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A B S T R A C T   

Nearby faults interact with each other through the exchange of stress. However, the extent of fault interaction is 
poorly understood. In particular, interactions may lead to slow-slip activity, resulting in episodes of transient 
surface motion. Our study concentrates on Northwest Sulawesi (Indonesia), which hosts two fault zones with 
potential for major earthquakes and tsunamis: the strike-slip Palu-Koro fault and the Minahassa subduction zone. 
Thanks to a 20-year-long effort in geodetic monitoring, we are able to identify multiple periods during which 
surface velocities deviate from their interseismic trend. We use a Bayesian methodology with forward predictions 
of slip on the two fault interfaces to match the observations following the 2018 Mw7.5 Palu earthquake, and infer 
that both deep afterslip on the Palu-Koro fault and slow slip on the Minahassa subduction interface have caused 
the observed transient surface motion. This finding represents the first recording of a slow slip event on the 
Minahassa subduction interface. We also infer that the subduction interface and the strike-slip fault are likely 
interacting on a regular basis.   

1. Introduction 

At Northwest Sulawesi, the Minahassa subduction zone runs east- 
west offshore the North Arm and meets the Palu-Koro fault at its west-
ern termination (Fig. 1). Several tsunamigenic earthquakes struck the 
island of Sulawesi, Indonesia, over the past 30 years; the largest recor-
ded event occurred at the Minahassa slab interface, in 1996 (Fig. 1; 
Pelinovsky et al. (1997)), with a Mw 7.9. The left-lateral Palu-Koro fault 
recently hosted a devastating Mw 7.5 event through a shallow rupture 
over multiple fault segments (Socquet et al., 2019; Simons et al., 2022). 
Over the past three decades, the GNSS network on Sulawesi has grad-
ually been densified (Simons et al., 2022). The geodetic network con-
firms the presence of 4 cmyr− 1 of relative motion accommodated at both 
the Palu-Koro fault and the Minahassa subduction zone (Socquet et al., 
2006). A view on locking patterns along the slab interface is still absent 
due to the limited spatial coverage of geodetic observations. Hence, to 
this day there is no clear evidence to which degree slip deficit accu-
mulates along the Minahassa plate interface. The relative lack of major 
earthquakes at the Minahassa subduction zone over the past decades, 
except for the 1996 Mw7.9 and 2008 Mw7.4 events (Fig. 1 A), offers the 
possibility that episodic aseismic slip accommodates a significant part of 

the converging motion. 
Per definition, seismogenic faults slip transiently. The slip deficit that 

is accumulated through locked patches on fault interfaces can be 
distributed over prolonged periods of time (Hirose et al., 1999; Dragert 
et al., 2001), as opposed to the sudden release of elastic energy through 
fast slip as earthquakes. Transient (potentially aseismic) slip is usually 
named afterslip when successive to a major earthquake on the same 
seismic interface as it is triggered by the co-seismic stress perturbation 
(e.g., Marone et al., 1991). If transient slip does not directly follow an 
earthquake, it is called a slow-slip event (SSE). Like earthquakes, SSEs 
have been detected in GNSS time series for sites overlying subducting 
plate interfaces and nearby major strike-slip faults worldwide (e.g., 
Obara and Kato, 2016). Several types of SSEs can be distinguished based 
on their temporal fingerprint and type of observation (e.g., Beroza and 
Ide, 2011; Obara and Kato, 2016). SSEs can occur up- and down-dip as 
well as along-strike of locked patches in seismogenic zones (Hirose et al., 
1999; Obara et al., 2004; Ishihara, 2003), they can last from hours to a 
couple of days to many months (Ishihara, 2003; Obara et al., 2004; 
Hirose et al., 1999) and their equivalent moment magnitude that is 
resolvable by geodetic measurements varies roughly between Mw4.5 and 
7.5 (e.g., Ide et al., 2007a, 2007b; Beroza and Ide, 2011; Obara and Kato, 
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2016). The contribution of SSEs to the long-term slip budget also varies 
per region; SSEs hold a major contribution for the subduction interfaces 
at Hikurangi (Wallace and Beavan, 2010) and the Guerrero Gap (Radi-
guet et al., 2012) where SSEs occur on wide extents of the shallow 
subduction interface. On other subduction interfaces, such as the Nankai 
(Takagi et al., 2019) and Cascadia subduction zones (Bartlow, 2020), 
SSEs occur in specific depth ranges whilst most of the shallow subduc-
tion interface remains mostly locked, i.e., the SSEs have a smaller 
contribution to the overall slip budget on the interface. Assessing the 
seismogenic potential of a subduction interface is therefore reliant on 
the determination of SSE activity. In this it is important to note that SSEs 
can either relieve or increase stress on the same subduction interface 
(Segall and Bradley, 2012; Voss et al., 2018; Cruz-Atienza et al., 2021). 
For the Minahassa subduction interface no SSEs have been detected in 
the past. 

Another important factor for the seismic hazard of a region is the 
potential for fault interactions. Namely, slip on one fault can trigger 
activity on another fault through either dynamic (e.g., Miyazawa and 
Mori, 2005) or static stress changes (e.g., Toda et al., 1998). SSEs (can) 
influence the seismogenic potential of fault interfaces by activity on 
other major faults in the direct vicinity of the SSE host (e.g., Saltogianni 
et al., 2021). Such fault interactions are reported only sparsely, with 
evidence of both triggering (Hamling and Wallace, 2015) and delaying 
(Wallace et al., 2014) motion reciprocally. The SSE on the Hikurangi 
subduction interface triggered by the complex Kaikōura earthquake 
which had a large component of shallow crustal activity (Wallace et al., 
2018; Wei et al., 2018) highlights the triggering potential of crustal scale 
faults. The triggering of an SSE also outlines potential earthquake 

sources as SSEs are found to surround mega-thrust patches that are 
locked (Obara and Kato, 2016). More observations of fault interactions 
and their (slow) slip events are needed to better ascertain the imminent 
seismogenic and tsunamigenic potential of these faults. 

Previous studies suggested that the island of Sulawesi holds such a 
setting where major, seismogenic faults interact (Walpersdorf et al., 
1998; Vigny et al., 2002). We assess whether observable interaction 
between the Palu-Koro fault and the Minahassa subduction interface 
takes place using an extensive dataset that also includes displacements 
due to the 2018 Mw7.5 Palu earthquake. Nijholt et al. (2021) report 
transient deformation near Palu in the 11 months following the 2018 
Mw7.5 earthquake on the Palu-Koro fault (Fig. 1B), which most likely 
results from deep afterslip on and below the coseismic fault surface. 
However, this study only incorporated one measurement on the North 
Arm (CTOL/TOLI in Fig. 2). Moreover, while deep afterslip explains the 
postseismic displacements near the Palu-Koro fault it cannot account for 
the amplitude of postseismic deformation at CTOL/TOLI, which lies 
relatively far from the coseismic rupture (Nijholt et al., 2021). A plau-
sible explanation for this mismatch is that additional surface motions 
result from triggered aseismic slip on the Minahassa subduction inter-
face, rather than on the Palu-Koro fault. In the first section of our current 
study, we expand upon the GNSS time series used in Nijholt et al. (2021) 
and investigate the entire >20-year database of GNSS data from North 
Sulawesi. We determine interseismic velocities and find several occur-
rences of surface positions that are not in line with the interseismic 
velocities, i.e. transient surface motion (Fig. 2). In particular, newly 
collected data points on the North Arm after 412 days since the 2018 
Palu earthquake show cumulative offsets (Δ412) that display a coherent 

Fig. 1. A. Study region. Thick black lines outline two major fault interfaces in North Sulawesi. Gray lines are iso-depth contour lines of the Minahassa subduction 
interface. Coloured stars represent Mw > 6 earthquake locations, with coloured lines showing the ~ 50% maximum slip contour of the two largest earthquakes in the 
past 25 years (based on the “Finite-Fault Archives” of the USGS and “The Source Models of Large Earthquakes” of the California Institute of Technology Tectonics 
Observatory, both accessed online 22nd May 2023). Blue line depicts the afterslip on the Palu-Koro fault following the 2018 rupture (Nijholt et al., 2021). Purple 
arrows indicate some representative, interseismic GPS velocities with respect to Sundaland (see e.g., Socquet et al., 2006). B Surface fault trace (black lines) of the 
shallow segments that ruptured during the 2018 Palu earthquake (Simons et al., 2022) and post-seismic surface displacements after 325 days (Nijholt et al., 2021). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. Detrended continuous and campaign GNSS time series of the East (A), North (B) and Up (C) components ordered from south (top) to north (bottom). Gray 
domains indicate episodes of transient deformation. Red lines indicate major earthquakes: the Mw 9.22004 Sumatra-Andaman earthquake, the Mw 7.42008 Mina-
hassa earthquake and Mw 7.52018 Palu earthquake. D Location of GNSS monuments and cumulative post-seismic offsets Δ412 (i.e., 412-day post-seismic positions 
corrected for interseismic trend and coseismic offsets) with confidence intervals displayed at the 95% level. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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pattern with increased surface motions towards the Minahassa trench 
(Fig. 2D). In the subsequent sections of our study, we take a Bayesian 
approach to determine the likelihood that a combination of afterslip on 
the Palu-Koro fault and short-term, transient slow slip at the Minahassa 
plate interface following the 2018 Palu earthquake explains these sur-
face motions after 412 days in a single inversion. 

2. GNSS observations 

2.1. GNSS data processing 

We process the dual frequency GNSS dataset with a 30 s sampling 
rate from continuous and campaign GPS observations from 2000 to 
2021. We use the zero-differencing, scientific GIPSY-OASIS II software 
version 6.4 (Jet Propulsion Laboratory, 2017) in the global reference 
frame solution of IGS, named IGS14 (Rebischung and Schmid, 2016). 
The IGS14 solution is based on the International Terrestrial Reference 
Frame 2014 (ITRF2014) (Altamimi et al., 2016). We adapted the 
GIPSY-OASIS software to also process data from the new block III GPS 
satellites, which have become operational since 2019 (GPS 74–78). We 
obtain precise ephemeris of GNSS satellites with Earth rotation param-
eters (ERP) in a non-fiducial style in IGS14 from the Jet Propulsion 
Laboratory (JPL). Following Simons et al. (2019), we compute 
non-fiducial daily position solutions with GIPSY and without 
pre-constrained reference positions. Next, we use daily transformation 
parameters to align the daily positions with IGS14 using JPL-supplied 
X-files. In a final step, we weekly average station positions to screen 
for any outliers and thereby improve reliability of the coordinate 
solutions. 

2.2. Time series analysis approach 

We fit a parametric model through the GNSS-derived positions to 
interpret the changes in position as a superposition of tectonic contri-
butions. We depict the detrended timeseries in Fig. 2. In a weighted 
least-squares sense we estimate a constant interseismic velocity, 
coseismic jumps and displacements during transient episodes. We 
parametrize transient displacements as cumulative offsets; given that 
the vast majority of our observations are campaign style, this represents 
a purposely simple yet effective solution to determine non-interseismic 
motion that greatly exceeds the noise and has a coherent signal across 
multiple stations (see e.g., Klein et al., 2018). The estimates are made 
per east, north and up component in order to properly ascertain the 
interseismic trend prior to 2018 and determine the cumulative dis-
placements for each transient episode. We use: 

P(t) = P0 + v • t+
∑N

i=1
ΔPE

i HE( tE
i
)
+

∑M

j=1
ΔPT

j HT
(

tT
j

)

Where the position P(t) is the modeled position and thus a sum of the 
starting position P0 for the given component (E, N or U), the interseismic 
velocity v and the offsets ΔPE

i and ΔPT
j for earthquakes and transient 

episodes, respectively. For each component of a timeseries, transient 
episodes are included as Heaviside step functions H. The length of a 
transient episode is not equal for all stations, but it is for all components 
of a station; for example, CTOL/TOLI has two transient episodes be-
tween 2008 and 2017 whilst the campaign stations take this entire time 
period as one big transient episodes as they were measured only once in 
this time period. N is the total number of earthquakes (2004, 2008, 
2018) per station that start at times tE

i , and M is the total number of 
transient episodes per station. These times tE

i are designated manually. 
For the fit, we do not take into account data from transient episodes 
(likewise we exclude outliers). Hence, observations from transient pe-
riods do not affect the estimated interseismic trend. The time step tE

j for a 
transient episode is defined in the middle of a transient episode. We use 
weighted least squares to fit the above equation to the data, with inverse 

variances as weights. We manually identify transient episodes as time- 
varying deviations from the trend. We add a table of the estimated pa-
rameters from the least-squares inversion in the Supporting Data at the 
4TU repository (Nijholt et al., 2024) and show the time series of indi-
vidual stations in Figs. S1–11. When the interseismic trend is subtracted 
from the positions, both the long-term campaign and continuous time 
series in North Sulawesi display recurrent deviations (Fig. 2); many of 
these can be determined most clearly in the continuous time series of 
CTOL/TOLI. 

For the 2004, 2008 and 2015 transients we use the weighted least 
squares cumulative offset estimates. Because of the large magnitude of 
the 2018 transients, we use the detrended weekly averaged positions 
instead, that contain the coseismic and postseismic cumulative offsets 
since the 2018 earthquake and that have the following uncertainties: 

σt,co+post =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
t + σ2

v (t − tE2018 )
2

√

With σt the standard deviations from the weekly averaged positions, 
and σv the interseismic velocity uncertainties from the weighted least 
squares inversion, t time and tE2018 the time since the 2018 earthquake. 
From the post-2018 detrended displacements we subtract the coseismic 
offsets from Simons et al. (2022), which have a better coseismic estimate 
than the above weighted least squares estimation due to the inclusion of 
corrections for early postseismic motions in Simons et al. (2022). 

The uncertainty of the cumulative postseismic offsets Δ412, σ412,post , is 
solely dependent on the standard deviations of the coseismic displace-
ments σco (from Simons et al., 2022) and of the detrended positions at 
412 days σ412,co+post: 

σ412,post =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
412,co+post + σ2

co

√

Table S1 provides cumulative offsets Δ412 and its uncertainties for all 
GNSS sites. 

2.3. Time series analysis results 

In Fig. 2 we depict the detrended time series of the east, north, and up 
components for the stations in North Sulawesi, with colour-coded lines 
per station. The detrended time series show transient episodes as de-
viations from the horizontal line. We order the stations in Fig. 2 from 
south (top) to north (bottom) as the positions changes in the north 
component are largest for the southernmost station following the 2018 
Palu earthquake. 

CTOL/TOLI is the station name we use here as CTOL is the contin-
uation of the older site TOLI. This station clearly displays four larger 
transient episodes (Fig. 2): the first spans from the start of the timeseries 
into 2002, the second directly follows the 2008 subduction earthquake, 
the third crosses 2015–2016, and the fourth starts directly after the 2018 
Palu earthquake. The transient motion in the first two years of recording 
shows a complex signal possibly induced by the 1996 earthquake. 
Walpersdorf et al. (1998) and Vigny et al. (2002) report similar transient 
motion with a dominant North component following the 1996 earth-
quake for station in the Palu Bay area, east of the Palu-Koro fault. We 
also observe a transient in 2004 with the largest offsets in the north 
component at the (southern) stations, closest to the Palu-Koro fault. The 
2008 and 2015 transients, as recorded by CTOL/TOLI, can only be seen 
as a cumulative offset for campaign stations as they had not been 
measured regularly over this time span. In Fig. 3, we display cumulative 
displacements of these three transient episodes to show they are of 
similar order of magnitude, spatially coherent and their magnitude ex-
ceeds the observational uncertainty. All displacements are northward 
during transient episodes; through every transient episode there is a 
position change that qualitatively agrees with both the direction of 
strike-slip motion of the Palu-Koro fault as well as with slip on the 
Minahassa subduction interface. Transient displacements in the east 
direction are much smaller in magnitude, and are not consistently 
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positive or negative. The post-2018 time series of CTOL/TOLI (Fig. S11) 
does not have a temporal shape typical for afterslip, i.e., a logarithmic 
decay function. Rather, it appears as a superposition of a decaying trend 
and a slowly increasing and then decreasing signal with the peak ve-
locity at about 340 days. As the Minahassa subduction interface is 
located at depth below the GPS station, this second trend is possibly the 
imprint of a deep SSE. A slow rise after the 2018 earthquake is followed 
by a rapid acceleration with a subsequent gradual deceleration in 
transient motion, a typical temporal characteristic of SSEs (Kostoglodov 
et al., 2003; Ozawa et al., 2002; Outerbridge et al., 2010; Wallace and 
Beavan, 2010). 

Following the 2018 Palu earthquake, the largest magnitude post-
seismic transients have been observed near Palu (Nijholt et al., 2021). 
These seem to continue at least until the end of the recorded positions 
(Fig. 2). The stations on the North Arm report slightly decreasing mag-
nitudes from south to north and sway from a slight west-component at 
PALA and TOMI, to a larger east-component from SAMB northwards 
(Figs. S1-S11). The six northernmost stations all show uplift post-2018, 
which decreases northwards. Other stations on the North Arm show no 
significant vertical motion. The pattern of horizontal cumulative offsets 
up to 412 days after the 2018 Palu earthquake (Fig. 2D) from the 
continuous and campaign stations is spatially coherent and significantly 
surpasses the noise level for all three components. This thus hints at a 
tectonic signal that we interpret in the following sections. 

2.4. Integrating heterogeneous campaign data following the 2018 
earthquake 

We consider that the Δ412 observations potentially result from both 
1) Palu-Koro fault afterslip, and 2) slow slip on the Minahassa subduc-
tion interface. Namely, we expect the stations on the North Arm to be 
affected by both slip on the subduction interface as well as Palu-Koro 
afterslip (Nijholt et al., 2021), while the sites near Palu will be too 
distant to the Minahassa subduction zone to be affected significantly by 
slow slip. This view is also justified by the timeseries in the Palu area 
(Fig. 4), which do not show any indication of the accelerating and 
decelerating motions that we observe for CTOL/TOLI in Fig. 2. These 
time series follow a single decaying curve, indicating that the surface 
motions near Palu solely result from post-seismic motion directly 
following the 2018 earthquake. This is most likely due to afterslip on the 
Palu-Koro fault (Nijholt et al., 2021). 

As the right panel of Fig. 4 shows, the time for which we have ob-
servations available is not uniform; at the North Arm we have data at 
412 days since the earthquake (Δ412), whereas for the Palu area we have 
data at 325 days after the 2018 event (Δ325). The Palu-Koro afterslip 
thus has to be estimated at 325 and 412 days. To bridge the temporal gap 
between the observations at specific times, we consider the time series of 
detrended displacement for three continuous stations (WATP, SNEY and 
TOBP; Fig. 4). As these sites show very consistent temporal behavior, we 
assume that the Palu-Koro afterslip at 325 and 412 days differs only by a 
scale factor, and that the time series of the three continuous sites can be 
used to estimate this scale factor. 

In Fig. 4, we show the detrended time series following the 2018 Palu 
earthquake, and fit an exponential decay function with the same decay 
constant τ but station-based amplitudes and starting (coseismic) offsets 
through these time series: 

P(t) = ΔPE +AP
(
1 − e− t/τ)

where ΔPE is the coseismic position change from the 2018 earthquake, t 
is the time since the earthquake and AP is the total amount of postseismic 
motion as t goes to infinity. The decay time constant τ controls how 
quickly the modeled P(t) approaches ΔPE + AP. The choice for an 
exponential decay function is somewhat arbitrary: the time series could 
also be fit well with a logarithmic function. Both would fit this kind of 
post-seismic data conveniently (e.g., Johanson and Bürgmann, 2010), 
but the exponential decay function has the advantage that the function 
approaches ΔPE + AP as t increases, instead of infinity in the case of 
logarithmic functions. 

We take a Bayesian approach to fit the exponential decay function, 
using the same methodology as for estimating the Palu-Koro afterslip 
and the Minahassa slow slip, outlined in the subsequent section. We do 
not add additional terms to improve the fit in the first few weeks 
following the 2018 Palu earthquake. Hence, we treat the coseismic po-
sition change as a variable in our Bayesian search to fit the decaying time 
series. In the remainder of the study, we use the coseismic jumps from 
Simons et al. (2022) to determine Δ412. We find the decay constant to be 
about 200 days and have added the results of the fitting exercise un-
derlying Fig. 4 in Nijholt et al. (2024). The fit provides the scale factor ℴ 
per station and per component for the Palu-Koro afterslip between 325 
and 412 days: 

ℴ =

(
1 − e− 412/τ)

(1 − e− 325/τ)

The extrapolation of the afterslip contribution to 412 days only adds 
a few % to the cumulative post-seismic surface motions. 

Fig. 3. Comparison of transient displacements at the surface with their 95% 
confidence limits. Red-brown arrows show Δ412. Blue arrows show the cumu-
lative displacements determined at the three stations for the transient that 
started in 2004 (σ2004 follows from the weighted least squares inversion); it was 
not included as a transient offset for the other stations in the parameterization. 
Green arrows show the cumulative displacements determined for the stations in 
NW Sulawesi (σ2008+2015 follows from the weighted least squares inversion). For 
CTOL/TOLI, we add the cumulative displacements for these two periods and 

compute the new standard deviation σ2008+2015 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ20082 + σ2015/2016

2
√

. (For 

interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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3. Fitting the GNSS data with finite fault slip models 

3.1. Bayesian search methodology 

We use a simple Metropolis-Hastings algorithm to estimate Mina-
hassa slow slip and Palu-Koro afterslip; we stepwise (randomly) search 
the parameter space of a model to best constrain the posterior proba-
bility distribution of relevant model input parameters (m) (Tarantola, 
2005; Herman and Govers, 2020). In this we consider that the posterior 
probability distribution of the parameters P

(
minp|dobs

)
is proportional to 

the product of the likelihood of observing the data (d) given the model 
(G) P

(
dobs|minp

)
and the prior information P

(
minp

)
: 

P
(
minp|dobs

)
∝P

(
dobs|minp

)
P
(
minp

)

∝
1

(2π)
N
2 |CB|

1
2
exp

{
− 1
2
(
dobs − Gminp

)TCB
− 1( dobs − Gminp

)
}

where CB is an error-covariance matrix and N is the number of obser-
vations. We assume for the prior information that it conforms to a uni-
form distribution bounded by assigned parameter ranges. We consider 
CB a diagonal matrix that consists of data errors (e.g., uncertainty of the 
residual postseismic displacements) and a model prediction error of 0.1 
(which are normalised by the magnitude of observed GNSS offsets 
(Minson et al., 2013)). To match the data after 325 days we only take 
afterslip on the Palu-Koro fault into account. For the North Arm data at 
412 days the inversion accounts for both the Palu-Koro afterslip 
(extrapolated from the slip distribution at 325 days using the scale factor 
ℴ) as well as slow slip on the Minahassa subduction interface. 

3.2. Finite fault representation of slip distribution 

Okada (1992) formulations of a series of buried dislocations in an 
elastic half-space form the basis of our Palu-Koro afterslip model, using a 
shear modulus of 32 • 109 Pa and Poisson ratio of 0.25. We build on the 
Nijholt et al. (2021) geometry of 37 × 15 km patches by adding a 
maximum of two additional segments to the south and six additional 
segments towards the north: it is possible that afterslip extended beyond 
the coseismic slip segment, affecting surface motion at the North Arm. 
Following Nijholt et al. (2021), for each Palu-Koro slip patch, the slip 

magnitude can vary in the range 0–5 m and the rake can differ up to 

±45◦ with respect to pure left-lateral slip. 
We model cumulative slow slip on the Minahassa subduction inter-

face through a series of triangular dislocations (Fig. 5) buried in an 
elastic half-space (Meade, 2007). The topology of fault patches is a 
modification of the Slab2 geometry (Hayes et al., 2018) where the 
lateral termination of the subduction interface abuts the Palu-Koro fault, 
based on the seafloor bathymetry of Hall (2018) and the 2018 co-seismic 
slip distribution (Fig. 1). We take the maximum depth of the bottom 
segment of the finite fault model at 70 km. The slip magnitude of each 
potential slip patch is variable and ranges between 0 and 0.6 m. We let 
the rake of each patch vary within 15◦ from the local plate convergence 
direction (Greenfield et al., 2021) at that longitude. We calculate the 
resolving power of the GNSS network by determining the sum of 
modeled GNSS station displacements due to unit dip- and strike-slip 
motion per patch, divided by the patch area (Loveless and Meade, 
2011). We find that slip cannot be resolved equally well for all patches; 
we test three different combinations of fault patch geometries based on 
the resolving power that limit the choice of patches that we include in 
the models. In our main model, we only consider patches that exceed a 
power of 1 • 10− 10 m− 1, as shown in Fig. 5 by the yellow contour. 

4. Bayesian inversion results 

The Bayesian mean model solution matches the cumulative surface 
displacements after 325 days (Fig. 6A and B) and 412 days (Fig. 7A and 
B). The mean posterior afterslip distribution on the Palu-Koro fault 
(Fig. 6C) is similar to the distribution determined by Nijholt et al. (2021) 
wit h the largest contribution of slip from the deeper segments. The 
contribution from Palu-Koro afterslip mostly underpredicts the CTOL/ 
TOLI observation, and to a lesser degree the sites on the Sulawesi Neck. 
However, when combining the extrapolated afterslip contribution with 
the slow slip distribution for the subduction interface the North Arm 
displacements are well explained (Fig. 7A). The mean posterior slow slip 
distribution on the Minahassa interface (Fig. 7C) shows the largest slip 
magnitudes on a patch at 30–50 km depth, localizing below and just 
west of Dondo Bay. The mean slip reaches a magnitude of 40 cm, which 
exceeds the posterior uncertainties (Fig. 7D). The group of patches with 
the best constrained slip (the orange domain of Fig. 7D) releases a total 

Fig. 4. Detrended continuous time series for three stations in northwest Sulawesi, fit by exponential decay functions with a single decay constant of about 200 days. 
The map in the right panel shows their locations. This map also includes locations of the campaign stations for which data was recorded at 412 days (yellow circle) 
and 325 days (purple triangle; Nijholt et al., 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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moment magnitude of 6.7, whilst the mean of the posterior total 
moment magnitude release on the interface equals 7.2 (with the largest 
fraction not exceeding the uncertainty individually, Fig. 7E). Slip also 
occurs outside of those well-resolved patches, but the exact location is 
less certain. There is no strong trade-off between resolved slip on the two 
interfaces (Fig. 7E): both sources of slip are needed to explain the surface 
displacements at 412 days. 

The slip patch near Dondo Bay remains a stable feature under various 
assumptions of the Bayesian approach: alternative choices in the slip 
magnitude range (Figs. S13–14), or the use of a less or a more restrictive 
power mask (Figs. S12 &15) also result in significant slip on this segment 

of the subduction interface. Additionally, an alternative choice in the 
model error gives a similar slip distribution for the Minahassa subduc-
tion interface (Figs. S16–17). 

5. Discussion: signs of multiple episodes of transient 
deformation 

GNSS measurements at the continuous station in the north of Sula-
wesi (CTOL/TOLI, Fig. 2) indicate that an episode of transient defor-
mation started soon after the 2018 Palu earthquake. Combining data 
from this continuous station with other campaign stations reveals a 

Fig. 5. Overview of the resolving power of the GNSS station distribution in NW Sulawesi for both our fault interfaces: the sum of GNSS station displacements due to 
unit dip- and strike-slip motion per patch, divided by the patch area. The yellow contour denotes the ‘large’ mask used in the main text inversion. This large mask 
only contains patches that have a resolving power higher than 1 • 10− 10m− 1. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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coherent transient deformation signal. Our Bayesian methodology pro-
vides a consistent inference of a combination of two, separate physical 
mechanisms causing surface motion: deep afterslip on the Palu-Koro 
fault, which mainly affects the Palu region (Nijholt et al., 2021) 
(Fig. 6C), and a (possibly triggered) aseismic SSE on the Minahassa 
subduction interface, which mainly affects displacements on the North 
Arm (Fig. 7C). We cannot constrain the spatio-temporal evolution of the 
post-2018 SSE, due to sparse temporal resolution of the data. After 412 
days, surface velocities at the North Arm have largely returned to their 

interseismic value, whilst in the Sulawesi Neck and Palu region most 
stations show ongoing transient displacements (Fig. 2). The 2018 Palu 
earthquake incited a small Coulomb stress change on the subduction 
interface (Fig. S18). As the SSE is located just at the edge of a small 
positive stress change, this indicates an apparent near-critical state of 
this segment prior to the SSE in case this Coulomb stress change trig-
gered the SSE; several studies indicate that SSEs can be triggered by 
small stress changes (e.g., Rubinstein et al., 2008; Han et al., 2014; 
Wallace et al., 2017). Dynamic stress changes from the 2018 rupture 

Fig. 6. Panels A and B depict the horizontal and vertical vectors of the cumulative 325 days residual offsets (red) due to Palu-Koro afterslip (blue). C The finite fault 
representation of the inferred mean, deep afterslip on the Palu-Koro fault plane. Swaths indicate their 2-sigma bounds. Patches in white depict zero slip in the forward 
model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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could also trigger the SSE if these stresses were large enough, as has been 
shown in other regions (Miyazawa and Mori, 2005, 2006; Wei et al., 
2018, Cruz-Atienza et al., 2021). However, the strongest direction of 
energy dispersion was in a southward direction for this supershear 
rupture (Bao et al., 2019). Building on the data and model of Nijholt 
et al. (2021), with new observations and a Bayesian inference of slip on 

two faults in a single optimization, we can now qualitatively state that 
two, distinct fault interfaces have experienced a slip episode in the wake 
of the 2018 Palu earthquake with significant moment released. We find 
no trade-off in slip on either interface in the estimation. 

This subduction interface has only experienced a few Mw > 6 
earthquakes over the past three decades (Figs. 1 & 8). Our estimate 

Fig. 7. Panels A and B depict the 412-day residual offsets (red) and model predictions (blue) based on a combination of the extrapolated Palu-Koro afterslip and the 
mean posterior slip on the Minahassa subduction interface for the horizontal and vertical components, respectively. Uncertainties at the 95% level. C Mean posterior 
slow slip distribution. D Standard deviations for the posterior slow slip distribution. Orange outline shows the SSE patch that significantly exceeds the uncertainties. E 
2-D marginal probability for the moment magnitude released on the subduction interface and the Palu-Koro fault. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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locates the post-2018 SSE directly east of the 1996 asperity. Seismic 
activity did not increase on the subduction interface following the 2018 
earthquake, similar to previous episodes of transient deformation, ac-
cording to the data presented in Supendi et al. (2020) and Nijholt et al. 
(2021). Previous episodes of transient surface motion had smaller 
magnitude cumulative offsets (Fig. 2). Only CTOL/TOLI has recorded 
the imprints of these transients, because the temporal coverage of the 
GNSS network during the 2000, 2008 and 2016 transients is poor. A 
similar fault interaction has been suggested by Walpersdorf et al. (1998) 
who showed that the Palu-Koro fault slip rate greatly exceeded its 
interseismic magnitude by a factor of >2 in the years following the 1996 
subduction interface rupture. Transient motion on the (northern section 
of the) Palu-Koro fault has the potential to influence seismic hazard in 
North Sulawesi, pushing other faults closer to or further from failure. 
With the current data coverage, we can confirm episodic transient 
deformation in North Sulawesi on a 4–5 years interval. We only have 
sufficient data to ascribe the post-2018 transient specifically to slow slip 
on the subduction interface of the Minahassa trench. 

The tectonic setting of North Sulawesi conforms to a Subduction- 
Transform Edge Propagator setting: a subduction interface that transi-
tions into a strike-slip fault zone at its termination (Govers and Wortel, 
2005). Other tectonic settings for which SSEs occur close to the lateral 
end of a slab are the Hellenic subduction zone (Mouslopoulou et al., 
2020), and the Hikurangi subduction zone (e.g., Wallace, 2020). Several 

SSEs on the Hikurangi interface (New Zealand) occurred near the 
western termination of the slab (Wallace and Beavan, 2010). On the 
Hikurangi interface, deep and shallow SSEs both occur as the depth of 
strong coupling changes along-strike the Hikurangi interface (Wallace 
and Beavan, 2010). Strong lateral changes in coupling also influences 
crustal fault activity (Hamling and Wallace, 2015). Potentially this is 
also the case for the Minahassa interface. 

The presence of the post-Palu 2018 SSE within (and below) the 
seismogenic zone of the Minahassa subduction interface (Fig. 8) in-
fluences the locking state of this plate boundary (along-strike). Espe-
cially considering the notion that 20–70% of the slip deficit can be 
accommodated through SSEs (e.g., Wallace and Beavan, 2010; Takagi 
et al., 2019). The mechanisms of stress transfer between subduction 
interfaces and STEP faults are a second unknown factor. The current 
assessments of seismic hazard are therefore limited. Future advances to 
better understand the seismic hazard of North Sulawesi can be made by 
improving availability of high-resolution observational evidence to 
discern a locking pattern or tremor activity on both the Palu-Koro fault 
and the Minahassa subduction interface, as these two faults are expected 
to interact continually. Activity on the subduction megathrust and the 
juxtaposed Palu-Koro fault may result in a devastating interplay, 
through a single mega-event that incorporates slip on both faults or from 
triggered ruptures due to slow slip activity. 

Fig. 8. Synoptic view of the plate tectonic setting in North Sulawesi, including the locations of the Mw > 6 earthquakes. The post-2018 SSE is located next to the 
1996 rupture patch, in an area where hardly any large magnitude earthquakes have occurred over the past few decades. 
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6. Conclusions 

GNSS observations in North Sulawesi highlight transient surface 
motions in the wake of the 2018 Palu earthquake. Through a Bayesian 
inversion of slip on two interfaces, we infer that slow slip on the Min-
ahassa subduction interface in combination with deep afterslip on the 
Palu-Koro fault is the most likely explanation for the observed surface 
motions. We thus note the first recording of a slow slip event on this 
subduction interface. The seemingly-triggered SSE is located just east of 
the 1996 Mw7.9 rupture, and has a magnitude of at least Mw6.7. Further 
evaluation of 20 years of continuous and campaign data reveals multi-
ple, older episodes of transient motion with an interval of 4–5 years. A 
continual interplay between the Minahassa subduction interface and the 
Palu-Koro strike-slip fault likely exists based on our geodetic observa-
tions, affecting the seismogenic potential of both parts of this tectonic 
system. 
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