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Xiaoqinling District is an important gold-producing area in China. It ranks second to Jiaodong with regard to gold deposits. The 
uprising period of the Wenyu granitic pluton and the wall-rocks of the deposit, as well as the mineralizing depth and reserved 
place of gold ore bodies, are significant to ore exploration. Fission-track (FT) analysis of zircons and apatites of granitic rocks 
from the Wenyu granitic pluton shows that apatite FT (AFT) data modeling indicates a rapid cooling rate of 20°C/Ma from 138 to 
120 Ma after emplacement at 138 Ma. Thermal evolution and inversion curves suggest a secondary phase of fast cooling and up-
rising from 45 to 35 Ma, and 35 Ma, respectively, with a cooling rate of 6.7°C/Ma and a denudation quantity of ~4.3 km. The last 
cooling phase took place from <4 Ma, with an average cooling rate of ~11.3°C/Ma and a denudation amount of 1.3 km. Total 
exhumation quantity of 5.6 km and uprising elevation of 7.3 km are similar to the estimated results of fluid inclusions from the 
Dongtongyu and Wenyu gold deposits. The 39Ar/40Ar dating of sericite from the fault planes of the Xunmadao-Xiaohe and Taiyao 
faults demonstrate two uprising activities of the ore-host metamorphic complex. The Huashan and Wenyu granitic plutons inten-
sively occurred during 77 and 45 Ma, respectively. These data sets are valuable for understanding the uplifting process and for 
preserving gold ore bodies in the Xiaoqinling area, as well as for further studies on tectonic evolutions of the Taihua Complex and 
the Qinling-Dabie Orogen. 
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Xiaoqinling District, a part of the northern margin of the 
Qinling-Dabie Orogen, is located in the south margin of the 
North China Craton (NCC) or the southernmost segment of 
the Trans-North China Orogen (TNCO) in the west-east 
direction. Xiaoqinling District is structurally bound by the 
northern Taiyao Fault and southern Xunmadao-Xiaohe 
Fault. The Taihua Complex, which is the main metamorphic 
basement previously known as the Xiaoqinling Precambrian 
terrain, consists of granitic and pegmatitic gneiss, biotite- 
plagioclase gneiss, hornblende-plagioclase gneiss, magnet-
ite quartzites, amphibolite, leucoleptites, granulites, marble, 

and localized eclogite enclaves. Several granitic veins are 
emplaced into granitic gneiss. Recent sensitive high-    
resolution ion microprobe (SHRIMP) and laser ablation- 
inductively coupled-mass spectrometry (LA-ICP-MS) U-Pb 
zircon ages of the Taihua Complex indicate that the com-
plex was formed during the Paleoproterozoic [1–4]. 

Xiaoqinling District is an important gold-producing area 
in China. It ranks second to Jiaodong with regard to gold 
deposits. Detecting the location of ore bodies, as well as 
determining the period and altitude of gold ore bodies and 
wall-rock uplifts, are crucial for prospecting. Debates on 
whether a metamorphic core complex exists and when the 
complex rapidly uplifted have attracted considerable atten-
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tions among geologists. Hu et al. [5,6] proposed that the 
Xiaoqinling metamorphic core complex is symmetrical in 
structural pattern. The core of the metamorphic core com-
plex consists of ancient gneiss from Taihua Complex and 
Yanshanian granites. The Xiaoqinling metamorphic core 
complex developed two detachment fault systems on both 
the north and south borders, namely, Taiyao-Guxian Fault 
and Xunmadao-Xiaohe Fault, respectively. These borders 
constitute a horst-shaped structural system. As the hanging 
wall of the fault, the cap rock with a rigid basement pro-
duces an extensional detachment along the detachment fault. 
Zhang et al. [7], as well as Zhang and Zheng [8], considered 
the Xiaoqinling metamorphic core complex as the back part 
of the Yanshanian orogenic wedge of the north Qinling 
nappe structure. The core complex and the east-southeast- 
west-northwest (ESE-WNW) detachment fault system were 
formed through the thickened-nappe structure and the em-
placement of deep magma during the synorogenic extension 
at 135 Ma. This extension was followed by intensive mag-
matic emplacement after 123 Ma, which led to further up-
rising of the metamorphic core complex. Zhang et al. [9] 
argued that the north rim faults of the Xiaoqinling area were 
trust nappe faults before 123 Ma; however, all north and 
south rim piedmont faults shifted to normal faults after 123 
Ma and destroyed the ore bodies. Zhang et al. [10–14] sug-
gested that the Yanshanian tectonic environment trans-
formed into the an intracontinental orogeny domain, where 
the regional N-S compressional stress field led to the over-
thrust of the Early-Middle Cretaceous folded strata upon the 
Triassic strata in the Shangdan Basin. In the Late Creta-
ceous, large-scale nappe structures occurred on both sides 
of the Qinling orogen and caused this orogenic belt to uprise 
rapidly because of the subduction of the Yangtze and North 
China Blocks beneath the Qinling orogen. Through the sys-
tematic analysis of the internal folds and peripheral faults in 
the Taihua Complex in the Xiaoqinling area, combined with 
the analysis of regional dynamic evolution, Li et al. [15] ne-
gated the occurrence of metamorphic core complex and sug-
gested that the uprising of the Taihua Complex is related to 
the S-N nappe structures and the development of later 
high-dip angle normal faults. 

Located at the northern part of the Qinling-Dabie orogen, 
the tectonic occurrence and evolution of the Xiaoqinling 
area was severely influenced and restricted by those of the 
Qinling-Dabie Orogen. Considerable progress in the re-
search on the Qinling orogenic belt has been achieved in the 
recent years [13,14,16–24]. The Qinling-Dabie orogen, 
lasting about 600 Ma, is a typical “composite orogen” that 
underwent two collision events during the Devonian and 
Triassic Periods and an intracontinental orogeny during the 
Cretaceous [20,21,24,25]. The orogenic activity in the Qin-
ling area during the Late Jurassic to the Early Cretaceous 
was caused by neither the collision related to plate subduc-
tion nor the remote effect of plate tectonics, but by the in-
tracontinental orogen not related to the tectonic dynamic 

[14]. The Qinling composite orogen eventually formed by 
the intracontinental orogen overlapped previous collisions 
related to plate subduction [14]. The rapid uplifting of the 
Qinling orogen began in the Late Cretaceous and continued 
during the Cenozoic [26]. Liu et al. [27] studied the uprising 
period of the Taibai Mountain in the Qinling orogen during 
the Cenozoic and proposed that the Qinling area underwent 
a rapid uplifting-cooling process at approximately 48 Ma 
and a more rapid uplifting-cooling process at approximately 
9.6 Ma. Two uplifting processes correspond to the two 
stretching deformations of the north part of the Qinling 
Mountains. The uprising in 48 Ma is related to the remote 
effect caused by the collision between the Indian Plate and 
the Eurasian Plate. By contrast, the uprising in 9.6 Ma is 
most likely associated with the rapid uprising and expansion 
of the Tibetan Plateau. 

However, except for studies on fluid inclusion from gold 
deposits, few constraints were found on the uprising period, 
rate, and denudation process of Xiaoqinling area, especially 
at the Wenyu granitic pluton near the Wenyu and Dong-
tongyu gold deposits. This situation restricts further ore 
prospecting. Fission-Track (FT) analysis, which allows da-
ting of cooling events affecting the first few kilometers of 
the crust [28–37], is used to better constrain the age of the 
onset of uplift and denudation process in the Wenyu granitic 
pluton. Studies on the upliftng process of the Wenyu gra-
nitic pluton may not only provide better insight into the 
tectonic background of the area, but also valuable infor-
mation on the uplift and preservation of the Xiaoqinling 
gold deposits as well as the tectonic evolution of the meta-
morphic complex. 

1  The Wenyu granitic pluton 

Two-stage granitic plutons exist in the Xiaoqinling area. 
Early-stage granites include Paleoproterozoic Guijiayu and 
Xiaohe plutons, distributed in the south part of Xiaoqinling 
District and occupying a small area. Guijiayu pluton mainly 
comprises amphibolite monzogranite and biotite hornblende 
granite. Xiaohe pluton mainly comprises biotite monzo- 
granite. By contrast, late-stage Yanshanian granitic plutons 
exist in Xiaoqinling District as a huge batholith intruding in 
the Precambrian Taihua Complex and covering a large area. 
The Laoniushan, Huashan, Wenyu, and Niangniangshan 
granitic plutons are located from west to east (Figure 1), 
with their outcrop areas gradually diminishing. Petrological 
assemblages of late-stage granites are mainly biotite  
monzonitic granite and biotite granite. Wenyu and Niang- 
niangshan plutons are approximately 71 and 31 km2 in out-
crop area, respectively. In addition, basic dykes are wide-
spread in the Xiaoqinling area. These dykes were formed 
during the Caledonian, Yanshanian, and Himalayan Periods, 
and were mainly composed of diabase, gabbro-diabase, 
gabbro-allgovite, gabbro-porphyrite, and lamprophyre. 
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The Wenyu granitic pluton is located in the mid-east  
region of the Xiaoqinling area. According to regional geo-
logical data, the Wenyu granitic pluton can be divided into  
three facies, namely, marginal, transitional, and central. 
Marginal facies are a fine- or medium-fine-grained porphy-
ritic biotite monzogranites, with 100–200 m assimilation 
and contamination outer contact zones. Transitional facies 
are mainly ash grey porphyritic medium-grained biotite 
monzogranites, occupying the biggest area of 32 km2.  
Central facies are ash grey porphyritic fine-grained biotite 
monzogranites. 

Wang et al. [38] presented SHRIMP zircon U-Pb dating 
and geochemistry for Wenyu and Niangniangshan plutons 
in the Xiaoqinling area. Results indicate that both Wenyu 
and Niangniangshan plutons are I-type granites, derived 
from the partial melting of Archaean high-grade metamor-
phic rocks from the Taihua Complex. The ages of these 
plutons are 138.4±2.5 Ma and 141.7±2.5 Ma, respectively. 
Such ages are earlier than the period of detachment event, 
thus indicating that the Xiaoqinling metamorphic core com-
plex was formed by a hot magmatic dome and the intrusion 
of granitic magma. This magma originated from the partial 
melting of the middle-lower crust and then intruded into the 
upper crust [38]. Zhao et al. [39] reported the LA-ICP-MS 
zircon U-Pb ages of 131±1 Ma and 134±1 Ma for the 
Wenyu and the Niangniangshan plutons, respectively. Gao 
et al. [40] respectively gained the ages of 135±7 Ma and 
139±4 Ma for biotite monzongranite from the Wenyu and 
Niangniangshan plutons via LA-ICP-MS zircon U-Pb da-
ting. They indicated that plutons were formed in the Early 
Cretaceous, and petrologic features were similar to those of 
adakitic affinity formed by partial melting of the thickened 
lower crust. Xiao et al. [41] proposed that during the Early 
Cretaceous, the tectonic regime transitioned from a com-
pressional system to an extensional system; and large-scale 
lithosphere delamination/thinning caused magmatism and 
gold metallogenesis in the Xiaoqinling area and its vicinity. 
Under combined decompression and underplating, ancient 
crust materials underwent partial melting and led to the 
formation of adakite-like granite in the study area.  

2  Samples and analytical methods 

The FT technique is based on counting damage tracks be-
fore and after irradiation generated by splitting heavy nu-
clides into two-charged fragments moving repidly in a 
crystal lattice. The introduction of age standards external- 
detector (ED), and annealing models [42] led to the devel-
opment of AFT geochronology, which was initially a dating 
method, into a powerful tool for uncovering thermal evolu-
tion both in the orogen and in the basin [43–45]. AFT pa-
rameters, such as single-grain age, and confined-track 
length with occasional apatite chemical analyses, and other 
low-medium temperature chronological methods are essen-

tial for thermal-evolution modeling of rocks from a shallow 
crust. This type of modeling will be more reliable and quan-
titative if experimental annealing models are improved 
practically [26,46–48]. 

Unweathered rocks of Wenyu granite were sampled line-
arly from the top (near the Tianyi Palace) to the foot of the 
Yawu Mountain, Lingbao County, Henan Province for AFT 
analyses. Altitude separation of each sample was about 200 
m, and the weight of the samples ranged from 1.5 to 2.0 kg. 
A pocket global positioning system, combined with eleva-
tion correction on 1/50000 maps, was used to locate sam-
ples (Figure 1). 

After crushing, separating, and airing, apatite and zircon 
grains were separated and selected under binoculars using 
the standard magnetic and heavy-liquid techniques. Indi-
vidual apatite and zircon grains were respectively mounted 
in epoxy resin and fluorinated ethylene propylene Teflon, 
polished to expose internal grain surfaces, and packed to-
gether with muscovite EDs. The samples were analyzed 
using an ED method [49] at the Institute of High Energy 
Physics, Chinese Academy of Sciences. Spontaneous FT 
lengths in apatite grains were revealed via etching using 
6.6% HNO3 at 25°C for 30 s. Sample grains were packed 
together with Corning CN5 glass dosimeters irradiated in 
the 492 Swim-Pool hot-neutron nuclear reactor at the China 
Institute of Atomic Energy, Beijing. The reactor is thermal-
ized well with a Cd ratio for Au >100. After irradiation, 
muscovite EDs were detached and etched in 40% HF at 
25°C for 35 min to reveal induced FTs. Ages were calcu-
lated using the Zeta calibration method [42,50] and the 
standard FT age equation [51]. In this study, we obtained 
the Zeta constant of AFT, i.e. 332.1±10.5 (1 σ). Samples 
were exposed to 252Cf [45] to increase the number of ob-
servable horizontal-confined tracks. Horizontal-confined FT 
lengths [52,53] were measured only in prismatic apatite 
crystals because of the anisotropy of annealing of FTs in 
apatite [46]. 

3  Analytical results and explanations 

AFT analytical results are listed in Table 1. At least 28 
grains of apatite from each sample were analyzed because 
of the high content of the Wenyu granitic pluton.  

AFT ages of the samples mainly range from 32 to 42 Ma. 
All samples have a concordance of ages within the standard 
deviation range (SDR), except FT07, thus implying that FT 
results were affected by a unit-fast tectonothermal event 
[54]. Mean track lengths (MTL) vary from 12.7±1.8 μm to 
13.0±2.0 μm, which are almost the same as those within the 
SDR. Long MTLs with large SDR indicate a long period 
within the apatite partial annealing zone (PAZ). Length dis-
tribution shows a broad skew (Figure 5), which is usually 
interpreted in terms of a protracted thermal event. 

Zircon FT (ZFT) ages of the Wenyu samples range from 
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Table 1  The apatite fission-track test data for the Wenyu granitic pluton a) 

Sample 
number 

Elavation (m) Nc 

ρs ρi ρd 
P(χ2) 
(%) 

AFT 
central age 

Length 
±1σ (μm) STD (105/cm2) (105/cm2) (105/cm2) 

(Ns) (Ni) (N) ±1σ (Ma) (N) 

FT01 1843 28 
1.265 6.793 11.069 

6.3 39±3 
12.9±2.0 

0.2 
(706) (3817) (6751) (103) 

FT02 1685 28 
1.192 7.162 11.204 

18.3 36±3 
12.8±1.9 

0.2 
(578) (3473) (6751) (102) 

FT03 1470 28 
1.101 6.687 11.407 

0 37±4 
13.0±2.0 

0.3 
(350) (2125) (6751) (62) 

FT04 1285 28 
1.009 5.358 11.609 

68.9 41±3 
12.9±2.1 

0.2 
(465) (2470) (6751) (102) 

FT05 1087 28 
1.129 5.718 11.744 

0.1 42±3 
13.0±1.6 

0.2 
(723) (3663) (6751) (100) 

FT06 886 28 
1.067 6.455 11.879 

45.4 38±3 
12.8±2.1 

0.2 
(749) (4531) (6751) (97) 

FT07 686 28 
0.572 4.12 12.014 

30.7 32±2 
12.7±1.8 

0.2 
(459) (3306) (6751) (79) 

FT08 632 28 
0.79 4.585 12.149 

63.8 38±3 
13.0±1.6 

0.2 
(498) (2891) (6751) (103) 

a) The GPS geographic coordinate of each sample is the same as in Table 2. 

Table 2  The zircon fission-track test data for the Wenyu granitic pluton 

Sample 
number 

GPS 
geographic 
coordinate 

Elavation (m) Nc 

ρs ρi ρd 
P(χ2) 
(%) 

ZFT 
central age (105/cm2) (105/cm2) (105/cm2) 

(Ns) (Ni) (N) ±1σ (Ma) 

FT01 
34°27′42.0′′N, 

1843 7 
85.083 65.530 9.095 

51.7 50±4 
110°26′18.3′′E (644) (496) (5656) 

FT02 
34°27′50.8′′N, 

1685 21 
59.979 37.605 8.972 

0 62±6 
110°26′09.7′′E (2040) (1279) (5656) 

FT03 
34°27′58.4′′N, 

1470 24 
56.032 42.128 8.849 

0 51±4 
110°26′08.3′′E (2418) (1818) (5656) 

FT04 
34°28′11.4′′N, 

1285 12 
67.380 55.763 8.757 

73.2 45±3 
110°26′10.2′′E (1073) (888) (5656) 

FT05 
34°28′37.7′′N, 

1087 6 
71.315 59.045 8.511 

52.9 45±3 
110°25′58.0′′E (680) (563) (5656) 

FT06 
34°29′29.9′′N, 

886 10 
78.242 58.794 8.388 

9.6 47±4 
110°25′47.4′′E (1046) (786) (5656) 

FT07 
34°30′11.4′′N, 

686 12 
106.851 77.455 8.204 

2.8 48±4 
110°25′51.2′′E (1523) (1104) (5656) 

FT08 
34°30′16.2′′N, 

632 14 
108.291 92.038 8.081 

1.1 43±3 
110°25′43.9′′E (1799) (1529) (5656) 

 
 

43 to 61 Ma (Table 2). Although mineral compositions in 
the granite area are similar, <0.05 2 values of most zircon 
samples reflect a wide range of single-grain ages that do not 
fall within the same suit of ages, thus resulting in statistical 
error. Given that the distribution of counts were inconsistent 
with purely Poissonian variation [55,56], the pooled age 
was adopted, which was simply the sum of the spontaneous 
counts divided by the sum of the induced counts [57]. ZFT 
ages are all younger than the formation age of the plutons 
from which the samples were collected, thus indicating that 
the samples experienced post-thermal events [58] within  

the zircon PAZ. The point of inflexion on the zircon 
age-absolute elevation curve at ~1250 m (Figure 2) marks 
the base of an exhumed PAZ (Figure 3). Samples above the 
point of inflexion are experienced significant annealing with 
consistent t time in the PAZ prior to rapid cooling; whereas 
samples below the point of inflexion accumulated nothing 
from the FT because they remained in the full annealing 
zone until the following rapid uprising were carried them to 
the PAZ. Therefore, rapid denudation occurred since 45 Ma, 
which corresponded to the turnoff age (at the point of in-
flexion). The slope of the zircon age curve indicates that the 
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denudation rate was ~23.03 m/Ma above the point of in-
flexion, which was equivalent to a cooling rate of 0.8 °C/Ma, 
whereas the denudation rate reached 277 m/Ma with a 
cooling rate of 9.7°C/Ma after the tectonic event in 45 Ma 
(Figure 3). 

4  Cooling history of the Wenyu granitic pluton 

Previous thermochronology in the study area included zir-
con U-Pb and biotite Ar-Ar analyses. Combining AFT ages 
and ZFT turnoff age from the aforementioned data, a post- 
crystallization cooling history of the Wenyu granitic pluton 
was simulated using mineral-pair ages and their closure 
temperatures (Figure 4). The closure temperatures of zircon 
U-Pb and biotite Ar-Ar are 700±50°C [59] and 300±50°C 
[60], respectively. The temperature of 110±10°C is often 
referred to as the closure temperature of AFT [46]. An ef-
fective zircon closure temperature is poorly determined but 
is assumed as 240±30°C [61]. 

Based on the simulated post-crystallization cooling his-
tory, the Wenyu granitic pluton experienced a rapid cooling 
phase from 138 to 120 Ma after the emplacement in 138 Ma. 
Zhang [7] believed that a synorogenic detachment of  

 

 

Figure 2  FT ages vs. elevations of samples. 

 

Figure 3  Cartoons illustrating the point of inflexion. 

 

Figure 4  The mineral-pair ages thermal evolution curve of the Wenyu 
granitic pluton. 

the Xiaoqinling area took place from 135 to 123 Ma. The 
decoupling event should start before 127 Ma, or at least 123 
Ma, in the course of the regional magmatic event. In 120–45 
Ma, the cooling rate decreased to 1.2°C/Ma, which was 
calculated based on mineral-pair ages and their closure 
temperatures. This result indicates that no large tectonic 
event has occurred. After ~45 Ma in the Eocene, the cooling 
rate increased to a peak value of 16.7°C/Ma because of the 
fast uprising of the Wenyu granitic pluton. Liu et al. [27,62] 
deduced that this event is related to the collision between 
the India Block and the Eurasia Block at ~50 Ma. This col-
lision resulted in an initial extension and the formation of 
the Weihe Graben along the northern margin of the 
Xiaoqinling area (the southern margin of the Weihe Basin), 
followed by the uprising of the Qinling and Taibai Moun-
tains [27,62]. Wang et al. [63] suggested that corresponding 
to the remote effect of the collision, the oldest sediments 
with an age of 49.2±10.2 Ma in the Tianshui and the 
Huicheng Basins came from the northern margin of the 
Qinghai-Tibet Plateau and the episodic denudation of the 
western Qinling area, with the fast uplifting of Qinling 
Mountains. AFT results from the Micangshan-Hannan 
Dome area reported by Tian et al. [26] indicate that the fast 
denudation after 15 Ma was a response to the northeastward 
propagation of the Qinghai-Tibet Plateau uplift. Zhang et al. 
[64] believed that the Qinghai-Tibet Plateau began to affect 
the adjacent area after the evolution transition period at 
20±(2–4) Ma. Both the Weihe Graben and Qinling Moun-
tains then began to uplift rapidly, at a rate of 0.2 mm/a, after 
the Upper Pleistocene (5.3 Ma) and could have reached the 
fastest rate of 6.25 mm/a after A.D. 721 [65,66]. 

The annealing model proposed by Ketcham et al. [67] 
was applied in this study to reveal the cooling and exhuma-
tion history of the Wenyu granitic pluton since the Cenozoic. 
Monte Carlo approximation was also used to reverse anal-
yses on thermal history by AFT. Initial conditions of the 
simulation were assumed to be equal to general fluorine 
apatite because of lack of component data. Other initial pa-
rameters of the reverse simulation were based on regional 
geological background and data were obtained from the test. 
The cooling event is assumed to start in 50 Ma, and the 
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temperature began at 125°C (higher than the FT annealing 
zone) to the current surface temperature. Figure 5 shows 
that the thermal history of each sample obtained the best 
path via reverse simulation (solid line). In the figure, the 
dashed area represents a good fitting area, whereas the dot-
ted line region denotes acceptability region. The upper left 
corner of each graph shows the sample code, the measured 
and simulated track lengths, the measured and simulated 
pooled ages, as well as the simulated and the measured val-
ues with Kolmogorov-Smirnov (K-S) test degree value and 
goodness-of-fit (GOF) age parameters. Simulation results 
are of high quality when the K-S and GOF values are great-
er than 0.5. The geothermal gradient was set to 35 °C/km 
(close to modern data), and surface temperature was set to 
10°C. 

The estimated inversion curve shows that the Wenyu 
granitic pluton experienced two episodes of rapid cooling 
since the Cenozoic. From 45 Ma to approximately 30–35 
Ma, the Wenyu granitic pluton rapidly cooled from ap-
proximately 210°C (at the bottom of ZFT annealing zone) 
to approximately 60°C, with a cooling rate of 10°C/Ma to 
15°C/Ma, thus approximating heat evolution curves. Exhu-
mation caused by this tectonic uplifting was approximately 
4.3 km, and the average erosion rate was approximately 
0.3–0.4 km/Ma. During 30–4 Ma, the Wenyu granitic plu-
ton underwent a calm period and the cooling rate slowed 
down to about 0.2°C/Ma, thus resulting in the exhumation 
of approximately 0.1 km substance. The inversion curve 
occurs presented an obvious inflexion in <4 Ma, thus indi-
cating that the cooling and uplifting events of the Wenyu 
granite occurred during this epoch. Consequently, tempera-
ture dropped from approximately 55°C to a surface temper-
ature of 10°C, with an average cooling rate of ~11.3°C/Ma, 
which corresponded to a denudation rate of ~0.3 km/Ma and 
an eroded amount of Wenyu granite of 1.3 km. Meanwhile, 
the fault depression of the Weihe Graben was obviously 
reinforced since 3.6 Ma (equal to movement curtain A at the 
Tibetan Plateau, 3.6–3.4 Ma). The aforementioned graben 
reached the maximum sedimentary scope and fluvial-    
lacustrine area, which increased the deposition rate rapidly 
[64]. The rapid increase in rate was coupled by the rapid 
uplifting of the surroundings, including the uplift rate of the 
Qinling Orogen of 0.2 mm/a since the Pleistocene (5.3 Ma) 
[65,66]. Being balanced to the rapid deposition of the Wei-
he Basin, the uplift rate of Xiaoqingling District should be 
no less than 0.2 mm/a. 

Simulated thermal history of the Wenyu granitic pluton 
is similar to that of the Huashan granitic pluton. According 
to the FT thermal chronology data of Wan et al. [68] and 
Yin et al. [69], Wu et al. [70] analyzed the erosion history 
of the Huashan granitic pluton during the Cenozoic and 
obtained three relatively rapid uplift stages, namely, 57–42 
Ma, 32–22 Ma, and approximately 8 Ma to after virtual up-
lift rate of approximately 0.18–0.23 mm/a. From 42 to 32 
Ma and from 22 to 8 Ma, the Huashan granitic pluton  

 

Figure 5  Simulated thermal history of the Wenyu granitic pluton. 

exhibited a relatively slow uplifting process with a virtual 
uplift rate of only ~0.01 mm/a. Since 57 Ma, the total den-
udation of the Huashan granite pluton is approximately 8.5 
km, and the average uplift rate is approximately 0.15 mm/a. 
Since 32 Ma, the total denudation is approximately 4.5–5.1 
km, and the average uplift rate is approximately 0.14–0.16 
mm/a. 

Uplift elevation is close to the initial metallogenic depth 
of the Xiaoqinling gold deposit. The study on ore-    
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forming fluid inclusions of Wu et al. [71] in the Dongtong-
yu gold deposit in the Xiaoqinling area estimated varied 
pressure measurements of different metallogenic stages. 
The estimated minimum trapping pressure measurements of 
the inclusions of stages I–III were respectively 123–160 
MPa, 160–170 MPa, and approximately 170 MPa, which 
mainly concentrated at 123–170 MPa, corresponding to the 
minimum ore-forming depth of 4.6–6.3 km. The study on 
the Wenyu gold deposit of Wang et al. [72] demonstrated a 
middle-high ore-forming temperature of 180–450°C and an 
estimated ore-forming pressures 1.0×105–1.4×105 kPa, cor-
responding to the metallogenic depth of 3.6-5.2 km. Zhou et 
al. [73] reported the early and middle stages of metallogenic 
pressure of 130–178 MPa and 85–150 MPa at the Wenyu 
gold deposit, corresponding to the metallogenic depth of 
4.7–6.5 km and 3.1–5.5 km, respectively. At present, the 
level elevation of the mining tunnel of the Xiaoqinling gold 
deposit is 600–1800 m, thus indicating that the ore body has 
uplifted for about 5–6 km after the metallogenic events. 

5  40Ar/39Ar geochronology 

The wall rock of the Wenyu granitic pluton is the Paleopro-
terozoic Taihua Complex, which is the primary ore-bearing 
rock of the Xiaoqinling gold deposit. Zhang et al. [7,8] 
suggested that the Xiaoqinling metamorphic core complex 
was formed in an extensional background during the Early 
Mesozoic. The youngest granite age of 135 Ma represents 
the lower-limit time of the detachment fault which cut the 
granite; and the 40Ar/39Ar cooling age of 127 Ma denotes 
diorite intrusion during the late period of detachment fault-
ing. Granitic dykes branching from the Huashan granitic 
pluton were 123 Ma in 40Ar/39Ar age. These dykes intruded 
in the detachment fault undamaged but were cut into a 
domino-like shape by the succeeding collapsed stretch. 
Thus, the 123 Ma age of these dykes is not only the up-
per-age limit for the detachment fault but also the lower-age 
limit for the collapse extension. The collapsed stretch might 
have occurred at approximately 116 Ma because its meta-
morphic mylonite zone yielded the K-Ar age of 106–120 
Ma, with the isochron age of 116 Ma. Therefore, the earlier 
stage of the ESE-WNW trend extension of the Xiaoqinling 
metamorphic core complex took place from 135 to 123 Ma, 
and the later stage of extension caused by the post-orogenic 
collapse mainly occurred atapproximately 116 Ma and be-
came reactive at 75–71 Ma. Finally, the Xiaoqinling meta-
morphic core complex was uplifted and exhumed to the 
surface in the Palaeogene. Qiang et al. [74] conducted 
LA-ICP-MS U-Th-Pb dating for hydrothermal monazite 
from the Qinnan gold deposit of the Xiaoqinling ore con-
centration area and yielded 206Pb/238U and 208Pb/233Th 
weighted average ages of 120.9±0.9 Ma (MSWD = 1.0) and 
122.3±1.9 Ma (MSWD = 2.6), respectively. This result in-
dicates that the U-Th-Pb isotopic system of monazite has 

been in a closed system since the formation of the miner-
al—a finding which may be related to the lithospheric thin-
ning of the NCC. Li et al. [15] pointed out that the uplifting 
process of the Taihua Complex in the Xiaoqinling area had 
been occurring since 65 Ma. Song et al. [16] believed that 
the northern margin of the Qinling Mountains mainly un-
derwent uplifting and denudation since the Late Mesozoic. 

Meanwhile, extracted samples of purified sericite from 
the two boundary faults of the Xiaoqinling metamorphic 
complex were used for 40Ar/39Ar dating analysis to deter-
mine the uprising period. The sampling locations are shown 
in Figure 1. 

Samples were wrapped in Al foil tubes (0.18–0.28 mm), 
sealed in a quartz bottle with monitor ZBH-25 (the national 
Zhoukoudian K-Ar standard biotite, age = 132.7 Ma), and 
then sent to China Institute of Atomic Energy for fast neu-
tron activation analysis. Samples and standards were irradi-
ated for 24 h in a 49-2 reactor B4 channel, with a total flux 
of 2.2464×1018 n/cm2. Pure CaF2 and K2SO4 were simulta-
neously irradiated, and correction factors were obtained as 
(36Ar/37Ar)Ca = 0.000271, (39Ar/37Ar)Ca = 0.000652, and (40Ar/ 
39Ar)K = 0.00703. Samples were analyzed using a conven-
tional 40Ar/39Ar dating system in the Key Laboratory of 
Orogenic Belts and Crustal Evolution, School of Earth and 
Space Sciences, Peking University. A Ta furnace was used 
to melt the minerals in a 10–14 step heating process from 
800 to 1500°C. In each step, the sample remained at a 
thermostatic state for 20 min. A sponge Ta furnace, an ac-
tive C cold trap, and a Zr-V-Fe getter were used to purify 
gases released by heating. Signals of the five groups of Ar 
isotopes were recorded using an RGA10 mass spectrograph, 
with the unit mV as signal intensity. The signals were cy-
clically measured nine times. For each wave, isotopic con-
tent was obtained using the peak and mean values of the 
two baselines preceding and succeeding the wave. The 
“40Ar/39Ar Dating 1.2” data processing program of the Key 
Laboratory was employed for data reduction. Plateau and 
isochron ages of the samples were obtained through the 
Isoplot 3.0 program [75]. The details are shown in Table 3 
and Figure 6. 

Sample xql0918 from the tensile sliding plane of the 
Xunmadao-Xiaohe fault yielded an 40Ar/39Ar isochron age 
of 77.2±6.8 Ma (MSWD = 36) and an inverse isochron age 
of 77.4±6.7 Ma (MSWD = 29). This result indicates that the 
Xunmadao-Xiaohe fault zone was activated at about 77 Ma, 
which is consistent with the conclusion of Zhang et al. [7,8]. 
Table 3 shows that the plateau age of the low-temperature 
phase of sample xql0919 from the tensile sliding plane of 
the Taiyao Fault has no effect to the fault. Meanwhile the 
plateau age of the high-temperature phase is 44.9±1.0 Ma 
(MSWD = 0.015), with an isochron age of 41±85 Ma 
(MSWD = 169, low credibility) and a reverse isochron age 
of 39.6±9.4 Ma (MSWD = 145). These results indicate the 
occurrence of a strong tectonothermal event from 45 to 40 
Ma caused by the fast sliding of the fault. 
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In summary, based on AFT analysis of the Wenyu gra-
nitic pluton, the rapid uprising of the Xiaoqinling meta-
morphic complex was influenced by the intrusion of the 
Huashan, Wenyu, and Niangniangshan granitic plutons, 
followed by another rapid uprising at approximately 45 Ma 
which almost reached the current elevation. 

6  Conclusions 

The Wenyu granitic pluton in the Xiaoqinling area was in-
vestigated through low-temperature AFT and ZFT thermo-
chronologies. Thermal evolution curves show that the 
Wenyu granite was formed at approximately 138 Ma and 
then cooled rapidly from 138 to 120 Ma, with a cooling rate 
of ~20°C/Ma. Thermal evolution and inversion curves show 
that the Wenyu granite underwent a rapid uplifting-cooling 
process from the Eocene Epoch (~45 Ma) to the Oligocene 
Epoch (35–30 Ma), with a cooling rate of 16.7°C/Ma and a 
denudation amount of ~4.3 km. Then, another uplift-
ing-cooling process occurred after 4 Ma, with a cooling rate 
of ~11.3°C/Ma. Corresponding to the rapid deposition in the 
Weihe Basin, the exhumation rate exceeded 0.2 mm/a, and 
the amount of denudation reached 1.3 km. Overall, total 
denudation amount of the Wenyu granite was 5.6 km, and 
its total uplift amplitude was 7.3 km. 

The aforementioned uplift amplitude is close to the 
metallogenic depth of the Xiaoqinling gold deposit. The 
Dongtongyu and Wenyu gold deposits are 1–1.5 km lower 
than the Wenyu granitic pluton in altitude, and depth esti-
mation results from the two deposits based on the research 
on fluid inclusions are respectively 4.6–6.3 km and 3.6-5.2 
km. Combined with sericite 40Ar /39Ar dating results of the 
Xunmadao-Xiaohe and Taiyao faults, all pieces of evidence 
indicate that the Xiaoqinling gold deposit, along with the 
ore-bearing metamorphic complex, Huashan and Wenyu 
granitic plutons, underwent rapid uplifting-cooling process 
at ~77 and ~45 Ma; and then another uplifting-cooling pro-
cess occurred after 4 Ma. All the metamorphic complex and 
granitic plutons were denuded at least 3–6 km after being 
uplifted at approximately 7 km. 
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