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Abstract

The transition of a passive continental margin into a subduction zone remains a hypothesis because few geological cases have

been reported. The North Sulawesi subduction zone is a 5-9 myr system in Southeast Asia that has evolved from a continental

passive margin and has long been overlooked by studies of passive to active margin transitions. Here we compare geophysical

data from the region with numerical simulation results. We find that the initial subduction of North Sulawesi must rely on

horizontal forces, while the trench retreat depends on the negative buoyancy of the oceanic lithosphere. Furthermore, less space

available for subduction leads to lower mantle flow caused by subduction and slower trench retreat. These new dynamical

constraints indicate that the negative buoyancy of the oceanic plate is the key factor for subduction and trench retreat, even

though the subduction initiation was induced.
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Key Points:

• Subduction initiation of North Sulawesi subduction zone was induced but the trench retreat are driven
by the subducted plate itself.

• Subduction-driven mantle flows play an important role in trench motion and upper plate deformation.
• The reason for the clockwise rotation of the North Arm of Sulawesi at present is the presence of the

Sangihe slab.
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The transition of a passive continental margin into a subduction zone remains a hypothesis because few
geological cases have been reported. The North Sulawesi subduction zone is a 5-9 myr system in Southeast
Asia that has evolved from a continental passive margin and has long been overlooked by studies of passive
to active margin transitions. Here we compare geophysical data from the region with numerical simulation
results. We find that the initial subduction of North Sulawesi must rely on horizontal forces, while the trench
retreat depends on the negative buoyancy of the oceanic lithosphere. Furthermore, less space available for
subduction leads to lower mantle flow caused by subduction and slower trench retreat. These new dynamical
constraints indicate that the negative buoyancy of the oceanic plate is the key factor for subduction and
trench retreat, even though the subduction initiation was induced.

Plain Language Summary

Transition of a passive margin into a subduction zone is the key process of the Earth. However, our un-
derstanding for the dynamic mechanism of this process is still ambiguous. North Sulawesi Trench provides
unique opportunities to study it. Since the North Sulawesi Trench is located in an area where the plates
converge, its formation and retreat have been thought to have been driven by the collision of the surrounding
plates. However, our simulations suggest that the subduction initiation was caused by the compression of
other plates, but the trench retreat is a consequence of the negative buoyancy of the subducted plate itself.
Mantle convection driven by subducted slab plays an important role in trench retreat and overriding plate
deformation. The rotation of North Arm of Sulawesi is also not due to the collision of the surrounding
plates, but because the trench retreat more slowly on its eastern side than on its western side. The reason
for the different retreating speed is that the subduction space on the east side of the trench is reduced by
the Sangihe slab.

1 Introduction

In the Wilson cycle theory, the oceanic plate formed by seafloor spreading subducts beneath the continental
margin. Numerous young subduction zones were formed during the Cenozoic, but there have been few reports
of subduction initiation at passive continental margins (Stern, 2004; Stern and Gerya, 2018). Subduction
initiation at passive continental margins remains a very popular hypothesis that is supported by some
numerical modelling studies (eg. Marques et al., 2013; Nikolaeva et al., 2010, 2011; Rey et al., 2014; Zhong
and Li, 2019). However, in the absence of geological evidence, it remains a subject of constant research and
debate (Leng and Gurnis, 2015; Mueller and Phillips, 1991; Stern and Gerya, 2018).

The North Sulawesi Subduction Zone (NSZZ) is located at the convergence of the Sunda, Australia, and
Philippine Sea plates and only about 500 km long (Figure 1a). Magnetic anomalies and plate reconstruction
indicate that the spreading of the Celebes Sea basin occurred along a north-northwest to south-southeast
axis between approximately 48 and 40 Ma (Gaina and Müller, 2007; Hall, 2012; Rangin and Silver, 1991;
Weissel, 1980). The southward subduction of the Celebes Sea plate began in approximately 9–5 Ma (Hall,
2012; Lai et al., 2021). The maximum depth of the subducted plate is about 260 km (Figure 1b). It has been
overlooked as an excellent location for the study of the transition from passive to active margin (Hall, 2019).

Trench migration is closely correlated with overriding plate deformation and lateral migration of the subduc-
ted slab (Funiciello et al., 2008; Holt et al., 2015; Schellart, 2008). The North Sulawesi Trench has retreated
since the post-Miocene. Now, the overriding plate–North Arm of Sulawesi is rotating clockwise around its
eastern end (Socquet et al., 2006) (Figure 1a). The conventional view is that the collision of the surroun-
ding plates led to the formation of the NSSZ and the retreat of the trench (Kopp et al., 1999; Silver et
al., 1983). However, the Sunda plate is moving slowly towards the southeast, while the Australia plate (in
the south) and the Philippine Sea plate (in the northeast) are moving rapidly towards the northeast and
the northwest, respectively (Figure 1a). If the movement of these three plates was the dominant mechanism
underlying the retreat of the North Sulawesi Trench, the North Arm of Sulawesi would have been more prone
to counterclockwise. Thus, the trench retreat and rotation mechanism of the North Sulawesi Trench remains
unclear.

In this study, we conduct a series of thermomechanical model simulations to investigate the initial subduction
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and trench retreat mechanisms of the NSSZ, which is representative of the transition of a passive margin into
a subduction zone. Variable boundary conditions are applied, representing different dynamic mechanism.
Trench retreat is driven by either overriding plate or subducted plate, which results in different regime
diagrams. The model results are compared to the observations in North Sulawesi. The mechanism of model
that best fit the observations is the subduction and trench movement mechanism of the NSSZ.

Figure 1 . Structure-tectonic maps of the Celebes Sea and surrounding area. (a) Location of the study
area—Celebes Sea (CS)—within the wider Southeast Asian region, including the Sulu Sea (SS), the South
China Sea (SCS), the north Banda Sea (NBS) and the south Banda Sea (SBS). Thick lines indicate subduction
zones; triangles on the lines indicate the down-dip direction. Plate motions are indicated by the arrows
(Mustafar et al., 2017; Kreemer et al., 2014). Red triangles indicate volcanoes (Global Volcanism Program,
2013). (b) Regional topographic map. The yellow hollow circles are heat flow measurements (Fuchs et al.,
2021). The pink dashed lines show the major magnetic anomalies (Weissel, 1980). The irregular shape with
transparent colour gradient represents the subducted plate; colours indicate depth. The dotted lines with
triangles indicate trench retreat. Events in the EHB catalogue (Engdahl et al., 2020) are represented by
black circles.

Model setup

We used the geodynamic code ASPECT (Advanced Solver for Problems in Earth’s ConvecTion, version 2.3.0-
pre) to setup a series of 2D subduction models. The initial model consists of oceanic plate and continental
plate on either side (Figure 2a). According to the evolutionary history of NSSZ, the age of oceanic plate
is taken to be 40 Ma. The oceanic lithosphere geotherm corresponds to a half-space cooling model for a
seafloor age of 40 Ma. The thickness of oceanic plate is therefore set to 82 km. The oceanic crust consists of
two layers and is 10 km thick in total. The composition for the mantle part of the oceanic lithosphere and for
the asthenosphere are taken to be identical. The density of them is both set to 3300 kg/m3. The continental
plate consists of upper crust, lower crust and lithospheric mantle. The continental crust is set to 30 km based
on the current crustal thickness of Sulawesi (Fauzi et al., 2021). Because the initial lithospheric thickness,
density of lithospheric mantle and ocean-continent transition angle have never been definitely settled, we
vary the values of these three parameters to investigate their effect on the spontaneous subduction (Table
1). Temperature structure of the continental plate is controlled by the lithospheric thickness and is defined
by a steady state profile from 0 at the surface to 1300 at the base of lithosphere (Figure 2a).

Spontaneous and induced subductions are modelled by controlling the boundary conditions and density
differences between oceanic plate and asthenosphere. The spontaneous models (Experiment 1˜24) have
all free slip boundaries (Figure 2a) and the Gabbro-Eclogite phase transition for the oceanic crust was
implemented. Density of oceanic crust increases from 3000 kg/m3 to 3450 kg/m3 at pressures of ˜1.9 GPa
(˜60 km depth). In the induced model (Experiment 25˜30), horizontal far field forces are represented by
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specifying a convergence velocity (V in) on one side of the overriding plate; the Gabbro-Eclogite phase
transition for the oceanic crust was not executed.

Figure 2. Initial model and modeling results. (a) Initial model setup with model geometry, layer charac-
teristics, and thermal configuration. (b) Three cases show different results: no subduction (Experiment 5);
subducted slab did not reach a depth of 260 km within 10 myr (Experiment 7); subduction depth of 260
km within 10 myr (Experiment 6). (c) Variation of trench retreat velocities with time for experiments with
different mechanism (Density of continental lithospheric mantle =3275 kg/m3; Ocean-continent transition
angle=30°). (d) Trench retreat velocity of the coupled model with depth 660 km, 400 km, 350 km, 300 km,
250 km, 200km. West, Centre, East indicate the trench retreat velocity on the western side, centre and
eastern side of Celebes Sea, respectively.

Table1. Parameters and Descriptions of Numerical Experiments

Experiment V in (mm/yr) Thickness of continental plate (km) Density of Continental lithospheric mantle (kg/m3) Ocean-continent transition angle (°) Depth of slab reach at 10 myr/ Time of subducted slab reach to 260 km Depth of slab reach at 10 myr/ Time of subducted slab reach to 260 km Crustal thickness of overriding plate (km) Heat flow (mW/m2)

1 0 60 3275 15 15 230 km
2 0 60 3275 30 30 5.5 myr 22.9 94.8
3 0 60 3275 45 45 6.5 myr 22.2 95.8
4 0 60 3275 60 60 no
5 0 65 3275 15 15 no
6 0 65 3275 30 30 8.7 myr 22.9 80.6
7 0 65 3275 45 45 198 km
8 0 65 3275 60 60 no
9 0 70 3275 15 15 no
10 0 70 3275 30 30 no
11 0 70 3275 45 45 no
12 0 70 3275 60 60 no
13 0 60 3250 15 15 8.2 myr 26.1 77.2
14 0 60 3250 30 30 4.5 myr 23.2 97.8
15 0 60 3250 45 45 5.3 myr 22.3 99.3
16 0 60 3250 60 60 192 km

4
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Experiment V in (mm/yr) Thickness of continental plate (km) Density of Continental lithospheric mantle (kg/m3) Ocean-continent transition angle (°) Depth of slab reach at 10 myr/ Time of subducted slab reach to 260 km Depth of slab reach at 10 myr/ Time of subducted slab reach to 260 km Crustal thickness of overriding plate (km) Heat flow (mW/m2)

17 0 65 3250 15 15 no
18 0 65 3250 30 30 7.1 myr 22.8 82.9
19 0 65 3250 45 45 8.5 myr 22.2 87.9
20 0 65 3250 60 60 no
21 0 70 3250 15 15 no
22 0 70 3250 30 30 190 km
23 0 70 3250 45 45 no
24 0 70 3250 60 60 no
25 40 70 3275 30 30 4.6 myr 28.2 79.5
26 40 75 3275 30 30 5.2 myr 28.2 71
27 40 80 3275 30 30 5.6 myr 28.9 65
28 20 70 3275 30 30 6.6 myr 26.8 78.4
29 20 75 3275 30 30 8.3 myr 27.7 70.5
30 20 80 3275 30 30 9.2 myr 28.1 65.8

Model depth (km) Model depth (km)
31 20 75 3275 30 30 6.1 myr 670 670
32 20 75 3275 30 30 7.3 myr 410 410
33 20 75 3275 30 30 9.3 myr 360 360
34 20 75 3275 30 30 no 310 310
35 20 75 3275 30 30 no 260 260
36 20 75 3275 30 30 no 210 210

3 Model Results

3.1 Parameters that affect spontaneous subduction

Since the subduction initiation of NSSZ occurred at 5–9 Ma and the maximum depth of the subducted slab
is about 260 km at present. The simulation ends when the subducted slab reaches a depth of 260 km or
the time reaches 10 myr. If the oceanic slab does not exceed a depth of 150 km within 10 myr, we denot it
by “No” (Figur 2b and Table 1). If the maximum depth of the subducted slab is deeper than 150 km but
shallower than 260 km (Figure 2b), we list the depth. For the experiments where the slab reached 260 km
depth within 10 myr, we list this time (Figure 2b).

Experiments show transition from fast to slow subduction with increasing thickness of the continental litho-
sphere. Spontaneous subduction initiation is almost impossible to occur with 70 km or more thick continental
plate (Experiment 9–12, 21–24). The effect of density contrast is opposite to that of the thickness of the con-
tinental plate. A larger density contrast promotes spontaneous subduction initiation. The ocean-continent
boundary angle has a nonlinear effect on the spontaneous subduction initiation. Either too large (60°) or
too small (15°) angle are all adverse to spontaneous subduction initiation. The thickness and density of the
continental lithospheric mantle and the ocean-continent boundary angle all affect whether subduction initia-
tion occurs spontaneously. It suggests that the force due to the density difference between the continental
and oceanic plate is the main force leading to the spontaneous subduction initiation.

3.2 Trench retreat velocity in spontaneous and induced model experiments

Trench location and speed are inferred from the location and speed of the edge of the continental crust that
is the farthest forward in the model. In all spontaneous and induced model experiments, trench retreat speed
increases and then decreases during the first 1–2 myr (Figure 2c). At the beginning of the simulation period,
the density difference between the continental and oceanic crusts gives rise to lateral stresses that push the
continental crust towards the ocean; as the difference between the stresses decreases, trench retreat speed
decreases gradually. This process is active in approximately 2 myr.

5
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After the first 2 myr in the spontaneous model (Figure 2c), subduction depth increases, the trench retreat
velocity increases correspondingly. The increasing begins slowly, then more and more rapidly. It is because as
the oceanic plate sinks, there are more and more eclogite-face oceanic crust to increase the negative buoyancy
of the subducted slab. In the induced model, the trench retreat speed increasing slowly, then becoming almost
constant. The final speed is slightly greater than the specified velocity V in.

3.3 Deformation and heat flow of the overriding plate

The deformation of the overriding plate varies in the different subduction models. In the spontaneous sub-
duction model, the rollback of the subducted plate obviously causes stretching of the overriding plate. The
crustal thickness decreased from 30 km to about 23 km (eg. Experiment 2, 3). In the induced subduction
model, the overriding plate thrusts over the subducted plate, and the overriding plate is slightly thinned
(Experiment 25–30). The latest published geological profile of the North Arm of Sulawesi indicates lithos-
pheric significant extension between the Late Miocene and Pliocene (Nugraha et al., 2022, Advokaat et al.,
2017), which is consistent with the results of the spontaneous subduction model.

The heat flow of the overriding plate is closely related to the lithospheric thickness either in spontaneous or
induced model experiments. It is opposite to the continental lithospheric thickness. The values of heat flow
listed in Table 1 is the calculated surface heat flow which lies at a distance of 100 km above the top of the
subducted slab. It corresponds to the location of the maximum heat flow (68 mW/m2) on the North Arm
of Sulawesi (Figrue 1b). In all the experiments, the model with 75 km thick continental lithosphere has the
closest value to that observation. The heat flow values in models have a 70 km or thinner lithosphere are all
greater than the maximum observed values.

4 Discussion

4.1 Implications for transition of passive margins into subduction zones

The mechanism of subduction initiation at passive margins have been studied by several numerical simu-
lations (Faccenna et al., 1999; Goren et al., 2008; Marques et al., 2014; Turcotte et al., 1977; Zhou et al.,
2020). Our intention is not repeat other studies and prove the feasibility of spontaneous subduction initiati-
on at passive margins, but to estimate the subduction mechanism through the constraints of the geological
case–NSSZ. The spontaneous and induced subduction models represent the extreme cases of subduction
driven by horizontal far-field forces and of subduction driven by the negative buoyancy of the down-going
plate itself. Examples of completely spontaneous or induced mechanisms are difficult to reproduce the evo-
lution of NSSZ—subduction depth of 260 km after approximately 5–9 myr, 68 mW/m2 heat flow of the
overriding plate and obvious extended continental crust. Because the mainly force that cause the oceanic
plate to bend and sink in spontaneous subduction initiation is lateral stress, which is caused by the density
difference between the continental plate and the oceanic plate (Nikolaeva et al., 2010). A thick crust and hot
lithosphere are necessary to produce the sufficiently large lateral stress (Nikolaeva et al., 2010). According to
the present crustal structure and heat flow of North Arm of Sulawesi, spontaneous subduction initiation is
unlike to occur in the NSSZ. Therefore, an external force is necessary to push the continental plate towards
the oceanic plate in the early stage of subduction initiation. For the NSSZ, the external force may originate
mainly from the collision of the surrounding plates. Because since the Cenozoic, Sulawesi has been at the
center of the convergence of surrounding plates (Hall, 2012). This induced mechanism dominates the early
stage of subduction initiation, which takes about 2 myr. Once the oceanic crust reaches the depths of ˜60
km where eclogite transformation can occur, the main force controlling the subduction begin to change from
the horizontal external force to the vertical negative buoyancy of the subducted slab. The subsequent sub-
duction, trench retreat and extension of continental crust are all mainly depend on the negative buoyancy
of the subducted slab, as exhibitions in spontaneous model experiments (Table1 and Figure 2). In addition,
adjacent areas in the same tectonic setting can also provide insight into the subduction process.

The Sula Deep, Tolo Trough and Cotobato Trench located near the North Sulawesi Trench (Figure 3a, d) are
considered to examples of three stages in the subduction initiation. Sula Deep and Tolo Trough is suggested
to record the earliest stages and second stage in subduction development, respectively (Hall, 2019). Cotobato

6
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Trench is interpreted as the third stage where a seismically defined slab can be recognized (Hall, 2019). The
North Sulawesi Trench represents the final stage, which indicates that subduction initiation is end and a
mature subduction zone has been formed. From the topography of these trenches (Figure 3), we can see
that each trench has a different landward slope. The areas (Sula Deep and Tolo Trough) in early stage
of subduction initiation, has a very steep landward slope (Figure 3b, c). As the subduction development
(Cotobato Trench and North Sulawesi Trench), the landward slope changes from steep to gentle (Figure 3e,
f).

There are obvious differences in landward slope angles vary in different mechanisms models. In the spon-
taneous numerical model, the slope gradually smooth with the subduction development (Figure 3g). While
the slope in induced model is steeper than that in spontaneous model and the slope can be maintained at
a steeper state under the push of far field forces (Figure 3h). Combining the steeper slope in the Sula Deep
and Tolo Trough and gentle slope in Cotobato Trench and North Sulawesi Trench, we could also suggest the
subduction slab controlled the retreat of the trench.

7
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Figure 3 . The topography profiles of the Sula Deep (b), Tolo Trough (c), Cotobato Trench (e), and
North Sulawesi trench (f) and the topographic results simulated by the spontaneous model (g) and induced
model (h). Location of Celebes Sea (CS) and north Banda Sea (NBS) are shown in Figure 1a. The black
vertical lines at 200 km in (b), (c), (e), (f) indicate the trench location. We put the deepest position of
every topography profiles at this location. Because the proportion of horizontal axis and vertical axis is not
practical, the angles in the figures (g) and (h) are only used to compare with each other, not the true angles.

4.2 Rotation of the North Arm of Sulawesi

The clockwise rotation of the North Arm of Sulawesi is also consistent with the spontaneous retreat of
the North Sulawesi Trench. The negative buoyancy drags the slab down and promotes mantle flow, which
determines trench retreat and deformation of the overriding plate (Alsaif et al., 2020). Seismic tomography
shows that the Sangihe slab is subducting westward below the Celebes Sea plate (Hall and Spakman, 2015;

8
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Hayes et al., 2018). The subduction depth of the Sangihe slab increases from east to west; hence, the distance
between the Celebes Sea plate and the Sangihe slab decreases from west to east, and the two plates are in
contact on the eastern side of the Celebes Sea plate (Figure S1). Therefore, the Sangihe slab substantially
reduces the space that is available for subduction on the eastern side of the Celebes Sea plate.

This is a complex 3-D situation, we can first simplify it to a two-dimensional model to simulate it. If we cut
a section along the north-south direction (Figure S1). The Sangihe slab will be shown as a rectangular block
below Celebes Sea on the profile. The distance between the top of the Sangihe slab and the earth’s surface
on the west side is larger than that on the east side. So we can take the top of the Sangihe slab as the bottom
of the model to build simplified models. We conduct experiments using the spontaneous subduction model;
model depth is reduced from 660km to 400 km, 350 km, 300 km, 250 km and 200 km, respectively, while
parameters and boundary conditions are held constant. We find that the reduction of the space available
for subduction leads to the decrease of mantle convection velocity, which in turn reduces the trench retreat
velocity (Figure 2d). These results are consistent with the hypothesis that the Sangihe slab reduces the
space that is available for subduction, inhibiting spontaneous subduction and slowing down trench retreat
on the eastern side (at about 123.5°E) of the Celebes Sea (“East” in Figure 2d). Although the length of the
subducted slab is larger on the centre (at about 122°E) than the western side (at about 120.5°E) of Celebes
Sea, there is always plenty of space for subduction on the western side of the Celebes Sea. As marked by
“West” in Figure 2d, the slab reached to a depth of 150 km and the trench retreat speed increased to ˜43
mm/yr during a short time. By contrast, space for subduction on the centre is always limited. As marked by
“Centre” in Figure 2d, the trench retreat speed is only ˜37 mm/yr, although its subducted slab has reached
a depth of 260 km. Hence, trench retreat speed decreases from the western side to the eastern side of the
Celebes Sea, resulting in the clockwise rotation of the North Arm of Sulawesi.

However, the 2D models ignored the effect of toroidal flow around the slab edge. Hence, we build a 3D model
to simulate this complex natural 3D system (Figure 4). The 3D model consists of a continental plate as
overriding plate and two oceanic subducted plates. The subduction direction of the two subduction plates is
orthogonal. Model parameters and rheology are same with the 2D model. As we can see from the simulation
result (Figure 4), the trench retreat speed simulated by 3D model is also roughly equal to the velocity of the
North Arm of Sulawesi measured by GPS. According to the modelling results, we found that the subduction-
driven mantle wedge flow is much faster than the toroidal flow around the slab edge. The mantle wedge flow
of Sangihe slab is mainly parallel to the North Sulawesi Trench which has little effect on the subduction
of Celebes Sea slab. The most important factor that affecting the subduct rate of Celebes Sea slab is also
the available space for subduction. Therefore, we proposed that the reason for the clockwise rotation of the
North Arm of Sulawesi at present is the presence of the Sangihe slab.
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Figure 4 . 3D Schematic model (view to the northwest) of the North Sulawesi Subduction Zone. The gray
plate represents the Celebes Sea plate. The blue slab represents the Sangihe slab. Arrows indicate velocity.
GPS velocities of North Arm of Sulawesi are from Socquet et al. (2006)

5 Conclusions

The main conclusions we may draw form this study include the following:

1.Our numerical experiments demonstrate the crucial role that the buoyancy of the down-going plate itself
plays in trench retreat as a passive margin transitions into an active margin, even though the initial stage is
dominated by the external force.

2.The Sangihe slab reduces the space that is available for subduction, inhibiting spontaneous subduction
and slowing down trench retreat on the eastern side of the Celebes Sea, which well explains the clockwise
rotation of the North Arm of Sulawesi.
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Key Points:

• Subduction initiation of North Sulawesi subduction zone was induced but
the trench retreat are driven by the subducted plate itself.

• Subduction-driven mantle flows play an important role in trench motion
and upper plate deformation.

• The reason for the clockwise rotation of the North Arm of Sulawesi at
present is the presence of the Sangihe slab.

Abstract

The transition of a passive continental margin into a subduction zone remains a
hypothesis because few geological cases have been reported. The North Sulawesi
subduction zone is a 5-9 myr system in Southeast Asia that has evolved from a
continental passive margin and has long been overlooked by studies of passive
to active margin transitions. Here we compare geophysical data from the region
with numerical simulation results. We find that the initial subduction of North
Sulawesi must rely on horizontal forces, while the trench retreat depends on the
negative buoyancy of the oceanic lithosphere. Furthermore, less space available
for subduction leads to lower mantle flow caused by subduction and slower
trench retreat. These new dynamical constraints indicate that the negative
buoyancy of the oceanic plate is the key factor for subduction and trench retreat,
even though the subduction initiation was induced.

Plain Language Summary

Transition of a passive margin into a subduction zone is the key process of the
Earth. However, our understanding for the dynamic mechanism of this process
is still ambiguous. North Sulawesi Trench provides unique opportunities to
study it. Since the North Sulawesi Trench is located in an area where the plates
converge, its formation and retreat have been thought to have been driven by
the collision of the surrounding plates. However, our simulations suggest that
the subduction initiation was caused by the compression of other plates, but the
trench retreat is a consequence of the negative buoyancy of the subducted plate
itself. Mantle convection driven by subducted slab plays an important role in
trench retreat and overriding plate deformation. The rotation of North Arm of
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Sulawesi is also not due to the collision of the surrounding plates, but because
the trench retreat more slowly on its eastern side than on its western side. The
reason for the different retreating speed is that the subduction space on the east
side of the trench is reduced by the Sangihe slab.

1 Introduction

In the Wilson cycle theory, the oceanic plate formed by seafloor spreading
subducts beneath the continental margin. Numerous young subduction zones
were formed during the Cenozoic, but there have been few reports of subduction
initiation at passive continental margins (Stern, 2004; Stern and Gerya, 2018).
Subduction initiation at passive continental margins remains a very popular hy-
pothesis that is supported by some numerical modelling studies (eg. Marques
et al., 2013; Nikolaeva et al., 2010, 2011; Rey et al., 2014; Zhong and Li, 2019).
However, in the absence of geological evidence, it remains a subject of constant
research and debate (Leng and Gurnis, 2015; Mueller and Phillips, 1991; Stern
and Gerya, 2018).

The North Sulawesi Subduction Zone (NSZZ) is located at the convergence of
the Sunda, Australia, and Philippine Sea plates and only about 500 km long
(Figure 1a). Magnetic anomalies and plate reconstruction indicate that the
spreading of the Celebes Sea basin occurred along a north-northwest to south-
southeast axis between approximately 48 and 40 Ma (Gaina and Müller, 2007;
Hall, 2012; Rangin and Silver, 1991; Weissel, 1980). The southward subduction
of the Celebes Sea plate began in approximately 9–5 Ma (Hall, 2012; Lai et al.,
2021). The maximum depth of the subducted plate is about 260 km (Figure 1b).
It has been overlooked as an excellent location for the study of the transition
from passive to active margin (Hall, 2019).

Trench migration is closely correlated with overriding plate deformation and
lateral migration of the subducted slab (Funiciello et al., 2008; Holt et al.,
2015; Schellart, 2008). The North Sulawesi Trench has retreated since the post-
Miocene. Now, the overriding plate–North Arm of Sulawesi is rotating clockwise
around its eastern end (Socquet et al., 2006) (Figure 1a). The conventional view
is that the collision of the surrounding plates led to the formation of the NSSZ
and the retreat of the trench (Kopp et al., 1999; Silver et al., 1983). However,
the Sunda plate is moving slowly towards the southeast, while the Australia
plate (in the south) and the Philippine Sea plate (in the northeast) are moving
rapidly towards the northeast and the northwest, respectively (Figure 1a). If
the movement of these three plates was the dominant mechanism underlying the
retreat of the North Sulawesi Trench, the North Arm of Sulawesi would have
been more prone to counterclockwise. Thus, the trench retreat and rotation
mechanism of the North Sulawesi Trench remains unclear.

In this study, we conduct a series of thermomechanical model simulations to
investigate the initial subduction and trench retreat mechanisms of the NSSZ,
which is representative of the transition of a passive margin into a subduction
zone. Variable boundary conditions are applied, representing different dynamic
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mechanism. Trench retreat is driven by either overriding plate or subducted
plate, which results in different regime diagrams. The model results are com-
pared to the observations in North Sulawesi. The mechanism of model that best
fit the observations is the subduction and trench movement mechanism of the
NSSZ.

Figure 1. Structure-tectonic maps of the Celebes Sea and surrounding area.
(a) Location of the study area—Celebes Sea (CS)—within the wider Southeast
Asian region, including the Sulu Sea (SS), the South China Sea (SCS), the north
Banda Sea (NBS) and the south Banda Sea (SBS). Thick lines indicate subduc-
tion zones; triangles on the lines indicate the down-dip direction. Plate motions
are indicated by the arrows (Mustafar et al., 2017; Kreemer et al., 2014). Red
triangles indicate volcanoes (Global Volcanism Program, 2013). (b) Regional
topographic map. The yellow hollow circles are heat flow measurements (Fuchs
et al., 2021). The pink dashed lines show the major magnetic anomalies (Weis-
sel, 1980). The irregular shape with transparent colour gradient represents the
subducted plate; colours indicate depth. The dotted lines with triangles indi-
cate trench retreat. Events in the EHB catalogue (Engdahl et al., 2020) are
represented by black circles.

1. Model setup

We used the geodynamic code ASPECT (Advanced Solver for Problems in
Earth’s ConvecTion, version 2.3.0-pre) to setup a series of 2D subduction models.
The initial model consists of oceanic plate and continental plate on either side
(Figure 2a). According to the evolutionary history of NSSZ, the age of oceanic
plate is taken to be 40 Ma. The oceanic lithosphere geotherm corresponds to a
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half-space cooling model for a seafloor age of 40 Ma. The thickness of oceanic
plate is therefore set to 82 km. The oceanic crust consists of two layers and is
10 km thick in total. The composition for the mantle part of the oceanic litho-
sphere and for the asthenosphere are taken to be identical. The density of them
is both set to 3300 kg/m3. The continental plate consists of upper crust, lower
crust and lithospheric mantle. The continental crust is set to 30 km based on
the current crustal thickness of Sulawesi (Fauzi et al., 2021). Because the initial
lithospheric thickness, density of lithospheric mantle and ocean-continent tran-
sition angle have never been definitely settled, we vary the values of these three
parameters to investigate their effect on the spontaneous subduction (Table 1).
Temperature structure of the continental plate is controlled by the lithospheric
thickness and is defined by a steady state profile from 0 ℃ at the surface to
1300℃ at the base of lithosphere (Figure 2a).

Spontaneous and induced subductions are modelled by controlling the bound-
ary conditions and density differences between oceanic plate and asthenosphere.
The spontaneous models (Experiment 1~24) have all free slip boundaries (Figure
2a) and the Gabbro-Eclogite phase transition for the oceanic crust was imple-
mented. Density of oceanic crust increases from 3000 kg/m3 to 3450 kg/m3

at pressures of ~1.9 GPa (~60 km depth). In the induced model (Experiment
25~30), horizontal far field forces are represented by specifying a convergence
velocity (V in) on one side of the overriding plate; the Gabbro-Eclogite phase
transition for the oceanic crust was not executed.
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Figure 2. Initial model and modeling results. (a) Initial model setup with
model geometry, layer characteristics, and thermal configuration. (b) Three
cases show different results: no subduction (Experiment 5); subducted slab did
not reach a depth of 260 km within 10 myr (Experiment 7); subduction depth of
260 km within 10 myr (Experiment 6). (c) Variation of trench retreat velocities
with time for experiments with different mechanism (Density of continental
lithospheric mantle =3275 kg/m3; Ocean-continent transition angle=30°). (d)
Trench retreat velocity of the coupled model with depth 660 km, 400 km, 350
km, 300 km, 250 km, 200km. West, Centre, East indicate the trench retreat
velocity on the western side, centre and eastern side of Celebes Sea, respectively.

Table1. Parameters and Descriptions of Numerical Experiments

Experiment V in (mm/yr) Thickness of continental plate (km) Density of Continental lithospheric mantle (kg/m3) Ocean-continent transition angle (°) Depth of slab reach at 10 myr/ Time of subducted slab reach to 260 km Crustal thickness of overriding plate (km) Heat flow (mW/m2)
1 0 60 3275 15 230 km
2 0 60 3275 30 5.5 myr 22.9 94.8
3 0 60 3275 45 6.5 myr 22.2 95.8
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Experiment V in (mm/yr) Thickness of continental plate (km) Density of Continental lithospheric mantle (kg/m3) Ocean-continent transition angle (°) Depth of slab reach at 10 myr/ Time of subducted slab reach to 260 km Crustal thickness of overriding plate (km) Heat flow (mW/m2)
4 0 60 3275 60 no
5 0 65 3275 15 no
6 0 65 3275 30 8.7 myr 22.9 80.6
7 0 65 3275 45 198 km
8 0 65 3275 60 no
9 0 70 3275 15 no
10 0 70 3275 30 no
11 0 70 3275 45 no
12 0 70 3275 60 no
13 0 60 3250 15 8.2 myr 26.1 77.2
14 0 60 3250 30 4.5 myr 23.2 97.8
15 0 60 3250 45 5.3 myr 22.3 99.3
16 0 60 3250 60 192 km
17 0 65 3250 15 no
18 0 65 3250 30 7.1 myr 22.8 82.9
19 0 65 3250 45 8.5 myr 22.2 87.9
20 0 65 3250 60 no
21 0 70 3250 15 no
22 0 70 3250 30 190 km
23 0 70 3250 45 no
24 0 70 3250 60 no
25 40 70 3275 30 4.6 myr 28.2 79.5
26 40 75 3275 30 5.2 myr 28.2 71
27 40 80 3275 30 5.6 myr 28.9 65
28 20 70 3275 30 6.6 myr 26.8 78.4
29 20 75 3275 30 8.3 myr 27.7 70.5
30 20 80 3275 30 9.2 myr 28.1 65.8

Model depth (km)
31 20 75 3275 30 6.1 myr 670
32 20 75 3275 30 7.3 myr 410
33 20 75 3275 30 9.3 myr 360
34 20 75 3275 30 no 310
35 20 75 3275 30 no 260
36 20 75 3275 30 no 210

3 Model Results

3.1 Parameters that affect spontaneous subduction

Since the subduction initiation of NSSZ occurred at 5–9 Ma and the maximum
depth of the subducted slab is about 260 km at present. The simulation ends
when the subducted slab reaches a depth of 260 km or the time reaches 10 myr.
If the oceanic slab does not exceed a depth of 150 km within 10 myr, we denot
it by “No” (Figur 2b and Table 1). If the maximum depth of the subducted slab
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is deeper than 150 km but shallower than 260 km (Figure 2b), we list the depth.
For the experiments where the slab reached 260 km depth within 10 myr, we
list this time (Figure 2b).

Experiments show transition from fast to slow subduction with increasing thick-
ness of the continental lithosphere. Spontaneous subduction initiation is almost
impossible to occur with 70 km or more thick continental plate (Experiment 9–
12, 21–24). The effect of density contrast is opposite to that of the thickness of
the continental plate. A larger density contrast promotes spontaneous subduc-
tion initiation. The ocean-continent boundary angle has a nonlinear effect on
the spontaneous subduction initiation. Either too large (60°) or too small (15°)
angle are all adverse to spontaneous subduction initiation. The thickness and
density of the continental lithospheric mantle and the ocean-continent boundary
angle all affect whether subduction initiation occurs spontaneously. It suggests
that the force due to the density difference between the continental and oceanic
plate is the main force leading to the spontaneous subduction initiation.

3.2 Trench retreat velocity in spontaneous and induced model experiments

Trench location and speed are inferred from the location and speed of the edge
of the continental crust that is the farthest forward in the model. In all sponta-
neous and induced model experiments, trench retreat speed increases and then
decreases during the first 1–2 myr (Figure 2c). At the beginning of the simula-
tion period, the density difference between the continental and oceanic crusts
gives rise to lateral stresses that push the continental crust towards the ocean;
as the difference between the stresses decreases, trench retreat speed decreases
gradually. This process is active in approximately 2 myr.

After the first 2 myr in the spontaneous model (Figure 2c), subduction depth
increases, the trench retreat velocity increases correspondingly. The increasing
begins slowly, then more and more rapidly. It is because as the oceanic plate
sinks, there are more and more eclogite-face oceanic crust to increase the nega-
tive buoyancy of the subducted slab. In the induced model, the trench retreat
speed increasing slowly, then becoming almost constant. The final speed is
slightly greater than the specified velocity V in.

3.3 Deformation and heat flow of the overriding plate

The deformation of the overriding plate varies in the different subduction models.
In the spontaneous subduction model, the rollback of the subducted plate obvi-
ously causes stretching of the overriding plate. The crustal thickness decreased
from 30 km to about 23 km (eg. Experiment 2, 3). In the induced subduction
model, the overriding plate thrusts over the subducted plate, and the overriding
plate is slightly thinned (Experiment 25–30). The latest published geological
profile of the North Arm of Sulawesi indicates lithospheric significant extension
between the Late Miocene and Pliocene (Nugraha et al., 2022, Advokaat et al.,
2017), which is consistent with the results of the spontaneous subduction model.

The heat flow of the overriding plate is closely related to the lithospheric thick-
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ness either in spontaneous or induced model experiments. It is opposite to the
continental lithospheric thickness. The values of heat flow listed in Table 1 is
the calculated surface heat flow which lies at a distance of 100 km above the top
of the subducted slab. It corresponds to the location of the maximum heat flow
(68 mW/m2) on the North Arm of Sulawesi (Figrue 1b). In all the experiments,
the model with 75 km thick continental lithosphere has the closest value to that
observation. The heat flow values in models have a 70 km or thinner lithosphere
are all greater than the maximum observed values.

4 Discussion

4.1 Implications for transition of passive margins into subduction zones

The mechanism of subduction initiation at passive margins have been studied
by several numerical simulations (Faccenna et al., 1999; Goren et al., 2008; Mar-
ques et al., 2014; Turcotte et al., 1977; Zhou et al., 2020). Our intention is not
repeat other studies and prove the feasibility of spontaneous subduction initi-
ation at passive margins, but to estimate the subduction mechanism through
the constraints of the geological case–NSSZ. The spontaneous and induced sub-
duction models represent the extreme cases of subduction driven by horizontal
far-field forces and of subduction driven by the negative buoyancy of the down-
going plate itself. Examples of completely spontaneous or induced mechanisms
are difficult to reproduce the evolution of NSSZ—subduction depth of 260 km
after approximately 5–9 myr, 68 mW/m2 heat flow of the overriding plate and
obvious extended continental crust. Because the mainly force that cause the
oceanic plate to bend and sink in spontaneous subduction initiation is lateral
stress, which is caused by the density difference between the continental plate
and the oceanic plate (Nikolaeva et al., 2010). A thick crust and hot litho-
sphere are necessary to produce the sufficiently large lateral stress (Nikolaeva
et al., 2010). According to the present crustal structure and heat flow of North
Arm of Sulawesi, spontaneous subduction initiation is unlike to occur in the
NSSZ. Therefore, an external force is necessary to push the continental plate
towards the oceanic plate in the early stage of subduction initiation. For the
NSSZ, the external force may originate mainly from the collision of the sur-
rounding plates. Because since the Cenozoic, Sulawesi has been at the center
of the convergence of surrounding plates (Hall, 2012). This induced mechanism
dominates the early stage of subduction initiation, which takes about 2 myr.
Once the oceanic crust reaches the depths of ~60 km where eclogite transforma-
tion can occur, the main force controlling the subduction begin to change from
the horizontal external force to the vertical negative buoyancy of the subducted
slab. The subsequent subduction, trench retreat and extension of continental
crust are all mainly depend on the negative buoyancy of the subducted slab, as
exhibitions in spontaneous model experiments (Table1 and Figure 2). In addi-
tion, adjacent areas in the same tectonic setting can also provide insight into
the subduction process.

The Sula Deep, Tolo Trough and Cotobato Trench located near the North Su-
lawesi Trench (Figure 3a, d) are considered to examples of three stages in the
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subduction initiation. Sula Deep and Tolo Trough is suggested to record the
earliest stages and second stage in subduction development, respectively (Hall,
2019). Cotobato Trench is interpreted as the third stage where a seismically de-
fined slab can be recognized (Hall, 2019). The North Sulawesi Trench represents
the final stage, which indicates that subduction initiation is end and a mature
subduction zone has been formed. From the topography of these trenches (Fig-
ure 3), we can see that each trench has a different landward slope. The areas
(Sula Deep and Tolo Trough) in early stage of subduction initiation, has a very
steep landward slope (Figure 3b, c). As the subduction development (Cotobato
Trench and North Sulawesi Trench), the landward slope changes from steep to
gentle (Figure 3e, f).

There are obvious differences in landward slope angles vary in different mecha-
nisms models. In the spontaneous numerical model, the slope gradually smooth
with the subduction development (Figure 3g). While the slope in induced model
is steeper than that in spontaneous model and the slope can be maintained at
a steeper state under the push of far field forces (Figure 3h). Combining the
steeper slope in the Sula Deep and Tolo Trough and gentle slope in Cotobato
Trench and North Sulawesi Trench, we could also suggest the subduction slab
controlled the retreat of the trench.
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Figure 3. The topography profiles of the Sula Deep (b), Tolo Trough (c),
Cotobato Trench (e), and North Sulawesi trench (f) and the topographic results
simulated by the spontaneous model (g) and induced model (h). Location of
Celebes Sea (CS) and north Banda Sea (NBS) are shown in Figure 1a. The black
vertical lines at 200 km in (b), (c), (e), (f) indicate the trench location. We put
the deepest position of every topography profiles at this location. Because the
proportion of horizontal axis and vertical axis is not practical, the angles in
the figures (g) and (h) are only used to compare with each other, not the true
angles.

4.2 Rotation of the North Arm of Sulawesi

The clockwise rotation of the North Arm of Sulawesi is also consistent with the
spontaneous retreat of the North Sulawesi Trench. The negative buoyancy drags
the slab down and promotes mantle flow, which determines trench retreat and
deformation of the overriding plate (Alsaif et al., 2020). Seismic tomography
shows that the Sangihe slab is subducting westward below the Celebes Sea
plate (Hall and Spakman, 2015; Hayes et al., 2018). The subduction depth of
the Sangihe slab increases from east to west; hence, the distance between the
Celebes Sea plate and the Sangihe slab decreases from west to east, and the two
plates are in contact on the eastern side of the Celebes Sea plate (Figure S1).
Therefore, the Sangihe slab substantially reduces the space that is available for
subduction on the eastern side of the Celebes Sea plate.

This is a complex 3-D situation, we can first simplify it to a two-dimensional
model to simulate it. If we cut a section along the north-south direction (Figure
S1). The Sangihe slab will be shown as a rectangular block below Celebes Sea
on the profile. The distance between the top of the Sangihe slab and the earth’s
surface on the west side is larger than that on the east side. So we can take
the top of the Sangihe slab as the bottom of the model to build simplified mod-
els. We conduct experiments using the spontaneous subduction model; model
depth is reduced from 660km to 400 km, 350 km, 300 km, 250 km and 200
km, respectively, while parameters and boundary conditions are held constant.
We find that the reduction of the space available for subduction leads to the
decrease of mantle convection velocity, which in turn reduces the trench retreat
velocity (Figure 2d). These results are consistent with the hypothesis that the
Sangihe slab reduces the space that is available for subduction, inhibiting spon-
taneous subduction and slowing down trench retreat on the eastern side (at
about 123.5°E) of the Celebes Sea (“East” in Figure 2d). Although the length
of the subducted slab is larger on the centre (at about 122°E) than the west-
ern side (at about 120.5°E) of Celebes Sea, there is always plenty of space for
subduction on the western side of the Celebes Sea. As marked by “West” in
Figure 2d, the slab reached to a depth of 150 km and the trench retreat speed
increased to ~43 mm/yr during a short time. By contrast, space for subduction
on the centre is always limited. As marked by “Centre” in Figure 2d, the trench
retreat speed is only ~37 mm/yr, although its subducted slab has reached a
depth of 260 km. Hence, trench retreat speed decreases from the western side
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to the eastern side of the Celebes Sea, resulting in the clockwise rotation of the
North Arm of Sulawesi.

However, the 2D models ignored the effect of toroidal flow around the slab
edge. Hence, we build a 3D model to simulate this complex natural 3D system
(Figure 4). The 3D model consists of a continental plate as overriding plate and
two oceanic subducted plates. The subduction direction of the two subduction
plates is orthogonal. Model parameters and rheology are same with the 2D
model. As we can see from the simulation result (Figure 4), the trench retreat
speed simulated by 3D model is also roughly equal to the velocity of the North
Arm of Sulawesi measured by GPS. According to the modelling results, we found
that the subduction-driven mantle wedge flow is much faster than the toroidal
flow around the slab edge. The mantle wedge flow of Sangihe slab is mainly
parallel to the North Sulawesi Trench which has little effect on the subduction
of Celebes Sea slab. The most important factor that affecting the subduct
rate of Celebes Sea slab is also the available space for subduction. Therefore,
we proposed that the reason for the clockwise rotation of the North Arm of
Sulawesi at present is the presence of the Sangihe slab.
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Figure 4. 3D Schematic model (view to the northwest) of the North Sulawesi
Subduction Zone. The gray plate represents the Celebes Sea plate. The blue
slab represents the Sangihe slab. Arrows indicate velocity. GPS velocities of
North Arm of Sulawesi are from Socquet et al. (2006)

5 Conclusions

The main conclusions we may draw form this study include the following:

1.Our numerical experiments demonstrate the crucial role that the buoyancy of
the down-going plate itself plays in trench retreat as a passive margin transitions
into an active margin, even though the initial stage is dominated by the external
force.

2.The Sangihe slab reduces the space that is available for subduction, inhibiting
spontaneous subduction and slowing down trench retreat on the eastern side of
the Celebes Sea, which well explains the clockwise rotation of the North Arm
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of Sulawesi.
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Introduction

Text S1 summarizes basic equations of the numerical simulations and initial model

domain and thermal configurations.

Tables S1 list parameters used in the numerical simulations.

Figure S1 shows how to simplified the 3-D situation to 2-D model.

Text S1.

We use the Advanced Solver for Problems in Earth’s Convection (ASPECT)(Bangerth

et al., 2020; Heister et al., 2017; Kronbichler et al., 2012), which is a highly scalable

open-source code, to develop a 2D numerical geodynamic model. The model solves

the momentum, mass conservation and heat conservation equations:

−∇ ∙ 2ηε� +∇P = ρg, (1)

∇ ∙ v = 0, (2)

ρCP
∂T
∂t
+ v ∙ ∇T − k∇2T = H, (3)

where η is the effective viscosity (see equations (4)–(6)), ε� is the deviatoric strain rate

tensor, which is given by 1
2

∇v + ∇v
T
, P is the pressure, ρ is the density, which is

defined as ρ = ρ0 1 − α T − T0 with T0 being the reference temperature, g is the

gravitational acceleration, v is the velocity, CP is the specific heat capacity, T is the

temperature, t is time, k is the thermal conductivity, and H is the volumetric heat

source term that includes radiogenic heat, shear heating, and adiabatic heating.
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We use the Drucker–Prager yield criterion and a visco-plastic rheology(Glerum et al.,

2018) with dislocation and diffusion creep, which are incorporated into ASPECT in 2D

via the following equations:

ηcomp =
1

ηdiff
+ 1

ηdisl

−1
, (4)

ηdiff =
1
2
A−1dmexp Ediff+PVdiff

RT
, (5)

ηdisl =
1
2
A
1
n ε�ΙΙ

1−n
n exp Edisl+PVdisl

nRT
, (6)

where ηcomp is the composite viscosity, ηdiff is the diffusion creep, ηdisl is the

dislocation creep, A is the pre-exponential factor, n and m are stress and grain size

exponents, ε�ΙΙ is the second invariant of the strain rate tensor, which is defined as

ε�ΙΙ = 0.5ε� ijε� ij
0.5
, E is the activation energy, V is the activation volume, R is the gas

constant. These parameters are determined from the flow law experiments (Table S1).

Frictional-plastic deformation is responsible for faulting and follows a pressure-

dependent Drucker–Prager yield criterion:

σyeild = C0cosφ + Psinφ, (7)

ηDrucker–Prager =
ηcomp, 2ηcompε� ΙΙ < σyeild
σyeild
2ε�ΙΙ

, 2ηcompε�ΙΙ > σyeild
, (8)

where σyield is the yield stress, C0 is the cohesion, and φ is the angle of internal friction.

The final effective viscosity, ηDrucker–Prager, is capped by minimum and maximum

viscosities. Table S1 shows the parameters that we use.

The initial 2D model domain is 2,000 km by 670 km (Figure. 2a), with adaptive mesh

refinement for finite elements with large gradients in the viscosity, temperature, and

composition. The adaptive mesh refinement parameters in our reference model
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produce a maximum level of refinement corresponding to 1-km-wide finite element

dimensions (in the lithosphere layer) and a minimum level of refinement

corresponding to 64-km finite elements (in the lowermost mantle).

An initial internal free surface is simulated with a layer of sticky air on the top of the

model and is 10 km thick. The overriding plate is simulated as a continental plate with

an upper continental crust, lower continental crust, and an underlying lithospheric

mantle with thicknesses of 30, 35, 40, 45, and 50 km, respectively. The subducted

plate incorporates oceanic crust, which is 10 km thick, and the oceanic lithosphere,

which has a thickness that is determined by the half-space cooling model (Turcotte

and Schubert, 2014). The model is initiated with a weak zone between the subducted

and overriding plates, which represents the pre-existing subduction interface. The

angle between subducted and overriding plates is set to 15°, 30°, 45° and 60°,

respectively.

The thermal structure of the initial model is as follows: the oceanic lithosphere

geotherm corresponds to a half-space cooling model for a seafloor age of 40 Ma, the

continental lithosphere varies from 0 to 1300 °C, which is calculated by solving the

steady state heat conduction equation. The temperature gradient in the

asthenospheric mantle is about 0.5 °C/km, and the upper and lower thermal

boundaries are fixed.
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Table S1. Physical properties of materials used in the numerical experiments (Hirth and Kohlstedt, 2003; Rutter and Brodie, 2004; Rybacki et al.,

2006). Density values of asthenosphere and continental lithospheric mantle (ρ) are set according to the model.

Parameters Units Asthenosp
here

Air Upper
continenta
l crust

Lower
continent
al crust

continent
al

Lithosphe
ric mantle

Upper
Oceanic
crust

Lower
Oceanic
crust

Weak zone

thermal conductivity W∙m-1∙K-1 3.3 82.5 2.5 2.5 3.3 2.5 2.5 3.3

specific heat capacity J∙kg-1∙K-1 1000 1000 1000 1000 1000 1000 1000 1000

Density kg∙m-3 3300 1 2700 2838 ρ 3000~345
0

3000~345
0

3300

Thermal expansivity K-1 2×10-5 0 2×10-5 2×10-5 2×10-5 2×10-5 2×10-5 2×10-5

Rheological Flow - Dry
olivine

Wet
quartzite

Wet
anorthite

Dry
olivine

Gabbro Gabbro Wet olivine

pre-exponential
factor

Pa-n∙m-p∙s-1 2.37×10-15 1×10-50 1×10-50 1×10-50 2.37×10-15 1×10-50 1×10-50 1×10-50
6.52×10-16 5×10-19 8.57×10-28 7.13×10-18 6.52×10-16 2.2553×

10-17
1.3725×
10-25

2.03×10-15

Stress exponents - 1 1 1 1 1 1 1 1
3.5 1 4.0 3 3.5 2.3 4.7 3.5

activation energy J∙mol-1 375×103 0 0 0 375×103 0 335×103 0
530×103 0 223×103 345×103 530×103 154×103 485×103 497×103

activation volume m3∙mol-1 4×10-6 0 0 0 4×10-6 0 4×10-6 4×10-6
13×10-6 0 0 0 18×10-6 0 0 18×10-6

grain size exponents - 3 0 1 1 3 0 0 1



6

Figure S1. Slab2 model for Celebes Sea and Sangihe slab
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