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Abstract Recent observations have revealed pore-fluid pressure fluctuations correlated with the occurrence
of slow slip events (SSEs) in several subduction zones. These fluctuations, caused by fluid accumulation and
migration before and during SSEs, may modulate the timing and characteristics of these events. To test whether
pore-pressure changes can induce SSEs comparable to observations, we develop a physical model in which
periodic changes in pore-fluid pressure are imposed on a planar velocity-weakening fault by varying the
effective normal stress (one-way coupling). Fluid is assumed to be injected at the center of the fault and to
diffuse along the fault plane according to the axisymmetric diffusion equation. Our results show that these
perturbations produce a spectrum of slip behaviors, from quasi-periodic SSEs to earthquakes, including mixed
behaviors. The induced SSEs have durations and magnitudes ranging from approximately 3 months to over a
year and M,,5.5-7.5. However, the model does not reproduce the full range of SSE properties observed in
subduction zones, and the parameter space leading to SSEs is narrower than that of models with velocity-
strengthening faults. These findings support the previously proposed idea that SSEs are more consistently
reproduced by models of velocity-strengthening faults than by models of velocity-weakening faults subjected to
pore-pressure perturbations.

Plain Language Summary Slow slip events are a type of fault movement that occurs much more
slowly than regular earthquakes and can last for weeks or months instead of seconds. These slow events are
thought to be influenced by changes in the pressure of fluids moving through tiny spaces in rocks deep
underground. When fluid pressure changes, it can affect how easily rocks slip past each other. To better
understand this process, we developed a computer model of a fault in which fluid is repeatedly injected at the
center and then spreads over time. Using this model, we tested whether changes in fluid pressure, combined with
different frictional properties of the fault, can trigger slow slip events similar to those observed in nature. We
found that models with certain frictional properties better reproduce the characteristics of these events. We also
found that, for the model to match real-world slow slip events, the fault zone must allow fluids to pass through
easily.

1. Introduction

Recent observations have inferred pore-fluid pressure fluctuations that correlate with the occurrence of slow slip
events (SSEs) in subduction zones, such as Cascadia (Gosselin et al., 2020), Hikurangi (Herath & Audet, 2024;
Warren-Smith et al., 2019; Zal et al., 2020), Nankai (Kita et al., 2021), Sagami (Nakajima & Uchida, 2018), and
Mexico (Frank et al., 2015). Such fluctuations have been inferred based on changes in seismic velocity, relative
principal stresses, seismic anisotropy, seismic attenuation, and changes in the acceleration rate of low frequency
earthquakes during SSEs. A compelling example of these pore-pressure cycles occurred along the Hikurangi
subduction zone, which marks the subduction of the Pacific plate beneath the Australian plate. Here, Warren-
Smith et al. (2019) uncovered systematic changes in the relative magnitude of principal compressive stresses
that temporally correlate with shallow SSEs. These changes, used as a proxy for pore-fluid pressure, uncovered a
pattern in which pore-fluid pressure increases during the inter-SSE period and decreases at the onset of slip.

The inferred pore-pressure cycles have been interpreted in the context of the fault valve model (Sibson, 1992). In
this model, episodes of fluid accumulation and drainage are driven by permeability changes along the plate
interface. Before SSEs, fault zone permeability is low (Audet et al., 2009; Peacock et al., 2011), which traps fluids
within the subducting slab, thus increasing pore-fluid pressure. As pore-pressure builds up, it eventually reaches a
near-lithostatic value, which breaks the low-permeability seal and induces slip at the plate interface. The onset of
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Figure 1. (a) Schematic diagram showing a conceptual model of pore-pressure cycling during shallow Hikurangi SSEs, based
on Warren-Smith et al. (2019). Orange contours show cumulative slip during the 2016 shallow Gisborne SSE (Wallace

et al., 2016). Thick cyan lines indicate fractures. (b) Schematic of our model setup showing a pore-pressure increase at the
fault center (blue lines with different shades indicate consecutive time steps) and the properties of the frictional interface,
where VW stands for velocity-weakening and VS for velocity-strengthening. R is the radius of the VW patch. (c) Exploration

of model parameters a/b and 2R/ hgy for simulation cases without pore-pressure perturbations. Fault response is classified into
continuous creep (white circles), SSEs (V < 1072 m/s, red squares) and earthquakes (V > 1072 m/s, blue stars). (d) Example of
modeled pore fluid pressure changes assuming axis-symmetric fluid diffusion. Temporal change in normalized pore fluid
pressure is shown at the fault center (top) and along z (bottom). Perturbation parameters are explained in Section 2 and Text S2
in Supporting Information S1.

slip generates fractures, which allow upward fluid flow and decrease pore-fluid pressure. The cycle continues as
mineral precipitation closes the fractures thus decreasing permeability (Warren-Smith, et al., 2019). A schematic
diagram of this process is shown in Figure la. This interpretation is supported by field observations showing
crack-seal veins indicating large-scale fluid circulation (Behr & Biirgmann, 2021; Condit & French, 2022;
Muiioz-Montecinos & Behr, 2023; Oncken et al., 2022).

Observations of pore-pressure fluctuations during SSEs have challenged our understanding of their physical
mechanisms. Early numerical models of SSEs within the rate-and-state friction framework (RSF, Dieterich, 1979;
Marone, 1998) typically assumed constant pore-fluid pressure, velocity-weakening friction and relied on alter-
native processes (e.g., transition to rate-strengthening friction at higher slip speeds, Shibazaki & lio, 2003;
dilatancy strengthening, Segall et al., 2010; transitional friction behavior, Liu & Rice, 2007) as stabilizing
mechanisms. More recent models have explored the role of fluids more explicitly, coupling fluid flow and fault
slip to account for the evolution of permeability, porosity, pore-pressure and slip (e.g., Ozawa et al., 2024; Yang &
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Dunham, 2023; Zhu et al., 2020). Given that these models account for two-way coupling of fluid flow and fault
slip, computational costs are intensive and geometry is typically restricted to 2-D, which limits comparison to
observations. Other models have examined the generation of pore-pressure waves (Cruz-Atienza et al., 2018), the
effect of fluid pressure diffusion on a frictionally heterogeneous fault (Hosseini et al., 2025), the evolution of
pore-pressure and permeability (e.g., Farge et al., 2021), or have studied fluid flow in pore-elastic (e.g., Heimisson
et al., 2019; Marguin & Simpson, 2023) or visco-elastic rheologies (e.g., Zilio & Gerya, 2022). Despite these
advances, the extent to which pore-pressure changes along faults can initiate or modulate SSEs remains an open
question.

An alternative modeling approach by Perez-Silva et al. (2023) explored the effects of pore-pressure changes on
fault slip by imposing variations in effective normal stress (i.e., one-way coupling). They found that periodic
pore-pressure fluctuations induced SSEs on velocity-strengthening faults with characteristics comparable to those
observed in several subduction zones (Perez-Silva et al., 2023). However, their model did not account for
velocity-weakening behavior, which is also present in many slow slip regions (e.g., Ikari et al., 2020; Rabinowitz
et al., 2018). Velocity-weakening friction has also been proposed as a key factor in SSE generation in several
numerical models (e.g., Liu & Rice, 2005, 2007; Rubin, 2008; Segall et al., 2010). These mechanisms, however,
have not been able to account for the ubiquitous nature of SSEs, as the range of parameters that produce them is
relatively narrow.

In this study, we investigate whether periodic pore-pressure fluctuations can generate quasi-periodic SSEs on
velocity-weakening faults, and whether this mechanism can broaden the conditions under which these SSEs
occur. We build on the model by Perez-Silva et al. (2023) and extend it to account for velocity-weakening friction.
To model pore-pressure fluctuations, we consider that fluids periodically permeate the fault at a localized region
and subsequently diffuse along the fault plane. We then explore the characteristics of the pore-pressure pertur-
bation (size, periodicity and amplitude) that generate SSEs comparable to observations, and derive implications
for the hydraulic properties of the fault zone.

2. Methodology

To model long-term fault slip behavior, we use the simulation code developed by Lapusta and Liu (2009) and
adapted to dip-slip by Kaneko et al. (2010). We consider a planar fault embedded in an infinite elastic medium and
loaded by dip-slip velocity at the plate convergence rate. The fault's frictional interface is governed by rate-and-
state friction, which describes the evolution of the friction coefficient f as a function of the slip rate V and a state
variable 0 (Dieterich, 1979; Linker & Dieterich, 1992; Marone, 1998):

1% V0
f=f0+a1n(v—0>+bln(D—0RS), (1)

where f, is the steady-state friction coefficient at the reference rate V;, Dgg is the characteristic slip distance for
state evolution, and a and b are the direct and evolution effects, respectively. The evolution of the state variable is
given by the aging law, modified to account for variations in normal stress (Linker & Dieterich, 1992):

9 V0 afds

g el 2
dt Dgs b dt @

The parameter a describes the change in @ due to a step change in effective normal stress &, which is the difference
between the lithostatic load and the pore fluid pressure. Based on laboratory measurements, a ranges from 0.2 to
0.3 (Hong & Marone, 2005; Linker & Dieterich, 1992; Richardson & Marone, 1999; Shreedharan et al., 2019). In
this study, we set a = 0.2.

The long-term slip behavior is governed by the following elastodynamic equation:

7(x,z;1) =f[o- — Api(x, z; t)] =10+ F(x,z;1) — %V(x,z; 1), 3)
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Table 1
Model Parameters Used in This Study
Parameter Symbol Value
Characteristic slip distance Dgs 5 mm
Direct effect in velocity-weakening patch a 0.015-0.009
Evolution effect in velocity-weakening patch b 0.016-0.011
Parameter from Linker and Dieterich (1992) a 0.2
Background effective normal stress o 3 MPa (9 MPa)
Shear modulus " 10 GPa (30 GPa)
Critical nucleation size hyg = %% ~8=17.5km
Reference friction coefficient fo 0.6
Reference slip velocity Vo 1076 m/s
Poisson's ratio v 0.25
Loading rate Vol 50 mm/yr
Spatial resolution Ax 0.35-0.82 km

where 7 is the shear stress, f is the friction coefficient (Equation 1), o is the background effective normal stress
(note that 6 = 6—Ap;(x,z:1)) and Ap;(x, z; t) represents the change in pore-fluid pressure in space and time. On the
right hand side, z,(x, z; £) is the initial shear stress, i is the shear modulus, ¢, is the shear wave speed, V(x,z; ) is
the slip rate and F(x,z;t) accounts for wave-mediated stress transfers (Lapusta & Liu, 2009).

The fault consists of a velocity-weakening circular patch of radius R (with RSF parametersa — b < 0) surrounded
by velocity-strengthening friction (a — b > 0). On velocity-weakening faults, the size of the patch that initiates
unstable slip can be approximated by the theoretical estimate by Rice and Ruina (1983), based on linear stability
analysis of stable sliding, in which hzp = mu*Dgrg/4(b — a)o. Alternatively, Rubin and Ampuero (2005) derived
the upper bound of the nucleation size from the energy balance of a quasi-statically expanding crack. In this work,
the nucleation size is given by hyg, which we resolve by 15-30 cells to ensure good numerical resolution (Lapusta
& Liu, 2009). The model parameters used in this study are given in Table 1 (see also Text S1 in Supporting
Information S1).

To model pore-pressure changes Apy(x,z;t) on the fault, we follow the Type II perturbation described in Perez-
Silva et al. (2023). In this case, fluids are injected at the center of the fault and diffuse radially along the fault
plane. Fluid flow occurs only within the fault plane and is fault-parallel and axisymmetric with respect to the axis
of the circular cylinder (Séez et al., 2022). Fluids diffuse from the cylinder wall along the fault plane over time #y;
and with diffusivity D. After f,, pore-pressure decreases as fluids diffuse away from the fault plane with
diffusivity Dy, (Figure 1d). The size of the perturbation is controlled by the diffusion length m and its
amplitude is given by the maximum pore-pressure change Ap,,,. We consider D, f;,; and Ap,,,, as input pa-
rameters. Pore-pressure perturbations are imposed periodically with a constant period Tp. An extended
description of the modeling of pore-pressure changes is given in Text S2 in Supporting Information S1.

3. Model Results
3.1. Reference Models Without Pore-Pressure Perturbations

We first explore the parameter space of the reference model without pore-pressure perturbations, that is, assuming
constant effective normal stress (o- — Ap; = a). In this exploration, we assume mildly velocity-weakening

behavior, where a/b varies linearly from ~0.81 to 0.94 and R ranges from 15 to 60 km, which corresponds to
fault stiffness ratios (2R/ hz) from 1.7 to 14.7. The choice of R is motivated by the expected size of the SSE slip
region, which is on the order of tens of kilometers. As expected, we find three types of slip behavior: continuous
creep, SSEs (Vy.x < 1072 m/s), and earthquakes (V. > 1072 m/s), as shown in Figure lc. Consistent with
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previous models (e.g., Liu & Rice, 2007), the SSE parameter space is transitional between that of continuous
creep and regular earthquakes.

In the following, we examine how pore-pressure perturbations and their characteristics (size \/Wm] , period T,
and amplitude Ap,,,), influence the slip behavior of the fault. Perturbations were applied only to simulations that
originally exhibited continuous creep or SSEs (white circles and red squares in Figure 1c, respectively). This
choice was guided by preliminary tests (not shown here), in which we imposed pore-pressure perturbations to
reference simulations that generated earthquakes (blue stars in Figure 1c). These tests revealed that perturbations
within the earthquake regime were not conducive to quasi-periodic SSEs, although they could induce sequences
of earthquakes and SSEs.

3.2. Exploration of Pore-Pressure Perturbations
3.2.1. Perturbation Size

To examine the effect of the perturbation size \/DT,,U on the fault slip behavior, we explored a range of D and fy;.
Specifically, we set D to 1, 10, 50 and 100 m?/s and tirj to 30 days, 6 months and 1 year. The explored
perturbation characteristics were motivated by Perez-Silva et al. (2023) that found that comparable ranges lead to
SSE properties consistent with observations in velocity-strengthening faults. To isolate the effect of the pertur-
bation size, we set a constant amplitude Ap,,,,/o = 0.1. In contrast, T, was allowed to vary during the
exploration because its effect could not be disentangled from that of the perturbation size \/DTmJ , as varying Tpe,
for a given \/DTmJ could lead to a range of slip behaviors (Section 3.2.2). To present the results of the exploration
consistently, we adopted the following approach. Figure 2 shows cases in which a given value of T, produced
quasi-periodic SSEs, when such solutions were obtained. If no value of T, led to quasi-periodic SSEs for a given
\/ij , we instead show results for slip behavior that still included SSEs, albeit non-periodic ones or mixed with
earthquakes. For example, if a simulation with a given \/DT,,U generated non-periodic SSEs for one value of T,
and, SSEs together with earthquakes for another, we presented the former in Figure 2. Finally, if the exploration of
T, only resulted in earthquakes, we presented that case. In Section 3.2.2, we discuss the effect of T}, and

P
Appa/0 on the fault behavior.

Applying pore-pressure perturbations of varying sizes changes the slip behavior of the fault, as shown in
Figures 2a—2g, where Figure 2h shows the reference models without perturbations (same as Figure 1c). We
distinguish three types of slip behavior in response to the perturbations: (a) Repeating SSEs (squares in Figure 2):
SSEs induced by pore-pressure perturbations that occur with the same recurrence period and exhibit the same slip
rate evolution. This slip behavior is comparable to quasi-periodic SSEs. (b) Non-repeating SSEs (diamonds in
Figure 2): SSEs that do not follow a regular pattern, with variable recurrence intervals and different slip rate
evolution. (c) SSEs and earthquakes (triangles in Figure 2), in which the same simulation gives rise to earthquakes
and SSEs. (d) Earthquakes (stars in Figure 2): Earthquakes (V. > 1072 m/s) induced by the pore-pressure
perturbations. These results indicate that periodic pore-pressure perturbations broaden the range of fault slip
behavior. For example, a fault that would otherwise undergo continuous creep can instead produce SSEs or
earthquakes, depending on the characteristics of the imposed perturbation (cf., Figures 2a—2g and Figure 2h).

In general, repeating SSEs (squares in Figure 2) tend to emerge in models where small perturbations are imposed
on more mildly velocity-weakening faults (a/b ~ 1) with a small fault stiffness ratio 2R/ h*gg. In other words,
initially creeping faults subject to small pore-pressure perturbations tend to generate repeating SSEs. More
complex fault responses (non-repeating SSEs or sequences of SSEs and earthquakes, diamonds and triangles in
Figure 2, respectively) tend to be favored by conditions at the opposite range of the spectrum, namely larger
perturbation sizes on faults with more strongly velocity-weakening faults and a larger fault stiffness ra-
tio 2R/ h*gg.-

3.2.2. Perturbation Period and Amplitude

In exploring the perturbation size (Section 3.2.1), we fixed Ap,,,,/J6 = 0.1 and used a given value of Ty, per
simulation (colorbar in Figure 2). Here, we systematically explore Ap,,,./c and T, to investigate their influence
on the fault response. For that purpose, we apply pore-pressure perturbations to an example simulation with
R = 30kmand a/b = 0.94 (black arrow in Figure 2h) and consider two exploration cases. First, we explore T},
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Figure 2. (a—g) Phase diagram showing the fault response to pore-pressure perturbations with characteristics described by
parameters D, #;,; and Ty, with the latter shown in the colorbar. The fault response is classified into repeating SSEs
(squares), non-repeating SSEs (diamonds), SSEs and earthquakes (triangles) and only earthquakes (stars). A description of each
slip behavior is given in Section 4. Perturbations are applied to reference simulations cases (without pore-pressure
perturbations) shown in (h), excluding cases that led to earthquakes.

from 1 to 20 yr assuming different perturbation sizes, 1 m?*/s < D < 100 m?/s with tiy = 30 days, and a constant
Appax/c = 0.1. Second, we explore Ap,,,,/c from 0.1 to 0.7 at different values of T}, while setting a constant
perturbation size (D = 10 m?/s and finj = 30 days, \/leJ /hgg = 0.3). The results of the exploration are shown in
Figure 3, where we classify the fault response to the applied perturbations. The same slip behaviors defined in
Figure 2 emerge, with one additional case, namely, (e) Induced SSEs followed by quasi-spontaneous SSEs. For
this case, pore-pressure perturbations induce SSEs, which are followed by quasi-spontaneous SSEs that do not
occur simultaneously with the pore-pressure perturbation.

Repeating SSEs in Figure 3a only arise for certain combinations of \/DTmJ and Ty, Thus, to find the parameter
space favorable for these SSEs, we cannot consider the perturbation period separately from the perturbation size,
as mentioned in Section 3.2.1. This is because the fault response to the perturbation period 7, also depends on
the slip history, which is itself affected by the characteristics of the perturbation (i.e., its size and amplitude). In
Section 4, we present cases that exemplify this interplay. The combined effect of these parameters explains why
systematic patterns are difficult to identify when exploring one or two parameters independently, as reflected in
Figures 2 and 3.
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Figure 3. Phase diagrams illustrating the fault response with respect to (a) T and D (assuming constant #,; = 30 days), and
(b) Ty and Ap,,,i /0. In (a) and (b), we assume the reference model with R = 30 km and a/b = 0.94. For (a), we set Ap,,,./c
= 0.1. For (b), we assume a constant perturbation size with 1/Dfipi/hze = 0.3 (D = 10 m?/s, tyy; = 30 days and hg, =
17.5 km). The reference model for (a) and (b) corresponds to the case with R = 30 km and a/b = 0.94.

4. Fault Response to Pore Pressure Perturbations

In this section, we describe the fault response to pore-pressure perturbations. We focus on slip behaviors (a)
Repeating SSEs, (b) Non-repeating SSEs and (c) SSEs and earthquakes, while (d) Earthquakes and (e) Induced
and quasi-spontaneous SSEs (Section 3.2.2) are explained in Text S3 in Supporting Information S1. In addition,
we describe the effect of parameter a in Text S5 in the Supporting Information S1.

4.1. Repeating SSEs

To illustrate the fault behavior during induced repeating SSEs, we consider an example case with R = 30 km and
a/b = 0.94, subjected to a periodic pore-pressure perturbation characterized by D = 10 m?/s, tiy = 30 days,
Appax/c = 0.1 and Ty, = 2.5 yr (black arrow in Figure 2b). Figure 4a shows the temporal evolution of V,../ V1,
while Figure 4b displays the evolution of slip velocity V (m/s), shear stress 7, and effective normal stress 6 — Apy
at x = 0, z = 2 km. We also include the evolution of Q = V6/Dgg, which represents the proximity to steady
state. Q = 1 corresponds to steady state sliding, Q@ > 1 and Q < 1 to sliding above and below steady state,
respectively (Perfettini & Ampuero, 2008).

The first perturbation at ¢ = 25 yr causes a transient increase in Vi,,./ Vp (solid black line in Figure 4a), and a
decrease in the shear stress 7 (dashed blue line in Figure 4b). A similar pattern repeats itself in the following
perturbations. After the first few perturbations ( = 40 yr), the fault develops a regular pattern in which the slip
velocity increases close to three orders of magnitude above the plate rate during pore-pressure increase,
accompanied by a decrease in shear stress 7. This behavior can be explained by Equation 3, in that the decrease in
effective normal stress is balanced by a decrease in shear stress and an increase in the frictional strength f through
V. The opposite occurs during depressurization, when f decreases due to a decrease in slip velocity V to
compensate for the decrease in 6 — Ap;. The shear stress does not immediately return to its pre-perturbation
level. Instead, it gradually increases in the period between perturbations, while the previously perturbed fault
region remains locked (V < V). The fault response is illustrated in the evolution of Q (red line in Figure 4b).
Perturbations are applied when the fault is slightly above steady state (Q > 1), but once the perturbation finishes,
the fault is below steady-state (Q < 1). The fault gradually approaches steady state in the period between per-
turbations, with Q increasing from below 1 toward 1. The increase in 7z during the period between perturbations
correlates with the return of the fault to steady state.

The spatiotemporal evolution of field variables Ap/o, log;o(V/ Vy), 7 and log;(Q over the time interval 50 yr
<t < 50.5 yr is shown in Figures 4c—4f (see also Movie S1). The fault response can be divided into three
consecutive phases, as explained in the following. (a) As pore-pressure increases (Figure 4c), the slip front
migrates from the edges of the perturbed area to the center of the fault (converging arrows in Figure 4d), where
they reach peak velocity, while 7 also increases following the slip front migration (Figure 4e). During this phase,
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Figure 4. Example of repeating SSEs in a simulation with R = 30 km and a/b = 0.94; and pore-pressure perturbation parameters D = 10 m?/s, tipj = 30 days, Ap;/6 =0.1,
and T, = 2.5 years. (a) Evolution of maximum slip rate on the fault (Vy,,,) over time. Vertical dashed lines mark the start time of each perturbation, with the first

perturbation applied at # = 25 years. (b) Temporal evolution of field variables slip rate (V, solid black line), distance to steady state (€2, solid red line), shear stress (z, dashed
blue line), and effective normal stress (¢ — Apy, dashed green line) at x = 0 and z = 2 km. The dashed black line indicates Q = 1. (c—f) Spatiotemporal evolution along
depth during one induced SSE of (¢) Apy/s, (d) log,,(V/ V}) (€) 7 and (f) log;,Q. Q = V&/ Dgg measures the proximity to steady state, where Q = 1 is at steady state, Q > 1

is above steady state and Q < 1 is below steady state. Black arrows in (d) indicate phases of slip rate evolution (see text for details).
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the fault remains above steady state, as seen by the positive value of log;,€2 (Figure 4f). (b) Once peak velocity is
reached, a crack develops (vertical arrow in Figure 4d) and crack expansion follows as slip velocity fronts migrate
away from the injection point (diverging arrows in Figure 4d). During crack expansion, the slip rate is higher at
the tip of the crack, and log;,Q ~ 0 inside the crack, indicating that the fault is close to steady state in that region
(Figure 4f). (c) During pore-pressure decrease at # = 50.08 yr, field variables Ap,,,./0, 10g;,(V/ V},), 7 and log; (2
decrease, starting from the center of the fault. After the perturbation, the pressurized area remains locked and
below steady state (log,Q < 0, Figure 4f).

4.2. Non-Repeating SSEs

Non-repeating SSEs represent a complex slip behavior in which the fault response exhibits an irregular, yet
aseismic, slip pattern. To illustrate this case, we consider a simulation with R = 60 km and a/b = 0.94, which
originally produced spontaneous SSEs (red square with R = 60 km in Figure 2h). We applied periodic pore-
pressure perturbations to this fault, characterized by D = 10 m?/s, tij = 0.5 y1, Appe/o = 0.1 and Tpee = 5
yr (black arrow in Figure 2d). The fault response to the perturbations is characterized by SSEs with variable slip
rate evolution and peak velocities between 1 and 6 orders of magnitude above the plate rate (Figure 5a). We
classify the emerging SSEs into two types: instantaneously induced SSEs and delayed onset SSEs, depending on
the timing of the fault response following each perturbation, as will be discussed next.

To explain the fault behavior in each case, we show the temporal evolution of V, Q, 7and ¢ — Ap; atx = 0 and
z = 2 km in Figure 5b. During instantaneously induced SSEs, the slip rate increases simultaneously with the
pore-pressure increase, while the shear stress 7 decreases (e.g., -SSE at# = 35 yr Figure 5a, see also V and 7 in
Figure 5b), thus following a behavior comparable to that of repeating SSEs (Section 4.1). In contrast, some
perturbations initially induce a small and transient increase in V' that remains below the plate rate (e.g., V < Vj; at
t =40 yr in Figure 5b), followed by a larger acceleration, during which the slip rate increases by between 4 and 6
orders of magnitude above the plate rate (e.g., DO-SSE in Figure 5a). We term this case a delayed-onset SSE.

Whether a perturbation induces SSEs instantaneously or produces a delayed response depends on the timing of the
perturbations with respect to the slip history and the evolution of shear stress. In this example, when the
perturbation is imposed at steady state (€ = 1, red line in Figure 5b), it generates an immediate increase in slip
velocity V. In contrast, when the perturbation is imposed below steady state (Q < 1), even though V increases,
slip is not significant (V < V,;). The difference in the fault response can be explained through Equation 3. For
instantaneously induced SSEs, the fault response resembles that of repeating SSEs (Section 4.1), that is, an in-
crease in Ap; is compensated by an increase in f through V and a decrease in 7. For delayed-onset SSEs, even
though V and f increase during the perturbation, 7 remains approximately constant (dashed blue line in Figure 5b).
Only later does 7 drop, allowing significant slip to occur. This behavior arises because, once an induced SSE
occurs, 7 drops beneath its initial value and then gradually recovers as slip accumulates. If a perturbation takes
place before 7 has sufficiently recovered, it cannot induce an instantaneous SSE.

We plot the spatio-temporal evolution of Ap/c, log;,(V/Vy) and 7 to examine the fault response during
instantaneously-induced SSEs (Figures 5c—5e, see also Movie S2) and delayed-onset SSEs (Figures 5f—5h, see
also Movie S3). For instantaneously-induced SSEs, pressurization leads to an increase in the slip rate at the center
of the fault, followed by a crack growth and expansion phase (divergent arrows in Figure 5d), during which slip
fronts migrate radially along the fault and propagate beyond the pressurized zone (cf., Figures 5c and 5d). During
this phase, 7 is highest at the slip front (Figure 5e¢). Notably, crack expansion continues even after pore-pressure
begins to decline. At this stage, the slip rate —starting from the center of the fault—begins to decrease
(Figure 5d), accompanied by a reduction in shear stress 7 (Figure 5e). For delayed-onset SSEs, slip rate accel-
eration occurs after the perturbation has finished (cf., Figures 5f and 5g). In this case, two slip fronts migrate
toward the center of the fault (converging arrows in Figure 5g) and induce slip acceleration at the fault center.
Following this acceleration, the slip fronts migrate radially away from the fault center (divergent arrows in
Figure Sg, respectively). Note that after the delayed-onset SSEs, the fault slip velocity remains close to V; in the
perturbed region, in contrast to instantaneously induced SSEs, in which it remains below V,, (cf., Figures 5d and
Sg after the SSE has occurred).
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Figure 5. Example of non-repeating SSEs in a simulation with R = 60 km and a/b = 0.94; and pore-pressure perturbation parameters D = 10 m?/s, tinj = 0.5 year,
Ap/o = 0.1, and Ty, = 5 years. (a) Evolution of maximum slip rate (Vy,,) over time. Vertical dashed lines mark the start time of each perturbation, with the first
perturbation at ¢ = 15 years. First and second red arrows indicate the events shown in (c—e) and (f=h), respectively. (b) Temporal evolution of slip velocity (V, solid black
line), distance to steady state (€2, solid red line), shear strength (z, dashed blue line), and effective normal stress (6 — Apy, dashed green line) atx = Oandz = 2 km. The
dashed black line indicates Q = 1. (c-h) Spatiotemporal evolution along depth of (c—f) p¢/o, (d—g) V/V,; and (e-h) 7 over two different time periods illustrating (c—€) an
instantaneously-induced SSE and (f-h) a delayed-onset SSE. Black arrows in (d and g) indicate the direction of slip-front migration.
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4.3. SSEs and Earthquakes

In some simulations, pore-pressure perturbations induce both SSEs and earthquakes. An example is illustrated in
Figure 6, where we apply a pore-pressure perturbation characterized by D = 100 m?/s, fiy = 30 days,
Appax/c = 0.1 and T, = 4 yr (black arrow in Figure 2g) to a continuously creeping fault (R = 15 km and
a/b = 0.81, Figure 2h). The evolution of maximum slip rate on the fault in Figure 6a illustrates an irregular slip
pattern, in which the slip rate increases between two and eight orders of magnitude above the background plate-
loading rate after each perturbation. Some of the induced events are instantaneously induced SSEs (I-SSE in
Figure 6a) and delayed onset SSEs (DO-SSE in Figure 6a), as described in Section 4.2, while others are earth-
quakes (Vi.x > 1072 m/s, I-Eqk in Figure 6a) and aborted slip events (A-Slip in Figure 6a). The latter are
characterized by slip rate accelerations at the edges of the velocity-weakening patch but not within the patch,
where the fault remains locked.

Delayed-onset SSEs and instantaneously induced SSEs emerge under similar conditions to those described in
Section 4.2. Aborted slip events represent the initial phase of delayed-onset SSEs and occur when the perturbation
takes place while the fault is below steady state (2 < 1) and 7 has not yet recovered enough to drop again across
the fault. Earthquakes also occur when Q < 1 at the time of perturbation, but in this case the shear stress has
recovered sufficiently. Earthquake occurrence can be attributed to the large perturbation size (Figure 2), which
significantly weakens the fault. The drop in ¢ — py initially causes an increase in f through V, but as slip rate
continues to rise, inertial effects and elastic stress transfers (right hand side of Equation 3) become significant,
leading to a large drop in 7. Although both aborted slip events and earthquakes occur when the fault is below
steady-state (2 < 1), the resulting slip behavior following a perturbation is difficult to predict. This is because it
depends on the evolution of z, which is in turn affected by the slip history.

In Figure 6, we show examples of the spatial and temporal evolution of Ap/o, log;,(V/Vy) and 7 for induced
earthquakes (Figures 6¢c—6e, see also Movie S4) and induced SSEs (Figures 6f—6h, see also Movie S5), while
Figure S3 in Supporting Information S1 shows the field variable evolution during aborted slip events and delayed-
onset SSEs. The slip rate evolution between induced earthquakes and induced SSEs follows a similar pattern,
characterized by four phases: (a) Slip rate acceleration, (b) crack growth, (c) crack expansion, and (d) slip
deceleration, which starts at the onset of depressurization. In terms of slip rate evolution, the main difference is
that for SSEs, the slip acceleration starts at the injection point, and the crack growth phase takes a longer time
(divergence arrows for ¢ < 80.1 yr in Figure 6g), whereas for earthquakes, the slip acceleration starts as two slip
fronts converge (convergent arrows in Figure 6d), and the crack growth phase is faster (vertical arrow at r = 82.1
yr, see also Movies S4 and S5).

5. Properties of Induced Repeating SSEs

To examine the range of SSE properties induced by the pore-pressure perturbations, we estimate the properties of
repeating SSEs found in our parameter exploration (squares in Figures 2a—2g and Figure 3). We focus on first-
order properties, namely, duration, magnitude and stress drop, which we calculate as explained below. First, we
set a velocity threshold V., = 0.3 mm/day, which is within the resolution range of GNSS stations that detect SSEs
(e.g., ~0.25-0.5 mm/day, Wech & Bartlow, 2014). Then, we define SSE duration as the time over which the
maximum slip rate on the fault exceeds Vy;,,. We calculate the corresponding SSE moment using the SSE area and
the slip accumulated over the SSE duration. To calculate the accrued slip, we consider the slip over the cells with
slip larger than a minimum slip, defined as 1.1 XV}, X SSE duration. This definition ensures that the accumulated
slip exceeds the slip accrued due to the plate loading rate over the SSE duration. Note that to calculate SSE
magnitude, we assume a shear modulus y = 30 GPa, instead of 10 GPa (Table 1), as we will later compare these
results with previous models that assume the same value. To keep hyzy constant after the change in y, we also set o
to 9 MPa, instead of 3 MPa (Table 1). This ensures that both cases exhibit the same slip behavior. To calculate
SSE stress drop, we used the energy-based approach by Noda et al. (2013). In this approach, the stress drop Ao g
is calculated by averaging the stress change distribution with the final slip cell as the weighting function (Noda
etal.,2013): Ao = L Ao AudS/ f AudS, where X is the SSE source area, which corresponds to the region with
slip greater than the minimum slip defined above, Au is the final slip distribution of the SSE, and Ac is the
difference between the shear stress distribution at the start of the SSE and at the end of the SSE. Au and Ao depend
on SSE duration and thus on Vy,.
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Figure 6. Example of induced SSEs and earthquakes in a simulation with R = 15 km and a/b = 0.81; and pore-pressure perturbation parameters D = 100 m>/s,

tipj = 30 days, Apy/o = 0.1, and T, = 4 years. (a) Evolution of slip rate (Vy,,) over time. Vertical dashed lines mark the start time of each perturbation, with the first

perturbation initiated at # = 25 years. (b) Temporal evolution of field variables slip velocity (V, solid black line), distance to steady state (Q, solid red line), shear strength (z,
dashed blue line), and effective normal stress (6 — Apy, dashed green line) at x = 0 and z = 2 km. The dashed black line indicates Q = 1. (c-h) Spatiotemporal evolution
along depth during (c—¢) one induced earthquake and (f-h) one instantaneously-induced SSE of field variables (c—f) py/o, (d-g) log;o(V/Vyy), (e-h) 7. Black arrows in

(d and g) indicate the direction of slip-front migration.
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Figure 7. (a, b) Source properties of induced repeating SSEs from Figures 2 and 3. (a) Average duration and magnitude of
repeating SSEs. White symbols denote results from simulations assuming velocity-strengthening friction properties (as
shown in Figure 9a of Perez-Silva et al., 2023). (b) Average stress drop and magnitude of repeating SSEs. The colorbar
represents the characteristic length scale logm(m / h;R) . (c, d) Observed source properties of Hikurangi SSEs and
comparison with model results. (c) Observed duration and magnitude of deep (4+ symbol) and shallow (X symbol) Hikurangi
SSEs (data compiled from Ikari et al., 2020; Wallace, 2020; and Warren-Smith et al., 2019). (d) Observed stress drop and
magnitude of deep and shallow SSEs. Colored symbols in (c and d) indicate the source properties of induced repeating SSEs that
best match the observed properties of Hikurangi SSEs. Note that each symbol represents a different hydraulic diffusivity value
D as shown in legend, see (a).

We plot the average moment and duration of repeating SSEs in each simulation along with the corresponding
normalized perturbation size m / hgg in Figure 7a. Figure S5 in Supporting Information S1 shows the results
for the original values of p and o. Repeating SSE magnitudes range from ~M,, 5.5 — 7.5, while SSE durations
span from ~3 months to over a year (Figure 7a). Consistent with Perez-Silva et al. (2023), larger perturbation
sizes tend to induce repeating SSEs with longer durations and larger magnitudes (Figure 7a). Notably, the
properties of repeating SSEs cover a narrow range that is skewed toward long-duration events, while short-
duration and large-magnitude SSEs are not reproduced. For comparison, we also plot the properties of SSEs
induced by pore-pressure perturbations in a velocity-strengthening fault (white symbols in Figure 7a, after figure
9a in Perez-Silva et al., 2023). In velocity-strengthening faults, induced SSEs display a wider range of source
properties. The stress drops of induced repeating SSEs in velocity-weakening faults are within 10-100 kPa
(Figure 7b), while the magnitude of the pore-pressure change ranges from 0.3 to 2.1 MPa.

To assess whether induced repeating SSEs could reproduce properties comparable to observed SSEs, we plot the
observed duration and moment of SSEs along the deep and shallow Hikurangi margin (plus and cross symbols in
Figure 7c, respectively), as estimated by geodetic inversions (e.g., Wallace, 2020; Wallace & Beavan, 2010).
Then, using simulations shown in Figure 7a as a reference, we further explore the parameter space to identify
models that generated repeating SSEs with durations and moments similar to shallow and deep Hikurangi SSEs.
The selected models are shown in Figure 7c and model parameters are given in Table S1 in Supporting Infor-
mation S1. We note that to calculate the properties of simulated shallow Hikurangi SSEs, we set a higher velocity
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threshold (~2 mm/day), to account for the fact that these events occur offshore, where the sensitivity of inland
GNSS stations is lower. Although repeating SSEs in our model roughly capture Hikurangi SSE properties, the
model fails to reproduce shallow Hikurangi SSEs with short durations (<1 month) and large magnitudes
(>M,,6.5). We attribute this to the relatively narrow range of SSE properties captured by the model (Figure 7a).
We also compare the stress drop constrained by observations with that of our preferred models in Figure 7d. For
deep SSEs, the model captures the order of magnitude of stress drop (10 s—100 kPa), while for shallow SSEs, the
model is skewed toward larger stress drops (~30 kPa) than those expected from observations (~1-50 kPa).

6. Discussion
6.1. Effect of Pore-Pressure Perturbations on Velocity-Weakening Fault Regions

Our results show that periodic pore-pressure perturbations induce a range of slip behaviors on velocity-weakening
faults (Figures 2a—2g). The type of induced slip behavior depends on both the properties of the perturbations (size

Dt;y;, amplitude Ap,,,./o and perturbation period T, Figures 2 and 3) and the properties of the frictional
interface (a/b, fault stiffness ratio 2R/ hyy, Figure 2). However, the effect of individual parameters on the fault
response cannot be considered independently. For example, the fault response to the perturbation size varies with
the perturbation period (Figure 3a). This occurs because the slip behavior induced by pore-pressure perturbations
also depends on the conditions at the time of each perturbation (slip rate, state variable and shear stress), and the
evolution of shear stress, all of which are affected by the slip history of the fault. At the same time, the slip history
itself is shaped by the properties of the perturbation. Thus, the long-term slip behavior is the result of a complex
interplay between the pore-pressure perturbations and the evolving slip history of the fault.

We identify and classify the fault response to pore-pressure perturbations into five different types of slip be-
haviors, ranging from repeating SSEs to earthquakes, including mixed behavior such as irregular SSEs and
earthquakes (Section 4). We focus on describing the conditions that favor quasi-periodic SSE generation, which is
the primary aim of this study. Our parameter exploration shows that repeating SSEs (i.e., SSEs with the same
properties, slip rate evolution and periodic recurrence intervals), which are comparable to quasi-periodic
SSEs, are induced in velocity-weakening fault regions by a range of pore-pressure perturbations and friction
properties (Figure 2). Most repeating SSEs in our exploration arise after imposing small perturbations on orig-
inally creeping faults (Figures 2a—2c, 2e, and 2g). Repeating SSEs also arise in cases where the slip behavior of
the reference model (without pore-pressure perturbations) corresponds to spontaneous SSEs. In this case, the
characteristics of the induced SSEs are different from those of the spontaneous SSEs. These results indicate that
applying pore-pressure perturbations to velocity-weakening fault regions expands the parameter space that leads
to SSEs (cf., Figures 2a—2g and Figure 2h). However, SSE generation remains constrained by the W/ hgy criterion
(Liu & Rice, 2007), as quasi-periodic SSEs in our model occur primarily in creeping faults, which requires
low W/ hgg.

6.2. Induced SSE Properties

Pore-pressure perturbations can induce repeating SSEs with different durations and magnitudes, which range
from ~3 months to over a year and M, 5.5 — 7.5 (Figure 7a). Consistent with Perez-Silva et al. (2023), induced
SSE duration and magnitude positively correlate with the change in the perturbation size (m / h;R). Thus,
larger perturbation sizes lead to SSEs with larger magnitudes and longer durations (Figure 7a). The stress drops of
induced SSEs are between 10 and 100 kPa (Figure 7b), which is within the range expected for SSEs
(10-1,000 kPa; Gao et al., 2012). Notably, these stress drops are lower than the imposed pore-pressure change
(300-2,100 kPa), which is consistent with observations in that inferred pore-pressure change during SSEs (~ 1 to
10 MPa; Gosselin et al., 2020) is larger than SSE stress drop.

The model also reproduced SSE durations and magnitudes comparable to those of shallow and deep Hikurangi
SSEs (Figure 7¢). However, it fails to capture the broad range of SSE properties observed at Hikurangi. Compared
with velocity-strengthening faults subject to pore-pressure perturbations, SSE properties induced in velocity-
weakening faults span a narrower range (cf., white and colored symbols in Figure 7a). In addition, models of
velocity-strengthening faults can reproduce a broader range of observed SSE properties in different subduction
zones, including those at Hikurangi (cf., Figure 7b and figure 9b in Perez-Silva et al., 2023). This suggests that
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pore-pressure perturbations on velocity-strengthening faults are a more plausible explanation for observed SSEs
than those on velocity-weakening faults.

6.3. Implications for the SSE Generation Environment

Our results indicate that for velocity-weakening faults subjected to periodic pore-pressure perturbations to
reproduce SSE properties comparable to observations, very high hydraulic diffusivities are required (1 m?/s
< D < 100 m%/s). Such values are several orders of magnitude larger than inferred hydraulic diffusivity values in
subduction zones (Saffer & Tobin, 2011; Xue et al., 2013), and correspond to permeabilities in the range of
5% 10712 to 5 x 10719 m? (see Text S4 in Supporting Information S1). These values contrast with the estimated
background permeability of intact rock, which ranges from 1072* to 10~'7 m? (Ganzhorn et al., 2019; Katayama
et al., 2012; Kawano et al., 2011; Mufioz-Montecinos & Behr, 2023; Skarbek & Saffer, 2009). This discrepancy
could be reconciled with transient changes in fault zone properties during SSEs, as suggested by field obser-
vations that estimate permeability increases of 3 and 8 orders of magnitude at the source depths of both shallow
and deep SSEs (Mufioz-Montecinos & Behr, 2023, and references therein). Our model also indicates that the
timescales of hydraulic diffusion range from a few weeks to one year. Further constraints on fault zone
permeability during SSEs are required to test the model predictions.

6.4. Comparison to Hydromechanical Models of Slow Slip

In our model, pore-pressure perturbations affect fault slip by reducing the fault strength and thus weakening the
fault. However, the relation between fluid flow and fault slip is much more complex, as it depends on several
hydrological variables (e.g., fluid production rate, permeability, specific storage, porosity). Recent models have
explored this complexity by modeling a two-way coupling between fault slip and fluid flow. Ozawa et al. (2024)
modeled the evolution of permeability, fluid flow and pore pressure in a 2D model. Their simulations generate
aseismic slip pulses that propagate in the direction of fluid flow. In their model, fluid pressurization causes
weakening, which induces slip acceleration that, in turn, increases permeability by a few orders of magnitude.
This is consistent with our inferences in that the occurrence of slow slip requires high permeability. In addition, in
regions where slow slip occurs, they find a negative correlation between slip rate and effective normal stress,
indicating that fault strength plays a significant role even in more complex models. In line with our results and
Perez-Silva et al. (2023), slow slip arises in both velocity-weakening and velocity-strengthening faults, although
it is unclear from their model whether this mechanism is more efficient in either frictional condition.

Other models have coupled fluid flow with the poroelastic response or the evolution of porosity to generate
slow slip in velocity-weakening faults. Marguin and Simpson (2023) investigated the coupled role of fluid
overpressure and permeability evolution on fault slip. The model consisted of a velocity-weakening fault
embedded in a poro-elastic medium overlying a poro-viscoelastic substrate. Their results show that both
changes in effective stress and permeability variations influence fault slip behavior, particularly the charac-
teristics of earthquake sequences. In this framework, SSEs precede earthquakes in models that account for the
full pore-elastic coupling, as the pore-pressure reduction during initial rupture propagation stabilizes slip
(Marguin & Simpson, 2023). Following a different approach, Yang and Dunham (2021) modeled the effects of
compaction and dilation on earthquakes and slow slip sequences. In this model, SSEs do not arise as a result of
permeability changes, which are quite small, but are instead driven by pressurization due to compaction and
velocity-weakening friction, while slip accelerations are quenched by pore-pressure reduction driven by suction
during dilatancy.

Together, these models highlight that fluid flow combined with different hydromechanical processes—including
permeability evolution (through slip, time and effective stress), porosity evolution (through dilatancy and
compaction), poro-elasticity—may play an important role in slow slip generation. More research into slow slip
environments and the hydraulic properties of the fault zone is needed to determine the relative contributions of
these mechanisms to slow slip generation.

7. Conclusions

We impose periodic pore-pressure perturbations on a mildly velocity-weakening fault region. To model pore-
pressure changes, we consider a one-way coupling, in which fault slip is related to pore-pressure changes
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through changes in effective normal stress. We assume that fluids are injected at the center of the fault and diffuse
along the fault plane following the axisymmetric diffusion equation. Our results indicate that these perturbations
induce a range of fault slip behaviors, including slow slip events (SSEs). These induced SSEs have properties that
range from ~3 months to over 3 years and M, 5.5 — 7.5. However, the model fails to capture the broad range of
SSE properties observed in subduction zones. In addition, the range of induced SSE properties is narrower than
that for velocity-strengthening fault regions (Perez-Silva et al., 2023). Our model indicates that large hydraulic
diffusivities (1 m?/s < D < 100 m?/s) are required to generate SSEs in velocity-weakening regions, which
corresponds to permeabilities ranging from 5 X 107'2 to 5 x 107'° m2. These large permeabilities can be
attributed to transient increases in fault zone properties during SSEs, which have been inferred from field ob-
servations. Further constraints on hydraulic properties at SSE depths are required to test the model predictions.
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Text S1: Model parameters

Our model consists of a circular velocity-weakening (VW) patch surrounded by velocity-
strengthening (VS) friction properties (Figure 1b). The VS region has a constant a — b =
0.001 with a = 0.015 and b = 0.014 for all cases. For the VW patch, we consider mildly
VW friction with a —b = —0.001 to —0.002, and a/b decreasing linearly from 0.94 to 0.81.
The radius of the VW patch ranges from 15 to 60 km, which is comparable to the size of
SSE patches along the Hikurangi margin (Wallace & Beavan, 2010; Wallace, 2020).

The shear modulus p is set to 10 GPa, which is within the range estimated along the
shallow Hikurangi margin (6 — 14 GPa, Arnulf et al., 2021). The effective normal stress
o is set to 3 MPa, such a low value is set to reduce computational costs. We set the plate
convergence rate to 50 mm/yr, consistent with the plate rate in the central to northern
North Island of New Zealand, where frequent SSEs occur offshore Gisborne (Wallace et
al., 2004).

Previous numerical models have shown that the fault slip behavior in VW faults de-
pends on the effective fault stiffness ratio W/h*, where W is the width of the VW region
(Liu & Rice, 2007). Large values of W/h* lead to earthquakes, while for cases where the
ratio is close to unity, SSEs emerge (Liu & Rice, 2007). In our study, the fault stiffness

ratio is given by 2R/h},p.

Text S2: Modeling of pore-pressure perturbations

We model pore-pressure perturbations on the fault following the Type II perturbation

described in Perez-Silva et al. (2023). Fluid is injected at a constant rate g (in m/s) and



diffuses along the fault plane following the axisymmetric fluid diffusion equation:

om(rt) (anf(r, f) 10, L‘)) (1)

ot or? r  Or

where 7 is the radial distance in km and D is the hydraulic diffusivity in m?/s, which we
assume is uniform over the fault plane. In the time domain, the solution of Equation S1

can be expressed in the following functional form (eq. 7.647, Cheng, 2016):

pe(r,) = L2 (1) )

where £ is the permeability or mobility coefficient (i.e., permeability divided by dynamic
viscosity) in m?/Pa-s and II is the dimensionless pore-pressure evolution, given by (section

13.5, eq. 17, Carslaw & Jaeger, 1959):

2 [ (1 B e_Du2t> Jo(ur)Yy (urg) — Yo(ur)Jl(uro)du 3)

Hr,t) = 7 Jo u?[JE (urg) + Y (urg)]
where J; and Y; are respectively the Bessel functions of the first and second kind of order
i, with ¢ = 0 or 1. Note that the factor 1/ry in Equation S3 is included in the errata of
eq. 7.647 in Cheng (2016). To model the pore-pressure perturbation, we use the exact
solution of Equation S3 solved via numerical inversion of the Laplace transform (Stehfest,

1970; Cheng, 2016), where Equation S3 is valid for r» > r5. The evolution of pore-pressure

during the perturbation is given by:

Apg(r,t*) = oTo ((r, Dt*)H (t*) — IL(r, Dy(t" — tin;) ) H(t" — tiny)] » (4)

K
where t;,; is the time over which fluids flow into the fault plane, and D and D, are the
hydraulic diffusivity before t;,; and after t;,;, respectively.

The normalized perturbation size and amplitude correspond to m /1o and Appax/0,

respectively. The length scale ry could be interpreted as the width of the fluid source.
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Unless otherwise noted, we assume rq = 1 km to ensure that r( is properly resolved by our

simulations (0.35 km < Az < 0.82 km, Table 1 in the main text). Note that, since Equa-

tion S3 is valid for r > rq, we simply assume a constant value Apg(rg, t*) within 0 < r < rq.

Text S3: Description of additional slip behaviors

Induced SSEs followed by spontaneous SSEs

Based on the analysis of the perturbation period T, (Figure 3), a distinct pattern emerges
in the fault response for long Tye: Induced SSEs are consistently followed by semi-
spontaneous SSEs. These two types of SSEs are differentiated by their timing relative to
the pore-pressure perturbation. Induced SSEs occur concurrently with the pore-pressure
change, whereas semi-spontaneous SSEs arise later, without any ongoing perturbation.
Figure S1 provides an illustration of this pattern in a simulation case with App.x/o = 0.1
and T,e, = 5 years from Figure 3b. The initial perturbation at ¢ = 25 yr induces an
SSE, marked by a two-order-of-magnitude increase in V., above the plate rate, which
corresponds to an induced SSE. Following this SSE, the shear strength 7 gradually re-
turns to its initial value. At the culmination of this recovery phase, the shear strength 7
exceeds its original level, and the slip velocity rises above the plate rate, thus generating
a semi-spontaneous SSE (Figure S1b). This last SSE is not a direct consequence of the
pore-pressure change but rather the concluding stage of shear stress recovery. After the
semi-spontaneous SSE, the fault returns to a steady state (Vinax = Vj1) and remains there
until the onset of the next perturbation at ¢ = 30 years (Figure S1b). The second pertur-
bation then initiates a similar sequence: an SSE is induced by the pore-pressure change,

followed by a semi-spontaneous SSE during the subsequent shear strength recovery (Fig-
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ure S1b). The detailed spatio-temporal evolution of the field variables during an induced
and a semi-spontaneous SSE is depicted in Figures Slc to Sle and Figures S1f to Slh,

respectively.

Induced earthquakes
For some simulation cases, the imposed perturbations induce earthquakes (Viax > 1072
m/s). An example of induced earthquakes is shown in Figure S2, for a simulation case with
a/b=0.94, D = 50 m?/s, ti,; = 6 months, T,e, = 7 yr and Ap/o = 0.1. Interestingly, while
the initial perturbation at ¢ = 25 years resulted in an SSE (V. < 1072 m/s), subsequent
perturbations led to earthquakes (Vyax > 1072 m/s, Figure S2a). The temporal evolution
of the field variables at a specific location z = 0, z = 2 km (Figure S2b) reveals a
distinctive pattern. During the increase in pore pressure, both the slip rate and the shear
stress increase, followed by a decrease in these variables once the perturbation subsides.
Shear stress then slowly increases in the period between perturbations, while the slip
velocity remains below the plate rate (Figure S2b).

The spatiotemporal evolution of Apt/a, log,y(V/Vp), 7, and log;, 2 during an induced
earthquake is illustrated in Figures S2c to S2f. The slip rate evolution indicates that at
the onset of the pore pressure increase, slip fronts propagate toward the center of the fault
(Figure S2d), where they attain a peak slip velocity. Subsequently, the slip rate acceler-
ates and the slipping area expands. Finally, slip fronts expand radially along the fault,
and the maximum slip rate becomes concentrated at the front. During this expansion,
the fault within the slipping region is at a steady state (log;o€2 = 0, Figure S2f). Notably,

the slip fronts expand beyond the pressurized region (c.f., Figure S2c¢ and S2d). As the
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pore pressure decreases, the slip rate diminishes, starting from the injection point (Figure
S2d). Following the perturbation, the fault region within the perturbed area remains

locked, with the slip velocity falling below the plate rate (V' <V}, Figure S2d).

Text S4: Permeability estimation

Hydraulic diffusivity values are less well constrained than fault zone permeability. There-
fore, for comparison, we estimate permeability using the relation k& = DnfB¢, where the
permeability (k) depends on fluid viscosity (), porosity (¢), the sum of pore and fluid
compressibility (), and the hydraulic diffusivity (D); the latter of which we take from our
model input values (Figures 2 and 7). We consider the approximate order of magnitude of
these parameters, where n = 1072 Pa s (Cheng, 2016), 8 = 1078 Pa~! (within the range
in Mase & Smith, 1987; Rice, 2006; Wibberley, 2002) and, for simplicity, we set ¢ = 0.05,
noting that ¢ may range from ~1072 to 10~} (Peacock et al., 2011; Saffer & Tobin, 2011;
Segall & Rice, 1995). The estimated permeability ranges from 5 x 1072 to 5 x 10719

m?, as reported in the main text.

Text S5: Comparison of two aging law versions

To account for normal stress variations in the evolution of the state variable 6, the
modified aging law by Linker and Dieterich (1992) includes an extra term, highlighted in

red below:

do Vo «abdo
D I S
dt Drs bo dt (5)
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To assess the effect of this extra term on the model results, we conducted simulations
with two different values of a: 0.2 and 0. The latter case with a = 0 represents the aging
law by Dieterich (1979).

To run the tests, we selected two cases from Figure 3, one with Apy = 0.1 and Tp,e, = 2.5
yr, and another with Apy = 0.5 and the same T},. All other parameters are the same
as in Figure 3 with a/b = 0.94 and b = 0.016. We selected this case because we expect
the extra term to play a more important role for more mildly velocity-weakening faults
(a/b~ 1), as seen in Equation S8. For the case with Aps/o = 0.1, we found no significant
difference in the evolution of 6, and the fault response remained the same for either value
of a. In contrast, for the case with Ap; = 0.5, both the evolution of # and the fault
response were notably different for each value of a.

We show the model results for the case with Ap; = 0.5, and a = 0 and 0.2 in Figure S4.
For the case with a = 0.2, the fault generates both earthquakes and aborted slip events
(as in Figure 6a and Figure S3a to S3c) in response to the perturbations (Figure S4a). In
contrast, for a = 0, the fault response to the perturbations is predominantly earthquakes,
which arise approximately every 5 yr, which is twice Tpe, (Figure S4c). Apart from the
difference in fault behavior, there is also a notable difference in the evolution of 7 and € in
each case. In Figure S4b and S4d, we show the temporal evolution of €2, 6§ and 7 at x = 0
and z = 2 km. When using the aging law by Dieterich (1979), 6 and 7 only evolve during
earthquake occurrence (dashed black lines and dashed blue lines, respectively, in Figure
S4c). In contrast, when accounting for the modified aging law by Linker and Dieterich
(1992), both # and 7 evolve during most perturbations (Figure S4b). Particularly, 6

transiently increases during each perturbation; it also decreases significantly when slip
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occurs abruptly, as in the case with a = 0. In the cases when no significant slip occurs,
the change in 6 also induces a change in 7. Despite the differences in 6, we do not observe
a large difference in the evolution of  (c.f., red lines in Figures S4b and S4d). Notably, a
more stable slip behavior (i.e., less earthquakes in response to the perturbations) is found
for the case accounting for Linker and Dieterich (1992).

These tests suggest that accounting for the modified aging law is only significant for
large changes in Apg/o. Changes in pore-pressure in this framework cause a transient
increase in 6, as expected from Equation S5. This increase in the state variable opposes
the decrease in effective normal stress, and thus tends to strengthen the fault. We expect

that the effect of a also increases with the perturbation size.

Caption for Movies S1 - S5: Movies of slip rate evolution of representative models

shown in the main text. Mowvie S1: Repeating SSE (Section 4.1). Movies S2 - S3: Non-
repeating SSE (Section 4.2). Instantaneously induced SSE (Movie S2), delayed-onset SSE
(Movie S3). Movies S4 - S5: SSEs and earthquakes (Section 4.3). Induced earthquake

(Movie S4) and induced SSE (Movie S5).
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Table S1. Simulation parameters for cases that induced SSEs with duration and magnitude

comparable to observed events (see Figure 7b). Note that for deep Hikurangi SSEs, we assumed

Vor = 40 mm/yr (Wallace et al., 2004). Note that ¢;,; is 30 days for shallow Hikurangi SSEs and

1 year for deep Hikurangi SSEs.

Target SSEs a/b R (km) hig (km) D (m?/s) /Dii/hig  Apmac/o Tper (y7)
094 15 17.45 50 0.65 0.1 45

Shallow Hikurangi 0.87 15 11.12 50 1.02 0.1 4.5
0.87 15 11.12 100 16.1 0.1 5.0

Deep Hikurangi 0% %Y 17.45 0.32 0.1 4.5
0.94 45 17.45 0.32 0.1 5.0
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Figure S1. Example of non-repeating SSEs in a simulation with R = 30 km and a/b = 0.94;
and pore-pressure perturbation parameters D = 10 m?/s, ti,;= 30 days, Apg/o = 0.1, and Tpe
= 2.5 years. (a) Evolution of maximum slip rate (Vi,.x) over time. Vertical dashed lines mark
the start time of each perturbation, with the first perturbation started at ¢ = 25 years. (b)
Temporal evolution of field variables slip velocity (V, solid black line), proximity to steady-state
2 =V0/Dgs (solid magenta line), shear stress (7, dashed blue line), friction coefficient (dashed
red line) and effective normal stress (o — Apy, dashed green line) at = 0 and z = 2 km. (c-f)
Spatiotemporal evolution along depth of field variables (c-f) Ape/o, (d-g) logio(V/Vp) and (e-h)
7. Field variables correspond to (c-e) an induced SSE (I-SSE) and (f-h) a semi-spontaneous SSE

(S-SSE).
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Figure S2. Example of simulation case leading to induced earthquakes. Simulation parameters:
R = 30 km and a/b = 0.94; and pore-pressure perturbation parameters D = 50 m?/s, tiy; = 0.5
yr, Aps/o = 0.1, and T, = 7 yr. (a) Evolution of maximum slip rate (Vi,ax) over time. (b)
Temporal evolution of field variables slip velocity (V, solid black line), proximity to steady-state
2 = V0/Dgs (solid magenta line), shear stress (7, dashed blue line), friction coefficient (dashed
red line) and effective normal stress (o — Apg, dashed green line) at + = 0 and z = 2 km.
(c-f) Spatiotemporal evolution along depth during one induced earthquake of (c) Apg/o, (d)
log10(V/V) (e) 7 and (f) logio©2. ©Q = V6/Dgrg measures the proximity to steady state, where

) = 1 is at steady state, {2 > 1 is above steady state and {2 < 1 is below steady state.
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Comparison of model results for the same simulations case with (a-b) a = 0.2

Figure S4.

and (c-d) a = 0.. Model parameters corresponds to that in Figure 3b (in the main text), with

Apt/o = 0.5 and Tper = 2.5 yr. (a-c) Evolution of Vjay. Dashed black lines indicate the timing

of the pore-pressure perturbations. (b-d) Evolution of  (red line), 6 (dashed black line) and 7

(dashed blue line).
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Figure S5. Comparison of SSEs properties for cases with (1) 4 = 10 GPa and ¢ = 3 MPa (in
color) and (2) u = 30 GPa and o0 = 9 MPa (in black). The latter case corresponds to the results

presented in Figures 7a and 7b in the main text.
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