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SUMMARY

In this study, the authors aimed to compute the lithospheric thickness beneath the North China
Craton (NCC) by combining the measurement of the thermophysical properties of lherzolite
xenoliths from the Cenozoic basalts in North China with the corresponding geothermal data,
thus providing geothermal constraints for the lithospheric thinning beneath the NCC. Based on
the precise measurement of the thermal diffusivity, specific heat capacity at high temperatures,
and density at room temperature for lherzolites from the NCC, the temperature dependence of
lattice thermal conductivity for lherzolites was obtained. Combining with the surface heat flow,
heat production of rocks and other relevant conditions, the average thickness of the lithosphere
beneath the NCC and the lithospheric thickness of secondary massifs were computed, and
we identified the relationship between depth and temperature beneath the NCC and each
secondary massif. The computed lithospheric thickness is highly consistent with the results
of geophysical observations. The computation results of this study indicate that the average
lithospheric thickness of the current NCC and the average thickness of the eastern NCC were
101 and 75 km, the lithospheric thickness of the Ordos block increases from 110 km in the east
to approximately 200 km in the west, and the average thickness is 141 km, that were thinner
than that in the Archean era (200 km) by approximately 100, 125 and 60 km. These results
reveal that, in addition to eastern NCC, the Taihang orogenic belt and Ordos block have also
experienced varying degrees of thinning with a thinning centre oriented in the north—south
direction, consistent with the direction of the thinning centre along the Tanlu fault zone beneath
the east NCC.
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1 INTRODUCTION

A craton is a portion of the continental crust that formed prior to
the Archean era, and its genesis, similar to the oceanic crust, is re-
lated to the basalt that was generated by partial melting of the upper
mantle. However, due to its low density and the presence of a thick
lithosphere underneath, a craton is difficult to destroy by subduc-
tion post-formation. Effectively, cratons have not experienced either
magmatic or tectonic activity; additionally, no significant seismic
activity occurs in these regions. Therefore, cratons have existed sta-
bly for over 2.5 billion years and are the most stable regions on
Earth.

However, the North China Craton (NCC) exhibits some charac-
teristics that are distinctly different from other cratons in the world.
After its formation and until the Archean era, the NCC was rela-
tively stable; however, studies of the structural geology, geochem-

istry and geophysics of mantle xenoliths indicate that the NCC has
experienced a strong modification since the Mesozoic era (Griffin
et al. 1998; Fan et al. 2000; Xu 2001; Gao et al. 2002; Deng et al.
2007). From the geothermal perspective, cratons generally have a
relatively low surface heat flow and are consistent in lithsopheric
temperatures and thickness (Rudnick et al. 1998). In the cratons
that formed early, the surface heat flow was relatively small due to
the depletion of heat-producing elements (such as uranium, thorium
and potassium). For example, the average surface heat flow of the
Canadian Shield and the Siberian Shield are 42 and 35 mWm™2
(Jaupart et al. 1998). However, the average surface heat flow of the
NCC is up to 60 mWm™2, and in the eastern region, the heat flow
reaches values as high as 68 mWm~2 (Wang & Huang 1990; Hu
et al. 2000). This comparatively high surface heat flow anomaly in
comparison to other cratons also indicates that the lithosphere of
North China most likely experienced a strong modification.
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Figure 1. Topographic map of the North China Craton (after Chen et al.
2009). The purple box shows the output location of Palaecozoic kimberlite
xenoliths, the yellow box shows the output location of Cenozoic basalt
xenoliths. The sample was collected from location (D). NSGL, north-south
gravity lineament; ENCC, eastern north China craton rift; Lu, Luxi uplift;
Tangshan, Tangshan earthquake region; Hebei, Hebei depression; Cangxian,
Cangxian uplift; YM, Yan Mountains; YinM, Yin Mountains; TM, Taihang
Mountains; LM, Lvliang Mountains; Ordos, Ordos block; Y-H rift system,
Yinchuan-Hetao rift system; S-S rift system, Shanxi-Shanxi rift system.

In this paper, we aim to calculate the lithospheric thickness be-
neath the NCC by measuring the thermal conductivity of upper
mantle rocks of NCC and by combining with the geothermal data to
provide geothermal constraints for the lithospheric thinning beneath
the NCC.

Lherzolite is one of the most important rock types known in
the upper lithospheric mantle beneath the NCC area and generally
appears as xenoliths in Cenozoic basalts. It is believed to be a newly
formed lithospheric mantle after the Mesozoic thinning event and
is representative of lithospheric mantle rocks in the mid-eastern
region (Fan & Hooper 1989; Chi & Yan 1998; Fan et al. 2000).
No magmatic activity occurred in the Ordos region in the west
NCC after craton formation due to the stable tectonic activity, and
thus the deep rock cannot outcrop on the surface. However, scholars
generally consider the highly depleted harzburgite of the Palaeozoic
kimberlitic xenoliths in the eastern region (such as Fuxian County
and Mengyin County) to be the main rock type in the upper mantle
lithosphere of the Ordos block, whereas the central orogenic belt
is a mixture of lherzolite and harzburgite (Qiu et al. 2005). The
locations of lherzolite and harzburgite are shown in Fig. 1.

Many methods are available for the measurement of the heat
transfer properties of materials under high temperatures, among
which the laser-flash technique proves superior. Laser-flash tech-
nique is a non-contact method of measurement capable of avoiding
contact thermal resistance, which cannot be eliminated in the con-
ventional contact measurement method. Meanwhile, the direct ra-
diative transfer under high temperature can be inhibited by spraying
carbon and metal films on the surface of samples, which benefits the
measurement of the actual lattice thermal conductivity of samples
(Hofmeister 2006). This method directly measures the thermal dif-
fusivity of samples and calculates the thermal conductivity using the
specific heat capacity and density of samples. Because this method
only involves one sample parameter (i.e. thickness), the accuracy
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for thermal diffusivity is relatively high, with a nominal error of
3 per cent.

Using this laser-flash technique, thermal diffusivities for many
rock-forming minerals have been measured, for example, olivine,
pyroxene and garnet (Hofmeister 2006, 2012; Pertermann &
Hofmeister 2006; Hofmeister & Pertermann 2008). Thermal diffu-
sivity for rocks have also been determined more recently (Nabelek
et al. 2010; Romine et al. 2012). Merriman et al. (2013) using the
measurement results modelled the present-day thermal structure of
Archean cratons as a function of crustal lithological structure.

In this study, we attempted the use of the laser-flash method
to measure the thermal diffusivity of lherzolite under conditions
ranging from room temperature to 1200 °C. Additionally, heat-flow
differential scanning calorimetry was applied to acquire the specific
heat capacity of the rock type under different temperatures, and a
push-rod dilatometer was used to measure the expansion coefficient
in the corresponding temperature range. The density parameter of
rocks under normal temperature was then incorporated to calculate
the thermal conductivity of Therzolite under conditions ranging from
room temperature to 1200 °C. Eventually, the surface heat flows
were incorporated to calculate the lithospheric thickness distribution
and depth-temperature profile beneath the NCC.

2 EXPERIMENTS

2.1 Sample characteristics

The lherzolite samples were collected at Damaping of Zhangji-
akou, Hebei Province, and are Cenozoic basalt xenoliths. The spec-
imens appeared pale green without crack development. In this study,
the density of the samples was measured under ambient condition,
based on Archimedes’ principle, yielding the value 2.26 g cm ™.

A representative optical micrograph is shown in Fig. 2. Micro-
scopic observations indicated that the sample was mainly composed
of olivine and pyroxene, with a granular mosaic structure and an
average particle size of 0.5 mm. The sample contained 55 per cent
olivine (volumetric fraction, hereinafter), 22 per cent orthopyrox-
ene, 20 per cent clinopyroxene, 3 per cent spinel and a little serpen-
tine.

The chemical compositions of the rock and its main constituent
minerals are shown in Table 1.

Figure 2. Photomicrograph of lherzolite under plane-polarized light. OI,
olivine; Cpx, clinopyxene; Opx, orthopyroxene; Spi, chrome spinel.
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Table 1. Chemical compositions of the rock and its main constituent minerals (wt per cent).

Oxides  SiO, TiO,  AlL,O3;  FeO* MnO CaO

Na,O KO P05 CO; MgO Cr0O3 Total

Rock 46 0.05 2.43 7.36 0.15 256
Ol 4224 0.02 0.28 8.64 0.19 -

Cpx 5335 081 5.16 4.36 0.09 216
Opx 54.88 - 3.58 10.99  0.06 0.51
Cr - - 2346 2455 - 0.04

0.24 0.01 0.02 410 3643 - 99.35
- - - - 48.71 0.07 100.15
1.74 - - - 13.18 0.58 100.87

0.04 0.04 - - 29.69 0.22 100.01
- - - - 9.95 40.06 98.06

Notes: Ol, olivine; Cpx, clinopyxene; Opx, orthopyroxene; Cr, chrome spinel; FeO*, whole iron; —, no detection. Analytical
method for rock was X-ray fluorescence analysis, for minerals was electron microprobe analysis.
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Figure 3. The essentials of laser-flash measurements (after Hofmeister
2006).

2.2 Measurement of the thermal diffusivity

Fig. 3 shows a schematic diagram for LFA427 (Hofmeister 2006).
The disk-shaped sample, 12.70 mm in diameter and 2.50 mm thick,
is coated with metal and graphite for suppressing the direct radiative
transfer at high temperature and placed within the furnace chamber,
and then the chamber is filled with Ar gas. The sample is mounted
on a carrier system which is located in a furnace. After the sample
reaches a predetermined temperature, a burst of energy emanating
from a pulsed laser is absorbed on the front face of the sample,
resulting in homogeneous heating. The relative temperature increase
on the rear face of the sample is then measured as a function of time
by an IR detector. Based on the Cowan’s model,

D = 0.1388 x I?/1°7, (1)

the thermal diffusivity D can be calculated. Here, / is the thickness
of the sample, and 75 is the time taken by the rear surface of the
sample to reach half of the highest temperature.

2.3 Measurement of the specific heat capacity and thermal
expansion coefficient

The specific heat capacity of the samples was measured with a
STA449C simultaneous thermal analyser, which was made based
on the principle of heat flow differential scanning calorimetry (DSC;
Hirono & Hamada 2010). The heating rate was 20 °C min ', and the
temperature range was 27 to 1200 °C. The entire heating process
was implemented under heat flow with inert argon gas. Using this
apparatus, this study also obtained the thermogravimetry (TG) data.
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Figure 4. The DSC and TG curves for lherzolite.

The thermal expansion coefficient of each sample under high
temperature was measured with a DIL 402 PC pushrod thermal
dilatometer (Shen et al. 2009). The heating rate was 5 °C min ',
and the measurement range was 30-1250 °C. The inert gas was
nitrogen.

3 RESULTS AND DISCUSSION

3.1 Specific heat capacity

As temperature increasing, the DSC signals and weight-loss infor-
mation for the sample are shown in Fig. 4.

As shown in Fig. 4, significant weight loss occurs at 400-500 °C
for the TG curve, indicating a decomposition reaction, that is, that
the serpentine is dehydrated with interlay water. The DSC signal
has a strong exothermic peak at 810 °C, which could be caused
by recrystallization of forsterite and enstatite (Gualtieri e al. 2012;
Seipold & Schilling 2003). The weight lost by the samples was
approximately 1.8 per cent during the entire heating interval.

Fig. 5 shows the derived results for the specific heat capacity.
Using 810 °C as the boundary, we fit the results piecewise according
to the equation (Saxena 1996):

Cp=a+bT +cT*+dT > +eT ', )

where the unit of 7 is Kelvin. The fitting parameters are shown in
Table 2.

3.2 Thermal expansion and density change

The measurement results for the thermal expansion of the samples
are shown in Fig. 6. As can be observed from the Fig. 6, sam-
ple length increases linearly with increasing temperature. In the
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Figure 5. The temperature dependence of the specific heat capacity of
lherzolite.

temperature range of 30-1250 °C, as covered in the experiment,
the length increased by 1.58 percent, and the volume expanded
by 4.74 per cent. Calculated sample density decreases linearly with
increasing temperature.

3.3 Thermal diffusivity and thermal conductivity

Based on the precise measurement of the thermal diffusivity, specific
heat capacity, thermal expansion coefficient and TG at high tem-
peratures conditions for lherzolites, the temperature dependence of
lattice thermal conductivity for lherzolites was calculated as

k= pDCp. 3)

The temperature dependence of thermal diffusivity and thermal
conductivity for lherzolite are shown in Fig. 7, where thermal dif-
fusivity was fitted to D = a + b/T + ¢/T?, and thermal conductivity
was fitted to k = e + fT + gT? (Pertermann et al. 2008). The unit
of T'is Kelvin, and the fitting results are a = 0.36579, b = 76.8194,
¢ = 5.90405 x 10* and R* = 0.975 for thermal diffusivity; e =
4.31528, f=—0.00359, g = 1.3086 x 10~¢ and R* = 0.97206 for
thermal conductivity.

As shown in Fig. 7, the thermal diffusivity of lherzolite, as ob-
tained in this experiment, is significantly lower than that of its
constituent components, forsterite crystal (Pertermann & Hofmeis-
ter 2006); additionally, it is lower than that of forsterite aggregate
with 5 per cent diopside/enstatite (Katsura 1995). This result is close
(slightly higher) to that of lherzolite, as measured by Gibert et al.
(2003). Additionally, it is within the range of thermal diffusivity
of the anisotropic mantle lherzolite (74 per cent olivine, 18 per cent
enstatite, 6 per cent diopside and 2 per cent spinel) and harzburgite
(87 percent olivine, 12 per cent enstatite and 1 per cent spinel) de-
rived by Tommasi et al. (2001) using the hot-wire method. Because

Table 2. Fitting parameters of specific heat capacity.
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Figure 6. Curve of the temperature dependence of linear expansion and
density.
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Figure 7. Comparison of thermal diffusivity for lherzolite with previous
works and calculated thermal conductivity. “Hofmeister & Pertermann
(2008) [Cay.01(Mgo.923Fe0.053Mng.009)Si2O6], bPerterman & Hofmeis-
ter (2006) Forsterite (Mg gFep2Si04) + 5percent pyroxene aggregate,
“Katsura (1995) Forsterite (Mg gFeg2SiO4) + 5 percent enstatite aggre-
gate, “Tommasi ef al. (2001), ¢Gibert et al. (2003) Iherzolite (75 per cent
olivine, 18 per cent enstatite, 5 per cent diopside).

of the lower content of olivine, the thermal diffusivity of the lher-
zolite measured in this experiment is relatively closer to the lower
limit of Tommasi’s results.

The lherzolite result is lower than the constituent crystal due to
the existence of porosity in the rocks; additionally, the contained mi-
crocracks, grain boundaries have a phonon-scattering effect, leading
to the relatively low thermal diffusivity (Smith ez al. 2003; Poulier
et al. 2007; Zivcova et al. 2009).

a b

c d e

25-770 °C ~1.4336  2.8100 x 10°
870-1060°C  —65.018  3.5000 x 102

-9.6653 x 1077 —2.0962 x 10°
~7.0390 x 1076 —1.8449 x 107

1.1265 x 103
5.6668 x 10
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Table 3. Average crustal layering and parameters of North China Craton crust (after Chi & Yan 1998). kpr can get from eq. (7).

Layer Thickness, Z (km)  Thermal conductivity, Kk (Wm~'k~!)  Heat production, 4 (uWWm~3)  Heat flow on the top, gt (mWm~2)
Sedimentary cover 3 2.2 1.08 60
Basement 12 3.0 1.25 57
Middle crust 10 2.8 0.84 42
Lower crust 13 2.6 0.32 34
Lithospheric mantle kpT 0.03 30

4 CALCULATION OF THE
LITHOSPHERIC THICKNESS AND
TEMPERATURE-DEPTH RELATIONSHIP
BENEATH THE NCC

4.1 Computation procedure

1-D steady-state conductive geotherms are computed using a boot-
strapping method (Chapman 1986), which requires thermal con-
ductivity, surface heat flow and heat production rate as inputs. The
vertical column is divided into arbitrarily thin layers, for which prop-
erties can be considered constant. Temperature, 75, and heat flow,
¢, at the bottom of each layer are determined from the temperature,
Tr, and heat flow, g7, at the top of each layer by

ANZ?
TB:TT+%T><AZ— - )
and
g =qr — A X Az, (5)

where 4 and k are the intralayer heat production and conductivity,
respectively (Chapman 1986). The layer thickness is given by Az
and set to 10 m. We adopt the mantle adiabat as

Tn=1300°C+ 0.4z, (6)

where z is depth (km), which is uniform on the global scale
(Thompson 1992).

The temperature—depth relationship in the crust is calculated us-
ing the stratified crust model established by Chi & Yan (1998)
(include stratification, thermal conductivity and heat production),
as shown in Table 3.

4.2 Selection of the input parameters

4.2.1 Thermal conductivity

In previous works, due to the lack of precise information on the
relationship between thermal conductivity and temperature of the
upper-mantle rocks, authors always used a fixed value of thermal
conductivity (Jaupart et al. 1998; Artemieva & Mooney 2001).
Other scholars used a functional relationship between thermal con-
ductivity and temperature (Zang et al. 2002; Wang & Cheng 2012).

Due to its increased contribution to heat transfer under high
temperature, radiative heat conduction was included in our compu-
tation. The authors have used one of the most popular formulations,
as derived by Hofmeister (1999).

We took into account the influence of pressure on the lattice
thermal conductivity, which is roughly k'9k/9P = 0.04 GPa™'
for olivine (Osako et al. 2004; Xu et al. 2004); accordingly, the
pressure effect might be even larger for pyroxene (Hunt et al. 2011),
however, we still adopt 0.04 GPa~! as the pressure coefficient of

lherzolite as an approximation. The total thermal conductivity,

kpr = (4.31528 — 0.003597 + 1.3086 x 107°T?)

x (14 0.04 x z/30) + kyoq, (7

where kg = 0.01753-0.000103657 + 2.245172 x 107 7-3.407T° x
107!, z is depth (km), the unit of T is Kelvin.

It is worth noting that, for the Ordos region, the upper mantle
lithosphere mainly consists of harzburgite (Qiu et al. 2005), which
is rich in Mg and poor in Fe, displaying a thermal conductivity
value higher than that of lherzolite by approximately 20 per cent
under the same temperature (Tommasi et al. 2001). As for the
central Taihang orogenic belt, we used a thermal conductivity that
is 1.1-fold that of lherzolite for the upper mantle rocks in this region
as an approximation.

4.2.2 Surface heat flow

In China, measurements of the surface flow began in the 1960s; to
date, there have been approximately 900 measurement sites located
on the mainland of China. However, the distribution of these mea-
surement sites is not uniform. For example, for NCC, the measure-
ment sites are mostly concentrated in the east basin area surrounding
the Bohai Sea, and there are some high-quality measurement sites
in the Taihang Mountains and mid-south of the Ordos. However,
there is a lack of measurement sites in the Yanshan Mountains, the
Yinshan Mountains, and the north of the Ordos.

Based on the data from the existing measurement sites, the surface
heat flow is highest, approximately 70 mWm™2, in the eastern and
central rift basins in NCC, and 60 mWm~2 in Taihang Mountains.
In the Ordos, the surface heat flow decreases from 65 to 55 mWm™2
from east to west (Wang & Huang 1990; Hu ef al. 2000, 2001). The
average surface heat flow density of the NCC is 60 mWm™2.

4.2.3 The heat production of crust and mantle

Nearly three decades ago it was discovered that surface heat flow
correlates positively with heat production in particular heat flow
provinces (Lachenbruch 1968; Roy et al. 1968):

q; =g, + G4, ®)

where ¢ is the surface heat flow, ¢, is the reduced heat flow, G is the
slope of the line and broadly reflects the depth distribution of heat
producing elements and 4 is the heat production at the surface.
However, recent work has shown that such an interpretation is
likely to be in error (Furlong & Chapman 1987; Pinet & Jaupart
1987; Nyblade & Pollack 1993). Some constraints on vertical heat
production variation come from deep boreholes and exposed crustal
cross-sections (Ketcham 1996; Forster & Forster 2000; Brady et al.
2006; He et al. 2008; Roy et al. 2008). However, these observations
also show little correlation of heat production with depth. Given
the poor correlation of heat production with depth in the crust, we

9T0Z ‘/ Afenuer U0 S30UB IS JO AWBPRD Y 8sauIyD Jo Areiqi npbuay) e /6o sfeulnolpioxor1ib//:dny wouy papeojumoq


http://gji.oxfordjournals.org/

adopt constant heat production for each layer (Hasterok & Chapman
2011).

The upper crust in North China is composed of post-Archean
granite and granodiorite, and the middle and lower crusts are com-
posed of Archean TTG, diorite, and amphibolites rocks (Chi & Yan
1998). Chi & Yan (1998) conducted a large number of detailed
measurements of the heat production rate of rocks with varying
lithologies in the NCC. They derived the heat production of the up-
per, middle, lower crustal rocks and the sedimentary cover as 1.08,
1.25,0.84 and 0.32 uWm™3, respectively.

The heat production of the lithospheric mantle is very low relative
to the crust, about 0.02 uWm™ for depleted mantle <200 km
and 0.045 uWm™ for the mantle at 200450 km (Chapman 1986;
Furlong & Chapman 2013). We used 0.03 pWm™ as the heat
production of the upper mantle, which, as shown later in the analysis,
does not significantly affect the results.

Based on the discussion presented above, the parameters that
were eventually used in the calculation of the average lithospheric
thickness beneath the NCC and the temperature—depth relationship
are shown in Table 3.

4.3 The average lithospheric thickness beneath the NCC
and the depth—-temperature relationship

The computation results of the average lithospheric thickness be-
neath the NCC and the temperature—depth profile for different sur-
face heat flows are shown in Fig. 8, where the abscissa of the
intersection of the geoisotherm and the mantle adiabatic line indi-
cates the thickness of the lithosphere corresponding to this surface
heat flow density. Additionally, as indicated by the black solid line
in Fig. 8, the average crustal thickness beneath the NCC is 38 km
(Ma et al. 1991; Huang & Zhao 2004; Li et al. 2006), and the ordi-
nate intersection points with each geo-isotherm indicate the Moho
temperature. The results shown in the Fig. 8 are summarized below.

(1) Asthe surface heat flow decreases, the lithospheric thickening
caused by the unit heat flow reduction becomes more significant,
whereas the amplitude of the decrease in the Moho temperature
remains essentially the same.

(2) The average surface heat flow of 60 mWm~? in the NCC
(Wang & Huang 1990; Hu et al. 2000) correspondingly indicates
an average lithospheric thickness of 101 km, which is consistent
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Figure 8. Depth-temperature relation of the NCC with different surface
heat flow. Numbers were surface heat flow density, 7y, was the mantle
isentrope.
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with the results from the geophysical observations (Chen et al.
2006; Xu & Zhao 2009; Chen 2010).

4.4 Analysis of the influential factors

Table 4 shows the effect of various factors on the calculation of
temperature variation and lithospheric thickness. As shown in Ta-
ble 4, the surface heat flow is the main factor that dominates the
results of the computation, followed by thermal conductivity of the
upper mantle and heat production of the upper crust, which has been
referred to in previous analyses (Hasterok & Chapman 2011). The
thickness of upper crust, heat production of middle and lower crust,
the longitudinal distribution of heating elements inside the crust
and thermal conductivity of the crustal rocks are also important
factors that affect the results. The heat production of the upper
mantle has the least significant impact. In regions with different
surface heat flows, effects of various factors on computed results
were different, which was not shown in Table 4 since the difference
was not that great.

4.5 The lithospheric thickness of secondary massif

In the calculation, the crustal stratification and thickness of individ-
ual secondary massifs refer to the studies by previous seismological
observations (Ma ef al. 1991; Jia & Zhang 2005; Li et al. 2006;
Zheng et al. 2007, 2011). The surface heat flows for individual
secondary massifs refer to the data provided by Wang & Huang
(1990), Hu et al. (2000, 2001). The radiogenic heat production and
thermal conductivity for each layer refer to the data provided by
Chi & Yan (1998), which were list in Table 3. The computation re-
sults for the lithospheric thickness of individual secondary massifs
beneath the NCC are listed in Table 5. Because the Moho depth is
different for different massifs, the temperature at 30 km of depth
was used to compare the degree of hotness and coldness in different
lithospheres. The error was obtained from analysis of the influential
factors as shown in Table 4. The thickness of upper and lower crust
was precise enough because it comes from seismic velocity obser-
vation, so the main error comes from the accuracy of surface heat
flow, heat production of the crust and thermal conductivity of upper
mantle. We assume that the uncertainty for heat flow was 5 per cent,
for heat production of the crust was 20 per cent, for thermal con-
ductivity was 7 per cent. The overall error for each subblocks were
list in Table 5.

4.5.1 Rift basins in the east of NCC

For depressions, in this paper, we only provide related results for the
Hebei depression. These results are similar to the results obtained
for other depressions in the studied region.

Compared to the Hebei depression, the surface heat flow is rela-
tively high in the Tangshan earthquake region, where the lithosphere
is relatively thin. For the Cangxian uplift, because the sedimentary
cover is relatively thin and the heating elements are concentrated
underneath, the lithosphere is relatively thick.

4.5.2 Taihang uplift belt

The average surface heat flow for Taihang uplift zone is 59 mWm >

(Hu et al. 2000). After a 10 per cent correction to the thermal con-
ductivity data, we obtained the average thickness of the Taihang
lithosphere as 121 km.
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Table 4. Parameter sensitivities for geothermal calculations.

Parameter Value Perturbation (per cent)  Lithospheric thickness ( per cent)
-2 .
e T =
Heat production
Upper crust 1.2 uWm™3 +20 +13
Middle crust 0.8 ptWm 3 +20 +6
Lower crust 0.3 pWm™3 +20 +3
Upper mantle 0.03 uWm™3 +20 +1
Thickness
Upper crust 12 km +10 +5
Lower crust 13 km +10 +1
Thermal conductivity
Upper crust 3.0 Wm™'K! +10 +2
Lower crust 2.6 Wm™IK™! +10 +1
Upper mantle km +10 +7

Table 5. Crustal thickness of subblocks and its layered approach for calculation and the calculated results.

q@® S° B® MCP LC® TC’ Tokm Tmoho qr L M (Spercent) M (10percent) M (20percent) Error

ENCC HB 68 6 9 10 5 30 616 616 4027 73 - - - +17
CX 68 3012 11 7 33 567 612 3828 79 - - - +19

TS 70 2 14 9 8 33 616 667 4022 72 - - - +17

Taihang 59 2 13 10 17 42 464 597 2675 113 116 121 - +30
55 422 535 2275 137 140 149 - +35

S-S rift 73 3012 10 13 38 623 763 43.00 68 69 71 - +17
Ordos 65 4 15 10 15 44 528 696 28.73 98 - 104 110 +26
60 474 614 2373 123 - 132 141 +35

55 420 533 18.73 166 - 182 198 +50

Notes: No modification for ENCC, for Taihang and S-S Rift were 5 per cent and 10 per cent; for Ordos, it was 20 per cent. g, surface heat flow (mWm~2);
S, sedimentary cover thickness (km); B, basement thickness (km); MC, middle crust thickness (km); LC, lower crust thickness (km); TC, total crust (km);
T30km (°C); Timoho (°C); gr, reduced heat flow (me’z); L, lithosphere thickness (km); M, modification (km); Error (km). ENCC, eastern North China craton;
HB, Hebei depression; CX, Cangxian uplift; TS, Tangshan earthquake region; Taihang, Taihang orogenic belt; S-S rift, Shanxi-Shanxi rift; Ordos, Ordos block.

“Wang & Huang (1990) and Hu et al. (2000, 2001).

bMa et al. (1991), Jia & Zhang (2005), Li ez al. (2006) and Zheng et al. (2007, 2011).

Atthe junction of the Yanshan Mountains and Taihang Mountains
in the northwest of Beijing, the average heat flow is approximately
55 mWm ™2 and the derived lithospheric thickness is 149 km, con-
sistent with the results of Chen et al. (2008).

As for the Shanxi-Shanxi rift, because the surface heat flow is
abnormally high, reaching 73 mWm™2, the calculated lithospheric
thickness is relatively thin, approximately 70 km.

4.5.3 Ordos block

In the Ordos block, for longitudes ranging from 110° to 106°,
namely, from the northeast to the southwest, the surface heat flow de-
creases from approximately 65 Wm™2 to approximately 55 mWm™2
with an average of 60 mWm~2 (Wang & Huang 1990). After correc-
tion for thermal conductivity, we derived that the lithospheric thick-
ness beneath the Ordos block, which increases from 110 km in the
northeast to 198 km in the southwest with an average lithospheric
thickness of 141 km. Huang & Zhao (2006) studied the velocity
characteristics in the cross-section of the east—west direction across
the middle of NCC and found that the lithospheric thickness in the
Ordos region increases from 110 km in the east to 200 km in the
west, consistent with the results of our calculation.

The comparison of temperature at 30 km depth indicates that the
hottest lithosphere is located in the rift basins in NCC and Shanxi-
Shanxi rift. The lithosphere beneath the Ordos block is hot in the east

and cold in the west. The Taihang orogenic belt is in a transitional
state.

Fig. 9 shows the distribution of the lithospheric thickness calcu-
lated for individual secondary massifs beneath the NCC. Fig. 10
shows the distribution of the lithospheric thickness beneath the
NCC, as derived by Chen (2010) using seismic waves. A com-
parison between these two results indicates that the agreement is
relatively good. For example, both show that there is a giant, thick
lithosphere with a thickness of approximately 150 km in the bor-
dering area between the north margin of the Taihang orogenic belt
and the Yanshan orogenic belt, as indicated in Fig. 9. A significant
difference between these two figures is that, in the figure of Chen,
a 200-km-thick lithosphere can be found in the Lishi fault zone of
the Luliang Mountains, where no low anomaly in the surface heat
flow is observed (most likely due to the limited number of measure-
ment sites for surface heat flow), resulting in the absence of this
lithospheric data in our computation results.

As implied by the average thickness of the lithosphere beneath
the NCC and the lithospheric thickness of the secondary massifs
obtained above, the results of our calculations support the point of
view that the lithosphere beneath the NCC has experienced thin-
ning. The computation results of this study indicate that the average
lithospheric thickness of the current NCC and the average thickness
of the eastern NCC were 101 and 75 km, the average lithospheric
thickness of the Ordos block is 141 km, that were thinner than that
in the Archean era (200 km) by approximately 100, 125 and 60 km.

910z ‘2 Atenuer U0 S8oUe S JO Awepedy 8seulyd Jo Aruqi npbusy) e /Bio'sfeulnolpiolxo1iB//:dny wouy papeojumoq


http://gji.oxfordjournals.org/

124° E

[r—

108° E 112° E

o 124° E
116° E 120° E

104° E
Figure 9. North China Craton lithosphere thickness distribution. HB, Hebei
depression; Cang, Cangxian uplift; Tang, Tangshan earthquake region; TM,
Taihang orogenic belt; YM, Yan Moutains orogenic belt; S-S, Fenwei graben;
Ordos, Ordos block.
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Figure 10. Lithosphere thickness map of NCC obtained by seismic survey
(Chen 2010).

However, controversy remains regarding the temporal and spatial
range of thinning, as well as the thinning mechanism (Gao et al.
1998; Menzies & Xu 1998; Xu 2001; Gao et al. 2004). As for
the spatial extent of thinning, it is currently believed that the thin-
ning process only occurred in the area in the east of the Taihang
Mountains (Gao et al. 2002; Zheng et al. 2007; Xu et al. 2008).
However, according to the computation results of this study, the
Taihang orogenic belt and the Ordos block also underwent varying
degrees of thinning, and the centre of thinning is along the north—
south direction, consistent with that in the east of the NCC, along the
Tanlu fault zone. This raises the question, does this indicate that the
mid-west NCC experienced a thinning process that was controlled
by the same mechanism as that in the east NCC?
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Figure 11. Depth—temperature relation of the NCC subblocks and com-
parison with other regions. Numbers were surface heat flow densities.
“McKenzie ef al. (2005), ®Turcotte & Schubert (2002), Hyndman et al.
(2005).

4.6 The depth—-temperature relation in secondary massifs

Fig. 11 shows the temperature—depth profile obtained through the
calculation for individual secondary massifs beneath the NCC.
Table 6 provides the parameters of the polynomial fit for the depth—
temperature relationship in each secondary massif. The fitting equa-
tion is:

T = By + Bih + Boh* + Bsh® + Bih* + Bsh®, )

where the unit of 7'is °C, and the unit of % is km. For comparison,
in Fig. 11, we also plot the geothermal-depth profile for the Slave
Province region of the Canadian Shield, the central region of the
Siberian Shield (McKenzie et al. 2005), the 60-Myr oceanic litho-
sphere (Turcotte & Schubert (2002)) and the active orogenic belts
(Hyndman et al. 2005). As shown in Fig. 11, the eastern region
shows geothermal condition that is closer to that in the active oro-
genic belt, and the central region shows geothermal condition that
is similar to that in the oceanic lithosphere. In contrast, the mid-
western Ordos block shows geothermal condition that is close to
that of the ancient craton.

5 CONCLUSIONS

In this study, the thermal diffusivity, specific heat capacity, weight-
loss and thermal expansion coefficient under high temperature were
measured for lherzolite beneath the NCC, and then we computed
the temperature dependence of the lattice thermal conductivity for
lherzolite under high temperature. Based on the dependence rela-
tionship derived between the lattice thermal conductivity and tem-
perature under high temperature, as well as the surface heat flow,
we iteratively calculated the average lithospheric thickness beneath
the NCC and the lithospheric thickness in each secondary massif.
The influence of radiative heat conduction on the thermal conduc-
tivity under high temperature and the pressure effect were taken
into account during our calculation. Additionally, we derived the
relationship between depth and temperature beneath the NCC and
individual secondary massifs. The computation results for the litho-
spheric thickness are highly consistent with the results derived from
the geophysical observations. The computation results of this study
indicate that the average lithospheric thickness of the current NCC
and the average thickness of the eastern NCC were 101 and 75 km,
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Table 6. Quintic polynomial fitting coefficients of the depth—temperature relations of NCC subblocks. The unit

of temperature is °C.

Subblocks  go (mMWm~2) By Bi By (x1071) B3 (x1073) B4 (x107%)  Bs5(x107%)
Hebei 68 15.078  30.764 —7.5378 18.981 —234.66 1143.55
Cangxian 68 20.081 25871 —4.4782 8.3232 ~71.991 250.269
Tangshan 70 17.622  26.589 ~3.8500 7.2619 ~72.6297 325.685
Taihang 59 21.904  19.678 —2.1694 1.9704 ~5.88778 -2.29168
55 20.908 18.419 —2.2274 2.0733 -8.01156 9.27015
S-S 73 18.744  28.843 —6.0218 15.216 -188.341 923.513
Ordos 65 24,520 24287 -3.6630 4.9004 —34.8279 103.128
60 25393 21.751 -3.0155 3.0228 —14.1148 24.8647
55 25.504  19.676 -2.8333 2.6337 —11.4119 18.6426

the lithospheric thickness of the Ordos block increases from 110 km
in the east to approximately 200 km in the west, and the average
thickness is 141 km, that were thinner than that in the Archean era
(200 km) by approximately 100, 125 and 60 km. The results of our
calculation support the view that the eastern NCC has experienced
thinning. Further, our results indicate that the Taihang orogenic belt
and Ordos block also have experienced varying degrees of thin-
ning, where the centre of thinning is nearly along the north—south
direction, consistent with the direction of the thinning centre in the
eastern craton along the Tanlu fault zone. This phenomenon indi-
cates that the mid-west NCC might have experienced a thinning
process controlled by the same mechanism as that in the east NCC.
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