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Abstract An earthquake sequence that culminated in a Mw4.8 strike-slip event near Timpson, east Texas,
the largest reported earthquake to date in that region, had previously been attributed to wastewater
injection starting 17months before the onset of recorded seismic activity. To test if this earthquake sequence
can be attributed to wastewater injection, we conducted coupled poroelastic finite element simulations to
assess the spatial and temporal evolution of pore pressure and stress field in the vicinity of the injection wells
and to calculate the Coulomb failure stress on the seismogenic fault as a function of the permeability of the
injection layer, fault orientation, fault permeability, and orientation and magnitude of the in situ stress. We
find that injection-induced fault slip is plausible within the range of selected model input parameters, with
slip favored by low reservoir permeability, low fault permeability, and a favorable orientation of the fault
relative to the in situ stress state. Other combinations of equally plausible input parameters predict no slip
within 96months of simulated injection. Under most favorable boundary conditions for fault slip, fault slip
occurs 7months after the start of injection. Our results highlight the importance of detailed geomechanical
site characterization for robust fault stability assessment prior to wastewater injection.

1. Introduction

Injection of wastewater including formation water coproduced with oil and gas from hydrocarbon reservoirs
and flow back after hydraulic fracturing of tight unconventional reservoirs is routinely practiced on a large
commercial scale. In some occurrences, increased rates of seismic activity are reported in the vicinity of injec-
tion wells and attributed to fluid injection [Roeloffs and Denlinger, 2009; Horton, 2012; Ellsworth, 2013; Keranen
et al., 2013; Kim, 2013; Frohlich et al., 2014; McGarr, 2014; Schultz et al., 2014]. While the fundamental geome-
chanical processes linking fluid injection and seismic fault slip are well known and documented [Raleigh et al.,
1972; Hsieh and Bredehoeft, 1981; Cappa and Rutqvist, 2011; Evans et al., 2012; National Research Council, 2013;
Jha and Juanes, 2014; Segall and Lu, 2015], the correlation between injection activity and the occurrence of
seismic events is in many cases based on their spatial and temporal association, some with a pore pressure
disturbance analysis but without a site-specific geomechanical analysis [Ake et al., 2005; Frohlich et al.,
2011; Frohlich, 2012; Keranen et al., 2013; Frohlich and Brunt, 2014; Frohlich et al., 2014; Hornbach et al.,
2015]. Because the onset of induced seismic activity depends not only on the magnitude of pore pressure
disturbance in response to injection but also on in situ stress conditions and the presence and orientation
of faults in the vicinity of the injection well, we propose that a complete hazard assessment for induced seis-
micity has to contain a site-specific geomechanical analysis. For evaluating the potential for induced seismic
fault slip during the design phase of injection programs, site assessments that consider the coupled geome-
chanical and reservoir flow processes are desirable to optimize fluid injection strategies while minimizing
potentially associated seismic hazards. Such a site assessment considers rates and volume of fluid injection
that the target formation can accommodate without attaining critical reservoir pressures for reactivation of
nearby faults [Lucier et al., 2006; Rinaldi and Rutqvist, 2013; Konstantinovskaya et al., 2014]. This study provides
a coupled geomechanical and reservoir flow model for the 2012 Timpson Mw4.8 seismic event in east Texas
to assess if the volume and rate of fluid injected into disposal wells are sufficiently high to induce seismic fault
slip on nearby faults and if the observed delay between onset of fluid injection and earthquake activity is
consistent with modeled rates of fluid pressure diffusion in the reservoir layer.

The 17 May 2012Mw4.8 earthquake near Timpson, east Texas, occurred 69months after wastewater injection
commenced into two nearby disposal wells. The Mw4.8 event followed a sequence of smaller earthquakes
that started in April 2008, 17months after the start of wastewater injection [Frohlich et al., 2014]. These
two wells, referred to as South and North wells, are located within 3 km of the epicentral region and target
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the Rodessa Formation of the Trinity Group, an oolitic sandstone [Frohlich et al., 2014] (Figure 1). The Rodessa
Formation is overlain by fine crystalline anhydrite with interbedded limestone and dolomite of the massive
anhydrite and underlain by limestone of the James Lime. The South well became operational in August
2006, with an average injection rate of 42,750m3/month at an average surface pumping pressure of
11.7MPa, injecting at depths between 1853 and 1868m [Frohlich et al., 2014; Texas Railroad Commission,
2014]. At the North well starting in February 2007, wastewater is injected at depths between 1897 and
1910m at an average surface pumping pressure of 13.6MPa. As of December 2012, the total injected volume
for the North and South wells are 1.05 and 2.9 million cubic meters, respectively. Epicenters of smaller events
following the Mw4.8 event and located using a portable seismic array are aligned parallel to a fault that was
previously mapped using seismic reflection surveys [Jackson, 1982; Frohlich et al., 2014]. Focal depths of these
events range between 1.6 and 4.6 km. The Mw4.8 event is the largest recorded earthquake to date within a
region where historical earthquakes are rare [Frohlich and Davis, 2002].

To investigate the causal relationship between fluid injection and initiation of seismic fault slip, we integrate
geological and geophysical data into a finite element model and conducted coupled poroelastic simulations
to estimate stress changes and pore pressure perturbations associated with wastewater injection and to
evaluate the potential of fault reactivation. In addition to exploring the causal links between fluid injection
and earthquake activity, we seek to quantify how uncertainties in model input parameters such as reservoir
permeability and fault and stress orientation influence fault stability predictions. We find that an
injection-induced origin of the Mw4.8 event at Timpson is plausible within the admissible range of input
parameters although model outcomes are sensitive to variations in input parameters that are within their
observational uncertainties.

2. Methods
2.1. Model Configuration and Boundary Conditions

Using the software package Abaqus, we constructed a plane strain poroelastic finite element model to simulate
the time-dependent distributions of pore pressure and effective stress in the injection layer and in the overlying
and underlying units. The simulation plane is oriented NE-SW, perpendicular to the fault, and contains both
injection wells (Figure 1). The model extends from the surface to a depth of 4 km and consists of 14 layers
(Figure 2), with porosity, permeability, and poroelastic parameters listed in Table S1. Tops of formation were
taken from logs of the South well obtained through the Texas Railroad Commission database [Texas Railroad

Figure 1. Map of epicenters for the earthquake sequence near Timpson, east Texas (modified after Frohlich et al. [2014]).
The main Mw4.8 event (beach ball diagram) likely occurred within the elliptical region approximately defined by the
Mercalli intensity MMI VII area. Red circles are the most reliable epicenter locations of aftershocks after deployment of
temporary stations in February 2013. These best located aftershocks align along a mapped fault striking about N42°W. In
situ stress orientations are determined using wellbore breakout and drilling-induced fracture data from SFE2 well showing
the orientation of maximum horizontal stress σHmax of N79°E ± 11°.
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Commission, 2014]. The distance between the two injection wells is 4.5 km. The regional bedding dip is about
0.6° to the SW based on Ewing’s [1990] tectonic map. We extend the model horizontally to 16 km to minimize
lateral boundary effects. The multilayered domain is intersected by the fault dipping about 63° to the south-
west. We locate the fault along the aftershock cluster shown in Figure 2 which is located ~1 km NE of the fault
mapped by Jackson [1982] (Figure 1). Based on the aftershock locations, we determined the fault orientation as
strike—N42°W±5°, dip 63°± 2° to the SW. In the base scenario of simulation, the fault is represented as an
embedded interface with zero thickness and mechanical properties equal to those of the surrounding forma-
tions and thus transparent to fluid flow. We have insufficient information to determine the dip-slip stratigraphic
offset along the fault, which we assumed to be negligible for the outcome of the simulations. The effect of fault
architecture and permeability structure on fluid flow, pore pressure distribution, and fault stability will be
discussed in section 3.3.

The injection is simulated by applying a constant flow rate to nodes in the perforated interval of the injection
wells. We approximate the 3-D geometry of fluid injection in the 2-D finite element simulation by assuming
that injection occurs from a planar source that is oriented perpendicular to the model plane, with height
equivalent to the perforated interval, and extending for 3 km to each side of the model plane. This distance
is equivalent to the approximate distance of the well bore to the fault. We inject wastewater into the
South well at a constant velocity of 3.9m/s, corresponding to a reported volumetric injection rate of
4.27 × 104m3/month, and into the North well at 1.0m/s, corresponding to 1.56 × 104m3/month. The duration
of fluid injection in our simulation is 8 years (96months).

The 2-D plane strain numerical approach was selected for computational efficiency, following the two-step
approach described by Rutqvist et al. [2008] by first calculating the coupled flow and poroelastic stress
changes in the model plane in Abaqus. The stress and fault stability analysis was then performed in three
dimensions including calculating the out-of-plane stress components assuming that the material properties
are isotropic. Because of the uncertainties of stress orientations, the model plane is oriented 15°–47° relative
to the maximum horizontal principal stress, with the uncertainties in stress orientation considered in the fault
stability analysis.

Boundary conditions of the model domain are as follows:

Top: traction free, p= 0
Bottom: v= 0, p= 0
Left and right: u= 0, p= 0

where u and v are horizontal and vertical displacements, respectively, and p is excess pore pressure. In situ
stress conditions were determined as part of this study using image logs of the SFE2 well (Figure 1) as
described in section 2.3. Available reservoir pressure data [Texas Railroad Commission, 2014] indicate that
the Rodessa Formation was moderately underpressured prior to injection, with a bottom hole pressure at
a depth of 1844m in the south well of 17.2MPa.

To account for the pressure effects of production from the Rodessa Formation prior to wastewater injection
and to create a pore pressure field matching these available data, we simulate continuous fluid production at
a constant extraction rate (one tenth of the injection rate) at the two wells for 6 years, assuming an initial
nominal hydrostatic pore pressure and no regional head gradient. The initial nominal hydrostatic pressure

Figure 2. Finite element model geometry. Red circles are reliably located hypocenters in section A-A′ which coincide with
the mapped fault dipping about 63° to the SW. C: Location of Coulomb failure stress calculation (Figure 5).
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of 19MPa is based on a depth-averaged fluid density of 1050 kg/m3 (calculated using data from Texas Water
Development Board [1972]). Free flow of fluid is then allowed to achieve equilibrium until the bottom hole
pressure of 17.2MPa is reached at the South well and fluid injection is initiated.

Using a compression positive convention, we assume that the onset of seismic fault slip is adequately
described by the friction criterion

CFS ¼ τ � μ σn � pð Þ (1)

where CFS is the Coulomb failure stress, μ is coefficient of friction, p is pore fluid pressure, and τ and σn are shear
and total normal stresses acting on the fault, respectively, which in turn are affected by the pore fluid pressure
diffusion due to the poroelastic effect. We assume negligible cohesion for seismic slip on a preexisting fault
surface. Assuming that the slip criterion for the fault is met first where the fault transects the injection layer,
we calculate the Coulomb failure stress at point C on the fault, at the top of the injection layer (Figure 2).

2.2. Numerical Simulation of Coupled Pore Pressure and Stress Change

The poroelastic constitutive relationship is implemented by Abaqus as follows. For the volumetric response, the
change in void ratio e is related to the mean Terzaghi effective stress through [Abaqus, 2014; Luo et al., 2015]

de ¼�κdlnσ ′m (2)

where σ ′m = 1/3 σkk′ is the mean Terzaghi effective stress. The parameter κ is the logarithmic bulk modulus
given by [Luo et al., 2015]

κ ¼ 1þ e0
Ks 1� αð Þ σ

′
m (3)

where e0 is the initial void ratio, Ks is the bulk modulus of the solid grain, and α is the Biot coefficient which
characterizes the efficiency of pore pressure in counteracting confining pressure to generate volumetric
strain [Wang, 2000]. The relationship between void ratio e and porosity ϕ is e=ϕ/(1�ϕ). For fully saturated
rocks, the Terzaghi effective stress σ ′ij is related to the total stress σij and pore pressure p through

σ ′ij ¼ σij � pδij (4)

where δij is the delta function. The deviatoric response is defined by

deij ¼ 1
2G

dsij (5)

where sij and eij denote the deviatoric stress and strain, respectively, and G is the shear modulus. Fluid flow
follows Darcy’s law. In the Abaqus simulation of fully coupled poroelasticity problems, the finite element
mesh is attached to the solid skeleton while allowing fluid flow through the mesh by using continuum pore
pressure elements whose nodes have displacement and pore pressure degree of freedom. We refer to
Abaqus [2014] for details on the solution strategy and to Altmann et al. [2010] for a validation against analy-
tical solutions for a point injection into a 3-D isotropic space by Rudnicki [1986] (see also Abaqus [2014], for
other benchmark solutions).

The simulation was carried out in Abaqus using eight-node plane strain elements equipped with biquadratic
displacement and bilinear pore pressure basis functions. At the interface between two adjacent layers, displa-
cement, total stress, and pore fluid pressure are assumed to be continuous.

2.3. In Situ Stress Determination

We constrained the in situ stress using borehole televiewer images for the SFE2 well, located 14 km from the
epicenter. The image logs, collected in 1987, recorded both wellbore breakouts and drilling-induced fractures
indicating that the well experienced both shear and opening-mode failure as it was drilled [Laubach et al.,
1988; Plumb, 1989] (Figure 3a). The drilling-induced fractures are parallel to the axis of the vertical well which
indicates that vertical stress σv is a principal stress and the minimum compressive horizontal stress σhmin is
the least principal stress [Zoback et al., 1985]. For clearly discernible breakouts, we measured the combined
width of the dark bands in the borehole televiewer image and determined the breakout width as breakout
width = 180× (sum of dark bands width)/(width of unwrapped image). The azimuth of σhmin was measured
at the midpoint of the dark bands. We measured 136 breakout azimuths and 408 breakout widths at 0.1 foot
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(3.05 cm) depth increments in five distinct breakout zones with a cumulative length of 4.6m over a depth
range of 514m (measured depths of 8254–9938 ft, 2515–3029m), providing a minimum compressive hori-
zontal principal stress orientation of N166 ± 3°E (Figure 3b). Hence, the mean σHmax orientation is N76̊ E.
The angular breakout is 71° ± 13° (Figure 3c). Four distinct drilling-induced fractures were detected covering
a cumulative length of 17m in the measured depth interval of 9678–9931 ft (2950–3027m), with 349 mea-
surements yielding a mean orientation of σHmax of N79°E ± 11° (Figure 3d). Wellbore breakout data were
assigned C quality according to the quality ranking system for stress indicators by Zoback [2010] and D
quality based on the ranking system by Heidbach et al. [2010]; drilling-induced fracture data are assigned D
quality in both ranking systems. Combining the azimuth information of wellbore breakouts and drilling-
induced fractures in the SFE 2 well, we determined an average σHmax azimuth of N79±11°E. The inferred
direction of σHmax derived from our measurement is consistent with the stress orientation independently
determined by Laubach and Monson [1988] using coring-induced fractures observed in oriented core from
the SFE2well andwith the in situ σHmax direction of N68°E reported for the closest well by Heidbach et al. [2008].

Figure 3. (a) A representative borehole televiewer image for the SFE 2 well with breakouts (dark bands) and drilling-
induced tensile fractures (black lines). (b) Wellbore breakout azimuth distribution, (c) breakout angular span, and (d) dril-
ling-induced fractures distribution in the SFE2 well. See Figure 1 for well location.
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An average gradient of the vertical stress σv of 24MPa/km was calculated by Thiercelin and Plumb [1994]
through integration of the bulk density log of the SFE2 well. Using the microfrac technique, the minimum
horizontal stress σhmin was determined by Peterson [1989] to be 41.9MPa at a depth of 3014m. Utilizing
breakout width determined above and unconfined compressive strength (UCS, also referred to as cohesive
strength C0) data reported by Plumb et al. [1992], and assuming a hydrostatic pore pressure gradient, the
magnitude of the maximum compressive horizontal principal stress σHmax is obtained through

σHmax ¼ C0 þ 2P � ΔPw � σh 1� 2cosωboð Þ
1þ 2cosωbo

(6)

where ΔPw is the difference between the wellbore pressure and the pore pressure, which is assumed to be
negligible, and ωbo is the breakout width [Zoback et al., 1985]. Plumb et al. [1992] measured UCS for eight
selected rock samples collected from the SFE2 well between the depths of 2513 and 3030m. Their results
range from 51 to 321MPa. The presence of wellbore breakouts requires that the maximum hoop stress along
the wellbore exceeds the UCS of the rock. We calculated σHmax for all the UCS values (Table 1), but because
breakouts are expected to occur preferentially in weaker lithologies, values calculated using the lowest UCS
values give the best estimate of σHmax. The results, summarized in Table 1, suggest that the magnitude of
σHmax is approximately equal to σv when the lower values of measured UCS values are used. In addition,
an estimate of σHmax using σHmax = (3σhmin� 2P) [Zoback, 2010 ] and assuming a negligible tensile strength
gives a value of σHmax of approximately 64MPa at a depth of 3003m, close to the vertical stress of 72MPa.
σHmax constrained from strike-slip earthquake focal mechanism indicates that σHmax ≥ σv. Combining these
lines of evidence, it is reasonable to take σHmax = σv, i.e., a transitional stress state between a strike slip and
normal faulting stress regime, as the starting condition of our simulations, prior to the start of production
and injection.

Once the in situ stress tensor σ in the principal coordinate system is known, the stress in the modeling system
(xyz) can be obtained via the tensor transformation [Peška and Zoback, 1995]

σm ¼ ATσA (7)

where A ¼
sin azþ stð Þ �cos azþ stð Þ 0
cos azþ stð Þ sin azþ stð Þ 0

0 0 1

" #
is the transformation matrix, with az and st denoting the

azimuth of σHmax and the fault strike, respectively. σ ¼
σHmax 0 0
0 σhmin 0
0 0 σV

" #
is the stress in the principal coor-

dinate system. The normal stress σn and shear stress τ acting on the fault are given by [Peška and Zoback, 1995]

σn ¼ n21σHmax þ n22σhmin þ n23σV (8)

τ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n21σ

2
Hmax þ n22σ

2
hmin þ n23σ

2
V � n21σHmax þ n22σhmin þ n23σV

� �2q
(9)

where n1 = cos(dip + 90°)cos(az + st� 90°), n2 = cos(dip + 90°)cos(180°� az� st), and n3 = cos(dip) are the

components of the unit normal to the fault plane with dip denoting the fault dip angle.

Table 1. Magnitude of Maximum Horizontal Stress Obtained From SFE2 Wellbore Breakout Dataa

Depth (m) of Breakout P (MPa) σV (MPa) σhmin (MPa)
UCS (MPa) Values Reported
Closest to Breakout Depth σHmax (MPa)

2516 25.8 60.4 35.2 64 57.2–72.7
128 88.3–125.7
197 121.8–182.7

3013 31.0 72.3 42.2 51 56.1–65.9
74 67.3–84.9
321 187.2–289.2

3029 31.2 72.7 42.4 51 56.3–66
74 67.4–85
321 187.3–289.3

aNumbers in italic are consistent with σHmax approximately equal to σvwhen the lower range of measured UCS values
is used.
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During fluid injection, total stress and pore pressure are coupled by the poroelastic effect with an increase in
pore pressure causing a poroelastic increase in total compressive horizontal stresses, which in turn influences
the normal stress acting on the fault. Because of the traction-free boundary condition at the Earth’s surface,
and the large width to height ratio of the pressure disturbance in the reservoir at advanced stages of fluid
injection, the vertical total stress will remain constant. During the simulation, we stored the pore pressure
and Terzaghi effective horizontal stress (equation (4)) at each time step for all the nodes. We find the node
along the preexisting fault which undergoes the maximum pore pressure changes, extract the pressure
and stress history from Abaqus, and then substitute the total stress into equations (8) and (9) to calculate
the normal stress and shear stress resolved on the fault. The Coulomb stress as a function of time at that point
is obtained from equation (1). When the Coulomb stress at that point on the fault changes from negative to
positive, shear failure is assumed to occur. For the Coulomb failure stress calculation, we assume a coefficient
of friction of 0.6, representing the low end of values reported by Byerlee [1978] of 0.6–0.85. The low friction
coefficient favors fault reactivation, thus providing a conservative estimate of fault stability. These results will
be compared to those using higher friction coefficients.

3. Results
3.1. Effect of Permeability of Injection Layer on Fault Stability

We first examine the effect of permeability of the injection layer on pore pressure diffusion, stress distribution
in the reservoir, and Coulomb shear stress on the fault. Figures 4a–4c show the excess pore pressure profile
after 69months of fluid injection, corresponding to the duration between onset of injection and the Mw4.8
event, for a permeability of the injection layer of 200mdarcy (base case), 100mdarcy, and 400mdarcy,
respectively. This range in permeability is within the range of 10–650mdarcy reported for the Rodessa
Formation by Mancini et al. [2012] [Table S1]. Under otherwise identical conditions, pore pressure changes
are higher in an injection layer of lower permeability compared to a layer of higher permeability. Higher
permeability corresponds to a higher diffusivity, which allows faster diffusion of fluid. Because we assume
a constant injection rate for the two injection wells, it will take longer for pore pressure to build up adjacent
to the fault and thus trigger fault slip in an injection layer of higher permeability. Since the permeabilities of
overlying and underlying strata are 3 to 4 orders of magnitude lower than that of the injection layer, the
migration of wastewater is primarily occurring in the Rodessa layer, with additional fluid migration into
underlying strata. We note that pore pressure decreases with increasing distance away from the injection well
until it meets the diffusive fluid pressure front propagating from the second injection well. This decrease in
pore pressure with increasing distance becomes more pronounced as permeability of the injection layer
decreases. Consequently, two expanding pore pressure anomalies or bulbs form around the wells, which
are commonly observed for high-volume fluid injection [Nicholson and Wesson, 1990]. The pore pressure
anomalies are more pronounced for the case of lower permeability of the injection layer. For the base sce-
nario with an injection layer permeability of 200mdarcy, the simulated pore fluid pressure increase at the
North well after 69months of injection is 13.7MPa and the maximum pore pressure perturbation along
the fault (denoted by point C in Figures 2 and 4) is 12.9MPa at a distance of about 800m from the North well.

For a given permeability of the injection layer, the simulated pore pressure increases monotonically with time,
which counteracts the normal stress and decreases the Terzaghi effective normal stress (Figures 5a–5c). As a
result, the Coulomb failure stress also increases with time, which means that the potential for fault reactivation
is enhanced. After 6months of injection at the South well, the North well becomes operational (dashed vertical
lines in Figure 5), which causes a second stage of rapid increase in pore pressure. After about 500days
(16months), the rate in excess pore pressure increase slows down considerably as a result of increasing fluid
migration into underlying strata with increasing reservoir pressure. Comparing the results for k=200mdarcy,
400mdarcy, and 100mdarcy (Figures 5a–5c), we observe that, at any given time, a lower permeability of the
injection layer increases the pore fluid pressure, decreases the effective normal stress, and thus increases the
Coulomb failure stress. Thus, a lower permeability of the injection layer results in a higher potential of fault slip
and potentially an earlier onset of seismic activity. For the base scenario (k=200mdarcy, Figure 5a) the
Coulomb failure stress remains negative which means that the fault remains stable for the entire duration of
96months of simulated injection. For a permeability of the injection layer of 100mdarcy, the simulation predicts
faults slip after 745days or 25months, which is 7months later than the observed onset of seismicity at
17months after injection (star in Figure 5b). However, unlike the base case where the least effective Terzaghi
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principal stress σ′3 = σ′hmin remains compressive, this stress becomes tensile in the 100mdarcy layer after
716days or 24months of injection (dotted vertical line in Figure 5b), allowing hydraulic fractures to form.
These hydraulic fractures would be oriented at about 59° relative to the fault, thus possibly conducting the
injection fluid toward the fault. Because induced hydraulic fractures will effectively increase the reservoir per-
meability, we will use a reservoir permeability of 200mdarcy as the permeability most prone for fault instability
without leading to hydraulic fracture for all subsequent simulations addressing effects of varying fault and
stress orientation and fault permeability on fault stability.

Figure 4. Pore pressure profiles after 69months of injection for permeabilites of the injection layer of (a) 200mdarcy, (b)
100mdarcy, and (c) 400mdarcy. Fault properties are those of the formation. (d) Pore pressure profile after 69months of
fluid injection for a sealing fault (kfault = 0.01mdarcy; kformation = 200mdarcy). C: location of Coulomb failure stress
calculation (Figure 5).
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To validate our numerical results, we compare simulated excess pore pressure at the bottom of the two
injection wells to bottom hole pressures calculated from recorded surface injection pressures corrected for
the frictional pressure loss in the wellbore (Figure 5d). The bottom hole pressure pbottom is related to surface
pressure through pbottom = psurface + phydro� pfriction, where psurface is the recorded surface injection pressure,
phydro is the hydrostatic pressure created by fluid weight, and pfriction is the pressure loss due to friction. pfriction
is given by [Economides and Martin, 2007]

pfriction ¼ 2f
ρfluidLv

2

d
(10)

The parameter ρfluid is the fluid density (1050 kg/m3), L is the length of the pipe in meters, v is the velocity in
m/s, d is the pipe inside diameter inmeters, and f is the friction factor. The friction factor can be obtained from
the Reynold’s number Re through f=0.0303/Re0.1612. The friction loss was calculated as 3.2MPa and 0.2MPa

Figure 5. Evolution of Coulomb failure stress, excess pore pressure, and Terzaghi effective normal stress on fault at point C,
as a function of reservoir permeability k. Coulomb failure stress calculated for fault orientation N42°W/63°SW, azimuth
of σHmax N79°E, and coefficient of friction of 0.6. (a) k = 200mdarcy, (b) k = 100mdarcy, and (c) k = 400mdarcy. (d)
Comparison of simulated bottom hole pressure and bottom hole pressure calculated frommeasured surface injection data
taking friction loss into account; see text for discussion. (e) Evolution of Coulomb failure stress over time at point C along
the fault for different combinations of fault orientation and in situ stress orientation. (f) Effect of fault permeability on the
pore pressure and stress evolution as a function of time at point C, located on the footwall of the low-permeability
(k = 0.01mdarcy) fault. Formation permeability k = 200mdarcy.
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for the South and North wells, respec-
tively, using well diameters of 0.07 and
0.09m [Texas Railroad Commission, 2014].
Because we use a constant injection rate
equivalent to a 6 year average, the numer-
ical simulation yields a smooth pore
pressure response, compared with the
monthly varying field data. Comparing
these bottom hole pressures to the excess
pore pressure obtained in the Abaqus
simulation using a specified constant flow
rate, we get a reasonably close fit for the
North well but overestimate the pressure
in the South well (Figure 5d). The close
fit for the North well suggests that our
injection geometry reasonably approxi-
mates the 3-D field geometry. The mis-
match in the South well may reflect
regional variations in injection layer per-
meability not accounted for in the simula-
tion. Because the fault is located more
closely to the North well, the mismatch
with the South well injection pressure
should have a lesser effect on predicting
fault slip.

3.2. Effect of Uncertainties in Fault
and In Situ Stress Orientation on Fault
Stability Estimation

The precision of aftershock hypocenter
locations reported by Frohlich et al.
[2014] of about 0.5 km (Figures 1 and 2,
C. Frohlich, oral communication, 2015)
leads to an admissible range of fault
strike of N42°W ±5° and dip 63° ± 2° to
the SW. The orientation of σHmax as deter-
mined above is N79°E ± 11°. To assess the
sensitivity of fault reactivation on varia-
tion in fault orientation and in situ stress

orientation, we simulated the evolution of Coulomb failure stress over time using four different admissible
combinations of fault strike, fault dip, and azimuth of σHmax within their range of uncertainties, assuming
an injection layer permeability of 200mdarcy. (Figure 5e). Increasing fault strike azimuth, dip angle, or the
azimuth of σHmax will orient the fault more favorably for slip relative to the principal stress orientations,
expressed as an increase of Coulomb failure stress. This can be explained by observing the normal and shear
stress resolved across the fault in equations (8) and (9). For the most favorably oriented fault orientation, seis-
mic slip is predicted to occur after 215 days or 7months of injection (Figure 5e). We note that the Coulomb
failure stress is highly sensitive to small variations in fault or stress orientation.

The effect of changing pore pressure and stress state at point C along the fault is displayed in Figure 6 using a
3-D Mohr diagram for Terzaghi effective stress. The initial effective stress state prior to production from the

Rodessa layer, with σ ′Hmax = σ′V, is represented by a single Mohr circle, with the range in fault orientation rela-
tive to the principal stress orientations indicated by the bold segment of the stress circle. A decrease in pore
pressure due to production causes an increase in differential stress in addition to the increase in Terzaghi
effective stress. The Mohr circle is driven to the right, away from the friction line (Figure 6a). Because the fault

b

a

Figure 6. Change in stress state and tractions at point C along the fault
(a) before (initial) and after (start inj) fluid production and (b) at the start
of (start inj) and after 69months (time of Mw4.8 event) of fluid injection.
Criterion for frictional slip on a cohesionless fault assumes a Byerlee
coefficient of 0.6. Heavy black circle segment in Figure 6a represents
initial tractions at point C along the fault for an admissible range of fault
and in situ stress orientations. Heavy red circle segment in Figures 6a
and 6b indicates tractions at point C along the fault prior to injection.
Heavy blue circle segment in Figure 6b indicates stress states at point C
along the fault after 69months of fluid injection. Dashed segment of
heavy blue circle segment indicates stress conditions leading to
hydraulic fracture prior to fault slip (least compressive horizontal
Terzaghi effective stress σ′hmin = 0).
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is not favorably oriented relative to the in situ stress state, the fault is stable prior to injection. More favorably
oriented faults would be unstable using a friction criterion of 0.6. We interpret these results to indicate that
the stress state prior to injection is controlled by critically stressed faults that are located outside the area
affected by fluid injection. After 69months of injection, pore fluid pressure increases by 12.9MPa, reducing
the effective stress and shifting the stress state closer to the friction line (Figure 6b). Because we assume
isotropic poroelastic properties, total σhmin increases at the same rate as σHmax while total σv remains
constant because of the traction-free Earth’s surface. Terzaghi effective stress σ′v after injection is thus lower
than σ′Hmax. The tractions on the fault at point C, shown for their admissible range of angles between the fault
and the principal stresses (bold blue circle segment in Figure 6b), fall to both sides of the friction line,
indicating that fault slip would occur earlier than 69months for more favorable orientations, while for less
favorable orientations the fault would remain stable after 69months of fluid injection although they may
become unstable with continued injection and pore pressure increase. The dashed bold blue circle segment
in Figure 6b corresponds to fault orientations relative to the stress state at which hydraulic fracture would
occur prior to fault slip if the pore pressure were to increase further, assuming zero tensile strength of the
reservoir (least compressive horizontal Terzaghi effective stress σ′hmin = 0). The fault and in situ stress
orientations leading to slip on the fault are indicated by the solid bold blue circle segment. This segment
corresponds to an angle between fault strike and σHmax of 59 to 75°, for a fault dip of 65°.

Calculated excess pore fluid pressure at the fault and time lag between the onset of fluid injection and the
initiation of fault slip are summarized in Table 2 for different combinations of injection layer permeability,
fault orientation, and in situ stress orientation. The time delay between start of injection and onset of seismic
activity obtained in these simulations ranges from 7months of fluid injection to no seismic event observed
within the simulated injection duration of 96months, highlighting the sensitivity of fault slip potential predic-
tions on model input parameters.

Fault stability and time lag between onset of injection and fault slip were obtained using a conservative
coefficient of friction of 0.6. Increasing the coefficient of friction to 0.7, an intermediate value [Byerlee,
1978], extends the onset of seismicity from 7months of fluid injection to 11months for the most favorable
fault orientation; no slip occurs within 8 years of simulated injection for a friction coefficient of 0.85. We note
that a friction coefficient of 0.6 has been inferred to characterize friction of hydraulically conductive active
faults [Barton et al., 1995; Ito and Zoback, 2000]. A friction coefficient of 0.6 is assumed for the remainder of
this paper.

3.3. Effect of Fault Zone Permeability on Fault Stability

The simulations presented so far considered the fault to be transparent to flow, with fault material properties
equal to those of the host rock, equivalent to a zero-thickness interface. For an alternative model of fault fluid
flow behavior, we now consider a fault zone of finite width composed of a fault core bounded by a damage

Table 2. Variations of Fluid Pressure Increase Along the Fault and Time Lag Between Start of Fluid Injection and Fault
Reactivation for Different Combinations of Injection Layer Permeability, Fault Orientation, and In Situ Stress Orientationa

Permeability of
Injection Layer
(mdarcy) Fault Strike

Fault Dip,
Dip Direction

Azimuth of
Maximum

Horizontal Stress

Maximum Pore
Pressure Perturbation
Along the Fault (MPa)

Time Lag Between
Start of Fluid Injection
and Initiation of Fault

Slip (Months)

200 N42°W 63°SW 79°NE 12.9 no slip
400 N42°W 63°SW 79°NE 8.1 no slip
100 N42°W 63°SW 79°NE 18.6 hydraulic fracture
200 N47°W 63°SW 79°NE 12.9 no slip
200 N37°W 63°SW 79°NE 12.9 no slip
200 N42°W 65°SW 79°NE 12.9 no slip
200 N47°W 65°SW 80°NE 12.9 27
200 N42°W 63°SW 90°NE 12.9 11
200 N47°W 65°SW 79°NE 12.9 no slip
200 N47°W 65°SW 90°NE 12.9 7

a“No slip” indicates no slip occurring within 8 years of simulated injection. “Hydraulic fracture” indicates that hydraulic
fractures would form before the slip criterion is met on the fault.
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zone. Whether a fault acts as conduit or barrier for fluid flow across or along the fault depends on strati-
graphic juxtaposition, fault zone architecture, and permeability structure of the fault core and damage zone
[Caine et al., 1996; Bense et al., 2013], details that are not known for the fault of interest.

To assess the effect of fault zone properties on our model results, we assume the fault to be 15m thick and
composed of a low-permeability core (kfault = 0.01mdarcy; kformation = 200mdarcy) (Figure 4d). Compared to
the transparent fault where the pore pressure fields starting from the two injection wells overlap to generate
a combined smooth pore pressure field, we observe a sharp pore pressure discontinuity across the sealing
fault resulting in an overall higher pore fluid pressure in the footwall of the fault facing the North well and
lower pore fluid pressure in the hanging wall. Because the criterion for frictional slip needs to be met on only
one side of the fault, with slip occurring along the interface of the fault core and the footwall or hanging wall,
a sealing fault is more favorable to fault reactivation. For a formation permeability of 200mdarcy, even
though the excess pore pressure in the footwall of the sealing fault is higher than that for the transparent
fault (Figure 5a), the Coulomb failure stress is still too low for fault slip to occur (Figure 5f).

4. Discussion
4.1. Coupling Between Fluid Flow and Geomechanical Deformation

In some sequences of inferred induced seismicity, fault reactivation followed fluid injection with a delay of sev-
eral days or weeks [Zoback and Harjes, 1997]. In others, the time delay reached years or decades [Nicholson and
Wesson, 1992; Keranen et al., 2014]. Our results demonstrate that the time required for the pore pressure at the
fault to reach the threshold value depends on the reservoir permeability and fault and stress orientation, in
addition to injection rate and pressure, fault permeability, and distance between the injection wells and the
fault, which helps to explain the wide range in observed time delays between the start of injection and the
onset of seismicity. Previous numerical simulations addressing fluid induced seismicity solved the standard fluid
diffusion equation and then assumed a critical pore pressure value, regardless of fault orientation and in situ
stress state, that must be reached to induce seismic fault slip [Parotidis and Shapiro, 2004; Shapiro et al., 2013;
Keranen et al., 2014; Hornbach et al., 2015]. This approach differs from our fully coupled poroelastic approach
by neglecting the coupling between fluid flow and poroelastic stress leading to a lower diffusivity and thus
slower fluid diffusion, and hence a higher pore pressure distribution through the domain when compared to
the fully coupled poroelastic approach. The fully coupled modeling approach as followed in this study is
expected to provide a closer prediction of the time delay between injection and fault instability.

Thermal effects of injecting cold wastewater on fault seismic response were not explicitly included in the simu-
lations because Abaqus does not provide functionality to model thermoporoelastic effects in 2-D. The injection
of wastewater that is colder than the injection reservoir will result in thermoporoelastic stress and pore pressure
changes in the vicinity of the bore hole. For geothermal gradients in east Texas of 11–15°C/km [Finley et al.,
1984], the injected fluid is about 22–29°C colder than the formation brine. The temperature reduction causes
a decrease in the total stress near the injection wellbore due to contraction [Wang and Dusseault, 2003;
Abousleiman and Ekbote, 2005]. The thermally induced decrease in total stress therefore counterbalances the
increase in total stress from the pore pressure increase due to the poroelastic effect. In addition, a temperature
drop results in a reduction of the pore pressure. Since the injected cold water has to cool the rock matrix along
the flow pathway, the temperature front propagates significantly slower than the pore pressure front in a layer
of permeability comparable to the Rodessa Formation [Wang and Dusseault, 2003]. Thermal porousmodeling of
cold water injection into geothermal reservoirs by De Simone et al. [2013] showed that thermally induced fluid
pore pressure decreases with the logarithm of distance from the injection well. Far from the injection wells, the
thermally induced stress and pore pressure wane quickly [Vilarrasa et al., 2014]. Thermal effects on fault stability
at point C in our models are thus expected to be insignificant. It is noted, however, that cooling near the injec-
tion well increases the potential of initiating tensile fractures within the formation in the vicinity of the wellbore
that will locally increase reservoir permeability.

4.2. Implications for Fluid Injection Practices

Our in situ stress results suggest that the reservoir was critically stressed for favorably oriented faults prior to
injection, with the in situ stress field controlled by slip along critically stressed faults located outside the influ-
ence area of fluid injection. If critically stressed faults, i.e., faults at the frictional limit in the in situ stress field,
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existed in the vicinity of the injection wells, seismic slip should have occurred at the start of injection. The
delayed onset of seismicity after significant fluid injection indicates absence of such favorably oriented faults
within the influence area of fluid injection. The less favorable orientation of the slipped fault relative to the in
situ stress state allowed significant fluid injection prior to the onset of seismic activity.

Our simulations suggest that seismic fault instability induced by fluid injection is plausible for the Timpson
earthquake sequence for a range of input parameters that is within the uncertainties of our model para-
meters. However, equally likely model parameters predict no seismic activity in response to injection into
the North and South wells. While not satisfactory in answering the question if the Timpson earthquake
sequence was the consequence of water injection or the result of unrelated natural or human causes, these
results demonstrate that a geomechanics-based assessment of fault stability in response to fluid injection,
and any derived prediction of allowable injection volume prior to onset of induced seismicity, require well-
constrained model input parameters including fault and in situ stress orientation, initial stress magnitude
and pore fluid pressure, and injection reservoir permeability. Uncertainties in reservoir permeability, modeled
here with a narrow range of 100–400mdarcy, result in a calculated excess pore pressure along the fault
between 8 and 18MPa (Figures 5a–5c). Uncertainties in fault and stress orientation result in uncertainties
of excess pore pressure required for fault slip of 6MPa (corresponding to the range in shear and effective nor-
mal stress of the solid bold circle segment in Figure 6b), for a friction coefficient of 0.6, assuming that forma-
tion of hydraulic fractures in the injection layer prior to meeting the sliding criterion would inhibit seismic
fault slip. These uncertainties in input parameters not only lead to large uncertainties in predicting the time
delay between onset of injection and onset of induced seismicity but also to uncertainties in predicting the
volume and rate of injection that could potentially lead to induced seismicity. Geomechanical models
conducted prior to injection to assess potential of induced seismicity therefore require detailed site-specific
geomechanical, reservoir, and structural evaluation. Of largest concern are uncertainties in reservoir perme-
ability and the presence and orientation of faults that are below the detection limit for reflection seismic
surveys but large enough to produce felt and potentially damaging seismic events. While faults large enough
to result in earthquakes of magnitudes larger than ~5 are generally resolvable in reflection seismic surveys
[Wells and Coppersmith, 1994; Kim and Sanderson, 2005], smaller subseismic faults may still limit reservoir
injection capacity, presenting challenges in planning fluid injection programs and assessing induced earth-
quake potential prior to the onset of seismic activity.

5. Conclusions

To address the geomechanical link between fluid injection and initiation of seismic fault slip in Timpson, Texas,
we numerically simulated the coupled processes of fluid diffusion and stress and pore pressure changes asso-
ciated with fluid injection and their effects on fault reactivation. Published and newly calculated in situ stress
data based on borehole breakouts and induced fractures in the nearby SFE2 well in combination with the focal
mechanism of the Mw4.8 event indicate a normal/strike-slip faulting stress regime. While the initial stress state
appears controlled by critically stressed favorably oriented faults, the seismically active fault near Timpson is less
favorably oriented for slip suggesting the absence of favorably oriented faults in the area affected by fluid injec-
tion and allowing for the observed time delay between injection and earthquake slip. The model simulations
suggest that seismicity induced by water injection in the North and South wells is plausible within a range of
likely model input parameters, whereas other equally likely input parameters predict no induced seismic
activity for the reported injection history. Pore pressure perturbation and the Coulomb failure stress, quantify-
ing the potential of the fault for shear reactivation, are sensitive to the permeability of the injection layer, fault
orientation relative to the in situ stress orientation, and in situ stress magnitudes. Seismic fault reactivation is
favored by low reservoir permeability and a favorable orientation of the fault relative to the in situ stress state.
For the base case usingmost likelymodel parameters, fault slip is not observed within 96months of injection. A
0.5 reduction in reservoir permeability results in hydraulic fracturing within 24months of injection rather than
shear failure on the fault; the most favorable admissible fault orientation leads to fault slip within 7months of
injection, compared to the observed onset of seismicity at 17months after injection. Fault permeability affects
the pore fluid distribution across the fault, with a sealing fault favoring fault instability. Assessment of fault
stability and earthquake probability associated with fluid injection using geomechanical modeling prior to
the onset of seismic activity requires detailed site assessment of fault and in situ stress orientation, stress
magnitudes, pore pressure prior to injection, and reservoir permeability structure.
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