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Significance

Fluid- induced earthquakes 
associated with industrial 
activities, such as wastewater 
disposal, geothermal energy 
production, and CO2 storage, 
have received increasing 
scientific concerns. Natural faults 
that host earthquakes typically 
display nonplanar structures. 
This study provides 
straightforward information on 
how fault structure and 
heterogeneity control injection- 
induced fault slip and associated 
seismicity characteristics using 
well- designed fluid injection 
experiments on laboratory faults 
and relevant numerical modeling. 
The results indicate that 
geometrical roughness slows 
down injection- induced fault slip 
and affects hypocenter 
distribution, frequency–
magnitude characteristics, and 
source mechanisms of induced 
seismicity. We highlight the key 
roles that fault roughness and 
stress heterogeneity play in 
modulating a transition from 
aseismic to seismic slip when 
subjected to increased fluid 
pressure, leading to large 
induced events localized around 
highly stressed asperities.
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Surface roughness ubiquitously prevails in natural faults across various length scales. 
Despite extensive studies highlighting the important role of fault geometry in the 
dynamics of tectonic earthquakes, whether and how fault roughness affects fluid- induced
seismicity remains elusive. Here, we investigate the effects of fault geometry and stress 
heterogeneity on fluid- induced fault slip and associated seismicity characteristics using
laboratory experiments and numerical modeling. We perform fluid injection experi-
ments on quartz- rich sandstone samples containing either a smooth or a rough fault.
We find that geometrical roughness slows down injection- induced fault slip and reduces
macroscopic slip velocities and fault slip- weakening rates. Stress heterogeneity and
roughness control hypocenter distribution, frequency–magnitude characteristics, and 
source mechanisms of injection- induced acoustic emissions (AEs) (analogous to natural 
seismicity). In contrast to smooth faults where injection- induced AEs are uniformly
distributed, slip on rough faults produces spatially localized AEs with pronounced 
non- double- couple source mechanisms. We demonstrate that these clustered AEs occur 
around highly stressed asperities where induced local slip rates are higher, accompanied 
by lower Gutenberg–Richter b- values. Our findings suggest that real- time monitoring
of induced microseismicity during fluid injection may allow identifying progressive 
localization of seismic activity and improve forecasting of runaway events.

laboratory earthquakes | fluid- induced seismicity | fault roughness | 
stress heterogeneity | aseismic slip

Geometrical roughness, the deviation from a planar surface, characterizes natural faults 
over a wide range of length scales (1–5), exhibiting a consistent self- affine scaling law. A 
plethora of studies have demonstrated that the presence of geometric asperities on faults 
results in significantly heterogeneous stress distributions (6–11). Fault roughness and het-
erogeneous local stresses affect nucleation, propagation, and arrest of shear ruptures  
(10, 12, 13), foreshock, mainshock, and aftershock sequences (14, 15), and coseismic slip 
distribution and locations of earthquake hypocenters (16, 17). Likewise, ground motion, 
radiation pattern and source parameters of seismic events (17–19), and the distribution of 
off- fault damage zones (8, 17, 20) are linked to fault structures. Laboratory friction exper-
iments highlight the important role of fault roughness in controlling rupture nucleation 
and slip instability (21–27). When compared to smooth faults, rough faults display longer 
nucleation time and larger nucleation length but lower macroscopic slip velocities and a 
wider range of rupture speeds (21, 25, 26, 28). Moreover, rate- and- state friction parameters, 
experimentally derived from laboratory experiments performed on samples with varying 
fault roughness, showed different and opposing trends with roughness (29–32). In addition 
to the rich mechanical behavior, spatial distribution and statistical characteristics of acoustic 
emission (AE) events associated with failure of microscopic asperities are closely linked to 
fault surface morphology (23, 24, 33).

Fluid injection into the subsurface may cause a preexisting fault to slip seismically and 
induce seismic events (anthropogenic earthquakes), which have been documented world-
wide in enhanced geothermal system, waste- water injection, and geologic sequestration 
of carbon dioxide (34, 35). Fault reactivation associated with fluid injection may occur 
as a result of a reduction of effective normal stress unclamping the fault, poroelastic stress 
changes, and/or stress transfer through aseismic slip (34–37). Extensive geophysical surveys 
document the occurrence of induced earthquakes being affected by fluid pressure, injection 
rate, and fluid volume injected (38–41). Theoretical models (42–44) and laboratory exper-
iments (45–48) also suggest causal relations between stimulation parameters and seismic 
activity. In addition to fluid injection parameters, complex injection- induced slip behavior 
may emerge depending on background stress states (49–51), pressure- dependent frictional 
properties (36), and the interplay between permeability change and fault slip (37, 52). 
While the effects of surface roughness on tectonic earthquakes have been extensively 
explored, the role of fault structure and heterogeneity on induced seismicity remains 
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elusive. Several numerical simulations of injection- induced rup-
tures on rough faults suggest that stress heterogeneity arising from 
fault roughness primarily controls rupture size and seismic 
moment release, in addition to fluid pressure and injected volume 
(53, 54). A limited number of experiments indicate that surface 
roughness of laboratory faults in granite samples alters fault 
hydraulic properties, giving rise to varying fluid pressure distribu-
tions and slip responses (55–57). The spatiotemporal distribution 
of fluid pressure in these experiments suggested that pressure het-
erogeneity and stress heterogeneity were highly coupled, compli-
cating the interpretation of observed fault slip.

In this work, we experimentally investigate the effect of fault 
roughness and stress heterogeneity on injection- induced fault slip. 
We disentangle the effects of stress heterogeneity and pressure 
heterogeneity using highly permeable quartz- rich sandstone sam-
ples as testing materials so that fluid pressure rapidly equilibrates 
throughout the entire sample volume. To explore the effect of 
geometrical roughness, we prepare saw- cut and polished labora-
tory faults and rough shear- fractured samples for fluid injection 
experiments. Results show that complex fault geometry slows 
down injection- induced fault slip and exerts a strong control on 

spatial distribution, frequency–magnitude characteristics, and 
source mechanisms of injection- induced AE events. For further 
analysis of the observed effects of fault and stress heterogeneity, 
we compare the experimental data to numerical modeling results 
of fault slip on smooth and rough faults.

Results

We have loaded cylindrical samples containing an inclined fault 
interface with varying surface roughness (saw- cut smooth surface 
vs. fractured rough surface) in a triaxial compression apparatus to 
a critical stress state and subsequently activated fault slip using 
defined fluid injection protocols (Fig. 1A, Materials and Methods). 
To study the effect of geometrical roughness on induced fault slip, 
we have produced a series of injection- induced slip events on three 
samples, one containing a smooth fault and two samples cut by 
rough faults (rough fault #1 and rough fault #2, respectively) at 
fixed boundary conditions. In striking contrast to the smooth 
saw- cut fault with a spatially uniform and very flat surface topog-
raphy (Fig. 1B), the two fractured faults display significant surface 
roughness with maximum height difference up to 7 mm (Fig. 1C 

Fig. 1. Experimental setup and prepared laboratory faults with varying surface roughness. (A) Fluid injection experiments performed on cylindrical samples 
(50 × 100 mm) of a permeable quartz- rich sandstone containing an inclined (ϕ = 30° relative to the loading axis) smooth or rough fault subjected to triaxial 
compression. The samples are mounted with an array of strain gauges and piezoelectric transducers. (B and C) Surface elevation of the lower rock block for the 
smooth (saw- cut) and rough (shear- fractured) faults, respectively. (D) Power spectral density (PSD) of surface profiles along fault slip direction for smooth and 
rough faults. qmin and qmax mean the minimum and maximum wavevector while L and λmin indicate fault length and the minimum wavelength, respectively. Two 
rough laboratory faults display a broad- band (from quartz grain size λmin ≈ 0.3 mm to fault length L = 100 mm) self- affine roughness with a Hurst exponent H∥ 
of 0.65. In contrast, the PSD of the saw- cut fault across the similar wavelength range is almost flat and does not follow a power law.
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and SI Appendix, Fig. S2). Using fast Fourier transform, the power 
spectral density (PSD) of the elevation profiles parallel and per-
pendicular to fault dip reveals a broad- band (from quartz grain 
size to fault length) self- affine roughness with a Hurst exponent 
of about 0.65 (Fig. 1D and SI Appendix, Fig. S3). In contrast, the 
PSD of the smooth saw- cut fault across the similar wavelength 
range is almost flat and does not follow a power law.

Injection- Induced Slip Behavior on Experimental Faults with
Varying Roughness. We report two representative experiments 
on samples with substantially different fault roughness where fluid 
pressure along a critically stressed fault is increased stepwise. The 

cylindrical samples containing a saw- cut or rough fault interface 
inclined at ϕ = 30° relative to the axis are loaded axially at a constant 
confining pressure σ3 = 35 MPa and fluid pressure p = 5 MPa, 
leading to a progressive increase in resolved shear stress with slip 
up to a peak shear strength τss (stage 1 in Fig. 2 A and C). When 
approaching τss, shear stress is almost constant while the fault 
slip rate accelerates to a steady- state value, roughly equal to the 
imposed load point velocity of the ram (SI Appendix, Fig. S5A). 
Shear stress data show small hardening for both smooth and rough 
faults (Fig. 2 A and C), and the values of τss and corresponding 
steady- state friction coefficients scale with the rms roughness of 
fault surface (SI Appendix, Fig. S5D). This result indicates that 

Fig. 2. Mechanical behavior of injection- induced fault slip on smooth and rough faults. (A and C) Temporal evolution of shear stress, fluid pressure, AE rate, 
and average fault slip and slip rate observed on the smooth fault and rough fault #1, respectively. The experimental procedure is divided into three stages, as 
indicated by labels 1, 2 and 3, respectively. After the shear strength (τss) is achieved in stage 1, shear stress is then reduced to about 0.92 τss in stage 2, followed 
by a six- stage fluid injection scheme in stage 3. (B and D) Zoomed details on injection- induced fault slip, AE rate, etc., during the fourth fluid injection stage for 
smooth and rough faults, respectively. In response to fluid pressurization, the smooth fault undergoes three different phases with time, as indicated by shaded 
areas with labels I, II, and III. In contrast, two phases are observed on the rough fault. (E) Compiled slip displacements and associated shear stress drops during 
injection- induced slip events in smooth and rough faults. The linear regressions to the data, as shown by the gray dashed lines, correspond to slip- weakening 
rates (unloading stiffnesses) of smooth and rough faults. (F) Compiled peak slip velocities of induced slip events during six fluid injection stages as a function of 
stress drops in the smooth and rough faults.
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geometrical roughness introduces an additional shear resistance 
to continuous slip, consistent with results from theoretical and 
numerical models (8, 10, 13). In stage 2, we adjust the shear stress 
to about 0.92 τss for the saw- cut fault and rough fault #1 (Fig. 2 
A and C) and to about 0.86 τss for rough fault #2 (SI Appendix, 
Fig. S4A), respectively. Initial effective normal and shear stresses 
are 50.1 MPa and 34.0 MPa for the saw- cut fault, 53.0 MPa 
and 39.5 MPa for rough fault #1, and 49.6 MPa and 33.5 MPa 
for rough fault #2, respectively. We then keep the axial piston 
position fixed to ensure a zero- displacement condition on the 
two extremities of the sample and then start fluid injection. We 
follow a six- stage fluid injection scheme where fluid pressure is 
increased in a stepwise manner from 5 MPa to 29 MPa with a 
pressurization rate of 2 MPa/min. During each fluid injection 
stage, fluid pressure increment of 4 MPa is achieved within 2 min, 
followed by a plateau phase lasting for 8 min.

Due to the high sample permeability (10−12 m2), fluid pressure 
rapidly equilibrates on the order of milliseconds within the whole 
sample volume (46, 58). With the onset of fluid injection, slip along 
smooth and rough faults initiates with a delay that progressively 
decreases with subsequent injection cycles (stage 3 in Fig. 2 A and 
C and Movies S1 and S2). The smooth fault displays episodic slow 
stick‐ slip events during injection with a peak slip velocity increasing 
to about 3.8 μm/s, accompanied by increasing stress drops and rapid 
AE bursts with a peak rate up to 150 events per second (Fig. 2A). 
In stark contrast, at similar conditions and fluid pressurization rates 
induced slip events along the rough faults reach lower peak slip 
velocities of about 1.0 μm/s (Fig. 2C). Here, peak AE rates and 
subsequent decay rates with time are lower for rough surfaces, but 
stress drops increase with consecutive slip events. Our experiments 
highlight that fault roughness promotes the stability of injection-  
induced fault slip.

The strong dependence of the evolving injection- induced fault 
slip rate on geometrical roughness is shown in detail in the zoomed 
fourth fluid injection stage (Fig. 2 B and D). After fluid pressur-
ization is started, the smooth fault first remains locked for about 
73 s (phase I in Fig. 2B). Then, fault slip initiates and rapidly 
accelerates to peak slip rate, which then decreases to a residual 
value of about 0.6 μm/s in about 28 s (phase II in Fig. 2B), fol-
lowed by a long- lasting relaxation phase with minor oscillations 
in slip velocity and in AE rate upon the termination of fluid 
injection (phase III in Fig. 2B). The evolving slip rate is closely 
correlated with the AE rate.

Compared to the smooth fault, the rough faults first undergo 
a shorter delay of 40 to 50 s after fluid injection starts (phase I in 
Fig. 2D and SI Appendix, Fig. S4B). Peak slip velocity and accel-
eration are smaller with a prolonged relaxation phase (phase II in 
Fig. 2D and SI Appendix, Fig. S4B). Despite the minor difference 
in initial stress levels between the two rough faults, the results 
from these two samples are similar.

To compare the difference in slip dynamics between smooth 
and rough faults, we compile slip displacement, peak slip velocity, 
and associated stress drop during injection- induced slip events. 
The slope of average shear stress drops with average slip displace-
ments associated with slip events determines the average fault 
slip- weakening rate (unloading stiffness) (Fig. 2E), that is Ksmooth 
= 61 MPa/mm for the smooth fault and Krough = 48 MPa/mm for 
the rough faults. Peak slip velocities of injection- induced slip 
events increase with stress drop for both smooth and rough faults 
but are very different depending on fault roughness (Fig. 2F).

Characteristics of Injection- Induced Acoustic Emissions. A set of
16 piezoelectric transducers surrounding the sample allow us to 
monitor and locate AE events associated with injection- induced 

fault slip (SI  Appendix, section  3). Spatial characteristics and 
statistical attributes of AEs provide fundamental insights into the 
role of varying surface roughness on fluid- induced seismicity.

We have located a total number of 3,983, 7,627, and 6,390 
AEs during fluid injection for smooth fault, rough fault #1, and 
rough fault #2, respectively. The three- dimensional spatial distri-
bution of AE hypocenters varies significantly with surface rough-
ness. For the smooth saw- cut fault, injection- induced slip events 
generate an AE hypocenter distribution that is forming a narrow 
band surrounding the fault plane with a half- width normal to the 
fault surface of about 2 mm (i.e., similar to location accuracy of 
AE hypocenters) (SI Appendix, Fig. S6). For the rough faults, the 
AEs form a zone of about 10 mm width normal to the fault due 
to fault topography and wall rock damage (SI Appendix, Fig. S7). 
In two- dimensional map view with all AE hypocenters projected 
onto the fault, AEs are homogeneously distributed across the 
smooth fault (Fig. 3A). In contrast, fluid injection into the rough 
faults results in AE events forming distinct local clusters (Fig. 3D). 
Spatial distribution of clustered AEs on rough faults is character-
ized by a fractal dimension D of about 1.4 compared to a more 
planar AE distribution with a D- value ≈1.8 on the smooth fault 
(SI Appendix, section 5 and Fig. S8). The intense clustering of 
induced AEs is closely correlated with the local gradient of surface 
topography along slip direction (Fig. 3D), mapping the spatial 
distribution of highly stressed asperities on the rough fault. In 
general, a larger positive gradient of surface topography corre-
sponds to the local shear and normal stress concentrations at 
restraining bends (12, 16, 17), promoting the occurrence of 
large- magnitude events (59, 60).

The frequency–magnitude distribution of induced AEs and 
resulting b- value have been impacted by fault surface topography 
(see SI Appendix, section 6 for b- value calculation). We have reg-
istered more total AE events with larger AE magnitudes on the 
two rough faults and the calculated b- values for AEs are slightly 
lower compared to the smooth fault (SI Appendix, Fig. S9). 
Changes in b- values are assumed to reflect local stress states and 
geometry of the fracture network (23, 24, 61). For the rough faults, 
the presence of highly stressed asperities and substantial off- fault 
damage may contribute to higher AE productivity and a larger 
fraction of high- magnitude AE events. To identify fault heteroge-
neity, we additionally provide the spatial distribution of AE seismic 
moment release (SI Appendix, section 7) and associated b- value 
maps (Fig. 3 B, C, E, and F). Substantial seismic moment release 
of AEs is produced in the vicinity of high- stress patches during 
induced slip events, accompanied by lower b- values (Fig. 3F and 
SI Appendix, Fig. S10). This result suggests that the spatial variation 
of b- values is closely coupled to local stress conditions over the 
fault surface and may assist in mapping seismogenic fault segments 
for induced seismicity and natural earthquakes (62).

Fault roughness also affects off- fault damage, as observed by 
postmortem microstructures (SI Appendix, section 10). For the 
initial smooth fault surface, cumulative slip results in a thin layer 
(half- width < 0.5 mm, about 1 to 2 original grain diameters) of 
fine- grained gouge that is relatively uniform across the principal 
slip surface (SI Appendix, Fig. S11 A and B). Significant fragmen-
tation and comminution of quartz grains adjacent to the fault 
surface result in high- frequency wave radiation, as evidenced by 
a homogeneous distribution of AE activity recorded across the 
smooth fault. Shear deformation is distributed and mainly accom-
modated by grain fragmentation and shear- induced rotation. In 
contrast, off- fault damage surrounding the rough fault surface 
consists of gouge layers, which are thicker (half- width ≈ 1 mm) 
compared to the smooth fault but varies along the fault 
(SI Appendix, Fig. S11C). Intense cataclastic deformation prevails 
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at restraining bends, also displaying a dense distribution of AE 
events (Fig. 3D). The formation of multiple discrete shear planes 
accommodating local slips is more pronounced for rough faults 
(SI Appendix, Fig. S11D). The observed off- fault crack damage 
corresponds with the AE density distribution decreasing with dis-
tance from the fault surface (SI Appendix, Fig. S12). Progressive 
clustering of AEs induced by fluid injection is characterized by a 
peak in AE density distribution centered around the fault inter-
face, and a rapid decay toward the adjacent wall- rock, consistent 
with previous laboratory studies of fracture propagation and 
stick- slip (23) and the documented natural seismicity across 
strike- slip faults in California (63).

To evaluate the AE source kinematics, we employ the average 
polarity of first P- wave amplitudes (64) and full moment tensor 
(FMT) inversion method (65) (SI Appendix, section 8). Based on 
either the average polarity (64) or the FMT decomposition results 

(66, 67), AE source mechanism can be categorized into a shear, 
compaction or tensile type. The average polarity analysis shows a 
good agreement with the FMT solution results, indicating dom-
ination of shear-  and compaction- type events (Fig. 4 A and B and 
SI Appendix, Fig. S13). For the smooth fault, the source mecha-
nisms of induced AEs are dominated by shear- type (double- couple) 
events, accounting for 65 to 75% of all AEs compared to about 
30 to 45% for the rough faults (Fig. 4C). In rough faults, we find 
a relative increase of non- double- couple source types with respect 
to the shear events, confirming that fault roughness affects kine-
matics of injection- induced seismicity, similar to what has been 
reported in an earlier study without fluid injection (68).

Numerical Simulation of Injection- Induced Fault Slip and Slip
Rate. To further investigate roughness effects on injection- induced 
slip and slip rate distributions, we employ a numerical model. 

Fig. 3. Characteristics of injection- induced AEs at the smooth and rough faults. (A and D) Map views showing all induced AEs from experiments performed 
on smooth and rough faults, respectively, with their hypocenters projected onto the fault plane. AE events are displayed using black open circles with sizes 
proportional to AE magnitudes. The fault plane of the lower rock block is color- coded by the local gradient of surface topography along fault down- dip (i.e., slip 
direction of the upper rock block relative to its counterpart). (B and E) Maps of seismic moment release per elementary volume (M0/V) using full AE catalogs for the 
smooth and rough faults, respectively. (C and F) Spatial variations of Gutenberg–Richter b- value for all induced AEs of the smooth and rough faults, respectively. 
Note that b- values are only shown here for bins containing sufficient AE events (>150 AEs) and the goodness of fit for the Gutenberg–Richter law larger than 90%.
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We couple a one- dimensional Burridge–Knopoff model with 
a heterogeneously loaded fault interface and the rate- and- state 
friction law with a fluid pressure diffusion process (see Materials 
and Methods for model formulation). We use a total number of 
equally spaced 100 slider blocks with a grid spacing of 1 mm (i.e., 
the block size) to simulate injection- induced slip along the 100 mm- 
long laboratory faults. Considering the homogeneous and isotropic 
rock materials used in the experiments, we assume spatially uniform 
frictional properties but account for stress heterogeneity arising 
from fault roughness. We first estimate the two- dimensional static 
stress distribution produced by frictional slip along a wavy fault 
in elastic media using an analytical model (7). For rough fault #1, 
high normal, shear, and differential stresses generally concentrate 
around restraining bends (SI Appendix, section 11 and Fig. S15), in 
agreement with the observed abundant AEs. In contrast to highly 
homogeneous stresses prevailing along the smooth fault, the initially 
heterogeneous normal and shear stresses along rough fault #1 before 
fluid injection are then imported into the model for simulating 
subsequent injection- induced fault slip behavior (SI  Appendix, 
Fig. S16). We employ the experimentally observed slip onsets and 
the magnitudes of measured average slip velocities induced by fluid 
injection to benchmark our numerical models.

We use the experimentally measured rate- and- state frictional 
parameters of (a−b) ≈ −10−3 and d ≈ 5 μm for the smooth (saw- cut) 

fault in Bentheim sandstone (SI Appendix, section 11). Modeled 
slip onsets, peak slip velocities, and subsequent small oscillations 
in slip rates along smooth faults are in good agreement with the 
experimental data (Fig. 5A). Homogeneous normal and shear 
stresses and fluid pressure increments distributed across the 
smooth fault result in spatially uniform slip and slip rates, as doc-
umented by the distribution of located AEs (Fig. 5B).

Assuming that the characteristic slip distance d in the rate-  
and- state friction formulation scales with surface roughness and 
shear band thickness (31, 32), we increase d from 5 μm for the 
smooth fault to 10 μm for the rough fault while the other friction 
constitutive parameters (a and b) remain unchanged (SI Appendix, 
section 11). We obtain a good agreement between modeled and 
observed average slip velocities measured on the rough fault. In 
contrast to the smooth fault, the induced slip and slip rate distri-
butions on the rough fault show high spatial variability (Fig. 5 C 
and D). Although our numerical model assumes a chain of unde-
formed but interconnected blocks and does not account for the 
strain field, the observed spatial variability in slip and slip rate 
implicitly reflects a heterogeneous strain distribution, consistent 
with the differently evolving strain fields monitored by local strain 
gauges mounted close to the fault interface (SI Appendix, Fig. S18). 
Ruptures initiate almost simultaneously at two fault segments 
favorably oriented for slip (i.e., the low- stress regions with large 
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separated by the dashed red lines (67). The AE source kinematics are also color- coded by average polarity coefficient with values of 1.0 and −1.0 corresponding 
to pure compaction- type and tensile- type events, respectively. (C) AE source type fractions for all induced AE events on smooth and rough faults. AE source 
mechanisms may be separated into tensile, shear, and compaction types, based on either the average polarity or the full moment tensor solution.
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negative slopes of surface topography along slip direction, see 
Fig. 5 D and E). The low frictional resistances at these fault seg-
ments facilitate sliding initiation and impose no major hindrance 
to slip transfer over the fault surface. Rupture fronts then propa-
gate toward the fault center at a rate of about 0.5 to 1 mm/s. The 
area with high local stresses in the proximity of the fault center 
(highly stressed asperities) starts to slip at a later time, but it has 

a high local slip rate, accompanied by a sharp localized burst in 
AE activity (Fig. 5D). This result agrees with spatial distribution 
of injection- induced AE activity around high- stress asperities 
where induced seismic moment release of AEs is high but the 
associated b- value is low (Fig. 3 E and F). After each fluid injection 
stage, we find a relatively uniform distribution of cumulative slip 
across the entire rough fault (SI Appendix, Fig. S17).

Fig. 5. Numerical simulations showing temporal evolution of injection- induced average and local fault slip velocities along fault dip for the smooth and rough 
faults. (A and C) Comparisons of evolving average slip velocities from experimental measurements and numerical simulations during fluid injection into the 
smooth and rough faults, respectively. (B and D) Temporal distributions of induced local slip from numerical modeling during the selected fluid injection stage 
(the fourth injection stage) for the smooth and rough faults, respectively. Note that the color scale for local slip velocity differs in (B) and (D). In addition, we map 
the spatiotemporal distribution of AEs recorded during the corresponding experiment into (B) and (D), respectively. Because we use a one- dimensional numerical 
model and assume induced fault slip along fault dip (the major axis of the fault ellipse), we present the experimentally recorded AEs with hypocenters very close to 
it (radial distance within 5 mm), as indicated by the white solid circles with sizes proportional to AE magnitudes. (E) The surface profile of the interface separating 
the lower and upper blocks for rough fault #1. The gray arrow shows the slip direction of the lower rock block relative to its counterpart along fault up- dip.

http://www.pnas.org/lookup/doi/10.1073/pnas.2310039121#supplementary-materials
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Discussion

Fault roughness and stress heterogeneity affect earthquake nucleation 
and propagation and cause complex ruptures, stress drops, slip rate 
distributions, and off- fault damage zones, as observed in a plethora 
of studies of tectonic earthquakes and rupture models (8, 16–20). 
Here, we combine experimental and numerical approaches to 
demonstrate how fault roughness controls slow stick- slip events 
induced by fluid injection. In particular, we show that increasing 
fault roughness stabilizes induced slow stick- slip events. The peak 
slip velocities of injection- induced slip events and the associated 
slip- weakening rates are larger for smooth faults, in agreement with 
earlier friction tests on dry samples (25, 26, 28) and recent numerical 
modeling results (14, 19).

Following the fault slip- weakening model in the spring- slider 
system (31), slip acceleration and unstable failure are expected to 
occur for the fault slip- weakening rate being larger than the stress 
release rate of the loading system, i.e., the fault stiffness larger than 
the stiffness of the loading system, otherwise stable slip is expected. 
The shear stiffness of our loading system (Ksys) is about 55 MPa/
mm (SI Appendix, section 11), resulting in Ksmooth/Ksys ≈ 1.11 and 
Krough/Ksys ≈ 0.87 (Fig. 2E), respectively. These stiffness ratios are 
in agreement with the observed macroscopic slow stick- slip on 
the smooth fault but stable slip on the rough faults. Assuming 
that the slip patch grows as an expanding crack, the critical nucle-
ation length Lc for slip instability is inversely proportional to the 
stiffness of the fault patch (31, 69). Nucleation length Lc increas-
ing with fault roughness has been previously reported from labo-
ratory experiments (21, 25, 26, 28) and numerical simulations 
(12), consistent with our observation.

Friction experiments on dry laboratory faults have shown that 
roughness significantly influences fault friction constitutive param-
eters (29–31). In addition to the critical slip- weakening displace-
ment δc increasing with fault roughness (25, 26), the characteristic 
slip displacement d required to change the population of contacts 
in the rate- and- state friction formulation was also experimentally 
found to be proportional to surface roughness (31, 32). This agrees 
with our numerical modeling results that require an increase of d 
for rough faults to correctly model slip onsets and slip velocities as 
observed in the experiments. A large δc or d is expected to result in 
larger fracture energies for rough faults (25, 70), limiting acceler-
ation of fault slip during rupture propagation (21). The propagating 
rupture front is expected to slow down when encountering a region 
of higher normal stress and shear strength (71), resulting in a lower 
average slip velocity compared to smooth faults. Once the stored 
elastic energy is exhausted, the rupture will arrest.

The controlled initial stress levels prior to fluid injection are 
roughly similar for smooth and rough faults, indicating that stored 
elastic energy prior to slip is similar for smooth and rough faults. 
Irrespective of the shear stress level decreasing with slip during fluid 
injection, induced fault slip and stress drop increase with progressive 
injection cycles. However, slip velocity and associated AE rates 
remain similar. This is in contrast to previous injection experiments 
performed on saw- cut faults in almost impermeable granite sam-
ples, where stress drops decrease with progressive fluid injection 
(48, 51). We attribute the increasing slip and stress drop to chang-
ing surface roughness in our sandstone samples with progressive 
slip and possibly different fault hydraulic properties. AE rates and 
slip rates are closely correlated for smooth and rough faults.

Our experiments performed on saw- cut and freshly fractured faults 
with significantly different roughness may represent two end- member 
fault structures, i.e., mature and immature faults, respectively (1, 5). 
Similar to previously reported displacement- controlled stick- slip tests 
(23, 24, 68), our observations suggest that fault roughness affects 

kinematics of AEs, with an increased fraction of non- double- couple 
components of AE moment tensors for the rougher faults. Natural 
earthquakes with non- double- couple mechanisms are commonly attrib-
uted to fault complexity (72). For nonplanar faults, the abundant devel-
opment of intersecting fracture networks and potential damage- related 
changes of elastic properties in the source region may modify local stress 
fields and cause the slip vector to deviate from the principal fault surface 
(7, 24, 59). For the rough faults, we find that injection- induced AE 
activity localizes in the vicinity of high- stress asperities where substantial 
seismic moment is released, accompanied by low b- values. The b- value 
has been suggested to be inversely proportional to stress level (24, 61) 
and can serve to indicate high stress fault patches (62).

Injection- induced macroscopic fault slip rates in our laboratory 
experiments remain on the order of micrometers per second, com-
parable to the reported values of induced fault slip rates measured 
in a borehole during in situ fluid injection into a natural fault (37). 
In our experiments, the total seismic moment released by high-  
frequency AE sources only accounts for a very small part (<0.01%) 
of total deformation (geodetic) moment release during fluid injec-
tion (SI Appendix, Fig. S20), consistent with the values reported 
from in situ fluid injection experiments at different geological set-
tings (37, 73). Such a low ratio indicates that injection- induced fault 
deformation in our experiments is dominantly aseismic. The esti-
mated source radii of AEs span from 0.1 to 2.6 mm (SI Appendix, 
section 7), far smaller than the macroscopic fault size. In this sense, 
our laboratory AE sources associated with induced fault slip may be 
more representative of injection- induced confined ruptures occur-
ring within limited zones of distributed fractures in nature. To fur-
ther link our laboratory observations to fluid- induced seismicity in 
the field, we have compiled a wide range of datasets of radiated 
seismic energy as a function of hydraulic energy from laboratory- scale 
and in situ fluid injection experiments, as well as reservoir- scale frac-
turing, geothermal and disposal projects across the world (Fig. 6). 
The ratio of seismic energy to hydraulic energy is termed seismic 
injection efficiency (74). The seismic injection efficiencies in our 
experiments range between 10−7 and 10−6, in agreement with the 
reported laboratory hydraulic fracturing experiments (75), in situ 
fluid injection experiments (73, 76) and some field- scale induced 
earthquakes (74, 77). The values of seismic injection efficiency for 
field- scale earthquakes associated with fluid injection vary over nine 
orders of magnitude from 10−9 to 1, and even above 1. For example, 
the large seismic injection efficiency up to 1.8 for the MW 5.5 Pohang 
earthquake indicates that more energy was radiated seismically than 
hydraulically injected, suggesting a runaway rupture beyond the 
region perturbed by injection (42, 77). These large seismic events 
with high seismic injection efficiency >10−3 are attributed to sub-
stantial release of tectonic strain energy by activation of runaway 
ruptures, where rupture size may be only limited by the size of 
tectonic faults (41, 42, 74, 77). In contrast, induced seismicity show-
ing an extended pressure- controlled rupture in a self- arrested manner 
typically shows a low seismic injection efficiency <10−3 (74, 75, 77). 
Thus, our laboratory observations bear similarities with those 
field- scale induced earthquakes corresponding to pressure- controlled 
ruptures, as reflected by the fact that in our experiments the induced 
fault slip terminates shortly after we stop fluid injection (Fig. 2).

To summarize our experimental observations and modeling 
results, we propose a conceptual model of injection- induced fault 
reactivation (Fig. 7). We assume uniform fault friction in space but 
an initially heterogeneous distribution of normal and shear stresses 
depending on fault surface topography (Fig. 7A). With increasing 
fluid pressure slow aseismic creep, possibly with few seismic events, 
will commence at favorably oriented and weak fault segments once 
local strength is exceeded (Fig. 7B). As fluid pressure progressively 
increases, the creeping patches are expected to expand and load 

http://www.pnas.org/lookup/doi/10.1073/pnas.2310039121#supplementary-materials
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high- strength asperities nearby. Fluid- induced aseismic creep lead-
ing to seismic slip has been described also for in situ injection exper-
iments (37) and reservoir- scale hydraulic fracturing- induced 
seismicity (78). Once the failure strength of the asperities is exceeded, 
clustered and increasing seismic activity containing progressively 
larger events will occur (Fig. 7C). This may initiate large events, 

produce high local stress drops and slip rates, large seismic moment 
release and low b- values, as observed in our experiments. Previous 
studies have revealed the important effects of heterogeneous fault 
frictional properties (36) and the interplay between permeability 
change and ongoing fault slip (37, 52) during fluid injection, which 
are expected to be minimized in our experiments due to the usage 
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Fig. 6. The relation between cumulative seismic energy and cumulative hydraulic energy across a wide range of length scales. For the laboratory experiments, 
the seismic energy is determined from the radiated AEs in the present study and in the hydraulic fracturing experiments by Goodfellow et al. (75). In situ fluid injection 
experiments performed at the Underground Laboratory of Tournemire (France) and at the Underground Laboratory of Rustrel (France) are from ref. 73, while the 
in situ hydraulic fracturing experiments performed at the Underground Äspö Hard Rock Laboratory (Sweden) are from ref. 76. The datasets for reservoir- scale 
seismicity associated with fluid injection are compiled from refs. 74, 75, and 77. Reference gray lines correspond to the seismic injection efficiency (the ratio of 
seismic energy to hydraulic energy) in percentages.

Fig. 7. Schematic illustration of fluid- induced seismicity on a spatially heterogeneous fault with permeable structures. (A) Prior to fluid overpressure, the initial 
state of a heterogeneous fault shows a spatial variation in initial stress and strength. We assume relatively uniform initial and peak friction coefficients (denoted 
by μ0 and μp, respectively) in space, but initial normal stress σn shows a significantly heterogeneous distribution. This scenario results in spatially heterogeneous 
shear stress τ0 and shear strength τp before fluid pressure perturbations. Here, asperities are defined as local patches with high initial stress and strength.  
(B) After a relatively homogeneous fluid overpressure p is imposed, the apparent friction coefficient τ/(σn–p) of fault segments starts to increase at different rates, 
depending on the initial normal stress distribution. Injection- induced aseismic slip first occurs on the weak patches with low local strength, and then, the slow 
creeping zone continues to expand with progressive fluid pressurization and increases shear stress at propagating creep fronts. (C) Large failure events and 
seismic slip ultimately take place around the asperities due to stress transfer from aseismic slip. Induced seismicity is expected to occur around these highly 
stressed patches, accompanied by high local stress drops and slip rates, large seismic moment release, and low Gutenberg–Richter b- values. The figures in the 
bottom row correspond to one- dimensional profiles along fault distance at different stages.
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of rock materials being isotropic, homogeneous, and permeable. 
We highlight that fault roughness may modulate the aseismic- seismic 
slip transition for permeable fault structures subjected to increased 
fluid pressures. The reservoir structures dominated by rough and 
segmented faults and fractures are expected to host nucleation pro-
cesses that happen at larger length and time scales during fluid 
injection, possibly captured by geodetic and broad- band seismo-
logical instruments. Our findings imply that when monitoring fluid 
injections in geological reservoirs is done in real time (41), this may 
allow identifying localization processes of induced microseismicity 
prior to future larger induced events. Feeding this information into 
the next- generation traffic- light systems might allow providing 
additional constraints for stopping injection before larger induced 
seismic events occur around the highly stressed fault patches.

Materials and Methods

Experimental Setup. We conducted fluid injection experiments on three cylin-
drical samples of homogeneous, isotropic, and permeable Bentheim sandstone 
at crustal pressure conditions using a servo- hydraulic MTS apparatus (stiffness of
~0.65 × 109 N/m) equipped with an AE recording system and a pore pressure
system (two Quizix 6000 pumps at downstream and upstream, respectively). One 
sample contained a saw- cut (smooth) fault, and two samples were cut by fractured 
rough faults (hereafter named rough fault #1 and rough fault #2, respectively). 
The rms height (hrms) of saw- cut fault surface was measured to be about 0.044 
mm, whereas the values of hrms were increased to about 1.50 mm and 0.82 
mm for rough fault #1 and rough fault #2, respectively (SI Appendix, section 1). 
The three faults were all oriented at ϕ = 30° to the cylinder axis (Fig. 1A). To 
measure deformation and record seismic activity, eight local strain gauges and 
16 piezoelectric transducers (PZTs) were mounted to the sample surface before 
experiments (SI Appendix, sections 2 and 3 and Fig. S1). The samples were first 
hydrostatically loaded up to 35 MPa (σ3 = 35 MPa) while the fluid pressure (p) 
was kept constant at 5 MPa. Next, we increased the axial stress (σ1) at a constant 
axial displacement rate of 1 μm/s to achieve the peak shear strength (τss) resolved 
on the fault interface. We then reduced axial stress slowly until the calculated 
shear stress (τ) along the fault interface equaled about 0.92 τss for the smooth 
fault and rough fault #1 and 0.86 τss for rough fault #2, respectively. This guar-
anteed that the laboratory faults were near the critical stress state before fluid 
injection. Note that because of the sample geometry, increasing the axial stress 
results in an increase in both shear and normal stresses. The position of the axial 
hydraulic cylinder was then kept constant, and eventually, we injected distilled 
water into the samples from the bottom end to induce fault slip at undrained 
conditions. The fluid pressure was increased in a stepwise manner from 5 MPa 
to 29 MPa with a pressurization rate of 2 MPa/min. We divided the whole fluid 
injection process into six stages, and each stage had a duration of 10 min com-
posed of a ramp phase lasting for 2 min (to fulfill 4 MPa fluid increment) and a 
subsequent plateau phase for 8 min.

Processing of Hydraulic, Mechanical, and Acoustic Emission Data. The 
details of stress and slip measurements are given in SI Appendix, section 4. The 
details of acoustic emission (AE) data processing including the spatial distribution, 
frequency–magnitude characteristics, and source mechanisms are provided in 
SI Appendix, sections 5–8. The calculation details of hydraulic energy and seismic 
energy are available in SI Appendix, section 9.

Numerical Model. To reproduce the observed injection- induced fault slip on the 
smooth and rough faults, we extend the one- dimensional (1D) Burridge–Knopoff
model (79) for heterogeneously loaded interfaces obeying the rate- and- state 
friction law by encompassing the fluid pressure diffusion process.

The 1D Burridge–Knopoff model consists of an array of N identical blocks 
that are interconnected by elastic springs with stiffness coefficient λ and are 
elastically driven (with spring stiffness coefficient k) by a rigid plate moving at 
a constant velocity vlp (analogous to far- field tectonic motions) (SI Appendix, 
Fig. S14). This model has been previously used to investigate frictional slip along 
a rough surface (79). To simulate effects of fluid pressure, we account for a local 
fluid pressure distribution acting on the chain of blocks in addition to varying 

normal stresses. For each block, the frictional slip is governed by an empirical 
rate- and- state friction law (31, 32), that is, its friction coefficient μi varies with
the instantaneous slip rate vi and the state variable θi (the subscript i means the 
block index), as expressed by:

[1]�i = �∗ + ai ln
(

vi ∕v
∗
)

+ bi ln
(

v∗�i ∕di
)

,

where μ* indicates the reference friction coefficient at a steady- state reference
sliding velocity v*, and di represents the characteristic slip distance over which 
friction evolves to a new steady state after a velocity perturbation, a and b are 
frictional parameters that describe the friction response to a sudden step jump 
of the imposed velocity for a single spring- block configuration. The sign of
(a−b) defines the change of the steady- state friction coefficient with velocity
in which a > b means velocity- strengthening and velocity- weakening corre-
sponds to a < b. We constrain the evolution of state variable θi with time t 
using the slip law because it provides a better match to laboratory data (80), 
as given by:

[2]
d�i
dt

= −
v∗�i
di

ln

(

v∗�i
di

)

.

To mimic our experimental configuration, we assume that fluid overpressure is 
imposed at a remote injection port with a given time- varying injection pressure 
p∞. Fluid pressure diffusion through rock matrix with hydraulic diffusivity c toward 
the fault zone modifies the effective stress states for fault segments and thus may 
cause fault reactivation.

Assuming the membrane diffusion process (fluid pressure evolution within the 
fault zone depends linearly on the fluid pressure difference between the fault zone 
and the remote fluid pressure) that is typically suitable for laboratory experiment 
scenarios (81), evolving fluid pressure within the fault zone can be constrained by:

[3]c∗
i

(

p∞ − pi
)

=
�pi
�t

,

where pi indicates the fluid pressure acting on the ith block within the fault zone, 
p∞ refers to the pore pressure at the remote injection port, and c∗

i
 is given by 

c∗
i
= c∕L2

i
 with Li being a characteristic diffusion length between the remote injec-

tion port and the ith block and c being the hydraulic diffusivity. Considering the 
high permeability of the rock matrix adopted in our experiments, the effect of 
shear- induced dilation/compaction on the modification of fluid pressure within 
the fault zone and on fault slip can be negligible.

For a chain of spring- connected blocks driven by a moving plate and subjected 
to normal stress and fluid pressure, the equation of motion for the ith block’s 
position xi in the quasi- dynamic sense (i.e., the inertial effect is replaced by a
radiation damping term) is given by Rice (69)

 [4]
(

�n,i − pi
)

�i = k
(

vlpt − xi
)

+ �
(

xi+1 − 2xi + xi−1
)

− �vi ,

where �n,i   and pi are the normal stress and fluid pressure applied to the ith 
block, k is the spring constant connecting each block to a moving plate with a 
constant velocity vlp, λ is the spring stiffness coupling the neighboring blocks, 
xi is the position of the ith block with respect to its initial starting position, vi is 
the slip velocity of ith block ( vi = dxi∕dt ), and η describes radiation damping, 
constrained by � = G∕2Vs in which G is the shear modulus of the rock and Vs is 
shear wave velocity (69). For a given number of blocks subjected to heteroge-
neous normal stress distributions, combining Eqs. 1–4 and solving them jointly 
with the Runge–Kutta method can simulate the injection- induced fault slip on a 
rough surface in response to a given injection pressure perturbation.

We use the equally spaced 100 blocks with a grid spacing of 1 mm (i.e., the 
block size) to capture the behavior of the 100- mm- long laboratory faults along 
the dip direction. The input parameters are given in SI Appendix, section 11 and 
Table S1.

Data, Materials, and Software Availability. The experimental data are 
archived in Mendeley Data accessible at https://data.mendeley.com/datasets/
xcyvspjk3c/1 (DOI: 10.17632/xcyvspjk3c.1) (82). All other data are included in 
the article and/or supporting information.
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