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We invert S-wave velocities for the 3D upper-mantle temperatures, in which the position with a tem-
perature crossing the 1300°C adiabat is corresponding to the top of the seismic low velocity zone. The
temperatures down to the depth of 80 km are then calculated by solving steady-state thermal conduc-
tion equation with the constraints of the inverted upper-mantle temperatures and the surface tem-
peratures, and then surface heat flows are calculated from the crustal temperatures. The misfit between
the calculated and observed surface heat flow is smaller than 20% for most regions. The result shows
that, at a depth of 25 km, the crustal temperature of eastern China (500—6007C) is higher than that of
western China (<500°C). At a depth of 100 km, temperatures beneath eastern and southeastern China
are higher than the adiabatic temperature of 1300°C, while that beneath west China is lower. The Tarim
craton and the Sichuan basin show generally low temperature. At a depth of 150 km, temperatures
beneath south China, eastern Yangtze craton, North China craton and around the Qiangtang terrane are
higher than the adiabatic temperature of 1300°C, but is the lowest beneath the Sichuan basin and the
regions near the Indian-Eurasian collision zone. At a depth of 200 km, very low temperature occurs

beneath the Qinghai-Tibet Plateau and the south to the Tarim craton.
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1 Introduction

Temperature is one of the most important geophysical
quantities. For example, temperature gradient in the
mantle controls mantle convection, which in turn drives
plate tectonics and earthquake occurrences. In addition,
many geologic processes such as some of ore formation
are directly related to thermal anomalies.

Some of thermal properties of the Earth can be meas-
ured directly from the surface, such as surface tempera-
ture gradient, heat productivity and conductivity of
rocks. The crustal and upper-mantle heat productivities
are often estimated from seismic velocities using some
relationship obtained from the laboratory tests of rock
samples!'. Using surface heat flow observation as a
boundary condition, one can construct the thermal
structure of the lithosphere by solving the steady-state
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thermal conduction equation[%s]. With this method, Ar-
temieva and Mooney!"! estimated lithosphere tempera-
tures of the Precambrian regions in the world; Wang"!
calculated lithospheric temperatures for some regions of
China.

The above traditional temperature calculation method
has obvious disadvantages. First, the thermal measure-
ments made on the Earth’s surface are often influenced
by recent/ancient tectonics and environment, e.g., denu-
dation, sedimentation and subterranean water. Due to the
scarcity of information on these factors, the heat flow
data, even after correction, often contain uncertainties up
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to ~20%!%. Besides, the conductivity and heat produc-
tivity of deep rocks are chosen with uncertainties which
may cause considerable uncertainties in the calculated
temperature. For instance, a 5% change in heat flow may
cause a temperature change of 50—90°C at 100 km
depth; a 20% change in heat productivity may cause
100—130°C of temperature change at 100 km depth!'.
Such uncertainties are expected to increase with in-
creasing depth.

It is notable that, the above studies based on the as-
sumption that the lithosphere has been stable for a long
time (>500 Ma)!”\. But such assumption often may not
be satisfied, especially in tectonically active regions. In
the Chinese continent, the crusts of the North China,
Yangtze and Tarim cratons are very old, but their sur-
faces have suffered various modifications during the
long geological period, mainly due to the tectonic inter-
action between neighboring blocks and the thermal ac-
tions at/below the base of the lithosphere. It is well ac-
cepted that the ancient North China and Yangtze cratons

were strongly reshaped by Phanerozoic tectonic events'.

Although crustal evidence shows that Phanerozoic re-
working of the Tarim craton is relatively weak, the man-
tle may be strong. For example, the thermal lithosphere,
estimated based on a steady-state assumption!”! and
measured surface heat flow, is far thicker (by ~100 km)
than the seismological lithosphere and the seismic-
thermal lithosphere!'”). So, it is difficult to find a region
in the Chinese continent that satisfies the steady-state
assumption.

Seismic velocities of deep lithosphere were related to
surface heat flow!'")] but apparently to deep thermal
structure!'>"*!. On the basis of many studies and experi-
ments, Goes et al.'"” proposed a seismic-thermal method
to calculate upper mantle temperatures from seismic
velocities. This method was applied in the European and
North American continents'*~'7).

In this method, elastic-wave velocities are calculated
from elastic parameters and density and their variations
with temperature, pressure and compositions on the ba-
sis of laboratory tests. But our objective is to determine
temperatures and compositions from elastic-wave ve-
locities obtained from seismic tomography. Some stud-
ies!'*1*!¥] qugoest that temperature is the main factor
which influences the seismic velocities at the depth of
50—250 km. So we can directly estimate the tempera-
ture structure of the lithospheric upper mantle from a 3D

tomographic seismic velocity model. By this method, we
obtained the upper-mantle temperature structure of the
Chinese continent, from which we estimated the litho-
spheric thicknesses!'”. Here we will introduce the de-
tailed upper-mantle temperatures, and the crustal tem-
peratures constrained by the temperatures at the surface
and upper mantle.

2 Method and data

2.1 Conversion of upper-mantle temperature from
seismic velocity

In the seismic-thermal method proposed by Goes et
all") the elastic parameters and density are expressed
as functions of temperature and pressure. After correc-
tions for the anelasticity effect under high temperature,
the elastic-wave velocities for a given condition of min-
eralogical composition, temperature and pressure can be
calculated. For a given temperature (7'), pressure (P ),
iron content (Xr.) and under infinitesimal strain condi-
tion, the elastic parameters for a mineral can be pre-
sented as!'*"”]
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where M denotes the elastic parameter K or u. Density p
can be derived from K or #"". For a rock with several
different minerals, the rock’s average elastic parameter
<M > can be calculated from the VRH average!'*. The

shear-wave velocity may then be calculated from

Vi(P,T)= <i> )
| {p)

At a high temperature, it is necessary to correct for
the anelasticity effect!'*. When anelasticity influence is
weakly dependent on frequency (®), the corrected ve-
locity can be presented as'*”!

- _ Q@)
V?(PvTaa))_Vv(P’T)|:1 2tan(7m/2)} (3)

where Q is quality factor, the others are constant. The
corrected velocity in eq. (3) is the expected shear-wave
velocity under deep " and P condition. Here we use the
anelasticicty model Q; of Goes et al.l'*],

Studies!">'"*'®2! showed that temperature is the main
factor influencing seismic velocities at the depth of
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50—250 km. Goes et al.""* showed that the composition
variation of a rock can cause relatively small variation
on seismic velocity (~1%) which normally lies in the
uncertainty range of tomography. Therefore, we can
directly invert for upper mantle temperatures from
seismic velocities!'”). Since seismic tomography can
offer fine-resolution 3D seismic-velocity structure, we
can directly invert for 3D upper-mantle temperature us-
ing the tomographic seismic-velocity model. Analysis!**!
showed that there may be ~150°C of uncertainties in the
inversion procedure from velocities to temperatures. For
detailed description on this method, it should be referred
to Goes et al.'". Here we used a direct grid search
method to invert velocities for temperatures.

The continental upper mantle composition for differ-
ent tectonic domains can be classified into two catego-

ries!": the off-cratonic and the on-cratonic composition.

Because strong Phanerozoic tectonic events occurred in
the Chinese continent, most regions have a young tec-
tonothermal age. Therefore, we use an off-cratonic
composition'”**: 68% olivine, 18% orthopyroxene,
11% clinopyroxene, 3% garnet and iron content 0.1.

Fluid effect can decrease seismic velocities''*. But
there is no model about the deep fluid distribution in the
crust or the upper mantle. Therefore we did not consider
the effect of fluids here. If the fluid influence is ignored
and interpreted as the effect of temperature, the inverted
temperatures will be higher and should be considered as
the upper bound.

We use a 3D S-wave velocity model of Huang et
al.”), hereinafter the model is referred to as CNO3S.
This model results from a fundamental-mode Rayleigh
wave dispersion (periods in 10— 184 s) tomography
which used more than 4000 ray paths, and has a lateral
resolution of 4°—6° between 20°N and 45°N'**!, Based
on the 2D dispersion results, Huang et al.**! inverted for
a 3D S-wave velocity model (CNO3S) of the Chinese
continent. Because the S-velocities in CNO3S at a depth
of 250 km are laterally very similar beneath all the stud-
ied regions, the model has bad resolution at depths
=250 km. Thus, we only use the S-velocities in CN03S
down to a depth of 240 km. In addition to considering
that the maximal crustal thickness in the continent is ~70
km beneath the Qinghai-Tibet Plateau, we only use the
S-wave velocities in a depth range of 70—240 km in the
inversion for temperatures.

Using the inverted upper-mantle temperature model

to be discussed here, we (An and Shil'”) estimated the
lithospheric thicknesses for the Chinese continent. In
that paper, we gave a detailed explanation on the possi-
ble uncertainties existing in the velocity model CNO3S,
and on the uncertainties existing in the temperature
model. For reader’s convenience to understand the
results, we give a short introduction here. Huang et al.’*
did not offer the uncertainties of the model CNO3S, but
upper-mantle S velocities from a surface-wave disper-
sion study may have an uncertainty of < 0.1 km/s. The
velocity change of 0.1 km/s can cause a change of
~50—250°C in the upper-mantle temperature. Besides,
compared with the off-cratonic composition used here,
on-cratonic composition can cause an increase of the
inverted temperature by ~15—120°C. When using ane-
lasticity model Q,!"¥, the calculated temperature can be
up to ~180°C lower than when using the model Q).

Here we give an uncertainty of 150°C, as in Goes et
[14]
al.m ™.

2.2 Calculation of temperatures down to 80 km
depth

Because of the complex of crustal composition, we use
seismic velocity to invert for an upper-mantle tempera-
ture but not for crustal temperature. Instead, we estimate
the crustal temperatures by solving the steady-state
thermal conduction equation with the boundary condi-
tions of the surface temperatures and the upper-mantle
temperatures estimated above from seismic velocities.
The steady-state thermal conduction equation* can be
written as

V- (kVT)=-4, 4)

where 4 and k are heat productivity and conductivity,
respectively.

In a tomography study, the uncertainty of Moho depth
can cause some uncertainties in velocities around the
Moho discontinuity and lead to uncertainties in the up-
per-mantle temperatures inverted from velocities. As
the crustal thickness beneath the Qinghai-Tibet Plateau
is ~70 km, we use the temperatures at a depth of 80 km
as the bottom temperature boundary condition to cal-
culate the steady-state conductive temperatures down
to 80 km depth. In the calculation, we adopted the
global CRUST2.01**) as the crust model including
sediments, the upper, middle and lower crust. The heat
productivities of sediments and the upper crust are
taken from Wang!!; for the middle crust, the heat pro-
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ductivities are set as 0.4 pWm 2% which is the

maximum value used by Artemieva and Mooney!'!; for
the heat productivities of the lower crust and upper man-
tle, we again follow Artemieva and Mooney''! by setting
them as 0.1 and 0.01 uWm >, respectively. Considering
that both temperature and pressure have an obvious in-
fluence on conductivities of the upper crust’)] the con-
ductivities are estimated from a relation®** of conduc-
tivity (Wm™' K™') with depth (D, in km) and temperature
(°C): 3.0x(1+0.0015D)/(1+0.00157). Finally, we use con-
stant conductivities for the other layers: 2.5 Wm 'K ™'*
for sediments; 2.25 Wm ' K' for the middle crust,
which is the average of the values used by Artemieva
and Mooney!'"); and 2.0 and 4.0 Wm™' K™' for the lower
crust and upper mantle respectively, also from Ar-
temieva and Mooney''.

3 One-D vertical temperature profiles for
typical regions

The one-D temperature profiles (Figure 1) for some
typical tectonic regions are discussed in detail below.

3.1 North China craton

Although the North China craton is one of the old
blocks in China, it has been affected severely during
Phanerozoic tectonic events, which caused the litho-
sphere to weaken during Mesozoic and Cenozoic, and
then to form a complex structural framework. According
to crustal structure characteristics, the North China cra-
ton can be divided into three parts from west to east*'):
(1) the Ordos basin, a stable paleo-continental block, has
simple crustal structure and complete basement; (2) cen-
tral orogenic belt, including the Taihang Mountain, north
Yinshan and Yanshan orogenic belt, has relatively sim-
ple crustal structure and low velocity in the middle and
lower crust; (3) eastern rift basin has a complex crustal
structure, including depressed and destroyed basement,
low seismic velocities, and thin crustal thickness, and
typical characteristics of a Cenozoic crust.

The North China craton has been a focus of much
geoscientific research, and there is a large number of
published geological and geophysical works. Many
geothermal scientists”™****** 73 have studied the cra-
ton’s thermal structure, but with the steady-state thermal
conduction assumption. Based on systematic studies of
the average heat productivities of different cratonic rocks
and different formations in the North China craton, Chi

and Yan'® calculated the thermal structure of the craton
lithosphere.

Figure 1(a) shows the temperatures beneath the North
China (Huabei) craton (excluding the Ordos basin). At
the depth of ~90 km, our model reaches the adiabatic
temperature of 1300°C, which may indicate that the
lithosphere bottom is at ~90 km depth since this adiabatic
temperature is normally defined as the temperature at the
base of the thermal lithosphere. This result is consistent
with the depth of the top of the seismic low velocity zone,
also shown in Figure 1(a). Such consistency indicates
that the upper-mantle low velocity zone may be related to
the melting temperature of upper mantle rocks'".

Figure 1(a) also shows the temperature model of
Wang'® which is calculated from measured surface heat
flow with the steady-state thermal conduction assump-
tion. The difference between the Wang’s model and our
result becomes significant at depths below the Moho. At
a depth of 70 km, the temperature in Wang’s model is
~150°C greater than that in our model, which is nearly
equal to the uncertainty in the conversion procedure
from seismic-velocities to temperatures.

3.2 Ordos basin

The Ordos basin shows different characteristics from the
other parts of the North China craton. In contrast with
the other parts of the craton, the Ordos basin has a sim-
ple crustal structure with a complete basement and a
stable paleo-continental crust’®'). As the average heat
flow of the North China craton from the work of Chi and
Yan**! is consistent with the heat flow of the Ordos ba-
sin used by Wang'), we plotted the temperature profile
of the North China craton of Chi and Yan"** together
with the present temperature profile of the Ordos basin
in Figure 1(b).

In the temperature profiles for the Ordos basin (Fig-
ure 1(b)), both the results of Chi and Yan**! (dots) and
of Wang"! are based on steady-state thermal conduction
and constrained by surface heat flow observations. Al-
though the thermal parameters used in these two works
are slightly different, Figure 1(b) shows that the results
in the two works are basically similar. In contrast, our
temperature model above 80 km deep is higher, and the
difference mainly exists in the upper mantle (Figure
1(b)). At a depth of 70 km, our temperature is ~150°C
greater than Wang’s.

Figure 1(b) shows that the temperature beneath the
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Figure 1 One-dimensional temperature and seismic velocity profiles for several typical regions in the Chinese continent. The locations of the profiles are
shown in Figure 2. Thick line represents upper mantle temperatures calculated from seismic velocities (thin black line) and gray shaded area is the tem-
perature uncertainty range of £150°C. Because the heat productivity of the upper mantle is very small, the temperature profiles show a change in slope at
the depth of the Moho. Thick dashes are the steady-state thermal conduction temperatures calculated with the constraints of the Earth’s surface temperature
and the temperature at the depth of 80 km. Dots and thin dashes are the temperatures estimated from observed surface heat flow using the steady-state
assumption. The thin dashes are temperatures from Wang!®, the dots for the Ordos basin are temperatures from Chi & Yan and those for the Tarim craton
are temperatures from Liu et al.”). Grey dashes are the melting temperatures of wet (with water) and dry peridotites’®”. Grey line is the 1300°C adiabat.

The lable “North China” means the North China craton, “Ordos” the Ordos basin, “Sichuan” the Sichuan basin, “Tarim” the Tarim craton.
Ordos basin reaches the adiabatic temperature of 1300°C

at a depth of ~110 km, which indicates that the litho-

sphere is thicker than that of the other parts in the North
China craton.

Triassic, the Yangtze craton has been affected by the
Pacific Ocean plate and the Tethyan plate since Late
Triassic. Tectonic events partially reshaped the old tec-

tonic framework. The Sichuan basin is the most stable

block in the Yangtze craton.
3.3 Sichuan basin

Figure 1(c) shows that Wang’s temperatures”’ for the
After its development period from Sinian to Middle

Sichuan basin are lower than our results in the depth of
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Figure 2 Surface heat flow (a) and the misfit (b) between observed and the calculated surface heat flow, i.e., (observed — calculated)/observed. The ob-
served heat flow in (a) was obtained by a Kriging interpolation between heat flow measurements at locations marked by the cross symbols. Open triangles
are volcanoes, data from Smithsonian Institution, Global Volcanism Program. The squares in (b) represent locations of the profiles in Figure 1. The label
“Tarim” means the Tarim craton, “Kunlun” the Kunlun Mountains, “Qiang Tang” the Qiangtang terrane, “North China” the North China craton, and “Yang-

tze” the Yangtze craton.

40—100 km, e.g., at 70 km depth the difference is
~150°C. The present temperature model beneath the Si-

chuan basin reaches the adiabatic temperature of 1300°C
at a depth of ~180 km.

3.4 Qiangtang terrane

In a seismic waveform study, Rodgers and Schwartz!**!

found a low velocity zone in the lithospheric upper man-
tle beneath the Qiangtang terrane of northern Tibet.
They proposed that the low velocity may represent up-
per mantle partial melting or a back arc upper mantle
produced by the early Tethyan subduction. The presence
of this low velocity layer is also supported by later sur-
face wave studies (e.g., Huang et al.”*! and Su et al.”%)
and body-wave studies. The body-wave results support
the partial melting hypothesis, e.g., Sn wave could not
propagate in the Qiangtang area”®” and Pn-wave velocity
is low"®. An and Shi''"” showed that the temperature of
this low velocity zone exceeded the adiabat of mantle
potential temperature. The temperature profile in Figure
1(d) shows that the seismic-thermal temperature for the
northern Tibet is higher than the adiabatic temperature
of 1300°C at the depth of 110—150 km, while below
160 km depth the temperature is lower than the adiabatic
temperature. So the high temperature at 110—150 km
depth is only a local anomaly. As mentioned previously,
we did not consider fluid influence in the conversion
from velocities to temperatures; thus the calculated
temperature at 110 —150 km depth should be upper
bound.

In deep part, the model of Wang!®! is ~400°C lower
than our estimated temperatures up to 80 km depth
(Figure 1(d)). Observations show that the heat flow of
northern Tibet is ~45 me_Z, which is similar to the
heat flow of the Tarim craton on its west and lower than
that of southern Tibet and the Qaidam basin on its north.
Considering the low seismic velocity™?® and high
temperature at the depth of 110—115 km in Figure 1(d),
we suggest that the crust of northern Tibet is colder than
that of southern Tibet and the Qaidam basin, but the up-
per mantle is hotter. A possible interpretation of this
temperature profile is that the upper mantle was heated
up by some geological processes, but this heat has not
yet reached the surface by thermal conduction; thus the
lithosphere is not in a thermal steady state.

3.5 Tarim craton

Since the collision between the Indian and Eurasian con-
tinents starting at the end of Eocene, the continuous
compression between the two plates caused intraplate
contraction, detachment and decoupling of the subduc-
tion slab. The weak deformation in the Tarim craton im-
plied that the detachment and decoupling had not/less
occurred™. The group of Wang™*" successively stud-
ied the thermal structures of the Tarim craton.

Figure 1(e) shows that the model of Wang"! is lower
than our results in the Tarim craton by ~150°C at a
depth of 40 km and ~260°C at 70 km. The model from
Liu et al.” shows a smaller difference (~100°C at 40

km depth) from our results. The crossing position with
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the 1300°C adiabat by extrapolating from Wang’s tem-
peratures occurs at ~235 km depth, which is quite dif-
ferent from our result of ~150 km.

The Tarim craton and Qiangtang basin are relatively
less surveyed with seismic methods, while the other
three blocks were all covered by deep seismic sound-
ing[“]. By comparing the temperature profiles of the
North China craton, the Ordos and Sichuan basins, it
appears that the 1300°C adiabat was crossed by the pre-
vious studies based on heat flow constraints at similar
depth to by our results based on the seismic-thermal
conversion. Since the seismic-thermal results derived
from velocities are consistent with seismological results,
the previous studies are also consistent with the seismic
low-velocity zone in these regions. Except for the
above-mentioned three regions, however, the position
crossing the 1300°C adiabat in the previous studies of
the Tarim craton is quite different from our present re-
sults and the top of the seismic low velocity zone. In
view of the dynamic processes related to the In-
dian-Eurasian continental collision, the deep thermal
structures beneath the Qiangtang terrane and the Tarim
craton are likely to be very complex; the uncertainties in
the temperatures derived from surface heat flow and the
steady-state assumption are likely to be relatively high.

4 Temperatures at several depths

Figure 3 shows the crustal temperatures at 25 km depth,
and Figures 4—6 are the upper mantle temperatures at
100 km, 150 km and 200 km, respectively.

Temperature (C)

Figure 3 Crustal temperatures at a depth of 25 km. The others are the
same as in Figure 2.

|
1000 1100 1200 1300 1400 1500

Temperature ('C)

Figure 4 Upper-mantle temperatures at 100 km depth. The adiabatic
temperature of 1300°C at the depth of 100 km is ~1361°C. The others are
the same as in Figure 2.

Depth = 150 km

== 7>::’/“
100°E  110°E
e |
1100 1200 1300 1400 1500
Temperature (C)

Figure 5 Upper-mantle temperatures at 150 km depth. The 1300°C
adiabatic temperature at the depth of 150 km is ~1392°C. The others are
the same as in Figure 2.

Depth = 200 km

110°E

1300 1400 1500
Temperature (C)
Figure 6 Upper-mantle temperatures at 200 km depth. The 1300°C

adiabatic temperature at the depth of 200 km is ~1424°C. The others are
the same as in Figure 2.
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4.1 Crustal temperature

The crustal temperatures are obtained from the steady-
state thermal conduction assumption with the boundary
conditions of the temperatures at the Earth’s surface and
at the depth of 80 km. We do not use surface heat flow
as a constraint. Instead, we calculate the surface heat
flow from our calculated temperatures and compare
these with the observed heat flow (Figure 2(b)). The
observed surface heat flow data for China and Asia are
collected from a global database (http://www.heatflow.
und.edu/index2.html); the detailed description on the
data for China can be found in relevant works** *.
Figure 2(b) shows that the misfit of the calculated and
observed heat flow for most regions of China lies inside
of +20%, especially for regions with dense measure-
ments such as the Tarim craton, eastern and western
Yangtze craton, South China, southern and western
North China craton. However, some regions with fewer
measurements have high misfit, such as in northwestern
North China craton, the misfit can be as high as —40%
(Figure 2(b)); in Tibet, the observed heat flow is much
higher than our calculated values. The distribution of
heat flow measurements in Tibet is extremely uneven.
Most of the measurements located around the position
(N30°, E90°) and two isolated measurements at Lunpola
and Naqu give very high heat flow values (Table 1).

Table 1 Observed heat flow data in Tibet (from Wang & Huang™*)

For regions without measurement, we interpolated the
heat flow values of the surrounding regions by a Kriging
interpolation, and the interpolated values (Figure 2(a))
are taken as the observed heat flow. The interpolated
values in Tibet from the two isolated high-heat-flow
measurements may also be higher than the actual aver-
age heat flow of the area. Thus the high difference
(~40%) between the observed and calculated heat flow
(Figure 2(b)) may indicate that the few measured heat
flow is not representative of the region. Table 1 also
shows that most of the measurements are in low quality
and those with values higher than 100 mWm™ are
ranked ‘D’ in quality which indicates that the data do
not represent the regional thermal state. Hence the large
difference between the calculated and observed heat
flow in Tibet does not constitute a negative test of the
present model.

In sum, the misfit of the calculated and observed heat
flow lies within the observation errors for most regions
where dense and high-quality measurements are avail-
able. Therefore, our calculated crustal thermal structure
may represent the general crustal thermal state. Com-
parisons with the 1D temperature profiles, discussed in
the last section, also show that the results are internally
consistent.

At 25 km depth, the crust shows higher temperatures
in the east and lower temperatures in the west (Figure 3).

No. Location Latitude (°N) Longtitude (°E) Heat flow (mWm™?) Quality
1 Lunpola 32.019167 89.741667 140 B
2 Yangyingxiang 28.566667 90.445833 87.9 D
3 Pumoyong Lake 30.11 90.47 95.5 A
4 Pumoyong Lake 28.5625 90.475 87.9 A
5 Yangbajing 28.579167 90.470833 87.9 B
6 Pumoyong Lake 28.558333 90.406667 90 A
7 Pumoyong Lake 28.566667 90.479167 100.1 A
8 Pumoyong Lake 28.845833 90.6125 152 A
9 Yamzho Yumco Lake 28.858333 90.625 242 D
10 Yamzho Yumco Lake 29.170833 90.616667 126.9 D
11 Yamzho Yumco Lake 30.253333 90.645 267 D
12 Laduogang 29.133333 90.691667 165.8 D
13 Yamzho Yumco Lake 29.828333 90.316667 271 D
14 Yamzho Yumco Lake 28.979167 90.75 138.2 D
15 Maqu 29.906667 90.813333 106 B
16 Lhasa 29.675 90.098333 66 B
17 Naqu 31.498333 92.05 319 D
18 Luobusha 29.25 91.98333 61 A

Quality D means that the measurement cannot represent regional and deep thermal state.
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The temperatures are ~500—600°C in the east and less
than 500°C in the west. In the Tarim craton, the tem-
peratures are the lowest, reaching ~460°C. As the crustal
structure in western China is more complex than in east-
ern China, the crustal temperature in west China has less
reliability than in eastern China.

4.2 Upper-mantle temperature

At a depth of 100 km, the upper-mantle temperatures of
the Chinese continent are higher in the east than in the
west (Figure 4). The temperatures in the east and south-
east China (including eastern NE China, eastern North
China craton, eastern Yangtze craton and South China)
are generally higher than the adiabatic temperature of
1300°C. Thus the lithosphere beneath these regions may
be thinner than 100 km. On the other hand, the tempera-
tures in the west are from 1100 to 1300°C. Hence the
lithosphere beneath western China may be thicker than
100 km. The two oldest cratons (the Tarim craton and
the Sichuan basin of the Yangtze craton) show a low
temperature (~1000°C) at this depth.

The temperature distribution at 150 km depth is more
complex (Figure 5). At this depth, the temperatures be-
neath the entire North China craton, besides in South
China and eastern Yangtze craton, are greater than the
adiabatic temperature of 1300°C. The temperatures be-
neath the Qiangtang terrane also reach the adiabatic
temperature. The Sichuan basin shows a low tempera-
ture at this depth, while the central Tarim craton shows
higher temperature than its surrounding area. The lowest
temperature (~1130°C) is found in the regions close to
the collision zone of the Indian subcontinent and the
Chinese continent (e.g. Himalayas).

The temperature distribution at 200 km depth shows a
good relationship with the regions strongly affected by
the collision and subduction from the Indian subconti-
nent (Figure 6). Temperatures beneath the north to the
collision zone (e.g., the Qinghai-Tibet Plateau, Kunlun
Mountains to the south of the Tarim craton) are lower
temperature than the adiabatic temperature of 1300°C at
this depth. Since the Qinghai-Tibet Plateau has lower
temperatures than the adiabatic temperatures of 1300°C
at almost all depths as discussed above, the thickness of
its lithosphere may be greater than 200 km. On the other
hand, the two oldest cratons do not show any more low
temperature anomaly at this depth.

5 Discussions

In the following discussion we clarify the methodology
and concepts used in the present study and differences
with the previous steady-state thermal conduction studies.

5.1 The relation between seismic velocity and upper
mantle temperature

From the conversion from seismic velocities to tem-
peratures on the basis of a homogeneous off-cratonic
composition, the resultant upper-mantle temperatures
cross the 1300°C adiabat at a depth which is about the
top of the seismic low velocity zone!'". This depth con-
sistency may imply that our estimated temperatures are
reliable and can represent the thermal structure of the
upper mantle. Moreover, this consistency also implies
that the seismological lithosphere based on seismic ve-
locities may be compatible or consistent with the ther-
mal lithosphere defined by temperatures.

5.2 Function of observed heat flow

Because we take the upper-mantle and surface tempera-
tures as the boundary conditions in the calculation of the
steady-state temperature distribution, this calculation is
like a temperature interpolation but not extrapolation
mainly constrained by the surface heat flow as done by
the previous traditional studies. The surface heat flow
data are instead to test the calculated heat flow as an
appraisal of the calculated temperature model.

5.3 Function of seismic velocity

In the previous geothermal studies, seismic velocities
are used as a reference in estimating thermal conductiv-
ity and heat productivity, while in the present study
seismic velocities are used to estimate the deep tem-
peratures.

5.4 Steady-state and transient temperature

The major difficulty in the previous studies is lack of
good deep thermal constraint, so the estimated tempera-
ture strongly depends on the steady-state thermal con-
duction assumption which implicitly assumes that the
lithosphere was stable for a long period. As discussed
earlier, the errors arising from this assumption increases
with depth and the result will be highly uncertain in area
with complex deep structures where the assumption of
long-time stability is extremely uncertain.

The tomographic seismic velocity shows the present
(transient in geological time) state, so the upper mantle
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temperatures derived from seismic velocities represent
the present.

In the calculation of the temperatures down to 80 km
depth, since we used the temperatures at the surface and
at a depth of 80 km as the boundary conditions and
solved the steady-state conduction equation, our calcu-
lated temperatures may represent a first-order approxi-
mation down to 80 km depth.

6 Conclusions

In the present study we derived the 3D upper-mantle
thermal structure for the Chinese continent using S-wave
velocities, and then estimated the thermal structure
down to 80 km by solving the steady-state conduction
equation with the boundary conditions of the tempera-
tures at the surface and at 80 km depth. The difference
between the calculated and observed surface heat flow is
less than 20% which is within the observational error of
the heat flow measurement.

At a depth of 25 km, higher temperatures (~500—
600°C) occur in the east and lower temperatures
(< 500°C) occur in the west; the Tarim craton has the
lowest temperature (~460°C).

At a depth of 100 km, the temperatures in the east are
also higher and lower in the west. Beneath most of east-
ern and northeastern China (including eastern NE China,
eastern North China craton, eastern Yangtze craton and
South China), temperatures are higher than the adiabatic
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