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Abstract: Widespread magmatism, metamorphic core complexes (MCCs), and significant lithospheric thinning occurred during the
Mesozoic in the North China Craton (NCQ). It has been suggested that the coeval exhumation of MCCs with uniform northwest-southeast
shear senses and magmatism probably resulted from a decratonization event during the retreat of the paleo-Pacific Plate. Here we used
two-dimensional finite element thermomechanical numerical models to investigate critical parameters controlling the formation of MCCs
under far-field extensional stress. We observed three end-member deformation modes: the MCC mode, the symmetric-dome mode, and
the pure-shear mode. The MCC mode requires a Moho temperature of >700 °C and an extensional strain rate of >5 x 10-16 s~1, implying
that the lithosphere had already thinned when the MCC was formed in the Mesozoic. Considering that the widespread MCCs have the

same northwest-southeast extension direction in the NCC, we suggest that the MCCs are surface expressions of both large-scale
extension and craton destruction and that rollback of the paleo-Pacific slab might be the common driving force.
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1. Introduction

A metamorphic core complex (MCC) is a domal or arched struc-
ture characterized by three main features (Whitney et al., 2013;
Platt et al., 2015; Brun et al., 2018; Lin W and Wei W, 2020): (1) a
large-offset, low-angle (<30°) detachment fault, (2) direct contact
of the brittle upper crust and ductile lower crust, and (3) a domal
structure of the metamorphic core exhumed at the surface. Since
their identification in the Cordillera (Davis and Coney, 1979;
Coney, 1980), MCCs have quickly captured geologists’ attention
because the significantly low-angle normal fault violates the clas-
sical Anderson fault theory (Anderson, 1951), which predicts that
normal faults form at high angles (>45°) under extension. Be-
cause the exhumation of the mid-lower crust could carry informa-
tion on the deep crust, MCCs are generally acknowledged as a sur-
face response of deep tectonic processes (Davis and Coney, 1979;
Coney and Harms, 1984; Lister et al., 1984). As an indicator of
large-offset extension, MCCs have been widely identified in many
extensional locations, including the Basin and Range Province in
the United States (Davis and Coney, 1979; Wernicke, 1981; Coney
and Harms, 1984) and the Cyclades in the Aegean Sea (Lister et al.,
1984).

Intensive studies have been done to explore the mechanisms and
conditions of MCC formation, including field observations (Coney
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and Harms, 1984; Lister and Davis, 1989; Lin W and Wei W, 2020),
analogue simulations (Brun et al., 1994, 2018; Brun, 1999; Tirel et
al., 2006), and numerical simulations (Lavier et al., 1999; Tirel et al.,
2004, 2008; Wijns et al., 2005; Rey et al., 20093, b; Huet et al., 2011;
Le Pourhiet et al.,, 2012; Schenker et al., 2012; Wang K et al., 2015;
Lu G et al., 2016; Wu GL and Lavier, 2016). Various factors respons-
ible for MCC formation have been proposed: (1) strain localization
that accounts for the low-angle deflection of the detachment fault
(Lavier et al., 1999, 2000); (2) a temperature rise and partial melt-
ing (Buck, 1991; Tirel et al., 2008; Rey et al., 20093, b; Wang K et al.,
2015); (3) a thickened crust (Buck, 1991; Tirel et al., 2008); and (4) a
contrasting viscosity structure between the strong upper crust
and the relatively weak lower crust (Lu G et al., 2016). However,
the kinematics, timing, and formation mechanism of MCCs are still
under debate. Some have supported the idea that a temperature
rise and partial melting promote the formation of an MCC (Buck,
1991; Lavier and Buck, 2002; Tirel et al., 2004, 2008; Rey et al.,
20093, b; Schenker et al.,, 2012; Wang K et al., 2015), whereas Huet
et al. (2011) argued that high temperature is not a prerequisite.
Most MCCs are found in the orogen; therefore, the formation of an
MCC is classically attributed to post-orogenic collapse by a
thickened crust (Buck, 1991; Tirel et al., 2008). However, recent nu-
merical models have shown that MCCs can still form without a
thickened crust (Wang K et al.,, 2015), undermining the post-oro-
genic collapse theory to a certain extent.

Cratons are long-term stable terrane units on Earth that lack tec-
tonic and magmatic activities over billions of years. However, the
North China Craton (NCC) is abnormal in that it has undergone
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significant lithospheric thinning and destruction (Wu FY et al,
2008, 2019; Zhu RX et al,, 2011, 2020; Zhu RX and Xu YG, 2019).
Observed diamond-bearing kimberlites at Mengyin, Tieling, and
Fuxian in the NCC have demonstrated that the NCC was once
~200 km thick in the middle Ordovician (Zhu RX and Zheng TY,
2009). Studies of peridotite enclaves and mineral inclusions in dia-
mond from kimberlite have shown that the surface heat flux of
the NCC in the Paleozoic was 40 mW/m2 (Griffin et al., 1998; Xu
YG, 2001), a typical value for stable cratons. In contrast, geochem-
ical and geophysical observations have revealed a thinned litho-
sphere and a high surface heat flux in the eastern NCC (Griffin et
al., 1998; Hu SB et al., 2000; Menzies et al., 2007; Chen L, 2010).

The widespread distribution of MCCs sharing a consistent north-
west-southeast shear sense in the NCC occurred in a narrow age
range (120-130 Ma) contemporarily with the destruction of the
craton, indicating an intimate relationship between MCC forma-
tion and the craton destruction event. Here we used numerical
models to investigate crucial parameters controlling the forma-
tion of an MCC and further constrain the factors that triggered
craton destruction.

2. Geological Setting

The NCC is one of the oldest cratonic blocks globally, containing
Archean rocks as old as 3.8 Ga (Liu DY et al.,, 1992). It is bounded to
the north by the Central Asian Orogenic Belt and to the south by
the Qinling—Dabie—Sulu Orogenic Belt (Wang HZ and Mo XX,
1995; Figure 1a). The NCC consists of two major blocks, the west-
ern NCC and the eastern NCC, separated by the Trans-North China
Orogen (TNCO; Zhao GC et al., 2005). After assembling the west-
ern and the eastern blocks along this orogen during the Paleo-
proterozoic (~1.9-1.85 Ga; Zhao GC et al., 2005), the NCC finalized
its cratonization and remained stable until the Mesozoic. In the
Mesozoic, the eastern block underwent significant lithospheric
thinning and destruction (Wu FY et al., 2019; Zhu RX and Xu YG,
2019; Zhu RX et al,, 2020). Seismic observations have shown that
the current NCC has crustal thicknesses of ~30 km in the destruc-
ted eastern block and ~40 km in the stable western block (Chen L
et al.,, 2006; Zheng TY et al., 2006; Bao XW et al., 2015; Wei ZG et
al., 2015; Xia B et al.,, 2017; Zheng TY et al., 2017).

The NCC experienced several tectonic events during the Late
Mesozoic. During the Early Triassic, the closure of the paleo-Asian
ocean (along the Xing’an Mongolian Orogenic Belt, the eastern
part of the Central Asian Orogenic Belt) in the north and the Da-
bie-Sulu Ocean in the south resulted in the NCC forming part of
the East Asian continent (Wang HZ and Mo XX, 1995). The paleo-
Pacific subduction beneath the East Asian continent began in the
Jurassic to the east of the NCC (Wang HZ and Mo XX, 1995). Field
data have suggested that the NCC experienced two compression-
al events, one in the Middle Jurassic and the other in the Early
Cretaceous, and two major extension periods, one in the Late Jur-
assic and the other after the compressional event in the Early
Cretaceous (Zhu RX and Xu YG, 2019; Zhu RX et al., 2020).

The extension in the Early Cretaceous was intensive, accompan-
ied by the development of widespread volcanic eruptions, granit-
ic intrusions, and related gold mineralization (Wang HZ and Mo
XX, 1995; Wu FY et al., 2008, 2019; Zhu RX and Xu YG, 2019). Three

peaks of magmatism occurred in the Triassic, Jurassic, and Early
Cretaceous (Figure 1c). Metamorphic core complexes are widely
distributed in the NCC (Figure 1a), from the Hohhot MCC (Davis et
al., 2002; Lin W and Wang QC, 2006) in the northwest to the Yun-
meng Mountain MCC (Zheng YD et al., 1988; Davis et al., 2002; Lin
W and Wang QC, 2006; Chen Y et al., 2014) in the central NCC, to
the eastern Yiwulu Mountain (Waziyu) MCC (Darby et al., 2004;
Zhang BL et al,, 2012) and southern Liaoning MCC (Liu JL et al.,
2005, 2013; Ji M et al,, 2015) in the east, and the Xiaoginling MCC
(Zhang JJ and Zheng YD, 1999; Li YJ et al., 2020; Lin W and Wei W,
2020) at the south margin. It is noteworthy that MCCs in the NCC
have the following common characteristics: (1) they have similar
activity times (135-115 Ma; Figures 1c and 1d), and (2) they have
similar shear sense directions (northwest-southeast; Figure 1a).
These characteristics suggest that the formation of MCCs may be
controlled by a common large-scale tectonic stress and linked to a
change in the thermal state of the lithosphere. In this study, we
used two-dimensional (2-D) thermomechanical numerical experi-
ments to investigate MCC formation under the boundary exten-
sion and explore the effects of two controlling factors, strain rate
and Moho temperature, on MCC formation.

3. Method

3.1 Governing Equations

We used the 2-D thermomechanical finite-element code MILAM-
IN_VEP2 (Kaus, 2010; Thielmann and Kaus, 2012) to simulate in-
compressible viscoplastic flow. The code solves the mass, mo-
mentum, and energy conservation equations of incompressible
flow under the general Boussinesq approximation:
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where x;; represent spatial coordinates, v;; are components of ve-
locity, and repeated indices are summed. Variables P, p, g, ¢, T, t,
and k denote pressure, density, gravitational acceleration, heat
capacity, temperature, time, and thermal conductivity, respec-
tively. In addition, t; = 2n¢; is the deviatoric stress, where ¢; =
1 (% + %) is the strain rate tensor; H, = 1;¢; is shear heating; and
2\ox; o

H,is radioactive heat.

The rheology is assumed to be viscoplastic. The total strain rate is
given by
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where £ and éfj?' represent the viscous and plastic strain rate, re-

spectively, A denotes the plastic multiplier, and Q is the corres-
ponding plastic flow potential (Kaus, 2010).

A laboratory-based temperature and the strain rate-dependent
dislocation creep flow law were used, with the effective viscosity
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Figure 1. (a) Distribution of Mesozoic metamorphic core complexes (MCCs) and domes in the North China Craton (NCC). Numbers in red
indicate MCC ages, and arrows indicate their shear senses. TNCO, Trans-North China Orogen. MCC code: Gdl, Gudaoling magmatic dome; Gjl,
Guojialing syn-tectonic granite; GZ, Ganzhuermiao; Jn, southern Shandong extensive dome; KL, Kalagin; LL, Linglong; NDB, North Dabie; Np,
Nampho magmatic dome; Qs, Queshan; SL, Southern Liaoning; Xq|, Xiaoginling; Xrs, Xiongershan; Xs, Xishan; Xy, Xiuyan; Ymw, Yimawanshan

. Syntectonic pluton
[JExtensional dome [T /):nagmatic gome

] Rolling hinge structure

magmatic domes; Yg, Yagan; Ym, Yunmeng Mountain; Yw, Yiwulu Mountain; Zjg, Zijingguan. Modified from Wang T et al. (2011). (b) Cross-section

of the Linglong MCC (modified from Wu XD et al., 2020). (c) Zircon U-Pb ages of Mesozoic igneous rocks in the NCC showing three magmatic
peaks in this area (modified from Wu FY et al., 2019). (d) Ages of extensional structures in the NCC (modified from Lin W and Wei W, 2020).
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ideal gas constant (8.314 J/K/mol), Ap is the pre-exponential
factor, n is the stress exponent, E is the activation energy, V is the
activation volume (Table 1), &, = /0.5¢;¢; is the second invariant
of the strain rate tensor, and F is a viscosity scaling factor that rep-
resents stronger or weaker materials.

When the stress exceeds the yield stress of the rock, the rock un-
dergoes plastic failure. The yield stress is based on the
Drucker—Prager fracture criterion:

T, = Tyng = Psing + Ccos, (6)

where 1,,4 =,/0.57;7; is the second invariant of the deviatoric
stress, C is the cohesion, and ¢ is the frictional angle. Rocks are
subject to damage after yielding, parameterized by a linear reduc-
tion of cohesion C and the internal friction angle ¢ between a
plastic strain of 0.1 to 1.5 (Figure 2e; Lavier and Buck, 2002; Wang
K et al.,, 2015). We also took into account plastic healing (Puthe
and Gerya, 2014) with a rate of &ne,jng = 1 % 107> s71. Details of the
model parameters are shown in Table 1.

3.2 Steady-State Geotherm of Old Lithosphere
Radioactive elements such as uranium and thorium are incompat-
ible components enriched in the crust and depleted in the

Table 1. Model parameters used in the reference model.

mantle. Therefore, it is reasonable to assume that the radioactive
heat in the lithospheric mantle approaches zero. When the heat
lost by the crust balances the heat gained, with fixed heat produc-
tion from radioactive heat in the lithosphere, a steady state is
reached. We assumed that the old continental lithosphere
reached a steady state (McKenzie et al., 2005); thus, Equation (3)
turns into
2

kg—zzT +H =0, (7)
where k is thermal conductivity, T denotes the temperature, z is
the depth, and H, is the radioactive heat.

In the crust, Equation (7) leads to an analytical solution of the tem-
perature that increases with depth (Figure 2b) in the form of

H T
T:To—j(z—zm)z+ '\;:,hoz, (8)

where T, denotes the surface temperature, Tygno is the Moho tem-
perature, and z,, is the Moho depth.

Because heat generation within the mantle is taken to be zero,
and thus the steady-state heat flux through the entire lithosphere
is continuous, the thermal gradient in the lithospheric mantle
equals the thermal gradient in the crust at the Moho:

dr - _Hrzm + Thioho @)

& Moho 2k Zm

The depth of the thermal lithosphere-asthenosphere boundary
(LAB) is thus

Parameter Symbol Unit Upper crust Lower crust
Thickness h km 20 20
Density P kg m-3 2,700 2,800
Radioactive heat Hr Wm-3 9 x 1077 9 x 1077
Thermal conductivity k W m-1K-1 2.5 25
Heat capacity [ J kg K-1 1,050 1,050
Flow law — — Dry granite2 Diabase?
Stress exponent n — 33 3
Viscosity scaling factor f — 10 0.1
Prefactor Ap s 1Pa-n 3.16 x 10-%6 32 x10-20
Activation energy E kJ mol-1 190 276
Activation volume % m3 mol-1 0 0
Plastic strain healing rate Enealing s 1x10-15 1x10-15
Frictional angle o} ° 30-3 30-3
Cohesion C MPa 20-2 20-2
Strain range for weakening & — 0.1-15 0.1-15
Surface temperature To °C 0 0
Bottom temperature TMoho °C 750 750
Background strain rate £og s71 5x 10-16 5 x 10-16

aParameters are taken from Schmalholz et al. (2009).
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Figure 2. Model setup. (a) The 2-D model domain (40 x 200 km) with composition field and boundary conditions. (b—d) Profiles of temperature
(b), viscosity (c), and strength (d) at a background strain rate of 5 X 10-16 s~ of the reference model. (e) The linear strain weakening mechanism.

BDT, brittle-ductile transition.

TLaB — TMoho (10)

2 =7z, + ,
LAB T em dT/dz

where T 5 is the temperature at the base of the lithosphere.

3.3 Model Setup

We assumed that the destructed eastern block initially had the
same crustal thickness as the stable western block, ~40 km at
present, constrained by the receiver function observation (Chen L
et al,, 2006). Following previous studies (Wijns et al., 2005; Gess-
ner et al.,, 2007; Lu G et al., 2016), we set the model to 200 km wide
and 40 km deep (Figure 2a), consisting of two horizontal layers
representing the upper crust (20 km) and the lower crust (20 km).
The model was discretized with 451 x 121 evenly distributed grids
in the horizontal and vertical directions, respectively. The model
had an impermeable lower boundary, which allowed us to study
the formation of MCCs with a relatively flat Moho (Tirel et al., 2008;
Schenker et al.,, 2012; Wang K et al,, 2015).

The top boundary was a free surface, and a free-surface stabiliza-
tion algorithm was implemented (Kaus et al., 2010). Side boundar-
ies were extended at a constant background strain rate (&),
whereas a return strain rate (—¢,,) was applied at the bottom
boundary to ensure mass conservation. Constant-temperature
boundary conditions were adopted for the top and bottom
boundaries, which for the reference model were T, = 0 °C and
Tmoho = 750 °C. Side boundaries had zero heat flux.

4. Results
We performed 20 models with varying background strain rates
(épg) and Moho temperatures (Tmono; Table 2). All models were ter-

minated when the crustal thickness was reduced to 30 km, con-
sistent with the present-day crustal thickness in the eastern NCC
(Chen L et al,, 2006; Bao XW et al., 2015; Wei ZG et al,, 2015; Xia B
et al,, 2017). Three end-member deformation modes were ob-
served: (1) the MCC mode, characterized by the formation of a
low-angle detachment fault and rapid exhumation of the lower
crust material; (2) the symmetricc-dome mode, characterized by a
slow uplift of the lower crustal material without a detachment
fault; and (3) the pure-shear mode, with uniform crustal extension.
Below we describe the three end-member modes in detail.

4.1 Reference MCC Mode

The reference model E5T750, with a background extension strain
rate of &,;=5x 1 0-"6 s~ and a Moho temperature of Tyoho = 750 °C,
evolved as a “rolling-hinge” MCC mode (Figure 3). At the early
stage (13% of extension), two pairs of conjugated high-strain-rate
shear zones formed with high angles (>45°) in the brittle upper
crust, leading to the formation of two necking centers in the up-
per crust (Figure 3a). Deformation became more concentrated at
16% of extension (Figure 3b). In both necking centers, the right
limb of the conjugated shear zones became inactive, leading to
the formation of asymmetric shear zones. At this stage, the faults
remained at a high angle (49°). At 19% of extension, deformation
became further concentrated at the asymmetric shear zone in the
right necking center, whereas the left necking center became in-
active (Figure 3c). With ongoing extension, the strain rate contin-
ued to localize strongly at the asymmetric fault in the right neck-
ing center. New faults appeared in the deep dip at 36°, whereas
old faults began rotating gradually to lower angles as they ap-
proached the surface. The fault near the surface had a low angle

Ma ZQ and Lu G et al.: Metamorphic core complex modeling
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Table 2. Description of the numerical experiments and modes of
deformation.

gbg

Model no. (10-16 5-1)  Tmoho (°C) anl;zi:!t(°) Mode
EO5T600 0.5 600 - Symmetric dome
EO5T650 0.5 650 - Symmetric dome
EO5T700 0.5 700 - Symmetric dome
EO5T750 0.5 750 - Symmetric dome
EO5T800 0.5 800 - Symmetric dome
E1T600 1 600 - Symmetric dome
E1T650 1 650 - Symmetric dome
E1T700 1 700 - Symmetric dome
E1T750 1 750 16-20 McCC
E1T800 1 800 17-20 McCC
E5T600 5 600 - Pure shear
E5T650 5 650 - Symmetric dome
E5T700 5 700 13-26 MCC
E5T750 5 750 10-21 MCC
E5T800 5 800 10-23 McCC
E10T600 10 600 - Pure shear
E10T650 10 650 - Pure shear
E10T700 10 700 19-58 McCC
E10T750 10 750 14-28 MCC
E10T800 10 800 16-27 McCC

aFault angle was measured at a depth of 0-4 km on those faults
where strain localization occurred, and strain rate was locally larger
than 1 x 10-14 s-1 at a total extension of 33%.

of 18°. As a result, the lower crustal material on the footwall of the
active faults was exhumed along the detachment fault. Upwelling
of the ductile lower crust caused by the local pressure gradient
resulting from upper crustal necking “pushed” the detachment
fault upward, resulting in rotation of the detachment fault and
formation of the MCC, which was comparable to the “rolling
hinge” mode (Axen and Hartley, 1997; Wu GL et al., 2015). Finally,
at 33% of extension (Figure 3d), the lower crust was exhumed to
the surface, and the dip angle of the minimum detachment fault
decreased to 10°. The P-T-t paths show that within 18 Myr, both
the pressure (from ~0.8 to ~0.1 GPa) and the temperature (from
~620 to ~100 °C) essentially dropped. The stress profile showed
that the surrounding upper crust sustained considerable stress of
~140 MPa, whereas the lower crust was weak, with low stress.

4.2 Symmetric-Dome Mode

Model E1T700, which had boundary conditions of &,4=1 x 101651
and Tyoho = 700 °C, evolved in the symmetric-dome mode. At the
early stage (11% of extension), the model underwent similar de-
formation as the reference model, forming two pairs of conjug-
ated shear zones, and as a result, two necking centers in the up-
per crust (Figure 4a). The conjugate faults were all at high angles

(>50°). However, the strain rate was less concentrated in the shear
zones than in the reference model. With further extension, unlike
in the reference model, the conjugate shear zones did not evolve
into asymmetric shear zones. Instead, both necking centers re-
mained active, and the conjugate shear zones became more dif-
fused (Figure 4b). Dips of the active shear zones remained high,
and no low-angle detachment fault formed. The upper crust con-
tinued to neck, and the weak lower crust slowly exhumed upward
to form symmetric domes. Tracers of the P-T-t paths demon-
strated a total cooling of nearly 300 °C over a relatively long time
(90 Myr), which yielded a cooling rate of ~3 °C/Myr. Compared with
the MCC mode, the symmetricc-dome mode also experienced
cooling and decompression, but the duration was much longer.
The stress profile showed a similar pattern (a strong upper crust
with ~150 MPa stress and a weak lower crust) as the MCC mode.

4.3 Pure-Shear Mode

Model E5T600, which had &= 5 x 10716 s=1 and Tpoho = 600 °C,
evolved in a pure-shear mode (Figure 5). The crust was uniformly
thinned to 30 km in a pure-shear style, with distributed deforma-
tion in the entire model domain. Although there were several
necking zones in the crust, there was insufficient shear localiza-
tion to develop conjugated shear zones (Figure 5a). As a result, we
defined those cases as the pure-shear mode. The tracers experi-
enced little decompression and cooling in this case.

4.4 Conditions of MCC Formation

To constrain the conditions of MCC formation, we performed sys-
tematic runs with varied Moho temperatures and extension strain
rates. Our results indicated that MCC formation requires a high
strain rate (=1 x 10~ s~1) and a high Moho temperature (700 °C;
Figure 6a). The symmetriccdome mode occurred at lower strain
rates, which did not develop a detachment fault. Although mod-
els E1T750 and E1T800 could form an MCC, it took an unrealistic
long time (~60 Myr), which disagrees with the observed rapid ex-
humation feature (~20 Myr) of MCCs in the field. Thus, we con-
clude that the optimal conditions for MCC formation in the NCC
are g,q 25 X 10716 =1 and Tyoho =700 °C. No detachment fault or
strain localization could form if the background strain rate or the
Moho temperature lowered. Instead, the symmetric-dome mode
developed, as shown in the yellow area of Figure 6a. Finally, a
high background extension rate (>5 x 10-'¢ s~') and a low Moho
temperature (<650 °C) led to the pure-shear mode (Figure 6a).

Figure 6b shows the weakening proof of the three end-member
models, as demonstrated by the viscosity reduction index

Nmin - .
(I, = , where n.,;, and n,,, are the minimum and average vis-

cosities at a depth of 10 km, respectively) versus the extension
(change in length divided by the original length). The MCC mode
underwent the most strain localization and weakening (19%)
when the crust was stretched to 18%. The symmetric-dome mode
underwent intermediate strain localization and weakening (8%)
when the crust was extended to 9%. Finally, the crust underwent
consistent thinning in the pure-shear mode and thus no strain loc-
alization or weakening. The viscosity decreased smoothly; there-
fore, the minimum viscosity proxy weakened by only 2% when
the crust was stretched to 33%.
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Figure 3. Evolution of the reference MCC mode with Epg= 5 X 10716 s=1 and Twono = 750 °C. Stages with total extension at 13% (a), 16% (b), 19%
(c), and 33% (d) are shown. In each stage, snapshots of the composition (top left) and strain rate (bottom left) fields, P-T-t paths (top right), and
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of dip angle from 49° to 10° to 21° of the asymmetric shear zone at x = 50 km, showing the rolling hinge mode for MCC formation.

5. Discussion

5.1 Comparison with Observational Data

Figure 7 shows a comparison of T-t paths in our models with field
data (Lin W and Wei W, 2020). Note that some MCCs could reach
a cooling rate of ~50 °C/Myr, such as the Hohhot, Yunmeng

Mountain (Chen Y et al., 2014), and Yagan MCCs. In comparison,
the slope of model E5T750, the MCC mode (deep blue, ~55 °C/Myr),
best fit that of the actual cooling rate of MCCs, such as the Hoh-
hot, Yunmeng Mountain, and Yagan MCCs, whereas the symmet-
ric-dome (~3 °C/Myr) and pure-shear modes (~2 °C/Myr) all experi-
enced slow cooling rates. Therefore, a high strain rate and a high
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temperature were the necessary conditions for rapid exhumation. allowed us to further estimate the thermal state of the litho-
Lacking either one, rapid exhumation failed to develop. sphere of the eastern NCC at the start of the extension (Figure 8a).
Because the temperature and the heat flux were continuous at all

5.2 Thermal State of the Lithosphere in the NCC in the depths in our model, the thermal gradient at the Moho (Equation
Cretaceous (9)) equaled the Moho heat flux calculated from the mantle tem-

Using an initial steady-state continental geotherm in our models perature profile. A stable craton with a LAB depth of 200 km
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would require a Moho temperature of 490 °C for the same radio-
active heat used in this study. By extrapolating the initial temper-
ature in our models using the thermal gradient at the Moho, we
were able to project the LAB depth by using a base lithosphere
temperature of 1,300 °C for each model. The minimum Moho tem-
perature (700 °C) required for MCC formation in our models sug-
gests that the depth of the LAB would be shallower than ~100 km
(Figure 8b). This is much thinner than the “normal” stable cratonic
lithosphere, suggesting that the eastern NCC had thinned prior to
the formation of MCCs in the Mesozoic.

5.3 Slab Rollback as a Mechanism of MCC Formation
Analysis of the geometric, kinematic, and chronological data for
the MCCs showed that MCCs in the NCC, distributed over a do-
main of >1,500 km, shared the same extension direction and
activity time, implying a common large-scale geodynamic mech-
anism. Several possible explanations have been proposed:
(1) back-arc extension caused by the subduction of the paleo-Pa-
cific plate (Zhu G et al., 2012; Liu JL et al,, 2013; Chen Y et al., 2014;
Ji M et al,, 2015; Zheng JP and Dai HK, 2018; Li YJ et al., 2020);
(2) foundering of the lower crust, the mantle lithosphere, or both
(Gao S et al., 2004; Lin W and Wang QC, 2006; Lin W and Wei W,
2020); (3) post-orogenic collapse (Coney and Harms, 1984; Lister
et al., 1984; Zheng YD et al., 1988; Davis et al., 2002; Darby et al.,
2004; Zheng YD and Wang T, 2005; Huet et al.,, 2011; Wang T et al.,
2011; Jolivet et al., 2013); and (4) mantle plume upwelling (Xu YG,
2001).

Delamination of the lower crust, the mantle lithosphere, or both
may replace the initial lithosphere with the sublithospheric
mantle, leading to a hotter thermal state that favors MCC forma-
tion and would explain the widespread volcanism and magmat-
ism. However, the sinking delaminated lower part of the litho-
sphere tends to develop downwelling of the mantle flow, which
induces a convergent horizontal flow and imposes compressional
stress on the surface. As shown in our models, MCC formation re-
quires not only a high Moho temperature but also a large exten-
sional strain rate, which is not guaranteed during delamination.
Thus, delamination alone is unlikely the dominant mechanism of
MCC development.

Post-orogenic gravitational collapse provides a potential mechan-
ism for the required extensional stress field for individual MCCs.
Because gravitational collapse forces are largest along the direc-
tion of the steepest topographic change, the extension direction
is expected to be perpendicular to the strike of the orogen. This is,
however, inconsistent with field observations that the wide-
spread MCCs in the NCC exhibit a uniform northwest-southeast
extension direction, unrelated to the strikes of the orogens
(Figure 1a). Moreover, MCCs in the NCC occur at several orogens
forming at a similar age. It is difficult to explain why these MCCs
were developed almost simultaneously across the entire domain
by post-orogenic gravitational collapse.

The mantle plume hypothesis is another mechanism that could
induce high geotherm and extensional stresses. However, earlier
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studies showed that a plume generates a radial pattern when it
spreads out like a mushroom cloud (Xu YG, 2001), which cannot
explain the uniform extension direction of MCCs in the NCC. It is
also unlikely that multiple plumes arrived simultaneously over a
broad domain of >1,800 km.

None of these three mechanisms alone can be the dominant driv-
ing mechanism for MCC development in the NCC. The simultan-
eous occurrence of MCCs implies that a single large-scale tectonic
event might have controlled them. We suggest that far-field ex-
tensional stress resulting from trench retreat of the paleo-Pacific
slab is a plausible mechanism for MCC formation and magmatism
during the Mesozoic and a reasonable driving force for destruc-
tion of the NCC. The sinking of subducting slab may exert addi-
tional mantle drag force through convection (Lu G et al., 2021)
that enables extension far away from the trench. The uniform ex-
tension direction of MCCs, which is perpendicular to the strike of
the paleo-Pacific subduction trench, is consistent with the poten-
tial retreat direction. On the basis of our results, the minimum
background strain rate for an MCC to form is 5 x 10-16 s=1, Assum-
ing that this strain rate is the average value over the extensional
domain from the trench to the westernmost Hohhot MCC, which
is 1,800 km wide (Li YJ et al., 2020), we obtained a minimum
trench retreat velocity of 2.8 cm/yr if the interior of the Eurasia
plate is stationary. This estimate is consistent with the mean
speed of global slab retreat of 1.3-1.5 cm/yr by Schellart et al.
(2008) and comparable in the order of magnitude with the value
(8.8 cm/yr) proposed by Zhu RX et al. (2015).

6. Conclusions

We used 2-D thermomechanical models to simulate the forma-
tion of an MCC with an initial steady-state continental geotherm.
Our models show that crustal deformation under extension exhib-
its three distinct modes: MCC, symmetric-dome, and pure-shear.
Formation of an MCC requires a high Moho temperature (Tyoho
2700 °C) and &g 25 x 10776 s71. Assuming that the pre-extension
geotherm is in a steady state, we estimate that the LAB depth at
the start of the extension was ~100 km or shallower. We propose
that far-field stress induced by trench retreat of the paleo-Pacific
plate resulted in the lithospheric destruction that was a prerequis-
ite for the later formation of MCCs with the same extension direc-
tion (northwest-southeast) in the NCC. The extensional strain rate
threshold required for MCC formation (5 x 10716 s~1) may place
a new constraint on the minimum trench retreat velocity of
2.8 cm/yr.
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