i o n  southwest of t he  f i e l d  (p ro f i l e s  D-D' and E-E' 

i n  Figures 11 and 14) has been in t e rp re t ed  as basement by Fonseca L. 

Razo M. (1979). This r e f l e c t i o n  is in t e rp re t ed  i n  t h i s  study as a volcanic 

l aye r  underlain by sedimentary strata f o r  the  following reasons : 

P a r t  

A s t rong  

and 

1. Apparent primary r e f l e c t i o n  

t h i s  event,  e spec ia l ly  on p r o f i l e  D-D 

can be seen beneath the  record of 

which is less noisy than E-E'. 

2. It appears t o  grade l a t e r a l l y  i n t o  lower amplitude re f lec-  

t i ons  on p r o f i l e  ' r a t h e r  than terminate by fau l t ing .  

ecton on prof i l e  D-D', the 

s i nd ica t e  sedimentary 

4 

dip for t he  magnetic basement i n  the  area of t h i s  s t rong 

r e f l e c t i o n ,  which a l s o  has a monoclinal wester ly  dip. The 
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W 
Bouguer grav i ty  map (Figure 1 3 ) ,  however, shows a gravi ty  minimum 

axis crossing p r o f i l e s  D-D' and E-E' i n  t h i s  area suggesting t h a t  

the  sedimentary sec t ion  thickens and then th ins  i n  a westerly 

d i r ec t ion  across  the  area of t he  s t rong r e f l e c t i o n ,  which 

seems t o  requi re  sedimentary strata below t h i s  supposed 

basement re f lec t ion .  

The d i s t r i b u t i o n  of t h i s  apparent volcanic  layer  was  estimated by 

ex t rapola t ing  away from the  r e f l e c t i o n  l i m i t s  on p r o f i l e  D-D' by following 

the  trend of the magnetic contours. The estimated d i s t r i b u t i o n  is consis- 

t e n t  with t h e  apparent l i m i t s  of t h i s  r e f l e c t i o n  on p r o f i l e  E-E'. A s m a l l  

p o s i t i v e  magnetic anomaly occurs within t h i s  area south of p r o f i l e  E-E' 

along the  in t e rp re t ed  basin boundary f a u l t  zone (based on gravi ty  and 

seismic r e f l e c t i o n  p r o f i l e  E-E'). This anomaly may represent  t he  volcanic 

center  responsible  f o r  t he  postulated volcanic  layer  (Figure 18). 

A poss ib le  i n t e r p r e t a t i o n  of the  basement s t r u c t u r e  southwest of 

t h e  f i e l d  is given i n  t h e  i n  Figure 15. I n  t h i s  area, the  grav i ty  da t a  

seem t o  def ine  t h e  basement s t r u c t u r e  b e t t e r  than the  magnetic or  re f lec-  

t i o n  seismic da ta  (compare Figures- 11, 13, and 20). However, t he  occurrence 

of high-density sedimentary rocks above basement i n  other  areas suggests 

t h a t  g rav i ty  d a t a  may not always provide accura te  depths t o  basement 

throughout t he  region. For example, i n  t he  Imperial  Valley, the  coincidence 

of seven of the  known geothermal anomalies coincide with positive gravi ty  

anomalies, which have been explained by dens i f i ca t ion  of the  sediments 

during hydrothermal a l t e r a t i o n  (Smith, '1979). This may not be the  s o l e  

reason f o r  t he  high g rav i ty  reading over p a r t  of the  Cerro P r i e to  f i e l d  

(see Figure 13) because of a more complex geology, i n  

h i s t o r y ,  which w i l l  be considered later. 

I 

uding the  a l t e r a t i o n  

It*' 
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Figure 20. Magnetic anomaly map of Cerro Prieto area (Razo and Fonseca, 
1978). 
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Northwest of the producing area, however, wells M-96 and 4-757 are on 

&I a narrow northwest-southeast trending gravity high (Figure 13). The 

gravity field on this ridge-like anomaly is approximately.55 mgal higher 

than the field at well S-262, which intersects basement at a depth 1244 m 

shallower than basement at M-96 (Figure 13). This discrepancy appears to 

be due to densified sediments above basement. In both M-96 and 4-757, 

especially in 4-757, the sediments show a more rapid increase in density 

with depth than in most of the other Cerro Prieto wells. The interval 

% 

from about 800-1730 ft (244-527 m) in 4-757 is particularly anomalous with 

sandstone densities ranging from about 2.25-2.45, which corresponds to a 

porosity range of about 24%-12X. This interval was described as dominantly 

quartzite by CFE personnel based on cuttings. A petrographic examination 

of a thin section from a core taken at 271 to 280 m depth revealed a well- 

cemented quartzose sandstone with no carbonate and very little clay. 

the thin section is representative of the high-density interval, the 

porosity indicated by the density log is probably mainly secondary solution 

porosity. 

before drilling based on gravity would be too shallow. 

If 

So in this area of densified sediments, a basement interpretation 

Seismic refraction data probably provide the most reliable geophysical 

definition of basement, but unfortunately, in dn area of complex block faulting, 

refraction data coverage and its l+ited spatial resolution generally are 

c not sufficient mapping basement structure in any detail. Because of 

the structural complexity and local occurrence of densified sediments and 

magnetic igneous rocks above basement (volcanics , sills, and/or dikes) in 
the Cerro Prieto region, interpretation of basement structure requires 

integration of gravity, magnetic, reflection, and refraction data. 

, 

The 
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data  coverage and da ta  qua l i t y ,  however, do not allow us t o  do much more 

than i n t e r p r e t  t he  major basement s t r u c t u r a l  fea tures  as discussed below. LJ 
Both the  magnetic and Bouguer grav i ty  maps (Figures 13  and 20) suggest 

t h a t  the  basement penetrated by S-262 is on a northwest-southeast trending 

fault-bounded basement high (hors t ) .  The sur face  expression of t he  Cerro 

P r i e to  f a u l t  on the  southwest f lank  (alignment of l i n e a r  streams, ponds, 

and thermal sp r ings ) ,  se i smic i ty  da t a ,  and w e l l  log co r re l a t ions  from M-90 

t o  M-101 suggest t ha t  t h i s  basement high is a very young feature .  

The negative magnetic anomaly between M-3 and M-96, which crosses  the  

high-gravity r idge  discussed above, implies a basement low between these  

two basement penetrat ions (Figures 13  and 20). The gravi ty  map suggests 

t h a t  the  basement deepens t o  the  east, southeas t ,  and south away from M-3. 

A young northeast-southwest trending f a u l t  between M-3 and M-7 w a s  i n t e rp re t ed  

from t h e  alignment of a sur face  l i n e a r  and an apparently young f a u l t  on re f lec-  

t i o n  p r o f i l e  B-B'. 

M-96 suggest t h a t  M-3 is on a northeast  trending ho r s t  separated from the  

M-96 basement high by a graben (Figure 18). 

y t ruc tu re  a l s o  seems t o  be very young, bu t  i n  cont ras t  t o  the  S-262 h o r s t ,  t h e  

bounding f a u l t s  are apparently now aseismic ( r e f e r  t o  se i smic i ty  da t a  i n  

Albores L. et  al., 1979). 

Surface l i n e a r s  with a similar t rend between M-3 and 

This basement ho r s t  and graben 

Another major basement f a u l t  was recognized by several workers j u s t  

east of t he  Cerro P r i e to  volcano. Gravity,  seismic re f r ac t ion ,  and resis- 

t i v i t y  surveys (Majer et  al., 1979; Razo M. e t  al., 1979; and W i l t  et al., 

1979) ind ica t e  a l a rge  wester ly  downward displacement. The observed dis-  

placement coincides with a north-south trending set of surface l i n e a r s ,  thus 

e s t ab l i sh ing  the  trend of t he  f a u l t .  
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The f a u l t i n g  may be complex i n  the  producing area, but  the  g rav i ty  

V 

map (Figure 13) ind ica t e s  a general  deepening of t he  basement i n  a south- 

e a s t e r l y  d i r e c t i o n  across  the  f i e ld .  Although a basement r e f l e c t i o n  cannot 

be seen beneath t h e  f i e l d ,  t h e  seismic r e f l e c t i o n  p r o f i l e s  suggest a 

r e l a t i v e l y  deep basement. 

ical  evidence f o r  a basement ho r s t  underlying the  f i e l d  as suggested by 

var ious workers i n  the  past .  

b.l 

There does not seem t o  be any convincing geophys- 

The p o s i t i v e  magnetic anomaly southeast  of t he  f i e l d ,  where the 

g rav i ty  ind ica t e s  a deep basement, suggests t he  presence of volcanics  ~ 

and/or dikes and sills within the  basin f i l l  (Figures 13  and 20). A 

reflection-poor zone'can be seen on seismic p r o f i l e  C-C' across  t h i s  

magnetic anomaly. This i n t e r p r e t a t i o n  was apparently confirmed by recent 

d r i l l i n g  which encountered diabase i n  w e l l  NL-1 a t  a depth of about 6500 f t  

(2000 m) which has been in t e rp re t ed  as a d i k e / s i l l  complex by CFE personnel 

(Goldstein,  1980, o r a l  commun. ) . 
5. HYDROTHERMAL ALTERATION 

Indurat ion of Sediments 

Puente C. and de la PeZa L. (1979) divided the  s t r a t i g r a p h i c  

sec t ion  i n t o  two major u n i t s  based on w e l l  samples (p r inc ipa l ly  cutt ings)--  

L i thologic  Unit A and Unit B. 

u n i t s  is t h e  degree of consol idat ion o r  induration. 

represents  t h e  t r a n s i t i o n  from unconsolidated and semiconsolidated t o  

consolidated. 

The p r inc ipa l  d i f fe rence  between these two 

Thus, t h e  A/B "contact" 

Elders et al. (1978, p. 1 3 ) '  r e l a t e d  a high degree of indura- 

t i o n  t o  cementation o r  metamorphic changes and concluded t h a t  t h e  A/B 

boundary "may not be a depos i t iona l  boundary within the  geothermal reservoir .  I' 

The s t r a t i g r a p h i c  co r re l a t ions  i n  our study ind ica t e  tha t  t he  A/B boundary 
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is not a s t r a t i g r a p h i c  marker horizon, bu t  an indurat ion boundary t h a t  cu t s  

across  the  sedimentary strata, suggesting loca l ized  post-deposit ional &i 
a l t e ra t ion .  This re la t ionship  is i l l u s t r a t e d  i n  Figure 21 f o r  t h e  four  

cross  sec t ions  discussed i n  the  l i t h o f a c i e s  ana lys i s  sect ion.  A dome-like 

configurat ion can be seen f o r  t h e  indurat ion boundary with t h e  shallowest 

p a r t  coincident with the  o lder  producing area (e.g., w e l l s  M-5, M-9, M-10, 

M-14, M-21, M-25, M-39, and M-46). The well-log co r re l a t ion  markers on the  

c ross  sec t ions  c l e a r l y  show t h a t  t h e  indurat ion boundary does not p a r a l l e l  

t he  strata (seismic r e f l e c t i o n  co r re l a t ions  are given where w e l l  log 

co r re l a t ion  markers were lacking).  

Well LOR Evidence 

Density logs were examined t o  determine the  e f f e c t  on rock d e n s i t i e s  

of t he  change i n  consol idat ion a t  the  A/B boundary noted i n  the  w e l l  cut t ings.  

A marked increase i n  sha le  d e n s i t i e s  w a s  genera l ly  observed a t  the  top of 

t he  indurated zone as i l l u s t r a t e d  by the  c lose  correspondence between 

the  depth below which sha le  dens i t i e s  exceed 2.4 and the A/B boundary on 

the  c ross  sec t ions  i n  Figure 21. A map of t he  depth t o  t h i s  sha le  densi ty  

l e v e l  is given i n  Figure 22. 

In addi t ion  t o  sha le  "densif icat ion ," e l e c t r i c a l  logs ind ica t e  t h a t  

indurat ion a l s o  produced a marked increase i n  sha le  r e s i s t i v i t y ,  but  a t  a 

g rea t e r  depth,  as shown i n  Figure 21 by t h e  depth below which sha le  

r e s i s t i v i t i e s  exceed 5 ohm-m. The general  configurat ion of t he  top of t h e  

h igh - re s i s t i v i ty  sha les  is similar t o  t h a t  of the  A/B boundary. Figure 23 is a 

map of t he  depth t o  t h i s  sha le  r e s i s t i v i t y  level .  Note the  s i m i l a r i t y  of t h e  

two maps. The rock proper t ies  of t he  sandstones are anomalous and w i l l  be 

discussed later. 
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Hydrothermal Minerals 

LJ 

. 

Elders et al. (1978, 1979) have determined the distribution of hydrothermal 

minerals in sandstones and shales in 23 wells at Cerro Prieto by x-ray diffrac- 

tion analysis of well cuttings. They found a dome-like pattern of hydrothermal 

mineral horizons similar to the isotherm pattern from borehole temperature 

surveys, which led them to conclude that temperature is the principal control 

over the observed mineralization (Figure 24). The shallowest hydrothermal 

mineralization occurs in the older producing area. Three mineral horizons 

were selected from the data in Elders et al. (1978) and plotted on the 

cross sections in Figure 21. The horizons consist of the first occurence 

of epidote, in which the chlorite/illite ratio increases to greater than 1, and 

the first occurrence of prehnite. In addition, the first occurrence of green 

cement (probably epidote), based on cuttings descriptions by CFE personnel, is 

also shown. 

Not surprisingly, the configuration of the hydrothermal mineral horizons 

conforms in general to the dome-like pattern of the consolidation, density, 

and resistivity transitions, which suggests that these changes in physical 

properties of the sediments were caused by hydrothermal alteration. 

the depths to various mineral horizons in Elders et al. (1978) are similar 

to the shale density and resistivity horizon maps in Figures 22 and 23. 

discordant geometry of the altered zone with respect to the.strata indicates a 

localized heat source rather than burial diagenesis (burial metamorphism). 

Maps of 

The 

Subsurface Temperatures 

The depths corresponding to a borehole temperature of 25OOC are also 

given on the cross sections -in Figure 21. This temperature was arbitrarily 

selected to represent the configuration of the high-temperature zone in the 
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f i e l d  area. 

ava i l ab le  t o  t h i s  s tudy,  it was not poss ib le  t o  draw a 25OOC isotherm across  

the  c ross  sect ions.  

Since temperature survey da ta  f o r  many of the  w e l l s  were not 

kJ 

It must be emphasized t h a t  temperatures measured i n  the  borehole are 

commonly lower than t h e  t r u e  formation temperature because of cooling by 

d r i l l i n g  f l u i d s  i n  t h e  borehole. Several  temperature surveys were made i n  

some w e l l s .  In  such cases, t h e  temperature-depth curves general ly  exh ib i t  

a systematic  s h i f t  t o  higher temperatures with increasing t i m e  s ince  the  last 

c i r cu la t ion .  

lapsed t i m e ,  which varies from w e l l  t o  w e l l .  

temperature surveys during steam discharge were ava i lab le  (Barker, 1979),  and 

these  were he lpfu l  i n  es t imat ing the  a c t u a l  formation temperature. 

w e l l s  f o r  which the  25OOC depth is given i n  the  cross  sec t ions ,  however, t h e  

The depths t o  250OC were taken from the  curve with the  longest 

For w e l l s  M-93 and M-105, 

For t h e  o ther  

h o t t e s t  temperature surveys may st i l l  be too cool i n  some cases. Consequently, 

t he  25OOC depth should be regarded only as a maximum depth, Le. ,  t h e  

25OOC formation temperature may ac tua l ly  occur a t  shallower depths than 

ind ica ted  on the  cross  sect ions.  

Although t h e  borehole temperature da ta  ind ica t e  t h a t  t he  consol idated,  

high-density, h igh - re s i s t i v i ty  sha les  correspond t o  high-temperature 

condi t ions,  t h e  250OC depth i n  Figure 2 1  is q u i t e  va r i ab le  i n  d e t a i l  with 

respect t o  the  consol idat ion,  dens i ty ,  and r e s i s t i v i t y  t r a n s i t i o n s  described 

above. In  addi t ion  t o  the  borehole cooling problem, these  deviat ions may 

r e f l e c t  cooling of t he  subsurface s ince  the  thermal "event" t h a t  caused t h e  

hydrothermal a l t e r a t i o n  of t he  sediments below t h e  A/B boundary. 

evidence of pos t -a l te ra t ion  cool ing w i l l  be discussed later. 

Other 

Barker (1979) determined v i t r i n i t e  reflectance-depth t rends  f o r  four  
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Cerro P r i e to  wells (M-84, M-93, M-94, and M-105). Because t h i s  physical  

property is a measure of maximum temperature condi t ions,  i so re f l ec t ance  bi 
levels would be expected t o  conform more c lose ly  t o  the  physical  and minera- 

l o g i c a l  a l t e r a t i o n  horizons than borehole temperature isotherms. There is an 

abrupt increase  in v i t r i n i t e  r e f l ec t ance  a t  t he  A / B  boundary from less than 

1.0 above t o  grea te r  than 3.0 a few hundred meters below. Correlat ion of 

v i t r i n i t e  re f lec tance  with b u r i a l  diagenesis  and metamorphism i n  other  areas 

ind ica t e s  b u r i a l  diagenesis down t o  the  A/B boundary and metamorphism below 

(Lyons, 1979). 

2.5 km w e r e  p lo t t ed  on the  cross  sect ions.  

I 

I 

I 

From Barker's reflectance-depth t rends ,  t h e  depths t o  2.0 and 

These re f lec tance  values cons i s t en t ly  

are between the  A/B boundary and the  top of t he  h igh - re s i s t i v i ty  shales.  

Thus, as an t i c ipa t ed ,  t h i s  paleotemperature ind ica tor  is more conformable t o  

t h e  a l t e r a t i o n  horizons than t o  borehole temperatures. 

Productive I n t e r v a l s  

With the  exception of the r e l a t i v e l y  cool ,  shallow production on the  

northwest f lank  of t he  f i e l d ,  t he  geothermal production i n t e r v a l s  general ly  

s t r add le  o r  under l ie  t he  top of t he  h igh - re s i s t i v i ty ,  high-density shales.  

This suggests t h a t  t he  geothermal resource is re l a t ed  t o  the  same heat  

source responsible  f o r  the  hydrothermal a l t e r a t i o n  of the  sediments. The 

thermal h i s to ry  of t h i s  area w i l l  be discussed later. 

6. NATURE OF THE GEOTHERMAL RESERVOIR 

Because of t he  evidence of indurat ion and metamorphism below the  A/B 

boundary, previous workers concluded t h a t  i n t e r s t i t i a l  o r  matrix porosi ty  

and permeabili ty is poorly developed i n  the  deeper parr of the  Cerro P r i e to  
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f i e l d .  Observations of f r ac tu res  i n  cores suggested f rac tured  reservoirs .  

L, This conclusion is supported by co r re l a t ions  of sandstone porosity/permea- 

b i l i t y  with b u r i a l  diagenesis and metamorphism in  a va r i e ty  of sedimentary 

basins  (e.g., van de Kamp, 1976; Lyons, 1978, 1979). However, evidence w i l l  be 

presented below t h a t  secondary matrix porosi ty  and permeabili ty are w e l l  

developed below t h e  A/B boundary throughout t he  Cerro P r i e to  f i e l d .  

Well LOR Evidence 

R e s i s t i v i t y ,  dens i ty ,  and sonic  logs i n  the  a l t e r e d  zone ind ica t e  

t h a t  whereas t h e  sha les  are indeed low-porosity, highly indurated rocks,  

t h e  sandstones commonly have f a i r  t o  good poros i t i e s  (15% t o  35% o r  higher). 

The poros i ty  c a l i b r a t i o n  of t he  densi ty  log  response by Schlumberger is 

based on quartz-rich sandstones,  which is cons is ten t  with the  sandstone com- 

pos i t i on  data  discussed earlier. 

corroborated by core  poros i ty  measurements by CORELAB, Inc. (18% t o  28.6% 

below t h e  A/B boundary) which are given on the  cross  sect ions.  

These r e l a t i v e l y  high log po ros i t i e s  were 

An example of t he  r e s i s t i v i t y  and densi ty  log  pa t t e rns  above and below 

Sand r e s i s t i v i t i e s  are higher than t h e  A/B boundary is  shown i n  Figure 25. 

shale resistivities above the  A/B boundary, but  below the top of t he  high- 

r e s i s t i v i t y  s 

Shale dens i t i e s  are normally higher both above and below the A/B boundary, 

es, most of the  sandstone i n t e r v a l s  have lower r e s i s t i v i t i e s .  

but t he  densi ty  d i f f e rence  between sandstones and sha les  below A/B is  gener- 

a l l y  much g rea t e r  than t h e  densi ty  d i f f e rence  between sands and sha les  above 

A/B. A s  i l l u s t r a t e d  i n  the  density-depth p l o t s  i n  Figure 26, while the  

sha les  exh ib i t  t h e  expected marked increase i n  densi ty  a t  the  top of the  

a l t e r e d  zone, most of t he  sandstone i n t e r v a l s  show a much smaller change 

i n  dens i ty  (porosity).  Some sandstone po ros i t i e s  i n  the  a l t e r e d  zone are 
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Figure 25. Typical example of the contrasting res i s t iv i ty  and density 
log response patterns for sands and shales above and within 
the altered zone. The lower density curve was shifted to the 
l e f t  (lower density) with respect to  the upper density curve 
for display purposes. L J  
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Figure 26.* Examples of density-depth plots  i l lustrat ing  the marked 
increase in  shale densit ies  at the top of the altered zone, 
but much smaller change in  density in  sandstones. 
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apparent ly  even higher than those above the  A/B boundary. The occurrence 

of 

phosed sha les  i m p l i e s  secondary poros i ty  development by so lu t ion  of chemically 

uns tab le  framework g ra ins  and po re - f i l l i ng  material. Typical ly ,  t he re  is 

more s c a t t e r  i n  the  density-depth r e l a t ionsh ip  f o r  sandstones below A/B than 

f o r  sands above A/B which suggests v a r i a t i o n  i n  the  degree of secondary 

poros i ty  development. 

f a i r  t o  good sandstone poros i ty  interbedded with low-porosity, metamor- 61 

In  con t r a s t ,  i n  t he  M-96 w e l l ,  which is a nonproductive w e l l  northwest 

of t he  f i e l d ,  t he  density-depth t rend suggests progressive poros i ty  destruc- 

t i o n  with increasing b u r i a l  depth (Figure 27). 

picked i n  t h i s  w e l l  by CFE, bu t  below the  2.4 sha le  dens i ty  horizon, sand- 

s tone  p o r o s i t i e s  decrease sys temat ica l ly  from about 19% t o  6%. The borehole 

temperature surveys ind ica t e  t h a t  M-96 is present ly  coo l ,  bu t  the  sandstone 

densi ty-depth t rend f o r  M-96 exh ib i t s  higher d e n s i t i e s  (lower p o r o s i t i e s )  

versus  depth than the  t rend f o r  M-94, which is a much h o t t e r  w e l l .  This 

suggests t h a t  the  poros i ty  des t ruc t ion  i n  M-96 is r e l a t e d  t o  higher 

paleotemperature conditions.  Secondary so lu t ion  poros i ty  is apparent ly  

not  very s i g n i f i c a n t  i n  M-96. Differences i n  the  a l t e r a t i o n  h i s t o r y  between 

t h e  producing area and t h i s  w e l l  w i l l  be discussed later. 

The A/B boundary was not 

PetroRraphic Evidence 

To check the  secondary so lu t ion  poros i ty  idea ,  a l t e r a t i o n s  and t e x t u r a l  

r e l a t ionsh ips  were examined i n  the  petrographic  study r e fe r r ed  t o  i n  Sect ion 

3 (Deposit ional Model; see Table 1). A l l  samples are from the  indurated 

zone (below the  A/B boundary). 

r e s i n  before  cu t t i ng  the  t h i n  sec t ions .  The blue r e s i n  f i l l s  the  pore 

The rocks were impregnated with b lue  epoxy 

space and f a c i l i t a t e s  t he  recogni t ion of porosity.  
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Figure 27. Density-depth trend in  the M-96 w e l l  i l lustrating progressive 
porosity destruction with depth and the apparent absence of 
significant secondary solution porosity. 
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The sandstones are very f ine-  t o  coarse-grained and are moderately 

t o  w e l l  sorted.  Matrix c lays  are 1% o r  less i n  most samples. A l t e ra t ions  

similar t o  those previously described i n  Elders  et al. (1978, 1979) are 

common. The most abundant cement i n  these  sandstones is po re - f i l l i ng  

carbonate. 

are minor const i tuents .  

Quartz grain-overgrowth cement and epidote  pore- f i l l ing  cement 

Textural  r e l a t ionsh ips  suggest t h a t  cementation reduced sandstone 

p o r o s i t i e s  t o  less than 10% below the  A/B boundary. 

so lu t ion  of chemically unstable  framework g ra ins  (mainly fe ldspar  and some 

volcanic  fragments) and carbonate cement resu l ted  i n  increased poros i ty  to  

28% o r  more. These r e l a t ionsh ips  are i l l u s t r a t e d  i n  Figures 28 t o  31. I n  

the  present ly  cool M-96 w e l l ,  so lu t ion  porosity is not as w e l l  developed as 

i n  the  producing w e l l s .  

However, subsequent 

The t ex tu re  typ ica l ly  v a r i e s  from t i g h t l y  cemented t o  apparent ly  

i s o l a t e d  "vuggy" poros i ty  t o  interconnected poros i ty  i n  the  same t h i n  

sec t ion ,  which suggests t h a t  permeabi l i ty  w i l l  vary from poor t o  good i n  

these  porous hydrothermally a l t e r e d  sandstones. 

measurements support t h i s  suggestion. The v a r i a b i l i t y  i n  sandstone 

permeabi l i ty  i n  the  a l t e r e d  zone is i l l u s t r a t e d  by the  core porosi ty-  

permeabi l i ty  c ros sp lo t  i n  Figure 32. 

The core permeabi l i ty  

Frac ture  Versus Matrix Permeab_i_l..tx 

Thus t he  densi ty  l o g s ,  co re  measurements, and t h i n  sec t ions  cons i s t en t ly  

ind ica t e  f a i r  t o  good sandstone p o r o s i t i e s  in the  hydrothermally a l t e r e d  zone. 

The t e x t u r a l  r e l a t ionsh ips  c l e a r l y  support the  above i n t e r p r e t a t i o n  t h a t  

these  anomalously high p o r o s i t i e s  are due t o  pos t -a l te ra t ion  solut ion.  It 

follows then t h a t  matrix poros i ty  and permeabili ty are s i g n i f i c a n t  even i n  

Li 
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CBB 802-2543 

Figure 28. Photomicrograph of sandstone core sample from w e l l  M-20, a t  
915.3 m depth,  plane polar ized l i gh t .  
t h i s  view are pores mostly r e s u l t i n g  from removal of carbonate 
cement and feldspar .  Elsewhere i n  t h i s  s ec t ion ,  t he  cement is 
present. Measured porosi ty  is  23.7% i n  t h i s  rock. View is 
1.2 mm across. 

The dotted areas i n  
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CBB 802-2541 
Figure 29. Photomicrograph of sandstone a t  915.3 m depth i n  w e l l  El-20 showing 

porosity i n  dot pattern. 
cemented by carbonate is  present. 
detrital  grains is similar in  both cemented and cement-free areas. 
View is 1 . 2  mm across. 

On the right s i d e  of the view an area 
The packing arrangement of 

(I$ 
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CBB 802-2547 

Figure 30. Sandstone i n  well M-96 composed of angular to  well-rounded grains. 
Dotted areas are pores. 
feldspar grain with four" holes resulting from partial  leaching 
of the grain. This sample is from 1981 m depth. 
across. 

In the l e f t  center of the view is a 

View is 1 . 2  mm 
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CBB 802-2545 

Figure 31. Sandstone, w e l l  M-96 at  1979 m depth. 
moderate to w e l l  sorted rock, with secondary porosity shown in  a 
dot pattern. 
V i e w  is 0.5 mm across. 

This is a f ine  grained, 

The grain in  the center is a partly leached feldspar. 
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Figure 32. Core porosity versus meability for sample from the altered zone 
(measurements by CORELAB, Inc.). 
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the deeper reservoirs. 

Descriptions of cores from 12 wells supplied by CFE suggest that bi 
open fractures (fracture permeability) are unusual in the hydrothermally 

altered zone. Fracture permeability may be significant near faults, although 

the core descriptions suggest that this is generally not the case. Fractures 

were observed in both sandstones and mudstones. 

Some fractures are filled with sediment, mainly fractures in mudstone 

filled with sandstone, indicating injection of unconsolidated sediment into 

adjacent, more consolidated fractured sediment. Such fracturing apparently 

occurred before hydrothermal alteration. 

Post-induration fractures are commonly sealed by hydrothermal minerali- 

zation as described by Elders et al. (1978, p. 76). They interpreted repeated 

fracturing and sealing in the altered zone based on "multiple and cross- 

cutting mineral veins." 

fracture filling. 

the calcite cement removed from the sandstones. Perhaps some of the other 

vein minerals may be related to the solution of unstable grains in the sand- 

stones (Le., to feldspars and volcanic fragments). 

Calcite was mentioned as a common vein mineral as 

Some of the calcite may represent reprecipitation of 

Although fractures may be an important contributor to reservoir perme- 

ability locally, secondary matrix porosity and permeability appear to be more 

important volumetrically in the reservoirs of the Cerro Prieto field. 

7. SURFACE GEOPHYSICAL DETECTION OF GEOTHERMAL ANOMALY 

Resistivity 

Generally speaking, hydrothermal alteration of sediments results in the 

formation of authigenic cements in sandstones and clay mineral transformations 
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i n  sha le s ,  both of which causes a decrease i n  primary porosi ty  and an increase 

i n  r e s i s t i v i t y .  This e f f e c t  may be o f f s e t  t o  some degree by the  development of W 
secondary so lu t ion  porosi ty  i n  sandstones as discussed i n  the previous sect ion.  

Another o f f s e t t i n g  f ac to r  is the  increase i n  pore f l u i d  s a l i n i t y  r e l a t ed  t o  

hydrothermal reac t ions  which produce higher concentrations of ions i n  the  pore 

f lu id .  The e f f e c t  of the  s a l i n i t y  change depends on the  ne t  porosi ty  l o s s  i n  

t h e  a l t e r e d  zone. 

nonmarine t o  marine depos i t iona l  conditions occurred, t h e  r e su l t i ng  s a l i n i t y  

v a r i a t i o n s  would complicate the  r e s i s t i v i t y  response and obscure, t o  some 

degree,  t h e  e f f e c t s  of hydrothermal ac t iv i ty .  

In  an area where lateral and/or vertical gradations from 

The in t e rp re t ed  sur face  r e s i s t i v i t y  along seismic l i n e  D-D' by W i l t  et al. 

(1979) shows a h igh- re s i s t i v i ty  body below 800 m,  which approximately coin- 

c ides  with the  productive zone in t he  older  pa r t  of the  f i e ld .  The researchers  

relate t h i s  body t o  poros i ty  l o s s  by hydrothermal a l t e r a t i o n  because it co r re l a t e s  

w e l l  wi th  the a l t e r e d  zone (c ross  sec t ion  111-111' i n  Figure 21). The top 

of t he  h igh - re s i s t i v i ty  sha les  observed on the  w e l l  logs (Figure 21) shows 

good agreement with the  h igh - re s i s t i v i ty  body in t e rp re t ed  from the surface 

survey. 

W i l t  et al. (1979) a l s o  recognized a slmilar h igh- res i s t iv i ty  body on 

t h e i r  p r o f i l e  D-D' northwest of the f i e l d  i n  an area which is present ly  c_ool. 

This body c o r r e l a t e s  with a high-gravity "ridge" t h a t  wells 4-757 and M-96 

reveal is due t o  densif ied sediments (see Section 4, Structure) .  

I 

In general ,  detecting'geothermal anomalies i n  t h i s  'region on the  bas i s  

. of sur face  r e s i s t i v i t y  da t a  alone could be d i f f i c u l t  and r i sky  f o r  t he  

reasons discussed above. Moreover, r e s i s t i v i t y  surveys without proper,  
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d e t a i l e d  i n t e r p r e t a t i o n  might very w e l l  supply misleading information. 

Magnetics 

According t o  Fonseca L. and Razo M. (1979, p. 3 6 ) ,  "Hydrothermal react ions 

a d  aetamorphism a l s o  seem t o  a f f e c t  magnetic 

however, i n  the  ground magnetic data  obtained 

d i f f r a c t i o n  analyses of w e l l  samples reported 

t h a t  t he  only magnetic mineral present i n  the  

n e t i c  sulphide p y r r h o t i t e ,  which is general ly  

concentrations were general ly  less than 1% by 

anomalies." This is not apparent,  

by CFE (Figure 2 0 ) .  The x-ray 

by Elders et al. (1978) i n d i c a t e  

a1,tered zone is t h e  weakly mag- 

absent. Where detected,  t h e  

weight. Therefore, magnetics does 

not seem t o  be a very promising de tec t ion  method f o r  t he  Cerro P r i e t o  region. 

Gravity 

As mentioned earlier i n  the  S t ruc tu re  s e c t i o n ,  p o s i t i v e  g rav i ty  anomal- 

Imperial  Valley due ies are associated with most geothermal anomalies i n  

t o  dens i f i ca t ion  (porosi ty  loss) of the  sediments by hydrothermal a l t e r a t ion .  

Coincident p o s i t i v e  g rav i ty  and magnetic anomalies suggest basement highs,  

which may o r  may not be associated with hydrothermal a c t i v i t y ,  b u t  a p o s i t i v e  

g rav i ty  anomaly coincident with a negative magnet tc anomaly, o r  absence of 

a magnetic anomaly, suggests dens i f i ed  sediments above basement. 

A t  the  Cerro P r i e t o  f i e l d ,  hydrothermal a l t e r a t i o n  a l s o  produced 

dens i f i ca t ion ,  bu t  as discussed i n  t h e  preceding sec t ion ,  later removal of 

unstable  grains  and cement from the  sandstones by so lu t ion  r e su l t ed  i n  

anomalously low dens i ty  sandstones interbedded with high-density shales. 

Conseq:iorltly, the aEEect of the  d e n s i f i c a t  Lon on g rav i ty  depends on the  

percentages of sandstone and sha le  which varies l a t e r a l l y  as shown on the  

s t r a t i g r a p h i c  cross sec t ions  i n  Figures 4-7. Not su rp r i s ing ly ,  t h e r e  is 
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no p o s i t i v e  g rav i ty  anomaly coincident  with the  production a rea  (Figure 13). 

c 

I 

W 

It is not ye t  c l e a r  whether low-porosity, high-density altered 

rocks (as i n  the  Imperial  Valley and perhaps northwest of the f i e l d )  o r  higher 

po ros i ty ,  lower dens i ty  a l t e r e d  rocks showing secondary so lu t ion  poros i ty  (as at 

Cerro P r i e to )  are more t y p i c a l  i n  other  geothermal anomalies i n  the  Mexicali 

Valley area. 

Ref lec t ion  Seismic P r o f i l e  ) 

The A/B boundary o r  top of the  hydrothermal a l t e r a t i o n  zone does not appear 

as a r e f l e c t i o n  on the  seismic p r o f i l e s  f o r  s eve ra l  reasons. F i r s t ,  the  top of 

t he  a l t e r e d  zone is a t r a n s i t i o n  i n  the  degree of consol idat ion o r  indura t ion ,  

not  an abrupt change, which means a long-wavelength , low-frequency change i n  

acous t i c  impedance. 

a r e f l e c t i o n  from t h i s  t r ans i t i on .  In  the  Cerro P r i e t o  seismic da ta ,  however, 

f requencies  less than 16 Hz w e r e  el iminated by the  bandpass f i l t e r  appl ied i n  

the  da ta  processing. 

and preserved i n  the  seismic da ta ,  higher-frequency primary r e f l e c t i o n s  and 

Frequencies less than 10 Hz would be required t o  produce 

Second, even i f  very low frequencies had been recorded 

noise wmild obscure the  discordant low-f requency r e f l ec t ion .  Third,  well-log 

da ta  i n d i c a t e  t h a t  the  magnitude of the  acous t ic  impedance change a t  the  top 

of the  a l t e r e d  zone varies considerably across  the  f i e l d  area due t o  two 

f ac to r s .  The v a r i a t i o n  of magnitude is caused by change i n  the  b u r i a l  depth of 

t h e  overlying sediments and change i n  the  percentage of r e l a t i v e l y  low acous t i c  

impedance sandstones due t o  secondary so lu t ion  poros i ty  i n  the  a l t e r e d  zone. 

Where such sandstones predominate over dens i f ied  sha les  i n  the  upper p a r t  of 

t h e  a l t e r e d  zone, t h e r e  may a c t u a l l y  be  a p o l a r i t y  reversal i n  the  acous t ic  

impedance change. These lateral v a r i a t i o n s  i n  the  magnitude and p o l a r i t y  of 

t h e  acous t i c  impedance change would a l s o  make it  very d i f f i c u l t  t o  recognize 
J 
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a coherent r e f l e c t i o n  corresponding t o  the  top of the  a l t e r e d  zone. 

although w e l l  co t r e l a t ions  suggest a r a the r  simple dome-like configurat ion for 

the top of the a l t e r e d  zone, the de t a i l ed  geometry may be much more i r r e g u l a r ,  

which would a l so  complicate the  recogni t ion of a r e f l e c t i o n  from t h i s  acous t ic  

impedence t r ans i t i on .  

F ina l ly ,  

A reflection-poor zone, cross-cut t ing several strata and coincident with the  

hydrothermally a l t e r e d  zone, was observed at the  E a s t  Mesa geothermal f i e l d  

i n  the  Imperial  Valley by van de Kamp ( i n  Howard et al., 1978). This zone 

is character ized by r e l a t i v e l y  low matrix po ros i t i e s  and permeabi l i t i es  

smd by higher v e l o c i t i e s  and dens i t i e s  than i n  the  l a t e r a l l y  equivalent 

lower temperature strata. The dome-like configurat ion of the  reflection-poor 

zone agrees w e l l  with a gravi ty  maximum over the  f i e ld .  

In t e rva l s  i n  the  E a s t  Mesa f i e l d  are within or j u s t  above t h i s  zone. 

The productive 

A similar reflection-poor zone was observed a t  Cerro P r i e to  on seismic 

p r o f i l e s  A-A'(Figure 12) ,  B-B', and D-D' (Figure 11). Although there  is not 

s u f f i c i e n t  seismic r e f l e c t i o n  data  coverage t o  map t h i s  dome-like zone as a t  

East Yesa, it agrees reasonably w e l l  wi th  the  producing area on these pro- 

f i l e s .  With the exception of the  shallow production on the  northwest f lank 

of the  f i e l d ,  most of the  producing i n t e r v a l s  are within the  re f lec t ion-  

poor zone. A comparison of t he  top of t h i s  zone and the  indurat ion,  dens i ty  

r e s i s t i v i t y ,  hydrothermal mineral ,  temperature, and v i t r i n i t e  re f lec tance  

horizons discussed i n  the  Hydrothermal Al te ra t ion  sec t ion  can be seen on 

cross  sec t ions  1-1' and 111-111' i n  Figure 21. 

It was suggested t h a t  t he  lack of r e f l ec t ions  at East Mesa may be 

due t o  extensive f r ac tu r ing  of t he  r e l a t i v e l y  b r i t t l e  rocks i n  the  high- 

temperature zone r e su l t i ng  i n  dispers ion of seismic energy. However, 
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it was pointed out (Section 6, Nature of the Geothermal Reservoir) that open 

Eractures may be relatively uncommon in the hydrothermally altered zone at h, 
' Cerro Prieto. Perhaps closely spaced older faults contributed signif- 

icantly to the development of this reflection pattern in the older producing 

area by disrupting reflection continuity. A more significant factor at 

Cerro Prieto, however, may have been the obliteration of acoustic imped- 
* 

- _  * 
ante layering (strata) by porosity destruction due to hydrothermal altera- - 
tion. Even though later preferential solution of unstable components in 

sandstones produced fair-to-good secondary porosity, the original acoustic 

impedance layering probably was not "recreated" because of the vertical 

and lateral variability of the solution porosity. 

Therefore, in either the East Mesa situation (porosity destruction and 

fracturing) or the Cerro Prieto situation (porosity destruction followed 

by porosity enhancement), the seismic reflection method could be a good approach 

for identifying geothermal targets. Great caution is necessary, however, 

because structural complexities, dominant 

shallow basement highs may produc similar seismic reflection patterns. By 

utilizing other geophysical data, at least some of the alternatives may often 

be eliminated. Moreover, since adequate seismic reflection coverage for 

geothermal explora 

method is probably most useful for delineating the limits of the geothermal 

one-lithology sequences, and 
,- 

. 

may be prohibitively expensive, this geophysical 

resource after a discovery has been made. 
Ir 

8. THERMAL-TECTONIC HISTORY 
c 

The induration or densification of the sediments below the A/B boundary 

by hydrothermal alteration preceded the development of secondary solution 
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porosity in the sandstones and the repeated fracturing and sealing of frac- 

tures recorded by mineral veins. This suggests a relatively long period of &; 
hydrothermal activity in the Cerro Prieto area. 

The culmination of the A/B boundary (at the top of the main altered zone) 

in Figure 21, in the older producing area (wells M-5,M-9,M-1O9M-l4,M-25 and 

M-39 on cross section 111-111') is nearly flat. This implies that the top of 

the hydrothermal zone was near the surface, Le., the stratigraphic horizon 

just above the flat culmination of the altered zone approximately dates the 

densification of the sediments. 

The well log correlations in this study revealed localized angular 

unconformities in the field area that were related to older fault displace- 

ments. (This occurs between wells M-127 and M-149 on cross-section I-I", 

M-50 and M-90 on cross-section 11-11', M-10 and M-39 on cross-section 

III-111', and M-51 and M-91 on cross-section IV-IV'. 

Figure 21). The stratigraphic position of many of these unconformities 

appears to be very close to the upper limit of the altered zones. This 

suggests a relation between the northeast-southwest and north-northeast to 

south-southwest faulting and the hydrothermal activity which caused the 

densification of the sediments. 

See Figures 4-7 or 

A local angular unconformity between M-6 and M-9 is indicated by discordant 

reflection geometry on seismic profile D-D' (Figure 11). This discontinuity 

seems to be at about the same stratigraphic horizon as the culmination of 

the altered zone and many of the unconformities recognized in the main 

producing area. It is interesting to note that the shallow production zone 

west and northwest of the main productton (M-3, M-6, M - 7 ,  M-9, M-11, M-29, 

and 4-757) appears to straddle this unconformity horizon. It represents 
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b, 

an offshoot  of the  main hydrothermal zone ( r e f e r  t o  the  isotherm conFtgwa- 

t i o n  i n  Figure 24). This is somewhat analogous t o  the  in t rus ion  of an igneous 

s i l l  from a s tock i n t o  surrounding sediments. 

According t o  de Boer (1979), paleonagnetic da ta  ind ica t e  t h a t  erupt ions 

of the  Cerro P r i e t o  volcano began approximately 110,000 years  ago. 

The unconformities discussed above were followed by the  deposi t ion of 

about 2500 t o  3500 f t  (762 t o  1067 m) of sediments. Although the  unconform- 

i t i e s  and the  o lder  f a u l t i n g  cannot be r e l a t e d  t o  the  i n i t i a t i o n  of 

volcanism d i r e c t l y ,  t h e  depos i t iona l  rates suggest t h a t  deposi t ion of the 

post-unconformity sediments i n  the  pas t  110,000 years  is c e r t a i n l y  reasonable. 

This is supported by the  in t e rp re t ed  thickness of the  Holocene i n  the  

Colorado River d e l t a  p l a i n  southeast  of Cerro P r i e t o  (van de Kamp 1980, 

o r a l  commun.) and by the  ca lcu la ted  depos i t iona l  rates f o r  the  New River 

d e l t a  a t  the  south end of the  Sa l ton  Sea (Stephen and Gorsl ine,  1975). 

/ 

Therefore,  it appears t h a t  the  onset of the  northeast-southwest and 

north-northeast  t o  south-southwest f a u l t i n g ,  the  onset of hydrothermal a c t i v i t y ,  

and the  onset of the  Quaternary volcanism w e r e  roughly synchronous. The 

topographic e longat ion of the  Cerro P r i e t o  volcano ind ica t e s  northeast-southwest 

s t r u c t u r a l  control.  It seems reasonable tha t  the  rise of isotherms in the 

f i e l d  area sfid i5:+ :ipvard movement of rhyodac i t ic  magma t o  the  northwest 

was i n  response t o  the  ex tens iona l  fau l t ing .  The age of t h i s  major 

thermal-tectonic event i s  not  clear, but  t he  d a t e  of t he  o ldes t  known 

erupt ion  a t  the  C e  o P r i e t o  volcano could be considered a min 
& 

c Episodic the r  1 and t ec ton ic  a c t i v i t y  from the  event described above 
- 

t o  t he  present  is ind ica ted  by the  paleomagnetic evidence of a t  1 

major e rup t ive  phases of t he  Cerro P r i e t o  volcano (de Boer, 1979); t h e  evidence 
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of repeated f r ac tu r ing  and sea l ing  of f r ac tu res  by hydrothermal minerali- 

za t ion  (Elders et  al., 1978); and the  present  thermal spr ings  and seismici ty .  L 
The secondary so lu t ion  poros i ty  i n  t h e  a l t e r e d  sandstones developed during 

t h i s  period. It seems l i k e l y  t h a t  low-salinity waters moved l a t e r a l l y  i n t o  

t h e  a l t e r e d  zone from t h e  cooler  unal tered sediments. As these  waters heated 

up, increasing t h e i r  chemical a c t i v i t y ,  so lu t ion  of t h e  unstable  components 

i n  t h e  sandstones began. 

i 

It is not known where a l l  t he  dissolved material 

w a s  p rec ip i t a t ed ,  bu t  t h e  mineral izat ion of f r ac tu res  may acount f o r  a t  

least p a r t  of it. This process was  probably more e f f e c t i v e  at  times when 

open f a u l t s  and f r ac tu res  were present  i n  the  a l t e r e d  zone. Secondary 

porosi ty  may have developed a t  d i f f e r e n t  times throughout t h e  f i e l d  area 

according t o  the  a v a i l a b i l i t y  of open f a u l t s  and f r ac tu res  or  gradually in 

response t o  the  repeated f r ac tu r ing  indicated by the  mineral ve in  relat ionships .  

As discussed i n  Section 6, t h a t  secondary so lu t ion  porosi ty  is not 

very s ign i f i can t  i n  M-96, which is a cool w e l l  northwest of t he  f i e ld .  

High d e n s i t i e s  and r e s i s t i v i t i e s  i n  the  lower pa r t  of t he  w e l l ,  as w e l l  as 

an indurated t ex tu re  observed i n  t h i n  sec t ions ,  suggest cooling since the  

main thermal-tectonic event. Secondary so lu t ion  porosi ty  development may 

have been l imi ted  by the  r e l a t i v e l y  low subsurface temperatures following 

t h e  

t h e  

indurat ion of t he  sediments. 

It was  mentioned i n  Section 5 (Hydrothermal Al te ra t ion)  t h a t ,  i n  d e t a i l ,  

25OOC isotherm does not p a r a l l e l  t he  consol idat ion,  dens i ty ,  and resis- 

t i v i t y  t r ans i t i ons .  

s ince  t h e  main thermal-tectonic event . 
These deviat ions may a l s o  suggest loca l ized  cooling 

The h i s to ry  of t he  Cerro P r i e to  area from t h e  formation of t h e  basin 

t o  t h e  present  is summarized i n  Table 2. 
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TABLE 2. GEOLOGIC HISTORY OF THE CERRO PRIETO GEOTHERMAL FIELD: HISTORY 
OF THE AREA FROM FORMATION OF THE BASIN TO THE PRESENT 

. 

I. 

11. 

111. 

IV. 

V. 

VI . 

Basin formation Miocene 

Early stage basin fill'including volcanics Miocene 

Onset of Colorado delta progradation 
filling trough from northeast 

Mid-Pliocene 

Termination of lithofacies I deposition west Middle Pleistocene 
of field and shoaling of marine connection 
t o  Imperial Valley area 

Onset of NE-SW and "E-SSW faulting. Onset Late Pleistocene 
of thermal activity: (a) volcanism northwest (110,000 years or older) 
of field, and (b) induration of sediments by 
hydrothermal alteration 

Episodic faulting and thermal activity: Late Pleistocene to 
(a) repeated faulting, fracturing, and present 
fracture mineralization, (b) secondary 
solution porosity, (c) volcanism 
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9 CONCLUSIONS 

LaP 
1. The subsurface s t r a t ig raphy  at Cerro P r i e t o  is character ized by complex 

v e r t i c a l  and lateral  va r i a t ions  i n  l i t h o f a c i e s ,  which is typ ica l  of d e l t a i c  

deposits.  

over la in  by a l a t e r a l l y  continuous top-seal of low-permeability strata. 

The geothermal production zone is not a uniform re se rvo i r  layer  

A 

2. The deeper pa r t  of the  s t r a t i g r a p h i c  sec t ion  i n  the  main producing area - 
including the  productive i n t e r v a l s ,  represents  lower d e l t a  p l a i n  deposi ts  of 

t he  ances t r a l  Colorado del ta .  The a rcua te  l i t h o f a c i e s  I b e l t  ( th ick  predom- 

inan t ly  sand sequence) j u s t  west of t he  main producing area is i n t e rp re t ed  as 

a d e l t a i c  coas t a l  complex i n  a t ide-  o r  tide/wave-dominated de l ta .  

between the  coas ta l -de l ta ic  depos i t s  and the  basin margin a l l u v i a l  fans  on 

t h e  f l ank  of the  Cucapa Range t o  the  w e s t  was probably an area of a t  least 

in t e rmi t t en t  marine deposi t ion u n t i l  the  MCddle Pleistocene. 

The area 

3. In  addi t ion  t o  the  northeast-southwest and northwest-southeast f a u l t  

t r ends ,  which have been emphasized i n  earlier f a u l t  i n t e r p r e t a t i o n s  of the 

Cerro PrLeto a rea ,  north-south and north northeast-south southwest t rends 

are a l s o  prominent. Older f a u l t s ,  r eac t iva t ed  older  f a u l t s ,  and younger 

f a u l t s  are present  i n  the  f i e l d .  

4. Basement s t r u c t u r e  in the  Cerro P r i e t o  area is d i f f i c u l t  t o  i n t e r p r e t  

because of very few basement pene t ra t ions  by w e l l s ,  anomalies within the  basin 

f i l l  (volcanics ,  d i k e j s i l l  complexes, and dens i f ied  sediments),  and geophysical 

da ta  coverage and da ta  qua l i t y  l imi t a t ions .  

convincing geophysical evidence f o r  a basement ho r s t  underlying the  f i e l d  as 

suggested by var ious workers i n  the  pas t ;  i n s t ead  there  is apparently a 

general  deepening of the  basement i n  a southeas te r ly  d i r e c t i o n  across  the  

f i e l d .  

There does not seem t o  be any 
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5. The top of the well consolidated or indurated sediments has a dome-like 

configuration which cuts across the sedimentary strata. Shales in the L: 
indurated zone exhibit high densities and high resistivities on the well 

logs. 

vitrinite reflectance at the top of the indurated zone indicate that the 

changes in the physical properties of the sediments were caused by hydro- 

thermal alteration. 

The metamorphic mineral horizons, high temperatures, and high 

Except for the relatively cool, shallow production on 

the northwest flank of the Cerro Prieto field, the geothermal production 

intervals generally straddle or underlie the top of the high-resistivity, 

high-density shales. 

60 Sandstones in the hydrothermal alteration zone commonly have fair to good 

porosities (15% to 35% or higher) which resulted from the removal by solution 

of unstable grains and carbonate cement. Open fractures appear to be unusual 

in the altered zone based on core descriptions. 

important contributor to reservoir perme 

porosity and permeability are considered to be more important volumetrically 

in the Cerro Prieto reservoirs. 

While fractures may be an 

ty locally, secondary matrix 

7. Surface geophysical detection of geothermal anomalies in the Cerro Rieto 

region may be difficult from resistivity, magnetic, or gravity data. 

occurrence of a reflection-poor zone coincident with the hydrothermal alteration 

The 

o Rieto and at East Mesa suggests ismic reflection method 

* may be a good approach, but other types of geophysical data are necessary to 

eliminate alternate sources of reflection-poor zones. 

would probably be most useful for field delineation because adequate seismic 

reflection coverage for geothermal exploration may be prohibitively expensive. 

This geophysical method 
, 
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8. It appears that the older northeast-southwest and north northeast-south 
1 w 

southwest faulting of the basin fill, the densification of the sediments below 

the A/B boundary by hydrothermal alteration, and the onset of Quaternary 

volcanism northwest of the Cerro Prieto field were roughly synchronous. The 

date of the oldest known eruption at the Cerro Prieto volcano (approximately L 

110,000 years B.P.) may be a minimum age for this major thermal-tectonic "event." . 
Episodic thermal and tectonic activity occurred from this event to the present, 

including four major eruptive phases of the Cerro Prieto volcano, repeated 

fracturing of the densified sediments and sealing of the fractures by hydro- 

thermal mineralization, and development of new faults and reactivation of older 

faults. 

during this period. 

the "main" thermal-tectonic event. 

The secondary solution porosity in the altered sandstones developed 

There may have been localized cooling in some areas since 
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