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A specific configuration of the global subduction system is the parallel triple subduction. The
widely accepted example of parallel triple subduction is the New Guinea region, including a
northward dip at the New Britain Trench (NBT), a southward dip at the Trobriand Trough
(TT), and North Solomon Trench (NST). Questions regarding the parallel triple subduction
system remain largely unexplored in terms of factors controlling its initiation, duration, and
dynamics. Here, we used two-dimensional numerical models to study the dynamics
mechanism of the parallel triple subduction system in the New Guinea region. Four
possible regimes were achieved: 1) the double subduction model, which includes the
forward subduction jumping model (FSJ) and the subduction polarity reversal model (SPR)
and 2) the parallel triple subduction model, which includes the tendency to the forward
jumping model (TFSJ) and the tendency to polarity reversal (TSPR). By evaluating the four
regimes with actual seismic data, we suggest that the pre-existing rupture and length of
ocean–continent transition (OCT) determine the formation of the TT, while the formation of
the NBT may be the result of the rheological strength differences between the Solomon
Island Arc (SIA) and Solomon Sea Basin (SSB); the initial length of the SSB can regulate the
competitive relationship between the TT and NBT, which also determines the present-day
inactive state of the TT. A longer SSBmakes the TT and NBT initiated independently, while a
narrower SSB will allow interaction during subduction initiation of the TT and NBT.

Keywords: triple subduction system, the New Guinea region, thermal structure, numerical simulation, rheological
strength differences

1 INTRODUCTION

It is well established that the multi-subduction system is an important component of modern plate
tectonics (Holt et al., 2017; Stern and Gerya, 2018; Chesley et al., 2021; Lallemand and Arcay, 2021;
Zhang and Leng, 2021; Fu et al., 2022). The multi-subduction system is a complex process, including
subduction initiation (SI), interactions, and dynamics of multi-subduction zones. Previous studies
have focused on only two subduction systems and rarely considered more subduction zones, such as
the parallel triple subduction system (Mishin et al., 2008; Jagoutz et al., 2015; Huangfu et al., 2016;
Holt et al., 2017; Zhang et al., 2017; Liao et al., 2018; Yang et al., 2018; Li et al., 2019; Lyu et al., 2019;

Edited by:
Jie Liao,

Sun Yat-sen University, China

Reviewed by:
Xin Zhou,

University of Minnesota Twin Cities,
United States

Zhensheng Wang,
China University of Geosciences

Wuhan, China

*Correspondence:
Liming Dai

dlming@ouc.edu.cn

Specialty section:
This article was submitted to

Solid Earth Geophysics,
a section of the journal

Frontiers in Earth Science

Received: 24 January 2022
Accepted: 03 March 2022
Published: 14 April 2022

Citation:
Wang L, Dai L, Gong W, Li S, Jiang X,
Dong H, Wang D, Li F and Yu S (2022)

Co-Evolution of Parallel Triple
Subduction Systems in the New

Guinea Region: A Systematic
Numerical Study.

Front. Earth Sci. 10:861240.
doi: 10.3389/feart.2022.861240

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8612401

ORIGINAL RESEARCH
published: 14 April 2022

doi: 10.3389/feart.2022.861240

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.861240&domain=pdf&date_stamp=2022-04-14
https://www.frontiersin.org/articles/10.3389/feart.2022.861240/full
https://www.frontiersin.org/articles/10.3389/feart.2022.861240/full
https://www.frontiersin.org/articles/10.3389/feart.2022.861240/full
https://www.frontiersin.org/articles/10.3389/feart.2022.861240/full
http://creativecommons.org/licenses/by/4.0/
mailto:dlming@ouc.edu.cn
https://doi.org/10.3389/feart.2022.861240
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.861240


Tao et al., 2020; Zhong and Li, 2020; Zhang and Leng, 2021). The
parallel triple subduction system consists of three subduction
zones that exist simultaneously, unlike the triple junction where
three tectonic plates meet (Li et al., 2018). The parallel triple
subduction system is a common process during the evolution of
Earth, which is characteristic for both modern and ancient
subduction collision zones, for example, in the Himalayan
collision zone (Huangfu et al., 2018), the Central Asian
Orogenic belt (Xiao et al., 2020), the active
Izu–Bonin–Marianas and Ryukyu arcs (e.g. Faccenna et al.,
2018), and the New Guinea region (Baldwin et al., 2012; Yang
et al., 2021).

One of the modern examples is the New Britain Trench (NBT)
and Trobriand Trough (TT) that resulted from the convergence
of the Ontong–Java Plateau (OJP) and Solomon Island Arc (SIA)
along the North Solomon Trench (NST) (Holm et al., 2016; Mann
and Taira, 2004; Petterson et al., 1999; Stern, 2004; Tapster et al.,
2014). The initial arrival of the OJP at the NST was at ~22 Ma
(EarlyMiocene) (Petterson et al., 1999). Then, the TT, as a zone of
conflicting subduction, is expected to have been active between
ca. 20 and 10 Ma, developing the Maramuni Arc on Papua New
Guinea (Hall, 2002; Baldwin et al., 2012), whereas the NBT has
been proposed to fall between 14 and 8 Ma (Petterson et al.,
1999; Hall, 2002; Mann and Taira, 2004; Schellart et al., 2006;
Austermann et al., 2011). The available geophysical data and
topography suggest that subduction at the TT is currently
inactive (Abers et al., 2002; Riisager et al., 2003; Wallace
et al., 2004; Holm et al., 2019), whereas the subduction in
the NBT is currently active (Figure 1B). Previous conceptual
schemes and dynamical studies have emphasized the
subduction polarity reversal, that is, the NBT maybe the
result of the convergence of the OJP and SIA, rarely

considered the SI of the TT and the interactions between the
TT and NBT (Mishin et al., 2008; Baldwin et al., 2012; Dai et al.,
2018; Brandl et al., 2020; Sun et al., 2021; Zhang and Leng, 2021;
Almeida et al., 2022). Thus, the formation sequence,
interactions, and dynamics of the parallel triple subduction
in the New Guinea region remain elusive.

In this article, we study the dynamics and stability of parallel
triple subduction systems. For this purpose, we use a series of
coupled thermomechanical numerical models based on finite
differences and marker-in-cell techniques. These models reveal
unknown processes of the oceanic plateau convergence to
induce multiple subduction systems, thus providing an
explanation for enigmatic geodynamic features that may have
ancient multiple subduction characteristics.

2 MODEL METHODS

2.1 Numerical Modeling Method
Our two-dimensional magmatic thermodynamic model
simulated collision between the OJP and SIA, which led to
the initiation of subduction in the back-arc basin. The governing
equations of momentum, mass, and energy conservation are
solved with the I2VIS code (Gerya and Yuen, 2003). This code is
based on conservative finite differences and a non-diffusive
marker-in-cell technique applied on a staggered non-uniform
Eulerian grid. The 4,000 km × 670 km numerical model domain
is resolved with non-uniform 699 × 134 rectangular grids with
the highest grid resolution of 2 km in the 1,500-km-wide and
200-km-thick subduction area of the model. We track the
material properties in the different compositional layers by
deploying ~7 million active Lagrangian markers. Complete

FIGURE 1 |Map of the Papua New Guinea region. (A)Map of the New Guinea region modified from ETOPO1. The purple line represents active or potentially active
subduction zones and the green line represents dead subduction zones. (B) Topographic profile from ETOPO1. The sampling points are shown by orange lines in
Figure.1a. (C) Convergence rate from Müller et al., 2019. (D) Conceptual schemes from Baldwin et al., 2012. NBT: the New Britain Trench; TT: Trobriand Trough; NST:
North Solomon Trench. MB: Manus Basin; OJP: Ontong–Java Plateau; SIA: Solomon Island Arc; WB: Woodlark Basin.

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8612402

Wang et al. Three Subduction Systems

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


details of the method are provided in a previous study (Gerya
and Yuen, 2003).

The momentum conservation equation, incompressible
continuity equation, and heat conservation equation are
defined as follows:

(1) Stokes equation:

zσ′ij
zxj

− zP

zxi
� giρ(C,M, P, T),

where σ′ij is the deviatoric stress tensor, g is the acceleration due
to gravity, and density ρ depends on composition (C), melt
fraction (M), pressure (P), and temperature (T).

(2) Conservation of mass is approximated by the incompressible
continuity equation:

zVi

zXi
� 0,

where Vi is the velocity vector.

(3) The heat conservation equations are

ρCp
DT

Dt
� −zqi

zxi
+H,

qi � −k(T, P, C) zT
zxi

,

where DT/Dt is the full derivative of temperature with respect to
time, Cp is the heat capacity, qi is the heat flux, H represents the
sum of individual heat sources (e.g. radioactive heat production,
shear heating, adiabatic heating, and latent heat), and k is the
thermal conductivity, which itself is a function of temperature,
pressure, and composition.

The numerical model contains partial melting calculations for
multiple rock types and relies on the empirically defined linear
relationship between the volume ratio and temperature of partial
melting as follows:

M � 0, T≤Tsolidus,

M � (T − Tsolidus)
(Tliquidus − Tsolidus), Tsolidus <T<Tliquidus,

TABLE 1 | Physical parameters in the model.

Materiala ρ0(kg/m3) Cp (J
kg−1

K−1)

K (W
m−1

K−1)

Hr
(μWm−3)

Flow law η0 (Pa
n s) E

(kJ/
mol)

V (J MPa−1

mol−1)
N AD

(MPa−n

s−1)

C
(MPa)

Sin
(φeff)

Sticky air 1 3.3
× 106

200 0 1018Pa s – – – – – – –

Sticky water 1000 3.3
× 103

200 0 1018Pa s – – – – – – –

Sediment (solid) 2700 1000 K1 2 Wet quartzite 1.97E+17 154 0 2.3 3.20E-06 1 0.15
Upper continental
crust (solid)

2700 1000 K1 1 Wet quartzite 1.97E+19 154 0 2.3 3.20E-06 20 0.15

Lower continental
crust (solid)

3000 1000 K1 1 Plagioclase
An75

4.80E+22 238 0 3.2 3.30E-04 20 0.45

Oceanic crust 3000 1000 K2 0.25 Plagioclase
An75

4.80E+22 238 0 3.3 3.30E-04 20 0.45

Upper oceanic
plateau crust (solid)

2730 1000 K2 0.25 Plagioclase
An75

4.80E+22 238 0 3.3 3.30E-04 20 0.45

Middle oceanic
plateau crust (solid)

2850 1000 K2 0.25 Plagioclase
An75

4.80E+22 238 0 3.3 3.30E-04 20 0.45

Lower oceanic
plateau crust (solid)

3030 1000 K2 0.25 Plagioclase
An75

4.80E+22 238 0 3.3 3.30E-04 20 0.45

Lithosphere/dry
mantle

3300 1000 K3 0.022 Dry olivine 3.98E+16 532 8 3.5 2.50E+04 40 0.6

Upper mantle of OJP 3100–3300 1000 K3 0.022 Dry olivine 3.98E+16 532 8 3.5 2.50E+04 40 0.6
Lower mantle of OJP 3100–3300 1000 K3 0.022 Dry olivine 3.98E+16 532 8 3.5 2.50E+04 40 0.6
Wet mantle (solid) 3200 1000 K3 0.022 Wet olivine 5.01E+20 470 8 4 2.00E+03 1 0.06
Mantle
(Serpentinized/
hydrated)

3200 1000 K3 0.022 Serpentine 3.21E+36 8.9 3.2 3.8 1.97E-33 1 0.06

Mafic underplating 3200 1000 K1 3 clinopyroxene 3.21E+36 670 0 2.7 1.56E-34 1 0.06
Referencesc 1 / 2b 3 4 4, 5 4, 5 4, 5 4,

5
4, 5 – –

aρ0, reference density; Cp, specific heat capacity; k, thermal conductivity; Hr, radioactive heat; C, cohesion; sin (φeff), effective friction coefficient; η0, reference viscosity; E, activation
energy; V, activation volume; n, is the stress exponent; AD, material constant.
bK1 = (0.64 + 807/(TK + 77))·exp.(0.00004PMPa); K2 = (1.18 + 474/(TK + 77))·exp.(0.00004PMPa); K3 = (0.73 + 1293/(TK + 77))·exp.(0.00004PMPa).
cReferences: 1, Bittner and Schmeling (1995); 2, Clauser and Huenges (1995); 3, Turcotte and Schubert (2003); 4, Ranalli, (1995); 5, Ranalli and Murthy (1987).
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M � 1, T≥Tliquidus ,

whereM represents the volumetric fraction of the melt at a given
temperature and Tsolidus and Tliquidus correspond to the
experimentally obtained wet solidus and dry liquidus
temperatures, respectively (Table 1).

The rock density is dependent on the composition, melt
fraction, temperature, and pressure. For partially molten
rocks, the effective density obeys the following equations of
state:

ρeff � ρsolid −M(ρsolid − ρmolten),
ρsolid � ρ0[1 − α(T − T0)][1 + β(P − P0)] ,

where ρmolten and ρsolid are the densities of molten and solid
rock, respectively and ρ0 is the standard density evaluated at P0

= 0.1 MPa and T0 = 298 K (Table 1). The thermal expansion
coefficient (α) is set to 3 × 10–5 K−1, and the compressibility (β)
is set to 1 × 10–5 MPa−1.

The rheology used in this study is viscoplastic. The creep flow
is defined by the following equation:

ηcreep � ( _εⅡ)
1−n
n

A
−1
n

D exp(E + PV

nRT
),

where _εⅡ is the second invariant of the strain rate tensor and
AD, n, E, R, and V correspond to the material constant, stress
exponent, activation energy, gas constant, and activation
volume, respectively.

Plastic failure is approximated with the Drucker–Prager yield
relationship (Ranalli, 1995):

σyield � C0 + P sin(φeff),

ηplastic �
σyield

2 _εII
,

ηeff � min(ηcreep,ηplastic),
where σyield is the yield stress, C0 is cohesion, and φeff is the
effective internal frictional angle. The effective viscosity (ηeff)
of rocks is constrained by both viscous and plastic
deformation, determined by the minimization of the same.

The topography changes because of erosion and
sedimentation, which is defined as:

zyes

zt
� vy − vx

zyes

zy
− vs + ve ,

where vs is the sedimentation rate, ve is the erosion rate, yes is the
vertical position of the surface as a function of the horizontal
distance, and vx and vy are the horizontal and vertical components
of the material velocity vector at the surface, respectively. The
material properties and used parameters in this study are shown in
Table 1.

2.2 Model Geometry and Initial and
Boundary Conditions
We conducted a series of numerical experiments with various
island-arc crust thicknesses, back-arc basin length, and the
ocean–continent transition (OCT) length and pre-existing
lithospheric weakness in the OCT (Figure 2).

The numerical models include two domains – the left-side
continent with an arc/back-arc and the right-side oceanic plate
with oceanic plateau. The transition between these two domains
is demarcated by a weak zone.

FIGURE 2 | Initial model configuration and boundary conditions. Panel (A) shows initial model configuration. Panel (B) shows the temperature field. The left inset
represents a zoomed-in image of the island arc. The right inset represents anenlargement of the OJP. The isotherms (white lines) start at 100°C and are plotted at intervals
of 400°C. The color key for different materials is shown at the bottom.
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The plateau is 1,120 km wide and has a 26.6-km-thick oceanic
crust underlain by a depleted lithospheric mantle. The oceanic
plate on which the OJP resides has a normal oceanic plate
thickness of 8 km (Figure 2). Based on seismic wave speed
data, we infer that the OJP crust is divided into three layers.
The oceanic plateau crust is 26.6 km thick and consists of an
upper crust (a 2.66-km-thick layer of basaltic rock), a middle
crust (a 5.3-km-thick layer of gabbro), and an 18.64-km-thick
layer of ductile ultramafic rock (Figure 2). Moreover, more recent
data suggest that the OJP has a thick viscous mantle root
(Tharimena et al., 2016; Isse et al., 2021). Seismic and
geochemical constraints reveal that the lithospheric mantle
beneath the plateau may also be stratified into two layers
comprising a typical oceanic lithosphere (with a thickness of
44 km) underlain by a layer that includes a component of recycled
Proterozoic lithosphere (with a thickness of 44 km) (Ishikawa
et al., 2004, 2011; Mann and Taira, 2004; Covellone et al., 2015;
Tharimena et al., 2016; Wang et al., 2017; Wang and Kusky, 2019;
Isse et al., 2021).We determined the density of the plateau and the
density of each layer from the P-wave velocity structure and then
further constrained the correctness of the model using Crust1.0.

Previous studies suggested that the SIA is an island arc with
continental crust affinity (Tapster et al., 2014). As such, in our
model, we define the SIA with continental crust properties.
The arc comprises two layers: the felsic upper crust, with wet
quartzite rheological properties, and the mafic lower crust
which has the rheological properties of plagioclase.
According to the Crust1.0 model, our model arc’s crustal
thickness is asymmetric. The left part has a thickness of
38 km, and the right part varies in the range of 38–42 km
(Supplementary Table S1).

The initial thermal structure of the back-arc is defined by
the plate cooling model with a plate depth of 88 km (Shi et al.,
2020). The initial cooling age of the oceanic lithosphere is
taken to be 30 Myr, which is similar to a previous numerical
modeling study that investigated variations in
oceanic–continental and intraoceanic subduction modes
(Zhou et al., 2018, 2020; Li et al., 2019; Dai et al., 2020; Tao
et al., 2020). The length of the back-arc basin is 650 km,
700 km, and 750 km based on plate reconstruction results
(Müller et al., 2019).

The length of the OCT is 20, 30, 40, and 50 km. The OCT
was either stable or with an initial 50-km-length weak zone
which was probably due to large fractures based on previous
speculation (Marwen et al., 2015). The continental domain
comprises a 6-km-thick sedimentary layer, a 14-km-thick
upper crust, a 15-km-thick lower crust, and an 85-km-thick
lithospheric mantle. A thin “sticky air” layer with low density
and viscosity was also applied (Crameri et al., 2012), which
allowed the direct calculation of topography evolution. An
asthenospheric mantle was imposed below the continental and
oceanic lithosphere.

The initial temperature structure of the model varied from
0°C at the surface to 1300°C at the bottom of the lithospheric
mantle (Shi et al., 2020). The initial temperature gradient of
the asthenospheric mantle is ~0.5°C/km (Shi et al., 2020). The
detailed compositions and temperature profile of our model

are shown in Figure 2. The rock properties and layer
thicknesses vary depending on the model parameters
(Table 1).

We applied free-slip boundary conditions at all boundaries
except for the lower boundary that is permeable (Li et al.,
2016). Subduction is prescribed by the total convergence rate
RT = RR + RL, where RR and RL are locally imposed constant
velocities for the right and the left plates, respectively
(Figure 1C). Thus, the total convergence rate is controlled
and not the rates of individual slabs driven by slab-pull. In this
series model, the initial right plate velocity is 3 cm/yr until the
thick, buoyant oceanic plateau just reaches the trench. Based
on previous plate reconstruction results (Müller et al., 2019),
once the plateau reaches the trench, we linearly decrease the
left plate velocity to 3 cm/yr, although in nature, the
subduction rate is controlled by the subduction dynamics
itself.

3 RESULTS

3.1 Summary of Model Results and
Controlling Factors
We have run 54 model cases in total (Supplementary Table S1)
to study the effects of the initial island-arc crust thickness, the
length of the back-arc basin and the OCT, and pre-existing
lithospheric weakness in the OCT (Figure 2A), on the
evolution of parallel triple subduction systems. The numerical
results are summarized as two contrasting models (Figure 3): 1)
the double subduction model, which includes the forward
subduction jumping model (FSJ) and the subduction polarity
reversal model (SPR); 2) the parallel triple subduction model,
which includes the tendency to the forward jumping model
(TFSJ) and the tendency to polarity reversal (TSPR).

The model results showed that the pre-existing lithospheric
weakness and length of the OCT are fundamental for the SI in the

FIGURE 3 | Summary of model results. Panel (A–C) shows the model
results with different OCT length. Green circles correspond to numerical
modeling results of the forward subduction jumping model (FSJ); orange
squares represent the subduction polarity reversal model (SPR); the red
diamonds correspond to numerical model results that the parallel triple
subduction model tends to polarity reversal (TSPR); and dark blue triangles
represent that the parallel triple subduction model tends to the jumping model
(TFSJ). Panel (D) shows the four different types of model results.
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OCT (Supplementary Table S1; Figure 3). If the length of the
OCT is 40 km, the results with the pre-existing lithospheric
weakness in the OCT region showed that all four modes can
be predicted (Figure 3B). Otherwise, there will only be one mode:
subduction polarity reversal, if there are no pre-existing
weaknesses (Supplementary Table S1). To further study the
length of OCT importance, additional models with a narrower
and longer OCT (i.e., 30 and 50 km) were used. The results
indicate that a narrow OCT favors the SI in the OCT, differing

from models with a 40-km-length OCT, while the longer OCT
prevents the formation (Supplementary Table S1).

In addition, the island-arc crust thickness and length of the back-
arc basin have a contribution to the results as well (Figure 3). The
model results show that when the island-arc thickness becomes
thick and the subduction mode changes from the FSJ modes to the
SPR modes (Figure 3A). In addition, the model results with the
same arc thickness of 40 km showed that when the length of the
back-arc basin increases, the subduction mode changes from an FSJ

FIGURE 4 | Evolutionary process of Model 1. Panels (A–D), (a’-d’), and (a’‘-d’‘) show rock composition, effective viscosity, and second invariant of the strain rate
at different time steps, that is, 17.6, 21.6, 25.6, and 30.8 Ma, respectively. The color bars of viscosity and strain rate are shown on the left, while the color bar of
composition is shown in Figure 2.

FIGURE 5 | Evolutionary process of Model 2. Panels (A–D), (a’-d’), and (a’‘-d’‘) show rock composition, effective viscosity, and second invariant of the strain rate
at different time steps, that is, 20.5, 23.6, 32.3 and 37.4 Ma, respectively. The color bars of viscosity and strain rate are shown on the left, while the color bar of
composition is shown in Figure 2.
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mode to a TFSJ mode and eventually, a TSPR mode (Figure 3B).
The model results indicated that the increase in the length of the
back-arc basin and the island-arc crust thickness favors the SPR
(Figure 3A) and prevents the SI in the OCT (Figure 3).

3.2 The Double Subduction
3.2.1 Forward Subduction Jumping Model
Model 1 represents a typical example of forward subduction
jumping model (Figure 4). The length of the OCT and back-arc
basin and the initial thickness of the arc crust were set to 40, 650,
and 40 km, respectively.

At the computational time of 17.5Myr (Figure 4A), the oceanic
plateau reached the subduction zone. At 21.6 Myr, the old
subduction zone was blocked (Figure 4B). Subsequently, the
OCT region begins to rupture accompanied by a high strain
rate concentration under continuous compression (Figure 4B).
After about 4 million years (Myr), under the dual effect of the
continuous compression of the continental plate and obstruction of
the oceanic plateau, the parallel subduction zone developed at the
OCT (Figure 4C). After 30.8Myr, the old subduction zone tends to
break off while the newly formed subduction zone subducts to
400 km (Figure 4D). Thus, this model is typically characterized by
the formation of forward double subduction zones and no
subduction polarity reversal.

3.2.2 Subduction Zone Polarity Reversal
Model 2 represents a typical example of subduction zone polarity
reversal modes (Figure 5). The length of the OCT and back-arc
basin and the initial thickness of the arc crust were set to 40, 700,
and 42 km, respectively.

In this model, the SI occurred at the island-arc and back-arc
basin transitional region (IBT) which was different from the

isotropic subduction model (Figure 5). With continuous
compression, the IBT and OCT regions were accompanied by
a high strain rate concentration (Figure 5A). At 23.6 Myr
(Figure 5B), the IBT region begins to rupture, and the SPR
begins when the oceanic plateau just reached the trench, while the
concentrated strain rate in the OCT region was not sufficient to
cause lithospheric rupture. With the ongoing plate convergence,
the new subduction slab collided with the old subduction slab and
then resulted in the slab detachment of the old slab
(Figure 5C,D). Thus, this model is typically characterized by
the formation of subduction polarity reversal and no double
isotropic subduction zones.

3.3 Parallel Triple Subduction Model
3.3.1 Tendency to Subduction Jumping Model
Model 3 represents a typical example of a parallel triple
subduction model with a preference for isotropic jumping
modes (Figure 6), which has the same parameters as Model 1
except that the length of the back-arc basin increases to 700 km.

Similar to Model 1, the oceanic plate in Model 3 continuously
subducted due to the right push force until the oceanic plateau
reached the subduction zone. Similarly, with continuous
compression, the OCT region begins to rupture, accompanied
by a high strain rate concentration (Figure 4B). In addition, the
isotropic subduction zone occurred at the OCT (Figure 6B).
UnlikeModel 1, the thickened island arc increased the rheological
strength difference between the island-arc and the back-arc basin,
making the SPR more easily occurring (Wang et al., 2022). Thus,
at 17.4 to –19.9 Myr, the SPR occurred in the interaction region
between the island-arc and the back-arc basin. However, the SPR
was short-lived and maintained for about 3 Ma, resulting from
the continuous subduction of the isotropic subduction zone.

FIGURE 6 | Evolutionary process of Model 3. Panels (A–D), (a’-d’), and (a’‘-d’‘) show rock composition, effective viscosity, and second invariant of the strain rate
at different time steps, that is, 15.0, 17.4, 19.9 and 27.4 Ma, respectively. The color bars of viscosity and strain rate are shown on the left, while the color bar of
composition is shown in Figure 2.
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Thus, this model is typically characterized by the formation of
parallel triple subduction, but more inclined to the subduction
jumping.

3.3.2 Tendency to the Polarity Reversal Model
Model 4 represents a typical example of a parallel triple
subduction model with a preference for polarity reversal
modes (Figure 7), which has the same parameters as Model 3
except that the length of the back-arc basin increases to 750 km.

Similar to Model 3, with continuous compression, the OCT
region begins to rupture, accompanied by a high strain rate
concentration (Figure 4B). The isotropic subduction zone
occurred at the OCT and subducted to about 200 km
(Figure 6B). The SPR occurred in the interaction region
between the island-arc and the back-arc basin. Contrary to
Model 3, the isotropic subduction zone was short-lived,
resulting from the continuous subduction of the reversal
subduction. In addition, similar to case Model 2, with the
ongoing plate convergence, the SPR slab collided with the old
subduction slab and then resulted in the slab detachment of the
old slab (Figure 7C,D). Thus, this model is typically characterized
by the formation of parallel triple subductions, but more inclined
to the SPR, which may fit best with the parallel triple subduction
system in the New Guinea region (Figure 1D).

4 DISCUSSION

4.1 Model Results Versus Natural Data
The modeling results presented previously give new insights
into the mechanisms of a parallel triple subduction system and
support the interpretation of similar natural cases, such as the

New Guinea region (Figure 1). Some studies have argued for
three dipping subduction zones (Figure 8): north-dipping at
the NBT and south-dipping at the TT and NST (Baldwin et al.,
2012; Holm et al., 2019). The seismicity at the TT lacks an
organized (shallow-to-deep) pattern indicative of southward
subduction, and the seismic reflection images show weakly
deformed sediments (Holm et al., 2016). Overall, the available
geophysical data suggest that subduction in the TT is currently
inactive with subduction depth being less than 200 km (Holm
et al., 2019), while the subduction in the NBT is currently more
seismically active (Figure 8).

However, previous models have discussed the SI in the TT
and NBT separately and have not linked the formation of both
(Marwen et al., 2015; Wang et al., 2022). The complex
processes involving the onset and death of parallel triple
subduction zones in the New Guinea region are resolved in
our numerical model. Although Models 3 and 4 also showed
the onset and death of parallel triple subduction zones, the
morphology in Model 3 is not consistent with present-day
seismic data, which are more active in the isotropic
subduction. Model 4 fits best with the parallel triple
subduction systems in the New Guinea region, including
subduction depth and subduction pattern (Figure 8). In
addition, the topography profile of Model 4 can well match
the present-day topography profile (Figure 8).

4.2 The Role of Model Parameters
The initial island-arc crust thicknesses, length of the back-arc
basin and OCT, and pre-existing lithospheric weakness in the
OCT are the key driving factors for the parallel triple
subduction system. The effects of the four main controlling
factors are investigated in our study (Figure 3).

FIGURE 7 | Evolutionary process of Model4. Panels (A–D), (a’-d’), and (a’‘-d’‘) show rock composition, effective viscosity, and second invariant of strain rate at
different time steps, that is, 17.7, 25.5, 28.0 and 36.1 Ma, respectively . The color bars of viscosity and strain rate are shown on the left, while the color bar of composition
is shown in Figure 2.
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Our models suggested that the weaker zones in the OCT
region have provided conditions for the rupture of the
continental lithosphere and propagate to form a new
subduction zone along the weak zones. In addition, the
narrow OCT further weakened the rheological properties of
the OCT region, making the subduction in the TT more likely
to occur. Our results are consistent with those of
previous studies suggesting a larger fracture in the TT
region (Marwen et al., 2015), which may correspond to
the pre-existing lithospheric weakness in the OCT of our
models.

In addition, the formation of the NBT is controlled by the
rheological strength difference between the SIA and SSB (Wang
et al., 2022). The increase in the thickness of the island arc can
effectively increase the rheological strength difference between the
island-arc and the back-arc basin, which also causes the SPR to
occur more easily (Wang et al., 2022).

The length of the OCT is also an important factor for mode
selection. The length of the back-arc basin does not determine the

onset of the subduction in the TT and NBT, but it can regulate the
competitive relationship between the two subduction zones.
Assuming that the SSB is narrow, the models showed that the
subduction in the TT and NBT form a strong competitive
relationship under a convergence background. The formation
of the TT and NBT depends on which one has a weaker
rheological strength before the SI. In contrast, if the length of
the back-arc basin increases, the subduction in the TT and NBT
forms a weak competitive relationship, and the subductions in the
TT and NBT are initiated relatively independently. Which one
can form depends on whether other parameters satisfy the
conditions for the SI, that is, the initial island-arc thicknesses,
length of the OCT, and pre-existing lithospheric weakness in the
OCT. If the conditions are satisfied on both the modes, the TT
and NBT both can be formed. After the onset of subduction, the
one which is more fully developed will remain active and the
other one will be dead. If both subduction zones are fully
developed, then an opposing subduction will be formed (Holt
et al., 2017; Candioti et al., 2020).

FIGURE 8 |Model results versus natural data. The topographic data in the abovementioned figure are from ETOPO1, and the seismic data in the lower figure are
from Geomap (http://www.geomapapp.org). The sampling line is shown by red lines in Figure 1A.
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4.3 Schematic Diagram for the Evolution of
the New Guinea Region
Our numerical model results may also provide significant insight
into the SI time of different subduction zones in the New Guinea
subduction system. Although the present-day geological evidence
has constrained the ages of the two subduction zones, the NBT
(14–8 Ma) and the TT (20–10 Ma), to a certain range, there is no
clear evidence for the sequence of the two subduction zones
(Petterson et al., 1999; Hall, 2002; Mann and Taira, 2004;
Schellart et al., 2006; Austermann et al., 2011; Baldwin et al.,
2012; Holm et al., 2013). However, based on our numerical
model, we propose that the NBT was formed later than the
TT, and the TT began to be inactive about 3 Myr after the
formation of the NBT.

Therefore, based on the latest reconstruction results (Müller
et al., 2019), we suggest that the initial arrival of the OJP at the
NST (NST) at ~22 Ma (Early Miocene) was termed a “soft
docking” event (Figure 9B). In addition, the TT, as a zone of
conflicting subduction, occurred first (Figure 9C), which leads to
the arc volcanic rocks of the Papua Peninsula (Baldwin et al.,
2012; Holm et al., 2019; Faccenna et al., 2021). After about 3–4
Myr, the northward NBT begins to develop. At this stage, the
region progresses from the FSJ model (Figure 4) to the TFSJ
model (Figure 6), while the subduction zone in the TT still
dominates (Figure 9). Subsequently, under continuous advancing
subduction, the subduction in the NBT gradually becomes the
main channel for convergent stress release, and the region evolves
to the TSPR model (Figure 6; Figure 9D). Then, the new slab
near the island arc interacts with the old Pacific slab to result in
the slab detachment of the old Pacific slab (Figure 9E).

5 CONCLUSION

We constructed a series of 2D thermal-mechanical numerical
models to investigate the patterns and key parameters controlling
the parallel triple subduction system. The model results showed
that the subduction patterns can be divided into four main types:
1) the double subduction model, which includes the forward
subduction jumping model (FSJ) and the subduction polarity
reversal model (SPR) and 2) the parallel triple subduction model,
which includes the tendency to the forward jumping model
(TFSJ) and the tendency to polarity reversal (TSPR).

Our model suggested that a pre-existing weak zone in the OCT
is necessary for the formation of the parallel triple subduction
system, which has provided conditions for the rupture of the
lithosphere. In addition, a narrower OCT favors the SI in the
OCT, while a thicker island arc favors the SI in the IBT. The
length of the back-arc basin does not determine the onset of the
subduction in the TT andNBT, but it can regulate the competitive
relationship between the two subduction zones. In addition, the
onset and death of parallel triple subduction zones observed in
our model can successfully explain the geological observations of
multiple subductions in the New Guinea region from 25Ma to
the present day.

We suggest that the pre-existing lithospheric weakness and
length of the OCT in Papua New Guinea determine the formation
of the TT, whereas the formation of the NBT is controlled by the
rheological strength difference between the SIA and SSB; the initial
length of the SSB can regulate the competitive relationship between
the TT and NBT, which also determines the present-day inactive
state of the TT. If the SSB is longer, the TT and NBT are initiated
independently, while a narrower SSB will allows the interaction of
the TT and NBT during the SI. In addition, we explain in detail the
tectonic evolution of the parallel triple subduction system in the
New Guinea region based on our results.
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