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Zhaxikang is one large Sb–Pb–Zn–Ag deposit located in the North Himalaya of southern Tibet. To date, the
genesis of this deposit still remains controversial. Here, we present new pyrite Fe and sphalerite Zn iso-
topic data for the first three stages of mineralization, Fe–Zn isotopic data for Mn–Fe carbonate that
formed during the first two stages of mineralization, and Zn isotopic data for the slate wall rocks of
the Jurassic Ridang Formation to discuss the genesis of the Zhaxikang deposit. The overall d56Fe and
d66Zn values range from �0.80‰ to 0.43‰ and from �0.03‰ to 0.38‰, respectively. The d56Fe values
of Mn–Fe carbonates are lighter than those of associated pyrite in six mineral pairs, indicating that the
iron carbonates are preferentially enriched in light Fe isotopes relative to pyrite. The sphalerite has
lighter d66Zn values than associated Mn–Fe carbonates in three mineral pairs.
The d56Fe values of pyrite that formed during the first three stages of mineralization gradually increase

from stage 1 (�0.33‰ to �0.09‰) through stage 2 (�0.30‰ to 0.19‰) to stage 3 (0.16‰–0.43‰). In com-
parison, the sphalerite that formed during these stages has d66Zn values that gradually decrease from
stage 1 (0.16‰–0.35‰) through stage 2 (0.09‰–0.23‰) to stage 3 (�0.03‰ to 0.22‰). These data, in
conjunction with the observations of hand specimens and thin sections, suggest that the deposit was
overprinted by a second pulse of mineralization. This overprint would account for these Fe–Zn isotopic
variations as well as the kinetic Rayleigh fractionation that occurred during mineralization. The tempo-
rally increasing d56Fe and decreasing d66Zn values recorded in the deposit are also coincident with an
increase in alteration, again supporting the existence of two pulses of mineralization. The d56Fe values
of the first pulse of ore-forming fluid were calculated using theoretical equations, yielding values of
�0.54‰ to �0.34‰ that overlap with those of submarine hydrothermal solutions (�1‰ to 0‰).
However, the d56Fe values of the stage 3 pyrite are heavier than those of typical submarine hydrothermal
solutions, which suggests that the second pulse of mineralization was probably derived from a magmatic
hydrothermal fluid. In addition, the second pulse of ore-forming fluid has brought some Fe and taken
away parts of Zn, which results the lighter d66Zn values of sphalerite and heavier d56Fe values of pyrite
from the second pulse of mineralization. Overall, the Zhaxikang deposit records two pulses of mineraliza-
tion, and the overprint by the second pulse of mineralization causes the lighter d66Zn values and heavier
d56Fe values of modified samples.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Constraining the source of metal is a fundamental issue in
understanding ore deposit formation. Traditional light stable iso-
topes, such as C, H, O, S, and N isotopes, have been widely used
to trace the fluids and sources of metal in ore deposits (Taylor,
1974; Yeh et al., 1999; Mao et al., 2003; Chen et al., 2005; Huang
et al., 2015). However, these elements do not represent the main
commodities within these deposits and as such can only provide
indirect and putative indicators of metal sources. Transition metal
stable isotopes (e.g., Fe, Zn and Cu) could provide more direct and
accurate information on the sources of metal within ore deposits,
given the increased precision of isotopic analyses of these elements
resulting from improved Multicollector–Inductively Coupled
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Plasma Mass Spectrometer (MC–ICP–MS) technology (Maréchal
et al., 1999; Belshaw et al., 2000). Thus, these non-traditional
stable isotopes can be used as potential tracers of processes in met-
allogenic systems (Wang and Zhu, 2010, 2012; Liu et al., 2014b,
2014c; Li et al., 2015).

Transition metal isotopic analyses (e.g., Fe and Zn) have been
widely applied to ore deposits studies (Graham et al., 2004;
Markl et al., 2006; Zhu et al., 2008; Kelley et al., 2009; Wang and
Zhu, 2010, 2012; Wang et al., 2011, 2012a; Yan et al., 2010; Sun
et al., 2012, 2013; Cheng et al., 2013; Hou et al., 2014; Liu et al.,
2014a). For example, Markl et al. (2006) determined the Fe isotopic
compositions of the Schwarzwald hydrothermal vein deposit in
southwest Germany, but suggested that Fe isotopes are inappropri-
ate to identify the sources of metal in ore deposits for two reasons:
(1) the Fe isotopic fractionation occurs during geological processes
(Johnson et al., 2002; Icopini et al., 2004; Butler et al., 2005; Liu
et al., 2014a), and (2) the fractionation of Fe isotopes during these
processes remains poorly constrained. However, Wang et al. (2011)
used the gradually increasing d56Fe values from early to late stages
and from endoskarn to exoskarn within the Xinqiao skarn Cu–S–
Fe–Au deposit to identify the formation of this deposit, suggesting
that the iron in the skarn was predominantly derived from igneous
rocks rather than sedimentary rocks. Additionally, Sun et al. (2013)
used Fe isotopic data of the Bayan Obo Fe-rare earth element (REE)
deposit, which has a narrow range in d56Fe values that cluster at
0‰, to constrain the magmatic origin rather than sedimentary ori-
gin or hydrothermal processes. Zhu et al. (2016) also identified Fe
isotope fractionation between ore minerals and diorites during
skarn-type alteration within the Han–Xing skarn Fe deposit and
suggested that the metal was derived from a magmatic hydrother-
mal system rather than recycled pre-existing mineralization or
altered associated igneous rocks. It is concluded that, the
hydrothermal deposits have moderate Fe isotopic variation range
and relative light d56Fe values with distinct changes across differ-
ent stages of mineralization (Wang et al., 2011; Wang and Zhu,
2012). In comparison, the magmatic deposit displays a narrow
range in d56Fe values that cluster at 0‰ (Sun et al., 2013), whereas
sedimentary origin BIF deposits show the largest range in d56Fe
values from �2.05‰ to 3.15‰ (Wang and Zhu, 2012).

The gradually increasing trend of d66Zn values (0‰ and 0.6‰)
from early to late stages and from south to north within the Red
Dog ore district in Alaska record the temporal and spatial evolution
of the mineralizing fluids (Kelley et al., 2009). Mason et al. (2005)
and Wilkinson et al. (2005) identified a trend of increasing d66Zn
values from the core to the edge of the Alexandrinka volcanic
hosted massive sulphide (VHMS) deposit in Russia and from the
early to late stages of Midlands volcanogenic massive sulphide
(VMS) deposit in Ireland, respectively. This trend, together with
the results of previous research (Archer et al., 2004), indicates that
the d66Zn values of minerals precipitating from the same
hydrothermal fluids become heavier over time. In addition, Zhou
et al. (2014) compared the d66Zn values of the Pb–Zn deposits in
the Sichuan–Yunnan–Guizhou Pb–Zn metallogenic province with
those of other types of Pb–Zn deposits elsewhere, then finally iden-
tified unique carbonate-hosted genesis of these deposits. All of the
research indicate the potential of Fe and Zn isotopic data to provide
insights into the evolution of mineralizing fluids and to constrain
the genesis of ore deposit.

The Zhaxikang Sb–Pb–Zn–Ag deposit is the only large deposit
identified to date within the North Himalayan Metallogenic Belt
(NHMB) of southern Tibet. Although the geology, petrography,
geochronology, and geochemistry of this deposit have been exten-
sively studied (Zheng et al., 2012, 2014; Zhu et al., 2012; Liang
et al., 2013, 2014; Li et al., 2014), controversies remain due to
the complicated mineralogy and the presence of multiple stages
of mineralization. The current models for the genesis of the Zhax-
ikang deposit involved a hot spring (Meng et al., 2008; Zhang et al.,
2010) and a magmatic hydrothermal fluid (Wang et al., 2012b).
Two pulses of mineralization at the Zhaxikang deposit were
recently proposed (Zheng et al., 2012, 2014; Liang et al., 2013,
2014), but are still debated. Zheng et al. (2012, 2014) suggested
that the Mn–Fe carbonates in the deposit formed during the first
pulse of mineralization, whereas Liang et al. (2014) suggested that
these carbonates formed during the second pulse of mineraliza-
tion, with the first pulse of mineralization dominated by the for-
mation of sphalerite, galena, and only minor amounts of Mn–Fe
carbonates. Here, we present new Fe isotopic data for pyrite and
Mn–Fe carbonate, and Zn isotopic data for sphalerite, Mn–Fe car-
bonate, and slate from the Zhaxikang deposit to provide new evi-
dence for the two pulses of mineralization and the sources of
metal.
2. Geological setting

2.1. Regional geology

The Himalayan terrane is divided into four tectonic belts (from
north to south): the North Himalayan Tethys sedimentary fold belt
(TH), the High Himalayan crystalline rock belt (HH), the Low Hima-
layan fold belt (LH), and the Sub-Himalayan tectonic belt (SH;
Fig. 1A; Harrison et al., 1992; Jeffrey et al., 2000; Murphy et al.,
2002; Pan et al., 2004, 2006). These belts are separated by three
nearly EW-trending faults named the South Tibet Detachment Sys-
tem (STDS), the Main Central Thrust (MCT), and the Main Boundary
Thrust (MBT; Fig. 1A; LeFort, 1975; Yin and Harrison, 2000; Spratt
et al., 2005). The North Himalayan Tectonic Belt, located to the
south of the Indus-Yarlung Zangbo Suture Zone and to the north
of the High Himalayan crystalline rock series, is primarily domi-
nated by a set of Palaeozoic marine sedimentary sequences that
formed in a passive continental margin environment within north-
ern India (Yu and Wang, 1990).

The Tethys Himalaya sedimentary sequence records Late Pre-
cambrian to Devonian pre-rift, Carboniferous to Early Jurassic
syn-rift, and Middle Jurassic to Cretaceous passive continental
margin sediments (Fig. 1B; Liu and Einsele, 1994; LeFort et al.,
1996; Garzanti, 1999). These sediments crop out in an EW and
NWW trending area of the north Himalaya and include the Pre-
cambrian Laguigangri Group and a series of Upper Triassic, Jurassic,
Lower Cretaceous, and Quaternary sediments. The Laguigangri
Group contains schist, gneiss, and migmatite units that crop out
in the core of the Yelaxiangbo dome (Fig. 1B). A set of Late
Triassic-Early Cretaceous flysch formations, deposited in neritic-
bathyal environments, also crops out across the study region. This
formation is dominated by turbidite deposits and contains weak-
metamorphic slate that is intercalated with metamorphosed fine-
grained sandstone, argillaceous limestone, micrite, and siliceous
rock that is intercalated with volcanic rocks. This formation also
hosts the majority of the Au–Sb–Pb–Zn–Ag deposits in this region
(Zheng et al., 2012).

Two sets of faults that trend nearly EW and NS are present in
the study region and record multiple stages of movement. The
EW-trending faults, including the Lazi–Qiongduojiang, Rongbu–
Gudui, and Luozha faults as well as the STDS and numerous meta-
morphic core complexes, cover a larger area than the younger NS-
trending faults. These EW-trending faults are also associated with a
series of rifts that formed from 25 Ma to present (Molnar and
Tapponnier, 1978; Armijo et al., 1986; England and Houseman,
1989; Harrison et al., 1992; Pan and Kidd, 1992; Yin, 2000). These
rifts include the Sangri–Cuona, Yadong–Gulu, Shenzha–Xietong-
men, and Dangreyongcuo–Gucuo rift zones from east to west (Li
et al., 2005; Liang et al., 2013). The NS-trending faults formed dur-



Fig. 1. (A) Tectonic framework of the Himalayan Terrane (modified from Yin, 2000). (B) Regional geological map of the North Himalayan Metallogenic Belt (modified from
Zhu et al., 2011; Zheng et al., 2014).
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ing the same period as the rifts (18 to 4 Ma; Yin et al., 1999;
Blisniuk et al., 2001; Williams et al., 2001) as a result of east–west
extension of the Qinghai–Tibet Plateau.

Magmatism in the North Himalaya generated multiple suites of
mafic-intermediate igneous rocks between the Late Triassic and
the Early Cretaceous, including basaltic volcanic interlayers, dyke
swarms, and sub-volcanic dykes. Extensive igneous activity around
132 Ma also formed the Comei–Bunbury large igneous province
that crops out in this region (Zhu et al., 2009). The study region also
contains widespread Cenozoic igneous rocks that are dominated by
monzogranite, leucogranite, diorite, porphyritic diorite, and aplite
units (Searle, 1999; Visonà and Lombardo, 2002; Nie et al., 2005;
Zhang and Gao, 2005; Zeng et al., 2009, 2012; Zhang et al., 2011).
The mineralization in the NHMB is dominated by Au, Sb, Au–Sb,
and Sb–Pb–Zn–Ag deposits, including the Zhaxikang Sb–Pb–Zn–A
g, the Mazhala Au–Sb, the Chalapu Au, the Bangbu Au, the Shala-
gang Sb, and the Cheqiongzhuobu Sb deposits (Zheng et al., 2014).

2.2. Ore deposit geology

The Zhaxikang deposit is located �27 km west from Ridang
Town within the south-eastern Yangzuoyong-Nariyong composite
syncline in the North Himalayan tectonic belt (Zhang et al., 2010;
Zheng et al., 2012). This deposit has a reserve of 1.268 Mt of Zn
and Pb at an average grade of 3.66% Zn and 2.45% Pb. The deposit
also contains 0.138 Mt of Sb at an average grade of 1.08% Sb, 1800 t
of Ag at a grade of 99.55 g/t Ag, 3.9 t of associated Au, 361 t of asso-
ciated Ga, and 20 Mt of Mn–Fe carbonate ore at an average grade of
42% Fe + Mn (Zheng et al., 2016). The majority of mineralization in
the Zhaxikang deposit is hosted by weak-metamorphic marine
clastic sediments of the Lower Jurassic Ridang Formation, which
dips shallowly to the north and strikes east–west. The orefield also
contains fine-grained metamorphosed quartzose sandstone, silty
slate, and calcarenite units of the Upper Jurassic Weimei Formation
and some Quaternary sediments (Zheng et al., 2012).

The Zhaxikang deposit is controlled by a series of nearly NS-
striking faults that coexist with a set of NE-striking faults and folds.
Geological mapping in this area has identified 16 faults, the major-
ity of which are steeply dipping normal faults associated with ten-
sional stress and wrench faults associated with torsional stress.
The F2, F4, F5, F6, and F7 faults are associated with mineralization,
with faults F1 and F10 hosting mineralization, fault F3 associated
with late-stage mineralization, faults F8 and F9 being wrench
faults that are free of mineralization, and F12 being a non-
mineralized regional fault. Nine Pb–Zn orebodies are associated
with the nine mineralized faults in this orefield (Zhang et al.,
2010), where orebodies I–VI are hosted by crush zones in nearly
NS-striking faults and orebodies VII–IX are hosted by crush zones
in nearly NE-striking faults. The majority of the mineralization in
the orefield is hosted by orebodies IV and V (Fig. 2). In particular,
orebody V, which is controlled by the F7 fault, is >1400 m long,
1–30 m wide, and hosts more than 80% of the reserves within
the deposit, making it the largest and richest orebody within the
orefield.

The Zhaxikang deposit records magmatism that formed diabase,
porphyritic rhyolite, basalt, and leucogranite units as well as some
granite porphyry dykes that intruded into the porphyritic rhyolite.
The diabase is present as dykes that emplaced into the Jurassic
Ridang Formation. Diabase that formed at �133 Ma (Zheng et al.,
2012) also has been found on outcrops, in drillholes and in footrill
in the central part of the orefield. The rhyolite porphyry crops out
in the southern part of the orefield and has been dated by zircon U–
Pb methods to 135 Ma (Lin et al., 2014), almost identical to the age
of a rhyolite within the Ridang Formation in the Mazhala ore



Fig. 2. Geological map of the Zhaxikang Sb–Pb–Zn–Ag polymetallic deposit (modified from Zheng et al., 2012).
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deposit. Leucogranite also occurs in the southern part of the
orefield.

The mineralization in the Zhaxikang orefield is associated with
various types of alteration, including (1) silicification associated
with antimony mineralization that is generally located in fault
zones in the form of quartz veins, radiating quartz, and quartz
druse; (2) carbonate alteration that formed Mn–Fe carbonate veins
associated with Pb–Zn mineralization as well as post-
mineralization calcite; (3) chlorite alteration that is generally con-
fined to massive and stellated aggregates of chlorite within dia-
base; (4) weak sericite alteration associated with chlorite
alteration and barren quartz; and (5) clay alteration developed
along the edges of fracture-related crush zones. The deposit is
zoned from a lowermost Zn (Pb + Ag) zone through a central Zn
+ Pb + Ag-(Sb) zone to an uppermost Pb + Zn + Sb + Ag zone,
although no horizontal zoning is present (Zheng et al., 2012, 2016).

3. Ore characteristics and sample selection

The formation of the Zhaxikang deposit can be divided into six
stages according to cross-cutting relationships and the paragenesis
of minerals (Fig. 3). These stages are assigned to two clear pulses as
follows: the first pulse consisting of stages 1 and 2 that is primarily
dominated by Mn–Fe carbonates and sulphides, and the second
pulse including stages 3–6 that is dominated by quartz, calcite, sul-
fosalt minerals, and sulphides. A lack of sphalerite and pyrite in
stages 4–6 meant that the samples used for Fe–Zn isotope analyses
were exclusively obtained from stages 1–3. The ore characteristics
and the samples selected for Fe–Zn isotope analyses are described
below, and detailed descriptions of the samples that were analyzed
in this study are given in Table 1.

Stage 1 is characterized by a Mn–Fe carbonate (molecular for-
mula is (Mn0.5Fe0.5)CO3 according to unpublished electron probe
data (EPMA), hereafter referred to as ‘Mn–Fe carbonate’ for sim-
plicity) + sphalerite + pyrite + arsenopyrite assemblage that repre-
sents the initial stage of formation of the Zhaxikang deposit. The
sphalerite, pyrite, and arsenopyrite that formed during this stage
of mineralization are generally fine-grained, with lamellar spha-
lerite, pyrite, and arsenopyrite hosted by fine-grained Mn–Fe car-
bonate (Fig. 4A and E), some of which have fine-grained layered
and colloform textures (Fig. 4B). A few sulphides are present as
stellated aggregates within the Mn–Fe carbonates that formed dur-
ing this stage (Fig. 4D). Later quartz-boulangerite veins cut both
the laminae and the Mn–Fe carbonates (Fig. 4A), and the formation
of stage 2 coarse-grained sphalerite has also affected this earlier
mineralization (Figs 4A and 5A1).



Fig. 3. Mineral paragenesis within the Zhaxikang deposit.
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Stage 2 is characterized by the development of a Mn–Fe carbon-
ate + galena + sphalerite + pyrite ± arsenopyrite assemblage that
includes coarse-grained sphalerite, galena, and pyrite hosted by
Mn–Fe carbonate and slate (Fig. 4C). The minerals that formed dur-
ing this stage are coarser-grained than those of stage 1 and are
hosted by massive, banded, stockwork, brecciated, concentric
annular, globular, and disseminated ores (Figs. 4D, F–I and 5B).
The Mn–Fe carbonate that formed during this stage is coarse-
grained (Fig. 4F–I) and variably recrystallized (Figs 4D and 5A–C).
Some of these Mn–Fe carbonates also contain druse filled with
idiomorphic columnar quartz, needle-like boulangerite, or valen-
tinite that formed by the oxidation of boulangerite (Fig. 5C4). These
characteristics of Mn–Fe carbonate are probably related to the
modification of the second pulse of mineralization by later
hydrothermal fluids. Early sphalerite and pyrite are also replaced
by later galena (Fig. 4S and T). A recrystallized pyrite vein cross-
cuts early Mn–Fe carbonate and later sphalerite replaces early pyr-
ite to form a skeletal texture (Fig. 4U). The majority of the Pb–Zn
mineralization in the deposit formed during this stage.

Stage 3 is characterized by the formation of a quartz ± calcite
+ pyrite + sphalerite + galena ± chalcopyrite assemblage without
Mn–Fe carbonate and is associated with a gangue dominated
by quartz with trace amounts of calcite. The stage 3 sphalerite,
galena and minor amounts of pyrite formed by the modification
of early-formed sulphides, with euhedral galena and pyrite
aggregates also present. Minor amounts of chalcopyrite grains
are dotted among the grains of sphalerite, galena and pyrite that
formed during this stage. This stage also generated massive,
veined, and brecciated black sphalerite (Fig. 4J–M), and the mas-
sive galena, pyrite, sphalerite ores of this stage are cross-cut by
later quartz–boulangerite or quartz–calcite veins (Fig. 4H, J, and
M). The early formed fine-grained pyrite attaches to the crystal
or growth planes of coarse-grained pyrite from this stage
(Fig. 4Q), providing more evidence of recrystallization that was
possibly associated with the overprinting effect of later
hydrothermal fluids.

Stage 4 is characterized by a quartz + antimony-lead-silver sul-
fosalt minerals assemblage that hosts the majority of the Sb and Ag
ore within the deposit, yielding ores that have relatively high aver-
age Ag grades. The sulfosalt minerals of this stage include boulan-
gerite and jamesonite, with minor bournonite, tetrahedrite, and
andorite. Quartz–boulangerite veins and needle-like boulangerite
in quartz druse are also present of this stage (Fig. 4A, H, I–J, and
N). The boulangerite replaces and cross-cuts minerals formed in
earlier stages (Fig. 4R, V, and X). This stage of mineralization also
generated minor amounts of sulphides.

Stage 5 is characterized by a quartz + stibnite + cinnabar assem-
blage that hosts part of the Sb mineralization in the deposit. This
stage produces elongate and radial quartz-hosted stibnite (Fig. 4P)
that cross-cuts the earlier-formed stage 4 boulangerite (Fig. 4V).



Table 1
Detailed description of the samples used for isotopic analysis during this study.

Sample number Mineral d56Fe d66Zn Sample description Altitude

ZXK12-PD9-B2 Mcar 1 �0.75 0.32 Stage 1 lamellar sphalerite–pyrite–arsenopyrite and stage 2 massive sphalerite–pyrite hosted within
fine-grained Mn–Fe carbonate.

Unknown
Py 1 �0.31
Py 2 �0.30
Sp 1 0.29
Sp 2 0.09

D52-3 Mcar 1 �0.62 Stage 1 lamellar sphalerite–pyrite–arsenopyrite and stage 2 massive and banded sphalerite–pyrite
hosted by fine-grained Mn–Fe carbonate. The mineral assemblages is in turn cross-cut by stage 4
quartz–boulangerite veins.

Unknown
Py 1 �0.09
Py 2 0.13
Sp 1 0.16

14-6 Mcar 1 �0.68 Stage 1 lamellar sphalerite–pyrite–arsenopyrite and stage 2 massive sphalerite hosted by fine-grained
Mn–Fe carbonate.

Unknown
Py 1 �0.27
Sp 1 0.35

14-9 Mcar 1 �0.65 0.17 Stage 1 lamellar sphalerite–pyrite–arsenopyrite and stage 2 massive sphalerite hosted by fine-grained
Mn–Fe carbonate. The sample also contains a Mn–Fe carbonate druse with idiomorphic columnar quartz
and valentinite formed by the oxidation of boulangerite.

Unknown
Py 1 �0.33
Sp 1 0.32

ZXK-12-B8 Mcar 2 �0.63 Massive Stage 2 coarse–grained sphalerite–pyrite hosted by stage 2 Mn–Fe carbonate and slate. The
sample also contains minor amounts of stage 6 quartz and calcite.

4575m

ZXK-12-B156 Mcar 2 �0.59 0.24 Massive ore containing stage 2 slightly recrystallized Mn�Fe carbonate, stage 2 coarse-grained
sphalerite–pyrite and minor amounts of quartz grains.

Unknown
Py 2 0.19
Sp 2 0.20

ZXK-12-B134 Mcar 2 �0.80 Massive ore containing slightly recrystallized stage 2 Mn–Fe carbonate, stage 2 coarse–grained
sphalerite–galena–pyrite and minor amounts of quartz grains.

4575m
Py 2 0.02

ZXK-12-B34 Mcar 2
Sp 2

�0.63 0.26
0.23

Stage 2 banded coarse-grained sphalerite–pyrite hosted by slightly recrystallized stage 2 Mn–Fe
carbonate and slate.

4575m

ZK006-B6 Mcar 2 �0.55 Stage 3 brecciated coarse-grained sphalerite hosted by stage 3 quartz. The sample also contains globular
stage 1 Mn–Fe carbonate breccia containing stage 1 sphalerite–pyrite–arsenopyrite cemented by stage 2
Mn–Fe carbonate.

4255m
Sp 3 0.16

ZK1902-18 Mcar 2 �0.58 Massive coarse-grained sphalerite hosted by Mn–Fe carbonates and mineralized slate. The sample also
contains numerous stage 2 Mn–Fe carbonate–pyrite–sphalerite–galena stringers.

4509m

ZK1906-05 Mcar 2 �0.73 Stage 2 massive coarse-grained sphalerite–pyrite hosted by stage 2 Mn–Fe carbonate and slate, with the
latter cross-cut by a stage 4 pyrite–quartz–boulangerite vein.

4187m

ZK1907-11 Mcar 2 �0.61 Stage 2 pyrite stellated aggregates hosted by slate associated with and partially replaced by stage 2
Mn–Fe carbonate. The carbonates are cross-cut by a stage 4 quartz–boulangerite vein.

4094m

ZXK-12-B140 Py 2 0.08 Stage 1 lamellar sphalerite–pyrite–arsenopyrite and stage 2 massive coarse-grained sphalerite–pyrite
within Mn–Fe carbonates.

4575m

ZXK-12-B154 Py 3 0.23 Massive ore containing recrystallized stage 2 Mn–Fe carbonates, stage 3 coarse-grained sphalerite–
galena–pyrite, and significant amounts of quartz.

Unknown

ZK1502-4 Py 3 0.43 Massive ore containing stage 3 coarse-grained galena and pyrite that is cross–cut by stage 6 quartz
veins.

4422m

XC-2 Py 3 0.41 Stage 3 disseminated pyrite within a large blocky mass of stage 3 sphalerite. The sample also contains
Mn–Fe carbonate–pyrite–sphalerite cross-cut by a stage 4 quartz–boulangerite vein.

Unknown

XC-3 Py 3 0.36 Stage 3 banded pyrite hosted by a large blocky mass of stage 3 sphalerite. This is in turn cross-cut by a
stage 4 quartz–boulangerite vein and a boulangerite-bearing quartz druse. The sample also contains
minor amounts of early Mn–Fe carbonate.

Unknown

XC-6 Py 3 0.16 Stage 3 sphalerite cross-cut by stockwork-type quartz veins and containing minor amounts of stage 3
pyrite present as stellated aggregates. The sample also contains minor amounts of Mn–Fe carbonate.

Unknown

ZXK-12-B36 Sp 3 �0.03 Stage 3 massive coarse-grained sphalerite and stockwork-type pyrite veins within recrystallized stage 2
Mn–Fe carbonate. The sample also contains quartz druses and quartz–pyrite veins.

4575m

ZXK-BDG-3 Sp 2 0.16 Disseminated stage 2 globular and brecciated coarse-grained sphalerite within stage 2 Mn–Fe carbonate
with the typical Dalmatian structure. The sample also contains stage 2 massive coarse-grained pyrite
hosted by stage 2 Mn–Fe carbonate and sphalerite as well as pyrite present as stellated aggregates.

Unknown

ZK009-723.9 Sp 3 0.22 Stage 3 quartz-hosted massive coarse-grained sphalerite-pyrite. The sample also contains minor
amounts of Mn–Fe carbonate.

4169m

ZK009-6 Sp 3 0.16 Stage 3 quartz-hosted massive coarse-grained sphalerite–pyrite. The sample also contains minor
amounts of Mn–Fe carbonate.

4161m

HY Sp 3 0.09 Stage 3 quartz-hosted massive coarse-grained sphalerite–pyrite. Unknown
ZXK-12-B84 Sp 3 0.09 Stage 3 coarse–grained sphalerite and pyrite cross–cut by stage 4 quartz–stibnite–galena–sulfosalt

veins.
4570m

ZK007-B4 Sp 3 0.21 Stage 3 brecciated and massive sphalerite–galena hosted by stage 3 calcite. The sample also contains
stage 3 disseminated pyrite hosted by sphalerite.

Unknown

ZXK-11-17 Slate 0.08 Stage 3 slate-hosted massive sphalerite. The sample also contains a late-stage mass of stibnite–
boulangerite that is hosted by the sphalerite.

Unknown

ZXK-11-31 Slate 0.05 Slate cross-cut by a quartz vein, both of which host stellated aggregates of stage 3 sphalerite–pyrite. Unknown
ZXK-12-B17 Slate 0.38 Slate cross-cut by Mn–Fe carbonate veins, both of which host stellated aggregates of stage 2 sphalerite–

pyrite.
Unknown

PD6-50 Slate 0.12 Slate cross-cut by quartz veins, both of which host stellated aggregates of stage 3 sphalerite–pyrite. Unknown

Abbreviations are as follows: Mcar 1: stage 1 Mn–Fe carbonate, Mcar 2: stage 2 Mn-Fe carbonate, Py 1: stage 1 pyrite, Py 2: stage 2 pyrite, Py 3: stage 3 pyrite, Sp 1: stage 1
sphalerite, Sp 2: stage 2 sphalerite, Sp 3: stage 3 sphalerite.
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Stage 6 is characterized by a quartz ± calcite assemblage
that is free of sulphides and cross-cuts earlier formed ores
(Fig. 4M, V–W).
Four samples from stage 1 were analyzed, with Fe–Zn isotopic
analyses on Mn–Fe carbonate, lamellar pyrite and sphalerite
(Table 1). The laminae within sample D52–3 is cross-cut by a



Fig. 4. Hand specimen photographs and photomicrographs of representative samples from the Zhaxikang deposit. (A) Stage 1 lamellar sphalerite–pyrite–arsenopyrite and
stage 2 massive and banded sphalerite–pyrite hosted by fine-grained Mn–Fe carbonate. The mineral assemblages is in turn cross–cut by stage 4 quartz–boulangerite veins.
(B) Globular stage 1 Mn–Fe carbonate breccia containing stage 1 sphalerite–pyrite–arsenopyrite cemented by stage 2 Mn–Fe carbonate. (C) Stage 2 massive coarse–grained
pyrite hosted by slate and stage 2 Mn–Fe carbonate. (D) Coarse-grained stage 2 Mn–Fe carbonate–sphalerite formed by the recrystallization of fine–grained stage 1 Mn–Fe
carbonate–sphalerite. (E) Stage 2 lamellar and banded Mn–Fe carbonate–sphalerite–galena ore with visible synsedimentary features including rhythmic sedimentation in the
upper part of the sample and angular folding in the lower part. (F) Stage 2 coarse-grained sphalerite–pyrite hosted by stage 2 Mn–Fe carbonate with banded textures. (G)
Stage 2 coarse-grained sphalerite–pyrite hosted by stage 2 Mn–Fe carbonate with massive and concentric annular textures. (H) Stage 2 coarse-grained sphalerite–pyrite
hosted by stage 2 Mn–Fe carbonate with massive and globular textures. The sample also contains stage 3 sphalerite cross-cut by stage 4 quartz–boulangerite veins. (I) Stage 2
massive and disseminated sphalerite–galena–pyrite within stage 2 Mn–Fe carbonate that is cross-cut by a later stage 4 quartz–boulangerite vein. (J) Stage 3 sphalerite cross-
cut by stage 4 quartz–boulangerite veins. (K) Stage 3 banded pyrite hosted by a large blocky mass of stage 3 sphalerite that is in turn cross-cut by a stage 4 quartz–
boulangerite vein. The sample also contains some early Mn–Fe carbonates and quartz druse that contain boulangerite. (L) Stage 3 brecciated sphalerite within stage 3 quartz–
calcite. (M) Stage 3 sphalerite–galena veins cross-cut by stage 6 quartz–calcite veins. (N) Stage 4 quartz–boulangerite vein. (O) Stage 3 brecciated and massive sphalerite–
galena hosted by stage 3 calcite. (P) Elongate stage 5 stibnite hosted by stage 5 quartz. (Q) Stage 2 fine-grained pyrite attaches to the crystal or growth planes of stage 3
coarse-grained pyrite. (R) Stage 3 sphalerite cross-cut and replaced by stage 4 boulangerite. (S) Stage 2 sphalerite replaced by stage 2 galena to form a relict texture. (T) Stage
2 Mn–Fe carbonate–sphalerite with embayed structures as a result of replacement by stage 2 galena. (U) Stage 2 pyrite containing automorphic stage 1 arsenopyrite replaced
by later stage 2 sphalerite to form a skeletal texture. (V) Stage 3 sphalerite replaced by stage 4 boulangerite that is in turn cross-cut by stage 5 stibnite. (W) Stage 5 stibnite
cross-cut by stage 6 quartz. (X) Stage 2 arsenopyrite cross-cut by a stage 3 sphalerite vein and stage 3 sphalerite cross-cut by a stage 4 boulangerite vein. Abbreviations are as
follows: Mcar 1: stage 1 fine-grained Mn–Fe carbonate; Apy 1: stage 1 lamellar arsenopyrite; Py 1: stage 1 lamellar pyrite; Sp 1: stage 1 lamellar sphalerite; Mcar 2: stage 2
coarse-grained Mn–Fe carbonate; Apy 2: stage 2 arsenopyrite; Py 2: stage 2 pyrite; Sp 2: stage 2 sphalerite; Gn 2: stage 2 coarse-grained galena; Py 3: stage 3 pyrite; Sp 3:
stage 3 sphalerite; Gn 3: stage 3 galena; Qtz 3: stage 3 quartz; Cal 3: stage 3 calcite; Blr 4: stage 4 boulangerite; Qtz 4: stage 4 quartz; Sti 5: stage 5 stibnite; Qtz 5: stage 5
quartz; Cal 6: stage 6 calcite; Qtz 6: stage 6 quartz.
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Fig. 5. (A) Relationship between increasing alteration of samples and heavier d56Fe values of pyrite. (B) Relationship between increasing alteration of samples and lighter
d66Zn values of sphalerite. (C) Relationship between increasing alteration of samples and lighter d66Zn values of Mn–Fe carbonate. (D) Relationship between increasing
alteration of samples and lighter d66Zn values of slate. Abbreviations are as in Fig. 4.
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quartz–boulangerite vein (Fig. 4A) and sample 14-9 contains later
minerals such as quartz and valentinite (Fig. 5C4). For stage 2, Fe
isotopic analysis was performed on eight samples of Mn–Fe car-
bonate and five samples of pyrite, and Zn isotopic analysis was per-
formed on two samples of Mn–Fe carbonate and four samples of
sphalerite (Table 1). Five pyrite and seven sphalerite samples were
selected from stage 3 for Fe–Zn isotopic analyses (Table 1). These
samples include brecciated sphalerite and galena hosted by calcite
in sample ZK007-B6 (Fig. 4O), and massive and veined sulphides
hosted by quartz in sample XC-3 (Fig. 4K). Meanwhile, four slate
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samples were selected for Zn isotopic analysis: samples ZXK-11-31
and PD6-50 are cross-cut by later quartz–pyrite veins, sample ZXK-
11-17 is overprinted by later-stage mineralization including stage
4 boulangerite and stage 5 stibnite, and sample ZXK-12-B17 is
cross-cut by a stage 2 Mn–Fe carbonate–pyrite–sphalerite vein
(Fig. 5D).
4. Analytical methods

The Fe–Zn isotopic experiments were both carried out in the
State Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences, Beijing. The chemical
treatment of the samples was done in a super-clean laboratory.
All experimental vessels are PTFE (Savillex�) that were thoroughly
cleaned before each use. Double-distilled HCl and HNO3, OptimaTM

ultrapure HF and HClO4, and P18.2 MX water were used for sam-
ple dissolution and all other procedures.

4.1. Chemical separation of iron and zinc

Slate and Mn–Fe carbonate powders (5–30 mg) were dissolved
in Teflon vessels with a mixture of HF–HNO3–HClO4 at 130 �C.
After dissolution the solutions were dried and HF was removed
before the Teflon vessels were filled with a mixture of HNO3–
HCl. Pyrite and sphalerite sample powders (1–2 mg) were directly
dissolved to completion in a mixture of HNO3–HCl. Then the com-
pletely dissolved slate, Mn–Fe carbonate, pyrite and sphalerite
samples were heated until they decoloured at 90 �C, and were then
evaporated to dryness at 130 �C. All the above processes were
repeated one time for the slate and Mn–Fe carbonate samples.
The resulting evaporated samples were mixed with 0.5 ml of con-
centrated HCl (for Fe isotopic analysis) or 1 ml of 8 N HCl (for Zn
isotopic analysis) in the same Teflon vessels and brought to dry-
ness. Finally, the dissolved samples were prepared in 0.5 ml of
6 N HCl (for iron isotopic analysis) or 1 ml of 8 N HCl + 0.001%
H2O2 (for zinc isotopic analysis) for chemical ion exchange
separation.

A Bio-Rad AG1X-8 200–400 mesh chloride form resin was used
to purify Fe in an HCl media. The matrix elements were removed
using 8 ml of 6 N HCl. The iron within these samples was then col-
lected using 9 ml of 0.4 N HCl. These purification procedures were
repeated to ensure the complete elimination of the matrices. After
evaporating to dryness at 80 �C, the final iron eluate was acidified
with 100 ll of concentrated HNO3 to remove chloride ions before
drying and then was dissolved in 3% HNO3 for isotopic analysis.
Zinc was purified using an AG-MP-1M resin with matrix elements
removed using 10 ml of 8 N HCl + 0.001% H2O2. Copper was then
removed using 24 ml of 8 N HCl + 0.001% H2O2 before iron was
removed using 18 ml of 2 N HCl + 0.001% H2O2. Zinc was collected
after removing 2 ml of 0.5 N HNO3, yielding 10 ml of Zn-bearing
0.5 N HNO3. These purification procedures were repeated for slate
and Mn–Fe carbonate samples to ensure the complete elimination
of the matrices. Chloride ions were then removed by acidifying the
final Zn eluate using 3% (m/m) HNO3 after being evaporated to dry-
ness at 80 �C. The dried samples were finally dissolved in 3% HNO3

for isotopic analysis. The samples were checked for the elimination
of matrix elements prior to Zn isotopic analysis.

4.2. Fe and Zn isotope determinations

Iron and zinc isotopic analyses were conducted on a Thermo-
Finnigan Neptune Plus MC-ICP-MS instrument in the Isotope Geo-
chemistry Laboratory, China University of Geosciences, Beijing. The
Fe isotopic measurements were performed in high mass resolution
mode and Zn isotopic measurements were performed in low-
resolution mode. The sample-standard bracketing (SSB) method
was used to correct for instrument mass bias.

4.2.1. Fe isotopes
Samples and standard solutions were prepared in 3% HNO3 (ca.

0.35 mol l�1), yielding Fe concentrations ranging between 3 and
10 lg ml�1 for the high mass resolution mode (HR) analysis. The
3% HNO3 was measured as a blank only at the beginning of a
sequence with on-peak zero correction on samples performed for
each analysis. The resulting isotopic compositions are an average
of four repeated analyses. A GSB Fe ultrapure single elemental
standard solution from the China Iron and Steel Research Institute
was used as an in-house reference solution for most of the analy-
ses. Isotope compositions are reported in per mil deviation dXFe
relative to international standard substance IRMM-014 and analyt-
ical uncertainties for d56Fe are within 0.03‰. The formulas used are
as follows:

d56Fe ð%Þ ¼ ½ð56Fe=54FeÞsample=ð56Fe=54FeÞIRMM-014 � 1� � 1000

d57Fe ð%Þ ¼ ½ð57Fe=54FeÞsample=ð57Fe=54FeÞIRMM-014 � 1� � 1000

A BHVO-2 basalt standard and a COQ-1 igneous carbonatite
standard of the United States Geological Survey (USGS) were used
to assess Fe isotope data quality, with analytical d56Fe values for
BHVO-2 (0.12 ± 0.03‰, 2 se) and COQ-1 (�0.03 ± 0.03‰, 2 se)
matching the long-term mean values (BHVO-2: 0.12 ± 0.03‰,
N = 27; COQ-1: �0.07 ± 0.03‰, N = 6) from analyses at the same
laboratory (He et al., 2015). The Fe content of whole course blank
used in these analyses was 16 ng. Further details of the procedures
are given by He et al. (2015).

4.2.2. Zn isotopes
The samples and standards used for Zn isotopic analyses were

prepared in 3% HNO3, yielding Zn concentrations of � 200 ppb.
Each measurement was operated over three blocks of 40 cycles
in low-resolution mode with the resulting zinc isotopic ratios
reported against the JMC3-0749L standard. The accuracy of the
d66Zn measurements is within 0.06‰ and the formulas used are
as follows:

d66Zn ð%Þ ¼ ½ð66Zn=64ZnÞsample=ð66Zn=64ZnÞJMC 3-0749 L � 1� � 1000

d68Zn ð%Þ ¼ ½ð68Zn=64ZnÞsample=ð68Zn=64ZnÞJMC 3-0749 L � 1� � 1000

A BHVO-2 basalt standard and a BCR-2 basalt standard of the
USGS were used to control the Zn isotope data quality, yielding
the analytical d66Zn values (BHVO-2: 0.34 ± 0.13‰, 2 se; BCR-2:
0.33 ± 0.17‰, 2 se) that match the long-term mean values
(BHVO-2: 0.33 ± 0.06‰, N = 12; BCR-2: 0.28 ± 0.04‰, N = 4)
derived from the same laboratory (Lv et al., 2015). The whole
course blank used during these analyses contain 7 ng Zn. For
details of these procedures, see Lv et al. (2015) and Liu et al. (2016).

5. Results

The Fe and Zn isotopic data are given in Tables 2 and 3,
respectively

5.1. Fe isotopes

All of the Fe isotopic data from the Zhaxikang deposit are plot-
ted on a ternary isotope diagram that yield a single mass-
fractionation line with a slope of 0.68. The correlation between
d56Fe and d57Fe values takes the form d56Fe = (0.6817 + 0.0026) �
d57Fe, with an R2 value of 0.999, indicating that these analyses
are free of analytical artefacts from unresolved isobaric interfer-



Table 2
Fe isotopic data for samples from the Zhaxikang deposit.

Sample number Mineral d56Fe 2se 2se* d57Fe 2se

ZXK12-PD9-B2 Mcar 1 �0.75 0.02 0.02 �1.13 0.04
Py 1 �0.31 0.03 0.02 �0.49 0.04
Py 2 �0.30 0.04 0.04 �0.44 0.06

D52-3 Mcar 1 �0.62 0.02 0.03 �0.92 0.04
Py 1 �0.09 0.03 0.03 �0.08 0.04
Py 2 0.13 0.03 0.04 0.17 0.07

14-6 Mcar 1 �0.68 0.02 0.02 �0.98 0.04
Py 1 �0.27 0.02 0.01 �0.42 0.04

14-9 Mcar 1 �0.65 0.02 0.05 �0.93 0.04
Py 1 �0.33 0.02 0.02 �0.49 0.04

ZXK-12-B8 Mcar 2 �0.63 0.03 0.02 �0.93 0.04
ZXK-12-B156 Mcar 2 �0.59 0.03 0.02 �0.87 0.04

Py 2 0.19 0.03 0.02 0.29 0.04
ZXK-12-B134 Mcar 2 �0.80 0.03 0.02 �1.17 0.04

Py 2 0.02 0.03 0.02 0.02 0.04
ZXK-12-B34 Mcar 2 �0.63 0.03 0.01 �0.93 0.04
ZK006-B6 Mcar 2 �0.55 0.03 0.02 �0.78 0.04
ZK1902-18 Mcar 2 �0.58 0.03 0.02 �0.84 0.04
ZK1906-05 Mcar 2 �0.73 0.03 0.04 �1.09 0.04
ZK1907-11 Mcar 2 �0.61 0.03 0.02 �0.91 0.04
ZXK-12-B140 Py 2 0.08 0.03 0.05 0.13 0.06
ZXK-12-B154 Py 3 0.23 0.03 0.02 0.36 0.04
ZK1502-4 Py 3 0.43 0.03 0.01 0.61 0.04
XC-2 Py 3 0.41 0.03 0.02 0.58 0.04
XC-3 Py 3 0.36 0.03 0.02 0.51 0.04
XC-6 Py 3 0.16 0.03 0.01 0.23 0.04

Notes: Abbreviations are as in Table 1.

Table 3
Zn isotopic data for samples from the Zhaxikang deposit.

Sample number Mineral d66Zn 2sd d68Zn

14-6 Sp 1 0.35 0.04 0.68
D52-3 Sp 1 0.16 0.02 0.33
14-9 Sp 1 0.32 0.01 0.63

Mcar 1 0.17 0.05 0.35
ZXK12-PD9-B2 Sp 1 0.29 0.11 0.58

Sp 2 0.09 0.04 0.18
Mcar 1 0.32 0.14 0.64

ZXK-12-B34 Sp 2 0.23 0.08 0.47
Mcar 2 0.26 0.05 0.49

ZXK-12-B156 Sp 2 0.20 0.06 0.41
Mcar 2 0.24 0.05 0.45

ZXK-BDG-3 Sp 2 0.16 0.02 0.33
ZXK-12-B36 Sp 3 �0.03 0.06 �0.06
ZK009-723.9 Sp 3 0.22 0.01 0.38
ZK007-B4 Sp 3 0.21 0.06 0.38
ZK009-6 Sp 3 0.16 0.02 0.32
ZK006-B6 Sp 3 0.16 0.01 0.31
HY Sp 3 0.09 0.07 0.18
ZXK-12-B84 Sp 3 0.09 0.02 0.19
ZXK-11-17 Slate 0.08 0.13 0.16
ZXK-11-31 Slate 0.05 0.05 0.11
ZXK-12-B17 Slate 0.38 0.06 0.75
PD6-50 Slate 0.12 0.13 0.23

Notes: Abbreviations are as in Table 1.

356 D. Wang et al. / Ore Geology Reviews 84 (2017) 347–363
ences. The d56Fe values of the samples from the Zhaxikang deposit
range between �0.80‰ and 0.43‰, with an average value of
�0.27‰ ± 0.82‰ (2SD, n = 26). The d56Fe values of the stage 1
Mn–Fe carbonates range from �0.75‰ to �0.62‰ with an average
value of �0.67‰ ± 0.11‰ (2SD, n = 4), and of the stage 2 Mn–Fe
carbonates range from �0.80‰ to �0.55‰ with an average value
of �0.64‰ ± 0.17‰ (2SD, n = 8). These indicate there are no signif-
icant differences in the d56Fe values of the stage 1 and 2Mn–Fe car-
bonates. The stage 1 lamellar pyrite that coexists with fine-grained
Mn–Fe carbonate, sphalerite, and arsenopyrite yields d56Fe values
of �0.33‰ to �0.09‰ with an average value of �0.25‰ ± 0.22‰
(2SD, n = 4). In comparison, the stage 2 pyrite that coexists with
coarse-grained Mn–Fe carbonate, sphalerite, and galena shows
d56Fe values of �0.30‰ to 0.19‰ with an average value of
0.02‰ ± 0.38‰ (2SD, n = 5). The stage 3 pyrite associated with
sphalerite, galena, and quartz has d56Fe values of 0.16‰–0.43‰
with an average value of 0.32‰ ± 0.24‰ (2SD, n = 5). For the stage
3 modified samples, the d56Fe values of pyrite are closely related to
the modification (Fig. 5A). The most significantly modified sample
ZK1502-4 has the heaviest pyrite d56Fe value of 0.43‰, then the
intensely modified samples XC-2 and XC-3 show the heavier pyrite
d56Fe values of 0.41‰ and 0.36‰, respectively, and the slightly
modified samples ZXK-12-B154 and XC-6 display the relatively
lighter pyrite d56Fe values of 0.23‰ and 0.16‰, respectively
(Tables 1 and 2).

5.2. Zn isotopes

All of the Zn isotopic data from the Zhaxikang deposit are plot-
ted on a ternary isotope diagram that yield a single mass-
fractionation line with a slope of 0.51. The correlation between
d66Zn and d68Zn values yields the formula d66Zn =
(0.5128 � 0.0009) � d68Zn with an R2 value of 0.995, which indi-
cates these analyses are free of analytical artefacts from unresolved
isobaric interferences. The d66Zn values of sphalerite throughout
the Zhaxikang deposit range from �0.03‰ to 0.35‰ with an aver-
age value of 0.18‰ ± 0.20‰ (2SD, n = 15). The stage 1 lamellar
sphalerite that coexists with fine-grained Mn–Fe carbonate, pyrite,
and arsenopyrite has d66Zn values of 0.16‰–0.35‰ with an aver-
age value of 0.28‰ ± 0.17‰ (2SD, n = 4), whereas the stage 2 spha-
lerite that coexists with coarse-grained Mn–Fe carbonate, pyrite,
and galena shows d66Zn values of 0.09‰–0.23‰ with an average
value of 0.17‰ ± 0.12‰ (2SD, n = 4). In comparison, the stage 3
sphalerite associated with pyrite, galena and quartz displays
d66Zn values that range from �0.03‰ to 0.22‰ with an average
value of 0.13‰ ± 0.17‰ (2SD, n = 7). For the stage 3 modified sam-
ples, the more significantly modified samples yield lighter spha-
lerite d66Zn values (Fig. 5B). The most significantly modified
sample ZXK-12-B36 displays the lightest sphalerite d66Zn value
of �0.03‰, then the intensely modified samples ZXK-12-B84 and
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HY both show the lighter sphalerite d66Zn value of 0.09‰, and the
slightly modified samples ZK009-723.9, ZK007-B4 and ZK009-6
has the relatively heavier sphalerite d66Zn values of 0.22‰,
0.21‰ and 0.16‰, respectively (Table 1 and 3). Additionally, the
Mn–Fe carbonates and slate show d66Zn values of 0.17‰–0.32‰
(average value of 0.25‰ ± 0.12‰; 2SD, n = 4) and 0.05‰–0.38‰
(average value of 0.16‰ ± 0.30‰; 2SD, n = 4), respectively.
6. Discussion

6.1. Isotope fractionation between ore minerals

Isotopic fractionation between minerals is a critical issue in iso-
tope research. Observations of hand specimens (Fig. 4A–E) and thin
sections (Fig. 4L and O) of Mn–Fe carbonate and sulphides from
stages 1 and 2 of the Zhaxikang deposit indicate they closely coex-
ist. In addition, the ores and Mn–Fe carbonates from stages 1 and 2
have similar REE and trace element compositions (Zhang, 2013).
Meanwhile, the pyrite, sphalerite, and Mn–Fe carbonate that
formed during these stages show similar He–Ar isotope values that
overlap with those of crustal fluids (Zhang, 2013). All of the evi-
dence suggest that these early formed Mn–Fe carbonates and sul-
phides formed contemporaneously from the same source. Here, we
investigate the fractionation of Fe and Zn isotopes between Mn–Fe
carbonate and pyrite, and Mn–Fe carbonate and sphalerite mineral
pairs.
6.1.1. Fe isotope fractionation between Mn–Fe carbonate and pyrite
A d56Fe–d56Fe diagram showing the compositions of various

minerals is typically used to determine whether mineral pairs have
attained Fe isotopic equilibrium. Here, we use six Mn–Fe carbonate
and pyrite mineral pairs (four from stage 1 and two from stage 2)
to check whether these minerals were in Fe isotopic equilibrium.
The four data points for the stage 1 mineral pairs are highly con-
centrated, whereas the other two mineral pairs do not provide
enough information to draw any conclusions. The D56Fepyrite–Mn–

Fe carbonate values for stage 1 samples are 0.44‰ (ZXK12-PD9-B2),
0.53‰ (D52-3), 0.41‰ (14-6) and 0.32‰ (14-9), respectively.
Meanwhile, the stage 2 samples ZXK-12-134 and ZXK-12-156 yield
the D56Fepyrite–Mn–Fe carbonate values of 0.82‰ and 0.78‰, respec-
tively. If the mineral pairs are in Fe isotopic equilibrium, the
56Fe/54Fe fractionation factor apyrite–Mn–Fe carbonate is between
1.00032 and 1.00082. The D56Fepyrite–Mn–Fe carbonate values of stage
2 samples both containing minor amounts of quartz are obviously
higher than those of stage 1 samples. This is probably related to the
Fe isotopic re-equilibrium caused by the second pulse overprint.
This hypothesis is also evidenced by the fact that sample D52-3
cross-cut by quartz–boulangerite veins has higher D56Fepyrite–Mn–

Fe carbonate value than the other three samples from the same stage
that have not been influenced by these later hydrothermal veins.
Further research is needed to identify the apyrite–Mn–Fe carbonate.
The Mn–Fe carbonate, however, has lighter d56Fe values than the
pyrite within a given mineral pair (Fig. 6A), which is consistent
with the theory that iron carbonates are preferentially enriched
in light Fe isotopes relative to pyrite (Wiesli et al., 2004;
Polyakov and Soultanov, 2011; Wang and Zhu, 2012).

If all of these mineral pairs have attained Fe isotopic
equilibrium then a fractionation factor can be used to estimate
the temperature of formation as follows: D56Fepyrite–siderite =
b1X � b2 � 10�2X2 + b3 � 10–4X3, where X = 106/T2, T is tempera-
ture in K, and b1, b2, and b3 are parameters (Polyakov and
Mineev, 2000; Polyakov et al., 2007; Polyakov and Soultanov,
2011; Blanchard et al., 2009). The stage 1 and 2 mineral pairs yield
temperatures of � 800 �C and �500 �C, respectively, both of which
are much higher than the homogenization temperatures of fluid
inclusions trapped in stage 2 Mn–Fe carbonate and stage 3 quartz
(230 �C–240 �C and 240 �C–270 �C, respectively; unpublished
data). This can be explained by three possible reasons: (1) the min-
eral pairs have not attained Fe isotopic equilibrium; (2) the theo-
retical equation used here may not be suitable for these
conditions; or (3) this equation is for pyrite and siderite mineral
pairs whereas Mn–Fe carbonates form by the isomorphic substitu-
tion of Fe2+ and Mn2+ ions.

6.1.2. Zn isotope fractionation between Mn–Fe carbonate and
sphalerite

Four Mn–Fe carbonate and sphalerite mineral pairs from the
Zhaxikang deposit were analyzed in this study, although these data
are insufficient to confirmwhether the Mn–Fe carbonate and spha-
lerite have attained Zn isotopic equilibrium as per the d66Zn–d66Zn
diagram. The D66ZnMn–Fe carbonate–sphalerite values for samples are
0.03‰ (stage 1; ZXK12-PD9-B2), �0.15‰ (stage 1; 14-9), 0.03‰
(stage 2; ZXK-12-34) and 0.04‰ (stage 2; ZXK-12-156), respec-
tively. Three mineral pairs (samples ZXK12-PD9-B2, ZXK-12-34
and ZXK-12-156) contain sphalerite with lighter d66Zn values than
the associated Mn–Fe carbonate (Fig. 6B). This is possible the result
of Zn isotope equilibrium fractionation. In comparison, the other
pair (sample 14-9) shows the reverse relationship, either because
it did not reach Zn isotopic equilibrium (Fig. 6B) or it was modified
after formation as the sample contain later minerals such as quartz,
stibnite, and boulangerite (Fig. 5C4). These data suggest that spha-
lerite is generally preferentially enriched in light Zn isotopes rela-
tive to contemporaneously formed Mn–Fe carbonate and the
66Zn/64Zn fractionation factor aMn–Fe carbonate–sphalerite maybe
around 1.00003–1.00004 although more data is needed.

6.2. Possible causes of isotopic variations

6.2.1. Fe isotopes
Previous research has identified several causes of Fe isotopic

variations (Markl et al., 2006; Liu et al., 2014a, 2014b, 2014c),
including kinetic fractionation resulting from disequilibrium
chemical diffusion or thermal gradients (Richter et al., 2009;
Huang et al., 2010; Teng et al., 2011), the different valence states
of iron ions in precipitates and ore-forming hydrothermal systems
(Johnson et al., 2002; Welch et al., 2003; Saunier et al., 2011; Wang
and Zhu, 2012), kinetic Rayleigh fractionation (Butler et al., 2005;
Wang et al., 2011; Syverson et al., 2013), and the mixing of multi-
ple iron sources (Sun et al., 2013; Hou et al., 2014).

As the Fe3+ ions are preferentially enriched in heavy Fe isotopes
relative to Fe2+ ions, the valence states of iron ions can influence Fe
isotope fractionation between minerals and hydrothermal fluids
with different valence states (i.e., ferrous and ferric minerals, Fe
(II)aq and Fe (III)aq; Johnson et al., 2002; Welch et al., 2003;
Wang and Zhu, 2012). However, the only iron-bearing minerals
in the Zhaxikang deposit are Mn–Fe carbonate and pyrite, both of
which contain Fe2+, thereby eliminating the possibility that Fe iso-
topic variations were caused by the presence of iron ions with dif-
ferent valence states. The homogenization temperatures of fluid
inclusions from Zhaxikang stage 2 Mn–Fe carbonate and stage 3
quartz are 230 �C–240 �C and 240 �C–270 �C, respectively (unpub-
lished data). These low temperatures and thermal gradients indi-
cate that kinetic fractionation would have had little influence on
Fe isotope fractionation (Richter et al., 2009; Huang et al., 2010;
Teng et al., 2011), in contrast to the significant Fe isotopic variation
within samples from the Zhaxikang deposit. This suggests that the
kinetic fractionation resulting from disequilibrium chemical diffu-
sion or thermal gradients was also not the primary cause of the Fe
isotopic variations recorded within these samples.

If all of the metals within the Zhaxikang deposit were derived
from the same source, the kinetic Rayleigh fractionation of Fe



Fig. 6. (A) Diagram showing Fe isotope fractionation between Mn–Fe carbonate and pyrite mineral pairs. (B) Diagram showing Zn isotope fractionation between Mn–Fe
carbonate and sphalerite mineral pairs.

Fig. 7. Fe isotopic compositions of Mn–Fe carbonate and pyrite from different
stages in the Zhaxikang deposit. Other Fe isotopic data for igneous rocks (Beard and
Johnson, 1999; Zhu et al., 2002), submarine hydrothermal solutions (Sharam et al.,
2001; Beard et al., 2003; Severmann et al., 2004; Rouxel et al., 2008; Bennett et al.,
2009), the Mid-Atlantic Ridge Lucky Strike Pyrite (Rouxel et al., 2004), the East
Pacific Rise Bio009 Pyrite (Rouxel et al., 2008), the Schwarzwald hydrothermal vein
deposit in Germany (Markl et al., 2006), the Xinqiao skarn deposit in China (Wang
et al., 2011), and the Bayan Obo Fe-REE deposit in China (Sun et al., 2013) are also
plotted for comparison.
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isotopes in an open hydrothermal system could have caused Fe iso-
topic variations. For example, the d56Fe values of pyrite from differ-
ent stages in the Xinqiao Cu–S–Fe–Au deposit gradually increase
from earlier to later stages of mineralization (Wang et al., 2011).
However, the d56Fe values of sulphides that formed during differ-
ent stages of mineralization in the Xinqiao deposit generally over-
lap, yielding only small variations in d56Fe values between differing
stages (Fig. 7; Wang et al., 2011; d56Fe values of stage 1 colloform
pyrite: �0.83‰ to 0.10‰; stage 2 fine-grained pyrite: �0.71‰ to
0.37‰; stage 3 coarse-grained pyrite and chalcopyrite that formed
almost simultaneously: �0.66‰ to 0.50‰). The Zhaxikang deposit
shows similar results, with pyrite d56Fe values that gradually
increase during the first three stages of mineralization (Fig. 7),
from stage 1 (�0.33‰ to �0.09‰) through stage 2 (�0.30‰ to
0.19‰) to stage 3 (0.16‰ to 0.43‰). This suggests that kinetic Ray-
leigh fractionation is the main control on the Fe isotopic variations
recorded within the deposit.

However, the second pulse of mineralization also probably
modified the Fe isotopic compositions, as evidenced by the fact
that the Fe isotopic compositions of pyrite are related to alteration
during the second pulse of mineralization based on the observa-
tions of hand specimens and thin sections. The more significant
the modification of these samples, the heavier the d56Fe values of
the resulting pyrite, which indicates the overprint would make
the d56Fe values heavier (Fig. 5A). Meanwhile, a stage 1 sample
D52-3 (Fig. 4A) cross-cut by a later quartz–boulangerite vein dis-
plays heavier d56Fe value (�0.09‰) of pyrite than the other three
samples (ZXK12-PD9-B2: �0.31‰, 14-6: �0.27‰ and 14-9:
�0.33‰) from the same stage that have not been influenced by
these later hydrothermal veins (Fig. 7). However, the Fe isotopic
compositions of the Mn–Fe carbonates in the modified samples
remain generally unchanged, primarily due to the larger volume
of Mn–Fe carbonate relative to the amount of pyrite in these sam-
ples. This factor inhibited the modification of the compositions of
these early-formed Mn–Fe carbonates. The pyrite within these
modified samples also records clear evidence of recrystallization
in the form of early formed fine-grained pyrite attaching to the
crystal or growth planes of coarse-grained pyrite from stage 3
(Fig. 4Q). In addition, stage 3 sulphides contain lower Fe contents
than those of the early formed sulphides (unpublished EPMA data)
and the d56Fe values of stage 3 pyrite are heavier than those of pyr-
ite from the first pulse of mineralization. These may be caused by
two reasons: (1) the leaching of the second pulse of ore-forming
fluid would preferentially take away parts of light Fe isotopes
and the residual sulphides would have heavier d56Fe values
(Markl et al., 2006; Wang et al., 2011). This hypothesis is also evi-
denced by the fact that the formation of stage 4 sulfosalt minerals
need some Fe elements and the recrystallization of stage 3 pyrite
(Fig. 4Q); (2) the ore-forming fluid of the second pulse of mineral-
ization has heavier Fe isotopic compositions. As most of the stage 3
pyrite cut and replace earlier formed sulphides and Mn–Fe carbon-
ates, the second reason maybe the main cause. All of the evidence
suggest that the deposit was overprinted by the second pulse of
mineralization that added to the Fe isotopic variations in the Zhax-
ikang deposit that were initially the result of kinetic Rayleigh
fractionation.

6.2.2. Zn isotopes
The d66Zn values of the sphalerite in the Zhaxikang deposit vary

from �0.03‰ to 0.35‰. Several possible causes of the Zn isotopic
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variations have been identified by previous research, including
temperature gradients (Mason et al., 2005; Toutain et al., 2008),
kinetic Rayleigh fractionation (Kelley et al., 2009; Gagnevin et al.,
2012), and the mixing of multiple zinc sources (Wilkinson et al.,
2005). Toutain et al. (2008) identified large variations in the
d66Zn values of fumarolic gases (0.05‰–0.85‰) and their conden-
sates (1.48‰–1.68‰), suggesting that this fractionation was the
result of a significant temperature gradient (297 �C–590 �C). How-
ever, other research suggests that lower temperature gradients
(30 �C–50 �C) do not affect Zn isotopic compositions (Maréchal
and Sheppard, 2002), with no correlation between d66Zn values
and temperatures in the range of 60 �C–250 �C (Wilkinson et al.,
2005). The homogenization temperatures of fluid inclusions from
the Zhaxikang deposit described above suggest that the tempera-
ture gradients would have had a minimal effect on Zn isotopic
variations.

ore-forming materials derived from a single source would be
subjected to kinetic Rayleigh fractionation that would form 64Zn-
enriched sulphides during the early phases of the system as well
as residual fluids and later precipitates with heavier d66Zn values,
causing an increase in d66Zn values within precipitates over time
(Archer et al., 2004; Mason et al., 2005; Wilkinson et al., 2005;
John et al., 2008; Kelley et al., 2009; Wang and Zhu, 2010;
Gagnevin et al., 2012). The d66Zn values of sphalerite in the Red
Dog ore district in Alaska gradually increase from the early to late
stages of deposit formation (stage 1: 0.01‰–0.21‰, stage 2: 0.04
‰–0.25‰, stage 3: 0.06‰–0.30‰, and stage 4: 0.13‰–0.22‰),
providing a typical example of kinetic Rayleigh fractionation
(Kelley et al., 2009). However, the Zn isotopic variations of spha-
lerite in the Zhaxikang deposit yield a different pattern with
d66Zn values that gradually decrease from the early to late stages
of mineralization (Fig. 8B; stage 1: 0.16‰–0.35‰, stage 2: 0.09
‰–0.23‰, and stage 3: �0.03‰ to 0.22‰). Therefore, we suggest
that the overprint by the second pulse of mineralization caused
the Zn isotopic variations that added to the variations resulting
from kinetic Rayleigh fractionation. This is evidenced by the fact
that the more significant modification the samples demonstrate,
the lighter the d66Zn values of the sphalerite become (Fig. 5B), a
similar relationship that is also recorded in the Fe isotopic compo-
sitions of pyrite within the deposit. This trend is also exemplified
by a stage 1 sample D52-3 (Fig. 4A) that records modification by
Fig. 8. (A) Zn isotopic compositions of sphalerite from the Zhaxikang deposit. Zn isotopic
district in Alaska (Kelley et al., 2009), the Alexandrinka VHMS-type deposit in Russia (Ma
the Cévennes MVT-type deposit in France (Albarède, 2004), the skarn-type deposits in t
Raibl magmatic-type deposit in Italy (Maréchal et al., 1999), and the Tianqiao and Bangba
also plotted for comparison. (B) Zn isotopic compositions of Mn–Fe carbonate, sphaleri
compositions of sedimentary rocks (Maréchal et al., 2000; Weiss et al., 2007; Bentahila
2008; Herzog et al., 2009), and deep-sea carbonates (Pichat et al., 2003). (For interpretati
version of this article.)
a later quartz–boulangerite vein and contains sphalerite with
lighter d66Zn value (0.16‰) than the other three stage 1 samples
(ZXK12-PD9-B2: 0.29‰, 14-6: 0.35‰ and 14-9: 0.32‰) that do
not contain later hydrothermal veins (Fig. 8B). Meanwhile, the
d66Zn value (0.17‰) of a Mn–Fe carbonate sample 14-9 (Fig. 5C4)
that was overprinted by later minerals such as quartz, stibnite,
and boulangerite is lighter than those of other unmodified or
slightly modified Mn–Fe carbonate samples (Fig. 5C; ZXK12-PD9-
B2: 0.32‰, ZXK-12-B156: 0.24‰ and ZXK-12-B34: 0.26‰). How-
ever, the laminae that hosts the sphalerite in this sample was not
modified, meaning that the d66Zn value of the sphalerite in sample
14-9 remained unaffected. Slate samples cross-cut by quartz–pyr-
ite veins (ZXK-11-31: 0.05‰ and PD6-50: 0.12‰) or overprinted
by later-formed minerals such as stibnite and boulangerite (ZXK-
11-17: 0.08‰) also have lighter d66Zn values, whereas a slate sam-
ple that was cross-cut by a stage 2 Mn–Fe carbonate–pyrite–spha
lerite vein (ZXK-12-B17: 0.38‰) has heavier d66Zn value (Fig. 5D).
Additionally, stage 3 sulphides have lower Zn concentrations than
earlier formed sulphides (unpublished EPMA data) and the d66Zn
values of sphalerite from the second pulse of mineralization are
lighter than those of sphalerite from the first pulse of mineraliza-
tion. There are two possible causes: (1) the ore-forming fluid of
the second pulse of mineralization has lighter Zn isotopic compo-
sitions; (2) the leaching of the second pulse of ore-forming fluid
could take away parts of the Zn with heavier Zn isotopes and make
the d66Zn values of residual minerals becoming lighter. However, in
view of that the main minerals of the second pulse of mineraliza-
tion are Sb-bearing, which would has little influence on the d66Zn
values due to the absent of Zn-bearing minerals, the second
hypothesis is most possible the main cause. All of the evidence
indicate that the Zn isotopic variations within the deposit are pri-
mary related to the overprint caused by the second pulse of
mineralization.
6.3. Two pulses of mineralization and possible metal sources

6.3.1. Two pulses of mineralization
As mentioned above, the paragenesis of minerals during the

first and second pulses of mineralization in the Zhaxikang deposit
differ significantly. The early-formed sphalerite, pyrite and Mn–Fe
carbonate record both recrystallization and remobilization
data for other deposits with different geneses, including the Red Dog SEDEX-type ore
son et al., 2005), the Midlands VMS-type deposit in Ireland (Wilkinson et al., 2005),
he Tongling ore-Concentrated Area in China (Wang and Zhu, 2010), the Gorno and
ngqiao carbonated-hosted Pb–Zn sulphide deposits in China (Zhou et al., 2014), are
te from different stages, and slate from the Zhaxikang deposit compared with the
et al., 2008), igneous rocks (Viers et al., 2007; Bentahila et al., 2008; Toutain et al.,
on of the references to colour in this figure legend, the reader is referred to the web
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(Fig. 4Q and D), which are evidenced by the presence of concentric
annular sphalerite (Fig. 4G), different idiomorphic degrees of Mn–
Fe carbonate (Fig. 4D), and the presence of Mn–Fe carbonate druse
that contains idiomorphic columnar quartz, needle-like boulan-
gerite, or valentinite formed by the oxidation of boulangerite dur-
ing later stage hydrothermal activity (Fig. 5C4). Meanwhile, in view
of the almost identical d56Fe values of Mn–Fe carbonates that
formed during stages 1 and 2, the increasing d56Fe values and the
decreasing d66Zn values as the samples showed higher degrees of
modification (Fig. 5), the overprint by the second pulse of mineral-
ization must the primary cause of the Fe–Zn isotopic variations
within the Zhaxikang deposit. All of the evidence suggest that
the Zhaxikang deposit records two pulses of mineralization,
with stages 1 and 2 representing the first pulse that is dominated
by the formation of Mn–Fe carbonates and sulphides, and stages
3–6 representing the second pulse that is dominated by the forma-
tion of quartz, calcite, sulfosalt minerals, and sulphides. In
addition, the second pulse of mineralization partially modified
the first pulse.
6.3.2. Possible metal sources
The Zhaxikang deposit has typical characteristics of hydrother-

mal origin deposits with moderate Fe isotopic variation range, rel-
ative light d56Fe values and distinct changes in d56Fe values across
different stages of mineralization (Fig. 7). However, the sources of
metal that formed during the two pulses of mineralization
recorded in the deposit remain controversial. One possible source
is the slate that hosts the deposit, with an unmodified slate sample
(ZXK-12-B17: 0.38‰) yielding a d66Zn value that is similar to that
expected for sedimentary rocks and is heavier than the d66Zn val-
ues of the sphalerite (Fig. 8B). However, any Zn derived from slate
would yield sphalerite with heavier d66Zn values than the slate, as
suggested by the continuous batch experimental research of
Fernandez and Borrok (2009). Thus, the possibility that the metals
is derived from slate can be eliminated.

As discussed in Section 6.1.1, the Mn–Fe carbonate and pyrite
within the deposit may have been in Fe isotopic equilibrium. How-
ever, we do not know whether the Mn–Fe carbonate, the pyrite,
and the hydrothermal fluid that formed the deposit have attained
Fe isotopic equilibrium. If we assume that they were in Fe isotopic
equilibrium, the following theoretical formulae can be used to cal-
culate the Fe isotopic compositions of the ore-forming fluid:

D57Fepyrite–Fe(II) = (0.946 ± 0.0419) X� (6.7744 ± 0.4279)� 10�3X2 +
(3.8254 ± 0.5682) � 10–5X3(where X = 106/T2, T is in Kelvin;
Polyakov and Mineev, 2000; Polyakov and Soultanov, 2011),

D56FeFe(II)–siderite = 0.48 ± 0.22‰ (Wiesli et al., 2004),
DxFeA–B = dxFeA � dxFeB andD56Fe = 0.678D57Fe (Wang and Zhu,

2012).
The d56Fe values of pyrite and Mn–Fe carbonate that formed

during the first pulse of mineralization were used to independently
calculate d56Fe Fe (II) values, yielding d56Fe values from �1.28‰ to
�0.34‰ and from �0.54‰ to 0.15‰, respectively. The fact that
the pyrite and Mn–Fe carbonate that formed during the first pulse
of mineralization were derived from the same source means that
the overlap between these two sets of d56Fe Fe (II) values (�0.54‰
to �0.34‰) is likely to represent the theoretical Fe isotopic compo-
sitional range of the first pulse of ore-forming fluid. This range
overlaps with the d56Fe values of submarine hydrothermal solu-
tions (�1‰ to 0‰; Fig. 7; Sharam et al., 2001; Beard et al., 2003;
Severmann et al., 2004; Rouxel et al., 2008; Bennett et al., 2009).
However, deuteric fluids exsolved from magmas may also be
enriched in light Fe isotopes (Poitrasson and Freydier, 2005),
although the processes that control Fe isotopic fractionation during
fluid exsolution remain uncertain. Additionally, the Fe in
hydrothermal fluids derived from igneous rocks is thought to be
enriched in light Fe isotopes (Abe et al., 2008; Wang et al., 2011).
All these indicate that the magmatic hydrothermal fluids may also
have lighter d56Fe values than igneous rocks (�0.15‰ to 0.38‰;
Fig. 7; Zhu et al., 2002). Therefore, we cannot be certain that the
first pulse of mineralization was associated with either a sub-
marine hydrothermal solution or a magmatic hydrothermal fluid.
As mentioned in Section 6.2.1, the second pulse of mineralization
has brought some Fe as we can see stage 3 pyrite cut and replace
earlier sulphides (Fig. 4K). The Fe isotopic compositions of the sec-
ond pulse of ore-bearing fluid must be heavier than those of the
stage 3 pyrite (0.16‰–0.43‰), as 54Fe-enriched sulphides prefer-
entially form during the earlier periods of hydrothermal activity
(Butler et al., 2005; Richter et al., 2009; Teng et al., 2011). There-
fore, the Fe isotopic compositions of the second pulse of ore-
bearing fluid was heavier than typical submarine hydrothermal
solutions (Fig. 7), suggesting that the second pulse of mineraliza-
tion may have been related to a magmatic hydrothermal fluid.

The d66Zn values of sphalerite in the Zhaxikang deposit range
from �0.03‰ to 0.35‰ (Fig. 8B). Comparing with the d66Zn values
of sphalerite from the Red Dog SEDEX-type ore district in Alaska
(0‰–0.6‰; Kelley et al., 2009), the Alexandrinka VHMS-type
deposit in Russia (�0.20‰ to 0.23‰; Mason et al., 2005), the Mid-
lands VMS-type deposit in Ireland (�0.17‰ to 1.33‰; Wilkinson
et al., 2005), the Cévennes Mississippi Valley Type (MVT) deposit
in France (�0.06‰ to 0.47‰; Albarède, 2004), the skarn deposits
of the Tongling ore field in Anhui Province, China (0.05‰–0.08‰;
Wang and Zhu, 2010), the Gorno and Raibl magmatic-type deposits
in Italy (0.02‰–0.44‰; Maréchal et al., 1999), and the Tianqiao
(�0.26‰ to 0.58‰) and Bangbangqiao (0.07‰ to 0.71‰)
carbonate-hosted Pb–Zn sulphide deposits in China (Zhou et al.,
2014; Fig. 8A), there are large overlaps in the Zn isotopic variation
range of these deposits with different geneses (Fig. 8A). Mean-
while, in view of the Zn isotope fractionation that occurs during
fluid evolution and sulphide precipitation, it is difficult to make
sure the first pulse of mineralization was associated with either a
submarine hydrothermal solution or a magmatic hydrothermal
fluid.

Overall, our research demonstrates that Fe–Zn isotopes have the
potential to trace the sources of metal within mineral deposits and
provide insights into ore-forming processes, although more work is
required to further constrain the origin of the Zhaxikang Sb–Pb–
Zn–Ag deposit.
7. Conclusions

1. In the Zhaxikang deposit, pyrite is preferentially enriched in
heavy Fe isotopes relative to cogenetic Mn–Fe carbonates,
whereas sphalerite is preferentially enriched in light Zn iso-
topes relative to cogenetic Mn–Fe carbonate.

2. The Fe–Zn isotopic variations within the Zhaxikang deposit are
the result of kinetic Rayleigh fractionation and overprint caused
by the second pulse of mineralization.

3. The second pulse of mineralization has brought some Fe and
taken away parts of Zn. The overprint by the second pulse of
mineralization causes the lighter d66Zn values and heavier
d56Fe values of modified samples.

4. The Fe–Zn isotopes demonstrated the presence of two pulses of
mineralization in the Zhaxikang deposit, with the first pulse
comprising stages 1 and 2, and the second pulse comprising
stages 3–6. The Fe isotopic data presented here suggest that
the second pulse was likely related to a magmatic hydrothermal
fluid. However, further work is needed to constrain the metal
source of first pulse of mineralization in Zhaxikang deposit.
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