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The formation of large iron deposits associated with subduction and its genetic relationships with ferrobasalts are not yet well
understood. Here we report a geochemical and geochronological investigation on the newly discovered ferrobasalts associated
with the Chagangnuoer iron deposit, western Tianshan. The Chagangnuoer ferrobasalts are characterized by high Fe,O3"
(14.55-22.68 wt.%) and MnO (0.36-0.93 wt.%) but low TiO, (0.70-1.26 wt.%) contents. Analyses of 10 zircon grains yield a
weighted zircon U-Pb age of 314 £ 8 Ma. Based on our new petrological and geochemical data, we conclude that the
Chagangnuoer ferrobasalts probably have been originated from the partial melting of a spinel peridotite mantle source that has
been modified by subduction related fluids. The ferrobasalts have nearly linear positive correlation between MnO and
(®¥’S1/*%Sr),;, implying the involvement of subducted Fe-Mn nodules. The mid-ocean ridge basalt (MORB)- and ocean island
basalt (OIB)-like geochemical features, as well as moderate Ti/V values (18-36), indicate that the ferrobasalts may have been
formed in an extensional back-arc basin setting. Combined with previous studies on the Chagangnuoer iron deposit, we
propose a hypothesis that the overlying iron orebodies were likely derived from the ferrobasaltic magma.

Keywords: ferrobasalt; back-arc basin; Chagangnuoer iron deposit; western Tianshan; subduction-modified lithospheric mantle

Introduction

Because the density of the iron-rich magma is higher

Major ferrobasalts occurring in Precambrian strata are
thought to have resulted from a much higher iron content
in the Precambrian mantle than in the modern one (Francis
et al. 1999). Minor Phanerozoic ferrobasalts are attributed
to mantle plume activities (Ichiyama et al. 2006). In gen-
eral, subduction zones have high oxygen fugacity (fO,)
(Sun et al. 2007, 2013, 2015; Evans et al. 2012; Kelley
and Cottrell 2012; Berry et al. 2013) and are rich in H,O
content (Tatsumi et al. 1986; Kelley and Cottrell 2009)
that may hinder the iron enrichment (e.g. Kawamoto and
Holloway 1997; Gibson 2002; Xu et al. 2003; Peng
et al. 2013). This may be the key reasons for ferrobasalts
being particularly rare in subduction zones. However,
recent studies have revealed that subduction processes
can introduce basaltic crust components into the peridotitic
mantle (Sobolev et al. 2007; Marschall and Schumacher
2012), and the partial melting of such a mixture source
may produce iron-rich melts (Kogiso et al. 1998). In
addition, involvement of recycled iron-rich components
(e.g. Baker and Krogh Jensen 2004) and subduction-
related fluids may leach iron from the subducted slab
and mantle wedge during their ascent (Li er al. 2013;
Ling et al. 2013) and would thus also facilitate the forma-
tion of such iron-rich melts.

than that of the ‘normal’ basaltic magma, extensional
environments, such as continental rifts (Xu et al. 2003;
Peng et al. 2007; Zhang et al. 2012b), middle ocean ridges
(Leroex et al. 1982; Brooks et al. 1991), post-collision
extensional settings (Wang et al. 2004, 2008), and back-
arc basins (Leybourne et al. 1999; Kerrich et al. 2008), are
required to transport the iron-rich magmas to the Earth’s
surface. Although iron-rich rocks rarely appear on the
surface (Fisk 1986; Brooks et al. 1991), their mineraliza-
tion potential has been discussed previously (e.g. Zhou
et al. 2005; Kerrich et al 2008; Zhang et al. 2009).
Kerrich et al. (2008) reported that the ferrobasalts in the
Abitibi and Wawa greenstones are spatially and tempora-
rily associated with volcanogenic massive sulphide (VMS)
deposits. Zhou et al. (2005) and Zhang et al. (2009) pro-
posed that the parental magma of the Fe—Ti—V oxide ore-
bearing intrusions in the Panzhihua area, Southwest China,
requires a source of iron-rich gabbro in composition.
However, the contribution of the ferrobasalts to the for-
mation of iron deposit is not yet well understood.

Late Palaeozoic volcanic rocks and associated iron
deposits are widely distributed in the Awulale Mountains,
western Tianshan (Shan et al. 2009; Wang et al. 2011; Hong
et al. 2012a; Zhang et al. 2012a, 2014b; Hou et al. 2014).
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However, the tectonic settings of these volcanic rocks and
the metallogenesis of these iron deposits are still controver-
sial. The major debates focus on the time of regional geo-
dynamic transformation from subduction to intraplate
settings (Zhu et al. 2006a, 2006b; Yang et al 2012,
2014a) and whether these deposits belong to magmatic
deposits (Zhang et al. 2012a, 2014b, 2014c, 2014d; Duan
et al. 2014; Hou et al. 2014; Jiang et al. 2014). Therefore,
detailed studies of the volcanic rocks that related to iron
mineralization can provide critical evidence for reconstruct-
ing the regional tectonic evolution and metallogenesis. In
this study, we have newly identified a suite of ferrobasalts in
the Chagangnuoer iron deposit area, in the eastern segment
of the Awulale Mountains. An integrated study on zircon
U-Pb geochronology, whole rock geochemistry, and Sr—Nd

isotopes of the ferrobasalts was carried out to constrain their
mantle-source nature and probable tectonic setting, together
with their metallogenic contribution to the Chagangnuoer
iron deposit.

2. Local geology and petrography

The Central Asia Orogenic Belt (CAOB) is one of largest
accretionary orogens (Sengor et al. 1993; Windley et al.
2007; Cawood et al. 2009; Xiao et al. 2009, 2010, 2013)
and one of the most significant metallogenic belts in the
world (Heinhorst et al. 2000; Xiao et al. 2009, 2013).
Western Tianshan is located in the southwestern part of
the CAOB and sandwiched between the Tarim plate to the
south and the Junggar basin to the north (Figure 1(a)).
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Figure 1. (a) Tectonic sketch map of the Western Tianshan (modified from Gao et al. 2009; 1, North Tianshan Fault; 2, Nikolaevline—
North Nalati Fault; 3, South Nalati-Qawabulak Fault; 4, South Tianshan Fault). (b) Simplified tectonic-geological sketch map of the
Awulale Mountains (modified from Zhao et al. 2000). (c) Simplified geological map of Chagangnuoer area. (d) A geological profile of

line A-B across the Chagangnuoer iron orebody.
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Traditionally, the western Tianshan is subdivided into
three parts, namely the South Tianshan Accretionary
Complex (STAC), the Yili-Central Tianshan Plate
(YCTP), and the North Tianshan Accretionary Complex
(NTAC) (Figure 1(a); Wang et al. 1990; Allen et al. 1993;
Gao et al. 2009). The NTAC is the main tectonic unit in
the northern edge of the western Tianshan and separates
the Junggar Basin in the north from the YCTP in the
south. The complex comprises late Carboniferous to
Permian post-collision-related granitoid plutons and early
Carboniferous ophiolitic mélanges (Han et al. 2010 and
references therein). The ophiolitic mélanges occur along
the North Tianshan fault and represent the final closure of
the North Tianshan Ocean (Xiao et al. 2004, 2013; Han
et al. 2010). A plagiogranite from the ophiolitic mélanges
has yielded a zircon U-Pb age of 325 Ma (Xia et al
2004b; Xu et al. 2006). The YCTP, also known as Yili-
Central Tianshan Arc, is situated between the
Nikolaevline—North Nalati Fault and North Tianshan
Fault (Figure 1(a)). Some researchers suggest that the
YCTP is a Precambrian micro-continental block rifted
from the Tarim plate (Chen et al. 1999; Shu et al. 2011),
whereas other researchers suggest that the YCTP is an
independent block (Xiao et al 2013 and references
therein). The YCTP is mainly composed of Proterozoic
to Silurian sedimentary—metamorphic rocks and the over-
lying late Palacozoic volcano-sedimentary strata. The Late
Devonian—early Carboniferous STAC is the border of the
Tarim plate and YCTP and formed by closure of the South
Tianshan Ocean. The initial closure of the South Tianshan
Ocean may have been diachronous and was becoming
generally younger westwards (Chen et al. 1999; Xiao
et al. 2004, 2013).

The Awulale Mountains are located in the eastern part
of the YCTP (Figure 1(a)) and mainly composed of
Carboniferous and Permian igneous rocks (Wang
et al. 1990; Allen et al. 1993; Gao et al. 2009). Due to
the extensive occurrences of numerous Fe—Cu (Au) depos-
its, the Awulale Mountains are also known as the Awulale
Fe—Cu (Au) Metallogenetic Belt (AMB) (Zhang et al.
2012a). It is noted that the Cu (Au) deposits are mostly
distributed in the western AMB and related to the Permian
igneous rocks, whereas iron deposits are mostly distribu-
ted in the central and eastern AMB and related to the
Carboniferous igneous rocks (Figure 1(b)). Hou et al
(2014) proposed that the metallogenesis of these iron
deposits was associated with submarine volcanism. These
iron deposits can be subdivided into two series according
to their host rock types. One is a volcano-sedimentary
rock-hosted type, including Songhu, Songhunan, and
Shikebutai iron deposits (Shan et al. 2009). The other is
a volcanic-hosted type, including the Chagangnuoer,
Zhibo, Dunde, and Beizhan iron deposits (Feng
et al. 2010; Duan et al. 2014; Hou et al. 2014; Jiang
et al 2014). Major rock units exposed at the

Chagangnuoer area include the Carboniferous Yishijilike
(Cy) and Dahalajunshan (Cy4) formations (Figure 1(c)). The
Yishijilike Formation is composed of basaltic andesite,
rhyolitic tuff, and limestone, whereas the Dahalajunshan
Formation is composed of basalt, andesitic basalt and tuff,
dacite, and rhyolitic tuff. Feng et al. (2010) reported a
rhyolite in the Dahalajunshan Formation, with a zircon U—
Pb age of 321 = 1 Ma. Both the ferrobasalts and the iron
orebodies in the Chagangnuoer area are hosted in the
upper part of the Dahalajunshan Formation (Figure 1(d)).
The ferrobasalts present as lava and are sandwiched
between the orebody and andesitic tuff. The ferrobasalts
generally have sharp contacts with the andesitic tuff and
the orebody (Figure 1(c) and 1(d)).

The ferrobasalts in the Chagangnuoer area are character-
ized by a porphyritic texture (Figure 2) with phenocrysts of
pyroxene (45—60%) and hornblende (25—40%) (Figure 2(a)),
and a matrix of plagioclase (48-52%), pyroxene (6—8%),

Figure 2. Micrographs of the Chagangnuoer ferrobasalts. (a)
Sample CGB-5 (cross-polarized light), showing euhedral pyrox-
ene and hornblende phenocrysts. (b) Sample CGB-1 (plane-
polarized light), showing magnetite clusters in the matrix. (Cpx:
clinopyroxene, Hb: hornblende, Mt: magnetite, P1: Plagioclase).
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hornblende  (10-14%), and magnetite (14-16%)
(Figure 2(b)). Plagioclase, pyroxene, and hornblende are
partly altered to epidote, chlorite, and actinolite.

3. Analytical methods
3.1. Zircon U-Pb dating

Zircon grains were separated from an approximately 12 kg
ferrobasalt sample using standard density and magnetic
separation techniques and handpicking. Representative zir-
con crystals were mounted in an epoxy mount, and were
then polished to near half-thickness. After that, all zircon
grains on the mount were studied with transmitted and
reflected light microscopy, as well as cathodoluminescence
(CL) for revealing their external and internal structures.
Zircon U-Pb analyses were carried out on an Agilent
7500a inductively coupled plasma mass spectrometer
(ICP-MS) coupled with an excimer laser ablation (LA)
system (Resonetics Resolution 50) at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences
(GIGCAS), using a He carrier gas and a laser beam dia-
meter of 32 pm. The zircon standard TEMORA 2 (Black
et al. 2004) was used as the external standard for the
dating. The zircon standard was analysed twice in every
batch of five analyses in order to ensure the accuracy of
the results. The analytical procedures are described by Tu
et al. (2011) and Li et al. (2012a). The isotopic ratios and
trace element contents of the zircons were calculated by
using GLITTER 4.0 software (Macquarie University,
Australia). The U-Pb ages were calculated by using
ISOPLOT 4.11 (Ludwig 2008).

3.2. Whole rock geochemistry analyses

Samples of the Chagangnuoer ferrobasalt were exam-
ined first using optical microscopy. Only the unaltered

or least-altered samples were selected for further studies.
Major and trace elements were analysed in the State
Key Laboratory of Isotope Geochemistry, GIGCAS.
Major elements were analysed using a conventional X-
ray fluorescence method following the standard proce-
dures described by Li et al. (2005), with less than 5%
analytical deviation for most elements. Trace elements
were determined using a Perkin-Elmer ELAN 6000 ICP-
MS following procedures described in detail by
Li (1997), with less than 3% analytical deviation for
most elements.

The Sr and Nd isotopic compositions of the ferroba-
salt samples were analysed using a Micromass Isoprobe
multicollector mass spectrometer at GIGCAS, following
procedures described by Wei er al. (2002) and Liang
et al. (2003). The mass fractionation corrections for Sr
and Nd isotopic ratios are based on a *°Sr/**Sr ratio of
0.1194 and '°Nd/'"**Nd ratio of 0.7219, respectively.
The *’St/*Sr ratio of the Standard NBS SRM 987 and
the '**Nd/'**Nd ratio of the Standard Shin Etsu JNdi-1
determined during this study were 0.71025 and
0.512115, respectively.

4. Results
4.1. Zircon U-Pb geochronology

The zircon U-Pb ages yielded from the Chagangnuoer
ferrobasalts are listed in Table 1 and illustrated in a con-
cordia diagram (Figure 3). All zircon grains are transpar-
ent, light yellow brown and prismatic, with obvious
oscillatory zoning in CL images (Figure 3). The Th/U
values of 0.51-1.34 (Table 1) indicate that these zircons
are of typical magmatic origin (Hoskin and Black 2000;
Belousova et al. 2002; Yang et al. 2014b). The 2°°Pb/**U
ages of the 10 analyses range from 302 = 4 Ma to
334 + 34 Ma (Table 1), with a weighted average age of
314 + 8 Ma (Figure 3).

Table 1. Zircon U-Pb isotopic data of the Chagangnuoer ferrobasalts.

Concentrations and

ratios Isotopic ratios Apparent ages (Ma)

Analysis Th U Th/

spots (ppm) (pm) U  2Pb%Pb 16  2Pb”PU 1o Pb”®U 1o 2Pb”*U 1o 2*Pb/”PU 1o
CGB-2@01 376 456  0.83 2.0066  0.2485 1.3945 0.0811 0.0506 0.0013 887 34 318 8
CGB-2@02 55 108  0.51 1.3528  0.2503  0.9385 0.1549 0.0498  0.0035 672 81 313 21
CGB-2@03 897 860  1.04 0.4581 0.0675 03123  0.0421 0.0488 0.0016 276 33 307 10
CGB-2@04 80 70 1.13 0.5415 0.2623  0.4033  0.1906  0.0532  0.0056 344 138 334 34
CGB-2@05 42 65  0.64 0.7296  0.1895 0.5019 0.1246  0.0491 0.0033 413 84 309 20
CGB-2@06 86 133 0.65 1.1064  0.1421 0.8008 0.0913 0.0514 0.0023 597 51 323 14
CGB-2@07 35 59 0.59 1.1927  0.2160 0.8277 0.1202 0.0506  0.0019 612 67 318 12
CGB-2@08 50 72 0.69 0.4582  0.1822 03011 0.1153  0.0479  0.0023 267 90 302 14
CGB-2@09 33 63 0.52 0.7387  0.1491 0.5007 0.0877 0.0494 0.0018 412 59 311 11
CGB-2w10 119 89 134 0.5978  0.1802 0.4107 0.1183 0.0498 0.0028 349 85 313 17
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Figure 3. Zircon U-Pb concordia age diagram for the

Chagangnuoer ferrobasalts.

4.2. Geochemistry of the ferrobasalts

Major and trace element compositions of the
Chagangnuoer ferrobasalts are listed in Table 2. The sam-
ples vary in SiO, (43.11-54.27 wt.%), Fe,05"
(14.55-22.68 wt.%), TiO, (0.70-1.26 wt.%), MgO
(5.63-7.7 wt.%), MnO (0.36—0.93 wt.%), and total alkalis
(1.00-5.22 wt.%). On the (Fe,O3" + TiO,)-Al,05-MgO
diagram, the rocks are classified as high-iron tholeiitic
basalt (Figure 4). The ferrobasalts have significantly
higher Fe,O;" and MnO than those of the basalts
from the worldwide convergent margins (Figure 5(a) and
5(b)). In addition, compared to the iron-rich unit
(Fe,05" > 14 wt.%) of continental flood basalts, the
Chagangnuoer ferrobasalts are rich in MnO but obviously
poor in TiO, (Figure 5(c) and 5(d)). Their Cr, Co, Ni, and
V contents are 26617 ppm, 163-229 ppm, 80-243 ppm,
and 130-229 ppm, respectively. Their total rare earth ele-
ment (REE) concentrations vary from 23.5 to 68.5 ppm,
with (La/Sm)y, (La/Yb)n, (Dy/Yb)y, and JEu values of

Table 2. Geochemical compositions of the Chagangnuoer ferrobasalts.

Sample CGB-1 CGB-2 CGB-3 CGB-4 CGB-5 CGB-6 CGB-7 CGB-8 CGB-9 CGB-10 CGB-11 CGB-12 CGB-13 CGB-14
SiO, 48.12 45.7 44.19 51.07  43.11 44.75 5039 4548  47.19 44.77 46.4 45.49 43.42 54.27
TiO, 1.13 0.98 0.89 0.87 0.72 0.94 0.92 1.26 0.77 1.25 1.06 0.84 0.7 0.85
ALO; 14.40 11.64 11.36 14.25 9.43 10.87 10.62 13.87 12.78 13.92 12.87 12.33 9.01 13.93
Fe,057  14.55 20.79  21.79 16.85 22.68 2192 15.89 18.21 17.85 18.93 17.42 19.42 21.13 15.39
MnO 0.55 0.39 0.47 0.65 0.36 0.51 0.93 0.42 0.51 0.48 0.50 0.66 0.55 0.60
MgO 6.22 6.13 6.70 6.99 7.35 6.67 7.70 5.63 5.73 5.63 6.63 7.38 7.61 6.16
CaO 7.20 8.56 9.15 3.44 12.13 8.77 6.12 9.57 7.61 9.53 7.17 7.61 13.38 3.30
Na,O 2.26 1.83 1.62 0.41 0.93 1.17 2.12 2.08 1.99 1.94 1.77 2.51 0.95 0.26
K,0 2.96 2.17 1.70 0.75 1.82 2.09 2.83 1.62 2.74 1.66 2.78 0.82 1.55 0.74
P,0s 0.23 0.21 0.16 0.40 0.13 0.13 0.08 0.22 0.10 0.22 0.20 0.17 0.14 0.42
L.O.I 2.20 1.39 1.73 4.26 1.12 1.74 2.28 1.53 2.26 1.59 2.75 2.36 1.44 3.85
Total 100.05  99.93 99.87 9994  99.80  99.56  99.87 99091 51.57 99.91 52.08 99.59 99.88 99.77
Sc / / / 335 30.1 29.7 29.9 28.3 24.8 29.5 30.8 30.5 333 31.3
Ti 6780 5880 5340 5391 4862 5510 5150 7389 4632 7455 6325 4570 4452 5012
v 210 163 215 229 185 191 168 212 130 199 199 218 187 202
Cr 250 300 320 236 617 230 25.7 163 80.3 150 222 302 596 243
Co 20.6 132 40.1 70.4 45.8 253 17.7 30.3 12.8 18.2 17.3 14.4 40.5 71.8
Ni 273 15.4 342 66.1 43.2 19.5 9.53 40.1 6.78 40.5 26.9 39.8 36.6 67.9
Cu 532 4.86 72.2 11.4 29.6 236 5.81 139 11.1 309 85.6 30.4 58.1 8.50
Zn 194 109 189 232 197 113 229 152 115 162 119 161 153 212
Ga 13.9 11.4 14.3 16.7 13.8 12.8 12.7 12.9 11.2 12.9 12.5 12.8 14.6 16.0
Ge / / / 1.88 1.86 1.39 3.27 1.34 1.48 1.42 1.51 1.6 1.93 1.66
Rb 71.5 37.4 36.1 27.9 329 42.1 63.1 57.5 57.8 57.5 72.5 12.1 30.7 27.7
Sr 180 111 932 223 67.3 76.1 21.9 178 153 159 142 100 51.2 182
Y 20.1 12.2 13.6 17.3 132 13.1 25.1 19.3 18.3 18.1 17.4 14.9 14.9 16.5
Zr 100 80.4 65.4 112 57.8 72.7 70.7 97.8 75.6 100 83.4 62.2 59.9 104
Nb 4.72 3.64 2.84 4.45 2.52 3.26 2.49 4.78 322 4.83 3.89 2.56 2.48 4.32
Cs 0.53 0.31 0.34 / / 1.43 1.22 1.68 1.67 2.15 1.19 0.18 0.38 /
Ba 1545 730 476 112 326 624 392 290 1377 311 1131 233 373 113
La 3.71 3.63 2.32 9.41 3.93 1.55 291 2.79 5.19 2.18 3.39 2.16 2.1 10.3
Ce 12.4 11.1 5.81 21.1 9.71 5.96 9.76 11.7 13.6 8.83 14.8 8.01 9.15 22.8
Pr 2.01 1.68 0.92 3.13 1.55 1.08 231 2.14 2.19 1.67 2.69 1.37 1.67 3.39
Nd 9.51 7.72 4.73 14.1 7.39 5.52 12.9 10.5 10.4 8.63 12.5 6.66 8.33 15.1
Sm 2.83 1.86 1.51 3.45 2.06 1.66 4.02 2.95 2.78 2.62 3.13 1.84 2.29 3.67
Eu 0.55 0.51 0.27 0.82 0.69 0.25 0.83 0.54 0.69 0.44 0.74 0.37 0.48 0.90
Gd 3.06 2.08 1.77 3.36 231 1.93 4.42 3.09 3.06 2.86 3.19 2.12 2.52 3.59
Tb 0.58 0.37 0.35 0.56 0.36 0.38 0.81 0.57 0.55 0.53 0.53 0.39 0.43 0.55
Dy 3.54 2.03 2.21 3.34 2.57 2.35 5.08 3.46 3.43 3.29 3.23 2.51 2.70 3.39
Ho 0.73 0.44 0.47 0.66 0.53 0.49 1.07 0.72 0.72 0.67 0.67 0.58 0.59 0.69

(Continued)
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Table 2. (Continued).
Sample CGB-1 CGB-2 CGB-3 CGB-4 CGB-5 CGB-6 CGB-7 CGB-8 CGB-9 CGB-10 CGB-11 CGB-12 CGB-13 CGB-14
Er 2.02 1.29 1.38 1.82 1.53 1.38 2.94 2.03 2.05 1.84 1.93 1.59 1.49 1.92
Tm 029 019 021 027 022 019 042 027 029 0.26 0.27 0.26 0.22 0.24
Yb 1.94 1.21 1.33 1.82 1.33 1.26 2.73 1.83 1.97 1.66 1.74 1.65 1.48 1.76
Lu 0.32 0.23 0.21 0.27 0.21 0.20 0.45 0.27 0.30 0.26 0.28 0.25 0.23 0.28
Hf 262 211 174 263 152 209 223 273 2.37 2.79 2.46 1.80 1.71 2.78
Ta 0.31 0.24 0.21 0.29 0.18 0.25 0.20 0.35 0.27 0.35 0.29 0.21 0.19 0.30
Pb 3.81 2.52 4.59 3.28 6.46 2.59 3.20 8.27 2.25 3.52 7.54 7.49 1.83 3.12
Th 1.89 1.54 134 363 1.93 1.72 180 206 249 2.12 1.98 1.97 1.50 3.44
U 0.88 1.39 0.48 1.30 2.23 0.78 1.19 1.29 1.82 1.67 1.38 0.88 0.67 1.22
Fe,O 3T+Tio 5 ferrobasaltic magma. The positive MgO versus Ni correla-
tion (Figure 6(a)) is consistent with the fractional crystal-
High-Fe lization of olivine and/or clinopyroxene. However, the
tholeiitic @ G CaO/Al,O3 values remain approximately unchanged with
basa'; .;, decreasing MgO (Figure 6(b)), indicating that clinopyrox-
e o a ene was not a major fractional crystallization phase (e.g.
s o9 w Mayer et al. 2013). Negative MgO versus P,Os and TiO,
ndggl EI o (Figure 6(c) and 6(d)) correlation infer that the apatite and
“ Ho h 7 = Ti-oxide fractionation was insignificant (e.g. Wang
R T B et al. 2008). Therefore, the P and Ti depletions in the
miglh'j!\{!g CED Chagangnuoer ferrobasalts (Figure 7(a)) may represent
olelitic . . .
N\ s basalt X their source geochemistry (e.g. the presence of rutile/
) Eg}\,. ~ '\ basalt titanite) (Ding et al. 2009, 2013; Liang et al. 2009;
“—%——_ '\ andesite', Xiong et al. 2011), which is typical at convergent margins.
rhyolite Y, dacite \ R . .. ;
CALC-ALKAL|C FIEL The lacking of negative Eu anomalies in the chonderited-
; normalized REE distribution patterns (Figure 7(b)) and
AlO, MgO negative MgO versus Al,O5 correlation (Figure 6(e)) sug-

Figure 4. (Fe,05T + TiO,)-Al,O~MgO (Jensen 1976) classi-
fication diagrams of the Chagangnuoer ferrobasalts. The blue
open squares representing data points of the Dahalajunshan
Formation in the Chagangnuoer area are from Feng ez al. (2010)
and the black circles are the Chagangnuoer ferrobasalts.

0.43-0.97,
respectively.

Initial (¢ = 314 Ma) Sr and Nd isotopic compositions
of the Chagangnuoer ferrobasalts are presented in Table 3.
The Chagangnuoer ferrobasalts have initial *’Sr/*®Sr ratios
varying from 0.704571 to 0.705776 and positive eng(?)
values varying from 1.58 to 4.74.

0.76-4.19, 1.06-1.69, and 0.47-1.80,

5. Discussion
5.1. Petrogenesis

5.1.1. Fractional crystallization and crustal
contamination

Both fractional crystallization and crustal contamination
may cause geochemical and isotopic composition varia-
tions in the ferrobasalts during the magma ascent.
Therefore, it is necessary to assess the possible geochem-
ical impacts of these factors on the evolution of the

gest that plagioclase was not a major fractional crystal-
lization phase (e.g. Mayer et al. 2013). This is supported
by the negative Sr versus MgO correlation (Figure 6(f))
and negligible negative Sr anomaly (except CGB-7) in the
primitive mantle-normalized spider diagram (Figure 7(a)).
In addition, the Chagangnuoer ferrobasalts contain consid-
erable accounts of hornblende, implying a water-rich par-
ental magma. Previous experimental studies have
demonstrated that plagioclase crystallization may be sig-
nificantly delayed in hydrous ferrobasaltic melts
(Botcharnikov et al. 2008). Thus, the aforementioned geo-
chemical signatures of the Chagangnuoer ferrobasalts sug-
gest that their parental magma may have undergone
obviously fractional crystallization of olivine with minor
clinopyroxene, apatite, Ti-oxide, and plagioclase.

The Th/U values of the Chagangnuoer ferrobasalts
(0.87-2.82) are lower than those of mid-ocean ridge basalt
(MORB) (ca. 3.0), ocean island basalt (OIB) (ca. 3.4), and
upper-crustal rocks (ca. 5.0) (Rudnick and Fountain 1995),
indicating that the basaltic magma was not significantly
contaminated by crustal components (e.g. Wang et al.
2008). Continental crust is strongly depleted in high field
strength elements (HFSEs) (Taylor and McLennan 1985).
If the Ta depletion in the basalts is taken as evidence for
crustal contamination, a positive correlation between
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Harker diagrams for the Chagangnuoer ferrobasalts in comparison with the basalts from worldwide convergent margins (a and

b) and ferrobasalts from worldwide continental settings (c and d). The data of typical convergent margin basalts and continental

ferrobasalts are from http://georoc.mpch-mainz.gwdg.de/georoc/.

La/Ta and La/Sm would be expected because upper con-
tinental crust is enriched in LREEs, and partial melting of
these rocks would further increase the La/Sm values of the
resultant magmas (Lassiter and DePaolo 1997; Said and
Kerrich 2010). The Chagangnuoer ferrobasalts have high
La/Ta values, combined with relatively low and constant
La/Sm values, suggesting that the basalts have not under-
gone significant crustal contamination (Figure 8).
In addition, it has been argued that crustal contamination
of a primary magma could cause an increase in fO,,
resulting in early magnetite crystallization, and conse-
quently decreasing of the iron content in the contaminated
magma (Xu et al. 2003). The high Fe,O3" contents of the
Chagangnuoer ferrobasalts may thus be taken as additional
evidence that the magma may not have been significantly
contaminated by crustal materials.

5.1.2.  Nature of the mantle sources

To minimize the fractional crystallization influence, isotopic
compositions and ratios of the elements with similar dis-
tribution coefficients (e.g. Dy/Yb, La/Sm and Sm/Yb ratios)
have been used to investigate the possible source of the
Chagangnuoer ferrobasalts. The (*’Sr/*°Sr); and eng(?)
values of the Chagangnuoer ferrobasalts plot near the

boundary between the OIB and the island arc volcanic
fields, similar to the Carboniferous western Tianshan basalts
(Figure 9(a)). The relatively elevated positive eng(f) values
could suggest that a depleted mantle end-member may have
been involved in the magma formation, whereas the high
(®’Sr/*Sr); and low positive eng(f) values imply that a
juvenile crustal end-member might also be present in the
magma source (Faure and Mensing 2005). Geochemical
characteristics of the Chagangnuoer ferrobasalts, such as
enrichments in large ion lithophile elements (Sr, K, Rb
and Ba), favour a lithospheric mantle rather than depleted
mantle source in their source (e.g. Temizel et al. 2012; Yang
et al. 2012). The (Nb/Ta)y ratios of the Chagangnuoer
ferrobasalts are mostly <0.8, and the (Zr/Hf)y ratios are
~1.0, indicating their enriched mantle source (e.g. Yang
et al. 2012). Mantle metasomatism is an important process
for generating an enriched mantle source through dehydra-
tion and/or partial melting of subducted slabs (Class
et al. 2000 and references therein). As seen in the following
discussion, the geochemistry of the Chagangnuoer ferroba-
salts argues for a mantle source affected by slab dehydration
rather than by the melting of subducted sediments.
Previous mineral-aqueous fluid partitioning experi-
ments (Brenan et al. 1995; Ayers 1998) have suggested
that the slab-released hydrous fluid has low Th/U values
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Table 3.
Sample
CGB-4
CGB-8
CGB-9
CGB-10
CGB-11

N.-B. Li et al.

because U preferentially enters fluids relative to Th (Jiang
et al. 2009). The low Th/U values (0.87-2.82) of the
Chagangnuoer ferrobasalts indicate that the mantle source
had been metasomatized by slab-derived fluids (e.g. Jiang
et al. 2009). The metasomatized nature of the mantle
source for the Chagangnuoer ferrobasalts is revealed in
the Th/Yb versus Ba/La diagram (Figure 9(b)), as these
two ratios may effectively distinguish the roles of sedi-
ment melts and fluids as metasomatising agents (Sun
et al. 2004). In this diagram, the Chagangnuoer ferrobasalt
data points lie roughly parallel to the Ba/La axis, indicat-
ing that the mantle source may have been previously
metasomatized by aqueous fluids (Sun et al. 2004). The
Sm/YD ratio is sensitive to basaltic source mineralogy (e.g.
Geng and Tiiysiiz 2010). In the La/Sm versus Sm/Yb
diagram (Figure 9(c)), the Chagangnuoer ferrobasalts are
plotted between the fractional melting curve and the batch
melting curve of spinel peridotite, implying that the
magma may have been derived from the partial melting
of spinel peridotite (e.g. Gen¢ and Tiiysiiz 2010).

5.1.3.  Iron enrichment mechanism

The iron-rich rocks are generally formed in a low fO,
condition because high fO, causes early fractional crystal-
lization of magnetite. Given that Ce*" is far more compa-
tible in zircon, the Ce content in zircon is mainly
controlled by the Ce*"/Ce’®" ratio of the parental magma
(Liang et al. 2006). More-oxidized magma will yield
a higher Ce anomaly in the zircon due to Ce*" being
more compatible than Ce®" in zircon (Trail et al. 2011).
Ce*"/Ce’" ratios calculated from the Ce anomaly in zircon
is often used to estimate the fO, of magma (Li
et al. 2012a; Zhang et al. 2013a, 2014a). Based on experi-
ments, Trail et al. (2011) proposed a 1/T (T was estimated
for using the Ti-in-zircon thermometer) versus Ce anomaly
(0 Ce) plot, which has been subdivided into four fields by
three common mineral oxidation buffers, namely magne-
tite—haematite (MH), fayalite—magnetite—quartz (FMQ),
and iron—-wustite (IW), and can be used to estimate the
oxidation state of the magma (Figure 10(a)). By plotting
the Ti-in-zircon temperatures and the calculated Ce
anomalies on the 1/T versus 6 Ce plot, zircons from the
Chagangnuoer ferrobasalts mainly fall between IW and
FMQ (Figure 10(a)). In addition, four zircons from the
adjacent area also yield relatively low fO,. Therefore, we
conclude that the oxidation state of the Carboniferous to
early Permian igneous rocks in the Awulale Mountains is
low. The low oxidation magmatism favours the formation
of iron-rich rocks.

The mechanism for iron enrichment in basic igneous
rocks is still controversial, with three major models being
proposed: (1) partial melting of a normal mantle source at
high pressure (e.g. Hirose and Kushiro 1993; Lassiter and
DePaolo 1997), (2) ‘Fenner’ fractionation of primitive
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crustal contamination and source mixing (after Lassiter and
DePaolo 1997). Data of the upper and lower crust from Taylor
and McLennan (1985).

magma (e.g. Leroex and Dick 1981; Leroex et al. 1982;
Xu et al. 2003; Peng et al. 2013), and (3) mantle source
inheritance (e.g. Kerrich et al. 1999; Gibson et al.
2000, 2002; Wang et al. 2004, 2008; Ichiyama et al.
2006). The Zr/Y and TiO,/Al,O5 correlations have been
used to estimate the partial melting pressure because for
the peridotite-derived, TiO,/Al,O5 increases linearly with
increasing pressure (Ichiyama and Ishiwatari 2005;
Ichiyama et al. 2006). The Tamba picritic ferrobasalts
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(adopted from Gen¢ and Tiiysiiz (2010) and Figure 19 of M.
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show higher Zr/Y and TiO,/Al,O5 values than those of the
Tamba ferropicrites (Figure 10(b)), suggesting that the
partial melting of the former took place at a greater
depth than the latter (Ichiyama et al. 2006). The Zr/Y
and TiO,/Al,O53 values of the Chagangnuoer ferrobasalts
approach those of iron-rich mafic rocks generated in back-
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Figure 10. (a) Magma oxidation of the Chagangnuoer ferroba-
salts. For comparison, the data from adjacent areas are also
shown, such as Songhu rhyolite (light blue rhombus, ca.
327 Ma) and tuff (black X, ca. 305 Ma), Chagangnuoer dacite
(blue triangles, ca. 313 Ma), and Yuximolegai quartz syenite
porphyry (pink stars, ca. 284 Ma); (b) Zr/Y versus TiO,/Al,05
diagram for the Chagangnuoer ferrobasalts. The representative
iron-rich mafic rocks from the Zhongtiao Mountains, Abitibi and
Wawa (Kerrich et al. 2008) and the Tamba (Ichiyama et al. 2006)
are also shown; and (c) (¥’St/%°Sr); versus MnO diagram for the
Chagangnuoer ferrobasalts.

arc basins, for example those preserved in the Zhongtiao
Mountains (Li et al. 2014), and in the Abitibi and Wawa
greenstone belts (Kerrich et al. 2008), implying that the
melting pressure of Chagangnuoer ferrobasalts should be
no greater than that of the iron-rich mafic rocks formed in
back-arc basins. The negative SiO, versus Fe,O5" for the
Chagangnuoer ferrobasalts (Figure 5(a)) suggests a
magma evolution towards Si-rich and iron-poor, which is
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in contrast to that for the ‘Fenner’ fractionation. It is
widely accepted that plate tectonic subduction processes
introduce basaltic crust (as eclogite) into the peridotitic
mantle (Sobolev et al. 2007), and the melting experiments
have revealed that the iron content of a melt derived from
a peridotite—basalt mixture is higher than that of a melt
derived from a pure peridotite (Kogiso et al. 1998). The
production of a partial melt with FeO" up to 20 wt.%
would require a magma source with a peridotite—basalt
mixture having a more than 50% basaltic component
(Ichiyama et al. 2006). However, Sobolev et al. (2007)
have estimated the amount of recycled crust in sources of
mantle-derived melts and suggested the involvement of 2—
20% (and up to 28%) of recycled crust. Partial melting of
such a peridotite—basalt mixture (with ~30% basalt) may
only produce a melt with up to 12 wt.% FeO' (Kogiso
et al. 1998), much lower than that of the Chagangnuoer
ferrobasalts (14.55-22.68 wt.%). Therefore, we propose
that the most reasonable explanation for the origin of the
Chagangnuoer ferrobasalts was the partial melting of a
subduction-modified mantle source with the recycling of
iron-rich components.

Subduction of an oceanic crust containing Fe—Mn
nodules into the mantle may account for the iron enrich-
ment of the reconstructed sub-arc mantle (e.g. Baker and
Krogh Jensen 2004). Partial melting of such an iron-
enriched reconstructed mantle source may produce iron-
rich melts with high (*’St/*°Sr); and MnO (Ichiyama
et al. 2006). The MnO contents of the Chagangnuoer
ferrobasalts (0.36-0.93 wt.%) are higher than that of the
majority of basalts on Earth (Figure 5(b) and 5(d)). In
addition, there is an obvious linear positive correlation
between the MnO (X) and (¥’Sr/*°Sr); (Y) of the
Chagangnuoer ferrobasalts, indicating assimilations of
Fe—Mn nodules during the partial melting of the spinel
peridotite source (Figure 10(c)). This feature is consistent
with the mantle source of the Chagangnuoer ferrobasalts
undergoing source mixing (Figure 8). The average MnO
content of depleted mantle is about 0.13 wt.% (Salters and
Stracke 2004), consistent with that of the peridotite xeno-
liths in the Tuoyun area, western Tianshan (Zheng
et al. 2006). When the MnO is 0.13 wt.%, the
(*’Sr/*Sr); value of 0.7027 may represent the primary
value of the mantle in western Tianshan. Therefore, it is
inferred that the Chagangnuoer ferrobasalts with variable
(®¥’Sr/*°Sr); (0.704571-0.705776) and high MnO contents
(0.36-0.93 wt.%) were derived from the partial melting of
a mantle source with the incorporation of subducted Fe—
Mn nodules.

5.2. Tectonic settings

The late Palacozoic tectonic setting of the Awulale
Mountains is still controversial: One hypothesis argues
for a late Palacozoic intra-continental rift (Che et al.

1996; Xia et al 2004a) or a mantle plume (Xia
et al. 2004b, 2008; Wang and Xu 2006), whereas another
hypothesis proposes that the Carboniferous magmatism
was subduction related, and the Permian magmatism was
intraplate (Chen er al. 2004a, 2004b; Zhu et al.
2006a, 2006b, 2009; Gao et al. 2009; Su et al. 2011).
Others suggest that continental or island arc settings
related to subduction may have lasted until the late
Permian—Triassic ~ (Zhang et al 2007, Xiao
et al. 2010, 2013). It is widely accepted that the late
Palacozoic tectonic setting of the Awulale Mountains
was mainly controlled by the northward subduction of
the South Tianshan Ocean (e.g. Gao et al. 2009; Zhu
et al. 2009; Yang et al. 2012; Zhang et al. 2012a; Xiao
et al. 2013). Therefore, the key remaining tectonic issue is
the closure time of the South Tianshan Ocean or the
collision between the Tarim plate and YCTP. The collision
is thought to have occurred during the Devonian—
Carboniferous based on the age of associated ophiolitic
mélanges (Charvet et al. 2007; Wang et al. 2011) or
during the Carboniferous—Permian based on the occur-
rence of syn- and/or post-collision-related rocks (e.g.
Gao et al. 2009; Long et al. 2011; Yang et al. 2012;
Zhang et al. 2012a), or even during the Permian—Triassic
based on tectonic reconstructions (Xiao et al. 2010, 2013)
and the age of zircon from eclogites (Zhang et al. 2007).

For the mantle plume hypothesis, no Carboniferous
large igneous province has been clearly identified in the
Awulale Mountains, in which a great variety of volcanic
rocks, including basalt, andesite, dacite, and rhyolite, with
ages spanning across 50 million years have been docu-
mented (Zhu et al. 2009). The TiO, of the Chagangnuoer
ferrobasalts (0.70-1.26 wt.%) is lower than that of the
majority of continental ferrobasalts (Figure 5(c)). In addi-
tion, the Chagangnuoer ferrobasalts have arc signatures of
negative Nb, Ta, and Ti anomalies and feature near-flat
heavy rare earth elements (Figure 7(a) and 7(b)). The
Carboniferous subduction and the early Permian post-col-
lision-related magmatism have been widely discovered in
the Awulale Mountains (e.g. Chen et al. 2004a, 2004b;
Zhu et al. 2006a, 2006b, 2009; Li et al. 2012b; Yang
et al. 2012; Yan et al. 2013), especially in the
Chagangnuoer and adjacent areas. For example Zhang
et al. (2012a) proposed that the ca. 320 Ma diorite and
granitic dikes from the Zhibo area were formed in a con-
tinental arc-setting, whereas a ca. 295 Ma granite dike was
formed in a post-collision setting. Zhang et al. (2014b)
suggested that the 350-310 Ma volcanic rocks and related
granitoids from the Zhibo and Chagangnuoer areas are
chemically similar to arc-related series. Jiang et al. (2014)
2014) argued that a ca. 330 Ma andesite in the Zhibo area
was formed during slab subduction. Duan et al. (2014)
proposed that a dacite (ca. 316 Ma) and K-feldspar granite
(ca. 297 Ma) in Dunde were formed in subduction and
post-collision settings, respectively. Based on the overall
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Tectonic discrimination diagrams of the Chagangnuoer ferrobasalts. (a) TiO, versus Zr (Pearce 1982); (b) V versus Ti/1000

(Shervais 1982); (c) Ti/Zr versus Zr (Kerrich et al. 2008); and (d) Ti/Sc versus Zr (Kerrich et al. 2008). Data for the Lau Basin and
Abitibi and Wawa volcanic rocks are from Pearce et al. (1994) and Kerrich et al. (2008), respectively. The Kermadec and Ngatoro fields
from Gamble et al. (1994) (BABB, back-arc basin basalt; IAB, island arc basalt; CFB, continental flood basalt; OIB, ocean island basalt;

N-MORB, normal MORB).

evidence, we suggest that the amalgamation between the
Tarim and the YCTP had not occurred during the
Devonian—early Carboniferous, and the Chagangnuoer fer-
robasalts were formed in a subduction-related setting
rather than in a mantle plume or in a continental rift
setting.

In the TiO, versus Zr tectonic discrimination diagram
(Figure 11(a)), the Chagangnuoer ferrobasalt data points
plot mainly near the boundary between the MORB and
arc-volcanic fields. The crystal/liquid partition coefficient
for V is predominantly controlled by the oxygen fugacity,
whereas that of Ti is not affected (Shervais 1982). Thus,
the Ti versus V diagram may discriminate the various
tectonic settings of volcanic rocks (Shervais 1982). The
Chagangnuoer ferrobasalts have Ti/V values varying from
18 to 36 that are plotted mostly in the lower left corner of
the MORB-back-arc basin basalt (BABB) field (some
samples extend into the island arc basalt (IAB) field) in a
Ti/1000 versus V diagram (Figure 11(b)). Their geochem-
ical affinity to both MORB- and arc-like rocks might be
genetically related to their back-arc basin setting (e.g.
Pearce 1982; Taylor and Martinez 2003; Farahat 2010;
Baziotis and Mposkos 2011; Zhang et al 2013b).
Woodhead et al. (1993) and Gamble et al. (1994)
suggested that the Zr versus Ti/Zr and Zr versus Ti/Sc

discrimination diagrams can be used to effectively discri-
minate back-arc basins basalts from arc basalts, due to the
back-arc rocks being generally plotted between the MORB
and OIB fields and tending to be less hydrous with sub-
dued HFSE/REE fractionations (Kerrich et al. 2008).
Using these diagrams, Kerrich et al. (2008) suggested
that the Abitibi and Wawa ferrobasalts were formed in a
back-arc environment. In both the Zr versus Ti/Zr and Zr
versus Ti/Sc discrimination diagrams, the Chagangnuoer
ferrobasalts plot in the same area as those of the Abitibi
and Wawa ferrobasalts (Figure 11(c) and 11(d)), indicating
that the Chagangnuoer ferrobasalts could have been
formed in a back-arc basin. In addition, a back-arc basin
spreading centre produces an extensional environment that
facilitates the emplacement of high-density ferrobasalts,
and this hypothesis is supported by the Chagangnuoer
ferrobasalts having similar formation pressure to that of
iron-rich mafic rocks formed in a back-arc basin, for
example Abitibi and Wawa and the Zhongtiao Mountains
(Figure 10(b)). Coeval arc-related rocks (ca. 314 Ma) have
been found in the Laerdundaban area (Zhu et al
2005, 2009), which is located on the northern slope of
the Nalati Mountains (Figure 1(b)). We infer that the
Nalati Mountains and Awulale Mountains may have con-
stituted a Late Carboniferous arc-back-arc system in



Downloaded by [New Y ork University] at 22:54 13 February 2015

International Geology Review 13

South Tianshan  Najati arc Awulale back-arc basin Yili-Central

Ocean Tianshan Plate

.

irondeposit  ferrobasalts

Figure 12. Schematic diagram illustrating the tectonic setting
for the generation of the late Carboniferous Chagangnuoer ferro-
basalts and iron deposit in western Tianshan.

western Tianshan. The existence of a Late Carboniferous
back-arc basin in the Awulale Mountains further supports
the proposal that the collision between the Tarim and
YCTP had not occurred until ca. 314 Ma.

As a result, we propose a modified Late Carboniferous
western Tianshan tectonic model for the Chagangnuoer
ferrobasalt petrogenesis (Figure 12). By ca. 314 Ma, an
arc—back-arc system was formed in western Tianshan. The
lithospheric mantle under the back-arc basin may have been
inhomogeneous due to the incorporation of recycling basal-
tic crust and subducted Fe-Mn nodules into the overlying
mantle wedge. Partial melting of such a metasomatized
source may have formed the iron-rich magma that ascended
and eventually formed the Chagangnuoer ferrobasalts.

5.3. Metallogenesis implications for the Chagangnuoer
iron deposit

The Chagangnuoer iron deposit is a magmatic type
according to the classification scheme proposed by
Dill (2010), based on previous geological and ore observa-
tions (Feng et al 2010; Wang et al 2011; Zhang
et al. 2014b). Ore textures and mineral assemblages reveal
that the Chagangnuoer iron deposit was formed through an
earlier magmatic period with a later hydrothermal replace-
ment (skarnization) period (Feng er al. 2010; Wang
et al. 2011; Hong et al 2012a, 2012b; Zhang et al
2014b). There are abundant massive and brecciated ores
and various conglomerates cemented by ores, indicating
that the deposit could be a product of crystallization of
iron oxide melts. Last but not least, the 6'%0 values of
magnetite from the Chagangnuoer iron deposit range from
+1.6%0 to +3.3%0 (Feng et al. 2010), which is consistent
with those of the magnetite from the El Laco deposit in
Chile (2.3-4.2%0) (Nystrom et al. 2008) and the
Gréangesberg deposit in Sweden (—0.4%0 to +3.7%o)
(Jonsson et al. 2013). Both the El Laco and Griangesberg
deposits have been considered as Kiruna-type iron

deposits, which are the crystallization products of iron
oxide melts  (Frietsch  1978; Nystroem and
Henriquez 1994; Sillitoe and Burrows 2002; Naslund
et al. 2002; Nystrom et al. 2008; Jonsson et al. 2013). It
is noteworthy that magnetite with 6'%0 values over 0.9%o
has been proposed as having directly precipitated from
magmatic melts at high temperature (Jonsson
et al. 2013). The relative high 6'%0 values of the economic
magnetite at Chagangnuoer give further evidence of its
magmatic origin. However, the exact metallogenic model
of the Kiruna-type iron deposits is still not well con-
strained (e.g. Naslund et al. 2002; Nystrom et al. 2008;
Chen et al. 2010; Hou et al. 2011).

Feng et al. (2010) and Zhang et al. (2014b) proposed
that the major magmatic iron oxide melts formed the
massive and the conglomerates cemented by ores, the
secondary hydrothermal fluids formed the miarolitic struc-
ture and vein network. These authors also regarded the
underlying andesite as the source of iron, because the
andesite has similar trace element (e.g. REE) distribution
patterns and Pb isotopic compositions with the magnetite
(Feng et al. 2010; Zhang et al. 2014b). Our studies on the
ferrobasalts in the Chagangnuoer iron deposit suggest that
the parental magma for the ferrobasalts was the most
probable source for the iron oxide melts. Despite the
presence of minor metallogenic uncertainties, there are
some strong supports for our proposal. First, the textures
of the major ores (predominately massive ore or conglom-
erates cemented by ore) are characterized by their mag-
matic origin as previously documented. Second, the REE
and other trace element distribution patterns of the major
economic ore, namely the magnetite (Feng et al. 2010),
are similar to those of the ferrobasalts (Figure 7(b)). Third,
previous experimental studies have documented that iron
oxide melts can be generated by immiscibility of silicate
melts (Philpotts 1967, 1982), which have been used for
interpreting the origin of the Fe-Ti—(V) deposits (e.g.
Wang and Zhou 2013) and Kiruna-type deposits
(Naslund et al. 2002; Harlov et al. 2002; Chen
et al. 2010; Chai et al. 2014). Melt immiscibility may be
related to the increasing P in the magmas (Charlier and
Grove 2012). Apatite in the Chagangnuoer iron deposits
occurs only as a minute accessory phase and has no spatial
association with the iron oxide mineralization (Zhang
et al. 2014d). However, Lledo (2005) proposed that due
to the strong melt polymerization characteristics of the
final crystallization stages, even P,Os-poor magmas can
generate immiscible iron oxide melts. More importantly,
the product that formed by melt immiscibility is preva-
lently composed of two end-members with contrasting
chemical compositions, including a low-Si, iron-rich end-
member overlying a coeval Si-rich end-member. The coe-
val felsic rocks (ca. 313 Ma; author’s unpublished data)
have been recognized in the Chagangnuoer area.
Therefore, we conclude that the melt immiscibility of the
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ferrobasaltic magma may be applicable to the metallogeny
of the Chagangnuoer iron deposit.

6. Conclusions

The ferrobasalts at Chagangnuoer in the Awulale
Mountains, western Tianshan, are characterized by high
contents of Fe,O3;' and MnO, and low TiO, contents.
Petrological and geochemical data indicate that the ferro-
basalts may have been generated from partial melting of a
subducted modified lithospheric mantle source. In addi-
tion, incorporation of subducted Fe—-Mn nodules into the
mantle wedge may have played a critical role in forming
the iron and Mn enrichments in the Chagangnuoer ferro-
basalts. Moreover, the ferrobasaltic magma that formed the
ferrobasalts may have been a possible iron source for the
Chagangnuoer iron deposit.
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Appendix
Table Al. Zircon trace element abundance, Ce anomalies, and Ti-in-zircon temperatures.

Age T 1047
Sample points (Ma) Ti La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb (°C) (K'') 6Ce
Songhu rhyolite
SHZr-04 328 37.6 033 7.20 0.10 1.03 2.09 023 11.7 3.83 53.0 223 116 255 243 872 87 97
SHZr-08 328 7.10 0.03 6.70 0.08 1.09 226 043 147 483 67.8 26.5 138 30.0 296 712 102 31.7
SHZr-09 328 7.80 0.15 11.0 0.13 143 217 0.69 10.6 3.31 454 17.7 91 207 215 720 10.1 18.8
SHZr-11 328 209 0.14 840 0.14 1.02 2.05 0.13 840 3.36 457 19.8 100 233 221 810 92 145
SHZr-14 328 8.60 0.12 8.80 0.13 097 1.53 0.33 10.8 4.02 552 23.7 121 275 273 728 10.0 17.6
SHZr-16 328 10.6 0.03 570 0.05 056 130 041 11.8 3.94 532 21.3 114 259 250 747 9.8 389
SHZr-18 328 13.8 0.12 11.8 0.12 0.84 1.61 0.19 9.50 291 42.7 17.7 100 225 236 770 9.6 242
SHZr-19 328 11.1 0.08 8.10 0.07 0.76 132 0.32 12.0 445 66.2 263 143 31.7 335 750 9.8 27.0
SHZr-20 328 16.6 027 7.60 0.19 0.77 1.67 032 12.0 4.18 63.6 24.1 131 294 283 788 94 8.1
SHZr-21 328 7.80 0.16 6.60 0.09 0.72 129 025 9.50 3.83 54.8 222 116 27.5 268 720 10.1 133
SHZr-23 328 830 0.04 6.80 0.03 0.66 1.61 033 12.3 4.05 59.0 24.5 130 30.0 298 725 10.0 47.7
SHZr-24 328 11.0 0.39 810 0.15 159 1.51 035 11.0 3.51 53.8 21.1 112 250 260 749 9.8 8.1
SHZr-25 328 254 036 940 006 146 192 034 123 4.65 67.6 272 143 32.0 317 830 9.1 151
Songhu tuff
SH1-1-01 305 17.3 0.64 850 034 0.95 \ \ 420 1.20 16.8 6.60 36 8.3 81 792 94 45
SH1-1-02 305 34.0 259 990 055 332 424 0.52 202 6.87 83.5 304 146 284 255 861 88 2.0
SH1-1-03 305 240 095 104 040 3.53 3.18 1.01 173 539 652 244 115 239 206 824 9.1 4.2
SH1-1-05 305 39.8 098 357 026 373 792 135 369 114 136 487 221 416 363 879 87 174
SH1-1-06 305 248 4.10 20.1 1.16 694 373 0.74 192 573 80.6 299 143 285 261 828 9.1 2.3
SH1-1-08 305 193 0.72 27.1 033 355 457 0.62 22.1 6.65 89.7 322 156 31.8 302 802 93 13.6
SH1-1-10 305 543 947 335 324 132 7.01 095 23.0 6.00 78.4 309 146 29.0 251 0915 8.4 1.5
SH1-1-11 305 23.1 4.09 237 122 747 459 125 304 8.85 124 41.7 214 383 355 820 9.1 2.6
SHI1-1-12 305 145 327 890 0.75 1.77 2.12 036 840 2.63 355 133 60 122 114 1048 7.6 1.4
SH1-1-13 305 52.0 0.80 14.7 031 3.13 492 1.03 18.1 6.32 81.0 29.8 130 268 232 910 &85 73
SH1-1-15 305 440 1.52 129 1.07 293 V030 940 245 37.8 150 74 16.0 132 891 86 2.5
Yuximolegai quartz syenite porphyry
YXQ-01 284 3.60 0.06 920 0.10 1.63 253 0.86 132 446 534 212 99 223 215 658 10.7 28.0
YXQ-02 284 209 042 168 0.57 7.49 11.13 046 454 144 155 554 243 506 463 810 92 85
YXQ-03 284 250 1.17 312 0.78 631 7.11 0.79 28.7 9.18 103 384 181 403 379 829 9.1 8.0
YXQ-04 284 37.8 3.83 42.1 207 127 795 1.54 255 749 839 30.2 138 303 301 873 87 37
YXQ-05 284 17.8 0.61 305 0.65 7.02 989 0.81 42.6 12.5 135 49.8 220 48.8 448 794 94 119
YXQ-06 284 28.6 133 328 0.75 798 726 092 279 883 985 36.7 175 37.8 362 843 90 8.1
YXQ-07 284 63.5 3.49 732 240 15.1 12.41 248 425 12.6 132 46.6 205 44.7 422 935 8.3 6.2
YXQ-08 284 76.1 251 151 0.62 447 459 0.18 19.1 6.17 723 269 124 282 266 958 8.1 3.0
YXQ-09 284 217 0.87 325 092 10.16 13.33 0.89 53.2 162 174 632 273 58.1 516 814 92 89
YXQ-10 284 199 622 446 455 8.69 690 0.73 199 6.61 739 27.7 132 296 297 805 93 21
YXQ-11 284 118 13.18 88.2 6.84 39.6 26.13 6.59 66.0 18.2 184 60.6 262 539 505 1018 7.7 23
YXQ-12 284 116 10.99 60.3 4.62 28.1 16.13 6.71 45.6 12.6 125 444 195 426 407 1015 7.8 2.1
YXQ-13 284 106 15.30 82.7 498 26.1 19.08 3.92 62.5 17.1 178 64.4 278 58.0 524 1003 7.8 23
YXQ-14 284 169 0.07 10.6 0.18 2.68 490 0.19 24.1 8.64 954 369 170 37.0 352 789 94 226
YXQ-15 284 40.0 1.15 148 0.73 791 12.07 042 514 16.0 171 61.6 264 557 506 880 87 3.9
YXQ-16 284 204 1.15 169 0.72 592 428 099 134 4.15 409 159 75 167 165 808 93 4.6
YXQ-17 284 21.8 0.33 26.7 0.66 940 1490 0.66 62.5 18.2 190 68.0 289 602 547 815 92 14.1
YXQ-18 284 345 085 204 0.64 437 448 047 188 6.26 762 29.4 134 302 293 863 88 6.8
YXQ-19 284 19.1 0.38 186 041 6.02 7.69 033 354 109 120 452 204 429 394 801 9.3 115
YXQ-20 284 17.0 0.60 54.4 093 849 1023 0.79 404 124 136 49.0 210 442 404 790 94 178
YXQ-21 284 42,1 347 386 137 9.85 1036 1.32 39.0 11.6 126 47.0 208 43.4 405 885 86 43
YXQ-22 284 362 2.07 264 1.06 10.0 11.78 1.29 45.1 13.6 147 527 229 49.0 443 868 88 4.4
YXQ-23 284 109 540 41.7 1.78 100 7.51 1.25 24.1 7.15 77.1 28.1 130 29.5 287 1006 7.8 3.3
YXQ-24 284 349 233 254 152 149 12.85 1.09 453 13.6 150 53.6 241 527 484 864 88 33
YXQ-25 284 384 030 153 026 277 5.05 031 248 7.36 84.8 31.3 144 31.8 306 875 87 133
YXQ-26 284 42.1 136 188 1.27 991 10.78 0.73 489 143 165 60.2 277 59.7 543 885 86 3.5
YXQ-28 284 234 0.78 169 0.82 10.1 15.10 0.79 69.6 20.1 215 78.1 334 676 619 822 9.1 5.2
YXQ-29 284 16.7 242 571 148 104 7.54 099 18.6 554 59.1 21.8 100 21.7 231 788 94 74
YXQ-30 284 31.0 0.85 205 050 473 589 042 21.1 691 76.8 30.2 140 329 318 851 89 1.7

(Continued)
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Age T 10%T
Sample points (Ma) Ti La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb (°C) (K

Chagangnuoer dacite

09CGB-1B-04 313 9.60 034 10.9 025 2.03 3.77 0.71 224 8.63 112 46.8 222 49.0 475 738 9.9
09CGB-1B-09 313 8.30 29.89 88.7 1191 64.6 19.02 2.59 42.6 119 132 514 234 499 465 725 10.0
09CGB-1B-11 313 390 0.03 500 0.08 1.19 351 0.80 20.5 7.08 89.0 374 175 37.8 352 665 10.7
09CGB-1B-12 313 85.7 4.02 354 124 723 442 0.60 23.7 922 125 539 280 65.1 660 973 8.0
09CGB-1B-15 313 7.30 1.58 11.0 0.62 438 3.08 0.64 164 579 799 344 173 387 389 714 10.1
09CGB-1B-16 313 590 0.57 18.6 040 547 9.68 2.06 57.4 20.1 243 948 426 88.1 795 697 103
09CGB-1B-17 313 122 8.00 47.7 293 16.7 1228 2.73 46.7 145 162 584 254 525 474 759 9.7
09CGB-1B-23 313 94.6 226 31.1 075 570 7.30 1.53 485 17.9 226 922 404 88.8 769 986 7.9
09CGB-1B-24 313 162 023 640 0.18 1.78 325 0.85 21.0 7.65 952 39.7 186 40.5 387 785 9.5
09CGB-1B-26 313 12.8 0.54 7.80 027 220 3.04 0.57 18.7 6.96 89.0 39.1 190 433 433 763 9.7
09CGB-1B-31 313 199 0.13 730 0.15 438 475 1.76 299 944 119 492 243 558 562 805 93
09CGB-1B-32 313 4.00 0.09 9.20 030 341 6.08 240 363 12.6 161 66.2 317 72.6 723 667 10.6
09CGB-1B-34 313 550 2.68 15.0 1.05 633 326 0.83 174 6.63 87.8 38.8 192 440 426 691 104

Chagangnuoer ferrobasalts

CGB2-1 314 6.00 049 243 047 583 1062 239 564 214 261 104 477 1029 1006 697 10.3
CGB2-3 314 250 0.62 322 027 433 1212 1.29 70.8 25.6 329 133 614 1329 1218 829 9.1
CGB2-4 314 15.0 0.27 8.70 023 2.05 335 0.79 239 877 117 51.6 235 518 503 778 9.5
CGB2-5 314 920 0.69 8.10 021 1.84 291 049 155 622 772 33.8 161 356 360 734 99
CGB2-6 314 6.50 031 7.70 026 2.13 3.54 1.16 254 9.99 130 54.1 249 558 539 704 10.2
CGB2-7 314 6.00 0.17 5.10 0.14 130 249 0.76 19.2 7.33 957 39.7 190 40.6 402 699 103
CGB2-9 314 104 0.16 590 0.13 1.04 1.63 051 14.0 535 74.0 31.5 154 346 346 744 9.8
CGB2-10 314 138 038 9.50 029 356 3.68 1.13 24.7 920 123 539 260 57.0 563 770 9.6
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