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ARTICLE INFO ABSTRACT

Keywords: The Huoqiu iron deposit is one of the few Superior-type BIF ore fields in China. To clarify the genesis of Huogiu
Banded iron formation BIFs, we give out the geochemical and O-S isotopic data of the BIF samples and zircon Hf isotopic data of the
Geochemistry wall-rock. The Huoqiu BIFs show dominant composition of SiO, + Fe,05", and varying contents of Al,03, MgO,

In-situ zircon Hf isotopes
Quartz grains O isotopes
Pyrite sulfur isotopes
North China Craton

CaO, Rb, Sr, Zr and Hf, suggesting their formation mainly through chemical precipitation and incorporation of
terrigenous felsic clastics. Shale-normalized rare earth element patterns of the BIF samples show the features
characteristic of other Archean and Paleoproterozoic BIFs, with HREE enrichment relative to LREE, positive La
and Eu anomalies, and superchondritic Y/Ho ratios comparable to modern seawater. Positive Eu anomalies are
attributed to an imprint of high-temperature hydrothermal fluids. None to negative Ce anomaly shown by the
BIFs imply the Huoqgiu BIFs was precipitated from the mildly oxidized seawater in a nearshore setting. The quartz
separated form Huoqiu BIF has 8'0y.gyow values of 11.8%0-14.8%o, within the extent of the siliceous rocks
deposited from high-temperature hydrothermal. The 8*S values of pyrite grains vary from —2.84 to +4.38%o,
which is similar as the sulfur derived from mixtures between mantle fluids and sediments; The A®3S values varied
from —0.08%o to +1.03%o, imply that the Huoqiu BIFs deposited distally from the volcanic center. The Hf
model ages of these detrital zircons from the wall rock give three prominent peak at 3.1-3.0 Ga, 2.9-2.7 Ga and
2.5 Ga, respectively, it suggest that there were three episodes of the crust growth in the Huogiu area. Integrated
these data with the pioneering studies on the Huogiu BIFs and wall rocks, we confirmed that the Huoqiu BIFs
were sourced from the high-temperature hydrothermal related with the volcanics and precipitated from the
mildly oxidized seawater in a nearshore setting and distally from the volcanics at 2.5 Ga.

1. Introduction

Banded iron formations (BIFs) are composed of intercalated mi-
crocrystalline quartz, iron oxides, and iron-rich silicates within an
evaluated total Fe and Si content of 20-40 wt% and 40-60 wt% re-
spectively (e.g. James, 1954; Klein, 2005), and only precipitated in
Precambrian era (the age of BIFs ranges from 3.8 Ga to 1.8 Ga, minor
reappearing at ca. 0.8-0.6 Ga; Huston and Logan, 2004; Klein, 2005),
which are supplied as the principal source of iron for the global steel
industry (Bekker et al., 2010). In China, the explored BIFs are mainly
distributed in the North China Craton (NCC) (Shen et al., 2005, 2006;
Zhai and Santosh, 2011, 2013; Ma et al., 2014).

The Huoqiu iron deposit is one large iron ore field, which is located
in the southeastern margin of the NCC, and one of the few Superior-type
BIF mines in China (Yang et al., 2014; Liu and Yang, 2015). After
decades of efforts in mineral exploration, more than ten large iron de-
posits have been identified, such as Zhouji, Zhangzhuang, Lilaozhuang,
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Zhouyoufang, Fangiao, Wuji and Lilou iron deposits (Fig. 1c, No. 313
Geol. Team, 1991). Although there are several Chinese researcher
carrying lots of work on the Huoqiu iron deposit (e.g. Qi, 1987; Liu and
Yang, 2015; Yang et al., 2014), compared with other BIF iron deposits
in the NCC, several basic questions are being debated on, e.g., the
formation age of Huoqiu iron deposit, the tectonic environment of
metallogenesis, source of iron (Liu and Yang, 2015).

In this paper, we present geochemical, O-S isotopic characteristics
of the Huoqiu BIFs and zircon Hf isotopic data of wall-rocks. These data
enable us to constrain the formation and depositional environment of
the Huoqiu BIF iron deposit.

2. Geological background
2.1. Regional geology

The NCC is the oldest and largest craton in China, covering an area
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Fig. 1. (a) Tectonic framework of China illustrating the major Precambrian cratons and younger orogens (modified after Zhao et al., 2005); (b) Geological sketch map
of the North China Craton showing Precambrian BIF-type iron deposit distribution (modified after Zhao et al., 2005); (c) Geological sketch map of the Huoqiu
complex (revised after the No.337 Geol. Team, 1986; No.313 Geol. Team, 1991; Liu and Yang, 2015).

of about 1,500,000 km?, which was formed by amalgamation of a series
of 2.5-3.8 Ga micro-continental blocks (Fig. 1a, b; Zhai and Santosh,
2011; Zhao et al., 2012). However, the number of constituent blocks,
when and how they were assembled to form the coherent basement of
the NCC remain unresolved, resulting in several models proposed for
the tectonic subdivision and amalgamation of the NCC (Zhao et al.,
2012, and references therein). One of the models considers that at least
seven Archean micro-blocks (named the Jiaoliao, Qianhuai, Ordos,
Jining, Xuchang, Xuhuai and Alashan blocks) converged and cratonized
into NCC at ca. 2.45Ga, and subsequently the NCC experienced an
orogenic cycle from rifting to subduction-collision along three major
Paleoproterozoic orogenic belts (termed the Fengzhen, Liaoji and Jinyu
Orogenic belts) during 2350-1970 Ma with following regional high-
grade metamorphism at 1950-1820 Ma (Zhai and Santosh, 2011, and
references therein). Another highly accepted model is remarkably dif-
ferent, which suggests that four micro-continental blocks (termed the
Yinshan, Ordos, Longgang and Nangrim blocks) separated by three
Paleoproterozoic tectonic belts (named the Khondalite Belt, Jiao-Liao-Ji
Belt and Trans-North China Orogen) constructed the NCC through
collision during Paleoproterozoic, among which the Yinshan Block
collided with the Ordos Block to form the Western Block along the
Khondalite Belt at ca. 1.95 Ga and the Longgang Block collided with the
Nangrim Block to form the Eastern Block along the Jiao-Liao-Ji Belt at
ca. 1.90 Ga (Fig. 1b; Zhao et al., 2005, 2012). The final cratonization of
the NCC was accomplished by the collision between the Eastern and
Western blocks along the Trans-North China Orogen at ca. 1.85Ga
(Fig. 1b; Zhao et al., 2005, 2012). Here, we adopted the model proposed
by Zhao et al. (2005, 2012), on account of its highly accepted and
concision.

61

The Huoqiu BIF ore field tectonically belongs to the Eastern Block in
NCC (Fig. 1b). The Archean basement of the Eastern Block consists of
3.8-2.5Ga TTG gneisses, ultramafic-mafic igneous rocks and minor
supracrustal rocks (Bai and Dai, 1998; Zhao et al., 1998; Nutman et al.,
2011; Wan et al., 2012). These rocks became deformed and metamor-
phosed from greenschist to granulite facies at ~2.5Ga (Jahn and
Zhang, 1984; Bai and Dai, 1998; Kroner et al., 1998; Wang et al., 2012)
and have anti-clockwise P-T paths (Zhao et al., 1998, 2012; Zhao and
Zhai, 2013; Wu et al., 2012). Numerous U-Pb ages and Hf and Nd
isotopic data indicate that the Eastern Block experienced major crustal
growth at 2.7-2.8 Ga and remelting at 2.5Ga (Wu et al., 2005; Jiang
et al., 2010; Geng et al., 2012).

The Huogiu BIF orebodies are mainly hosted in Huogiu complex,
which was named as “Huoqiu group” in the Chinese literature (Figs. 1c
and 2, Qi and Yao, 1982; Qi, 1987). The protolith of Huoqiu group is
considered to be formed by rhythmic sequences of volcanic-sedimen-
tary cycle and experienced amphibolite facies metamorphism (Ying
et al., 1984). According to the rock associations, The Huogiu group is
divided into three formations, namely Huayuan Formation (Fm), the
Wuji Formation and Zhouji Formation, and contacted conformably
from the bottom up (Fig. 2). The Huayuan Fm is mainly composed of
migmatized biotite-hornblende-plagioclase gneiss, plagioclase amphi-
bolite and hornblende-biotite migmatite. The Wuji Fm is divided into
two parts, where the lower part is dominated by banded migmatite,
migmatized biotite-plagioclase leptynite and hornblende-biotite-plagi-
oclase gneiss, spatially associated with plagioclase amphibolite; the
upper part consists of biotite-plagioclase leptynite, schistose garnet-
plagioclase-biotite rocks, magnetite quartzite and spatially associated
with dolomite marble and plagioclase amphibolite. The Zhouji Fm is
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Fig. 2. General stratigraphic column and zircon age of the Huoqiu group (modified from Liu and Yang, 2015).
ZYF1 and ZYF2 are cited from Liu and Yang (2015); BT3.406, LY105.461 and ZZ221.8 are cited from Liu et al. (2016); Hq0704 are cited from Wan et al. (2010);

7ZX84-3, ZK122-2, ZK122-1 and ZK3-511 are cited from Liu et al. (2015).

divided into two parts, where the lower part is mainly composed of
migmatized biotite-plagioclase leptynite, migmatite, biotite-plagioclase
gneiss and spatially associated with plagioclase amphibolite and mag-
netite quartzite; The upper part is represented by dolomite marble,
magnetite quartzite and spatially associated with quartz schist.

2.2. Deposit geology

The Huoqiu ore field is composed of > 10 iron deposits with total
proven reserves of 2.3billiontons at 20%-45% Fe (Av. 31% Fe)
(No.313 Geol. Team, 1991). The iron ores are subdivided into four
types in terms of mineral assemblages: (1) quartz + magnetite; (2)
quartz + specularite; (3) magnetite + quartz + silicate (hornblende,
iron amphibole-magnesium iron amphibole, actinolite, tremolite,
diopside); and (4) quartz + specular hematite iron ore + silicate
(hornblende, actinolite, tremolite, diopside).

According to the characteristics of iron oxide, the iron ores were
subdivided into hematite (or specularite) and magnetite phase by Yang
et al. (2014): (1) Hematite (or specularite) phase. The main ore types
include spiegel quartzite, and magnetite-spiegel quartzite. Main mi-
neral often occurs with quartz grains composed of banded iron forma-
tion. Specularite occurs mainly in flake-plate and granular states ex-
isting in the iron formation; (2) Magnetite phase. The main rock types
are composed of quartz, magnetite, and amphibole. Few sulfide mi-
nerals were also identified from the BIFs, such as pyrite, pyrrhotite and
chalcopyrite (Yang et al., 2014).

3. Sample description and analytical procedures
BIF samples were collected from the Zhouyoufang (ZY) and Caolou

(CL) iron deposits (Figs. 1c; 3a, b) and a summary of these samples is
given in Tables 3-4. Zircon grains were separated from sample ZY11-3-
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9 for in-situ Hf isotope and U-Pb age analysis, which is a biotite-pla-
gioclase gneiss interbeded with the iron orebody in ZYF No.3 mine
(Fig. 3c, d). Quartz grains separated from nine BIF samples were ana-
lyzed for O isotopic compositions, and pyrite grains separated from
thirteen BIFs samples were analyzed for S isotopic compositions.

3.1. Geochemical analyses

All geochemical analyses were undertaken at the National Research
Center for Geoanalysis, Chinese Academy of Geological Sciences
(CAGS), Beijing. The contamination-free samples were pulverized to
200 meshes. Major element oxides were measured by X-ray fluores-
cence spectrometry (XRF, PW4400). The relative standard derivations
of measurements were < 0.5%. Trace elements and REEs were de-
termined using inductively coupled plasma-mass spectrometry (ICP-MS,
PE300D). Powered samples were digested in high-pressure Teflon
bombs using a mixture of super-pure HF-HNO; for 2 days at ~100 °C.
The procedure involved evaporation to near dryness, refluxing with
super-pure HNOs, and drying twice, until the powders were completely
dissolved. Duplicate analyses of samples and rock standards yielded
relative standard derivations of < 5% for most trace elements.

3.2. LA-ICP MS zircon Hf isotopes

Zircon Hf isotope analysis was carried out using a Newwave UP213
laser-ablation microprobe attached to a Neptune multi-collector ICP-MS
at the Institute of Mineral Resources, CAGS. Instrumental conditions
and data acquisition protocols were described by Hou et al. (2007). A
stationary spot used a beam diameter of ~55um. As the carrier gas,
helium was used to transport the ablated sample mixed with Argon
from the laser-ablation cell to the ICP-MS torch by a mixing chamber.
178Lu/175Lu = 0.02658 and '7°Yb/!73Yb = 0.796218 ratios were
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Fig. 3. Photomicrographs of BIF and associated rocks from the Huogiu iron deposit. (a) Show the BIF ores; (b) show photomicrograph for the BIF ores; (c) The BIF
ores and wall rocks of a biotite-plagioclase gneiss; (d) photomicrograph for the wall rocks of a biotite-plagioclase gneiss.

determined to correct for the isobaric interferences of 7®Lu and 7°Yb
on 7®Hf. For instrumental mass bias correction Yb isotope ratios were
normalized to '72Yb/'7?Yb = 1.35274 and Hf isotope ratios to
Y79Hf/Y77Hf = 0.7325 using an exponential law. The mass bias behavior
of Lu was assumed to follow that of Yb, the mass bias correction pro-
tocol was described by Hou et al. (2007). Zircon GJ-1 was used as the
reference standard, with a weighted mean '7°Hf/'”’Hf ratio of
0.282008 = 0.000019 (20, n = 18). The data were processed using
GLITTER and ISOPLOT (Ludwig, 2003) programs.

3.3. Quartz grains O isotopes

Quartz grains were separated prior to O isotope analysis. Oxygen
was extracted from the quartz by the conventional BrFs method at
500 °C (Clayton and Mayeda, 1963). Oxygen isotope ratios were mea-
sured using a Thermo Finnigan MAT 253 mass spectrometer at the In-
stitute of Mineral Resources, CAGS. The results are expressed in § re-
lative to Vienna Standard Mean Ocean Water (V-SMOW) in per mil ‘&’
notations, as follows:

8'%0y —smow = [(**0/*°0)sampie/(**0/*°0)y —smow — 11 X 1000

The analytical precisions of 8'80 measurements were 0.2%o (1 SD)
and 0.1%o (1 SD), respectively, based on repeated measurements of
standard samples.

3.4. Pyrite sulfur isotopes

The sulfur isotope measurements of sulfide were performed on
pyrite grains were separated from BIF ores. Sulfide was extracted, and
the sulfur isotope composition was determined based on the method of
Robinson and Kusakabe (1975). It was then analyzed with a
MAT251EM mass spectrometer at the Stable Isotope Laboratory of In-
stitute of Mineral Resources, CAGS. The analytical reproducibility
was = 0.2%o. The sulfur isotope ratios were reported as 8>*S and &%
relative to the Cadon Diablo Troilite (CDT), as follows:

84S = [(8%S/8%28 )sampte/ (53S/828)y_cpr — 1] X 1000

838 = [(6%8/88)qumpie/(8338/8%8)y _cpr — 1] X 1000
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ABS = §%38-1000 X [(1 + 538/1000)°515 — 1]

4. Results
4.1. Major, trace and rare earth elements

Major, trace and rare earth elements are presented in Table s1.

The BIFs from the Huogiu iron deposit are mainly composed of SiO»
(26.5-70.0 wt%) and Fe,05" (11.1-55.4 wt%), with subordinate Al,O
(0.10-4.45 wt%, except for two high values of 12.8 wt% and 13.1 wt%),
MgO (0.04-5.59 wt%, except for two calcite-bearing samples of 8.45 wt
% and 13.5wt%) and CaO (0.10-3.99 wt%, except for two calcite-
bearing samples 22.2 wt% and 7.58 wt%). Other elements such as K>O
(0.00-2.35 wt%), Na,O (0.01-1.88wt%, except for an amphibole-
bearing sample of 4.98wt%), TiO, (0.01-0.29wt%), MnO
(0.01-0.43 wt%) and P,0s5 (0.00-0.15 wt%) are minor.

The total REEs concentration (XREE) of each sample widely varies
between 3.07 ppm and 199 ppm. Except for two Fe-poor samples, the
others are characterized by depletion of light REE relative to heavy REE
(La/Ybpaas = 0.08-0.83, averaging at 0.53). The BIFs also are char-
acterized by strong positive Eupaas anomalies (up to 12.7) and weak
negative or no Ceppps anomalies (Ce/Ce*paps = 0.79-1.04). The Y/Ho
ratios are high (27.3-53.0, average of 38).

4.2. Zircon Lu-Hf isotopes

The Hf isotope results are listed in Table s2 and shown in Fig. 4,
initial Y”SHf/*”7Hf ratios, eHf(t) values and depleted mantle model ages
(Tpy) were calculated based on the 2°7Pb/2%Pb age of individual det-
rital zircons.

The eHf(t) values show a large variation from —20.56 to +7.05. In
particular, most eHf(y, values are positive, indicating that their source
rocks are derived from juvenile crust and/or depleted mantle. The
single stage Hf model ages (Tpp) of these detrital give three prominent
peak at 3.1-3.0 Ga, 2.9-2.7 Ga and 2.5 Ga, suggesting multistage crustal
growth in the Huoqiu area.
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4.3. Quartz O isotope compositions

The O isotope compositions of quartz from ten BIF samples analyzed
during this study are given in Table s3. The quartz separates also have
8'80y.smow Vvalues of 11.8%o to 14.8%o, with an average of 12.9%o,
falling between values for quartz within igneous rocks and values for
marine siliceous rocks, similar to siliceous rocks that formed during
hydrothermal activity (Li and Jiang, 1995; Li et al., 2014).

4.4. Sulfur isotope compositions

The measured sulfur isotopic values for twelve pyrites in BIFs are
listed in Table s4. The 83S varied from —1.39 to + 3.28, §3*S varied
from —2.84 to +4.38%o and the A®*S varied from —0.08 to +1.03. In
the Fig. 5, the samples all plot around the volcanic sulfur area and
follow the bacterial reduction of seawater (SRB) trend.

5. Discussion
5.1. Material source of the Huoqiu BIF

According to the major compositions of iron oxides and silica cou-
pled with quite minor other oxides (e.g., Al;03, MgO and alkalis) in
most BIFs, it is consensus that the BIF are formed by chemical pre-
cipitation (James, 1954; Trendall, 2002). However, not all BIFs re-
present entirely pure chemical sediments, many BIFs are commonly
contaminated by clastic components (Lan et al., 2014 and references
therein). The Huoqiu BIFs are of high contents of SiO, + Fe,05"
(74.2-100 wt%, average at 91.3 wt%), implying they were mainly ori-
ginated from chemical precipitation like other BIFs. Since both Al,O5
and TiO, cannot be introduced in solution, the contents of Al,O3, TiO,
are usually chosen as indicators for evaluating the addition of clastic
components (e.g. Basta et al., 2011; Ewers and Morris, 1981; Pecoits
et al., 2009), which would enhance the Al,O3 + TiO, values up
to > 2% (Kato et al., 1996). The high Al,0s3, TiO, contents in the
Huogiu BIF (Al,O3 + TiO, up to 13.39%), suggest there were con-
spicuous clastic components added into the Huoqiu BIF. Compared with
the typical Y/Ho ratios of seawater (43-80, Nozaki et al., 1997), their
relatively lower and widely varying Y/Ho ratios (27.3-53.0, average of
38) also indicate that the Huoqiu BIF have been subjected to detritus
contamination, because minor admixtures of contaminants in chemical
sediments precipitating from seawater would depress seawater-like
super-chondritic Y/Ho ratios (Bolhar et al., 2004). This inference is
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confirmed by the negative correlation between Y/Ho ratio and Al,O;
content (Fig. 6a). The strongly positive correlation between Al,03, TiO5
and XREE (Fig. 6b, ¢, d) is the third evidence for the incorporation of
detrital components contributing to the chemical precipitate (Basta
et al., 2011 and references therein). Moreover, Zr, Hf, Rb, Y, and Sr are
commonly derived from the weathering of crustal felsic rocks, whereas
Cr and Ni call for a mafic source (Gnaneshwar Rao and Naqvi, 1995;
Sunder Raju, 2009). The evidently positive correlation between TiO,
and Zr, Al,0O5 and Zr, Y and Zr, as well as Hf and Zr (Fig. 6e, f, g, and h)
suggest that these materials were derived from felsic crustal sources. On
the contrary, the lack of clear correlation between MgO and Cr as well
as MgO and Ni suggests that mafic source detritus was minor (Fig. 7a,
b).

Intense positive Eu anomalies (Fig. 8) are also shown by the Huoqiu
BIF, which could not be inherited from seawater (Alibo and Nozaki,
1999; Freslon et al., 2011; Zhang and Nozaki, 1996). Since neither di-
agenetic nor metamorphic conditions are instrumental in decoupling of
Eu from the other REY (Bau and Dulski, 1996; Lan et al., 2014), other
sources characterized by remarkably positive Eu anomalies should be
involved during the deposition of the Huoqiu BIFs. Hydrothermal fluids
have been widely considered as the sources responsible for positive Eu
anomalies in BIFs (e.g., Danielson et al., 1992; Douville et al., 1999;
Klinkhammer et al., 1994; Lan et al., 2014; Wang et al., 2014). The
strongest positive Eu anomaly in the Huoqiu BIF is up to 12.7, which
suggest that high-temperature hydrothermal fluids should play an im-
portant role in the deposition of the Huogiu BIF. In Al,03-SiO, dis-
crimination diagram (Gonzalez et al., 2009; Wonder et al., 1988), most
of the samples from the Huoqiu BIF plot in the hydrothermal field
(Fig. 9a). Sm/Yb ratios combining with Y/Ho ratios are used to define
the range of hydrothermal fluids and seawater. In Sm/Yb ratios vs. Y/
Ho ratios plotting, the samples plot along and under the line of the high-
temperature hydrothermal fluids and seawater mixing (Fig. 9b). Part of
samples plot under the mixing line due to terrigenous input as an ad-
ditional REY source, which would have resulted in a decrease of Y/Ho
ratios and an increase of Sm/Yb ratios (Wang et al., 2014).

In addition, the quartz in Huogqiu BIF has 8'80y.smow Vvalues of
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Fig. 6. Covariant relationship between(a) Al,O3 and Y/Ho; (b) TiO, and Al203; (c) TiO, and ZREE (d) Al,O3 and ZREE; (e) TiO, and Zr; (f) Al,O3 and Zr; and (g) Y
and Zr, (h) Hf and Zr showing felsic detrital input.

11.8%o - 14.8%o, with an average of 12.9%o. Although the Huogiu BIF
has undergone amphibolite facies metamorphism, this metamorphism
and hydrothermal fluid exchange are likely to have decreased rather
than increased quartz §'®0y.gyow values (Knauth, 2005; Knauth and
Lowe, 2003; Robert and Chaussidon, 2006), which indicates that the

original 8'%0y.smow value of quartz within the Huoqiu BIF is likely to
have been higher than the values determined during this study. These
values are similar to siliceous rocks formed by high-temperature hy-
drothermal sedimentation (Li and Jiang, 1995; Hou et al., 2014). The
83*S values of pyrite grains vary from —2.84 to +4.38%o, which is
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similar as the sulfur derived from mixtures between mantle fluids and
sediments (Hoefs, 2009).

5.2. Depositional environment

REEs are also used to trace the depositional environment of the BIFs.
The REEs distribution patterns of the Huoqiu BIF show LREEs depletion,
positive La and Y anomalies, which are the features of seawater, sug-
gesting that the Huoqiu BIF was direct precipitated from seawater (e.g.,
Alibo and Nozaki, 1999; Bolhar et al., 2004; Freslon et al., 2011; Nozaki
et al., 1997; Sholkovitz et al., 1994; Zhang and Nozaki, 1996).

100

Hydrothermal

80

Si0,(Wt%)

20
ALO,(Wt%)

Ce anomaly is usually used to estimate the redox state of the sea-
water, since Ce®™ will be oxidized to Ce*" in an oxidation environ-
ment, which has a lower solubility and is tend to be absorbed by sus-
pended particles in seawater, thus leading to a negative Ce anomaly in
oxygenated seawater (German et al., 1990; Sholkovitz et al., 1994;
Byrne and Sholkovitz, 1996; Bekker et al., 2010). In modern environ-
ments, negative Ce anomalies are dominantly produced by Ce scaven-
ging onto Fe-Mn nodules and crusts in deep, oxygenated ocean waters
(Bau and Dulski, 1996; Bau, 1999; Slack et al., 2007), however, the
similar mechanism couldn't operate during Archean, because the at-
mosphere and ocean contained little or no oxygen (e.g. Farquhar et al.,
2001). After multiple studies using trace element and stable isotope
data, it is accepted that the low oxygen levels have locally or episodi-
cally arisen in nearshore settings during the Archean (e.g., Anbar et al.,
2007; Kaufman et al., 2007; Reinhard et al., 2017; Olson et al., 2013;
Planavsky et al., 2014; Riding et al., 2014; Fralick and Riding, 2015;
Lalonde and Konhauser, 2015), Thus, German et al. (1991) and Slack
et al. (2007) proposed a model for Archean negative Ce anomalies: Fe-
Mn-rich particles generated in local, shallow oxidized environments
(and producing negative Ce anomalies in the upper part of the water
column) would have been dissolved below the redoxcline in deeper
waters, returning the Ce back to the seawater and erasing any negative
Ce anomaly. Bau and Dulski (1996) suggest that Ce negative anomalies
could also be related to a La abnormality, thus they introduced Ce/Ce*
versus Pr/Pr* relationships to judge whether there is a Ce negative
anomaly. As shown in Fig. 10, part of Huogiu BIFs show negative Ce
anomaly, with the addition of the relatively high MnO content, it sug-
gest that the Huoqiu BIF was precipitated from the mildly oxidized
seawater in a nearshore settings.

Sulfur isotope ratios of Archean sulfide and sulfate minerals exhibit
signatures of mass-independent fractionation (S-MIF) that are measured
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Fig. 9. (a) Al,O3 vs. SiO, for the BIF ores (modified from Wonder et al., 1988), (b) Two-component conservative mixing lines of Sm/Yb vs. Y/Ho ratios (modified

from Alexander et al., 2008).
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Fig. 10. Plot of (Ce/Ce*)paas Vs. (Pr/Pr*)paas (after Bau and Dulski, 1996) for
the Huoqiu BIF. Field I: neither Cepaas nor Lapaas anomaly; Field Ila: positive
Lapaas anomaly, no Cepaps anomaly; Field IIb: negative Lapaas anomaly, no
Cepaas anomaly; Field Illa: positive Cepaas anomaly; Field IIIb: negative Cepaas
anomaly. The values of the Archean and early Paleoproterozoic BIFs (after
Planavsky et al., 2014) and the Neoproterozoic BIFs (after Basta et al., 2011)
are shown for comparison.

as deviations from mass-dependent relationships among three isotope
ratios of sulfur, which result in non-zero A®3$ (Ono et al., 2003, 2009
and references therein). The S-MIF signatures are thought to have ori-
ginated from sulfur photochemical reactions in an anoxic atmosphere
(Thiemens, 1999; Farquhar et al., 2000, 2013; Pavlov and Kasting,
2002; Bekker et al., 2004). In an anoxic Archean atmosphere, The
volcanic sulfur species were transferred into aerosols of both Sg and
H,S0, by photochemical reactions, the Sg carried positive A*3S and
lower 83*S values, whereas H,SO, carried negative A%3S and high 8%4s
values into the oceanic sulfur reservoirs (Farquhar et al., 2000, 2013;
Ono et al., 2003). The sulfate (H,SO,) is easier to soluble into water,
thus the sulfate (H,SO,4) aerosols is quickly removed from the atmo-
sphere by rainout and wet deposition, and deposited around the vol-
canic center, by contrast, the Sg is not easy soluble into water, which
made the Sg can be carried a long distance by the atmosphere, and
deposited far from the volcanic center (Thiemens, 1999; Farquhar et al.,
2000, 2013; Pavlov and Kasting, 2002; Bekker et al., 2004). This con-
clusion is well confirmed by the sulfur isotope results of the BIFs, The
BIFs of Algoma type, which are associated with volcanic or volcani-
clastic rocks and near volcanic center, have negative A%3S value
(—1.55%0 ~ +0.54%o0), while those of Superior type, which are

Hydrothermal
fluid (Fe+Si)
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associated with clastic-carbonate rocks and distally from the volcanic
center, have positive A®3S value (—0.13%o~ +1.21%0) (Li et al.,
2010). The A%3S values varied from —0.08%o to +1.03%o for the pyrite
in Huoqiu BIFs (Fig. 5), which is according with the Superior type,
imply that the Huoqiu BIF deposited distally from the volcanic center
and these sulfur sources of the BIFs formed in an oxygen-deficient at-
mosphere.

5.3. Tectonic setting and depositional process for Huoqiu BIF

The Huoqiu BIFs are mainly hosted in the Zhouji and upper Wuji
Formation (Fig. 2b), which is composed of metamorphic volcanic-se-
dimentary cycle (Chen et al., 1988). The meta-sedimental rocks were
reconstructed into argillaceous rocks, argillaceous sandstone, gray-
wacke and magnesium carbonate sandwiched between ferrosilicon se-
dimentary formations (Fig. 2b, Qiu and Yang, 1982; Yang et al., 2014).
Liu and Yang (2015) reported the amphibolites interlayered with
Huogqiu BIF bands, whose protolith are restored into basaltic volcanics.
These basaltic interlayers are subalkaline tholeiites, enriched in LREE
and Pb, and depleted in HFSEs, these geochemical features are similar
to those of island arc basalt or continental basalt (Yang et al., 2014; Liu
and Yang, 2015).

The detrital zircon from the Zhouji and upper Wuji Formation show
a complicated U-Pb age distribution, five groups as
4.0 Ga,3.06-3.01 Ga, 2.96-2.90Ga,2.87-2.72Ga and 2.56-2.54 Ga
(Fig. 2) and document a ~1.8 Ga middle grade regional metamorphism.
In this study, the Hf model ages of these detrital zircons give three
prominent peak at 3.1-3.0 Ga, 2.9-2.7 Ga and 2.5 Ga (Fig. 3), this result
are according with the four younger group of the detrital zircons' ages,
suggesting these sediments should be both sourced from vast exposed
cratonic basements (Wan et al., 2010; Yang et al., 2012; Liu and Yang,
2015; Liu et al., 2015, 2016) and juvenile magmatic rocks (~2.5 Ga,
Wan et al., 2010; Liu and Yang, 2015) like deposited in a back-arc basin
or an intra-continental rift. The top of Huoqiu group developed around
500m thickness of magnesium enriched carbonate rocks, which are
general deposited in lagoon or semi-enclosed basin within intra-con-
tinent (Fig. 2b, Qiu and Yang, 1982; Yang et al., 2014). As discussed in
Sections 5.1 and 5.2, only a certain amounts of felsic terrestrial but no
mafic clastic adding and mildly oxidized surface seawater during the
BIF formation both call for a nearshore settings.

Continuous high-temperature hydrothermal fluids with the volca-
nics, the §3*S and A33S values of Huoqiu BIF and basaltic interlayers
within the Huoqiu BIF imply that there was continuous mantle-derived
magma during the BIF formation. The youngest age of the detrital zir-
cons is 2.56-2.54 Ga, thus the Huoqiu BIF should be deposited
<2.54 Ga, however, there is no continuous mantle-derived magma
documented during 2.54 Ga ~ 1.8 Ga. Coincidently, there were intense
crustal growth and magmatism during ~2.5 Ga (this study and Wan
et al., 2010; Liu and Yang, 2015), thus this period is the most possible
form Huoqiu BIF formation.

Put all the elements together, we suggest that the Huoqiu BIF was

¢

§
I‘
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« Detrital inpu
63 /

Fig. 11. Schematic diagram showing tectonic evolution of Huogiu complex and depositional model for the Huoqiu BIF.
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deposited in intra-continental rift at ~2.5 Ga. A complete process can
be proposed for the Huoqiu BIFs as Fig. 11. A crust spreading happened
in intra-continental rift. Along the spreading center, abundant hydro-
thermal fluid dissolving Fe?>* and Si flowed in Archean anoxic sea-
water, and then the Fe>" and Si would be transported to the shallow-
water environment following the cold and heat water convection. In the
shallow-water environment, the surface seawater is mildly oxidized, the
dissolving Fe?* and Si would deposit into BIF, due to oxygenation of
Fe®* to Fe®*.

6. Concluding remarks

The Huoqiu iron deposit is one of large BIF-type ore fields in China,
and hosted in the middle-grade metamorphic Huogiu group. The ores of
Huoqiu BIFs show dominant composition of SiO, + Fe,03', and
varying contents of major elements and trace elements suggest their
formation mainly through chemical precipitation and incorporation of
felsic clastics. The REEs show LREE depletion, positive La and Y
anomalies as the seawater-like signatures. Intense positive Eu anoma-
lies reflect the participation of hydrothermal fluids. The §'0y.gmow
values of the quartz in ores are according with the siliceous rocks de-
posited from high-temperature hydrothermal. The A*3S values and no
Ce anomaly to negative Ce anomaly, imply that the BIFs deposited
distally from the volcanic center and precipitated from the mildly oxi-
dized seawater in a nearshore setting. Combined the Hf model age and
U-Pb age of detrital zircon from wall rock with the deposited process
and environment, we presumed the Huoqiu BIF formed at ~2.5 Ga.
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