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ABSTRACT: 2D thermo-mechanical models are constructed to investigate the effects of oceanic and
continental crustal eclogitization on plate dynamics at three successive stages of oceanic subduction,
slab breakoff, and continental subduction. Crustal eclogitization directly increases the average slab
density and accordingly the slab pull force, which makes the slab subduct deeply and steeply. Numeri-
cal results demonstrate that the duration time from initial continental collision to slab breakoff largely
depends on the slab pull force. Specifically, eclogitization of subducted crust can greatly decrease the
duration time, but increase the breakoff depth. The detachment of oceanic slab from the
pro-continental lithosphere is accompanied with obvious exhumation of the subducted continental crust
and a sharp uplift of the collision zone in response to the disappearance of downward drag force and
the induced asthenospheric upwelling, especially under the condition of no or incomplete crustal
eclogitization. During continental subduction, the slab dip angle is strongly correlated with eclogitiza-
tion of subducted continental lower crust, which regulates the slab buoyancy nature. Our model results
can provide several important implications for the Himalayan-Tibetan collision zone. For example, it is
possible that the lateral variations in the degree of eclogitization of the subducted Indian crust might to
some extent contribute to the lateral variations of subduction angle along the Himalayan orogenic belt.
Moreover, the accumulation of highly radiogenic sediments and upper continental crustal materials at
the active margin in combination with the strong shear heating due to continuous continental subduc-
tion together cause rising of isotherms in the accretionary wedge, which facilitate the development of
crustal partial melting and metamorphism.

KEY WORDS: numerical modeling, crustal eclogitization, oceanic subduction, slab breakoff, continen-
tal subduction, Himalayan-Tibetan collision zone.

0 INTRODUCTION

The slab pull is generally believed to be the driving me-
chanism for plate subduction (e.g., Schellart, 2004; Lithgow-
Bertelloni and Richards, 1995; Vigny et al., 1991; Forsyth and
Uyeda, 1975). From the mechanical perspective, eclogitization
of subducted mafic crust increases the average slab density and
accordingly the slab pull force, which thereby exerts an effect
on the geodynamic processes (e.g., Duesterhoeft et al., 2014;
van Hunen et al.,, 2004, 2001; Leech, 2001). Eclogitization
usually takes place in subducted slab in the subduction zone or
in the thickened continental lower crust within the collisional

*Corresponding author: shanshizhang@sohu.com
© China University of Geosciences and Springer-Verlag Berlin
Heidelberg 2016

Manuscript received July 28, 2015.
Manuscript accepted April 26, 2016.

zone (Leech, 2001).

During oceanic subduction, slab dynamics, especially the
slab dip variability, can be to first order attributed to a balance
between the gravitational and hydrodynamic torques (Manea et
al., 2006; Stevenson and Turner, 1977). Any factor that can
change either torque can exert an effect on the slab geodynamic
process. Eclogitization of the subducted oceanic crust, by virtue
of increasing the gravitational torque, can regulate the slab
geometry. The influence of the basalt-to-eclogite transforma-
tion rate on the formation of flat subduction was investigated
with numerical modeling (van Hunen et al., 2004, 2001). The
influence of eclogitization of continental lower crust is also
evaluated in previous works (e.g., Lustrino, 2005; Leech, 2001).
However, these researches mostly focus on the delamina-
tion/detachment of lower crust with the subjacent lithospheric
mantle in the thickened continental collision zone, and effects
of crustal eclogitization during continental subduction have
been poorly investigated.
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Continental subduction naturally follows oceanic subduc-
tion under the lateral ridge push and/or slab pull (Li et al.,
2011). We can evaluate the eclogitization of both subducted
oceanic crust and continental lower crust in a model, which
begins with oceanic subduction and ends with continental sub-
duction. In this study, the sensitivity tests of model predictions
to the crustal eclogitization, using 2D thermo-mechanical nu-
merical modeling, are performed. The numerical results are
also compared with the Himalayan-Tibetan collision zone,
attempting to provide implications for the tectonic evolution at
the early stage of India-Asia collision.

1 MODEL CONFIGURATION
1.1 Numerical Code Description
1.1.1 Principal equations

The finite difference method combined with the marker
-in-cell technique is implemented in the algorithm proposed by
Gerya (2010). Principal equations include momentum equation,
incompressible continuity equation and heat conversation equa-
tion, accounting for the 2D thermal creeping flows containing
chemical buoyant and thermal forces. All abbreviations and
units used are listed in Table 1.

(1) 2D stokes equations
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where the density p depends on composition (C), melt fraction
(M), temperature (7), and pressure (P).
(2) Incompressible continuity equation
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(3) Heat conservation equations
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where D7 /Dt and k(T, P, c) mean the substantive time deriv-
ative of temperature and the thermal conductivity dependent on
temperature, pressure and composition (Clauser and Huenges,
1995); H,, H, and H, refer to radioactive heat production,
energetic effect of isothermal compression/decompression (i.e.,
adiabatic heating/cooling), and shear heating, respectively.

1.1.2 Rheological model

The visco-plastic constitute laws are used to demonstrate
the correlation of the deviatoric stress (O',;J,') with the strain rate
tenser (£.). In terms of incompressible viscous deformation,
the viscous laws of friction can be expressed as
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where 1oy mnotes the effective viscosity determined by tem-
perature, pressure, composition and strain rate.
The effective viscosity for ductile creep is described as

NS o (E+PV
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where &, = (OSSU&‘V )”2 is the second invariant of the rate of
strain tensor and Ap, £, n and V' denote parameters for flow low
(Table 2). F is related with the experiment type, specifically,
F =2"""" for simple shear test and F = 2(-/n /3{+w/2n
for triaxial compression test.

The plastic yielding stress is obtained based on the
Mohr-Coulomb criterion

O ield = C, +Psin ((peff )

sin(,, ) =sin(p)(1-2) (6)

where Oy is the yield stress, Cy is the cohesion and @ is
the internal frictional angle; P is the dynamic pressure; A is
the pore fluid coefficient.

1.1.3 Eclogitization

From the mechanical perspective, crustal eclogitization
affects the plate dynamics by virtue of increasing the slab av-
erage density and accordingly the slab pull force. Generally,
eclogitization takes place in subducted oceanic crust and conti-
nental lower crust and in the thickened continental lower crust
within the collisional orogenic zone (Leech, 2001), where the
required pressure-temperature conditions, as shown in Fig. 1,
can be satisfied. Based on pressure-temperature conditions for
stable metamorphic facies (Fig. 1), the transformation from
basalt/gabbro to eclogite commonly commences at a depth of
~50 km. After crustal eclogitization, the buoyancy nature of the
subducting slab can be changed, which is generally described
by the theory of Riedell and Karato (1996). Giunchi and Ricard
(1999) proposed another simplified numerical equation for this
transformation. In this study, the crustal eclogitization is sim-
plified as a process of density increase of the subducted crustal
materials depending on the sinking depth, and the maximum
density of these crustal materials is equal to the density of ec-
logite (3 500 kg/m®, used in this study). Specifically, density of
the subducted crustal materials during eclogitization, A, is
linearly computed using the following equation

5 =94 (3500 0, )+ pf, (50 km=d<100 km)
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where d is depth of subducted oceanic crust or continental
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lower crust; d,, is initial depth, where eclogitization of sub-
ducted crust begins (50 km, herein used); £, is original crust
density free of eclogitization.

1.2 Initial Model Setup

Large scale numerical models (2 800x1 400 km, Fig. 2) were
constructed to evaluate the affects of crustal eclogitization on
plate dynamics. The model is made up of a non-uniform 251 X
76 rectangular grid with a variable resolution from 3x3 km
around the subduction zone to becoming larger gradually fur-
ther away. Meanwhile, ~0.6 million active Lagrangian markers
with various rock properties are distributed in the computational
domain. Mechanical parameters of various rocks are illustrated
in Table 2, which can account for brittle and ductile deforma-
tion of crustal and mantle rocks.

Table 1 Notations and units of the variables for the numerical experiment

Symbols Meaning Units
Ap Material constant MPa™ 5!

C Composition Dimensionless
Cy Cohesion MPa

Cp Isobaric heat capacity T K kg

E Activation energy kJ-mol!
F Power law viscous rheology coefficient ~ Dimensionless
g Gravitational acceleration m-s”

G Plastic potential Pa

H, H, H, Adiabatic, radioactive, shear and latent Wom

H; heat production

k Thermal conductivity Wm K
M Melt fraction Dimensionless
N Stress exponent Dimensionless
P Dynamic pressure Pa
Puia Pore fluid pressure Pa
Pii, Lithostatic pressure Pa
qx 4= Horizontal and vertical heat fluxes W-m?

O Latent heat of melting KkI'kg
R Gas constant J-K ' *mol”

t Time s

T Temperature K

14 Activation volume J-MPa™-mol™
a Thermal expansion coefficient K
g Compressibility coefficient Pa’

é,./. Components of the strain rate tensor !

é I Second invariant of the strain rate tensor st

n Viscosity Pa's

A Pore fluid pressure coefficient Dimensionless
P Density kg'm?

- Components of the viscous deviatoric
Oy Pa
stress tensor

G, Second invariant of the stress tensor Pa
O yield Yield stress Pa
(4 Internal frictional angle Rad

Our numerical model comprises three major domains,
consistent with the general considerations (see Li, 2014 for a
review), involving (1) a pro-continental domain (1 000 km
long), (2) an oceanic domain (500 km long), and (3) a retro-
continental domain (1 300 km long), as shown in Fig. 2. The
103 km thick continental lithospheres in both continental do-
mains are composed of 6 km thick sediments, 14 km thick up-
per crust, 15 km thick lower crust and 68 km thick mantle li-
thosphere. The oceanic domain comprises 76 km thick oceanic
lithosphere (containing 2 km thick oceanic upper crust and 5
km thick oceanic lower crust) and subjacent asthenospheric
mantle. The spontaneous deformation of the lithospheric sur-
face acting as a weak top-layer is regarded as an internal free
surface, which is dynamically calculated at each step (Gerya
and Yuen, 2003). A weak zone, which is represented by mate-
rials with low plastic strength and weak rheological properties
(wet olivine flow law (Ranalli, 1995)), is intentionally set to
facilitate initial oceanic subduction in the right ocean-continent
transition zone. This initial weak zone cuts through the whole
lithosphere with a dip angle of 27°.

All boundaries in this model satisfy the free-slip condi-
tions. The pushing velocity is assigned to a small internal do-
main within the pro-continental lithosphere, but is changed
during computation. Specifically, a pushing velocity of 10
cm/yr is set during the oceanic subduction. Then, from the ini-
tial continental collision to the oceanic slab breakoff, the push-
ing velocity is cancelled, and the geodynamic processes are
only driven by slab pull. Afterwards, in order to further study
the post-collision evolution, we use the end result of oceanic
slab breakoff as the starting situation with a pushing velocity of
4 cm/yr for the subsequent continental subduction/collision.

The initial thermal structure of continental lithosphere is
linearly increases from 0 °C at the surface to 1 200 °C at the
bottom of the lithospheric mantle. The initial thermal structure
of oceanic lithosphere is set according to the oceanic plate
cooling model with an age of 40 Ma (Turcotte and Schubert,
2002). An initial temperature gradient of 0.5 °C/km is assigned
to the sub-lithospheric mantle.

2 NUMERICAL RESULTS

The sensitivity tests of model predictions to crustal eclogi-
tization are evaluated. Numerical models without or with eclo-
gitization of subducted oceanic crust and continental lower
crust are investigated at three successive stages involving ocea-
nic subduction, slab breakoff and continental subduction.

2.1 Model without Crustal Eclogitization
2.1.1 Oceanic subduction and initial continental collision
During oceanic subduction, the first order control on slab
dynamics can be attributed to a balance of driving forces and
resisting forces (e.g., Stevenson and Turner, 1977). The slab
pull force, regarded as the main driving force, is also believed
as a driving mechanism for plate tectonics (Schellart, 2004).
Deformation behaviour of the overriding plate is controlled by
the dynamic equilibrium of the slab pull that draws the over-
riding plate downward with the interplate buoyant force
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Figure 1. Stable metamorphic facies with regard to temperature and pressure (Leech, 2001). Averages estimated maximum fluid contents (vol%), seismic

velocities (km*s™) and densities (g*cm™) for granodioritic and basaltic compositions are contained to display buoyancy and H,O relationship. Arrows show

density increase accompanying various metamorphic transformations. Conductive temperature profiles of the Sierra Nevada and the basin and range are also

shown.
Table 2 Materials properties used in 2-D numerical experiments
Material Po k H; Flow law E n Ap V (J'MPa 'mol™)  sin(p) C
(kgm™)  (Wm'KH  (uW-m?) (kJ-mol™) (MPa™s™) (GPa)
807 - .
Sediments 2700 0.64+—— 2.0 Wet qua 154 23 32X10" 0 0.03 10
T+77 rtzite
Upper continental crust 2 700 0.64+>0. 1.0 Wet qua- 154 23 32%10° 8 0.15 10
T+77 rtzite
. 4 4 .
Lower continental 2000  L1g+ 025  Plagioclase 238 32 33X10° 12 015 25
crust T+77
807 - .
Upper oceanic crust 3100 0.64+ 0.25 Wet qua 154 23 32X10" 8 03 25
T+77 rtzite
Lower oceanic crust 3 100 1.18+ :Z; 0.25 Plagioclase 238 32 33%x10" 8 0.6 25
i ithos- 12
Continental lithos 3350 073+22 0022 Dryolivine 532 35 25%10' 10 0.6 67
pheric mantle T+77
icli i 12
Oceanic lithospheric 3370 073125 0.022  Dry olivine 532 35 2.5%10°" 12 0.6 67
mantle T+77
1293 .. 1
Asthenosphere 3 350 0'73+ﬁ 0.022 Dry olivine 532 35 2.5X10 10 0.6 67
1293 , "
Weak zone 3 200 0.73+ ™77 0.022 Wet olivine 137 1.9 2.0X10 0 0.03 67
Reference® 1 2 3 4 4 4 4 4 4 3

? 1. Bittner and Schmeling (1995); 2. Clauser and Huenges (1995); 3. Turcotte and Schubert (2002); 4. Ranalli (1995).

(Jischke, 1975). After subduction initiation, the subduction
angle gradually increases from 26° to ~50° (Fig. 3), by virtue of
slab pull resulting from the density contrast induced by temper-
ature difference between the slab and the surrounding asthe-
nospheric mantle. Both frontal and basal subduction erosion
can be observed. The former is confirmed by the presence of
sediments and continental crustal materials in the subduction

channel eroded off the overriding continent surface (Figs. 3b
and 3c). The latter is correlated with the obvious downward
migration and erosion of the overriding lithospheric mantle
adjacent to the slab upper surface (Fig. 3c).

After the termination of oceanic subduction at 6.6 Myr, the
pushing velocity assigned to the pro-continental plate is can-
celled and the subsequent geodynamic process at this stage is
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only driven by slab pull. However, without crustal eclogitiza-
tion, the average density of the slab is relatively small, which
accordingly results in a rather long duration time of ~25 Myrs
(Fig. 4) and a shallow depth of ~200 km for slab breakoff (Fig.
4d). Specifically, because of deficiency in slab pull force, a
long duration time is required to sufficiently weaken the slab,
especially the ocean-continent transitional zone, through ther-
mal conduction heating. In combination with the buoyant na-
ture of the continental lithosphere without lower-crust eclogiti-
zation, the pro-continental plate cannot continuously slide into
the asthenospheric mantle, which eventually causes the oceanic
slab to detach from the continental plate at a depth of ~200 km.
In addition, this stage is also characterized by the large-scale
exhumation of the subducted continental crust and strong up-
welling of the hot asthenospheric materials through the gap
between two plates (Fig. 4). Exhumation process of the sub-
ducted crustal materials can be divided into three stages: (1)
detachment of sediments from the upper crust and ascending to
the surface first (Fig. 4b), (2) detachment of upper crustal ma-
terials from the lower crust and ascending upward at a larger
depth (Fig. 4c), (3) and eventually detachment of lower crustal
materials from the subjacent lithospheric mantle at a asthenos-
pheric depth (Fig. 4d). Such exhumation processes are similar
to that in Zheng et al. (2013).

2.1.2 Post-collisional evolution

After detachment of the oceanic slab and resuming assign-
ing a pushing velocity of 4 cm/yr to the pro-continental plate,
active continental collision commences, which is treated as the
onset of the “hard collision” between two convergent continen-

tal plates. During continental subduction, most sediment mate-
rials are scraped off the downgoing pro-continental plate, and
accumulate in the accretionary wedge (Fig. 5a). The bulk of
crustal materials can slide into the asthenosphere with the sub-
jacent lithospheric mantle (Fig. 5b). Subsequently, the subduc-
tion angle gradually decreases in correlation with an increasing
amount of the buoyant continental crust entering the asthenos-
phere (Figs. 5c and 5d). At the same time, some subducted
crustal materials begin to detach from the slab and move up
vertically until they collapse at the bottom of the overriding
lithospheric mantle (Figs. Sc and 5d). The continuous underth-
rusting of the pro-continental lithosphere with a low subduction
angle makes hot asthenospheric materials squeezed out and
replaced by the relatively cold continental slab, restraining the
development of the large-scale magmatism within the overrid-
ing plate. However, the accumulation of highly radiogenic se-
diments materials accompanying strong shear heating due to
continuous continental subduction favors rising of isotherms in
the accretionary wedge (Fig. 5d), which can greatly facilitate
the development of crustal partial melting and thermal meta-
morphism in this orogenic zone.

2.2 Model with Crustal Eclogitization

Except that crustal eclogitization is involved, all the other
parameters of this model remain identical to that of the above
model.

2.2.1 Oceanic subduction and initial continental collision
After subduction initiation, the slab dip angle gradually in-
creases from 26° to ~65° (Fig. 6), resulting from the increasing
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Figure 2. Initial setup of numerical modeling in this study. (a) Initial model configuration with temperature (isotherms in °C) and boundary conditions (in

yellow). (b) The zoomed domain illustrating the initial structure of the subduction zone. A weak zone is prescribed in the mantle lithosphere to initiate the

continental subduction.
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Figure 3. Evolution of the model without crustal eclogitization during oceanic subduction at time of (a) 1.7 Myr, (b) 4.3 Myr and (c) 6.6 Myr within an

enlarged 1 400x400 km domain of the initial 2 800x1 400 km model. Colors of rocks are identical to those in Fig. 2. While numbered lines are isotherms in °C.

slab pull force due to eclogitization of the subducted oceanic
crust. Both frontal and basal subduction erosion can be ob-
served during oceanic subduction, which are separately corre-
lated with the presence of continental crustal materials in the
subduction channel eroded off the fore-arc wedge surface (Figs.
6b and 6¢) and the obvious downward migration and erosion of
the overriding lithospheric mantle adjacent to the slab upper
surface (Fig. 6¢). The closure of the ocean basin, as shown in
Fig. 6c, indicates the termination of oceanic subduction and the
commencement of continental collision.

In contrast to the model without crust eclogitization, the
pro-continental plate still undergoes continuous subduction
after the termination of oceanic subduction at 5.4 Myr, driven
by the increasing slab pull due to eclogitization of subducted
oceanic crust. Some continental crustal materials can be
dragged to sink to a depth of >200 km (Figs. 7a and 7b). Sub-
sequently, the opposing buoyancy forces, resulting from the
dense oceanic slab and buoyant continental lithosphere, lead to
extensional deformation in the ocean-continent transitional
zone, which therefore induces a narrow rifting at 8.9 Myr (Fig.
7b) and eventually causes slab breakoff at a depth of ~300 km
at 11.5 Myr (Fig. 7c). The slab breakoff instantly triggers as-
thenosphere upwelling beneath the collision zone, impinging
on the overriding lithospheric mantle. The resultant thermal

perturbation is potentially able to lead to large-scale partial
melting of the subducted continental crust in the subduction
channel.

2.2.2 Post-collisional evolution

In order to investigate the effects of crustal eclogitization
on the continental collision process, the end result of the ocea-
nic slab breakoff is used as the starting model but with a con-
vergence velocity of 4 cm/yr assigned to the pro-continental
lithosphere. Eclogitization of the subducted continental lower
crust increases the average density of the continental slab and
exerts a negative buoyancy force on the slab, which therefore
causes the pro-continental lithosphere to sink to a greater depth,
compared with the model without crustal eclogitization. During
the continental subduction, the majority of the upper crustal
materials are scraped off the downgoing continental slab to
accrete in the collision zone, in accompany with obvious
burial/exhumation processes (Figs. 8a and 8b). The remaining
subducted upper crustal materials located in the lower part of
the subduction channel are gradually detached from the slab at
asthenospheric depths, indenting into the mantle wedge and
forming a compositionally buoyant plume at the bottom of the
overriding lithospheric mantle (Figs. 8a and 8d). In addition,
the accumulation of highly radiogenic sediments and upper
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Figure 4. Evolution of the model without crustal eclogitization from initial
continental collision to slab breakoff at time of (a) 12.7 Myr, (b) 20.4 Myr,
(c) 28.0 Myr and (d) 37.5 Myr within an enlarged 1 000x400 km domain of
the initial 2 800x1 400 km model. Colors of rocks are identical to those in

Fig. 2. While numbered lines are isotherms in °C.

continental crustal materials at the active margin, along with
the strong shear heating due to continuous continental subduc-
tion, contribute to rising of isotherms in the accretionary wedge
(Fig. 8d), which can greatly facilitate the crustal partial melting
and thermal metamorphism. Eclogitization of the lower crust of
the pro-continental plate not only makes the lower crust sink to
a larger depth, but also causes a higher subduction angel during
the pro-collisional stage.

3 DISCUSSION
3.1 Effects of Crustal Eclogitization on Subduction/
Collision Dynamics

To first order, slab dynamics is regarded as a result of the
balance of gravitational and hydrodynamic torque. The former
tends to pull the slab downward, but the latter induces the slab
to move upward to lower the subduction angle. Eclogitization
of subducted oceanic crust and continental lower crust directly
increases the average density and accordingly the gravitational
torque of the subducting slab, which can make the slab sink
deeply and steeply. On the basis of numerical results, effects of
crustal eclogitization on plate dynamics are demonstrated in
three different stages: oceanic subduction, oceanic slab brea-
koff, and continental subduction.

1400
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2200

Figure 5. Evolution of the model without crustal eclogitization during
continental subduction at time of (a) 5.6 Myr, (b) 10.5 Myr, (c) 14.7 Myr
and (d) 19.3 Myr within an enlarged 1 000x400 km domain of the initial
2 800x1 400 km model. The end result of oceanic slab breakoff is used as
the starting situation but with a pushing velocity of 4 cm/yr during this stage.
Colors of rocks are identical to those in Fig. 2. While numbered lines are

isotherms in °C.

During oceanic subduction, the increasing slab pull force
due to oceanic crustal eclogitization makes the slab subduct not
only with an increasing dip angle but also with an increasing
convergence velocity. After the initial continental collision,
eclogitization of subducted oceanic crust and continental lower
crust has a significant effect on the subsequent geodynamic
evolution. Crustal eclogitization exerts a larger pull force on the
subducting slab in comparison with that in the model without
crustal eclogitization, and therefore greatly facilitates the rapid
detachment of oceanic lithosphere from continental lithosphere.
In this study, the duration time for slab breakoff after the initial
continental collision in the model with crustal eclogitization is
~20 Myrs less than that in the model without crustal eclogitiza-
tion (cf., Figs. 4 and 7). Moreover, in combination with eclogi-
tization of continental lower crust, the pro-continental lithos-
phere can continuously sink to the asthenospheric depth, which
at the same time increases the depth of slab breakoff (Fig. 7). In
addition, as for the model without crustal eclogitization, ocea-
nic slab breakoff is also accompanied with the large-scale ex-
humation of the subducted continental crust and subsequent
strong upwelling of the hot asthenospheric materials through
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Figure 6. Evolution of the model with crustal eclogitization during oceanic subduction at time of (a) 1.7 Myr, (b) 2.9 Myr and (c) 5.4 Myr within an enlarged 1
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the gap between two plates (Fig. 4), which are also reflected in
the topographic evolution. Mountain building keeps rather
actively at this stage; especially around the time of slab brea-
koff, an abrupt large-scale uplift of the collision zone is rec-
orded (Fig. 9a). Regarding the model with crustal eclogitization,
deformation behaviour and topography of the collision zone is
dominated by the downward sinking of the slab due to its nega-
tive buoyancy from the initial continental collision to slab
breakoff and the corresponding orogenic process is inactive,
even the topography around slab breakoff is relatively low and
the orogen is narrow (Fig. 9b).

During continental subduction mainly driven by the push-
ing velocity assigned to the pro-continental plate, eclogitization
of subducted continental lower crust exerts a downward pull
force on the continental slab, which beneficially makes the
pro-continental plate sink smoothly into the asthenosphere.
Similar to the stage of oceanic subduction, crustal eclogitiza-
tion during continental subduction not only significantly in-
creases the subduction angle, causing the continental crustal
materials to sink to a great depth, but also increases the con-
vergence velocity attributed to the negative buoyancy of the
eclogitized crustal materials. Topographic evolution during this
stage is strongly correlated with the formation of accretionary
wedge and deformation behaviour of the overriding continental
plate (Fig. 9). The latter is greatly affected by the subduction
angle. Specifically, a low subduction angle directly increases
the length of the subduction channel and accordingly the shear

stresses exerted on the overriding plate, which causes strong
deformation of the overriding continent in the collision zone.
The collisional area with an altitude of >1 000 m lengthens
with continental subduction, and reaches ~400 km within ~20
Myrs in the model without crustal eclogitization (Fig. 9a);
however, the collisional area almost keeps constant with a length
of ~250 km during continental subduction under the condition of
crustal eclogitization (Fig. 9b).

3.2 Thermal and Topography Evolution on the India-Asia
Early Collision

It is generally accepted that the high and uniform elevation
of the Tibetan plateau is caused by crustal thickening in re-
sponse to India-Asia collision since the early Cenozoic (e.g.,
Searle et al., 2011; Hodges, 2000; Yin and Harrison, 2000). The
plateau has been considered as the most prominent laboratory
for exploring the continental collision mechanism (Molnar et
al., 1993; Allegre et al., 1984) and climatic changes (Yao et al.,
2013; Molnar et al., 1993). A large number of speculative hy-
potheses on the Tibetan evolution have been proposed, e.g.,
crustal shortening and thickening (England and Houseman,
1986), eastward strike-slip extrusions of SE Asia (Li et al,,
2013; Tapponnier et al., 2001, 1982), underthrust of the Indian
lithosphere beneath Asia (Li et al., 2011; Haines et al., 2003;
DeCelles et al., 2002; Chemenda et al., 2000; Owens and Zandt,
1997; Powell, 1986; Klootwijk et al., 1985), destabilization and
collapse of the tectonically thickened lithospheric root (Chung
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et al., 2009, 2005; Platt and England, 1994; Houseman et al.,
1981), northward crustal injection model (Chemenda et al.,
2000; Zhao and Morgan, 1985), and southward subduction of
the Asian lithosphere beneath Tibet (Paul et al., 2001; Roger et
al., 2000; Willett and Beaumont, 1994). Recent geological,
geophysical and geochemical studies suggest that the Tibetan
Plateau possesses lateral variations of the subduction-related
mantle structure (e.g., Chen Y et al., 2015; Chen L et al., 2013;
Liang et al., 2012; Searle et al., 2011; Zhao W et al., 2011;
Zhao J et al., 2010; Li et al., 2008; Yang et al., 2015) and tem-
poral-spatial variations in post-collisional magmatism(e.g.,
Wang R et al., 2015; Zhang et al., 2014; Zhu et al., 2013;
Chung et al., 2005, 2003; Ding et al., 2003), which indicate that
the Tibetan Plateau might have been deformed through com-
plex tectonic events.

According to our numerical models, during oceanic
subduction, the downgoing slab experiences significant
thermal- conduction heating, logically inducing dehydration
of the hydrous minerals in the slab and partial melting of the
subducted slab. Subsequently, partial melting of the overrid-
ing metasomatic mantle induces extensive magmatism,
which will gradually move upward into the overriding crust
resulting in the development of abundant crust-derived rocks,
as observed in South Tibet (Zhu et al., 2013; Chung
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Figure 8. Evolution of the model with crustal eclogitization during
continental subduction at time of (a) 5.4 Myr, (b) 9.9 Myr, (c) 14.6 Myr and
(d) 18.6 Myr within an enlarged 700x400 km domain of the initial
2800x1400 km model. The end result of oceanic slab breakoff is used as the
starting situation but with a pushing velocity of 4 cm/yr during this stage.
Colors of rocks are identical to those in Fig. 2. While numbered lines are

isotherms in °C.

et al., 2005). Following the closure of the ocean basin, conti-
nental collision commences and the oceanic slab is subse-
quently detached from the pro-continental lithosphere. How-
ever, the duration time from the initial continental collision to
slab breakoft depends on the slab pull force. Numerical re-
sults indicate that eclogitization of subducted crustal mate-
rials can greatly decrease this duration time but increase the
breakoff depth at the same time. In addition, no matter
whether the model contains crust eclogitization or not, ocea-
nic slab breakoff can significantly promote exhumation of the
subducted continental crustal materials and asthenospheric
upwelling, inducing a considerable heating in the collision
zone. Our numerical results reasonably explain the flare-ups
of the Gangdese igneous rocks in South Lhasa and rapid ex-
humation of the subducted continental crust at ~50 Ma

?1994-2016 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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in response to the slab breakoff (Wang Y et al., 2015, 2014;
Chung et al., 2005). Meanwhile, the altitude of the collision
zone can sharply increase by ~1 000 m in response to the slab
breakoff (Fig. 9). The result indicates that the oceanic slab
breakoff would lead to a substantial amount of topographic
uplift in southern Tibet, similar to that proposed by Chung et al.
(2005).

During continental subduction, the slab dip angle is closely
correlated with eclogitization of subducted continental lower
crust, which regulate the slab average density and the slab
buoyancy nature. Thus, it is possible that the lateral variations
of the eclogitization degree of the subducted Indian crust might
to some extent contribute to the lateral variations of subduction
angel along the Himalayan orogenic belt (Chen et al., 2015; Li
et al., 2008). When crustal eclogitization takes place hardly or
incompletely, the pro-continental plate will subduct shallowly,
as shown in Fig. 5. Under this condition, the shallow continen-
tal slab squeezes part of the hot asthenospheric materials out of

the mantle wedge, subsequently cooling the overriding lithos-
pheric mantle. Such scenario might account for the relatively
rare igneous activity at ~30-50 Ma in South Tibet. In addition,
this process also illustrates the building of the Himalaya, attri-
buted to the combined effects of lateral accretion of the scraped
Indian continental crustal materials and upwarping of the over-
riding plate, the high-grade metamorphism in the accretionary
wedge and rapidly widespread exhumation of the Indian crustal
materials (Yin, 2006). However, as a relatively simplified pre-
and post-continental collision model without consideration of
long term complicated and evolving tectonic activity, our mode
results can only provide limited implications for topographic
evolution of the Tibetan Plateau during the post-collisional
stage.

4 CONCLUSION
In this study, the sensitivity tests of model predictions to
crustal eclogitization are evaluated. Effects of eclogitization of
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subducted oceanic crust and continental lower crust are inves-
tigated at three successive stages of oceanic subduction, slab
breakoff, and continental subduction, respectively. Crustal ec-
logitization directly increases the average slab density and the
net slab pull force, causing the slab to subduct deeply and
steeply. Numerical results demonstrate that the eclogitization of
subducted crustal materials not only can greatly decrease the
duration time from the initial continental collision to slab
breakoff, but also can increase the breakoff depth. The detach-
ment of oceanic slab from the pro-continental lithosphere is
accompanied by rapid exhumation of the subducted continental
crust and a sharp uplift of the collision zone, in response to
disappearance of the downward drag force and the induced
asthenospheric upwelling. During continental subduction, the
slab dip angle is closely correlated with eclogitization of sub-
ducted continental lower crust, which influences the thermal
and topographic evolution of the collision zone. Our numerical
results provide important implications for the thermal and to-
pographic evolution at the early stage of India-Asia collision. It
is proposed that the lateral variations of the eclogitization de-
gree of the subducted Indian crust might to some extent contri-
bute to the lateral variations of subduction angel along the Hi-
malayan orogenic belt.
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