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Abstract The lithosphere temperature beneath the Tibetan plateau was estimated by local isostasy equilib-

rium constrained geothermal calculation. Maps of the lateral temperature variation at depths of 40 km, 70 km,

and Moho are presented for the Tibetan plateau, and the thermal thickness of the lithosphere is also presented.

The Tibetan plateau has a warm and thick lithospheres, but the thinner lithospheres are identified in the north-

ern Tibet and the eastern margin of the plateau. The warm and soft lithospheres in the Tibetan plateau may

represent a snapshot of the early stage of convective thinning of the convergent lithosphere. The “crème brûlée”

layering demonstrates the rheological behavior of the Tibetan plateau.
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1 Introduction

The Tibetan plateau exhibits significant lateral

variations of crustal structure, lithosphere thickness

and temperature distributions (e.g. Wang, 2001; Klem-

perer, 2006; Zhang et al., 2011). Accordingly, the study

on the thermal state and strength of the continental

lithosphere in the Tibetan plateau provides not only

insights on the present-day geodynamics for this ge-

ologically intriguing landmass, but also information

about the spatial variability of lithospheric rheology in

a highly heterogeneous region. Previous studies on the

lithosphere thermal state of Tibetan plateau relied on

the heat flow observations only (Huang et al., 1996a,

b; Wang, 1996). Unfortunately, there lack sufficient

observations in the most area of the Tibetan plateau

(Wang and Huang, 1990; Wang, 1996; Hu et al., 2000,

2001; Wang, 2001). To avoid the difficulty from the

biased geographic distribution and intrinsic errors of

some heat flow observations, here we use local isostasy
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analysis to constrain the lithosphere temperature distri-

butions of the Tibetan plateau. The 1◦×1◦ grid based

maps of the lateral temperature distributions at 40 km,

70 km, and Moho depths are presented, either maps of

the thermal lithosphere thickness and the lithosphere

strength. The results provide a more robust approxima-

tion to the lithosphere thermal structure and the rheol-

ogy of the Tibetan plateau.

2 Geothermal modelling

2.1 Geothermal gradient reconstruction

Detailed descriptions on the methodology to recon-

struct the lithospheric thermal structure can be found

in Wang and Cheng (2012). An abbreviated outline is

provided below.

Under 1-D steady state assumption the tempera-

ture distribution in the lithosphere is determined by the

following equation:

−div(−kgradT ) +A = 0, (1)

where k is the thermal conductivity (W·m−1·K−1), T is

temperature (◦C), and A is radiogenic heat production

(µW·m−3).

Relative topographic variations, assuming local

isostasy and taking into account density variations due
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to thermal expansion in the lithospheric mantle, can

be used to constrain the vertical distribution of tem-

perature within the lithosphere (geotherm) (Zeyen and

Fernandez, 1994). Assuming local isostatic conditions,

the absolute elevation of a given lithospheric column is

determined by comparing its buoyancy force with that

of a reference column. Taking the reference column at

the mid-oceanic ridges, the surface elevation is given by

(Lachenbruch and Morgan, 1990)

E =
ρa − ρl

ρa
L−H0 E ≥ 0, (2)

where E is elevation above sea level (m), ρa is density of

the asthenosphere (kg·m−3), ρl is mean density of the

lithosphere (kg·m−3), L is thickness of the lithosphere

(m), and H0 is depth below sea level of an unloaded

asthenospheric mantle (m). In this study, H0 is taken

to be −2 400 m, and the density of lithospheric mantle

is assumed to increase upward with decreasing temper-

ature (Lachenbruch and Morgan, 1990). Therefore

ρm(z) = ρa[1 + α(Ta − T (z))], (3)

where ρm(z) is density in the lithospheric mantle

(kg·m−3), α is thermal expansion coefficient (K−1), Ta is

temperature at the lithosphere-asthenosphere boundary

(LAB) (◦C), and T (z) is temperature in the lithospheric

mantle (◦C), and z is depth.

The mean elevation of each 1◦×1◦ latitude-

longitude grid derived from the ETOP5 model is used

as the fitting target in this study. The trial-and-error

method is applied to search the surface heat flow value

and obtain a minimum misfit of the elevation in each

1◦×1◦ grid. The misfit (m) is expressed as

m =
E0 − Ec

E0 −H0
× 100%, (4)

where E0 is the mean elevation above sea level of each

grid from the ETOP5 model, and Ec is the calculated

elevation above sea level for each grid, and H0 is depth

below sea level of an unloaded asthenospheric mantle

(−2 400 m).

The geotherm calculation procedure adopts a five-

layer model, consisting of a sedimentary layer (where

present), an upper crust, an upper lower crust, and

the lowermost crust, as well as, the lithospheric man-

tle layer. The heat production is assumed as stepwise

distributions with depth (Wang, 2005a, b; Wang and

Du, 2004 a, b; Wang and Deng, 2001; Xia et al., 2006;

Wang and Sun, 2010). All thermophysical parameters

adopted for the geotherm calculation are summarized

in Table 1.

Table 1 Parameters used in the local isostasy constrained geotherm modelling

Radiogenic heat production for sedimentary layer, As/(µW·m−3) 1.3
Radiogenic heat production for upper crust, Auc/(µW·m−3) 1.3
Radiogenic heat production for upper lower crust, Alc/(µW·m−3) 0.4
Radiogenic heat production for lowermost crust, Alc2/(µW·m−3) 0.2
Radiogenic heat production for mantle, Am/(µW·m−3) 0.002
Thermal conductivity of sedimentary layer, ks/(W·m−1·K−1) 2.5

Thermal conductivity of upper crust, kuc/(W·m−1·K−1)(1) k0(1+cz)/(1+bΔT ), k0=3.0

Thermal conductivity of upper lower crust, klc/(W·m−1·K−1)(2) k0(1+cz)/(1+bΔT ), k0=2.6

Thermal conductivity of lowermost crust, klc2/(W·m−1·K−1)(2) k0(1+cz)/(1+bΔT ), k0=2.6

Thermal conductivity of mantle, km/(W·m−1·K−1)(3) 0.368×10−9 T−3+1/(0.174+0.000265T )
Density of seawater, ρw/(kg·m−3) 1 030

Density of sedimentary layer, ρs/(kg·m−3)(4) 2 400

Density of upper crust, ρuc/(kg·m−3)(4) 2 750

Density of upper lower crust, ρlc/(kg·m−3)(4) 2 900

Density of lowermost crust, ρlc2/(kg·m−3)(4) 2 970

Density of lithospheric mantle, ρm/(kg·m−3)(5) ρa[1+α(Ta–T (z))]

Density of asthenospheric mantle, ρa/(kg·m−3)(6) 3 200

Thermal expansion coefficient, α/K−1(6) 3.5×10−5

Depth below sea level of an unloaded asthenospheric mantle, H0/m −2 400
Acceleration of gravity, g/(m·s−2) 9.81
Universal gas constant, R/(J·mol−1·K−1) 8.314
Steady-state strain rate, ε̇/s−1 10−15

Note: (1) b=1.5×10−3 K−1, c=1.5×10−3 km−1 (Chapman and Furlong, 1992).(2) b=1.0×10−4 K−1, c=1.5×10−3 km−1

(Chapman and Furlong, 1992). (3) The unit of T is degree Kelvin (Doin and Fleitout, 1996). (4) According to the exper-

imentally determined vP-density relationship (Christensen and Mooney, 1995). (5) Ta represents the temperature at the

lithosphere-asthenosphere boundary, 1 350 ◦C. (6) The values follow Lachenbruch and Morgan (1990).



Earthq Sci (2012)25: 399–408 401

The thickness of crust and its sub-layers are ob-

tained from a 1◦×1◦ grid crustal vP model of the Ti-

betan plateau and its adjacent region (Zhu et al., 2002,

2004; Li et al., 2004; Gao et al., 2005), which covers

a rectangular region from 20◦N–42◦N and 73◦E–108◦E.
For each grid, the uppermost layer with vP less than 5.4

km·s−1 are taken as sedimentary layers; and the layer

with vP of 5.4 to 6.4 km·s−1 is defined as upper crust.

In the lower part of crust, the layer with vP in range

from 6.4 to 6.8 km·s−1 is adopted as the upper lower

crust; and the remaining portion with vP higher than

6.8 km·s−1 is taken as the lowermost crust. The densi-

ties of sedimentary layer, upper crust, upper lower crust,

lowermost crust, and mantle are listed in Table 1.

2.2 Sensitivity analysis

For the local isostasy-based procedure used in this

study, the main uncertainty for modelling result comes

from the estimation of the mean crustal density, which

is much less than that of the mantle and is determined

by the composition and thickness of sub-layers of the

crust. Because the vP-density relationship established

by experiments is robust (Christensen and Mooney,

1995; Rudnick and Fountain, 1995), the estimate for

layer thickness is more critical for our sensitivity anal-

ysis. We select five grids representing various tectonic

settings as reference models for sensitivity analysis. In

calculation, the thickness increases/decreases 1 km for

each sub-layers of crystalline crust (excluding sedimen-

tary layer), with a total variation of 3 km for the whole

crust, to determine the sensitivity of our procedure. The

results are presented in Table 2.

The sensitivity analysis shows that the Moho tem-

perature is relative insensitive to the 3 km variation

of the crustal thickness, either are the temperatures at

40 km and 70 km depths. The maximum variation of

temperature at 40 km depth is less than 25 ◦C. Mean-

while the maximum variation of temperature at 70 km

depth is less than 50 ◦C, and is consistent with the

accuracy of the downward continuation calculation for

geothermal modelling (Jokinen and Kukkonen, 1999;

Artemieva and Mooney, 2001). However, the lithosphere

thickness is relatively sensitive to the crustal variation,

because of the significant density contrast between crust

and mantle. In most cases, a 3 km variation of crustal

thickness causes a 9%–16% depth change of the LAB.

Table 2 Sensitivity analysis for local isostasy constrained geotherm modelling

Location Lat. Long. Moho ΔT
a

Moho/
◦C ΔT

b

40 km/◦C ΔT
c

70 km/◦C ΔLd

/◦N /◦E /km +3
e
km −3

f
km +3

e
km −3

f
km +3

e
km −3

f
km +3

e
km −3

f
km

Qilianshan 38.5 98.5 64 +5 +28 +5 +23 −9 +49 +15% −19%

Qaidam 37.5 94.5 54 +21 −10 +13 −2 +2 +16 +10% −11%

N. Tibet 33.5 85.5 71 −37 +31 −22 +22 −48 +48 +23% −14%

E. Tibet 33.5 98.5 71 +20 +17 +19 +9 +12 +29 +9% −16%

S. Tibet 29.5 90.5 72 −19 +15 −15 +8 −27 +27 +25% −15%

Note: a Variation of temperature at Moho. b Variation of temperature at 40 km depth. c Variation of temperature at 70 km depth.
d Relative variation of lithosphere thickness. e Crustal thickness 3 km more than reference value in the grid. f Crustal thickness

3 km less than reference value in the grid.

It is suggested that the uncertainty of geothermal

modelling due to the crustal structure variation in the

Tibetan plateau is not significant. Deep seismic sound-

ing profiles, the basis of the crust model used in this

study, had covered the major tectonic domains of the

Tibetan plateau (Xiong and Liu, 1997; Zhao et al., 2001;

Galvé et al., 2002; Wang et al., 2003; Li et al., 2004;

Zhang et al., 2011 and references herein). Accordingly,

the accuracy of the crustal vP model of the western

Chinese mainland is warranted, with error of crustal

thickness in each 1◦×1◦ grid less than 2 km. Therefore,

the uncertainty of geothermal modelling for the Tibetan

plateau presented here is acceptable for regional scale

studies.

3 Calculation of lithosphere rheol-

ogy

Laboratory rock mechanics studies demonstrate a

dependence of rock-strength on temperature and pres-

sure (e.g., Goetze and Evans, 1979). Within the me-

chanically strong part of the lithosphere, the strength

of the upper part is defined by criteria for brittle failure

(Byerlee’s Law). Creep processes become dominant at

temperatures exceeding roughly half the melting tem-

perature of rock (Carter and Tsenn, 1987). Therefore,

the strength in the lower part of the lithosphere and

the lower part of crust is governed by the temperature
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distribution. Extrapolation of flow laws and laboratory

failure criteria (i.e., Byerlee, 1978; Brace and Kohlstedt,

1980) and adopting estimates for tectonic strain-rates

and thermal gradients at different depths provide a first-

order description of the strength distribution within the

lithosphere. For each depth interval, strengths for both

brittle and ductile deformation were calculated, with

the lesser of these representing the limiting strength of

the lithosphere (σv) at that particular depth level (e.g.,

Ranalli, 1995).

The Byerlee’s Law can be expressed as (Sibson,

1974)

σbrittle = σ1 − σ3 = αρgz(1− λ), (9)

where α is a parameter depending on the type of fault-

ing, ρ the average density, g the gravity acceleration, z

is the depth and λ is the pore fluid factor. In this study,

we take α=3.0 (thrust faulting) and a typical (“hydro-

static”) λ=0.37.

Power-creep law is expressed as (Ranalli, 1995)

σcreep = σ1 − σ3 = (
ε̇

A
)

1
n exp(

Q

nRT
), (10)

where ε̇ is the steady-state strain rate, T the tempera-

ture in degree Kelvin, R the universal gas constant, A

and n are material creep parameters, and Q the activa-

tion energy.

A scalar measure for the total strength of a multi-

layer lithosphere with a depth-dependent rheology can

be obtained by vertically integrating the yield envelope:

SL =

∫ h

0

σvdz, (11)

where SL is the integrated lithospheric strength.

In calculation, a four-layer model, consisting of an

upper crust (wet quartzite), the upper lower crust (felsic

granulite), a lowermost crust (mafic granulite), and the

upper mantle (wet peridotite) is adopted; meanwhile,

a steady-state strain rate ε̇ of 10−15 s−1 is used. Pa-

rameters used for rheological modelling are presented

in Tables 1 and 3.

Following Afonso and Ranalli (2004), we calcu-

lated relative crust strength for the Tibetan plateau,

as the percentage of the crust strength to the in-

tegrated strength of whole lithosphere, because the

“crème brûlée” here is regarded as all models with a

weak mantle but “jelly sandwich” as all models with a

strong mantle, not just those with a weak lower crust

(Burov and Watts, 2006).

Table 3 Creep parameters for lithospheric rocks

Lithology
Powerlaw Powerlaw activation Pre-exponential constant

Source
exponent n energy Q/(kJ·mol−1) (powerlaw) A/(MPa−n·s−1)

Wet quartzite 2.3 154 2.0×10−4 Kirby and Kronenberg (1987)

Felsic granulite 3.1 243 8.0×10−3 Wilks and Carter (1990)

Mafic granulite 4.2 445 1.4×104− Wilks and Carter (1990)

Wet peridotite 4.0 471 2.0×103− Chopra and Paterson (1984)

Chopra and Paterson (1981)

4 Results and discussion

The estimated values of surface heat flow are shown

in Figure 1. There exists good agreement between the

inverted and the observed heat flow values in the Ti-

betan plateau and its adjacent regions. The inverted

heat flow values for the main portion of the Tibetan

plateau are in the range of 65–72 mW·m−2. Hu et al.

(2000) argued that the seven unpublished heat flow val-

ues from oil company drillings in western Tibet are

quite similar to those in eastern Tibet. According to

these authors, the measured values are in the range

of 61–77 mW·m−2 for eastern Tibet, when some ex-

treme values from southern Tibet are excluded. The

inversion also displays good agreements for the Qilian-

shan belt (60−65 mW·m−2) and the Qaidam basin (60–

65 mW·m−2) (Wang, 1996; Wang et al., 1996; Wang,

2001). Hence, we suggest our inverted heat flow val-

ues may approximate the conductive heat flux from the

deep Tibetan plateau.

The lithosphere temperatures for the Tibetan

plateau and its surrounding regions are displayed in

map view for the depths of 40 km, 70 km, and the

depth of the Moho (Figures 2–4). At the same depth,

the highest temperatures are present within the Ti-

betan plateau, and the temperatures under the Tarim

and the Sichuan basin are much lower. The tempera-

ture difference between the tectonically active Tibetan

plateau and its surrounding stable regions is greater

than 200 ◦C. For example, the temperatures at 40 km

depth are higher than 800 ◦C under the major portion

of the Tibetan plateau, but lower than 600 ◦C under the
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Figure 1 Inverted surface heat flow values for the

Tibetan plateau and its adjacent areas (1◦×1◦ Krig-

ing interpolation).
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Figure 2 Estimated temperatures at 40 km depth

(1◦×1◦ Kriging interpolation).
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Figure 3 Estimated temperatures at 70 km depth

(1◦×1◦ Kriging interpolation).
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Figure 4 Estimated temperatures at the depth of

the Moho (1◦×1◦ Kriging interpolation).

Tarim basin (Figure 2). At the depth of the Moho, the

typical temperatures are estimated to be 550–650 ◦C in

the Tarim basin (where the crust is 45 to 50 km thick);

and more than 700 ◦C in the thick-crust regions (where

the Moho is >50 km); such as the Qaidam basin and

the Qilianshan fold belt, as well as the interior of Ti-

betan plateau. The highest value of Moho temperature

within the Tibetan plateau reaches 1 200 ◦C (Figure 4).

There exists good agreement between the Moho tem-

peratures and the P-wave velocities of the uppermost

mantle (Pn). The Pn tomography (Hearn et al., 2004;

Liang et al., 2004; Pei et al., 2007) shows that the low

values occur beneath the northern Tibet and the east-

ern margin of the plateau, but the high values occur

beneath the Tarim and Sichuan basins.

Many geophysical evidences such as the crustal

high conductivity zones from natural-source magne-

totelluric (MT), the plateau-wide low crustal velocity

from seismic studies, as well as the shallow depth (ca. 15

km) of Curie isotherm across the entire plateau, suggest

the existence of a hot crust in the Tibetan plateau (cf.

Klemperer, 2006). Lebedev and Agius (2009) also iden-

tified widespread mid-crust low velocity layer in the Ti-

betan plateau from surface wave inversion. Meanwhile,

the Miocene potassic volcanic rocks in southern Tibet

(Ding et al., 2003), as well as the Late Miocene to recent

potassic volcanic rocks in the northern Tibet represent

the high temperature (ca. 1 100◦C) melting of the sub-

continental mantle (Turner et al., 1996). Accordingly,

our thermal study confirms that the entire lithosphere

of the Tibetan plateau is hot as suggested by a signifi-

cant number of geophysical and geological observations

(Klemperer, 2006; McKenzie and Priestley, 2008).

The thickness of the thermal lithosphere, here de-

fined as a conductive layer above the 1 350 ◦C isotherm,

is more than 120 km in the Tibetan plateau (Figure 5).



404 Earthq Sci (2012)25: 399–408

°E

°N

°

°

°

°

° ° ° ° ° °

Figure 5 Lithospheric thermal thickness beneath

the Tibetan plateau and its adjacent areas (1◦×1◦

Kriging interpolation), assumed to be the depth of

the 1 350 ◦C isotherm.

The lithospheric bulge in the eastern Tibet has thick-

ness of 200−240 km. The lithosphere beneath the Qil-

ianshan fold belt is 200 km thick or more. The thicker

lithosphere (160–180 km) also occurs beneath the Tarim

and the Sichuan basins. However, the thinner litho-

sphere (<140 km) occurs beneath northern Tibet and

the eastern margin of the Tibetan plateau (east of 100◦E
median).

The lithospheric thermal thickness of the Tibetan

plateau attained by this study is consistent with that

from seismic studies. The upper mantle structure im-

plied by Pn travel-time tomography (McNamara et al.,

1997) and by S-wave velocity anomalies determined

from the inversion of fundamental mode Love and

Rayleigh waves (Villaseñor et al., 2001) suggests that

extreme thinning of the lithospheric mantle occurs be-

neath northern Tibet. Surface wave inversion by Ag-

ius and Lebedev (2009) confirms that a thicker (160–

180 km) lithosphere exists beneath southern Tibet, but

thinner lithospheric mantle under the northern Tibet.

From the vertical distribution of shear wave velocity,

McKenzie and Priestley (2008) argued that the litho-

sphere beneath the main portion of the Tibetan plateau

is thicker than 180 km. Meanwhile, recent seismic to-

mography studies suggest that there exists a much thin-

ner lithosphere (<140 km) beneath the eastern margin

of the Tibetan plateau (Feng et al., 2011; Hu et al.,

2011). The agreement between thermal modelling and

seismic studies means that the geotherms constructed

by isostatic equilibrium constraint are reliable.

The thick but warm lithospheres under the Ti-

betan plateau, and the Qilianshan fold belt correspond

to the shortening caused by the convergence of the In-

dian and the Eurasian plates (Revenaugh and Sipkin,

1994). Houseman and Molnar (2001) pointed out that

the thickened lithospheric mantle can cause a distur-

bance to the rheologically stratified system, which in-

duces Rayleigh-Taylor instability with the denser layer

descending as a viscous drop and finally results in the

convective thinning of the lithospheric mantle in con-

vergent environments. According to seismic evidence,

Houseman and Molnar (2001) suggested that the litho-

spheric mantle beneath the Tibetan plateau had under-

gone some form of instability that has led to astheno-

spheric replacement of some part of the lithospheric

mantle. Meanwhile, the basaltic volcanism erupted since

ca. 10 Ma, especially in the northern Tibet, also implies

a thinner lithosphere in the northern Tibet (Arnaud et

al., 1992; Turner et al., 1996). Therefore, the results of

our geothermal modelling confirm the argument that

the current structure of the lithosphere beneath the Ti-

betan plateau is a snapshot of the early stages of litho-

sphere instability (Revenaugh and Sipkin, 1994).

The lateral distribution of the integrated litho-

spheric strength in the Tibetan plateau and its sur-

rounding area is presented in Figure 6, and the rela-

tive strength ratios are shown in Figure 7. It is shown

that the lithospheric strength is lower than 2×1012 Pa·m
within the Tibetan plateau, due to its over-thickened

crust and elevated geotherm. The percentage of the

crust strength to the integrated strength of the entire

lithosphere across the majority of Tibetan plateau is

larger than 90% (Figure 7), corresponding to a stronger

crust, but a weak upper mantle. This means that the

present-day rheology of the Tibetan plateau belongs

to the typical “crème-brûlée” layering. Previous stud-

ies point to the weak (<1×1013 Pa·m) strength of

the “crème-brûlée” layering as being earthquake-prone

(Wang, 2001; Wang and Cheng, 2012). Accordingly, the

high intensity of seismic activity in the Tibetan plateau

is determined by rheological characteristics of the litho-

sphere. Meanwhile, the existence of weak lower crust

and upper mantle beneath the Tibetan plateau favors

the “channel flow” model of the large-scale deformation

(Klemperer, 2006; Beaumont et al., 2006).
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Figure 6 Integrated lithospheric strength (in the unit of 1012 Pa·m) of the Tibetan plateau and

adjacent areas presented with 1◦×1◦ Kriging interpolation. Large circle represents the epicenter of

MS≥7.0 earthquake, and small circle represents the epicenter of 6.0≤MS<7.0 earthquake (earthquake

catalogue is from Song et al., 2011).

E

N

Figure 7 Distribution of the percentage of crust strength relative to lithospheric strength in the

Tibetan plateau and adjacent areas presented with 1◦×1◦ Kriging interpolation. Large circle repre-

sents the epicenter of MS≥7.0 earthquake, and small circle represents the epicenter of 6.0≤MS<7.0

earthquake (earthquake catalogue is from Song et al., 2011).

5 Conclusions

The geothermal modelling constrained by local iso-

static equilibrium offers reliable estimates for the tem-

perature variations within the lithosphere beneath the

Tibetan plateau. In general, the Tibetan plateau is char-

acterized by a warm and thick lithosphere. The temper-

atures at 40 km depth are higher than 800 ◦C under

the major portion of the Tibetan plateau. The typical

temperatures at Moho depth are more than 700 ◦C in

the interior of Tibetan plateau, and the highest value

reaches 1 200 ◦C. The thickness of the thermal litho-

sphere is more than 200 km beneath eastern Tibet and

the Qilianshan fold belt. Meanwhile, the lithosphere is

less than 140 km beneath northern Tibet and the east-

ern margin of the Tibetan plateau. The thick and hot

lithosphere under the Tibetan plateau results from the

uniform thickening of the crust and lithospheric mantle.
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However, the thin thermal lithosphere under the north-

ern Tibet indicates the onset of convective thinning.

The conclusions of geothermal modeling, presented in

this study, are consistent with the results from seismic

tomography. The lithospheric rheology of the Tibetan

plateau is approximated by the “crème brûlée” layer-

ing model, characterized by a strong crust with a weak

upper mantle.
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