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Abstract

Using a compilation of 6980 heat flow measurements, we produce a new heat flow map for the Chinese continent and its adjacent
areas. We develop an objective and integrated method to interpolate the heat flow data, taking into account both the uniformity within
geological units and coherency of regional heat flow. The geologic units are outlined based on Zhang et al.’s active tectonic block model.
Our heat flow model is presented in two formats: a contour map and a heat flow dataset with values on a 1 � 1� grid for the Chinese
continent and its adjacent areas, reflecting detailed variations in some regions. Also provided is a resolution map which helps understand
the reliability of the heat flow model. Our results reveal that (1) Heat flows in the eastern part of the Chinese continent are relatively
higher than those in the western part except that in the Tibetan Plateau area. (2) Heat flows in the Ordos and North China blocks
are around 60 mW/m2, and are 50–55 mW/m2 in South China except for the continental marginal sea regions. (3) Heat flow is the lowest
in the Junggar Basin, only 35–45 mW/m2, and is 45–55 mW/m2 in the Tarim Basin. The results of this study provide an important data-
set for studies on thermal and rheological structures of the Chinese continent and its adjacent areas.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Surface heat flow, along with the information about the
distribution of thermal conductivity and heat production
rate in the crust, is the essential data source for understand-
ing crustal temperature profile and mantle heat flow [1].
The thermal structure of the Earth’s interior manifests
the rheological structure of the lithosphere, which further
affects the state and evolution of stress and strain and
dynamic behavior of the lithosphere. Heat flow is the only
direct observable on the surface of the Earth which is
related to the heat release of the Earth’s interior. This study
synthesizes heat flow data and develops a heat flow model
constrained by the data. The work is an important part of a
series of ground works for the study of the inner thermal

structures, rheological properties, and dynamic processes
of the Earth [2–4].

Heat flow data have been systemically collected since the
1950s. The International Heat Flow Commission (IHFC)
founded in 1963 is an organization whose members are
from many countries in the world, and has compiled data-
set of the global heat flow measurements. Based on interpo-
lation of the global compilation of heat flow measurements
which comprise 24,774 observations at 20,201 sites cover-
ing 62% of the Earth’s surface, Pollack et al. [5] presented
a heat flow map with the heat flow values provided on a
5 � 5� grid in 1993. Since then the heat flow measurements
have been steadily accumulated and a new global heat flow
dataset is being compiled (http://www.heatflow.und.edu/
index2.html); however, there has been no new statistical
analysis for global heat flow data.

The measurements of heat flow are rather unevenly dis-
tributed in the world. Detailed surface heat flow datasets
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exist in many continental regions, particularly in America,
Japan, Western Europe, and the former USSR. However,
heat flow measurements made in the South and Southeast
Asia regions such as Pakistan, Nepal, and VietNam are
scarce, despite some countries in the region such as India
and Thailand have acquired quite some heat flow data.
Almost all the data published or measured before 1993
have been compiled in the international heat flow database,
but some new data have not been included in the database
yet.

Heat flow measurements have been conducted in China
since the 1970s. Up to now there have been seven rounds of
heat flow data compilations and three editions of the data
published, totaling 862 heat flow data [6–14]. Some of the
data have been included in the global heat flow database.
In recent years Yuan et al. [15] collected additional 206
new data of the heat flow of Chinese continent. In addition,
there are still some heat flow data scattered in various pub-
lications and not included in the database (e.g. Wu et al.
[16]; Zu et al. [17]; Jin et al. [18]; Sun et al. [19]). In this
paper we use all the heat flow data which we can find,
and study the distribution of the heat flow in Chinese
continent.

For heat flow studies in China, Wang [8] compiled heat
flow data of the Chinese continent and presented interpo-
lated heat flow values on a 1 � 1� grid, using a method sim-
ilar to that of Pollack et al. [5]. Using 723 heat flow
measurements in mainland China and over 2000 data in
the vicinities from the global heat flow data set, Wang
et al. [20] further compiled a heat flow map for the Chinese
continent and its adjacent areas. Hu et al. [13] augmented
the heat flow map using an expanded dataset including
862 heat flow observations. He et al. [21,22] later updated
the heat flow compilation in eastern China, and used the
data to produce a heat flow map, a Moho temperature
map, and a thermal thickness map.

Despite of steady improvements, the Chinese heat flow
observations are still sparse and unevenly distributed.
The data are much fewer in the western part of China than
in the eastern part, making it difficult to study directly the
thermal and rheological structures of the entire Chinese
continent. Such studies usually require an interpolated heat
flow map. For the Chinese heat flow maps published so far,
they either used a limited compilation of heat flow data,
not accounting on more recently published data or data
measured outside of the Chinese territory or performing
the interpolation without optimally utilizing all the useful
information, or worked on not the entire but only a frac-
tion of the Chinese continent. The purposes of this paper
are therefore to (a) compile a heat flow dataset for the Chi-
nese continent and its vicinities as complete as possible and
(b) develop a method to optimally interpolate the data for
the entire region.

Based on a global compilation of heat flow measure-
ments and statistical investigations, Pollack et al. [5] sug-
gested that the conductive heat flow value in continental
regions was inversely correlated with the age of the latest

tectono-thermal reactivation, or tectonic-magma activity.
With respect to China, Zhang et al. [23] proposed a late
Cenozoic to present tectonic deformation model that is
characterized by relative movements and interactions of
active tectonic blocks. These blocks are geological units
separated from each other by active deformation zones.
Therefore, the discovery of the relationship between heat
flow value and geological history of tectonic units can be
used to constrain an interpolated heat flow map, particu-
larly in the regions where little or no field measurements
are available. Together with the addition of new heat flow
data we set to make a complete update of the heat flow
map of Chinese continent and its vicinities to provide cru-
cial basic data for further studies of lithospheric thermal
structure.

2. Data

We used 6980 heat flow measurements in this study
(Fig. 1), among those 4282 were in our study region
(Fig. 1). Because heat flow observations along the boundary
regions and the surrounding area are required in their neigh-
borhoods, we collected data from a region greater than the
study area, including (1) 816 observations from Chinese
heat flow collection (with some data redundant with the glo-
bal heat flow database removed) [6,7,14]; (2) 5485 from the
global heat flow database (with the data redundant with the
Chinese heat flow collection removed); (3) 547 in China
from papers published in recent years [15–19]; and (4) 132
in Japan and India from papers published since the last
update of the global heat flow database in 1993 [1,4,24,25].
All together there were 1363 heat flow data from China.

In the editions of the Chinese heat flow data, the data
qualities have been classified into four categories based
on the quantities and qualities of the temperature gradient
and thermal conductivity measurements: (A) high; (B)
intermediate; (C) low or unidentified; and (D) abnormal.
For all the 826 data points published in the three editions
of the Chinese heat flow data, A, B, C and D, respectively,
occupy 46.2%, 34.1%, 15.2%, and 4.5% [13]. Using the
same criteria, we classified those 6980 data into A
(79.8%), B (14.6%), C (4.7%), and D (0.9%) as indicated
in Fig. 1. Examination of the heat flow distribution pattern
showed approximately high heat flows in the eastern, low
in central, high in southwestern, and low in northwestern
parts of the Chinese continent [13,21].

Some of the data points, especially those in the global
heat flow database, are quite heterogeneous. For some
extreme cases measurements were made very close to
(<1 km) each other, while the readings differed by more
than 100 mW/m2. It was difficult for us to check the origi-
nal data source and determine whether one or more of the
data points should be considered as an outlier or outliers.
Therefore, the first step of this study was to detect and
remove outliers in the dataset. The rationale for picking
out the outliers is that for a group of the measured heat
flow data closely located in the same tectonic block or
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neighboring blocks, they should have experienced the same
or similar tectonic-thermal history, and have similar heat
flow readings. If the observations made at close distance
differ remarkably, it must arise from one of the two situa-
tions: (1) measurement failure; i.e. the datum is an outlier;
or (2) local geothermal anomaly, for such a case the mea-
surement does not represent the regional geothermal
behavior and should be regarded as an outlier. Therefore,
by taking advantage of spatial coherency of heat flow data
we could predict the heat flow on a spot using data in its
neighborhood. And by examining the difference between
the predicted heat flow value and the measured one, we
could determine if the datum is an outlier. The prediction
of the on spot heat flow was done by weighting the neigh-
boring data (xi,1) according their distances to the spot, in
the form of

F 0 ¼
Xn

i¼1

xi;1F i=
Xn

i¼1

xi;1 xi;1 ¼
r2

0

r2
i þ r2

0

ð1Þ

where F0 is the heat flow estimate at a given spot P0, ri is
the distance between P0 and the i-th data point at Pi, and
r0 is a characteristic decaying distance.

The steps to estimate the characteristic decaying dis-
tance r0 were the following: first we computed the heat flow
differences for all the data pairs; next sorted the data pairs
by the distances between the two sites of the pairs; then
divided the data into bins of equal length, and took mean
of each bin. The length of the bins was chosen as 1 km since

many measurements were made within 1–2 km from each
other. The bins were computed from 0 to 300 km, the cor-
relation function beyond 300 km distance should be pretty
much flattened out and needed no more calculation. We
calculated the average heat flow difference D�F in each
bin, then used the dataset to fit a function

D�F i ¼ F 0 þ F 1

r2
0

r2
i þ r2

0

ð2Þ

and invert for the parameters of F0, F1, and r0. The best
estimate of r0 is 14.3 km.

Having estimated r0 we used the distance-related weight-
ing function to detect the heat flow outliers by going
through the following steps:

(i) Following the algorithm described above, for each
measured data point, we predicted its value using
its neighborhood data. We used the data within
750 km distance (the data beyond can be neglected
since they would have little effect on this estimate).

(ii) Comparing the measured heat flow value with the
predicted one, if the difference was greater than a cer-
tain value (200 mW/m2 in this study), the data point
was considered as unreliable to represent the regional
heat flow, and was removed.

(iii) Repeat steps (1) and (2) using the cleaned dataset for
outlier removal, until there are no more outliers
detected.

Fig. 1. Heat flow measurements in Chinese continent and its adjacent areas. The study region is within a yellow frame.
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This cleaning process screened out 76 outliers, and the
total number of data points left was 6904.

3. Interpolation method

Although the measured heat flow data are plenty, the
data distribution is rather uneven, making its application
directly to the study of the Chinese continental thermal
and rheology structures difficult. Therefore the data need
to be interpolated. We thus divided the study region into
1 � 1� grids, and estimated the heat flow on the grid nodal
points based on the measured heat flow data and a priori
information about spatial coherency from the active tec-
tonic blocks in Chinese continent. The estimating method
is described in the following:

3.1. Estimation of characteristic heat flow of geological units

We divided the Chinese continent and its adjacent areas
into 41 geological units, based on the distributions of the
active tectonic blocks and the rift zones in between [1]
(Fig. 1). Among these units heat flow data are present in
32 and absent in 9 of them, respectively, (9 geological units
without measured data are shaded with blue lines in Fig. 1).
For the 32 geological units with measured data present
inside, we took weighted means using all the data within
each of the units as their characteristic heat flow values.

The weighting function for data quality (xi,2) is

xi;2 ¼

4 ðAÞ
2 ðBÞ
1 ðCÞ
0 ðDÞ

8>>><
>>>:

ð3Þ

And the characteristic heat flow (�Q) of a geological unit is

�Q ¼

Pm
i¼1

xi;2Qi

Pm
i¼1

xi;2

ð4Þ

where m is the number of measured heat flow data in the
geological unit, and Qi the i-th heat flow data point in
the unit.

For the 9 geological units with no measured data inside,
since their heat flows might be affected by their neighboring
geological units, their characteristic heat flows were
approximated as the mean of the characteristic heat flows
of their neighboring units.

3.2. Estimation of heat flows on 1 � 1� grids

In our study, the heat flow map, provided in the form of
heat flow values on 1 � 1� grid nodes, was produced in
three ways of weighting and interpolating the heat flow
data. They are (i) data qualities given as the weighting
function (3); (ii) data smoothing using a distance weighting

function (1); and (iii) weighting based on characteristic heat
flow of the geological unit, presented as function (4).

Therefore, the heat flow on a node is presented as

Q ¼ Qr þ QX
1þ X

ð5Þ

where Qr is the interpolated heat flow on the node, deter-
mined by the distance weighting and the data quality
weighting, �Q is the characteristic heat flow of the geological
unit, and X the weighting assigned to the characteristic heat
flow of the geological unit.

In function (5), Qr is presented by

Qr ¼

Pn
i¼1

xiQi

Pn
i¼1

xi

ð6Þ

where n is the number of measured heat flow data in the
neighborhood; xi ¼ xi;1 � xi;2 is the aggregated weighting
factor taking into account both the data quality weighting
and distance weighting of the measured heat flow data.

The parameter X in Eq. (5) can be estimated by a grid
search as shown in Fig. 2. Assuming an X and using func-
tion (5) heat flows can be estimated on spots of heat flow
measurements using the neighboring data, and the postfit
residual v2 can be calculated. The optimal value of X cor-
responding to the minimum v2 in Fig. 2 is therefore
obtained as 15%. The physical meaning is that smoothing
on the neighborhood data and weighting on the character-
istic heat flow of a geologic unit contribute to the optimal
model of heat flow estimation by 87% and 13%,
respectively.

4. Results

4.1. Resolution of heat flow estimation

To understand the heat flow contour map we have
obtained, we must know the distribution of data resolution
in the study region. For a given spot in a geological unit,
we assume that its heat flow resolution is proportional to

Fig. 2. Data fitting residual and X curve.
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the density and qualities of the measured data used to pro-
duce the result, regardless of the characteristic heat flow of
the geological unit. So we define the resolution function (R)
as:

R ¼ log
Xk

i¼1

xi;1 � xi;2 ð7Þ

where k is the number of measured heat flow data within a
certain radium that are used to estimate the heat flow on
the spot; xi,1 and xi,2, as mentioned above, are the weight-
ing functions of the distance and the measurement quality,
respectively. The resolution map is shown in Fig. 3. It dem-
onstrates that the heat flow estimates on the Ordos, North
China, northern part of South China, Yinshan, southern
part of Chuandian, western Yunnan, eastern Tianshan,
central Qaidam, and Qilian blocks are relatively reliable.
In the adjacent regions of Chinese continent, the results
around the Japanese islands, South China Sea, northern
Mongolia, Western Tianshan, central Asia countries such
as Russia, Tajikistan, Qazaqstan, and Kyrghystan, and
central India are relatively more reliable. However, on
the Lhasa, Qiangtang, Bayan Har, Alxa, northern NE Chi-
na blocks,Yellow Sea and the eastern and western parts of
the India plate, data measurements are relatively sparse
and the estimated heat flows are less reliable. Generally
speaking, except the western Lhasa, Qiangtang, Bayan
Har, and Alxa blocks, results in most parts of the Chinese
continent are fairly reliable, especially in the eastern part of
the continent, such as in the neighborhoods of the Ordos,
North China, Yan Shan, and northern part of South China
blocks.

4.2. Heat flow map in Chinese continent and its adjacent

areas

Using the method described above, we have derived the
heat flow map of Chinese continent and its adjacent areas
as shown in Fig. 4. It reveals that (i) the continental mar-
ginal seas located east of the Chinese continent display in
general high heat flow of above 80 mW/m2 with a high
resolution, which is comparable to the typical heat flow
of an oceanic plate. The heat flow data are abundant in

the region, most of them are from the Japanese islands
and Japan Sea. (ii) The mean heat flow in the southern
and central Tibetan Plateau is above 75 mW/m2, which
is really high for a continental plate. However, the result
is derived mainly from a rather limited dataset concen-
trated along a highway at the longitude of �114�E in
the Lhasa and southern Qiangtang blocks, and a vast
region in other parts of the plateau has very few measure-
ments made and therefore quite low resolution. Caution
needs to be taken when interpreting the results. Affected
by the India plate pushing into the Eurasia plate, the heat
flows in Tibet originated not only from the crust, but also
from the frictional heating that resulted from the Indo-
Asia collision. Because a lot is unknown about the fault-
ing process along the subduction interface, it is difficult to
discuss the heat generation resulting from that. In the
northern part of the Tibetan Plateau, heat flow in the
Qaidam basin is quite low, only about 35–40 mW/m2 with
high resolution. (iii) Heat flow in the Junggar basin is rel-
atively low, about 35–45 mW/m2, and the heat flow in the
Tarim basin is about 45–55 mW/m2. (iv) Heat flows in the
eastern part of the Chinese continent are higher than
those in the western part except that in the Tibetan pla-
teau. Heat flows are around 60 mW/m2 in the Ordos
and North China blocks, and are about 50–55 mW/m2

in the South China region except at the continental mar-
ginal seas. (v) Heat flow resolutions in the Northeast
China and Mongolia blocks vary from region to region.
Heat flow measurements are denser and more uniform
in Russia and northern Mongolia than their southern
neighbors, at about 60–70 mW/m2. Heat flow data are
sparse and unevenly distributed (most of them are from
the Songliao basin) in Northeast China. They are about
45–60 mW/m2, which should mainly reflect the observa-
tions from the Songliao basin.

5. Discussions and conclusions

The ground breaking work about global heat flow map-
ping was originated by Chapman and Pollack [26], who
presented the global heat flow map on a 5 � 5� grid. Using
a much enriched dataset Pollack et al. [5] again updated the

Fig. 3. Estimated heat flow resolution map. Fig. 4. Heat flow map of Chinese continent and its adjacent areas.
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5 � 5� global heat flow map in 1993. In the areas where
there were no measured data available, they implemented
estimates according to the age of the latest tectono-thermal
reactivation of the geological unit under investigation. The
determination of tectono-thermal age is usually based on
isotopic dating. The assumption is that similar geologic
units should have gone through similar geothermal pro-
cesses, resulting in similar heat flow rates. This assumption
is supported by statistical studies over global heat flow
measurements observed at various geologic domains. Pol-
lack et al. [5] subdivided global crustal domains into 21
categories according to their geological ages and character-
istics, following the subdivisions of Larson et al. [27]. Each
1 � 1� grid element on the globe was coded according to
the geological unit indicated on the map.

Wang [8] mapped the heat flow at 1 � 1� grids for the
Chinese continent using 485 measured heat flow observa-
tions in China. Hu et al. [13] produced the preliminary heat
flow map of Continental China (Fig. 5) based on 862 heat
flow observations. They specified the characteristic heat
flow for each tectonic unit based on the paleo-plates in
the Chinese continent. They also investigated the relation-
ship between the heat flow and geological ages, and found
that surface heat flow correlates much better with the age
of last tectono-thermal activity than with the age of its
orogeny. The overall heat flow pattern exhibits high values
in the east and southwest, and low in the central and north-
western parts of the Chinese continent, and appears to be
dominated largely by the Meso-Cenozoic tectono-thermal
activities of the lithosphere.

Wang et al. [20] further estimated the mean heat flows
for major tectonic units in the Chinese continent and its
adjacent areas and produced the heat flow map of main-
land China and its adjacent areas, using the tectonic map
of Ren [28] and 2961 measured heat flow data, of which
723 were from China and the rest from the global heat flow
dataset compiled by Pollack et al. [5]. He et al. [21,22] com-
piled the heat flow in eastern China, and used them to pro-
duce a heat flow map, a Moho temperature map, and a
thermal thickness map. However, due to the raw data on
the Yellow Sea were not available to us, so these data were
not included in this study.

Comparing to the previous heat flow studies [13,20] in
the Chinese continent and its adjacent areas, we find that
the overall heat flow pattern is the same, as high values
appear in the east and southwest, and low values in the cen-
tral and northwestern parts of continental China. However
our study and results differ from others in the following
aspects: (i) We have compiled a heat flow dataset which
is much more complete in terms of geographical coverage
and has a much greater data volume than previous ones.
(ii) We have used the active tectonic blocks in Chinese con-
tinent [23], with some refinements, to assist differentiating
characteristic geothermal behavior of geological units. This
tectonic block model was built based on the latest tectonic
activities of these geological domains since Cenozoic [23].
Comparing to the traditional tectonic block models which
usually emphasize on the creation rather than the later
activities of the geological units, the active tectonic block
model is more suitable for defining geothermal behavior

Fig. 5. Preliminary heat flow map of continental China from Hu et al. [13]. Contour lines are labeled in mW/m2.
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of the geological units since the data in the same active tec-
tonic block would be more likely to have experienced the
same latest tectono-thermal reactivation than those in the
same traditional tectonic units. (iii) We have developed a
rigorous and integrated interpolation method to map heat
flow distribution by properly weighting the data and objec-
tively utilizing a priori information about data coherency
in the study region, which takes into considerations not
only the overall pattern in Chinese continent but also the
detailed variations in some regions. (iv) Our final product
includes estimated heat flows on a 1 � 1� grid and a heat
flow contour map of Chinese continent and its adjacent
areas, plus a resolution map to help understand the reliabil-
ity of the heat flow contour map objectively.

Results of this study provide important basic data
required for the studies on thermal and rheological struc-
tures of the Chinese continent and its adjacent areas.
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