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's:uunamxou AND R!SISTIVITY MODELING OF A GEOTHERMAL RESERVDIR
WITH WATERS OF DIFFERENT SALINITY -

K. Pruess, M, Wilt, G, S, Bodvarsson, and M., E. Goldstein
Lawrence Berkeley Laboratory, University of California
) - : !etkeley. Calito:niu 94720

ABSTRACT

Apparent resistivities measured by means of
repetitive -dipole~dipole surveys show significant
changes within the Cerro Prieto reservoir. . The
changes are attributed -to production and natural
recharge. To better understand the observed .
geophysical phenomena, we performed a simple
regservoir simulation study combined with the

- appropriate DC resistivity calculations to

determine the expected magnitude of apparent.
resistivity change. We consider production from
e liquid-donminated reservoir with dimensions and
parameters of the Cerrc Prieto "A" reservoir and
assume lateral and vertical recharge of colder
and less saline wvaters. Based on rather schematic
cne- and two-dimensional reservoir simulatiens,

we calculate changes in formation resistivity
vwhich we then transform into changes in apparent
resistivity that would be cbserved at the

surface, Simulated changes in apparent resist-
ivities over the production zone show increases

of 10 to 20% over a ) year pericd at the current
rate of fluid extraction., Changes of this
magnitude are not only within our ability to
discern using proper field techniques, but are .
consistent in magnitude with some of the cobserved
effects. However, the patterns of apparent
resistivity changes in the simulated dipole-dipole
pseudosection only partially resemble the cobsearved
field data, This is explained by the fact that
the actual fluid recharge into the "A® reservoir
is more complicated than assumed:in our simple,
schematic recharge models.  DC resistivicy
monitoring appears capable of providing indirect
information on fluid flow processes in a producing
geothermal reservoir. ‘Such information is
extremely valuable for the development of quantie
tative predictions of future reservoir performance.

INTRODUCTION

Surface resistivity measurements have often
been successfully employed in geothermal explora-
tion because geothermal reservoirs usually -have
an associated resistivity anomaly which, when .

.interpreted in conjunction with thermal and

geochemical data, permits approximate identifica-
tion of field boundaries, - Resistivity data are
often relied upon for initial rescurce evaluation,
and for targeting of exploratory wells. . . . :

for ssveral years resistivity sounding and
modeling have been carried out at Cerrc Prieto by
the Lawrence Berkeley Laboratory (LBL) and the
Comisidén Federal de Electricidad (CFE). This
work has identified gubsurface structures which

ccz:&lata well with productive horigons and

geological models of Cerro Prietc based on
independent data, Repetitive resistivity measure-
ments made since 1979 by LBL have achieved a
precision and reproducibility which has made it
possible to clearly identify temporal changes
which can be attributed to the large scale
exploitation of the reservoir (Wilt and Goldstein,
1981), . It is of interest to note that recent

-field tests in Utah and Kansas have alsc ghown

significant changes in apparent formatien
resistivity as a consequence of tertiary oil
recovery processes (Bartel and Wayland, 1981).

Wilt and Goldstein (1961) discuss possible

mechanisms which could cause the cbserved resist-
ivity changes at Cerro Prieto. These include (1)
recharge of fluids with different salinity, (ii)
formation of two-phase gones near the wells, and
(ii1) changes in reservoir temperature. The -
present paper examines in more detail the feasi-
bility of applying resistivity neasurements for
monitoring reservoir processes caused by exploita-
tion. We apply numerical modeling teachniques to

study migration of waters of different temperature

and salinity in response to production, and we

use simulated changes of temperature and salinity
to predict changes in apparent resistivity at the
surface, Our studies employ rather schematic and

...simplified reservoir models in order to demon-
. strate how reservoir engineering and geophysical

techniques can be combined for monitoring reser-
voir processes caused by exploitation., We

have not attempted to construct a detailed model
of the Cerro Prieto field; however, we have
employed formation parameters, thermodynamic
conditions, and cverall dimensions representative
of Cerro Prieto, so that our results should
permit a realistic assessment of the p:oposed
nethodoloqy

;SIHULATION OP A RESERVOIR :

VITB TWO UATERS OF DIFFERENT SALINITY

We consider production of 11quid water from
a4 porous reservoir with an initial temperature of
T «.300°C. The vertical pressure profile is
assumed hydrostatic, with an average pressure
Pay = 120 bars. The reservoir communicates’
with recharge waters of T = 100°C above and/or

"at the margins., The mass fraction of recharge

watar is denoted by x; initially x = 0 in the
reservoir,. The recharge waters are assumed to
have different (lower) salinity than the water
initially in place in the reservoir. For purposes
of numerical modeling, however, we ignore all
differences in thermophysical properties arising
from different salinity, such as differences in




viscosity, density, boiling curve, etc. We write
separate mass balances for "water 1" (x = 0) and
"water 2" (x = 1), which makes it possible to

keep track of the individual waters as they

start flowing and mixing in response to production.
A similar approach was presented by Geshelin et
al. (1981) for tracing fluid migraticn during
steam assisted oil recovery.

The reservoir simulaticns reported below
were carried ocut with LBL's compositional simu~
lator MULKCOM, which is similar to the geothermal
reservoir simulator SHAPT79 (Pruess and Schroeder,
1980), except that two water components are
included, To demonstrate the mixing effects, we
present results for two one-dimensional models.
We consider a t-m thick vertical slice of 700-m
length and 400-m height, which roughly corresponds
to a vertical secticn from the center of Cerro:
Prieto A (or upper) reservoir to the margin of
the present well field (see Figure 1). “The -
section shown in Fiqure 1 is produced uniformly
at a volumetric rate equal to the actual average
rate cver the last geveral years, Assuming
reservoir parameters of thickness H = 400 m,
radius R = 700 m for the presently exploited
portion of Cerzro Prieto field, the averags
production rate of 600 kg/s (=2,160 tons/hr)
corres ds to a volumetric rate of 9.74 x 107
kg/s.n®.  The total production rate from the
400 x 700 x 1 »3 gection is then 0.273 kg/s.
Other model parameters were chosen to represent
best estimates for Cerrc Prieto reservoir {(see
Table 1),

In case (a) we study lateral recharge. The
top and bottom boundaries are assumed "no flow",
whereas conditions of T » 100°C, p = 120 bars,

x = 1 are maintained at the right boundary. The
left boundary cotresponds to the center of the
reservoir and is always "no flow" due to symmetry.
Thus, the system starts out with a stap change in
temperature and water composition at the right
boundary. For the numerical simulatiocn the
reservoir is subdivided into 20 volume elements
of 35 m length each, Five sinks with a strength
of 0.0546 kqg/s each were placed into elements 1,
S5, 9, 13, and 17 to approximate a uniform deple-
tiocn (Figure 1). In response to production, water
with T = 1009C, x = 1 gtarts to invade the
reservoir from the margins. The temperature and
composition profiles after t = ] years are

shown in Figure 2. The thermal front advances at
approximately ons fourth the speed of the composi-
tiocnal front, due to heat transfer from the rocks
to the cold recharge waters. For the conditions
assumed in our modeling study, no two-phase zones
form in the reservoir. It should be streased
that the smearing of compositional and thermal
fronts is entirely due to numerical dispersion,
as our model does not include actual physical
dispersion due to multiple flow paths and other
mechanisms. - For compariscn a calculation with a
four times finer grid, using 80 grid blecks for
the 700 m length is also shown in Figqure 2. A

much gteeper, less dispersed profile u then
obtained- for the fronts.. = -

Case (b) differs from (a) in that vertical
recharge from the top is considered. Before
simulating producticn, we perform gravitational

equilibration, keeping p = 120 bars fixed at an
elevation of 200 m above reservoir bottom. 1In
the production simulation, the pressure is then
maintained at its equilibrium value p = 106.7
bars at the top of the reservoir,

Case (c) is the most realistic of the models
considered here. The model is two-dimensional,
and deals with both vertical and lateral recharge
and gradational changes in temperature and
salinity. The vertical recharge zone begins €600 m
below ground surface and extends to the reservoir
top at 800 m depth (see Figure 3). The reservoir
height is again H = 400 m, but the lateral
dimension is slightly increased to 1600 m, as
compared to 1400 m in the one-dimensional models.
Due to symmetry, only one half of the system
needs to be modeled. Laterally, the reservoir is
connected to a recharge zone of 1000 m length
with boundary conditions of T = 100°C, x = 1 on
the outer boundary. The initial variations in
tenmperature and fluid composition between reser-
voir and vertical and lateral recharge boundaries \
are assumed to be smooth. The. following parametar-
ization was used:

(i) composition: -
0'in reservoir;

£(%) between reservoir
and recharge boundary;

1 at recharge boundary;

*i.n"

(ii) temperature:
300°C in reservoir;

300 - £{2) x (300-100)CC
T = between reservoir and
in recharge boundary;
100°C at recharge bound-
aTYe.

Here £ is the distance from the vertical or
lateral reservoir boundary, and

L

for £ < L/2

£(2) =

' - —:— (2-1)2
L

for L > L/2,

L iz the vertical or lateral distance between
‘reservoir-and recharge boundaries (Lvettica]. =
200 ®; Lyzeeral = 1000 m), -

The computaticnal mnesh employs 100 o horizon-
tal and SO m vertical spacing, for a total of -
(18 x 8) + (8 x 4) = 176 elements, plus elements
for representing the boundaries. The problem is
initialized with approximate gravitational '
equilibrium relative to a reference pressure of
P = 120 bars at 1000 m depth. . (Due to the temp~
erature differences between reserveir and recharge
waters no rigorous gravitational equilibrium is
possible) . The same volumetric production rate
as was used in the cne-dimensional models is
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employed. Production is divided among four
sources, placed in elemencs D1, 23, DS, and E7
(see Fiqure 3.

" Horizontal permeability is taken to be 100 x
1015 n2, corresponding to & kH =40 x '
10=12 p3, This agrees closely with the
*field value® 36 x 10~12 m3, which can be =
derived from an average transmissivity kH/ U= 0.4
x 106 nd/Pa.s (Liguori, 1979) and B (300°C)
= 9,01 x 105 Pa.s., Vertical permeability was
assumed one tenth of horizontal permeability.

For these permeabilities, the reservoir can
easily sustain the applied production rate,

The largest cbserved pressure decline after 5~
years is spproximately 1 MPa, g0 ‘that pressures
renain well above satutation pressute and no
ewo-phase zones evolve.

Ttmpetacure prefiles for layers C, E, and G

‘after 3 years of simulation are presented in

Figure 4. The initial temperature distribution

(¢t = 0) im also plotted for comparison. The
‘gigqure shows a significant nigration (vertical

and lateral) of colder waters into the production
zone (0-800 meters away from the symmetry line)
due to the massive exploitation. The migration
of the colder recharge waters from above is
evident from the lower temperatures in the G
layer in comparison with the temperature profile
in the C layer in the production region,

Lateral migration of the recharge waters is also
evident in Figure 4 when the temperature profiles
for layers C and G are compared to the initial
temperature distribution (¢t « 0), The tempera-
tures in layer G are everywhere higher than the
temperatures in layers C and E in the outside
region (> 800 meters away from the symmetry line)
because of bouyancy effects.

The composition profiles for layers C, &,
and G after 3 years of simulation are shown in
Figure 5. Again . the initial composition profile
(t = 0) is included for reference. . The effects

-of vertical and lateral recharge, as well as

buoyancy cftecta. are clearly evident., The .-
interior of the production region {left portion
of Figure 5) is dominated by vertical recha:qe.

:which is strengest for the topmost layer. . -
’Accotdinqu, the mass fraction of recharge water

is greatest in layer G,.and smallest in layer C
near the bottom of the reservoir. A different

. picture is observed at the reservoir margins at a

distance of 800 m from the symmetry line.

There lateral recharge is dominant, which, due to
buoyancy effects, tends to be strenger in the
lower portions of the :ese:voir. s0 that x (layer
C) > x {layer B) > x-(layer G). The buoyancy -
effects cause x {layer G) to decrease more:
rapidly away from the lateral recharge boundary
{at 1800 -m distance from the symmetry line) than

. .is observed for layer E or C. The decrease in x
(layer G) is reversed insida the reservoir -dus to

vertical recharge, giving rise to a minimum'in x
(layer -G) near.the reserveir margin (800 'm). A
complex interplay of vertical and -lateral recharge
is also observed.for layet E. g

RESISTIVITY MODELING OF
A RESERVOIR WITH WATER MIXING

A two dimensional finite difference computer
code was used in numerical calculations for
:esixtivity models in this study. The code
RESIS2D solves finite difference equations for

" the electric potentials in or on the surface of a

two dimensicnal half space with an arbitrary
conductivity distribution (Dey and Morriscn,
1976; Dey, 1976). Computer simulation may be
done for a wide variety of surface and downhole
resistivity arrays. The accuracy of the code has
been verified by comparing results to analytical
:olutions and analoq models.,

. " The code utilizes a mesh of 113 x 16 ncdes
of which 58 x 13 can be used for arbitrary
resistivity distributions. This limited size
mnesh has posed problems for this study because it
is unable to provide fine resolution in the
region where the resistivity changes are large.,
Because of the limited mesh size, only 32 elements
can be used to describe resistivity within the
production zone, and thus resistivity variations
due to temperature and salinity changes were

“averaged over fairly large cross-sectionesl areas.

CALCULATION OF RESISTIVITY VARIATIONS

A study of the variations in resistivity due
to changes in fluid properties in geothermal
systems has recently been publigshed (Ershagi et
al., 1981),. In the present paper we use those
results to calculate resistivity as a function of
salinity and temperature,

Fiqure 6 indicates the effect of salinity
and temperature on resistivity for “typical® .
sediments in a geothermal environment. For our
study we assume that recharge waters have .3%
digsolved solids by weight and are at a tempera-
ture of 100°C, In the production zone the
parameters are 1.5% and 300°C, respectively.
These values are based on observed water chemistry
at Cerro Prieto (Grant et al,, 1981). Figure 6
shows that resistivity variations due to salinity
and temperature changes can be quite large.
In the recharge zcone, initial resistivity is 50
percent larger than in the production zone due to
temperature variation and more than 300 percent
larger due to salinity differences.

' ‘The initial subsurface resistivity distribu-

“tion assumed in this study is shown in Figure 7.

The S chm-m surface corresponds to a caprock.

The 15.6 ohm-m background is sedimentary rock
with 15 percent porosity and saturated with

100°C water at .3 weight percent HaCl. The

15,6 ohmem resistivity value for the background
was calculated from Archie's law. The geothermal
reservoir is represented by a 1600 n x 400 m zone
buried at a depth of 800 meters. Within the
reservoir region the resistivity is initially
2,15 ohm-m. This number was derived by adjusting
the background of 15.6 ohm-m for increased
salinity and temperature in the reservoir regicm.
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RESULTS OF SAMPLE CALCULATIONS

Resistivity calculations for the three
regervoir models preserted above were done for
the dipole-dipole resistivity array over the
producing zone, The calculations assume a.
station spacing of 600 meters and "n-spacings" of
1 to 8, i.e.; the distance between transmitter
and receiver is cne to eight times the 800 m
station spacing, This corresponds to a maximum
source-receiver separation of 7200 meters. For
the three cases studied (see abcve), we calculate

“resistivity pseudcsections for dipole-dipole

surveys before exploitation and then at times of
0.5, 1, 3, and 5 years after production began.
The resistivity distribution is adjusted to
account for subsurface temperature and salinity
changes due to production. Apparent resistivity
differences between the pre-production and

' subgequent ':uzvnyx',ake then calculated on a

point-by~-point basis and presented in pseudo-
section form,

Cage'a - Lateral Recharge

In Figure 8 percent difference pseudcsection

- plots for 1, 3, and S years after production

begins are given for the lateral recharge case.
The plots show a recognizable pattern of change
at 1 year which grows increasingly stronger with
time, The patterns are similar at all times,
The plots show a narrow arcuate band where the
effect is largest below wvhich is a “"shadow zone"
where little effect is cbserved. The band of
maximum change is strongly influenced by current
paths that travel through the reservoir region
whereas the "shadow zone” represents paths that
are only weakly influenced by the reservoir. Por
all plots, significant apparent resistivity
differences are cbserved at n = 2 to n = 8 for
points directly above the reservoir region.

After 3 years even the central nodes in the
production regicn are affected by the intrusicn
of colder and less saline water, and resistivity
in this region increases sharply. The percent
difference pseudcsection plot reflects this
change by showing a more pronounced apparent
resistivity increase in the center of the arc and
a reduction of the shadow zone beneath the
arc.

Assuming an average survey error of 1-2
percent, which is typical for the Cerro Prieto
monitoring studies (Wilt and Goldstein, 1982), it
should be possible to detect changes after one
year and to quantitatively model data after 2 or
3 years.

Case b - Vertical Recharge

For this case. cold water recharge is con-
strained to flow vertically downward into the
reservoir, Pigure 9 shows percent difference
pseudosections for 1, 3, and 5 years after
preduction begins. The difference _pattern is
quite similar to the lateral case, an arcuite or
chevron pattern with a shadow zone beneath, but
in this case the arc is nagrower and thicker at
the tcp.

One year resistivity changes are larger than
for the lateral case and appear shallower with
some significant change even at n = 1, After one
year the effect is greater than seven percent for
a number of points, which is well above the
measurement exrror levels.  After five years the

- pattern appears similar to the lateral case for
. the same time period.. ; .

Case ¢ - yé:tical and Lateral Recharge

‘ This case assumes both vertical and lateral
techazge, with gradational initial variatioms in
:empezaeuze and salinity cutside of - the production

.zone, In Figure 10, percent difference pseudo-
. sections are shown for 0.5, 1, 3, and S years

after the cnset of production. -There is very
little change after 6 months, and after cne year
only moderate change is observed. The intermediate
zone seems to act as a buffer, slowing the rate
of apparent resistivity change compared to the
previcus cases with step changes in temperature
and salinity. After three years much of the less
saline water reaches the production regioen,
resulting in rather large resistivity changes, -
The patterns also seem broader than either the
lateral or vertical case with significantly
larger magnitudes. After S years the maximum
resistivity change approaches 2S5 percent and a
change of more than 10 percent occurs for the n =
1 points overlying the reservoir. It -appears
that, due to the smooth spatial variations

in temperature and salinity, early time resigt-
ivity changes are smaller and late time changes
larger than predicted from the one-dimensional
step changs models (a) and (b).

DISCUSSION

Case (c), the most realistic of the cases
studied, has significant implications for resist-
ivity monitoring studies. Despite the large rate
of production the apparent resistivity changes
are small after one year of production and during
such early times reservoir-related changes cculd
be totally obscured by seasonal variations in
rainfall, runoff or irrigation (Wilt and Goldstein,
1982). However, given sufficient production
time, the recharge waters will affect the reser-~
veir regicn so that the pattern of resistivity
change may help dete:nine the parameters of fluid
circulation,

‘It is interesting to compare ocur calculated
resistivity results to the actual monitoring
measurements in Cerro Prieto (Wilt and Goldstein,
1982). . Figure 11 shows the percent changes in
apparent resistivity along a line over the .
production region (line E-E') at times of 1, 1.5,
and 2.5 years after the 1979 baseline measurements.
Additional details concerning the monitoring work
are given in Wilt and Goldstein (1982). The
field data show a far more complex 'pattern of
change than the ‘relatively simple models used in
the present study, but there are some striking
similarities in pattern and magnitude of resist-
ivity change, particularly in the producticn zone
which is located between kilometers 9 and 13.
This area has shown a continucus and steady
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resistivity increase very similar in character

to the arc-like patterns of generic model (c) but.
with only half of the arc present. The other
half is replaced with a zone of decreasing
resistivity. The pattern seems to guggest that
resistivity in the western part of the reservoir
may be changing in accordance with our mocdel, but
in the eastern portion of the reservoir more
complex processes are taking place. According to

" a fluid flow model, based on a lithofacies

analysis and temperature profiles (Halfman et
al., 1982), recharge to the "A" reservoir is in
part hot water ascending from below and from the
east along permeable paths provided by a combina-
tion of faults and sandstone units. This
circulation system might explain the differences
between the actual resistivity changes and those
simulated., The obviocus next step is to attempt
verification of the proposed fluid flow model by
means of a more rigorous simulation study.

CONCLUSIONS

A methodology has besn presented for indirect
:tudy of a geothermal reservoir which combines
numerical reservoir simulation with modeling of
apparent resigstivities as measured with the
dipole-dipole technique. For a Cerro Prieto-type
reservoir, temporal changes in apparent resigt-
ivity due to production and recharge of colder
and less saline waters are both calculated and
are observed to be substantial over time intervals
of several years., It therefore appears feasible
to use resistivity surveys as a means for monitor-
ing reservoir processes, while our schematic
models predict resistivity changes which are
roughly consistent with field observations, more
detailed reservoir models are required to ade-
quately represent the field data,

For most geothermal reservoirs, the patterns
of fluid flow and resistivity change will be
three-dimensional. Therefore, accurate resist-
ivity monitoring requires measurements along
several intersecting profiles.

The proposed methodology :hould also be
applicable for monitoring the migration of
:einjected fluids, 1

|
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TABLE 1

Parameters for Production Simulation
rock density . 2600 kg/m3
porcsity ; ‘ RIS -
horizontal permubi.lity 100 x 10-15 n2
vertical pemability ' 10 x 1015 p2
heat conducuvity 2.1 W/m°C
rock specific heat 900 J/xg°C
vertical extent

of reserwvoir 400 =

volumetric rate
of production

initial reservoir
temperature

average initial
reservoir pressure

9.74 x 10~7 xg/s .3
300°C

12 MPa (120 bars)
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