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Hindcasting injection-induced
aseismic slip and microseismicity
at the Cooper Basin Enhanced
Geothermal Systems Project
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There is a growing recognition that subsurface fluid injection can produce not only earthquakes,

but also aseismic slip on faults. A major challenge in understanding interactions between injection-
related aseismic and seismic slip on faults is identifying aseismic slip on the field scale, given that
most monitored fields are only equipped with seismic arrays. We present a modeling workflow for
evaluating the possibility of aseismic slip, given observational constraints on the spatial-temporal
distribution of microseismicity, injection rate, and wellhead pressure. Our numerical model
simultaneously simulates discrete off-fault microseismic events and aseismic slip on a main fault
during fluid injection. We apply the workflow to the 2012 Enhanced Geothermal System injection
episode at Cooper Basin, Australia, which aimed to stimulate a water-saturated granitic reservoir
containing a highly permeable (k = 10~ — 10~22m?) fault zone. We find that aseismic slip likely
contributed to half of the total moment release. In addition, fault weakening from pore pressure
changes, not elastic stress transfer from aseismic slip, induces the majority of observed microseismic
events, given the inferred stress state. We derive a theoretical model to better estimate the time-
dependent spatial extent of seismicity triggered by increases in pore pressure. To our knowledge, this
is the first time injection-induced aseismic slip in a granitic reservoir has been inferred, suggesting that
aseismic slip could be widespread across a range of lithologies.

It is well known that fluid injection into fault zones can produce microseismicity and even damaging
earthquakes!—. Only in the past decade, however, has it been recognized that injection can also induce aseis-
mic slip*™%. While shaking from injection-related earthquakes can damage well field equipment and buildings,
aseismic slip can also have serious impact by shearing and damaging well casing’, an undesirable outcome for
wastewater disposal and reservoir stimulation operations®. Even as theories of injection-induced seismic/aseismic
slip emerge from numerical and laboratory studies®!!, validation of theories on the field scale is hindered by the
dearth of aseismic slip observations.

Nonetheless, there is mounting evidence for aseismic slip during injection operations. In the southern Dela-
ware Basin, Texas, for example, InSAR-derived surface deformation is well matched by ~20 cm of aseismic slip
on conjugate normal faults® in a ~1-km-thick unit comprised of sub-arkosic sandstones and siltstones. Modeling
of injection-induced pressure diffusion, confined to a permeable fault damage zone, and slip on a fault with
velocity-strengthening rate-and-state friction, helps constrain the fault zone fluid transport properties and pres-
sure rise required to reproduce the observed aseismic slip'?. In-situ injection experiments in carbonates have
also produced aseismic slip on faults, with laboratory experiments and modeling used to constrain frictional
and fluid transport properties”'*!*. In the Sichuan Basin, China, prevalent well casing deformation is attributed
to aseismic fault slip associated with hydraulic fracturing treatments, which has significantly hindered shale gas
production®. Hydraulic fracturing in the Montney Formation, British Columbia, Canada, has been linked to
two large aseismic slip events (M,, 5.0 and 4.2) on shallowly dipping thrust faults, based on InSAR-measured
surface deformation'®. Geothermal power extraction at the Brawley Geothermal Field, California, has been linked
with earthquake swarms preceded by aseismic slip in sedimentary rocks>!®'”. These observations indicate that
injection-induced aseismic fault slip may be a prevalent, yet potentially underdetected phenomenon.

To comprehensively assess the prevalence of aseismic slip, it is important to retrospectively identify and esti-
mate aseismic slip during past fluid injections involving fault zones. This is particularly challenging when geodetic
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Figure 1. (A) Location of the Habanero Enhanced Geothermal System (EGS) field, South Australia (modified
from a previous study*?), and rock units along the depth of well Habanero 4 (adapted from a 2D resistivity
model*). (B) Location of microseismicity from November 2012 injection episode at well Habanero 4. Colors
indicate days after injection began. (C) Schematic of the model, which includes a 3D rate-and-state velocity-
strengthening main fault (slip in x direction), discrete, velocity-weakening, secondary faults, and an injection
well. The fault zone is of width w, within which fluid flow is described by radial Darcy flow. Pressure loss from
turbulent pipe friction is accounted for when computing wellhead pressure from well bottom pressure. (D)
Spatial distribution of rectangular secondary faults. The vertical locations of secondary faults follow a Gaussian
distribution from the boundaries of the fault zone. Secondary faults are randomly distributed in the fault-
parallel directions

or borehole measurements are unavailable. The Enhanced Geothermal System (EGS) experiments in Cooper
Basin, Australia, represent such challenges. EGS-related hydraulic stimulation experiments were performed in
Cooper Basin from 2002 to 2013 (Fig. 1A)"2. A total of 6 wells were drilled into water-saturated granites at
depths of 3629 to 4852 m. Between 4077 and 4263 m below the surface, four injection wells penetrated a pre-
existing thrust fault, later named the Habanero fault, which is outlined by injection-induced microseismicity
(Fig. 1B) and dips slightly towards the west (strike 204°, dip ~10°). The sub-horizontal fault forms a brine res-
ervoir with a pore pressure of ~ 73 MPa (significantly above the hydrostatic pressure, which is ~40 MPa at the
fault depth). Acoustic image logs show a ~6 m thick pervasively fractured damage zone (hereafter referred to as
the “fault zone”) surrounded by relatively impermeable granite. The presence of a highly permeable fault zone
resulted in a series of failed attempts at producing the distributed permeability enhancement through fracturing
and shearing that is expected in reservoir stimulation operations?.

From 2002 to 2013, injection experiments induced ~75,000 earthquakes between M 2.3 and 3.7, many of
which concentrate around the Habanero fault. However, the possibility of aseismic slip, in light of its recognition
in shale, carbonate, and sandstone reservoirs, has not been evaluated. In this study, we investigate the possibility
that aseismic slip, in addition to seismic slip, occurred during the Nov. 2012 injection episode at the Habanero
4 well (17 days in duration, Fig. 1A). Aseismic slip monitoring was not present at the time, and the section of
well intersecting the Habanero fault is uncased®, preventing direct indications of aseismic slip. The alternative
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possibility is that all slip was seismic and occurred on the Habanero fault in a swarm-like manner that tracked the
advancing pressure diffusion front. This hypothesis was investigated in prior work?!. We approach the problem
with a workflow combining parameter calibration with conventional monitoring data and numerical modeling.
The model accounts for fluid transport and pressure diffusion confined to a high permeability fault zone, aseis-
mic slip on a main fault, and discrete microseismic events outside the fault zone (Fig. 1C,D). By matching the
observed wellhead pressure and spatial-temporal distribution of microseismic events, we find that, subject to
reasonable assumptions about the initial stresses and friction, aseismic slip likely contributed to half of the total
moment release. Additionally, we find that direct fault weakening due to pore pressure increase, instead of elastic
stress transfer (Coulomb stress changes) from aseismic slip, caused the majority of the observed microseismicity,
although aseismic slip becomes the dominant triggering mechanism towards the end of the injection period.
Finally, we introduce a simple theoretical model for predicting the space-time evolution of microseismicity in
response to pore pressure diffusion that accounts for the initial stress and strength of the secondary faults.

Workflow to hindcast injection-induced aseismic and seismic slip

Our numerical modeling workflow consists of four components: the well, fluid flow and pressure diffusion in the
fault zone, aseismic slip on the main fault at the center of the fault zone, and microseismicity on secondary faults
outside of the fault zone (see Methods). Wellhead pressure is computed from bottom hole pressure by correcting
for the hydrostatic pressure difference and pressure loss from turbulent pipe friction. Fluid flow in the fault zone
is represented by radial Darcy flow outward from the well. We model the Habanero fault (which we also refer
to as the “main fault”) with velocity-strengthening (VS) rate-and-state friction. Secondary faults (which slip in
microseismic events) are represented with the spring-slider model with velocity-weakening (VW) rate-and-state
friction, and are randomly distributed within a 1 km x 1 km square box in the fault-parallel directions centered
on the well. The fault-normal locations of the secondary faults relative to the main fault are sampled from a
Gaussian distribution centered on the boundaries of the fault zone, with a standard deviation of 2 m. Secondary
faults are oriented parallel to the main fault, which is informed by the predominance of low-angle thrust fault
mechanisms of seismicity induced during the 2012 episode?.

The model is based on various assumptions regarding the nature of the fault system. We assume a velocity-
strengthening main fault and velocity-weakening secondary faults. Prevalent microseismicity and the absence of
a large earthquake on the main fault, given up to 15 MPa of pore pressure increase, as well as initial shear/normal
stresses, suggest unconditionally stable sliding of the main fault (additional lines of reasoning in Discussion).
Based on observed seismic event magnitudes (median M,, = 0.6; see Results for estimated fault dimension), we
assume that seismogenic secondary faults are much larger than the imaged micro-fractures populating the fault
zone around the main fault?. Therefore, all secondary faults are placed outside of the 6 m wide fault zone. We
assume negligible stress interactions between secondary faults, which is justified when fault dimensions are small
compared to distances between faults®*. We also neglect stress perturbation feedback onto the main fault from
the off-fault seismicity, which is supported by numerical experiments showing negligible elastic stress transfer
from off-fault aftershocks to the main fault in a similar modeling study®. The last two assumptions allow for the
efficient simulation of hundreds of microseismic events (Methods).

When calculating pressure change within the fault zone, we assume radial Darcy flow and linear pore pres-
sure diffusion, neglecting leak-off into the relatively unfractured granite outside the fault zone. Although it was
suggested?” that injection-induced shear slip on the Habanero fault enhanced permeability, k, and porosity, ¢, in
a later stimulation period (Oct. to Dec. 2013), our modeling suggests that slip-induced permeability and porosity
enhancement are not required to explain wellhead pressure of the 2012 injection period (Fig. 2A). Therefore,
we neglect porosity and permeability enhancement. We assume uniform pore pressure across the width of the
fault zone, which is justified because the injection time scales of interest (hours to days) are much longer than
the diffusion time across the fault zone width (tp = w?/a < 10's; w: fault zone width; o = k/(¢nB), diffusivity;
n: fluid viscosity; 8: sum of fluid and pore compressibility; values are in Table 1). Leak-oft outside the fault zone
is neglected when calculating fault zone pressure changes following the arguments in Appendix B of reference''.
However, we do account for pressure changes on secondary faults surrounding the fault zone, which we later
argue is required to induce most of the microseismic events. As a proxy for leak-off driven pressure changes, we
extend the fault zone pressure changes outward with a decaying Gaussian function having 2 m standard deviation,
the value chosen as an estimate of the diffusion length over a duration of 1 hour using permeability k = 10716
m? for jointed granite?®, the other parameters being the same as in the previous scaling estimate.

Our workflow takes injection volume rate as input, and produces as output the fault zone pressure, wellhead
pressure, aseismic slip and stress evolution on the main fault, and slip and stress evolution on the secondary faults.
First, the fault zone pressure diffusion equation is solved using the known injection rate as the input source. The
fault zone permeability k is treated as a calibration variable. Second, the fault zone pressure history is used as
input to solve for aseismic slip on the main fault, given fixed frictional parameters and calibrated initial shear
stress (with the calibration performed in the subsequent step by matching microseismicity). Third, the stress
perturbations from aseismic slip and fault zone pore pressure are used to drive seismic events off the fault, given
an assumed fault patch stiffness and event locations. Fixed and calibrated model inputs are listed in Table 1.

We first calibrate the permeability k of the fault zone by tuning it to match the simulated and observed well-
head pressure history, using the injection rate as input and assuming a nominal porosity of ¢ = 1% (similar to the
1.4% porosity derived from tracer tests*”). We then calibrate the initial shear stress (which is the same on the main
fault and the secondary faults, given their proximity and identical orientation) by matching the simulated and
observed normalized cumulative seismic moment. This calibration is required due to uncertainties in local stress
conditions. Constraints on reservoir stress are provided through a combination of geomechanical modeling and
logging/drilling data analysis. Integration of density log data as a function of depth yields an overburden stress,
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Parameter Symbol | value

Fault model

Main fault dimensions 20 x 20km
Secondary faults dimensions 20 x 20m
Fault width w 6m

Shear modulus! n 24 GPa
Poisson’s ratio v 0.25

Main fault direct and state evolution effect parameters Ags» bas 0.015,0.012
Secondary fault direct and state evolution effect parameters A5, bss 0.015,0.018
Reference velocity v* 1x10°ms™!
Reference friction coefficient f* 0.6

State evolution distance d. 0.0153 mm
Radiation damping coefficient Nrad 4.55MPasm™!
Main fault normal stress” I 101.8 MPa
Initial pore pressure’ Po 73.8 MPa
Initial shear stress T0 15 MPa
Initial dimensionless state variable W, 0.75

Standard deviation for secondary faults density (in vertical direction) 2m

Standard deviation for interpolating pressure to secondary faults (in vertical direction) 2m

Fluid model

Fluid density P 1000 kg m=3
Permeability within 150 m from well knear 1.1 x 10712 m?
Permeability beyond 150 m from well Kfar 4 x 1073 m?
Nominal fault rock porosity ¢ 0.01

Fluid viscosity n 8 x 1074 Pas
Sum of pore®® and fluid compressibility* B 1x1078pa!
Habanero 4 well

Depth to fault* H, 4077 m
Tubing inner diameter 4 D, 17.8cm
Darcy-Weisbach pipe friction factor® /o 0.015

Table 1. Parameters used for hindcasting injection induced seismic and aseismic slip [1] Shear modulus
of granite® [2] Derived from Symax and S,, which are obtained from geomechanical modeling® [3] From
pressure build up tests? [4] Well completion report® [5] Moody diagram?.

Sy, of 100 MPa at & 4100 m, where Habanero 4 intersects the fault*>. Modeling of borehole breakout and tensile
fracture data indicates a maximum horizontal stress, Sgj;x, 0f 150 MPa and a minimum horizontal stress, Sy
of 120 MPa?>*"31, Estimates of horizontal stress are contingent on assumptions of rock strength and therefore
have significant uncertainties. Resolving S, and Sgax onto a 10° dipping fault results in a normal stress, og, of
101.8 MPa, and a shear stress, 7o, of 10.3 MPa. Together with an estimated initial pore pressure, p, of 73 MPaZ,
this gives 79/ (09 — po) = 0.36, much less than the typical granite friction coeflicient of 0.6. Our modeling shows
that 7p = 10.3 MPa is too small to produce slip on the secondary faults and is therefore deemed incompatible
with the observed seismicity. Therefore, we fix oy to 101.8 MPa and calibrate 7 following an iterative procedure.
First, an initial shear stress is chosen for both the main fault and secondary faults. The fault zone pressure derived
with the calibrated permeability is used to drive aseismic slip on the main fault, without coupling to secondary
faults. The fault zone pressure history and the elastic stress changes from aseismic slip are then used to drive
off-fault microseismicity. Following this procedure, we adjust the initial shear stress to match the simulated and
observed cumulative seismic moment (normalized by maximum cumulative seismic moment to account for the
smaller number of secondary faults used in our simulation as compared to reality). Our hindcast for aseismic
and seismic slip is done using the calibrated hydraulic permeability and initial shear stress.

Results

Calibrated fault zone permeability and initial shear stress. Calibration of fault zone permeability
and initial shear stress improves the accuracy of the aseismic/seismic slip hindcast. We first calibrate the per-
meability, k, of the fault zone. We find higher k near the well is required to fit the observed wellhead pressure
(Fig. 2A), which may reflect permeability enhancement due to repeated prior stimulations. The best-fit k for the
Habanero Fault in Nov. 2012 is1.1 x 10~!2m2 within 150 m of the well and 4 x 10~!*m?beyond 150 m from the
well. Our values of permeability are similar to in-situ closed loop injection calibrated permeability of 7.9 x 10713
t0 3.9 x 10712 m??. A higher permeability near the well is required to match wellhead pressure data within the
first two days of injection, when the pressure perturbation is limited to a few hundred meters from the well
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Figure 2. (A) Injection rate and wellhead pressure at Habanero 4 from Nov. to Dec. 2012. (B)

Simulated cumulative moment due to seismic slip for initial shear stress of 12, 15, and 17 MPa, as well as
cumulative moment derived from seismic catalog. Both are normalized by total moment. (C) Cumulative
seismic moment derived from microseismicity catalog and cumulative aseismic moment from simulation.
Simulated cumulative aseismic moment is shown for different a — b. Inset shows the cumulative seismic/
aseismic moment after injection stopped (note that cumulative moment axis is a factor of 10 smaller). (D)
Number of seismic events per time interval normalized by total number of events. Inset shows the migration
of seismicity away from the well. (E), (F) Number of seismic events per distance interval along dip and strike,
respectively, normalized by the total number of events. The events along each axis are restricted to within 100
meters from the well along the other axis. (G), (H) Time evolution of seismicity (dots) and main fault slip
velocity (color), along dip and strike, respectively. All results are for an initial shear stress of 15 MPa and main
faulta — b = 0.003, unless otherwise noted

(Fig. 3C). If the near-well permeability is the same as the lower permeability away from the well, the model over-
predicts the amplitude of the pressure peaks in days 1 and 2 (Fig. 2A). A lower permeability away from the well
is simultaneously required. If the permeability away from the well is the same as the higher permeability near the
well, the model underpredicts the amplitude of the pressure plateaus during days 7 to 17. We note that a simi-
larly sized region of enhanced permeability was found for the 2003 stimulation of the nearby Habanero 1 well*2.

We then calibrate the initial shear stress, 79, on the main fault and secondary faults. The closer secondary
faults are to being critically stressed, the more seismicity occurs at the beginning of injection period. A lower
initial shear stress results in more seismicity occurring at the end of injection period. We find that o = 15 MPa,
higher than 7y = 10.3 MPa implied by the estimated Sg,qx and S,, is required to explain the observed seismicity.
The choice of 7p on the secondary faults strongly influences the temporal distribution of seismic events, as well
as the temporal trend of total seismic moment release (Fig. 2B). Because the simulated seismicity rate depends
on the number of secondary faults, which for computational reasons is much fewer than the observed number
of events, we focus our comparison on the temporal trend of cumulative seismic moment, normalized by the
cumulative seismic moment at the end of injection. We use 7o /f *00 as the proxy for closeness to-failure, where
f* = 0.6is the reference friction coefficient at reference velocity V* = 1 x 10~ ms] representatlve of aseis-
mic slip velocities, and 00 = 0 — po is the initial effective normal stress. At 7o = 10 MPa (7o /f*ao ~ 0.6), no
seismicity (slip velocity > 0.1 m/s) is induced. At g = 12 MPa (1o /f *00 ~ 0.7), most events occur after day 14,
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Figure 3. Time evolution of (A) aseismic slip on the main fault along dip and strike directions. Inset shows cumulative slip at the

well. (B) Total seismic slip at the end of injection. (C) Pore pressure change in the fault zone. Vertical dashed gray lines mark the
transition from the higher permeability near-well region to the lower permeability region. (D) Shear stress change on the main

fault. Aseismic slip, pressure, and shear stress change are plotted every 2 days. (E) Space-time plot of the simulated seismicity and
mechanisms that induced them. Inset shows map view of seismicity. Dashed line shows the diffusion length scale over time; dotted
lines show the theoretical prediction of seismicity front triggered by pore pressure change (Methods). ¢: time, dz: vertical distance of
secondary faults from the main fault. (F) Histogram showing contributions to fault strength change on secondary faults at the time of a
seismic event (slip velocity > 0.1 m/s): direct weakening from pressure increase, —fo A s shear stress loading from aseismic slip, Aty
normal stress loading from aseismic slip, fo A0s. Dots show contributions of each mechanism as a function of cumulative counts of
seismicity. (G) Secondary fault slip velocity evolution (at location marked in (E)). Inset shows friction coefficient versus slip velocity.
(H) Contribution of main fault aseismic slip and pore pressure diffusion to inducing seismic slip at the secondary fault location
marked in (E). AT: change in total shear stress.
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inconsistent with the observations (Fig. 2B). At 7y = 15 MPa (7o /f *00 ~ 0.9), the simulated cumulative seismic
moment release best fits the observations. At 7o = 17 MPa (7o /f *o, ~ 1, the critically stressed fault condition),
seismic events occur immediately after injection starts, also inconsistent with the observations.

The temporal pattern of seismicity depends on both 7 and the stability of secondary faults, but the uncer-
tainty in the latter does not significantly impact the calibration of 7y. Fault stability in the spring-slider model
is controlled by the non-dimensional ratio «/kitica1- The fault stiffness (shear stress change per unit slip) «
scales with 11/ H, where p is the host rock shear modulus and H the fault dimension®”. The fault dimension H is
chosen to approximately match the predicted moment magnitudes of seismicity with those of the observations
(My ~ H3ATt; for co-seismic stress drop At = 1 MPa, median seismic moment My = 1 x 101°N.m, H ~ 20
m) and y is chosen as a typical laboratory-measured granite shear modulus®. There is more uncertainty in the
critical stiffness, kritical = O (b — a)/d., where d, is the state evolution distance. The fault is unstable (seismo-
genic) when «k/Kritical < 1. For simulated secondary faults, ¥ &~ 1.2 x 10° Pam™! (H = 20 m, 1 = 24 GPa),
and K igical A 5 x 10° Pa.m ™, yielding « /K risicas = 0.24. At Cooper Basin, the abundance of off-fault seismicity
indicates « /kritical << 1for the secondary faults. Therefore, uncertainties in d; or b — a will influence kisicq used
for simulation, but, within a plausible range, will not qualitatively influence the simulated temporal pattern of
seismicity.

Injection-induced aseismic and seismic slip. We find that at the end of the injection period, a maxi-
mum (simulated) aseismic slip of 4 cm occurs where the fault intersects the well, with cumulative slip decreas-
ing to zero approximately 1.2 km away from the well (Fig. 3A). The spatial extent of aseismic slip is close to
axisymmetric but extends slightly further along the dip direction as expected theoretically®®. During the initial
two peaks (days 1 — 2) in injection rate (Fig. 2A), about 1.5 cm of aseismic slip occurs near the well (Fig. 3A).
During the pause in injection (days 2-4), no additional aseismic slip occurs. When injection again increases
(days 5-7), slip remains very slow. During nearly constant rate injection at 25 L s~! (days 8-13), slip increases
gradually. When injection rate increases again (days 13-14), slip accelerates (Fig. 2G,H). Finally, when injection
rate plateaus at 40 L s~! (day 14 — 17), slip continues increasing, but at a slower rate.

Maximum seismic slip is about 0.35 cm, with larger seismic slip closer to the injection well (Fig. 3B). The sim-
ulated seismicity matches the spatial-temporal distributions of observed seismicity remarkably well (Fig. 2D-F).
In addition, the simulated seismicity migrates away from the well at the same rate (~50 m day~!) as the observed
seismicity (Fig. 2D inset). Similar to previous injection modeling in 2D, we find that there is a clear correlation
between the rate of pressure increase (indicated by wellhead pressure in Fig. 2A) and seismicity rate (Fig. 2D).

The estimated minimum value for cumulative aseismic slip at the well is 2 cm, accounting for uncertainties
in frictional parameters (Fig. 2C). On the main fault, as long as the state evolution distance, d, is much smaller
than the total slip, most of the slip occurs when fis evolving along the steady state fi; = f* + (a — b) log(V/V™)
!1. This suggests that, a — b influences the magnitude of total slip, if V//V* is not close to unity. Because we chose
V* = 107°m s~ to be representative of the modeled aseismic slip velocity, a — b has relatively small influence
on total slip. Holding all input parameters the same, a — b 0of 0.001 and 0.006 (with a fixed to 0.015) results in 2
and 5 cm of slip at the well, corresponding to cumulative aseismic moment of 7 x 10" N mand17 x 10" N m,
respectively (compared to 11 x 10'* N m for the preferred model, Fig. 2C). Because the slip velocity inside the
crack is slightly lower than V*, steady state friction is lower for higher a — b; higher a — b produces larger slip
due to increase in stress drop along steady state'’.

How robust is the minimum value for cumulative aseismic slip at the well with respect to choice of initial state?
In general, moderate variations in initial state should not result in large variations in aseismic slip magnitude'?.
Increasing the dimensionless initial state Wy = f* + blog(8 V*/d.) (0 being the usual state variable having units
of time) delays the onset of significant slip and reduces the total amount of slip. ¥ is approximately bounded by
examining its corresponding peak or “static” friction coeflicient, f;, defined as the maximum friction coefficient
value prior to the onset of state evolution and drop in friction. For our choice of Wy = 0.75, f; reaches 0.72, which
is comparable to typical static friction values for granite. Further increasing the initial state will only make the
static friction higher. Therefore, we argue that, any reasonable choice of initial state would result in cumulative
slip equal to or higher than the current values, holding all other parameters constant.

Discussion

Aseismic moment release accounts for half of total moment release. Given the inferred fault
zone permeability and initial shear stress, our model quantifies the amount of aseismic and seismic slip, which
we discuss here in terms of moment release (area x average slip x shear modulus). We find that aseismic moment
likely contributed to half of the total moment by comparing the simulated cumulative aseismic moment with the
observed cumulative seismic moment (Fig. 2C). The simulated aseismic moment is compared to the observed
seismic moment, rather than to the simulated seismic moment, because the simulated seismic moment depends
on the assumed number of secondary faults (Methods). Our finding of aseismic moment accounting for half
of the total moment has practical implications for injection operations. While aseismic slip could in theory
enhance fault zone permeability, thereby benefiting stimulation operations**°, it might also shear and deform
cased wells. This can jeopardize well stability and hinder fluid flow and the deployment and retrieval of wellbore
tools®, reducing the economic viability of the operations.

In contrast to our finding, previous work assumed that all slip on the Habanero fault was seismic?!, and
inferred up to 25 cm of slip at the well from the total seismic moment release (assuming an average stress drop
of 0.1 MPa and a shear modulus of 12 GPa). Independent validation of such predictions is difficult, because
the section of Habanero 4 intersecting the fault zone is uncased. Multiple lines of evidence, however, support
the conceptual model of a velocity-strengthening main fault and velocity-weakening secondary faults. First, in
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hydrothermal environments, the preferential flow of hydrothermal fluid through the fault zone can form phyl-
losilicates, a mineral group known for promoting stable fault sliding**>. Hydrothermal fluid can form phyllosili-
cates through either weathering of the granitic host rock or precipitation. Phyllosilicates are expected to be less
common on lower-permeability secondary faults away from the permeable fault core. Second, a well-developed
fault fabric within the fault core may also promote stable sliding®, thereby favoring aseismic slip. Secondary faults
typically have less developed fabric due to their smaller cumulative slip. Third, in-situ and laboratory experiments
indicate that pressurized, water-saturated fault gouge tends to be velocity-strengthening when slipping’. Seismic
observations at tectonic faults** and numerical experiments” show an abundance of off-fault aftershocks, sug-
gesting that secondary faults surrounding the main fault tend to be velocity-weakening.

Our model predicts that accelerations of aseismic slip are preceded by an increase in seismicity. This is in
contrast to cases where seismicity is inferred to have been caused by aseismic slip, where aseismic fault slip pre-
cedes a large increase in the number of seismic events'. For Habanero 4, our model suggests that most of the
aseismic moment release occurred during the last four days of the injection period (days 14 to 17) when injection
was sustained at a high rate. Until day 13, aseismic moment is less than 20% of the seismic moment. The rapid
increase in aseismic moment release after day 13 is due to the large magnitude of fault strength decrease from
an increase in pore pressure (Fig. 3C). After injection stops, both aseismic and seismic moment release rate drop
immediately, indicating a short lag time between injection and slip. This is similar to findings from previous
numerical models of injection-induced aseismic slip in the Delaware Basin'2. By the third day after injection
stops, the aseismic and seismic moment stops increasing. Cumulative seismic moment increased four times as
much as the aseismic moment during the post-injection period.

Fault weakening due to pore pressure changes drives microseismicity. Is microseismicity
induced by direct fault strength change from pore pressure increase (—f*Ap) or by elastic stress transfer from
aseismic fault slip (shear stress change: A1, strength change from normal stress change: f*Ao,s)? We find that
the dominant mechanism for triggering microseismicity is weakening of fault strength from pressure increase,
except at sufficiently large distance from the well, where elastic stress transfer from aseismic slip becomes more
important as the pressure increase becomes smaller.

On average, the simulated magnitude of —f* Ap at secondary faults exceeds A7, and f* Aoy, (histogram in
Fig. 3F; example time series and corresponding velocity history in Fig. 3G,H). However, beyond ~0.5 km from
the well, shear stress increase from aseismic slip become larger than the reduction in strength from the pressure
increase (Fig. 3D-F), resulting in aseismic loading being the dominant mechanism. This threshold distance at
which aseismic loading becomes the dominant triggering mechanism is controlled by both the initial closeness
to failure of the fault*>*¢ and the injection history. For constant rate injection, the degree by which the slip front
outpaces the pressure front is dictated by the dimensionless aseismic slip amplification number, 1'%, The dimen-

sionless aseismic shp amplification number is related to the stress injection parameter, which is (1 — fm, )& P*

where Ap, = 2> k (Q: constant volume injection rate) is the characteristic pressure and fa representative fric-
tional coeflicient. Between days 4 and 13, we can approximate the injection history as a step function. For this
period, the stress injection parameter in our preferred model is ~4.5 (Q =25L sTLn=8x10"*Pas,
k ~ kfyy = 4 x 1075 m?, f = 0.6,w = 6m, 0 = 28 MPa, 7y = 15MPa), with corresponding/lofo 1, implying
a slip front propagating slower than the pressure front. While the solution for 4 as a function of fault stress
parameter does not account for the time dependence of the actual injection history, 4 scales with \/Ap,. o VaQ,
in the critically stressed asymptotic limit*. Therefore, the subsequent increase in injection rate on day 13
(Fig. 2A), and the corresponding increase in fault zone pressure (Fig. 3C), enables the slip front (and the accom-
panying seismicity induced by aseismic loading) to outpace the pressure front. This observation highlights the
role of injection history in controlling the relative contribution of fault weakening and aseismic stress transfer
to inducing seismicity.

The classic diffusion length scale ~/4a't over-predicts the spatial extent of seismicity at any given time (Fig. 3E),
because it does not account for the reduction in strength that is required to bring a fault that is not critically
stressed to the failure condition. Furthermore, when the secondary faults are outside of the high permeability
fault zone through which pressure diffusion is approximately confined, the pressure outside that fault zone on
the secondary faults is reduced relative to its value in the fault zone. We introduce a simple theoretical model
(specific to a step function injection rate history) that accounts for these and provides as an output the maximum
radial distance from the injection well where conditions to trigger seismicity are met (Methods). In applying this
model to Habanero 4, we again approximate the injection history between days 4 and 13 as a step function. The
theoretical model for secondary faults at a vertical distance dz = 2.5 m from the main fault nicely delineates the
spatial extent of simulated seismicity up until day 13 (Fig. 3E), when injection rate increases significantly. Given
the same injection rate, the closer the secondary faults are to the main fault, dz, the farther the expected spatial
extent of seismicity at any given time. In general, dz could be constrained through borehole imaging of fault
plane distributions or relocated microseismicity. Therefore, the model provides a theoretical maximum distance
at which seismicity can be induced by pore pressure change.

Conclusion

We present a model relating injection rate history to wellhead pressure, main fault aseismic slip, and off-fault
microseismicity. Using this model, we calibrate the permeability and stress state of the Habanero Fault. We
infer that aseismic slip accounts for ~40 to 60% of the total moment release during the 2012 injection period,
accounting for uncertainties in initial shear stress and fault frictional properties. We deduce that fault weaken-
ing due to pore pressure diffusion is the main driver of microseismicity up to 0.5 km from the Habanero 4 well,
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beyond which elastic stress transfer from aseismic slip on the main fault becomes the dominant mechanism.
The dominance of fault weakening induced seismicity is due to both relatively low initial stress and the short
duration of injection, which ended before elastic stress transfer becomes the dominant mechanism. The spatial
extent of pore pressure change induced seismicity at a given time can be estimated using the proposed theoreti-
cal model. The estimated 4 cm of aseismic slip near the well, if occurring on a fault that crosses a cased well,
could severely impact well stability. Our inference of significant aseismic slip in a region previously thought
to only experience seismic slip suggests that aseismic slip could happen on faults hosted in granitic rocks. We
acknowledge that there are no direct measurements that can be used to validate our model prediction of aseismic
slip. It is therefore possible that the microseismicity data might instead be reflective of seismic slip on the main
fault, which occurs in a swarm-like manner (concentrated near the advancing pressure diffusion front) because
the fault only becomes critically stressed with sufficient pressure rise and stress transfer from prior seismic slip,
as investigated previously?'. Nonetheless, our modeling approach can be used to quantitatively investigate the
possibility of aseismic slip at other reservoir stimulation locations where a seismic catalog and wellhead pressure
records are the only observational constraints.

Methods

Fluid model. We first consider fluid transport and radial pore pressure diffusion integrated across the width
of the fault zone. Accounting for both fluid and pore compressibility, but neglecting poroelastic effects from
rocks outside of the fault zone*’, we have the following diffusion equation for injection-induced pore pressure
change, p(r, t):

2r ¢ﬂa—p 3 2r EB—P =0
v Jat  ar Wnar h 0

where r is the radial coordinate, w is the fault zone width, ¢ is the nominal porosity, 8 = ¢ + B is the total
(fluid + pore) compressibility, k is the fault zone permeability, and 7 is the fluid viscosity. The time-dependent
boundary condition at the well is

ap

QRy, 1) = Qoue(t) = —271er—

n ar 2)

>
r=R,,

where R,, is the well radius.

A 4th order SBP-SAT finite difference method* is used for spatial discretization of the variable coefficient
second derivative operator in Eqn. 1. Grid points are logarithmically distributed to ensure dense grid nodes near
the well. The semi-discretized equation is then solved with MATLAB’s stiff ODE solver odel5s. We verify the
accuracy of the diffusion solver by comparing the numerical solution with a known analytical solution®, derived
for pressure perturbation due to constant rate injection into an infinitely long fault zone.

To relate the bottom hole pressure, p,(t) = p(r = Ry, t) to wellhead pressure, pj(t), we possibly need to
consider the storativity of the well and pressure loss due to turbulent flow in the pipe. We neglect the effect of
well storativity on pressure perturbations. This is justified by considering the following linearized form of the
fluid mass in the well:

3Pw _ Qnet
ot BV (32)
Quet = Qin — Qout (Sb)

where p,, is the pressure perturbation in the well due to well storativity (which we assume is spatially uniform
for this estimate), 8,, is the total well compressibility, and V,, the well volume. The well compressibility B,, is
approximately equal to the fluid compressibility in a cased well, but requires a small correction involving the
shear modulus of the formation for an uncased well*®. The volumetric net flow, outflow, and injection rates are
Quet> Qour> and Qjy,, respectively. Because p,, must match the bottom hole pressure perturbation on the fault, pj,
Eq. 3 can be re-arranged as Qpe = %,BW Vw. We run the fluid model neglecting well storativity, and use the
resulting py () to estimate Q. For the range of p(t) in our simulation, Qe /Qin < 1. Therefore, Qi ~ Qour,
and it is justified to neglect well storativity for Habanero 4.

We neglect pressure loss from near-well friction due to flow through geometrically complex fracture zone,
but account for the pressure loss due to turbulent pipe flow®*>!-5;

8H,pQ;,

Ppipe(t) = W (4)
where fp is the Darcy-Weisbach friction factor, H,, is the well length, and D,, is the well diameter. Therefore, the
wellhead pressure, py,(t) can be related to well bottom pressure pj, by correcting for pipe friction and hydrostatic
pressure:

pr(t) = pp(t) + pgHyw + Ppipe(t). (5)

In contrast to well storativity, pressure losses from pipe friction cannot be neglected, especially during the high
injection rate periods.
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Main fault model. We consider a 3D quasi-static problem with a planar fault embedded in a linear elastic
full space (Fig. 1C). The full space assumption is justified, given that the aseismically slipping portion of the fault
is of order 1 km, whereas fault depth ~ 4 km. The fault has uniform initial effective normal stress, 00 =0 —po
(fault normal stress minus pore pressure), and shear stress, 7o = 0,x. We neglect rake rotation (i.e., changes in
the slip direction, which is assumed to be exclusively in the x direction) and prohibit opening in z direction
(coordinate system in Fig. 1C). The stress is related to the displacement field through Hooke’s law for an isotropic
solid and the strain-displacement equations. Slip velocity is defined as

a6
Vix,p,t) = FYe (6)

where § is slip in the x direction. The physics of standard earthquake sequence modeling is completed with rate-
and-state friction and an aging law for the state variable:

v oV*
f(Q,V):f*—i—alogW—f—blog 7 (7a)
C
. ov*
O=1-—-, (7b)
c

where a, b are the dimensionless direct effect and state evolution parameters; V* is a reference velocity; f*is a
reference friction coefficient for steady sliding at V*; and d, is the state evolution distance. Enforcing the friction
law at the fault surface requires

0 + AT = 10aV = £(6, V) (05 — p), ()

where A7 is the shear stress perturbation due to aseismic slip and 7,4 is the radiation damping parameter. For
a planar fault in a uniform full space, no normal stress change is induced by fault slip.

We solve the quasi-static 3D elasticity problem with a Fourier spectral method**. We verify the static elastic-
ity solutions by using the slip due to uniform stress drop in a circular shear crack® as an input to the spectral
boundary element code, and comparing the shear stress drop within the crack to the known stress change. For the
more general problem with rate-and-state friction, the slip § and dimensionless state variable W = f* + b log =
are time stepped using an adaptive, explicit third order Runge-Kutta method with an embedded error estlmate,
with error control on § and W%,

Secondary fault model. We use lumped parameter spring sliders to simulate microseismicity induced by
fluid injection, neglecting interactions among spring sliders. The slip history of each spring slider is obtained by
solving (using the same adaptive Runge-Kutta method) d6/dt = V, the state evolution equation, and

70 + Aty — KD(t) — 0ygaV =f(V, W) (o9 + Aoy + Ao — P(t))> 9)

where k ~ H s the scalar stiffness relating slip with shear stress change on a rectangular element®®, The shear and
normal stress changes at the secondary fault due to aseismic slip on the main fault are denoted as At and Aoy,
and are computed using discrete stiffness matrices relating slip and stress change on rectangular fault elements
in elastic half space®®. Aog denotes normal stress change due to slip on the secondary fault.

In our simulation, the number of spring sliders used is smaller than the observed number of microseismic
events by a factor of 15 (1 x 10° spring sliders vs.~ 1.5 x 10 events by day 18), for efficient modeling. During the
simulation, only ~ 20% of spring sliders are triggered (see Workflow for spatial extent of seismicity). Therefore,
this approach is likely more than 15 times more efficient than simulating all observed seismicity.

Theoretical model for spatial extent of seismicity. Here we derive a theoretical model for the spatial
extent of direct fault weakening induced seismicity. Assume each secondary fault initially has the same shear
stress, 7o, and effective normal stress, cro, the strength drop, due to pore pressure change, Ap, required to generate
seismicity can be approximated as:

AT = fyoy — To = foAp(r, t,dz) (10)

where fj is the initial frictional coefficient, and Ap(r, ¢, dz) is the pressure perturbation at vertical distance dz
away from the boundary of the fault zone. We utilize the following analytical solution for pore pressure change
at secondary faults due to step function injection on the main fault:

Q 1 ¢nBr dz?
Ap(r.t,dz) = _4:10124»&( 4 4”35 ) xp (_ﬁ> (1)

where the expression in front of the exponential is the well-known Theis solution*® for injection into a 3D,
infinite fault of a finite width. The exponential term corresponds to oft-fault pressure diffusion as discussed in
the main text. X is the standard deviation for the decay of pore pressure perturbation as a function of vertical
distance away from the fault boundaries (assuming Gaussian distribution). Equating Eqs. (10) and (11) (yield-
ing a transcendental equation), we numerically solve for the maximum radial distance from the injection well,
R = f(t, dz), where seismicity is permissible.
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Data availibility

Code used for simulation is available online through Zenodo (https://doi.org/10.5281/zenodo.7261939). Injection
volume rate history, wellhead pressure history, and seismic catalogue are available through EPISODES Platform
(https://tcs.ah-epos.eu/#episode: COOPER_BASIN).

Received: 1 September 2022; Accepted: 6 November 2022
Published online: 14 November 2022

References

1.

Ellsworth, W. L. Injection-induced earthquakes. Science 341, 1225942 (2013).

2. Keranen, K. M., Savage, H. M., Abers, G. A. & Cochran, E. S. Potentially induced earthquakes in Oklahoma, USA: Links between
wastewater injection and the 2011 M,, 5.7 earthquake sequence. Geology 41, 699-702 (2013).

3. Schultz, R. et al. Hydraulic fracturing-induced seismicity. Rev. Geophy. 58, €2019RG000695 (2020).

4. Zoback, M. D,, Kohli, A., Das, I. & McClure, M. The importance of slow slip on faults during hydraulic fracturing stimulation of
shale gas reservoirs. In SPE Americas Unconventional Resources Conference (OnePetro, 2012).

5. Wei, S. et al. The 2012 Brawley swarm triggered by injection-induced aseismic slip. Earth Planet. Sci. Lett. 422, 115-125 (2015).

6. Pepin, K. S., Ellsworth, W. L., Sheng, Y. & Zebker, H. A. Shallow aseismic slip in the Delaware basin determined by Sentinel-1
InSAR. J. Geophys. Res. Solid Earth 127, €2021JB023157 (2022).

7. Mohammed, A. I, Oyeneyin, B., Atchison, B. & Njuguna, J. Casing structural integrity and failure modes in a range of well types-a
review. J. Nat. Gas Sci. Eng. 68, 102898 (2019).

8. Chen, Z., Zhou, L., Walsh, R. & Zoback, M. Case study: Casing deformation caused by hydraulic fracturing-induced fault slip in
the Sichuan Basin. In Unconventional Resources Technology Conference, Houston, Texas, 23-25 July 2018, 2585-2593 (Society of
Exploration Geophysicists, American Association of Petroleum ..., 2018).

9. Cappa, E, Scuderi, M. M., Collettini, C., Guglielmi, Y. & Avouac, ].-P. Stabilization of fault slip by fluid injection in the laboratory
and in situ. Sci. Adv. 5, eaau4065 (2019).

10. Bhattacharya, P. & Viesca, R. C. Fluid-induced aseismic fault slip outpaces pore-fluid migration. Science 364, 464-468 (2019).

11. Yang, Y. & Dunham, E. M. Effect of porosity and permeability evolution on injection-induced aseismic slip. J. Geophys. Res. Solid
Earth 126, €2020JB021258 (2021).

12. Dvory, N. Z,, Yang, Y. & Dunham, E. M. Models of injection-induced aseismic slip on height-bounded faults in the delaware basin
constrain fault-zone pore pressure changes and permeability. Geophys. Res. Lett. 49, €2021GL097330 (2021).

13. Guglielmi, Y., Cappa, E, Avouac, J.-P, Henry, P. & Elsworth, D. Seismicity triggered by fluid injection-induced aseismic slip. Science
348, 1224-1226 (2015).

14. Larochelle, S., Lapusta, N., Ampuero, ].-P. & Cappa, F. Constraining fault friction and stability with fluid-injection field experi-
ments. Geophys. Res. Lett. 48, €2020GL091188 (2021).

15. Eyre, T.S., Samsonov, S., Feng, W., Kao, H. & Eaton, D. W. InSAR data reveal that the largest hydraulic fracturing-induced earth-
quake in Canada, to date, is a slow-slip event. Sci. Rep. 12, 1-12 (2022).

16. Im, K. & Avouac, J.-P. On the role of thermal stress and fluid pressure in triggering seismic and aseismic faulting at the Brawley
Geothermal Field, California. Geothermics 97, 102238 (2021).

17. Materna, K., Barbour, A., Jiang, J. & Eneva, M. Detection of aseismic slip and poroelastic reservoir deformation at the North
Brawley geothermal field from 2009-2019. J. Geophys. Res. Solid Earth ¢2021JB023335 (2022).

18. Baisch, S., Weidler, R., Voros, R., Wyborn, D. & de Graaf, L. Induced seismicity during the stimulation of a geothermal HFR
reservoir in the Cooper Basin, Australia. Bull. Seismol. Soc. Am. 96, 2242-2256 (2006).

19. Baisch, S., Vor6s, R., Weidler, R. & Wyborn, D. Investigation of fault mechanisms during geothermal reservoir stimulation experi-
ments in the Cooper Basin, Australia. Bull. Seismol. Soc. Am. 99, 148-158 (2009).

20. Baisch, S. et al. Continued geothermal reservoir stimulation experiments in the Cooper Basin (Australia). Bull. Seismol. Soc. Am.
105, 198-209 (2015).

21. Baisch, S. Inferring in situ hydraulic pressure from induced seismicity observations: An application to the Cooper Basin (Australia)
geothermal reservoir. J. Geophys. Res. Solid Earth 125, €2019]JB019070 (2019).

22. Holl, H. -G. & Barton, C. Habanero field-structure and state of stress. In Proceedings World Geothermal Congress, 19-25 (2015).

23. Humphreys, B., Hodson-Clarke, A. & Hogarth, R. Habanero Geothermal Project Field Development Plan (Geodynamics Ltd., 2014).

24. Thiel, S. Electromagnetic monitoring of hydraulic fracturing: Relationship to permeability, seismicity, and stress. Surv. Geophys.
38, 1133-1169 (2017).

25. McMahon, A. & Baisch, S. Case study of the seismicity associated with the stimulation of the enhanced geothermal system at
Habanero, Australia. In Proceedings, 29-36 (2013).

26. Dublanchet, P. Seismicity modulation in a 3-d rate-and-state interacting fault population model. Geophys. J. Int. 229, 1804-1823
(2022).

27. Ozawa, S. & Ando, R. Mainshock and aftershock sequence simulation in geometrically complex fault zones. J. Geophys. Res. Solid
Earth 126, €2020JB020865 (2021).

28. Kranzz, R, Frankel, A., Engelder, T. & Scholz, C. The permeability of whole and jointed barre granite. Int. J. Rock Mech. Min. Sci.
Geomech. Abstr. 16, 225-234 (1979).

29. Llanos, E. M., Zarrouk, S. J. & Hogarth, R. A. Numerical model of the Habanero geothermal reservoir, Australia. Geothermics 53,
308-319 (2015).

30. Fernandez-Ibaiez, E, Castillo, D., Wyborn, D. & Hindle, D. Benefits of ht-hostile environments on wellbore stability: A case study
from geothermal fields in central Australia. Indonesian Petroleum Association Annual Convention Proceedings (2009).

31. Barton, C. et al. Geomechanically coupled simulation of flow in fractured reservoirs. In Proceedings 38th Workshop on Geothermal
Reservoir Engineering, Stanford University, Stanford, California, February, 11-13 (2013).

32. Dempsey, D., Barton, C. & Catalinac, A. Density of induced earthquake hypocenters as a proxy for pore pressure increase during
well stimulation. In 50th US Rock Mechanics/Geomechanics Symposium (OnePetro, 2016).

33. Wibberley, C. A. Hydraulic diffusivity of fault gouge zones and implications for thermal pressurization during seismic slip. Earth
Planets Space 54, 1153-1171 (2002).

34. Mase, C. W. & Smith, L. Effects of frictional heating on the thermal, hydrologic, and mechanical response of a fault. J. Geophys.
Res. Solid Earth 92, 6249-6272 (1987).

35. Hoek, E. & Bray, J. D. Rock Slope Engineering (CRC Press, 1981).

36. Moody, L. E. Friction factors for pipe flow. Trans. Asme 66, 671-684 (1944).

37. Dieterich, J. H. Modeling of rock friction: 1. Experimental results and constitutive equations. J. Geophys. Res. Solid Earth 84,
2161-2168 (1979).

38. Sdez, A., Lecampion, B., Bhattacharya, P. & Viesca, R. C. Three-dimensional fluid-driven stable frictional ruptures. J. Mech. Phys.
Solids 160, 104754 (2022).

Scientific Reports |  (2022) 12:19481 | https://doi.org/10.1038/s41598-022-23812-7 nature portfolio


https://doi.org/10.5281/zenodo.7261939
https://tcs.ah-epos.eu/#episode:COOPER_BASIN)

www.nature.com/scientificreports/

39. Almakari, M., Dublanchet, P, Chauris, H. & Pellet, F. Effect of the injection scenario on the rate and magnitude content of injection-
induced seismicity: Case of a heterogeneous fault. J. Geophys. Res. Solid Earth 124, 8426-8448 (2019).

40. McClure, M. W. & Horne, R. N. An investigation of stimulation mechanisms in enhanced geothermal systems. Int. J. Rock Mech.
Min. Sci. 72, 242-260 (2014).

41. Tesei, T., Collettini, C., Carpenter, B. M., Viti, C. & Marone, C. Frictional strength and healing behavior of phyllosilicate-rich faults.
J. Geophys. Res. Solid Earth117 (2012).

42. Collettini, C., Tesei, T., Scuderi, M. M., Carpenter, B. M. & Viti, C. Beyond Byerlee friction, weak faults and implications for slip
behavior. Earth Planet. Sci. Lett. 519, 245-263 (2019).

43. Collettini, C., Niemeijer, A., Viti, C. & Marone, C. Fault zone fabric and fault weakness. Nature 462, 907-910 (2009).

44. Ross, Z. E., Hauksson, E. & Ben-Zion, Y. Abundant off-fault seismicity and orthogonal structures in the San Jacinto fault zone. Sci.
Adv. 3, 1601946 (2017).

45. Wynants-Morel, N., Cappa, E, De Barros, L. & Ampuero, J.-P. Stress perturbation from aseismic slip drives the seismic front during
fluid injection in a permeable fault. . Geophys. Res. Solid Earth 125, €2019]JB019179 (2020).

46. Cebry, S. B., Ke, C.-Y. & McLaskey, G. The role of background stress state in fluid-induced aseismic slip and dynamic rupture on
a 3-meter laboratory fault. . Geophy. Res. Solid Earth (2021).

47. Heimisson, E. R., Dunham, E. M. & Almquist, M. Poroelastic effects destabilize mildly rate-strengthening friction to generate
stable slow slip pulses. J. Mech. Phys. Solids 130, 262-279 (2019).

48. Mattsson, K. Summation by parts operators for finite difference approximations of second-derivatives with variable coefficients.
J. Sci. Comput. 51, 650-682 (2012).

49. Theis, C. V. The relation between the lowering of the piezometric surface and the rate and duration of discharge of a well using
ground-water storage. EOS Trans. Am. Geophys. Union 16, 519-524 (1935).

50. Norris, A. The speed of a tube wave. J. Acoust. Soc. Am. 87, 414-417 (1990).

51. Chen, N. H. An explicit equation for friction factor in pipe. Ind. Eng. Chem. Fundam. 18, 296-297 (1979).

52. Cramer, D, Friehauf, K., Roberts, G. & Whittaker, J. Integrating das, treatment pressure analysis and video-based perforation
imaging to evaluate limited entry treatment effectiveness. In SPE Hydraulic Fracturing Technology Conference and Exhibition
(OnePetro, 2019).

53. Mondal, S. et al. Advancements in step down tests to guide perforation cluster design and limited entry pressure intensities-
learnings from field tests in multiple basins. In SPE Hydraulic Fracturing Technology Conference and Exhibition (OnePetro, 2021).

54. Geubelle, P. H. & Rice, J. R. A spectral method for three-dimensional elastodynamic fracture problems. J. Mech. Phys. Solids 43,
1791-1824 (1995).

55. Eshelby, J. D. The determination of the elastic field of an ellipsoidal inclusion, and related problems. Proc. R. Soc. London Ser. A
Math. Phys. Sci. 241, 376-396 (1957).

56. Erickson, B. A. & Dunham, E. M. An efficient numerical method for earthquake cycles in heterogeneous media: Alternating sub-
basin and surface-rupturing events on faults crossing a sedimentary basin. J. Geophys. Res. Solid Earth 119, 3290-3316 (2014).

57. Allison, K. L. & Dunham, E. M. Earthquake cycle simulations with rate-and-state friction and power-law viscoelasticity. Tectono-
physics 733, 232-256 (2018).

58. Okada, Y. Surface deformation due to shear and tensile faults in a half-space. Bull. Seismol. Soc. Am. 75, 1135-1154 (1985).

Acknowledgements

The authors thank William Ellsworth and Stefan Baisch for helpful discussions regarding the Cooper Basin
EGS project. Thanks to Frédéric Cappa and an anonymous reviewer, whose suggestions greatly improved the
manuscript. The project is supported by NSF grant EAR-1947448.

Author contributions

E.M.D. conceptualized the project and supervised the development of the code package. T.A.W. conceptual-
ized the project, executed the coding, and performed analyses. Both authors contributed to and reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.A.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:19481 | https://doi.org/10.1038/s41598-022-23812-7 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Hindcasting injection-induced aseismic slip and microseismicity at the Cooper Basin Enhanced Geothermal Systems Project
	Workflow to hindcast injection-induced aseismic and seismic slip
	Results
	Calibrated fault zone permeability and initial shear stress. 
	Injection-induced aseismic and seismic slip. 

	Discussion
	Aseismic moment release accounts for half of total moment release. 
	Fault weakening due to pore pressure changes drives microseismicity. 

	Conclusion
	Methods
	Fluid model. 
	Main fault model. 
	Secondary fault model. 
	Theoretical model for spatial extent of seismicity. 

	References
	Acknowledgements


