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Abstract Lithospheric destruction of the North China Craton (NCC) is a prominent phenomenon during
the Mesozoic, but the timing and process are still in dispute. Furthermore, whether the Yangtze Craton
(YTC) was also destructed is controversial. Twenty samples collected from the NCC and YTC were subjected to
high-resolution 40Ar/39Ar geochronological and thermochronological studies. Average cooling rates of 450–150°C
were estimated, showing that a rapid cooling event (~12°C/Ma) occurred on the NCC but not on the YTC during
the Late Mesozoic. Crustal thickness can be roughly estimated by using pure conductive cooling showing that the
crust of the NCC in the Jurassic was thicker than in the Cretaceous. Nonlinear cooling histories and cooling rates
obtained by using multidomain diffusion theory show that the upper crusts of NCC and YTC had different cooling
patterns during the Mesozoic. Combined with the sedimentation rates on the NCC, we argue that lithospheric
thinning of the NCC began in the northern portion at ~140–135 Ma and peaked in the central and eastern portions
at ~125–100 Ma, at a cooling rate of ~9.6°C/Ma. In contrast, the YTC cooled gently during 200–75 Ma at a rate of
~1.2°C/Ma, implying that the lithospheric thinning did not happen there during this time. Pure conductive cooling
suggests that the crust of the YTC in the Late Triassic was thicker than the NCC in the Cretaceous; therefore, we
argue that the lithospheric destruction in the YTC might have occurred after ~75 Ma.

1. Introduction
The North China Craton (NCC) and Yangtze Craton (YTC) dominate the eastern Asian continent (Figure 1a)
and are crucial for the understanding of the dynamic evolution of the lithosphere. The NCC is the only
craton on Earth that has been reactivated and destructed [Gao et al., 2002; Zheng et al., 2007] resulting in
lithospheric thinning from more than 150 km to less than 80 km, which most likely happened in the
Mesozoic [e.g., Grifﬁn et al., 1992; Gao et al., 2002; Zhang et al., 2003; Wilde et al., 2003; Xu et al., 2004, 2009;
Wu et al., 2005; Menzies et al., 2007; Zheng et al., 2007; Zhu et al., 2012a, 2012b].
Debates on the NCC destruction have been continuing among geochemists since the beginning of the
proposal of this issue decades ago [e.g., Fan and Menzies, 1992; Grifﬁn et al., 1992, 1998]. Contentions mostly
focus on why, when, where, and how the destruction was processed. Timing of the onset of the destruction is
a key for the understanding of the process and mechanism and bear signiﬁcance for the evolution of the
eastern Asian Continent. However, this has been controversial for long with varieties of estimates, that is, the
Late Triassic [Han et al., 2004; Yang et al., 2010], Late Jurassic [Gao et al., 2004], Late Cretaceous [Wu et al., 2005;
Yang et al., 2008], and Late Carboniferous to early Cenozoic [Xu et al., 2009; Windley et al., 2010]. A newly
detailed study argues that the destruction peaked in the Early Cretaceous [Zhu et al., 2012b].
More studies are needed. One problem that needs to be answered is whether the NCC was destructed alone
[e.g., Gao et al., 2002; Zhang et al., 2003] or together with the YTC in southern China [e.g., Wu et al., 2005;
Xu, 2007; Xu et al., 2007; Zheng et al., 2007] (Figure 1). Seismic velocity data show that the crust of the
middle and east YTC is as abnormally thin (~30–33 km) [e.g., Chen et al., 2008a, 2008b] as that of the NCC
[Ai and Zheng, 2003] implying that the lithosphere was also thinned. Did the NCC and YTC suffer a uniform
dynamic process during the Mesozoic or did they go through different processes separately?
One notable phenomenon is the voluminous felsic intrusions in the NCC and YTC [e.g., Wu et al., 2005, 2011].
These rocks were overprinted by cooling related to either pure conduction or denudation. Especially, the argon
system of the slowly cooled K-feldspar is sensitive to denudation owing to its nature of temperature-dependant
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Figure 1. (a) Topography map of the East Asia (data source: Chen, [2010]). The North China Craton (NCC) and the Yangtze Craton
(YTC) are conﬁned by using green and orange dashed lines, respectively. (b) Schematic tectonic map of China showing the major
blocks and orogens [Wang et al., 2007]. The North China and Yangtze Cratons are shown in green and orange, respectively. Also shown is the Daxing’an-Taihangshan-Wulingshan relief contrast line (thickest blackish solid line).

diffusion. Therefore, the slowly cooled K-feldspar can be used as a better proxy in revealing the cooling history
of the rock [e.g., Lovera et al., 1989, 1991; McDougall and Harrison, 1999].
In this article, we study the cooling and unrooﬁng of the NCC and YTC during the Mesozoic by using 40Ar/39Ar
thermochronology and focus on the following questions: (1) Did the NCC ever experience a rapid cooling and
unrooﬁng event during the Mesozoic? If so, when and how? (2) Did the YTC thin together with the NCC?
Answering these questions will shed new light on when and how the lithosphere was destructed.
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Figure 2. Geological units of North China and Yangtze Cratons (data sources are from Ma [2002] and our observations).
Also shown are the sample sites and the number of sediment proﬁles (also see Figure 10).

2. Geological Setting
Separated by the Qinling-Dabie Orogen, the NCC and YTC are located on the north and south China,
respectively (Figure 1b).
The NCC, initialized during the late Archean (2.5–3.0 Ga) [Zhai, 2011], is circumvented by the central Asian
orogen (Yinshan orogen) to the north, the paleotethys belt (Qinling-Dabie orogen) to the south, the IndianEurasian tectonic domain (Tibet plateau) to the west, and the Sulu Orogen to the east (Figure 1b). Collision
between the NCC and YTC resulted in the ﬁnal closure of the Tethys Ocean and formed the Qinling-Dabie
orogen during the Early Triassic [e.g., Wang et al., 2013c]. To the north, the Yinshan orogeny ceased by the Early
Jurassic [Wang et al., 2013b]. The Sulu Orogen limits the NCC in the east, and the last major metamorphic event
along this ultrahigh-pressure metamorphic belt occurred during 130–120 Ma [Zhang et al., 2007; Liu et al., 2008].
It has been noticed that the eastern NCC reactivated from the Paleozoic to the Early Jurassic [Gao et al., 2002;
Zheng et al., 2007]. Pioneering petrological and geochemical researches have illustrated that the lithospheric
mantle beneath the NCC had been removed and replaced with a thin depleted mantle domain during the
Paleozoic that is associated with intensive magmatism, deformation, mineralization, and basin development
[e.g., Fan and Menzies, 1992; Grifﬁn et al., 1992, 1998]. That is, the NCC was unstable tectonically and no
longer a “craton” since the Paleozoic. Studies on mantle xenoliths from Mengyin in Shandong and Fuxian in
Liaoning captured by diamond-bearing kimberlite at ~470 Ma suggested a ~200 km thick lithosphere at
that time [Fan and Menzies, 1992; Grifﬁn et al., 1992, 1998], whereas xenoliths from Cenozoic basalts
indicate that the thickness of the lithosphere was thinned to 80–120 km [Chi and Lu, 1992; Fan and Hooper,
1989]. Hence, the lithosphere of the NCC must have lost a portion of ~120 km thickness, probably in the
Mesozoic. Geophysical observations indicate that the present-day NCC lithosphere is ~70 km thick [e.g., Chen et al.,
2008a, 2008b], afﬁrming that it has been greatly destructed and thinned.
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Location

39

N35°30.836’
E119°16.132’

N35°39.785’
E119°22.587’

N35°58.194’
E119°58.828’

N40°46.222’
E117°26.201’

N41°30.149′
E116°43.879′

N41°10.540′
E107°08.605′

N37°43.263′
E111°55.316′

N36°38.294′
E114°00.536′

N36°45.070′
E114°24.654′

N39°28.068′
E115°09.927′

Rongcheng nappe,
Dashijia, Shandong

Coarse-grained K-feldspar,
quartz and biotite. Zircon,
sphene and other oxides
Mylonitic texture, elongated
feldspar and quartz.
Fine-grained foliated biotite
Foliated K-feldspar, quartz,
silicic plagioclase, biotite.
Zoned garnet, kyanite, sillimanite
Foliated K-feldspar, quartz, amphibole,
plagioclase. Garnet, kyanite, sillimanite

Coarse-grained biotite, quartz,
and K-feldspar. Zircon, sphene,
and other oxides.
K-feldspar >90%, quartz, and
amphibole. Sphene, zircon,
and other oxides.
Coarse-grained quartz, K-feldspar,
and plagioclase. Sphene, zircon,
and other oxides
Coarse-grained K-feldspar, quartz,
zoned plagioclase, and biotite.
Zircon, sphene, and other oxides.
Coarse-grained quartz, K-feldspar,
plagioclase, and amphibole.
Sphene, zircon, and other oxides
Coarse-grained plagioclase, K-feldspar,
quartz, and biotite. Zircon,
sphene, and other oxides
Rapakivi texture, zoned k-feldpar,
plagioclase, quartz, amphibole,
biotite. Zircon, sphene and other oxides
Mylonitic texture, elongated feldspar
and quartz. Fine-grained foliated biotite

Mylonitic texture, eye-shaped feldspar,
and quartz. Fine-grained foliated biotite.

Mineralogy

a

Ar/ Ar Ages, and Emplacement Ages

N39°24. 475′
E115°10.683′

40

Shidao shear-zone,
Daoxitou, Shandong

Table 1. Summary of the Sample Location, Mineralogy,
39

Ar/ Ar Age (Ma)

302.5 ± 2.0
324.8 ± 1.9
134.0 ± 1.6
125.7 ± 1.8
121.4 ± 0.8
99.5 ± 1.6
—
122.0 ± 1.0
100.7 ± 6.6
—
223.3 ± 4.6
107.6 ± 10.7
—
122.6 ± 5.9
94.6 ± 9.8
—
160.0 ± 1.0
49.0 ± 2.1
—
135.6 ± 1.6
73.9 ± 6.8
—
166.2 ± 1.8
129.4 ± 3.6
—
130.4 ± 0.8
104.7 ± 0.9
—
119.9 ± 0.9
106.9 ± 3.7
—
143.7 ± 1.2
78.4 ± 4.2
—
128.5 ± 0.7
102.9 ± 0.6
—
203.0 ± 1.0
124.1 ± 0.7

Bio Plateau Age
Kf Maximum Age at 1100°C
Kf Minimum Age

40

—

—

—

122±2,
Yang et al., 2005

—

191.7±2.3
BGMRNM, 1991

~137, Zhu and
Yang [1998]

—

129.9 ± 2.3, Ying
et al. [2011]

241.0 ± 2.8, Ying
et al. [2011]

132 ± 2, Chen et al.
[2008a, 2008b]

142.5 ± 1.8, Wang
and Li [2008]

—

Emplacement Age (Ma)
(Zircon U/Pb Age)

2.1

25.5

1.4

7.3

17.7

10.0

21.1

ΔT (Myr)
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—

23.2
222±3
Chu et al., 2012b

—

19.0
222±3
Chu et al., 2012b

—

23.7
220±2
Chu et al., 2012a

—

There is a signiﬁcant topographic contrast in East Asia,
comprising high plateaus in the west and low plains in the
east, separated by the Daxing’an-Taihangshan-Wulingshan
belt (Figure 1b). This contrast lineation coincides with the
steepest gradient in gravity anomalies and crustal thickness
[Chen et al., 2008a, 2008b]. Interestingly, it also marks the
steepest gradient in the mantle’s seismic velocity clearly seen
at depths of 100 km and 150 km [Chen et al., 2008a, 2008b].

Errors are at 2σ level. Note that ΔT is the difference between maximum age of K-feldspar and emplacement ages.

3. Samples, 40Ar/39Ar Geochronology,
and Results

a

Biotite granite
091128-1

Huangshi

N30°00.660’
E115°00.187’

Coarse-grained K-feldspar, plagioclase ,
quartz, biotite. Zircon,
sphene and other oxides
Coarse-grained biotite, quartz and K-feldspar.
Zircon, sphene and other oxides
Adamellite
Gaoping
091125-2

N27°33.730’
E112°26.773’

Coarse-grained biotite, quartz and K-feldspar.
Zircon, sphene and other oxides
N27°27.872’
E112°21.267’
Biotite granite
Ziyunshan
091125-1

N28°00.060’
E112°00.849’
Adamellite
Weishan
091124-3

Adamellite
091124-2

Weishan

N27°51.990’
E112°13.613’

Coarse-grained biotite, quartz
and K-feldspar. Zircon,
sphene and other oxides
Coarse-grained K-feldspar,
slightly sericitic zoned plagioclase, biotite,
quartz. Sphene, zircon and other oxides
Paragenesis similar to the 091124-2
Granite
Taojiang
091123-2

10.1002/2013JB010708

The YTC is relatively younger than the NCC. It has a
Paleoproterozoic to Mesoproterozoic basement overlain by a
Neoproterozoic (Sinian) to Cenozoic cover [Xu et al., 2007].
Although the crusts of the NCC and YTC have distinct ages and
evolution histories, their lithospheres are quite comparable in
terms of lithology, geochemistry, and mineralogical
composition [Fan and Hooper, 1989; Xu et al., 2007]. The
present-day thin lithosphere of the YTC implies that it was also
thinned at sometime.

—
127.7 ± 0.4
117.1 ± 0.7
209.6 ± 1.4
196.3 ± 1.2
90.9 ± 8.8
199.8 ± 2.6
203.0 ± 1.2
63.3 ± 2.2
201.5 ± 2.2
198.8 ± 1.2
55.4 ± 2.3
174.9 ± 2.9
164.2 ± 1.0
69.0 ± 1.1
151.4 ± 3.6
170.8 ± 1.0
53.2 ± 3.1
127.3 ± 1.4
131.0 ± 0.8
76.2 ± 3.1
Mylonitic texture, eye-shaped feldspar,
quartz. Fine-grained foliated biotite

Muping shear-zone,
Wanggezhuang,
Shandong
N28°30.436’
E112°03.614’
Granitic mylonite
—
01121504

Rock Type
Pluton
Sample

Table 1. (continued)

Location

Mineralogy

Bio Plateau Age
Kf Maximum Age at 1100°C
Kf Minimum Age

40

39

Ar/ Ar Age (Ma)

Emplacement Age (Ma)
(Zircon U/Pb Age)

ΔT (Myr)
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Samples collected from the NCC and YTC, and K-feldspars were
carefully checked to match the criteria or requirements for
thermochronological study [Lovera et al., 1997, 2002]. For
example, the K-feldspar that partially altered to adularia, and/or
replaced all earlier microtextures with ultraporous late feldspar
was eliminated by using electronic microscope probe analyses.
These K-feldspars had undergone recrystallization at
temperatures of <450°C [Parsons et al., 2013], making them
unsuitable for thermochronological study [Lovera et al., 1997,
2002] (see discussion later).
Twenty samples of Mesozoic age or older were selected
and subjected to high-resolution 40Ar/39Ar
geochronological and thermochronological studies. They
were collected from major Mesozoic intrusive bodies at as
many localities to observe whether and when the vast area
ever underwent a uniform cooling history (Figure 2). These
samples are lithologically the undeformed granitoids, granitic
gneisses, and mylonites (Table 1). Except CR3, all the others
were previously dated as Mesozoic products [e.g., Bureau of
Geology and Mineral Resources of Nei Mongolia Autonomous
Region (BGMRNM), 1991; Yang et al., 2005; Zhang et al., 2007,
2010; Chen et al., 2008a, 2008b; Liu et al., 2008; Wang and Li,
2008; Ying et al., 2011; Zhao et al., 2011; Chu et al., 2012a,
2012b; Wang et al., 2013b, 2013c]. CR3 is from an Archean
diorite in the northern part of the NCC, which was strongly
deformed in the Late Paleozoic [BGMRNM, 1991; Wang and
Li, 2008].
To reveal the argon distribution within the K-feldspar grain as
ﬁnely as possible, the high-resolution (36–40 steps) stepheating technique of 40Ar/39Ar analysis was used. Biotites
(when available) were also analyzed to compare with the
K-feldspars. The experiments were conducted in the Institute
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Figure 3. (a–n) Age spectra of the K-feldspars (in black) and two biotites (in red) from the NCC. Minimum and maximum ages of the K-feldspar are labeled. Minimum
age refers to the age from which the age spectrum ascends monotonically. Maximum age is the highest age at 1100°C, over which the K-feldspar frame will collapse.
The inverse isochrons of CR3, CR21, and CR76 are also shown. See text for details.
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of Geology and Geophysics of the Chinese Academy of Sciences. The sample processing and 40Ar/39Ar
analysis procedures are shown in Appendix S1 in the supporting information.
Detailed 40Ar/39Ar analytical results of the 20 K-feldspars and eight biotites are listed in Appendix S2 and are
summarized in Table 1 together with the sampling locations, mineralogy, and emplacement ages (zircon
U/Pb age) of some undeformed plutons taken from the literature. Age spectra are shown in Figures 3 and 4.
Maximum and minimum ages of the K-feldspar and the plateau ages of the biotite are presented in Table 1
and Figures 3 and 4, respectively. The minimum age refers to the age from which the age ascends
monotonically and the maximum age is the highest age before the crystalline frame of K-feldspar collapses
during in vacuo heating over 1100°C [Lovera et al., 1989; McDougall and Harrison, 1999]; however, in some
cases (where no high-temperature excess argon is present), an integral age of steps degassed above 1100°C
would also provide a good estimate of the maximum closure age. The collapsing of the crystalline frame
destroys the age structure recorded by the K-feldspar [Lovera et al., 1989].
All K-feldspars from the NCC exhibit staircase-shaped age spectra (Figure 3). Inverse isochron plot of CR3
(Figure 3a′ and Appendix S2) shows a curve characterized by a monotonically rising age spectrum. The curve
extends to atmospheric argon composition suggesting that the age gradient is not related to excess argon.
The steps at low temperatures (450 and 500°C, Figure 3a′ and Appendix S2) appear to be because of excess
argon but cannot affect anything because of the very small percentage (<0.1%) of total released argon
(Appendix S2). The steps between 550 and 700°C deviate from the curve and form a straight line extending to
the atmospheric argon composition and yielding an isochron not related to excess argon.
CR21 and CR76 exhibit a descending pattern at low-temperature steps accounting for ~17% and 45% of the total
released argon, respectively (Figures 3e and 3h) suggesting excess argon afﬁliated as indicated by the inverse
isochron diagrams (Figures 3e′ and 3h′). The steps at temperatures between 450 and 800°C (Figure 3e′ and
Appendix S2) and 450 and 750°C (Figure 3h′ and Appendix S2) of CR21 and CR76 extend (dashed line) to the
initial argon compositions of the excess argon, respectively. The high-temperature steps for both samples form a
gentle curve extending to the atmospheric argon composition (Figures 3e′ and 3h′) suggesting that no excess
argon contained in these steps. The last eight steps (1150–1400°C) of CR76 show a trend toward excess argon
component (Figure 3h′), but they do not affect the entire age spectrum because of the very small percentage of
released argon (<0.5%, Figure 3h and Appendix S2). Abnormal ages also occur at the very ﬁrst steps of 01120908
and 01121504 (Figures 3m and 3n) accounting for <2% of the total argon, implying the presence of excess argon
from the alteration at the very surface of the minerals that can be degassed at very low temperatures (450–550°C).
Almost all the feldspars from the YTC illustrate perfect monotonic staircase-shaped age spectra (Figure 4)
except 091128–1 that yields a ﬂat age plateau (accounting for 85% of the released argon) at high temperatures
(Figure 4f). The isochron plot of 091123–2 shows a curve extending to the initial argon composition of
atmosphere suggesting that there is no excess argon residing in the sample (Figure 4a′).
Eight biotites yield ﬂat age spectra with well-deﬁned plateau ages close to the maximum ages of the K-feldspars
(Table 1, Figures 3, and 4). This suggests that the usual perthitization of the K-feldspar did not affect the argon
diffusion apparently [Mock et al., 1999] although possible ﬂaws might rise from the perthitization and complex
microtexture in the K-feldspars [Parsons et al., 1991; Villa, 1994]. This will be discussed later.

4.

40

Ar/39Ar Geochronological Results

4.1. The NCC
A wide age range of K-feldspar with maximum ages ranging from 324.8 to 119.9 Ma is exhibited in Table 1 and
Figure 3. These ages reﬂect consistent information on timing sequence with zircon U/Pb ages in the same parental
rock, respectively, from the previous studies [e.g., BGMRNM, 1991; Yang et al., 2005; Zhang et al., 2007, 2010;
Wang and Li, 2008; Chen et al., 2008a, 2008b; Ying et al., 2011; Zhao et al., 2011; Wang et al., 2013b].
The last major metamorphic event along the Sulu ultrahigh-pressure metamorphic belt occurred during
130–120 Ma [Zhang et al., 2007; Liu et al., 2008], which is consistent with the K-feldspar maximum ages
identiﬁed in this study (130.4 ± 0.8 Ma for CR141, 128.5 ± 0.7 Ma for 01121005, and 127.4 ± 0.4 Ma for 01121504).
This event can also be identiﬁed from the age spectrum of the Paleozoic gneissic sample of 01120908. The relative
ﬂat portion accounting for ~20% of the total released argon around ~124 Ma suggests a rapid cooling event at
this time (Figure 3m). The age spectrum of the mylonitic sample CR152 shows a relative ﬂat portion of ~30% of
WANG ET AL.
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Figure 4. (a–f) Age spectra of the K-feldspars and biotites from the YTC. Minimum and maximum ages of the K-feldspar are
labeled. Minimum age refers to the age from which the age spectrum ascends monotonically. Maximum age is the highest
age at 1100°C, over which the K-feldspar frame will collapse. The inverse isochron of 091123–2 are also shown.
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the released argon around 120 Ma suggesting that ﬁnal rapid cooling event recorded occurred at this time
followed by a very slow cooling period until 78.4 Ma (Appendix S2 and Figure 3k). Granitoids intruded the
Sulu belt in a range from 130 to 120 Ma indicated by zircon U/Pb ages [e.g., Yang et al., 2005; Zhang et al.,
2010; Zhao et al., 2011], consistent with the K-feldspar maximum age (119.9 ± 0.9 Ma) of the granite sample
CR151 (Figure 3j).
An Archean diorite (1745 Ma) [Wang and Li, 2008] that outcropped in the Taihang range in the middle of NCC
was overprinted by two metamorphic events [Wang and Li, 2008]. A Late Paleozoic event (~358 Ma) [Wang and
Li, 2008] may have reset the diorite, which is reﬂected by the maximum K-feldspar age (324.8 ± 1.9 Ma) and
biotite age (302.5 ± 2.0 Ma) of CR3 (Figure 3a). A rapid exhumation event during 142–120 Ma then followed
[Wang and Li, 2008], which is reﬂected by a relatively ﬂat portion (~9% of released argon) around 135 Ma in the
age spectrum of the K-feldspar of CR3 (Figure 3a). Cretaceous undeformed granitoids along the Taihang range
emplaced at ~132 Ma (zircon U/Pb age) [Chen et al., 2008a, 2008b] are 7–10 Myr older than the maximum ages
of the K-feldspars and biotite in this study (maximum K-feldspar age 121.4 ± 0.8 Ma and biotite age 125.7 ± 1.8 Ma
for CR5 and maximum K-feldspar age 122.0 ± 1.0 Ma for CR14). The zircon U/Pb age of the Middle Triassic
granite in the Taihang range is around 241 Ma [Ying et al., 2011], ~18 Myr older than the maximum K-feldspar
age of CR15 (223.3 ± 4.6 Ma).
Despite the variation of the maximum ages, the minimum ages of K-feldspars are relatively more uniform
(99.5 ± 1.6 Ma for CR5, 100.7 ± 6.6 Ma for CR14, and 107.6 ± 10.7 for CR15) if 2 sigma errors are considered. For
example, the maximum and minimum ages of K-feldspar of the undeformed syenite CR21 from the Lvliang
range, 122.6 ± 5.9 and 94.6 ± 9.8 Ma, respectively, are similar to the undeformed granitoids in the nearby
Taihang range, suggesting that both ranges had experienced a similar cooling history.
Samples CR46, CR70, and CR76 were collected along the Yinshan range, the northern margin of NCC (Figure 2).
CR46 and CR76 intruded in the Early Jurassic [BGMRNM, 1991] and the maximum ages of their K-feldspars are
160±1.0 and 166.2±1.8 Ma (Figures 3f and 3h), respectively. The maximum age of CR70 is 135.6 ± 1.6 Ma, which
corresponds with the early Yanshanian emplacement event (~137 Ma) [Zhu and Yang, 1998].
4.2. The YTC
Five of the six undeformed granitoid samples from the YTC (091123–2, 091124–2, 091124–3, 091125–1, and
091125–2) were collected from the Xuefengshan range (Figure 2) in the middle eastern part of YTC. They
yielded maximum ages from 164.2 to 203.0 Ma and minimum ages from 53.2 to 90.9 Ma (Figures 4a–4e).
The Xuefengshan range is an Early Triassic orogen but it has experienced the Late Triassic to Early Jurassic
postorogenic magmatism after folding and synmetamorphic ductile deformation [Chu et al., 2012a, 2012b;
Wang et al., 2013c]. The emplacement of the Early Mesozoic plutons is well constrained ranging from 225 to 215 Ma
in a recent study [Chu et al., 2012a, 2012b]. Sample 091128–1 presents a very distinct age spectrum pattern and
a much younger maximum age (131.0 Ma) than the other ﬁve, suggesting that it has experienced a distinct
cooling history. Its biotite age is similar to those of the postcollisional undeformed granites in the Dabie
ultrahigh metamorphic belt (Zircon U-Pb and biotite 40Ar/39Ar ages of 110–130 Ma) [Zhao et al., 2011; Wang et al.,
2013a]. The pattern of the K-feldspar age spectrum (Figure 4f) is also similar to those observed on the Dabie
granites [Wang et al., 2013a]. In addition, the nearby location (Figure 2) also emphasizes a close relationship of the
magmatic genesis between 091128–1 and those undeformed granites of the Late Mesozoic in Dabie.
4.3. Pure Conductive (In Situ) Cooling and Its Implications
Discrepancy between emplacement age (zircon U/Pb age) and 40Ar/39Ar K-feldspar minimum age from a
same rock is a result of cooling [Dodson, 1973] from ~900 to 150°C. This is inferred based on the well-accepted
assumptions of closure temperature of (Tc) 900°C for zircon U-Pb system [e.g., Cherniak and Watson, 2000] and
~450 (or 400)–150 (or 200) °C for K-feldspar argon system [e.g., Lovera et al., 1989, 1991; Warnock and Zeitler,
1998; Cassata and Renne, 2013]. Owing to the lower temperature in the surrounding environment than in the
emplaced rock in the middle to upper crust (30–10 km, a usual emplacement depth of granitoids), the cooling
from ~900 to ~500°C normally reﬂects a pure conductive (in situ) cooling. In contrast, cooling from ~500°C
down to the ground surface temperature is usually related to the unrooﬁng and denudation process [Mock
et al., 1999; McDougall and Harrison, 1999].
An interesting phenomenon that should be noticed is the variation of pure conductive cooling rate exhibited
by the undeformed granitoids from the NCC and YTC. Table 1 shows that the samples with emplacement
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Figure 5. Average cooling histories for the upper crusts of the NCC and YTC
by connecting the maximum and minimum ages of the K-feldspar via the
temperatures that they reﬂect. A rapid cooling (12°C/Ma) event is discovered
during the Early Cretaceous in the NCC that reﬂects unrooﬁng. In contrast,
the cooling of the YTC was much gentler (2.4°C/Ma), showing that no rapid
unrooﬁng event occurred during 200–75 Ma. See text for details.
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ages ranging from 130 to 120 Ma have
a shorter duration (<10 Myr, Table 1)
between their emplacement ages and
K-feldspar maximum ages than those
emplaced before 140 Ma (~18–25 Myr,
Table 1). This suggests that the Cretaceous
granitoids in the NCC had faster pure
conductive cooling rates than the Jurassic
ones. There are two possibilities for this:
(1) the thermal gradient in the Cretaceous
was lower than in the Jurassic, and (2) the
rocks intruded higher into the crust in the
Cretaceous than in the Jurassic. In the
central and eastern NCC, the geothermal
gradient was lower in Triassic (~20°C/km)
[Zhai et al., 2004] than in Cretaceous
(~34°C/km) [Zhai et al., 2004]; and it was
constant in Late Jurassic, Cretaceous,
and Cenozoic (~35°C/km) [Wang et al.,
1985; Zhai et al., 2004]. Therefore, the
ﬁrst possibility is excluded, and the rocks
intruding high during the Cretaceous is
the reason for the rapid in situ cooling
rate. Petrologically, there is no mechanism
for the magma to be emplaced high
widely unless the crust is thin. Therefore,
we conclude that there was a thinner
crust in the Cretaceous than in the
Jurassic for the NCC.

Similarly, samples from the YTC (091123–2,
091124–2, and 091124–3) also exhibit a
big discrepancy (~19–23.7 Myr, Table 1)
between the K-feldspar maximum ages
and emplacement ages suggesting a
slow pure conductive cooling rate. Again, this might mean that the YTC crust in the Late Triassic to Late Jurassic
was thicker than the NCC in the Cretaceous.
The absolute intrusive depth of a granitoid can be estimated by using the initial ﬂat portion (when available) of the
cooling history recovered from K-feldspar and geothermal gradient (see section 5). A granitoid emplaced in the
middle to upper crust would cool until it “nearly” equilibrates with the ambient temperature of the surrounding
environment which strongly depends on the emplacement depth. That is, the granitoid “stayed” at its
emplacement place until was unroofed. Thus, the initial ﬂat portion of the cooling history reﬂects the “stay” before
unrooﬁng and denudation event. The samples CR3 and CR15 are characterized by a manifest ﬂat portion at
~300°C during ~300–150 Ma and ~200–140 Ma (section 5 and Figure 8), giving an estimate of emplacement depth
of 15 km assuming a geothermal gradient of ~20°C/km during Triassic and Jurassic in the central and eastern NCC
[Zhai et al., 2004]. The ﬂat portion of CR21 (Figure 8) at ~300°C during ~150–120 Ma (section 5 and Figure 8)
implies an emplacement depth of 8.8 km (geothermal gradient ~34°C/km in Late Jurassic and Cretaceous) [Zhai
et al., 2004]. These estimates are quite consistent with the conclusions obtained by using the “pure cooling” rate.
4.4. Average Cooling Rates of the NCC and YTC
Argon distribution in the K-feldspar is a result of cooling from ~450 (or 400)–150 (or 200) °C [e.g., Lovera et al.,
1989, 1991; Warnock and Zeitler, 1998; Cassata and Renne, 2013]. The cooling at these temperatures is usually
related to unrooﬁng and denudation [Lovera et al., 1989; McDougall and Harrison, 1999]. The average cooling
history from ~450 to 150°C can be directly estimated by the K-feldspar maximum and minimum ages via their
corresponding Tc in the T-t plot (Figure 5). Figure 5 shows two distinct cooling patterns on the NCC and YTC.
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The upper crust of the NCC cooled more rapidly than that of the YTC during the Late Mesozoic. Despite the
dispersion, half of the samples from the NCC show similar patterns that cooled from ~450 to 150°C in a
relatively short range from ~140 to ~95 Ma (Figure 5), yielding a cooling rate of 12°C/Ma. In contrast, all the
samples from the YTC cooled from ~450 to 150°C in the range from ~180 to ~75 Ma, giving a cooling rate of
2.4°C/Ma (Figure 5).
Therefore, the estimation of average cooling histories suggests that the upper crusts of the NCC and YTC
experienced different cooling processes during the Late Mesozoic. To understand the details, quantitative
modeling of geothermal histories for the NCC and YTC is needed.

5. Thermochronological Modeling
Average cooling histories imply that the upper crust of the NCC cooled more rapidly than that of the YTC
during the Late Mesozoic. This stimulates us to determine the nonlinear cooling pattern, which may be
hidden in the argon distribution within the K-feldspar. Slowly cooled K-feldspars display complex and
variable microstructures and as a result, potentially record 40Ar/39Ar ages over a range of temperatures
spanning 250°C as they cool [Wartho et al., 1999]. Thus, K-feldspar represents an important resource for
understanding thermal histories. Based on argon released by the stepped heating, a series of models were
proposed to explain the range of ages and more importantly, to infer thermal histories. The models have
reached a high level of sophistication, yet there is no general agreement over the relationship between argon
diffusion and observable microtextures [e.g., Lovera et al., 1991; Lee, 1995; Arnaud and Kelley, 1997; Wartho
et al., 1999; Parsons et al., 1999; Reddy et al., 1999, 2001; Cassata and Renne, 2013].
Multidomain diffusion (MDD) model [Lovera et al., 1989, 1991; McDougall and Harrison, 1999] is most widely
used to calculate the cooling history. Although its validity has been argued for long [Arnaud and Kelley, 1997;
Parsons et al., 1999; Reddy et al., 1999, 2001; Wartho et al., 1999], some geological observations lend
substantial support to the MDD model. For instance, a sample from the bottom of the KBT (Kontinentales
Tiefbohrprogramm der Bundesrepublik Deutschland) borehole [Warnock and Zeitler, 1998] at a depth of 9 km
with a geothermal temperature of 265°C produced a staircase-shaped age spectrum of K-feldspar of 0–450 Ma.
The minimum age of 0 Ma suggests that at least a portion (domain?) of the K-feldspar holds a closure
temperature lower than 265°C, making its argon system open until the present (0 Ma).
One of the main arguments against MDD modeling is that microstructural features, particularly low-temperature
alteration [Parsons et al., 1999] or deformation [Reddy et al., 2001], are able to affect the argon domains within
a feldspar over geological time, at or below the closure temperatures of individual domains. Typical features
of microstructurally complex K-feldspars include perthitic lamellae, micropores and deuterically recrystallized
zones of albite, and/or microperthite [Parsons et al., 1999]. Detailed studies on argon diffusion showed that
these alteration and/or incoherent subgrain intergrowths deﬁne diffusion domains [Parsons et al., 1999;
Cassata and Renne, 2013]. K-feldspars selected from undeformed granites whose alteration and crystallization
features are characterized only by comagatic micotextures (e.g., deuteric turbidity, strain-controlled exsolution,
and symplectically crystallized mymekite) represent suitable candidates for the MDD model [e.g., McLaren
and Reddy, 2008; Cassata and Renne, 2013]. Routine examination of samples using petrographic microscope,
electron microscope, or scanning electron microscope (SEM) is generally sufﬁcient to assess the nature of
diffusion domains and the suitability of a given sample for thermal modeling.
When examined under the SEM, unirradiated grains of the K-feldspars of all samples selected in this study
show three types of microstructural features represented by examples in Figure 6: (1) unaltered coherent
cryptoperthite and intergrowths (Figures 6a and 6b). This strain-controlled ﬁlm perthite is the original
microstructure of K-feldspar formed at or above 850°C during magmatism [Parsons et al., 2013]; (2)
coarsening to braid microperthite and deuteric vein perthite crosscutting and obscuring the ﬁlm perthite
(Figures 6c–6f), are products at or above 700°C during later magmatism [Parsons et al., 2013]. Most samples
in this study are characterized by this type of microstructural feature; (3) deuteric coarsening patch
Figure 6. Backscattered electron (BSE) images of representative samples illustrating perthitic microtextures of K-feldspars
from the NCC and YTC. Three types of microtexture features can be identiﬁed: (a and b) unaltered coherent cryptoperthite
and intergrowths, (c–f) coarsening to braid microperthite and deuteric vein perthite crosscutting and obscuring the ﬁlm
perthite, and (g and h) deuteric coarsening patch perthite.
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perthite (Figures 6g and 6h). Dissolutionreprecipitation reaction leads to partial
replacement of braid microperthite by
microporous mosaic of incoherent low
albite and low microcline subgrains
formed at 500°C 1000 years after magmatic
emplacement [Parsons et al., 2013].
Thus, the microtextures of K-feldspars in
this study all formed during initial cooling
of the plutons at or above 500°C within
less than 104 years of emplacement. These
temperatures are higher than the closure
temperature of K-feldspar of 350–150°C,
showing that the argon distributions within
these K-feldspars were not disturbed by
the formation of microtexture. SEM
backscattered electron (BSE) images do
not reveal subgrain growth or other
microstructural features that could be
attributed to deformation, which conforms
with the observation of no alteration
minerals such as white-mica or sericite
in thin sections and with undeformed
features of the hand samples. Therefore,
the samples in this study should be viable
candidates for thermal modeling because
the timing of formation and subsequent
integrity of the diffusion domains can
be assessed.
Arrhenius arrays (Figures 7A–7H, black
solid diamond) obtained from K-feldspar
crystals of the samples shown in Figure 6
are consistent with a range in diffusive
length scales (multiple domains) depicted
by Cassata and Renne [2013]. They are
characterized by linear arrays at lowtemperature portions (<700°C, Figure 7) and
big curvatures at high-temperature portions
(>900°C, Figure 7). The deviations from
linearity on step-heating Arrhenius plots
may reﬂect the effect of the exhaustion of
subgrain domains of interesting size [Lovera
et al., 1989, 1991; Cassata and Renne, 2013].

Figure 7. (A–H) Argon-39 Arrhenius plots (black
diamonds) and (a–h) log(r/r0) plots (black lines)
for prograde heating of samples in Figure 6,
calculated using equations for slab diffusion
geometry. Arrhenius plots (red squares in
Figures 7A–7H) and log(r/r0) plots (red lines in
Figures 7a–7h) of automated MDD modeling for
the same sample ﬁt well with the experimental
results. Uncertainties in D/a2 values are generally
smaller than the symbols, but are not shown.
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Figure 8. Modeled cooling histories for all the K-feldspars. The light shadow covers a 90% conﬁdent interval of the distribution of the 50 calculated cooling histories
and its 90% conﬁdent interval median are observed (dark shadow). The inset shows the ﬁt of the 50 modeled age spectra (orange red lines) with the experimental
39
age spectrum (black line). The x axis of the inset is the cumulative Ar in percent (%), and the y axis is age in Ma.
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Table 2. The Activation Energies and Frequency Factors (log(D0/r0 ))
Used for MDD Modeling
Sample
CR3
CR5
CR14
CR15
CR21
CR46
CR70
CR76
CR141
CR151
CR152
01121005
01120908
01121504
091123-2
091124-2
091124-3
091125-1
091125-2
091128-1

2

-1

E (kJ/mol)

log(D0/r0 ) (s )

159.5 ± 11.1
192.2 ± 14.8
248.7 ± 15.6
260.0 ± 1.4
263.3 ± 19.3
249.1 ± 13.1
232.4 ± 12.3
176.3 ± 4.9
243.3 ± 15.2
259.6 ± 10.3
164.5 ± 7.0
319.5 ± 20.5
244.1 ± 9.0
189.7 ± 8.6
177.1 ± 10.3
194.7 ± 13.1
201.8 ± 13.5
269.6 ± 14.4
278.0 ± 15.6
275.1 ± 20.5

4.6 ± 0.8
4.1 ± 1.0
9.0 ± 1.0
9.8 ± 1.5
9.6 ± 1.3
9.0 ± 0.9
8.0 ± 0.8
4.4 ± 0.3
9.6 ± 1.0
8.7 ± 0.7
4.5 ± 0.5
11.8 ± 1.3
8.9 ± 0.6
5.7 ± 0.6
4.9 ± 0.7
5.8 ± 0.9
6.8 ± 0.9
10.4 ± 1.0
10.8 ± 1.0
10.1 ± 1.4

A

B

Figure 9. Compiled cooling histories for the upper crusts of the (a) NCC
and (b) YTC, respectively. A strong contrast between the NCC and YTC is
identiﬁed. A rapid cooling event can be deﬁned during 125–100 Ma from
~400 to ~150°C yielding an average cooling rate of ~9.6°C/Ma for the
NCC. The ﬁssion tack data collected from the corresponding localities are
also shown [Hu et al., 2006; Zhang et al., 2002; Qing et al., 2008; Ding et al.,
2011; Shen et al., 2012], which are quite consistent with the cooling paths.
In contrast, over a long period from ~200 to ~70 Ma, cooling histories of
samples from the YTC, except 091128–1 (red line in Figure 9b), are mostly
characterized by a gentle and slow cooling feature with an average rate
of ~1.2°C/Ma. The ﬁssion track data collected from the corresponding
localities are consistent with the cooling trend. See text for details.
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Outputs from the automated MDD
modeling routines ﬁt well the experimental
results of Arrhenius data (Figures 7A–7H,
red square and black solid diamond) and
log(r/r0) plots (Figures 7a–7h), suggesting
that the assumed parameters can faithfully
reﬂect the “true” situation of the diffusion
kinetics [e.g., Lovera et al., 1989, 1991;
Cassata and Renne, 2013].
Experimental age spectra also ﬁt well
(insets in Figure 8) vis-à-vis the modeled
ones after appropriate adjustment of the
various model parameters. Except 01121005,
the activation energies (E) and frequency
factors (log(r/r0) are in ranges of
278.0–159.5 kJ and 4.1–10.8 s 1, respectively
(Table 2); both are in the normal ranges
[McDougall and Harrison, 1999]. It seems
that the samples having locality afﬁliation
hold similar factors (Tables 1 and 2).
The abnormal high E (319.5 ± 20.5 kJ) and
log(r/r0) (11.8 ± 1.3 s 1) (Table 2) of
01121005 suggest a small degas at the
low-temperature portion of the step
heating, for which the reason is unclear.
Cooling histories then can be obtained
from the modeling for the samples from
the NCC and YTC. The details are described
in Appendix S3. The cooling histories of
the 20 K-feldspars are shown graphically
in Figure 8. They appear to be consistent
with the biotite 40Ar/39Ar data (closure
temperature 280–380°C) [Harrison et al.,
1985; Grove and Harrison, 1996]. The cooling
histories for all the samples are collectively
shown in Figures 9a and 9b for the NCC
and YTC, respectively. Also shown are the
apatite ﬁssion track ages compiled from
literatures [Hu et al., 2006; Zhang et al.,
2002; Qing et al., 2008; Ding et al., 2011;
Shen et al., 2012].
At one glance at Figure 9, there is a strong
contrast in cooling patterns between the
NCC and YTC, and both are similar to
their average cooling patterns (Figure 5).
Except CR46 (blue line in Figure 9), cooling
histories of samples from NCC show two
types of cooling patterns: (1) cooling
rapidly from ~400 to ~150°C from ~125 to
~100 Ma (Figure 9a), such as for CR151,
CR14, and 01121005 (Figures 8 and 9a); (2)
two-stage cooling patterns characterized by
a ﬁrst rather slow cooling period (~0.4°C/Ma)
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0.5

Sedimentation rate (mm/yr)

followed by a sudden increased cooling
event, such as for CR3, CR152, and CR21
0.4
(Figures 8 and 9a). The shifts from slow to
rapid cooling events of CR152 and CR21
0.3
roughly began at ~125 Ma (Figures 9 and 10a).
Therefore, a rapid cooling event can be
0.2
identiﬁed during 125–100 Ma from ~400 to
~150°C yielding an average cooling rate of
0.1
~9.6°C/Ma. The cooling trend is substantiated
by the ﬁssion tack data (closure temperature
0
110°C) collected from the central and eastern
60
80
100
120
140
160
180
NCC, of which the earliest ages concentrate in
Age (Ma)
a range of ~95–102 Ma [Hu et al., 2006; Zhang
Figure 10. Sedimentation rates of different locations on the NCC
et al., 2002; Qing et al., 2008; Ding et al., 2011]
that were calculated from the original data by Wang and Chen, 2005.
that are quite consistent with the cooling
The numbers are similar to those in Figure 2. Overall, the rates were
paths (Figure 9a). It seems that CR70 and CR76
stable before 155 Ma and increased apparently during ~150–105 Ma.
(red line in Figure 9) cooled earlier than others
Shandong (eastern NCC) exhibits an abnormally high sedimentation
starting at ~135 Ma (Figure 9a). Although at a
rate of ~130 Ma and peaked at 115 Ma. West Beijing displayed an
low resolution, CR3 (red line) shifted from a
abruptly increased sedimentation rate during 150–130 Ma and
peaked at ~145 Ma. The sedimentation rate on the west NCC stayed
long slow cooling period (~0.4°C/Ma) to a
low during the entire Late Mesozoic.
rapid cooling event at ~135 Ma (Figure 9a),
suggesting it remained stable for a long time
before the rapid unrooﬁng event began at 135 Ma. Considering that CR70, CR76, and CR3 are all from the
northern portion of NCC, this implies that the northern parts of the NCC cooled earlier than the central and
eastern part of the NCC. This feature is reﬂected by the sedimentation rates on NCC (see discussion later).
CR46, collected from the western part of NCC, shows a different cooling history (blue line in Figure 9a) from
those of either the north or east of NCC. It cooled from 160 Ma down to ~50 Ma at a gentle slope and shows
no distinct inﬂection.
In contrast, over a long period from ~200 to ~70 Ma, cooling histories of samples from the YTC, except
091128–1 (red line in Figure 9b), are mostly characterized by a gentle and slow cooling feature with an
average cooling rate of ~1.2°C/Ma (Figure 9b). The cooling trend is also substantiated by the ﬁssion tack
data collected from the same plutons [Shen et al., 2012], suggesting that the cooling paths are reasonable
(Figure 9b). Sample 091128–1 provides a distinct cooling history from the rest of the samples from YTC
(red line in Figure 9b). It is characterized by a rapid cooling period between 130 Ma and 120 Ma followed
by a slow cooling period and then a rapid cooling period. This cooling pattern is rather similar to those
from the Dabie plutons, implying that the sample was affected by the Dabie orogeny because of the
proximity of locality.
Structural or thermal expansion regime changes may occur in K-feldspar crystals during step-heating
experiment [Cassata and Renne, 2013]. These changes cause inaccuracy in thermal history of MDD model. The
calculation illustrates that at a given time, the predicted temperature using MDD model could exceed the
true temperature up to 40°C [Cassata and Renne, 2013]. However, this is not important in this study, because
our concern is the contrast in cooling patterns between the upper crusts of the NCC and YTC, and the
accurate cooling rates is less important.

6. Contrast Unrooﬁng Patterns Between the NCC and YTC
The cooling histories obtained may be the result from either unrooﬁng or argon loss by later reheating. It is
difﬁcult to imagine that an area as enormous as the NCC or YTC was reheated to 150–450°C so that the
K-feldspar was impressed. This is because, ﬁrst, there is a lack of widespread magmatism or volcanism after
the Late Mesozoic, and second, the undeformed feature of the granitoids (granites, adamellites, syenites, and
diorites) implies that they were not impacted by the later metamorphic activity (thermal event). Therefore,
we prefer to state that the cooling histories observed above reﬂect the unrooﬁng process rather than later
reheating. Therefore, we conclude that the upper crusts of the NCC and YTC had experienced completely
different unrooﬁng processes during the Late Mesozoic.
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7. Implications for the Geodynamic Setting of Eastern Asian Continent
The discussion above indicates that the crust was thinner in the Cretaceous than in the Jurassic, and a relatively
rapid unrooﬁng event occurred on the NCC contrasting clearly with the YTC. So, what is the mechanism behind
these phenomena?
Several hypotheses have been proposed to explain the lithospheric destruction of the NCC and YTC, such as
delamination [Deng et al., 1994; Gao et al., 2002; Wu et al., 2005], thermal erosion [Grifﬁn et al., 1998; Xu et al.,
2004, 2009, 2007; Xu, 2007; Zhang et al., 2003; Zheng et al., 2001, 2007; Menzies et al., 2007], and melt-peridotite
interaction [Zhang et al., 2003; Tang et al., 2008].
Thermal erosion mechanism was inspired from a seismic image of the “mushroom cloud” beneath the North
China craton [Grifﬁn et al., 1998; Menzies et al., 2007]. It states that the lower lithosphere was baked and
softened by the hot upwelling asthenosphere, and ﬁnally, it turned into a part of the asthenosphere
mechanically, thereby causing the gradual thinning of the lithosphere [Xu, 2007]. Melt-peridotite interaction
hypothesis argues that the chemical reaction between the peridotite and melt might be the mechanism of the
lithospheric destruction below the NCC [Zhang et al., 2003; Tang et al., 2008]. Geochemically, the lithosphere of
the NCC varied during the Paleozoic, Mesozoic, and Cenozoic, which could be a result of the chemical reaction
[Zhang et al., 2003].
Delamination of the lithospheric mantle allows losing the root of the lithosphere and bringing the hot
asthenosphere in contact with the Moho [Bird, 1979]. This predicts massive magmatism and uplift of the crust
resulting in an extensional response in the shallow crust. Especially, the thinned crust of the NCC can be
explained by the delamination together with the lithosphere [Wu et al., 2005]. One of the direct evidences
suggests that the old lithosphere was replaced by a newer one completely sometime before the Cenozoic
[Gao et al., 2002]. It is a prevailing view that the paleo-Paciﬁc plate subducted northwestward beneath the
Asian continent during the Mesozoic [Grifﬁn et al., 1998; Davis et al., 2001; Wu et al., 2005], which resulted in
lithospheric thickening and subsequently, lithospheric removal in the eastern NCC [Grifﬁn et al., 1998; Wu
et al., 2005]. The question is, did the NCC delaminate together with the YTC?
It has been recognized that the NCC was characterized by lithospheric thinning during the Late Mesozoic,
which may have resulted from the northwestward subduction of the paleo-Paciﬁc plate [e.g., Fan and
Menzies, 1992; Grifﬁn et al., 1992, 1998; Gao et al., 2002; Wu et al., 2005; Menzies et al., 2007; Zheng et al., 2007;
Zhu et al., 2012b] although its mechanism and process are still controversial [e.g., Gao et al., 2002; Zhang et al.,
2003; Wu et al., 2005; Zheng et al., 2007]. Several lines of evidences show that the reactivation of the NCC
occurred at the northern margin as early as the Late Paleozoic but peaked during the Early Jurassic, which
involved extensive magmatism, deformation, and exhumation of the cratonic basement [Wang et al., 2013b].
A super mantle plume around ~125 Ma [Larson, 1991] might be the cause of intensiﬁed delamination of
the NCC at that time. It has been proposed that the mid-Cretaceous mid-Paciﬁc super-plume increased
subduction rates at its outer margins, which may have assisted the lithospheric delamination in eastern
China [Wu et al., 2005]. Although the Cretaceous magmatism was widespread in the northern and eastern
NCC, the Jurassic magmatism was conﬁned along the northern margin of the NCC [Wu et al., 2005].
Continental facies dominate the sedimentation on the NCC during the Jurassic and Cretaceous [Wang and
Chen, 2005]. Unrooﬁng could be mirrored by continental sedimentation. Figure 10 shows sedimentation rates
from a number of localities on the NCC. Overall, sedimentation rates maintained a low and stable value before
155 Ma and increased apparently during ~150–105 Ma implying increased unrooﬁng. Shandong (the eastern
NCC) exhibits abnormally high sedimentation rate from ~130 Ma that peaked at 115 Ma (Line 1 in Figures 10
and 2), reﬂecting intensiﬁed unrooﬁng at that time. The location west of Beijing in the northwest of the NCC
displayed an abrupt increase in sedimentation rate during 150–130 Ma that peaked at ~145 Ma (Line 2 in
Figures 10 and 2) suggesting that the unrooﬁng occurred ~15 Myr earlier than in the eastern NCC. This
observation is quite consistent with the earlier cooling in the northern part of the NCC indicated by CR3, CR70,
and CR76 (Figure 9a) (see discussion above), suggesting that the northern part of the NCC was delaminated
earlier than the eastern NCC. Relatively, the sedimentation on the west NCC had a low proﬁle implying that the
unrooﬁng was not as strong as that on the eastern NCC during the Late Mesozoic.
Detailed geochemical and geophysical studies have indicated that intensive structural deformation and
low seismic wave velocities in the upper mantle currently characterize the eastern NCC [Grifﬁn et al., 1998;
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Wu et al., 2005; Xu, 2007; Zheng et al., 2007; Chen et al., 2008a, 2008b; Yang et al., 2008; Chen, 2010; Zhu et al.,
2012b]. Moreover, studies on mantle xenoliths in the Tertiary alkali basalts indicate that the lithospheric
mantle beneath the eastern NCC is thin, fertile, hot, and of high density in contrast with the cratonic
lithospheric mantle recorded by the mantle xenoliths in the mid-Ordovician (ca. 480 Ma) [Li et al., 2011]
kimberlites [Grifﬁn et al., 1998; Gao et al., 2002; Xu, 2007]. These observations suggest that the eastern NCC
was destroyed sometime between the mid-Ordovician and Tertiary.
The Late Mesozoic magmatism is prominent (Figure 5) in the NCC. This widespread magmatism (135–110 Ma)
[Wu et al., 2005, and references therein] was taken as a sign of lithospheric destruction [Wu et al., 2005].
Detailed geochemical and isotopic researches, especially in situ zircon Hf isotope data illustrate that these
magmas were derived from various sources including depleted mantle, enriched lithospheric mantle, ancient
lower crust, and juvenile crust suggesting intensive mantle-crust interaction during their formation [Chen
et al., 2008a, 2008b; Yang et al., 2008; Chen, 2010]. The transition from enriched to depleted mantle sources for
the maﬁc magmas indicates that the thick cratonic lithospheric mantle beneath the eastern NCC was
signiﬁcantly removed or replaced by a juvenile lithospheric mantle [Gao et al., 2002]. This is also supported by
studies on mantle xenoliths in the Meso-Cenozoic alkali basalts [Zheng et al., 2007, and references therein].
Extensional structures are popular throughout the NCC, including detachment faults, metamorphic core
complexes, fault bounded basins, and dyke swarms as a major response to lithospheric thinning in the
shallow crust [Meng, 2003; Liu et al., 2008, 2013; Lin and Wang, 2006; Yang et al., 2008; Li et al., 2012]. The
transition of the tectonic regime from contraction to extension occurred at the beginning of the Cretaceous
[Davis et al., 2001; Lin et al., 2013]. Early Cretaceous metamorphic core complexes were reported in Liaonan,
Yiwulvshan, Yunmengshan, Miyun, Chengde, Hohhot, and Sulu [Davis et al., 2001; Meng, 2003; Liu et al., 2006; Lin
and Wang, 2006; Lin et al., 2013; Yang et al., 2008]. These metamorphic core complexes are characterized by
synchronous denudation (135–115 Ma) and have a uniform movement direction (NWW-SEE). The age of
detachment faults that controlled the Yiwilvshan and Louzidian-Dachengzi metamorphic complexes in Liaoxi is
127–116 Ma and 133–118 Ma, respectively [Rutshtein, 1992; Zhang et al., 2002]. Early Cretaceous fault basins
(pull-apart basins) including Chengde, Fuxin, Jiaolai, and Hefei basins are also widely developed in the eastern
NCC [Zhu et al., 2012a, 2012b]. A common feature shared by these basins is that they are controlled by
extensional normal or detachment faults [Meng, 2003; Li et al., 2012; Liu et al., 2013]. Although these faults have
different trends, their hanging walls exhibit consistent directions of movement implying that they formed in a
uniform tectonic regime. Dyke swarms are products of typhonic magmatism that might provide important
information of the deep. Several dyke swarms have been reported including Gufeng lamprophyre dykes
(146.6 ± 2.9 Ma, K-Ar age on biotite) [Ying et al., 2004], Linxi diabasic dykes (100.6 ± 2.7 Ma, K-Ar age on biotite)
[Shao et al., 1998], Sulu maﬁc dykes (from 120.3 ± 2.1 to 126.9 ± 1.9 Ma) [Liu et al., 2008], and north Beijing
bimodal dykes (114–124 Ma, K-Ar age on biotite) [Shao et al., 1998].
The rapid unrooﬁng event on the NCC observed in this study can be explained by lithospheric mantle
delamination. Delamination usually results in a sudden uplift of the crust [Bird, 1979] and unrooﬁng ensues.
The sedimentation rates and cooling histories show that the unrooﬁng process at northern portion of the
NCC started earlier than the central and eastern portion, and the western NCC probably did not suffer the
same process. These observations imply that the thinning or destruction in the NCC lithosphere may have
initiated in the northern part (~140–135 Ma) and intensiﬁed subsequently and spread throughout the whole
of eastern NCC (~125 Ma).
As a contrast to the NCC, the cooling history of the upper crust of the YTC shows a gentle and relatively constant
cooling rate (~1.2°C/Ma, Figure 9b) suggesting that there was no rapid unrooﬁng event during 200–75 Ma. This is
consistent with the observation from the YTC in terms of deformation and magmatism during the Mesozoic.
Although metamorphism is poorly observed for the Mesozoic rock package, it could be commonly identiﬁed and
generally shows a low metamorphic grade in the central YTC [Wang et al., 2013c, and references therein]. Late
Mesozoic magmatism is not developed in the central and eastern YTC [Chu et al., 2012a, 2012b; Wang et al.,
2013c] but occurred locally north of it, which might be a result of the Dabie orogeny. Recent studies suggest
that the Xuefengshan range, in eastern YTC, is a Triassic intracontinental orogen, which was relatively quiet
during the Late Mesozoic [Faure et al., 2009; Charvet et al., 2010; Li et al., 2010; Chu et al., 2012a, 2012b; Wang
et al., 2013c]. Therefore, although a thin crust is also identiﬁed for the YTC at present by geophysical data
suggesting it was also thinned at some time, it is unlikely to have happened during 200–75 Ma. The above
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geochronological data show that the crust was still thick by the Late Jurassic. Therefore, we prefer to state
that the lithospheric thinning of the YTC might have happened after 75 Ma. This is consistent with the
observations of the recent thermochronological studies [Li and Shan, 2011; Shen et al., 2012], which have
indicated that the rapid cooling and exhumation events occurred throughout the YTC after ~96 Ma.

8. Conclusions
High-resolution 40Ar/39Ar analyses were conducted on K-feldspars and biotites from the plutonic and
metamorphic rocks of Mesozoic age or older from the NCC and YTC. Contrast cooling patterns between the
upper crusts of the NCC and YTC were identiﬁed. On the NCC, cooling is more rapid than on the YTC. After
checking a number of mechanisms, our observations can be explained by the lithospheric delamination
model. Together with the sedimentation rates over the NCC, we argue that the lithospheric thinning initiated
from the northern portion around 140–135 Ma and spread to the central and eastern portions gradually
during 125–100 Ma.
In contrast, a slower cooling period was observed during 200–75 Ma on the YTC, which is consistent
with observations of weak magmatism and relatively quiet tectonic activity during the Cretaceous.
Nevertheless, the thinned modern lithosphere implies that it was also destructed at some time. The
crust of the YTC in the Late Triassic was thicker than that of the NCC in the Cretaceous, which implied by
the pure conductive cooling. Therefore, we conclude that the lithospheric thinning of the YTC perhaps
happened after ~75 Ma.
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