
Contents lists available at ScienceDirect

Tectonophysics

journal homepage: www.elsevier.com/locate/tecto

Crustal melting beneath orogenic plateaus: Insights from 3-D thermo-
mechanical modeling

Lin Chena,⁎, Xiaodong Songb, Taras V. Geryac, Tao Xua,d, Yun Chena

a State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China
bDepartment of Geology, University of Illinois at Urbana-Champaign, IL 61801, USA
c Institute of Geophysics, ETH-Zurich, CH-8092 Zurich, Switzerland
d CAS Center for Excellence in Tibetan Plateau Earth Sciences, Beijing 100101, China

A R T I C L E I N F O

Keywords:
Numerical modeling
Continental collision
Crustal melting
Radioactive heating
Shear heating
Tibetan plateau

A B S T R A C T

Mid-crustal melting is widely documented under orogenic plateaus. However, the mechanism for its generation
and its role in the evolution of orogenic plateaus remain poorly understood. Here we investigate the physical
controls and consequences of crustal melting in plateau evolution using 3-D thermo-mechanical modeling
method. Our simulations demonstrate that the convergence causes orogenic crust to have more upper crustal
compositions and more radiogenic elements. The persistent radioactive and shear heating provides heat source
required for in situ partial melting of felsic rocks at mid-crustal depths. Slower convergence rate favors earlier
emergence and larger concentration of mid-crustal melt. Radioactive heating accumulated during crustal
thickening plays the primary role in generating mid-crustal partial melting, which is consistent with previous 2-
D model results. Shear heating promotes crustal melting, but its role is secondary to radioactive heating. Our
simulations also show that basal heating produces a broad-area increase of the crust temperature and surface
elevation and, to a lesser extent, promotes mid-crustal melting, because convergence-driven heat advection
dominates the transport of the newly-added heat. The significant mid-crustal melting dramatically reduces the
viscosity of the middle crust and eventually leads to channelized outward flow of the melt-weakened layer. This
has the potential to cause mechanical decoupling of the layers above and below the melt channel and the
marginal dominance of mid-crustal melting. We suggest that the widespread low velocity or resistivity zones
observed in Tibet are caused by interconnected mid-crustal melting, which is an inherent feature of large hot
orogenic plateaus.

1. Introduction

The formation of a continental plateau follows crustal thickening
driven by plate convergence. As the continental crust thickens, it can
become sufficiently hot to initiate melting (Brown, 2010; Jamieson
et al., 2011; Vanderhaeghe and Teyssier, 2001). There is ample evi-
dence for crustal melting beneath continental plateaus and orogens. For
example, geophysical observations, including low seismic velocity zone
(e.g., Bao et al., 2015; Yang et al., 2012), high Poisson's ration (e.g.,
Owens and Zandt, 1997), high seismic wave attenuation (e.g., Zhao
et al., 2013), mid-crustal “bright spots” (e.g., Nelson et al., 1996), and
high conductance features (e.g., Bai et al., 2010; Unsworth et al., 2005;
Wei et al., 2001) found within the crust of the Tibetan plateau, im-
plicates the presence of crustal partial melt or aqueous fluid accumu-
lation. The exhumed muscovite-bearing leucogranites and migmatites
intruded in the Greater Himalayan Sequence along the Himalayan

orogen (e.g., Cottle et al., 2015; Harris, 2007) reflect that the orogenic
crust is affected by deep crustal melting. Geochemical and petrological
studies at specific rift or fault zones, provide more convincing evidence
for the occurrence of a partially molten zone in the mid- to lower crust
in central and northern Tibet (Ding et al., 2003; Wang et al., 2010), and
constrain the existence of the deep crustal melting from middle Eocene
to Quaternary times (Wang et al., 2012). Although both geophysical
and petrological-geochemical data point to deep crustal melting be-
neath the Tibetan plateau, there is much controversy over whether deep
crustal melting is pervasive throughout the plateau or restricted to the
rifts or faults (DeCelles et al., 2002; Hacker et al., 2000; Hetenyi et al.,
2011).

Laboratory experiments demonstrate that crustal melting can lead
to a dramatic reduction in its strength (Rosenberg and Handy, 2005;
Rosenberg et al., 2007). Previous 2-D thermo-mechanical models linked
the presence of melt-weakened crust to ductile flow and exhumation of
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deeply buried continental crust (Beaumont et al., 2001, 2004; Whitney
et al., 2009; Rey et al., 2010). The low-viscosity nature of a partial
melting layer has the potential to decouple the motion between the
overlying crust and underlying lithospheric mantle. As a result, the
crustal channel flow hypothesis has been proposed, on the basis of
observations and numerical models, to understand the evolution of the
Tibetan plateau (Grujic et al., 1996, 2002; Royden et al., 1997; Clark
and Royden, 2000; Shen et al., 2001; Cook and Royden, 2008). How-
ever, whether the presence of crustal melting really leads to deforma-
tion coupling and crustal channel flow is still poorly understood. The
role of the crustal channel flow in plateau evolution has been studied by
several groups using numerical models (e.g., Royden et al., 1997;
Beaumont et al., 2001, 2004; Rey et al., 2010), yet these models are
either two-dimensional or purely mechanical. The crustal deformation
during continental collision is a three-dimensional process involving
both thermal and mechanical behaviors. For example, orogen-perpen-
dicular thrust faulting along the frontal thrust system is accompanied
by hinterland orogen-parallel extensional and strike-slip faulting at the
Himalayan-Tibetan orogenic system (e.g., Styron et al., 2011). Seismic
ambient noise data also reveal that the mid-crustal low velocity zones
are predominant near the periphery of Tibet (Yang et al., 2012). These
3-D features in collision orogens cannot be replicated by 2-D (e.g.,
Beaumont et al., 2001, 2004) or purely-mechanical models (e.g.,
England and Houseman, 1988; Cook and Royden, 2008).

Recently, 3-D thermo-mechanical models have been used to in-
vestigate the influence of preexisting lateral lithospheric strength het-
erogeneities on the styles of orogenic plateau growth (Chen and Gerya,
2016). They predicted orogen-parallel spreading of an orogenic plateau
and found a mid-crustal partial melting layer self-consistently emerges
at the later stage of the plateau evolution. The presence of this layer was
speculatively attributed to enhanced radioactive and shear heating
during crustal thickening. However, the physical controls for the oc-
currence of mid-crustal partial melting and its role in orogenic plateau
evolution were not explored in that study.

To better understand the dynamics of deep crustal melting and its
role in the growth of orogenic plateaus, we have extended the numer-
ical model presented in Chen and Gerya (2016) by including the initial
steady-state temperature field and more realistic melt-weakening effect
of rock melting (Katz et al., 2006). Furthermore, we examine the in-
fluences of radioactive, shear and basal heating on crustal melting using
systematical 3-D thermo-mechanical simulations. Our focus is on the
physical controls for the generation of deep crustal melting and its
consequences in orogenic plateau evolution, including topographic
expression and crustal deformation behavior. The model results are
applied to reconciling the regional geophysical observations with the
scattered petrological-geochemical data beneath the Tibetan plateau.
Our study was mainly inspired by the findings of a dominance of low
seismic velocity or high conductance zones at the Tibetan middle crust
(e.g., Yang et al., 2012; Bao et al., 2015; Unsworth et al., 2005; Bai
et al., 2010), but the implications may be applicable to other orogens or
plateaus.

2. Model setup

The numerical simulations are conducted in three dimensions using
the thermo-mechanical code I3ELVIS (Gerya, 2010). The code combines
a conservative finite difference method with a non-diffusive marker-in-
cell technique to solve the energy, momentum, and mass conservation
equations. The energy conservation equation includes radiogenic,
adiabatic and shear heat sources (Chen and Gerya, 2016). Shear heating
(Hs) is associated with dissipation of the mechanical energy during
plastic deformation and can be calculated via the deviatoric stresses
(σij′) and strain rates (εi̇j) as follows (Gerya, 2010): = ′H σ ε̇s ij ij. The in-
clusion of various heat sources allows us to evaluate the effects of dif-
ferent heat productions on crustal melting. Another heat source that
may contribute to crustal melting is basal heating arising from slab

breakoff or lithosphere delamination (e.g., Bird, 1979; Jimenez-Munt
and Platt, 2006). For the purpose of simplification, here basal heating is
implemented by removing the lithosphere mantle, i.e., making the crust
contact directly with the asthenosphere. A sticky air layer is placed at
the top of the model to capture the evolution of topography (e.g.,
Crameri et al., 2012). The rheological model combines Mohr-Coulomb
and diffusion-dislocation creep (e.g., Chen and Gerya, 2016). A linear
melting model is employed to define the degree of melting (f) for crustal
rocks (Burg and Gerya, 2005). When the melt fraction exceeds 0.5%
(f0), the melt-weakening effect on viscosity (η) starts to work such that
the effective viscosity (ηeff) (Katz et al., 2006):
ηeff= η exp (−28 ∗ (f− f0)).

The model setup is similar to that used in the previous study of Chen
and Gerya (2016). The computational domain is
1000×200×1000 km (in the order of x, y and z). It is resolved by
501× 101×501 grid points with a uniform resolution of
2× 2×2 km (Fig. 1). There are over 200million Lagrangian markers
randomly distributed in the model domain, which are used to assign
physical properties, including viscosity, plastic strain, temperature etc.
Such a 3-D high-resolution scheme enables us to fully capture the
crustal processes in a large horizontal size (1000× 1000 km) compar-
able to the nature, but this limits the vertical model size (200 km)
owing to the computational difficulty. The mechanical boundary con-
ditions are free slip at the back wall (z= 1000 km) and at both the left
and right boundaries (x= 0 and 1000 km). The lower boundary is
permeable, where an infinity-like external free slip condition is imposed
(e.g., Burg and Gerya, 2005). It is implemented by observing the fol-
lowing rules at the lower boundary: ∂vx/∂y=0, ∂vz/∂y=0, and ∂vy/
∂y=− vy/Δyexternal, where vi is the component of the velocity vector
and Δyexternal is the vertical distance from the lower boundary to the
external boundary. It implies that free slip is satisfied at Δyexternal below
the base of the model domain. A constant velocity is imposed at the first
half of the front wall (i.e., x= 0–500 km) to simulate convergence
through this region, while the free slip boundary condition is used for
the second half of the front wall (i.e., x= 500–1000 km). The constant
velocity boundary corresponds to a time-dependent boundary force
exerting at the first half of the front wall (Fig. S1). This boundary
condition is a simplification to the India-Asia collision, which only
considers the northward push derived from the Indian continent sub-
duction and does not account for the subduction process itself. It is
noteworthy that changing the boundary condition for the right and
back walls from free slip to no slip does not alter significantly the model
results (Fig. S2).

The initial temperature field is calculated by solving the steady-state
heat conduction equation at the lithospheric scale with a given surface
heat flow and a surface temperature of 0°C, where thermal conductivity
is rock type- and temperature-dependent (see Table 1). The lithosphere-
asthenosphere boundary is defined to be at the 1350°C isotherm. A
geothermal gradient of 0.5°C/km is initially prescribed for the asthe-
nosphere. The upper thermal boundary keeps a constant value of 0°C,
and all the vertical thermal boundaries keep zero heat flux. Similarly,
an infinity-like external constant temperature condition is imposed at
the lower thermal boundary (e.g., Burg and Gerya, 2005). It is im-
plemented by following the rule of ∂T/∂y=(Te− T)/Δyt, where Te is
the temperature at the external boundary and Δyt (200 km) is the ver-
tical distance from the lower thermal boundary to the external thermal
boundary, implying that the constant temperature condition is satisfied
at 200 km below the model base. This condition allows the temperature
and heat flux at the model base to adjust spontaneously during simu-
lation.

The model domain is initially composed of two continental litho-
spheres with different characters (Fig. 1a). A relatively hot continental
lithosphere is emplaced at the corner situated in the region of
0≤ x≤ 500 and 0≤ z≤ 500, simulating an embryonic orogenic pla-
teau (proto-plateau, also known as pro-lithosphere) present at the very
beginning of the continental collision. This assumption is supported by
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geological data, which indicate that the southern Asian margin may
have established a thicker and weaker crust than that of the cratonic
Indian plate before the India-Asia collision (e.g., Murphy et al., 1997;
Kapp et al., 2005; Ding et al., 2014). Its crust is initially composed of a
30 km-thick upper crust and a 20 km-thick lower crust, which rests on a
50 km-thick lithospheric mantle and a ~83 km-thick asthenosphere. A
relatively cold continental lithosphere is prescribed for the rest of the
model domain, simulating the normal continent surrounding the proto-
plateau, also known as retro-lithosphere. Its crust is initially composed
of a 15 km-thick upper crust and a 25 km-thick lower crust, which
overlies an 80 km-thick lithospheric mantle and a 60 km-thick asthe-
nosphere. The continental upper crust has a uniform radiogenic heat
production of 1.2 μW/m3, which is three times higher than that in the
lower crust (0.4 μW/m3). This configuration self-consistently produces
a proto-plateau with an elevation of 2.5 km and surface heat flow of
~60mW/m2, surrounding by a continent with an elevation of 0 km and
surface heat flow of ~46mW/m2 (Fig. 1a). Note that there is a large
uncertainty about radiogenic heat production in the continental crust
(e.g., Clark et al., 2011; Furlong and Chapman, 2013). Tests show that
the use of other values (1.0 or 1.5 μW/m3) for the upper crust does not

affect the overall model behavior. The lateral variations in initial
crustal thickness and thermal state result in that the viscosity of the
plateau crust is about 2 orders of magnitude lower than that of the
surrounding continent (Fig. 1b). Thus, our model setup implicitly in-
troduces lateral strength heterogeneity for the two colliding continental
lithospheres. The initial rheological heterogeneity is prescribed to
capture the tectonic inheritance of the upper plate resulted from pre-
collision oceanic subduction or continental block amalgamation (e.g.,
Yin and Harrison, 2000).

In the modeling, we assume that the continental upper crust has a
felsic composition, which is represented by the ‘wet quartzite’ flow law
(Ranalli, 1995) and the ‘granite’ solidus and liquidus (Johannes, 1985;
Poli and Schmidt, 2002), whereas the continental lower crust has a
mafic composition, which is represented by the ‘plagioclase An75’ flow
law (Ranalli, 1995) and the ‘tholeitic basalt’ solidus and liquidus (Hess,
1989). This assumption is in reasonable agreement with our under-
standing of the composition and nature of the continental crust (e.g.,
Hacker et al., 2015; Rudnick and Fountain, 1995; Rudnick and Gao,
2014). The lithospheric and asthenospheric mantle is characterized by
the flow law of ‘dry olivine’ and the melting regime of ‘peridotite’ (Katz

Fig. 1. Model setup. (a) The 3-D model domain
(1000× 200×1000 km). The colors covering
the top of the model indicate the magnitude of
topography as shown in the vertical color bar,
while the colors covering the side walls indicate
different rock types as in the color bar in (b).
The light green-colored area represents the
proto-orogenic plateau, and the cyan-colored
area represents the surrounding continent. The
blue parenthesis shows the scope in which
convergence is imposed, and the orange arrow
shows the direction of convergence. (b) Cross-
section of material field through the plane of
x= 250, as shown by the yellow line in (a).
White lines are isotherms measured in Celsius.
Material numbers represent different rock types,
with: 0-sticky air; 5-upper continental crust; 6-
lower continental crust; 9-lithospheric mantle;
10-asthenosphere; 25-partially molten con-
tinental crust; 30-partially molten astheno-
sphere (peridotite). The partially molten rocks
do not appear in (a), but appears in some figures
below. The inverted triangles in (b) indicate
localities, at which the topography, viscosity or
temperature are shown below. The temperature
(T) and viscosity (V) for two representative lo-
calities (i.e., P1 and P3 in a) of the initial model
are shown at the right. (c) Illustrations of the
mechanical and thermal boundary conditions
used in the model. (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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et al., 2003). The latter is characterized by a lower geothermal gradient
(~0.5°C/km) and convective heat transfer, whereas the former is
characterized by a higher geothermal gradient and conductive heat
transfer. The primary thermal parameters used here are listed in
Table 1. More details on the methods and parameters can be found in
Chen and Gerya (2016).

In the rest of the paper, we refer to boundaries of our models in
terms of geographic designations. The south boundary corresponds to
the front wall where the convergence operates.

3. Modeling results

We performed 6 numerical experiments to explore the effects of
convergence rate, radioactive heating, shear heating, and basal heating
on mid-crustal melting during collisional orogenesis (Table 2). We
chose the model, which has a pre-thickened and hot active margin, a
convergence rate (Vc) of 3.3 cm/yr and non-zero radiogenic heat pro-
duction (Model 1 in Table 2), as the reference model. A convergence
rate of 3.3 cm/yr used here is in agreement with the estimate of
3.5 ± 1.3 cm/yr for Cenozoic Asian shortening rate by Guillot et al.
(2003).

3.1. The reference model

In order to provide context for various tests and enable direct
comparison to our previous study (Chen and Gerya, 2016), we first
describe the results of the reference model. Fig. 2 shows that an oro-
genic plateau progressively develops on the framework of the pre-
weakened margin as convergence continues, which is similar to those
observed in our previous study (Chen and Gerya, 2016). After several
hundreds of kilometers of convergence, the plateau crust is thickened to
~65 km and the thickened upper crust starts to melt (Fig. 2a, b).
Considerable intracrustal melting occurs at the later stage of the model,
when crustal thickening enforces the considerable volumes of the
lowermost upper crust to come across the isotherm of 600°C (Fig. 2c).
Thus, the crustal melting occurs at the bottom of the thickened upper
crust, forming a mid-crustal partial melting layer embedded in the
transition between the upper and lower crust (the red in Fig. 2b, c; see
the material codes in Fig. 1). It is the partially molten phase of the
upper crust. Therefore, the mid-crustal melting observed here is a
product of in situ partial melting of the deep-seated felsic rocks during
crustal thickening. With continued convergence, the mid-crustal
melting layer migrates towards north and east (Fig. 3i). This accom-
panies the northward and eastward crustal heating, and eventually
leads to the melt-weakening of the plateau crust (Fig. 3ii–iii). The
constant convergence together with melt-weakening creates a large flat
orogenic plateau over the region of the thickened crust (Fig. 2c). Note
our model predicts no melting of the lower crust even at the later stage.
This is because the mafic nature of the lower crust makes it refractory to
in situ melting.

3.2. Effect of convergence rate

This set of models (Models 1–3 in Table 2) was designed to examine
the influence of convergence rate on the development of orogenic
plateau and crustal melting. The Model 2 and 3 are identical to the
reference model, except that the convergence rates applied to them are
1.5 and 5.0 cm/yr, respectively, instead of 3.3 cm/yr in the reference
model. Fig. 4 shows the snapshots as well as horizontal slices
(Y=50 km) resulted from these models, which are produced after the
same amount of convergence (ca. 1000 km). Note that Y=50 km cor-
responds to the real depth of 34–38 km (the same below). In these
cases, there are no significant differences in the resultant orogenic
plateau and lithospheric architecture. However, the extent of mid-
crustal melting depends highly on the convergence rate. For a slow
convergence rate (e.g., Vc=1.5 cm/yr; see Fig. 4a), the thickness ofTa
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mid-crustal partial melting layer can be up to 15 km, and the melting
layer covers most of the area of the plateau (Fig. 4i–ii). Long-standing
heating, including radioactive heating and shear heating, during crustal
thickening causes the plateau middle crust to become rather hot
(600–700 °C) and weak (Fig. 4iii–iv). This eventually leads to the
southward flow of the melt-weakened middle crust at the southeastern
edge of the model, where the direction of motion is opposite to con-
vergence. For an intermediate convergence rate (e.g., Vc=3.3 cm/yr;
see Fig. 4b), this layer can be up to 10 km thick and covers the northern
half of the plateau's area. In the case of fast convergence (i.e.,
Vc=5.0 cm/yr; see Fig. 4c), the thickness of mid-crustal melting layer
is< 5 km and the melt region only occupies one third of the plateau's
area. This is because faster convergence causes the thickened crust to
have less time for radioactive heating.

3.3. Effect of radioactive heating

As mentioned above, radiogenic heat production is a critical heat
source for crustal melting during collisional orogenic process (e.g.,
Jamieson et al., 1998; Beaumont et al., 2004; Faccenda et al., 2008). To
examine the effect of radioactive heating on the development of mid-
crustal melting in depth, we performed simulations on ‘Model 4’ (see
Table 2). This model differs from the reference model in that radiogenic
heat production is set to zero for all the rocks. In this case, the resultant
orogenic plateau and lithospheric structure are similar to those

observed in the reference model at the equivalent time step (Fig. 5a).
Relative to the reference model (Fig. 2), the convergence here is ac-
commodated more by crustal thickening and less by outward expan-
sion. This leads to extremely thick crust beneath the plateau, and causes
the amount of the outward expansion along the northern plateau
margin to be ca. 100 km less than that of the reference model after
~36Myr of convergence (Fig. 5ai). The overthickened plateau crust
bends the surrounding lithosphere and creates a foreland basin rimming
the plateau, which is not notable in other models. Despite huge thick-
ness of the plateau crust, its thermal state is rather cold. For example,
the crust temperature at Y=50 km under the plateau is overall no>
450°C (Fig. 5aii). Therefore, no crustal melting occurs within the pla-
teau crust even at the later stage owing to the absence of radioactive
heating in this model. In this case, the cold plateau crust sustains re-
latively high viscosity throughout the model evolution (Fig. 5aiii). This
explains in part the less outward growth of the plateau. The comparison
between this model and the reference model highlights the importance
of radioactive heating in generating mid-crustal partial melting during
collisional orogeny, which is discussed further in Section 4.

3.4. Effect of shear heating

Shear heating has been shown to be another important heat source
during continental collision (England and Molnar, 1993; Burg and
Gerya, 2005; Nabelek et al., 2010). To examine its role in crustal

Table 2
Conditions and results of 3d numerical experiments.a

Model name Vc (cm/yr) Radioactive heating Shear heating Basal heating Figures Comments

Model 1 (reference) 3.3 Yes Yes No 1–4, 9–11 Crustal melting
Model 2 1.5 Yes Yes No 4 Crustal melting (thick)
Model 3 5.0 Yes Yes No 4 Crustal melting (thin)
Model 4 3.3 No Yes No 5 No crustal melting
Model 5 3.3 Yes No No 5 Crustal melting (thin)
Model 6 3.3 Yes Yes Yes 6–8 Crustal melting (thick)

a Vc, convergence rate.

Fig. 2. Reference model showing the growth of an orogenic plateau from a cold small one to a large hot one. Top row: snapshots of 3-D model showing lithospheric
deformation and surface topography at a 8.3, b 22.3, and c 35.8 Myr. The labeled time is from the start of the simulation (the same below). The colors and arrows on
the top of the models indicate the topography and the local surface velocity, respectively. Bottom row: cross-sections of material field and topography along the
middle of the plateau (AA′, BB′, CC′). The white lines are isotherms at intervals of 300°C. The color codes for topography and material are shown at the bottom of the
figure (see Fig. 1 for details). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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melting during the evolution of orogenic plateau, we conduct the ex-
periment ‘Model 5’ (see Table 2). This model is identical to the re-
ference model, except that the function of shear heating is excluded.
Fig. 5b shows the snapshot and horizontal slices of the model absent of
shear heating. Again, the results are similar to those observed in the
reference model at the equivalent time step. Notable differences are
manifested in the following two aspects. First, the thickness or the area
of the mid-crustal melting layer is much less than that in the reference
model. Second, the plateau forces the surrounding lithosphere to be
bent more than that of the reference model, which is accompanied by
less overthrusting of the plateau margin onto the surrounding continent
(Fig. 5b). This is because exclusion of shear heating reduces the internal
heat source in the thickened plateau crust and, to some extent, increases
its strength. The comparison of the model without shear heating and the
reference model shows that shear heating is an important factor in
shaping the deformation style during collisional orogeny. However, the
experiments evidently demonstrate that the role of shear heating in
mid-crustal melting is secondary to radioactive heating.

3.5. Effect of basal heating

Basal heating, which can be resulted from asthenosphere upwelling
due to slab breakoff or lithosphere delamination (e.g., Bird, 1979;
Davies and von Blanckenburg, 1995; Jimenez-Munt and Platt, 2006), is
another important heat source during collisional orogeny. To in-
vestigate the effects of basal heating on crustal melting, we performed
the simulation of ‘Model 6’ (see Table 2). For simplicity, we remove the
lithospheric mantle under the region of 0≤ x≤ 400 km and
100≤ z≤ 400 km from the beginning and keep the rest of parameters
the same as the reference model in this model. This creates an asthe-
nosphere window beneath the central part of the proto-plateau
(Fig. 6a), mimicking a sudden removal of the plateau lithosphere
mantle due to delamination or foundering (e.g., Bird, 1979; Kay and
Kay, 1993). The replacement of cold lithosphere mantle with hot
asthenosphere leads to basal heating of the plateau crust and decom-
pression melting of the gap-filling asthenasphere (i.e., the orange ma-
terial in Fig. 6). The asthenospheric melting disappears within ~5Myr
of the onset of convergence as the newly-added heat is transferred

Fig. 3. Horizontal slices of material, temperature and viscosity for the reference model. The slices roughly cross the center of the mid-crustal melting layer at
Y=50 km, which corresponds to the real depth of 34–38 km (the same below). i, material slices with the model time a 8.3, b 22.3, and c 35.8Myr. ii, temperature
slices. iii, viscosity slices. The dashed white lines encompass the main areas of mid-crustal melting (the same below). UC, upper crust; LC, lower crust; MCM, mid-
crustal melt, which are the same for all the following figures.
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towards the surrounding cold area by convergence-driven advection
(Fig. 7). Heating the plateau crust from below strongly decreases the
strength of the plateau lithosphere and allows faster northward un-
derthrusting of the cold pro-lithosphere coming from the south (Fig. 8).
After ~23Myr of convergence, the asthenosphere window is closed. In
the context of convergence, heat carried by the asthenosphere window
is more efficiently transferred to the surrounding lithosphere, in parti-
cular to the northern and eastern margins of the plateau, than to the
overlying crust (Fig. 7). This leads to overall temperature elevation of
the model crust by a few tens to one hundred degrees relative to the
reference model (Fig. S3), and distributed uplift of the surrounding
continent. and a limited increase of mid-crustal melting relative to the
reference model (Fig. 6b–d). In contrast to the reference model, the
resulting mid-crustal melting layer at the later stage is a few kilometers
thicker (Fig. S4), but the architecture of the resulting orogenic plateau
is quite similar. We conclude that basal heating through slab breakoff or
delamination during collisional orogeny plays an important role in the
regional temperature increase and surface uplift and a relevant role in
promoting mid-crustal melting. Note that if basal heating is triggered
after the establishment of a large hot plateau, its contribution to crustal
melting should be more significant.

4. Discussion

Results presented in Section 3 provide a description of the main
physical processes accompanying the formation of orogenic plateau and
on how these processes can be affected by different combinations of
model parameters. In this section, we discuss the conditions and con-
sequences of the presence of mid-crustal melting and relate the results
to the crustal deformation behavior beneath the Tibetan plateau.

4.1. Physical controls for intra-crustal melting

Mid-crustal partial melting (i.e., in situ crustal melting) has been
repeatedly observed in the models presented above. Here we explore
the physical controls for its generation. Fig. 9 shows the temporal
evolution of temperature, temperature gradient and viscosity profiles at
the site P2 (X=250 km and Z=400 km; see Fig. 1) for the reference
model. At the onset of convergence, the overall temperature of the
upper crust (i.e., the portion above the blue dashed line in Fig. 9a) is
below the granite solidus (Johannes, 1985; Poli and Schmidt, 2002),
and there is no clear dividing line on the temperature gradient curve
between the upper and lower crusts. At the later stage, the temperature
at the lowermost portion of the upper crust exceeds the granite solidus
(red curve in Fig. 9a), which triggers in situ partial melting. The tem-
perature gradient of the upper crust is several times higher than that of

Fig. 4. Influence of convergence rate on orogenic plateau growth and mid-crustal melting. i, snapshots of 3-D models showing lithospheric deformation and surface
topography with convergence rate characterized by a 1.5, b 3.3, and c 5.0 cm/yr. ii, material slices at Y=50 km. iii, temperature slices at Y=50 km. iv, viscosity
slices at Y= 50 km. The snapshot for each model corresponds to the equivalent amount of bulk convergence (~1000 km): a) Model 2 at 66.8Myr; b) Model 1 (the
reference model) at 30.3Myr; c) Model 3 at 19.8Myr. The color codes for topography and material can be found in Fig. 1.
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the sub-upper crust (i.e., the portion beneath the upper crust). This is
because the radiogenic heat production of felsic rocks (upper crust) is
several times (three times here; see Table 1) greater than that of mafic
rocks (lower crust) (e.g., Furlong and Chapman, 2013), and the effect of
this contrast is amplified as cumulative time increases. Convergence-
driven crustal thickening steepens the geothermal boundary between
the upper and lower crust and eventually leads to an upper crust-
dominant geothermal gradient and melt weakening (Fig. 9b,c). This
implicates that the temperature increase in the upper crust is much
faster (3–4 times) than that in the lower crust and lithosphere mantle.
The transition of the thermal regime reflects the nature of the compo-
sitional difference (e.g., radiogenic element content) between the upper
crust and lower crust during crustal thickening (e.g., McKenzie and
Priestley, 2008; Furlong and Chapman, 2013; Hacker et al., 2015).

Our results presented above have demonstrated that when the effect
of radioactive heating is excluded, no crustal melting occurs at all. Mid-
crustal melting predicted in the reference model is generated by tec-
tonically driven crustal self-heating (i.e., radioactive/shear heating).
This is consistent with the analyses by Medvedev and Beaumont (2006),
showing that high values of radioactivity and low values of thermal
capacity for the upper crust can produce temperatures compatible with
the onset of melting.

Basal heating due to slab breakoff or convective removal of the li-
thospheric mantle (e.g., Davies and von Blanckenburg, 1995;
Houseman and Molnar, 2001; Molnar et al., 1993), as shown in Model
6, produces a broad-area increase of the crust temperature and surface
topography and promotes the thickness of mid-crustal melt layer. In the

setting of intense convergence, the horizontal thermal advection plays a
more prominent role in the redistribution of the newly-added heat than
the thermal conduction. This explains the vast area of the temperature
elevation and surface uplift and the relatively limited increase of crustal
melting. On one hand, this simulation indicates that both the orogen-
perpendicular and orogen-parallel transports of material and heat are
important processes during orogeny, which cannot be ignored. On the
other hand, this also demonstrates that our understandings on orogens
from 2D models may be incomplete, because 2D models are incapable
of modeling the orogen-parallel processes. The latent heat associated
with melting is another heat source, which is also considered in our
models (see Table 1). It can supply heat to sustain partial melting as
melt crystallizes, but it cannot contribute to initiate and facilitate
crustal melting. We conclude that crustal thickening-assisted radio-
active heating during orogeny is the dominant mechanism for deep
crustal melting.

Fig. 10 shows the evolution of shear heating as well as the second
strain rate invariant during the growth of orogenic plateau in the re-
ference model. The region with high shear heat is mainly concentrated
in the region where significant mantle thickening occurs or at the
plateau margin, in particular at the later stage. This is resulted from fast
deformation of the plateau mantle as lithospheric thickening and high
localized strain beneath the plateau margin owing to overthrusting of
the plateau crust onto the surrounding continent as the plateau grows
outward. The magnitude of shear heat production is up to 0.1 to>1
μW/m3, which is comparable to radiogenic heat production within the
upper crust (Table 1). The heat source generated by shear deformation

Fig. 5. Influence of radioactive heating and shear heating on orogenic plateau growth and mid-crustal melting. i, snapshots of 3-D models showing lithospheric
deformation and surface topography without a radioactive heating (Model 4) and b shear heating (Model 5), in contrast to the reference model. ii, temperature slices
at Y=50 km. iii, viscosity slices at Y= 50 km. For the purpose of comparison, the chosen model times for the snapshots are identical to that in Figs. 2c and 3c. The
color codes for topography and material can be found in Fig. 1.
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may be transferred to the overlying crust through thermal conduction
(e.g., Burg and Gerya, 2005). Thus, shear heating, as an additional
source of energy during collisional orogeny, facilitates the development
of mid-crustal melting, but its role is secondary to radioactive heating
as shown in the above simulations.

In summary, redistribution of crustal material during convergence
increases crustal heat production in the growing orogenic plateau,
leading to T≥ 600°C in substantial volumes of the middle and lower
crust after ~20Myr since the onset of convergence. It is the inherent
contrast in the abundance of radiogenic elements (U, Th, K) between
the felsic upper crust and mafic lower crust that makes the lowermost
portion of the upper crust favorable for generating in situ partial
melting. The increasing and accumulating radioactive and shear
heating during convergence-driven crustal thickening provides the heat
source needed for mid-crustal melting.

4.2. Consequences of mid-crustal melting

A number of studies have indicated that the occurrence of in situ
crustal melting can lead to a dramatic reduction in crustal strength
(e.g., Arzi, 1978; Beaumont et al., 2004; Brown, 2007; Jamieson et al.,
2011; Rosenberg and Handy, 2005). In fact, Fig. 9c shows that melt-
induced reduction in viscosity can be up to one order of magnitude,
which is consistent with the inference that in situ melt-weakening
amounts to approximately a factor of 10 decrease in effective viscosity
(Beaumont et al., 2004). Below we provide an in-depth analysis of the
consequences of mid-crustal melting in crustal deformation behavior.

The reduction of viscosity within the partial melting layer has the
potential for mechanical decoupling between the overlying upper crust
and underlying lower crust. Fig. 11 shows two cross-sections of the

second strain rate invariant as well as the velocity field for the reference
model at 42.3Myr. The mid-crustal melting zone is characterized by
remarkably higher strain rate relative to its overlying and underlying
region (Fig. 11c, d), reflecting faster localized strain there. The appar-
ently larger magnitude of the Z- and X-components of the velocity in the
mid-crustal melting zone indicates that this layer flows both northward
and eastward relative to its surrounding region (Fig. 11e, f). This
therefore demonstrates that the upper crust is decoupled from the lower
crust and lithospheric mantle due to the presence of the mid-crustal
melting layer.

Therefore, our model results provide convincing evidence for crustal
decoupling due to mid-crustal partial melting. Mechanical decoupling
occurs preferentially at mid-crust depth beneath the mature orogenic
plateau in response to melt-weakened effect. The partial melting layer
decouples from its overlying and underlying crust by eastward and
northward dominant flow. This implies that the mid-crustal melting
eventually induces a localized crustal flow channel, which transports
partially molten material from beneath the plateau interior towards its
eastern and northern margin driven by the combination of the north-
south compression and the pressure gradient. Note that our models
predict that the crustal flow occurs only at the later stage of orogenic
plateau evolution and, significantly, it is confined to a thin layer at the
mid-crustal level, rather than in the lower crust as the crustal channel
flow model argued (e.g., Beaumont et al., 2004; Royden et al. 1997,
2008).

4.3. Implications for crustal deformation at the Tibetan plateau

Geophysical data show that the mid- to lower crust beneath the
Tibetan plateau is characterized by low seismic velocity or low

Fig. 6. Influence of basal heating on orogenic plateau growth and mid-crustal melting. The snapshots show the evolution of a proto-plateau, which is absent of
lithospheric mantle under the central region of the model (Model 6): (a) Time=0Myr; (b) Time=8.3Myr; (c) Time=22.5Myr; (d) Time=36.0Myr. Note the
orange material shown in (a) represents decompression melting of the asthenosphere. The color codes for topography and material are shown at the bottom of the
figure (see Fig. 1 for details). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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resistivity (e.g., Bai et al., 2010; Bao et al., 2015; Unsworth et al., 2005;
Yang et al., 2012). For example, recent seismic ambient noise data re-
veal that inter-connected low shear velocity zones distribute across
most of the Tibetan middle crust at depths between 20 and 40 km and
they are most prominent in the periphery of Tibet (e.g., Yang et al.,
2012; Bao et al., 2015). However, the cause for these low velocity or
resistivity zones remains controversial. The proposed explanations in-
clude preferred orientation of micas, the presence of aqueous fluids,
crustal shearing, and crustal partial melting, etc. (e.g., Wei et al., 2001;
Vergne et al., 2002; Shapiro et al., 2004; Klemperer, 2006). Meanwhile,
petrological data from scattered localities, in particular at rifts or gra-
bens, provide convincing magmatic evidence for crustal melting under
the Tibetan plateau (e.g., Chung et al., 2003, 2005; Ding et al., 2003;
Hacker et al., 2000; Wang et al., 2012). For example, the High Hima-
layan leucogranites represents the exposure of such deeply-seated
crustal melting (e.g., Beaumont et al., 2001; Cottle et al., 2015; Harris,
2007). The exposures of igneous rocks aging from Eocene to Quaternary

have also been documented in central and northern Tibet (e.g., Hacker
et al., 2000; Wang et al., 2010, 2012). How are the geophysical data
reconciled with the petrological data? If the mid-crustal melting exists,
whether is it pervasive throughout the Tibetan plateau or restricted to
the rifts? When did the plateau crust start to melt? These questions are
still open.

Our 3-D models show that mid-crustal melting is a product of the
combination of self-heating (radioactive/shear heating) accompanying
crustal thickening and compositional contrast between the upper and
lower crust. It emerges after ~20Myr of convergence, and accumulates
at the base of the thickened upper crust. This is in agreement with the
above-mentioned petrological data, which indicate a long-lived history
of crustal melting beneath the Tibetan plateau (e.g., Wang et al., 2010,
2012). The mid-crustal depth of crustal melting predicted by our
models is consistent with the depths of 20–40 km for the low velocity or
resistivity zones in Tibet (Bai et al., 2010; Bao et al., 2015; Unsworth
et al., 2005; Yang et al., 2012). At the later stage, the areas with the

Fig. 7. Thermal evolution of the model with basal heating. Horizontal slices show the temperature distribution at various depths and times when the model is
subjected to basal heating. i, temperature distribution at 5.1Myr with a Y=50 (middle crust depth), b Y=70 (lower crust depth), and c Y=100 km (lithosphere
mantle or asthenosphere depth). ii, temperature distribution at 22.5Myr. iii, temperature distribution at 36.0Myr. Note that the heat input through basal heating is
quickly transferred towards the plateau margins, in particular the northern margin, because of convergence.
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mid-crustal melting become interconnected and widespread under the
central and northern plateau. The present-day Tibetan plateau is a ty-
pical large hot orogenic plateau (Jamieson and Beaumont, 2013), just
like the later-stage plateaus presented here. Thus, we suggest that the
mid-crustal melting is pervasive beneath the Tibetan plateau, and it is
the cause leading to widespread low velocity or resistivity zones within
the plateau crust as revealed by geophysical data. Scattered felsic ig-
neous rocks exposed at the extensional rifts or large-scale faults are
likely the surficial expression of the widespread mid-crustal melting,
because crustal-scale faults can provide outlets for exposures of the
deep crustal melt. The continued north-south convergence together
with the increasing potential gravitational energy drives the mid-crustal
partial melt to flow towards north and predominantly towards east.
Apparently, such a consistent outward flow would lead to the marginal
dominance of the mid-crustal partial melt. Therefore, our results also
provide a self-consistent explanation for the periphery-dominant low
shear velocity features in northern Tibet observed on recent seismic
data (Yang et al., 2012; Bao et al., 2015).

The presence of mid-crustal melting in our models postdates the
formation of a large and broad orogenic plateau, thus it is not the cause
responsible for the plateau formation. The outward flow of partially
molten mid-crust materials at the later stage is also limited in volume,
thus is not the primary cause for the outward growth of the plateau at
its margins, unlike previously proposed and inferred (Clark and
Royden, 2000; Royden et al., 1997). However, its occurrence results in
dramatic reduction of crustal strength and leads to mechanical decou-
pling between the overlying upper crust and underlying lower crust.
The mid-crustal melting layer flows eastward relative to its upper and

lower boundary. This confirms that the melt-weakened middle portion
of the thickened crust is capable of flow in channel (e.g., Beaumont
et al., 2001, 2004; Clark and Royden, 2000; Royden et al., 1997). The
generation of a partially molten mid-crustal layer functions as a lu-
bricant to facilitate lateral crustal ductile flow, and has profound effect
on the plateau evolution at the later stage. For example, it may limit
crustal thickness of the plateau, flatten the plateau surface and trigger
orogen-parallel extension and eventual collapse of the plateau.

5. Model limitations

In order to better concentrate on the factors controlling deep crustal
melting, here we do not model the surface processes, such as erosion
and sedimentation. Jamieson and Beaumont (2013) have demonstrated
that increased erosion rates in the Himalaya may be responsible for
reactivating the Main Central Thrust using dynamical models. The re-
sponse of orogens to climate-driven enhanced erosion includes a de-
crease in the width of the orogenic belt, a short-term increase in sedi-
ment yield, a persistent increase in the rate of rock exhumation, and a
reduction in the subsidence of adjacent foreland basins (e.g., Whipple,
2009). Furthermore, focused erosion only has a significant impact on
the steep slopes of orogens, and its effect on the vast plateau interior is
limited (e.g., Beaumont et al., 2004). Thus, it can be envisaged that if
erosion is considered here, more material at the plateau margins will be
transported to the adjacent foreland basins and more metamorphic or
igneous rocks will be exhumed at the plateau margins. Its effect on the
occurrence of mid-crustal melting beneath the plateau may be limited.

The melt transport process and melt reactions are not incorporated

Fig. 8. Thermal-rheological consequences of basal heating. Cross-sections show the evolution of the temperature and viscosity fields with time when an astheno-
sphere window is created beneath the plateau at the beginning of simulation. i, the cross-section of the temperate field along X=250 km (see the yellow line in
Fig. 1a) at a 0, b 5.1, c 22.5, and d 36.0Myr. ii, the cross-sections of the viscosity field along X=250 km at different times. The white arrows indicate the velocity
vectors showing the direction of material motion.
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in our modeling as well. Numerical modeling of melt transport involves
the theories of two-phase flow, melt segregation, melt extraction etc.
(e.g., Keller et al., 2013; Cao et al., 2016), which is beyond the scope of
this study. It is noteworthy that efficient melt transport driven either by
pressure gradients or crustal shearing will reduce the melt fraction. This
likely leads to overestimates of the melt-weakened effect of the molten
rocks and underestimates of the volume of rocks affected by melt in our
models. In addition, as partially molten material migrates up, it should
take the heat. When the melt crystallizes, the melt zone should broaden
over time. In view of this, our model results likely underestimate the
region which is affected by mid-crustal melting.

For simplicity, the asthenosphere window is created at the begin-
ning of the simulation with basal heating (i.e., Model 6). A more rea-
listic case is that the asthenosphere window forms after the establish-
ment of a large orogenic plateau, when the plateau crust/lithosphere
becomes thick enough to initiate convective removal (e.g., Molnar
et al., 1993). Such a process is not modeled here due to the operative
complexity. For example, both the compositional and thermal struc-
tures become heterogeneous in the middle of simulation, which makes
human intervention difficult. Based on the model results from Model 6,
we infer that if basal heating operates at the later stage of the model,
there is likely to be more partial melting within the plateau's middle

Fig. 9. Illustration of mid-crustal partial melting and its consequence in viscosity. The results are for the reference model at fixed point P2 (i.e., X= 250 and
Z=400 km; see Fig. 1 for the position). (a) Temperature profiles and granite solidus and liquidus, showing the condition of partial melting; (b) profiles of tem-
perature gradient; and (c) viscosity profiles. Cyan-filled region indicate the region where crustal partial melting occurred at 42.3Myr. Blue and red dashed lines
indicate the bottom of upper crust at 3.2 and 42.3 Myr, respectively. ULCB, upper-lower crustal boundary, below which the granite solidus and liquidus are not
applicable as the composition changes into the lower crust or mantle. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 10. Evolution of shear heating and strain rate during convergence. i, cross-sections of shear heating cutting through the reference model along X=250 km at a
3.2 and b 42.3Myr. ii, cross-sections of the second strain rate invariant cutting through the reference model along X=250 km. The gray lines are material contours,
and the black arrows represent the velocity vectors showing the direction of motion.
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crust because the thermal state of the plateau crust at that time gets
much hotter. The thermal and rheological consequences as observed in
Model 6 will hold for a later stage-basal heating case.

6. Conclusions

In this study, we investigate the physical controls of mid-crustal
melting during collisional orogenesis and explore its consequences on
the evolution of orogenic plateaus using 3-D thermo-mechanical
models. Our results demonstrate the following:

1) The continued convergence causes orogenic crust to redistribute and
in particular to have increasing upper crustal compositions and
more radiogenic elements. The resulting radioactive and shear
heating provides heat source required for in situ partial melting of
deep-buried (at mid-crustal depths) felsic rocks. The amount of mid-
crustal partial melting strongly depends on convergence rate. Slower
convergence rate favors earlier emergence and larger concentration
of mid-crustal melt.

2) Radioactive heating accumulated during crustal thickening plays
the primary role in generating mid-crustal partial melting. This is
consistent with previous 2-D model results. Shear heating promotes
crustal melting, but its role is secondary to radioactive heating.
Basal heating may be another important heat source in particular
settings (e.g., slab breakoff or lithospheric delamination). Our si-
mulations show that basal heating produces a broad-area increase of
the crust temperature and surface elevation and, to a lesser extent,
promotes mid-crustal melting, because lateral heat advection driven
by convergence dominates the transport of the newly-added heat.

3) The occurrence of mid-crustal partial melting results in a profound

reduction of crustal strength. At the later stage of orogenic plateau
evolution, the melt-weakened mid-crustal layer flows northward
and eastward in a localized channel and leads to differential motion
of the layers above and below the melt channel and the marginal
dominance of mid-crustal partial melting.

4) We suggest that the widespread low velocity or resistivity zones
observed within the Tibetan plateau crust are caused by deep crustal
melting. The deep crustal melting is a later-stage product during the
tectonic evolution of the Tibetan plateau, not an active control. Mid-
crustal melting is pervasive beneath the Tibetan plateau, and the
scattered felsic igneous rocks exposed at the extensional rifts or
large-scale faults are likely the surficial expression of the widespread
mid-crustal melting.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tecto.2019.03.014.
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