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The Gongchangling BIFs are located in the Anshan-Benxi area, northeastern part of the North China Craton, of
which the No. 2 mining area is the largest and most typical high-grade iron ore producing area in China. In this
study, the mineralogy, petrology and chemistry of iron ores (BIFs and high-grade iron ores) and their wall-
rocks (amphibolite and garnet-chlorite schist) from the Gongchangling No. 2 mining area were examined to con-
strain the genesis of high-grade iron ore.

The BIFs are composed essentially of magnetite and quartz, in addition to actinolite in a few samples; while the
high-grade iron ores are mainly composed of magnetite and the quartz is relatively rare. The low contents of
Al,03, TiO, and HFSE in the BIFs and high-grade iron ores indicate that they are marine chemical precipitates
with little input of terrigenous clastic sediments. The magnetite and quartz from BIFs and high-grade iron ores
exhibit the similar chemical composition. The REY patterns of BIFs and high-grade iron ores suggest their precip-
itation after mixing of hydrothermal component with seawater in certain proportions under relatively low oxy-
gen level, and the obvious positive Eu anomalies indicate that high-temperature hydrothermal fluids which
percolate and dissolve the submarine volcanic rock may supply the ore-forming material to the Gongchangling
iron deposit.

The amphibolite as interlayer of BIFs recorded the metamorphic temperature of 567 £ 25 °C, moreover, the gar-
net from wall-rock of high-grade iron ore exhibits the growth zoning produced during prograde metamorphism,
indicating that metamorphic hydrothermal fluids played an important role in the genesis of high-grade iron ore.
It was proposed that the Gongchangling iron deposit was formed in an arc-related tectonic setting at the late
Neoarchean, then it underwent lower amphibolite facies metamorphism, and the high-grade iron ore is the re-
formed product of BIFs by metamorphic hydrothermal fluids.
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The BIFs occurred in the Precambrian geologic record over a wide
time span. The age of BIFs ranges from 3.8 Ga to 1.8 Ga, reappearing at

1. Introduction

Banded iron formations (BIFs) are highly controversial Precambrian
chemical sedimentary rocks characterized by the commonly alternating
presence of iron-rich layers and silica-rich layers. They are defined as
follows: a chemical sediment, typically thin bedded or laminated, con-
taining 15% or more iron of sedimentary origin, commonly but not
necessarily containing layers of chert (James, 1954 ). Banding is best pre-
served in low-grade metamorphic occurrences, but even high-grade
metamorphosed BIFs retain relict banding (Bekker et al., 2010). The var-
ious scales of banding may exist, from macro- through meso- to micro-
bands defined by Trendall and Blockley (1970).
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the end of the Neoproterozoic era (ca. 0.8-0.6 Ga), and the peak in
BIFs abundance is ca. 2.5 Ga (Bekker et al., 2010; Huston and Logan,
2004; Klein, 2005). The cessation of BIFs deposition at 1.8 Ga results
from oxygenation of atmosphere and the development of sulfidic deep
ocean or the Sudbury Impact Event creating a suboxic redox state for
deep seawater, whereas after a hiatus of over a billion years, the reap-
pearance of Iron Formation in the Neoproterozoic has genetic relation-
ship with the Snowball Earth Event (Bekker et al., 2004; Cloud, 1973;
Huston and Logan, 2004; Slack and Cannon, 2009; Tang and Chen,
2013; Tang et al., 2008, 2009a,b, 2011, 2013a,b; Young, 2013; Zhao,
2010). James (1954) established four distinctive facies for BIFs on the
basis of dominant original iron minerals: oxide facies, silicate facies, car-
bonate facies and sulfide facies. The BIFs were divided into Algoma type
and Lake Superior type based on the characteristics of their depositional
environments and the types of associated rocks (Gross, 1980). The
Algoma type BIFs are relatively small in size and thickness, and are
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associated with volcanic and greywacke rock assemblages along volca-
nic arcs, rift zones, deep-seated fault and fracture system, whereas the
Lake Superior type BIFs were deposited with quartzite, dolomite and
black shale in relatively shallow marine environment under more stable
tectonic conditions, over passive margin continental-shelf environment
(Gonzalez et al., 2009; Gross, 1980). The deposition of BIFs has been
linked to significant compositional change in the Earth's atmosphere,
hydrosphere and the diversification of biosphere (Bekker et al., 2010;
Chen, 1996; Chen et al., 1991, 1994, 1996; Tang and Chen, 2013).
Therefore, research on BIFs plays a significant role in understanding
the evolution of atmosphere and biosphere, as well as coeval ocean
composition (Bekker et al., 2010; Cairnssmith, 1978; Chen and Zhu,
1984; Craddock and Dauphas, 2011; Farquhar and Wing, 2003;
Holland, 2002; Huston and Logan, 2004; Lascelles, 2007; Li et al.,
2010; Mojzsis et al., 1996; Posth et al., 2008; Tang and Chen, 2013;
Tang et al., 2013a,b; Walker, 1984; Young, 2013).

In China, BIFs are mainly distributed in the North China Craton
(NCC), including the western Liaoning, the eastern Hebei, the northern
Shanxi, the western Anhui, the southwestern Henan and the western
Shandong Provinces (Zhang et al., 2012a,b), among which the western
Liaoning Province is one of the most important iron ore provinces in
China (Xie et al., 2009). The Gongchangling iron deposit located in the
Anshan-Benxi area of Liaoning Province, is an oxide facies Algoma
type BIFs, and the Gongchangling No. 2 mining area is the largest and
most typical high-grade iron ore distribution area in China (Zhou,
1987, 1994, 1997). As for the genesis of high-grade iron ore, however,
there are still highly controversial interpretations, including: (1) the
high-grade iron ore was mainly formed during original deposition
stage (Chen et al.,, 1984); (2) it was formed during hydrothermal refor-
mation stage (Li et al., 2012; Liu and Jin, 2010; Wang et al., 2012). In this
process, the silicon of BIFs was carried away by the hydrothermal fluid,
while the iron of BIFs was reserved. However, there are two distinctively
different opinions concerning the nature of the hydrothermal fluid, one
is migmatitic hydrothermal fluid (Chen et al., 1985; Cheng, 1957;
Li et al., 1977; Zhao and Li, 1980; Zhao et al., 1979), and the other is
metamorphic hydrothermal fluid (Guan, 1961; Shi and Li, 1980; Zhou,
1994); (3) the graphite-bearing high-grade iron ore was formed from
siderite which was decomposed during metamorphism (Li, 1979,
1982; Li et al., 1983).

In this contribution, therefore, we carried out integrated ore deposit
geology, mineralogy and geochemical investigations on the BIFs, high-
grade iron ore and their hosting rocks from the Gongchangling No. 2
mining area, thereby provide insights into the origins of ore-forming
material and genesis of high-grade iron ore.

2. Region and deposit geology

The North China Craton, one of the oldest cratons in the world, is
bound to the north by the Central Asian Orogenic Belt (CAOB) and to
the south by the Qinling-Dabie-Sulu orogenic belt (Zhao and Zhai,
2013). Traditionally, the NCC was considered to be composed of uniform
Archean-Paleoproterozoic basement overlain by Paleo-Mesoproterozoic
unmetamorphosed cover (Zhao and Zhai, 2013; Zheng et al., 2013). As to
the tectonic division of the NCC basement, it is controversial, and there
are two representative views. According to Zhai and co-workers (Zhai,
2011; Zhai and Santosh, 2011; Zhai et al., 2000, 2005), the Archean
basement of the NCC was divisible into seven blocks: Jiaoliao (JL),
Qianhuai (QH), Ordos (OR), Jinning (JN), Xuchang (XCH), Xuhuai (XH)
and Alashan (ALS) blocks, and these micro-blocks were welded by ca.
2.7 Ga and 2.5 Ga late Archean greenstone belts (Fig. 1). Zhai and
Santosh (2011) proposed that the Precambrian crustal evolution of the
NCC related to three major geological events: (1) a major phase of
continental growth at ca. 2.7 Ga; (2) the amalgamation of micro-
blocks and cratonization at ca. 2.5 Ga; and (3) Paleoproterozoic
rifting-subduction-accretion-collision tectonics and subsequent high-
grade granulite facies metamorphism-granitoid magmatism during

ca. 2.0-1.82 Ga. However, Zhao et al. (2003, 2005) proposed that the
Precambrian basement of the NCC was divided into the Archean to
Paleoproterozoic Eastern and Western blocks and three Paleoproterozoic
orogenic belts, named the Jiao-Liao-]i Belt, Khondalite Belt and Trans-
North-China Orogen, of which the NS-trending Trans-North-China
Orogen divide the basement of the NCC into the Eastern and Western
blocks, whereas the Jiao-Liao-Ji Belt and the EW-trending Khondalite
Belt are located within the Eastern and Western blocks, respectively. It
was proposed that the Jiao-Liao-Ji Belt was a Paleoproterozoic rift-and-
collision belt, the Khondalite Belt resulted from amalgamation of the
Yinshan and Ordos blocks to form the Western Block at ca. 1.95 Ga,
and the Trans-North-China Orogen resulted from the collision of the
Eastern and Western blocks above an eastern subduction zone at ca.
1.85 Ga (Zhao and Zhai, 2013).

According to tectonic division of the NCC proposed by Zhai and
Santosh (2011), the Anshan-Benxi area is located in the northern part
of JL block containing the early Precambrian Anshan Group and Liaohe
Group (Fig. 1, Zhai and Windley, 1990). The Anshan Group is divisible
into the lower, middle and upper Anshan Group, and the BIFs in this
area mainly occur in the middle and upper Anshan Group (Zhou,
1994). The main rock types of the Anshan Group consist of amphibo-
lites, leptynites, schists, migmatites, BIFs and other rock types including
siliceous rocks and carbonates on the whole (Zhou, 1994). In this area,
an unconformity separates the underlying Archean Anshan Group
from the overlying Paleoproterozoic Liaohe Group, and both the Anshan
and Liaohe groups are overlain unconformably by undeformed sedi-
ments (Tang et al., 2008, 2009a,b, 2011, 2013a,b; Zhai and Windley,
1990; Zhai et al,, 1990a).

The Anshan basement is divisible into three parts: the Tiejiashan
gneiss, the Anshan gneiss and the Anshan supracrustal rocks (Zhai and
Windley, 1990). The Tiejiashan gneiss occurs at the Tiejiashan area, on
east of the Anshan City, with an area of over 25 km?, forming the base-
ment of the Anshan Group. The Anshan gneiss intrudes the Anshan
supracrustal rocks and their intercalated BIFs, resulting in the latter
being observed as variable-sized enclaves in the former (Zhai and
Windley, 1990; Zhai et al., 1990a). As Song et al. (1996) reported the zir-
con U-Pb age of 2962 + 4 Ma and 2964 + 6 Ma for the Tiejiashan gneiss
(the basement of the Anshan Group), and yielded zircon U-Pb age of
2474 + 13 Ma for the Qidashan granitic gneiss which intruded the
Anshan Group, it is indicated that the Anshan Group is the Neoarchean
or earliest Proterozoic in age on the basis of their tectonic relationship.

The Gongchangling iron deposit from the Anshan-Benxi area can be
divided into four mining areas: the Nos. 1-3 mining areas, and the
Laoling-Bapanling mining area (Chi, 1993; Zhou, 1994). The No. 2 min-
ing area, the main high-grade iron ore distribution area, is located in
the north limb of the Gongchangling anticline (Chi, 1993; Zhou, 1994).
It is bounded by the Hanling Fault to the northwest, the Pianling Fault
to the southeast, and is adjacent to the Laoling-Bapanling mining area
(Fig. 2). The ore bodies in the Gongchangling No. 2 mining area are
4500 m in length and 300-600 m in width, and hosted by the metamor-
phic rocks of the Cigou Formation of the middle Anshan Group (Wan,
1994). In general, the iron ores are intimately associated with amphibo-
lites and metasediments, and the detailed rock units are as follows from
base to top (Fig. 3; Zhou, 1994): (1) Lower amphibolite; (2) Lower schist;
(3) Lower iron ore belt: composed of Fel (Fe1-Fe6 means the first to the
sixth layer of BIFs), middle schist and Fe2; (4) Middle leptynite: interlay-
er with Fe3; (5) Upper iron ore belt: composed of Fe4, lower amphibo-
lite, Fe5, upper amphibolites and Fe6; (6) Siliceous rock. Recently, Wan
et al. (2012b) reported a zircon SHRIMP U-Pb age of 2528 + 10 Ma of
leptynites which were collected from the Gongchangling BIFs' interlayer,
indicating that formation age of the BIFs is the late Neoarchean.

The Gongchangling iron deposit occurs as enclaves within large area
of migmatite (Zhou, 1994). In Gongchangling No. 2 mining area, the iron
ore bodies which are narrowly strip-shaped dip to NE, with a dip angle
of 60-85°. These ore bodies extend over underground 1000 m, and the
high-grade iron ore mainly occurred as lens or quasi-bedded shape
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Fig. 1. Geological map of the Anshan-Benxi area, Liaoning Province (modified after Wan, 1994; Zhai and Santosh, 2011). JL, Jiaoliao block; QH, Qianhuai block; OR, Ordos block; JN, Jinning

block; XCH, Xuchang block; XH, Xuhuai block; ALS, Alashan block.

within the BIFs layer of Fe6. The mode of occurrence of high-grade iron
ores is roughly consistent with that of BIFs, and there is a smooth tran-
sition from high-grade iron ores to BIFs (Chi, 1993). Strike reverse faults
and transverse faults are well developed in this area, the former devel-
oped during regional metamorphism along the ore layer of Fe6, whereas
the latter developed after mineralization period, and the occurrence of
high-grade iron ores is mainly controlled by the strike reverse faults
(Zhou, 1994). The high-grade iron ores are 1-30 m in thickness, dozens
of meters to over 1000 m in length. The wall-rocks of high-grade iron
ores exhibit obvious alteration zoning in sequence of amphibolization
(cummingtonite), garnetization and chloritization outwards from the
ore bodies, and the more intense the alteration of wall-rocks, the larger
the scale of high-grade iron ores (Zhao and Li, 1980; Zhou, 1994). The
iron ores are mainly characterized by banded (BIFs) or massive (high-
grade iron ore) structure and granular texture, and the ore types consist

of low-grade magnetite ore, high-grade magnetite ore, low-grade
martite ore and high-grade martite ore. Furthermore, magnetite ore is
the major type (Chi, 1993).

3. Sample collection and analytical methods

The BIFs and high-grade iron ores were all collected from the No. 13
exploration tunnel of the Gongchangling No. 2 mining area, with a
depth of 280 m. The BIFs showing macro- or micro-banded structures
are usually low-grade iron ores. Whereas, the high-grade iron ores gen-
erally display compact massive structure, and occasionally show loose
and porous structure and granular texture. In this article, the high-
grade iron ore (namely, the high-grade BIFs) is defined by TFe > 45%,
while the BIFs means 20% < TFe < 45% (Zhou, 1994). The garnet—chlorite
schists were collected from the wall-rock of high-grade iron ore, while
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Fig. 2. Geological map of the Gongchangling No. 2 mining area.
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the amphibolite samples were from the interlayer of BIFs. All samples
used in this study were fresh without visible weathering.

Major oxide analysis was completed at the ALS Chemex (Guangzhou)
Co., Ltd. For the major elements, SiO5, TiO-, Al,03, Fe,03, MgO, MnO, CaO,
Na,0, K,0 and P,0s5 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
less than 5%. Trace elements (including rare earth elements) were deter-
mined by inductively coupled plasma mass spectrometer (ICP-MS) at the
Institute of Geochemistry, Chinese Academy of Sciences in Guiyang, with
analytical precision better than 10% RSD. We used standards OU-6,
AMH-1 and GBPG-1 as reference materials. The procedure for the
trace elements is described in detail by Qi and Gregoire (2000). Mineral
chemistry was determined by wavelength-dispersive X-ray emission
spectrometry using an EPMA-1600 electron microprobe at the Institute
of Geochemistry, Chinese Academy of Sciences. The analytical condi-
tions were as follows: beam current of 10 nA, acceleration voltage of
25 kV and a beam size of 10 um in diameter. The detection limit for
the analyzing elements under such conditions is 0.01%, and the analyt-
ical reproducibility is within 2%. The counting time was 20-40 s for
major elements and 40-60 s for minor elements. SPI mineral standards
(USA) were used for calibration.

4. Results
4.1. Petrology and mineral chemistry
The BIFs are mainly composed of black bands (magnetite-rich

bands) alternating with white bands (quartz-rich bands) (Fig. 4a). The
black bands are essentially composed of magnetite and less abundant

microcrystalline quartz, while the white bands mainly consist of quartz,
minor actinolite and magnetite (Fig. 4b). The high-grade iron ore mainly
consist of magnetite (Fig. 4c), and the gangue minerals including quartz,
cummingtonite, actinolite, garnet, chlorite and calcite (Zhou, 1994). The
mineralogy of garnet-chlorite schist mainly consists of garnet and chlo-
rite, showing porphyroblastic texture (Fig. 4d,e). The amphibolite
displays medium-fine grained texture, and the main diagnostic meta-
morphic minerals are hornblende and plagioclase (Fig. 4f).

4.1.1. Magnetite

Magnetite is the main Fe-oxide mineral component of BIFs, magne-
tite in the magnetite-rich band occurs as both individual grains and
aggregates, while it was found as individual grains and inclusions in
the quartz-rich band. In both units, magnetite occurs as anhedral to
subhedral grain ranging from 0.02 mm to 0.3 mm in size (Fig. 4a,b). Mag-
netite is also the main Fe-oxide mineral component of massive ore
(high-grade iron ore) which mainly consists of euhedral to subhedral
magnetite grain with the size varying from 0.1 mm to 0.8 mm (Fig. 4c).

The magnetites in the magnetite-rich band, quartz-rich band and
massive ore exhibit the similar chemical component, and are quite dif-
ferent from those of magmatic, skarn and sedimentary type ore deposits
(Chen et al., 1984). However, magnetite in quartz-rich band is slightly
richer in SiO, and Na,O, while magnetite in magnetite-rich band and
massive ore is relatively richer in Al,03, and variable poor in SiO;
(Fig. 5a).

4.1.2. Quartz

Quartz is euhedral or subhedral, occurring as fine or micro grained
size (0.02-0.2 mm). Quartz is one of the main components in the BIFs,
mainly occurring as both aggregates with equiangular triple points in
quartz-rich band and individual grain in magnetite-rich band (Fig. 4a,
b). Quartz in quartz-rich band with straight to curve boundaries com-
monly shows granoblastic texture.

In chemical composition, the quartz in the magnetite-rich band is
slightly richer in FeO and Cr,03 than those in quartz-rich band (Fig. 5b).

4.1.3. Garnet

Garnet is mainly distributed in the altered wall-rocks and minor in
the ore samples, and it is more widely distributed in the upper iron
belt than in the lower belt. The grain size of garnet in the lower iron
belt and middle leptynite mainly ranges from 0.2 mm to 1.0 mm,
whereas in the upper iron belt it is much coarser, the maximum size
reaches up to 15 cm (Zhou, 1994). The garnet in this study is from gar-
net—chlorite schist which is the altered hosting rock of high-grade iron
ore of upper iron belt and occurs as layered bed. The garnet is present
in schist as euhedral, rhombic dodecahedron porphyroblast about
2 cm in size, surrounded by the matrix mineral of chlorite (Fig. 4d,e).
The garnet contains mineral inclusions of magnetite and quartz with
developed crack. Chlorite is the altered product of garnet, occurring at
dense fissure areas. We made a chemical composition profile across
garnet from rim through core to rim (Fig. 4e), avoiding inclusions and
altered minerals.

With respect to end member, the garnet is dominated by almandite
(0.884-0.929), with minor pyrope (0.047-0.079), spessartite (0.002-
0.046) and andradite (0.004-0.026), and high XFe values which vary
between 0.921 and 0.950 (see Supplementary data). The garnet exhibits
pronounced compositional zoning and can be summarized as (1) the
content of MnO gradually decreases from the core to the rim, and
(2) MgO gradually increases from the core to the rim (Fig. 6).

4.1.4. Hornblende

Amphibolite mainly consists of hornblende and plagioclase (Fig. 4f).
The amphibolite in this study is from interlayer of BIFs in the upper iron
belt. The hornblende is euhedral to subhedral, fine grained columnar
crystal, showing strong pleochroism and oriented arrangement.
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Fig. 4. Photomicrographs showing the representative mineral assemblage and texture of iron ore and wall-rock from the Gongchangling No. 2 mining area. (a) Magnetite-rich (Mag) bands
alternating with quartz-rich (Qtz) bands (plane-polarized light; PO-1); (b) Actinolite (Act) in BIFs (crossed polarized light; PO-4); (c) coarse magnetite in high-grade iron ore (BSE; RO-2);
(d) garnet-chlorite schist consisting of garnet (Grt) and chlorite (Chl), showing porphyroblastic texture (plane-polarized light); (e) euhedral garnet from garnet-chlorite schist
(plane-polarized light); (f) amphibolite consisting of fine grained hornblende (Hb) and plagioclase (P1) (plane-polarized light).

The calculation of crystal-chemical formulas of hornblende shows the the hornblende is a member of the calcic group. Calcic amphibole widely

following characteristics: (Ca + Na)g = 1.868-1.975 (>=1.00); Nag = occurred in the metamorphic rocks of different metamorphic grades, and
0.029-0.150 (<0.50); Cag = 1.718-1.946 (>1.50); (Na + K)4 = 0.230- there is a close relationship between Ti, Al'Y, Na + K contents of
0.398 (<0.50); Cap < 0.5; Si" = 6.680-7.203; Mg / (Mg + Fe?™") = amphibole and metamorphic temperature. Based on the discriminate
0.604-0.725 (Table 1). According to the International Mineralogical diagrams proposed by Jin (1991), the hornblendes were formed during
Association's approved amphibole nomenclature (Leake et al., 1997), lower amphibolite facies metamorphism (Fig. 7).
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4.1.5. Plagioclase

The plagioclase coexisting with hornblende is subhedral to anhedral,
fine grained, occurring as columnar and tabular crystal (Fig. 4f). Some
plagioclase grains suffered slight alteration.

The plagioclase is dominated by oligoclase compositions (An =
20.9%-28.8%) and relatively homogeneous in chemical composition
(see Table 1).

4.2. Whole rock geochemistry of iron ore

4.2.1. Major elements

The major element compositions of ten ore samples including five
BIFs and five high-grade iron ore samples are listed in Table 2. Fe and
Si are the main components, with Fe,0} and SiO, combined representing
93 to 100% of the sample, and there is a strong negative relationship be-
tween Fe,03 and SiO,. The contents of Al,O3 and TiO, in all ore samples
are low (Al,0; = 0.05-0.87% and TiO, = <0.01-0.02%). The Fe3*/
(Fe* ™+ Fe? ™) ratios for all ore samples range from 0.63 to 0.67 which
approach the ratio of 0.67 for pure magnetite except for PO-4 of 0.52,
indicating that magnetite is the major ore mineral.

4.2.2. Trace and rare earth elements

The whole-rock trace and rare earth element (REE) concentrations of
BIFs and high-grade iron ore samples are presented in Table 2. Yttrium
shows the similar chemical behavior to REE, so that it was inserted
between Dy and Ho based on its ionic radius (Bau et al., 1996). The
REY (REE + Y) for all ore samples are normalized to the post-Archean
Australian shale (PAAS, subscript SN, McLennan, 1989), North
American shale composite (NASC, subscript NN, Gromet et al., 1984)
and Chondrite (CI, subscript CN, Sun and McDonough, 1989). La, Ce, Gd
and Y anomalies are defined as follows: La/La* = Lay / (3Pry — 2Ndy),
Ce/Ce* = Cey/ (2Pry — Ndy), Gd/Gd* = Gdy / (2Tby — Dyy), and Y
anomalies assessed using the Y/Ho ratio (higher or lower than 26),
respectively (Bolhar et al., 2004). Whereas, Eu anomaly is defined as
Eu/Eu* = Euy/ (0.67Smy + 0.33Thy) following Bau and Dulski (1996).
The fractionations of LREE/HREE and MREE/HREE were expressed as
(Nd/Yb)n owing to the La and Ce anomalies in seawater and (Sm/Yb)y, re-
spectively. The (Ce/Ce*)sy — (Pr/Pr*)sy plot introduced by Bau and Dulski
(1996) was used to discriminate the real La and Ce anomalies in BIFs for
anomalous abundances of La, and the (Ce/Ce*)sy and (Pr/Pr*)sy ratios
are calculated as Cesy/ (0.5Lasy + 0.5Prsy) and Prsy/ (0.5Cesy +
0.5Ndgy), respectively.

The concentrations of trace elements including transition trace
metals, high field strength elements (HFSE), large ion lithophile ele-
ments (LILE) and REE are relatively lower compared to the Archean

Upper Crust composition (Fig. 8). Crustal contamination is excluded
for the low concentration of HFSE (Th, Zr, Hf and Sc) which are normally
enriched in evolved crust.

The PAAS normalized REY patterns are consistent for all BIFs and
high-grade iron ores samples and show the following characteristics:
i) LREE depletion relative to HREE (Ndsy/Ybsy = 0.16-0.80 for BIFs
and 0.15-0.47 for high-grade iron ore, respectively) and depletion
MREE relative to HREE (Smgy/Ybsy = 0.22-0.71 for BIFs and 0.12-
0.46 for high-grade iron ore, respectively); ii) a slightly positive or
no Ce anomaly (Cesn/Cesy™ = 1.05-1.45 for BIFs and 0.97-1.71 for
high-grade iron ore, respectively); and iii) positive La anomalies
(Lasn/Lasy™ = 1.18-4.06 for BIFs and 1.21-1.92 for high-grade iron
ore except RO-4 with extremely high value of 7.78, respectively);
iv) positive Eu anomalies (Eusn/Eusy® = 1.55-3.09 for BIFs and 0.97-
3.69 for high-grade iron ore, respectively), v) slightly positive Gd anom-
alies (Gdsn/Gdsn™ = 1.02-1.23 for BIFs and 1.03-1.52 for high-grade
iron ore, respectively); and vi) positive Y anomalies (Y/Ho = 34-52
for BIFs and 40-47 for high-grade iron ore, respectively) (Fig. 9).

5. Discussion
5.1. Constraints on the source of ore-forming material

5.1.1. Contamination and mobility on REY

REEs are particularly useful as geochemical tracers (Chen et al., 1991,
1992, 1994, 1996; Taylor and McLennan, 1985; Wang et al., 1989). BIFs,
as Precambrian chemical sediments, their REY features might be affect-
ed by the syndepositional contamination of terrestrial material and
post-depositional diagenesis and metamorphism (Chen, 1996; Tang
et al.,, 20093, 2013b). Aluminum and titanium are considered to be gen-
erally immobile during hydrothermal, diagenetic and weathering pro-
cesses, and the contents of them may give some constraints on origins
and depositional positions of sedimentary rocks (Kato et al., 1996).
Moreover, the terrigenous clastic sediments are generally high in the
contents of Al,03 and TiO, (Lascelles, 2007; Tang et al., 2009a, 2013b).
As to the contamination, the low contents of Al,0s3, TiO, and HFSE indi-
cate that little crustal clastic material was involved in the genesis of the
Gongchangling iron deposit. Moreover, terrestrial material (common ig-
neous rocks and epiclastic sediments) has a constant chondritic Y/Ho
weight-ratio of 28, whereas the Y/Ho ratio of modern seawater displays
a superchondritic Y/Ho ratio (>44) (Bau and Dulski, 1999; Nozaki et al.,
1997). Therefore, a small mixture of terrestrial material to chemical
precipitate from seawater would result in the decrease of seawater-like
Y/Ho ratio and cause co-variation between Y/Ho ratio and lithophile ele-
ments such as Zr, Th and Hf. The poor correlations between Y/Ho with Zr,
Th and Hf contents indicate that the amount of detrital contaminants
was trivial. With respect to the influence of post-depositional processes,
the previous studies have suggested that REY could not be mobilized
during diagenesis, and detritus-free BIFs in different areas display similar
REY patterns regardless of metamorphic grade, indicating that diagenesis
and metamorphism has little effect on the REY features of BIFs on the
whole (Bau, 1991; Bau and Méller, 1993). In summary, the addition
of terrestrial material to the iron ores may be little, and the post-
depositional process may not disturb the REY patterns. Therefore, we
consider that the REY patterns observed in the Gongchangling iron
ore samples were the primitive features of detritus-free chemical
precipitates.

5.1.2. Source of iron

The seawater inheritance can be recognized from the REY pattern of
slight LREE depletion and HREE enrichment, with positive La, Gd, Y
anomalies and negative Ce anomaly (Bolhar et al., 2004). A negative
Ce anomaly of seawater arises from oxidation of Ce>* to Ce ** and sub-
sequently decouples of Ce from other trivalent REE due to formation of
less soluble Ce* ™ species and/or preferential adsorption of Ce** species
onto particle surfaces (Alibo and Nozaki, 1999; Basta et al.,, 2011; Byrne
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Table 1

Representative composition of hornblende and plagioclase.
Sample (%) Hornblende Sample (%) Plagioclase

Hb-1 Hb-2 Hb-3 Hb-4 Hb-5 Hb-6 Hb-7 Hb-8 Hb-9 Pl-1 Pl-2 PI-3 Pl-4 PI-5 Pl-6 Pl-7 PIl-8 PI-9

Sio, 45.99 48.98 48.05 47.85 47.76 44.81 47.14 46.05 45.15 Si0, 61.10 61.70 61.19 59.90 60.89 60.22 61.01 60.26 59.40
TiO, 0.371 0.382 0.348 0275 0.283 0518 0410 0433 0532 TiO, 0.017 0.004 0.007 0.000 0.010 0.012 0.003 0.000 0.013
Al,03 8.024 7.606 8235 8.017 8.239 11.36 9.654 10.28 10.77 Al,03 2445 24.17 24.82 23.55 2445 23.88 24.69 24.75 23.87
Cr,05 0.047 0.018 0.067 0.044 0.077 0.040 0.040 0.057 0.041 Cr,05 0.000 0.020 0.010 0.000 0.000 0.000 0.000 0.004 0.010
FeO 14.42 12.00 13.23 12.74 12.46 14.25 12.95 1344 14.58 FeO 0.158 0.155 0.142 0.467 0.158 0.889 0.156 0.186 0.585
MnO 0.292 0.288 0.343 0.285 0318 0.295 0273 0303 0.260 MnO 0.003 0.010 0.015 0.000 0.014 0.039 0.000 0.000 0.008
MgO 11.71 13.60 1337 13.67 13.86 11.32 12.68 1234 1145 MgO 0.004 0.017 0.000 0.161 0.000 0.499 0.010 0.013 0.272
Ca0 11.93 11.89 11.99 11.72 11.64 11.63 12.09 10.80 1142 Ca0 5.503 4932 5.739 4139 5.901 4.721 5.971 5.043 4319
Na,0 1.256 0.965 1.142 1.131 0.964 1.388 1214 1.263 1.141 Na,O 8.553 8.434 8.647 7.728 8.407 8.253 8.121 8.293 8.464
K;0 0.288 0.216 0.241 0.151 0.245 0.334 0.171 0.242 0314 K;0 0.057 0.098 0.043 1.147 0.029 0.408 0.031 0.625 0.855
Total 94.32 95.95 97.02 95.88 95.84 95.94 96.61 95.20 95.65 Total 99.85 99.54 100.62 97.09 99.86 98.92 99.99 99.17 97.80
Si 7.005 7.203 7.022 7.042 7.011 6.680 6.924 6.839 6.732 Si 2717 2.744 2.704 2.740 2711 2.708 2.709 2.703 2.707
VAl 0.995 0.797 0.978 0.958 0.989 1.320 1.076 1.161 1.268 Ti 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sum T 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 Al 1.282 1.267 1.293 1.270 1.283 1.266 1.292 1.308 1.282
Vipl 0.445 0.521 0.440 0433 0436 0.675 0.595 0.637 0.624 Cr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.006 0.002 0.008 0.005 0.009 0.005 0.005 0.007 0.005 Fe3* 0.006 0.006 0.005 0.018 0.006 0.033 0.006 0.007 0.022
Ti 0.043 0.042 0.038 0.030 0.031 0.058 0.045 0.048 0.060 Fe?*+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe’* 0.090 0.008 0.216 0.269 0341 0212 0.113 0311 0319 Mn 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.000
Mg 2.658 2981 2912 2.999 3.033 2515 2.776 2733 2.544 Mg 0.000 0.001 0.000 0.011 0.000 0.033 0.001 0.001 0.018
Fe?*+ 1.746 1.446 1.386 1.263 1.149 1.535 1.466 1.264 1.449 Ca 0.262 0.235 0.272 0.203 0.281 0.227 0.284 0.242 0.211
Mn 0.013 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Na 0.738 0.727 0.741 0.685 0.726 0.720 0.699 0.721 0.748
Sum C 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 K 0.003 0.006 0.002 0.067 0.002 0.023 0.002 0.036 0.050
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Total 5.009 4.986 5.018 4.993 5.008 5.013 4.992 5.018 5.039
Fe?* 0.000 0.023 0.014 0.035 0.040 0.030 0.012 0.094 0.050
Mn 0.025 0.036 0.042 0.036 0.040 0.037 0.034 0.038 0.033 An 26.14 2428 26.77 21.24 27.90 2344 28.84 2425 2091
Ca 1.946 1.874 1.878 1.848 1.830 1.857 1.902 1.718 1.824 Ab 73.53 75.14 72.99 71.75 7193 74.15 70.98 7217 74.16
Na 0.029 0.067 0.065 0.081 0.090 0.076 0.052 0.150 0.094 Or 0.322 0.575 0.239 7.007 0.163 2412 0.178 3.579 4.929
Sum B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Na 0.342 0.208 0.258 0.242 0.184 0325 0.293 0214 0.236 T(°C) 539 520 577 571 595 579 551 594 576
K 0.056 0.041 0.045 0.028 0.046 0.064 0.032 0.046 0.060
Sum A 0.398 0.248 0.303 0.270 0.230 0.388 0.325 0.260 0.296
Total 15.40 15.25 15.30 15.27 15.23 15.39 1533 15.26 15.30

The amount of Fe*>* was calculated from stoichiometric constraints using program AX (Powell et al., 1998). The temperature (T) was calculated based on the amphibole-plagioclase thermometry proposed by Holland and Blundy (1994).
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Fig. 7. The AI"V-Ti and Ti-(Na + K) metamorphic facies discrimination diagrams of amphibole.

After Jin, 1991.

and Kim, 1990; Chen and Fu, 1991; Chen and Zhao, 1997). The REY pat-
terns of all ore samples including BIFs and high-grade iron ores show
the LREE and MREE relative to HREE depletion characteristics, with
positive La, Gd and Y anomalies. However, unlike the modern seawater
in which the obvious negative Ce anomaly is observed, according to
Fig. 10, the ore samples mainly show a lack of negative Ce anomalies,
suggesting that the Archean fO, was much lower than that of modern
seawater. All the ore samples exhibit strong seawater signatures except
Ce and Eu anomalies, and indicate that the seawater contributes to the
genesis of the Gongchangling iron deposit.

The seawater does not show positive Eu anomaly, whereas the high-
temperature hydrothermal solution is characterized by LREE-enriched
pattern with positive Eu anomaly (Bau and Dulski, 1999; Danielson
et al.,, 1992). The ore samples exhibit obviously positive Eu anomaly,
suggesting that the hydrothermal fluid is also involved in the genesis
of the Gongchangling iron deposit. Huston and Logan (2004 ) proposed
that systematic differences in the intensity of Eu anomaly exist between
Algoma type and Superior type BIFs, and the Algoma type BIFs are char-
acterized by much larger Euyy (normalized to NASC) anomaly (>1.8)
than Superior type BIFs (<1.8). The ore samples show the much larger
Eunn anomaly (average of 2.4 for all samples, Table 2), indicating that
the Gongchangling iron deposit is an Algoma type BIFs related to sub-
marine volcanic hydrothermal activity. According to Bau and Dulski
(1996), the high temperature hydrothermal fluids (>250 °C) which
typically developed at mid-ocean ridges and back-arc spreading centers
exhibit highly positive Eucy anomalies (normalized to Chondrite),
whereas the low temperature hydrothermal fluids (<250 °C) character-
ize no or weak Eucy anomalies. The Eucy anomalies of all ore samples
(Table 2) show moderately positive Eucy anomalies (average of 1.6),
and indicate that the high temperature hydrothermal fluid is associated
with the formation of the Gongchangling iron deposit.

The Al,03-Si0; discrimination diagram was used to discriminate the
origin of ferro-manganiferous rocks (Gonzalez et al., 2009; Wonder
et al.,, 1988). The ore samples were mainly plot in the hydrothermal
field, and some within hydrogenous field due to the less contents of
SiO, (Fig. 11). Since hydrothermal fluids have a chondritic Y/Ho ratio
(28), while that of modern seawater is superchondritic (>44) (Bau
and Dulski, 1999), the average Y/Ho ratios of all ore samples (41) is
slightly less than 44, it is reasonable to infer that the iron ores were
chemical precipitate from the mixture of seawater and hydrothermal
fluids. Conservative two end-member mixing calculation indicates
that Eu/Sm ratios of the Gongchangling iron ores could be accounted
by a high temperature hydrothermal fluid of ca. 0.1% mixing with

seawater (Fig. 12a). Moreover, a less than 1.0% contribution of high tem-
perature hydrothermal fluid may also account for the Sm/Yb ratios ob-
served in the ore samples (Fig. 12b), which generally match up with
the maxing ratio to account for Eu/Sm ratio (Fig. 12c; Alexander et al.,
2008; Bau and Mbller, 1993; Tang et al., 2013b). This is comparable
with the model of 1000:1 mixing ratio of seawater and hydrothermal
fluid to explain the REY distribution in BIFs (Khan et al., 1996; Klein
and Beukes, 1989).

In conclusion, the REY patterns and element ratios of ore samples
show the characteristics of both seawater and hydrothermal fluid.
The positive Eu anomalies in the iron ores indicate that the high-
temperature hydrothermal alteration of the oceanic crust plays an im-
portant role in the BIFs' deposition. Therefore, we propose that the
Gongchangling iron deposit was formed in a submarine volcanic envi-
ronment, and the mixture of seawater and hydrothermal fluid which
percolated and dissolved the submarine volcanic rock (seafloor basalts
or mafic rocks) supplied the ore-forming material.

5.2. Origin of BIFs and its tectonic implications

5.2.1. Origin and tectonic setting of the Gongchangling BIFs

The Neoarchean is an important continent-formation period of the
Earth with two peaks of ca. 2.7 Ga and ca. 2.5 Ga according to the Nd iso-
tope distribution (Condie et al., 2009). The 2.7 Ga tectonic-thermal
events are widely developed in many cratons around the world, where-
as the 2.5 Ga tectonic-thermal events have been identified only in a few
cratons including the NCC (Wan et al., 2011). The early Neoarchean
(2.75-2.70 Ga) tectonic-thermal events might have been well devel-
oped in the NCC, however, the NCC is better known for the strong
tectonic-thermal events at the late Neoarchean (2.55-2.5 Ga), with
supracrustal rock formation, magmatism and metamorphism all over
the NCC (Wan et al., 2012a). As to the 2.5 Ga tectonic-thermal events
in the NCC, the cause and nature have been hotly debated, with one
school of thought arguing for a magmatic arc model (Kroner et al.,
2005; Kusky et al., 2001; Wan et al.,, 2012a,b; Wilde et al., 2005). Where-
as another school proposed magma underplating caused by the mantle
model to explain it (Geng et al., 2006; Grant et al.,, 2009; Yang et al.,
2008; Zhao, 2009; Zhao et al., 1998).

The BIFs in the NCC occur not only in greenstone belts (GB) but also
in high-grade regions (HR) (Zhai and Windley, 1990). Zhai and Santosh
(2011) suggested that most of the GB in the NCC which show an age
range of ca. 2.54-2.6 Ga were formed in an island arc or a back-arc
basin setting, and the GB represent the vestiges of older arc-continent
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Table 2
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Major, trace and REE analysis of BIFs and high-grade iron ores from the No. 13 exploration tunnel of the Gongchangling No. 2 mining area.

Ore type sample BIFs High-grade iron ores

PO-1 PO-2 PO-3 PO-4 PO-5 RO-1 RO-2 RO-3 RO-4 RO-5
Major oxides (%)
Si0, 56.92 51.01 36.22 4148 52.20 3.18 1.60 047 1.14 141
TiO, <0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Al,04 0.23 0.20 0.16 0.87 0.25 0.54 0.34 021 0.05 0.05
Fe,0% 42.69 48.99 57.38 53.80 48.61 96.55 98.79 99.97 97.83 96.88
MnO 0.02 0.03 0.11 0.09 0.04 0.12 0.09 0.06 0.12 0.12
MgO 0.21 0.16 147 2.03 0.23 0.51 0.41 0.06 0.11 0.13
Ca0 0.14 0.04 321 2.09 0.01 0.03 <0.01 035 0.01 0.01
Na,0 <0.01 <0.01 0.03 0.11 <0.01 0.03 0.06 0.02 0.02 0.02
K,0 <0.01 <0.01 0.03 0.07 <0.01 0.01 <0.01 0.01 0.01 <0.01
P05 0.092 0.009 0.124 0.132 0.001 0.005 0.012 <0.001 <0.001 <0.001
LOI —1.07 —1.40 0.66 —1.33 —1.42 —2.61 —244 —2.56 —0.74 —0.29
Total 99.23 99.04 99.39 99.36 99.92 98.37 98.86 98.59 98.55 98.33
FeO 13.05 15.50 19.20 23.20 15.35 30.70 30.50 30.00 29.90 30.20
XFe*+ 0.66 0.65 063 052 065 065 0.66 067 066 065
Trace and REE elements (ppm)
Ni 1.91 1.26 0.20 532 117 11.0 138 26.3 15.0 15.6
Cr 15.0 12.7 151 252 12.0 209 219 230 221 21.8
\ 3.47 1.42 201 14.6 135 1.71 2.32 1.29 1.01 1.06
Rb 0.422 0.564 744 10.6 0371 231 0.980 1.19 0.535 0.523
Sr 2.29 1.83 14.8 22.0 0.883 2.08 1.22 344 1.21 1.11
Zr 1.33 0.572 1.04 7.37 142 0.898 0.588 0.678 0.469 0.588
Ba 0.815 0.731 3.83 8.26 0.184 1.11 0.239 0.788 0.054 0.207
Th 0.054 0.035 0.042 0.707 0.077 0.094 0.010 0.008 0.006 0.009
U 0.231 0.106 0.093 0.179 0.102 0.257 0.504 0.126 0425 0.676
Y 2.38 2.44 6.60 7.35 3.18 240 591 0.718 255 393
La 0.552 0.356 749 3.56 127 123 1.60 0.266 0.390 1.23
Ce 1.13 0.613 12.0 6.97 2.07 2.03 2.64 0376 0.674 1.85
Pr 0.142 0.070 1.21 0.773 0.223 0.229 0.299 0.041 0.076 0.200
Nd 0.755 0.335 459 3.11 0914 0.868 1.23 0.166 0415 0.868
Sm 0.170 0.079 0.670 0.598 0.171 0.139 0.288 0.023 0.093 0.157
Eu 0.111 0.034 0.369 0436 0.119 0.092 0.070 0.013 0.085 0.146
Gd 0.242 0.138 0.945 0.847 0.280 0.256 0.463 0.051 0.164 0.282
Tb 0.036 0.025 0.118 0.137 0.049 0.036 0.077 0.008 0.027 0.041
Dy 0.232 0.178 0.650 0.927 0.321 0.232 0475 0.058 0223 0.302
Ho 0.065 0.047 0.178 0.219 0.084 0.060 0.129 0.015 0.062 0.092
Er 0.171 0.180 0.536 0.663 0.251 0.148 0.397 0.057 0.177 0.252
Tm 0.029 0.028 0.074 0.098 0.034 0.028 0.061 0.010 0.028 0.039
Yb 0.150 0.179 0476 0.637 0.259 0.153 0.383 0.095 0.177 0223
Lu 0.025 0.034 0.080 0.108 0.042 0.025 0.062 0.017 0.030 0.034
Hf 0.034 0.018 0.018 0.178 0.028 0.011 0.014 0.010 0.007 0.007
Y/Ho 37 52 37 34 38 40 46 47 41 43
(Nd/Yb)sn 0.42 0.16 0.80 041 0.29 047 0.27 0.15 0.20 0.32
(Sm/Yb)sn 0.57 0.22 0.71 048 034 046 0.38 0.12 027 0.36
(La/La*)sn 4.06 2.44 1.38 1.18 1.52 121 1.44 1.63 7.78 1.92
(Ce/Ce*)sn 1.45 1.32 1.08 1.05 1.11 097 1.05 1.05 1.71 1.18
(Gd/Gd*)sn 1.16 1.08 123 117 1.02 1.26 1.03 1.17 1.52 142
(Eu/Eu®)sn 2.84 1.55 261 3.09 2.65 2.65 0.97 1.83 343 3.69
(Eu/Eu*)nn 2.71 1.50 248 296 255 255 0.93 1.77 3.30 3.54
(Eu/Eu®)en 1.79 1.03 1.60 1.96 1.74 1.71 0.63 124 226 239

Fe, 0%, total Fe expressed as Fe,0s; LOI, Loss on ignition; XFe>*, Fe? */(Fe? "+ Fe3T); subscript SN, normalized to post-Archean Australian shale (PAAS); subscript NN, normalized to North

American shale composite (NASC); subscript CN, normalized to Chondrite (CI).

collision. However, with respect to the classification of the
Gongchangling iron deposit, it is still controversial. Zhai and Windley
(1990) proposed that they were HR type BIFs, while they were also
considered as the GB type BIFs located in the middle part of the
Anshan-Benxi GB (Zhang et al.,, 2012a). Based on the regional geology,
lithologic association, and geochemical features of the associated
meta-volcanics and orthogneisses, it was suggested that the HR type
of BIFs formed initially in arcs, which were intruded by voluminous
tonalites and granodiorites, and later converted by deformation and
high-grade metamorphism into orthogneisses, while the GB type of
BIFs likely formed in a geological environment similar to rifts or back-
arc basins and arcs (Zhai and Santosh, 2013). It suggests that both the
HR type and GB type BIFs probably formed in the tectonic setting related
to arcs. The Gongchangling iron deposit is a volcanic rock-related
Algoma type BIFs based on the mineralogy, rock association and geo-
chemical characteristics (Shen, 1998). Previous studies have suggested

that the Gongchangling BIFs were developed on the continental base-
ment (Tiejiashan gneiss) (Zhai and Windley, 1990; Zhai et al., 1990a,
b; Zhou, 1994). Moreover, the iron ore samples show the geochemical
characteristics of both seawater and hydrothermal fluid. Furthermore,
the geochemical study of metasediments and amphibolites which are
the hosting rocks of the Gongchangling iron deposit demonstrates that
they are formed in an island arc-related tectonic setting (Sun et al.,
2014; Wang et al., 2013). Therefore, we prefer to the arc model and
infer that the Gongchangling iron deposit was formed in a subduction-
related submarine volcanic setting.

5.2.2. Tectonic connection between BIFs deposition and global events

The BIFs are widely distributed in the NCC which is one of the oldest
cratons in the world (Liu et al., 1992; Zhang et al., 2012a). The formation
age of BIFs in the NCC covers a wide range from the Paleoarchean to
the early Paleoproterozic, but the peak period is the late Neoarchean
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Fig. 8. The Archean Upper Crust-normalized trace and REE diagram. The data of Archean Upper Crust are from Taylor and McLennan (1995).

(2.50-2.55 Ga) (Wan et al., 2012b; Zhang et al.,, 2012a). The large scale
BIFs' mineralization at ca. 2.5 Ga in the NCC may predate to the final
amalgamation of the NCC (Zhai, 2010; Zhang et al., 2011). The 2.5 Ga
is also the peak time for the genesis of BIFs in other cratons around
the world (Bekker et al., 2010; Klein, 2005). Therefore, it is reasonable
to infer that there may be a global event leading to the intense forma-
tion of BIFs at ca. 2.5 Ga. It is likely that the world-wide BIFs' formation
at ca. 2.5 Ga may be in connection with amalgamation of a Neoarchean
supercontinent, Kenorland or supercratons of Vaalbara, Superia, and
Sclavia (Aspler and Chiarenzelli, 1998; Bleeker, 2003; Bradley, 2011;
Rogers and Santosh, 2003; Williams et al., 1991).

The earliest supercontinent Kenorland was firstly proposed by
Williams et al. (1991). It was proposed that Kenorland became a conti-
nent at ca. 2.5 Ga but then rifted apart into at least three separate re-
gions that were later reassembled into their former positions along
two ca. 1.8 Ga orogenic belts (Trans-Hudson and Taltson-Thelon). Zhai
et al. (2000) pointed out that the amalgamation of the NCC at ca.
2.5 Ga might have a relationship with the Svecofennides (Northwest
Europe), North America and some other ancient continents to form a su-
percontinent. According to Li et al. (2001), the NCC was an integral part
of the Kenorland supercontinent. However, Bleeker (2003) identified at
least three supercratons instead of a single supercontinent at late
Archean based on common themes among the world's 35 known
Archean crustal blocks: Vaalbara, Superia, and Sclavia. The major differ-
ences between these three supercratons include the relative age of
cratonization, chronology of mafic dyke swarm events, stratigraphy and
chronology of Paleoproterozoic cover sequences. According to Bleeker
(2003), the Dharwar craton of peninsular Indian, the Zimbabwe craton
of southern Africa, and the Wyoming craton of North America all show
significant similarities to the Slave craton. It is inferred that at least
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some of these blocks which were nearest neighbors to the Slave craton
formed the ca. 2.6-2.2 Ga Sclavia supercraton. Moreover, Zhao et al.
(2003) proposed that the Eastern Block of the NCC and South Indian
Block which consists of Dharwar, Bastar and Singbhum cratons were
once a single continent from the Archean till Paleoproterozoic era.
Consequently, it is reasonable to infer that the NCC may be part of Sclavia
supercraton. Therefore, the worldwide distribution of BIFs at ca. 2.5 Ga
might provide an important clue to reconstruct the assembly of
Kenorland supercontinent or Sclavia supercraton at the Neoarchean era.

5.3. Origin of high-grade iron ore

5.3.1. Metamorphism

Since metamorphic event at Archean/Proterozoic has been recog-
nized across the large tracts of the NCC, it appears to be of wide regional
significance (Grant et al., 2009; Yang et al., 2008; Zhang et al., 2011,
2012b). The Anshan Group supracrustal rocks in the Anshan-Benxi
area suffered a varying degree of metamorphism. In general, the grade
of metamorphism increases from greenschist facies in the west of the
area to amphibolite facies in the east, while the retrograde metamor-
phism decreases from the west to the east (Zhai and Windley, 1990;
Zhai et al., 1990a,b; Zhou, 1994).

It was proposed that the garnet bowl-shaped pattern of MgO con-
tent and bell-shaped pattern of MnO content are generally interpreted
as a growth zoning produced during the prograde metamorphism,
while a reversal of above zoning trends of garnet is interpreted as a re-
flection of retrogressive diffusion (Frost and Tracy, 1991; Spear, 1991;
Zhang et al.,, 2000). Therefore, the garnet from the wall-rock of high-
grade iron ore recorded a compositional feature of growth zoning
produced during the prograde metamorphism (Fig. 6).
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Fig. 9. PAAS-normalized REY patterns of BIFs (a) and high-grade iron ores (b). PAAS values are from McLennan (1989).
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Due to the ubiquity of amphibole and plagioclase-bearing rocks on
the Earth such as granites and amphibolites, Holland and Blundy
(1994) proposed an amphibole-plagioclase thermometer for assem-
blage with or without quartz based on the reactions: edenite +
albite = richterite + anorthite. The thermometer would perform
well in the range 400-1000 °C and 1-15 kbar over a broad range of
bulk compositions. In the Gongchangling No. 2 mining area, amphib-
olite has a close relationship with BIFs. We applied the thermometer
to amphibolites which agree well with the applicable conditions in
order to calculate metamorphic temperature. The amphibolite
showed a relatively clustering result in the range 520-595 °C with
a mean temperature of 567 °C and standard deviation 25 °C for 9
pairs. And according to the chemical composition of hornblende
discussed above (Fig. 7), it suggests that the amphibolites were
formed during lower amphibolite facies metamorphism.

5.3.2. Genesis of high-grade iron ore

As to the genesis of high-grade iron ore of the Gongchangling No. 2
mining area, it is still one of the unsolved problems which have been
hotly debated. The previous studies showed that the occurrence of
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Fig. 11. Diagram to illustrate the origin of primary chemical precipitate based on SiO, and
Al,O3 contents (after Wonder et al., 1988). Symbol illustrations are the same as to Fig. 9.
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high-grade iron ore usually had a close relationship with geological
structures, and it usually occurred within or near fault, or within folds'
gap (Zhou, 1994). Therefore, the high-grade iron ore might not be the
product of original deposition. Siderite decomposition is also not the
main way to form high-grade iron ore for the following reasons:
i) graphite is not a common mineral in high-grade iron ore; ii) the oxy-
gen isotope composition of magnetite is negative, but the sedimentary
siderite generally shows a highly positive value (Liu and Jin., 2010;
Zhou, 1994); iii) the carbon isotope compositions of graphite and dolo-
mitic marble which occurred near Fe6 suggest that the graphite may be
the decomposition product of marble (Li et al., 2012).

The high-grade iron ores of Gongchangling No. 2 mining area might
be formed by hydrothermal reformation. However, the opinions on the
nature of hydrothermal fluid were different, and it was argued that the
high-grade iron ores were reformed by metamorphic hydrothermal
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fluid or migmatitic hydrothermal fluid (Chen et al., 1984; Liu and Jin,
2010; Wang et al., 2012). Previous studies suggested that metamorphic
hydrothermal fluid produced during the regional metamorphism stage
was rich in iron, and it transferred along the strike reverse fault to form
the Gongchangling high-grade iron ores (Guan, 1961; Shi and Li, 1980;
Zhou, 1994). The Gongchangling iron deposit is surrounded by the large
area of migmatite, and it was also proposed that the migmatitic hydro-
thermal fluid was involved in the genesis of high-grade iron ores (Chen
et al., 1985; Cheng, 1957; Li et al., 1977; Zhao and Li, 1980; Zhao et al.,
1979).

Here, combined with previous studies, we prefer to hold that the
high-grade iron ore is the reformed product of BIFs by metamorphic
hydrothermal fluids with the following evidences:

(1) The occurrence of high-grade iron ore: the high-grade iron ore
which shows obvious structural-controlled characteristics usual-
ly occurred as layer or vein within BIFs.

(2) Geochemical characteristics: the BIFs and high-grade iron ores
show the quite similar geochemical characteristics. The chemical
composition of magnetite from BIFs and high-grade iron ore is
almost the same, and the REY patterns of BIFs and high-grade
iron ores are alike, suggesting little addition of foreign materials.
Chemical composition profile of garnet from the wall-rock of
high-grade iron ores exhibits a growth zoning produced during
the prograde metamorphism. The alkalic compositions of K,O
and/or Na,O are generally considered that they should be high
in migmatitic hydrothermal fluid; however, the contents of K,0
and Na,0 are low in both BIFs and high-grade iron ores, indicat-
ing that the role of migmatitic hydrothermal fluid is minor in the
genesis of high-grade iron ore.

(3) Fluid inclusions: the study of fluid inclusions suggests that
hydrothermal fluid involved in the formation of high-grade
iron ore was from local material without the addition of foreign
substance (Shi and Li, 1980), indicating that the formation of
high-grade iron ore attribute to metamorphic hydrothermal
fluid.

(4) Sulfur isotope composition: the sulfur isotope compositions
of pyrites from high-grade iron ore show a large range
(—5-414%.) (Chen et al., 1985; Zhou, 1994), suggesting that
the high-grade iron ore underwent sulfur isotope fractionation;
while the values of BIFs and migmatitic granite are both close
to the values of meteorite, consequently, the migmatitic hydro-
thermal fluid should make the sulfur isotope composition of
high-grade iron ore homogenous (Wang et al., 2012; Zhou,
1994). Therefore, migmatitic hydrothermal fluid could not form
the high-grade iron ore.

(5) Oxygen isotope composition: the oxygen isotope of magnetite
from BIFs shows a large range from —4.41 to + 6.16%., whereas
the values of high-grade iron ore are relative low, which varies
from —5.4% to —0.41%. (Zhou, 1994). It suggests that the
high-grade iron ore was reformed by the fluid rich in light
oxygen isotope. However, the oxygen isotope composition of
migmatitic hydrothermal fluids generally shows the feature of
heavy isotope enrichment (Liu and Jin, 2010). Therefore, the
high-grade iron ore should not be the reformed product of BIFs
by migmatitic hydrothermal fluid.

Based on the above analysis, we proposed the genetic model of high-
grade iron ore. At the late Neoarchean, the Gongchangling BIFs were
formed in an arc-related tectonic setting, and then after a short time
interval, it suffered lower amphibolite facies metamorphism. The meta-
morphic hydrothermal fluid from BIFs transferred along weak tectonic
zone. When it flowed through BIFs, the fluid would dissolve silicon
and carried it away. The magnetite remained and was reformed by
metamorphic hydrothermal fluids. As a result, the magnetite enriched
and the reformed BIFs became high-grade iron ore.

6. Conclusions

The Gongchangling iron deposit, an oxide facies of Algoma type BIFs
located in the Liaoning Province in the NCC, is famous for the production
of high-grade iron ores in the Gongchangling No. 2 mining area in China.
The petrological and geochemical analysis has led to the following
conclusions:

1. The low contents of Al,03, TiO, and HFSE in the BIFs and high-
grade iron ores indicate that they are detritus-free chemical pre-
cipitates. And the post-depositional process may not disturb the
REY patterns.

2. The REY patterns and element ratios indicate that both the high-
temperature hydrothermal fluid and seawater contribute to the for-
mation of the Gongchangling iron deposit, and it is proposed that the
mixture of seawater and hydrothermal fluid which percolated and
dissolved the submarine volcanic rocks provided the ore-forming
material.

3. Itis proposed that the Gongchangling iron deposit was formed in an
arc-related tectonic setting at the late Neoarchean, and the world-
wide distribution of BIFs at ca. 2.5 Ga might record the assembly of
Kenorland supercontinent or Sclavia supercraton.

4. The garnet from the wall-rock of high-grade iron ores exhibits a
growth zoning produced during the prograde metamorphism. The
amphibolite as the interlayer of BIFs, of which the main mineral as-
semblages are hornblende and plagioclase, recorded the metamor-
phic temperature of 567 £ 25 °C, indicating that the iron deposit
suffered lower amphibole facies metamorphism.

5. Our data, combined with previous studies, supports that the high-
grade iron ore is the reformed product of BIFs by metamorphic
hydrothermal fluids. It was proposed that the BIFs suffered lower
amphibole facies metamorphism, and the metamorphic hydrother-
mal fluids flowed through the weak zone within BIFs resulting in
the dissolving of silicon and growth of magnetite to form the high-
grade iron ore.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.oregeorev.2013.12.017.
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