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Description of Contents
This document contains 2 text sections and 3 figures.
In Text S1, we discuss the mechanism of generating Slow Slip Events (frictional instabilities) on velocity-
weakening and velocity-strengthening faults whose fault strength evolution is given by rate-state friction.
In Text S2, we discuss the Enggano section of the Sunda megathrust; we first describe the GPS and seis-
mological observations from this island, and then explore different earthquake cycle models that can explain
the observed deformation pattern there.

Figures
• S1 - SSE generated by velocity-strengthening versus velocity-weakening frictional instabilities
• S2 - Slip rate evolution for an SSE generated on a velocity-strengthening fault
• S3 - GPS deformation observations and model for Enggano
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S1. Slow Slip Events (SSE) on faults governed by rate-state friction

Governing Equations
We can describe the variation of the friction coefficient on a thrust fault as a function of fault velocity v,
and a state parameter θ which represents the average duration of asperities, using rate-and-state dependent
friction and the ageing law (Dieterich 1979; Ruina 1983).

µ = µ0 + a log

(
v

v0

)
+ b log

(
v0θ

L

)
(S.1)

dθ

dt
= 1− vθ

L
(S.2)

µ0, v0 are reference values of the friction coefficient and velocity respectively; a, b are material properties
that describe the evolution of the friction coefficient to changes in velocity and its evolution in time (and
slip, by extension) respectively, while L is the critical slip distance over a population of frictional contacts
evolve.

Consider the force balance on the fault, we equate the stresses arising from elastic interaction with friction
and radiation damping as follows:

τ̇∞t+Kδ = µσ̄ +
G

2vs
v (S.3)

Here τ̇∞is the far field stressing rate on the fault (derived from loading the fault at a slip rate of Vpl), K
is the elastic interaction kernel computed from the analytical solutions for stress due to a shear crack in
an elastic medium (plane strain) (Segall 2010). The right hand side contains the frictional stress (σ̄ is the
normal stress) and the last term is the radiation damping approximation (Rice1986,Rice1993) (G is the shear
modulus and vs is the shear wave speed in the medium).

The time derivative of the force balance (Equation S.3) gives us the momentum balance. For simplification
we use the following variable transformations:

ζ = log
v

v0

φ = log
v0θ

L

(S.4)

Using these transformations in the time derivative of Equation S.3 with Equation S.1 and S.2, we obtain the
governing equation (momentum balance) to generate earthquake sequences:

τ̇∞ +Kv0 exp ζ =
(
aζ̇ + bφ̇

)
σ̄ +

G

2vs
(v0 exp ζ) ζ̇ + (µ0 + aζ + bφ) ˙̄σ

˙̄σ → 0 or kinematically imposed

(S.5)

We solve for unknown variables ζ, φ, σ̄ by numerically integrating the above coupled ODEs (Equation S.5 and
S.2) using a 4th order Runge-Kutta adaptive time-stepping method, subject to an arbitrary initial condition(
ζ0 = 10−3, φ0 = 0, σ̄0 = 60MPa

)
.

2



SSE on velocity-weakening faults
To generate SSE on velocity-weakening (VW implies the friction coefficient decreases with an increase in
velocity, thereby localizing strain and promoting unstable fault slip) faults, we use an instability nucleation
size comparable to the dimension of the the VW region (R). We assume the earthquake cycle is driven only
by shear tractions and thus neglect any temporal variation in the fault normal stress ( ˙̄σ = 0).

Simple stability analysis of this system of equations gives us a nucleation size (James R. Rice 1993) for a
VW frictional instability as:

h∗ =
GL

(b− a)σ̄
(S.6)

For R
h∗ ∼ 1.1, we generate frictional instabilities which correspond to SSE (Figure S1A) where with increasing

slip, the rate of elastic energy release exceeds the frictional weakening thereby preventing the instability from
running away to seismic slip rates.

A characteristic feature of these kinds of SSE are that they have a long nucleation phase, where fault slip
rate accelerates over a time interval comparable to the interval over which the SSE shows almost linear
displacement timeseries (Figure S1B). This means that for an SSE to have an average slip rate of 1-1.5 Vpl
over a period of 10-20 years, it must be preceded by an acceleration on the fault lasting 10-20 years. However
this is not observed in coral timeseries, and so is an unsatisfactory explanation.

Instead, we observe an abrupt velocity change and so the underlying mechanism needs to produce a sudden
change in velocity (at a timescale significantly shorter than the SSE duration itself) while still creeping at a
rate comparable to the plate loading rate.

SSE on velocity-strengthening faults
Frictional instabilities do not typically nucleate on velocity-strengthening (VS) faults because an increase in
fault strength with increase in fault slip rates implies that instabilities are damped out. However, unstable
frictional behaviour on VS faults can occur due to two reasons: (1) A decrease in the effective normal stress
on the fault, due to evolution of fluid pressures, weakens the fault and counters the velocity damping the
VS material would have otherwise executed. (2) When a VS fault is perturbed away from its steady-state
creep behaviour, by a past negative stress drop event, the evolution of the state-parameter (θ) can promote
mildly unstable frictional behaviour.

We exploit both mechanisms and propose a hybrid mechanism where the nucleation of an instability initiates
as the fault recovers from a previous negative stress drop event; this velocity increase is coupled with gouge
compaction and the release of pore fluids onto the fault (Perfettini and Ampuero 2008), which further weaken
the frictional strength and cause the instability to last up to 3 decades.

We solve the governing equations for velocity, state and normal stress evolution detailed in Equations S.2,
S.5 subject to an initial condition. We model the initial condition with an instantaneous pore-fluid expulsion
event (t− → t+), possibly caused by a previous great earthquake, which drained the fault and dropped σ̄ by
∼ 2 MPa (Figure 3, S1C).
This condition is obtained by computing an effective change in ζ, φ from Equation S.3 for an instantaneous
change in normal stress from σ̄− → σ̄+ .

µ0

(
σ̄+ − σ̄−

)
+ a

(
σ̄+ζ+ − σ̄−ζ−

)
+ b

(
σ̄+φ+ − σ̄−φ−

)
= 0 (S.7)

Since this is an instantaneous event, we assume the change in elastic interactions is negligible in Equation
S.3 implying the only change in the force balance is in the frictional strength (Equation S.7).

The instantaneous event also implies that the state variable has not evolved from t− → t+ i.e. φ− = φ+.
Simplifying this, we can write:
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(µ0 + bφ)
(
σ̄+ − σ̄−

)
+ a

(
σ̄+ζ+ − σ̄−ζ−

)
= 0 (S.8)

We provide an expression for ζ+ which serves as the initial condition for the momentum balance.

ζ+ =
σ−

σ+
ζ− −

(
µ0 + bφ

a

)(
1− σ−

σ+

)
(S.9)

We impose Equation S.9 on Equation S.5 at t = 50yrs (Figure S1C) and numerically integrate it using a
Runge-Kutta 4th order finite difference method which allows adaptive time stepping.
The instability initiates spontaneously around 200 yrs as the velocity on the fault tries to reach its steady
state value (Figure S1D, S2). In the absence of any additional weakening such an instability arrests itself
and is limited to a slip rate indistinguishable from steady-state fault creep (Figure S2). We add slip rate
driven pore-pressure rise as an additional source of weakening to reproduce the multi-decadal nature of the
SSE (Figure S1).

Pore-pressure evolution
Our exploration of pore-pressure driven fault weakening is motivated by the fault-valve model (Sibson 1990).
The basic premise is that frictional sliding is a self-sealing process where slow fault shear promotes the
formation of a low-permeability fluid barrier through precipitation/dissolution of insoluble/soluble phases or
pressure solution creep that closes pore space (porosity) in the gouge (Gratier et al. 2002), thereby building
overpressure and decreasing fault strength. At the earthquake cycle timescale, it is thought that on-fault
fluid pressure is relieved during earthquakes due to cracking and fracturing of the fault gouge during fast slip;
slow interseismic processes are thought to promote compaction and build pore-pressure (Marone, Raleigh,
and Scholz 1990; Sibson 1990).

Motivated by laboratory observations and such a conceptual model, typical velocity dependant porosity
evolution models are derived to have a logarithmic functional form (porosity ∝ log(v)). This porosity
evolution equation is then used in a fluid mass balance as an unsteady-state (membrane) diffusion problem
to solve for the evolution of pore-fluid pressure (Segall and James R Rice 1995). This formulation creates
a strong dependence of pore-pressure on velocity and the state variable (v, θ), but erases any influence of
cumulative slip (or shear). However, experimental investigations of the variation of gouge porosity with
shear is observed to be more complex, as gouges follow an initial shear-driven compaction phase which is
then replaced by a shear rate-dependance (Marone, Raleigh, and Scholz 1990). Additionally the porosity
evolution equations are calibrated for sliding experiments run at ∼ 10−6m/s (Marone, Raleigh, and Scholz
1990), which is orders of magnitude faster than the rates at which we observe the long-lived SSE at Simeulue.

With these considerations in mind, and being mindful of the fact that we know very little about the lithology
and the strain history of the Sunda megathrust at the location where we infer the shallow SSE, as well as the
exact form of pore-pressure evolution at very low slip rates, we chose to model the rate of pore-fluid pressure
rise during the spontaneously-nucleated SSE period as a linear function in time with the normal stress at
the end of the SSE restored to its pre-perturbation value (60 MPa in this case). This is conceptually similar
to the numerical model of Sleep and Blanpied 1992, where they allowed porosity reduction due to gouge
compaction during interseismic creep to drive earthquake cycles.

˙̄σ = 0 t ∈
[
t+, tSSE

]
˙̄σ =

2 (σ̄+ − σ̄−)

∆tSSE

(
1− t− tSSE

∆tSSE

)
t ∈ [tSSE , tSSE + ∆tSSE ]

(S.10)

An SSE produced by this mechanism displays piece-wise linear displacement timeseries (Figure S1D), and is
preceded by an undetectable fault acceleration (Figure S2), since this occurs at values below the detectable
threshold of surface data. Therefore, we consider this as a likely mechanism for shallow long-lived SSE
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since it can reproduce all the salient features of the coral timeseries and agrees with the frictional properties
inferred for this segment of the Sunda megathrust (abrupt velocity change, the magnitude of the velocity
change is comparable to the plate velocity, the SSE lasts for 3 decades, and it occurs on the same part of
the fault that showed significant afterslip following the 2005 Mw 8.6 Nias earthquake (Qiu et al. 2019).

Velocity Weakening Fault 
(SSE)

Velocity Strengthening Fault 
(SSE)

~Vpl

V = 0

~Vpl

Short transitionLong transition

(A)

(B)

(C)

(D)

Figure S1: Comparison between SSE on velocity-weakening (VW) and velocity-strengthening (VS) faults.
(A) and (C) show the slip rate evolution during the pre-SSE and SSE periods for the VW and VS case
respectively. (B) and (D) show the mean slip rate and cumulative fault slip for both cases. The VS fault
shows a short transition time between being stationary to creeping at the plate rate or faster; this key feature
matches the coral data.
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Figure S2: Snapshots through time of a frictional instability on a velocity strengthening fault. A steady-state
creeping fault was perturbed early in the simulation (t = 50 yrs) by a pore-fluid expulsion event and allowed
to evolve. In this simulation we do not allow additional weakening from pore-pressure recovery on the fault.
The colours represent different time periods (t = 190 to 230 yrs) ranging from the initial acceleration of the
SSE (blue) until the instability is arrested and the fault resumes creeping at its steady rate velocity (red).
The SSE nucleates at the 12-14 km on the simulated fault, as the fault is trying to recover to its steady state
creep rate. However, an overshoot of slip rates occurs leading to a pulse of high slip rate at the center of the
simulated fault. The transition from creep at below 10−10m/s to the accelerated slip pulse of ∼ 10−8m/s
occurs in a short period of time (1-2 yrs). This instability is then damped out and is smeared over the
available fault area over 10-15 years.
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S2. Hazard at Enggano
The Enggano segment of the Sunda megathrust behaves markedly differently from the other Sunda megath-
rust segments such as the Mentawai or Nias-Simeulue segments. There are no documented great earthquakes
which have occurred here (Meltzner et al. 2015; Philibosian, Sieh, J.-P. Avouac, et al. 2017; Philibosian,
Sieh, J.-p. Avouac, et al. 2014), and the background seismicity indicates a continuously seismically productive
megathrust (Figure S3), in contrast to the neighboring segments which showed a marked quiescence before
the start of the great earthquakes (Mw9.2 2004 Aceh-Andaman, Mw8.6 2005 Nias-Simeulue and Mw8.4 2007
Bengkulu). The GPS-derived velocity for the Enggano island site (MLKN in Figure S3) is from campaign
occupations from 1992-2001 (site name ENGG) (Prawirodirdjo et al. 2010) and a continuous site operated
from 2005-onwards (Figure S3A,B). The horizontal velocities from both time periods are significantly differ-
ent raising the question: why did the velocities change?

We hypothesize that the change is related to an ongoing long-lived shallow SSE (Figure S3A-C). The large
landward signal in the campaign GPS velocity indicates that the megathrust under Enggano was frictionally
locked (at least within the seismogenic zone) until 2001 (Figure S3C). The horizontal velocity field from
2005-present shows almost exclusively trench-parallel sliver motion, which taken in isolation could imply no
frictional locking on the megathrust. However, once we factor in the vertical displacements from MLKN
(Figure S3B) we understand that it is not possible for steady aseismic subduction to produce ∼ 10 mm/yr of
subsidence from 2005-2016. We believe that a shallow ongoing SSE must be the cause of negligible trench-
normal motion while compounding the subsidence signal from this island (Figure S3C).

An alternate explanation could be visco-elastic effects of upper mantle deformation due to the Mw7.9, 2000
Enggano intra-slab earthquake. The mantle wedge of the overriding plate, and the mantle of the oceanic
plate are thought to deform through viscous processes following stress perturbations from nearby great
earthquakes. However, these effects are distributed over a large volume and typically decay exponentially
with time since the initial perturbation (for Enggano the last significant stress perturbation was in 2000).
Seismicity patterns in a volume near Enggano show no clear deformation trends in space or time (Figure
S3D,E) indicating that apart from the time period close to the Mw7.9, 2000 event, the seismic productivity
was representative of background processes. It appears that the deformation rates before and after the year
2000 are not distinguishable (for events above Mw4.5 - Figure S3E), thereby negating any justification for
visco-elastic relaxation of the mantle driving the observed signal in Figure S3B.
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Figure S3: Geodetic and seismotectonic observations near Enggano. (A) We show the horizontal site ve-
locities from a campaign (1992-2001) and continuous (2005-2015) site (MLKN). In the inset we show a
schematic cross section of a locked seismogenic zone (cyan) and a shallow SSE region (red) which cause the
trench-normal velocity for MLKN to be cancelled out while compounding the subsidence signal. (B) The dis-
placement timeseries (blue - trench-normal motion; black- vertical motion) for MLKN. (C) Schematic to show
how the timeseries from the locked (dashed cyan) and SSE region (red) interact together to produce the ob-
servations at MLKN. (D) Seismicity from the box shown in (A) plotted in cross section. Circles (coloured by
the year) are from the Advanced National Seismic System (ANSS (https://doi.org/10.5066/F7MS3QZH) cat-
alog while beach balls are from Global Centroid Moment Tensor (GCMT Ekström, Nettles, and Dziewoński
2012). The plate boundary (thick black line) is taken from Slab 2 (Hayes et al. 2018). (E) We bin the
events based on year and plot them as a cumulative count with time. The different coloured lines indicate
a different minimum cutoff for earthquake magnitudes. We vary the minimum cutoff to see if there is a bias
in number of reported events because of improvements in methods and/or number of stations.
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