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A B S T R A C T

The Zankan iron deposit (Taxkorgan County, Xinjiang) is a recently discovered large Fe deposit in western China.
The deposit is hosted in the Bulunkuole metamorphic complex in the Taxkorgan terrane of the West Kunlun
Orogen. The ores are uniquely composed of magnetite, pyrite and anhydrite with variable contents, and show
massive, disseminated and banded styles. The ores contain widely varying (Al2O3 + TiO2) (0.28–5.48 wt%), Zr
(3.0–83 ppm) and Hf (< 0.2–2 ppm), indicating a terrigenous clastic material input. Detrital contamination is
minor, as demonstrated by poor correlations of Y/Ho ratio vs. Zr, Th, Hf and Al2O3 contents, as well as Zr vs.
TiO2. The ores contain seawater-like LREE depletion, positive La and Y anomalies, and occasional Eu enrich-
ment, which suggest hydrothermal contributions. In addition, three samples show relatively high REY
(604–1254 ppm), negative Eu anomalies (Eu/Eu∗PAAS = 0.36–0.96) and MREE enrichment (Sm/
YbPAAS = 1.25–2.81), suggesting a probable fluvial input and shallow precipitation. The δ34S ratios range widely
(3.2–32.8‰) and show an alternating and/or mixing source of two end-members. The seawater sulfate may have
been an indispensable end-member, and the other end-member may have been the volcanic host rocks in the
Bulunkuole Complex, which has likely contributed the ore-forming metals. Integrating evidence from regional
geology, ore geology, and geochemistry, we conclude that the Zankan Fe deposit was the result of an Early
Cambrian seafloor hydrothermal system.

1. Introduction

Located on the southwestern margin of the Tarim Craton, the re-
cently discovered Taxkorgan iron belt lies between the West Kunlun
Orogen and Pamir Plateau, western China (Fig. 1A and B). The belt
contains over ten iron deposits, with a total resource of 1.556 Bt Fe
(Fig. 1C) (Dong et al., 2011, 2012). Hosted in the metamorphosed
volcanic and sedimentary rocks of the Bulunkuole Complex, the Tax-
korgan Fe ores are characterized by an assemblage of magnetite, pyrite
and anhydrite. Due to the economic importance and unique mineral
association, the age and genesis of these deposits were recently re-
investigated (e.g., Chen, 2012; Yan et al., 2012a,b; Yang, 2013; Ren
et al., 2013; Lin, 2015). Iron mineralization in the Taxkorgan terrane is
generally considered to have formed in the Early Paleozoic, but the
genesis of the deposits is variably attributed to be: (1) metamorphosed
sedimentary-type or BIF (e.g., Chen et al., 2011, 2013; Feng et al., 2011;
Ren et al., 2013; Qian et al., 2014; Qiao et al., 2015; Li et al., 2015b,c),

and (2) submarine volcanogenic hydrothermal type (e.g., Chen, 2012,
2013; Yan et al., 2012a,b; Hu, 2014).

Zankan is the largest and most representative among the Taxkorgan
Fe deposits. In this contribution, based on a compilation of published
geological and geochemical data (including those by the authors), we
discuss the genesis of the Zankan deposit.

2. Regional geology

On the southern margin of the Tarim Basin, the Pamir-West Kunlun-
Altun Mountains (Pan and Wang, 1994; Xiao et al., 2000; Jiang et al.,
2013; Wang et al., 2017a) connect with the East Kunlun (Zheng et al.,
2016), Qinling (Chen and Santosh, 2014; Mao et al., 2014; Li et al.,
2015a) and Dabie Shan (Wang et al., 2014, 2017b; Mi et al., 2015), and
constitutes the Central China Orogenic Belt (CCOB; Chen et al., 2014).
The CCOB was likely evolved from the northernmost Paleo-Tethys and
took shape through the Early Mesozoic continental collision between
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the North China-Tarim plate and the Gondwana-derived tectonic blocks
(Chen and Santosh, 2014; Zhou et al., 2014a,b, 2015, 2016; Li and
Pirajno, 2017; Yang and Wang, 2017) (Fig. 1A).

The West Kunlun Orogen is bounded by the Aoyitage−Kegang Fault
to the north and the Longmucuo-Shuanghu/Karakorum Fault to the
south (Fig. 1B). It contains three tectonic units, namely (from north to

Fig. 1. (A) Tectonic subdivisions of China, showing the location of the West Kunlun Orogen; (B) tectonic subdivision of the West Kunlun Orogen, showing the location of the Taxkorgan Fe
belt; (C) simplified geologic map of the Taxkorgan Fe belt. Modified after Ji et al. (2011) and Yan et al. (2012b).
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south) the Northern Kunlun Terrane (NKT), the Southern Kunlun Ter-
rane (SKT), and the Taxkorgan−Tianshuihai Terrane (TTT), with the
Kudi and Kangxiwa faults defining their boundaries, respectively
(Fig. 1B; Xiao et al., 2005; Yang et al., 2010).

The Taxkorgan terrane is located in the southernmost West Kunlun
Orogen (Fig. 1B), bounded by the Kangxiwa Fault to the north and the
Taaxi Fault (one fault of the Karakorum fault belt) to the south
(Fig. 1C). Lithologies in the Taxkorgan terrrane are the pre-Devonian
Bulunkuole Complex and Lower Cretaceous Xialafudi Group. The Bu-
lunkuole Complex is metamorphosed to greenschist/amphibolite facies,
and comprises biotite-plagioclase gneiss, plagioclase-amphibole gneiss-
schist, biotite-quartz schist, sillimanite-garnet schist, magnetite quart-
zite, meta-siltstone and marble. Zircon U–Pb ages of these rocks range
widely from ca. 500 to 2700 Ma (e.g., Sun et al., 2003; Zhang et al.,
2007; Ji et al., 2011; Yan et al., 2012a,b; Qian et al., 2014). The Xia-
lafudi Group unconformably overlies the Bulunkuole Complex, and
consists of micritic limestone, conglomerate, sandstone, siltstone and
shale deposited in a lacustrine environment. To the south and north, the
Bulunkuole Complex and Xialafudi Group are separated from the Me-
sozoic granites and the Early Silurian Wenquangou Group by the Taaxi
Fault, and from the Late Carboniferous clastic sediments by the Kang-
xiwa Fault, respectively (Fig. 1C). The Wenquangou Group comprises
pelitic siltstone, mudstone, quartz sandstone, and minor conglomerate
and carbonate intercalations. The Late Carboniferous unit comprises
(silty)-mudstone, (micritic)-limestone and chert. The Taxkorgan terrane
was intruded by the Proterozoic granodiorite and adamellite, followed
by Mesozoic quartz diorite, adamellite and plagioclase granite, and
Cenozoic syenogranite and syenite (Fig. 1C).

There are more than ten iron deposits in the Taxkorgan terrane,
with the majority being hosted in the Bulunkuole Complex (Fig. 1C).
Yan et al. (2012a,b) and Yang (2013) reported LA-ICP-MS zircon U–Pb
ages of 526 ± 5.0 Ma and ca. 500 Ma for the Laobing and Ziluoyi
deposits, respectively. Lin (2015) and Dong et al. (2016) reported LA-
ICP-MS zircon U–Pb ages of 527.4 ± 9.0 Ma to 536.8 ± 3.4 Ma for
the volcanic rocks that host the Zankan Fe ores. Therefore, the Fe mi-
neralization in the Taxkorgan terrane mainly occurred in the Cambrian,
coeval with the development of an Andean-type magmatic arc

(540–435 Ma) in the West Kunlun Orogen (Xu et al., 1994; Pan and
Bian, 1996; Mattern and Schneider, 2000; Xiao et al., 2005; Liao et al.,
2010; Jia et al., 2013; Liu et al., 2014; Cao et al., 2016).

Fig. 2. Simplified geologic map of the Zankan Fe deposit.

Fig. 3. Geological section of No. 111 prospecting line at the Zankan Fe deposit.
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3. Deposit geology

The Zankan iron deposit is located in the northern part of the
Taxkorgan terrane (Fig. 1C), with a proven reserve of 146 Mt (million
tonnes) Fe (grade: 28.3–58.8%) and an inferred resource of 180 Mt Fe
(Dong et al., 2011; Feng et al., 2011). Major lithostratigraphic units at
Zankan are the Bulunkuole Complex and Wenquangou Group (Fig. 2).
The orebodies are hosted in the Bulunkuole Complex, and spatially
associated with the metamorphosed continental arc dacite and andesite
(Lin, 2015; Dong et al., 2016). Two volcanic rock samples from the
hanging wall and the contact of the orebody and footwall rocks yielded
LA-ICP-MS zircon U–Pb ages of 536.4 ± 4.0 Ma and 536.8 ± 3.4 Ma,
respectively (Dong et al., 2016). Lin (2015) reported zircon U–Pb ages
of 533 ± 10 Ma and 527.4 ± 9.0 Ma for the sub-volcanic rocks that
intruded the footwall of the Fe orebodies. Phanerozoic diorite, granite
porphyry and plagiogranite occur in the mining area (Fig. 2).

There are five orebodies at Zankan. The No. 1 orebody is the largest
and accounts for 72.01% of the total reserve. It is 2493 m long,
10.40–21.12 m thick, and trends 30–40° (NE-dipping at 27–70°). The
No. 3 orebody is the second largest, > 1000 m long, 8.8–14.0 m thick
and trends 19–41° (NE-dipping at 6−57°). The other three orebodies
are generally> 400 m long and about 10 m thick. The Zankan Fe or-
ebodies appear are stratiform or stratabound (Figs. 2, 3, 4A).

The ores have similar ore-mineral association of magnetite, pyrite,
chalcopyrite and pyrrhotite, but are classified by local geologists into
three types (massive (Fig. 4B−D), banded (Fig. 4E) and disseminated

(Fig. 4F)) according to their different proportions of these minerals and
occurrence of magnetite. Gangue minerals include quartz, anhydrite,
plagioclase, hornblende, biotite, muscovite and calcite, and minor
sphene and apatite (Zhou et al., 2017). Magnetite is euhedral to an-
hedral (0.06–0.5 mm long) (Fig. 5) and is locally replaced by pyrite and
pyrrhotite (Fig. 5B and C). Pyrite occurs as laminations and dis-
seminations (Fig. 4C, D and F) and coexists with magnetite and anhy-
drite (Fig. 4B and E). The pyrite is subhedral to anhedral, and is gen-
erally 0.06 to 0.9 mm long (Fig. 5C−E). Chalcopyrite is anhedral and
replaced pyrite and pyrrhotite (Fig. 5B and C). Pyrrhotite is subhedral
to anhedral and locally coexists with pyrite and magnetite (Fig. 5D).

4. Analytical methods

4.1. Major and trace element analysis

Major elements analysis was conducted at the ALS Chemex
(Guangzhou) Co. Ltd. For the major elements, SiO2, TiO2, Al2O3,
Fe2O3

T, MgO, MnO, CaO, Na2O, K2O and P2O5 were determined using a
PANalytical Axios X-ray Fluorescence spectrometer (XRF) on fused
glass beads, and the FeO was determined by wet chemical method. The
analytical uncertainty is below 5%. Trace elements (including rare
earth elements) were determined using inductively coupled plasma
mass spectrometer (ICP-MS) at the Guiyang Institute of Geochemistry,
Chinese Academy of Sciences (GIGCAS), with an analytical precision
better than 10% RSD. The Standards OU-6, AMH-1 and GBPG-1 were

Fig. 4. Photos of ores from the Zankan Fe deposit. (A)
Stratiform orebodies in the Bulunkuole Complex; (B)
Massive ores containing magnetite, pyrite and anhydrite;
(C), (D) Massive ores containing magnetite and laminated
pyrite; (E) Banded ores containing magnetite, quartz and
anhydrite; (F) Disseminated ores containing magnetite and
pyrite. Abbreviations: Mag, magnetite; Py, pyrite; Qz,
quartz; Anh, anhydrite.

Z.-J. Zhou et al. Ore Geology Reviews 100 (2018) 334–346

337



used as reference materials. The procedure for the trace element ana-
lysis was as described by Qi and Gregoire (2000)

4.2. Sulfur isotopes

Sulfur isotopes for sulfides were analyzed by EA-IRMS (Elemental
Analysis-Isotope Ratio Mass Spectrometry), using a EuroVector EA3000
element analyzer and a GV IsoPrime spectrometer at the GIGCAS.
Mineral separates were handpicked from the crushed and washed
sample fragments under a binocular microscope to achieve> 99%
purity. The powdered sulfide separates were packed in tinfoil, and
converted to SO2 for isotope analysis by burning in the reactor under a
constant temperature of about 1000 °C using a stream of purified
oxygen. The sulfur dioxide was then carried by helium into the mass
spectrometer. Sulfur isotopic data are reported in per mil (‰) relative
to the Canyon Diablo Troilite standard (CDT) and calibrated by inter-
national standard samples GBW-4414 (Ag2S, δ34S =−0.07‰) and
GBW-4415 (δ34S = 22.15‰). Analytical precision is better than±
0.2‰.

Sulfur isotopes for whole-rock samples were analyzed by a MAT 253
mass spectrometer in the Analytical Laboratory of Beijing Research
Institute of Uranium Geology. Barium sulfate was extracted from the
samples (200 mesh) by using sodium carbonate-zinc oxide half melting
method. Subsequently, a composite sample of barium sulfate, vanadium
pentoxide and quartz sand (with a weight ratio of 1:3.5:3.5) was put
into a vacuum system and heated to 980 °C to obtain SO2. The SO2 was
analyzed on a mass spectrometer. Sulfur isotope data were reported in

per mil (‰) relative to the Canyon Diablo Troilite standard (CDT).
Analytical precision is better than±0.2‰.

5. Results

5.1. Major elements of the Fe ores

Major element compositions of the Zankan Fe ore samples are listed
in Table 1. The ore samples contain variable contents of hornblende,
biotite, muscovite, calcite and anhydrite as shown by their LOI values
up to 9.46 wt%. Their major oxide contents were recalculated to 100%
as volatile-free. The ore samples are characterized by high Fe2O3

T

(35.6–93.9 wt%, average 64.6 wt%) and relatively low SiO2

(1.85–47.8 wt%, average 20.0 wt%), with minor but variable Al2O3

(0.16–5.26 wt%), MgO (0.43–7.60 wt%), CaO (0.45–16.9 wt%) and
P2O5 (0.04–2.34 wt%). Contents of K2O (< 0.01–2.46 wt%), Na2O
(< 0.01–1.36 wt%), TiO2 (0.04–0.41 wt%), and MnO (0.09–1.76 wt%)
are all very low. Except for four samples, most of the Zankan Fe ore
samples have Fe3+/(Fe3++Fe2+) ratios of 0.60 to 0.73, resembling the
magnetite theoretical value (0.67), indicating that magnetite is the
main ore mineral. Thus, the Zankan Fe ores contain mainly magnetite
and quartz, with a strongly negative Fe2O3

T vs. SiO2 correlation
(Fig. 6A). Compared to the Canadian Algoma-type (average:
SiO2 = 48.9 wt%; Fe2O3

T = 39.7 wt%) and Lake Superior-type
(average: SiO2 = 47.1 wt%; Fe2O3

T = 40.3 wt%) BIFs (Gross and
McLeod, 1980), the Zankan Fe ores have lower SiO2 and higher Fe2O3

T

contents.

Fig. 5. Reflected-light (A–E) and cross-polarized light (F)
photomicrographs of the ore minerals at Zankan. (A)
Subhedral to euhedral magnetite grains; (B) Anhedral
magnetite replaced by pyrrhotite, followed by chalcopyrite;
(C) Anhedral magnetite replaced by pyrite, followed by
chalcopyrite; (D) Anhedral magnetite coexists with sub-
hedral pyrite and pyrrhotite; (E) Anhedral magnetite coex-
ists with subhedral pyrite; (F) Anhedral magnetite coexists
with anhydrite. Abbreviations: Mag, magnetite; Py, pyrite;
Cpy, chalcopyrite; Po, pyrrhotite; Qz, quartz; Ms, musco-
vite; Bi, biotite; Anh, anhydrite.
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5.2. Trace and rare earth elements

Trace and rare earth element (REE) concentrations of the Zankan
ore samples are presented in Table 1. Yttrium shows similar chemical
behavior to REEs, and is therefore inserted between Dy and Ho based on
its ionic radius (Bau et al., 1996). The REY (REE + Y) of the ore sam-
ples are normalized to the post-Archean Australian shale (PAAS,
McLennan, 1989). Lanthanum and Y anomalies are defined as: La/

La∗PAAS = LaPAAS/(3PrPAAS − 2NdPAAS), and Y anomalies assessed
using the Y/Ho ratio (higher or lower than 26), respectively (Bolhar
et al., 2004). Europium and Ce anomalies are defined as Eu/
Eu∗PAAS = EuPAAS/(0.67SmPAAS + 0.33TbPAAS), and Ce/Ce∗ PASS = Ce
PASS/(0.5La PASS + 0.5Pr PASS), respectively (Bau and Dulski, 1996).
The LREE/HREE and MREE/HREE fractionations are expressed as (Nd/
Yb)PASS and (Sm/Yb)PASS, respectively, owing to the La and Ce
anomalies in seawater.

Table 1
Contents of major, trace and rare earth elements of the Zankan Fe ores.

Sample no. A1-20 PM6-2 PM6-1 A 3-1 10-371 10-531 PM6-4 10-359 10-526 A1-02 PM8-1 PM10-1 10-306 10-382

description B M M M D D M M M B M M M D
(%)
SiO2 21.2 34.8 1.67 2.61 39.5 10.6 24.23 21.2 2.10 13.7 24.5 10.9 41.6 46.3
Al2O3 3.25 5.23 0.38 0.29 2.71 0.16 3.52 1.22 0.15 0.46 1.71 0.56 4.58 4.95
Fe2O3

T 40.9 46.1 72.0 93.7 49.2 85.3 48.3 61.8 80.5 56.0 68.4 77.8 30.0 34.5
MgO 4.69 2.51 5.59 0.96 4.17 0.43 7.21 6.64 2.96 4.39 3.43 2.70 3.94 3.94
CaO 14.8 6.87 10.45 1.56 0.45 2.34 9.54 8.60 6.42 15.1 1.26 6.41 11.0 3.30
Na2O 0.30 0.85 < 0.01 0.03 0.14 0.13 0.16 0.09 < 0.01 < 0.01 0.22 0.08 1.04 1.32
K2O 0.51 2.45 0.04 0.01 0.82 <0.01 0.72 0.52 < 0.01 0.05 0.57 0.01 1.85 1.54
MnO 0.79 0.42 0.28 0.09 1.74 0.20 0.84 1.01 0.67 0.72 0.27 0.19 0.94 0.61
P2O5 0.78 0.06 0.04 0.24 0.11 1.18 0.15 0.18 0.72 2.18 0.11 1.94 0.14 0.22
TiO2 0.36 0.22 0.04 0.33 0.11 0.12 0.19 0.06 0.26 0.37 0.09 0.35 0.16 0.22
LOI 8.95 −0.28 9.46 −1.80 1.72 −0.34 5.12 −2.22 −0.28 4.31 −0.83 −0.94 4.29 2.34
Total 96.53 99.23 99.95 98.02 100.67 100.12 99.98 99.10 93.50 97.28 99.73 100 99.54 99.24
(ppm)
V 1016 95.0 3730 6270 71.0 2630 103 455 5390 1377 57.0 4660 96.0 84.0
Co 25.4 83.0 204 31.0 137 115 138 49.0 51.0 27.9 123 100 98.0 175
Ni 26.8 < 1 62.0 14.0 10.0 119 16.0 <1 201 27.4 < 1 46.0 20.0 12.0
Cu 5.99 7.00 147 <1 331 62.0 1010 5.00 12.0 3.07 61.0 181 482 196
Zn 21.2 36.0 57.0 15.0 14.0 35.0 14.0 29.0 26.0 33.7 31.0 23.0 36.0 18.0
As 13.0 < 5 24.0 5.00 < 5 <5 15.0 <5 6.00 12.9 6.00 18.0 7.00 < 5
Mo 1.34 16.0 2.00 <1 12.0 <1 50.0 3.00 < 1 0.69 172 <1 9.00 < 1
Pb 2.80 16.0 24.0 6.00 5.00 10.0 9.00 8.00 9.00 0.53 10.0 15.0 15.0 2.00
Cr 50.6 30.0 10.0 <10 10.0 <10 20.0 <10 <10 63.2 20.0 < 10 20.0 30.0
Ga 28.7 3.30 28.4 49.6 6.90 41.9 6.50 13.5 43.1 32.9 6.40 27.1 11.5 9.60
Rb 16.0 60.6 0.90 0.50 26.3 0.80 19.1 42.5 2.10 1.88 47.3 0.70 49.6 54.5
Sr 48.2 98.1 45.1 5.70 4.40 112 67.5 22.2 102 33.5 54.0 14.7 149 79.4
Y 80.3 15.1 97.1 14.8 15.0 129 21.0 46.7 97.9 166 7.70 37.6 30.7 16.6
Zr 25.7 83.0 4.00 6.00 31.0 3.00 45.0 16.0 3.00 6.53 34.0 3.00 71.0 71.0
Nb 2.53 5.30 0.40 1.60 2.10 4.20 2.80 4.00 0.80 1.05 2.80 0.50 3.10 5.00
Cs 1.20 2.79 0.20 0.15 0.64 0.05 1.04 3.77 0.39 0.29 3.01 0.24 1.25 2.19
Ba 97.1 1770 5.50 2.50 423 27.2 252 275 189 6.57 1885 12.5 1815 2240
La 30.7 41.5 46.7 6.80 15.3 108 234 334 238 158 219 125 554 89.9
Ce 72.1 55.8 113 15.7 21.7 250 350 576 526 148 292 277 736 127
Pr 9.50 3.99 11.8 1.63 1.74 26.9 26.1 50.1 57.4 48.8 20.0 26.6 53.7 10.1
Nd 40.5 11.2 48.0 6.70 5.80 103 70.4 150 217 198 48.9 94.8 141 28.7
Sm 10.1 1.61 11.0 1.62 1.36 20.0 9.86 19.2 39.3 38.6 5.14 14.4 17.4 3.45
Eu 1.38 1.06 2.10 0.15 0.54 1.39 4.39 4.60 2.41 3.39 3.50 1.67 6.89 1.15
Gd 8.86 1.61 13.2 2.25 2.33 19.4 5.48 13.4 27.8 25.9 2.97 9.96 11.6 2.82
Tb 2.08 0.31 2.22 0.35 0.45 3.14 0.70 1.68 3.47 5.23 0.36 1.18 1.35 0.43
Dy 14.3 2.42 14.2 2.33 2.83 19.9 4.33 8.79 19.1 30.8 1.92 6.44 6.49 2.89
Ho 3.37 0.56 3.35 0.50 0.53 4.58 0.79 1.75 3.65 6.89 0.31 1.26 1.16 0.57
Er 9.32 1.98 10.3 1.37 1.39 13.7 2.25 4.72 9.97 18.5 0.90 3.54 3.07 1.76
Tm 1.30 0.36 1.74 0.28 0.22 2.26 0.40 0.71 1.61 2.45 0.17 0.58 0.49 0.32
Yb 8.44 2.01 10.7 1.17 1.20 13.8 1.90 4.25 9.24 15.7 0.91 3.37 3.14 1.76
Lu 1.34 0.25 1.80 0.22 0.14 2.51 0.28 0.69 1.42 2.33 0.13 0.59 0.49 0.26
Hf 1.04 2.00 < 0.2 0.20 0.80 <0.2 1.10 0.40 < 0.2 0.82 0.90 < 0.2 1.80 1.80
Ta 0.19 0.50 0.20 0.30 0.20 0.20 0.40 0.20 0.10 0.21 0.30 0.10 0.30 0.40
W 127 510 107 150 499 435 392 324 145 60.8 460 354 302 988
Th 4.19 2.19 3.29 3.66 1.49 3.23 2.55 2.55 2.70 17.3 1.62 2.95 4.37 4.06
U 1.70 3.58 9.44 1.60 10.2 2.57 15.9 28.1 1.92 1.85 20.1 3.42 28.3 2.80
REY 294 140 387 55.9 70.5 717 732 1216 1254 868 604 604 1567 287
La/Ce 0.43 0.74 0.41 0.43 0.71 0.43 0.67 0.58 0.45 1.07 0.75 0.45 0.75 0.71
Y/Ho 23.8 27.0 29.0 29.6 28.3 28.2 26.6 26.7 26.8 24.1 24.8 29.8 26.5 29.1
(Nd/Yb)PASS 0.40 0.46 0.37 0.48 0.40 0.62 3.08 2.94 1.95 1.05 4.47 2.34 3.74 1.36
(Sm/Yb)PASS 0.61 0.41 0.52 0.70 0.58 0.73 2.64 2.29 2.16 1.25 2.87 2.17 2.82 1.00
(La/La*)PASS 0.96 1.56 1.05 1.12 1.61 0.92 1.30 1.07 0.93 0.85 1.47 0.95 1.46 1.37
(Eu/Eu*)PASS 0.61 3.01 0.85 0.40 1.40 0.34 2.73 1.41 0.36 0.46 4.19 0.69 2.38 1.78
(Ce/Ce*)PASS 0.96 0.91 1.11 1.09 0.91 1.07 0.97 1.00 1.04 0.39 0.92 1.11 0.90 0.91
FeO 14.8 17.5 26.5 40.7 24.6 15.0 20.0 21.1 28.0 12.2 22.6
XFe3+ 0.64 0.73 0.69 0.27 0.66 0.66 0.26 0.66 0.60 0.84 0.49

B = banded, D = dissemination, M =massive. Fe2O3
T, total Fe expressed as Fe2O3; LOI, Loss on ignition, stands for the pre-ignition weight minus post-ignition weight, and negative LOI

values result from oxidation of low valence elements and gain of oxygen during ignition; XFe3+, Fe3+/(Fe2+ + Fe3+).
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The analyzed samples can be divided into three groups according to
their REY geochemistry (Fig. 7). Group 1 (samples A1-20, PM6-2, A3-1,
PM6-1, 10-371 and 10-531) (Table 1; Fig. 7) shows relatively low ΣREY
(56–717 ppm), and LREE/HREE (Nd/YbPAAS = 0.37–0.62) and MREE/
HREE ratios (Sm/YbPAAS = 0.41–0.73). Group 2 (samples PM6-4, 10-
359, 10-526, A1-02, PM8-1, PM10-1 and 10-306) is characterized by
relatively higher ΣREY (604–1567 ppm), LREE and MREE enrichment
(Nd/YbPAAS = 1.05–4.47, Sm/YbPAAS = 1.25–2.87). Group 3 (sample
10-382) shows LREE enrichment (Nd/YbPAAS = 1.36) but lacks MREE
enrichment (Sm/YbPAAS=1). Most samples of these three groups show
positive La (La/La∗PAAS = 0.85–1.61, average 1.19) and Y (Y/
Ho = 24–30, average 27) anomalies. Eight (out of 14) samples exhibit
negative Ce anomalies (Ce/Ce∗PAAS = 0.39–0.97), whereas the other
six show no or weak positive Ce anomalies (Ce/Ce∗PAAS = 1.0–1.11).
Half of the samples exhibit negative Eu anomalies (Eu/
Eu∗PAAS = 0.34–0.85), whereas the other half show positive Eu

anomalies (Eu/Eu∗PAAS = 1.4–4.19) (Fig. 8).

5.3. Sulfur isotope compositions

Sulfur isotopes of the Zankan ores and host rocks are listed in
Table 2, and isotope variation of the drill core ZK11110 is shown in
Fig. 9. Pyrite grains selected from different magnetite ores (dis-
seminated and laminated) (Fig. 4C, D, F), indicating that pyrite and
magnetite were formed simultaneously. The δ34S values of pyrite grains
from the ores range from 3.2−32.8‰, with an average of 23.0‰
(Table 2 and Fig. 10A). The pyrite, pyrrhotite and host rocks from the
Bulunkuole Complex have δ34S values of 19.1–31.7‰, 28.7–32.0‰,
and 2.6–30.2‰, with averages of 23.6‰, 30.4‰, and 16.1‰, re-
spectively (Table 2; Fig. 10B). The δ34S values of Zankan ores are si-
milar to those of the Bulunkuole Complex, probably reflecting a syn-
depositional metallogenesis and/or a sulfur contribution from the
latter. The δ34S values for the drill core ZK11110 (from top to bottom)
vary in the range of 2.6‰ to 32.0‰ (Fig. 9).

6. Discussion

6.1. Ore deposit type

The Zankan orebodies are hosted in metamorphosed volcanic-sedi-
mentary rocks (Fig. 2) and display sedimentary features. The orebodies
are stratiform or form lenses (Fig. 2), and the ores are laminated,
banded or massive (Fig. 4C–E). Major minerals are Fe-oxides (magne-
tite), sulfides (pyrite, chalcopyrite and pyrrhotite), and sulfates (barite,
anhydrite and gypsum), together with varying contents of quartz
(Fig. 4B–E and 5). Microscope observations show that anhydrite and
barite coexist with magnetite (Fig. 5F), implying their co-precipitation

Fig. 6. Binary diagrams for the Zankan Fe ores.

Fig. 7. PASS-normalized REY pattern of the Zankan Fe ores (PASS value from McLennan
(1989)).
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in the same hydrothermal system. Nijman et al. (1998) suggested that
most sulfates, such as anhydrite and barite, precipitated originally from
hydrothermal emanations analogous to white smokers, and thus we
consider that the oxide-sulfide-sulfate assemblages of the Zankan de-
posit were precipitated from seafloor hydrothermal systems.

The δ18O values of the Zankan magnetite fall inside a narrow range
of 3.9–7.8‰ (Yan et al., 2012a), and overlap with those of primary
sedimentary magnetite (1.3–6.8‰; Li and Yang, 1983), indicating a
sedimentary origin of the Zankan magnetite. The δ18O values are also
comparable to those of the Fe deposits in the West Kunlun Orogen, such
as Zuokeben (3.3–4.6‰; Chen, 2013) and Laobing (3.3–7.2‰; Yan

et al., 2012b), in which the ores were interpreted to have deposited by
submarine volcanic-sedimentary processes. The magnetite trace ele-
ment data from Zankan indicate that the magnetite grains have high
contents of Ti, Al, and V (Zhou et al., 2017), which is generally con-
sidered to be indicative of relatively reduced seafloor hydrothermal
systems (Carew, 2004). The Fe isotope fractionation between pyrite and
magnetite (△δ57Fepy-mag) ranges 0.2–1.1‰, implying a high-tempera-
ture precipitation environment (≥236 °C) (Zhou et al., 2017). These
features suggest that the Zankan Fe deposit was likely formed in a
seafloor hydrothermal system (Zhou et al., 2017).

6.2. Source of the ore-forming fluids

Four of the Zankan ore samples (PM6-2, PM6-1, A3-1 and 10-371)
show LREE and MREE depletions (relative to HREE), and positive La
and Y anomalies (Table 1), which resemble typical modern seawater
(Bolhar et al., 2004). Half of the ore samples show positive Eu
anomalies (Eu/Eu∗ = 1.14–4.19; Fig. 8), which could not have been
inherited from seawater because of their absence in seawater (e.g.,
Zhang and Nozaki, 1996; Alibo and Nozaki, 1999; Freslon et al., 2011)
or in hydrogenetic marine sediments (e.g., Bau et al., 1996; Surya
Prakash et al., 2012). In modern marine environments, pronounced
positive Eu anomalies are only observed in high-temperature
(> 250 °C) hydrothermal systems at mid-ocean ridges and back-arc
spreading centers, where alteration of seafloor basalts and other mafic
rocks contributes REY, Fe2+ and Mn2+ to the hydrothermal systems
(Bau and Dulski, 1996, 1999). The Fe isotope fractionation between

Fig. 8. Plot of Eu/Eu*PAAS vs. Ce/Ce*PAAS for the Zankan Fe
ores.

Table 2
34S (‰) values of the Fe ores and host rocks at Zankan deposit.

No. Sample geology Sample no. Mineral/rock δ34S

Ore
1 Massive magnetite ore 10-293 Pyrite 20.4
2 Massive magnetite ore 10-306 Pyrite 25.8
3 Disseminated magnetite 10-327 Pyrite 27.1
4 Massive magnetite ore 10-359 Pyrite 23.9
5 Disseminated magnetite 10-382 Pyrite 29.9
6 Massive magnetite ore 10-526 Pyrite 19.6
7 Disseminated magnetite 10-531 Pyrite 19.6
8 Massive magnetite ore PM11-2 Pyrite 21.2
9 Massive magnetite ore PM6-2 Pyrite 29.5
10 Massive magnetite ore PM6-3 Pyrite 32.8
11 Massive magnetite ore PM6-4 Pyrite 32.7
12 Massive magnetite ore PM3-1 Pyrite 20.5
13 Massive magnetite ore PM10-1 Pyrite 19.9
14 Massive magnetite ore PM10-2 Pyrite 17.5

Average N= 14 24.3
15 Massive magnetite ore PM11-4 Pyrite 3.2

Bulunkuole Complex
16 Biotite-quartz schist 10-397 Pyrrhotite 28.7
17 Amphibole-quartz schist 10-437 Pyrite 31.7
18 Amphibole-quartz schist 10-437 Pyrrhotite 32.0
19 Biotite-quartz schist 10-483 Pyrite 20.1
20 Amphibole-quartz schist 10-542 Whole rock 20.3
21 Biotite-quartz schist PM4-1 Pyrite 19.1
22 Metamorphosed and altered dacite 10-612 Whole rock 18.3
23 Metamorphosed and strongly-altered

dacite
A0-13 Whole rock 28.3

24 Metamorphosed and altered dacite A0-5 Whole rock 15.4
25 Metamorphosed and strongly-altered

dacite
A0-1 Whole rock 30.2

Average N= 10 24.4
26 Amphibole-quartz schist 10-257 Whole rock 2.6
27 Metamorphosed dacite A0-11 Whole rock 6.8
28 Metamorphosed dacite A0-17 Whole rock 6.9

Average N= 3 5.4
Fig. 9. δ34S values and trace element variation of the drill core ZK11110.
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pyrite and magnetite suggests that the Zankan deposit may have formed
under high temperature (≥236 °C) (Zhou et al., 2017), which further
implies the presence of high-temperature hydrothermal fluids in the
Zankan Fe metallogenesis. In addition, the observed LREE/HREE en-
richment in seven Zankan ore samples (Nd/YbPAAS = 1.05–4.47;
Table 1) is also indicative of a hydrothermal source for the metals
(Hongo and Nozaki, 2001). The remaining seven samples that display
negative Eu anomalies (Eu/Eu∗PAAS = 0.34–0.85, Fig. 8) possibly imply
continental crust contamination and/or sediment contribution via
subduction-related dehydration (Oksuz, 2011).

Our study shows that the Fe at Zankan was mainly derived from
hydrothermal fluids and seawater (hydrogenous). This trend is ob-
served for the major oxides and trace elements of the studied ores. The
presence of both hydrothermal and hydrogenous metallogenic inputs of
the Zankan deposit is supported by the Al2O3 vs. SiO2 (Fig. 11A;

Wonder et al., 1988) and (As + Cu +Mo + Pb + V + Zn) vs. (Co
+ Ni) (Fig. 11B; Nicholson, 1992) discrimination diagrams. According
to Nath et al. (1997), hydrothermal crusts have a much higher La/Ce
ratio (∼2.8) than those of hydrogenous Fe-Mn crusts (∼0.25), and the
La/Ce ratios of the Zankan deposit (0.41 to 1.07; average 0.61) lie
between these two end-members (Table 1). Eight (out of 14) ore sam-
ples exhibit negative Ce anomalies (Ce/Ce∗PAAS = 0.39–0.97; Fig. 8)
and suggest a hydrothermal contribution, whereas the rest with no or
weak positive Ce anomalies (Ce/Ce∗PAAS = 1.0–1.11) suggest a hy-
drogenous contribution (Oksuz, 2011; Zarasvandi et al., 2013).

The wide δ34S range of the Zankan ores (3.2‰ to 32.8‰) (Table 2;
Fig. 10A) suggests that multiple sulfur sources may have existed. It is
generally accepted that near-zero δ34S values commonly indicate a
magmatic source, and highly positive δ34S values show sedimentary
sulfate contributions (Hoefs, 1997). The δ34S values at Zankan are
comparable to the nearby Laobing Fe deposit (5.2 to 19.7‰), which
was interpreted to have been related to a volcanogenic sedimentary
system (Yan et al., 2012a,b). Thus, the low δ34S (3.2‰) for Zankan
pyrite may have been volcanic-related, whereas the high δ34S ones
(17.5–32.8‰) were close to the anhydrite (29–37.1‰) co-precipitated
with the Laobing magnetite (Yan et al., 2012a). Furthermore, the high
δ34S values of some Zankan pyrite are comparable to those of the Si-
nian-Cambrian seawater sulfate (27–32‰; Fig. 10C), but different from
those of other geological periods, such as Precambrian (16–18‰),
Devonian (∼25‰) and modern seawater (∼20‰) (Holser, 1977). This
indicates that at least part of the sulfur at Zankan was likely sourced
from marine sulfates, such as the anhydrite at Zankan (Figs. 2, 4B, E
and 5F). From the top to the bottom of the drill core ZK11110, the δ34S
values start at 2.6‰ (257 m deep), increase to 20.4–27.1‰
(293–327 m deep), decrease to 23.9‰ (359 m deep), then increase
again to 28.7–32.0‰ (382–437 m deep), and eventually decrease to
18.3–20.3‰ (483–612 m deep) (Fig. 9). This probably reflects the in-
teractions between the hydrothermal fluids and seawater at different
mixing ratios.

6.3. Detrital and fluvial input

In the Al2O3 vs. SiO2 discrimination diagram (Fig. 11A), the Zankan
ore samples plot across the hydrothermal and hydrogenous fields. This,
together with the positive Al2O3 vs. SiO2 correlation, suggests that the
precipitation of the Zankan Fe ores was most likely mixed with varying

Fig. 10. Histograms of δ34S values of the Fe ores (A) and
host rocks (B) from the Zankan deposit; and plot of the
Zankan deposit (C) on temporal δ34S variation (Holser,
1977).

Fig. 11. Plots of Al2O3 vs. SiO2 (A; Wonder et al., 1988) and (As + Cu+Mo + Pb+V
+ Zn) vs. (Ni + Co) (B; Nicholson, 1992) for the Zankan Fe ores.
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amount of detritus in a seawater environment (Wonder et al., 1988;
González et al., 2009). Aluminum and Ti are considered to be generally
immobile during hydrothermal, diagenetic and weathering processes,
and the Al2O3 and TiO2 contents can evaluate the terrigenous clastic
input, which can increase the Al2O3 + TiO2 values to up to 2% (Kato

et al., 1996). The wide range of Al2O3+TiO2 values (0.28–5.48) and
HFSE contents (e.g., Zr (3.0–83 ppm), Th (1.49–17.3 ppm) and Hf
(< 0.2–2 ppm)) of all the Zankan Fe ore samples indicate various de-
gree of terrigenous clastic input. Ewers and Morris (1981) attributed
the TiO2 vs. Zr correlation to the admixture of a clastic contaminant. At

Fig. 12. Histogram of Sm/YbPAAS values of the Zankan Fe
ores. Data sources of seawater: (Elderfield and Greaves,
1982; Klinkhammer et al., 1983; Elderfield and Sholkovitz,
1987; De Baar, 1988; Sholkovitz and Elderfield, 1988;
German and Elderfield, 1989, 1990; Tanaka et al., 1990;
German et al., 1991; Greaves et al., 1991, 1999; Sholkovitz
and Schneider, 1991; Schijf et al., 1991, 1995; Piepgras and
Jacobsen, 1992; Westerlund and Oehman, 1992; Sholkovitz,
1993; Mitra et al., 1994; Shimizu et al., 1994; Zhang and
Nozaki, 1996, 1998; Bau et al., 1997; Alibo and Nozaki,
1999; Nozaki et al., 1999; Tachikawa et al., 1999, 2004;
Alibo and Nozaki, 2000; Amakawa et al., 2000; Hongo and
Nozaki, 2001; Haley and Klinkhammer, 2003; Nozaki and
Alibo, 2003a,b; Akagi et al., 2004; Censi et al., 2004;
Kayasth and Swain, 2004; Lacan and Jeandel, 2004, 2005;
Hongo et al., 2006, 2007; Wang and Yamada, 2007; Tazoe
et al., 2007; Zhang et al., 2008; Hara et al., 2009; Bayon
et al., 2011; Kim and Kim, 2011; Stichel et al., 2012; van de
Flierdt et al., 2012; Grenier et al., 2013; Jeande et al., 2013;
Garcia-Solsona et al., 2014; Molina-Kescher et al., 2014;
Hathorne et al., 2015; Osborne et al., 2015). Data sources of
coastal sea, estuarine water and river: (Elderfield and
Sholkovitz, 1987; Elderfield et al., 1990; Bertram and
Elderfield, 1993; Sholkovitz, 1993; Wang and Liu, 2000;
Akagi et al., 2004; Kayasth and Swain, 2004; Wyndham
et al., 2004; Han and Liu, 2007; Kim and Kim, 2011).
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Zankan, Zr displays a weak correlation against TiO2 (Fig. 6B), which
indicate that crustal clastic input may have been insignificant. More-
over, terrestrial materials (e.g., felsic and basaltic crust), hydrothermal
fluids and chondrite have constant Y/Ho ratios of 26–28 (Bau and
Dulski, 1999; Webb and Kamber, 2000; Bolhar et al., 2004), and cause
co-variation between the Y/Ho ratio and identifying elements of ter-
restrial crust, (e.g., Al, Zr, Th and Hf). The Zankan ore samples have Y/
Ho ratios of 24–30, indicating that the Zankan deposit may have been
influenced by detrital contamination and/or hydrothermal fluids.
However, the poor correlations between Y/Ho and Zr, Th, Hf and Al2O3

contents (Fig. 6C−F) suggest that the Y/Ho ratios are less affected by
detrital contamination.

High-temperature (> 250 °C) hydrothermal systems have higher
Eu/Eu∗PAAS (> 1) and Sm/YbPAAS ratios than low-temperature
(< 250 °C) ones (Pichler et al., 1999; Wheat et al., 2002). The Sm/
YbPAAS values for the seven Zankan ore samples range from 1.25 to
2.87. Three of the seven samples (10–526, A1-02 and PM10-1) exhibit
no positive Eu anomalies (Eu/Eu∗PAAS = 0.36–0.69; Table 1), implying
that the high-temperature hydrothermal fluids had no notable con-
tribution to the Sm/Yb ratios of these three samples. River water gen-
erally shows a relatively high REE concentrations and MREE enrich-
ment (e.g., Osborne et al., 2015). The Sm/YbPAAS values for these three
Zankan samples range from 1.25–2.81, which are higher than those of
modern seawater (0.03–1.21) (Fig. 12), but overlap with the water in
coastal sea (0.32–2.13), estuarine (0.16–3.24), and river (0.44–3.72)
(Fig. 12). These three samples show high ΣREY (604–1254 ppm) and
MREE enrichment, implying that fluvial input may have also con-
tributed to the formation of Zankan deposit in the shallow sea.

7. Concluding remarks

(1) The Zankan iron deposit is hosted in the pre-Devonian Bulunkuole
volcanic-sedimentary succession. The orebodies are stratiform or
stratabound. The ores are laminated or banded, and show a unique
mineral assemblage of magnetite, pyrite and anhydrite.

(2) The major, trace and rare earth element geochemistry suggest that
both high-temperature hydrothermal fluid and seawater con-
tributed to the Zankan Fe mineralization, probably also with ter-
rigenous clastics and fluvial input.

(3) The Zankan Fe ores show a strikingly wide range of δ34S values (3.2
to 32.8‰), which suggest that the sulfur was derived from different
sources. The seawater sulfate was likely to be an important source,
and volcanogenic source may have also been present.

(4) The ore geology, geochemistry and sulfur isotopes indicate that the
Zankan deposit was probably formed in an Early Cambrian seafloor
hydrothermal system.
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