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Diverse exhumation of the Mesozoic tectonic belt within the Yangtze Plate, 
China, determined by apatite fission-track thermochronology

ABSTRACT: New and mostly published apatite fission-track (AFT)
data are compiled to reveal the exhumation of the Mesozoic tec-
tonic belt (MTB) within the Yangtze Plate, China. New AFT ages
ranging from 51 ± 3 to 108 ± 5 Ma with mean measured track
lengths between 11.8 ± 1.6 and 12.8 ± 2.0 µm, are obtained for the
bedrock samples collected along a southeast to northwest transect
across the MTB, including the exceptional Huangling Dome in the
northern Yangtze Plate. The diverse, involving the first rapid, fol-
lowing by a slow, and the final accelerating, cooling and inferred
exhumation from the Late Mesozoic to the Cenozoic have been
identified in the study region based on the AFT data and model-
ing. The onset of exhumation is earlier in the Huangling Dome
than in the southeastern and northwestern MTB, and in the south-
eastern MTB than in the northwestern MTB. Similarly, the final
stage of accelerating exhumation seemed to start earlier in the Hua-
ngling Dome than in the southeastern and northwestern MTB, but
in the northwestern MTB than in the southeastern MTB. The
diverse exhumation of the MTB should have been attributed to the
far-field effect of the Pacific plate subduction in the Cretaceous to
the east, and to the eastward and southeastward tectonic escape
from the Tibetan plateau imposed by the India-Eurasia collision
since ~55 Ma to the west.

Key words: apatite fission-track, diverse exhumation, Mesozoic tec-
tonic belt, geodynamics

1. INTRODUCTION

The Mesozoic tectonic belt (MTB) between the south-
eastern Wuling-Xuefeng Mountains and the eastern Sichuan
Basin (Fig. 1) is an intraplate fold belt within the Yangtze
Plate of South China. Magmatic and metamorphic activities
have been absent since the Mesozoic. The belt has a struc-
tural style of chevron anticlines and thrusts in the west to
chevron synclines and thrusts in the east, presumably due to
the switch of thin-skinned to thick-skinned tectonics. Con-
sequently, this led to the tendency of an increasing age of
exposed rocks from the west to the east in the MTB.

There have been lots of studies and many controversies
on the deformation style and the formation age of the MTB,
and they are summarized below. 

(1) After structural analysis of some anticlines, Yan et al.
(2003, 2009) considered the multi-layer over-thrust system

to develop in the Middle Jurassic to Late Cretaceous as part
of an intracontinental orogen within the Yangtze Plate as a
result of indentation tectonics following the Early Mesozoic
collision of the North China and South China blocks.

(2) Wang et al. (2005) reckoned that the deformation of
Xuefengshan tectonic belt and the eastern Sichuan foreland
to the west occurred between the Middle Triassic and the
Early Jurassic on the basis of 40Ar/39Ar dating and geolog-
ical observations.

(3) Based upon a systematic collection of isotopic ages of
magmatic intrusions, sedimentary facies, and structural
deformation, Li and Li (2007) proposed that as a postoro-
genic magmatic province, the 1300-km-wide intracontinenta1
orogen in South China was formed during 250–150 Ma by
a flat-slab subduction of the Pacific plate to the east.

(4) Hu et al. (2009) qualified the formation time of the
tectonic belt was in a short interval between the Late Juras-
sic and Early Cretaceous by the stratigraphic unconformity.

Summarily, the MTB formed in the Mesozoic was basi-
cally consentaneous, but subsequent exhumation process
remains poorly understood. The uplift and denudation of
the MTB since the Late Mesozoic (at least the Late Creta-
ceous) have been generally recognized (Hu et al., 2006;
Richardson et al., 2008, 2010; Shen et al., 2009; Mei, 2010;
Tian et al., 2011). However, the age and rate of the exhu-
mation, especially the variation in the different sections of
the MTB are still poorly constrained. 

Apatite fission-track (AFT) dating is an effective method
to determine the history of the exhumation and the pattern
of tectonic geomorphology in the upper crust. It has been
successfully applied to study the spatial and temporal pat-
tern of the exhumation since the Mesozoic in Alps, Appa-
lachia, Andes, Qinghai-Tibetan Plateau, Qingling-Dabie-Sulu
etc. (e.g., Gleadow and Fitzgerald, 1987; Johnson, 1997; Gal-
lagher et al., 1998; Willet et al., 2003; Hu et al., 2006; Rich-
ardson et al., 2008, 2010; Wang et al., 2009). Thus, in this study,
we compile new and mostly published AFT data to better
constrain the age and rate of the cooling of the Mesozoic
tectonic belt (MTB) within the Yangtze Plate, provide firmer
constraints on the exhumation history. The data are also used
to discuss the possible exhumation geodynamics. 
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2. GEOLOGICAL SETTING

The MTB is situated in the northwestern part of the
Yangtze Plate. To the north, the Yangtze plate is separated
from the North China Craton by the Late Paleozoic to the
Early Mesozoic Qingling-Dabie orogenic belt (QDOB), and
to the west from the eastern margin of the Tibetan Plateau
by the Longmenshan-Yanyuan thrust belt (LYTB) (Fig. 1).

The Wuling-Xuefeng Mountains in the southeastern part
of the MTB is an east-northeast to northeast-trending intra-
plate deformation belt. It comprises a series of arcuate anti-

clines and synclines, exhibiting the chevron syncline-thrust
system. The Banxi Group and its equivalents of Meso- to
Neo-proterozoic age in the Yangtze Plate comprise the
metamorphic basement (Yan et al., 2003). The sedimentary
cover consists mainly of folded Paleozoic and Lower Meso-
zoic strata of shallow-marine origin. Jurassic, Cretaceous
and Cenozoic strata are composed entirely of terrigenous
clastic sequences (HNBGMR, 1988). 

On the west, the Huayun thrust separates the Sichuan
Basin and the MTB. Towards the southeast, thin-skinned
deformation is gradually replaced at the Cili-Baoqin detach-

Fig. 1. Sketch of the MTB, China (Modified after Ma et al., 2002), and a compilation of AFT ages from Hu et al. (2006), Richardson
et al. (2008), Shen et al. (2009, Mei et al. (2010), and this study (the unspecified provenance). 
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ment fault by thick-skinned deformation characterized by
the Xuefeng and Wuling nappes and numerous klippen. The
thin-skinned belt is structurally overlain by the thick-
skinned belt on which Jurassic red beds rest unconformably
(Yan et al., 2003).

As is different from a series of anticlines and synclines in
the southeastern and northwestern MTB, the Huangling
Dome in the northern Yangtze Plate, near the QDOB, has
an exhumed core of the basement, or the Neoarcheozoic
and Paleoproterozoic high-grade metamorphic Kongling
group, away from which the Paleozoic and Mesozoic rocks
crop out (Fig. 1) (HBBGMR, 1990). 

3. SAMPLING AND EXPERIMENTAL METHODS

In this study, fourteen representative samples of fresh
samples from a southeast to northwest transect across the
MTB, including the transmeridional Huangling Dome were
collected for AFT analysis (Fig. 1, Table 1) to address their
cooling, and inferred exhumation history. Most samples are
of Jurassic in stratigraphic age, and some of Archeozoic,
Proterozoic, Siniria, Permian or Cretaceous (Table 1). These
samples are fine- to coarse-grain sandstone, granitic gneiss
or granite, without any significant neotectonic and mag-
matic overprinting. Efforts have been paid to avoid possible
thermal effect related to active faults.

A portable GPS was used to measure the longitude and
latitude of each sampling location with precision in the
order of 10 m, and the elevation with precision in the order
of 5m. This sampling strategy allows comparing the distri-
bution of the AFT ages with the relative locations and ele-
vations of the samples in order to estimate the variations in
the cooling, and the inferred exhumation history.

Apatite crystals were obtained by crushing, sieving, mag-
netic and heavy liquids separation techniques. Apatite crys-
tals were mounted by epoxy resin. These prepared samples
were carefully ground and polished to an optical finish to
expose internal grain surfaces. Apatite spontaneous fission
tracks were revealed by 5.5 M HNO3 at 21 °C for 20 sec-
onds (Carlson et al., 1999).

AFT ages were analyzed by using external detector
method (Hurford and Green, 1983). The mounts were cov-
ered with a flake of low-U muscovite, packed for irradiation,
together with standard uranium dosimeter glass SRM612
and standard known age sample FCT (27.8 ± 0.7Ma) (Hur-
ford and Green, 1983), and irradiated in a well-thermalized
(Cd for Au > 100) neutron flux 492 Swim reactor, Chinese
Institute of Atomic Energy. After irradiation, muscovites
were etched in 40% HF at 25 °C for 20 minutes to reveal
induced fission tracks. Maximum etch pit dimensions
(Dpar) were concurrently monitored as a representative of
their chlorine content. Only those crystals with prismatic
sections parallel to the c-crystallographic axis were accepted
for Dpar analysis, because of their high etching efficiency.

The AFT ages were calculated following the method rec-
ommended by Hurford (1990), using the zeta calibration
method (Hurford and Green, 1983). The AFT ages were
calculated using the Trackkey software® (Dunkl, 2002).
Ages quoted are central fission track ages with one standard
error. Zeiss Axioplan microscope at ×1250 magnification
with AUTOSCAN system was used to observe and mea-
sure the spontaneous and induced densities of AFT popu-
lations, as well as confined lengths and the related Dpar
values of apatite fission tracks.

4. RESULTS

4.1. FT Data

The measured data, including the central ages of AFT (as
AFT ages in this study), the mean measured track lengths
(MTL) and the Dpar values of AFT are listed in Table 1,
whilst the representative plots of Lc (c-axis projected track
length) with unimodal distribution are illustrated in Figure
2. The measured AFT ages range from 51 ± 3 to 57 ± 3 Ma
in the northwestern EMTB, 62 ± 5 to 70 ± 7 Ma in the
southeastern EMTB, and 87 ± 9 to 108 ± 5 Ma in the Hua-
ngling Dome. The mean measured track lengths range from
11.8 ± 1.6 to12.8 ± 2.0 µm, and a mean Dpar value of 1.5
± 0.1 to 1.8 ± 0.2 µm (Table 1).

To better interpret the significance of our data, we modeled
four representative AFT data sets with sufficient track lengths
to quantify the timing and amount of cooling at specific
locations. Their time-temperature paths are most likely to reveal
the exhumation history of the MTB, as the chosen samples are
basically evenly distributed in the study region (Table 1).

Time-temperature histories were calculated by the inverse
modeling approach using the version 1.6.7 (2009) of HeFTy
(Ketcham, 2005) with a multi-compositional annealing
model (Ketcham et al., 2007b) and the Dpar value as kinetic
parameter. Models were run using c-axis projected lengths
(Ketcham et al., 2007a), and initial track lengths were cal-
culated according to the mean Dpar value of each sample
using the formula of Carlson et al. (1999). The thermal his-
tory modeling results, as well as the plots of Lc distribution,
are illustrated in Figure 2, from which it infers that both the
measured and the model AFT ages and lengths are consis-
tent within the scope of standard errors. Based on GOF
(Goodness of fit) > 0.5 by the Kolmogorov-Smimov test,
the c-axis projected and the model track lengths vary from
12.4 to 13.1 µm, and 12.6 to 13.2 µm, respectively; both the
measured and the model AFT ages range from 57 to 108
Ma. Clearly, the four time-temperature cooling curves exhibit
diverse patterns.

4.2. Cooling History Analysis of Each Sample

The probability of χ2 values for (n–1) (n is number of
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Fig. 2. Representative plots of time-temperature paths modeled by the AFT data and the c-axis projected track (Lc) distributions. Thermal
modeling of AFT length and age data modeled time-temperature paths for four apatite samples, computed with the version 1.6.7 (2009)
of HeFTy program by Ketcham (2005). Temperature ranges between 110 and 60 °C delineate apatite partial annealing zone, defined as
temperature interval in which majority of track length shortening take place. Parameters and variables include: (1) the constant present
surface temperature of 20 °C, (2) the kinetic variable of Dpar to be input, (3) measured track lengths and the related angles to be input,
and (4) c-axis projected lengths (Ketcham et al., 2007a) and default initial track lengths according to L0,c,mod = 16.10 + 0.205 Dpar (µm)
(Carlson et al., 1999; Ketcham et al., 2007a, 2007b). We modeled 10,000 paths for each plot. Thick lines show the best-fit solutions
obtained for these model runs, and dark-grey and light-grey colors show the good-fit solutions and the accept-fit solutions, respectively.
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crystals counted) degrees of freedom in AFT scatter, or
P(χ2), is far greater than 5% (Table 1), indicating that the
ages of apatite crystals can be classified as a single popu-
lation for each sample.

Except for sample JX-184, all the samples have an AFT
age of <120 Ma, markedly younger than their formation
ages of their host-rocks (>120 Ma) (HNBGMR, 1988;
HBBGMR, 1990; SCBGMR, 1991). Therefore, they rep-
resent the cooling ages of the samples during the uplift and
denudation processes owing to their negligibly affected by
magmatic or tectonic activities since the late Mesozoic
(HNBGMR, 1988; HBBGMR, 1990; SCBGMR, 1991). 

Because the exceptional sample JX-184 has an AFT age
(87 ± 7 Ma) no less than the stratigraphic age of upper Cre-
taceous, the AFT age maybe reveals the information of
source area, not the cooling, and inferred exhumation his-
tory; thus we hereinafter do not take the sample JX-184 into
account. The other apatite samples must have experienced
significant track annealing and a relatively long-term lin-
gering in the AFT partial annealing zone owing to the evi-
dent shortening of apatite fission tracks (Table 1). 

Figure 2 indicates that the time-temperature cooling
curves exhibit multi-stages or episodic patterns, including
two rapid and one slow cooling in the MTB since the Late
Mesozoic. 

4.3. Comparison of Cooling History among Various 
Locations

Table 1 lists a spread of new AFT ages at the sampling
locations, suggesting a diverse exhumation in the MTB
since the Late Mesozoic. Moreover, Table 1 manifests the
weak relationship between the AFT ages and the sample
elevations, not as would be expected from a region expe-
riencing simple exhumation.

Figure 3 exhibits the histograms of the apatite fission
track age distribution in the northwestern MTB, in the
southeastern MTB and in the Huangling Dome, in compar-
ison with the AFT ages of surface rocks in the study region
by Hu et al. (2006), Richardson et al. (2008), Shen et al.
(2009), Mei et al. (2010), and this study. Evidently, the AFT
ages are divisible into three clusters of ~65 Ma in the north-
western MTB, ~75 Ma in the southeastern MTB and ~95
Ma in the Huangling Dome (Fig. 3).

These AFT ages suggest that these samples once cooled
to the closure temperatures (~100 °C) of AFT, and exhumed
to the equivalent burying depths in the northwestern MTB
in ~65 Ma, in the southeastern MTB in ~75 Ma, and in the
Huangling Dome in ~95 Ma, respectively. 

Figure 2 illustrates the cooling history of the MTB since
the late Mesozoic. Based on the best-fit paths modeled by
the AFT data, it has probably experienced an episodic cool-
ing since the Late Mesozoic as follows:

(1) The first rapid cooling probably occurred in the north-

western MTB ~80 Ma ago, in the southeastern MTB ~100
Ma ago, and in the Huangling Dome ~150 Ma ago.

(2) Subsequent slow cooling maybe took place in the
northwestern MTB during ~80–25 Ma, in the southeastern
MTB during ~100–15 Ma, and in the Huangling Dome dur-
ing ~150–35 Ma.

(3) A second rapid cooling possibly arose in the north-
western MTB after ~25Ma, in the southeastern MTB after
~15 Ma, and in the Huangling Dome after ~35 Ma.

5. DISCUSSION

The AFT analyses performed within the MTB allowed us
to reconstruct their exhumation history and deduce their
geodynamics implications over the period the Late Meso-
zoic to Recent time.

5.1. Diverse Exhumation

From the histograms of apatite fission track ages (Fig. 3)

Fig. 3. Histograms of apatite fission track ages from Hu et al.
(2006), Richardson et al. (2008), Shen et al. (2009), Mei et al. (2010),
and this study.
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and best-fit paths modeled by the AFT data (Fig. 2), several
conclusions can be drawn and summarized below.

(1) The ~65 Ma of AFT ages and the modeling result of
JX-168 from the northwestern MTB means that the samples
were exhumed through the partial annealing zone of AFT
as a simple block, and the main upper part of the north-
western MTB remained at temperatures lower than ~110
and ~60 °C after cooling episode in ~80 Ma and in ~25 Ma,
respectively (Fig. 2). Assuming a steady-state paleogeother-
mal gradient of 30 °C/km, the present surface of the tec-
tonic belt should have been buried at a depth of ~2–3 and
~1–2 kilometres in the periods of the Late Cretaceous and
the Oligocene, respectively. 

(2) The ~75 Ma of AFT ages and the modeling result of
JX-193 from the southeastern EMTB means that the sam-
ples were exhumed through the partial annealing zone of
AFT as a simple block, and the main upper part of south-
eastern MTB remained at temperatures lower than ~110 and
~60 °C after cooling episode in ~100 Ma and in ~15 Ma,
respectively (Fig. 2). Assuming a steady-state paleogeother-
mal gradient of 30 °C/km, the present surface of southeast-
ern MTB should have been buried at a depth of ~2–3 and
~1–2 kilometres in the periods of the Late Cretaceous and
the Miocene, respectively.

(3) The ~95 Ma of AFT ages and the modeling results of
JX-178 and JX-183 (their AFT ages are overlapped at ±2σ
level) from the Huangling Dome means that the samples
were exhumed through the partial annealing zone of AFT
as a simple block, and the main upper part of the Huangling
Dome remained at temperatures lower than ~110 and ~60 °C
after cooling episode in ~140 Ma and in ~35 Ma, respec-
tively (Fig. 2). Assuming a steady-state paleogeothermal
gradient of 30 °C/km, the present surface of the Huangling
Dome should have been buried at a depth of ~2–3 and ~1–
2 kilometres in the periods of the Early Cretaceous and the
Eocene, respectively.

Apparently, the diverse cooling, and inferred exhumation
occurred in the MTB from the aforementioned conclusions.
The onset of exhumation is earlier in the Huangling Dome
than in the southeastern MTB and in the northwestern
MTB, and in the southeastern MTB than in the northwest-
ern MTB. The final cooling and inferred exhumation in the
Huangling Dome since ~35 Ma possibly started earlier than
in the southeastern MTB since ~15 Ma and in the north-
western MTB since ~25 Ma, but in the northeastern MTB
since ~25 Ma than in the southeastern MTB since ~15 Ma.
This is basically concordant to the final accelerated exhu-
mation in the Huangling Dome and the onset of incision in
the Three Gorges after 40 Ma (Hu et al., 2006; Richardson
et al., 2010). This is also not contrary to the final cooling
and inferred exhumation after ~30 Ma in the northeastern
Sichuan Basin constraint from low-temperature thermo-
chronology profiles (Tian et al., 2011), but possibly reveals
the final cooling and inferred exhumation propagation from

the edge of the northeastern Sichuan Basin to the MTB.
In case according to the good-fit path envelopes modeled

by the AFT data, the final cooling, and inferred exhumation
after ~15–50 Ma in the Huangling Dome is approximately
identical with those after ~15–50 Ma in the northwestern
and southeastern MTB (Fig. 2). This mainly contains the
final cooling and inferred exhumation since ~30 Ma in the
northeastern Sichuan Basin constraint from low-tempera-
ture thermochronology profiles (Tian et al., 2011). Accord-
ingly, the final cooling and inferred exhumation seemed to
vary slightly in the northeastern Sichuan Basin and in the
MTB.

Further, this diverse exhumation of the MTB is consistent
with the following aspects: (1) the onsets of uplifting for
different tectonic units in the Mid-upper Yangtze area
decrease westward (Yuan et al., 2010); (2) the Huangling
Dome was formed in 165–100 Ma, in combination with the
features of detrital AFT ages, thermal history and strata dis-
tribution etc. (Liu et al., 2009); and (3) the Mesozoic intra-
continental deformation in western Hunan and Hubei Prov-
inces to eastern Sichuan Province was progressive with a
large width and a long diachronous interval (Mei et al.,
2010).

In short, the onset of exhumation is earlier in the Huan-
gling Dome than in the southeastern and northwestern
MTB, and in the southeastern MTB than in the northwest-
ern MTB. The final accelerating cooling and exhumation
possibly started earlier in the Huangling Dome than in the
southern and northwestern MTB, but in the northwestern
MTB than in the southeastern MTB. 

5.2. Possible Exhumation Geodynamics 

Our results reveal the diverse cooling and inferred exhu-
mation in the MTB since the Late Mesozoic, and the various
exhumed mechanisms may be deduced in the following.

The northwestward subduction of the Pacific plate during
80–100 Ma (e.g., Sun et al., 2007) led to the onset of exhu-
mation from the southeastern to northwestern MTB in the
Late Cretaceous. However, that the exceptional Huangling
Dome experienced rapid uplift and denudation in the Early
Cretaceous might have resulted from a combination of the
Mesozoic lateral extrusion and rotation of the QDOB and
clockwise rotation of the Yangtze Plate (e.g., Meng and
Zhang, 2000; Tan et al., 2007), and an abrupt change from
southwest to northwest in the drifting direction of the sub-
ducting Pacific plate at ~125 Ma (e.g., Sun et al., 2007). 

The final rapid exhumations in the northwestern MTB
after ~25 Ma, in the southeastern MTB after ~15 Ma, and
in the Huangling Dome after ~35 Ma were dominantly
caused by the eastward and southeastward tectonic escape
from the Tibetan Plateau imposed by the India-Eurasian
collision and corresponding uplift of the Tibetan Plateau
commenced ~55 Ma (e.g., Klootwijk et al., 1992; Rowley,
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1996).
This possible exhumed mechanism can better interpret

the AFT ages and modeling of the MTB, including the
exceptional Huangling Dome.

6. CONCLUSIONS

The AFT ages and thermal history modeling results
reveal that the MTB has experienced a three-stage cooling,
and inferred exhumation history spanning the Late Meso-
zoic and Cenozoic eras. An obviously diverse exhumation
of the MTB has been recognized from the AFT ages and
modeling time-temperature paths since the Late Mesozoic
as follows:

(1) The first rapid cooling and inferred exhumation took
place earlier in the Huangling Dome than in the southeast-
ern MTB and in the northwestern MTB, and in the south-
eastern MTB than in the northwestern MTB.

(2) The final accelerated cooling and inferred exhumation
possibly occurred earlier in the Huangling Dome than in the
southeastern MTB and in the northwestern MTB, but in the
northwestern MTB than in the southeastern MTB.

(3) The slow cooling and inferred exhumation arose in
the MTB in the interval of the two rapid cooling.

The diverse exhumation of the MTB should have been
attributed to the far-field effect of the Pacific plate subduc-
tion in the Cretaceous to the east, and to the eastward and
southeastward tectonic escape from the Tibetan plateau
imposed by the India-Eurasia collision after ~55 Ma to the
west.
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