
1 Introduction 
 
The Jinchuan Ni-Cu-(PGE) sulfide deposit is the largest 

copper-nickel deposit in China and the third largest one 
globally. It contains more than 500 Mt of ore and accounts 
for 88% of Ni, 90% of PGE and 13% of Cu production in 
China, making it the largest Ni, Cu and PGE metal supply 
base in China (Chai and Naldrett, 1992; Tang et al., 1992; 
Naldrett, 1997; Zhang et al., 2004; Song X Y et al., 2009; 
Gao H et al., 2009). Due to the significance of the 
Jinchuan deposit in China, it has long been a focus for 
research. In the past, studies on the Jinchuan deposit have 
mainly focused on the genesis of the deposit, its 
diagenesis and mineralization, mineralization age, 

geochemical characteristics, mineralization temperature 
and pressure etc. (Wu et al., 1992; Xie et al., 1998; De 
Waal et al., 2004; Tang et al., 2014; Xiao et al., 2018; Jiao 
et al., 2019; Mao et al., 2019; Zhao et al., 2022). These 
studies did not focus on the changes and preservation of 
the deposit after mineralization. 

Deposit preservation is considered to be an essential 
component of mineralization systems (Wyborn et al., 
1994; Kesler and Wilkinson, 2006), Zhai et al. (2000) 
emphasizing that attention should be paid to deposit 
preservation and proposing that deposits could undergo a 
variety of degrees and styles of modification. Yuan (2016) 
argued that exploring the preservation conditions and 
distribution patterns of deposits in the later stages of 
mineralization, then discovering and predicting hidden 
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Abstract: Uplift and exhumation are important factors affecting the preservation of deposits. The anatomy of uplift-cooling 

evolution and exhumation in the East Longshou Mountain is of significant research value in understanding changes in the 

Jinchuan Ni-Cu-PGE deposit since its formation. This study uses apatite fission track (AFT) thermochronology to 

reconstruct the thermal history of the East Longshou Mountain, including the Jinchuan mine, revealing the uplift and 

exhumation history of the East Longshou Mountain and elucidating the preservation status of the Jinchuan deposit. The 

AFT ages in the East Longshou Mountain are distributed from 62.3 ± 3.0 Ma to 214.7 ± 14 Ma, with significant differences 

in ages in distinct areas, the central and pooled ages being consistent within the margin of error. Inverse thermal history 

models reveal two rapid cooling events associated with exhumation from the Early Jurassic to the Early Cretaceous (200–

100 Ma) and since the Miocene (15–0 Ma), the former attributable to the far-afield response to the closure of the Paleo-

Tethys Ocean and plate assembly at the southern margin of Eurasia, the latter associated with the initial India-Eurasia plate 

collision. A slow cooling event from the Early Cretaceous to the Miocene (100–15 Ma) is thought to be related to the arid 

environment in northwest China since the Cretaceous. These cooling events have diverse responses and cooling rates in 

different blocks of the East Longshou Mountain: the southwest and centre of which are mainly cooled over 200–120 Ma 

and 120–0 Ma, with cooling rates of ~0.25 and ~0.33 °C/Ma (~1.25 and ~0.33 °C/Ma in the centre); the Jinchuan mine 

primarily cooled over 160–100 Ma, 100–15 Ma and 15–0 Ma, with cooling rates of ~1.33, ~0.25 and ~2.00 °C/Ma. These 

differentiated coolings imply that the uplift of the East Longshou Mountain before the Miocene (~15 Ma) was integral. 

Strong uplift then occurred in the vicinity of the mining area, which is a critical period for the uplift of the Jinchuan deposit 

to the surface, meaning that the Jinchuan deposit was exposed no earlier than the Miocene (~15 Ma). Based on 

mineralization depth information obtained by previous researchers, in conjunction with the calculation and simulation 

results of this study, it can be seen that the bulk of the Jinchuan intrusion may still be preserved at depth.   
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deposits can shed new light on further potential mineral 
exploration and prospecting. Sun et al. (2021) considered 
that post-mineralization uplift and exhumation should 
directly guide evaluation of deposit preservation and 
mineralization potential. Wang et al. (2008) contended 
that regional uplift and exhumation are the critical factors 
affecting the change and preservation of the deposit.  

AFT thermochronology enables the reconstruction of 
upper crustal uplift cooling history in the temperature 
range ~110–60°C (Gleadow and Duddy, 1981; Reiners 
and Brandon, 2006), corresponding to a depth range of 2–
4 km below the surface. Studying the thermal history 
above that depth can provide essential constraints on the 
regional uplift-exhumation history (Ehlers, 2005; Yu et 
al., 2019, 2021, 2022; Fan et al., 2021; Yang et al., 2021) 
and the deposit preservation (Deng et al., 2014; Liu X L et 
al., 2021). Thus, AFT thermochronology can be used to 
quantify the exhumation histories and timings of the 
metallogenic thermal events and has useful applications in 
mineral exploration (McInnes et al., 2005). Here, based on 
previous studies on the Jinchuan deposit and Longshou 
Mountain tectonic belt, this study explores the thermal 
evolutionary history of the East Longshou Mountain and 
the uplift and exhumation processes of the Jinchuan 
Mining Area since the Early Jurassic, using AFT 
thermochronology, with the objective of clarifying the 
thermal evolutionary history of the East Longshou 
Mountain and the preservational status of the Jinchuan 
deposit after mineralization. 
 
2 Geological Setting 
 

The Jinchuan world-class sulfide copper-nickel deposit 
is located in the Longshou Mountain uplift belt at the 
southwest margin of the Alxa Block, North China Craton, 
which is separated from the Qilian Fold Belt to the south 
by the South Margin Fault and liesadjacent to the 
Chaoshui Basin to the north at the North Margin Fault of 
the Longshou Mountain (Fig. 1a, b) (Chai and Naldrett, 
1992; Naldrett, 1999; Gao Y L et al., 2009; Tang et al., 
2014; Yu et al., 2020). The Paleoproterozoic Longshou 
Mountain Group dominates the basement of the Longshou 
Mountain Belt, the cover including Meso- and 
Neoproterozoic metamorphic sedimentary rocks. Along 
the Longshou Mountain, several mafic–ultramafic 
intrusions (groups) and medium–felsic intrusions extend 
about 200 km from east to west (Fig. 1b). The Longshou 
Mountain Belt mainly consists of Precambrian, Devonian, 
Carboniferous, Permian and Jurassic strata (Fig. 2b), of 
which the oldest rocks are oblique oblong amphibolite and 
granite gneisses of 1.9–2.7 Ga (Gong et al., 2012). 

The Jinchuan intrusion intruded into the former 
Changcheng System Baijiazuizi Formation with a 10° 
cross-angle, which directly contacts dacite, mixed rock 
and gneiss, across an area about 6.5 km long, 20–500 m 
wide, extending downwards in a V-shape for more than 
1100 m (Fig. 1c, d). The centre of the Jinchuan intrusion is 
exposed due to exhumation in a lens-shaped area of 1.34 
km2. The uplift area of the Longshou Mountain belongs to 
the intraplate rift environment (Zeng et al., 2013), the 
faults and joints being developed in the mining area. These 

faults strictly controlled the migration and deposition of 
ore-forming materials during the metallogenic period; 
after mineralization, the strong fracture activity destroyed 
the continuity of the intrusion controls. The main faults in 
the mining area include F1, F8, F17, F23, F16 and F16–1. The 
Jinchuan intrusion is staggered by the NEE compressive-
torsional fault and is divided into 4 sections. They are 
named III, I, II and IV (mining area) from west to east, 
according to the mining sequence (Fig. 1c, d). Among 
them, the three main ore bodies with proven reserves and 
great economic value are ore bodies #1 and #2 in II 
mining area and ore body #1 in I mining area (Fig. 1c, d). 
The Jinchuan copper-nickel sulfide deposits primarily 
develop three types of ore: massive sulfide ore, 
disseminated sulfide ore and net-textured sulfide ore (Fig. 
1d), containing 5% to 20%, 25% to 40% and more than 
70% sulfide, respectively. The most common sulfide 
combination of ore is magnetite-nickel-pyrite-
chalcopyrite, the associated platinum group minerals 
including bismuth, telluride, selenide and arsenite 
platinum ore. 
 
3 Materials and Methods 
 
3.1 Sample collection 

To systematically explore the thermal history of East 
Longshou Mountain, the team not only considered that the 
sampling points should fully control the tectonic belt of 
East Longshou Mountain, but also fulfilled the 
requirements of fission track thermal chronology for the 
altitude of the sampling point (in order to obtain more 
realistic data, different sampling points should maintain a 
certain altitude difference). Ultimately, the team 
developed three sampling routes from the study area's 
southwest rim to the northeast rim (Fig. 2a). A total of 36 
fresh rock samples (Fig. 2a) were collected after field 
prospecting and practical considerations, with each sample 
having a mass of no less than 9 kg. However, during later 
sample processing, it was found that there were nine 
samples from which a single apatite grain could not be 
picked out, ten samples from which fewer than 500 single 
apatite grains could be picked out, with only 15 rock 
samples that had more than 500 single apatite grains. 
Ultimately, 13 samples were obtained for experiments, 
following later experimental processing. Analysis of the 
sampling topographic map shows (Fig. 2a, b) that 
although 23 rock samples could not participate in the 
experiment, the remaining 13 samples can still satisfy the 
sampling target set by the team, so the study could 
commence on the basis of these 13 samples. Specific 
information about the above 13 samples is shown in Table 
1. 
 
3.2 Analytical methods 

The preparation of the samples and the gathering of 
statistics regarding the track density and confined track 
lengths were conducted at the State Key Laboratory of 
Continental Dynamics, Northwestern University, the 238U 
content being tested at Beijing Kronen Technology Co. 
After the samples were crushed and ground, the apatite 
grains were sorted by conventional heavy liquid separation 
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Fig. 1. (a) Location map (China basemap after China’s National Bureau of Surveying and Mapping Geographical Information); (b) 
geological sketch of Longshou Mountain, the rectangular box indicates the study area shown in detail in (c); (c) plan view of the 
Jinchuan Mining Area; (d) cross-section of the Jinchuan Mining Area.  
Abbreviations: CAOB = Central Asian Orogenic Belt; CC = Cathaysia Craton; COB = Central Orogenic Belt; NCC = North China Craton; TAC = Tarim 

Craton; TIC = Tibet Craton; YC = Yangtze Craton. 



Acta Geologica Sinica (English Edition), 2023, 97(2): 486–500 489    

and magnetic separation methods. The selected apatite 
grains were spread on a polytetrafluoroethylene plate and 
then fixed on a slide with epoxy resin; after 24 h of curing, 
they were sanded and polished to expose the maximum 
inner surface area, In order to reveal spontaneous tracks 
and etch them with 5.5 mol/L HNO3 for 20 s at room 
temperature (20 ± 0.5°C). The statistics of spontaneous 
track density and confined track lengths were counted 
under a Zeiss Axio Imager M2m microscope with Zeiss 
Axio vision analysis software. After microscopically 
counting the density of spontaneous tracks, the length of 
confined tracks and the Dpar (arithmetical mean of etch-
pit lengths parallel to the crystallographic c-axis) for 
apatite grains with a uniform distribution of spontaneous 
tracks, the location where the 238U content needs to be 
measured was circled and the apatite grains were located. 

The positioned apatite grains were measured at 238U using 
LA-ICP-MS with a background acquisition signal of 20 s 
and a laser exhumation time of 20 s. Durango apatite was 
used as a secondary reference to assess the quality of the 
analysis, ICPMS DataCal software being used for data 
processing. The LA-ICP-MS fission-track age calculation 
principle is quoted from Hasebe et al. (2004), the relevant 
parameters coming from the Laboratory of Low-
Temperature Thermochronology and Fission Tracks at the 
University of Melbourne, as follows: 

where t: AFT age; λD: the total decay constant of 238U, 
1.55 × 10−10; ρa: spontaneous track density; Cu: LA-ICP-
MS tested at a concentration of 238U; ξ: correction 
coefficient, 2080, which is equivalent to the zeta value of 
traditional methods, calculated as: 

where M: the relative atomic mass of 238U, 238.05 g/mol; 
λf: 

238U spontaneous fission constant, 8.46 × 10−17; NA: 
Avogadro's constant, 6.02 × 1023; d: the density of apatite, 
3.19 g/cm3; RAp: the counting factor of spontaneous tracks 
that can be observed on a single particle profile, usually 
taking half of the average spontaneous fission track length, 
that is 7.5 × 10−4 cm; g: the experimental detection 
efficiency, 1; qAp: etch fact, 1. The formula for the age 
error σt of a fission track single particle is: 

where Ns: the total spontaneous trace, σu: the uncertainty 
of the measured concentration of 238U. 
 
3.3 Calculation method of cooling rate 

Cooling and exhumation rates are vital indicators for 
describing thermal history and are commonly calculated 
by mineral pair, thermal history modelling and age-closure 
temperature (Gunnell et al., 2003; Ding et al., 2007). The 
mineral pair method refers to dating minerals by different 
methods then using their ratio of closure temperature 
difference to relate to their age difference. The thermal 

Fig. 2. (a) Stratigraphic distribution and sampling route map for 

East Longshou Mountain; (b) topographic map of East Longshou 

Mountain.  
1–Glutenite;  2–purplish  red  siltstone; 3–grayish green sericite  slate;  4–

greenish gray metamorphic banded dolomite; 5–greenish gray gravelly seric-

ite phyllite; 6–greenish gray dolomite; 7–sericite biotite quartz schist; 8–

serpentine marble; 9–streak of homogeneous migmatite; 10–eclogite-bearing 

biotite gneiss; 11–serpentine marble; 12–eclogite-bearing biotite gneiss; 13–

chlorite quartz schist; 14–streak of homogeneous migmatite; 15–ultrabasic 

rock; 16–serpentine marble; 17–biotite plagioclase gneiss; 18–breccia migma-

tite homogeneous migmatite; 19–Quaternary system; 20–AFT analysis point; 

21–actual sampling route; 22–fault; 23–sampling point. 
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Table 1 Sample information location and lithology 

Sample Latitude Longitude 
Elevation  

(m) 
Lithology 

Crystalized  

era 

JC-1 38°27'20"N 102°09'32"E 1722 Granite AnZb
3-1

 

JC-3 38°27'21"N 102°09'29"E 1686 Gneiss AnZb
3-2

 

JC-4 38°27'37"N 102°09'20"E 1610 Granite AnZb
3-1

 

JC-5 38°27'44"N 102°09'49"E 1665 Granite AnZb
2-1

 

JC-6 38°27'44"N 102°09'49"E 1665 Granite AnZb
2-2

 

JC-7 38°27'39"N 102°10'22"E 1628 Gneiss AnZb
2-3

 

JC-14 38°27'6"N 102°08'17"E 1696 Sandstone P2d 

JC-17 38°27'47"N 102°07'25"E 1745 Sandstone Dc 

JC-29 38°29'31"N 102°08'33"E 1620 Granite AnZb
2-1

 

JC-32 38°28'48"N 102°10'16"E 1597 Granite AnZb
2-1

 

JC-35 38°28'36"N 102°09'09"E 1680 Gneiss AnZb
2-3

 

JC-36 38°28'42"N 102°09'25"E 1659 Granite AnZb
2-1

 

JC-37 38°28'46"N 102°10'59"E 1589 Granite AnZb
1-1
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history modelling method is based on the modelling curve 
and the division of the cooling interval. The age-closure 
temperature method functions by assuming the regional 
geothermal gradient and uniting present surface 
temperature, ages and closure temperature, the equation 
being Cr (°C/Ma) = (Tm − Tsurf)/tm (Zeitler et al., 1982), 
where Tm, Tsurf and tm are the closure temperature, surface 
temperature and ages, respectively. 
 
4 Results  
 
4.1 Experimental data 

The test results of 13 samples were obtained after 
crushing, gravity separation, magnetic separation, sample 
preparation, sectioning, track statistics, laser analysis and 
AFT age calculation, the results being shown in Table 2. 
Over 20 AFT ages and more than 50 confined track 
lengths were obtained for each sample, except for JC-7 
and JC-35, for which only 11 age data and 12 confined 
track lengths were obtained. The AFT age data were 
detected by Radial Plotter software (Vermeesch, 2009) to 
test whether they belonged to the same age composition 
(Galbraith, 1990) and to obtain central ages and radial 
diagrams of single-grain ages (Fig. 3). The chi-square 
test results showed that except for the JC-7 sample with 
P(χ2) = 0, other samples passed the chi-square test, 
yielding P(χ2) values greater than 5% (Fig. 3). Moreover, 
this indicates that the AFT ages of all except JC-7 were 
composed of the same ages, representing the most recent 
cooling event; therefore, the pooled ages were used for 
each sample except for JC-7 (Galbraith and Laslett, 
1993). The scattered AFT ages distribution of JC-7 may 
be related to the non-uniformity of 238U concentration 
microzone test results during LA-ICP-MS measurements 
and other factors (Hasebe et al., 2004), so JC-7 was not 
considered in the subsequent discussion. The distribution 
of pooled ages is 214.7 ± 14 Ma to 62.3 ± 3 Ma, 
scattered but relatively closed in different study blocks, 
which can be divided into JC-14 and JC-17 (197 ± 10.2 
Ma and 214.7 ± 14 Ma) at the southwest edge of the East 
Longshou Mountain, JC-(1-6) (135.4 ± 7.8 Ma to 98.7 ± 
18 Ma) at the centre of the East Longshou Mountain and 
JC-(29-37) (81.7 ± 3.2 Ma to 62.3 ± 3 Ma) in the 

Jinchuan Mining Area. All AFT ages are significantly 
younger than their diagenetic ages, indicating that the 
rock samples might undergo thermal alteration or 
thermally reset after diagenesis, which reflects the fact 
that information on later cooling does not represent 
information on the source area. The mean track length 
(MTL) of all samples is 10.09–12.75 μm, with slight 
variations; the distribution of confined track lengths 
having a single-peak, slightly wide pattern, which 
suggests that the samples might have experienced a more 
complex thermal history or remained in the partial 
annealing zone for a particular period. Chang et al. 
(2004) concluded that the smaller the Dpar, the faster the 
annealing rate, the Dpar of all 13 samples being in the 
range 1.02–2.20 μm, indicating that the annealing 
resistance of the apatite samples in this study was 
limited.  
 
4.2 Data interpretation 

Numerous experiments and studies have shown that 
even apatite grains within the same rock have different 
annealing behaviour, which means that under the same 
geological conditions (temperature), different apatite 
grains exhibit different lengths and ages (Zhou and 
Donelick, 2001). Variations in Dpar values can point to 
composition-related annealing resistance between samples 
(Carlson et al., 1999; Donelick et al., 2005). There was no 
correlation between the single grain AFT ages and Dpar, 
238U content and MTL for this study (Figs. 3, 4, 5a), 
suggesting the AFT age dispersion between samples might 
be independent of apatite chemistry and 238U 
measurements. In contrast, the moderately short MTL 
values, the slightly wide distribution of confined track 
lengths and the relatively remarkable dispersion 
distribution of single grain AFT ages (Table 2; Fig. 3) all 
mean that the samples underwent a complex thermal 
history, rather than the experimental results being caused 
by differences in chemical fractions between single apatite 
grains. If the East Longshou Mountain achieved uplift 
cooling as a single block and a moderate cooling rate is 
assumed, i.e., no large-scale geothermal advection, we can 
expect a general relationship between AFT ages and 
elevations (Feng et al., 2017). However, the correlation 

 Table 2 Results of AFT analysis 

Sample 
No. 

grains 

ρs(Ns) 
238

U AFT age P(χ2) Central age MTL No. tracks 

( 10
6
/cm

2
) （ppm ± 1σ） (Ma ± 1σ) (%) (Ma ± 1σ) (μm)  

JC-1 20 11.3(168) 17.77 ± 0.66 132 ± 15.1 19.00 135.0 ± 13 12.02 53 

JC-3 21 4.37(138) 4.45 ± 0.41 127.1 ± 15.3 81.00 121.0 ± 10 13.32 51 

JC-4 24 17.88(233) 21.48 ± 0.7 135.4 ± 7.8 78.00 140.1 ± 9.6 12.4 101 

JC-5 35 17.78(217) 39.02 ± 3.42 98.7 ± 5.5 68.00 102.5 ± 5.0 12.29 90 

JC-6 21 7.38(134) 14.7 ± 0.82 101.2 ± 11.7 58.00 103.8 ± 9.2 11.92 59 

JC-7 11 63.85(63) 6.38 ± 0.21 200.6 ± 57.3 0 233.4 ± 36.3 12.37 50 

JC-14 28 23.47(210) 24.69 ± 0.78 197 ± 10.2 69.00 196.0 ± 14.0 11.55 88 

JC-17 26 33.09(164) 31.12 ± 0.97 214.7 ± 14 82.00 224.0 ± 18 10.78 79 

JC-29 24 17.48(294) 50.68 ± 2.45 71.9 ± 7 15.00 71.1 ± 4.8 10.96 68 

JC-32 33 82.85(334) 17.24 ± 0.65 62.3 ± 3 42.00 88.4 ± 4.4 12.07 50 

JC-35 20 11.47(116) 37.01 ± 2.97 71.7 ± 10.8 16.00 76.6 ± 9.5 12.64 12 

JC-36 21 11.23(176) 28.97 ± 1.58 79.8 ± 5.6 86.00 82.4 ± 6.4 11.71 56 

JC-37 28 29.52(231) 81.7 ± 3.2 83.1 ± 5.5 87.00 81.4 ± 5.5 10.09 94 

No. grains: number of apatite crystals analyzed; ρs (Ns): spontaneous fission-track density (number) of apatite crystals analyzed from samples; 
238

U: 

uranium-238 concentration of samples measured by LA-ICP-MS, with absolute ± 1σ error value; P(χ2): chi-squared probability; AFT age–pooled ages, with 

absolute ± 1σ error ages; MTL–mean confined fission-track length of samples; No. tracks–number of apatite fission track analyzed. 
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between the AFT ages and the current samples' elevations 
(Fig. 5b) varies between blocks, denoting differences in 
uplift processes in the East Longshou Mountain. 
 
4.3 Inverse thermal history modelling 

To quantify the thermal history recorded by 
thermochronological data, inverse thermal history 
modelling was performed, relying on a multivariate 
annealing model (Ketcham et al., 2007) and HeFTy 
(version v1.8.0), combining AFT ages with kinetic 
parameters, Dpar values and confined track lengths. The 

results are shown in Fig. 6. The initial conditions of the 
modelling are set as follows: (1) all samples are assumed 
to have undergone a monotonic cooling process (Lin et al., 
2011); (2) the number of confined track lengths operated 
for the modelling is no less than 50, the confidence of the 
models being higher if the number of lengths is greater 
than 100 (Ketcham, 2005; Zhu et al., 2007); (3) the 
temperature of the AFT partial annealing zone (PAZ) is 
~60–110°C (Gleadow, 1981); (4) the high t-T constraint 
for metamorphic rocks is set at no less than 160°C, which 
is about 50% earlier than the AFT ages (Ketcham et al., 

Fig. 3. The radial plot of fission-track ages of sampled apatites.  
The AFT age for each point on a radial plot is obtained by projecting a line from the origin through the single-grain age (circles) to the radial axis. All 

points have the same size error bar corresponding to the axis about the origin on the left, showing ± 2σ. The further a point plots to the right of the origin, 

the more precise the individual grain age, as seen by the horizontal precision axis directly below the plot. The color assigned to each individual point shifts 

from yellow to red with increasing Dpar (μm). 
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2000); (5) the models were tested using the goodness-of-
fit parameter (GOF), the results being acceptable for GOF 

> 0.05 and good for GOF > 0.5, as the larger the GOF 
value, the higher the confidence in the models (Ketcham, 

Fig. 4. 238U content about single grain AFT age.  
U, uranium-238 concentration of samples measured by LA-ICP-MS, with absolute ±1σ error value. 

 

Fig. 5. Relationship between sample AFT age and elevation, MTL.  
MTL = mean confined fission track length of samples; Southwest margin = southwest margin of the East Longshou Mountain; Mining area = the Jinchuan 

mining area. 
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2005); (6) each modelling path was set to 10,000. JC-35 
does not participate in this modelling, because its confined 
track length data is less than 50, rendering the modelling 
not credible. 

Eleven samples participated in the modelling, all giving 
plausible results, all models reproducing the AFT ages and 
confined track length distribution within the error limits. 
These thermal histories are all observed in the temperature 

interval with the AFT PAZ, which indicates that the 
modelling is well constrained (Fig. 6). JC-14 and JC-17 in 
the southwest margin of the East Longshou Mountain 
began cooling from the interior of the PAZ in the Early 
Jurassic until the Early Cretaceous relatively rapid cooling 
to the lower limit of the PAZ (~60°C); they mainly 
underwent a slow uplift from the Early Jurassic (~200 Ma) 
to the Early Cretaceous (~120 Ma) and a relatively rapid 

Fig. 6. Inversion thermal history modelling curves.  
(a–c) Represent the thermal history modelling maps and related fitting parameters of the Jinchuan mine, southwest edge of the East Longshou Mountain 

and central part of the East Longshou Mountain, respectively. 
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uplift since the Early Cretaceous (~120 Ma) (Fig. 6b). JC-
(1–6) in the centre of the East Longshou Mountain cooled 
from above the upper PAZ (~110°C) in the Early Jurassic 
until the lower PAZ (~60°C) in the Early Cretaceous; they 
mainly experienced rapid uplift from the Early Jurassic 
(~200 Ma) to the Early Cretaceous (~120 Ma) and a slow 
uplift that has continued since the Early Cretaceous (~120 
Ma) (Fig. 6c). The Jinchuan Mining Area (samples JC-29, 
JC-32, JC-32 and JC-37) cooled from above the upper 
PAZ limit (~110°C) in the Late Jurassic until the lower 
PAZ limit (~60°C) in the early Miocene; the mining area 
went through three stages of cooling: rapid uplift cooling 
from the Late Jurassic (~160 Ma) to the early Late 
Cretaceous (~100 Ma), which cooled the samples to 80°C; 
the tectonic smoothing period from the early Late 
Cretaceous (~100 Ma) to the Miocene (~15 Ma), which 
cooled the samples from 80°C to 60°C; and the relatively 
rapid uplift phase since the Miocene (~15 Ma), during 
which the samples were exposed from 60°C to surface 
temperature (~20°C) (Fig. 6a). 
 
4.4 Cooling rate 

In this study, the cooling and exhumation rates of the 
East Longshou Mountain were obtained, using the 
technique of thermal history modelling and age-closure 

temperature, where Tm and Tsurf were taken as 110°C 
(Gleadow and Duddy, 1981) and 20 ± 5°C; based on 
previous studies of the region (Ren, 1998; Yu et al., 2018), 
a geothermal gradient of 35 °C/km being assumed, the 
results being shown in Fig. 7. The results obtained by the 
two methods are close to each other. The thermal history 
modelling method (Fig. 7a) shows that the cooling and 
exhumation rates in the centre and south of the Eastern 
Longshou Mountain are lower than the Jinchuan Mining 
Area. The age-closure temperature method (Fig. 7b) 
shows that the cooling and exhumation rates in the East 
Longshou Mountain have an increasing trend from south 
to north, the cooling rates and the degree of exhumation 
not being consistent throughout the Jinchuan Mining Area. 
 
5 Discussion 
 
5.1 Rock uplift and exhumation 

Rock uplift is the behaviour of rock near the surface 
under internal dynamic geological action, whereas rock 
exhumation is the destruction of rock by external dynamic 
geological action. The relationship between rock uplift and 
exhumation, which is related to the geodetic level or paleo-
elevation, can be expressed as U = D + ΔH + Δs.l, where 
U and D are the thickness of rock uplift and exhumation, 

Fig. 7. (a) Thermal history modelling method and (b) age-closure temperature method used to calculate cooling and spalling rates.  
Abbreviations: SE = Southwest margin of the East Longshou Mts.; CE = Central East Longshou Moutain.; MA = Jinchuan mining area. 
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ΔH is the difference between present surface elevation and 
paleo-elevation, and Δs.l representing the magnitude of 
sea-level change (England and Molnar, 1990). Previous 
researchers believed that the present altitude of Longshou 
Mountain is the result of Cenozoic tectonic movements 
(Zhang, 1992; Yuan et al., 2013; Zhuang et al., 2018), the 
Mesozoic altitude of East Longshou Mountain therefore 
being assumed to be 500 m. For the AFT, D + Δs.l is 
equivalent to the depth of burial corresponding to the AFT 
closure temperature, which gives D + Δs.l = 3143 m and 
uplift rate = uplift amplitude/uplift year. The calculation of 
exhumation thickness is based on the formula proposed by 
Brown (1991): ΔE = (110 ± 10 − Ts)/G + d, or exhumation 
rate = exhumation thickness/exhumation year, where ΔE, 
Ts, G and d are exhumation thickness, paleosurface 
temperature, paleothermal gradient and the difference 
between the elevation of the AFT annealing zone at the 
bottom and the present surface. According to the research 
(Song C H et al., 2009) on the environment and climate of 
the northern margin of the Qinghai Tibet Plateau, Ts was 
assumed to be 30°C. The results of uplift and exhumation 
thickness since the AFT ages are shown in Table 3: the 
uplift thickness, uplift rate, exhumation thickness and 
exhumation rate are concentrated in 4232–4388 m, 20.438
–68.058 m/Ma, 3684 m–3840 m and 17.157–61.504 m/
Ma, respectively. It is possible that the initial topography 
was relatively gentle, the present landform being formed 
after uplift and exhumation (Yuan et al., 2011). 

5.2 Tectonic evolutionary history of the Longshou 
Mountain 

The geological evolution of the Longshou Mountain, an 
important metallogenic belt in the interior of East Asia 
(Zhang, 1992; Zhao et al., 1994; Tang and Bai, 2000; Liu, 
et al., 2020; Liu W H et al., 2021), can be divided into the 
following stages: (1) the mantle upwelling at the end of 
the early Proterozoic caused the crystallization of the 
Paleogene boundary; meanwhile, the Alxa Block rose, 
resulting in intermittent sedimentation and the absence of 
the Changcheng System (Zhang, 1992; Tang and Bai, 
2000); (2) the strong mantle activity in the middle 
Proterozoic caused the lateral extensional fracture to 
evolve into the Rift Sea (Zhao et al., 1994; Lu et al., 
2018 ); (3) in the Neoproterozoic, the ancient Rift Valley 
opened along the southern boundary to form the North 
Qilian Ocean domain, while the Rift Valley zone was 

uplifted and connected with the Alxa Block; (4) in the 
early Paleozoic, a passive land margin was formed along 
the middle–eastern part of the Rift Valley zone; (4) in the 
early early Paleozoic, a passive terrestrial margin zone 
was formed along the southern margin of the rift zone, 
while in the late early Paleozoic, the rift zone was 
influenced by the collision of ancient plates and magma 
again invaded; (5) in the late Paleozoic, some original 
tensional fracture activities in the rift valley formed a 
fractured sea trough and deposited some land surface 
marine clastic rocks and carbonates (Zhang, 1992). 

The tectonic evolution of the Longshou Mountain since 
the Mesozoic is characterized by its complexity. Li et al. 
(2020) tested apatite (U-Th)/He for Longshou Mountain 
near Taohuala Mountain and found that the northern flank 
of Longshou Mountain is older than the southern flank. 
Thermal history models revealed strong fracture activity 
on the southern flank of Longshou Mountain and weaker 
activity on the northern flank, with the Longshou 
Mountain as a whole showing a lift-slope pattern since the 
Miocene (~14 Ma); Zhang B H et al. (2017) used AFT 
data to model the thermal history of Dongda Mountain in 
the central Longshou Mountain and found that Dongda 
Mountain experienced two uplift events during ~130–25 
Ma and since the late Cenozoic (~5 Ma); Wu et al. (2021) 
analyzed the AFT of the Longshou Mountain from 
Shandan County to the Jinchuan and the AFT ages were 
distributed between 95 ± 6 Ma to 26 ± 5 Ma. Thermal 
history models of some samples showed that Longshou 
Mountain has undergone multiple phases of complex 
exhumation processes since the late Mesozoic; in addition, 
related researchers have conducted AFT and zircon fission 
track (ZFT) tests for Jinchuan (Ma et al., 2014; Tian et al., 
2016; Liu et al., 2022) and found that the AFT and ZFT 
ages are close. The above findings show that the 
Longshou Mountain region's uplift is not monolithic, the 
uplift time and exhumation degree differing from west to 
east. The close dating results of the AFT and ZFT of the 
same sample indicate that intense uplift may have caused 
it to cross the ZFT and AFT complete annealing zones 
simultaneously over a short period of time since the 
Cenozoic in Jinchuan. 

This study demonstrates that the uplift of the East 
Longshou Mountain from south to north also differs. The 
AFT ages tend to decrease from south to north, implying 
that the southern part of the East Longshou Mountain 
broke away from the AFT complete annealing zone earlier 
than the northern part. Thermal models reveal the thermal 
history of the East Longshou Mountain (Fig. 6): the centre 
and south of East Longshou Mountain were the first parts 
to start uplifting during the Early Jurassic to Early 
Cretaceous (~200–120 Ma), which largely removed the 
central and southern parts from the partial annealing zone. 
The uplift of the Jinchuan Mining Area lagged behind the 
centre and southern part and happened during the Late 
Jurassic to Late Cretaceous (~160–100 Ma), which 
removed the mining area from the complete annealing 
zone and entered the partial annealing zone. This uplift 
coincided with the closure of the Paleo-Tethys Ocean and 
the assembly of Qiangtang Block at the southern margin 
of Eurasia and thus may be a far-afield reflection of these 

 Table 3 Thickness rock uplift and exhumation 

Block Sample 
Elevation 

(m) 

U 

(m) 

Uplift rate  

(m/Ma) 

ΔE  

(m) 

Denudation  

rate (m/Ma) 

Southwest margin of 

the East Longshou 

Mountain 

JC-14 1696 4339 22.025 3733 18.948 

JC-17 1745 4388 20.438 3684 17.157 

Center of the East 

Longshou Mountain 

JC-1 1722 4365 33.068 3707 28.081 

JC-3 1686 4329 34.060 3743 29.447 

JC-4 1610 4253 31.411 3819 28.203 

JC-5 1665 4308 43.647 3764 38.133 

JC-6 1665 4308 42.569 3764 37.191 

The Jinchuan Mining 

Area 

JC-29 1620 4263 59.291 3809 52.972 

JC-32 1597 4240 68.058 3832 61.504 

JC-36 1659 4302 53.910 3770 47.240 

JC-37 1589 4232 51.799 3840 46.998 

U–uplift thickness; ΔE–denudation thickness. 
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events (Dewey et al., 1988; Chen et al., 2003). During the 
Late Cretaceous to Miocene period (~100–15 Ma), East 
Longshou Mountain was in a relatively smooth tectonic 
environment, with no violent tectonic movements. The 
cooling exhumation during this period may be related to 
the arid environment in northwest China since the Late 
Cretaceous (Xiang et al., 2015). The Jinchuan Mining 
Area has been dramatically uplifted since the Miocene 
(~15 Ma), leaving the south–central part unaffected. 
Although the modelling results occur between 0–60°C 
(Fig. 6a) with low confidence, there are similar traces of 
tectonic movements around the study area: Li et al. (2018) 
found that rapid denudation associated with the Haiyuan 
strike-slip fault occurred in the North Qilian area between 
15–8 Ma; Zheng et al. (2017) and Wang et al. (2014) 
demonstrated that the North Qilian area started to recoil 
around 10 Ma; Zhang et al. (2009) considered that the 
North Margin Great Fault—F1 (Fig. 2) underwent right-
slip after the Miocene, so the modelling results are 
considered to be plausible. Based on the above, a 
hypothesis has been made that the East Longshou 
Mountain was retrogradely thrust since the Miocene (~15 
Ma), bounded by the North Margin Fault, which coincides 
with the exhumation of the North Qilian Mountain since 
the Miocene and is considered to be a direct far-afield 
deformation response of the northeastern margin of the 
Tibetan Plateau to the initial Indo-Eurasian collision 
(George et al., 2001; Li et al., 2018; An et al., 2020).  

The above analysis reveals that the East Longshou 
Mountain experienced a fierce uplift from the Early 
Jurassic to the Early Cretaceous, which caused the 
Jinchuan Mining Area to exit the complete annealing zone 
in the Late Jurassic. After the end of the uplift in the 
central and southern parts of the East Longshou Mountain 
since the Early Cretaceous, uplift still existed in the 
Jinchuan Mining Area on a certain scale until the early 
Late Cretaceous. Since then, the East Longshou Mountain 
has been in a stable environment except for the Jinchuan 
Mining Area, where a new phase of uplift has occurred 
since the Miocene. 

5.3 Thermal history of the Jinchuan intrusion 
Previously, it was thought that the Jinchuan intrusion 

formed in the Mesoproterozoic (1508 ± 31 Ma) (Tang et 
al., 1992); however, recently, the crystallization age of the 
Jinchuan intrusion was measured at ~830 Ma by zircon U-
Pb (Li et al., 2005; Zhang et al., 2010) and the ~830 Ma 
mineralization age was also determined by using the Re-
Os isotope system (Yang et al., 2005, 2008). The gabbro 
veins running through the Jinchuan intrusion and the 
anorthosite granites in the Jinchuan area were later dated 
to ~420 Ma by zircon U-Pb, so it is therefore hypothesized 
that the Jinchuan intrusion may have experienced a phase 
of thermal disturbance during the early Paleozoic (~420 
Ma) (Duan et al., 2015; Zeng et al., 2016). Here, we 
combine published data (Table 4) and synthesize it with 
this study in order to constrain the thermal history of the 
Jinchuan intrusion since its mineralization and give 
possible thermal evolutionary paths a and b (Fig. 8). Path 
a (Fig. 8) is adapted from Ma et al. (2014), which 
combines the dating results of isotopic systems such as K-
Ar, Rb-Sr, Sm-Nd and zircon U-Pb, AFT and ZFT to 
constrain the thermal history of the Jinchuan intrusion. In 
doing so, where the same isotopic systems showed 
different dating results, their credibility was reduced. 

Path b (Fig. 8) utilizes zircon U-Pb, ZFT and AFT test 
results to constrain the thermal history of the Jinchuan 
intrusion: it formed in a tensional environment caused by 

Fig. 8. Schematic diagram of the thermal evolution of the Jinchuan rock body since mineralization.  

 

 Table 4 Zircon U-Pb, ZFT and AFT ages at the Jinchuan 

mine 

Sampling Test items Result (Ma) Source 

II-mining area Zircon U-Pb 825 Li et al., 2005 

I-mining area Zircon U-Pb 831.8 ± 0.6 Zhang et al., 2010 

II-mining area Zircon U-Pb 
420.6 ± 3.1 

423.5 ± 1.4 
Duan et al., 2015 

II-mining area Zircon U-Pb 
433.4 ± 3.7, 

361.7 ± 4.6 
Zeng et al., 2016 

West of F8  AFT, ZFT 
105.56–51.53, 

130.51–62.09 
Tian et al., 2016 

Mining area AFT, ZFT 
109 ± 8 to 68 ± 7 

102 ± 11 to 68 ± 7 
Ma et al., 2014 
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the rifting of the Rodinia supercontinent in the Neogene 
(~830 Ma) (Li et al., 2005; Zhao and Cawood, 2021) or 
was associated with the formation of the South China 
mantle column (Li et al., 1999); along with the continued 
rifting of Rodinia, the Jinchuan intrusion was uplifted 
continuously and it is speculated that the uplift stopped at 
the end of the Neoproterozoic with the completion of the 
rifting of Rodinia (Meert and Torsvik, 2003). The 
collision between the Alxa Block and the Qilian–Qaidam 
Block led to the upwelling of soft fluvial material, creating 
the Jinchuan intrusion warming in the Silurian (~420 Ma) 
(Zhang L Q et al., 2017). Since the Mesozoic (~200 Ma), 
influenced by the closure of the Paleo-Tethys Ocean, the 
Longshou Mountain has entered an overall uplift phase, 
the Jinchuan intrusion being cooled by the regional uplift 
(Kang et al., 2018). During the Cenozoic, the Jinchuan 
intrusion was remotely impacted by the India-Eurasia 
plate collision and was lifted to the surface to experience 
exhumation. Therefore, it can be inferred that the long-
established Jinchuan intrusion started to be lifted from 
depth around the Mesozoic and was not exposed to the 
surface prior to the Miocene (~15 Ma), as it suffered from 
exhumation no earlier than the Miocene (~15 Ma). 
 
5.4 Implications for Ni-Cu-PGE ore exploration 

Studying the post-formation thermal history of the 
Jinchuan intrusion is key to evaluating its preservation. 
Thermal history models indicate that the East Longshou 
Mountain has been undergoing dramatic uplift since the 
Early Jurassic, while the south-central part of the East 
Longshou Mountain has been a tectonic plateau since the 
Early Cretaceous and the Jinchuan Mining Area has been 
experiencing strong uplift since the Miocene. Formerly, it 
was considered that the Jinchuan intrusion was pushed to 
the surface by means of pushover tectonics after deep 
mineralization (Shi et al., 1995; Gao H et al., 2009) and 
this study demonstrates that such pushover movements 
still existed since the Miocene and had a more muscular 
impact on the intrusion. Constraining the thermal history 
of the Jinchuan intrusion using dating data (Fig. 8) 
indicates that it was in a high-temperature environment 
until the Mesozoic, after which it began to cool  
from a high-temperature to a medium–low-temperature 
environment, violent movements since the Miocene lifting 
it to the surface. Calculations (Table 3) show that the 
uplift and exhumation thickness of the Jinchuan Mining 
Area since the Late Cretaceous is ~4 km and that of the 
East Longshou Mountain has been ~4 km since the Early 
Jurassic. The thermal models (Fig. 6) indicate that the 
initial uplift of the Jinchuan Mining Area began before the 
early overall uplift of the East Longshou Mountain was 
completed, suggesting a partial temporal overlap between 
the two uplifts and, therefore, the amount of exhumation 
of the Jinchuan Mining Area since the Mesozoic is known 
to be no greater than 8 km. Yang et al. (1991) studied the 
magma inclusions in the Jinchuan intrusion and concluded 
that the primary mineralized depth is ~10 km, so it can be 
seen that most of the ore body is still preserved at depth. 
The calculations (Table 3) also show that the uplift and 
exhumation near samples JC-29, JC-32 and JC-37 are 
similar, while the uplift is larger and the exhumation is 

smaller near sample JC-36. Therefore, from the 
perspective of deposit uplift and exhumation, this 
demonstrates a higher chance of finding the hidden ore 
body at the junction of mine areas I and II (Fig. 2b), where 
sample JC-36 is located.  
 
6 Conclusions 
 

(1) There have been differences in uplift since the Early 
Jurassic in the East Longshou Mountain. The south–
central part of the East Longshou Mountain mainly 
experienced a rapid cooling from 200–120 Ma; the 
Jinchuan Mining Area experienced two rapid coolings 
from 200–100 Ma and 15–0 Ma; the East Longshou 
Mountain as a whole was in a tectonically stable period 
over 100–15 Ma. 

(2) The Jinchuan deposit was exposed to the surface by 
thrust from the Miocene (~15 Ma) onwards, which is the 
critical period when the Jinchuan deposit was lifted to the 
surface, indicating that it has not been exhumed for a long 
time, compared to the mineralization era.  

(3) The exhumation thickness of the northeast of East 
Longshou Mountain, represented by the Jinchuan deposit, 
since the Mesozoic is less than 8 km, which, combined 
with the depth of mineralization, indicates that most of the 
intrusion is still retained at depth. The junction of mine 
areas I and II in Jinchuan has a large amount of uplift, but 
small exhumation thickness, making the area favourable 
for mining exploration for preserved deposits. 
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