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Abstract

The Tiegelongnan porphyry-epithermal deposit (2089 Mt @ 0.53% Cu, 0.08 g/t Au) is host to a large variety of Cu-sulfide
minerals, mainly chalcopyrite, bornite, covellite, digenite, enargite, and tennantite. We used LA-ICP-MS to investigate
the trace element geochemistry of the Tiegelongnan Cu-sulfides, as well as pyrite, to understand the correlation between
sulfides and trace elements, gold in particular, in the porphyry and epithermal systems. Porphyry mineralization consists
of stage 1 chalcopyrite-pyrite + molybdenite, stage 2 chalcopyrite-bornite, and stage 3 covellite. Epithermal sulfides form
stage 4 pyrite-alunite, stage 5 digenite-bornite-chalcopyrite, and stage 6 enargite-tennantite + tetrahedrite. Stage 2 chalco-
pyrite (S2 Ccp, median=9.7 ppm Au) is the primary porphyry Au host, and stage 6 tennantite in alunite veins (S6 Tnt-s,
median =98.0 ppm Au) is the major epithermal Au host. These Au-rich sulfides formed under higher oxidation conditions,
suggesting that a high oxidation state favors the incorporation of Au in Cu-sulfides. Gold contents in coeval chalcopyrite and
bornite are positively correlated to temperature, and Au is enriched in chalcopyrite over bornite at low temperatures (< 350
°C). Positive correlations between Au and As and Te in covellite and chalcopyrite result from the reaction of As** + (Au™/
Ag")+Te*” <>4Cu* +S>". Epithermal chalcopyrite and bornite contain more As and Pd than that in porphyry stages, and
high contents of As, Sn, Cd, Zn, Sb, Te, Au, and Bi in epithermal enargite and tennantite are likely the result of partitioning
of these elements in sulfides at low epithermal temperatures. Epithermal overprinting likely leached Cu from earlier porphyry
stage sulfides to precipitate high Cu-grade epithermal mineralization. The Cu-sulfides and related trace elements show a
spatial distribution, potentially useful for the exploration of overprinted porphyry-epithermal systems.
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Introduction

Several studies of sulfide texture and trace element geo-
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et al. 2002; Reich et al. 2010; Crespo et al. 2018; Liu et al.
2019). The reasons for the relationship between trace ele-
ments and Cu-sulfides remain the subject of debate.

The Tiegelongnan deposit, Tibet (China), is a well-
developed hydrothermal system with high-sulfidation epi-
thermal Cu (Au) mineralization overprinting an older por-
phyry Cu (Au) mineralization (Yang et al. 2020a, b; Zhang
et al. 2020). The abundance and spatial distribution of Cu-
sulfides, including Cu-Fe-S, Cu-S, and Cu-As-S minerals,
described at Tiegelongnan (Yang et al. 2014; He et al. 2018;
Wang et al. 2018), provide an ideal example to investigate
the trace element geochemistry of Cu-sulfides in an over-
printed porphyry-epithermal copper system. This study
investigates the sulfide mineralogy, textures, using reflected-
light microscopy, scanning electron microscope (SEM),
and in situ mineral geochemistry combining electron probe
microanalysis (EPMA) and laser ablation inductively cou-
pled plasma-mass spectrometry (LA-ICP-MS) analyses. We
establish the trace element-Cu-sulfide relationships, focus-
ing on gold-Cu-sulfide correlations, as gold is an important
by-product of the Tiegelongnan deposit. The influence of
metal substitution mechanisms, physicochemical condi-
tions, and hydrothermal fluid overprinting on Cu-sulfides
geochemistry are discussed to improve our understanding
of the formation and exploration of overprinted porphyry-
epithermal deposits.

Geology
Regional geological background

The Bangong-Nujiang Suture Zone (BNSZ) is a> 1200 km
long west-east belt, comprising Jurassic to Cretaceous fly-
sch, mélange, and ophiolitic fragments, interpreted to be
remnants of the Bangong-Nujiang ocean (BNO) between
the Lhasa and Qiangtang terranes in central Tibet (Fig. 1A;
Yin and Harrison 2000; Pan et al. 2012). Extensive Jurassic
and Cretaceous continental arc-related magmatic rocks were
emplaced both in the Qiangtang and Lhasa terranes and in
the suture zone (Fig. 1A; Li et al. 2014; Zhu et al. 2016).
Those igneous rocks are associated with the long-lived sub-
duction of the BNO and collision between Qiangtang and
Lhasa from ~ 170 to~ 100 Ma (Zhang et al. 2012; Liu et al.
2014; Li et al. 2018). Several porphyry-related deposits are
related to the emplacement of the Jurassic and Cretaceous
intrusions (Fig. 1A), including the Jurassic Fuye and Caima
skarn Fe (Cu) deposits formed between 165 and 153 Ma,
the Early Cretaceous Duolong district, Qingcaoshan, and
Bainong Early porphyry Cu-Au deposits formed at~ 120 Ma,
and the Late Cretaceous Gaergiong-Galale and Balaza por-
phyry-skarn Cu-Mo deposits formed at~90 Ma (Zhang et al.
2015; Li et al. 2017a).
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The Duolong district is located in the southern Qiangtang
terrane, around 30 km to the north of the BNSZ (Fig. 1A).
There are several porphyry and epithermal Cu-Au depos-
its in the district (Fig. 1B). The bedrock of the Duolong
district consists of the Upper Triassic Riganpeicuo Forma-
tion limestone, overlain by the Upper to Middle Jurassic
Sewa and Quse formations sandstone, siltstone, and clay-
stone. The Sewa and Quse formations were intruded by
syn-mineralization Cretaceous porphyritic intrusions, and
are overlain by post-mineralization Cretaceous volcanic
rocks. The Oligocene Kangtuo Formation conglomerate and
Quaternary eluvial-diluvial sediments both unconformably
overlie the Jurassic sedimentary and Cretaceous volcanic
rocks (Fig. 1B).

The porphyritic intrusions are intermediate to felsic,
including diorite, quartz diorite, and granodiorite, crystal-
lized from oxidized, water-rich, and continental arc-related
calc-alkaline magmas that intruded between 126 and 116 Ma
(Li et al. 2016, 2017b; Lin et al. 2017a; Sun et al. 2017).
Volcanic rocks spatially associated with these porphyritic
intrusions in the Duolong district (Fig. 1B) consist of basalt,
andesite, dacite, rhyolite, and voluminous pyroclastic rocks,
erupted between 114 and 105 Ma (Wang et al. 2015; Li et al.
2016; Wei et al. 2017).

The Tiegelongnan deposit

The Tiegelongnan deposit is the largest deposit within the
Duolong district, with resources of 2089 Mt grading 0.53%
Cu (Jinlong Mining Co., Ltd, 2017), and 0.08 g/t Au (Tang
et al. 2017). It was the first high-sulfidation epithermal min-
eralization, telescoped on a porphyry deposit, discovered
in Tibet (Tang et al. 2014). Detailed geology, exhumation,
and preservation history from ~ 120 to~ 110 Ma have been
described in several earlier studies (Lin et al. 2017a, b; Song
et al. 2018; Zhang et al. 2018, 2020; Yang et al. 2020a, b).
The exposed bedrock at the surface of the Tiegelongnan
deposit consists mostly of Cretaceous andesite (Fig. 2A),
such that the deposit geology is known from diamond drill
cores. Several pulses of porphyritic dikes intruded the Juras-
sic sandstone of the Sewa Formation, which is metamor-
phosed to hornfels below a depth of ~ 1000 m (Fig. 2B). A
diorite porphyry to the east (Fig. 2B) is a pre-mineralization
intrusion, dated at~ 123 Ma (Lin et al. 2017b). Earlier stud-
ies reported that the granodiorite porphyry was the syn-
mineralization intrusion, as the Tiegelongnan hydrothermal
system was centered on the granodiorite porphyry dikes,
and yielded a similar age to molybdenite of ~ 120 Ma (Fang
et al. 2015; Lin et al. 2017a; Zhang et al. 2018). Yang et al.
(2020b), however, recognized several different granodiorite
porphyry phases based on their petrology, and dated phases
1, 2, and 3 at an age of ~ 120 Ma, whereas phase 4 yielded
an age of ~116 Ma. Hydrothermal biotite and muscovite
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alteration (Figs. 2B and 3) were dated at around ~ 120 Ma
(Lin et al. 2017b; Yang et al. 2020b), suggesting that the
hydrothermal alteration facies are likely genetically associ-
ated with granodiorite porphyries 1, 2, and 3.

The biotite alteration consists of rare early biotite
(EB), and barren quartz veins, which are cut by later

quartz-molybdenite + chalcopyrite + pyrite (B1) veins and
quartz-chalcopyrite-bornite (A) veins. Chlorite-pyrite-quartz
veins (C veins in Zhang et al. 2018, 2020) occur in the chlo-
rite alteration zone, locally having minor amounts of chal-
copyrite. Chalcopyrite, pyrite, and molybdenite in biotite
and chlorite alteration zones form stage 1 sulfides (Fig. 3).
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Muscovite alteration hosts most porphyry Cu, comprising
stage 2 bornite-chalcopyrite and stage 3 covellite (Fig. 3).
Quartz-chalcopyrite-bornite (A), quartz-molybdenite (B2),
quartz-pyrite (D), and pyrite veins are present in the mus-
covite alteration zone. Anhydrite and gypsum are found in
D veins, which were termed as “late-stage veins” by Zhang
et al. (2018, 2020). Pyrophyllite and dickite patches are dis-
seminated in the muscovite zone (Fig. 2B).

Porphyry hydrothermal alteration and mineralization
were subsequently overprinted by epithermal alunite and
kaolinite-dickite alteration at the top and western parts
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of the deposit (Fig. 2B). Yang et al. (2020a, b) recog-
nized two epithermal events, including the early event
at~ 116 Ma associated with alunite I, and a late event
at~ 112 Ma, associated with alunite II and kaolinite I. The
early epithermal event has a minor amount of Cu-sulfide,
whereas the ~ 112 Ma epithermal event contributes to the
major epithermal Cu (Au) mineralization (Fig. 3). The
late epithermal event includes three sulfide stages, stage 4
pyrite-alunite, stage 5 bornite-digenite-chalcopyrite, and
stage 6 enargite-tennantite (Fig. 3). Other types of kaolin-
ite (type II filling quartz veins and type III filling alunite
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Fig. 3 Magmatic-hydrothermal sequences and overprinting relationships at the Tiegelongnan deposit. 1-Wang et al. (2015); 2-Lin et al. (2017a);

3-Yang et al. (2020b)

veins) are post-mineralization events (Fig. 3; Yang et al.
2020a).

During and after the formation of the overprinted por-
phyry-epithermal hydrothermal system, the Tiegelongnan
deposit was unroofed during compressive uplifting and
paleosurface subsidence, prior to being covered by post-min-
eralization andesite at around 110 Ma (Figs. 2B and 3; Wang
etal. 2015; Lin et al. 2017b). A thin layer of oxidized capping
and erosional breccia/gravel occurs at the top of the erosional
surface, beneath the andesite cover (Figs. 2B and 3). Pyrite
in shallow veins is oxidized to hematite and other hydrous
Fe-oxides. Supergene chalcocite + digenite + pyrite, native
copper, and Cu-oxide veins are found within and beneath the
oxidization zone, contributing to small amounts of supergene
copper enrichment at Tiegelongnan (Fig. 3).

Methods

More than 150 core samples, representative of deep por-
phyry to shallow epithermal mineralization zones, were col-
lected to prepare thin sections to study the sulfide mineral-
ogy and textures. The early epithermal event contains minor
Cu-sulfides, which were not investigated because grain size
is too small for LA-ICP-MS trace element analysis. The thin
Sects. (62) were examined using an optical microscope and
then 19 representative samples with large sulfide grains were

selected for detailed imaging and geochemical analyses. The
Inspect F50 scanning electron microscope (SEM, Université
Laval) and backscattered electron (BSE) imaging were used
to document sulfides textures and micro-scale inclusions.
The SEM is equipped with an EDAX’s Octane super-A
model Energy Dispersive Spectrometer (EDS) to analyze
the composition of inclusions.

EPMA

Hypogene sulfides were analyzed for major and minor ele-
ments, including S, Fe, Co, Cu, Zn, As, Sn, Sb, and Pb
contents at Université Laval using a CAMECA SX-100
electron probe microanalyzer (EPMA), equipped with five
wavelength-dispersive spectrometers. A 5-pm-diameter
beam with a voltage of 15 kV and a current of 100 nA was
used for analysis. Different standards for those major and
minor elements (Marx for S, Magx for Fe, Chalco for Cu,
Co-ATX for Co, Sphal for Zn, GaAs-ATX For As, Cassit for
Sn, Sb-ATX for Sb, and Gal for Pb) were used to calibrate
the EPMA data, which is in Electronic Supplementary Mate-
rials (ESM) 1 Table S1.

LA-ICP-MS

Trace elements were analyzed by laser ablation induc-
tively coupled plasma-mass spectrometry (LA-ICP-MS) at
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LabMaTer, Université du Québec a Chicoutimi (UQAC),
using an Excimer 193 nm Resonetics Resolution M-50
laser ablation system coupled with an Agilent 7700 X mass
spectrometer. A range of beam sizes were used from 33 to
75 pm with 20 s baseline and 30—40 s of laser ablation, and
all data were collected from line scan across sulfide grains
polished surfaces. Line locations were selected to avoid vis-
ible inclusions. Analytical conditions are similar to those in
Duran et al. (2015) and Genna and Gaboury (2015). Maps
of the semi-quantitative element distribution in sulfides used
a beam size 11-15 pm and stage speed 30 um/s. A laser
frequency of 15 Hz and a power of 5 MJ/ pulse were used to
map the sulfides. Data reduction was carried out using the
Iolite package running Igor Pro software (Paton et al. 2011).
Multiple sections of signal selection were conducted in some
samples with peak LA-ICP-MS signals to avoid including
inclusions in the results. Internal standardization for pyrite,
chalcopyrite, and bornite was based on Fe contents, whereas
for digenite, covellite, enargite, and tennantite, it was based
on S contents from EMPA results. All sulfide data were
calibrated with reference material MASS-1 (Wilson et al.
2002). Another reference material, Laflamme Po727, which
is a synthetic FeS doped with 40 ppm PGE and Au supplied
by the Memorial University of Newfoundland, was used to
calibrate for PGE. GSE, UQAC-FeS-22, and JB-MSSS5 ref-
erence materials are used for intra-standard quality control.
The results of LA-ICP-MS analyses were generally within
10% relative standard deviation (RSD) of the working values
of GSE, UQAC-FeS-22, and JB-MSSS5 (ESM 1 Table S2).

Multivariate statistical analysis

Partial least squares-discriminant analysis (PLS-DA)
was applied to investigate the compositional relationship
between different sulfides in porphyry and epithermal
mineralization stages, based on the methods described in
Makvandi et al. (2016b) and Huang et al. (2019). PLS-DA
is a supervised classification technique using labeled data.
The censored data (below detection limit) was substituted
using the robCompositions R-package, where the k-nearest
neighbors (impKNNa) function was used to impute censored
values using the Aitchison distance (Makvandi et al. 2016a).
Imputed censored data were transformed using the centered-
log ratio (Makvandi et al. 2016a), a symmetric transforma-
tion with an orthonormal basis (Egozcue et al. 2003). Man-
ganese, Ni, and Pd were not included in the PLS-DA because
over 40% of the data for these elements in one mineral was
below the detection limit. In terms of interpretation of the
PLS-DA data, the PLS-DA loadings (qw*;-qw*,) and score
scatter plots (t;-t,) are combined to show the correlation
among elements and sulfide minerals. Elements plotting in
the vicinity of each other in PLS-DA loadings space have
positive correlations, and they are negatively correlated to
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those in the opposite quadrant. Data plotting close to the
origin of score scatter plots (t; and t,) represent the mean
composition of the whole data set, such that sulfides plot-
ting close to the origin are not well discriminated by the
PLS-DA. Score contribution plots depict the compositional
difference between the mean composition of one sulfide and
the mean composition of the whole data set (Makvandi et al.
2016b).

Results
Sulfide mineralogy and textures

Detailed core logging and reflected-light microscopy, based
on average abundance from 2 to 5 polished thin sections from
each investigated site, were used to define the Cu-sulfide
spatial distribution (Fig. 4). Combined with SEM analyses
for selected thin sections, sulfide assemblages, textures, and
inclusions are characterized (Figs. 5 and 6). Porphyry min-
eralization forms three sulfide stages. Stage 1 chalcopyrite
(S1 Ccp) occurs mostly as disseminated grains with pyrite
(S1 Py), and locally with molybdenite, within B1 veins, at
depths of 1000-1200 m in the eastern part of the EW-04
cross section close to the biotite alteration zone (Figs. 2 and
4). The second stage sulfide assemblage comprises chalcopy-
rite (S2 Ccp) and bornite (S2 Bn) intergrown with each other
(Fig. 5A), at intermediate depths between 500 and 1000 m,
in A veins and disseminated in muscovite alteration (Fig. 4).
Disseminated S2 Ccp and Bn are more abundant than those
in A veins. The two minerals precipitated after S1 Py, filling
fractures and voids in S1 Py, or mantling its rims (Fig. SA
and B). Galena inclusions occur in S2 chalcopyrite and bor-
nite, surrounding and filling S1 pyrite fractures (Figs. 6A
and B). Hypogene covellite (S3 Cv) characterizes the third
sulfide stage, at depths from 300 to 1100 m in the center of
Tiegelongnan (Figs. 3 and 4), where it replaces S2 bornite
and chalcopyrite (Fig. 5B and C).

Sulfide stages 4, 5, and 6 form the younger epithermal
event. Stage 4 is characterized by pyrite that precipitated
with alunite (Fig. 5E). Later S5 bornite-digenite surrounds
stage 4 pyrite (S4 Py), and the voids and fractures in pyrite
are filled by later S6 tennantite (Fig. 6H). The fifth stage
sulfide assemblage consists of digenite (S5 Dg), bornite
(S5 Bn), and chalcopyrite (S5 Ccp; Fig. 3), which occur
at shallow depths of 300-500 m in the overprinting zone
between the muscovite and alunite-kaolinite-dickite altera-
tions (Figs. 2 and 4). Stage 5 Dg replaces S3 Cv (Fig. 5SD),
although these two minerals were considered to have
formed simultaneously in earlier studies at Tiegelongnan
(He et al. 2018; Wang et al. 2018; Zhang et al. 2018). Stage
5 digenite is commonly intergrown with S5 Bn in dissemi-
nated grains (Figs. SH), but it does not occur with S5 Ccp.
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A small amount of S5 Bn and Dg replace S1 Py in D and
pyrite veins. Galena inclusions are found in S5 Dg and Bn
(Fig. 6C). Trace amounts of molybdenite and other Cu
sulfides, such as anilite, djurleite, geerite, spionkopite, and
yarrowite, are found with S5 Dg and Bn (Yang et al. 2014;
Wang et al. 2018). Rare S5 Ccp is intergrown with S5 Bn
(Figs. 5G and H). Selenide and telluride form inclusions in
stage 5 Bn and Ccp (Figs. 6D and E), in contrast to stages 1
and 2 Ccp and Bn.

Stage 5 chalcopyrite, bornite, and digenite are com-
monly replaced by stage 6 enargite-tennantite+tetrahedrite
(Figs. S5F, G, and H). Stage 6 enargite (S6 Eng) and ten-
nantite (S6 Tnt) characterize epithermal mineralization at
shallow depths of 150-500 m in the alunite and kaolinite-
dickite alteration zones, and they are hosted mostly by alu-
nite-pyrite and kaolinite+pyrite veins (Figs. 2, 3, and 4).
Less commonly, S6 Eng and Tnt replace stages 1 and 2 Ccp
and Bn (Figs. 5I and J) in the D and A veins in the mus-
covite alteration zone (Fig. 4). Clausthalite inclusions are
found in S6 Eng (Fig. 6F). Stage 6 tennantite replaces the
porphyry stage chalcopyrite, bornite, and covellite (Fig. 5J)
in the deep muscovite zone, where it is defined as deep
tennantite (S6 Tnt-d), relative to the shallow tennantite (S6

Tnt-s) hosted in alunite and kaolinite veins, replacing S4
Py and S5 chalcopyrite-bornite-digenite (Fig. SF and H).
Stage 6 Tnt-d contains clausthalite inclusions (Fig. 6G).
Stage 6 Tnt-s is commonly intergrown with enargite, and
minor colusite (Fig. 5SH and K), and it contains inclusions
of galena, altaite, melonite, chalcopyrite, and native gold
(Fig. 6D, H, and I). Tetrahedrite is found in small amounts
in the periphery of the Tiegelongnan deposit with S6 Tnt-
s. Rare sphalerite and galena occur in distal alunite veins,
replacing chalcopyrite (Fig. SL).

Supergene sulfides, mainly covellite (Cv-s), digenite
(Dg-s), and chalcocite, are found beneath the supergene
oxidation zone, overprinting parts of the alunite, kao-
linite-dickite, muscovite, and chlorite alteration zones.
Dg-s is characterized by the replacement of bornite with
Cv-s (Fig. 5SH). Supergene covellite is characterized by
an association with goethite (Fig. 5C), and by replace-
ment of chalcopyrite and bornite along their fractures
or rims (Fig. 5SH), in contrast to hypogene covellite that
forms across the center of chalcopyrite and bornite grains
(Fig. 5B and C). Supergene digenite and chalcocite occur
at shallow depths and at the periphery of the deposit
(Fig. 4).
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Sulfide geochemistry
EPMA results

Major elements (Cu, S, + Fe,) in chalcopyrite, bornite,
covellite, and digenite, and S and Fe in pyrite show narrow
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concentration ranges close to stoichiometric values (ESM
1 Table S1). Several covellite analyses from sample 4012-
989 have high Fe contents ranging from 1.42 to 4.77 wt%.
Pyrite contains several high Cu contents up to 2.43 wt%.
Enargite has narrow S contents between 30.5 and 32.7
wt%, variable Cu concentrations between 45.2 and 50.8
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«Fig.5 Sulfide mineralogy paragenesis and intergrowth textures. A
Chalcopyrite-bornite (S2) solid solution cementing fractured pyrite
(S1), 2404-903. B Pyrite (S1) replaced by chalcopyrite and bornite
(S2), which are then replaced by covellite (S3), 2404-712. C Chal-
copyrite-bornite (S2) solid solution replaced by covellite (S3), and
rimmed by goethite, 4012-989. D Covellite (S3) replaced by digen-
ite (S5, BSE photomicrography), 2404-378. E Euhedral pyrite (S4) in
alunite vein, 0804-408. F Bornite-digenite (S5) replaced by enargite,
and tennantite (S6), 4004-447. G Chalcopyrite-bornite (S5) replaced
by enargite and tennantite (S6), 2404-456. H Bornite, with chalco-
pyrite exsolution (S5), replaced by supergene digenite and covellite,
and by tennantite and enargite (S6), 1604-149. I Enargite (S6) replac-
ing chalcopyrite (S1) in quartz vein, 2404-883. J Tennantite (S6)
replacing chalcopyrite-bornite (S2), and covellite (S3), 4012-989.
K Enargite, colusite, and chalcopyrite inclusions in tennantite (S6),
1620-354. L Chalcopyrite and sphalerite, replaced by galena, 4012-
354. Bn-bornite, Ccp-chalcopyrite, Col-colusite, Cv(-s)-covellite
(supergene), Dg(-s)-digenite (supergene), Eng-enargite, Gn-galena,
Py-pyrite, Sp-sphalerite, Tnt-d-tennantite in deep quartz veins, Tnt-
s-tennantite in alunite and kaolinite veins. Reflected light microscope
images, except for D

wt %, and As mostly ranges from 16.6 to 19.5 wt%. One
enargite analysis (1620-354 Eng3) has a low As of 8.6
wt%, with a high Sn concentration of 6.8 wt% (ESM 1
Table S1). Iron in enargite varies from 0.66 to 2.55 wt%,
with several data below the detection limit of 0.05 wt %.
Tennantite contains narrow S and As ranges averaging
27.3 and 19.9 wt%, respectively, and a wide Cu concen-
tration range from 42.0 to 53.8 wt%, with most data over
the stoichiometric value of 10 atoms per formula unit
(apfu; ESM 1 Table S1). Tennantite in sample 4012-989
Tnt2 has a low As of 17.4 wt%, and high Sb content
of 3.8 wt% (ESM 1 Table S1). Cobalt and Zn contents
of chalcopyrite, bornite, digenite, covellite, pyrite, and
enargite are mostly below the EPMA detection limit
of 0.03 wt% and 0.13 wt%, with the exception of one
chalcopyrite Co data, and a few Zn analyses with values
slightly above the detection limit (ESM 1 Table S1).
Tennantite Co contents are between 0.03 and 0.33 wt%,
and Zn is from 0.14 to 7.54 wt% (ESM 1 Table S1).
Arsenic, Sn, and Sb in chalcopyrite, bornite, digenite,
covellite, and pyrite are below 0.10 wt%, and some data
are below the detection limit. Relatively high average
Sb concentrations of 0.2 wt% in enargite and 0.3 wt%
in tennantite were obtained. Lead concentrations are
mostly higher than the detection limit of 0.04 wt%, with
the exception of several bornite and digenite Pb data
below the detection limit (ESM 1 Table S1). Tennantite
has high Pb content of up to 2.49 wt%. Stage 6 Tnt-d
and Tnt-s have distinct Cu, Fe, Zn, and Pb contents
(ESM 1 Table S1). Stage 6 Tnt-d has lower Cu and
Pb contents, with meanc, =45.8 wt% and meanp, =0.3
wt%, than that of Tnt-s with meanc, =50.6 wt% and
meanp, = 0.8 wt%. In contrast, S6 Tnt-d yields average
Fe and Zn content of 2.1 wt% and 3.8 wt%, respectively,

which are higher than S6 Tnt-s with Fe=1.9 wt% and
Zn=0.3 wt%.

LA-ICP-MS trace element compositions

Porphyry mineralization sulfides, pyrite, chalcopyrite (S1
Ccp + S2 Ccp), bornite, and covellite have trace element
concentrations mostly between 0.01 and 100 ppm (Fig. 7A
and ESM 1 Table S3), with the exception of As, Se, and Pb
in chalcopyrite, and Pb in bornite, that have median values
between 100 and 1000 ppm (Fig. 7A). Palladium concentra-
tions in those sulfides are low, with the majority of values
less than 0.01 ppm. Among the porphyry stage Cu-sulfides,
chalcopyrite has the highest median values of V, Co, As, Mo,
Ag, In, Sb, Au, TI, and Pb, whereas covellite has the highest
contents of Bi, Se, Sn, Te, and W (Fig. 7A). Bornite con-
tains the lowest concentrations of As, Co, Ga, Mn, Ni, Se,
Sn, Te, V, and W. Pyrite has significantly lower Ag, Au, Cd,
Ga, In, Mo, Pb, TI, and Zn contents, but higher Co and Ni
contents than the Cu-sulfides (Fig. 7A). Most trace elements
in chalcopyrite are hosted as solid solutions, evidenced by
stable LA-ICP-MS signal spectra, with the exception of the
irregular spectra of Zn and Te, which suggest a heterogene-
ous distribution (ESM 2 Fig. S1A). Sphalerite inclusions are
likely to present in bornite, causing abrupt Zn spikes of LA-
ICP-MS spectra (ESM 2 Fig. S1C). Most trace elements in
covellite are heterogeneous, as shown by spiky laser spectra
(ESM 2 Fig. S1D).

Epithermal chalcopyrite, bornite, digenite, enargite, ten-
nantite, and pyrite contain variable contents of several ele-
ments (Fig. 7B). Most of the element concentrations in chal-
copyrite are low, with only Se having a median value over
100 ppm. Chalcopyrite contains the highest median value
of In. Abrupt As, Co, Zn, Sb, and V counts in chalcopyrite
(ESM 2 Fig. S1B) may result from inclusions of other min-
erals. Bornite has median concentrations of most trace ele-
ments less than 10 ppm, but that of Pb is over 100 ppm, with
the lowest contents of several elements such as Au, Cd, Co,
In, Mo, Sb, Te, V, W, and Zn, compared to other epithermal
Cu-sulfides (Fig. 7B). Digenite contains median concentra-
tions of all elements less than 100 ppm, with the lowest Pd
contents relative to other Cu-sulfides (Fig. 7B). The unstable
laser signals of digenite (ESM2 Fig. S1E) suggest the het-
erogeneity of several trace elements. Enargite and tennantite
have elevated concentrations of Bi, Cd, Sb, Sn, Te, and Zn,
with Sb up to thousands of ppm (Fig. 7B). Lead is heteroge-
neous in enargite, as shown by its spiky laser signal (ESM 2
Fig. S1F and G). Tennantite incorporates the highest median
concentrations of many trace elements, including Ag, Au,
Bi, Cd, Co, Hg, Ni, Pb, Pd, Sn, Sb, Te, T1, W, and Zn rela-
tive to other epithermal sulfides (Fig. 7B). Gold inclu-
sions in tennantite are shown by spiky laser counts (ESM 2
Fig. S1H), but gold mainly occurs in solid solution, as shown

@ Springer
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Fig.6 BSE photomicrograph showing mineral textures and inclu-
sions in Cu-sulfides. A Pyrite (S1) surrounded by chalcopyrite and
bornite (S2) with galena veins, 2404-903. B Pyrite (S1) surrounded
by enargite (S6) and chalcopyrite (S2) with galena inclusions, 1604-
650. C Galena inclusions in digenite and bornite (S5), 2404-374. D
Chalcopyrite (S5) with melonite (Mel) replaced by tennantite (S6)
with melonite (Mel) and altaite (Alt) inclusions, 1620-354. E Bornite
(S5) with altaite (Alt) inclusions replaced by enargite and tennantite

by its flat laser signal (ESM 2 Fig. S1I). Heterogeneity of Sb,
Pb, and Ag in tennantite is shown by irregular laser signals
(ESM 2 Fig. S11). Epithermal pyrite shows large trace ele-
ment concentration ranges, with the highest median value of
Ni relative to other epithermal sulfides (Fig. 7B).

In terms of the different stages of chalcopyrite, S1 Ccp
has the highest contents of Mn, Ni, Se, and Sn; and S2 Ccp
contains the highest concentrations of Ag, Au, Ga, Mo, Pb,
Te, TI, and V, whereas the S5 Ccp contains the most As,
Co, and In (ESM 2 Fig. S2A). For bornite, S2 Bn contains

@ Springer

(S6), 1604-149. F Enargite with clausthalite (Clt) inclusions replaced
by tennantite (S6), 1604-409. G Tennantite in deep quartz veins (S6
Tnt-d) with banding, hosting clausthalite (Clt) inclusions, 4012-989.
H Intergrown enargite and tennantite in alunite veins (S6 Tnt6-s)
replacing stage 4 pyrite, 1604-231. I Native gold, galena, chalcopy-
rite, and altaite inclusions in tennantite (S6), 1604-231. Abbreviations
asin Fig. 5

higher contents of Ag, Au, In, Mo, Se, TI, and V, and lower
contents of As, Bi, Co, Ga, Mn, Ni, Pb, Pd, Sn, and Te, com-
pared to S5 Bn (ESM 2 Fig. S2B). The LA-ICP-MS map-
ping of coexisting S2 Ccp and Bn show that V, Mo, In, Sb,
Au, T1, and Pb are enriched in S2 Ccp (ESM 2 Fig. S3), but
Bi is concentrated in S2 Bn. Stage 6 Tnt-d contains higher
concentrations of V, Co, Ni, Zn, Pd, Cd, In, Sn, and TI, but
lower Mn, Ga, Mo, Au, Hg, and Bi than S6 Tnt-s (ESM 2
Fig. S2C). Concentrations of Se, Ag, Sb, Te, and Pb are
close in both groups of tennantite (ESM 2 Fig. S2C). Stage
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Abbreviations as in Fig. 5

4 Py contains large concentration ranges of trace elements,
with most median values higher than S1 Py, excluding Se
and Pd (ESM 2 Fig. S2D).

Multivariate statistical analysis

PLS-DA results of porphyry sulfides indicate that chalco-
pyrite has negative qw*, and slightly positive qw*, load-
ings, associated with Ga, In, Sb, Au, and Zn (Fig. 8A), and
plots with negative t, scores (Fig. 8B). Lead and Mo also
have positive score contributions to chalcopyrite (ESM 2
Fig. S4A). Bornite plots with positive loadings of qw*; and
qw*, due to correlations with Ag, Cd, Hg, T1, Mo, and Pb
(Fig. 8A), with positive scores of t; and t, (Fig. 8B). Score
contribution plots of bornite show that Au, Sb, and Bi also
contribute positively to discriminating bornite from chal-
copyrite and covellite (ESM 2 Fig. S4B). Covellite plots
with negative loading of qw*, and slightly positive qw*,
correlated with Te, W, Bi, Se, V, Co, Ga, and Sn (Fig. §B),

consistent with positive score contributions of these ele-
ments for covellite (ESM 2 Fig. S4C).

PLS-DA plots of epithermal sulfides indicate that chal-
copyrite data plot close to origin loading (Fig. 8C), such
that it is not well discriminated by PLS-DA. Bornite has
high qw*, and slightly negative qw*, loadings due to cor-
relations with Co, TI, Pb, Ga, Hg, Ag, Se, and Bi (Fig. 8C),
which yields positive t; scores (Fig. 8D). Gallium, Ag, Hg,
Tl, and Pb have positive score contributions to bornite (ESM
2 Fig. S3E). Digenite plots in positive qw*; and qw*, quad-
rants due to correlations with Ga, Ag, Hg, and Se (Fig. 8C),
with positive scores of t; and t, (Fig. 8D). The score contri-
bution plot indicates that V, Co, Mo, Au, Tl, Pb, and Bi are
positive in digenite (ESM 2 Fig. S4F). Enargite plots with
negative qw*, and positive qw*, loadings, correlated to Sb,
Cd, Zn, Te, W, V, Mo, Sn, and In (Fig. 8C). The score con-
tributions plot of enargite (ESM 2 Fig. S4G) shows that Bi
is another element to discriminate enargite from other epith-
ermal sulfides. Tennantite plots with negative qw*, loadings
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for the correlations with Au, Co, T1, Pb, Te, Sb, Zn, Sn, and
Cd (Fig. 8C), with negative t; scores (Fig. 8D), consistent
with the positive score contributions of those elements for
tennantite (ESM 2 Fig. S4H).

Discussion
Trace element substitution in sulfides

The enargite and tennantite have significantly high contents
of Zn, Cd, Pb, Sn, Sb, Bi, and Te, relative to other sulfides.
Antimony and Sn in enargite and tennantite can substitute
with As, as shown by EPMA data for enargite (1620-354
Eng3) with high Sn, and tennantite analyses (2404-989 Tnt2)
with high Sb contents, but both with low As contents (ESM
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1 Table S1). High Sb concentrations in enargite and ten-
nantite have also been found in other studies, where they
were interpreted to result from Sb substitution for As (Maske
and Skinner 1971; Posfai and Buseck 1998; Deyell and
Hedenquist 2011; George et al. 2017). On the other hand, As
may favor incorporating other trace elements, by substituting
for Cu, and contribute to higher concentrations of Bi, Cd,
Sb, Sn, Te, Zn, and Pb in these two minerals relative to other
sulfides (Fig. 7B). The substitution of Cu by another metal
is complex because of ionic charge and radii balance with
the replaced Cu™ in Cu-sulfides (Goh et al. 2006; Pearce
et al. 2006; Xie et al. 2013). For example, some monovalent
ions, such as Ag*, Au*, and TI*, have larger ionic radii than
Cu™, whereas other ions with similar radii to Cu*, such as
Zn*, Sb>*, In**, and Sn**, have higher ionic charges. As’*
and As*' in enargite and tennantite are high charge ions,
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which could be coupled with Cu* to maintain ionic charge
balance during the substitution of monovalent, divalent, tri-
valent, and tetravalent ions. Liu et al. (2019) proposed sub-
stitution of As>* +Cu™ in enargite as reaction of (Ag, Au,
and/or T)* + (Fe, Cd, Zn, and/or Pb)** + (Sn, Te, and/or
Ge)** <> As’* 4+2Cu™. He et al. (2018) found a high content
of Ag, up to 10 wt% in tetrahedrite at Tiegelongnan, which
may result from the coupled incorporation with As.

Additionally, As has been shown to play a significant role
in the coupled incorporation of Au and Ag in other sulfides,
such as pyrite and digenite (Reich et al. 2005; Deditius
et al. 2009; Large et al. 2009; Wu et al. 2019b), Reich et al.
(2010) suggested that high contents of Au and Ag in digenite
resulted from the reaction As** +3(Au™/Ag*)=4Cu*. In
this study, Au and Ag in chalcopyrite and enargite show a
positive correlation (Fig. 9A), suggesting a similar substitu-
tion behavior of Ag and Au, both common monovalent and
large radii cations. A positive correlation between As and Au
is shown in chalcopyrite and covellite (Fig. 9B). It suggests
that the incorporation of Au in chalcopyrite and covellite
is related to As, which may also apply to other Cu-sulfides.

Positive correlations between Au and Te are shown
for chalcopyrite and covellite (Fig. 9C). Chouinard et al.
(2005) suggested that Te causes lattice expansion of
pyrite, and provides space for the large Au ion by substi-
tuting for S*~. Therefore, the incorporation of Au in Cu-
sulfides can be described by the reaction As** + (Au*/
Agh)+Te*” < 4Cut +82-.

Chalcopyrite and bornite have an extra Fe site to hold
trace elements, compared to covellite and digenite. Incor-
poration of elements by substitution for Fe?* in chalcopyrite
might be one reason why porphyry stage chalcopyrite has
higher contents of several elements compared to covellite,
particularly the divalent metals, such as Pb, Zn, Cd, Co,
Hg, Mn, Mo, and Ni (Fig. 7A), and porphyry S2 Bn also
has some divalent element Pb, Cd, Hg, Mo, and Pd contents
higher than covellite.

Bornite has lower concentrations of several elements
compared to covellite and chalcopyrite (Fig. 7), likely due to

trace element partitioning between chalcopyrite and bornite.
In stage 2 sulfides, the average concentrations of most ele-
ments are higher in chalcopyrite than the coexisting bornite,
with the exception of Pd, Cd, and Zn (ESM 1 Table S3).
LA-ICP-MS maps of coexisting S2 Ccp and Bn also indicate
that V, Mo, In, Sb, Au, TI, and Pb are enriched in S2 Ccp,
whereas Bi is enriched in S2 Bn (ESM 2 Fig. S3).

Several trace elements in S5 Ccp and Bn show similar
partitioning trends, compared to S2 Ccp and Bn, wherein
median contents of Co, Sb, Te, Ga, W, Au, Mo, V, In, Sn,
and Se are higher in S5 Ccp, and Pd is higher in S5 Bn (ESM
1 Table S3). There is a general trend that Co, Sb, Te, Ga, W,
Au, Mo, V, In, Sn, and Se are partitioning in chalcopyrite,
whereas Bi and Pd are favored in bornite.

Control from hydrothermal physicochemical
environments

The evolution of sulfides in magmatic-hydrothermal systems
is interpreted with regard to the sulfidation state, which is
an integrated function of fS,, temperature, hydrothermal
fO,, and pH conditions (Einaudi et al. 2003). Porphyry Cu-
sulfides evolve from S1 chalcopyrite-pyrite + molybdenite,
to S2 chalcopyrite-bornite, and finally to S3 covellite in the
Tiegelongnan deposit, suggesting an evolution path from
intermediate to high and then very high sulfidation states
(Fig. 10). According to the PLS-DA results, the trace ele-
ment composition evolves with the sulfidation state, from
enrichment in Au, Zn, Mo, Pb, In, Sb, and Ga in chalcopy-
rite, to Ag, Au, Tl, Cd, Mo, Hg, Pb, Bi, and Sb in bornite,
and Co, Ga, Bi, Sn, V, Te, W, and Se enrichment in S3 Cv
(Fig. 10). Epithermal Cu-sulfides evolve from S5 digen-
ite-bornite-chalcopyrite to S6 enargite-tennantite, along a
decreasing sulfidation state path (Fig. 10). The occurrence
of chalcopyrite with tennantite (Figs. SK and 6I) indicates
the epithermal tennantite formed at an intermediate sulfida-
tion state (Einaudi et al. 2003). The PLS-DA results (Fig. 8)
suggest that high sulfidation state S5 Bn is associated with
enrichment of Ag, Tl, Pb, Co, Hg, Ga, and Se, and S5
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Fig. 10 Evolution of sulfida-
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Dg rich in Ag, Au, Tl, Pb, Co, Mo, Hg, Bi, Ga, V, and Se
(Fig. 10). Stage 6 Eng has high Zn, Cd, Mo, Bi, In, Sn, Sb,
V, W, and Te, whereas S6 Tnt is characterized by high Au,
Tl, Co, Pb, Zn, Cd, Sn, Sb, and Te (Fig. 10).

The enrichment of elements in epithermal enargite and
tennantite, such as As, Te, Sb, Ag, Au, Pb, and Zn, partition
into aqueous vapor as hydroxide complexes, during ascent
into shallow epithermal environments (Pokrovski et al. 2002,
2005; Simmons et al. 2016). In addition, epithermal min-
eralization stage S5 Ccp and Bn both have higher contents
of As and Pd than porphyry stage chalcopyrite (S1 and S2
Ccp) and S2 Bn (ESM 2 Fig. S2 A and B). Although Pd
concentrations in the hydrothermal fluids are unknown, As is
believed to be abundant in epithermal fluids (Pokrovski et al.
2002, 2005; Simmons et al. 2016). However, Rottier et al.
(2018) argued that there is no connection between sulfide
and hydrothermal fluid compositions at the Cerro de Pasco
epithermal deposit, Peru. On the other hand, partitioning of
As and Pd to chalcopyrite and bornite is likely higher at the
lower temperatures of epithermal mineralization than that of
porphyry mineralization at Tiegelongnan. At the Lihir gold
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deposit, Sykora et al. (2018) found that low-temperature
epithermal stage pyrite had higher Ag, Au, Mo, As, and Sb
contents than high-temperature porphyry stage pyrite. Our
results are consistent with this, with epithermal S4 Py hav-
ing higher concentrations of most elements than porphyry
S1 Py, with the exception of Se and W (ESM 2 Fig. S2D).
In contrast, the Au concentrations in coexisting stages
2 and 5 chalcopyrite and bornite at Tiegelongnan show a
decreasing trend with lower temperatures. Stage 2 chal-
copyrite and bornite formed at temperatures of ~350 C,
based on fluid inclusion studies (Yang et al. 2014; He et al.
2017), whereas epithermal S5 chalcopyrite and bornite
formed at ~250 °C, based on stable isotope equilibrium
temperatures (Yang et al. 2020a). The Au concentrations
follow the decreasing trend of coexisting bornite and
chalcopyrite Au concentrations at temperatures from 600
and 400 °C (Fig. 11A; Simon et al. 2000). However, chal-
copyrite is a dominant Au carrier at Tiegelongnan, with
higher Au (median=9.7 ppm) in S2 Ccp than in S2 Bn
(median=0.1 ppm), and higher Au (median=0.4 ppm) in
S5 Ccp than S5 Bn (median=0.01 ppm; Fig. 11C). This
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Fig. 11 Relationship between gold content and hydrothermal factors.
A Chalcopyrite and bornite Au correlation to temperature, modified
after Simon et al. (2000). B Tennantite oxidation condition and Au

is distinct from the close spatial Au-bornite correlation
observed in several other porphyry deposits (e.g., Bing-
ham deposit, USA; Redmond and Einaudi 2010), and the
experimental data of Simon et al. (2000), where bornite is
the predominant Au carrier at high temperatures (Fig. 11A).
The close correlation between bornite and gold at Bing-
ham, which formed at temperatures of 425-350 °C (Red-
mond et al. 2004; Landtwing et al. 2005), is higher than
the mineralization temperatures (~350 and ~250 “C) in the
Tiegelongnan deposit. Therefore, a lower temperature (<350
‘C) perhaps explains the partitioning of Au in chalcopyrite
relative to bornite at Tiegelongnan.

However, a lower temperature cannot explain higher Au
content (median=9.7 ppm) in S2 Ccp formed at~350 °C (He
et al. 2017), compared to low Au content (median=0.1 ppm)
of S1 Ccp, formed at around ~400 °C (Fig. 11A, C; Yang
et al. 2014). Sulfur isotopes indicate that hydrothermal flu-
ids evolved from S1 sulfides with average §**Sy;,s = —2.5%o0
to S2 sulfides with average 8*Sy;,q= —5.6%0 (Yang et al.
2020a). The S isotope composition of hydrothermal fluids
is determined by temperature and redox state, assuming that
the bulk S isotopic composition is constant in the porphyry

correlation, ternary diagram modified after Catchpole et al. (2012). C
Gold median values for each stage of sulfides, and their replacement
relationship. Cu*, excess Cu over 10 apfu. Abbreviations as in Fig. 5

system (Rye and Ohmoto 1974; Rye 1993). The declining
temperature from ~400 °C for S1 sulfides to~350 °C for
stage 2 sulfides yields an increase in S isotopic fractionation
between aqueous SO,>~ and H,S of 2.4%o, from 14.5 to 16.9
%o (Eldridge et al. 2016). This change in temperature-driven
fractionation of 2.4%o is smaller than the change in fluid
834SH25 of 3.1%o, suggesting that the temperature decrease
was accompanied by an increase in the oxidation state of
the fluids from S1 to S2. The higher gold content of S2
chalcopyrite (median=9.7 ppm Au), compared to S1 Ccp
(median=0.1 ppm Au; Fig. 11C), suggests that high gold
in chalcopyrite may be controlled by a higher hydrothermal
oxidation state under decreasing temperature.

The high oxidation state is also likely one of the reasons
for a higher content of Au in S6 Tnt-s (median=98.0 ppm),
than in S6 Tnt-d (median=3.3 ppm; Fig. 11C and ESM
2 Fig. 2C). Most S6 Tnt-d and Tnt-s in the Tiegelongnan
deposit display Cu-excess, which is defined by more than 10
apfu Cu (ESM 1 Table S1; Marcoux et al. 1994). The excess
Cu (> 10 apfu Cu), Pb—Zn, and Fe contents are related to the
redox state of hydrothermal fluids (Charlat and Levy 1974;
Catchpole et al. 2012). The ternary diagram indicates that S6
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Tnt-s plots near the Fe** pole at more oxidizing conditions,
having two orders of magnitude higher Au contents than S6
Tnt-d, which plots in the transition zone between Fe** and
Fe?* +Fe** (Fig. 11B).

The high redox state is an essential factor for high Au
solubility in hydrothermal fluids. Because Au is dominantly
transported by S-bearing complexes, whose behavior is sen-
sitive to redox state, they deposit as sulfides under reduced
H,S-saturated environments (Seward 1973; Heinrich et al.
2004; Seo et al. 2009). Alternatively, a high oxidation state
in hydrothermal fluids can change the Cu valency, increas-
ing the solubility of Au and other elements in sulfides. For
example, Chouinard et al. (2005) and Pacevski et al. (2008)
suggested that a high redox state oxidizes Cu™ to Cu?*,
which directly substitutes for Fe?* in pyrite, and accounts
for the distortion of the pyrite lattice and incorporation of
high concentrations of other trace elements, including Au.
The Cu-excess tennantite reflects an oxidizing environment,
under which Cu* can be oxidized to Cu** when tennantite
contains more than 11 apfu of Cu (Catchpole et al. 2012).
The S6 Tnt-s has more than 11 apfu Cu excess (ESM 1
Table S1), suggesting the presence of Cu®*, which likely
increased the solubility of Auin S6 Tnt-s.

Remobilization of metals during sulfide
replacement

Gold remobilization during the replacement of sulfides is
common (Large et al. 2009, 2012; Deditius et al. 2014;
Wu et al. 2019a). At Tiegelongnan, porphyry S1 Py
(with Au median=0.05 ppm) is replaced by S2 Ccp (Au
median=9.7 ppm) and S2 Bn (Au median=0.1 ppm;
Fig. 11C). Thus, the Au content in S1 Py is too low to
account for higher Au contents in S2 Ccp. Instead, the higher
oxidation state during S2 likely introduced gold into the Tie-
gelongnan porphyry system with preferential partitioning of
gold in S2 Ccp over Bn. Porphyry S2 Ccp and Bn are locally
replaced by epithermal S6 Eng (Au median=0.7 ppm) and
Tnt-d (Au median=3.3 ppm; Fig. 11C) at depth, suggesting
that gold in S6 Eng and Tnt-d was likely partly leached from
S2 Ccp. However, S6 Eng and Tnt-d have low gold contents,
thus the contribution to epithermal Au mineralization was
likely minor.

Epithermal S4 Py, has a large gold concentration
range (SEM 2 Fig, S3D), with a median value of 2.2 ppm
(Fig. 11C). The S4 pyrite sample 1604-231, which has
been replaced by S6 Tnt-s (Fig. 6H) with a high Au con-
tent of median=98.0 ppm (Fig. 11C), has a low Au con-
tent (median=1.7 ppm), whereas sample 0804-408, which
has not been replaced by tennantite (Fig. SE), has a high
Au content (median=25.0 ppm; ESM 1 Table. S3). The
gold from S4 Py was likely leached and incorporated by
S6 Tnt-s, but the high content of gold in S6 Tnt-s would
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require a tenfold volume replacement which is not sup-
ported by petrographic evidence. The high gold content in
S6 Tnt-s (median=98.0 ppm), forming rims around S6 Eng
(median=0.7 ppm; Fig. 6F and H), suggests addition of new
gold at the end of the paragenetic sequence of the Tiegelong-
nan deposit. Other sulfide replacements do not show remobi-
lization and enrichment of gold to later sulfides (Fig. 11C).
Therefore, the epithermal sulfide replacement reactions are
unlikely to have leached significant gold from earlier sulfides
at Tiegelongnan.

Several studies have shown that Cu from deep porphyry
mineralization can be remobilized in high-grade phyllic
(muscovite) alteration (Sillitoe 2010), and in shallow epith-
ermal Cu mineralization, such as at Butte, USA (Brimhall
1980), Chuquicamata, Chile (Ossandén et al. 2001), and
Alter, Argentina (Maydagan et al. 2015). Diamond drilling
so far has not intersected a high-temperature potassic altera-
tion zone at Tiegelongnan, except for drill-hole 4804 that
intersected deep potassic (biotite) alteration that yielded a
lower Cu grade (< 0.5 wt% Cu) than the upper muscovite
alteration zone (Figs. 2B and 4). Thus, the Tiegelongnan
deposit may have remobilized Cu from deep concealed
potassic alteration. Epithermal sulfides replacing earlier por-
phyry stages 2 and 3 sulfides (Fig. 11C) correspond closely
to several Cu enrichment zones (> 0.8 wt %) in the shallow
epithermal system (Fig. 4), which indicates that Cu has been
remobilized by the epithermal fluids.

Implication for exploration

The distribution of sulfides and associated trace elements
at Tiegelongnan are shown in a schematic model in Fig. 12,
based on the spatial distribution of sulfides (Fig. 4) and
sulfide-element evolution (Fig. 10). At depth, in the zone of
biotite and deep muscovite alteration, mineral assemblages
evolve from chalcopyrite-pyrite-molybdenite to chalcopy-
rite-bornite towards lower elevations. The replacement of
the muscovite alteration by the alunite-kaolinite alteration at
intermediate depths is associated with precipitation of cov-
ellite, digenite, bornite, enargite, and tennantite. Enargite,
tennantite, bornite, and digenite are the principal sulfides in
the shallow, alunite-kaolinite alteration zone, and they also
locally replace porphyry stage chalcopyrite, bornite, and
covellite in the overprinting zone (Fig. 12). Minor amounts
of sphalerite and galena are found at the periphery of the
muscovite and alunite-kalinite alteration zones. The deep
porphyry sulfides chalcopyrite-bornite-molybdenite, shal-
low epithermal high-sulfidation sulfide enargite-digenite-
tennantite assemblages, and distal galena and sphalerite
at Tiegelongnan are consistent with observations in many
porphyry systems (Einaudi et al. 2003; Sillitoe 2010). Along
with the spatial distribution of sulfides, there is a metal zona-
tion pattern (Fig. 12). Porphyry S2 chalcopyrite at depth in
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Fig. 12 Schematic model of

Present-day surface

alteration, sulfides, and metals
distribution in the Tiegelongnan
porphyry-epithermal system.
Mol-molybdenite, Sp-sphalerite,
other abbreviations as in Fig. 5.
Geochronology from Yang et al.
(2020b)

500m

Eng+Tnt

Eng+Tnt
Au-TI-Co-Zn-Pb- Sp+Gn
Cd-As-Bi-Sb-Sn-Te Zn-Pb

Bn+Dg
Ag-TI-Hg-Ga-Se
Eng+Tnt
Cv
Te-W-Bi-Sn-
Se-V-Ga-Co
Sp+Gn

Porphyry intrusions
~121 Ma
~116 Ma

Hydrothermal alteration

- Biotite alteration (~121 Ma)

[ ] Chlorite alteration
Muscovite alteration(~121 Ma)

:] Overprinting zone

:] Alunite-kaolinite alteration
(~116 & 112 Ma)

Tiegelongnan is associated with high Au, Mo, In, Ga, and Sb
contents. Porphyry S2 bornite has high Ag, Hg, Tl, Cd, Bi,
Au, Mo, and Sb. Covellite (S3 Cv) is characterized by high
contents of Te, W, Bi, Sn, Se, V, Ga, and Co, whereas epith-
ermal S5 bornite and digenite display high Ag, Tl, Hg, Ga,
and Se contents. Stage 6 enargite and tennantite are associ-
ated with Au, T1, Co, Cd, Bi, As, Sb, Sn, and Te.

The sulfide trace element spatial distribution pattern
at Tiegelongnan is similar to metal spatial distribution in
other porphyry Cu systems (Halley et al. 2015). Gold is
commonly associated with porphyry chalcopyrite-bornite
at depth and shallow epithermal enargite and tennantite in
porphyry and epithermal deposits (Sillitoe 2010; Kouzmanov
and Pokrovski 2012), which is consistent with the enrich-
ment of Au in sulfides at Tiegelongnan. Halley et al. (2015)
illustrated that high Mo, Bi, Se, and Te contents characterize
the deep potassic alteration zone. In deep porphyry miner-
alization, high Mo contents mainly result from molybdenite
(Kouzmanov and Pokrovski 2012), which occurs in the deep
Tiegelongnan porphyry system. The Mo enrichment in chal-
copyrite and bornite and high Bi content in bornite (Fig. 12)
may also relate to high Mo and Bi at depth. High As, Sb,
Bi, Te, W, and Se contents characterize sericite alteration
zone, similar to typical high As, Sb, Tl, and Bi contents

in the advanced argillic alteration (Halley et al. 2015). The
similar enriched metals in the sericite and shallow advanced
argillic alteration zones are consistent with similar sulfide
assemblages, with high sulfidation state covellite, digenite,
and enargite in sericite and advanced argillic alterations in
several porphyry deposits (Sillitoe 2010). The Cu-sulfide
trace elements—including Te, W, Bi, and Se in covellite; Se
in bornite and digenite; and As, Sb, Tl, and Bi in enargite
(Fig. 12)—correspond to the metals distribution of Halley
et al. (2015), suggesting that sulfide distribution and their
trace elements control metals’ spatial distribution in the
porphyry-epithermal systems. Therefore, the trace element-
sulfide correlations and their distribution at Tiegelongnan
(Fig. 12) can be potential for exploring porphyry systems
overprinted by epithermal mineralization.

Conclusions

1. Sulfides formed during porphyry mineralization
at Tiegelongnan evolve from stage 1 chalcopyrite-
pyrite + molybdenite, to stage 2 chalcopyrite-bornite,
and to stage 3 covellite, along an increasing sulfida-
tion path, whereas the sulfides of epithermal miner-
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alization evolve from stage 4 pyrite-alunite, to stage 5
digenite-bornite-chalcopyrite, and to stage 6 enargite-
tennantite + tetrahedrite, suggesting a decreasing sulfida-
tion trend.

2. Trace elements partitioning between coexisting chalco-
pyrite and bornite causes Au and other trace elements
to become enriched in chalcopyrite formed at low tem-
peratures (<350 “C). The low-temperature epithermal
environment (~250 C) may cause partitioning of Au,
Zn, Cd, Pb, As, Sn, Sb, Bi, and Te to enargite and ten-
nantite, and As and Pd to epithermal chalcopyrite and
bornite relative to porphyry ones.

3. Stage 2 chalcopyrite is the major porphyry Au host
(median=9.7 ppm), whereas stage 6 tennantite in the
alunite veins (S6 Tnt-s Au median=98.0 ppm) is the
major epithermal Au host. The incorporation of Au in
Cu-sulfides is related to the high oxidation state of the
hydrothermal system. The incorporation of Au in Cu-
sulfides likely resulted from the reaction of As** + (Au/
Agh) +Te*” —4Cut +8%.

4. Epithermal sulfide replacement may remobilize Cu from
earlier porphyry mineralizations. Gold may not have
been remobilized during the sulfide replacement.

5. The Cu-sulfides and related trace elements show a sys-
tematic spatial distribution. Chalcopyrite is the major
Au, Mo, In, Sb, and Ga carrier in deep porphyry miner-
alization, whereas porphyry bornite is associated with
Ag, T, Hg, Cd, and Bi at depth. Covellite incorporate
Te, W, Bi, Ga, Sn, V, and Se, and epithermal digen-
ite and bornite are enriched in Ag, Tl, Hg, Ga, and Se,
distributed in the porphyry and epithermal overprinting
zone. Enargite and tennantite have high contents of Au,
Tl, As, Sb, Sn, Te, Cd, Co, and Bi in the shallow epith-
ermal mineralization zone. These represent a predictive
sulfide-metal distribution in overprinted porphyry-epith-
ermal systems, and are of potential interest for explora-
tion.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00126-021-01075-y.
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