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Abstract

Earthquakes have been induced by oil and gas production, where pore pressures have decreased, in some cases by
several tens of MPa. It has previously been suggested that such earthquakes are caused by poroelastic stressing of crust
surrounding the reservoir. Induced earthquakes are also common in geothermal fields, such as The Geysers, where strong
correlations between both steam production and condensate injection, and earthquake activity have been observed over the
last several decades. Stress measurements within hydrocarbon reservoirs show that the least horizontal stress decreases
with declining reservoir pressure, as predicted by poroelasticity. For circular disk-shaped reservoirs, isothermal reduction
in pore pressure induces a relative horizontal tension within the reservoir. Production-induced stressing may promote
frictiona sliding on pre-existing faults. Within the reservoir itself, normal faulting is promoted if the regiona stress is
extensional and the Biot coefficient is sufficiently large, @ > 0.85 for reasonable coefficients of friction. On the other hand,
dilatant fracturing and normal faulting are always promoted, in extensional environments, near the edge of the reservoir
or in regions of high pore-pressure gradient. It is suggested that such fracturing could enhance fracture permeability in
tight rocks adjacent to portions of the reservoir that experience large reductions in pore pressure due to production. In
regional compressional environments, production modestly favors reverse faulting above and below the reservoir. The ratio
of thermal to poroelastic stress can be quite large in geothermal reservoirs such as The Geysers. Reservoir-wide energy
balance considerations suggest that the average temperature has declined at The Geysers by 6°C during the past 20 years.
Reservoir average stress changes are thus on the order of ~2 MPa, and are certainly much larger near injection wells and
steam-producing fractures. [0 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction tion-induced earthquakes are triggered by poroe-
lastic stresses associated with reservoir contraction.
Declining pore pressures cause reservoir rocks to

contract dightly. Because the reservoir is elastically

There is now good empirical evidence that ex-
traction of pore fluids from within the crust can

trigger earthquakes (Yerkes and Castle, 1976; Pen-
nington et al., 1986; Segall, 1989; Grasso and Witt-
linger, 1990). Segall (1989) suggested that extrac-
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coupled to the surrounding rocks, this contraction
stresses the neighboring crust. This results in sub-
sidence, horizontal contraction above the reservoir,
and in some instances, triggered seismicity.

Faulting associated with fluid withdrawal isillus-
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Fig. 1. Summary of observed faulting associated with fluid withdrawal. Open arrows indicate horizontal strain. Normal faults develop on
the flanks of the field when the depleted reservoir is located in an extensional environment, whereas reverse faults develop above and
below the reservoir in compressional environments. After Segall (1989).

trated schematicallyin Fig. 1. Notethat induced fault-
ing generally occurs outside the reservoir. It should
also be emphasized that not al of the faultsin Fig. 1
are developed in any given setting; the style of fault-
ing depends on the ambient stress state. I n extensional
environments normal faults bounding the reservoir
may be devel oped perpendicular to the least horizon-
tal principal stress (e.g. the Goose Creek field, Texas;
Pratt and Johnson, 1926). In compressional environ-
ments reverse faulting may be developed above or
below the reservoir; e.g. the Buena Vista Hills field,
Cdlifornia (Koch, 1933), and the Strachan field Al-
berta (Wetmiller, 1986), respectively.

Segall et al. (1994) compared subsidence and the
spatial distribution of seismicity with predictions of
poroelastic calculations for the Lacq gas field in
southwestern France, assuming aradially symmetric
reservoir. Perturbations in stress oj; due to changes
in pore pressure p are computed by integrals of the
form (Geertsma, 1973; Segall, 1992):

) — (1-2v)
aij ( )_a2(1—v)
X [/v p(X)Gjj (x, x)dV — P(X)Sij} D

where « isthe Biot pore-pressure coefficient, v isthe
drained Poisson ratio, Gjj are elastostatic Green's
functions corresponding to centers of dilatation, and
8ij isthe Kronecker delta (§ij = 1fori = j, 6 =0
fori £ j). Segall et al. (1994) computed subsidence
based on a-priori knowledge of the reservoir geom-
etry, pore-pressure decline, and material properties,
and showed that the cal culations were in good agree-
ment with subsidence measured by repeated leveling

surveys. They aso compare the perturbing poroelas-
tic stresses with the distribution of seismicity. The
agreement was found to be reasonabl e, assuming that
fault dlip occurred on pre-existing surfaces that are
optimally oriented for frictional sliding and that prior
to production the least principal stresswas vertical.

In this note we focus on stress changes occur-
ring within hydrocarbon and geothermal reservoirs
and their implicationsfor reservoir properties and in-
duced seismicity. Hydraulic fracturing measurements
show that minimum horizontal stresses decrease (be-
come more tensile) with decreasing reservoir pore
pressure (Fig. 2). Teufel et al. (1991) demonstrated
this for the Ekofisk field, where the ratio of change
in horizontal stress to reservoir pore pressure is
doy,/dp ~ 0.8. Earlier, Salz (1977) (reported in En-
gelder and Fischer, 1994) had presented similar data
for the McAllen Ranch, Texas field. A least-squares
fit to all of the McAllen Ranch data (Fig. 2) yields
doy/dp ~ 0.5.

While these observations have previously been
recognized as a poroelastic effect, there has been
some disagreement about how to interpret the data.
Engelder and Fischer (1994) treat the reservoir as a
horizontal layer and assume that production occurs
with no net horizontal strain. Thisleads simply to:

1-2
Aop =« vAp 2
1-v

(see below). Teufel et al. (1991), however, question
whether constant-strain, or displacement, boundary
conditions are appropriate and suggest that the actual
boundary conditions may be intermediate between
these two extremes.
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Stress Changes Due to Decrease in Pore-Pressure
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Fig. 2. Stress changes due to decrease in reservoir pore pressure. Horizontal axis is reservoir pore pressure. Vertical axis is minimum
horizontal stress, as determined by hydraulic fracturing. Ekofisk data from Teufel et al. (1991). McAllen data from Salz (1977).

In this note we consider the reservoir to be an el-
lipsoidal inclusion embedded in an otherwise elastic
continuum. It is thus the geometry of the reservoir
and the elasticity of the surroundings that control the
boundary conditions on the reservoir. Although ide-
alized, such a model reasonably predicts the poroe-
lastic fieldsinside the reservoir, aswell asthe surface
strains and subsidence. In contrast, an infinitely ex-
tensive flat reservoir predicts spatially uniform sub-
sidence and no horizonta strain above the reservoir.
The latter is in contradiction to field observations.
For example, at the Wilmington oil field in Long
Beach, California, horizontal contractions reached
1% strain, causing pipelines and railroad tracks to
buckle (Yerkes and Castle, 1976).

2. Method

Consider an ellipsoidal reservoir with semi-major
axes a; > a, > ag, embedded in a uniform full
space (Fig. 3). For simplicity, free surface effects
will be neglected in this analysis. We further as-
sume that the pore pressure within the reservoir is
reduced uniformly by Ap during production and
that the temperature decreases uniformly by AT.

The pore pressure and temperature outside the reser-
voir remain unchanged. The elastic properties of the
reservoir and surrounding rocks are the same.

For alinear, isotropic, thermo-poroel astic medium
the solid strain, &;j, depends on the stress, o;;, pore
pressure, p, and temperature T, through (e.g. Mc-
Tigue, 1986):

1 v
N T Y
1—-2v
+ 221t U)a(p — p0)di; + AT =Tod; (3

where po and T, are, resp., the pore pressure and

A X3

N
3 1 >

Fig. 3. Model reservoir with semi-major axes a;, ap, ag where
a; = ay > ag.
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Fig. 4. Schematic illustrating the sequence of steps needed to compute the stress in the reservoir. (a) The ellipsoida reservoir is removed
from the earth. Fluid and heat are extracted causing the pore pressure and temperature to change by Ap and AT, respectively. This
causes the reservoir to undergo a‘transformation’ strain sﬁ . (b) Tractions are applied to the boundary of the reservoir such that the elastic
strain is equal and opposite to the transformation strain. At this point the reservoir fits exactly back into the earth. (c) The reservair is
glued back in place and the surface tractions relaxed. This resultsin a uniform stress within the reservoir ai‘j”C'”S“’“.

temperature in the reference (unstrained) state, u
and v are, resp., shear modulus and Poisson’s ratio
under drained isothermal conditions, « is the Biot
pore-pressure coefficient, and A is the coefficient
of linear thermal expansion. The Biot coefficient «
relates the change in pore pressure to strain of the
porous medium. If the porous matrix is compliant,
in comparison to the solid congtituents, then o ~ 1,
whereas if the matrix isvery stiff o ~ 0.

Assuming lateral constraint (zero horizonta
strain), the stress change given by Eg. 2, is smply
obtained from Eqg. 3 for isothermal conditions, as-
suming the two horizontal normal stresses are equal
and the vertical stress (change) is zero.

To compute the stresses within an ellipsoidal
reservoir, we first imagine removing the reservoir
from the elastic earth and uniformly reducing the
pore pressure and temperature by A p and AT within
the reservoir (Fig. 4a). As there are no stresses ap-
plied to the boundary of the reservoir during this
process, the change in pore pressure and tempera-
tureinduces a ' stress-free’ or ‘transformation’ strain,
which from Eg. 3is:.

T 1-2
8 =55
2u(l+v)

In order to restore the reservoir to itsinitial shape
we apply tractions to the boundary (with magnitude

aApdy + AATSy 4
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—CijuemNj, Where n; isthe unit normal to theinclu-
sion boundary, and the C;; iy are the elastic constants)
such that the elastic strain is equal and opposite to
the transformation strain. This step is imagined to
be done under drained, isothermal conditions so that
the reservoir temperature and pore-pressure changes
remain AT and Ap. The reservoir is now restored
to itsinitial shape, although the elastic strain in the
reservoir is —g), and fits exactly in its original posi-
tion (Fig. 4b). We now ‘glue’ the reservoir back into
the elastic earth and remove the applied boundary
tractions (Fig. 4c). Eshelby (1957) showed that the
resulting strain in the inclusion is given by:
giijnclusion — _gi'ljf + Sjklgl] (5)
where the S are rank four tensors known as the
‘Eshelby shape factors' (e.g. Mura, 1982). The sec-
ond term on the right-hand side of Eq. 5 represents
the constraint of the elastic surroundings applied to
the reservoir.
From Egs. 4 and 5 the elastic strain within the

reservair is given by:
|: 1-2v

2u(1+v)

inclusion
& —

i OlAp+)»ATi|(Sjkk—5ij)

(6)
The inclusion stresses are then given by Eq. 3 for
drained, isothermal conditions. Thisyields:
1+v
T vaT] i )
where the Xi; are defined as:

1-2v v
23ijE<5ij— 1+ijkk_1+vS<knn5ij> (8)

The Xi; embody the reservoir geometry since the
shape factors are functions of the reservoir semi-
major axes and Poisson’s ratio:

Sjw (ag/a1, az/ay, v)

O,iijnclusion - _ [ozAp + ZM

3. Stress changes in hydrocarbon reservoirs

Consider the model reservoir to be an oblate €l-
lipsoid with semi-major axes a; = a, > ag, with the
x3 direction vertical (Fig. 3). The horizontal stress
change (011 = 02,) dueto anisothermal reductionin
pore pressure (from EqQ. 7) is:

Uﬂdugon = —aApXi ©

Note that the change in horizontal stress is pro-
portional to the change in pore pressure: the propor-
tionality dependent on the Biot coefficient and the
reservoir geometry. The shape term X, isshown in
Fig. 5 for different aspect ratios. In the limit that the
reservoir thickness is much less than the horizontal
dimensions, a; = a, > ag, it can be shown using
results from Mura (1982) that:

1-2v T ag
Yy = 1--2 10
H 1—v( 4a1) (10)
and
7l—2va
== = 11
¥BT21-v a (D

These approximations are quite good for ag/a; >
5 (see Fig. 5). Note that in the limit that the reservoir
is infinite in extent, ag/a; — 0, that Egs. 9 and 10
reduce to the lateral constraint result of Engelder and
Fischer (1994). This limit is not unreasonable; for
example, at Ekofisk, we approximate az/a; = 150
m/4 km = 0.04 (Van den Bark and Thomas, 1980).
For Poisson’s ratio in the range of 0.15 to 0.20,
Egs. 9 and 10 together with the observed value of
Aon/Ap ~ 0.8 yield @ ~ 1, which is in good
agreement with laboratory data reported by Teufel et
al. (1991).

An interesting test of poroelastic stressing due to
reservoir depletion, which to our knowledge has not
been done, would be to measure the stress change
immediately above the reservoir. As noted previ-
ously, while the horizontal stress within the reser-
voir decreases (becomes more tensile), the horizontal
stress above and below the reservoir is predicted to
become more compressive. This arises because the
contraction of the reservoir pulls the adjacent rocks
inward, driving them into compression. In our ssmple
model the change in pore pressure is discontinuous
at the reservoir boundary. This causes the stress tan-
gential to the reservoir boundary to be discontinuous
at the boundary (Goodier, 1937):

O_titncl usion __ Jt?<terior - _ 11_ 2v aAp (12)
—V

where oy denotes the stress tangential to the reser-

voir boundary. Equilibrium requires the perpendicu-

lar component of the stress as well as the shear stress

be continuous across the boundary.
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Fig. 5. Shape factors £11 and X33 as a function of reservoir aspect ratio a; /ag = ap/ag. Poisson’s ratio v = 0.25.

Immediately above the center of the reservoir the
tangential stress is horizontal, and Egs. 9 and 12
1-—2v

yield:
- X
1-, 11)

Aahe(terior — aAp (

Note that asthereservoir pressure declines(A p <
0) the horizontal stress above the reservoir becomes
more compressive. In thelimit a; = a, > az EQ. 13
becomes:

(13)

1-2vmag
1-v 4 a

The change in horizontal stress above and below
the reservoir is thus opposite in sign and consid-
erably smaller (by a factor of ag/a;) than the hor-
izontal stress change within the reservoir. Because
pore-pressure changes represent an internal source
of stress, the integral of the horizontal stress change
with depth must be zero. Thus, the relative tension
within the narrow reservoir (half-depth ag) is bal-
anced by a smaller increase in compression spread
over a much larger domain, with characteristic di-
mension a;.

The situation is quite different at the edge (lat-
eral boundary) of the reservoir. Because the normal
component of the traction must be continuous at the

exterior
Aoy,

=aAp (14

boundary of the reservoir, the horizontal stress just
outside the reservoir must be the same as that inside.
The stress change outside the reservoir can thus be
of order A p, athough it will decay rapidly with
distance from the reservoir. Interestingly the effective
stress change outside the reservoir is aso of order
aAp, as the pore-pressure change there is small.
This may have important implications for induced
faulting and fracturing as discussed in the following
section.

4. Faulting and fracturing due to production

The effective stress for fracturing is:
A5ij = AO’ij + Ap
so that the change in the least compressive horizontal
stressis:
Ach = Ap(l—aXy) (15)
The quantity in parentheses is non-negative, so
that Ay, is always negative when fluid is extracted
from the reservoir. One thus expects vertical frac-
tures oriented perpendicular to o, to contract during
production.

In genera the stresses outside the reservoir vary
with position and can be computed from Eq. 1. It is
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possible to approximate the stress at the edge of the
reservoir, however, by recaling that the horizontal
stress must be continuous at the boundary. In the
simple ellipsoidal model of the reservoir the pore
pressure is discontinuous at the reservoir bound-
ary. This suggests that dilatant (mode 1) fracturing
could be induced in the surroundings perpendicu-
lar to the least horizontal compression. In actuality
the pore-pressure change must be continuous; how-
ever, the ssimple result should be applicable as long
as the pore-pressure gradient is sufficiently steep.
If the pore-pressure changes are abrupt the induced
stresses can be significant. Reservoir pore-pressure
changes can be on the order of 20 to 30 MPaor more
(Fig. 2), and a Xy is of the order of one-half. From
Eqg. 9 the least compressive stress at the periphery of
the reservoir may thus increase by 10 to 15 MPa.
Teufel et a. (1991) suggested that the produc-
tion-induced stress changes can lead to normal fault-
ing within the reservoir. Slip on a pre-existing fault
becomes more likely as the Coulomb stress:

AD = AT + usAdp (16)

Critical

increases (recall tension is positive here). Here t
and 6, are the shear stress and effective normal
stresses acting on the fault, and o is the coefficient
of friction. The horizontal effective stress change
is given by Eq. 15. The vertical stress change is
negligible, so that A, ~ Ap. If the reservoir isin
a regiona normal-faulting environment, that is the
regional least compressive stress is horizontal, then
Eq. 16 becomes:

A® = —Ap{aZpsin@®)[cos(®) + nsin(@)] — u}
17)

where 6 is the fault dip. Declining pore pressure will
favor normal faulting within the reservoir if:

o > . e "
2118n(0)[cos@) + w sin(®)]

The critical value of « is shown in Fig. 6 as a
function of u and fault dip 0, for a Poisson ratio of
v = 0.20, and a reservoir aspect ratio a;/az ~ 26
appropriate for the Ekofisk field. The in-situ stress
data indicate that @ ~ 1 at Ekofisk, suggesting that
norma faulting may be induced within the reser-

(18)
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voir there. Note, however, that a rather large Biot
coefficient is required for production to induce nor-
mal faulting within the reservoir. For the Poisson
ratio and the reservoir aspect ratio used here, normal
faulting isinhibited for @ < 0.85, assuming u > 0.5,
or for u > 0.7 for arbitrary «.

Outside the reservoir, production does not directly
decrease the pore pressure so that the tendency for
normal faulting is considerably more pronounced. In
this region the Coulomb stress changeis:

AD = —ApaZSn(@)[cos®) + usin@)] (29

which is positive for all Ap < 0. This suggests that
in extensional environments, normal faulting will be
promoted near the edge of the reservoir or indeed
anywhere there is a steep gradient in pore-pressure
reduction. Eq. 19 neglects possible undrained pore-
pressure changes outside the reservoir, which would
occur in a half-space calculation. As discussed be-
low, this effect is unlikely to ater the general behav-
ior described here.

In aregiona thrust faulting environment the re-
duction in horizontal compression stabilizes faults
within the reservoir. Faults above or bel ow the reser-
voir, however, will become less stable (Segall, 1989).
It is possible to approximate the change in ® imme-
diately above or below the center of the reservoir, as-
suming again that the vertical stress does not change
and the horizontal stress change is given by Eq. 13.
We have assumed that the pore pressure does not
change outside the reservoir. Compression of the
rocks above and below the reservoir may lead to an
increase in pore pressure there, if the permeability
is sufficiently low that the deformation is essentially
undrained. Increasing pore pressures in aquitards
above pumped aquifers is known as the ‘ Noordber-
gum effect’ in hydrology (Verruijt, 1969). This effect
is not seen in full-space calculations, since the mean
normal stress does not change outside the reser-
voir in a full space. In a more complete half-space
calculation the drained pore-pressure response, ap-
propriate for times short compared to characteristic
pore-pressure diffusion times, is given by:

Ap=— B"—:';:‘ (20)

Here B is Skempton’s pore-pressure coefficient,
which depends on the compressibility of the rock,

pores, and pore fluid, and is strictly bounded by
0<B<1l

Assuming that the deformation is fully drained,
and the horizontal stress change is given by Eq. 14
the change in Coulomb stressis:

AD — A 7 (1—2v a3
=P \10 ) 5

x sin(@)[cos(B) — w Sin(B)] (21

For a fault dip of 30° and similar parameters to
those used above we find:

AP ~ L8
6 a

For Ap ~ =50 MPa, « ~ 1, and ag/a; ~ 0.04,
we find that A® ~ 0.33 MPa. Although modest,
such perturbations can apparently trigger seismicity
if the pre-existing regiona stresses are sufficiently
close to failure. Note, however, that neglecting the
finite lateral extent of the reservoir, equivalent to the
limit ag/a; — O predicts no change in horizontal
stress outside the reservoir and thus no tendency for
faulting.

The tendency for faulting to occur within and
adjacent to reservoirsis summarized in Fig. 7. In ex-
tensional environments, normal faulting is promoted
within the reservoir if the Biot coefficient is suf-
ficiently large. Normal faulting is favored near the
periphery of the reservoir in extensional environ-
ments for all values of « and w. In compressional
environments, reverse faulting is promoted above
and below the reservoir, with magnitude that scales
with —a A p (ag/ay).

The tendency for extensional fracturing and nor-
mal faulting associated with abrupt changes in pore
pressure may have implications for changing reser-
voir properties during production. One can speculate
that steep gradients in pore pressure due to lateral
variations in permeability might generate substantial
changes in horizontal stress that favor extensional
fracturing and normal faulting in the lower-perme-
ability medium. This might lead naturaly to en-
hanced fracture permeability in just those regions
that have naturally low permeability. Perhaps this
can account for the observation at Ekofisk that reser-
voir permeability has not declined with production,
despite significant reservoir compaction and subsi-
dence (Teufel et al., 1991).
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5. Stress changes in geother mal reservoirs

Production from geothermal reservoirs at satu-
rated conditions results in a decline in both reservoir
pressure and temperature. As an example of the ef-
fects of decreasing temperature and pore pressure
on the state of stress within geothermal reservoirs,
we will consider The Geysers steam field in north-
central California. The Geysersis one of the largest
producing geothermal fields in the world, with in-
stalled generating capacity that peaked at 2000 MW
(Gambill, 1992). Steam is produced at temperatures
of 225° to 255°C from Franciscan graywackes and
an underlying silicic intrusive. Within the reservoir,
water is stored in the liquid phase within matrix
porosity, which averages only 2%. During produc-
tion, hot water flashes to steam in response to the
decreased pressure and flows through a network of
fractures to the producing wells. As production con-
tinues the zone of pressure drop expands and the
boiling zone spreads away from the well. Steam flow
is dominated by fracture permeability, which is esti-
mated to be 10-180 mD, far greater than the matrix
permeability of 5-120 wD (Barker et al., 1992).

Beginning in 1987 steam production at The Gey-
sers began to decline. The decline is attributed to
a drop in reservoir pressure rather than from loss
of heat. Since the beginning of exploitation, steam
pressure has dropped by 2.2 MPa (from an estimated
initial value of 3.5 MPa to as little as 1.3 MPa in
1988; Barker et al., 1992). To combat the declinein
pore pressure approximately one third of the steam
condensate is reinjected into the reservair.

The Geysers is aso one of the most seismically
active areasin northern California (Hill et a., 1990).
Most workers agree that much of the seismicity is
induced. However, there is little unanimity about the
dominant mechanism. Oppenheimer (1986) noted
strong spatial and temporal correlation between seis-
micity at The Geysers and steam production. Ma-
jer and McEvilly (1979) suggested that volumetric
strains associated with steam production might cause
the microseismicity. Denlinger and Bufe (1982) sug-
gested that shear stresses induced by depressuring
steam-filled fractures trigger the seismicity. Alterna-
tively, Allis (1982) suggested that production causes
a transition between (previously undetected) aseis-
mic deformation and stick-slip deformation.
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More recently, Stark (1992) found a good corre-
lation between the location of injection wells and
epicenters of events with depths greater than 4000
ft. (~1219 m). Shallower events apparently do not
correlate with injection. Stark (1992) also reports a
temporal correlation between the onset of injection
in a particular area and an increase in seismicity
rate. He notes, however, that only roughly haf of
the earthquakes at The Geysers are ssimply related to
injection.

We can use the results of Eg. 7 to quantify the
relative size of thermoelastic and poroel astic stresses
due to production in geothermal reservoirs:
o™ KiAT

oﬁom a Ap

where K is bulk modulus. The linear coefficient of
thermal expansionistypically intherange i ~ 0.5—
1.0 x 107%°C~1 (Skinner, 1966). Seismic velocities
in The Geysers (Majer and McEvilly, 1979) imply
bulk moduli of K ~ 3 x 10* MPa. As previously
noted « is bounded between 0 and 1, and is typically
intherangea ~ 0.5—1.0. Thus, the coefficient term
in Eq. 22 is bounded by 0.1 MPa/°C < K\A/a < 2
MPa/°C, and is likely to be on the order of 0.4
MPa/°C at The Geysers (assuming o ~ 0.75).

As liquid water and steam coexist within frac-
tures, the most obvious way to estimate dT /dP then
is from the slope of the vapor pressure (coexistence)
curve, which is dT/dP ~ 19°C/MPa at ~3 MPa.
According to this argument, Eq. 22 implies that ther-
mal stresses exceed poroelastic stresses by a factor
of 8 or more (the slope of the vapor-pressure curve
increases with decreasing pressure).

It is important to note, however, that these pres-
sure and temperature changes are restricted to the
neighborhood of steam-producing fractures. Due to
capillary effects, the pressure change within ma-
trix pores may be far less than that within steam-
filled fractures. The reservoir averaged pore-pressure
changeistherefore likely to be small and poroelastic
effects negligible.

The large temperature changes implied by the
slope of the Clausius—Clapeyron curve are also re-
stricted to the neighborhood of producing fractures,
and are not representative of the reservoir asawhole.
A better estimate of the reservoir averaged temper-
ature change is obtained from a net energy balance

(22)

for the reservoir. Energy conservation applied to the
reservoir requires:

Vpc e Q (23)
where V is the reservoir volume, p and c are the
density and specific heat of the rock, T is temper-
ature, and Q is the net flux out of heat out of the
reservoir. Note that due to the low porosity, essen-
tialy all of the thermal energy is contained within
the solid phase. In this analysis we consider only
production-induced flux of heat into and out of the
reservoir. This is equivalent to assuming either that
prior to geothermal production the system was at
steady state, or that the natural fluxes of heat in
or out of the reservoir are small compared to those
induced by geothermal production.

The net flux of steam out of the reservoir has
averaged 3 x 10'° kg/year over the last 20 years
(Barker et a., 1992). With an enthalphy of 2.8 x 10°
J/kg (Pruess et a., 1987) this represents an energy
loss of 8.4 x 10'® J/year. Approximately 35% of the
steam is returned to the reservoir as liquid water at
roughly 40°C. The specific heat of water is4.2 x 10°
Jkgt°C1, sothat 0.2 x 10% J/year are returned to
the reservoir viainjection. The net energy loss of the
reservoir isthus 8.2 x 10'® J/year. The volume of the
reservoir that has undergone significant production
is roughly 100 km3. Taking p = 2.6 x 10% kg/mq,
and c = 920 Jkg~t °C~* (Pruess et al., 1987), yields
T = —0.3°C/year, or a net temperature decline of
6°C over 20 years.

While 0.3°C/year is a modest temperature
change, and may very well be below the resol ution of
temperature measurements in The Geysers, it is suf-
ficient to generate significant thermoelastic stresses.
Using K ~ 3 x 10* MPa, and A ~ 1.0 x 107°°C1,
the estimated cooling rate corresponds to a stressing
rate of 0.09 MPa/year (nearly 1 bar/year), or ~2
MPawhen averaged over 20 years. Stress changes of
this magnitude can induce earthquakes in critically
stressed crust.

As emphasized above, the temperature and stress
alterations are to be interpreted as reservoir aver-
ages. The temperature change within the reservoir
is extremely non-uniform, with large concentrations
near injection wells and steam-producing fractures.
A more detailed analysis is required to model ther-
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mal stresses on these scales. Mossop and Segall
(1997) show that thermoelastic stresses generated
from injection of cold fluids into hot rock are quite
appreciable. The calculations presented here simply
illustrate that thermoelastic stressing cannot be ig-
nored in geothermal reservoirs and is quite likely the
dominant effect in altering the stress state within the
reservoir. This suggests that microseismicity within
The Geysers reflects temperature changes and may
be useful in monitoring cold injectate within the
reservoir.

6. Conclusions

Stress changes within reservoirs can be predicted
if the appropriate poroelastic constants are known.
Production may induce normal faulting within reser-
voirs if the Biot pore-pressure coefficient is suffi-
ciently large. Dilatant fracturing and normal faulting
can be induced by steep gradients in pore pressure
and may act to enhance fracture permeability in
tight rocks that serve as barriers to flow. In regional
compressional environments, production may trig-
ger reverse faulting above and below the reservoir.
Thermoelastic effects dominate poroelastic stress-
ing in geothermal reservoirs. Reservoir-wide stress
changes in The Geysers steam field due to produc-
tion-induced cooling average ~2 MPa over the life
of the field. Thermal stresses are likely to be much
larger near injection wells and steam-producing frac-
tures.
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