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Abstract
The Hermyingyi quartz vein–type W–Sn deposit is one of the major tungsten and tin producers in Myanmar. It comprises a 
series of north-trending wolframite-cassiterite-bearing quartz veins mainly hosted in the Late Cretaceous monzogranite which 
intruded into Paleozoic metasedimentary rocks. Conventional fluid inclusion and infrared microthermometric results reveal 
that homogenization temperatures decrease from the wolframite-cassiterite stage (stage I, 239–348 °C) through the sulfide 
stage (stage II, 222–248 °C) to the barren quartz vein stage (stage III, 174–218 °C), whereas salinities vary in a similar range 
for stage I (1.4–11.7 wt% NaCl equiv.) and II (1.7–11.3 wt% NaCl equiv.) and are slightly lower in stage III (0.7–5.9 wt% NaCl 
equiv.). Fluid inclusions in wolframite and cassiterite from stage I have similar salinities but distinctly higher (~ 60 °C) temper-
atures compared to those in coexisting quartz. The δ18Ofluid (3.3 to 7.0‰) and δD (− 76 to − 61‰) values of quartz, wolfram-
ite, and cassiterite indicate a dominantly magmatic fluid in stage I, while decreasing values of quartz in stage II (δ18Ofluid = 1.3 
to 1.8‰, δD =  − 81 to − 71‰) and III (δ18Ofluid =  − 3.1 to − 1.6‰, δD =  − 89 to − 73‰) show a trend of cooling and dilution 
by meteoric water. The negative and increasing δ13Cco2 values (from − 20.5 to − 4.9‰) of quartz fluid inclusions from early 
to late stages imply that organic carbon was added to the magmatic fluid through fluid-rock interaction in stage I, consumed 
with time and almost exhausted in stage III. The δ34S values (1.6 to 7.9‰) of sulfides coupled with the comparable Pb iso-
tope data of the monzogranite (206Pb/204Pb = 18.572 − 18.784, 207Pb/204Pb = 15.749 − 15.760, 208Pb/204Pb = 39.265 − 39.333) 
and sulfides (206Pb/204Pb = 18.655 − 18.749, 207Pb/204Pb = 15.737 − 15.768, 208Pb/204Pb = 39.258 − 39.368) suggest igneous 
sources of sulfur and lead. By combining these results, we propose that fluid-rock interaction and fluid cooling have been 
responsible for the deposition of wolframite and cassiterite in the Hermyingyi deposit.

Keywords Fluid inclusion, Infrared microthermometry · H-O-C-S-Pb isotopes · the Hermyingyi W-Sn deposit · Southern 
Myanmar · Southeast Asia

Introduction

Tungsten (W) and tin (Sn) are two critical metals that have 
emerged as an indispensable part of various industrial appli-
cations, particularly the high-tech industry (Jiang et al. 
2020). Globally, Phanerozoic W–Sn mineralization occurs 
mainly along the margins of Gondwana-derived blocks 
(Romer and Kroner 2016) and shows a close spatial asso-
ciation with highly evolved peraluminous granites, which are 
generally considered the prime source of metals and miner-
alizing fluids (Heinrich 1990; Hulsbosch et al. 2016; Jiang 
et al. 2017, 2018, 2019a, 2019b, 2020; Lehmann 2021; Ni 
et al. 2020). These granite-related W–Sn deposits display a 
diversity of mineralization styles, e.g., vein, greisen, brec-
cia, pegmatite, and skarn types, which may be correlated 
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with the depth of granite emplacement (Linnen 1998). 
Despite a general consensus that the progressive evolution 
from magmatic through magmatic-hydrothermal transitional 
to hydrothermal conditions has been responsible for the 
concentration, transport, and deposition of W and Sn, the 
mechanism(s) effectively leading to ore deposition remain(s) 
an open issue. Fluid mixing, cooling, boiling, and fluid-rock 
interaction have been proposed as major processes for W–Sn 
ore formation (Heinrich 1990; Ni et al. 2015, 2020; Lecum-
berri-Sanchez et al. 2017; Korges et al. 2018; Jiang et al. 
2019b, 2020; Wang et al. 2019).

Southeast Asia is well known for its tin(-tungsten) endow-
ment. The Sn(–W) deposits and occurrences, intimately 
associated with Early Permian to Eocene granitic magma-
tism widespread in the Indochina-East Malay and Sibumasu 
blocks (Cobbing et al. 1986; Mitchell et al. 2012; Ng et al. 
2015; Gardiner et al. 2017; Jiang et al. 2017, 2021; Li et al. 
2018, 2019; Myint et al. 2018; Mao et al. 2020; Yang et al. 
2020), define the famous Southeast Asian Tin Belt (SATB), 
a belt 2800 km long and 400 km wide that extends from 
Indonesia in the south through Malaysia and Thailand to 
Myanmar in the north (Electronic Supplementary Material: 
ESM Fig. 1; Schwartz et al. 1995). Primary Sn deposits 
are mainly distributed in the western SATB, particularly 
in central and southern Myanmar, where some Sn deposits 
exhibit equally or more important than W mineralization 
(Fig. 1). The Hermyingyi W–Sn deposit, representative of 
quartz vein–type mineralization, has more than 100 years 
of mining history and is one of the major tungsten and tin 
producers in Myanmar. So far, only a few studies have been 
dedicated to the ore genesis of this historic deposit. Our 
geochronological data yielded a molybdenite Re–Os isoch-
ron age of 68.4 ± 2.5 Ma (Jiang et al. 2019a), coincident 
with the emplacement age of the Hermyingyi monzogranite 
(70.0 ± 0.4 Ma; Jiang et al. 2017). These overlapping ages 
confirm a close relationship between W–Sn mineraliza-
tion and granitic magmatism in the Hermyingyi deposit. A 
preliminary sulfur isotope study (δ34S =  + 1.9 to + 5.6‰) 
suggested a magmatic origin for sulfur (Jiang et al. 2019a). 
However, some basic issues concerning the fluid and metal 
source, the evolution of the mineralizing fluid, and the min-
eralization process of the Hermyingyi deposit remain poorly 
understood. Unraveling these issues may have a broader 
implication for understanding and exploring W–Sn deposits 
in Myanmar and beyond.

In this paper, we conduct a comprehensive study of the 
Hermyingyi W–Sn deposit in terms of fluid inclusions in 
coexisting quartz, wolframite, and cassiterite, and in situ 
sulfur isotope analysis as well as other isotope analyses (C, 
H, O, and Pb). Combining these new data with the previ-
ously published data and regional geologic constraints, we 
aim to trace the source of metals and mineralizing fluids and 
decipher the mechanism triggering ore deposition.

Geological setting

Myanmar lies primarily on two Gondwana-derived conti-
nental blocks: the Sibumasu Block in the east and the West 
Burma Block in the west, which are bounded by the N-S 
trending Sagaing Fault (Fig. 1; Barber and Crow 2009; 
Mitchell et al. 2012). The Mesozoic-Cenozoic geology of 
the West Burma Block is characterized by the development 
of the Wuntho-Popa Arc on the pre-Mesozoic basement, 
which underwent two periods of magmatic flare-ups at ca. 
110–80 and 70–40 Ma (Mitchell et al. 2012; Wang et al. 
2014; Gardiner et al. 2017; Lin et al. 2019). To the west 
of the West Burma Block lies the Indo-Burma Ranges, 
consisting mainly of Upper Triassic turbidites, Lower 
Eocene flysch deposits (Mitchell et al. 2012), and discon-
tinuous ophiolite occurrences (e.g., Kalaymyo, Chin Hill 
and Naga Hill ophiolites), which are dated at ca. 127 Ma 
and suggested as representing the Neo-Tethyan suture zone 
in Myanmar that could be correlated with the Yarlung-
Tsangpo suture zone in Tibet, China (Liu et al. 2016). It 
has been suggested that the Sibumasu Block was detached 
from Gondwana in the late Early Permian (Metcalfe 2013), 
covering northeastern Sumatra, western Peninsular Malay-
sia, western Thailand, and eastern Myanmar (ESM Fig. 1). 
In Myanmar, the Sibumasu Block is represented mainly 
by Upper Carboniferous-Lower Permian metasedimen-
tary rocks (the Mergui Series) in its southern part, Mid-
dle Permian Plateau limestones in its central and eastern 
parts, and the Mogok metamorphic belt along its west-
ern margin which has been interpreted as a response to a 
regional Eocene–Oligocene (ca. 47–29 Ma) metamorphic 
event (Searle et al. 2007). The granites, mainly emplaced 
between 128 and 17 Ma (Mitchell et al. 2012; Gardiner 
et al. 2017; Jiang et al. 2017; Li et al. 2018, 2019; Myint 
et al. 2018; Mao et al. 2020), occur throughout the Sibu-
masu Block within Myanmar, defining a N-S trending 
belt stretching at least from Mogok in the north through 
Tavoy to Myeik in the south (Fig. 1). These Cretaceous-
Neogene granites constitute the main part of the Western 
Province of Cobbing et al. (1986). In addition, the gran-
ites of the Eastern Province and the Main Range Province 
were recently reported in eastern Myanmar, adjacent to 
the Thai-Myanmar border (Fig. 1), with zircon U–Pb ages 
of 266–246 and 220–207 Ma, respectively (Gardiner et al. 
2016; Cong et al. 2021).

The W–Sn deposits and occurrences are not uniformly 
distributed in Myanmar. The Mawchi W–Sn deposit, the 
largest primary W–Sn deposit in Myanmar, is located in 
the Kayah State, central Myanmar (Fig. 1). A recent geo-
chronological study suggested that W–Sn mineralization 
and related granitic magmatism in the Mawchi deposit 
occurred synchronously at ca. 42 Ma (Myint et al. 2018). 
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Fig. 1  Simplified geological 
map showing major blocks and 
the granite belts of Myanmar 
(modified after Gardiner et al. 
2014). Typical W–Sn deposits 
are also shown. Abbreviations: 
G, granite; M, molybdenite; 
C, cassiterite. Ages of W–Sn 
mineralization and related 
granitic magmatism are from 1, 
Myint et al. (2018); 2, Li et al. 
(2018); 3, Jiang et al. (2017); 
4, Jiang et al. (2019a); 5, Mao 
et al. (2020). Ages of Permo-
Triassic granites are from 6, 
Gardiner et al. (2016); 7, Cong 
et al. (2021)
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According to Than Htun et al. (2017), the eastern Shan 
State (eastern Myanmar) is a promising area that deserves 
further detailed exploration, where the Mong Hsat primary 
Sn deposit hosted by Late Triassic (ca. 214 Ma) biotite 
granite was discovered in 2011 (Fig. 1). Apart from these, 
more than 50 primary Sn-W deposits, including the larg-
est tin placer deposit in Myanmar (the Heinda deposit), 
cluster in the Tavoy district, southern Myanmar, mak-
ing it the most important tin-tungsten-producing area in 
Myanmar (Than Htun et al. 2017). The strata exposed in 
southern Myanmar are dominated by the Mergui Series 
(Mitchell et al. 2012), which is equivalent to the Upper 
Carboniferous-Lower Permian Phuket Group in Peninsu-
lar Thailand, a thick sequence of rift-infill sediments con-
taining a high proportion of glacially derived diamictites 
(Ridd 2009). Quartz vein–type W–Sn mineralization is 
prevailing in the Tavoy district, spatially associated with 
the granites, e.g., the Hermyingyi, Bawapin, and Kalonta 
W–Sn deposits. Limited numbers of radiometric dating of 
ore minerals including U/Pb on cassiterite and Re/Os on 
molybdenite revealed a Late Cretaceous-Paleocene (ca. 
68–61 Ma) W–Sn mineralization event (Li et al. 2018; 
Jiang et al. 2019a), temporally coincident with ca. 70–52-
Ma granitic magmatism in the Tavoy district and nearby 
(Gardiner et al. 2017; Jiang et al. 2017; Li et al. 2019). 
Further south is the Myeik district, where several allu-
vial and primary Sn-W deposits are distributed, e.g., the 
Thabawleik alluvial deposit, and the Kuntabin and Lay-
tha Taung primary deposits (Than Htun et al. 2017; Mao 
et al. 2020). Based on the results of cassiterite U–Pb and 
molybdenite Re–Os dating, Mao et al. (2020) recently 

suggested that the Kuntabin Sn-W deposit formed at ca. 
88 Ma, genetically associated with the coeval (ca. 90 Ma) 
two-mica granite exposed in the mine.

Deposit geology

The Hermyingyi W–Sn deposit is located ~ 40 km northeast 
of Tavoy Township (Fig. 1). Based on Jiang et al. (2019a), 
we herein briefly summarize the geology of the Hermyingyi 
W–Sn deposit. The sedimentary country rocks consist of 
the Mergui Series, a thick sequence of Upper Carboniferous 
to Lower Permian metasediments locally intercalated with 
volcanic tuffs and agglomerates. The Hermyingyi granite 
occurs as a stock at least 1.4 km in length and up to 0.5 km 
in width (Fig. 2(a)) and intrudes the metasedimentary rocks 
with sharp contacts (Fig. 4a). Recent zircon U–Pb dating 
indicated that the granite was emplaced at ca. 70 Ma (Jiang 
et al. 2017). The Hermyingyi granite is a medium- to fine-
grained monzogranite consisting mainly of plagioclase (~ 35 
vol%), K-feldspar (~ 30 vol%), quartz (~ 25 vol%), muscovite 
(~ 5 vol%), and biotite (~ 5 vol%), and was interpreted as 
A-type granite generated in a back-arc extensional setting 
triggered by rollback of the Neo-Tethyan slab (Jiang et al. 
2017).

W–Sn mineralization at Hermyingyi comprises a series of 
subparallel quartz-wolframite-cassiterite veins, which strike 
nearly north–south and dip steeply to the east or the west and 
are hosted in the Hermyingyi granite and the surrounding 
metasediments (Fig. 2). More than 300 quartz veins with 
variable thickness from several mm to 2 m are documented 
in the Hermyingyi deposit, but only 15 of them are in 

Fig. 2  (a) Geological map of 
the Hermyingyi W–Sn deposit 
(modified after Jiang et al. 
2019a). (b) Cross section of the 
Hermyingyi deposit
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production (Than Htun et al. 2017; Jiang et al. 2019a). The 
ore minerals consist mainly of wolframite and cassiterite, 
and some sulfide minerals such as molybdenite, pyrite, chal-
copyrite, galena, sphalerite, and bismuthinite. The gangue 
minerals are mainly quartz, muscovite, and fluorite. Jiang 
et al. (2019a) recently reported a Re–Os isochron age of 
68.4 ± 2.5 Ma for molybdenite associated with W–Sn min-
eralization at Hermyingyi. The Hermyingyi W–Sn deposit 
in Myanmar shows two main differences with respect to the 
W–Sn deposits in South China (e.g., Jiang et al. 2019b): (1) 
unlike the W–Sn deposits in South China which are mainly 
hosted in the surrounding metasedimentary rocks, the ore 
veins at Hermyingyi are mainly hosted within the granite 
body; and (2) arsenopyrite appears to be absent in the Her-
myingyi W–Sn deposit, contrary to what is commonly found 
in the W–Sn deposits in South China.

Jiang et al. (2019a) recognized three main mineraliza-
tion stages at Hermyingyi: the wolframite-cassiterite stage 
(stage I), followed by the sulfide stage (stage II) and the 
barren quartz vein stage (stage III) (Fig. 3). Stage I is domi-
nated by massive quartz, wolframite, and cassiterite with 
trace amounts of sulfides (Fig.  4c–e). Wolframite com-
monly occurs as the tabular or needle crystal (Fig. 4b–c) 
and is locally found as nodules. In some cases, chalcopyrite 
is enclosed in wolframite (Fig. 5a). Cassiterite occurs as 
well-zoned crystals (Fig. 5b) commonly intergrown with or 

slightly earlier than wolframite (Fig. 5c, d, g). Molybdenite 
appears to be the earliest formed sulfide that is present as 
lamellar or tabular crystals (Fig. 4d–e) with kink-like struc-
ture (Fig. 5e). Despite the occasional occurrence in the 
center of the quartz veins, both wolframite and cassiterite 
occur mainly along the vein walls (Fig. 4b, c), possibly indi-
cating that they were deposited slightly earlier than the coex-
isting quartz. Stage II crosscuts stage I and is characterized 
by deposition of abundant sulfides with minor wolframite 
and cassiterite (Figs. 4f, g, 5c, f–i). Euhedral or subhedral 
pyrite grains are commonly intergrown with sphalerite and 
chalcopyrite (chalcopyrite disease) (Fig. 5h, i). Sphalerite 
generally occurs as fine-grained aggregates closely associ-
ated with chalcopyrite or galena (Fig. 4g). Some sphalerite 
grains are dispersed as droplets in chalcopyrite (Fig. 5i). 
Stage III is characterized by the occurrence of barren 
quartz and fluorite (Fig. 4h, i). The dominant hydrothermal 
alteration is greisenization, which is intense and pervasive 
at Hermyingyi and developed mainly on both sides of the 
ore-bearing veins (Fig. 4b–d). The greisen consists mainly 
of quartz and muscovite. Interestingly, the thickness of the 
greisen zones varies significantly and is proportional to the 
vein width to only a limited extent.

Sampling and analytical methods

More than 60 samples were collected from the 190-, 154-, 
and 100-m mine levels of the Hermyingyi deposit. Quartz 
samples from stages I, II, and III were used for fluid inclu-
sion study and C–H–O isotope analyses. Samples of wolf-
ramite and cassiterite from stage I were used for fluid inclu-
sion study and O isotope analysis. Thin sections of sulfides 
were used for in situ sulfur isotope analysis. Sulfide min-
eral separates and the granite samples which were previ-
ously studied by Jiang et al. (2017) were used for Pb isotope 
analysis.

A laser Raman spectroscopic study on individual inclu-
sions of quartz from stages I, II, and III was conducted at 
the State Key Laboratory of Geological Processes and Min-
eral Resources, China University of Geosciences (GPMR-
CUG), using a Renishaw RM-1000 Raman microprobe. 
An argon (532.5 nm) laser with a surface power of 2 mW 
was employed as the laser source. The microthermomet-
ric measurement of quartz was conducted using a Linkam 
THMSG600 heating/freezing stage coupled to a Leica DM 
2500p microscope at Collaborative Innovation Center for 
Exploration of Strategic Mineral Resources, China Uni-
versity of Geosciences. The microthermometric data of 
wolframite and cassiterite were obtained via a Linkam 
THMSG600 heating/freezing stage coupled to an Olympus 
BX51 infrared microscope. The range of temperature meas-
urement of the stage is from − 196 to 600 °C. During the 
analytical procedure, the freezing or heating rate was set at 

Fig. 3  Paragenesis of mineral assemblages showing the sequence of 
mineralization in the Hermyingyi W–Sn deposit (after Jiang et  al. 
2019a)
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20 °C/min and gradually reduced to 0.1–0.5 °C/min when 
approaching the phase transition point.

Carbon, hydrogen, and oxygen isotope analyses were car-
ried out at the Stable Isotope Laboratory, Institute of Min-
eral Resources, Chinese Academy of Geological Sciences in 
Beijing, using a MAT-251 mass spectrometer for C isotope 
analysis and a MAT-253 mass spectrometer for H–O iso-
tope analysis. The H and C isotope values were determined 

by measuring the water and  CO2 hosted by fluid inclusions 
of quartz, respectively. The O isotope values were obtained 
through direct measurement of quartz, wolframite, and cas-
siterite. The stable isotope analyses followed the procedures 
described in Zhang et al. (2013), Peng et al. (2018), and 
Jiang et al. (2019b). The hydrogen and oxygen isotope val-
ues were reported as per mil relative to the V-SMOW stand-
ard with the error of ± 2.0‰ for δD and ± 0.2‰ for δ18O, 

Fig. 4  a Granite intruding the metasedimentary rocks with sharp con-
tacts. b Euhedral wolframite attached to the vein walls, with central 
infill of massive quartz. c Wolframite-cassiterite quartz vein. d,  e 
Ore minerals of the wolframite-cassiterite stage. f Wolframite-bear-

ing quartz vein crosscut by chalcopyrite-pyrite vein. g Ore minerals 
of the sulfide stage. h, i Late-stage quartz-fluorite vein. Ccp chalco-
pyrite, Cst cassiterite, Fl fluorite, Gn galena, Mol molybdenite, Py 
pyrite, Qz quartz, Sp sphalerite, Wol wolframite
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and the carbon isotope values were reported with respect 
to the V-PDB standard with the error of ± 0.1‰ for δ13C.

In our previous study, sulfide grains were selected 
from unprocessed crushed samples by hand-picking, and 
their sulfur isotope compositions were measured through 
the conventional method (Jiang et al. 2019a). Herein, we 
obtained in situ sulfur isotope data of sulfides from differ-
ent stages using a Nu Plasma II MC-ICP-MS coupled with 

a Resonetics-S155 excimer ArF laser ablation system at 
GPMR-CUG. In order to collect the data, the spot analy-
ses were made using a 33-μm laser beam at pulse dura-
tion of 40 s and a frequency of 10 Hz. The procedure of 
in situ LA-MC-ICP-MS sulfur isotope analysis has been 
reported in Peng et al. (2018). A sphalerite standard NBS-
123 (δ34S =  + 17.1‰) and an in-house pyrite standard WS-1 
(δ34S =  + 1.0‰) were used as reference material. The sulfur 

Fig. 5  Photomicrographs of ore minerals. a Chalcopyrite enclosed in 
wolframite. b Well-zoned cassiterite. c Wolframite-cassiterite quartz 
vein crosscut by pyrite vein. d Cassiterite crosscut by wolframite. e 
Molybdenite showing kink-like structure. f Wolframite-bearing quartz 

vein crosscut by sulfide vein. g Wolframite-cassiterite quartz vein 
crosscut by sulfide vein. h, i Sphalerite coexisting with pyrite and 
chalcopyrite. Ccp chalcopyrite, Cst cassiterite, Mol molybdenite, Py 
pyrite, Qz quartz, Sp sphalerite, Wol wolframite
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isotope values were reported relative to the V-CDT standard 
with the error of ± 0.1‰.

The lead isotope compositions of 22 sulfide and 5 granite 
samples were determined via a Neptune Plus MC-ICP-MS, 
at the State Key Laboratory for Mineral Deposits Research 
of Nanjing University. The analytical procedure is similar to 
that described by Peng et al. (2018). The Pb reference stand-
ard NBS-981 was used for the correction of reported data, 
with measured 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb 
ratios of 16.941, 15.495, and 36.706, respectively.

Results

Fluid inclusions

Petrography and microthermometry of fluid inclusions

Based on optical and infrared observations, two types of 
fluid inclusions (FIs) were identified in quartz and wolfram-
ite (ESM Fig. 2a–f): (1) liquid-rich two-phase FIs (L-type) 
and (2) vapor-rich two-phase FIs (V-type). L-type FIs are 
dominant in quartz and wolframite and occupy > 95% of the 
total inclusion numbers, while V-type FIs are subordinate 
and contribute to ~ 5% of the total inclusion numbers. FIs in 
cassiterite are dominated by L-type FIs, which contain < 50 
vol% vapor bubbles (ESM Fig. 2g–i). In this study, the 
microthermometric measurements were carried out either on 
the isolated inclusions thought to be primary (Roedder 1984) 
or on a cluster of FIs with similar heating-freezing behavior 
which together represent fluid inclusion assemblages (FIA) 
(Goldstein and Reynolds 1994). Almost all the analyzed FIs 
are ellipsoid, negative crystal, or elongated in shape and 6 to 
20 μm in size (ESM Fig. 2). The microthermometric results 
are presented in ESM Table 1.

Wolframite‑cassiterite stage (stage I) L-type and V-type FIs 
in wolframite of stage I homogenized to liquid, with Th of 
296–348 °C and salinities of 2.7–10.6 wt% NaCl equiv. for 
L-type FIs and Th of 302–342 °C and salinities of 5.3–11.7 
wt% NaCl equiv. for V-type FIs (Fig. 6(a, b)). Only L-type 
FIs were recognized in cassiterite, which have similar Th 
(296–346 °C) and a smaller range of salinities (2.6–8.0 wt% 
NaCl equiv.) compared to FIs in wolframite (Fig. 6(a, b)). 
In comparison, FIs in quartz have distinctly lower Th but 
comparable salinities. Both L-type and V-type FIs in quartz 
homogenized to liquid. L-type FIs have homogenization 
temperatures (Th) of 239–276 °C and ice-melting tempera-
tures (Tm,ice) of − 6.5 to − 0.8 °C, corresponding to salinities 
of 1.4–9.9 wt% NaCl equiv., while V-type FIs yield Th of 
248–263 °C and salinities of 5.0–8.3 wt% NaCl equiv. (ESM 
Table 1; Fig. 6(c, d)).

Sulfide stage (stage II) Quartz of stage II contains L-type 
and V-type FIs, which homogenized to liquid. L-type FIs 
have Th of 222–248 °C and salinities of 1.7–11.3 wt% NaCl 
equiv., while V-type FIs have Th of 231–236 °C and salini-
ties of 3.7–6.2 wt% NaCl equiv. (Fig. 6(e, f)). Overall, FIs in 
quartz of stage II have lower Th but similar salinities when 
compared to those in stage I quartz.

Barren quartz vein stage (stage III) Only L-type FIs were 
found in quartz of stage III, which homogenized to liquid. 
Their Th and salinities range from 174 to 218 °C and 0.7 to 
5.9 wt% NaCl equiv., respectively (Fig. 6(g, h)), distinctly 
lower than those of FIs in quartz of stage I and II and in 
wolframite and cassiterite of stage I (ESM Table 1).

Laser Raman spectroscopy

Raman spectra for the vapor phase reveal that FIs in quartz 
of stage I contain only  CH4 (Fig. 7a) and FIs in quartz of 
stage II contain both  CH4 and  CO2 (Fig. 7b, c); only  CO2 
was detected from FIs in quartz of stage III (Fig. 7d). Inter-
estingly, despite the presence of  CO2 in the vapor phases, no 
 CO2-bearing FIs were observed petrographically.

Hydrogen, oxygen, and carbon isotopes

In stage I, the measured δD and δ18O values of quartz range 
from − 76 to − -61‰ and from 12.0 to 13.9‰, respectively; 
the calculated δ18Ofluid values of quartz range from 3.3 to 
5.2‰ (ESM Table 2; Fig. 8(a)). Wolframite and cassiterite 
in this stage have calculated δ18Ofluid values of 4.6–5.5‰ 
and 6.0–7.0‰, respectively (ESM Table 2; Fig. 8(b)). In 
stage II, the measured δD and δ18O values of quartz range 
from − 81 to − 71‰ and from 11.1 to 11.6‰, respectively; 
the calculated δ18Ofluid values of quartz range from 1.3 to 
1.8‰ (ESM Table 2; Fig. 8(a)). In stage III, the measured 
δD and δ18O values of quartz range from − 89 to − 73‰ and 
from 9.3 to 10.8‰, respectively; the calculated δ18Ofluid 
values of quartz range from − 3.1 to − 1.6‰ (ESM Table 2; 
Fig. 8(a)).

CO2 extracted from FIs of quartz have δ13Cco2 values 
of − 20.5 to − 12.1‰ (stage I), − 16.5 to − 15.4‰ (stage II), 
and − 10.2 to − 4.9‰ (stage III) (ESM Table 2; Fig. 9).

Sulfur and lead isotopes

Sulfides from stage I have δ34S values ranging from 3.2 
to 7.9‰, including values of molybdenite (3.2–4.3‰; 
n = 7, average = 3.6‰), chalcopyrite (6.2–7.9‰; n = 6, 
average = 7.1‰), and pyrite (5.7–7.7‰; n = 5, aver-
age = 6.6‰) (ESM Table 3; Fig. 10). Sulfides from stage II 
have slightly lower δ34S values ranging from 1.6 to 4.5‰, 
which were obtained from molybdenite (1.6–2.3‰; n = 4, 
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Fig. 6  Histograms of homog-
enization temperatures and 
salinities of fluid inclusions 
from different mineralization 
stages in the Hermyingyi W–Sn 
deposit
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average = 2.0‰), chalcopyrite (3.0–3.5‰; n = 4, aver-
age = 3.2‰), pyrite (2.4–4.5‰; n = 5, average = 3.7‰), 
and sphalerite (2.5–4.3‰; n = 5, average = 3.3‰) (ESM 
Table 3; Fig. 10).

Sulfide minerals have a narrow range of 206Pb/204Pb 
(18.655–18.749), 207Pb/204Pb (15.737–15.768) and 
208Pb/204Pb (39.258–39.368) (ESM Table 4; Fig. 11). Their 
lead isotope ratios are similar to those of the Hermyingyi 
monzogranite, with calculated (206Pb/204Pb)t, (207Pb/204Pb)t, 
and (208Pb/204Pb)t ratios of 18.572–18.784, 15.749–15.760, 
and 39.265–39.333, respectively (ESM Table 4; Fig. 11).

Fig. 7  Representative Laser 
Raman analysis of fluid inclu-
sions in quartz of different 
mineralization stages from the 
Hermyingyi W–Sn deposit. 
a L-type fluid inclusion in 
stage I quartz. b, c L-type fluid 
inclusions in stage II quartz. d 
L-type fluid inclusion in stage 
III quartz

Fig. 8  (a) Plot of δ18O versus δD showing the calculated fluid com-
position of quartz veins. The primary magmatic water field, meta-
morphic water field, and meteoric water line are from Taylor (1974). 
SMOW = Standard Mean Ocean Water. (b) Calculated oxygen isotope 
compositions of waters in equilibrium with different stages of quartz, 
wolframite, and cassiterite from the Hermyingyi W–Sn deposit

Fig. 9  Carbon isotopic compositions of fluid inclusions in quartz 
from different mineralization stages in the Hermyingyi W–Sn deposit. 
Carbon isotopic compositions of igneous rocks, marine carbonates 
and sedimentary organic matter are cited from Ohomto (1972) and 
Hoefs (2009)
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Discussion

Pressure estimation

The microthermometric data of FIs have been widely used 
in the estimation of fluid trapping pressure and emplace-
ment depth of hydrothermal ore deposits (e.g., Roedder 
and Bodnar 1980; Rusk et al. 2008). An accurate pres-
sure estimation can be made provided a cluster of FIs are 
trapped during phase separation (Roedder and Bodnar 
1980). At Hermyingyi, no different types of FIs with con-
trasting salinities but similar homogenization temperatures 
occur within individual FIA, integrated with the lack of 
high-salinity FIs (> ~ 20 wt% NaCl equiv.), arguing against 
fluid immiscibility or boiling. Under this circumstance, 
according to Rusk et al. (2008), only the minimum trap-
ping pressure can be determined for the Hermyingyi 
deposit. Given that the mineralizing fluid at Hermyingyi 

is a simple NaCl–H2O solution, we calculate the trapping 
pressure based on the formulae given by Driesner and 
Heinrich (2007). As shown in Fig. 12 a, the estimated trap-
ping pressures of stage I are 50–200 bars, corresponding to 
depths of 0.5–2 km, assuming hydrostatic conditions; the 
trapping pressures of stage II and III are less than 50 bars, 
corresponding to a depth of < 0.5 km, assuming hydro-
static conditions. Overall, the actual trapping pressures 
at Hermyingyi would be somewhat higher than these esti-
mated values.

Sources of the mineralizing fluids and metals

Quartz of stage I has δ18Ofluid values of 3.3 to 5.2‰ and 
δD values of − 76 to − 61‰, plotting close to the mag-
matic water field (Fig. 8(a)). In comparison, the δ18Ofluid 
values for wolframite (4.6 to 5.5‰) and cassiterite (6.0 to 
7.0‰) of stage I are slightly higher (ESM Table 2). All 
these data suggest that the fluid of stage I was dominantly 
magmatic in origin (Fig. 8). Quartz of stage II has lower 
δ18Ofluid (1.3–1.8‰) and δD values (− 81 to − 71‰), lend-
ing support to a mixture of magmatic and meteoric water 
(Fig. 8(a)). Quartz of stage III has the lowest δ18Ofluid (− 3.1 
to − 1.6‰) and δD values (− 89 to − 73‰), located closer 
to the meteoric water line (Fig. 8(a)). The general trend to 
lower δ18Ofluid and δD values with time (Fig. 8) suggests that 
more meteoric water was involved from stage I to III, and 
meteoric water has become dominant in stage III.

CO2 extracted from FIs hosted in quartz has a wide range 
of carbon isotope values (− 20.5 to − 4.9‰), exhibiting an 
increasing trend through time (ESM Table 2; Fig. 9). Pre-
vious studies have suggested that the δ13C values of  CO2 
from quartz-hosted FIs may approximately represent the 
carbon isotope composition (δ13Cfluid values) of total car-
bon in hydrothermal fluids and that variations in δ13Cfluid 
values may suggest different carbon sources (Kelly and Rye 
1979; Ohmoto 1986). Quartz of stage I has δ13Cco2 val-
ues of − 20.5 to − 12.1‰, which are intermediate between 
the characteristic ranges of the organic carbon source 

Fig. 10  Histogram of sulfur isotope compositions of sulfides from the 
Hermyingyi W–Sn deposit. Ccp chalcopyrite, Mol molybdenite, Py 
pyrite, Sp sphalerite

Fig. 11  a, b Lead isotopic 
compositions of sulfides and 
granites in the Hermyingyi 
W–Sn deposit. The Pb isotope 
curves for the mantle, orogen, 
and crust are from Zartman and 
Doe (1981)
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in sediments and the magmatic carbon source (Fig. 11), 
implying a contribution of 13C-depleted organic matter to 
the hydrothermal system during stage I. By combining the 
inference of a dominantly magmatic fluid in stage I (Fig. 10), 
we favor an interpretation that the magmatic fluid of stage I 
had its carbon isotope signatures modified by the addition of 
organic carbon, which presumably resulted from the interac-
tion of the magmatic fluid with the surrounding metasedi-
mentary rocks. Greisenization along the ore-bearing veins 
(Fig. 4b–d), involving the reaction of the fluid with feldspar, 
provides direct evidence of fluid-rock interaction. This inter-
pretation also corresponds to trace amounts of  CH4 detected 
in stage I (Fig. 7a–c). According to Dewaele et al. (2016), 
organic volatiles such as  CH4, which may have formed 
through the decomposition of organic matter in sediments, 
can be released into the hydrothermal system during fluid-
rock interaction. As the δ13Cco2 values increase gradually 
from stage I to III, and quartz of stage III has δ13Cco2 val-
ues (− 10.2 to − 4.9‰) close to the magmatic carbon source 
(Fig. 9), we suspect that isotopically light organic carbon 
was consumed with time and almost exhausted in stage III. 
The consumption of organic matter seems consistent with 
the observation of the disappearance of  CH4 and the occur-
rence of  CO2 from stage I to III (Fig. 7), which, as previously 
documented in the Pedra Preta wolframite deposit (Brazil), 
has been interpreted as the oxidation of  CH4 to  CO2 under 
more oxidizing conditions (Rios et al. 2003). The increasing 
δ13Cco2 values with time (Fig. 9), coupled with oxygen and 
hydrogen isotope evidence (Fig. 8), indicate that the influx 
of meteoric water may have contributed to increasing oxygen 
fugacity (fO2).

The lack of sulfate minerals combined with the detec-
tion of  CH4 in some FIs (Fig. 7a–c) suggests a relatively 
reduced condition in which  H2S was the dominant sulfur 

species (Ohomto 1972). The bulk sulfur isotope composition 
of the hydrothermal system can thus be well approximated 
by δ34S values of sulfides (Ohomto 1972). Sulfides from 
stage I and II have δ34S values ranging from 3.2 to 7.9‰ 
and from 1.6 to 4.5‰, respectively, implying a relatively 
homogeneous sulfur source (ESM Table 3; Fig. 10). There 
is a decreasing trend in δ34S values from stage I to II, which 
may be attributed to increasing pH and/or fO2 (Ohomto 
1972). An increase in pH is likely since the accompanied 
greisenization is a reaction involving the consumption of  H+ 
ions (Heinrich 1990; Pirajno 2009), which would provoke 
an increase in pH. Increasing fO2 is also the cause, which 
agrees well with the oxidation of  CH4 to  CO2 as shown by 
laser Raman analyses (Fig. 7a–c), abundant sulfide deposi-
tion, and the input of oxidized meteoric water in stage II. Of 
course, a modest increase in fO2 is suggested, given that a 
significant change in fO2 would result in sulfate deposition 
(Ohomto 1972), contrary to the observation at Hermyingyi. 
The relatively limited range of δ34S values (1.6–7.9‰) at 
Hermyingyi, similar to those reported for granite-related 
W–Sn deposits worldwide, such as the Mawchi deposit in 
Myanmar (δ34S =  − 3.6 to 5.0‰; Myint et al. 2018), the 
Panasqueira deposit in Portugal (δ34S =  − 4.0 to 3.0‰; 
Kelly and Rye 1979), and the Shirenzhang (δ34S =  − 5.7 
to − 2.9‰), Meiziwo (δ34S =  − 7.0 to − 3.3‰), and Yaol-
ing (δ34S =  − 4.1 to 0.3‰) deposits in China (Jiang et al. 
2019b), indicates a magmatic origin for sulfur, e.g., the local 
Hermyingyi granitic magma.

At Hermyingyi, the limited range of Pb isotopic com-
positions of sulfides indicates an isotopically homogeneous 
source (ESM Table 4; Fig. 11). The Hermyingyi monzogran-
ite has age-corrected Pb isotope ratios comparable to the 
sulfides, with all data plotting above the upper continental 
crust curve on the Pb–Pb diagram (Fig. 11). Together with 

Fig. 12  a Pressure estimation for fluid inclusions from different 
stages. Isobars were calculated from the equations of Driesner and 
Heinrich (2007). b Plot of homogenization temperature versus salin-

ity for fluid inclusions from different mineralization stages in the Her-
myingyi W–Sn deposit
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the spatial and temporal proximity between the ore-bearing 
veins and the monzogranite (Jiang et al. 2017, 2019a), it is 
reasonable to consider the Hermyingyi monzogranite as the 
likely source of ore lead.

Fluid evolution

It has been suggested that quartz vein-type W–Sn depos-
its are genetically associated with highly evolved granites, 
from which aqueous fluids would have exsolved during the 
magmatic-hydrothermal transition, which are the possible 
source of metals (Heinrich 1990; Wood and Samson 2000; 
Pirajno 2009; Hulsbosch et al. 2016; Jiang et al. 2017, 2018, 
2019a, 2019b, 2020; Lehmann 2021; Ni et al. 2020). At Her-
myingyi, the close spatial and temporal association of W–Sn 
mineralization with granitic magmatism has been well docu-
mented (Jiang et al. 2017, 2019a). The Hermyingyi monzo-
granite has high F contents (0.02–0.65 wt%) and extremely 
low Nb/Ta ratios (1.98–4.04) (Jiang et al. 2017), most likely 
resulting from a combination of fractional crystallization 
and the exsolution of volatile-rich fluids (Jahn et al. 2001; 
Ballouard et al. 2016).

At Hermyingyi, the hydrothermal system has gone 
through a three-stage process comprising the wolfram-
ite-cassiterite stage (stage I), the sulfide stage (stage II), 
and the barren quartz vein stage (stage III) (Fig. 3). The 
 H2O–NaCl system is indicated by laser Raman analysis, in 
which trace amounts of volatiles (e.g.,  CH4 and  CO2) were 
dissolved (Fig. 7). Overall, the mineralizing fluids were of 
low salinity (0.7–11.7 wt% NaCl equiv.) and medium–low 
temperature (174–348 °C). In stage I, FIs in quartz have Th 
of 241–276 °C and salinities of 1.4–9.9 wt% NaCl equiv.; 
FIs in wolframite and cassiterite have similar salinities, but 
their temperatures are ~ 60 °C higher than those in the coex-
isting quartz (ESM Table 1; Figs. 6(a–d) and 12b). Such 
a large temperature gap between coexisting wolframite, 
cassiterite, and quartz has been previously reported from 
many W–Sn deposits worldwide, especially those in China 
(Wei et al. 2012; Ni et al. 2015; Chen et al. 2018; Myint 
et al. 2018). The temperature gap, previously ascribed to 
the reversible post-trapping effect which may result in only 
a small temperature error for FIs trapped in quartz (Roedder 
1984), is reinterpreted by some researchers to represent the 
true temperature difference, indicating the earlier deposition 
of wolframite than the coexisting quartz (Lüders 1996; Ni 
et al. 2015). The interpretation of Lüders (1996) and Ni et al. 
(2015) is plausible for the microthermometric data obtained 
herein as well, especially considering the field evidence that 
both wolframite and cassiterite occur mainly along the vein 
walls (Fig. 4b, c). Based on hydrogen, oxygen, and carbon 
isotope data, it is inferred that the fluid of stage I was domi-
nantly of magmatic origin, and its carbon isotope values 

were modified by addition of organic carbon through fluid-
rock interaction (Figs. 8 and 9).

In stage II, FIs in quartz have Th of 222–248 °C and salin-
ities of 1.7–11.3 wt% NaCl equiv. (ESM Table 1; Fig. 6(e, 
f)). From stages I to II, a visible decrease in temperatures 
is observed accompanied by nearly constant salinities 
(Fig. 12b). We argue that this trend may only record the 
cooling process of the mineralizing fluid from stages I to 
II, and may imply that the influence of fluid mixing was 
minor, despite decreasing δ18Ofluid and δD values indicating 
the influx of small amounts of meteoric water (Fig. 8(a)). 
Slightly higher δ13Cco2 values of quartz in stage II as com-
pared to quartz in stage I (Fig. 9) are ascribed to the con-
sumption of 13C-depleted organic matter.

FIs in quartz of stage III have lowest Th (174–218 °C) and 
salinities (0.7–5.9 wt% NaCl equiv.) (ESM Table 1; Fig. 6(g, 
h)). From stages II to III, there is a drop in both temperatures 
and salinities (Fig. 12b), which can be readily explained by 
progressive cooling and dilution by increasing amounts of 
meteoric water, as shown by hydrogen and oxygen isotope 
evidence (Fig. 8(a)). The δ13Cco2 values close to the mag-
matic carbon source (Fig. 9) possibly indicate the almost 
exhaustion of organic matter in stage III.

Ore deposition mechanism

At Hermyingyi, fluid cooling may have facilitated wolfram-
ite deposition. Our microthermometric results obtained from 
stage I reveal that the fluid experienced a decrease in tem-
perature accompanied by nearly constant salinity (Fig. 12b). 
This trend contrasts with cooling and dilution by mixing 
with meteoric water (Wilkinson 2001; Wei et al. 2012; Jiang 
et al. 2019b) but may be explained by a simple cooling pro-
cess, which could significantly reduce the temperature but 
is unable to change the salinity (Wilkinson 2001; Ni et al. 
2015; Chen et al. 2018). Hydrogen and oxygen isotope data 
of quartz combined with oxygen isotope data of wolframite 
and cassiterite (Fig. 8) also argue against the involvement 
of meteoric water in stage I. Three reasons render it unlikely 
that fluid boiling, if any, was a dominant wolframite deposi-
tion at Hermyingyi. Firstly, boiling assemblages consisting 
of coexisting brine and vapor phases, which serve as the 
direct and solid evidence for fluid boiling, are lacking in 
stage I (ESM Fig. 2). Secondly, the salinities of the miner-
alizing fluid of stage I are low and range from 1.4 to 11.7 
wt% NaCl equiv., similar to those (0–15 wt% NaCl equiv.) 
reported for W(–Sn) deposits worldwide which are not pro-
duced by the fluid boiling process (e.g., Wood and Samson 
2000), such as Panasquiera in Portugal (4.5–11.2 wt% NaCl 
equiv.; Kelly and Rye 1979), Dae Hwa in Korea (2.6–14.4 
wt% NaCl equiv.; So et al. 1983), Xihuashan (0.9–13.7 
wt% NaCl equiv.; Wei et al. 2012), and Dajishan in China 
(0.2–8.8 wt% NaCl equiv.; Ni et al. 2015), and Mawchi in 
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Myanmar (4.5–15.7 wt% NaCl equiv.; Myint et al. 2018). 
Of note, according to Korges et al. (2018), such a salinity 
variation (1–10 wt% NaCl equiv.) may reflect gentle boiling. 
Thirdly, unlike the Hermyingyi deposit, the W–Sn deposits 
produced by the fluid boiling process contain high-salinity 
FIs (> ~ 20 wt% NaCl equiv.), which mostly homogenize 
through halite dissolution (Wood and Samson 2000). For 
example, the Sn-W Zinnwald deposit contains brine inclu-
sions with salinities up to 40 wt% NaCl equiv. (Korges et al. 
2018). The highly depleted δ13Cco2 values indicate fluid-
rock interaction in stage I (Fig. 9), as revealed by the accom-
panied greisenization along the ore-bearing quartz veins 
(Fig. 4b–d; Jiang et al. 2019a). Fluid-rock interaction seems 
a viable mechanism for wolframite deposition because (1) 
external Fe and Mn are required to precipitate wolframite 
from fluids with tungstate species such as  H2WO4

0,  HWO4
−, 

 WO4
2−,  NaHWO4

0, and  NaWO4
− which are dominantly 

responsible for tungsten transport (Wood and Samson 2000; 
Wang et al. 2019); (2) the thermodynamic simulation study 
of Wang et al. (2020) revealed that aqueous tungsten could 
maintain its mobility only insofar as the hydrothermal fluid 
contains extremely low contents of Fe, Mn, and Ca; and (3) 
Lecumberri-Sanchez et al. (2017) argued that as a result 
of fluid-rock interaction, significant amounts of Fe and Mn 
(especially Fe) are extracted from the surrounding rocks 
which provide sufficient Fe and Mn for wolframite depo-
sition. Moreover, the accompanied greisenization, direct 
evidence for fluid-rock interaction, is an acid-consuming 
reaction (Heinrich 1990; Pirajno 2009) that may trigger 
wolframite precipitation by increasing the pH value (Wood 
and Samson 2000). Considering that the ore-bearing veins 
are associated with intense greisenization, we speculate that 
a temperature decrease in stage I may be dominantly caused 
by heat transfer due to fluid-rock interaction. Of course, the 
contribution of fluid-rock interaction to wolframite depo-
sition is an issue that deserves further examination, given 
the proposal of Pan et al. (2019) that the Fe content of the 
hydrothermal fluid may have been underestimated due to the 
relatively high detection limit for Fe in LA-ICP-MS.

FIs in cassiterite have similar temperatures but a smaller 
range of salinities compared to FIs in wolframite (Figs. 6(a, 
b) and 12). These data, combined with the observations that 
wolframite crosscuts cassiterite (Fig. 5d) and that cassiter-
ite has higher δ18Ofluid values than wolframite (Fig. 8(b)), 
indicate that cassiterite was probably deposited slightly 
earlier than wolframite in the Hermyingyi deposit. Fluid-
rock interaction is an intriguing mechanism because (1) 
greisenization is an acid-consuming process that could bal-
ance the acidity released during cassiterite deposition; and 
(2) greisenization would result in preferential oxidation of 
Sn(II) to Sn(IV) (Heinrich 1990; Pirajno 2009; Hulsbosch 
et al. 2016; Lehmann 2021). The larger range of salini-
ties of FIs in wolframite may be due to an increase of  Na+ 

and  Cl− caused by feldspar destruction during continued 
fluid-rock interaction (e.g., greisenization):  3NaAlSi3O8 
(feldspar) +  2HCl0 +  KCl0 =  KAl3Si3O10(OH)2 (musco-
vite) +  6SiO2 +  3Na+  +  3Cl− (Heinrich 1990). Moreover, a 
temperature decrease due to fluid cooling (Fig. 12b) may 
promote cassiterite deposition by lowering the solubility 
of Sn(II)–Cl complexes at Hermyingyi, as previously sug-
gested by Eugster (1986). In summary, it is concluded that 
both fluid-rock interaction and fluid cooling are efficient 
mechanisms for wolframite and cassiterite deposition at 
Hermyingyi.

Conclusions

A study of fluid inclusions in wolframite, cassiterite, and 
quartz, and C–H–O–S–Pb isotope analysis, is conducted to 
trace the source of metals and mineralizing fluids and to 
decipher the ore deposition mechanism in the Hermyingyi 
quartz vein–type W–Sn deposit. Overall, the mineralizing 
fluids were of low salinity and medium–low temperature, 
with trace amounts of dissolved  CH4 and  CO2. Conventional 
and infrared microthermometric results suggest that homog-
enization temperatures of fluid inclusions decrease gradually 
from stage I to III, whereas their salinities vary in a similar 
for stages I and II and fall in stage III; fluid inclusions in 
wolframite and cassiterite from stage I have similar salini-
ties but distinctly higher temperatures compared to those 
in coexisting quartz. Oxygen and hydrogen isotope values 
indicate a dominantly magmatic fluid in stage I, which was 
cooled and diluted by influx of meteoric water in stages II 
and III. The negative and increasing carbon isotope values 
imply that organic carbon was added to the magmatic fluid 
through fluid-rock interaction in stage I, consumed with 
time, and almost exhausted in stage III. Sulfur and lead 
isotope values indicate a magmatic origin for sulfur and 
lead. These new results collectively suggest that fluid-rock 
interaction and fluid cooling were the driving mechanisms 
for wolframite and cassiterite deposition in the Hermyingyi 
W–Sn deposit.
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