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Abstract Fe-Cu deposits in the Kangdian Fe-Cu
metallogenic province, SW China, are hosted in
Paleoproterozoic meta-volcanic-sedimentary sequences and
are spatially associated with coeval mafic intrusions. Several
well-known examples are the giant Lala, Dahongshan, and
Yinachang deposits. They have a common paragenetic se-
quence of an early Fe-oxide stage associated with sodic alter-
ation and a late Cu-sulfide stage associated with potassic-
carbonate alteration. Magnetite dominates the Fe-oxide stage
of these deposits but is also present in the Cu-sulfide stage of
the Lala deposit. This study uses trace element compositions
of magnetite to examine the nature and origin of the ore-
forming fluids. The magnetite has variable concentrations of
Ti, Al, Mg, Mn, Si, V, Cr, Ca, Co, Ni, Sc, Zn, Cu, Mo, Sn, and
Ga, which are thought to have been controlled mainly by fluid
compositions and/or intensive parameters (e.g., temperature
and oxygen fugacity (fO,)). Fluid-rock interaction and
coprecipitating mineral phases appear to be less important in
controlling the magnetite compositions. Magnetite grains in
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the Fe-oxide stage of the Lala and Dahongshan deposits have
comparable trace element compositions and were likely pre-
cipitated from chemically similar fluids. High Ni contents of
magnetite in both deposits, coupled with previous isotopic
data and the fact that the two deposits are spatially associated
with coeval mafic intrusions, strongly suggest that the ore-
forming fluids were genetically related to the mafic magmas
that formed the intrusions. Magnetite grains in the Fe-oxide
stage of the Yinachang deposit have much lower V and Ni but
higher Sn and Mo contents than those of the Lala and
Dahongshan deposits and are thus thought to have precipitated
from more oxidized and Mo-Sn-rich fluids that may have
evolved from relatively felsic magmas. Magnetite grains from
the Cu-sulfide and Fe-oxide stages of the Lala deposit are
broadly similar in composition, but those in the Cu-sulfide
stage have slightly higher Cu, Zn, and Mn and are thought
to have crystallized from relatively low-temperature and Cu-
Zn-Mn-rich fluids evolved from the fluids of the early Fe-
oxide stage. Our results show that magnetite from the Fe-Cu
deposits in the Kangdian Province, banded iron formation, Fe
skarn deposits, diabase-hosted hydrothermal Fe deposits, and
magmatic deposits has significantly different compositions.
We propose that covariations of Co-Ni, Zn-Sn, and Co/Ni-
Mn can be used to effectively discriminate different deposit

types.

Keywords Magnetite - Trace element composition -
LA-ICP-MS - I0CG deposit - Kangdian metallogenic
province, SW China

Introduction
The Kangdian Fe-Cu metallogenic province in SW China

hosts more than 50 Fe-Cu deposits and extends from Sichuan
Province on the north, southward through Yunnan Province
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into northern Vietnam (Sun et al. 1991; Zhao and Zhou 2011;
Zhou et al. 2014). This province has minimum ore reserves of
600 Mt iron and 5 Mt copper, making it one of the largest Fe-
Cu provinces in the world (Qian and Shen 1990; Zhou et al.
2014). In the past decade, the giant Lala, Xikuangshan,
Yinachang, and Dahongshan deposits in the region have been
regarded as iron-oxide-copper-gold (IOCG) deposits (Li et al.
2002; Zhao and Zhou 2011; Chen and Zhou 2012; Hou et al.
2013), which may have formed from multiple hydrothermal
events (~1.7, ~1.45, ~1.05 Ga) (Li et al. 2003a; Zhao and
Zhou 2011; Chen and Zhou 2012; Huang et al. 2013a; Ye
etal. 2013; Zhao et al. 2013; Zhou et al. 2014). Earlier studies
of fluid inclusions and ore compositions suggested that the
ore-forming fluids had high salinities and high Na-Ca-K-
CO, contents (Zhao and Zhou 2011 and references therein;
Hou et al. 2013). On the basis of the C-S-O-Pb isotopic com-
positions of different ore minerals, the fluids were interpreted
to have been dominantly magmatic in origin (e.g., Sun et al.
2006; Zhao 2010 and references therein; Zhao and Zhou 2011;
Chen and Zhou 2012). However, the nature of the Fe and Cu
mineralizing fluids and their genetic relationship, if any, with
the coeval intrusions, and the processes by which the magne-
tite was deposited, were still poorly known.

Previous studies have correlated compositional varia-
tions in hydrothermal magnetite with its provenance (e.g.,
Dupuis and Beaudoin 2011; Nadoll et al. 2014 and refer-
ences therein; Dare et al. 2014). Recent developments in
the application of laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) now allow in situ
analysis of a wide range of trace elements in magnetite
with relatively low detection limits (Liu et al. 2008;
Nadoll and Koenig 2011; Gao et al. 2013). These inves-
tigations demonstrated that trace element compositions of
magnetite could provide important information about the
origin and characteristics of mineralizing fluids or precur-
sor parental magmas, as well as the processes responsible
for magnetite deposition (Frietsch and Perdahl 1995; Miill-
er et al. 2003; Carew 2004; Singoyi et al. 2006; Dupuis
and Beaudoin 2011; Dare et al. 2012, 2014; Gao et al.
2013; Nadoll et al. 2014). Magnetite is the dominant ore
mineral in the Fe-Cu deposits of the Kangdian
metallogenic province (Sun et al. 1991; Zhao and Zhou
2011). In this study, we use the LA-ICP-MS technique to
obtain in situ trace element compositions of magnetite
from several giant Fe-Cu deposits in the Kangdian
metallogenic province. The new dataset allows us to com-
pare compositions of magnetite from different deposits, to
constrain possible processes that caused the observed com-
positional variations, and to understand the genetic rela-
tionships between the ore-forming fluids and associated
intrusions. We also explore the possible application of
trace element compositions of magnetite to provenance
studies.
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Kangdian IOCG metallogenic province
Regional geology

The Yangtze Block is separated from the Cathaysia Block
on the southeast by the Jiangshan-Shaoxing fault (Fig. 1a)
and is bounded by the Indochina Block to the southwest,
the Tibetan Plateau to the west, and the Qinling-Dabie
Orogenic Belt to the north (Fig. 1a). In the Kangdian Prov-
ince, located in the southwestern part of the Yangtze Block,
Proterozoic volcanic-sedimentary sequences crop out along
a roughly N-S-trending fault system. These sequences in-
clude the Paleoproterozoic Hekou, Dahongshan, and
Dongchuan Groups (1.7-1.5 Ga; Greentree and Li 2008;
Zhao et al. 2010; Chen et al. 2013; Wang and Zhou
2014) and Meso- to Neoproterozoic Huili, Kunyang, Julin,
and Yanbian Groups (~1100-900 Ma; Chen and Chen
1987; Greentree et al. 2006; Geng et al. 2007; Sun et al.
2009; Chen et al. 2014a). These Proterozoic strata are in-
truded by numerous Proterozoic plutons including ~1.7-Ga
gabbroic, ~1.1-Ga gabbroic to granitic, and ~740- to 860-
Ma granitic-dioritic-gabbroic intrusions. Both the ~1.7- and
~1.1-Ga intrusions have geochemical affinities of intraplate
magmatism and, hence, have been related to rift basins of
similar ages (e.g., Greentree et al. 2006; Geng et al. 2007,
Zhao 2010; Zhao et al. 2010; Wang et al. 2012; Chen et al.
2014a). On the other hand, the younger Neoproterozoic
magmatism has been interpreted to be arc-related (Zhou
et al. 2002, 2006) or mantle plume-related (Li et al.
2003b).

Mineralization styles

The Kangdian metallogenic province hosts more than 50 de-
posits in the Paleoproterozoic Hekou, Dongchuan, and
Dahongshan Groups (Sun et al. 1991) (Fig. 1b). Relatively
large deposits include Lala, Xikuangshan, Yinachang,
E’touchang, and Dahongshan (Sun et al. 1991; Zhao and Zhou
2011). Detailed descriptions of the deposits have been present-
ed elsewhere (e.g., Li et al. 2002; Zhao 2010; Zhao and Zhou
2011 and references therein; Chen and Zhou 2012; Zhao et al.
2013; Zhou et al. 2014). These deposits have comparable
mineralization and alteration styles (Sun et al. 1991; Zhao
and Zhou 2011). Ore bodies of the deposits are generally
lenticular and stratabound and are mostly associated with gab-
broic intrusions and hydrothermal breccias (Fig. 1b, c, ¢)
(Zhao 2010; Zhao and Zhou 2011). For example, these de-
posits have a common paragenetic sequence in which an early
Fe-oxide stage of magnetite/hematite mineralization, associat-
ed with extensive sodic alteration, is followed by a Cu-sulfide
stage of Cu-(Mo, REE, Co, Au, Ag) mineralization, accom-
panied by potassic and carbonate alteration (Zhou et al. 2014
and references therein).
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Fig. 1 a Tectonic framework of
China; b Regional geological
map of the Kangdian Province
showing distribution of Fe-Cu
deposits; ¢ Simplified geological
map of the Luodang open pit of
the Lala deposit (at 2036 m level);
d Cross-section of the Yinachang
deposit showing the relationships
between Fe-Cu ore bodies and
breccias; e Cross-section of the
Dahongshan deposit showing the
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The ~1.1-Ga Lala Fe-Cu deposit contains more than 200 mil-
lion tons of ores with an average grade of 13 wt% Fe,
0.92 wt% Cu, 0.018 wt% Mo, 0.022 wt% Co, 0.25 wt%
REE,03;, and 0.16 ppm Au (Zhu et al. 2009). The ore bodies
occur as irregular lenses and veins in albitites, schists, carbon-
ates, and quartzites of the Hekou Group and are spatially as-
sociated with ~1.7- and ~1.1-Ga gabbroic intrusions (Zhu
2011; Chen et al. 2013) (Fig. 1c). The ore bodies are mostly
stratabound, and minor are controlled by faults or shear zones.
Breccias are locally present in the Lala deposit where they are
generally associated with ore bodies. They are composed of
irregular blocks of hosting strata that are cemented by hydro-
thermal minerals, including albite, magnetite, sulfides, and
calcite. The ores can be classified as magnetite, sulfide, and

mixed magnetite-sulfide ores on the basis of different concen-
trations of ore minerals (Fig. 2a, b). These ores are generally
massive, disseminated, and banded, but they may also occur
as stringers or stockworks crosscutting the hosting rocks
(Fig. 2a, b). The deposit has a paragenetic sequence of early
Fe-oxide stage forming magnetite, apatite, and albite and late
Cu-sulfide stage forming chalcopyrite, pyrite, bornite, molyb-
denite, REE minerals (e.g., monazite, bastnaesite, and
xenotime) (Cu-sulfide stage). The Fe-oxide stage is associated
with Na-Fe alteration, whereas the Cu-sulfide stage is accom-
panied by K-Ca-carbonate alteration (Chen and Zhou 2012).
Magnetite grains of the Fe-oxide stage are subhedral to
anhedral and closely associated with variable amounts of ap-
atite and albite (Fig. 3a). Some anhedral magnetite grains are
also intergrown with, or enclosed in, chalcopyrite in the Cu-
sulfide stage (Fig. 3b). Hematite in the Lala deposit occurs as
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Fig. 2 Field photos of various ores from different deposits in the
Kangdian Province. a, b Massive oxide and sulfide ores in the Lala
deposit. Note that the oxide ores are in sharp contact with host rocks,
and minor magnetite grains are also present in massive sulfide ores; ¢

veins or patches crosscutting or overprinting the Fe-(Cu) ores
and is paragenetically younger than the Fe and Cu
mineralization.

Yinachang deposit

The ~1.65-Ga Yinachang deposit contains approximately
15 Mt of Cu ores with 0.85-0.97 wt% Cu and 20 Mt of Fe
ores with 41.9—44.5 wt% Fe, accompanied by trace amounts
of Co, Mo, and REE (local exploration report). Ore bodies are
hosted in the Paleoproterozoic Dongchuan Group, occurring
either along fault planes or lithologic contacts in NE- or NNE-
trending anticlines (Sun et al. 1991). The ore bodies are spa-
tially associated with synchronous doleritic intrusions (Guo
et al. 2014) and with hydrothermal breccias, which either in-
trude the ore bodies or are crosscut by them (Fig. 1d) (Hou
et al. 2013; Ye et al. 2013; Zhao et al. 2013).

There are mainly fine-grained massive or banded
magnetite-chalcopyrite ores with subordinate banded hematite
ores in the Yinachang deposit (Zhao et al. 2013). The field
relationships between the magnetite and hematite ores are not
clear, even though some magnetite grains are locally replaced
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Massive magnetite ores in the Yinachang deposit. There are also minor
sulfide veinlets crosscutting the magnetite ores; d Massive magnetite ores
in contact with altered gabbroic rocks in the Dahongshan deposit. There
are also disseminated sulfides in the magnetite ores

by hematite. In magnetite-chalcopyrite ores, it is clear that
early magnetite patches have been crosscut by sulfide veins
(Fig. 2¢). The mineralization sequence consists of an early Fe-
oxide stage of Fe-(REE) mineralization dominated by magne-
tite, albite, and siderite with subordinate REE-rich apatite,
fluorite, and ankerite (e.g., Fig. 3c), followed by a Cu-
sulfide stage of Cu-(Mo, REE) mineralization with abundant
chalcopyrite, pyrite, molybdenite, and subordinate REE-
bearing minerals (e.g., monazite, bastnaesite, and parisite)
and trace amounts of Nb- and U-bearing minerals (Hou et al.
2013; Zhao et al. 2013). Pervasive albitization preceded mag-
netite precipitation and continued during the Fe-oxide stage,
similar to that of the Lala deposit. Magnetite in the Fe-oxide
stage is subhedral to anhedral with variable sizes (Fig. 3¢) and
appears to slightly predate apatite and/or fluorite. We did not
identify any magnetite grains in the Cu-sulfide stage.

Dahongshan deposit

Early exploration indicates that the ~1.65-Ga Dahongshan
deposit has a reserve of 458 Mt of ores with 41 wt% Fe and
1.35 Mt Cu (metal) with Au, Ag, Co, Pd, and Pt as potential
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Fig. 3 Photomicrographs of different ores from different deposits. a
Oxide ore in the Lala deposit composed dominantly of magnetite,
albite, and apatite. Note that there are minor relics of partly replaced
ilmenite. BSE image: b Sulfide ore in the Lala deposit consisting of
pyrite, chalcopyrite, and calcite with minor magnetite and apatite. Note
that some magnetite grains are euhedral, slightly predating the sulfides.

by-products (unpublished exploration report of Yunnan Prov-
ince 1983). Some Fe-(Cu) ore bodies are roughly concordant
with the stratification of the Paleoproterozoic Dahongshan
Group but are spatially associated with coeval gabbroic/
doleritic plutons intruding the strata (Fig. 2d) (Zhao and Zhou
2011). Although it is controversial, Zhao (2010) show that
most of Fe ore bodies are apparently hosted in a doleritic
breccia pipe related to intrusion of coeval mafic magmas
(Figs. le and 2d).

Both host rocks and Fe-(Cu) ores are generally foliated,
and some of them have been metamorphosed to the lower
amphibolite facies. The Fe-oxide ores have massive or banded
textures and are crosscut by veinlets of sulfides (Fig. 2d).
There are also stratabound disseminated magnetite-sulfide
ores in which magnetite predates the Cu-sulfides (Zhao
2010). This deposit has a paragenetic sequence similar to that
of the Lala deposit, including an early Fe-oxide stage of mag-
netite, apatite, albite, and ankerite (Fig. 3d) and a late Cu-
sulfide stage of chalcopyrite and minor bornite closely asso-
ciated with calcite, biotite, and sericite (Cu-sulfide stage). The
Fe-oxide stage is accompanied by extensive albitization,

Reflected light: ¢ Oxide ore in the Yinachang deposit composed of
intergrown grains of magnetite, apatite, and albite. Reflected light: d
Massive magnetite ore in the Dahongshan deposit consisting of
magnetite, apatite, and ankerite. Also shown are laser pits. Mineral
abbreviations: Mt magnetite, Cal calcite, Cpy chalcopyrite, Py pyrite,
Ap apatite, Ank ankerite, Ab albite, /Im ilmenite

followed by alteration of amphibole, tourmaline, biotite,
sericite, carbonate, and chlorite in the Cu-sulfide stage.

Sampling and analytical methods

Magnetite from the Lala, Yinachang, and Dahongshan de-
posits was selected for trace element analyses. Most of the
analyzed magnetite grains are intergrown with albite and/or
apatite and thus should be the products of the early Fe-oxide
stage (Fig. 3a, ¢, d). Minor magnetite grains of the Cu-sulfide
stage in the Lala deposit were also analyzed for comparison
with those from the Fe-oxide stages of these deposits.

Trace elements of magnetite were determined with a Co-
herent GeoLasPro 193-nm Laser Ablation system coupled
with an Agilent 7700x ICP-MS at the State Key Lab of Ore
Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences, Guiyang, China. Detailed operating
conditions for the laser ablation system and the ICP-MS in-
strument, as well as data reduction, have been described by
Gao et al. (2013) and Huang et al. (2013b). Helium was
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applied as a carrier gas and argon as a makeup gas mixed with
the carrier gas via a T-connector before entering the ICP. Each
analysis utilized laser spots 60 pm in diameter with successive
pulses at 4 Hz. Each analysis included a background acquisi-
tion of approximately 20 s for a gas blank, followed by data
acquisition of 40 s from the sample. Element contents were
calibrated against multiple reference materials (GSE-1G,

BCR-2G, BIR-1G, BHVO-2G, and NIST610) using >’Fe as
the internal standard (Gao et al. 2013). Every eight analyses
were followed by one analysis of GSE-1G to correct time-
dependent drift of sensitivity and mass discrimination. The
sum of all element concentrations expressed as oxides (ac-
cording to their oxidation states in magnetite) are considered
to be 100 wt% for a given anhydrous mineral (Liu et al. 2008).

Fig. 4 Bimodal plots of Ti vs. Al 10° 10000 o)
(a), Al vs. Si (b), Ga vs. V (¢), Sc a) o Q6
vs. Mg (d), Ni vs. Co (e), Zn vs. .| ['@ Fe stage (Lala)
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Offline data reduction was performed with ICPMSDataCal
(Liu et al. 2008), including integration selection of back-
ground and analysis signals, time drift correction, and quanti-
tative calibration. The ratio Fe*"/SFe of 0.33 was used for
data reduction based on magnetite compositions obtained by
Chen and Zhou (2012). All the analyses of magnetite samples
and standards are provided in Appendix I, which is available
online.

Analytical results
Lala deposit

Magnetite formed during the Fe-oxide and Cu-sulfide stages
from the Lala deposit contains substantial Mg, Al, Si, Ca, Ti,
Mn, V, Co, Ni, Sn, and Ga (Appendix [; Fig. 4). Concentra-
tions of other elements, such as Sc, Cr, Zn, Ge, Mo, Zr, W, Cu,
and Pb, are either close to, or below, detection limits, or ex-
hibit considerable intergrain variation (Appendix I). Magne-
tite grains from both stages have comparable ranges of Al
(~200-2000 ppm), Ti (~100-2000 ppm), Mo (~0.01—
1 ppm), and V (~40-2000 ppm) (Appendix I; Fig. 4). In gen-
eral, Ga exhibits a stronger affinity for magnetite in the Fe-
oxide stage, whereas Sn, Cu, and Mn are typically higher in
magnetite of the Cu-sulfide stage (Appendix I; Fig. 4). How-
ever, the V, Ti, Si, Sc, Mg, Zn, Al, and Mo do not show
significant distinctions between magnetite from the two stages
(Appendix I; Fig. 4). There are positive correlations between
trace element pairs for magnetite from both stages, such as Ti
vs. Al, Gavs. V, Zn vs. Mn, and Cu vs. Zn (Fig. 4a, c, f, h).

For a comparison purpose, trace element concentrations of
magnetite are normalized against that from the El Laco depos-
it, Chile (Nystrom and Henriquez 1994). Magnetite grains
from the Fe-oxide and Cu-sulfide stages have indistinguish-
able patterns (Fig. 5a), similar to those of magnetite in the
Lightning Creek IOCG deposit, Cloncurry, Australia, but dif-
ferent from those of Kiruna-type deposits in Chile and Sweden
(Frietsch and Perdahl 1995).

Yinachang deposit

Magnetite grains in the Fe-oxide stage of the Yinachang de-
posit have compositions different from those in the same stage
of the Lala deposit (Figs. 4 and 5). They have much lower Co
(<3 ppm) and Ni (mostly <6 ppm) (Fig. 4e), but contain much
higher Mo (>2 ppm) and Sn (>30 ppm) (Fig. 4g). There are
positive correlations between Zn and Mn and between Cu and
Zn in both deposits (Fig. 4f, h). The compositional differences
of magnetite in the Fe-oxide stage from the two deposits are
also reflected in the multielement diagram (Fig. 5c) where the
magnetite from the Yinachang deposit exhibits pronounced
depletions of V and Ni (Fig. 5c¢).

10 %Kimna-typeoreinChile
1 L
2
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° (Cu-Austage)
8 001}
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2 ST
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Ti V. Mn Al Ni Co Mg Zn
Fig. 5 Normalized multielemental patterns of magnetite from the Lala
(both the Fe-oxide and Cu-sulfide stages) (a), Yinachang (b) and
Dahongshan (¢) deposits. Also plotted are magnetite from Kiruna-type
ores in Chile and Sweden (Frietsch and Perdahl 1995) and Cu-Au ores in
Lightning Creek, Australia (Carew 2004). Normalizing values are the
average composition of magnetite from the El Laco Kiruna-type deposit,
Chile (Nystrom and Henriquez 1994): Ti=933, V=1360, Mn=486, Al=
944,Ni=201, Co=124, Mg=5990, and Zn=90 (all in ppm). Fe stage: Fe-
oxide stage; Cu stage: Cu-sulfide stage

Dahongshan deposit

Magnetite grains in the Fe-oxide stage from the Dahongshan
deposit have concentrations of most trace elements quite sim-
ilar to those in the same stage of the Lala deposit (Figs. 4 and
8). For example, they show similarly large variations in Al
(~300-10,000 ppm), Ti (~30-100,000 ppm), Si (~200—40,
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000 ppm), V (~10-2000 ppm), Mg (~5-4000 ppm), and Mn
(~50-10,000 ppm) (Fig. 4). However, in general, the
Dahongshan magnetites have Ga (~5-30 ppm) and Zn
(~1-20 ppm) contents slightly lower, but Sc (~0.1-10 ppm),
Mo (~0.03-200 ppm), and Co (~50-200 ppm) contents
higher than those in the same stage of the Lala deposit
(Fig. 4). Positive correlations between trace element pairs,
such as Ti vs. Al, Al vs. Si, Ga vs. V, Mo vs. Sn, Cu vs. Zn,
and Zn vs. Mn are common (Fig. 4a—c, f-h). In the multi-
element diagram, Dahongshan magnetites have patterns that
are roughly similar to those of the Lala deposit, except for Co
and Zn, which are higher and lower, respectively (Fig. 5).

Discussion
Possible controls on composition of hydrothermal magnetite

In addition to fluid composition, which is the major controls
on the composition of hydrothermal magnetite, other potential
influences may include (1) host rock composition due to fluid-
rock interaction, (2) nature of coprecipitating minerals, and/or
(3) intensive parameters (e.g., temperature and oxygen fugac-
ity (fO,)) during mineral formation (Nystrom and Henriquez
1994; Frietsch and Perdahl 1995; Toplis and Corgne 2002;
Carew 2004; Dupuis and Beaudoin 2011; Dare et al. 2014;
Nadoll et al. 2014). Therefore, in order to constrain the nature
and origin of the ore-forming fluids using magnetite compo-
sitions, the first step is to understand whether, and to what
extent, these controls affect trace element compositions of
magnetite from these deposits.

Fluid-rock interaction

Magnetite formed during fluid-rock interaction or replace-
ment may “inherit” some elemental characteristics of the
hosting rocks (c.f. Carew 2004; Nadoll et al. 2014). The ores
forming at the Fe-oxide stages of the Lala and Dahongshan
deposits are hosted dominantly in albitites, siltstones, and car-
bonates, whereas those of the Yinachang deposit are mainly
hosted in siltstones and slates (Zhao and Zhou 2011; Hou et al.
2014; Zhou et al. 2014). In order to investigate the effect of
host rock compositions on magnetite chemistry, all the mag-
netite samples are plotted according to lithology of host rocks
(Fig. 6).

In the plots, magnetite grains of ores hosted in albitites
have higher Sc and Ga but lower Mn than those hosted in
siltstones, whereas magnetite grains of ores hosted in car-
bonates have concentrations of Mg and Mn similar to those
of ores hosted in albitites but much lower than those of
ores hosted in siltstones (Fig. 6e, f). These plots suggest
that the observed compositional variations cannot be ex-
plained solely by differences of host rocks lithology. The
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reason is that if that was the case, magnetites hosted in
carbonates (having relatively high Mg and Mn) should con-
tain much higher Mg and Mn than those hosted in albitites
and siltstones (Fig. 6e, f). In contrast, the good correlations
of Mg and Mn with Sc and Zn are best ascribed to differ-
entiation of the ore-forming fluids (Fig. 6e, f).

Concentrations of V, Ti, Al, and Cr in magnetite of
ores hosted in different host rocks are relative, and there
are roughly positive correlations between V and Ga
(Fig. 4c) and Ti and Al (Fig. 4a). These correlations
indicate that fluid-rock interaction played a very limited
role in abundances of these elements. However, the
scattered Ti and Cr in the Ti vs. V and Cr vs. V plots
(Fig. 6a) may partly reflect chemical influences from the
host rocks. Indeed, magnetite grains of ores hosted in
siltstones do have higher Ti concentrations than those of
ores hosted in carbonates and albitites, lithologies with
relatively low TiO, contents (Fig. 6a, d). In the silt-
stones, there is abundant textural evidence that the orig-
inal ilmenite or titanomagnetite grains have been re-
placed by magnetite and other hydrothermal minerals
(e.g., Fig. 3a). Due to extremely low solubility of Ti
and Cr in the fluids, it is reasonable to consider that
these high Ti-Cr minerals may have contributed Ti to
the newly precipitated magnetite grains, particularly
those Ti-Cr-rich magnetite rains, during fluid-rock
interaction.

In summary, variable concentrations of such elements as
Cr, V, Co, Mg, Mn, Sc, Ga, and Al in magnetite are limitedly
controlled by host rock compositions during fluid-host rock
interaction. Only Ti concentrations appear to reflect, at least in
part, fluid-host rock interaction. We consider that the limited
influences from host rock chemistry are possibly due to the
fact that most magnetite ores in these deposits was not formed
by replacing host rocks (e.g., Fig. 2¢, d) (Chen and Zhou
2012).

Precipitation of coexisting minerals

Minerals coprecipitated with magnetite may affect concen-
trations of some trace elements within the magnetite due to
different partition coefficients (Dare et al. 2014; Nadoll
et al. 2014). For example, chalcophile elements may be
partitioned preferentially into sulfides compared to magne-
tite (Dare et al. 2014). However, such an effect related to
element partitioning would have been very limited for mag-
netite in the Fe-oxide stage of these deposits because the
stage has a simple mineral assemblage dominated by mag-
netite, albite, and apatite. Indeed, Ti, V, Cr, Co, Ni, Mo,
Cu, and Zn are highly compatible in magnetite relative to
apatite or albite, and thus, their concentrations would have
been a little affected by coprecipitating albite or apatite
(Neilson 2003). In the Cu-sulfide stage of the Lala deposit,
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however, it is expected that coprecipitation of sulfides
would have greatly decreased the abundance of these ele-
ments for incorporation in magnetite. Interestingly, magne-
tite of the Cu-sulfide stage has Co, Ni, and Mo contents
similar to those of the Fe-oxide stage, and Zn and Cu
contents are even significantly higher (Fig. 4e-h). This fea-
ture may be explained by two possibilities: (1) precipitation
of sulfides in these ores did not significantly affect concen-
trations of Zn and Cu in magnetite, or (2) the fluids of the
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magnetite hosted in siltstone (from the Dahongshan and Yinachang
deposits), albitite, and carbonates (from the Lala deposit). Fe stage: Fe-
oxide stage; Cu stage: Cu-sulfide stage

Cu-sulfide stage have extremely high concentrations of the-
se elements. The first possibility is favored on the basis of
the facts that magnetite from both stages have almost over-
lapped normalized elemental patterns (Fig. 5a) and magne-
tite in the Cu-sulfide stage did crystallize slightly earlier
than the sulfides (Fig. 3b). In summary, the trace element
concentrations of magnetite grains from both the Fe-oxide
and Cu-sulfide stages of the Fe-Cu deposits were not sig-
nificantly affected by coprecipitating minerals.
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Intensive parameters, T and fO,

The effects of various intensive parameters (e.g., 7and fO,) on
the concentrations of trace elements in hydrothermal magne-
tite are currently poorly constrained (e.g., llton and Eugster
1989; Toplis and Corgne 2002; Nadoll et al. 2014). Ilton and
Eugster (1989) showed experimentally in a system composed
of magnetite and supercritical chloride-rich fluids at 600—
800 °C and 2 kb that Cu, Zn, and Mn are preferentially
enriched into the evolved fluids at lower temperatures. This
is consistent with our finding that in the Lala deposit, magne-
tite grains of the Cu-sulfide stage (300400 °C) have Cu, Zn,
and Mn contents higher than those of the Fe-oxide stage (385—
450 °C) (Fig. 4f, h) (Chen and Zhou 2012). However, this
does not necessarily mean that the temperature influences
the partition coefficients of these elements in magnetite but
just indicates that these elements are incompatible in magne-
tite during fluid evolution.

/O, may impact the partitioning of elements with sev-
eral valence states, such as V and Sn. For example,
increasing fO, could decrease the partition coefficient
of V (with +3, +4, and +5 valences) into magnetite in
an iron-rich melt/liquid (Toplis and Corgne 2002). In
contrast, Sn (in the quadrivalent state) may substitute
more readily for Fe®* in magnetite under more oxidized
condition (Goldschmidt 1958; Carew 2004). Shentu
(1997) and Jin and Shen (1998) reported, on the basis
of fluid inclusion and mineral composition studies, that
fluids of the Cu-sulfide stage in the Lala deposit were
more oxidized than those of the Fe-oxide stage. How-
ever, comparable V and Sn contents in magnetite from
both the Fe-oxide and Cu-sulfide stages of the Lala
deposit (Fig. 7a) suggest a little impact from changing
fO, conditions. This interpretation is further supported
by the poor negative correlation between V and Sn of
magnetite from the Lala and Dahongshan deposits
(Fig. 7a). Therefore, the variable abundances of V and
Sn in magnetite of both stages are more likely con-
trolled by variable contents of these elements in the
fluids.

In summary, although T and fO, do affect some ele-
ments such as Cu, Mn, Zn, V, and Sn, our results well
indicate that variations of these elements in magnetite were
mainly controlled by fluid compositions. In combination
with our earlier interpretations on the potential effects of
fluid-rock interaction and coprecipitating minerals, we pro-
pose that fluid composition is the principal control on the
variations of many trace elements in magnetite grains from
different deposits of the Kangdian Province. As such, con-
centrations of these elements can be used to explore the
nature and origin of the ore-forming fluids for the Fe-
oxide stage of these deposits and Cu-sulfide stage of the
Lala deposit, as will be discussed below.

@ Springer

1000 ) 7
@ &5 a)
0o} oo
Tengtie Fe
10 £ skarndeposit
£
=3
(=2
=
) 1l
0.1
0.01
1 10 100 1000 10000
V ppm
1000
more mafic
precursor
100 ¢
z @ Fe stage (Lala)
/:/ B Cu stage (Lala)
L : O Dahongshan
Pl B  Yinachang
% decreasing fO,
0.1 . . ’
1 10 100 1000 10000

V ppm

Fig. 7 Plots of a Sn vs. V and b Ni vs. V showing compositions of
magnetite from different deposits. Also plotted are the compositions of
magnetite grains from the Tengtie granite-related Fe skarn deposit, SE
China (Zhao and Zhou 2015). It is noted that magnetite from the
Yinachang deposit has the lowest Ni and V but highest Sn, roughly
overlapping with those of the Fe skarn deposit. Fe stage: Fe-oxide stage;
Cu stage: Cu-sulfide stage

Implications for the nature and origin of ore-forming fluids

Many C-O-S-Pb isotopic studies of the Fe-Cu deposits in the
Kangdian Province indicate that the ore-forming fluids of the-
se deposits were dominantly magmatic in origin (e.g., Sun
etal. 2006; Zhao and Zhou 2011 and references therein; Chen
and Zhou 2012). However, it is not known whether the ore-
forming fluids of the different stages were evolved from a
similar magmatic source or whether multiple sources were
involved (Zhao and Zhou 2011). Trace element data of mag-
netite reported in this study provide constrains on these poorly
known issues.
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Ore-forming fluids of the Fe-oxide stage of different deposits

Magnetite grains in the Fe-oxide stages of both the
Dahongshan and Lala deposits have similar concentrations
of many trace elements (Fig. 4) and normalized trace element
patterns (Fig. 5b), particularly in terms of Ti, Al, Mg, V, Cr,
Ga, Sc, Co, Ni, Zn, Cu, and Sn. In combination with the
similar mineralization styles and host rocks for the Fe-oxide
stages in both deposits (Zhao and Zhou 2011; Chen and Zhou
2012; Chen et al. 2014b), we suggest that their magnetite
grains could have formed from chemically similar ore-
forming fluids, even though magnetite grains in the Fe-oxide
stage of the Dahongshan deposit have slightly higher Mo con-
tents, possibly due to the slightly evolved feature of the fluids
(c.f. Nadoll et al. 2014). In addition, magnetite grains in the
two deposits have also similarly high Ni contents compared to
some granite-related Fe skamn deposits (Zhao and Zhou 2015)
(Fig. 7b), supporting the previous view that the ore-forming
fluids were genetically related to mafic magmas that formed
coeval intrusions in the region (e.g., He 1980; Zhao 2010;
Zhao and Zhou 2011). This is because Ni-rich fluids are sug-
gested to be commonly evolved from relatively mafic magmas
(Goldschmidt 1958; Carew 2004).

Magnetite grains in the Fe-oxide stage of the Yinachang
deposit have concentrations of V, Ni, Co, Mo, and Sn and
normalized trace elemental patterns quite different from those
of the same stage in the Lala and Dahongshan deposits
(Figs. 4 and 5c), indicating their formation from a chemically
different fluid possibly derived from different magma sources.
For example, they have much lower V but higher Sn and Mo
contents relative to those of the Lala and Dahongshan deposits
(Fig. 7), suggesting that they have precipitated from a relative-
ly oxidized, Mo-rich fluid (White et al. 1981; Toplis and
Corgne 2002), as shown earlier. Local presence of molybde-
nite in the Fe-oxide stage of the Yinachang deposit (Zhao et al.
2013) further supports that the fluid is relatively Mo-rich com-
pared to those of the Lala and Dahongshan deposits. Notably,
magnetite of the Yinachang deposit has much lower Ni con-
tents than those of the Lala and Dahongshan deposits but
similar to magnetite in the granite-related Fe skarn deposit
(Zhao and Zhou 2015) (Fig. 7b). These features provide evi-
dence for the ore-forming fluid of the Yinachang deposit to
have been evolved from relatively felsic magmatic sources
compared to those of the Lala and Dahongshan deposits
(e.g., Carew 2004). Therefore, our results may argue against
a previous view that the fluids of the Yinachang deposit are
genetically related to the spatially associated mafic intrusions
in the region (e.g., Hou et al. 2013, 2014).

Ore-forming fluids of the Cu-sulfide stage of the Lala deposit

On the basis of Sr isotopic compositions, our early study spec-
ulated that the fluid of the Cu-sulfide stage may have evolved

from a magma source different from that of the fluid of the Fe-
oxide stage of the Lala deposit (Chen et al. 2014b). However,
except Cu, Zn, and Mn, magnetite grains of the Cu-sulfide
stage do not exhibit large differences of trace elemental com-
positions or normalized patterns when compared to those of
the Fe-oxide stage (Figs. 4 and 5a). This similarity seems to
indicate that the ore-forming fluids for both the Fe-oxide and
Cu-sulfide stages should have been derived from a common
source, thus arguing against our early speculation. Indeed,
slightly higher Cu, Zn, and Mn contents of magnetite in the
Cu-sulfide stage (Fig. 6) can be easily explained by their pre-
cipitation from relatively low-temperature, Cu, Zn, and Mn-
enriched fluids evolved from the fluids of the early Fe-oxide
stage (c.f. Dare et al. 2014). Nevertheless, because these mag-
netite grains of the Cu-sulfide stage predate slightly the sul-
fides of this stage (Fig. 2b), our result cannot rule out the
possibility that the evolved Fe mineralizing fluid has mixed
with external Cu-Mo-rich fluids after magnetite precipitation.

Using magnetite compositions for provenance discrimination

Previous studies of trace elements in magnetite have shown
that they can be used to identify ore-forming environments,
ore deposit types, and genesis of mineral deposits (Pearce and
Gale 1977; Dupuis and Beaudoin 2011; Carranza et al. 2012;
Dare et al. 2014; Nadoll et al. 2014). Many elements in mag-
netite, including Ni, Cr, Si, Mg, Ca, Ti, V, and Mn, have been
used to distinguish magmatic and hydrothermal mineral de-
posit types, including IOCG, Kiruna apatite-magnetite, band-
ed iron formation (BIF), porphyry Cu, Fe-Cu skarn, magmatic
Fe-Ti-V-Cr or Ni-Cu-PGE, Cu-Zn-Pb volcanogenic massive
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Fig. 8 Plots of V+Ti vs. Ca+Al+Mn of magnetite from the Lala,
Yinachang and Dahongshan deposits. Reference fields are after Dupuis
and Beaudoin (2011). BIF banded iron formation; Skarn Fe-Cu skam
deposits; /OCG iron-oxide-copper-gold deposits; Porphyry porphyry
Cu deposits; Kiruna Kiruna apatite-magnetite deposits; Fe-7i, /' magmat-
ic Fe-Ti-oxide deposits. Fe stage: Fe-oxide stage; Cu stage: Cu-sulfide
stage
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Fig. 9 Plots of Ca+Al+Mn vs. Ti+V (a), Ni vs. Co (b), Zn vs. Sn (¢),
and Co/Ni vs. Mn (d) in magnetite from different types of deposits in-
cluding IOCG deposits in Kangdian; Fe skarn deposits in Tengtie, SE
China (Zhao and Zhou 2015); diabase-hosted Fe deposit in Xinjiang, NW
China (Huang et al. 2013b); Sokoman iron formation in Labrador,

sulfide (VMS), and Archean Au-Cu porphyry deposits (e.g.,
Singoyi et al. 2006; Dupuis and Beaudoin 2011; Dare et al.
2014; Nadoll et al. 2014). For example, Ca+Mn+Al and Ti+
V contents were used to discriminate magmatic from hydro-
thermal magnetite deposits (Figs. 8 and 9a) (Dupuis and
Beaudoin 2011) due to extremely high Ti, Al, and V contents
of magmatic magnetite (e.g., Zhou et al. 2005; Pang et al.
2008). Moreover, Ni/Cr ratios in magnetite can also be used
to discriminate hydrothermal from magmatic magnetite, as the
ratios for magmatic magnetite are generally <1 and for hydro-
thermal magnetite mostly >1 (Dare et al. 2014).

However, these discriminators above do not work well for
magnetite in complex hydrothermal deposits. For example,
trace element data for magnetite from skarn-type iron deposits
in South China spread almost all the defined fields of the Ca+
Mn+Al vs. Ti+V diagram (Hu et al. 2014; Zhao and Zhou
2015). The same problem applies to magnetite in the Fe-Cu
deposits of the Kangdian Province. For example, the data for
the Yinachang deposit plot in the “BIF” field of the Ca+Mn-+
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plots can sufficiently discriminate Fe-Cu deposits from Fe skarn deposits

Alvs. Ti+V diagram (Fig. 8), obviously inconsistent with our
documentation of Yinachang as a hydrothermal deposit asso-
ciated with extensive alteration. Thus, such discrimination
plots must be used carefully in conjunction with other types
of data. However, these diagrams do offer good baselines for
the genetic discrimination of hydrothermal magnetite.

In order to further evaluate the possibility of using magne-
tite for provenance discrimination, we compare our data to
those of Emeishan magmatic oxide deposits (Liu et al.
2015); the Tengtie Fe skamn deposit in SE China (Zhao and
Zhou 2015); the diabase-related, hydrothermal magnetite de-
posits in Xinjiang Province, NW China (Huang et al. 2013b);
and the Sokoman iron formation in Labrador, Canada (Chung
et al. 2015). In the Ca+Mn+Al vs. Ti+V diagram (Dupuis
and Beaudoin 2011), our magnetite data for the IOCG de-
posits in Kangdian cluster in the “BIF,” “IOCG,” and “Skarn”
fields, whereas those of the diabase-hosted deposit in Xinjiang
and the Tengtie Fe skarn deposit overlap almost completely
and plot in the “Skarn” field. Also, most data of the Sokoman
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iron formation do not plot in the “BIF” field (Fig. 9a). We
suggest that these inconsistencies are at least partially due to
poor correlation of magnetite compositions with fluid
compositions.

In this study, we consider that Co, Ni, Zn, and Sn contents
and their ratios can be better used for discrimination because
concentrations of these elements in magnetite are thought to
reflect nature of the precursor magmas producing the fluids. In
a plot of Co vs. Ni, there are some overlaps of the various
deposits, but it is clear that hydrothermal magnetite from the
Fe-Cu deposits in the Kangdian Province plots well away
from that of the Tengtie Fe skarn deposit and the Sokoman
iron formation (Fig. 9b). Such a clear discrimination is genet-
ically meaningful because Ni is generally high in magmatic
fluids derived from relatively mafic magmas (Goldschmidt
1958; Carew 2004). Similarly, magnetite grains of the
diabase-hosted deposits in Xinjiang and magmatic oxide de-
posits in Emeishan province mostly overlap with those of the
Fe-Cu deposits in the Kangdian region, consistent with their
precursor sources as mafic magmas. In the Zn-Sn plot, the
four types of deposits cluster in different zones, but partially
overlap (Fig. 9c). In the plot of Co/Ni vs. Mn, magnetite of the
Kangdian Fe-Cu deposits plots well away from that of the
Tengtie Fe skarn deposit without overlaps. Neither the Zn-
Sn nor the Co/Ni-Mn plots can distinguish the Sokoman iron
formation from Fe-Cu deposits in the Kangdian Province, but
they do sufficiently discriminate magnetite in the Sokoman
iron formation from those in the remaining types of deposits
(Fig. 9c, d). Therefore, we suggest that these elements can
potentially be used for provenance discrimination of different
types of hydrothermal magnetite deposits genetically related
to different magma sources.

Concluding remarks

Trace element compositions of magnetite from the Lala,
Yinachang, and Dahongshan Fe-Cu deposits of the Kangdian
metallogenic province, SW China, are mainly controlled by
fluid compositions and/or physicochemical conditions (e.g., T
and fO,). Only influences on concentrations of V, Mo, and Sn
in magnetite are partially affected by oxygen fugacity, where-
as those of Cu, Zn, and Mn are partially controlled by temper-
ature. Ore-forming fluids from which magnetite grains precip-
itated in the Fe-oxide stage of the Lala and Dahongshan de-
posits were chemically similar and are likely evolved from
mafic magmas forming local, synchronous mafic intrusions.
In contrast, ore-forming fluids of the Fe-oxide stage in the
Yinachang deposit were compositionally different and are ap-
parently formed from relatively oxidized, Mo-Sn-rich and
evolved fluids compared to those of the Lala and Dahongshan
deposits, possibly genetically related to relatively felsic

magmas. Magnetite in the Cu-sulfide stage of the Lala deposit
does not show large compositional differences compared to
that in the Fe-oxide stage of this deposit and is thus thought to
have precipitates from a common fluid evolved from the early
Fe-oxide stage. On the basis of our new dataset, we also pro-
pose that the element pairs, Co vs. Ni, Zn vs. Sn, and Co/Ni vs.
Mn, may be useful for provenance discrimination.
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