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Injection-induced seismicity and aseismic slip often
involve the reactivation of long-dormant faults, which
may have extremely low permeability prior to slip.
In contrast, most previous models of fluid-driven
aseismic slip have assumed linear pressure diffusion
in a fault zone of constant permeability and porosity.
Slip occurs within a frictional shear crack whose edge
can either lag or lead pressure diffusion, depending
on the dimensionless stress-injection parameter that
quantifies the prestress and injection conditions. Here
we extend this foundational work by accounting for
permeability enhancement and dilatancy, assumed to
occur instantaneously upon the onset of slip. The fault
zone ahead of the crack is assumed impermeable, so
fluid flow and pressure diffusion are confined to the
interior, slipped part of the crack. The confinement of
flow increases the pressurization rate and reduction
of fault strength, facilitating crack growth even for
severely understressed faults. Suctions from dilatancy
slow crack growth, preventing propagation beyond
the hydraulic diffusion length. Our new 2D and
3D solutions can facilitate interpretation of induced
seismicity data sets. They are especially relevant
for faults in initially low permeability formations,
such as shale layers serving as caprock seals for
geologic carbon storage, or for hydraulic stimulation
of geothermal reservoirs.
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1. Introduction

The injection, extraction, and flow of fluids in Earth’s subsurface alters pore pressure and the
frictional strength of faults, in some cases causing faults to slip. Slip can occur seismically, in
the form of earthquakes or microseismic events. But it can also occur aseismically, with slip
rates remaining sufficiently low that seismic wave radiation is suppressed. There is a growing
recognition of the importance of aseismic slip in subsurface energy-related applications. Aseismic
slip can be beneficial for reservoir stimulation by increasing permeability to facilitate heat
exchange in geoethermal applications and to increase production rates of oil and gas [1-4]. But it
can also be detrimental. Aseismic slip on faults crossing wells can shear casing and impact well
stability [5]. Aseismic slip is also of concern in geologic carbon storage projects, which rely on
the integrity of low permeability caprocks to prevent leakage of the buoyant CO2 plume [6,7].
These caprock layers are often shales or rely on clays to seal faults [8]. These rocks tend to have
velocity-strengthening frictional properties associated with aseismic rather than seismic slip [9].
As yet another hazard, stress changes from aseismic slip can trigger seismic slip. While in many
cases the triggered seismic slip occurs as a swarm of small microseismic events [10-12], it can also
occur as larger and more dangerous earthquakes [13,14].

While aseismic slip is challenging to detect, there are now several cases where shallow aseismic
slip has been inferred through INSAR measurements of surface deformation [15,16]. There have
also been several recent shallow field experiments aimed at probing the mechanics of fluid-
driven slip [17-21]. These observations, when paired with laboratory experiments, have provided
constraints on the mechanisms coupling fluids and fault slip.

Among the processes controlling the stability and style of slip and its coupling to pore
pressure diffusion and fluid flow are dilatancy and permeability enhancement. Dilatancy refers
to an inelastic porosity increase that, if occurring under relatively undrained conditions, reduces
pore pressure. These suctions stabilize slip by increasing frictional strength. Dilatancy has been
measured in many laboratory experiments [22-28]. Laboratory experiments also reveal changes
in permeability from slip [29-32]. Dilatancy and permeability enhancement have also been
observed in the shallow field experiments. Permeability increases from slip of one to two orders
of magnitude have been reported for carbonates [17,20] and by five orders of magnitude for
shales [19,21].

There have also been advances in the modeling of fluid-driven aseismic slip. Models of
subduction zone slow slip events have appealed to dilatancy to prevent frictional instabilities
from developing into earthquakes [33,34]. Recent modeling studies have also provided
interpretation of shallow field experiments [35,36] as well as reservoir-scale aseismic slip [14,37].
From a more theoretical perspective, important insights come from analytical solutions for
fluid-driven aseismic slip in response to localized injection, both in 2D [35,38,39] and 3D [40],
and for more idealized spring-slider models [41]. Numerical simulations have helped quantify
the importance of dilatancy as a stabilizing mechanism [42—45]. Simulations accounting for
permeability enhancement have demonstrated its importance in matching laboratory and field
data [20,21,35]. Permeability enhancement is also central to the phenomenon of fault valving. In
fault valving, fluid migration is temporarily hindered by a permeability barrier, driving a pressure
increase that weakens the fault and triggers slip, with the concomitant permeability enhancement
leading to a pulse of fluid discharge and depressurization. There is widespread evidence for fault
valving in natural fault systems, where it has been associated with the deposition of mineral
ores during rapid depressurization [46,47]. Models of fault valving have been developing using
parameterized models of permeability enhancement [48].

This study continues the specific line of research developing analytical solutions for fluid-
driven aseismic slip problems [35,49]. Thus far, these solutions have employed a one-way
coupling from linear pore pressure diffusion, in response to point or line source injection, to
aseismic slip occurring with constant friction coefficient. Fluid transport and pressure diffusion
are confined to a tabular fault zone of constant width that surrounds a planar slip surface. This
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idealization is motivated by the permeability structure of natural faults, which consists of a high
permeability damage zone embedded in less permeable host rock [50-52]. Despite the simplified
geometry, the solutions have relevance to more complex fracture network geometries [53]. Our
primary contribution is the extension of the previous 2D and 3D solutions [35,49] to account
for dilatancy and permeability enhancement. Both of these processes are assumed to occur
instantaneously upon the commencement of slip, and thereby enter the problem through a crack
edge condition in the fluid transport problem.

2. General problem formulation

Consider an arbitrarily shaped shear crack whose interior is the surface {2, bounded by the crack
edge I'. The outward unit normal to I" is n. The crack advances at rate ¢ in the 7 direction.
The crack propagates along a fault zone of width w, which in this general formulation may be
spatially variable but continuous. Fluid flow is confined to the interior of the crack, with the fault
zone outside assumed to be impermeable in comparison. The solid bounding the fault zone is
also impermeable.

(a) Fluid flow

Inside the crack, we assume linear pressure diffusion within the permeable fault zone, with the
pressure change p governed by

Bow— =V - (%UV;IJ) , X€ef. (2.1)

Here 3 is the sum of fluid and pore compressibility, ¢ is the porosity, k is the permeability, and
7 is the fluid viscosity. These parameters are regarded as constants in the linear transport theory.
The specific storage is S¢ and the hydraulic diffusivity is o = k/(8¢n). All properties can vary
spatially. The divergence and gradient are two-dimensional operators acting along the surface 2.

The Darcy velocity is

k
a=—-Vp. 2.2)
n

Outside the crack, the fault zone is impermeable so p =0 and q =0.
As the crack advances, fluid flows into the pore space that is unsealed by the advancing crack
edge at rate

k
q:—EVp-ﬁ, xel. (2.3)
Conservation of fluid mass requires

q=(Bop + A¢¥)a, (24)

where A¢P is an increment of plastic porosity that gives rise to dilatancy. The fluid influx ¢ can
be accommodated by elastic pore expansion and fluid compression (the first term on the right
side) and inelastic pore dilatation (the second term on the right side). Equation (2.4) is the novel
theoretical contribution of this work, with the remainder of the analysis devoted to exploring the
consequences of this problem formulation.

(b) Permeability enhancement and the dimensionless dilatancy parameter

Permeability enhancement and dilatancy are often, but not always, related. Permeability and
porosity are commonly linked through a power-law relation with an exponent around 3 [54].
Increases in porosity, from both elastic and inelastic deformation of the matrix, cause increases
in permeability. Elastic porosity changes, which can be calculated from knowledge of pore
compressibility, porosity, and pressure change, are of order 10~ % to 102 for this class of problems.
Plastic porosity changes likely span a similar range. We also note that increases in plastic porosity
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induce dilatant suctions (p < 0), and the resulting elastic porosity change is negative. Thus the two
contributions to porosity change are opposing, leading to overall smaller total porosity change
than from each mechanism alone [55,56]. It follows from the power-law relation that permeability
changes, if arising solely from porosity changes, are generally small unless the porosity increase
is at least several times the initial porosity.

Permeability can also change, independently of porosity changes, by alteration of the
connectivity (or tortuosity) of the pore network. This process does not result in dilatancy. The
increases in permeability by two to five orders of magnitude seen in shallow field experiments
[17,19-21] possibly require changes in pore connectivity (e.g., from shear-induced changes in
fracture aperture).

The main point of this discussion is to explain that the permeability enhancement and
dilatancy processes in our model should be regarded as somewhat independent. In particular,
there are cases where permeability enhancement can occur with negligible dilatancy. One striking
example is provided by a shallow injection experiment in shale, for which no dilatant suctions are
seen in a monitoring borehole at the onset of slip, despite a permeability increase of five orders of
magnitude [21].

In our model, the dimensionless measure of dilatancy is e = A¢P/(B¢pAp), the ratio of
plastic porosity change to the change in fluid content from elastic porosity change and fluid
compressibility, where Ap is a problem-specific characteristic pressure change (to be specified
later). Values of € < 1 indicate negligible effects of dilatancy, and the shale injection experiment
[21] provides evidence for the relevance of this case. However, in other cases we expect that € 2 1.
Measurements of plastic porosity changes at the field scale are limited, but it seems plausible
from laboratory experiments [22,25,26] that A¢P could reach or even exceed 107 2. If the change
in fluid content remains small, for example because the pressure change is small, then ¢ could
reach values of 10 or even 100. For example, e = 10 for § = 10~8 Pa—!, ¢0=0.1, A¢P = 10*3, and
Ap = 0.1 MPa. We explore values of e up to 100 in this work.

(c) Overview of two fluid-driven slip problems

In the following sections, we solve two initial value problems. Both involve crack propagation in
a homogeneous whole space along the plane z = 0 with a tabular fault zone of constant width w.
The specific storage 3¢, mobility k/n, and plastic porosity change A¢” are also constant.

The solid around the crack responds to deformation about a prestressed reference
configuration in a linear elastic manner. The initial shear and effective normal stresses, 7o and 06,
are constant. The initial shear stress acts in only one direction, which coincides with the direction
of slip, . Slip occurs at constant friction coefficient f, and without cohesion, such that the shear
stress 7 and effective normal stress o’ = 06 — p are related, within the crack, by 7 = fo'. Ahead
of the crack, 7 < fo'. Stresses at the crack edge are assumed to be nonsingular with propagation
occurring under the zero toughness or zero fracture energy limit (i.e., the stress intensity factors
and energy release rate at the edge are zero).

The first problem is for constant pressure injection in 2D from a line source, with slip occurring
under either antiplane shear or plane strain conditions. The second problem is for constant rate
injection in 3D from a point source. For the 3D problem we restrict attention to Poisson’s ratio
equal to zero, for which the crack is circular. Both of these problems feature self-similar solutions
and the derivations closely follow Bhattacharya & Viesca [35] and Séez et al. [49].

3. 2D constant pressure injection

This is a 2D model with line source injection at constant pressure. The crack occupies the strip
—a(t) <z < a(t). The solution is symmetric about the injection location = =0, so the problem is
posed for = > 0 with injection specified as a boundary condition at x = 0. Inside the crack, the
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pressure change p(z, t) obeys the linear diffusion equation

op  ko?
B ===,
ot nox

Outside of the crack (Jz| > a(t)), p=0. We start with p(z,0)=0 and a(0) =0 and injection
commences at ¢t = 0 with pressure held constant at the injector: p(0, t) = Ap.
Solution of the elasticity problem provides the stress intensity factor at the crack tips [57]:

K(t)= a(t) r(t) 70 — fop + fp(z,t) iz
—al(t) a(t)2 — 2

|z < a(t). (3.1)

(3.2)
T
We assume K = 0 at the crack tips so that stress remains finite and the energy release rate is zero.
The solution is self-similar and of diffusive character, so we write a(t) = Av/4at for some A
to be determined. The pressure change is p(z, t) = Apg(£) for some dimensionless function g(¢),
where £ = x/a(t) is the similarity variable.
With this change of variables, the diffusion equation (3.1) is

g"(€) +2X%¢4' (€) =0 (3.3)

and the boundary conditions corresponding to constant pressure injection and the crack edge
condition (2.4) are
g0)=1, ¢'(1)+2)\*[g(1) + € =0, (3.4)

The solution is )
14 AN ferf(\) — (1 + €) erf(AE)]

9(8) 1+ /mher? erf(N) (3:5)

For small ),
g(&) =1=2(1+ e)A%¢ + O(\h). (3.6)

The K = 0 condition (3.2) is
2 (1 g(®
== —==£_d .
=2, Jioas 52
where
_(;_ ™\ oo _ foo—o

T= (1 faf]) Ap 12 (3.8)

is the stress-injection parameter introduced by Bhattacharya & Viesca [35]. Note that g(£) in
(3.7) depends also on A and €. Equation (3.7) can be integrated numerically (using the change
of variable £ = cos 6 to handle the integrable singularity at £ = 1) to obtain a relation between A,
T, and ¢, as plotted in Figure 1. The dimensionless pressure and stress drop for several cases are
shown in Figure 2. For small ),

T—1- %(14—6))\2—0—0()\4). (3.9)

Bhattacharya & Viesca [35] derived a similar solution for linear pressure diffusion everywhere
on the fault (including ahead of the crack tips). Their solution is obtained by solving the diffusion
equation (3.1) for all > 0 and replacing the crack edge condition (2.4) with g(§) — 0 as £ — co.
The solution is g(§) = erfc(A§). The K = 0 condition, equation (3.7), is identical but is evaluated
using this different g(&). This solution is also shown in Figures 1 and 2.

The relation between A and T, in the absence of dilatancy (e = 0), is similar to the one found
by Bhattacharya & Viesca [35] for linear pressure diffusion everywhere on the fault (including
ahead of the crack tips). In fact, without dilatancy, the solutions become identical when A > 1. In
this limit, pressure changes are limited to the region around the injector and the associated stress
drop is effectively a line load in terms of its contribution to the stress intensity factor. This limiting
case was studied in detail by Garagash [58].

Pronounced differences from the Bhattacharya & Viesca [35] solution arise from dilatancy,
which slows the crack, in most cases leading to A < 1, even for arbitrarily small T (i.e., for faults
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2D constant pressure injection
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Figure 1. 2D crack with constant pressure injection. Relation between stress-injection parameter 7' and crack speed
relative to pressure diffusion. The crack tips are located at & = F-a(t) = +=\v/4at. Dilatant suctions at the crack tips
increase with €, slowing the crack. The Bhattacharya & Viesca [35] solution is also shown (‘BV19’). The asymptotic
solution for small A, given by (3.9), is shown as the black dashed curves.

2D constant pressure injection, T = 0.5 2D constant pressure injection, T = 0.5
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Figure 2. 2D crack with constant pressure injection. Dimensionless pressure (left) and stress drop (right) for stress-
injection parameter 7'= 0.5 and various dilatancy parameters €. Dilatancy slows the crack. The pressure change is
identically zero ahead of the crack tip (£ > 1) and is discontinuous at the tip. The Bhattacharya & Viesca [35] solution,
which has nonzero pressure change ahead of the tip, is also shown (‘BV19’).

very close to failure). Whereas A < 1 for the Bhattacharya & Viesca [35] model means that the
crack lags the pressure diffusion front, a different interpretation is required here. This is because
in our model, pressure diffusion occurs only within the crack as the fault is assumed impermeable
until unsealed by the advancing crack. Thus A < 1 means that the crack advances slower than a
hypothetical pressure diffusion front would advance if the fault were everywhere permeable.
We also note that dilatancy prevents X from diverging, even in the critically stressed (T" = 0)
limit. A closed-form expression for the maximum ) is obtained by setting 7" = 0 in equation (3.9):

4

B (3.10)

)\max =

Because equation (3.9) is based on an asymptotic expansion for small A, the expression above is
only accurate for sufficiently large e.
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4. 3D constant rate injection

Next consider the 3D problem with constant rate injection. With the assumption of zero Poisson’s
ratio, the crack is circular [49]. Its radius is 7 = a(t) = AV/4at. The derivation is similar to the 2D
constant pressure injection derivation with a few differences. The pressure diffusion equation is

p k10 ( ap

nror \' or

B(ﬁg_nrar

) , 0<r<al(t). 4.1)
The injection boundary condition is

lim —27mr— — =Q, 4.2)
n or

where @ is the injection rate (volume/time). The zero fracture energy crack growth condition
is [49,59]

a(t) _ /
0 :J T = foo + o 1) 4 43)

0 a(t)? —r2
The similarity variable is £ = r/a(t) and we define the characteristic pressure change [49]

Qn

Ap= Tk (4.4)
The pressure change is p(r, t) = Apg(§). The pressure diffusion equation (4.1) is
¢ (69'(9) +23%¢d () =0 (45)

and the boundary conditions corresponding to constant rate injection (4.2) and the crack edge
condition (2.4) are

Jlim —S5/© =1, '(1)+28[9(1) + 0. @6

The crack growth condition (4.3) is

. \/@5 d¢. 4.7)
Note that while the definition of T remains the same as for the 2D problem, it can now assume
values greater than unity. This is because Ap is a characteristic pressure change, not the injection
pressure (the pressure around the injector has a logarithmic singularity). Later we provide
expressions estimating the pressure change around the injector, which may be useful when
comparing to wellhead pressure data.
The solution is

. Jl 9(§)

9(6) = B (\’€%) — BEy(\%) + A2e™N e 4.8)

Asymptotics for small X are

g =22 —1-mme& -+ 0% (4.9)
and
T=X241-In4—ec+0(\?), (4.10)
which combine to give
g(E)~T —2+1In4 —Ing?. (4.11)

The solution with pressure diffusion everywhere, used by Séez et al. [49], is

9(¢) = By (\%¢?), (4.12)

with asymptotics for small A given by

9(€) = —y —In A% + O(\?) (4.13)
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and
T=2—~—Ind\? + 0(\?), (4.14)

where 7 is the Euler-Mascheroni constant.

Results are shown in Figures 3 and 4. The effects of permeability enhancement and dilatancy
are similar to those in the 2D constant pressure injection problem. Without dilatancy (e = 0), the
solution matches Séez et al. [49] in the large A limit for the same reasons as in the 2D problem
(pressure changes are confined to the vicinity of the injector and the associated stress drop acts as
a point load).

Dilatancy slows crack growth and ultimately provides an upper bound on ), even for critically
stressed faults (T" — 0). We denote the maximum ) obtained as T' — 0 as Amax. For € 2 1, Amax < 1.
This warrants use of the asymptotic expansion (4.10). Setting T' = 0 we obtain

Amax = (=1 +1Ind+¢)~V/2. (4.15)

Thus we conclude that even a moderate amount of dilatancy (e 2 1) prevents the crack from ever
propagating faster than a hypothetical pressure diffusion front, regardless of how close the fault
is to failure or how large the injection rate is. This is a pronounced difference from the prediction
of the Séez et al. [49] model.

The behavior in the large T' (severely understressed or marginally pressurized) limit is also
quite different, as we explain in the following section.

However, before proceeding, we provide expressions estimating the pressure change around
the injector. While the singular source injection solutions used in this and previous work feature
a logarithmic singularity at » = 0, Sdez & Lecampion [60,61] showed that these solutions provide
an excellent approximation to nonsingular solutions where fluid is injected from a wellbore
of finite radius R, provided that ¢ > R?/a. This condition is well satisfied for applications of
interest. Pressure at the injector is obtained by evaluating p(r,t) = Apg(§) at r = R and hence
¢ = R/(M\W/4at), or equivalently, A2¢2 = R?/(4at). The asymptotic expansions for small £, given
by (4.9) for our new model and (4.13) for the Séez et al. [49] model, can be used. For the the Sdez
et al. [49] model, this gives

RQ
p(R,t)~ Ap {—7 —In (M)} ; (4.16)

which Séez & Lecampion [60,61] note is only weakly dependent on time and approximated, to
order of magnitude accuracy, as 4w Ap. For our model,

2
p(R,t)~ Ap {,\—2 +InA—1—c—In (%)} . (4.17)

Making the same Sdez & Lecampion [60,61] approximation, we write this as
p(R,t) ~ Ap (A*Q SN2 -1 — gyt 47r) . (4.18)

It is evident that for small A and/or large ¢, the pressure can be quite different from 47 Ap.

5. Fault unsealing allows fluid-driven crack growth under
severely understressed conditions

Here we discuss behavior in the large T' (severely understressed or marginally pressurized)
limit for the 3D constant rate injection problem. Figure 3 shows that under these conditions, the
Séez et al. [49] model predicts negligible crack growth. The pressure increase within the crack
is insufficiently large to cause slip, except in the immediate vicinity of the injector. In contrast,
appreciable crack growth always occurs in our model with an impermeable fault ahead of the
crack edge, even under large T" conditions.

Figure 5 provides an example for T'= 30, a value that is representative of conditions in the
2012 stimulation of the Habanero 4 well in the Cooper Basin, Australia, enhanced geothermal
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3D constant rate injection
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Figure 3. 3D circular crack with constant rate injection. Relation between stress-injection parameter 7" and crack speed
relative to pressure diffusion. The crack edge is located at r = a(t) = A\v/4at. Dilatant suctions at the crack edge
increase with ¢, slowing the crack. The Séez et al. [49] solution is also shown (‘SLBV22’). The asymptotic solution for
small \, given by (4.10), is shown as the black dashed curves.

3D constant rate injection, T = 0.5 3D constant rate injection, T = 0.5
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Figure 4. 3D circular crack with constant rate injection. Dimensionless pressure (left) and stress drop (right) for stress-
injection parameter 7'= 0.5 and various dilatancy parameters e. Dilatancy slows the crack. The pressure change is
identically zero ahead of the crack edge (£ > 1) and is discontinuous at the tip. The S&ez et al. [49] solution, which has
nonzero pressure change ahead of the tip, is also shown (‘SLBV22’).

systems project (discussed further in the Discussion section). The pressure increase within the
crack is considerably higher than the characteristic pressure change Ap, which is the appropriate
scale of pressurization in the Sdez et al. [49] model. To investigate this further, we provide plots of
pressure change for several values of T (and without dilatancy) in Figure 6. As T" increases, crack
growth slows and the injected fluids occupy a smaller volume. This confinement of fluid leads
to greater pressurization, ultimately to the point that the slip condition is met. (It is also possible
that hydraulic fracturing occurs before this.) The characteristic pressure change is 7'Ap, rather
than Ap, in the large T limit, as shown by equation (4.11).

We can gain further insight into differences in the large 7" and small A behavior for our model
and the Séez et al. [49] model by examining the asymptotic relations between 7" and A, given
by (4.10) and (4.14), respectively. Dilatancy is of minor importance in this limit and our model
predicts A ~ T~1/2 whereas the Saez et al. [49] model predicts a much faster (exponential) decay
of X with increasing 7', namely, A ~ (1/ 2)6(2_7_T). Thus we conclude that the confinement of
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3D constant rate injection, T = 30 3D constant rate injection, T = 30
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Figure 5. 3D circular crack with constant rate injection. Dimensionless pressure (left) and stress drop (right) for
stress-injection parameter I" = 30 and various dilatancy parameters €. All curves are approximately identical when
nondimensionalized in this manner, but A decreases as e increases. The pressure change is identically zero ahead
of the crack edge (£ > 1) and is discontinuous at the tip. Crack growth is effectively nonexistent in the Séez et al. [49]
model for these high T" conditions.
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Figure 6. 3D circular crack with constant rate injection. (left) Dimensionless pressure for various values of the stress-
injection parameter 1", but without dilatancy (e = 0). Crack growth is effectively nonexistent in the Saez et al. [49] model
for large T conditions. In contrast, confinement of flow to the interior of the crack leads to increasingly large pressurization
as T increases, allowing fluid-driven crack growth even for severely understressed (large T') faults. (right) Alternative
nondimensionalization illustrating that the characteristic pressure increase within the crack is T'Ap in the large T limit.
Dashed black curves show the asymptotic solution given in equation (4.11).

flow to the interior of the crack permits fluid-driven crack growth under a much broader range of
conditions than had previously been recognized.

6. Discussion

Here we discuss the relevance of our 2D and 3D solutions to several applications involving
subsurface fluid injection. The first application comes from the Cooper Basin, Australia, enhanced
geothermal systems project targeting hot granites at approximately 4 km depth [62]. The project
was ultimately canceled after it was recognized that rather than stimulating a large volume,
injection was largely confined to the w = 6 m wide damage zone of the Habanero fault. Injection
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and pressure diffusion along this fault triggered microseismic swarms that migrated outward
from the injection wells during stimulation treatments [63-66]. Borehole measurements of stress
and pore pressure for this subhorizontal thrust fault [67,68] yield 79~ 9.06 MPa and o{, ~
26.4 MPa (and hence 79/0(, ~ 0.34, much less than a typical friction coefficient for granite of
f=10.6). For the 2012 stimulation of the Habanero 4 well, the representative injection rate was
Q =25 L/s [65,66,69]. Taking k = 1072 m?, n=8x10"% Pa s, and f =0.5, the characteristic
pressure change from (4.4) is Ap ~ 0.27 MPa and the stress-injection parameter is 7"~ 31. This is
in the severely understressed limit, for which the Saez et al. [49] model predicts negligible fluid-
driven crack growth. This is in contrast to the observed cloud of microseismicity, which migrates
outward by 500 m over 7 days. As discussed in the previous section, the relevant pressure
change from our solution, which assumes that pressurization is confined to the slipped crack
interior, is T Ap ~ 8.3 MPa We next estimate the specific storage as f¢ =5 X 10710 Pa—! [62],
giving a hydraulic diffusivity of a = 2.5 m? /s. Assuming ¢ = 0 (no dilatancy), we obtain A ~ 0.18.
(Results are nearly the same with dilatancy provided that e < 10, as is evident from Figure 3.)
After 7 days of injection, the crack edge is predicted to have advanced outward about 440 m.
This is reasonably consistent with the observed position of the seismicity front. Furthermore, the
predicted pressure change at the well is about 12 MPa, which is similar to but slightly higher than
the measured pressure change of about 10 MPa [65,66]. Further parameter adjustments, within
the uncertainties of the measurements, might bring the model into even more consistency with
the observations. We also note that despite the large T" value, the pressure change is still only
half of what would be required for pressure to reach the minimum principal stress and initiate
hydraulic fracturing. Overall, this exercise demonstrates how the model can be used to interpret
observations of fluid-driven slip.

Of course, our solution is for aseismic slip by virtue of the constant friction coefficient
assumption, whereas the observed slip was seismic. We speculate that the general features
predicted by our model, specifically the diffusive expansion of a pressurized zone with slip
confined within it, carry over to the seismic case (at least if stress conditions prohibit runaway
rupture [40,70,71]). For velocity-weakening friction with sufficiently small nucleation length, as
compared to the spatial extent of the pressurized and slipped region, we anticipate that slip will
take the form of small microseismic events. Simulations are required to test this hypothesis.

Our solution might be relevant also for assessing the integrity of caprock seals on reservoirs
used for carbon storage through CO» injection. As a specific example, Silva et al. [8] discuss
the viability of storage in sedimentary basins in the Gulf of Mexico. The proposed sandstone
reservoirs are bounded by shale caprocks, which are cut by growth faults. Clay smears might
serve to seal the faults [8], but on the other hand, shallow injection experiments into faults in shale
showed five orders of magnitude increase in permeability upon reactivation [19,21]. Finkbeiner
et al. [72] suggest that deeply sourced hydrocarbons in a northern Gulf of Mexico reservoir
may have migrated upward through shale layers along basin-bounding normal growth faults
through a fault valving mechanism. If pressurization from CO; injection and storage activates
fault valving, the onset of slip and the accompanying increase in permeability might be modeled
using a variant of the 2D solution presented here. The 2D approximation is relevant if the fault
and pressurization extend somewhat uniformly along strike, and a constant pressure “injection”
condition is warranted if the reservoir storage capacity is sufficiently large that the reservoir
pressure decrease from fluid loss is negligible over the timescales of crack growth through the
caprock layer. The primary modification that is needed is to replace bilateral with unilateral crack
growth, which will reduce the amount of slip and crack growth relative to the bilateral solution.

We also remark that it would be straightforward to extend our model to allow for pressure
diffusion ahead of the crack edge, but with different transport properties. The left side of the edge
condition (2.4) would include an additional term describing the fluid flow into the fault zone
ahead of the crack edge. The diffusion equation, with different parameters, would also be solved
ahead of the crack edge, so the modified edge condition, plus continuity of the pressure change,
would be used to couple the solutions behind and ahead of the crack edge. This extension will
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introduce two additional dimensionless parameters (the ratio of permeability ahead and behind
the crack edge and a similar ratio of specific storage). One limit of this problem (permeability
and specific storage ratios equal to unity) would correspond to the Bhattacharya & Viesca [35]
and Séez et al. [49] solutions; another (permeability ratio equal to zero) would correspond to our
new solution. An additional extension would allow the injected fluid to have different properties
than the fluid that occupies the pore space prior to injection (e.g., injection of CO3 into a water
or brine-filled reservoir). This will add a fluid interface across which Darcy velocity and pressure
will be continuous. We anticipate that in most cases, this region would be sufficiently small and
hence of low storage capacity relative to the crack, such that there would be minimal differences
from the solutions presented in this study.

Finally, recent work by Viesca [73] provides the mathematical foundation to calculate
additional features of our new solutions. These would include expressions for slip and seismic
moment, in the asymptotic limits we studied, which might be used for model calibration using
measurements of slip (e.g., from borehole monitoring or casing deformation).

7. Conclusion

In this study we derived 2D and 3D solutions for fluid-driven shear cracks, which differ from
the previous solutions of Bhattacharya & Viesca [35] and Séez et al. [49] by accounting for
permeability enhancement and dilatancy. Both processes were assumed to occur instantaneously
at the crack edge. Dilatancy hinders crack growth, preventing the crack from expanding beyond
the hydraulic diffusion length set by the fluid transport properties within the crack, even in
the critically stressed limit. We provide a closed form solution for the maximum crack growth
speed as a function of the dimensionless dilatancy parameter in equation (4.15). Our work also
demonstrates how the confinement of flow to the interior, slipped part of the crack (with relatively
impermeable conditions ahead of the crack) increases pressurization for constant rate injection.
That pressurization is always sufficient to bring the fault to failure (at least if hydraulic fracturing
conditions are not met first). This may help explain some observations of fluid-driven crack
growth occurring even for severely understressed conditions.
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