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The eastern Tibetan margin bordered by the Longmen Shan range exhibits significant lateral differences in the
lithospheric structure and thermal state. To investigate the roles of these differences in mountain building, we
construct a thermo-rheological model along a wide-angle seismic profile across the eastern Tibetan margin
based on recent seismic and thermal observations. The thermal modeling is constrained by the surface heat
flow data and crustal P wave velocity model. The construction of the rheological envelopes is based on rock me-
chanics results, and involves two types of rheology: a weak case where the lower crust is felsic granulite and the
lithospheric mantle is wet peridotite, and a strong case where the lower crust is mafic granulite and the litho-
spheric mantle is dry peridotite. The results demonstrate: (1) one high-temperature anomaly exists within the
uppermost mantle beneath eastern Tibet, indicating that the crust in eastern Tibet is remarkably warmer than
that in the Sichuan basin, and (2) the rheological strength of the lithosphericmantle beneath eastern Tibet is con-
siderably weaker than that beneath the Sichuan basin. The rheological profiles are in accord with seismicity dis-
tribution. By combining these results with the observed crustal/lithospheric architecture, Pn velocity distribution
and magmatism in the eastern Tibetan margin, we suggest that the delamination of a thickened lithospheric
mantle root beneath eastern Tibet is responsible for the growth of the eastern Tibetan margin.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The lateral rheological contrast in the continental lithosphere is a
key factor controlling the behavior of continental deformation (Ranalli
and Adams, 2013). Thus, knowledge of lithospheric rheological struc-
ture is fundamental to understanding the geodynamic process at the
conjunct zone of different tectonic units, especially the interaction
zone between mountain and basin. Both observation and modeling
show that the rheology of the continental lithosphere varies with
depth, characterized by alternating brittle and ductile layers with one
or more brittle–ductile transitions (Ranalli and Murphy, 1987). There
are two primary competing rheological models for the long-term
strength of continental lithosphere, which have been termed “jelly
sandwich” and “crème brulée” (Burov, 2010; Burov and Watts, 2006;
Jackson, 2002). The former argues that a relatively strong and brittle
upper crust is separated from a strong uppermost mantle by a weak
ductile lower crust (Chen and Molnar, 1983). The latter suggests that
the strength of continental lithosphere resides only in the upper part
of the lithosphere, which overlies a ductile lithospheric mantle
(Jackson, 2002; Jackson et al., 2008; Maggi et al., 2000a, 2000b). The
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lower crust may or may not have rheological strength, which depends
on the geological age of the study area (Maggi et al., 2000a, 2000b).
Recent studies show that these two models most likely represent two
end members of a continuous spectrum of rheological behaviors,
depending on the composition and temperature (Afonso and Ranalli,
2004; Pauselli et al., 2010). In fact, the rheology of the continental
lithosphere not only varies with depth, but also significant lateral
variations in the rheological properties can arise from different litho-
spheric structures, compositions and thermal regimes. Such lateral
rheological variation of the continental lithosphere may play an impor-
tant role in the behavior of the lithosphere deformation (Cloetingh and
Burov, 1996; Pauselli et al., 2010; Tejero and Ruiz, 2002; Wang, 2001).

The eastern Tibetanmargin adjacent to the Sichuan basin (see Fig. 1)
is an ideal place for studying the lateral variation in the lithospheric
rheology due to the lateral differences of the lithospheric structure
and thermal state (Hu et al., 2011; Z. Li et al., 2012; Robert et al., 2010;
Wang et al., 2007; Xu et al., 2011a; Zhang et al., 2009; Z. Zhang et al.,
2010). During past decades, various observations, such as surface heat
flow, gravity, seismicity and crustal velocity structure, have been
accumulated in this region (Hu et al., 2000; Jiang and Jin, 2005; Wang
et al., 2007; Xu et al., 2011b; J.S. Zhang et al., 2010). These data
make such a study become possible. In this paper, we first briefly
review the geological setting and geophysical observations on the
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Fig. 1. Topographic map of the eastern Tibetan margin adjacent to the Sichuan basin. The
solid black line, labeled as L1, shows the location of the wide-angle seismic profile report-
edbyWang et al. (2007). Thegray-scaledpoints show the available heatflowobservations
in this region (Hu et al., 2000; Xu et al., 2011a). The red lines denote themain faults in the
area. The yellow star indicates the epicenter of the 2008Wenchuan earthquake. The inset
image in the top left corner is a map of the Tibetan Plateau and its surrounding area. The
white arrow shows the movement direction of Indian plate relative to Eurasian plate,
which causes the southeastern extrusion of the Tibetan lithosphere. The red arrows
indicate GPS vectors (Gan et al., 2007).
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crustal/lithospheric structure and thermal state in the eastern Tibetan
margin. Next, we describe the data set used in the study, which provide
the compositional, structural and thermal information of the study
region and form the basis of the construction of the 2D lithospheric
thermo-rheological model. The approaches and parameters used for
2D thermo-rheological modeling are presented in the next section.
Finally, the results and their possible implication are discussed.
2. Geological setting

The eastern margin of the Tibetan Plateau adjacent to the Sichuan
basin is a transitional zone between the Tibetan Plateau and Yangtze
craton. This margin is bordered by the NE–SW trending Longmen
Shan (LMS) range with the Songpan–Ganze terrane to the west and
the Sichuan basin (part of the Yangtze craton) to the east (Fig. 1). It is
characterized by a sharp topography gradient from ~500 m in the
Sichuan basin to more than 5000 m in the plateau over a horizontal
distance less than 50 km. The eastern Tibetan margin has experienced
a prolonged and complex tectonic evolution history (Burchfiel et al.,
1995; Chen et al., 1995; Li et al., 2003). Its deformation was initiated
in the Middle to Late Triassic in response to the amalgamation of the
North China, South China and Qiangtang continental blocks (Burchfiel
et al., 1995; Chen and Wilson, 1996; Li et al., 2003; Z.-W. Li et al.,
2012; Liu et al., 2009). The Cenozoic deformation of the Longmen
Shan was superimposed on the preexisting Mesozoic orogen
(Burchfiel et al., 2008), which was reactivated by the far-field effect of
the Indian–Asian collision (Harrison et al., 1992; Royden et al., 2008).
The opinions concerning the timing of the Indian–Asian collision vary
(Aitchison et al., 2007; Molnar and Stock, 2009; Xia et al., 2011; Zhu
et al., 2013), but most researchers agree that it occurred between 55
and 45 Ma, conspicuously evidenced by a slow-down of convergence
rate from over 100 mm/yr to about 50 mm/yr around 50 Myr ago
(Zahirovic et al., 2012). As Indian–Asian convergence continued, the
eastward growth of the Tibetan Plateauwas strongly resisted by the cra-
tonic Sichuan basin, contributing a further uplift of the eastern Tibetan
margin. Although the formationmechanismof the eastern Tibetanmar-
gin is still controversial (Chen et al., 2013a, 2013b; Clark and Royden,
2000; Hubbard and Shaw, 2009; Royden et al., 2008), it is generally be-
lieved that the present high topography of the Longmen Shan and the
eastern Tibetan Plateau was probably not developed until the Late Ce-
nozoic (Arne et al., 1997; Burchfiel et al., 2008; Godard et al., 2009;
Kirby et al., 2002; Z.-W. Li et al., 2012; Wang et al., 2012). However,
both geological survey and GPS measurements indicate that active
shortening rate across the Longmen Shan is less than 3 mm/yr
(Burchfiel et al., 2008; Densmore et al., 2007; Gan et al., 2007). In addi-
tion, the Longmen Shan lacks a significant Late Cenozoic foreland basin
in the Sichuan basin (Burchfiel et al., 1995). These observations sug-
gest that the crustal shortening in the eastern Tibetan margin mainly
occurred at depth and the crust here is Airy-compensated
(Burchfiel et al., 2008).

Recent seismic studies reveal that great differences in crustal and
lithospheric structure and property exist between the eastern Tibet
and the Sichuan basin (Y. Chen et al., 2013; Hu et al., 2012; Robert
et al., 2010; Wang et al., 2007; Zhang et al., 2009; Z. Zhang et al.,
2010). The crustal thickness decreases from ~60 km beneath eastern
Tibet to ~40 km beneath the Sichuan basin. There is an abrupt Moho
offset as large as 15–20 km over a horizontal distance of ~70 km
beneath the LMS (Robert et al., 2010; Zhang et al., 2009). The Moho
offset may have a deep origin. Receiver function results demonstrate
that the lithosphere–asthenosphere boundary (LAB) beneath eastern
Tibet is remarkably shallower than that beneath the Sichuan basin
with a sudden change also occurring at the LMS, although the results
reported by different authors show some diversity (Hu et al., 2011,
2012; Z. Zhang et al., 2010). Moreover, P-wave tomography shows a
seismically fast structure beneath the Sichuan basin up to ~250 km
depth (Li et al., 2006), which suggests that the lithosphere beneath
the Sichuan basin is probably cold and mechanically strong compared
to surrounding regions (Burchfiel et al., 2008). Above ~250 km depth,
the eastern Tibetan plateau region is seismically slow, probably indi-
cating lower mechanical strength and elevated temperatures in the
lithosphere (Li et al., 2006). The distribution of heat flow in the conti-
nental China also demonstrates that the heat flow in eastern Tibet is
remarkably higher than that in the Sichuan basin (Hu et al., 2000; Tao
and Shen, 2008). Such significant lateral variations in seismic and
thermal structures can place important constraints on the rheological
properties of the lithosphere and thus may provide insight into the
formation mechanism of the eastern Tibetan margin.
3. Data set

Our study mainly involves three types of data: (1) surface heat flow,
(2) crustal P-wave velocity distribution from wide-angle seismic
profiling, and (3) seismicity data recorded during 1970 to 2012.

The distribution of the available heatflowdata is quite uneven in the
continental China with a dense coverage in eastern China and poor
coverage in western China (Hu et al., 2000). In the eastern Tibetan
Plateau, the heat flow data are especially sparse. In order to make our
geothermal study reasonable, we adopt a new heat flowmap produced
by Tao and Shen (2008), which was developed with an objective and
integrated interpolatingmethod, taking account of the uniformitywith-
in tectonic units and the coherency of regional heat flow, on the basis of
a compilation of 6980 heatflowmeasurements in the Chinese continent
and its adjacent areas. In general, the overall heat flow data exhibits
high values in eastern China and the Tibetan Plateau, and low in the
central and northwestern China (Fig. 2). In contrast to the hot eastern
Tibet, the heat flow in the Sichuan basin ranges from 35.2 to
68.8 mW/m2 with an average of 53.2 mW/m2, which is typical of a
cratonic basin (Xu et al., 2011b; Yuan et al., 2006). This pattern is further
confirmed by a recent new release of heat flow data, which showed
the local heat flow in the Songpan–Ganze terrane can be as high as
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Fig. 2.Heatflowmap of continental China. Thedata are derived fromTao and Shen (2008).
The red line indicates the wide-angle seismic profile used in this study.
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Fig. 3. Geophysical properties of the crust and upper mantle along the profile L1. (a) Topograph
et al., 2007); (d) Heat production model converted from the crustal velocity model. The locatio
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94.7 mW/m2, and the heat flow in front of the Longmen Shan is only
63.8 mW/m2 (Xu et al., 2011a).

The crustal P-wave velocity model used in this study is derived from
awide-angle seismic profile reported byWang et al. (2007). This profile
trends E–Walong latitude 30° N and stretches from the Songpan–Ganze
terrane in the west to the Sichuan basin in the east (Fig. 1). The seismic
velocity model suggests that the eastern Tibet and the Sichuan basin
have crustal thicknesses of 62 and 43 km respectively, average crustal
P-wave velocities of 6.27 and 6.45 and lower crust (Vp N 6.5 km/s)
thicknesses of 27 and 15 km, respectively (Fig. 3b; Wang et al., 2007).
Gravity modeling indicates that the eastern Tibet is less dense than
the Sichuan basin both in the lower crust and the uppermost mantle
(Fig. 3c;Wang et al., 2007; J.S. Zhang et al., 2010). Such lateral variations
in crustal structure probably have important effects on its rheological
properties. The crustal P-wave velocity model provides important
constraints to the compositional, structural and thermal information
of the crust, which forms the basis of this study.

The rheological properties of the crust can also be assessed by the
seismogenic layer, where earthquakes occur, revealed by seismicity
(e.g., Panza and Raykova, 2008; Wu and Zhang, 2012; Zhang et al.,
2013). The maximum earthquake depth may be not a direct proxy to
the brittle–ductile transition (BDT) depth, but it is expected to be linked
to depth-dependent brittle strength (Burov, 2011). For example,
Jackson (2002) argued that the depth of seismicity is limited by the
Sichuan BasinMS
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BDT depth based on interpretation of yield stress envelopes derived for
geological strain rates (~10−17 to 10−15 s−1). Although a number of
studies do not find any obvious relationship between the seismogenic
layer and the long-term strength of the lithosphere (Chen et al., 2012;
Handy and Brun, 2004; Watts and Burov, 2003), seismicity may reflect
the short-term rheology of the lithosphere, which can provide insight
into the rheological behavior of the lithosphere at different time scales.
For this purpose, we used the seismic events reported by China Earth-
quake Networks Center (CENC) during the period of 1970 to 2012,
and analyzed the depth distribution of earthquakes in terms of 1° by
1° contiguous cells. According to CENC, the accuracy of seismic events
is scaled as level A (with an uncertainty of focal depth δd ≤ 5 km), B
(5 ≤ δd ≤ 15 km), C (15 ≤ δd ≤ 30 km) and D (δd ≥ 30 km). In
order to make such a study reliable, we only select the events of good
quality (level A). The station intervals in this region range from 30 to
60 km. There are a total of 783 events with depth parameter in the
study area (99° to 105°E, 29.5° to 29.5°N). It is noteworthy that the
location accuracy of seismic events could be influenced by the number
of seismic stations, the method of seismic location and the condition
of stations at different periods, especially in the early stage. Because
we use a large set of data recorded over the past 42 years, the main
feature of the focal depth distribution will not be significantly affected.

4. Thermo-rheological modeling

4.1. Governing equations

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 as a function of depth required to
deform the rocks (Ranalli, 1995). YSE allows quantitative assessment
of the lithospheric strength based on experimentally determined
constitutive equations between brittle and ductile behaviors of rocks
(Brace and Kohlstedt, 1980; Burgmann and Dresen, 2008; Kirby,
1983). The YSE concept has been proven to work well as a first-order
proxy for evaluating the rheological properties of the lithosphere
(Afonso and Ranalli, 2004; Burov, 2011; Handy and Brun, 2004;
Jackson, 2002). Thus, YSEs are widely used to validate rock mechanics
data and to explain the rheological behavior of the lithosphere in vari-
ous tectonic environments (Meissner and Mooney, 1998; Muto, 2011;
Pauselli et al., 2010; Ranalli and Murphy, 1987; Wang, 2001; Zang
et al., 2005; Zhang et al., 2013).

YSEs are constructed by comparing brittle and ductile strengths as a
function of depth. At low to moderate temperatures and pressures,
rocks are brittle. Because the frictional failure criterion obeys Byerlee's
law (Byerlee, 1978), brittle strength is nearly independent of rock
type and temperature. In the brittle regime, the frictional shear fracture
for most rocks can be adequately described by a linear frictional failure
criterion (Sibson, 1974):

σ1−σ3 ≡σB ¼ αρgz 1−λð Þ ð1Þ

whereσ1 andσ3 aremaximumandminimumprincipal stresses, respec-
tively; σB is the critical stress difference in the brittle regime; α is a pa-
rameter depending on the type of faulting, with values of 3, 1.2 and 0.75
for thrust, strike–slip and normal faulting, respectively; ρ is thematerial
density; g is the acceleration of gravity; z is depth and λ is the pore fluid
factor (ratio of pore fluid pressure to overburden pressure). The most
uncertain parameter is the pore fluid pressure. In the absence of infor-
mation on it, we assume pore fluid pressure is hydrostatic and take a
typical value ofλ = 0.4 following asAfonso and Ranalli (2004). Because
lithospheric density is heterogeneous, Eq. (1) can be rewritten as

σ1−σ3 ≡σB ¼ αg 1−λð Þ
Z z

0
ρ zð Þdz ð2Þ
At greater depths, temperature and strain rate-dependent creep
processes start to dominate (Carter and Tsenn, 1987; Kirby and
Kronenberg, 1987). In the ductile regime, rocks deform in a manner
of power–law dislocation creep (Ranalli, 1995). The experimentally
determined flow law for most crustal and upper mantle rocks results
in a creep strength given by Kirby (1983):

σ1−σ3 ≡ σD ¼ ε̇
E

� �1=n

exp
Q
nRT

� �
ð3Þ

where σD is the critical stress difference in the ductile regime;ε̇is strain
rate; E is power–law stress constant; n is power–law exponent; Q is
activation energy; R is gas constant and T is absolute temperature.
Eq. (3) shows the higher the strain rate is, the larger the differential
stress is required. It is noteworthy that low-temperature plasticity
(LTP) may become predominant at low temperature and high stress
settings (e.g., Mei et al., 2010; Ranalli and Adams, 2013). This flow
law, observed in dry olivine (Evans and Goetze, 1979; Mei et al.,
2010), is characterized by dislocation glide, and is potentially relevant
to the ductile deformation of the lithospheric mantle in the foreland
of the LMS. However, an estimate of the role of LTP in wet uppermantle
rheology and for other lithospheric compositions is unlikely due to the
lack of knowledge of the relevant creep parameters (Ranalli and Adams,
2013).

At any depth, the predominant rheological regime (i.e., YSE) is given
by

YSE ¼ min σB;σDf g ð4Þ

The total lithospheric strength (TLS) is given by

TLS ¼
Z H

0
YSEdz ð5Þ

whereH is the thickness of themodel. In this paper,H is equal to 80 km.
The construction of the lithospheric strength envelope involves com-

bining compositional and structural information (from geological and
geophysical data) with estimated geotherms. Thus, the essential prereq-
uisites for the construction of YSEs are knowledge of the composition
and rheology of lithospheric layers, and an estimate of temperature as
a function of depth. The former information is mainly extended from
laboratory rock deformation experiments. The latter can be calculated
with the constraints of surface heat flow, thermal conductivity and
distribution of heat production with depth in the study region (see
Section 4.2).

The geothermal calculation here involves the contact areas of two
distinct tectonic units. Thus, the lateral heat transfer due to the signifi-
cant lateral variations in thermal conductivity or heat production should
be taken into account. For this purpose, the two-dimension heat
conduction equation is required. In steady state, the heat conduction
in a two-dimension medium is governed by

∂
∂x k x; zð Þ ∂T∂x

� �
þ ∂
∂z k x; zð Þ ∂T∂z

� �
þ A x; zð Þ ¼ 0 ð6Þ

where T is temperature, k(x,z) is thermal conductivity, A(x,z) is heat
production and x, z are horizontal and vertical coordinates, respectively.
It is noteworthy that the assumption of thermal steady state is valid only
for old lithospheres. The eastern Tibet and Longmen Shan range are
regions of tectono-thermal activity that has been rapid on the time-
scale for thermal equilibration of the lithosphere, and this activity is
likely to have produced transient perturbations in the temperature
distribution. However, quantifying these temperature variations
requires a much better knowledge of the geodynamic evolution of the
region. We adopt the steady-state calculations since the tectonic
evolution in the eastern Tibetan margin is too uncertain to calculate
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non-steady state temperature distributions. Thermal modeling requires
the solution of Eq. (6) with the corresponding boundary conditions.

In the calculation, our model is confined to the domain
0 ≤ z ≤ D = 80 km and 0 ≤ x ≤ L = 560 km. The boundary condi-
tions used in our modeling are a constant temperature at the top, a
constant heat flow at the bottom and thermal insulating conditions
along the sides of the model, i.e.,

T x; z ¼ 0ð Þ ¼ T0 ð7Þ

∂T x ¼ 0; zð Þ
∂x ¼ ∂T x ¼ L; zð Þ

∂x ¼ 0 ð8Þ

−k x; zð Þ ∂T x; z ¼ Dð Þ
∂z ¼ Qm xð Þ ð9Þ

where T0 is surface temperature (T0 = 10 °C) andQm is the heat flow at
the base of the model. The method for solving the above equations is
given in the appendix.

4.2. Model parameters

The construction of thermal–rheological models involves a number
of parameters, including thermal and creep parameters for lithospheric
materials, which need to be constrained with available data for the
study region. The power–law creep parameters for selected lithospheric
materials are listed in Table 1. Since the composition of the lower
portion of the lithosphere is quite varied, we use two different sets of
possible rheological parameters for lower crustal and lithospheric
mantle rocks: a strong case where the lower crust is mafic granulite
and the lithospheric mantle is dry peridotite, and a weak case where
the lower crust is felsic granulite and the lithospheric mantle is wet
peridotite (see Table 1).

Another important parameter involved in the construction of the
lithospheric rheologymodel is strain rateε̇. Inmost cases, the rheological
profiles are constructed on the basis of a constant strain rate, e.g., 10−15

or 10−16 s−1 (Burov and Watts, 2006; Ranalli, 2000; Ranalli and
Murphy, 1987; Zhang et al., 2013), rather than being based on the
observed or inferred strain rate for a given tectonic region. To well
account for the lateral variation in tectonic environments (i.e., eastern
Tibet, the Longmen Shan range and the Sichuan basin), the strain rate
estimated from GPS data (Zhu and Shi, 2011) is used in this study.
Following Zhu and Shi (2011), we use a strain rate of 10−15 s−1 for
eastern Tibet, 6 × 10−16 s−1 for the Longmen Shan and 10−16 s−1 for
the Sichuan basin.

Solving Eq. (6) requires the knowledge of the thermal conductivity
and heat production distribution within the lithosphere. The gross pat-
tern of thermal conductivity in the lithosphere is controlled by compo-
sition, temperature and pressure effects (Chapman, 1986). Although the
structural and compositional complexity of the crust indicates a con-
comitant complexity in physical and thermal properties, it is necessary
to generalize a structure for the purpose of computing geotherms.
Thermal conductivity of most rocks at crustal conditions varies
Table 1
Rheological parameters used in the yield strength envelope calculations (after the
compilation by Ranalli (1997) and references therein). “W” and “S” indicate weak and
strong rheology, respectively.

Composition Pre-exponential
stress constant, E
(MPa−n s−1)

Power law
exponent, n

Activation
energy, Q
(KJ mol−1)

Upper crust Wet quartzite 3.2 × 10−4 2.3 154
Lower crust Felsic granulite (W)

Mafic granulite (S)
8.0 × 10−3

1.4 × 104
3.1
4.2

243
445

Lithosphere
mantle

Wet peridotite (W)
Dry peridotite (S)

2.0 × 103

2.5 × 104
4.0
3.5

471
532
inversely with temperature according to the relation (Cermak and
Rybach, 1982; Chapman, 1986):

k ¼ k0
1þ cT

ð10Þ

where k0 is the thermal conductivity at surface conditions and c is an ex-
perimentally determined constant. At relatively low temperature, ther-
mal conductivity generally decreases with increasing temperature, i.e.,
c N 0, while at 300–500 °C, when the conductivity of basic rocks varies
little with temperature, c = 0 (Cermak and Rybach, 1982). At tempera-
tures above 500 °C, the conductivity turns to increasewith temperature
due to the dominant effect of radioactive heat transfer, i.e., c b 0 (e.g.,
Schatz and Simmons, 1972). The thermal conductivities used in our
thermal modeling are listed in Table 2.

Another major parameter involved in thermal modeling is heat
production. The decay of K, Th and U is supposed to be the main source
of heat within the crust. However, reliable estimates of heat production
are difficult to obtain at depths greater than a few thousand meters
using common geophysical and geochemical exploration methods
(Hasterok and Chapman, 2011). On the basis of numerous laboratory
measurements, Rybach and Buntebarth (1984) proposed empirical
relationships between P-wave seismic velocity (Vp) and heat produc-
tion (A), which are believed to be valid for a variety of rocks varying
from granite to ultrabasites (Cermak and Bodri, 1986). For Phanerozoic
rocks, the A–Vp relationship is

lnA ¼ 13:7−2:17Vp ð11aÞ

and for Precambrian rocks the relationship is

lnA ¼ 12:6−2:17Vp ð11bÞ

where A is the heat production in μW/m3 and Vp is P-wave seismic ve-
locity in km/s.

In this study, Eqs. (11a) and (11b) were used to evaluate the vertical
distribution of heat production. Because these two formulae were
established from measurements at room temperature (20 °C) and at a
pressure of 100 MPa, thus it is necessary to correct seismic velocities
determined from wide-angle seismic profiling to such a condition
before the Vp–A conversion applies. For this purpose, the correction fac-
tors on the order of 1% proposed by Rybach and Buntebarth (1984) was
applied to the crustal P-wavemodel. Readers are referred to Rybach and
Buntebarth (1984) for a detailed description of the correction factor.
The heat productionwithin the low-velocity layers are evaluated direct-
ly with Vp–A conversion because the seismic reversal is believed to be
caused by felsic composition with low velocity. Given that the Sichuan
basin is the western part of the Yangtze craton and the eastern Tibet
(i.e., the Songpan–Ganze terrane) is a Meso-Cenozic orogen (Wang
and Meng, 2009), Eq. (11a) is applied to the eastern Tibetan crust
(west of the LMS), while Eq. (11b) is applied to the Sichuan basin
crust. The converted heat production model from the P wave velocities
along the profile is shown in Fig. 3d.

It is noteworthy that uncertainties in parameters, such as thermal
conductivity, heat production and surface heat flow, will limit the accu-
racy of temperature estimations for the deeper crust and lithosphere
and ultimately influence the construction of the rheological model.
Chapman (1986) investigated the sensitivity of calculated temperatures
Table 2
Thermal conductivity parameters used for thermal modeling: k = k0 / (1 + cT).

Material k0 c Reference

Upper crust 3.0 1.5 ∗ 10−3 Chapman (1986); Cermak and Bodri (1986)
Lower crust 2.6 1.0 ∗ 10−4 Chapman (1986)
Lithospheric
mantle

3.5 −0.25 ∗ 10−3 Chapman (1986); Cermak and Bodri (1986)
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to assumed values of model parameters. According to his study, the
single most important factor governing the computation of subsurface
temperatures is surface heat flow. A change of 10% in surface heat
flow corresponds to temperature changes of between 10% and 15%
at deeper crustal and upper mantle depths (Chapman, 1986). The
influence of heat production on computed temperatures is depth-
dependent. The uncertainties in upper crustal heat production have
much stronger effect on temperature estimations than that in lower
crust and lithospheric mantle (Hasterok and Chapman, 2011). Thermal
conductivity at all levels in the lithosphere has an important effect on
computed temperatures, but the effects are complicated by the temper-
ature dependence of conductivity and the observation that temperature
effects are negative for most crustal rocks but positive in the mantle
(Chapman, 1986). An underestimation of upper crustal thermal conduc-
tivity will result in an overestimation of temperature at the Moho, but
this in turn yields an overestimation of mantle conductivity with a
compensating lower thermal gradient (Chapman, 1986). In this study,
surface heat flow data are derived from observations, thus they are
well-constrained. Heat production model is constructed with P-wave
seismic velocity model. Thus the uncertainties in heat production
depend on the accuracies of the empirical formula Eqs. (11a) and
(11b) and crustal P-wave velocity model.
5. Thermo-rheological structure

The estimated present-day temperature structure of the lithosphere
along the profile, together with the observed surface heat flow and the
predicted surface and basal heat flow, is shown in Fig. 4. As addressed
in Appendix A, the solution of temperature field requires an inverse
problem to be solved first, i.e., to find the heat flow at the base of the
model (Qm). Theoretically, it is possible to attain a Qm-distribution
corresponding to any surface heat flow pattern for any required accura-
cy; however, at the expense of unrealistic horizontal heat flow gradi-
ents. In this study, we combine variable separation and Tikhonov
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regularization techniques (see Appendix A for detail) to overcome the
non-uniqueness and instability of the solution. The lateral variation of
Qm has been carefully appreciatedwith respect to the tectonic structure
of the eastern Tibetan margin. After a number of trial and error, we
obtain an acceptable compromise ofQm distribution between the fitting
accuracy of the surface heat flow (5 mW/m2) and lateral variation of
basal heat flow (see Fig. 4b). A high temperature anomaly occurs at
the uppermost mantle beneath eastern Tibet, basically reconciling
with the variation of Qm (Fig. 4c). The Moho temperature along the
profile shows a significant lateral change, which varies from over
800 °C beneath eastern Tibet to ~650 °C beneath the Sichuan basin,
with a sharp lateral temperature gradient at the LMS (Fig. 4c). It is
clear that the crust in eastern Tibet is hotter on the average than that
beneath the Sichuan basin. This is consistent with the findings that
Alkali-rich magmatic rocks were erupted in eastern Tibet region from
early Cenozoic to Pliocene time, indicating anomalously high tempera-
tures at the base of, and probably throughout, the crust of the eastern
Tibetan Plateau (Holbig and Grove, 2008).

The constructed rheological structures are shown in Fig. 5 (weak
case) and Fig. 6 (strong case). In the weak case (felsic granulite lower
crust and wet peridotite uppermost mantle), the eastern Tibet side
has two load-bearing layers, one of which is frictional, restricting to
the first ~10 km of the upper crust, the other ductile, concerning the
topmost a few kilometers of the lower crust (Fig. 5). The lithosphere
beneath the Sichuan basin has a similar rheological structure (Fig. 5),
but the ductile creep strength at the top of lower crust and lithospheric
mantle exhibits relatively higher values (~300 MPa and ~150 MPa,
respectively; see Fig. 5d). Although the rheological profiles of both
sides belong to “crèmebrulée” regime, inwhich the rheological strength
of the lithospheric mantle is negligible, there is a clear lateral variation
in rheological structure along the profile. The strength of the lower
crust and lithospheric mantle enhances going from eastern Tibet to
the Sichuan basin (Fig. 5). This variation is explicitly demonstrated in
the values of total lithospheric strength under the compression regime,
which changes from 3.5 TN m−1 at 150 km of the profile (standing for
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eastern Tibet) to 4.0 TN m−1 at 450 km of the profile (standing for the
Sichuan basin).

In the strong case (mafic granulite lower crust and dry peridotite
uppermost mantle), the eastern Tibet sector has two frictional load-
bearing layers, one of which resides in the topmost ~8 km of the
upper crust and the other one occurs at the topmost ~10 km of the
lower crust. The Sichuan basin has a similar crustal rheological profile
as the eastern Tibet (Fig. 6) except for the topmost few kilometers of
the lithospheric mantle, which has significant rheological strength
with a peak strength approximately 1000 MPa under the compression
stress, even with a few kilometer frictional field in tensional stress
(Fig. 6d). In this case, theMoho acts as amajor rheological discontinuity
beneath the Sichuan basin (Fig. 6d). For the compression regime, TLS
varies from 14.4 TN m−1 at 150 km of the profile to 20.9 TN m−1 at
450 km of the profile. Again, there is an obvious lateral variation in
rheological strength along the profile, but this time it changes from a
“crème brulée” regime in eastern Tibet to a “jelly sandwich” regime in
the Sichuan basin.

In both cases, it is clear that there is a significant lateral variation in
the rheological strength of the lithospheric mantle, which changes
from a rather weak regime into a fairly strong regime going from
eastern Tibet to the Sichuan basin, with an abrupt transition beneath
the LMS (see Figs. 5d and 6d). In summary, the lithosphere beneath
eastern Tibet is consist of two competent layers, both of which are
within the crust, while the lithosphere beneath the Sichuan basin is
consist of three competent layers, two of which are in the crust and
one is in the topmost lithospheric mantle. Our rheological model clearly
shows that the rheological strength of the lithospheric mantle beneath
eastern Tibet is weak and negligible, but the lithospheric mantle
strength significantly enhances in the Sichuan basin. The result is
consistent with the observations that (1) the eastern Tibet region is
seismically slow in P-wave velocity and the Sichuan basin is seismically
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fast extending to ~250 km depth (Li et al., 2006); and (2) eastern Tibet
has low Pn velocities (b7.8 km/s) and the Sichuan basin has high Pn
velocities (N8.1 km/s), suggesting a relatively weak uppermost mantle
beneath eastern Tibet and a strong uppermost mantle beneath the
Sichuan basin (Z. Li et al., 2012).

The lateral differences in rheological structure along the profile are
also reflected in the distribution of seismicity occurred in the area
from N29.5° to 30.5° along the profile (Fig. 7). The cut-off depth of the
seismicity deepens going from eastern Tibet to the Sichuan basin with
the deepest earthquakes in front of the LMS range. The seismicity
beneath the interiors of eastern Tibet and the Sichuan basin is sparse.
Most earthquakes distribute at the conjunct zone between eastern
Tibet and the Sichuan basin, where the seismicity is related to major
faults (P.Z. Zhang et al., 2010). This could be explained by ductile defor-
mation being predominant beneath eastern Tibet and fault-related
brittle deformation being focused in the LMS region because the Tibetan
crust is much hotter than that in the LMS and Sichuan basin. For each
sub-block, we computed the total energy released by the earthquakes,
grouping hypocenters in 4-km intervals. The energy distribution with
depth (i.e., log E − z) is shown in Fig. 7b. For the purpose of compari-
son, the logarithmof the energy for the grouped hypocenters is normal-
ized to the maximal value log Emax for each sub-block (labeled at the
bottom, e.g., Fig. 7b). It is clear that the largest energy release along
the profile occurred at the LMS (Fig. 7b). Notably, there are rare earth-
quakes that occurred at a depth of over 30 km in eastern Tibet. This is
in good agreement with the BDT depths of the rheological profile in
eastern Tibet (Fig. 6d), and also in accord with the observations that
(1) the structure responsible for the 2008 Wenchuan earthquake is a
listric reverse fault that tilts ~70° above 15-km depth, then tilts 30° to
40° beneath ~15-km depth, and finally root into the subhorizontal
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BDT zone below a depth of 20 to 22 km (P.Z. Zhang et al., 2010); and (2)
a high electrical conductivity zone at a depth of 20–40 kmonly exists on
the eastern Tibet side (e.g., profile P3 in Bai et al. (2010)).

Both earthquake distribution and thermo-rheological modeling
indicate that the lower crust is weak in eastern Tibet and strong in the
Sichuan basin. This is consistent with the general idea of older crust
having stronger lower crust.
6. Discussion and conclusions

6.1. Lateral variations in the thermo-rheological structure

Here we use a variety of observations, including the crustal P wave
velocity structure, heat flow and seismicity, to construct the thermal/
rheological models of the lithosphere along a 30°N wide-angle seismic
profile across the eastern Tibetanmargin. Two types of lithologic combi-
nation are considered: a weak case where the lower crust is felsic
granulite and the lithospheric mantle is wet peridotite, and a strong
case where the lower crust is mafic granulite and the lithospheric
mantle is dry peridotite. In the case of weak rheology, the rheological
profile is of the “crème brulée” type (Burov and Watts, 2006), with
one frictional load-bearing layer in the top half of the upper crust and
one ductile load-bearing layer in the uppermost few kilometers of the
lower crust, contributing almost all the lithospheric strength. In the
strong case, there are two frictional load-bearing layers in the crust of
eastern Tibet, and three load-bearing layers in the Sichuan basin, with
two in the crust and one in the uppermost mantle, indicative of “jelly
sandwich” type (Burov and Watts, 2006). In this case, the rheological
regime changes from the “crème brulée” type in eastern Tibet into
marginal “jelly sandwich” type in the Sichuan basin. Both cases show
a clear lateral variation in the rheological strength of the lithospheric
mantle, which is negligible beneath eastern Tibet but becomes signifi-
cant strong beneath the Sichuan basin with an abrupt transition under-
neath the LMS.

The inferred lateral variations in the lithospheric rheological strength
along the profile verifies the conclusions by Afonso and Ranalli (2004)
that the difference between the “jelly sandwich” and “crème brulée”
models is not incompatible, rather “jelly sandwich” and “crème brulée”
models are only the end members of a continuous spectrum of possible
rheological behaviors, depending on lithospheric temperature, com-
position and structure.
6.2. Implication for the growth of the eastern Tibetan margin

The eastern Tibetan margin adjacent to the Sichuan basin is charac-
terized by a strikingly steep topography gradient. It was formed in an
intra-continental convergence setting, but there is much uncertainty
overwhether itwas formedbyupper crustal shortening or lower crustal
flow Hubbard and Shaw, 2009; Royden et al., 1997 (Chen et al., 2013a,
b;). Z. Zhang et al. (2010) used receiver function to show that the LAB
depth decreases from 120 to 150 km beneath the Sichuan basin to 70
to 80 km beneath eastern Tibet and the 410 km discontinuity is de-
pressed below eastern Tibet by ~30 km, suggesting a delamination or
removal of the lithosphere root by an eastward asthenospheric escape
flow. A more recent S receiver function study conducted in the eastern
Tibet region by Hu et al. (2011) also indicated that the LAB depth
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beneath eastern Tibet (100 to 120 km) is significantly shallower than
that beneath the Sichuan basin (130 to 170 km), although the amount
of LAB depth shows some diversity in comparison with the results re-
ported by Z. Zhang et al. (2010).

The inferred thermal/rheological models along the profile demon-
strate: (1) one high temperature anomaly exists within the uppermost
mantle on eastern Tibet, and the crust in eastern Tibet is remarkably
warmer than that in the Sichuan basin; (2) the rheological strength of
the lithospheric mantle beneath eastern Tibet is much weaker than that
beneath the Sichuan basin. By combining these results with the
observations on the crustal/lithospheric architecture in the eastern
Tibetan margin (Hu et al., 2011; Robert et al., 2010; Wang et al., 2007;
Zhang et al., 2009; Z. Zhang et al., 2010), we construct an integrated
lithospheric model as shown in Fig. 8a. The LAB depth is taken from Hu
et al. (2011), and the crustal layering is taken from Wang et al. (2007).
Two asthenospheric bulges can be observed along the profile: one is un-
derneath eastern Tibet and the other is beneath the LMS (Fig. 8a). This
is in good agreement with the observations that two high velocity anom-
alies exist in the uppermantle beneath eastern Tibet (Βai et al., 2011), in-
dicating possible ongoing lithospheric delamination.

The concept of delamination, defining as detachment of thickened
lithospheric mantle from overlying crust during continental collision,
was first introduced by Bird (1978, 1979). It has been generalized to
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include a broad range of processes, including detachment of oceanic
slabs (Davies and von Blackenburg, 1995; Sacks and Secor, 1990) and
foundering of dense mafic lower crust or upper mantle into less dense
asthenosphere driven by phase changes (Kay and Kay, 1993; Meissner
and Mooney, 1998). The main consequences of the delamination of
thickened lithospheric mantle includes: a regional uplift owing to
excess pressure brought by newly risen asthenosphere, increased heat
flow, reduced seismic velocities and mafic magmatism (Bird, 1979).
Comparing with the Sichuan basin, eastern Tibet manifests high eleva-
tion, shallow LAB depth (Hu et al., 2011, 2012; Z. Zhang et al., 2010),
lowPn velocity (Z Li et al., 2012), high heatflow (Xu et al., 2011a), active
magmatism (Holbig and Grove, 2008) and the weak rheological
strength of the lithospheric mantle beneath eastern Tibet, in agreement
with the predictions of lithospheric delamination (Bird, 1979). Collec-
tively, we postulate the tectonic process for the growth of the eastern
Tibetan margin as follows:

The eastward extrusion of the Tibetan lithosphere was blocked by
the rigid Sichuan basin, which leaded to the lithosphere being continu-
ously thickened beneath eastern Tibet. The thickened lithospheric
mantle root was delaminated or foundered owing to convective insta-
bility or other mechanisms. As a result, the eastern Tibetan margin
was regionally uplift relative to the Sichuan basin due to excess pressure
brought by newly risen asthenosphere (Fig. 8b, c).
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Appendix A. Numerical method

The main difficulty in constructing the thermo-rheological model
lies in the uncertainty of the heat flow (Qm) at the base of the model,
which serves as the lower boundary condition of the governing
equation for the temperature Eq. (5). Therefore, the first goal of our
numerical method is to estimate Qm under the constraints of the
given surface temperature (T0) and heat flow (Q0).

The solution of Eq. (5) with boundary conditions given in Eqs. (6) to
(8) requires the solution of the inverse problem, in which the observed
surface heat flow Q0 can be used to evaluate the heat flow at the base
of the model Qm. This is a Cauchy problem that, as mentioned previously
(Engl et al., 1996), is ill-posed in the sense that small measurement errors
may bemagnified and can completely dominate the solution. By repeated
calculation of the surface heat flow corresponding to the model, Q0

0
,

starting with an arbitrary value of Qm and successively correcting the cal-
culated Qm by the difference (Q0 − Q0

0
), it is possible to evaluate the

lower boundary condition of themodel within a certain limit of accuracy.
Several slightly different approaches to this problem have been discussed
by various authors and tested in different tectonic environments
(Cermak and Bodri, 1986; Safanda, 1985; Stromeyer, 1984).
Alternatively, here we solve the ill-posed problem by decomposing
it into several well-posed problems. We assume that the result of
the modeling work is a functional relation of the following form:

T x; zð Þ;Q0½ � ¼ FDMSolv T0;Qm; k;Að Þ: ða1Þ

The above function is implemented by solving the governing Eq. (5)
using the finite differencemethod. The output is the resultant tempera-
ture field T(x,z) and surface heat flow Q0. Our solution method for the
inverse problem is based on reusing the above function.

Note that the functions and are function (a1) is not linear because
of the source term A(x,z). Thus we first split the solution into two com-
ponents,

T x; zð Þ ¼ T1 x; zð Þ þ T2 x; zð Þ;Q0 ¼ Q1;0 þ Q2;0 ða2Þ

where T1(x,z) satisfies the governing equation with the correct surface
temperature T0 and a zero basal heat flow, i.e., Q1,m = 0. The second
part T2(x,z) is obtained by setting A(x,z) = 0 in the governing equation
and using a zero surface temperature, i.e., T2,0 = 0, and the correct basal
heat flow Q2,m = Qm. The Q1,0 and Q2,0 correspond to the resultant
surface heat flow of the two temperature components (i.e., T1(x,z) and
T1(x,z)). Hence

T2 x; zð Þ;Q2;0

h i
¼ FDMSolv 0;Qm; k;0ð Þ: ða3Þ

This defines a linear mapping Q2,0 = K ⋅ Qm. Using the finite differ-
ence method both vectors Q2,0 and Qm and the matrix K can be
computed by solving well-posed boundary value problems, i.e.

T2 x; zð Þ;K :; ið Þ½ � ¼ FDMSolv 0; ei; k;0ð Þ ða4Þ

where ei is the ith standard basis vector, and K(:,i) is the i th column
of the matrix K. The linear system of equations KQm = Q2,0 is ill-
conditioned and regularization is needed. Using Tikhonov regularization
(Engl et al., 1996) we minimize

KQλ
m−Q0;2

��� ���2
2
þ λ2 Qλ

m

��� ���2
2

ða5Þ

where the regularization parameter λ controls the trade-off between
accuracy, i.e. keeping the residual small, and stability, i.e. reducing the
influence of random errors in the data small. The appropriate value for
the parameter λ is selected using the L-curve criterion (Hansen and
O'Leary, 1993; Lawson and Hanson, 1974), where both ‖Qm

λ ‖2 and
‖KQm

λ − Q0,2‖2 are computed for a wide range of values λ and plotted
in a loglog-scale. The resulting graph typically resembles an L and the
corner often gives good regularization parameters (Hansen, 1997).
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