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A B S T R A C T   

The Dachang tin-polymetallic district in southwest China is one of the largest tin ore fields in the world con
taining approximately 1.5 Mt. Sn, 6.8 Mt. Zn, 1.8 Mt. Pb, 1.4 Mt. Sb, 0.4 Mt. Cu and other critical metals. Both 
cassiterite-sulfide and Zn–Cu skarn mineralization occur as stratiforms, veins, and stockworks and are hosted in 
the Mid-Upper Devonian carbonate-rich sediments adjacent to the underlying Late Cretaceous Longxianggai 
granite pluton and/or the granite/diorite porphyry dikes. The Tongkeng and Huile deposits are typical strati
form- and vein-type tin-polymetallic deposits in the district. Previous studies suggest a genetic link between these 
tin-polymetallic deposits and the prolonged Longxianggai granite which was dated to have emplaced for multiple 
stages within ca. 91–97 Ma. However, existing constraints on the timing of tin mineralization display a board 
range at 90–96 Ma, whereas the accuracy and precision of these ages are less satisfactory. These ages are broadly 
overlapping with both the prolonged Longxianggai granite and the porphyry dikes (91 Ma), thus gives rise to 
question on their genetic association, which is a question of importance for ore exploration in the district. 

In this study, a large number of measurements of laser ablation-inductively coupled plasma-mass spectrometry 
(LA-ICP-MS) trace elements and U–Pb dating on cassiterites from the Tongkeng and Huile deposits was per
formed and their mineralization ages with hitherto the best accuracy and precision were obtained. LA-ICP-MS 
trace element analyses show that cassiterites from the Tongkeng and Huile deposits contain concentrations of 
Fe, W, Nb, and Ta characteristic of granitic-related skarn-type tin mineralization. U–Pb dating on cassiterites 
from 391 spots analyses yielded well-constrained ages of 91.13 ± 0.61 Ma to 89.46 ± 0.47 Ma for the Tongkeng 
deposit and 89.0 ± 1.3 Ma for the Huile deposit. These ages are apparently younger than the dominated equi
granular phase of the Longxianggai pluton, but they agree well with the emplacement ages of the porphyritic 
granite represented either by the latest phase of the Longxianggai granite or the granite porphyry dikes (ca. 91 
Ma). This suggests that the tin-polymetallic deposits in the Dachang district were most likely genetically asso
ciated with later, higher evolved granitic phases in the district. In this regard, the dike-hosting fault systems were 
most likely served as fluid conduits and their surrounding host rocks are favorable targets for ore exploration in 
the Dachang district.   

1. Introduction 

The Dachang tin-polymetallic district, Guangxi Autonomous Region, 
China, is one of the largest tin ore fields in the world containing 
approximately 1.5 Mt. Sn, 6.8 Mt. Zn, 1.8 Mt. Pb, 1.4 Mt. Sb, 0.4 Mt. Cu, 

and other metals (Huang et al., 2012). Important deposits in the district 
include the Lamo proximal skarn Zn–Cu deposit, the giant Tongkeng- 
Changpo and Gaofeng cassiterite-sulfide deposits, and the smaller 
Huile and Dafulou black shale-hosted tin-base metal deposits. They 
occur as stratiforms, veins, and stockworks in the Mid-Upper Devonian 

* Corresponding authors. 
E-mail addresses: suwenchao@vip.gyig.ac.cn (W. Su), pjynju2010@126.com (J. Pan).  

Contents lists available at ScienceDirect 

Journal of Geochemical Exploration 

journal homepage: www.elsevier.com/locate/gexplo 

https://doi.org/10.1016/j.gexplo.2023.107173 
Received 16 January 2022; Received in revised form 29 November 2022; Accepted 19 January 2023   

mailto:suwenchao@vip.gyig.ac.cn
mailto:pjynju2010@126.com
www.sciencedirect.com/science/journal/03756742
https://www.elsevier.com/locate/gexplo
https://doi.org/10.1016/j.gexplo.2023.107173
https://doi.org/10.1016/j.gexplo.2023.107173
https://doi.org/10.1016/j.gexplo.2023.107173
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gexplo.2023.107173&domain=pdf


Journal of Geochemical Exploration 247 (2023) 107173

2

carbonate-rich sediments adjacent to the underlying Cretaceous Long
xianggai granite pluton (Zhao et al., 2018). 

In the past few decades, numerous studies on geology, mineralogy, 
geochemistry, isotopes, geochronology, and fluid inclusions have been 
conducted for these deposits in the Dachang district (Chen et al., 1985, 
1993; Han and Hutchinson, 1989a, 1989b; Fu et al., 1991, 1993; Zhao 
et al., 2002, 2007; Pašava et al., 2003; Cai et al., 2004, 2005, 2006a, 
2006b; Fan et al., 2004; Wang et al., 2004; Li et al., 2008; Liang et al., 
2011; Xu et al., 2011; Wang et al., 2015). Among these, the genesis of the 
most economically important stratiform-like Sn-polymetallic minerali
zation has long been debated until recently, centering on a Cretaceous 
magmatic-hydrothermal genesis (Chen et al., 1993; Fu et al., 1991, 
1993; Cai et al., 2005, 2007; Li et al., 2008) or a Devonian submarine 
exhalation genesis (Cai and Zhang, 1983; Han and Hutchinson, 1989a, 
1989b; Han et al., 1997; Jiang et al., 1999; Zhao et al., 2007). These 
debates existed for long time largely due to lack of convincing chrono
logical data, as mineralization ages were previously determined indi
rectly via methods such as quartz fluid inclusion Rb–Sr, garnet Sm–Nd, 
quartz and sanidine Ar–Ar (Wang et al., 2004; Cai et al., 2006a, 2006b; 
Liang et al., 2011). 

Recent application of in situ cassiterite U–Pb dating allows direct 
determination of tin mineralization age (e.g., Yuan et al., 2008, 2011; 
Wang et al., 2015; Zhang et al., 2015; Li et al., 2016; Zhang et al., 2017a, 
2017b; Guo et al., 2018a, 2018b; Gemmrich et al., 2021; Denholm et al., 
2021). Cassiterites from several deposits in the Dachang district have 
been dated at ca. 90–96 Ma (Wang et al., 2015; Guo et al., 2018a), 

providing unambiguous evidence supporting a Cretaceous magmatic- 
hydrothermal genesis for the stratiform-like Sn mineralization. At the 
meanwhile, the cassiterite ages imply a genetic association between tin 
mineralization and the Late Cretaceous intermediate to acid magmatism 
in the ore field, i.e., the prolonged Longxianggai composite granite (ca. 
91 to 97 Ma: Wang et al., 2004; Cai et al., 2006a, 2006b; Liang et al., 
2011; Wang et al., 2015; Guo et al., 2018a; Zhao et al., 2018) or the 
granite and diorite porphyry dikes (ca. 91 Ma: Cai et al., 2006a). 

Nevertheless, the existing cassiterite ages are not consistent enough 
and have a large uncertainty and errors within and between deposits 
reported by different workers. For example, Wang et al. (2015) reported 
the LA-MC-ICP-MS cassiterite U–Pb age of 95.8 ± 2.6 Ma for the No. 92 
orebody of the Tongkeng deposit, whereas Guo et al. (2018a) reported 
the LA-ICP-MS cassiterite U–Pb age of 91.5 ± 2.3 Ma for the same 
orebody. These inconsistent ages with relatively large analytical error 
may be attributed to the insufficient number of valid measurements and 
they hamper a direct age comparison with different lithofacies of the 
Longxianggai granite or the porphyritic dikes to further access their 
genetic link, especially considering the short-lived magmatic-hydro
thermal mineralization process that generally lasts less than 1 m.y 
(Cathles et al., 1997; Quadt et al., 2011; Li et al., 2022). In this study, 
massive amount of cassiterite LA-ICP-MS U–Pb data from the Tongkeng 
and Huile deposits are obtained to precisely determine their minerali
zation ages with hitherto the best accuracy and precision reported. Our 
new cassiterite ages together with their trace element compositions 
provide new constraints on the genesis of the tin mineralization in the 

Fig. 1. Geological map of tin-polymetallic deposits in the Dachang district. 
(Modified from Chen et al., 1993). 
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Dachang ore field and have implications for the ongoing mineral 
exploration in the district. 

2. Geological setting 

The world-class Dachang tin-polymetallic ore field (Fig. 1) is located 
in the center part of the Danchi fold belt in the Youjiang basin, which is a 
Devonian-Triassic rift basin on the southwestern margin of South China 
(Guo et al., 2018a). Sedimentary rocks in the Dachang district consist of 
Devonian siltstone, black shale, lenticular and reef limestone, Carbon
iferous limestone and siltstone, and Permian sandstone. The major 
structural systems include the NW-trending Longxianggai and Dachang 
anticlines (Fig. 1). The Longxianggai anticline is cut by the Longxianggai 
reverse fault on the west flank, where the Longxianggai granite 
intruded. The Dachang anticline is parallel to the main fold and is cut by 
the Dachang reverse fault and the granitic and diorite porphyry dikes. A 
series of the NE-trending normal fault cut the anticlines and the reverse 
faults. 

Magmatic rocks exposed in the Dachang district consist of the 
Longxianggai composite biotite granite and granitic/diorite porphyry 
dikes (Fig. 1), which were emplaced at 91 ± 1 Ma to 96.6 ± 2.5 Ma and 
91 ± 1 Ma (zircon U–Pb ages, Cai et al., 2006a; Liang et al., 2008), 
respectively. The Longxianggai granite is the main intrusive body in the 
district, with a small outcropped area of 0.5 km2. It is composed of 
several phases including biotite granite, phenocryst-bearing biotite 
granite, and porphyritic granite (Cai et al., 2020). Rock-forming min
erals include quartz (30–32 vol%), K-feldspar (35–40 vol%), plagioclase 
(20–25 vol%), biotite (3–6 vol%), and muscovite (1–2 vol%), with 
accessory ilmenite, zircon, tourmaline, and monazite (Guo et al., 
2018a). The granitic porphyry dike has a fine-grained matrix, with 
variable proportions (15–40 vol%) of medium- to coarse-grained quartz, 
K-feldspar, and albite phenocrysts. The diorite porphyry dike, parallel to 
the granite porphyry dike in the east ore section, has a micro- to fine- 
grained matrix and contains medium-grained plagioclase, quartz, K- 
feldspar, and biotite phenocrysts. 

A variety of styles of tin-polymetallic mineralization in the Dachang 
district are present, including cassiterite-bearing veins/stockworks ores 
in the upper part and stratiform Zn–Cu ores in the lower part (e.g. 
Tongkeng), massive cassiterite-sulfide ore (e.g. Gaofeng), and Zn–Cu 
skarn ore (e.g. Lamo). All tin mineralization in the Dachang ore field are 
spatially associated with the Cretaceous Longxianggai granite and the 
granitic/diorite porphyry dikes. 

3. Geology of deposits 

Economic deposits in the Dachang ore field (Fig. 1) include the Lamo 
proximal skarn Zn–Cu and Chashan Sb–W deposit in the central zone, 
the Tongkeng-Changpo and Gaofeng cassiterite-sulfide deposits in the 
western zone, and the Huile, Dafulou, and Kangma black shale-hosted 
tin-polymetallic deposits in the eastern zone. 

The Tongkeng deposit is the largest tin-polymetallic deposit in the 
Dachang district and accounts for 60 % of the Sn reserve, with 0.68 Mt. 
of Sn, 4.5 Mt. of Zn, and 0.08 Mt. of Cu being verified (Cai et al., 2020). It 
lies at the northeast limb of the Dachang anticline, approximately 4 km 
southwest of the exposed Longxianggai granite pluton (Fig. 1). The de
posit is hosted in Upper Devonian limestone and siliceous rocks and 
consists of cassiterite-bearing veins/stocks in the upper part and strati
form Zn–Cu ores in the lower part (Fig. 2). No. 91 and No. 92 orebodies 
are the two largest producers of Sn in the Dachang district. No. 91 
orebody is hosted in banded limestone of the Upper Devonian Wuz
hishan Formation and it has a size of 1030 m long, 250 m wide, and 16 m 
thick, with ore grade averaging at 1.48 % for Sn and 3.05 % for Zn (Cai 
et al., 2020). No. 92 orebody is hosted in the siliceous rocks of the Upper 
Devonian Liujiang Formation and it has a size of 1130 m long, 700 m 
wide, and 26 m thick, with average grade of Sn at 0.8 % and Zn at 2.1 % 
(Cai et al., 2020). Ore minerals of both No. 91 and No. 92 orebodies 
consist of cassiterite, pyrrhotite, pyrite, arsenopyrite, sphalerite, 
marcasite, and various sulfosalts such as jamesonite and boulangerite. 
According to our field observation and previous studies (Fu et al., 1991; 
Cai et al., 2007), these minerals can be roughly divided into three 

Fig. 2. Cross-section map of the Tongkeng deposit. 
(Modified from Liang et al., 2008). 
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mineralization stages according to the crosscutting relationships and 
mineral assemblages, including cassiterite - quartz - tourmaline (stage I); 
cassiterite - arsenopyrite - pyrite - pyrrhotite - sphalerite - quartz (stage 
II), and galena - stibnite - marcasite - sulfosalt - calcite - quartz (stage III). 

Recent exploration drillings (Fig. 2) reveal that three Zn–Cu ore
bodies (No. 94, 95, and 96) occur in the bottom of the Tongkeng deposit, 
with proven resource of 2.12 Mt. of Zn and 0.08 Mt. of Cu (Cai et al., 
2020). They occur as stratiform shape and are hosted in calcareous 
mudstone and marl of the Middle Devonian Luofu Formation, and have 
sizes of 2235–2737 m long, 3.55–5.50 m thick, with grade averaging at 
3.04–5.81 % for Zn and 0.13–0.27 % for Cu (Cai et al., 2020). The ore 
minerals consist mainly of sphalerite, pyrite, pyrrhotite, and chalcopy
rite, with a small amount of garnet, wollastonite, tremolite, and chlorite. 

The Huile deposit (Fig. 1) lies at the northeast flank of the Long
xianggai anticline, approximately 2 km from the exposed Longxianggai 
granite pluton, and it contains 11,000 t of Sn and 10,000 t of Zn (Xie, 
2017; Guo et al., 2018a). The deposit is hosted in the Middle Devonian 
shale, marl, and siltstone of the Nabiao Formation and the mineraliza
tion occurs mainly as cassiterite-bearing quartz veins. Two styles of 
orebody geometry have been recognized, i.e., stratiform orebodies that 
are flat-lying, dipping at 15◦E, and fault-hosted orebodies that are 
controlled by NW- and NE-trending high-angle faults (Fig. 3). The ore 
stage minerals consist of cassiterite, arsenopyrite, pyrrhotite, pyrite, and 
sphalerite, along with vein quartz and calcite. 

4. Samples and analytical methods 

Over two hundred ore samples were collected from the Tongkeng 
and Huile deposits in the Dachang district to look for optimal cassiterite 
materials used for subsequent isotopic and geochemical determination. 
Among these, five best preserved cassiterite-bearing samples were 
analyzed in this study (Figs. 2 and 3). Three samples (TK307, TK2014, 
and TK405) were collected from No. 92 orebody at 300–400 m mining 
level in the Tongkeng deposit. They contain cassiterite, arsenopyrite, 
sphalerite, quartz, and calcite (Fig. 4 A-D). Two samples (HL601-B and 
HL601-C) were collected from No. 2 orebody at +150 m mining level in 
the Huile deposit (Fig. 3). They contain cassiterite, arsenopyrite, pyr
rhotite, quartz, and calcite (Fig. 4E-H). The two samples from the Huile 
were originally collected from the same orebody with several meters in 
between. They display same texture and mineral assemblage and were 
thus merged into one sample during analysis. The cassiterite-bearing 
samples were firstly cut into polished thin sections to check their 
petrographic features and the crystallization characteristics of the 
cassiterite. The cassiterite grains from both the Tongkeng and Huile 
deposits show clear oscillatory growth zoning under transmitted light 
observation (Fig. 4B, G, H). It is noteworthy that cassiterite grains from 
the Tongkeng are generally in the size of hundreds of microns to few 
millimeters, whereas the cassiterite grains from the Huile have much 
larger sizes up to few centimeters. The rest of the samples were crushed 
to 40–60 mesh, and cassiterite grains were separated using standard 

Fig. 3. Cross-section map of the Huile deposit. 
(Modified from Xie, 2017). 
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heavy liquid and magnetic techniques. Then, they were handpicked 
under a binocular microscope, mounted with external standard in an 
epoxy resin disc and polished. Based on observations of internal and 
superficial textures via transmitted light microscope and cath
odoluminescence images, inclusion-free cassiterite grains with smooth 
and homogeneous surface were selected for U–Pb dating and trace 
element analysis. The trace element data were eventually grouped 

according to the color (dark- and light-brown) of cassiterite growth 
zones where the spot ablation was performed. 

In situ cassiterite U–Pb dating and trace elemental analysis were 
performed at Guizhou Tongwei Analytical Technology Co. Ltd., using a 
Thermo Fisher iCAP RQ ICP-MS equipped with a Resonetics RESOlution 
S-155 laser ablation system. The holder of the laser system is large (155 
mm × 105 mm), which can load 20 mounts at each turn. The 

Fig. 4. Representative photographs and photomicrographs of ores from the Tongkeng (A-D) and Huile (E-H) deposits, illustrating the mineral assemblages in the 
studied samples. Abbreviations: Qtz = quartz; Cal = calcite; Cst = cassiterite; Apy = arsenopyrite; Sp = sphalerite; Po = pyrrhotite. 
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instrumental parameters and operating conditions as well as analytical 
procedures were similar as those reported by Li et al. (2016) and Guo 
et al. (2018a), which are summarized below. 

Before analysis, the system was optimized using NIST SRM614 ab
lated with 50 μm spot size and 3 μm/s scan speed to ensure maximum 
signal intensity and low oxidation ratio. Helium gas carrying the ablated 
sample aerosol was mixed with argon (carrier gas) and nitrogen (addi
tional di-atomic gas) to enhance sensitivity, and finally flowed into ICP- 
MS instrument. Cassiterite grains were analyzed using a laser energy 
density of 3.0 J/cm2, a spot size of 50 μm, and a laser pulse rate of 10 Hz. 
NIST SRM614 and an in-lab cassiterite AY-4 were used for external 
elemental and isotopic calibration, respectively. Cassiterite AY-4 was 
collected from the Anyuan tin deposit of the Furong district, South 
China, and has been well dated using ID-TIMS with a U–Pb age of 158.2 
± 0.4 Ma (Yuan et al., 2011). Every five sample spots were followed by 
one AY-4 analysis and one NIST SRM614 analysis. Each spot analysis 
incorporated a background acquisition of approximately 15 s, followed 
by 20 s sample data acquisition. Isotope data were collected in time- 
resolved mode. For U–Pb isotopic analyses, dwell times for each mass 
scan are 25 ms for 206Pb, 55 ms for 207Pb, and 15 ms for 235U and 238U, 
10 ms for 208Pb, 5 ms for 232Th. 118Sn was used as the internal standard 
for calibrating the contents of trace elements. Raw data reduction was 
performed off-line using Iolite 3.0 software (Paton et al., 2011). Tera- 
Wasserburg U–Pb plots were processed using Isoplot 3.0 (Ludwig, 
2003). Data uncertainties of isotopic ratios for individual spots are re
ported at 2ϭ level, and the errors of their weighted mean 206Pb/238U 
ages are 2 ϭ (Li et al., 2016). 

5. Results 

5.1. Cassiterite U–Pb ages 

LA-ICP-MS U–Pb dating results for cassiterite grains from the 
Tongkeng and Huile deposits are listed in Table 1 and are showed in 
Fig. 5. 

A total of 280 spot data were obtained from the three cassiterites 
samples (TK307, TK2014, and TK405) of the Tongkeng deposit. These 
cassiterite generally contain variable contents of U, ranging from 0.12 
ppm to 28.80 ppm. On the Tera-Wasserburg plots (Fig. 5A, B, and C), 
they define regression lines that yielded lower intercept ages of 91.13 ±
0.61 Ma (n = 89, MSWD = 2.2), 89.46 ± 0.47 Ma (n = 87, MSWD = 1.7), 
and 89.76 ± 0.44 Ma (n = 104, MSWD = 1.5), respectively. 

In the Huile deposit, cassiterites also contain variable concentrations 
of U, ranging from 0.25 ppm to 28.62 ppm. A total of 111 spot analyses 
for cassiterites is distributed along a well-defined regression line that 
yielded a lower intercept ages of 89.00 ± 1.3 Ma (n = 111, MSWD = 2.8) 
(Fig. 5D). 

5.2. Trace element compositions of cassiterite 

A total of 98 spot analyses for trace elements were measured by LA- 
ICP-MS on cassiterite bands with different colours (dark- and light- 
brown, Fig. 4B, G, and H) from the Tongkeng and Huile deposits. The 
concentrations of trace elements are listed in Table 2 and displayed in 
Fig. 6. 

Cassiterite bands with different colours (Fig. 4B) in the Tongkeng 
deposit contain high concentrations of Fe (average = 195.20 ppm to 
239.78 ppm), W (1532.54 ppm to 1775.05 ppm), Ti (330.68 ppm to 
455.44 ppm), Sc (9.28 ppm to 25.66 ppm), Zr (1.47 ppm to 2.23 ppm), 
Ga (8.97 ppm to 11.44 ppm), and Nb (2.44 ppm to 2.73 ppm) (Table 2, 
Fig. 6A). In the Huile deposit, cassiterites (Fig. 4G and H) also contain 
high contents of Fe (average = 4956.64 ppm to 8934.15 ppm), W 
(150.60 ppm to 2864.78 ppm), Ti (388.78 ppm to 490.82 ppm), Sc (4.35 
ppm to 4.61 ppm), Zr (4.17 ppm to 4.53 ppm), Ga (6.28 ppm to 10.74 
ppm), and Nb (5.04 ppm to 6.09 ppm) (Table 2, Fig. 6A). In the binary Fe 
vs. W diagram (Fig. 6B), most cassiterites are plotted in the field of 

granite-related tin deposits compiled by Guo et al. (2018b). In all cas
siterites, Fe and Nb + Ta have slight negative correlation (Fig. 6C), 
whereas Fe and Ga, Hf and Zr, and Nb and Ta have positive correlations 
(Fig. 6D, E and F). 

6. Discussion 

6.1. Growth environment of cassiterite 

Cassiterite has a tetragonal lattice structure, with Sn cations in 
sixfold coordination with oxygen (Cheng et al., 2019). It can accom
modate a wide range of trace elements, including Fe, Ti, W, Nb, Ta, Mn, 
Ga, and Sc, which substitute for Sn cations (Schneider et al., 1978; 
Moore and Howie, 1979; Cheng et al., 2019). Previous studies indicated 
that chemical compositions of cassiterite are effective indicators for its 
precipitation environment and mineralization type (Möller et al., 1988; 
Hennigh and Hutchinson, 1999; Guo et al., 2018a, 2018b; Cheng et al., 
2019). The Fe and W contents in cassiterite from the granite-related tin 
deposits are generally different from those of the sedimentary- 
exhalative (SEDEX) or volcanogenic massive sulfide (VMS) deposits 
(Fig. 6B), making them an effective factor to differentiate mineralization 
types (Taylor, 1979; Hennigh and Hutchinson, 1999; Guo et al., 2018a, 
2018b). Our LA-ICP-MS trace element spot analyses of cassiterite from 
the Tongkeng and Huile deposits show broadly similar range of Fe and W 
contents with previous study (Fig. 6B, Guo et al., 2018a), suggesting a 
granite-related magmatic hydrothermal environment. Moreover, the Nb 
+ Ta contents of the cassiterite measured from the Tongkeng and Huile 
deposits are characteristic of skarn-type tin mineralization (Fig. 6C), 
implying their genetic association with skarn-related magmatic hydro
thermal system. Because of the low activities of Nb and Ta in lower 
temperature fluids, the difference of Nb and Ta contents in cassiterite 
between different mineralization styles may essentially reflect their 
temperature condition (Steveson and Taylor, 1973; Murciego et al., 
1997). The light-colored cassiterite in both the Tongkeng and Huile 
deposits generally show higher but restricted Nb and Ta contents 
compared to dark-colored cassiterite which yields rather broad ranges 
(Fig. 6F), likely suggesting temperature fluctuation during 
mineralization. 

In cassiterite, Sn4+ has a similar ionic radius (r = 0.69 Å) and charge 
balance with tetravalent elements such as Ti4+, Zr4+, Hf4+, W4+ and 
U4+, thus allowing direct substitution (Cheng et al., 2019). Because Ga is 
mainly present as Ga3+ in cassiterite and its ionic radius (r = 0.62 Å) is 
close to Fe3+ (r = 0.65 Å, Shannon, 1976), the obvious positive corre
lation between Fe and Ga contents in cassiterite (Fig. 6D) may indicate 
that Fe is predominantly Fe3+ in cassiterite of both the Tongkeng and 
Huile deposits. Nb and Ta are predominantly pentavalent in cassiterite 
(Nb5+ and Ta5+), and they can substitute for Sn4+ by coupling with Fe3+

(Plimer et al., 1991; Möller et al., 1988). In this scenario, the molar ratio 
of Fe/(Nb + Ta) in cassiterite should be near 1, which is clearly not the 
case for our data (Table 2). The significant excess of Fe over Nb + Ta in 
cassiterite from the Tongkeng and Huile deposits would thereby indicate 
other mechanisms to absorb Fe3+, likely being the coupling substitution 
of Fe3+ + OH− → Sn4+ + O2− (Möller et al., 1988; Tindle and Breaks, 
1998; Pieczka et al., 2007). 

Zr and Hf have similar geochemical properties and therefore Zr/Hf 
ratios in most geological systems remain constant and are close to 35–40 
of chondrite (Hoskin and Schaltegger, 2003). Significant deviation of 
Zr/Hf ratios in cassiterite between different tin mineralization styles is 
reported in the giant Gejiu Sn polymetallic deposits (Cheng et al., 2019), 
and it is explained by preferential mobilization of Zr relative to Hf by 
hydrothermal fluids enriched in F and B (Rubin et al., 1993). In contrast, 
the Zr/Hf ratios measured from the Tongkeng and Huile deposits are 
very consistent round 40 which are close to the chondrite values and 
most geological systems (Fig. 6E). Our data may suggest that the fluid- 
derived Zr/Hf fractionation between different tin mineralization styles 
is not obvious in Dachang. This hypothesis may be geologically 
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Table 1 
LA-ICP-MS U–Pb dating results of cassiterite from the Tongkeng and Huile deposits.  

Analysis spot Isotope ratios 

U (ppm) 207Pb/206Pb ±2σ 207Pb/235U ±2σ 206Pb/238U ±2σ 

TK307 
307–1 9.49 0.0613 0.0041 0.1172 0.0079 0.0147 0.0004 
307–1_1 9.14 0.2340 0.0220 0.6270 0.0730 0.0186 0.0007 
307–1_2 8.32 0.0506 0.0047 0.0976 0.0081 0.0147 0.0004 
307–1_3 8.39 0.0575 0.0049 0.1079 0.0083 0.0147 0.0005 
307–1_4 8.51 0.0525 0.0042 0.0941 0.0078 0.0145 0.0005 
307–1_5 8.71 0.0555 0.0050 0.1046 0.0083 0.0148 0.0005 
307–1_6 6.45 0.3270 0.0200 0.9170 0.0800 0.0224 0.0008 
307–1_7 1.71 0.5910 0.0370 2.4300 0.2700 0.0357 0.0035 
307–1_8 1.22 0.8555 0.0110 139.0000 12.0000 1.2483 0.1164 
307–10 2.16 0.0712 0.0083 0.1050 0.0120 0.0146 0.0007 
307–10_2 3.48 0.0480 0.0052 0.0927 0.0090 0.0138 0.0006 
307–10_3 6.77 0.0534 0.0042 0.1021 0.0081 0.0141 0.0004 
307–10_4 19.62 0.0496 0.0025 0.0914 0.0040 0.0138 0.0003 
307–10_5 18.10 0.0485 0.0025 0.0896 0.0047 0.0142 0.0003 
307–11 7.28 0.3000 0.0280 0.7670 0.0970 0.0204 0.0012 
307–11_1 8.45 0.5730 0.0330 2.5900 0.3700 0.0362 0.0032 
307–11_2 6.56 0.0787 0.0058 0.1460 0.0120 0.0148 0.0005 
307–11_3 9.23 0.1950 0.0130 0.4220 0.0270 0.0173 0.0005 
307–11_4 7.00 0.4630 0.0200 1.4960 0.0770 0.0267 0.0010 
307–11_5 6.48 0.3610 0.0170 1.0970 0.0670 0.0234 0.0010 
307–11_6 8.95 0.2580 0.0310 0.4710 0.0460 0.0200 0.0014 
307–11_7 7.33 0.3480 0.0160 1.0270 0.0760 0.0234 0.0008 
307–12 0.48 0.7760 0.0230 24.9700 0.9800 0.2365 0.0097 
307–12_1 3.21 0.3970 0.0180 1.3090 0.0520 0.0253 0.0008 
307–12_2 4.64 0.0797 0.0064 0.1630 0.0110 0.0146 0.0006 
307–12_3 2.99 0.0739 0.0070 0.1350 0.0140 0.0146 0.0006 
307–12_4 3.15 0.0562 0.0063 0.1030 0.0130 0.0137 0.0006 
307–12_5 4.68 0.0560 0.0056 0.1006 0.0092 0.0144 0.0005 
307–13 6.89 0.0485 0.0044 0.0937 0.0076 0.0141 0.0004 
307–13_1 7.88 0.0448 0.0045 0.0805 0.0070 0.0141 0.0004 
307–13_2 7.34 0.0539 0.0045 0.0989 0.0082 0.0139 0.0005 
307–13_3 6.66 0.0486 0.0042 0.0930 0.0085 0.0145 0.0005 
307–14 5.80 0.6340 0.0190 4.0200 0.2300 0.0473 0.0021 
307–14_1 12.57 0.2670 0.0150 0.6860 0.0410 0.0196 0.0006 
307–15 1.95 0.7100 0.0320 6.6900 0.3900 0.0702 0.0034 
307–15_1 0.21 0.8440 0.0310 39.1000 3.5000 0.3671 0.0317 
307–15_2 0.20 0.5700 0.0590 3.1800 0.5800 0.0506 0.0071 
307–15_3 1.89 0.1230 0.0120 0.2760 0.0260 0.0160 0.0008 
307–15_4 1.00 0.0610 0.0160 0.0910 0.0300 0.0140 0.0010 
307–15_6 0.92 0.0970 0.0150 0.2170 0.0340 0.0155 0.0010 
307–15_7 0.17 0.6150 0.0500 6.2500 0.6900 0.0731 0.0077 
307–15_8 0.51 0.7860 0.0440 11.1100 0.7700 0.1027 0.0086 
307–3 0.44 0.1090 0.0350 0.1810 0.0730 0.0150 0.0015 
307–3_1 1.33 0.0770 0.0130 0.1510 0.0240 0.0156 0.0010 
307–3_2 1.06 0.0620 0.0110 0.1700 0.0280 0.0153 0.0010 
307–4 2.76 0.7530 0.0360 14.2400 0.7100 0.1500 0.0084 
307–4_1 1.83 0.2050 0.0170 0.5280 0.0420 0.0195 0.0009 
307–4_2 11.27 0.2708 0.0084 0.6860 0.0250 0.0200 0.0006 
307–4_4 0.45 0.4050 0.0440 1.3600 0.1400 0.0241 0.0015 
307–4_5 0.92 0.0650 0.0180 0.1070 0.0360 0.0145 0.0010 
307–4_6 3.56 0.5730 0.0200 3.3400 0.1700 0.0441 0.0015 
307–4_7 3.50 0.7020 0.0300 5.9900 0.9000 0.0867 0.0127 
307–5 0.60 0.1810 0.0310 0.4310 0.0860 0.0162 0.0018 
307–5_1 0.42 0.0740 0.0290 0.1640 0.0680 0.0143 0.0014 
307–5_2 0.51 0.0870 0.0320 0.1550 0.0590 0.0147 0.0014 
307–5_4 0.34 0.7260 0.0330 14.0000 2.2000 0.1513 0.0180 
307–5_5 6.38 0.0704 0.0070 0.1320 0.0110 0.0144 0.0004 
307–5_6 3.30 0.0645 0.0068 0.1210 0.0140 0.0145 0.0006 
307–5_7 0.82 0.0570 0.0210 0.0900 0.0370 0.0138 0.0010 
307–6 0.65 0.8590 0.0190 59.9000 3.8000 0.5607 0.0339 
307–6_1 0.24 0.8900 0.0200 288.0000 21.0000 2.3591 0.1693 
307–6_2 3.54 0.8210 0.0170 23.3000 1.7000 0.2285 0.0138 
307–6_3 8.31 0.5430 0.0190 2.1540 0.1000 0.0318 0.0012 
307–7 5.89 0.2920 0.0170 0.6680 0.0370 0.0200 0.0007 
307–7_1 2.20 0.3330 0.0190 0.8690 0.0380 0.0207 0.0009 
307–7_2 0.74 0.0670 0.0220 0.1310 0.0440 0.0149 0.0012 
307–7_3 2.21 0.0468 0.0071 0.0920 0.0140 0.0142 0.0006 
307–7_4 1.81 0.6410 0.0400 4.5200 0.8500 0.0548 0.0070 
307–7_5 2.33 0.0646 0.0090 0.1100 0.0150 0.0137 0.0007 
307–8 10.84 0.0485 0.0031 0.0977 0.0057 0.0144 0.0004 
307–8_1 18.27 0.0518 0.0022 0.0945 0.0043 0.0140 0.0003 
307–8_10 7.08 0.0480 0.0036 0.0907 0.0074 0.0142 0.0004 
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Table 1 (continued ) 

Analysis spot Isotope ratios 

U (ppm) 207Pb/206Pb ±2σ 207Pb/235U ±2σ 206Pb/238U ±2σ 

307–8_11 6.22 0.1370 0.0120 0.2900 0.0280 0.0160 0.0005 
307–8_12 28.80 0.2024 0.0075 0.4300 0.0130 0.0175 0.0004 
307–8_13 4.92 0.1360 0.0110 0.2970 0.0220 0.0163 0.0005 
307–8_14 8.38 0.0508 0.0036 0.0951 0.0064 0.0141 0.0004 
307–8_15 8.17 0.0921 0.0093 0.1850 0.0180 0.0149 0.0004 
307–8_2 16.61 0.0492 0.0028 0.0898 0.0051 0.0140 0.0003 
307–8_3 17.79 0.5176 0.0100 2.3010 0.0810 0.0332 0.0009 
307–8_4 15.59 0.0488 0.0033 0.0913 0.0055 0.0142 0.0004 
307–8_5 7.32 0.0446 0.0030 0.0828 0.0059 0.0146 0.0005 
307–8_6 6.08 0.3730 0.0110 1.1790 0.0340 0.0243 0.0006 
307–8_7 6.05 0.0453 0.0047 0.0826 0.0077 0.0145 0.0004 
307–8_8 5.69 0.0479 0.0036 0.0924 0.0073 0.0144 0.0005 
307–8_9 8.49 0.0515 0.0042 0.0950 0.0071 0.0140 0.0004 
307–9 8.59 0.0523 0.0031 0.1049 0.0069 0.0143 0.0004 
307–9_1 8.79 0.0497 0.0037 0.0901 0.0074 0.0143 0.0004 
307–9_3 5.07 0.0904 0.0065 0.1750 0.0120 0.0152 0.0005 
307–9_4 1.42 0.0463 0.0085 0.1250 0.0190 0.0144 0.0010  

TK405 
405–1_1 8.53 0.0512 0.0034 0.0931 0.0059 0.0139 0.0004 
405–1_2 5.97 0.0433 0.0044 0.0893 0.0095 0.0141 0.0005 
405–1_3 7.74 0.0478 0.0034 0.0850 0.0063 0.0137 0.0004 
405–1_4 10.30 0.0489 0.0036 0.0933 0.0066 0.0141 0.0005 
405–1_5 11.73 0.0474 0.0028 0.0870 0.0048 0.0143 0.0004 
405–1_6 11.48 0.0492 0.0030 0.0861 0.0052 0.0139 0.0004 
405–10 2.58 0.1090 0.0120 0.1920 0.0220 0.0141 0.0006 
405–10_1 0.88 0.1060 0.0170 0.1960 0.0310 0.0153 0.0011 
405–10_4 0.20 0.1370 0.0430 0.2690 0.0670 0.0149 0.0011 
405–10_6 5.63 0.0516 0.0057 0.0911 0.0088 0.0138 0.0005 
405–10_7 4.95 0.0560 0.0056 0.0940 0.0100 0.0142 0.0005 
405–10_8 9.13 0.0523 0.0039 0.0919 0.0072 0.0141 0.0004 
405–11 1.37 0.0820 0.0130 0.1550 0.0230 0.0146 0.0009 
405–11_1 1.45 0.0680 0.0110 0.1360 0.0180 0.0139 0.0008 
405–11_2 1.62 0.0770 0.0110 0.1520 0.0220 0.0141 0.0007 
405–11_3 0.76 0.0690 0.0200 0.1140 0.0400 0.0151 0.0012 
405–11_4 1.18 0.0580 0.0120 0.1120 0.0260 0.0145 0.0010 
405–11_5 1.49 0.0635 0.0097 0.1320 0.0210 0.0146 0.0008 
405–11_6 1.12 0.0530 0.0170 0.0710 0.0280 0.0129 0.0010 
405–11_8 3.80 0.0850 0.0130 0.1380 0.0200 0.0144 0.0005 
405–11_9 6.59 0.0581 0.0051 0.1011 0.0079 0.0140 0.0005 
405–13 2.64 0.4250 0.0430 1.1100 0.1300 0.0251 0.0019 
405–13_1 0.82 0.3120 0.0330 0.6930 0.0850 0.0193 0.0013 
405–13_2 14.06 0.0528 0.0032 0.1013 0.0056 0.0140 0.0004 
405–13_3 6.60 0.0565 0.0044 0.1032 0.0074 0.0143 0.0005 
405–13_4 10.26 0.0510 0.0045 0.0952 0.0079 0.0140 0.0004 
405–13_5 10.59 0.0557 0.0036 0.1007 0.0061 0.0142 0.0004 
405–13_6 4.94 0.0460 0.0049 0.0934 0.0099 0.0140 0.0006 
405–13_7 5.70 0.0572 0.0046 0.0993 0.0083 0.0140 0.0005 
405–13_8 5.61 0.0549 0.0064 0.1038 0.0091 0.0136 0.0005 
405–13_9 6.80 0.0512 0.0042 0.0939 0.0080 0.0139 0.0005 
405–14 2.73 0.5350 0.0290 2.2900 0.2200 0.0365 0.0025 
405–14_1 0.92 0.1200 0.0200 0.2240 0.0380 0.0140 0.0009 
405–14_2 2.25 0.2040 0.0150 0.4850 0.0270 0.0178 0.0009 
405–14_3 0.48 0.8610 0.0220 47.1000 7.0000 0.4443 0.0540 
405–14_5 0.46 0.1050 0.0360 0.2080 0.0760 0.0165 0.0015 
405–14_6 0.38 0.6590 0.0500 9.2000 1.9000 0.0889 0.0148 
405–14_7 0.94 0.0930 0.0150 0.2230 0.0370 0.0159 0.0010 
405-15_1 4.77 0.1070 0.0160 0.1750 0.0210 0.0150 0.0009 
405-15_2 6.24 0.0529 0.0056 0.0950 0.0110 0.0135 0.0006 
405-15_3 9.98 0.0523 0.0039 0.1011 0.0063 0.0145 0.0004 
405-15_4 12.76 0.0483 0.0029 0.0885 0.0057 0.0139 0.0004 
405-15_5 10.51 0.0564 0.0037 0.0984 0.0063 0.0136 0.0004 
405–2_4 6.30 0.0549 0.0045 0.1047 0.0080 0.0140 0.0006 
405–2_5 10.65 0.0490 0.0030 0.0874 0.0056 0.0140 0.0004 
405-3_1 0.12 0.1370 0.0320 0.2500 0.1000 0.0144 0.0014 
405-3_2 0.45 0.0720 0.0180 0.1530 0.0350 0.0162 0.0014 
405-3_3 1.19 0.0910 0.0130 0.2000 0.0310 0.0141 0.0010 
405-3_4 0.87 0.0800 0.0180 0.1530 0.0460 0.0151 0.0014 
405-3_5 4.66 0.0549 0.0051 0.1000 0.0110 0.0145 0.0005 
405-3_6 5.41 0.0539 0.0056 0.0989 0.0088 0.0139 0.0005 
405–4 4.51 0.2820 0.0150 0.7150 0.0360 0.0200 0.0008 
405–4_1 1.14 0.1900 0.0190 0.4620 0.0570 0.0184 0.0010 
405–4_2 2.67 0.5000 0.0260 1.9200 0.1300 0.0311 0.0017 

(continued on next page) 
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Table 1 (continued ) 

Analysis spot Isotope ratios 

U (ppm) 207Pb/206Pb ±2σ 207Pb/235U ±2σ 206Pb/238U ±2σ 

405–4_3 7.73 0.0549 0.0037 0.1084 0.0066 0.0143 0.0004 
405–4_4 7.41 0.0499 0.0041 0.0925 0.0073 0.0141 0.0004 
405–4_5 16.61 0.0519 0.0025 0.0956 0.0048 0.0141 0.0003 
405–4_6 6.66 0.0600 0.0054 0.1070 0.0110 0.0139 0.0004 
405–5 0.18 0.2820 0.0420 0.6200 0.1400 0.0199 0.0023 
405–5_1 0.12 0.2780 0.0450 0.7000 0.1300 0.0180 0.0025 
405–5_2 0.13 0.0630 0.0260 0.1400 0.1000 0.0141 0.0013 
405–5_5 6.45 0.0495 0.0045 0.0899 0.0071 0.0142 0.0004 
405–6 8.92 0.0777 0.0049 0.1535 0.0097 0.0146 0.0005 
405–6_1 2.82 0.2160 0.0200 0.4920 0.0550 0.0172 0.0009 
405–6_2 6.94 0.0624 0.0052 0.1184 0.0088 0.0143 0.0004 
405–6_3 8.04 0.0528 0.0044 0.0955 0.0070 0.0142 0.0004 
405–6_4 6.75 0.0528 0.0046 0.0967 0.0070 0.0135 0.0005 
405–6_5 3.88 0.0520 0.0054 0.1070 0.0110 0.0140 0.0006 
405–6_6 8.29 0.0617 0.0050 0.1089 0.0079 0.0139 0.0004 
405–6_7 11.71 0.0538 0.0033 0.1015 0.0053 0.0141 0.0004 
405–7 13.03 0.5631 0.0094 2.8690 0.0590 0.0396 0.0009 
405–7_1 10.11 0.0518 0.0032 0.0960 0.0064 0.0141 0.0004 
405–7_2 2.00 0.0847 0.0088 0.1670 0.0150 0.0149 0.0008 
405–7_3 11.08 0.0487 0.0031 0.0908 0.0049 0.0142 0.0004 
405–7_4 8.46 0.0503 0.0038 0.0947 0.0069 0.0139 0.0004 
405–7_5 11.93 0.0690 0.0043 0.1361 0.0077 0.0148 0.0004 
405–8 1.38 0.8290 0.0180 43.6000 7.0000 0.3872 0.0582 
405–8_1 1.98 0.1160 0.0170 0.2610 0.0400 0.0166 0.0009 
405–8_2 1.94 0.7550 0.0200 9.2000 0.7300 0.0963 0.0076 
405–8_3 6.64 0.0812 0.0066 0.1550 0.0130 0.0149 0.0005 
405–8_4 2.00 0.6200 0.0330 4.0300 0.6600 0.0485 0.0066 
405–9 10.87 0.0723 0.0055 0.1410 0.0110 0.0143 0.0004 
405–9_1 10.63 0.0606 0.0046 0.1103 0.0077 0.0141 0.0004 
405–9_2 13.65 0.0536 0.0032 0.0961 0.0057 0.0140 0.0004 
405–9_3 11.78 0.0541 0.0038 0.0993 0.0064 0.0139 0.0004 
405–9_4 8.15 0.0578 0.0043 0.1046 0.0077 0.0139 0.0004 
405–9_5 6.92 0.0550 0.0049 0.1052 0.0091 0.0141 0.0005  

TK2014 
2014 11.59 0.0511 0.0029 0.0986 0.0051 0.0149 0.0004 
2014_1 7.54 0.0485 0.0044 0.0934 0.0081 0.0142 0.0004 
2014_10 11.90 0.0462 0.0029 0.0852 0.0056 0.0142 0.0004 
2014_100 5.19 0.0538 0.0049 0.1012 0.0088 0.0137 0.0005 
2014_101 4.77 0.3220 0.0130 0.9260 0.0340 0.0216 0.0007 
2014_102 4.21 0.3960 0.0170 1.2430 0.0480 0.0246 0.0009 
2014_103 3.00 0.3220 0.0150 0.8580 0.0330 0.0213 0.0008 
2014_104 2.10 0.8240 0.0130 28.5000 3.7000 0.2719 0.0339 
2014_105 3.06 0.2490 0.0170 0.6340 0.0390 0.0193 0.0007 
2014_106 1.08 0.8500 0.0120 72.1000 5.4000 0.6390 0.0529 
2014_107 1.60 0.0510 0.0130 0.1190 0.0180 0.0137 0.0009 
2014_108 1.48 0.0610 0.0120 0.1270 0.0200 0.0135 0.0007 
2014_109 1.19 0.0590 0.0130 0.1440 0.0220 0.0152 0.0009 
2014_11 12.14 0.0461 0.0030 0.0869 0.0055 0.0140 0.0004 
2014_110 1.90 0.1220 0.0140 0.2480 0.0210 0.0158 0.0007 
2014_112 1.54 0.0560 0.0100 0.1240 0.0180 0.0141 0.0008 
2014_113 2.03 0.0491 0.0076 0.0980 0.0140 0.0144 0.0007 
2014_114 1.84 0.2610 0.0170 0.6750 0.0400 0.0192 0.0008 
2014_117 1.06 0.5950 0.0440 3.1800 0.3700 0.0442 0.0039 
2014_12 5.47 0.0453 0.0045 0.0816 0.0067 0.0140 0.0005 
2014_13 15.57 0.0500 0.0025 0.0925 0.0046 0.0141 0.0003 
2014_14 7.67 0.6600 0.0180 5.0200 0.2200 0.0582 0.0022 
2014_15 12.59 0.0495 0.0026 0.0920 0.0043 0.0140 0.0003 
2014_16 2.78 0.0539 0.0069 0.1060 0.0110 0.0147 0.0006 
2014_17 4.36 0.2950 0.0200 0.7180 0.0720 0.0195 0.0008 
2014_19 1.02 0.1470 0.0230 0.2950 0.0460 0.0157 0.0011 
2014_2 2.51 0.6910 0.0250 4.9600 0.2800 0.0581 0.0028 
2014_20 6.57 0.0479 0.0044 0.0894 0.0086 0.0142 0.0005 
2014_21 11.77 0.0504 0.0036 0.0917 0.0068 0.0139 0.0004 
2014_22 7.85 0.0492 0.0034 0.0859 0.0066 0.0140 0.0004 
2014_23 9.71 0.0491 0.0040 0.0888 0.0072 0.0135 0.0004 
2014_24 9.97 0.0469 0.0036 0.0846 0.0066 0.0137 0.0003 
2014_25 9.88 0.0458 0.0030 0.0860 0.0056 0.0142 0.0004 
2014_26 11.84 0.0542 0.0026 0.0948 0.0045 0.0140 0.0004 
2014_27 1.39 0.0880 0.0180 0.1710 0.0340 0.0143 0.0009 
2014_28 2.50 0.1250 0.0110 0.2310 0.0260 0.0159 0.0007 
2014_29 1.58 0.5250 0.0360 2.1300 0.1700 0.0342 0.0019 
2014_3 6.67 0.0529 0.0049 0.1006 0.0094 0.0150 0.0005 

(continued on next page) 
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Table 1 (continued ) 

Analysis spot Isotope ratios 

U (ppm) 207Pb/206Pb ±2σ 207Pb/235U ±2σ 206Pb/238U ±2σ 

2014_30 1.29 0.4990 0.0330 1.9200 0.1500 0.0299 0.0020 
2014_31 1.31 0.5110 0.0320 2.0600 0.1700 0.0316 0.0018 
2014_32 1.09 0.3990 0.0340 1.3610 0.0930 0.0257 0.0014 
2014_33 0.96 0.5220 0.0450 2.5600 0.2700 0.0383 0.0028 
2014_34 0.91 0.6850 0.0320 6.6400 0.5700 0.0735 0.0048 
2014_35 1.55 0.1490 0.0240 0.2650 0.0410 0.0161 0.0009 
2014_36 1.14 0.0890 0.0160 0.1740 0.0280 0.0152 0.0011 
2014_37 1.01 0.0660 0.0160 0.0760 0.0320 0.0141 0.0010 
2014_38 5.84 0.0449 0.0043 0.0824 0.0073 0.0138 0.0005 
2014_39 6.25 0.0522 0.0054 0.0865 0.0097 0.0141 0.0004 
2014_4 0.79 0.0760 0.0190 0.1840 0.0350 0.0147 0.0010 
2014_40 11.16 0.0502 0.0033 0.0885 0.0063 0.0139 0.0004 
2014_41 11.68 0.0471 0.0028 0.0850 0.0055 0.0139 0.0004 
2014_42 11.70 0.0465 0.0034 0.0845 0.0060 0.0140 0.0004 
2014_43 8.60 0.0504 0.0037 0.0920 0.0072 0.0141 0.0004 
2014_44 10.85 0.0484 0.0031 0.0859 0.0056 0.0140 0.0004 
2014_45 4.89 0.3270 0.0160 0.9800 0.0690 0.0225 0.0009 
2014_46 3.81 0.2860 0.0190 0.7320 0.0600 0.0197 0.0009 
2014_47 1.94 0.1750 0.0220 0.3450 0.0560 0.0168 0.0009 
2014_48 1.73 0.0710 0.0120 0.1090 0.0180 0.0136 0.0009 
2014_49 5.22 0.0472 0.0041 0.0872 0.0067 0.0136 0.0005 
2014_5 6.86 0.0481 0.0040 0.0922 0.0067 0.0143 0.0004 
2014_50 6.47 0.0483 0.0041 0.0844 0.0076 0.0140 0.0005 
2014_51 8.37 0.0452 0.0035 0.0798 0.0069 0.0135 0.0004 
2014_52 12.27 0.0472 0.0030 0.0865 0.0049 0.0138 0.0004 
2014_53 10.02 0.0507 0.0035 0.0921 0.0066 0.0139 0.0004 
2014_54 9.27 0.0477 0.0035 0.0862 0.0065 0.0138 0.0004 
2014_55 8.36 0.0485 0.0037 0.0869 0.0068 0.0139 0.0004 
2014_56 4.41 0.0464 0.0056 0.0880 0.0110 0.0137 0.0005 
2014_57 3.29 0.4810 0.0240 2.1300 0.1300 0.0335 0.0016 
2014_58 3.01 0.4860 0.0190 1.9460 0.0870 0.0308 0.0012 
2014_59 2.77 0.3570 0.0180 1.0110 0.0400 0.0223 0.0007 
2014_6 12.29 0.0452 0.0027 0.0897 0.0049 0.0142 0.0004 
2014_60 2.47 0.3430 0.0140 0.9980 0.0420 0.0212 0.0009 
2014_61 1.82 0.2740 0.0160 0.7870 0.0350 0.0197 0.0010 
2014_62 1.86 0.1830 0.0160 0.4100 0.0320 0.0161 0.0007 
2014_63 2.63 0.0558 0.0083 0.1150 0.0130 0.0145 0.0006 
2014_64 9.49 0.0509 0.0033 0.0974 0.0063 0.0141 0.0004 
2014_65 10.18 0.0527 0.0034 0.0953 0.0053 0.0139 0.0003 
2014_66 6.30 0.0486 0.0044 0.0855 0.0082 0.0140 0.0005 
2014_67 5.41 0.0524 0.0049 0.0972 0.0093 0.0138 0.0005 
2014_68 4.53 0.0529 0.0052 0.0983 0.0075 0.0141 0.0005 
2014_69 3.96 0.7090 0.0210 7.0300 0.2700 0.0726 0.0023 
2014_7 8.15 0.0464 0.0033 0.0872 0.0059 0.0143 0.0004 
2014_71 1.75 0.0880 0.0130 0.1600 0.0240 0.0151 0.0008 
2014_72 1.32 0.1500 0.0230 0.2720 0.0520 0.0155 0.0009 
2014_73 1.15 0.2360 0.0170 0.5370 0.0490 0.0175 0.0012 
2014_74 1.55 0.0740 0.0120 0.1280 0.0200 0.0147 0.0008 
2014_75 1.68 0.0454 0.0076 0.1150 0.0170 0.0141 0.0008 
2014_76 1.35 0.0570 0.0130 0.0740 0.0250 0.0137 0.0007 
2014_77 1.94 0.0494 0.0084 0.1040 0.0160 0.0139 0.0008 
2014_78 2.82 0.0411 0.0062 0.0800 0.0120 0.0139 0.0006 
2014_79 3.54 0.0799 0.0080 0.1350 0.0160 0.0143 0.0006 
2014_8 8.37 0.0524 0.0043 0.0953 0.0075 0.0140 0.0004 
2014_80 3.27 0.7370 0.0230 8.3600 0.4600 0.0849 0.0039 
2014_81 0.32 0.8440 0.0180 106.0000 12.0000 0.9838 0.1058 
2014_85 0.83 0.7760 0.0420 10.3000 0.5300 0.1039 0.0050 
2014_88 2.31 0.4450 0.0230 1.6570 0.0890 0.0278 0.0013 
2014_89 3.27 0.2630 0.0170 0.6450 0.0350 0.0193 0.0007 
2014_9 7.52 0.0472 0.0035 0.0892 0.0067 0.0145 0.0004 
2014_90 3.64 0.2890 0.0160 0.7220 0.0420 0.0194 0.0007 
2014_91 4.29 0.4260 0.0170 1.3670 0.0450 0.0246 0.0008 
2014_92 2.82 0.3040 0.0180 0.7980 0.0420 0.0203 0.0009 
2014_97 1.98 0.0442 0.0083 0.0720 0.0150 0.0139 0.0008 
2014_98 5.46 0.0526 0.0044 0.0924 0.0077 0.0140 0.0005 
2014_99 4.23 0.0611 0.0055 0.1162 0.0100 0.0140 0.0005  

HL601-B 
601-B 3.22 0.7210 0.0180 6.9800 0.3500 0.0749 0.0036 
601-B_1 2.28 0.6850 0.0210 5.9700 0.3500 0.0666 0.0034 
601-B_12 6.34 0.7700 0.0130 20.3000 2.2000 0.2052 0.0190 
601-B_15 7.44 0.3430 0.0530 0.5160 0.0920 0.0188 0.0012 
601-B_16 5.47 0.6060 0.0180 3.6500 0.2400 0.0445 0.0019 

(continued on next page) 
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Table 1 (continued ) 

Analysis spot Isotope ratios 

U (ppm) 207Pb/206Pb ±2σ 207Pb/235U ±2σ 206Pb/238U ±2σ 

601-B_17 6.63 0.6710 0.0130 5.5100 0.1600 0.0630 0.0019 
601-B_18 7.74 0.3190 0.0250 0.8230 0.0680 0.0204 0.0008 
601-B_19 7.79 0.5800 0.0210 2.5520 0.0860 0.0353 0.0012 
601-B_21 0.91 0.1050 0.0230 0.2220 0.0370 0.0160 0.0012 
601-B_22 6.06 0.5390 0.0200 2.3200 0.1200 0.0333 0.0013 
601-B_23 7.94 0.6210 0.0220 4.4000 0.3200 0.0520 0.0039 
601-B_25 3.60 0.8040 0.0140 22.6100 0.9100 0.2124 0.0086 
601-B_26 3.17 0.7750 0.0150 15.8000 1.2000 0.1545 0.0116 
601-B_27 11.80 0.7750 0.0140 25.8000 4.0000 0.2306 0.0370 
601-B_28 6.36 0.7300 0.0120 9.3900 0.6200 0.0974 0.0056 
601-B_30 1.42 0.8050 0.0180 31.4000 4.4000 0.2930 0.0402 
601-B_31 2.02 0.7350 0.0190 8.9400 0.7100 0.0985 0.0065 
601-B_32 1.89 0.6000 0.0300 3.8600 0.2400 0.0515 0.0020 
601-B_34 5.84 0.5310 0.0320 2.2600 0.2100 0.0358 0.0026 
601-B_35 0.51 0.8110 0.0210 50.2000 3.2000 0.4686 0.0317 
601-B_37 0.45 0.8360 0.0180 39.3000 1.5000 0.3681 0.0159 
601-B_38 0.77 0.8070 0.0240 21.2000 2.0000 0.1989 0.0180 
601-B_4 1.67 0.7460 0.0180 9.1700 0.7500 0.0924 0.0072 
601-B_41 2.66 0.7590 0.0200 11.5000 1.3000 0.1111 0.0116 
601-B_43 2.81 0.8100 0.0150 27.0000 2.7000 0.2560 0.0233 
601-B_45 4.56 0.8060 0.0140 27.5000 1.8000 0.2592 0.0169 
601-B_47 7.93 0.7110 0.0170 8.5000 0.9900 0.0865 0.0094 
601-B_48 3.35 0.8000 0.0150 29.7000 3.9000 0.2835 0.0339 
601-B_5 1.53 0.3540 0.0280 0.9600 0.1000 0.0222 0.0015 
601-B_50 7.56 0.6490 0.0250 3.7200 0.5900 0.0461 0.0049 
601-B_52 1.78 0.5180 0.0290 2.0000 0.1600 0.0323 0.0020 
601-B_53 0.60 0.7780 0.0420 11.7200 0.5800 0.1114 0.0043 
601-B_54 0.40 0.8120 0.0170 103.5000 9.6000 0.9320 0.0931 
601-B_55 0.56 0.8190 0.0220 36.8000 3.9000 0.3269 0.0349 
601-B_57 5.09 0.3600 0.0180 1.1230 0.0900 0.0224 0.0010 
601-B_58 1.70 0.6960 0.0250 9.1000 1.2000 0.0952 0.0116 
601-B_59 6.49 0.6980 0.0210 6.1200 0.6400 0.0659 0.0052 
601-B_6 2.25 0.7940 0.0170 23.0000 2.4000 0.2190 0.0254 
601-B_60 5.50 0.7600 0.0130 14.5000 0.7700 0.1457 0.0084 
601-B_61 5.48 0.7140 0.0170 7.0800 0.4400 0.0788 0.0040 
601-B_63 2.93 0.6390 0.0220 4.6700 0.4300 0.0543 0.0038 
601-B_64 5.89 0.7770 0.0170 12.7300 0.6400 0.1245 0.0067 
601-B_65 3.83 0.7650 0.0160 12.6400 0.5200 0.1238 0.0052 
601-B_66 4.05 0.7930 0.0150 26.3000 4.1000 0.2475 0.0381 
601-B_67 3.31 0.8080 0.0120 26.5000 1.6000 0.2412 0.0127 
601-B_69 1.16 0.8040 0.0160 42.2000 3.5000 0.3872 0.0339 
601-B_70 5.24 0.7830 0.0140 16.5600 0.8200 0.1653 0.0068 
601-B_71 5.25 0.7370 0.0140 10.2600 0.7200 0.1026 0.0067 
601-B_72 1.54 0.8331 0.0110 83.0000 6.7000 0.6802 0.0497 
601-B_75 7.53 0.7140 0.0200 7.5000 1.1000 0.0745 0.0089 
601-B_76 6.68 0.2040 0.0180 0.4380 0.0390 0.0174 0.0006 
601-B_77 7.84 0.4000 0.0350 1.1000 0.1600 0.0230 0.0016 
601-B_78 10.10 0.1525 0.0072 0.3170 0.0150 0.0166 0.0005 
601-B_79 10.68 0.2900 0.0250 0.5780 0.0500 0.0191 0.0007 
601-B_8 3.71 0.7100 0.0210 6.8200 0.6400 0.0720 0.0055 
601-B_80 5.35 0.2540 0.0160 0.5580 0.0410 0.0181 0.0007 
601-B_81 1.96 0.1990 0.0150 0.4120 0.0280 0.0162 0.0009 
601-B_82 10.26 0.5600 0.0300 2.6400 0.3100 0.0385 0.0034 
601-B_83 0.25 0.2630 0.0410 0.4100 0.1000 0.0177 0.0023 
601-B_89 3.85 0.4660 0.0280 1.7100 0.2000 0.0299 0.0016 
601-B_9 7.18 0.1213 0.0092 0.2350 0.0190 0.0160 0.0005 
601-B_90 1.07 0.5800 0.0380 2.2400 0.2400 0.0368 0.0032 
601-B_91 1.72 0.8360 0.0170 37.8000 1.5000 0.3417 0.0127 
601-B_94 0.25 0.8260 0.0230 60.2000 6.9000 0.5279 0.0614 
601-B_97 8.20 0.7580 0.0150 14.8000 2.5000 0.1481 0.0222 
601-B_98 7.48 0.7170 0.0150 7.2400 0.5800 0.0784 0.0051 
601-B_99 6.26 0.4540 0.0400 1.5600 0.2600 0.0270 0.0020  

HL601-C 
601-C_1 4.33 0.7820 0.0190 9.4900 1.0000 0.0940 0.0084 
601-C_16 1.02 0.8240 0.0250 18.0000 1.3000 0.1671 0.0116 
601-C_22 0.74 0.8560 0.0160 45.6000 2.2000 0.4062 0.0190 
601-C_28 1.53 0.8565 0.0097 217.0000 26.0000 1.9994 0.2433 
601-C_29 1.53 0.8140 0.0250 10.9000 1.3000 0.1143 0.0159 
601-C_38 0.46 0.8360 0.0360 20.0000 1.5000 0.1830 0.0148 
601-C_43 3.23 0.7850 0.0140 16.3700 0.4000 0.1618 0.0048 
601-C_44 1.11 0.7230 0.0210 9.4100 0.5000 0.1057 0.0065 
601-C_45 1.15 0.0750 0.0120 0.1470 0.0240 0.0141 0.0013 

(continued on next page) 
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reasonable given the major tin mineralization style in both the Tongkeng 
and Huile are rather monotonic compared to the Gejiu tin orefield. 

6.2. Timing of tin mineralization in the Dachang district 

Various radiogenic isotopic dating methods have been used to 
constrain the ages of ore-related magmatism in the Dachang district. Cai 
et al. (2006a) used SHRIMP zircon U–Pb dating on the intrusions and 
yielded emplacement ages of 91 ± 0.8 to 93 ± 1 Ma for the Long
xianggai granite, and 91 ± 0.7 Ma and 91 ± 0.8 Ma for the granite and 
diorite porphyry dikes, respectively. Liang et al. (2011) reported precise 
but slightly older and prolonged ages for the Longxianggai granite, 
ranging from 93.9 ± 0.8 Ma to 96.6 ± 2.5 Ma, measured by LA-MC-ICP- 
MS zircon U–Pb dating method. The prolonged ages are attributed to 
the multiple-intruded phases of the Longxianggai granitic pluton (Liang 
et al., 2011). These ages represent the timing of granitic magmatism in 
the Dachang district. 

Several attempts have been made to date the tin-polymetallic de
posits in the Dachang district. Wang et al. (2004) reported two 40Ar/39Ar 
ages of 94.5 ± 0.3 Ma on quartz and 91.4 ± 2.9 Ma on sanidine from the 
No. 91 orebody in the Tongkeng deposit, and an 40Ar/39Ar age of 94.6 ±
0.5 Ma on quartz from the No. 100 orebody in the Gaofeng deposit, 
which were interpreted as the age of tin mineralization in the Dachang 
district. However, the reported 40Ar/39Ar ages are not adequately reli
able because they have irregular age spectrum (Wang et al., 2004). 
Rb–Sr method for fluid inclusion in quartz was applied to the No. 92 
orebody of the Tongkeng deposit and yielded the Rb–Sr isochron age of 
93.4 ± 7.9 Ma (Cai et al., 2006b). Aside from doubts on the reliability of 
the dating methods (e.g., Pettke and Diamond, 1995), the large 
analytical error on these results have ruled out their usefulness. 

Recently, cassiterites from several Sn deposits in the Dachang district 

have been dated using the LA-MC-ICP-MS and LA-ICP-MS U–Pb 
methods. Wang et al. (2015) reported the LA-MC-ICP-MS cassiterite 
U–Pb age of 95.8 ± 2.6 Ma for the No. 92 orebody of the Tongkeng 
deposit, whereas Guo et al. (2018a) obtained the LA-ICP-MS cassiterite 
U–Pb age of 91.5 ± 2.3 Ma for the same orebody. Cassiterites from 
other deposits in the Dachang district yielded a ca. 3 m.y. range of ages 
with large errors (Guo et al., 2018a), namely: Gaofeng at 91.2 ± 1.8 Ma, 
Dafulou at 91.3 ± 7.3 Ma, Huile at 94.5 ± 5.0 Ma, and Kangma at 92.8 
± 4.6 Ma. These ages provide a general time constraint on the tin 
mineralization and are more reliable than previous 40Ar/39Ar and 
Rb–Sr ages in terms of methodology, even though the results are 
roughly the same. Nevertheless, these cassiterite U–Pb ages are not in 
good consistency and have a large uncertainty and errors within and 
between deposits reported by different workers. This variation is caused 
probably because the number of valid measurements on cassiterite 
grains from each deposit is insufficient. As exemplified by the data re
ported by Guo et al. (2018a), only 16 spots were measured for Tongkeng, 
9 spots for Dafulou, 7 spots for Huile and 12 spots for Kangma, which 
resulted in relatively large errors on their concordia and weighted mean 
ages. 

In this study, near 400 cassiterite LA-ICP-MS U–Pb data were ob
tained from the Tongkeng and Huile deposits to precisely determine 
their mineralization ages. Our new U–Pb data have narrowed down the 
mineralization ages of the Tongkeng and Huile deposits to the range of 
91 to 89 Ma with hitherto the best accuracy and precision reported, 
which agrees well with previously published Re–Os age of 90.0 ± 1.1 
Ma for molybdenite from the Lamo Zn–Cu deposit in the Dachang 
district (Zhao et al., 2018). In the other districts in the Danchi metal
logenic belt (Fig. 7A), our new ages also overlap with the U–Pb ages of 
cassiterites from the other deposits: the Zn–Sn deposit in the Man
gchang district at 88.4 ± 1.3 Ma (Liao et al., unpublished data), the 

Table 1 (continued ) 

Analysis spot Isotope ratios 

U (ppm) 207Pb/206Pb ±2σ 207Pb/235U ±2σ 206Pb/238U ±2σ 

601-C_46 6.59 0.7540 0.0150 10.3900 0.5900 0.1060 0.0060 
601-C_47 1.92 0.8188 0.0120 33.6000 2.1000 0.3121 0.0190 
601-C_49 1.24 0.2130 0.0400 0.4720 0.0870 0.0170 0.0010 
601-C_50 2.94 0.4770 0.0500 1.4800 0.2500 0.0285 0.0024 
601-C_52 2.89 0.7820 0.0130 15.0500 0.4400 0.1510 0.0053 
601-C_54 2.22 0.7820 0.0150 21.1000 1.3000 0.1999 0.0116 
601-C_55 1.62 0.6600 0.0240 4.8300 0.4500 0.0575 0.0039 
601-C_57 2.61 0.8262 0.0110 48.2000 2.9000 0.4464 0.0254 
601-C_58 0.91 0.2870 0.0690 0.6400 0.1200 0.0181 0.0019 
601-C_60 0.74 0.7290 0.0400 8.7300 0.5100 0.0934 0.0068 
601-C_61 0.79 0.2480 0.0310 0.5360 0.0570 0.0175 0.0014 
601-C_62 3.35 0.1310 0.0120 0.2600 0.0230 0.0157 0.0007 
601-C_63 1.38 0.8310 0.0130 69.9000 9.3000 0.6284 0.0804 
601-C_65 28.62 0.2974 0.0099 0.7440 0.0290 0.0203 0.0005 
601-C_66 7.56 0.7841 0.0110 14.2400 0.6800 0.1417 0.0072 
601-C_71 4.34 0.6920 0.0140 6.1000 0.2200 0.0686 0.0025 
601-C_72 0.59 0.8371 0.0120 87.2000 5.2000 0.8029 0.0455 
601-C_74 3.30 0.6030 0.0270 5.3300 0.6400 0.0588 0.0059 
601-C_75 0.31 0.8470 0.0150 183.0000 11.0000 1.6556 0.0910 
601-C_76 18.60 0.2140 0.0260 0.3780 0.0420 0.0175 0.0007 
601-C_77 15.06 0.5750 0.0240 2.7800 0.3800 0.0389 0.0033 
601-C_78 8.43 0.4280 0.0180 1.3130 0.0850 0.0247 0.0009 
601-C_79 8.45 0.7010 0.0190 5.1500 0.5500 0.0579 0.0050 
601-C_80 6.20 0.7670 0.0160 12.6800 0.5300 0.1249 0.0051 
601-C_81 3.58 0.6620 0.0230 5.0100 0.2200 0.0597 0.0023 
601-C_82 16.43 0.5944 0.0091 3.4570 0.1000 0.0446 0.0013 
601-C_83 27.75 0.0683 0.0032 0.1279 0.0058 0.0145 0.0003 
601-C_84 7.48 0.0707 0.0053 0.1281 0.0097 0.0144 0.0004 
601-C_85 22.81 0.2740 0.0170 0.6850 0.0590 0.0195 0.0006 
601-C_87 0.26 0.8420 0.0180 128.0000 11.0000 1.1552 0.0973 
601-C_90 0.77 0.8060 0.0190 24.1000 1.1000 0.2235 0.0100 
601-C_96 0.92 0.8010 0.0210 22.9000 1.7000 0.2169 0.0159 
601-C_97 21.96 0.4790 0.0250 2.1400 0.2400 0.0342 0.0022 
601-C_98 17.51 0.4240 0.0170 1.3940 0.0950 0.0248 0.0009 
601-C_99 3.47 0.6570 0.0170 5.2600 0.2800 0.0584 0.0029  
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Beixiang Sb-Pb-Zn-Sn deposit at 90.6 ± 4.5 Ma (Wu et al., 2022), the 
Jiangzhupo and Bawang Sb-Zn-Sn deposits in the Wuxu district at 90.2 
± 3.1 Ma and 90.6 ± 4.6 Ma (Xiao et al., 2022), respectively. 

In summary, the timing of tin mineralization in the whole Dachi 
metallogenic belt are all together peaking at 90 Ma (Fig. 7A). This age is 
consistent with the emplacement ages of 91 Ma for the last porphyritic 
phase of the Longxianggai granite and the granite/diorite porphyry 
dikes in the Dachang district (Cai et al., 2006a), and it is also coeval with 
the granite porphyry dike of 89.1 ± 0.9 Ma in the Mangchang district 
(LA-ICP-MS zircon U-Pb: Wu et al., 2020), suggesting that the tin 
mineralization in the belt was most likely formed in intimate association 
with these granitic porphyritic phases. 

6.3. Magmatic affinity of tin mineralization in the Dachang district 

How long a hydrothermal system can be sustained by single intrusive 
event is fundamental to understanding ore formation and establishing 
genetic models for ore exploration. Thermodynamic calculations 
showed that a single intrusive event could sustain a hydrothermal sys
tem for about 0.8 m.y. under the most favorable conditions (Cathles 
et al., 1997). High-precision U–Pb ages of individual zircon crystal 
indicated that the hydrothermal system associated with the porphyry 
intrusion could have a maximum life span of a few tens of thousands of 
years (Quadt et al., 2011; Chiaradia et al., 2012), and a maximum time 
gap of 1 to 0.5 m.y. between the two hydrothermal events would already 
indicate discrete magmatic-hydrothermal systems (e.g., Muntean and 
Einaudi, 2001; Bendezú et al., 2003; Pan et al., 2019). The long-lived 

hydrothermal activity (~1 m.y.) generally attributes to multiple pulses 
of intrusion with associated pulses of hydrothermal circulation (Cathles 
et al., 1997). 

Based on previously reported cassiterite U–Pb ages (90–96 Ma), the 
tin-polymetallic mineralization in the Dachang district is consequently 
thought to be genetically related to the prolonged Longxianggai granite 
pluton (93–97 Ma, Liang et al., 2011) given that their ages are over
lapping within analytical error (Guo et al., 2018a). Nevertheless, the 
analytical error of the previously reported cassiterite ages are too large 
to provide a precise comparison. Taking the 2ϭ error into account, our 
new cassiterite ages are apparently younger than the major equigranular 
phase of the Longxianggai pluton (93–97 Ma, Cai et al., 2006a; Liang 
et al., 2011) with an absolute time gap of over 2 m.y. However, the 
mineralization ages are consistent with the latest porphyritic phase of 
the Longxianggai granite (91 ± 0.76 Ma, Cai et al., 2006a) and the 
emplacement of granitic/diorite porphyry dikes (91 ± 0.7 Ma to 91 ±
0.8 Ma, Cai et al., 2006a). This suggests that the tin-polymetallic de
posits in the Dachang district were most likely formed in magmatic 
hydrothermal system related to the later, higher evolved granitic phases, 
rather than the dominated early crystalized equigranular phase of the 
Longxianggai pluton. This suggestion is also supported by field rela
tionship that the granitic porphyry dike has closer spatial affinity with 
the massive cassiterite-sulfide orebodies in the giant Tongkeng and 
Gaofeng deposits (Fig. 1). This affinity is also supported by other dis
tricts in the Danchi metallogenic belt. For example, in the Mangchang 
district (~ 20 km away from the Dachang district, Fig. 7A), the granitic 
porphyry dike is the only outcropped intrusion with zircon U–Pb age of 

Fig. 5. Tera-Wasserburg U–Pb plots for cassiterites from the Tongkeng (A-C) and Huile (D) deposits in the Dachang district.  
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Table 2 
LA-ICP-MS trace element compositions of cassiterite from the Tongkeng and Huile deposits.  

Analysis spot Fe W Nb Ta Zr Hf Ti Sc Ga 

Dark brown cassiterites from Tongkeng deposit 
307_1 236.40 4590.00 0.10 bdl 0.01 bdl 9.26 0.26 8.53 
307_2 69.10 2526.00 0.12 bdl bdl bdl 28.90 0.14 2.22 
307_3 64.60 1989.60 1.92 0.01 0.33 bdl 295.90 1.26 2.17 
307–3_3 234.60 2.54 9.23 0.02 6.70 0.20 1649.00 105.98 5.44 
307–3_4 280.20 43.50 0.82 0.01 1.03 0.02 805.00 58.30 8.96 
307–3_5 541.00 24.46 12.62 bdl 0.11 bdl 493.00 201.40 14.38 
307_4 1470.00 604.00 0.63 bdl 0.05 bdl 85.50 57.40 31.59 
307_5 496.00 1.33 0.03 bdl 0.25 0.01 118.00 4.12 12.90 
307–9 97.10 3086.00 0.80 bdl 0.15 bdl 154.60 0.63 2.86 
307–9_2 725.90 238.84 0.40 0.01 0.93 0.03 142.40 23.99 15.98 
307–9_4 20.70 218.74 3.90 0.01 0.16 bdl 147.60 4.82 0.78 
307–9_5 190.90 3189.00 12.82 0.06 0.47 0.01 218.50 4.84 8.21 
307–9_6 204.80 1106.60 0.02 bdl 0.01 bdl 4.37 0.50 9.76 
405–2 553.00 8.30 0.44 bdl 0.53 0.02 179.30 21.48 25.01 
405–2_1 264.30 346.40 0.90 0.01 1.27 0.04 617.00 14.33 10.99 
405–2_2 447.00 2.99 0.12 bdl bdl bdl 102.10 13.27 16.05 
405–2_3 149.80 2369.00 0.22 bdl 0.13 bdl 238.20 4.71 6.69 
405–4_1 548.00 1.21 2.49 0.11 7.60 0.24 940.00 105.00 19.53 
405–4_2 80.10 4651.00 5.61 bdl 0.19 bdl 1005.00 3.65 4.58 
405–4_3 172.00 271.00 0.04 bdl 0.54 0.01 98.00 4.80 8.60 
405–4_4 71.90 2371.00 2.43 0.01 0.45 0.01 107.10 3.37 2.97 
405–4_5 125.00 2266.00 3.26 0.06 2.31 0.06 472.00 15.40 6.29 
405–4_6 111.00 1236.00 1.08 0.01 0.22 0.01 54.20 1.40 4.31 
405–6 391.00 121.60 4.68 0.20 14.71 0.44 3046.00 91.00 18.62 
405–6_2 113.10 451.00 0.09 bdl 0.07 bdl 164.00 3.09 5.86 
405–6_3 26.80 3306.00 3.90 0.01 0.61 0.01 256.40 12.70 1.34 
405–6_5 119.00 369.00 4.62 0.25 28.93 0.97 2263.00 99.30 4.92 
2014–1 232.90 425.70 2.81 0.11 8.82 0.28 1297.00 32.42 11.68 
2014–1_3 91.70 341.70 1.55 bdl 0.69 0.01 492.00 39.09 4.36 
2014–1_6 52.00 4400.00 3.60 bdl 0.13 bdl 400.50 21.26 2.72 
2014–1_8 24.50 280.00 bdl bdl bdl bdl 0.08 0.01 2.91 
2014–1_9 101.00 3640.00 0.75 bdl 0.02 bdl 219.30 1.75 4.73 
2014–2 249.10 1337.00 1.12 0.01 1.74 0.05 393.30 17.80 16.40 
2014–2_1 85.60 1579.30 0.03 bdl 0.20 bdl 19.04 0.39 6.41 
2014–2_2 99.30 3722.50 2.70 bdl 0.10 bdl 475.40 6.45 5.94 
2014–2_3 464.00 143.00 0.04 bdl 1.44 0.03 107.50 9.30 24.10 
2014–2_4 101.60 4.20 0.38 bdl 1.00 0.01 785.00 10.00 4.28 
2014–2_5 326.00 3700.00 0.31 0.01 1.01 0.03 137.80 29.20 15.85 
2014–2_6 121.80 3570.00 0.08 bdl 0.01 bdl 105.60 12.13 5.01 
2014–2_7 42.40 2857.60 10.21 0.07 1.87 0.06 446.30 12.04 2.23 
2014–2_8 35.90 1442.00 0.56 bdl 0.01 bdl 100.00 3.00 1.66 
Average 239.78 1532.54 2.44 0.05 2.23 0.12 455.44 25.66 8.97  

Light brown cassiterites from Tongkeng deposit 
307–3 483.00 2.80 0.08 bdl 0.17 bdl 111.50 4.20 11.46 
307–3_1 136.20 1.47 0.02 bdl 0.24 0.01 44.30 14.13 4.30 
307–3_2 269.60 2.81 0.01 bdl 0.23 bdl 6.56 4.57 7.61 
307_6 113.40 1306.00 5.13 0.09 0.94 0.02 486.60 1.79 2.52 
307_7 72.60 2734.00 0.50 bdl 0.12 bdl 133.90 1.29 2.38 
307–9_1 83.70 1732.00 13.02 0.29 2.98 0.07 1136.50 3.73 1.42 
307–9_3 52.10 1874.00 1.03 bdl 0.19 bdl 182.00 0.24 2.15 
405–1 116.00 2406.00 1.14 0.01 1.26 0.03 498.90 14.47 5.44 
405–1_1 84.80 3455.00 7.00 0.18 6.99 0.24 827.00 23.30 4.23 
405–1_2 43.70 3232.00 14.03 0.11 2.82 0.07 622.70 11.62 2.32 
405–4 552.00 237.00 0.22 bdl 0.53 0.01 240.20 20.34 25.45 
405–6_1 195.10 2312.00 0.02 bdl bdl bdl 1.13 bdl 10.50 
405–6_4 85.50 6530.00 0.32 bdl 0.07 bdl 75.50 3.18 5.47 
2014–1_1 622.90 442.00 2.87 0.08 5.52 0.18 1062.00 35.91 28.36 
2014–1_2 117.40 1883.00 0.81 bdl 0.45 0.01 398.80 8.92 6.01 
2014–1_4 321.80 673.00 0.04 bdl 0.37 0.01 88.80 1.50 42.92 
2014–1_5 17.10 2228.00 2.82 0.03 1.72 0.05 308.80 8.08 0.59 
2014–1_7 130.30 2379.00 bdl bdl bdl bdl 0.69 bdl 25.92 
2014–2_9 211.60 295.90 0.09 bdl 0.31 0.01 57.00 0.42 28.27 
Average 195.20 1775.05 2.73 0.11 1.47 0.06 330.68 9.28 11.44  

Dark brown cassiterites from Huile deposit 
601-B_4 98.00 5081.00 1.04 bdl 0.12 bdl 519.90 2.49 0.86 
601-B_5 230.00 6980.00 0.42 bdl 0.10 bdl 125.80 2.13 1.14 
601-B_6 282.90 7480.00 0.25 bdl 0.06 bdl 86.20 3.40 2.03 
601-B_7 176.00 5420.00 22.81 0.07 1.86 0.04 567.30 2.77 1.16 
601-B_8 157.20 5630.00 1.46 bdl 0.31 0.01 258.80 4.79 1.17 
601-B_9 113.80 4846.00 3.00 bdl 0.06 bdl 531.60 1.09 0.86 

(continued on next page) 
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89.1 ± 0.9 Ma (Wu et al., 2020), which is similar to the cassiterite U–Pb 
age of 88.4 ± 1.3 Ma for the deposit (Liao et al., unpublished data). 

Notably, despite the granitic porphyry dikes are observed as post-ore 
intrusion by crosscutting massive cassiterite-sulfide orebodies at the 
Tongkeng and Gaofeng deposits, their ages are indistinguishable from 
mineralization within the current analytical precision. This implies that 
the granitic porphyry dikes are probably a slightly later phase of the 
unrevealed “true” parental granite which may be a discrete episode of 
intrusion or evolved counterpart of the Longxianggai pluton. In any 
cases, the multiple magmatic events spanning from the Longxianggai 
granite to the granitic porphyry dike may be related to successive 
magma recharge from the same lower crust magma chamber, even 
though upper-crustal events are discernibly separate. 

Late-Cretaceous granite and the related tin-polymetallic deposits 
also occur along the southern margin of the Youjiang basin, including 
the world-class Gejiu Sn–Cu, the Dulong Sn–Zn, and the Bainiuchang 
Sn-Pb-Zn-Ag deposits (Fig. 7C). However, the tectonic model for tin- 
polymetallic mineralization in the Youjiang basin remains controver
sial. Many studies have proposed that the Sn ore deposits in the Youjiang 
basin and northern Vietnam were caused by subduction and slab roll
back of the Paleo-Pacific Plate during Cretaceous (Cheng et al., 2016; 
Mao et al., 2008, 2011; Roger et al., 2012; Zhang et al., 2018a, 2018b). 
This model explains the linear NNE-SSW trending Cretaceous igneous 
belt and the related deposits in the coastal area of southeast China (Li 
et al., 2014; Sun et al., 2007). However, it is difficult to explain an E-W 
trending Cretaceous magmatic belt and the related Cu and Sn ore de
posits from western Guangdong, through the Youjiang basin, to eastern 
Myanmar (Fig. 7B, C), which is better interpreted as the result of sub
duction and slab rollback of the Neo-Tethys Plate (Ma et al., 2013; Cao 
et al., 2016; Gardiner et al., 2016; Sun, 2016; Zhang et al., 2017a, 

2017b, 2017c, 2017d, 2018a, 2018b, 2019; Huang et al., 2019). 

6.4. Implications for ore exploration 

Our new cassiterite U–Pb data demonstrate that the tin-polymetallic 
mineralization in the Dachang district has a close temporal relationship 
to the porphyritic granite represented either by the latest phase of the 
Longxianggai granite or the granite porphyry dikes, with the occur
rences of the latter are spatially consistent with the distribution of giant 
deposits such as the Tongkeng and Gaofeng in the west zone of the 
Dachang district (Fig. 1). Recent underground mining and drilling pro
jects in the Gaofeng deposit (No. 100 orebody) reveal that the granite 
porphyry dike extends to − 380 m level and has a depth of at least 1060 
m below the present surface where its pluton is not intercepted yet. 
Although these dikes are post-ore, field observations showed that the 
porphyry dikes are intimately associated with the massive cassiterite- 
sulfide orebodies and they are both controlled by the same fault sys
tems (Zhao, 2018; Zhao et al., 2018), implying a close affinity between 
the tin mineralization and these dikes’ deep concealed counterpart 
granite of probably slightly earlier emplacement ages. This assumption 
is also supported by the geochronology data from the Gaofeng deposit 
where the ages of cassiterite-sulfide ore and the porphyry dikes were 
both dated at ca. 91 Ma (Guo et al., 2018a; Cai et al., 2006a). 

In the Tongkeng deposit, similar spatial and temporal relationships 
exist between the granite porphyry dikes and the cassiterite-sulfide 
orebodies except that the horizontal extension of the orebodies are 
mainly controlled by the host sedimentary strata (Fig. 2). The tin- 
polymetallic orebodies at Tongkeng are generally restricted above the 
+300 m level and are several hundred meters away from the deeply 
concealed granite (Zhao, 2018). The formation of such giant Sn 

Table 2 (continued ) 

Analysis spot Fe W Nb Ta Zr Hf Ti Sc Ga 

601-B_10 728.00 1040.00 1.08 bdl 0.27 0.01 329.40 11.01 7.65 
601-B_11 373.10 7576.00 0.42 bdl 0.09 0.01 84.00 0.90 4.41 
601-B_12 617.00 11,750.00 1.19 bdl 0.09 bdl 194.30 2.41 4.10 
601-B_13 345.00 6810.00 1.10 0.01 0.08 bdl 143.10 1.08 1.92 
601-B_14 107.70 5902.00 0.46 bdl 0.09 bdl 162.70 0.39 1.22 
601-B_15 660.00 4793.00 0.65 0.01 0.14 bdl 178.20 4.52 8.09 
601-B_16 902.00 358.00 0.65 0.01 0.56 0.02 339.20 9.89 9.29 
601-B_17 265.00 4006.00 22.48 0.09 1.95 0.03 621.00 2.86 1.16 
601-B_18 238.10 219.90 0.65 bdl 2.02 0.04 954.00 4.67 3.02 
601-B_19 1110.00 93.00 0.23 0.01 0.86 0.02 385.40 9.39 4.03 
601-C 268.30 951.00 19.73 0.45 18.74 0.37 2116.00 2.89 0.45 
601-C_1 412.20 18.75 1.93 0.20 1.25 0.05 559.00 5.00 2.80 
601-C_2 237.00 269.00 18.14 0.15 15.64 0.31 1258.00 2.27 0.49 
601-C_3 477.00 174.50 13.63 0.12 17.91 0.34 1763.00 2.98 0.72 
601-C_4 98.70 25.40 3.13 0.09 4.01 0.09 316.00 7.56 0.45 
601-C_5 163.60 432.80 20.41 0.57 31.34 0.80 834.00 2.25 0.26 
601-C_9 364.40 195.00 13.01 0.87 12.31 0.33 727.00 3.01 2.70 
601-C_10 390.80 162.00 10.33 0.18 5.22 0.11 661.00 6.33 3.67 
601-C_14 17,450.00 0.18 0.01 bdl 0.09 0.01 6.65 4.85 27.11 
601-C_16 66,000.00 0.15 0.01 bdl 0.09 bdl 5.74 12.11 32.30 
601-C_17 28,500.00 0.04 bdl bdl 0.05 bdl 6.82 4.46 34.10 
601-C_18 18,020.00 0.02 bdl bdl 1.39 0.04 8.73 4.21 18.77 
Average 4956.64 2864.78 6.09 0.20 4.17 0.15 490.82 4.35 6.28  

Light brown cassiterites from Huile deposit 
601-B 417.00 86.60 1.56 bdl 0.33 0.01 165.30 1.51 5.14 
601-B_1 454.00 81.20 1.37 bdl 0.42 0.01 295.10 2.47 6.91 
601-B_2 742.00 780.00 1.42 bdl 0.29 0.01 184.80 1.95 13.39 
601-B_3 543.00 55.08 0.32 bdl 0.10 bdl 279.40 14.36 5.70 
601-C_6 195.80 41.74 12.12 0.13 20.82 0.45 1805.00 4.21 0.36 
601-C_7 214.90 87.30 4.46 0.06 9.80 0.20 547.00 1.92 0.55 
601-C_8 244.80 374.00 14.04 0.31 13.27 0.31 599.00 1.74 0.41 
601-C_12 18,330.00 0.03 bdl bdl 0.17 0.01 3.20 2.82 20.85 
601-C_13 50,100.00 0.06 bdl bdl 0.09 bdl 7.10 11.04 39.80 
601-C_19 18,100.00 0.02 bdl bdl 0.02 bdl 1.90 4.07 14.32 
Average 8934.15 150.60 5.04 0.17 4.53 0.14 388.78 4.61 10.74 

bdl: Below the detection limit. 
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orebodies away from its parental magma requires high flux fluid con
duits that can efficiently transfer massive amount of ore-forming fluids 
until they reach position and condition favorable for ore mineral pre
cipitation. The steeply dipping dike-hosting faults and their sub
structures are probably indispensable for the formation of the massive 
cassiterite-sulfide mineralization by providing fluid conduits down to 
the granite and enhancing the permeability of the host sedimentary 
strata. Combined with the geochronological constraint, we therefore 
propose that the dike-hosting faults are very likely served as the conduits 
for ore fluids and its surrounding host rocks are potential target for ore 
exploration in the district. 

The Huile deposit in the east part of the Dachang district is charac
terized by cassiterite-sulfide quartz veins that resembles the upper vein- 
type mineralization in the Tongkeng deposit (Xie, 2017). Although no 
porphyritic dike or granite is yet discovered in the deposit, the identical 
mineral assemblage and cassiterite ages indicate that the Huile and 
Tongkeng deposit were formed broadly in response to the same district- 
scale granitic magmatism which may have generated several individual 
hydrothermal ore systems under favorable structure and host rock 
conditions. This opens new exploration potential for proximal ores in the 
deep part of the Huile deposit. 

Fig. 6. Box-and -whisker diagram (A) and binary plots (B-F) of selected elements in cassiterites from the Tongkeng and Huile deposits in the Dachang district. 
Previously reported cassiterite data of the Tongkeng and Huile deposits from Guo et al. (2018a) are also plotted for comparison. Constructed areas of granite-related 
and SEDEX/VMS tin deposits in (B) are modified after Guo et al. (2018a). Typical ranges of Nb + Ta concentrations of skarn-, greisen- and pegmatite-type cassiterite 
in (C) are sourced from Pavlova et al. (2015), Fuchsloch et al. (2019), Hulsbosch and Muchez (2020), Chen et al. (2019), Cheng et al. (2019), and Chen et al. (2022). 
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7. Conclusions 

This study presents new in-situ trace element compositions and 
U–Pb ages of cassiterites from the Tongkeng and Huile tin-polymetallic 
deposits in the Dachang district. The trace element signature of cassit
erites indicate a granitic magmatic hydrothermal environment that are 
similar to skarn-related tin deposits. Cassiterite U–Pb dating obtained 
from near 400 spot analyses demonstrates that they were formed within 
a narrow time period from 91 to 89 Ma, which is identical to the 
mineralization ages of the Danchi Sn-polymetallic belt in the region 
(Fig. 7A). The obtained mineralization ages of the Tongkeng and Huile 
deposits are substantially younger than the dominated equigranular 
phase of the Longxianggai pluton, but they agree well with the 
emplacement ages of the porphyritic granite represented either by the 
latest phase of the Longxianggai granite or the granite porphyry dikes 
(ca. 91 Ma). These ages together with geological context suggest that the 
tin-polymetallic deposits in the Dachang district were most likely pro
duced by a magmatic hydrothermal system intimately related to later, 
higher evolved granitic phases which also generated skarn type Zn–Cu 
mineralization in the district. We propose that the dike-hosting faults 

were most likely served as the conduits for ore fluids and its surrounding 
host rocks are potential targets for ore exploration in the Dachang 
district. 
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