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Taishan Mountain in the eastern China is a normal-fault-controlled range that formed during the Meso-Cenozoic, in response
to large-scale extension and lithospheric thinning of the North China Craton. However, constraints on the timing of the
polyphase extensional events which formed the Taishan edifice remain poorly resolved, hindering a detailed understanding of
the landscape evolution of this prominent mountain. Here, we conducted apatite (U-Th)/He dating on sixteen samples from
three profiles perpendicular in the Taishan Mountain, with a major view to control structures in Taishan Mountain and to
resolve the Meso-Cenozoic landscape evolution. The newly determined apatite (U-Th)/He ages show a wide variation range
of ~113 to 30 Ma, indicating a slow and protracted cooling history. The inverse thermal history modeling results reveal two
pulses of enhanced cooling at ~80 to 60 and 55 to 50 Ma, which we interpret as exhumation related to normal fault activity.
Furthermore, one-dimensional modeling indicates that the magnitude of tectonic exhumation is constrained at ≥15 m/Myr
across the Yunbuqiao, Zhongtianmen, and Taishan Piedmont faults. Integrating this study and published studies, we suggest that
Taishan Mountain underwent four-stage evolution since 100 Ma: (1) the whole Taishan Mountain commenced a continuous and
slow exhumation under a weaker tensional environment at ~100 to 80 Ma, (2) the joint growth and interactions within a normal
fault system resulted in rapid uplift and promoted the formation of the Proto-Taishan Mountain at ~80 to 60 Ma, (3) the Taishan
Mountain underwent exhumation at ~55 to 50 Ma, interpreted as a tectonic response to the Taishan Piedmont Fault, and (4)
the last stage (~50 to 0 Ma), the Taishan Mountain experienced protracted exhumation related to normal faulting until now.
We attribute the extensive normal faulting to the subduction and slab rollback of the Izanagi-Pacific Plates, which shaped the
present-day geomorphology of Taishan Mountain.

1. Introduction
Since the Late Mesozoic, normal faulting has been
thoroughly documented in the eastern province of the
North China Craton (NCC) [1–3]. The development of
extensional systems has been widely recognized as a
critical aspect of redistributing thickened crust following

orogenesis and plays a significant role in shaping relief
[4–6]. The eastern margin of the NCC hosts numerous
large-scale normal faults; thus, how the extensional regime
evolves through time is fundamental for understanding
the landscape evolution of eastern China. Although these
processes of fault growth have been studied extensively in
understanding the patterns of subsidence within hanging
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walls of rift-basin systems [7–12], there remain few studies
that focus on how fault growth influences the tectonic
development of the preserved topography.

The Taishan Mountain within the eastern NCC is a
large extensional range that was established through a
sequence of parallel normal faults (Figures 1 and 2)
[13, 14]. These faults formed three step-type geomor‐
phic landscapes that exert a first-order control over the
formation of (East-Northeast) ENE-trending extensional

basins and Cenozoic deposits [14, 15]. In addition, Lv
[16] also suggested that the Yanshanian (Late Jurassic
to Early Cretaceous) tectonic episodes played a key role
in determining the Late Mesozoic tectonic evolution of
the Taishan Mountain. In recent decades, several studies
focused on the extensional tectonics, uplift history, and
exhumation rate of Taishan, yet the timing and mecha‐
nism of uplift of this range are still unclear. Based on
apatite fission track (AFT) data, Li and Zhong [17] and Li

Figure 1: (a) Simplified tectonic and geological map of the North China Craton (modified from Yang et al. [131] 2018, Zhang et al. [25],
and Zhu et al. [132]). (b) Region tectonic framework of Luxi Terrane, China. BBB, Bohai Bay Basin; DTGL, Daxing'anling–Taihangshan
Gravity Lineament; ENCC, Eastern North China Craton; LKF, Liaocheng–Lankao Fault; TLF, Tan–Lu Fault; TNCO, Trans-North China
Orogen; WNCC, Western North China Craton.
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et al. [18, 19] suggested that Taishan Mountain initiated
exhumation at the Early Cenozoic and shaped the current
landscape at Miocene, in response to the combined effects
of the India–Eurasia collision and the subduction of the
Pacific Plate. However, many of these AFT data indica‐
ted partial reset which suggested that total exhumation
would have to be less than 4–6 km [20]. Thus, in order
to resolve the tectonic evolution of Taishan Mountain, a
low-temperature thermochronometer that is sensitive to
lower temperatures than AFT is required.

Apatite (U-Th)/He thermochronology (AHe) is a
popular and well-established tool for directly determining
the exhumation timing of bedrocks correlated with normal
faulting [11, 21–25]. Specifically, the AHe dating hosts a
low closure temperature and is more sensitive to thermally
activated volume diffusion within a partial retention zone
of ~40°C to 80°C [26, 27]. Therefore, it has been widely
applied to constrain the landscape evolution and tectonic
history of terrains within the upper crust (2, 4 km) [28, 29].
Furthermore, the thermochronological sampling strategy
highly depends on the regional deformation pattern [22,
23]. Thus, in order to constrain the tectonic evolution of
Taishan Mountain, we carried out single-grain AHe dating
on forty-eight representative apatite grains from sixteen
samples across the normal fault system along three transects
in the Taishan region. Joining the thermal inversion of
these thermochronological data, our major objectives are
to determine the formation timing and motion rate of

normal faults and to constrain the landscape evolution of
Taishan Mountain. Moreover, this study also will provide
related insights into geodynamic mechanisms for exhuma‐
tion throughout the whole eastern NCC.

1.1. Tectonic Setting. Taishan Mountain, a prominent
secondary unit in Luxi Terrane, is located in the west‐
ern section of the tectonic activity zone of eastern NCC
(Figure 1). It is commonly explored for geological resour‐
ces and preserves abundant geological occurrences, such as
emplacement of basic and tonalitic magmas, and post‐
magmatic deformation and metamorphism [13, 30]. The
Taishan Association (Archean crystalline basement rock) is
partially overlain by Paleoproterozoic to Cenozoic platform
cover, which makes up the main body of Taishan Mountain
(Figure 2) [31]. Basement gneisses and granitoid intrusions
comprise the main Taishan Association’s rock assemblage
[30, 32]. Gray gneisses and amphiboles are found in various
amounts in the basement gneisses [30]. The Trondhje‐
mite, Tonalite, and Granodiorite gneisses dominate the
granitoid intrusions and contain interlayered leucosome
and melanosome bands which have been interpreted to
be a result of anatexis (Figure 2) [32]. From bottom to
top, this association developed greenschist to amphibolite
facies metamorphism and was classified into Yanlingguan,
Shancaoyu, and Liuhang formations [33]. Based on zircon
U-Pb dating analysis, previous geochronological studies

Figure 2: (a) Topographic and (b) geological maps of the Taishan Mountain with sample location. The swath profiles of (c) Transect A,
(d) Transect B, and (e) Transect C are calculated using a 1 km width.
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have suggested that the Taishan Association was formed at
2.7 Ga [34, 35].

The Taishan Mountain is dominated by ENE and NW
trending faults (Figure 2) [10, 18, 36, 37], which play
a key role in the exhumation of Taishan and its geomor‐
phic pattern [13, 14]. The NW trending faults, such as
the Longjiao Shan Fault, were generated and developed
under almost E-W horizontal stress during the Mesozoic
[37]. These faults show strike 320°–340° and dip 60°–80°
SW, with 50–100 m in width [10, 37, 38]. In contrast, the
ENE trending faults, including Yunbuqiao Fault (YBQF),
Zhongtianmen Fault (ZTMF), and Taishan Piedmont Fault
(TSPF), are largely confined to the southern part of the
Taishan Mountain (Figure 2). These faults yield dip angles
that are approximately vertical toward the SSE direction
[13, 14, 16]. Moreover, these three faults include distinctive
step-type geomorphic landscapes that exert some control
over the formation of ENE-trending extensional basins and
Cenozoic deposits [13–16]. Previous studies have analyzed
the Cenozoic cooling history of the Taishan Mountain [17,
19, 39] and suggest that the Taishan Mountain underwent at
least three periods of rapid cooling events, including Early
Eocene, Mid-Late Eocene, and Early Miocene. The overall
uplift of Taishan Mountain is believed to have reached more
than 500 m since the Quaternary, with a rate of 0.5 mm/y
[13, 40].

2. Sampling and Methodology
2.1. Sampling. A total of sixteen granite samples were
collected from three transects within the Taishan Moun‐
tain (Figures 2(a) and 2(b)). A hand Global Positioning
System (GPS) was employed to determine the location and
elevation of each sample. See Table 1 for a complete list of
sample descriptions.

Transect A is located at the western segment of Taishan
Mountain and includes three samples with elevations
varying from 730 to 380 m (Figure 2(c)). Transect B is
about 10 km in the east of Transect A. Four samples were
collected from an almost horizontal profile (Transect A),
with elevation extending from 440 to 240 m over the YBQF
and ZTMF (Figure 2(d)). Transect C presents a shape of the
NNW-SSE route between Transect A and Transect B. From
the top of the Jade Emperor Peak (Yuhuangding in Chinese)
to the bottom, nine samples are collected along an elevation
profile, which covers 1231 m relief over a lateral extent of ~7
km (Figure 2(e)).

2.2. Apatite (U-Th)/He Analysis. First, apatite separation
was extracted using standard crushing, sieving, electromag‐
netic, and heavy liquid mineral separation techniques.
Following that, the apatite grains were hand-picked under
a high-power stereographic microscope. Only inclusion-
free, euhedral, unfractured, and large grains were selected.
Finally, the AHe analysis was conducted at the Institute of
Geology, China Earthquake Administration. The analyti‐
cal procedure mainly includes helium extraction wrapped
in the Pt capsule and measurement of U and Th con‐
tents by inductively coupled plasma mass spectrometer,

following the description by Yu et al. [41]. For more detailed
experimental protocols, see Text S1 in the supplementary
material.

During this analysis, we selected Durango apatite as
a reference standard to test our analytical technique.
Replicating analyses of twelve Durango apatite grains
yielded AHe ages in the range of 33.7–29.2 Ma, with an
average age of 31.5 ± 1.1 Ma (online Supplementary Figure
S1). This is consistent with the reported reference of 31.02 ±
0.22 Ma [42].

2.3. Thermal History Modeling. In this study, QTQt software
is applied to construct the thermal history modeling
[43]. The QTQt software could identify the optimal time–
temperature (t–T) path from thermochronological ages
for single or multiple samples based on the Bayesian
transdimensional Markov chain Monte Carlo (MCMC)
inversion scheme [43]. For each transect, we first mod‐
eled the thermal history of each sample individually and
then modeled multiple samples in the same wall of faults
together as an integrated vertical transect.

During modeling, we used the radiation damage
accumulation and annealing model of Flowers et al. [44] for
helium diffusion in apatite. Similarly, geological restrictions
are also taken into account in this modeling: (1) considering
the effect of the range of the prior distribution on time
and temperature, the oldest age is defined as the center of
time, with a range of plus/minus oldest aliquot age, and
the temperature range was centered on 70°C with a range
of ±70°C, (2) a present-day mean temperature of 14°C ±
14°C are selected for all samples [17], and (3) the geother‐
mal gradient of 36°C/km are adopted [17]. In addition,
temperature offsets are allowed to change over time due
to the possibility of alterations in the paleogeothermal
gradient. For all modeling samples, we did not employ any
extra constraints. All models represented 200,000 itera‐
tions: 100,000 for the burn-in, and the subsequent 100,000
accepted models for the posterior ensemble. Exploratory
runs with larger numbers could not appreciably change
model outcomes.

3. Results
3.1.  Apatite  (U-Th)/He  Dating.  A total  of  forty-eight
apatite  grains  were  analyzed for  AHe ages,  the  newly
obtained age  data  are  given in  Table  1.  Due to  the
analytical  inconsistency of  measurements  and outlier
thermal  histories  compared with the  rest  replicates  for
the  same sample,  individual  apatite  grain ages  are
excluded in  this  study (Table  1  and online  Supplemen‐
tary  Figure  S2).  The  AHe dates  are  much younger  than
the corresponding crystallization ages  [34,  35],  indicat‐
ing that  these  samples  have  been reset.  Furthermore,
there  is  no relationship observed between elevation and
AHe ages  for  three  transects  (Figure  3).

Transect A contains three samples, the lowest elevation
sample (TS03) yields the youngest AHe mean age of 40.2 ±
0.7 Ma, whereas the highest elevation sample (TS01) shows
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Table 1: Apatite (U‐Th)/He thermochronological data of three transects in the Taishan Mountain.

Sample

no.

U

(ppm)

Th

(ppm)

eU
1

(ppm)

[4He]

(nmol/g)

Radius

(μm) Ft
2

Corr. age

(Ma)

±1σ

(Ma)

Mean age
3

(Ma ± 1σ)

Latitude

(°N)

Longitude

(°E)

Elevation

(m)

TS01-1 8.37 10.34 10.80 3.0709 51.85 0.73 71.8 1.7 64.4 ± 1.1 36°15′23″ 117°4′25″ 730
TS01-2 13.88 12.66 16.85 3.7194 43.83 0.68 59.3 1.4
TS01-34 0.90 11.63 3.63 1.4465 41.22 0.64 113.4 3.9
TS02-1 6.81 1.81 7.24 2.3432 73.83 0.81 73.5 1.4 74.0 ± 1.2 36°16′27″ 117°3′46″ 530
TS02-24 3.27 1.50 3.62 1.4806 76.12 0.81 92.1 1.9
TS02-3 5.74 6.99 7.38 2.0545 43.36 0.68 75.2 2.1
TS03-14 0.82 9.80 3.13 0.3784 57.85 0.74 30.1 0.6 40.2 ± 0.7 36°16′12″ 117°2′8″ 380
TS03-2 1.20 8.79 3.26 0.5397 64.96 0.77 39.6 0.8
TS03-3 1.40 9.21 3.57 0.5610 46.31 0.68 42.2 1.5
TS04-14 9.69 9.30 11.87 4.1485 64.72 0.78 82.2 1.5 62.3 ± 1.1 36°15′11″ 117°13′42″ 240
TS04-2 4.68 4.67 5.77 1.3422 42.38 0.67 63.4 1.8
TS04-3 4.51 6.71 6.09 1.5792 62.68 0.77 61.8 1.3
TS05-1 8.29 5.11 9.49 2.5842 90.15 0.84 59.5 1.1 60.2 ± 0.7 36°15′43″ 117°12′5″ 270
TS05-2 8.40 3.51 9.23 2.5319 69.35 0.80 63.3 1.3
TS05-3 10.48 3.89 11.39 2.8372 66.86 0.79 58.0 1.3
TS06-1 19.58 1.52 19.94 6.1156 69.64 0.80 70.5 1.5 72.0 ± 0.9 36°16′15″ 117°10′33″ 350
TS06-2 16.02 4.33 17.03 5.5629 79.56 0.82 72.9 1.4
TS06-3 8.54 0.99 8.78 2.8429 77.22 0.82 72.7 1.6
TS07-1 18.08 12.99 21.13 5.9515 94.25 0.85 61.1 1.0 57.7 ± 0.7 36°17′30″ 117°10′16″ 440
TS07-2 6.51 4.50 7.57 1.6518 50.13 0.72 55.5 1.6
TS07-3 7.72 5.12 8.92 1.9095 59.83 0.76 51.5 1.2
TS07-4 1.74 3.19 2.49 0.6651 56.42 0.75 65.8 2.2
TS08-14 9.69 29.01 16.51 7.0569 74.13 0.80 97.9 1.6 72.4 ± 1.0 36°15′17″ 117°6′21″ 1513
TS08-2 19.41 18.35 23.72 6.9268 51.59 0.73 73.7 1.3
TS08-3 4.11 10.20 6.51 2.0122 74.39 0.80 70.7 1.5
TS09-1 2.83 11.37 5.50 1.4907 48.60 0.70 70.9 1.7 65.3 ± 1.2 36°15′16″ 117°5′57.75″ 1355
TS09-24 3.16 9.22 5.33 2.0462 63.95 0.77 91.4 2.1
TS09-3 2.14 8.42 4.12 0.9467 48.40 0.70 60.3 1.6
TS10-1 3.32 7.20 5.01 1.3908 59.58 0.76 67.3 1.2 66.9 ± 0.8 36°15′0.99″ 117°6′10.05″ 1127
TS10-2 4.93 7.51 6.70 2.0381 81.20 0.82 68.1 1.3
TS10-3 4.23 7.52 5.99 1.7064 74.02 0.80 65.1 1.4
TS11-1 1.92 6.78 3.51 1.5522 71.49 0.79 102.2 2.2 104.8 ± 1.7 36°14′52.23″ 117°6′17.41″ 1037
TS11-2 1.36 5.66 2.69 1.2471 68.48 0.78 108.7 2.7
TS12-1 1.40 5.33 2.65 1.0882 68.80 0.78 95.9 2.3 87.9 ± 1.4 36°14′45.66″ 117°6′25.95″ 962
TS12-2 1.43 4.51 2.49 0.9354 85.20 0.82 83.6 1.7
TS13-1 17.28 33.35 25.12 5.5967 59.54 0.76 54.1 0.9 54.6 ± 0.5 36°14′26.16″ 117°6′26.88″ 824
TS13-2 7.20 9.00 9.31 2.0969 54.68 0.74 55.8 1.4
TS13-3 10.99 24.32 16.71 3.7749 50.26 0.71 58.0 1.1
TS13-4 10.44 24.32 16.15 3.5480 63.35 0.77 52.4 0.9
TS14-1 3.61 8.84 5.69 2.0877 62.87 0.77 87.6 1.8 81.2 ± 1.2 36°13′49.08″ 117°6′43.34″ 573
TS14-2 5.17 6.68 6.74 2.2796 75.40 0.81 76.7 1.5
TS14-34 1.95 5.57 3.26 0.7283 78.77 0.81 50.6 1.1
TS15-1 4.01 20.21 8.76 1.1788 35.75 0.60 41.1 0.9 41.2 ± 0.6 36°13′18.98″ 117°6′58.96″ 409

(Continued)
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a mean age of 64.4 ± 1.1 Ma (Figure 3(a)). These ages
overlap with published AFT ages by Tang [39].

Transect B includes four samples and yields AHe mean
ages ranging from 72.0 ± 0.9 to 57.7 ± 0.7 Ma (Table 1 and
Figure 3(d)). More specifically, the AHe ages with higher
elevation samples (TS05 and TS07) are younger than those
at lower elevations (TS04 and TS06; Figure 3(d)).

For Transect C, nine samples were collected along the
section with a vertical elevation profile which crossed
the ZTMF and YBQF (Figure 2(e)). These samples yield
the AHe mean ages varying from 104.8 ± 1.7 to 41.2 ±
0.6 Ma (Table 1 and Figure 3(g)). The reproducibility of
the single grains for each sample is inhomogeneous from
one sample to another. The transect is further divided

Table 1: Continued

Sample

no.

U

(ppm)

Th

(ppm)

eU
1

(ppm)

[4He]

(nmol/g)

Radius

(μm) Ft
2

Corr. age

(Ma)

±1σ

(Ma)

Mean age
3

(Ma ± 1σ)

Latitude

(°N)

Longitude

(°E)

Elevation

(m)

TS15-2
4

4.41 23.08 9.84 1.7484 41.36 0.65 50.3 1.2
TS15-3 4.65 25.27 10.59 1.5958 44.19 0.67 41.3 0.8
TS16-1 4.24 19.52 8.83 2.0357 72.42 0.79 53.4 0.9 57.0 ± 0.6 36°12′47.13″ 117°7′15.09″ 282
TS16-2 5.76 30.73 12.98 3.0643 56.90 0.74 58.6 1.0
TS16-3 3.95 17.73 8.11 1.9570 49.95 0.71 62.6 1.4
1Effective uranium content, eU = U + 0.235 × Th.
2α-ejection correction [53] calculated using mass-weighted mean radius.
3The weighted mean age calculation using the Isoplot of Ludwig [133].
4These aliquots were excluded in the modeling process and outlier, see text for explanation.

Figure 3: Corrected AHe ages versus elevations (left), effective uranium content [eU] (center), and equivalent sphere radius (right) from
Transect A (a–c), Transect B (d–f), and Transect C (g–i), respectively. The red lines in the left column present the fault planes. TSPF,
Taishan Piedmont Fault; YBQF, Yunbuqiao Fault; ZTMF, Zhongtianmen Fault. The AFT data are derived from Tang [39].
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into three segments by the ZTMF and YBQF (Figures 2(e)
and 3(g)). In the footwall of the YBQF, three samples
yield similar ages, ranging from 72.4 ± 1.0 to 65.3 ± 1.2
Ma. These AHe grain ages also overlap with previously
published AFT data [39], which may represent a rapid
cooling episode during this period. Between the ZTMF
and YBQF, three samples are collected and show a distinct
age‐elevation gradient variation with ages declining from
104.8 ± 1.7 to 54.6 ± 0.5 Ma. In the hanging wall of the
ZTMF, the analyzed AHe ages are shown between 81.2 ± 1.2
and 41.2 ± 0.6 Ma.

Furthermore, the single-grain AHe ages of several
intrasamples show distinct dispersion variations (Table 1
and Figure 3). In general, this dispersion would reflect
differences in the properties of the grains that influence
the He diffusion kinetics [45]. In order to explore the main
factors that influence the dispersion of data, we will further
clarify in the following text (see detailed discussion).

3.2. Thermal History Modeling. For Transect A, given the
samples were not collected along the elevation transect,
individual thermal history modeling was conducted. The
inversion results indicate that two higher elevation samples
(TS01 and TS02) show similar t–T paths, interpreted as
an enhanced exhumation event during ~80 to 60 Ma.
In contrast, the low sample (TS03) underwent cooling at
~40 Ma (Figure 4). Almost all thermal history models
from Transect A show consistency between observed and
predicted values [46]. However, the variation trends in the
predicted values of TS03 are characterized by significant
differences from the corresponding observations, and we
assess that the t–T path of this sample is not well con‐
strained.

Four individual models in Transect B (TS04–TS07) show
a similar cooling history, with a three-stage thermal history
since the Late Cretaceous. The initial stage was a slow
cooling phase until ~80 Ma, followed by a rapid cooling
in which all the samples passed through the apatite He
partial retention zone (AHePRZ). This was followed by slow,
monotonic cooling after ~50 Ma (~40 Ma for TS07) until
the present day (Figure 4). We suggest that the 80–50 Ma
enhanced cooling may be correlated with the TSPF, as these
samples are located in the footwall of TSPF (see detailed
discussion). Furthermore, the multisample inverse thermal
history modeling indicates two rapid cooling events (Figure
5a). The early cooling event started at ~80 Ma and caused
~40°C cooling, consistent with the cooling event revealed by
individual samples (Figure 4). Following a protracted period
of minor reheating, a second period of cooling occurred
from 10 Ma to the present, with a cooling rate of ~2°C/
Myr. However, this cooling event was not resolved by the
individual samples (Figure 4). It is well known that AHe
thermochronology is sensitive to capturing the thermal
history of AHePRZ (80°C–40°C). We also found that the
temperature, at which the last cooling event was recorded,
was above the AHePRZ. In addition, the AHe age of the
low sample (TS05) was poorly predicted and significantly
older than the corresponding age. Thus, we do not further

consider the rapid cooling from 10 Ma to the present. It also
further suggests that the Late Cretaceous to Early Cenozoic
AHe data could not accurately constrain the rapid cooling
event during the Late Cenozoic.

The individual models from Transect C present a single
pulse of cooling (Figure 4). The samples TS08–TS10 in
the footwall of the YBQF both indicated an Early Ceno‐
zoic rapid cooling at ~80–60 Ma, followed by slow and
protracted cooling until the present. The integrated transect
model result is consistent with these individual models,
indicating a major cooling pulse of 50°C–60°C during ~80
to 60 Ma (Figure 5(b)). The coupling between individ‐
ual and multisample models further clarifies that these
modeling results show identical rapid cooling at ~80 to 60
Ma, which is also similar to the interpretation from the
age-elevation relationship (Figure 3(g)).

In contrast, the individual models of samples TS11–TS13
between YBQF and ZTMF display different t–T paths.
Sample TS11 with the oldest AHe age (104.8 ± 1.7 Ma)
reveals an earlier and more modest cooling episode between
~120 and 100 Ma. Sample TS12 captures a Late Cretaceous
rapid cooling event at ~90 to 80 Ma, followed by a slow
cooling or quiescence period until the present (Figures
4 and 2). Additionally, a late fast cooling episode until
~50 Ma is captured by sample TS13. Considering that the
variation between predicted and observed dates of these
samples can hamper the accurate t–T paths (Figure 4), we
carried out a multisample inversion (Figures 5(c) and 3).
The inverse modeling results with/without TS11 imply a
uniform thermal history, which means one anomalous age
that does not have much influence on the model results. In
this case, the thermal history is resolved back to ~100 Ma.
There is a minor reheating event until ~50 Ma, followed by
accelerated cooling from 40°C to 60°C to near the surface.
Subsequently, a period of apparent quiescence is at ~50 Ma
to the present day (Figures 5(c) and 3).

Samples TS14–TS16 which were in the hanging wall of
ZTMF (or in the footwall of TSPF) indicate a comparable
cooling history (individual and multisample models) to
those samples (TS11–TS14; Figures 4 and 5). This suggests
that the YBQF and ZTMF may have experienced a similar
thermal evolution since ~100 Ma. We also note that the
samples with two walls of the YBQF underwent an opposite
exhumation history during the ~80–60 Ma (Figures 5(b)
and 5(c)). The result indicated that the enhanced activ‐
ity of YBQF and ZTMF initiated during this period and
controlled the relative motion of the walls. In addition, the
Early Cenozoic rapid cooling phase presented in Figures
5(c) and 5(d) may be affected by TSPF. During ~55 to 50
Ma, the TPSF underwent more intense tectonic activity than
YBQF and ZTMF, resulting in the blocks between YBQF
and TSPF changing from relative subsidence to relative
uplift (see detailed discussion).

The  thermal  history  models  of  single  and multiple
samples  were  not  always  compatible,  which shows some
differences  along the  entire  t–T paths  (Figures  4  and
5).  This  phenomenon was  observed not  only  in  our
study area  but  also  in  other  areas  [7,  11].  Abbey et
al.  [47]  proposed this  discrepancy might  result  from
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the  modeling strategy of  the  QTQt.  QTQt utilizes
the  MCMC method to  determine the  optimal  t–T
path based on thermochronological  ages  of  single  or
multiple  samples  [43].  As  a  result,  the  thermal  history

model  solutions  inherently  lack uniqueness.  Moreover,
each modeling result  illustrated a  single  pulse  of  the
cooling event  (e.g.,  Figures  4  and 2)  since  QTQt
favored simpler  models  to  avoid over-interpretation of

Figure 4: Thermal history models of individual samples calculated by the QTQt after the exclusion of anomalous grains. Left column: the
magenta dotted lines show 95% credible intervals for the expected model, and the blue solid lines represent best-fit models to analytical
data. Right column: the relationship between observed and predicted raw ages. AHePRZ, apatite He partial retention zone.
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available  data  [43].  Therefore,  it  is  essential  to  conduct
a  multisample  inversion along an elevation transect,
as  it  may provide  a  more  comprehensive  or  intricate
understanding of  thermal  histories  compared with a
single  sample.

However,  all  results  demonstrated overlapping cooling
events  between the  individual  and grouped thermal
history  models.  Overall,  we conclude that  Taishan
Mountain underwent  a  multistage  exhumation history
since  the  Late  Cretaceous  (Figures  4  and 5).  Before  80

Figure 5: Thermal history models of multiple samples calculated by the QTQt. The cyan and magenta lines are the 95% credible intervals
about the coldest (blue line) and hottest (red line) sample thermal histories. The gray lines represent the samples between the coldest and
hottest samples. Right column: the relationship between mean observed and predicted raw ages. AHePRZ, apatite He partial retention
zone.
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Ma, the  whole  Taishan Mountain experienced a  slow
exhumation history.  During the  80–60 Ma,  the  fault
system including TSPF,  ZTMF,  and YBQF from south to
north underwent  tectonic  activity  simultaneously  (Figure
4),  resulting in  differential  exhumation between blocks.
Subsequently,  the  enhanced activity  of  TSPF control‐
led the  uplift  of  Taishan Mountain,  causing the  rapid
exhumation of  the  footwall  at  ~55 to  50 Ma.

4. Discussion
4.1. Interpretation of AHe Age Dispersion. Several samples
show dispersion in single-grain ages that far exceeded the
analytical error (Table 1 and Figure 3). Generally, several
main factors can affect the dispersion of single-grain ages,
such as the fragmentation effect [48], U/Th-rich inclusions
[49, 50], eU content [44], grain size [51, 52], Ft correc‐
tion [53, 54], 4He implantation [55], and cooling rate [50].
Accordingly, we rule out the effect of fragmentation because
all apatite grains analyzed in this study were almost intact
(online Supplementary Figure S4). In the following, we
focus on the remaining factors.

For apatite, the presence of U/Th-rich inclusions in
grains can seriously affect AHe ages, generating old and/or
anomalous ages [50]. However, no inclusions were detected
in apatite crystals when we selected grains carefully using
the high-power optical microscope, so we will not consider
this further as the main reason for scattering ages. Similarly,
variable eU content causes widely dispersed AHe ages,
which can be used as a proxy for accumulated radiation
damage. The higher eU in apatite can produce greater
radiation damage and older ages [44, 56]. Except for sample
TS01, there is no notable correlation between eU and
ages (Figures 3(b), 3(e), and 3(h)). For sample TS01, the
single-grain ages show a negative connection with eU. In
AHe dating system, however, increasing levels of radiation
damage from alpha recoil impede He diffusion, resulting
in a higher closure temperature [44, 57]. The influence of
radiation damage can yield a positive relationship between
AHe ages and eU below the threshold (60, 80 ppm) [58].
Therefore, the negative correlation of sample TS01 might
be the consequence of lacking enough grains. Previous
studies also suggested that crystal grain sizes can affect the
diffusion domain and closure temperature. The larger grains
yield a higher closure temperature and older apparent ages
[26, 51]. However, the ages of samples with dispersion (e.g.,
TS01, TS02, and TS04) do not show a clear correlation
with equivalent sphere radius (Figures 3(c), 3(f), and 3(i)),
demonstrating that grain sizes have little impact on ages.
Furthermore, Ft correction is crucial for AHe dating [53].
When we correct, a homogeneous concentration distribu‐
tion of U and Th is universally assumed because the
distribution will in general be unknown. The corrected age
will be overcorrected if the U and Th of the grain are at
higher concentrations in the core. By contrast, the U and
Th concentrations are rich in the rim, and the age will
be smaller than the actual value. Farley [49] argued that
typical corrections for minor accessory minerals between
0.65 and 0.9 would have the least uncertainty whereas

Ft corrections of single grains are almost more than 0.65
(Table 1). Therefore, it indicates that the Ft correction
should be excluded. Although a previous study has shown
that 4He implantation from the outside can cause older
ages [55], Farley [49] and Wang et al. [59] suggest that
4He implantation is irrelevant. However, we cannot assess
whether it can affect the dating results in this study. In
general, when the grains cooled rapidly, the variation of
ages will be minimal. On the contrary, the sample cooled
slowly or prolonged residence time in a partial retention
zone before late burial heating, and the change of single-
grain age can be considerable [7, 50, 60]. Such a scenario
may provide a better explanation for the old ages in our
study (online Supplementary Figure S2 ). Based on the
above discussion, we consider that the cooling rate can have
a crucial impact on the ages.

4.2. Fault Kinematic Characteristics

4.2.1. Spatiotemporal Variation across Taishan Extensional
Fault System. The Taishan Mountain is made up of a
succession of normal faults; as a result, its tectonic and
geomorphological evolution is linked to the movement
along these faults. The preservation of a sharp discontinu‐
ity in AHe ages across the fault system is indicative of
differential fault movement [61]. To document the spatial
evolution of the Taishan fault system, we integrated our
AHe data with previously published AFT data available in
two of the transects (Transects B and C, Figure 6).

Transect B displays only a modest difference in relief,
with an elevation change of ~200 m across the length of the
profile (Figures 2 and 3). Similarly, the AHe ages display
modest variation in single-grain ages, increasing from 66 to
52 Ma in the footwall of YBQF to >70 Ma in the hanging
wall. To the east, the AHe ages decrease to 58 Ma at 270 m
in the footwall of ZTMF and then increase to 63 Ma with
a lower elevation (240 m) in the footwall of TSPF or the
hanging wall of the ZTMF. As all three normal faults strike
parallel and dip in the same direction, we suggest that a
single block is able to serve as both the footwall and the
hanging wall of two faults (Figure 6(a)). Therefore, given
the observation that the lowest elevation sample yielded the
oldest age in this transect, we suggest that the region may
have experienced northwestward, asymmetric tilting during
fault activity [62–65].

A similar spatial pattern is observed in Transect C
(Figure 6(b)). Although only four AFT data are presented
in this transect, they record decreasing central ages with
proximity to the YBQF. A similar distribution is preserved
in the AHe data, where the AHe ages decrease from 74–70
to 68–65 Ma toward the YBQF. In the hanging wall of the
YBQF, the AHe ages preserve a younging trend from 105
to 58–52 Ma closer to the ZTMF (Figure 6(b)). Moreover,
the AHe ages climb significantly from the footwall to the
hanging wall of the ZTMF, indicating differential cooling
within the fault. The apparent ages between ZTMF and
TSPF show a downward tendency at first, then begin to
trend older toward the footwall of the TSPF, where the
titling is the same as Transect B. Together, these AHe
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data show systematic lateral differences over the transects,
revealing fault-controlled differential cooling/exhumation
across the Taishan.

In summary,  low-temperature  thermochronology is  a
powerful  method for  directly  dating the  cooling of  rocks
that  accompany major  normal  fault  slip  in  the  upper
crust  during extension.  When the  fault  slip  is  rapid
and large  enough to  exhume samples  from substantial
depths  to  the  surface,  these  thermochronological  ages
will  constrain the  timing of  the  extensional  fault  and
range creation as  well  as  the  same record as  thermal
modeling [24,  66].  In  general,  the  hanging wall  of  the
normal  fault  moves  downward along the  fault  relative
to  the  footwall  [22,  65].  Surprisingly,  the  individual
models  of  all  samples  exhibit  cooling episodes  on both
sides  of  faults  (Figure  4).  We infer  that  the  TSPF may
control  the  uplift  of  Taishan Mountain (Figure  2)  [16].
In  fact,  our  samples  were  taken from the  footwall  of
TSPF (Figures  2  and 6),  which began to  uplift  and

was  recorded by samples  as  the  TSPF extended.  If
our  hypothesis  is  correct,  then why do the  two walls
of  fault  (e.g.,  YBQF) have  different  thermal  histories
captured by multisample  models  (Figure  5)?  Gener‐
ally,  normal  faults  seldom occur  as  isolated features
but  within fault  systems or  populations  (e.g.,  YBQF
and ZTMF) [62,  63,  65].  Thus,  these  faults  may be
accompanied by the  joint  growth and interactions  of
differential  tectonic  activities  to  interpret  such thermal
histories  as  well  as  cause  spatial  variability  in  ages
(Figures  2,  5,  and 6)  [4,  6,  67].

4.2.2. Spatial Exhumation Patterns across Taishan
Extensional Fault System. To better constrain the
spatial exhumation pattern, we estimated the long-term
exhumation rates from AHe data, using the steady-state
one-dimensional heat transport approach in Brandon
et al. [68] and Reiners and Brandon [69]. Online
Supplementary Table S1 lists the parameters required

Figure 6: Projection of new AHe and published AFT data along the (a) Transect B and (b) Transect C. Topographic features were
calculated using a 1 km circle window. The pink and pale turquoise areas envelope present apparent lateral differences in thermochrono‐
logical ages through the YBQF, ZTMF, and TSPF. TSPF, Taishan Piedmont Fault; YBQF, Yunbuqiao Fault; ZTMF, Zhongtianmen Fault. The
AFT data are derived from Tang [39].
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for the calculating method, and the calculation results
were implemented in self-compiling Python code (code is
available from the author).

The exhumation rates calculated are displayed in Figure
7. Both transects have larger exhumation rates in the
footwalls than in the hanging walls, indicating that both
faults experienced significant dip sliding toward south-
vergent normal faulting. Based on the AHe data, the
rates of exhumation increased from <15 to >30 m/Myr
from the hanging wall to the footwall. Previous studies
have found that the Luxi Terrane preserves only a small
magnitude of relief and thus, did not undergo intense
tectonic movement until the Late Mesozoic [16]. As a result,
we suggest that the differential exhumation rates across
these faults (~15 m/Myr for YBQF and ZTMF) can be
approximately quantified to estimate the long-term dip-slip
rates. Unfortunately, as samples were not collected from
the hanging wall of TSPF, differential exhumation rates
across the TSPF could not be obtained. Given that AHe
data suggest that the TSPF was responsible for Taishans
exhumation, its rate must be greater than other faults (≥15
m/Myr). Finally, as all the fault dip angles are as high as
80°–85° [13, 14, 16], we estimate that the dip-slip rates are
similar to the exhumation rates (i.e., ≥15 m/Myr).

4.3. Coupling Landscape Evolution with Normal Fault‐
ing in Taishan Mountain. Synthesizing thermal histories,
fault kinematic characteristics, and geological analysis, we
propose a four-stage model for deciphering the evolution of
normal-fault bounded landscapes in response to the fault
linkage processes of Taishan Mountain (Figure 8).

Starting in the mid-Cretaceous (100, 80 Ma), extension
was initiated along three normal faults (YBQF, ZTMF, and
TSPF) which exhumed the Taishan Mountain slowly due
to the presence of a weaker tensional environment [70–72].
Although the extension allows the basin (hanging walls)
to down-drop, the simultaneous uplift of the footwall is
subdued [62] (Figure 8(a)). As a result, this may cause
the fault system to unload relatively little material and not
achieve the threshold of flexural rebound [73, 74].

In the Late Cretaceous (80, 60 Ma), the Taishan
Mountain experienced accelerated exhumation and
continued subsidence due to normal faulting (Figure 8(b)).
We suggest that the TSPF, the YBQF, and the ZTMF
underwent a period of enhanced extension forming the
extensional tectonic setting (Figure 8(b)). The upper blocks
of faults that have the shape of a downward tapered
wedge will slide downward along fault planes. Whereas the
flexural and isostatic rebound of the adjacent lower blocks
produce uplift and form the tilted fault blocks northward
to produce enhanced relief [62]. Following the exten‐
sion, under the prolonged erosion, the overlying Cam‐
brian–Ordovician sedimentary strata of uplift blocks were
completely denuded, permitting the underlying metamor‐
phic rocks to be exposed to the surface as recorded by the
AHe data (Figure 3) [14, 16]. Based on the AHe data, we
suggest that Taishan Mountain has been uplifted by ~1.2 km
as constrained by the long-term dip-slip rate (~15 m/Myr)
since the Late Cretaceous (80 Ma), which is consistent with

the elevation difference between the Jade Emperor Peak
and Tailai Basin [75]. Therefore, we propose that the Late
Cretaceous episode of extension led to the formation of the
proto-Taishan [13, 14, 16].

In the Early Cenozoic (60, 50 Ma), Taishan Mountain
underwent a two-stage episode. The early episode (>55 Ma)
is defined by slow exhumation and continued subsidence
for different blocks of normal faults. However, after 55 Ma,
the thermal history models suggest rapid cooling of fault
blocks in the footwall of TSPF (Figure 8(c)). Both blocks
of the ZTMF yielded a similar time of exhumation, which
we interpret as a result of limited ZTMF activity relative
to TSPF. In addition, although both blocks of the YBQF
are uplifted, the cooling of its hanging wall is significantly
older than its footwall. We suggest that the activity of YBQF
may be relatively weak, and the block movement can be
controlled by the TSPF. Previous studies have found that the
Tailai Basin in the hanging wall of TSPF is filled with up to
2–3 km of Eocene clastic deposits (Guanzhuang Formation)
[13, 14, 16]. Specifically, the bottom of the Guanshang
Formation is dominated by the Paleozoic massive limestone
breccias, which are considered as the product of rapid
accumulation in the foothill [13, 14, 16]. Therefore, we can
conclude that Taishan Mountain was uplifted and subjec‐
ted to enhanced denudation controlled by the TSPF, which
removed a large volume of material into the Tailai Basin
during this period.

Finally, from the Early Cenozoic to the present (50, 0
Ma), the thermal history models are not well constrained
by our AHe data and present a protracted quiescence
or slight reheating (Figure 8(d)). In contrast, Liu et al.
[76] utilized a linear inversion method to determine the
spatial and temporal variation of exhumation rates in Luxi
Terrane. They found that Taishan Mountain underwent
an accelerating exhumation at 50–40 Ma, with a rate of
100 m/Myr. After which, Taishan Mountain experienced
a substantial decrease in exhumation rates from 40 to
30 Ma and then increased from 30 to 20 Ma. Li et al.
[19] integrated the AFT data and thermal history mod‐
els and suggested that Taishan Mountain underwent two
relatively enhanced exhumation events at 43–33 and 16–0
Ma. Furthermore, several previous studies also suggested
that the Taishan Mountain is currently uplifting at a rate
of 0.5 mm/y [13, 40], and active seismicities are frequently
recorded [M6.5 in 1831 B.C. and M6.0 in 1668 A.D.] and
triggered by the TSPF [38]. Together, these data suggest that
Taishan Mountain underwent several tectonic uplifts since
50 Ma under an extensional regime which has formed the
presently preserved tectonic edifice.

The modern relief is a function of the coupled evolu‐
tion of climate and tectonics through time [28, 77, 78].
The Luxi Terrane including Taishan Mountain underwent
the long-term arid and/or semiarid climate captured by
the terrestrial deposits and numerical simulations between
100 and 24 Ma [79–82]. Prolonged aridity suppresses large
surface erosion and can enhance rock uplift [83]. However,
since the Miocene, the Luxi Terrane has been dominated
by a humid climate that continues to the present day
[80]. If the intense precipitation is the main force for
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surface erosion, the Luxi Terrane should produce wide‐
spread rapid exhumation events during Miocene. In the
greater Luxi Terrane, however, only a few areas demon‐
strate rapid Miocene exhumation suggested by low-temper‐
ature thermochronology [76]. Thus, we suggest that normal
faulting has played the dominant role in producing the
observed landscape of Taishan Mountain.

4.4. Implications for Regional Geodynamics. Our thermal
history modeling revealed that Taishan Mountain under‐
went two pulses of accelerated exhumation during the
Late Cretaceous-Paleocene (80, 60 Ma) and Eocene (55, 50
Ma). We interpret the early cooling episode as the result
of the growth and interactions of normal faults (YBQF,
ZTMF, and TSPF), while the only enhanced activity of the
TSPF controls the Eocene cooling. These findings raise the
question of what drives the (re-)activation of these normal
faults.

The Late Cretaceous-Paleocene rapid cooling signal is
not only in Taishan but also in several neighboring tectonic

units (e.g., Jiao Dong Peninsula, Dabie Mountains, Sulu
Orogenic belt, and Trans-North China Orogen) [21, 84–87]
and has even been documented in Korea and Japan [88–
90]. There was an interesting pattern to the formation and
evolution of these areas, with fault zones trending NNE
or NE, including the Dabie, Jiao Dong, and Sulu along
the Tan-Lu Fault Zone [84–87] and Ryoke and San'yo
granites extension of SW Japan along the Median Tectonic
Line [90]. Previous studies have elucidated that tectonic
movements along the NNE- or NE-trending fault zones are
closely linked to the movement orientations and subduction
angles of the Izanagi Plate [71, 75, 91, 92]. Similarly, the
ENE-oriented normal faults in Taishan Mountain, which
are adjacent to the Tan-Lu Fault Zone (Figure 1), should be
driven by the same mechanism, that is, the subduction of
the Izanagi Plate.

To better  identify  the  driving mechanism,  we
reconstructed the  regional  plate  tectonics  (Figure  9).
As  a  result  of  the  plate  reconstruction,  it  was  shown
that  the  Izanagi  Plate  rotated counterclockwise  during

Figure 7: Spatial exhumation patterns across the (a) Transect B and (b) Transect C. The pale turquoise area envelopes all exhumation
rates calculated from AHe ages. We do not consider AFT ages due to the lack of data on the hanging wall. This figure shows that average
exhumation rates in the study area are strongly controlled by the normal fault system. TSPF, Taishan Piedmont Fault; YBQF, Yunbuqiao
Fault; ZTMF, Zhongtianmen Fault.
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the  Late  Cretaceous-Paleocene.  Meanwhile,  there  was  an
alteration in  the  Izanagi  Plate’s  motion rates  from a
strike-slip  pattern to  high-velocity  orthogonal  subduction
beneath the  Eurasian Plate  [92].  Since  100 Ma (Figure
9(a)),  it  has  been moving westward at  a  moderate  rate
(15 cm/y),  then abruptly  increased to  ~23 cm/y at
80 Ma (Figure  9(b)),  following decreased to  ~4 to  6
cm/y until  60  Ma (Figure  9(c)).  Decreased convergence
rates  may have  reduced plate  coupling and caused the
plate  to  transition from a  flat-slab  to  steep subduction
with the  retreat  of  the  slab  [93–95].  As  a  result  of
the  slab  retreat,  the  lithospheric  thickness  peaked in
the  Late  Cretaceous-Paleogene at  around 60 km and
it  caused widespread extension on the  eastern margin
of  Eurasia  [96–99].  In  particular,  the  Gyeongsang Basin
of  the  Korean Peninsula  subsided as  a  back-arc  basin
in the  Cretaceous  owing to  the  slab  rollback of  the
Izanagi  Plate  (Figure  1(a))  [91,  100,  101],  undergoing
intense  W-E extension accompanied with the  deposi‐
tion of  ~3 km thick terrestrial  sediments  [91,  101].
Furthermore,  Liu  et  al.  [102]  investigated the  struc‐
ture  of  the  mantle  using a  regional  P-wave velocity
tomography model.  They  found a  big-mantle  wedge
beneath the  Eurasian Plate,  with  the  upper  boundary of
the  subducting slab  near  the  Daxing’anling-Taihangshan
Gravity  Lineament  (Figure  1(a))  at  the  Late  Creta‐
ceous.  To the  east  of  Taishan Mountain,  South Korea,
Japan,  and the  southeastern coast  of  China preserved
the vast  Late  Cretaceous  igneous  rock with the  age

eastward younging,  corresponding to  the  retreat  of  the
Izanagi  slab  [103,  104].  Consistency in  the  timing of
tectonic  activities  and the  fact  that  Taishan Mountain is
positioned inside  a  slab  activity  zone suggest  that  the
big-mantle  wedge driven by the  Izanagi  slab  subduction
generated intense  mantle  flow  convection and forced
the Late  Cretaceous-Paleocene extensional  deformation
of  the  YBQF,  ZTMF,  and TSPF [95].  In  addition,  Hu et
al.  [36]  used the  finite  element  approach to  simulate  the
tectonic  evolution of  the  entire  Luxi  Terrane between
the Late  Mesozoic  and Paleogene.  They  discovered that
only  a  real  movement  model  of  the  Izanagi  Plate
can reconstruct  the  tectonic  pattern of  Luxi  Terrane,
implying that  subduction of  the  Izanagi  Plate  contrib‐
uted force  to  the  tectonic  deformation of  Luxi  Terrane.

The Early Cenozoic tectonics inherited the Mesozoic
tectonic pattern. The Eocene fast cooling events can also
be found in the same areas (e.g., Sulu orogenic belt,
Dabie orogenic belt, Jiaodong Peninsula, Shanxi Rift, and
Taihangshan region) [76]. The far-field consequence of the
India–Eurasia collision [105–107] and the subduction of the
Pacific Plate [8, 11] are considered as the two competing
factors for triggering the rapid exhumation and extension
at the Eocene. Based on the plate reconstruction models,
the Indian Plate in the Eocene was close to the lower
latitude region (Figure 9(c)), far away from the current
Tibetan Plateau. It has been suggested that the Eocene
collision took place as a result of a “soft” collision between
the Tibetan-Himalayan microcontinent and Asia, and the

Figure 8: Conceptual model of the landscape evolution response to the normal faulting referred to the thermal history in Taishan
Mountain since 100 Ma. TSPF, Taishan Piedmont Fault; YBQF, Yunbuqiao Fault; ZTMF, Zhongtianmen Fault.
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“hard” collision did not take place until 25 Ma or later
according to Van Hinsbergen et al. [108] and Xiao et
al. [109]. This collision event caused the upper crustal
shortening and thickening in Asia, which corresponded
to the Cenozoic deformation of the Asian continent [110–
112]. Therefore, the far-field effect of Indian subduction
beneath Eurasian may not be the major driving force, only
as a limited tectonic response to the evolution of the eastern
NCC.

We suggest that the main driver of cooling via tec‐
tonic exhumation in Taishan Mountain is a result of the
subduction and slab retreat of the Pacific Plate. After 60 Ma,
the Izanagi Plate was almost completely subducted beneath
Eurasia Plate, and then the Pacific Plate replaced it with
a subparallel subduct beneath Eurasia Plate (Figure 9(c))
[113]. Under this context, the Pacific Plate continued to
move westward with a significant decrease in the conver‐
gence rate [92, 114]. Reduction of the convergence rate may
be associated with a net decrease in horizontal compres‐
sional stress transmitted between the Pacific and Eurasian
plates, leading to a period of widespread extension and
normal faulting along the eastern margin of Eurasia than
before (Figure 1) [114]. This scenario is very similar to that
of the Basin and Range Province of the North Ameri‐
can Cordillera [115, 116]. Previous studies have indicated
that the Taihang-Lvliangshan controlled by normal fault
underwent a rapid cooling during the Eocene based on
low-temperature thermochronological data, with a high
exhumation rate of 150–160 m/Myr [21, 84, 117–120]. They
speculated this episode of rapid exhumation was closely
associated with the depositional history of the western

Bohai Bay Basin to the east (Figure 1(a)). By using the same
technique, our new data and Li et al. [19] clarified that
Taishan Mountain underwent an Eocene uplift, coupling
with the subsidence of the Jiyang Depression (southern
Bohai Bay Basin; Figure 1). The Jiyang Depression and
Luxi Terrane (e.g., Taishan Mountain) share the same
crystalline basement of Taishan Association [121]. However,
their tectonic evolutions differentiated significantly since
the Cenozoic [122]. The basement of the Jiyang Depres‐
sion underwent substantial extensional faulting during the
Paleogene, which resulted in the formation of ~1.8 km thick
lacustrine deposits of sand and mudstone [121, 123]. In
contrast, the Luxi Terrane underwent a continuous process
of uplift and exhumation [76, 122]. Li et al. [124] exam‐
ined the Kongdian Formation (E1-2k) and Sha-4 Member
(E2s4) of the Jiyang Depression and discovered numer‐
ous detrital high-pressure metamorphic minerals, such as
glaucophane, barroisite, and phengite. They suggest that
these provenances might be sourced from the Sulu orogenic
belt or the adjacent Luxi Terrane (recycled deposits). This
conclusion was further reinforced by Shi et al. [125]. In
addition, the correspondence between the rates of subsi‐
dence in the basin and uplift in the mountains demon‐
strates a robust link between these processes, indicating
that at least since the Cenozoic, the Jiyang Depression and
Taishan Mountain have operated as a unified system [18,
122, 126]. Whereas the Bohai Bay Basin is bounded by
NNE-striking normal and dextral faults at the eastern and
western margins and E-W-trending normal faults at the
northern and southern margins [127], the formation and
development of which have been ascribed to the trench

Figure 9: Plate reconstructions since 100 Ma, which show the age-area distribution of oceanic crust (colorful areas) at the time of
formation, the absolute plate motion (white arrows), and the tectonic evolution (gray lines) of East Asia (modified from Müller et al.
[134]). The black-toothed lines represent the subduction zone.
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retreat and ridge subduction along the western Pacific
[128–130]. Furthermore, the sinistral motion of the Tanlu
Fault ceased at ~55 Ma, followed by beginning dextral
strike-slip motion [29, 83], which played a key role in the
tectonic stress field, shifting from NS to NW-SE trending
due to the counterclockwise rotation of subduction of the
Pacific Plate (Figure 9(d)). This resulted in NE/ENE-orien‐
ted faults being widely developed than before, and convex-
to-the-north extensional tectonic patterns were observed
throughout the Luxi Terrane [36]. The rapid uplift of
Taishan Mountain should be a closer relationship with this
extensional setting.

5. Conclusions
Our new low-temperature  thermochronological  data  in
this  study provide  new constraints  on the  Meso-Cen‐
ozoic  landscape evolution of  the  Taishan Mountain,
eastern China.  The  single-grain AHe ages  range from
113 to  30 Ma,  which indicates  a  slow and protracted
cooling history.  Furthermore,  the  dispersion of  AHe
ages  within intrasample  results  from the  differentiated
cooling rate  during different  stages.  AHe ages  and
corresponding thermal  modeling indicate  two episodes
of  rapid exhumation between Late  Cretaceous  (~80
to 60 Ma)  and Early  Cenozoic  (~55 to  50 Ma)
at  the  Taishan Mountain,  which are  correlated with
differential  activities  of  normal  faults.  The  one-dimen‐
sional  modeling of  exhumation determined the  average
long-term dip-slip  rate  of  at  least  ~15 m/Myr among
the normal  fault  systems (YBQF,  ZTMF,  and TSPF)  in
the  Taishan Mountain.

During 100–80 Ma,  the  whole  Taishan Mountain
commenced a  continuous,  slow exhumation under  a
weaker  tensional  environment.  Afterward  (~80 to  60
Ma),  Taishan Mountain began to  accelerate  uplift
in  response  to  the  growth and interactions  of  nor‐
mal  faults  (YBQF,  ZTMF,  and TSPF),  which further
promoted the  formation of  the  prototype of  the
Taishan Mountain.  Eventually,  the  intense  activity  of
the  TSPF alone controls  the  third-stage  cooling/uplift
(~55 to  50 Ma)  and may be  continued to  the  present
day (last  stage).  The  normal  faulting of  the  Taishan
Mountain is  interpreted as  tectonic  responses  to  the
lithospheric  thinning resulting from the  subduction of
Izanagi-Pacific.  Whereas,  the  climate  change and the
far-field  effect  of  India’s  subduction beneath Eurasia
might  provide  limited contributions  to  the  landscape
evolution of  the  final  Taishan shape and the  evolution
of  the  eastern NCC.
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