Ore Geology Reviews 65 (2015) 929-939

Contents lists available at ScienceDirect

Ore Geology Reviews

journal homepage: www.elsevier.com/locate/oregeorev

In-situ LA-ICP-MS trace elemental analyses of magnetite: Cu-(Au, Fe) @CmssMark
deposits in the Khetri copper belt in Rajasthan Province, NW India

Wei Terry Chen *°, Mei-Fu Zhou **, Xiaochun Li?, Jian-Feng Gao €, Kejun Hou ¢

2 State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002, China
b Department of Earth Sciences, University of Hong Kong, Pokfulam Road, Hong Kong, China

¢ State Key Laboratory for Mineral Deposits Research, Nanjing University, Nanjing 210093, China

4 Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing 100037, China

ARTICLE INFO ABSTRACT

Article history: Magnetite is common in many ore deposits and their host rocks, and is useful for petrogenetic studies. In the
Rece{‘/ed 29 July 2014 Khetri copper belt in Rajasthan Province, NW India, there are several Cu-(Au, Fe) deposits associated with exten-
Received in revised form 23 September 2014 sive Cu + Fe 4+ Au + Ag + Co + REE + U mineralization hosted in phyllites, schists and quartzites of the
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Available online 5 October 2014 Paleoproterozoic Delhi Supergroup. Ore bodies of these deposits comprise dominantly disseminated and vein-

type Cu-sulfide ores composed of chalcopyrite, pyrite, and pyrrhotite intergrown with minor magnetite. There
are also Fe-oxide ores with minor or no Cu-sulfides, which are locally overprinted by the mineral assemblage

;\(ﬁlggt?; of the Cu-sulfide ores. In addition to the Fe-oxide and Cu-sulfide ores, the protolith of the Delhi Supergroup in-
Trace element composition cludes banded iron formations (BIFs) with original magnetite preserved (i.e. magnetite-quartzites) and their
LA-ICP-MS sheared counterparts. In the sheared magnetite-quartzites, their magnetite and quartz are mobilized and
Khetri copper belt redistributed to magnetite and quartz bands. Trace elemental compositions of magnetite from these types of
NW India ores/rocks were obtained by LA-ICP-MS. The dataset indicates that different types of magnetite have distinct con-

centrations of Ti, Al, Mg, Mn, V, Cr, Co, Ni, Zn, Cu, P, Ge and Ga, which are correlated to their forming environ-
ments. Magnetite grains in magnetite-quartzites have relatively high Al (800-8000 ppm), Ti (150-900 ppm)
and V (300-600 ppm) contents compared to those of BIFs in other regions such as the Yilgarn Craton, Western
Australia and Labrador, Canada. The high Al, Ti and V contents can be explained by precipitation of the magnetite
from relatively reduced, Al-Ti-rich water possibly involving hotter, seafloor hydrothermal fluids derived from
submarine mafic volcanic rocks. Magnetite in sheared magnetite-quartzites is generally irregular and re-
crystallized, and has Ni, Mn, Al, Cu and P contents lower than the magnetite from the unsheared counterparts,
suggesting that the shearing-related mobilization is able to extract these elements from original magnetite. How-
ever, elevated contents of Ti, V, Co, Cr, Ge and Mg of the magnetite in the sheared magnetite-quartzites can be
ascribed to involvement of external hydrothermal fluids during the shearing, consistent with occurrence of
some hydrothermal minerals in the samples.
Compositions of magnetite from the Fe-oxide and Cu-sulfide ores are interpreted to be controlled mainly by fluid
compositions and/or oxygen fugacity (fO,). Other potential controlling factors such as temperature, fluid-rock
interaction and co-precipitating minerals have very limited impacts. Magnetite in the Cu-sulfide ores has higher
V but lower Ni contents than that of the Fe-oxide ores, likely indicating its precipitation from relatively reduced,
evolved fluids. Howevers, it is also indicated that the two types of magnetite do not show large distinctions in
terms of concentrations of most elements, suggesting that they may have precipitated from a common, evolving
fluid. We propose a combination of Ge versus Ti/Al and Cr versus Co/Ni co-variation plots to discriminate different
types of magnetite from the Khetri copper belt. Our work agrees well with previous studies that compositions of
magnetite can be potentially useful for provenance studies, but also highlights that discrimination schemes
would be more meaningful for deposits in a certain region if fluid/water chemistry and specific formation condi-
tions reflected in compositions of magnetite are clearly understood.

© 2014 Elsevier B.V. All rights reserved.
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and banded iron formations (BIFs) (e.g., Klein, 2005; Nadoll et al., 2012,
2014;Wager and Brown, 1968). It can form in a wide range of tempera-
tures and is able to incorporate many trace elements (e.g., Mg, Al, Sc, Ti,
V, Cr, Mn, Co, Ni, Zn, Ga, Ge, Y, Hf, Nb, Mo, Ta and Zr) in addition to Fe
during its formation (Dare et al., 2012, 2014; Klemm et al., 1985;
Lister, 1966; Nadoll and Koenig, 2011; Nadoll et al., 2012). The likeli-
hood of the incorporation depends on many parameters mainly includ-
ing the similarity of the ionic radii and the valence of the cations, oxygen
fugacities, magma/fluid compositions, and temperature (Buddington
and Lindsley, 1964; Dare et al.,, 2014; Frost and Lindsley, 1991;
Goldschmidt, 1958; Nadoll et al., 2014 and references therein; Toplis
and Carroll, 1995). As such, compositions of magnetite from a wide va-
riety of deposit types have been the focus of many studies (e.g., Dupuis
and Beaudoin, 2011 and references therein; Nadoll et al,, 2012, 2014). In
particular, recent development of laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) allows in-situ measurement
of a wide range of trace elements with detection limits below ppm
(Liu et al., 2008; Nadoll and Koenig, 2011).

It has been suggested that some specific elements of magnetite can be
used to discriminate magnetite from different geological settings
(e.g., Dupuis and Beaudoin, 2011; Nadoll et al,, 2014). Many studies
have demonstrated that magmatic magnetite is extremely rich in both
Ti and V (Dare et al., 2012; Liu et al., 2015-in this issue; Zhou et al.,
2005, 2013), and thus enrichments of these two elements are commonly
used to discriminate magmatic magnetite from low-temperature hydro-
thermal deposits or BIFs (e.g., Dupuis and Beaudoin, 2011; Nadoll et al.,
2014). Moreover, it is also though that Ni/Co ratios are sufficient to dis-
criminate magmatic and hydrothermal magnetite (Dare et al., 2014).
However, these proposed discriminators do not seem feasible for discrim-
inating low-temperature hydrothermal deposits or BIFs. For example, al-
though Dupuis and Beaudoin (2011) and Nadoll et al. (2014) proposed
some schemes to discriminate magnetite of different hydrothermal de-
posits and BIFs based on Ni/(Cr + Mn), Ca + Al + Mn (or Al 4+ Mn)
and Ti + V contents, recent studies indicated that hydrothermal magne-
tite in some skarn deposits plots in almost all the defined fields of the
schemes (e.g., Hu et al,, 2014; Zhao and Zhou, 2015-in this issue). There-
fore, whether those elements or ratios can be used to discriminate mag-
netite from different hydrothermal deposits or BIFs, and how specific
formation conditions are reflected in compositions of the hydrothermal
magnetite still need rigorous examinations with more case studies.

The Khetri copper belt in Rajasthan Province, NW India has long
been well-known for extensive Cu 4+ Au + Fe mineralization
(e.g., Knight et al., 2002). In this belt, magnetite is a common mineral
in different ores and hosting rocks of the Cu-(Au, Fe) deposits, thus pro-
viding a good opportunity to understand how compositions of different
types of magnetite are controlled by specific conditions or processes.
Here we present in-situ LA-ICP-MS trace elemental data of magnetite
from hosting magnetite-quartzites and their sheared counterparts near-
by faults, Fe-oxide and Cu-sulfide ores in the Cu-(Au, Fe) deposits of the
Khetri copper belt, Rajasthan Province, NW India. This new dataset is
used to characterize different types of magnetite, aiming to ascertain
whether compositions of the magnetite can be used to distinguish dif-
ferent formation processes. In addition, we explore possible application
of trace element compositions of magnetite for provenance studies.

2. Geological background
2.1. Regional geology

The Aravalli mountain range is dominated by ca. 700 km long, NE-SW
trending Precambrian rocks in Rajasthan Province, NW India (Fig. 1a). It
constitutes a ~3.3-2.5 Ga basement complex, known as the Banded
Gneissic Complex, composed of granitic gneisses and granites with
minor units of meta-sedimentary and metavolcanic rocks (Gopalan
et al., 1990; Roy and Kroéner, 1996; Wiedenbeck and Goswami, 1994;
Wiedenbeck et al., 1996). The basement complex is overlain by the

~2.2-1.85 Ga supracrustal sequences of the Aravalli and younger Delhi
fold belts (Kaur et al., 2007, 2009, 2011). The sequences were suggested
to deposit in continental rifting basins (e.g. Bhattacharya and Bull, 2010;
Singh, 1988; Sinha-Roy, 1988). The NE-SW trending Delhi fold belt dis-
tributes in the northern and western parts of the Aravalli mountain
range, and rocks of this fold belt are incorporated as the Delhi Supergroup.
The supergroup in the northeastern terrane is divided into the Raialo,
Alwar and Ajabgarh Groups from bottom upwards (e.g., Roy, 2000).

The Khetri copper belt in Rajasthan Province, NW India, extending
for more than 200 km, is located in the north-westernmost part of the
Aravalli mountain range (Fig. 1a). In this copper belt, Precambrian
rocks are dominated by the ~1.85-1.70 Ga meta-sedimentary and vol-
canic sequence of the Delhi Supergroup (Biju-Sekhar et al., 2003; Kaur
et al., 2007, 2009, 2011). The sequence in this region is subdivided
into the Alwar and younger Ajabgarh Groups (Fig. 1b). The Alwar
Group is composed mainly of metamorphosed mafic volcanic rocks,
iron formation, conglomerate and sandstone, i.e. amphibolite, and feld-
spathic, magnetite and amphibole quartzites (Fig. 2a), whereas the
Ajabgarh Group comprises metamorphosed stromatolitic carbonate,
siltstone and shale, i.e. marble, phyllite, pelitic and garnet-chalorite-
amphibole schists (Fig. 1c). Locally, the strata nearby faults are highly
sheared in shear zones, characterized by obvious foliation or deforma-
tion (Fig. 2b). Both groups have a similar thickness of ca. 1300 m, and
the contact between the two is gradational and conformable (Das
Gupta, 1968; Sarkar and Dasgupta, 1980). These two groups are uncon-
formably underlain by ~1820 Ma granitic intrusions, and were intruded
by numerous granites with zircon U-Pb ages of 1720-1700 Ma (Kaur
et al., 2007, 2011). The ~1820 Ma granitic intrusions have geochemical
features similar to calc-alkaline magmatism, and were suggested to be
subduction-related (Kaur et al., 2009). In contrast, the 1720-1700 Ma
granites have affinity of rift-related, A-type granites (Chaudhri et al.,
2003; Kaur et al., 2006, 2007, 2011).

2.2. Styles of mineralization in the Khetri copper belt

The Khetri copper belt covering an area of >200 km x 50 km con-
tains more than 50 Cu-(Au, Fe) deposits and prospects associated with
extensive Cu & Au + Fe 4 Ag £ Co £ REE 4 U mineralization hosted
in the Paleoproterozoic meta-sedimentary and meta-volcanic rocks of
the Alwar and Ajabgarh Groups. Large Cu-(Au, Fe) deposits are mostly
distributed in the northeastern part of the copper belt, nearby the Khetri
and Gothra Towns, including the Banwas, Madhan-Kudhan, Kalapaha,
Kolihan, and Chandmari from northeast to southwest (Fig. 1c). It was
estimated that the Madhan-Kudhan mine contains 66 Mt of ores with
an average grade of 1.12-1.71% Cu, 0.2-0.6 g/t Au and 2-8 g/t Ag,
whereas the Kolihan, Chandmari and Banwas mines have a total reserve
of >70 Mt ores with an average grade of 1.14-1.7% Cu, 0.2-1 g/t Au and
2 g/t Ag (Knight et al., 2002).

In the Khetri-Gothra region, the mineralization is hosted mainly in
garnet-chlorite-amphibole schists, andalusite- and graphite-bearing bio-
tite schists, phyllites and amphibole- or feldspathic quartzites (Fig. 1d).
The Cu-(Au, Fe) ore bodies occur as sub-vertical lens or irregular bodies
(Fig. 1d), and are sited in sub-vertical NE- and NW-striking shear zones
roughly along the contacts between the Alwar and Ajabgarh Groups.
The ore bodies are broadly parallel to foliations in the host rocks, but
also crosscut bedding and metamorphic fabrics (Fig. 1d). The Cu-(Auy,
Fe) ore bodies comprise dominantly massive, disseminated to vein-
type Cu-sulfide ores composed of chalcopyrite, pyrite and pyrrhotite
with minor magnetite (Fig. 2d). Other types of ores including the
oxide-sulfide and Fe-oxide ores are minor and locally present in the
Cu-(Au, Fe) ore bodies (e.g., Fig. 2¢) (Knight et al., 2002). Oxide-sulfide
ores are composed of sub-equal sulfides (chalcopyrite, pyrite or pyrrho-
tite) and Fe-oxide (magnetite and/or hematite), whereas Fe-oxide ores
are dominated by magnetite and/or hematite without or with minor sul-
fides. It is noted that the sulfide-oxide ores are essentially Fe-oxide ores
(as pods or disseminations) overprinted or crosscut by mineral
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Fig. 1. a) Distribution of Aravalli mountain range (AMR) in NW India; b) Geological map of the Khetri copper belt; c) A simplified geological map of the Khetri-Gothra region showing
distribution of Cu deposits; d) Cross-sections of the Madhan-Kudhan and Kolihan deposits showing the relationships between ore bodies and different host rocks. b) and c) are modified
after Kaur and Mehta (2005), Kaur et al. (2006) and local geological report, respectively, while d) is modified after Knight et al. (2002). Also shown in c) are sampling sites of magnetite-

quartzites.

assemblages of the Cu-sulfide ores (Fig. 2c). Therefore, the Cu-(Au, Fe)
deposits in the Khetri copper belt have a paragenetic sequence of earlier
Fe mineralization forming magnetite, albite, chlorite, amphibole and/or
apatite, followed by Cu-(Au, Fe) mineralization forming chalcopyrite, py-
rite, pyrrhotite, calcite, and quartz (Fig. 3c and d).

Alteration in the Khetri copper belts includes mainly early calc-silicate
and late albite-hematite-magnetite alterations, overprinting the hosting
metamorphic rocks (Knight et al., 2002). The calc-silicate alteration is
characterized by an assemblage of pyroxene, actinolite, epidote, apatite,
scapolite, titanite and magnetite, whereas albite-hematite-magnetite al-
teration is spatially related to Fe, Cu and Au mineralization, and character-
ized by an assemblage of albite, amphibole, magnetite, hematite, and
calcite with variable amounts of biotite, scapolite, titanite, apatite, fluorite,
chalcopyrite and pyrite. Knight et al. (2002) obtained a titanite U-Pb
age of 847 4 8 Ma for the regional alteration, and suggest that the epige-
netic Cu-(Au, Fe) mineralization is broadly synchronous with 0.75-
0.85 Ga A-type granites. Previous fluid inclusion studies indicated that
fluids depositing early magnetite are high-temperature (540-560 °C)
with low-salinity, whereas the Cu-(Au) mineralization is related to
relatively highly saline but low-temperature (280-480 °C) fluids. Sulfur
isotopic compositions of chalcopyrite and pyrrhotite are broadly overlap-
ping granitoids, mafic rocks and evaporites in the Khetri belt (Rollinson,
1993). On the basis of the styles of mineralization and regional calc-
silicate and Na-Fe alteration and structural features of different deposits

in the Khetri belt, Knight et al. (2002) proposed firstly that these deposits
are comparable to those of known iron-oxide copper gold (IOCG) deposits
worldwide.

3. Sampling and petrography

In addition to the Fe-oxide and Cu-sulfide ores of Cu-(Au, Fe) ore
bodies, hosting magnetite-quartzite layers in the Alwar Group and
their highly sheared or mobilized counterparts nearby faults contain
also abundant magnetite (Figs. 1c, 2b). Magnetite from these different
types of ores and hosting rocks are selected for trace elemental analyses.
Sampling sites of magnetite-quartzites are indicated in Fig. 1c, whereas
those of the magnetite and Cu-sulfide ores are not shown in the figure
because these ores were all sampled from underground tunnels in the
Madhan-Kudhan and Kolihan deposits.

The magnetite-quartzites are generally banded and are locally
weathered or oxidized to be reddish in color (Fig. 2a). They are com-
posed mainly of intergrown anhedral magnetite (30-50%) and quartz
(50-70%) (Fig. 3a). Sheared magnetite quartzites generally comprise
magnetite-rich and quartz-rich bands with sharp and curved contacts
(Fig. 2b), consistent with their formation from mobilization or redistri-
bution of magnetite and quartz during shearing. The sheared
magnetite-quartzites are composed dominantly of recrystallized
subhedral to anhedral magnetite and quartz with minor amounts of
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Fig. 2. Field photos of various hosting rocks and ores from different deposits in the Khetri copper belt. a) Magnetite-quartzite layers in the Alwar Group. Note that the layers are weathered
or oxidized to be reddish in color; b) Highly sheared or mobilized magnetite-quartzites. Both magnetite and quartz are re-distributed to be bands or veins during shearing; c) Oxide-sulfide
ores. Note that the massive magnetite ore is crosscut or overprinted by veinlets of chalcopyrite and pyrite; d) Disseminated Cu ore. Note that disseminated chalcopyrite distributes in
quartzites, which is associated with alteration of calcite, albite, biotite and quartz. Abbreviations: Cpy—chalcopyrite; Mt—magnetite; Py—pyrite.

hydrothermal minerals including calcite, apatite and biotite (Fig. 3b).
Fe-oxide ores sampled are massive and composed mainly of subhedral
to anhedral magnetite with minor apatite, amphibole and albite
(Fig. 3c). Cu-sulfide ores sampled are disseminated and vein-type
(Fig. 2c, d), composed of chalcopyrite, pyrite, pyrrhotite, chlorite,
quartz, calcite, and scapolite (Fig. 3d). Magnetite grains in Cu-sulfide
ores are generally minor (<5 vol.%), and are mostly anhedral, occurring
either as grains enclosed by chalcopyrite or intergrown with sulfides or
other hydrothermal minerals. These magnetite grains may be synchro-
nous with or slightly earlier than sulfides in the Cu-(Au) mineralization
stage.

4. Analytical methods

Trace elements of magnetite were determined by a New Wave UP
213 Nd:YAG Laser Ablation system coupled with a Bruker Aurora M90
ICP-MS at the MRL Key Laboratory of Metallogeny and Mineral Assess-
ment, Institute of Mineral Resources, Chinese Academy of Geological
Sciences, Beijing, China. Detailed operating conditions for the laser abla-
tion system and the ICP-MS instrument and data reduction have been
described by Hou et al. (2009) and Gao et al. (2013). Helium was ap-
plied as a carrier gas, while argon was used as makeup gas and mixed
with the helium via a T-connector before entering the ICP. Each analysis
was performed by a laser spot of 40 um in diameter with successive
pulses at 10 Hz. Each analysis includes a background acquisition of ap-
proximately 20 s for gas blank, followed by data acquisition of 40 s
from the sample. Element contents were calibrated against multiple ref-
erence materials (GSE-1G, BCR-2G, BIR-1G) using °“Fe as the internal
standard (Gao et al., 2013). Every ten analyses of samples were followed
by one analysis of GSE-1G, BCR-2G and BIR-1G for quality control to cor-
rect the time-dependent drift of sensitivity and mass discrimination.
Offline data reduction was performed on a soft ICPMSDataCal (Liu

et al., 2008), including integration selection of background and analysis
signals, and time drift correction and quantitative calibration. Trace ele-
mental concentrations of all the magnetite and standards are provided
in Appendix L.

5. Analytical results
5.1. Magnetite in magnetite-quartzites

Magnetite from magnetite-quartzites contains substantial Mg, Al, Si,
Ca, Ti,Mn, V, Cr, Co, Ni, Cu, and Ga (Appendix I). Concentrations of other
elements, e.g., Sc, Zn, Ge, Mo, Zr, and Pb, are either close to or below de-
tection limits (Appendix I). These magnetite grains have large ranges of
Al (~800-8000 ppm), Ti (~250-1600 ppm), Mn (20-750 ppm), Cr
(1-100 ppm) and V (~250-650 ppm) (Appendix I; Fig. 4). In general,
there are positive correlations between Ti and Al, Zn and Mn, and Cr
and Ti (Fig. 4a, d, ), but negative correlation between Ga and V (Fig. 4b).

In order to compare different types of magnetite, the trace element
concentrations are normalized to average compositions of all magnetite
grains analyzed in this study. As shown in Fig. 5a, the magnetite from
magnetite-quartzites is extremely depleted in Cr with a sample slightly
enriched in Mn compared to the average values.

5.2. Magnetite in highly sheared magnetite-quartzites

Magnetite grains from highly sheared magnetite-quartzites have com-
positions different from those in the unsheared magnetite-quartzites
(Figs. 4-6). They have concentrations of Ti (300-1600 ppm), V
(600-1000 ppm), Ga (20-100 ppm), Cr (40-200 ppm), Ge (4-11 ppm)
and Co (25-40 ppm) higher but concentrations of Al (400-3000 ppm),
Ni (20-60 ppm), P (~0.01-400 ppm) and Cu (0.1-2 ppm) lower than
the unsheared magnetite (Fig. 4). There are positive correlations between
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Fig. 3. Photomicrographs of different hosting rocks and ores in the Khetri copper belt. a) Magnetite-quartzite composed dominantly of intergrown anhedral magnetite and quartz. BSE
photo; b) Highly sheared or mobilized quartzites composed mainly of recrystallized quartz and magnetite with minor calcite and apatite. BSE; c) Magnetite ore composed mainly of mag-
netite with minor and variable amounts of apatite and amphibolite. BSE; d) Cu-sulfide ore composed of chalcopyrite, pyrite, quartz, scapolite, chlorite with minor magnetite. BSE;
d) Massive magnetite ore in the Dahongshan deposit. Mineral abbreviations: Mt—magnetite; Cal—calcite; Cpy—chalcopyrite; Py—pyrite; Ap—apatite; Chl—chlorite; Amp—amphibole;

Scap—scapolite.

Al and Ti for the magnetite in the sheared magnetite-quartzites, but the
trend of the correlation has a slope gentler than that of the unsheared
magnetite (Fig. 4a). The compositional differences of both types of mag-
netite are also reflected in the multi-element diagram (Fig. 5b).

5.3. Magnetite in Fe-oxide ores

Magnetite grains from Fe-oxide ores exhibit limited variations in
terms of trace elemental concentrations (Fig. 4). They have Al (800-
2400 ppm), Ti (300-1000 ppm), Zn (7-10 ppm), Ge (7-10 ppm), Mg
(80-800 ppm) and Mn (120-180 ppm) roughly overlapping with the
magnetite in sheared magnetite-quartzites (Fig. 4), but have relatively
low Cr (3-20 ppm), V (45-55 ppm), Ga (20-30 ppm) and Co
(15-25 ppm) (Fig. 4). In the multi-element diagram, they have patterns
characterized by extremely depleted V and Cr when compared to the
magnetite in magnetite-quartzites and sheared counterparts (Fig. 5c).

5.4. Magnetite in Cu-sulfide ores

In general, except for the distinctly higher V (650-1100 ppm), Co
(25-40), and Cr (850-2200 ppm) but lower Ni (20-60 ppm) (Fig. 4b, c,
e), magnetite in Cu-sulfide ores has concentrations of many elements
undistinguishable to the magnetite in the Fe-oxide ores (Fig. 4). On the
other hand, they have much higher Cr and V but lower Ni than magnetite
from the sheared magnetite-quartzites (Figs. 4 and 5c). In the multi-
element diagram, the magnetite in Cu-sulfide ores has patterns character-
ized by relatively enriched V and Cr, but for the patterns of other ele-
ments, magnetite of Cu-sulfide ores is undistinguishable from those in
Fe-oxide ores (Fig. 5¢).

6. Discussion
6.1. Nature of different types of magnetite in the Khetri copper belt

Magnetite-quartzite layers of the Alwar Group in the Khetri belt are
composed mainly of magnetite and quartz (Fig. 3a), similar to many
metamorphosed BIFs worldwide. Also, the magnetite-quartzites sam-
pled in this study do not show obvious deformation or foliation but
only recrystallization. This is well indicated by the homogeneous distri-
bution of magnetite and quartz in our samples (e.g., Fig. 3a). Because re-
crystallization process cannot significantly modify the compositions of
original magnetite through subsolidus chemical redistribution due to
simple mineralogy (e.g., only quartz), we consider that magnetite in
the magnetite-quartzites is similar to originally BIF-type magnetite in
terms of compositions. We thus term this type of magnetite as ‘meta-
morphic BIF-type magnetite’. In contrast, the highly sheared or mobi-
lized magnetite-quartzites sampled in this study are extensively
foliated or modified by shearing (up to low-amphibolite facies;
Gangopadhyay and Sen, 1967), resulting in recrystallization of magne-
tite and quartz and their re-distributions as veins or bands (Fig. 2b).
The sheared magnetite-quartzites contain also minor hydrothermal
minerals such as calcite and biotite, suggesting possible modification
of the original metamorphic BIF-type magnetite by hydrothermal fluids
during shearing.

Different from the metamorphic BIF-type magnetite and its mobi-
lized counterparts, magnetite grains from the Fe-oxide and Cu-sulfide
ores have crystallized from hydrothermal fluids, consistent with their
occurrences in hydrothermal veins or replacing bodies associated with
extensive alteration (Knight et al., 2002). Indeed, the close association
of magnetite with hydrothermal minerals such as apatite, amphibole,
quartz, biotite, scapolite and calcite in these ores (Fig. 3c, d) further
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Fig. 4. Bi-modal plots of Ti vs. Al, V vs. Ga, Ni vs. Co, Zn vs. Mn, Ti vs. Cr, Zn vs. Cu, Ge vs. Al, and Mg vs. P in magnetite from different hosting rocks and ores in Khetri belt.
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suggests that magnetite grains in the two types of ores precipitated
from hydrothermal fluids. Currently, it is not clear that whether the
magnetite and Cu-rich ores have formed from a common hydrothermal
fluid system, because the magnetite ores are only locally present
(Knight et al., 2002). Nevertheless, it is clear that early magnetite pods
or patches are overprinted or crosscut by veins or bands of Cu-sulfides
in oxide-sulfide ores, indicating that the Fe-oxide ores predate the Cu
mineralization of the Cu-(Au, Fe) deposits in the Khetri copper belt.

6.2. Controlling factors and processes for variable magnetite compositions

Magnetite from different types of deposits can accommodate vari-
ous trace elements depending on fluid/water/melt compositions and
processes of magnetite precipitation (e.g., Dare et al., 2014; Frietsch
and Perdahl, 1995; Nadoll et al., 2014; Nystrom and Henriquez, 1994;
Toplis and Corgne, 2002). It has been demonstrated that composition
of magmatic magnetite was mainly controlled by: 1) magma
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Fig. 6. Plots of Ni vs. V and Al + Mn vs. Ti 4 V showing the origin of magnetite from dif-
ferent hosting rocks and ores. Also plotted are the compositions of magnetite from the
Tengtie granite-related Skarn-type deposit, SE China. It is noted that magnetite from bar-
ren magnetite ores has the lowest V, whereas that from Cu-sulfide ores has the highest V.

composition, 2) temperature (T), 3) pressure (P), 4) cooling rate, 5) 0x-
ygen or sulfur fugacity, and 6) silica activity (Nadoll et al., 2014 and ref-
erences therein). However, it is not clear whether these factors are also
available for magnetite formed in sedimentary, metamorphism and hy-
drothermal processes or conditions. For example, Carew (2004) pointed
out that in addition to fluid compositions, P, T and fO,, compositions of
hosting rocks or coexisting minerals are also responsible for variable
compositions of hydrothermal magnetite in different settings. In this
section, we explore possible controlling factors for compositions of
magnetite formed by different processes in the Khetri copper belt.

6.2.1. Metamorphic BIF-type magnetite

The BIF-type magnetite grains in the magnetite-quartzites show
geochemical signatures quite different from other types of magnetite
in Cu-(Au, Fe) deposits in the Khetri belt (e.g., Fig. 4), e.g., they have rel-
atively low Cr, Ga and Ge but high Ni, P and Cu contents compared to the
mobilized (or sheared) and hydrothermal magnetite (Fig. 4). Because
the BIF-type magnetite has formed from chemical sedimentation from
seawater, their variable compositions are likely controlled mainly by
water compositions, and/or temperature and fO, (Nadoll et al., 2014).
Compared to magnetite in other banded iron formations such as those
in the Yilgarn Craton, Western Australia (Al = 0.27-1510 ppm; Ti =
0.8-117 ppm; V = 0.26-40.5 ppm; Nadoll et al., 2014) and Sokoman
iron formation in Labrador, Canada (Fig. 5a) (Chung et al., 2015-in this
issue), the metamorphic BIF-type magnetite in the Khetri belt has
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dramatically high concentrations of Al (800-8000 ppm), Ti
(150-900 ppm) and V (300-600 ppm). The fO, may control the V con-
tent because V with variable valence states (e.g., +3, +4 and +5) was
suggested to be preferably enriched in more reduced fluids/water/melts
(e.g., Toplis and Corgne, 2002). Therefore, it is likely that the higher V
contents of the BIF-type magnetite than those in iron formations of
Yilgarn and Labrador would be related to relatively reduced water
with higher V concentrations. On the other hand, the relatively high Al
and Ti contents of BIF-type magnetite may be indicative of high forma-
tion temperatures (c.f., Nadoll et al., 2014). However, it is noted that
these BIF-type magnetite grains have Al contents even higher than mag-
netite in different ores in the Khetri belt with formation temperatures
up to 500 °C (Fig. 4a), suggesting that temperature may not be a
major or solely controlling factor. Another explanation is that the origi-
nal BIF-type magnetite grains have precipitated from extremely Al-Ti-
rich water compared to those in Yilgarn and Labrador. There is a com-
mon consensus that the formation of most BIFs has involved submarine
volcano-derived hydrothermal fluids (e.g., Lascelles, 2007; Wang et al.,
2014), and thus the high Al, Ti and even Ni contents of the originally
BIF-type magnetite in the Khetri belt may be related to hydrothermal
fluids derived from relatively mafic submarine volcanic rocks (c.f.,
Carew, 2004). Such a conclusion is also supported by the association
of the magnetite-quartzites with mafic volcanic layers (now amphibo-
lite) in the Delhi Supergroup.

6.2.2. Modification of magnetite by shearing process

The magnetite in sheared magnetite-quartzites in the Khetri belt
formed from the original BIF-type magnetite through shearing process
associated with mineral mobilization and recrystallization (Figs. 2b,
3b). In the bi-elemental plots for both the mobilized and original mag-
netite, it is clearly shown that concentrations of almost all elements of
the original magnetite were changed during the shearing process
(Fig. 4). Such compositional differences suggest that the shearing pro-
cess is able to extract Ni, Mn, Al, Cu and P from the original magnetite
(Fig. 4). However, it is also noted that Ti, V, Co, Cr, Ge and Mg of the mo-
bilized magnetite are dramatically higher than those of the original
magnetite, suggesting that these elements should be gained from exter-
nal sources, either from the coexisting minerals or hydrothermal fluids
as indicated by the presence of minor hydrothermal calcite, biotite and
apatite in the sheared magnetite-quartzites (Fig. 3b). Coexisting min-
erals are mainly quartz that has extremely low Ti, V, Co, Cr, Ge and
Mg, and would not provide these elements during mobilization or re-
crystallization involved in the shearing process. An alternative explana-
tion is that the mobilized or recrystallized magnetite acquired these
elements from external hydrothermal fluids likely channeled by the
shear zone.

6.2.3. Magnetite precipitating from hydrothermal fluids

In the bi-modal plot of Al versus Ti, magnetite grains of the Fe-oxide
and Cu-sulfides ores of Cu-(Au, Fe) deposits in the Khetri belt plot to-
gether along a correlation trend different from that of the metamorphic
BIF-type magnetite in magnetite-quartzites (Fig. 4a), consistent with
their distinct origins. Similarly, the mobilized magnetite in the shearing
magnetite-quartzites whose formation involved external hydrothermal
fluids also plots along the same trend for the magnetite in different ores
(Fig. 4a). These similarities suggest that the formation of the magnetite
in sheared magnetite-quartzites and ores may have involved a similar
fluid system related to the Fe-Cu-Au mineralization of the Khetri cop-
per belt. Such a conclusion is also supported by their comparable con-
centrations of most elements, such as Mn, Zn, Cu, Mg, P and Ge
(Fig. 4). On the other hand, different concentrations of some other ele-
ments (e.g., Co, V, Cr, Ni) for magnetite from these two types of ores
(Figs. 4 and 5c) may be ascribed to different degrees of evolution,
fluid-rock interaction or co-precipitating minerals (Carew, 2004;
Nadoll et al., 2014), as will be discussed below.

Composition of magnetite from the Fe-oxide and Cu-sulfide ores
may be affected by chemical compositions of hosting rocks through
fluid-rock interaction. Because the Cu-sulfide ores sampled are hosted
in quartzites composed dominantly of quartz, such an effect of hosting
rocks should be very limited. On the other hand, the magnetite ores
are hosted in garnet-chlorite-amphibole schists and phyllites composed
of variable silicate minerals. It seems that a variety of the silicate hosting
rocks would have significant controls on compositions of magnetite in
the magnetite ores. If the hosting rocks do have effects on the composi-
tion of magnetite in Fe-oxide ores, the magnetite should exhibit a large
compositional variation, and also may have relatively high Ti, Ni, Co, Cr,
or V compared to those hosted in quartzites, because some hosting
schists (e.g., mafic volcanic rocks; Kaur and Mehta, 2005) are enriched
in these elements (particularly Ti, V, or Cr). However, as shown in
Fig. 4, concentrations of these elements are much lower than or similar
to those in magnetite of the Cu-sulfide ores (Fig. 4b, c, ), indicative of
limited effects of hosting rocks and fluid-rock interaction on composi-
tions of magnetite.

Minerals co-precipitating with magnetite might also affect composi-
tions of some specific trace elements of the magnetite due to different
partition coefficients, such as sulfides preferably partitioning chalcophile
elements (Ni, Co, Cu and Zn). The Fe-oxide ores are composed mainly of
magnetite with minor and variable amounts of quartz, albite, calcite and
apatite but without sulfides (Fig. 3c). Because V, Cr and Ti are highly
partitioning into magnetite compared to the quartz, albite, calcite and ap-
atite in the Fe-oxide ores (Neilson, 2003), their concentrations in magne-
tite cannot be principally affected by these minerals. On the other hand,
the Cu-sulfide ores have an association of magnetite (<5 vol.%) and abun-
dant sulfides (Fig. 3d). As Ni, Co, Cu and Zn would strongly partition into
pyrite and chalcopyrite, magnetite in the Cu-sulfide ores may be relatively
depleted in these elements when compared to that in the Fe-oxide ores, if
both types of ores precipitated from a common, evolving fluid system.
However, such a depletion is not expected (Fig. 4c, d, f), e.g., magnetite
in the Cu-sulfide ores has Co and lower Ni contents higher than but Cu
and Zn contents similar to that in the Fe-oxide ores (Fig. 4c, d, f). A possi-
ble explanation is that the magnetite in the Cu-(Au, Fe) mineralization
stage crystallized synchronous with or slightly earlier than sulfides. This
conclusion is also supported by the fact that some magnetite grains are
enclosed in sulfides (Fig. 3d).

Both temperature and fO, may have influences on partition coeffi-
cients of some elements and thus their concentrations in magnetite
(e.g., llton and Eugster, 1989; Toplis and Corgne, 2002). Experiments
of Ilton and Eugster (1989) indicate that Cu, Zn and Mn tend to concen-
trate into lower-temperature hydrothermal fluids from which Cu, Zn
and Mn-rich magnetite precipitated. Previous studies of fluid inclusions
on the Cu-(Au, Fe) deposits showed that the formation temperatures for
Fe-oxide and Cu-sulfide ores were 540-560 °C and 280-480 °C, respec-
tively (Jaireth, 1984; c.f. Knight et al., 2002). As such, the Cu-(Au, Fe)
mineralizing fluids would be expected to be enriched in Cu, Zn and
Mn. However, magnetite from both Fe-oxide and Cu ores does not ex-
hibit a large difference in terms of Cu, Zn and Mn contents (Fig. 4d, f),
excluding a significant influence of temperature on concentrations of
these elements in magnetite. Nadoll et al. (2014) identified that both
Al + Mn and Ti + V contents in magnetite were positively correlated
with formation temperatures for different hydrothermal deposits they
summarized, and indicated that Al + Mn and Ti + V contents may in-
crease with elevated temperatures. We also summarize our data of all
types of magnetite from Cu-(Au, Fe) deposits in the Khetri belt, but do
not find the expected trend in the plots of Al + Mn versus Ti + V
(Fig. 6a). Even for the magnetite grains in Fe-oxide ores forming at
highest temperatures, they have Al + Mn and Ti + V contents much
lower than those in the Cu-sulfide ores. We thus conclude that the tem-
perature is not a major responsibility for the compositional variability of
these types of magnetite. However, it is noted that positive correlations
between Ti 4+ V and Al + Mn are still clear for each type of magnetite
(Fig. 6a). We speculate that the temperature factor may just work
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only on a single system or specific deposit, because such correlations are
more likely related to differentiation of fluids/water. Oxygen fugacity
(c) may control the concentration of V in magnetite (Toplis and
Corgne, 2002), and thus the extremely low V concentration of the grains
in Fe-oxide ores (Fig. 6b) may suggest that they have formed from rela-
tively oxidized fluids compared to magnetite in Cu-sulfide ores, similar
to the magnetite from the Tengtie granite-related skarn Fe deposit in
South China (Zhao and Zhou, 2015-in this issue).

6.3. Magnetite as a discriminator for ore deposit types

Many researchers have proposed a number of discrimination dia-
grams to identify magnetite formed from different ore-forming envi-
ronments, or different types of ore deposits (Carranza et al., 2012;
Dare et al., 2014; Dupuis and Beaudoin, 2011; Nadoll et al., 2012,
2014; Pearce and Gale, 1977). Our new findings of this study on geo-
chemistry of different types of magnetite from the Cu-(Au, Fe) deposits
of the Khetri copper belt agree well with these previous studies that
magnetite forming at different environments can be different in terms
of trace elemental compositions and thus useful for provenance studies.

Nickel, Cr, Si, Mg, Ca, Ti, V and Mn in magnetite were suggested to be
very good indicators for distinguishing mineral deposit types including
I0CG, Kiruna, BIFs, porphyry Cu-Au, Fe-Cu skarn, magmatic Fe-Ti-V-Cr
or Ni-Cu-PGE, and volcanogenic massive sulfide (VMS) (e.g., Dare et al.,
2014; Dupuis and Beaudoin, 2011; Nadoll et al., 2014; Singoyi et al.,
2006). Some researchers proposed some schemes to discriminate differ-
ent types of deposits, such as the Ca + Mn + Al versus Ti + V and Ni/(Cr
+ Mn) versus Ti + V diagrams of Dupuis and Beaudoin (2011) and Ni/
Co-Ti diagram of Dare et al. (2014). These diagrams do sufficiently dis-
criminate the magmatic deposits from hydrothermal or sedimentary
magnetite deposit due to the extremely high Ti, Al and V contents but
low Ni/Cr ratios of the igneous magnetite. However, recent studies indi-
cated that the defined schemes seem to be not always reliable for differ-
ent types of magnetite from low-temperature hydrothermal deposits or
BIFs (e.g., Huang et al., 2013; Hu et al., 2014; Zhao and Zhou, 2015-in
this issue). Similarly, our new dataset in current study show that the
BIF-type magnetite is clustered mainly in the ‘10CG’ and ‘Skarn’ fields
of the Ni/(Cr + Mn) versus Ti + V diagram, whereas magnetite from
sheared magnetite-quartzites and different ores is plotted mostly in
the ‘Skarn’ field (Fig. 7a). Also, in the Ca + Al + Mn versus Ti + V dia-
gram the BIF-type magnetite does not plot in the expected ‘BIF’ field
(Fig. 7b). These inconsistencies seem to indicate that these proposed
schemes are insufficient to discriminate different types of hydrothermal
deposits or BIFs from different regions. We consider that any proposed
schemes should be only meaningful for discriminating deposits or rocks
in a certain region if a detailed description of mineralogy and textural
relationship (e.g., Nadoll et al., 2014) and the chemistry of the fluids/
water from which the magnetite precipitate are clearly understood.

On the basis of our current compositional data, we propose some pa-
rameters or plots to discriminate these types of magnetite in the Cu-
(Au, Fe) deposits in the Khetri copper belt (Fig. 8). Such discrimination
diagrams should be useful for future provenance studies particularly on
sedimentary rocks in the Khetri region, and may also shed light on fur-
ther geochemical studies on magnetite from other region. We choose Ti/
Al, Ge, Cr and Co/Ni for plotting, because these elements or ratios are
dramatically different in different types of magnetite in the region. In
the proposed plot of Ti/Al versus Ge, the BIF-type magnetite plotted
away from the magnetite from the sheared magnetite-quartzites and
different ores (Fig. 8a). Moreover, plot of Cr versus Co/Ni can sufficiently
discriminate magnetite from different hosting rocks or ores in the belt,
without any compositional overlaps (Fig. 8b). This discrimination
scheme may be also plausible for hydrothermal deposits and BIFs in
other regions because both Cr contents and Co/Ni ratios are principally
related to fluids derived from variable magmas (Carew, 2004; Dare
et al,, 2014). For example, the fluids for the Fe-oxide and Cu-sulfide
ores of the Cu-(Au, Fe) deposits in the Khetri belt were suggested to
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Fig. 7. Plots of V + Ti vs. Ca + Al + Mn and Ti + V vs. Ni/(Cr + Mn) of magnetite from
hosting rocks and ores. Reference fields are after Dupuis and Beaudoin (2011). Noted
that the sedimentary magnetite from quartzites plot mostly on ‘10CG’ field. BIF: banded
iron formation; Skarn: Fe-Cu skarn deposits; IOCG: iron-oxide-copper-gold deposits; Por-
phyry: porphyry Cu deposits; Kiruna: Kiruna apatite-magnetite deposits; Fe-Ti, V: mag-
matic Fe-Ti-oxide deposits.

be of a magmatic-hydrothermal origin (Jaireth, 1986), and the different
Cr and Ni contents of magnetite from different ores may be related to
different degrees of evolution of fluids or different nature of the magmas
producing the fluids (e.g., mafic rocks or granitoids; Knight et al.,, 2002;
Rollinson, 1993).

7. Conclusions

Magnetite in ores and country rocks from the Cu-(Au, Fe) deposits in
the Khetri copper belt, Rajasthan Province, NW India, has variable and
distinct concentrations of Ti, Al, Mg, Mn, V, Cr, Co, Ni, Zn, Cu, P, Ge and
Ga, which can be correlated to the forming environments. Magnetite
grains in magnetite-quartzites of original banded iron formation have
different compositions with relatively low Ga and Ge but high Ni, P
and Cu contents compared to hydrothermal magnetite grains. Shearing
may mobilize Ni, P, Cu, Al and Mn from the original BIF-type magnetite,
but elevated Ti, V, Co, Cr, Ge and Mg contents of the recrystallized mag-
netite are due to modification of external hydrothermal fluids possibly
channeled along faults. Compositions of magnetite from Fe-oxide and
Cu-sulfide ores are interpreted to be mainly controlled by fluid compo-
sitions and/or oxygen fugacity. Other potential factors including tem-
perature, fluid-rock interaction and co-precipitating mineral phases
play very limited roles on controlling composition of magnetite. A
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combination of element pairs, Ge versus Ti/Al and Cr versus Co/Ni, can
be used to discriminate BIF-type, sheared, and different hydrothermal
magnetite in the Khetri belt. Our work agrees well with previous studies
that composition of magnetite can be potentially very useful for dis-
criminating different deposits, but also highlights that the discrimina-
tion schemes would be more meaningful for deposits from a certain
region if fluid/water compositions and specific formation conditions
reflected in composition of magnetite are clearly understood.
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