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Abstract

Ore-forming fluids ultimately precipitate Fe-bearing sulfides and oxides in hydrothermal ore deposits and the Fe isotopic
composition of these minerals can trace magmatic-hydrothermal evolution. Here, we report on the Fe isotopic compositions
of a suite of hydrothermal minerals (magnetite, pyrite, and chalcopyrite) and granodiorite porphyry from the giant Duolong
porphyry Cu-Au deposit (Bolong and Duobuza section), central Tibet. Most magnetite grains with potassic alteration show
only minor d57Fe variation (0.38 ± 0.07‰ to 0.52 ± 0.04‰ in Bolong and 0.68 ± 0.02‰ to 0.77 ± 0.08‰ in Duobuza), con-
sistent with the equilibrium fluid d57Fe (��0.3‰ and ��0.1‰, respectively) at �550–480 �C. The equilibrium fluids have
lighter Fe isotope signatures than the Duolong granodiorite porphyry (d57Fe = 0.03 ± 0.06‰ to 0.07 ± 0.02‰), corroborat-
ing the hypothesis that exsolved fluids should have a lighter Fe isotopic composition relative to parental magmas. Chalcopy-
rite from the mineralized Bolong and Duobuza porphyries have relatively consistent d57Fe values of �0.60 ± 0.07‰ to �0.42
± 0.07‰ and �0.40 ± 0.08‰ to �0.30 ± 0.05‰, respectively, with equilibrium fluids at �450–350 �C having lighter d57Fe
values of ��0.7‰ and ��0.6‰. The trend of decreasing d57Fe values in evolved fluids likely reflects Rayleigh fractionation
of magnetite enriched in heavy Fe isotopes. This supposition is supported by the lighter d57Fe value (0.25 ± 0.07‰) recorded
in magnetite that equilibrated with a lighter d57Fe fluid (��0.5‰) at �470 �C. Compared to chalcopyrite, pyrite from
the Bolong and Duobuza sections have heavier d57Fe values of 0.35 ± 0.06‰ to 0.71 ± 0.06‰ and 0.53 ± 0.06‰ to
0.71 ± 0.07‰, respectively. The pyrite values correlate variably with the Fe isotopic composition of ore-forming fluids
(d57Fe = �0.6‰ to �0.7‰), likely due to variations in the degree of Fe isotope exchange between pyrite and fluid. Moreover,
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combined with previously published Fe isotopic compositions of hydrothermal minerals from oxidized and reduced ore
deposits, the results show that chalcopyrite in oxidized hydrothermal deposits always has a lighter Fe isotopic composition
than chalcopyrite from reduced hydrothermal deposits. This is likely controlled by melt composition and precipitation of
magnetite/pyrrhotite-bearing mineral assemblages. Therefore, the Fe isotopic composition of chalcopyrite could be a useful
diagnostic tool for distinguishing oxidized from reduced fluids in hydrothermal systems.
� 2018 Elsevier Ltd. All rights reserved.
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Fig. 1. (a) Geographic map, (b) sketch tectonic map (Hou et al.,
2004) and generalized geologic map (c) of the Duolong porphyry
Cu-Au deposit (Li et al., 2013).
1. INTRODUCTION

It is well known that metal-rich fluids exsolved from oxi-
dized and reduced magmas play a key role in the formation
of various types of hydrothermal ore deposits, including
porphyry Cu ±Mo ± Au, skarn Cu ± Fe ± Zn, and
skarn/vein Sn-W deposits (e.g., Audétat et al., 2000;
Einaudi et al., 2003; Cooke et al., 2005; Sillitoe, 2010;
Richards, 2011; Fontboté et al., 2017). Traditionally, oxy-
gen, sulfur, and hydrogen isotopic signatures of hydrother-
mal minerals have been extensively used to reveal the source
and evolution of ore-forming fluids (e.g., Rye, 1993;
Hedenquist et al., 1998; Li et al., 2016a). In recent years,
experimental studies have determined non-traditional iron
(Fe) isotope fractionation factors between minerals (e.g.,
magnetite, pyrite, and chalcopyrite), fluid, and melt (e.g.,
Heimann et al., 2008; Polyakov and Soultanov, 2011;
Syverson et al., 2013, 2017; Dauphas et al., 2017), and this
important development means Fe isotopes can be added to
the analytical toolbox for investigating magmatic-
hydrothermal evolution and metal sources (e.g., Graham
et al., 2004; Markl et al., 2006; Li et al., 2010, 2016a;
Wang et al., 2011; Wawryk and Foden, 2015, 2017;
Günther et al., 2017). Previous studies mainly focused on
iron oxide-apatite deposits (Bilenker et al., 2016), skarn
Fe-Cu-Au deposits (Wang et al., 2011, 2015, 2017; Zhu
et al., 2016), skarn/vein Sn-W deposits (Wawryk and
Foden, 2015), and carbonated-hosted Pb-Zn deposits
(Gagnevin et al., 2012). However, systematic Fe isotope
studies for porphyry Cu-Au deposits are scare.

Generally, the fluids exsolved from magmas have light
Fe isotopic compositions because the Fe2+ species in fluids
preferentially incorporates the light isotope (Simon et al.,
2004; Heimann et al., 2008; Hill et al., 2010; Saunier
et al., 2011; Wang et al., 2011, 2015; Telus et al., 2012).
However, the variation of Fe isotopic compositions in
evolved fluids are likely controlled by the different mineral
assemblages precipitating in oxidized porphyry Cu-Au
and reduced Sn-W hydrothermal systems (Wawryk and
Foden, 2015, 2017). It is still unclear whether Fe isotope
could be as a good tracer to evolution of ore-forming fluid.
The Duolong deposit is a porphyry Cu-Au deposit in a con-
tinent arc setting (Tibet; Li et al., 2013, 2018) and provides
an opportunity to study Fe isotope variations in porphyry-
related hydrothermal system. In this study, the Fe isotopic
values of granodiorite porphyry and hydrothermal minerals
(magnetite, pyrite, and chalcopyrite) from the Duolong
porphyry Cu-Au deposit (Tibet; Li et al., 2013) are pre-
sented in order to evaluate magmatic-hydrothermal
evolution and the key factors controlling Fe isotope varia-
tion. Moreover, combined with previously published Fe
isotopic data from other deposits (e.g., Wang et al., 2011,
2015; Wawryk and Foden, 2015; Li et al., 2016a), we dis-
cuss whether mineral Fe isotopic composition is a poten-
tially useful tool for distinguishing different types of
hydrothermal ore deposits.

2. GEOLOGICAL SETTING

The Tibetan plateau consists of five terranes (from north
to south: Qaidam, Songpan–Ganze, Qiangtang, Lhasa, and
India), separated by four Mesozoic and Cenozoic sutures
(Ayimaquin–Kunlun, Jinshajiang, Bangong–Nujiang, and
Indus–Yarlung, respectively; Fig. 1a and b; Yin and
Harrison, 2000; Kapp et al., 2005; Zhang et al., 2012;
Zhu et al., 2013). The Qiangtang terrane is divided by the
Mesozoic Longmu-Shuanghu suture (LSS) into the north-
ern and southern Qiangtang terrane (Fig. 1b; Zhai et al.,
2011; Zhang et al., 2012; Zhu et al., 2013). During
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northward subduction of the Bangong-Nujiang oceanic
lithosphere, Jurassic-Cretaceous arc magmatism, including
intermediate–felsic intrusions and volcanic rocks, was
extensive in the southern Qiangtang terrane (Guynn et al.,
2006; Zhang et al., 2012; Li et al., 2014a, 2014b, 2016c;
Liu et al., 2014, 2017; Huang et al., 2015; Geng et al.,
2016; Hao et al., 2016; Wu et al., 2016; Zhu et al., 2016).
The giant Duolong porphyry–high sulfidation epithermal
Cu–Au district is located approximately 100 km northwest
of Gerze city (Fig. 1b) and is closely related to Early Creta-
ceous arc magmatism (�118 Ma; Li et al., 2013, 2016a,
2016b, 2017; Zhu et al., 2015; Hou and Zhang, 2015; Sun
et al., 2017). The Cu–Au district (prospective metal
resources of �25 Mt Cu and �400 t Au) covers more than
120 km2, and includes the Duolong and Naruo porphyry
deposits (Li et al., 2013; Sun et al., 2017) and the Rongna
(or Tiegelongnan; Li et al., 2015; Duan et al., 2016; Lin
et al., 2017) and Nadun porphyry-high sulfidation epither-
mal deposits (Li et al., 2016a). The Duolong porphyry Cu-
Au deposit (5.4 Mt at 0.72% Cu, 41 t at 0.23 g/t Au; Li
et al., 2012a), the focus of this study, is located in the south-
west of the Duolong Cu-Au district and is divided into the
Duobuza and Bolong sections (Fig. 1c). The stratigraphy in
the Duolong deposit mainly comprises the Middle Jurassic
Quse Group, Late Cretaceous Meiriqie Group, and
Neogene Kangtuo Group (Fig. 1c). The Middle Jurassic
Quse Group is a clastic-interbedded volcanic sequence of
littoral facies composed of arkosic sandstone and
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distribution of magnetite and chalcopyrite are shown by blue and red line
of magnetite and chalcopyrite. (For interpretation of the references to col
this article.)
siltstone-interbeded siliceous rock. The Late Cretaceous
Meiriqie Group contains basaltic andesite, dacite,
volcanic-clastic rocks, andesite porphyry and andesite.
The Neogene Kangtuo Group is composed of brown-red
clay and sandy gravel (Fig. 1c).

2.1. Magmatic activity

The intrusive rocks in the Duolong deposit mainly com-
prise ore-bearing and barren granodiorite porphyries, which
intruded into the Middle Jurassic Quse Group as stocks and
dykes (Fig. 1c). Meanwhile, ore-bearing quartz diorite por-
phyry intruded into ore-bearing granodiorite porphyry
(Fig. 2a). Precise zircon U–Pb dating (Li et al., 2011, 2013,
2017; Sun et al., 2017; Zhu et al., 2015) indicated that these
intrusions were synchronously emplaced at �118 Ma, con-
sistent with the molybdenite Re-Os ages (�118 Ma; Zhu
et al., 2015; Sun et al., 2017). This suggests there is a genetic
relationship between the intrusions and the Cu-Au mineral-
ization. Additionally, pre-ore Early Cretaceous volcanic
basalt (40Ar/39Ar plateau age of �142 Ma; Li et al., 2013)
has alkaline features with an enrichment of high field
strength elements (HFSE: Nb and Ta) and large ion litho-
phile elements (LILE: Rb and Ba; Li et al., 2016b), consis-
tent with OIB-type magmas. Cretaceous basalt, basaltic
andesite and andesite from the Late Cretaceous Meiriqie
Group are syn- and post-ore volcanic rocks with zircon
U–Pb ages of �105–118 Ma (Li et al., 2011, 2016b).
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Syn- and post-ore volcanic rocks, and ore-bearing/barren
granodiorite porphyry show similar geochemical features
with high-K calc-alkaline series classification, enrichment
in large ion lithophile elements (LILE: such as Rb and
Ba), and depletion of high field strength elements (HFSE:
such as Nb and Ta), consistent with arc magmas (Li et al.,
2013, 2016b).

2.2. Hydrothermal alteration

A wide range of hydrothermal alteration extends over an
area of more than 10 km2. The alteration zone can be
divided into potassic, moderate argillic overprinted potas-
sic, moderate argillic, and propylitic alteration from the
ore-bearing porphyry center, outwards and upwards
(Fig. 2a and b). Phyllic alteration is not well developed
and quartz–sericite veinlets occur only locally (Li et al.,
2012b), consistent with the typical alteration model for por-
phyry Cu-Au deposits (e.g., Liang et al., 2009; Sillitoe,
2010).

Potassic alteration zone: Secondary K-feldspar has pri-
marily altered plagioclase phenocrysts but is also dispersed
in the matrix and occurs as an alteration halo at the edge of
quartz–chalcopyrite–magnetite veinlets (A-type, Fig. 3a
and b; Gustafson and Hunt, 1975). Secondary biotite
replaces hornblende and primary biotite while magnetite,
quartz–K-feldspar ± magnetite, quartz–biotite–chalcopyr
ite, and biotite veinlets (EB-type, Gustafson and Quiroga,
1995) are also recognized in this alteration zone. Moreover,
the potassic alteration zone is primarily developed at depth
in the mineralized granodiorite porphyry and is superposed
by moderate argillic alteration (i.e. moderate argillic over-

printed potassic alteration zone; Fig. 2a and b). Hydrother-
mal magnetite developed primarily in the potassic
alteration zone, in higher proportions in the Bolong section
(�5–30 vol%) than in the Duobuza section (�5–10 vol%;
Fig. 2a and b).

Moderate argillic zone: This zone extensively occurs in
wall-rock sandstone and is superposed on the potassic alter-
ation zone (Fig. 2a and b). It is characterized mainly by
kaolinization and illitization–hydromuscovitation of pla-
gioclase and chloritization of biotite (Li et al., 2012b).
Quartz–chalcopyrite ± pyrite veinlets (with chalcopyrite
± pyrite in the center of the veinlet and an argillic alteration
halo; B-type; Gustafson and Hunt, 1975), quartz–molybde
nite–chalcopyrite–pyrite, chalcopyrite ± pyrite, and
quartz–carbonate–sphalerite–galena–chalcopyrite–pyrite
veinlets (Fig. 3f) also occur in this alteration zone.

Propylitic zone: This zone occurs mainly in pre-ore
basalt at the Duobuza section. The alteration minerals are
epidote, chlorite and carbonate. Chlorite replaces biotite
phenocrysts along rims, cleavage and in cores, while the
pseudomorphs of biotite are occasionally retained. More-
over, carbonate, quartz, epidote and other minerals fill in
the amygdales in basaltic rocks (Li et al., 2012b).

2.3. Mineralization

The Duolong Cu-Au mineralization, dominantly occur-
ring in the ore-bearing porphyry and at the wallrock
contact zone, is associated with potassic and moderate
argillic overprinted potassic alteration (Fig. 2a and b).
Hypogene ore minerals are mainly chalcopyrite, followed
by pyrite, and minor chalcocite, bornite and native gold.
On the whole, there is more chalcopyrite than bornite and
far more chalcopyrite than pyrite. Chalcopyrite occurs
mainly as disseminated (Fig. 3e) and stockwork veinlets
(Fig. 3a–c), while bornite occurs mainly as an exsolution
phase in chalcopyrite (Li et al., 2012b). In general,
hydrothermal magnetite is spatially related to with chal-
copyrite (Fig. 2a and b), consistent with the mineralization
characteristics of a typical porphyry Cu-Au deposit (e.g.,
Sillitoe, 2010; Sun et al., 2013). Petrographic observations
suggest that magnetite may have formed slightly earlier
than chalcopyrite (Fig. 3d). In addition, previous fluid
inclusion and O-H-S isotope studies suggest that ore-
forming fluids were exsolved from magmas and of primary
magmatic origin for the Duolong alteration and mineraliza-
tion (Li et al., 2007; Li, 2008). Hydrothermal magnetite in
the potassic zone was formed at �550–450 �C, whereas
Cu-Au mineralization dominantly formed at �450 to
350 �C (Li et al., 2007).

3. SAMPLING AND ANALYTICAL METHODS

3.1. Sampling and petrography

Two fresh granodiorite porphyries at the Duolong Cu-
Au deposit (Fig. 1c) were sampled for Fe isotope analyses.
They show porphyritic texture (30–40 vol% phenocrysts)
and are composed of quartz (22–30 vol%), plagioclase
(40–45 vol%), K-feldspar (10–15 vol%), amphibole (8–10
vol%), biotite (2–5 vol%) and accessory minerals (<1 vol%)
including zircon, apatite, titanite, and Fe-Ti oxides.

Ten mineralized granodiorite porphyries, one quartz-
diorite porphyry, and seven sandstones were collected from
drill core (Fig. 2a and b) for separation of magnetite, pyrite,
and chalcopyrite. Magnetite in selected porphyry samples
occurs in disseminated and quartz–magnetite ± chalcopyr
ite veinlets (Fig. 3a and b). Massive magnetite in one por-
phyry sample BLZK17101-781 is associated with the potas-
sic alteration and cut by quartz–pyrite–chalcopyrite veinlets
(Fig. 3c). Pyrite and chalcopyrite from porphyries and
sandstones mainly occur as disseminated grains (Fig. 3e)
and in quartz ± magnetite–chalcopyrite–pyrite veinlets.
However, Pyrite and chalcopyrite from two argillic sand-
stones in the Duobuza section (DZK04-79 and DZK012-
300; Table 1) occur as disseminated grains and in quartz–chal
copyrite–pyrite–sphalerite–galena veinlets (Fig. 3f).

3.2. Analytical methods

Magnetite separates were obtained by magnetic separa-
tion from crushed samples. Pyrite and chalcopyrite were
separated by hand-picking under a binocular microscope
in Langfang Yuneng Company. Twenty-four sulfide (pyrite
and chalcopyrite), nine magnetite separates, and two pow-
ders of fresh granodiorite porphyry whole rock were
selected for Fe isotope analyses (Table 1). Dissolution
and purification was carried out at the Institute of Geology



Fig. 3. Representative photographs showing occurrences of magnetite, chalcopyrite, and pyrite in the Duolong porphyry Cu-Au deposit. (a)
Mt and biotite veinlets in potassic alteration zone cut by Qtz-Py-Cp veinlet (width � 1 cm). (b) Qtz-Mt-Cp veinlet cut by Qtz-Mt-Py-Cp
veinlet (width � 1.5 cm) in potassic alteration zone. (c) Massive Mt with potassic alteration cut by Qtz-Py-Cp veinlets (width � 1 cm). (d) Mt
surrounding by Cp in the moderate argillic overprinted potassic alteration zone. (e) Disseminated Cp in the moderate argillic zone. (f) Py-Cp-
Sp-Gn mineral assemblage in Qtz-bearing veinlet (width � 1–2 cm) in the moderate argillic zone. Abbreviations: Mt, magnetite; Cp,
chalcopyrite; Py, pyrite; Qtz, quartz; Sp, sphalerite; Gn, galena.
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and Geophysics, Chinese Academy of Sciences (IGGCAS),
following the established procedure (Zhao et al., 2015,
2017). Subsequently, the purified sample solutions were
analyzed for Fe isotopes using a MC-ICP-MS (Thermo
Neptune plus) at the University of Science and Technology
of China (USTC), following previously published proce-
dures (Huang et al., 2011; Gong et al., 2017; Xia et al.,
2017; Zhao et al., 2017). Instrumental mass fractionation
was corrected using standard-sample bracketing. Iron iso-
tope data are reported in standard d notation in per mil



Table 1
Fe isotopic compositions of sulfide, magnetite, and granodiorite porphyry from the Duolong Cu-Au deposit, central Tibet Abbreviations: Mt, magnetite; Cp, chalcopyrite; Py, pyrite; Qtz, quartz;
Sp, sphalerite; Gn, galena; Cc, Carbonate; WR, whole rock.

Sample no. Lithology and alteration Description Mineral d56Fe (‰) 2SD d57Fe (‰) 2SD n

Bolong section

BLZK17101-196 Argillic-sericitic sandstone Disseminated Cp Cp �0.17 0.02 �0.25 0.03 3
BLZK17101-369 Potassic-argillic quartz diorite porphyry Disseminated Mt, Qtz-Mt-Cp-Py vein Cp �0.36 0.03 �0.54 0.05 3

Mt 0.28 0.02 0.42 0.04 3
BLZK17101-524 Argillic-potassic granodiorite porphyry Disseminated Mt, Q-Mt-Cp and Qtz-Py-Cp veins Cp �0.31 0.02 �0.45 0.04 3

Mt 0.27 0.03 0.40 0.05 3
BLZK17101-582 Argillic-potassic granodiorite porphyry Disseminated Mt, Qtz-Py-Cp vein Py 0.39 0.03 0.60 0.03 3

Mt 0.26 0.05 0.40 0.07 3
BLZK17101-781 Potassic granodiorite porphyry Disseminated Mt, Domiantly Qtz-Mt-Cp vein Cp �0.35 0.03 �0.52 0.04 3

Mt 0.16 0.05 0.25 0.07 6
BLZK17101-879 Potassic granodiorite porphyry Disseminated Mt, Qtz-Mt-Cp-Py vein Cp �0.41 0.04 �0.60 0.07 6

Mt 0.25 0.03 0.38 0.07 3
BLZK17103-298 Argillic-hornfelsic sandstone Disseminated Cp and Py, Qtz-Mt-Cp vein Cp �0.19 0.04 �0.28 0.02 3

Py 0.48 0.04 0.71 0.06 6
BLZK17103-351 Argillic-sericitic granodiorite porphyry Disseminated Cp and Py Cp �0.28 0.03 �0.42 0.07 6

Py 0.23 0.03 0.35 0.06 3
BLZK17103-475 Argillic-potassic granodiorite porphyry Disseminated Mt and Py, Qtz-Mt and Py-Cp vein Py 0.39 0.04 0.58 0.06 6

Mt 0.35 0.04 0.52 0.04 3
BLZK17103-508 Argillic-sericitic sandstone Disseminated Cp, Qtz-Mt-Cp vein Cp �0.15 0.02 �0.22 0.02 3
BLZK17104-504 Argillic sandstone Disseminated Cp, Qtz-Cc-Cp vein Cp �0.15 0.01 �0.23 0.07 3

Duobuza section

DZK01-145 Argillic-potassic granodiorite porphyry Disseminated Mt and Cp, Qtz-Mt-Cp vein Cp �0.20 0.03 �0.30 0.05 3
Py 0.44 0.03 0.66 0.03 3
Mt 0.47 0.03 0.70 0.07 3

DZK04-79 Argillic sandstone Disseminated Cp, Qtz-Py-Cp-Sp-Gn vein Cp �0.33 0.04 �0.50 0.05 3
DZK04-198 Argillic-potassic granodiorite porphyry Disseminated Cp, Qtz-Cp-Py vein Cp �0.27 0.04 �0.40 0.08 3

Py 0.36 0.01 0.53 0.06 3
DZK08-172 Argillic sandstone Disseminated Mt and Cp, Qtz-Mt-Cp vein Cp �0.25 0.04 �0.38 0.07 6

Py 0.38 0.04 0.58 0.08 6
DZK08-270 Potassic-argillic granodiorite porphyry Disseminated Mt and Cp, Qtz-Mt-Cp vein Cp �0.22 0.01 �0.33 0.03 3

Mt 0.52 0.03 0.77 0.08 3
DZK08-338 Potassic-argillic granodiorite porphyry Disseminated Mt and Cp, Qtz-Mt-Cp vein Cp �0.23 0.04 �0.35 0.06 4

Mt 0.45 0.03 0.68 0.02 3
DZK012-300 Argillic sandstone Disseminated Cp and Py, Qtz-Py-Cp-Sp vein Cp �0.32 0.04 �0.48 0.08 6

Py 0.47 0.02 0.71 0.07 3

DD-8 Fresh granodiorite porphyry WR 0.02 0.03 0.03 0.06 3
DBZ-2 Fresh granodiorite porphyry WR 0.05 0.02 0.07 0.02 3
BHVO-2 Basalt standard 0.12 0.02 0.18 0.05 6
BCR-2 Basalt standard 0.08 0.03 0.11 0.05 8
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(‰) relative to reference material IRMM-014, defined as
dxFe = [(dxFe/54Fe)sample/(d

xFe/54Fe)IRMM-014 – 1] * 1000 (‰),
where x is either 57 or 56. Each sample solution was repeat-
edly measured by 3–8 times (Table 1). To assess the accu-
racy and long-term external precision of our analyses, two
reference materials BCR-2 and BHVO-2 were processed
with unknown samples for each batch of column chemistry.
The long-term external precisions of d57Fe are better than
0.05‰ (2SD; Xia et al., 2017). The measured BCR-2 and
BHVO-2 basalt standards yield d57Fe values of 0.11 ± 0.05‰
(n = 8) and 0.18 ± 0.05‰ (n = 6), consistent with their
published values (d57Fe = 0.12 ± 0.02‰ and 0.17 ± 0.02‰;
Craddock and Dauphas, 2011; He et al., 2015; Sossi et al.,
2015) within uncertainty, suggesting that inter-laboratory
biases for Fe isotopes are negligible.

4. RESULTS

Two fresh granodiorite porphyries yield d57Fe values of
0.03 ± 0.06‰ and 0.07 ± 0.02‰ (Table 1; Fig. 4a and b),
respectively.

In the Bolong section, magnetite from the porphyries
shows a large range in d57Fe values (0.25 ± 0.07‰ to 0.5
2 ± 0.04‰; Table 1; Fig. 4a). Chalcopyrite from the por-
phyries (�0.60 ± 0.07‰ to �0.42 ± 0.07‰) has a lower
d57Fe signature than chalcopyrite from sandstones (�0.28
± 0.02‰ to �0.22 ± 0.02‰) and pyrite from porphyries
has a lower d57Fe (0.35 ± 0.06‰ to 0.60 ± 0.03‰) than
pyrite from the sandstone (0.71 ± 0.06‰).

In the Duobuza section, magnetite from the granodior-
ite porphyries has relatively consistent d57Fe values ranging
from 0.68 ± 0.02‰ to 0.77 ± 0.08‰, higher than magnetite
from the Bolong section (Fig. 4a, b; Table 1). The d57Fe sig-
natures of chalcopyrite from the mineralized granodiorite
porphyries (�0.33 ± 0.03‰ to �0.40 ± 0.08‰) and from
the sandstone (�0.38 ± 0.07‰ to �0.50 ± 0.05‰) generally
overlap within error but sandstone values are slightly
higher. Pyrite from the porphyries (0.53 ± 0.06‰ to 0.66
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Fig. 4. Fe isotopic compositions of granodiorite porphyry, magnetite, py
indicates that the measured minerals are from the same sample. Fe isoto
± 0.03‰) and sandstones (0.58 ± 0.08‰ to 0.71 ± 0.07‰;
Table 1) show relatively consistent d57Fe values within
errors (Fig. 4b).

In both sections, pyrite has heavier and/or similar Fe
isotope than magnetite, and chalcopyrite shows lightest
Fe isotopic values for individual samples (Fig. 4a, b;
Table 1). In addition, there is not obvious relationship
between depth of samples and Fe isotopic values of miner-
als (pyrite, magnetite, and chalcopyrite; Table 1).

5. DISCUSSION

5.1. Fe isotope fractionation in the oxidized Duolong

porphyry-high sulfidation epithermal Cu-Au deposit

Fresh granodiorite porphyries from the Duolong Cu-Au
deposit have relatively constant d57Fe values ranging from
0.03 ± 0.06‰ to 0.07 ± 0.02‰ (Fig. 4a, b; Table 1), consis-
tent with I-type intermediate-felsic rocks (from 0 to 0.2‰,
mean = 0.15 ± 0.08‰; Foden et al., 2015; He et al.,
2017). Previous mineralogical (e.g., amphibole), petrochem-
ical, and Sr-Nd-Hf isotopic studies show that fresh and ore-
bearing granodiorite porphyries were oxidized (fO2 =
NNO to NNO + 2), derived from the same source and
underwent similar magmatic process (Li et al., 2011, 2013,
2016b, 2018; Sun et al., 2017), suggesting that the Duolong
ore-forming magmas likely had a d57Fe value of �0‰.

5.1.1. Fe isotope fractionation in the Bolong section

Ore-forming fluids exsolved from magmas are key to the
formation of porphyry Cu-Au deposits (e.g., Sillitoe, 2010;
Richards, 2011). Experimental studies have indicated that
Fe is primarily present as ferrous chloride in exsolved fluids
at 800 �C (e.g., Simon et al., 2004; Webster, 2004) and that
Fe2+ preferentially incorporates the light Fe isotope (e.g.,
Poitrasson and Freydier, 2005; Saunier et al., 2011;
Dauphas et al., 2017). Therefore, exsolved fluids may have
lighter Fe isotope signatures (up to �0.3‰; Heimann et al.,
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0
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2008) than melts, possibly controlled by fluid salinity, the
degree of exsolution, and temperature (Heimann et al.,
2008; Hill et al., 2010).

There have been an increasing number of theoretical
predictions on Fe isotope fractionation between mineral
and fluid (Heimann et al., 2008; Syverson et al., 2013,
2017; Dauphas et al., 2017). Recent results show that Fe
is almost present as the ferrous chloride in hydrothermal
fluids above 300 �C (Chou and Eugster, 1977; Simon
et al., 2004; Saunier et al., 2011). Therefore, fractionation
factors for magnetite, pyrite, chalcopyrite, and FeCl4

2� in
fluid (Heimann et al., 2008; Hill et al., 2010; Polyakov
and Soultanov, 2011; Dauphas et al., 2017) could be
adopted for evaluating Fe isotope variations in hydrother-
mal evolution. For a given temperature, the Fe isotope frac-
tionation trend is pyrite > magnetite > chalcopyrite >
FeCl4

2� in equilibrium systems (Fig. 5a, b; e.g., Polyakov
and Soultanov, 2011; Dauphas et al., 2017). For the Bolong
section, detailed petrography indicates that magnetite
mainly occurs as disseminated and quartz–magnetite ± chal
copyrite veinlets associated with secondary biotite and K-
feldspar (Fig. 3; Table 1), consistent with oxidized fluid evo-
lution (Fig. 6a and b; Einaudi et al., 2003; Liang et al.,
2009; Sun et al., 2013; Fontboté et al., 2017). Fractionation
factors between magnetite and chalcopyrite in individual
sample are range of 0.77–1.10‰ (Table 1), which yielded
�400–300 �C based on theoretical predictions (e.g.,
Dauphas et al., 2017). The calculated temperatures are sig-
nificantly lower than temperatures (�550–450 �C) indicated
by fluid inclusion (for magnetite-bearing samples; Li et al.,
2007). Also, fractionation factors between magnetite and
pyrite are �0.06 to �0.2‰ (Table 1), which give unrealistic
temperatures of higher than 800 �C (e.g., Dauphas et al.,
2017). Therefore, these fractionation factors likely suggest
magnetite, chalcopyrite and pyrite at the Bolong section
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minerals (magnetite, chalcopyrite, and pyrite) and FeCl4

2� in fluids (Daup
were calculated, assuming a fluid Fe3+/Fe2+ ratio of 0.5 (Saunier et al., 20
evolution. Published Fe isotopic data for the Nadun high-sulfidation (HS)
the references to colour in this figure legend, the reader is referred to the
were not equilibrium precipitation, consistent with petro-
graphic observation that is sulfide formed later than mag-
netite (Fig. 3d). Fe isotopic variations of these Fe-bearing
minerals likely were caused by evolution of ore-forming flu-
ids (Fig. 5).

Most magnetite from porphyries shows only weak d57Fe
variation from 0.38 ± 0.07‰ to 0.52 ± 0.04‰ (Fig. 4a;
Table 1), consistent with d57Fe values of ��0.3‰
(Fig. 5a) in equilibrium fluids at �530–480 �C. Equilibrium
fluids involved in the early potassic alteration phase have
lighter d57Fe values than the granodiorite porphyry
(d57Fe = 0.03 ± 0.06‰ to 0.07 ± 0.02‰), supporting the
hypothesis that exsolved fluids have a lighter Fe isotopic
composition than the source magma (e.g., Poitrasson and
Freydier, 2005; Heimann et al., 2008). As precipitation of
magnetite with a heavy Fe isotopic composition
(Polyakov et al., 2007; Dauphas et al., 2017) proceeds,
d57Fe values of ore-forming fluids should gradually
decrease (Fig. 7). One massive magnetite sample
(BLZK17101-781; Fig. 3c) was selected from a porphyry
with intensive quartz–magnetite ± chalcopyrite veinlets,
likely suggesting it formed late in the crystallization
sequence (Table 1). This magnetite has the lowest d57Fe val-
ues (0.25 ± 0.07‰), possibly indicating that it precipitated
from fluids with lower d57Fe values (��0.5‰ at �470 �C;
Fig. 5a), resulting from continuous magnetite precipitation
during hydrothermal evolution (Figs. 6 and 7).

Pyrite and chalcopyrite infill inter-granular space and
surround magnetite (Fig. 3d), suggesting that these miner-
als formed later than magnetite (Fig. 6a). Chalcopyrite
from the Bolong porphyries has a relatively consistent
d57Fe value of �0.60 ± 0.07‰ to �0.42 ± 0.07‰ (Fig. 4a;
Table 1). The chalcopyrite with the lightest Fe isotopic
composition plots close to the modelled equilibrium curve
for ore-forming fluids with d57Fe values of ��0.7‰ at
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450–400 �C (Fig. 5a). Thus, the decreased d57Fe values
(from �0.3 to �0.7‰) in ore-forming fluids are likely
caused by Rayleigh fractionation of magnetite (Fig. 5a;
Dauphas et al., 2017; Wawryk and Foden, 2017). The
slightly different Fe isotopic composition of chalcopyrite
and Fe2+-bearing fluid (Fig. 5a) also suggests that chal-
copyrite records the Fe isotopic value of the fluid due to
a rapid isotopic exchange rate and small fractionation
between them (0.09 ± 0.17‰ at 350 �C; Syverson et al.,
2017). However, chalcopyrite from the mineralized wall-
rock (sandstone) has a consistent d57Fe value of �0.28 ±
0.02‰ to �0.22 ± 0.02‰, higher than chalcopyrite from
porphyries (Figs. 4a and 5a). Fractionation between chal-
copyrite and fluid is negligible as a function of temperature
(Dauphas et al., 2017; Syverson et al., 2017; Fig. 5a), thus,
the higher d57Fe value in chalcopyrite from wallrock could
be attributed to the interaction of ore-forming fluids with
sandstone with a heavier Fe isotopic composition (�0.22
to 0.43‰; Fig. 4a; Li et al., 2016a). In addition, the Fe iso-
topic composition (0.58 ± 0.06‰ to 0.60 ± 0.03‰) of two
porphyry pyrite samples plots on the equilibrium fraction-
ation curve for an ore-forming fluid with a d57Fe value of
��0.7‰ at �440–430 �C (Fig. 5a). Previous experimental
studies show that rapidly precipitated pyrite inherits the
Fe isotopic composition of early formed FeS at lower tem-
perature (�100–350 �C; Polyakov and Soultanov, 2011;
Syverson et al., 2013). Owing to the sluggish pyrite-fluid
isotopic exchange rate, during pyrite recrystallization, the
pyrite Fe isotopic signature will only change slowly (or
not at all) during reaction process (Syverson et al., 2013).
At Bolong, two pyrites from the strongly argillic-altered
porphyry and sandstone yielded d57Fe values of
0.35 ± 0.06‰ and 0.71 ± 0.06‰, and plot below the mod-
elled equilibrium fractionation curve between pyrite and
fluid at �400–350 �C (Fig. 5a). Fractionation factors of
�0.77–0.99‰ between pyrite-chalcopyrite pairs in these
samples (Table 1) yielded calculated temperature of
�620–530 �C, which are obviously higher than temperature
(�450–350 �C) indicated by fluid inclusion (Li et al., 2007).
Therefore, this may be caused by incomplete Fe isotope
exchange between pyrite and ore-forming fluid at tempera-
tures less than �400 �C (Syverson et al., 2013).
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5.1.2. Fe isotope fractionation in the Duobuza section

Similarly, fractionation factors among minerals in indi-
vidual sample (D57FeMt-Cpy = 1.03–1.10‰; Table 1) from
the Duobuza section give the inconsistent temperatures
(�300 �C) with those (�550–450 �C) indicated by fluid
inclusion (Li et al., 2007). Therefore, magnetite from the
porphyries has a relatively consistent d57Fe value (0.68 ±
0.02‰ to 0.77 ± 0.08‰; Fig. 4b; Table 1), similar to the
d57Fe signature of equilibrium fluids at �500–480 �C
(��0.1‰; Fig. 5b). Previous studies show that ore-
forming porphyries from the Duobuza and Bolong sections
were derived from the same source (Li et al., 2011, 2013,
2016b, 2018; Sun et al., 2017). Therefore, the Duobuza
fluids have a slightly heavier Fe isotopic composition
(d57Fe = ��0.1‰) than fluids in the Bolong section
(d57Fe = ��0.3‰; Fig. 5a), perhaps due to a different
degree of fluid exsolution (Heimann et al., 2008). Chalcopy-
rite from the porphyries and one sandstone sample have rel-
atively consistent d57Fe values (�0.40 ± 0.08‰ to �0.30 ±
0.05‰; Fig. 4b; Table 1). Two chalcopyrite samples from
mineralized sandstones containing low temperature
quartz–chalcopyrite–pyrite–sphalerite–galena veinlets
have slightly lighter d57Fe signatures (�0.50 ± 0.05‰ to
�0.48 ± 0.08‰), and modeling indicates that they
equilibrated with ore-forming fluids with d57Fe values of
��0.60‰ at 440–360 �C (Fig. 5b). As described above,
the lighter values likely reflect magnetite precipitation
(Dauphas et al., 2017; Wawryk and Foden, 2017). In con-
trast, pyrite from porphyries and sandstones have d57Fe
values of 0.53 ± 0.06‰ and 0.71 ± 0.07‰, close to but
lower than the modeled equilibrium fractionation curve
between pyrite and fluid at �440–360 �C (Fig. 5b). Again,
this disparity may reflect variations in the degree (complete
and incomplete) of Fe isotope exchange between pyrite and
the ore-forming fluid (Syverson et al., 2013, 2017).

5.1.3. Fe isotope fractionation in the Nadun high sulfidation

epithermal Cu-Au deposit

At Nadun, a high sulfidation epithermal deposit located
near to the Bolong section (Fig. 1c), pyrite and chalcopyrite
associated with hematite, anhydrite, and enargite were pre-
cipitated from oxidized fluid at �200–350 �C and chalcopy-
rite formed later than pyrite (Li et al., 2016a). Previous
experimental studies show that ferric chloride species
increase in oxidized fluids at temperatures <�300 �C and
Fe3+ preferentially incorporates the heavy Fe isotope
(Saunier et al., 2011). Therefore, mineral-fluid Fe isotope
fractionation may be controlled by Fe species, temperature,
and/or redox conditions (Saunier et al., 2011). Chalcopyrite
from the Nadun deposit has consistent d57Fe values of
�1.00 ± 0.09‰ and �0.97 ± 0.09‰ (Fig. 5a; Li et al.,
2016a) and detailed fluid inclusion studies suggest that the
ore-forming fluids at Nadun were produced by contraction
of deep-derived vapor-rich fluids during cooling at elevated
pressure above the critical curve of the salt-water system
(Heinrich et al., 2004; Li et al., 2016a). The deep-derived
fluids responsible for the Bolong mineralization are similar
(Li et al., 2016a). Therefore, assuming d57Fe values of
��0.7‰ and Fe3+/Fe2+ of �0.5 in fluids, the Nadun chal-
copyrite with the lightest Fe isotopic composition
equilibrated with ore-forming fluids at 250–230 �C
(Fig. 5a). Meanwhile, the wide range of pyrite Fe isotope
compositions (d57Fe = �0.69 ± 0.03‰ and 0.17 ± 0.03‰;
Fig. 5a; Li et al., 2016a) likely resulted from more incom-
plete Fe isotope exchange between pyrite and ore-forming
fluids at temperature <�300 �C (Syverson et al., 2013). This
is corroborated by the pyrite Fe isotopic composition from
many low-temperature hydrothermal systems (e.g., Butler
et al., 2005; Markl et al., 2006; Rouxel et al., 2008;
Polyakov and Soultanov, 2011; Syverson et al., 2017).

5.2. Fe isotopic composition as a tracer for magmatic-

hydrothermal evolution

5.2.1. Comparison with Fe isotopic composition in oxidized

skarn Cu-Fe and porphyry Cu-Au deposits

The Batu Hijau porphyry Cu-Au deposit (Indonesia)
has similar mineral assemblages (Fig. 6a and b) as the Duo-
long deposit and is related to oxidized tonalite porphyry
(Garwin, 2000; Wawryk and Foden, 2017). Magnetite from
this deposit has a heavier d57Fe signature (from
0.24 ± 0.14‰ to 0.74 ± 0.14‰) relative to chalcopyrite
(�0.62 ± 0.04‰ to �0.16 ± 0.05‰), as noted in the Duo-
long deposit (Fig. 4a and b). The Fe isotopic compositions
are consistent with d57Fe signatures of �0.5‰ to �0.1‰ in
fluids (Fig. 8), which have lighter Fe isotope than (d57Fe =
0.17 ± 0.05‰ to 0.32 ± 0.08‰) the ore-bearing intrusion
(Wawryk and Foden, 2017). Moreover, the wide variation
of d57Fe in magnetite and chalcopyrite were attributed to
Rayleigh fractionation of magnetite during hydrothermal
evolution (Fig. 7; Wawryk and Foden, 2017).

The Xinqiao skarn Cu-Fe deposit (Tongling district,
China) is genetically linked to a Cretaceous monzodiorite
and has oxidized mineral assemblages containing mag-
netite, chalcopyrite, and pyrite (Fig. 6a and b; Wang
et al., 2011). Magnetite and chalcopyrite in this deposit
have d57Fe values of �0.54 to 0.20‰ (±0.05‰)) and
�0.98 to �0.06‰ (±0.05‰), respectively, consistent with
d57Fe values of �1.20 to �0.40‰ in ore-forming fluids
(Fig. 8a and b). The Fe isotopic composition of ore-
forming fluids is lighter than that of the ore-bearing
monzodiorite (d57Fe = �0.15 to 0.29‰; Wang et al.,
2011), supporting the hypothesis that exsolved fluids should
have lighter isotopic values than source magmas. Assuming
an initial d57Fe value of �0.2‰ in the fluids, a wide range of
Fe isotopic compositions in minerals might be interpreted
as Rayleigh fractionation of magnetite (Figs. 7 and 8). In
addition, the Fenghuangshan skarn Cu-Fe-Au deposit,
located in same district, has similar mineral assemblages
and similar magnetite and chalcopyrite Fe isotope compo-
sitions (d57Fe = �0.09 to 0.03‰ and �1.18 to �0.05‰,
respectively) as the Xinqiao deposit (Wang et al., 2015),
likely suggesting that Fe isotope variation in two deposit
are caused by same mechanism.

5.2.2. Comparison with Fe isotopic composition in reduced

Sn-W and porphyry-skarn Cu-Au deposits

The Renison Sn-W deposit has a reduced mineral assem-
blage of pyrrhotite, chalcopyrite, pyrite, and minor mag-
netite (Fig. 6a and b; Wawryk and Foden, 2015). This
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deposit is closely related to reduced granitic intrusions with
heavier Fe isotopic values (0.27–0.45‰; Wawryk and
Foden, 2015). Two magnetite samples in this deposit have
d57Fe values of �1.00‰ (±0.07‰), equilibrated with ore-
forming fluids with a d57Fe value of �0.20‰ at �450 �C
(Fig. 8b). Chalcopyrite has a wider range of d57Fe values
(0.28 to 1.32‰ (±0.08‰)), consistent with ore-forming flu-
ids with d57Fe of 0.1 to 1.00‰ at �400–250 �C (Fig. 8a).
However, pyrrhotite has the lightest d57Fe values (�1.00
to �0.15‰ (±0.08‰; Wawryk and Foden, 2015). Assuming
an initial d57Fe value of �0.2‰ in the fluids, the wide range
of Fe isotopic compositions in chalcopyrite might be inter-
preted as Rayleigh fractionation of pyrrhotite during fluid
evolution (Figs. 6a,b and 7).

The Baogutu is a rare reduced porphyry Cu-Au deposit
closely associated with a diorite-granodiorite complex. The
intrusion is oxidized (fO2 = NNO + 0.5) based on amphi-
bole and biotite compositions (Shen et al., 2015; Cao
et al., 2017). One chalcopyrite from this deposit has nega-
tive d57Fe value of �0.33‰ in early potassic alteration zone
with early-stage magnetite occurrence (oxidized fluids;
Fig. 8a), consistent with ore-forming fluids with d57Fe =
�0.4‰ (Fig. 8a). However, the occurrence of large amounts
of late-stage pyrrhotite suggests that ore-forming fluids are
relatively reduced, consistent with abundant CH4-rich fluid
inclusions in mineralized veins (Cao et al., 2017). Chalcopy-
rite has a wider range of d57Fe values (0.11 to 0.81‰
(± 0.07‰)), consistent with ore-forming fluids with
d57Fe = 0 to 0.6‰ (Fig. 8a). Assuming an initial d57Fe
value of �0.40‰ in the fluids, and similar to the Renison
Sn-W deposit above, a wide range of Fe isotopic composi-
tions in chalcopyrite also might be interpreted as Rayleigh
fractionation of pyrrhotite (Fig. 7). Similarly, the Dong-
guanshan porphyry-skarn Cu-Au deposit has reduced min-
eral assemblages (e.g., pyrrhotite; Wang et al., 2015).
Magnetite and chalcopyrite show a large d57Fe variation
from �0.01 to 1.33‰ and 0.09 to 1.43‰, respectively, likely
indicating that the fluids had d57Fe values from ��0.6 to
1.0‰ (Fig. 8a and b). Again, the Fe isotopic composition
of ore-forming fluids could reflect pyrrhotite fractionation
if the pyrrhotite had lighter d57Fe values (��1.39 to
0.29‰; Wang et al., 2015).

5.2.3. Fe isotopic composition as a tracer for magmatic-

hydrothermal evolution

As described above, the Fe isotope composition of
exsolved fluids is likely controlled by temperature, fraction-
ation between fluid and melt, the degree of fluid exsolution,
the Fe isotopic composition of the melt, and redox
conditions (e.g., Heimann et al., 2008; Dauphas et al., 2017).
Usually, porphyry Cu-Au deposit and skarn Cu-Fe-Au
deposit are genetically linked to I-type intermediate-felsic
intrusions (d57Fe values of �0–0.2‰; Foden et al., 2015)
and associated oxidized/reduced fluid systems (e.g., Li
et al., 2013; Wang et al., 2011, 2015; Shen et al., 2015; Cao
et al., 2017). Assuming that fractionation between the fluid
and melt induces a d57Fe shift of �0.3‰ (Heimann et al.,
2008), the fluids exsolved from magmas should have d57Fe
values of ��0.3 to �0.1‰ (Fig. 9). Moreover, in oxidized
systems, the d57Fe of ore-forming fluids decreases with con-
tinued magnetite crystallization during hydrothermal evolu-
tion (Fig. 7; e.g., Polyakov et al., 2007; Heimann et al., 2008;
Dauphas et al., 2017). Chalcopyrite precipitated from such
evolved fluids will have lighter d57Fe values (Fig. 9). In addi-
tion, for high sulfidation epithermal Cu-Au deposits, ferrous
and ferric chloride species coexist in oxidized ore-forming
fluids at <�300 �C (Saunier et al., 2011) and Fe isotope frac-
tionate between ferrous and ferric chloride species (Figs. 5a,
8a, and 9) with lighter isotope preferentially entering the fer-
rous species. Chalcopyrite precipitated in these systems
should, therefore, have a lighter Fe isotopic composition.
It follows that mineral-fluid Fe isotope fractionation is likely
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controlled by Fe species, temperature, and redox conditions
(Polyakov et al., 2007; Saunier et al., 2011; Wawryk and
Foden, 2017; Dauphas et al., 2017). However, in reduced
systems (e.g., Baogutu), as ore-forming fluids evolve, d57Fe
values increase due to pyrrhotite crystallization (Fig. 7;
Polyakov et al., 2007; Wawryk and Foden, 2015; 2017;
Dauphas et al., 2017). Thus, later precipitated chalcopyrite
in a reduced system would have gradually heavier Fe iso-
topic as hydrothermal evolution progressed (Figs. 8a and 9).

Additionally, the reduced granites associated with Sn-W
deposits generally have higher d57Fe values of �0.3–0.5‰
than I-type intermediate-felsic intrusions (Foden et al.,
2015; Wawryk and Foden, 2015; Wu et al., 2017). There-
fore, the ore-forming fluids would have heavier d57Fe values
(�0–0.2‰) relative to fluids associated with reduced
porphyry-skarn Cu ± Fe ± Au deposits (e.g., Baotugu;
Fig. 8a). Similarly, pyrrhotite crystallization will lead to ele-
vated Fe isotopic compositions in evolved fluids, which sub-
sequently results in heavier d57Fe values in later
precipitated chalcopyrite. In summary, chalcopyrite from
oxidized hydrothermal systems is characterized by an obvi-
ously lighter Fe isotopic composition than chalchopyrite
from reduced hydrothermal systems (Fig. 9). It seems that
d57Fe value of ��0.2‰ in chalcopyrite might be a bound-
ary to distinguish these two hydrothermal systems (Figs. 8a
and 9). Importantly, because chalcopyrite is a common
mineral in hydrothermal deposits, the chalcopyrite d57Fe
could be a power tool for distinguishing oxidized and
reduced fluid systems.

6. CONCLUSIONS

(1) Magnetite with potassic alteration in the Duolong
porphyry Cu-Au deposit shows d57Fe values ranging
from 0.38 ± 0.07‰ to 0.52 ± 0.04‰ in the Bolong
section and from 0.68 ± 0.02‰ to 0.77 ± 0.08‰ in
the Duobuza section. This magnetite likely equili-
brated with ore-forming fluids with d57Fe values of
��0.3‰ and ��0.1‰ at �530–480 �C, respectively.
The equilibrium fluids had lighter d57Fe signatures
than the Duolong granodiorite porphyry (d57Fe =
0.03 ± 0.06‰ to 0.07 ± 0.02‰), suggesting that
exsolved fluids should have a relatively lighter Fe
isotopic composition than the source magma. Late-
stage magnetite in the Bolong section has the lowest
d57Fe value (0.25 ± 0.07‰) and likely equilibrated
with fluids with d57Fe values of ��0.5‰ at �470 �C.
Decreasing d57Fe in ore-forming fluids is likely caused
by Rayleigh fractionation of magnetite with a heavier
Fe isotopic composition.

(2) Chalcopyrite from the Duolong porphyries has d57Fe
values from �0.60 ± 0.07‰ to �0.30 ± 0.05‰, and
equilibrium fluids had lighter d57Fe values of
��0.7‰ to ��0.6‰ at 450–350 �C. Variable isotope
exchange (complete and incomplete) between pyrite
and ore-forming fluids during sulfide precipitation
leaves pyrite with heavier d57Fe values of
0.35 ± 0.06‰ to 0.71 ± 0.06‰, not reflective of
values in equilibrium fluids.

(3) Chalcopyrite from reduced hydrothermal deposits
always has a heavier Fe isotopic composition than
chalcopyrite from oxidized hydrothermal deposits,
likely controlled by the initial Fe isotopic composi-
tion of the melt and degree of pyrrhotite or magnetite
precipitation. Thus, the Fe isotopic composition of
chalcopyrite, a common mineral in ore deposits,
could be a useful tool for distinguishing between oxi-
dized and reduced hydrothermal systems.
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