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Introduction

The supporting text describes the elastodynamic equation that relates shear stress with

fault slip (Text S1), the slip-rate doubling phenomenon (Text S2), alternative models

with different r0 under type II perturbation (Text S3) and the method to estimate stress

drop (Text S4). Supporting figures illustrate the evolution of model variables for repre-

sentative models shown in the main text (Figures S1 to S2), maximum slip of simulation

cases in Figure 4 (Figure S3) and results from further parameter exploration (Figure S4).

Examples of the slip-rate doubling phenomenon and models with different r0 are shown

in Figures S5 to S7 and Figures S8 to S9, respectively. Other aspects of modeled and

observed SSE source properties are shown in Figures S10 and S11, respectively. We also

provide reference tables presenting the model input parameters for simulation cases in

the main text (Tables S1 and S3) and estimates of fault zone permeability based on the

model results (Table S4). The supporting movies illustrate the evolution of the slip rate

for representative models shown in the main text (Movies S1 and S2).

Text S1. Elastodynamic equation

Shear traction and fault slip are related through the following elastodynamic equation

(Lapusta & Liu, 2009):

τ(x, z; t) = τ0(x, z; t) + F (x, z; t)− µ

2cs
V (x, z; t), (1)

where τ0(x, z; t) is the initial shear stress, µ is the shear modulus, cs is the shear wave

speed, V (x, z; t) is the slip rate and F (x, z; t) accounts for wave-mediated stress transfers.

In our model, we assume a fully-dynamic approach, even though the slip rates are always

below dynamic speeds.
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Text S2. Slip-rate doubling

We term ‘slip-rate doubling’ the fault response characterized by SSE peak velocities that

alternate between slow and fast values, which differ in several orders of magnitude (e.g.,

Figure S5). This response emerges under certain conditions for both perturbation types,

as we describe in the following. Note that we do not include results of simulation cases

with slip-rate doubling in the main text.

In exploring the perturbation parameters to reproduce Gisborne SSE properties (Figure

4), we find that large perturbations sometimes lead to slip-rate doubling. For type I case,

perturbations with R0 ≥ ∼56 km (R0/Lb ≥ 13.4) induced SSEs with alternating slow

and fast peak velocities (Figure S5a). The same behavior emerges in type II models for

perturbations with
√
Dtinj ≥ ∼14 km (

√
Dtinj/Lb ≥ ∼3.36; Figure S5b).

For type II perturbation, slip-rate doubling emerged in two other cases: (1) After very

sudden drops in pore-pressure during depressurization (i.e., Db ≫ D; cf. Figure S6a and

S6b). (2) In simulation cases with short perturbation periods (1-2 yrs) and large size

(
√
Dtinj ≥ 13 km, for tinj = 0.5 yrs; e.g., Figure S7). The latter simulation cases were not

included in Figure 5c.

We do not investigate the cause of slip-rate doubling, which is beyond the scope of

this present study. However, it is likely related to the resonance behavior reported in the

model of Perfettini et al. (2001) for velocity-weakening faults.
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Text S3. Influence of r0 on perturbation characteristics (type II) and SSE

properties

In all simulations presented in the main text, r0 = 1 km. To understand the changes in

the perturbation characteristics with r0, we explore different values of this parameter. To

isolate the effect of r0, we keep
√
Dtinj and ∆pmax constant. Figure S8 shows the pore fluid

pressure profiles (only during pore-pressure increase) for three perturbations cases with

different r0. We see that the width of the perturbation increases slightly with r0 (Figure

S8a). To keep
√
Dtinj and ∆pmax constant, we apply a larger fluid flux when reducing

r0, which implies that the rate of pore-pressure increase is faster for cases with lower r0

(Figure S8b).

To understand the role of r0 on induced SSE properties, we impose perturbations with

different r0. Note that we adjust ∆x to ensure that r0 is well resolved in each case. For

simplicity, we keep tinj constant and explore different D. We calculate the average mo-

ment and duration of induced SSEs for each simulation case (Figure S9). For a given√
Dtinj, varying r0 has a minor effect on induced SSE duration and moment. Likewise,

SSE duration and moment do not correlate with changes in r0 for a given
√
Dtinj (Figure

S9).

Text S4. Estimating stress drop of induced SSEs

To estimate induced SSEs stress drop, we use the energy-based approach by Noda et al.

(2013). In this approach, the stress drop ∆σE is calculated by averaging the stress drop

distribution with the actual final slip at each point as the weighting function (Noda et

al., 2013):
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∆σE =

∫∑ ∆σ∆u dS∫∑ ∆u dS
(2)

where S is the SSE source area, ∆σ is the initial shear stress minus the final shear stress

at each ruptured location and ∆u is the final slip distribution of the SSE. The SSE source

area is defined as the region with slip greater than the minimum slip = 1.1 ×Vpl ×SSE

duration (Section 4.1).
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Movie S1 and S2. The movies show the slip rate evolution on the fault during induced

SSEs from the representative models of shallow Gisborne SSEs under type I (Movie S1)

and II (Movie S2) perturbations (Figures 2 and 3). A description of the fault response

for each model is given in Section 3.1.
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Figure S1. Temporal and spatial evolution of several terms during an induced SSE. Ω

represents the distance to steady state Ω = V θ
dc

(Rubin & Ampuero, 2005) and τo the initial shear

stress. Results correspond to the representative model under type I perturbation (Figure 2).



X - 8 :

0

0.1

0.2

0.3

0.4

0.5

p
/

0

0.1

0.2

0.3

0.4

0.5

p
/

10-20

10
-10

10
0

V
/V

p
l

10-2

10
0

10
2

V
/V

p
l

10-20

10-10

100

10-5

100

105

-100 -50 0 50 100

/
00.75

1

0.5

0.25

/
00.75

1

0.5

0.25
-100 -50 0 50 100

z (km) z (km)

time (days) time (days)

Evolution during pore

decrease + inter-SSE period

Evolution during pore

 pressure increase

Figure S2. Temporal and spatial evolution of several terms during an induced SSE. Ω

represents the distance to steady state Ω = V θ
dc

(Rubin & Ampuero, 2005) and τo the initial shear

stress. Results correspond to the representative model for type II perturbation (Figure 3).
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Figure S3. Average maximum slip of SSEs induced by periodic perturbations in pore pressure

of (a) type I and (b) type II shown as a function of the characteristic size of the perturbation.

Maximum slip is ∼10 cm in all cases. Results correspond to the parameter exploration shown in

Figure 4. Vertical lines show standard deviation.
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Figure S4. Exploration of a/b, a ranges from 0.0044 to 0.01 and b = 0.004. Average

SSE properties: (a) maximum slip rate, (b) duration, (c) magnitude (Mw), and (d) max. Slip,

are shown as a function of perturbation amplitude for type I (triangles) and type II (squares)

perturbation. The amplitude of the perturbation is ∆pmax = 1.88 MPa (type I) and 1.5 MPa

(type II). The size of perturbation is equivalent to those of the representative models for type I

and type II perturbation (Table 2). Average SSE properties (a-c) increase with the perturbation

amplitude or equivalently in this case, decrease with a/b. The maximum slip remains constant

(∼10 cm). Note that we set Vthr to 0.3 mm/day to calculate SSE properties (Section 4.1).
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Figure S5. Temporal evolution of Vmax/Vpl (blue line) and ∆pf/aσ at the fault

center (red line) for simulation case under (a) type I perturbation with ∆pmax/aσ=100

and R0/Lb=13.5 (R0=56.25 km) and (b) type II perturbation with ∆pmax/aσ=75 and√
Dtinj/Lb=2.74 (

√
Dtinj=11.4 km). SSE peak velocity alternates between a slow and fast value,

a behavior we refer to as ‘slip-rate doubling’ (Text S2). Model parameters are as given for shallow

Hikurangi SSEs (Table 1).
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Figure S6. Temporal evolution of Vmax/Vpl (blue line) and ∆pf/aσ at the fault center (red

line) with respect to time for simulation case under type II perturbation with
√
Dtinj/Lb = 2.74

(with D = 50 m2/s and tinj = 30 days) and ∆pmax/aσ= 75. Example cases with different Db. (a)

Db = 55 m2/s and (b) Db = 75 m2/s. Dashed black line in (b) indicates the peak velocity of the

slow-velocity SSE. Slip-rate doubling emerges in simulation with largest Db (Text S2). Model

parameters are as given for shallow Hikurangi SSEs (Table 1).
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Figure S7. Temporal evolution of Vmax/Vpl (blue line) and ∆pf/aσ at the fault center (red

line) with respect time for simulation case under type II perturbation with
√
Dtinj/Lb ∼3 and

∆pmax/aσ = 100. Simulation cases with different perturbation period: (a) 2 yrs and (b) 1 yr.

Slip-rate doubling effect arises in simulation case with shorter perturbation period (Text S2).

Model parameters are as given for Figure 5c (Table 1).
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Model parameters are given in Section 5.1.
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Simulation cases are the same as in Figure 6b. For each simulation case, the corresponding (a)

D and (b) tinj are shown.
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Figure S11. Source properties of observed SSEs from Cascadia (Michel et al., 2019), deep and

shallow Hikurangi (Ikari et al., 2020), Guerrero (Radiguet et al., 2012) and Nankai (Takagi et

al., 2019) subduction zones. (a) Moment-Area. (b) Moment-stress drop. Note that only stress

drops from Nankai and Hikurangi SSEs were constrained by observations. To define the stress

drop of Deep Hikurangi SSEs from Ikari’s (2020) catalog, we calculated the average stress drop

between the different stages of each event.
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Table S1. Range of parameters explored for shallow Gisborne SSEs in Section 4.

Parameter Symbol Range explored
Maximum pore pressure change ∆pmax 0.375 - 2.25 MPa

Type I Normalized pore pressure change ∆pmax/aσ 25 - 150
Perturbation radius Ro 11.25 - 45 km

Normalised perturbation radius Ro/Lb 2.7 - 10.8
Maximum pore pressure change ∆pmax 0.375 - 2.25 MPa
Normalised pore pressure change ∆pmax/aσ 25 - 150

Type II Hydraulic diffusivity D 5 - 50 m2/s
Injection time tainj 30 days

Normalised perturbation size
√
Dtinj/Lb 0.8 - 2.8

aNote that we consider other tinj for shallow Hikurangi SSEs in Figure 6 (Table S3)

Table S2. Perturbation characteristics of simulation cases shown in Figures 5a. For all cases

∆pmax/σ = 0.5, where σ = 9 MPa.

D (m2/s) Db (m
2/s) tinj log10

√
Dtinj/Lb

2 yrs -0.22
1 yr -0.37

0.1 0.3 0.5 yr -0.52
30 days -0.91
10 days -1.15
2 yrs 0.28
1 yr 0.13

1 3 0.5 yr -0.02
30 days -0.41
10 days -0.65
2 yrs 0.78
1 yr 0.63

10 30 0.5 yr 0.48
30 days 0.09
10 days -0.15
1 yr 1.13
0.5 yr 0.98

100 150a 30 days 0.59
10 days 0.35

aNote that Db/D = 1.5 (instead of 3) for D = 100 m2/s, as larger Db led to slip-rate doubling

(Text S2)
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Table S3. Perturbation characteristics of simulation cases shown in Figure 6b to 6d.

Target SSEs D (m2/s) Db (m
2/s) tinj log10

√
Dtinj/Lb ∆p/aσ Tper (yrs)

10 50 30 days 0.09 0.5 2
25 40 30 days 0.29 0.5 2
25 40 10 days 0.05 0.5 2
25 40 10 day 0.05 0.5 5(a)

25 40 5 days -0.1 0.5 5
50 75 30 days 0.44 0.5 5

Shallow Hikurangi 50 75 10 days 0.2 0.5 2
50 75 10 days 0.2 0.5 2
50 75 5 days 0.05 0.5 5
60 85 5 days 0.09 0.5 5
75 90 5 days 0.29 0.5 2
75 80 5 days 0.14 0.5 5
100 90 10 days 0.35 0.5 5
100 130 10 days 0.35 0.5 2
100 125 5 days 0.2 0.5 5
100 150 5 days 0.2 0.5 5
100 125 1 day -0.15 0.5 5
1 2 2 yrs 0.28 0.5 5
1 2 1 yr 0.13 0.5 5
1 2 0.5 yr -0.02 0.5 5

Deep Hikurangi 1 4 3 yrs 0.37 0.5 5
1 2 3 yrs 0.37 0.5 5
1 6 4 yrs 0.43 0.5 5
1 4 3 yrs 0.37 0.75 5
2 7 3 yrs 0.52 0.5 5
2.5 5 2 yrs 0.48 0.5 5
1 3 30 days -0.41 0.5 1.5
0.5 1.5 10 days -0.8 0.5 1.5
0.5 1.5 10 days -0.8 0.5 1.5
5 15 10 days -0.3 0.5 1.5

Cascadia 5 15 30 days -0.07 0.5 1.5
10 30 10 days -0.15 0.5 1.5
10 30 10 days -0.15 0.25 1.5
20 25 10 days 0 0.5 1.5
20 25 10 days 0 0.25 1.5
30 35 10 days 0.09 0.5 1.5
40 45 10 days 0.15 0.5 1.5
0.1 0.5 2 yrs -0.22 0.5 6
0.1 0.5 2 yrs -0.22 0.5 3
0.1 0.5 1.5 yrs -0.28 0.5 3
0.1 0.5 1 yr -0.37 0.5 3
0.25 1.5 2 yrs -0.02 0.5 3

Nankai 0.25 1.5 1.5 yr -0.08 0.5 3
0.25 1.5 1 yr -0.17 0.5 3
0.5 2 2 yrs 0.13 0.5 3
0.5 2 1.5 yr 0.07 0.5 3
0.5 2 1 yr -0.02 0.5 3
0.5 2 0.4 yr -0.22 0.5 3

Mexico 20 40 2 yrs 0.93 0.5 4
20 40 1 yr 0.78 0.5 4

aShallow Hikurangi SSEs in the southern part of the margin have recurrence time of ∼5 yrs,

therefore we set Tper to 5 yrs (Wallace, 2020).
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Table S4. Estimation of fault zone permeability (k) through the relation k = Dηβϕ, assuming

uniform η=10−3 Pa·s (fluid viscosity), β = 10−8 Pa−1 (effective compressibility) and ϕ = 0.05

(porosity). We set the same hydraulic diffusivity (D) required to reproduce SSE duration and

magnitude with our model (Figure S10a and Table S3).

Target SSEs D (m2/s) k =Dηβϕ (m2)
10 5E-12
25 1.25E-11

Shallow Hikurangi 50 2.5E-11
60 3E-11
75 3.75E-11
100 5E-11
1 5E-13

Deep Hikurangi 2 1E-12
2.5 1.25E-12
1 5E-13
0.5 2.5E-13
5 2.5E-12

Cascadia 10 5E-12
20 1E-11
30 1.5E-11
40 2E-11
0.1 5E-14

Nankai 0.25 1.25E-13
0.5 2.5E-13

Guerrero 20 1E-11
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