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Abstract Most significant induced earthquakes occur on faults within the basement beneath
sedimentary cover. In this two-dimensional plane strain numerical study, we examine the full poroelastic
response of basement faults to fluid injection into overlying strata, considering both (1) the permeability

of the fault zone and (2) the hydraulic connectivity of the faults to the target horizon. Given hydraulic and
mechanical properties, we compute the spatiotemporal change in Coulomb stress, which we separate into
(1) the change in poroelastic stresses Az, + fAo,, where Az, and Ac,, are changes in shear and normal stress
(A7, >0 and Ac, > 0 both favor slip), and (2) the change in pore pressure f Ap. Pore pressure diffusion into
hydraulically connected, permeable faults dominates their mechanical stability. For hydraulically isolated

or low-permeability faults, however, poroelastic stresses transmitted to deeper basement levels can trigger
slip, even without elevated pore pressure. The seismicity rate on basement fault zones is predicted using the
model of Dieterich (1994). High seismicity rates can occur on permeable, hydraulically connected faults due
to direct pore pressure diffusion. Lower rates are predicted on isolated steeply dipping normal faults, caused
solely by poroelastic stressing. In contrast, seismicity on similarly oriented reverse faults is inhibited.

1. Introduction

Subsurface fluid injection has become the standard method for disposal of brine produced along with oil and
gas in the energy industry. Over the past few years the central and eastern United States has experienced
elevated levels of seismic activity, and most of these recent earthquakes are observed near industrial activ-
ities, including deep injection of wastewater [Horton, 2012; Kim, 2013; Ellsworth, 2013; Kerenan et al., 2013;
NRC, 2013; Frohlich et al., 2014]. The majority of induced earthquakes associated with fluid injection occurred
within basement rocks, 1 to 4 km deeper than the target formations [Nicholson and Wesson, 1990; Seeber and
Armbruster, 1993; Seeber et al., 2004; Horton, 2012; Kim, 2013]. Large earthquakes require large faults, and
where sedimentary cover is relatively thin, large faults must involve the basement. In this study, therefore, we
focus attention on how fluid injection perturbs pore pressures and stresses in basement rocks beneath the
target formation.

In order to achieve safe operation, an important question is how much fluid can be injected without mechan-
ical failure of the securing formations, i.e, what is the storage capacity [Tsang and Apps, 2005]. In 1974, the
Safe Drinking Water Act required the U.S. Environmental Protection Agency to set minimum requirements for
deep injection wells utilized by the oil and gas industry as well as other wells for disposal of hazardous waste,
recently including geological carbon dioxide (CO,) sequestration [U.S. Environmental Protection Agency, 2010].
The environmental regulations limit the increase of pore pressure to below 80% of the lithostatic pressure
without upward migration of CO, saturated brine into potable aquifers. This concern focused attention on
overlying aquitards confining the reservoir or upper aquifers for groundwater [Birkholzer et al., 2009; Chang
etal.,, 2013; Dai et al., 2014; Bacon et al., 2016], as well as faults or fractures within them [Rinaldi et al., 2014]. In
terms of seismicity, however, the potential for inducing seismicity in the underlying basement rocks is critical
[Zoback and Gorelick, 2012; Vilarrasa and Carrera, 2015]. Therefore, the analysis of the potential earthquakes
induced by fluid injection requires us to consider the hydrological and mechanical properties of basement
rocks and faults.

Recently, Ellsworth [2013] reviewed induced earthquakes driven by either direct increase of pore pressure
along faults or indirect change in stresses on faults. Hydrological modeling studies show that the presence
of well-oriented and critically stressed faults within either the target formation or the basement increases
the probability of earthquakes associated with injection-induced pore pressure changes [Zhang et al., 2013;
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Kerenan et al., 2014]. Most models neglect poroelastic stress changes associated with injection, assuming that
direct pore pressure changes are the dominant effect in destabilizing faults. However, indirect transfer of stress
may perturb faults even without direct diffusion of pore pressure into the faults. Fluid injection or extraction
can induce seismicity by changing stress fields in rocks adjacent to the storage formation due to poroelastic
coupling [Segall, 1989; Segall et al., 1994; Segall and Lu, 2015]. Poroelasticity describes the physical process of
rock deformation as well as fluid flow through deformable pores and more accurately estimates the changes
in stress and pore pressure within the crust. The Coulomb criterion has been widely used to characterize the
condition under which failure occurs in rocks [Jaeger and Cook, 1979], and the Coulomb stress 7 is used as a
measure of proximity to failure for given pressure and stress state [Harris et al., 1995]. One goal of this study is
to examine the effect of full poroelastic coupling on the Coulomb stress changes for different types of base-
ment faults categorized by their permeability as well as hydraulic connectivity of the basement faults to the
target reservoir. Note that we compute changes in Coulomb stress from some initial stress state, as opposed to
absolute stress, to determine whether fluid injection promotes or inhibits slip on faults of a given orientation.

Pore pressure diffusion is thought to be the principal mechanism for inducing seismicity [Healy et al., 1968;
Raleigh et al., 1976], and thus, the onset of seismicity has been fit by expressions of the form rt~\/a [Rothert
and Shapiro, 2003; Shapiro et al., 2007; Shapiro and Dinske, 2009]. However, laboratory data and models based
on rate and state friction show that time-dependent nucleation of slip is controlled by both initial condi-
tions and applied stress history [Dieterich, 1979, 1986; Dieterich and Kilgore, 1994; Beeler and Lockner, 2003,
1994]. Segall and Lu [2015] recently studied the effects of rate-dependent earthquake nucleation in a poroe-
lastic medium with uniform hydrologic and mechanical properties. The second goal of this work is to explore
how different types of basement faults influence the spatiotemporal evolution of seismicity. Our analysis
emphasizes that poroelastic stresses on the basement faults can reduce stability and may induce seismicity,
depending on fault properties and geometry.

Here we examine the poroelastic response of basement faults to fluid injection into a geologically layered
sequence, including full poroelastic coupling and time-dependent earthquake nucleation. Section 2 describes
the model geometry and governing equations. In section 3.1 we explore the deformation-diffusion process
for fluid injection into the reservoir with overlying mudrock and underlying basement rock. In section 3.2 we
quantify the effect of basement faults on the spatiotemporal evolution of pore pressure as well as normal
and shear stresses as a function of fault permeability and geometry. In section 3.3 we compare poroelastic
effects to the direct pore pressure effect on Coulomb strength. In section 3.4 we estimate the seismicity rate on
basement faults and discuss how fault properties, i.e., permeability and geometry, affect the spatiotemporal
evolution of induced seismicity. In section 4.1 we discuss how different faulting states affect the magnitude
of the Coulomb stress change as well as the seismicity rate. Finally, in section 4.2 we test how variations in
fault friction affect the relative significance of poroelastic stressing. This generic study models a typical layered
formation including basement rock and does not focus on a specific injection site.

2. Model Problem

Poroelasticity involves coupling of equations for deformation of the solid matrix with those governing pore
fluid flow. Biot [1941] first introduced the governing equations for the deformation of a homogeneous,
isotropic, and linearly elastic fluid-saturated medium. Flow of pore-filled fluids is described by diffusion of pore
pressure p and the mass of diffusing fluids m per unit volume of the porous medium [Rice and Cleary, 1976].
The governing equations of poroelasticity can be derived on the basis of the following assumptions: (1) the
medium is porous, linear elastic; (2) saturated fluid flow follows Darcy’s law; (3) fluid mass is conserved; and
(4) isothermal conditions exist. In this study, we consider basin-scale heterogeneity by modeling a three-layer
system in two-dimensional coordinates, x = (x;, x3) with spatial variations in both mechanical and hydrolog-
ical properties.

2.1. Governing Equations

The linear theory of poroelasticity for an isotropic, fluid-saturated porous medium relates the strains ¢; and the
increment in fluid mass per unit volume of solid Am as a linear combination of stresses o; and pore pressure
p [Biot, 1941; Rice and Cleary, 1976; Wang, 2000]

v 1 -2v)a
2G€’/ =0y — mo'kkéij + ﬁpélj’ (1)
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where G (Pa) is the shear modulus, v (—, dimensionless) is the drained Poisson’s ratio, v, is under undrained
conditions, p; (kg/m3) is the fluid density in the undeformed, reference state, B (—) is the Skempton’s coefficient
giving the ratio of the change in pore pressure to the change in mean normal stress for undrained conditions
(p = —Boy/3), and a (—) is Biot-Willis coefficient relating change in pore pressure to volumetric strain.
The constitutive equations (1) and (2) are combined with field equations for conservation of momentum and
fluid mass

6,-N+f,-=0, (3)
d
THv-a=o. @)

where f; is the component of the body force per unit volume of the bulk material and q is the mass flux of
pore fluid.

The force equilibrium equation (3) can be expressed in terms of displacement u; and pore pressure p [e.g.,
Segall, 2010]
G (%)

V- [GX)Vu]+V TV(X)

]V~u—a(x)Vp+f=O. (5)

In equation (5), the pore pressure gradients act as body forces and induce deformations of the solid.

To derive the governing equation for single-phase transient flow in a heterogeneous and isotropic com-
pressible porous medium, we need to employ conservation of fluid mass given by (4) and Darcy’s law
q=—(psk/n)Vp, where k (m?) is permeability and 5 (Pa s) is the fluid viscosity, and the constitutive equation (2).
The flow equation can be written in the form of an inhomogeneous diffusion equation for pore pressure in
which the divergence of the displacements acts as a source term [Wang, 2000; Segall, 2010]

ap 1 d
r_ly. = —ax)Z (V-
5. (%) %t 7 [k (x) Vp] a(x) 3 V-u, (6)
and S, (Pa™") is the constrained specific storage [Wang, 2000] given by

20 -2v)(1-
5 = a?(1=2v) (1 2vu). -
ZG(vu—v)

S. represents the fluid volume change per unit control volume per pressure change while holding the control
volume constant. The storage capacity can be quantified by the specific storage S, representing the change
of fluid mass due to increase in pore pressure within a unit volume, expressed mathematically S~ Am/Ap
[Narasimhan and Kanehiro, 1980]. Smaller S implies a less compressible fluid-saturated solid and limits the
increment of pore volume due to pore pressure increase. A general form of the specific storage under arbi-
trary stress-strain conditions needs to consider the change in the total stresses as well as the change in fluid
pressure [Green and Wang, 1990].

Note that equations (5) and (6) are fully coupled —that is, a change in volumetric strain produces a change in
pore pressure (solid-to-fluid coupling) and conversely gradients in pore pressure induce deformation of the
porous matrix (fluid-to-solid coupling). Mathematically, this coupling is manifest by the presence of Vp in the
equilibrium equations (5) and V - u in the flow equation (6).

The diffusion equation can also be expressed as follows [Wang, 2000]
5(x)i(§a + )—lV-[K(x)V]—O ®)
o ot \3 kk TP n P >
where the mean normal stress acts as a source term and S, (Pa™") is the specific storage at constant applied

stress, or the unconstrained specific storage [Wang, 2000], defined as

_ a?(1 = 2v)%(1 +v,)

726G+ V(v —v) ®
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Figure 1. Schematic description of the model. The formation properties are given in Table 1. Laterally and vertically
extensive geometry (L~ 54/4c;At; H, ~124/4c, At) minimizes boundary effects on pore pressure. Isolated faults are
shown; the upper limits of the faults are extended to x; = 0 m for faults connected to the sandstone reservoir. A refined
mesh is used to resolve strong gradients in pore pressure and stresses at faults and lithologic boundaries.

Under the assumption of uniaxial strain and constant vertical stress (¢;;, = €,, = 0, 033 = 0), equations (6) and
(8) reduce to an uncoupled transient flow equation

op 1
SU(X)E—;V~[K(X)VP]=0, (10
where S, (Pa~") is the uniaxial specific storage [Wang, 2000] defined as

2 _ 2 _
5 = as (1 =2v) (1 vu). an
2G(1—-v) (vu - v)

In this limit there is only one-way, fluid-to-solid coupling.
In a homogeneous domain, we define hydraulic diffusivity as

c=%. (12)

The constrained specific storage S, is smallest because the volume is held constant, which means that the vol-
ume of fluid released is due primarily to fluid compressibility. The unconstrained specific storage S, is greatest
because the least restraint is placed on the framework as pore pressure is decreased. The uniaxial specific
storage S, lies in between two because only lateral strain is held constant. Given mechanical properties, we
can calculate the value of the specific storage defined by (7) and (9) in fully coupled equations or (11) in an
one-way coupled (uncoupled) equation and predict the pore pressure field p(x, t) for each model. Note fur-
ther that the pore pressure distribution will be different in the uncoupled formulation (11) compared to the
fully coupled case even though mechanical and hydrological properties are identical (refer to section 3.1).

2.2. Layered Geometry With Basement Faults

We consider a three-layer geometry comprising a laterally extensive sandstone reservoir overlain by a thick
mudrock (shale, siltstone, or other fine-grained clastic rock) sequence and underlain by basement rocks
including faults as shown in Figure 1. The two-dimensional, plane strain (d(-)/0x, = 0) domain has origin at
the bottom of the injector (depth of 3 km). The initial conditions for pore pressure and stresses are given by

o (X, t=0) =0, (13)

p(x,t=0)=0. (14)

Note that since this study considers perturbations from an initial self-equilibrated stress state, the affect of
gravity on deformation can be neglected [Segall, 2010, chap. 9]. In addition, the change in stress due to the
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weight of the injected/extracted fluid is small compared to poroelastic stress changes [Segall, 1985]. Assuming
fluid injection at x; = 0 with constant mass rate Q per unit length of the reservoir thickness (kg/m s), the
hydraulic boundary conditions are given by

ks ( dp _ [ -Q;0<x3<H, 0<t<At (15)

u\ox) o L0 :x5<0x>H, ’

lim lim p=0, (16)
X" —>OOX3—>00

where H, (m) is the thickness of the sandstone reservoir and At (days) is the injection period. We adopt a
laterally extensive geometry in which the reservoir length is 5 times the characteristic diffusive length in the
sandstone reservoir (L = 15 km ~ 54/4c,At) for At = 30 days, and the basement thickness is 12 times the
length scale in the basement (H, = 2 km ~ 124/4c,At). Longer injection periods, e.g., years or decades as
common for wastewater disposal [Rubinstein and Mahani, 2015], require larger model domains in order to
neglect boundary effects.

Mechanically, the bottom and side boundaries are fixed in the normal direction to boundaries but free to
move in the parallel direction
lim A-u=0, (17)
Xj"OO
where /1 is the normal vector and u is displacement. The top of the domain is traction free (Figure 1). The
spatial variation of the physical properties in this layered geometry is given by

Ky 5 X3 > H

KX)=1 Kk, ; 0<x3<H,, (18)
Kp 5 X3 <0
Sm 5 X3>H;

Sx)=49S, ; 0<x3<H,, (19)
Sp 1 x3<0

where the subscripts m, s, and b represent mudrock, sandstone, and basement and S is either S, for coupled
models using (8) or S, for uncoupled models using (10). Petrophysical and mechanical properties of the over-
lying mudrock and the sandstone reservoir are from the Cranfield site in southwestern Mississippi near the
border of Louisiana in which CO, had been injected as a pilot project for CO, storage [Kim and Hosseini, 2013].
The entire sequence overlying the sandstone reservoir is represented as a single homogeneous mudrock
sequence with a thickness of 600 m. This mudrock acts as a confining unit for fluid injection with a relatively
low permeability but considerable compressibility. This setting minimizes the effect of permeable mudrock on
lateral pressure propagation; however, the nonzero permeability and high compressibility cause dissipation
of injection-induced overpressure into the mudrock [Chang et al., 2013].

To investigate the poroelastic response of basement faults to fluid injection, we include a set of faults within
the basement as shown in Figure 1. In this study, we consider extensional (normal) faults with dip angle
0=60°, which are assumed to be well oriented for slip in the ambient stress field, and compute normal and
shear stresses on the faults. Note that unfavorably oriented faults are unlikely to slip with modest perturba-
tions in pore pressure and stress. We consider rather end-member cases in which faults are assumed to be
either high-permeability conduits (x;/x, =5 x 10%) or low-permeability seals (k;/x, =5 x 10~>). Hydrological
properties of the basement rock and faults are based on Zhang et al. [2013], and mechanical properties are
from Stanislavsky and Garven [2002] and Willson et al. [2007] (refer to Table 1).

2.3. Seismicity Rate Model

Seismicity is modeled as a sequence of earthquake nucleation events in which the distribution of initial con-
ditions over the population of nucleation sources and stressing history controls the timing of earthquakes.
Dieterich [1994] derived equations for the seismicity rate R in terms of a seismicity state variable that depends
on the change in Coulomb stress. We define the Coulomb stress © = 7.+ f(c,,+ p), where 7, and ¢, are the
shear and normal stresses (positive in tension) acting on a fault plane and f is the coefficient of friction.
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Table 1. Summary of Model Properties

Model Properties Mudrock? Sandstone® Basement? FaultP Fluid
k€ (m2) 1%x1071° 6.4x 10714 2x 10717 1%x10713,1x 10721 -
(=) 0.1 0.25 0.05 0.02 -
G (GPa) 11.5 7.6 25 6 -
v(-) 0.3 0.15 0.2 0.2 -
vy (=) 0.35 0.25 0.25 0.33 -
B(-) 0.8 0.62 0.85 0.62 -
4 (=) 0.5 0.6 0.6 0.1,0.75 -
C (MPa) 75 80 130 0 -

p (kg/m3) 2600 2500 2740 2500 1000
7 (Pas) - - - - 1% 1073

@Mudrock and sandstone properties are based on Kim and Hosseini [2013].

|[’Hydrological properties of basement and faults are based on tabulation in Zhang et al. [2013], and mechanical
properties are based on Stanislavsky and Garven [2002] and Willson et al. [2007].

“The values of fault permeability are given for conductive or sealing faults.

dvariable fault frictional coefficients are employed to test the effect of f on poroelastic stressing (f = 0.75 for
reference case).

For moderate change in 7,/6, where 6 =¢,+p is the effective stress, we assume that 7,/6 is constant.
Eliminating the state variable from the Dieterich [1994] formulation, Segall and Lu [2015] obtain

dR R (1
22X _R 2
dt t<r’0 ) (20

a
where R is the seismicity rate relative to the steady state seismicity rate at reference stressing rate 7,. The
characteristic decay time is t, = Ad /%, where A is a constitutive parameter quantifying the direct effect on
slip rate in the rate-state friction law and 7 is the Coulomb stressing rate. We take A = 0.005, as measured in
friction experiments [Dieterich, 1994], and 6 = 10 MPa at a depth of about 1 km. The background stressing
rate 7, is assumed as 10~3 MPa/yr, such that a typical 1 MPa stress drop accumulates in 10° years. This leads
to a characteristic decay time t, = 50 years. Prediction of R requires the temporal variation of 7 at each point
on the faults. The ordinary differential equation (20) is solved using the MATLAB solver ode45 with relative
tolerance of Te—6 and very small absolute tolerance. The poroelastic solution is found at discrete time steps
(tstep = 0.1 years) using the finite element method (FEM), as described in section 3. To compute the stressing
rate, we fit a spline curve to the Coulomb stress from the FEM calculations. The (analytical) time derivative of
the spline fit is used to approximate 7 (refer to Appendix A). Note that equation (20) assumes that favorably
oriented faults are already close to failure and that we only compute the Coulomb stressing rate, which is
independent of the background, preinjection stress state.

3. Numerical Results

We performed numerical simulations of the model defined by the governing equations (5) and (6) [or (8)], with
initial and boundary conditions ((13)-(17)) and the parameter fields ((18)-(19)). The finite element analysis is
conducted with COMSOL [2014] using bilinear quadrilateral elements for spatial discretization [Hughes, 2000]
and a variable step method [Dreijj et al., 2011]. The numerical mesh is highly refined near the boundaries of
the sandstone reservoir as well as the basement faults to resolve the strong pore pressure gradients typical
for this problem as shown in Figure 1.

3.1. Poroelastic Response to Fluid Injection

Before considering the full problem including basement faults, we illustrate the poroelastic effect on pore
pressure distribution by comparing the fully coupled model (two-way poroelastic coupling, equation (8)) to
the uncoupled one (one-way fluid-to-solid coupling, equation (10)).

The hydrological and mechanical properties of each layer are identical in both models, and we inject the same
amount of fluid at a constant rate of 30 kg/s into the sandstone reservoir for 30 days (At). The models are run
for 300 days so that the postinjection response can be analyzed. We use the same color scheme for contour
plots of all parameter fields (red for positive value and blue for negative).
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Figure 2. Pore pressure p(x) at t = 100 days for (a) uncoupled and (b) fully coupled models. (c) Larger p buildup in the
fully coupled, poroelasticity model is due to compressive stress change.

Figures 2a and 2b show the pore pressure in the uncoupled and coupled models at t = 100 days when injec-
tion has stopped, but pore pressure continues to diffuse into the formations. Given that the injection scenarios
are identical and a constant fluid density p; is assumed, both models have the same injected fluid mass. The
local change in fluid mass Am depends on changes in mean stress and pore pressure (refer to Appendix B),
and based on the relations (B2) and (B6), the pore pressure change p(x, t) is given by

PfSq(X)
Am(x,t)

pFSy(X)

(21

AmxD _ E%akk(x, t) ; coupled
p(x,t) = .
; uncoupled

In the coupled, poroelastic model, the pore pressure is determined by two terms: (1) specific storage S, asso-
ciated with the increment in fluid mass Am and (2) Skempton’s coefficient B associated with the perturbation
in mean stress. For the uncoupled model, the pore pressure field is determined solely by the change in fluid
mass and S,. Because S is larger than S, (refer to section 2.1), poroelastic coupling reduces the magnitude
of the first term associated with the change in fluid mass. Including poroelastic effects, increase in p causes
expansion of the sandstone layer which is resisted by the elastic surroundings. This causes the formation to
be driven into compression (o}, <0) as shown in Figure 2c. This injection-induced compression causes the
second term in (21) to be positive; thus, the poroelastic response to fluid injection results in larger pore pres-
sures in the sandstone reservoir. The uncoupled model cannot capture injection-induced deformation and
thus underestimates the magnitude of increase in pore pressure.

3.2. Poroelastic Response of Basement Faults

Before presenting numerical results, we illustrate how the poroelastic response to fluid injection perturbs
stress fields in both the formation and basement. Figure 3 describes schematically three physical mechanisms
of poroelastic deformation associated with fluid injection. Strong compression develops within the pressur-
ized region (gray) due to poroelastic response to pore pressure buildup, as discussed in section 3.1. Increased
pore pressures within the reservoir formation cause the reservoir to expand. This expansion induces horizon-
tal extension of basement rocks below the region with significant pore pressure increase. At the same time
lateral expansion of the reservoirinduces a smaller horizontal compression in the basement more distant from
the injection zone. Without direct diffusion of pore pressure, poroelastic extension/compression of the base-
ment rocks thus perturbs the stress state on basement faults at depth. The boundary between extensional
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Figure 3. Schematic description summarizing formation deformation and faulting associated with fluid injection. Open
arrows indicate horizontal strains in the formation. The gray region indicates pressurized zones due to direct pore
pressure diffusion. Poroelastic extension of basement rocks below the pressurized zone near injector enhances normal
faulting, while far-field compression favors reverse faulting.

and compressional environments will be determined by the diffusion of pore pressure and thus the hydraulic
properties of the formations. In the background extensional environment normal faults near the injector are
favored to slip due to increased extension of the basement rocks. In the far field from the injector increased
compression inhibits normal faulting. Thus, the full poroelastic response to injection depends on the fault
location and orientation, as well as the permeability and hydraulic connectivity to the reservoir.

If the target formation (reservoir) is intersected by faults, they will have a considerable impact on the pore
pressure [Bense and Person, 2006; Chang and Bryant, 2009; Tueckmantel et al., 2012] and stress [Cocco and Rice,
2002; Jha and Juanes, 2014] distributions in the reservoir. In this study, we focus on faults within the basement
hydraulically either connected or isolated from the reservoir. A key goal is to understand the pore pressure and
poroelastic stress acting on the faults for different end-member scenarios. The sign and magnitude of poroe-
lastic effects depend on fault geometry (location, dip, or width), injection operations (duration or rate), and
poroelastic parameters. However, our goal is not to catalog all possible scenarios. Rather, it is to explore gen-
eral processes and to emphasize that indirect transfer of poroelastic stresses may destabilize basement faults
(“poroelastic stressing”), even without direct pore pressure diffusion into high-permeability faults hydrauli-
cally connected to the target reservoir. General insight into effects of expansion of the reservoir can be gained
by consideration of Figure 3.

We consider two factors associated with fluid flow in fault zones: (1) the permeability of the fault zones and
(2) the hydraulic connectivity of basement faults to the target reservoir. By combining these factors, we intro-
duce four end-member types of faults categorized by permeability (sealing or conductive) and their hydraulic
connectivity to the target reservoir (isolated or connected). The petrophysical and mechanical properties
of the fault zones are given in Table 1; only permeability x; varies. The injection scenario is the same as in
section 3.1. For each case, we generate two-dimensional fields of pore pressure p(x), normal o,,(x), and shear
stresses 7,(x), acting on (or on planes parallel to) the faults, at three different times At=30 days (end of
injection), t=100, and 200 days (postinjection) as shown in Figures 4 to 6. In each figure, the left two columns
show the results for conductive faults, while the right two columns show those for sealing faults. The color
scale remains the same for the four different cases but varies at different times.

Figure 4 shows the spatial distribution of the pore pressure change multiplied by the friction coefficient,
fAp(x, t), for three time steps. During injection, the pore pressure increases up to 30 MPa, with the largest
changes confined within the storage formation except for connected/conductive basement faults. After the
end of injection the pore pressure continues to diffuse through the formation and basement.

For isolated/conductive faults shown in Figures 4a to 4c, the vertical enlargement of the pressurized zone is
determined by the basement diffusivity. Once the pressure plume approaches the conductive faults, flow into
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Figure 4. Pore pressure changes fAp(x) from coupled poroelasticity model at t = 30, 100, and 200 days: (a—f)
conductive and (g-1) sealing faults.

the faults causes the local pressure gradient to be directed into the faults, distorting the pore pressure con-
tours. On the other hand, if conductive faults are hydraulically connected to the sandstone formation, changes
in pore pressure are dominated by flow into the faults as shown in Figures 4d-4f. The faults themselves act
as virtual sources for lateral diffusion into the surrounding basement. Flow into the basement also attenu-
ates pore pressure in the target reservoir. Sealing faults act as flow barriers, leading to sharp (but continuous)
changes in pore pressure across the faults as shown in Figures 4i-4l. In this case pore pressure gradients in
the basement rocks are directed parallel to the faults.

Figures 5 and 6 illustrate close-ups of the normal and shear stresses, o,,(x, t) and z,(x, t). The displacement field
u(x, t) is shown with the shear stress field in Figure 6. For isolated or sealing faults extensional stress (5, > 0,
weakening the fault) is observed in the basement far from the reservoir due to injection-induced lateral expan-
sion of the reservoir formation (as predicted from Figure 3). For connected/conductive faults, compressive
stress (6,<0, strengthening the fault) occurs in and around the fault zone due to pore pressure buildup and
hence expansion of the faults (Figures 5d-5f). In the other cases, the normal stress becomes compressive
once the pressure plume encounters the faults (e.g., Figures 5a-5c), leading to a time-dependent change
from positive to negative normal stress.

Horizontal extension, due to poroelastic dilation of the target formation, induces positive 7, (normal sense
of shear) on the dipping faults (displacements in the positive x; direction increasing with increasing dis-
tance from the injector). Note that positive shear stresses would act to inhibit faulting in a compressional
(reverse) fault system; see section 4.1. For conductive faults that are hydraulically connected to the reservoir
(Figures 6d-6f), pore pressure buildup within the faults causes pore pressure gradients outward from the fault
zone which must be compensated by stress gradients (refer to equation (5)). The combination of the volumet-
ric expansion within and near the fault zone and the boundary conditions acts to increase shear stress acting
on the faults. Because of the symmetry condition at x; = 0, the displacements near the injector are primarily
vertical on the hanging wall side. On the footwall side the expansion of the fault zone can be accommodated
more by lateral displacement. These effects cause the shear strains, and hence stresses, to be positive in this
normal faulting environment, for the highly conductive and well-connected fault geometry.

Sealing faults divide the pore pressure field, leading to apparent discontinuities in pore pressure across the
faults (refer to Figures 4i—4l); pore pressure is, in fact, continuous within the fault zone. The apparent discon-
tinuity leads to pore pressure gradients, and thus equivalent body forces (see equation (5)), that parallel the
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Figure 5. Normal stress, o,,(x), from coupled poroelasticity model at t = 30, 100, and 200 days: (a—f) conductive and

(g-1) sealing faults.

fault. This causes stress gradients and apparent discontinuities in shear stress across the faults (r,>0 above
the fault versus 7,<0 below the fault zone, Figures 6k and 6l). In detail, the shear stresses are, of course,

continuous within the fault zone.

3.3. Coulomb Stress Change

Assuming a constant friction coefficient f, the change in Coulomb stress produced on a failure plane can be

defined as
At = Az, +f (Ao, + Ap) = Az, +fAG,
Conductive fault Sealing fault
Isolated faults Connected faults Isolated faults Connected faults
% < /
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Figure 6. Shear stress 7,(x) and displacement vector u(x) from coupled poroelasticity model at t = 30, 100, and
200 days: (a-f) conductive and (g-1) sealing faults. White vectors show displacements.
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Figure 7. Change in Coulomb stress due to poroelastic stressing Az, (x) + fAc,(x) at t = 30, 100, and 200 days: (a—f)
conductive and (g-1) sealing faults.

where Az is the static change of Coulomb failure stress, Az, is the change in shear stress, Ag,, is the change
in normal stress, Ap is the change in pore pressure, and Ag is the change in effective normal stress. Positive
values of Az imply that the fault plane is closer to failure; positive Az, indicates that the change in shear stress
favors slip; positive Ao, means that extension unclamps the fault. To examine the poroelastic response relative
to the direct pore pressure effect, we rearrange (22) in terms of the changes in poroelastic stresses and pore
pressure as follows:

At = (At +fAc,) + fAp. (23)

Figure 7 shows the change in poroelastic stresses, Az,(x, t) + Ao, (X, t). Except for the connected/conductive
fault case, thereis a positive Coulomb stress change in the basement below the zone of elevated pore pressure.
This results from dilation of the reservoir formation which leads to both increases in Ag,, and Az, as shown
in the previous section. Closer to the reservoir where pore pressures increase, the poroelastic stress change
is negative (e.g., Figures 7a-7c) due to negative Ao, If the conductive faults are hydraulically connected to
the formation, increased pore pressure leads to expansion of the fault zones and compressive normal stress
(Figure 5), decreasing the poroelastic stress (Figures 7d-7f).

Within the pressurized zone, fAp is 1 order of magnitude larger than that of |(Az, + fAs,)| (refer to Figure 4),
which implies that pore pressure changes dominate fault stability in these areas. Outside zones without
significant pore pressure changes, poroelastic stresses dominate.

We obtain the total change in Coulomb stress Az(x, t) by summing the direct and poroelastic terms in (23).
Figure 8 shows that for the most part the spatial distribution of the Coulomb stress change Az(x) is similar to
that of the pore pressure change f Ap(x) (refer to Figure 4). This implies that stability of basement faults will be
dominated by changes in pore pressure, where those changes are nonnegligible. Smaller changes in Coulomb
stress beyond the direct impact of elevated pore pressure show that poroelastic stressing can increase failure
probability on basement faults at greater depths (Figure 7).

We plot the net Coulomb stress change Az along the middle of the fault zone indicated as orange lines in
Figures 9a and 9d. The upper bound of each plot is the boundary between the reservoir and the basement
located at x; = 0 km, while the lower bound is at x; = —1 km. The dash line in each subplot of Az represents
the end of injection at At = 30 days.

For the isolated faults shown in Figures 9b and 9¢, positive At develops above x; = —0.2 km, where there
is no fault, due to pore pressure diffusion into basement rocks. In the isolated/conductive case (Figure 9b),
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Figure 8. Coulomb stress including pore pressure change, Az(x), from coupled poroelasticity model at t = 30, 100, and
200 days: (a-f) conductive and (g-1) sealing faults.

pore pressure changes are limited by the duration of injection and the basement permeability. In the iso-
lated/sealing case (Figure 9c¢), the low permeability of the fault limits pore pressure increases within the fault.
In both of these cases, Coulomb stress changes on the fault are dominated by poroelastic effects, which are
destabilizing after shut-in. For the conductive, hydraulically connected fault in Figure 9e, direct pore pressure
diffusion leads to large changes in Coulomb stress. After the end of injection, pore fluid continues to diffuse
and the maximum pore pressure decreases. For the sealing fault shown in Figure 9f, positive Az develops at
the end of injection caused by poroelastic extension of deep basement rocks, although negative Az, driven
by poroelastic compression due to pressurization of adjacent basement rocks, develops at shallower depths

Conductive fault Sealing fault At (MPa)
4

2

0 50 100 150 200 250 300 0 50 100 150 200 250 300
t (day) t (day)

Figure 9. Coulomb stress change Az(t) in the middle of the fault nearest the injection well, as a function of position and
time. (a and d) Fault geometry; stresses are computed along dashed orange lines. (b) Hydraulically isolated conductive
fault, (c) hydraulically isolated sealing fault, (e) hydraulically connected conductive fault, and (f) sealing fault connected
to a target reservoir.
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Figure 10. Seismicity rate R(t) along fault nearest the injection well as a function of time, assuming normal faulting:

(a and d) fault geometry; seismicity rates are calculated along dashed orange lines, (b) hydraulically isolated conductive
fault, (c) hydraulically isolated sealing fault, (e) hydraulically connected conductive fault, and (f) sealing fault connected
to a target reservoir.

with time driven by pore pressure diffusion into the basement. These results show that poroelastic stressing
can destabilize basement faults even without direct pore pressure diffusion into them.

3.4. Seismicity Rate Prediction

Given pore pressure and stresses from the numerical simulations, we predict the seismicity rate for each sce-
nario by solving the seismicity rate equation (20). In these calculations we assume that earthquakes occur
only on preexisting fault zones, not in the unfaulted basement.

Figure 10 shows the temporal evolution of seismicity rate on a logarithmic scale, log,,R(x, t), based on stress
and pore pressure in the middle of the fault nearest the injector, for the assumed values of t, and background
stressing rate. Seismicity in unfaulted basement is muted in the figure. The dash line in each plot represents
the end of injection (At = 30 days).

For the isolated fault shown in Figures 10b and 10c, the seismicity rate increases on the fault (x; < —0.2 km)
are modest in these scenarios. The increase in R within the isolated fault zone occurs due to (1) postinjec-
tion diffusion of pore pressure, if the fault has high permeability (Figure 10b), and (2) poroelastic stressing
(Figures 10b and 10c). These processes are controlled by the basement permeability, and distance between
the reservoir and faults, as well as the injection rate and duration. Postinjection diffusion into the conductive
fault causes a gradual increase of R in the fault without hydraulic connectivity to the target reservoir.

For the connected/conductive fault shown in Figure 10e, direct pore pressure diffusion into the fault leads to
large increases in seismicity rate (log,;oR >4, for these parameters) throughout the fault zone. On the other
hand, the low permeability of the sealing fault impedes diffusion into the fault (Figure 10f). Fault normal
compression on the shallow fault (—0.1 km <x;<0 km) suppresses seismicity there. However, poroelastic
extension on the lower portion of the fault (x;<—0.1 km) leads to modest increases in seismicity rate (log;,R= 1,
for these parameters) at depth. These results show that changes in pore pressure and/or stresses can induce
seismicity in any type of basement fault. Limited diffusion into sealing faults results in negligible pore pressure
change within them, but poroelastic stressing can increase the Coulomb stress, inducing seismicity.

The predicted seismicity rate depends on the perturbation in pore pressure and stress, as well as the character-
istic decay time t, [Segall and Lu, 2015]. Figures 11a-11cillustrate the effect of t, on the spatiotemporal distri-
bution of seismicity rate log,yR(x, t) in the middle of the isolated/sealing fault for t, = 2, 10, and 50 (reference
case) years. With shorter t, poroelastic stressing can induce considerable seismicity in the sealing fault zone
without direct pore pressure increase, such that log,,R > 3 for this scenario. Figure 11d shows the temporal
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Figure 11. Seismicity rate R(t) on isolated/sealing fault for different characteristic decay times t: (a) t, = 2 years, (b) t, = 10 years, and (c) t, = 50 years (reference
case). (d) Seismicity rate at a depth of x3 = —0.3 km, where direct pore pressure change is negligible for three values of t,. (¢) Components of Coulomb stress
change At at x3 = —0.3 km. Dash line indicates the end of injection.

evolution of the seismicity rate at a depth of x; = —0.3 km. For both t, = 2 years and t, = 10 years, the seis-
micity rate reaches steady state before the end of injection. A slight postinjection peak in R is observed (red
and green lines in Figure 11d). Segall and Lu [2015] show that for injection into a homogeneous poroelastic
medium, poroelastic coupling effects can in some circumstances lead to localized increases in seismicity rate
post shut-in.

For the reference case t, = 50 years, the seismicity rate steadily increases during injection, and the maximum
seismicity rate occurs in the postinjection period (blue line in Figure 11d). The amplitude of the postinjection
maximum seismicity rate decreases with the increase in t,. Figure 11e shows the poroelastic stress changes at
the same depth. During injection both the shear and normal stresses increase (Az, > 0and fAc, > 0),and thus,
the fault is positively stressed. Because of the low permeability, pore fluid does not diffuse into the sealing
fault. Perhaps surprisingly, the pore pressure there decreases due to extensional mean normal stresses. Thus,
f Ap actually reduces the Coulomb stress change. Following shut-in, the stresses continue to increase causing
the peak in Coulomb stress and hence seismicity rate at this location to occur postinjection.

4. Discussion

Our numerical results show that poroelastic stressing can induce seismicity on basement faults, an effect
which cannot be determined by standard uncoupled diffusion models used in many previous studies. We
have presented methodology to estimate seismicity rate including poroelastic coupling that will allow others
to examine alternative scenarios with variation in mechanical and hydrological parameters and/or geome-
tries of the fault zones. We also provide a physical understanding of the sign of poroelastic effects, so that we
understand at a fundamental level whether poroelastic stresses stabilize or destabilize basement faults given
a particular geometry. In this section we extend our results by varying fault parameters, i.e., faulting regime
and fault friction coefficient, which determine the Coulomb stress change on the faults.

4.1. Faulting Regime

As briefly mentioned in section 3.3, whether or not poroelastic stresses favor slip depends on the fault geome-
try and sense of slip. In calculations here with extensional (normal) faults the induced shear stresses generally
favor slip on faults beneath the reservoir except for highly conductive, well-connected faults. On the other
hand, for compressional (reverse) faults the induced shear stresses 7, acts to decrease the Coulomb stress
change.

Figure 12 shows the temporal evolution of the seismicity rate for the four different fault types as in Figure 10,
but for reverse faulting. For conductive faults (Figures 12b and 12e) pore pressure diffusion causes an
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Figure 12. Seismicity rate R(t) on fault nearest the injection well under reverse faulting conditions: (a and d) fault
geometry; seismicity rates are calculated along dashed orange lines, (b) hydraulically isolated conductive fault,

(c) hydraulically isolated sealing fault, (e) hydraulically connected conductive fault, and (f) sealing fault connected to
a target reservoir.

increase in seismicity rate, but of smaller magnitude than in the normal faulting geometry. For sealing faults
(Figures 12c and 12f) there is no induced seismicity, since poroelastic stressing inhibits slip.

4.2. Uncertainty in Fault Friction

The static friction coefficient f in this study was assumed to have a standard laboratory value of f = 0.75.
Measurements from deep boreholes have confirmed that static friction coefficients of fault zone materials are
often in the range 0.6-1.0, in agreement with laboratory values [Zoback and Healy, 1992; Brudy et al., 1997].
However, some minerals have much lower friction coefficients [Saffer et al., 2001; Collettini et al., 2009; Ikari
etal., 2009; Lockner et al., 2011; Di Toro et al., 2011].

With low friction coefficient, shear stress changes play a more significant role in fault failure. Figure 13 shows
the temporal evolution of the poroelastic stress change Az,+fAc, for f =0.1. For the reference case of
f=0.75, we observe negative poroelastic stress changes on the upper fault and positive changes, up to
0.06 MPa, on the lower fault during injection (Figure 13a). For f = 0.1, on the other hand, we observe positive
changes in poroelastic stress, up to 1.4 MPa, due to a reduced contribution from Ag,, (Figure 13b). Note that
a reduction in friction coefficient also reduces the direct pore pressure effect f Ap. This result emphasizes that
poroelastic stress effects depend not only on fault geometry and sense of slip but also on fault zone frictional
properties.

f=0.1 Ats+ fAG, (MPa)
0 - ~ e 4
'S : %A
-0.2 . 2
§, - 04 \ x‘ .
=06 il j;’ £
~08 ’ s‘ . -2
_ —4

1
0608 1 1.2 0 50 100 150 200 250 300
x 1 (km) t (day)

Figure 13. Poroelastic stress Az, + fAc,, in the middle of a conductive fault hydraulically connected to the target
reservoir, with friction coefficient f: (a) f = 0.75 (reference case) and (b) f = 0.1.
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5. Conclusion

Including full poroelastic coupling effects predicts larger pore pressures within the target formation com-
pared to an uncoupled flow model. This pore pressure increase is compensated by compressive mean normal
stresses. In a layered system, injection-induced pore pressures dissipate into basement rocks modifying the
stress state. Both direct pore pressure changes and poroelastic stressing perturb basement faults potentially
inducing seismicity.

For conductive faults hydraulically connected to the target formation, rapid diffusion into the faults leads to
large increases in Coulomb stress and potentially significant seismicity. If faults are isolated from the target
formation, pore pressure perturbations may ultimately diffuse into basement faults, depending on basement
diffusivity and injection history. For sealing (low-permeability) faults, direct pore pressure increases are lim-
ited. However, elevated pore pressure in the surrounding basement creates pore pressure gradients which
generate poroelastic stresses that, in some cases, can promote slip. In the lower portion of the faults, beyond
the direct effect of elevated pore pressure, increases in Coulomb stress caused solely by poroelastic expansion
of the reservoir may promote faulting, depending on fault orientation and background stress state.

We estimate the seismicity rate relative to the background rate on basement faults using the seismicity rate
model of Dieterich [1994] including poroelastic stress changes. Both the fault permeability and its connectiv-
ity to the target formation determine the seismicity rate on each fault type. Our results suggest that induced
seismicity occurs on basement faults by two mechanisms: (1) direct diffusion into conductive faults, with
or without hydraulic connectivity to the target formation, and (2) indirect stress changes due to poroelastic
stressing. The largest seismicity rates are developed in the hydraulically connected/conductive faults due to
direct pore pressure diffusion, while smaller increases in seismicity rate may occur on isolated faults, solely
due to poroelastic stressing, depending on whether induced shear and normal stresses favor fault slip. The
accumulation of pore pressure in the basement adjacent to sealing faults causes pore pressure gradients that
may induce seismicity, depending on fault geometry.

For the fault geometry examined here, with high-angle normal faults beneath the reservoir, poroelastic
stresses generally favor slip. For the same geometry poroelastic stresses inhibit slip in reverse faulting
environments. Lower friction coefficients lead to higher seismicity rates, for hydraulically isolated normal
faults.

Appendix A: Computation of Coulomb Stressing Rate

To solve for seismicity rate, equation (20), requires the Coulomb stressing rate ¢ = %, + f(&,, + p). We obtain
7(x;, t,,) at discrete locations and times from the two-dimensional finite element model. Then, we use cubic
smoothing splines to generate a stress history that can be differentiated to yield #(x;, t,) for all t,. The inter-
polating spline approximates a smooth function f(t,,) with data points (z(x,, t,), t,,). The spline function
F(t,,) = F,, minimizes the functional

n y - F 2 t, N
l=w ) (%) +(1 —a))/ (F7)* dt, (A1)
m to

m=0

where y, is the data value approximated by the equation y,, = f(t,,) + =,,,, where z,, form a sequence of
independently distributed random variables with the standard deviation 2. The smoothing parameter o
determines the relative weight for smoothness versus data fit; a reasonable value for w is near 1/(1 + h3/6)
where h = t, ., — t,, the spacing of the stress data. In order to validate our approximation of #(x;, t,), we
compare #(x,, t,) from numerical modeling of a homogeneous domain with the analytical derivatives of the
Rudnicki [1986] solutions obtained by Segall and Lu [2015]. This validation confirmed the accuracy of the
smoothing procedure.

The ordinary differential equation (20) is solved using ode45 in which the stress rate is computed as follows:

1. Compute 7(x,, t,,) = 7,(X;, t,,,) + flo,(X, t,,) + p(x;, t,,,)] at each element and numerical time step from the
COMSOL output.

2. Use cubic smoothing splines to compute z(x,, t,) at arbitrary time t, using csaps in MATLAB.

3. Differentiate the stress interpolant to yield #(x;, t,) using fnder in MATLAB.
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Appendix B: Fluid Increment in Terms of Poroelastic Coefficients

Fluid exchange within a control volume can be due to deformation, change of pore pressure, or the presence
of a source or sink. The second poroelastic constitutive equation (2) relates the increment of fluid mass to
the linear combination of mean stress o, and pore pressure p. Using the relation between the Skempton’s

coefficient B and Biot-Willis coefficient « [Segall, 20101,
3 —
a(1=2v)(1 +v,)

the constitutive equation (2) can be expressed in terms of the unconstrained specific storage S defined as (9)

AmzpfS(,(g wtp). (82)

Under uniaxial strain and constant vertical stress conditions (¢;, =€,, =0, 633 =0), the constitutive equation (1)
yields

0=[on - (o +om)+ ! _zvap], (83)
1+v %
v 1—-2v
0= [Uzz—m((i” +O'22)+ T+ ap] (B4)
Using these relations, we can have
2(1 —2v
O =011 + 0y = —gap. (B5)

1-v

This shows that the change in mean stress is a scalar multiple of the change in pore pressure for uniaxial strain
and constant vertical stress conditions, which implies that the stress field uncouples from the pore pressure
field. Substituting (B5) into (B2),

Am = pS,p. (B6)

Then, we can calculate the injection-induced change in fluid mass using the relations (B2) and (B6) for both
coupled and uncoupled models as follows

peS, <§O'kk +p> ; coupled

Am = .
PSP ; uncoupled
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