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Abstract

The Dachang Sn-polymetallic ore district in South China is the second largest tin district in the
world with a tin reserve of over one million tonnes. Zn-Cu skarn and stratiform, massive, and
vein Sn-Pb-Zn ores are all present in this district. This has led to a debate as to whether the Sn
orebodies were formed by Cretaceous magmatic-hydrothermal replacement or Devonian
submarine exhalative-hydrothermal sedimentation. Here, we present a systematic investigation
of the major, trace element, and boron isotopic compositions of different types of tourmaline
in the Dachang ore district. Tourmaline disseminated in the Longxianggai granite and
pegmatite veins belongs to the schorl series and has high contents of Li, Zn, and Ga. The §''B
value of primary magma of the Longxianggai granite is estimated to be about —13%o, close to
the global average 5!'B value (—11%o) for S-type granites. Tourmaline from quartz-tourmaline

veins in the Longxianggai granite has similar chemical composition to the magmatic



tourmaline and likely formed from hydrothermal fluids exsolved from the evolved granitic
melt. The 6*'B value of the initial hydrothermal fluids is also calculated to be about —13%o.
Tourmalines from the skarn and sulfide ores in the Lamo deposit have higher Mg/(Mg+Fe) and
lower Na/(Na+Ca) ratios and higher contents of Be, Ge, Sr, and Sn than magmatic tourmaline.
These patterns likely reflect input of elements derived from the host Devonian limestone. The
5B values of the hydrothermal fluidsre estimated to be between —13 and —10%, suggesting
evolved magmatic-hydrothermal fluids related to the Longxianggai granite. Tourmalines from
the stratiform and vein ores in the Changpo-Tongkeng deposit are extremely Mg-rich and
mostly belong to the dravite series. They have high contents of Sc, V, Cr, Sr, and Sn and show
positive Eu anomalies. The §!'B values of these B- and Sn-rich fluids are estimated to be
between —15 and —10%o, suggesting that the fluids also have a magmatic hydrothermal origin.
These fluids are most likely derived from the same granitic magma source, but may have

interacted with the Devonian volcanic rocks.

Introduction

Most primary tin deposits in the world are spatially associated with differentiated granites and
are interpreted to be of magmatic-hydrothermal origin (Lehmann 1990; Heinrich 1990), but
some strata-bound deposits hosted by sedimentary and volcanic rocks also produced by-
product tin, e.g., Geco (Petersen 1986) and Kidd Creek (Hennigh and Hutchinson 1999) in
Canada, Neves Corvo (Relvas et al. 2001; Li et al. 2019) in Portugal, and Gejiu (Mao et al.
2008) and Dachang in China. The Dachang Sn-polymetallic ore district is located in Nandan
County in Guangxi Zhuang Autonomous Region, South China (Fig. 1). It is also an important
producing area for Zn, Pb, Cu, Ag, Sb, In, and Cd. Several ore types exist within the Dachang
ore district including the following: (1) the Zn-Cu skarn ores at the contact zone between

Cretaceous Longxianggai granite and Devonian limestone in the Lamo deposit, (2) the



stratiform and vein Sn-Pb-Zn ores hosted by Upper Devonian siliceous rocks and limestone in
the Changpo-Tongkeng deposit, and (3) the massive Sn-Pb-Zn ores hosted by Middle Devonian
reef limestone in the Gaofeng deposit. The skarn ores at the Lamo deposit have a granitic
magmatic hydrothermal origin (Fu et al. 1991; Chen et al. 1993). Conversely, there is a dispute
as to whether the stratiform and massive ores are of Cretaceous magmatic-hydrothermal
replacement origin (Fu et al. 1991, 1993; Chen et al. 1993; Cai et al. 2007; Liang et al. 2008)
or Devonian submarine exhalative-hydrothermal sedimentary origin (SEDEX) (Han et al.
1997; Jiang et al. 1999; Zhao et al. 2002, 2007; Zhao and Jiang 2007). Recently, Guo et al.
(2018) reported U-Pb ages of cassiterite from different deposits at Dachang, indicating that tin
mineralization ages range from 90 to 95 Ma and are identical to the emplacement age of the
Longxianggai granite (91-97 Ma, Cai et al. 2006; Liang et al. 2011). Thus, tin mineralization
at the Dachang district likely formed from a magmatic-hydrothermal system related to the
Longxianggai granite (Guo et al. 2018). However, uncertainty remains concerning the
evolution of hydrothermal fluids in the different types of mineralization.

Tourmaline is an important gangue mineral in many hydrothermal ore deposits,
especially in massive sulfide deposits and granite-related Sn-W deposits (Slack 1996). Hence,
tourmaline in different types of ore deposits has been a topic of many chemical and isotopic
investigations (Mao 1995; Jiang et al. 1998, 2002; Slack and Trumbull 2011; Mercadier et al.
2012; Lambert-Smithm et al. 2016; Su et al. 2016, 2019; Adlakha et al. 2017; Codeco et al.
2017; Duchoslav et al. 2017; Kallioméki et al. 2017; Ranta et al. 2017; Albert et al. 2018;
Trumbull et al. 2019; Harlaux et al. 2019, 2020; Sciuba et al. 2020). Previous studies showed
that tourmaline can provide important information about the mineralization environment and
ore genesis of the associated deposits. Tourmaline is also present throughout the Dachang ore
district and is especially widespread in the stratiform orebodies in the Changpo-Tongkeng

deposit. Jiang et al. (1999) analyzed the trace element and Sr-Nd isotopic compositions of



tourmaline from both the stratiform orebodies at Changpo-Tongkeng and granite-related
hydrothermal veins at Lamo. The two types of tourmaline show different geochemical
characteristics and likely formed from different types of fluids, with Mg-rich tourmaline in the
stratiform orebodies suggested to be of submarine exhalative-hydrothermal origin. Jiang
(2001) reported twelve boron isotopic compositions of tourmaline from the Dachang district,
with 5!'B values between —17.5 and —14.5%o. These analyses were performed on bulk mineral
grains. In this study, we carried out in situ major, trace element, and B isotopic analyses of
tourmaline from various types of ore in the Dachang district. These new data provide more

detailed information concerning the origin and evolution of the hydrothermal fluids.

Geologic setting and geology of ore deposits
The Youjiang Basin is a Devonian-Triassic basin developed on the southwestern margin of
South China, at the junction of the Yangtze, the Cathaysia, and the Indochina blocks (Fig. 1a).
A series of world-class Sn-polymetallic ore districts are distributed in the Youjiang Basin,
including the Gejiu, Bainiuchang, Dulong, Mangchang, Dachang, and Wuxu (Fig. 1b). The
Dachang Sn-polymetallic ore district is located in the middle of the Danchi (Nandan-Hechi)
Trough, which flanks the northeast margin of the Youjiang Basin and is adjacent to the
Jiangnan Fold Belt (Fig. 2). The Jiangnan Fold Belt formed during the amalgamation of the
Cathaysian and Yangtze Blocks in the Neoproterozoic (Li et al. 2009). The metamorphic
basement in this region comprises Neoproterozoic greenschist facies, flysch turbidite, and
Cambrian sandstone and calcareous shale.

The sedimentary rocks (with maximal thickness of ~4000 m) in the Dachang district
range from Lower Devonian to Tertiary; among them, the Middle-Upper Devonian strata host
most of the economic mineralization. The Middle Devonian rocks include black shales and

limestone developed in the Danchi Trough and a shallow-water carbonate reef developed on



the marginal platform (Fig. 3 and Fig. 4). The Upper Devonian rocks are typical intraplatform
trough sediments, composed mainly of thick- to thin-layered massive, laminated, and banded
chert, limestone, and siliceous black shales (Fan et al. 2004). Some basalt-andesite volcanic
intercalations have been found in the Devonian strata (Liu et al. 2012).

The Longxianggai granite is the largest intrusive body in the Dachang district with an
outcrop area of only 0.5 km? at Lamo (Fig. 3). The age of the granite is constrained by zircon
U-Pb ages of 91~97 Ma (Cai et al. 2006; Liang et al. 2011). The granite is mainly equigranular
biotite granite, composed of quartz (~30 vol.%), K-feldspar (~35 vol.%), plagioclase (~25
vol.%), and biotite (~5 vol.%), and has been classified as peraluminous S-type granite (Chen
et al. 1993). North-South-trending granite porphyry and diorite porphyry dykes occur in the
west of the ore district (Fig. 3) and crosscut the tin-dominant polymetallic orebodies at
Changpo-Tongkeng and Gaofeng. The granite porphyry has a fine-grained matrix, with
phenocrysts of quartz and K-feldspar. The diorite porphyry is characterized by plagioclase,
quartz, K-feldspar, and biotite as phenocrysts occurring in a micro- to fine-grained matrix. The
granite porphyry and diorite porphyry were emplaced at 91 Ma, as determined by zircon U-Pb
ages (Cai et al. 2006). Some small pegmatite veins and segregations, with widths of several to
tens of centimeters, occur in the marginal phase of the Longxianggai granite. These pegmatitic
segregations are scarce and consist largely of quartz, feldspar, and tourmaline mega-crystals.

The Dachang district contains several deposits, including the Lamo Zn-Cu, the
Changpo-Tongkeng Sn-Pb-Zn, and the Gaofeng Sn-Pb-Zn deposits (Fig. 3 and Table 1). Some
small Sn-polymetallic mineralized veins also occur in the eastern part of the district (e.g., the
Dafulou, Huile, and Kangma deposits). A vein antimony ore deposit (Chashan) is located in
the center of the district.

The Lamo deposit consists of mainly skarn orebodies, which occur at the contact zone

between the Upper Devonian limestone and the Longxianggai granite (Fig. 5). The deposit



contains 10 Mt of ore with grades of 2% Cu and 5% Zn, whereas the Sn grade is usually <
0.1% (Han et al. 1997). The orebodies at Lamo occur as chimneys, mantos, and pods in the
skarn. The skarn minerals include garnet, wollastonite, diopside, tremolite, vesuvianite,
actinolite, fluorite, and epidote. Sulfides occur as disseminated aggregates in aluminosilicate
minerals and veinlets crosscutting the early skarn. The ore minerals are mainly sphalerite,
chalcopyrite, pyrrhotite, and arsenopyrite.

The Changpo-Tongkeng deposit is located ~5 km southwest of the Longxianggai
granite and is the largest Sn-polymetallic deposit in the Dachang ore district. The deposit
includes upper vein orebodies and lower stratiform orebodies (Fig. 5). The No. 91 and No. 92
orebodies are two of the largest stratiform orebodies and are hosted within the Upper Devonian
banded siliceous rocks and limestone (Fig. 4). The No. 91 orebody is mainly hosted by banded
limestone and contains ~50 Mt of ore at 1.3% Sn and 4.0% Zn (Han et al. 1997). The underlying
No. 92 orebody is mainly hosted by siliceous rocks and contains ~25 Mt of ore at 0.8% Sn and
2.1% Zn (Han et al. 1997). The stratiform orebodies are mainly composed of bedded,
laminated, and lenticular ores. In the bedded and laminated ores, the fine-banded siliceous
rocks, limestones, tourmalinites, and K-feldspar-rich rocks are interbedded with sulfide-
cassiterite beds. The ore minerals include cassiterite, sphalerite, arsenopyrite, pyrite, and
jamesonite. The gangue minerals are quartz, calcite, tourmaline, and sericite. Vein and
stockwork orebodies occur in the upper part of the deposit (Fig. 5) and contain ~10 Mt ore at
1.0% Sn and 4% Zn (Han et al. 1997). Despite variations in sulphide abundance and mineral
grain size, both the stratiform and vein ores have similar mineral assemblages.

The Gaofeng deposit is mainly composed of the No. 100 orebody, which occurs as a
dome-like lens hosted by the Middle Devonian reef limestone (Fig. 4). The orebody is
composed of massive sulfides and cassiterite. It contains ~10 Mt of high-grade ore averaging

1.86% Sn, 9.7% Zn, 4.8% Pb, 4.2% Sb, and 148 g/t Ag (Han et al. 1997). The ore minerals



mainly comprise cassiterite, pyrrhotite, pyrite, boulangerite, and marcasite. The gangue

minerals predominantly consist of quartz and calcite.

Tourmaline occurrences and sampling strategy
Tourmaline is abundant in the Dachang ore district, with three main types of occurrences
identified from field and detailed petrographic observations: (1) in the granite and pegmatite,
(2) in skarn orebodies of the Lamo deposit, and (3) in stratiform and vein orebodies of the
Changpo-Tongkeng deposit.We did not find tourmaline in the Gaofeng massive sulfide
orebodies.
Tourmaline in the magmatic rocks
Tourmaline in the Longxianggai granite samples (16DC-95, 16DC-97) is disseminated
throughout the medium-grained biotite granite (Tur-M1). It is generally euhedral to subhedral
and tens to several hundred micrometers in size (Fig. 6a—b). The tourmaline crystals are
generally intergrown with quartz and plagioclase and exhibit slight pleochroism from light
yellow to blue without optical zoning. The plagioclase shows a certain degree of hydrothermal
alteration. On backscattered electron (BSE) images, the tourmaline crystals show a relatively
homogeneous texture and do not display internal zoning.

Tourmaline is abundant in the pegmatite veins (Tur-M2; samples 16DC-101, 16DC-
102, 16DC-103) and the crystals are euhedral and columnar, up to several centimeters in length
(Fig. 6¢€). The tourmaline is generally intergrown with quartz and plagioclase (Fig. 6d). The
tourmaline crystals generally exhibit slight light yellow pleochroism without optical zoning.
On BSE images, the tourmaline crystals do not show internal zoning.

Tourmaline-quartz veins are also present in the Longxianggai granite (Tur-M3; samples
16DC-149, 16DC 150) (Fig. 6e) as subhedral crystal aggregates of up to several millimeters in

size. The tourmaline is generally intergrown with quartz and exhibits slight light blue



pleochroism (Fig. 6f). On BSE images, the tourmaline crystals display light gray cores and
oscillatory-zoned rims.

Tourmaline in the Lamo deposit

Tourmaline commonly occurs as disseminated grains in the Lamo orebodies. For example, a
garnet skarn sample (16DC-106) contains fine-grained euhedral tourmaline crystals (Tur-L1;
Fig. 7a—b) in association with garnet, diopside, tremolite, and fluorite, suggesting they formed
at the retrograde skarn stage. The tourmaline forms euhedral columnar crystals of tens to
several hundred micrometers in length and generally exhibits slight blue pleochroism.

Sulfide ore samples (16DC-104, 16DC-105, 16DC-112, 16DC-121) from the Lamo
deposit contain disseminated tourmaline crystals (Tur-L2) in the form of euhedral acicular
crystals of up several millimeters in length (Fig. 7c—d). The tourmaline is generally intergrown
with arsenopyrite, fluorite, and quartz and locally contains cassiterite, fluorite, and apatite (Fig.
7e), suggesting they are produced from syn-mineralization. In backscattered electron (BSE)
images, the tourmaline displays well-defined oscillatory-zoned textures (Fig. 7f).

Tourmaline in the Changpo-Tongkeng deposit

Tourmaline occurs as fine grains in both the stratiform and vein ores in the Changpo-Tongkeng
deposit. In the bedded ore samples (T-31, T-42, T-45a, T-57, 16DC-33, 16DC-36, 16DC-40,
16DC-45) from the No. 91 and No. 92 orebodies, tourmaline (Tur-C1) occurs as euhedral
columnar crystals intergrown with the sphalerite (Fig. 8a—b). The tourmaline crystals are small,
generally 10-30 pum in width and 50-200 um in length. On BSE images, they do not show
internal zoning (Fig. 8c—d).

In the sulfide vein ore samples (T-51a, T-51b, T-55) from the upper vein-type orebodies
at the Changpo-Tongkeng deposit, tourmaline (Tur-C2) occurs as euhedral columnar crystals
intergrown with pyrite (Fig. 8e—f).The tourmaline crystals are also small, generally 10-20 pm

in width and 50-200 um in length (Fig. 8f).



Analytical methods

Major element compositions of tourmaline were determined by a JEOL JXA-8100 Electron
Probe Micro Analyzer (EPMA) at the State Key Laboratory of Geological Processes and
Mineral Resources (GPMR) in China University of Geosciences, Wuhan. An accelerating
voltage of 15 kV, a beam current of 20 nA, and a beam diameter of 5 um were used during the
analyses. The peak counting times were 10 s for Na, Mg, Al, Si, K, and Fe and 20 s for Ti,Mn,
Ca, F, andCl. The following standards were used: sanidine (K), pyrope garnet (Fe, Al), diopside
(Ca, Mg), jadeite (Na), rhodonite (Mn), olivine (Si), rutile (Ti), topaz (F), and halite (CI). Data
were corrected online using a modified ZAF correction procedure. Tourmaline structural
formulae were calculated by normalizing to 15 cations in the octahedral and tetrahedral
(T+Z+Y) site and assuming B=3 atoms per formula unit (apfu) and by using the Excel program
provided by Morgan (2016).

In situ major and trace element analyses of tourmaline were obtained directly on
polished thin sections using a RESOlution S-155 laser ablation system coupled to a Thermo
ICAP Qc inductively coupled plasma mass spectrometer (LA-ICP-MS) at GPMR. NIST SRM
612 and 610 glass standards (Jochum et al. 2011) and the USGS reference glasses (BIR-1G,
BCR-2G, and BHVO-2G) (Jochum et al. 2005) were analyzed between every 7-10 tourmaline
samples. Both standards and samples were ablated using a 50 pm spot size, 10 Hz repetition
rate, and ~4 J/cm? corresponding energy density. Helium gas (~400 ml/min) carrying the
ablated sample aerosol was mixed with argon gas (~800 ml/min) and a small amount of
nitrogen gas (4 ml/min) as an additional diatomic gas to enhance sensitivity, before flowing
into the ICPMS. The following 55 isotopes were measured with a dwell time of 10 ms for each:
7Li, QBe’ 118, 23Na, 25Mg, 27A|, ZQSi, 31P, 39K, 42C8., 4SSC, 47Ti, 51V, 53CI’, 55Mn, 57Fe, 59C0, 60Ni,

GSCU, GGZn, 71Ga, 73Ge, 85Rb, 888r, 89Y, QOZr, 93Nb, 95MO, 111Cd, 115|n’ llBSn, 121Sb, 133CS, 137Ba,



139La, 140C9, 141PI', 146Nd, 147Sm, 153EU, 157Gd, 159Tb, 163Dy, 165H0, 166EI', leng, 173Yb, 175LU,
1784f, 181Tq, 182\, 208pp, 209Bj, 232Th, and 2°8U. The cycle time was about 600 ms. External
calibrations were performed using the above USGS reference glasses. The NIST glasses were
used for correcting the signal drift. The isotope 2°Si was used as the internal standard in
conjunction with the Si concentrations determined previously by EPMA. Raw data reduction
was performed offline using the ICPMSDataCal software (Liu et al. 2010). The variation
ranges of major elements are identical to those acquired by the EPMA method for the same
samples. The analytical precisions for most elements are estimated to be better than 10% based
on analyses of MPDing reference glasses.

Boron isotopic compositions of tourmaline were measured using the same laser ablation
system coupled to a Nu plasma Il multi-collector ICP-MS (LA-MC-ICP-MS). Analyses were
carried out with a 50 pm beam diameter and 10 Hz repetition rate. B and °B signals were
collected statically and simultaneously by two Faraday cups. The instrumental mass
fractionation was calibrated using the standard-sample-standard bracketing method using the
international tourmaline standard IAEA B4 (5'!B = —8.71%0, Tonarini et al. 2003) as the
external standard. Analytical quality was assessed by replicate analyses of tourmaline reference
materials dravite (HS#108796) and schorl (HS#112566) from the Harvard Mineralogical
Museum (Dyar et al. 2001). The external precision (206) is estimated to be better than 0.5%o
based on replicate analyses of reference tourmalines during this study. The internal precision

(1SD) in per mil for single analysis is calculated from about 100 cycles during each analysis.

Results
Tourmaline classification and major element variations
The chemical compositions obtained by EPMA and LA-ICPMS and structural formulae are

given in Electronic Supplementary Materials (ESM Table S1). Tourmaline structural formula



depends on relative occupancies of major elements in crystallographic sites described by
XY3Z6(TeO18)(BO3)VsW (Henry et al. 2011). Variations of greatest petrologic interest occur
on the X-site (Na*, K*, Ca?*, o=vacancy), the Y-site (Fe?*, Mg?*, AI**, Li"), and the W-site
(OH~, O*, F7, CI") (van Hinsberg et al. 2011; Henry and Dutrow 2018), while the Z-, T-, and
V-sites are usually fully occupied by Al, Si, and (O, OH), respectively.

Tourmalines in the Dachang ore district show a wide range of major element
concentrations, in particular for Fe (0.20~2.41 apfu), Mg (0.00~2.87 apfu), Ca (0.00~0.64
apfu), Na (0.23~0.98 apfu), and Al (5.50~6.87 apfu). The minor components of Mn and Ti
range from 0.00 to approximately 0.04 and 0.00 to approximately 0.07 apfu, respectively. F
contents are variable (0.01~0.65 apfu) and CI contents are negligible.

However, each group of tourmaline has relatively small variation ranges. Based on the
X-and Y-site proportions, almost all Tur-M and Tur-L belong to the alkali group (Fig. 9). They
have low Mg/(Mg+Fe) ratios (mostly <0.5), low X-site vacancy (<0.5 apfu), and high
Na/(Na+Ca) ratios (>0.85), and most plot in the schorl field (Fig. 10a—b). Most of the Tur-C
belong to the alkali group, and a few belong to the X-site vacant group and the calcic group
(Fig. 9). These tourmalines are Mg-rich with high Mg/(Mg+Fe) ratios (>0.7) and have variable
Na/(Na+Ca) ratios (0.26~0.96) and plot in the dravite field, overlapping slightly with the uvite
and Mg-foitite field (Fig. 10a-b).

In the Al-Fe-Mg and Ca-Fe-Mg ternary diagrams of Henry and Guidotti (1985), all Tur-
M plot in Field 2, representing tourmalines from Li-poor granitoids and associated pegmatites
and aplites (Fig. 11a-b). Most of Tur-L also plot in Field 2, and a few plot in Field 3,
representing tourmalines from Fe**-rich quartz-tourmaline rocks (or hydrothermally altered
granites). However, all Tur-C plot across the boundaries of Fields 4, 5, and 7 in the Al-Fe-Mg

diagram (Fig. 11a) and across Fields 9, 10, and 11 in the Ca-Fe-Mg diagram (Fig. 11b). These



fields correspond to tourmalines from largely metasedimentary terrains, with varying degrees
of Al saturation (Fig. 11a) and Ca concentrations (Fig. 11b).

The large range in Fe/(Fe+Mg) ratios reflects the exchange vector FeMg-1 (Fig. 12a).
Given the low contents of Mn and Li, values of (Fe+MQ)wtai<3 apfu for most of the tourmaline
samples indicate the presence of Al in the Y-site (up to 0.79 apfu). AI** is able to substitute for
Fe?*, Mg?*, and Mn?* at the Y-site, with a vacant X-site maintaining charge balance. As shown
in the total Al- vs. X-site vacancy plot (Fig. 12b), this substitution is related to the vector (Ca,
Mg) (o, Al)-1 or (Na, Mg)(o, Al)-1. This observation is consistent with most Tur-C plotting in
Field 4 of Fig. 11a, which corresponds to Al-rich metasediments.

Trace element variations

The concentrations of >40 trace elements in tourmaline from the Dachang ore district have
been measured. The median concentrations for most trace elements range from 0.1 to 10 ppm.
Higher concentrations (up to several tens to thousands of ppm) were observed for Li, Be, Sc,
V, Cr, Zn, Ga, Sr, and Sn. Nb, Ta, Co, Ni, Ge, Pb, and light rare earth elements (LREE) have
median concentrations of several to tens of ppm,whereas heavy REE, Rb, Y, Zr,Mo, Cd, Cs,
Ba, Hf, W, Th, and U have median concentrations of <1 ppm.

The Tur-M has a broader range of and a higher median Li concentration (250 ppm) than
the Tur-L (120 ppm) and Tur-C (33 ppm) (Fig. 13). Zn concentrations show a similar variation
trend to Li (410 ppm for Tur-M, 200 ppm for Tur-L, and 170 ppm for Tur-C). The Tur-L has
the highest median concentrations of Be (280 ppm), Ge (9.3 ppm), and Sn (630 ppm).
Comparably, Tur-L1 show higher concentrations of Be, Sc, and Sn than Tur-L2. The Tur-C
has the highest median concentrations of V (1800 ppm), Cr (180 ppm), Sc (110 ppm), and Sr
(390 ppm) (Fig. 13). The Tur-C1 has higher concentrations of Li, Be, Sc, Ga, and Sr and lower

concentrations of V and Cr than Tur-C2.



The Tur-M has very low REE concentrations (Fig. 14) compared to Tur-L. In chondrite-
normalized patterns, most samples show a depletion of middle REE with slightly positive Eu
anomalies (Fig. 14). The positive Eu anomalies are due to the preferential incorporation of Eu?*
in tourmaline (van Hinsberg, 2011). The Tur-C has lower LREE concentrations than Tur-L,
but show HREE enrichments and more positive Eu anomalies (Fig. 14). More positive Eu
anomalies for Tur-C might be caused by dissolution of feldspars in the strata during fluid-rock
interactions.

Boron isotopic compositions

The boron isotopic compositions obtained by LA-MC-ICPMS are given in ESM Table S2.
Disseminated tourmaline in the Longxianggai granite has 5!'B values of —15.1 to —11.2%o with
an average of —13.6%o £ 2.0 %o (n=20, 20) (Fig. 15). Tourmaline from the pegmatite has
slightly lower values of —16.5 to —12.1%o0 with an average of —14.8%o = 1.9 %o (n=45, 20).
Tourmaline from the quartz-tourmaline veins in the Longxinggai granite has relatively
homogeneous §''B values of —15.7 to —14.0%o. Tourmaline from the skarn and orebody in the
Lamo deposit has §''B values of —16.4 to —14.1%o. Tourmaline from one sample (T-42a) of
the stratiform ore in the Changpo-Tongkeng deposit has similar 611B range (—15.7 to —14.9%o)
to the Lamo deposit, whereas tourmaline from sample T-55 of vein-type ore in the Changpo-

Tongkeng deposit has lower §*'B values (—18.6 to —16.4%o).

Discussion

Formation of tourmaline in the magmatic rocks

Before attempting to interpret the geochemical and isotopic data, it is essential to place the
tourmaline occurrences in a geological context. Tourmaline is often present in boron-rich
granites and related hydrothermal Sn-Wmineralized systems, such as the Cornubian Batholith

(Duchoslav et al. 2017), the Heemskirk and Pieman Heads granites (Hong et al. 2017), the



Panasqueira deposit (Codeco et al. 2017), and the Puy-les- Vignes deposit (Harlaux et al. 2019).
Tourmaline in the Longxianggai granite is disseminated throughout the granite, where it
coexists with quartz and plagioclase. This type of tourmaline is khaki in color, has no fine-
scale zonation, has high Fe/(Fe+Mg) ratios, and belongs to the schorl series. It also has high Al
contents in the Y-site (AlIY=0.23~0.64 apfu). It has high concentrations of Li (average 200 ppm)
and Zn (average 350 ppm). Tourmaline from the pegmatite veins in the granite has similar
geochemical characteristics, consistent with a magmatic origin (London et al. 1996). Harlaux
et al. (2019) proposed the use of Li/Sr ratios to discriminate magmatic and hydrothermal
tourmaline. The Tur-M1 and Tur-M2 have high Nb+Ta contents (average 8.2 ppm and 17 ppm,
respectively) and Li/Sr ratios (average 38 and 25, respectively) (Fig. 16a—b). Thus, the Tur-M1
and the Tur-M2 are suggested to be of primary magmatic origin.

Leucocratic peraluminous magmas that are saturated with respect to tourmaline may
contain several wt. % B20s in the bulk melt (Dingwell et al. 1996). At these concentration
levels, boron serves as a flux for granitic melts, enabling them to remain liquid to lower
temperatures and allowing a greater degree of crystallization fractionation (Dingwell et al.
1996). The Tur-M2 has similar Fe/(Fe+Mg) and Na/(Na+Ca) ratios as Tur-M1, but show higher
Li (average 350 ppm), Sc (average 27 ppm), and Ga (average 220 ppm) concentrations (Fig.
13). These elements are incompatible in most rock-forming minerals and thus generally
enriched in residual melts. Crystal fractionation also tends to concentrate Sn in the residual
melts and post-magmatic fluids. The Tur-M1 and Tur-M2 have higher Sn concentrations
(average 100 ppm and 81 ppm, respectively) than the Longxianggai granite (whole-rock Sn
contents of 24~39 ppm). Indeed, many tin granites are boron-rich and contain magmatic
tourmaline (Duchoslav et al. 2017; Hong et al. 2017; Zhao et al. 2019). Hong et al. (2017)
suggested several geochemical indices within tourmaline (e.g., Zn/Nb, Co/Nb, Sr/Ta, Co/La)

that may be used to distinguish Sn-mineralized granites from barren granites in Tasmania.



Trace element characteristics of the Tur-M1 and Tur-M2 are similar to the magmatic
tourmalines in the Sn-mineralized granites (Fig. 16¢—d).

In the late magmatic-hydrothermal transition stage of granite fractional crystallization,
tourmaline often occurs as tourmaline-quartz nodules or tourmaline-quartz veins in the granitic
body (Trumbull et al. 2008; Hong et al. 2017; Zhao et al. 2019). The Tur-M3 from the quartz-
tourmaline veins in the Longxianggai granite show similar Fe/(Fe+Mg) ratios as the magmatic
Tur-M1 (Fig. 10a). Contents of most trace elements (Li, Zn, V, Cr, Ga, Ge) in Tur-M3 are
identical to those of Tur-M1 (Fig. 12). In REE patterns, Tur-M3 show positive Eu anomalies
(Fig. 14), which could be caused by the dissolution of magmatic feldspars by the hydrothermal
fluids (Fig. 6b). Tourmaline from the quartz-tourmaline veins may have precipitated from late
magmatic-hydrothermal fluids exsolved from the Longxianggai granite.

The Tur-M1 has §*'B values of —15.1 to —11.2%o with an average of —13.6%o= 2.0%o
(n=20, 2c). The melt-tourmaline fractionation of B isotopes has not been determined
experimentally, but likely depends on the temperature and the proportion of trigonal to
tetrahedral coordination sits of boron in the melt and the tourmaline. Comparison between
experimental studies of melt-fluid and fluid-tourmaline boron isotope fractionation (Hervig et
al. 2002; Meyer et al. 2008; Maner IV and London 2018) suggests that the melt-tourmaline
fractionation is small at magmatic temperatures of 700-800°C, with tourmaline being 1.0 to
2.0%o0 heavier than the 5''B of the melt (Siegel et al. 2016). The highest §*'B value measured
in magmatic Tur-M1 is —11.2%o, which suggests that the primary magma had a §11B value of
approximately —13 to —12%o. This value lies well within the wide range of ''B values observed
globally in S-type granites (—10.7+£3.8 %o, n=179) (Trumbull and Slack 2018). Rayleigh
fractionation will result in progressive depletion of !B in the residual melt because the
crystallized tourmaline has higher 5!!'B values than the melt (Siegel et al. 2016; Zhao et al.

2019). The later pegmatitic Tur-M2 show lower 8B values of —16.5 to —12.1%o. The §''B



value of the parent melt may have evolved to —19.0%o, given the lowest value of Tur-M2,
—16.5%o, and a larger melt-tourmaline fractionation factor of —2.5%o at a lower temperature of
550 to 650°C. Alternatively, the lower §''B values in Tur-M2 may reflect exsolution and loss
of 1'B-enriched aqueous phase, as observed in the late magmatic-hydrothermal transition stage
in pegmatite systems elsewhere (Siegel et al. 2016).

The Tur-M3 precipitated from hydrothermal fluids that likely exsolved from the
cooling granite. Two experimental studies and one theoretical calculation of B-isotope
fractionation between tourmaline and aqueous fluid show enrichment of B in the fluid phase
under all conditions (Palmer et al. 1992;Meyer et al. 2008; Li et al. 2020). The equilibrium-
fluid-tourmaline fractionation factor at 500°C is +1.8%o based on the fractionation of Meyer et
al. (2008). The Tur-M3 from the quartz-tourmaline veins has homogeneous 6*'B values with
an average value of —14.7%o, suggesting that they precipitated from a fluid with a !'B value
of —12.9%o. The boron isotopic fractionation between granitic melt and aqueous fluids has been
calculated to be approximately —5%o at 500°C (Kaliwoda et al. 2011; Trumbull et al. 2013) and
suggests that the aqueous fluid exsolved from a granite melt with a !B value of approximately
—18%o; which is close to the value of —19%. calculated from the Tur-M2 boron isotopic
composition.

Origin and evolution of hydrothermal fluids in Lamo

The Lamo deposit is a typical skarn deposit. Previous studies showed that the skarn formation
and mineralization in the Lamo deposit can be classified into four stages (Fu et al. 1993): (1)
prograde skarn stage, forming garnet, vesuvianite, wollastonite, and minor diopside; (2)
retrograde skarn stage, containing epidote, amphibole, fluorite, and quartz; (3) quartzsulfide
stage, forming arsenopyrite, chalcopyrite, sphalerite, pyrrhotite, quartz, and fluorite; and (4)

carbonate-stibnite stage. The mineralization age is 90.0+1.1 Ma, based on the molybdenite Re-



Os dating (Zhao et al. 2018), and is consistent with the emplacement age of the Longxianggai
granite (91-97 Ma, Cai et al. 2006; Liang et al. 2011).

Within the Lamo deposit, tourmaline occurs in both the skarn and sulfide ores. The
tourmalines have higher Mg/(Mg+Fe) and lower Na/(Na+Ca) ratios than the Tur-M3 (Fig. 10)
and are similar to major element compositions found in hydrothermal tourmaline from other
granite-related W-Sn mineralization systems (Fig. 16), such as the Cornwall Sn deposits of
England (Duchoslav et al. 2017), the Ardlethan Sn deposit of Australia (Ren et al. 1995), the
Jumbo-Pearl Lake W deposit of Canada (Clarke et al. 1989), the Kaneuchi W deposit of Japan
(Shibu 1984), the Panasqueira W deposit of Portugal (Codeco et al. 2017), and the Puy-les-
Vignes W deposit in France (Harlaux et al. 2019). The increased Mg and Ca contents reflect
interactions of the fluids with the host limestone. The Tur-L shows higher contents of Be, Sc,
Ge, and Sr than Tur-M3 (Fig. 13). The Devonian limestone in the Dachang district has high Sr
contents (103-391 ppm, unpublished data), which can enter the fluids through water-rock
interactions. High Sn contents (average 630 ppm) in Tur-L reflect that the hydrothermal fluids
were highly Sn-enriched. However, the ores at the Lamo deposit have low Sn grade (<0.1%),
indicating that cassiterite did not precipitate in large quantities from hydrothermal fluids during
the skarn mineralization stage. Most of Sn was retained in the fluids and transferred to distal
strata.

The Tur-L has §''B values of —15.9 to —14.6%o for the skarn and —16.4 to —14.1%o for
the sulfide ores. Microthermometry of fluid inclusions indicates that the temperatures of
hydrothermal fluids during the skarn and the quartz-sulfide stages at the Lamo deposit were in
the range of 350-500°C and 250-340°C, respectively (Fu et al. 1993). The entrapment
pressures are low (<700 bars); thus, a pressure correction need not be made (Fu et al. 1993).
The equilibrium fluid-tourmaline fractionation at 400°C and 300°C are +2.7%o and +3.8%o,

respectively (Meyer et al. 2008). This implies that the 5'!B values of the hydrothermal fluids



were —13.2 to —11.9%. for the skarn stage and —12.6 to —10.3%o. for the quartz-sulfide stage.
These values are similar as those calculated for the hydrothermal fluids that precipitated Tur-
M3 and are consistent with the hypothesis that the Lamo fluids were evolved magmatic-
hydrothermal fluids exsolved from the Longxianggai granite.
Origin and evolution of hydrothermal fluids in Changpo-Tongkeng
The Tur-C from the stratiform and vein ores in the Changpo-Tongkeng deposit shows distinct
chemical compositions from those of the Lamo deposit in that they have high-Mg/(Mg+Fe)
and low Na/(Na+Ca) ratios (Fig. 10). The formation of Mg-rich tourmaline in submarine-
hydrothermal systems is well documented (Plimer and Lees 1988; Slack and Coad 1989; Slack
1996; Jiang et al. 1998). Thus, the Mg-rich tourmaline in the Changpo-Tongkeng deposit could
be taken to suggest they formed in a similar setting (Jiang et al. 1999). However, Mg-rich
tourmaline is not restricted to stratabound massive sulfide deposits. For example, the Rum
Jungle uranium deposit of Australia (Bone 1988), the Hindu Kush tungsten deposit of Pakistan
(Leake et al. 1989), the Golden Dyke dome Au deposit of Australia (Plimer 1986), the Austro-
alpine W deposit of Austria (Raith 1988), and the Store Malene W deposit of Greenland (Appel
and Garde 1987) are all stratabound deposits that contain Mg-rich tourmaline (Fig. 17). In these
cases, the Mg-rich tourmaline may arise from the following: (1) formation from Mg-rich fluids
of either evolved seawater or evaporitic origin (Plimer 1987, 1994;Mercadier et al. 2012;
Adlakha et al. 2017), (2) formation by metamorphism-induced sulfide-silicate reactions (Ito
and Plimer 1987), and/ or (3) formation by replacement of Mg-rich clastic sediments at low
water/rock conditions.

The boron isotope data from tourmaline at the Changpo- Tongkeng deposit provide
some constraints on these potential mechanisms. The Tur-C samples have low &!!B values of
—18.6 to —14.9%0 (Fig. 15). The temperatures of the hydrothermal fluids responsible for the

mineralization at Changpo-Tongkeng were likely 200-400°C by micro-thermometry of fluid



inclusions (Fu et al. 1993). Given that the equilibrium fluid-tourmaline fractionations at 200°C
and 400°C are +5.3 and +2.7%o, respectively (Meyer et al. 2008), this suggests that the
hydrothermal fluids had 5B values in the range of —14.9 to —9.6%o. The Tur-C §''B values
are lower than those observed in most other tourmalines from stratiform sulfide deposits in
metasedimentary and metavolcanic terrains elsewhere (typically —10 to —2%o) (Palmer and
Slack 1989; Palmer 1991). Fluids originating from marine brines generally show positive 5''B
values (>+20%o, Mercadier et al. 2012; Adlakha et al. 2017). The only exception is tourmaline
from the Broken Hill deposit, Australia, where !B values as low as —23%o are recorded (Slack
et al. 1989, 1993). For Broken Hill, however, there is evidence that the tourmaline §'!B
compositions reflect derivation from non-marine evaporates and the effects of granulite-facies
metamorphism, neither of which are appropriate to the Dachang area. The §''B values of
hydrothermal fluids for the Changpo-Tongkeng deposit (—14.9 to —9.6%o) are identical to those
of fluids exsolved from the Longxianggai granite. Thus, we suggested that the tin-rich
hydrothermal fluids were of magmatic-hydrothermal origin and are related to the Longxianggai
granite.

However, in contrast to magmatic-hydrothermal Tur-M3, the Tur-C is extremely Mg-
rich and has higher Sc, V, and Cr contents (Fig. 13), suggesting that the fluids might have
experienced reactions with volcanic rocks (Fig. 16a—b). Pan et al. (1993) reported the presence
of stratabound anorthites in the Devonian strata in theDachang district. Liu et al. (2012) found
intermediate and mafic volcanic rocks (basalt and andesite) intercalated in the Middle-Upper
Devonian strata. Higher Sr contents and more positive Eu anomalies in the Tur-C also suggest
more intensive interactions between fluids and these plagioclase-rich rocks. In the case of the
Changpo-Tongkeng deposit, there is direct evidence of a nearby magmatic source of boron and
the calculated 5!'B values of the fluids precipitating tourmaline fall within the range of fluids

that are known to have formed the magmatic Tur-M. Thus, we suggest that the Mg-rich Tur-C



was formed from hydrothermal fluids exsolved from the granite and interacting with pre-

existing volcanic rocks in the Devonian strata.

Conclusions

1. Tourmaline is abundant in the Dachang Sn-polymetallic ore district, with three main
occurrences: in the Longxianggai granite and pegmatite veins, in the skarn and sulfide ores in
the Lamo Zn-Cu deposit, and in the stratiform and vein-type ores in the Changpo-Tongkeng
Sn-Pb-Zn deposit.

2. Tourmalines disseminated in the Longxianggai granite and pegmatite veins are Fe-rich
schorls. They have high contents of Li, Zn, and Ga and likely have a magmatic origin. The
5B value of primary granite magma is estimated to be about —13%o. Tourmaline from the
quartz-tourmaline veins in the Longxianggai granite has similar chemical compositions to the
magmatic tourmaline and likely formed from hydrothermal fluids exsolved from the granite
melt. The 6B value of these fluids is calculated to be about —13%o.

3. Tourmaline from the skarn and sulfide ores in the Lamo deposits has higher Mg/(Mg+Fe)
and lower Na/(Na+Ca) ratios than magmatic tourmaline. The hydrothermal fluids had §'!B
values of —13 to —10%e., suggesting that they were also formed from magmatic-hydrothermal
fluids.

4. Tourmalines from the stratiform and vein ores in the Changpo-Tongkeng deposit show
distinct Mg-rich, dravite compositions. They also have high concentrations of V, Sc, Cr, and
Sr. The hydrothermal fluids had §'!B values in the range of —15 to —10%o, consistent with a
magmatic-hydrothermal origin. The origin of these tourmalines may therefore reflect fluid/rock

interaction of granite-derived magmatic-hydrothermal fluids with the Devonian strata.
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Figure Captions

Figure 1. Geological map showing the distribution of granite and Sn-polymetallic ore districts
in theYoujiang Basin, South China (modified after Guo et al. 2018)

Figure 2. Geological map showing the occurrence of the Dachang ore district in the Danchi
Trough in the Youjiang Basin (modified after Han et al. 1997)

Figure 3. Geological map of the Dachang Sn-polymetallic ore district (modified after Jiang et
al. 1999)

Figure 4. Generalized stratigraphic column of the Dachang Sn-polymetallic ore district
(modified after Jiang et al. 1999)

Figure 5. Cross-section from the Changpo-Tongkeng deposit to the Lamo deposit (modified
after Jiang et al. 1999)

Figure 6. a Representative specimen of the Longxianggai granite. b Photomicrograph of
disseminated tourmaline (Tur-M1) in the Longxianggai granite. The tourmaline crystals are
euhedral to subhedral and intergrown with quartz and plagioclase. ¢ Tourmaline-bearing
pegmatite vein hosted by the Longxianggai granite. d Photomicrograph of tourmaline crystals
(Tur-M2) in the pegmatite vein. e Tourmaline-quartz vein hosted in the Longxianggai granite.
f Photomicrograph of tourmaline crystals (Tur-M3) in the quartz vein. Tur tourmaline, PI
plagioclase, Qz quartz

Figure 7. a Skarn sample from the Lamo deposit. b Photomicrograph of tourmaline crystals
(Tur-L1) in the skarn sample. ¢ Sulfide ore sample from the Lamo deposit. d Photomicrograph
of tourmaline crystals (Tur-L2) in the sulphide ore. e-<f BSE images of tourmaline crystals
(Tur-L2) in the sulphide ore samples. The tourmaline is intergrown with arsenopyrite, fluorite,
and quartz and locally contains cassiterite, fluorite, and apatite. Tur tourmaline, Qz quartz, Cst

cassiterite, Ap apatite, Fl fluorite, Apy arsenopyrite



Figure 8. a Bedded ore sample from the Changpo-Tongkeng deposit. b Photomicrograph of
tourmaline crystals (Tur-C1) from the bedded ores. Tourmaline occurs as euhedral columnar
crystals intergrown with the sphalerite. c—d BSE images of tourmalines in the bedded ores. e
Vein ore sample from the Changpo-Tongkeng deposit. f Photomicrograph of tourmaline
crystals (Tur-C2) in the vein ores. Tur tourmaline, Sp sphalerite, Py pyrite

Figure 9. Classification diagram of all tourmalines from the Dachang district based on X-site
occupancy (after Henry et al. 2011)

Figure 10. Classification of tourmalines from the Dachang district based on the calculated
Mg/(Mg+Fe) vs. Na/(Na+Ca) (a) and Mg/(Mg+Fe) vs. X-site vacancy (b)

Figure 11. Ternary Al-Fe-Mg and Ca-Fe-Mg diagrams showing compositional variations of
tourmalines from the Dachang district. The regions define the compositions of tourmaline from
different rock types, according to Henry and Guidotti (1985). 1, Li-rich granitoids and
associated pegmatites and aplites; 2, Li-poor granitoids and associated pegmatites and aplites;
3, Fe¥-rich quartz-tourmaline rocks (hydrothermally altered granites); 4, metapelites and
metapsammites coexisting with an Al-saturating phase; 5, metapelites and metapsammites not
coexisting with an Al-saturating phase; 6, Fe3+-rich quartz-tourmaline rocks, calc silicate
rocks, and metapelites; 7, low Ca metaultramafics and Cr- and V-rich metasediments; 8,
metacarbonates and metapyroxenites; 9, Ca-rich metapelites, metapsammites, and calc-silicate
rocks; 10, Ca-poor metapelites, metapsammites, and quartz-tourmaline rocks; 11,
metacarbonates; 12, metaultramafics

Figure 12. a Plot of Mg vs. Fe. b Plot of Al vs. X-site vacancy of cation occupancies in
tourmalines from the Dachang district

Figure 13. Box whisker plots showing comparisons of representative trace elements in different

types of tourmaline from the Dachang district



Figure 14. Chondrite-normalized REE patterns of tourmalines from the Dachang district. The
normalization values of chondrite are from Boynton (1984)

Figure 15. Histograms of B isotopic compositions of tourmalines from the Dachang district
Figure 16. a Plot of Li/Sr vs. Nb+Ta. b Plot of Li/Sr vs. Cr+V. c Plot of Sn vs. Zn/Nb. d Plot
of Sn vs. Co/Nb. Chemical fields of I-I111 came from Harlaux et al. (2019), and chemical fields
of IV-V came from Hong et al. (2017)

Figure 17. Comparisons in Al-Fe- Mg diagram of tourmalines from the representative granite—

related W-Sn deposits and exclusively stratabound massive sulphide deposits
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Figure 17.
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Table 1. Ore reserves, host rocks, and mineral associations of main orebodies at the Dachang district

Ore deposit ~ Orebodies Reserves Occurrence Host rocks Mineral association
Lamo 10 Mt, 2% Cu, 5% Zn,  Chimneys, manto, Skarn Py+Po+Ccp+Sp+Grt+Di+Adr+Ep+Wo+
<0.1% Sn pods Fl
Changpo- 91 50 Mt, 4% Zn, 1.3% Sn  Stratiform Limestone Po+Sp+Apy+Py+Cst+Ims+Qz+Tur
Tongkeng 92 25 Mt, 2.1% Zn, 0.8% Stratiform Siliceous rock Po+Sp+Apy+Py+Cst+Jms+Qz+Tur
Sn
Vein 5Mt, 7.4% Zn, 2.0% Sn  Vein Limestone Py+Sp+Cst+Apy+Ims+Qz+Tur
Stockwork 6 Mt, 2.7% Zn, 0.6% Sn  Stockwork Limestone Py+Sp+Cst+Apy+IJms+Qz+Tur
Gaofeng 100, 105 10Mt, 9.7% Zn, 1.86%  Massive Reef carbonate  Py+Sp+Apy+Gn+Po+Jms+Cst+Qz+Cal+
Sn, 4.84% Pb, 4.22% Adr
Sh, 148 ppm Ag
Dafulou 0,21,22 4 Mt, 1.1% Sn, 0.3% Zn  Stockwork, Black shale Cst+Apy+Po+Sp+Qz+Cal
stratabound
Huile 1 Mt, 1.1% Sn, 1.0% Zn  Vein, stratabound Black shale Cst+Po+Sp+Cal+Qz
Kangma 1 Mt, 0.5% Sn Sheeted vein Black shale Cst+Po+Sp+Qz

Py pyrite, Po pyrrhotite, Ccp chalcopyrite, Sp sphalerite, Apy arsenopyrite, Cst cassiterite, Jms jamesonite, Gn galena, Grt garnet, Di diopside,
Adr andradite, Ep epidote, Wo wollastonite, Qz quartz, Cal calcite, Fl fluorite, Tur tourmaline
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