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AEsTRxT 

we matrix and bulk mnpressibilities 
and thermal expansion ooefficients of mea 
sandstone and of a sandstane fnrn cefio Prieto 

strated a novel technique for ccmputing porn- 
sities as fmctbns of effective stress or 
tenpxature frun uniaxial ampression and m- 
mal expansion mxmmmznts respectively. Un- 
like previous results, which are limited to 
tenperatures below 200oc, our IKeaSlJrelEnts 
~OMT the range frnn d i e n t  tenpxature to 
280OC. Our data for Berea sandstone gemrally 
agree with previous results. 'Ihe matrix and 
bulk caipressibilities of the Cerro Prieto 

of tm litprial. Valley sandstones, reported in 
the literature, indicating significantly great- 
er subsidence potential for Cerro Prieto. 'we 
porosities of the rocks skdied decrease with 
increasing effective stress; our results Mi- 
cate that porosity reductions due to pore pres- 
sure draldc%vninsands~daninatedgeotber 
mal reserv~irs are pmbbly small. Wrosities 
decrease also with increasing tmperatures b e  
cause the grains expn3 a t  the expense of the 
pore volune. Eornsity increases due to themil 
dra- are likely to be small in sandstone 

relative changes are expected for tighter sand- 
stones. 

well -94. F, we aeveloped ana aemn- 

sandstone are considerably greater than those 

rese.no*s, but greater prnsity 

mst physical properties of mcks vary with 

sponaing deperxhces and of their lMgIlitlX¶es 
twperature and stress. Kmwledge of the c o r n  

is inprtant for geot2mmal resermir a s s e m t  
and inteqxetation. &rong the petrophysical 
pperties of major interest for the geothermdl 
industry are porosity, Cmpressibilities and 
therrral expdnsivities. sandstones constitute 
the main pIxducing horizons in the extense 
r4=Xicalipperial Valley geathermdl region. 
u n d e r s m  the behavior of these sedh3-I- 

eaonmically inportant. € m w E ? r ,  the infonna- 
rocks a t  resermir conditions is therefore 

t ion available about the stress and temerature 

(hpressibilities of several sadstones to 
high pessures ('16,OOOpsi) and to mediun 
w t u r e  ("200OC) were measured by mbree 
(19681, vbn Gon-~and cboudhary (19691, and 
sarertcn et a l  (1974); they f d  that bulk 
matrix canpressibilities generally increased 
w i t h  increasing tenpaature, despite SXE? er- 
ratic behavior of matrix caqxessibilities. 
Thermal expansivities of Berea, mise, and 
Bandera sandstones to 16OOC were presented re- 
cently by Smxton  e t  al (1981); these results 
indicate that thermdl expansivities are nearly 
independent of stress and of the almunt of 
fluid saturation. pbrosity variatbnswith 
stress in sandstones to -10,000 psi were imres- 
tigated by sarrerton (1978) who drew on data by 
Fatt (19531, scnrertcn e t  al (19741, and Von 
Gonten and oloudhary (1969); it was found that 
pomsYty ~ c t i o n s  w i t h  stress are greater a t  
higher tgnperatures. V a r i a t i o n s  of pore volune 
versus tanperature to 17OOC for three sand- 
stones Were reported by sarerton e t  al (1981); 
these autbrs SW that pore volms of liq- 
uid saturated sandstones unsex stress deaEase 
w i t h  increasing Imperatun?, and that the pore 
wlme thefilldl contractian is a function of 
pnxi ty ,  values decreasing with fncreased p- 
rosities . 
This paper focuses on the magnitudes and on 
the temperature and stress -s of the 
cmlpressibilities, tkmlal expansivities and 
porosities of cefio Prieto and Berea sandstones. 
Berea is a well-known rock used extensively in 
laboratory irnrestigations, and as such, valu- 
able for canparison pvpouses. Apart fmm its 
obvious importance for characterization of the 
Cerro Prieto reservoir itself, kncrwledge of 
the praperties of Cerro Prieto sandstones pro- 
yiaes valuable infomation amcembg the 
whole NexicalilInperidl Valley geotbenadl 
area. We have measured bulk and matrix can- 
pressibilities and thermal expdnsivities as 
fiuactions of stress and tmperattux?. Fmm 
these ~ S U r a n e n t S  we carpxrted porosities as 
functions of stress and -attux? by mans 
of a navel technique devisedbyus for this 
paPouse. unlike previously plblished data, 
which are limited to tatperatures belaw 200oc, 
our masurements amx the range f m n  d i m t  
tarperatUte to 280OC. 
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Frun each of the sanples studied in this wmk 
(BereasandstoneandasandstonefrcmOerro I 

Prieto w e l l  M-94) four specimns were obtained. 
l'Wofthenwredryjacketedforbulkcmpres- 
sibility and thennal e x p n s h  m3asurarents; 
the rest were used unjacketed for matrix cun- 
pressibility and tk rma l  expansion neasure 
mts. The specimens were cilindrical, 2.54 
an in diaxeter by 5.08 in length; their ends 
were y m d  f la t  and parallel to within 2.54 
Xlo- an. 

Linear thermal expansion and linear ampction 
were lleaswd along the SpecimnS axis by 
mans of high resolution L W ' s  (linearly vari- 
able diferencial t ransfoms)  attached to the 
tapof the test specimens by quartz rods. lher 
wal.andlmxhanl 'Cal induced deformations of up 
to 2.5 x 10-2 an can be measured in our equip 
mt w i t h  an accuracy of Y 6.2 x 10-5 an. aver- 
aging the outpts of the tm L m ' s  rannres 
any false strain due to tilting. rare details 
on the test amfiguration used are given by 
Bmis et a1 (1979). 

bring the ccmgressibility tests, amfining 
pressure uas changed at a u n i f m  rate of 785 
p s i m  (5MPabin). The specimen was subjec- 
ted to loading-unloading cycles, 
pemanent strain was detected, to insure re- 
producibility. Qnpressibilities were cu~lplr 
ted f m  the loading portion of the cycle. 
T e r p r a t w e  was kept constant a t  the test 
value w i t h  an accuracy of f 1OC. 

When nmnhg thermdl expansion tests, the sam- 
ple tenperatwe was increased a t  a uniform 
rate of about l.S°C/min. The heating rate 
chosen, acmrding to OUT own experience, is 
low enough to prevent large imeam=rable 
micmestructural h g e  i n  the rock -le. 
cbnfining pressure w a s  kept oonstant with an 
accuracy of 2 1 psi. 

A oxtputer based data aquisition systan M c h  
allows smpling of the channel transduoers in- 
volved in the test w i t h  a frequency of up to 
180hinute was used. In the ampressibility 

while i n  the thermal expansion tests the f r e  
quency was once every minute. 

unti l  m 

tests data were collected every 10 seconds; 

me initial porosity 4 o  of each sample, used. 
in OUT amputations of porosity as a funddon 
of effective stress or of lxnperature, was 
detennimd by averaging the porosities of the 
cOrreSpOnding faur specimns. lhese porosi- 
ties were ~asux-ed  using the liquid MCUWII 
saturation mthod. 

RESULTS AND D I S a a S I c r J  

&trix qessibi l i t ies  
These were ccmputed assuming i s o k q y  f m n  
uniaxial oanpressia -ts on unjacke- 
ted samples a t  amstant temperature w i t h  hy- 

drostatic confining presures raqing f r a n  o 

sbm in Table 1. linearity of the mi- 
to 9000 psi. lhe 

axial cunpressh data w i t h  hydrostatic stress 

PraLe 1. Matrix cuipressibilities 

results are 

EEREA CERmPmEm 
!c€np. ccmpress. mm. ccmpress. Qrr. 
("e) (psi-l) coeff. coeff. 

20 i.46~10-~ 0.9975 i.59~10-~ 0.9999 

280 2.39X10-7 0.9997 3.06X10-7 0.9991 

is d e n t ,  as indicated by the REKJIli- 
of the comsponding correlation coefficients. 

ow results for Berea r;arrlstone are in  good 
agreanent w i t h  those by SQnertOn et al. (1974) 
as shmn in Fig. 1. 
results with SmErImn et al'swe find that the 

increases w i t h  teqerabre at a o.mstant rate 
equal. to 3.26 x 1W10 psi-1 OC-1. The corres- 
ponding correlation coefficient equals 0.9477. 

Ckxprisan of our results for cierro Wieto 
sarrdstone f m  well M-94 a t  a depth of 6900 
feet with SclErkm et al's results for an 
perial Valley sandstrnre dermuna ted W823, fran 
a depth of 5073 feet (Fig. 1) s€nws that the 
corresponling matrix caopressibilities differ 
significantly frun each other, and that the 
matrix ccnpressibilities of both rucks in- 
crease with m a t u r e  a t  nearly the sam 

 pool^ together ouf 

matrix ampressibflity of Berea s a d s m  

0 EEREA,PREYNT DATA 
0 BEREA. MYERTON ET ALX974l 
e Y-H - m o o  CERRO ~ I E T O  $ANDSTOIL. PRESENT OATA 
t I ~ 3 -  a073 IMPDIAL VALLEY WOSTONE. S O Y E ~ T O I )  ET AL asn 
A W 822- 3 M  Y P E R U  VALLE? UUSDNE.WUERTON E l  ALuIT4 

4 
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FIGURE 1. Effect of tapexatme an ' 

matrix aanpressibility 
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rate which is significantly greatey, 9 that 
of Bersa. m s  tmperaturedependence lends 
Qedibility to the data to Sam 
ple W823-5073, whfch were deatled douMful by 
SumA#n et al (1974) due to the large change 
of matrix oxpressibility with m a t u r e .  
Qnparea with the evidence a d a t e d  for 
mea, (=ierro Prieto and 3hp.ri.d Valley W823- 

sibility decreasing wit3-I increasing tenpera- 
5073 sandstones, the trend Of m a t r i x  c~rrpres- 

ture depicted by Sam3mn et al's data (Fig.1) 
on -rial Valley -le W822-3320 sems am- 
malaus. 

Bulk mapressibilities 
lhese wre cxxpted assuning isotropy fmn uni- 
axial mopression =suremnts on dry jacketed 
samples a t  amstant tanperature. The confining 
hydrostatic pressure was a s h  to equal the 
effective (confining minus pore) stress. (xlr 
results for =ea sandstme at 2OoC and 28OOC 
are shown i n  Fig. 2. that bulk 

ature. A t  2OoC these data agree %ell with the 
carrespnding data fmn SumA#n e t  a l  (1974); 
cur 28OOC data are aonsistent with Smerton et 
al's high temperature (IC 2OOOC) data. 

(xlr results for M-94-6900 Cerro Prieto sad- 
stone at 2OoC and 28OOC are sbwn in Fig. 3. 
These aapressibilities are significantly high- 
er(ab0ut +90% at 2000 psi, 2OoC and 28OOC)thm 
our results for Berea sandstone. They are also 
significantly higher than the Lulk cpmpressibi- 
lities reported for mial Valley m s -  
by sanrerton et al (1974): abaut + 50% a t  2OoC, 
2000 psi for W823-5073, and about +120% at 

pressibilities increase w i t h  increasing tarper 

2OoC, 2000 psi for W822-3320. Subsidence CUP 
ptaticms should reflect these differences in 
bulk ~ S S i b i l i t i e S .  

Matrix thermal expans ivities 

We measured uniaxial themal expansions to 
28OOC on unjadceted sanples at amstant '&Os- 
tatic presswe. The - strain- 
tanperatme plots for Bered and Cesro Prieto 
sandstones are skwn in Figs. 4 ard 5 repc- 
tively. Fram the slopes of these c!u33es it is 
seen that the linear theandl expansion coeffi- 
cients of both rocks are flmcthls of tanpe- 
rature. The thennal expansion coefficients 
increase with increasina terperature mtil a 
nearly amstant value is achiwed. Further 
mxe, for temperatures exceeding about 15OOC 
for &rea sandstone, and greater than about 
100°C for Cerro prieto sandstone, linear ther 
mal expansivities deFend on stress. Note that 
for &rea sandstolle thenaal Bq?ansivity in- 
Qeases with decreasing CmfininFJ pressure. 
For the Cerro Priep s q l e  the effect is mxe 
axtplex: at low& m a t u r e s  (1O0-15O0C) 
the t3lelmd srpansivity inrreases w-th in- 
creasing confining pressure, and at  higher 
teqxzratures (>20OOC) the thermal expansivlty 
decreases w i t h  increasing confining pressure. 
Representative values of linear thermal ex- 
pansion coefficients are preeted in Table 2. 

20-100 &rea 435 and 3000 12.5 x 

150-280 (I 3000 19.4 x 10 
150-280 I) 435 2l.2 x 10:: 

20-100 oerro prim 435 11.5 x 10-6 
20-10d Ir " 3000 12.5 x 1r6 
200-280 435 22.0 x 1r6 
200-280 " 3000 20.0 x 

i 

I f fECTIVL STRER ( V I 1  

FIGURE 2. Effect of Stress at COIlstant tern- 
perature on the bulk acmpressibi- 
lity of Bema sandstone. 

I 
0 tom 4000 (ooo (ooo woo00 

CFfLCTlVL WRLU ().I1 

FXZRE 3. Effect of stress at Qnstant tab- 
peratrne cn the bulk mnpressi- 
bil ity of the oerrp Prieto sand- 
St0t-E. 
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Bulkthermal- ivities 

wemeasured- thmal expansions on dry 
jacketed -1es a t  constant hydrostatic ccn- 
fining pressure to 280OC. %e 00- 
strain-tenperatme plots for the rocks stdied 
are sh-jwn in Figs. 4 and 5. It w i l l  be XI- 

m e ,  as is the case for mtrix thermal expan- 

bulk thermal expnsion coefficients anput& 
frcm Figs. 4 and 5 are given in Table 3. Our 
values for Berea saruls$ne qosely bracket 
the value of 13.0 x 10- OC? for 100-200°C 
found by sarerton et al (1981). 

t i c 4  that linear bulk thermal expansion aoe- 
fficients depena both on tarperature and pres- 

sivities. Representative values of linear 

20-100 Berea 435 and 3000 10.0 x 
150-280 435 14.7 x 

20-100 Cerro Prieto 435 and 3000 8.3 x 
120-180 " 435 13.8 x 
120-200 
200-280 
200-280 " I( 3000 13.8 x 

n 
150-280 II 3000 14.0 x loe6 

11 

n 3000 l l . 8  x 10:; 
n 13.8 x 10 435 

mr l3erea sandstone OUT results indicate that 
for T >15OoC the linear bulk themdl expansion 
mefficient decreases with increasing e f f e c  
tive stress. 
sults of -n et al  (19811, and w i t h  thso- 
retical estimates by Skeet (1978). (xlr re- 
sults for the Cerm Prieto sandstone studied 
inlicate haever that increasing the effective 
stress does not necessarily result i n  a de- 
crease of the bulk th=rrml expansion coeffi- 
cient . 

This is mnsistent with the re- 

mmsityvs. stress 

canbiningourllniaxldl * ocnpressiannreasure- 
mts on jacketed and unjacketea wles, w 
aonpxlted the effects of stress a t  amstant 
teqerature on the porosities of the sanples 
studied. Frrmn the definitions of porosity and 
of matrix and bulk linear cmpressibilities, 
and assming isotropy, it is easy to skw that 

we 4 is the porosity at  a given effective 
stress; 40, L'o and Lo the porosity and the 
lengths of the unjadceted and jacketed sanples 
respectively at the initial stress of the test; 
AL'andALtheuniaxla ' 1 ccmpressions for the 
unjacketed and jacketed semples respectively; 
and all these quantities omrespond to the 
(constant) tanperature of the test. 
dity of expression (1) hinges on the usual - 

The mi- 

so 

4C 

8 . 3c 
A 

a' 
2 
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t s  
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L 

FI- 4. Linear matrix and hlk the.7.mil 
expansion a t  constant effective 
stress for Berea sandstow. 

/ , 
I 
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L 

FI(uRE 5, Linear WtrX and bulk -1 I *  wpansion at  constant effective 4 

stress for the Cerro Prieto sard- 
stone. 
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assbptdon-that the defoxm3m of the matrix 
is the same for both unjacketed and jadceted 
saltples. In actudL Onpxtations w i t h  expres- 
sion (1) used the values of 40 correqonding 
tb 2OoC and 14.7 psi. This is strictly cor- 
rect far t k  data a t  2OoC, and $n-s a 
4 1  ermr in the data ccrrespnding to 280OCt 
about 0.1 percent for a 3 p=rcent error i n  4*. 

Expression (1) was used to ampUte the results 
shown in Fig. 6. Clearly, increasing the effec 
tive stress reduces the porosity.  his effect- 
is mre prnurced for the - Prim sand- 
stme than for the Berea sandstone, due to the 
hisher ompressibilities of the former. 

lilcresing the tempEmtUre results in iIxma%a 
porosity red-, which is amsistent with 
txllk -sibilities being greater a t  higher 
tenperatures. Again, this effect is nure prr>- 
IlMlllced for the Ckrm Frieb sandstone than 
for Berea. 

The relative porosity reductions A + I / ~ o  canplted 
by sanerton (1978) for Berea sandstone at 2OoC 
are nu& higher (abut 134 percent a t  9000 psi) 
thanaurresultsforthesamerock. 'Ihese 
cdLculations by sarrxbn were based on hetero- 
geneous data: bulk cxuIpressibilities fran so- 
m r b n  et al. (19741, and pore mnpressibilities 
fnm Tan (bntieu and Chcuhry  (1969). Using 
expression (1) and matrix and tulk acanpressi- 
bili t ies f m  samerton et al. (1974) we aarpted 
values of A+/4o d o e  to results: 
a t  9000 psi about.18 percent higher than the 
results of Fig. 6 using OIE set (El--, 
1973) of data, and about 10 percent lower than 

to Idxee (1968). 'Ihis close a-t lends 

i n  Fig. 6. 

lhese results indicate that in sandstone- 
&minated geotherrml reseru>irs, such as lTDst 
found in t h e m x i c a l i ~ i a l  area, changes 
of porosity due to pssure drawdcwn are pro- 
bably mall. For exanple our data shcws tha t  
the ckrm Prietn sandstone fraa w e l l  M-94 at 
a aepul of 7000 feet, with an initial p e  
fluid pssure equal to 3000 psi, and a 
rature of 28OOC would underp a reductlon in 
pomsity of only about 0.4% upon a pore pres- 

our results for the set of data correspanding 

Crl33Mlity to the cclt@Llted porosities S h  

sure redwthn of 1000 psi. - 
parosityvs. tenper ature 

acmbiningourmfaxialthennalexpansionmea- 
mrments cn jadcetea and unjacketed s;imples, 
and using an expression analogous to a), 
*e the UniaXidL cmpressicns were replaced 
by uniaxial thexlral €sqmSians, we amrpxlted 
the effects of teqerature, at constant stress, 
on pxxsity. %e validity of this ~ ~ t k d  of 
~ t i o n h i n g e s m o n t h e a s ~  
that ttre raatrlx thenml expansion is indepen- 
dent of the sanples being jacketed or unjacket- 
ed. As More, in actual cxmputations of re- 
lative porosities 4/40 vlerrms tanperature we 
used the values of 40 aorresponding to 2O0C 

and 14.7 psi, because the errclts inlzodwed in 
this way are mall .  

mmsities VS. teqerature for Bered and Cerro 
Prm sandstcnes are sfiown in Fig. 7. It w i l l  
be notioed that porosities decrease with in- 
creasing tmprature. We in- this effect 
as demnstratiq that in m n f M  rocks the 
t h n m l  p i o n  of the grains is partly a t  
the explse of the pore volune, because the 
measuted bulk thenml expansian coefficienb 
are gmal le r  than the matrix thennal €?xpnsion 
coefficients (mbles 2 and 3) .  

The effects of the (anstant) aonfining stress 
seen to iaepena on the type of rodc. mr tenpera 
tures exceedirag about 12O0C the porodty of tFE 
oerro heieto sanastone stuafea aecmases faster 
for greater mnfhfng pressure. 
effect of the amfhLngpresSureon Berea SaniE- 
stcne seems to be apposite: for T > 16OOC its 
porosity decmases mre rapidly for smaller 
amfining pressures. TNS OFpOsite aepenaence 
of the porosities of cerro Prieto and Berea 
sandstones is traceable to the behavior of the 
aorrespondirag matrix Stra in - lXnpfmt lRe  curves 
(Figs. 4 and 5),  which show oppasite &epen- 

fmever the 

dences with stress. 

The curves i n  Fig. 7 dww that at  the luwer 
t€q?eElturt=s porosities decrease relatively 
slowly; then at interndiate tqxratures the 
absolute value of the rate of change increases; 
and finally, a t  high&r taperatures, the 
lute value of the rate of -e decreases 
again and becrxlles nearly amstant. Fmn pore 
voltplle thenaal aontractlon measurauents Saaer- 
tan et al (1981) made similar obsenmtions. 
-e autbrs ooncluded that both the tanpera- 
ture at which the nearly constant rates of 

LFtCCTIVE STRESS INPA) 

P IO LO SO 40 w EO 
I 

I::::;, 

o m 0  

FIGURE 6. Effect of stress at  constant ten- 
perature on the porosities of Berea 
and Prieto sandstones. 
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FICXIRE 7. Effect of taaperature a t  constant 
effective stress on the porosities 
of Berea and Cerro Prim sandstones. 

change besin, and the C0-w slopes are 
related to the porosity of the sandstone: (a) 
for lower porosity sandstone the absolute va- 
lue of (a4/aT) is mter; and (b) for 
1- p r o s i t y ' m  the onset of the 
Constant slope takes place a t  1- tanpera- 
ture. Qnclusions (a) and (b) are consistent 
w i t h  the data presented i n  Fig. 7 . 'Ib under- 
stard the physical reasons underlying observa- 
tions (a) and (b) it is helpful to consider 
the then~l  expansion analape of expression 

that E = 3ALAo << 1, equation (1) can be 
a-w by 

(1). N>ting that E' = 3&' /L 'o  << 1 and 

E = 1 - (1'- 40) (1 + E' - 4, (2) 
and 

(3) 

Thus it is seen that  the absolute value of 
(a$/aTIp increases with decreasing values of 
40, as - . lhiscanalsoveverified 
pluging the vales of $ 0  for Berea and Cerro 
Prieto sandstones (0.185 and 0.178 respective- 
ly)  and the high temperature thermal expansion 
aoefficients fran Tables 2 and 3 in expression 
(3). 

Epesarclins point (b), we aFprcorimated each of 
tbe kilk and matrix strain--ture cuzves 
(Figs. 4 a d  5) by tux, straight lines: &e 

w i t h t h e s l o p e c o ~ t o t h e l ~ t e n -  * 
perature intervals in Tables 2 and 3, and the 
ather with the slope correspndjng to the high 
tgnperature intends of those tables. With 
these apprmdmations and equation (2) it is 

sbuld  show three different slapes, as observ- 
ed: and (ii) the m a t u r e s  a t  which tbese 
slopes change values are given by 

eaSy to shcrw that (i) the (4/@0) w. T 

W L  (AL'/L')i is the intercept of the 
straight line reFnresenting tbe matrix strain- 
tanperature awe to the high terperature side 
of T*, a i  the matrix linear thermal -ion 
aoefficient for T>m, and ai-1 the e f f i -  
cient correspording to the low tanperature 
S M e  Of T*. 
T* does not depend explicitly on 4. There 
fore m n  et all, conclusion (b) seatls to 
be either fortuituw or arising fran SCXE cor- 
relation between porosity and tbe mtrix ther- 
mal expansion coefficient. Such mrrelation 
is not apparent fran (x1z: data (see Figs. 5 and 
6 and Table 21, perhap because the porosity 
conbast between the Berea and Cerro prieto 
sandstones studled is sndll. 

Ihe bp0-t point here is that 

we have measured matrix and tulk canpressibi- 
lities and thenml expansion coefficient of 
Berea s a n d s k m  and of a sandstbne fm ckrro 
Prieto w e l l  M-94 to 280V. --re e 
developed and danmstreted a -1 
for ccrrq?uting porosi t ies  as fundxns of e f f s  
tive stress or tanperature, fran uniaxml - a m -  
pression and thenml expansion msuremnts 
respectively. Finally, w e  mnpared our re- 
sults with pblished data on Berea sandstone 
and on tux, &perm Valley sandstones. 'Ihe 
follcwing mnclusions my be reached fran this 
work. 

1. The measured mtr ix  and bulk cupressibi- 
lities of the Cerm Prieto sandstone fran M-94 
are significantly higher than those fcmd for 
Berea sandstone and for ttm mial Valley 

trend Micated by the sanples fram Cerro 
Prieto and Imperial Valley is representative 
of t k s e  locations, our results indicate si@- 
ficantly greater subsidence poten- for 
Cerro Prieto. 

2. 

creasing effective pressure a t  constant teitpe- 
rature: about 2.5% for Berea saxdstom and 
abcut 4.5% for Cerro Prieto sandstone at  9000 
psi. The greater sensitivity shown by the 
Cerro Frieto sandstone is due to its higher 
mnpressibility. These porosity changes are 
mailer a t  lawer tanperatures, reflecting the 
tmpraturedependenoeof thematrixandbulk 
cmpressibilities. <xlr results indicate that 
in  sandstone dtm!inaM geothenral r?=semOirs. 
changesof pmcls~tyduetopressuredradown 
are probably soall. 

sandstoms (W822-3320 and W823-5073). If the 

The porosities of Berea and Cerro prieto 
sandstone M-94-6900 decrease slightly with in- 

L 
4 

* 

.. 
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3. 'The ~ r o s i t i e s  oll Berea sand- ana of 
the Cerro Prieto sanastOne?l94d900 Ekxxase 
w i t h  increasw tanperahre at constant effec- 
tive stress. lhis effect is due tD the grains 
expanding partly at the expense of the pare 
mll.are oxcause the b l k  thesMl expansion 
coefficients are smaller than t b  C0rr-e 
ding matrix thermal sq?ansion COefficientsJ . 
our results Micate that in sandstone hn i -  

ty due to tkmal dmmlown are, very likely, 
small. 

4. At intendiate to high tanperannes 
(>15OoC) porosity decreases w i t h  teqeratu2-e 
I(DIE! rapidly for rocks of Smaller p>roSities 
because the *lute value of (al$/l$TJp is pro- 
portioMl to ( l - @ o ) .  Thus, greater - s 
in porosity are expctea for tighter Fandstones 

L 

Mted geotbenndl k73SerVOh Changes Of Prod- 

upon thsxnal drawcbwn in gwthenral resemFrs. 

5. 
found i n  the literature shms that significant 
differencesinthemagnituaesardinthether 
ml behavior of the ampressibilities, thema1 
expansivities, and porosities of different 
sandstones exist which warrant further studies 
a t  high tgnperatures. - 
We thank Ing. Alfred0 Bbficfi M. at amnisida Fe- 
deral de Rectricidad, aoordinadbra Ejecutiva 

cbrnparison of our results w i t h  others 

- de Cerro Prieto, for his interest in this wxk 
and for permission to plblish its results. 
M u t h  uribe F. 
rental work, and pdridn Pat560 M. and 3uan 
Flores F. drafted the figures. 
part of the -ative Geotherrral program be- 
tween Institute de Investigaciones Eltktricas 
and stanford University. 
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