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ABSTRACT

The objectives of this project were to acquire core and fluid from pro-
ducing geothermal reservoirs (East Mesa, United States, and Cerro Prieto,
Mexico); to test specimens of this core for their short-term and long-term
(creep) compaction response; and to develop a compaction constitutive model
that would allow future analysis of reservoir compaction and a surface subsi-
dence.

A total of approximately two hundred feet of core was obtained from
eleven wells in the two geothermal fields. Depths and porosities ranged from
3500 to 11,000 feet and 15 to 40 percent, respectively. Several samples of
geothermal fluids were also obtained. After geologically and geochemically
describing the materials obtained, selected specimens were tested for their
response to the pressures»and temperatures of the geothermal environment and
to simulated changes in those conditions that would be caused by production.
Short-term tests (for example, tests for compressibility extending over a time
interval of an hour or less in the laboratory) indicated that these sedimen-
tary materials behaved normally with respect to the expected behavior of
reservoir sandstones 6f these depths and porosities. Compressibilities were
of the order 1x10€ psi.

Long-term tests, extending ub to‘several weeks in duration, indicated
that pore pressure réduction, simulating reservoir production, tended to cause
creep compaction at an initial rate of abbut 1x10-7 percent porosity reduction
per second. This rate wés found to be consistent with a mechanism of porosity
reduction related to pressure solution of quartz grains at contact asperities.
This observation led to the deve]obment of a theory explaining the creep

behavior that allowed extrapolation to long times (several years). Although



iv

initial compaction may be small (a few tenths of a percent at most), the
theory developed here indicates that ultimate compaction as caused by pore k'J
pressure reduction may range up to several percent and needs to be taken into

account for ultimate subsidence predictions.
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~ 1. INTRODUCTION

1.1 Background

The withdrawal of fluids in large quantities from subsurface reservoirs,
and subsequent pore pressure reduction, creates the potential for reservoir
compaction and in turn, the possibility of surface subsidence. A conceptual
drawing is shoﬁn‘in~Figure 1. - Subsidence has been observed in the past in
many lbcations in the world inAassocfation with both water and oil withdrawal.
More recently, subsidence has'been identified as a possible consequence of
hydrothermal fluid production from geothermal reservoirs.  For example, in
California's Imperial Valley, hot brines will be produced from a geologically
young sedimentary sequence of sands and shales, and cooler fluids may be
reinjected. The,compactionrof.the subsurface aquifer and layers above, as
caused by f]uid»pressurevreduction,‘mayfpropagate,to the surface in the form

of subsidence and may affect natural or man-made agricultural drainage systems.
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Figure 1. Schematic drawing showing concept of subsidence as caused by reser-
voir compaction. Solid lines are initial surfaces and dashed lines
are surfaces after compaction and subsidence have occurred.



Little is known about the exact potential for subsidence in geothermal
areas. Extraction rates may be large, therefore increasing the potential for
subsidence; on the other hand, depths may be substantia],'thus5decreasing the
potential for subsidence. Some data exist and have been reviewed (such as
Grimsrud, et al., 1978.) For example, at Wairakei, New Zealand, production of
geothermal fluids has caused local subsidence of more than 15 feet in ten
years: The area of surface affected was approximately 3000 feet in diameter.
It should be noted that Wairakei is in a volcanic geologic setting and no
fluid has been reinjected. - Many other geothermal areas are in sedimentary
‘basins and may not react in a way consistent with the experience at Wairakei.
In sedimentary basins, experience with subsidence caused by watep and oil
production may be more applicable. In any case, it is desirable to have a
method of understanding and predicting subsidence in geothermal areas. Be-
cause of the lack of widespread historical experience, it is extremely unlike-
ly that an accurate empirical model can be developed in the near future.
Consequently, a logical first step (aside from gathering as much field infor-
mation as possible) is to investigate the physical mechanisms_of.compaction in

geothermal reservoir rocks as caused by pore pressure reduction.

1.2 Project Objectives

The major objective of this project was'to'study, ih the 1aboratory, the
compaction of rock: obtained ‘fhom geothermal reservoirs and to relate that
compact1on to parameters that are observab]e or measurab]e in the fleld such
as depth temperature, and reservo1r pressure To be somewhat more specific,
the prOJect had four d1st1nct goa]s These were:

1. To obtain core from active geothermal areas.
2. To perform a variety of tests at simulated in-situ conditions with

- “emphasis on the study of compact1on as tr1ggered by .pore. pressure
reduct1on



3. -~ To 1dent1fy, as accurately as possib1e the mechanisms of compaction.
4. To deve1op a const1tut1ve model for reservo1r compact1on as trig-
| gered by - pore pressure reduct1on
Resulting: from thls project are a data set and 1nterpretat1ons in terms of
rconst1tut1ve behavxor that w111 be useful to reservo1r mode1ers for the pur-
poses  of the understanding and predict1ng of subswdence.ﬂ In add1t1on, some
splnoff' benef1ts are derived for reservoir engineers 1n terms of improved
understand1ng of compre551b111ty, permeabi]xty, borehole stab111ty and deposi-

t1on-so1ut1on phenomena 1n geotherma1 areas

1 3. PrOJect P]an

“A flow chart of the proJect as p]anned 1s shown in F1gure 2. Two major
legs of the proaect started s1mu1taneously. One 1eg began w1th obtaining core
from known and deve1op1ng geotherma1 areas, The other leg began with test
mach1ne mod1ficatlon to prepare equ1pment for creep compactlon exper1ments,
since the poss1bil1ty ofavtimerdependent veffects at geothermal reservoirs

Through d1scussion and cooperation with the Lawrence Berke]ey Laboratory,
_the_U. S Department of Energy, Repub’l'ic Geotherma’l Inc . and the Comm1ss1on

' EfFederal de Electr1c1dad of Mexico core was obta1ned from the East Mesa geo-

st},githermal f1e1d 1n Ca]1fornia and the CerrofPrieto geothermal f1e1d Mex1co

"ﬁs;jiCore;'

"‘]g;;dens1ty and poros1ty were determined,,

Then;' ork entered 1nto a testrng phasei

' 7”J}{for ba51c mechan1ca1 propert1es with emphasis on measurements of compress1b11-fj .

:ﬁ'?ifdlty at reservoxr cond1txons With basic measurements completed three types;

':fj”of exper1ments were conducted 1) compactlon exper1ments, where reservoxr N

cond1t1ons were achieved and specimens were caused to- compact by reduct1on of

pore pressure, 2) flow,experiments, where,reservoir conditions were achieved,
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pore pressure was reduced, and effects on permeabi]ity were investigated; and
3) creep experiments, where reserVoir conditions were achieved, pore pressure
was reduced and then held at a reduced value for long peripds of time (up tov
several weeks) in order to investigate time-dependent effecté.

As data became available, work began on analysis. Ultimately, a general
understanding of the behavior ofrrocks from these geothermal reservoirs was
achieved. Then, theorética] work was undertaken to develop a method of ex-
trapolation of creep behavior to 1ongrperiods of time. The resu]ts of all of

this work are contained in this final report.






2. DESCRIPTION OF MATERIALS

2.1 General Geologic Information

Material was obta1ned from two geotherma] areas 1in the physiographic
basin province known as the Sa]ton Trough Th1s bas1n extends ‘from south
central California, in the United States, to northern Baja California, in
Mexico, andisodthward'into{the éu]f of California{lor the Sea;of Cortez, as it
is known in MeXdco. This basin has been a¥rebositorycforzc1astic sediments
that have been"deposited«:since;:Miocene“'time. (Fof'7af QeneraT survey, see
Elders, 1979.) ’ThesersedimehtsiWere derived main]y from the Colorado River
drainage of the”Colorado oiateau'regfon The:cause’of geothermal activity in
the reg1on 1s re]ated to the fact that th1s basin marks the location of a
major p]ate tecton1c boundary between the North American and Pacific plates.
Figure 3 ‘shows the.]ocat1on ‘of the main geotherma]_areas,]n thertrough. For
this project, core was obtained from the East Mesa fie]diinnCa1%fornia_and the
Cerro Prieto field indMexico' _Core obtained (described in more detail in the
fo]]ow1ng sect1ons) can be descr1bed very genera]]y as originating from a
deltaic sed1mentary sequence that has been a]tered by hydrothermal activity
and also in some cases, by tecton1c act1v1ty Porosities of most of the sands
are in the range from 10 -to 40% vary1ng mostly w1th depth of bur1a1 withithe
anower values be1ng at ‘the greater depths These are typ1ca1 va]ues for nor-=
'mally conso11dated sandstones Matr1x permeab111t1es, on ‘the other hand ‘are

";~perhaps somewhat atyp1ca11y 1ow for sands of these ages and clay- contents

uh{;?Th1s is probab]y a resu]t of the hydrotherma] mechan1sms, some - ‘of which tend

'r'wto reduce permeab111ty (Large-scale fracture systems that wou]d enhance flowr

1i1n the geotherma] systems are not observab]e in the ]aboratory ) In genera]"

appearance, these rocks do not seem to be unusually susceptible to compaction,
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i.e., they are not weak or;friable; however, nor are they unusually hard or
strong. ‘We hope that they are reasonab]y-representative of many young, hydro-
therma1/geotherma1 sedimentarykmaterials; inkterme of their susceptibility to
compact?on, hUt there‘is certainly no large bodydof evidence to support this
statement. Fluid samo1es or fluid chemistry information was also obtained for
each reSerVOfr.y This was done in order- to maintain appropriate chemical
equi]ibrﬁum conditions during the testing‘of the rock. ‘The fo]]owing sections
give detailed information on core obtained and on fluid properties aasociated

with each reservoir.

2.2 East Mesa ﬂ

Acmap of the East Mesa geotherma] field is shown in Figure 4. Core was
obtained, with the coooeration of Republic Geothermal, Inc., from two wells in
section 30 of thfs fie]d,'iThe wells were #58-30 and #78-30. A total of 40
feet of core was obtained; _ . 77 7

In well #78-30, core was'recovered fron 5500-5540 feet and from 7135-7170
feet. Both these zones are productionrzones as shown in the schematic strati-
graphic,crosa-section in Figure 5._ As’discussedrfurther beTow, the rocks from
these zones were quartz sandstones vh'th varﬁious amounts of clay, and ca]_cite
and silica cements Rock from the'capdroch zone of the reservoir was'obtained
”7from we]] #58 30 at depths from 3252 3282 feet | In th1s case, the rock was
rlargely claystone w1th mlnor str1ngers of s11tstone and sandstone W | ‘

A1l core was recovered at the wellhead, wrapped in a]um1num fo11 and
seaied in wax for transport to the Terra Tek 1aboratory | Th1s was done to
“prevent dehydration of the pore. spaces and clays wh1ch m1ght otherw1se affect}
the mechanical propertles of the rock A 11tho1og1c log obta1ned from core
descr1pt1ons 1s g1ven 1n F1gures 6 and 7. Thirteen thin sections were pre-

pared from the core recovered 1nc1ud1ng rep11cates that were impregnated with



10

PR

~

'

AV g
o - - - ——y -

SCHAFER
"BARBARA"
L

-
+

:

»
BUR R
MESA 8-1

o ymmm - -

o
) S Ba e
™~
i~ & < .
"TOgge 1 2-% | Hn
¢ <+

30 58-30 78-30 RGI

-0 © e @

I.}Y
W,
2

7 e s, 5 O o

o . ’ 1
f |
l
1
, 1
4 s , !
(XN 2 :
ur 4o v o +(l
. I)W : C.I-I OO\RG ! M (1] -G G._ M !
[TH] VEWS e | T L8 < | r<F [
. xvelBle . I-N\wm;.. .-M..f.\uM g
— D u “ , L
o piD wl !
Bt =t [
aﬁ.c \ 1
JEAN
w\u.t.w. | ™
SRR K] ! L 7
AR s X et 0727 A S v
AST — xamzr—zm

e T RN n)p...:m r.—KT»@; ) «.
- JEJ %. az¢~q

v s& :.-
453
gﬁ ..h i f ek

lIlllllllfnlllllll lLrllllllllln! T b

RA o

o i ety

20

EAST MESA KG

i
!
|
1

|
B

Detailed map of the East Mesa Knbwn Geothermal

Resource Area
ic Geothermal's

in upper left center of map.

igated for this program are Republ

t
30 shown

inves

58-30 and 78-

Wells

Figure 4.



CBAST MESA
| STRUCTURAL CROSS sscnou

PR L s Pnouucms INJECTOR
WEST RG.IL RGLTTTRGL RG.L EAST
eatve B wW B Wm g e

- 2000 —.. HOoRiZON
A A T
Z e 4T e,

4000 2 - .‘\’.‘.’ ) B
/\/c,s/{( ThA

‘ / oo, omo““!!__ ;‘__: = \___A-—-——""‘__ '—_——_-’/ : - 2000

DEPTH (feet)

Schemat1c Cross sect1on of the East Mesa geotherma] f1e1d show1ng

Figure 5.
approx1mate depth of produc1ng ‘zones.




12

LITHOLOGIC LOG o
EAST MESA WELL % 58-30

DEPTH FORMATION DESCRIPTION

3254 _ ,

MEDIUM TO DARK GRAY CLAYSTONE: Poor fissility,
3256 ~slight conchoidal fracture.

LIGHT MEDIUM GRAY SILTSTONE; Soft, thinly laminated,
3258' I very fine grained S

LIGHT GRAY/DARK GRAY LAMINATED SILTSTONE /
3260' CLAYSTONE; Soft, very fine grained.

3262 i

3264' G

b | f
3266‘&.:—:{-.‘:—,;‘4:- MEDIUM GRAY SILTSTONE; Very well sorted coorse silt,
P o soft, very poorly lithified.

3268 PR

S S .;’—

3270' r.r:.‘r.‘-'-.l};?{
0 .?\‘..:.--;'_ e sl

T

3272
GRADATIONAL CONTACT
3274 : ' Y ’
sere' L.
MEDIUM GRAY SANDSTONE ; very weli sorted, very fine
3278 S grained, subrounded to round, mostly quartz, with a trace
P~ of dark minerals, soft, friable, poorly lithifiéd.
3280' |..
3282 | - Figure 6. Lithologic log of East Mesa well
R #58-30 from which caprock material
was obtained for this program. C

3284' L.




DEPTH FORMATION

' 5500

5510’
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LITHOLOGIC LOG
EAST MESA WELL #78-30RD

DESCRIPTION.
SANDSTONE FINE GRAINED, MOSTLY QUARTZ,
SLIGHTLY CALCAREOUS, MEDIUM HARD, GRAY.

. MISSING SECTION

SANDSTONE FINE TO MEDIUM GRAINED, MOSTLY QUARTZ,
FEW DARK MINERALS, MEDIUM HARD, BROWNISH GRAY.

MISSING SECTION

SANDSTONE VERY FINE GRAINED MOSTLY QUARTZ,
SLIGH‘I’LY ,CALC_AHEOUS. WELL CEMENTED, HARD.

SANDSTONE MEDIUM To FINE GRAINED, MOSTI.Y QUARTZ,
SLIGHTLY FRIABLE, MEDIUM HARD GRAY.

MISSING SECTION

"SANDSTONE VERY FINE GRAINED, WELL SORTED, WELL
CEMENTED, CALCAREOUS, HARD, GRAY.

SANDSTONE VERY FINE GRAINED TO FINE, WELL SORTED,
_MOSTLY QUARTZ, WITH FEW PERCENT DARK MINERALS,
FAIRLY WELL CEMENTED, MEDIUM HARD TO HARD, GRAY. -

Figure 7 Lithologic log of the East Mesa well
el - - #78-30 from which reservoir material
vvwas obtained for this program.
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blue epoxy and one stained for calcite. A mineralogical analysis obtained
from these thin sections is giyenfinoTahle.l. Representative photographic
examples of these thin sections are shown in Figures 8a and b. Note the
difference in grain size between the over1y1ng claystone and the sandstone of
the production zones. As can be seen from Table 1 the poros1ty in- the reser-
voir material from well #78-30 ranges from about 16 to 28% and most sections
are medium to fine grained sandstones with quartz content genera]]y.1n excess
" of 70%. Cementation is most]y silica with some calcite. Clay m1nera1 content
is small to moderate. The silica cementation and quartz'overgrowths,that are
evident give some evidence of hydrotherma] act1v1ty, however;r evidence of
extremely high- temperature alterat1on is sparse in these rocks - The caprock
material from well #58-30 is f1ne~gra1nede1th very hwgh;clay content.
Specific fluid and downhole condition data for we]iﬂ#78~30,were obtained
from Dr. Donald Michaels of Republic GeothernaT,AInc. Production zone temper-
ature is in the range 165-175°C which is a moderate temperature for a hydro-
thermal reservoir end is consistent With our observation in the thin sections
of a relative lack of products of high-temperature a]teretion;~:A f]ujd compo-
sition of water from the production zone in this well is given in Table 2.
The total dissolved solids' content of thfs Water is fair1y"1on as compared to
other wells in the Imperial Valley geothermal areas. Howerer;'it is within

the normal range of variation in the East Mesa area.

2.3 Cerro Prleto

Locatlon of wells from wh1ch core was obta1ned in. the Cerro Prieto geo-
therma] f1e1d are shown in F1gure 9 A schematic cross-section show1ng core
depths is given in Figure 10. A total of 40 feet of core from the Cerro

Prieto field was kindly provided by Ing. Alfredo Mafidn M. and his associates
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Figure 8a. Photomicrograph of fine-grained claystone material from caprock
in East Mesa well 58-30. Magnification is 100x.

Figure 8b. Photomicrograph of fine- to medium-grained sandstone material
from reservoir depth in well 78-30. Magnification is 100x.
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Table 2
East Mesa Brine Composition
Well 78-30

Constituent

pH 6-7

Ca | open

Na 510

c1 420

K - 25

$i0p 170

HCOs 420

S0, e _,150
'VTDS' : 1700-2400
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at the Comision Federal de Electricidad. Specific well designations and
‘depths are given in Table 3. Thin sections were prepared from the core ob-
tained and mineralogical results are given in Table 4. Some representative
micrographs are shown in Figures 1la, b, c¢c and d. These rocks are, in general,
fine to medium-grained sandstones with quartz contents in the range 60-70% and
porosities in the range of 15-30%. These rocks show many characteristics
:aitributable to hydrothérma1 alteration which include éktensive QUartirover-
fgrowths, presence of epidote, alteration of plagioclase, and the occurrence pf
chlorite. Frequently, the quartz overgrowths have a sutured texture indicat-
ing -that they are aut_ihigerﬁc and. not relics from a previous depositioné]
cycie. Perhaps the besf evidence of hydrothermal alteration is the abundant
_epidote, shown in several of the photographs, filling much of the pore space.

The calcite content of samples from each of the wells was determined by a
C0, evolution method using the apparatus shown in Figure 12. Samples are
placed in phosphoric acid and frozen with an acetone-dry ice mixture. The
system is evacuated and then the phosphoric acid is permitted to thaw and
react with the calcite in the sample. The CO, evolution is measured with a
-manometer. This extraction system is carefully ca]ibrgted with oven-dried
- reagent-grade calcfum carbonate and the ca]ibration line is shown in Figure
13. Results are accurate to #0.5%. | |

The calcite contents as determined fall into three categories and are
shown in Table 5. Wells M107, M110, M127, NL1 and T366 have essentially zero
calcite. Wells M7, and 0473 have approximately 1¥ calcite, and wells M33 and
M129 have approximately 6-8% calcite. Elders, et al. (1978) have shown that
the calcite content of Cerro Prieto-rock correlates quite well with tempera-
ture Bouhdaries>in and neér fo”the reséfvdir. Rock§ with no cé]cite represent

the hydrothermal reservoir itself in which calcite has been decomposed and

o

QﬁJ

J

J
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VFTaﬁlé'

3

,Core,Obtafned;frqmvCerro'Prietof

i;Dépth‘

(ft)

Well

M-7 Ca00

M-93" 5100, 5900, 6400, 7800

M-107 5300, 7000
M-110 5400

M-127 6100, 7100

M-129 5300, 5900

N1 9000, 10,500

0-473 4500

T-366 8200




Table 4

Cerro Prieto Mineralogy

Matrix Cement
Grains (¥ of Total) (% of Total) (¥ Total) >
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Classification WellNo. | 5§ 2 ST S EG 2 & |[C&2S SH x| 2S a 3T|2E
i . Subangular
Very Fine Grained T-36 |66 - - 5 T 27T - - -12 -5 - -1 - -|-5 -]2 to  |Mod yes| o6
Sandstone Subrounded Well
: Mod.
Very Fine Grained Subangular | Well
Sandstone 0-473 72 - 1T 215 -T7T-35~=-|--1---1-8-1237] "to to |Yes] 01
Subrounded | Poorly
Medium Grained _ . . _ . . .. - Rounded to |Mod.
Sandstone M-7 58 15 2 37 T 1 14 T 3 4 6 19 | cubrounded | Well Yes |.35
Very Fine Grained . L. . oL _ o . _ Angular to |Mod.
Sandstone M-93 58 3 2 2 T 10 4 15 3 39 Subangular Yes |.03
Coarse Grained _ o - - . . - - . R - Angular to |Mod.
Siltstone M-107 51 2 T 15 20 3 5 25 Subangular Yes {.04
Fine Grained _ _ oo - - . _ Mod.
Sandstone M-110 68 T3 2107 1 8 T 2 3 15 - | Subrounded well Yes }.19
Fine Grained " _ _ - . R Angular to
Sandstone M-127 66 T2 23717-71 10 5 3 5 T 117 | subrounded Poorly | Yes |.15
Subangular
Coarse Grained " _ - - . .. - Mod.
Carbonaceous Siltstone| M~129 56 - - 2 1T T - - T 4 12 5 15 2 17 Subrzanded Well Yes |.05
Fine Grained _ - - I B - Subangular |Mod.
Sandstone NL-1 49 - 1T 7 47 - -7 6 15 6 18 | 1o Rounded |Well Yes|.13
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Figure 1lla. Photomicrograph .of thin section from Cerro
e Prieto well M-110. Magnification is 60x.

‘Figure 11b. Photomicrograph of thin section from Cerro
o Prieto well E-366. Magnification is 60x.
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Figure 1lc. Photomicrograph of thin section from Cerro
Prieto well M-7. Magnification is 60x.

Figure 11d.  Photomicrograph of thin section from Cerro .
Prieto well M-93. Magnification is 60x. \sf
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Table 5

Cerro Prieto Core Calcite Contents

Well Depth (m) il Porosity (%) | Calcite (%)
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

replaced with minerals representative of alteration such as silica and epidote.
This 1ikely corresponds to‘the zero calcite content group of five rocks. With
temperature decrease (that is, either moving upward in the reservoir, or
moving downstream with respect to fluid flow through the reservoir), one
begins to encounter calcite in the ro¢ks. This may correspond to the one
percent calcite content group of rocks, which also has somewhat less silica
and epidote as compared to the previous group. Calcite in this group could be
either that which has not yet been dissolved or that which has been redepos-
ited in the hydrothermal system as fluid has cooled. The third group of
rocks, or those with 6-8% calcite in this case, are pfobab]y rocks located
near the upper boundaries of the reservdif; To describé all groups in terms
of temperature, the low calcite content rocks may be expected to be from zones
with temperatures well in excess of 250°C, while the one percent or greater
calcite contenf rock afe expectéd‘to”bé_ffom zone$ with temperatures of less

than 250°C.
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It was not possible to obtain fluid or fluid information from all of the
wells from which core was obtained at Cerro Prieto. Therefore, we use an
average fluid chemistry as given by Reed (1976),andrshown in Table 6. Data on
many wells from the: area from,which:f]Uids have been collected and analyzed
indicate that there . is notfaflarge variation of these average values in the

Cerro Prieto field.

2.4 Summary and Comparison..of Cores and F]uids

Table 7 shows a compar1son of average propert1es (values have been aver-
aged from the prev1ous tables) of the cores and f1u1ds obtained from East Mesa
and Cerro Prieto. A maaor,d1fference to note;between the rock from East Mesa
and the rock from Cerrocﬁrietojtsfthat"the East/Mesa rock shows considerably
less evidence of hydrothermal a]teration. That is, there is less.authigenic
silica, less quartz overgronth less ep1dote, etc. as compared to Cerro Prieto
material. Poros1t1es and gra1n d1ameters, however, are similar, although
there is poss1b]y a trend to 1ower poros1ty for the Cerro Prieto rocks. This
could be caused bywthe greater depth and greater degree of alteration in most
of the.rock that;we ‘have ootained,fromvCerro,Prieto as compared to East Mesa.
However, itHShouid”betpo{nted"outvthat‘weifs 78-30 and 58-30'are'in the rela-
jt1ve1y coo]er northern port1on of the East Mesa reservoir and that more hydro-
therma] a]teratlon may be present in other parts of the reservo1r ' The reser-
7v01r fluid that is typical of Cerro Pr1eto conta1ns a higher, content of dis-
so]vedrsol1ds than the fluid that we have»obta1ned from East Mesa. ‘However,
'th1s d1fference is not necessarlly present for all of the f1u1ds from the East
; Mesa and Cerro Pr1eto reservo1rs ] e |

"g A compar1son of typ1ca1 reservo1r temperatures for Cerro Pr1eto and Eastr
Mesa is shown in F1gure 14. A]so plotted is the_bo1]Jng,p01nt versus depth

curve for a two percent NaCl solution. Note that the Cerro Prieto reservoir



28

Table 6

Cerro Prieto Brine Composition, Average

Constituent

pH 5-6

Ca 370 ppm
Na 5,100

a1 9,700

K 1,100 .
S$i0, 540
HCO, 1,800

S04 20

TDS 15,000-20,000

Table 7

Average Properties of Cores and Fluids Obtained

From East Mesa and Cerro Prieto
(Minerals Given as Percent of Solids)

East Mesa Cerro Prieto

Quartz 75 65

_Feldspar 10

Rock Fragments 10

Clays | 10

Cement: -

. Calcite .2 1
Silica 5 7
Epidote - 7

Porosity 23% 21%

Fluid TDS . o 2,000 ppm 20,000 ppm

Reservoir Temperature 165°C

300°C
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Figure 14. Approximate temperature ranges in the East Mesa and Cerro Prieto
. geothermal reservoirs, Shown for comparison is a boiling point
versus depth curve for a two percent sodium chloride solution.
Note that the Cerro Prieto reservoir is very near to or at the
boiling point while the East Mesa reservoir is substantially
away from the boiling point.
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is at, or much nearer to, the boi]ing point. In general, rock and fluid
compositions investigated'during thismpfog?am are representatiyerof;the hydro-
thermal/geothermal reservoirs in the Sé]tod Troﬁgh ﬁrea. Thererare; however,
exceptions such as the Heber reservoir, which.is less thsoiidated, and the
Salton Sea Geothermal Field reservoir. near Niland which is muchmhigher in

dissolved solids content..
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3. TESTING EQUIPMENT AND PROCEDURES

3.1 General Information -

Most of the equipment used for..this:program has been developed over a
period of years at Terra Tek for purposes of testing at simulated in-situ
conditions. In general, .confining pressures of 60,000 psi, pore pressures of
30,000 psi, axial stresses of 150,000 psi (on two inch diameter specimens) and
temperatures to 300°C, can be handled routine]y; In special cases, more
'extreme conditions can be simulated. - Fluids can be 1light acids, brine, or
alkalis, and in special cases, stronger acids or-alkalis and heavier brines.
Some new- equipment development :was undertaken as- part -of this program to
-modify a test machine ‘to be able to sustain constant test conditions for
periods of weeks for the purpose of: the creep measurements. In the following
sections,wtest;procedureS‘andrequipment will be described in the major cate-
gories of preliminary sample hand11ng, basic test1ng, creep testing, fluid

chemistry, and m1crostructura1 ana]ys1s

3. 2 Pre11m1nary Samp]e Hand11ng 7

The fwrst step in sampTe hand11ng was the acqu1s1t10n of core. For East
'rrMesa a Terra Tek team was at the weTT s1te durlng cor1ng and core was wrapped
»and preserved 1n a fresh state boxed and shlpped Upon recelpt at Terra Tek

Vrcore was Togged 1n and kept preserved unt11 t1me for test1ng It was leeTy,

: ”’therefore (aswde from unknowns assoc1ated w1th the transport of core up the,

,;kkweTTbore wh1Te 1n the core barrel and removaT from the core barrel), that core
- from East Mesa was tested 1n an und1sturbed state ' For Cerro Pr1eto core was:
:seTected from sheTves at the storage warehouse at the geotherma17f1e1d With
T11tt1e except1on, the core avallable had been stored dry on the she]f for a

period of nmnths to years. It was boxed and sh1pped to Terra Tek. Upon
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receipt at Terra Tek, it was logged in and saved for testing. There were,
therefore, unknown possibilities of sample handling disturbance and, due to
drying, clay alteration in the Cerro Prieto material. However, the relatively
small amount of clays in these materials and the stability of the products of
hydrothermal alteration at room temperature lead us to feel confident that the
“Cerro Prieto material was received in a testable condition. As 3 check, some
comparison tests for Cerro Prieto material were made on a small quantity of
core that had been preserved, and resaturated core that had been previously
dried. No discernible differences aside from normal random variations were
seen in the mechanical properties results from these tests.

The test program for this project was designed to emphasize tests on
sands from production zones, as these would see the greatest pore pressure
decrease and probably have the greatest tendency to compact. A few shales
from bounding zones were also selected to see if dewatering phenomena were
detectable. Therefore, approximately 90% of the materials to be tested for
this program were fine- to medium-grained reservoir sands. Approximately 10%
of the materials selected were shales, clays, or silts.

To start, small pieces of material were chipped or cut off from cores
near to the locations where test samples were to be cut. With these pieces, a
wet density, a dry density, and a grain density were determined by immersion
and gas pycnometer techniques. From these values, a porosity for each speci-
men was‘determined. Results are given later in the section on test results.
Also, from similar pieces, samples wefe prepared for thin sectioﬁ and scanning
electron microécope anaiyées. The tﬁih ‘Sec£ioh hreparations were either
conventional impfegnations,jblue sfain imbregnatiohs for bdrosfty determina-

| tionS; or red staiﬁ imbfegnationé for ca1cité determinations. The SEM speci-

mens were chipped to provide a fresh tensile surface for viewing.
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Samples for in-situ condition testing were prepared in the form of right
circular cylinders. For basic tésting}isémp]és'wefe genera11y 1-1/2 inches in
diameter by 3 inches in Tlength. ‘For creep testing and permeability testing,
samples were generally 2 inches in diameter by 4 inches in length. These
samples were cut in a water spray’ahd'then the:ehds were ground to provide
flat and paralle]‘ suffaceéf within %0.005 iﬁéh. - Test specimens were then
placed between two cy]indrica{»Stain]ess steel end caps as shown in Figure 15.
The end caps had provision fér pore fluid cohnections ;o the test samples.
The samples were encased in tubes of heat-shrinkable teflon and ends were
sealed with stainless steel lock wire. The samples were then placed into the
'appropriate machine for teStfng;>'Oetails of brocedureS'éssociated with fluid
saturation, pore pressure control, and otheripressufé and témperature'controls

are described below in the individual section for each test procedure.

. _ END‘CAPV oo oo oo o ._. PORE FLUID SPACE
STAINLESS STEEL

LOCKWIRE

2 SPACER
EPOXY BEAD

)| _— RTV coMPouND

T TN e Gy S ——

CORE SAMPLE ~_ J—’-"

TRANSVERSE STRAIN

 STANDOFF

s
. TEFLO

BN RN = || “ __ sPACER |
- STAINLESS STEEL . LTy T §EPOXY BEAD -

Locxwms ‘\" = *-f ==

AN

o/ Figure 15. Schematic’diaﬁram of aésémbled test specimen showing saﬁp]e,
endcaps, jacket, and pore fluid connections.
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-3.3. Basic Testing

Most of_ the tests»in the basic testing category were done on 1-}/2_ingh
diameter by 3 inch Tong specimens in the test machine shown in Figures 16 and
71?. The machine capabilities are:

) Confining Pressure:v,Z0,000vpsi

‘o Axial Stress: 35,000 psi on a
a 1-1/2" specimen
¢  Pore Pressure: 6,000 psi
° Temperatufe: 175°C

e  Specimen Diameter: "3/4" to 3"

This machine is externally heated and_uses servocontrolled hydraulic systems
for axial load and confining pressure.

The purpose of this part of the testing program was to fully characterize
the materials from both reservoirs in terms of basic properties such as com-
pressibility at reservoir conditions and also to determine if different types
of testing such as confiningrpressure increase, pore pnessnnefreGUthbn, and
one dimensional (uniaxial) :stiain; sign{ffcenfiy affected‘ somparative test
resu]ts | . | | ,

In all tests, the prepared spec1men,(1nc1ud1ng rock end caps, and jack-
et, was placed in the test machlne.r Pore -pressure’ 11nes were connected and
the machine was7seéled'and.fi11ed with a light mineral oil confining fluid.
In most tests, the. samp]e was backf111ed w1th a saturating fluid which was
usually a .simulant of reservo1r br1ne Backf111 of f1u1d was~ achieved by
first evacuating the pore pressure system and then open1ng the system with a
valve to deaerated brine as shown in. Figure 18. Fluid was thus allowed to
flow back into the core and equilibrate in pressure as it filled the pore

space. Ihis_has been found to be a consistent and adequate way of‘achieving
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SERVO CONTROLLED CONFINING PRESSURE SYSTEM

PRESSURE TRANSDUCER

SERVO CONTROLLER
————=

| Sep—
PRESSURE rs:nncx—’ 1:]
VESSEL SIGNAL 1
:OCONTROL SIGNAL
1
]
1
1
1
HYDRAULIC
PUMP
TANK
HYDRAULIC SERVO VALVE
INTENSIFIER
SERVO CONTROLLED AXIAL LOAD SYSTEM TYPICAL PORE PRESSURE SYSTEM
g TRANSpUcER ‘ ' PRESSURE VESSEL
———— /SEHVO VALVE % SAMPLE
2 HYDRAULIC PUMP VACUUM PUMP
TEST FIAHE\ TANK DEGASSED WATER
L L_ VOLUME CALIBRATED
H__ | . "} '“L CONTROL HIGH PRESSURE PUMP
[} SIGNAL

LOAD CELL—— ! : '|
STAESS FEED BACK .
STRAIN FEED BACK
SERVO CONTROLLER & PRESSURE TRANSDUCER

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

Figure 17. Photograph of system used for basic testing.
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'\Figur_e_ls.; Diagram of pore pressure system used for basic testing.'
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at least 95% saturation in a materia];that-has a permeability of more than a
few millidarcies. |

Once prepared injthis manner; the speeimenZWas tested. The test system
was capable of app]ying.and’measuring EOnfining pressure, pore pressure, axial

stress, and temperature. Strains.uerevalso'measured. In this system, both

axial ‘and transverse strains were measured by a cantilever system as shown in

Figures 19 and 20.p This system was calibrated at frequent- intervals and was
accurate to 10.001 inch. In;thisrcase; this accuracy corresponds to a. few
hundredths of one percent strain orra,v01umejstrain of about one-tenth of one
percent. Load, when applied to the specimens to create axial stress, was via
a piston d1rect1y contact1ng the upper end cap. Load was measured by a stra1n-
gaged load cell which was a]so frequently ca11brated The spec1f1c types of

tests that were run are:

3.3.1 Drained and Undrained Hydrostatic Compressidn (Isptropic Compression)

Initial tests were run at:room temperature : Specimens were prepared,

?
saturated as descr1bed above, and then conf1n1ng pressure was increased to
approximate reservoir cond1t1ons, In some tests, dur1ng confining pressure

increase, fluid was allowed tordra1n from the spec1men(at a small constant

pore pressure. This test, termed a I‘drained test“,ZWas a measure of the rock

skeleton compressibi]ity or reservoir,compressibiTity.A'In other tests, the
pore pressure system':was Tocked Foff and the pore‘pressure was allowed to
increase as conf1n1ng pressure was 1ncreased This test, termed an "undrained

test", was more nearly a test of rock gra1n compre551b111ty Both of these

*Str1ct1y speaking, only an undra1ned test where pore pressure equals confin-
ing pressure as a measure of grain compress1b111ty However, when pore pres-
sure is allowed to increase as it will, as in the undrained tests described
‘here,.grain compression may -be obtained from the difference -between drained
and undrained test results, provided that fluid compressibility is known.
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END CAP
AXIAL STRAIN /
ENDCAP / -
SPECIMEN
TRANSVERSE |_—— URETHANE JACKET
STRAIN TABS I

| — TRANSVERSE DEFLECTION
STRAIN GAGES

HL— AXIAL STRAIN
//&\\ CANTILEVER BASE

TRANSVERSE STRAIN———,
CANTILEVER BASE

AXIAL DEFLECTION

STRAIN GAGES &\\\V

Figure 19. Schematic diagram of test specimen showing axial and transverse
cantilever strain transducers.

Figure 20. Photograph of assembled test specimen showing strain transducers. (ai
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test types were used to determine the appropriate concept of effectjve stress
in .these materials. Terra Tek uses the term “hydrostatic. compression" for
- these types of tests. In the .soils literature, "isotropic compression™ is

also sometimes used.

3 3 2 Room Temperature and H1gh Temperature Dralned Hydrostatlc Compress1on

| Fo]Tow1ng samp]e preparat1on and saturat1on as descr1bed above, dra1ned
' hydrostat1c tests were run on s1m11ar mater1aTs at both room and elevated
| temperatures The purpose of these tests was to determ1ne the effect, of
_temperature var1at10n on the response of these spec1mens These resu]ts wou]d

thus be used to determ1ne the 1mportance of test1ng at eTevated temperatures

during the remainder of the program.

3.3. 3 Cxc]ing

Some tests were conducted w1th muthp]e’cyCTes of pressure’1ncrease and
decrease Th1s was to determIne the amount of cyc11ng caused hysteres1s and
1ts effect on overaTT behav1or ‘ Th1s cou]d be an 1mportant factor for p]an-
n1ng of reservoir product1on that 1nvo]ves a]ternate cyc]es of d1scharge and

recharge.

3.3. 4 Pore Pressure Reduct1on o o \

| : Dur1ng reservo1r product1on,‘compact1on“1s trlggered by‘pore:pressure
| reduct1on and the resu1t1ng 1ncrease of effect1ve stress Th1s effect was
’ stud1ed dur1ng thTS progrmn by br1nglng the rock to approx1mate reservo1r
{ncond1t1ons and then reduc1ng pore pressure wh11e measurlng spec1men compactlon.

Pore pressure reductlon tests, 1nstead of be1ng hydrostatlc, were done at

appropr1ate "tr1ax1a]" cond1t1ons of ax1a1 load and conf1n1ng pressure to

approximate actual vertical and horizontal stress conditions in the reservo1r.
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3.3.5 Uniaxial Strain

For some compaction and subsidence models it is useful to measure, in-
stead of hydrostatic compaction, a compaction that occurs for the case of
uniaxial strain, that is, with no change in the transverse dimensions of the
specimen This test is sometimes also called "one-dimensiona] strain", or in
the soils literature, a "conso11dat1on test" Spec1mens for these tests were
brought to reservoir cond1t1ons and then pore pressure was reduced However,
instead of keep1ng stresses constant wh11e reducing pore pressure, as in the

'hydrostatic and triaxialrtests, the‘transverse strain and total axfai stress
were he]d constant.k To do this, it was necessary-to‘continually adjust con-

fining pressure.

3.3.6. Ultrasonic Velocities

In combination with many of the above tests, ultrasonic compressional (P)
and shear (S) wave velocities through the specimens were measured as effective
stress was varied. This was done for field sonic log correlation and to
determine if field-determined sonic velocities could be used as a measure of

reservoir compaction.

3.4 Creep Testing

Each test in the basic testing sequence was accomplished in less than one
day of machine time (not includingtset-up). ‘Betause of the 1ong-term effects
of elevated pressure and temperature compact1on cou]d have s1gn1f1cant time
'dependence that would not be recogn1zed in such a short- term test. For this
reason, it was decided to do a number of additional tests at reservoir condi-
~ tions uith pore pressure reduction for extended periods of time; up to several
weeks. | o | a | |

To do:thfs, it wasrnecessary to mpdify a.test maehine in order to achieve

stable conditions for long periods of time. That machine will be described
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here. Also, with long-term equilibrium now being considered, great care was

taken during these tests to understand the fluid chemistry phenomena that were

occurrihg. As will be seen later, certain changes in fluid chemistry during

creep tests were possibly linked to mechanisms of mechanical alteration. Also

during this phase of
sured.

The creep testin

work, permeabilities at reservoir conditions were mea-

g -system, shown schematikally'in Figure 21 and by photo-

graphfih'Figures 22 and(23, has the fo]]oWing basic capabi]itiés:

Confinihg Pressure: 15,000 psi

e  Axial Stress: 60,000 psi on a
S s : 2 inch specimen
e Pore Pressure: 6,000 psi-
¢ Temperature: ©300°C
"e_ -~ Specimen Size: 2 inches diameter
N by 4 inches long
-CONFINING PRESSURE SYSTEM
PRESSURE ' ‘ -
\“GE - RETURN VENT
Ceares ; _E_GUPPL' GAS REGULATOR
heATED J-HASKEL PUMP 3 /
ﬂ-—._-':ﬂ—m-*-?* Np BOTTLE
4?:N$IFIER . lAccuuuu'rOR
AXIAL LOAD SYSTEM CONSTANT: PRESSURE PERMEABILITY SYSTEM
TEST CELL
/ PORE FLUND ACCUMUL ATOR ® LOCK OFF ';Eg:;:: A ATORS
J fom - ) . VALVES
L i
i TEST \; 1
® { _ SOLENOD SAMPLE, . 1 N, GAS
PRESSURE . ’ SAFETY VALVE - _ ]
GAGE [: i _, ACCUMULATOR _%
CONTROL VALVE GAS ‘ FFERENTIA . a8 RECULATOR
o REGULATOR Dngssumt *b pRessure . -GS BACKED
H NaCAS TRANSDUCER  GAGE  RECEIVER ACCUMULATOR® -
2
SPPLY * DISPLACEMENT OF ACCUMULATOR PISTON IS MEASURED
RETURN ELECTRONICALLY

RETURN LOCK OFF
, WALVES

ngure 21. Schematic

diagram of high temperature creep testing system. At

top is the confining pressure system, at lTower left is the axial
load system, and at the lower right is the pore pressure/fluid
flow system.



Figure 22.

Photograph of high-temperature creep
system.
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Figure 23.

Photograph of sample assembly, for high
temperature creep measurement.
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The confining pressure system consists of a 15 gallon nitrogen-backed accumu-
lator driving a 4 to 1 intensifier which in turn pressurizes the vessel. The
confining fluid used "is a 1light, highly-refined mineral oil that has been
optimized fof its‘heat transfer prdperties. The axial load system uses a 5
gallion nitrogen-bécked accumulator to maintain load. Therporekpressure system
makes use of two 500 cc back-pressure fégd1aféd accumulators which maintain
pressure or control flow. The test system is internally heated, where the
‘ sémpie is enclosed in aVQeraﬁic shfdud; Set-uﬁ fof’teéting on this systém is
more time-consumihg thanffo?'the tesi machine that was used for basic testing.
However, the higher temperatures that were attainable and the stability made
it possible to do the creep tests that wefe neéegsary fbrkthis_program;
Confining pressure, - load, and temperatureVwere;monitored in this system.
Additionally, measurements in;}udedétransverse:strain, axial strain, and in
some cases, pore volume change.- Thé axial~straiﬁVmeasurementskwere achieved
by direct measurement of samp]eulengfh uging two'LVDTs'(Linear Variable Dif-
ferential Transformers). These were more accurate and stable ‘than the canti-
lever system described previously. 'Samp1e~1ength could be resolved to approx-
imately £0.005 inches. . Also, on;short-tehm tests, transverse strain measure-
ments'wereiachieved by'u§e,ofgstrain-gagedvcanti]evers as described previou;ly.
The resolution of this'system was approximafe]y #0.001 inch. Volume strain of
the entire specimen could be reso]yed,to'betpéfAthgn‘OL}%;‘ZAdditipnally; pore
_—volumeichqnge could pe,measured QY:Q“ LVDT;sys;emimounted pn;the pore pressure
accumulétor; A volume change of +0.05 cm® could be resolved. For flow exper-
imehts, the differentia] preéSure transduce? allowed #3 psi of differential
7 preséure (across the specimen) to be resolved.
An outline of the creep testing procedure is given in Figure 24. Follow-

ing acquisition, characterization, and preparation, the sample was placed into
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- CREEP TESTING PROCEDURE

~ PRE-TEST PROCEDURE

ACQUISITIONS OF CORE AND RESERVOIR FLUID
PHYSICAL AND CHEMICAL GHARACTERIZATION

" TESTING SEQUENGCE

PREPARE SAMPLE, PUT IN MACHINE =
COLD FLUSH (PERMEABILITY)

PRESSURIZE (INITIAL MODULI)
HEAT SAMPLE |

HOT FLUSH (PERMEABILITY)

REDUCE PORE PRESSURE ‘
MEASURE CREEP AS FUNCTION OF TIME
RECOVER PORE FLUID (PERMEABILITY)

POST-TEST PROCEDURE

PHYSICAL AND CHEMICAL CHARACTERIZATION

- Figure 24. Outline of creep testing procedure.
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the test machine. It was then .saturated using a backfill procedure as de-
scribed in the basic testing section. A small amount of confining pressure
(usually 100 psi or:-less) was used at this point to assure intimate contact of
jacket.-and specimen. Saturation was. then guaranteed by flowing pore fluid
through the specimen. In some cases, permeabilities. were measured while fluid
flowed through the specimeniatrtheseAconditions.

Mostrof the - specimens tested had residues of drilling muds and.brine
solids. 1eft in the specimen. - To .insure .that these were all removed from creep
test specimens, fluid:was: flushed through the sample and chemically analyzed
at the output until composition of output fluid did not differ significantly
from ‘input fluid. It was thus:determined that equilibrium had been achieved
at low’temperature.,‘Thewsamp1e,was then raised to in-situ stress-simu]ating
conditions of confining,pressure; pore. pressure, -and. axial load. Care was
taken during this loading phase not to exceed the in-situ effective stress.
This was ach1eved by 1ncrea51ng all quant1t1es s1mu1taneously, such that
effect1ve stress was monoton1ca11y 1ncreased to reservoir cond1t1ons This
caut1ous treatment was 1mportant as 1t prevented pre- cyc11ng of the sample in
an unrea11st1c manner. 0nce at pressure the fluid compos1t1on was adjusted
'to the proper chem1stry by a]terat1on of 1ts C02 content and the sample was
aga1n f]ushed In some cases, permeab111ty' was aga1n measured At th1s
xpo1nt the samp]e was s]owly and carefu]]y heated to reserv01r temperature
-Pressures were contro]1ed carefu]]y dur1ng th1s heat1ng to account for thermal
:expans1on effects More f1u1d was then flushed through the spec1men and in
some cases permeab111ty was measured Then, the samp]e was a]]owed to sta-
b111ze unt11 1t showed no stra1n fluctuat1ons as caused by therma] equ111bra-
At1on of the mach1ne o - o

The 1n1t1a1 phase of creep test1ng took from one to several days to

achieve. Then, creep was initiated by quickly lowering the'pore pressure by
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approximately 1000 psi, therefore simultaneously increasing the mean effective
stress by approximately the same amount. During this effective stress in-
crease, a short-term or "elastic" compressibility was determined for compari-
son with previous results obtained during basic testing. Shortly after creep
initiation, another permeability was sometimes measured.

Care was taken to maintain constant stresses and temperature for- the
duration of the creep period. At the end of the creep period, in many cases,
another permeability was measured in order to correlate permeability reduction
with creep compaction. Finally, pore pressure was raised to its initial value
and a final compressibility, and in some cases, permeability, was determined.
A fluid sample was also obtained for chemical analysis. Then the sample was
cooled, removed from the machine, and its jacket cut off. Small samples were

taken for post-test thin section, and scanning electron microscope analyses.

3.5 Fluid Chemistry

Testing of fluid-bearing reservoir rock, whether it be for geothermal,
oil and gas, or water reservoirs, should be done with fluids that are compati-
ble with the rock structure and consistent with'in-eitu chemistries. The
classic example of the ralidity of this procedural recommendation is the
necessity to test a rock containingrswe1]ing clays with fldids that are in
ionic equf]ibrium_with therclays. Otherwise,.non-equilibrium fluids would
cause significant permeability andrporosity alteretions. Less is known about
ﬁon-equi]ibrium fluid effects for the case ef_testing ofrgeothermal reservoir
rocks, however, it is certainly truerthat during 1ong-term creee testfng,
fiuid chemistry and rqck-fleid equilibria cen pptentielly affect the chemical
and meehanical make-up of these rocks. Furthermore, with control and measure-
ment of fluid chemistry, chemical information can be used to assist in deter-

mining the mechanisms of creep.
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The objectives of fiuid chemistry control and analysis for this program
were to minimize chemically-induced rock response during testing procedures
and to determinercnen§Cai ind}cators ot mechanical creep-compaction mechan-
isms. To minimize undesired-chemica] reactions‘it,qurnecessary to use as
pore fluid either an,actualsgeotnernaT'nrine'br}a synthetic brine with the
correct composition. Both brine types have beeniused during,tnis testing
program. East Mesa brine was synthesized in thei]aborator& and Cerro Prieto
brine was collected in,theffie]d'but“chenicaliy adjusted in the laboratory to
account for changes caused by collection at the depressurized and cooled well
head. o | |

To insure tnat cnemicai euuii;priun was being approximated during testing-
in the ]aboratory, 1t was necessary to per1od1ca11y sample the pore fluid and
analyze it for maJor const1tuents Ana]yses were performed both in Terra
Tek's chemistry laboratory and in the geochemical laboratory at the University
of Utah. The sampling procedure used in the laboratory is shown schematically
in Figure 25. o B -

- The East Mesa brine:%n the:productipnriene of Well 78-30 tested was of
low salinity and silica concentration and easily synthesized in the laboratory.
The in-situ brineiconpasitinninas beeniestimated and‘{g-giVéh:in Table 8 a]ong
with the compos1t1on of the synthet1c br1ne used for test1ng at Terra Tek
Except for b1carbonate (HC03 ) and su]fate (504 ), the synthet1c and in-situ
brine compos1t10ns were snm1]ar. B1carbonate-was intentionally forced high to
compensate for 1ossv0f carbonrdioxide (C02)§during storageiand to a]]pw for
generation of the necessary aqueous COz in the pore pressure system. Aqueous
C0, was generated by - partlally filling an accumulator with: br1ne pressurizing
the br1ne,'and then JnJect1ngdsulfur]cﬂac1d,(H2$04) Jnto,the pressurized

brine. By controlling the quantity of acid injected, the degree of conversion
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Figure 25. Schematic diagram of pore fluid sampling system
used during high temperature creep testing.

Table 8
East Mesa Brine Composition
Well 78-30
| Constituent In-Situ Synthetic Brine

pH 6-7 5.5 - 6.5
Ca 9 ppm 10 ppm
Na 510 650
Cl 420 350
K 25 - 30
Si0, 170 - 180
HCO4 420 780
S04 150 350
TDS 1700 - 2400 2400
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of bicarbonate to carbon dioxide was controlled. The amount of acid required
for the conversion also necessitated the originally 10Q sulfate content in the
synthetic brine. The procedure followed for this bicarbonate to carbon diox-
ide conversion is shown schematica]ly in Figure 26. The resulting pH of the
brine within a test specimen during:testing was estimated to be between 5.0
and 7.0, but it is not actuai]y known since there is no currently reliable
Amethod of measuring‘pH at high pressure and high temoerature within a test
-.vessel. Fortunate]y,rin‘the actual geothermal reservotr, pore fluid pH is
probably controlled by the amount of carbonate species present rather than the
converse, i.e., the bicarbonate to carbon d1ox1de ratio is not defined by pH
but rather it determ1nes the pH. Since the estimated downho]e pH was not
measured but calculated from surface compoSition and temperature, our method
probably achieved the pH at reservoir conditions,more reliably than if pH were
measured and adjusted at room conditions prior to testing.
When the fluid was sampled from the pore fluid system, the pressure on
. the emerging f}uid was redUceo,to atnospheric and carbon dioxide was released
- as a_gas. This gas was trapped and bubb]ed through six norha] sodium hydrox-
ide to disso]ve the carbon dioxidezend convert it to carbonate (CO3). The
sampled brine and sodium hydroiide‘were then tested for bicarbonate and car-
bonate concentration by su]foric acid titration. In this way, the 4tota]
bicarbonate composition of the‘removeo bripe was measured.
The fluid used in the Cerro Pr1eto tests originated from brine sampled at
.the geotherma] field. The brine was co]]ected from we11 M129 downstream of
the separator and was consequently concentrated w1th respect to dissolved
sol1ds due to the loss of 30-40% by'weight of steam. In the field, the sam-
pled fluid was acidified with nitric acid to a pH of ebout 2, to minimize

precipitation of silica and calcium carbonate during storage. Analyses of
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ACID INJECTION SYSTEM
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I
k SAMPLE AND ACCUMULATORS
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- pH 5-6

' CO;, 300ppm

L;.'r $4 W HCO 480ppm

Figure 26. Schematic diagram of acid injection system used to achieve
carbonate equilibrium and correct pH for high temperature,

high pressure testing.
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'CERRO PRIETO FIELD SAMPLING &
LABORATORY CHEMISTRY CYCLE

30% |
STEAM COLLECT & ADJUST TO - ANALYZE
A ACIDIEY RESERVOIR TESTS FLUID &
: , CONCENTRATION ROCK
: , 7 A : , H
pH=2 (HNO3) pH=5.4 | REACTIONS ga
— A = —-|ALTERATION|—» =2
§10,=1000 ppm $10,=700|. EQUILIBRIUM ¢l
| ' K
Si0:
P HCO,
SO,
S.E.M.
THIN SEC.
RESERVIOR
: pH=5.4 (CALC)
1810.=700 ppm
Figure 27. Flow chart of. cyclé through. which fluid from the Cerro

Prieto reservoir was taken between sampling at the wellhead
~~and final analysis after test1ng
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this fluid have shown that the acidified brine can be stored for months with
very little alteration.

The field sampling and fluid treatment sequence is shown in Figure 27.
Immediately prior to use in the laboratory (within 24 hours), two to four
liters of stabilized brine were diluted with deionized water and pH-adjusted
with sodium hydroxide to approximate downhole conditions. The values for the
major constituents for the concentrated, adjusted and estimated in-situ brines
“are given in Table 9. Although the concentrations in the fluid used in test-
ing did not correspond exactly to the estimated downhole values, they were,
Qithﬁthe exception of calcium bicarbonate, well within the range of values
observed at the Cerro Prieto field. The low concentrations of calcium and
bicarbonate were probably due to the precipitation of calcium carbonate during
flashing and the liberation of carbon dioxide gas due to acidification. Once

Table 9

Cerro Prieto Brine Composition

Constituent As Received 1! In-Situ 2 Test Cell
pH 1-2 5.4 5-6
Ca 430 ppm 370 270
Na 6,550 5,100 6,000
1 16,700 9,700 13,000
K 1,550 1,100 1,200
Si0, 990 540 650
HCO3 0 1,800 (Aq. CO;) 0
S04 0 20 0
TDS 28,220 17,000 - 20,000 20,000

1Brine used in testing is actually sampled from The Cerro

Prieto Field.

As received fluid is sampled after the sep-

arator, and thus is concentrated due to flashing off of
30 - 40% of 1iquid.

250urce:

Reed, 1976.

Average of 12 wells.
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the fluid was prepared for the test, it was introduced to the pore pressure
system and pressurized -in an: accumulator. »Any-fdrther modification of the
fluid, similarly as done to the East Mesa brine, was performed at this stage.
For creep tests on bqth East Mesa and Cerro Prieto samples considerable
flushing prior to éctﬂa];téStimg:was done;'as described above in the creep
testing section.  Analyses have shown that flushing primarily removes salts
and drilling mud residues 1eft_by-the cbring operation. The flushing proce-
dure is shown sshematically in Figure 28. After initial flushing, when down-
stream chemistry Was acceptab1e,'the specimen was brought to in-situ condi-
tions and allowed to stabi1izef; The pore fluid was again sampled and compared
to the input fluid. If the chemistry was not acceptable, additional flushing
was performed at in-situ conditions;’otherwise, the test proceeded. At the
conclusion of the test, a volume of pore fluid equal to approximately one-half
to three-fourths of a pdre Vq]ume,(20-30'cdbic centimeters) was sampled and
analyzed for the constituents as given in Table 10. These values are compared
to those for the or1g1na] input fluid to g1ve insight to the degree of equi-
librium acheived, completeness of f]ush1ng, and alteration to the specimen.
Table 10 also gives the method of ana]ys1s used for each constituent.
The first method given is the pr1mary method used, and other methods listed
are performed‘bccasionaily:toieheckfthe accuracy of the primary method and
also, ﬁn’the:case'of:atomituabsdrptidn, when'semple volume obtained was inade-
quate for other methods.  The experimental eecuracy of each determipation is
givenfin Tabje 11. This;uncertainty'is separated into two parts;'ana]ytica]
and samp]ing.d The ana]ytica]faccuracy'is determined by fattors such as meter
and probe stabi]ity, dilution, -and quality of standards. This uncertainty is
generally sma11er than %that caused'by"samplingf Sampling errors include

precipitation and dissolution within theeSystem, mixing with brine or water
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Table 10

Pore Fluid Chemistry Analysis

Constituent Method
pH Analog pH - Specific ion meter with
"solid state electrode '
Sodium Solid state ion electrode
Atomic absorption
Chloride Solid state ion electrode
Silver nitrate titration
Potassium Liquid ion exchange electrode
Atomic absorption
Calcium Liquid ion exchange electrode
Atomic absorption
EDTA titration
Sulfate Spectrophotometer
Silica Spectrophotometer
Atomic absorption
Bicarbonate Acid titration

Total dissolved solids

Gravimetric determination

Table 11

Experimental Accuracy

Constituent Analytical Error Sampling Error
pH 0.1 $0.2
Sodium 10% 10%
Chloride 5% 10%
Potassium 5% 10%
Calcium 10 ppm or 10% 10%
Sulfate 10 ppm or 10% 10%
Silica 5% 15%
Bicarbonate 5% 50%




55

residue in the 1ines,'and}flashing when exposed to atmosphéric pressure. In
the case of the carbonate species, additiona] uncertainties were introduced by
the gaseous CO, phase and contact between the brine and atmospheric CO,.

The brine sampling system is shown in Figure 28. Pore fluid was sampled
from the test vessel at a point direct1y~below.the endcap on the specimen.
Lines were flushed with deionized water and then with nitrogen gas before the
brine was sampled. A low nitrogen gas pressure was kept on the system while
it was flowing to mihimize'loéé or pick-up éf carbon dioxide gas. The liquid
and gaseous phases were separated in the brine trap and the off gases are
bubbled through two columns of sodium hydroiide to dissolve any carbon dioxide.
Some sampling uncertainties were ihtrpddced by_the vq]ume of fluiq retained in
the lines and the non-berfect efficieﬁcy of”thé carbon dioxide trap.

In general, the chemical‘ana1y§is procédhres,‘aévcah be seen from the
above descriptions, are quite comp]ex‘and therefbré costly. For this reason,
they were done for the creep tests only, where chemical factors were likely to
be most important. During several creep tests, there were occurrences that
caused chemical data to beéowe inécturate, SUcﬁPas sbme flashing in the'system
or other extremely non?eduilibriuﬁv;éituations. In these cases, complete

chemical procedures were reduced in scope accordingly.

3.6 Microstructural Analyses

| Three procedures were used forbm{crostructuraf ana]yses: thin section
petrographic analysis, X-ray diffraction, and scanning electron microscope
analysis. In most cases, sampies,wére studied with one or more procedures
both before and after creep testing. The main objectiQe of post-test analysis
was to identify microstructural mechaniéﬁé of creep compaction. Thin sections

were prepared and studies of basic mineralogy of the specimens were done at
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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 especially valuable for study of the pfe-test materials.
For post test stUdie§, although thin sections wefe useful, it was'found'that
the scanning electron microscope was much more informative. fX-ray diffraction
was done on both pré? and post-test specimens to study clay alterations. The
x-ray diffraction was carried out with Cu K- alpha fadiation at 40 KV acceler-
ating potential and 20 MA current. In general, thﬁee'sets of scans were done
for each samp]é, the first on an air-dried specimen, thé second on a specimen
exposed to ethylene/glycol vapor for several hours, which caused expansion of
swelling clays, and the third on a sample heated to 550°C, which destroyed any
kaolinite present. These methods allowed separation of ciéy types. Results
will be described later. SEM samples were prepared by tensile fracturing and
mounted on a sample holder followed by‘ultrasonic c]éaning. In addition, the
SEM used had a computerized energy dispersive analysis by X-ray (EDAX) system,
which allowed a quick determination e]ementa] compositipn along with each SEM
frame. The SEM work was used to chafacterizé poroéity and;pérg throat struc-
tures, to identify dissolution of’mingrals duriﬁg'tésts-énd to look for possi-

ble growth of authigenic-phases‘caUSed by testing.
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4. BASIC TESTING RESULTS

In this chapter results will be presented in the form of graphs of mean
stress versus vo]ume’strain, where mean stress is defined as the average of
the three principal stresses. In the case of the hydrostatic test, the mean
stress is exactly equal to the confining pressure. In the case of any test
where additional axial stress has been applied (triaxial, uniaxial), the mean
stress is the confining pressure plus one-third of the additional axial stress
applied. In tests where pore ppessure has been applied and measured, stress
values will be presented in terms of mean effective stress. 1In this case;-we
will use the Terzaghi mean effective stress, defined as the total mean effec-
tive stress (as given above) 1es$Athe pore pressure. Graphs of mean effective
stress versus Vblume‘strain5may'easi1y be interpreted:in terms of specimen
compressibility. This will be‘tne best way of companing data from test to
test. Volume strain is the sum of the three principal strains. In this case,
engineering strains are used, so -all strains are with reference to the initial
sample dimensions. Compressibility is defined as the,ratio of incremental

volume strain to incremental pressure (or incremental mean effective stress).

4.1 East Mesa
4.1.1 Drained Hydrostats

Drained‘hydrostats are a basic measure of skeletal deformation. These
tests were ddne on saturated spee%mens that were allowed to drain during the
tests at essentially atmospherie pore pressure’ AResu]ts are given in Figures
29-32 for the three character15t1c types of material that were obtained from
the East Mesa reservoir: over]ying caprock the intermediate depth productlon
sand, and the deep product1on sand All of the resu]ts demonstrate non-]1n-

earity and irreversible compaction that are typ1ca1 of porous rocks when
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Drained hydrostat on caprock material from East Mesa well 58-30,
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Drained hydrostat on caprock_materfa] from East Mesa well 58-30,
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bility at 2000 psi 2.4x10-6 psi-1,
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Figure 31. Drained hydrostat on reservoir materlal from East Mesa well 78-30,

depth 5,500, poros1ty 18.5%, test temperature 25°C, compress1b11-
ity at 2750 psi 1 6x10- ps1- A
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Figure 32. Dralned hydrostat on reservoir mater1a1 from East Mesa we]l 78~ 30
& “depth 7,150', porosity. 17.3%, test temperature 25°C, compress1b11-
ity at 3600 psi 1.3x10-€ psi-‘.
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stressed beyond their natural in-situ stress state. In this case, the caprock
silt-clay material was the softest. Compressibi]ity at reservoir conditions &'j
was in the range of 2.5 to 3x10-® psi-1. Also, there were considerable hys-
teresis and permanent compaction upon unloading, as can be seen in Figures 29
and  30. Moving deeper into the resefvoir, as seen in Figure 31, hysteresis
diminished somewhat and the materials stiffen, having a compressibility of
'~apout 1.6x10-% psi-! at reservoir conditions. mFina11y; at the deepest point,
as seen in Figure 32, compressibility was the least at 1.3x10-6 psi-! at
reservoir .conditions. These tests indicated that the caprock was a quite
pTastic material, and that the reservoir rock becomes increasingly less plas-
tic with depth. Severe overstressing of material, that is, loading well
beyond reservoir conditions, caused extreme softening only in the case of the
caprock and not in the case of the reservoir material. .The reservdir rock
itself apbeared to behave as a reasonably well-consolidated sandstone. Its
behavior was not wunusual for fluid rgservoir sandstones in this porosity

range.

4,1.2 Pore Pressure Reduction

To truly simulate the field conditions, it was necessary to test at ele-
vated temperature and at the stresses actually seen in the reservoir. The
tests described in this section were carried out at elevated temperatures and
at total overburden axial stresses corresponding approximately to those exist-
ing in the reservoir. However, since lateral tectonic stresses vary and are
mostly unknown in these regions, various confining pressures were used on
material from each depth to span the range of possible ratios of lateral to
vertical in-situ stress. These conditions are given in Table 12. The tests
were conducted by first carefully br1ng1ng the rock to the approximated reser-

voir conditions while taking care to not exceed the mean effective stress at k.,
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Table 12

Initial Conditions, East Mesa
Pore Pressure Reduction Tests

Depth (ft) |—omrrese o Prpeatte Pdr—] Temperature (°C)

2200 1380 1100 ,

3300 2750, 1380 550 150
3300 1380 0
3710 2300 1890

5600 4660 . 2300 940 165
5600 -2300 0
4760 2930 2470

7200 5980 . |. 2930 | 1220 175
7200 | 2930 R

reservoir conditions prior to thé pore pressure cycling part of the‘fest.
Then, pore pressure was reduced by 1000 psi to simulate well production. The
pore pressure was cycled three times to investigate hysteresis effects that
would be caused by alternate pressure reduction and recharge. In some cases,
conditions were held constant for periods of up to about 3@ mihutes to inves-
tigate the primary phase qf creep‘béhavior for ]éter use in creep testing.
Results, in terms of mean effective stress versus volume strain, are.shown in
Figures 33-41. 4 |
Looking .first at Figures 33, 34 and 55,,which show the pore pressure
cycling results for the:tlayfsjlppqaprdék, we See that, with an increased
ratio of load to confinihg_préséyre;.therelwas a .corresponding :increase of
compfessibility. .This vis'consisténtfwifh thélincfeésing deviatoric stress

(resulting in higher intefva] shear étresses) that had beén’applied to the
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Pore pressure cycling test on caprock material from East Mesa
58-30, depth 3,280', porosity 19.3%, test temperature 150°C, no
shear stress. Compressibility is 1.1x10-€¢ psi-1 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 150°C, intermediate
shear stress. Compressibility is 1.9x10-® psi-1 for effective
stress increase and 1.1x10-6 psi-1 for effective stress decrease.
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Figure 35, Pore pressure cyé1ing,test on caprock material from East Mesa
‘ ~ 58-30, depth 3,280', porosity 19.7%, test temperature 150°C, high
shear stress. Compressibility is 2.1x10-¢ psi-! for effective
stress increase and 1.4x10-® psi-! for effective stress decrease.
rock and its effect on enhancement of ;pmpa;tion.~'We see‘also that the rock
was about 60% stiffer on the second and,sbegqqent cycles of compaction. This
is consistent with the rather plastic nature Qf tﬁis caprock material.
The material from thg.intermediate er;h prdduction zone, shown in Fig-
ures 36, 37 and 38, was QUite stiff with respect to poréipressure reduction
when a large axial stress had not been applied. However, with application of
| deviatoric stress this material bécomes,‘ in comparison, quite soft. This
intermediate-depth réservoir rock might, théheforé, be termed somewhat stress
sensitive. Average cbmpresSibi]ity fedu¢tioh‘caused by cycling was about 52%.
The deep reservoir sand, shown in Figures 39, 40 and 41 was easily the
~ stiffest material of this grbub; Also, on average; it showed the least hys-

teresis with cycling, although there was some indication of softening and
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Pore pressure cycling test on reservoir material from East Mesa
78-30, depth 5,500', porosity unknown, test temperature 150°C, no
shear stress. Compressibility is 0.5x10-® psi-1 for effective
stress increase and 0.4x10-® psi-! for effective stress decrease.
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Pore pressure cycling test on reservoir material from East Mesa 78-30,
depth 5,500', porosity 19.9%, test temperature 150°C, intermediate
shear stress. Compressibility is 1.5x10-8 psi-! for effective stress
increase and 0.8x10-8 psi-! for effective stress decrease. k_j
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Pore pressure cycling test on reservoir material from East Mesa
78-30, depth 5,500', porosity 20.3%, test temperature 150°C, high
shear stress. Compressibility is 2.3x10-® psi-1 for effective
stress increase ‘and 1.6x10-6 psi-1 for effective stress decrease.
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Pore pressure cycling test on reservoir material from East Mesa

~78-30, depth 7,150', porosity 16.9%, test temperature 150°C, no

shear stress. Compressibility is 0.8x10-¢ psi-! for effective
stress increase and 0.6x10-6:psi-1 for effective stress decrease.
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Pore pressure cycling test on reservoir material from East Mesa 78-30,
depth 7,155', porosity 15.0%, test temperature 150°C, intermediate
shear stress. Compressibility is 0.7x10-€¢ psi-1 for effective

stress increase and 0.5x10-6 psi-! for effective stress decrease.
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Pore pressure cycling test on reservoir material from East Mesa
well 78-30, depth 7,150', porosity 15.2%, test temperature 150°C,
high shear stress. Compressibility is 1.0x10-6 psi-1 for effective :
stress increase and 0.6x10-€¢ psi-1 for effective stress decrease. <~w’
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larger hysteresis at the highest deviatoric stress ratio. Average compressi-
bility with cycling was about 46%.

Viewing all of the pore pressure cycling results for East Mesa material,
we see confirmation of the general trend observed earlier (during hydrostatic
testing) to a'stiffening of material with depth. However, now that deviatoric
stresses have been applied to specimens (in the form of an axial stress to
confining pressure ratio) to simulate vertical to horizontal stress ratios in
the field, we observe that the intermediate reservoir material becomes some-
what more stress sensitive than the deep reservoir material. A1l material
shows increased compaction at compérabie mean stress but with increased devia-
toric stress as would be éXpectéd for a porous solid that is undergoing plas-

tic deformation.

4.1.3 ConfiningiPressufe Cycling and Uniaxial Compaction

The remaining'basic tests on material from East Mesa aré a combipation of
two types of testing. For this testing, specimens were brought to conditions
of elevated pressure and temperature as before, but then, instead of reducing
pore pressure, confining pressure was increased by 1000 psi and cycled. This
procedure served the purposes of checking the trends of previous data and also
of studying the»accuracy;of the Terzaghi effective lawvas applied to this
material. Following the confining pressure cyc]ing; a final effective stress
inéreaSe was produced by reduction of pore pressure as in the previous section.
However, in this case, confining pressure was adjusted to maintain zero incre-
mental tféhsverse stréin»during“thérpore pressure reduction cycle. This was
done'td obtain a compressibility coefficient for uniaxial compaction. Results
of these tests are given'ianigures-42-47;; Stress conditions to start these
£e§ts Wefe the same as,fdr fhe iﬁferﬁédiate,shear stress tests of the previous

section.
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Confining pressure cycling test on caprock material from East Mesa
well 58-30, depth 3,280', porosity 17.7%, test temperature 150°C.
Compressibility is 2.0x10-® psi-! for effective stress increase
and 1.0x10-® psi-1 for effective stress decrease.
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Confining pressure cycling test on caprock material from East Mesa
well 78-30, depth 5,500', porosity 20.4%, test temperature 150°C.
Compressibility is 1.3x10-® psi-1 for effective stress increase
and 1.3x10-® psi-! for effective stress decrease.



71

4000 |-

F

a

w

w

@

b=

/7]

€ 2000

5 Y

w

.

i

w1000}

b4

-4

w

E .
: 0 I L I | 1 | !

o 02 04 06 08 10 12 14

VOLUME STRAIN (%)

"Figure 44. Confining pressure cycling test on reservoir material from East Mesa
well 78-30, depth 7,150', porosity 17.3%, test temperature 150°C.
Compressibility is 1.2x10-% psi-1 for effective stress increase
and 1.1x10-€ psi-1 for effective stress decrease.
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Figure 45. Uniaxial compaction test on reservoir material from East Mesa

S ‘well 58-30, depth 3,280', porosity 18.6%, test temperature 150°C.
Compressibility is 3.0x10- psi-! for effective stress increase
and 1.2x10-6 psi-1 for effective stress decrease.
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Confining pressure cycling test on reservoir material from East Mesa
well 78-30, depth 5,510', porosity 14.8%, test temperature 150°C.
Compressibility is 0.9x10-6 psi-1 for effective stress increase
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Uniaxial compaction test on reservoir material from East Mesa
well 78-30, depth 7,150', porosity 15.9%, test temperature 150°C.
Compressibility is 1.2x10-° psi-1 for effective stress increase
and 0.8x10-6 psi-1 for effective stress decrease.
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Confining pressure cycling results, shown in Figures 42, 43 and 44,
indicate the same trends as before towards stiffendng with depth, and greater
plasticity in the caprock. If these results are compared with their pore
pressure cycling counterparts, shown in Figures 34, 37 ahd 40, differences are
observedjthat,ere probably hot'significant Withkrespeet to the expected range
of variation from rock sample to rock samp]e Weithepefore conclude that the
simple Terzagh1 effect1ve stress is a useful concept 1n th1s case.

Uniaxial compactlon cyc11ng experlments are shown in F1gures 45, 46 and
47. When compared to the previous tests, interpretation is uncertain. The
caprock materie] compected more severely in uniaxial strein; the intermediate
depth reservoip rocktcompaeted less severely; and‘the deep reservoip rock
beheved about the'same as before However, note thet the porosity of the
particular spec1men se]ected from the 1ntermed1ate depth reservoir was rather
Tow and this could account for the unusual st1ffness of this material. If
this resu]t*is disregarded,:then one sees agein that the deep reservoir mater-
ial behaved most eTesticeliy">It did not Chahge muoh in its fesponse to
uniaxial strain test1ng as compared to prev1ous test1ng ‘In tontrast the
caprock aga1n the most p1ast1c mater1a1, responded to the shear1ng caused by |

dev1ator1c stress dur1ng this test in a more inelasti¢ manner.

4.2  Cerro Prieto

The basic testing plan. for Cerro Prieto material was similar to that for
-East Mesavmateria]r Testing began: with a number of drained hydrostats under
_various_conditions to investigate the_effects of temperature, saturation with
different types of fluid, etc.. Then, testing continued with pore pressure
cycling, confining pressure cyoldnd;tand uniaxialfcompaction,tests. The major

difference in the testing plan for Cerro Prieto material was that samples were
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chosen %rom many different wells rather than from several depths in only two

wells. -

4.2.1 Drained Hydrostats

Rééu]ts of basic testing are shown in Figures 48-53. Drained hydrostats
at room temperature on material from well M123 are shown in Figures 48 and 49.
These results are typical for porous sandstone. Compressibilities were about
1x10-% psi-1 at reservoir pressures and some hysteresis was evident. Figures
50 and 51 show hydrostatic compression of material from well T366 from a depth
of greater than 8,200 feet. Note, however, that porosity was greater than for
the/previous well, and that these tests were at elevated temperature. Despite
the differences in depth and temperature, the compressibilities at reservoir
conditions were approximately the same as those of the previous well. Figure
51 shows, additionally, the effect of pressure‘cycling. The degree of plas-
ticity.was moderate with some hysteresis. Figures 52 and 53 show two more
drained hydrostats at elevated temperatures on material from the same well,
T366. However, this material was from a slightly different location and had
considerably less porosity. Note that compressibilities were comparable to
those obtained in the previous tests which could indicate that the material
causing the lowering of porosity is a soft material that does not contribute
to strengthening or stiffening of the structure. The six tests described in
this section have demonstrated the repeatability of our test technique when
used fo; similar rocks. They also show that, in basic properties, the reser-
voir rocks from East Mesa and Cerro Prieto at the locations chosen, did not

significantly differ in their compressibilities.
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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 1.0x10-6 psi-1.

s000f-

. = 4000+~

0 . ) - . )
B I L

w W i T : SRR
g 3000k SN
- :ﬁ . : W : :

w 20001

e - j

1000
P i L I

0 02 04 06 0.8 1.0

_VOLUME STRAIN (%)

Figure 53. Drained hydrostét on material from Cerro Prieto well T-366, depth
8,269', porosity 13.7%, test temperature 90°C, compressibility at
5000 psi 1.2x10-6 psi-1.
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4.2.2 Pore Pressure Reduction

As in the tests for East Mesa, three materials were selected which were
then subjected to the choices of test conditions as shown in Table 13. They
were zero, intermediate, and high ratios of additional axial stress to confin-
ing pressure, corresponding to low, moderate, and large amounts of shear
stress. Material was selected from three wells for this study; well M107 with
material from 7,067 feet, well M127 with material from 7,136 feet, and well
T366 with material from 8,010 feet. Tﬁe highest deviatoric stress generally
caused failure of test specimens. Therefore, only the low and intermediate
deviatoric‘stress fesu]ts are shown iﬁ Figufes 54-59. Compressibilities in
these three wells were QUite comparable, and all in tﬁe fange 0.6 to 0.9x10-8
psi-1. There was no significant trend to increased plastic behavior as devia-
toric stresses were increased, nor was there any significant hysteresis caused
by cycling. These observations, coupied with‘the tendency for failure at the

 Table 13

Initial Conditions, Cerro Prieto
Pore Pressure Reduction Tests

Well Depth (ft) —-56§¥¥ﬁ§ig°r E!%ii:re (pZ;zal Temperature (°C)

2300 3100 | 4630

M-107 7070 4630 3100 2300 150
6940 3100 0
2380 3200 4760

M-127 7140 4760 3200 2380 150
| 7140 3200 0
2670 | 3600 | 5340

T-366 8010 - 5340 3600 | 2670 150
1 8015 03600 | 0O
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Figure 54. .Pore pressure cycling test on material from Cerro Prieto well
M-107, depth 6,936', porosity 18.9%, no shear stress, test tem-
perature 150°C. : Compressibility 0.6x10-€ psi-1 for effective
stress increase and 0.5x10-6 psi-1 for effective stress decrease.
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- Figure 55. Pore pressure cycling test on material from Cerro Prieto well M-107,
depth 6,936', porosity 18.6%, intermediate shear stress, test tem-
perature 150°C. Compressibility 0.7x10-€ psi-1 for effective stress
increase and 0.5x10-° psi-1 for effective stress decrease.
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Pore pressure cycling test on material from Cerro Prieto well
M-127, depth 7,136', porosity 19.6%, no shear stress, test temper-
ature 150°C. Compressibility 0.8x10-® psi-1 for effective stress
increase and 0.4x10-® psi-! for effective stress decrease.
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“Pore pressure cycling test on material from Cerro Prieto well M-127,

depth 7,136', porosity 19.4%, intermediate shear stress, test tem-
perature 150°C. Compressibility 0.9x10-® psi-! for effective stress<-'j
increase and 0.7x10-® psi-1 for effective stress decrease.
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Pore pressure cycling test on material from Cerro Prieto well T-366,
depth 8,010', porosity 19.3%, intermediate shear stress, test tem-
perature 150°C. COmpress1bi1ity 0.5x10-¢ psi-1 for effective stress
increase and 0.3x10- psi for effective stress decrease.
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highest deviatoric stress values, indicated that these sandstones were essen-
tially elastic-brittle in nature as compared to the East Mesa material previ-

ously tested.

4.2.3 Confining Pressure Cycling and Uniaxial Compaction

" Three tests on the same méterial, as described also in the previous
section, for the case of intermediate load and confining pressure cycling are
shown in Figures 60, 61 and 62. Results were similar to the previous results.
There was possibly a small trend to ]arger compressibility, which would be
consistent with a non-zero grain compressibility which would alter the Terz-
aghi‘effective stress. Uniaxial compaction results, shown in Figures 63, 64
and 65 indicatéd a slight tendency to greater compressibility; however, the
change was not marked and it was consistent with the relativeiy elastic short-

term response of the Cerro Prieto material tested.

4.2.4 Ultrasonic Velocities

Ultrasonic velocities measurements were performed on Cerro Prieto mater-
ial from the three wells as described above. These were done both at reser-
voir conditions and at reduced pore pressure. The purpose of these measure-
ments was to look for correlations with other test results and, in particular,
to determine the extent that ultrasonic velocities might be sensitive indica-
tors of compaction phenomena. If this were true, then downhole sonic measure-
ments could be used as bompaction indicators in the field.

Ultrasonic velocity results are shown in Table 14, where P and S wave
velocities at reservoir conditions and at reduced pore pressure (by 1000 psi)
are shown. There was a change in average velocity corresponding to compaction
of 1-2%. This change, a]though.significant, was probably not large enough to

be readily discernible downhole;»acdnsidering the perturbing influences of
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Confining pressure cycling test on.Cerro Prieto material from well
M-127, depth 7,136', porosity 20.4%, test temperature 150°C, inter-
mediate shear stress. Compressibility 1.0x10-® psi-! for effective
stress increase and 0.7x10-€ psi-1 for effective stress decrease.
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Figure 62. Confining pressure cycling test on Cerro Prieto material from well
T-366, depth 8,010', porosity 19.8%, test temperature 150°C, inter-
mediate shear stress. Compressibility 1.0x10-© psi-1 for effective
stress increase and 0.8x10- psi-1 for effective stress decrease.
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Figure 63. Uniaxial compaction test on material from Cerro Prieto well T-366,
, depth 8,010', porosity 19.3%, test temperature 150°C, compressi- o
bility 0.8x10-6 psi-1. o
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Figure 64. .Uniaxial compaction test on material from Cerro Prieto well M-127,
depth 7,136', poros1ty 21.6%, test temperature 150°C, compressi-
bility 0 7x10- ps1-
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Figure 65. Uniaxial compaction test on material from Cerro Prieto well M-107,
depth 6,936', poros1ty 18.4%, test temperature 150°C, compressi-
bility 0. 9x10-# psi-1.
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Table 14

Ultrasonic Velocities, Cerro Prieto (km/s)

M-107 M-127 T-366 Average
vl % S S Vo[ Y,
Reservoir 4.01 |2.52 | 3.82 |1.96 | 4.03)2.61 | 3.95] 2.36

Conditions
Reduced Pp 4.06 | 2.57 3.90 | 2.01 4.05 | 2.66 4.00 | 2.41
Change (%) +1.1 | +2.0 ) +2.1 } +2.5 | +0.4 | +1.7 | +1.3 | +2.2

other mechanisms, such as noise caused by fluid flow, tectonics, thermal fluc-
ctuations, etc. Nevertheless, in the laboratory, the change was consistent,

easily measurable, and repeatable.
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5. CREEP TESTING RESULTS

Basic testing, as described in the previous chapter, succeeded in deter-
mining the shqrt-term compressibna] response properties of Cerro Prieto and
East Mesa cores. Theyloading duration of these short-term tests was, in most
cases, less than one hour. Some evidence of time-dependént inelastic response
was observed. This suggestedklong-term créep compaction might be observed if
large effective stresses were maintained for long periods of time. The pur-
‘pose of creep testing, therefore, waé to deﬁérmihé the extent that compaction
is time-dependent, thus making ]dng-térm éfféttivéﬁcompressibiTities larger
than those measured in shqrtftermyﬁests.' Additionally, since reservoir pe;me-
abilities may be affected bj Tong-term compaction;-several‘creep tests also
included measUreﬁents of permeability. |

A summary of creep tests thai were compieted is shown in Table 15. The
first group of four tests, on material from_thelEasf Mesa reservoir (labeled
EM-1 thorugh EM-4), wére primari]y debuggihg tests for the modified creep
machine and new jacketing procedures. The next group of nine'testS'on Cerro
Prieto ‘materia] (1abeled 'CP-l through: CP-9) were vtests with considerable
emphasis placed on measurements of permeability. The final group of tests
k(labeled EM-5 through EM-B;"andfCP-IO'thrdugh_CP-lZ)fwere long-term creep
tests.; individual results for each of these tests are given in separate
sections below. - | o B |

Tests of East Mesa materia1‘wereVgenefa1ly run "at temperatures in the‘
range 150°C to 160°C. For Cerro Prieto material, tests were generally run in
: the”rahge 250°C to 300°C. Inrthé cases where tests are labeled "triaxial,
total overburden stress was set equal to one psi per foot of burial, pore

pressure was set by assuming a normal hydrostatic gradient, and confining
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Table 15

Creep Test Summary

. Permeability Data
Test Creep | High P [ High P | Pre | Post
I.D. | Well ]Test Type | Duration {Data | Low T |High T {Creep | Creep |Final Rock Class
EM1 | 78-30 | Triax lday | 4 : fine orained
eM2 | 78-30 | Triax |120 min | 4 Fine Grained
EM3 {78-30 | Triax 1 da Fine Grained
o Yy J Sandstone
M4 |78-30 | Triax lday | 4 Fine Grained
. . Fine Grained
CP1 | M127 Triax 450 min J J J J Sandstone
. . Fine Grained
cP2 |M110 Triax 500 min J J J J sandstone
cP3 | 0473 | Triax [550 min | J J J J | Yery Fine Grained
cp4 7366 | Triax 350 min J J J J |iery Fine Grained
cPs M7 Triax 160 min | 4 J J Mediun Grained
cP6 |M107 | Triax [130min | J J J J J | Goarse Grained
Sandstone
§ Coarse Grained
CP7 | M129 Triax 170 min J J J Siltstone
CP8 | NL1 Triax 120 min J J J J J J Fine Siltstone
cPo | M93 Triax  |220 min | 4 J J J ';:g;‘s"gof‘ga""ed
EM5 |78-30 | Triax 3 days | 4 Hediun Grained
EM6 |78-30 | Hydro 4 days J Fine Grained
EM7 |78-30 | Hydro | 19 days J J Zgggsf;::“ed
EM8 |58-30 | Hydro | 10 days very Fine Grained
P10 [M127 | Hydro fine Srained
cP13 | M107 H Coarse Grained
ydro 5 days { v Sandstone
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pressure was set so_that the ratio of effective oveburden to effegtive-laferal
stress was approximately three to two. For the tests labeled “"hydrostatic",
confiping pressure was se£ eguaI to one psi perlfoot of burial and pore bres—
sure was assumed to}bg hydfoétatic.'_ln most cases, only axial strains were
measured during the‘creepftests*.;Resolution of creep strain was about 1x10-%/
day or 1x10-9/sec~(1x10-7.%/sec);‘ Creep results are presented here as‘cufves
of volume strain versus time. Foriconétant grain volume and small strains,
the volume strain versus time curves may be treated also as poroSify‘change

versus time curves.

5.1 Initial Creep Tests, East Mesa

The results of the first four creepvtestsrare given in Figures 66-69.
The drop in volume strain seeﬁ at zero time is,the.initiél reductioh éauséd by
a 1000 psi pore pressure reduction fﬁom~initia1 in-situ conditions. Note the
similarity among test results. There is an initial, somewhat rapid creep
rate, which then tapers off to what appears‘td be a steady-state creep fate;
Caution in interpretation is.nécéésany.. The apparent steady-state could be
the early part of an extreme]y.longfduratiqn time-dependent curve and this
‘would be difficult to:ﬂiscern. If the test: that was aborted early due to
- machine difficu]tiesv(showh‘in'Figure 67)‘15 ignoﬁed, the average long-term
creep rate fcr'these'testsiis,4;1210-?/§éc‘_ At:tﬁié_fété, théfinstantaneous
‘strain seéh.in {his,rock as cauSed bybinitiai porevpre$sure>reductioh would be
doubled by creep effects ihgapbquimate1y three days time and all pqrosity
‘would be removed in apppbxfﬁﬁtely 500 days time. These tests ihdicate_tﬁat

creep is a significant phenomenon in these rocks.

*Early creep testing indicated that the lateral strain system, which utilized

- strain-gauged cantilevers, was subject in some:.cases to more long-term drift
than the axial strain system, which utilized LVDT's. Therefore, to obtain
maximum resolution for purposes of creep compaction measurement, only the
higher resolution axial strain. LVDT measurements were used.



90

g

z ‘oc;-—--.__»

f—_ -0.1}

o

w -0.2|-

2 I | | l I | | |
-o-l 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
S .

TiME (10° sEC. )

Figure 66. Creep compaction test on material from East Mesa well 78-30, depth
7,142', creep rate approximately 3.3x10-° sec-1.
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Figure 67. Creep compaction test on material from East Mesa well 78-30, depth
7,144', creep rate approximately 15.0x10-° sec-1.
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Figure 68. Creep compaction test on material from East Mesa well 78-30, depth
5,510', creep rate approximately 2.4x10-° sec-1.
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Figure 69. Creep compaction test on material from East Mesa well 78-30, depth
5,500', creep rate approximately 6.7x10-° sec-1.
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5.2 Initial Creep Tests, Cerro Prieto

The next eight tests were conducted on material from nine different wells
at Cerro Prieto. Creep duration ranged from 120 minutes to 550 minutes and
permeabilities were measured severa1 times during each test. The description
of results will be separated into two subsections: the first describing volume

strain results, and the second describing permeability results.

5.2.1 Volume Strain Results

The volume strain results are given in Figures 70 through 77. For sand-
stones, as material becomes coarsér-grained, creea bécomes more noticeable.
A1l siltstones tended to creep at greater rates; HOWéver, results are highly
variable. Creep amounts in thesa materials vary from little or none in rocks
from Wells M-127, M-110, 0473 and NL-1. Note that these materials all contain
little or no calarite (see Table 5). Higher creep rates are observable in
samples from wells M-7, M107 and M-129. These all tend to be siltstones
coaréer-grained sandstdhe‘materials. VFinally} an eXtremaly High creep rate is
observed in the sample from well M?93. This sample was fine grained sand,
very friable, had high fines fraction and porosity, and wasvclearly'different
from other materials obtained from wéi]stat Ceﬁfo Priéto. aIn fact, with its
high initial creep rate, it\perhaps'behavad more as-a soil than as a rock.
WHénrall results except weile;QB,aré averaged, the'dtserted creep rate is
7'2g10;9/sec, which is somewhat greater than the rate observed fqn EastiMasa
matérial. However, the duration of creep for theSe\tests was ]és; than for
the East Mesa tests previousTy shown Since observed creep was more rapid at
‘ear11er t1mes, the greater rates for Cerro Pr1eto rocks may be somewhat mis-

‘lead1ng If one considers on]y at the 1onger-term Cerro Prieto tests, as

shown in Figures 70, 71 and 72, the average creep rate is somewhat less than
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Figure 70. Creep compaction test on material from Cerro Prieto well M-127,
creep rate is less than 2.0x10-° sec-l.
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Figure 71. Creep compaction test on material from Cerro Prieto well M-110,
creep rate is less than 2.0x10-92 sec-1.
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Figure 72. Creep compaction test on material from Cerro Prieto well 0473,

creep rate is approximately 1.7x10-° sec-1.
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Creep compaction test on material from Cerro Prieto well M-7,
creep rate is approximately 10.0x10-2 sec-1.
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Creep compaction test on material from Cerro Prieto wei] M~107,
creep rate is approximately 18.6x10-° sec-1.
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Creep compaction test on material from Cerro Prieto well M-129,
creep rate is approximately 13.3x10-° sec-1.
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Figure 76. Creep compaction test on material from Cerro Prieto well NL-1,
creep rate is approximately 2.7x10-° sec-1. .
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Figure 77. Creep compaction test on material from Cerro Prieto well M-93,
creep rate is approximately 87.0x10-° sec-!.
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2x10-9/sec, which is less than half of that which was observed for the East
Mesa material.

In general, the results for Cérro Prieto material are more variable than
those for East Mesa materié], which should not be surprising considering the
greater number of wells from which material was obtained for testing from
Cerro Prieto. For longer terms, the Cerro Prieto material perhaps exhibits
less creep than the East Mesa material, with the notable exceptionﬂof the
unconsolidated material from Cerro Prieto well M-93, which shows more ihan an

order of magnitude greater creep‘than the averagebof all materials tested

here.

5.2.2 Permeability Results

The permeability results, which are shown in Table 16, are quite variable.

During permeability testing, it;became eyident that fluid chemistry was play-

ing an important role in the fluid-flow related behavior of this material. As

will be seen in the fluid chemistry results section, this was particularly
noticeable in the case of rocks that contained relatively large amounts of

calcite. The carbonate equilibrium seemed to control the amount of fines that

could be released from the rock. As a result, there were extreme problems

with plugging of high carbqnaﬁg fdck'iﬁ;permeability tests. TResu1ts are
averaged in the last line of Table 16 and are shown in terﬁs of initial aver-
age’values”ahd chahges from thosévaverage as‘pefcentages from the previous
value. The average permeability measured was about 4 millidarcies. With
increased temperature, theré was a reduction of permeability by about 40%.
One standard.deviation of this value is about 23%, so this reduction is moder-
ately significant. With pore pressure reduction to increase effective stress,
there is no significant change in permeability. With creep, there was a

reduction of approximately 39 * 18%, which is significant. With final pore
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Table 16

Permeabilities, Cefro Prieto (md)
(A11 at In Situ Pressures)

Room Elev. Pp ~ Post Pp

Temp. - Temp. Red. - Creep Inc. Comments
ol 1e 1.7 1.3 - - Low Calcite
21 10 0.7 0.8 -- -- Low Calcite
cP3
CPas] 3.0 - 0.14 0.07 0,13
e | o | g.70 0.76 0.37 0.40 | Low Calcit
7366 .7 . . . ow Calcite
s | B -
s 6.0 3.0
CP6 1 o5 0.22 0.21 0.1 | 020 | Low Calcite
M107 - l - - .
cP7 . . .
s 0.25 0.23
e | 3.0 1.2 1.2 0.9 0.9 Low Calcite
CP9 |
P s 7.3 - 5.8 -
Avg. Temp Chg. Pp Chg Creep Chg Pp Inc.

4.0 |-40% + 23% |-1% + 15% | -39%  18% |+44% + 46%
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pressure increase, there was considerable seattervin results, but with statis-
tical significance, there was ho change in permeabi]ity from post-creep values.
To summarize, we have seen that in rocks from Cerro Prieto, permeabi]ity
is reduced by increase of temperature to near in-situ conditions by creep, but
not reduced in conJunct1on w1th the 1nstantaneous reduct1on of pore pressure.
This is 1nterest1ng because for the duratlon of these creep tests the tota]
creep strains were not larger than" the 1nstantaneous stra1ns caused by pore
pressure reduction. There are two poss1b1e explanations for this. One is
that the permeability reductibns essoCiated with ereep are somewhat anomalous
having been caused by particulate p]ugging:as a result of chemical non-equi-
librium effects. However, indications of non-equilibrium were small for the
tests on low-calcite material. 'TherefOre; the second reason that creep causes
h1gh stress concentrat1on areas in the v1c1n1ty of pore throats to se]ect1ve1y
close is perhaps p]aus1b1e at 1east for 10w-ca1c1te material. In this case,
creep would be expected to reduce permeability more than quasi-e]astic defor-

mation.

5.3 Long-Term Creep Tests, East Mesa

Four long-term.creep tests were run dh the materiai_from~the East Mesa .
reservoir. Three were:on hateria1tfrom the preduction zohes of Well 78-30 and
one‘wasfon<the4fine-grained»ceprbckfmateriaILfrOm‘weil 58-30: The average
duration of these tests was‘92105 secohds er‘ebout_lo days.- 1n these tests,
. the production zone material creeped at a rate of abbut 1x10%/sec causing
total deformation at the end of the tests thet was more‘than‘twice that of the
instantaneous deformation at the beginning of the tests. The fine grained
" caprock material from well 58-30, howerer,rceaSed'to epparent]y’creep after

about two to three days (although its initial creep rate was large). It
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Long-term creep test on material from East Mesa well 78- 30, creep
rate is approximately 1.3x10-° sec-1.

Long-term creep test on material from East Mesa well 78?30, creep
rate is approximately 1.0x10-° sec-1.
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Long-term creep test on material from East Mesa well 78-30, creep
rate is approximately 0.6x10-° sec-1.
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Long-term creep test on material from East Mesa well 58-30, creep
rate is approximately 0.0x10-° sec-1.
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cannot be ascertained whether creep truly stopped'or whether the final creep
rate in this material was below the resolution of the equipment. These re-
sults .are summarized in Figuhes,78'through 8l. Permeabilities were measured
on these materials and did not differ significantly from the previously mea-

sured permeabilities.

5.4 Long-Term Creep Tests Cerro Pr1eto

Although severa] tests were attempted the extremely h1gh temperatures

- commonly caused premature Jacket fa11ure and, in general, prevented the run-

ning of an extremely long creep tesi at temperatures»near 300°C. One success~
ful test was run on méteria] frem we11rM-107'to abodf’fiverdays duretion, as
shown 1in Figure 82. The creep rate ai the end'ef'thie‘tihe was quite small.
Permeabi]ities of this materia} did;not‘differ sighifieantiy from previous

values.

~0.05k-

-0.10}-

-0.15

“ VOLUME STRAIN (%)

«0.20

e 2 .8 o 4. - 6.6 7 8.
: ' “TIME (10%sec) ' '

i Fﬁéure 82. Long-term creep ‘test on mater1a1 from Cerro Prxeto we]] T-366

“creep rate is approxxmately 0. 3x10-9 sec-!
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6.- FLUID CHEMISTRY RESULTS

. Results of analyses performed on fluids from the East Mesa and -Cerro
Prieto tests are given in Tables 17 and 18, respectively. Test conditions are
also listed. The most interesting information in the East Mesa table is the
correlation between the pre-test flushing of fluid through the specimen and
fluid chemistry. Tests EM-1 through'éM‘4‘wéfe flushed with two or three pore
vdTuméé of fluid priof‘té tééting and tests EM-5 through Eﬁ-B were flushed
>withvsevefa1 téhs of‘pore fluid prior to tesfing. The éfféct’of pre-test
f]ushfng is borﬁé out by the changé in sodium andbbicérbonafé pick-up between
the two sets of tests. Clearly, éonsiderabie salt residue is left in these
cores upon recovény‘énd‘onfy a few.pore vo1ﬁmes of flushing is not sufficient
to femove it from the core. This resu]t led ué to decide, for all remaining
procedures, to use flushings of several tens of pore volumes of fluid before
the test sequences were begun.

Analyses of fluid from the Cerro Prieto tests, shown in Table 18, give a
good overview of rock-brine interactions during testing. Excluding the re-
sults from tests CP-4 and CP-5, where problems with the pore pressure system
caused brief occasions of flashing of the fluid to steam in the speCimen,
sodium, potassium and chloride concentrations in the output fluids tend to be
quite similar to those in the input fluids, thus indicating that most residue
wa§ cleaned out.’ Tﬁé fluids ffom te§£s CP-7‘and»CP-9 show hfgh calcium con-
centrations, which correspond to the very high calcium carbonate contents in
the rock (6-8% CaC0j). These values emphasize the importance of choosing good
rock-brine matches for high temperature testing. |

The most critical fluid constituents, from the viewpoint of brine-rock

mechanical interactions, are silica, calcium and bicarbonate. Table 19 sum-
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- Tabl

e 17

" East Mesa

Fluid Chemistry Summary

*Bicarbonate was converted

Tolerances:

S04
Ca
Na
(9]

K
Si0,
HCO3

- 10.3
20%
10 ppm
15%
10%
10%
20%
50%

brine. :

Test Number EM1 ‘ ‘EMZt -EM3 ' éEM4 ~-EM5:. -] o EM6 -} CEMT- EM8 Input Fluid
Rock I.D. A9 856 854 |  All A7 7 ~ Al18 _B55 €35
Confining . A onn Laans Con . " )

7| Press., psi 3?00 ,4800'L 48907 73709 3790 . ‘ ;gpo 7200 ( 3400 ,

E : - - -

S Axial : : anf - - . RO

7| Load, psi }900 ‘ ] 249q:, ?40Q 71999 1909 o 0 ‘ 0 0

SiFerefress | 100 | 1300 | 1900 |1300 | 1300 1300 | 1900 | 380

N , B j . , S ,

O] Temperature 1 165 s | 175 | 165 22 175 175 | 150

I » . : : 0 ,

I { Duration . s . )

o| "o e | i ez s | ow|om ) ow

N - — —— -

S | comments Jacket Possibly Only Low | 500 m1 } 500 m1 | Low. Synthetic
o Failure { Flashed Temp. -Test | Flush Flush | :Perm. | Brine
pH 8.7 6.7 7.1 | 7.7 -- 8.7 5.2 - 5.5-6.5
Sulfate _ . o . . . . L

£ |30, ppm 1500 | 1400 350

i

U | Ca}cium . ‘ T

Tkt -- o I - si0 | s | -- 10

D — —
Sodium TAnA U B

p Nag, ppm 2000 1000 3000 3000 340 300 ) .-- 650 .

R : i : : .

0 | Chloride - . o - : ' ; . :

Plcr, ppm - - . 390: 680 760 350

E - - - e

R | Potassium : i . _ " an p .

T, oam - -- o .30 | 80 30

Ik : : B}

E {Silica. o T __ . - : L :

{'s|Si0s, ppm- 7 100 . 180
Bicarbonate | -__ -- 7500|7700 - o0* | so0r | - 780
HCO3 ;- ppm MRS HE R s : S = -
to aqueous{Cdz by injecting aéidﬂintorthe pressurized
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Cerro Prieto
Fluid Chemistry Summary

conditions were identical to those for CP13.

- Tolerances:

pH
Ca
Na
Ci
K .
$10,
HCO,

0.3
20%
15%
10%
10%
20%
50%

Test Numper| CP1 | CP2| CP3 | CP4 cps |cee | cp7 | cps | cpa | crio ¢P13* |Fluid In
Rock 1.D. | M127 |[M110] 0473 T366 | M7 M107 | M129] NL1 | Mo3 | Mizz | - T366
Confining :
Press | usi| 2720 |3250| 2750| 4950 | 2800 | 4150 | 3550 5400 | 3050| 7400 7400
T| Axial :
£l Load, psi o 1650 1750] 2450 | 1400 | 2050} 1750} 2700 { 1550 0 0
; ,
T P°";s:"‘e55' 1370 |1450] 1650] 2700 | 1100 | 2100 1650 3050 | 1300 2700
¢ .
g Te’“BE“‘“"e 250 | 250| 2s50] 250 250 | 250| 250| 250] 250| 250 250
0 -
Durati
! AN g | 11| n 6 3 sl 3l 2] 4|11 days| 18 days
1
0 » Flashed |Flashed Jacket [Flushed [Brine from
N Comments Jacket the the Failed {With Two’ the
S Failure Fluid | Fluid Before {Liters of|Cerro Prieto
Creep |Fluid Field
CaCo,
In Reck % 0 0 1 0 1 0 8 0 6 0 0
pH - -1 7.2 711 6.7 | 7.5] 6.7] 7.0] 6.7} -- 7.5 5.5-6.5
F N
L} Calcium - I B -
J Calsi’ bpm 280 20 | 350| aso| 230| 640 920 270
1
0 329‘“&,“ -- -~ | 7000| 6200 | 5900 | 8200| 7300] 6700} 6600| -- 27600 6000
) - :
K E']‘l“;g; - | == |27000| 11000 | 10000 |14000 {14000 12000 f0000{ -- 35600 13000
p
E | Potassium _ O .
R K9’ opm 1300 | 1100 | 1500 | 1900| 1400 | 540 3020 1200
7
I}Silica - .
£ | 5905, ppm 610 290 440 | 3100 3300] 2500 | 2300 150 650
S N
Bicarbonate| _. . . o
| HCO3 , ppm , 850] 470 7340 800} 4201 620 1550 0
*CP1l and 12 experienced jacket failures before creep and before any fluid was sampled. The test
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Tab]e 19

S111ca and Carbonate Chem1stry

Test | Fluid Detention _~ Silica - ] - Calcium ‘| Bicarbonate | CaCO,4
I.D. » Time In Out In Out In Out In Rock
3 | 12pay | == | == | --| --| 100 | 2200
N -2 Days o} == el P e=tp == ¥ 100 2200
EM4 ~ 2Days |} - | - == . --1.100 | 2200
e |  14Days | 180 751(490)2 10 | <10 [ 780 | 1400
M7 |  26Days ~ | 180 | 2202 | 10 | <10 | 780 | >750
P3| - 11 Hours  |2000 | 600 |- | == | ~0 |80 | 1%
Jcpa2 | 1Hour | 680 | 380 {300 |320| o] 180 | o%
~ 6Hours | 680 | 200 | 300 f280| 0| 470 0%
CP53 "3 Hours | 680 | 440 | 300 | 20| o 340 | 1%
cP6 |  1Hur | 620 | 170 |270)es0 | o0.] 550 | 0%
3 Hours 620 | 3100 270 | 350 | o | 800 0%
CP7 3Hours: | 620 | 3300 | 270 | 480 0| 420 8%
cPs 2 Hours 620 | 2500 | 270 | 230 0 | 620 0%
CP9 1 Hour 620 | 590 | 270 {4%0 | o | 520 6%
4 Hours 620 | 2300 . | 270 | 640 | 0 | 1550 6%

1Sample was fi]tered through a 0.45 micron filter.
2No filtration of samp]e o Lol
~ 3The fluid from CP4 and CPS was flashed before samp]ing
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marizes the analyses performed for these constituents for the East Mesa and
Cerro Prieto creep tests. Concentrations of silica in the output fluid tend
to be dependent upon the time the fluid was detained within the rock. This is
summarized in Figure 83. 'Fdr the Cerro Prieto tests, excluding CP-4 and CP-5,
the analyses of fluids detained for approximately one hour show a loss of
Sih‘ca, whi‘ch is pi‘ol/)ablyAdue to a small thermal disequilibrium; hbwévér,
fluid from Cerro Prieto teéfsrwith detention times greater than one hour, but
less than a day,5show4a large increage of silica. Some concentrations briefly
reached va]ués as high as 3300 parts pef million, which is greater than five
times the fnitfa] value and greater than three times saturation. These values
later drop to values equal to or below original values. (Flujd samp]eé from
the Cerro Prieto testé were not fi]tered and thus reported si]fca values in-

clude suspended, colloidal, and dissolved solids.) These high values are well

3.0
AMORPHOUS
SiO2
> 20
S © '\ sATURATION
° \ |
« AN
- N\
L=
o0 1.0 —_——— — ———\<- R —_
o \
w o7 0]
g \
g 0.5 \
¢ \
\
0.3 ! | e
(o) | 2 3

LN TIME (HRS)

Figure 83. Concentration of silica with respect to degree of saturation for
several Cerro Prieto creep tests as a function of time during the
tests.
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-in excess of saturation concentration for silica even with respect to amor-
phous phases indicating the presence of other chemical, thermochemical or
chemical-mechanical effects. - The values reported for silica concentration
during tests EM-6 and EM-7, which had 14 and 26 day detention times respec-
tiveiy, show that the long-term trend is toward dissolution and not precipita-
tion of silica. The values 490 and 220 parts per million for tests performed
on brine that was not filtered after sampling, as with Cerro Prieto brine,
-include suspended or colloidal ‘silica concentrations. These values are not
- greatly different than input values. = Thus, there seems to be a return to
- ‘equilibrium- as long-term testing goes on.. In the case of East Mesa, the
- temperature- of the pore fluid while in the rock is approximately 170°C. The
saturation solubility of silica at this temperature is 200-250 parts per
million with respect to quartz and 700-800 parts per million with respect to
amorphous silica. The 75 part per million value reported for EM-6 for silica
is for brine that has been filtered through a 0.45 micron filter prior to
--analysis.  This value is most prdbab]y for dissolved silica since the filter
should retain suspended solids. A
The calcium concentrations in the bore fluid before ‘and after being
- introduced to the rock;'agaih‘excluding teSts CP-4 and CP-5, indicate ihat-if
"any\réactionsfoccurred theylwere probably related to the dissolution of cal-
“cium ‘carbonate. - Since all of -the specimens contain at least a trace of cal-
‘cium carbonate (values reported aS'zérO»indicate less than 0.5%), this type of
~reaction 15~éxpected for calcium concentrations that are.less than saturation.
. The East'Mesa fluid samples show. that bicarbonate tendé to decrease in concen-
tration with increasing detenfion time. This indicates that much of the
pick-up of bicarbonate occurs early in the tests or while in the pore pressure

system which is reasonable since it was difficult to completely remove all of
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the retained air from the.system and the specimen prior to introducing the
pore fluid. Since the brine used in the Cerro Prieto tests had not been
adjusted with respect to bicarbonate and since several specimens showed very
high calcium carbonate content, carbonate pick-up from the atmosphere (by CO,
dissolution) and from calcium carbonate dissolution is expected.

The purposes of this phase of the program were to insure equilibrium with
respect to water-rock interactions and to gain inéight into any reactions
which might be occurring during a test sequence on a rock specimen if equilib-
rium was not achieved or disturbed by a change in stress state. Analyses of
pre- and post-test pore fluid from the East Mesa and Cerro Prieto tests show
that in cases where equilibrium was not achieved, adverse reactions were
probably not of major consequence to short-term mechanical response. Never-
theless, some effects are present and include mechanisms such as calcium
carbonate dissolution and transportation of suspended silica out of the rock
samples.

The suspended silica, in particular, might be one of the best clues we
have as to the mechanism of creep compaction in these rocks (when it occurs).
For Cerro Prieto, the solubility of Si0, at test conditions is approximately
400 ppm for quartz and 1200 ppm for amorphous silica. Thus, a consistent
picture of results with respect to silica during creep testing shows that the
increased effective stress caused by reduction of pore pressure causes pres-
sure solution at quartz contact boundaries. -This causes a local supersatura-
tion, but with time, as initial-solution rate.and initial creep rate diminish,
equilibrium is once again achieved (see Figure 83). This will be discussed

further in Chapters 8 and 9.
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7. MINERALOGICAL AND STRUCTURAL RESULTS

The fluid chemistry work associated with this program, as discussed in
the preceeding chapter, has clearjy?Shown thaﬁﬂsome types,of alterations have
occurred during creep testing.. Obsérve‘the'calcite dissolution and precipita-
tion and the silica mobiiizatioﬁ regulﬁing, possib]y; from pressure solution.
We report here two types of - examfnati&ns to éssist us‘ir1'ana1yzing these
effects. The first is x-ray difffaction (XRD)~of»the clay fraction before and
after creep tests. The secoﬁd is scanning electron micrbscope.(SEM) examina-
tion combined wfth ene?gy dispersive analysis by x-rays (EDAX) on pre- and
post-test specimens,inran attémpt to,pbserve mecﬁanfsms of creep compaction.
These efforts have concentrated on the East Mesa specimens, which have under-

gone more extensive lbng-term creep testing.

7.1 X-Ray Diffraction

X-ray diffraction analyses weré~carried out with CuK-alpha radiation at

40 KV, 20 MA acce]érating potentié]—and current.;;ln general, three sets of
scans were done for each samp]é. The_  first was air driéd, the second was
exposed to ethy]ene,g1yco1’Vap9r'for>severa1ihours, which caﬁses expansion of
'Tthéasméctifes,fandrthé third“waérhéated~to~5509C<to:destroy:kaolinite. A
»fSuhma}y:of'téstszdoﬁe,ingiven:in%TabTe;20.<'Foh-XRDrscans;rthe clays in the
L.Qandstbne samples were sepafaﬁedlbyidisperéioniin~deionized:water;:centfifug-
éiihg;*ahd éedimeﬁtatioh'on*glass7$1ide$:’5C1ay;separgtibn was done on eight
kséﬁp]és;rrFor tWoASpeéimenS'(EM;6~poéf-test and EM-7ipo§£-test),.usefu1 clay
;'SEbaratiOﬁs Were:ndtirécovergd Since,the:presehce of soluble sa]tS‘éaused'the
;?;1ays fo-fiécd]ate?ahd»Sett1e;duffng;the first centrifuge step when it was

- necessary to keep them in suspension.
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Table 20
XRD Scans Obtained of Separated Clays

Well Depth

Number (feet) . : Untreated | Glycolated 550°C

78-30 - 5505 EM1 Pre-Test J- I -
EM1 Post-Test

78-30 5510 EM5 Pre-Test J J J
EM5 Post-Test J J

78-30 5510 EM6 Pre-Test J

78-30 |. 7142 EM7 Pre-Test J J

58-30 3273 1 EM8 Pre-Test J J
EM8 Post-Test J

7.1.1 EM-5

Pre-Test: The following four clays can be distinguished:

1. A discrete 7 angstrom phase which disappears when heated to 550°C, and is
therefore a kaolinite-like mineral.

2. A regular mixed layer phase with a reflection at 23.3 angstroms contain-
ing 10 angstrom and 14 angstrom components. It does not expand (with
glycolation) to 22 angstroms. Therefore, it is not montmorillonite, and
it disappears with heating to 550°C. Poorly crystallized chlorite can be
decomposed by this heat treatment, and therefore this phase is probably a
regular mixed layer illite and poorly crystalline chlorite.

3. A discrete chlorite at 13.4 angstroms for the air-dried and glycolated
material and at:13.6 angstroms when heated to 550°C.

‘4.  An irregular 10 angstrom to 14 angstrom-mixed layer clay with a peak at
10.8 angstroms in the ‘air dried and glycolated specimen and an 11.9
angstrom peak when ehated to 550°C. This is probably an illite-chlorite

mix.
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Post-Test: The following phases occur:

1. A7 angetrom phaseWWhich'wduld appear io'be’alteretion product of the
kaolinite-1ike mineral. ' In the pre-test it could be a serpentine, but
this is ambiguous because the glycolated sample yielded a peak at 7.03
angstroms and neither kaolinite or serpentine minerals respond to glyco-
lation, so the shift from 7.25 angstroms;to~7,03 can only be interpreted
as the results of the aging of a metasteb]e_a]teratiqn prqdeet.

2. An irregular 10 to 14_angstrom{mixed ]ayer clay whjch first produced a
peak at 11.2\angstroms_end,appeered”to be an alteration of the irregular
10-14 angstrom mixed layer phase in therpre-test sample. It does not

~expand with glycolation, and is therefore probably illite-chlorite.

3. A discrete 13.4 to 13.6 angstrom phesewwhich does not expand with glyco-
lation and is therefore chlorite.

4. A regular mixed-layer illite-chlorite producing a reflection at 24 ang-

stroms.

The clay alteration which appears to have occurred during the testing of
this specimen, in summary, is alteration of the irregular 10-14 angstrom mixed
layer illite-chlorite and the alteration of .the kaolinite phase to produce

;xeome,mepastable:alperations.,

7.1.2 EM-8

Pre-Test: The following phases are present:
“:11:‘>Ardiscrete'7;68'angéthdm phase which disappears with heating and there-
fore is kaolinite. 77 I ‘ :
“2.7" A possible three component irregular mixed layer phase with peaks at 9.0
" angstroms air dried, 9.9 gl’yc‘oléte‘d and 10 heated. This could be a

" kaolinite-illite-montmorillonite mixed layer.
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3. A discrete 13.8 angstrom chlorite which does not expand with glycolation
and becomes subdued with heating, it is therefore purely crystalline. k-J
4. A regular mixed layer of 10 angstrom illite, 12 angstrom montmorillonite
producing a peak at 22 angstroms. It expands ‘to 26.8 angstroms with

g]ycolation and disappears with heating.

Post-Test: The following phases are present:

1. A discrete 7.1 angstrom kaolinite.

2. An irregular mixed layer 10-14 angstrom phase.

3. A regular 10-15 angstrom mixed-layer phase producing a peak at 25 ang-
stroms. In this case, the chlorite peak at 13.8 angstroms apparently was
altered to other clays during the testing. Glycolation and heating work
were not completed for this specimen and therefore the results are some-

what less certain.

7.2 Scanning Electron Microscopy - Energy Dispersive Analysis by X-Rays

The main purpose of the SEM work was to look for evidence in the form of
structural alteration of the creep compaction that was observed during mechan-
ical testing. The main technique used was to view and compare the surface
morphology of quartz grains in both pre- and post-test samp]es. Processes
such as dissolution and growth of euhedral quartz in pore space were expected
to be observed. Figures 84a and b show two examples from an East Mesa creep
test where we believe pressurersolution'is observable. In Figure 84a, note
that the surface of the quartz gﬁpears to be corroded or eaten away as though
dissolved. This was not ever observed in pre-test specimens. The dissolved
surface has been covered by a fresh clay, probably a smectite,r;The interpre-
tation of smectite is derived from the chemical composition through EDAX

analysis, and from the general morphology of this clay as compared with 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.



112

lished micrographs. Also note in Figure 84a that the center crystal has
penetrated into fhe one above it, which possibly is additibna] evidence of
pressure solution. In the other example,rFigure 84b; é spherical void can be
seen where a grain was p]ucked out during the breaking of ihe sample for test
preparation. The quartz grain to the left gives an example of apparent dis-
solution along the surface that was in contact with thé'grain now removed.

Just on top of the same grain, euhedrél quartz overgrowth has occurred.
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8. SUMMARY AND SYNTHESIS OF TEST RESULTS

Cores for this testing program were obtained-from wells in the East Mesa
and Cerro Prieto Geothernel ffe]dsqfnrorder:tornake;measurements at simulated
in-situ conditions‘for‘thefpurpose;of determining‘the mechanisms of compaction
and their'relation to surface“suhsidence A summary’ of the typ1ca1 mineralo-
gies of reserv01r material that was obtained 1s given in Tab]e 21. Some cap-
rock material was obtained as well. Also shown in Table 21 are the approxi-
mate porosities‘of the rocks and the total disso]ved so]ids:contents of the
reservoir brines. It can be seen- from th1s table that both rock types are
sed1mentary sandstones. There 1s»amp1e ev1dence as well, 'of hydrotherma]
alteration in the rocks from Cerro. Prleto Th1s can be seen for -example, by
the ep1dote content of the Cerro. Pr1eto rock Ep1dote is-a product of high
temperature a1terat1on which certe1n1y occurs at the 300°C temperature of the
Cerro Prieto reservoir. | ' - S ‘

Typical laboratory test conditions are shown in Table 22. The range of
pressures are similar for the East Mesa and Cerro Prieto rocks; however, rocks
from Cerro Prieto were generally tested atphigher temperatures than rocks from
East Mesa to correspond to the h%gher temperatures of the reservoir. Essen-
tially,itwo types of tests"wereiruns(With some verietions). The sp-called

basic tests began at reserVoir’conditions'and’then investigated the effects of

S changes 1in pore pressure conf1n1ng pressure and rat1o of ax1a1 stress to con-

. f1n1ng pressure on the compressib111ty of spec1mens The . creep tests began at

| the same - 1n1t1a1 cond1t1ons as ‘the bas1cr tests~ and then'1nvest1gated the
,effects of reduced pore pressure for 1ong per1ods of t1me to determ1ne time-
tdependent (creep) effects re]ated to compact1on Some permeab111ty measure-

ments were a1so included w1th the creep tests.
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A summary .of basic test mwesults is given in Table 23. <Compressibilities
for all materials mange from 0.7 &0 3.0 x10-¢ psi~1. These are typical com-
pressibilliities for mnormally xconsoflﬁdébed santstones in ‘this porosity range.
In .more detail, note that the <¢ém_press’;’isb?i llities of the :East Mesa caprock
material, which iis a fine gna?i:-néﬂ siltstone, are gnreater than reservoir mater-
ialls. Basic testing alse findicated a greater amount of plasticity and sensi-
tivity *tn d1‘f‘feren‘bqa’l stress {(vertical to thorizontal) in this material, as
can ibe seen by the 'I'imorease 1n fcompr!e'ssiifbfﬂ'i»ty me-’l;a"ted to testing with larger
~s’t:ress zd?i?f*fefénces The Cerro Prieto meservoir materials, in general, were
more -elastic ‘than *the £ast Mesa smatemaﬂs The zcomp*rre;s-s*.lbﬂhtaes were less
and their :srens:litmm;tﬂ»es to stress tdniff’ﬁerzence were ﬂ:eés. .i)ur;'img some 0f the
tests wltrasonic Meﬁwcﬁ‘tﬁ.ies were also measured, for ppossible use as a field
indicator of at_:ompa‘c?tﬁaqn;, to «determine if %hese ye]zoc’iﬁeé were Vse'nsi,ti ve to
compaction. 7Indeed, a sensitivity was measured, as shown in Table 24, that
porrelated with compaction-caused density fincrease. WMhile the small fincrease
in welocity, about I%, s sasily mreasured in the laboratory, it is .of uncer-
tain usefulness as a ‘ﬂmgnos’tfm nndmator 4n ‘the Field.

A summary ©f cneep *t.est re&ults 48 gtmwn in Table 25. ,Creep test dura-
tions waried ;f;nnm about 0.2 to 9 X105 seconds. This covers a range of a few
thours ;t:o -gn'eatser &han 30 days. In general, 'rr:znee’p srates ron'::t:he order of 1x10-2
per c!.;ecf;mﬁ w:e'ne nbserveﬂ measuned as rate of chaﬂge in vo”lume strain. At
this nnegp ;rate were 11, steady, a’l’l porosﬂ.y would be - entwe]y removed from

these rocks sin a ffew years at most .-queyerﬁ, it ds :unﬁlﬂ?ke?l_y that this reduc-

“tdion rate would ‘continue :,at fs?teady—-vstate. Instead, the reduction ;would 1ikely

slow :and then ccease ‘when a new equilibrium value of ;,p'dmsiit‘y was -achieved.
This will tbe further discussed in the next chapter .on :mechanisms and theory.

Viewing the creep mesults 7in more detail we see *that the apparent creep rate



116

Table 23

Basic Tests
Average Results

Compressibility (10-€ psi-1)

Test Stress East Mesa Cerro Prieto

Type "Difference Cap Reservoir Reservoir
AP Low 1.1 0.7 0.7
P Intermediate 1.9 1.1 0.7
, High 2.1 1.7
APc Intermediate 2.0 | 1.3 0.9
AP Intermediate 3.0 1.1 0.8
UnRaxial
Table 24

Ultrasonic Velocities
Average Results

(km/sec)
Cerro Prieto P ‘ S
Reservoir P 3.95 £ 0.12 2.36 + 0.35
Reduced P 4.00 + 0.09 2.41 £ 0.35
Change (%)~ +1.3+ 0.8 +2.2 £ 0.3
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Table 25

Creep Tests
Average Results

Average |  Average " Range -
Duration Rate of Rates
. (105/sec) (10-2/sec) (10-9/sec)

East Mesa : : : : K

Intermediate Term 0.7 ; 4.1 2.4 - 15.0
East Mesa | l .

Long Term <A 9.0 - : 1.0 0.0 - 1.3

Cerro Prieto- SRR IUCEE Ce :
Short Term 0.2 7.2 1.7 - 87.0

Cerro Prieto ,
Long Term 1 - 4.0 1 0.3 one test only

decreased as the duration of the test increased.  This supports the observa-
tion ‘that the creep compaction here-is probably not at: steady-state and is
tending toward a new equilibrium value of porosity.- However, none of the
tests were carried to sufficient duration‘,to experimentally  confirm this
supposition, and it would be impractical to test these rocks for the many
months or years necessary to do this. - Instéad, we must turn to a theory based
on mechanisms in order to extrapo]ate results to long periods of time,'and use
the experiments.to provide an-initial creep rate-only.: -

| . Comparing the results for East Mesa and Cerro Prieto we see that creep
raie,is fairly consistent for the East Mesa sandstone rocks studied but not
1so¢£onsisten£<for Cerro Prieto rock, where specimens from some of the wells
exhibited -fairly rabid creep -while dthers,exhibited Tittle or.no creep within
our -1imits of resolution. For Cerro Prieto, creep rate tended to :be higher
for»si]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 relatively unconsolidated fine-
grained sandstone specimen from the Cerro Prieto reservoir. For East Mesa,
only the reservoir sands exhibited significant long-term creep. The caprock
appeared to stop creeping after several days.

t The-abéve'results are consistenﬁ with the smaller variability of the East
Mesa resevoir rock that we have tested, and the greater variability in the
Cerfo Prieto focks (where Cerro Prieto material has come fromrhany different
wells and many different depths and zones of hydrothermal a]teration {n the
reservoir). The higher temperature of the Cerro Prieto reservoir did not in
itself result in a higher Meﬁsured creep rate in this rock. On the contrary,
the mineralogical state of the Cerro Prieto specimens that were most highly
hydrothermally altered perhaps even inhibited creep. This is possibly ex-
plained by the previous acceleration of in-situ mechanisms that resulted in
cementation and reduction of stress concentrations in hydrothermally. altered
material so that the rock was already stable in a high-temperature stressed
environment prior to testing. It follows that less-altered sediments, as seen
in some of Cerro Prieto and 'all of the East:Mesa rocks, are more susceptible
to perturbations from their natural state.. This explanation is consistent
with normal views of sedimentary and metamorphic processes in rocks.

In summary, we have observed that compaction is time-dependent in most of
the rocks we have observed. For a 1,000 psi reduction in pore pressure, the
instantaheous. volume 'strain associated with compaction (for a compressibility
of about 1x10-® psi) is: about 1x10-3. Typically, the creep we have observed
would double this volume strain in about one day ‘and increase it by a factor
of ten.in about three months, assuming a long-term creep rate of about 1x10-°
per second.. This means that in three months time the apparent -long-term

compressibility with respect to pore pressure reduction is one order of magni-
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tude greater than that which would be measured by ordinary laboratory techni-
ques.

Fluid chemistry, measured for both input and output fluids, has been
controlled to minimize the' effect .of non-equiiibrium» reactions otherwise
caused by use of 1mproper test f1u1d This was particu]arlv important at the
elevated temperatures of these tests. As}anrindicator“of chemical/mechanical
effects that may relate to possible mechanisms of creep compaction,vsilica
anaiysis has been most usefu]i During the eariier phases of creep testing,
the silica content of outputnfluids‘increased”to levels beyond those of satur-
ation4 HoweVer, for later phases of creep testing, silica concentrations
trended back toward values that are con51stent with equilibrium Th1S cou]d
1ndicate pressure so]ution at asperity contacts between quartz grains as a
p0551b1e mechanism of creep compaction At these p01nts, quartz wou]d be
driven rapidiy 1nto so]ution and could ea511y exceed equ111br1um values for
ithe solution at its own pressure and temperature Then with time the excess
vquartz in so]ution wou]d have to come out of solution most 11ke]y as euhedral
quartz in areas where stress concentrations are absent Th1$ has been prev1-
ously observed as a mechanism of diagene51s in sandstone sedimentary sequences.

We have perhaps on1y accelerated the process by the 1ncrease in effective
:;stress during our tests Some confirming ev1dence of this is found 1n the SEM
J‘resuits on post-test mater1a1 ‘ | “ |
) Permeability va]ues obtained for Cerro Prieto material and summarized in
'ﬁ Tab]e 26 indicate an average 1n1t1a1 permeability of about 4 m1111darc1es
tTThis permeability is lower than that 1nferred from field tests at the reser-

¥v01r This would 1ndicate that flow, on average, in this geothermal reserv01r
 must be through channels of higher permeability that were not recovered as7.

cores or fractures, or both. It is certainly conceivable that such channels
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Table 26

Permeability Tests - Average Results

Meén at

Room Temp. Temp. Change Creep Change
(md) (%) (%) _

4.0 £ 4.8 -40 £ 23% -39 ¢+ 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 signifidant

change in permeability. With creep we observe a further 39% reduction in
permeability. It is interesting to note that creep had a moré significant
effect on permeability than on compressibility. 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 particuléte p]ugging,
could a]éo be active here. -

In general, the testing done on this program ha;vin&iéated that rocks
from Cerro Prieto and East Mesa behave mofe or less as horma]ly consq]idéted
sandstones in short-term responsé.' However, in longfterm response the rocks
exhibit a creep tendgncy that is most pronounced in the less conso]idaied,

less hydrothefma]ly alteréd 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 greafer than initial compéction related to instantan-

eous quasi-elastic behavior.
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9. MECHANISMS OF CREEP AND THEORETICAL MODELING

Compaction as triggered by pore pressure reduction has been observed in
all rocks tested during this program. Additional]y, many of these rocks
exhibited time-dependent behavior-in the form of creep compaction when pore
pressdre reduction was held constant for long periods of time. It was not
possible to conduct enough tests for. long enough periods of time to completely
determine creep compaction histories. This is not\surprising since compaction
as part of the diagenetic process in the field occurs over many, many years
-and it is not practical to perform tests in the laboratory over this long time
period.-

For subsidence prediction, an ultimate compaction value must be known.
Therefore, the most useful result of this project would perhaps be to deter-
mine when creep compaction occurs and to be able to extrapolate it to times
that are appropriate for reservoir production. To do this, it is necessary to
develop a theory of creepzcompactionvthat allows reliable extrapolations to be
made that are based on measurab]e,.1aboratbry parameters. An appropriate
-method in this case cannot be entirely empirical (curve fitting) because we do

;motrknqw{frgmfour.measurements;ifhthé,]ong-;erm creep rate is steady-state or
- - decaying. - To predict_u]timate,compactidn,‘the theory must therefore be based
.on physically plausible mechanisms. ..
- Four pqssible_mechanismsaofléreep compaction have been. considered:.
e .grain plasticity
-9 w;_s]dw;pnack growth ... .. .
. <o . frictional sliding

e  pressure solution
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By "plasticity" we mean compaction caused by true plastic deformation of
grains. Previous work would indicate that the temperatures and pressures
required for true plastic flow in these rocks are too large for this to be a
significant mechanism although certain materials, such as calcite, salt, and
some clays, might deform by true plasticity if they supported a significant
part of the matrix. However, the rocks studies here appear to gain skeletal
" support primarily from their quartz grain content, and grain plasticity would
appear not be be important. |

| Slow c¢rack growth-caused compaction is the creation and/or growth of
microcracks to relieve stress concentrations and cause associated deformation.
This is certainly a conceivable mechanism here. However, our petrographic and
SEM analyses have found no evidence of substantial crack growth in these
specimens except in the cases where differential stresses have clearly
"approached levels causing gross specimen failure.

Frictional sliding at grain contacts is another conceivable compaction
mechanism. However, we have also found no evidence for this, except as it
might be associated with pressure solution.

In our judgment, the most 1ikely mechanism for most of the creep compac-
tion observed in these tests is pressure solution at quartz grain asperities.
‘Solution and the resulting closure at these asperities'would relieve stress
concentrations and directly cause compaction. It would also lead to friction-
al s1liding on surfaces that are under shear that contact those asperities, and
indirectly lead to compaction. Pressure solution has been demonstrated to be
a significant mechanism in the normal diagenetic process, especially in satur-
ated sand bodies at the depths of typical oil and gas reservoirs that have not
yet experienced metamorphism (Renton, et al}, 1969; ‘Mosher, 1976; DeBoer,

1977; Wilson and Sibley, 1978; Sprunt and Nur, 1979). (The process of pressure
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solution is less important if the sands are dry. In this case, the quartz
grains instead tend to fracture and break.)

The objective of the theoret1ca1 part of th1s work, then, was to develop
a theory of creep compaction based on pressure solution as a root cause. To
accomplish this we have taken a previously demonstrated theory of static pore
collapse, the spherlcal pore theory deve]oped by Bhatt Carroll and Schatz
(1975), and modified it w1th the help of a pressure so]ut1on theory of creep

as deve]oped by Rutter and Ma1npr1ce (1978).

9.1 Static Pore Co]]apse Theory

The spherical pore theory has had consideraole;success in describing the
inelastic defornation of porous geoiogic materiels.; Its basis was introduced
by McKenzie (1950) for porous metals. Otherwoeve1opments were made by McKen-
- zie endVShuttJeworth.(19§9), Torre (1978), Chadwick (1963), Hewitt, et al.
(1973), Carro1]'and Holt (1972), Chu and Hashin (1971),:and Butcher, et al
(1974); Bhatt, Carroll and Schatz (1975) were the first to adaptrthis theor-
etical method to porous rocks. They performed this adaptation by using a
Mohr-Coulomb model for the matrix material rather than a ductile or ductile-
strain hardening theory for the matrix material as had been used previously.

A brief outline of the method fo]]ows The pores in the real so]1d as
-shown in F1gure 85, ‘are. represented by an equ1va]ent so]1d cons1st1ng of a
\jhomogeneous porous cont1nuum surround1ng a Mohr-Cou]omb mater1a1 ("rea] mater-
'131") and a pore. It is acknowledged that the true pores in a rock are not
spheres, but probab]y are better ‘described as cracks of varying aspect ratios;
however to account for inelastic deformatlon in rock, the spherical pore
.theory hasrbeen demonstrated to appropriately represent the internal shearing
stress concentrations that are caused by local inhomogeneities associated with

granularity and porosity. In fact, this "appropriate representation" is the
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SPHERICAL PORE THEORY

Material

Equivalent Homogeneous

Continuum

(a) | | (b)

Figure 85. Diagram indicating the concept of spherical pore deformation theory.

' (a) shows porous solid represented by many pores of different sizes.
(b) shows final representation of porous solid as a single pore sur-
rounded by Mohr-Coulomb "real" material, surrounded by an equivalent
homogeneous continuum.
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strength of the spherical pore theory allowing great geometric simplicity for
which mathematical closed-form.results are easily obtained.

The inelastic deformation of the single spherical pore that now repre-
sents all porosity is treated as shown in Figure 86. Originally, the material
is elastic with outer boundary b and inner boundary a. It is pressurized at
boundary b. Boundary a, enclosing the pore, may be filled or partially filled
with water. As boundary b is compressed inward due to pressurization, inelas-
»tic beﬁavior.begins due'to shearing stress concéntrations at boundary a. The
created inelastic zone, demarked by the region between boundaries a and c,
moves outward as pressure is increased. With sufficient pressurization,
eventually all of the material behavés 1he1a§tica11y so that boundaries b and
c coincide. It is assuméd for the re@ainqer of this theoretical discussion
thatrthellbng-term equilibrium béﬁaviqr offé normally consolidated porous rock
may be described by the curve'generated for the fully inelastic case, where
bqundgries b and ¢ coinﬁide.’ﬁThis is the -state toward which creep compaction
is assumed to progress. | |

The long-term equi]ibriumustate, therefore, is given by

P=f ®3 0y W
where P is the effectivefhydrostatiévstress-ahd o is’poroéity. Beta (B) and Y
are Mohr-Coulomb deformation parameters for the matrix material as given by
=‘Y A o : (2)

(1+8) Omax ~ min

where o___ and o are maximum and minimum principal stresses, respectively.

max min
It can be seen that B is a frictional coefficient parameter and Y is an ini-
tial shearing strength, or cohesion, parameter. An example of the prior suc-
cess of this theory is given in Figure 87, which shows the pressure-porosity

loading and unloading behavior for a porous tuff, as matched by the theory.
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b
ELASTIC ELASTIC-PLASTIC PLASTIC

Deformation of pore in spherical pore theory. (a) is inner pore boundary
and (b) is outer pore boundary. When inelastic deformation begins, bound-
ary (c) is formed and moves outward toward boundary (b). Finally, in fully
plastic state, boundaries (b) and (c) coincide as the pore collapses.
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Figure 87. Spherical pore theory (solid 1ine) compared with compaction data
for a porous tuff, shown by circles for ascending pressure points
and triangles for descending pressure points.
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(Equation 1 is the equation for the loading pOrtion of the behavior shown from
about 1 kilobar up to maximum stress.)

For many porous rocks, a value of B of about 4.5 has been shown to be
appropriate. For simplicity in the remainder of this analysis, that value

will be used. Equation 1 then takes the form
2 8 '
P=§Y (@ -1 (3
which contains only a single parameter, Y. Consider now a change in porosity,
Ad, as triggered by a change in effective stress, AP. Differentiating qua-

tion 3, we obtain

A¢=-3£AP5AV (4)
27y =V

Equation 4 gives us the change in long-term equilibrium porosity for a given
effective stress change in terms of the initial porosity ¢o and the single
cohesion parameter, Y. Note that for insignficant grain compaction, A¢ is
equal to volume strain, AV/V. This equation will be used as our basic equa-
tion for the long-term equilibrium change of porosity caused by a change in
effective stress. To model creep, we need now only to introduce time depend-
ence to provide the rate of change of porosity from one equilibrium state to

the next.

9.2 Pressure Solution Theory

Rutter and Mainprice (1978) have introduced a novel and useful theory to
account for pressure solution effects on the creep at grain boundaries in
sandstones. They have assumed that asperities in contact, under shear; dis-
solve slowly by pressure solution, and that the pressure solution rate may be
related to the shear sliding rate. This is an ideal theory to combine with

the spherical pore theory, since the spherical pore theory expresses effective
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confining stress at external boundaries and compaction as related to shearing
stresses and strains upon internal boundaries.
Rutter and Mainprice's theory is summarized by

'_ 8 (01'0'3) Co o] Db (8 'InC()
T

u= , th 3 P (5)

where u is the sliding rate, o, - o3 is the internal differential (shearing)

stress at the grain boundary, C_ is the solubility of the solid (which is in

0
general préssure and temperaturé dependent); 6 ié the grain boundary width, Db
is the grain ‘bdundary diffusion coefficient, h is the amplitude of grain
boundary ésperities; and p is the density of the solid. Furthermore, they
have suggested‘that the overall shear strain rate, e, is given by

e =u/d , , (6)
where d is grain Size. For the case of quartz, with the assumption of a 1.0

micron crackvwidth,‘one obtains the result given by

7460

_ .y === 0.415°P
e = 11.4x10-8 5213_232 e RT P )
where Pp is 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

lines shown in Figure 88, along with some data obtained by Rutter and Main-

price. As-Rutter and Mainprice point out, results agree with their theory for

small Stféin rates and re]atively low stresses. For high 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 is very

we11¥suited for our purposes because'thg ;ppropriate stresses and strain rates
are appropriate for the creep compaction that we have measured. To use the
figure, we need on1y4to determine the grain size of the specimen, adjust the
16Wer axis éccordingly,idetermine the internal shgaring stress, and read off

an appropriate strain rate for creep compaction.
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Figure 88. Internal contact shearing stress versus strain rate accbrding to
the theory of Rutter and Mainprice. . Shearing stress here is the B
actual stress occurring at grain contacts within the material. &sﬁ
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9.3 Creep Compaction Theory

To use Figure 88 or Equation 7, we need an expression for the internal
stress difference, o4 - o3, as a function of tHe external effective pressure
P. This can be obtained from spherical pore theory by our previdus assumption
that the internal shearing stresses are at or near to a state of Mohr-Coulomb
yield as given by
A 28 ,
a

01-03=Y(1+B)() (8)

When integrated over a sphere the average volume-weighted shearing stress,
assuming a value of B = 4.5 as before, is given by

(01 - 03), g & SV/G® 9)
where we have assumed that the\grain-to-grain shear stress is enhanced by the
ratio‘of grain diameter to grain contact diameter, s. If combined with Equa-
tion 3, one then obtains
(o4 - 03)avg = s;(Y‘+ 4.5 P)" 7 (10)
If P is of the same order as Y, which should be true if stresses are not far

from Mohr-Cou]omb‘equilibrium, a shearing stress concentration on the order of
five times s shou]d‘exiét. | . |

Fbr further calculation, considering the highly approximate nature of
this énaiysis,-we will assume, for simplicity, a factor of five times s stress
Concentration’as given by |

(01 = 03)gyq % 55 P S (11)

Reférfing to Figure 88 and using Equation (11), we see that for a mean effec-
tive stress in the range of 3,000-4;000 psi (as for our tests) and for s = 2
(giving"an<interna1 shearing‘sfressfbfmabbut'3'kilobars§'a creep strain rate

of about 1x10-9 per second would result. ‘This is the strain rate order that

has been observed in our experiments.
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Let us now assume that creep compaction follows an exponential - decay
curve with time constant t as given by
0= 0, - 80 (- eD) (12)
For A¢ as given by Equation 4, and the initial creep strain rate, e, as given
either by our experiments or by the Rutter and Mainprice-derived theory, one

obtains the results

0o

0=0, -39 ap -V (13)
¢ % AP
L _ a

In Equations 13 and 14, there are but two undetermined parameters, Y and
e. Thé creep compaction problem has been reduced to determining the appropri-
ate values to use fof the long-term effective internal cohesion, Y, of the
porous rock, and the initial creep rate, e. It is suggested that an appropri-
ate value to use for Y may be obtained by matching porosity-pressure curves,
such as those obtained from Equation 3, with porosity-depth curves as actually
seen in the reservoir. If an effective stress of about one-half psi per foot

of burial is assumed, Equation 15 results for Y, where z is depth of burial.

Y=3 203 (15)

Combining equations, we then obtain

¢ AP -
pp=-220 -V (16)
¢_ AP
-2 V0
T = § 7e (17)

where e may be obtained from experiment or Equation 7. Suppose for example,
that initial porosity is 0.20, AP is 1000 psi, z is 5000 feet and initial
strain rate is 10-° per second. We ihen obtain

8¢ = -0.027 (1-¢ ¥/T)

1 = 2.7x107 se¢ (309 days)
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The maximum porosity change is -0 027 and the tlme constant is 309 days

As a final result of this approxlmate theory, combine the creep rate from
Equation 7 (neglecting the effect of pore pressure, wh1ch is sma]]), the
stress concentration resu]t of :quat1on 11, and the prev1ous assumpt1ons
concerning the relationship of depth of bur1al to pore pressure, to g1ve a
theoretical result for the creep rate of |

3730
12 (0.5 2+ 4AP)s T T
d e

= 7.9x10- sec-1 : (18)

where z is in feet, P is 1n ps1 d is inmm and T is in °K. This result
assumes that the average shearlng stress concentration is given by Equation
11. It is expected that s m1ght range from one to ten or more. Therefore,
looking at Equation 18 we would expect that for equivalent rock types, the
highest creep rate wou]d be observed in materials with: ’

e  the smallest grain sizes,'thus decreasing a

) the most angu]ar grains thus increasing s
This is nicely cons1stent with what we have observed in testing. For example,
Cerro Prleto sample M-93 had a sma]] gra]n size and had among the most angular
grains of - the rocks that we'tested. It also had the highest creep rate.
Sandstones with Jlow creep rate tended ,tob be 1arger-.gra‘ined and have more
rounded grains. | v» ‘ . B

 For the examp]e ment1oned above, (20% initial‘ porosity; 10-° initiaf

creep rate, AP = 1000 psi, z = 5000 feet), a long-term extrapoIat1on is shown
in Figure 89. Note that compact1on effects do not diminish s1gn1f1cant1y
unt1] the second year A]so note how sma]] the 1n1t1a1 (short-term) compac-
tion (small vertical segment: at ¢ = 20%) is.as compared to the total long-term
compaction. Since the parameter va]ues used for th1$ example calculation are
typical of our laboratory results, we might expect Fjgure 89vto represent a

realistic case.
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Figure 89. Long-Term sandstone creep compaction extrapolation predicted by
theory derived in text and for parameters typical of those mea-
sured during this program.
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10. CONCLUSIONS AND IMPLICATIONS FOR SUBSIDENCE PREDICTION

This program has demonstrated that rocks from the East Mesa and Cerro
Prieto geothermal fields behave quite normally With'respect to instantaneous
compaction as caused by pore pressure reduction, having compressibilities of
the order 1x10-® psi-1. They also demonstrate a tendency to compact further
with time. The rate of creep compaction varies from rock to rock, averaging
about 10-9/sec and is statistically significant. 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
1x10-°/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 extrapo]ation;«»Nevertheléss, one sees that this ultimate compac-
tion is a factor of 30 greater than the initial compaction. An alternative
statément of this result is that, the ultimate effective long-term compressi-
bility is about 30x10-€ psi. rather than 1x10-6 psi.

According to thé’theoryAbresented.here, the magnitude 6f,u]timate creep
tompaction is a function mainly of initial porosity and pore pressure drop and
not -a strong function of rock type. (It is important to note here, that we
havehassumed a normally1cdnsoTidated>rock,'that ié,_qne.thét has not previous-
1y experienced a higher effective stress than it currenfly experiences in the
reservoir, and a- non-highly. cemented rock. Preconsolidated . rock -or highly

cemented rock will probably show less tendency to creep compact.) On the other
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hand, the rate of creep~c§mpaction is a function mainly of the pressure solu-

tion rate, and is therefore strongly dependent upon grain type, temperature, Q.J"
grain contact angularity, cementation that would reduce stress concentrations,

etc.  However, even accounting for our uncertain knowledge of the values of
parameters, we find that an initial creep compaction rate on the order 10-9/

sec should be common for fairly clean, normally consolidated sandstones.
Extremely angular-grained, small-grained and high porosity sands might be
expected to have a higher initial creep rate.

"~ As a result of the experimental and theoretical analyses performed during
this program, we conclude that the difference between 1aboratory-méasured and
field-measured moduli that is usually attributed to size effect (certainly
some part of this is truly size effect) may to some extent be attributable to
time-dependent creep phenomena that are not ordinarily observed in the labora-
tory because of the short-term nature of most laboratory tests. Unfortunately,
it would not be practical to routinely test rock for periods of months or
years; however, it is suggested that when a large suite of rocks is being
tested, and accurate moduli values are very important, that at least a few of
these rocks be tested for creep effects.

Consider, for example, the effect on the compaction of a subsurface
reservoir, leading to subsidence. For a reservoir thickness of 100 meters and
a pore pressure reduction of 1000 psi, the instantaneous compaction-related
thickness loss predicted by results here might be approximately 10 centimeters.
- If this were all the compaction to occur, it would be expected to be trans-
lated to the surface as an ultimate subsidence of a few centimeters at most.
However, with the occurrence of creep, an ultimate compaction of 30 times this
amount might occur. The compaction thickness loss is now 300 centimeters, and
the surface subsidence resulting from this might be a few tens of centimeters,

which, depending upon location, might be significant.
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