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A B S T R A C T

The Tiegelongnan porphyry-epithermal Cu (Au) deposit is located in the Duolong porphyry district, north of the
Bangong-Nujiang suture zone, Tibet, China. Mineralization is hosted by Jurassic sedimentary sandstone, and
several phases of diorite and granodiorite porphyry dikes intruded between 123 and 116 Ma. The hydrothermal
alteration is characterized by alunite-kaolinite-dickite overprinting quartz-muscovite-pyrite and biotite altera-
tion zones. Porphyry chalcopyrite-pyrite ± molybdenite (Stage 1) mineralization is associated with biotite
alteration. Porphyry chalcopyrite-bornite (Stage 2), and covellite (Stage 3) mineralization is associated with
quartz-muscovite-pyrite alteration formed at ~121 Ma. Epithermal mineralization, consisting of pyrite-alunite
(Stage 4), chalcopyrite-bornite-digenite (Stage 5), and tennantite-enargite (Stage 6), is hosted by two pulses of
alunite-kaolinite breccia and veins at ~116 Ma and ~112 Ma. The fluid composition related to muscovite, with
average δ18O of 8.9‰ and δD of −56‰, indicates a magmatic water origin. Fluid δ18O composition in equi-
librium with quartz veins decreases from 6.7 to 2.3‰, which are likely the results of the water-rock isotopic
exchange. Quartz fluid inclusions δD values between −50 to −84‰ are partly lower than that obtained from
muscovite alteration fluids, which may result from H fractionation during fluid inclusions decrepitation.
Epithermal stage fluid composition equilibrium with alunite yield δ18O from −1.2 to 2.7‰ and δD from −71 to
−51‰, n = 11, which is comparable to the fluid composition equilibrium with Type Ⅰ kaolinite (hosting ores)
with δ18O between −2.5 and 2.9‰, and δD between −72 and −51‰. It suggests that alunite and Type Ⅰ
kaolinite formed with mixing between magmatic and high altitude Cretaceous meteoric water. Late Types Ⅱ and
III kaolinite (filling alunite and quartz veins) fluid δ18O and δD values plot along a mixing line between mag-
matic and low altitude Cretaceous meteoric water, probably following the erosion and plateau subsidence.
Porphyry mineralization sulfide stage 1 chalcopyrite and pyrite yield δ34S values between −5.8 and 0.9‰, with
an average fluid δ34SH2S = −2.5‰ (n = 10), whereas stage 2 chalcopyrite returns δ34S values from −8.7 to
−3‰ with an average δ34SH2S = −5.6‰ (n = 5). The lower fluid δ34SH2S values during sulfides stage 2
compared to that of stage 1, suggest that the chalcopyrite-bornite mineralization formed under higher oxidation
conditions than that of the chalcopyrite-pyrite mineralization. Alunite yields δ34S values from 11 to 18.3‰
(n = 8), and the associated sulfide stage 4 pyrite have varying δ34S values from −32.2 to 5.4‰. Disequilibrium
S isotope in alunite-pyrite pairs was likely because of rapid cooling and retrograde S isotope exchange during
later sulfides emplacement. Epithermal mineralization sulfide Stage 4 S-equilibrated pyrite (−14.9 to −9.5‰),
Stage 5 chalcopyrite (−11.6 to −8.2‰), and Stage 6 enargite (−5.4 to −2.6‰) display increasing δ34S values
suggesting epithermal fluid compositions evolve towards more reducing conditions.

1. Introduction

Porphyry hydrothermal system is widely recognized derived from
magmatic fluids, however, exotic fluids, such as seawater and meteoric

water, are also involved in the formation and reconstruction of this
system (Dilles et al., 1992; Seedorff et al., 2005; Orovan et al., 2018).
Meteoric water is the most common exotic fluids in porphyry-related
system, which is principally involved with the formation of alunite-
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kaolinite alteration at the top of porphyry hydrothermal system
(Stoffregen, 1987; Hedenquist and Taran, 2013). It also contributes to
the reconstructions of the porphyry hydrothermal system, such as
cooling and overprinting of porphyry hydrothermal alterations
(Sheppard and Taylor, 1974; Gustafson and Hunt, 1975), supergene
oxidization and enrichment (Sillitoe, 2005), and exhumation of the
porphyry-related system (Yanites and Kesler, 2015). Alunite is one of
the key minerals for exploring and understanding the hydrothermal
environment of epithermal deposits (Rye, 1993; Deyell et al., 2005;
Chang et al., 2011). Alunite commonly forms as a result of magmatic
vapor condensing in groundwater, causing a pH decrease in the epi-
thermal environment (Stoffregen, 1987; Hedenquist and Taran, 2013).
Alunite and associated sulfides S isotope compositions offer information
about the hydrothermal fluid temperature and redox state of the system
(Rye et al., 1992; Stoffregen et al., 1994). However, alunite can also
form under other different conditions during magmatic steam, steam
heated, and supergene alteration, showing varying O, H, and S stable
isotope signatures (Rye et al., 1992; Rye, 1993), which should be dis-
criminated in exploration for epithermal deposits.

The Tiegelongnan deposit, located in the Duolong district, north of
the Bangong-Nujiang suture zone, Tibet, China, is a large porphyry-
epithermal deposit containing measured, indicated, and inferred re-
sources of 2089 Mt grading 0.53% Cu (Jinlong Mining Co., Ltd, 2017).
The gold grade is low at 0.08 g/t (Tang et al., 2017). Tiegelongnan was
the first porphyry Cu (Au) deposits with high-sulfidation epithermal
alteration and mineralizations discovered in Tibet (Tang et al., 2014). It
formed with multiple phases of Cretaceous high-K calc-alkaline inter-
mediate and felsic porphyritic intrusions. The primary porphyry mi-
neralization took place at ~120 Ma associated with porphyry stage
biotite and quartz-muscovite-pyrite alteration, which is overprinted by
two main epithermal mineralization pulses with alunite-kaolinite-
dickite alteration at ~116 Ma and ~112 Ma (Lin et al., 2017a; Yang
et al., 2020). Supergene oxidation and enrichment are present at the
shallow level of the deposit. Exhumation of this deposit started after its
initial formation and continued till now. The compositions of the hy-
drothermal fluids that formed alteration and mineralization of the
Tiegelongnan deposit, however, remains mostly unknown.

Although, a small amount of quartz O and fluid inclusions H stable
isotopes (n = 8) indicate a magmatic fluid origin at Tiegelongnan (Lin
et al., 2017b), no porphyry stage hydrothermal aluminosilicate or
epithermal stage alteration mineral has been investigated for their
stable isotope compositions. Lin et al. (2017b) and Wang et al. (2017)
presented sulfides and gypsum bulk mineral S isotope compositions,
and proposed a mantle S source. However, the S isotope compositions
in relation with sulfide paragenetic sequence, S isotope equilibrium
conditions between sulfide and sulfate, and redox state evolution of
hydrothermal fluids were not discussed. Therefore, the objective of this
paper is to investigate H, O, and S (including in situ S analyses) isotopes
of hydrothermal minerals based on detailed evolution of the hydro-
thermal system with paragenetic sequence, and to discuss the compo-
sition of the hydrothermal fluids, and metals precipitation environ-
ment, during the evolution of porphyry and epithermal hydrothermal
events in the Tiegelongnan deposit.

2. Geology

2.1. Duolong district

The Duolong district is a large porphyry-epithermal Cu-Au system,
located in the western Bangong-Nujiang Suture Zone, mid-west Tibet,
China (Fig. 1a and b). This porphyry-related system is hosted by a
continental arc, related to the Cretaceous northward subduction of the
Bangong-Nujiang Ocean plate under the Southern Qiangtang terrane
(Zhu et al., 2016). The Duolong district consists of several porphyry and
epithermal deposits and prospects (Fig. 1c). Duobuza and Bolong were
the first two porphyry Au-Cu deposits discovered in the district (Li

et al., 2013). The Naruo porphyry Cu-Au deposit and Tiegelongnan
porphyry-epithermal Cu (Au-Ag) deposit were discovered in 2013
(Tang et al., 2014; Ding et al., 2017; Lin et al., 2018). The Nadun de-
posit is recognized as a high-sulfidation epithermal Cu-Au deposit (Li
et al., 2016a). Gaerqin is an epithermal Cu-Au mineralization prospect,
whereas Dibao, Sena, and Saijiao are porphyry Cu-Au mineralization
prospects.

The oldest sedimentary rocks in the Duolong district are the Upper
Triassic Riganpeicuo Formation limestones (Fig. 1c), overlain by Upper
to Middle Jurassic Sewa and Quse formations sandstone, siltstone, and
claystone, which hosts the porphyry deposits. The Cretaceous Meir-
iqiecuo Formation consists of basalt, andesite, dacite, rhyolite, and
pyroclastic rocks that unconformably overlies the Sewa and Quse for-
mations. The Oligocene Kangtuo Formation conglomerate un-
conformably overlies the Jurassic sedimentary and Cretaceous volcanic
rocks. Quaternary eluvial sediments cover the north-western and south-
eastern parts of the Duolong area.

Dozens of Cretaceous intrusive dikes are present in the Duolong
district (Fig. 1c). Most intrusions are intermediate to felsic porphyry
rocks, including diorite, quartz diorite, and granodiorite, which are
associated with the formation of the porphyry and epithermal deposits
(Li et al., 2014; Sun et al., 2017). These intrusions were emplaced be-
tween 126 and 116 Ma, whereas post-mineral volcanic rocks of the
Meiriqiecuo Formation erupted between 114 and 105 Ma (Wang et al.,
2015; Li et al., 2016b; Li et al., 2017; Lin et al., 2017a).

2.2. Tiegelongnan deposit

The Tiegelongnan deposit is hosted by the Jurassic Sewa Formation
sandstone, which is unconformably covered by Cretaceous andesite and
Oligocene Kangtuo Formation conglomerate (Fig. 1d). Several pulses of
porphyry dikes were emplaced in Jurassic sandstone between ~123 and
~116 Ma (Fang et al., 2015; Lin et al., 2017b; Zhang et al., 2018; Yang
et al., 2020). Several deep boreholes encountered biotite hornfels below
4100 m elevation (Fig. 2a). The Cretaceous Meiriqiecuo Formation
andesite covers the top of the Tiegelongnan deposit, along an angular
unconformity over a layer of erosional breccia on the top of the Jurassic
Quse Formation sandstone (Fig. 2a). The western and southern parts of
the andesite are overlain by piedmont and steam gravel (Fig. 2a) that
conceal the hydrothermal mineralization and alteration, and por-
phyritic intrusions. The Rongna NW-striking reverse fault dips steeply
to the south, and displaces andesite and ore in the southern part of this
deposit (Song et al., 2018).

3. Alteration and mineralization

The main hydrothermal alteration stages, and their associated hy-
drothermal mineralogy and sulfides stage are summarized in Fig. 3.
Biotite, quartz-muscovite-pyrite, and chlorite alterations are associated
with porphyry sulfide mineralization, whereas alunite-kaolinite-dickite
alteration host the epithermal sulfide mineralization.

3.1. Biotite alteration

A small volume of biotite alteration is present at depth (Fig. 2b),
characterized by hydrothermal biotite-chalcopyrite (EB) vein, and hy-
drothermal biotite in quartz-molybdenite-chalcopyrite-pyrite (B1-type)
veins. The vein-hosted hydrothermal biotite differs from the dis-
seminated metamorphic biotite in the hornfels. Hydrothermal biotite at
Tiegelongnan is Mg-rich, whereas metamorphic biotite is Fe-rich (Yang,
unpublished data). Hydrothermal biotite fills in the center of quartz
veins, and it is replaced by kaolinite (Fig. 4a). Biotite alteration is
overprinted by muscovite-quartz-pyrite alteration (Fig. 3). One hydro-
thermal biotite yielded a 40Ar-39Ar age of 121.1 ± 0.6 Ma (Lin et al.,
2017a). Disseminated chalcopyrite and pyrite, and B1 vein-hosted
chalcopyrite, pyrite, and molybdenite are Stage 1 sulfides
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mineralization present in the biotite alteration zone (Fig. 3).

3.2. Chlorite alteration

Chlorite alteration is present at the eastern periphery of
Tiegelongnan (Fig. 2b), characterized by an assemblage of chlorite-
pyrite ± epidote ± calcite ± illite. Chlorite-pyrite, a few pyrite-
quartz (D-type) vein, and pyrite veins occur in this zone. Pyrite ±
chlorite veins are also named as C veins by Zhang et al. (2018). Mi-
neralization occurs as minor chalcopyrite-pyrite and supergene chal-
cocite veins.

3.3. Quartz-muscovite-pyrite alteration

A large part of granodiorite porphyry intrusions and sandstone wall
rocks are affected by quartz-muscovite-pyrite alteration. Feldspar phe-
nocrysts and the matrix of granodiorite porphyries are mostly altered to
muscovite. Muscovite was dated by 40Ar-39Ar at the age of
120.9 ± 0.8 Ma, which is similar to the ages of main ore-bearing
porphyries and hydrothermal biotite, although a younger muscovite
age of 108.7 ± 0.7 Ma obtained (Yang et al., 2020). A-type quartz-
chalcopyrite-borntie vein is cut by B2-type quartz-molybdenite veins
(Fig. 4b) at depth (>~800 m) in the quartz-muscovite-pyrite alteration
zone. D-type quartz-pyrite and pyrite veins are commonly present in

Fig. 1. a, b) Location of the study area; c) Geology of the Duolong porphyry Cu-Au district; d) Geology and sample location of the Tiegelongnan deposit.
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this alteration and cut A and B2 veins (Fig. 4c). Trace amounts of an-
hydrite occur in A veins, whereas gypsum is present in A and D veins.
Rutile is widespread in all types of quartz veins and as disseminated
grains in the altered sandstones and porphyry dikes. Pyrophyllite is
found at upper parts of this alteration zone. Stage 2 chalcopyrite and
bornite, as extensive disseminated and minor in A vein, cement and
replace pyrite (Fig. 4d), associated with quartz-muscovite-pyrite al-
teration. Some chalcopyrite and bornite are replaced by Stage 3 cov-
ellite (Fig. 4e) above the 4500 m elevation.

3.4. Alunite-kaolinite-dickite alteration

Alunite-kaolinite-dickite (advanced argillic) alteration is present in

the shallow part of the deposit above 4700 m elevation but deepens to
4300 m elevation in the western part of the deposit (Fig. 2b). Alunite
and kaolinite are the dominant minerals, whereas dickite and pyr-
ophyllite are present only in the deep portion of the alteration zone, and
in the periphery of quartz-muscovite-pyrite alteration. The alunite-
kaolinite-dickite alteration overprints quartz-muscovite-pyrite, chlorite
alteration, and biotite alteration, characterized by kaolinite- and alu-
nite-bearing veins cutting A, C and D veins, and by kaolinite and alunite
filling in earlier A, B, C, D, and pyrite veins, and by replacement of
biotite and muscovite by kaolinite (Lin et al., 2017a; Zhang et al., 2018;
Yang et al., 2020).

Several types of alunite are recognized from hydrothermal breccia
and alunite veins. Type Ⅰ alunite occurs with pyrite, enargite, and

Fig. 2. a) Geology, and b) hydrothermal alteration of the W-S cross-section of Tiegelongnan.
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tennantite cementing quartz-muscovite-pyrite-altered clasts in hydro-
thermal breccia (Fig. 4f). Pyrite is usually replaced by enargite and
tennantite. Type Ⅱ alunite is widespread as laminated alunite-sulfide
veins, which is associated with the main epithermal mineralization
stage of pyrite, bornite, chalcopyrite, digenite, enargite, and tennantite
mineralization. Minor pyrophyllite was found in this type of alunite
veins (Zhang et al., 2018). Pyrite, with alunite, represents the Stage 4
sulfides, followed by the replacement of the Stage 5 chalcopyrite-

bornite-digenite. The Stage 6 Enargite and tennantite replace chalco-
pyrite-bornite-digenite, and earlier pyrite (Fig. 4g). Enargite commonly
forms exsolution of or is replaced by tennantite. Type III alunite fills D
vein, without pyrite. Type IV alunite forms wide alunite-pyrite veins.
These alunite returned 40Ar-39Ar ages of 116.3 ± 0.8 Ma for type Ⅰ,
111.7 ± 1.0 Ma for type Ⅱ, 112.5 ± 0.8 Ma for type III, and
~100.6 ± 2.0 Ma for type IV (Yang et al., 2020).

Three types of kaolinite are discriminated in this study. Type Ⅰ

Fig. 3. Hydrothermal alteration and mineralization stages in the Tiegelongnan deposit. 40Ar-39Ar data of 1 from Yang et al., (2020), and 2 from Lin et al., (2017a).

Fig. 4. Overprinting relationship of different alteration, vein, and sulfide stages. a) Biotite in quartz-chalcopyrite-pyrite-molybdenite (B1) vein, and replaced by Type
Ⅱ kaolinite; b) quartz-chalcopyrite-bornite (A) vein cut by quartz-molybdenite (B2) and pyrite veins; c); B2 vein cut by quartz-pyrite (D) vein, and by pyrite vein; d)
Disseminated chalcopyrite-bornite filling voids in pyrite; e) chalcopyrite-bornite replaced by covellite; f)- Quartz-muscovite-pyrite breccia in alunite, and Type III late
barren kaolinite filling alunite; g)- Pyrite in alunite veins is replaced by chalcopyrite-bornite-digenite, which is replaced by younger enargite-tennantite; h)- Early
Type Ⅰ kaolinite-pyrite-enargite-tennantite vein cuts quartz-muscovite-pyrite altered host rock; i)- Late Type Ⅱ barren kaolinite vein filling reopening of D-type
quartz-pyrite vein. Alu-alunite, Bn-bornite, Bt-biotite, Dg-digenite, Ccp-chalcopyrite, Cv-covellite, Eng-enargite, Kln-kaolinite, Mus-muscovite, Py-pyrite, Qz-quartz,
Tnt-tennantite.
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kaolinite veins occur with pyrite, enargite, and tennantite (Fig. 4h), and
with hematite locally. Late type Ⅱ kaolinite fills in earlier quartz veins
(Fig. 4i). Type III kaolinite fills type Ⅰ and Ⅱ alunite veins (Fig. 4f) in the
shallow part. Types Ⅱ and III kaolinite usually occur without sulfides or
oxides, as late stage products.

3.5. Supergene zone

Supergene oxidation at the top of the hydrothermal alteration
system (Fig. 2b) is characterized by the occurrence of jarosite, limonite,
goethite, hematite, Cu-oxides, and kaolinite. Part of the chlorite and
alunite-kaolinite-dickite alteration zones are affected by the supergene

oxidation. Sulfides in alunite-sulfide veins and kaolinite-sulfide veins
are oxidized to hematite and Cu-oxides.

4. Analytical methods

Representative core samples are collected from the W-S cross-sec-
tion and several other drilling holes (Fig. 1d). Biotite (n = 1), musco-
vite (n = 5), quartz (n = 13), alunite (n = 10), and kaolinite (n = 12)
were separated for O and H isotope analysis, alunite (n = 10), pyrite
(n = 5), and enargite (n = 4) for bulk mineral S isotope analysis. Eight
polished thin-sections are prepared for pyrite (n = 16) and chalcopyrite
(n = 10) in situ S isotope analysis. The O, H, and bulk mineral S

Table 1
Hydrogen and Oxygen isotope data and calculated fluid composition.

Sample No. Sample description Calculate T
(°C)

Mineral Data Fluid 40Ar-39Ar
Ages (Ma)1

δ18O
(VSMOW ‰)

δD
(VSMOW ‰)

δ18OH2O

(VSMOW ‰)
δDH2O

(VSMOW ‰)

Biotite alteration
4804–1224 Qz-Mol-Ccp-Py-Bio vein 400 Biotite 12.6 −75 14.7 −25

Quartz 8.3 −35 4.2 −35
4804–1245 Qz-Mol-Py vein 400 Quartz 10.5 −64 6.4 −64
4804–1234 Qz-Mol-Bio vein 400 Quartz 8.9 −62 4.8 −62
4804–1203 Qz-Mol-Py vein 400 Quartz 9.3 −59 5.2 −59

Qz-Mus-Py alteration
4804–1152 Sericite altered G1 porphyry 350 Muscovite 12.6 −81 10.4 −61
2404–737 Sericite altered G2 porphyry 350 Muscovite 7.0 −75 4.8 −55 120.9 ± 0.8
4804–1203 Sericite halos around Qz-Mol vein 350 Muscovite 11.1 −72 8.9 −52
1604–117 Sericite altered G3 porphyry 350 Muscovite 13.7 −82 11.5 −62
2404–313 Mus altered G3 porphyry 350 Muscovite 7.0 −72 4.8 −52 108.7 ± 0.7
4012–1010 Qz-Py-Ccp-Bn vein 350 Quartz 10.7 −57 5.4 −57
4804–1223 Qz-Ccp-Py vein with filling of Kln 350 Quartz 11.2 −73 5.9 −73
2404–903 Qz-Py-Ccp-Bn vein 350 Quartz 7.9 −83 2.6 −83
2404–840 Qz-Py-Ccp-Bn vein replaced by Tnt 350 Quartz 7.6 −61 2.3 −61
3212–723 Qz-Py-Ccp-Bn vein 350 Quartz 9.7 −71 4.4 −71
1604–650 Qz-Py-Ccp vein replaced by Cv 350 Quartz 11.4 −66 6.1 −66
2404–536 Qz-Py-Ccp vein replaced by Cv 350 Quartz 9.2 −79 3.9 −79
2412–511 Qz-Py vein with filling of Alu 320 Quartz 10.7 −50 4.5 −50
2404–374 Qz-Py vein replaced by Dg, with filling of Kln 320 Quartz 10.4 −81 4.2 −81
2404–412 Qz-Py vein replaced by Dg and Bn 320 Quartz 8.8 — 2.6 —
2405–227 Qz-Py vein replaced by Dg 320 Quartz 12.9 −64 6.7 −64
1604–156 Qz-Py vein 320 Quartz 10.2 −70 4.0 −70
2405–206 Qz vein with filling of Kln 320 Quartz 9.4 −84 3.2 −84

Alunite
1604–429 Alu-Sul vein cemented hydrothermal breccia 250 AluniteⅠ 8.9 −68 0.6 −60 116.3 ± 0.8
1604–171 Laminated Alu-Sul vein 250 AluniteⅡ 10.9 −72 2.6 −64 111.7 ± 1.0
1604–149 Laminated Alu-Sul vein 250 AluniteⅡ 10.5 −74 2.2 −66
1604–375 Alu-Sul-Kln vein in Py vein 250 AluniteⅡ 10.3 −67 2.0 −59
4012–354 Alu-Gn-Sp vein 250 AluniteⅡ 7.1 −79 −1.2 −71
1604–231 Laminated Alu-Sul 250 AluniteⅡ – −76 – −68
0804–408 Laminated Alu-Sul 250 AluniteⅡ 9.1 −69 0.8 −61
0804–563 Laminated Alu-Sul 250 AluniteⅡ 8.5 −69 0.2 −61
2412–511 Alu filling in Qz-Py vein 250 AluniteIII 11.0 −59 2.7 −51 112.5 ± 0.8
3212–206 Alu-Sul vein with Kln-Py clasts 250 AluniteⅣ 10.1 −73 1.8 −65 100.6 ± 2.0

Kalinite
2404–269 Kln-Sul vein 100 KaoliniteⅠ 5.9 −96 −7.2 −72
0804–317 Kln-Hem-Sul vein 100 KaoliniteⅠ 14.3 −74 1.2 −51
2404–276 Kln vein cutting Py vein 100 KaoliniteⅠ 10.6 −96 −2.5 −72
2405–471 Kln-Sul vein 100 KaoliniteⅠ 3.4 −77 −9.7 −53
2405–567 Kln-Sul vein 100 KaoliniteⅠ 11.3 −85 −1.8 −61
2412–282 Kln-Sul vein 100 KaoliniteⅠ 13.4 −90 0.3 −66
2404–92 Kln-Hem vein 100 KaoliniteⅠ 12.9 −81 −0.2 −58
2405–206 Kln-Hem filling in Qz vein 100 KaoliniteⅠ 12.2 −93 −0.9 −69
4804–1223 Barren Kln filling in Qz vein 100 KaoliniteⅡ 16.0 −70 2.9 −47
2412–407 Barren Kln filling in Qz vein 100 KaoliniteⅡ 10.9 −65 −2.2 −42
1604–429 Barren Kln filling in Alu-Sul vein 100 KaoliniteIII 7.1 −66 −6.0 −43
1604–231 Barren Kln in Alu-Sul vein 100 KaoliniteIII 15.1 −65 2.0 −41

1-40Ar-39Ar ages from Yang et al., (2020)
δDH2O of fluid composition from quartz is from the fluid inclusions from mechanical decrepitation.
Alu-alunite, Bio-biotite, Bn-bornite, Ccp-chalcopyrite, Cv-covellite, Dic-dickite, Dg-digenite, Hem-hematite, Gp-galena, Mol-molybdenite, Mus-muscovite, Kln-kao-
linite, Py-pyrite, Qz-quartz, Sp-spalerite, Sul-sulfide, Tnt-tennantite.
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isotopes were analyzed at the Queen's Facility for Isotope Research in
Queen's University, Canada. Oxygen in silicates was extracted from
5 mg samples at 550–600 °C according to the conventional BrF5 pro-
cedure of (Clayton and Mayeda, 1963) and analyzed via a dual inlet on
a Thermo-Finnigan DeltaPlus XP Isotope-Ratio Mass Spectrometer
(IRMS). Alunite samples are dissolved in 2 N HCl and re-precipitated as
BaSO4 using a saturated solution of BaCl2 for O isotope analysis. The
oxygen isotopic composition was measured using a MAT 253 Stable
Isotope Ratio Mass Spectrometer coupled to a Thermo Scientific TC/EA
High-Temperature Conversion Elemental Analyzer. Biotite, muscovite,
alunite, and kaolinite samples for hydrogen isotope analysis were
weighed into silver capsules, degassed for 1 h at 100 °C then crushed
and loaded into a zero-blank autosampler. The hydrogen of quartz is
extracted from fluid inclusions with mechanical decrepitation. The
hydrogen isotopic composition was measured using a Thermo-Finnigan
thermo-combustion elemental analyzer (TC/EA) coupled to a Thermo-
Finnigan DeltaPlus XP Continuous-Flow IsotopeRatio Mass Spectro-
meter (CF-IRMS). δ18O and δD values are reported using the delta (δ)
notation in ‰ (‰) relative to Vienna Standard Mean Ocean Water
(VSMOW), with a precision of 0.1‰ and 3‰ respectively.

Alunite S isotope was analyzed from precipitates of barite, using a
saturated solution of BaCl2 to avoid contamination from sulfide. Sulfur
isotopic composition was measured using a MAT 253 Stable Isotope
Ratio Mass Spectrometer coupled to a Costech ECS 4010 Elemental
Analyzer. The δ34S values are reported relative to Vienna Canyon
Diablo Troilite (VCDT), with a precision of 0.2‰.

The Cameca IMS 4f Secondary Ion Mass Spectrometer at the MAF-
IIC Microanalysis Facility of Memorial University was used for in situ
pyrite and chalcopyrite S isotope analysis. The δ34S determinations
were performed using a primary Cs ion beam of 0.6–0.8 nA, accelerated
through a 10 keV potential, and focused into a 5–15 µm diameter spot.
To exclude exotic material in the polished surface from analysis, each
spot was first pre-sputtered for 120 s with a 25 µm square raster applied
to the beam then pre-sputtered again using a 10 μm raster for 200 s. All
peak signals were collected with an ETP 133H multiple-dynode electron
multiplier and processed through ECL-based pulse-counting electronics
with an overall dead time of 11 ns. Background measurements at the
nominal mass 31.67 Da were taken during each magnetic switching
cycle - and were routinely less than 0.05–0.1 counts per second. Count
rates on 32S were maintained between 1,000,000 and less than
1,500,000 counts per second by adjusting the primary beam current for
each sulfide phase. Overall reproducibility, based on replicate standard
analyses, is typically better than±0.35–0.45‰ (1σ).

5. Results

5.1. Oxygen and hydrogen isotopes

Oxygen and hydrogen isotope data of gangue minerals and their
associated fluid composition are given in Table 1 and Fig. 5. Fluid
composition calculation equations are given in Table 3. The tempera-
ture used for fluid composition calculation for biotite, muscovite, and
quartz is based on fluid inclusion study of Yang et al. (2014) and He
et al. (2017), which indicated that biotite and B1 veins formed at a
temperature of ~400 °C, A vein and muscovite alteration formed at
~350 °C, D vein formed at ~320 °C. Calculation temperature for alunite
is 250 °C and that for kaolinite is 100 °C, based on the mineral stability
temperatures of alunite and kaolinite estimated by Stoffregen (1987)
and Watanabe and Hedenquist (2001).

5.1.1. Biotite
One hydrothermal biotite from a quartz-molybdenite-biotite vein

gives δ18O and δD values of 12.6‰ and −75‰ (Fig. 5a). Assuming an
average temperature of 400 °C, the calculated δ18OH2O in equilibrium
with the biotite is 14.7‰, using the fractionation of Zheng (1993b), and
that of δDH2O is −25‰(Fig. 5b), using the fractionation of Suzuoki and

Epstein (1976).

5.1.2. Muscovite
Four muscovite samples from quartz-muscovite-pyrite alteration

give δ18O values from 7.0 to 13.7‰, and δD values from −82 to
−72‰, respectively (Fig. 5a). Hydrothermal fluid compositions in
equilibrium with muscovite were calculated using the O fractionation
of O'Neil and Taylor (1969) and the H fractionation of (Marumo et al.
(1980)), and a fluid inclusion homogenization temperature of 350 °C.
The fluid compositions δ18OH2O are between 4.8 and 11.5‰, with an
average value of 8.9‰, and δDH2O compositions are between −62 and
−52‰ with an average value of −58‰ (Fig. 5b).

The younger (~109 Ma) muscovite sample from the shallow portion
of quartz-muscovite-pyrite alteration gives δ18O value of 7.0‰, and δD
value of −72‰ (Fig. 5a). The fluid compositions in equilibrium with
muscovite at a temperature of 350 °C are δ18OH2O of 4.8‰, and δDH2O

of –52‰ (Fig. 5b).

5.1.3. Quartz from B1-veins in biotite alteration
The measured δ18O values of four quartz samples from quartz-mo-

lybdentie-± chalcopyrite ± pyrite ± biotite (B1) type veins are be-
tween 8.3 and 10.5‰, with δD values of fluid inclusion water between
−64 and −35‰. Fluid O isotope compositions in equilibrium with
quartz are calculated using fractionation of Zheng (1993a), with
δ18OH2O values from 4.2 and 6.4‰ at a temperature of 400 °C. One
quartz sample with biotite has a δ18O value of 8.3‰, and the calculated
δ18OH2O value of water in equilibrium with the quartz is 6.1‰, in
contrast to the biotite water δ18OH2O value of 14.7‰, which indicate
quartz and biotite are not in O isotope equilibrium. Fluid inclusions
from these quartz give δ18DH2O from −64 to −35‰.

5.1.4. Quartz from A-veins in sericite alteration
Eight quartz samples from quartz-chalcopyrite-pyrite ± bornite

(A) veins yield δ18O values from 7.6 to 11.4‰ and fluid inclusion δD
values from −83 to −50‰. Calculated water compositions in equili-
brium with quartz are δ18OH2O from 2.3 to 6.1‰, at a temperature of
350 °C.

5.1.5. Quartz from D-veins in sericite alteration
Five quartz samples from quartz-pyrite (D) vein give δ18O values

from 8.8 to 12.9‰, four of them have fluid inclusion δD values from
−84 to −64‰. Calculated water compositions δ18OH2O associated
with quartz are between 2.6 and 6.7‰, at a temperature of 320 °C.

5.1.6. Alunite
Type Ⅰ alunite breccia gives δ18O and δD values of 8.9 and −68‰.

Seven Type Ⅱ alunite have δ18O values ranging from 7.1 to 10.9‰, and
δD values from −79 to −67‰. One Type III alunite sample gives δ18O
and δD values of 11.0 and −59‰. One Type Ⅳ alunite sample gives
δ18O and δD values of 10.1 and−73‰. Fluid compositions of all stages
of alunite are similar, with δ18OH2O values from −1.2 to 2.7‰
(mean = 1.2, n = 9), and δDH2O values from−71 to−51‰ (mean = -
62, n = 10; Table 1, Fig. 5b), which are calculated at 250 °C using the
fractionation of Stoffregen et al. (1994).

5.1.7. Kaolinite
Eight Type Ⅰ kaolinite vein samples yield variable δ18O values be-

tween 3.4 and 14.3‰, and δD values between −96 and −74‰. The
fluid in equilibrium with the kaolinite at a temperature of 100 °C has
δ18OH2O values from −7.2 and 1.2‰, and δDH2O values from −72 and
−51‰, using the fractionation of Sheppard and Gilg (1996). Two Type
Ⅱ kaolinite samples filling quartz veins give δ18O values of 10.9 and
16.0‰, and δD values of −75 and −65‰. Fluid compositions in
equilibrium with these kaolinite filling quartz veins have δ18OH2O va-
lues of −2.2 and 2.9‰, and δDH2O values from −47 to −42‰
(Fig. 5b). Two Type III kaolinite samples filling alunite veins give δ18O
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values of 7.1 and 15.1‰, and δD values of −66 and −65‰. Fluid
compositions calculated for these two kaolinite yield δ18OH2O values of
−6.0 and 2.0‰, and δDH2O values of −43 and −41‰.

5.2. Sulfur isotopes

Sulfur isotope data from both bulk minerals and SIMS in situ spot
analyses, and calculated fluid H2S compositions equilibrium with
pyrite, chalcopyrite, and enargite are listed in Table 2, calculation
equations are given in Table 3.

Porphyry mineralization (Stages 1 and 2)
Three Stage 1 chalcopyrite and seven pyrite spots give SIMS δ34S

ranging from−2.6 to−0.7‰ for chalcopyrite, and from−5.8 to 0.9‰
for pyrite (Table. 2, Fig. 6a and 7). Fluid δ34SH2S compositions in
equilibrium with pyrite and chalcopyrite, calculated using the pyrite-
H2S fractionation of Ohmoto and Rye (1979) and the chalcopyrite-H2S
fractionation of Li and Liu (2006), yield δ34SH2S values between −6.8
and −0.1‰ (mean = −2.5‰, n = 10) at a temperature of 350 °C.
Five Stage 2 chalcopyrite grains yield SIMS δ34S values between −8.7
and −3.0‰ (Table 2, Fig. 6b and 7). Calculated fluid composition
δ34SH2S values are from −9.7 to −3.1 (mean = -5.6‰, n = 5) at a

temperature of 350 °C.

5.2.1. Epithermal mineralization (Stages 4, 5, and 6)
Alunite Ⅰ has a δ34S value of 18.3‰, whereas pyrite in this alunite

breccia returns a δ34S value of−5.7‰. The alunite-pyrite pair yields an
equilibrium temperature of 246 °C, based on the fractionation of Rye
et al. (1992). Enargite in this alunite Ⅰ breccia yields a δ34S value
−5.0‰.

The main epithermal mineralization stage alunite Ⅱ-sulfide veins
return alunite δ34S values between 11 and 15.8‰, (mean = 13.3‰,
n = 7), and yield varying Stage 3 pyrite δ34S values from −32.2 to
5.4‰ (Table 2, Fig. 6 c-f). Two Stage 5 chalcopyrite give SIMS δ34S
values of −11.6 and −8.2‰ (Fig. 6e and f). Pyrite and chalcopyrite
from two of these alunite Ⅱ-sulfide veins (1604–171 and 1604–149)
have different fluid δ34SH2S compositions (Table 2). Bulk mineral ana-
lysis of four Stage 6 enargite gives δ34S values between−5 and−2.2‰
(Table. 2, Fig. 7b), which are distinct from chalcopyrite and pyrite δ34S
values. Fluid H2S S isotope compositions in equilibrium with enargite is
between −5.4 to −2.6‰ (Table 2), using fractionation of sphalerite-
H2S (Ohmoto and Rye, 1979) at a temperature of 250 °C, considering
the similar structures between enargite and sphalerite (Hedenquist

Fig. 5. a) Oxygen and hydrogen isotope compositions of minerals, and b) calculated hydrothermal fluid compositions. Quartz H data are from the fluid inclusions,
FMW-felsic magmatic water (Taylor, 1992), volcanic vapor composition (Giggenbach, 1992), meteoric water line (Craig, 1961), metamorphic water (Taylor, 1974).
Alu-alunite, Kln-kaolinite, Py-pyrite, Qz-quartz.
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et al., 2017).
One alunite III filling in quartz-pyrite vein gives a δ34S value of

6.6‰, and pyrite from the quartz vein returns a δ34S value of −3.4‰.
Alunite Ⅳ has a δ34S value of 7.5‰, and the pyrite in this alunite vein
has δ34S value of 3‰. The Δ34Salunite-pyrite is 4.3‰, which yields a
geologically unreasonable fractionation temperature, suggesting alu-
nite and pyrite are not in S isotopic equilibrium during formation of
alunite Ⅳ.

6. Discussion

6.1. Origin of hydrothermal fluids

The composition of fluid in equilibrium with biotite, with a higher
δ18O value (δ18O = 12.6‰) than that of felsic magmatic water, plots in
the metamorphic water field (Fig. 5b). This biotite-bearing vein is
hosted by biotite hornfels, formed by contact metamorphism of the

Table 2
Mineral S isotope data and calculated fluid H2S composition.

Samples Description S isotope values

Porphyry mineralization Stage 1 Chalcopyrite Pyrite
δ34SCcp δ34SH2S δ34SPy δ34SH2S

3204–1066 Qz-Ccp-Py vein −2.6 −2.7 −4.4 −5.4
−2.4 −2.5
−0.7 −0.8

2404–903 Qz-Ccp-Bn-Py vein, Ccp-Bn replacing Py −1.6 −2.6
−0.8 −1.8
−0.2 −1.2
0.9 −0.1

2404–720 Disseminated Ccp-Bn repacing Py −5.8 −6.8
−0.5 −1.5

Porphyry mineralization Stage 2
2404–720 Disseminated Ccp-Bn repacing Py −8.7 −9.7

−6.7 −7.7
−3.2 −4.2

2404–903 Qz-Ccp-Bn-Py vein, Ccp-Bn replacing Py −3.3 −3.4
−3 −3.1

Epithermal mineralization (Stage 4–6) Stage 4 (pyrite) Stage 5 (chalcopyrite) Stage 6 (enargite)
δ34SAlu δ34SPy δ34SH2S δ34SCcp δ34SH2S δ34SEng δ34SH2S Δ34Salu-py (°C)

1604–429 Alu Ⅰ breccia with Py and Eng 18.3 −5.7* −7.2 −5 −5.4 246
0804–563 Alu Ⅱ- Py vein 11.5 −2 −0.5
0804–408 Alu Ⅱ- Py- Eng vein 13.2 −14.9* −16.4 195

−13.4* −14.9 212
1604–375 Alu Ⅱ- Py- Eng vein 15.7 −2.6 −4.1 −2.2 −2.6
1604–171 Alu Ⅱ- Py- Eng-Bn-Ccp vein 12.4 −0.2, −1.7 −11.6 −11.8 −4.1 −4.5

3 1.5
5.4 3.9

1604–149 Alu Ⅱ- Py- Eng-Tnt-Dg-Ccp vein 13.2 −9.5* −11 −8.2 −8.4 −2.4 −2.8 266
−10.7* −12.2 247
−27.1 −28.6
−32.2 −33.7

1604–231 Alu Ⅱ- Py- Eng-Tnt-Bn-Ccp vein 11 −0.7 −2.2
4012–354 Alu Ⅱ- Py-Ccp-Gn-Sph vein 15.8
2412–511 Alu III in Qz-Py vein 6.6
3212–206 Alu Ⅳ-Py 7.5 3 1.5

Bold numbers are SIMS S isotope results. Pyrite-H2S calculation from the fractionation of Ohmoto and Rye (1979); Chalcopyrite-H2S calculation from the fractio-
nation of Li and Liu (2006); Enargite-H2S are based on sphalerite-H2S fractionation of Ohmoto and Rye (1979). *Pyrite δ34S data used for Δ34Salu-py (°C) temperature
calculation from the fractionation equation of Rye et al. (1992). Alu-alunite, Bn-bornite, Ccp-chalcopyrite, Dg-digenite, Eng-enargite, Gn-galena, Kln-kaolinite, Qz-
quartz, Sph-sphalerite, Tnt-tennantite

Table 3
Isotope Fractionation Equations and Factors.

Equation References

Oxygen
103 ln αbiotite-H2O = 3.84 × 106T−2-8.76 × 103T−1 + 2.46 Zheng (1993b)
103 ln αmuscovite-H2O = 2.39 × 106T−2–3.76 Sheppard and Gilg (1996)
103 ln αalunite(SO4) = 3.09 × 106T−2–2.94 Stoffregen et al. (1994)
103 ln αkaolinite-H2O = 2.76 × 106T−2–6.75 Sheppard and Gilg (1996)
103 ln αquartz-H2O = 4.48 × 106T−2–4.77 × 103T−1 + 1.71 Zheng (1993a)
Hydrogen
103 ln αbiotite-H2O = –2.2 × 106T−2–7.7 Suzuoki and Epstein (1976)
103 ln αmuscovite-H2O = –20 ± 5(350 °C) Marumo et al. (1980)
103 ln αalunite-H2O = -6 (250 °C) Stoffregen et al. (1994)
103 ln αkaolinite-H2O = –2.2 × 106T−2–7.7 Sheppard and Gilg (1996)
Sulfur
103 ln αalunite-pyrite = 4.86 × 106T−2 + 6 Rye et al. (1992)
103 ln αpyrite-H2S = 0.4 × 106T−2 Ohmoto and Rye (1979)
103 ln αchalcopyrite-H2S = 0.05 × 106T−2 Li and Liu (2006)
103 ln αsphalerite/enargite-H2S = 0.1 × 106T−2 Ohmoto and Rye (1979)
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sedimentary protolith. The high δ18O water composition during for-
mation of the hydrothermal biotite may relate to the water from me-
tamorphism of the sedimentary protolith without significant external
water input. However, the number of hydrothermal biotite sample is
inadequate, with only one obtained data, such that this conclusion
shoud be cautiously regarded. On the other hand, the quartz data of B1

vein are mostly overlapping with quartz-muscovite-quartz fluid com-
positions (Fig. 5b), which suggest a magmatic water origin (see below).

The fluids in equilibrium with early muscovite (121 Ma) yield an
average δ18OH2O of 8.9‰ and δDH2O of −58‰ (n = 4), which is D-
depeted compared to the felsic magmatic water field (Fig. 5b). Variable
degrees of D depletion for sericite alteration are reported in porphyry
deposits (Fig. 8). Harris and Golding (2002) interpreted the depletion of
fluids δD for at Endeavour 26 North, Australia, as a result of vapor-
brine fluids separation (or boiling), in which D-depleted brine fluid
formed ore-related sericite alteration. Such a D-depleted brine fluid
composition after phase separation is commonly observed during po-
tassic (K-feldspar-biotite) alteration, and the δD fractionation between
vapor and brine is estimated at ~20‰ (Hedenquist et al., 1998). Fluid
boiling is interpreted from fluid inclusions petrology at Tiegelongnan
(Yang et al., 2014; He et al., 2017), such that it could have caused the
D-depletion during the quartz-muscovite-pyrite alteration. Alter-
natively, the D-depletion of magmatic water could result from the de-
gassing of deep magma (Taylor, 1992; Shinohara and Hedenquist,
1997). Hedenquist et al. (1998) proposed D-depleted sericite alteration
fluids due to degassing of magma, considering that sericite alteration in
porphyry deposits tends to originate from younger hydrothermal fluids.
The later D-depleted fluids are reported for the sericite alteration in
several porphyry deposits, including Panguna, Papua New Guinea (Ford

Fig. 6. SIMS sulfur isotope values (per mil) of sulfides. a)- Chalcopyrite and pyrite (Stage 1) in A-type quartz vein. b)-Disseminated bornite-chalcopyrite (Stage 2)
replacing pyrite. c) and d)-Pyrite (Stage 4) in alunite vein. e)- Pyrite is replaced by bornite-chalcopyrite (Stage 5), and followed by enargite-tennantite (Stage 6) in
alunite vein. f)-Pyrite replaced by bornite-chalcopyrite, and followed by tennantite. Alu-alunite, Bn-bornite, Ccp-chalcopyrite, Dg-digenite, Eng-enargite, Py-pyrite,
Tnt-tennantite.

Fig. 7. Sulfur isotope (δ34S) composition of sulfide and sulfate minerals in
porphyry and epithermal mineralizations at Tiegelongnan.
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et al., 1977), Bingham, USA (Bowman et al., 1987), Far South East,
Philippines (Hedenquist et al., 1998), and Oyu Tolgoi, Mongolia
(Khashgerel et al., 2009). The younger muscovite (109 Ma) fluid with
δ18OH2O = 4.8 ‰and δDH2O = −52‰, is similar with that of early
muscovite (~121 Ma), suggesting they form from similar fluid com-
positions. Considering the indistinguishable spatial and petrological
relationship between the two pulses of muscovite, the younger mus-
covite age might be a reset age that affected by andesite at ~110 Ma.

Fluid composition in equilibrium with A and D veins in the quartz-
muscovite-pyrite alteration zone have average δ18OH2O values of 4.4‰,
and 4.2‰, which are slightly lower than the estimated magmatic water
composition (δ18O = 8.9‰) for muscovite. Minor meteoric water
mixing could slightly cause the decrease of fluid δ18O values, such as
the sericite alteration fluids compositions in El Salvador, Chile
(Watanabe and Hedenquist, 2001), and Oyu Tolgoi, Mongolia
(Khashgerel et al., 2009), as shown in Fig. 8. However, there is no
evidence of meteoric water mixing for muscovite at Tiegelongnan
(Fig. 8). Water-rock isotopic exchange would be another reason to
cause the depletion of δ18O, with covariation δD values of hydroxyl-
bearing minerals (Ohmoto and Rye, 1974).

Calculation of water and rocks isotopic exchange use equation of
Ohmoto and Rye (1974) are assuming magma isotopic compositions of
δ18O = 9‰ and δD = −40‰, and sedimentary rocks with δ18O of
16‰ and δD of −80‰ (Savin and Epstein, 1970). The high altitude
Cretaceous meteoric water composition is estimated at
δ18O = −13.7‰ and δD = −100‰ (see below). Most of quartz and
muscovite fluid compositions plot along the water-magma exchange
paths between 400 °C and 600 °C, or along the water-sedimentary rock
exchange paths between 200 °C and 300 °C with low water/rock ratios
of less than ~0.05 (Fig. 8). The temperature range between 200 and
600 °C brackets quartz fluid inclusions homogenization temperatures of
~400 °C for B vein, 350–360 °C for A vein, and 230–320 °C for D vein
(Yang et al., 2014; He et al., 2017). Water-rock isotope exchange does
not cause lower of muscovite δ18O values at low water/rocks ratios.
Quartz δ18O values, however, will decrease at low ratios of water-rock
isotope exchange. The contrasting results between quartz and musco-
vite attribute to hydroxyl in muscovite, which could only slightly de-
crease δD without change of δ18O values at low water/rock ratios. Some
of the quartz fluid inclusions δD values from this study and those from

Lin et al. (2017b) show lower fluid δD values than that for muscovite
(Fig. 8). The lower δD values for fluid inclusions may result from the
fractionation of H during quartz fluid inclusions thermal decrepitation
and, possibly, by mechanical decrepitation (Faure, 2003).

Fluids in equilibrium with alunite plot along a mixing trend from
felsic magmatic water towards the meteoric water line, suggesting that
the formation of alunite veins results from mixing of magmatic and
meteoric water. The mixing trend intersects the meteoric water line at a
δD value of −100‰ (Fig. 5b), which represents the high altitude
Cretaceous meteoric water composition in the Qiangtang area, that is
higher than the present δD value of −128‰ (Zheng et al., 1982). As-
suming a magmatic fluid composition with δD = −40‰, the ratios of
magmatic to meteoric water during alunite formation range between
9:10 and 22:5, with an average ratio of 8:5 (n = 10). Type Ⅰ kaolinite
fluids also plot along the mixing trend towards the high altitude Cre-
tacoueus meteoric water composition but with more scatter than that of
alunite (Fig. 5b), suggesting they form from a similar fluid mixing
processes to that of alunite. The average ratio of 8:5 equal to 62.5%
magmatic water at Tiegelongnan is slightly lower than the estimated at
over 75% magmatic water in other epithermal systems, such as Le-
panto, Phillipines (Hedenquist et al., 1998), Pascua-Lama, Chile (Deyell
et al., 2005), Summitville, USA (Bethke et al., 2005), and Oyu Tolgoi,
Mongolia (Khashgerel et al., 2009), which suggests more intensive
meteoric water admixture during formation of the Tiegelongnan epi-
thermal system.

Water compositions in equilibrium with late Types Ⅱ and III kaoli-
nite that fills older alunite and quartz veins define a different mixing
trend towards a δD value of about −45‰ along the meteoric water line
(Fig. 5b). This meteoric water composition is comparable to the Cre-
taceous meteoric water composition in Gansu at the same latitude of
35°N (Amiot et al., 2011), but with at a lower altitude of 900 m. The
low altitude meteoric water influx suggest types Ⅱ and III kaolinite
formed after the paleosurface subsidence of the Tibetan plateau. We
converted the 55‰ δD difference to δ18O difference of 6.9‰, using a
global isotopic lapse rate of δ18O = −0.28‰/100 m (Poage and
Chamberlain, 2001), and estimate the 6.9‰ of δ18O difference between
high and low altitude meteoric water to represent ~2.5 km elevation
change. If this elevation change was reliable, erosion should not be the
only reason for elevation subsidence, because epithermal deposits
commonly form at a depth of less than ~1.5 km (Simmons et al., 2005).
Then, the ~2.5 km of erosion would have removed all the epithermal
alteration and mineralization. Given the reservation of the epithermal
mineralization at Tiegelongnan, the elevation decline most likely
combines erosion and plateau subsidence.

6.2. Redox states evolution

Porphyry mineralization Stage 1 pyrite and chalcopyrite δ34S values
between −5.8 to 0.9‰ are comparable to δ34S values of molybdenite,
pyrite, and chalcopyrite between −2.5 and 0.8‰ obtained by Lin et al.
(2017b) and Wang et al. (2017) (Fig. 7a). The Calculated average
δ34SH2S = −2.5‰ for the early Stage 1 chalcopyrite-pyrite ±
molybdenite mineralization is higher than the average δ34SH2S value of
−5.6‰ during the Stage 2 chalcopyrite-bornite mineralization stage,
which is most likely due to S isotopic fractionation with heavier sulfates
at a higher oxidation state during the chalcopyrite-bornite mineraliza-
tion stage. The oxidation state of porphyry-related hydrothermal fluids
could be buffered through reaction with Fe-bearing minerals to increase
the H2S/SO4

2− of the fluids (Giggenbach, 1997; Rye, 2005). Con-
sidering Stage 1 mineralization is associated with biotite alteration,
whereas Stage 2 mineralization is related to quartz-muscovite-pyrite
alteration, the weak buffer capability to reduce the high fO2 porphyry
hydrothermal fluids during quartz-muscovite-pyrite alteration is likely
the reason for higher oxidation condition of Stage 2. Anhydrite is rare in
the Tiegelongnan deposit, but one reported δ34S value of 6.8‰, without
associated sulfide S data to evaluate the S fractionation between sulfate

Fig. 8. Comparison of sericite (quartz-muscovite-pyrite) alteration fluid O and
H isotope compositions between Tiegelongnan and other porphyry deposits,
including data of Panguna, Papua New Guinea (Ford et al., 1977); Bingham,
USA (Bowman et al., 1987); FSE, Philippines (Hedenquist et al., 1998); El
Salvador, Chile (Watanabe and Hedenquist, 2001); Endeavour 26 North, Aus-
tralia (Harris and Golding, 2002); Oyu Tolgoi, Mongolia Khashgerel et al.,
2009). Calculations of water-rocks interaction using equations of Ohmoto and
Rye, (1974), assuming an initial magma rock composition of δ18O = 8‰ and
δD= -40‰, and initial sediments rock composition of δ18O= 16‰ and δD= -
80‰. FMW-felsic magmatic water (Taylor, 1992), volcanic vapor composition
(Giggenbach, 1992), meteoric water line (Craig, 1961).
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and sulfide (Lin et al., 2017b). Five gypsum in A and D veins returned
δ34S values between 0.3 and 1.5‰ (Lin et al., 2017b; Wang et al.,
2017), which are close to the Stage 1 sulfides δ34S values, suggesting
they may have formed from dissolution and oxidizing of Stage 1 sul-
fides. Rare sulfate in the Tiegelongnan mineralization is perhaps due to
dissolution by later meteoric water.

During the epithermal mineralization stages, seven of ten samples
do not have alunite-pyrite S isotope equilibrium. Some Stage 4 pyrite
samples have relatively high δ34S values close to alunite δ34S values, as
in the sample 1604–171 (Table 2), perhaps because of rapid cooling
during mixing with meteoric water that do not give sufficient time to
reach S equilibrium. Retrograde isotope exchange between pyrite and
later fluids could be another reason for the disequilibrium between
alunite and pyrite pairs, since pyrite is commonly replaced by later Cu-
sulfides with different δ34S values (Fig. 6e and f). In addition, geo-
chronology indicates multiple hydrothermal fluids overprinting events
in the Tiegelongnan deposit (Yang et al., 2020).

The different δ34S values between Stage 4 pyrite and later Stages 5
and 6 chalcopyrite and enargite were likely caused by a change of redox
state. Several Stage 4 pyrite spots in S equilibrium with alunite have
δ34S values from −14.9 to −9.5‰. One epithermal vein-pyrite δ34S
value of −9.8‰ obtained by Wang et al. (2017) plots within this range
(Fig. 7b). Wang et al. (2017) and Lin et al. (2017b) reported several
higher epithermal vein pyrite δ34S values between −4.6 and −0.4‰
(Fig. 7a), which are similar to some pyrite δ34S values in disequilibrium
with alunite. Unfortunately, there was no alunite analyzed in previous
studies (Lin et al., 2017b; Wang et al., 2017), to discuss the S isotope
fractionation between pyrite and alunite. Stage 5 chalcopyrite gives two
δ34S values of −11.6 and −8.2‰, which are similar to one chalco-
pyrite value of −9.8‰ from Wang et al. (2017) (Fig. 7b). Stage 6 en-
argite δ34S values from −4.1 to −2.2‰ are identical to one data of
−3.0‰ from Lin et al. (2017b), which are higher than two values of
−7.5 and −8.5‰ from Wang et al. (2017). Generally, there is a trend
of increasing δ34S values from the Stage 4 to Stage 6 of sulfides
(Fig. 7b). The associated fluid H2S compositions also increase from
Stage 4 of −16.4 to −11.0‰, to Stage 5 of −11.8 to −8.4‰, then to
Stage 6 of −5.4 to −2.6‰ (Table 2), which suggests that the hydro-
thermal environment evolves towards more reducing conditions during
the epithermal mineralization. This agrees with conclusions in high-
sulfidation epithermal deposits that ore stage fluid is more reduced than
pyrite stage, and Xso42−/XH2S were estimated between 1:3 and 1:5 for
alunite-enargite (Arribas, 1995; Rye, 2005; Hedenquist et al., 2017),
increasing to be 4:1 during alunite-pyrite stages (Hedenquist et al.,
1993). Alunite-pyrite stage epithermal fluids are characterized by SO2

and HCl vapor-rich fluids (Hedenquist et al., 1994), with high Xso42−/
XH2S after the vapor condensing into water with the SO2 dis-
proportiontion reaction 4SO2 + 4H2O = 3H2SO4 + H2S (Holland,
1965). In contast, epithermal ore-stage fluids are denser, and metals are
mainly transported by reduced S-complex (Seward, 1973; Heinrich
et al., 2004). The difference of fluid compositions between sulfide Stage
4 and that of Stage 5 and Stage 6 could be a reason for higher oxidation
conditions during Stage 4. Continuous escape of vapor might result in
more reducing conditions in younger stage of epithermal mineraliza-
tion.

Replacement of hypogene by supergene alunite was recognized to
decrease hypogene δ34S of alunite to a lower value without affecting O
and H isotopes, and it could reset argon isotopes in alunite geochro-
nology (Watanabe and Hedenquist, 2001). The alunite Ⅳ δ34S = 7.5‰
appears to be an example of this kind of mixed alunite, which may
account for the young 40Ar-39Ar age of 100.6 ± 2.0 Ma.

7. Conclusions

Hydrogen and O stable isotopes suggest the muscovite alteration in
the Tiegelongnan deposit is associated with magmatic water, while
metamorphic water is likely involved with deep biotite alteration in

hornfels. Several processes could affect the fluid compositions of ser-
icite alteration, including vapor-brine separation, degassing of earlier
magma, and water–rock isotopic exchange. Porphyry Stage 1 chalco-
pyrite-pyrite ± molybdenite mineralization has an average fluid
δ34SH2S = -2.5‰, which is slightly higher than −5.6‰ of Stage 2
chalcopyrite-bornite stage, suggesting a higher oxidation state during
the main chalcopyrite-bornite mineralization stage.

Alunite and Type Ⅰ kalinite records mixing between magmatic and
high altitude Cretaceous meteoric water with ~62.5% magmatic water.
Late Types Ⅱ and III barren kaolinite filling quartz veins and alunite
veins defined a mixing line between magmatic and low altitude
Cretaceous meteoric water, suggesting they may have formed after
erosion and plateau subsidence. Several alunite-pyrite pairs do not in S
isotope equilibrium are due to rapid cooling and retrograde S isotope
exchange during later sulfides replacement. Pyrite, chalcopyrite, and
enargite yield increasing fluids δ34SH2S values, suggesting they formed
under different fluid compositions, and Cu mineralization stage fluids
are more reduced than that of the alunite-pyrite stage.
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