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The Effect of Pressurization Rate and Pattern on Injection-
Induced Seismicity in Highly Permeable Sandstone: An
Experimental Study

M. Naderloo® , J. D. Jansen' @, and A. Barnhoorn®

, A. Veltmeijer' ©, A. Pluymakers!

'Department of Geoscience and Engineering, Delft University of Technology, Delft, The Netherlands

Abstract Effectively mitigating induced seismicity in subsurface engineering operations within highly
permeable, porous geo-energy reservoirs requires a clear understanding of how fluid injection parameters
influence the seismic response. In this study, we performed injection-driven fault reactivation experiments on
highly permeable saw-cut Red Felser sandstone to provide new insight into the effect of injection pattern and
rate on fault slip behavior and seismicity evolution. Three different pressurization rates were applied: high,
medium, and low rates of 2, 1, and 0.2 MPa/min, respectively. Three injection patterns were also used: cyclic
recursive, monotonic, and stepwise injections. Our results reveal that a high pressurization rate leads to
increased slip velocity, more microseismic events, higher total acoustic emission (AE) energy, and a lower b-
value compared to tests with low pressurization rates. We postulate that a high pressurization rate enhances the
likelihood of a sudden reduction in effective normal stress, leading to fault opening and the disruption of
asperity contacts. Furthermore, results from samples subjected to various injection patterns demonstrate that the
cyclic recursive pattern exhibits a higher maximum slip velocity, more episodes of slow slip, and greater
radiated AE energy than a monotonic pattern. In the case of the cyclic recursive pattern, increasing the number
of cycles increases shear stress drop, shear slip, and maximum slip velocity. Our findings suggest that using a
monotonic injection pattern and low pressurization rate may mitigate seismicity on pre-existing faults in a
highly permeable, porous reservoir.

Plain Language Summary Human activities involving subsurface fluid injection projects, such as
geothermal energy recovery and/or gas storage (CO,, H, or methane), are widely acknowledged to cause
earthquakes occasionally. This is a cause for public concern. Although several studies demonstrate that
injection patterns and rates can play an essential role, the underlying physical mechanisms responsible for
induced earthquakes still need to be better understood. Therefore, we performed laboratory tests on highly
permeable Red Felser sandstone containing a simulated geological fault. We pumped water from the bottom
of the sample using different pressurization rates and patterns while monitoring the effects on fault
movement behavior. Our results showed that faster fluid injections tend to cause more rapid fault slips and
generate more laboratory micro-earthquakes compared to slow injections. Among the injection patterns, the
cyclic injection pattern resulted in the highest slip velocity and higher earthquake activity, indicating that the
pattern of injection can impact fault movement. Our results can help improve the design of fluid injection
projects to minimize the risk of inducing small earthquakes, especially in areas with pre-existing geological
faults.

1. Introduction

Many human activities related to the subsurface, such as geothermal projects, water waste injection, and gas
production or storage, involve the injection of pressurized fluids into the subsurface. The injection of pressurized
fluids into underground formations can induce seismicity by reactivating pre-existing faults, which sometimes
includes large-magnitude earthquakes (Deichmann & Giardini, 2009; Ellsworth, 2013; Ji, Yoon, et al., 2021; Ji,
Zhuang, et al., 2021). Three well-known examples of induced seismicity are (a) Pohang, South Korea with a
moment magnitude of 5.4 caused by a geothermal energy project (Kim et al., 2018), (b) Oklahoma, US, a
magnitude 5.7 earthquake due to the waste-water injection (Keranen & Weingarten, 2018), and three events above
the magnitude 3 in Basel, Switzerland during an Enhanced Geothermal Systems (EGS) project (Bachmann
et al., 2012). From a physical perspective, reactivating pre-existing faults relies on the interplay of effective stress
and the failure criterion. Elevating the fluid pressure diminishes the effective normal stress acting on the fault
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plane. Consequently, the shear resistance decreases, enabling movement under tectonic shear stresses in natural
settings (Ellsworth, 2013; Keranen & Weingarten, 2018; Nicol et al., 2011; Zang et al., 2014; Zoback & Gor-
elick, 2012). Mitigating and managing seismic hazards caused by injection operations with the uninterrupted
functioning of geo-storage operations is essential for society. Comprehending the key factors influencing
injection-induced seismicity can contribute to improving management and mitigation strategies. Several attempts
have been conducted to mitigate and reduce injection-induced seismicity on laboratory and field scales (Bommer
etal., 2015; Hofmann et al., 2018; Ji, Yoon, et al., 2021; Ji, Zhuang, et al., 2021; Naderloo et al., 2022). There are
two injection-production related critical factors influencing seismicity. The first is the rate at which fluid pressure
is increased during injection and second, the pattern of fluid injection.

To first consider the effect of fluid pressurization rate: lowering fluid pressurization rates has been shown to lead
to reduced seismic hazard (Alghannam & Juanes, 2020; Ciardo & Rinaldi, 2022; French et al., 2016; Ji
et al., 2022; Passelegue et al., 2018; Wang et al., 2020). High pressurization rates during experiments performed
on a saw-cut Westerly granite sample (extremely low permeable) under triaxial stress conditions facilitated the
transition from drained to locally undrained conditions (Passelegue et al., 2018). High pressurization rates create
local fluid pressure perturbations (heterogeneous distribution of fluid pressure) capable of reactivating faults
(Passelegue et al., 2018). The same phenomenon occurred with stepwise increasing fluid pressure into faulted
granite samples with different roughness (Rutter & Hackston, 2017; Ye & Ghassemi, 2018) conducted triaxial
shear experiments on both permeable and impermeable sandstones with a saw-cut fracture, revealing that sudden
fluid pressurization can readily induce seismogenic fault slip in low-permeable rock. Conversely, in permeable
sandstone rock, fluid can permeate the fault plane through the rock matrix, following the law of effective stress,
and this can lead to aseismic fault sliding (Rutter & Hackston, 2017). Therefore, in low permeable rocks, localized
fluid overpressures due to the high pressurization rates can initiate episodes of quasi-static, partial fault slip,
which can then progress to the nucleation and propagation of earthquakes. While several studies have explored the
mechanism of fault reactivation with different pressurization rates on impermeable rocks, few studies have been
allocated to reveal fundamental physical mechanisms linking the rate of fluid injection to induced earthquakes in
permeable rocks (Alghannam & Juanes, 2020; Ji et al., 2022; Passelegue et al., 2018; Rutter & Hackston, 2017;
Ye & Ghassemi, 2018, 2020), despite the fact that many gas and/or wastewater storage sites and geothermal
reservoirs are located in porous formations. The main result to date is by Wang et al. (2020) who conducted
injection-induced fault slip experiments on highly permeable saw-cut sandstone using both high and low fluid
pressurization rates. Their findings indicate that slip behavior is governed primarily by the pressurization rate
rather than the absolute injection pressure. They demonstrated that rapid fluid injection promotes slow stick-slip
behavior, whereas slower injection rates tend to result in stable fault creep. A systematic experimental study that
investigates whether—and how—different pressurization rates, by altering the stress path (i.e., effective normal
and shear stress), influence fault slip behavior is still lacking. As subsurface use increases—particularly in
permeable reservoirs—understanding how slip behavior affects the evolution of microseismicity becomes
increasingly urgent.

Second, in both intact and faulted rock, it has been shown that differences in the occurrence and distribution of
induced seismicity exist between constant (monotonic) injection and injection following a pre-defined pattern, in
both high- and low-permeability reservoirs. Studies on either intact specimen (sandstone and granite) (Naderloo
et al., 2023; Veltmeijer et al., 2024; Zang et al., 2019; Zhuang et al., 2020) or faulted granite samples (Ji, Yoon,
etal., 2021; Ji, Zhuang, et al., 2021) suggest that the seismic response to cyclic fluid injection differs from that of
Monotonic Injection (MI), with cyclic injection potentially leading to reduced levels of induced seismicity (Ji,
Yoon, et al., 2021; Ji, Zhuang, et al., 2021; Naderloo et al., 2023; Niemz et al., 2020; Zang et al., 2019; Zhu
et al., 2021; Zhuang et al., 2020). In other words, cyclic injection provides a potential mechanism to replace the
big magnitude events with many small ones (Ji, Zhuang, et al., 2021). conducted an injection-induced fault
reactivation test on a critically stressed natural fracture in granite to investigate the slip behavior under cyclic and
MI patterns (Ji, Yoon, et al., 2021; Ji, Zhuang, et al., 2021). When cyclic injection is conducted with a limited peak
injection pressure, it induces aseismic fracture slip at significantly lower peak slip rates compared to those
observed during the MI. The more uniform reduction in effective normal stress caused by cyclic injection pro-
motes gradual and stable fracture slip, characterized by smaller peak slip rates (Ji, Zhuang, et al., 2021). Cyclic
fluid injection facilitates the diffusion of fluid pressure along faults due to the sequence of fluid flowback and re-
injection. Yet, the decrease in seismic moment release hinges on various cycle-related elements, including the
critical injection pressure and injection frequency (Ji, Yoon, et al., 2021). Oscillating fluid pressure during fault
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reactivation experiments on permeable sandstone promotes seismic behavior rather than aseismic slip. This was
interpreted to be due to the alterations in critical stiffness of the fault plane (Noél et al., 2019). The conflicting
conclusions drawn regarding the effectiveness of cyclic injection primarily stem from the influence of the var-
iations in fault drainage properties and different boundary conditions (Ji, Yoon, et al., 2021; Ji, Zhuang,
etal., 2021; Noél et al., 2019). Therefore, it is essential to investigate and compare the effects of different injection
patterns under the same boundary conditions on a simulated fault in permeable rock.

The aim of this study is twofold: first, to investigate the effect of pressurization rates, and second, to examine the
impact of injection patterns on fault reactivation mechanisms in permeable, faulted rock. This is achieved by
analyzing specific seismicity parameters, including radiated acoustic emission (AE) energy, the total number of
generated events, and the magnitude—frequency distribution of these events. To this end, we conduct injection-
driven fault reactivation experiments on saw-cut permeable Red Felser sandstones under three different pres-
surization rates (high, medium, low) and using three different patterns (monotonic, stepwise, and cyclic recursive
injection (CRI) patterns) whilst monitoring the fault slip and microseismic (MS) activities. Our results indicate
that monotonic fluid injection and low pressurization rates reduce the likelihood of slip nucleation and associated
acoustic energy release, potentially mitigating induced seismicity in highly permeable and porous media.

2. Materials and Methods
2.1. Sample Preparation

A high-porosity Red Felser sandstone was selected as the reservoir rock for the injection-driven fault reactivation
experiments. This particular sandstone was collected from a quarry in the vicinity of Kaiserslautern, Germany.
Cylindrical samples were drilled with a diameter of 30 mm and cut to a nominal length of approximately
75 £ 0.8 mm. The average density and porosity of the samples were determined to be 2.1 £ 0.015 g/cm3 and
21.14 + 0.7%, respectively, using a gas expansion (helium) pycnometer. Only those with porosity falling within
the range of the average porosity +1% standard deviation were selected to minimize experimental variability.

Furthermore, all samples were cut at a 30° angle relative to the vertical cylinder axis to simulate a fault plane. The
saw-cut surfaces were carefully cleaned with a soft fabric to ensure removing leftover particles and grains due to
the saw cut (see Figure S1 in Supporting Information S1). Red Felser sandstone is mainly composed of quartz
minerals (89.5%). To characterize the mechanical properties of Red Felser sandstone, five uniaxial compression
tests were performed. The Red Felser sandstone has a UCS strength of 46 + 3 MPa and a Young's Modulus of
16 £ 1.5 GPa. The permeability of the saw-cut sample was assessed (with respect to water) using the steady-state
Darcy flow method at a confining pressure of 21 MPa, resulting in an approximate permeability of ~1.5 Darcy.
This implies that the estimated diffusion time, ., is less than 1.6 X 173 seconds (as detailed in Text S2 in
Supporting Information S1). This short diffusion time, coupled with the timescale of the experiments and pore
pressure buildup, indicates a homogeneous and constant pore pressure distribution. Pore fluid ramps are on the
order 0.2-2 MPa/min, therefore fluid pressure throughout the sample is considered to be always at equilibrium. It
is worth noting that the storage capacity—including both matrix porosity and the fault plane—was assumed to be
consistent across all samples, as they were selected based on similar porosity and fabricated with identical saw-cut
geometry. Additionally, the total system volume (including pumps, lines, pistons, and sample chamber) was kept
identical across all tests to ensure comparability.

2.2. Testing Apparatus

For the triaxial fault reactivation tests, an instrumented Hoek cell was utilized, capable of applying confining
pressure (6, = 03) up to a maximum of 70 MPa. This cell was positioned beneath a uniaxial servo-control loading
machine with a maximum capacity of 500 kN and a resolution of +0.1 kN to provide the axial stress (o;) (see
Figure 1). To isolate the rock sample and prevent interference from the confining oil, we employed a silicon
jacket. Within this jacket, we embedded eight resonant-type piezoelectric transducers, each with a resonant
frequency of 2 MHz, a diameter of 5 mm, and a thickness of 1 mm, making direct contact with the rock surface.
These transducers recorded microseismicity or AE signals (AE was used in the laboratory as a proxy for
microseismic activity observed in the field). To amplify these signals, we utilized pre-amplifiers (with a gain set to
40 dB) connected to a Richter system, which is a continuous data acquisition system (see Figure 1). The Richter
system is a multi-channel setup with 16-bit ADC resolution, comprising four units that can be synchronized.
Using the ExStream software, we recorded continuous waveforms at a 2 MHz sampling rate while maintaining an
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Figure 1. Schematic of the experimental setup including different units: (1) Loading system (a) outlet fluid line, (b) loading piston, (c) silicon jacket, (d) confining oil
inlet, (e) acoustic emission sensor, (f) inlet fluid line, (g) linear variable differential transformer for measuring axial deformation, (h) pressure sensor, (i) saw-cut
sandstone, (2) Confining pressure system, (3) Acoustic system, and (4) Pore pressure system. Note that this figure is for illustrative purposes only and does not represent
the actual scale or proportions of the components.

input impedance of 50 Q. We processed and managed the captured raw data or continuous waveforms using Insite
Seismic Processor software. A trigger logic was employed to convert the continuous waveform data into single
waveforms for further analysis. Regarding background noise, number of sensors (eight sensors used), and array
distribution, an event was recorded if three or more transducers exceeded a voltage threshold of approximately
0.07 V within a time window of 480 ps, with a sampling rate of 2 MHz.

The axial displacement (L) was measured by averaging the readings from two linear variable differential
transformers (LVDTs) positioned on the surface of the loading plate adjacent to the Hoek cell with a precision of
+1 pm and a 2 mm range (Figure 1). ISCO model 100 DM pumps were used for the pore fluid injection and
confining pressure systems, which have a precision of 0.5% in reading pressure. The pore pressure system utilizes
distilled water, while the confining pressure system operates with silicon oil. Pore pressure was introduced into
the sample from the bottom end by the injection pump, while the top end was linked to the reservoir pump. This
setup created a drained boundary condition, as illustrated in Figure 1.

2.3. Experimental Procedure

Before conducting the tests, the samples underwent complete saturation using a vacuum system located outside
the loading system. Following this, saw-cut samples were meticulously positioned within the instrumented Hoek
cell, and after applying 0.5 MPa of confining pressure, they were integrated into the loading system. Once the cell
was integrated into the loading system, an initial 5 MPa of isostatic pressure (¢; = 03) was applied (stress rate was
0.05 MPa/s). Subsequently, the injection lines were flushed to eliminate air from the system. With this primary
preparation completed, the main phases of the experiments proceeded as follows (see Figure 2):

Phase 1: The axial stress and confining pressure increased hydrostatically until the desired confining pressure of
21 MPa was achieved. The experimental conditions were designed to reflect the stress regime of the Groningen
gas field in the Netherlands, where horizontal stresses are approximately 30 MPa (Spiers et al., 2017). However,
due to the pressure limitations of the instrumented sleeve (which houses the AE sensors), the maximum confining
and pore pressures were limited to 21 and 19 MPa, respectively.

Phase 2: The pore pressure was built up until it reached 3 MPa in pressure gradient control mode (fluid was
injected from the bottom of the sample at a rate of 0.5 MPa/min) as the background pore pressure. Background
pore pressure refers to the initial pore fluid pressure uniformly established throughout the rock sample prior to
axial loading and fault reactivation. A waiting period of 15 min followed, allowing the system to equilibrate
before the next phase commenced.
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Figure 2. Schematic illustration of the experimental protocol and stress path: (1) Monotonic injection pattern, (2) Stepwise
injection pattern, (3) Cyclic recursive injection pattern. The red curve indicates pore pressure (P,), the blue curve represents
axial stress (1), and the gray curve denotes confining pressure (63).

Phase 3: While maintaining constant pore pressure and confining pressure, the axial stress increased by
continuously advancing the axial piston at a rate of 0.0005 mm/s. This process aimed to reach the shear strength
through displacement-driven fault reactivation. After the fault reactivated, the axial piston was halted, and due to
system relaxation, the shear stress dropped to 96% of the shear strength, resulting in a near-critically stressed
condition for the fault (Wang et al., 2020; Ye & Ghassemi, 2020). After this, the test switched to a constant piston-
displacement control mode, effectively locking the actuator piston. Fracture movement remained unrestricted,
causing differential stress to drop significantly due to sample shortening. This means o; drops without a change in
o03. The method assumes negligible overburden deformation, allowing elastic strain energy to release during fault
reactivation.

Phase 4: After reaching 96% of the shear strength, a 10-min relaxation period was implemented by holding the
loading machine in constant displacement-control mode. Following this relaxation, the injection process began,
involving an increase in pore pressure to induce fault reactivation through a drop in axial stress while keeping the
confining pressure constant. Different injection patterns and rates were applied until the target pressure was
reached. This phase allowed for the investigation of fault behavior under varying injection conditions.

During Phase 4, three different injection schemes were used in this study to investigate the effect of injection
patterns on microseismicity and slip behavior, as shown in Figure 2. The first pattern, MI, involved gradually
increasing the pore pressure from the background pore pressure of 3 MPa at a constant rate until reaching the
target pore pressure of 19 MPa. In the second scheme, the Stepwise Injection (SI) pattern, the pore pressure was
raised stepwise by 4 MPa at each step, starting from 3 MPa. There was a 5-min waiting interval between each step,
continuing this process until the target pressure was achieved. Lastly, the third scheme, the CRI pattern, entailed
reducing the pore pressure to 3 MPa after each cycle and increasing it by 4 MPa per cycle until reaching the final
target pore pressure of 19 MPa. The waiting time in between cycles was 2.5 min (Figure 2). Notably, all injection
patterns had the same pressurization rate of 2 MPa/min and reached the same final pore pressure target (19 MPa).
Additionally, the MI pattern was subjected to three different pressurization rates (low, medium, and high rates,
0.2 MPa/min, 1 MPa/min, and 2 MPa/min, respectively) to explore the influence of pressurization rate on
microseismicity and fault slip. Because the storage capacity was maintained constant among all samples, the
injected fluid volume necessary to achieve pore pressure buildup was expected to be comparable across
experiments.
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2.4. Data Analysis

The shear displacement along the fault plane (6) was calculated by total axial shortening (L, ), which is calculated
by excluding the contributions resulting from the elastic deformation of the test system and rock matrix (Wang
et al., 2020). Thus, shear slip along the fault plane () can be expressed as,

F F
Ly _ Lyva — K, Kok

o= cos(30) cos(30) ’

(1

where L, represents the axial displacement measured by the LVDTs, and F denotes the axial force applied
during the experiment. The vertical stiffness of the loading system (K) is 340 kN/mm, and the vertical stiffness of
the sandstone matrix (K,,.) is 70 kN/mm. The estimation of K involved conducting a uniaxial compression test
within elastic regime on a cylindrical aluminum dummy sample with a known elastic modulus.

The slip rate or slip velocity (v) of the fracture is defined as the first derivative of shear displacement (5) with
respect to time (f), expressed as:

dé

V=Es (2)

To determine the effective normal stress and shear stress, we employ the following equations and estimate the
friction along the fault plane as the ratio between shear stress (7) and effective normal stress (c7,).

+03—2P -
ol = o 0; r_a 3 % cos (20), 3)
=" B Gin(20), 4)

T

where o and o5 represent the axial and confining pressure, respectively, and @ denotes the angle between the axial
stress and the fault plane. Using the shear displacement (5) the = and o, values are adjusted for a changing
apparent contact area of the fault plane due to fault slip (see Text S3 in Supporting Information S1) (Tembe
et al., 2010). The effective normal stress is then determined by subtracting the pore pressure (P) from the
corrected normal stress, under the assumption that the Biot coefficient is equal to 1.

To investigate microseismicity evolution, different AE parameters such as AE energy (seismic radiated energy),
number of events, and b-value (magnitude-frequency distribution) were quantified. The energy of AE is directly
proportional to the area beneath its waveform, in which electrical signals are assumed to have energy proportional
to the square of their voltage (Equation 6) (Grosse & Ohtsu, 2008; Khazaei et al., 2015; Naderloo et al., 2019).

1 /’1 )
E,=—| V<(@)dt, (6)
R o

where V; represents the voltage of each trace point that surpasses the threshold amplitude, 7, and #; denote the start
and end times of the transient voltage record, respectively, while R signifies the input impedance of the AE
system, equal to 50 Q.

The Gutenberg-Richter relationship describes the statistical relationship between the occurrence frequency of
earthquakes and their magnitudes, often used in seismic hazard assessment. This concept can be expressed or
measured in terms of a magnitude-frequency relationship (Gutenberg & Richter, 1944; Lombardi, 2003).

log;y N = a — bM,, @)

NADERLOO ET AL.

6 of 19

85UB017 SUOWIWOD BA TR0 3|qedl|dde 8 A pausenob 8e sapile YO '8 J0 S8|nu 10} A%eiqI T 8UIIUO AB| 1M UO (SUOTIPUD-PUe-SWULBY WO A8 |IMAReIq 1 U1 U0//SANY) SUOIIPUOD PUe SLWB | U3 885 *[S202/2T/70] Uo ARiqITauliuo AB1IM ‘HRA AISRAIIN BOIIYS L AQ 69Y6208rY202/620T 0T/10p/Wod A8 1M Akeiqijeuljuo'sandnfe//sdiy woij pepeojumoq ‘2T ‘S20z ‘95e669T2



| . Yed J |
MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20247B029469

[
N

35, 35, 35 le-3 35 i le—3 -
- = 5o I I I v 16
= 500 g L 24
S 30{ 30| 30 3.0 s La l250
" _ @ =300( 10| = 0
~ — © T,T = T ’a © w [
S 5| @ 25a 25 2,55 [400 & a g |z 12 ]
2 s |2 g 3 Swusiz | E 200>
o |= H =
= P ~ = w = o 8+ 10— w
#2050 g0 2051300 B p0]/5 | 920 > <
@ 2 . @ Fa
= |2 |8 = v = a |9 Sli1s0 g
© 0 o % > ] I = 089 S
€ 15/21585 15 159 w5 E o & o 5
= & | 9] © = 258 6V o ©
<] & St008 S =18 0,62 [smay
= [0} © = b [ © " 100 3
0 10l 51012 102 £ G 5 |2 8 "=E
Lg% c0 5 S Q208 |& T =
5 o 5 4 =
5 100 5 16 50
g 5 5 5 0.5 &ﬂ__) 17.5 02
w w
2 3400 3500 3600 3700 ET R Do 2 Mz 330 3380 3400 3420 3440 3460 °° °
b) Time (s) e) Time (s)
35, 35; 35 le—3 35 12 le—3 300
= 2= i 1 o m I\ 16
£ 500 © 32 24
= 30 30 30 3.0 = " 1.4 250
e - | m Zsoo| 100 s
T o © n ks w =
O 5|8 2s|a o5 252400 5 E & (a2 128§
aoE |2 g z Bausiz = é 200>
o |= | o =
o 5 = 81 Jio=
[ Yot w [ . w
3 20{ 2201, 20 207 1300 S w2 > <
(e = ] 2 Nsol3 |4 Bilies
2Bz g 2 E BB osg 102
E 15121515 R k- = 25§ 610 ° =
2 ?1_; © > 2005 2 o i 06> 110035
[o% = Q =3
v 0[50 10 0= E 92008 | = E
2WRTS w3 32 n 0.4 a
5 =] 4
o 100 S 16 %
@, = 5 2 05 @ 175 0
b=
w w
15.0 2l s o lo
o 3000 3250 3500 3750 4000 4250 4500 4750 50080 © 5000 3050 3100 3150 3200 3250 3300 3350 3400
C) Time (s) f) Time (s)
35, 35, 35 le=3 35 12 _________le-3 300
5 s 5 s 5 I I v 16
s 30 30{ 30 3.0 = 1.4 [250
-~ [4) 30.0{ 10 v
Y58 Dla0E © T |8 9| €
MES S-S 253[400g O £ |2 128§
27 |12 E 3 gwsZ |2 =
] ~ ] = o lhT
[ =4 I-» [ =4 8
o =| w o Lo=| w
{20520 p20 205300 @ 50l5 w2 > <
© Q| i) ¢ ®© g e 087G [0Y
£ Q15| % 15.0 = e o e = S
5 Blg|en 90|, B £ 225K 60 3| =
S o >|200= O o » 18 0.6> S
=4 [ © 3 =2 [ © & 100 3
e 1] a £ = ] Q £
0 10{81%c10 0= 2008 |< =
Z|E |» w3 27 ,|w 0.4 >
=] =1 4 o
5 100 5 16 o
2 sl 3 s 05 21s &5
w w
9 3000 4000 5000 6000 7000 20 0 210 ¢ 1 3000 3200 3400 3600 20 50
Time (s) Time (s)

Figure 3. Temporal evolution of shear stress, effective normal stress, microseismicity, and slip velocity with increasing pore
pressure (injection) in tests with different pressurization rates, (a) high rate, (b) medium rate, and (c) low rate (d, e, and f)
show a zoomed-in view of the shaded area in (a, b, and c), respectively. The stages I-IV represent the onset of an increase in
pore pressure, the initiation of fault reactivation accompanied by an increase in slip velocity, the subsequent increase of slip
velocity reaching a peak and then declining (slow slip), and continuous sliding, respectively.

where N is the number of events with a magnitude larger than or equal to M;, and a and b are empirical constants.
The b-value represents the inverse of the slope in the logarithmic frequency-magnitude graph. A higher b-value
indicates a higher proportion of small events than larger ones, a favorable characteristic for mitigating seismic
activity (Lei et al., 2018). In this study, under consistent conditions across all experiments, b-value estimations are
based on relative magnitudes, determined from the maximum amplitude of each event, rather than the actual AE
magnitude (see Text S5 in Supporting Information S1).

3. Results
3.1. Effect of Pressurization Rate

Figures 3a—3c illustrate the results of three different pressurization rates (high, medium, and low), showcasing the
temporal variations in shear stress, effective normal stress, slip velocity, and cumulative microseismic (MS)
events following the injection or pore pressure increase. The shear stress was stabilized during the relaxation
period prior to the start of injection at approximately 22.5 + 0.5 MPa for all experiments. The shear stress de-
creases as the slip velocity increases and fault reactivation begins, as indicated by the brown zone (stage II) in
Figures 3d-3f. Pore pressure values for reactivation are very similar for all pressurization rates (4.8, 4.5, and
4.1 MPa for high, medium, and low pressurization rates). This suggests that the initiation of fault reactivation is
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Figure 4. Evolution of friction expressed as (z/ , ), shear slip, and slip velocity with building pore pressure (injection) in tests
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n

with different pressurization rates, (a) high rate, (b) medium rate, and (c) low rate. (d and e, and f) show the zoomed view of
shaded area in panels (a—c), respectively.

mostly governed by the magnitude of pore fluid rather than the pressurization rate. Additionally, microseismic
events are observed to commence when fault reactivation starts.

In the high pressurization rate scenario, fault reactivates when slip velocity begins to increase (depicted by the
brown zone in Figure 3d, stage II). As injection progresses, velocity rapidly increases, culminating in a peak, and
drops quickly, resembling a slow slip event (depicted by the gray zone in Figure 3d, stage III). Aseismic (creep)
slip velocity for natural faults is generally less than 0.001 mm/s, and slow slip events have peak slip rates of less
than 1 mm/s (Biirgmann, 2018; Leeman et al., 2016). The peak slip velocity is 0.0012 mm/s, thus can be
considered as a slow slip. After a slow slip event, slip velocity maintains a consistent level and increases slightly
by approaching the end of the injection operation (stage IV). Similar behavior is observed for the microseismic
behavior in which event generation starts with the initiation of fault reactivation (Figure 3d brown shaded zone,
stage II). There is a rapid surge in the number of MS events (stage III), followed by a continuous generation of
microseismicity proportional to the pressurization rate as pore pressure increases (see Figures 3a and 3d). On the
other hand, the medium and low pressurization rates exhibit a distinct pattern, with no sharp increase in
microseismic activity (see Figures 3b, 3c, 3e, and 3f), and the MS events increase slowly and gradually relative to
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Figure 5. Comparison of different seismicity parameters obtained from experiments with different pressurization rates:
(a) total number of MS events, (b) total radiated acoustic emission energy, (¢c) maximum slip velocity, (d) estimated b-value,
and (e) estimated a-value.

their respective pressurization rates. Also, in the low-rate injection scenario, there is no slow slip (velocity ac-
celeration and drop) during fault reactivation; instead, the slip velocity gradually increases from stage II to stage
IV and fault slides (interpreted as fault creep) with a constant value as an injection or pore pressure buildup
progresses. In other words the likelihood of slow slip nucleation and a drastic increase in the number of events at
the onset of fault reactivation is minimized by reducing the pressurization rate. The high pressurization rate is
characterized by higher maximum slip and continuous slip velocity compared to the medium and low pressur-
ization rates.

Frictional evolution, expressed as (r/ ) for all the pressurization rates is shown in Figure 4. As the injection
n

initiates and pore pressure builds up, the friction increases linearly for all pressurization rates (Figures 4a—4c,
stage I). In the case of a high pressurization rate, following the linear increase of the friction to a static friction
coefficient (Figures 4a and 4d, stage II), it subsequently drops, coinciding with the maximum slip velocity and the
occurrence of a slow slip event (stage III). After the friction drop, it gradually recovers and increases with the
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Figure 6. Temporal evolution of shear stress, effective normal stress, microseismicity, and slip velocity for stepwise injection
(SI) and cyclic recursive injection (CRI) patterns. (a) SI pattern. (b) CRI pattern. (c) and (d) show a zoomed-in view of the
shaded area in panels (a and b), which includes the first and second step/cycle of injection for SI and CRI patterns,
respectively. The stages I-V represent the onset of an increase in pore pressure (silent area), the initiation of fault reactivation
accompanied by an increase in slip velocity, the subsequent further increase of slip velocity reaching a peak and then
declining (slow slip), and continuous sliding, and decline in slip velocity following by the cessation of fault slip, respectively.

further increase in pore pressure (stage IV). There is no drop in friction for the cases of medium and low pres-
surization rates (Figures 4b, 4c, 4e, and 4f). After slip velocities reach their constant rates (Figures 4b, 4c, 4e, and
4f), a nearly linear increase in friction is observed with a further increase in pore pressure, similar to the high
pressurization rate case after the friction drop (slow slip). At the end of the injection operations (i.e., after building
up 19 MPa pore pressure in the system), the total shear stress drop and total shear slip are 17.5 = 0.3 MPa and
0.32 + 0.005 mm, respectively, very similar for all three pressurization rates (Figures 3 and 4).

While the total shear displacement and total shear stress drop remain consistent across various pressurization rates
(Figure 4), and all cases experience stable sliding, the seismicity pattern and slip velocity differ. Figure 5 directly
compares the number of events (Figure 5a), total radiated AE energy (Figure 5b), maximum slip velocity
(Figure 5c), and b-value (Figure 5d) across tests with different pressurization rates. There is a clear difference
between the high pressurization rate experiments and the low or medium pressurization rate experiments. With a
high pressurization rate, the radiated total AE energy, maximum slip velocity, and the total number of events, all
exhibit higher values than in the other experiments. Moreover, the b-value is elevated in the medium and low-rate
pressurization cases (Figure 5d, Text S5 and Figure S3 in Supporting Information S1). Together this suggests the
high pressurization rate leads to more pronounced seismic activity and slip motion. Despite this difference in
overall AE activity, the a-values derived from the Gutenberg-Richter relation are broadly comparable across all
cases (Figure 5e).

3.2. Effect of Injection Pattern

Figure 6 depicts the evolution of shear stress, effective normal stress, slip velocity, and microseismic (MS) events
while building up pore pressure through stepwise and cyclic recursive patterns. The data can be divided into five
stages. The SI and CRI patterns share stages I-IV with the MI pattern, including stage I (silent zone based on MS
activity and without fault movement), stage II (start of MS activity and reactivation with an increase in slip
velocity), stage III (the further acceleration of slip velocity reaching a peak and then declining (slow slip)), and
stage IV (continuous sliding) (Figure 6). However, there is another stage when injection stops or reduces between
cycles in which MS activity remains absent, and slip velocity approaches near-zero values (stage V). To focus first
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Figure 7. Evolution of key mechanical parameters over four pressurization cycles/steps. (a) Stepwise injection injection
pattern and (b) Cyclic recursive injection pattern. Both panels show the progression of reactivation pore pressure (green),
shear slip (orange), maximum slip velocity (red), and shear stress drop (blue) with increasing number of cycles/steps.

on stage V of the SI pattern, once the pore pressure reached 7 MPa during the first step, the injection pump was
halted and pressure maintained at a constant level for 5 min (see Figures 6a and 6¢). Throughout this waiting
period, the shear stress and effective normal stress experienced a gradual decline and stabilized, accompanied by
the absence of microseismic activity (stage V in Figure 6). Additionally, the slip velocity diminished nearly to
zero. Comparing that to phase V of the CRI pattern, following the first cycle, a waiting period of 2.5 min followed,
sufficient for the relaxation of shear stress and MS activity cessation (Figures 6b and 6d, stage V). After waiting
time, the pore pressure was reduced (depleted) to 3 MPa, serving as a reference or background pore pressure. For
both SI (waiting time only) and CRI (waiting time plus time spent for pressure depletion), injection recommences
to elevate the pore pressure within the system further to reach the next target (11 MPa). The MS activity shows
that the fault reactivates when pore pressure is 7.9 MPa during the second cycle/step, and reactivation stages are
similar to the prior step/cycle (see the colors for stages of reactivation in Figures 6¢c and 6d). Increasing the total
number of injection cycles (CRI) or steps (SI) results in a noticeable rise in peak slip velocity, shear stress drop,
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Figure 8. Evolution of r/ﬂ, (friction) with clustering of MS events per cycle/step. (a) Stepwise injection (SI) pattern.
n

(b) Cyclic recursive injection (CRI) pattern. (c) and (d) show a zoomed view of the shaded area in panel (a) and (b), which
includes the first and second step/cycle of injection for the SI and CRI patterns, respectively.
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Figure 9. Comparison of different parameters obtained from the experiment with different injection patterns (monotonic
injection, stepwise injection, and cyclic recursive injection): (a) total number of MS events, (b) total radiated acoustic
emission energy, (c) b-value estimation, and (d) maximum slip velocity.

total shear slip, and reactivation pore pressure (see Figure 7). However, the increase in maximum slip velocity per
step in the SI pattern is less pronounced than the increase per cycle observed in the CRI pattern.

Comparing the MI, SI, and CRI injection patterns, the evolution of shear stress and effective normal stress differs
notably among the protocols (see Figures 3a, 6a and 6b). In the CRI pattern, the effective normal stress varies
directly with pore pressure, increasing and decreasing in response to changes in pressure. The SI pattern, by
contrast, exhibits a stepwise reduction in effective normal stress (Figures 6a and 6b). In the MI pattern, both shear
stress and effective normal stress decrease continuously, corresponding to the monotonic increase in pore
pressure (Figure 3a). Across all three injection protocols, differences in the evolution of shear and effective
normal stress result in distinct slip behaviors. The MI leads to a single slow slip event (i.e., a slow stick-slip),
while the SI and CRI patterns give rise to episodic slow slip events, with one occurring in each step or cycle.

Figures 8a and 8b further investigate the evolution and correlation of friction and AE amplitudes with pore
pressure changes for SI and CRI patterns. Throughout the course of the experiment, there is a semi-continuous
increasing trend in friction (Figures 8c and 8d). In stages I and II, with increasing pore pressure in each cycle/
step, a slight and almost immediate increase is observed for friction of ~0.045 (it is detailed in Text S4 in
Supporting Information S1). In stage III, once reactivation starts, the friction drops, concurrent with a sharp
increase in slip velocity. In stage IV, friction recovers and starts to increase again as the pore pressure further
increases until injection stops for that cycle or step. Each step or cycle comes with a cluster of microseismic (MS)
events during injection (depicted in Figures 8c and 8d), and the amplitude of the events increases during each
successive step/cycle. In the case of the CRI pattern, the Kaiser effect was observed, such that microseismic (MS)
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— low rate B pressurization (see Figure S6 in Supporting Information S1 for details).
23.5 Medium rate

- High rate
— Reactivation path

26 27 28 29 30 31
Effective Normal Stress (MPa)

32

Figure 10. Stress path for different pressurization rates. The black line shows
displacement-driven fault reactivation (from point A to B, axial stress
increase) and the following relaxation before injection starts (from point B to
C). Pore pressure buildup starts from point C and changes the stress path by
changing shear and effective normal stress. During the highest pressurization
rate, the effective normal stress drops by approximately 2.1 MPa within 45 s
(from point C to E). For the medium pressurization rate, this drop takes
approximately 100 s for a 1.5 MPa reduction to occur (from point C to D).
For the low pressurization rate, there is no sudden drop in effective normal
stress; instead, it gradually decreases along with shear stress as pore pressure
increases.

However, since the pore pressure required for reactivation increases with each
cycle (Figure 7b), MS events do not occur immediately upon reaching the
previous cycle's maximum pore pressure. This increase in reactivation pres-
sure is attributed to a reduction in axial deviatoric stress—carried over from
the preceding cycle—which renders the system less critically stressed. As a
result, MS events are only triggered at higher injection pressures.

Similar to comparison presented in Figure 5 for experiments conducted at
various pressurization rates, Figure 9 compares the total number of MS events,
total radiated AE energy, maximum slip velocity, and estimated b-value across
different injection patterns. There is no significant discrepancy in the total
number of generated events (Figure 9a). However, it is noteworthy that the
maximum slip velocity and the total radiated AE energy resulting from the CRI
pattern surpass those of the MI and SI patterns. This observation indicates that
the larger events generated during the CRI pattern may be attributed to the
higher slip velocity resulting from abrupt shear stress drops. Furthermore, the
same interpretation can be drawn from b-value estimation, which reveals that
using the CRI pattern decreases the b-value by 15% compared to the MI pattern
(Figure 9c). This implies a relatively more significant occurrence of larger
seismic events than small ones when employing the CRI pattern. Conse-
quently, it suggests that the CRI pattern leads to more prominent seismic ac-
tivity and fast slip motion in comparison to the SI and MI patterns.

4. Discussion

Over the past few years, there has been a growing interest in fine-tuning
injection operations for a range of applications, including geothermal pro-

jects, hydraulic fracturing, and temporal energy storage endeavors (Patel et al., 2017; Zang et al., 2013). This

increased attention is driven by the desire to minimize induced seismicity and implement effective seismic risk

management. Our results show different behavior in seismicity and fault slip corresponding to different pres-

surization rates and patterns, providing potential input to adjust injection operations and traffic light systems for

subsurface-related projects.

4.1. Destabilizing Effect of High Pressurization Rates in Faulted Permeable Rocks

Studies into the effects of fluid pressure change on fault reactivation in impermeable rocks demonstrate that

localized fluid overpressures (where the pressure locally exceeds what is anticipated based on a uniform Coulomb

criterion) can instigate periods of quasi-static or partial fault slip (Huang et al., 2021; Labuz & Zang, 2012;
Passelegue et al., 2018; Viesca & Rice, 2012). Subsequently, this may be followed by earthquake nucleation and
propagation, extending well beyond the initially pressurized region (Rutter & Hackston, 2017). High pressuri-

zation rates can increase the chance of localized fluid overpressures and slip nucleation (Passelegue et al., 2018).

However, in a highly permeable medium, the chance of localization of pore pressure is low due to the drainage
conditions along the fault ( Wang et al., 2020). showed that in the context of permeable fault structures, the mode
of fault slip is predominantly influenced by the rate of fluid pressurization rather than the magnitude of pore

pressure. We observed a similar result: a high pressurization rate induced a slow slip event at the beginning of

fault reactivation. In contrast, with medium and low pressurization rates, fault reactivation started without the

nucleation of slow slip events, and exhibited a gradual increase in slip velocity, despite the same level of pore

pressure (Figure 3). Our results also demonstrate that the pressurization rate influences the seismic response—

specifically, the maximum slip velocity, radiated AE energy, total number of events, and b-value (Figure 5).

In particular, a lower injection rate is associated with reduced seismicity, lower AE energy release, and fewer

large-magnitude MS events, as indicated by the estimated b-value.

To explain how and why the pressurization rate can influence the fault slip behavior and subsequently, seismicity

response, we will discuss our results within the context of frictional models. The process of frictional evolution is
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Figure 11. (a) Evolution of hydraulic power and (b) imposed total hydraulic energy into the system for the tests with different
pressurization rates.

described through the utilization of rate-and-state constitutive laws, enabling the accurate replication of a diverse
array of observed seismic and aseismic fault phenomena (Dieterich, 1979; Hunfeld et al., 2020; Marone, 1998;
Ruina, 1983). Combining the rate-and-state friction approach with a one-dimensional spring-slider model, the
critical stiffness marks the point of transition from stable to unstable slip (Dieterich, 1979; Noél et al., 2019;
Rice, 1993; Ruina, 1983). As a consequence of fluid injection, there is a change in the effective normal stress
(Alghannam & Juanes, 2020). adopted a one-dimensional spring-slider model as outlined by Linker and Diet-
erich (1992) to the poroelastic spring—slider system with an evolving pore pressure in which the critical stiffness
(K,i;) is given by:

SCSLY) A Y ®)

where the term b — @ represents the original rate-and-state parameters (experimentally derived parameters), d,. is

critical slip distance, ) is normal stress, V) is reference velocity, and a is a scaling factor, P is pore pressure and P
is the pressurization rate.

Slip occurs through stick-slip behavior (unstable) if (a—b < 0) and the stiffness of the loading system (k) falls
below a critical threshold (k < k,;;), while for k > k,;,, the system is linearly stable to small perturbations, leading
to stable sliding. However, in the non-linear regime, frictional state evolution can influence slip stability. For the
poroelastic spring—slider system, frictional instability hinges on both pore pressure magnitude and its rate of
change. The influence of P prevails during the rapid early growth of pore pressure, elevating the critical stiffness.
However, as pore pressure diffuses and stabilizes, P takes over, causing a decline in critical stiffness (Alghannam
& Juanes, 2020; Cappa et al., 2019; Heimisson et al., 2019).

The initial destabilizing impact of the pressurization rate (P) is likely linked to a transient influence on contact
interlocking (Alghannam & Juanes, 2020). Figure 10 depicts changes in normal effective and shear stress due to
the pore pressure increase for different pressurization rates. Notably, the high-rate injection scenario exhibits a
sudden ~ 2.1 MPa drop in effective normal stress (red arrow), distinct from the behavior corresponding to the
medium and low-rate injection at the start of fault reactivation (Sun et al., 2024). This abrupt drop can potentially
result in fault opening and the disruption of asperity contacts (Wang & Scholz, 1994), although direct mea-
surements and observations of this are not available, leading to a phase of slow slip (Figure 3d, stages II and III).
Additionally, Figure 11 presents the calculated total hydraulic energy and evolution of hydraulic power across all
pressurization rates. The input power of the system, known as hydraulic power, is calculated by multiplying the
injection fluid pressure (P) by the injection rate (¢). By integrating hydraulic power over the injection interval, we
determined the hydraulic energy involved (Goodfellow et al., 2015). Although the total hydraulic energy input
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Figure 12. Illustrating the evolution of stress paths in the shear stress-effective normal stress space. Initially, up to point A, the stress path undergoes changes solely due
to variations in axial stress (displacement-driven), while pore pressure and confining pressure remain constant. Following point A and the associated relaxation period,
injection commences, with the color bar indicating the increasing pore pressure. The figure includes three scenarios: (a) Monotonic injection pattern, (b) Stepwise
Injection pattern, and (c) Cyclic recursive injection pattern. The orange arrows indicate the moments of reactivation and stress drop, while the red and black arrows mark
the depletion of pore pressure and the re-injection process.

into the system does not differ substantially—given the same injected water volume and assuming similar storage
capacity for the homogeneous Red Felser sandstone—a significant contrast is observed in the magnitude of
hydraulic power. Specifically, there is a noticeable surge in hydraulic power in the case of high pressurization
rates (Figure 11). This rapid increase in hydraulic power may plausibly explain the sudden decrease in effective
normal stress. Consequently, higher pressurization rates enhance the likelihood of a sudden reduction in effective
normal stress. This sequence of events can ultimately trigger slow slip and contribute to the occurrence of high-
energy microseismic events.

4.2. Stabilizing Effect of Pore Pressure in Permeable Faulted Rocks

As mentioned in the previous section (poroelastic spring—slider system), after pore pressure diffuses and reaches a
steady state, the stabilizing influence of pore pressure (P) starts by reducing the critical stiffness (Equation 8),
which is more likely associated with its impact on interface locking. Elevated pore pressure reduces the effective
normal stress, potentially decreasing the degree of interface locking along the fault. As a result, this reduction in
locking limits the potential magnitude of stress drops during fault slip (Alghannam & Juanes, 2020; Cappa
et al., 2019; Moreno et al., 2010; Segall et al., 2010) showed that fluid pressure initially induces accelerating
aseismic creep and fault opening. As fluid pressure continues to increase, friction evolves toward a rate-
strengthening regime, promoting stable, aseismic slip. These interpretations (stabilizing effect of pore pres-
sure) are consistent with our findings. As shown in Figure 4, an increase in friction is observed for all pressur-
ization rates as pore pressure builds up. This trend is also reflected in the cumulative microseismic (MS) event
counts and MS event rates, which exhibit no abrupt spikes, indicating stable sliding across all cases (Figure 3).

In our idealized laboratory setup, high pressurization rates initially destabilize the fault, triggering instability due
to rapid pore pressure increases, while stabilization occurs later as pore pressure diffuses and its magnitude
becomes dominant. However, in real-world scenarios, heterogeneity in the rock matrix surrounding the fault and
fault gouge mixtures within the fault plane can lead to a non-uniform and time-varying pore-pressure field during
fluid injection. This implies that the effects of the pressurization rate (rate front, referring to the spatial propa-
gation of pore-pressure increase) may be even more pronounced, with a prolonged influence before pore pressure
diffusion allows the pressure magnitude to dominate and stabilize the fault. These observations further highlight
that variations in boundary conditions—such as permeability, saturation state, and stress configuration—can
strongly influence the evolution of pore pressure and fault slip behavior, emphasizing the need for continued
investigation under different experimental and field scenarios.

Furthermore, it is worth noting that the calculated fault stiffness remains constant at approximately k, ~ 58 MPa/
mm (slope of the shear stress vs. shear slip which is shown in Figure S4 in Supporting Information S1) across all
tests conducted, regardless of varying pressurization rates and patterns. The system's stiffness measures
approximately 270 MPa/mm, well above the stiffness of the fault (k > k/), and therefore the behavior of fault slip
remains mechanically stable throughout all tests conducted with different pressurization rates. Hence, the
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Figure 13. Change in effective normal stress and axial shortening of the sample per cycle until the end of the injection
operation (Cyclic recursive injection pattern). The shaded area shows fault compaction (red arrow) and fault dilation (black
arrow), indicated by increases and decreases in effective normal stress.

combined effects of pore pressure build-up and the high stiffness of the system serve to ensure stable sliding
behavior across all test scenarios, even though slow stick-slip is observed in cases of high pressurization rates.

4.3. Effect of Injection Pattern on Fault Reactivation

Many investigations into seismicity in low permeable faulted or intact rock have suggested that the seismic re-
action to cyclic fluid injection contrasts with that of MI, hinting at the possibility of cyclic injection resulting in
diminished levels of induced seismic activity (Ji, Yoon, et al., 2021; Ji, Zhuang, et al., 2021; Naderloo et al., 2023;
Niemz et al., 2020; Zang et al., 2019; Zhuang et al., 2020). Our findings reveal distinct behaviors among different
injection patterns on saw-cut permeable sandstone. When using the CRI pattern, we observe the occurrence of
slow slip in each cycle, whereas, in the MI pattern, slow slip nucleates only once during fault reactivation
(Figures 3a and 6b). Additionally, slow slip events occur at each step of pore pressure increase in the SI pattern
(Figure 6a). Notably, the CRI pattern induces a higher maximum slip velocity than MI and SI patterns (Figure 9d).
Furthermore, our microseismic analysis underscores that while there is no significant difference in the total
number of events generated across all three injection patterns, employing the CRI pattern generates larger
magnitude events in contrast to the MI and SI patterns. This discrepancy is attributed to the higher total radiated
AE energy observed in the CRI pattern (Figure 9b).

Moreover, the b-value extracted from the CRI pattern is lower than those of the MI and SI patterns, indicating a
greater prevalence of larger-magnitude events (Figure 9c). The four slow slip events induced by the CRI pattern
each exhibit a higher maximum slip velocity (Figure 6b) than the single slow slip event observed in the MI pattern
(Figure 3a), as summarized in Figure 9. Intuitively, having four slip events, each with a higher peak velocity than a
single lower-velocity event, would be expected to produce larger seismic events. In other words, the combination
of more frequent slip episodes and higher peak slip velocities likely explains the increased microseismic activity
associated with the CRI pattern.

Next, we will discuss the differences in slip behavior and seismicity resulting from the different injection patterns
in terms of (1) the effect of pressure rate front (pressurization rate (I")), and (2) fault compaction and dilation.

1. Figure 12 illustrates the stress path for all patterns. Specifically, at the start of each cycle or step in the CRI and
SI patterns, we observe a notable and sudden drop in effective normal stress (orange arrows). Since both
patterns were conducted with a high pressurization rate (2 MPa/min), the initial destabilizing influence of the
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rate front (I") will result in a sudden drop in effective normal stress (i.e., Figure 12). This rate front leads to
fault opening and the disruption of asperity contacts and subsequently initiates a phase of slow slip
(Alghannam & Juanes, 2020; Wang & Scholz, 1994). During both the SI and CRI patterns, when pore pressure
stops increasing between each cycle/step, we allow the system to stabilize and reach equilibrium. Each time
pore pressure rises the perturbing and destabilizing impact of the pressure rate (P) comes into play.

2. In the case of CRI, by reducing the pore pressure, the effective normal stress (¢7,) exerted on the fault rises (as
indicated by the red arrow in Figures 12¢ and 13), resulting in fault compaction. The compaction is illustrated
in Figure 13, which increases sample axial shortening. The absence of any associated MS event or change in
slip velocity during the reduction of the pore pressure suggests that shear slip is not occurring, and the observed
behavior is attributable to fault compaction with an additional contribution from the poroelastic response of the
rock matrix. The effective normal stress acting on the fault plane decreases again through elevating pore
pressure (Figures 12¢ and 13, black arrow). The reduction in effective normal stress leads to fault dilation and a
tendency for the porous rock to expand in volume during pore pressure buildup. This is evident in Figure 13,
where re-injection results in a decrease in axial shortening, indicating poroelastic expansion and fault dilation.
Primarily, fault compaction can enhance the likelihood of healing even in the time scale of depressurization
ramp (minutes) which increases the shear strength of the quartz-rich fault plane (see Figure S1 in Supporting
Information S1) ( Hunfeld et al., 2017; Seyler et al., 2023). In fact, frictional healing would promote the
strengthening of the fault by effectively locking it during the compaction phase (as pore pressure decreases).
Consequently, overcoming the high shear strength can trigger abrupt slips. Additionally, the interplay of fault
dilation and compaction through fluctuations in effective normal stress can influence and oscillate the critical
stiffness of the fault shown in Equation 8 (Noél et al., 2019).

5. Conclusions

We conducted triaxial fault reactivation experiments on saw-cut Red Felser sandstones under different pres-
surization rates and patterns to reveal the effect of pressurization rate and pattern on microseismicity pattern and
fault slip. The results show that:

1. A high pressurization rate increases the likelihood of a sudden reduction in effective normal stress, promoting
the nucleation of slow slip events. In contrast, a low pressurization rate leads to a more gradual decrease in
effective normal stress, reducing the propensity for slow slip nucleation.

2. A low pressurization rate is characterized by a lower maximum slip velocity, resulting in lower total radiated
AE energy and a reduced total number of microseismic events. In contrast, it exhibits a higher b-value
compared to a high pressurization rate.

3. A cyclic recursive pattern in highly porous and permeable sandstone resulted in more frequent and abrupt slow
slip events compared to a MI pattern.

4. Shear slip, shear stress drop, and maximum slip velocity all increase progressively from the first to the fourth
cycle or step during both the SI and CRI patterns.

5. Under the studied conditions, the MI pattern appears to be more effective in reducing seismicity in high-
permeability sandstone compared to cyclic recursive and SI patterns.
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