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The three-dimensional resistivity model of the lithosphere and fluid content plays a significant role in
analyzing the spatiotemporal distribution and dynamic reasons for the North China Craton (NCC)
destruction. The conductivity is related to temperature and melt fraction using laboratory experiments. The
Hashin-Shtrikman (HS) bounds are used to constrain the conductivity range of rocks in the solid and solid-
melt systems. The authors established the lithospheric conductivity-temperature relationship by combining
the mineral composition obtained from the analysis of xenoliths, the steady-state heat conduction equation,
water, and carbon dioxide. To discuss the destruction of the NCC, the three-dimensional resistivity
structure model obtained from the magnetotelluric sounding (MT) array inversion of the NCC is compared
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Temperature

Manfle fluid with the model calculated using the HS bounds. The research results show that the higher the volatile
Water amd carbon dioxide water and carbon dioxide content in the fluid, the lower the mantle solidus. Based on the melt fractions of
x:ll;ﬁzmio" the Ordos Block, Trans-North China Orogen, and Bohai Bay Basin, the speculated lithosphere-
Xenolith asthenosphere boundary (LAB) exhibits the characteristics of deep in the west and shallow in the east. The
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partial melting of the Bohai Bay Basin began at a shallower depth than other places, with a more
significant difference in fluid content in the depth.

©2026 China Geology Editorial Office.

1. Introduction significant lithospheric thinning in the Eastern Block. From

55 Ma, the collision between the Indian Plate and the Eurasian

The North China Craton (NCC) is bordered to the north
by the Central Asian Orogenic Belt, to the south by the
Qinling-Dabie Orogen and the South China Block, and to the
east by the Bohai Sea and the Yellow Sea (Fig. 1). It is
generally believed that the Eastern and Western blocks of the
NCC collided and amalgamated along the Trans-North China
Orogen in the Early Paleoproterozoic, forming the unified
basement (Zhao GC et al., 2001; Zhai MG and Santosh M,
2011). From 220 Ma, the Paleo-Pacific plate subducted
westward (Menzies MA, 1993; Deng JF et al., 1994; Xu YG
et al., 2004; Niu YL, 2005; Wu FY et al., 2005, 2011; Zhang
HF et al., 2007; Gao S et al., 2009; Su JB et al., 2014), and
retreated after 140 Ma (Wilde SA, 2015), resulting in
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Plate (Yin A and Harrison TM, 2000) has led to the southwest
trending compressive forces associated with the uplift of the
Qinghai-Xizang Plateau, which has affected the Western
Block (Chen XB et al., 2011). Previous studies have mostly
suggested that the lithosphere in the Eastern Block has been
significantly thinned, the Trans-North China Orogen has been
reconfigured, and the Western Block has remained stable
(Zhu RX et al., 2012). Combining the results of previous
studies, it can be inferred that the lithospheric thinning, large-
scale magmatic activity, and structural deformation in the
NCC merely manifest its evolutionary process. These are
attributed to fundamental changes in the lithospheric mantle’s
material composition and physicochemical properties,
disrupting the craton’s inherent stability (Yang YH et al.,
2009; Zhu RX and Xu YG, 2019). Therefore, investigating
the lithospheric structure is of significant scientific
importance for understanding the North China Craton’s
destruction.

The magnetotelluric sounding (MT) method method
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frequencies to obtain the electrical structure of the crust and
upper mantle. Previous research in the NCC has involved the
crustal and upper mantle resistivity models through MT
profiles and arrays, with interpretations of the resistivity
anomalies (Wei WB et al., 2002; Dong H et al., 2014; Ye GF
et al., 2021; Huang JH et al., 2022). In the Eastern Block, the
high-resistivity anomalies in the Yanshan Block on the
northern Bohai Bay Basin represent residual ancient cratonic
lithosphere. In contrast, the extensive low-resistivity
anomalies in the lower crust and upper mantle indicate the
upwelling of asthenospheric material (Huang JH et al., 2022).
The upper mantle beneath the Luxi Uplift exhibits low
resistivity, with asthenospheric upwelling along the western
branch of the Tanlu Fault Zone on its eastern side (Ye GF et
al., 2021). The lower crust and upper mantle of the Trans-
North China Orogen exhibit low-resistivity horizontal layers,
providing evidence for crust-mantle decoupling and magma
underplating (Yang XZ et al., 2008). In the Western Block,
the modification of the lithosphere beneath the northern Ordos
Block and the lithosphere thinning beneath the Hetao Graben
are the consequences of mantle upwelling during the Middle
to Late Mesozoic (Dong H et al., 2014). According to
exploring structures using MT methods, extensive low-
resistivity layers are observed globally in the crust and upper
mantle (Wei WB et al.,, 2001; Unsworth MJ et al., 2005;
Johansen SE et al., 2019; Li BC et al., 2020; Egbert GD et al.,
2022). However, significant controversy exists regarding
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Fig. 1. Simplified tectonic map of the NCC and distribution of MT array stations (after Li BC et al., 2019; Ye GF et al., 2024).
measures natural electromagnetic signals at different interpreting these low-resistivity anomalies within the

lithosphere. Currently, the explanations for low-resistivity
anomalies in the lithosphere include the structural water in
nominally anhydrous minerals (NAMs) (Yoshino T et al.,
2008), the pore-network model (Cai JC et al., 2017), positive
hole pairs (PHPs) (Freund F, 2003), sulfur (Ducea MN and
Park SK, 2000; Virtanen VJ et al., 2021; Dong H et al., 2014),
and graphite film (Duba AG and Shankland TJ, 1982;
Yoshino T and Noritake F, 2011; Guo YX et al., 2021),
among other models. However, the current research lacks a
quantitative explanation for the low-resistivity anomalies in
the lithosphere.

The water content of the lithospheric mantle is closely
related to the stability of the NCC, and high water content can
induce cratonic destruction (Xia QK et al., 2013). Therefore,
the results of rock physics experiments have provided a
quantitative conductivity-temperature relationship between
the highly interconnected grain boundary melt and the NAMs.
This relationship enables us to infer the thermal state and
distribution of fluids (melt and volatiles) at the lithosphere.
Based on this method, scholars have utilized NAMs to explain
the low-resistivity anomalies observed in different regions of
the upper mantle. These include asthenospheric upwelling
material (Ledo J and Jones AG, 2005), magma beneath
volcanoes (Hill GJ et al., 2015; Hata M et al., 2016; Gao J et
al., 2020), partial melting caused by volatile water and carbon
dioxide in subduction zones (Peacock SA, 1990), and saline
fluids (Glover PWJ and Vine FJ, 1994). This paper
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investigates the process and state of lithospheric destruction in
the NCC by comparing the calculated resistivity of the
cratonic lithosphere by the rock physics experiments with the
resistivity model obtained from the three-dimensional (3-D)
inversion of MT data. The study utilizes the mineral
composition of mantle xenoliths from the NCC and the
lithospheric temperature. The Nernst-Einstein and Arrhenius
equations for the conductivity-temperature relationship are
computational principles. Calculation parameters include
volatile water and carbon dioxide. Then, the authors discuss
the difference between the theoretical calculation of the
cratonic lithospheric resistivity and the resistivity model from
MT methods.

2. Method

2.1. Conductivity-temperature relationship of monophase

minerals

The low resistivity of the crust and mantle is attributed to
fluids such as water, carbon dioxide, and molten materials.
Structural water can exist in minerals, while pore water can be
found in rocks. They are defined as the water-bearing mineral
and pore-network models.

Structural water exists in NAMs as OH™ and H,O in the
water-bearing mineral model. NAMs include olivine (Ol),
orthopyroxene (Opx), clinopyroxene (Cpx), garnet (Grt), and
plagioclase (Pl). The rock physics experiment measured the
resistivity of these silicate minerals and studied the role of
charged particles as carrier charges. The experiments revealed
that proton conduction is the dominant mechanism under
hydrated conditions. In contrast, ionic conduction and small
polaron conduction are the primary mechanisms under
anhydrous conditions (Figs. 2a, b).

In the pore-network model, water and carbon dioxide in
rock pores also contribute to low resistivity due to ionic
conduction (Sifré D et al., 2014). However, there is a debate
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Fig. 2.

about whether pore fluids can persist over the long term under
solid-phase conditions. As the temperature increases, minerals
melt and become fluids. The melt can accelerate the sliding of
grain boundaries. Simultaneously, structural water in minerals
enters the melt after dissolving. When the melt fraction
reaches a threshold, the grain boundary becomes highly
interconnected, forming a grain boundary melt model
(Shankland TJ, 1977; Gaillard F et al., 2008; Yoshino T et al.,
2010), which significantly reduces the bulk resistivity of rocks
(Fig. 2¢).

When the bulk rock remains unmelted, the conductive
model is based on a water-bearing mineral model (NAMs).
When solid minerals reach a threshold temperature, their

insulating properties transform into  semiconducting
properties. Considering the pore-network model and
performing calculations for the solid-melt systems is

necessary. First, the calculation of conductivity and
temperature is considered for monophase minerals, where the
concentration, valence, and migration of charge carriers
determine the conductivity mechanism of solid minerals and
melts. The conductivity of charge carriers is calculated using
the Nernst-Einstein equation (Kubo R, 1966):

D,Z?N,
g; =
kT Hy

Q)

where o, D;, z; and N; are the conductivity (S/m), diffusion
coefficient (m%/s), valence (C), and concentration (m>) of the
ith charge carrier, respectively. k is the Boltzmann constant
(k=1.38 x 1072 J/K), T is the absolute temperature (K), and
H; (Haven ratio) is determined by the conduction mechanism
(Haven Y and Verkerk B, 1965). Through laboratory
research, the logarithm of the conductivity exhibits a linear
relationship with the reciprocal of temperature within a
specific temperature range, which can be described by the
Arrhenius equation (Tyburczy JA and Waff HS, 1983;
Roberts JJ and Tyburczy JA, 1999):

RN

Melting

a—Conductivity-temperature relationship of hydrogen-undoped olivine (after Yoshino T et al., 2009); b—schematic illustration of the

conductive mechanism of minerals (after Yoshino T et al., 2008; Selway K, 2014) (V stands for electron holes. ' stands for a negative charge. x
stands for a neutral charge. And ¢ stands for a positive charge. Ionic conduction is the conduction of iron or magnesium ions with electron holes
and has a high activation enthalpy. Small polaron conduction is the conduction of electrons between Fe?* and Fe**, with a medium activation
enthalpy. Proton conduction is the diffusion of hydrogen ions, and the activation enthalpy is the lowest); c—schematic illustration of mineral

connectivity (the red part represents the connection between the minerals).
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AE + PAV
> @)
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g = 0,eXp —ﬁ =0oeXp | — RT

where o is the conductivity of monophase minerals (S/m), o
is the pre-exponential factor of conductivity (S/m), AH is the
activation enthalpy (kJ/mol), R is the gas constant
(R=k'N,=8.314 x 107 kJ/(mol'K), N, is the Avogadro
constant), AE is the activation energy (kJ/mol), P is the
pressure (GPa), and AV is an activation volume term (cm®/
mol). The remaining parameters are the same as in Eq. 1.

Under solid systems, the conduction mechanism of NAMs
is associated with temperature, pressure, and volatile water.
With increasing temperature, the primary conduction
mechanism in olivine and orthopyroxene changes from proton
conduction to small polaron conduction. Meanwhile, for
anhydrous samples of clinopyroxene and garnet, the primary
conduction mechanism is small polaron conduction, whereas
in hydrated samples, it is proton conduction. Among the four
minerals, only garnet is significantly sensitive to pressure.
Due to the substantial influence of olivine on bulk
conductivity, an abundance of high-temperature and high-
pressure experimental data exists for olivine (Karato S, 1990;
Wang DIJ et al., 2006; Yoshino T et al., 2009). Analysis of the
high-temperature and high-pressure experimental results for
olivine, orthopyroxene, clinopyroxene, and garnet in both dry
and wet conditions reveals an increase in conductivity (within
the range of 10°° to 10 S/m) with the rising temperature at the
prescribed experimental temperature and pressure (Fig. 3).

As temperature increases, solid minerals begin to melt.
The authors consider the conductivity mechanisms of silicate
melts and carbonate melts. The conductivity of silicate melts
primarily depends on temperature, pressure, volatiles (such as
water and carbon dioxide), and the ratio of non-bridging

10! T T T T

oxygens to tetrahedral cations (NBO/T). In contrast to silicate
melts, carbonate melts characterize depolymerization,
resulting in a weaker dependence of carbonate conductivity
on temperature and pressure. Moreover, the conductivity of
carbonate melts is at least two orders of magnitude higher
than silicate melts, and both the conductivity of carbonate
melts and silicate melts are higher than the NAMs (Fig. 4).
Notably, volatiles serve as ion conductors in silicate and
carbonate melts.

2.2. Conductivity-temperature of solid-melt

systems

relationship

To accurately calculate the electrical conductivity of bulk
rocks, it is assumed that the solid-melt systems are
homogeneous and isotropic, and the proportions of minerals
and water distribution control the conductivity. The Hashin-
Shtrikman (HS) bounds provide a constraint on those
parameters. The conductivity of the solid-melt systems
determined by HS bounds is as follows (Hashin Z and
Shtrikman S, 1962):

N 1% -
i
O-HSt = |: E . :| - 20-max,min (3)
i=1 g + 20-mux.min

where o, is the maximum and minimum conductivity
values of the upper mantle rocks (HS, depends on the
maximum conductivity of the minerals, and HS _ depends on
the minimum conductivity of minerals). N is the number of
minerals in the upper mantle. v; is the volume percentage of
each mineral. o, are the maximum and minimum
conductivity among the minerals, and o, is the conductivity of
each mineral. Due to the high resistivity of solid minerals,
which is disconnected, the conductivity of solid minerals

100 -

10!

107
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Fig. 3. Relationship between conductivity and temperature of NAMs. Data source of olivine: Y009 (after Yoshino T et al., 2009), Wang06
(after Wang DJ et al., 2006), Con06 (after Constable S, 2006); orthopyroxene: Zhangl2 (after Zhang BH et al., 2012); clinopyroxene: Yangl1
(after Yang XZ et al., 2011); garnet: Dai09 (after Dai LD and Shun-ichiro K, 2009).
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Fig. 4. Relationship between conductivity and temperature of silicate and carbonate melts. Data source of silicate melts: Nill (after Ni HW et
al., 2011), TW83 (after Tyburczy JA and Waff HS, 1983), PGO8 (after Pommier A et al., 2008); carbonate melts: Yol8 (after Yoshino T et al.,
2018), Sil4 (after Sifré D et al., 2014), Yol2 (after Yoshino T et al., 2012), Sil5 (after Sifré¢ D et al., 2015), Ga08 (after Gaillard F et al., 2008),

Ko08 (after Kojima T et al., 2008).

takes the lower limit of the HS bounds (HS_). When the
temperature exceeds the solidus line, the solid minerals and
melt are coexistence. Under solid-melt systems, the HS
bounds can calculate the bulk conductivity of two-phase
systems. In this case, the conductivity of the upper mantle is
determined by the upper limit of the AS bounds (HS ), which
represents a connected liquid phase.

The conductivity mechanisms of fluids (water, carbon
dioxide, and melt) exhibit disparities between solid and solid-
melt systems. Structural hydroxyl (OH) and molecular water
in NAMs provide conditions for proton conduction. However,
the distribution of carbon dioxide in melts is considered since
volatile carbon dioxide is exclusively present in melts
(Keppler H et al., 2003; Stagno V et al., 2013). After the
temperature rises above the threshold at which minerals
become interconnected, volatile water and carbon dioxide act
as carriers in the melt, providing conditions for ionic
conduction.

Besides constraining the conductivity range of solid-melt
systems, it is necessary to consider the distribution of volatile.
When the water of the bulk rock is given, the fraction of water
in NAMs and melt is different. Notably, the water distribution
ratios in NAMs are as follows: Ol : Opx : Cpx : Grt=1 :
16 1 30 2 1 (Peslier AH, 2010). When the melt contains
water, the distribution ratios of water in solid-melt systems
are as follows: melt : Ol : Opx : Cpx : Grt=1000 : 2 1 3 :
20 1 (Kohn SC and Grant KJ, 2006). Quantitative
relationships based on the partial melting process in lherzolite
include (Katz RF et al., 2003): (1) The relationship between
melt fraction, temperature, and water in the solid-melt
systems; (2) calculation of the threshold temperature; (3)
distribution coefficients of water between garnet lherzolite

and melt.

When calculating the conductivity of solid-melt systems,
the conductivity-temperature relationships of Ol (Yoshino T
et al., 2009), Opx (Zhang BH et al., 2012), Cpx (Yang XZ et
al., 2011), Grt (Dai LD and Shun-ichiro K, 2009), and melt
(Sifre D et al., 2015) are applied. Mineral compositions in the
upper mantle and the bulk water are described in Section 3.2
and Table S1. Based on the bulk conductivity-temperature
relationship depicted in Fig. 5, it can be inferred that with
increasing depth, the initial melting temperature increases
(indicating a more challenging partial melting process). When
minerals are not melting, depth (pressure) has minimal impact
on the conductivity-temperature relationship. In the process of
melting in the upper mantle, NAMs and hydrous minerals
both contribute to the bulk conductivity. However, the
structural water in NAMs significantly enhances proton
conduction (Yoshino T et al., 2009). Additionally, as the
temperature rises, the release of structural water from NAMs
into the melt, along with carbon dioxide, facilitates ionic
conduction (Sifré D et al., 2015) (Fig. 6).

3. Discussion
3.1. The 3-D resistivity model characteristics of the NCC

The “SinoProbe” project deployed an MT array in the
NCC (Dong SW and Li TD, 2009). It consisted of 775
broadband MT stations and 95 broadband and long-period
MT stations. The inversion for the 3-D resistivity model used
a 111 (x)x181 ()x69 (z) grid. The inversion parameters were
set with an error of [Zxy*Zyx|"**10% for the diagonal
elements (Zxx and Zyy) and |Zxy*Zyx|'**5% for the off-
diagonal elements (Zxy and Zyx). The initial model used was a
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resistivity during the melting of bulk minerals.
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homogeneous half-space of 100 Q-m. After 400 iterations, the
RMS misfit was 2.07.

The 3-D resistivity model reveals the presence of large-
scale low-resistivity anomalies in the Bohai Bay Basin and
Ordos Block, which can be attributed to sedimentary deposits
(Figs. 7a, b). Furthermore, with increasing depth, low-
resistivity features are also observed in the northern Ordos
Block in the middle and lower crust, as well as in the
Yinchuan Graben (Cwl), Shanxi Graben, Weihe Graben
(CwS), and southern Taihang Uplift (Ce4). The high-
resistivity and low-resistivity anomalies in the upper mantle
exhibit a distinctive pattern of concentrated segmentation
(Figs. 7d—g). The high-resistivity anomaly in the Alax Block
(R1) is connected to the southern Ordos Block (R2), while the
high-resistivity anomalies in the Yanshan Block, northern
Taihang Uplift (R4), and the Sulu Orogenic Belt (R5) are
interconnected. With increasing depth, the resistivity
characteristics become more simplified, and the low-
resistivity regions are partitioned into eastern and western
parts by the North-South Gravity Lineament. The western side
primarily encompasses the northern Ordos Block and the
northern Trans-North China Orogen. In contrast, the eastern
side mainly includes the Bohai Bay Basin, the Luxi Uplift,
and the southern Taihang Uplift (Figs. 7h—j).

The low-resistivity anomalies in the upper mantle of the
NCC are separated by the Taihang Uplift and North-South
Gravity Lineament, indicating different origins for the low-

resistivity anomalies (Li BC et al., 2019). The Eastern Block
is most affected by the subduction and retreat of the Paleo-
Pacific Plate, exhibiting an activated state through mantle
replacement. Large-scale fluid migration and partial melting
cause the widespread low resistivity observed in the crust and
upper mantle. In the West Block, the low-resistivity materials
beneath the northern Ordos Block in the upper mantle exhibit
an upwelling trend toward surrounding grabens and rift
basins. The presence of magma is confirmed by the Datong
and Wulanhada volcanoes in the northeastern direction of the
Ordos Block. These observations imply that the Ordos Block
has been influenced by the northeastward growth of the
Qinghai-Xizang Plateau, causing deep-seated thermal
materials to upwell surrounding volcanoes, grabens, and
basins.

3.2. Lithological characteristics of the upper mantle in the
NCC

The igneous rocks (including volcanic and intrusive rocks)
in the NCC and its surrounding blocks are distributed in the
Yinshan-Yanshan Block, the Qinling-Dabie Orogen, the
northern Trans-North China Orogen, the Jiaolai Basin and the
Sulu Orogenic Belt (Fig. 1). These igneous rocks originate
from both the crust and mantle, undergoing partial melting
and upwelling. Petrological analysis of Cenozoic/Mesozoic
basalts within the igneous provinces of the NCC suggests that
Mesozoic basalts are derived from the ancient lithospheric
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mantle. In contrast, Cenozoic basalts primarily originate from
the asthenospheric mantle. This indicates that the upwelling
asthenosphere replaced the ancient lithospheric mantle
(Huang F et al., 2017) from the Mesozoic to Cenozoic eras.
The NCC experienced subductions of the Paleo-Asian Ocean
in the north, the Paleo-Tethyan Ocean in the south, and the
Paleo-Pacific Plate in the east, leading to the ingress of
significant amounts of hydrous and carbonate minerals into
the lithospheric mantle (Wang ZX et al., 2022). During the
Early Cretaceous, the westward subduction and retreat of the
Paleo-Pacific Plate led to upwelling and decompression
melting at the LAB (lithosphere-asthenosphere boundary)
(Zhu G et al., 2012; Su XD et al., 2023). The mantle’s carbon
dioxide transport to the Earth’s surface, facilitated by
geothermal activities, magmatic events, and deep-seated
faults, is observed in various carbon dioxide reservoirs, such
as those in the Bohai Bay Basin (Zhao FY et al., 2017).
Therefore, incorporating carbonate melts and carbon dioxide
in calculations about the relationship between the resistivity
structure and thermal structure of the upper mantle in the
NCC is justifiable.

Analysis of mantle xenoliths in the igneous rock regions
of the NCC provides insights into the state of the lithosphere.
Based on the analysis of 114 spinel (Spl) lherzolite and Spl
harzburgite xenoliths collected from locations, including
Yangyuan, Hannuoba, Hebi, and Nvshan (Table S1), the
mineral composition of the mantle consists of 66% Ol, 22%
Opx, 10% Cpx, and 2% Spl and hornblende (Hbl) (Aubaud C
et al., 2007; Yang XZ et al., 2008; Bonadiman C et al., 2009;
Xia QK et al., 2010; Wang Q et al., 2014). Compared to other
cratons, the NCC lacks garnet, which is highly pressure
sensitive. In calculating the mineral composition, the authors
have disregarded the minor content of Spl and Hbl, and used a
proportion of 68% Ol, 22% Opx, and 10% Cpx. Moreover,
the transition of mantle peridotite xenoliths from fertile
lherzolite to refractory harzburgite from east to west across
the NCC suggests that the eastern lithosphere is more prone to
melting.

3.3. Characteristics of the fluid content of the NCC

Compared with heat flow, the 3-D thermal state at
different depths reflects the current state of the lithosphere.
The temperature of the NCC lithosphere was calculated using
a 3-D heat conduction equation (case B) (Sun YJ et al., 2022),
with parameters including heat flow, thermal conductivity,
radiogenic heat production, and temperature at a depth of 100
km (An MJ and Shi YL, 2006). The average temperature was
calculated for the Bohai Bay Basin (115°E-117.5°E,
37.5°N-40°N), Trans-North China Orogen (112°E-114°E,
35°N—40°N), and Ordos Block (107°E-111°E, 35°N—40°N)
of the NCC (blue box in Fig. 1) (Fig. 8e). It can be seen that
the temperature gradient is highest in the Bohai Bay Basin
within the depth of 30-150 km, where the temperature at a
depth of 150 km reaches up to 1700°C. The Trans-North
China Orogen exhibits the highest temperature within a depth

range of less than 80 km, followed by a rapid decrease in
temperature gradient, which may be related to the dehydration
and cooling of the Pacific stagnant slab (at the same depth, the
higher the water, the lower the temperature required to
achieve the same conductivity). The temperature in the Ordos
Block is lowest at depths greater than 60 km, and its trend of
temperature-depth relationship is similar to that of the Trans-
North China Orogen.

Figs. 8a—c illustrate the conductivity-depth relationships
for the Ordos Block, Trans-North China Orogen, and Bohai
Bay Basin, respectively, using the methodology in Section 2.
Although the discussion in Section 2.1 suggests that carbonate
melts significantly enhance conductivity, Fig. 8c reveals a
decreasing trend in conductivity at depths greater than 110
km. This can be attributed to the increasing melt content
(Fig. 8f), where the carbon dioxide content within the melt
reaches saturation (45%) before experiencing a substantial
rise in the water/carbon dioxide ratio within the melt (Fig. 8g).
The reduction in the proportion of carbon dioxide in the melt,
coupled with the increase in pressure, contributes negatively
to conductivity, outweighing the positive contributions arising
from increased melt and water, as well as temperature
elevation. The two abrupt changes observed on the
conductivity-depth curve represent the results when the melt
fraction reaches 0% and 0.1%, respectively. The first
transition is the critical temperature at which the solid mantle
transforms to the molten mantle, and higher water leads to
more obverse transitions and higher conductivity. With depth
increases, the transformation temperature increases, indicating
a higher critical temperature for the solid mantle to molten
mantle transition. Under the same depth, high water content
leads to low transformation temperature, indicating a greater
possibility of partial melting.

3.4. Lithosphere destruction in the NCC

The water content in the lithospheric mantle of the NCC at
different times indirectly reflects the degree of destruction.
Compared with the oceanic lithospheric mantle (>50x107°),
cratonic lithospheric mantle (119x107%+54x107°), and non-
cratonic lithospheric mantle (78x10 °+45x107%) (Xia QK et
al., 2010), the NCC experienced stages of enhanced hydration
during the Early Cretaceous (about 120 Ma) (Xia QK et al.,
2013), significantly reduced hydration during the Late
Cretaceous (approximately 40x10°-200x107%), and markedly
dehydrated lithospheric mantle during the Cenozoic (<40 Ma)
(25x107°+18x107%) (Yang XZ et al., 2008; Xia QK et al.,
2010; Hao YT et al., 2016). Therefore, water enrichment
(hydration) induces lower viscosity in the lithospheric mantle,
making it more susceptible to destruction (Fig. 9a). As the
destruction process concludes, the combination of lower water
content and higher viscosity enhances the stability of the
cratonic lithospheric mantle. In the study, the water content of
200x107° in the lithospheric mantle exceeds that of the
Cenozoic lithospheric mantle in the NCC. However, only
when the depth exceeds 90 km does the calculated resistivity
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of the Bohai Bay Basin align closely with that obtained from
the MT method (Fig. 8c). This implies a greater involvement
of carbon dioxide in the melt’s conductivity, providing a more
suitable explanation for the high conductivity. The source of
carbon dioxide is associated with the volatile release of
carbon dioxide during the subduction of Paleo-Pacific plate
sediments into the lithospheric mantle (Plank T and Manning
CE, 2019).

The comparative analysis of the lithospheric mantle

conductivity among three tectonic blocks shows that the
gradient change of the conductivity-depth curve derived from
the MT method in the Bohai Bay Basin is relatively smaller
than that of the temperature curve. It indicates the complex
origin of high conductivity in the Bohai Bay Basin, which has
experienced significant destruction. Moreover, it highlights
the considerable variations in the distribution of water, carbon
dioxide, and melts with increasing depth. The difference in
water content between the crust and lithospheric mantle in the
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Fig. 9. A schematic illustration of hydration and thermal erosion in the North China Craton lithosphere.

Bohai Bay Basin and the Trans-North China Orogen suggests
decoupling at the crust-mantle interface (Yang XZ et al.,
2008), which excludes the delamination for explaining
lithospheric thinning. Furthermore, when the water content
reaches 200x10°®, partial melting initiates at approximately
130 km depth in the Ordos Block, around 100 km depth in the
Trans-North China Orogen, and nearly 90 km depth in the
Bohai Bay Basin. This reflects the depth of the LAB (shallow
green area in Fig. 8) and the gradual thinning of the North
China Craton lithosphere from west to east.

Based on the 3-D resistivity model from the MT method
and the calculated conductivity from rock physics
experiments, the authors analyze the destruction process of
the NCC. During the Late Mesozoic, the Paleo-Pacific plate
beneath the NCC subducted and retreated, and the stagnant
slab in the mantle transition zone was dehydrated (Niu YL,
2005). Subsequently, the hydrous asthenosphere upwelled and
eroded the lithospheric mantle and induced partial melting

under hydrous and depressurized conditions (Li P et al.,
2015). Furthermore, the hydrous lithospheric mantle provided
a low-viscosity state contributing to the destruction (Xia QK
et al.,, 2013). The combined hydration and thermal erosion
processes in the lithospheric mantle destructed the eastern
NCC (Fig. 9b). As the destruction process persisted, the
overlying lithospheric mantle underwent continuous heating.
Eventually, the lithospheric mantle was destructed entirely
during the Late Mesozoic, leading to thinning and
dehydration. The upwelling asthenosphere subsequently
cooled and accreted, forming a new lithospheric mantle (Xia
QK et al., 2019) (Fig. 9c). Consequently, the water content
within this newly formed lithospheric mantle might be higher
than that of the dehydrated remnants of the old cratonic
lithospheric mantle. This rheological contrast may have
influenced the thermal evolution, resulting in the present-day
low geothermal gradient observed at shallow depths in the
Bohai Bay Basin.
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Analyzing the current state of the NCC lithospheric
mantle, it is suggested that the low-resistivity anomalies in the
eastern NCC by the MT method are attributed to partial
melting, as well as higher water and carbon dioxide content
than those indicated in Fig. 8. The Paleo-Asian oceanic
subduction has affected the northern Trans-North China
Orogen, with the remaining oceanic crust providing carbon
dioxide into the lithosphere (Zheng TY et al., 2009; Chen CF
et al., 2016). However, using carbon dioxide to explain the
large-scale low-resistivity anomalies of the lithosphere is not
reasonable. Although the resistivity of the middle and lower
crust of the Ordos Block based on the MT method is high, the
resistivity of the lithospheric mantle is similar to that of the
Bohai Bay Basin and the Trans-North China Orogen. Notably,
extensive low-resistivity anomalies are distributed in the
northern Ordos Block (north of 37.5°N). The Ordos Block
may have been activated by the far-field effects of the
collision between the Indian and Eurasian plates, resulting in
a high melt fraction. The flat surface features in the northern
Ordos Block suggest the presence of extensive fluids
underground, which have balanced the surface relief (Fu RS
et al., 1994). Simultaneously, the retreat of the Paleo-Pacific
Plate has reactivated the old structures within the NCC,
providing favorable conditions for the upwelling of deep-
seated materials. Furthermore, from the slices of the 3-D
resistivity model in Fig. 7, the low-resistivity anomalies in the
deep northern Ordos Block tend to upwell towards the
surrounding grabens and basins. It explains the source of the
magma for the Hohhot-Jining-Datong volcanic magma.
Additionally, the shallow region (<60 km) is not characterized
by low temperature; in fact, it is even higher than that of the
Bohai Bay Basin (Fig. 8e), thus challenging the previous
understanding of the Ordos Block of low temperature,
stability, and rigid lithospheric block (Ren ZL et al., 2007).

4. Conclusions

The lithospheric destruction of the NCC was studied
through integrated analysis of MT data, mineral physics
calculations, and mantle xenolith constraints. The main
findings are as follows.

(1) The NCC exhibits significant east-west heterogeneity
in lithospheric state, delineated by the North—South Gravity
Lineament. The eastern domain (Bohai Bay Basin and Luxi
Uplift) is characterized by widespread low-resistivity
anomalies in the wupper mantle, indicating intensive
destruction, whereas the western domain (Ordos Block)
retains features of a more stable craton.

(i1) Low-resistivity anomalies (<10 Q-m) are extensively
distributed in the lithosphere across multiple tectonic units,
including the northern Ordos Block, the Yinchuan—Shanxi—
Weihe Graben systems, the southern Taihang Uplift, and the
Bohai Bay Basin, suggesting that the destruction process has
left a pervasive electrical signature throughout the lithosphere.

(ii1) Quantitative modeling based on the Arrhenius
equation and AS bounds reveals that elevated volatile contents

(H,O and CO,) in mantle fluids significantly lower the solidus
temperature of the lithospheric mantle. The resulting
hydration and partial melting reduce lithospheric strength,
making it more susceptible to destruction. Therefore, high
volatile content in mantle fluids is identified as a direct cause
of lithospheric destruction in the NCC.
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