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PROPERTIES OF CERRO PRIETO ROCK AT 
SIMULATED I N  SITU CONDITIONS 

J. F. Schatz 
Terra Tek, Inc. 

Salt Lake City, Utah, U.S.A. 

ABSTRACT 

Rocks from the Cerro Prieto Geothermal Field 
were tested under simulated in situ conditions in 
the laboratory to determine their properties and 
response to pore pressure reduction as would be 
caused by reservoir production. The primary 
purpose of the project was to provide information 
on compaction and creep as they may contribute to 
surface subsidence. Results show typical compres- 
sibilities for reservoir rocks of about 1 ~ 1 0 - ~  
psi-l and creep compaction rates of about lxlO-’ 
sec-l when triggered by 1000 psi pore pressure 
reduction. This creep rate would cause signifi- 
cant porosity reduction if it continued for sev- 
eral years. Therefore it becomes important to 
learn how to correctly extrapolate such data to 
long times. 

INTRODUCTION 

As part of the Lawrence Berkeley Laboratory’s 
Geothermal Subsidence Research Management Program, I 
Terra Tek, Inc. has studied the physical processes 
leading to subsidence in geothermal reservoirs. 
The general objective of this project was to 
provide information on rock properties that could 
be used to understand, model and predict reservoir 
rock compaction that could cause subsidence. 
Project tasks included core collection in the 
field, rock testing in the laboratory, with both 
short-term and creep tests, and constitutive 
modeling to describe creep compaction behavior. 
Most of these results are fully described in other 
publications[l,2,3]. It is the purpose of this 
paper to give a final summary of test results 
obtained for rock from the Cerro Prieto Geothermal 
Field in Baja, California, Mexico. 

DESCRIPTION OF ROCKS 

Cores were obtained from existing storage at 
Cerro Prieto. An attempt was made to select 
material for testing that was representative of 
the field in general, although this attempt was 
somewhat limited by core availablity. Figure 1 
shows a simplified map of the geothermal field, 
with the identifying labels and locations of wells 
from which core was obtained for testing. Figure 
2 shows a schematic cross-section of the field, 
indicating the depths from which cores were ob- 
tained in the various wells. This cross-section 
is not meant to be an accurate representation of 
the geology, but instead it is meant to be a guide 
to identifying core location. Fluid was also ob- 
tained from a wellhead in the field. The fluid 
was preserved by acidification and stored for 
later use. 

Table 1 shows the wells and depths from which 
the 40 feet of total core were obtained. A summary 
of properties is given in Table 2. In general, 
these rocks were medium to fine grained sandstones 
with about 2Q% porosity. Mineralogy was sedimen- 
tary with varying amounts of alteration. The main 
evidence of alteration was appearance of epidote 
and authigenic silica, and disappearance of cal- 
cite. Fluid chemistry (adjusted to reservoir con- 
ditions) was about 20,000 ppm dissolved solids 
(mostly salts) with near-saturation values of 
silica and moderate amounts of carbon dioxide. 

Table 3 shows specific values of porosity and 
calcite content for the rocks tested. Calcite 
content is emphasized because fluid chemistry 
equilibrium played a role in many of the creep and 
permeability test results, and carbonate equilib- 
rium proved the most difficult to control. Thus, 
results are considered more reliable for rocks 
which contained little or no calcite. 

TEST PROCEDURES 

Several Terra Tek testing systems were used 
for this work. The general sample configuration 
and capabilities are shown in Figure 3 .  All tests 
were run at or near simulated in situ conditions 
of confining pressure, pore pressure, temperature, 
and fluid chemistry. Most test samples were right 
circular cylinders 2 inches in diameter by 4 
inches long. 

In general, test confining pressures were 
less than or equal to 1 psi per foot of burial and 
pore pressures and temperatures were obtained from 
field information. A summary of conditions is 
given in Table 4. Axial load was applied in most 
tests such that total axial stress was approxi- 
mately 1 psi per foot of burial and ratio of 
effective axial stress to effective confining 
pressure was 312. 

Four types of tests were run, as described in 
the following: 

Basic Tests: These tests consisted of achiev- 
ing reservoir conditions, and then initiating one 
of three possible perturbations: .- 

a) Reduction of pore pressure to simulateclJ 
reservoir production while holding other 
stresses constant, to obtain a compres- 
sibility for compaction modeling. 
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b) Increase of confining pressure while 
holding other stresses constant, to 
check validity of effective stress 
concepts. 

c) Reduction of ’ pore pressure, while ad- 
justing axial load and confining pres- 
sure to maintain uniaxial compaction, to 
simulate a one-dimensional compaction 
condition comonly used in reservoir 
modeling. 

Ultrasonics: These tests, at elevated tem- 
perature and pressure, were to determine ultra- 
sonic velocities at in situ conditions, and then 
the change in ultrasonic velocity as caused by 
reduction of pore pressure. The purpose was to 
see if compaction-caused velocity increase was 
enough to be detected downhole with sonic tools, 
or at the surface with seismic instrumentation. 

Permeability: A number of rocks were tested 
for permeability at in situ condition, and changes 
caused by pore pressure reduction. These tests 
were to assist in reservoir modeling. 

Creep: These tests consisted of achieving 
reservoir conditions, reducing pore pressure, as 
in many of the previous tests, but then holding 
these conditions for long periods of time (up to 
weeks). It was the intention of these tests to 
determine if compaction continued, as a time- 
dependent effect, long after stress and pressure 
changes ceased. This effect could have important 
implications for compaction/subsidence modeling. 

For all tests described, fluid chemistry was 
monitored and controlled to be as representative 
of reservoir conditions as possible. Special and 
extensive precautions were taken for creep tests, 
since chemical-mechanical interaction could play a 
role in creep. 

TEST RESULTS 

Basic Tests 

Average results are shown in Table 5 ,  in 
terms of equivalent compressibility (volume strain 
increment divided by effective str 
for each test type. A typical tes 
pressure cycling type is shown in Figure 4. In 
this test the effective stress has been increased 
and decreased several times to show the effect of 
cyclic discharge/recharge. Note the slight stiff- 
ening for each cycle and the permanent (irreversi- 
ble) compaction. 

Ultrasonic Velocities 

Ultrasonic velocities given in Table 6 gener- 
ally increased with 1000 psi reduction in pore 
pressure (due to compaction). Average increase in 
V was 1.3% and in Vs was 2.1%. These increases 

U g r e  easily measurable under controlled laboratory 
conditions; however, it is uncertain if they could 
be observed in the field because of signal-to- 
noise and repeatability problems. 

Permeability 

Permeabilities were measured at a 
pressures and at room temperature, elevated tem- 
perature, 1000 psi pore pressure reduction and 
after creep. Average results are given in Table 
7.  Little or no reduction is seen as caused by 
pore pressure decrease; however, significant 
reduction is associated with creep. It is uncer- 
tain as to how much of the creep-associated reduc- 
tion is associated with non-equilibrium chemical 
effects and how much would occu n a field situa- 
tion. 

Creep 

Average creep results are given in Table 8 .  
Creep rate decreases as test duration increases. 
The observed creep rate of about 10-g/record 
appears at first to be insignificant. However, if 
the rate were to continue for six years, all 
porosity would be removed! Therefore, it becomes 
important to learn how to extrapolate such creep 
rates observed in a few days or weeks to several 
years. Figure 5 shows the results of three typi- 
cal creep ,tests. The initial volume decrease is 
caused by initial pore pressure reduction, and 
decrease thereafter is caused by creep. 

INTERPRETATION AND CONCLUSIONS 

Compressibilities of Cerro Prieto cores, as 
obtained from instantaneous behavior in response 
to stress changes that simulate reservoir produc- 
tion, are typical of porous reservoir sandstones. 
Compressibilities are of the order 1 ~ 1 0 - ~  psi-l. 
Ultrasonic velocities increase by 1-2s coincident 
with porosity decrease. It is uncertain if this 
small a change in sonic velocity could be used as 
a field diagnostic tool. 

Permeabilities, in the range of a few milli- 
darcies, and strongly affected by creep, are quite 
low. It seems quite likely that the fluid flow 
paths ,in the rocks tested here, which are intact 
and unfractured, are not representative of what 
occurs in the reservoir. It follows that frac- 
tures or other conduits to fluid must play a role 

by pore pressure reduc- 
tion, is a significant phenomena in these rocks, 
and if ed at the rate observed in the lab- 
oratory lead to significant 
porosit a period of years in 
becomes important to develop a method of extrapo- 
lation of time-dependent behavior as observed in 
the laboratory to the longer times that correspond 
to reservoir production. Effective compressibil- 
ity when creep is accounted for (defined as long 
‘term volume change divided by pore pressure change) 
may be seyeral orders of magnitude greater than 
initial apparent compressibilities. 
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Figure 2. Schematic cross-section of Cerro Prieto 
Field showing core depths (not meant to be geolog- 
ically accurate). 

Flgura 2: Corte transversal esquemdtlco del Campo 
de Cerro Prieto mostrando las prohndldades de 10s 
ndcleos (no intenta ser geologicaaente exacto). 

XBL 826714 
TESTING SYSTEM 

Figure 1. Simplified map of the Cerro Prieto Geo- 
thermal Field, showing wells from which core was 
obtained for testing. 

Flgura 1: Hapa slmpllflcado del Campo Geot&rmlco 
de Cerro Prieto mostrando 10s pozos de 10s cuales 
se obtwleron 10s ndcleos utllitados en las prue- 
bas. 

CONFINING PRESSURE : l k  bar 

AXIAL STRESS 4h bar (on 2 Inch apoclmon) 

TEMPERATURE 500. c 

-p, - 
PRESSURE 

TEMPERATURE 

CHEMISTRY 

MEASUREMENTS 

AXIAL STRAIN 

TRANSVERSE STRAIN 

-pp PORE FLUID VOLUUE 

PERMEABILITY 

XBL 826-716 

Figure 3. Test system capabilities, showing sche- 
matic representation of test sample. 

Flgura 3: 
mostrando una representacidn esquedtica de una 
mues t ra. 

Capacldades del slstema de pruebas, 
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XBL826-717 
Figure 4. Basic pore pressure cycling test  on 
Cerro P r i e to  core from Well tl-107, depth 6,936 f t ,  
i n i t i a l  porosi ty  18.6%. 

Figura 4 :  
de presion de poro en un ndcleo d e l  pozo M-107 de ~ 

Cerro P r i e to  a una profundidad de 6 , 9 3 6  p ies ,  con 
porosldad i n i c i a l  d e  18.6 por ciento. 

Prueba bdsica de variaclones c f c l l c a s  

nyE IlO'SEC. I . 

0 
I I I i 

0s 
TIYE (1O'SLC. 

0.1 

I 
0 

I I I I 
0.1 0.2 0s 0.4 

IYE(1O'OEC.l XBL 826-718 

Figure 5.  Typical creep r e s u l t s ,  Cerro P r i e t o  
rock. Uppermost curve i s  0473, middle i s  M127 and 
bottom i s  M l i O .  Average creep r a t e  seen here i s  
1 .gx10-~/sec.  

Figura 5 :  . Kesultados t fp i cos  de deformacidn pro 
Yreslva para rocas de Cerro Prieto. 

u p e r l o r  es p a r a  e l  pozo 0 - 4 7 3 ,  l a ' d e l  medlo para 
e l  pOzo M-127 y l a  In fe r io r  para el pozo M-110. 
La  velocldad promedio de'defomacidn progresiva 
mostrada aquf e8 de 1.9 x lO'g/sec. 

ta curva 

Table 1. Core obtained. 

'abla 1. Nikleos obtenidos. 

Cerro P r i e to  
(40 f t )  

Well Depth ( f t )  

M- 7 4600 
M-93 5100, 5900, 6400, 7800 
M-107 5300, 7000 
M-110 5400 
M-127 6100, 7100 
M-129 5300, 5900 
NL- 1 9000, 10,500 
0-473 4500 
T-366 8200 

Table 2. Summary of properties.  

Tabla 2.. Resumen de las propiedades. 

I . C.P. (28OOC) 

Porosity 20% 
Grain Density 2.7 
Mineralogy Altered Sedimentary 
Fluid Chemistry 20,000 ppm 

S i l i c a  
COB 

Table 3.. Specif ic  core propert ies .  

Tabla 3. Propiedades especlf icas de 10s nikleos . 

Well Depth (m) Porosity (%) Calci te  (%) 

M-107 2115 25 0 
M- 110 1644 15 0 
M-127 1871 17 0 
NL- 1 2735 18 $ 0  
T-366 2522 20 0 
M- 7 1410 19 1 
0-473 1384 23 1 
M-93 1566, 1804 39 6 
M-129 1802 17  8 

I .  

. I  

Temperature, T 

pC 
Confining Pressure, 

Pore Pressure, P 

Axial Load, L 
P 

250-300°C 

3000-7000 p s i  

1500-3000 p s i  

as appropriate 
(see t e x t )  
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Table 7. Permeability r e s u l t s  (mil l idarcies)  . Table 5. Basic tes t  r e su l t s .  

Duration 
(105/sec) 

Cerro P r i e to  
Shorter Tern 0.2  

Cerro P r i e t o  
Longer Term 4.0 

Tabla 5. Resultados de pruebas bssicas.  Tabla 7. Resultados de permeabilidad (milidacies).  

Volume S t r a in  
Rate (lO-g/sec) 

7 .2  

0.3 

1 Compressibility 
(X IO-~  p s i - l )  

Reduced P 

Increased PE 
P 

0.1 

0.9 

0 . 8  Reduced P 
(UniaxialIP 

High 
Reduced 

Table 8. Creep r e s u l t s .  
Table 6. Ultrasonic r e s u l t s .  

Tabla 8. Resultados de deformacih progresiva. 
Tabla 6. Resultados ultrasdnicos.  

I n i t i a l  P I n i t i a l  P 

Reduced P 4.00 2.41 I 

PROPIEDADES DE LAS ROCAS DE CERRO PRIETO BAJO 
CONDICIONES IN-SITU SIMULADAS 

RESUMEN 

Rocas d e l  Campo Geotdmico de Cerro P r i e t o  
f ueron estudiadas bajo condiciones i n  s i t u  simula- 
das  para determinar sus  propiedades y su respuesta 
a l a  reduccidn de  presidn de  poro que se 
p r o d u c i r k  por la  explotacidn d e l  yacimiento. El 
propdsito pr incipal  d e l  proyecto fue obtener 
i n €  orinacidn sobre compac tacidn y def ornacidn pro- 
gresiva porque las mismas podrfan contr ibuir  a l  
asentarniento d e l  terreno. Los resul tados muestran 
compresibilidades t fp i cas  para rocas de  yacimiento 
de  alrededor de  1 x 10-6 psi-1 y velocidades de 
compactacidn de  deformacidn progresiva de  
alrededor de 1 x 10-9 sec-1 provocadas por una 
reduccidn de presidn de  poro de 1000 psi. 
velocidad de deformation progresiva podrfa 
ocasionar una reduccidn s i g n i f i c a t i v a  de  l a  poro- 
s idad si continuara durante va r ios  aiios. For l o  
tanto,  es importante sober cdmo extrapolar  correc- 
tamente tales datos a perfodos largos de  tiempo. 

INTRODUCCION 

Esta 

Couo pa r t e  d e l  Geothermal Subsidence Research 
Managment Program d e l  Lawrence Berkeley Labora- 
tory,  Terra Tek, Inc. ha estudiado 10s procesos 
f f s i c o s  que conducen a1 asentamiento d e l  terreno 
en  yaclmientos geotdnnicoe. E l  objet ivo general  de 

este proyecto fue obtener infomacidn sobre pro- 
piedades de roca que pudieran u t i l i e a r s e  para 
comprender, modelar, y predecir  l a  compactacidn de  
l a  roca d e l  yacimiento que pudiera producir asen- 
tamiento. Laa t a r eas  d e l  proyecto incluyeron l a  
recoleccidn de ndcleos en e l  campo, e l  es tudio de  
rocas en e l  laborator io  mediante pruebas de corto 
plazo y de deformacidn progresiva, y e l  modelado 
cons t i t u t ivo  para desc r ib i r  e l  comportamiento de  
l a  compactacidn por deforuacidn progresiva. 
mayorfa de e s tos  resul tados est& desc r i to s  en mds 
d e t e l l e  en o t r a s  publicaciones [1,2,3]. E l  
propdsito de  este t rabajo es dar  un resumen f i n a l  
de 10s resultados obtenidos en l a s  pruebas con 
rocas d e l  Campo Geotdrmico de  Cerro Prieto,  en 
Baja Cal i fornia ,  Mhxico. 

DESCKIPCION DE ROCAS 

La 

Los ndcleos seleccionodos para las  pruebas se 
ob twie ron  en 10s almacenes de Cerro Prieto.  Para 
las  pruebas se in t en td  seleccionar material que 
fue ra  representativo d e l  campo en general ,  per0 
este intento se vid limitado por l a  disponibil idad 
de ndcleos. 
cad0 d e l  campo geotefrnico, iudicando la  
local izacidn de pozos de donde se obtwieron 10s 
nucleos u t i l i zados  en las pruebas. 
muestra un c o r t e  t ransversal  esquemdtico d e l  campo 

La Figura 1 muestra un mapa s implif i -  - 
-ii 

La Figura 2 
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indicando las profun- didades a l a s  cua lc s  se 
obtuvieron 10s ndcleos en 10s v a r i o s  pozos. E s t e  
corte t r ansve r sa l  no i n t e n t a  r ep resen ta r  l a  

-0logfa con exac t i t ud ,  sino que pretende ser una 
a para i d e n t i f i c a r  l a  ubicacidn d e  ndcleos. w ambidn se obtuvieron muestras d e  f l u i d o  de  un 

cabeza l  de  pozo. Dicho f l u i d o  se preservd  medi- 
a n t e  a c i d i f i c a c i d n  y se almacend para us0 poste- 
r i o r .  

La Tabla I muestra 10s pozos y profundidades 
d e  donde se obtuvieron 10s 40 p i e s  d e  ndcleo 
t o t a l .  En l a  Tabla 2 se o f rece  un resumen d e  las 
propiedades d e  las  rocas. En genera l ,  e s t a s  rocas  
e r a n  a ren i scas  d e  grano mediano a fino con una 
porosidad de a l rededor  d e l  20 por  c ien to .  
mineralogfa era sediments r ia  con cant idades  va r i -  
a b l e s  de  a l te rac idn .  
a l t e r a c i d n  fue  l a  apa r i c idn  d e  epfdota  y d e  sflice 
aut igdnica ,  y l a  desapar ic idn  d e  c a l c i t a .  La  
qufmica d e l  f l u i d o  ( a jus t ada  a las condiciones d e l  
yacimiento) f u e  d e  a l rededor  d e  20,000 ppm de  
s d l i d o s  d i s u e l t o s  (principalmante s a l e s ) ,  con 
v a l o r e s  de  s f l i c e  cercanos a l a  sa tu rac idn  y can- 
t i d a d e s  moderadas de  d idxido  d e  carbono. 

La 

La p r i n c i p a l  evidencia d e  

La Tabla 3 muestra v a l o r e s  e spec f f i cos  d e  
porosidad y contenido d e  calcita para las  rocas  
estudiadas.  Se e n f a t i z a  e l  contenido d e  c a l c i t a  
porque e l  e q u i l i b r i o  qufmico d e l  f l u i d o  juega  un 
papel  en  auchos d e  10s resu l t ados  d e  las  pruebas 
d e  deformacidn p l d s t i c a  y permeabi,lidad, y porque 
se encontrd que e l  e q u i l i b r i o  d e  10s carbonatos es 
e l  d s  d i f f c i l  d e  cont ro la r .  Por l o  tan to ,  10s 
r e s u l  tados se consideran mds f idedignos para rocas 
con poco o nlngdn contenido d e  calcita. 

PROCEDIMIENTOS DE LAS PBUKBAS 

En este t r a b a j o  se u t i l i z a r o n  v 
d e  pruebas d e  Terra Tek. En l a  Figura  3 se muestra 
l a  configuracidn genera l  d e  l a  muestra y las  capa- 
c idades  genera les  d e l  sistema d e  pruebas. Todas 
l a s  pruebas se efec tuaron  ba jo  condiciones d e  
pres idn  d e  confinamiento, p re s idn  d e  poro, ten- 
pe ra tu ra  y qufkica d e l  f l u i d o  igua le s  o cercanos a 
las  condiciones in s i t u .  L a  mayor p a r t e  d e  las  
muestraa de l a  prueba fueron c i l i n d r o s  c i r c u l a r e a  

adas  de didmetro por 4 

enera l ,  las pres ion  
las  prubas fueron menores que o i gua le s  a 1 p s i  
p o t  p i e  de profundidad; las pres iones  d e  poro y 
las  temperaturas se obtuvieron d e  da tos  d e l  campo. 
En la  Tabla 4 se resume las condiciones d e  prueba. 
En la mayorfa de las ptuebas se a p l i c d  una carga  
a x i a l  de modo que e l  t o t a l  d e l  e s fuc r ro  a x i a l  
f u e r a  aproximadamente d e  1 p s i  por p i e  d e  profun- 
didad, y e l  coc ien te  e n t r e  e l  es fuerzo  a x i a l  efec- 
t i v o  y l a  pres idn  d e  confinamiento e f e c t i v o  f w r a  
312. 

Como se desc r ibe  a continuacidn, se co r r i e ron  
c u a t r o  t i p o s  de  pruebas: , 

Pruebas bdsicas: La8 m i s m a s  c o n s i s t i e r o n  en . -- 
'grar primero condiciones d e  yacimiento, seguidas  

u e g o  de  una d e  las  s i g u i e n t e s  tres pos ib les  per- 

Ueduccldn d e  l a  p res idn  d e  poro para  simular 

turbaciones: 

a )  

la  prodbccidn d e l  yacimiento mientras 10s 
o t r o s  esfuerzoa se mentienen cons tan tes ,  para  
obtener una compresibil idad para  el modelado 
d e  compactacidn. 

Incremento d e  l a  pres idn  d e  c 
mientras 10s o t r o s  es fuerzos  se mentienen 
cons tan tes ,  para conprobar la va l idez  d e  10s 
conceptos d e  es fuerzo  e fec t ivo .  

Reduccidn d e  l a  pres idn  d e  poro n i e n t r a s  se 
a j u s t a  l a  carga a x i a l  y l a  pres idn  d e  confi-  
narniento para mantenere una conpactacidn 
uniax ia l ,  simulando la  condicidn d e  
compac tac idn unidimensional usada comunmente 
en  e l  modelado d e  yacimientos. 

Ultrasdnicas:  Dichas pruebas, r e a l i t a d a s  a 

b) 

c) 

elevada temperatura y pres idn ,  se u t i l i z a r o n  para 
determinar las velocidades u l t r a sdn icas  ba jo  con- 
d i c iones  i n  s i t u ,  y luego para determinar e l  cam- 
b i o  de  velocidades u l t r a sdn ica  causado por la  
reduccidn d e  l a  pres idn  d e  poro. 
de tenninar  si e l  incremento de velocidad causado 
por  l a  compactacidn es s u f i c i e n t e  como para ser 
de tec tado  dent ro  d e l  pozo con sondas sonicas  o en  
la  superf icie con instrumentacidn sfsmica. 

E l  p ropds i to  fue  

Permeabilidad: Se examind l a  perlneabilidad d e  
un ndnero d e  rocas  ba jo  condicidnes in s i t u  y se 
es tudiaron  10s cambios ocasionados por l a  
reduccidn d e  l a  pres idn  d e  poro. 
fueron r e a l i t a d a s  en apoyo a1 modelado d e l  
yacimiento. 

Estas pruebas 

Deformacidn P lds t i ca :  Estas pruebas consis- 
t i e r o n  en e s t ab leca r  primero condiciones d e  
yacimiento, reduciondo luego l a  pres idn  d e  poro, 
COQO en muchas d e  las  pruebas a n t e r i o r e s ,  per0 
manteniendo luego estas condiciones por  l a rgos  
perfodos de  tiempo (de has t a  senanas). 
p ropds i to  d e  estas pruebas fue  determinar si l a  
compactacidn continuaba, como un e f e c t o  depen- 
d i e n t e  d e l  tiempo, mucho despuds que cesaran  10s 
cambios de  es fuerzo  y de  presidn. Este e f e c t o  
podrfa t ene r  implicaciones importantes en  el mode- 
l ado  de  compactacidn o l y  asentamiento d e l  terreno. 

E l  

En todas las pruebas d e s c r i t a  
cont ro la ron  las propiedades qulmica d e  10s f l u i d o s .  
d e  manera que fueran r ep resen ta t ivas  d e  la8 condi- 
c lones  d e l  yacimiento. 
deformacidn progres iva  se tomaron e spec ia l e s  y 
ex tensas  precauciones ya que las in t e racc iones  
qufmico-mecdnlcas pueden ser un f a c t o r  en  l a  

En las pruebas de  

eformacidn progresiva. 

RESULTADOS DE LAS PRUEBAS 

Pruebas Bdsicas: -- 
En La Tabla 5 se muestran 10s resu l t ados  

promedio, en tdrminos d e  compresibil idad 
equiva len te  (incremento d e  l a  deformacidn 
volumdtica d iv id ido  por e l  incremento d e  es fuerko  
e fec t ivo )  para  cada t i p o  d e  prueba. En l a  F igura  4 
se muestra e l  resu l tado  de  una prueba t f p i c a  en  l a  
que se hizo variar en forma cfclica l a  p res idn  d e  
poro. En dicha prueba, e l  es fuerzo  e f e c t i v o  fue  
awnentado y dlsminufdo varias veces para  mostrar 
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e l  e f e c t o  d e  descargaf recarga  cfclica. 
cada c l c l o  l a  pequeaa r i g i d i z a c i o n  y l a  
conpactacidn permanente ( I r r e v e r s i b l e ) .  

Ndtese en 

Velocidades u l t r a sdn icas :  

Las velocidades u l t r a s d n i c a s  dadas en l a  
Tabla  6 a m e n t a n  generalmente con una reduccidn d e  
1000 p s i  en l a  p res idn  d e  poro (debido a 
compactacidn). E l  incremento prolaedio en  Vp fue  
d e l  1.3 por  c i en to  y e n  Vs d e l  2.1 por  ciento.  
Es tos  increnentos  fueron fac i lmente  medibles ba jo  
condic iones  d e  l a b o r a t o r l o  cont ro ladas ;  sin 
embargo, se duda que puedan ser observadas en e l  
campo debido a r e l ac iones  seilal-ruido y problemas 
d e  repe t i b  il idad. 

Permeabilidad 

tas permeabilidades se midieron a pres iones  -- in s i t u ,  a temperatura  ambiente, t enpe ra tu ra  
e levada,  reduccidn d e  p re s idn  d e  poro de 1000 p s i ,  
y despuds l a  deformacidn progresiva.  En l a  Tabla 
7 se dan 10s resu l t ados  promedio. Se observa poca 
o ninguna reduccidn ocaslonada por  l a  disminucidn 
d e  l a  pres idn  d e  poro; sin embargo, una reduccidn 
s i g n i f i c a t l v a  se asoc la  con l a  deformacidn pro- 
grestira. Es i n c i e r t o  cudnta  d e  l a  reduccidn aso- 
c i ada  con la deformacidn progres iva  se deba a 
e f e c t o s  qufmicos d e  no-equl l lbr io  y cudnta  
reduccidn o c u r r i r i a  b a j o  condiciones d e  campo. 

Deformacldn Pronres iva  

En l a  Tabla 8 se of recen  10s r e s u l t a d o s  
promedio d e  deformacidn progresiva. 
d e  deforinacidn progres iva  decrece  cuando aumenta 
la  duracidn d e  l a  prueba. 
deformacidn progres iva  observada d e  a l r ededor  d e  
I@/ reg i s t ro  parace ins i gn i f  i c a n t e  a1 p r inc  ipio.  
Sin embargo, si l a  nisma cont inuara  por  seis aaos,  
se e l imina r fa  toda l a  porosidad. Por lo  t an to ,  es 
Importante  sabe r  como e x t r a p o l a r  a v a r l o s  aaos  l as  
ve loc idades  d e  deformacidn progres iva  observadas 
en.unos pocos d f a s  o semanas. La Figura 5 muestra 
10s resu l t ados  d e  tres t f p l c a s  pruebas de  
deformacidn progresiva.  La disminucidn i n i c i a l  d e  
volumen es causada por l a  reduccidn i n i c i a l  d e  l a  
p re s idn  d e  poro y l a  p o s t e r i o r  disminucidn se debe 
a l a  deformacid progresiva.  

La velocidad 

La ve loc ldad  d e  

INTEWRETACION Y CONCLUSIONES 
Las compres ib i l idades  d e  10s ndcleos d e  Cerro 

P r i e t o  obten idas  d e l  comportamiento ins tan tdneo  en  
respues ta  a cambios de  e fuerzo  que simulan l a  
explo tac idn  d e l  yacimiento son t f p i c a s  d e  
yacimientos  d e  a r e n i s c a s  porosas. 
l i d a d e s  son d e l  orden d e  1 x 10-6 psi'l. 
ve loc idades  u l t r a sdn icas  a m e n t a n  un 1-2 por  
c i e n t o  coincidiendo con l a  d i sa inuc idn  d e  porosi-  
dad. Es i n c i e r t o  si este pequeao cambio en l a  
velocfdad sdnica  podrfa  u t l l l z a r s e  en e l  campo 
como una herramienta  d e  dlagndst ico.  

i, 
Las c w p r e s i b i -  

Las 

L a s  permeabl l idades son muy ba ja s ,  d e l  orden 
d e  unos pocos mi l ida rc i e s ,  y fuer temente a fec t adas  
por  l a  deformacidn progresiva.  Parace muy prob- 
a b l e  que l a s  t r a y e c t o r a i s  d e  f l u j o  d e l  f l u i d o  en 
las  rocas  aquf  examinadas, que est& i n t a c t a s  y no 
f r ac tu radas ,  no Sean representa t i i ras  de  l o  que 
sucede en e l  yacimiento. Se deduce que l a s  f rac-  
t u r a s  u o t r o s  conductos que permitan e l  paso d e l  
f l u f d o  deben j u g a r  un papel  en l a  exp lo tac idn  d e l  
yaclmien to. 

La deformacidn progres iva  provocada por  la  
reduccidn d e  l a  p res idn  d e  poro es un fendmeno 
importante  en estas rocas ,  y si cont inuara  a l a  
velocidad observada en e l  l abora to r io ,  conduci r fa  
a una gran reduccidn d e  l a  porosidad en  e l  campo 
e n  un perfodo d e  aiios. Es importante  d e s a r r o l l a r  
un mgtodo de ex t r apo lac idn  d e l  comportamlento 
dependiente  d e l  tiempo observado en  l a  l a b o r a t o r i o  
pa ra  perfodos mayores, cor respondientes  a l a  dura- 
c ion  de  l a  explo tac idn  yacimiento. La compresibi- 
l i d a d  e f e c t i v a ,  cuando se t i e n e  en cuenta  l a  
deformacidn progres iva  (de f in ida  como e l  cambio a 
l a r g o  plazo d e l  volumen d i v i d i d o  por  e l  cambio d e  
p re s idn  d e  poro) puede ser v a r i o s  drdenes d e  mag- 
n i tud  mayor que las compresibi l idades apa ren te s  
i n i c  i a l  es 
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