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[1] The temporal and spatial pattern of seismicity associated with reservoir water
level fluctuations, injection of high-pressure fluids in deep boreholes, and seasonal
groundwater recharge provide a unique setting to study the hydrological properties of the
seismogenic fractures. Pore pressure diffusion is primarily responsible for the build up
of fluid pressures and the onset of seismicity. The hydrologic property controlling pore
pressure diffusion is hydraulic diffusivity c, which is directly related to intrinsic
permeability k. By analyzing more than 90 case histories of induced seismicity, we
determined the hydraulic diffusivity value of fractures associated with seismicity to lie
between 0.1 and 10 m2/s. This range of values of c corresponds to a range of intrinsic
permeability values between 5 � 10�16 and 5 � 10�14 m2. We call this range the
seismogenic permeability ks. Fractures with ks were found to be associated with Darcian
flow. Fractures with permeability less than ks were aseismic, as the pore pressure increase
was negligible. In fractures with permeability larger than ks, aseismic non-Darcian
flow was observed. Seismicity was uniquely associated with fractures with seismogenic
permeability. Thus seismogenic permeability is an intrinsic property of fractures
where pore pressure diffusion is associated with seismicity.
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1. Introduction

[2] Temporal and spatial patterns of induced seismicity
following the impoundment of a reservoir, or the injection
of fluids in a well, or seasonal groundwater recharge
provide evidence for the predominant role of fluid pressure
diffusion in their generation. The rate of epicentral growth,
the time lag between reservoir impoundment, or fluid
injection in a well, and the onset of seismicity were the
elements used by Talwani and Acree [1984] to estimate the
hydraulic diffusivity c, and therefrom, the intrinsic perme-
ability k of the fractured rocks associated with seismicity.
For most of the �50 cases of reservoir- and injection-
induced seismicity (RIS and IIS), they found the intrinsic
permeability to range between 10�16 and 10�14 m2. Shapiro
and coworkers applied the same concept to estimate the
permeability from the hypocentral growth of fluid-injection-
induced seismicity at KTB (Kontinentale Tiefbohrung) site
in Germany [Shapiro et al., 1997] and at hot dry rock
(HDR) sites at Fenton Hill, USA and Soultz, France
[Shapiro et al., 2003]. For these cases, where seismicity
followed high-pressure fluid injections, they found k to be
�10�17 to 10�16 m2. However, for the aftershock pattern of
the Antofagasta, Chile earthquake of 1995, they estimated k
to be 6 � 10�14 m2.

[3] Saxena et al. [1988] used Biot’s consolidation theory
in developing a model for reservoir-induced seismicity by
simulating fractures under a reservoir as fluid-filled elastic
material. They considered the overburden pressure due to
reservoir impoundment to be the maximum stress respon-
sible for destabilizing the fractures according to Mohr-
Coulomb fracture failure criterion. They considered such
failure as an induced event and presented their result in
terms of number of such events. They suggested that the
frequency of such events was dependent on the ‘‘time
taken’’ for the pore pressure buildup and was thus depen-
dent on the reservoir-filling history and the coefficient of
hydraulic conductivity, K = kgr/m, where k is permeability,
g is the acceleration due to Earth’s gravity, and r and m are
the density and dynamic viscosity of water, respectively.
They found that the frequency of induced seismicity was
highest when K ranged between �10�9 and 10�7 ms�1.
Taking m = 10�3 Pa s and r = 103 kg m�3, the range of K,
10�9 to 10�7 ms�1, corresponds to an intrinsic permeability,
k, range of 10�16 to 10�14 m2. In these examples of RIS, the
exact nature of the subsurface fractures connecting the
reservoir to the hypocentral locations is largely unknown.
[4] In the last two decades, fluid-injection-induced seis-

micity (IIS) has been studied at various locations. Targeted
studies were carried out in crystalline rocks in a large
granite block in France [Cornet and Yin, 1995] at the
KTB site in Germany [Zoback and Harjes, 1997] and in
the Philippine and Nojima Fault Zones [Prioul et al., 2000;
Tadokoro et al., 2000]. Other targeted studies of IIS were
carried out at locations of hot dry rock projects, for
example, at Soultz, France [Evans et al., 2005] and at the
Hijiori hot dry rock site in Japan [Sasaki, 1998; Tezuka and
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Niitsuma, 2000]. At these locations the availability of
detailed fluid pressure histories at the surface and at
hypocentral locations have helped to assess the conclusions
based mainly on RIS and aftershock data on a characteristic
range of intrinsic permeability of fractures associated with
fluid-induced seismicity.
[5] More recently, it has been possible to estimate hydrau-

lic diffusivity in regions where an association was established
between intense rainfall or groundwater recharge due to
snowmelt and seismicity [Hainzl et al., 2006; Saar and
Manga, 2003].
[6] In order to see if there is a characteristic value of per-

meability of fractures wherein the seismicity is associated
with fluid pressure diffusion, we greatly expanded our
database. Before presenting the results of this exercise, we
present first some background information related to pore
pressures in fluid-filled fractures and the genesis of reservoir-
induced seismicity. Then we present our results and discuss
their implications in light of the more recent and detailed IIS
data.

2. Background

2.1. Pore Pressure Flow Occurs Through Discrete
Fractures

[7] From a study of exhumed faults in the upper brittle
regions of the crust, Sibson [2001] noted that major trans-
crustal fault zones are predominantly tabular. Cornet and
Yin [1995] monitored induced seismicity and fluid flow
associated with large-scale forced water circulation in
�15 � 106 m3 volume of granite at Le Mayet de Montagne
in central France. They found that >80% of the flow was
contained in three or four main preexisting fractures. A
similar observation was made by Evans et al. [2005] in a
hot dry rock experiment at Soultz-sous-Forêts in the
Rhine Graben near Strasbourg, France. There, �20,000 m3

of water was injected into the granite between 2.8- and
3.4-km depth in September 1993. These authors found
that during injection, �95% of the flow into the rock mass
was confined to just 10 major, naturally occurring perme-
able fractures. In an experimental determination of in situ
hydraulic properties of a shear zone in northwest South
Carolina, Talwani et al. [1999] compared water levels in a
reservoir with those in an observation well, 250 m away,
connected to the reservoir by a 1-m-wide shear zone. The
shear zone was one of six such zones embedded in a
crystalline rock matrix, encountered at the bottom of the
reservoir. Experimental results and direct observations in
the underground tunnels and in the powerhouse area below
the reservoir indicated that these saturated shear zones were
the only conduits for fluid and fluid-pore pressure flow
away from the reservoir. In this paper we will use the more
common terminology, pore pressure, for fluid-pore pressure.
[8] These three examples in diverse locations illustrate an

important observation. In fractured crystalline rocks, when
elevated pore pressures are applied at the bottom of a
reservoir due to lake impoundment, or at an injection site
in a well, the hydraulic response is confined to relatively
few saturated, planar fractures, while the surrounding rocks
respond elastically. These observations further illustrate that
‘‘the concept of permeability of an equivalent continuum’’
fails for these crystalline rocks [Cornet and Yin, 1995].

Evans et al. [2005] used ‘‘equivalent porous medium’’
permeability to reflect this difference with ordinary sedi-
mentary rocks.

2.2. Critically Stressed Permeable, Saturated Fractures

[9] In situ stress data and knowledge of the orientation of
permeable saturated fractures obtained from borehole data
were used by Barton et al. [1995] to compute the maximum
shear and normal stress components on the fractures. For
different stress regimes, for an assumed coefficient of
friction between 0.6 and 1.0, these fractures were ‘‘critically
stressed,’’ i.e., on the verge of failure. Observations of
Barton et al. [1995] have been confirmed in subsequent
studies. For example, Evans et al. [2005] studied the stress
field and fractures at the hot dry rock site at Soultz, France.
In the 3.6-km deep hole, �500 natural fractures were
imaged using a borehole televiewer. Of these, 18 were
naturally permeable fractures, and all of them were found
to be ‘‘critically stressed.’’ By analyzing the permeable
fractures encountered in the KTB scientific main hole, Ito
and Zoback [2000] showed that the critically stressed faults
were also the most permeable.
[10] In summary, the results of Barton et al. [1995], and

subsequent studies, [e.g., Townend and Zoback, 2000],
show that saturated permeable fractures tend to be ‘‘criti-
cally stressed’’ and are on the verge of failure. In cases of
RIS and IIS, fluid pressure increases can lead to failure,
which we describe next.

2.3. Coulomb Failure Criterion

[11] The frictional strength S of a fault is governed by the
Coulomb failure criterion [Jaeger and Cook, 1969],

S ¼ S0 þ m sn � pð Þ � t ð1Þ

where S0 is cohesion, m is the coefficient of friction, sn and
t are the normal and the shear stresses, respectively, and p is
the pore pressure. Compression is taken as positive.
Impoundment of a reservoir can induce seismicity by
lowering the strength S (or equivalently, by increasing the
Coulomb failure stress) by mechanical or chemical effects
of water on S0, m, sn, t, and p. This can be accomplished by
an increase in pore pressure, Dp. Dp due to reservoir
impoundment or lake level fluctuations is usually much
smaller than sn; however, in the case of IIS, it can exceed
s3, the least principal stress. Shear slip can occur when the
additional pore pressure is a fraction of s3 The onset of
shear slip along the fractures depends on their orientation
with respect to s3 (Figure 1) [Tezuka and Niitsuma, 2000].
Full fracture opening occurs only when pore pressures
exceed s3. In that case, they dilate, increasing the fracture
permeability and promoting fluid flow. The opening of
fractures due to tensile failure is referred to as fracture-
normal-dilation [Evans et al., 2005], or ‘‘jacking,’’ and is
one of the objectives in hot dry rock experiments.

2.4. Effect of Rate of Change of Pore Pressure

[12] Detailed case histories at locations of IIS provide
another parameter that had earlier been suggested to affect
the seismicity pattern. Nur and Booker [1972] showed that,
when aftershocks could be attributed to pore pressure
changes, their frequency was proportional to the rate of
pore pressure increase. Bosl and Nur [2002] used this
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concept to explain the 1992 Landers earthquake sequence.
In the case of RIS, water level changes are directly related to
pore pressure changes below the reservoir (next section).
The results of modeling [Saxena et al., 1988] and empirical
evidence at Koyna Reservoir [Gupta, 1983] also relate an
increase in seismicity to an increase in the rate of filling, i.e.,
to the rate of increase in pore pressure. Next, we present
some background on the mechanism of reservoir-induced
seismicity.

2.5. Mechanism of RIS

[13] Induced seismicity is caused by shear failure along
a preexisting fault plane in accordance with the Coulomb
failure criterion (1). The change in strength, due to
impoundment of a reservoir and changes in lake levels
can induce seismicity on two timescales. First is an
immediate, undrained, elastic response to loading, and
second is a delayed response due to diffusion of pore
pressure (a detailed discussion is presented by Chen and
Talwani [2001]). Here we briefly describe the two effects.
The instantaneous undrained effect manifests itself in two
ways: first, the elastic response to the reservoir load, and
second, an instantaneous pore pressure change in the
vicinity of the reservoir due to an undrained response
[Skempton, 1954].
[14] This undrained response, also referred to as the pore

pressure increase due to compression, at any point P at a
distance r from the bottom of the reservoir (Figure 2), is

DpuðrÞ ¼ BDsav ð2Þ

where, Dsav is the change in the average normal stress at P,
and B is the Skempton’s coefficient. B is the ratio of the
incremental change in pore pressure and the average normal
stress and is �0.7 for crystalline rocks [Talwani et al.,
1999]; Dpu(r) varies from �0.7 times the average
compressive stress increase at the bottom of the reservoir,
A, (r = 0), to zero at a distance r0. For r > r0, Dpu(r) = 0,
(Figure 2).

[15] Both this increase in pore pressure due to an
undrained response to loading and that at the bottom of
the reservoir because of impoundment diffuse away along
suitably located, saturated fractures, thus causing a delayed
increase in Dp and failure.
[16] The delayed response can also be divided into two

parts. First is by an increase in pore pressure by diffusion
from A to Q1 and Q2 along discrete fractures, and second, a
decrease in pore pressure by relaxation, i.e., the diffusion of
Dpu(r) along a fracture from P to Q3. If P (r � r0) is also
connected to A by a fracture, we have a coupled effect, an
increase in pore pressure by diffusion from A to P, and a
pore pressure decrease by diffusion of Dpu away from P.
When r > r0, we have only a delayed pore pressure increase
at Q2. The latter is the most common cause of the observed
delay between the filling of reservoirs and the pursuant
seismicity.
[17] We next use the ideas presented above to formulate

the poroelastic response of the substratum to reservoir
impoundment.

3. Poroelastic Response

[18] To study the poroelastic response of the subsurface to
reservoir impoundment and lake level fluctuations, we
assume that we are dealing with fluid-filled fractures and
not with a uniform half-space. We further assume that the
fracture permeability is much larger than that of the host
rocks so that all fluid pressures are confined to the fractures.
Following the work of Barton et al. [1995] and Townend
and Zoback [2000], we consider all saturated fractures to be
critically stressed so that small changes in fluid pressures

Figure 1. A fluid-filled fracture with pore fluid pressure p
subjected to a two-dimensional stress field. sn, t, and f are
the normal, shear, and frictional stresses, respectively
(modified from the work of Tezuka and Niitsuma [2000]).

Figure 2. The instantaneous affect of loading a reservoir
of width w occurs within the shaded area, at a distance r0
from the bottom of the reservoir, A. The distance r0 varies
from rzmax below the reservoir to rhmax near the surface.
These distances are 6 to 7 and 3 to 4 times the width of the
reservoir, w, respectively. The undrained, instantaneous
pore pressure increases at any point A or P is B times the
average stress increase at that location, where B is the
Skempton’s coefficient. The delayed pore pressure increases
at Q1, Q2, and Q3 occur because of the pore pressure
diffusion along discrete fractures (solid lines) connecting
them to sources of instantaneous elevated pressures at A and
P, respectively. If P is connected to A by a discrete fracture
there will be a coupled effect at P (see text for details).
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can trigger seismicity. With these assumptions pore pressure
diffusion is confined to critically stressed, permeable, pre-
existing fractures, such that small changes in pore pressures
leads to seismicity according to the Coulomb failure crite-
rion. We also assume that these fractures can be mathema-
tically represented by one- and two-dimensional models.
We make the same assumptions when dealing with seis-
micity related to fluid injections in a borehole, seasonal or
volcanic activity. Following the work of Nur and Booker
[1972] we assume that the rate of change of pore pressure is
related to the number of earthquakes. In view of the
observed delay between filling and seismicity in almost
all known cases of induced seismicity, we conclude that the
seismicity is primarily associated with the diffusion of pore
pressure [Talwani, 1997; Chen and Talwani, 2001]. This
pore pressure diffusion causes a time lag between the onset
of filling and the pursuant seismicity. The efficiency of pore
pressure diffusion depends on the hydraulic properties of
the fractures and is discussed in a later section.
[19] Roeloffs [1988] calculated the coupled poroelastic

response at point P(r) (Figure 2) due to reservoir impound-
ment. For one-dimensional pore pressure diffusion along
narrow fractures with hydraulic diffusivity c (assuming no
loss of fluid pressure to outside the fracture), she found that
the solution to a one-dimensional fully coupled pore pres-
sure diffusion equation gives the pore pressure at a distance
r, at a time t, to be,

pðr; tÞ ¼ ap0erf r= 4ctð Þ1=2
h i

þ p0erfc r= 4ctð Þ1=2
h i

ð3Þ

where p(0, t) = p0, and p0 = 0 for t < 0 and p0 = 1 for t > 0,
and a is an elastic constant related to B and the undrained
Poisson’s ratio.
[20] In equation (3), the first term represents the un-

drained response of the fracture at time t = 0 and its
poroelastic relaxation at t > 0. The second term represents
the pore pressure induced by diffusion at a distance r due to
an applied load at the surface.
[21] We note from equation (3) that, on impoundment at

t = 0, p(r, t) = ap0(the undrained effect due to compression)
and, at t = /, p(r, t) = p0 (there is only the drained effect due
to diffusion).
[22] The pore pressure changes at hypocentral depths

associated with the impoundment of a reservoir depend on
its filling history. For a time-varying reservoir load, these
can be obtained from equation (3) by the principle of
superposition. We get

Pi r; tð Þ ¼
Xn
i¼1

adpierf
r

4cdtið Þ1=2

" #
þ
Xn
i¼1

dpierfc
r

4cdtið Þ1=2

" #
ð4Þ

where n is the number of time increments, dt, between the
start of impoundment and the time t, and Dpi are water load
changes in each corresponding time increment.

3.1. Two Examples

[23] There is a twofold response of a fracture when the
pore pressure is increased at one end, the diffusion of pore
pressure (undrained response) and fluid flow (drained
response). The relative values of these effects depend on
the hydraulic diffusivity of the fracture and determine if the
fracture is seismogenic or not. The seismogenic behavior of

the fracture depends on the rate of increase of pore pressure,
dp/dt, and the rate of the fluid flow. An increase in dp/dt
leads to seismicity, whereas an increase in fluid flow rates
causes a decrease in dp/dt and an absence of seismicity.
[24] Thus it is the timescales of pore pressure diffusion

and the drained response (fluid flow) that determine the
response of the fracture. The initial increase in pore pres-
sure, in turn, depends on the rate of filling of the reservoir or
the application of injection pressures. We illustrate the roles
of these factors with an examination of two filling histories
commonly observed in RIS. The conclusions derived from
these two examples can be applied to other situations where
pore pressure diffusion through saturated fractures is asso-
ciated with seismicity.
[25] We consider two cases, one in which a reservoir is

filled and then the water level is maintained thereafter; this
is the case for pumped storage facilities. In the second case,
we consider cyclic filling and emptying of a reservoir (for
example, at Koyna in India). The curves of the total effect
[equation (4)] are similar to those due to diffusion only, the
second term on the right side of equation (4). For clarity, in
Figures 3 and 4, we consider the buildup of pore pressure
due to diffusion, the second term on the right side in
equation (4), and its rate of change with time at depths of
1 and 3 km below the reservoir. The time rate of change of
pore pressure is used as a proxy for the number of earth-
quakes (section 2.4). The pore pressures are calculated for a
range of values of hydraulic diffusivity c.
[26] In the first case (Figures 3a, 3b, 3c, and 3d), the

reservoir is filled in 10 days (solid line) and then the water

Figure 3. The filling curve at reservoir where the water
level is maintained after impoundment (solid line). The
dashed curves show the corresponding increase in the pore
pressure diffusion at a depth of (a) 1 km and (b) 3 km for
various diffusivity values (in square meters per second), and
(c and d) their rate of change (dp/dt) at those depths. The
pore pressures are normalized with respect to the pore
pressures corresponding to the lake levels. After the initial
filling, an increase in the dp/dt (shaded area) occurs at 1-
and 3-km depths corresponding to c = 0.1 and 1 m2/s,
respectively (Figures 3c and 3d).
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level is maintained thereafter. The corresponding increase in
pore pressure at any depth, normalizedwith respect to the lake
level, depends on the hydraulic diffusivity c. At a depth of
1 km, the rise in pore pressure is faster for higher diffusivity
values, and for very small values of c (0.01 m2/s), there is no
appreciable increase in pore pressure (Figure 3a). At 3-km
depth, the pore pressure increase is similar but muted and
appreciable only for values of c 
 1 m2/s.
[27] For large diffusivity values (10 and 100 m2/s), the

curves showing dp/dt follow the filling curve and, on
completion of filling, decay rapidly (Figures 3c and 3d).
At 1-km depth, only the curve corresponding to c = 0.1 m2/s
shows an increase in dp/dt, 10 to 20 days after the reservoir

Figure 3. (continued)

Figure 4. (a and b) Two cycles of filling (solid line) and
the corresponding normalized changes in pore pressures due
to diffusion at depths of 1 and 3 km for various diffusivity
values (in m2/s). The rate of change of pore pressure (dp/dt)
at these depths is shown in Figures 4c and 4d. (c and d) An
increase in dp/dt after the filling (shaded areas) occurs at 1-
and 3-km depths for c = 0.1 and 1 m2/s, respectively.
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is full (At Monticello Reservoir, the peak seismicity was
observed about 3 weeks after filling and was concentrated in
the top �1 km [Talwani and Acree, 1984]). Figure 3d shows
that, at 3-km depth, a delayed increase in dp/dt occurs when
c = 1 m2/s. For smaller values of c, the increase in dp/dt
is negligible. We note that delayed increases in dp/dt are
only observed with c = 0.1 m2/s at 1-km depth and with c =
1 m2/s at 3-km depth; that is, for both very large and very
small values of c, we do not observe a delayed increase in
dp/dt. Following the work of Nur and Booker [1972] if the
frequency of seismicity is proportional to the rate of pore
pressure increase, we conclude that the seismicity associa-
ted with reservoir impoundment is inhibited by both very
large values of c (>10 m2/s) and by very small values of c
(�0.01 m2/s).
[28] Figures 4a, 4b, 4c, and 4d show similar results for

two cycles of reservoir impoundment and emptying. The
reservoir is filled in 10 days, maintained for 5 days, and
then emptied over the following 45 days. The figures show

the pore pressures (normalized with respect to the lake
level) at depths of 1 and 3 km below the reservoir and the
corresponding values of dp/dt. Again, for very large values
of c, the pore pressure increase and decrease follows the
lake levels and is negligible for c = 0.01 m2/s (Figures 4a
and 4b), and the delayed increases in dp/dt are only
observed at a depth of 1 km for c = 0.1 m2/s and at 3-km
depth for c = 1 m2/s. There is a delayed decrease in dp/dt for
larger values of c, implying a cessation of seismicity.
[29] Figures 5a and 5b compare the results of pore

pressure p and dp/dt changes at a depth of 3 km, associated

Figure 5. (a) Comparing normalized pore pressures at a
depth of 3 km for different values of c (in square meters per
second) for two filling curves, (b) and the corresponding
changes in dp/dt for c = 10.0 and 1.0 m2/s. The solid and
dashed lines are for reservoir impoundment in 10 and
50 days, respectively, after which the water level is
maintained.

Figure 4. (continued)
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with the filling of a reservoir in 10 and 50 days. In both
cases the pore pressure increase follows the filling curves,
being slower for smaller diffusivities (Figure 5a). However,
there is a significant decrease in the delayed increase in
dp/dt for the slower filling curve when c = 10 m2/s. This
decrease is less when c = 1 m2/s.
[30] The lake level curves presented in Figures 3, 4,

and 5 are representative of the filling curves of most
reservoirs associated with seismicity. They suggest that
the delayed increase in pore pressure associated with
filling (or an increase in lake level) occurs for a narrow
range of hydraulic diffusivity values (shaded areas in
Figures 3c and 3d and 4c and 4d) and is not observed
for very large or very small values of c. There is a
negligible increase in dp/dt for small values of c. For
large values of c, there is an increases in fluid flow and
an absence of delayed increases in dp/dt. We also note
that, when the reservoir is filled slowly, it allows for a
greater amount of fluid flow, and correspondingly, a
smaller increase in dp/dt, compared to the case when
the reservoir was filled rapidly.
[31] We illustrate the validity of this conclusion with

examples of seismicity associated with impoundment of
reservoirs, injection of fluids, migration of aftershocks, and
seasonal groundwater recharge. In each case we use the
temporal pattern of seismicity to estimate c, and therefrom,
the intrinsic permeability k of fractures associated with pore
pressure diffusion.

4. Estimation of Hydraulic Diffusivity, c

[32] Reservoir-induced seismicity is primarily associated
with pore pressure diffusion in discrete, saturated, critically
stressed fractures. The diffusing pore pressure front raises the
pore pressure in hypocentral regions and triggers seismicity
in accordance with the Coulomb failure criterion (1). The
pore pressure front is limited to discrete, planar fractures

connecting the reservoir and the hypocentral region, so that
we can assume one-dimensional pore pressure diffusion
between the two and use the spatial and temporal pattern of
induced seismicity to estimate the hydraulic diffusivity c of
the seismogenic fractures [see, e.g., Talwani and Acree,
1984].
[33] Scholz et al. [1973] and Whitcomb et al. [1973],

among others, noted that the time lag, Dt, associated with
the diffusion of fluid (pressure) over a distance r was
proportional to r2/c. They assumed Dt = r2/c, a relationship
used by Talwani and Acree [1984] to estimate c from the
temporal pattern of induced seismicity.
[34] However, Wang [2000, p. 123] has shown that the

time t taken for surface pressure to propagate diffusively to
a depth z is given by t = z2/4c. Kessels and Kück [1995]
showed that, for fluid injection in a borehole, considered as
a linear line source, the time t for the maximum pressure to
diffuse a distance r from the borehole along a fracture is
also given by t = r2/4c.
[35] Therefore, in cases of induced seismicity, if we know

the time lag Dt between the impoundment of a reservoir, or
the start of fluid injection in a well, and the onset of
seismicity at a distance r, we can estimate the hydraulic
diffusivity c of the connecting fractures from

c ¼ r2=4Dt ð5Þ

[36] In some cases, where the fractures are closer to
horizontal, the impoundment of a reservoir, or the injection
of fluids in a well, results in growing epicentral areas; the
temporal growth of the epicentral area is related to the
hydraulic diffusivity, and the slope of the epicentral area
versus time curve can be used to estimate c [Talwani and
Acree, 1984]. In other cases the hydraulic diffusivity can be
estimated from the migration rate of the aftershocks. In rare
cases, estimates of fracture transmissivity T and storativity S
obtained by pumping tests for fractures cut by an injection

Figure 6. The times of increased seismicity (vertical lines) that followed increases in lake levels in July
1972 and June 1976 at Nurek reservoir. The time lags between times of lake level increases and
seismicity onset were used to calculate hydraulic diffusivity (modified from the work of Simpson and
Negmatullaev [1981]).
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well can be used to calculate c (c = T/S) [e.g., Hsieh and
Bredehoeft, 1981].

4.1. Estimation of c-Results

[37] Talwani and Acree [1984] obtained c from the tem-
poral and spatial pattern of induced seismicity. They
addressed the limitations in the method because of uncer-
tainties in the estimation of r and Dt and argued that ‘‘. . .its
main justification lies in the coherent results obtained.’’
Talwani and Chen [1998] used additional data and recalcu-
lated c from those originally used by them using equation (5).
Those and other data and the results are described next.
4.1.1. From Time Lag Associated With RIS
[38] There is usually a time lag, Dt, between the start of

impoundment of a reservoir and the onset of seismicity or
between the start of an increase in lake level and the
increase in the seismicity level [Gupta and Rastogi, 1976;
Talwani, 1976; Talwani and Acree, 1984]. The time needed
for the pore pressure to diffuse from the reservoir to the
hypocenters (Figure 2) causes the observed time delay. The
observed RIS at Nurek Reservoir, Tadjikistan [Simpson and
Negmatullaev, 1981] is a good example where the time lags
between water level changes and seismicity were observed.
Nurek Reservoir is located in a tectonically active area, where
there was seismicity before impoundment. Figure 6 shows
the water level changes from 1972 to 1976. The initial filling
in July 1972 was followed about 75 days later by an increase
in seismicity located about 5 km away. The water level
fluctuated between 120 and 140 m from 1973 to early
1976. In June 1976, there was a sudden increase in the water
level. This rapid increase in the water level was also followed
by an increase in seismicity about 5 km from the reservoir
�50 days later in August 1976. The time lags between water
level rise and onset seismicity for the two periods were used
to calculate hydraulic diffusivity using equation (5) and
yielded values of 0.96 and 1.45 m2/s, respectively.
[39] Thirty-six values of c were estimated using the time lag

between an increase in water level and RIS using equation (5)
(Table 1). The results are given in Table A1. The distance r
was estimated from the deepest part of the reservoir to
the hypocenters and ranged between 0.5 and 20 km. The
associated time delay ranged from �2 days to more than
600 days. The errors in estimating these parameters were
estimated wherever possible (Table A1). The hydraulic
diffusivity values estimated for these 36 cases range
between 0.02 and 9.65 m2/s.
4.1.2. From Time Lag Between Fluid Injection and
Induced Seismicity
[40] There are many cases where seismicity is associated

with fluid injection in deep wells [Healy et al., 1968;
Ohtake, 1974; Raleigh et al., 1976; Fletcher and Sykes,

1977; Zoback and Harjes, 1997]. In these cases, high-
pressured fluid is injected and the diffusion of the high
fluid pressures to the hypocenters induces the seismicity.
The time needed for the diffusion of pore pressure causes
the observed time lag between the start of injection and the
onset of seismicity, and the stopping of the fluid injection
can be correlated to the cessation of IIS.
[41] Seismic activity drastically increased at Matsushiro,

Japan following the two injections of high-pressured fluid in
a 1.8-km deep well in 1970 [Ohtake, 1974]. A time delay of
9.3 days between the start of the first fluid injection and the
increase in seismicity and a time delay of 6.2 days between
the start of the second injection and the seismicity were
observed (Ohtake, 1974, Figure 3). In both cases the
seismicity occurred about 3 km from the injection point.
Using equation (5) we obtain hydraulic diffusivity values of
2.8 and 4.2 m2/s, respectively (Table A2).
[42] Ten values of c were estimated from the time lag

between fluid injection (and cessation) and the onset (and
cessation) of induced seismicity using equation (5). The
distance r was measured from the injection points to the
hypocenters associated with a time delay Dt. The accuracy
of the values of r and Dt were estimated where ever
possible (Table A2). The hypocentral distances from the
wells for IIS were used as estimates of the distance r,

Figure 7. Epicentral growth of seismicity at Lake
Jocassee, South Carolina from November 1975 to May
1976 (after Talwani and Acree [1984]). The rate of growth
was used to calculate c.

Table 1. Estimates of Hydraulic Diffusivity, c (m2/s)

Method <0.1 0.1–1.0 1.0–10.0 >10.0

Time Lag for RIS 1 19 16
Time Lag for IIS 2 8
Area Growth RIS 5 4 1
Area Growth IIS 1 6 2
Precursors 3 7
Time Lag for
Seasonal Seismicity

4 6 1

Measurement 1 1
Total 2 40 44 2
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and the resulting values of c range between 0.12 and
8.33 m2/s.
4.1.3. From the Epicentral Growth of RIS With Time
[43] In some cases we have observed that the pore

pressure increase following reservoir impoundment causes
a steady temporal expansion of the epicentral area [Talwani,
1981; Talwani and Acree, 1984; Rastogi et al., 1986a].
Figure 7 shows the epicentral distribution with time at Lake
Jocassee in northwest South Carolina [Talwani and Acree,
1984]. The seismicity was monitored since the first felt
earthquake in the area. The epicentral area was initially in
the vicinity of the dam, after which it grew from November
1975 to February 1976, decreased in March 1976 (asso-
ciated with temporary lowering of the lake level), and then
increased again in April and May 1976, when it was the
largest. The epicentral area for each month was plotted
against time, and its rate of growth was used to determine
the hydraulic diffusivity [Talwani and Acree, 1984]. Here
the change in the epicentral area in any time Dt was
used instead of r2 in equation (5). Ten values of c were
obtained by this method, ranging from 0.13 to 12.33 m2/s
(Table A3).
4.1.4. From the Epicentral Growth of
Fluid-Injection-Induced Seismicity
[44] In fluid injection experiments and geothermal and

oilfield exploitation, the fluid pressure front grows with
time. This phenomenon was observed in Cogdell Oil Field,
Texas [Davis and Pennington, 1989], the KTB experiment
[Shapiro et al., 1997], Hijiori fluid injection experiment
[Sasaki, 1998], and Soultz and Ogachi fluid injection
experiments [Audigane et al., 2000]. From the aerial growth

in the 250-bar fluid pressure contours in the Cogdell oil
field between 1970 and 1983 (where fluids were injected at
high pressures to recover oil, [Davis and Pennington, 1989,
Figure 7]) and the associated seismicity from November
1974 to 1983, the hydraulic diffusivity was found to be
0.15 m2/s. Nine values of c were obtained by this method
and ranged between 0.08 and 1.85 m2/s (Table A4).
4.1.5. From the Duration of Precursors
[45] In the study of earthquake precursors in the early

1970s, it was observed that the duration of various precur-
sory changes, which were attributed to fluid pressure
diffusion, was related to the magnitude of the earthquake
[Anderson and Whitcomb, 1973; Scholz et al., 1973;
Whitcomb et al., 1973]. The magnitude was proportional
to a characteristic dimension, which was estimated from the
aftershock area of larger earthquakes, and from an empiri-
cal relationship between the fault length and magnitude
[Whitcomb et al., 1973]. Scholz et al. [1973] presented a
figure showing a linear relationship between the precursor
time interval for an earthquake and the length of its
aftershock zone. We took their data and calculated the
hydraulic diffusivity using equation (5), with r equal to the
length of the aftershock zone and Dt is the precursory time
interval (the time for the diffusion of pore pressure). Ten
values of c ranging from 0.66 and 4.17 m2/s were obtained
by using these data (Table A5).
4.1.6. From Time Lag Associated With Seasonal
Seismicity
[46] Several recent studies have shown an association

between precipitation and seismicity. For example, Ventura
and Vilardo [1999] observed a 4 month delay between the

Figure 8. Plot showing the observed distance time delay data. RIS lag and injection lag refer to cases
where the time lag between filling and seismicity were used to calculate c. Area growth refer to cases
where the rate of epicentral growth was used. Natural earthquakes refer to cases where precursory data
were used to calculate c. Seasonal refers to the cases where a seasonal time lag was used. The parallel
lines show hydraulic diffusivity values of 0.1, 1, and 10 m2/s calculated using equation (5). Virtually, all
the diffusivity values lie between 0.1 and 10 m2/s, a range which is called seismogenic diffusivity cs.
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seasonal rainfall maxima and the annual peak in seismicity,
whereas Ogasawara et al. [2002] estimated a diffusivity
value of �0.1 m2/s based on an association between periods
of heavy rainfall and shallow low-level microseismicity in
an abandoned, flooded Ikuno mine in Japan. In a focused
experiment, Kraft et al. [2005] calculated c � 1 m2/s
based on a careful association of well-recorded rainfall
and seismicity data at Mt. Hochstaufen in southeastern
Germany. An improved estimate of 3.3 ± 0.8 m2/s was
obtained by Hainzl et al. [2006] (Table A6).
[47] Wolf et al. [1997] have documented a correlation

between a seasonal pattern in seismicity and groundwater
recharge due to snowmelt. Saar and Manga [2003] showed
that some seismicity at Mt. Hood, Oregon, occurring at a
depth of about 4.5 km, was triggered by pore pressure
diffusion as a result of a rapid groundwater recharge due to
a seasonal snowmelt, with a statistically significant time lag
of 151 days. From these data they estimated a hydraulic
diffusivity to be 0.30 ± 0.22 m2/s. Christiansen et al. [2005]
extended the Mt. Hood study and established a seasonal
pattern of seismicity at five volcanic centers in western
United States where adequate seismicity and precipitation
data were available. The results of estimating c from
‘‘seasonal’’ seismicity are presented in Table A6. Ten of
the 11 values lie in the range between 0.1 and 10.0 m2/s,
with an outlier at 13.5 m2/s. However, using equation (5),
this anomalous value reduces to 3.5 m2/s. These values are
order of magnitude estimates because of large uncertainties
in the exact time of commencement of pore pressure
diffusion and in hypocentral depths.
4.1.7. From Direct Measurements
[48] Hydraulic diffusivity of seismogenic fractures was

obtained from direct measurements of two hydrologic
parameters at wastewater injection sites in Denver, Colorado

and northeastern, Ohio. At each of these sites, the transmis-
sivity T and the storativity S were obtained by injection
and pumping tests [Hsieh and Bredehoft, 1981; Nicholson
et al., 1988]. The hydraulic diffusivity was calculated from
the relation c = T/S. It was found to be 1.1 and 0.2 m2/s,
respectively (Table A7).
4.1.8. Results of Estimation of c
[49] Estimates of c obtained by different methods are

given in Appendix A. The corresponding time and distance
values have been plotted on a log-log scale (Figure 8). The
error bars for the distance r and the time lag Dt for those
points where they could be estimated have also been plotted
in Figure 8. The three parallel lines represent values of c
equal to 0.1, 1.0, and 10 m2/s. From the figure, and the data
given in Appendix A, we note that 84 of the 88 data points
lie in the range 0.1 to 10.0 m2/s (Table 1). In one case, c =
12.3 m2/s was associated with the epicentral growth at
Koyna Reservoir for the 4 month period following the
December 1967 M6.3 earthquake. Other estimates for
Koyna range between 0.1 and 1.7 m2/s. Of the two low
values (<0.1 m2/s), one (0.08 m2/s) was estimated from
the epicentral growth at a hot dry rock site at Soultz,
France, where the injection pressure exceeded the hydro-
static [Audigane et al., 2000]. At Hunanzhen Reservoir,
China, c � 0.02 m2/s was estimated from a long lag time
(167 days) for seismicity 1 km from the reservoir, (this long
delay could be associated with chemical weakening in this
predominantly karst region). Roeloffs [1996, Figure 14,
p. 168] has shown that, in nature, there is a wide range of
values of c, from 10�12 to 10 4 m2/s. Here we find that for
94 % of the cases, where the seismicity is associated with
pore pressure diffusion, the hydraulic diffusivity of the
seismogenic fractures varies over only 2 orders of magni-
tude, 0.1 to 10.0 m2/s. We conclude that this range is a

Figure 9. Results of the calculation of intrinsic permeability k using values of c shown in Figure 8 and
equation (6), and six direct measurements at locations of induced seismicity. The symbols are the same as
were used in Figure 8. The permeability of fractures associated with seismicity lies between 5 � 10�16

and 5 � 10�14 m2. This range has been labeled seismogenic permeability, ks.
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characteristic value for seismogenic fractures where the
seismicity is associated with the diffusion of fluid pressures
at normal crustal temperatures. We label it seismogenic
diffusivity cs.

5. Estimation of the Intrinsic Permeability, k

[50] The fracture permeability k is related to hydraulic
diffusivity c by

k ¼ cm Fbf þ 1� Fð Þbrf g ð6Þ

where m is the viscosity of water, F is porosity, and bf and br

are the compressibilities of water and rocks, respectively
[Bodvarsson, 1970]. The following typical values of these
parameters are used in calculating permeabilities from the
estimated values of hydraulic diffusivities using equation (6),
F = 3 � 10�3, bf = 10�10 Pa�1, and br = 2 � 10�11 Pa�1

[Talwani et al., 1999].
[51] In earlier studies the value of the viscosity of water at

20�C, 10�3 Pa s, was assumed for all calculations [e.g.,
Scholz et al., 1973; Brace, 1980; Talwani and Acree, 1984].
However, the viscosity of water decreases rapidly with
increasing temperature [Weast, 1987]. Therefore, in calcu-
lating k from the values of c obtained in the last section, we
estimated the viscosity as a function of depth. Assuming an
average thermal gradient of 30�C/km [Lillie, 1999], we
obtained a plot of the viscosity of water as a function of
depth, using the viscosity versus temperature data from the
work of Weast [1987]. The viscosity value decreased from
10�3 Pa s at the surface to 10�4 Pa s at a depth of 8 km.
While using equation (6) to calculate k, we used the
viscosity value corresponding to half the hypocentral depth
as an estimate for the representative viscosity.
[52] Figure 9 shows the calculated permeability values

from the diffusivity data together with an additional six
directly measured values at locations of induced seismicity
(Table A8). The two horizontal lines represent permeability

values of 5 � 10�16 and 5 � 10�14 m2 (0.5 and 50 mD),
respectively. From Figure 9 we note that 86 of the 93 data
points (92%) lie between of 5 � 10�16 and 5 � 10�14 m2.
[53] Permeability values of crystalline rocks compiled by

Brace [1980] and Clauser [1992] all showed a variation of
more than 10 orders of magnitude. Measurement of perme-
ability values of the oceanic crust also yielded a similar
variation [Fisher, 1998]. This large variation is scale depen-
dent, with low values for laboratory samples (a few centi-
meters) to in situ crustal values. Towend and Zoback [2000]
showed that, on a crustal scale, permeability values range
between of 10�20 and >10�17 m2. Crustal permeabilities
�10�13 m2 were obtained following the Kobe earthquake
[Kitagawa et al., 1999], suggesting that in situ crustal
permeabilities can range over 7 orders of magnitude.
[54] The permeability values from seismicity areas

obtained in this study lie in a narrow range compared to
those in nature. This narrow range is characteristic of the
fractured rocks where fluid pressure diffusion is associated
with seismicity and has been labeled as the seismogenic
permeability ks [Talwani and Chen, 1998].

6. Discussion

[55] Induced seismicity is associated with fluid pressure
diffusion through discrete fractures and not with the bulk of
the rock mass. Fluid (and fluid pressure) flow does not
occur along a plane perpendicular to the least principal
stress, but in a few preexisting fractures [Cornet and Yin,
1995]. Our data suggest that seismogenic permeability ks
is an intrinsic property of the fractures associated with
seismicity. Whereas crustal permeability of rocks varies
over 7 orders of magnitude, ks lies between �5 � 10�16

and 5 � 10�14 m2.
[56] In one of the earlier attempts to study the flow of

fluids through fractures, Sharp and Maini [1972] carried
out flow tests between synthetic, parallel fractures with
four increasing ‘‘effective’’ openings. From the results of

Figure 10. Cartoon to explain the consequences of loading a fracture with permeability k, where k is
less than, equal, and greater than ks.
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these experiments they found that, as the openings
increased, they ‘‘observed that a limited range of linear
flow occurred followed by a nonlinear range which
finally gave way to fully turbulent conditions. The
transition between flow states was found to be smooth.’’
They further concluded that the permeability of fractures
is sensitive to pressure changes. Conversely, pore pressure
changes in fractures, associated with fluid flow are
dependent on their permeability.
[57] We illustrate how the permeability of the fracture

affects pore pressure changes by examining three cases,
where the fracture permeability k is less than, equal to, and
greater than the seismogenic permeability ks (Figure 10). An
increase in pressure at one end of the fracture, for example,
by an increase in lake level, results in diffusion of pore
pressure (undrained response) and fluid flow (drained
response) through the fracture. The rate of increase in pore
pressure, dp/dt, and the rate of fluid flow determine if the
fractures will be seismogenic or not. An increase in dp/dt
leads to delayed seismicity, whereas an increase in fluid
flow rates lowers dp/dt, and results in an absence of
seismicity. These effects tend to be more pronounced for
rapid filling rates and muted for slower filling.
[58] For rocks with permeability k < ks, there is a great

resistance to the flow of water through the fracture and
there is a negligible pore pressure increase by diffusion. In
equation (3), as c! 0, the second term is zero and p(r, t) !
a. The rocks respond elastically, and any increase in pore
pressure away from the reservoir is instantaneous and due to
Skempton’s effect (2) (Figure 10). For fractures with k < ks,
the application of very large differential pressures can cause

the fractures to open, thereby increasing the value of k to ks
and triggering seismicity.
[59] For rocks with permeability k > ks, as c ! 1, there

is a drained response, the fluid flow is non-Darcian, with a
large fluid flow gradient which reduces the growth rate of
dp/dt, and results in no seismicity. In this case, equation (3),
which is based on the assumption of the Darcian flow, does
not apply. In the special case encountered in fluid injection
experiments, the pore pressure is large enough to keep the
fractures open, and slightly greater than the normal stress
acting at the surface, so there is no shear component acting
on the surface, and hence, no seismicity.
[60] The amount of fluid flow through the fractures can

be obtained by assuming flow in parallel vertical cracks. For
one-dimensional flow between parallel cracks, Kohl et al.
[1997] found a flow rate per unit height of a vertical fracture
to be 0.017 L s�1 m�1 (1.47 m3 d�1 m�1) at the onset of
nonlinear (non-Darcian) flow, i.e., when the fracture per-
meability k just exceeded ks. The flow rate was about
20 times larger for turbulent flow and 2 orders of magnitude
lesser for linear flow, i.e., when k = ks.

6.1. Insights From Injection-Induced Seismicity

[61] Our understanding of seismogenic permeability can
provide insight into the behavior of fractures associated with
fluid-induced seismicity. Figure 1, modified from the work
of Tezuka and Niitsuma [2000], shows a fluid-filled fracture
subjected to a two-dimensional stress field with s1 and
s3 being the maximum and minimum principle stresses,
respectively, with the intermediate stress s2 normal to the
plane of the paper. The fracture plane is oriented at an angle

Figure 11. (a) Geometry of three boreholes drilled near Nojima fault, and (b) the location of seismicity.
The 800-m deep well was artesian and showed corelative changes in discharge with episodes of fluid
injection in the deep well. Seismicity (shaded circle) was located off the fault and followed injection
episodes after a few days (Figure 11b). See text for details (modified from the work of Murakami et al.
[2001] and Tadokoro et al. [2000]).
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q with respect to s3, with the pore pressure p. Townend and
Zoback [2000] provided evidence of nearly hydrostatic fluid
pressures at depths of several kilometers at various loca-
tions. Increase in p leads to failure in accordance with the
Coulomb failure criterion (1).
[62] In the 1990s greater insight in to the nature of fluid

flow through fractures was obtained when fluids were
injected in experimental wells. Studies of injection-induced

seismicity, where fluid pressure information is available,
provide quantitative data to illustrate the ideas presented
earlier. At hot dry rock sites and other locations of IIS, the
behavior of fractures depends on both the injection rates and
on the differential pressures (downhole wellbore pressure
excess over the ambient natural pressures [Evans et al.,
2005]).

Table A2. Estimation of c From Time Lag of Fluid Injection Seismicity

Location Start of Injection Onset of Seismicity
Time Lag,

Day
Distance,

km c, m2/s

Uncertainty

ReferenceTime Distance

Denver, USA 08 March 1962 24 April 1962 47 5 1.54 Healy et al. [1968]
Matsushiro, Japan 15 January 1970 25 January 1970 9.3 3 2.80 1 Ohtake [1974]

31 January 1970 06 February 1970 6.2 3 4.20
Dale, USA 03 August 1971 28 October 1971 85 2 0.14 Fletcher and Sykes [1977]
Rangely, USA 1 1 2.89a Raleigh et al. [1976]
El Dorado, USA Middle 1983 09 December 1983 180 8 1.03 30 2 Cox [1991]

Late 1987 Early 1989 380 18 2.47 30 2
KTB, Germany 1.5 0.25 0.12b Kessels and Kück [1995]
Nojima, Japan 0.75 0.88 2.99c 0.25 Kitagawa et al. [1999]

4.5 3.5 7.8c 0.5 0.5 Tadokoro et al. [2000]

The columns 2, 3, 4, 5, and 7 are from the corresponding references, and the column 6 is calculated using equation (5).
ac is estimated using the time lag between injection water back flow and cessation of earthquake.
bc is estimated from the fluid communication of two wells at 4 km deep. Authors provide time lag and distance.
cc is estimated from the relation between fluid injection in deep well and water discharge in an observation well.

Table A1. Estimation of c From Time Lag of RIS

Location
Start of Water
Level Increase Earthquake Date

Time Lag,
Day

Distance,
km c, m2/s

Errors

ReferenceTime Distance

Oued Fodda, Algeria December 1932 January 1933 30 2 0.58 Gupta and Rastogi [1976]
Mead, USA May 1935 1937 400 4 0.12 2 180 Carder [1945]
Xinfengjiang, China 20 October 1959 November 1959 30 7 4.73 3 Ding [1987]
Vajont, Italy January 1960 July 1960 200 4 0.23 40 Gupta and Rastogi [1976]
Kurobe, Japan October 1960 August 1961 300 8 0.62 Gupta and Rastogi [1976]
Mendocino, USA 01 November 1961 06 June 1962 218 10 1.33 Toppozada and Cramer [1978]

15 November 1977 26 March 1978 132 10 2.19
Monteynard, France November 1961 25 April 1962 110 4 0.42 1 Grasso et al. [1992]

22 October 1979 22 November 1979 30 10 9.65
Kariba, Zambia January 1963 July 1963 180 10 1.61 2 Pavlin and Langston [1983]
Kremasta, Greece 12 July 1965 05 February 1966 190 10 1.52 5 10 Gupta and Rastogi [1976]
Bajina, Basta 15 March 1967 03 July 1967 125 7 1.13 Gupta and Rastogi [1976]
Koyna, India 26 June 1967 13 September 1967 80 4 0.58 1 1 Gupta and Rastogi [1976]

26 June 1967 10 December 1967 168 10 1.72 1
05 July 1973 01 October 1973 105 6 0.99

Hendrik Ver Woerd,
South Africa

01 September 1970 27 December 1971 180 6 0.58 Gupta and Rastogi [1976]

Zhelin, China 31 January 1971 24 October 1972 255 6 0.41 1 Huang and Kong [1984]
Tabingo, Australia 01 May 1971 01 June 1971 30 4 1.54 1 Gupta and Rastogi [1976]
Nurek, Tajikistan July 1972 October 1972 90 5 0.96 2 10 Simpson and Negmatullaev [1981]

June 1976 August 1976 60 5 1.45 2 10
Shenwo, China 01 November 1972 February 1973 105 6 0.99 2 Zhong et al. [1995]
Clark Hill, USA 13 March 1975 15 March 1975 1.9 0.5 0.38 Talwani [1976]
Manic3, Canada August 1975 September 1975 30 2 0.39 1 Leblanc and Anglin [1978]
Monticello, USA 03 December 1977 25 December 1977 21 1.5 0.31 0.5 Talwani and Acree [1987]
LG2, Canada 27 November 1978 27 December 1978 30 1.5 0.22 0.5 10 Anglin and Buchbinder [1985]
Hunanzhen, China 12 January 1979 28 June 1979 140 1 0.02 0.5 Hu et al. [1986]
LG3, Canada 12 April 1981 June 1981 60 2 0.19 Anglin and Buchbinder [1985]
Dahua, China 27 May 1982 04 June 1982 9 4 5.14 3 Guang [1995]
Srinamsagar India January 1983 June 1984 420 10 0.58 Rastogi et al. [1986b]
Khao Laem, Thailand June 1984 July 1984 20 4.5 2.93 2 Mahasandana and Pinrode [1995]
Dongjiang, China 02 August 1986 November 1986 100 3.5 0.35 0.5 5 Hu et al. [1995]
Rajjaprabha, Thailand 01 October 1986 10 June 1988 618 20 1.87 4 Klaipongpan and Chitrakarn [1995]
Yantan, China 19 March 1992 29 March 1992 9 4 4.21 3 Guang [1995]
Warna, India July 1993 August 1993 15 6 6.94 2 Rastogi et al. [1997a]
Tarbela 150 10 1.92 5 Ali [1989]
Açu 90 3.5 0.39 0.5 Ferreira et al. [1995]

Columns 2, 3, 4, 5, and 7 are from the corresponding references, and column 6 is calculated using equation (5).
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[63] Injections at very high differential pressures ( p �
s3) result in tensile opening of fractures, or ‘‘jacking’’ near
the borehole, with shearing occurring farther out, and
diffusion of fluid pressure into the unstimulated fractures
still farther away [Pine and Batchelor, 1984].
[64] Jacking results in the widening of fracture apertures,

an increase in permeability to values >ks, increases fluid
flow, and results in an absence of seismicity. An increase in
permeability to values >ks can also result from the opening
of fractures following an earthquake, as was observed, for
example, following the Loma Prieta earthquake [Rojstaczer
et al., 1995].
[65] Tezuka and Niitsuma [2000] have shown that, in the

case of injection-induced seismicity, slip occurs when the
total pore pressure is a fraction of s3 and its initiation
depends on the orientation of the fractures with respect to
s3. When the pore pressure remains less than 2/3 s3, the
hydrologic system responds linearly and Darcy’s law
applies [Cornet and Morin, 1997], and fluid pressure
growth can be described by the diffusion equation. The
shear deformation is associated with a large seismic
energy release, and the regions of injection-induced seis-
micity represent zones of increased pore pressures and not
increased fluid flow [Cornet and Yin, 1995].
[66] When the fluid pressures exceed s3, tensile fractures

open up and the new permeability exceeds ks. In fractures
where the permeability has been changed to exceed ks, or in
naturally occurring rocks with k > ks, the fluid flow is non-
Darcian and can be approximated by flow through parallel
plates [Cornet, 2000]. The pore pressure changes are
insignificant compared to values predicted by the assump-

tion of Darcy flow [Cornet, 2000] and are derived from the
application of the diffusion equation (3). That is, in the
drained conditions that result from k > ks, there are no fluid
pressure increases. Kohl et al. [1997] showed that the
equation for pore pressure diffusion

@p

@t
¼ 1

Ss
r � K � rpð Þ ð7Þ

for Darcian flow should be modified to

@p

@t
¼ 1

Ss
r � �K � ðrpÞ1=2

h i
ð8Þ

for non-Darcian flow, where Ss is the specific storage
coefficient, K is the hydraulic conductivity and �K is a
function of the ratio of relative roughness and aperture of
the fractures and fluid density (see Kohl et al. [1997] for
details). Thus equation (3) which was based on the
assumption of Darcian flow would have to be amended
for k > ks or for c > cs. Hence the curves showing changes in
pore pressure p and dp/dt (Figures 3 and 4) for c > 10 m2/s
would have to be modified. Kohl et al. [1997] found that
their analyses of flow data suggested that nonlaminar flow
may be common to fracture flow in moderate to high flow
rates within Soultz and perhaps in other fractured reservoirs.
[67] From these observations, we conclude that in loca-

tions of geothermal, volcanic reservoir- and injection-
induced seismicity, the application of small differential
pressures results in seismicity in fractures with ks and
aseismic fluid flow in fractures whose permeability

Table A4. Estimation of c From Epicentral Area Growth of Fluid Injection Seismicity

Location Time Period
Time Duration,

Day
Area Growth,

km2 c, m2/s Reference

Cogdell Oil Field, USA 1970–1975 1825 110 0.16 Davis and Pennington [1989]
1975–1979 1460 79 0.15
1979–1983 1460 77 0.15

Soultz, France October 1993 6.25 0.25 0.11 Audigane et al. [2000]
June 1995 4.17 0.12 0.08

September 1996 2.08 0.49 0.68
Ogachi, Japan 1989 2.67 0.32 0.35 Audigane et al. [2000]
Hijiori, Japan 1988–1989 1 0.63 1.85 Sasaki [1998]
KTB, Germany 0.83 0.49 1.7 Zoback and Harjes [1997]

Columns 2, 3, and 4 are from the corresponding references, and the column 5 is calculated using equation (5).

Table A3. Estimation of c From Epicentral Area Growth of RIS

Location Time Period
Time Duration,

Days
Area Growth,

km2 c, m2/s Reference

Xinfengjiang, China October 1959–18 March 1962 900 416 1.35 Wang et al. [1976], Talwani [1981]
19 March 1962–31 December 1962 287 150 1.53

Koyna, India June 1962–13 July 1967 1837 80 0.13 Talwani [1981]
11 October 1967–10 April 1968 182 590 12.48

Oroville, USA 01 August 1975–01 September 1975 31 67 6.28 Talwani [1981], Lester et al. [1975]
Jocassee, USA 06 November 1975–31 May 1976 208 65 0.89 Talwani [1981], Talwani and Acree [1984]
Dhamni, India August 1994–September 1994 30 5 0.47 Rastogi et al. [1997b]
Kariba, Zambia January 1962–June 1962 180 70 1.13 Gough and Gough [1970]
Nurek, USSR July 1972–June 1975 1095 225 0.59 Soboleva and Mamadaliev [1976]
Bhatsa, India 1983–1984 30 1.3 0.16 Rastogi et al. [1986a]a

Columns 2, 3, and 4 are from the corresponding references, and column 5 was calculated using equation (5).
aAuthor calculated growth rate.
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exceeds ks. We illustrate the validity of these conclusions
with three examples of IIS.

6.2. Nojima Fault Zone

[68] Following the 1995 M7.2, Kobe, Japan earthquake, a
drilling program was carried out at the Nojima Fault Zone.
The granitic rocks (granite and granodiorite) are faulted at
depth and are in fault contact with a sedimentary layer
(Osaka group) at the surface [Murakami et al., 2001]. Three
wells were drilled to depths of 500,1800, and 800 m; the
former two intersecting the Nojima Fault which had rup-
tured during the 1995 earthquake (Figure 11a). The third
was drilled vertically into the hanging wall of the Nojima
Fault. It had an open interval between 785 and 791 m that
lay within a granitic bedrock [Kitagawa et al., 1999]. This
borehole was an artesian well. The discharge data were
recorded every minute. In February and March 1997, large
volumes of water were injected at depths between 1480 and
1670 m in the deep hole at differential pressures of 6 to
7 MPa. Changes in discharge were noted in the artesian well
1, 0.5, and 0.5 days following three episodes of injection,
respectively. No seismicity was observed between the two
wells. Assuming fluid flow, Kitagawa et al. [1999] estima-
ted the permeability of the fault zone and surrounding
fractures to be 8 � 10�14 to 4 � 10�13 m2, values greater
than ks. However, 4 to 5 days after each injection, seismicity
was observed away from the fault, at distances from 3 to
4 km from the location of fluid injection (Tadokoro et al.,
2000; Figure 11b). On the basis of the time lag between the
time of injection and the onset of seismicity, the authors
estimated the permeability of the region (fractures?) con-
necting the injection point with hypocenters to be 10�15 to
10�14 m2, i.e., �ks.
[69] These observations are consistent with our concept

of ks. Injection of fluids with a borehole pressure of

�22 MPa at a depth with hydrostatic pressure �15 MPa
caused an increase in pore pressure in the surrounding
rocks. There was no seismicity in the Nojima Fault Zone
and the surrounding fractures above the injection location
where the permeability was greater than ks. However,
seismicity was observed in fractures with seismogenic
permeability adjacent to the fault and below the location
of injection.

6.3. Le Mayet de Montagne Granite Test Site

[70] The Le Mayet de Montagne granite test site in central
France was the location of large-scale in situ experiments
involving forced water circulation between two vertical
boreholes 100 m apart [Scotti and Cornet, 1994]. The
boreholes were located in a 1 km3 block of ‘‘fairly homo-
geneous’’ granite and reached depths of 780 and 840 m. In
the deeper borehole, Scotti and Cornet [1994] and Cornet
and Yin [1995] discovered that increases in injection pres-
sures resulted in increased fluid flow, aseismic widening
and slip of a fault cut by the borehole, and triggering of
seismicity in a nonparallel (to the fault) set of orthogonal
fractures. We interpret these observations to suggest that,
following injection, the elevated fluid pressures caused
jacking of the fractures in the fault zone, causing aseismic
slip and an increased flow in the fault with k > ks,
and seismicity in the adjacent fractures with seismogenic
permeability.

6.4. Soultz Hot Dry Rock Site

[71] At the HDR site near Soultz, injection of fluids in
September 1993 at a depth of 2850 m triggered seismicity
[Cornet et al., 1997]. Evans et al. [2005] noted that the rock
permeability was initially very low (1.5 � 10�17 m2, i.e.,
<ks), but rapidly increased after the differential pressure rose
above 5 MPa, and the first microseismic events were
observed. By the end of the 6 L s�1 fluid injection rate stage,
there was a 200-fold increase in the transmissivity and the
permeability increased to the seismogenic permeability
range. This increase in the permeability to the seismogenic
permeability value was accompanied by a dramatic increase
in seismicity. Further increase in the flow rate to differential
pressures of 8.4 to 8.9 MPa were accompanied by a
decrease in seismicity and a permanent opening of fractures.
The differential pressure stabilized at �9 Mpa; that is, there
was no further increase in differential pressure even when
the flow rates were increased [Evans et al., 2005]. Reinjec-
tion in 1994 at 1 MPa differential pressure revealed that the
fractures had opened permanently by jacking in 1993. We
interpret this observation to mean that the new permeability
of the fractures exceeded ks. The injectivity, defined as
flow rate per unit differential pressure, increased from
0.6 L s�1 MPa�1 to 9.0 L s�1 MPa�1 [Evans et al., 2005]

Table A6. Estimation of c From Time Lag Between Intense Rainfall and Seismicity

Location Time Lag, Days Distance, km c, (m2/s) Reference

Ikuno Mine, Japan <20 0.5–1.25 >0.04–0.23 ~0.1 Ogasawara et al. [2002]
Swiss Alps 30–60 1–10 0.1–4.8 ~1.0 Roth et al. [1992]
Vesuvious, Italy 120 3.5 ± 1.5 0.30 Ventura and Vilardo [1999]
Mt. Hochstaufen, SE Germany Variable 1–4 0.75 ± 0.35a Kraft et al. [2005]
Mt. Hochstaufen, SE Germany Variable 1–4 3.3 ± 0.8a Hainzl et al. [2006]

ac estimated by the authors.

Table A5. Estimation of c From Duration of Precursors

Location
Precursor
Time, Day

Length of
Aftershock
Zone, km c, m2/s

Uncertainty

Time Distance

BML, USA 3 1 0.96
6 1.8 1.56 0.2

Tashkent,
Former USSR

10 3.5 3.54
175 10 1.65 25 0.5

Danville, USA 30 3.5 1.18
Garm, Former USSR 40 3.5 0.89

70 3.5 0.66
San Fernando, USA 1500 25 1.21
Niigata, Japan 2500 60 4.17

132 10 2.19

Columns 2, 3, and 5 are from the work of Scholz et al. [1973]. Column 4
is calculated using equation (5).
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resulting in the non-Darcian flow [Kohl et al., 1997] consis-
tent with our concept of ks.

7. Conclusions

[72] Fluids play an important role in the triggering of
seismicity. To study the poroelastic response to reservoir
impoundment, lake level fluctuations, high-pressure fluid
injections in boreholes, and seismicity related to geothermal
operations and volcanic activity, we made the tacit assump-
tion that we are dealing with fluid-filled fractures and with
not a uniform half-space. We further assumed that the
fracture permeability is much larger than that of the host
rocks, so that all fluid pressures are confined to the
fractures. We considered all saturated fractures to be criti-
cally stressed, so that small changes in fluid pressures can
trigger seismicity.
[73] Although the permeability of rocks varies over

several orders of magnitude, the results of our studies show
that the permeability of fractures, where fluid pressure flow
triggers seismicity, lies in a narrow range over 2 orders of
magnitude, from 5 � 10�16 to 5 � 10�14 m2. We have
named this range of permeability seismogenic permeability,
ks [Talwani and Chen, 1998]. Increases in fluid pressures
lead to shear failure in accordance with the Coulomb failure
criterion and trigger seismicity only in fractures with
seismogenic permeability. That is, ks is an intrinsic property
of fractures where pore pressure diffusion leads to seismic-
ity. Besides locations of induced seismicity, fluid flow also
triggers aftershocks of large earthquakes [Nur and Booker,
1972]. Our results thus provide a constraint on the perme-
ability of those faults. They also have direct implication on
the assessment of permeabilities by a study of microseis-

micity in locations of secondary recovery of hydrocarbons
and geothermal exploitation (hot dry rock projects). They
show that the seismicity outlines regions of seismogenic
permeability and not those of the larger fractures where
fluid flow occurs aseismically.

Appendix A

[74] Tables A1–A9.
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