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ABSTRACT

The accretion of future allochthonous ter-
ranes (e.g., microcontinents or oceanic pla-
teaus) onto the southern margin of Asia oc-
curred repeatedly during the evolution and
closure of the Tethyan oceanic realm, but the
specific geodynamic processes of this pro-
tracted convergence, successive accretion,
and subduction zone initiation remain largely
unknown. Here, we use numerical models to
better understand the dynamics that govern
multiple terrane accretions and the polarity
of new subduction zone initiation. Our results
show that the sediments surrounding the fu-
ture terranes and the structural complexity
of the overriding plate are important factors
that affect accretion of multiple plates and
guide subduction polarity. Wide (=400 km)
and buoyant terranes with sediments behind
them and fast continental plate motions are
favorable for multiple unidirectional subduc-
tion zone jumps, which are also referred to as
subduction zone transference, and successive
terrane-accretion events. The jumping times
(~3-20 + m.y.) are mainly determined by the
convergence rates and rheology of the over-
riding complex plate with preceding terrane
collisions, which increase with slower con-
vergence rates and/or a greater number of
preceding terrane collisions. Our work pro-
vides new insights into the key geodynamic
conditions governing multiple subduction
zone jumps induced by successive accretion
and discusses Tethyan evolution at a macro
level. More than 50 m.y. after India-Asia col-
lision, subduction has yet to initiate along the
southern Indian plate, which may be the joint
result of slower plate convergence and parti-
tioned deformation across southern Asia.
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1. INTRODUCTION

Terrane accretion (e.g., microcontinent or
oceanic plateau) plays an important role in the
growth of continents and the formation of super-
continents throughout Earth’s history (Fig. 1A;
e.g., Sengor et al., 1988, 2018; Stampfli and
Borel, 2002; Tetreault and Buiter, 2014; Wan
et al., 2019). In many cases, the collision of
future allochthonous terranes with the subduc-
tion system and continental margin requires
a subduction zone transference to establish a
new subduction system on the outboard side
of the terrane (Fig. 1A; e.g., Wan et al., 2019;
Wu et al., 2020; Zhong and Li, 2020; Yan et al.,
2021; Yang, 2022). When the same subduction
direction is maintained, this is referred to as a
subduction zone jump, whereas if the subduction
polarity is reversed, this is known as a subduc-
tion polarity reversal (Fig. 1A).

On a broad scale, the Tibetan lithosphere of
central Asia was constructed through the suc-
cessive accretion of continental ribbons (i.e.,
future allochthonous terranes) derived from
Gondwana (Fig. 1B; e.g., Sengor et al., 1988;
Stampfli and Borel, 2002; Kapp and DeCelles,
2019; Wan et al., 2019; Wu et al., 2020). Prior to
their accretion, these future allochthonous ter-
ranes occupied the Tethyan oceanic realm and
were separated by the Proto-, Paleo-, and Neo-
Tethyan oceans. The progressive Paleozoic—
Mesozoic collision of these continental ribbons
against the Asian continent ultimately led to
the closure of the Tethyan realm (Fig. 1B; Wan
et al., 2019; Wu et al., 2020; Liu et al., 2021),
which involved multiple processes of collision
and subduction initiation, including subduction
jumps during the collision of an early Paleozoic
oceanic plateau in the Qilian Shan (e.g., Song
et al., 2017) and the collision of Jurassic oceanic
plateau in Qiangtang (e.g., Yan and Zhang, 2020;
Zhang et al., 2021), the accretion of the Qiang-
tang block (e.g., Liu et al., 2021), and the clo-
sure of the Neo-Tethyan Ocean (e.g., Wan et al.,
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2019). Therefore, the evolution of the Tethyan
realm is an ideal laboratory for studying suc-
cessive terrane-accretion events and multiple
phases of subduction initiation. Most of these
new subduction zones induced by collisions of
terranes within the Tethyan oceanic realm ini-
tiated with north-dipping subduction (Fig. 1B;
e.g., Song et al., 2018; Kapp and DeCelles,
2019; Wan et al., 2019), such as the subduction
zone jump induced by the collision between the
Meso-Tethyan Ocean oceanic plateau and the
southern Qiangtang in the Jurassic (Wan et al.,
2019; Yan et al., 2021). The timing to initiate
these multiple subduction zone jumps varies
widely, from >30 m.y. to ~10 m.y. (e.g., Wu
et al., 2020; Yang, 2022, and references therein).
This series of subduction zone jumps induced
by the collision of future allochthonous terranes
was referred to as the “Tethyan one-way train”
(Wan et al., 2019). However, the subduction
zone transference process was complex during
the accretion of the Tethyan oceanic realm; in
some cases, subduction was active on both sides
of the future allochthonous terranes prior to ter-
rane accretion (e.g., the Lhasa terrane; e.g., Wu
et al., 2016; Kapp and DeCelles, 2019; Wan
et al., 2019; Yang, 2022). This dynamic process
of successive episodes of terrane accretion and
the factors that control the polarity of multiple
subduction initiation events, and the jumping
time, are still poorly known.

Accretion and subduction zone jumps are
impacted by the width and rheological structure of
allochthonous terranes, the thickness of the crust,
convergence rates, boundary convergence forces,
mantle convection, pre-existing weak zones,
rheological strength and the thermal structure of
passive continental margins, and the geometry of
subduction zones (e.g., Cloos, 1993; Nikolaeva
et al., 2010, 2011; Marques et al., 2013, 2014;
Tetreault and Buiter, 2012, 2014; Moresi et al.,
2014; Vogt and Gerya, 2014; Leng and Gurnis,
2015; Wan et al., 2019; Kiss et al., 2020; Giin
et al., 2021; Yan et al., 2021, 2022; Zhong and
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Figure 1. (A) Tectonic evolution of terrane accretion and new subduction initiation modified
after Li et al. (2023). (B) Schematic illustration of the evolution from the Proto-Tethys to the
Neo-Tethys oceans modified after Song et al. (2018), Kapp and DeCelles (2019), and Liu et al.
(2021). 1—Proto-Tethyan Ocean; 2—Paleo-Tethyan Ocean; 3—Meso-Tethyan Ocean; 4—
Neo-Tethyan Ocean; S—oceanic plateau (OP); 6—Pan-Cathaysian continental blocks; 7—
Gondwana and Cimmerian blocks; 8—subduction zone; 9—conceivable subduction zone.

Li, 2022). However, past studies only consid-
ered the dynamics of continental accretion (e.g.,
Moresi et al., 2014), the subduction initiation of
the passive continental margin without the colli-
sion process (e.g., Marques et al., 2013, 2014), or

a single phase of subduction zone jump (e.g., Yan
et al., 2021). In these dynamic models, the sub-
duction zone jump is less likely to occur, and the
time from collision to subduction initiation is very
short (<10 m.y.; Zhong and Li, 2020; Yan et al.,
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2021), which is inconsistent with the geologically
observed jumping times (~10-30 + m.y.; Wu
et al., 2020; Yang, 2022, and references therein).
There have not yet been quantitative numerical
simulations to explore the dynamic drivers and
impacts of the multiple unidirectional subduc-
tion zone jumps. At the same time, few works
have considered the role of the depleted mantle
of future allochthonous terrane (e.g., Kerr, 2014;
Scott et al., 2014; Mochizuki et al., 2019), which
is a very important factor since the lateral contrast
of density and strength between the oceanic pla-
teau and the normal oceanic lithosphere offers a
logical location for the formation of a weakness
zone favoring subduction initiation (Abbott and
Mooney, 1995; Niu, 2018; Yan et al., 2021).
Previous studies suggested that the sedimen-
tary loads and the resulting rheological weaken-
ing can affect the dynamics in subduction zones
(Cloetingh et al., 1982; Gerya and Meilick,
2011; Brizzi et al., 2020, and references therein).
A large number of geological, geophysical, and
experimental observations showed that subduct-
ing sediments have weak friction and/or exhibit
high-pore fluid pressure, thereby reducing the
inter-plate coupling force and changing the
subduction speed (e.g., Kopf and Brown, 2003;
Bangs et al., 2009; Tobin and Saffer, 2009; Behr
and Becker, 2018). Previous studies argued that
the tropical latitudes could have favored the
deposition of sediments on the Tethyan seafloor
(Hoareau et al., 2015, and references therein).
Interestingly, recent plate reconstruction results
also imply a correlation between the accelera-
tion of the Indian plate and the arrival of Tethyan
equatorial sediments at the subduction trench
(Behr and Becker, 2018). What role, then, do sed-
iments around future allochthonous terranes play
in the initiation of subduction after the collision?
In this study, based on our previous model of
a single subduction zone jump (Yan et al., 2021,
2022), we designed new numerical models to
explore the dynamics of successive accretions and
multiple episodes of subduction initiation induced
by future allochthonous terranes. We numerically
investigated the end-member case where the
multiple collisions of future allochthonous ter-
ranes onto the continental margin lead to outward
multiple subduction zone jumps, focusing on the
multiple collisions and subduction process and
the factors controlling the polarity of subduction
initiation and the jumping time. First, we sys-
tematically tested possible influencing factors,
including sediments, convergence rates, and prop-
erties of future allochthonous terranes (width and
depleted mantle). Next, we compared the geologic
history of the Tethyan tectonic domain, including
the main structural units and suture zones, to our
model results. Our results provide new insights
into the dynamic growth of the Tethyan system,
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and also shed light on the dynamics of multiple
episodes of collisional accretion and subduction
initiation, as well as supercontinent formation.

2. METHODS

The 2-D thermomechanical numerical model
based on the code 12VIS (Gerya and Yuen, 2003)
has a width of 8000 km and a depth of 1000 km
with a Euler grid of 1461 x 271 (Fig. 2A). This
code is based on the finite-difference method
with the marker-in-cell technique to solve the
governing equations of conservation of momen-
tum, mass, and energy, and the detailed numeri-
cal methods and physical parameters are shown
in the Supplemental Material'. The continental

ISupplemental Material. Text S1, Tables S1 and
S2, Figures S1 and S2, and Videos S1-S5, including
the numerical methods and model setup, the material
properties used in the numerical experiments,
the composition and density field in Model 1 at
31.8 m.y., the evolution of the composition in Model
6, and animated evolutions of the main models
are described. Please visit https://doi.org/10.1130
/GSAB.S.24650208 to access the supplemental
material, and contact editing@geosociety.org with
any questions.

and oceanic plates are configured on the left and
right sides of the model, respectively, and the
three identical future allochthonous terranes are
equidistantly embedded in the ocean. We use the
future allochthonous terranes to represent exotic
buoyant geologic units, such as microcontinents
or oceanic plateaus, which collide with the con-
tinental plate in our models (e.g., Tetreault and
Buiter, 2014). We developed and tested a total
of 39 sets of models to study multiple episodes
of accretion and subduction initiation (Table 1).
First, we established end-member models under
four different conditions (Fig. 2D) to examine
the role of sediments, including models with
sediments only on the right side of the future
allochthonous terranes (Model 1, Figs. 3 and 4),
sediments on both sides of the future allochtho-
nous terranes (Model 2), sediments only on the
left side of the terranes (Model 3, Fig. 5), and no
sediments surrounding the terranes (Model 4).
The convergence rates of the left (X = 2000 km)
and right (X = 5500 km) plates in all models are
5.0 cm/yr and 5.0 cm/yr, respectively, with a
total convergence rate of 10 cm/yr. The widths of
the three future allochthonous terranes in these
models are 500 km, the thickness of the crust is
30 km, and the density is 2850 kg/m?. These val-

ues are within the range of modern oceanic pla-
teaus, microcontinents, and island arcs (Tetreault
and Buiter, 2014). Subsequently, we designed 16
sets of convergence-rate comparison models and
19 sets of tests on the buoyancy properties (i.e.,
width and mantle lithospheric density) of future
allochthonous terranes. The plate convergence
rate ranges from 4 cm/yr to 10 cm/yr, and the
width and mantle-depleted density (Ap) range
from 200 km to 600 km and 0 kg/m? to 70 kg/
m?, respectively. More details of the models are
shown in Table 1. Depleted density (Ap) refers
to the difference in the lithospheric density of
the oceanic mantle compared to that of future
allochthonous terrane mantle.

3. MODEL RESULTS
3.1. Influence of Sediments

Model 1, with sediments only on the right
side of the future allochthonous terranes, results
in a one-way, multiple-subduction-zone jump
process (Fig. 3). First, the oceanic plate initially
subducted with a shallow angle, and then the first
terrane collided with the trench and accreted on
the continental margin, and the slab steepened as
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Figure 2. (A) Model setup of the compositional field of the reference model. FAT—future allochthonous terrane. (B and C) Enlargement of
the area of interest showing the detailed structure of composition, density, and temperature. White solid lines denote isotherms. (D) Partial
enlarged view of the allochthonous terrane of the Models 1-4. Composition color codes: 0—stick air; 1—water; 2 and 3—sediments; 4 and
5—continental upper and lower crust; 6 and 7—oceanic upper and lower crust; 8—oceanic lithosphere; 9—asthenospheric mantle; 10—
hydrated mantle; 11—FAT (depleted) lithosphere; 12—continental mantle; 13 and 14—FAT upper and lower crust; 15—partially molten
oceanic/FAT crust and partially molten mantle; 16—eclogitization of oceanic/FAT crust; 17—serpentinized mantle.
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TABLE 1. NUMERICAL MODELING EXPERIMENTS

Model Sediment Velocity Properties of Figure(s)
location (cm/yr) FAT
V¢ Vo Width Ap
(km) (kg/m3)
Model 1 Right 5 5 500 50 Figs. 3, 6
Model 2 Both —
Model 3 Left Fig.5
Model 4 No —
M-v1 Right 5 4 500 50 Fig. 6
M-v2 5 3 Fig. 6
M-v3 5 2 Fig. 6
M-v4 4 5 Fig. 6
M-v5 4 4 Fig. 6
M-v6 4 3 Fig. 6
M-v7 4 2 Fig. 6
M-v8 3 5 Fig. 6
M-v9 3 4 Fig. 6
Model 5 3 3 Figs. 6, 7
M-v10 3 2 Fig. 6
M-v11 2 5 Fig. 6
M-v12 2 4 Fig. 6
M-v13 2 3 Fig. 6
Model 6 2 2 Figs. 6, S11
Model 7 5% 5% Fig. 7
M-p1 Right 5 5 600 70 Fig. 6
M p2 600 50 Fig. 6
M-p3 600 30 Fig. 6
M-p4 600 0 Fig. 6
M-p5 500 70 Fig. 6
M-p6 500 30 Fig. 6
M-p7 500 0 Fig. 6
M-p8 400 70 Fig. 6
M-p9 400 50 Fig. 6
M-p10 400 30 Fig. 6
M-pi1 400 0 Fig. 6
M-p12 300 70 Fig. 6
M-p13 300 50 Fig. 6
M-p14 300 30 Fig. 6
M-p15 300 0 Fig. 6
M-p16 200 70 Fig. 6
M-p17 200 50 Fig. 6
M-p18 200 30 Fig. 6
M-p19 200 0 Fig. 6

Note: V—velocity of continental plate; Vo—velocity of oceanic plate; FAT—future allochthonous terrane;
Ap—the difference in the lithospheric density of the oceanic mantle compared to that of future allochthonous

terrane mantle.

*The additional convergence rate imposed on the plate ceases after 50 m.y.

tSee text footnote 1.

the subducted length of slab increased, accompa-
nied by partial melting of the subducted oceanic
crust (Fig. 3A; Video S1). After the frontal slab
broke off, a new subduction zone formed to the
right of the first terrane, which allowed continu-
ous convergence (Fig. 3B). The detached slab
subducted into the asthenosphere and stagnated
at a depth of ~660 km, which was determined
by the difference between the density of the
subducting slab and the density of the surround-
ing asthenospheric material (Fig. S1). The first
subduction zone jump, shown in panels A and B
(Fig. 3), occurred ~2.8 m.y. after terrane colli-
sion and accretion, which we consider to be the
time for a subduction zone jump (Fig. 4A). As
the ocean closed between the two terranes, the
second terrane collided with the first one, and
then a second subduction zone initiated behind
the second terrane (Figs. 3C and 3D). Simi-
larly, after the subduction of the oceanic slab
was completed, the third terrane collided with
the second one, and the third subduction zone
started to form on its right side (Figs. 3E and
3F). Interestingly, after the terrane collision and
before new subduction started, the subducted

frontal slabs broke off, and then the two detached
slabs finally stagnated at ~660 km like the first
slab (Fig. S1). These two processes are the sub-
duction zone jumps that were induced by the
collision of the second and third terranes. The
times of the second and third subduction zone
jumps are ~3.6 m.y. and 8.2 m.y., respectively
(Fig. 4A).

After successive collisions between future
allochthonous terranes and continental margin
or previous terrane, a new subduction initiation
occurs, triggering the multiple subduction zone
jumps, and magmatic activity migrates away
from the continent (Figs. 3, 4B, and 4C). Every
time the subduction zone jumps, it is also accom-
panied by a change of the overriding plate tec-
tonic force measured at X = 2100 km (Fig. 4A),
which provides a unique time for marking the
onset of a subduction-jump time. Tectonic force
is defined as the integral of the horizontal devia-
toric stress along the vertical direction of litho-
sphere, which describes the stress state inside
the lithosphere. The stress of the overriding plate
drops suddenly due to the subduction initiation,
increase of the subduction angle, breakoff of
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subducted slab, or trench retreat, but it does not
change from compression to tension. The com-
pletion of each subduction cycle corresponds to
a sharp switch of the tectonic force from tension
to compression (Fig. 4A).

The evolution of Model 2, with sediments on
both sides of the future allochthonous terranes,
is similar to that of Model 1, and the times of the
multiple subduction zone jumps are ~3.4 m.y.,
5.3 m.y., and 8.2 m.y., respectively (Video S2).
However, Model 3, with sediment on the left side,
and Model 4, without sediment around the future
allochthonous terranes, have different evolution-
ary processes than Model 1 (Fig. 5; Videos S3
and S4). After the first terrane collided (Fig. 5A),
the polarity of the oceanic plate behind it reversed
and subducted to the right along the sediment
(Figs. 5B and 5C). When the second terrane
collided with the first one, the oceanic slab sub-
ducted to the left again, rather than on the sedi-
ment side (Fig. 5D). After the third terrane col-
lided with the second one (Fig. S5E), a third phase
of subduction initiated on its right side (Fig. 5F).
Model 3 and Model 4 did not undergo multiple
subduction zone jumps, but multiple subduction
polarity reversals did occur (e.g., Fig. 5).

3.2. Influence of Convergence Rates and
Properties of Terrane

Here, we systematically test the convergence
rate (Fig. 6A) and the properties of future alloch-
thonous terranes (width and depletion degree of
the mantle; Fig. 6B) because the plate conver-
gence rate has an important influence on the
subduction zone (e.g., Lallemand et al., 2005;
Yan et al., 2022), and different oceanic plateaus
can reorganize subduction zones (Yan et al.,
2021). All of the models are compared to refer-
ence Model 1, and the results are summarized
in Figure 6.

When the velocity of the overriding plate
is greater than or equal to 2 cm/yr and greater
than or equal to the velocity of the oceanic
plate, the model undergoes multiple subduction
zone jumps (Fig. 6A). The jumping time of the
three subduction-zone jumps in the same model
gradually increases, whereas the jump time
decreases with an increase of convergence rates
in different models (Fig. 6C). The difference is
that after the last terrane collision of Model 6,
there is no obvious subduction initiation for a
long time (~30 m.y.; Fig. S1 and Video S5).
When the width of the future allochthonous ter-
rane is <500 km, only sporadic models experi-
ence multiple subduction zone jumps (Fig. 6B).

Furthermore, we tested the impact of time-
varying convergence rate on subduction initiation
and jumps. The settings of Model 5 and Model
7 are the same. The left and right boundaries are
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free-slip, as with those of Model 1 (Table 1), and
the additional initial velocities imposed on the
continental and oceanic plates are both 3 cm/yr
(Fig. 7). However, the additional convergence
rate imposed on the plate in Model 7 ceases
after 50 m.y., leaving only free slip boundaries
(Fig. 7B2), whereas the Model 5 plate maintains
continuous convergence (Fig. 7A2). Before
50 m.y., Model 5 and Model 7 had an evolution
process similar to that of Model 1, and three ter-
ranes with positive buoyancy were blocked at
the trench (Figs. 7A2 and B2). After 56.6 m.y.,
Model 5, with continuous convergence, had new
subduction initiation behind the third terrane
and experienced a new subduction zone jump
(Figs. 7A3 and B4). However, in Model 7, the
terranes were blocked in the trench, and the oce-
anic plate behind them had not undergone new
subduction after 50 m.y. (Fig. 7B).

4. DISCUSSION

4.1. Controlling Factors and Jumping Time
of Multiple Subduction Zone Jumps

Sustained convergence influences the occur-
rence of multiple subduction zone jumps
(Fig. 7). Because of the numerous slab detach-

ments during accretion, there is no dense sub-
ducting slab to sustain subduction after the col-
lision (Fig. 7B), and new subduction initiation
requires the action of an external force (e.g., Li
et al., 2023). Here, we exert a sustained conver-
gent force that induces post-collision subduction
zone jumps (Fig. 7A). Our results suggest that
an overriding plate with a velocity greater than
or equal to that of the oceanic plate favors the
formation of multiple subduction zone jumps
accompanied by slab break-off (Fig. 6A). The
depleted mantle of the future allochthonous ter-
ranes increases their buoyancy and also results in
a significant difference in material and viscosity
between the terrane and oceanic plate, which is
conducive to the break off of the frontal slab,
the coupled blockage of the terranes in the sub-
duction zone, and a subduction zone jump at the
terrane-ocean boundary (e.g., Figs. 2, 7, and 8).
This finding is similar to the results of Tao et al.
(2020) and Yan et al. (2021). However, Zhong
and Li (2020) argued that small terranes are
more likely to trigger subduction zone jumps
than large terranes, although their models only
considered single terrane collisions and a single
phase of subduction zone jump. Furthermore,
our new results show that multiple subduction
zone jumps require wider terranes (>400 km)
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than a single-sequence subduction zone jump
(~300 km in Yan et al., 2021). Our new results
suggest that collisions of large terranes with
depleted mantle can trigger subduction initiation
with slab detachment under successive conver-
gences, but the polarity of subduction can vary
(Fig. 8).

The sediment around the future allochtho-
nous terranes promotes and guides subduction
polarity (e.g., Figs. 3 and 8), but this is not the
only absolute factor for multiple jumps of the
subduction zone (e.g., Figs. 5 and 8). After the
first terrane collision, the oceanic plate between
the first and the second terrane experienced con-
tractional deformation under continued com-
pression. At this time, the rheological strengths
of the two terranes were similar, and sediment
played a major role in guiding the initiation of
subduction (Figs. 8A1 and 8B1) along the side
with sediments (Figs. 8A2 and 8B2). However,
after the collision of the second terrane, the
direction of subduction initiation did not occur
along the location of the sediment, because the
complex region of the first and second terrane
on the left side of the oceanic plate was weaker,
resulting in a larger lateral difference (Figs. 8A3
and 8B3). In Model 1, the sediment and the
terrane complex were on the same side of the
oceanic plate, which further promoted the weak-
ening of the contact zone, and the subduction
initiated with the same polarity (Fig. 8A4). In
Model 3, the stress of the oceanic plate accu-
mulated near the second terrane side rather than
the sediment side (Fig. 8B3), so new subduction
initiated in a weaker direction than the sediment
side (Fig. 8B4). Therefore, the sediment around
the terranes can promote subduction initiation,
which may induce polarity reversal of subduc-
tion, but the patchwork complex of accreted
terranes is often more likely to be compressed
and deformed to cause stress cumulation, which
induces subduction initiation of the subsequent
oceanic plate (Fig. 8). The lateral viscosity dif-
ference around the terranes determines where
the subduction initiates. Thus, we believe that
the collage of multiple terranes is often accom-
panied by subduction initiation in the same
direction, and polarity reversals of subduction
may also occur due to the role of sediment.

Figure 6C summarizes the jumping time
of multiple subduction zone jumps for differ-
ent models. As the convergence rate increases,
the jumping time of the subduction zone jump
gradually decreases. In the same model, the
time of the later subduction zone jump is longer
than that of the previous subduction zone jump,
which is a trend in all models. The time of the
third subduction zone jump is significantly lon-
ger than that of the first one (Fig. 6C). The tim-
ing of the third subduction zone jump in most
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models exceeds 10 m.y. (red circles in Fig. 6C;
~10-20 m.y.), which differs from the results of
previous modeling studies (Zhong and Li, 2020;
Yan et al., 2021). This effect is caused by the pro-
tracted accretion of allochthonous terranes that
were continually shortened during plate conver-

gence, and thus strain was partitioned into this
accretionary complex. For example, the complex
was shortened by ~800 km during the ~30 m.y.
history of the model with multiple subduction
zone jumps (Fig. 3). This process slows stress
buildup between the terrane complex and the
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oceanic slab to initiate new oceanic subduction
(Figs. 3 and 8A). For a prolonged period of time
after the collision and before the new subduc-
tion, the stress is absorbed by the terrane com-
plex, so that the more terranes in the complex,
the longer the time required for the later subduc-
tion zone jump (Fig. 6C). This terrane complex
with weak suture zones readily absorbs short-
ening (e.g., Chen et al., 2017, 2020; Liu et al.,
2023). Our model predicts that the time required
for the onset of new subduction induced by col-
lisions is primarily governed by the convergence
rates and strength of the overriding continental
plate of the complex (the successive accretion of
future allochthonous terranes onto the continen-
tal plate). It is harder for new subduction zones
to form after multiple terrane collisions or if the
convergence rates become too low.

4.2. Comparison with Previous Simulation
Results

Previous numerical modeling studies explored
the accretion, subduction initiation, and flat-slab
subduction processes of future allochthonous
terranes (e.g., Marques et al., 2014; Moresi
et al., 2014; Vogt and Gerya, 2014; Zhong and
Li, 2020; Yan et al., 2021, 2022). They system-
atically studied single-collision accretion pro-
cesses (e.g., Tetreault and Buiter, 2012) and/or
subduction zone jumps (e.g., Yan et al., 2021)
and subduction polarity reversals (e.g., Sun
et al., 2021). These numerical simulations fur-
thered our understanding of the geodynamic
processes of collision and subduction initiation,
but none reproduced the multiple terrane-accre-
tion events envisioned for the Wilson Cycle and
supercontinent formation, including evolution of
the Tethyan realm (Wu et al., 2016; Kapp and
DeCelles, 2019).

Our new models show, for the first time, a
multi-cycle process from collision to accre-
tion to new subduction initiation (e.g., Fig. 3).
The lateral heterogeneity between the terranes
and the surrounding oceanic lithosphere favors
accretion, slab detachment, and subduction zone
jump, which is consistent with previous results
(e.g., Zhong and Li, 2020; Yan et al., 2021).
However, our new results reveal that more com-
plexity is involved in identifying the location
and polarity of new subduction initiation during
terrane accretion, with influence by sediments,
convergence rate, and previous terrane-accretion
events. That is to say, the conditions and results
of a single subduction zone jump may not be
scalable for predicting multiple subduction zone
jumps. Moreover, the estimated time from col-
lision to subduction initiation was very short
(<10 m.y.) in the previous studies (Zhong and
Li, 2020; Yan et al., 2021), which is inconsistent
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with some of the geologically observed jumping
times (~10-30 + m.y.; Wu et al., 2020; Yang,
2022, and references therein). Our new results
show that the jumping time (~3-20 + m.y.) is
related to the convergence rates and the overrid-
ing plate comprised of accreted terranes, which
provides a possible explanation for geological
observations of longer jump times.

4.3. Implications for Tethyan Dynamics

During the Phanerozoic period, the Tethyan
oceanic realm was a complex system of oceanic
lithosphere, continental terranes, and oceanic
and continental arcs bounded by the Laurasia
supercontinent in the north and the Gondwana
supercontinent in the south (Wan et al., 2019;
Wu et al., 2020). A large number of future
allochthonous terranes is hypothesized to have
continuously rifted from the Gondwana super-
continent in the south, thus forming the Proto-,
Paleo-, and Neo-Tethyan oceans (Fig. 1B;
Sengor et al., 1988; Stampfli and Borel, 2002;
Kapp and DeCelles, 2019; Wan et al., 2019;
Wau et al., 2020, and references therein). After
a long evolution, the continental terranes and
some buoyant oceanic plateaus (e.g., Proto- and
Meso-Tethyan oceanic plateaus) between these

oceans gradually drifted toward and collided
with the Laurasia supercontinent in the north
(e.g., Stampfli and Borel, 2002; Wan et al., 2019;
Wau et al., 2020; Yan and Zhang, 2020; Zhang
etal., 2021; Yang, 2022, and references therein).

The tectonic history of terrane drifting, sub-
duction initiation, collision, and oceanic closure
is relatively complex, but in general, continental
terranes and oceanic plateaus migrated north-
ward to collide against the Eurasian continent.
Our results provide new insights into this pro-
cess of progressive terrane accretion. We synthe-
sized the major subduction and oceanic closure
events along the main sutures across Tibet (e.g.,
the Kunlun, Jinsha, Bangong, and Indus- Yarlung
suture zones, from north to south; Figs. 9A and
9B) as shown in Table 2 (e.g., Kapp et al., 2003;
Wau et al., 2016; Kapp and DeCelles, 2019; Wan
et al., 2019; Liu et al., 2021). We also sum-
marized two oceanic plateau collision events
in the Qilian Shan and Qiangtang regions of
Tibet (Table 2), which likely behave similarly
to microcontinent collision events (e.g., Tetreault
and Buiter, 2014).

We first compare our models to the oceanic
plateau collisions, which are relatively simple
single-jump events. In the early Paleozoic Qilian
Ocean, an oceanic plateau collided with the Qil-

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37263.1/6191970/b37263.pdf

bv niversity of Nevada Reno user

ian terrane at ca. 470 Ma, and a new subduction
system was established outboard of this collision
by 460-440 Ma (e.g., Song et al., 2017; Yang,
2022). This implies a subduction-jump time of
10-20 m.y. (Table 2), which is comparable to
that of our models (Fig. 6C). Similarly, in the
Qiangtang area, an oceanic plateau in the Meso-
Tethyan Ocean collided with the Qiangtang con-
tinent at ca. 175 Ma, with a new subduction zone
established on the outboard side of this collision
by ca. 165 Ma (Yan and Zhang, 2020; Zhang
et al., 2021). This implies a subduction-jump
time of 10 m.y. (Table 2).

The overall closure history of the Paleo-,
Meso-, and Neo-Tethyan oceans is more com-
plicated, but our models can reproduce aspects
of the successive accretion of future allochtho-
nous terranes (Fig. 9C). Model 3, with sediment
on the left side, matches the course and polarity
of the subduction of these four sutures (Fig. 5).
Although there may be multidirectional subduc-
tion of back-arc basins or southward subduction
in some areas of Tethys, this will not change
the overall northward evolution of Tethys (e.g.,
Wan et al., 2019). The entire Tethyan region
as a whole shows a dynamic process of mul-
tiple subduction zone jumps, which has been
referred to as the Tethyan one-way train (Wan
et al., 2019). Subduction-related magmatic arc
activity also migrated to the south (Wan et al.,
2019; Yang, 2022, and references therein). Our
end-member model results recreate the broad
processes of multiple subduction zone jumps
(e.g., Fig. 3). Along with the process of multiple
subduction zone jumps, the Eurasian continental
stress changed from compression to extension
many times (Figs. 4A and 9C), and the magmatic
activity also migrated away from the Eurasian
continent (e.g., Fig. 4C). Multiple subduction
zone jumps induced by successive collision of
terranes can explain the first-order dynamic pro-
cess of Tethys.

The accretion of most terranes occurred along
a north-dipping subduction zone, which implies
multiple northward subduction zone jumps. The
subduction-zone jump times for the various
paleo-subduction systems varied greatly. For
example, the jump time after the closure of the
Paleo-Tethys was rapid (<10 m.y.), as was the
subduction jump timing associated with the col-
lisions of oceanic plateaus (<20 m.y.; Table 2).
These rapid subduction zone jumps were well
presented in previous models (e.g., Zhong and
Li, 2020; Yan et al., 2021). However, recent geo-
logic syntheses show that the average jumping
time of subduction zone jumps in the Tethyan
oceanic realm is ~10-30 m.y. (Yang, 2022),
and even up to ~60 m.y., as we show for the
closure of the Proto-Tethys Ocean (Table 2).
These more variable and longer jump times
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were insufficiently explained by previous mod-
els (e.g., Zhong and Li, 2020; Yan et al., 2021).
Our new results provide a possible explanation:
lower plate convergence rates and the patchwork
complex of the terranes that collided may have
played a role in this lag of subduction initiation.
For example, the northern region of the Tibetan
plateau experienced significant contractional
deformation in the Cretaceous, with field obser-
vations suggesting as much as 35% shortening
strain at this time, which is interpreted to be
a far-field response to the collision between
Lhasa and the southern Qiangtang terranes to
the south (Wang et al., 2022). Our model results
predict this process. In Model 1, after the three
terranes collided with the overriding plate, but
before new subduction initiated, the composite
continental plate was in a state of compression
(Fig. 4A) that shortened significantly far into the
plate interior (Fig. 3E). Wang et al. (2022) also
documented a switch from Cretaceous contrac-

tion to late Early Cretaceous extension that can
be interpreted here as the onset of new subduc-
tion releasing compressional forces in the over-
riding plate (Fig. 4A). Our models provide new
dynamic explanations for the complex geology
observed across the Tibetan lithosphere.
Perplexingly, the Indian oceanic plate has
not initiated a new subduction zone yet, nearly
~60 m.y. after the India-Eurasia collision (e.g.,
Stern, 2004; DeCelles et al., 2014; Yin and
Harrison, 2000; Stern and Gerya, 2018). This
may be due to continuous distributed shorten-
ing across the Tibetan plateau and southern
Asia, the nature of the Indian plate, and the
lack of pre-existing weak zones (Cloetingh
et al., 1989; Stern and Gerya, 2018; Zhong
and Li, 2020). Our model results provide new
insights into this. The multi-stage closure of
the Tethyan Ocean led to the successive col-
lage of the terranes and formation of multiple
sutures, such as the Indus-Yarlung, Bangong,

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37263.1/6191970/b37263.pdf
bv niversity of Nevada Reno user

Jinsha, and Kunlun suture zones (Figs. 1, 9A,
and 9B). During the convergence of India-
Eurasia, these naturally weak regions were
prone to focus deformation (Clark, 2012;
Yakovlev and Clark, 2014; Ingalls et al., 2016;
Chen et al., 2017; Zuza et al., 2018, 2019; Li
et al., 2020; Xie et al., 2021; Wang and Bar-
bot, 2023). Crustal shortening due to India-
Asia convergence is accommodated across
the Himalayan-Tibetan orogen, with total
shortening estimates in the ~1000-2000 km
range (e.g., Yakovlev and Clark, 2014; Ingalls
et al., 2016; Liu et al., 2023). Our modeling
results also predict significant shortening of the
patchwork complex of accreted terranes dur-
ing multiple collisions, such as the ~800 km
of shortening that occurred in Model 1 (Fig. 3).
Therefore, India-Asia plate convergence was
partitioned into the Himalaya and the coupled
fold-thrust belts to the north. Geodetic and
field observations show that India-Asia con-
vergence is accommodated at uniform strain
rates across the Himalayan-Tibetan orogen for
~2000 km into the Asian plate interior to the
north (e.g., Clark, 2012; Zuza et al., 2020).
Such strain partitioning into the continental
interior helps suppress subduction initiation,
as observed in Model 6 and Model 7 with low
or no velocity. It is possible that after enough
convergence, strain hardening in the continen-
tal interior would lead to the breaking of the
plate boundary and initiation of subduction
(e.g., Model 1, with a total convergence rate
of 10 cm/yr). In addition, the India-Asia con-
vergence rate has progressively slowed from
>12 cm/yr to ~4 cm/yr today (Molnar and
Stock, 2009; Copley et al., 2010). Therefore,
we argue that distributed deformation across
the Tibetan lithosphere and lower plate conver-
gence rates are responsible for the absence of
new subduction initiation in the Indian Ocean
for >50 m.y. after the initial India-Eurasia col-
lision. It is possible that progressive sediment
accumulation around the southern margin of
India (e.g., Sebastian et al., 2019) may facili-
tate future subduction initiation due to far-field
forces (e.g., oceanic ridge or mantle plume).
This highlights a complex cycle that is outside
the scope of our study, where terrane collision,
uplift, and erosion may lead to sedimentation
around the colliding terrane to ultimately help
initiate a new subduction zone.

5. MODEL LIMITATIONS

The evolution of the Tethyan system and clo-
sure of the Tethyan oceans was a complex pro-
cess that proceeded throughout the Phanerozoic.
It is impossible for a two-dimensional numerical
model to reproduce this process completely, so
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Figure 7. Evolution of density
and velocity fields for models
with different velocity bound-
ary conditions. Model 5 (A)
and Model 7 (B) are identi-
cal to Model 1, except that the
initial velocities for the conti-
nental and oceanic plates both
are 3 cm/yr. Constant plate
velocities are used in Model 5,
while plate velocities stop after
50 m.y. of convergence in Model
7. Solid lines with black arrows
represent the velocity field, and
the length of the solid line rep-
resents the relative magnitude
of the velocity. FAT—future
allochthonous terrane; SZJ—
subduction zone jump.

such as microcontinents and oceanic plateaus,
using the same material properties and dimen-
sions, which is not strictly rigorous. However,
if we only consider the buoyancy characteristics
of the buoyant blocks and ignore the rheological
characteristics, based on the results of Tetreault

Figure 8. Comparison of mod-
els with different sediment
settings. Evolution of viscosity
(above) and horizontal devia-
toric stress (below) in Model 1
(A) with sediments on the right
side of future allochthonous
terranes (FATs) and in Model
3 (B) with sediments on the left
side of future allochthonous
terranes. Note that compres-
sion is positive.
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abruptly after the collision of terranes (e.g., Mar-
tinod et al., 2005). All of the above may affect
plate dynamics, and in particular terranes with
different rheological properties may accrete in
different ways (Vogt and Gerya, 2014), which
will need to be considered in future work.

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37263.1/6191970/b37263.pdf
bv niversity of Nevada Reno user

The geologic histories of the various future
allochthonous terranes and oceanic plateaus are
continually being reinterpreted through updated
geologic investigations. Although some models
emphasize the broad one-way, north-directed
accretion of these terranes onto the Eurasian
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TABLE 2. SUMMARY OF SUTURE ZONES, OCEANS, AND SUBDUCTION EVENTS IN TIBET

Suture Ocean Subduction North-moving Upper-plate Subduction Ocean Subduction jump References
polarity terrane block arc activity ~ closure age timing*
(Ma) (Ma)
Qilian Qilian Ocean North- Qilian oceanic Qilian 550-430 470 10-20 m.y. Song et al. (2017)
dipping plateau
Kunlun Proto-Tethyan North- Songpan-Ganzi Kunlun-Qaidam 550-410 400-375 NA Wu et al. (2016)
(Paleo- dipping (Yangtze)
Kunlun)
Jinsha Paleo-Tethyan South- Qiangtang Songpan-Ganzi  315-205 200-190 >60 m.y. Kapp et al. (2003); Kapp and
(Neo-Kunlun) dipping (Yangtze) DeCelles (2019); Liu et al.
2021
Banggong Meso-Tethyan North- Lhasa Qiangtang 200-120 120-110 ~0-10 m.y. Ka(pp anzi DeCelles (2019)
dippin
Banggong Meso-Tethyan NortﬁP 9 Meso-Tethyan Qiangtang 200-120 175 10 m.y. Yan and Zhang (2020)
dipping oceanic plateau
Indus-Yarlung  Neo-Tethyan North- India Lhasa Late 60-50 Active long Liu et al. (2021); Wan et al.
dipping Triassic before collision (2019)
None Indian Ocean NA NA India NA Kapp and DeCelles (2019);

Stern and Gerya (2018)

Note: NA—not applicable.

*Timing from terrane collision to new subduction initiation in the south.

continent (e.g., Wan et al., 2019), there are
important complexities to this history, includ-
ing subduction zones that formed prior to ter-
rane collisions. The long-lived Gangdese arc
on the southern margin of the Lhasa terrane is a
notable example, where arc magmatism since ca.
230 Ma accommodated the northward subduc-
tion of the Neo-Tethyan Ocean (Table 1). This
magmatism clearly initiated before the Creta-
ceous closure of the Meso-Tethyan Ocean to the
north, and therefore this terrane-accretion event
did not induce subduction to the south. That said,
the modeling presented here represents an end-
member scenario for testing how terrane accre-
tion could initiate subduction-zone jumps. If a
subduction system were already active before
terrane collisions, this model would not be
directly applicable.

Although we made several simplifications,
our model results remain physically plausible.
Our numerical investigation provides novel
insight into the continuous collision and succes-
sive accretion of multiple future allochthonous
terranes, identifies parameter characteristics that
may influence multiple unidirectional subduc-
tion zone jumps, and improves our understand-
ing of the evolution of Tethys.

6. CONCLUSIONS

We systematically examined the subduction
and collision dynamics of multiple terranes. We
found that multiple subduction zone jumps are
possible if future allochthonous terranes are sur-
rounded by thick sediment and oceanic subduc-
tion keeps consistent. We propose that the accre-
tion of multiple terranes surrounded by thick
sediment can be used to reproduce the process of
multiple Tethyan subduction initiation and suc-
cessive episodes of accretion triggered by future
allochthonous terranes. We also provide a pos-
sible explanation for the long-term absence of

subduction in the Indian Ocean today. Our main
conclusions are as follows:

(1) Large (>400 km) and buoyant terranes
with fast continental plate motion promote sub-
duction initiation shortly after collision, and sed-
iments around the future allochthonous terranes
help guide subduction polarity.

(2) The jumping time of multiple subduction
zone jumps is ~3-20 + m.y., which is primar-
ily controlled by the convergence rate and the
continental plate composed of accreted terranes.

(3) The Indian Ocean did not show signs of
subduction initiation for a long time after the
India-Eurasia collision, perhaps due to slower
convergence rates and the partitioning of defor-
mation across southern Asia.

(4) We predict that in the future, the accumu-
lation of sediments on the southern margin of
India to a certain thickness and/or the action of
a far-field force (oceanic ridge or mantle plume)
will induce a new northward subduction of the
Indian Ocean.
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