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The Cuonadong Sn—W-Be polymetallic deposit in the Himalayan leucogranite belt is
a representative hydrothermal deposit. The role of fluid exsolution directly from
magma and the fluid reaction with surrounding rocks for ore-forming element
enrichment is still controversial. Tourmaline is a significant B-bearing mineral in
the hydrothermal deposit, and its geochemical and B isotopic signatures can record
the source and evolution of the ore-forming fluid. Two types of hydrothermal
tourmaline in the hydrothermal quartz vein (Tur-1) and skarn (Tur-2) were used in
this study. Both Tur-1and Tur-2 have low X-site occupancy and mainly belong to the
alkali group. Tur-1 plots in the schorl field, whereas Tur-2 is largely Mg-rich dravite.
The B isotope analyses of Tur-1 have 8B values of —13.7 to —13.2%., whereas Tur-2
has higher §"B values of -11.1 to —9.3%.. The distinct contact relationship and
geochemical compositions suggest that Tur-1 in the hydrothermal vein was
formed from a magmatic-hydrothermal fluid with little influence from
surrounding rocks and had a genetic relationship with the Cuonadong
leucogranite, whereas Tur-2 in the skarn involved more fluid from surrounding
rocks with high §"B values and strong metasomatic texture. The higher ore-forming
element contents in Tur-2 than those in Tur-1 indicate that the reaction between the
magmatic exsolution fluid and the surrounding rock is essential for the enrichment
and precipitation of ore-forming elements.

KEYWORDS

tourmaline, water—rock interaction, hydrothermal fluids, boron isotope, Cuonadong
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1 Introduction

The Himalayan leucogranite belt in the India-Asia continental collision orogen
develops an important and special rare metal mineralization system (Wang et al., 2017;
Wu et al., 2020; Cao et al., 2022). Recently, the Cuonadong Sn-W-Be polymetallic deposit
in the Himalayan leucogranite belt was discovered, which is the first discovered rare metal
deposit with large-scale prospecting potential in this belt (Li et al., 2017; Cao et al., 2020).
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FIGURE 1

Geological map of the Himalayan orogenic belt and Cuonadong dome. (A) Map of the Tibetan Plateau. Background relief maps were downloaded from

NOAA (https://www.ngdc.noaa.gov/). (B) Geological map of the Himalayan
the Cuonadong dome and the sample location after Cao et al. (2020).

orogenic belt (Burg and Bouilhol, 2019; Cao et al., 2020). (C) Geological map of

The preliminary drilling exploration of only the W-Sn-Be orebody
in the skarn around the mantle of the gneiss dome found that the
average grade of WOs3, Sn, and BeO is 0.21%, 0.36%, and 0.08%,
respectively, and the their resource quantities are more than
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50,000 tons, 80,000 tons, and 170,000 tons, respectively (Li
et al., 2017; Cao et al., 2020). Previous detailed studies mainly
focused on the regional geological evolution (Zhang et al., 2017;
Zhang L. et al,, 2018; Fu et al., 2018; Zhang L. et al.,, 2019), ore
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FIGURE 2
Hand specimens, photomicrographs, and backscattered electron images of rocks in the hydrothermal quartz vein (A-I) and skarn (J—R) from the
Cuonadong Sn—-W-Be polymetallic deposit. (A) Cassiterite-bearing quartz vein, with unconformity of the granitic gneiss. (B) Cassiterite-bearing quartz vein
with tourmaline, cassiterite, and quartz. (C) Cassiterite-bearing quartz vein with unconformity contacting the granitic gneiss. (D) Tourmaline, cassiterite,
muscovite, plagioclase, and quartz in the hydrothermal quartz vein. (E) Tourmaline, cassiterite, muscovite, plagioclase, and quartz in the hydrothermal
quartz vein. (F) Tourmaline, cassiterite, muscovite, feldspar, and quartz in the cassiterite-bearing quartz vein. (G) Tourmaline, muscovite, plagioclase, and
quartz in the cassiterite-bearing quartz vein. (H-1) Tourmaline in the cassiterite-bearing quartz vein (Tur-1) with a subhedral structure and mineralinclusions in
the photomicrograph and backscattered electron image. (J) Scapolite, calcite, garnet, fluorite, actinolite, and tourmaline in the skarn. (K) Scheelite,
tourmaline, sericite, fluorite, calcite, and vesuvianite in the skarn under ultraviolet light. (L) Scapolite, tourmaline, sericite, fluorite, calcite, actinolite, and
vesuvianite in skarn. (M) Calcite, garnet, fluorite, penninite, scheelite, scapolite, and cassiterite in the skarn. (N) Calcite, fluorite, tremolite, and quartz in the
skarn. (O) Calcite, garnet, fluorite, vesuvianite, diopside, quartz, and muscovite in the skarn. (P) Garnet, feldspar, scapolite, actinolite, albite, quartz, and berylin
(Continued)
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FIGURE 2 (Continued)
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the skarn. (Q—R) Tourmaline in the skarn (Tur-2) in the photomicrograph and backscattered electron image. Tur: tourmaline; Qz: quartz; Fsp: feldspar;
Cal: calcite; Cst: cassiterite; Ms: muscovite; Pl: plagioclase; Scp: scapolite; Cal: calcite; Grt: garnet; Fl: fluorite; Act: actinolite; Pen: penninite; Sch: scheelite;

Tr: tremolite; Ves: vesuvianite; Ab: albite; Di: diopside; Brl: beryl.

geology (Li et al., 2017; Cao et al., 2020; Cao et al.,, 2021), petrology
(Huang et al., 2018; Xie et al., 2018; Xia et al., 2019a; Xie et al., 2020;
Cao et al., 2022), geochronology (Dong et al., 2017; Xie et al., 2018;
Xia et al., 2019a; Xie et al., 2020), mineralogy (Dai et al., 2019; Han
et al., 2020; Xie et al., 2020; Dai et al., 2022; Wang et al., 2022; Xie
etal, 2022), and evolution of the related leucogranitic magma (Xie
et al., 2020; Cao et al, 2022; Xie et al., 2022). However, the
hydrothermal activities for the minerogenetic region are
complex, and the understanding of the source and evolution of
ore-forming fluids for the orebody is still limited.

The hydrothermal orebody is widely hosted in metamorphic
surrounding rocks, including the hydrothermal vein-type Sn-W-Be
orebody faulted by north-south-trending rifts and the skarn-type
W-Sn-Be orebody in the strongly deformed mantle of the gneiss
dome (Cao et al., 2020; Cao et al., 2021; Dai et al., 2022; Wang et al,,
2022). Both hydrothermal vein-type and skarn-type orebodies
experienced extensive hydrothermal alteration induced by ore-
forming fluids (Cao et al.,, 2020; Cao et al.,, 2021; Cao et al., 2022;
Dai et al., 2022; Wang et al., 2022). The mineralization process in the
Cuonadong Sn-W-Be polymetallic deposit is not fully understood.
Previous studies have suggested that the direct fluid exsolution from
magma and the fluid reaction with surrounding rocks are the two key
processes of ore-forming element enrichment (Audtat et al., 2000;
Schmidt, 2018; Dai et al., 2022). Here, we aimed at providing new clues
for deciphering the enrichment process of ore-forming elements in the
Cuonadong Sn-W-Be polymetallic deposit.

Tourmaline is the main boron-bearing mineral in hydrothermal
ore deposits formed in different geological settings (Hazarika et al.,
2019; Zheng et al, 2019; Daver et al., 2020; Harlaux et al., 2020;
2020). stable

physicochemical properties and a negligible element diffusion rate

Trumbull et al, Meanwhile, tourmaline has
(van Hinsberg et al., 2011a; van Hinsberg et al., 2011b). Importantly,
continental crust and most clastic metasediments have relatively low
Ca contents and negative §"'B values (Rudnick and Gao, 2003;
Trumbull and Slack, 2018), whereas marble and marine carbonate
usually contain high Ca contents and positive 8"'B values (Melezhik
etal., 2005; Marschall and Jiang, 2011). Thus, the tourmalines derived
from different sources show significantly different element and boron
isotope compositions (Harlaux et al., 2020; Trumbull et al., 2020; Pei
etal., 2023). This makes tourmaline an excellent messenger for tracing
the origin of fluids (Marschall and Jiang, 2011; Harlaux et al., 2020;
Trumbull et al., 2020; Chakraborty, 2021). With the development of in
situ analytical techniques, the element and B isotope compositions of
tourmalines have been widely used to decipher hydrothermal
evolution and mineralization processes in recent years (Trumbull
et al., 2018; Zhang W. et al.,, 2018; Zhao et al., 2019; Harlaux et al,,
2020).

In the Cuonadong Sn-W-Be polymetallic deposit, tourmaline has
a close spatial and temporal relationship with cassiterite and scheelite
formed during the late retrograde skarn and hydrothermal quartz vein
stages (Cao et al., 2021; Dai et al., 2022; Wang et al., 2022), which can
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be an excellent indicator to study the source and evolution of ore-
forming fluids. In this study, we analyze the in situ major and trace
element and boron isotope compositions of tourmalines hosted in the
hydrothermal quartz vein and the skarn from the Cuonadong
Sn-W-Be polymetallic deposit to define the source of the
hydrothermal fluid and the role of the surrounding rock.

2 Geological background and samples
2.1 Regional geological background

The Qinghai-Tibetan Plateau, situated in western China, has
experienced the tectonic evolution of subduction and continental
collision (Yin and Harrison, 2000; Pan et al., 2012). It consists of
five parallel E-W trending blocks from north to south, including
the Songpan-Ganzi, the north and south Qiangtang, Lhasa, and
Himalayan blocks (Yin and Harrison, 2000; Yin, 2006; Pan et al.,
2012). The Himalayan orogeny is the Cenozoic large-scale
continent collision orogeny between the Indian Craton and
Lhasa blocks (55 + 10 Ma) on the Himalaya block, following the
closure of the Neo-Tethys Ocean (Hu et al., 2016; Najman et al,,
2017; Zheng and Wu, 2018) (Figures 1A,B). This orogeny is
separated from the Lhasa block by the Indus-Yarlung Tsangpo
Suture Zone and from the Indian Craton by the Main Frontal
Thrust (Yin, 2006). Four geologic domains along the Himalayan
orogeny are divided by the South Tibetan detachment system, the
Main Central Thrust, and the Main Boundary Thrust from south to
north, which are named as the sub-Himalaya, the Lower Himalayan
sequence, the Higher Himalayan sequence (HHS), and the Tethyan
Himalayan sequence (THS) (Yin, 2006). The sub-Himalayan
sequence and the Lower Himalayan sequence are composed of
the  Neogene  fluvial  sediments  and  Proterozoic
greenschist—-amphibolite facies metasedimentary rocks (Kohn,
2014; Goscombe et al., 2018; Mukherjee et al., 2019). The HHS
is composed of crystalline complexes with Late Proterozoic to Early
Paleozoic greenschist to granulite-eclogite facies metamorphic
rocks (Kohn, 2014; Mukherjee et al, 2019). The THS is
sandwiched between the HHS and the Lhasa terrane and
comprised Paleozoic to Paleogene low-grade metamorphic
clastic and carbonate rocks and magmatic rocks (Cao et al,
2018). The
(45-7 Ma) was formed by the continental crust thickening and

Oligocene-Miocene  Himalayan leucogranite
remelting during the evolution of Himalayan orogeny and is widely
emplaced and distributed in the HHS and THS (Wu etal., 2015; Wu
et al,, 2020). These leucogranites can be divided into two sub-
parallel and EW-trending magmatic rock belts, namely, the Higher
and the Tethyan Himalayan leucogranite belts (Wu et al., 2015; Wu
etal., 2020). It is noteworthy that a series of gneiss domes occurring
in the THS constitute the discontinuous beaded North Himalayan

gneiss domes, which is a typical feature of the Tethyan Himalayan
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orogenic belt (Cao et al., 2020; Wu et al., 2020). These domes were
intruded by the Oligocene-Miocene leucogranites, which are
typically
Early-Middle Paleozoic and Neoproterozoic granitic gneisses
(Zhang L. et al., 2019; Zhang L. K. et al., 2019). As the highly
differentiated and strong peraluminous characteristics of the
leucogranites in the dome, many rare metal minerals have been

covered in  high-grade metamorphic facies

found, like scheelite, cassiterite, and beryl, in the granitic
magmatic-hydrothermal system, which confirmed the great
metallogenic potential in and around the Himalayan domes
(Wang et al., 2017). The preliminary studies of the Cuonadong
Sn-W-Be deposit in the Cuonadong dome confirmed the gneiss
dome in the THS has great metallogenic potential of rare metals (Li
et al., 2017; Dai et al., 2022; Wang et al., 2022).

2.2 Geology of the Cuonadong dome

The Cuonadong dome, covering an area of 400 km?, is a typical
gneiss dome located in the southeastern Tethyan Himalayan
leucogranite belt (Li et al., 2017; Zhang et al., 2017). The dome is
mainly controlled by the South Tibetan Detachment System and NS-
trending rifts (NSTRs) (Dong et al., 2017; Fu et al.,, 2018; Xie et al,,
2018; Cao et al, 2020) (Figure 1C). Based on the upper brittle
detachment fault and the lower brittle-ductile slip fault, the
Cuonadong dome can be divided into three parts from inside to
outside (Zhang L. et al., 2018; Huang et al., 2018; Xie et al., 2018; Cao
etal., 2020; Xie et al,, 2020). The circum of the dome is covered by the
Triassic-Jurassic metasedimentary and sedimentary rocks. The core
and mantle parts of the dome consist of the Cambrian orthogneisses
and the Miocene leucogranitic rocks, surrounded by strongly
deformed Paleozoic metamorphic quartz schist interlaced with
marble (Zhang L. et al, 2018; Cao et al,, 2020; Dai et al.,, 2022).
The granitic dykes are widespread and intercalated into the
surrounding rocks, accompanied by extensive hydrothermal
polymetallic mineralization (Wang et al.,, 2017; Liang et al., 2018;

Cao et al,, 2021; Dai et al.,, 2022; Wang et al., 2022).

2.3 Geology of the ore deposit

The Cuonadong Sn-W-Be polymetallic deposit is situated in the
Cuonadong dome and mainly enriched in Sn, W, and Be (Cao et al,,
2020; Cao et al, 2021; Dai et al, 2022; Wang et al, 2022).
Mineralization is widely distributed in the Cuonadong dome with
large inferred SnO,, WO3, and BeO resources. There are four regions
with significant metallogenic potential, namely, Xianglin, Dongjie,
Rina, and Changming (Cao et al., 2020; Cao et al., 2021; Dai et al,,
2022) (Figure 1C). The Xianglin area in the northwestern part of
Cuonadong has the largest inferred resources, and the hydrothermal
vein-type Sn-W-Be mineralization and skarn-type W-Sn-Be
mineralization have been delineated (Li et al., 2017; Cao et al,
2021; Dai et al.,, 2022; Wang et al,, 2022). Thus, the hydrothermal
mineralization types in the Xianglin area have been represented as the
key research area in this study.

1) Hydrothermal vein-type Sn-W-Be orebody in the Xianglin area.

There were north-south trending faults and detached faults in the
Xianglin area, which cut the deformed granitic gneiss and schist
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strata (Figures 2A-C). The fracture zone formed the breccia with a
width of >0.3 m. With the hydrothermal elevation from the
leucogranite outward to the surrounding rock, the hydrothermal
cassiterite-bearing quartz veins, cassiterite-sulfide veins, and
fluorite-quartz veins were cemented in the fracture zone. The
formation of those hydrothermal veins can be divided into three
stages: in the first stage, the cassiterite-bearing quartz vein was
composed of cassiterite, quartz, plagioclase, tourmaline, and
muscovite; in the second stage, the cassiterite-sulfide vein
contained cassiterite, quartz, chalcopyrite, arsenopyrite, sericite,
and fluorite; and in the third stage, fluorite-quartz veins consisted
of fluorite, quartz, and calcite with little mineralization (Cao et al.,
2021; Wang et al., 2022). The hydrothermal vein-type Sn-W-Be
orebody was mainly formed in the cassiterite-bearing quartz vein.
The mineral associations in the cassiterite-bearing quartz vein
include cassiterite, scheelite, muscovite, quartz, fluorite, and
tourmaline (Figures 2D-I). The tourmaline from the first
mineralization stage in the cassiterite-bearing quartz vein is
selected in this initial

study, which can represent the

composition of hydrothermal evolution.

S
~

Skarn-type W-Sn-Be orebody in the Xianglin area. The number of
early Paleozoic marble stratum is distributed in the mantle of the
Cuonadong dome, and their thickness is up to 20-300 m. The
Miocene undeformed leucogranite and pegmatite dikes extensively
touched and invaded the marble, resulting in intense skarnization
in the contact zone with widths of 1-20 m. Skarnization promoted
the W-Sn-Be enrichment in the skarn and formed the skarn-type
orebodies with lenticular and cystic structures (Cao et al., 2020;
Cao et al., 2021). The metasomatic texture of the skarn-type ore is
obvious (Figure 2J-L). The main ore minerals in skarn-type
mineralization are scheelite, cassiterite, and beryl, accompanied
by secondary metallic minerals, such as arsenopyrite, magnetite,
and pyrite. The non-metallic minerals are tourmaline, quartz,
scapolite,
actinolite, penninite, vesuvianite, calcite, albite, tremolite, and

feldspar, muscovite, fluorite, garnet, chlorite,
diopside (Figures 2M-R). The size of mineral crystals can reach
more than 1 cm. During skarnization, the early prograde skarn
minerals, including garnet, diopside, vesuvianite, scapolite, and
minor fluorite, were extensively leached and replaced by late
retrograde skarn minerals (Cao et al., 2020), including tremolite,
quartz, feldspar, actinolite, fluorite, scheelite, cassiterite, calcite,

and tourmaline (Figures 2M-R).

2.4 Tourmaline samples

In this study, tourmalines from the hydrothermal vein (Tur-1) and
skarn (Tur-2), which coexist with cassiterite, scheelite, beryl, and
gangue minerals, are collected for in situ geochemical composition
analyses.

2.4.1 Tourmaline in the hydrothermal quartz vein
(Tur-1)

The sample CND-42 was collected from a cassiterite-bearing
hydrothermal quartz vein in the Cuonadong dome (Figures
2A-C). This hydrothermal vein sample is clearly separated
from the surrounding granitic gneiss by a dark reaction belt.
The
accounting for approximately 20% of the total volume. They

hydrothermal vein contains tourmaline aggregates,
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also have quartz and feldspar contents of 60% and muscovite
content of 10%. The contents of cassiterite and scheelite are about
5%. There is a small amount of accessory minerals like zircon and
apatite.

Tourmalines from the hydrothermal vein (Tur-1) are mostly
acicular, columnar, and bulk aggregates. The tourmaline nucleus is
blue-green, and the boundary is dark brown under single polarized
light (Figures 2D-H), and they have no zonation under the BSE
image (Figure 2I). These tourmalines are subhedral and contain
muscovite, feldspar, and quartz particles (Figures 2H,I). At the
same time, some tourmalines cutting quartz, feldspar, and
muscovite are evident in hand specimens and microscopic
photographs (Figures 2B,F). The mineralogical relationships
between tourmaline and other minerals mean that Tur-1 was
formed in the late crystal sequence compared to muscovite,
feldspar, and quartz.

2.4.2 Tourmaline in skarn (Tur-2)

The skarn sample CND-24 was collected near the Xianglin area
of the Cuonadong dome undergoing mineralization (Figure 1C).
The volume content of tourmaline exceeds 20%. The voids between
tourmaline grains are generally filled with fluorite, calcite,
K-feldspar, muscovite, cassiterite, and scheelite (Figure 2J-L).

Tourmaline gains in the skarn (Tur-2) are subhedral-anhedral
crystals with cataclastic or fibrous texture, showing strong
pleochroism from yellow to blue and lacking optical zoning
(Figure 2Q). In the BSE image, tourmaline also has no zonation
(Figure 2R). Meanwhile, calcite and quartz are symbiotic and were
included in the tourmaline.

3 Analytical methods

In this study, all samples were first polished in thin sections and were
carbon-coated to investigate growth zonation using a scanning electron
microscope (SEM) prior to further analyses. Backscattered electron (BSE)
images were collected on a scanning electron microscope at the Testing
Center of Shandong Bureau, China Metallurgical Geology Bureau (Jinan).
Based on BSE imaging, we selected the representative sites of tourmaline

10.3389/feart.2023.1106871

grains for in situ major and trace element content and B isotope
composition analyses using an electron microprobe and by LA-(MC)-
ICP-MS.

3.1 Electron microprobe analysis

Major element compositions of tourmaline were analyzed at the
Testing Center of Shandong Bureau, China Metallurgical Geology
Bureau (Jinan), using a JEOL JXA- 8230 electron probe microanalyzer
(EPMA). The boost voltage is 15 kV, and the beam current is 20x10°® A.
All values in which the total amount is less than 95% are eliminated. The
integral times of the peak value and background value are 10s and 55,
respectively. Feldspar (Al-Ka and K-Ka), rhodonite (Ca-Ka and Si-Ka),
forsterite (Mg-Ka), rutile (Ti-Ka), chromite (Cr-Ka), and hematite (Fe-
Ka) were used for calibration as the natural and synthetic internal mineral
standards.

3.2 LA-(MC)-ICP-MS analysis

Trace element analyses of tourmaline were performed by LA-ICP-
MS at the CAS Key Laboratory of Mineralogy and Metallogeny,
Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences. In situ trace element analyses of tourmaline were
obtained on polished thin sections using a Resonetics RESOlution
S-155 ArF-Excimer laser source (A = 193 nm) coupled with an Agilent
7900 ICP-MS instrument. The NIST SRM 610, the USGS glasses, and
GORI132-G were repeatedly analyzed between every eight points
during the analyses. Both standards and samples were ablated
using a 43-um spot size, energy density of 3.24 J/cm?, and 6-Hz
repetition rate, and the residence time for every point is 20 s.

Tourmaline B isotope compositions were measured by LA-(MC)-
ICP-MS at the State Key Laboratory of Geological Processes and Mineral
Resources at the China University of Geosciences (Wuhan). Tourmaline
B isotope analyses were obtained using a Nu plasma II multi-collector
coupled with a RESOlution S-155 laser ablation system. Analyses were
carried out with a beam diameter of 50 um, energy density of 5 J/cm?, and
10-Hz repetition rate. Previous studies have provided detailed analytical

Ca i
A @® Tur-1 B A

@ Tur-2

@ GT Group

Calcic group Elbaite
Schorl Dravite
Vacancy group | Alkali group s
ah® g

X-Vacancy Na+K Fe Mg

FIGURE 3
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procedures (Hou et al., 2010; Yang et al., 2015a; Yang et al., 2015b; Zhao
etal, 2019). In this study, the repeated analysis of the reference tourmaline
sample IMR RB1 from Hou et al. (2010) is expected to be more accurate
than 0.8%o, with a test value of —13.1%o * 0.7%o.

4 Results

The selected Tur-1 and Tur-2 are subhedral and widely distributed in
hydrothermal veins and skarns. In this study, the tourmalines show clear
inclusions in the polarizing microscope and BSE images. The inclusions
generally contain quartz, feldspar, muscovite, calcite, and other minerals,
which indicates that tourmaline was crystallized in the hydrothermal
stage. The major and trace element results and B isotope compositions of
Tur-1 and Tur-2 are given in Supplementary Table 1.

Frontiers in Earth Science

4.1 Major elements in the hydrothermal
tourmaline

The tourmaline structural formulae were obtained by assuming a
general formula with 15 cation numbers in (Y + Z + T) sites and 31 anions
in the crystal (Henry et al., 2011) and based on B=3 and OH + F + Cl =
4 in the molecular formula to obtain the B,O; and H,O contents,
respectively (Henry et al,, 2011; Henry and Dutrow, 2018). Based on
tourmaline compositions, Tur-1 belongs to the alkali group, schorl.
Meanwhile, more than half the portion of the Tur-2 samples plot in
the field of alkali group and dravite, whereas a small portion of Tur-2
belongs to the calcic group and dravite (Figure 3; Figures 4A-D).

Tur-1 and Tur-2 from the hydrothermal vein and skarn show
considerable differences in CaO, MgO, FeO, and Na,O compositions
(Figure 4). Compared to Tur-1, Tur-2 contains distinctly higher Ca and
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Mg contents and lower Fe and Na contents. The Tur-2 data plot in the
dravite field or between the dravite and uvite fields, with Mg/(Mg + Fe) of
0.40-0.96 and Na/(Na + Ca) of 0.12-0.60. Meanwhile, Tur-1 is Fe-rich
and plots in the schorl field, with Mg/(Mg + Fe) of 0.38-0.48 and Na/(Na
+ Ca) of 0.89-0.95 (Figure 4). For Tur-1, the variation of Al and Mg is
consistent with a general inverse correlation between X-site vacancy and
Ca, implying some Al and Mg** substitutions in accordance with the
(Na, Mg) (X, Al).1/(Ca, Mg,) (X, Al)_; exchange vector (Henry et al,
2011; Henry and Dutrow, 2018; Xie et al, 2022) (Figures 4E,F). The
variation of Ca and Mg contents in Tur-2 could be controlled by the (Ca,
Mg,) (X, AL)_,/AIO(Mg(OH)) ; exchange vector (Yang et al., 2015b;
Dutrow and Henry, 2018; Henry and Dutrow, 2018; Harlaux et al., 2020;
Zhao et al,, 2022) (Figures 4E,F).

4.2 Trace elements in the hydrothermal
tourmaline

Tur-1 has lower Sn and Sr contents but higher Zn contents than Tur-
2 (Figures 5, 6). All the hydrothermal tourmalines show relatively similar
Nb/Ta ratios (Figure 6). Meanwhile, these element contents of Tur-1
tourmalines show overlapping ranges with those of Tur-2 and extend to

Frontiers in Earth Science

lower Li, Be, Ba, Pb, and REE contents and Eu/Eu* values (Figure 6). In
addition, all types of tourmalines have negligible Gd, Tb, Dy, Ho, Tm, Yb,
Lu, Hf, W, and U contents, which are below the detection limits.

Both tourmalines are enriched in light rare earth elements (LREEs)
and extremely depleted in heavy rare earth elements (HREEs) with
positive Eu anomalies, displaying a right-inclined pattern (Figure 7).
However, Tur-1 has a larger range of REE contents and higher LREE
contents than Tur-2 (Figures 6, 7).

4.3 Boron isotope compositions in the
hydrothermal tourmaline

The boron isotope results have a difference between Tur-1 and Tur-2.
Tur-1 has relatively homogeneous §''B values of —13.7 to —13.2%o (an
average of —13.5%o), whereas Tur-2 has higher &"B values
(-11.1 to —9.3%o0, an average of —10.6%o) (Figure 8). In addition, the
8"'B values of the tourmaline grains in this study from the core to the rim
are similar (Figure 9). Compared to the hydrothermal tourmalines in this
study, magmatic tourmalines from the leucogranite (GT Group) in the
Xianglin area in the Cuonadong dome have §"B values ranging
from —8.7 to —8.0%o (an average of —8.3%o) (Xie et al., 2022) (Figures 8, 9).
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Correlation diagrams between trace elements or ratios and Mg/(Mg + Fe) in the tourmaline from the Cuonadong leucogranite (GT group, gray square),
hydrothermal quartz vein (Tur-1, blue circle), and skarn (Tur-2, red rhombus) in the Cuonadong Sn—W-Be polymetallic deposit. (A) Li vs. Mg/(Mg + Fe); (B) Be
vs. Mg/(Mg + Fe); (C) Snvs. Mg/(Mg + Fe); (D) Zn vs. Mg/(Mg + Fe); (E) Bavs Mg/(Mg + Fe); (F) Pb vs. Mg/(Mg + Fe); (G) Nb/Ta vs. Mg/(Mg + Fe); (H) Srvs. CaO; (1)
Eu/Eu* vs REE. The data on the tourmaline from the Cuonadong leucogranite in the Xianglin area (GT group, gray square) are obtained from Xie et al

(2022).

5 Discussion

5.1 Origin of tourmalines in the hydrothermal
vein and skarn

Geochemical and mineralogical characteristics are usually used to
indicate the genesis and crystallization sequence of minerals (Pirajno
and Smithies, 1992; Siahcheshm et al., 2014; Rezaei Azizi et al., 2018a;
Rezaei Azizi et al., 2018b; Rajabpour et al., 2018; Zhao et al., 2019;
Abedini et al,, 2020; Harlaux et al., 2020). In the Mg-Fe/(Fe + Mg)
diagram, the Fe/(Fe + Mg) values of tourmaline indicate their distance
from the granitic source in a granite-related hydrothermal Sn-W
deposit (Pirajno and Smithies, 1992). All of the tourmalines in this
study plot in the distal area (<0.6), which illustrates that tourmaline-
forming hydrothermal fluids may have traveled a considerable
distance from their source (Figure 10). Harlaux et al. (2020)
proposed that hydrothermal tourmalines have lower Li/Sr values
(<30) than the magmatic tourmalines. The tourmalines in this
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study exhibit low Li/Sr values of 14.9-24.2 (Tur-1) and 0.33-4.70
(Tur-2), which indicate that the tourmalines in this study are all
hydrothermal tourmalines.

Tur-1 in the cassiterite-bearing quartz vein was homogeneous
(like the Mg/(Mg + Fe) value) without the oscillating growth zone in
the BSE (Figure 9). Moreover, Tur-1 was intergrown with/including
other minerals (e.g., quartz and feldspar) with planar or arc-shaped
contacts. All the characteristics mean that Tur-1 crystallized later than
quartz and feldspar during the hydrothermal evolution and is primary
hydrothermal tourmaline. Tur-1 in the hydrothermal vein along
north-south-trending faults and detached faults in the Xianglin
area generally occurs in the surrounding rock matrix and
cassiterite-bearing quartz vein rims and has textures parallel to the
fault (Cao et al,, 2020; Wang et al., 2022). This texture suggests the
formation and existence of detached faults caused the expulsion of
accumulating hydrothermal fluids from the magma along the faults
into the surrounding granitic gneiss. With hydrothermal fluid
invasion, it has been observed that the partial major element
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chondrite values are from Sun and McDonough (1989). The data on
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compositions of hydrothermal tourmaline may be influenced by the
surrounding rock composition depending on the water-rock ratio
(Yang et al., 2015b; Zhang W. et al., 2018). Tur-1 displays semblable
Al, Ca, and Na + K contents with magmatic tourmalines in the
leucogranite from Xie et al. (2022) (Figure 4). Tur-1 has different
geochemical compositions with higher Mg/(Mg + Fe) (0.39-0.48) and
lower Ca values (0.18-0.46 wt%) and Na/(Na + Ca) values (0.91-0.96)
than the surrounding granitic gneiss (Mg/(Mg + Fe): 0.05-0.08; Ca:
0.92-1.22 wt%; and Na/(Na + Ca): 0.82-0.85) from Xia et al. (2019b),
which show that the granitic gneiss was less mixed into the magmatic-
hydrothermal fluid from the geochemical perspective. This feature is
similar to the hydrothermal tourmaline in Yang et al. (2015b). Thus,
geochemical evidence attests that Tur-1 growth was mainly inherited
from the composition of the original magmatic-hydrothermal fluid.
However, feldspar grains in the matrix of the surrounding rock show
the feature of hydrothermal alteration (Wang et al., 2022), suggesting
the existence of a water—rock reaction between the hydrothermal fluid
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and surrounding rock, while the observation of hand specimens
(Figure 2A) reveals a weak water-rock reaction. This is also
supported by that hydrothermal minerals such as tourmaline and
sericite only occur in the veins. This phenomenon is also discovered in
the hydrothermal tourmalines in other deposits (Yang and Jiang, 2012;
Yang et al., 2015a; Zhang W. et al, 2018). In summary, both the
geochemical composition and mineral texture show Tur-1 was mainly
formed from magmatic-hydrothermal fluids with limited influence of
water-rock reaction (Figure 8).

Tur-2 in the skarn, represented as euhedral grains containing
quartz and sericite inclusions, has an arresting metasomatic texture
(Figure 2D) and high Mg and Ca contents (Figure 4). This may be
attributed to the dissolution of Mg- and Ca-rich minerals, such as
calcite and dolomite, from the surrounding marble during the
skarnization process. In addition, Tur-2 exhibits pleochroism and
fibrous texture, which is proved to be typically formed in a multistage
hydrothermal fluid environment with relatively low temperatures
(<500 °C) during water-rock interactions (Dutrow and Henry,
2016; Zhao et al, 2019). The aforementioned features suggest that
the fluid responsible for Tur-2 should have a disparate composition
and a low temperature, which is consistent with the reported low
hydrothermal temperatures (250°C-380°C) for fluid inclusions in the
skarn (Dai et al., 2022). Such geochemical and textural characteristics
suggest that Tur-2 was mainly formed by a metasomatism process
during skarnization with extensive water-rock reactions.

5.2 Source and evolution of hydrothermal
fluid

5.2.1 Major trace element tracing magmatic-
hydrothermal processes

The crystallization sequence of tourmalines (from the GT group,
Tur-1 to Tur-2) is consistent with the compositional variations
expected during late-stage boron-rich magma fractionation with
the evolution of the magmatic-hydrothermal tourmaline generally
following the MgFe ; substitution vector (schorl-dravite)
(Figure 4B). The GT group shows high Nb/Ta values, indicating
that they were likely crystallized from B-rich melts early immiscible
with granitic magmas (Figure 6G). Tur-1 and Tur-2 formed in the
B-rich fluids that continuously separated from more evolved granitic
magma, supported by their consistently low Nb/Ta values
(Figure 6G). Tur-1 has higher Mg/(Mg + Fe) values (Figure 6)
than the GT group, consistent with the changes from the Fe-rich
magmatic tourmaline to Mg-rich hydrothermal tourmaline, which
have been observed in other granite Sn-W metallogenic systems
(Zhao et al, 2019; Zheng et al., 2019). Moreover, the extreme
enrichment of Sr and CaO contents in Tur-2 confirmed the
presence of marble components (Figure 6H).

The trace element concentrations in tourmaline are generally
controlled by the composition of the melts and magmatic-
hydrothermal fluids from which it crystallized, which caused
differences in the same tourmaline in the major trace element
compositions (van Hinsberg, 2011; Zhao et al., 2019). The fluctuations
of Mg/(Mg + Fe) values and Ba and Pb contents in Tur-2 (Figures 6E,F)
reflect the gradual leaching and decomposition processes of the early
minerals and marble with the extensive water-rock reactions during late
retrograde skarnization. The decrease of Zn from the GT group, Tur-1 to
Tur-2 (Figure 6D), may reflect crystallization differentiation of silicates
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and sphalerite. Moreover, compared with the GT group, the higher Eu/
Eu* values and Sn content (Figures 6C,I) in Tur-1 and Tur-2 were coursed
by the contribution of more oxidizing fluids, which is more favorable to
lead to cassiterite precipitation.

5.3 Significance of the REE patterns of the
hydrothermal tourmaline

For the hydrothermal tourmaline from the Cuonadong Sn-W-Be
polymetallic deposit, there are two marked characteristics in the REE
patterns of the hydrothermal vein (Tur-1) and skarn (Tur-2)
(Figure 7).

1) Tur-2 has flat REE with weak LREE enrichment patterns, whereas
those of Tur-1 are left-upward with strong LREE enrichment.

HREE can be more easily leached than LREE from granites and
gneisses during high water-rock reactions due to hydrothermal
mobilization of HREE from the granitic surrounding rock by
plagioclase dissolution, releasing more HREE than LREE (Shibata
et al., 2006; Marks et al., 2013). However, this is in line with the right
inclined shape of the REE patterns of Tur-1, and we conclude that the
shape of the REE patterns for hydrothermal tourmalines reflects the
REE systematics of the fluids from which they crystallized with limited
influence from the granitic surrounding rock. This implies that the
REE contents of these hydrothermal fluids were unlikely controlled by
the alteration of minerals in the surrounding gneisses. Tur-1
essentially inherited the REE characteristics of the ore-forming
fluid released during the evolution of granitic magma. Meanwhile,
the depletion of HREEs in Tur-1 and REEs in Tur-2 can be caused by
the widespread co-crystallization of REE-rich minerals, particularly
garnet, zircon, rutile, and apatite, during the late stage of hydrothermal
activity and skarnization.
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Fe/(Fe + Mg) vs. Mg diagram of the tourmaline from the Cuonadong
Sn—W-Be polymetallic deposit, indicating the traveling distance of
tourmaline-forming hydrothermal fluids. The compositions of the
magmatic tourmaline in the leucogranite in the Xianglin area (GT
group, gray square) are obtained from Xie et al. (2022).
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2) Both Tur-1 and Tur-2 have obvious positive Eu anomalies.

Experimental studies concluded that tourmaline prefers Eu**
over Eu’* (van Hinsberg, 2011). It is noteworthy that Eu depletion
in the granite and marble is inconsistent with the positive Eu
anomaly in the hydrothermal fluid for Tur-1 and Tur-2. The
addition of Eu to the magmatic-hydrothermal fluid could have
been an alternative explanation for the positive Eu anomalies in the
hydrothermal tourmaline. Positive Eu anomalies in the late
hydrothermal minerals might be attributed to water-rock
interactions (Zhao et al., 2019; Harlaux et al., 2020), similar to
the positive Eu anomaly in scheelite from skarn (Dai et al., 2022).
Intense water-rock interactions are supported by widespread
skarnization and greisenization in the Cuonadong area (Dai
2022; 2022).
interactions between the original magmatic-hydrothermal fluid

et al, Wang et al, However, water-rock
and the marble stratum could not have led to tourmaline
formation with a positive Eu anomaly because all of them have
a negative Eu anomaly. In contrast, plagioclase in the granite tends
to be altered into sericite, thereby supplying Eu** to the ore-
forming fluid with a strong water-rock reaction during
magmatic-hydrothermal evolution by greisenization and
skarnization (Zhao et al., 2019; Harlaux et al., 2020; Hu and
Jiang, 2020). This process would enhance the Eu** concentration
of the ore-forming fluids for the hydrothermal veins and skarn.
Therefore, the addition of Eu®* to the ore-forming fluids due to the
hydrothermal alteration of the early rock-forming mineral during
the late hydrothermal stage was probably the main cause for the

generation of a positive Eu anomaly in Tur-1 and Tur-2.

5.3.1 Boron isotope defining the water—rock
reaction

The results of fluid inclusion micro-thermometry from quartz,
fluorite, calcite, and cassiterite indicate that the temperatures of the
hydrothermal fluids of the Cuonadong polymetallic deposit range
from 311°C to 319°C (an average of 315°C) and 232°C-361°C (an
average of 351°C) in the cassiterite-bearing quartz vein and
prograde skarn during the mineralization stage (Cao et al,
2021). The hydrothermal tourmalines have distinct 8''B values:
the 8"B values of Tur-1 are -13.7 to —13.2%o (an average

of -13.5%0), whereas Tur-2 has higher &§'""B values
(-11.1 to —9.3%o, an average of —10.6%o) (Figures 9, 10). In
terms of the equilibrium fluid-tourmaline fractionations

(A" Bfuid-tour) at 315°C and 351°C being at least 3.6%o0 and 3.2%o,
respectively (Meyer et al.,, 2008), our calculation results of the
8" Byyiq values of ore-forming fluids range for Tur-1 and Tur-2
were between —10.1 to —9.6%o and —7.9 to —6.1%o, respectively.
There is little B isotope fractionation between the melt and
exsolution fluid in the granitic magma system (Meyer et al,, 2008;
Zhao et al., 2019). The 8''Bgyq values of Tur-1 from —10.1 to —9.6%o are
close to the tourmaline §''B values (8.7 to —8.0%o) of leucogranite in
the Xianglin area (Xie et al., 2022), which suggest their closely genetic
relationship (Figure 7). The B isotope characteristics of the granitoid in
the Cuonadong polymetallic deposit indicate that it was mainly derived
from partial melting of a metasediment source. This is also consistent
with the Sr-Nd isotopic characteristic and high-K calc-alkaline and
peraluminous characteristic of the Cuonadong granitoid (Xie et al,
2018; Xie et al., 2020; Chen et al., 2021). Furthermore, the whole Tur-1
from the rim to the core shows constant Mg/(Mg + Fe) and §''B values,
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which indicates that the fluid composition was stable during Tur-1
formation (Figures 8, 9).

Boron isotope signatures of Tur-2 (§"B =-11.1 to —9.3%;
calculated 8''Bgug =-7.9 to —6.1%0), higher than those in the
leucogranitic melt, preclude the possibility of a single boron source
of the leucogranite (average §''B = —8.3%o) (Xie et al., 2022) and suggest
that the other sources with high 8''B values were needed. The possible
high &''B sources involved in the fluid of Tur-2 included seawater,
evaporite, and marine carbonate (Marschall and Jiang, 2011; Trumbull
and Slack, 2018). No seawater or evaporite was reported in/around the
Cuonadong area; thus, they were unable to be a heavy B source for Tur-
2. Instead, we propose that the B isotope signatures of Tur-2 could have
been formed by the mixing of marble with the original magmatic-
hydrothermal fluids because (1) Tur-2 was formed in a high-
temperature condition (average 351 °C) (Cao et al,, 2021), indicating
the contribution of a synchronous magmatic source during magmatic-
hydrothermal activity and (2) skarnization with strong hydrothermal
metasomatism was ubiquitous in the marble stratum (Cao et al., 2021;
Dai etal,, 2022; Wang et al,, 2022). In order to qualify their influence, we
performed the model calculation. The Tethyan Himalayan leucogranites

10.3389/feart.2023.1106871

(average B concentrations and §''B values of 144 ppm and —8.3%o,
respectively) (Wu et al., 2020; Xie et al., 2022) and marble (65.4 ppm and
+5.00%0) (Xavier et al., 2008; EarthChem, 2022) were used as the two
end-members, and the model equation is as follows:

mf
811B luid—Tur-2 = — 1 X 61131
/ mf, +my(1-f,)
my(1-£,) « 8''B,

+m1f1+m2(1_f1)

where §''By, §''B,, and 8"'Byid.rur-2 represent the B isotope values for
the Tethyan Himalaya leucogranite, marble stratum, and the mixing
fluid for Tur-2, respectively; m; and m, represent the molality of B in
the Tethyan Himalayan leucogranite and marble, respectively.

The model calculations indicate that the formation of Tur-2 (max
8""Byyiq value of —6.1%o) needs f, values to be 30.3%, suggesting that a
small amount of marble is involved in the formation of Tur-2,
compared with the magmatic-hydrothermal fluid. A schematic
model is used to illustrate the formation of tourmalines from the
Cuonadong polymetallic deposit and the boron isotope variations
from magmatic to hydrothermal tourmalines (Figure 11).
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FIGURE 11

Schematic model illustrating the formation of hydrothermal tourmalines from the Cuonadong polymetallic deposit. (A) Formation model for the
magmatic tourmaline in the leucogranite; (B) formation model for Tur-1in the hydrothermal quartz vein; (C) formation model for Tur-2 in the skarn; (D) boron
isotope variations caused by the magmatic-hydrothermal fluid activity and water—rock interaction between the hydrothermal fluid and surrounding rocks.
The magmatic tourmaline data from the Cuonadong leucogranite in the Xianglin area were obtained from Xie et al. (2022).
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5.4 Implications for metal enrichment and
mineralization

Tourmaline can host considerable amounts of Sn at the Y site through
substitution (Harlaux et al., 2020). The Sn content of Tur-1 ranges from
24.1 ppm to 40.7 ppm (average = 32.1 ppm), which is close to the content
in the Cuonadong two-mica granite (Sn = 15.7-29.9 ppm) (Huang et al,,
2018; Xie et al,, 2018; Cao et al., 2020) (Figures 5, 6C). The Sn distribution
coefficients in the tourmaline-silicate melt and fluid-melt are nearly 1
(van Hinsberg, 2011) and 1-6 (Zajacz et al., 2008; Schmidt et al., 2020),
respectively. Hence, the same Sn contents in the two-mica granite and
hydrothermal vein indicate that the fluid exsolution and upwelling from
the fault did not lead to a large amount of Sn enrichment in this study.
This may control the condition of the ore-forming fluid. This also shows
the importance of highly evolved magma to Sn ore-forming magma.

The Sn content can be continuously enriched during magmatic
evolution and then partitioned into minerals, such as cassiterite
(Schmidt et al,, 2020; Xiang et al., 2020). A small amount of Sn can
be preserved in the lattice of early rock-forming minerals, such as garnet
(Yu et al,, 2020). Increased Sn contents in the late-stage hydrothermal
tourmaline possibly reflect magmatic-hydrothermal evolution (Zhao
et al,, 2019; Harlaux et al, 2020) or/and hydrothermal fluid leaching
the early minerals through water-rock interactions (Harlaux et al., 2020).
The highest Sn contents in Tur-2 in the skarn, which range from 102 to
183 ppm, are higher than those in Tur-1 and two-mica granite in the
Cuonadong dome (Figure 6C). This is consistent with the extensive
water-rock reactions during late-stage skarnization, which enriched Sn by
leaching early minerals (Xiang et al., 2018; Xiang et al., 2020; Cao et al,,
2021; Wang et al., 2022) and recorded it in Tur-2.

Li and Be are incompatible elements in most rock-forming minerals
and tend to remain in the melt during fractional crystallization with
tourmaline-melt partition coefficients of 0.89 and 0.44, respectively (van
Hinsberg, 2011). An increase in the Li and Be contents of the tourmaline
can record progressive Li and Be enrichment during magmatic evolution
(Zhu et al., 2020). The Li and Be contents will also increase from magma
to hydrothermal fluids due to two processes: (1) melt-fluid separation
(Liu et al., 2020; Wang et al., 2022) and (2) water-rock interaction (Xiang
etal., 2020; Wang et al,, 2022). In the exsolution process of the magmatic-
hydrothermal fluid, Li and Be are enriched in the fluid because of their
higher incompatibility. The mobilization of Li and Be from the
surrounding gneiss and marble by hydrothermal activity, which has
substantial Li (an average of 32.5 and 46.6 ppm, respectively) and Be
(an average of 2.34 and 3.23 ppm, respectively) contents (EarthChem,
2022), can also contribute to the high Li and Be contents in the
hydrothermal tourmaline. Importantly, Tur-2 in skarn involved more
surrounding rock materials and has higher Li and Be contents than Tur-1
in the hydrothermal quartz vein in this study and the magmatic
tourmaline from the leucogranite (Figures 6A,B). Hence, late Li and
Be enrichment in the skarn was related to the strong water-rock reaction
among the fluid, the early hydrothermal minerals, and surrounding rock.

6 Conclusion

The texture and geochemical compositions suggest that Tur-1 in the
hydrothermal vein was formed from a magmatic-hydrothermal fluid with
little influence from the surrounding rock, whereas Tur-2 in the skarn
involved more fluid from surrounding rocks. The contents of ore-forming
elementsin the two types of tourmalinesindicate that the reaction between
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the magmatic exsolution fluid and the surrounding rockis essential for the
enrichment and precipitation of ore-forming elements.
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