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and high-temperature experiments on the main minerals (e.g. olivine, orthopyroxene, clinopyroxene, spinel,
and garnet) in peridotite xenoliths from basalt of the eastern North China Craton (NCC) using in situ synchrotron
single-crystal X-ray diffraction combined with diamond anvil cells. The pressure-temperature-volume data were
fitted to the third-order Birch-Murnaghan equations of state and yielded the thermoelastic parameters that in-
cluded bulk modulus, pressure and temperature derivatives, and thermal expansion coefficients. The density pro-
files of the eastern NCC during the destruction process since the Mesozoic are presented from the temporal and
spatial aspects. The lithospheric density dramatically decreased during destruction, and high heat flow may have
been a trigger. The spatially distributed density profile also provides firm evidence for lateral heterogeneities in
the eastern NCC. This may suggest that the present mantle is characterized by heterogeneous destruction of
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the NCC.
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1. Introduction

Due to the characteristics of low density, low heat flow, and high
rigidity (Pearson 1999; Zhu et al. 2012), typical cratons accommodate
geological processes with difficulty. The North China Craton (NCC),
one of the most ancient, stable cratons in the world (> 2.5 Ga), is similar
to other typical cratons, and was characterized by a thick (> 200 km),
cold (40 mW/m?), and refractory lithospheric keel before the Ordovi-
cian (Eaton et al. 2009; Griffin et al. 2003; Wang 2010). However,
from the Mesozoic to Cenozoic, the NCC experienced several episodes
of tectonic deformation and magmatic activity (Griffin et al. 1998;
Menzies and Xu 1998; Ren et al. 2002). Although the lithospheric keel
is still preserved, the western block of the NCC is not as cold as other
typical cratons (He and Zhang 2018), while the eastern block of the
NCC has undergone strong modification. An Archean crust (Li et al.
2006) with high surface heat flow (> 64 mW/m?; (Hu et al. 2000; Tao
and Shen 2008)) and an extensive thin (generally <100 km; (Chen
2010; Tian et al. 2009)) and fertile “oceanic” lithosphere with active
seismicity (Liu and Yang 2005; Xu and Zhao 2009) are notable charac-
teristics of the eastern block.
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The destruction of the eastern NCC has attracted much attention
from geologists, due to the lithospheric thickness but also by varia-
tions in the composition and thermal state of the subcontinental lith-
ospheric mantle (SCLM). Mantle xenoliths from several Ordovician
diamondiferous kimberlites at Fuxian, Tieling, and Mengyin
(e.g., Gao et al. 2002; Wu et al. 2006; Zhang et al. 2008) are composed
of garnet-phase and spinel-phase peridotites with refractory chemis-
tries, in which the olivine Fo (molar 100*Mg/(Mg + Fe)) contents
range from 92 to 94. In addition, these xenoliths exhibit enriched
Sr-Nd isotope compositions and Re-depleted Os model ages
(Trp > 2.5 Ga) (e.g., Chu et al. 2009; Liu et al. 2019; Wu et al. 2006;
Zhang et al. 2008). These characteristics confirm that the eastern
NCC, before destruction, was supported by a depleted, ancient, and
thick lithospheric mantle keel similar to a typical craton (Liu et al.
2019). In contrast, substantial numbers of Cenozoic xenoliths are
widely distributed in the eastern NCC, such as in Qixia, Longgang,
Penglai, Kuandian and many other places (e.g., Chu et al. 2009; Fan
et al. 2000; Rudnick et al. 2004; Xiao et al. 2013) (Fig. 1). This group
of peridotites consists mainly of spinel-phase lherzolites with minor
harzburgites (Fo contents are mainly 89-90 with a few values >91).
The depleted Sr-Nd isotope compositions plot in the area of depleted
MORB (mid-ocean ridge basalt) mantle compositions (Chu et al.
2009; Liu et al. 2019; Wu et al. 2006). The geochemical composition
of the eastern NCC mantle is similar to that of the modern ocean
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Fig. 1. Tectonic subdivision of the eastern North China Craton (revised after (Zhao et al. 2005; Zhao and Cawood 2012)). Localities with mantle xenoliths are reported from Cenozoic basalts
(red circles) and Mesozoic basalts (red squares). The dotted lines indicate areas with different heat flow values according to the data of Jiang et al. (2019). Red represents the high heat flow
region (67 mW/m?) in the Bohai Bay Basin, purple represents the medium heat flow region (60 mW/m?) in the Zhoukou Basin, and blue represents the low heat flow region (56 mW/m?)

around Beijing and Hebei.

lithospheric mantle. These pieces of evidence reveal that the Archean
SCLM was replaced by juvenile ocean-type lithospheric mantle during
the Mesozoic, perhaps toward the Cenozoic (Gao et al. 2002; Griffin
et al. 1998).

The thermal state of the lithosphere and its evolution are essential for
craton stability and may shed light on craton dynamics. Heat flow usually
serves as an important manifestation of the stability/destruction of a cra-
ton (He 2015). From a geothermal perspective, Archean cratons of the
NCC are considered to have had relatively low heat flow, approximately
40 mW/m?, in the Ordovician (Menzies et al. 2007, 1993; Menzies and
Xu 1998). However, since ca. 200 Ma, dramatic changes have occurred
in the thermal structure of the lithosphere, and more than 100 km of lith-
osphere has been lost (Hu et al. 2000; Menzies et al. 2007, 1993), which
has resulted in the gradual reactivation and replacement of the ancient
lithosphere beneath the eastern NCC. According to the new data supple-
mented by Jiang et al. (2019) based on Hu et al. (2000), heat flow levels
in the eastern NCC at present are 63 mW/m?. This relatively high heat
flow suggests that the eastern NCC has experienced destruction and
has been unstable for a long period.

Although the eastern NCC has attracted widespread research inter-
est for its geochemistry, geophysics, and destruction mechanisms
(e.g., Chen 2010; Fan et al. 2000; Gao et al. 2002; Gao et al. 2020;
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Griffin et al. 1998; Hong et al. 2020; Liang et al. 2020; Liu et al. 2020;
Menzies et al. 2007; Shi et al. 2020; Wan et al. 2019; Ye et al., 2020;
Zheng et al. 2007; Zhu et al. 2012), little attention has been given to
the lithospheric mantle density of the NCC. The internal density struc-
ture of the NCC is the foundation for understanding the composition
of the lithospheric mantle and structural deformation. Investigating
the lithospheric mantle density structure enables us to better under-
stand the evolution and dynamics of the craton and the destruction
mechanism of the NCC (Li and Yang 2011). To date, the understanding
of the lithospheric mantle density in this region is based only on limited
seismological data, and the lithospheric mantle density cannot be well
constrained (Li and Yang 2011; Tian and Wang 2018; Zheng et al.
2017). On the other hand, to the best of our knowledge, the pressure-
volume-temperature (PVT) equations of state for the main minerals of
mantle xenoliths have not been studied in detail in a single experiment
before, which can eliminate systematic errors among different experi-
ments. Previous studies have obtained velocity and density data that
were based mainly on references to other works (Aoki and Takahashi
2004; Lu et al. 2013; Zhang et al. 2013). When using the PVT equations
of state for minerals from different experiments to constrain the mantle
density, accounting for the systematic errors caused by different exper-
iments is inevitable.
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In this study, we intensively studied the PVT equations of state for
the main minerals (e.g. olivine, orthopyroxene, clinopyroxene, spinel,
and garnet) of mantle peridotites from Cenozoic xenoliths in the eastern
NCC. Then, we attempted to constrain the mantle density from the per-
spective of mineral physics. Finally, using the results of the PVT equa-
tions of state for the main minerals in the mantle lithosphere, together
with the results of the thermal state and compositions of mantle xeno-
liths in the eastern NCC, we established a density evolution model for
the eastern NCC during its process of destruction and present spatial
variations.

2. Materials and methods

Cenozoic volcanic rocks (mainly alkali basalts) are widely distrib-
uted in the eastern NCC. Peridotite xenoliths contained in these rocks
are believed to be direct samples of the deep lithosphere. Fig. 1 is a sche-
matic diagram of the distribution of peridotite xenoliths collected in this
study from the eastern NCC (Table S1 (Chu et al. 2009; Deng et al. 2017;
Fan et al. 2000; Hong et al. 2012; Liu and Xia 2014; Park et al. 2017;
Rudnick et al. 2004; Wang et al., 2014a; Xiao et al. 2013; Xu et al.
2013, 2008; Zhao et al,, 2015; Zheng et al. 2001, 2007)). The peridotite
xenoliths in the eastern NCC are dominantly lherzolites with minor
harzburgites (Fig. 2), both of which are spinel- phases (Table S2). A
large amount of data reveals that lherzolite is composed of 66% olivine,
21% orthopyroxene, 11% clinopyroxene, and 2% spinel, while harzbur-
gite is composed of 74% olivine, 21% orthopyroxene, 3% clinopyroxene,
and 2% spinel (Fig. 2).

Natural olivine, orthopyroxene, clinopyroxene, and spinel sam-
ples were collected from the Damaping peridotite xenoliths, Zhang-
jiakou, Hebei Province, China, while garnet was synthesized in a
multi-anvil pressure apparatus at the Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang, China. Based on the electron
microprobe analysis (EMPA), the chemical compositions were deter-
mined to be (Mgo.s93Fe0.100Mno.001Nio.004)1.996510.99904 for olivine,
(Mgo.s6F€0.093Ca0.007A10.032CT0.003Na0.002Mn0.002Ti0.001)2.000(Sio.961
Alp.0392)20¢ for orthopyroxene, (Cag.g20Nao.104Mgo.077)1.001(Mgo.726
Feo.080Al0.157Ti0.012Cr0.022M0.002Ni0.001)1.000(Si0.951Al0.049)206 for
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Fig. 2. Petrological classification of peridotite xenoliths from the eastern North China Cra-
ton. The green and red solid circles represent spinel-phase harzburgite and lherzolite, re-
spectively. The mantle xenoliths in the eastern NCC are from Chu et al. 2009; Deng et al.
2017; Fan et al. 2000; Hong et al. 2012; Liu and Xia 2014; Park et al. 2017; Rudnick et al.
2004; Wang et al., 2014a; Xiao et al. 2013; Xu et al. 2008, 2013; Zhao et al., 2015; and
Zheng et al. 2001, 2007.
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clinopyroxene,  (Mgo.790F€0.204Ni0.005Ti0.001)1.000(Alo.821Cro.158
Feo.021)2.00204 for spinel, and (Mgo.723F€0.149Ca0.128)3.000(Alo.928
Feo.068Ti0.001)1.994(Si0.957Al0.043)3.000012 for garnet (Table S2). The
above five single-crystal small chips with thicknesses of less than
10 um were extracted from a larger specimen, used for our
experiments.

A BX90 externally-heated diamond anvil cell (EHDAC) was used
to generate high-pressure and high-temperature conditions. The
BX90 EHDAC with +15° opening angles was equipped with a pair
of 500 um culet-size diamond anvils and WC seats. A 250-um-thick
Re gasket was used and pre-indented to ~50 um thickness, and a cy-
lindrical hole of 360 um was drilled as a sample chamber. The five
single-crystal chips were simultaneously loaded into the same sam-
ple chamber with Au powder used as a pressure calibrant (Fig. S1)
(Fei et al. 2007). At each P-T condition, the diffraction patterns of
Au were collected before and after sample data collection, and the
average pressure values were used. A small ruby sphere of 10 pm
was loaded and used as a pressure indicator for the GSECARS gas-
loading system with Ne as a pressure-transmitting medium (Rivers
et al. 2008). The increasing pressure conditions were generated by
an automated pressure-driven membrane system. High tempera-
tures up to 700 K were provided by resistive- heating and measured
with a K-type thermocouple attached to one of the diamond surfaces
approximately 500 um from its culet and covered by a ceramic adhe-
sive (Resbond™ 920) that was thermally conductive and electrically
resistant (Fan et al. 2019a, 2019b).

The in- situ synchrotron single-crystal X-ray diffraction (XRD)
experiments were carried out at experimental station 13-BM-C of
the Advanced Photon Source, Argonne National Laboratory. The ex-
perimental details can be seen in our previous studies (Xu et al.
2020a, 2020b, 2019a, 2019b, 2018, 2017a, 2017b). The incident X-
ray beam was monochromatized to a wavelength of 0.4340 A, and
the focal spot size was 15 x 15 um? full width at half maximum
(FWHM). Diffraction patterns were collected using a MAR165 CCD
(charge-coupled device) detector (Zhang et al. 2017), and the
sample-to-detector distance and geometrical parameters of the de-
tector were calibrated with LaBg as the diffraction standard. Wide
and stepped ¢ exposures were collected for each single-crystal sam-
ple at each P-T condition, with an exposure time of 3 s/deg. The @
scan rotation axis was horizontal and perpendicular to the incident
X-ray direction. To collect high-quality data, the high P-T data were
collected after ~15 min of stabilizing the EHDAC.

The ATREX/RSV software package, the successor of GSE_ADA (Dera
et al. 2013), was used to analyze the diffraction images, and the lattice
parameters and orientation matrix were determined with the RSV soft-
ware. The unit- cell parameters of the five minerals at each P-T condition
are reported in Table S3.

3. Results and discussion

The thermoelastic parameters of the five different minerals are
obtained from the PVT data using the program EoSFit7 GUI (Gonzalez-
Platas et al. 2016). The high-temperature third-order Birch-
Murnaghan equation of state (HT-BM3-EoS) is applied to fit our PVT
data with the following form:

P = (3/2)Ko|(Vo/V)"*~(Vo/V)*"]

x {1+ (3/4)Ko—4) | (Vo/v)~1] } (1)

The thermal dependence of the zero-pressure volume (Vro) and the
bulk modulus (Ky) at different isotherms are expressed by the follow-
ing equations:

T
V5o =V exp/ O(TdT (2)
300
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Kro = Ko + (0K7/0T)p(T—300) (3)
where (0K;/0T)p is the temperature derivative of the bulk modulus and
ayris the thermal expansion coefficient. The thermal expansion is a func-
tion of temperature o = ay + o T + 0T 2. However, considering the
limited high P-T data in this study, we assume that o is a constant
(ie., ar = ap).

The thermoelastic parameters Kry, Kyo', cp, and (0K/0T)p of olivine,
orthopyroxene, clinopyroxene, spinel, and garnet obtained by fitting
the HT-BM3-EoS are shown in Table 1. All fitting parameters without
any constraints yield V, = 291.7 (1) A3, Ko = 126 (3) GPa, Ky’ = 3.9
(3), (0K4/0T)p = —0.02 (1) GPaK™ !, and cty = 4.7 (7) x 107> K~ ! for ol-
ivine; Vy = 5394 (3) A3, Ko = 196 (2) GPa, K1y = 3.4 (4), (0K;/0T)p =
—0.020 (8) GPaK™ !, and ap = 2.8 (2) x 107> K~ ! for spinel; and V, =
1530.4 (4) A3, Ko = 172 (2) GPa, K1y = 3.9 (3), (0K;/0T)p = —0.026
(6) GPaK™!, and ay = 3.8 (2) x 107> K~ ! for garnet. However, consid-
ering that clinopyroxene belongs to the monoclinic system with lower
symmetry and that orthopyroxene has only limited P-T data points
due to the phase transition, the P-V data of clinopyroxene and
orthopyroxene at 300 K are first fitted by the BM3 EoS without any con-
straints and yield Ko = 110 (6) GPa, Ky¢' = 3.9 (5), Ko = 116 (3) GPa,
and K7y’ = 7 (1). Then, by fixing K79 and K7y’ to fit the HT-BM3-EoS, the
available parameters V, = 438.1 (5) A, (0K7/0T)p = —0.016 (5) GPaK ™!,
and oy = 5.3 (4) x 107> K~ for clinopyroxene and V, = 834.8 (5) A3,
(0K;/0T)p = —0.05 (1) GPaK™ ', and ap = 5.4 (5) x 107> K~ ! for
orthopyroxene are obtained. The PVT data fitted using the HT BM3-
EoS are shown in Fig. 3.

3.1. Olivine

The thermoelastic parameters in this study that were compared
with those in previous studies are shown in Table S3. The K7y’ value of
olivine in this study (3.9 (3)) is roughly within the range of previous
studies of FoggFa;g olivine (Andrault et al. 1995; Liu et al., 2005a; Mao
et al. 2015; Nestola et al. 2011a, 2011b; Zha et al. 1998; Zhang and
Bass 2016) (Table S4). However, when comparing our results with
those of previous studies on similar components of olivine (FoggFaig),
the Ky value from the powder XRD results of Andrault et al. (1995) is
slightly greater. In the study of Andrault et al. (1995), the diffraction pat-
tern recorded through energy-dispersive synchrotron XRD experiments
may have a larger error than that recorded through angle-dispersive
synchrotron XRD. Furthermore, the accuracy of the powder XRD exper-
imental data is not as high as the precision of single-crystal processing
(Andrault et al. 1995; Nestola et al. 2011a, 2011b; Zha et al. 1998).
After high-accuracy and high-precision single-crystal XRD measure-
ments, Nestola et al. (2011b) proposed that K, (124.7 (9) GPa) and
Kro' (5.3 (3)) could be used for thermodynamic calculations. In addition,
in the recent study of Angel et al. (2018), the K, and Ky’ values of
mantle-composition olivine (with a compositional range of 90-92%
forsterite component) are 126.3 (2) GPa and 4.54 (6), respectively.
Overall, the Ky (126 (3) GPa) and K7y’ (3.9 (3)) values of olivine in this
study are consistent within the uncertainty when compared with
those of previous studies. The «y and (0Ky/0T)p values of olivine with
Fo contents of approximately 90% in previous studies are limited, and
(0K/0T)p has been obtained only from BLS and ultrasonic interferome-
try (UI) experiments (Liu et al., 2005a; Mao et al. 2015; Zhang and
Bass 2016). In this study, the (0K7/0T)p (—0.02 (1) GPa/K) value is

Table 1
Thermoelastic parameters derived from the fitting of PVT data to the BM3-EoS.
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derived, which is consistent with the results from previous BLS and Ul
experiments.

3.2. Orthopyroxene

The thermoelastic parameters of orthopyroxene in this study are
compared with those from previous studies (Angel and Hugh-Jones,
1994; Hugh-Jones, 1997; Scandolo et al. 2015; Xu et al. 2020a, 2018;
Zhang et al., 2012; Zhang et al. 2013) (Table S4). The K, (116 (3) GPa)
and Ko’ (7 (1)) values in this study are derived by the BM3-EoS without
any constraints at 300 K. Therefore, the K (116 (3) GPa) value is slightly
larger than the values from Zhang et al. (2013), Xu et al. (2018) and
Angel et al. (1994), all of which were derived from XRD experiments.
The value of Ky’ (7 (1)) is consistent with that of Xu et al. (2018) and
Angel et al. (1994). However, the starting material in the Zhang et al.
(2013) study was powder, and the volume uncertainty was estimated
to be 3% of the unit- cell volume, which is larger than the 2o errors, gen-
erating the results that are not very accurate. Nevertheless, the o (5.4
(5) x 107> K™ ') and (0K;/0T)p (—0.05 (1) GPa/K) values of
orthopyroxene in this study are consistent with those of Xu et al.
(2018) and are slightly larger than those of Scandolo et al. (2015) and
Hugh-Jones (1997), which may be due to differences in composition.

3.3. Clinopyroxene

Numerous studies have been conducted on the thermoelastic prop-
erties of clinopyroxene (e.g., Fan et al. 2020; Li and Neuville 2010;
Matrosova et al. 2019; Pandolfo et al. 2015; Sang and Bass 2014; Xu
et al. 20173, 2019b; Zhang et al. 1997). The thermoelastic parameters
of clinopyroxene obtained in this study are consistent with those in a
previous study by Xu et al. (2017a) (Table S4). The K, (110 (6) GPa)
and Kpo' (4.5 (9)) values of clinopyroxene are derived by the BM3-EoS
without any constraints at 300 K. Fixing K, and Kry’, the available pa-
rameters o (5.3 (4) x 107> K1) and (9K/0T)p (—0.016 (5) GPa/K)
are also comparable with the results of Xu et al. (2017a). The K value
obtained by single-crystal XRD is smaller than those from Brillouin scat-
tering (Li and Neuville 2010; Sang and Bass 2014). However, other pre-
vious studies by Xu et al. (2019) and Pandolfo et al. (2015), the
thermoelastic parameters are slightly different and are mainly due to
the small differences in composition.

3.4. Spinel

The thermoelastic parameters of spinel in this study are also com-
pared with those from previous studies. However, the K, values ob-
tained by powder-crystal XRD (Fan et al. 2008; Levy et al. 2004, 2003;
Mi et al. 2018) are much larger than those from single-crystal XRD
(Nestola et al. 2015, 2014, 2007) (Table S4). It is clear that the increases
in the Cr and Fe contents lead to an increase in volume, and the Cr con-
tent also significantly reduces the Ky value, while the effect of the Fe
content is slight. Because the chemical compositions are inconsistent
among different studies, the K, (196 (2) GPa) and Kyo' (3.4 (4)) values
obtained in this study are reasonable within the range of uncertainty.
In addition, compared with previous studies (Fiquet et al. 1999;
Yamamoto et al. 2019), the value of o (2.8 (2) x 107> K™1) is also
reasonable.

Composition Vo (A%) Kro (GPa) Kr'o o (1072 K1) (0K7/0T)p (GPa/K)
Olivine 291.7 (1) 126 (3) 39(3) 4.7 (7) —0.02 (1)
Orthopyroxene 834.8 (5) 116 (3) 7(1) 5.4 (5) —0.05 (1)
Clinopyroxene 438.1 (5) 110 (6) 4.5 (9) 53 (4) —0.016 (5)
Spinel 5394 (3) 196 (2) 3.4 (4) 2.8 (2) —0.020 (8)
Garnet 1530.4 (4) 172 (2) 3.9(3) 3.8(2) —0.026 (6)
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Fig. 3. Pressure-volume-temperature relationships of olivine (a), orthopyroxene (b), clinopyroxene (c), spinel (d), and garnet (e). The isothermal compression curves were calculated by
using the thermoelastic parameters obtained in this study.

3.5. Garnet components are selected for comparison. Compared with the results

from previous studies (Huang and Chen 2014; Lu et al. 2013;
The thermoelastic parameters of garnet are also obtained in this Takahashi and Liu 1970; Zou et al. 2012; Milani et al. 2015; Milani

study. Since there are no studies on garnet of this composition, similar et al. 2017) (Table S4), the Ko and Ky¢' values of garnets with different
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compositions vary slightly. The results (K, = 172 (2) GPa and K7y’ = 3.9
(3)) obtained in this study are consistent with the results from previous
studies of similar components within the range of error. It is also obvi-
ous that the values of Ky and K7y’ are related to the composition. In ad-
dition, the value of o (3.8 (2) x 107> K™ 1) is slightly larger than the
results of previous studies (Zou et al. 2012; Milani et al. 2015; Milani
et al. 2017). The (0K/0T)p (—0.026 (6) GPa/K) value is basically the
same as those derived from XRD (Zou et al. 2012) or BLS (Lu et al.
2013). Therefore, the thermoelastic parameters of garnet obtained in
this study are reliable.

After extensive comparisons of the thermoelastic parameters from
the PVT equations of state in this paper with those in previous studies,
the results in this study are reasonable and reliable. In general, the
thermoelastic properties of the five main mantle minerals are simulta-
neously measured in an EHDAC using single-crystal XRD under simulta-
neous high-pressure and high-temperature conditions. Data derived
from different experiments often have large errors due to different
pressure-transmitting media, experimental methods, techniques, and
P-T conditions. Taking olivine as an example, the bulk modulus values
of olivine (125 (2) GPa/130.0 (9) GPa) with the same composition ob-
tained by single-crystal XRD experiments are inconsistent (Downs
et al. 1996; Finkelstein et al. 2014), because they are affected by the
pressure medium and pressure conditions. Hence, in this study, the
thermoelastic parameters (e.g. Ko, K1o', o, and (0K/0T)p) of olivine,
orthopyroxene, clinopyroxene, spinel, and garnet are derived more
comprehensively and systematically, which results in more accurate
values obtained by calculation of the lithospheric mantle density in
the eastern NCC in a later section (see Section 4.2.3).

4. Geophysical Implications

4.1. Density evolution of the lithospheric mantle during the destruction pro-
cess of the eastern NCC

According to the surface heat flow and the one-dimensional (1-D)
steady-state conductive geotherm, the temperature-depth curve within
a lithospheric depth interval can be estimated. The lithospheric temper-
atures in different geological periods are especially affected by geologi-
cal parameters, including stratigraphic data, lithological data, and
crustal thickness. Considering the different stratification of rocks and
thermal states during different geological periods in the eastern NCC
(Cai et al. 2007; Shao et al. 2005; Wu et al. 2005a, 2005b; Zhai et al.
2005; Zhu et al. 2008), the geothermal lines are calculated separately
within five periods: Early Mesozoic, Early Cretaceous, Middle-Late Cre-
taceous, Middle-Late Paleogene, and the present (Qiu et al. 2014).

A one-dimensional steady-state conductive geotherm is adopted to
calculate the temperature distribution in the lithosphere, which is de-
termined by the following equation:

V. (kVT) = —A (4)
where k is the thermal conductivity (Wm™! K~1), Tis the temperature
(°C), and A is the heat production (UWm~3). According to Chapman and
Furlong (1992), the algorithm incorporated here uses Eq. (1) in a layer
of constant heat production and constant thermal conductivity:

Ts = Tr + (qr/K)Az—AAZ/(2K) (5)

and

Gp = qr—Ax Az (6)

Therefore, the temperature, Tz (°C), and heat flow, gz (Wm™3), at
the bottom of each layer are determined from the temperature, Tr
(°C), and heat flow, g (Wm™3), at the top of each layer, and z is the
depth scaling parameter for the heat-producing layer (km). Ty is the
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temperature of the Earth's surface, which is taken as the annual average
ground temperature of 10 °C. The lithosphere depth intervals in differ-
ent geological periods are referred to in previous studies (Qiu et al.
2014). Radiogenic heat production (A) and thermal conductivity (K)
are the main thermal physical parameters of rocks. The radiogenic
heat production of the upper mantle is calculated by the exponential
decay model:

A=Agexp(—Z/D) (7)
where D is the depth scaling parameter for the heat producing layer and
Ay is the heat production of near-surface rocks (1.24 yWm > (Liu et al,,
2005b). Ketcham (1996) indicated that this model does not apply to all
ranges of the crust because heat production would be underestimated
for the middle and lower crust. Therefore, in this study, we assume that
the exponential model for radiogenic heat production distribution is
used only in the upper crust, and that the heat production rates in the
middle and lower crust are adopted constant at 0.86 yWm > and 0.31
uWm ™3, respectively (Liu et al., 2005b). The lithospheric mantle heat
production rate is also assumed to be constant at 0.03 pWm 3
(Rudnick et al. 1998). The thermal conductivity values of sediments
are obtained from previous studies (Chen 1988; Gong 2003; Liu et al.,
2005b), and the values for the crust and lithosphere mantle are taken
from Rudnick et al. (1998). The thermal parameters of the sedimentary
layer are constants, and the stratified crustal model of the Bohai Bay Ba-
sin is listed in Table S5.

The thermal lithospheric thickness can be derived from mantle
adiabats. After comprehensive consideration, two mantle adiabats that
define the upper limit (T;) and lower limit (T5) of the bottom tempera-
ture of the thermal lithosphere are (Artemieva and Mooney 2001; Zang
etal. 2002):

Ty = 1200°C + 0.5(°C/km) x Z(km) (8)

T, = 1300°C + 0.4(°C/km) x Z(km) 9)

In this study, the thermal lithospheric thickness is the average value
of these two calculation results from mantle adiabats (Fig. 4).

In addition, we recalculate the Brey and Kohler (1990) (BK) temper-
atures for the collected mantle xenoliths by assuming that these xeno-
liths record temperatures along the model geotherm. This method
avoids assuming an arbitrary pressure for geothermometric calcula-
tions. The BK equation describes the geothermometry where Tis depen-
dent on a single independent variable, namely, — P. We rewrite the
variable P in the BK equation in terms of depth by adopting simple
lithostatic loading and solve the BK equation simultaneously with the
model geotherm for temperature and depth. Fig. 4 shows an example
of a geothermal line with the modern stratified model and heat flow
value of 63 mW/m? in the eastern NCC. It is clear that all Cenozoic xeno-
liths collected in the eastern NCC come from the lithospheric mantle,
which indicates that the collected mantle xenolith components can be
used to represent the rocks in the Cenozoic lithosphere.

The collection of abundant peridotite xenoliths shows that they con-
sist of dominant lherzolites with minor harzburgites of the spinel phase.
The volume fractions are 66% olivine, 21% orthopyroxene, 11% clinop-
yroxene, and 2% spinel for lherzolite, and 74% olivine, 21% orthopyr-
oxene, 3% clinopyroxene, and 2% spinel for harzburgite. Recently,
many studies have revealed a possible mechanism for transforming
the lithospheric mantle from Paleozoic refractory harzburgite to Ceno-
zoic fertile lherzolite (Tang et al. 2013; Zhang et al. 2009; Zhang 2005;
Zheng et al. 2015). Hence, in this study, it is assumed that the litho-
spheric component in the Early Mesozoic and initial stage of damage
(Early Cretaceous) was harzburgite, and that of the following periods
was lherzolite.

Additionally, garnet peridotites are the common rock type in the cra-
tonic lithospheric mantle, especially in the depth range of 80-250 km
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Fig. 4. Schematic diagram of the thermal lithospheric thickness calculations and
distributions of two-pyroxene temperatures for reported mantle xenoliths (red solid
circles) along the model geotherm (black line) for the eastern NCC lithosphere. The base
of the thermal lithosphere is defined as the intersection of the model geotherm with the
average of the two mantle adiabatic lines. The green square represents the intersection
of the two lines, and the lithospheric thickness is 78 km. Below the lithosphere, the
temperature is the average of the two adiabatic lines. The orange line represents the
spinel-garnet phase transition referenced by Garrido et al. (2011). The blue line
represents the two-pyroxene geothermometry, and the slight pressure dependence of
the geothermometer is addressed by requiring the solution to lie on the model geotherm.

(Boyd 1989; Lee et al. 2011; Pearson et al. 2013). Some kimberlites and
alkali basalts hosting garnet peridotite are also observed in the east-
ern NCC (e.g., Mengyin, Qixia, and Shanwang (Gao et al. 2002; Wu
et al. 2006; Zhang et al., 2000; Zheng et al. 2006; Zhi and Qin
2004)). Nonetheless, studies of the mineral composition of garnet
peridotite are scarce. In this study, the mineral abundance in garnet
peridotite are obtained from those of other ancient cratons (Baptiste
et al. 2012; Doucet et al. 2015, 2013; James et al. 2004), that derive
harzburgite with a garnet phase composed of 74% olivine, 18%
orthopyroxene, 3% clinopyroxene, and 5% garnet. The stability fields
of spinel-phase peridotite and garnet-phase peridotite in the
temperature-depth space are shown in Fig. 4. This study is based
on the premise of the stability fields of dry spinel- and garnet-
phase peridotite under different P-T conditions (Garrido et al.
2011) and of maintaining the same mineral ratios, to obtain the den-
sity model of the eastern NCC.

4.1.1. Density variations with temperature in the lithospheric mantle

Investigating the mineral density variations with temperature in the
lithospheric mantle facilitates our improved understanding of the key
factors that control the density changes in the lithospheric mantle.
Fig. 5 shows the (0p/dT)p of the minerals, peridotite and harzburgite
along the geotherm of the present average heat flow (63 mW/m?) in
the eastern NCC according to the following formula (Robertson 1988;
Skinner 1966):

() - (AZp) ~xn (%) - Tanea

where the subscript i denotes the ith mineral of the upper mantle and A
is the proportion of each mineral. Considering that most changes in the
internal condition of the Earth progress slowly, there is ample time for
recrystallization to relieve the maximum stress point (Robertson
1988; Skinner 1966). We assume that the thermal expansion of perido-
tite can be calculated by the weighted volumetric expansion of its con-
stituent minerals.

(10)
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Fig. 5. Density variations with temperature of minerals and peridotites along the
geotherm for the average heat flow.

It is apparent that the density variations with temperature of
orthopyroxene are greatest, while those of spinel are the lowest. The
(0p/0T)p values of olivine, garnet, and clinopyroxene fall between
those of orthopyroxene and spinel. The density variations with temper-
ature of spinel-phase and garnet-phase peridotites are nearly equal,
which indicates that the effect of temperature on the density of these
two phases is basically the same. The (dp/0T)p of peridotite is related
to the mineral contents, and olivine is the dominant mineral in perido-
tite; hence, the (0p/dT)p of spinel-phase and garnet-phase peridotite is
close to the value for olivine.

4.1.2. Density evolution of the lithospheric mantle in the eastern North
China Craton during the destruction process

It is possible to estimate the density based on the mineral equations
of state, compositions of minerals, and calculated temperature-depth
curves. This study attempts to establish a fine density model of the east-
ern NCC from the perspective of temporal evolution since the Early Me-
sozoic. The specific calculation process is shown in the supporting
information Text S1 (Birch 1978, 1947; Dziewonski and Anderson
1981).

Stable ancient cratons usually have a thickness of ~200 km (Debayle
and Ricard 2012; Schaeffer and Lebedev 2013), and are distinguished by
low heat flow (Xu and Qiu 2017). According to the kimberlites and their
associated xenoliths (Lu et al. 1991; Zheng 1999), the Paleozoic thermal
state of the NCC had the same characteristics of low heat flow (~40 mW/
m?) and thick lithosphere (~200 km) as typical cratons. However, over
the following long period, due to the lack of paleotemperature records,
the thermal state remains unknown until the Mesozoic. The Mesozoic
was a crucial period for basin formation and magmatic-thermal activity
(He and Zhang 2018), and lead to strong changes in the thermal state.
Here, the thermal state of the eastern NCC uses the Bohai Bay Basin as
an example (Fig. 1).

Many documents have focused on the thermal history of the Bohai
Bay Basin (He 2015, 1999; He and Wang 2004, 2003; He and Zhang
2018; Hu et al. 2007, 2001; Li et al. 2017; Liu et al., 2005b; Qiu et al.
2014, 2010, 2007, 2006, 1998). The average heat flow value of the ther-
mal history of the Bohai Bay Basin is based on previous studies (modi-
fied from Fig. 4 in Li et al. (2017)). It is obvious that the Bohai Bay
Basin has experienced five thermal stages, namely, the Early Mesozoic,
Early Cretaceous, Middle-Late Cretaceous, Middle-Late Paleogene, and
the present. The results reveal that the Bohai Bay Basin underwent
two episodes of thermal destruction that generated two heat flow
peaks during the Mesozoic and Cenozoic. The thicknesses of the thermal
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lithosphere of the Bohai Bay Basin since the Early Mesozoic are calcu-
lated based on the heat flows of the thermal histories and the 1-D
steady-state conductive geotherm (Fig. S2), constraining the develop-
ment of the lithospheric mantle density.

Fig. 6 shows the distribution of density with depth from the Early
Mesozoic to the present. In the Early Mesozoic, the density of the
spinel-phase peridotite lithosphere decreased slightly with depth until
the phase transition from spinel to garnet occurred. After a sudden in-
crease, the density gradually increased with depth.

The associated magmatism in the Early Cretaceous implies that the
tectonic deformation in the eastern NCC transformed to an extensional
tectonic setting when the lithosphere thinned (Qiu et al. 2014) and that
the asthenosphere contributed more heat energy to the lithosphere due
to upwelling, which lead to an increase in surface heat flow. After the
gradually increasing heat flow reached its first peak in the Early Creta-
ceous, the thickness of the mantle lithosphere significantly decreased,
and the density rapidly decreased. Densities decreased by 2.42% and
2.26% for lherzolite and harzburgite, respectively. At the initial stage of
destruction, the lithospheric mantle was still composed of harzburgite,
which was replaced by lherzolite after the damage, and the density
also decreased. The increasing heat flow and subsidence at this stage
are considered to provide thermal evidence of NCC destruction (Qiu
et al. 2014). There may be a pattern for which, if an upward heat source
is located at the bottom of the lithosphere, the upper refractory litho-
spheric mantle is ~2.5% denser than the bottom part due to thermal con-
traction. The denser upper lithospheric mantle, along with the overlying
denser eclogitic lower crust, may trigger delamination. These factors
may provide driving forces for delamination during the destruction pro-
cess. The transition from enriched to depleted mantle sources for the
mafic magmas indicates that the thick lithosphere beneath the eastern
NCC had been removed or replaced by juvenile lithospheric mantle
(Wu et al. 2019). In periods following the Early Cretaceous, we suggest
that the main component of the lithospheric mantle was lherzolite in
the density model we have established.

After the first destruction, the cooling upwelled asthenosphere
caused a slight thickening of the lithosphere for a short period in the
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Fig. 7. Average lithospheric density evolution of the eastern North China Craton from the
Mesozoic to the Cenozoic. The error bars indicate the smallest and largest errors in this
time range respectively.

Middle-Late Cretaceous (He and Zhang 2018). The density of the mantle
lithosphere increased slightly (~1.3%) compared to the first destruction
and decreased with depth, but the decreasing trend was smaller. Later,
another heat flow peak occurred in the Early Cenozoic. Some authors
(He and Zhang 2018) have proposed that episodic lithospheric exten-
sion led to the formation of basins and increases in heat flow. The thick-
ness and density of the lithospheric mantle during this period were
correspondingly reduced due to the high heat flow. In addition, the de-
cline in density was significantly enhanced. The subduction of the Pa-
cific Plate to the mantle transition zone formed a larger mantle wedge
that was accompanied by upwelling asthenosphere and is considered
to have led to further lithospheric thinning (Li and Wang 2018). Until
this time, the lithosphere had been cooling and thickening gradually
as a result of thermal subsidence. The density at the top of the litho-
sphere increased slightly (0.9%) and the downward trend with depth
was slower.
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Fig. 6. Density evolution of the eastern North China Craton from the Mesozoic to the Cenozoic. Red and black lines represent the densities of harzburgite and lherzolite, respectively. The
volume fractions are 74% olivine, 21% orthopyroxene, 3% clinopyroxene, and 2% spinel for spinel-phase harzburgite, and 66% olivine, 21% orthopyroxene, 11% clinopyroxene, and 2% spinel
for spinel-phase lherzolite, which are derived from the statistics of xenoliths in the eastern NCC. The composition of garnet-phase harzburgite is 74% olivine, 18% orthopyroxene, 3%
clinopyroxene, and 5% garnet (data from (Baptiste et al. 2012; Doucet et al. 2015, 2013; James et al. 2004)). Before destruction (Early Mesozoic), the mantle lithosphere was composed
of spinel- and garnet-phase harzburgite. During the initial period of destruction (Early Cretaceous), harzburgite and lherzolite may both have existed. In the following periods, lherzolite
completely replaced harzburgite. The green solid line and dashed line represent the Moho boundary and the bottom of the lithosphere, respectively.
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Fig. 8. The relationship between the Mesozoic-Cenozoic lithospheric thickness and
average lithospheric density in the eastern North China Craton.

The evolution of average lithospheric density from the Mesozoic to
the Cenozoic is shown in Fig. 7. In the Early Mesozoic, the mantle litho-
sphere was cold and had the highest density. Then, the densities de-
creased to nadirs in the Early Cretaceous and Middle-Late Paleogene,
while in the Middle-Late Cretaceous, the density increased. The varia-
tions in average lithospheric density since the Mesozoic are consistent
with the thermal evolution of lithospheric thickness. Fig. 8 shows a pos-
itive correlation between the average lithospheric density and thermal
lithospheric thickness.

4.2. Density spatial variations in the modern eastern NCC

Surface heat flow is closely related to tectonic activity, which pro-
vides essential information about the thermal state and craton stability.
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It is a key parameter for constraining the lithospheric structure and
geodynamic processes. Currently, studies of the thermal state of the
eastern NCC show that the heat flow exhibits obvious lateral heteroge-
neity (Jiang et al. 2019), that can be divided into three typical areas. One
area is the hot region that is represented by the Bohai Bay Basin
(~67 mW/m?), another area is the cold region that is represented by
Hebei and Beijing (~56 mW/m?), and the third area is the warm region
between the first two areas, such as in the region of Henan and Anhui
(~60 mW/m?) (Fig. 1). According to the different geotherms, the density
distributions in the lithospheric mantle in different regions are derived
(Fig. 9).Itis clear that the density decreases with increasing depth, and a
conspicuous increase in density occurs with the phase transition from
spinel-phase peridotite to garnet-phase peridotite and then decreases.
The density of the hot region is much lower than that of the cold region.

The density anomaly regions that were determined from thermal
states and geophysical results at 60-80 km mutually agree (Ke et al.
2019; Tian and Wang 2018; Wang et al., 2014b). The spatial distribution
of density anomalies in the eastern NCCindicates that thisarea has under-
gone different degrees of destruction, especially the Bohai Bay Basin. In
previous geophysical studies, the areas of hot, cold, and warm density
anomaly regions (Ke et al. 2019; Tian and Wang 2018) are consistent
with the locations in this study. Taking 60 km as an example, the density
of the hot zone, namely, the Bohai Bay Basin, is approximately 0.45%
(compared to the average density) lower than the average value from
geophysical observations, which is consistent with the result (— 0.37%)
in this study. The density variations in the thermal state in cold (+
0.6%) and warm regions (— 0.28%) agree with the geophysical observa-
tions (+ 0.45%/—0.3%). These density variations are very similar.

The Bohai Bay Basin exhibits the characteristics of especially high
heat flow and relatively low density. According to the density evolution
history of the eastern NCC (Fig. 7), temperatures decreased during
65-53 Ma after the first period of magmatic activity in the Early Creta-
ceous. From 53 to 38 Ma, the temperatures rose again, and were accom-
panied by large-scale magmatic activity. Rifting of the Bohai Bay Basin
occurred during this period. However, after that depressions began to
develop in the Bohai Bay Basin. Temperatures began to decrease during
38-17 Ma, as did magmatic activities and the heat provided by the
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Fig. 9. Geothermal lines (a) and one-dimensional vertical density profiles (b) in different heat flow regions from the eastern North China Craton. The purple dash-dotted line represents the
spinel-garnet phase transition from Garrido et al. (2011). Solid lines of different colors correspond to geotherm lines (a) and density models (b) of the lithosphere in different heat flow
regions. The base of the thermal lithosphere is defined as the intersection of the geothermal model with the average of the two mantle adiabatic lines.
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upwelling mantle. From 17 Ma until now, temperatures have remained
unchanged. The above can be called the Cenozoic lithosphere thermal
evolution framework. However, despite the temperature decreased at
38-17 Ma, this period was short-lived, as the Bohai Bay Basin currently
exhibits a high thermal signature (Li et al. 2017). The high heat flow in
the Bohai Bay Basin indicates that thermal decay is ongoing, which sug-
gests that the eastern NCC may retain the thermal state of the last de-
struction period. Additionally, the subduction of the Pacific Plates may
be a factor that has caused continental rifts and resultant upwelling of
the lithospheric mantle, crustal thinning, and extensional basins. The
lithosphere is heated by the upwelling asthenosphere and the mantle
heat flow significantly increases. It is also accompanied by Cenozoic
magmatism, fold belts, active faults, and earthquakes (Zhu et al. 2012).

Although the Cretaceous represents a significant destruction period
in the geological history of the eastern NCC at approximately 38 Ma, the
eastern NCC experienced another destruction. After that, the thermal
state of the lithosphere remained the same, so the current density distri-
bution largely reflects the destruction characteristics from approxi-
mately 38 Ma. It follows that the current surface heat flow is not only
the result of retaining the thermal state during destruction but is also af-
fected by Cenozoic tectonic activity. The current density lateral hetero-
geneity distribution may be caused by tectonic thermal activity, or it
may reflect the heterogeneities from the period of destruction.

5. Conclusion

One-dimensional density profiles of the lithospheric mantle in the
eastern NCC are constrained by the thermal state and PVT equations of
state for the peridotite minerals analyzed in this study. The
thermoelastic parameters of peridotite minerals from the eastern NCC
are derived by fitting the PVT data to the HT-BM-EoS. The results,
when compared with previous studies show that the errors are within
areasonable range, and thus indicate that our thermoelastic parameters
are reliable. The density variations in spinel-phase peridotite with tem-
perature show results that are relatively consistent with those in
garnet-phase peridotite, which are related to the mineral contents
when the dominant mineral is olivine. In addition, by comparing the
thermal state of the lithospheric mantle and the compositional charac-
teristics of peridotites, the density of the eastern NCC exhibits spatial
and temporal heterogeneities. The 1-D density profiles have varied
since the Mesozoic with significant decreases in peak heat flow values,
that suggest serious destruction of the eastern NCC. According to the
thermal state, the eastern NCC is divided into three types, namely,
“hot”, “warm”, and “cold”, which result in density heterogeneity. The
current density anomaly areas in the eastern NCC are consistent with
the results obtained by geophysical inversion and further support the
regional heterogeneities of the eastern NCC, which imply that the pres-
ent mantle still has the characteristics of heterogenous destruction of
the NCC.
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