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Abstract The closure of an ancient ocean basin via oceanic arc-continent collision has two subduction
styles with opposite polarities, which may proceed via subduction polarity reversal (SPR) or a subduction zone
jump (SZJ). Interpreting the geometry or kinematic evolution of ancient collisional zones, especially the original
subduction polarity, can be challenging. Here we used 2D thermo-mechanical modeling to investigate the
dynamic evolution process of SPR versus SZJ. Our modeling predicts different structural, topographic,
magmatic, and basin histories for SPR and SZJ, which can be compared against, and help interpret, the geologic
record past sites of oceanic closure during collisional orogens. Our results match geologic observations of past
collisions in Kamchatka, eastern Russia, and the Banda Arc, eastern Indonesia, and thus our results can help
effectively decode the evolutionary history of past arc-continent collisions.

Plain Language Summary Determining the geometry and kinematic evolution of ancient
subduction zones that experienced collision with an oceanic island arc can be challenging based on the surface
geology along. Such collisions usually result in different dynamical evolution processes, namely subduction
polarity reversal (SPR) or a subduction zone jump (SZJ). Here we conducted numerical modeling of oceanic
island arcs that collide with a continental margin to explore the dynamic evolution process of different
subduction styles. Our results reveal geologic indicators to decipher SPR versus SZJ in natural oceanic arc-
continent collisions, such as the distribution of thrust faults, metamorphic rocks, magmatism, crustal thickness,
and topography. The numerical simulations help explain the geologic history of Kamchatka in eastern Russia
and Banda Arc in eastern Indonesia. This study provides provide new insights and implications diagnosing the
polarity of vanished subduction in arc-continental systems.

1. Introduction

Intra-oceanic island arcs are widely distributed across the oceans, with along-strike lengths of 100—1000s km and
across-strike widths of up to 100s km (Stern, 2010; Tetreault & Buiter, 2014). Their typical crustal thickness and
density—20-35 km and 2,790 kg/m” respectively—are much thicker and less dense than the surrounding oceanic
crust, which results in their resistance to subduction and accretion onto continental margins during ocean-closure
events that generates ophiolite belts at the collisional zone (e.g., Stern, 2010; Tetreault & Buiter, 2014; and
references therein). Arc-continent collisions have been well documented in accretional orogens such as those in
the SW Pacific or the Caribbean (e.g., Brown et al., 2011; Cloos, 1993; Stern, 2010; Tetreault & Buiter, 2014).
The arc-continental collisional process may induce subduction initiation (SI) such as inferred for Kamchatka in
eastern Russia (e.g., Clift et al., 2003; Draut & Clift, 2013; Plunder et al., 2020; Stern, 2004, 2010; Yang, 2022).
There are two distinct SI mechanisms that can occur, depending on the subduction polarity before arc-continent
collision: subduction polarity reversal (SPR) or a subduction zone jump (SZJ) (Figure 1).

It can be challenging to properly interpret the subduction polarity before arc-continent collision through exam-
ination of exposed ophiolitic rocks, as both SPR and SZJ can lead to the consumption and disappearance of the
oceanic crust between the arc and continent and the final emplacement of ophiolites at the surface. Furthermore, in
the ancient geologic record, the polarity of the initial subduction zone cannot be directly observed, and thus it
must be inferred from geological, geochemical, or geophysical observations. Diagnosing the polarity of extinct
subduction can help to understand the role of plate driving forces and the dynamic mechanisms of SI, especially
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Figure 1. Two distinct types of subduction initiation induced by arc-continent collision. (a) Subduction polarity reversal, and
(b) subduction zone jump.

the origin of intra-oceanic SI, which is of great significance to understanding plate tectonic activities. However,
the identification of the polarity of an ancient subduction zone can be complex (e.g., Plunder et al., 2020;
Yang, 2022). This leads to an important question of how to diagnose subduction polarity during ancient arc-
continent collision, which can be investigated by assessing the dynamic process of arc-continent collision us-
ing numerical simulations.

Past studies this topic have mainly focused on the accretion of island arcs and the growth process of continents
(e.g., Brown et al., 2006, 2011; Cloos, 1993; Stern, 2010; Tetreault & Buiter, 2012, 2014), the dynamics of
collision-induced SI along buoyant blocks (i.e., island arcs or oceanic plateaus) (e.g., Almeida et al., 2022; Dong
et al., 2022; Stern & Gerya, 2018; Sun et al., 2021; Wang et al., 2022; Yan et al., 2021), or the dynamic
mechanism of SPR induced by intra-oceanic arc (e.g., Zhang & Leng, 2021). To our knowledge, of the past
research on intra-oceanic arcs, none have yet considered the dynamic processes that lead to accretion via different
subduction polarities (Figure 1), such as subduction within the ocean (Figure 1al) or at the continental margin
(Figure 1b1). Furthermore, such numerical simulations can help us better understand diagnostic characteristics to
better interpret SPR or SZJ in the geologic observations.

To address these issues, here we designed two-dimensional models to explore the dynamic arc-continent collision
process. First, we recovered the dynamic evolution of two different subduction polarities (SPR vs. SZJ) during
arc-continent collision by systematically testing the width and thickness of the arcs, their surrounding sediments,
and plate convergence rates. We then examined patterns of deformation, modeled pressure-temperature (P-T)
paths, magmatism, and topography from the different models to determine which indicators are key identifiers for
diagnosing subduction polarity. Finally, we diagnose geological examples using the indicators predicted by our
models, providing new insights into decoding ancient extinct subduction zones.

2. Numerical Methods

Our numerical simulations are based on the 2D geodynamical code I12VIS (Gerya & Yuen, 2003), which uses
staggered grid finite difference method and maker-in-cell technique to solve the mass, momentum, and energy
conservation equations. The full details of the method can be found in Gerya (2010).

2.1. Numerical Geometry

The model is 4,000 km wide and 1,000 km deep (Figure 2). The right side of the model is the continental plate, and
the left side is the oceanic plate, where an island arc with thickened crust and variable width is embedded. Island
arcs are typically located ~120 km inboard from the trench (Tetreault & Buiter, 2014). The term island arc here
refers to either the relic of intra-oceanic subduction with arc magmatism or an oceanic plateau with similar
properties to the island arc, both of which were originally located far away from the continental margin (e.g.,
Dong et al., 2022; Tetreault & Buiter, 2012). To capture the intra-oceanic subduction process prior to arc-
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Figure 2. Model setup. (a) The composition field of reference model setup (al, a2) Density and viscosity profiles beneath the
arc (i) and oceanic lithosphere (ii) at 0.2 Myr (b)—(d) Zoomed area of interest showing the detailed structure of composition,
density, topography and viscosity, respectively. The white solid lines denote isotherms.

continent collision, we set the arc 650 km away from the continental margin in our model. The thickness of
sediment in the transition zone between ocean and continent is up to 10 km, and the thickness and viscosity of
sediments around the island arc vary. The density of the arc is 2,800 kg/m® (Tetreault & Buiter, 2014), which is
lighter than the oceanic crust. The oceanic crust is 8 km thick, including 3 km thick of upper crust and 5 km thick
of lower crust, and the lithospheric thickness is defined by oceanic age. The continental lithosphere is 140 km
thick, including a 20 km thick of upper crust, a 15 km thick of lower crust, and a 105 km thick of lithospheric
mantle.

2.2. Initial Boundary Conditions

The temperatures at the upper and lower model boundaries are set to 0 and 1,790°C, respectively. The oceanic
lithosphere temperature is described by the half-space cooling model (Turcotte & Schubert, 2002). Our model
defines the oceanic plate as a laterally homogeneous plate with an age of 40 Ma, except for the island arc, which
has a linear temperature profile. A “sticky air” layer is placed on top of the model to simulate the evolution of
surface elevation (Schmeling et al., 2008), which is 20 km thick above the continental plate and arc and 22 km
thick above the oceanic plate. Viscous flow laws are derived from Ranalli (1995) and are shown in Table S1 in
Supporting Information S1. The upper, left, and right boundaries have free-slip boundary conditions, whereas the
lower boundary is permeable (Burg & Gerya, 2005). The bottom interface of the lithosphere is 1,300°C. The
initial velocities at oceanic (X = 1,200 km) and continental (X = 3,200 km) plates are set at 5 cm/yr and 3 cm/yr,
respectively, except for models specifically stating velocity tests. The detailed material properties used in the
study are presented in Table S2 in Supporting Information S1.

3. Model Results and Discussions

We conducted a total of 59 numerical experiments (Table S3 in Supporting Information S1), and obtained
subduction scenarios located around island arc and at the ocean-continent transition zone (Figure S1; see Text S1
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in Supporting Information S1 for details). Here we focus on the dynamic process of SPR and SZJ during the arc-
continent collision.

Herein we define the onset of subduction as when the frontmost edge of the subducting plate is beneath the
overriding plate. Therefore, the duration of SPR starts from the arc-continent collision to the new SI. We define
the pro-side of the island arc as the side closest to the continental margin and the retro-side is farther from the
continental margin.

3.1. Reference Models for SPR and SZJ

Figure 3 shows two subduction processes of different polarities, SPR and SZJ. In the SPR model (Model 1 in
Table S3 in Supporting Information S1), the arc has a crustal thickness of 35 km and a width of 300 km. In this
case, subduction first starts at the pro-side of the intra-oceanic arc, forming partial melting of oceanic crust
(Figure 3al). As the trench continues to retreat, magmatism migrates to the continental margin, until the ocean
between the arc and continent is completely closed, and the arc finally collides with the continent at ~8.0 Myr
(Figure S2a in Supporting Information S1; Movie S1). It is accompanied by the migration of high topography
caused by the compressed arc (Figure 3al) toward the continental margin (Figure 3a4). As the arc was accreted
and thrust onto the continental margin, a new subduction zone of opposite polarity formed on the retro-side of the
arc with continued convergence at 11.5 Myr (i.e., SPR), and the subduction-related magmatism jumped to the side
away from the continental margin (Figure 3a2). The duration of the SPR is ~3.5 Myr (Figure S2a in Supporting
Information S1). The retro-arc subduction and shallow underthrusting of the continental plate formed a bivergent
wedge structure and an intracontinental basin behind the continental margin (Figure 3a2, 3a4).

In contrast, the SI in the SZJ mode (Model 16 with the arc of 30-km-thick and 400-km-wide in Table S3; Figure
S2b in Supporting Information S1) first starts at the continental margin, where the trench remains, and
subduction-related magmatism acts on the overriding continent (Figure 3b1; Movie S2). Then the proto-oceanic
arc is almost entirely accreted onto the continental margin, and subduction-related magmatism jumps with SZJ to
the retro-side of the arc (Figure 3b2). The accreted arc and subducting oceanic slab have the same tendency
toward the Moho (Figure 3b2). The overriding continent is thrust on the arc, resulting in wholescale uplifted
topography across the collisional zone with no inland sedimentary basin (Figure 3b4).

We selected four markers in Model 1 to track the P-T paths of upper and lower crust of the continental margin and
the arc close to the continental margin, as shown in Figure 3a3. The upper (black point) and lower (red point)
crustal markers of the arc experienced similar trajectories. Although the early evolution was complicated, their
temperature and pressure dropped from the beginning to the last moment, corresponding to the thrust process.
Conversely, the markers of the overriding continental upper (purple point) and lower (green point) crust expe-
rienced a rapid pressure increase in the early stage and nearly isobaric heating in the later stage, corresponding to
the early subduction and later stagnation process of the continental margin. High-pressure metamorphism
occurred in the upper and lower crust of the continent. Similarly, we tracked P-T paths of four markers in Model
16 (Figure 3b3). The markers in the arc upper (black point) and lower (red point) crust first experienced a process
of increasing pressure and temperature, and then a process of decreasing pressure, corresponding to the sub-
duction and exhumation processes of the frontal arc materials, respectively. The pressure of the markers of the
overriding continental upper (purple point) and lower (green point) crust does not change much. The source area
of ultrahigh-pressure metamorphic rock is intra-oceanic arc material.

3.2. Results for Other Models

Several models have static subduction zones with no arc-continent collision and no induced SI (Figure S1 in
Supporting Information S1). For example, Model 17 (Figure S3 in Supporting Information S1) involves sub-
duction starting on the retro-side of the island arc and Model 5 (Figure S4 in Supporting Information S1) has
subduction remaining constant along the continental margin. In either case, there is no discernible migration of
magmatism and topography at the continental margin only experiences a small uplift (Figures S3, S4 in Sup-
porting Information S1). In most ocean-continent subduction models (style B in Figure S1 in Supporting In-
formation S1), the arcs are subducted into the asthenosphere along with oceanic slab, and only a small part of the
crust is scraped and accreted on the continental margins, as shown in Model 5 (Figure S4 in Supporting Infor-
mation S1). This type of model subduction-related magmatism occurs only at trenches along continental margin.
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Figure 3. Model results of two distinct types of subduction initiation. (a) Evolution of SPR (Model 1 with 35-km-thick and
300-km-wide). (b) Evolution of SZJ (Model 16 with 30-km-thick and 400-km-wide) (1, 2) Evolutionary slices of
topography, composition and density, respectively. The white solid lines in figures denote isotherms. (3) The P-T paths show
the evolution of arc and continental upper and lower crustal rocks. Location of trackers shown in the composition field. (4)
Topographical evolution. SPR, subduction polarity reversal. SZJ, subduction zone jump.
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3.3. Indicators for Diagnosing Subduction Polarity

Here, based on our model results, we demonstrate how the subduction polarity can be identified based on in-
dicators such as thrust faults, metamorphic rocks, topography, Moho geometry, and subduction-related
magmatism.

In the model of SPR (e.g., Model 1; Figure 3a), the arc collided with the continental margin and was thrust onto
the continent, forming an accretionary complex containing oceanic crust, sediments, and arc crust at the conti-
nental margin. High-pressure metamorphism occurred within the continental crust, and a sedimentary basin was
formed behind the continental margin due to the downward thrusting of the continental crust. A bivergent wedge
structure including the Moho formed in the collision zone due to the retro-arc subduction and downward thrusting
of the continental plate. Subduction-related magmatism first impacted the intra-oceanic arc, and migrated to the
continental margin as the trench retreated, then jumped away from the margin as the retro-arc subduction started.

In the model of SZJ (e.g., Model 16; Figure 3b), the ultrahigh-pressure metamorphic rocks were derived from
intra-oceanic arc materials because the continental plate was thrust over the island arc and the island arc had a
downward subducting tendency. As a result, the Moho interface of the island arc and the retro-arc subducting
oceanic slab have the same dip toward the continental margin. An inland basin was not formed. Unlike the SPR
model, subduction-related magmatism in the SZJ model occurred along the continental margin before arc-
continent collision and then migrated onto the oceanic arc.

3.4. Implications for Diagnosing Geological Events

The SPR or SZJ processes are inferred in many geologic settings (e.g., Advokaat et al., 2018; Harris, 2011;
Konstantinovskaia, 2001; Suppe, 1984; Wan et al., 2019; Yang, 2022). Here, we discuss how the Banda Arc in
eastern Indonesia and Kamchatka in eastern Russia are two areas (Figure 4a) where SPR is likely to occur after
arc-continent collision based on the indicators of our model. Thrust faults recorded in the Timor Trough provide
evidence that the Banda Arc may be undergoing SPR (Figure 4b). The collision between the Banda Arc and the
Australian Plate occurred ca. 8—10 Ma (Keep & Haig, 2010; Tate et al., 2014, 2015). Thrusting initiated in the
Timor orogen at ca. 4.5 Ma (Tate et al., 2014, 2015) as evidenced by Wetar Thrust activity (Harris, 2011). It takes
about 5 Myr for the Banda arc to develop SPR after the collision with the Australian plate. To the west of Timor
Trough, the Indian Ocean lithosphere is subducting northward under the Sunda Arc, and the SPR is also reversed
on the north side of the Sunda Arc, which was recorded by Flores Thrust (Silver et al., 1983).

The Kamchatka orogenic belt is located at the junction of the Pacific Plate, North American Plate, and Eurasian
Plate (Figure 4a). It is composed of multiple units, including the Kamchatka terrane and Sredinny accretionary
complex in the west, the Olyutorsky intra-oceanic arc thrust on the Kamchatka terrane in the middle, and the
Vetlovsky accretionary wedge and Kronotsky arc in the east (Figure 4c; Konstantinovskaia, 2001; Hourigan
et al., 2009; Konstantinovskaya, 2011; Vaes et al., 2019). Based on metamorphic rock and zircon ages, the
collision time between the Olyutorsky arc and southern Kamchatka is constrained to 55-52 Ma (Bindeman
etal., 2002; Hourigan et al., 2009; Kirmasov et al., 2004; Luchitskaya et al., 2008; Luchitskaya & Soloviev, 2012;
Shapiro et al., 2008). Furthermore, the age of the sedimentary layers below the suture and the age of the unde-
formed overlapping sequence and the age of the granodiorite suture zone constrain the collision time of the
Olyutorsky arc with northern Kamchatka to be ca. 45 Ma (Garver et al., 2000; Solov'ev et al., 2002, 2011). This
indicates that there was an ancient eastward subduction and that the collision of the Kamchatka and Olyutorsky
Arc was completed ca. 45 Ma. The eastern Vetlovsky accretionary prism lies beneath the Olyutorsky arc and is
separated by a northwest-dipping thrust fault. Combined with the fact that this thrust fault is unconformably
covered by middle Eocene mudstones and sandstones and the timing of the emplacement of the Kronotsky arc, the
onset of westward subduction can be constrained to the late Early Eocene (Solov'ev et al., 2004; Hourigan
et al., 2009; Konstantinovskaya, 2011; Domeier et al., 2017). The SPR of the Kamchatka orogen occurred about
10 Ma after the collision of the Olyutorsky arc and Kamchatka.

Although the results of our two-dimensional model cannot reflect the spatiotemporal sequence of the north-south
tectonic evolution of the Kamchatka orogenic belt, our model reproduces the dynamics process of the east-west
SPR induced by the collision of Olyutorsky arc and Kamchatka (Figure 4d). Our model shows that the oceanic
slab initially subducted toward the intra-oceanic arc, the ocean closed and then the arc collided with the conti-
nental margin (Figure S2a in Supporting Information S1). This process corresponds to the eastward oceanic
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Figure 4. Comparison of model results of SPR with geological examples. (a) Global location map of intra-oceanic arc
systems shown in black (modified after Tetreault & Buiter, 2014), and two possible regions of SPR. (b) Tectonic map
showing the major tectonic units around the Sunda-Banda Arc. (c¢) Generalized tectonic map of the Kamchatka Peninsula.
The position of (b) and (c) are shown in the red dotted box in Fig. a (modified after Yang, 2022). (d) Cross-sections of
Kamchatka in Fig. c refer to Brown et al. (2011). (e) Model result of SPR (Model 1) at 12.0 Myr. SPR, subduction polarity
reversal.

subduction, and the subsequent collision of the Olyutorsky arc with the Kamchatka terrane (e.g., section AA’ in
Figure 4d). With continuous convergence, the intra-oceanic arc thrust over the continent, forming complex
accretionary prisms comprised of sediments and oceanic crust accreted from the subducted oceanic plate, and
island arc materials (Figures 3a and 4e), which is well reflected in the Sredinny complex in the Kamchatka,
including granulite, amphibolite, migmatite and granite (Figure 4c; Konstantinovskaia, 2001). In addition, our
model also reproduces the evolution of intracontinental basins in this region well (Figures 4c—4e). Finally, the
SPR occurred on the other side of the arc, accompanied by subduction-related magmatism, a process corre-
sponding to westward subduction in the late Early Eocene, emplacement of the Vetlovsky accretionary prism and
the Kronotsky arc process (e.g., section BB’ in Figure 4d). In addition, the duration of SPR predicted by our
results is 2—12 Myr (Figure S5 in Supporting Information S1), which also matches the observed geologic
timescale of SPR in the Kamchatka orogenic belt (ca. 10 Myr).

4. Model Limitations

Numerical simulation is an effective tool for simulating dynamic processes, especially for recovering the evo-
lution of ancient subduction zones, which helps us infer past dynamic processes based on existing surface
response observations. Here, to understand how different subduction polarities (SPR vs. SZJ) affect the
observable geological record of collision, we simplified the model design and imposed a continuous convergence-
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induced subduction. However, recent studies have highlighted the large differences in behavior between incipient
and steady-state subduction (e.g., Chen et al., 2015), and the slab bending radius and hinge dissipation factors
have different effects on the overriding plate at different subduction stages (Irvine & Schellart, 2012). In addition,
recent 3D numerical models of buoyancy-driven subduction emphasized that the size and timing of the sub-
duction zone affect the deformation of the overriding plate (Schellart, 2024). Therefore, in the future, it may be
necessary to more systematically study the dynamic behavior of arc-continent collisions under different scenarios
such as free subduction boundary conditions, incipient and steady-state subduction, and use 3D simulations to
fully understand the typical characteristics of different ancient subduction polarities.

5. Conclusions

We systematically explored the dynamic process during arc-continent collisions through numerical simulations,
providing a reference of diagnostic indicators for deciphering the subduction polarity of ancient subduction
systems. Subduction polarity can be identified based on indicators such as thrust faults, metamorphic rocks,
subduction-related magmatism, topography, and Moho geometry. Our SPR model results well explain the
Cenozoic SPR tectonic event in the Kamchatka orogenic belt from west to east and the tectonic evolution process
of the Banda Arc in eastern Indonesia. Our numerical model provides new insights and implications for deci-
phering ancient subduction polarity.
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