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The eastern Tibetan margin is characterized by a steep topographic gradient and remarkably lateral varia-
tions in crustal/lithospheric structure and thermal state. GPS measurements show that the surface conver-
gence rate in this area is strikingly low. How can such a mountain range grow without significant upper
crustal shortening? In order to investigate the formation mechanism of the eastern Tibetan-type margins,
we conducted 2D numerical simulations based on finite difference and marker-in-cell techniques. The nu-
merical models were constrained with geological and geophysical observations in the eastern Tibetan mar-
gin. Several major parameters responsible for topography building, such as the convergence rate, the
erosion/sediment rate, and the presence of partially molten crust, were systematically examined. The results
indicate that the presence of partially molten material in the middle/lower crust can make a positive contri-
bution to the formation of steep topography, but it is not a necessary factor. A steep topographic gradient may
be a characteristic feature when a thin lithosphere with thick crust converges with a thick lithosphere with
thin crust. In the context of a high erosion rate, the Longmen Shan range still gains and maintains its steep
high topography to the present. This could be explained by exerting a large push force on Tibet side. Our nu-
merical experiments suggest that topographic characteristic across the eastern Tibetan-type margins is main-
ly derived from isostatic equilibration forces and intensive convergence between two continental
lithospheres with totally different rheological properties.

© 2013 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

It is widely believed that the Cenozoic collision between Eurasian
and Indian plate has created the largest and highest plateau on Earth
known as the Tibetan Plateau, although the starting time and process
of the collision are still debated (Dewey et al., 1988; Molnar et al.,
1993; Yin and Harrison, 2000; Johnson, 2002; Chung et al., 2005;
Aitchison et al., 2007; Molnar & Stock, 2009; Aitchison et al., 2011;
Searle et al., 2011; Xia et al., 2011; Dai et al., 2012; van Hinsbergen et
al., 2012; Xu et al., 2012). The Tibetan Plateau is the largest region of
high elevation (average 5023 m; Fielding et al., 1994) and extremely
thick crust (60–70 km thick; Molnar, 1988; Zhang & Klemperer, 2010;
Mechie et al., 2011; Zhang et al., 2010; Z. Zhang et al., 2011; Z.J. Zhang
et al., 2011a, 2011b; Zhang et al., 2012) in the world. Despite its great
elevation, the interior of the plateau is remarkably flat (Fielding et al.,
1994).
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In contrast to the flat hinterland, the eastern margin of the Tibetan
Plateau, where the Longmen Shan (LMS) rangemarks the boundary be-
tween the Sichuan Basin and eastern Tibet, is characterized by a steep
topographic transition separating the low-elevation Sichuan Basin and
the high-elevation but low-relief plateau (Fig. 1). Although this margin
is not the highest one among all margins surrounding the plateau, it ex-
hibits the greatest topographic gradient among all the margins of the
plateau, both at the moderate scale of individual mountain slopes and
large scale of topography averaged over 10 km (Liu-Zeng et al., 2008).
The elevation rises from ~500 m in the Sichuan Basin to over 4000 m
in eastern Tibet, which occurs just over a distance less than 50 km
across the LMS. In comparison with the Himalayas, the surface conver-
gence rate across the LMS range revealed byGPSmeasurements is strik-
ingly low (less than 3 mm/a) (Chen et al., 2000; Gan et al., 2007). If
there is no significant young crustal shortening in the eastern Tibetan
margin region, then how was the LMS built up? To date, several com-
peting models have been proposed to understand its formationmecha-
nism (Fielding and McKenzie, 2012). Tapponnier et al. (2001)
presented crustal shortening model, which argues that thrust faulting
and crustal shortening are the primary driver for the uplift of the LMS.
Another popular proposal postulates that inflation of the ductile lower
curst beneath the plateau edge by the lower crust channel flow
Published by Elsevier B.V. All rights reserved.
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Fig. 1. Topographic map of the eastern margin of the Tibetan Plateau. The yellow star denotes the epicenter of the Wenchuan earthquake (Ms=8.0). The red lines represent the
main faults in this region. The dash white line indicates the location of an actual topography profile. The inset image in the top left corner is a map of the Tibetan Plateau and
its surrounding area, in which arrows indicate GPS vectors (Gan et al., 2007).
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evacuated from the central plateau leads to uplift of the LMS (Royden et
al., 1997; Clark and Royden, 2000; Meng et al., 2006; Burchfiel et al.,
2008). Although this model is compatible with a number of geophysical
observations (Wang et al., 2007; Bai et al., 2010; Chen et al., 2012), it has
been challenged by several recent studies. Hubbard and Shaw (2009)
used balanced geologic cross sections to show that crustal shortening
and topography are strongly correlated in the LMS front, which suggests
that crustal shortening is a primary driver for the uplift of the LMS and
lower crustal flow model is not required to produce this mountain
range. A precise analysis of the Tibetan Plateau topography indicates
that on the eastern margin some thrusts have localized the shortening
and the topographic profile shows some steps corresponding to thrusts,
not compatible with the prediction (smooth topography profile) of the
lower crust flow model (Liu-Zeng et al., 2008).

Recent seismic studies reveal great variations in crustal and litho-
spheric structure exist between eastern Tibet and the Sichuan Basin
(Wang et al. 2007; Robert et al. 2010; Zhang et al., 2009, 2010). The
crustal thickness decreases from ~60 km beneath eastern Tibet to
~40 km beneath the Sichuan Basin with an abrupt Moho offset as
large as 15–20 km beneath the LMS (Zhang et al. 2009; Robert et al.
2010). These observations suggest that there are significant crustal/
lithospheric structural differences and likely rheological differences
between the Sichuan Basin and eastern Tibet, and thus lead to an im-
portant question on the nature of mountain building processes: How
can such a steep topography be attained and be maintained in the
context of the collision of two plates with great differences in the
crustal/lithospheric structure?

In order to address the above question, it is essential to explore
how continental lithospheres with differing lithospheric architecture
and rheological properties behave when subjected to convergence.
Numerical modeling is the ideal approach to investigate this. Previ-
ously, numerous authors have explored the formation mechanism of
the Tibetan Plateau with numerical modeling methods (England and
McKenzie, 1982; England and Houseman, 1986; Houseman and
England, 1993; Royden et al., 1997; Clark and Royden, 2000; Liu and
Yang, 2003; Yang and Liu, 2009). However, such studies were gener-
ally based on a thin viscous sheet model or an assumption of a New-
tonian fluid crust with different choices of rheology law and
boundary conditions on stress and velocity. Although these models
can explain some first-order observations, they cannot incorporate
various well-constrained data into modeling and thus cannot account
for more complex observations due to their oversimplification. In
this study, we use a petrological–thermomechanical numerical code
(i.e. I2VIS) developed by Gerya and Yuen (2003a), which can model
complex realistic petrological and rheological behavior of the conti-
nental lithosphere, to investigate the formation mechanism of the
eastern Tibetan-type margin. Unlike previous studies (Royden et al.,
1997; Clark and Royden, 2000; Clark et al., 2005a), we constrain our
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models with a variety of observations, including current crustal and
lithospheric structure revealed by seismic methods, erosion and sed-
iment rates derived from thermochronological studies, and rheologi-
cal parameters extrapolated from laboratory studies. The modeling
results are assessed by comparing model-predicted topographies to
an observed topography profile across the LMS (see Fig. 1).

2. Numerical model

2.1. Geological and geophysical basis for the model setup

2.1.1. Hot eastern Tibet and cold Sichuan Basin
P-wave tomography reveals a seismically fast structure beneath the

SichuanBasin extending to ~250 kmdepth (Li et al., 2006, 2008), which
indicates that the basin is underlain by a deeply rooted, probably cold,
craton-like lithosphere. In contrast, above ~250 km depth, the eastern
Tibet region is seismically slow, probably reflecting lower mechanical
strength and elevated temperatures in the lithosphere (Li et al., 2006,
2008, 2012a). Alkali-rich magmatic rocks that were erupted in this re-
gion from early Cenozoic to Pliocene time have melt temperatures in
excess of ~1300 °C at depths of 80–100 km, indicating anomalously
high temperatures at the base of, and probably throughout, the crust
of the eastern Tibetan Plateau (Holbig & Grove, 2008). Therefore, the
lithosphere beneath eastern Tibet has probably been quite thin
throughout the Cenozoic. Recent heat flowmeasurements in the region
show that the heat flow in eastern Tibet can reach 95 mW/m2, while
the heat flow in the Sichuan Basin only ranges from 35.4 to 68.8
95 mW/m2 with an average of 53.2 mW/m2 (Yuan et al., 2006; Xu et
al., 2011). In addition, 2-D flexural modeling shows the effective elastic
thickness of the lithosphere beneath eastern Tibet is much lower than
that beneath the Sichuan Basin (Braitenberg et al., 2003; Jiang and Jin,
2005; Fielding and McKenzie, 2012). These observations together with
the fact that the Sichuan Basin was mostly not affected by the Mesozoic
and Cenozoic deformations that affected the surrounding zones
(Burchfiel et al., 1995) suggest that the lithosphere beneath the Sichuan
Basin is cold and mechanically strong compared to eastern Tibet.
According to these observations, we designed themodel setup to ensure
that the geothermal gradient (cf. distribution of isotherms in Fig. 2) for
the left side representing eastern Tibet (Songpan-Ganze terrane) is hot-
ter than the one for right side representing the Sichuan basin.

2.1.2. Crustal and lithospheric structure
Recent seismic studies carried out in eastern Tibetan margin pro-

vide detailed information on crustal and lithospheric velocity and
structure (Wang et al., 2007; Zhang et al., 2009; Zhang et al., 2010;
Robert et al., 2010). A low seismic velocity zone is commonly found
in the crust beneath the eastern Tibet, while this low velocity zone
does not appear in the crust of the adjacent Sichuan Basin (Wang et
Fig. 2. Reference model. The color code represents the different rock types, with: 0-sticky air
tle; 10-asthenosphere; 12-weak zone mantle; 25-partially molten continental crust. The red
in Celsius.
al., 2007; Lei and Zhao, 2009). This is considered as an important ev-
idence for the existence of a lower crustal channel beneath the east-
ern Tibet. The crustal thickness decreases from ~60 km beneath
eastern Tibet to ~40 km beneath the Sichuan Basin. There is an abrupt
15–20 km Moho offset directly below the LMS (Zhang et al., 2009;
Robert et al. 2010), which marks the boundary between the eastern
Tibet and the Sichuan Basin. A recent seismic receiver function
study shows that the lithospheric thickness beneath the eastern
Tibet is about 30 km thinner than beneath the Sichuan Basin (Zhang
et al. 2010). Zhang et al. (2010) suggested that the eastern Tibetan
mantle lithosphere might have been partially removed by convective
flow of the underlying asthenosphere. This convective-removal
model may provide a heating mechanism for the presence of a weak
middle/lower crust beneath eastern Tibet assumed in our model (cf.
lithological structure of the model in Fig. 2) and perhaps also cause
some surface uplift due to the isostatic rebound. The observations of
the crustal/lithospheric structure in the LMS region provide solid con-
straints on our model setup.

It should be pointed out that the initial configuration of our model is
established on the basis of the present-day rather than past crustal/
lithospheric structure in the eastern Tibetan margin region. In the ab-
sence of firm constraints on the past lithospheric structure beneath
eastern Tibet, its current structure has been used as a guide to the
past. Although we cannot be certain of past lithospheric structures,
the following arguments support the validity of our model:

1) The Sichuan Basin is the western part of the Yangtze craton, and
geological observations demonstrate that the Sichuan Basin was
mostly not affected by the Mesozoic and Cenozoic orogeny that af-
fected the surrounding regions (Burchfiel et al., 1995). Therefore,
we have good reason to justify that the crustal architecture of
the Sichuan Basin before the uplift of the Longmen Shan was basi-
cally similar to its present-day structure.

2) The focus of our study is to investigate the formation mechanism
of the eastern Tibetan margin topography with numerical model-
ing method, thus the models are supposed to evolve from the be-
ginning of the uplift of the LMS. According to a series of
low-temperature thermochrological studies carried out in the
Longmen Shan and adjacent regions, the present high topography
of the Longmen Shan and the eastern Tibetan Plateau was not de-
veloped until the Late Cenozoic (Arne et al., 1997; Kirby et al.,
2002; Clark et al., 2005b; Burchfiel et al., 2008; Godard et al.,
2009a, 2009b; Li et al., 2012b; Wang et al., 2012). Furthermore,
Wallis et al. (2003) demonstrated the existence of a previously
unknown region of ca. 65 Ma Barrovian-type metamorphism in
central Longmen Shan, suggesting that the crust beneath the
Longmen Shan was already thick at the time of the India–Asia col-
lision and only minor post-collisional deformation is needed to ac-
count for the present thickness, which indicates that the crust
; 4-sediment; 5-upper continental crust; 6-lower continental crust; 9-lithospheric man-
arrow denotes the direction of convergence force. White lines are isotherms measured



Table 1
Description of numerical experiments.

Model
name

Weak
zone

Convergence
rate (cm/a)

Erosion rate
(mm/a)

Sediment rate
(mm/a)

Partially
molten crust

chan01 Yes 2.5 0.5 0.3 Middle crust
chan02a Yes 2.0 0.5 0.3 Middle crust
chan02b Yes 1.5 0.5 0.3 Middle crust
chan02c Yes 1.0 0.5 0.3 Middle crust
chan02d Yes 0.5 0.5 0.3 Middle crust
chan03a Yes 2.0 0.0 0.0 Middle crust
chan03b Yes 2.0 1.0 0.6 Middle crust
chan03c Yes 2.0 0.8 0.6 Middle crust
chan03d Yes 2.0 0.6 0.6 Middle crust
chan04 Yes 2.5 0.5 0.3 No
chan05 Yes 0.0 0.0 0.0 Middle crust
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beneath eastern Tibet has probably been thickened before the up-
lift of the LMS. Although it is still controversial that high-grade
metamorphism indicates crustal thickening (Maidment et al.,
2013), we follow their interpretation as a guide to the past crustal
structure beneath eastern Tibet.

2.1.3. Properties of weak lower crust
The steep topography of the eastern plateau margin was previously

supposed to be the direct result of crustal thickening by weak, lower
crustal material evacuated from beneath the central plateau (Royden
et al. 1997; Clark & Royden, 2000). Gradients in crustal thickness vary-
ing from ~70 km thick beneath the central plateau to the ~35 km thick
beneath the Sichuan basin are considered to be the driving force for
lower crust flow (Clark et al., 2005a).

According to recent seismic (Wang et al., 2007, 2010; Bai et al., 2011)
andmagnetotelluric studies (Bai et al., 2010) in this region, there are low
seismic velocity and high electrical conductivity zones at middle/lower
crustal level in eastern Tibet. These observations are considered as strong
evidences for the capability of the lower crust flowing beneath eastern
Tibet. It was inferred that the low velocity and high conductivity zones
found in the middle/lower crust are composed of partially molten mate-
rial with low viscosity (Royden et al., 1997; Burchfiel et al., 2008). Thus,
its mechanical strength is supposed to be weak. Despite some authors
had estimated the viscosity of the lower crust beneath the eastern
Tibet, which varied from 1018 to 1021 (Clark and Royden, 2000; Clark
et al., 2005a; Copley and McKenzie, 2007), many other properties of
this weak layer are not yet well understood. Its origin, if it really exists,
is unclear as well. Thus, in this study, we explore two end members,
one containing a partially molten felsic layer within the middle/lower
crust (cf. greeny brown-colored crustal region in Fig. 2), the other
without such a layer, to investigate its effect on the topography
building. In our model, a partially molten felsic crust spontaneously has
a low viscosity and weak mechanical strength due to its realistic
rheological properties (see Table 3).

2.2. Numerical method

The numerical investigations were conducted in two dimensions
using the petrological–thermomechanical code I2VIS (Gerya and Yuen,
2003a, 2007). This code solves the momentum and heat equation based
on staggered grid conservative finite differences and a non-diffusive
marker-in-cell technique taking into account realistic visco-plastic rheol-
ogies (Gerya and Stockhert, 2006). This methodology has been wide-
ly applied to the numerical modeling of a variety of geodynamic
problems (Gerya et al., 2004a, 2004b; Gerya & Stockhert, 2006;
Gerya et al., 2008; Duretz et al., in press). A thermodynamic database
is implemented in the code and accounts for phase transformations
and partial melting for different lithologies. A detailed description
of the equations and numerical techniques employed in our study
is given in Appendix A.

The experiments were performed in a 4000∗1500 km domain. The
non-uniform 1361∗351 rectangular grid is designed with a resolution
varying from 1∗1 km in the zone of interest (i.e. the interacting zone be-
tween the two lithospheric domains in Fig. 2) to 10∗10 km in the zones
beside it. The velocity boundary conditions are free slip at all the bound-
aries, except at the lower boundary, which is treated as a permeable
boundary satisfying an external (i.e. remote) free slip boundary condition
(Burg and Gerya, 2005). The upper thermal boundary is set to a constant
temperature and the lower thermal boundary is set to an external con-
stant temperature condition that simulates an additional mantle volume
present below the bottom of the model. Both lateral thermal conditions
are insulating.

The top surface of the crust is calculated dynamically as an internal
quasi free surface by employing a sticky air layer of low viscosity
(1019 Pa s) and low density (1 kg/m3). The validity of this weak layer
approach for approximating the free surface has recently been tested
and confirmed (Schmeling et al., 2008). The interface between this
weak layer and the top of crust deforms spontaneously and is treated
as an internal erosion-sediment surface that evolves according to the
transport equation solved (gross-scale erosion-sediment law) at each
time step (Gerya and Yuen, 2003b, also see Appendix A). In thismanner,
topography can spontaneously grow and evolve with time.

3. Results

Eleven numerical experiments were performed to investigate the in-
fluence of: (1) the convergence rate; (2) the erosion/sediment rates and
(3) the existence of partially molten middle/lower crust on mountain
building. The configurations and parameters are shown in Tables 1 and 2.

3.1. Reference model

The lithology structure of the reference model (see Fig. 2) was
designed mainly based on results derived from the seismic studies
performed in eastern Tibet region. A number of evidences indicate
that the eastern Tibet block (Songpan-Garze terrane) is significantly dif-
ferent from the Sichuan Basin both in structure and composition and
such differences might have existed throughout the Cenozoic (Yin,
2010). The crustal thickness and thermal state in eastern Tibet were
inherited from the Tibetan Plateau, while the Sichuan Basin is a stable
stiff block and didn't deform much during Cenozoic (Burchfiel et al.,
1995). Therefore, the differences between these two blocks have
existed for a long time. Geological observations demonstrate that
there are four sub-parallel NE-SW trending thrust faults separating
eastern Tibet from the Sichuan basin in front of the Longmen Shan
(Burchfiel et al., 1995; see Fig. 1). In order to keep consistent with geo-
logical observations and distinguish these two different lithospheres at
depth, we impose a weak zone in the mantle between the two plates
(Fig. 2). The dip angle of the weak zone is grossly consistent with the
observed thrust fault (Burchfiel et al., 2008). We also tested a model
without such a weak zone. It was observed that the weak zone just
slightly affects the initial temperature field, but it has no significant in-
fluence on the build-up of the topography. For geological consistency,
we keep such a weak zone in our models.

The thickness of the sticky air used in the model is 50 km, which is
chosen to avoid the potential traction effect of the sticky air (Schmeling
et al., 2008). The left part of the referencemodel, representing the eastern
Tibet, is composed of a 1 km-thick sediment layer, a 19 km-thick quartz-
ite upper crust, a 10 km-thick partially molten middle crust (wet quartz-
ite, see Table 3), a 20 km-thick lower crust and 50 km-thick lithospheric
mantle, while the right part of the reference model, representing the Si-
chuan Basin, is composed of a 4 km-thick sediment layer, 11 km-thick
upper crust, a 25 km-thick lower crust, and a 80 km-thick lithospheric
mantle (Fig. 2). The rheological parameters of each layer are shown in
Table 3. A fixed convergence rate (2.5 cm/a), which was varied in
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different numerical experiments (see Section 3.2), is imposed only at the
left margin of the Tibet plate, while the right plate is immobile at the
beginning.

Fig. 3 shows the evolution of the reference model (i.e., chan01 in
Table 1). The crust and lithosphere on the left side are visibly thick-
ened and buckled due to the obstruction of the rigid Sichuan plate
on the right side (see Fig. 3a′–c′). A fold-and-thrust structure is
formed within the upper crust at the conjunction zone between the
two plates (Fig. 3), which is consistent with the interpretations of
the seismic reflection profiles across the LMS (Li et al., 2010). The par-
tially molten middle crust is accumulated at the interface of the two
parts and moves upward (see Fig. 3b′–c′) at the later stages.

Because the left side is initially set to be hotter than the right side, the
viscosity on the left side is lower than that at a similar depth on the right
side, especially at the level of the middle crust in the left part where the
material is partially molten due to the hotter geothermal gradient (see
Fig. 3a). Cook and Royden (2008) mentioned that an important conse-
quence of the existence of a weak lower crust is the potential decoupling
between themantle and the upper crust. However, ourmodeling demon-
strates that the presence of a partially molten middle crust, which has a
low viscosity relative to the surrounding material, does not unambigu-
ously cause the decoupling of the upper crust from the lower crust (see
velocity vectors shown in Fig. 3b–c). This is consistent with the result re-
vealed by seismic anisotropy studies, showing the deformations of the
crust and lithospheric mantle are coupled in the eastern Tibet region
(Lev et al., 2006; Wang et al., 2008; Chen et al., 2012). Several authors
have estimated viscosity of crust channel flow quantitatively (Clark and
Royden, 2000; Clark et al., 2005a; Copley and McKenzie, 2007). Clark et
al. (2005a) obtained the value of 1021 Pa.s for the eastern Tibet margin.
The viscosity values at mid crustal level on the left side, shown in
Fig. 3a–c, are consistent with this estimation. Furthermore the viscosity
in the middle crust here evolves with time and is pressure- (i.e. depth-)
and temperature-dependent rather than having a constant value for the
whole crust channel (Clark and Royden, 2000).

The continuous convergence, where the convergence rate is 2.5 cm/a,
between these two blocks produces contrasting topographies, as shown
Table 3
Rheological parameters of material used in this study. η is the reference viscosity; n is the st
angle; C is the cohesion.

Material Flow law η(MPan S)

Sediment Wet quartzite 1.97×1017

Upper continental crust Wet quartzite 1.97×1017

Lower continental crust Plagioclase (An75) 4.80×1022

Partially molten crust Wet quartzite 5.00×1014

Mantle Dry olivine 3.98×1016

Weak zone Wet olivine 5.01×1020
in Fig. 4a. The topography builds up rapidly at the beginning, which
reaches ~2.0 km in less than 1 Myr (see Fig. 4a). We also compare pre-
dicted topographies at different times with an actual topographic profile
across the eastern Tibetan margin (see Fig. 4b), whose location is shown
in Fig. 1. As the push exerted on the left sidemoves forward, the topogra-
phy grows continuously and propagates to the right (see Fig. 4c).We also
observe shape similarities between the observed and modeled topogra-
phies (see Fig. 4b). Specifically, they both have a steep topographic gradi-
ent at the interface between the two blocks on the same horizontal
distance scale, although the magnitude doesn't match quite well. For fur-
ther comparison, we calculate the topographic slope of the observed to-
pography and modeling topographies (see Fig. 5). The slopes of the
reference model at different times all have two peaks (see Fig. 5b). It
could grow up to 15.2° just in 4.448 Myr (starting from the model run,
the same below; see the red solid line in Fig. 5b). The maximum value
of slopes constantly increases before ~20.448 Myr (see Fig. 5b). After
that, the slope starts to decay due to the long time accumulation of sedi-
mentation (see Figs. 4c and5b). Because of the intensivefluctuationof the
actual topography profile, there aremany peaks on the slope of the actual
topography (see Fig. 5a). But the modeling results are comparable to the
slope magnitude at the mountain front.

3.2. The effect of the convergence rate

This type of model differs from reference model by having a
higher/lower convergence rate. The other parameters are the same
as the reference model (see Table 1). Because the evolution of the
composition and viscosity fields are similar to those in the reference
model, we just show the topographies here. The convergence rates
are reduced from 2.5 cm/a to 0.5 cm/a with a step of 0.5 cm/a. The to-
pographies throughout the simulations with different convergence
rates are shown in Fig. 6. We observe that the maximum height of
the topography is reached on the left side and decreases with de-
creasing convergence rate (see Fig. 6b–f). If the convergence rate is
high (2.5 cm/a), the topographic peak is achieved at a later stage
(see Fig. 6b). When the convergence rate is less than 2.0 cm/a, the
Table 2
Material properties used in the numerical experiments (Gerya, 2010). Other properties (for all rock types): Cp=1000 J kg−1 K−1, ρ=ρ0[1−α(T−T0)]×[1+β(P−P0)], where
α=3×10−5 K−1 is thermal expansion, β=1×10−5 MPa−1 is compressibility, ρ0 is standard density at T0=298 K and P0=0.1 MPa. All the local rock properties (density, heat
capacity and thermal expansion) are updated at each timestep according to Gibbs energy minimization (Gerya et al., 2004b).
Material
 ρ0, kg/m3
 Thermal conductivity k,
W/(m K)
r

n

2
2
3
1
3
4

Tsolidus, K
ess exponent; Ea is the activation energy; Va is the

Ea(J) Va(J/bar)

.3 1.54×105 0.8

.3 1.54×105 0.8

.2 2.38×105 1.2

.0 0.00 0.0

.5 5.32×105 0.8

.0 4.70×105 0.8
Tliquidus, K
activation volum

sin(ϕ)

0.15
0.15
0.15
0.00
0.60
0.00
QL,
kJ/kg
e; ϕ is th

C

1
1
1
1
1
1

Hr,
μWm3
Sediment
 2600
 [0.64+807/(T+77)]
 889+17900/(P+54)+20200/(P+54)2

at Pb1200 MPa, 831+
0.06P at P>1200 MPa
1262+0.09P
 300
 1.5
Upper continental crust
 2700 (solid) 2400 (molten)
 [0.64+807/(T+77)]
 889+17900/(P+54)+20200/(P+54)2

at Pb1200 MPa, 831+0.06P at P>1200 MPa

1262+0.09P
 300
 1.0
Lower continental crust
 2800 (solid) 2500 (molten)
 [1.18+474/(T+77]
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topographic peak appears at a very early stage (less than 1 Myr) (see
Fig. 6c–f). When the convergence rate is less than 1.0 cm/a, the altitude
reaches its maximum in ~1 Ma. After this period, the erosion starts to
play a dominant role and the topography starts to decay with time
(see Fig. 6e–f). Therefore, the convergence rate is a very important fac-
tor for the build-up of topography. If the convergence rate is greater
than 2.5 cm/a, the topography can keep growing. When the conver-
gence rate is less than 1.0 cm/a, its positive effect onmountain building
may be replaced by erosion. During the topography building process,
the constructive effect of convergence competes with the destructive
effect of erosion. In the following section, we will further discuss the ef-
fect of erosion and sedimentation. Although the GPS measurement
shows that present surface convergence rate in the LMS area is less
than 3 mm/a, recent convergence rates in the upper crust are not nec-
essarily indicative of the long-term, large-scale lithospheric conver-
gence rate (Chen et al., 2012). Thus, the surface convergence rates do
probably not represent the actual gross-scale convergence rates (litho-
spheric shortening rates) in the eastern Tibet region. From the above
numerical simulations, we would expect it to be at least one order of
magnitude greater than the actual surface convergence rate. In particu-
lar, Fig. 4 indicates that the rate of topography displacement to the right
is one order of magnitude lower (about 2 mm/a) compared to the
imposed convergence rate (2.5 cm/a). This can be explained by the ri-
gidity of the right plate that remains basically undeformed while the
convergence is mainly accommodated by thickening and buckling of
the rheologically weak left plate (see Fig. 3).

3.3. The effect of erosion/sediment rate

Erosion and sedimentation processes play an important role in the
evolution of a continental collision zone (Avouac and Burov, 1996;
Willett, 1999; Pysklywec, 2006; Godard et al., 2009a). As pointed
out by Pysklywec (2006) and Gerya et al. (2008) in the case of sub-
duction and collision, variations in erosion/sediment rates may signif-
icantly affect the crustal mass flux and consequently alter the
behavior of the crust-mantle interface. In this series of models, we
vary erosion/sediment rate systematically to check their effect on
the topography. Apart from the erosion/sediment rates, the other pa-
rameters (see Tables 1 and 2) are kept the same as in the reference
model. It is noteworthy that the erosion/sediment rates used here
are consistent with the estimations reported by Kirby et al. (2002),
Lai et al. (2007), and Godard et al. (2009b).

First, we investigate the topographic development in the absence of
erosion/sediment, as shown in Fig. 7, in which the erosion and sediment
rates are both set to be zero. The convergence rate is 2.0 cm/a. It is
found that although the topography on the right side constantly increases
with time, its uplift rate gradually decreases after a period of ~17.9 Myr
(see Fig. 7c). The shape of the topography resembles that of the observed

image of Fig.�3


6

4

2

0

30

25

20

15

10

5

0
1800 1850 1900 1950 2000 2050 2100 2150 2200

4

3

2

1

0

-1

-2

-3

Topography (km)

Width (km)

r)y
M(

e
miT

a)

0 Myr
0.677 Myr
4.448 Myr
8.448 Myr

12.448 Myr
16.448 Myr
20.448 Myr

24.448 Myr
28.448 Myr
32.448 Myr

b)

c)

400

6

4

2

0

-2

-4

0 50 100 150 200 250 300 350

1800 1850 1900 1950 2000 2050 2100 2150 2200

Width (km)

Distance (km)

)
mk(

noitavel
E

)
mk(

noitavel
E

Fig. 4. The topography development of the reference model. (a) The topography evolution with time (counting from the start of modeling, the same below). Colors indicate the
magnitude of topography in km. (b) An actual topography profile across the eastern Tibetan margin. The location of the profile is shown in Fig. 1. (c) The topography profiles of
the reference model at different times.

1097L. Chen et al. / Gondwana Research 24 (2013) 1091–1107
one (see Fig. 7a–b). The slope keeps onmoving to the rightwith the veloc-
ity of around2 mm/a due to the push exerted on the left side (see Fig. 7b).
Themodel-predicted uplift rates, which basically decreasewithmodeling
time, range from 0 to ~170 m/Myr (e.g. Fig. 7c). Burchfiel et al. (2008) es-
timated that the long-termgross uplift rates are ~0.3-0.8 mm/yr by divid-
ing the topographic relief across the LMS (~4 km) by the estimated
initiation age for surface uplift (ca. 5–12 Ma). According to a more recent
thermochronological study conducted by Wang et al. (2012) in the east-
ern Tibetan margin, the surface uplift of the LMS initiated from 30 to
25 Ma ago. If the 4 km high topography is divided by 30 Ma, we can ob-
tain a gross uplift rate of ~130 m/Ma,which is consistentwith the predic-
tion of our model.

In the next threemodels, the sediment rate is fixed to 0.6 mm/a, and
the erosion rate is reduced from 1.0 mm/a to 0.6 mm/a with a step of
0.2 mm/a. The convergence rate is the same as in the previous model
(2.0 cm/a). The evolution of the topography is shown in Fig. 8. We ob-
serve that when the erosion rate is large, the topography achieves its
maximum at the very beginning of the experiment; after that, the topog-
raphy keeps decreasing and approaching the sea level (see Fig. 8b). This
can be explained by considering the competition existing between the
tectonic contribution and the erosion in the development of topography.
When the erosion rate is decreased to 0.8 mm/a, these two forces are al-
most in balance, and the topography is almost constant with time (see
Fig. 8c). As the erosion rate drops to 0.6 mm/a, the tectonic forcing
plays a predominant role. The topography keeps uplifting but the uplift
rate slows down, approaching zero, throughout the simulation time
(see Fig. 8d). In the above three cases, the depressions formed at the
edge of the right side all are filled up and almost reach the sea level at
a later stage. Erosion provides material for sedimentation. Therefore,
these two processes are closely linked.

The LMS range is located in the Southeast Asian and South Asian
monsoon zones. The precipitation is ample in this region (Wang and
Meng, 2009). There are many rivers crossing this region, such as Jinsha
River, Dadu River, Mingjiang River and so on. Kirby et al. (2002)
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estimated the erosion rate at the topographic front of the LMS up to
1–2 mm/a during 12 to 5 Ma based on an integrated 40Ar/39Ar and (U–
Th)/He dating of samples along the eastern margin of the Tibet Plateau.
Clark et al. (2005b) determined the erosion rates (0.25–0.5 mm/a) and
initiation age of rapid erosion (9–13 Ma) based on thermochronological
studies in southeast Tibet region, which is consistent with their previous
results (Kirby et al., 2002) obtained in the northwest of the study area.
Lai et al. (2007) suggested that the eastern Tibetan Plateau has
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experienced two-step rapid cooling respectively corresponding to ~20–
16 Ma and ~5 Ma since Cenozoic based on the apatite fission track
thermochronologcial study in this region. They estimated an average ero-
sion rate of ~0.4 mm/a. Godard et al. (2009b) showed that a major phase
of exhumation started at 8–11 Ma with an average rate of ~0.65 mm/a
according to (U–Th)/He thermochronological dating derived from central
Longmen Shan, eastern Tibet. More recently, Liu-Zeng et al. (2011) used
sediment load data from hydrographic stations on rivers across the LMS
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to evaluate the pattern of denudation rate in the region, and delineated a
zone of relatively high erosion rate (~0.5 mm/a) adjacent to the margin
bounding active reverse faults, and a decrease with increasing distance
plateauward, to 0.05 mm/a at 200 km distance. Although the results
reported bydifferent authors are different, the overall erosion rate in east-
ern Tibet region is relatively high. From the abovenumerical experiments,
it is found that when erosion rate is greater than 1.0 mm/a, the topogra-
phy built-up by tectonic forces at the beginning keeps going down and
breaks down at a later stage. In this case, the topography cannot be
maintained. A simple dimensional analysis (Gratton, 1989) andnumerical
simulations (Bird, 1991) of lateral extrusion of lower crust resulted from
an effective lateral pressure gradient of topography load show that the to-
pography as high as 3500 mwith a range of 300–400 kmwide should be
collapsed by half in a fewmillion years or atmost tens ofmillions of years,
depending on the assumed rheology of the lower crust. The LMS range is
right situated in the context of high erosion rate, but its steep topography
is preserved to the present. This demonstrates that the tectonic force
(expressed by convergence rate in our models) must be great enough to
counteract the destructive effects of the high erosion rate and lateral
flow of crust root. If the average erosion rate in this region is no less
than 0.8 mm/a, the actual gross-scale lithospheric convergence rate (lith-
ospheric shortening rate) should be greater than 2.0 cm/a in order to
build up and maintain the steep topography.
3.4. The effect of the partially molten crust

In thismodel, we investigate the influence of the presence of partial-
ly molten crust on topographic build up. In contrast to the reference
model, the partially molten middle crust is replaced by plagioclase
lower crust in this model. The related parameters used in this model
can be found in Tables 1 and 2. Fig. 9 shows the evolution of the compo-
sition and viscosity field with time. The lower crust is thickened and
buckled due to indenting effect of the mechanically strong Sichuan
Basin (see Fig. 9a′–c′). Again, a fold-and-thrust structure within the
upper crust is formed at the conjunction zone to the eastern Tibet side
(Fig. 9b′–c′). Even if the left part of themodel is now composed of felsic
plagioclase material, the viscosity of lower crust on the left side is still
relatively low due to its high geothermal gradient (see Fig. 9a–c). De-
spite the absence of partially molten crust, the compression still leads
to a steep topographic gradient (see Fig. 10), which is also comparable
to that of the observed topography. A distinct difference is that the to-
pography on the left side is now characterized by two big bulges (see
Fig. 10b), which are caused by buckling of the crust.

To further investigate what causes the topography, a new model is
specially designed to check the effect of partially molten crust separate-
ly, in which the convergence rate, the erosion rate and the sediment
rate are all set to zero and only keep the partially molten crust. The
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other parameters are identical with the reference model (see Table 1
and Fig. 11a). With time few changes are visible in the composition
field (see Fig. 11a–d). Even though no pushing force is exerted, several
hundred meters of topography uplift are still produced on the left side
due to isostasic adjustment resulted fromdifferences in crustal and lith-
ospheric thickness between the two adjacent blocks (see Fig. 12). At the
initial stage, the topography increases rapidly, but it approaches a
steady state and stops increasing just in 0.78 millions year (see
Fig. 12b). If no push is applied on the left side, the maximum height
obtained in the plateau is less than 2 km.

This suggested that weak crustal flowmodel proposed by Royden et
al. (1997) is not a necessary condition for the buildup of topography in
this region. Beside the convergence rate, the difference in thermal state
and lithospheric structure between two interacting blocks plays an
important role on mountain building. The high topography gradient of
eastern Tibet-type margins may be an inherent feature when a thin
and rheologically weak lithosphere with a thick crust interacts directly
with a thick and rheologically strong lithosphere with a thin crust.

4. Discussion and conclusion

4.1. Discussion

The eastern Tibetan margin adjacent to the Sichuan basin is char-
acterized by a steep topographic gradient and geophysical differ-
ences in thermal state and crustal thickness. The modern high
topography of the Longmen Shan and the eastern Tibetan Plateau
was probably not established until the Late Cenozoic (Burchfiel et
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al., 2008). Low-temperature isotopic dating indicates that relief
along the Longmen Shan developed between 5 and 12 Ma ago
(Kirby et al. 2002), while initiation of rapid river incision into the
eastern plateau appears to have begun between 8 and 15 Ma (Clark
et al. 2005b; Ouimet, 2007). More recently, Wang et al. (2012)
used thermochronology to measure the cooling histories of rocks ex-
posed at the eastern Tibet adjacent to the Sichuan Basin. Their results
show this margin was subject to slow, steady exhumation during
early Cenozoic time, followed by two pulses of rapid exhumation,
one beginning 30–25 Ma ago and a second 10–15 Ma ago that con-
tinues to present. Even if the exact age and process of the formation
of the LMS is still controversial, it is clear that the uplift of the LMS is a
fairly recent event. The lower crustal channel flowmodel (Royden et
al., 1997; Clark and Royden, 2000) argues that the eastward flow of
weak middle/lower crust material evacuated from central Tibetan
Plateau is resisted by the strong and cold Sichuan Basin, leading to
an upward inflation of the lower crust and thus the uplift of the
LMS range. This model suggests crustal thickening is caused by duc-
tile thickening of the deep crust in a weak layer, thus it does not re-
quire large-scale shortening of the upper crust to elevate the LMS.
But this model is challenged by a number of recent studies. Seismic
anisotropy studies demonstrate that the crust and lithospheric man-
tle are mechanically coupled in the eastern Tibet region (Lev et al.,
2006; Wang et al., 2008; Chen et al., 2012), thus it is unlikely to
channelize flow within the lower crust. Based on a precise morpho-
metric analysis of the topography in eastern Tibet, Liu-Zeng et al.
(2008) proposed the surface processes, in particular drainage effi-
ciency, coupled with tectonic construction of the relief is an alterna-
tive mechanism to explain the bulk topographic characteristics.

Our numerical simulations indicate that the presence of a partially
molten crust layer within the middle crust beneath eastern Tibet does
not unambiguously decouple the upper crust from the lower litho-
sphere and a channel flow also does not form. Even in the absence of
partiallymolten crust, a steep topography could be built up through iso-
static differences between the converging lithospheres. This suggests
that the existence of a partially molten thus mechanically weak mid-
dle/lower crust beneath eastern Tibet, which is revealed by seismic
and magnetotelluric studies (Bai et al., 2010; Wang et al., 2010), does
not necessarily cause channelized flow. Other factors, such as the con-
vergence, material escape, differences in thermal state and crustal
thickness, probably play an even more important role in the uplift of
the mountain range. The convergence and the differences in tempera-
ture and lithospheric structure between adjacent blocks may play an
evenmore important role in building up the topography for the eastern
Tibetan-typemargin. The pre-existing differences in crustal/lithospher-
ic thickness are likely to result in a contrast of the temperature gradient,
thus cause the difference of viscosity. In the context of active orogenic
zone like the eastern Tibetan-type margin, a thin lithosphere with a
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pre-thickened crust has relatively high geothermal gradient and low
viscosity, thus it is weaker and more deformable; while a cratonic lith-
osphere has relatively low temperature and high viscosity, thus it be-
haves strong and stiff. The high topography gradient of the eastern
Tibet-type margins may be an inherent feature when a thin/hot litho-
sphere with thick crust converges with a thick lithosphere with thin
crust. The occurrence of a shallow fold-and-thrust structure within
the upper crust at the conjunction zone of two plates (e.g. Figs. 3 and
9), coupled with pure shear crustal shortening at depth, favors a hybrid
tectonic model of weak eastern Tibetan crust overthrusting the Sichuan
Basin lithosphere (Tapponnier et al., 2001; Liu-Zeng et al., 2008; Hub-
bard and Shaw, 2009; Fielding andMcKenzie, 2012). Furthermore, Ero-
sion and convergence are two counteracting forces for mountain
building (Avouac and Burov, 1996; Willett, 1999; Pysklywec 2006;
Liu-Zeng et al., 2008). Erosion plays a destructive role in topography
formation, while convergence plays a constructive role. These two
interplaying factors together determine the shape and height of a
mountain range. In the context of moderate to high erosion rates, the
LMS range still gains and maintains a high and steep topography to
the present. This could only be explained by exerting a large push
force on Tibet side.

The northern Tibetan margin adjacent to the Tarim Basin (see Fig. 1)
has many similarities with the eastern Tibetan margin. Both are charac-
terized by steep topographic gradient (Clark and Royden, 2000), little
convergence perpendicular to margins (Zhang et al. 2004), existing of
major strike-slip faults (Yin and Harrison, 2000), fast P wavespeeds be-
neath the TarimBasin (Li et al., 2006), and sharp variation in crustal thick-
ness across the margin (Li, et al., 2001). Thus, these similarities may
classify the northern and eastern Tibetan margins as an eastern
Tibetan-type margin. According to the above studies, we have reason to
speculate that the convergence rate, material escape, and lateral hetero-
geneities in thermal state and crustal thickness may also play essential
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Fig. 11. The composition evolution of the model without push. The color code is the same as in Fig. 2.
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roles in the growth of the northern Tibetan margin adjacent to the Tarim
Basin, just like the eastern Tibetan margin adjacent to the Sichuan Basin.

It is worth noting that our 2D numerical models just take the
boundary-perpendicular convergence into account, and ignore crustal
material influx parallel to themargin. Molnar and Tapponnier (1975) ar-
gued that during the south–north collision between the Indian and Eur-
asian plates, the crustalmaterial of eastern Tibet escaped southeast along
several strike-slip faults due to the obstacle of the rigid Sichuan Basin.
The south-east escape of crustal material of eastern Tibet may partake
in the convergence. Clark et al. (2005a) used a rigid cylinder to approxi-
mate the rigid Sichuan Basin standing against the crustal flow. Cook and
Royden (2008) investigate the effects of lateral strength heteroge-
neities in the crust on the patterns of uplift in collisional orogens
using three dimensional thin sheet model. They treat the Sichuan
and Tarim Basins as regions with high viscosity. These studies indi-
cate that lateral variation of viscosity in the crust has a dramatic ef-
fect on the morphology and dynamics of plateau growth. As
mentioned above, these models based on thin sheet model are
too simplified to account for the complexity of the dimensional
crustal channel flow. Further study should focus on 3D numerical
modeling of this type of margins with petrological-thermomechanical
model. The south-east escape of crustal material of eastern Tibet
may contribute to the strikingly slow surface convergence rate
revealed by GPS measurement.
4.2. Conclusion

We investigated several major factors responsible for mountain
building, such as the convergence rate, the erosion/sediment rate,
and the presence of a partially molten middle/lower crust. The nu-
merical experiments show that:

1. Topography differences across the eastern Tibetan-type margins
are mainly derived from isostatic equilibration forces that account
for differences in crustal and lithospheric thickness. The rigid cra-
tonic lithosphere is resistant to deformation (thickening), thus
crustal thickening and topography growth is focused on the
Tibet side.

2. Significant convergence (or some other crustal thickening pro-
cesses) is necessary to build and maintain high topography in
the presence of moderate to high erosion rates.
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3. The role of a partially molten middle/lower crust significantly
modifies the shape of topography, but it is not necessary for
steep topography growth.
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Appendix A

Equations

The momentum, continuity and heat conservation equations for a
2D creeping flow including thermal and chemical buoyant forces are
solved with the I2VIS code (Gerya and Yuen, 2003a). The 2D Stokes
equation has the form:

∂σ xx

∂x þ ∂σxz

∂z ¼ ∂P
∂x ð1Þ

∂σ zz

∂z þ ∂σ zx

∂x ¼ ∂P
∂z−gρ T; P;C;Mð Þ ð2Þ

where σxx, σxz and σzz are the deviatoric stress tensor components.
The density ρ depends on temperature (T), pressure (P), composition
(C) and mineralogy (M). g is the acceleration due to gravity.
Conservation of mass is approximated by the incompressible con-
tinuity equation:

∂vx
∂x þ ∂vz

∂z ¼ 0 ð3Þ

where vx and vz are the horizontal and vertical component of velocity
vector respectively.

The heat conversation equation takes the form:

ρCp
DT
Dt

� �
¼ −∂qx

∂x −∂qz
∂z þ Hr þ Ha þ HS þ HL ð4Þ

qx ¼ −k T; P;Cð Þ ∂T∂x ð5Þ

qz ¼ −k T; P;Cð Þ ∂T∂z ð6Þ

Ha ¼ Tα
DP
Dt

ð7Þ

HS ¼ σxxεxx þ σ zzεzz þ 2σ xzεxz ð8Þ

where D/Dt is the substantive time derivative; x an z denote the hori-
zontal and vertical directions respectively; εxx, εxz and εzz are the compo-
nents of strain rate tensor; qx and qz are heat flux components; k(T,P,C)
is the thermal conductivity as a function of temperature, pressure and
composition; Cp is the isobaric heat capacity; H is the rock enthalpy at
the current time step; Hr, Ha, Hs, HL are radioactive, adiabatic, shear
and latent heat production, respectively (see Table 2 for details of
these parameters).

Topography

The spontaneous deformation of the upper surface, i.e. topogra-
phy, is calculated dynamically as a free surface by using a low viscos-
ity (1019 Pa s) sticky “air” layer (50 km thick in our experiments).
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The interface between this weak layer and the underlying crust is
treated as an erosion/sediment surface which evolves according to
the transportation equation (Gerya and Yuen, 2003b):

∂zes
∂t ¼ vz−vx

∂zes
∂x −vs þ ve ð9Þ

where zes is the vertical position of the surface as a function of the
horizontal distance; vz and vx are the vertical and horizontal compo-
nents of the material velocity vector at the surface; vs and ve are the
sediment and erosion rates, respectively.

Rheological model

The rheologies used in the experiments are visco-plastic. Viscous
creep is computed in terms of deformation invariants and depends
on strain rate, temperature, and pressure (Ranalli, 1995). The viscous
component of the deformation is calculated as a combination of diffu-
sion (ηdif) and dislocation creep (ηdis):

1
ηcreep

¼ 1
ηdif

þ 1
ηdis

ð10Þ

The calculation of the viscosity associated with dislocation creep
regime is formulated as follows:

ηcreep ¼ _ε IIð Þ 1−nð Þ=2n Að Þ−1=n � exp
Ea þ PVa

nRT

� �
ð11Þ

where _ε II is the second invariant of strain rate; A, Ea, Va, n are material
constant, activation energy, activation volume and stress exponent,
respectively. These material properties are determined from laborato-
ry flow experiments and are given in Table 2. A smooth transition be-
tween diffusion creep and dislocation creep is assumed to occur at
approximately 30 kPa (Turcotte and Schubert, 1982). By equating
strain rate invariants for dislocation creep and diffusion creep at the
stress transition, an expression for diffusion creep viscosity is derived
as a function of the dislocation creep flow law.

Plasticity is implemented using the Druker–Prager yield criterion
(Ranalli, 1995). The calculated creep viscosity is limited in the follow-
ing manner:

ηcreep≤
C þ P sin ϕð Þ

4 _ε IIð Þ1=2 ð12Þ

where C is the cohesion and ϕ is the internal angle of friction.
Viscous rheology for rocks containing small melt fractions

(Mb0.1) is determined by flow laws (Eqs. (11)–(12)). The effective
viscosity of molten rocks (M>0.1) was calculated using the formula
(Pinkerton and Stevenson, 1992; Bittner and Schmeling, 1995):

η ¼ η0 exp 2:5þ 1−Mð Þ 1−M
M

� �0:48� �
ð13Þ

where η0 is an empirical parameter depending on rock composition,
being η0=1013 Pa s for molten mafic rocks and η0=5×1014 Pa s
for molten felsic rocks.

Partial melting

The numerical code accounts for partial melting of the various litholo-
gies by using experimentally obtained P-T dependentwet solidus and dry
liquidus curves (Table 2). Volumetric melt fraction M is assumed to in-
crease linearly with temperature according to the following relations
(Burg and Gerya, 2005):

M ¼
0; T≤Tsolidus

T−Tsolidus

Tliquidus−Tsolidus
; Tsolidus b T b Tliquidus

1; T≥Tliquidus

8>><
>>:

ð14Þ

where Tsolidus and Tliquidus are thewet solidus and dry liquidus temperature
of a given lithology, respectively.

Consequently, the effective density, ρeff, of partially molten rocks
varies with the amount of melt fraction and P-T conditions according
to the relations:

ρeff ¼ ρsolid−M ρsolid−ρmoltenð Þ ð15Þ

ρP;T ¼ ρ0 1−α T−T0ð Þ½ � 1þ β P−P0ð Þ½ � ð16Þ

where ρsolid and ρmolten are the densities of the solid and molten
rock respectively; ρ0 is the density at P0=0.1 MPa and T0=
298 K; α and β are the thermal expansion and compressibility coef-
ficients, respectively.

The effects of latent heat are accounted for by an increased effec-
tive heat capacity (Cpe) and thermal expansion (αe) of the partially
molten rocks (0bMb1), calculated as follows:

Cpe ¼ Cp þ QL ∂M=∂Tð ÞP
� � ð17Þ

αe ¼ α þ ρQL ∂M=∂Pð ÞT
� �

=T ð18Þ

where Cp and α are the heat capacity and the thermal expansion of
the solid rock respectively, and QL is the latent heat of melting rock.
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