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Fluid injection, from activities such wastewater disposal, hydraulic stimulation, or enhanced geothermal 
systems, decreases effective normal stress on faults and promotes slip. Earthquake nucleation models 
suggest the slip at low effective normal stress will be stable and aseismic—contrary to observed increases 
in seismicity that are often attributed to fluid injection. We conducted laboratory experiments using 
a biaxial loading apparatus that demonstrate how an increase in fluid pressure can induce “stick-slip” 
events along a preexisting saw-cut fault in a poly(methyl methacrylate) (PMMA) sample. We compared 
slip events generated by externally squeezing the sample (shear-triggered) to those due to direct fluid 
injection (fluid-triggered) and studied the effects of injection rate and stress levels. Shear-triggered slip 
events began on a localized nucleation patch and slip smoothly accelerated from slow and aseismic 
to fast and seismic. Fluid-triggered slip events initiated far more abruptly and were associated with 
swarms of tiny foreshocks. These foreshocks were able to bypass the smooth nucleation process and 
jump-start a mainshock resulting in an abrupt initiation. Analysis of these foreshocks indicates that the 
rapid injection of fluid into a low permeability fault promotes heterogeneous stress and strength which 
can cause many events to initiate—some of which grow large. We conclude that while a reduction in 
effective normal stress stabilizes fault slip, rapid fluid injection into a low permeability fault increases 
multi-scale stress/strength heterogeneities which can initiate small seismic events that have the potential 
to grow rapidly, even into low stress regions.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Fluid injection for wastewater disposal, oil and gas operations, 
CO2 sequestration, or enhanced geothermal systems (EGS) stimu-
lates seismicity far from active tectonic regions (Ellsworth, 2013; 
Raleigh et al., 1976; Giardini, 2009). Mitigation of the seismic risk 
associated with various forms of fluid injection is a major con-
sideration for these industries; however, the details of how fluid 
propagates along faults and potentially triggers earthquakes re-
main poorly understood. These operations strive to optimize per-
meability while minimizing the risk of induced seismicity. Doing 
so requires knowledge of fluid flow and pressure propagation, slip-
dependent permeability changes, frictional changes, and how a 
fault can transition from aseismic to seismic slip (Amann et al., 
2018).

Theoretical models present an apparent conflict between the ef-
fective stress law and earthquake nucleation models (Scuderi et 
al., 2017; Scuderi and Collettini, 2016). Effective stress law, which 
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is commonly thought to be the primary physical mechanism be-
hind fault reactivation, demonstrates that when fluid is injected 
into a fault, the effective normal stress decreases, promoting fault 
slip (Noël et al., 2019; Segall and Rice, 1995). However, the stabil-
ity of the induced slip—whether it is slow and aseismic or fast and 
seismic—is thought to be determined by nucleation models where 
an increase in fluid pressure favors stable and aseismic slip, rather 
than unstable and seismic slip events (Cappa et al., 2019; Scuderi 
and Collettini, 2018).

These predictions do not correlate simply to observations of in-
duced seismicity. Injection has been found to induce aseismic slip 
(Cornet, 2016; Wei et al., 2015) which can trigger large seismic 
events. Earthquakes linked to wastewater disposal, such as those 
in Oklahoma, USA, can be large with M = 5.7 (Keranen et al., 
2013) and/or come in swarms of smaller events M < 4 (Goebel and 
Brodsky, 2018). Hydraulic fracturing operations have also triggered 
large events M > 4 (Eyre et al., 2019). Seismic events have been 
linked to injection up to 35 km from the injection site and 18 yrs 
after the start of injection (Keranen et al., 2013, 2014). Swarms and 
aftershocks spread away from the injection site with time and are 
inferred to travel along existing faults.
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Fig. 1. Schematic of biaxial shearing apparatus and samples. (a) The sample, shown in light blue, consists of two 76 cm long clear PMMA forcing blocks. Pressure was applied 
to the samples with five hydraulic cylinders, shown in yellow. Eddy current displacement sensors (E1-E8) were placed along the fault to measure local fault slip. (b) A fault 
cross section showing that a light layer of talc gouge was put on the ends of the fault to allow the forcing and leading ends to creep rather than building up large stress 
concentrations. (c) Water was injected through a well in the stationary block to an injection trough cut in the fault interface. (d) Detail of the injection trough cut into the 
stationary-block side of the fault interface for fluid injection. Two holes were drilled 25.4 mm to either side of the injection trough on the stationary block and were used to 
monitor the fluid pressure on the fault at those locations. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
In-situ studies support these observations and show seismic 
events directly correlated with fluid injection. Injection of fluids 
deep underground at Rangely oil field (Raleigh et al., 1976) and 
Rocky Mountain Arsenal (Healy et al., 1968), Colorado, USA con-
firmed that earthquakes can be triggered by an increase in fluid 
pressure with strong temporal correlation between the fluid pres-
sure and seismic activity. More recent studies at shallow depth 
(<500 m) have found that seismic activity was a by-product of 
fluid induced aseismic slip (Guglielmi et al., 2014, 2015a; Cappa 
et al., 2019). While fluid injection does not systematically trigger 
earthquakes, controlling seismicity has proven non-trivial. At an 
EGS site in Helsinki, Finland, fluid injection was varied based on 
hydraulic and stored elastic energy balances to control stimulation-
induced seismicity (Kwiatek et al., 2019). While seismicity was 
successfully kept below a project stopping criterion of Mw 2.0, 
43,882 events Mw > −0.5 were catalogued over the 49 day sim-
ulation phase. Other EGS sites such as at Pohang and Basel have 
caused significant increases in seismicity leading to project shut-
downs (Grigoli et al., 2018; Kim et al., 2018; Zastrow, 2019; Häring 
et al., 2008; Giardini, 2009).

Laboratory studies support the observation of fluid-induced 
seismic slip in velocity weakening materials (Bartlow et al., 2012; 
French et al., 2016; Noël et al., 2019; Passelègue et al., 2018) and 
aseismic slip, with seismicity as a by-product, in velocity strength-
ening materials (Scuderi and Collettini, 2018). While many stud-
ies demonstrate that unstable slip is possible, few studies address 
the theoretical nucleation model. Scuderi and Collettini (2018) ex-
plored this through experiments on shale fault gouge. They con-
cluded that the fault gouge structure caused fluid to diffuse het-
erogeneously which caused accelerated, unstable slip.

This paper describes laboratory experiments of direct fluid 
injection onto a stressed, low permeability (fault diffusivity of 
10−5-10−7 m2/s) fault with a focus on the nucleation process 
and associated seismicity. In the experiments, a plastic sample 
with a 760 mm long saw-cut simulated fault was deformed in a 
biaxial loading apparatus while water was injected directly into 
the center of the simulated fault through a hole drilled in the 
2

sample (Fig. 1). During experiments, normal stress was held con-
stant, while shear stress and water injection rate were varied to 
generate dynamic shear-triggered and fluid-triggered slip events. 
These dynamic “stick-slip” events are sudden episodes of rapid 
slip (>10−3 m/s) that are thought to be analogous to earthquakes 
(Brace and Byerlee, 1966). Fluid injection was rapid relative to the 
fault diffusivity and sample dimensions such that high, localized 
overpressures built up on the fault.

This study builds upon previous laboratory and in-situ exper-
iments by using a large laboratory fault (0.76 m) providing the 
ability to measure local phenomena. The nucleation and rupture 
patterns were monitored with eight displacement sensors and fluid 
pressure was recorded at three locations along the fault. In agree-
ment with Passelègue et al. (2018), we found that increased in-
jection rate caused a steeper pressure gradient along the fault. 
However, unlike previous laboratory experiments (Scuderi and Col-
lettini, 2018) and shallow field studies (Guglielmi et al., 2015a,b), 
our fault length is large relative to the nucleation length scale. 
In our experiments, the nucleation process of the shear-triggered 
events involved a smooth acceleration of slip—from slow and aseis-
mic to fast and fully seismic—on a localized region of the fault. 
The nucleation process of fluid-triggered events involved a larger 
region of slow slip (approximately twice that of shear-triggered 
slip) but initiated far more abruptly than in the shear triggered 
case. Swarms of tiny seismic events (M −6 to M −4.5) reminiscent 
of foreshocks accompanied fluid-triggered events but not shear-
triggered events. We describe these seismic sequences as swarms 
because they contain many small events and lack a single, large 
event that is typical of foreshock-mainshock-aftershock sequences 
and standard stick-slip cycles. Instead, we often observed multiple 
sample-spanning dynamic rupture events without additional shear 
loading. This indicates that even after dynamic rupture, much of 
the fault remained at a stress level that was high enough to sustain 
another dynamic rupture that had initiated in the fluid-pressurized 
region.
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We also found that some of the small seismic events, which we 
refer to as foreshocks, were able to bypass the nucleation process 
and abruptly transition into a complete-rupture stick-slip event.

We conclude that while reduced effective normal stress stabi-
lizes a fault, fluid injection can, in many cases, increase multi-scale 
stress heterogeneities which counteract the stabilizing effects. The 
stress heterogeneities cause foreshocks, which are able to rapidly 
grow into large events. Rapid injection into a low-permeability 
fault promotes this type of behavior rather than slow aseismic slip.

2. Background

2.1. Effective stress law

Fault strength is commonly assumed to be proportional to ef-
fective normal stress (Hubbert and Rubey, 1959)

σn,ef f ective = σn − P f , (1)

where σn refers to the normal stress on the fault and P f refers 
to the pore pressure in the fault. Fluid injection increases P f and 
reduces σn,ef f ective . Faults slip when σn,ef f ective , shear stress τs , 
and fault friction coefficient μ, reach a critical state defined by 
the Coulomb failure stress (Scholz, 2002)

C F S = τs − μ
(
σn,ef f ective

)
> 0. (2)

When σn,ef f ective is lowered, the fault is pushed closer to a crit-
ical state. However, in a fault with heterogeneous fluid diffusion, 
σn,ef f ective is only lowered where the fluid pressure is increased, 
not on the fault as a whole.

2.2. Nucleation length

Faults can slide in a manner that is stable and aseismic or un-
stable and seismic. Fault slip initiates following the effective stress 
law (Equation (2)). This initial slip is slow and stable until the slip-
ping region grows to a critical nucleation length,

h∗ ∝ G ∗ Dc

σn,ef f ective (b − a)
, (3)

where G is the shear modulus of the fault material, Dc is the 
characteristic sliding distance, and (b − a) is a rate and state fric-
tion parameter (Dieterich et al., 1992; Rice, 1993). While Equation 
(3) is described using rate and state parameters, similar expres-
sions exist for linear slip weakening friction (e.g. Uenishi and Rice, 
2003). When the size of the slipping patch reaches h∗ , the fault 
slip accelerates into dynamic rupture. This process is referred to as 
earthquake nucleation. The rupture then propagates dynamically 
along the fault until unfavorable stress conditions are met, which 
cause the rupture to decelerate and terminate. If h∗ is not reached, 
the fault remains stable and will continue to slide slowly. Effec-
tive stress law governs when a fault slips; nucleation conditions 
(Equation (3)) control whether the earthquake produced is slow 
and stable or fast and seismic.

In laboratory experiments, h∗ ≈ 1 m for bare granite/granite 
faults at σn,ef f ective ≈ 8 MPa (McLaskey, 2019). PMMA is more 
compliant (Ggranite ≈ 30 GPa, GPMMA ≈ 2 GPa), and estimated 
friction parameters of similar glassy polymers such as Homolite 
(b − a) = 0.005, Dc = 0.3-0.4 μm (Lu, 2009) and polycarbonate 
(b − a) = 0.004, Dc = 0.2 μm (Kaneko et al., 2016) result in h∗ ≈
10 mm. Nucleation sizes of h∗ = 10-100 mm have been observed 
(Nielsen et al., 2010; Guérin-Marthe et al., 2019) for polycarbonate 
at σn,ef f ective ≈ 8 MPa, and these estimates are generally consistent 
with our observations on PMMA.
3

3. Experimental methods

3.1. Apparatus and sample

Two PMMA forcing blocks were used in a direct shear biax-
ial apparatus shown in Fig. 1 (see McLaskey and Yamashita (2017)
for additional apparatus details). The moving block is 760 mm by 
203 mm by 76 mm (x, y, and z, as indicated in Fig. 1) and the 
stationary block is 790 mm by 152 mm by 76 mm (x, y, and z). 
These two blocks are collectively referred to as the sample. The 
simulated fault is a 760 mm by 76 mm interface in the x-z plane. 
The two PMMA surfaces that comprise the fault interface were 
machined flat and smooth then roughened with 80 grit abrasive. 
Biaxial experiments of this type typically have nonuniform σn(x)
with higher σn at the sample ends (Kammer et al., 2015; Ben-
David et al., 2010b). In order to relieve the stress concentrations 
at the sample edges, a light layer of talc powder was placed on 
the fault 76 mm from the sample ends (see Fig. 1b). Talc is known 
to be velocity strengthening, so the above sample preparation al-
lowed the sample ends to creep rather than build up large stress 
concentrations.

The two sample halves were pressed together using four hy-
draulic cylinders that apply a constant normal stress to the sim-
ulated fault in the y direction. Shear stress on the interface was 
applied by advancing a single hydraulic cylinder in the positive x 
direction using a high-performance liquid chromatography (HPLC) 
pump. A separate HPLC pump was used to inject water at a con-
stant rate through a 3.5 mm diameter hole into an injection trough 
53 mm long by 3.5 mm wide by 3 mm deep cut into the fault 
face of the stationary block. Two additional 3.5 mm diameter holes 
were drilled 25.4 mm from the edge of the injection trough in 
both the positive and negative x direction. These holes were used 
as monitoring wells to measure the water pressure on the fault at 
those locations. The top, bottom, and sides of the fault interface 
were left open to atmospheric pressure.

3.2. Instrumentation

Fluid pressures in the injection trough and monitoring wells 
were measured with 2 kPa and 1.3 kPa precision, respectively, us-
ing Omega PX309 series pressure transducers. Sample-average nor-
mal and shear stress on the fault were calculated from measured 
hydraulic pressure with precision of 3 kPa and 1 kPa, respectively. 
Eddy current displacement sensors were used to measure local 
fault slip along the top of the simulated fault at eight locations 
(E1-E8) as shown in Fig. 1. These sensors measure displacement 
to 0.15 micron, between a probe that was glued to the stationary 
block and a target glued to the moving block. Eight piezoelectric 
sensors (Panametrics V103, 13 mm diameter), used to measure 
vertical ground motions to within 12.5 μV, were glued on the 
moving block 30.0 mm from the fault in the y-direction. The four 
piezoelectric sensors on the top of the moving block were located 
325, 375, 425, and 475 mm from the forcing end in the x-direction 
and those on the bottom were located 300, 350, 400, and 450 mm 
from the forcing end. Data from all sensors were recorded contin-
uously at 50 kHz on a 20-channel digitizer then averaged to 5 kHz 
to reduce high-frequency noise. The piezoelectric sensor data was 
simultaneously recorded at 5 MHz in a triggered mode to capture 
the seismic events at higher temporal resolution.

3.3. Experimental procedure

Table 1 lists key variables for a suite of seven experiments 
reported here. All experiments were conducted by applying a 
sample-average normal stress, σ n , between 1 and 8 MPa, held 
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Table 1
Summary of experiments.

Exp. # σ n

(MPa)
R
(mL/min)

τmax

(MPa)
max( τmax

σ n
) P f

max
(MPa)

Mainshocks 
(#)

Fore- and aftershocks
(#)

Sample-average 
applied normal 
stress

Water injection 
rate

Sample-average 
maximum shear 
stress

Maximum sample 
average stress 
ratio

Maximum water 
pressure during 
injection

Fluid-triggered slip 
events that ruptured 
the entire fault

Fluid-triggered slip events 
that only ruptured part of 
the fault

1 7.6 5 3.0 0.39 8.7 2 20
2 0.85 10 0.47 0.54 2.4 2 3
3 0.88 5 0.49 0.54 2.2 2 3
4 0.85 1 0.50 0.55 1.6 0 1
5 7.7 5 3.1 0.39 8.6 3 24
6 0.90 3 0.46 0.50 2.1 2 2
7 0.96 2 0.51 0.52 2.1 2 1

Fig. 2. Typical results from Experiment #5 (σn = 7.7 MPa, R = 5 mL/min). The top graph shows the externally applied sample-average shear stress and fluid pressure at 
the injection well and two monitoring wells. τmax indicates the maximum sample-average shear stress the sample could sustain before slipping without fluid pressure. τ res

indicates the residual stress after a shear-triggered slip event that ruptured the entire sample. P f
max is the maximum fluid pressure measured at the injection well. σn was 

held constant at 7.7 MPa for the experiment. Fluid pressure oscillations are due to HPLC pump strokes. Monitoring wells showed only a tiny increase in pressure at the end 
of this time window. The lower graph presents the resulting slip measured at three locations along the fault. Two shear-triggered slip events were measured as indicated by 
the sudden changes in displacement and shear stress. A swarm of fluid-triggered slip events occurred later in the experiment as fluid pressure was increased.
constant for the duration of the experiment. In Phase I, sample-
average shear stress, τ , was then increased by injecting hydraulic 
fluid at a rate of 0.167 mL/s resulting in a steady stress increase 
between 0.007 and 0.013 MPa/s until a slip event occurred. Events 
triggered solely by an application of externally applied shear stress 
without active fluid injection are referred to as “shear-triggered” 
events. τ was increased until slip events occurred at regular time 
intervals at a consistent maximum sample-average shear stress 
level, τmax (Fig. 2). Maximum sample-average stress ratio, τmax/σ n , 
ranged from approximately 0.39 to 0.55. At least three such slip 
events were generated during Phase I. Prior to the final shear-
triggered slip event, we imposed a 90 s hold (by pausing the 
pump). Following the final shear-triggered slip event, the pump 
was paused again, such that shear pressure was held constant as 
close to the residual sample-average shear stress, τ res , as possible, 
resulting in a sample-average stress ratio between 0.34 and 0.46. 
Then, during Phase II, water was injected directly into the fault at 
a prescribed rate, R , between 1 and 10 mL/min. Slip events that 
occurred due to an increase in fluid pressure are referred to as 
“fluid-triggered” events. Fluid pressure, P f , measured at the point 
4

of injection, ranged from 0 to 8.7 MPa. Experiments were con-
ducted with water, apparatus, and samples at approximately 21 ◦C.

4. Results

4.1. Typical results

Fig. 2 shows results from Experiment #5 (σ n = 7.7 MPa, R =
5 mL/min), which is typical for experiments at higher σ n. At t =
180 s, τ was increased after a 90-second hold. As τ was in-
creased, displacement sensors on the talc patches (E1 and E8, not 
shown in Fig. 2), showed that the talc patches slipped in episodic 
slow slip events reaching peak slip rates of around 10−4 m/s and 
creeping between events. Approximately once per shear event cy-
cle, a faster, dynamic event propagated over 10 cm beyond the 
talc patch (Fig. 2, t = 208 s). We consider this event to be a 
shear-triggered foreshock. Throughout, we define dynamic events 
as those that radiated detectable seismic waves, and this roughly 
corresponds to slip rates >10−3 m/s, and we refer to events that 
rupture the entire fault as mainshocks and partial-rupture events 
as foreshocks. Note that although mainshocks are always larger 
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Fig. 3. Nucleation processes of a representative shear-triggered (a, b, c) and fluid-triggered (d, e, f) slip events from Experiment #5 (σn = 7.7 MPa, R = 5 mL/min). Displace-
ment sensor data for two of the slip events from the experiment in Fig. 2 displayed on the same time and displacement scale for comparison. (a, d) Local displacement 
measured by eight displacement sensors as a function of time. (b, e) Displacement as a function of distance along the fault shown by plotting a line showing slip along the 
fault every 100 μs. The line colors cycle from light pink to dark purple every 5 ms, so that closely spaced lines that indicate slow fault slip appear as pink-purple banding. 
(c, f) Zoom in of (b) and (e) showing the nucleation of the shear-triggered event at x = 10 cm and the nucleation of the fluid-triggered event at x = 45 cm.
than foreshocks, their magnitude differences are far less than ob-
served in the Earth. Since mainshocks ruptured the entire fault, 
their moment was limited by the finite size of the sample. We do 
not consider episodic slow slip events on the talc patches during 
shear loading to be foreshocks, only dynamic events that propa-
gated 10 cm or more beyond the talc patch. During experiments 
conducted at σ n ≈ 1 MPa, the talc patches creeped without slow 
slip events, however we still observed one dynamic foreshock prior 
to some full slip events.

Fig. 2 shows a shear-triggered foreshock as indicated by the 
sudden 27 μm increase in displacement on one or more displace-
ment sensors at t = 208 s. And a second shear-triggered slip event, 
at t = 231 s ruptured the entire fault with an average slip of 
105 μm and will be referred to as a mainshock. τ was then held 
constant near τ res . Water was injected directly into the fault start-
ing at 290 s. Fluid pressure measured in the injection well began 
to increase at 300 s and reached a maximum at 360 s. This trig-
gered slip at the center of the fault (E5) starting at 355 s when 
τ = 2.4 MPa, P f = 4.8 MPa. The fault continued to slip for an aver-
age of 158 μm over 10 s in a series of three full (sample-spanning) 
and 24 partial (rupture does not span entire sample) dynamic slip 
events. An additional partial slip event occurred at t = 382 s, 17 s 
after the swarm of fluid-triggered events.

4.2. Comparison of shear-triggered and fluid-triggered slip events

Fig. 3 presents a representative shear-triggered, complete rup-
ture, slip event from Experiment #5 that occurred at t = 231 s and 
a representative fluid-triggered, complete rupture, slip event that 
occurred at t = 359 s for comparison. The shear-triggered event 
was larger and slightly faster with slightly larger moment magni-
tude (210 μm average displacement, 0.30 m/s, M −3.7) than the 
fluid-triggered event (80.4 μm, 0.12 m/s, M −4.0). Fluid-triggered 
events occurred after the entire fault slipped, without reloading 
the applied shear stress (i.e. τ ≤ τ res). Shear-triggered mainshocks 
only occurred when applied shear stress reached τmax .

Both mainshocks exhibited signs of slow slip in a region of the 
fault where dynamic rupture eventually initiated. We describe this 
region as the “nucleation patch” and define it as the region on the 
5

fault were precursory slip exceeded 1 μm/s in the 0.1 s prior to a 
dynamic slip event. This threshold is somewhat arbitrary and was 
chosen so that the nucleation patch would be clearly identified 
above the noise of our slip sensors. The properties of the nucle-
ation patch were different for shear-triggered and fluid-triggered 
events. The fluid-triggered mainshock nucleated at the center of 
the sample where the fluid was injected and σn,ef f ective was low-
est and its nucleation patch was somewhat larger (approximately 
20 cm) than that of the shear-triggered mainshock (approximately 
10 cm), which nucleated near the forcing end at the edge of the 
talc patch. The fluid-triggered event nucleated very slowly (1 μm/s) 
for 1 μm of slip before an abrupt initiation of dynamic rupture. For 
the shear-triggered event, slip on the nucleation patch gradually 
accelerated from slow slip at 10 μm/s into dynamic rupture (slip 
rate ≈ 10 mm/s). There was some variability regarding the amount 
of slip prior to the dynamic slip event, however fluid-triggered 
events always initiated abruptly while shear-triggered events typi-
cally accelerated gradually.

4.3. Precursory seismicity

In addition to differences in nucleation measured by displace-
ment sensors, shear- and fluid-triggered events differed with re-
gards to precursory seismicity. Shear-triggered mainshocks were 
occasionally accompanied by one foreshock, as seen at t = 208 s 
in Fig. 2. Fluid-injection mainshocks were always accompanied by 
precursory slip, most commonly in the form of dynamic fore-
shocks. Fluid-triggered foreshocks initiated in the center of the 
sample, near the injection trough while shear-triggered foreshocks 
initiated near the forcing end. Fig. 4 and 5 show the slip, slip rate, 
and magnitudes of seismic events in a fluid-triggered swarm. Fig. 4
shows results from Experiment #5 (σ n = 7.7 MPa, R = 5 mL/min, 
also shown in Fig. 2 and Fig. 3). Fig. 5 shows results from Ex-
periment #3 (σ n = 0.88 MPa, R = 5 mL/min). Most foreshocks 
ruptured to the top of the fault surface, but some only ruptured 
within the center of the fault (for example Fig. 4, t = 355.5 s). 
Those were not detected by the displacement sensors (and there-
fore do not have slip and slip rate information), but magnitudes 
were determined from piezoelectric sensor data. There are also 
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Fig. 4. Fluid-triggered sequence of 3 mainshock and 22 foreshock events from Experiment #5 (σn = 7.7 MPa, R = 5 mL/min) also shown in Fig. 2. (a) The slip measured 
by the eddy current displacement sensors (E1-E8). (b) The slip rate derived from the displacement sensor data as a function of time and distance along the fault. (c) The
magnitude of the slip events determined from ground motions measured by piezoelectric sensors. Some events were not captured by the displacement sensors on the top of 
the fault but were detected by the piezoelectric sensors.
cases of slow slip events that do not radiate detectable seismic 
waves but were detected via an increase in slip rate on displace-
ment sensors (for example Fig. 5, t = 270 s).

Experiments at higher σ n (#1, 5) resulted in at least six times 
more foreshocks than experiments at lower σ n (#2, 3, 4, 6, 7). 
Experiments at low σ n sometimes produced slow slip events (peak 
slip rate ≈ 6 μm/s) that did not radiate detectable seismic waves. 
No slow slip events were produced during experiments at high σ n . 
See Table 1 for a complete count of foreshocks and mainshocks in 
each experiment.

Foreshocks and mainshocks were also found to increase in 
number, speed, and magnitude with increasing injection rate, R . 
Experiments at high R (#3) resulted in two foreshocks and two 
mainshocks, while experiments at low R (#4) resulted in one small 
event that only ruptured a portion of the fault. Results from exper-
iments at medium R (#6, 7) fell between these two end cases.

4.4. Calculation of moment magnitude

Vibrations detected by piezoelectric signals were used to cal-
culate the moment magnitude of seismic events following a steel 
ball drop procedure described in McLaskey et al. (2015) and Wu 
and McLaskey (2019). Using a steel ball allowed us to calibrate 
the entire recording system (wave propagation, sensor response, 
and signal conditioning), rather than just the ground motions mea-
sured by the piezoelectric sensors. This method also allowed us to 
calibrate across a wide range of frequency bands (102 to 105 Hz) 
and convert from piezoelectric measurements directly to seismic 
moment. We characterize the spectra of earthquake sources using 
the amplitude of the Fourier transform of recorded time series. To 
obtain relative magnitudes, we compared the spectral amplitudes 
of different seismic events in the 1.5-3 kHz frequency band (red 
6

squares and circles in Fig. 6). This frequency band was chosen be-
cause it had both good signal-to-noise ratio and was below the 
corner frequency of nearly all seismic events. (Complete-rupture 
events had lower corner frequencies and had to be analyzed in a 
lower frequency band.)

To determine the absolute magnitude of the seismic events, 
spectral amplitudes were compared to those of an empirical 
Green’s function (EGF) event which was the impact of a 2.38 mm 
diameter steel ball dropped from 1 m onto the sample’s top sur-
face. The amplitude of the source spectrum of the ball impact 
at low frequencies is equal to the ball’s change in momentum 
�p = 4.16 × 10−4 kg∗m

s , which we calculated from the mass of the 
ball (0.055 g) and its incoming and rebound velocities (4.43 m/s 
and −3.13 m/s). The ball source acts on the surface of the sam-
ple and has units of momentum (N·s) while the seismic events are 
internal and have units of moment rate (N·m/s). Internal and exter-
nal sources can be related through the constant C F Ṁ = 4.14 km/s, 
which is approximately equal to twice the average of the P- and 
S-wave velocities of the PMMA (McLaskey et al., 2015).

Fig. 6 shows the spectrum of the ball impact alongside the 
spectrum of a seismic event. Both spectra were computed from 
the Fourier transform of 0.1 ms segments of recorded ground mo-
tions centered on the first wave arrival. From this, we compute 
��, the average (among four piezoelectric sensors) of the spec-
tral differences between ball impact and seismic sources in the 
1.5-3 kHz frequency band. This averaging over the different sen-
sors produced more stable estimates of spectral differences with 
respect to directionality of the source and differences in source lo-
cations. Sensors located on the top of the sample were not used 
because of the strong Rayleigh waves excited by the ball that 
could bias the results (McLaskey et al., 2015). The seismic mo-
ment was calculated using M0 = �� ∗ C ˙ ∗ �p (McLaskey et 
F M
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Fig. 5. Fluid-triggered sequence of 2 mainshock and 2 foreshock events from Experiment #3 (σ n = 0.88 MPa, R = 5 mL/min). (a) The slip measured by the eddy current 
displacement sensors (E1-E8). (b) The slip rate derived from the displacement sensor data as a function of time and distance along the fault. (c) The magnitude of the slip 
events determined from ground motions measured by piezoelectric sensors. One slip event (t = 270 s) was a slow slip event and any radiated seismic waves were not 
detected by piezoelectric sensors. This event was only detected by displacement sensors E4 and E5.
Fig. 6. Spectral comparison of a ball drop and a laboratory generated seismic event. 
Dark blue lines indicate the spectra from the ball impact. Light blue lines indicate 
the spectra from a fluid-triggered seismic event. Solid and dashed lines indicate the 
signal and noise respectively. Spectra were computed from the Fourier transform of 
0.1 ms segments of recorded ground motions centered on the first wave arrival then 
averaged across the four piezoelectric sensors on the bottom of the sample. The 
noise spectra were derived from a signal of identical length captured before the first 
wave arrival. Red squares and circles indicate the frequencies used for comparison 
to determine the average spectral difference at low frequencies, ��.

al., 2015) and was then converted to magnitude using the relation 
ME vent = 2

3 ∗ log (M0)− 6.067 (Hanks and Kanamori, 1979) defined 
for M0 in units of N·m.

4.5. Seismic attributes of foreshocks and mainshocks

The initial ground motions of fluid-triggered foreshocks strongly 
resembled those of fluid-triggered mainshocks. Fig. 7 displays 
7

piezoelectric sensor data from two collocated slip events: a main-
shock from the experiment shown in Fig. 2 and the immediate 
preceding foreshock. This pair is presented as a representative ex-
ample; all mainshocks from this experiment yielded similar results 
when compared with the preceding foreshocks. The initial 42-
49 μs of signal from both sources are very similar. After 49 μs, the 
signals on all sensors diverged and the mainshock continued to 
grow about one order of magnitude while the foreshock remained 
the same or began to decay. Since the events were collocated, dif-
ferences in the recorded seismograms were due to differences in 
the seismic source (fault rupture) rather than wave propagation 
effects. This comparison shows that the foreshock and mainshock 
ruptured in a similar manner (rupture area, slip amount, and slip 
rate) initially, before the mainshock grew into a M −4.0 event 
while the foreshock remained a M −4.9 event.

The comparison shown in Fig. 7 provides an opportunity to 
double check the consistency of the seismic and mechanical fore-
shock measurements. Assuming an average rupture velocity of 
about 1000 m/s (85% of the S-wave speed in PMMA), the 42-49 μs 
foreshock source duration equates to a rupture radius of about 4-
5 cm. Consistent with this estimate, this foreshock was detected by 
only two displacement sensors spaced 10 cm apart. These instru-
ments detected about d = 2.5 μm of slip, but were likely located 
near the edge of the slipped region, therefore we assume d =
4 μm is the average slip over the entire ruptured region. From the 
techniques outlined in Section 4.4, we used piezoelectric sensor 
measurements to determine the seismic moment M0 = 58.3 N·m 
(M −4.9). From the measured seismic moment, the PMMA shear 
modulus G ≈ 2 GPa, and the relation M0 = GAd, we estimate the 
rupture area A = 0.007 m2, corresponding to a radius of 5 cm, in 
good agreement with our mechanical estimate.
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Fig. 7. Seismic waveforms of a fluid-triggered mainshock and the immediately preceding foreshock. (a) The waveforms, offset for clarity from four sensors. Two sensors were 
located close to the initiation point, PZ2 and PZ7, while two were located on opposite edges of the sensor array (PZ4 and PZ5). PZ2 and PZ4 were located on the top of the 
sample, PZ5 and PZ7 were located on the bottom of the sample. (b) Zoom in on the initiation of the waves from PZ7 as indicated by the yellow dashed box in (a). (c) shows 
the average spectra from all eight sensors.
5. Discussion

5.1. Hydraulic diffusivity of the fault

We used pressure measurements and a diffusion model to place 
bounds on the hydraulic diffusivity of the laboratory fault. During 
experiments, fluid pressure was measured in the injection well and 
in monitoring wells drilled 2.54 cm from the edges of the injec-
tion trough (Fig. 1d). A simple finite-difference model was created 
to match pressure measurements to diffusion parameters using a 
1D diffusion equation, ∂ P

∂t = α ∂2 P
∂x2 . In this equation, P is the fluid 

pressure and the hydraulic diffusion coefficient is α = k
βc v , where 

k is the fault permeability, βc is the storage coefficient, and v is 
the fluid’s dynamic viscosity. Initial and boundary conditions in 
the model were set to match experimental measurements. Initially, 
the fluid pressure on the modeled fault was zero. After time zero, 
experimental pressure measurements made at the injection well 
were imposed as a boundary condition at the injection point in 
the model. Dirichlet boundary conditions were used at the edges 
of the fault, which were open to atmospheric pressure during the 
experiment.

Fig. 8a shows the 1D diffusion model, with the injection well, 
where the experimental fluid pressure measurements were im-
posed, the monitoring well, where numerical results were com-
pared to experimental measurements, and the free surface at the 
end of the fault, which was left open to atmospheric pressure 
during the experiment. Fig. 8b compares the experimental mea-
surements to numerical results for different modeled α. During the 
experiment, fluid was injected into the fault in the 10 s prior to the 
data window shown. These 10 s were presumably spent filling the 
trough and injection well before the injection pressure (solid blue 
line) began to noticeably increase at 0 s. After that, the pressure 
in the injection well increased rapidly and reached a steady state 
pressure of 5.8 MPa at 70 s. The pressure measured in the moni-
toring well (dotted orange line) increased very slowly at first (less 
8

Fig. 8. 1D diffusion model to estimate diffusivity of fault. a) Schematic of the dif-
fusion model showing the injection well where experimental injection well mea-
surements were imposed, the monitoring well location where model results were 
compared to experimental measurements, and the free surface used to model the 
edge of the fault which was open to atmospheric pressure during the experiment. 
b) Typical results from fluid pressure measured at the monitoring well during fluid 
injection in an experiment with σn = 4 MPa compared with a finite-difference 
model of fluid pressure diffusion using α = 2 × 10−7 m2/s and α = 2 × 10−5 m2/s. 
One model matched the monitoring well measurements at short times, while an-
other model better captured the steep change in pressure and maximum pressure 
observed at later times.

than 400 s) and later began to increase rapidly (at 500 s) before 
reaching a steady state pressure of 5.1 MPa at around 570 s.

The model with α = 2 × 10−7 m2/s (dashed purple line) 
matched the monitoring well measurements for short term pres-
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sure changes (<400 s from the start of fluid injection), while 
α = 2 × 10−5 m2/s (dash-dot yellow line) accurately captured the 
steep change in pressure and maximum pressure of long term 
pressure changes from 550 s and on. It is likely that the perme-
ability of the fault changed significantly as a function of pressure 
(Rutqvist and Stephansson, 2003), however this effect is neglected 
in the model. Due to the high compliance of PMMA, the fault was 
likely pried open during injection by the increased fluid pressure 
and this opened up pathways for the fluid to flow (Witherspoon 
et al., 1980). Fault roughness, which plays an important role in 
permeability for sheared faults (Ye and Ghassemi, 2018), was not 
considered and may have contributed to the permeability variance 
observed. The simple numerical model described above provided 
a means of bounding this problem; a more complex model is re-
quired to fully capture the coupled poromechanical behavior.

Additionally, there may have been small changes to permeabil-
ity due to slip. While increased porosity during shearing may in-
crease permeability of velocity strengthening gouges (Scuderi and 
Collettini, 2016), cumulative slip is considered to reduce perme-
ability of granite faults (Bartlow et al., 2012). In some cases, a 
slight decrease in fluid pressure measured in the injection well 
occurred coincident with the largest stick-slip event of an exper-
iment, indicating that the fault had increased permeability or di-
lated. Diffusivity is also affected by aseismic slip in front of and 
behind the pressure front (Cappa et al., 2018). However, these de-
tails are not considered in the diffusion model.

The modeling study above shows that the hydraulic diffusiv-
ity of the laboratory fault was relatively low—more consistent with 
previous studies of granite/granite faults under 50 to 200 MPa con-
fining pressure, not faults in more permeable rocks like sandstones 
or poorly consolidated fault zones expected at shallow depths. 
Granite laboratory faults have been measured to have diffusion 
coefficients of 7.5 × 10−5 m2/s with permeabilities of 5 × 10−14

to 3 × 10−16 m2 (Bartlow et al., 2012) and 7.895 × 10−17 m2

(Kranz et al., 1979). However, in-situ pore pressure and slip mea-
surements made at shallow depths implied fault diffusion coef-
ficients of 4 × 10−2 m2/s with permeability values on the order 
of 10−12 m2 (Bhattacharya and Viesca, 2019) orders of magnitude 
higher than the low permeability fault of our study.

5.2. Mechanics of foreshocks/precursors

Foreshocks are partial rupture events and require a heteroge-
neous distribution of stress and/or strength (Ke et al., 2018), so 
their existence provides insights into the spatial variation of fault 
stress/strength. First, they require a critically stressed fault patch 
larger than h∗ ≈ 1 to 10 cm (Nielsen et al., 2010; Guérin-Marthe 
et al., 2019), to initiate a dynamic rupture event, then the rupture 
must encounter unfavorable fault stress conditions to terminate 
before reaching the ends of the sample.

The solitary dynamic foreshock sometimes observed before 
shear triggered events (t = 208 s in Fig. 2) was similar to “pre-
cursors” observed in similar experiments on plastic samples (e.g. 
Rubinstein et al., 2007; Kammer et al., 2015). These “precursors” 
occurred because, during shear loading, the forcing end of the 
sample was highly stressed compared to the rest of the sample 
(see Fig. 2c, Bayart et al., 2018). Dynamic events nucleated in the 
highly stressed region, but the rest of the sample was only mod-
estly stressed so the rupture terminated after propagating only a 
short distance. Those experiments exhibited sequences of precur-
sors that progressively grew in size. Each event redistributed stress 
along the fault so that stress was reduced in the ruptured region 
and increased in the surrounding area which enabled the next 
slip event to propagate further (Ke et al., 2021; Ben-David et al., 
2010a).
9

5.3. Fluid injection increases stress/strength heterogeneity

The steep fluid pressure gradient near the injection trough oc-
curred because the fluid in the trough required time to diffuse 
away but the fluid injection rate was high. The hypocenters of 
fluid-triggered foreshocks were all located in the center of the 
sample, near the injection trough. Lowered σ n,ef f ective allowed 
earthquakes to nucleate there. Due to the steep pressure gradi-
ent and low sample-average shear stress (close to τ res), those 
earthquakes quickly propagated into fault sections with low fluid 
pressure and higher σ n,ef f ective . There they arrested and remained 
small foreshocks rather than throughgoing ruptures. Unlike shear-
triggered events which had a maximum of one large, dynamic 
foreshock, multiple small fluid-triggered foreshocks were observed 
to occur before a slip event ruptured the entire fault. These ob-
servations indicate a far steeper gradient in stress was produced 
by fluid injection than by an increase in externally applied shear 
stress.

5.4. Effects of σ n and injection rate

The number, size, and speed of fluid-triggered foreshocks in-
creased with increasing σ n and fluid injection rate, R . The depen-
dence on σ n is partly expected based on nucleation theory: h∗
decreases with increasing σ n (Equation (3)), and smaller h∗ allows 
foreshocks to nucleate on smaller critically stressed patches. How-
ever, the dependence on R illustrates how fluid injection into a 
low permeability fault enhances stress/strength heterogeneities on 
multiple scales (Passelègue et al., 2018).

Fluid flowing on the fault interface is likely affected by μm-
sized features such as grooves, valleys, and dimples that exist on 
the fault surfaces. Detailed models that consider the fault rough-
ness reveal that fluid flows along the fault interface in channels 
of different flow intensity, resulting in non-uniform stress (Shvarts 
and Yastrebov, 2018). The intensity of the stress/strength hetero-
geneity increases with decreasing permeability, as fluid is forced 
to flow along fewer and smaller channels. Increased σn decreases 
permeability (Kranz et al., 1979) and thus promotes heterogeneity 
and foreshocks. High injection rates also increase stress/strength 
heterogeneity because the fluid is unable to diffuse quickly enough 
to keep up with the rate at which it is injected. Passelègue et al. 
(2018) similarly found that fault reactivation was affected by rate 
of change of injection pressure, with higher rates of change result-
ing in significant pressure heterogeneities.

5.5. Foreshocks can initiate a large event

The initial seismic signatures of foreshocks were nearly identi-
cal to those of mainshocks. Fig. 7 shows an example of a foreshock-
mainshock pair that occurred in the same location, 0.1 s apart, 
with the same initial seismic signatures. Fig. 4b and c show the 
spatial and temporal locations of events in the experiments with 
foreshocks occurring in the same location as mainshocks, less than 
0.5 s prior to the mainshock. This indicates that the mainshocks 
and foreshocks begin as identical ruptures, but mainshocks en-
countered favorable rupture conditions and were able to propagate 
along the entire fault.

While the foreshock can initiate a large event, it is not a re-
quirement in the nucleation process. Shear-triggered slip events 
initiated through a slow slipping nucleation patch that acceler-
ated to initiate a mainshock without any immediate foreshocks. 
Fluid-triggered slip events exhibited a larger slow slipping nucle-
ation patch, but also produced foreshocks, one of which eventually 
grew into a mainshock. This suggests that these events initiated in 
a combination of “preslip” and “cascade” nucleation models, sim-
ilar to Fig. 15c of McLaskey (2019). It also suggests that critical 
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Fig. 9. Event hypocenters on a fluid pressure map. (a) Fluid pressure as a function of time and distance along the strike of the fault. Colors indicate fluid pressure and are 
on a log scale from 10 kPa (the pressurized zone) to 9 MPa (the maximum pressure during the experiment). Fluid pressure is determined by a simple 1D diffusion model. 
This model uses α = 1 × 10−6 m2/s, an appropriate diffusivity for this point in the experiment (see Section 5.1 for more details). Yellow 5-pointed stars indicate foreshock 
hypocenter locations. Blue 6-pointed starts indicate mainshock hypocenter locations. Seismic event hypocenter locations were approximated by determining the piezoelectric 
sensor (locations along strike indicated by black triangles on the left) to receive the earliest first wave arrival. Vertical gray lines indicate the rupture extent. Dashed black 
horizontal lines indicate the extent of the injection trough. Dashed-dot red and blue lines indicate the location of monitoring wells. (b) Fluid pressure measured at the 
monitoring wells during the experiment. Monitoring well data was used to constrain the numerical model.
nucleation length is not the only metric needed to characterize 
earthquake initiation, since a foreshock can jumpstart a mainshock 
in a process referred to as “cascade up” (Noda et al., 2013). Factors 
that influence stress heterogeneities on the fault, particularly injec-
tion rate and diffusivity, will have a direct effect on foreshocks, and 
therefore are important metrics in characterizing induced earth-
quakes initiation (Passelègue et al., 2018).

5.6. Slip outpaces fluid pressure

Fig. 9a compares the model-estimated fluid pressure in space 
and time alongside the hypocenter locations of the 24 foreshocks 
and mainshocks shown in Fig. 2 and Fig. 4. The 1D model best 
represents the pressure halfway through the thickness of the sam-
ple where pressure was the greatest during experiments (see Sec-
tion 5.1). The model also uses α = 1 × 10−6 m2/s, appropriate for 
65 to 75 s from the start of injection.

Due to the low permeability of the laboratory fault, fluid pres-
sure on most of the fault was less than 10 kPa during experiments, 
three orders of magnitude smaller than σ n . We define the area of 
the fault with fluid pressure greater than 10 kPa as the “pressur-
ized zone.” It took approximately one minute after the start of fluid 
injection for the pressurized zone to expand to the location of the 
monitoring wells only 25.4 mm away (Fig. 9b). In almost every 
seismic event (foreshocks and mainshocks), slip extended far be-
yond the pressurized zone as indicated by the gray vertical lines 
in Fig. 9a. For most experiments, both seismic slip during events 
and aseismic slip between events was measured by displacement 
sensors located along the top of the fault, at least 38 mm from the 
injection trough and clearly outside the pressurized zone, similar 
to results of more complex hydromechanical models (Bhattacharya 
and Viesca, 2019; Cappa et al., 2018; Wynants-Morel et al., 2020). 
Additionally, the complete rupture events clearly show that a fluid-
triggered earthquake can rupture an area that is at least an order 
of magnitude larger than the pressurized area.
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The propagation of dynamic rupture from inside the pressur-
ized zone to the entire sample where τ ≤ τ res illustrates how fault 
conditions needed to sustain a propagating rupture differ greatly 
from those needed to initiate it. Before fluid injection, τ ≤ τ res . 
When fluid was injected, pore pressure increased locally, but the 
rupture propagated far into regions without significant changes in 
fluid pressure. These areas, which would never initiate a seismic 
event on their own, and may therefore be labeled a low stress en-
vironment, were still able to sustain the rupture all the way to the 
sample ends.

5.7. Comparison to natural earthquakes

The nucleation process of natural earthquakes is not currently 
observable, but seismicity patterns in our experiments show some 
similarities to fluid-induced seismicity seen in the Earth. First, we 
observe fluid induced swarms consisting of many small foreshocks 
and a few larger mainshocks. This is similar to natural induced 
earthquakes which occur in swarms and often include one or more 
large dynamic events (Martínez-Garzón et al., 2014; Wei et al., 
2015; Hauksson et al., 2013). Second, in our experiments we see 
that seismicity can occur with τ < τ res . In the Earth, we see that 
seismicity can be induced in areas with low seismicity prior to 
fluid injection (Keranen et al., 2014). Finally, similar to our experi-
ments, swarms of seismicity were found to outpace fluid pressure 
and/or occur where changes in fluid pressure are assumed to be 
very small (Goebel and Brodsky, 2018; Bhattacharya and Viesca, 
2019).

Our experiments involved direct fluid injection into a low per-
meability fault cut in an impermeable PMMA sample. Results from 
these experiments are applicable to low permeability faults in low 
permeability rock masses, such as shale formations, commonly tar-
geted for hydraulic fracture operations, or faults in the crystalline 
basement, where many fluid-induced earthquakes are known to 
initiate. Rapid fluid injection into low permeability faults promote 



S.B.L. Cebry and G.C. McLaskey Earth and Planetary Science Letters 557 (2021) 116726
stress heterogeneities, since fluids take longer to diffuse away. 
Slower fluid injection into higher permeability faults or more per-
meable host rocks will experience different behavior: fluid is able 
to diffuse more rapidly, so stress changes associated with fluid 
injection are smoother and are applied more uniformly over a 
larger fault area. In a highly permeable fault, foreshocks would not 
be expected close to the injection point. Instead, seismic events 
would most likely occur on near-critically stressed faults that are 
nudged to failure by the fluid pressure. The nucleation processes 
and seismicity patterns of those fluid-triggered earthquakes would 
be harder to distinguish from natural earthquakes that are not as-
sociated with fluid injection.

In many of our experiments, P f
max (measured in the injection 

well) ≥ σn , which is not typically expected in the Earth. Neverthe-
less, we expect many aspects of the fluid-earthquake interactions 
described here are similar to processes taking place in the Earth 
at somewhat higher σn,ef f ective . The low permeability of the lab-
oratory fault is a contributing factor in the build-up of over pres-
sure at the injection well. Neuzil (1995) proposed that abnormal 
pressures in the Earth occur when L∗	

k > 1, where k is the per-
meability, L is the distance from the fluid source or sink to the 
nearest boundary condition, and 	 is the geologic forcing of fluid 
within rocks and can be thought of as analogous to the water in-
jection rate in our experiments. While the analogy from the Earth 
to the laboratory is not perfect, the high pressures in our labo-
ratory experiments are expected on a low permeability fault with 
the nearest boundary far away relative to the high injection rate.

During our experiments, the fluid pressure in the injection well 
eventually reached a steady state pressure P f

max . This resulted from 
fluid escaping out the sides of the fault, which were open to atmo-
spheric pressure. This can be seen in Fig. 2, at around 370 s. Once 
P f

max was achieved, the top and bottom of the fault leaked signif-
icantly, however, despite this “short circuit” some fluid continued 
to spread along the fault since pressure at the monitoring wells did 
not reach a steady state pressure until 10 to 30 min later. While 
cracks in the Earth are not open to atmospheric pressure, perme-
ability of the Earth is not constant, and close proximity to a high 
permeability pathway may produce similar conditions.

6. Conclusions

Fluid injected directly onto a fault decreases σn,ef f ective which 
promotes slip. Earthquake nucleation theory suggests that low 
σn,ef f ective could increase the critical nucleation length h∗ , which 
would help stabilize fault slip so that it occurs slowly and mostly 
aseismically rather than fast and dynamically. We conducted a 
suite of laboratory experiments designed to explore these me-
chanical and seismic interactions and compare fluid-triggered slip 
events to those triggered by externally applied shear stress with-
out fluid pressure. We found that decreased σn,ef f ective through 
fluid injection did allow for a larger region of slow and stable 
fault creep, which could be interpreted as a large h∗ . Despite this, 
we observed that fluid-triggered dynamic rupture initiated more 
abruptly than in similar cases without fluid injection. The reason 
for this is that fluid injection also increased the heterogeneity of 
the σn,ef f ective(x), which promoted swarms of tiny seismic events 
(foreshocks), and allowed dynamic rupture to initiate abruptly in a 
“cascade up” process (e.g. Noda et al., 2013; McLaskey, 2019). The 
initial P-wave signatures of small and large seismic events were 
identical, and this indicates that the small foreshocks can grow 
rapidly into large seismic events if they encounter on-fault stress 
conditions that are favorable for rupture. Our experiments high-
light that faults with relatively low average stress levels, that are 
unable to initiate slip, can still be favorable (enough) to sustain dy-
namic rupture that initiated elsewhere. Fluid injection into a low 
11
permeability fault creates a localized, highly stressed region where 
dynamic rupture events can initiate and potentially propagate.

The results described above are likely applicable to rapid fluid 
injection into relatively low permeability faults. In such a case, 
fluid flows primarily along a few pathways and this sets up a 
strongly heterogeneous distribution of σn,ef f ective—ideal conditions 
for the generation of swarms of seismic events. When fluid is in-
jected slowly or into a high permeability formation, there is time 
for fluid pressure to diffuse and smooth the stress field. Supporting 
this conclusion, we found that the number of foreshocks observed 
in our experiments increased both with increasing normal stress 
(which decreased permeability) and increasing injection rate.

Theoretical models of earthquake nucleation typically assume 
homogeneous σn,ef f ective which may lead to inaccurate predictions 
under fluid injection scenarios. We conclude that while the nu-
cleation length may increase under fluid-injection conditions, the 
increased stress heterogeneity counteracts any stabilizing effects. 
Fluid injection produces swarms of small seismic events that, in 
some cases, can grow rapidly into a large dynamic event that prop-
agates far outside the pressurized region.
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