Ore Geology Reviews 80 (2017) 1191-1205

Contents lists available at ScienceDirect

Ore Geology Reviews

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

Trace elements of magnetite and iron isotopes of the Zankan iron deposit,
westernmost Kunlun, China: A case study of seafloor hydrothermal
iron deposits

CrossMark

m

Zhen-Ju Zhou *°, Hao-Shu Tang ¢, Yan-Jing Chen ®*, Zheng-Le Chen ?

@ Institute of Geomechanics, Chinese Academy of Geological Sciences, Beijing 100081, China
b Key Laboratory of Orogen and Crustal Evolution, Peking University, Beijing 100871, China
¢ State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, 46 Guanshui Road, Guiyang 550002, China

ARTICLE INFO ABSTRACT

Article history:

Received 28 February 2016

Received in revised form 14 September 2016
Accepted 15 September 2016

Available online 16 September 2016

The large Zankan iron deposit is hosted in the pre-Devonian Bulunkuole metamorphic complex within the
Taxkorgan terrane, West Kunlun Orogen, southwestern China. The deposit is unique for its mineral association
of magnetite, pyrite and anhydrite in variable proportions, forming disseminations, banded and massive ores.
Magnetite grains from the ores show variable contents of many elements, such as Mg (182-1167 ppm), Al
(198-2691 ppm), Ti (898-1677 ppm), V (112-8468 ppm), Mn (821-4695 ppm), Co (7-26 ppm), Ni (1-
29 ppm), Zn (5-45 ppm), and Ga (20-62 ppm). The high Al, Ti and V contents are interpreted to result from rel-
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Magnetite atively reduced, Al-Ti-rich seafloor hydrothermal activities. The magnetite coexisting with sulfide has lower Co
Trace element concentrations (7.8-13 ppm) than those not coexisting with sulfides (Co = 22-26 ppm). Compositional varia-
Fe isotope tions of magnetite possibly related to oxygen fugacity, temperature and coexisting minerals. The 5°°Fe values

Zankan iron deposit
West Kunlun Orogen

in magnetite range from — 0.3 to 0.5%,, suggesting a changing hydrothermal precipitation environment. The Fe
isotope fractionation between pyrite and magnetite (A857Fepy_mag) range 0.2-1.1%., implying a high-tempera-
ture crystallization (>236 °C). The 6°°Fe ratios in pyrite range 0.6-0.8%., higher than the coexisting magnetite.
Such a negligible variation of positive 5°°Fe values indicates that the pyrite possibly originated from a slow pre-
cipitation or a transformation from FeS (mackinawite), which was induced by the rise of atmospheric oxygen at
~0.6 Ga. Integrating the data obtained from the studies including regional geology, ore geology, magnetite com-
position and Fe isotope geochemistry, we conclude that the Zankan Fe deposit was formed from an Early Cambri-
an seafloor hydrothermal system developed in a volcanic arc caused by southward subduction of Proto-Tethyan
plate.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction Chung et al., 2015). Furthermore, as Fe is the main ore-forming element

in iron deposits, Fe isotope analysis offers insights into the nature and

Magnetite, a robust mineral in sediments, can survive mechanical
and chemical processes, such as erosion, transportation and metamor-
phism, and also occurs widespread in various hydrothermal ore de-
posits, such as volcanogenic massive sulfide (VMS), banded iron
formations (BIFs), veined Ag-Pb-Zn and skarn deposits (Singoyi et al.,
2006; Dupuis and Beaudoin, 2011; Dare et al., 2012). It contains numer-
ous discriminator trace elements, such as Mg, Al, Ti, V, Cr, Mn, Zn, Ni, Co
and Ga, which show systematic variations in a variety of geological set-
tings and formation conditions. Thus, chemical compositions of magne-
tite play an important role in investigating the types of mineral deposits
and ore-forming processes (Miiller et al., 2003; Beaudoin and Dupuis,
2009; Rusk et al., 2009; Dupuis and Beaudoin, 2011; Dare et al., 2012;
Nadoll et al., 2012, 2014; Huang et al., 2013, 2015; Chen et al., 2015;
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source of fluids (Zhu et al., 2000, 2001; Dauphas et al., 2004; Rouxel et
al., 2005; Dauphas and Rouxel, 2006; Johnson et al., 2008; Fabre et al.,
2011; Yoshiya et al., 2012; Li et al., 2013; Sun et al., 2013; Hou et al.,
2014).

The recently discovered Taxkorgan iron belt contains more than ten
iron deposits, with a total resource of 1.556 Bt Fe, with average grades of
28-60% TFe (Dong et al.,, 2011, 2012; Feng et al., 2011; Yan et al., 2012a,
2012b). The belt lies at the junction of the West Kunlun Orogen and
Pamir Plateau, southwestern China (Fig. 1A and B). Unlike Precambrian
BIFs (banded iron formations), the deposits in the Taxkorgan iron belt
were formed during the Early Paleozoic (ca. 540-510 Ma), composed
of magnetite, pyrite and anhydrite with different ratios. Because of the
economic importance and unique mineralogical association, the ages
and genesis of the deposits and their host rocks were investigated by
many researchers (e.g., Chen, 2012; Yan et al., 2012a, 2012b; Yang,
2013; Ren et al,, 2013; Dong et al., 2016), and are still debated. A
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Fig. 1. (A) Tectonic subdivisions of China, showing the location of the Western Kunlun Orogen; (B) tectonic subdivision of the Western Kunlun Orogen, showing the location of the

Taxkorgan iron field; (C) simplified geological map of the Taxkorgan iron belt. Modified after Ji et al. (2011) and Yan et al. (2012b).
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group of researcher proposed that the deposits were metamorphosed
sedimentary-type or BIF type (e.g., Chen et al.,, 2011, 2013; Feng et al.,
2011; Qian et al., 2014); another group (e.g., Chen, 2012, 2013; Yan et
al.,, 2012a, 2012b; Hu, 2014), in contrast, considered the deposits were
related to submarine volcanism or volcanogenic hydrothermal process.

In the Taxkorgan iron belt, the Zankan iron deposit is the largest in
tonnage with high ore grades, and is a typically representative mine in
ore geology and geological context, and thus provides a window into
ore genesis and ore-forming processes. In this paper, we present the re-
sults of in-situ trace elements of magnetite and Fe isotopes of magnetite
and pyrite from Zankan iron deposit, and clarify the nature and source of
the ore-fluid. We also attempt to discuss possible factors controlling the
compositions of magnetite from Zankan deposit, and constrain its ge-
netic type.

2. Regional geology

The Pamir-West Kunlun-Altun mountains (Pan and Wang, 1994;
Xiao et al., 2000; Jiang et al., 2013), forming the southern margin of
the Tarim Basin, eastwardly connect with the East Kunlun (Zheng et
al., 2016), Qinling (Chen and Santosh, 2014; Mao et al., 2014; Li et al.,
2015) and Dabie Shan (Wang et al.,, 2014; Mi et al., 2015), constituting
the huge Central China Orogenic Belt (CCOB; Chen et al., 2014). The
CCOB evolved from the northernmost Paleo-Tethys and took shape
through Early Mesozoic continental collision between a North China-
Tarim continent and the segments separated from Gondwana Land,
after a long-time multistage subduction-related accretion and terrane
amalgamation (Chen and Santosh, 2014; Zhou et al., 20144, 2014b,
2015, 2016) (Fig. 1A).

The West Kunlun Orogen is bounded by the Aoyitage-Kegang Fault
to the north and the Longmucuo-Shuanghu (or Karakorum) Fault to
the south (Fig. 1B). It includes three tectonic units, from north to
south, the Northern Kunlun Terrane (NKT), the Southern Kunlun Ter-
rane (SKT), and the Taxkorgan-Tianshuihai Terrane (TTT), with the
Kudi and Mazar-Kangxiwa faults being their boundaries, respectively
(Fig. 1B; Xiao et al,, 2005a; Yang et al., 2010).

The Taxkorgan terrane is located in the West Kunlun Orogen (Fig.
1B), bounded by the Kangxiwa Fault to the north and the Taaxi Fault
(one fault of the Karakorum fault zone) to the south (Fig. 1C). The dom-
inant lithologies in this area are pre-Devonian Bulunkuole Complex and
Early Cretaceous Xialafudi Group. The Bulunkuole Complex, consists
mainly of biotite plagioclase gneisses, plagioclase-amphibole gneiss, bi-
otite quartz schists, sillimanite-garnet schists, magnetite quartzite,
metamorphic siltstones, marbles and plagioclase amphibole schists.
These rocks have been generally metamorphosed to greenschist to am-
phibolite facies. However, the sedimentation age of these rocks is still
controversial, with isotope ages ranging from ca. 500 to 2700 Ma (e.g.,
Sun et al., 2003; Zhang et al., 2007; Ji et al., 2011; Yan et al,, 2012a,
2012b). The Xialafudi Group, unconformably overlying the Bulunkuole
Complex, is composed of micritic limestones, siltstones, conglomerates,
sandstones, and shales, deposited on a lacustrine delta. The Bulunkuole
Complex is separated from the Early Silurian Wenquangou Group by the
Taaxi Fault to the south, and from the Late Carboniferous clastic sedi-
ments by the Kangxiwa Fault to the north, respectively (Fig. 1C). The
Early Silurian Wenquangou Group comprises clastic sediments, includ-
ing pelitic siltstone, mudstone, quartz sandstone, and minor conglomer-
ate, and carbonate intercalations. The Late Carboniferous clastic
sediments consist mainly of silty mudstones, micritic limestones, mud-
stones, limestones and siliceous rocks. The Taxkorgan terrane was in-
truded by the Proterozoic granodiorite and adamellite, followed by
Mesozoic quartz diorite, adamellite and plagioclase granite, and the Ce-
nozoic syenogranite and syenite (Fig. 1C).

More than 10 iron deposits have been discovered in the Taxkorgan
terrane. They are hosted in the Bulunkuole Complex, except for the
Guoerkule deposit which is a small-sized deposit hosted in the Early
Wenquangou Group (Fig. 1C). Yan et al. (2012a, 2012b) and Yang

(2013) constrained the mineralization at Laobing and Ziluoyi iron de-
posits to have occurred at 526 £ 5.0 Ma and ca. 500 Ma, respectively,
through zircon LA-ICP-MS U-Pb dating for biotite-quartz schists. Re-
cently, Lin (2015) and Dong et al. (2016) obtained the zircon LA-ICP-
MS U-Pb ages of 527.4 + 9.0-536.8 + 3.4 Ma for volcanic rocks from
the Zankan deposit. Thus it is accepted that the iron mineralization in
Taxkorgan terrane mainly occurred in Early Cambrian, coeval with the
initiation of the Early Paleozoic Andean-type magmatic arc (540-
435 Ma) in the West Kunlun Orogen (Xu et al., 1994; Xiao et al.,
2005a; Liao et al., 2010; Jia et al., 2013). The Taxkorgan iron belt was in-
tensively involved in the southward subduction of Proto-Tethyan plate
beneath the SKT and TTT during the Early Paleozoic.

3. Deposit geology

The Zankan iron deposit is located in the northern part of the
Taxkorgan terrane (Fig. 1C). It has a proven reserve of 1.46 x 10® t Fe
with an average grade of 28.3-58.8%, plus an inferred resource of
1.8 x 10% t Fe (Dong et al., 2011; Feng et al, 2011). The main
lithostratigraphic units in the Zankan orefield are the Bulunkuole Com-
plex and Early Silurian Wenquangou Group (Fig. 2). The Bulunkuole
Complex in the orefield mainly includes biotite-quartz schists, plagio-
clase-amphibole schists, and amphibole-quartz schists, intercalated
with gypsum layers, which was metamorphosed to greenschist facies
(locally up to amphibolite facies). The Early Silurian Wenquangou
Group, unconformably overlying the Bulunkuole Complex, mainly con-
sists of quartzite, quartz sandstone and marble.

The orebodies at Zankan are hosted in the Bulunkuole Complex, and
spatially associated with the volcanic rocks. The volcanic rocks are com-
posed of metamorphosed dacite and andesite, forming in Early Cambri-
an continental arc setting (Lin, 2015; Dong et al., 2016). The volcanic
rocks in the hanging wall (Fig. 2) are conformable with iron orebodies,
and locally altered into iron ores. They show porphyritic texture, with
20-40 vol.% phenocrysts composed of hornblende, plagioclase and
quartz. The groundmass is composed of quartz, plagioclase and biotite.
Accessory minerals include apatite, magnetite and zircon. Zircon grains
from two samples of volcanic rocks collected from the hanging wall and
the contact zone yield LA-ICP-MS U-Pb ages of 536.4 4+ 4.0 Ma and
536.8 + 3.4 Ma, respectively (Dong et al., 2016). Lin (2015) reported
the zircon U-Pb ages of 533 + 10 Ma and 527.4 + 9.0 Ma for the sub-
volcanic rocks intruding the footwall of the iron orebodies (Fig. 2).

Five orebodies have been recognized in the Zankan deposit. No. 1
orebody is 2493-m long, and 10-21-m thick, accounting for 72% of the
total reserve of the Zankan deposit. It strikes in the direction of 30-
40°, and dips to NE with angle of 27-70°. The No. 3 orebody, the second
largest one, is >1000 m long, 8.8-14-m thick, and strikes in direction of
19-41°, dips to NE with angle of 6-57°. The other orebodies are gener-
ally >400 m long, ~10 m thick. Orebodies are shaped as beds and lens,
and generally share the same occurring state with their host rocks,
showing the nature of stratiform or stratabound deposits (Figs. 2 and 3).

The ores are massive, disseminated, and banded in texture (Fig. 4).
Three types of ores have similar ore mineral assemblages dominated
by magnetite, pyrite, and minor chalcopyrite and pyrrhotite. Gangue
minerals mainly consist of quartz, anhydrite, plagioclase, hornblende,
biotite, muscovite, calcite, and minor sphene and apatite. Massive ores
commonly have subhedral to anherdral magnetite associated with py-
rite and anhydrite (Fig. 5A-C). Magnetite is generally 0.06 to 0.5 mm
in diameter, often present as thin bands. Pyrite occurs as disseminations
and continuous to discontinuous laminae/bands (Fig. 4A-C). Banded ore
shows structures of interbedded magnetite, pyrite and anhydrite (Fig.
4E). Magnetite occurs as euhedral to subhedral crystals (Fig. 5D). Dis-
seminated ores have a mineral assemblage of anhedral magnetite, py-
rite and pyrrhotite (Figs. 4F and 5E). Pyrite occurs as subhedral to
anhedral and is locally replaced by chalcopyrite (Fig. 5F). Pyrrhotite is
subhedral to anhedral. Nine samples, including massive (ZKA3-1,
ZKPM6-2, ZKA3-1M, ZK10-526, ZK10-359, and ZK10-306), banded
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(ZKA1-2) and disseminated (ZK10-371 and ZK10-531) ores, are select-
ed for further detection in this study (Figs. 4 and 5).

4. Analytical methods
4.1. Chemical composition of magnetite

Trace elements of magnetite were determined by a Coherent
GeoLasPro 193 nm Laser Ablation system coupled with an Agilent
7700x ICP-MS at the State Key Laboratory 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 instrument and data reduction are reported in previous
studies (Liu et al., 2008; Huang et al., 2013, 2015). Helium was applied
as a carrier gas; and argon was used as the make-up gas and mixed
with the carrier gas via a T-connector before entering the ICP. Each anal-
ysis includes a background acquisition of approximately 20 s (gas
blank) followed by 40 s of data acquisition from the sample. Analytical
spots (60 um) were ablated by 160 successive laser pulses (4 Hz). Ele-
ment contents were calibrated against multiple-reference materials
(GSE-1G, BCR-2G, BIR-1G, BHVO-2G and NIST610) using >’Fe as an in-
ternal standard (Gao et al.,, 2013). Every 8 sample analyses were follow-
ed by one analysis of GSE-1G as a quality control to correct the time
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Fig. 2. Simplified geological map of the Zankan iron deposit.
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dependent drift of sensitivity and mass discrimination. Off-line selection
and integration of background and analyte signals, and time-drift cor-
rection and quantitative calibration were performed by ICPMSDataCal
(Liu et al,, 2008).

4.2. Iron isotopes

Iron isotopes analyses were performed at the ALS (Analytical Chem-
istry Laboratory Services) at Scandinavia, Sweden. Minerals separates
were extracted from crushed and washed sample fragments, and were
selected by handpicking under a binocular microscope to achieve purity
>99%. Appropriately 50 mg of powdered magnetite and pyrite separates
were dissolved in a 2 ml mixture of ultrapure HCI-HF-HNOs3 using
closed-cup 5 ml Teflon vials (Savillex, USA) on a hot plate for 24 h,
after which the solution was evaporated dry. The remaining precipitate
was taken up in 2 ml of 9 M HCl, and the sample was dried down. The
remaining salt was re-dissolved in 0.5 ml of 9 M HCl, at which point it
was ready for purification. All samples were purified via anion exchange
chromatography in a HCl medium using 2 ml of AG MP-1 M, 100-200
mesh resin loaded in LDPE columns. Fe isotope was analyzed in high
mass resolution mode on a Neptune MC-ICP-MS, using the methods
outlined by Malinovsky et al. (2003). A Ni spike of the same concentra-
tion as Fe was added to each purified sample prior to analysis. Samples
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were introduced to the instrument in a 0.14 M HNOs solution using tan-
dem quartz spray chamber arrangement (cyclone + Scott double pass)
and microconcentric PFA nebulizer with Fe concentrations at ca.
2 ug ml~'. All sample and standards were analyzed in duplicate. Fe iso-
tope data are reported using the standard delta notation (in %.) relative
to the reference material IRMM-14:

% Fegample(%0) = {(SGFe/S‘lFe) 1 /(SGFe/54Fe>IWM

sample

—1} x 1000
14

" Fegample (%o) = [(57Fe/54Fe) 1 /(57Fe/54Fe>lRMM7

—l} x 1000
sample 14

The internal analytical precision on the measured ratios was better
than £ 0.005% (at 20 level). The external reproducibility of the isotopic
measurements for standard solutions is better than 4+0.1% (20) and
+0.2% (20) for 6°°Fe and &°"Fe, respectively.

5. Results
5.1. Magnetite trace elements

Most elements in the multicomponent spinel system (Nadoll et al.,
2012) are detected. In general, magnetite grains from the Zankan Fe de-
posit have concentrations of Mg, Al, Ti, V, Mn, Co, Ni, Zn, Ga, and Sn, all
above the detection limits, whereas Cr with few spots are below the de-
tection limits. The magnetite grains do not contain Cu, with values gen-
erally near or below the detection limits. Trace elements such as Sc, Ge,
Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, In, Ba, Hf, Ta, W, Pb, Bi, Th and U are also
measured, but are generally around or below 1 ppm. The average con-
centrations and standard deviation of selected elements Mg, Al, Ti, V,

Cr, Mn, Co, Ni, Zn, Ga, Mo, Sn, and Pb of magnetite from the Zankan de-
posit, are listed in Table 1, and the detailed analytical results are given in
the e-Appendix 1. The minimum concentrations of elements (e.g., Cr
and Mo) are below the detection limits. Therefore, the average values
of these elements were calculated by assigning all the analyses below
detection limit to zero. Magnetite grains from the Zankan show variable
contents of Mg (182-1167 ppm), Al (198-2691 ppm), Ti (898-
1677 ppm), Mn (821-4695 ppm), Co (7-26 ppm), Ni (1-29 ppm), Zn
(5-45 ppm), and Ga (20-62 ppm). The disseminated magnetite grains
from sample ZK10-371 show distinctive low V content (234 ppm in av-
erage) and high Cr content (53.55 ppm in average). According to Dare et
al. (2012), trace elements in magnetite can be lithophile elements (Mg,
Al, Cr, Ga, Mn, Nb, Ta, Ti, V, Zr and Hf) and chalcophile elements (Co, Mo,
Ni, Pb, Sn and Zn). All magnetite grains have similar continental crust
normalized lithophile and chalcophile element patterns (Fig. 6), indicat-
ing that they may share a common source. As shown in Fig. 7, Ni shows
slight positive correlation with Co (Fig. 7A); Ti positively correlates with
Mg and Al (Fig. 7 B and C); and Al negatively correlates with Ga (Fig. 7
D).

5.2. Fe isotopic composition

The Fe isotope compositions of both magnetite and pyrite of the
Zankan deposit are listed in Table 2. The magnetite exhibits large varia-
tions in Fe isotope composition (6°°Fe = —0.3-0.5%., average 0.2%o;
8°’Fe = —0.4-0.7%o, average 0.3%.). The pyrite has 6°°Fe and &°’Fe
values of 0.6-0.8%. (av. 0.7%.) and 0.8-1.2%. (av. 1.0%.), respectively.
Therefore, pyrite has higher Fe-isotope ratios than magnetite. The Fe
isotope values for magnetite also increase in ascending stratigraphic se-
quence as shown by the ZK1110 drill (Fig. 3; Table 2).

6. Discussion
6.1. Magnetite composition and ore-forming conditions

The magnetite is closely associated with hydrothermal minerals
such as quartz, anhydrite, pyrite, pyrrhotite and chalcopyrite (Fig. 5B,
C, E, F), probably implying that magnetite in the Zankan ores formed
from hydrothermal fluids. Furthermore, magnetite from Zankan is
enriched in Mn, similar to hydrothermal magnetite from the Coeur
d'Alene district (Nadoll et al., 2012). As for hydrothermal magnetite, it
is possibly controlled by: fluid composition, temperature, pressure, oX-
ygen fugacity, compositions of hosting rocks or coexisting minerals
(Carew, 2004; Nadoll et al., 2014). In this section, we explore possible
controlling factors for compositions of magnetite formed by different
processes in the Zankan iron deposit.

The fO, may control the V content in magnetite. Vanadium can pres-
entas V2T, V4" and V° T in natural fluids, but only V3™ can be highly
partitioned into magnetite. It is clear that V can be enriched in magne-
tite formed from reducing fluids (Toplis and Carroll, 1995; Banlan et
al., 2006; Bordage et al., 2011; Nadoll et al., 2014). Titanium has only
one valence state in hydrothermal fluids and thus has a roughly con-
stant partition coefficient between magnetite and fluids (Chung et al.,
2015). Magnetite formed by reducing fluids has lower Ti/V ratios rela-
tive to those in oxidizing fluids. Magnetite grains from samples ZKA1-
2, ZK10-531 and ZKA3-1 have high V contents (3466-8468 ppm) (e-
Appendix 1) and low Ti/V ratios (0.11-0.27), indicating a reduced depo-
sitional environment. Magnetite of sample ZK10-371 has low V content
and high Ti/V ratios of 3.31-9.76, suggesting a relatively oxidizing
condition.

Temperature may have influence on concentrations of some ele-
ments in magnetite (Ilton and Eugster, 1989). The incorporations of Ti,
Mg and Al in magnetite are largely temperature controlled, preferably
linked with high temperature such as in a magmatic system, but they
are immobile in low-temperature hydrothermal fluids (Van Baalen,
1993; Nielsen et al., 1994; Toplis and Carroll, 1995; Verlaguet et al.,
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2006). In the (Al + Mn) vs. (Ti + V) diagram that was suggested to be a
good discriminant of formation temperatures of magnetite (Nadoll et
al., 2014), all the samples from the Zankan deposit plot in the field of
300-500 °C (Fig. 8). This suggests that the magnetite has possibly pre-
cipitated from hot fluids enriched in Al and Ti. The presence of Ti, Al, V
and Mg in seawater are commonly associated with volcanic rocks
(Carew, 2004; Bhattacharya et al., 2007). Thus, the high Al and Ti con-
tents in the magnetite from the Zankan deposit can be related to hydro-
thermal fluids derived from submarine magmatism. The magnetite
grains from sample ZKA1-2 have relatively high Al + Mn and Ti + V
contents compared to the other samples (Fig. 8), which is also support-
ed by the fact that this sample associates with volcanic rocks.
Coexisting mineral phases might also affect compositions of some
specific trace elements of the magnetite (Nadoll et al., 2014). In general,
silicates are preferably incorporating lithophile elements, whereas
chalcophile elements have a strong preference to partition into sulfides
(Cygan and Candela, 1995; Frost, 1991; Toplis and Corgne, 2002; Simon
etal., 2008). The iron ores from Zankan are composed mainly of magne-
tite with minor and variable amounts of silicates (e.g., quartz, plagio-
clase, hornblende, biotite and muscovite) with or without sulfides
(e.g., pyrite, pyrrhotite and chalcopyrite) (Figs. 4 and 5). Because V, Cr
and Ti are not easily incorporated in the quartz and feldspar compared

to magnetite in the iron ores (Neilson, 2003; Nadoll et al., 2014), these
silicates rarely affected their concentrations in magnetite. As Co would
be highly partitioned into pyrite and chalcopyrite, the magnetite
coexisting with sulfides (samples ZK10-371 and ZK10-531) has rela-
tively low concentrations of Co (7.8-13 ppm) compared to the magne-
tite without coexisting sulfides (samples ZKA1-2 and ZKA3-1; Co = 22—
26 ppm). This shows that coexisting sulfides have played a role for trace
element concentration in magnetite.

6.2. Pyrite-magnetite Fe isotope fractionation and ore-forming temperature

The pyrite and magnetite from samples (ZKA3-1, ZKPM6-2, ZK10-
359, ZK10-539) at Zankan show heavy Fe isotope enrichment relative
to IRMM-014, and Fe isotope compositions of pyrite are systematically
heavier than those of corresponding magnetite from the some samples.
Base on theoretical computation (Polyakov et al., 2007), the relative
order of &°’Fe enrichment is 8°’Fepyrite > 6° Femagnetites Probably
suggesting Fe isotope equilibrium between the coexisting magnetite
and pyrite in the iron ores. The degree of fractionation between phases
is a function of temperature. Based on Mdssbauer- and INRXS-derived,
and DFT calculation data, Polyakov and Mineev (2000), Polyakov et al.
(2007) and Blanchard et al. (2009) obtained the reduced Fe
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Fig. 5. Photomicrographs of ore minerals in the Zankan iron deposit. (A) Subhedral to anhedral magnetite grains (reflected-light); (B) Anhedral magnetite coexisting with continuous to
discontinuous banded pyrite (reflected-light); (C) Anhedral magnetite coexisting with pyrite and anhydrite (cross-polarizing light); (D) Euhedral to subhedral magnetite (reflected-light);
(E) Anhedral magnetite coexisting with subhedral pyrite and pyrrhotite (reflected-light); (F) Anhedral magnetite coexisting with pyrite replaced by chalcopyrite (reflected-light).
Abbreviations: Mag, magnetite; Py, pyrite; Cpy, chalcopyrite; Po, pyrrhotite; Qz, quartz; Anh, anhydrite; Bi, biotite.

isotope partition function ratios (3-factors) and their variations with
temperature for a variety of minerals (including pyrite and magnetite).
They concluded that the iron B-factors of pyrite are considerably
higher than those of magnetite. However, the Fe isotope fractionation
factors between pyrite and magnetite has not been determined
yet. To find the pyrite-magnetite Fe isotope fractionation factors
(A8Fepy_mag), the following equation and available experimental
data can be used: the iron >’p-factors of pyrite and magnetite are

calculated using the equation (Polyakov and Mineev, 2000; Polyakov
et al., 2007):

10°In%P = Arx + Axx® + Asx3 1)
where In>’p relates to °7/**Fe isotope ratio; T is absolute temperature; A

is polynomial coefficient; A; = 1.2437, A, = —4.8242/10% and A; =
2.6833/10° for pyrite (Blanchard et al., 2009); and A; = 0.95706,

Table 1
Trace elements (in ppm) of magnetite from the Zankan iron deposit.
Sample no. Mg Al Ti \ Cr Mn Co Ni Zn Ga Mo Sn Pb
D.L 1.19 1.04 1.53 0.183 1.53 1.14 0.060 0.886 0.637 0.100 0.028 0.299 0.019
ZKA3-1 AVE (n = 6) 1072 1194 1582 6994 5.01 852 25.6 24.6 58 59.5 0.098 0.972 0.207
SD 78.2 194 84.0 58.4 3.07 21.0 0.551 2.80 0.594 2.01 0.072 0.230 0.124
ZKA1-2 AVE (n = 12) 717 1193 1245 8269 1.25 4365 23.7 22.6 36.9 411 0.097 1.14 0.423
SD 146 174 195 266 1.83 196 1.52 2.64 2.50 1.95 0.140 0.178 0.896
ZK10-371 AVE (n = 3) 281 2295 1221 234 53.5 2192 7.34 1.57 10.5 21.5 0.347 11.2 0.274
SD 95.5 565 187 117 45.2 174 0.562 0.339 143 141 0.196 1.52 0.147
ZK10-531 AVE (n = 3) 428 247 947 3490 2.18 2400 10.6 27.7 433 55.0 0.153 129 0.273
SD 304 472 9.05 27.6 2.46 167 1.80 1.11 1.19 1.56 0.120 0.584 0.140
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are from Rudnick and Gao (2003).

A, = —4.7296/10%, and A; = 4.0703/10° for magnetite (Seto et al.,
2003); x = 10/T2.

Combined Eq. (1), the temperature dependence of the equilibrium
iron isotope fractionation between pyrite and magnetite is given by

Eq. (2):

A5 Fepy—mag = 10°In° B, —10° 7B
=1.2437x—4.8242 x 10>x2 + 2.6833 x 107°x3

- (0.95706x—4.7296 x 1073x2 1 4.0703 x 10’6x3)

= 0.28664x—0.0946 x 10 3x% + 2.27627 x 10~°x3
2)

The calculated A5>”Fepy mag Values at different temperatures are pre-
sented in Fig. 9. In Zankan iron deposit, the pyrite-magnetite pair for
samples ZKA3-1 M, ZKPM6-2, ZK10-359 and ZK10-539 show A&7
Fepy-mag = 0.2-1.1%. (Table 2). Based on Eq. (2), the calculated temper-
ature is higher than or equal to 236 °C (Fig. 9).

The calculated temperatures may not be very precise. Nevertheless,
they show that the ores were formed by high-temperature
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hydrothermal processes. This is consistent with the conclusion drawn
from trace elements of magnetite, i.e., 300-500 °C (Fig. 8).

6.3. Magnetite Fe isotope signature and Fe source

Magnetite for Zankan ores yielded positive and weak negative 5°°Fe
(—0.3 to 0.5%o), and are similar to Phanerozoic Fe-rich hydrothermal
cherts (Rouxel et al., 2003). Rouxel et al. (2003) interpreted both posi-
tive and negative 6°°Fe in Phanerozoic Fe-rich hydrothermal cherts to
be the result of partial oxidation during the submarine circulation of
low-temperature hydrothermal fluids through volcanic rocks. Hydro-
thermal vent fluids release Fe with light isotopic composition relative
to IRMM-014, ranging from —0.7 to —0.1%. (Sharma et al., 2001;
Beard et al.,, 2003a; Severmann et al.,, 2004; Rouxel et al., 2008;
Bennett et al., 2009). The most likely reason for the heavy Fe isotope en-
richment in Zankan is partial oxidation of Fe(II),q in the water column.
Experiment shows that magnetite is enriched in heavy Fe isotopes by ca.
1.2-1.3%. in abiotic oxidation processes relative to initial Fe(Il),q at
22 °C (Johnson et al., 2003, 2005). Hence, the heavy Fe isotopic compo-
sition of magnetite from Zankan (6°°Fe = 0.5%. for sample ZK10-526) is
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Fig. 7. Bi-plots of Ni vs. Co, Ti vs. Mg, Ti vs. Al, and Al vs. Ga in magnetite from the Zankan iron deposit.
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Table 2
Fe isotope compositions of magnetite and pyrite from the Zankan iron deposit.

1199

No.  Sample description ~ Sample no.  Mineral 5°°Fe  2SD  §°’Fe  2SD  Mineral &Fe 2SD  §’Fe  2SD A8 'Fepymsg Temperature (°C)
1 Magnetite iron ore ZKA3-1M Magnetite 0.4 0.0 0.6 0.0 Pyrite 0.6 0.0 0.8 0.0 0.2 1100

2 Magnetite iron ore ZKPM6-2 Magnetite 0.4 0.0 0.6 0.1 Pyrite 0.6 0.0 0.9 0.1 03 670

3 Magnetite iron ore ZK10-359 Magnetite 0.0 0.1 0.0 0.1 Pyrite 0.8 0.0 1.1 0.1 1.1 326

4 Magnetite iron ore ZK10-526 Magnetite 0.5 0.0 0.7 0.1 Pyrite 0.8 0.1 1.2 0.1 0.5 480

5 Magnetite iron ore ZK10-306 Magnetite —03 0.0 —-04 00

best explained by the partial oxidation (A8°°Femag re(inyaq = 1.2-1.3%0)
of a seafloor hydrothermal system with 5°Fe values around — 0.7%.
In addition, the 6°6Fe value of magnetite from sample ZK10-359 is
near zero, which can be expected if the Fe reservoir had the same isoto-
pic composition as igneous rocks or modern detrital sediments, loess,
and aerosols (Beard et al., 2003a, 2003b). The increase of dissolved ox-
ygen in seawater results in quantitative to semiquantitative oxidation
of the iron dissolved in the ocean (Mendes et al., 2016). This near-zero
§°SFe value indicates that magnetite has inherited Fe isotope composi-
tions from ferric oxide/hydroxide precursors in seawater through
near-complete oxidation of Fe(Il),q (Johnson et al., 2008). Magnetite
for sample ZK10-306 has negative 6°°Fe value (— 0.3%.), however, pos-
sibly results from microbial activity (Johnson et al.,, 2005).

The ~0.8%. variation of 6°°Fe values in magnetite from Zankan de-
posit is different from Fe oxides of Precambrian sedimentary iron for-
mations, which usually show large variations in 5°°Fe values (Fig. 10A;
Johnson et al., 2003, 2008; Dauphas et al., 2004, 2007; Rouxel et al.,
2005; Whitehouse and Fedo, 2007; Steinhoefel et al., 2010; Craddock
and Dauphas, 2011; Li et al., 2013; Hou et al., 2014). This signature
rules out the possibility that the Zankan deposit is a Archean to
Paleoproterozoic banded iron farmation, comparable to Algoma-type
BIF, as suggested by Dong et al. (2011, 2012).

6.4. Pyrite Fe isotopic signature

Pyrite formation is likely caused by the following events: reactive
Fe?* combines with thiosulfate or polysulfide compounds (Schoonen
and Barnes, 1991) or with H,S (Rickard, 1997) to form an aqueous FeS
species, which subsequently turns to FeS (mackinawite), the precursor
of pyrite (Rickard and Luther, 1997; Benning et al., 2000). Theoretical
calculations predict that pyrite (FeS;) is an isotopically heavy phase
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Fig. 8. Plot of Al + Mn vs. Ti + V for different formation temperatures of magnetite.
Reference fields are adapted from Nadoll et al. (2014).

relative to Fe(II),q (Polyakov et al., 2007). By contrast, experiments indi-
cate precipitation of mackinawite (FeS) incorporates lighter isotopes,
recording a kinetic fractionation (A&°°Fe FeS-Fe(Il)aq) Varying from —0.3
to —0.9%. during 0-168 h (Butler et al., 2005). However, the Fe isotope
exchange and a progressive change towards isotopically heavy FeS on a
short (hourly) time scale can push the particulate sulfides heavy (Butler
et al., 2005). Thus a rapid isotopic exchange and a slow precipitation are
expected to keep a positive fractionation (A8>°Feges_re(i1)aq) during py-
rite formation in anoxic aquatic systems (Planaavsky et al., 2012). The
Proto-Tethys in WKO was a small ocean basin (e.g., Jiang et al., 1992;
Pan et al., 2001; Xiao et al., 2005b; Liao et al., 2010). A sedimentation
rate for the small seas has been estimated 100 m/myr (Sadler, 1981),
suggesting that the 167-m thickness between samples ZK10-359 and
ZK10-526 in drill ZK11110 (Fig. 3) reflects 1.67 million years of sedi-
mentation. Both pyrite samples ZK10-359 and ZK10-526 show positive
§°5Fe values (Table 2), which resulted from slow transformation from
FeS to pyrite. This understanding is consistent with the results obtained
from previous studies equilibrium pyrite precipitation (Polyakov, 1997;
Polyakov and Mineev, 2000; Polyakov et al., 2007).

In the Earth history, drastic increase of the atmospheric oxygen
abundance occurred at ca. 2.3 Ga and 0.6 Ga (Kasting, 1993, 2001;
Chen and Zhao, 1997; Holland, 2002; Canfield, 2005; Rouxel et al.,
2005; Guo et al., 2009; Tang and Chen, 2013; Lyons et al., 2014; Chen
and Tang, 2016). The sedimentary pyrites formed before the 2.3-Ga
Great Oxidation Event display more variable 6°°Fe values of —4.18 to
2.95%. (Fig. 10B; Rouxel et al., 2005; Archer and Vance, 2006;
Nishizawa et al., 2010; Yoshiya et al., 2012), whereas the pyrites formed
after 2300 Ma show positive °°Fe values of 0.24-1.22%. (Fig. 10B;
Rouxel et al., 2005; Fabre et al., 2011). This difference is interpreted to
result from the rise of the atmospheric oxygen, implying for the Great
Oxidation Event (Fabre et al., 2011; Yoshiya et al., 2012). The pyrite
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Fig. 9. A557Fepyr;te,magemg values for Zankan iron deposit minerals and theoretical
equilibrium fraction factors as a function of temperature. The black solid line shows
fractionation factors for pyrite relative to magnetite. The red squares represent the
A657Fepyrite,mageme values for samples ZKPM6-2, ZK10-359, ZK10-539 from Zankan
deposit. The calculated temperature is >236 °C.
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(Sharma et al., 2001; Beard et al., 2003a; Severmann et al., 2004; Rouxel et al., 2008; Bennett et al., 2009).

5°°Fe values of the Zankan deposit range 0.6-0.8%., which appear to be
the characteristic of the time after atmospheric oxygen rise (Fig. 10B).
This interpretation is fairly consistent with the Phanerozoic pyrite
6°SFe trend, as exemplified by the Devonian, Jurassic and Cretaceous
sedimentary pyrites which have &°°Fe values of —0.04 to 0.12%,
—0.31 to 0.01%, and —0.77 to 0.16%., respectively (Fig. 10B;
Matthews et al., 2004; Rouxel et al., 2005; Clayton et al., 2007).

6.5. Is Zankan an Algoma-type BIF?

The Zankan deposit was considered to be an Algoma-type banded
iron formation (Dong et al., 2011, 2012; Feng et al., 2011), which is def-
initely worthy of further discussion. According to Gross (1980, 1995),
the Algoma-type banded iron formations (BIFs) are typically Archean
magnetite-quartz-silicate assemblages hosted in volcanic rocks,
greywackes, turbidites and fine-grained clastic sediments, formed in
volcanic arcs or back-arc basins, spreading ridges and rifts (Gross,
1995). They are characterized by alternating magnetite and quartz lam-
inations or bandings formed by seafloor hydrothermal processes near
volcanic center under a condition with pH range of from 1.25 to 5.5
(Zhu et al., 2014). Classic Algoma-type Fe deposits are exemplified by
the Archean BIFs in Yilgarn and Pilbara blocks, Australia (Angerer et
al., 2012; Teitler et al., 2014), Carajas deposits in Brazil (Figueired e
Silva et al., 2008; Fabre et al., 2011), Gongchangling deposit in NE

China (Sun et al., 2014), and the Algoma deposit itself in Canada
(Gross, 1980, 1995).

The Zankan Fe deposit shows some similarities with the Algoma-
type BIFs, including a volcanic-sedimentary host succession, lamination
and banding textures. Magnetite is the ore mineral, associated with
gangue minerals such as quartz and actinolite or pyroxene (Li et al.,
2014). However, the Zankan deposit shows a unique mineral associa-
tion of magnetite, pyrite and anhydrite with variable ratios. Precambri-
an BIFs are temporally associated with organic matter-rich black shales
(e.g., Simonson, 2003), commonly either overlain or underlain by or-
ganic matter-rich and sulfidic shales and, in some case, are interstrati-
fied with them (Bekker et al., 2010). By contrast, in Zankan Fe deposit,
organic matter-rich and sulfidic shales have not been observed yet.
Algoma-type BIFs occur in volcanic-sedimentary sequences of green-
stone belts aged from Eoarchean to late Paleoproterozoic (Goodwin,
1973; James, 1983; Isley and Abbott, 1999; Huston and Logan, 2004).
However, iron mineralization at Zankan occurred at ca. 536 Ma (Lin,
2015; Dong et al., 2016), without any other base metal as by-product.
Fe oxides of Algoma-type BIFs are formed by partial oxidation of Fe(II)
species in seawater under low atmospheric oxygen level before GOE,
and thus their 6°°Fe values are widely variable and generally positive
(Dauphas et al., 2004, 2007; Whitehouse and Fedo, 2007; Fabre et al.,
2011; Planaavsky et al., 2012). The Zankan deposit, however, shows
slightly variable magnetite 6°°Fe values (Fig. 10). As revealed by in-
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situ trace element detection, the magnetite grains from Zhankan have
much higher Al + Mn and Ti + V concentrations, and lower Ni/
(Cr + Mn) ratios than those from BIFs (Fig. 11; Dupuis and Beaudoin,
2011; Nadoll et al., 2014). The Algoma-type BIFs show high SiO, content
of 48.9 wt.% in average (Gross and MCleod, 1980), but the SiO, contents
of the Zankan deposit has are very low, average 21.02 wt.% (Dong et al.,
2016).

6.6. A seafloor hydrothermal exhalative system?

Ridler (1971)defined exhalites as chemical sedimentary rocks
formed by hydrothermal fluids venting. Based on lithological and geo-
chemical data, exhalites are broadly considered as amorphous Fe +
Mn &+ Si + S 4 Ba 4 B phases precipitatated from seafloor hydrother-
mal vents and plumes (Kimberley, 1989; Isley, 1995; Peter, 2003;
Grenne and Slack, 2005). Such seafloor hydrothermal exhalites are gen-
erally associated with VMS-type Cu-Zn and SEDEX-type Pb-Zn deposits
(e.g., Sangster, 1978; Spry et al., 2000; Peter, 2003). Exhalites cover a
wide time span, from Archean to Mesozoic (e.g., Bekker et al., 2010;
Slack et al., 2009; Peter, 2003). Most exhalites are tabular in form and
conformable to bedding within enclosing volcanic or sedimentary strata
(Spry et al., 2000; Slack and Shanks, 2012). Significant silica-iron
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Fig. 11. Plots of Al + Mnvs. Ti + V (A) and Ni (Cr 4+ Mn) vs. Ti + V (B) for LA-ICP-MS data
of magnetite from the Zankan iron deposit (base map from Dupuis and Beaudoin, 2011).
BIF: banded iron formation; Skarn: Fe-Cu skarn deposits; IOCG: iron oxide-copper-gold
deposits; Porphyry: porphyry Cu deposits; Kiruna: Kiruna apatite-magnetite deposits;
Fe-Ti, V: magmatic Fe-Ti-oxide deposits.

exhalites include the Mount Windsor Subprovince, SE Australia
(Davidson et al., 2001), Bathurst Mining Camp, Canada (Peter and
Goodfellow, 1996, 2003), Tyrone Igous Complex, Northern Ireland
(Hollis et al., 2015), and Pecos greenstone belt (Slack et al., 2009).

Iron mineralization at Zankan exhibits most of the characteristics of
seafloor hydrothermal exhalites, such as a mineralogical association
(magnetite, pyrite and anhydrite), volcanic and sedimentary host
rocks, stratiform or near-bedded orebodies, and massive and lamination
structures. Compared to exhalites associated with VMS or SEDEX sys-
tems (Peter, 2003; Slack and Shanks, 2012), the lithologies at Zankan
are richer in iron oxides (e.g., hematite, magnetite), poor in silica and sil-
icates (e.g., greenalite, stilpnomelane, grunerite), carbonates (e.g., dolo-
mite, calcite, siderite, ankerite), with only a trace of chalcopyrite,
sphalerite and galena. Sulfides at Zankan mainly include pyrite and pyr-
rhotite; and sulfates are mainly barite, anhydrite and gypsum). The
Al,03 contents in exhalites are generally considered as contribution
from terrestrial detrital components (Peter, 2003), which range 0.16-
5.19 wt.% at Zankan (Dong et al., 2016), lower than those in Fe-rich li-
thologies in the world (6-7 wt.% in average; Peter, 2003). This suggests
that the Zankan deposit might have formed in a deep sea.

In the discriminations of magnetite from mineral deposits of differ-
ent genetic types (Dupuis and Beaudoin, 2011), most of magnetite sam-
ples from the Zankan deposit plot in the Porphyry field (Fig. 11A). This
also suggests that the Zankan deposit was mainly formed by hydrother-
mal process, instead of magmatic differentiation or normal chemical
sedimentation. We suggest the Zankan Fe deposit to be a seafloor hy-
drothermal system, considering that: (1) the orebodies are stratiform
or layered in shape and conformably hosted in a volcanic succession
(Fig. 2; Lin, 2015); (2) the ores display sedimentary features (Fig. 4B-
E); (3) mineral assemblage is characterized by Fe-oxides, Fe-sulfides,
sulfates (barite, anhydrite and gypsum), and minor and variable content
of quartz; (4) magnetite shows high contents of Ti, Al, and V, which is
generally considered as a marker of relatively reduced seafloor hydro-
thermal systems (Carew, 2004); (5) the A8°’Fepy mag values range
0.2-1.1%., indicating a high temperature precipitation environment
(2 236 °C); and (6) the pyrite 6>*S values range from 3.2 to 32.8%
(Dong et al., 2016), suggesting a submarine deposition.

6.7. Tectonic setting

Laser ablation-ICPMS (LA-ICPMS) U-Pb dating of zircons from the
volcanic rocks shows that the Zankan iron deposit was formed at ca.
536 Ma (Lin, 2015; Dong et al., 2016), when the Proto-Tethys oceanic
plate southwardly subducted beneath the SKT and TTT (Liao et al.,
2010; Jia et al., 2013; Dong et al., 2016). This subduction caused the
Early Paleozoic magmatism and mineralization in the West Kunlun
Orogen (Xu et al,, 1994; Xiao et al., 2005a; Liao et al., 2010; Yan et al.,
2012a, 2012b; Jia et al., 2013; Yang, 2013). To explain the genesis of
the Zankan Fe deposit, a metallogenic model is proposed and schemat-
ically illustrated in Fig. 12. Intense magmatic activity in a volcanic arc
provided abundant ore-forming metals, caused seafloor hydrothermal
exhalation which mixed with seawater. Hydrothermal fluids could per-
colate and extract the metals from submarine volcanic rocks, and then
discharge the metals near hydrothermal vents.

7. Concluding remarks

(1) The Zankan deposit is hosted in the pre-Devonian Bulunkuole
metamorphic volcanic-sedimentary rocks. The iron orebodies
commonly are mostly conformable with their host rocks, and
stratiform and near-bedded in shape. The ores show lamination
and banding structures, mainly composed of Fe-oxides (magne-
tite), Fe-sulfides (pyrite and pyrrhotite) and sulfates (barite, an-
hydrite and gypsum), together with variable contents of quartz.

(2) Magnetite in ores from the Zankan deposit has variable contents
of Mg, Al, Ti, V, Mn, Co, Ni, Zn, and Ga, which can be related to a
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Fig. 12. Tectonic setting for the Zankan iron deposit and host-rocks.

seafloor hydrothermal process. Oxygen fugacity, temperature
and co-precipitating mineral phases control the chemical com-
position of magnetite.
Magnetite has 6°°Fe values of — 0.3 to 0.5%., which suggests the
partial oxidation of Fe? to Fe*> ™. The pyrite 5°°Fe values range
0.6-0.8%., which is interpreted to the result of the atmospheric
oxygen rise in Late Neoproterozoic. The Fe isotope fractionation
between pyrite and magnetite suggest that the Zankan deposit
formed was mainly a high temperature seafloor hydrothermal
system.

(4) The Zankan iron deposit was formed in an Early Cambrian volca-
nic arc related to the southward subduction of Proto-Tethyan
plate beneath the South Kunlun and Taxkorgan-Tianshuihai
terranes.

—
w
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Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.oregeorev.2016.09.020.
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