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ARTICLE INFO ABSTRACT

The formation of the Eastern Tianshan orogen (northern Xinjiang, NW China) with a number of EW-trending
mineralization belts was closely linked to the evolution of the Junggar and South Tianshan oceans, probably part
of the Paleo-Asian Ocean. Among these Eastern Tianshan mineralization belts, the Carboniferous Aqishan-
Yamansu Fe (-Cu) belt hosts a total reserve of 207 Mt Fe and economic Cu endowments for many deposits. These
Fe (-Cu) deposits are hosted in submarine volcanic rocks (Lower Carboniferous Yamansu Formation and Upper
Carboniferous Tugutublak Formation) and are featured by the presence of extensive skarn alteration without
apparently-causative intrusive rocks, which leads to debates over their genesis. In this paper, we have sum-
marized the ore deposit geology, geochemistry and stable isotopes of the Agishan-Yamansu Fe (-Cu) deposits and
discuss their genesis under the regional tectonic framework. We suggest that the Carboniferous Aqishan-
Yamansu belt may have been a forearc basin formed by the south-dipping subduction of the Kangguer Ocean
beneath the Central Tianshan massif. The Yamansu Formation volcanic rocks and some syngenetic Fe deposits
may have formed during the opening of the forearc basin. The Tugutublak Formation volcanic rocks and most Fe
(-Cu) deposits may have formed during the subsequent Late Carboniferous basin inversion. In these Agishan-
Yamansu Fe (-Cu) deposits, the Fe mineralization occurred earlier and was likely formed directly from the
magmatic-hydrothermal fluids, whereas the subsequent Cu mineralization was likely caused by the gradual
increase of seawater or basinal brine influx into the fluid system (external sulfur). The probable external sulfur
input, the absence of clear plutonic link, and the temporal coincidence of peak mineralization and basin in-
version for the Carboniferous Agishan-Yamansu Fe-Cu mineralization are comparable to the Mesozoic I0OCG
mineralization in the Central Andes.
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1. Introduction China), a key component of the southern CAOB (e.g. Xiao et al., 2012,

2013). The Eastern Tianshan is economically important as it hosts a

The Central Asian Orogenic Belt (CAOB), the world’s largest
Phanerozoic accretionary orogen, has recorded a long-term and com-
plex evolution history of the Paleo-Asian Ocean (Fig. 1a; Windley et al.,
2007; Khain et al., 2003; Xiao et al., 2012, 2015). The Junggar and
South Tianshan oceans are widely regarded to have constituted the
southern part of the Paleo-Asian Ocean, and their opening and closure
have formed the Paleozoic Eastern Tianshan orogen (Xinjiang, NW

number of subparallel, EW-trending mineralization belts, notably (from
north to south) the Tuwu-Yandong Cu belt, Kangguer Au belt and the
Aqishan-Yamansu Fe (-Cu = Au) belt (Wang et al., 2006; Chen et al.,
2012; Wang et al., 2014).

It is generally agreed that the Tuwu-Yandong Cu belt was an island
arc (i.e., Dananhu-Tousuquan island arc) whereas the Kangguer Au belt
was a ductile shear zone (i.e., Kangguer-Huangshan shear zone)
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Fig. 1. (a) Location of northern Xinjiang in the Central Asia Orogenic Belt (modified after Huang et al., 2013a); (b) Sketch map showing the geological units of the

Chinese Tianshan (modified after Pirajno et al.

(Fig. 1c; e.g., Mao et al., 2005; Xiao et al., 2004). However, tectonic
settings of the Carboniferous Agishan-Yamansu belt have been variably
attributed to: 1) backarc basin caused by the south-dipping subduction
of the Junggar Ocean (Hou et al., 2014a); 2) island arc resulted from the
north-dipping subduction of the South Tianshan Ocean (Xiao et al.,
2004; Han et al., 2006); 3) island arc relate to a bipolar subduction of
the Kangguer Ocean, generating the Agishan-Yamansu belt in the south
and the Dananhu-Tousuquan belt in the north (Wang et al., 2015; Du
et al., 2018; Zhang et al., 2018).

The Aqishan-Yamansu belt hosts a total reserve of 207 Mt Fe @ 51%
Fe and 20 kt Cu @ 0.06% Cu (Mao et al., 2005; Xu et al., 2011). Major
deposits in the belt include the Shaquanzi, Duotoushan and Heijianshan
Fe-Cu deposits, the Yamansu and Hongyuntan Fe (-Cu) deposits, and
the Shuangfengshan, Heifengshan and Bailingshan Fe deposits (Fig. 1c;
Table 1; Sang et al., 2003; Xu et al., 2011; Hou et al., 2014a; Jiang et al.,

, 2008); (c) Simplified geologic map of the Eastern Tianshan orogen (modified after Wang et al.
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, 2006).

2016; Zhao et al., 2016, 2017). Common features of these deposits in-
clude: 1) Carboniferous mineralization; 2) submarine volcanic/clastic
rock-hosted; 3) magnetite as main ore mineral; 4) intensive and per-
vasive skarn alteration (e.g., garnet and pyroxene); 5) no clear spatial
link with intrusions (Tables 1 and 2; Wu et al., 2006; Zhang et al.,
2012a,b; Huang et al., 2013a; Huang et al., 2014; Hou et al., 2014a;
Zhang et al., 2016a,b). The occurrence of skarn alteration with no ap-
parent plutonic link has led to various hypotheses for the Fe-Cu me-
tallogenesis: 1) skarn-type (e.g., Mao et al., 2005; Pirajno, 2013); 2)
submarine volcanic-type, via interactions between magmatic-hydro-
thermal fluids and submarine rocks with seawater involvement (Hou
et al., 2014a); 3) Iron-Oxide-Copper-Gold (IOCG) deposits (e.g., Huang
et al., 2013a; Zhao et al., 2016, 2017). Besides, the Cu enrichment
mechanism for some Cu-bearing deposits (such as Shaquanzi, Duo-
toushan and Heijianshan) has not been well-established (Table 1).
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Table 2

Isotopic ages of Fe (-Cu) deposits in the Aqishan-Yamansu belt.

Ore Geology Reviews 105 (2019) 55-70

Deposit Dated mineral Age (Ma) Method Data source
Shaquanzi Magnetite 303 = 12 Re-Os Huang et al. (2014)

Pyrite 2945 = 6.4 Re-Os Huang et al. (2013b)
Shuangfengshan Pyrite 2924 + 4.8 Re-Os Huang et al. (2013b)
Heifengshan Pyrite 301.5 + 5.4 Re-Os Huang et al. (2013b)
Yamansu Zircon from skarn 323.47 += 0.95 LA-ICP-MS U-Pb Hou et al. (2014a)

Zircon from diabase 335 + 1.7 SHRIMP U-Pb Li et al. (2014)

Pyrite 322 =7 Re-Os Huang et al. (2018)

Zircon from synite 335 = 1.7 LA-ICP-MS Wang et al. (2016)
Heijianshan Zircon from basalt 306.2 = 4.0 SHRIMP U-Pb Zhang et al. (2012a,b)
Duotoushan pyrite 312 * 24 Re-Os Zhang et al. (2017)
Bailingshan Zircon 317.7-307.2 LA-ICP-MS Zhang et al. (2016a,b)
Hongyuntan Zircon from granitoids 3285 + 9.3 LA-ICP-MS U-Pb Wu et al. (2006)

zircon 324.1 = 3.1 Zheng (2015)

zircon 297.36 = 0.51

In this paper, we present a comprehensive review on the Aqishan-
Yamansu Fe (-Cu) deposits, especially with regards to their ore deposit
geology, age, alteration/mineralization paragenesis and ore fluid geo-
chemistry, and discuss their ore deposit type and genesis under the
regional geological context of the Agishan-Yamansu belt.

2. Geological setting

The Chinese Tianshan lies in the southern part of the CAOB, and can
be tectonically divided into the North-, Central-, and South Tianshan
and the intervening Yili block (Fig. 1b) and geographically into the
Eastern Tianshan and Western Tianshan along longitude 88°E (Xiao
et al., 2004; Charvet et al., 2007; Li et al., 2008a,b; Gao et al., 2009;
Han et al., 2011; Xiao et al., 2013).

The EW-trending Eastern Tianshan orogen comprises (from north to
south) the Bogeda-Haerlike belt, Dananhu-Tousuquan magmatic arc,
Kangguer-Huangshan ductile shear zone, Agishan-Yamansu belt and
the Central Tianshan, with the Qincheng, Kangguer, Yamansu and
Agikekuduke-Shaquanzi faults as their boundaries, respectively
(Fig. 1c; Qin et al., 2002; Xiao et al., 2004; Mao et al., 2005; Su et al.,
2011; Jiang et al., 2016).

The Bogeda-Haerlike belt mainly contains Ordovician-
Carboniferous volcanics, granites and mafic-ultramafic complexes (Li,
2004); The Central Tianshan consists of a Precambrian crystalline
basement (including the Tianhu, Xingxingxia and Kawabulake Groups),
which comprises mainly meta-granites, granitic gneiss and biotite
schist, which is unconformably covered by Paleozoic volcanic-sedi-
mentary rocks intruded by numerous early Paleozoic to early Mesozoic
ultramafic to felsic rocks (Xiao et al., 2004; Su et al., 2013). Some
metamorphosed sedimentary Fe deposits (e.g., Tianhu and Yushan) and
some sediment-hosted Pb-Zn (-Ag) deposits (Caixiashan, Hongyuan and
Yuxi) were discovered in the Central Tianshan (Wang et al., 2006).

The Dananhu-Tousuquan magmatic arc contains mainly the
Qi’eshan Group (ca. 336-320 Ma) basaltic to andesitic volcanics, locally
overlying the Lower Carboniferous carbonates and calcareous mud-
stone and overlain by the Upper Carboniferous Tuwu Formation grey-
wacke, tuff and carbonate interbeds (Hou et al., 2005; Li et al., 2005;
Mao et al., 2005). Volcanics of the Permian Aqikebulak Formation in-
clude basalt, tuff, and volcanic breccia. Local outcrops of the Jurassic
Xishanyao Formation terrestrial siliciclastics are also present (Mao
et al., 2005). Porphyry Cu deposits (e.g., Tuwu-Yandong) and VMS
deposit (e.g., Kalatage) were hosted in this belt (Hou et al., 2005; Wang
et al., 2006).

The Kangguer-Huangshan ductile shear zone contains mainly
Carboniferous mylonite, tectonic lenses, breccias and fine sandstone
and carbonaceous siltstone with local bimodal volcanic interbeds (Chen
et al., 2003; Huang et al., 2014; Mao et al., 2005). The sedimentary-
volcanic sequences were low-grade metamorphosed and exhibit
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cleavages (Su et al., 2011). Mylonite, tectonic lenses and breccias are
distributed along early extensional faults (Qin et al., 2002; Xu et al.,
2003). Ductile shear zone-hosted Au deposits (e.g., Shiyingtan and
Kangguer) are hosted in this belt (Wang et al., 2006).

The Agishan-Yamansu belt, is bounded by the Yamansu fault and
Aqgikekuduke fault in the north and south, respectively.
Lithostratigraphy includes mainly the Lower Carboniferous Yamansu
Formation in the northern part, the Upper Carboniferous Tugutublak
Formation in the southern part and the local Permian Aqikebulak
Formation (Muhetaer et al., 2015; Zhang et al., 2016a,b; Fig. 2). The
Yamansu Formation can be subdivided into three members: The lower
member contains mainly greenish-gray mafic to intermediate tuff,
volcanic breccia, and medium to fine sandstone with minor bioclastic
limestone intercalation. The middle member consists of felsic tuff,
coarse sandstone, and mixtite, intercalated with bioclastic or micro-
crystalline limestone. The upper member contains limestone and minor
tuff and sandstone (Fig. 2; Qin et al., 2002; Zhang et al., 2012a,b).

The Tugutublak Formation (aka. Dikaner/Matoutan/Shaquanzi
Formation) unconformably overlies the Yamansu Formation and com-
prises a flysch assemblage (Mao et al., 2005; Zuo et al., 2006; Zhang
et al.,, 2012a,b; Xu et al., 2014). The Tugutublak Formation also con-
tains three members: The lower member consists of aubergine andesite,
rhyolite flows, crystal tuff and tuffaceous lava, and intercalated with
volcanic breccia, agglomerate, limestone and sandstone; The middle
member contains volcanic breccia, tuff, sandstone and limestone; The
upper member is dominated by purplish-gray andesite and gray basaltic
lava with minor purple-colored rhyolite and sandstone interbeds.
Marine fossils, such as corals and fusulinids, were identified in some
layers of these three formations (Fig. 2; Zhang et al., 2012a,b).

The Permian Agikebulak Formation unconformably overlies the
Tugutublak Formation, and contains three members comprising mainly
continental calc-alkaline to alkaline intermediate-felsic lava and pyr-
oclastic rocks (Fig. 2; Liu, 2009).

The lower Paleozoic sequences were intruded by the Late
Carboniferous to early-Middle Permian granitoids (Fig. 1c; Mao et al.,
2005; Zhou et al., 2010; Lei et al., 2013).

In the Agishan-Yamansu belt, many submarine volcanic-hosted Fe
(e.g., Hongyuantan, Bailingshan) and Fe-Cu deposits (e.g., Heijianshan,
Duotoushan and Shaquanzi) deposits have been discovered (Wang
et al.,, 2006; Han et al., 2014; Hou et al., 2014b). These deposits are
mainly hosted in the Carboniferous submarine volcanic/clastic rocks of
the Yamansu and Tugutublak formations, with the Cu-rich ones being
hosted predominantly in the latter (Wang et al., 2006; Han et al., 2014;
Hou et al., 2014b; Jiang et al., 2016; Zhang et al., 2016a,b; Zhao et al.,
2016, 2017).

The tectonic framework of the Eastern Tianshan was grossly related
to the evolution of two ocean basins, i.e. 1) the Junggar Ocean between
the Central Tianshan and Junggar terranes; and 2) the South Tianshan
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Fig. 2. Composite stratigraphic column of the Paleozoic Aqishan-Yamansu belt (compiled after Zuo et al., 2006; Luo et al., 2012; Zhang et al., 2012a,b, 2016a,b).

Ocean between the Central Tianshan and Tarim terranes (e.g., Xiao
et al., 2004).
3. Carboniferous magmatism in the Agishan-Yamansu belt

Lithology in the Agishan-Yamansu belt consist mainly of volcanic
rocks including the Yamansu and Tugutublak formations and
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intermediate-felsic intrusions with various ages. Studies and summar-
izing on geochronology and geochemistry of the volcanics and intru-
sions will help us to define the Carboniferous tectonic setting of this
significant mineralization belt.
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3.1. Geochronology of volcanic rocks and intrusions

3.1.1. Volcanic rocks

Volcanic rocks in the Aqishan-Yamansu belt mainly consists of the
Lower Carboniferous Yamansu Formation in the northern part and the
Upper Carboniferous Tugutublak Formation in the southern part (e.g.,
Muhetaer et al., 2015; Zhang et al., 2016a,b; Fig. 2).

As for the Yamansu Formation, Luo et al. (2012) reported LA-ICP-
MS zircon U-Pb ages for dacites from the eastern (ca. 348 Ma), central
(ca. 336 Ma) and western (ca. 334 Ma) parts of the belt. LA-ICP-MS
zircon U-Pb age of 336 Ma was obtained for the basaltic andesite (Luo
et al., 2015). Hou et al. (2014a) obtained an age of ca. 324 Ma based on
seven zircons selected from the basalts. These results suggest that the
Yamansu Formation volcanic rocks were emplaced during the Early
Carboniferous (ca. 348 — 324 Ma).

As for the Tugutubulak Formation, LA-ICP-MS zircon U-Pb ages
were reported for the rhyolites (320 Ma; Li et al., 2011), basaltic an-
desite (321 Ma and 319 Ma; Luo et al., 2015) and tuffaceous dacitic lava
(at Bailingshan: 324.1 Ma; Zhang et al., 2016a,b). Combined with the
ages of andesite (314.7 Ma) and andesitic tuff (305.3 Ma) in the Sha-
quanzi area (Jiang et al., 2017), the emplacement age of the Tugutu-
bulak Formation volcanics is constrained to be around 324-305 Ma.

At the same time, inherited zircons with ages of 545 Ma, 488 Ma,
440 Ma, 370 Ma, 700-1000 Ma, 1400 Ma, 2200 Ma, 2600 Ma, peaking
at ca. 600, 1000, 1400, 2200 and 2600 Ma have also been identified in
the Yamansu and Tugutubulak Formation (Luo et al., 2015). These
Precambrian ages indicate the link between the volcanics and the
Central Tianshan.

3.1.2. Intrusions

Early Carboniferous to Triassic intermediate-felsic intrusions in-
truded the Yamansu and Tugutublak Formations (Supplementary
Table 1). Early Carboniferous plutons include the Xifengshan (349 Ma)
and Shiyingtan (342 Ma) granites and the Changtiaoshan quartz diorite
(337 Ma) (Zhou et al., 2010). At the Hongyuntan Fe deposit, Carboni-
ferous quartz monzodiorite (351.5Ma) and biotite monzogranite
(326.8 Ma) have been identified (Zheng, 2015). Recently, Du et al.
(2018) reported Early Carboniferous age for the granodioritic pluton
(336 Ma) near the Aqishan Mountain.

Late Carboniferous intermediate-felsic plutons include the granite
porphyry (316.3Ma) and monzonitic granite (318.3Ma) at the
Duotoushan Fe-Cu deposit (Zhang et al., 2017), the biotite diorite
(316.7Ma), and granodiorite (305.8Ma) in the Heijianshan-Chi-
longfeng area (Zhao et al., 2018), as well as the Bailingshan grano-
diorite (317.7Ma), monzonitic granite (313.7Ma) and granite
(307.2Ma) in the Bailingshan area (Zhang et al., 2016a,b).

3.2. Geochemical characteristics

3.2.1. Volcanic rocks

The emplacement of the Yamansu and Tugutubulak formations oc-
curred during ca. 350-325 Ma and 325-300 Ma, respectively. From the
few published geochemical studies on the two formations
(Supplementary Table 2; e.g., Luo et al., 2015; Wang et al., 2016), the
volcanics were suggested to have originated from subduction-related
settings without significant crustal contamination (Fig. 3a). The vari-
able Ba/La and relatively uniform Th/Yb of the Yamansu and Tugutu-
blak Formation indicate that their mantle source may be metasomatized
by slab-derived fluids (Fig. 3b). As displayed in Fig. 3c, the Yamansu
and Tugutublak basalts show mixed compositions of MORB and VAB.
Rocks with such compositions commonly formed in fore-arc basin
(Reagan et al., 2010; Morishita et al., 2011) or back-arc basin (Fan
et al., 2010; Shuto et al., 2006).

To sum up, the emplacement of the Yamansu and Tugutublak
Formation should be resulted from the subduction mechanism (forearc
basin or backarc basin) with the mantle source enriched by slab-derived
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fluids.

3.2.2. Intrusions
Early and late Carboniferous intermediate to felsic intrusions in the
belt include the those in the Hongyuntan and Duotoushan Fe (-Cu)
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deposits, the Bailingshan granitoids, the intermediate-felsic intrusions
in the Heijianshan-Chilongfeng area and those near the Agqishan
Mountain (Supplementary Table 2). Based on the compiled data, all the
Carboniferous granitoids show relatively low Sr/Y values, which are
distinguished from adakites but comparable to normal arc magmas
(Fig. 4a), indicating that these granitoids should be arc-related, which
could be further supported by the Rb vs. Y + Nb and Ta vs. Yb diagram
(Fig. 4b, c). Meanwhile, the Sr/Y display an overall decreasing trend
from the Early to Late Carboniferous (Fig. 4d). The Bailingshan grani-
toids show positive zircon eHf(t) values and whole rock eNd(t) values,
and the zircon eHf(t) values gradually increased with time (Fig. 4e).
This kind of trend can also be observed in the Hongyuntan granitoids
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and the Heijianshan-Chilongfeng intermediate-felsic intrusions, re-
spectively (Fig. 4e), indicating the increasing contributions of mantle
materials, which is consistent with Du et al. (2018). Early Carboni-
ferous granitoids near the Aqishan Mountain have ¢Nd(t) values ran-
ging between —1.06 and 0.03, but the late Carboniferous Bailingshan
granitoids have eNd(t) values ranging between 3.89 and 5.78 (Fig. 4f;
Supplementary Table 3).

4. Ore deposit geology

Ore deposits in the Agishan-Yamansu belt could be divided into Fe-
only and Fe-Cu ones (Table 2).
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Fig. 5. (a) Magnetite coexists with epidote and minor amphibole (Duotoushan); (b) Magnetite coexists with actinolite and cut epidote (Heijianshan); (c) Smooth
contact between magnetite and pyrite (Shaquanzi), indicating intergrowth relationship; (d) Magnetite, pyrite and quartz replaced by chalcopyrite (Shaquanzi); (e)
Pyrite vein crosscuts massive magnetite (Heijianshan); (f) Massive pyrite crosscut by chalcopyrite and electrum vein (Heijianshan); (g) Massive magnetite (inter-
grown with minor amphibole and epidote) crosscut by pyrite veins (Duotoushan); (h) Chalcopyrite veins crosscut pyrite veins (Duotoushan). Jiang, Zhang, and Zhao

provided the figures.

4.1. Mineralization age

As for the Fe-only deposits, Hou et al. (2014a) obtained a mean
weighted age of 323.47 + 0.95Ma for the magmatic zircons in the
skarn of the Yamansu Fe deposit. Diabase dikes (335 = 1.7 Ma) and
syenite (325.5 * 1.7 Ma) crosscutting the skarn and Fe orebodies at
Yamansu provided a lower limit for the mineralization age (zircon U-
Pb; Li et al, 2014; Wang et al, 2016). A Re-Os isochron age of
322 =+ 7 Ma for the pyrite associated with magnetite has recently been
reported (Huang et al., 2018). All these data suggest that the Yamansu
Fe mineralization during ca. 335-320 Ma.

Zhang et al. (2016a,b) concluded that the Bailingshan Fe miner-
alization occurred during 317.7-307.2 Ma based on zircon U-Pb data of
the granitoids there and crosscutting relationships. Similarly, Zheng
(2015) concluded the Hongyuntan Fe deposit was formed during
328-300Ma according to the ages of quartz keratophyre
(324.1 = 3.1 Ma) and moyite (297.36 = 0.51 Ma). The Heifengshan
and Shuangshan Fe deposits yielded pyrite Re-Os isochron ages of
310 = 23Ma and 292 * 5 Ma, respectively (Huang et al., 2013b).

For the Fe-Cu deposits, Re-Os isochron dating of magnetite and the
coexisting pyrite from Shaquanzi yielded 303 * 12Ma and
295 + 7Ma (Huang et al., 2014). At Duotoushan, the sulfide miner-
alization was estimated to be 312 = 24 Ma (pyrite Re-Os isochron age;
Zhang et al., 2017). At Heijianshan, Zhang et al. (2012a,b) suggested
the basalt as the source for the syn-volcanic Cu mineralization and
adopted the SHRIMP U-Pb age of the basalt (306.2 + 4.0 Ma) to be the
mineralization age.

Taken together, the Fe (-Cu) mineralization in the Agishan-Yamansu
belt could be divided into two types: The early Carboniferous Fe de-
posits (Yamansu deposit: 335-325.5 Ma; Hongyuntan Fe deposit: mi-
neralization from ca. 328 Ma), the Late Carboniferous Fe (-Cu) deposits
formed during ca. 320-300 Ma.

4.2. Host rocks

In the Agishan-Yamansu belt, the Yamansu Formation hosts the
Yamansu (Hou et al., 2014a), and Hongyuntan Fe deposits (Zhang et al.,
2013), whilst the Tugutubulak Formation hosts the Shaquanzi (Jiang
et al., 2016, 2017), Heijianshan (Zhao et al., 2016, 2017) and Duo-
toushan Fe-Cu deposits (Zhang et al., 2017) and the Shuangfengshan,
Heifengshan (Huang et al., 2013a) and Bailingshan Fe deposits (Wang
et al., 2005; Zhang et al., 2016a,b) (Fig. 2; Table 1).

Most of the Agishan-Yamansu Fe (-Cu) orebodies are vein-type and
lensoidal (Table 1). Some orebodies occur in the transitional zone be-
tween volcanic and sedimentary rocks, e.g., the Yamansu deposit
(Huang et al., 2013a; Hou et al., 2014a).

Table 3

4.3. Alteration/mineralization paragenesis

The Fe (-Cu) deposits in the Aqishan-Yamansu belt could be divided
into the Early Carboniferous Fe deposits (Yamansu and Hongyuntan),
Late Carboniferous Fe-Cu deposit (Shaquanzi, Duotoushan,
Heijianshan) and the Late Carboniferous Fe deposit (Shuangfengshan,
Heifengshan, Bailingshan).

As for the Early and Late Carboniferous Fe deposits, e.g., Yamansu
and Bailingshan, respectively, the alteration/mineralization comprises
the prograde skarn, retrograde alteration, sulfide mineralization (with a
few chalcopyrite) and supergene alteration stages, with garnet forming
in the prograde stage and magnetite in the retrograde stage along with
epidote, chlorite and amphibole. The orebodies of the Early
Carboniferous Fe deposits are commonly stratabound within the vol-
canic lava and clastic sequences, suggesting syn-volcanic/sedimentary
mineralization. This is supported by the similar ages between the skarn
(ca. 323.5Ma) and volcanic rocks (ca. 324.4 Ma) (Hou et al., 2014a).

As for the Late Carboniferous Fe-Cu deposits, it shares similar al-
teration features with the Carboniferous Fe deposits with respect to the
development of both prograde skarn and retrograde alteration, and the
coexistence of magnetite mineralization with the latter (Fig. 5a). The
Heijianshan deposit is exceptional in terms of the absence of skarn al-
teration and the development of epidote alteration before magnetite
mineralization (Fig. 5b). Meanwhile, some electrum could also be ob-
served at Heijianshan (Fig. 5f).

It is noteworthy that Fe mineralization commonly preceded Cu
mineralization in the Aqishan-Yamansu Fe-Cu deposits (Jiang et al.,
2016; Zhang et al., 2016a,b; Zhao et al., 2016, 2017). At Shanquanzi,
the smooth magnetite-pyrite grain contact indicates their coeval for-
mation (Fig. 5¢), whilst the replacement of magnetite, pyrite and quartz
by chalcopyrite indicates that the Cu mineralization was formed later
(Fig. 5d). The massive magnetite at Heijianshan was crosscut by pyrite
veins (Fig. 5e) and then by chalcopyrite and electrum veins (Fig. 5f),
also suggesting a later Cu (-Au) mineralization. Similarly, the massive
magnetite (intergrown with minor amphibole and epidote) at Duo-
toushan was crosscut by pyrite veins and then by chalcopyrite veins,
indicating the consecutive formation of magnetite, pyrite and then
chalcopyrite (Fig. 5g, h).

To summarize, hypogene alteration/mineralization in the Agishan-
Yamansu Fe deposits commonly comprise an early Ca-Na-K alteration,
the main magnetite mineralization and a late ore-barren veining stage
(dominating by quartz and carbonate). For the Fe (-Cu) deposits, the Cu
mineralization always occurred after the Fe mineralization.

4.4. Nature of the ore-forming fluids

Published fluid inclusion (FI) types and their ice-melting

Temperatures and salinities for the ore-forming fluids of the Fe (-Cu) deposits in the Agishan-Yamansu belt.

Deposit stage hosted mineral FI type measured FI Te(°C) Tm(°C) Th (°C) Salinity (wt%) Data source
Shaquanzi Magnetite Quartz PC, S,W W —55.1--49.0 —18.0-13.4 573-348 20.9-22.3 Jiang et al. (2016)
Chalcopyrite Calcite —66.4—43.9 —25.9-1.0 314-103 17.7-24.6
Heijianshan Magnetite Quartz W, S w, S —70.8--38.1 —58.1 536-301 W:21.2-22.78 Zhao et al. (2017)
S$:16.4-56.0
Cu-Au —81.3—-51.3 —52.4-15.8 262-119 W:19.0-23.1
S: 34.5-34.7
Hongyuntan Magnetite Epidote w w -12-1 150-397 0.18-15.96 Zheng (2015)
Yamansu Magnetite 330-340 2.7-12.9 Mao et al. (2005)
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temperatures, homogenization temperatures and salinities from the
major Aqishan-Yamansu Fe (-Cu) deposits are summarized in Table 3.
These FIs are mostly W-type (aqueous), S-type (solid-bearing) and C-
type (carbonic-aqueous) (Jiang et al., 2016; Zhao et al., 2017). For the
sake of clear discussion, we only focused on the main mineralization
stages.

As for the Yamansu Fe deposit, the Fe ore-forming fluid tempera-
tures are of 340-330 °C, with salinities of 12.9-2.7 wt% NaCl equiv.
(Mao et al., 2005). As for the Hongyuntan Fe deposit, FIs in the epidote
coexisting with magnetite homogenized at 150-397 °C (peak at 300 °C)
and have salinities of 0.18-15.96 wt% NacCl equiv. (Zheng, 2015).

The Agishan-Yamansu Fe-Cu deposits contain wide ranges of
homogenization temperatures and salinities (Table 3), indicating mul-
tiple ore fluid sources. At Shaquanzi, FIs from the Fe mineralization
stage homogenized at 573-348 °C, consistent with the magnetite and
quartz oxygen isotope thermometric calculations (570-470 °C) (Jiang
et al., 2016). Fluid inclusions from the Cu mineralization stage homo-
genized at 314-103 °C (peak at 160 °C) (Jiang et al., 2016). The marked
homogenization temperature drop from the Fe- to Cu mineralization
stage suggests cooling, possibly with low-temperature fluid incursion.
Based on the eutectic and ice melting temperatures, a Ca-rich ore-
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forming fluid was deduced (Fig. 6a—f; Davis et al., 1990; Chen et al.,
2011). Salinities of Ca-rich fluids were calculated according to the
method of Chi and Ni (2007), which yielded 20.9-22.3 wt% NaCl eq.
and 17.7-24.6 wt% NaCl eq. for the Fe- and Cu mineralization stage,
respectively. Similar ore-forming fluid physicochemical properties and
evolution were also identified at Heijianshan (Fig. 6g-1; Zhao et al.,
2017). In general, the Fe and Cu mineralization fluids have similar
features, such as high salinities and being Ca-rich, yet they differ in the
higher homogenization temperatures in the former (usually > 300 °C).

4.5. Sources of metals and ore-forming fluids

Compilation of §%*S values from the Agishan-Yamansu Fe (-Cu)
deposits is illustrated in Fig. 7. Magmatic signatures (0 = 5%o, Ohmoto
and Rye, 1979; Hoefs, 1997) is distinct in the Fe mineralization stage in
all of the deposits. In the Cu mineralization stage at Duotoushan and
Shaquanzi, the ore-forming fluids have §3*S values of 8.8-12.1%o and
>24.8%, respectively (Jiang et al., 2016; Zhang et al., 2017). The
elevated 8°*S values may suggest the involvement of evaporite-sourced
fluids and/or Carboniferous seawater or basinal brine (Fig. 7a, b;
Thode, 1991; Chang et al., 2008; Jiang et al., 2016; Zhang et al., 2017;

5

[ ] Wtype (@) 4 (b) ©
2 m sy N 4 —
~ pe ~ ~
3 &, 3
P > > 3k
Q Q Q
=1 = (=]
[P} [P} (0]
3.1t S2r 2 9
o o o
2 2 L
= =L =l
1007500 300 400 500 600 C-80707760 w50 403020 <o % 50240 30 20 -0 0
Th (°C) Te (°C) Tm (°C)
351 @] 12 m @] 5 —®
30' 10,
625— Sl g/15—
Sl 26 &
S 15¢ =il 210
(5] (5] [}
) =i =
S 10l o 53
& 2 o st
= o5l = 2t —
Ol dioble bl ewnvnmarasen 0...\.‘.\7‘.... v s pa vy pTr g Lo d odig |y
100~ 200 300 400" 5007600 80 70 -60 -50 -40 -30 -20 -1 50 -40 30 -20 -10
] Th (°C) Te (°C ’ Tm (°C)
(€] 6+ - (h) — @
g 5F M M g s glo [
= A > 4 = 8
Q Q Q
s Ll = S
o 3 o 3l o 6
=, = =
o o o
s g g S 4 —
= a9 =
| i 1] 1
01602007300 400 500 600 80 -70 60 -50 -40 -30 20 -0 30740 30 20 -10 0
Th (°C) Te (°C) Tm (°C)
50 8 30| 25
® . &) - o
40f 251 ] 20t
~ AZO— T
Z 30 2 Z1st
> >15 >
2 2 2
£ 200 £ S10f
=] =10- =
oy o op
® 10t O L 5t
— — 5 [+
! 1 1 % 1 | 1 1 1 1 1 1 1 1 1 1 1 1 ) 1 1 1 1 ! L 1 1 !
066200 300400500 600 980 =70 60 -50 -40 30 20 -0 30 -40 30 -20 -10 0
Th (°C) Te (°C) Tm (°C)

Fig. 6. Fluid inclusion homogenization temperature (Th), eutectic temperature (Te) and salinities for the Agishan-Yamansu Fe (-Cu) deposits. A-c: Fe mineralization
stage (Shaquanzi); d-f: Cu mineralization stage (Shaquanzi); g-i: Fe mineralization stage (Heijianshan); j-1: Pyrite stage (Heijianshan).

64



J. Han et al.

Ore Geology Reviews 105 (2019) 55-70

5 (b T
a s _
@ Heijianshan * M- - - -
Ss Kt 1100
Heijianshan **x * &k T, 2 ]
Heijianshan Mk — =~ T e 1200
. Pl % ]
Duotoushan af ; < 13-19%, 1300
Shaquanzi Mook - —— - - —__ _ ol : T 1
TEea bt oSG REREERREER 1400 =
Shaquanzi 4 IS | ‘ | g
(0] i =~
Yamansu Yok Kk ?, : | : 1500
Heifengshan A [ ; ' o <00
* Magnetite stage | ST
Shuangfengshan ik ok . [ i o™ |
* Pyrite stage sl ' S 1
H t otk . ; 1= |
ongyuntan ¢ Chalcopyrite stage ‘Eb L : : : Seawater |
Bailingshan * ok ar | E sulfate curve 1800
o ] . ]
Carboniferous  \rzombtic signature = ! ! 1
sea water F ! ' 4900
Evaporites I — [ : : 1
1 1 | 1 1 1 ! H o I I
-30 -20 -10 0 10 20 30 40 S5 10 15 20 25 30 35
34 0, 34 0,
%S ,4q(%0) &S, (%60)

Fig. 7. (a) Sulfur isotopes of the Aqishan-Yamansu Fe (-Cu) deposits; (b) Sulfur isotopes of global seawater through geological time (after Chang et al., 2008).

Zhao et al., 2017). At Heijianshan, the calculated §3*S values for the ore
fluids are 1.7-4.3%o (magnetite stage), 24.3-29.3%o (pyrite stage), and
1.5-4.1%o (Cu sulfide stage) (Zhao et al., 2017), which most probably
show a gradual increase of the interaction with basinal brines and the
andesite ore host. The elevated §*S values in the pyrite stage may
suggest the involvement of evaporite-sourced fluids and/or Carboni-
ferous seawater or basinal brine (Fig. 7a; Thode, 1991; Chang et al.,
2008; Jiang et al., 2016; Zhang et al., 2017; Zhao et al., 2017). The
magmatic-hydrothermal sulfur isotopic features and the low tempera-
ture fluids (< 300 °C), as well as the high salinities in the Cu ore fluids
suggest that the sulfur and Cu for the Cu mineralization may have been
leached from the andesite ore host, caused by the very intense water-
rock interactions.

Based on these data, we propose that the Agishan-Yamansu Fe ore
fluids were largely magmatic, whilst the Cu mineralization was caused
by Carboniferous seawater/basinal brine incursion.

5. Discussion
5.1. Tectonic evolution of the Agishan-Yamansu belt

5.1.1. Relationship with the Precambrian Central Tianshan

Detrital zircons with older ages (370 Ma, 440 Ma, 488 Ma, 545 Ma,
700-1000 Ma, 1400 Ma, 2200 Ma, 2600 Ma) have been identified in
the Yamansu (ca. 348-334 Ma) and Tugutubulak (ca. 325 Ma till the
latest Carboniferous) formations of the Agishan-Yamansu belt (e.g. Luo
et al., 2012, 2015; Jiang et al., 2017).

In the Eastern Tianshan, Precambrian materials are only reported in
the Central Tianshan based on its Precambrian basement which was
divided into the Tianhu, Kawabulake and Xingxingxia Groups (Hu
et al., 1998; Liu et al., 2004). Detrital zircons from sandstones, low-
grade metamorphic schists, in the Central Tianshan give several Pre-
cambrian age populations (ca. 2.5-2.4Ga, 1.9-1.8Ga, 1.6-1.5Ga,
1.0-0.9 Ga and 0.82-0.75 Ga; Ma et al., 2012a,b).

These indicate that the extremely old ages in the Agishan-Yamansu
belt were most likely inherited from the Central Tianshan. In other
words, the Central Tianshan may provide a material source for the
Aqishan-Yamansu belt during the Carboniferous and the earliest
Permian period. Zhang et al. (2016a,b) even proposed that the Central
Tianshan may be a topographic highland in the Carboniferous based on
studies on detrital zircons in the sandstones in the Shaquanzi and
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Yamansu area adjacent to the northern margin of the Central Tianshan.

5.1.2. Early Carboniferous formation of the Agishan-Yamansu fore-arc
basin

The closure of the South Tianshan Ocean between the eastern and
western part is suggested to be diachronous, or a ‘scissors-like’ closure
(Chen et al., 1999; Dong et al., 2011; Zong et al., 2012; He et al., 2014).
In the western part, the final amalgamation may have completed in the
Late Carboniferous with the collision between the Tarim and Central
Tianshan-Yili blocks, based on garnet-growth ages (313-315 Ma) in the
HP-UHP rocks (Klemd et al., 2011). In the eastern part, however, He
et al. (2014) report a metamorphic overprint at ca. 380 Ma to the or-
thogneiss of the Xingxingxia Complex on the southern part of the
Central Tianshan massif, pointing to a Devonian closure in the eastern
part of the South Tianshan Ocean. Then, the formation of the Carbo-
niferous Aqishan-Yamansu belt, located in the Eastern Tianshan, was
unlikely to be related to the north-dipping subduction of the South
Tianshan Ocean. This is supported by the lacking of subduction-related
igneous activities younger than ca. 380 Ma in the southern part of the
Central Tianshan massif (Zhang et al., 2015).

The Kangguertage ophiolite (SHRIMP zircon U-Pb age:
494 = 10 Ma, Li et al., 2008a,b) in the Dananhu-Tousuquan belt points
to a late Cambrian opening of the Junggar Ocean. Pelagic fossils (e.g.,
corals and brachiopods) in the Yamansu Formation and the Middle
Member of the Tugutublak Formation (Fig. 2; Chen et al., 2003; Su
et al., 2009; Zhang et al., 2012a,b) suggest the existence of ocean basin
until at least the Late Carboniferous.

Recent studies on arc-featured granitoids in the Dananhu-
Tousuquan arc reveal the north-dipping subduction of the Kangguer
Ocean started no later than ca. 380 Ma (Fig. 8; Xiao et al., 2017), which
is also supported by the Devonian granitoids in the Kangguer shear zone
and the Dananhu-Tousuquan arc (Fig. 8). In contrary, the general dis-
tribution of the Early to Late Carboniferous arc-featured granitoids and
volcanic rocks in the Aqishan-Yamansu belt suggest that the south-
dipping subduction of the Kangguer Ocean started at ca. 350 Ma
(Figs. 3, 4, 8; Supplementary Table 4).

As stated above, the Carboniferous granitoids in the Aqishan-
Yamansu belt all show arc geochemical features (Fig. 4a, b). Mean-
while, the Early Carboniferous Yamansu Formation and Late Carboni-
ferous Tugutublak Formation displayed MORB-VAB mixed affinity,
which were most likely formed in a forearc or backarc basin (Fig. 3c).
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We suggest that the Carboniferous Agishan-Yamansu belt may have
been a forearc basin (Fig. 9a, b). Main arguments for this are as below:
(1) Kangguer shear zone is located to the north the Central Tianshan
massif, with the Aqishan-Yamansu belt in between, (2) the Central
Tianshan massif was likely a detrital source for the Aqishan-Yamansu
belt; and (3) the Kangguer Ocean may have subducted southward be-
neath the Central Tianshan massif (Fig. 2). The Yamansu Formation
may have deposited during the forearc basin opening.

5.1.3. Late Carboniferous fore-arc basin inversion

The gabbro emplacement and magmatic Ni-Cu-Co sulfide miner-
alization in the Eastern Tianshan (298-282Ma; Mao et al., 2008;
Fig. 8), and the large-scale Kanggur ductile shear movement (biotite
“OAr/3°Ar plateau: ca. 290-270 Ma; Sm-Nd isochron orogenic Au mi-
neralization age: ca. 290 *+ 7 Ma) indicate that the Kanggur Ocean was
closed no later than late Early Permian (Zhang et al., 2003; Xiao et al.,
2004; Zuo et al., 2006). Recently, Zhang et al. (2015) obtained meta-
morphic zircon rim ages of the gneisses at Yamansu (301.5 = 2.9 Ma)
and Shaquanzi (301.1 + 2.2 Ma) on the northern margin of the Central
Tianshan, and interpreted the metamorphism was related to the colli-
sion during the Kanggur Ocean closure (Zhang et al., 2015). The
widespread magmatic Ni-Cu-Co sulfide mineralization in the Eastern
Tianshan suggests that the region had entered post-collisional tectonics
after the late Early Permian (Figs. 8 and 9). The upper member of the
Tugutubulak Formation consists of purplish-gray andesite, and dis-
continuous volcaniclastic rocks as well as intercalated fragments of
fossil plants (Fig. 2). Meanwhile, more mantle materials were involved
to the formation of granitoids with the younging trend (Fig. 4e, f). The
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tectonic evolution could be envisaged as: 1) During ca. 350-325 Ma, the
southward subduction of the Kangguer Ocean initiated and the slab
rollback may occur during the process, leading to extension and the
formation of the Agishan-Yamansu forearc basin. At the same time, li-
thosphere mantle would be enriched by slab-derived fluids as a result of
slab dehydration and minor lithosphere mantle would remelt the lower
continental crust, giving rise to the formation of the Yamansu volcanic
rocks and few intrusions (Fig. 9a). 2) During ca. 325-300 Ma, with the
ongoing subduction, the slab may undergo breakoff due to two op-
posing forces: a) increased gravitational pull causing the subducted slab
to sink, especially after it went through eclogite facies metamorphism;
b) After slab breakoff, positive buoyancy dominated and slab rebound
occurred (Fig. 9b), supported by the decrease of Sr/Y from the early to
late Carboniferous granitoids (Fig. 4d; Atherton and Petford, 1993). As
a result, the subduction angle decreased and the fore-arc basin evolved
from extension to compression and more lithospheric mantle would be
involved during the melting of lower continental crust/former mafic
rocks, leading to the formation of the Tugutublak Formation and large
amounts intermediate-felsic intrusions such as the Bailingshan complex
(Fig. 9b).

5.2. Genesis of the Agishan-Yamansu Fe (-Cu) mineralization

Many features of the Agishan-Yamansu Fe (-Cu) deposits resemble
typical skarn deposits, such as the common occurrence of prograde
skarn minerals (e.g., garnet and pyroxene) and the magmatic-hydro-
thermal origin for the Fe ore fluids (Jiang et al., 2016; Zhang et al.,
2016a,b; Zhang et al., 2017). However, the clear absence of spatial
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tallogenic model for the Late Carboniferous Aqishan-Yamansu Fe (-Cu) mineralization.

association with intrusive rocks and the involvement of seawater/ba-
sinal brine for the Cu mineralization are unlike typical skarn deposits
(Meinert et al., 2005).

As mentioned before, the elevated §*S values in the Aqishan-
Yamansu Cu mineralization stage may suggest the involvement of
evaporite-sourced fluids and/or Carboniferous seawater or basinal
brine, as supported also by the high salinities and low temperatures of
the Cu ore fluids (Fig. 6). Based on the above discussion, we proposed a
modified tectono-metallogenetic model for the Carboniferous Aqishan-
Yamansu Fe (-Cu) mineralization. In the Early Carboniferous (ca.
350-325 Ma), the Agishan-Yamansu belt may have been a forearc basin
formed in a continental arc system (Fig. 9a). The Yamansu Formation
were deposited and the Yamansu and Hongyuntan Fe mineralization
occurred at the later stage of the forearc basin opening. With continued
subduction of the Kanggur Ocean, basin inversion (ca. 325-300 Ma)
occurred along with intensive Fe-Cu mineralization (Fig. 9b). During
the earlier Fe alteration/mineralization stage, magmatic-derived fluids
may have migrated along the faults, reacted with the carbonate beds
among the submarine volcanic ore host and formed the skarn-related Fe
mineralization (Fig. 9c). Subsequently, the circulating hydrothermal
fluids (with seawater/basinal brine input) may have leached sulfur
from the host rocks to precipitate Cu sulfides, forming the super-
imposing (sub)-economic Cu mineralization (Fig. 9d).

External sulfur input has also been proposed in many major Cu-rich
IOCG deposits (e.g. Benavides et al., 2007; Monteiro et al., 2008; Chen
et al., 2011), and has likely led to the Cu mineralization in the Central
Andean IOCG deposits (Chen, 2013). These Central Andean I0CG de-
posits were located in the Mesozoic continental margin rift basin, with
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their peak mineralization coinciding with the basin inversion (Chen
et al., 2013).

The probable external sulfur input (Chen, 2013, the absence of clear
plutonic link (Williams et al., 2005; Zhao et al., 2016, 2017), as well as
the peak mineralization coinciding temporally with the basin inversion
(Chen et al., 2013) altogether suggest that the Paleozoic Agishan-Ya-
mansu Fe-Cu mineralization may have some similar features to the
Central Andean IOCG deposits.

It is noteworthy that in some iron skarn mineralization, such as
Daye, Handan-Xingtai district in eastern China, involvement of external
sulfur could also be observed (Wen et al., 2017). In this kind deposits,
iron skarn mineralization is closely related to the evaporite-bearing
carbonate strata. The role of evaporite could be displayed by the fol-
lowing reaction 12Fe®* + SO,2~ + 12H,0 <= 4Fe;0,4 + H,S + 22HY,
which is important for the precipitation of magnetite. H" produced
during the reaction could be neutralized by the surrounding carbonate
rocks, driving the reaction continuously toward the right. This wide-
spread evaporate within the carbonate host rocks could be viewed as a
common feature of such iron skarn mineralization but its role is distinct
from those described in Agishan-Yamansu Fe (-Cu) belt in which ex-
ternal fluids were dominantly associated with Cu mineralization.

6. Conclusions
Detailed compilations of ore deposit geology, age, alteration/mi-

neralization paragenesis and ore fluid geochemistry on the
Carboniferous Agishan-Yamansu Fe (-Cu) deposits show that:
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1) The Carboniferous Agishan-Yamansu belt was likely a forearc basin
resulted from the south-dipping subduction of the Kangguer Ocean.

2) The Yamansu (Lower Carboniferous) and Tugutublak (upper
Carboniferous) volcanic rocks were emplaced during the opening
and closure of the Aqishan-Yamansu forearc basin, respectively.

3) Most of the Agishan-Yamansu Fe (-Cu) deposits were formed during
the late Carboniferous. The Fe mineralization was likely resulted
from the interaction between deep-sourced magmatic fluids and
submarine volcanic rocks, whilst the Cu mineralization may have
related to the incursion of seawater/basin brines (external sulfur).

4) The probable external sulfur input, the absence of clear plutonic
link, as well as the temporal coincidence of peak mineralization with
basin inversion in the Agishan-Yamansu Fe (-Cu) belt is comparable
with the Mesozoic Central Andean IOCG belt.
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