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ARTICLE INFO ABSTRACT

Handling Editor: Hongbo Zhao The study of the Late Cretaceous-Cenozoic uplift and tectonic evolution of the Northwestern Guangxi area in the
Youjiang Basin is relevant for understanding the origin and preservation of hydrothermal deposits with ore-
hosting potential. Apatite fission-track dating and time-temperature thermal history modelling were performed
using six rock samples from the study area. The ages were found to range from 14 to 81 Ma, and in particular,
three distinct time intervals could be defined using the apatite fission-track ages: 81-77 Ma, 58-35 Ma, and
17-14 Ma, each corresponding to a specific tectonic-thermal event. The 81-77 Ma event indicates the age of
early magmatic activity in northwestern Guangxi. The earliest Himalayan tectonic phase could be attributed to
the subduction-collision of the Indo-Asian plate at 58-35 Ma, followed by a second phase of rapid wedging of
the Indian plate during the 17-14 Ma interval. We surmise that some hydrothermal deposits, including medium-
temperature Cu, Pb, Zn deposits and high-temperature W, Sn, Mo, Bi deposits such as polymetallic Cu-Fe-Mo,
and Cu-Mo-(Pb-Zn) porphyry types and skarn types, may be locally present below the low-temperature Carlin-
type gold deposits, or at variable depths in northwestern Guangxi. And sand gold deposits may be a relevant
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prospecting target.

1. Introduction

The Youjiang Basin is a late Palaeozoic-Mesozoic composite rift
basin on the southwestern margin of the Yangtze Block. Since the late
Palaeozoic, this block experienced a multiphase geodynamic evolution,
along with the opening and spreading of the Palaeo-Tethys Ocean
(Zhang et al., 2016). In particular, this region transformed from a rift
basin to a passive continental margin and back arc basin during the
Mesozoic—-Cenozoic (Chen et al.,, 1993; Pi et al.,, 2015; Liang et al.,
2011). Most of the hydrothermal deposits resulting from this complex
tectonic evolution were formed in the Mesozoic (Hu et al., 2010).
Northwestern Guangxi is an important part of the Yunnan-Guizhou—-
Guangxi Golden Triangle region in the eastern domain of the Youjiang
Basin (SW China), and it has a subduction and collision history span-
ning from the late Palaeozoic to present. This extensive geologic record
is key to understanding the exhumation history of the Youjiang Basin,
as well as assessing the preservation of hydrothermal deposits during
the late Cretaceous—Cenozoic.

The subduction of the Indochina Block beneath the South China

Block in the Mesozoic resulted in pervasive mineralisation events that
resulted in diverse hydrothermal deposits within the South China Block
(Hu et al., 2017a) (Fig. 1). Among these, the Dachang tin polymetallic
ore field in northwestern Guangxi is a world-class super-large, high-
temperature hydrothermal deposit related to the Yanshanian Long-
xianggai pluton (Chen et al., 1993; Pi et al., 2015; Liang et al., 2011). In
addition, a series of Carlin-type gold deposits, similar to Mingshan and
Bama, formed in a low-temperature hydrothermal environment (Kesler
et al., 2005; Pi et al., 2017). These hydrothermal deposits show com-
plete zoning with respect to the surrounding rocks (Cen and Tian, 2012;
Mao et al., 2010; Zhang et al., 2012), centred on the rock masses. The
zoning pattern displays a regular distribution from the inner zone to the
middle and outer zones, compatible with a complete succession from
high—intermediate and low temperature ore deposits, respectively (Cen
and Tian, 2012; Mao et al., 2010; Zhang et al., 2012). Because the
preservation of this zonation pattern is primarily controlled by uplifting
and denudation, their reconstruction is essential for defining the oc-
currence and nature of hydrothermal deposits and ore districts (Yuan,
2016).
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Fig. 1. A simplified geological map of the South China Block and adjacent regions showing the structural framework and the distribution of ore deposits in the

Yangtze Block (modified from Hu et al., 2017a; Qiu et al., 2016).

Fission track thermochronology, a frontier methodology in geo-
chronology, has proven to be particularly advantageous in re-
constructing the long term (millions of years) thermal history of the
upper crust based on carrier minerals, such as zircon and apatite (Yuan,
2016; Feng et al., 2017; Piedrahita et al., 2017). Fission track ther-
mochronology is widely used to study of igneous, metamorphic, and
sedimentary rocks, with regard to their formation, duration of thermal
processes, and tectonic setting of altered rock masses (Leng et al., 2018;
Lei et al., 2008). The characteristics of apatite fission track dating and
track length distribution provide quantitative information on cooling
through partial annealing (PAZ) of rocks, and record the thermal his-
tory of rocks within a range of 110-60 °C. This change in thermal en-
vironment is generally considered the result of regional uplift and/or
denudation (Green, 1981; Qiu et al., 2016). By simulating the geolo-
gical thermal history, along with estimates of uplift/denudation and
rough evaluation of the state of preservation and alteration of deposits,
a theoretical frame can be reconstructed as a basis for predicting mi-
neral resources and metallogenic potentials (Yuan. 2016; Feng et al.,
2017; Wang et al., 2017).

In this paper, we report the first study of apatite fission track
thermochronology of northwestern Guangxi. We present six new apatite
fission track ages determined using various samples collected in
northwestern Guangxi. Along with the modelling of the thermal history,
we aimed to constrain the late Cretaceous—Cenozoic tectono-thermal
evolution of northwestern Guangxi. The findings also provide deeper
insight into the role of exhumation and denudation in the thermal
history and preservation of zoned hydrothermal deposits.

2. Geological background
2.1. Regional geological setting

The South China Block includes the Yangtze Block to the northwest
and the Cathaysia Block to the southeast (Hu et al., 2017a) (Fig. 1). The
southwestern margin of the Yangtze Block in northwestern Guangxi
hosts the Youjiang Basin, a sector of the late Palaeozoic Palaeo-Tethys
and Pacific structural domain (Peng and Lu, 2019). The southwestern
margin of this area is connected to the Red River Fault and the In-
dosinian Block. The southeastern and eastern margins are bounded by
the Pingxiang-Nanning-Kunlunguan Fault and the Nandan-Duan Fault,
respectively, and include the Baiwandashan Fault depression and the
central Guizhou depression. The western and northern boundaries are
controlled by the Mile-Shizong Fault, Shuicheng-Ziyun-Bama Fault, and
eastern part of the Nanpanjiang Fault; these are also connected to the
Yangtze platform and represent the boundary between the Yangtze
Block and the South China geosyncline (Hu et al., 2017a) (Fig. 1).

The oldest lithologic units in the Youjiang Basin are Cambrian
carbonate rocks and early Palaeozoic clastic rocks that crop out along
the core of an anticline (Qiu et al., 2016). The Youjiang Basin has been
suggested to overlie a basement of Lower Palaeozoic strata and to have
evolved in three stages: 1) rift basin to passive continental margin; 2)
back arc basin; and 3) foreland basin. These stages correspond to the
opening, subduction, and closing of the Palaeo-Tethys ocean, respec-
tively (Chen et al., 2015; Hu et al., 2017a). The sedimentary cover of
the Youjiang Basin consists mainly of a thick Permo-Triassic marine
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Fig. 2. Schematic geological map and Mineral distribution map of the Northwest Guangxi (modified from Guo, 1994).

succession, composed of limestones, dolostones, siltstones, sandstones,
and mudstones, variably cropping out in the basin (Fig. 2). In addition,
Indosinian diabase intrusions are known in the southern part of the
basin, which have been interpreted as the western-most manifestation
of the Emeishan mantle plume. The occurrence of Indosinian granitic
intrusions deep in the Youjiang Basin are inferred from geophysical
evidence (Zhou, 1993).

The Youjiang Basin is rich in mineral resources which are widely
distributed. A large number of low-temperature Carlin-type gold de-
posits are developed in this area, including Bama Carlin-type gold de-
posits and Mingshan Carlin-type gold deposits; while high-temperature
deposits are mainly Sn polymetallic deposits, among which Dachang Sn
polymetallic ore field is the typical representative (Fig. 2).

2.2. Lithologic and mineralogic composition of deposits

2.2.1. Bama Carlin-type gold deposit

The Bama Carlin-type gold deposit in northwestern Guangxi is lo-
cated in the area extending from Suoluo Township (Bama County) to
Yuyatun (Baijiucun Village). The mining area lies within a monoclinal
fold structure. The strata strike NW and are inclined toward the NE or
SW. Nine faults have been identified in the mining area, of which the
NW-trending ones are synsedimentary; both NW-trending and nearly
EW-trending faults are ore-controlling and ore-hosting faults (Chen
et al.,, 2014; Li et al., 2014a) (Fig. 3a). Outcrops in the mining area
include Carboniferous, Permian and Triassic clastic deposits, and

exposed magmatic rocks are mainly quartz porphyry. The main ore-
bearing rocks consist of deep-water sandstone-mudstone alternations
deposited around an isolated carbonate platform comprising Carboni-
ferous limestones with intercalated dolomite and Permian sponge reef
limestones (Chen et al., 2014; Li et al., 2014a). At present, five gold ore
bodies have been found in the mining area, referred to as I-1, I-2, IIL, IV,
and V ore bodies. The ore bodies are vein-like and/or lenticular in
shape and occur as infill deposits of fractures affecting Triassic strata.
The ore deposits consist mainly of silicified and limonized sandstones,
cataclastic sandstones, argillaceous siltstones and, locally, quartz por-
phyry. The surrounding rocks mainly belong to the Baifeng Formation
and include mudstones and silty mudstones (Li et al., 2014a). The
quartz porphyry from a dyke with a NE strike dissecting the core of the
Longtan anticline. The “°Ar/3°Ar dating of muscovite phenocryst from
quartz porphyry veins yielded a plateau age of (95.5 + 0.7) Ma (Chen
et al., 2014). This quartz porphyry cuts the ore body and strata, and the
ore body is produced along the stratum.

2.2.2. The Mingshan Carlin-gold deposit

The Mingshan Carlin-type gold deposit in northwestern Guangxi is
part of a continental margin clastic succession located on the south-
west flank of the Bahe platform (an anticline structure) in the central
part of the Youjiang basin (Pang et al., 2014; Li et al., 2015). The
mining area is affected by two main fault systems exhibiting a NW or
NE trend. The NW-trending faults, which likely control the orientation
of the ore bodies, are larger in scale with a compressive-torsional
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Fig. 3. Deposit geology and sample distribution map (Modified after Chen et al., 2014; Guo et al., 2018; Pang et al., 2014).

kinematic and well developed secondary structures; the NE-trending et al.,, 1995) (Fig. 3c). The strata exposed in the mining area include
faults are smaller in scale and displace the NW-trending faults, in- shallow-water, thick-bedded grey limestones, lower Permian micro-
dicating their younger age (Pang et al., 2014; Chen et al., 2012; Hu crystalline limestones, and Middle Triassic and moderately thick
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argillaceous siltstones with thin-bedded mudstones (Pang et al., 2014;
Chen et al., 2012; Hu et al., 1995; Li et al., 2015). Among these, the
Middle Triassic strata are the most important ore-bearing strata. In
addition, Yanshanian quartz porphyry occurs in the northern and
eastern parts of the mining area (K-Ar age is 80.9-84.9 Ma) (Pang et al.,
2014). Hydrogen, oxygen, and argon isotopes from fluid inclusions, as
well as the chemical composition of the quartz porphyry, indicate that
its mineralisation may be related to magmatic activity (Hu et al., 1995).
The NW-trending faults control the ore bodies and induce a parallel
trend in the orientation of layers, veins, and lenses, typically con-
centrated in fault fracture zones. These bodies prevalently yield pri-
mary ores with scattered pyrite and arsenopyrite. The observed types of
hydrothermal alteration and metallogenic stages are comparable with
those of other similar deposits and consist of silicification, clayization,
pyritization, and arsenopyritisation as the main mineralisation pro-
cesses; these are occasionally associated with realgarization and sti-
bium mineralisation. Arsenic-bearing pyrite is the main gold-bearing
mineral (Chen et al., 2012); gold is for the most part distributed in the
outer ring of arsenic-rich pyrite, in micro- or sub-micro form (Chen
et al., 2009).

2.2.3. The Dachang Sn polymetallic ore field

The Dachang Sn polymetallic ore field is located southwest of the
Jiangnan block, which is the transition zone between the Yangtze
landmass and Cathaysia plate active belt. The Danchi fault dissects the
eastern part of the ore field (Chen et al., 1993; Pi et al., 2015; Cai et al.,
2006). The Longxianggai pluton, located in the central part of the Da-
chang tin ore field, is the largest intrusive body in this area. It is located
in the structural high along the junction between the NW-trending
Danchi fold belt and a NE-trending fault structure (Liang et al., 2011;
Chen et al., 1993). According to the spatial relationship between the
tectonic structures and the deposit, the Dachang ore field can be di-
vided into three ore belts: the western ore belt, central ore belt, and
eastern ore belt. The western ore belt is located in the Dachang fault
zone, which in greater part comprises the Dachang fault and the asso-
ciated NW-trending Dachang anticline. This fold-fault zone controls the
cassiterite-sulphide deposits in Changpo-Tongkeng, Bali, and Long-
toushan (Cai et al., 2006; Liang et al., 2011; Pi et al., 2015) (Fig. 3b).
Late Palaeozoic and Mesozoic strata are dominant in this area, and
horizons hosting the tin polymetallic ore are primarily found within
Devonian strata. Copper is associated only with calcite quartz veins of
later formations, whereas lead and zinc occur within Carboniferous and
Permian strata, although at concentrations not relevant for industrial-
scale exploitation. The Middle Devonian strata in the central ore belt,
western ore belt, and Beixiang area of the Dachang ore field consist of
black mudstones, shales, reef limestones, siltstones, and muddy sand-
stones. The Upper Devonian strata include siliceous rocks, striped
limestones, lentil limestones, marlite calcareous shales, sandstones, and
carbonaceous shales. These units occur on the flanks of the Danchi
anticline and represent the main ore-bearing strata of the Danchi me-
tallogenic belt. Evidence of magmatic activity in the Danchi metallo-
genic belt is relatively common and can be referred essentially to the
granitic magmatic activity during the middle and late Yanshanian
period. It is characterised by the intrusion of intermediate-acid magma
and the formation of biotite granite, granite porphyry, quartz diorite
porphyry, quartz porphyry, dacite porphyry, granite, and a minor
amount of diabase porphyry (Pi et al., 2015; Chen et al., 1993; Liang
et al., 2011). The Longxianggai complex pluton is the largest pluton in
the middle of Dachang Sn polymetallic ore field. Its main body is biotite
granite, which is experienced three stages of magmatic intrusion. The
metallogenic age of Dachang Sn polymetallic ore field is closely related
to magmatic intrusion in the early Cretaceous (120-100 Ma) (Wu et al.,
2020).
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3. Sample collection and characterisation

Six samples were collected from the Bama Carlin-type gold deposit,
Mingshan Carlin-type gold deposit, and Dachang Sn polymetallic ore
field. The locations of the sampling sites are presented in Fig. 3. In the
Bama Carlin-gold ore body (Fig. 3a), three samples were collected from
gold ore body No. III close to the Fs EW fault zone (BM-01), gold ore
body No. I- 2, a silicified ferritized rock in the fracture zone of F, and
the surrounding area (BM-02), and gold ore body No. IV in the fracture
zone of Fg, along the EW strike of the ore body (BM-03). In the Min-
gshan Carlin-type gold deposit, one sample (MS-01) was collected from
the Carlin-gold ore body at a depth of 684 m below ore body No. 2
(Fig. 3c). In the Dachang tin polymetallic ore field, samples LXG-03 and
LXG-04 were collected from the biotite-granite of the Longxianggai
complex pluton (Fig. 3b).

4. Methods and approach

Apatite concentrates were extracted from crushed rock samples by
using standard techniques. These techniques require that samples are
comminuted to a particle size suitable to the size of the minerals in the
rock, usually about 60 meshes. After coarse separation by traditional
methods, samples were separated by using the conventional techniques
of crushing, magnetic, and heavy-liquid separation. Samples of apatite
were then mounted on glass slides using epoxy glue, polished and
etched in 7% HNOs; for 30 s at 25 °C to reveal the spontaneous fission-
tracks. Neutron fluence was monitored with the CN5 uranium dosimeter
glasses for apatite samples (Yuan et al., 2009; Feng et al., 2017; Tang
et al., 2018). The fission-track length and the spontaneous and induced
track densities were measured by selecting cylinders parallel to the c-
axis with an AutoSCAN system.

The IUGS-recommended Zeta calibration approach was used to
calculate the central fission-track ages (Yuan et al., 2009; Feng et al.,
2017; Tang et al., 2018); errors were also calculated (Green, 1981). The
Zeta value for apatite is 410.4 + 17.6. According to the technical error
given by Green (1981), 2 is used to evaluate the probability of a single
particle belonging to a particular age group. Values of P(y?) > 5% in-
dicate that fission-track samples contain a population (Yuan et al.,
2009; Feng et al., 2017; Tang et al., 2018) with a single age. On the
contrary, values of P(x?) < 5% provide evidence for over dispersion,
the extent of which is indicated by the percentage of dispersion around
the central age.

5. Results and interpretation
5.1. Apatite fission-track analysis

Apatite fission track data for the six samples are reported in Table 1
and plotted in Fig. 5. The individual ages from three samples had P(y?)
values greater than 5%, indicating that they form a single age group;
those from the other three samples failed the Xz-test (P(Xz) < 5%),
indicating that the single ages in the samples are dispersed and of mixed
ages.

Therefore, we divided the samples into two groups. The first group
comprised BM-01, BM-02, and BM-03, which passed the xz—test P
(Xz) > 5%). We used the central ages for these samples: 49 + 7 Ma
(BM-01), 56 = 5 Ma (BM-02), and 58 + 7 Ma (BM-03). The average
track length in these samples ranged from 12.3 + 2.6 ym to 14.4 + 0.5
um (Table 1, Fig. 4). The second group comprised samples MS-01, LXG-
03, and LXG-04, which failed the xz—test (P(XZ) < 5%); the normal
distribution was not followed. BinomFit software (Brandon, 1996) was
used to decompose the fission-track age data, as shown in Fig. 5. Results
of BinomFit decomposition showed that the samples could be decom-
posed into three age groups, except for MS-01 and LXG-03. Never-
theless, sample LXG-04 could be decomposed into two age groups
(Fig. 4). As shown in Fig. 4, sample MS-01 has a central age of 39 + 4
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a g Ma (Table 1, Fig. 4). The 27 individual apatite fission track ages range
& & between 7.04 Ma and 87.93 Ma. Three age populations with Gaussian
E ; distributions were distinguished by the BinomFit decomposition, sug-
§ -1 gesting three ages of 14.2 Ma, 40.8 Ma, and 81.6 Ma (Fig. 5), with the
E 0 N © = middle being dominant. Twenty-four apatite crystals analysed from
z o =& = = :r,.l sample LXG-03 yielded a central age of 60 + 4 Ma (Table 1, Fig. 4). The
S individual apatite fission track ages could be clearly separated into
now o N Tl' three populations of ca. 35.2 Ma (P1), 54.2 Ma (P2), and 77.1 Ma (P3)
_ 3 ?I : Y TI : = (Fig. 5), with the middle and latter being dominant. Apatit? fission
E Ia @ jeipy g track analyses of six apatite crystals from sample LXG-04 yielded a
= - - el S central apatite fission track age of 30 + 4 Ma (Table 1, Fig. 4), which
g apparently shows the provenance signal. Results of BinomFit decom-
s —;J position showed two normally distributed age populations of ca. 17.0
:] = Ma (P1) and 37.3 Ma (P2), with the latter being dominant. Apatite
= g fission tracks with P(x?) values under 5% yielded mean lengths ranging
2 8 from 12.4 = 1.7 ym to 13.1 * 2.2 pm.
& %’ A track-age histogram was constructed incorporating the decom-
3 : + : ‘:, H : 2 posed age where the y>-test gave P(y?) < 5% and the central age where
§ 283 3 R ﬁ the xz—test gave P(XZ) > 5% to reflect the distribution of and changes in
i the ages of the samples (Fig. 6). As shown in Fig. 6, apatite fission track
= ages range between 81.6 Ma and 14.2 Ma and can be divided into three
G} E groups: 81.6-77.1 Ma, 58-35.2 Ma, and 17-14.2 Ma.
+ o
. § ; 5.2. Thermal history
% Lzb ~b I~ <+ [ E HeFTy software (Ketchman, 2005) was used to model thermal his-
g 2 oA H HH S tory on the basis of the distributions of apatite fission-track lengths and
.5 S $ B3 B 88 < apatite fission track age data. To interpret the significance of our data
_‘g ﬁf better, we modelled all of the apatite fission track data to quantify the
=l e 8 thermal history and regularity of mineralisation in the Carlin-type gold
s :; E deposits of northwestern Guangxi. Only samples with sufficient num-
g Eij § 5 g 1) g % bers of measured confined tracks (BM-02, MS-01, and LXG-03) were
g § used in the modelling. Where applicable, the initial apatite fission track
B & length adopted for the modelling was based on sample D, values. The
g 3 ~ . ~~ | § apatite fission track data and present-day surface temperature were
B E E é é E E é % incorporated as additional constraints on the thermal history (Fig. 8).
§ wg % % % % % % = The models for all the three samples are illustrated in Supplementary
g c RIS N sa | B Fig. 8. Fig. 8 shows that the ages of all of the samples had a goodness of
;; . oo - - 9 fit of over 0.93, showing that the simulation results are of high quality.
g E The modelling revealed that the sample apatite fission track data, ex-
¥ g é cept for sample BM-02, can be explained by a three-stage cooling his-
gl & ~ A~ ) 2S £ tory (Supplementary Fig. 8). The modelling results suggest cooling in
2 § % & E 8 82 Eo the northwestern Guangxi region since 90 Ma. This corresponds to the
E 5 2y g § § § ° thermal evolution of fission-tracks in three samples illustrated in Fig. 7.
g E e ! 88 |2 We assumed a geothermal gradient of 35 °C/km and used this value to
S S calculate the exhumation rate of northwestern Guangxi (Wang et al.,
2l i 1986).
2| 2 ‘E The simulation of the thermal history of apatite fission track in
'gc "E -~ o~ % S5 ; sample BM-02 revealed five phases of cooling and exhumation. The first
o u§ g § § § § § vg stage was a phase between 87 Ma and 48 Ma, with barely any cooling.
EdRs 83 S a8 | The second stage was a phase of rapid cooling between 48 Ma and 42
'g & ses o B g Ma. The temperature dropped rapidly from ~90 °C to ~56.6 °C, giving
g B an average cooling rate of 5.567 °C/Ma and an uplift rate of 0.159 mm/
% @ @N @ 9 < a. The amount of exhumation was 0.954 km, indicating the action of an
o mer or % intense and rapid process. After this stage of rapid cooling came a
= g period of slow continuous cooling from ca. 42 Ma to 18.3 Ma. The
é % ‘:é 2 temperature dropped from ~56.6 °C to ~49.2 °C, with an average
Sl & > b > > EE | g cooling rate of 0.312 °C/Ma and an uplift rate of 0.009 mm/a. The
gl < 222 E 28| 2 i h stage represents an-
gl s _E _§ _08) _§ £f |z amount of exhuma.tlon was 0.211 km. The fourth stage rep
g 5 558 5 535 | 8 other phase of rapid cooling between 18.3 Ma and 10..7.Ma. The tem-
8 = perature dropped rapidly from ~49.2 °C to ~19.7 °C, giving an average
& N ,ﬂg cooling rate of 3.882 °C/Ma and an uplift rate of 0.111 mm/a. The
é § o] amount of exhumation was 0.843 km, indicating the action of an in-
-5 3 N ) E -~ =283 ;..‘E tense and rapid process. The last stage was a phase of slow cooling
_':‘; é % é ; ; ; g2 % 2 % ) between 10.7 Ma and 0 Ma. The temperature dropped from ~19.7 °C to
G I B == ==S 2 ~18.7 °C, with an average cooling rate of 0.093 °C/Ma and an uplift
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Fig. 4. Radial plots with abanico curves and Histograms of apatite fission-track data drawn with Radial Plotter program (Vermeesch, 2009). Each dot represents a
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indicate the standard error of each measurement.

rate of 0.003 mm/a. The amount of exhumation was 0.029 km. Thus,
the total amount of exhumation in the area of the Bama Carlin-type
gold deposit after 90 Ma is 2.037 km. The Bama gold deposit appears to
have experienced two rapid uplifting stages: 48 to 42 Ma in the second
stage and 18.3-10.7 Ma in the fourth stage.

The simulated thermal history of apatite fission track in sample MS-
01 was similar to that of sample BM-02, with five phases of cooling and
exhumation. The first stage was a phase of slow cooling between 85.5
Ma and 49.7 Ma. The temperature dropped from ~118.2°C to ~110.6
°C, with an average cooling rate of 0.212 °C/Ma and an uplift rate of
0.006 mm/a. The amount of exhumation was 0.217 km. The second
stage was a phase of rapid cooling between 49.7 Ma and 36.8 Ma. The
temperature dropped rapidly from ~110.6 °C to ~71.8 °C, giving an

average cooling rate of 3.008 °C/Ma and an uplift rate of 0.068 mm/a.
The amount of exhumation was 1.109 km, indicating the action of an
intense and rapid process. This stage was followed by a period of slow
continuous cooling from ca. 36.8 Ma to 12.4 Ma. The temperature
dropped from ~71.8 °C to ~65 °C, with an average cooling rate of
0.279 °C/Ma and an uplift rate of 0.008 mm/a. The amount of ex-
humation was 0.194 km. Another phase of rapid cooling occurred in the
fourth stage between 12.4 Ma and 5.6 Ma. The temperature dropped
rapidly from ~ 65 °C to ~20.5 °C, with an average cooling rate of 6.544
°C/Ma and an uplift rate of 0.187 mm/a. The amount of exhumation
was 1.271 km, indicating the action of an intense and rapid process.
The last stage was a phase of slow cooling between 5.6 Ma and 0 Ma.
The temperature dropped from ~20.5 °C to ~19.7 °C, with an average
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P1:14.2 Ma P1:35.2 Ma 40 P1:17.0 Ma
~ 164 P2:40.8 Ma P2:54.2 Ma P2:37.3 Ma
- P3:81.6 Ma 16 P3:77.1 Ma
E 14 32
g 12 \
310 //"\ 12 24
e / \
2 8 ‘J,PZ\“
S g \ 8 16
< 6
= \
% 4 \ 4 8
Q2] [P N N | % 5
—H g - A = 0l==—" 0=
07 14 56 112 20 10
FT grain age (Ma) FT grain age (Ma) FT grain age (Ma)

Fig. 5. Age probability densities (Brandon, 1996) of Apatite fission-track age group with P(?) < 5%.Within probability density plots, the blue thin lines indicate the

peak ages within one sample.
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cooling rate of 0.143 °C/Ma and an uplift rate of 0.004 mm/a. The
amount of exhumation was 0.023 km. Thus, the total amount of ex-
humation in the area of the Mingshan Carlin-type gold deposit after 90
Ma is 2.814 km. Thus, the Mingshan gold deposit experienced two rapid
uplifting stages: 49.7-36.8 Ma in the second stage and 12.4-5.6 Ma in
the fourth stage.

The simulation of the thermal history of apatite fission-tracks in
sample LXG-03 revealed four cooling and exhumation phases. The first
stage was a phase between 68.8 Ma and 60.8 Ma, with barely any
cooling. The second stage from ca. 60.8 Ma to 40 Ma experienced a
relatively rapid temperature drop from ~ 88 °C to ~73.8 °C, accounting
for an average cooling rate of 0.683 °C/Ma and an uplift rate of 0.02
mm/a. The amount of exhumation was 0.406 km, corresponding to an
intense and rapid event. The stage of rapid cooling was followed by a
phase of very rapid and continuous cooling from ca. 40-38 Ma, during
which the temperature dropped from ~73.8 °C to ~31.2 °C, with an
average cooling rate of 21.3 °C/Ma. The uplift rate was 0.609 mm/a,
and the amount of exhumation was 1.217 km. Unlike the previous two
deposits, an episode of continuous cooling occurred 38 Ma later, during
which the temperature dropped from ~31.2 °C to ~18.5 °C. The
average cooling rate was 0.334 °C/Ma, uplift rate was 0.010 mm/a, and
amount of exhumation was 0.363 km. Thus, the total amount of ex-
humation in the Longxianggai area after 90 Ma is 1.986 km. The
Longxianggai area appears to have experienced two rapid uplifting
stages: 60.8-40 Ma in the second stage and 40 to 38 Ma in the third
stage.

6. Discussion
6.1. Exhumation history of the northwestern Guangxi

Northwestern Guangxi is an important part of the Golden Triangle
region hosting Carlin-type gold deposits (Cai and Zhang, 2009; Lepvrier
et al.,, 2011; Yang et al., 2012; Faure et al., 2014; Chen et al., 2015; Qiu
et al., 2016). These gold deposits are located in the Youjiang Basin,
which lies in the southwestern part of the South China block (Chen
et al., 2015). The Youjiang Basin is bounded by the Ziyun-Luodian fault
to the northeast and Shizong-Mile fault to the northwest, and extends to
the southwest reaching the northeastern Vietnam nappes (Cai and
Zhang, 2009; Lepvrier et al., 2011; Yang et al., 2012; Faure et al., 2014;
Qiu et al., 2016). Previous studies have focused on the age of me-
tallogenic Carlin-type gold deposits in the Golden Triangle region. The
genesis and evolution of the Carlin-type gold deposit is generally well
constrained, and numerous isotopic dating methods, such as Rb-Sr and
Re-Os of sulphides, and “°Ar->°Ar of sericite, have been applied (Hu
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et al., 1995, 2002; Su et al., 1998, 2009; Chen et al., 2009, 2015). The
available data indicate that the Carlin-type gold deposits in the You-
jiang Basin were formed during 235-200 Ma and 150-130 Ma (Su et al.,
2009; Wang et al., 2013; Peng et al., 2003; Hu et al., 1995; Chen et al.,
2015; Hu et al., 2017a; Pi et al., 2016, 2017).

It has been proposed that the Indosinian magmatism and miner-
alisation took place during the collision between the Indochina Block
and the South China Craton, resulting in the closure of the Palaeo-
Tethys (Wang et al., 2004, 2007; Qiu et al., 2016). Within this interval,
mineralisation occurred prevalently during the Indosinian stage
(235-200 Ma) (Wang et al., 2013; Gao et al., 2016; Hu and Zhou, 2012;
Hu et al., 2017a, b; Pi et al., 2016). Alternatively, it has been suggested
that the Yanshanian (150-130 Ma) was the main metallogenic period,
corresponding to the late stages of the Yanshanian Orogeny (Su et al.,
2009; Wang et al., 2013; Peng et al., 2003).

Regional scale fluid migration was initiated and largely influenced
by orogenic events. The large-scale migration occurred along deep-se-
ated regional faults, during which an ore-forming fluid rich in metal
elements was generated by the continuous leaching and extraction of
the basement rocks or sedimentary caprock. Then the ore-forming fluid
penetrated along the deep faults. Atmospheric precipitation leached the
rocks of the basin and extracted the reductive brine in the formation.
Magmatic activity during the orogenetic process enhanced the ex-
tensive circulation of atmospheric precipitation (Hu et al., 2017a; Pi
et al.,, 2016). The two kinds of fluids flowed in different parts of the
structure to form the deposit. These include high-temperature W-Sn,
polymetallic Cu-Fe-Mo, Cu-Mo-(Pb-Zn) porphyry types, low-tem-
perature MVT-type Pb-Zn-Ag, Carlin-type Au, vein-type Sb, Hg, and As
deposits (Hu and Zhou, 2012; Hu et al., 2017a,b; Pi et al., 2016).

In addition, some researchers have associated the Carlin type gold
deposits in Yunnan, Guizhou, and Guangxi with magmatic activity in
the late Yanshanian period (110 —80 Ma) and inferred that lithospheric
extension and thinning provide a tectonic setting favourable for me-
tallogenic processes (Hu et al., 2002; Zhu et al., 1998; Mao et al., 2004;
Mao et al., 2012; Zhang and Yang, 1992; Su et al., 1998). In fact, the
Indosinian (235-200 Ma) and Yanshanian (150-130 Ma) metallogeny
were overprinted by the Late Yanshanian (110-80 Ma) ore deposits
(Yang et al., 2008; Cheng et al., 2010; Zhang et al., 2003; Liu and Hua,
2005; Hu and Zhou, 2012; Jia and Hu, 2001; Hu et al., 2017a). The
superimposition can be divided into three stages: ore leaching, migra-
tion and enrichment, and ore precipitation and enrichment. The first is
controlled by mineralisers and the last by precipitants (Jia and Hu,
2001). In the stage of leaching, migration, and enrichment, the mi-
neraliser selectively extracts metal elements to form concentrated ore-
bearing fluids that enrich rocks in weak structural zones and in the
lower part of argillaceous barriers. The differentiation of reductive
fluids in the basin, invasion of mantle derived basic dykes along
structurally fragile zones, and enhancement of hydrothermal matura-
tion of organic matter mark the onset of the stage of sedimentation and
enrichment. The increase of reductive precipitants and the decom-
position of organic matter in the structurally fragile zones change the
physical and chemical conditions of the metal rich fluids in the mi-
gration state and destroy the stability of the metal complex. Therefore,
metal ions can be reduced to natural metals or combined with reductive
precipitants to form sulphides and arsenides (Jia and Hu, 2001).

Thus, the continuous action of tectonic thermal events before the
late Yanshanian allowed the deposit to reach a stable stage in the late
Yanshanian. Our apatite fission tracks record the ages of the first
thermal events as 81.6-77.1 Ma. On this basis, we modelled all avail-
able apatite fission track data to quantify the thermal history and reg-
ularity of mineralisation in the Carlin-type gold deposits of the Golden
Triangle region. The results of thermal history modelling for north-
western Guangxi clearly reveal uplift and exhumation since the late
Yanshanian (90 Ma).

The thermal event at 81.6-77.1 Ma recorded by sample LXG-03
likely indicates the age of formation of the main body of the
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Fig. 7. Inverse modelling results of samples (BM-02, MS-01 and LXG-03) from the golden triangle region. The time-temperature paths based on the apatite fission-
track data were made using the HeFty program (Ketchman, 2005). Present day temperature is set at 20 °C. The dark grey area corresponds to the range of good fits
and the light grey area corresponds to the range of acceptable fits. The broken line represents the best fit. The curve represents the average fit. The Kolmogorov-
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Longxianggai pluton in Dachang of Guangxi. This is a relatively late
magmatic activity developed in the background of the whole exten-
sional tectonic environment in South China. We studied the diagenetic
age of the Longxianggai rock mass, which confirms this viewpoint (Wu
et al., 2020). In addition, this conclusion is also supported by previous
studies (Wang et al., 2004; Liang et al., 2011; Cai et al., 2006; Li et al.,
2008).

The collision between the Indian and Eurasian blocks was initiated
ca. 60-40 Ma, resulting in the Himalayan orogeny (Zhou et al., 2018;
Sun et al., 2016). The entire South China block was uplifted, as shown
by the resulting accretion of the Asian continent, along with the rise of
the Qinghai-Tibet Plateau, growth of fold-fault systems, and intrusion of
intermediate-acid magma (Wang et al., 2002; Zhou et al., 2018). The
Middle-Late Cretaceous-Tertiary South China basin formed as a litho-
spheric extensional structure, accompanied by regional-scale volcanic
eruptions. The nature of this volcanic activity indicates a rapid shift
from lower crust to upper mantle source magma in the early Eocene
(about 56 Ma). This change was consequent to the extensional tectonics
and thinning of the lithosphere of South China (Chung et al., 2005; Wu
et al., 2008; Zhou et al., 2018; Jia et al., 2004), which also resulted in
the uplift and denudation of the northwestern Guangxi. This geody-
namic context is consistent with our apatite fission track simulations
and age dating, which also suggest that the study area experienced a
thermal event and rapid cooling during the period between 58 and 35.2
Ma (Figs. 6-8).

The results of thermal history modelling based on samples BM-02
and MS-01 indicate that the northwestern Guangxi area further un-
derwent a stage of rapid cooling and subsequent thermal heating be-
tween 17 and 14.2 Ma (Figs. 6-8). The entire South China region ex-
perienced a period of rapid uplift induced by the rapid crustal wedging
of the Indian plate during its collision with the Eurasian plate (Wrotel
and Spakman, 2000; Oh, 2010; Jia et al., 2004). Intense deformation
along fold-fault systems, magmatic activity, and metamorphism took
place during this tectonic phase, which led to the development of nu-
merous secondary faults as well as the overall uplift, erosion, and local
tectonic inversion (Yi and Li, 1995). The concomitant occurrence of
intense and extensive magmatic and tectonic activities caused the de-
formation and uplift of the Paleogene strata, enhancing the develop-
ment of unconformities marking the contact with the overlying strata
(Jia et al., 2004; Yi and Li, 1995). The exhumation event at 17-14.2 Ma
was fundamental for the evolution of the Himalayan orogen, pattern of
thrust-belt deformation, and geochemical evolution of the oceans.

10

6.2. Preservation of hydrothermal deposits and metallogenic model

Numerous studies have reported that the collision of the Indian and
Asian blocks occurred between 60 and 40 Ma, resulting in the
Himalayan orogeny and several phases of uplift (Sun et al., 2016; Zhou
et al., 2018; Sorkhabi et al., 1994; Tapponnier et al., 2001; Chung et al.,
2005; Wu et al., 2008; Wang et al., 2008). This is consistent with our
apatite fission track simulations and age dating, indicating that the
study area experienced a primary thermal event during the interval of
58-35.2 Ma (Figs. 6-8). Epithermal deposits, one of the most important
types of gold mineralisation, are usually emplaced at depths of 2-3 km,
making their preservation uncommon in ancient orogenic belts, which
have long, complicated histories of exhumation (Wang and Groves,
2018). Previous studies have generally derived Mesozoic metallogenic
ages for the Carlin-type gold deposits in the Golden Triangle region (Su
et al., 1998; Su et al., 2009; Hu et al., 2017a,b; Pi et al., 2016, 2017;
Chen et al., 2015, 2009). Understanding the preservation mechanism of
these mineral deposits can thus offer valuable insights for ore ex-
ploration in ancient orogenic belts. The thermal and tectonic evolution
of the northwestern Guangxi region since the late Yanshanian (90 Ma)
can be regarded as a key to understanding the preservation of its epi-
thermal deposits.

As discussed earlier, most of the Carlin-type gold deposits in the
Golden Triangle region are considered to have formed in the Mesozoic.
Fig. 7 shows that apatite fission track ages range between 81.6 Ma and
14.2 Ma and define three intervals: 81.6-77.1 Ma, 58-35.2 Ma, and
17-14.2 Ma. On this basis, the study area experienced three tectonic-
thermal events. The late Yanshanian (90-70 Ma) was the late magmatic
activity of the Longxianggai pluton (Wu et al., 2020). The early stage
thermal event at 90-80 Ma is consistent with the age of formation of the
main body of the Longxianggai pluton in Dachang, northwestern
Guangxi. Furthermore, the age of the thermal event is also consistent
with the Late Yanshanian (125-80 Ma) mineralisation of the Carlin-
type gold deposit in the Golden Triangle (Yang et al., 2008; Cheng
et al., 2010; Zhang et al., 2003; Liu and Hua, 2005; Hu and Zhou,
2012). Our apatite fission track data reveal a post-mineralisation
thermal history since approximately 90 Ma. Two Carlin-type gold de-
posits, Bama and Mingshan, were found to have experienced exhuma-
tions of 2.037 km and 2.814 km, respectively, between 90 and 0 Ma.
The Longxianggai complex pluton, which is closely related to the mi-
neralisation of the Dachang Sn polymetallic ore field, experienced an
exhumation of 1.986 km, similar to those of the Bama and Mingshan
Carlin-type gold deposits.

The possible presence of granitic intrusions at depth in the Youjiang
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Basin is inferred from geophysical evidence (Zhou, 1993). Zhou (1993)
found that the gravity of the Youjiang Basin is high, reflecting the ex-
istence of the asthenosphere, slow crustal uplift, and deep concealed
rock mass. The burial depth of the rock mass is closely related to the ore
type and mineralisation temperature. Different depths represent dif-
ferent temperatures and favour different types of hydrothermal de-
posits. The area of ore-forming hydrothermal deposits shows a clear
zoning with Nb, Ta, Hf, and Li from the inner to the outer contact zones
of the rock. The transition zone is characterised by high temperature
hydrothermal deposits such as W, Sn, Mo, and Bi, and medium-tem-
perature deposits such as Cu, Pb and Zn. The middle and outer zones
are characterised by Au, Hg, and Sb cryogenic deposits (Cen and Tian,
2012; Zhang et al., 2012; Mao et al., 2010).

In addition to the geophysical evidence, the geology of the Bama
Carlin-type gold deposit area also supports this interpretation. This
deposit is located at the southwest limit between the basin and the
intra-oceanic carbonate platform along the Longtian anticline structure
(Li et al., 2014b). This area underwent a multi-phase tectonic activity
that resulted in intense deformation and the development of relevant
folds and faults, producing joints, fissures, and cleavages in the strata.
At present, 9 faults (numbered F; to Fg) have been identified in the
mining area, some trending mainly NW (Fy, F,, F3, F4) and others nearly
EW (Fs, Fe, Fg, Fg). These faults exert a direct control on mineralisation
processes, as evidenced by the close position and distribution of the ore
bodies. In particular, F; and F, are synsedimentary faults, whereas Fs,
F4, Fs, Fg and Fg are ore-controlling and ore-bearing faults in the mining
area (Li et al., 2014b) (Fig. 3). In addition, two quartz porphyry dykes
in the mining area show a NE strike (Fig. 3). Therefore, these faults
provide favourable conditions for the penetration of ore-forming de-
posits and the intrusion of deep-seated magma. The Mingshan Carlin
type gold deposit features two groups of faults trending NW and NE.
The ore body is mainly accommodated along the fracture zones of the
overall NW oriented faults and associated secondary structures. Ore
body No. 2, for instance, is mainly controlled by the F, fault zone (Pang
et al.,, 2014). In addition, Yanshanian quartz porphyry occur in the
northern and eastern sectors of the mining area (Pang et al., 2014).
Based on hydrogen, oxygen and argon isotopes present in the fluid in-
clusions as well as the chemical composition of the quartz porphyry,
mineralisation can be correlated with magmatic activity (Pang et al.,
2014). Similar to the previous, also these faults provide preferential
pathways for the penetration of ore-forming elements and the intrusion
of deep-seated magma.

Based on the inference of deep-seated concealed rock masses, apa-
tite fission track thermal history simulation, and geological and geo-
chemical characteristics, the following metallogenic model was derived
(Fig. 8). Subsequent to the culmination of the collision between the
Indian and Eurasian blocks, northwestern Guangxi entered a period of
rapid uplift, with a number of denudations at 60-40 Ma (Zhou et al.,
2018; Sun et al., 2016; Wang et al., 2002). Following this period, there
was a phase of rapid ascent at about 20 Ma, indicating intense mag-
matic activity. Due to the rapid wedging of the Indian plate against the
Eurasian plate, the entire South China region entered a period of rapid
uplift (Jia et al., 2004). The progressing of uplift enhanced the denu-
dation of a large number of low-temperature deposits and the ex-
humation of mid-high temperature hydrothermal deposits. Although
some Carlin-type gold deposits are preserved in the Golden Triangle
region, others have been denuded during the proposed phases, as pre-
sented in the reconstructed thermal history herein. Some low-tem-
perature Au, Hg and Sb deposits, similar to the Carlin-type gold de-
posits, may have been denuded to varying degrees (Fig. 8). This also
explains why the Carlin-type gold deposits in northwestern Guangxi
show small-medium sized deposits and some mineralisation points
(Fig. 2). Our sampling site in the Dachang tin polymetallic ore field
represents a typical ultra-large high-temperature hydrothermal tin ore
field (Chen et al., 1993; Li et al., 2008; Pi et al., 2015; Liang et al.,
2011). This evidence, combined with our apatite fission track thermal
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history modelling, suggests that the above medium-low temperature
deposit has been likely denuded. Some authors have proposed that
medium-high temperature deposits are present in South China (Hu
et al.,, 2017b; Qiu et al., 2014). Accordingly, we surmise that some
hydrothermal deposits, such as medium-temperature Cu, Pb, Zn de-
posits and high-temperature W, Sn, Mo, Bi deposits, or polymetallic
Cu-Fe-Mo and Cu-Mo—(Pb—Zn) porphyry types and skarn types, may be
buried below some of the low-temperature Carlin-type gold deposits.
Alternatively, similar deposits may occur at variable depths in north-
western Guangxi. Considering the effect of erosion, transport, and de-
position, sand gold deposits may be an important prospecting target.

7. Conclusions

Apatite fission track dating combined with thermal history model-
ling revealed the multiple tectono-thermal events leading to the con-
servation of hydrothermal deposits in northwestern Guangxi.

1 Based on fission-tracks with mean lengths ranging from 12.3 + 2.6
um to 14.4 + 0.5 pm, six new apatite fission track ages ranging from
81.6 Ma to 14.2 Ma were obtained from apatite samples collected in
different areas of northwestern Guangxi. These ages defined three
distinct time intervals: 81.6-77.1 Ma, 58-35.2 Ma, and 17-14.2 Ma,
corresponding to three tectono-thermal events in northwestern
Guangxi. The results indicate a total exhumation of 2-3 km since the
late Yanshanian (90 Ma) in northwestern Guangxi.

2 According to our new apatite fission track data, the 81.6-77.1 Ma
event represents a period of magmatic activity in northwestern
Guangxi. The first phase of the early Himalayan tectonic movement
was caused by the subduction—collision of the Indian and Asian
plates at ca. 58-35.2 Ma. The second phase is attributable to the
rapid wedging of the Indian plate at 17-14.2 Ma.

3 We surmise that some hydrothermal deposits, including medium-
temperature Cu, Pb, Zn deposits and high-temperature W, Sn, Mo, Bi
deposits such as polymetallic Cu—-Fe-Mo, and Cu-Mo—(Pb-Zn) por-
phyry types and skarn types, may be locally present below the low-
temperature Carlin-type gold deposits, or at variable depths in
northwestern Guangxi. Considering that sediments from the Carlin-
type gold ore are eroded and transported by rivers, sand gold de-
posits may be a relevant prospecting target.
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