
Lithospheric strength variations in Mainland China:
Tectonic implications
Yangfan Deng1,2 and Magdala Tesauro3

1State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences,
Guangzhou, China, 2State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy
of Sciences, Beijing, China, 3Department of Earth Sciences, Utrecht University, Utrecht, Netherlands

Abstract We present a new thermal and strength model for the lithosphere of Mainland China. To this
purpose, we integrate a thermal model for the crust, using a 3-D steady state heat conduction equation,
with estimates for the upper mantle thermal structure, obtained by inverting a S wave tomography model.
With this new thermal model and assigning to the lithospheric layers a “soft” and “hard” rheology,
respectively, we estimate integrated strength of the lithosphere. In the Ordos and the Sichuan basins,
characterized by intermediate temperatures, strength is primarily concentrated in the crust, when the
rheology is soft, and in both the crust and upper mantle, when the rheology is hard. In turn, the Tibetan
Plateau and the Tarim basin have a weak and strong lithosphere mainly on account of their high and low
temperatures, respectively. A comparison of temperatures, strength, and effective viscosity variations with
earthquakes distribution and their seismic energy released indicates that both the deep part of the crust and
the upper mantle of the Tibetan Plateau are weak and prone to flow toward adjacent areas. The high strength
of some of the tectonic domains surrounding Tibet (Tarim, Ordos, and Sichuan basins) favors the flow toward
the weak western part of South China block.

1. Introduction

The strength distribution in the continental lithosphere plays an essential role in controlling the behavior of
continental deformation [e.g., Ranalli and Adams, 2013]. The present tectonics of Mainland China has been
mainly affected by the Indo-Asian continental collision in the southwest, which has created the Tibetan
Plateau, and the subduction of the NW Pacific plate in the east [e.g., Pandey et al., 2014]. Therefore, this region
is obviously a key natural laboratory to investigate the influence that strength variations have on the evolu-
tion of intraplate continental lithosphere (Figure 1). In particular, the disruption of a part of its Archean
cratons, due to the subsequent tectonic activity (see section 2), has attracted significant attention in the last
decades [e.g., Chen et al., 2008, 2009; Dong et al., 2015]. Furthermore, numerous geophysical studies based on
different observations, such as low seismic crustal velocities [Yang et al., 2012; Deng et al., 2015], seismic ani-
sotropy [Xie et al., 2013], shear wave splitting measurements [e.g., Li et al., 2011], seismic attenuation distribu-
tion [e.g., Zhao et al., 2013], low electrical resistivity in the middle-lower crust [Wei et al., 2001; Bai et al., 2010],
high Vp/Vs ratio [e.g., Singh et al., 2015; Xu et al., 2014], and high heat flow [Hu et al., 2000] indicate a zone of
strong viscosity reduction and partial melt beneath the Tibetan Plateau, which supports the hypothesis of
flow of its crust/lithospheric mantle. However, the depth and extent of possible channels flow are still under
debate. Some authors [e.g., Clark and Royden, 2000; Klemperer, 2006; Royden et al., 2008;Wang et al., 2012; Xie
et al., 2013; Jiang et al., 2014] sustain the hypothesis that the flow primarily occurs within the middle-lower
crust, based on the moderate amount of crustal shortening on the eastern plateau margin [Burchfiel et al.,
1995]. Others [Hirn et al., 1995; Huang et al., 2008;Wang et al., 2008; Liu et al., 2004] suggest that the extrusion
may occur widely in the asthenosphere.

On the other hand, the thermal structure and rheology of Mainland China has been investigated only in some
parts of the region using heat flow and gravity data [e.g., Jiménez-Munt et al., 2008; Zhang et al., 2012, 2013a;
Robert et al., 2015; Tunini et al., 2016]. In order to implement a consistent thermal and strength model for the
whole Mainland China and identify the actual location of weak zones, where flow of crustal/lithospheric
mantle rocks may be active, we estimate temperature, strength, and viscosity variations of the lithosphere
of Mainland China, followed by an analysis of their relationship with intraplate seismicity distribution. To this
purpose, we use the crustal temperatures model of Sun et al. [2013a] based on a 3-D steady state heat
conduction equation, whereas we estimate upper mantle temperatures by inversion of the S wave velocity
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tomography data of Li et al. [2013]. We assume two end-members “hard” and “soft” rheology of the litho-
sphere to evaluate the influence of assumptions made in the rheological model on the overall strength dis-
tribution and in particular on the possible occurrence of channel flow at various depths of the lithosphere.

2. Geological Setting

Mainland China is an assembly of three major Precambrian cratons, the North China Craton (NCC) also called
Sino-Korean Craton, the Yangtze Craton (YC), and the Tarim block, separated by fold belts, which were
accreted from the late Proterozoic to the Cenozoic [e.g., Zheng et al., 2013; Zhang et al., 2014] (Figure 1).

The NCC is traversed by the North-South Gravity Lineament (NSGL), a large-scale feature 100 km wide, which
extends over 3500 km in N-S direction. The eastern and western regions of the NCC have experienced very
different geological histories. The regions located east to the NSGL underwent significant tectonic changes
since the Jurassic and have been dominated by Cretaceous craton destruction [Zhu et al., 2011], leading to
the removal of at least 100 km of its lowermost lithosphere [e.g., Menzies et al., 2007; Xu, 2007; Chen et al.,
2008; Windley et al., 2010; Dong et al., 2015]. This has resulted in a thinned lithospheric mantle, an increase
in heat flow, widespread volcanism, formation of large-scale sedimentary basins and extensive seismicity
[e.g., Griffin et al., 1998; Fan et al., 2000; Zheng et al., 2007]. Different tectonic events have been proposed
to be responsible for the decratonization of the eastern NCC. These include the India-Eurasia collision, mantle
plume activity, collision of the NCC and YC cratons, and as themost likely the west Paleo-Pacific plate subduc-
tion [Zhu et al., 2012; Zheng et al., 2014]. Extensional tectonics induced by the Paleo-Pacific subduction had
also significantly affected the lithosphere of the South China block, composed of the YC and Cathaysia block,
causing widespread magmatism [Li and Li, 2007].

The western NCC was much less affected by Paleo-Pacific subduction, and thus, the lithosphere could pre-
serve its thickness (up to >150 km) remaining mainly undeformed since the early Proterozoic (1.85 Ga)
[e.g., An and Shi, 2006; Chen et al., 2009]. The northeastward subduction of the Indian continental plate at
a rate of ∼ 4 cm/yr [Copley et al., 2010] has significantly influenced the tectonics of this region, causing strong
compressional deformation with crustal shortening and thickening. These processes induced the uplift of the
Tibetan Plateau, east-west crustal extension inside the Plateau, and formation of several large active
suture zones in and surrounding this region, where many large earthquakes have been generated [e.g.,

Figure 1. Topography and surface heat flow data of Mainland China (Hu et al., 2000; Feng et al., 2009). Red circles show the
earthquakes (Ms ≥ 4) occurring from 1980 to 2014 (China Earthquake Networks Center catalog). Grey and brown contours
show main tectonic boundaries and the borders of the main sedimentary basins of Mainland China (Junggar, Tarim,
Qaidam, Songliao, Ordos, and Sichuan basins). Abbreviations are as follows: HB: Himalayan block; LB: Lhasa block; QB:
Qiangtang block; SB: Songpan-Ganzi block; KB: Kunlun-Qaidam block; QL: Qilian block; YC: Yangtze Craton; CB: Cathaysia
block; NSGL: North-South Gravity Lineament; NSSZ: North-South seismic zone. The North China Craton is subdivided into a
Western block (WB) and Eastern block (EB) by the Trans-North China Orogen (TNCO).
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Craig et al., 2012]. The most active seismic region, as we can observe from the earthquakes distribution
(Figure 1), is the North-South seismic zone (NSSZ), located along the eastern margin of the Tibetan Plateau
and covering an area where several tectonic blocks, including the YC, the Songpan-Ganzi block, the
Qiangtang block, and the Indochina block, are interacting.

3. Data and Methodology
3.1. Seismic Velocity Model

P and S velocity models of the upper mantle of the eastern part of Asia, based on tomography inversion of
travel time [e.g., Koulakov, 2011; Wei et al., 2012] show relatively low seismic velocities, with high velocities
up to a depth of 200 km or larger, beneath Precambrian blocks (e.g., Ordos basin, Sichuan basin, and Tarim
basin). However, the vertical resolution of the body wave tomographic models is lower in comparison with
that of surface wavemodels [e.g., Li et al., 2013]. In the last decade numerous surface wave tomography mod-
els could constrain absolute seismic wave velocities of the upper mantle of East Asia [e.g. Feng et al., 2010;
Zheng et al., 2008; Sun et al., 2010]. These studies have detected the lateral variations of mantle structure in
the different tectonic features but do not have sufficient resolution to resolve small-scale features
(<500 km). Li et al. [2013] have recently presented a surface wave velocity model for the crust and upper
mantle of East Asia, obtained by inverting Rayleigh wave group velocity data for periods between 10 and
145 s and combining the results with previously published Rayleigh wave phase velocity measurements
between 150 and 250 s [e.g., Koulakov, 2011]. To estimate surface wave group velocities, Li et al. [2013] used
waveform data recorded by permanent seismic stations recently installed in the study region, which have sig-
nificantly improved the resolution of their tomography model.

The shear wave velocity model of Li et al. [2013] reveals significant heterogeneity in the upper mantle
beneath China. It shows high-velocity anomalies up to a depth of 150–200 km beneath stable blocks, such
as the Tarim Basin, West Yangtze Craton, Ordos basin, Indian continent, Southern edge of the Tibetan
Plateau, and the Hindu Kush/Pamir region (Figure 2a). Beneath the Himalaya and Pamir regions high-velocity
anomalies are present at a depth larger than 200 km and are associated with the subducting Indian plate. The
low velocities observed beneath northern Tibet are indicative of a hotter upper mantle and are inconsistent
with the interpretation of whole scale underthrusting of India beneath the entire Tibetan Plateau [Zhou and
Murphy, 2005]. Other major low-velocity anomalies, indicating very thin lithosphere (70–100 km), occur
beneath Eastern China and the marginal seas and correspond to areas of high heat flow, associated with
Meso-Cenozoic extension and volcanism [e.g., Wang and Cheng, 2012].

3.2. Yield Strength Envelope

The bulk strength of the lithosphere is commonly described by the yield strength envelope (YSE) [Goetze and
Evans, 1979], which predicts the maximum differential stress required to deform the rocks [Ranalli, 1995]. The
YSE allows quantitative assessment of the lithospheric strength based on experimentally determined consti-
tutive equations, describing brittle and ductile behaviors of rocks [e.g., Brace and Kohlstedt, 1980]. The brittle
strength is described by Byerlee’s law [Byerlee, 1978], while in the ductile regime, rocks deform according to
power law dislocation creep at high stresses and temperature <1300°C (Table 1).

Notably, in the uppermost mantle at high stress and relatively low temperatures (<1000 °C), the ductile defor-
mation occurs more likely according to the creepmechanism, known as “low-temperature plasticity” or “Dorn
law” [e.g., Ranalli and Adams, 2013]. We refrain from using this flow law to estimate the lithospheric strength,
since, differently from the power law dislocation creep, it has been derived only for olivine in anhydrous
conditions [Evans and Goetze, 1979; Mei et al., 2010; Demouchy et al., 2013]. Thus, its application may not
be suitable in the eastern part of the study area, characterized by metasomatized upper mantle.

The integrated lithospheric strength is obtained from the vertical integration of the yield strength envelope (1).

FH ¼ ∫
H

0 YSEdz (1)

where H is the lithospheric thickness.

There is a large uncertainty in both assigning the rheology corresponding to a specific rock composition,
which should be representative of the study area, as well as in the values of rheological parameters estimated
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by laboratory experiments. For this reason, we construct two end-member lithospheric rheological models,
here named soft and hard models, in order to estimate the strength of the lithosphere according to a weak
and stiff rheology. In the soft model we assign a “wet quartzite,” “wet diorite,” “felsic granulite,” and “wet peri-
dotite” rheology to the upper crust, middle crust, lower crust, and upper mantle, respectively. In contrast, in

Figure 2. (a) Shear wave velocity (km/s) at a depth of 100 km [Li et al., 2013]. (b) Temperature distribution (°C) in Mainland China at depths of 100 km. Black lines
labeled A-A′, B-B′, C-C′, and D-D′ show location of four transects crossing Mainland China displayed in Figures 6–9. Abbreviations are as follows: JGB: Junggar
basin; QAB: Qaidam basin; OB: Ordos basin; SIB: Sichuan basin; SLB: Songliao basin. (c) Average geotherms (°C) of some key tectonic structures. (d) Depth (km) of the
thermal lithosphere corresponding to the depth of the 1250°C isotherm.

Table 1. Values of the Creep Parameters Assumed for Soft and Hard Rheological Models, Respectively

Parameter Symbol Units Sediments Upper Crust Middle Crust Lower Crust Upper Mantle

Composition - - - Quartzite (wet)
[Carter and Tsenn,
1987]/quartzite
(dry) [Ranalli and
Murphy, 1987]

Diorite (wet)
[Carter and
Tsenn, 1987]/
diabase (dry)
[Kirby, 1983]

Felsic-ganulite
[Wilks and

Carter, 1990]/
mafic-ganulite
[Wilks and

Carter, 1990]

Peridotite (wet)
[Hirth and

Kohlstedt, 1996]/
peridotite (dry)

[Hirth and
Kohlstedt, 1996]

Density min-max/mean ρ kg/m�3 1610–2290/2105 2400–2760/2711 2740–2860/2796 2850–3050/2945 3170–3450/3334
Layer thickness min-max/mean z km 0–15.6/0.9 0.6/40.0/16.0 1.3–24.2/13.2 3.2–20.8/10.2 -
Friction coefficient ext/com f - 0.75/3 0.75/3 0.75/3 0.75/3 0.75/3
Pore fluid factor λ - 0.36 0.36 0.36 0.36 0.36
Power law exponent n - - 1.9/2.4 2.4/3.4 3.1/4.2 3.5/3.5
Power law activation energy Ep kJmol�1 - 172.6/156 212/260 243/445 515/535
Power law pre-exponential
stress constant

Ap Pa�n s�
1

- 1.26×10�13

/2.508×10�20
1.274×10�16

/7.962×10�25
2.01×10�21

/8.83×10�22
4.89×10�15

/4.85×10�17

Strain rate ε· s�1 - 10�15 10�15 10�15 10�15

Brittle strength σ = fρgz(1� λ)

Power law creep σ ¼ ε·
AP

h i1
n
:exp EP

nRT

� �
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the hard model we associate to the same lithospheric layers a “dry granite,” “dry diabase,” “mafic granulite,”
and “dry peridotite” rheology. This choice implies that hydrated and sialic rocks are rheologically weaker than
those anhydrous and mafic, as assessed by laboratory experiments [e.g., Wilks and Carter, 1990; Hirth and
Kohlstedt, 1996]. The values of the creep parameters used for computation are given in Table 1.

For the strain rate (Table 1) we use a uniform value of 1×10�15 s�1, which is commonly observed in most part
of the study region [Zhu and Shi, 2011] and thus is suitable to estimate first-order strength variations.
However, the strain rates may vary of about 2 orders of magnitude in the areas characterized by fast or slow
deformation [e.g., Kreemer et al., 2014]. In particular, the horizontal strain rates of continental China, estimated
using GPS observation, are about up to 5 times larger in the west than in the east [Zhu and Shi, 2011]. For this
reason, we performed sensitivity tests of this parameter, by estimating the integrated strength for strain rates
larger/lower than 1 order, with respect to the value used in this study. The depth of the intracrustal bound-
aries and density of the crustal layers are provided by the CRUST1.0model [Laske et al., 2013], which estimates
Vp, Vs, density and thickness for eight layers (water, ice, three sediment layers, and upper, middle, and lower
crystalline crust) with a resolution of 1° × 1°. The density of the upper mantle has been also provided by
CRUST 1.0, which is taken from LLNL-G3Dv3 model [Simmons et al., 2012].

3.3. Thermal Model

The lithospheric thermal structure of continental China has been estimated in previous studies, following two
different approaches: (1) solving the steady state thermal conduction equation, formulated in one or two
dimension using heat flow data [e.g., Zhang et al., 2013a; Chen et al., 2014] and (2) inverting seismic velocity
models [An and Shi, 2006; Priestley and McKenzie, 2006] using mineral physics constraints [Cammarano et al.,
2003]. The results obtained, using the first approach, were influenced by the uneven distribution of the heat
flow observations. Sun et al. [2013a] have recently estimated the thermal structure of the crust of Mainland
China by solving the 3-D steady state heat conduction equation using a finite element method. They used
the conductivity and heat production estimated from P wave velocities to fit the surface heat flow observa-
tions. The misfit found between the calculated and the observed surface heat flow resulted in an uncertainty
of the estimated temperatures of <100°C. The model does not take into account the effect of local condi-
tions, such as fluid circulation in the shallow part of the crust, which may bias these estimates [e.g., Spinelli
and Wang, 2008]. In addition, a thermal model based on purely steady state conditions is in general not
suitable for the upper mantle underlying tectonically active areas [e.g., Mareschal and Jaupart, 2013].

In contrast, inversion of seismic velocities into temperatures offers the advantage of having uniform data cov-
erage and the opportunity to estimate the thermal field of the upper mantle also in tectonically active areas.
As discussed previously [e.g., Tesauro et al., 2012, 2013, 2015], uncertainties in temperatures obtained from
seismic inversion depend on various factors, and thus, the combined effects may be additive or subtractive,
making a quantification difficult. The largest uncertainties are given by the seismic tomography model. An
uncertainty in the seismic velocity of ~0.05 km/s may affect temperature more significantly (~150 °C) in the
cold than in the warm regions, where velocity variations correspond to smaller temperature changes due
to the anelasticity effect, a dissipative process involving viscous deformation [e.g., Karato and Spetzler, 1990].

We constructed a new composite model, by combining the thermal crustal model of Sun et al. [2013a] with
estimates of temperatures in the upper mantle, obtained inverting seismic velocities of the shear model of Li
et al. [2013] at a depth between 100 and 300 km. We linearly interpolate the temperatures estimated at a
depth of 100 km with those at the Moho depth. The interpolation ensures a smooth transition between
the crustal and upper mantle model. We use this “combined” approach to take advantage of both methods
discussed, reducing the uncertainties of the estimated temperatures. Actually, the heat flow data reflect the
thermal state of the crust. On the other hand, inversion of seismic velocities provides a valid alternative to
estimate the upper mantle temperatures, enabling to identify features (e.g., presence of cold bodies in the
upper mantle), which cannot be detected using the simple steady state thermal equation.

In the inversion, we apply the mineral physics approach of Stixrude and Lithgow-Bertelloni [2005], which con-
sists of the evaluation of the physical properties of mantle phases at elevated pressure and temperature using
the Eularian finite strain formulation. We used the elastic modulus and the pressure derivative of the mineral
phases defined in Cammarano et al. [2003], which are estimated taking into account their dependence on the
iron content. In the inversion we use a uniform upper mantle composition (Ol: 58.5%, OPX: 15%, CPX:11.5%,
and Gt:15%, with a Mg#= 89), corresponding to an average of the mineral fractions constituting the
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“Primitive mantle” rock defined by McDonough and Sun [1995] and the “Tecton garnet peridotite” rock of
Griffin et al. [2003]. Using this composition we intend to represent both a “fertile” Phanerozoic upper mantle,
which experienced a limited amount of melt extraction, as well as a Precambrian upper mantle, which has
been refertilized by infiltration of fluids and partial melts. Presence of water and partial melt in the upper
mantle may decrease significantly the seismic velocities [e.g., Sato et al., 1989], but their effects are not well
constrained by experimental/theoretical results. As the presence of fluids enhances the effects of anelasticity,
we take into account their influence on temperature by choosing the anelasticity model Q4 of Cammarano
et al. [2003]. This model among others reproduces the anelasticity effect more strongly and thus simulates
the effects of fluids on temperatures. Even if the uncertainties of the anelasticity may be large at high tem-
peratures, they do not affect the strength estimates. Actually, the effects of anelasticity start to be activated
at temperatures exceeding 900°C [e.g., Jackson et al., 2002], when the strength is already close to zero [e.g.,
Ranalli, 1994].

4. Lithospheric Temperature Distribution

The results of the new thermal model in terms of temperature variations at a depth of 100 km, average
geotherms of some key tectonic stuctures, and depth of the thermal lithosphere are shown in
Figures 2b�2d. We can observe that there is not everywhere a direct correspondence between the tempera-
tures in the upper mantle and heat flow values (Figures 1 and 2). The most remarkable features, not reflected
by the heat flow surface data, are the cold anomalies (500–600°C) along the southwesternern border of Tibet,
caused by the subducting Indian slab. The temperatures sharply increase toward the central and northern
part of the Tibetan Plateau (Qiangtang Terrane), reaching values close to the melting point (1100–1200°C).
In this area the mean heat flow is also relatively high (>75mW/m2) for a continental plate (Figure 1) and
may have originated not only from the crust but also from the upper mantle. The average geotherm of
central Tibet (Figure 2c) shows a high thermal gradient in the upper and middle crust, which lead to a tem-
perature of ~1000°C at a depth of ~35 km. These results are consistent with those inferred from xenolith data
(800° to 1000°C at a depths of 30 to 50 km) and satellite magnetic data (>550°C at depths of 15 ± 5 km)
[Hacker et al., 2000]. At larger depths there is an abrupt strong reduction of the thermal gradient, which
causes a very smooth increase of temperatures in the lower crust and in the upper mantle below 100 km
and almost constant values (1200°C) at the depths 70–100 km. This trend shows that the uppermost part
of the thickened Tibetan crust is warm, due to its high radiogenic heat production [e.g., McKenzie and
Priestley, 2008] and the shear heating generated in the collisional setting [e.g., Wang et al., 2013a]. On the
other hand, the subducting Indian plate is cooling the uppermost part of the Tibetan mantle and causes a
marked change in the thermal gradient starting at the depth of the lower crust. Notably, the horizontal
and vertical advection of material, associated with the relative motion between India and Tibet [Craig
et al., 2012], as well as the anomalous heating of the middle crust, due to the radiogenic heat production
[Nunn et al., 2014] or shear heating [Wang et al., 2013a], may cause a more severe decrease of the thermal
gradient, which can lead to local temperature inversions, not captured by our model. Our results are also
strongly consistent with those of Jiménez-Munt et al. [2008], predicting a temperature increase from the
southern to the central and northern part of the Tibetan Plateau, according to the increase of distance from
the Indian subducting slab. In the western part of China we identify a cold anomaly (~700°C), corresponding
to a large part of the Tarim basin. We can observe that the thermal gradient in the mantle lithosphere of this
basin is very low up to a depth of ~ 125 km and sharply increases below (Figure 2c). This transition can be
attributed to a compositional variation between an uppermost mantle depleted of heavy constituents
(e.g., garnet) and a fertile lower mantle lithosphere, accompanied by more hydrated conditions. This would
demonstrate that the lithosphere of the Tarim basin has not been refertilized by metasomatism, like the east-
ern NCC. Since this basin is of Proterozoic age [Zhang et al., 2013b], we expect only a moderate depletion of
its upper mantle [e.g., Griffin et al., 2003; Tesauro et al., 2014]. This would result in an underestimation of tem-
perature in the shallowmantle of ≤100°C [Tesauro et al., 2014]. In contrast, the thermal gradient in the mantle
lithosphere of the other basins is rather constant, showing only sharp discontinuities of very small amplitude
(few tens of degrees), which indicate that compositional variations affecting the temperatures are not signif-
icant. The temperatures sharply increase of ~300°C in the westernmost part of the Tarim basin, reaching
values up to ~1000°C beneath the Tien Shan orogen and the northern border of the Pamir region. The ther-
mal anomaly underneath the Tien Shan orogenmay be due to the upwelling of the asthenosphere below the
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Asian plate [e.g., Tian et al., 2010]. This likely occurs as a consequence of the underthrusting of the Indian
plate at a shallow angle to the north, which colliding with the Asian plate may cause bending and retreating
of the subducted Asian mantle lithosphere to a deeper angle [Kumar et al., 2005].

The Tarim and Qaidam basins are characterized by a cold crust, according to their low heat flow estimates
(Figure 1) and are underlain by a relatively cold and warm upper mantle, respectively (Figure 2c). These
results indicate that the upper mantle of the Qaidam basin, differently from that of the Tarim basin, does
not represent a strong rigid block. Other basins, located in the western and central part of China, as the
Junngar, Ordos, and Sichuan basin, have similar intermediate temperatures at a depth of 100 km (~950°C),
while at larger depths, the upper mantle of the Ordos basin is warmer than the others (Figures 2b and 2c).
As also observed in previous studies [e.g., Wang and Cheng, 2012], the temperatures tend to smoothly
increase eastwards reaching values close to the melting point (1100–1200°C) in the Trans-North China
Orogen, South China fold belt, North China basin, and the Songliao basin. These tectonic structures are
located in the parts of the craton that have been decratonized and subjected to strong extension during
Meso-Cenozoic time. Previous studies [e.g., Xu, 2003; Qiu et al., 2006] have classified the continental basins
located in the western (Ordos, Tarim, and Junggar basins) and eastern (Songliao basin) parts of China as
“cold” and “hot” basins, respectively, on the base of the heat flow data. The last named show values near
70mW/m2 in the Songliao basin, NCC, and South China block (Figure 1). In contrast, in the western part of
China the heat flow has much lower values, in the range between 35 and 45mW/m2 in the Junggar basin
and 45–55mW/m2 in the Tarim basin (Figure 1). Our results demonstrate that this classification is too simplis-
tic, since the temperatures in the upper mantle are more heterogeneously distributed, in comparison with
the heat flow values. Therefore, we may identify the Tarim basin as a cold basin and the Songliao basin as
a hot basin, while all the others are characterized by an intermediate thermal regime, with a geothermal gra-
dient, which strongly decreases (as in the Sichuan and Junggar basin) or remains almost constant (as in the
Qaidam and Ordos basins) at the Moho depth (Figure 2c).

The base of the thermal lithosphere corresponds to the depth of themantle solidus temperature (i.e., 1300°C),
at which the heat starts to be transferred by convection. Since the latter depends on mantle viscosity,
which is also temperature dependent, the depth of the lithosphere/asthenosphere boundary may be
shallower, corresponding to that of 0.85 of the solidus temperature [e.g., Pollack and Chapman, 1977]. In
addition, mechanical properties of the mantle may change gradually in the vicinity of the solidus, making
seismic velocities very sensitive to temperature variations near the melting point. Therefore, according to
the thermal and seismological definition, the transition between the lithosphere and asthenosphere is
smooth rather than sharp [e.g., Cammarano et al., 2003]. Due to the uncertainty in defining the depth of
this boundary and considering also that the presence of fluids in the upper mantle decreases its solidus
temperature, we assign as the base of the thermal lithosphere the depth of the 1250°C isotherm
(Figure 2d). The thickest lithosphere (>200 km) is estimated along the southwestern part of Tibet. It appears
that in this region the subducting Indian slab has doubled the thickness of the lithosphere. Large litho-
spheric thickness are also predicted in the study of Tunini et al. [2016], based on geological, geophysical,
and petrological data. The lithosphere rapidly thins to 100–130 km in the central and northern part of
the Tibetan Plateau and beneath the Qaidam basin, probably due to delamination processes [e.g., Bao
et al., 2015] (Figure 2d). Similar variations of lithospheric thermal thickness have been estimated in the
study of Jiménez-Munt et al. [2008]. These results suggest the removal of the lower part of the lithosphere
with the consequent replacement with hotter asthenosphere in the central and northern part of the
Plateau. In contrast, other studies based on seismic tomography [e.g., Prestley et al., 2006] and geoid
anomalies, elevation data, and thermal analysis [Robert et al., 2015] suggest a very thick lithosphere
(200–300 km) also in the northern part of the Tibetan Plateau.

Lithospheric roots extend to ~140 km depth beneath the Ordos block, to ~170 km depth beneath the Tarim
and Sichuan basins, and to 200 km depth in the Junggar basin. These cratonic blocks, forming the northern
and eastern borders of the Indian-Asian collision zone, have acted as rigid blocks affecting the lithospheric
deformation around them during the collision [Clark and Royden, 2000; Royden et al., 2008]. These results
are largely in agreement with those of An and Shi [2006] and Li et al. [2013], indicating that the seismological
and thermal definition of the LAB is mostly coinciding. On the other hand, the model of Tunini et al. [2016]
shows very similar temperature variations in the shallow lithospheric mantle (<150 km) of the Tarim and
Junggar basins but predicts a lithospheric thickness larger than 200 km. In the eastern North China Craton
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the lithosphere is 100–110 km, a value slighly larger than those previously predicted [e.g., Chen et al., 2008;
Yang et al., 2013]. Thin lithosphere (~100 km) is also observed in the eastern part of South China block, indi-
cating that extensional tectonics affected also this region.

5. Lithospheric Strength

Using the new thermal model presented above and assuming a soft and a hard rheological model of the
lithosphere, we estimated the crustal and lithospheric integrated strength and the fraction of the integrated
crustal strength for extensional and compressional stress conditions. The subduction processes in Western
China caused compression of the lithosphere of the western portion in N-S direction, while the lithosphere
of Eastern China entered into a stage of extension since the Cretaceous [e.g., Zhang et al., 2011a]. We
display and discuss in this study only estimates of strength obtained for compressional stress conditions,
which should be considered as upper bounds of the possible values depending on the local stress conditions
(Figures 3a–3f).

It can be noticed that when a soft rheological model is used, most of the study area is weak, with an inte-
grated lithospheric and crustal strength of ~ 1012 Pam (Figures 3a and 3c). The integrated lithospheric
strength is relatively high in the eastern part of the continent (~1 × 1013 Pam), where the crustal thinning
has the effect of increasing the strength in the mantle lithosphere. When we assume a hard rheology, the
strength increases significantly (>1× 1013 Pa) in the lithosphere of several tectonic domains (Figures 3b
and 3d). On the other hand, the Tibetan Plateau and the Qaidam and Junggar basins have a weak lithosphere,
also when a hard rheology is assumed, on account of their high temperature and crustal thickness. We can
notice that the choice of the rheology influences also the vertical strength partitioning between the litho-
spheric layers (Figures 3e and 3f). In case of a soft rheology, the strength is predominantly concentrated in
the crust (>80%) in most of Mainland China, characterized by high or intermediate temperatures and a thick
crust (>40 km). These areas deform according to a “crème brûlée”model, predicting a relatively strong crust
underlaid by a weak mantle [e.g., Jackson, 2002]. In cold regions, as the Tarim basin or in those characterized
by a relatively high thermal regime, but with a thin crust (<35 km), as part of Eastern China, the strength is
almost equally partitioned between the crust and mantle lithosphere (Figure 3e). Therefore, these domains
have a deformation type similar to that of a “jelly sandwich”model, in which the strength is distributed both
in the crust and upper mantle [e.g., Burov, 2011]. When a hard rheology is assumed, the fraction of the
strength concentrated in the crust is reduced to ≤ 40% in part of Eastern China and in the Tarim basin
(Figure 3f). Therefore, the rheological stratification influences in some cases significantly the way in which
the lithosphere deforms, on which in turn depends the long-term stability of the tectonic structures.
Recent numerical models [François et al., 2013] demonstrate that the topography remains stable over geolo-
gical time only when the strength is mainly concentrated in the mantle lithosphere. Therefore, by identifying
the rheology that more likely represents the various tectonic structures and estimating their strength, we can
make predictions on their long-term stability.

To analyze in more detail the strength distribution within the different lithospheric layers, we display some
YSEs for key tectonic structures of Mainland China (Figure 4). We observe that in the Tibetan Plateau and
northward in the Qaidam and Junggar basins the strength is localized only in the uppermost part of the crust,
also when a hard rheology is used (Figure 4, YSE: B, G, and E). The absence of strength in the Lhasa and
Qiangtang block may be related to partial melting of the middle/lower crust due to high temperatures, as
suggested by the high values of the Poisson’s ratio (≥0.30 [Singh et al., 2015]). The heat causing partial melting
derives probably from crustal thickening in the Lhasa block and from underplating of basaltic melts of mantle
origin in the Qiangtang block [e.g., Ji et al., 2009]. Therefore, the high temperatures, causing the low rigidity of
these domains, make them more prone to deformation and their high topography, supported by the hot
upper mantle, unstable over geological time [e.g., François et al., 2013]. Similar to the Tibetan Plateau, the
increase of strength in the Songliao basin, occurring by varying the rheology from soft to hard, is not signifi-
cant (Figure 4, YSE D). Indeed, the high temperatures of the Songliao basin, formed during the late Jurassic
and Cretaceous, when northeastern China experienced large-scale crustal extension and extensive volcan-
ism, permit only a small concentration of the strength in the uppermost part of the mantle when a hard rheo-
logical model is assumed.
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On the other hand, most of the Tarim basin and the YC have a strong upper mantle in both rheological
models (Figure 4, YSE I and A). Therefore, also in this case, the choice of the rheology does not influence
the strength distribution within these features, which corresponds to that of a jelly sandwich model.
However, it should be noticed that the upper mantle of the Tarim basin increases significantly its strength,
when a hard rheology is used. In the westernmost part of the Tarim basin, toward the Tien Shan orogen,
the strength sharply decreases in both rheological models (Figure 4, YSE C), on account of the high tempera-
tures (Figure 2b). Therefore, the high topography of the Tien Shan orogen is supported by the high tempera-
tures of its upper mantle (responsible for its dynamic component) and by the rigid lithosphere of its foreland
basin (Tarim basin), as already suggested in previous studies [e.g., Kumar et al., 2005].

Figure 3. Integrated strength exponent of the (a, b) crust and (c, d) lithosphere and (e, f) percentage of integrated crustal strength, estimated assuming a soft
(Figures 3a, 3c, and 3e) and a hard (Figures 3b, 3d, and 3f) rheological model, respectively. White contours delimit the sedimentary basins of Mainland China.
Black dots, identified by capital letters (Figure 3e), show locations of YSEs displayed in Figure 4.
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Figure 4. Geotherms (green contour) and YSEs of some key tectonic structures for a soft (red contour) and hard (blue contour) rheological model. Dashed black lines
indicate depth of the Moho discontinuity. Locations of YSEs are displayed as black dots in Figure 3e.
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Other tectonic structures, located in the eastern part of continental China, as the Ordos and the Sichuan
basins, deform according to a crème brûlée model, with the strength prevalently concentrated in the crust,
when a soft rheological model is used, and according to a jelly sandwich model, with the strength distributed
in all the lithospheric layers, when a hard rheology is assumed (Figure 4, YSE F and H). Therefore, in the latter
case, these regions would represent strong rigid blocks hardly affected by the deformation of the
cratonic lithosphere.

The results here presented show a first-order similarity with those of the global models of Tesauro et al.
[2013], such as the difference between the strong Tarim basin and eastern part of Mainland China, with
respect to the weak Tibetan Plateau. Such a difference is visible also in the global map of the effective elastic
thickness (Te) of Audet and Bürgmann [2011], predicting values up to ~70 km in the Tarim basin and ~20 km in
the Tibetan Plateau and surroundings. However, the strength variations between the different tectonic struc-
tures are in this study resolved in much more detail. We can further observe that the increase/decrease of the
strain rates of 1 order of magnitude causes an increase/decrease of strength in the Tarim basin and the tec-
tonic structures located in the eastern part of Mainland China, while there are almost no variations of strength
in regions with a weak lithosphere as the Tibetan Plateau (supporting information Figure S1). These results
confirm that the strain rate does not have a dominant effect on the strength distribution [e.g., Tesauro
et al., 2015]. The uncertainties in temperature have also a variable impact on the strength estimates (support-
ing information Figure S2). Actually, an uncertainty of ±100°C in the mantle lithosphere has a negligible effect
in regions with a high thermal regime as the Tibetan Plateau, where the Moho temperature is well above to
the value at which the strength drops almost to zero (between 700°C and 900°C [Ranalli, 1994; Burov and
Diament, 1995]). In contrast, in areas with a cold lithosphere, as the Tarim basin, the same uncertainty may
significantly affect strength in the upper mantle.

6. Strength and Seismicity Relationship

In order to analyze the relationship between strength and seismicity distribution, we use the China Earthquake
Networks Center (CENC) catalog to estimate along four transects the seismic energy released by earthquakes
occurring in China between 1980 and 2014, with surface wavemagnitude (Ms) ≥2.0, in comparison to the crus-
tal integrated strength for the two end-members rheology (Figures 6a, 6b, 7a, 7b, 8a, 8b, 9a, 9b). The energy
released by earthquakes is computed using the equation log E=1.5×Ms+ 11.8 [Gutenberg and Richter, 1956;
Panza and Raykova, 2008]. The value of Ms is either taken directly from the CENC catalog or, when the event
size is expressed as local ML magnitude in the CENC catalog, is calculated from currently available relation-
ships between Ms and ML, such as Ms=1.13×ML� 1.08 [Fu and Liu, 1980]. We also estimate the thickness of
the seismogenic layer (Ts), which extends from the surface up to the depth above which 80% of the seismic
energy is released. In addition, we plot along the same four transects the earthquakes withMs ≥ 4.0, together
with temperatures and strength estimated for the two rheological models (Figures 6c–6e, 7c–7e, 8c–8e
and 9c–9e).

Figure 5. Exponent of vertically averaged effective viscosity (η) variations of the lithosphere, assuming (a) a soft and (b) a hard rheological model.
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Notably, there is not a strict correlation between strength level and seismic energy release, since earthquakes
do not occur above or below a predefined threshold of strength. However, the peaks of seismic energy are
shifted with respect to those of integrated strength. This is because the largest energy release occurs in
the areas characterized by sharp strength variations. A correlation between intraplate seismicity and pro-
nounced changes of strength, in particular at cratonic edges, has been already suggested in previous studies
[e.g., Jiménez-Diaz et al., 2014; Sloan et al., 2011; Tesauro et al., 2014]. Seismicity appears generally to be
restricted to the uppermost part of the crust up to a depth of ~20 km [e.g., Maggi et al., 2000]. Therefore,
earthquakes occur at a temperature 400°C (Figures 6c, 7c, 8c and 9c) above which most of the rocks compos-
ing the upper/middle crust (e.g., quartzite, granite, and diorite) are characterized by brittle behavior [e.g.,
Ranalli, 1995]. However, a large number of seismic events are located in the deep part of the crust (at a
depth> 30 km) beneath the Tien Shan orogen (Figures 6a and 8a). The largest depth at which these seismic
events occur corresponds to temperatures (600–700°C) at which most of the rocks undergo ductile deforma-
tion (Figures 6c and 8c). Therefore, the origin of this seismicity may be attributed to the presence of an
anhydrous granulite-facies metamorphic assemblage, which can remain metastable andmechanically strong

Figure 6. TransectA-A′; (a) Lateral variations of seismic energy, estimated for earthquakes (Ms ≥ 2), seismogenic thickness (Ts,
the seismogenic layerwithinwhich80%of the seismic energy is released), and integratedcrustal strengthestimated for a soft
and hard rheological models of lithosphere, respectively. Vertical red arrows indicate geographical location of main faults.
Abbreviations stand as follows: ATF, AltynTagh fault; KF, Kunlun fault; LMF, Longmenshan fault. (b) Distribution of log E/Emax
versus depth. Numbers in each cell show the value for normalization (themaximumenergy releasewithin thedepth interval)
when the earthquakes are sorted in 10 kmdepth intervals. (c) Temperatures variations (°C). Thewhite continuous line shows
depth variations of the isotherm of 600°C. (d, e) Strength (σ) and effective viscosity (η) exponent variations, respectively,
estimated for a soft and a hard rheological model. Black circles show locations of earthquake distribution (Ms ≥ 4).
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[Wang et al., 1999; Austrheim and Boundy, 1994; Lund et al., 2004]. The hypothesis that these deep earth-
quakes occur as a result of brittle failure of dry mafic rocks is supported by the large amount of seismic energy
released (up to> 1× 104) (Figures 6a and 8a).

We further observe in south Tibet some seismic events located in the middle crust (~35 km) or deeper, and
thus, Ts in this area may be over 40 km (Figures 6a and 7a). At these depths our model predicts a temperature
over 800°C (Figures 6c and 7c), at which the crustal rocks are in a ductile regime, as observed by the very low
values of integrated strength in both rheological models used (Figures 6a, 7a, 8a, 6d, 6e, 7d, 7e, 8d, 8e). It
should be noted that if a large number of earthquakes would occur under brittle failure conditions, existing
because of the cooling induced by the subducting Indian slab [Craig et al., 2012], the seismic energy released
would be likely much larger than that estimated (<0.5 × 104, Figures 6a, 7a and 8a). We hypothesize that the
fluids released by dehydration reactions in the subducting Indian slab may trigger the earthquakes genera-
tion, as already observed in other subduction environments, such as beneath the Molasse basin, the northern
foreland basin of the Alps [Deichmann, 1992; Sloan et al., 2011].

7. Lateral Viscosity and Strength Variations

In order to identify the degree of stiffness of the different tectonic features of Mainland China, we have esti-
mated the vertically averaged effective viscosity (η) of the lithosphere for both rheological models, calculated
according to (2),

η ¼ Δσ
2 ·ε

(2)

where Δσ is the lithospheric strength. We can notice that in both rheological models there is a sharp contrast
in η between the tectonic features located west and east to the NSGL, which thus represents a lithospheric
boundary (Figures 5a and 5b). Furthermore, the Tibetan Plateau is characterized by similar values of η
(1021–1022 Pa s) in both models, while the surrounding areas have an η up to 2 orders larger. Such a variation
in the rigidity of the lithosphere of Mainland China has been already noticed in previous studies by England

Figure 7. Transect B-B′. Features displayed are the same as in transect A-A′. Abbreviations are as follows: NQF, North Qilian
fault; SQF, South Qilian fault. Other abbreviations are as in Figure 6.

Tectonics 10.1002/2016TC004272

DENG AND TESAURO LITHOSPHERIC STRENGTH VARIATIONS 2325



and Molnar [1997] and Flesch et al.
[2001], which estimated η based on a
thin viscous sheet approach. Our esti-
mates are in general half an order lower
than those of Flesch et al. [2001]. This dif-
ference is within the uncertainties of the
two approaches used. Differently from
Flesch et al. [2001], in this study themini-
mum value of η is in the central part of
the Tibetan Plateau, where the tempera-
tures are higher. In contrast, along its
southwestern border, η increases up to
1024 Pa s in the hard model, because of
the high rigidity of the Indian subduct-
ing slab.

The difference between the two rheolo-
gical models causes a variation of η of
less than 1 order and in particular is
negligible in the Tibetan Plateau. This
indicates that most of the Tibetan litho-
sphere, with a η of only 10 or 100 times
larger than the convecting uppermantle
[e.g., Billen and Hirth, 2005], does not
behave as a rigid plate, independently
on the rheology assigned. Therefore,
the use of a hard model implies an
increase of the difference in the rigidity
between Tibet and surrounding regions,
such as the Tarim basin and Yangtze cra-
ton, where η reaches values up
to ≥ 1023 Pa s (Figure 5b). We also inves-
tigate the variation of strength (Δσ)

and η, along the same four transects where we estimated the seismic energy variations (section 6). We can
observe that in both rheological models themiddle-lower crust and upper mantle of the Tibetan Plateau have
negligible values of Δσ (≤106 Pa), corresponding to a η ≤ 1020.5 Pa s (Figures 6d and 6e, 7d and 7e, and 8d and
8e); these values are consistent with those estimated in previous studies [Sun et al., 2013b; England et al.,
2013]. These results predict in this area ductile deformation of both the middle-lower crust and mantle litho-
sphere [Flesch et al., 2005], which may flow toward the adjacent regions. The deep part of the crust of the tec-
tonic structures close to the Tibetan Plateau, as the Qaidam, Tarim, Ordos, and Sichuan basins, retain low Δσ
and η (<107 Pa and <1021.5 Pa s, respectively), when a soft rheological model is assumed. These low values
indicate the presence of a thick (>20 km) zone of decoupling between the uppermost part of the crust and
themantle lithosphere (Figures 6d and 6e, 7d and 7e, 8d and 8e, and 9d and 9e). The decoupled zone progres-
sively thins from SW to NE, reducing its thickness up to few kilometers beneath the Songliao basin (Figure 7d).
These progressive increases ofΔσ are the direct effect of the decrease of the crustal thickness, which results in
a decrease of theMoho temperature as well. In contrast, the uppermost part of themantle underlyingmost of
the regions surrounding the Tibetan Plateau retains an amount ofΔσ (≥108 Pa) and η (≥1022.5 Pa s) sufficient to
prevent its flow (Figures 6d and 6e, 7d and 7e, 8d and 8e, and 9d and 9e). When a hard rheology is assumed,
the increase of Δσ and η in the lower crust of the Tarim, Ordos, and Sichuan basins to values of ~108 Pa and
~1022.5 Pa s, respectively, results in a strong reduction of the thickness of the ductile zone and a consequent
coupling of their lithospheric layers. In addition, Δσ and η significantly increase in the upper mantle (~109 Pa
and ~1023.5 Pa s, respectively) up to a depth of ~ 150 km.

We can further notice that in both rheological models Δσ tends to increase toward the center of the basins,
where strong earthquakes are absent or located at a very shallow depth, as beneath the Qaidam basin

Figure 8. Transect C-C′. Featuresdisplayedare the sameas in transect A-A′.
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(Figures 6–9). Consequently, the seismic
energy, which is large in correspon-
dence to the main faults boarding the
basins (2 × 104), significantly drops
toward their centers (Figures 6a and 9a).

In this regard, we speculate that the
crustal rheology of these basins is suffi-
ciently strong to prevent brittle failure.
This hypothesis is supported by seismic
data which predict, values of crustal
velocities (up to 7.1 km/s in the lower
crust) and Poisson’s ratio (0.26–0.29)
indicating an intermediate (in the
Qaidam, Sichuan, and Ordos basins) or
mafic (in the Tarim basin) crustal
composition [e.g., Zhang et al., 2010,
2011b; Wang et al., 2013b; Zhao et al.,
2013]. Furthermore, velocity models,
viscosity structure deduced from the
postseismic deformation, magnetotellu-
ric data, and geodynamic models indi-
cate a strong contrast in lithospheric
rheology between Tibet and the Tarim,
Ordos, and Sichuan basins [e.g., Li et al.,
2013; Sun et al., 2013b, 2014; Huang
et al., 2014; Bao et al., 2015]. On the base
of these inferences, it appears that a hard
more than a soft rheology represents the
lithospheric structure of these basins,
which are considered remnants of old
cratons, remained undeformed during
the orogenic events that formed the
Tibetan Plateau [e.g., Zhao et al., 2013].

Therefore, considering the hard rheological model more realistic, the rigid lithosphere of these basins would
provide an obstacle to the flow of the Tibetan lower crust, diverting it toward regions of weaker lithosphere.

On the other hand, the lower crust and mantle lithosphere of the Qaidam basin have values of Δσ (<107 Pa)
and η of (<1021.5 Pa s), respectively, and thus remain weak also when we assume a hard rheology. Such a
weakness may promote the flow of the Tibetan lower crust/mantle lithosphere beneath this basin. This
hypothesis is supported by the low resistivity estimated from magnetotelluric experiments [Xiao et al.,
2013; Wei et al., 2014], wide angle seismic data [Karplus et al., 2011], and ambient noise tomography [e.g.,
Karplus et al., 2013]. South to the Sichuan basin, between the southern part of the YC and the Cathaysia block,
we can observe a progressive thinning of the thermal lithosphere (Figure 2d) and a decrease of Δσ
(Figures 6d and 6e), which would cause the flow of the Tibetan lower crust/lithospheric mantle in this direc-
tion, as already suggested in previous studies [Li et al., 2008; Royden et al., 2008]. The formation of a channel
flow south of the Sichuan basin would be favored in case the lithosphere of this region has a soft rheology.
This hypothesis is supported by the moderate values of Poisson’s ratio of the crust of the South China block,
which suggest the dominance of felsic composition in the crust [e.g., Ji et al., 2009] and by GPS velocities and
SKSwave splitting vectors. These data indicate that the deformation in the Tibetan Plateau starts between its
central and western part, moves clockwise around the Eastern Himalaya, and ends at the southeast corner of
the plateau with a fan-like front [Gan et al., 2007; Chen et al., 2015]. We can also notice that this area is seis-
mically active, but the earthquakes, and thus the deformation occurring in a brittle condition, are limited to
the shallow upper crust. In contrast, the lithosphere of the eastern part of the Qinling orogen, between the
Ordos and Sichuan basins, does not show any significant variation in terms of thickness and Δσ, in

Figure 9. Transect D-D′. Features displayed are the same as in transect
A-A′. Abbreviations are as follows: QD: Qinling-Dabie orogen. Other
abbreviations are as in Figure 6.

Tectonics 10.1002/2016TC004272

DENG AND TESAURO LITHOSPHERIC STRENGTH VARIATIONS 2327



comparison with that underlying the two basins (Figures 9d and 9e). Notably, this area is almost aseismic, as
also shown by the negligible amount of the seismic energy released (Figure 9a). Therefore, our models do
not support a crustal rheology of the Qinling orogen weaker than that characterizing the two adjacent basins,
which would favor the flow of the Tibetan lower crust/lithospheric mantle toward this area, as predicted by pre-
vious studies [e.g., Enkelmann et al., 2006; Huang et al., 2008; Zhang et al., 2012]. Low values of Vp/Vs ratios in the
Qinling orogen [Wang et al., 2014] and high velocity in its western part [Li et al., 2014] are also not consistent
with the flow of significant amounts of crustal material between the Ordos and the Sichuan stable blocks.

8. Conclusions

We have presented a new thermal and strength/viscosity model of the lithosphere of Mainland China. The
temperatures in the upper mantle, at a depth of 100 km, span from ~700°C in the Tarim basin to over
1100°C in Tibet and in the eastern part of Mainland China, which has been affected by strong extension since
the Mesozoic. The depth of the thermal lithosphere, estimated as the depth of the 1250°C isotherm, varies
significantly beneath the Tibetan Plateau, ranging between> 200 km in its southwestern part, due to the
effect of the subducting Indian slab, and <130 km in its central and northern part. In other regions of
Mainland China as the Tarim, Sichuan, and Ordos basin, the lithospheric thickness is relatively large, spanning
between 140 km and 170 km, while it thins in Eastern China to ~100 km, due to the disruption of the
cratonic lithosphere.

In the regions characterized by low (e.g., Tarim basin) and high temperatures (e.g., Tibetan Plateau), the litho-
spheric strength and viscosity is not significantly affected by the rheological type assigned, being in both
rheological models distributed in the crust and upper mantle or dominantly concentrated in the uppermost
part of the crust. In contrast, the rheology influences remarkably the strength and viscosity distribution
between the lithospheric layers, and thus the long-term stability of the tectonic structures, with an intermedi-
ate thermal regime (e.g., the Ordos and Sichuan basins).

The Tibetan Plateau has a lithospheric vertically averaged effective viscosity 1 or 2 orders lower than the
surrounding tectonic features (~1021 Pa s). Its weak lower crust and mantle lithosphere are prone to flow
toward the adjacent areas. However, the large lithospheric strength of the Tarim, Ordos, and Sichuan basins,
enhanced by their hard rheology, reduces significantly this material extrusion.

Deep earthquakes releasing high seismic energy (>1 × 104) occur beneath Tien Shan and are correlated with
sharp lateral strength variations. In contrast, the seismic energy released by the earthquakes located at dee-
per levels of the crust of south Tibet, is much lower (<0.5 × 104).

Appendix A: Mineral Physics Approach

To invert the seismic velocity in temperature, we estimate the anharmonic velocity of a peridotite containing
four main mineral phases (Ol, OPX, CPX, and Gt). Each one is treated as an ideal solid solution of Mg and Fe
species (end-members) and in case of Gt also of Ca species (end-member): Ol (forsterite + fayalite), OPX
(enstatite + ferrosilite), CPX (diopside + hedenbergite), and Gt (pyrope + almandine + glossular). The bulk
and the shear modulus (K0 and G0) and the pressure derivative of each mineral phase at zero pressure (P0)
and room temperature (T0 = 300 K) (STP conditions) are taken from Cammarano et al. [2003]. All the other
parameters displayed in the equations below of each end-member at the same STP conditions are taken from
Stixrude and Lithgow-Bertelloni [2005].

To estimate the bulk and shear modulus of each mineral phase as a function of temperature and pressure, we
express the total pressure, PTOT(V,T), as a sum of the pressure at reference temperature, Pref (e.g., isothermal
compression at 300 K), and the thermal pressure, which increases along an isochore, ΔPth:

PTOT V ; Tð Þ ¼ Pref Vð Þ þ ΔPth V; Tð Þ (A1)

Isothermal compression is estimated through the third-order Birch-Murnaghan equation:
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where V is the molar volume at the temperature considered (T). The thermal pressure can be described using
the Debye model [Jackson and Rigden, 1996]:

ΔPth ¼ γ Vð Þ
V

Eth V ; Tð Þ � Eth V; T0ð Þ½ � (A3)

where γ is the Grüneisen parameter, which describes the effect that changing the volume of a crystal lattice
has on its vibrational properties, and, as a consequence, the effect that changing temperature has on the size
or dynamics of the lattice. It is assumed to have the form

γ ¼ γ0
V
V0

� �q

(A4)

where q is the volume dependence of the Grüneisen parameter (q= dlnγ/dlnV), which is assumed to be
constant for each end-member [Stixrude and Lithgow-Bertelloni, 2005].

Eth is the vibrational energy for a given volume and temperature, which can be calculated from the Debye
model:

Eth ¼ 9nRT

θ=Tð Þ3 ∫
θ=T

0

x3dx
ex � 1

(A5)

where 3
θ=Tð Þ3 ∫

θ=T

0

x3dx
ex � 1

is the Debye function (with θ the Debye temperature (A10)), R the gas constant, and n

the number of atoms per formula unit.

The isentropic bulk modulus as function of temperature and pressure, corrected for the difference between
isothermal and isentropic values, is given by

K ¼ KT 1þ αγTð Þ (A6)

where α, the thermal expansion coefficient, is

α ¼ γCv=KTV (A7)

and KT is

KT V; Tð Þ ¼ K0 1þ 2fð Þ5=2 1þ 3K ′
0 � 5

� 	
f þ 27=2 K ′

0 � 4
� 	

f 2
� �

þ γ
V= Þ γþ 1� qð ÞEth V ; Tð Þ � Eth V; T0ð Þ � γ2

.
V

� �
TCv V;Tð Þ � 300Cv V;300kð Þ
� 	� (A8)

which agrees with the expression to third order derived from a purely isotropic thermodynamic analysis
[Stixrude and Lithgow-Bertelloni, 2005].

In (A7) and (A8) Cv is the heat capacity at constant volume:

Cv ¼ dEth


dT

� �
v
¼ 4Eth



T � 9nR θ

T= Þ= exp θ
T= Þ � 1

����
(A9)

where θ, the Debye temperature, is estimated as

θ ¼ θ0Exp
γ0 � γ Vð Þ

q

� �
(A10)

In (A8) K ′
0 is the pressure derivative of the bulk modulus K0 and f is

f ¼ 1
2

V0

V

� �2=3 � 1

" #
(A11)

The shear modulus as a function of temperature and pressure is given by

G V ; Tð Þ ¼ 1þ 2fð Þ5=2 G0 þ 3K0G
′
0 � 5G0

� 	
f þ 6K0G

′
0 � 24K0 � 14G0 þ 9

2
K0K

′
0

� �
f 2

� �

� ηs
Eth V; Tð Þ � Eth V ; T0ð Þ

V
(A12)
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where G’
0 is the pressure derivative of the shear modulus G0 and η is the shear strain derivative of γ [Stixrude

and Lithgow-Bertelloni, 2005].

ηs ¼ ηs0
V
V0

� �
(A13)

The density as a function of temperature and pressure is estimated dividing the molar mass (m) by the molar
volume (V):

ρ ¼ m
V

� �
(A14)

Once we estimated the anharmonic velocities of the peridotite, we applied the anelastic correction using an
attenuation model (in this study Q4 from Cammarano et al. [2003]).
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