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ARTICLE INFO ABSTRACT

The Gongchangling iron deposit located in the northeast of the North China Craton is hosted in late Neoarchean
Algoma-type BIFs. It is famous for the major production of high-grade iron ore in the Gongchangling No.2
mining area in China. With regard to the genesis of high-grade iron ore, more and more evidences indicate that it
was related with hydrothermal enrichment of BIFs. However, the hydrothermal nature was argued for meteoric,
metamorphic or migmatitic fluid. In this study, the trace element compositions of garnet from the altered wall-
rock of high-grade iron ore obtained by LA-ICP-MS show compositional zoning, indicating it is a metamorphic
origin. These garnets yield a Sm—Nd isochron age of 1888 + 77 Ma, interpreted as the time of metamorphism in
this area. LA-ICP-MS U-Pb dating of zircon from the upper migmatite zone shows that the migmatitic granite
was formed at 2478 + 36 Ma. Since the REE patterns of garnet suggest that it was formed in the nearly neutral
fluid rather than the acid meteoric fluid in the Paleoproterozoic. Hence, combined the ages of metamorphism
and migmatization with high-grade iron ore of 1840 *= 7 or 1860 * 7 Ma obtained by previous studies, it
indicates that the genesis of the high-grade iron ore derived from the enrichment of BIFs by metamorphic
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hydrothermal fluid.

1. Introduction

Banded iron formations (BIFs) are a unique type of Precambrian
marine chemical sedimentary rock (Bekker et al., 2010; Chen and Zhao,
1997; Chen et al., 1994; James, 1954; Moon et al., 2017; Tong et al.,
2019; Yang et al., 2015, 2018; Zhang et al., 2012). BIFs are broadly
defined as being either Algoma-type or Superior-type based on de-
positional environment, the former were apparently formed close to
volcanic arcs and spreading centers, and produced by exhalative hy-
drothermal processes related to submarine volcanism. While the latter
were developed in passive-margin, sediment-dominated settings (Gross,
1980; Huston and Logan, 2004; Klein, 2005; Konhauser et al., 2009,
2017).

Generally, the BIFs-related high-grade iron ores are mainly com-
posed of martite and hematite, and attributed to hypogene process and
supergene hydrothermal enrichment of BIFs in general (Bekker et al.,
2010; Clout, 2006; Egglseder et al., 2017; Figueiredo e Silva et al.,
2013; Hagemann, et al., 2016; Lascelles, 2012; Spier et al., 2008;
Thorne et al., 2009). However, the BIFs-related high-grade iron deposits
in China (total Fe = 50%) exhibit different geological characteristics
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compared to those of the world, which are mainly composed of mag-
netite and occur in the greenstone belt (Li et al., 2015; Wang et al.,
2014; Zhai and Santosh, 2013).

In China, BIFs are mainly distributed in the North China Craton
(NCC) (Hou et al., 2019; Li et al., 2014a,b; Wan et al., 2012a; Zhang
et al., 2014). The Gongchangling iron deposit in the Anshan-Benxi area,
northeast of the NCC, is hosted in the oxide facies Algoma-type BIFs.
And the Gongchangling No. 2 mining area represents the largest and
most typical BIFs-related high-grade iron ore distribution area in China
(Han et al., 2014; Li et al., 2014a, 2015; Sun et al., 2014a, 2018; Wang
et al., 2012, 2013, 2014; Zhou, 1994). More and more studies suggest
that desilicification process has been considered as the principal me-
chanism for generating the high-grade iron ores from the Gongchan-
gling No.2 mining area (Li et al., 2015; Sun et al., 2018; Wang et al.,
2014). During this process, the silica of BIFs was leached out by the
hydrothermal fluid, while the magnetite of BIFs was reserved to form
the high-grade iron ores. However, as for the nature of the hydro-
thermal fluid, there are three distinctively different viewpoints con-
taining migmatitic hydrothermal fluid from magma (Chen et al., 1985;
Cheng, 1957; Li et al., 1977; Li et al., 2014a; Zhao and Li, 1980; Zhao
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et al., 1979), metamorphic hydrothermal fluid generated by regional
metamorphism (Guan, 1961; Liu and Jin, 2010; Shi and Li, 1980; Sun
et al., 2014a, 2018; Wang et al., 2014; Zhou, 1994), and meteoric fluid
driven by extensional tectonics (Li, et al., 2014c; Li, et al., 2015; Li,
et al., 2019).

In this paper, we determined the trace element composition of
garnet from the altered wall-rock of the high-grade iron ore by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
It indicates that the garnet was formed under neutral condition during
prograde metamorphism. Therefore, we can use these garnets for the
direct Sm-Nd isotopic dating to determine the age of metamorphism.
Meanwhile, we present the age of migmatization by zircon U-Pb dating
of the migmatitic granite from the Gongchangling No.2 mining area.
Compared with previous studies, these data will enable us to constrain
the genesis of the high-grade iron ore in the Gongchangling No.2
mining area from the Anshan-Benxi area, northeast of the NCC.

2. Geological background
2.1. Regional geology

As one of the oldest cratonic blocks in the world, the North China
Craton consists of uniform Archean to Paleoproterozoic basement
overlain by Mesoproterozoic to Cenozoic cover (Song et al., 1996; Zhao
and Zhai, 2013). The Archean basement in the NCC was formed during
two distinct periods: 2.8-2.7 Ga and 2.6-2.5 Ga, of which the former is
considered as a major period of juvenile crustal growth in the NCC,
while the latter is related to the underplating of mantle-derived magma
(Zhao and Zhai, 2013). Three Paleoproterozoic orogenic belts have
been identified in the NCC, named the Trans-North China Orogen
(TNCO), Khondalite Belt and Jiao-Liao-Ji Belt (JLJB), respectively
(Fig. 1). The EW-trending Khondalite Belt was formed by the collision
between the Yinshan Block and the Ordos Block at ~1.95 Ga to form
the Western Block of the NCC (Zhao et al., 2003). Likewise, the NE-SW
trending Jiao-Liao-Ji Belt was formed by the collision between the
Longgang Block in the north and Langrim Block in the south at
~1.90 Ga to form the Eastern Block (Zhao et al., 1998, 2012). Then the
Eastern Block collided with the Western Block along the TNCO at
~1.85 Ga to form the coherent basement of the NCC (Zhao et al., 2001,
2003, 2005).

The Longgang Block is bounded by the JLJB in the southeast and the
TNCO in the northwest (Fig. 1a), and consists of an Archean meta-
morphic basement overlain by Neoproterozoic-Paleozoic sedimentary
strata. The metamorphic basement is characterized by abundant late
Archean tonalite-trondhjemite-granodiorite (TTG) suites and a minor
amount of supracrustal rocks. It is one of the oldest continental nuclei
on earth as a consequence of its preservation of the oldest rock in the
Anshan area ranging up to ~3.8 Ga (Song et al., 1996). Moreover, Cui
et al. (2013) reported the first occurrence of a xenocrystic zircon with
age of ca. 4.17 Ga from late Archaean amphibolites in the Benxi Ar-
chean supracrustal greenstone belt, which is close to above 3.8 Ga
rocks.

The JLJB separates the Longgang and Langrim Blocks. It mainly
consists of metavolcano-sedimentary successions and granitic to mafic
intrusions that were metamorphosed to greenschist-amphibolite facies.
The tectonic nature of the JLJB is still controversial, including arc-
continent collision (Bai, 1993; Faure et al., 2004; Li et al., 2017) and
intra-continental rift (Li and Zhao, 2007; Peng and Palmer, 1995; Wang
et al., 2017; Zhang and Yang, 1988). Zhao et al. (2012) complied dif-
ferent events from the two models into an integrated progressive tec-
tonic process and proposed the rift-and-collision model. It indicates that
the JLJB underwent extensional setting and rift in the period
2.2-1.9 Ga, leading to the opening of an incipient ocean that broke the
Eastern Block into two small blocks (Longgang and Langrim Blocks). At
~1.9 Ga, the two blocks were re-assembled through subduction and
collision to form the Jiao-Liao-Ji Belt (Zhao et al., 2012; Zhao and Zhai,
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2013). Geochronological data show that most of the metasedimentary-
metavolcanic successions in the JLJB formed during 2200-2100 Ma,
and then were metamorphosed and deformed from 1950 to 1850 Ma
(Liu et al., 2018; and references therein).

The Anshan-Benxi area, Liaoning Province, with 20% total reserves
of iron ore in China, is located in the Longgang Block adjacent to the
JLJB, northeast margin of the NCC (Li et al., 2014b; Wang et al., 2014;
Xu et al., 2019). The early Precambrian metamorphic rock series are
composed of the Archean Anshan Group and the Paleoproterozoic
Liaohe Group in this area, and both the Anshan and Liaohe Groups are
overlain unconformably by the undeformed Neoproterozoic Sinian se-
diments (Tang et al., 2013a,b). The Neoarchean Anshan Group com-
prises a supracrustal sequence that was intruded by the granitic gneisses
(the Anshan gneisses), resulting in the supracrustals occurred as lenses
of variable sizes within the gneisses (Zhai and Windley, 1990; Zhai
et al.,, 1990a). The main rock types of the Anshan Group consist of
amphibolites, biotite leptynites (fine grained biotite-plagioclase gneiss),
schists, migmatites, BIFs, siliceous rocks and carbonates on the whole,
and had undergone greenschist to amphibolite facies metamorphism
(Zhai et al., 1990b; Zhou, 1994). The Anshan Group is divided into the
Cigou, Dayugou and Yingtaoyuan Formations from bottom to top. Re-
cent geochronological studies in the Anshan-Benxi area indicate that
the forming age of the Anshan Group BIFs is late Neoarchean (Dai et al.,
2014; Tong et al., 2019; Wan et al., 2012a). Granitic rocks are widely
distributed in the Anshan-Benxi area, and most of these rocks had un-
dergone migmatization (Fig. 1; Li et al., 2015). The BlFs-related high-
grade iron deposits in the Anshan-Benxi area are mainly distributed in
the Gongchangling, Qidashan, Nanfen and Wangjiabuzi. Among them,
the Gongchangling ore field is the largest and most typical one (Wang
et al., 2014).

2.2. Ore deposit geology

The Gongchangling iron ore field in the Anshan-Benxi area com-
prises the Nos. 1-3 and Laoling-Bapanling mining areas with proven ore
reserves of 1583 million tonnes (Mt) (Chi, 1993; Zhou, 1994; Li et al.,
2015). The Gongchangling No.2 mining area is located in the north
limb of the Gongchangling anticline. It has proven ore reserves of 946
Mt, including 782 Mt low-grade and 164 Mt high-grade iron ores, which
provided with the largest high-grade iron ore reserves in the Anshan-
Benxi area (Li et al., 2015). 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 iron ore-bodies in the
Gongchangling No.2 mining area are ca. 4500 m in length and
300-600 m in width. It is hosted by the metamorphic rock series of the
Cigou Formation of the Anshan Group. These rocks occur as elongated
enclaves within the granitic rocks with dipping NE at the angle of 60 to
85 degrees. There are six layers of BIFs in the Gongchangling No.2
mining area, and the average total Fe grade of BIFs is 33.72% (Li et al.,
2015). A brief description of the rock units is given as follows from base
to top (Fig. 3): (1) Lower amphibolite zone; (2) Lower schist zone; (3)
Lower iron ore belt: composed of the first layers of BIFs (Fel, Fel-Fe6
means the first to the sixth layer of BIFs), middle schist and Fe2; (4)
Middle biotite leptynite zone: interlayer with Fe3, and considered as the
key marker layer in distinguishing the lower and upper iron ore belts;
(5) Upper iron ore belt: consists of the Fe4, lower amphibolite, Fe5,
upper amphibolite and Fe6. Most of the high-grade magnetite ores are
hosted in the Fe6, accounting for 77.1% of the total high-grade iron ore
reserves in the Gongchangling No.2 mining area; (6) Siliceous strata.
Both the hanging wall and footwall rocks of the iron-bearing series are
migmatitic granite, including the Gongchangling granite (lower mig-
matite zone (ML)) and the Mayu granites (upper migmatite zone (Mu),
Fig. 3) (Wan, 1994; Li et al., 2015).

The mode of occurrence of the high-grade iron ores is roughly
consistent with that of BIFs, and there is a smooth transition from high-
grade iron ores to BIFs (Fig. 4a). The iron ores are mainly characterized
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Fig. 1. Geological map of the Anshan-Benxi area, Liaoning Province (modified after Dong et al., 2017; Wan et al., 2016; Zhao and Zhai, 2013).

by banded (BIFs) or massive (high-grade iron ore) structure and gran-
ular texture. The iron ores are divided into four types: i) low-grade
magnetite ore with ore mineral of magnetite and gangue minerals of
quartz, actinolite, chlorite, biotite and apatite; ii) low-grade martite ore
with ore minerals of specularite, martite, minor magnetite and limonite;
and the gangue minerals are similar to those of the low-grade magnetite
ore; iii) high-grade magnetite ore with ore minerals of magnetite and

minor hematite; and gangue minerals of quartz, garnet, cummingtonite,
chlorite and calcite; iv) high-grade hematite ore with ore mineral of
specularite; and gangue minerals are similar to those of the high-grade
magnetite ore.

Strike reverse faults and transverse faults are well developed in this
area. The occurrence of high-grade iron ores is mainly controlled by the
strike reverse faults which formed during regional metamorphism along
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Fig. 2. Geological map of the Gongchangling No.2 mining area (modified after Zhou, 1994).
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Fig. 3. Geological cross-section of the Gongchangling No.2 mining area (after
Chi, 1993; Zhou, 1994).

the ore layer of Fe6, while the transverse faults formed after miner-
alization period (Zhou, 1994).

All the ore-bodies are consistent with the occurrence of wall-rocks.
The wall-rocks of high-grade iron ores exhibit obvious alteration zoning
in sequence of amphibolization (actinolitization and cummingtonite),
garnetization and chloritization outwards from the ore-bodies. The
scale of high-grade iron ores is roughly proportional to alteration in-
tensity of wall-rocks in general (Zhu et al., 2016).

3. Sampling and analytical methods
3.1. Sample description

Garnet is widely distributed in the Gongchangling No.2 mining area.
It is abundant in the altered wall-rocks while minor in the ore samples,
and higher contents in the upper iron belt than those in the lower belt.
The grain size of garnet in the upper iron belt (maximum size reaching
up to 15 cm) is much coarser than that in the lower iron belt and middle
biotite leptynite (ca. 0.2 ~ 1.0 mm) (Zhou, 1994). The garnet in this
study is selected from garnet-chlorite schist which is the altered wall-
rock of high-grade iron ore in upper iron ore belt (Fe6, Fig. 4b). The
garnet is present as rhombic dodecahedron porphyroblast about 2 cm in
size (Fig. 4c). It contains mineral inclusions of magnetite and quartz
with developed crack (Fig. 4d), and is surrounded by the matrix mineral
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of chlorite (Sun et al., 2014a). It was made a trace element chemical
composition profile across the garnet from rim through core to rim,
avoiding inclusions and altered minerals.

The migmatitic granite used for zircon U-Pb dating was collected
from the upper migmatite zone (Fig. 3). The main mineral assemblage
of the gray migmatitic granite is quartz (~40%) + plagioclase
(~30%) + K-feldspar (~20%) + muscovite (~10%). The K-feldspar is
microcline with across-hatched twinning texture (Fig. 4e, f). Accessory
minerals include magnetite, apatite, and zircon. The migmatitic granite
is medimum-fine grained, and possesses granitic texture.

3.2. Analytical methods

3.2.1. Chemical composition of garnet

Trace element including rare earth element (REE) analysis of garnet
was conducted by using an Agilent 7700x inductively coupled plasma
mass spectrometry (ICP-MS) coupled with an Analyte Excite 193 nm
laser at the Laboratory of Mineralization and Dynamics, Chang’an
University. In situ sampling on polished-thin sections had been per-
formed by using 32 pm diameter ablation spots with 5 Hz and He as the
carrier gas. Element contents were calibrated against multiple reference
materials (GSE-1G, BCR-2G, BIR-1G, BHVO-2G, and NIST610). Every
six sample analyses were followed by one analysis of NIST610 as
quality control to correct the time-dependent drift of sensitivity and
mass discrimination. Off-line selection and integration of background
and analytic signals, and time drift correction and quantitative cali-
bration were calculated using the program ICPMSDataCal 7.2 (Liu
et al., 2010).

3.2.2. Sm-Nd isotopic analysis

Sm-Nd isotopic analysis of garnets was performed at the Analytical
Laboratory of the Beijing Research Institute of Uranium Geology, China.
The Sm and Nd abundances and ***Nd/!**Nd ratios were measured on
the ISOPROBE-T thermal ionization mass spectrometer. Nd isotopic
ratios are normalized to **Nd/**Nd = 0.7219 using power law frac-
tionation correction. The Sm and Nd blanks during the course of this
study are below 0.5 x 107!, The procedure is described in detail by
Wang (1988), Wang et al. (2007). Sm-Nd isochron age was calculated
by using the Isoplot 3.0 program (Ludwig, 2003).

3.2.3. Zircon U-Pb isotopic analysis

Zircons were separated from migmatitic granite (15GCL-14) using
conventional heavy liquid and magnetic separation techniques.
Representative zircon grains were handpicked under a binocular mi-
croscope and then were mounted in an epoxy resin disk and polished to
about half of their thickness for analysis. Cathodoluminescence (CL)
images were obtained in order to reveal the morphology and internal
structure of zircons by using a JSM 6510 scanning electron microscope
equipped with a Gatan Mono CL System. Zircon U-Pb dating was
conducted by using an Agilent 7700 X inductively coupled plasma mass
spectrometry (ICP-MS) coupled with an Analyte Excite 193 nm laser at
the Laboratory of Mineralization and Dynamics, Chang’an University.
Zircon 91500 and NIST610 were used as external calibration standards
for zircon U-Pb isotope and trace element analyses, respectively. Zircon
isotope ratios and trace elements were calculated using the program
ICPMSDataCal 7.2 (Liu et al., 2010). Concordia diagrams and weighted
mean calculations were carried out using the Isoplot 3.0 program
(Ludwig, 2003).

4. Results
4.1. Garnet trace element composition
The LA-ICP-MS trace element chemical composition profile across

the garnet is provided as electronic Supplementary Table Al. The
garnet in this study (Sample no. 10GCL-87) is euhedral, and exhibits
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Fig. 4. Photos of field, hand specimen and photomicrographs showing the representative mineral assemblage of altered wall-rock, high-grade iron ore and migmatitic
granite from the Gongchangling No.2 mining area. (a) Field photo showing the consistent occurrence of BIFs and high-grade in the Fe6 layer; (b) hand specimen of
garnet-chlorite schist (10GCL-87) consisting of garnet (Grt) and chlorite (Chl), and the altered schist is wall-rock of a high-grade iron ore in upper iron belt of Fe6; (c)
euhedral garnet from garnet-chlorite schist; (d) the developed cracks in garnet (plane-polarized light); (e) hand specimen of gray migmatitic granite; (f) migmatitic
granite consisting of quartz (Qtz) + plagioclase (P1) + K-feldspar + muscovite (Ms), the K-feldspar is microcline (Mc) with across-hatched twinning texture.

pronounced compositional zoning and can be summarized as: (i) MgO
and MnO contents exhibit bowl-shaped and shell-shaped patterns, re-
spectively; (ii) Co gradually increases from the core to the rim and (iii)
the contents of Ti, V, Li and Sc gradually decrease from the core to the
rim (Fig. 5). The Chondrite-normalized REE patterns for all test points
show the light REE (LREE) relative to heavy REE (HREE) depletion
characteristics, while the middle REE (MREE) relative to HREE changes
from depletion in the core to enrichment in the rim (Fig. 6). Moreover,
the REE patterns manifest slightly negative or positive (no obvious) Eu

anomalies irregularly without zoning.

4.2. Garnet Sm-Nd isochron

Abundances of Sm and Nd of the garnets from five altered wall-
rocks of high-grade iron ore and their isotope are listed in Table 1. The
concentrations of Sm and Nd are 1.28-2.68 ppm and 1.52-3.63 ppm,
respectively. On the '*’Sm/***Nd-'**Nd/!**Nd diagram, the garnet
samples (except for 15GCL-09) display a good linear relationship



X.-H. Sun, et al.

Ore Geology Reviews 122 (2020) 103504

25 18
*0 ¢MnO & MgO ® <
(a) R Q‘ g 16 ‘(b) 0
20 F o4
5 . . ol 2 BT 0000, & R4
= °
> 0‘ * * x & 12 ‘00‘““ ° R 000® ‘“g
o '’ POV R = 10 © 0000
= 4 %004 % * .‘,00‘ o)
z Lok 0:‘“0‘ 00000°048 b O s
% : * * 6
= Fos - .
L °
05 * *
*0® s 5
0“ "0’
0 ! ! 0
0 10 20 30 40
0 10 20 30 40
300 160
(©) 140t (d)
250 o,
° o, 3
% o 120 N M %% 0 6 o
200 %0 o o o9 °
= AP A 2 100 o %0 °
°
° > ° o0
g 150 ® o 00 S s0f e ®
& . N ~
= & ° > ol ®
100} & o0 X °
o % e 4o ¢
°
50 |o . ”
0 0
0 10 20 30 40 0 10 20 30 40
100 350
°
90 LR >
© RIS 300 D . o0
80 024 0’« o000
70 ° ° 250 0900 o ¢
® — 4 14
E 6 £ 200 *
a, * & < ®
g 50 . N P ©
5 40 ° % 150 0
° . oo °
30 ® ¢33 100f o °
* *® * °
2 000® s 0 ¢ *
5
10 fo0® %00,
0 0
0 10 20 30 40 0 10 20 30 40
spot number spot number
rim core rim rim €———— core ———> rim
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(Fig. 7), which represents an isochron or a mixed line with two end-
members of different *4’Sm/***Nd and **Nd/'**Nd ratios (Bell et al.,
1989). Because absence of an obvious linear relationship on the 1/
Nd-'**Nd/***Nd diagram for the garnets, we can rule out the possibility
of a mixed line (Peng et al., 2003; Su et al., 2009). Therefore, the
garnets yield a Sm-Nd isochron age of 1888 + 77 Ma, with a mean

Gd Tb

Dy Ho Er Tm

Yb Lu

. The Chondrite values are from Sun and McDonough (1989).

square of weighted deviates (MSWD) of 9.4 and initial ***Nd/!**Nd
ratio of 0.51006 + 0.00028 (eNd(t) = —2.6).

4.3. Zircon U-Pb dating

Zircon grains extracted from the migmatitic granite are mainly
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Table 1

Sm-Nd isotopic composition of garnets from altered wall-rocks of high-grade
iron ores in upper iron belt of Fe6 in the Gongchangling iron deposit of the
Anshan-Benxi area, NCC.

Sample no. Sm (ppm) Nd (ppm) 147Sm/*4Nd 13Nd/"**Nd (20)
15GCL-09 1.28 2.81 0.2751 0.513002 (14)
15GCL-11 1.95 2.12 0.5567 0.517010 (09)
15GCL-12 1.84 1.52 0.7307 0.519119 (12)
15GCL-15 1.95 3.01 0.3909 0.514897 (12)
10GCL-87 2.68 3.63 0.4453 0.515587 (09)
0.520000
| t=1888+77 Ma
(**Nd/"Nd) =0. 51006 +0. 00028
L MSWD=9. 4
vo -
=
T 0.515000
o
Z I
0.510000 Fr—t—m—t——
0.00 0.10 020 030 0.40 0.50 0.60 0.70 0.80

Sm/*'Nd

Fig. 7. Sm-Nd isochron for garnets from the altered wall-rocks of high-grade
iron ores in the Gongchangling iron deposit of the Anshan-Benxi area, NCC.

stubby or prismatic in shape with a size ranging from 80 to 150 um. CL
images reveal that all zircons are characterized by typical magmatic
oscillatory zoning (Hoskin and Schaltegger, 2003; Wu and Zheng,
2004). Fourteen analyses were carried out on fourteen zircons. The
results are listed in Table 2 and plotted in the Fig. 8. Nine analyses form
a discordant line with an upper intercept age of 2478 = 36 Ma
(MSWD = 2.1), while four analyses of xenocrystic zircon grains closest
to concordia define a discordant line with an intercept age of
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Fig. 8. Zircon U-Pb concordia diagram and representative zircon CL image for
the migmatitic granite from the Gongchangling iron deposit of the Anshan-
Benxi area, NCC.

5. Discussion
5.1. Age of metamorphism and tectonic affinity

The wall-rock alteration of high-grade iron ore is extensively de-
veloped in the Gongchangling No.2 mining area, and the garnet is
common in the altered rocks. In general, the proportion of garnet in
altered rocks decreases with the increase of the distance from the high-
grade iron ore-bodies. Correspondingly, the content of magnetite in
altered rock also decreases with the increasing distance from ore-
bodies, indicating that the garnet-rich altered rocks and high-grade iron
ores have a close not only spatial but also genetic relationship (Li et al.,
2014a; Zhu et al.,, 2016). Since garnets commonly contain unusual
amount of minor and trace elements due to substitution, and have
chemical zoning, which can provide a continuous physicochemical re-
cord of the hydrothermal evolution (Hong et al., 2012; Kotkova and
Harley, 2010; Rubatto and Hermann, 2007; Vander Auwera and André,
1991; Wang et al., 2002; Zhang et al., 2017).

3105 + 27 Ma (MSWD = 0.19). o . - .

( ) As mentioned in Section 3.1, the garnet in this study is collected
from the altered wall-rock of a high-grade iron ore. Generally, the
growth zone of magmatic garnet exhibits specific manganese zoning
with a relatively Mn-poor core but a Mn-rich rim, constituting a specific
“MnO bowl-shaped profile”, due to the gradual increase of Mn/
(Fe + Mg) ratios in the cooling crystallization process of magma

Table 2

LA-ICP-MS zircon U-Pb isotopic analysis of migmatitic granite from the upper migmatite zone in the Gongchangling iron deposit of the Anshan-Benxi area, NCC.
Spot Isotope content (ppm) Ratios Age (Ma)

Th u Th/U 2Pb/**Pb 1o 27pb/?By 1o 209pb/?8y 10 27pb/2%Pb 10 *7Pb/**U 1o *°Pb/8U 1o

15GCL-14-01 150 273 0.55 0.15736 0.00370 7.39082  0.18161 0.34069  0.00404 2427 46 2160 22 1890 19
15GCL-14-02 525 1556 0.34  0.14455 0.00288 3.83856  0.09958 0.19178  0.00290 2283 34 1601 21 1131 16
15GCL-14-03 526 734 0.72  0.28122 0.00517 22.2593  0.50688 0.57327  0.00875 3370 29 3195 22 2921 36
15GCL-14-04 497 829 0.60 0.15574 0.00283 7.39787  0.17716 0.34326  0.00551 2410 26 2161 21 1902 26
15GCL-14-05 582 1422 0.41  0.14353 0.00298 4.31238  0.09175 0.21761 0.00283 2270 35 1696 18 1269 15
15GCL-14-06 1623 1765 0.92 0.15495 0.00286 5.26396  0.10974 0.24646  0.00464 2402 31 1863 18 1420 24
15GCL-14-07 358 736 0.49  0.25411 0.00503 18.6691 0.56181 0.52606  0.01022 3211 31 3025 29 2725 43
15GCL-14-08 58 141 0.41  0.22836 0.00437 20.9164  0.46584 0.66244  0.01156 3040 31 3135 22 3277 45
15GCL-14-09 229 716 0.32  0.15950 0.00321 9.62286  0.25447 0.43580  0.00803 2450 34 2399 24 2332 36
15GCL-14-10 516 998 0.52  0.24621 0.00425 19.7549  0.53851 0.57747  0.01134 3161 27 3079 26 2938 46
15GCL-14-11 377 695 0.54  0.26894 0.00456 18.6323  0.34553 0.50070  0.00580 3300 27 3023 18 2617 25
15GCL-14-12 140 2115 0.07 0.12271 0.00255 2.63370  0.13776 0.15165  0.00600 1996 37 1310 39 910 34
15GCL-14-13 463 1375 0.34 0.15142 0.00274 5.65364  0.15627 0.26928  0.00558 2362 31 1924 24 1537 28
15GCL-14-14 735 1336 0.55  0.14660 0.00301 4.10343  0.09390 0.20340  0.00337 2306 35 1655 19 1194 18
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(Leake, 1967; Miller and Stoddard, 1981; Villaros et al., 2009; Yang
et al., 2013). While the bowl-shaped pattern of MgO content and bell-
shaped pattern of MnO content are generally interpreted as a growth
zoning produced during the prograde metamorphism (Frost and Tracy,
1991; Spear, 1991; Sun et al., 2014; Zhai et al., 1990; Zhang et al.,
2000).

The mineral chemical analysis indicates that the garnet is domi-
nated by almandite (Sun et al., 2014a), and records a compositional
feature of MgO content with a bowl-shaped profile and MnO content
with a bell-shaped profile, indicating it is a metamorphic origin.
Moreover, the trace elemental composition of the garnet (Ti, V, Li, Sc
and Co) also exhibits a continuous composition zoning (Fig. 5), which
suggests that it might be formed during solo geological process.

Redox-sensitive element (U) has different valence states (U** and
U®*) and their behaviors are significantly affected by fO,. The U** is
more likely to substitute Ca%" in garnet than U+ (Gaspar et al., 2008;
Smith et al., 2004). Therefore, the low contents of U in garnet
(0-0.57 ppm, except one spot of 3.68 ppm) indicate that it was formed
under relatively high fO,. Since yttrium (Y) and REE show very similar
geochemical behavior due to their similar ionic radius and charge (Bau
et al., 1996), the garnet records strong positive correlation between
REE vs. Y contents (Fig. 9). It is suggested that REE fractionation is
dependent strongly on the pH of hydrothermal fluid (Bau, 1991; Zhang
et al., 2017). Under mildly acidic conditions, the fluids are commonly
LREE-enriched and HREE-depleted with positive Eu anomalies (Bau,
1991), whereas the nearly neutral fluids are HREE-enriched and LREE-
depleted with negative or no Eu anomalies (Zhang et al., 2017). The
Gongchangling garnet is strongly HREE enriched with no obvious Eu
anomalies, suggesting that it was possibly formed in the nearly neutral
fluid rather than acidic condition.

Collectively, the Gongchangling garnet was formed during prograde
metamorphism, and possibly crystallized from a nearly neutral hydro-
thermal fluid with relatively high fO,. Therefore, four garnet samples
yield the Sm-Nd isochron age of 1888 * 77 Ma, it is interpreted as
time of metamorphism in this area. As the Anshan-Benxi area is ad-
jacent to the Jiao-Liao-Ji Belt, and the Cigou Formation of Anshan
Group suffered amphibolite facies metamorphism (Zhai et al., 1990b;
Sun et al., 2014a, 2018). It is inferred that the ~1.9 Ga metamorphism
in the Gongchangling No.2 mining area was related to the final collision
between the Longgang and Langrim Blocks to form the Jiao-Liao-Ji Belt.

5.2. Age of migmatization and related tectono-thermal event

There are two types of granitoids in study area, which are located in
the hanging-wall and footwall of the Anshan Group supracrustal rock,
respectively (Wan, 1994; Li et al., 2015). The age of granitoid in south
of the Gongchangling is Mesoarchean (2.99 Ga, Wan, 1994;
3138 + 6 Ma, Han et al., 2014; 2948 = 25 Ma, Dong et al., 2017),
which is older than the formation age of the Gongchangling BIFs (ca.
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Fig.9. Diagram of XREE vs. Y contents of garnet from sample 10GCL-87.
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2.53 Ga, Wan et al., 2012a; Li et al., 2015). Nevertheless, the age of
granitoid in north of the Gongchangling is estimated to be ca. 2500 Ma
(Wan et al., 2015), which is younger than the formation age of the
Gongchangling BIFs.

Zircon U-Pb data from the upper migmatite zone of the
Gongchangling No.2 mining area (Mu in Figs. 2, 3) define the intercept
ages of 2478 = 36 Ma and 3105 * 27 Ma (Fig. 8), respectively.
Combined with regional geology in this area, the former, formed at the
late Neoarchean—early Paleoproterozoic, is interpreted as the forming
age of migmatitic granite, which is roughly contemporaneous with the
widespread late Neoarchean granitoids in the Anshan-Benxi area (Wan
et al., 2012b, 2015). The latter with age of Mesoarchean, is interpreted
as the timing for crystallization age of the protolith of migmatitic
granite, due to the extensive exposure of Mesoarchean lithologies in the
Anshan-Benxi area (Dong et al., 2017; Long et al., 2019; Wan et al.,
2012c).

The Neoarchean is an important continent-formation period with
two peaks at ~2.7 Ga and ~2.5 Ga (Condie and Aster, 2010). The
tectono-thermal event at ~2.7 Ga widely occurred in many cratons
worldwide with global significance, while the ~2.5 Ga tectono-thermal
event apparently occurred on a smaller scale and has only been iden-
tified in a few cratons. However, the evolution of the NCC is well known
for the marked tectono-thermal event at ~2.5 Ga (Dong et al., 2017;
Wan et al., 2011, 2012b, c).

Based on the geological and geochronological data, three ancient
terranes (> 2.6 Ga) are identified, namely the eastern, southern and
central ancient terranes, and these terranes define a foundation for the
late Neoarchean tectonic evolution of the NCC (Wan et al., 2015, 2018).
During the late Neoarchean, the plate tectonic system already played a
role in the NCC, and three ancient terranes were located in the ocean
and amalgamated together by subductions and collisions. In the late
Neoarchean, these terranes entered the extension stage, which further
led to the primary cratonization of the NCC. The Anshan-Benxi area is
located in the northern part of the eastern ancient terrane at that time.
The BIFs in the Anshan-Benxi area are main Algoma-type with age of
2.52-2.55 Ga (Wan et al., 2012a, 2016; Sun et al., 2014b; Tong et al.,
2019; Zhang et al., 2012, 2016), indicating a relatively stable en-
vironment at that time (Wan et al., 2015). The ca. 2.5 Ga granitoids
which are slightly younger than BIFs, were probably formed in an ex-
tensional tectonic setting, resulting from the underplating of mantle
derived magmas (Wan et al., 2012a,b,c; Zhao et al., 1998).

The Gongchangling migmatitic granite in the Anshan-Benxi area of
the NCC was formed at ca. 2.5 Ga, inferred that it might be related to
the ~2.5 Ga tectono-thermal event in the NCC.

5.3. Genesis of high-grade iron ore

As to the genesis of the high-grade iron ore in the Gongchangling
No.2 mining area, there are three different opinions for a long time,
including: (1) the high-grade iron ore was mainly formed during ori-
ginal deposition stage, and subsequently modified by diagenesis (Chen
et al., 1984); (2) it was formed during hydrothermal reformation stage.
The silica of BIFs was leached out by the hydrothermal fluid, while the
magnetite of BIFs was reserved forming the high-grade iron ore.
However, the nature of the hydrothermal fluid is debated within mig-
matitic hydrothermal fluid, metamorphic hydrothermal fluid and me-
teoric fluid (Li et al., 2015; Liu and Jin, 2010; Wang et al., 2012; and
references therein); (3) the graphite-bearing high-grade iron ore was
formed by decomposition of siderite during metamorphism (Li, 1982; Li
et al., 1983).

The high-grade iron ores mainly occurred within BIFs, and show
obvious structure-controlled (faults and folds) characteristics (Zhou,
1994). The intensity of wall-rock alteration is roughly proportional to
the scale of high-grade iron ores (Wang et al., 2014; Zhu et al., 2016).
All these evidences indicate that the genesis of the Gongchangling high-
grade iron ore is related with the hydrothermal enrichment (Sun et al.,
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Table 3
Age comparison for ore and related rocks in the Gongchangling iron deposit of the Anshan-Benxi area, NCC.
Items Testing object Analytical method Age Reference
BIFs Leptynite (Fine grained biotite-plagioclase gneiss), interlayer of BIFs Zircon SHRIMP 2528 *= 10 Ma Wan et al., 2012a,b,c
Leptynite (Fine grained biotite-plagioclase gneiss), interlayer of BIFs Zircon SHRIMP 2539 * 25Ma Li et al, 2016
Plagioclase-hornblende schist, wall-rock of BIFs Zircon SHRIMP 2554 + 12 Ma Han et al., 2014
High-grade iron ore Garnet-rich altered rock Zircon SHRIMP 1840 + 7 Ma Li et al., 2014a,b
Garnet-rich altered rock Monazite and zircon SHRIMP 1860 + 7 Ma Li et al, 2019
Metamorphism Garnet-chlorite schist, wall-rock of high-grade iron ore Garnet Sm-Nd isochron 1888 + 77 Ma This study
Migmatization Migmatitic granite Zircon LA-ICP-MS 2478 + 36 Ma This study

(a) ca. 2.53-2.55 Ga: BIFs formation

. €< R
BIF deposit & N N
A

Upwelling Fe, Si rich
hydrothermal fluid

(b) ca. 2.48 Ga: Migmatization

Migmatitc granites

BIFs

Longgang Block

High-grade iron ore

(c) ca. 1.88 Ga: Genesis of high-grade iron ore
Jiao-Liao-Ji Belt

Langrim Block

Fig. 10. Schematic diagram showing the genesis of the Gongchangling BIF-related high-grade iron ore.

2014a, 2018; Wang et al., 2014; Li et al., 2015). The biotite leptynite
interlayer in the Gongchangling BIFs constrained the formation age of
the BIFs at late Neoarchean (2528 =+ 10 Ma, Wan et al., 2012a;
2554 * 12 Ma, Han et al., 2014; 2539 * 25 Ma, Li et al., 2016).
Hydrothermal zircon and monazite from the altered wall-rock of the
high-grade iron ores indicated that the age of the high-grade iron ores
was late Paleoproterozoic (1840 =+ 7 Ma, Li et al, 2014a;

1860 + 7 Ma, Li et al., 2019). Since the meteoric fluids were acidic in
the Paleoproterozoic, furthermore, when it passed through the carbo-
nate of Liaohe Group into the Gongchangling BIFs, it would become
more acidic (Chen, 2000; Li et al., 2014c). However, the REE pattern for
the Gongchangling garnet indicates that it was formed in the nearly
neutral fluid. In addition, the altered wall-rocks near high-grade iron
ore-bodies suggests that the hydrothermal alteration in the
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Gongchangling occurred under neutral-alkaline condition (Li et al.,
2015). Therefore, the influence of meteoric fluid on the formation of
high-grade iron ore was relatively limited.

In this study, we obtained the ages of the metamorphism
(1888 =+ 77 Ma) and migmatization (2478 = 36 Ma). Compared with
these ages (Table 3), it shows that the forming age of high-grade iron
ores is contemporary with the time of metamorphism rather than
migmatization, indicating that the genesis of the high-grade iron ores
was related with the enrichment of BIFs by metamorphic hydrothermal
fluids.

The genesis of the high-grade iron ore related with metamorphic
hydrothermal fluid, can also be supported by other evidences as fol-
lows: (1) the BIFs and high-grade iron ores show similar whole-rock
geochemical characteristics indicating that the hydrothermal fluids
were from ore itself with little addition of foreign materials (Liu and
Jin, 2010; Sun et al., 2014a; Zhou, 1994); (2) the sulfur and oxygen
isotopes characteristics exclude the migmatitic hydrothermal fluid to
form the high-grade iron ores (Liu and Jin, 2010; Wang et al., 2012); (3)
the fluid inclusion characteristics of high-grade iron ores are similar to
those of BIFs, but show obvious differences with those of the migmatitic
granite (Shi and Li, 1980).

Combined with previous studies, the process for genesis of the high-
grade iron ores in the Gongchangling No.2 mining area can be sum-
marized as follows (Fig. 10): (1) at the late Neoarchean (ca.
2.53-2.55 Ga), the Gongchangling BIFs were formed in an active tec-
tonic setting and the ore-forming material of Fe and Si sourced from the
submarine hydrothermal fluid; (2) after a short time interval, the ca.
2.5 Ga tectono-thermal event resulted in formation of the migmatitic
granites, steeply dipping BIFs-bearing sequences and recrystallization
of magnetite (Li et al., 2019); (3) at the late Paleoproterozoic Orosirian
(ca. 1.88 Ga), the Cigou Formation of the Anshan Group suffered lower
amphibolite facies metamorphism due to the formation of Jiao-Liao-Ji
Belt. The metamorphic hydrothermal fluids flowed through BIFs along
the weak tectonic zone would dissolve silica to enrich the ore, as a
result, the reformed BIFs became high-grade iron ores.

6. Conclusion

(1) The trace elemental composition of a garnet from an altered wall-
rock of high-grade iron ore indicates that the garnet was formed
under neutral condition with a metamorphic origin. A Sm-Nd iso-
chron age of 1888 * 77 Ma dated by the garnets, is interpreted as
the age of metamorphism.

(2) LA-ICP-MS U-Pb dating of zircons from upper migmatite zone
shows that the migmatitic granite was formed at 2478 *+ 36 Ma,
which was related to the ~2.5 Ga tectono-thermal event in the
NCC.

(3) Combined with previous studies and compared the ages of meta-
morphism and migmatization with high-grade iron ores, it is in-
dicated that the high-grade iron ores in the Gongchangling iron
deposit are the reformed products of BIFs by the metamorphic hy-
drothermal fluids.
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