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ABSTRACT 

The object ives o f  t h i s  p r o j e c t  were t o  acqui le core and f l u i d  from pro- 

ducing geothermal reservo i rs  (East Mesa, United States, and Cerro Pr ie to,  

Mexico); t o  t e s t  specimens o f  t h i s  core f o r  the r short-term and long-term 

(creep) compaction response; and t o  develop a compaction c o n s t i t u t i v e  model 

t h a t  would a l low fu tu re  analysis o f  reservo i r  compaction and a surface subsi- 

dence. 

A t o t a l  o f  approximately two hundred f e e t  o f  core was obtained from 

eleven wel ls  i n  the two geothermal f i e l d s .  Depths and po ros i t i es  ranged from 

3500 t o  11,000 f e e t  and 15 t o  40 percent, respect ively.  Several samples o f  

geothermal f 1 uids were a1 so obtained. A f t e r  geological l y  and geochemical l y  

descr ib ing the mater ia ls obtained, selected specimens were tested f o r  t h e i r  

response t o  the pressures and temperatures oY the geothermal environment and 

t o  simulated changes i n  those condi t ions t h a t  would be caused by production. 

Short-term t e s t s  ( f o r  example, t e s t s  f o r  compress ib i l i ty  extending over a t ime 

i n t e r v a l  o f  an hour o r  less i n  the laboratory) ind icated t h a t  these sedimen- 

t a r y  mater ia ls  behaved normally w i t h  respect t o  the expected behavior o f  

rese rvo i r  sandstones o f  these depths and poros i t ies.  Compressibi l i t ies were 

o f  the order 1x106 ps i .  

Long-term tests ,  extending up t o  several weeks i n  duration, ind icated 

t h a t  pore pressure reduction, s imulat ing rese rvo i r  production, tended t o  cause 

creep compaction a t  an i n i t i a l  r a t e  o f  about IxlO-'  percent po ros i t y  reduct ion 

per second. This r a t e  was found t o  be consistent wi th  a mechanism o f  po ros i t y  

reduct ion r e l a t e d  t o  pressure so lu t i on  o f  quartz grains a t  contact asper i t ies.  

This observation l e d  t o  the development o f  a theory explaining the creep 

behavior t h a t  allowed ext rapolat ion t o  long t i m e s  (several years). Although 



i v  

i n i t i a l  compaction may be small (a few tenths o f  a percent a t  most), the 

theory developed here indicates t h a t  ult imate compaction as caused by pore 

pressure reduction may range up t o  several percent and needs t o  be taken i n t o  

account f o r  ult imate subsidence predictions. 

L, 
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1. INTRODUCTION 
U 

1.1 Background 

The withdrawal o f  f l u i d s  i n  large quan t i t i es  from subsurface reservoirs,  

and subsequent pore pressure reduction, creates the po ten t i a l  f o r  reservo i r  

compaction and i n  turn,  the p o s s i b i l i t y  o f  surface subsidence. A conceptual 

drawing i s  shown i n  Figure 1. Subsidence has been observed i n  the past i n  

many locat ions i n  the wor ld i n  associat ion w i t h  both water and o i l  withdrawal. 

o f  More recent ly ,  subsidence has been i d e n t i f i e d  as a possible consequence 

hydrothermal f l u i d  production f rom geothermal reservoirs.  For example, 

Ca l i  f o r n i  a' s Imperi a1 Val 1 ey hot  b r i  nes w i  1 1 be produced from a geol ogi ca 

young sedimentary sequence of sands and shales, and cooler f l u i d s  may 

re in jected.  The compaction o f  the subsurface aqu i fe r  and layers above, 

i n  

1Y 

be 

as 

caused by f l u i d  pressure reduction, may propagate t o  the surface i n  the form 

o f  subsidence and may a f f e c t  natura l  o r  man-made a g r i c u l t u r a l  drainage systems. 

Figure 1. Schematic drawing showing concept o f  subsidence as caused by reser- 
v o i r  compaction. So l i d  l i n e s  are i n i t i a l  surfaces and dashed l i n e s  
are surfaces a f t e r  compaction and subsidence have occurred. 

W 
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L i t t l e  i s  known about the exact p o t e n t i a l  f o r  subsidence i n  geothermal 

areas. Ext ract ion rates may be large, therefore increasing the p o t e n t i a l  f o r  

subsidence; on the other hand, depths may be substant ia l ,  thus decreasing the 

po ten t i a l  f o r  subsidence. Some data e x i s t  and have been reviewed (such as 

Grimsrud, e t  a l . ,  1978.) For example, a t  Wairakei, New Zealand, production o f  

geothermal f l u i d s  has caused loca l  subsidence o f  more than 15 f e e t  i n  t e n  

years. The area o f  surface a f fec ted  was approximately 3000 f e e t  i n  diameter. 

It should be noted t h a t  Wairakei i s  i n  a volcanic geologic s e t t i n g  and no 

f l u i d  has been reinjected. Many other geothermal areas are i n  sedimentary 

basins and may not react  i n  a way consistent w i t h  the experience a t  Wairakei. 

I n  sedimentary basins, experience w i t h  subsidence caused by water and o i l  

production may be more applicable. I n  any case, i t  i s  desirable t o  have a 

method o f  understanding and p r e d i c t i n g  subsidence i n  geothermal areas. Be- 

cause o f  the l ack  o f  widespread h i s t o r i c a l  experience, i t  i s  extremely un l ike-  

l y  t h a t  an accurate empir ical  model can be developed i n  the near future.  

Consequently, a l o g i c a l  f i r s t  step (aside f r o m  gathering as much f i e l d  i n f o r -  

mation as possible) i s  t o  invest igate the physical  mechanisms o f  compaction i n  

geothermal rese rvo i r  rocks as caused by pore pressure reduction. 

1.2 Pro ject  Objectives 

The major ob ject ive o f  t h i s  p r o j e c t  was t o  study, i n  the laboratory,  the 

compaction Qf rock obtained f r o m  geothermal reservo i rs  and t o  r e l a t e  t h a t  

compaction t o  parameters t h a t  are observable o r  measurable i n  the f i e l d  such 

as depth, temperature, and reservoi  r pressure. To be somewhat more spec i f i c ,  

the p r o j e c t  had fou r  d i s t i n c t  goals. These were: 

1. To obta in  core from a c t i v e  geothermal areas. 

2. To perform a v a r i e t y  o f  t e s t s  a t  simulated i n - s i t u  condi t ions w i t h  
-emphasis on the study o f  compaction as t r i gge red  by pore pressure 
reduction. - -  
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Figure 2. Flow chart showing planned progress o f  program. 



pore pressure was reduced, and e f fec ts  on permeabi 1 i ty were i nvest i  gated; and 

3) creep experiments, where reservo i r  condi t ions were achieved, pore pressure 

was reduced and then held a t  a reduced value f o r  long per iods o f  t ime (up t o  

several weeks) i n  order t o  inves t iga te  time-dependent e f fec ts .  

As data became avai lab le,  work began on analysis. Ul t imate ly ,  a general 

understanding o f  the behavior o f  rocks from these geothermal reservo i rs  was 

achieved. Then, theore t ica l  work was undertaken t o  develop a method o f  ex- 

t rapo la t i on  o f  creep behavior t o  long per iods o f  time. The r e s u l t s  o f  a l l  o f  

t h i s  work are contained i n  t h i s  f i n a l  report .  
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2. DESCRIPTION OF MATERIALS 
W 

2 .1  General Geologic Informat ion 

Mater ia l  was obtained from t w o  geothermal areas i n  the physiographic 

basin province known as the Salton Trou basin extends f r o m  south 

cen t ra l  Ca l i f o rn ia ,  i n  the United States, t o  northern Baja Ca l i f o rn ia ,  i n  

Mexico, and southward i n t o  e Gulf  o f  C a l i  ea of Cortez, as i t  

i s  known i n  Mexico. This basin has b r c l a s t i c  sediments 

t h a t  have been deposited ince Miocene t ime .  (Fo eneral survey, see 

Elders, 1979.) These se ents were der ived mainly from the Colorado River 

drainage o f  the Colorado The cause of geothermal a c t i v i t y  i n  egion. 

the region i s  r e l a t e d  the f a c t  t h a t  basin marks the l oca t i on  o f  a 

major p l a t e  tecton oundary between the North American and Paci f i c  p l  ates. 

Figure 3 shows the a t i b n  o f  the main geothermal a r  n the trough. For 

t h i s  p ro jec t ,  core was obtained from the East Mesa f i e l d  i n  C a l i f o r n i a  and the 

Cerro P r i e t o  f i e l d  i n  Mexico. Core obtained (described i n  more d e t a i l  i n  the 

fo l l ow ing  sections) can be described very general ly as o r i g i n a t i n g  from a 

d e l t a i c  sedimentary sequence t h a t  has been a1 te red  by hydrothermal a c t i v i t y  

Poros i t ies o f  most of the sands 

are i n  the range from 

s o f  these ages and c lay  contents. 

isms, some o f  which tend 

t h a t  would enhance f l ow  

1 aboratory. 1 I n  general 

appearance, these rocks do not  seem t o  be unusually susceptible t o  compaction, 
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i .e. ,  they are not  weak o r  f r i a b l e ;  however, nor are they unusually hard o r  

strong. We hope t h a t  they are reasonably representat ive o f  many young, hydro- 

thermal/geothermal sedimentary materi a1 s , i n  terms o f  t h e i r  suscepti b i  1 i ty t o  

compaction, b u t  there i s  c e r t a i n l y  no large body of evidence t o  support t h i s  

statement. F l u i d  samples o r  f l u i d  chemistry informat ion was a lso obtained f o r  

each reservoir .  This was done i n  order t o  maintain appropriate chemical 

equ i l i b r i um condi t ions dur ing the t e s t i n g  o f  the rock. The fo l l ow ing  sections 

g ive de ta i l ed  informat ion on core obtained and on f l u i d  proper t ies associated 

w i t h  each reservo i r .  

2.2 East Mesa 

A map o f  the East Mesa geothermal f i  I d  i s  shown i n  Figure 4. Core \as 

obtained, w i t h  the cooperation o f  Republic Geothermal, Inc., from two wel ls  i n  

sect ion 30 o f  t h i s  f i e l d .  The we l l s  were #58-30 and #78-30. A t o t a l  o f  40 

f e e t  o f  core was obtained. 

I n  we l l  #78-30, core was recovered from 5500-5540 f e e t  and from 7135-7170 

feet .  Both these zones are production zones as shown i n  the schematic s t r a t i -  

graphic cross-section i n  Figure 5. As discussed f u r t h e r  below, the rocks from 

these zones were quartz sandstones w i t h  various amounts o f  clay, and c a l c i t e  

and s i l i c a  cements. Rock from the cap rock zone o f  the rese rvo i r  was obtained 

#58-30 a t  depths from 3252-3282 feet. I n  t h i  ase, the rock was 

l a r g e l y  claystone w i t h  minor s t r i nge rs  o f  s i l t s t o n e  and sandstone. 

A l l  core was recovered a t  the wellhead, wrapped i n  aluminum f o i l  and 

x f o r  t ranspor t  t o  the Terra Tek laboratory. i s  was done t o  

prevent dehydration o f  the por aces and clays which might otherwise a f f e c t  
& 

t h e  mechanical proper t ies o f  t h e  rock. A l i t h o l o g i c  l o g  obtained from core 

descr ipt ions i s  given i n  Figures 6 and 7. Thir teen t h i n  sections were pre- 

pared from the core recovered inc lud ing rep l i ca tes  t h a t  were impregnated wi th  W 
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Figure 4. Detai led map o f  the East Mesa Known Geothermal Resource Area. 
Wells investigated f o r  t h i s  program are Republic Geothermal's 
58-30 and 78-30 shown i n  upper l e f t  center o f  map. 



11 

INJECTOR 

Y 

ADED AREA = COMPLETIO 



12 

- DEPTH FORMATION 
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3256' 
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3 260' 
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3 268' 
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3274' 

3 2 76' 

3278' 

32 8 0' 

3282' 

3284' 

L I T h O L O G I C  LOG 
EAST MESA WELL # 5 8 - 3 0  

DESCR I P T  ION 

MEDIUM TO DARK GRAY CLAYSTONE; Poor fissility, 
slight Conchoidbl fracture. 

LIGHT MEDIUM GRAY SlLTSTONE~ Sof t ,  thinly laminated,  
very f i n e  grained 

LIGHT GRAYIDARK G R A Y  LAMINATED SILTSTONE / 
CLAYSTONE ; Soft ,  very fine grained. 

MEDIUM GRAY SILTSTONE; Very w e l l  sorted coarse silt, 
to f t ,  very poorly l i th i f ied.  

G R A DAT I ON A L CON TACT 

MEDIUM GRAY SANDSTONE; very wel l  sorted, very fine 
grained, subrounded to round, mostly quartz, with a trace 
of dark minerals, soft, friable, poorly l ithifidd. 

Figure 6.  Lithologic log of East Mesa well 
#58-30 from which caprock material 
was obtained for th is  program. 
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w 
LITHOLOGIC LOG 

EAST MESA WELL #78-30RD 

S L I G H T L Y  CALCAREOUS,  MEDIUM HARD, GRAY. 

MISSING SECTION 

SANDSTONE F I N E  TO MEDIUM GRAINED, MOSTLY QUARTZ. 
FEW D A R K  MINERALS. MEDIUM HARD, B R O W N I S H  GRAY. 

SLIGHTLY CALCAREOUS, WELL  CEMENTED , HARD. 

SANDSTONE MEDIUM TO F I N E  GRAINED, MOSTLY QUARTZ. 
S L I G H T L Y  S R I A B L L ,  MEDIUM HARD GRAY. 

SANDSTONE 
CEMENTER. CALCAREOUS, HARD, GRAY. 

VERY F I N &  GRAINED. WELL  SORTED, WELL 

SANDSTONE v NE GRAINED TO FINE, WELL SORTED. 
MOSTLY QUARTZ FEW PERCENT DARK MINERALS, 
F A I R L Y  WELL  C E  0 .  MEDIUM HARD TO HARD, GRAY. 

was obtained for t h i s  program. 

1 
1 
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b lue epoxy and one stained f o r  ca l c i t e .  A mineralogical  analysis obtained 

from these t h i n  sections i s  g iven- . in .Table 1, Representative photographic 

examples o f  these t h i n  sect ions are shown i n  FSgures 8a and b. Note the  

d i f ference i n  g ra in  s ize  between the over ly ing claystone and the sandstone o f  

the product ion zones.- As can be seen from Table 1, the po ros i t y  i n - t h e  reser- 

v o i r  mater ia l  from we l l  #78-30 ranges from about 16 t o  28% and most sections 

are medium t o  f i n e  grained sandstones w i t h  quartz content general ly i n  excess 

o f  70%. Clay mineral content 

i s  small t o  moderate. The s i l i c a  cementation and quartz overgrowths t h a t  are 

evident g ive some evidence o f  hydrothermal a c t i v i t y ;  however, evidence o f  

extremely high-temperature a1 t e r a t i o n  i s  sparse i n  these rocks. The caprock 

mater ia l  from we l l  #58-30 i s  f ine-grained wi th  

Cementation i s  mostly s i l i c a  with some c a l c i t e .  

ry h igh c lay  content. 

Speci f ic  f l u i d  and downhole cond i t ion  data f o r  we l l  #78-30 were obtained 

Production zone temper- from D r .  Donald Michaels o f  Republic Geothermal, Inc. 

a ture i s  i n  the range 165-175OC which i s  a moderate temperature f o r  a hydro- 

thermal reservo i r  and i s  consistent w i t h  our observation i n  the  t h i n  sections 

o f  a r e l a t i v e  l ack  o f  products o f  high-temperature a l te ra t i on .  A f l u i d  compo- 

s i t i o n  o f  water from the product ion zone i n  t h i s  we l l  i s  g iven i n  Table 2. 

The t o t a l  d issolved so l ids '  content o f  t h i s  water i s  f a i r l y  l o  as compared t o  

other we l ls  i n  the Imperial  Val ley geothermal areas. However, i t  i s  within 

the normal range o f  va r ia t i on  i n  the East Mesa area. 

2.3 Cerro P r ie to  
~. 

- Location of wel ls  f r o  h core was obtained i n  t Cerro P r ie to  geo- 

thermal f i e l d  are shown i n  Figure 9. A schematic cross-section showing core 

depths i s  given i n  Figure 10. A t o t a l  o f  40 f e e t  o f  core from the Cerro 

P r ie to  f i e l d  was k ind l y  provided by Ing. A l f red0 Maiidn M. and h i s  associates 

i 
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Table 1 

Mesa Mineralogy 

0 10 3 - - - 10 5 3 21.5 Subangular Well No .03 

0 - - 1 - - 5 5 - 17 .1  Subangular Poorly No .013 
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Figure 8a. Photomicrograph o f  fine-grained claystone mater ial  from caprock 
i n  East Mesa wel l  58-30. Magnif ication i s  1OOx. 

Figure 8b. Photomicrograph o f  f ine-  t o  medium-grained sandstone mater ial  
from reservoir  depth i n  well  78-30. Magnif ication i s  1OOx. 
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Table 2 

East Mesa Brine Composition 
Well 78-30 

Constituent 

PH 

Ca 

Na 

K 

S i O p  

HC03 

so4 

TDS 

6-7 

9 PPm 

510 

420 

25 

170 

420 

150 

1700-2400 

P 
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Figure 9. Map of Cerro Prieto geothermal well locations showing wells for 
which core was obtained for th is  program. 
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a t  the Comision Federal de Elect r ic idad.  Spec i f i c  we l l  designations and 

depths are given i n  Table 3. Thin sections were prepared from the core ob- 

ta ined and mineralogical r e s u l t s  are given i n  Table 4. Some representat ive 

micrographs are shown i n  Figures l l a ,  b, c and d. 

f i n e  t o  medium-grained sandstones w i t h  quartz contents i n  the range 60-70% and 

po ros i t i es  i n  the range o f  15-30%. These rocks show many cha rac te r i s t i cs  

a t t r i b u t a b l e  t o  hydrothermal a1 t e r a t i o n  which include extensive quartz over- 

These rocks are, i n  general, 

growths, presence o f  epidote, a1 t e r a t i  on o f  p lagioclase , and the occurrence o f  

c h l o r i t e .  Frequently, the quartz overgrowths have a sutured tex tu re  i nd i ca t -  

i n g  t h a t  they are authigenic and not  r e l i c s  f r o m  a previous deposi t ional  

cycle. Perhaps the best evidence o f  hydrothermal a l t e r a t i o n  i s  the abundant 

epidote, shown i n  several o f  the photographs, f i l l i n g  much o f  the pore space. 

The c a l c i t e  content o f  samples from each o f  the we l l s  was determined by a 

CO, evolut ion method using the apparatus shown i n  Figure 12. Samples are 

placed i n  phosphoric ac id  and frozen w i t h  an acetone-dry i c e  mixture. The 

system i s  evacuated and then the phosphoric ac id  i s  permit ted t o  thaw and 

reac t  w i t h  the c a l c i t e  i n  the sample. The CO, evolut ion i s  measured wi th  a 

manometer. This ex t rac t i on  system i s  c a r e f u l l y  ca l i b ra ted  w i t h  oven-dried 

reagent-grade calcium carbonate and the c a l i b r a t i o n  l i n e  i s  shown i n  Figure 

13. Results are accurate t o  +-0.5%. 

The c a l c i t e  contents as determined f a l l  i n t o  three categories and are 

shown i n  Table 5. Wells M107, M110, M127, NL1 and T366 have e s s e n t i a l l y  zero 

c a l c i t e .  Wells M7, and 0473 have approximately 1% c a l c i t e ,  and wel ls  M93 and 

M129 have approximately 6% c a l c i t e .  Elders, e t  a l .  (1978) have shown t h a t  

the c a l c i t e  content o f  Cerro P r i e t o  rock corre la tes q u i t e  w e l l  w i th  tempera- 

t u r e  boundaries i n  and near t o  the reservo i r .  Rocks w i t h  no c a l c i t e  represent 

the hydrothermal rese rvo i r  i t s e l f  i n  which c a l c i t e  has been decomposed and 
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Table 3 

Core Obtained from Cerro Pr ie to  

Well ~ 

M- 7 

M-93 

M-107 

M-110 . 

M-127 

M- 129 

NL-1 

0-473 

T-366 

Depth (ft) 

I 4600 

5100, 5900, '6400, 7800 

5300, 7000 

5400 

6100, 7100 

5300, 5900 

9000, 10,500 . 

4500 

8200 

.. 



I I I I 

LT 

sT 

sz 

1s- 

-E- 

-s- 

auolspues 
paupdg auk4 - - - - 511- 9 - 1 - - 1 t L 1 - 64 T-lNl 

auolspues 
paupd9 auld ,- E - - SI- 01- 1 - 1 E z 2 1 - 991 LZT-W I 

auoaspues 
pauke~g auld - - 2 1 - 81- 1 - - - 1 OT2 E 1 - 891 011-W I 

auolsltls 
pau asno3 E - - 021- s1 - - - 1 - - 2 - - TSI LOT-W I .- 

auolspues 
paujedg au{j taA t - - orl- 1 - - - 2 - 2 E - - 8I;I €64 I .- 

auoaspues 
wnlpaW .- E 1 - til- T - 1 - 1 E 2 S T - 8SI 1-W I 



23 

Figure l l a .  Photomicrograph o f  t h i n  section from Cerro 
Pr ie to  wel l  M-110. Magnif ication i s  60x. 

Figure Plb. Photomicrograph o f  t h i n  section from Cerro 64 Prieto  well  E-366. Magnif ication i s  60x. 
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Figure llc. Photomicrograph of thin section from Cerro 
Prieto well M-7. Magnification is 60x. 

Figure lld. Photomicrograph of thin section from Cerro 
Prieto well M-93. Magnification is 60x. 
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ACID t SAMPLE VACUUM 
PUMP 

I 
MANOME' 

TO ATM 

:R 

Figure 12. Apparatus for determination o f  calcite 
content by carbon dioxide ebolution. 

C a  CO3 CALIBRATION 

COEFFICIENT * 0.998 

I / 

Figure 13. Calibration o f  carbon dioxide evolution apparatus 
showing the accuracy o f  method is about +1/2 percent. ad 
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Table 5 

Cerro P r ie to  Core Ca lc i t e  Contents 

We1 1 

M-107 
M- 110 
M- 127 
NL-1 

T-366 
M- 7 
0-473 
M-93 
M- 129 

Depth (m) 
~ 

2115 
1644 
1871 
2735 
2522 
1410 
1384 

1566, 1804 
1802 

Porosi ty (%) 

25 
15 
17 
18 
20 
19 
23 
39 
17 

Ca lc i te  (%) 

replaced w i t h  minerals representative o f  a l t e r a t i o n  such as s i l i c a  and epidote. 

This l i k e l y  corresponds t o  the zero c a l c i t e  content group o f  f i v e  rocks. With 

temperature decrease ( t h a t  i s ,  e i t h e r  moving upward i n  the reservo i r ,  o r  

. 

moving downstream w i t h  respect t o  f l u i d  f low through the reservo i r ) ,  one 

begins t o  encounter c a l c i t e  i n  the rocks. This may correspond t o  the one 

percent c a l c i t e  content group o f  rocks, which a lso has somewhat less s i l i c a  

and epidote as compared t o  the previous group. Ca lc i t e  i n  t h i s  group could be 

e i t h e r  t h a t  which has not  y e t  been dissolved o r  t h a t  which has been redepos- 

i t e d  i n  the hydrothermal system as f l u i d  has cooled. The t h i r d  group o f  

rocks, o r  those w i t h  6-8% c a l c i t e  i n  t h i s  case, are probably rocks located 

near the upper boundaries o f  the reservoir .  To describe a l l  groups i n  terms 

o f  temperature, the low c a l c i t e  content rocks may be expected t o  be from zones 

w i t h  temperatures w e l l  i n  excess o f  25OoC, whi le  the one percent o r  greater 

c a l c i t e  content rock are expected t o  be from zones w i t h  temperatures o f  less 

than 250OC. 
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not  possible t o  obta in  f l u i d  o r  f l u i d  informat ion from a l l  o f  the 

which core was obtained a t  Cerro Pr ieto.  Therefore, we use an 

d chemistry as given by Reed (1976) and shown i n  Table 6. Data on 

many we l l s  from the area from which f l u i d s  have been co l l ec ted  and analyzed 

ind i ca te  t h a t  there i s  not  a large v a r i a t i o n  o f  these average values i n  the 

Cerro P r i e t o  f i e l d .  

2.4 

Table 7 shows a comparison o f  average proper t ies (values have been aver- 

aged from the previous tab cores and f l u i d s  obtained from East Mesa 

and Cerro Pr ieto.  t o  notebetween the rock from East Mesa 

and the rock from Cer-ro P r i e t o  i s  t h a t  the East Mesa rock shows considerably 

less evidence of hydrothermal a l t e ra t i on .  That i s ,  there i s  less authigenic 

s i l i c a ,  l ess  quartz overgrowth, less idote,  etc. as compared t o  Cerro P r i e t o  

A major d 
I " - -  

mater ia l .  Poros i t ies and g ra in  diameters, however, are s im i la r ,  although 

there i s  poss ib ly  a t rend t 

could be caused by the grea 

o f  the rock t h a t  we 'have o 

ty  f o r  the Cerro P r i e t o  rocks. This 

greater degree of a l t e r a t i o n  i n  most 

ined from Cerro P r i e t o  as compared t o  East Mesa. 

However, i t  should be .pointed out that wells 78-30 and 58-30 are in the rela- 

cooler -norther p o r t i o n  o f  the E 

i o n  may be present i n  o t  

f l u i d  t h a t  i s  t y p i c a l  o f  Cerro P r  

ed s o l i d s  than the f l u i d  t h a t  

t h i s  d i f ference i s  no t  necessar i ly  present 

e r r 0  P r i e t o  reservoirs.  

A comparison o f  r v o i r  temperatures f o r  Cerro P r i e t o  and East 

Mesa i s  shown i n  Figure 14. Also p l o t t e d  is the bo 

I curve f o r  a two  percent NaCl solut ion.  Note t h a t  the Cerro P r i e t o  reservo i r  

However, 

the East 
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Table 6 

Cerro P r ie to  Br ine Composition, Average 

Const i tuent 

PH 
Ca 
Na 
c1 

K 
SiOz  

HC03 

so4 

TDS 

5- 6 

5,100 
9,700 

1,100 

370 ppm 

540 
1,800 

20 
15,000-2b ,000 

Table 7 

Average Propert ies o f  Cores and F lu ids  Obtained 
From East Mesa and Cerro P r ie to  

(Minerals Given as Percent o f  Sol ids) 

I East Mesa 

Quartz 

Feldspar 

Rock Fragments 
C1 ays 
Cement: 

Ca lc i t e  
S i l i c a  
Epidote 

Poros i ty  
F l u i d  TDS 

Reservoi r Temperature I 

75 
7 
6 
5 

2 
5 - 

23% 
2,000 ppm 

165OC 

Cerro P r ie to  

65 
10 
10 
10 

1 
7 
7 

21% 
20,000 ppm 

3OO0C 

LJ 
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Figure 14. Approximate temperature ranges i n  the East Mesa and Cerro Prieto 
geothermal reservoirs, 
versus depth curve f o r  a two percent sodium chloride solution. 
Note that the Cerro Prieto reservoir i s  very near t o  or  a t  the 
boiling p o i n t  while the East Mesa reservoir i s  substantially 
away from the bo i l ing  point. 

Shown for  comparison is  a boiling p o i n t  

V 
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i s  a t ,  o r  much nearer to,  the b o i l i n g  point .  I n  general, rock and f l u i d  

compositions invest igated dur ing t h i s  program are representat ive o f  the hydro- (bi 

thermal /geothermal reservoi r s  i n  the Sal t on  Trough area. There are , however, 

exceptions such as the Heber reservoir ,  w h i c h - i s  less consolidated, and the 

Salton Sea Geothermal F i e l d  reservo i r  near Ni land which i s  much higher i n  

dissolved so l i ds  content. 
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3. TESTING EQUIPMENT AND PROCEDURES 

W 

3 . 1  General Informat ion 

Most o f  the equipment used f o r  t h i s  program has been developed over a 

per iod o f  years a t  Terra Tek f o r  purposes o f  t e s t i n g  a t  simulated i n - s i t u  

condit ions. I n  general, conf in ing pressures of 60,000 p s i  , pore pressures o f  

30,000 p s i ,  a x i a l  stresses o f  150,000 p s i  (on t w o  inch diameter specimens) and 

temperatures t o  3OO0C, can be handled rout ine ly .  I n  special cases, more 

extreme condi t ions can be simulated. F lu ids can be l i g h t  acids, br ine,  o r  

a l k a l i s ,  and i n  special cases, stronger acids o r  a l k a l i s  and heavier brines. 

Some new equipment development was undertaken as p a r t  o f  t h i s  program t o  

modify a t e s t  machine t o  be able t o  sustain constant t e s t  condi t ions f o r  

periods o f  weeks f o r  the purpose o f  the creep measurements. I n  the fo l l ow ing  

sections, t e s t  procedures and equipment w i l l  be described i n  the major cate- 

gor ies o f  pre l iminary sample handling, basic test ing,  creep tes t i ng ,  f l u i d  

chemistry, and microst ructura l  analysis. 

3.2 

was the acqu is i t i on  o f  core. For East 

l i t t l e  exception, the core avai lab le had been stored dry  on the she l f  f o r  a 

W per iod  o f  months t o  years. It was boxed and shipped t o  Terra Tek. Upon 
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rece ip t  a t  Terra Tek, i t  was logged i n  and saved f o r  test ing.  There were, 

therefore, unknown p o s s i b i l i t i e s  o f  sample handling disturbance and, due t o  

drying, c lay  a l t e r a t i o n  i n  the Cerro P r ie to  mater ia l .  However, the r e l a t i v e l y  

small amount o f  c lays i n  these mater ia ls and the s t a b i l i t y  o f  the products o f  

hydrothermal a l t e r a t i o n  a t  room temperature lead us t o  f e e l  conf ident t h a t  the 

Cerro P r i e t o  mater ia l  was received i n  a tes tab le  condit ion. As 3 check, some 

comparison t e s t s  f o r  Cerro P r i e t o  mater ia l  were made on a small quant i ty  of 

core t h a t  had been preserved, and resaturated core t h a t  had been prev ious ly  

dried. No d iscern ib le  di f ferences aside from normal random va r ia t i ons  were 

seen i n  the mechanical proper t ies r e s u l t s  from these tests .  

The t e s t  program for  t h i s  p r o j e c t  was designed t o  emphasize t e s t s  on 

sands f r o m  production zones, as these would see the greatest  pore pressure 

decrease and probably have the greatest  tendency t o  compact. A few shales 

f r o m  bounding zones were a lso selected t o  see i f  dewatering phenomena were 

detectable. Therefore, approximately 90% o f  the mater ia ls t o  be tested f o r  

t h i s  program were f i ne -  t o  medium-grained rese rvo i r  sands. Approximately 10% 

of the mater ia ls selected were shales, clays, o r  s i l t s .  

To s t a r t ,  small pieces of mater ia l  were chipped o r  c u t  o f f  from cores 

near t o  the locat ions where t e s t  samples were t o  be cut. With these pieces, a 

w e t  density, a dry  density, and a g ra in  densi ty were determined by immersion 

and gas pycnometer techniques. From these values, a po ros i t y  f o r  each speci- 

men was determined. Results are given l a t e r  i n  the sect ion on t e s t  resul ts .  

Also, from s i m i l a r  pieces, samples were prepared f o r  t h in  sect ion and scanning 

e lect ron microscope analyses. The t h i n  sect ion preparations were e i t h e r  

conventional impregnations, b lue s t a i n  impregnations f o r  p o r o s i t y  determina- 

t ions,  o r  red s t a i n  impregnations f o r  c a l c i t e  determinations. The SEM speci- 

mens were chipped t o  provide a f resh t e n s i l e  surface f o r  viewing. 
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. .  Samples f o r  i n - s i t u  condi t ion t e s t i n g  were prepared i n  the form o f  r i g h t  

c i r c u l a r  cyl inders.  For  basic tes t ing ,  samples were general ly 1-1/2 inches i n  
bJ 

diameter by 3 inches i n  length. For  creep t e s t i n g  and permeabi l i ty  tes t ing ,  

samples were general ly 2 inches i n  diameter by 4 inches i n  length. These 

samples were cu t  i n  a water spray’ and then the ends were ground t o  provide 

f l a t  and p a r a l l e l  surfaces w i t h i n  +O.OO$ inch. T e s t  specimens were then 

placed between two c y l i n d r i c a l  s ta in less s tee l  end caps as shown i n  Figure 15. 

The end caps had prov is ion  f o r  pore f l u i d  connections t o  the t e s t  samples. 

The samples were encased i n  tubes o f  heat-shrinkable t e f l o n  and ends were 

sealed w i t h  s ta in less s tee l  lock  w i r e .  The samples were then placed i n t o  the 

appropriate machine f o r  test ing.  Deta i l s  o f  procedures associated w i t h  f l u i d  

saturat ion,  pore pressure cont ro l ,  and other pressure and temperature cont ro ls  

are described below i n  the ind iv idua l  sect ion f o r  each t e s t  procedure. 

Figure 15. Schematic diagram o f  assembled t e s t  specimen showing sample, 
endcaps, jacket,  and pore f l u i d  connections. k4 
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- 3 . 3  Basic Test ing 

Most o f  the t e s t s  i n  the basic t e s t i n g  category were done on 1-1/2 i nch  

ameter'by 3 inch long specimens i n  the t e s t  machine shown i n  Figures 16 and 

17. The machine c a p a b i l i t i e s  are: _ .  

0 Confining Pressure: 20,000 p s i  

0 Axial  Stress: 35,000 p s i  on a 
1-1/2" specimen 

0 Pore Pressure: 6,000 p s i  

0 Temperature: 175OC 

0 Specimen Diameter: 3/4" t o  3" 

This machi ne i s external  l y  heated and uses servocontrol 1 ed hydraul i c systems 

f o r  a x i a l  load and conf in ing pressure. 

The purpose o f  t h i s  p a r t  o f  the t e s t i n g  program was t o  f u l l y  character ize 

the mater ia ls f r o m  both reservo i rs  i n  te rms o f  basic proper t ies such as com- 

p r e s s i b i l i t y  a t  reservo i r  condi t ions and also t o  determine i f  d i f f e r e n t  types 

o f  t e s t i n g  such as conf in ing pressure increase, pore pressure reduction, and 

one dimensional (un iax ia l )  s t ra in ,  s i g n i f i c a n t l y  a f fec ted  comparative t e s t  

resul ts .  

I n  a l l  t es ts ,  the prepared specimen, i nc lud ing  rock, end caps, and jack- 

e t ,  was placed i n  the t e s t  machine. Pore pressure l i n e s  were connected and 

the machine was sealed and f i l l e d  w i t h  a l i g h t  mineral o i l  conf in ing f l u i d .  

I n  most tests ,  the sample was b a c k f i l l e d  wi th  a saturat ing f l u i d  which was 

usual ly a simulant of rese rvo i r  brine. B a c k f i l l  o f  f l u i d  was achieved by 

f i r s t  evacuating the pore pressure then opening the system wi th  a 

valve t o  deaerated b r ine  as shown i n  Figure 18. F l u i d  was thus allowed t o  

f low back i n t o  the core and e q u i l i b r a t e  i n  pressure as it f i l l e d  the pore 

space. This has been found t o  be a consistent and adequate way o f  achieving 
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SERVO CONTROLLED CONFlNlWG PRESSURE SYSTEM 

PRESSURE TRANSDUCER 
SERVO CONTROLLER 

PRESSURE 
VESSEL SIGHAL 

I-CONTROL SIGNAL 

HYDRAULIC 
PUMP 
TANK 

TYPICALPORE PRESSURE SVSTEM INTENSIFIER 
SERVO CONTROLLED AXIAL LOAD SYSTEM 

SAMPLE 

VACUUM PUMP 
DEGASSED WATER 

VOLUME CALIBRAILD 
PRESSURE WMP 

DISPLACEMENT TRANSDUCER 

----- ,SERVOVALVE 

HVDRAULlC PUMP 
TEST FRAME 

LOAD CELL 

STRAIN FEED SACK 
SERVO CONTROLLER 

Figure 16. Schematic,diagram of the high pressure, medium temperature system 
used for basic testing. 

u Figure 17. Photograph of system used for basic testing. 
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PORE PRESSURE SYSTEM 

Figure 18. Diagram of pore pressure system used for basic testing. 
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a t  l e a s t  95% saturat ion i n  a ma te r ia l  t h a t  has a permeabi l i ty  o f  more than a 

f e w  m i l l i d a r c i e s .  
LJ 

Once prepared i n  t h i s  manner, the specimen was tested. The t e s t  system 

was capable o f  apply ing and measuri ng conf in ing pressure, pore pressure, a x i  a1 

stress, and temperature. St ra ins were a lso measured. I n  t h i s  system, both 

a x i a l  and transverse s t ra ins  were measured by a can t i l eve r  system as shown i n  

Figures 19 and 20. This system was ca l i b ra ted  a t  frequent i n t e r v a l s  and was 

accurate t o  +0.001 inch. I n  t h i s  case, t h i s  accuracy corresponds t o  a few 

hundredths o f  one percent s t r a i n  o r  a volume s t r a i n  o f  about one-tenth o f  one 

percent. Load, when appl ied t o  the specimens t o  create a x i a l  stress, was v i a  

a p i s t o n  d i r e c t l y  contact ing the upper end cap. Load was measured by a s t ra in -  

gaged load c e l l  which was also f requent ly  ca l ibrated.  The s p e c i f i c  types o f  

t e s t s  t h a t  were run are: 

3.3.1 

I n i t i a l  t e s t s  were run a t  room temperature. Specimens were prepared, 

saturated as described above, and then conf in ing pressure was increased t o  

approximate rese rvo i r  condit ions. I n  some tests ,  du conf in ing pressure 

increase, fluid was allowed to drain from the speci at a small constant 

pore pressure. This t e s t ,  termed a "drained test " ,  was a measure o f  the rock 

skeleton compress ib i l i ty  o r  rese I n  other tests ,  the 

pore pressure system was locke ssure was allowed t o  

increase as conf in ing pressure w est ,  termed an "undrained 

test " ,  was more near ly  a t e s t  o Both o f  these r e s s i b i  1 i ty*. 

" S t r i c t l y  speaking, on ly  an undrained t e s t  where pore pressure equals conf in-  
i n g  pressure as a measure o f  g r a i n  compressibi l i ty .  However, when pore pres- 
sure i s  allowed t o  increase as i t  w i l l ,  as i n  the undrained t e s t s  described 
here, g r a i n  compression may be obtained from the d i f ference between drained 

&d and undrained t e s t  resu l t s ,  provided t h a t  f l u i d  compress ib i l i ty  i s  known. 
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,END CAP 

SPECIMEN 

URETHANEJACKET 

TRANSVERSE DEFLECTION 

STRAIN GAGES 

AXIAL STRAIN 

CANTILEVER BASE 

Figure 19. Schematic diagram o f  t e s t  specimen showing a x i a l  and transverse 
can t i l eve r  s t r a i n  transducers. 

Figure 20. Photograph o f  assembled t e s t  specimen showing s t r a i n  transducers. 
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t e s t  types were used t o  determine the appropriate concep-t o f  e f f e c t i v e  stress 

i n  these materials. Terra Tek uses the term "hydrostat ic compression" f o r  

these types o f  tests.  I n  the s o i l s  l i t e r a t u r e ,  " i s o t r o p i c  compression". i s  

a lso sometimes used. 

3.3.2 Room Temperature and High Temperature Drained Hydrostat ic Compression 

Fol lowing sample preparat ion and saturat ion as described above, drained 

hydrostat ic  t e s t s  were run on s a t  both room and elevated 

temperatures. The purpose o f  these t e s t s  was t o  determine the e f f e c t  o f  

temperature v a r i a t i o n  on the ponse of these specimens. These r e  

thus be used t o  determine mportance o f  t e s t i n g  a t  elevated t 

dur ing the remainder o f  the program. 

3 . 3 . 3  Cycl ing 
- 

Some t e s t s  were conduct increase and 

ase. This was t o  dete amount of cyc l  i ng-caused hysteresis and 

i t s  e f f e c t  on over s could be an important f ac to r  f o r  plan- 

n i  ng o f  reservo i r  production t h a t  i nvol ves a1 ternate cycles o f  discharge and 

recharge. 

-~ 

appropriate " t r i a x i a l "  condi t ions of a x i a l  load and conf in ing pressure t o  

x i  ma t u a l  v e r t i c a l  and hor n t a l  stress condi t ions i n  the reservo i r .  
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3.3.5 Uniaxial  S t r a i n  

For some compaction and subsidence models it i s  useful  t o  measure, in- 

stead o f  hydrostat ic  cornpaction, a compaction t h a t  occurs f o r  the case o f  

un iax ia l  s t ra in ,  t h a t  i s ,  w i t h  no change i n  the transverse dimensions o f  the 

specimen. This t e s t  i s  sometimes a lso c a l l e d  "one-dimensional s t ra in" ,  o r  i n  

the s o i l s  1 i t e ra tu re ,  a "consol idat ion test " .  Specimens f o r  these t e s t s  were 

brought t o  rese rvo i r  condit ions, and then pore pressure was reduced. However, 

instead o f  keeping stresses constant whi le  reducing pore pressure, as i n  the  

hydrostat ic  and t r i a x i a l  tests ,  the transverse s t r a i n  and t o t a l  a x i a l  s t ress 

were held constant. To do t h i s ,  it was necessary t o  con t inua l l y  ad just  con- 

f i n i  ng pressure. 

3 .3 .6  U1 t rasonic  Ve loc i t i es  

I n  combination w i t h  many o f  the above tests ,  u l t rason ic  compressional (P) 

and shear (S) wave v e l o c i t i e s  through the specimens were measured as e f f e c t i v e  

stress was varied. This was done for  f i e l d  sonic l o g  c o r r e l a t i o n  and t o  

determine i f  f ield-determined sonic v e l o c i t i e s  could be used as a measure o f  

rese rvo i r  compaction. 

3.4 Creep Test ing 

Each t e s t  i n  the basic t e s t i n g  sequence was accomplished i n  less than one 

day o f  machine t i m e  (not inc lud ing set-up). Because o f  the long-term e f f e c t s  

o f  elevated pressure and temperature, compaction could have s i g n i f i c a n t  t ime 

dependence t h a t  would not  be recognized i n  such a short-term tes t .  For t h i s  

reason, it was decided t o  do a number o f  addi t ional  t e s t s  a t  rese rvo i r  condi- 

t i o n s  w i t h  pore pressure reduct ion f o r  extended periods o f  time, up t o  several 

weeks . 
To do t h i s ,  it was necessary t o  modify a t e s t  machine i n  order t o  achieve 

stable condit ions f o r  long periods o f  time. That machine w i l l  be described 
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here. Also, with long-term equilibrium now being considered, great care was 

taken dur ing  these tes t s  t o  understand the fluid chemistry phenomena that were 

occurring. As will be seen la te r ,  certain changes in fluid chemistry during 

creep t e s t s  were possibly 1 inked t o  mechanisms of mechanical a1 teration. A1 so 

during t h i s  phase of work, permeabilities a t  reservoir conditions were mea- 

sured. 

The creep testing system, shown schematically in Figure 21  and by photo- 

graph i n  Figures 22 and 23, has the following basic capabilities: 

0 -  Confining Pressure: 15,000 psi 

xial Stress: 60,000 psi on a 
2 inch specimen 

Pore Pressure: 6,000 ps i -  

0 Temperature: 3OOOC 

0 Specimen Size: 2 inches diameter 
by 4 inches long 

CONFINING PRESSURE SYSTEM 

\%EURE RETURN VENT 

VESSEL 
"EATEog-r-y& +HASKEL SUPPLY w)rp la ,+? 

\ Nz BOTTLE 

L N S i F i E R  4 c c  "UUITOR 

CONSTANT PRESSURE PERMEABILITY SYSTEM 
AXIAL LOAD SYSTEM 

GAS BACRED PREClSloN a4cm 
PORE FLUID. ACCUMUL AT 

SAFETY VALVE 

DISPLACEMENT Of ACCUMULAIOR PlSTOd IS MEAJURED 

ELCCTRONICALL~ 

Figure 21. Schematic diagram of h i g h  temperature creep testing system. A t  
top is  the confining pressure system, a t  lower l e f t  i s  the axial 
load system, and a t  the lower r i g h t  is  the pore pressure/fluid 
f 1 ow system. 



Figure 22. Photograph o f  high-temperature creep 
system. 

Figure 23. Photograph o f  sample assembly, for high 
temperature creep measurement. 
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The con f in ing  pressure system consists o f  a 15 ga l l on  nitrogen-backed accumu- 

l a t o r  d r i v i n g  a 4 t o  1 i n t e n s i f i e r  which i n  t u r n  pressurizes the vessel. The 

conf in ing f l u i d  used i s  a l i g h t ,  h igh ly- ref ined mineral o i l  t h a t  has been 

optimized f o r  i t s  heat t rans fe r  propert ies.  The a x i a l  load system uses a 5 

ga l l on  nitrogen-backed accumulator t o  maintain load. The pore pressure system 

makes use o f  two 500 cc back-pressure regulated accumulators which maintain 

b/ 

pressure o r  cont ro l  flow. The t e s t  system i s  i n t e r n a l l y  heated, where the 

sample i s  enclosed i n  a ceramic shroud. Set-up f o r  t e s t i n g  on t h i s  system i s  

more time-consuming than f o r  the t e s t  machine t h a t  was used f o r  basic test ing.  

However, the higher temperatures t h a t  were a t ta inab le  and the s t a b i l i t y  made 

it possib le  t o  do the creep t e s t s  t h a t  were necessary f o r  t h i s  program. 

Conf i n i  ng pressure, load, and temperature were monitored i n  t h i s  system. 

Addi t ional ly ,  measurements include ransverse s t ra in ,  a x i a l  s t ra in ,  and i n  

some cases, pore volume change. x i a l  s t r a i n  measurements were achieved 

by d i r e c t  measurement o f  sample length using two LVDTs (Linear Var iable D i f -  

f e r e n t i a l  Transformers). These were more accurate and s tab le than the can t i -  

lever  system described previously. Sample length could be resolved t o  approx- 

imately k0.005 inches. Also, on short-term tests ,  transverse s t r a i n  measure- 

ments were achieved by use o f  strain-gaged can t i  levers as described previously. 

The reso lu t i on  o f  t h i s  system was approximately kO.001 inch. Volume s t r a i n  o f  

the e n t i r e  specimen could be resolved t o  b e t t e r  than 0.1%. Addi t ional ly ,  pore 

volume change could be measured by an LVDT system mounted on the pore pressure 

accumulator. For f l ow  exper- 

iments, the d i f f e r e n t i a l  pressure transducer a1 lowed k3 p s i  o f  d i f f e r e n t i a l  

pressure (across the specimen) t o  be resolved. 

A volume change of kO.05 cm3 could be resolved. 

An o u t l i n e  o f  the creep t e s t i n g  procedure i s  given i n  Figure 24. Follow- 

i n g  acquis i t ion,  character izat ion,  and preparation, the sample was placed i n t o  W 



CREEP TESTING PROCEDURE 

PRE-TEST PROCEDURE 

o ACQUISITIONS OF CORE AND RESERVOIR FLUID 

o PHYSICAL AND CHEMICAL CHARACTERIZATION 

TESTING SEQUENCE 

0 PREPARE SAMPLE, PUT IN MACHINE 
e COLD FLUSH (PERMEABILITY) 
8 PRESSURIZE (INITIAL MODULI) 
o HEAT SAMPLE 
o HOT FLUSH (PERMEABILITY) 
e REDUCE PORE PRESSURE 
e MEASURE CREEP AS FUNCTION OF TIME 
o RECOVER PORE FLUID (PERMEABILITY) 

POST-TEST PROCEDURE 
e PHYSICAL AND CHEMICAL CHARACTERIZATION 

Figure 24. Outline o f  creep testing procedure. 
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the t e s t  machine. It was then saturated using a b a c k f i l l  procedure as de- 

scr ibed i n  the b a s i c  t e s t i n g  section. A small amount o f  con f i n ing  pressure 

(usual ly  100 p s i  o r  less) was used a t  t h i s  p o i n t  t o  assure in t imate contact  o f  

jacket  and specimen. Saturat ion was then guaranteed by f lowing pore f l u i d  

b*, 

through the  specimen. 

flowed through the specimen a t  these condit ions. 

I n  some cases, permeabi l i t ies  were measured whi le  f l u i d  

Most o f  the specimens tested had residues o f  d r i l l i n g  muds and b r ine  

To insure t h a t  these were a l l  removed f r o m  creep so l i ds  l e f t  i n . t h e  specimen. 

t e s t  specimens, f l u i d  was f lushed through the sample and chemically analyzed 

a t  the output u n t i l  composition o f  output f l u i d  d i d  not  d i f f e r  s i g n i f i c a n t l y  

from i n p u t - f l u i d .  It was thus determined t h a t  equ i l i b r i um had been achieved 

a t  1 ow temperature. The sample, was then r a i  sed t o  i n-si  t u  stress-simul a t i  ng 

condi t ions of conf in ing pressure, pore pressure, ,and a x i a l  load. Care was 

taken dur ing t h i s  loading phase not  t o  exceed the i n - s i t u  e f f e c t i v e  stress. 

This was achieved by increasing a l l  quan t i t i es  simultaneously, such t h a t  

stress was monotonical ly increased t o  r v o i r  condit ions. This 

cautious treatment was important, as i t  prevented pre-cyc l ing o f  the sample i n  
, -  

an u n r e a l i s t i c  manner. Once a t  pressure, the f l u i d  composition was adjusted 

t o  the  proper chemistry by n o f  i t s  C02 content, and the  sample was 

i n  measured. A t  t h i s  

he sample was slowly and c a r e f u l l y  heated t o  rese rvo i r  temperature. 

essures were con t ro l l ed  c a r e f u l l y  dur ing t h i s  heat ing t o  account f o r  thermal 

- expansion e f fec ts .  More f l u i d  was then f lushed through' the specimen and i n  

some cases, permeabi l i ty  was measured. Then, the sample was allowed t o  sta- 

e u n t i l  i t  showed no s 

o f  the machi ne. 

The i n i t i a l  phase o f  creep t e s t i n g  took from one t o  several days t o  

achieve. Then, creep was i n i t i a t e d  by qu ick l y  lowering the pore pressure by 

f l uc tua t i ons  as caused b ermal equi 1 i bra- 
- 

W 

i 
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approximately 1000 ps i ,  therefore simultaneously increasing the mean e f f e c t i v e  

stress by approximately the same amount. During t h i s  e f f e c t i v e  stress in- 

crease, a short-term o r  "e las t i c "  compress ib i l i ty  was determined f o r  compari- 

son w i t h  previous r e s u l t s  obtained dur ing basic test ing.  Shor t ly  a f t e r  creep 

i n i t i a t i o n ,  another permeabi l i ty  was sometimes measured. 

Care was taken t o  maintain constant stresses and temperature f o r  the 

durat ion o f  the creep period. A t  the end o f  the creep period, i n  many cases, 

another permeabi l i ty  was measured i n  order t o  co r re la te  permeabi l i ty  reduct ion 

w i t h  creep compaction. F i n a l l y ,  pore pressure was ra ised t o  i t s  i n i t i a l  value 

and a f i n a l  compressibi l i ty ,  and i n  some cases, permeabi l i ty ,  was determined. 

A f l u i d  sample was also obtained f o r  chemical analysis. Then the sample was 

cooled, removed from the machine, and i t s  jacket  c u t  o f f .  Small samples were 

taken f o r  post - test  t h i n  section, and scanning e lect ron microscope analyses. 

3.5 F l u i d  Chemistry 

Testing o f  f 1 uid-beari ng rese rvo i r  rock, whether 

o i l  and gas, o r  water reservoirs,  should be done w i t h  f 

i t  be f o r  geothermal, 

u ids t h a t  are compati- 

b l e  wi th  the rock s t ructure and consistent w i t h  i n - s i t u  chemistries. The 

c lass i c  example of the v a l i d i t y  o f  t h i s  procedural recommendation i s  the 

necessity t o  t e s t  a rock containing swel l ing c lays w i t h  f l u i d s  t h a t  are i n  

i o n i c  equi 1 i b r i  urn w i t h  the clays. Otherwi se , non-equi 1 i b r i  urn f 1 uids would 

cause s i g n i f i c a n t  permeabi l i ty  and po ros i t y  a l t e ra t i ons .  Less i s  known about 

non-equi 1 i b r i  um f 1 u i  d e f f e c t s  f o r  the case o f  t e s t i n g  o f  geothermal rese rvo i r  

rocks, however, i t  i s  c e r t a i n l y  t r u e  t h a t  dur ing long-term creep tes t i ng ,  

f l u i d  chemistry and rock - f l u id  e q u i l i b r i a  can p o t e n t i a l l y  a f f e c t  the chemical 

and mechanical make-up o f  these rocks. Furthermore, wi th  con t ro l  and measure- 

ment o f  f l u i d  chemistry, chemical informat ion can be used t o  a s s i s t  i n  deter- 

mining the mechanisms o f  creep. 
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The object ives o f  f l u i d  chemistry cont ro l  - _  - and analysis f o r  t h i s  program 

were t o  minimize chemical ly-induced rock response dur ing t e s t i n g  procedures 

and t o  determin t o r s  o f  mechanical creep-compaction mechan- 

isms. To minimize undes d chemical react ions i t  was necessary t o  use as 

pore f l u i d  e i t h e r  an ac - geothermal b r i ne  br a synthet ic  b r ine  w i t h  the 

cor rec t  composition. Both br ine  types have been used dur ing t h i s  t e s t i n g  

kd 

program. East Mesa 

b r ine  was co l lec ted  

account f o r  changes 

head. 

b r ine  was- synthesized i n  the laboratory and Cerro P r ie to  

i n  the f i e l d  bu t  chemically adjusted i n  the laboratory t o  

caused by c o l l e c t i o n  a t  the depressurized and cooled w e l l  

To insure t h a t  chemical equi 1 i b r i  um was being approximated 

i n  the laboratory,  it was necessary t o  p e r i o d i c a l l y  sample the 

analyze i t  f o r  major const i tuents.  Analyses were performed 

Tek's chemistry laboratory and i n  the geochemical laboratory a t  

dur ing t e s t i n g  

pore f l u i d  and 

both i n  Terra 

the Un ivers i ty  

of Utah. 

i n  Figure 25. 

The sampling procedure used i n  the laboratory i s  shown schematical ly 

The East Mesa b r ine  zone o f  Well 78-30 tes ted  was o f  

l o w  s a l i n i t y  and s i l i c a  -con t r a t i o n  and eas i l y  synthesized i n  the laboratory.  

The i n - s i t u  b r ine  compositi i n  Table 8 along 

w i t h  the composition o f  the .syn the t ic  b r i ne  used f o r  t e s t i n g  a t  Terra Tek. 
-- 

Except f o r  b i ca  (HC03-) and s u l f a t e  (SO4 ), the synthet ic  and i n - s i t u  

b r i ne  compositions were s imi la r .  Bicarbonate was i n t e n t i o n a l l y  forced high t o  

compensate f o r  loss o f  carbon d iox ide (COz) dur ing storage and t o  a l low f o r  

generation o f  the ssary aqueous C02 i n  the pore pre r e  system. Aqueous 

C02 was generated by p a r t i a l l y  i n g  an accumulator with .br ine,  pressur iz ing 

the br ine,  and t h  ac id  (H2S04) i o the pressurized 

br ine.  By c o n t r o l l i n g  the quant i ty  o f  ac id  in jected,  the degree o f  conversion 
'b/ 
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, 

PORE FLUID ANALYSIS 

FLUID ANALYSIS 

TEST 

SAMPLE 

FLUID PREPARATION 

Figure 25. Schematic diagram of pore f l u i d  sampling system 
used dur ing high temperature creep test ing.  

Table 8 

East Mesa Br ine Composition 
Wel l  78-30 

Consti tuent 

PH 
Ca 
Na 

c1 

K 
S i O z  

so4 

HC03 

TDS 

In-Si  t u  

6- 7 

9 PPm 
510 

420 
25 
170 
420 
150 
1700 - 2400 

Synthetic Br ine 

5.5 - 6.5 
10 PPm 
650 
350 
30 
180 
780 
350 

2400 
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o f  bicarbonate t o  carbon dioxide was control led.  The amount o f  ac id  required 

f o r  the conversion a lso necessitated the o r i g i n a l l y  low s u l f a t e  content i n  the 

synthet ic  br ine.  The procedure fol lowed f o r  t h i s  bicarbonate t o  carbon diox- 

i de  conversion i s  shown schematically i n  Figure 26. The r e s u l t i n g  pH o f  the 

b r ine  w i t h i n  a t e s t  specimen dur ing t e s t i n g  was estimated t o  be between 5.0 

Ici 

and 7.0, bu t  it i s  not  a c t u a l l y  known since there i s  no cu r ren t l y  r e l i a b l e  

method o f  measuring pH a t  h igh pressure and high temperature w i t h i n  a t e s t  

vessel. Fortunately, i n  the actual  geothermal reservo i r ,  pore f l u i d  pH i s  

probably con t ro l l ed  by the amount o f  carbonate species present ra the r  than the 

converse, i .e.,  the bicarbonate t o  carbon dioxide r a t i o  i s  no t  def ined by pH 

bu t  ra the r  it determines the pH. Siuce the estimated downhole pH was not  

measured bu t  ca lcu lated from surface composition and temperature, our method 

probably achieved the pH a t  rese rvo i r  condi t ions . >  more r e l i a b l y  than i f  pH were 

W 

measured and adjusted a t  room condi t ions p r i o r  t o  test ing.  

When the f l u i d  was sampled from the pore f l u i d  system, the pressure on 

the emerging f l u i d  was reduced t o  atmospheric and carbon dioxide was released 

as a gas. This gas was trapped and bubbled through s i x  normal sodium hydrox- 

i d e  t o  dissolve the carbon d iox ide and convert it t o  carbonate (COS). The 

sampled b r i n e  and sodium hydr de were then tested f o r  bicarbonate and car- 

bonate concentrat ion by s u l f u r i c  ac id  t i t r a t i o n .  I n  t h i s  way, the t o t a l  

bicarbonate composition o f  the removed b r i v e  was measured. 

~~ 

The f l u i d  used i n  the Cerro P r i e t o  t e s t s  o r i g ina ted  from b r ine  sampled a t  

the geothermal f i e l d .  The b r ine  was co l l ec ted  from we l l  M129 downstream o f  

the separator and was consequently concentrated w i t h  respect t o  dissolved 

so l i ds  due t o  the loss o f  30-40% by weight of steam. I n  the f i e l d ,  the sam- 

p led  f l u i d  was a c i d i f i e d  w i t h  n i t r i c  ac id  t o  a pH o f  about 2, t o  minimize 

p r e c i p i t a t i o n  o f  s i l i c a  and calcium carbonate dur ing storage. Analyses o f  
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ACID INJECTION SYSTEM 

SAMPLE CONTAINS D.E. WATER 

I 
- - I  

- I  

I - -  

I 
SYNTHETIC BRINE 

pH 8-9 

SAMPLE AND ACCUMULATORS 
CONTAIN BRINE: 

pH 5-6 
Cot  3OOppm 

HCO 4 8 0 p p m  

Figure 26. Schematic diagram o f  acid injection system used t o  achieve 
carbonate equilibrium and correct pH for  high temperature, 
h i g h  pressure testing. 
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pH =5.4 

s i 0, = 7 0 0 

p H = 2  (HN03) 

S i 0 2 = 1 0 0 0  ppm 
b L 

CERRO PRlETO FIELD SAMPLING & 
LABORATORY CHEMISTRY CYCLE 

REACTIONS 
W ALTERATION b 

E 0 U IL IB RlUM . 

30% 

ADJUST TO 
RESERVOIR TESTS 

CONCENTRATION 

STEAM 
COLLECT & 

t I 1 I 

RESERVIOR 

pH=5.4 (CALC) 

SiO2=700 ppm 

ANALYZE 
FLUID & 

ROCK 

PH 
Ca 
Ne 
C I  
K 

s io2 

HCO, 
s 0 4  

S.E.M. 
THIN SEC. 

Figure 27. Flow chart of cycle through which fluid from the Cerro 
Prieto reservoir was taken between sampling at the wellhead 
and final analysis after testing. 
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t h i s  f l u i d  have shown t h a t  the a c i d i f i e d  b r ine  can be stored f o r  months w i t h  

very l i t t l e  a l t e ra t i on .  

The f i e l d  sampling and f l u i d  treatment sequence i s  shown i n  Figure 27. 

Immediately p r i o r  t o  use i n  the laboratory (within 24 hours), two t o  four 

l i t e r s  o f  s t a b i l i z e d  b r ine  were d i l u t e d  w i t h  deionized water and pH-adjusted 

w i t h  sodium hydroxide t o  approximate downhole condit ions. The values f o r  the 

major const i tuents for  the concentrated, adjusted and estimated i n - s i t u  br ines 

are given i n  Table 9. Although the concentrations i n  the f l u i d  used i n  t e s t -  

i n g  d i d  not correspond exact ly  t o  the estimated downhole values, they were, 

w i t h  the exception o f  calcium bicarbonate, w e l l  w i t h i n  the range o f  values 

observed a t  the Cerro P r ie to  f i e l d .  The low concentrations o f  calcium and 

bicarbonate were probably due t o  the p r e c i p i t a t i o n  of calcium carbonate dur ing 

f l ash ing  and the l i b e r a t i o n  of carbon dioxide gas due t o  a c i d i f i c a t i o n .  Once 

Table 9 

Cerro P r i e t o  Br ine Composition 

Consti tuent 

PH 
Ca 
Na 

c1 
K 

$io2 
HC03 

$04 
TDS 

As Received 

1 - 2  
430 ppm 

6,550 
16,700 
1,550 
990 
0 
0 

28,220 

In -S i tu  

5.4 
370 

5,100 
9,700 
1,100 
540 

1,800 (Aq. Cop) 

20 
17,000 - 20,000 

Test Ce l l  

5 - 6  
270 

6,000 
13,000 
1,200 
650 
0 
0 

20,000 

Br ine  used i n  t e s t i n g  i s  a c t u a l l y  sampled from The Cerro 
P r i e t o  Field.  
arator,  and thus i s  concentrated due t o  f l ash ing  off o f  
30 - 40% o f  l i q u i d .  

As received f l u i d  i s  sampled a f t e r  the sep- 

2Source: Reed, 1976. Average o f  12 wells. 



53 

the f l u i d  was prepared f o r  the t e s t ,  i t  was introduced t o  the pore pressure 

system and pressurized i n  an accumulator. Any f u r t h e r  modi f icat ion o f  the 

f l u i d ,  s i m i l a r l y  as done t o  the East Mesa br ine,  was performed a t  t h i s  stage. 

For creep t e s t s  on both East Mesa and Cerro P r i e t o  samples considerable 

f lush ing p r i o r  t o  actual  t e s t i n g  was done, as described above i n  the creep 

t e s t i n g  section. Analyses have shown t h a t  f l ush ing  p r i m a r i l y  removes s a l t s  

and d r i l l i n g  mud residues l e f t  by the cor ing operation. The f l ush ing  proce- 

dure i s  shown schematically i n  Figure 28. A f t e r  i n i t i a l  f lush ing,  when down- 

stream chemistry was acceptable, the specimen was brought t o  i n - s i t u  condi- 

t i o n s  and allowed t o  s tab i l i ze .  The pore f l u i d  was again sampled and compared 

t o  the i npu t  f l u i d .  I f  the chemistry was no t  acceptable, addi t ional  f l u s h i n g  

was performed a t  i n - s i t u  condit ions; otherwise, the t e s t  proceeded. A t  the 

conclusion o f  the tes t ,  a volume o f  pore f l u i d  equal t o  approximately one-half 

t o  three-fourths o f  a pore volume (20-30 cubic centimeters) was sampled and 

analyzed f o r  the const i tuents as given i n  Table 10. These values are compared 

t o  those f o r  the o r i g i n a l  i npu t  f l u i d  t o  g ive i n s i g h t  t o  the degree o f  equi- 

l i b r i u m  acheived, completeness o f  f lush ing,  and a l t e r a t i o n  t o  the specimen. 

Table 10 a lso gives the method o f  analysis used f o r  each const i tuent.  

The f i r s t  method given i s  the primary method used, and other methods l i s t e d  

are performed occasional ly t o  eck the accuracy o f  the primary method and 

also, i n  the case o f  atomic absorption, when sample volume obtained was inade- 

quate f o r  other methods. The experimental accuracy o f  each determination i s  

given i n  Table 11. This uncer ta in ty  i s  separated i n t o  two par ts ,  a n a l y t i c a l  

and sampling, The a n a l y t i c a l  accuracy i s  determined by fac to rs  such as meter 

and probe s t a b i l i t y ,  d i l u t i o n ,  and q u a l i t y  o f  standards. This uncer ta in ty  i s  

general l y  smal l e r  than ‘ that  caused by sampl i ng. Sampl i ng e r ro rs  include 

p r e c i p i t a t i o n  and d i sso lu t i on  w i t h i n  the system, mixing w i t h  b r i ne  o r  water 
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Table 10 

Pore F1 u i d  Chemistry Analysis 

Consti tuent 

~~~ ~ 

Consti tuent 

PH 

Sodi um 

Chl o r i  de 

Potassi um 

Cal c i  um 

Sul f a t e  
S i  1 i c a  

Bicarbonate 
Total d i  ssol ved sol i d s  

PH 
Sodi um 

Chloride 
Potassi um 
Cal c i  urn 

Sul fa te 

S i l i c a  

Bicarbonat- 

Method 

Analog pH - Spec i f i c  i o n  meter w i t h  
s o l i d  s ta te  electrode 
S o l i d  s ta te  i o n  electrode 
Atomic absorption 

S o l i d  s ta te  i o n  electrode 
S i l v e r  n i t r a t e  t i t r a t i o n  
L iqu id  i o n  exchange electrode 
Atomi c absorption 
L iqu id  i o n  exchange electrode 
Atomic absorption 
EDTA t i t r a t i o n  
Spectrophotometer 
Spectrophotometer 
Atomic absorption 

Acid t i t r a t i o n  
Gravimetric determi nat ion 

Table 11 

Experimental Accuracy 

Analy t ica l  Error  

+o. 1 
10% 

5% 
5% 

10 ppm o r  10% 
10 ppm o r  10% 

5% 
5% 

Sampling Error  

20.2 
10% 
10% 
10% 
10% 
10% 
15% 
50% 
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residue i n  the l i nes ,  and f l ash ing  when exposed t o  atmospheric pressure. I n  

the case o f  the carbonate species, addi t ional  uncer ta in t ies were introduced by 

the gaseous COP phase and contact between the b r ine  and atmospheric C02. 

The b r ine  sampling system i s  shown i n  Figure 28. Pore f l u i d  was sampled 

from the t e s t  vessel a t  a p o i n t  d i r e c t l y  below the endcap on the specimen. 

Lines were f lushed w i t h  deionized water and then w i t h  n i t rogen gas before the 

b r ine  was sampled. A low ni t rogen gas pressure was kept on the system whi le  

i t  was f lowing t o  minimize loss o r  pick-up o f  carbon dioxide gas. The l i q u i d  

and gaseous phases were separated i n  the b r ine  t r a p  and the o f f  gases are 

bubbled through two columns o f  sodium hydroxide t o  dissolve any carbon dioxide. 

Some sampling uncer ta in t ies were introduced by the volume o f  f l u i d  re ta ined i n  

the l i n e s  and the non-perfect e f f i c i e n c y  o f  the carbon dioxide trap. 

I n  general, the chemical analysis procedures, as’ can be seen f r o m  the 

above descr ipt ions,  are q u i t e  complex and therefore cost ly .  For t h i s  reason, 

they were done f o r  the creep t e s t s  only, where chemical f ac to rs  were l i k e l y  t o  

be most important. During several creep tes ts ,  there were occurrences t h a t  

caused chemical data t o  become inaccurate, such as some f l ash ing  i n  the system 

o r  o ther  extremely non-equil ibr ium s i tuat ions.  I n  these cases, complete 

chemical procedures were reduced i n  scope accordingly. 

3.6 Microst ructura l  Analyses 

Three procedures were used f o r  microst ructura l  analyses: t h i n  sect ion 

petrographic analysis, x-ray d i f f rac t i on ,  and scanning e lect ron microscope 

analysis. I n  most cases, samples were studied w i t h  one o r  more procedures 

both before and. a f t e r  creep tes t i ng .  The main ob jec t i ve  o f  post - test  analysis 

was t o  i d e n t i f y  microst ructura l  mechanisms o f  creep compaction. Thin sections 

were prepared and studies o f  basic mineralogy o f  the specimens were done a t  

b d  
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Figure 28. Schematic diagram showing flushing procedure used to 
achieve fluid equilibrium prior to creep testing. 
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Terra Tek. These were especia l ly  valuable f o r  study o f  the p re - tes t  mater ia ls.  

For post  t e s t  studies, although t h i n  sections were useful ,  i t  was found t h a t  

the scanning e lect ron microscope was much more informative. X-ray d i f f r a c t i o n  

was done on both pre- and post - test  specimens t o  study c l a y  a l te ra t i ons .  The 

x-ray d i f f r a c t i o n  was c a r r i e d  ou t  w i t h  Cu K- alpha r a d i a t i o n  a t  40 KV acceler- 

a t i n g  p o t e n t i a l  and 20 MA current. I n  general, three sets o f  scans were done 

f o r  each sample, the f i r s t  on an a i r - d r i e d  specimen, the second on a specimen 

exposed t o  ethylene/glycol vapor f o r  several hours, which caused expansion of 

swel l ing clays, and the t h i r d  on a sample heated t o  5509C, which destroyed any 

k a o l i n i t e  present. These methods a1 lowed separation o f  c lay  types. Results 

w i l l  be described l a t e r .  SEM samples were prepared by t e n s i l e  f r a c t u r i n g  and 

mounted on a sample holder fo l lowed by u l t rason ic  cleaning. I n  addi t ion,  the 

SEM used had a computerized energy dispersive analysis by X-ray (EDAX) system, 

which allowed a quick determination elemental composition along w i t h  each SEM 

frame. The SEM work was used t o  character ize po ros i t y  and pore t h r o a t  struc- 

tures, t o  i d e n t i f y  d i sso lu t i on  o f  minerals dur ing t e s t s  and t o  look f o r  possi- 

b l e  growth of authigenic phases caused by test ing.  

, .  
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4. BASIC TESTING RESULTS 

W 

I n  t h i s  chapter r e s u l t s  w i l l  be presented i n  the form o f  graphs o f  mean 

stress versus volume s t ra in ,  where mean stress i s  def ingd as the average o f  

the three p r i n c i p a l  stresses. I n  the case o f  the hydrostat ic  t es t ,  the mean 

stress i s  exact ly  equal t o  the conf in ing pressure. I n  the case o f  any t e s t  

where add i t i ona l  a x i a l  stress has been appl ied ( t r i a x i a l  , uniaxial) ,  the mean 

stress i s  the conf in ing pressure p lus  one-third o f  the addi t ional  a x i a l  stress 

applied. I n  t e s t s  where pore pressure has been appl ied and measured, stress 

values w i l l  be presented i n  terms o f  mean e f f e c t i v e  stress. I n  t h i s  case;-we 

w i l l  use the Terzaghi mean e f f e c t i v e  stress, defined as the t o t a l  mean ef fec- 

t i v e  stress (as given above) less the pore pressure. Graphs o f  mean e f f e c t i v e  

stress versus volume s t r a i n  may e a s i l y  be i n te rp re ted  i n  terms o f  specimen 

compressibi l i ty .  This w i l l  be the best way o f  comparing data from t e s t  t o  

tes t .  Volume s t r a i n  i s  the sum o f  the three p r i n c i p a l  s t ra ins.  I n  t h i s  case, 

engineering s t r a i n s  are used, so a l l  s t r a i n s  are wi th  reference t o  the i n i t i a l  
j 
~ ~ sample dimensions. Compressibi l i ty  i s  defined as the r a t i o  o f  incremental 

volume s t r a i n  t o  incremental pressure ( o r  incremental mean e f f e c t i v e  stress). 
I 
I 

4.1 East Mesa 

4.1.1 Drained Hydrostats 
~ 

~ Drained hydrostats are a basic measure o f  ske leta l  deformation. These 

t e s t s  were done on saturated specimens t h a t  were allowed t o  d r a i n  dur ing the 

t e s t s  a t  e s s e n t i a l l y  atmospheric pore pressure. Results are given i n  Figures 

29-32 f o r  the three character1 types o f  mater ia l  t h a t  were obtained from 

the East Mesa reservoir :  over ly ing caprock, the intermediate depth production 

sand, and the deep production sand. A l l  o f  the r e s u l t s  demonstrate non-l in- 

bJ e a r i t y  and i r r e v e r s i b l e  compaction t h a t  are t y p i c a l  o f  porous rocks when 
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Figure 29. Drained hydrostat on caprock material from East Mesa well 58-30, 
depth 3,268' , porosity 18.4%, t e s t  temperature 25'C, compressi- 
b i l i ty  a t  2000 psi 2 . 3 ~ 1 0 - ~  ps i - l .  

Figure 30. 
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Drained hydrostat on caprock material from East Mesa 
depth 3,270', porosity 18.0%, t e s t  temperature 25OC, 
b i l i t y  a t  2000 psi 2 . 4 ~ 1 0 - ~  psi- l .  

well 58-30, 
compressi- 
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Figure 31. Drained hydrostat on reservoir material from East Mesa well 78-30, 
depth 5,500' , porosity 18.5%, test temperature 25OC, compressibil- 
ity at 2750 psi 1.6~10-~ psi-l. 
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Figure 32. Drained hydrostat on reservoir material from East Mesa well 78-30, 
depth 7,150' , porosity 17.3%, test temperature 25OC, compressibil- 
ity at 3600 psi 1 . 3 ~ 1 0 - ~  psi-l. 
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stressed beyond t h e i r  natural  i n - s i t u  stress state. I n  t h i s  case, the caprock 

s i  1 t - c l  ay mater ia l  was the sof test .  Compressi b i  1 i t y  a t  rese rvo i r  condi t ions 

was i n  the range of 2.5 t o  3 ~ 1 0 - ~  p s i - l .  Also, there were considerable hys- 

t e r e s i s  and permanent compaction upon unloading, as can be seen i n  Figures 29 

and 30. Moving deeper i n t o  the reservo i r ,  as seen i n  Figure 31, hysteresis 

diminished somewhat and the mater ia ls s t i f f e n ,  having a compress ib i l i ty  o f  

about 1.6~10-~ p s i - l  a t  rese rvo i r  condit ions. F i n a l l y ,  a t  the deepest po in t ,  

as seen i n  Figure 32, compress ib i l i ty  was the l e a s t  a t  1 . 3 ~ 1 0 - ~  p s i - l  a t  

rese rvo i r  condit ions. These t e s t s  ind icated t h a t  the caprock was a q u i t e  

p l a s t i c  mater ia l ,  and t h a t  the reservo i r  rock becomes increas ing ly  less plas- 

t i c  w i t h  depth. Severe overstressing o f  mater ia l ,  t h a t  i s ,  loading w e l l  

beyond rese rvo i r  condit ions, caused extreme softening only i n  the case o f  the 

caprock and no t  i n  the case o f  the rese rvo i r  mater ia l .  The rese rvo i r  rock 

i t s e l f  appeared t o  behave as a reasonably we1 1-consol idated sandstone. I t s  

behavior was not  unusual f o r  f l u i d  rese rvo i r  sandstones i n  t h i s  po ros i t y  

range. 

4.1.2 Pore Pressure Reduction 

To t r u l y  simulate the f i e l d  condit ions, i t  was necessary t o  t e s t  a t  ele- 

vated temperature and a t  the stresses a c t u a l l y  seen i n  the reservo i r .  The 

t e s t s  described i n  t h i s  sect ion were c a r r i e d  ou t  a t  elevated temperatures and 

a t  t o t a l  overburden a x i a l  stresses corresponding approximately t o  those e x i s t -  

i n g  i n  the reservo i r .  However, since l a t e r a l  t ec ton i c  stresses vary and are 

mostly unknown i n  these regions, various conf in ing pressures were used on 

mater ia l  from each depth t o  span the range o f  possible r a t i o s  o f  l a t e r a l  t o  

v e r t i c a l  i n - s i t u  stress. These condi t ions are given i n  Table 12. The t e s t s  

were conducted by T i r s t  ca re fu l l y  b r i ng ing  the rock t o  the approximated reser- 

v o i r  condi t ions whi le  tak ing  care t o  not  exceed the mean e f f e c t i v e  stress a t  
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Pore Depth (ft) Axi a1 

3300 

5600 

7200 
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Table 12 

I n i t i a l  Conditions, East Mesa 
Pore Pressure Reduction Tests 

Stress or 
Conf 1 n i  ng 
2200 
2750, 
3300 

3710; 
4660 
5600 

4760 
5980 
7200 

1380 
1380 
1380 

2300 
2300 
2300 

2930 
2930 
2930 

1100 
550 
0 

1890 
940 
0 

2470 
1220 

0 

Temperature ("C) 

150 

165 

175 

rese rvo i r  condi t ions p r i o r  t o  the pore pressure cyc l i ng  p a r t  o f  the t e s t .  

Then, pore pressure was reduced by 1000 p s i  t o  simulate we l l  production. The 

pore pressure was cycled three times t o  invest igate hysteresis e f f e c t s  t h a t  

would be caused by alterna$e pressure reduct ion and recharge. In some cases, 

condi t ions were held constant f o r  periods o f  up t o  about 30 minutes t o  inves- 

t i g a t e  the primary phase o f  creep behavior f o r  l a t e r  use i n  creep test ing.  

Results, i n  terms o f  mean e f f e c t i v e  stress versus volume s t ra in ,  are shown i n  

Figures 33-41. 

Looking f i r s t  a t  Figures 33, 34 and 35, which show the pore pressure 

c y c l i n g  r e s u l t s  f o r  t h  t caprock, we see t h a t ,  w i t h  an increased 

r a t i o  o f  load t o  confining- pressure, there was a corresponding increase o f  

compressibi l i ty .  This i s  consistent wi th  the increasing dev ia to r i c  stress 

W ( r e s u l t i n g  i n  higher i n t e r v a l  shear stresses) t h a t  had been appl ied t o  the 
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Figure 33. Pore pressure cycling test on caprock material from East Mesa 
58-30, depth 3,280', porosity 19.3%, test temperature 15OoC, no 
shear stress. 
stress increase and 0.7~10-~ psi-l for effective stress decrease. 

Compressibility is 1.1~10-~ psi-l for effective 
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Pore pressure cycling test on caprock material from East Mesa 58-30, 
depth 3,280' , porosity 20.0%, test temperature 15OoC, intermediate 
shear stress. 
stress increase and 1.1~10-~ psi-l for effective stress decrease. 

Figure 34. 

Compressibility is 1.9~10-~ psi-l for effective 
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Figure 35. Pore pressure c y c l i n g  t e s t  on caprock mater ia l  from East Mesa 
58-30, depth 3,280', po ros i t y  1$.7%, t e s t  temperature 15OoC, h igh 
shear stress. 
stress increase and 1 . 4 ~ 1 0 - ~  PSI-l f o r  e f f e c t i v e  stress decrease. 

Compressibi l i ty  i s  2 . 1 ~ 1 0 - ~  p s i - l  f o r  e f f e c t i v e  

rock and i t s  e f f e c t  on enhancement o f  compaction. 

was about 60% s t i f f e r  on the second and subsequent cycles o f  compaction. 

i s  consistent w i t h  the ra the r  p l a s t i c  

We see a lso t h a t  the rock 

This 

e of t h i s  caprock mater ia l .  

The mater ia l  from the intermediate depth production zone, shown i n  Fig- 

ures 36, 37 and 38, was q u i t e  s t i f f  w i t h  respect t o  pore pressure reduct ion 

when a large a x i a l  stress had no t  been gpplled. However, w i th  app l i ca t i on  o f  

dev ia to r i c  stress t h i s  mater ia l  becomes, I n  comparison, q u i t e  so f t .  This 

intermediate-depth rese rvo i r  rock might, therefore, be termed somewhat stress 

sensi t ive.  Average compressibi 1 i ty reduct ion ' citused by cyc l  i n g  was about 52%. 

i n  Figures 39, 40 and 4 1  was e a s i l y  the 

s t i f f e s t  mater ia l  o f  t h i s  group. Also,  on average, i t  showed the l e a s t  hys- 

t e r e s i s  w i t h  cycl ing,  although there was some i n d i c a t i o n  o f  sof tening and 

The deep rese rvo i r  sand, sho 

W 
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Figure 40. Pore pressure cycling t e s t  on reservoir material from East Mesa 78-30, 
depth 7,155' , porosity 15.0%, t e s t  temperature 15OoC, intermediate 
shear stress.  
s t ress  increase and 0 . 5 ~ 1 0 - ~  p s i - l  for  effective s t ress  decrease. 

Compressibility is  0.7~10-~ psi-l for  effective 

VOLUME STRAIN (%) 
Figure 41. Pore pressure cycling t e s t  on reservoir material from East Mesa 

well 78-30, depth 7,150', porosity 15.2%, tes t  temperature 150' , 
high shear stress. 
s t ress  increase and 0.6~10-~ p s i - l  for effective stress decrease. L; Compressibility is 1. O X ~ O - ~  p s i - l  for effective 
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la rge r  hysteresis a t  the highest dev ia to r i c  stress r a t i o .  

b i l i t y  w i t h  c y c l i n g  was about 46%. 

Average compressi- 

u 
Viewing a l l  o f  the pore pressure cyc l i ng  r e s u l t s  f o r  East Mesa mater ia l ,  

we see conf i rmat ion o f  the general t rend observed e a r l i e r  (during hydrostat ic  

test ing)  t o  a s t i f f e n i n g  o f  mater ia l  w i t h  depth. However, now t h a t  dev ia to r i c  

stresses have been appl ied t o  specimens ( i n  the form o f  an a x i a l  stress t o  

conf in ing pressure r a t i o )  t o  simulate v e r t i c a l  t o  hor izonta l  stress r a t i o s  i n  

the f i e l d ,  we observe t h a t  the intermediate reservo i r  mater ia l  becomes some- 

what more stress sens i t i ve  than the deep rese rvo i r  mater ia l .  A l l  mater ia l  

shows increased compaction a t  comparable mean stress b u t  w i t h  increased devia- 

t o r i c  stress as would be expected f o r  a porous s o l i d  t h a t  i s  undergoing plas- 

t i c  deformation. 

4.1.3 Confining Pressure Cycl ing and Uniaxial  Compaction 

The remaining basic t e s t s  on mater ia l  from East Mesa are a combination o f  

For t h i s  test ing,  specimens were brought t o  condi t ions two  types o f  test ing.  

o f  elevated pressure and temperature as before, bu t  then, instead of reducing 

pore pressure, conf in ing pressure was increased by 1000 p s i  and cycled. This 
I 

, procedure served the purposes o f  checking the trends o f  previous data and a lso 
I 

o f  studying the accuracy o f  the Terzaghi e f f e c t i v e  law as appl ied t o  t h i s  

mater ia l .  Fol lowing the conf in ing pressure cycl ing,  a f i n a l  e f f e c t i v e  stress 

increase was produced by reduct ion o f  pore pressure as i n  the previous section. 

i 
, 
I 
I 

I However, i n  t h i s  case, conf in ing pressure was adjusted t o  maintain zero incre- 

I mental transverse s t r a i n  dur ing the pore pressure reduct ion cycle. This was I 

done t o  ob ta in  a compress ib i l i ty  c o e f f i c i e n t  f o r  un iax ia l  compaction. Results 

o f  these t e s t s  are given i n  f i gu res  42-47. Stress condi t ions t o  s t a r t  these 

t e s t s  were the same as f o r  the intermediate shear stress t e s t s  o f  the previous 

section. W 
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Confining pressure cycling t e s t  on reservoir material from East Mesa 
well 78-30, depth 5,510', porosity 14.8%, t e s t  temperature 15OOC. 
Compressibility is 0.9~10-~ p s i - l  for effective s t ress  increase 
and 0 . 3 ~ 1 0 - ~  p s i - l  for effective s t ress  decrease. 
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Figure 47. Uniaxial compaction test  on reservoir material from East Mesa 

we1 1 78-30, depth 7,150' , porosity 15.9%, t e s t  temperature 15OoC. 
Compressibility is 3 . 2 ~ 1 0 - ~  p s i - l  for effective s t ress  increase 
and 0.8~10-~ psi-1 fo r  effective s t ress  decrease. 
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Confining pressure cycling results,  shown i n  Figures 42, 43 and 44, 

indicate the same trends as before towards stiffening w i t h  depth, and greater b, 

plast ic i ty  i n  the caprock. If these results are compared w i t h  their  pore 

pressure cycling counterparts, shown in Figures 34, 37 and 40, differences are 

observed that  are probably not significant w i t h  respect t o  the expected range 

of variation from rock sample to  rock sample. We therefore conclude that  the 

simple Terzaghi effective s t ress  i s  a useful concept i n  this case. 

Uniaxial compaction cycling experiments are shown i n  Figures 45, 46 and 

47. When compared to  the previous tests, interpretation is uncertain. The 

caprock material compacted more severely i n  uniaxial s t ra in;  the intermediate 

depth reservoir rock compacted less severely; and the deep reservoir rock 

behaved about the same as before. However, note that  the porosity of the 

particular specimen selected from the intermediate depth reservoir was rather 

low and this could account for the unusual st iffness of this material. If 

this resul t  i s  disregarded, then one sees again that the deep reservoir mater- 

ial  behaved most elastically.  I t  did not change much i n  i t s  response t o  

uniaxial s t ra in  testing as compared to  previous testing. In contrast, the 

caprock, again the most plastic material, responded t o  the shearing caused by 

deviatoric s t ress  during t h i s  t e s t  i n  a more inelastic manner. 

4.2 Cerro Prieto 

The basic testing plan for  Cerro Prieto material was similar t o  that  for 

East Mesa material. Testing began w i t h  a number of drained hydrostats under 

various conditions t o  investigate the effects of temperature, saturation w i t h  

different types of fluid,  etc, Then testing continued with pore pressure 

cycling, confining pressure cycling, and uniaxial compaction tests.  The major 

difference i n  the testing plan for Cerro Prieto material was that samples were 
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chosen from many d i f f e r e n t  wel ls  ra the r  than from several depths i n  only two 

wel ls.  

4.2.1 Drained Hydrostats 

Results o f  basic t e s t i n g  are shown i n  Figures 48-53. Drained hydrostats 

a t  room temperature on mater ia l  from w e l l  M123 are shown i n  Figures 48 and 49. 

These r e s u l t s  are t y p i c a l  f o r  porous sandstone. Compressibi l i t ies were about 

1 ~ 1 0 - ~  p s i - l  a t  reservo i r  pressures and some hysteresis was evident. Figures 

50 and 5 1  show hydrostat ic  compression o f  mater ia l  from we l l  T366 from a depth 

o f  greater than 8,200 feet.  Note, however, t h a t  po ros i t y  was greater than f o r  

the previous wel l ,  and t h a t  these t e s t s  were a t  elevated temperature. Despite 

the di f ferences i n  depth and temperature, the compressi b i  1 i t i e s  a t  rese rvo i r  

condi t ions were approximately the same as those o f  the previous wel l .  Figure 

51 shows, add i t i ona l l y ,  the e f f e c t  of pressure cyc l ing.  The degree o f  plas- 

t i c i t y  was moderate w i t h  some hysteresis. Figures 52 and 53 show two more 

drained hydrostats a t  elevated temperatures on mater ia l  f r o m  the same we1 1, 

T366. However, t h i s  mater ia l  was f r o m  a s l i g h t l y  d i f f e r e n t  l oca t i on  and had 

considerably less poros i ty .  Note t h a t  compress ib i l i t ies  were comparable t o  

those obtained i n  the previous t e s t s  which could i nd i ca te  t h a t  the mater ia l  

causing the lowering o f  po ros i t y  i s  a s o f t  mater ia l  t h a t  does not  cont r ibute 

t o  strengthening o r  s t i f f e n i n g  o f  the structure.  The s i x  t e s t s  described i n  

t h i s  sect ion have demonstrated the repeatabi 1 i ty of our t e s t  technique when 

used f o r  s i m i l a r  rocks. They a lso show tha t ,  i n  basic proper t ies,  the reser- 

v o i r  rocks from East Mesa and Cerro P r i e t o  a t  the locat ions chosen, d id  not 

s i g n i f i c a n t l y  d i f f e r  i n  t h e i r  compressi b i  1 i t i e s .  
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Figure 48. Drained hydrostat on material from Cerro Prieto well M-123, depth 
5,200' ,  porosity 14.0%, t e s t  temperature 2 5 O C ,  compressibility a t  
1000 psi 1 . o x ~ P  psi-1. 
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Figure 49. Drained hydrostat on material from Cerro Prieto well M-123, depth 
5,200', porosity 14.9%, t e s t  temperature 25OC, compressibility a t  
3000 psi 1 . 1 ~ 1 0 - ~  psi- l .  
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Figure 50. Drained hydrostat on material from Cerro Prieto well T-366, depth 
8,269', porosity 19.8%, test temperature 90°C, compressibility at 
5000 psi 1.1~10-~ psi-l. 

Figure 51. 

6000 

5000 

4000 

3000 

2000 

1000 

0 
0 0.2 0.4 0.6 0.8 1.0 

VOLlhlE STRAIN (%) 

Drained hydrostat on material from Cerro Prieto well T-366, depth 
8,269', porosity 19.7%, test temperature 90°C, compressibility at 
5000 psi 1.0~10-~ psi-'. 
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Figure 52. Drained hydrostat on material from Cerro Prieto well T-366, depth 
8,269', porosity '13.8%, test temperature 90°C, compressibility at 
5000 psi 1.0~10-~ psi-l. 
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Figure 53. Drained hydros t on material from Cerro Prieto well T-366, depth 
8,269', porosity 13.7%, test temperature 90°C, compressibility at 
5000 psi 1.2~10-~ psi-l. 'td 
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Conf i n i  ng 

4.2.2 Pore Pressure Reduction 

As i n  the t e s t s  f o r  East Mesa, three mater ia ls  were selected which were 

then subjected t o  the choices o f  t e s t  condi t ions as shown i n  Table 13. They 

were zero, intermediate, and high r a t i o s  o f  addi t ional  a x i a l  stress t o  conf in-  

i n g  pressure, corresponding t o  low, moderate, and large amounts o f  shear 

stress. Mater ia l  was selected from three wel ls  f o r  t h i s  study; we l l  M107 with 

Pore 

mater ia l  from 7,067 feet ,  wel l  M127 w i t h  mater ia l  from 7,136 feet ,  and w e l l  

T366 w i t h  mater ia l  from 8,010 feet. 

caused f a i l u r e  o f  t e s t  specimens. 

The highest dev ia to r i c  stress general ly 

Therefore, only the low and intermediate 

dev ia to r i c  stress r e s u l t s  are shown i n  Figures 54-59. Compressibi l i t ies i n  

these three wel ls  were q u i t e  comparable, and a l l  i n  the range 0.6 t o  0.9~10-~ 

p s i - l .  There was no s i g n i f i c a n t  t rend t o  increased p l a s t i c  behavior as devia- 

t o r i c  stresses were increased, nor was there any s i g n i f i c a n t  hysteresis caused 

by cycl ing.  These observations, coupled w i t h  the tendency f o r  f a i l u r e  a t  the 

Table 13 

I n i t i a l  Conditions, Cerro P r i e t o  
Pore Pressure Reduction Tests 

We1 1 

M-107 

M- 127 

T-366 

Depth (ft) 

7070 

7140 

8010 

2300 
4630 
6940 

2380 
4760 
7140 

2670 
5340 
8015 

3100 
3100 
3100 

3200 
3200 
3200 

3600 
3600 
3600 

( P i i )  , 
x i  a 
4630 
2300 

0 

4760 
2380 

0 

5340 
2670 

0 

- - 

Temperature ("C) 
- 

150 

150 

150 

LJ 
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Figure 56. Pore pressure cycling t e s t  on material from Cerro Pr ie to  well 
M-127, depth 7,136', porosity 19.6%, no shear s t ress ,  test  temper- 
ature 15OOC. 
increase and 0 . 4 ~ 1 0 - ~  psi-l for effective stress decrease. 

Compressibility 0 . 8 ~ 1 0 - ~  p s i - l  for effective stress 
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Figure 57. Pore pressure cycling t e s t  on material from Cerro Prieto well M-127, 
depth 7,136' , porosity 19.4%, intermediate shear stress, test  tem- 
perature 15OOC. Compressibi 1 i t y  0.9~10-~ psi-l for effective s t ress  
increase and 0.7xlO-" psi-l for effective s t ress  decrease. c, 
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Figure 58. Pore pressure cycling t e s t  on material from Cerro Prieto well 
1-366, depth 8,0101, porosity 19.6%, no shear s t ress ,  t e s t  temper- 
ature 150OC. 
increase and 0 . 3 ~ 1 0 - ~  psi-l for 'effective stress decrease. 
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Figure 59. 
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Pore pressure cycling t e s t  on material from Cerro Prieto well T-366, 
depth 8,010', porosity 19.3%, intermediate shear stress,  t e s t  tem- 
perature 15OoC. Compressibility 0 . 5 ~ 1 0 - ~  ps i - l  for effective s t ress  
increase and 0 . 3 ~ 1 0 - ~  psi- l  for effective stress decrease. 
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highest dev ia to r i c  stress values, ind icated t h a t  these sandstones were essen- 

t i a l l y  e l a s t i c - b r i t t l e  i n  nature as compared t o  the East Mesa mater ia l  prev i -  

ously tested. 

4.2.3 Confining Pressure Cycl ing and Uniaxial  Compaction 

Three t e s t s  on the same mater ia l ,  as described a lso i n  the previous 

section, f o r  the case o f  intermediate load and conf in ing pressure cyc l i ng  are 

shown i n  Figures 60, 6 1  and 62. Results were s i m i l a r  t o  the previous resul ts .  

There was poss ib ly  a small t r end  t o  l a rge r  compressibi l i ty ,  which would be 

consistent wi th  a non-zero g r a i n  compressi b i  1 i t y  which would a1 t e r  the Terz- 

aghi e f f e c t i v e  stress. Uniaxial  compaction resu l t s ,  shown i n  Figures 63, 64 

and 65 ind icated a s l i g h t  tendency t o  greater compressibi 1 i t y ;  however, the 

change was not  marked and it was consistent w i t h  the r e l a t i v e l y  e l a s t i c  short- 

term response o f  the Cerro P r i e t o  mater ia l  tested. 

4.2.4 U1 t rasonic  Ve loc i t i es  

U1 t rasonic  v e l o c i t i e s  measurements were performed on Cerro P r i e t o  mater- 

i a l  from the three wel ls  as described above. These were done both a t  reser- 

v o i r  condi t ions and a t  reduced pore pressure. The purpose o f  these measure- 

ments was t o  look f o r  co r re la t i ons  wi th  other t e s t  r e s u l t s  and, i n  p a r t i c u l a r ,  

t o  determine the extent  t h a t  u l t rason ic  v e l o c i t i e s  might be sens i t i ve  indica- 

t o r s  o f  compaction phenomena. I f  t h i s  were t rue, then downhole sonic measure- 

ments could be used as compaction i nd i ca to rs  i n  the f i e l d .  

Ul t rasonic  v e l o c i t y  r e s u l t s  are shown i n  Table 14, where P and S wave 

v e l o c i t i e s  a t  rese rvo i r  condi t ions and a t  reduced pore pressure (by 1000 p s i )  

are shown. There was a change i n  average v e l o c i t y  corresponding t o  compaction 

of 1-8. This change, although s i g n i f i c a n t ,  was probably no t  large enough t o  

be r e a d i l y  d i sce rn ib le  downhole, considering the per turb ing inf luences of 
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Figure 60. Confining pressure cycling test on Cerro Prieto material from well 
M-107, depth 6,936', porosity 18.3%, test temperature 15OoC, inter- 
mediate shear stress. Compressibility 0.8~10-~ ps4-I for effective 
stress increase and 0.6~10-~ psi-' for effective stress decrease. * 
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Figure 61. Confining pressure cycling test on Cerro Prieto material from well 
M-127, depth 7,136', porosity 20.4%, test temperature 15OoC, inter- 
mediate shear stress. Compressibility 1.0~10-~ psi-l for effective 
stress increase and 0.7~10-~ psi-l for effective stress decrease. LJ 
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M- 107 M- 127 T-366 
v vS v vS v vS 

4.01 2.52 3.82 1.96 4.03 2.61 Reservoir 
Conditions 

4.06 2.57 3.90 2.01 4.05 2.66 P Reduced P 

Change (%) +1.1 +2.0 +2.1 +2.5 +0.4 +1.7 

Table 14 

Average 
v vS 

3.95 2.36 

4.00 2.41 

+1.3 +2.2 

U1 trasoni c Veloci t ies  , Cerro Pri eto (km/s) 

other mechanisms, such as noise caused by f l u i d  flow, tectonics, thermal f luc-  

ctuations, etc.  Nevertheless, i n  the laboratory, the change was consistent, 

easi l y  measurable, and repeatable. 
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5. CREEP TESTING RESULTS 

Basic tes t ing ,  as described i n  the  previous chapter, succeeded i n  deter- 

mining the short-term compressional response proper t ies o f  Cerro P r ie to  and 

East Mesa cores. The loading durat ion o f  these short-term t e s t s  was, i n  most 

cases, less  than one hour. Some evidence o f  time-dependent i n e l a s t i c  response 

was observed. This suggested long-term creep compaction might be observed i f  

la rge  e f f e c t i v e  stresses were maintained fop long periods o f  time. The pur- 

pose o f  creep tes t ing ,  therefore, was t o  determine the  extent t h a t  compaction 

i s  time-dependent, thus making long-term e f f e c t i v e  compress ib i l i t i es  l a rge r  

than those measured i n  short-term tests .  Addi t ional ly ,  since reservo i r  perme- 

a b i l i t i e s  may be a f fec ted  by long-term compaction, several creep t e s t s  a lso  

included measurements o f  permeabi 1 i ty. 

A summary o f  creep t e s t s  t h a t  were completed i s  shown i n  Table 15. The 

f i r s t  group o f  four  tests ,  on mater ia l  from the  East Mesa reservo i r  ( labeled 

EM-1 thorugh EM-4), were p r i m a r i l y  debugging t e s t s  f o r  the  modif ied creep 

machine and new jacke t ing  procedures. The next group o f  n ine t e s t s  on Cerro 

P r ie to  mater ia l  ( labeled CP-1  through CP-9) were t e s t s  w i t h  considerable 

emphasis placed on measurements o f  permeabi 1 i t y .  The f i n a l  group o f  t e s t s  

( labeled EM-5 through EM-8, and CP-10 through CP-12) were long-term creep 

tests .  I nd i v idua l  r e s u l t s  f o r  each o f  these tes ts  are given i n  separate 

sections b e l  ow. 

Tests o f  East Mesa mater ia l  were genera l ly  run a t  temperatures i n  t h e  

range 15OOC t o  16OoC. For Cerro P r ie to  mater ia l ,  t e s t s  were general ly run i n  

the  range 250°C t o  30OoC. I n  the cases where t e s t s  are labeled " t r i a x i a l " ,  

t o t a l  overburden s t ress was se t  equal t o  one p s i  per  f o o t  o f  b u r i a l ,  pore 

pressure was se t  by assuming a normal hydrostat ic  gradient, and conf in ing  
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Table 15 

Creep Test  Summary 



pressure was se t  so that  the rat io  of effective oveburden t o  effective lateral  

stress was approximately three t o  two. For the t e s t s  labeled nhydrostatic", 

confining pressure was se$ equal t o  one psi  per foot of burial and pore pres- 

sure was assumed t o  be hydrostatic. In most cases, only axial strains were 

measured during the creep 'tests". Resolution of creep s t ra in  was about l ~ l O - ~ /  

day o r  l ~ l O - ~ / s e c  (lxlo-' %/set), Creep results are presented here as curves 

of volume strain versus time. For constant grain volume and small strains,  

the volume s t ra in versus time curves may be treated also as porosity change 

versus time curves. 

5.1 In i t ia l  Creep Tests, East Mesa 

The results of the f i r s t  four creep tes t s  are given i n  Figures 66-69. 

The drop i n  volume s t ra in seen a t  zero time is the in i t ia l  reduction caused by 

a 1000 psi pore pressure reduction from in i t ia l  i n - s i t u  conditions. Note the 

similarity among t e s t  results. There i s  an i n i t i a l ,  somewhat rapid creep 

rate,  which then tapers off t o  wha t  appears t o  be a steady-state creep rate. 

Caution in interpretation is necessary. The apparent steady-state could be 

the early part of an extremely long-duration time-dependent curve and this 

would be d i f f icu l t  t o  discern. If the t e s t .  that  was aborted early due t o  

machine diff icul t ies  (shown i n  Figure 67) is ignored, the average long-term 

creep rate for these . t e s t  A t  this rate,  the instantaneous 

strain seen in this rock as caused by in i t ia l  pore pressure reduction would be 

doubled by creep effects i n  approximately three days time and al l  porosity 

would be removed i n  approximately 00 days time. These tests indicate that 

creep is  a significant phenomenon i n  these rocks, 

*Early creep t e s t i  ng i ndi cated that the 1 ateral strain system, which u t i  1 ized 
strain-gauged cantilevers, was subject i n  some cases t o  more long-term d r i f t  
than the axial strain system, which utilized LVDT's. Therefore, t o  obtain 
maximum resolution f o r  purposes of creep compaction measurement , only the 
higher resolution axial strain.  LVDT measurements were used. 

is 4.l~lO-S;se 
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Figure 66. Creep compaction test on material from East Mesa well 78-30, depth 
7,142' , creep rate approximately 3 . 3 ~ 1 0 - ~  sec-l. 
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5.2 Ini t ia l  Creep Tests, Cerro Prieto 

ii The next eight tes t s  were conducted on material from nine different wells 

a t  Cerro Prieto. Creep duration ranged from 120 minutes t o  550 minutes and 

permeabi 1 i t i e s  were measured several times dur ing  each tes t .  The description 

of results will be separated into two subsections: the f i r s t  describing volume 

strain results, and the second describing permeability results. 

5.2.1 Volume Strain Results 

W 

The volume strain results are given i n  Figures 70 through 77. For sand- 

stones, as material becomes coarser-grained, creep becomes more noticeable. 

All si l tstones tended t o  creep a t  greater rates; however, results are highly 

variable. Creep amounts in these materials vary from l i t t l e  o r  none in rocks 

from Wells M-127, M-110, 0473 and NL-1.  Note that these materials a l l  contain 

l i t t l e  o r  no calcite (see Table 5). Higher creep rates are observable i n  

samples from wells M-7, M107 and M-129. These a l l  tend t o  be si l tstones 

coarser-grai ned sandstone material s. Fi nal l y  , an extremely high creep rate is  

observed in the sample from well M-93. This sample was fine grained sand, 

very fr iable ,  had h i g h  fines fraction and porosity, and was clearly different 

from other materials obtained from wells a t  Cerro Prieto. I n  fact ,  w i t h  i t s  

h i g h  i n i t i a l  creep rate,  i t  perhaps behaved more as a soil than as a rock. 

When a l l  results except well M-93 are averaged, the observed creep rate i s  

7 .2~10-~/sec,  which is somewhat greater than the rate observed for  East Mesa 

material. However, the duration of creep for  these tes t s  was less than fo r  

the East Mesa tes t s  previously shown. Since observed creep was more rapid a t  

ear l ier  times, the greater rates fo r  Cerro Prieto rocks may be somewhat mis- 

leading. If one considers only a t  the longer-term Cerro Prieto tes t s ,  as 

shown in Figures 70, 71 and 72, the average creep rate i s  somewhat less than 
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Figure 70. Creep compaction test on material from Cerro Prieto well M-127, 
creep rate i s  l ess  than ~ . O X ~ O - ~  sec-l .  
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Figure 71. Creep compaction t e s t  on material from Cerro Prieto well M-110, 
creep rate i s  l ess  than ~ . O X ~ O - ~  sec-l .  
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Figure 72. Creep compaction t e s t  on material from Cerro Prieto well 0473, 
creep rate i s approximately 1 . 7 ~ 1 0 - ~  sec-l .  
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Figure 73. Creep compaction test on material from Cerro Prieto well M-7, 
creep rate is approximately 10.0~10-9 sec-1. 
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Figure 74. Creep compaction test on material from Cerro Prieto well M-107, 
creep rate is approximately 18.6~10-~ sec- l. 
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Figure 75. Creep compaction test on material from Cerro Prieto well M-129, 
creep rate is approximately 13.3~10-~ sec-l. u 
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Figure 76. Creep compaction test on material from Cerro Prieto well NL-1, 
creep rate i s  approximately 2.7~10-~ sec-l. 
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Figure 77. Creep compaction test on material from Cerro Prieto well M-93, 
creep rate is approximately 87. O X ~ O - ~  sec-l. 
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2 ~ 1 0 - ~ / s e c ,  which i s  less than h a l f  o f  t h a t  which was observed f o r  the East 

Mesa materi  a1 . 
I n  general, the r e s u l t s  f o r  Cerro P r ie to  mater ia l  are more va r iab le  than 

those f o r  East Mesa mater ia l ,  which should not  be su rp r i s ing  considering the 

greater number o f  wel ls  from which mater ia l  was obtained f o r  t e s t i n g  from 

Cerro Pr ieto.  For longer terms, the Cerro P r i e t o  mater ia l  perhaps e x h i b i t s  

less creep than the East Mesa mater ia l ,  w i t h  the notable exception o f  the 

unconsolidated mater ia l  f r o m  Cerro P r i e t o  w e l l  M-93, which shows more than an 

order o f  magnitude greater creep than the average o f  a l l  mater ia ls tes ted  

here. 

5.2.2 Permeabil i ty Results 

The permeabi l i ty  resu l t s ,  which are shown i n  Table 16, are q u i t e  var iable.  

During permeabi l i ty  test ing,  i t  became evident t h a t  f l u i d  chemistry was play- 

i n g  an important r o l e  i n  the f l u i d - f l o w  r e l a t e d  behavior o f  t h i s  mater ia l .  As 

w i l l  be seen i n  the f l u i d  chemistry r e s u l t s  section, t h i s  was p a r t i c u l a r l y  

not iceable i n  the case o f  rocks t h a t  contained r e l a t i v e l y  large amounts o f  

c a l c i t e .  The carbonate equ i l i b r i um seemed t o  con t ro l  the amount o f  f i n e s  t h a t  

could be released from the rock. As a r e s u l t ,  there were extreme problems 

w i t h  plugging o f  h igh carbonate rock i n  permeabi l i ty  tests.  Results are 

averaged i n  the l a s t  l i n e  o f  Table 16 and are shown i n  terms o f  i n i t i a l  aver- 

age values and changes from thos average as percentages from the previous 

val  ue. The average permeabi 1 i ty measured was about 4 m i  11 i darc i  es. With 

increased temperature, there was a reduct ion o f  permeabi 1 i ty by about 40%. 

One standard dev iat ion o f  t h i s  value i s  about 23%, so t h i s  reduct ion i s  moder- 

a t e l y  s ign i f i can t .  With pore pressure reduct ion t o  increase e f f e c t i v e  stress, 

there i s  no s i g n i f i c a n t  change i n  permeabil i ty. With creep, there was a 

reduct ion o f  approximately 39 f 18%, which i s  s i g n i f i c a n t .  With f i n a l  pore 
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Table 16 

Permeabilities, Cerro Prieto (md) 
(All at In Situ Pressures) 

Post I Gii- 
remp. 

PP 
Red. 

1.3 

Elev. 
Temp. 

1.7 

0.7 

Comments 

Low Calcite :P1 
4127 1.8 

0.8 SP2 
4110 

CP3 
D473 

CP4 
T366 

- 

7 

Low Calcite 1.0 

3.0 0,13 0.14 0.07 

0.70 0.76 0.40 Low Calcite 0.37 

3.0 CP5 
M7 

CP6 
M107 

CP7 
M129 

CP8 
N L1 

- 
- 

6.0 -- 

Low Calcite 0.22 0.11 0.5 0.20 0.21 

0.25 

1.2 

-- 

0.23 -- 

Low Calcite 0.9 0.9 3.0 1.2 

CP9 
M93 

Avg . 
- 

5.8 14.5 7.3 
- 

Pp Inc. 
+44% f 46% 

Creep Chg 
-39% f 18% 

Temp Chg. 
-40% + 23% 4.0 

, 
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pressure i ncrease , there was considerable scatter i n  results , b u t  with s t a t i  s- 

t ical  significance, there was no change i n  permeability from post-creep values. 

To summarize, we have seen that i n  rocks from Cerro Prieto, permeability 

i s  reduced by increase of temperature t o  near i n - s i t u  conditions by creep, b u t  

no t  reduced i n  conjunction with the instantaneous reduction of pore pressure. 

T h i s  is interesting because for the duration of these creep tes t s  the total  

creep strains were no t  larger than the instantaneous strains caused by pore 

pressure reduction. There are two possible explanations for this. One is  

that the permeability reductions associated w i t h  creep are somewhat anomalous 

having been caused by particulate plugging as a result  of chemical non-equi- 

l i b r i u m  effects. However, indications of non-equilibrium were small for  the 

tes t s  on low-calcite material. Therefore, the second reason that creep causes 

high s t ress  concentration areas i n  the vicinity of pore throats t o  selectively 

close is perhaps plausible a t  least  for low-calcite material. In th i s  case, 

creep would be expected t o  reduce permeability more than quasi-elastic defor- 

mation. 

5.3 Long-Term Creep Tests, East Mesa 

Four long-term creep t e s t s  were run on the material from t h e  East Mesa 

Three were on material from the production zones of Well 78-30 and reservoir. 

one was 

duration 

on the fine-grained caprock material from well 58-30. The average 

of these t e s t s  was 9x105 seconds o r  about 10 days. In these tes t s ,  

the production zone material creeped a t  a rate of about 1xlOg/sec causing 

total  deformation a t  the end of the t e s t s  that  was more than twice that of the 

instantaneous deformation a t  the beginning o f  the tes ts .  The fine grained 

caprock material from well 58-30, however, ceased to apparently creep a f te r  

about two t o  three days (although i t s  in i t ia l  creep rate was large). I t  
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Figure 78. 

O L  

I 

Figure 79. 

Figure 80. 

Figure 81. 

Long-term creep t e s t  on material from East Mesa well 78-30, creep 
rate  is  approximately 1 . 3 ~ 1 0 - ~  sec-l. 

Long-term creep t e s t  on material from East Mesa well 78-30, creep 
rate is  approximately 1.0~10-9 sec-l. 

Long-term creep t e s t  on material from East Mesa well 78-30, creep 
rate  i s  approximately 0 . 6 ~ 1 0 - ~  sec-l. 

Long-term creep t e s t  on material from East Mesa well 58-30, creep 
rate  i s  approximately 0.0~10-9 sec-l. 

Li 
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cannot be ascertained whether creep t r u l y  stopped o r  whether the f i n a l  creep 

r a t e  i n  t h i s  mater ia l  was below the reso lu t i on  o f  the equipment. These re- 

s u l t s  are summarized i n  Figures 78 through 81. Permeabi l i t ies were measured 

on these mater ia ls  and d i d  not  d i f f e r  s i g n i f i c a n t l y  from the prev ious ly  mea- 

sured permeabi l i t i e s .  

- 
5.4 Long-Term Creep Tests, Cerro P r ie to  i 

A1 though several t e s t s  were attempted, the extremely h igh temperatures 

commonly caused premature jacket  f a i l u r e  apd, i n  general, prevented the run- 

n ing o f  an extremely l o n g  creep t e s t  a t  temperatures near 300OC. One success- 

f u l  t e s t  was run on mater ia l  from Well M-107 t o  about f i v e  days duration, as 

shown i n  Figure 82. The creep r a t e  a t  the end o f  t h i s  t ime was q u i t e  small. 

Permeabil i t i e s  o f  t h i s  mater ia l  d i d  no t  d i f f e r  s i g n i f i c a n t l y  from previous 

Val ues. 
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6. FLUID CHEMISTRY RESULTS 

Results o f  analyses performed on f l u i d s  from the East Mesa and Cerro 

Test condi t ions are 

The most i n t e r e s t i n g  informat ion i n  the East Mesa t a b l e  i s  the 

P r i e t o  t e s t s  are given .in Tables 17 and 18, respect ively.  

a lso l i s t e d .  

c o r r e l a t i o n  between the p re - tes t  f lush ing o f  f l u i d  through the specimen and 

f l u i d  chemistry. Tests EM-1 through EM-4 were f lushed w i t h  two o r  three pore 

volumes o f  f l u i d  p r i o r  t o  t e s t i n g  and t e s t s  EM-5 through EM-8 were flushed 

w i t h  several tens o f  pore f l u i d  p r i o r  t o  test ing.  The e f f e c t  o f  p re - tes t  

f l ush ing  i s  borne out  by the change i n  sodium and bicarbonate pick-up between 

the two sets o f  tests.  Clear ly,  considerable s a l t  residue i s  l e f t  i n  these 

cores upon recovery and only a few pore volumes o f  f l ush ing  i s  not  s u f f i c i e n t  

t o  remove it f r o m  the core. This r e s u l t  l e d  us t o  decide, f o r  a l l  remaining 

procedures, t o  use f lushings o f  several tens o f  pore volumes o f  f l u i d  before 

the t e s t  sequences were begun. 

Analyses o f  f l u i d  from the Cerro P r i e t o  tes ts ,  shown i n  Table 18, g ive a 

good overview o f  rock-br i  ne i n te rac t i ons  dur ing tes t i ng .  Excl udi ng the re-  

s u l t s  from t e s t s  CP-4 and CP-5, where problems w i t h  the pore pressure sys-tern 

caused b r i e f  occasions o f  f l ash ing  o f  the f l u i d  t o  steam i n  the specimen, 

sodium, potassium and ch lo r i de  concentrations i n  the output f l u i d s  tend t o  be 

q u i t e  s i m i l a r  t o  those i n  the i npu t  f l u i d s ,  thus i n d i c a t i n g  t h a t  most residue 

was cleaned out. The f l u i d s  from t e s t s  CP-7 and CP-9 show h igh calcium con- 

centrat ions,  which correspond t o  the very high calcium carbonate contents i n  

the rock (6-8% CaC03). 

rock-brine matches f o r  h igh temperature test ing.  

These values emphasize the importance o f  choosing good 

The most c r i t i c a l  f l u i d  const i tuents,  from the viewpoint o f  brine-rock 

mechanical in teract ions,  are s i l i c a ,  calcium and bicarbonate. Table 19 sum- 
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Table 17 

' East Mesa 
F l u i d  Chemistry Summary 

Test Number EM1 EM2 EM3 

Rock I .D.  A9 856 854 All A17 

- EM7 

855 - 
T 
E 
S 
T 

C 
0 
N 
D 
I 
T 
I 
0 
N 
S 

- 

F 
c 
U 
I 
D 

P 
R 
0 
P 
E 
R 
T 
I 
E 
S 

- 

3700 I 3700 I 5600 7200 

1900 1900 I I 0 
0 

I 1300 I 1300 1 1900 Pore Press. 
p s i  1300 1300 1900 

Temperature I 165 I 175 I 175 
OC 

175 

14 

22 

5 

175 

26 2 2 2 Dura t ion  
Days 

Comments Only Low 
Temp. Test  

500 m l  
F lush 

500 m l  
F lush 

5.2 

1400 

PH 8.7 I 6.7 8.7 7.1 

L- 

-- 

I 
I 

1500 

s10 

300 2000 1000 3000 Soqi um 
Na * PPm 

760 

80 

100 

800" 
_ -  

*Bicarbonate was converted t o  aque 

1 -  Tolerances: pH 

y i n j e c t i n g  a c l d  i n t o  t h e  pressur ized b r ine .  
, 

so4 
Ca 10 PPm 
Na 15% 
c1 10% 
K 10% 
S i O p  20% 
HC03 50% 
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Table 18 

Cerro Prieto 
Fluid Chemistry Summary 

Tolerances: pH 20-3 
Ca 20% 
Na 15% 
c1 10% 
K 10% 
si02 20% 
HCOa 50% 
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I 

i l l 4  , 
I 
i 

Silica and Ca 

Test 
I. D. 
EM3 
- 

EM4 
EM6 
EM7 
CP3 
CP43 

CP53 
CP6 

CP7 
CP8 
CP9 

Fluid  Detention 
Time 

112 Day 
2 Days 
2 Days 

14 Days 
26 Days 

11 Hours 
1 Hour 
6 Hours 
3 Hours 
1 Hour 
3 Hours 
3 Hours. 
2 Hours 
1 Hour 
4 Hours 

S 
In 
-- 
-- - 
-- 
180 
180 

1000 
680 
680 
680 
620 
620 
620 
620 
620 
620 

ica ~ 

o u t  
-- 

-- 
75l  (490)2 

3100 
3300 

0 

2300 

- 
Cal - 

In - -- 
-- 
-- 
l o  
10 
-- 

,300 
300 
300 
270 
270 
270 
270 
270 
270 - 

i um 
out  - - 
c- 

-- 
-- 
(10 
< 10 
-- 

320 
280 
20 

660 
350 
480 
230 
490 
640 

lSample was f i l tered through a 0.45 micron f i l t e r .  

Bicar 
In 
100 
100 
100 
780 
780 
-0 

0 
0 
0 

0 

0 

0 

0 

0 

.o 

*No f i l t ra t ion  of sample. 
3The f l u i d  from CP4 and CP5 was flashed before sampling. . 

mate 
o u t  
2200 
2200 ' 

2200 
1400 
>750 
850 
180 
470 
340 
550 
800 
420 
620 
520 

1550 

' CaC03 
I n  Rock 

I% 
0% 
0% 
1% 
0% 
0% 
8% 

0% 
6% 
6% 
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1.0 

marizes the analyses performed f o r  these const i tuents f o r  the East Mesa and 

Cerro P r i e t o  creep tests.  Concentrations o f  s i l i c a  i n  the output f l u i d  tend 

t o  be dependent upon the t ime the f l u i d  was detained w i t h i n  the rock. This i s  

\ 
-t- - 

\ 

--- - - - 

summarized i n  Figure 83. For the Cerro P r i e t o  tests ,  excluding CP-4 and CP-5, 

the analyses o f  f l u i d s  detained f o r  approximately one hour show a loss o f  

s i l i c a ,  which i s  probably due t o  a small thermal disequi l ibr ium; however, 

f l u i d  from Cerro P r i e t o  t e s t s  wi th  detent ion times greater than one hour, b u t  

less than a day, show a large increase o f  s i l i c a .  Some concentrations b r i e f l y  

reached values as high as 3300 p a r t s  per m i l l i o n ,  which i s  greater than f i v e  

times the i n i t i a l  value and greater than three times saturat ion.  These values 

l a t e r  drop t o  values equal t o  o r  below o r i g i n a l  values. ( F l u i d  samples from 

the Cerro P r ie to  t e s t s  were not f i l t e r e d  and thus reported s i l i c a  values in- 

clude suspended, c o l l o i d a l ,  and dissolved sol ids.)  These h igh values are w e l l  

2 
0 
t- 

U 
9 
t- 

a 
LL 
0 
W 
W 
U 
Q 
W 

- 
a 

a 

n 

\ 
0.3 1 I I 9 

0 I 2 3 

LN TIME (HRS) 

Figure 83. Concentration o f  s i l i c a  w i t h  respect t o  degree o f  sa tu ra t i on  f o r  
several Cerro P r i e t o  creep t e s t s  as a func t i on  o f  t ime dur ing the 
tests.  
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i n  excess o f  saturat ion concentrat ion f o r  s i l i c a  even w i t h  respect t o  amor- 

phous phases i nd i ca t i ng  the presence o f  other chemical, thermochemical o r  

chemical-mechanical e f fec ts .  The values reported f o r  s i l i c a  concentrat ion 

dur ing t e s t s  EM-6 and EM-7, which had 14 and 26 day detent ion times respec- 

t i v e l y ,  show t h a t  the long-term t rend i s  toward d isso lu t ion  and not p rec ip i ta -  

t i o n  o f  s i l i c a .  The values 490 and 220 par ts  per m i l l i o n  f o r  t e s t s  performed 

on b r ine  t h a t  was not  f i l t e r e d  a f t e r  sampling, as w i t h  Cerro P r ie to  br ine,  

-include suspended o r  c o l l o i d a l  s i  1 i c a  concentrations. These values are not 

g rea t l y  d i f f e r e n t  than inpu t  values. Thus, there seems t o  be a re tu rn  t o  

equ i l ib r ium as long-term t e s t i n g  goes on. I n  the case o f  East Mesa, the 

temperature o f  the pore f l u i d  whi le  i n  the rock i s  approximately 170OC. The 

saturat ion s o l u b i l i t y  o f  s i l i c a  a t  t h i s  temperature i s  200-250 pa r t s  per 

m i l l i o n  w i t h  respect t o  quartz and 700-800 par ts  per m i l l i o n  w i t h  respect t o  

amorphous s i l i c a .  The 75 p a r t  per m i l l i o n  value reported f o r  EM-6 f o r  s i l i c a  

i s  f o r  b r i ne  t h a t  has been f i l t e r e d  through a 0.45 micron f i l t e r  p r i o r  t o  

analysis. This value i s  most probably f o r  dissolved s i l i c a  since the f i l t e r  

should r e t a i n  suspended sol ids.  

The calcium concentrations i n  the pore f l u i d  before and a f t e r  being 

introduced t o  the rock, again excluding tes ts  CP-4 and CP-5, ind ica te  t h a t  i f  

any react ions occurred they were probably re la ted  t o  the d i sso lu t i on  o f  ca l -  

. cium -carbonate. Since a l l  o f  the specimens contain a t  l e a s t  a t race of ca l -  

cium carbonate (values reported as zero ind ica te  less than 0.5%), t h i s  type of 

reac t ion  i s  expected f o r  calcium concentrations t h a t  are less than saturat ion.  

The East Mesa f l u i d  samples show t h a t  bicarbonate tends t o  decrease i n  concen- 

t r a t i o n  w i t h  increasing detent ion t ime. This ind icates t h a t  much of the 

pick-up o f  bicarbonate occurs ear ly  i n  the t e s t s  o r  whi le  i n  the pore pressure 

system which i s  reasonable since i t  was d i f f i c u l t  t o  completely remove a l l  of 
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the reta ined a i r  from the system and the specimen p r i o r  t o  introducing the 

pore f l u i d .  Since the b r i n e  used i n  the Cerro P r i e t o  t e s t s  had not  been 

adjusted w i t h  respect t o  bicarbonate and since several specimens showed very 

high calcium carbonate content, carbonate pick-up from the atmosphere (by C02 

disso?ut ion) and from calcium carbonate d i sso lu t i on  i s  expected. 

The purposes o f  t h i s  phase o f  the program were t o  insure equi l ibr ium w i t h  

respect t o  water-rock i n te rac t i ons  and t o  gain i n s i g h t  i n t o  any react ions 

which might be occurr ing dur ing a t e s t  sequence on a rock specimen i f  equ i l i b -  

r ium was not  achieved o r  disturbed by a change i n  stress state. Analyses o f  

pre- and post - test  pore f l u i d  from the East Mesa and Cerro P r i e t o  t e s t s  show 

t h a t  i n  cases where equi l ibr ium was not  achieved, adverse react ions were 

probably not  o f  major consequence t o  short-term mechanical response. Never- 

theless, some e f f e c t s  are present and include mechanisms such as calcium 

carbonate d i sso lu t i on  and t ranspor tat ion o f  suspended s i l i c a  ou t  o f  the rock 

sampl es. 

The suspended s i l i c a ,  i n  p a r t i c u l a r ,  might be one o f  the best clues we 

have as t o  the mechanism o f  creep compaction i n  these rocks (when i t  occurs). 

For Cerro Pr ie to,  the s o l u b i l i t y  o f  S i O z  a t  t e s t  condi t ions i s  approximately 

400 ppm f o r  quartz and 1200 ppm f o r  amorphous s i l i c a .  Thus, a consistent 

p i c t u r e  o f  r e s u l t s  w i t h  respect t o  s i l i c a  dur ing creep t e s t i n g  shows t h a t  the 

increased e f f e c t i v e  stress caused by reduct ion o f  pore pressure causes pres- 

sure so lu t i on  a t  quartz contact boundaries. This causes a l o c a l  supersatura- 

t i on ,  b u t  wi th  t ime ,  as i n i t i a l  so lu t i on  r a t e  and i n i t i a l  creep r a t e  diminish, 

equ i l i b r i um i s  once again achieved (see Figure 83). This w i l l  be discussed 

f u r t h e r  i n  Chapters 8 and 9. 

I 
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7. MINERALOGICAL AND STRUCTURAL RESULTS 

The fluid chemistry work associated with this program, as discussed in 

the preceedi ng chapter, has clearly shown that some types of alterations have 

occurred during creep testing. Observe the calcite dissolution and precipita- 

tion and the silica mobilization resulting, possibly, from pressure solution. 

We report here two types of examinations to assist us in analyzing these 

effects. The first is x-ray diffraction (XRD) of the clay fraction before and 

after creep tests. The second is scanning electron microscope .(SEM) exami na- 

tion combined with energy dispersive analysis by x-rays (EDAX) on pre- and 

post-test specimens in an attempt to observe mechanisms of creep compaction. 

These efforts have concentrated on the East Mesa specimens, which have under- 

gone more extensive long-term creep testing. 

7.1 X-Ray Diffraction 

X-ray diffraction analyses were carried out with CuK-alpha radiation at 

40 KV, 20 MA accelerating potential and current. In general, three sets of 

scans were done for each sample. The first was air dried, the second was 

exposed to ethylene glycol vapor for several hours, which causes expansion of 

the smectites, and heated to 55OOC to destroy kaolinite. A 

or XRD scans, the clays in the 

samples were separated dispersion in deionized water, centrifug- 

edimentation on glass slides. Clay separation was done on eight 

samples. For two specimens EM-6 post-test and EM-7 post-test), useful clay 

tests done is given in Table 20. 

separations were not recovered since the presence of soluble salts caused the 

o floculate d settle during the first centrifuge step when it was 

necessary to keep them in suspension. 

bid 



We1 1 
Number 

78- 30 

78-30 

78-30 

78-30 

58- 30 
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Table 20 

XRD Scans Obtained o f  Separated Clays 

Depth 
( fee t )  

5505 

5510 

5510 

, 7142 

3273 

EM1 Pre-Test 
EM1 Post-Test 

EM5 Pre-Test 
EM5 Post-Test 

EM6 Pre-Test 

EM7 Pre-Test 

EM8 Pre-Test 
EM8 Post-Test 

Untreated 

J 
J 
J 
J 
J 
J 
J 
.J 

Glycol ated 

J 

J 
J 

. J  

J 

55OOC 

J 

J 

J 
J 
J 

7.1.1 EM-5 - 

1. 

2. 

3. 

4. 

Pre-Test: 

A d iscrete 7 angstrom phase which disappears when heated t o  55OoC, and i s  

therefore a k a o l i n i t e - l i k e  mineral. 

A regular  mixed layer  phase w i t h  a r e f l e c t i o n  a t  23.3 angstroms contain- 

i n g  10 angstrom and 14 angstrom components. It does not  expand (w i th  

g lyco lat ion)  t o  22 angstroms. Therefore, i t  i s  not montmori l loni te,  and 

i t  disappears w i th  heating t o  550OC. Poor ly  c r y s t a l l i z e d  c h l o r i t e  can be 

decomposed by t h i s  heat treatment, and therefore t h i s  phase i s  probably a 

regular  mixed layer  i l l i t e  and poor ly  c r y s t a l l i n e  ch lo r i t e .  

A d isc re te  c h l o r i t e  a t  13.4 angstroms f o r  the a i r - d r i e d  and g lyco lated 

mater ia l  and a t  13.6 angstroms when heated t o  550OC. 

An i r r e g u l a r  10 angstrom t o  14 angstrom mixed layer  c lay  w i t h  a peak a t  

10.8 angstroms i n  the a i r  d r i ed  and g lyco lated specimen and an 11.9 

angstrom peak when ehated t o  550OC. This i s  probably an i l l i t e - c h l o r i t e  

mix. 

The fo l low ing  four  c lays can be dist inguished: 
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1. 

2. 

3. 

4. 

Post-Test: The fo l lowing phases occur: 

A 7 angstrom phase which would appear t o  be a l t e r a t i o n  product o f  the 

k a o l i n i t e - l i k e  mineral. ' I n  the pre- test  it could be a serpentine, b u t  

t h i s  i s  ambiguous because the glycolated sample y ie lded a peak a t  7.03 

angstroms and nei ther kaol i n i  t e  o r  serpenti minerals respond t o  glyco- 

l a t i on ,  so the s h i f t  from 7.25 angstroms t o  7.03 can only be in terpreted 

as the resu l ts  o f  the aging o f  a metastable 

An i r r e g u l a r  10 t o  14 angstrom mixed layer  c lay which f i r s t  produced a 

peak a t  11.2 angstroms and appeared t o  be an a l t e r a t i o n  o f  the i r r e g u l a r  

10-14 angstrom mixed layer phase i n  the pre- test  sample. It does not 

expand w i t h  glycolat ion,  and i s  therefore probably i l l i t e - c h l o r i t e .  

A d iscrete 13.4 t o  13.6 angstrom phas h ich does not  expand wi th  glyco- 

l a t i o n  and i s  therefore ch lo r i te .  

A regular mixed-layer i l l i t e - c h l o r i t e  producing a r e f l e c t i o n  a t  24 ang- 

stroms. 

The c lay a l t e r a t i o n  which appears t o  have occurred during the t e s t i n g  of 

1 te ra t ion  product. 

t h i s  specimenc i n  summary, i s  a l t e r a t i o n  o f  the i r r e g u l a r  10-14 angstrom mixed 

layer  i l l i t e - c h l o r i t e  and t 1 t e r a t i o n  ,of  the kaol i n i  t e  phase t o  produce 

ome metastable al terat ions.  

7.1.2 

e-Test: The f o l l  

1. A d iscrete 7.08 angstrom phase which disappea 

fo re  i s  k a o l i n i  

A possible three component i r r e g u l a r  mixed layer  phase w i t h  peaks a t  9.0 

angstroms a i r  dried, 9.9 glycolated and 10 heated. This could be a 

k a o l i n i t e - i l l  i te-montmori l loni te mixed layer. 

i t h  heating and there- 
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3. A d i sc re te  13.8 angstrom c h l o r i t e  which does not  expand w i t h  g l yco la t i on  

and becomes subdued w i t h  heating, it i s  therefore pure ly  c r y s t a l l i n e .  

A regular  mixed laye r  o f  10 angstrom i l l i t e ,  12 angstrom montmori l loni te 

producing a peak a t  22 angstroms. It expands t o  26.8 angstroms wi th  

g l yco la t i on  and disappears wi th  heating. 

4. 

Post-Test: 

A d i sc re te  7.1 angstrom kao l i n i t e .  

An i r r e g u l a r  mixed laye r  10-14 angstrom phase. 

The fo l l ow ing  phases are present: 

1. 

2. 

3. A regular  10-15 angstrom mixed-layer phase producing a peak a t  25 ang- 

stroms. I n  t h i s  case, the c h l o r i t e  peak a t  13.8 angstroms apparently was 

a l t e r e d  t o  other c lays dur ing the test ing.  Glycolat ion and heating work 

were not  completed f o r  t h i s  specimen and therefore the r e s u l t s  are some- 

what less certain.  

7.2 Scanning Electron Microscopy - Energy Dispersive Analysis by X-Rays 

The main purpose of the SEM work was t o  look f o r  evidence i n  the form o f  

s t r u c t u r a l  a1 t e r a t i o n  o f  the creep compaction t h a t  was observed dur ing mechan- 

i c a l  test ing.  The main technique used was t o  view and compare the surface 

morphology o f  quartz grains i n  both pre- and post - test  samples. Processes 

such as d i sso lu t i on  and growth o f  euhedral quartz i n  pore space were expected 

t o  be observed. Figures 84a and b show two examples from an East Mesa creep 

t e s t  where we bel ieve pressure so lu t i on  i s  observable. I n  Figure 84a, note 

t h a t  t he  surface o f  the quartz appears t o  be corroded o r  eaten away as though 

dissolved. This was not  ever observed i n  p re - tes t  specimens. The dissolved 

surface has been covered by a f resh clay,  probably a smectite. The in terpre-  

t a t i o n  o f  smectite i s  derived from the chemical composition through EDAX 

analysis, and from the general morphology o f  t h i s  c l a y  as compared wi th  pub- 
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Figure 84a. SEM photomicrograph of quartz crystal in rock after creep test. 
Material is from East Mesa well 78-30. 

Figure 84b. SEM photomicrograph of void left by grain plucked during sample 
preparation process. Material is from East Mesa well 78-30 after 
creep test. u 
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l i shed  micrographs. A lso  note i n  Figure 84a t h a t  the center c rys ta l  has 

penetrated i n t o  the one above it, which poss ib ly  i s  add i t iona l  evidence o f  

pressure so lut ion.  I n  the other example, Figure 84b, a spherical vo id  can be 

seen where a g ra in  was plucked out  dur ing the breaking of the sample f o r  t e s t  

preparation. The quartz g ra in  t o  the l e f t  gives an example o f  apparent d is-  

so lu t ion  along the surface t h a t  was i n  contact w i t h  the g ra in  now removed. 

Just  on top o f  the same grain, euhedral quartz overgrowth has occurred. 

id 



Cores fo r  this testing program were obtained-from wells i n  the East Mesa 

and Cerro Prieto Geothermal fields in order t o  make measurements a t  simulated 

in-situ conditions for the purpos f determining the mechanisms of compaction 

and their  relatlon to  surface subsidence. A summary o f  the typical mineralo- 

gies of reservoir material that was obtained is given i n  Ta,ble 21. Some cap- 

rock material was obtained as well. Also shown i n  Table 21 are the approxi- 

mate porosities -of the rocks and the total  dissolved soli  ontents of the 

reservoir brines. I t  can, be seen from t h i s  table that both rock types are 

sedimentary sandstones. There i s  -ample evidence, as well, of hydrothermal 
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8. SUMMARY AND SYNTHESIS OF TEST RESULTS 

alteration i n  the rocks from Cerr rieto. T h i s  can be seen, or  example, by 

the epidote content of the Cerro.Prieto rock. Epidote is  a product o f  high  

temperature a1 teration which certainly occurs a t  the 300'C temperature of the 

Cerro Prieto reservoir. 

Typical laboratory t e s t  conditions are shown i n  Table 22. The range of 

pressures are similar for the East Mesa and Cerro Prieto rocks; however, rocks 

from Cerro Prieto were generally tested a t  higher temperatures t h a n  rocks from 

East Mesa t o  correspond t o  t h  Essen- igher temperatures of the reservoir. 

two types o f  t es t s  were r u n  (with some variations). The so-cal led 

basic t e s t s  began a t  reservoir ons and then investigated the effects of 

changes i n  pore pressure, confining pressure and ra t io  of axial stress t o  con- 

fining pressure he p tes t s  began a t  

investigated the 

effects of red re pressure for determi ne time- 

dependent (creep) Some permeabi 1 i ty measure- 

ments were a1 so included w i t h  the creep tests.  
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[A .summary .of .basic $e~$ flesu1t.s i s  given in T a b k  23. Compressibilities 

*cl;r all? ~mater4als mqge from .0.7 $0 3.0  These are Sypical com- 

pmssWifI?t5es for normally .cansol3dated .sarrdskanes i n  t h i s  porosity range. 

meqp ra te ,  &ere 4% s t e  qoros’ity would .be erati’rely removed f rm 

-these E d G  n a $ew years at most. :.Hawever,, i t  15 un’lr’rkely %hat t h i s  ceduc- 

e. Znaead, fhe zreductirm would l ikely 

slow ,and ahen .mase when a new equilibr‘hrn value o f  porosity 

%his wiM tbsr $wther discussed in the .next chapter *on mechanisms and theory. 

Yiewing She creep ves~l t s  i n  more rdetaiq we see -%hat the apparent creep .rate 
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P 

.. . 

, -  . ,  

S 

Test 
Type 

APP 

ApC 

AP 
UnClaxi a1 

Table 23 

Basic Tests 
Average Results 

Compressibility psi-l) 

Stress 
Difference 

Low 
Intermediate 
High 

Intermediate 

Intermediate 

Ea 
Cap 
1.1 
1.9 
2.1 

2.0 

3.0 

. Mesa 
Reservoir 

0.7 
1.1 
1.7 

1.3 

1.1 

Table 24 

Ultrasonic Velocities 
Average Results 

(km/sec) 

Cerro Prieto 

Reservoir P 

P Reduced P 

Change (%) 

P 

Cerro Prieto 
Reservoir 

0.7 
0.7 

0.9 

0.8 

3.95 * 0.12 
4.00 f 0.09 

2.36 f 0.35 

2.41 f 0.35 

+1.3 A 0.8 I +2.2 f 0.3 
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Table 25 

Creep Tests 
Average Results 

East Mesa 

East Mesa 

Intermediate Term 

Long Term 

Cerro Prieto 
Short  Term 

Cerro Prieto 
Long Term 

Average 
Duration 
(105/sec) 

0.7 

9.0 

0.2 

4.0 

Average Range 
of Rates 

2.4 - 15.0 

0.0 - 1.3 

1.7 - 87.0 

0.3 I one tes t  only 

decreased as the duration of the t e s t  increased. T h i s  supports  the observa- 

t i o n  that  the creep compaction here is probably not  a t  steady-state and is 

tending toward a new equilibrium value of porosity. However, none of the 

t e s t s  were carried t o  sufficient duration t o  experimentally confirm t h i s  

supposition, and i t  would be impractical t o  t e s t  these rocks for  the many 

months or  years necessary to  do this.  Instead, we must t u r n  t o  a theory based 

on mechanisms i n  order t o  extrapolate results t o  long periods of time, and use 

the experiments t o  provide an in i t i a l  creep rate only.- 

Comparing the results for  East Mesa and Cerro Prieto we see that  creep 

rate is  fa i r ly  consistent for  the East Mesa sandstone rocks studied b u t  not  

so consistent for Cerro Prieto rock, where specimens from some of the wells 

exhibited f a i r ly  rapid creep -while others exhibited l i t t l e  or  no creep w i t h i n  

our limits of resolution. For Cerro Prieto, creep rate tended t o  be higher 

f o r  si l tstones than for sandstones, and higher for rocks of  higher porosity. 

One specimen exhibited extremely high creep rate (almost two orders of magni- 
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tude greater than the average). It was a r e l a t i v e l y  unconsolidated f i ne -  

grained sandstone specimen from the Cerro P r i e t o  reservoir .  For East Mesa, 

only the rese rvo i r  sands exhib i ted s i g n i f i c a n t  long-term creep. The caprock 

appeared t o  stop creeping a f t e r  several days. 

The above r e s u l t s  are consistent w i t h  the smaller v a r i a b i l i t y  o f  the East 

Mesa resevoi r  rock t h a t  we have tested, and the greater v a r i a b i l i t y  i n  the 

Cerro P r i e t o  rocks (where Cerro P r i e t o  mater ia l  has come from many d i f f e r e n t  

wel ls  and many d i f f e r e n t  depths and zones o f  hydrothermal a l t e r a t i o n  i n  the 

reservoir) .  The higher temperature o f  the Cerro P r i e t o  rese rvo i r  d i d  no t  i n  

i t s e l f  r e s u l t  i n  a higher measured creep r a t e  i n  t h i s  rock. On the contrary, 

the mineralogical s ta te  o f  the Cerro P r i e t o  specimens t h a t  were most h i g h l y  

hydrothermally a l t e r e d  perhaps even i n h i b i t e d  creep. This i s  poss ib ly  ex- 

p la ined by the previous accelerat ion o f  i n - s i t u  mechanisms t h a t  resu l ted  i n  

cementation and reduct ion o f  stress concentrations i n  hydrothermally a l t e r e d  

mater ia l  so t h a t  the rock was already s tab le i n  a high-temperature stressed 

environment p r i o r  t o  test ing.  It fo l lows t h a t  less-a l tered sediments, as seen 

i n  some o f  Cerro P r i e t o  and a l l  o f  the East Mesa rocks, are more suscept ib le 

t o  perturbat ions from t h e i r  natural  state.  This explanation i s  cons is tent  

w i t h  normal views o f  sedimentary and metamorphic processes i n  rocks. 

I n  summary, we have observed t h a t  compaction i s  time-dependent i n  most o f  

the rocks we have otrs&wed. For a 1,000 p s i  reduct ion i n  pore pressure, the 

instantaheous volume s t r a i n  associated w i t h  compaction ( f o r  a compress ib i l i ty  

o f  about lxlO-" ps i )  i s  about l ~ l O - ~ .  Typ ica l ly ,  the creep we have observed 

would double t h i s  volume s t r a i n  i n  about one day and increase it by a f a c t o r  

of t en  i n  about three months, assuming a long-term creep r a t e  o f  about l ~ l O - ~  

per   second.^ This means t h a t  i n  three months t ime the  apparent -long-term 

compress ib i l i ty  w i t h  respect t o  pore pressure reduct ion i s  one order o f  magni- 
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tude greater than t h a t  which would be measured by ordinary laboratory techni- 

ques. 

F l u i d  chemistry, measured f o r  both i npu t  and output f l u i d s ,  has been 

cont ro l  1 ed t o  minimize the e f f e c t  of non-equi 1 i b r i  urn react ions otherwise 

caused by use o f  improper t e s t  f l u i d .  This was p a r t i c u l a r l y  important a t  the 

elevated temperatures o f  these t e s t s .  As an i nd i ca to r  o f  chemical/mechanical 

e f fec ts  t h a t  may r e l a t e  t o  possible mechanisms o f  creep compaction, s i l i c a  

analysis has been most useful.  During the e a r l i e r  phases o f  creep tes t ing ,  

the s i l i c a  content o f  output f l u i d s  increased t o  leve ls  beyond those o f  satur- 

at ion.  However, f o r  l a t e r  phases o f  creep tes t ing ,  s i 1  i c a  concentrations 

trended back toward values t h a t  are consistent w i t h  equi l ibr ium. This could 

i nd i ca te  pressure so lu t i on  a t  asper i ty  c acts between quartz grains as a 

poss ib le  mechanism o f  creep compaction. A t  these points,  quartz would be 

dr iven r a p i d l y  i n t o  so lu t i on  and could eas i l y  exceed equi l ibr ium values f o r  

the so lu t i on  a t  i t s  own pressure and temperature. Then, w i t h  t ime, the excess 

quartz i n  so lu t i on  would have t o  come out  o f  solut ion,  most l i k e l y  as euhedral 

quartz i n  areas where stress concentrations are absent. This has been prev i -  

ously observed as a mechanism o f  diagenesis i n  sandstone sedimentary sequences. 

We have perhaps only accelerated the process by the increase i n  e f f e c t i v e  

ess dur ing our tests .  S g evidence of s i s  found i n  the SEM 

resu l t s  on pos t - tes t  mater ia l .  

Permeabil i ty values ob o r  Cerro P r ie to  ma 

Table 26, ind ica te  an average i n i t i a l  permeabi l i ty  o f  about 4 m i l l i da rc ies .  

This permeabi l i ty  i s  lower than t h a t  i n f e r r e d  from f i e l d  tes ts  a t  the reser- 

must be through channels o f  higher permeabi l i ty  t h a t  were not recovered as 

cores o r  f ractures,  o r  both. It i s  c e r t a i n l y  conceivable t h a t  such channels 
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Room Temp. 
(md) 

Table 26 

Permeability Tests - Average Results 

I Mean at I I 1 
Temp. Change Creep Change 

(%I (%> 

I I 4.0 f 4.8 I -40 f 23% 1 -39 f 18% 

or fracture zones could exist considering the tectonically active nature of 

the area. With temperature increase, we observed a 40% decrease of permeabil- 

ity, but with pore pressure decrease we observed no statistically significant 

change in permeability. With creep we observe a further 39% reduction in 

permeability. It is interesting to note that creep had a more significant 

effect on permeabi 1 i ty than on compressi bi 1 i ty. This could be associated with 

creep compaction mechanisms that are active at asperity positions, which would 

possibly be very near to pore throats, therefore causing an amplifying effect. 

This conclusion, however, must be considered to be somewhat speculative, since 

other mechanisms of permeability reduction, such as particulate plugging, 

could also be active here. 

In general, the testing done on this program has indicated that 

from Cerro Prieto and East Mesa behave more or less as normally consol 

sandstones in short-term response. However, in long-term response the 

rocks 

dated 

rocks 

exhibit a creep tendency that is most pronounced in the less consolidated, 

less hydrothermally altered material. The amount of creep is sufficient to 

cause the amount of compaction over a period of months or years to be one to 

two orders of magnitude greater than initial compaction related to instantan- 

eous quasi-el astic behavior. 
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9. MECHANISMS OF CREEP AND THEORETICAL MODELING 

Compaction as t r iggered by pore pressure reduct ion has been observed i n  
I a l l  rocks tested dur ing t h i s  program. Addi t ional ly ,  many o f  these rocks 

exh ib i ted  time-dependent behavior i n  the form o f  creep compaction when pore 

I pressure reduct ion was held constant f o r  long periods o f  t ime. It was not  
j 

~ 
possible t o  conduct enough tes ts  f o r  long enough periods o f  t ime  t o  completely 

determine creep compaction h i s to r i es .  This i s  not  surpr is ing  since compaction 

as p a r t  o f  the diagenetic process i n  the f i e l d  occurs over many, many years 

and it i s  not  p rac t i ca l  t o  perform tes ts  i n  the laboratory over t h i s  long t i m e  

period., 

For subsidence predic t ion,  an u l t imate  compaction value must be known. 

Therefore, the most useful  r e s u l t  o f  t h i s  p r o j e c t  would perhaps be t o  deter-  

mine when creep compaction occurs and t o  be able t o  extrapolate it t o  times 

t h a t  are appropriate f o r  reservo i r  production. To do t h i s ,  it i s  necessary t o  

develop a theory o f  creep,compaction t h a t  al lows r e l i a b l e  extrapolat ions t o  be 

made t h a t  are based on measurable laboratory  parameters. An appropriate 

method i n  t h i s  case cannot be e n t i r e l y  empir ical (curve f i t t i n g )  because we do 

;,not know from our measurements i f  the long-term creep r a t e  i s  steady-state o r  

- decaying. To p r e d i c t  u l t imate  compaction, the theory must therefore be based 

I 
1 
1 
I 

I 
i 

on phys ica l l y  p laus ib le  mechanisms. 

1 our poss ib le  mechanisms o f  .creep compaction have been. considered: 

0 gra in  p l a s t i c i t y  

l o w  crack growth 

r i c t i o n a l  s l i d i n g  

0 pressure so lu t ion  
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By " p l a s t i c i t y "  we mean compaction caused by t r u e  p l a s t i c  deformation o f  

grains. Previous work would i nd i ca te  t h a t  the temperatures and pressures 

requ red f o r  t r u e  p l a s t i c  f low i n  these rocks are too large f o r  t h i s  t o  be a 

s ign f i c a n t  mechanism although c e r t a i n  mater ia ls,  such as c a l c i t e ,  s a l t ,  and 

some clays, might deform by t r u e  p l a s t i c i t y  i f  they supported a s i g n i f i c a n t  

p a r t  o f  the matrix. However, the rocks studies here appear t o  gain skeleta l  

support p r i m a r i l y  from t h e i r  quartz g ra in  content, and g ra in  p l a s t i c i t y  would 

appear not be be important. 

Slow crack growth-caused compaction i s  the c rea t i on  and/or growth of 

microcracks t o  re1 ieve stress concentrations and cause associated deformation. 

This i s  c e r t a i n l y  a conceivable mechanism here. However, our petrographic and 

SEM analyses have found no evidence o f  substant ia l  crack growth i n  these 

specimens except i n  the cases where d i f f e r e n t i a l  stresses have c l e a r l y  

approached leve ls  causing gross specimen f a i l u r e .  

F r i c t i o n a l  s l i d i n g  a t  g r a i n  contacts i s  another conceivable compaction 

mechanism. However, we have a lso found no evidence f o r  t h i s ,  except as i t  

might be associated w i t h  pressure solut ion.  

I n  our judgment, the most l i k e l y  mechanism f o r  most o f  the creep compac- 

t i o n  observed i n  these t e s t s  i s  pressure s o l u t i o n  a t  quartz g r a i n  asper i t ies .  

Solut ion and the r e s u l t i n g  closure a t  these asper i t i es  would r e l i e v e  stress 

concentrations and d i r e c t l y  cause compaction. It would a lso lead t o  f r i c t i o n -  

a l  s l i d i n g  on surfaces t h a t  are under shear t h a t  contact  those asper i t ies ,  and 

i ndi r e c t l y  1 ead t o  compaction. Pressure so lu t i on  has been demonstrated t o  be 

a s i g n i f i c a n t  mechanism i n  the normal diagenetic process, especia l ly  i n  satut-  

ated sand bodies a t  the depths o f  t y p i c a l  o i l  and gas reservo i rs  t h a t  have no t  

y e t  experienced metamorphism (Renton, e t  a l . ,  1969; Mosher, 1976; DeBoer, 

1977; Wilson and Sibley, 1978; Sprunt and Nur, 1979). (The process o f  pressure 
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s o l u t i o n  i s  less important i f  the sands are dry. I n  t h i s  case, the quartz 

grains instead tend t o  f rac tu re  and break.) 

The ob jec t i ve  o f  the ' theoret ical  p a r t  o f  t h i s  work, then, was t o  develop 

a theory o f  creep compaction based on pressure s o l u t i o n  as a r o o t  cause. To 

accomplish t h i s  we have taken a previously demonstrated theory of s t a t i c  pore 

collapse, the spher ical  pore theory developed by Bhatt, Ca r ro l l  and Schatz 

(1975), and modif ied i t  w i t h  the help o f  a pressure s o l u t i o n  theory o f  creep 

as developed by Rutter and Mainprice (1978). 

9.1 S t a t i c  Pore Collapse Theory 

The spherical pore theory has had considerable success i n  descr ib ing the 

i n e l a s t i c  deformation o f  porous geologic materials. I t s  basis was introduced 

by McKenzie (1950) f o r  porous metals. Other .developments were made by McKen- 

z i e  and Shutt leworth (1949), Torre (1978), Chadwick (1963), Hewitt, e t  a l .  

(1973), C a r r o l l  and H o l t  (1972), Chu and Hashin (1971), and Butcher, e t  a1 

(1974). Bhatt, C a r r o l l  and Schatz (1975) were the f i r s t  t o  adapt t h i s  theor- 

e t i c a l  method t o  porous rocks. They performed t h i s  adaptation by using a 

Mohr-Coulomb model f o r  the matr ix  mater ia l  ra the r  than a d u c t i l e  o r  duc t i l e -  

s t r a i n  hardening theory f o r  the matr ix  mater ia l  as had been used previously.  

A b r i e f  o u t l i n e  o f  the method fol lows: The pores i n  the r e a l  so l i d ,  as 

ure 85, are represented by an equivalent s o l i d  consis t ing o f  a 

homogeneous porous continuum surrounding a Mohr-Coulomb ( Ii r e a l  mater- 

i a l " )  and a pore. It i s  acknowledged t h a t  the t r u e  pores i n  a rock are not  

spheres, b u t  probably are b e t t e r  described as cracks o f  varying aspect ra t i os ;  

however, t o  account f o r  i n e l a s t i c  deformation i n  rock, the spher ical  pore 

theory has been demonstrated t o  appropr iately represent the i n t e r n a l  shearing 

stress concentrat ions t h a t  are caused by l o c a l  inhomogeneities associated wi th  

g r a n u l a r i t y  and porosi ty.  I n  fac t ,  t h i s  "appropriate representation" i s  the 
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SPHERICAL PORE THEORY 

Figure 85. Diagram indicating the concept o f  spherical pore deformation theory. 
(a) shows porous so l id  represented by many pores o f  d i f f e r e n t  sizes. 
(b) shows f i n a l  representation o f  porous sol i d  as a single pore sur- 
rounded by Mohr-Coulomb "real"  mater ial ,  surrounded by an equivalent 
homogeneous continuum. 

i 
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st rength of the spherical pore theory al lowing great geometric s i m p l i c i t y  f o r  

which mathematical closed-form r e s u l t s  are e a s i l y  obtained. 

The i n e l a s t i c  deformation o f  the s ing le spherical pore t h a t  now repre- 

Or ig ina l l y ,  the mater ia l  

It i s  pressurized a t  

Boundary a, enclosing the pore, may be f i l l e d  o r  p a r t i a l l y  f i l l e d  

sents a l l  p o r o s i t y  i s  t rea ted  as shown i n  Figure 86. 

i s  e l a s t i c  w i t h  outer boundary b and inner  boundary a. 

boundary b. 

w i t h  water. As boundary b i s  compressed inward due t o  pressur izat ion,  inelas- 

t i c  behavior begins due t o  shearing stress concentrations a t  boundary a. The 

created i n e l a s t i c  zone, demarked by the region between boundaries a and c, 

moves outward as pressure i s  increased. With s u f f i c i e n t  pressur izat ion,  

eventual ly a l l  o f  the mater ia l  behaves i n e l  i c a l l y  so t h a t  boundaries b and 

c coincide. It i s  assumed f o r  the remainder j .  o f  t h i s  theo re t i ca l  discussion 

t h a t  the long-term equ i l i b r i um behavior o f  B normally consol idated porous rock 

may be described by the curve generated f o r  the f u l l y  i n e l a s t i c  case, where 

boundaries b and c coincide, 

i s  assumed t o  progress. 

This i s  t h e - s t a t e  toward which creep compaction 

The long-term equi l ibr ium state,  therefore, i s  given by 

P i s  the e f f e c t i v e  hydro t i c  stress and i s  porosi ty.  Beta ($) and Y 

are Mohr-Coulomb deformation parameters for  the matr ix  mater ia l  as given by 

where amax and umin are maximum and minimum p r i n c i p a l  stresses, respect ively.  

It can be seen t h a t  f3 i s  a f r i c t i o n a l  c o e f f i c i e n t  parameter and Y i s  an i n i -  

t i a l  shearing strength, o r  cohesion, parameter. An example o f  the p r i o r  suc- 

cess of t h i s  theory i s  given i n  Figure 87, which shows the pressure-porosity 

loading and unloading behavior f o r  a porous t u f f ,  as matched by the theory. 
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ELASTIC ELA STIC-PLASTIC PLASTIC 

Figure 86. Deformation o f  pore i n  spher ical  pore theory. 
and (b) i s  outer pore boundary. 
a ry  (c) i s  formed and moves outward toward boundary (b). 
p l a s t i c  state,  boundaries (b) and (c) coincide as the  pore collapses. 

(a) i s  inner  pore boundary 
When i n e l a s t i c  deformation begins, bound- 

F ina l l y ,  i n  f u l l y  
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I l / l - O  

I 
Figure 87. Spherical pore theory (solid l ine) compared with compaction data 

for a porous tu f f ,  shown by circles  for ascending pressure points 
and triangles for descending pressure points. 

, 

w 



128 

(Equation 1 i s  the equation f o r  the loading p o r t i o n  o f  the behavior shown from 

about 1 k i l oba r  up t o  maximum stress.) 

For many porous rocks, a value o f  f3 o f  about 4.5 has been shown t o  be 

appropriate. For s i m p l i c i t y  i n  the remainder o f  t h i s  analysis, t h a t  value 

w i l l  be used. Equation 1 then takes the form 

-3 - 1) P = g Y  2 (I) (3) 

which contains only  a s ing le  parameter, Y. 

A$, as t r iggered by a change i n  e f f e c t i v e  stress, AP. 

t i o n  3,  we obta in  

Consider now a change i n  poros i ty ,  

D i f f e r e n t i a t i n g  Equa- 

(4) 

Equation 4 gives us the change i n  long-term equ i l i b r i um po ros i t y  f o r  a given 

e f f e c t i v e  stress change i n  terms o f  the i n i t i a l  po ros i t y  0, and the s ing le  

cohesion parameter, Y. Note t h a t  f o r  i n s i g n f i c a n t  g r a i n  compaction, A$ i s  

equal t o  volume s t ra in ,  AV/V. This equation w i l l  be used as our basic equa- 

t i o n  f o r  the long-term equ i l i b r i um change o f  po ros i t y  caused by a change i n  

e f f e c t i v e  stress. To model creep, we need now only t o  introduce t ime depend- 

ence t o  provide the r a t e  o f  change o f  po ros i t y  from one equ i l i b r i um s ta te  t o  

the next. 

9.2 Pressure Solut ion Theory 

Rut ter  and Mainprice (1978) have introduced a novel and useful  theory t o  

account f o r  pressure s o l u t i o n  effects on the creep a t  g r a i n  boundaries i n  

sandstones. They have assumed t h a t  asper i t i es  i n  contact, under shear, d i s -  

solve s lowly by pressure solut ion,  and t h a t  the pressure s o l u t i o n  r a t e  may be 

r e l a t e d  t o  the shear s l i d i n g  rate.  This i s  an ideal  theory t o  combine wi th  

the spher ical  pore theory, since the spherical pore theory expresses e f f e c t i v e  
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confining stress a t  external boundaries and compaction as related t o  shearing 

91! stresses and strains upon internal boundaries. 

Rutter and Mainprice's theory i s  summarized by 

where u i s  the sliding rate,  ul - u3 i s  the internal differential (shearing) 

stress a t  the grain boundary, Co is the solubility of the s o l i d  (which is i n  

general pressure and temperature dependent), 6 i s  the grain boundary width ,  Db 

i s  the grain boundary diffusion coefficient, h i s  the amplitude of grain 

boundary asperit ies,  and p is  the density of the solid. Furthermore, they 

have suggested that the overall shear s t ra in  rate,  e ,  i s  given by 

e = u/d (6) 

where d i s  grain size. 

micron crack width, one obtains the result given by 

For the case of quartz, w i t h  the assumption of a 1.0 

- -  7460 0.415 Pp 
8 $-. e RT e e = 11.4~10- d (7) 

where P i s  the pore pressure. Units are seconds, kilobars, and millimeters. 

Equation 7 for  a 0.15 mm grain size is plotted as the family of straight 
P 

lines shown i n  Figure 88, along w i t h  some data obtained by Rutter and Main- 

Rutter and Mainprice po in t  o u t ,  results agree w i t h  their  theory for 

small strain ates and relatively low stresses. For h i g h  strain rates and 

higher stresses, crack production and .growth is probably the more dominant 

mechanism. However, as can be seen, the Rutter and Mainprice theory i s  very 

well-suited for  our purposes because the appropriate stresses and s t ra in  rates 

are appropriate for the creep compaction that we have measured. To use 

figure, we need only t o  determine the grain size of the specimen, adjust 

1 ower axi s accord! ngly , determi ne the internal shearing s t ress ,  and read 

the 

the 

off  

an appropriate s t ra in  rate for creep compaction. 
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Figure 88. Internal contact shearing stress versus strain rate according to  
the theory o f  Rutter and Mainprice. Shearing stress here i s  the 
actual stress occurring a t  grain contacts within the material. 
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9.3 Creep Compaction Theory 

To use Figure 88 o r  Equation 7, we need an expression f o r  the i n t e r n a l  

stress di f ference, ul - u3, as a funct ion o f  the external  e f f e c t i v e  pressure 

P. This can be obtained from spherical pore theory by our previous assumption 

t h a t  the i n t e r n a l  shearing stresses are a t  o r  near t o  a s ta te  o f  Mohr-Coulomb 

y i e l d  as given by 

When in tegrated over a sphere the average volume-weighted shearing stress, 

assuming a value o f  f3 = 4.5 as before, i s  given by 

where we have assumed t h a t  the grain-to-grain shear stress i s  enhanced by the 

r a t i o  o f  g r a i n  diameter t o  g ra in  contact diameter, s. I f  combined wi th  Equa- 

t i o n  3, one then obtains 

I f  P i s  of the same order as Y, which should be t r u e  i f  stresses are no t  f a r  

from Mohr-Coulomb equi l ibr ium, a shearing stress concentrat ion on the order of 

f i v e  times s should ex i s t .  

For f u r t h e r  ca lcu lat ion,  considering the h igh l y  approximate nature o f  

t h i s  analysis, we w i l l  assume, for  s i m p l i c i t y ,  a f a c t o r  o f  f i v e  times s stress 

concent,ration as given by 

(a1 - a3) 1 5s P (11) 
avg 

Referr ing t o  Figure 88 and using Equation (ll), we see t h a t  f o r  a mean ef fec- 

t i v e  stress i n  the range o f  3,000-4,000 p s i  (as f o r  our tes ts )  and f o r  s = 2 

(g i v ing  an i n t e r n a l  shearing s t res  about 3 k i lobars)  a creep s t r a i n  r a t e  

o f  about l ~ l O - ~  per  second would resu l t .  This i s  the s t r a i n  r a t e  order t h a t  

has been observed i n  our experiments. 
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Let us now assume t h a t  creep compaction fo l lows an exponential decay 

curve w i t h  t ime constant t as given by 

$ = $ , - A +  (1 - e (12) t/t ) 

For  A$ as given by Equation 4, and the i n i t i a l  creep s t r a i n  ra te,  e, as given 

e i t h e r  by our experiments o r  by the Rutter and Mainprice-derived theory, one 

obtains the resu l t s  

I n  Equations 13 and 14, there are but  two undetermined parameters, Y and 

e. The creep compaction problem has been reduced t o  determining the appropri- 

a te  values t o  use f o r  the long-term e f f e c t i v e  i n te rna l  cohesion, Y, o f  the 

porous rock, and the i n i t i a l  creep rate,  e. It i s  suggested t h a t  an appropri- 

a te  value t o  use f o r  Y may be obtained by matching porosity-pressure curves, 

such as those obtained f rom Equation 3, w i t h  porosi ty-depth curves as ac tua l l y  

seen i n  the r e s e r v o i r .  I f  an e f f e c t i v e  s t r e s s  o f  about one-half p s i  per f o o t  

o f  b u r i a l  i s  assumed, Equation 15 resu l t s  f o r  Y, where z i s  depth o f  bu r ia l .  

z$03 Y = 4  9 

Combining equations, we then obta in  

f$ AP 
1 , t,=; +- (17) 

where e may be obtained from experiment o r  Equation 7. Suppose f o r  example, 

t h a t  i n i t i a l  poros i ty  i s  0.20, AP i s  1000 ps i ,  t i s  5000 f e e t  and i n i t i a l  

s t r a i n  r a t e  i s  per second. We then obta in  

A$ = -0.023 (Ibe Wt) 

t = 2.7~10’ ‘SBC (309 days) 
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The maximum poros i t y  change i s  -0.027 and the t i m e  constant i s  309 days. 

As a f i n a l  r e s u l t  o f  t h i s  approximate theory, combine the creep r a t e  f rom 

Equation 7 (neglect ing the e f f e c t  o f  pore pressure, which i s  small), the 

s t r e s s  concentrat ion r e s u l t  o f  Equation 11, and the previous assumptions 

concerning the re la t i onsh ip  o f  depth o f  b u r i a l  t o  pore pressure, t o  give a 

theore t ica l  r e s u l t  f o r  the creep r a t e  o f  

LJ 

3730 - -  
sec-1 0.5 z + AP)S e 

d e = 7.9~10-l~ ( 

where z i s  i n  fee t ,  P i s  i n  ps i ,  d i s  i n  mm and T i s  i n  OK. This r e s u l t  

assumes t h a t  the average shearing stress concentratfon i s  given by Equation 

11. It i s  expected t h a t  s might range f rom one t o  ten  o r  more. Therefore, 

look ing a t  Equation 18 we would expect t h a t  f o r  equivalent rock types, the 

highest creep r a t e  would be observed i n  mater ia ls with: 

0 

0 

the smallest g ra in  sizes, thus decreasing a 

the most angular grains, thus increasing s 

This i s  n i c e l y  consistent w i t h  what we have observed i n  test ing.  For example, 

Cerro P r ie to  sample M-93 had a smal r a i n  s i ze  and had among the most angular 

grains o f  the rocks t h a t  we tested. It also had the highest creep rate.  

Sandstones w i t h  low creep r a t e  tended t o  be larger-gra’ined and have more 

rounded grains. 

For  the example mentioned e, (20% i n i t i a l  poros i ty ,  i n i t i a l  

creep rate,  AP = 1000 ps i ,  z = 5000 feet ) ,  a long-term ex t rapo la t ion  i s  shown 

i n  Figure 89. Note t h a t  compaction e f fec ts  do not diminCsh s i g n i f i c a n t l y  

u n t i l  the second year. Als the i n i t i a l  (short-term) compac- 

t i o n  (small v e r t i c a l  segment a t  t$ = ) i s  as compa to  ‘the t o t a l  long-term 

compaction. Since the parameter values used f o r  t h i s  example ca lcu la t ion  are 

t y p i c a l  o f  our laboratory  resu l ts ,  we might expect Ffgure 89 t o  represent a 

LJ r e a l i s t i c  case. 
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Figure 89. Long-Term sandstone creep compaction extrapolation predicted by 
theory derived in text and for parameters typical o f  those mea- 
sured during th is  program. 
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10. CONCLUSIONS AND IMPLICATIONS FOR SUBSIDENCE PREDICTION 

This program has demonstrated that rocks from the East Mesa and Cerro 

Pri eto geothermal fields behave quite normal ly with respect to i nstantaneous 

compaction as caused by pore pressure reduction, having compressibilities of 

the order 1 ~ 1 0 - ~  psi-l. 

with time. 

about 10-g/sec and is statistically significant. 

They also demonstrate a tendency to compact further 

The rate of creep compaction varies from rock to rock, averaging 

The creep results are con- 

sistent with an approximate theory of creep compaction developed here that is 

based on spherical pore analysis and previous work on pressure solution in 

quartz sandstones. 

Test results show that for a typical 1000 psi reduction in pore pressure, 

similar to that caused by. reservoir production, a compaction strain of 0.001 

can be expected to be observed instantaneously. However, for a creep rate of 

l~lO-~/sec, an ultimate compaction of about 0.03 in a time period of a few 

years can be expected. These results are approximate and are based on our 

theoretical extrapolation. Nevertheless, one sees that this ultimate compac- 

tion is a factor of 30 greater than the initial compaction. An alternative 

statement of this result i s  that, the ultimate effective long-term compressi- 

bility is about 30~10-~ psi rather than 1 ~ 1 0 - ~  psi. 

According to the- theory presented here, the magnitude of ultimate creep 

compaction i s  a function mainly of initial porosity and pore pressure drop and 

not a strong function of ock type. (It is important to note here, that we 

have assumed a normally consolidated rock, that is, one that has not previous- 

ly experienced a higher effective stress than it currently experiences in the 

reservoir, and a non-highly cemented rock. Preconsol idated rock or highly 

cemented rock will probably show less tendency to creep compact.) On the other 
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hand, the - r a t e  of creep compaction i s  a funct ion mainly o f  the pressure solu- 

t i o n  ra te ,  and i s  therefore s t rongly  dependent upon g ra in  type, temperature, 

g ra in  contact angular i ty ,  cementation t h a t  would reduce s t ress concentrations, 

etc. However, even accounting f o r  our uncertain knowledge o f  the values o f  

parameters, we f i n d  t h a t  an i n i t i a l  creep compaction r a t e  on the order 

sec should be common f o r  f a i r l y  clean, normally consol idated sandstones. 

Extremely angul ar -gra i  ned, small -g ra i  ned and high poros i ty  sands might be 

expected t o  have a hjgher i n i t i a l  creep rate.  

As a r e s u l t  o f  the experimental and theore t ica l  analyses performed dur ing 

t h i s  program, we conclude t h a t  the d i  f ference between 1 aboratory-measured and 

field-measured moduli t h a t  i s  usual ly  a t t r j b u t e d  t o  s ize  e f f e c t  ( ce r ta in l y  

some p a r t  o f  t h i s  i s  t r u l y  s ize  e f f e c t )  may t o  some extent be a t t r i b u t a b l e  t o  

time-dependent creep phenomena t h a t  are not o r d i n a r i l y  observed i n  the labora- 

tory because o f  the short-term nature o f  most laboratory  tests .  Unfortunately, 

it would not  be p r a c t i c a l  t o  rou t i ne l y  t e s t  rock f o r  periods o f  months o r  

years; however, i t  i s  suggested t h a t  when a la rge  s u i t e  o f  rocks i s  being 

tested, and accurate moduli values are very important, t h a t  a t  l e a s t  a few of 

these rocks be tested f o r  creep ef fects .  

Consider, f o r  example, the e f f e c t  on the compaction o f  a subsurface 

reservo i r ,  leading t o  subsidence. For  a reservo i r  thickness o f  100 meters and 

a pore pressure reduct ion o f  1000 p s i ,  the instantaneous compaction-related 

thickness loss predic ted by resu l t s  here might be approximately 10 centimeters. 

If t h i s  were a l l  the compaction t o  occur, it would be expected t o  be trans- 

l a t e d  t o  the surface as an u l t imate  subsidence o f  a few centimeters a t  most. 

However, w i t h  the occurrence o f  creep, an u l t imate  compaction o f  30 times t h i s  

amount might occur. The compaction thickness loss i s  now 300 centimeters, and 

the surface subsidence r e s u l t i n g  from t h i s  might be a few tens o f  centimeters, 

which, depending upon locat ion,  might be s ign i f i can t .  
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