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ABSTRACT: The convergence of the multi-layered continental lithospheres with variable and complex
thermal and rheological properties results in various modes of continental collision with distinct de-
formation behavior of the lithospheric mantle. Using high-resolution thermo-mechanical numerical
models, we systematically investigated the effects of crustal rheological strength and the convergence
rate on the continental subduction mode. The model results reveal three basic modes of continental
subduction, including slab break-off, steep subduction and continental flat-slab subduction. Whether
lithospheric mantle of the overriding plate retreats or not during convergence enables the division of
the first two modes into two sub-types, which are dominated by the crustal rheological strength. The
mode of slab break-off develops under the conditions of low/moderate rheological strength of the con-
tinental crust and low convergence rate. In contrast, continental flat-slab subduction favors the strong
crust and the high convergence rate. Otherwise, continental steep subduction occurs. The numerical
results provide further implications for Geodynamics conditions and physical processes of different
modes of continental collision that occur in nature.

KEY WORDS: continental subduction, slab break-off, steep subduction, continental flat-slab subduc-
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0 INTRODUCTION

Continental subduction/collision and mountain building
generally occurs under the convergent forces of lateral ridge
push and/or subducted slab pull (Turcotte and Schubert, 2002).
At the beginning of continental collision, the continental crust
may simply subduct together with the lithospheric mantle into
the subduction channel, resulting in positive buoyancy against
the downward drag. Consequently, the continental crust, espe-
cially the upper/middle crust, may be decoupled from the mantle
lithosphere and finally exhume upward (Li F C et al., 2018; Bu-

rov et al., 2014a; Li, 2014; Warren, 2013; and references therein).

Five possible continental collision scenarios have been proposed
in the regimes with different kinematic and dynamic conditions:
(1) simple shear in stable subduction (Li et al., 2010; Faccenda et
al., 2008); (2) pure shear thickening (Burov et al., 2014b); (3)
thickening and dripping into the deeper mantle due to Raleigh-
Taylor instability (Conrad and Molnar, 1997; Houseman and
Molnar, 1997); (4) folding model (Burg and Podladchikov, 2000;
Cloetingh et al., 1999; Burov and Molnar, 1998); and (5) retreat
of the downgoing plate (Gray and Pysklywec, 2012). Among
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these variable collisional modes, simple shear continental sub-
duction may dominate at least at the beginning of continental
collision, which can be further divided into two styles (Li et al.,
2011): steep subduction versus flat subduction. The previous
studies, especially dynamic modeling, mostly focus on the
steep continental subduction channel (Burov et al., 2014a; Li,
2014; Warren, 2013; and references therein); however, the
development and differentiation of continental subduction still
remains enigmatic.

In this study, numerical models with variable crustal
rheological strength and convergence rate are systematically
constructed, aiming to explore the development and differentia-
tion of continental subduction during convergence between two
colliding continents. The numerical results reveal three basic
modes of continental subduction as well as the corresponding
geodynamic conditions and physical processes.

1 MODEL SETUP

Aiming to study the dynamics of continental subduction,
we constructed large-scale numerical models (4 000 kmx670
km, Fig. 1a) using the thermo-mechanical code “I2VIS” (Gerya
and Yuen, 2003a), which is a combination of the finite differ-
ence method with marker-in-cell techniques. The details of the
numerical methodology can be found in Huangfu et al. (2017).
The models consist of a non-uniform 699%134 rectangular grid
with a resolution varying from 2x2 km in the vicinity of the
collision zone to 30x30 km further away. The lithological
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structure of the model is represented by a dense grid of ap-
proximately 7 million active Lagrangian markers for advecting
various material properties and temperatures.

The initial model comprises two continental domains, se-
parated by a low-viscosity weak zone in the top 20 km of the
lithospheric mantle to seed the onset of deformation in the nu-
merical models (Fig. 1a). The 120-km-thick continental lithos-
phere is made up of a 20-km-thick upper crust, a 15-km-thick
lower crust and an 85-km-thick lithospheric mantle, overlying
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the 540-km-thick sublithospheric mantle. We assume that any
previously subducted oceanic lithosphere has detached from
adjacent continental lithosphere (Van der Voo et al., 1999).
Three different types of continental crustal rheological
profile are designed (Figs. 1c—le), which represent moderate
crust, weak crust, and strong crust, respectively. For the mod-
erate crust, the wet quartzite and diabase flow laws are applied
for the upper and lower crust, respectively. As comparisons, the
wet quartzite and mafic granulite flow laws are applied for the
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Figure 1. Initial model configuration. (a) Enlargement (1 500%670 km) of the numerical box (4 000x670 km). White lines are isotherms in °C. Boundary condi-
tions are indicated in yellow. (b) The zoomed domain of the collisional zone. A weak zone is inserted in the upper lithospheric mantle to seed the onset of de-
formation in the numerical models. Different colors referring to different lithologies and detailed properties are shown in Tables 1 and 2. (c)—(e) Three types of
rheological structure of the continental lithosphere are evaluated in this study. They are defined as “moderate crust”, “weak crust” and “strong crust”, respectively.
The upper and lower crust are dominated by wet quartzite and diabase, weakened wet granite and plagioclase, wet quartzite and mafic granulite (Ranalli, 1995),
respectively. The lithospheric mantles for all the types conform to the flow law of dry olivine. Rheological strength profiles are computed for a 120-km-thick
lithosphere with a Moho temperature of 400 °C.
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upper and lower crust in the strong crust model. In addition, the
weak crust model is implemented with wet granite and plagioc-
lase flow laws for the upper and lower crust, respectively; how-
ever, the reference viscosities of them are decreased by 0.01
times compared with the corresponding values in Ranalli (1995),
in order to highlight the effect of the weak crust on continental
collision (Table 1). The flow law of dry olivine is used for the
lithospheric mantle and the asthenosphere in all models. The
yield-stress envelopes for these different types of continental
lithospheres are shown in Figs. 1c—le. Detailed properties of
different rock types are described in Tables 1 and 2.

The boundary conditions used in the models are free slip at
all boundaries except the lower boundary, which is treated as
permeable to satisfy the free slip of an external boundary at
1 000 km below the base of the model (Ueda et al., 2008; Burg
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and Gerya, 2005). External free slip conforms to global conser-
vation of mass in the computational domain and is implemented
by using the following limitation for velocity components at the
lower boundary: dv, /0z=0, dv_ [dz=-V_[Az_ .. -
AZexiemar 18 the vertical distance from the lower boundary to the
external boundary where free slip (dv,/dz=0,v, =0) is satis-
fied. The pushing velocity is assigned to a small internal domain
within the pro-side continental lithosphere. Three different con-
vergence rates (1, 3 and 5 cm/yr) are prescribed for different
models (Table 3) to explore its effects on the continental colli-
sion process. It is worth notifying that the surface is calculated

where

dynamically as an internal free surface by using a buffer layer of
“sticky air” (Schmeling et al., 2008). This surface evolves as an
erosion/ sedimentation level according to the transport equation
(Gerya and Yuen, 2003b).

Table 1 Viscous flow laws used in the numerical experiments

1D Flow laws E Vv n Ap 7o'
(kJ-mol™) (J-MPa-mol™) (MPa™s™) (Pa-s)
A Air/water 0 0 1.0 1.0x10™2 1.0x10"
BO Wet quartzite 154 8 2.3 3.2x10™* 1.97x10"
C0 Diabase 260 12 34 2.0x10™ 1.26x10%
Bl Wet granite 137 8 1.9 2.0x107 1.26x10"
Cl Plagioclase Anys 238 12 32 3.3x107 4.8x10%
2 Mafic granulite 445 12 42 1.4x10* 1.13x10%
Dry olivine 532 8 3.5 2.5x10* 3.98x10'
F Wet olivine 470 8 4.0 2.0x10° 5.01x10%
G Molten felsic 0 0 1.0 2.0x10” 5.0x10"
H’ Molten mafic 0 0 1.0 1.0x107 1.0x10"

.10 is the reference viscosity, which is calculated: 70=(1/4p)x10%";®. the molten felsic (G) are used for partial

molten sediment and continental upper crust. The molten mafic (H) are used for partial molten continental
lower crust. References: Ranalli, 1995; Ji and Zhao, 1993; Kirby and Kronenberg, 1987.

Table 2 Materials properties used in the numerical experiments

Material State Po Cp i Teotidus Tliqu;dusb [ H, Viscous® Plastic?
kgm? (Jkg"KH Wm'KH)  (K) (K) kJ'kgh)  (W'm?)  Flowlaw  Sin (pen)
Sticky air - 1 100 20 - - - 0 A 0
Water - 1 000 3330 20 - - - 0 A 0
Sediment Solid 2700 1000 K Ts, Ty 300 2.0 BO 0.15
Molten 2500 1500 K Ts, Ty 300 2.0 G 0.06
Continental Solid 2700 1000 K Ts, Ty 300 2.0 BO/B1 0.15
upper crust  Molten 2500 1500 K Ts, Ty 300 2.0 G 0.06
Continental Solid 3000 1000 K Ts Ti, 300 0.5 C0/C1/C2 0.15
lower crust  Molten 2500 1500 K Ts Ti, 300 0.5 H 0.06
Mantle Dry 3300 1000 K - - - 0.022 E 0.6
Hydrated 3200 1000 K - - - 0.022 F 0.06
References - 1,2 - 3 5 5 1,2 1 4 -

The thermal expansion coefficient a=3x10" K™ and the compressibility coefficient f=1x10" MPa" are used for all rock types.

a

K,=[0.64+807/(Tx+77)]exp(0.000 04Pwp,); Ko=[1.18+474/(Tx+77)]exp(0.000 04Pyp,); K3=[0.73+1 293/(Tx+77)]exp(0.000 04Pyip,). b,
T51=889+17 900/(P+54)+20 200/(P+54)°, at P<l 200 MPa; or 831+0.06P, at P>1 200 MPa. T, ;=1 262+0.09P; T5,=973-70 400/
(P+354)+778><105/(P+354)2, at P<1 600 MPa; or 935+0.003 5P+0.000 006 ZPZ, at P>1 600 MPa. T,=1 423+0.105P. . Parameters of viscous

flow laws are shown in Table 1. ¢. The plastic cohesion is zero in all the experiments. g is the effective internal frictional angle implemented

for plastic rheology. References: 1. Turcotte and Schubert, 2002; 2. Bittner and Schmeling, 1995; 3. Clauser and Huenges, 1995; 4. Ranalli,

1995; 5. Schmidt and Poli, 1998.
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Table 3 Descriptions of the numerical experiments

Models® Pro-side Retro-side Convergence Initial Moho
crust type” crust type” rate (cm/yr) temperaturesb (°C)
mm3 Moderate Moderate 3 400/400
ww3 Weak Weak 3 400/400
ss3 Strong Strong 3 400/400
mml Moderate Moderate 1 400/400
mm5 Moderate Moderate 5 400/400
wwl Weak Weak 3 400/400
wwW5 Weak Weak 3 400/400
ssl Strong Strong 1 400/400
ss2 Strong Strong 2 400/400
ss4 Strong Strong 4 400/400
ss5 Strong Strong 5 400/400

* Moderate, weak and strong crust are illustrated in Figs. lc—le, respectively. °. The initial Moho temperatures

of pro-side (left value) and retro-side (right value) plates are shown.

Thermal structure of the continental lithosphere is identi-
fied with the Moho temperature in this study, which is also
dependent on the evaluated models (Table 3). The initial tem-
perature at the surface or at the base of the continental lithos-
pheric mantle is 0 or 1 300 °C, respectively. The temperature
distribution within the continental plate is calculated with linear
interpolation from the surface to the Moho (Turcotte and
Schubert, 2002). The initial temperature gradient in the asthe-
nospheric mantle is 0.5 °C/km. The thermal boundary condi-
tions have fixed values for the upper boundary (0 °C at the
surface) and zero horizontal heat flux across the vertical boun-
daries. For the lower thermal boundary, an infinity-like external
constant temperature condition is imposed, which allows both
temperature and vertical heat flux to vary along the permeable
box lower boundary, ensuring that the constant temperature
condition is satisfied at around 1 000 km below the base of the
model. This condition is implemented by using the equation
0T/9z = (T =T )/ AZeyirms » Where Texiemal is the temperature
at the external boundary and Az.yema i the vertical distance
from the lower boundary to the external boundary.

2 MODEL RESULTS

With three different rheological configurations of the con-
tinental lithosphere and three different convergence rates, we
first constructed 9 numerical experiments. For each of them,
the rheological properties of both the pro-plate and retro-plate
are the same, and the initial Moho temperature of both plates is
set to 400 °C. The model results demonstrate various modes of
continental collision, as shown in the following sections 2.1
and 2.2.

2.1 Models with Variable Crustal Rheological Strength

In this section, 3 numerical models with variable crustal
rheological strength have been constructed. The rheological
properties of the pro-plate and retro-plate are the same in each
model. The convergence rate is 3 cm/yr and keeps constant
during the simulation. Detailed parameters of the numerical
models can be found in Table 3.

2.1.1 Model with moderate crust

In this model, moderate crust is applied for both the
pro-plate and retro-plate. The pro-plate is pushed from the left
side by 3 cm/yr, resulting in continuous plate subduction into
the asthenosphere. In this process, the bulk of the upper crust is
scraped off the slab. The detached crustal materials are accu-
mulated in the collision zone and accreted to the overriding
plate. The lower crust can subduct to upper-mantle depths with
the continental slab (Fig. 2a). Continuous convergence causes
the upper crust of the pro-plate to be progressively detached
from the lower crust and thickened, associated with retro-ward
migration onto the overriding plate. Thereby, the location of the
surface suture between pro-plate and retro-plate diverges from
deep subduction zone (Fig. 2b).

After an imposed convergence of larger than 930 km, the
subducted lower crust gradually detaches from the slab and
exhumes upwards along the subduction channel, under the
combined effects of positive buoyancy and mechanical wea-
kening due to thermal conductive heating. In addition, a certain
portion of the subducted lower crust intrudes into the mantle
wedge and forms a compositionally buoyant and rheologically
weak thermal-chemical crustal plume in the sublithospheric
depth (Figs. 2¢, 2d), the dynamics of which is systematically
investigated in Currie et al. (2007) and Li and Gerya (2009).
The growth and migration of the sublithospheric crustal plume,
in combination with the induced small-scale corner flow, lead
to bottom erosion of the overriding lithosphere. At the same
time, the detached upper crust of the pro-plate continuously
migrates onto the overriding plate, leading to the decoupling of
the upper crust of the overriding plate from the lower crust.
During this process, the collision zone undergoes significant
shear heating and thus large-scale crustal partial melting, where
the partially molten rocks tend to extrude upward with forming
series of diapiric structures (Fig. 2d). After an imposed con-
vergence of 1 700 km, the surface crustal suture migrates retro-
ward for ~600 km from the initial continental convergent
boundary (Fig. 2d). During the convergence, the collision zone
uplifts as the detached upper crust is accreted to the overriding
plate and thickens in the collision zone, reaching as high as 8
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km from the original elevation of 1 km in the subduction zone
and forming nearly 4-km-high plateau over the detached
crust-migration zone (Fig. 2d). The effective viscosity of the
middle crust of the thickened collision zone is particularly low
(Fig. 2d) because of the isotherm rising due to crustal thicken-
ing and shear heating.

2.1.2 Model with weak crust

In this model, we test the effects of weak crust on the
geodynamic processes of continental collision. In this case, the
rheological property of the crust is changed from moderate
crust to weak crust (Fig. 1d). Under the effects of positive
buoyancy and lower crustal rheological strength in this model,
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a larger amount of the subducted lower crust exhumes upward
to the surface along the subduction channel, which is then ac-
cumulated in the collision zone and accreted to the overriding
plate (Figs. 3a—3b). This can be clearly illustrated through the
velocity vector field (Fig. 3b), in which significant crustal ex-
humation develops along the subduction channel. Although the
detached upper crust of the pro-plate can also migrate onto the
overriding plate for hundreds of kilometers, crustal partial melt-
ing does not occur in the thickened crust, which is quite differ-
ent from the previous model with moderate crust (c.f., Figs. 2d
and 3c¢). Furthermore, it is worth noting that the bulk of pro-side
crust is detached from the slab during collision, with pro-ward
migration and thickening, which is clearly expressed in the

(a) 690 km shortening

1 = — PBa
o - - e
0
\ |\ (d) 1700 km shortening
1800 2000 2200 2400 2600 2800 3000 3200 3400
0
T 10*
100 = 10%
Py = ; ey 22
B = R 10
é 200 + = s
> = e S N e 107
300 S CERMMAENN, N R e R Rt 10"
EANARARRL  BC S o s Py
W0 (d") Viscosity field Pa 810
1800 2000 2200 2400 2600 2800 3000 3200 3400

Figure 2. Results of the model with moderate crust (Fig. 1c) and a convergence rate of 3 cm/yr. (a)—(d) Composition and temperature evolution. Colors of rock
types are identical to those in Fig. la. White numbered lines are isotherms plotted every 200 °C starting from 100 °C. The cumulative convergence of the
pro-plate is given in each panel. The model surface elevation and the (d") effective viscosity with velocity vectors are also shown for the final time-step with

convergence of 1 700 km.
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Figure 3. Results of the model with weak crust (Fig. 1d) and a convergence rate of 3 cm/yr. (a)—(c) Composition and temperature evolution. Colors of rock

types are identical to those in Fig. la. White numbered lines are isotherms plotted every 200 °C starting from 100 °C. The cumulative convergence of the

pro-plate is given in each panel. The (b") effective viscosity with velocity vectors is shown for the time-step with cumulative convergence of 1 410 km, hig-

hlighting the large-scale crustal exhumation along the subduction channel. The model surface elevation is shown for the final time-step.

resulted high topography of the pro-plate (Fig. 3c).

2.1.3 Model with strong crust

In this model, strong crust (Fig. 1e) is applied for both the
pro-plate and retro-plate. The model results, characterized by
sub-horizontal underthrusting of the subducting lithosphere
beneath the overriding lithosphere, are significantly different
from the previous cases with moderate (Fig. 2) or weak crust
(Fig. 3). Continuous convergence causes the relatively weak
upper crust to be detached from the lower crust and accumu-
lated in the collision zone, which eventually migrates onto the
overriding lithosphere (Figs. 4a—4b). Meanwhile, the strong
lower crust with a high rheological strength subducts together

with the lithospheric mantle. Resulting from the positive
buoyancy of subducted lower crust (Fig. 4c), the continental
slab gradually bends upward with a decreasing dip angle,
eventually leading to the underthrusting of the continental slab
directly beneath the overriding lithospheric mantle (Fig. 4c).
Similar to the first model with moderate crust, the collision
zone is subjected to significant shear heating during the crustal
migration, causing partial melting of the thickened upper crust.
For the same reason, a broad plateau over the retro-plate has
been produced (Fig. 4c). With an imposed convergence of
1 700 km, the length of continental flat-slab can reach ~700 km
(Fig. 4c).
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2.2 Models with Variable Convergence Rate

In this section, we will decrease the convergence rate to 1
cm/yr or increase to 5 cm/yr for the three previous models with
variable crustal rheological strength, in order to further inves-
tigate the effects of the convergence rate on the dynamics of
continental collision.

2.2.1 Slower or faster collision model with moderate crust

As for the model with moderate crust, we constructed two
additional numerical experiments with a lower (1 cm/yr) or a
higher (5 cm/yr) convergence rate, in comparison with the pre-
vious model with a convergence rate of 3 cm/yr.

When the convergence rate is decreased to 1 cm/yr, the
subducting continental plate undergoes sufficient thermal con-
ductive heating and significant mechanical weakening, before it
can descend to a larger depth. In combination with the effect of

crustal buoyancy, it greatly contributes to large-scale exhuma-
tion of the subducted lower crust along the subduction channel
(Fig. 5a), which further facilitates the migration of the detached
crust of the pro-plate onto the overriding lithosphere, as well as
the asthenospheric upwelling in the collision zone (Fig. 5b). It
is worth noting that the downgoing slab experiences repeated
break-off at the depth of ~400 km (Figs. 5b—5d), which is
mainly due to the higher Stokes sinking velocity, induced by
negative buoyancy of the slab, than the prescribed low plate
convergence velocity. In addition, the subducting lithosphere
retreats slowly with the delamination of crustal materials from
the underlying lithospheric mantle, which is accompanied by
the asthenospheric upwelling. The effective viscosity and the
velocity field in the subduction zone clearly shows the me-
chanical weakening and successive detachment of the slab as
well as the progressive retreat of the pro-plate (Fig. 6). The
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asthenospheric upwelling along the subduction channel is hig-
hlighted in Fig. 6b. In this model, the sub-lithospheric crustal
plume originating from the subducted crust is not formed, be-
cause very limited crustal material can subduct to asthenos-
pheric depths, compared to the counterpart model with a con-
vergence rate of 3 cm/yr.

When the convergence rate is increased to 5 cm/yr, the
model result is generally similar to the model with a conver-
gence rate of 3 cm/yr, although the high convergence rate may
lead to a larger amount of upper crust subducted into the channel.

2.2.2 Slower or faster collision model with weak crust

In order to test the effects of the convergence rate on the
model with weak crust, we similarly constructed two numerical
experiments with a lower (1 cm/yr) or a higher (5 cm/yr) con-
vergence rate, in comparison with the previous model with a
convergence rate of 3 cm/yr.

Tuoxin Yang, Pengpeng Huangfu and Yan Zhang

At a lower convergence rate (1 cm/yr), the mechanical
deformation of the collision zone is mainly controlled by con-
ductive heat transfer. In this case, the slab undergoes significant
mechanical weakening. As a result, this model is characterized
by successive break-off of the subducting slab at the depth of
~200 km due to the relatively higher Stokes sinking velocity
than the prescribed subduction velocity, which is the largest
difference from the previous model with a convergence rate of
3 cm/yr (cf., Figs. 3 and 7). Continuous convergence causes
almost the whole crust to be detached from the subducting slab
and accumulated in the collision zone. The thickening of the
pro-side crust in the collision zone absorbs most of the crustal
deformation, due to the low crustal rheological strength and the
low convergence rate, which thereby does not deform the over-
riding lithosphere significantly (Fig. 7).

When the convergence rate is increased to 5 cm/yr, the
model result is generally similar to the model with a conver-
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(d) 1700 km shortening
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Figure 5. Results of the model with moderate crust (Fig. 1¢) and a low convergence rate of 1 cm/yr. (a)—(d) Composition and temperature evolution. Colors of rock

types are identical to those in Fig. 1a. White numbered lines are isotherms plotted every 200 °C starting from 100 °C. The cumulative convergence of the pro-plate

is given in each panel.
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gence rate of 3 cm/yr, although the higher convergence rate
inhibits large-scale crustal exhumation and plate decoupling
along the subduction channel.

2.2.3 Slower or faster collision model with strong crust

As shown in Fig. 4, continental flat-slab subduction de-
velops in the model with strong crust and a convergence rate of
3 cm/yr. In order to explore its correlation with variable con-
vergence rate, four additional models are constructed, in which
the convergence rate is decreased to 1 or 2 cm/yr or increased
to 4 or 5 cm/yr. Results of all the five models (including the
previous model with a convergence rate of 3 cm/yr) with strong
crust and variable convergence rate are illustrated in Fig. 8,
which shows the model snapshots with the same convergence
of 1 700 km.

The model results indicate that the convergence rate can
greatly affect the mode of continental subduction. As for the
models with a convergence rate of <2 cm/yr, the continental

slab continuously subducts into the deep mantle at a steep angle
(Figs. 8a—8b). The model with the lowest convergence rate of 1
cm/yr is characterized by a ~200 km retreat of the pro-plate
with the asthenospheric upwelling along the subduction chan-
nel (Fig. 8a). In addition, remarkable destruction of the bottom
of the overriding lithospheric mantle takes place in the models
with a convergence rate of <2 cm/yr, which is caused by the
growth and migration of partially molten plumes originating
from the subducted crust as well as the induced mantle flow.
When the convergence velocity is increased to >3 cm/yr, con-
tinental flat-slab subduction is resulted (Figs. 8c—8e). The
length of flat-slab is positively correlated to the convergence
rate, as shown in Figs. 8c—8e.

Based on the corresponding stress fields of the five models
at an equal convergence of 1 700 km (Figs. 9a-9e), it indicates
that the continental subduction mode might be dependent on
the stress that the subducting slab can support. When the con-
vergence rate is low (<2 cm/yr), the continental slab stays in
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the hot asthenosphere for a relatively longer time, which results
in significant thermal conductive heating and mechanical wea-
kening. In these cases, the slab cannot support large stress for
the continuous flat subduction, which thereby results in slab
rollback and steep subduction (Figs. 9a-9b). In contrast, when
the convergence rate is increased to larger than 3 cm/yr, the
subducted slab can maintain its rheological strength and thus
can support the large stress facilitating a low-angle subduction
(Figs. 9c—9e). In addition, the whole lower crust together with a
certain amount of upper crust of the pro-plate can subduct into
the asthenosphere in the models with higher convergence rate,
which will decrease the average density of the slab. Both con-
ditions contribute to the formation of continental flat-slab sub-
duction.

3 DISCUSSION

Our numerical simulations reveal three basic modes of
continental subduction, including slab break-off, steep subduc-
tion and continental flat-slab subduction. Both the first two
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modes can be further divided into two sub-types, according to
the development of pro-side lithospheric mantle retreat or not.
On the basis of the numerical results, we further constructed a
regime diagram to illustrate how the continental subduction
mode correlates with the crustal rheological strength of the
converging plates and the convergence rate (Fig. 10).

For the first mode of slab break-off, the subducting conti-
nental plate is successively detached from the pro-plate and
sinks into the deep mantle under the conditions of low/
moderate rheological strength of the continental crust and low
convergence rate (Fig. 10). Weak/moderate crust directly de-
creases the average rheological strength of the pro-plate lithos-
phere. In addition, the low convergence rate causes the sub-
ducting slab staying in the hot asthenospheric mantle for longer
time and thus undergoing sufficient thermal conductive heating.
Both conditions contribute to significant mechanical weakening
of the subducting slab, thereby facilitating progressive slab
break-off. In these cases, the development of pro-plate retreat
or not is mainly controlled by the thickness and rheological

(b) 600 km shortening

300
i (d) 920 km shortening
1800 2000 2200 2400 2600 2800 3000 3200 3400
x (km)

Figure 7. Results of the model with weak crust (Fig. 1d) and a low convergence rate of 1 cm/yr. (a)~(d) Composition and temperature evolution. Colors of rock

types are identical to those in Fig. l1a. White numbered lines are isotherms plotted every 200 °C starting from 100 °C. The cumulative convergence of the pro-plate

is given in each panel.
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Figure 8. Effects of the convergence rate in the models with strong crust (Fig. le). From (a) to (e), when the convergence rate is linearly increased from 1 to 5

cm/yr. All the simulations stopped at a cumulative convergence of 1 700 km. Colors of rock types are identical to those in Fig. 1a. White numbered lines are

isotherms plotted every 200 °C starting from 100 °C. The corresponding model surface elevation is also shown above in each panel.

strength of the subduction channel, which strongly affect the
plate (de)coupling. If the crustal rheological strength is low,
almost the whole crust of the pro-plate is scraped off the slab
and accumulated in the collision zone (Fig. 7). Thereby, very
few lower crustal rocks enter the deeper subduction channel,
which leads to strong coupling between the subducting and
overriding plates, and thus prevents the pro-plate retreat. How-
ever, when the crustal rheological strength is increased to mod-
erate, more crustal rocks can be dragged into the deeper sub-
duction channel (Fig. 5). Consequently, a thicker and weaker
subduction channel is formed, which decouples the converging
plates and may further contribute to the pro-plate retreat, as-
thenospheric upwelling and subsequent large-scale crustal ex-
humation. The geodynamic processes of this mode may be

comparable to the continental collision in the Southeast Carpa-
thians, Romania, where relevant studies indicated the develop-
ment of gravitational instabilities in the Carpathians collision
zone (Cloetingh et al., 2004). The presence of two high-
velocity bodies in the upper mantle inferred from seismic to-
mography studies (Wortel and Spakman, 2000; Radulescu,
1988) might be resulted from progressive slab detachment as
illustrated in Fig. 7.

In contrast to the slab break-off mode, continental flat-slab
subduction favors the opposite conditions, e.g., strong crust and
high convergence rate (Fig. 10). Both strong crust and high
convergence rate can increase the average rheological strength
of the continental slab, which contributes to the development of
a low-angle subduction. Meanwhile, in this case, larger amount
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of continental crust can be subducted into the asthenosphere,
which will greatly decrease the average density of the slab and
thus induce its upward bending. Eventually, the subducting slab

would underplate the overriding lithosphere, as shown in Fig. 4.

This mode might be well represented by the Himalayan-
Tibetan orogen (Zhang et al., 2018; Chen et al., 2015; Zhao et
al., 2010; Nabélek et al., 2009; Li et al., 2008; Tilmann and Ni,
2003; Owens and Zandt, 1997).

The mode of steep subduction is developed in the other
conditions (Fig. 10). Specifically, under the condition of low
crustal rheological strength with high convergence rate, a typi-
cal steep subduction is developed, together with retro-ward
migration of the detached crust onto the overriding lithosphere,
the formation of sublithospheric crustal plumes and the bottom
erosion of the overriding lithosphere (e.g., Fig. 2). However,
the condition of high crustal rheological strength with low
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convergence rate can also result in steep subduction, which is
accompanied with significant pro-plate retreat resulting from
the higher Stokes sinking velocity than the prescribed low
convergence rate. The typical steep subduction might develop
in many current collision zones in nature, such as the Dabie-
Sulu orogen in eastern China (Li Z Y et al., 2018; Dai et al.,
2016; Zheng et al., 2008). As for the steep subduction with
pro-plate retreat, a possible analog is the northern Apennines,
where the subducted Adria micro-continental lithosphere expe-
rienced eastward retreat accompanying an obvious delamina-
tion of the subducted lithosphere with its overlying continental
crust (Chiarabba et al., 2014; Chiarabba and Chiodini, 2013;
Faccenda et al., 2008).

4 CONCLUSIONS
We have constructed high-resolution thermo-mechanical

2000 2200 2400 2600

x (k

m)

2800

3000 3200

Figure 9. The stress fields (the second invariant of deviatoric stress) are shown for the same model as in Fig. 8. All the simulations stopped at a cumulative

convergence of 1 700 km.
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Figure 10. Dependence of continental subduction mode on the crustal rheo-
logical strength and the convergence rate. It indicates that continental sub-
duction can be classified into three basic modes including slab breakoff,
steep subduction and continental flat-slab subduction. The first two modes
can be further divided into two sub-types, according to the development of
pro-side lithospheric mantle retreat or non-retreat. The regime diagram is
established based on the models with the same crustal rheological profile for
both the pro-plate and retro-plate, in which the initial Moho temperatures
are 400 °C.

numerical models to systematically investigate the dynamics of
continental subduction during continental convergence. If the
pro-plate and retro-plate share the same thermal structure with
an initial Moho temperature of 400 °C, continental subduction
can be classified into three basic modes including slab breakof,
steep subduction and continental flat-slab subduction, depend-
ing on the crustal rheology and the convergence rate.

Weak crust and low convergence rate favor slab detach-
ment. Strong crust and high convergence rate result in conti-
nental flat-slab subduction. Otherwise, steep subduction is de-
veloped. In addition, the low convergence rate may greatly
contribute to the retreat of subducting plate.
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