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The distinct submarine volcanic-hosted iron ore deposits in the Awulale Iron Metallogenic Belt are the most
important sources for iron in the Chinese Western Tianshan metallogenetic province, although, the exact tec-
tonic setting for their formation remains poorly constrained. A compilation of published and new geochrono-
logical and geochemical data suggests a protracted magmatism from ca. 450 to 290 Ma was in close spatial and
temporal proximity to the iron deposits. The different magmatic rocks have broadly similar arc-like geochemical
signatures such as LREE and LILE enrichments, HREE and HFSE depletions, Nb-Ta-Ti negative anomalies and
flat HREE patterns, all of which are attributed to magmatic differentiation and/or partial melting in relatively
thin crust due to long-term extension. The contrasting whole-rock Nd isotopic patterns of the igneous rocks and
the well-defined peak metamorphism (ca. 320-310 Ma) of the subduction-zone high-pressure rocks indicate that
ca. 450-321 Ma magmatic rocks with an increasingly positive eyq(t) shift were formed during the northward
subduction of the South Tianshan Ocean, where slab rollback resulted in an extensional setting in the southern
Yili-Central Tianshan Block. In contrast, the synchronicity of the ca. 320-310 Ma subduction-zone peak meta-
morphism and magmatic flare-up with uniformly positive enq(t) values is interpreted as the consequence of slab
break-off subsequent to the oceanic subduction and the continental collision. By inference, the late-stage (ca.
309-290 Ma) magmatism was likely constructed in a post-collisional setting. The submarine volcanic-hosted iron
mineralization exclusively occurred coeval with the peak metamorphism and intensive magmatism, probably
suggesting slab break-off as the exact tectonic setting for iron mineralization. Consequently, the western ex-
tension of the Awulale Iron Metallogenic Belt occurring roughly parallel to the South Tianshan Orogen may have
significant potential for prospecting the submarine volcanic-hosted iron ore deposits.

1. Introduction complexes as the result of the closure of the Paleo-Asian Ocean, thereby

serving as an analogue for the architecture of the modern Southwestern

The Central Asian Orogenic Belt (CAOB; Fig. 1a) is one of the largest
and long-lived accretionary orogenic systems in the world, accom-
panied by voluminous magmatism and large-scale mineralization
(Yakubchuk, 2004; Kroner et al., 2007; Xiao et al., 2015; Wan et al.,
2017). Therefore, its complex geodynamic evolution and associated
metallogeny have been in the research focus of many international
geoscientists in the past decades. Currently, it is widely accepted that
the CAOB was formed by sequential accretion of multiple micro-
continents, island arcs, seamounts, oceanic plateaus and accretionary

Pacific archipelago (Wilhem et al., 2012; Wakita et al., 2013).

The Tianshan Orogen in the southwestern CAOB is regarded as
hallmark of the final docking of the Tarim Craton with the Siberia
Craton to the south during Paleozoic times (Fig. 1) and hence it is es-
sential for unravelling the architectural framework of the southwestern
CAOB. However, the tectonic evolution of the Tianshan Orogen is still
controversial with respect to the subduction polarities of the oceanic
basins and the timing of the collisions between different terranes (Gao
et al., 2009; Charvet et al., 2011; Han et al., 2011; Wang et al., 2011a;
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Fig. 1. (a) Tectonic outline of the Central Asian Orogenic Belt (CAOB) and environs (Xiao et al., 2013). (b) Simplified tectonic divisions of the Western Tianshan Orogen and adjacent
areas (Gao et al., 2009; Wang et al., 2017). NTAC-North Tianshan Accretionary Complex, KYB-Kazakhstan-Yili Block, KNTS-Kyrgyzstan North Tianshan Block, CTB-Central Tianshan
Block, STAC-South Tianshan Accretionary Complex. Major faults: NTF = North Tianshan Fault; NTMF = Northern Tarim Margin Fault. Note that the red circles denote the iron ore
deposits in the Awulale Iron Metallogenic Belt including: 1-Kuolasayi, 2-Shikebutai, 3-Songhu, 4-Nixintage-Akesayi, 5-Chagangnuoer, 6-Zhibo, 7-Dunde, 8-Beizhan. One sample
(JT17) outside the Fig. 2 is marked with zircon U-Pb age. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Xiao et al., 2013). This is largely due to the fact that in many previous
studies geochemical characteristics of voluminous igneous rocks were
employed as tracers for the geodynamic setting and tectonic evolution
of the Western Tianshan Orogen (e.g., Xia et al., 2004; Dong et al.,
2011; Long et al., 2011; Zhong et al., 2017). For example, trace element
discrimination diagrams have been in widespread use and are regarded
as an important tool to constrain the tectonic settings of granitic rocks,
such as the plots of Rb-Y + Nb and Nb-Y (Pearce et al., 1984). Trace
element compositional variations, nonetheless, are thought to be a
function of the source characteristics and magmatic crystallization
processes, while the tectonic setting is of secondary importance (Frost
et al., 2001; Frost and Frost, 2008; Fiannacca et al., 2015). This is why
post-collisional granitoids usually straddle over a range of fields in the
discrimination diagrams since they are originated from a number of
contrasting sources, depending on the thickness and composition of the
crust during orogenesis (Pearce et al., 1984; Frost et al.,, 2001).
Therefore, further comprehensive studies of Paleozoic igneous rocks in
combination with regional geological evidence are required to read-
dress the tectonic evolution of the Tianshan Orogen.

The Chinese Western Tianshan hosts several large-medium sub-
marine volcanic-hosted iron (both haematite and magnetite) deposits,
such as Zhibo, Chagangnuoer, Beizhan, Dunde and Songhu, which
constitute the Awulale Iron Metallogenic Belt (AIMB; Fig. 1b). The
AIMB has more than 1.2 billion tons iron ore resources at an average
grade of 40% (up to > 60%) and thus is thought to have an excellent
prospecting potential for high-grade iron ore deposits in China (Zhang
et al., 2014a,b). All the iron ore deposits are commonly hosted in Early
Carboniferous submarine volcano-sedimentary rocks, represented by
the widespread Dahalajunshan Formation (Zhang et al., 2012, 2014b,
2015). Based on geochronological and geochemical studies of the ore-
related volcanic rocks and associated igneous rocks, various subduc-
tion-related tectonic settings such as continental arc (Zhang et al., 2012;

Jiang et al., 2014b; Ge et al., 2015) and back-arc settings (Yan et al.,
2015; Li et al., 2015b) are thought to have enhanced the iron miner-
alization, while continental rift related to mantle plume activities is an
alternative (Xia et al., 2004). Hence, the exact tectonic setting of the
submarine volcanic-hosted iron ore deposits remains to be elucidated in
order to better understand the ore-forming process and to refine pro-
specting strategies for this type of iron ore mineralization.

In this study, we present new LA-ICP-MS zircon U-Pb ages, whole-
rock major and trace element compositions and Sr—Nd isotopic data for
Paleozoic igneous rocks in the AIMB and adjacent areas. In conjunction
with published geochronological and geochemical data, we develop a
slab break-off model to account for the formation of the submarine
volcanic-hosted iron deposits in the Chinese Western Tianshan.

2. Geological background of the Chinese Western Tianshan

The Chinese Western Tianshan represents a Paleozoic orogenic
collage formed by multiple subduction and accretion of several terranes
between the Junggar Terrane and the Tarim Craton (Gao et al., 1998,
2009; Wang et al., 2008; Long et al., 2011; Xiao et al., 2013). Tradi-
tionally, it is divided into four tectonic domains from north to south,
namely the North Tianshan Accretionary Complex, the Kazakhstan-Yili
Block, the Central Tianshan Block and the South Tianshan Accretionary
Complex (Fig. 1b; Gao et al., 2009; Xiao et al., 2013; Wang et al.,
2014b).

The North Tianshan Accretionary Complex is exposed along the
North Tianshan Fault or the Main Tianshan Shear Zone and mainly
composed of late Carboniferous volcano-sedimentary rocks and ophio-
litic slices formed by the subduction of the North Tianshan Ocean to-
wards the south (e.g., Wang et al., 2006). Zircon U-Pb dating of gabbros
and plagiogranites from the Bayingou ophiolite suggests that the North
Tianshan Ocean existed at least between 344.0 + 3.4 and
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324.8 = 7.1 Ma (Xu et al., 2006; Li et al., 2015a) and that it was closed
prior to ca. 316 Ma as evidenced by the Sikeshu stitching pluton (Han
et al., 2010).

Bounded by the North Tianshan Fault to the north, the Kazakhstan-
Yili Block (KYB) is a triangle-shaped area that wedges out eastwards
(Fig. 1b). The KYB is regarded as a continental arc emplaced on a
Precambrian basement, which consists of Meso- to Neoproterozoic
gneisses and metasedimentary rocks (Gao et al., 2009; Wang et al.,
2014a). The basement is covered by late Neoproterozoic to early Pa-
leozoic passive margin sediments and late Ordovician to Carboniferous
arc-related volcano-sedimentary rocks (e.g., Gao et al.,, 1998; Wang
et al., 2014a). Voluminous intrusive rocks with ages of ca. 490-280 Ma
were documented on both sides of the KYB and are thought to be arc-
related or post-collisional associated with the subduction of the North
Tianshan and/or the South Tianshan oceans beneath the KYB (e.g.,
Long et al., 2011; Wang et al., 2012; Zhong et al., 2017).

The Central Tianshan Block (CTB) is separated from the KYB by the
North Nalati Fault (Fig. 1b), which was interpreted as the eastern ex-
tension of the Kyrgyz-Terskey suture zone (Nicolaev Line) in Kyrgyzstan
and Kazakhstan (Lomize et al., 1997; Qian et al., 2009; Gao et al.,
2015). The suture zone is further characterized by the ~470Ma
Makbal high-pressure metamorphic terrane (Meyer et al., 2013; Klemd
et al.,, 2015), the late Cambrian-early Ordovician Terskey ophiolite
(Lomize et al., 1997) and the 516.3 + 7.4 Ma Xiate ophiolite intruded
by the 470 + 12 Ma collision-related diorite (Qian et al., 2009), all of
which are interpreted as relics of the Terskey Ocean whose closure at
ca. 470 Ma resulted in the collision of the KYB and the CTB (Qian et al.,
2009). The CTB is an elongated microcontinent with a Neoarch-
ean—-Paleoproterozoic basement, represented by greenschist- to am-
phibolite-facies igneous rocks and metasediments (Wang et al., 2014b,
2017; Gao et al., 2015). Late Silurian arc-type volcanic and associated
sedimentary rocks were thrust over the Precambrian basement and
subjected to regional greenschist- to amphibolite-facies metamorphism
and ductile deformation (Gao et al., 2009). In turn, both the basement
and the late Silurian strata were unconformably overlain by un-
metamorphosed Carboniferous subduction-related volcano-sedimen-
tary rocks (Gao et al, 2009; Zhu et al, 2009). Paleozoic (ca.
480-260 Ma) granitoids and mafic intrusions are extensively exposed
throughout the CTB and they were interpreted to be associated with the
subduction of the Terskey Ocean or the South Tianshan Ocean and
subsequent collision of the CTB and the Tarim Craton (e.g., Gao et al.,
2009; Long et al., 2011; Ma et al., 2012).

The South Tianshan Accretionary Complex (STAC) is a wide tectonic
zone between the CTB and the Tarim Craton, which is bounded by the
Inylchek-Atbashi-South Nalati-Wuwamen fault to the north and the
Northern Tarim Margin Fault to the south (Fig. 1b; Gao et al., 2009;
Xiao et al., 2013). The STAC is mainly composed of the Akeyazi high-
pressure metamorphic terrane, ophiolitic mélanges and coherent strata
of imbricated late Ordovician-Carboniferous clastic sediments and
limestones (Gao et al., 2009; Xiao et al., 2013; Jiang et al., 2014a). The
northern ophiolite belt with ages of 439-332 Ma and mid-ocean ridge
type affinity suggests that the South Tianshan Ocean lasted to the early
Carboniferous, while the presence of the southern ophiolite belt with
ages of 450-392 Ma and supra-subduction zone type affinity indicates
the existence of a short-lived fore-arc basin during the southward
subduction of the South Tianshan Ocean (Wang et al., 2011a; Jiang
et al., 2014a). The Akeyazi terrane along the northern boundary has
been extensively studied and the peak metamorphic ages are generally
in consensus with a restricted range of 320-310 Ma (Fig. 9b; e.g., Su
et al., 2010; Klemd et al., 2011; Li et al., 2011; Yang et al., 2013;
Soldner et al., 2017; Tan et al., 2017), which was thought to represent
the approximate time frame for the collision of the CTB and the Tarim
Craton (e.g., Gao et al., 2011; Klemd et al., 2015; Li et al., 2016).

2
3, -4
-2, -3, -4

0833-2, 0838-1, 0839-1, 0840-1, -2, -4, 0845-1, -2,

Geochemical analyses
0846-1, -3, -6, -8

GL1-1, -2, -3
JT17-1, -2, -3
BY8-1, -2, -3
NESL2-6
10CG30-3, -4, -5
12W20-1, -2, -3
12W19-5, -6, -7
10CG26-1, -3, -6
10CG12-1, -
10CG29-1, -3,
0945-1,

Cpx (8-10%), Hbl (10-15%), Bt (10-15%), P1 (50-55%), Qtz (8-10%),

Hbl (15-20%), P1 (35-40%), Kf (20-25%), Qtz (20-25%), Fe-Ti oxides
minor Fe-Ti oxides (~2%) and Chl

(~5%), minor Ep and Chl
Hbl (35-40%), P1 (40-45%), Qtz (5-10%), Fe-Ti oxides (10-15%)

Hbl (10-15%), Pl (40-45%), Kf (20-25%), Qtz (20-25%), minor Ep,
Ep (20-25%), Pl (20-25%), Kf (20-25%), Qtz (20-25%), minor Chl

Kf (35-40%), Pl (30-35%), Qtz (20-25%), Bt + Chl+Ep (10-15%),
Chl and Fe-Ti oxides (~5%)

Hbl (8-10%), Pl (35-40%), Kf (20-25%), Qtz (20-25%), minor Chl
accessory titanite and Fe-Ti oxides

and Bt (3-5%)

P1 (50-55%), Kf (15-20%), Qtz (15-20%), Ep and Chl (5-10%)
Kf (50-60%), Qtz (25-30%), Ser (10-15%), minor Ep

Hbl (25-30%), P1 (45-50%), Ep (10-15%), Chl (10-15%)
Mainly Pl, Hbl and Cpx, minor Chl, Fe-Ti oxides and glasses

Mineral assemblages
Hbl (40-50%), P1 (50-55%)

N43°5'29”, E84°24'6”
N42°47°18”, E85°510”
N43°1’56”, E84°7°29”
N43°6'21”, E83°59'42”
N43°11’56”, E84°59’21”
N43°12744”, E84°57’11”
N43°12’44”, E84°57/09”
N43°18’44”, E84°52'16”
N43°1219”, E84°53'28”
N43°15’48”, E84°37’50”
N43°19’56”, E84°1"34”
N43°5’56”, E84°35"22”

Coordinates

Location

Qiaohuote Cu deposit
Eastern Haernuer
Bayinbuluke

Nuersala

Huoshaogiao
Huoshaoqiao
Huoshaoqiao
Chagangnuoer Fe deposit
Chagangnuoer Fe deposit
Gongnaisi

Zhibo Fe deposit
Qiaohuote Cu deposit

Basalts, Basaltic andesites,

K-feldspar granite
Andesites

Granodiorite
Granodiorite
Granodiorite
Gabbro diorite

Grantie
Granodiorite

Rock type

Diorite
Diorite
Granite
Diorite

Silurian volcanic rocks

Sample No.
GL1
JT17
BY8
NESL2
10CG30
12W20
12W19-4
10CG26
10CG12
10CG29
0945

Descriptions of the studied igneous rocks in the Awulale and adjacent areas.
Mineral abbreviations: Cpx-clinopyroxene, Hbl-hornblende, Pl-plagioclase, Kf-K-feldspar, Qtz-quartz, Ep-epidote, Chl-chlorite, Bt-biotite, Ser-sericite.
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Summary of sample localities, rock types and zircon U-Pb ages in the Awulale and adjacent areas.

Sample NO. Location Rock type Method Age (Ma) References

GL1 Qiaohuote copper deposit Granodiorite LA-ICP-MS 450.5 = 1.5 This study

JT17 Eastern Haernuer Granodiorite LA-ICP-MS 4415 = 1.1 This study

BY8 Bayinbuluke Grantie LA-ICP-MS 4346 = 3.6 This study

NESL2 Nuersala K-feldspar granite LA-ICP-MS 4245 + 1.4 This study

10CG30 Huoshaoqiao Granodiorite LA-ICP-MS 361.4 + 0.94 This study

12W20 Huoshaoqiao Diorite LA-ICP-MS 3543 + 1.7 This study
12W19-4 Huoshaoqiao Diorite LA-ICP-MS 3335 + 21 This study

10CG26 Chagangnuoer iron deposit Granodiorite LA-ICP-MS 3315 + 0.91 This study

10CG12 Chagangnuoer iron deposit Granite LA-ICP-MS 327.5 + 0.86 This study

10CG29 Gongnaisi Diorite LA-ICP-MS 324.4 + 0.88 This study

0945 Zhibo iron deposit Gabbro diorite LA-ICP-MS 305.7 + 0.88 This study
K1-1305 Xinyuan Forest Farm Monzogranite SHRIMP 436 = 8 Zhu et al. (2006)
K1-9-17 Quelute Diorite SHRIMP 370 £ 7 Zhu et al. (2006)
K1-14-17 Quelute Granite SHRIMP 366 + 8 Zhu et al. (2006)
13ts14A Haernuer Granodiorite LA-ICP-MS 344 = 3 Zhong et al. (2017)
13ts14B Haernuer Granite LA-ICP-MS 292 + 5 Zhong et al. (2017)
13ts14I Haernuer Diorite LA-ICP-MS 353 = 5 Zhong et al. (2017)
13ts15B Haernuer Monzogranite LA-ICP-MS 411 = 4 Zhong et al. (2017)
13ts15C Haernuer Diorite LA-ICP-MS 421 + 4 Zhong et al. (2017)
08XY1-1 Qiakebu Muscovite granite LA-ICP-MS 427.2 + 5.7 Xu et al. (2013)
08XY2-1 Qiakebu Gabbro LA-ICP-MS 3185 + 2.6 Xu et al. (2013)
10QLT2-1 Quelute Muscovite granite LA-ICP-MS 357.2 £ 7.5 Xu et al. (2013)
10NLT1-1 Nalati Alkali grainte LA-ICP-MS 2969 + 2.4 Xu et al. (2013)
10NLT2-1 Nalati Gabbro LA-ICP-MS 340.2 = 1.1 Xu et al. (2013)
nlt01-1 Northern Bayinbuluke Diorite LA-ICP-MS 355 £ 9 Zhu et al. (2012)
TS069 Southern Xinyuan Basalt SHRIMP 355.3 = 2.4 Zhu et al. (2009)
TSO01 Southern Xinyuan Basalt SHRIMP 352.2 + 3.2 Zhu et al. (2009)
TS04 Laerdundaban Trachyandesite SHRIMP 324 = 49 Zhu et al. (2009)
TS1618 Yuximolegai Rhyolite SHRIMP 316 = 2.5 Zhu et al. (2009)
TS02 Laerdundaban Trachyandesite SHRIMP 312.8 = 4.2 Zhu et al. (2005)
DD-145 Dunde iron deposit Dacite LA-ICP-MS 316 = 1.7 Duan et al. (2014)
DD-117 Dunde iron deposit K-feldspar granite LA-ICP-MS 295.8 = 0.71 Duan et al. (2014)
0939 Zhibo iron deposit Diorite LA-ICP-MS 3189 + 1.5 Zhang et al. (2012)
0947 Zhibo iron deposit Granite LA-ICP-MS 304.1 =+ 1.8 Zhang et al. (2012)
0941 Zhibo iron deposit Granite LA-ICP-MS 320.6 + 2.5 Zhang et al. (2012)
0943 Zhibo iron deposit Granite LA-ICP-MS 2945 + 1.6 Zhang et al. (2012)
10ZB04 Zhibo iron deposit Magnetite ore LA-ICP-MS 350 * 2 Zhang et al. (2015)
10CG21 Chagangnuoer iron deposit Rhyolite LA-ICP-MS 321 + 2 Zhang et al. (2015)
10CG04 Chagangnuoer iron deposit Granite LA-ICP-MS 319 = 2 Zhang et al. (2015)
12ZB56 Zhibo iron deposit Andesite LA-ICP-MS 328.7 + 2.1 Jiang et al. (2014b)
127ZB06 Zhibo iron deposit Iron ore LA-ICP-MS 329.9 = 1.5 Jiang et al. (2014b)
1P028 Beizhan iron deposit Rhyolite LA-ICP-MS 316.1 = 2.2 Li et al. (2013)
YX8-1 Yuximolegai Quartz diorite SIMS 310.8 = 2.1 Yang et al. (2012)
13WL Wuling Hornblende gabbro LA-ICP-MS 313 £ 3 Yan et al. (2015)
0837 Qiaohuote copper deposit Granodiorite LA-ICP-MS 450.4 = 1.1 Zhang et al. (2011)
0844 Qiaohuote copper deposit K-feldspar granite LA-ICP-MS 430.8 = 4.1 Zhang et al. (2011)
CGB-2 Chagangnuoer iron deposit Basalt LA-ICP-MS 314 = 8 Li et al. (2015b)
11QJ1-3 Qunjisayi Rhyolite LA-ICP-MS 306 + 2 Li et al. (2015¢)
10QJ-3D Qunjisayi Granite LA-ICP-MS 296 = 3 Li et al. (2015¢)
TS17-1 Xinyuan Forest Farm Dacite LA-ICP-MS 359.9 + 5.1 Yu et al. (2016)
TS13-2 Xinyuan Forest Farm Monzogranite LA-ICP-MS 322.2 = 29 Yu et al. (2016)
04XJ-263 Southern Awulale Syenite SHRIMP 3119 + 25 Sun et al. (2008)

3. Overview of the Awulale iron Metallogenic Belt

The AIMB is situated in the eastern part of the Yili-Central Tianshan

Block and exposed as a linear belt along the Awulale Mountains
(Fig. 1b). The AIMB, comprising-from west to east-the Kuolasayi, Shi-
kebutai, Songhu, Nixintage-Akesayi, Chagangnuoer, Zhibo, Dunde and
Beizhan iron ore deposits, is one of the most important iron ore pro-
vinces with high-grade ores in China (Fig. 1b; Zhang et al., 2014a). The
iron deposits are generally hosted by submarine volcano-sedimentary
sequences, which are part of the widespread early Carboniferous Da-
halajunshan Formation (Zhang et al., 2014b). However, high-resolution
geochronology documented that the Dahalajunshan Formation is a
diachronous volcano-sedimentary sequence that formed during a time
span of ca. 370-300 Ma (late Devonian to late Carboniferous) with ore-
hosting rocks formed in a more restricted age range of ca. 330-300 Ma
(middle to late Carboniferous; e.g., Zhang et al., 2012, 2015; Li et al.,
2013, 2015b; Duan et al., 2014; Jiang et al., 2014b). The geochemical

signatures of the volcanic rocks in the Dahalajunshan Formation sug-
gested that they were generated in a continental arc setting (e.g., Zhu
et al., 2005, 2009; Wang et al., 2007; Yu et al., 2016).

The ore-hosting volcanic rocks show a wide compositional variation
including mafic, intermediate-mafic and intermediate-felsic rocks as
well as their volcanoclastic equivalents. The iron ore mineralization
hosted in lavas (i.e., Chaganguoer, Zhibo, Beizhan, Dunde, Songhu,
Kuolasayi and Nixintage-Akesayi) generally forms stratiform, lenticular
as well as vein-type ore bodies with magnetite as the dominant ore
mineral. Extensively pervasive alteration includes common Ca, K and
Na metasomatism (Zhang et al., 2014a,b). In addition, skarn-type al-
teration and mineralization is also developed at the contact zone be-
tween the orebodies and carbonates intercalated with volcanic rocks in
some deposits, such as Chagangnuoer, Beizhan and Dunde. However,
different from typical skarns, no plutons are present in these deposits
(Zhang et al., 2014a,b). The iron ore mineralization that is hosted in
pyroclastic-sedimentary rocks (i.e., Shikebutai) occurs as stratiform and
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= lenticular lenses with haematite as the dominated ore mineral. Altera-
Ez tion in these deposits is mainly displayed by local chloritization, ser-
A& g E § § N § E § § icitization and carbonization (Zhang et al., 2014a). Based on correlation
with the spatial-temporal evolution of the submarine volcanoes and
= principal volcanic facies variations, Hou et al. (2014) suggested that the
g © M o iron ore mineralization in the lavas is relatively proximal to the vol-
5 § § § § “:’ E @ § § canic vent while that in the pyroclastic-sedimentary rocks is more distal
to the vent.
g noTeTIS TS Numerous studies were undertaken to obtain the mineralization
El BB BE << ages and to gain insight into the metallogenesis of the submarine vol-
canic-hosted iron deposits of the AIMB. For example, Duan et al. (2014)
g obtained a zircon U-Pb age of 316.0 + 1.7 Ma for an ore-bearing da-
EZ Smeonnoan ci.te in the Punde iron deposit. A rhyolite in the Bgizhan iron deposit
51983393359 yielded a zircon U-Pb age of 316.1 = 2.2 Ma, which was also inter-
£ | BhhE5s55 50 preted as the age of the iron mineralization (Li et al., 2013). Based on
— ==l -R==i- . . . .
the zircon U-Pb ages of the ore-hosting volcanic rocks the Zhibo and
3 Changangnuoer iron deposits were thought to occur at ca. 330-316 Ma
i Sgunanwogy (Zhang et al., 2012, 2015; Jiang et al., 2014b) and ca. 321-319 Ma (Li
R EEEEEREBRERE et al., 2015b; Zhang et al., 2015), respectively. This is supported by the
Z o = =
g | 28g&enzzaan skarn-type alteration assemblages of garnet-actinolite-epidote yielding
two Sm-Nd isochron ages of 316.8 = 6.7 and 313 * 7Ma at the
= Chagangnuoer deposit (Hong et al., 2012; Zhang et al., 2015).
E\ R The AIMB iron ore deposits exhibit many geological, mineralogical
ﬁ g § § § ,@ E % § 3 and geochemical similarities with other alkali-calcic, hydrothermal al-
I |scsscsssss tered volcanic-hosted iron ore deposits, which are the subject of a long-
standing, controversial discussion concerning a possible magmatic or
E hydrothermal origin, or a combination of both (e.g., Henriquez and
_»:/‘ ONOONWOAN YN Martin, 1978; Nystroem and Henriquez, 1994; Nystroem et al., 2008;
Z|NSRNESRRA Wang et al., 2011b; Hong et al., 2012; Dare et al., 2014; Jiang et al.,
2014b; Zhang et al., 2012, 2015; Tornos et al., 2016; Giinther et al.,
E 2017). This was recently explored by a combined O- and Fe-isotope
? O —ooapbn study of the primary ore mineral magnetite at Zhibo and Chagangnuoer
A BB NT @Y which favored an orthomagmatic origin for most of the massive ore and
a hydrothermal origin for the re-precipitated skarn-type iron ore
i P (Gilinther et al., 2017). However, the poorly constrained origin of the
2 § g § § ﬁ § g ‘gr ﬁ iron mineralization is beyond the scope of this paper and we will focus
-
g f£15532533383 on the discussion of the tectonic setting of the submarine volcanic-
g hosted iron ore deposits in the AIMB.
E B nrTrsooasaa
g g AN O MmALWLA LW,
S| 5188888828837 . 4. Results
TS| EREEERRERN | &
_‘; & Soococs s S ©
| g Field work was conducted in the eastern part of the Chinese Western
5 g o oo E Tianshan and forty-eight samples were collected from intrusive and
E .E g S ) R § -8 - volcanic rocks in the AIMB and adjacent areas. Eleven samples of
2|8 | oS SSSS AN | & Paleozoic intrusions were selected for LA-ICP-MS zircon U-Pb dating at
= g the State Key Laboratory of Geological Processes & Mineral Resources
£ 1 & % of the China University of Geosciences (Beijing). The other thirty-seven
E i:’ Rageggees | & samples were analyzed for whole-rock major and trace elements and
% A IR I nine of them for whole-rock Sr-Nd isotopes at the Institute of Geology
R i a and Geophysics, Chinese Academy of Sciences (IGGCAS). Descriptions
g é e 8 of the studied igneous rocks, including rock types, sampling sites and
ol 5| BR8328/eg | 27 coordinates, mineral assemblages and magmatic ages are summarized
k=] ~ NeNA =~ =0 s 9 . .
g 2 o in Tables 1 and 2. Furthermore, the locations of the dated samples are
|5 o shown in Figs. 1b and 2. The analytical data of zircon U-Pb geochro-
Tg g | . . § g nology and whole-rock geochemistry are listed in Supplementary
= Ee PR33333883 |B% Tables S1 and S2, respectively. The whole-rock Sr—Nd isotopic data are
@ I EFTTFTFTTTONON S ) . . .
- ° é presented in Table 3. The detailed analytical techniques are summar-
=] . . .
g gess S8 ized in Supplementary Appendix A.
< Z7E G S
gl | £44 B
§|g| 888§ T T 4.1. Zircon U-Pb ages
S Blegue 0 w8 | &=
5 |%|38858855¢8 |53
Z¢ S EE8888RE6 g Zircon grains from the eleven granitoid samples are generally eu-
< 9 g hedral, prismatic or equant in morphologies. Under cathodolumines-
Sle|gugageoay | cence (CL) images, they are characterized by homogeneous or well-
© 5 S| DD DO O IHIN N £ E ’ . - .
= e g g g § g % § § § § =E developed compositional zoning patterns, such as oscillatory zoning,
£Z sector zoning and broad-stripped zoning (insets in Fig. 4), all of which
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Fig. 2. Geological map of the eastern segment of the Awulale Iron Metallogenic Belt in Chinese Western Tianshan (Modified after 1:200,000 geological maps by XBGMR (1972a,b)). Note
that locations of Paleozoic igneous rocks with zircon U-Pb ages in this study are denoted. The Neoproterozoic Huoshaogiao intrusion in the periphery of the Zhibo iron deposit is also

marked with its emplacement age (Gao et al., 2015).

are typical of magmatic zircon grains (Corfu et al., 2003). All zircon
analyses show variable Th (37.1-1124 ppm) and U (68.7-1517 ppm)
contents with scattered Th/U ratios of 0.26-2.71 (Table S1). A total of
238 analyzed zircon grains from the eleven individual rock samples
produced relatively uniform 2°Pb/?*8U ages within a 95-108% con-
cordancy with respect to their 2°7Pb/?3°U ages (Table S1). Accordingly,
in the concordia diagrams, concordia ages of 450.5 + 1.5Ma
(MSWD = 0.008, n = 18), 441.5 = 1.1Ma (MSWD = 1.5, n = 24),
434.6 = 3.6 Ma (MSWD = 3.4, n = 16), 4245 * 1.4Ma
(MSWD = 0.019, n=17), 361.4 = 0.94Ma (MSWD = 0.065,
n=27), 3543 = 1.7Ma (MSWD =7.2, n=16), 333.5 + 2.1 Ma
(MSWD = 0.48, n =17), 331.5 + 0.91Ma (MSWD = 13, n = 25),
3275 = 0.86Ma (MSWD =0.34, n=27), 324.4 * 0.88Ma
(MSWD = 0.83, n=29) and 305.7 = 0.88Ma (MSWD = 0.007,
n = 21) for samples GL1, JT17, BY8, NESL2, 10CG30, 12W20, 12W19-
4,10CG26, 10CG12, 10CG29 and 0945, respectively (Fig. 4). Therefore,
these ages are interpreted as the respective crystallization ages of the
granitoids.

4.2. Geochemical characteristics

Our 37 new whole-rock major and trace element geochemical
analyses were combined with published data for 312 Paleozoic igneous
rocks in the AIMB and adjacent areas compiled from the literature
(Tables 2 and S3). The zircon U-Pb ages for 52 Paleozoic igneous rocks
suggest that a protracted magmatism (450-290 Ma) was present in the
eastern part of the Yili-Central Tianshan Block (Table 2). As noted
above, the (U)HP metamorphism of the Akeyazi high-pressure meta-
morphic terrane occurred in a restricted period of ca. 320-310 Ma and
it was employed to place constraints on the timing of the collision
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between the Yili-Central Tianshan Block and the Tarim Craton (e.g., Su
et al.,, 2010; Yang et al., 2013), which may indicate that a distinct
tectonic process took place in the specific time window. In this regard,
these igneous rocks are divided into three groups based on the short-
lived subduction-zone peak metamorphism: 450-321 Ma, predating the
peak metamorphism; 320-310Ma, coeval with the peak meta-
morphism; 309-290 Ma, postdating the peak metamorphism (see ex-
planation in Section 5.2).

The 450-321 Ma and 320-310 Ma igneous rocks exhibit a similar
compositional range from basalt (gabbro) to rhyolite (granite) in the
TAS diagram, while most of the 309-290 Ma magmatic rocks plot in the
rhyolite field except the diorites of this study (Fig. 5a). With respect to
the K,O contents, the 450-321 Ma igneous rocks are mainly medium-
and high-K calc-alkaline with a few being low-K tholeiitic or shosho-
nitic (Fig. 5b). In contrast, the 320-310 Ma igneous rocks are mostly
medium-K, high-K calc-alkaline and shoshonitic rocks. The 309-290 Ma
magmatic rocks are predominately high-K calc-akaline (Fig. 5b). The
granitic rocks (Si0O, > 56 wt%) of these three groups generally range
in composition from calcic to alkalic and are mostly metaluminous to
weakly peraluminous with A/CNK ratios of 0.6-1.2 (Fig. 8c and d). In
the binary diagrams, MgO, CaO and Fe,O3T contents of the igneous
rocks from the three groups display strongly negative correlations with
SiO, contents (Fig. 6). However, Al,O3, TiO,, P2Os, Zr are characterized
by an initially weak positive trend followed by a strong negative trend
as the rocks evolved (Fig. 6). Notably, Sr contents are generally lower
than 500 ppm without obvious correlations as SiO, increases (Fig. 6h).

All magmatic rocks exhibit broadly similar chondrite-normalized
rare earth element (REE) patterns despite their variable total REE
contents (Fig. 7). Collectively, they are characterized by weak to strong
enrichment of LREE relative to HREE with notably steep LREE and flat
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Fig. 3. Representative photomicrographs showing textures and mineral associations of the Paleozoic igneous rocks in the Awulale and adjacent areas, as well as some field photos
showing outcrops. Abbreviations: Pl-plagioclase, Kf-K-feldspar, Qtz-quartz, Ttn-titanite, Hbl-hornblende, Chl-chlorite, Mt-magnetite, Ep-epidote, Bt-biotite, Cpx-clinopyroxene.

HREE patterns (Fig. 7). Weak to pronounced negative Eu anomalies
(Eu/Eu”) are commonly present in most rocks, suggesting significant
plagioclase  fractionation = during  magmatic  differentiation
(Figs. 6g and 7). Similarly, the primitive mantle-normalized trace ele-
ment patterns are similar for all igneous rocks, including the enrich-
ment of large-ion lithophile elements (LILEs: Rb, Ba, Th, U, K) com-
pared to high-field strength elements (HFSEs) and remarkable Nb, Ta
and Ti troughs (Fig. 7).

4.3. Whole-rock Sr-Nd isotopes

In this study, six samples from the Silurian volcanic rocks in the
Qiaohuote copper deposit, two samples from the ca. 306 Ma diorite
(0945) and one sample from the 304 Ma granite (0947; Zhang et al.,
2012) were selected for whole-rock Sr—Nd isotopic analyses (Table 3).
The Silurian volcanic rocks are mainly composed of basalts, basaltic
andesites and andesites (Fig. 3p), which have been subjected to regional
greenschist-facies metamorphism. Recently, the formation ages of ba-
saltic andesites and dacites from the Silurian volcanic rocks in the
Bayinbuluke area were constrained between 455.6 * 8.1 and
444.5 = 1.9Ma by LA-ICP-MS zircon U-Pb dating, indicating a late
Ordovician eruption (Xing et al., 2016). Thus, we calculated the initial
Sr-Nd isotopic compositions of the Silurian volcanic rocks using an age
of ca. 450 Ma. These rocks show relatively restricted initial %”Sr/%6Sr
ratios of 0.70464-0.70650 and positive enqg(t) values of +4.64 to
+5.64 (Table 3). Similarly, the 305.7 = 0.9 Ma diorite (0945) and the
304.1 + 1.8 Ma granite (0947) yielded relatively low initial 8”Sr/%°Sr
ratios of 0.70257-0.70444 and positive enq(t) values of +4.50 to
+4.80 (Table 3).

In combination with published Nd isotopic compositions for 114
Paleozoic igneous rocks in the Awulale and adjacent areas (Table S3),

the three groups of igneous rocks as defined above display different
ena(t) values. Overall, the 450-321 Ma igneous rocks exhibit scattered
eng(t) values from —3 to +7 and have no clear correlations with the
SiO, contents (Fig. 9c and d). In contrast, the 320-310 Ma and
309-290 Ma magmatic rocks are characterized by more restricted enq(t)
values ranging from +2 to +6 with the exception of one negative
value. Notably, despite the highly variable SiO, contents, no obvious
trends are observed in the eng(t) values of the two groups
(Fig. 9c and d). In addition, as shown in Fig. 9c¢, the eynq(t) values of the
igneous rocks increase gradually as their formation ages decrease.

5. Discussion
5.1. Petrogenesis of the Paleozoic igneous rocks

In conjunction with data from the literature our geochronological
and geochemical study reveals that the prolonged Paleozoic magma-
tism in the AIMB and adjacent areas share common geochemical sig-
natures. In terms of major elements, they exhibit a continuous spectrum
extending from basalts (gabbros) to high-silica rhyolites (granites).
However, it should be noted that these Paleozoic igneous rocks were
formed in a wide age range with distinct whole-rock enq(t) values,
which suggests that they cannot be produced from a common magma
source. Compared to the compiled geochemical dataset of continental
igneous rocks globally (See Figs. 1 and 2 in Keller et al., 2015), the
Paleozoic igneous rocks in the AIMB have broadly similar abundances
of major and trace elements. Interestingly, some igneous rocks from the
450-321 and 320-310Ma groups show increased Fe,OsT and TiO,
contents at a given silica content, which resembles the tholeiitic char-
acters of mid-ocean ridge basalts and rift volcanic rocks in continental
crust. Since the strong correlation has been well stablished between
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Fig. 4. LA-ICP-MS zircon U-Pb Concordia diagrams for the Paleozoic igneous rocks in the Awulale and adjacent areas of the Chinese Western Tianshan. The insets are selected CL images

of zircon grains showing zoning patterns of typical magmatic origin. The white scale bars are 100 um long.

water content and the degree of tholeiitic versus calc-alkaline magmatic
trends (Sisson and Grove, 1993; Zimmer et al., 2010; Keller et al.,
2015), this observation is consistent with a slightly anhydrous com-
position for these igneous rocks. In general, dissolved water in the si-
licate melts could lower the liquidus and solidus temperatures so that
most silicate minerals become saturated in the magma at lower tem-
peratures, with a particularly strong influence for sodic plagioclase
(Green and Ringwood, 1968; Sisson and Grove, 1993). Therefore, it is
expected that the negative Eu/Eu” and decreased Sr contents in the
Paleozoic igneous rocks are attributed to enhanced plagioclase frac-
tionation during anhydrous differentiation. In addition, given the sup-
pressed zircon and apatite solubility under dry and hot crystallization,

Zr and P contents in the magmas will peak at higher silica contents than
under wet and cooler crystallization (e.g., Lee and Bachmann, 2014). As
shown in Fig. 6f and i, the Paleozoic igneous rocks in the AIMB are
characterized by elevated P,Os and Zr contents at a given silica content,
which consistently plot closer to the modeled liquid lines of descent
under anhydrous and low-pressure conditions. Consequently, it is rea-
sonable to infer that the Paleozoic igneous rocks in the AIMB are
formed by crystal fractionation of their respective parental magmas
under relatively dry and low-pressure conditions. However, equilibrium
melting and equilibrium crystallization are generally indistinguishable
with respect to geochemistry (Lee and Bachmann, 2014) and, thus,
partial melting of pre-existing mafic rocks cannot be excluded to
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Fig. 5. (a) Total alkali-silica diagram (Le Bas et al., 1986) and (b) K;O-SiO, plot
(Peccerillo and Taylor, 1976) showing compositional variations of the Paleozoic (ca.
450-290 Ma) igneous rocks in the Awulale and adjacent areas based on compilation of
published and new data (data sources see Table S3). Note that the igneous rocks are
subdivided into three groups based on peak metamorphism (ca. 320-310 Ma) of the
Akeyazi high-pressure metamorphic terrane (see text for explanation).

generate some silicic rocks, which is likely the case for the origin of the
309-290 Ma high-silica rocks.

In terms of trace elements, nearly all Paleozoic magmatic rocks are
characterized by enrichments of LREEs and LILEs, depletions of HREEs
and HFSEs as well as notable negative anomalies for Nb, Ta and Ti
(Fig. 7), which are typical for subduction-related igneous rocks. As al-
ready noted above, such patterns reflect geochemical signatures of their
source compositions, suggesting that they may be produced in a sub-
duction setting or derived from partial melting of magmatic sources
with arc signatures in a non-subduction setting (Fiannacca et al., 2015).
Furthermore, the uniformly flat HREE patterns (Fig. 7) indicate that
garnet was never involved in the origin of the Paleozoic igneous rocks
and hence they may have formed at relatively low pressures (< 1 GPa;
e.g., Rapp and Watson, 1995; Xiong et al., 2005; Lee et al., 2007;
Richards et al., 2017).

In addition, the contrasting whole-rock enq(t) for the three groups of
Paleozoic igneous rocks seem to be consistent with different magma
sources or variable amounts of crustal contamination during their
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generation. However, the wide whole-rock enq(t) range of the broadly
synchronous igneous rocks and the absence of a good correlation be-
tween enqg(t) and SiO, (Fig. 9) suggests that negligible crustal con-
tamination occurred during late magmatic differentiation process at
crustal levels. Therefore, the highly variable eyq4(t) for the 450-321 Ma
igneous rocks requires enriched/depleted mantle and ancient/juvenile
pre-existing crust components with various degrees of mixing involved
in the genesis of their parental magmas. In contrast, the more radio-
genic and relatively constant enq(t) values for the 320-310Ma and
309-290 Ma magmatic rocks over scattered SiO, contents suggest that
the magmatic differentiation trend resulted from crystal-liquid segre-
gation in a closed system (Lee and Bachmann, 2014; Lee and Morton,
2015), or alternatively from mixing of isotopically similar depleted
mantle and juvenile pre-existing crust components in an open system
(Lee et al., 2007).

To further constrain the petrogenesis of the Paleozoic igneous rocks,
major and trace element values are employed to explore source char-
acteristics and formation conditions of the mafic (SiO, < 53 wt%) and
granitic (SiO, > 56 wt%) rocks, respectively. In general, the mafic
igneous rocks with low SiO, contents are thought to be products of
mantle-derived magmas through magmatic differentiation. They are
characterized by relatively restricted La/Yb ratios irrespective of vari-
able Yb contents (Fig. 8a), suggesting that their parental magmas are
mainly derived from high-degree partial melting of mantle sources in
the spinel stability field (Miller et al., 1999). In addition, most mafic
rocks exhibit high-K calc-alkaline and shoshonitic signatures and thus
indicate a K-bearing phase, such as amphibole or phlogopite in their
mantle sources. Variably elevated Rb/Sr ratios and relatively low Ba/Rb
ratios (Fig. 8b) is consistent with phlogopite as the dominant mineral
phase in their source regions (Furman and Graham, 1999). Further-
more, they display scattered Nb/Yb and relatively high Th/Yb ratios,
indicating that their mantle sources have been modified by ongoing or
previous subduction-related metasomatism (Pearce, 2014). In conclu-
sion, we propose that the Paleozoic mafic rocks in the Awulale and
adjacent areas were formed by relatively high-degree melting of me-
tasomatized phlogopite-bearing mantle sources in the spinel stability
field.

The granitic (SiO, > 56 wt%) rocks exhibit uniformly low Sr/Y
ratios and thus plot within the field of typical arc rocks with few ex-
ceptions (Castillo et al., 1999; Richards and Kerrich, 2007; Fig. 8e).
Along with the flat HREE and HFSE patterns, they do not display a
significant garnet trace-element signature, which indicates an origin by
a relatively thin differentiation column in a thinning continental crust
(Lee et al., 2007; Chiaradia, 2015; Richards et al., 2017). In addition,
the granitic rocks with metaluminous to weakly peraluminous sig-
natures (Fig. 8d) display a marked P,Os decline due to apatite frac-
tionation (Fig. 6f), which is in contrast with positive trends in strongly
peraluminous magmas (Wolf and London, 1994). Moreover, most of the
granitic rocks show relatively low 10,000 * Ga/Al (< 3) ratios and Nb
contents (< 30 ppm), which are distinct from the typical A-type gran-
ites and thus are belonging to I-type and highly fractionated I-type
granites (Fig. 8f; Chappell and White, 1992; Whalen et al., 1987).
However, it is noteworthy that some of the granitic rocks exhibit similar
geochemical affinities to typical A-type granites (Zhang et al., 2012; Li
et al., 2015c; Zhong et al., 2017). In general, typical A-type granites are
thought to be generated in thin continental crusts associated with an
extensional setting (Whalen et al., 1987; Patifio Douce, 1999). As dis-
cussed above, crystal fractionation or partial melting under relatively
dry conditions and low pressures could be responsible for the geo-
chemical affinities of A-type granites. In summary, we propose that the
Paleozoic granitic rocks in the Awulale and adjacent areas were derived
from crystal fractionation or partial melting in a thin continental crust
due to extension.
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5.2. A slab-breakoff model for submarine volcanic-hosted iron
mineralization

Before discussing the exact tectonic setting of the submarine vol-
canic-hosted iron ore deposits in the Chinese Western Tianshan, the
controversy of the Paleozoic tectonic evolution of the South Tianshan
needs to be addressed. Since all the Paleozoic magmatic rocks in the
Awulale and adjacent areas have similar arc geochemical signatures, a
reconstruction of the tectonic setting during their formation cannot be
solely based on the source-inherited characteristics. Therefore, the
subduction-zone peak metamorphism and the exhumation of the
Akeyazi high-pressure metamorphic terrane are employed to re-
construct the tectonic evolution of the South Tianshan.

The Akeyazi high-pressure metamorphic terrane is exposed as a
Paleozoic metamorphosed accretionary complex along the South
Central Tianshan Suture Zone (Fig. 1b) and its formation is thought to
have resulted from the final closure of the South Tianshan Ocean and
subsequent collision between the Yili-Central Tianshan Block and the
Tarim Craton (Gao and Klemd, 2003; Su et al., 2010; Gao et al., 2011; Li
et al., 2016). Numerous studies on the (U)HP rocks (i.e., eclogites,
blueschists) concerning the timing of the peak metamorphism give a

relatively restricted well-defined age range of 320-310 Ma (Fig. 9b)
involving different high-resolution dating methods, such as SIMS/
SHRIMP U-Pb dating of zircon (Su et al., 2010; Yang et al., 2013; Liu
et al.,, 2014; Tan et al., 2017) and rutile (Li et al., 2011), whole-
rock-mineral isochrons of Lu-Hf (Klemd et al., 2011) as well as Rb-Sr
(John et al., 2012; van der Straaten et al., 2012) and Sm-Nd (Du et al.,
2014; Soldner et al., 2017) isotopic systematics. The subsequent ex-
humation of the (U)HP rocks is believed to have occurred through a
‘sediment-type subduction channel’ model (Li et al., 2016) in a rela-
tively short time frame of ca. 310-300 Ma as evidenced by white mica
Ar-Ar and Rb-Sr ages (Klemd et al., 2005) and recrystallized zircon
U-Pb ages (Tan et al., 2017).

Notably, a distinct magmatic flare-up between ca. 320 and 310 Ma,
which is coeval with the peak metamorphism, was recognized in the
Awulale and adjacent areas (Fig. 9a; Table 2). The 320-310 Ma igneous
rocks are characterized by relatively constant and highly positive enq(t)
over a wide range of SiO,, indicating a dominant contribution of de-
pleted mantle component. Thus, we propose that the synchronicity of
intensive magmatism and subsequently rapid exhumation of (U)HP
rocks is the consequence of slab breakoff. Numerical stimulations
documented that slab breakoff could take place when the slab-pull of
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the subducted oceanic lithosphere exceeds the positive buoyancy of the
attached continental lithosphere (Davies and von Blanckenburg, 1995;
Warren, 2013). As a result, the upwelling of asthenospheric mantle
through slab window will trigger partial melting by decompression of
asthenosphere and heating of the overlying mantle wedge (Davies and
von Blanckenburg, 1995; Zhu et al., 2015), thus producing intensive
magmatism with depleted Nd isotopic compositions in this study.
Meanwhile, the rebounding of the positively buoyant relic slab will be
conducive to the rapid exhumation of (U)HP rocks as well as facilitated
by the extensional regime in response to asthenospheric upwelling
(Davies and von Blanckenburg, 1995; Warren et al., 2008; Hacker and
Gerya, 2013). The short-lived exhumation of oceanic (U)HP rocks in the
southwestern Tianshan is interpreted to take place towards the end of
oceanic subduction (Gao et al., 2011; Li et al., 2016; Tan et al., 2017),
which is likely the case for Western Alps and New Caledonia (Agard
et al., 2009). Therefore, slab breakoff at ca. 320-310 Ma enables us to

place constraints on the tectonic evolution of the South Tianshan.

In general, slab breakoff is thought to be inevitable subsequent to
the termination of oceanic subduction and the initiation of continental
collision (e.g., Davies and von Blanckenburg, 1995; van Hunen and
Allen, 2011; Zhu et al., 2015). It is suggested that slab breakoff provides
a lower limit for the timing of continental collision and, hence, the
initial collision between the Yili-Central Tianshan Block and the Tarim
Craton probably commenced slightly earlier than ca. 320-310 Ma.
Thus, we interpret the 450-321 Ma igneous rocks in the Awulale and
adjacent areas as a product of the continental arc magmatism during
northward-subduction of the South Tianshan Ocean. This interpretation
is further supported by 439-332 Ma ophiolites in the South Central
Tianshan Suture Zone (Jiang et al., 2014a) and ca. 400 Ma high-tem-
perature metamorphism and anataxis in the migmatite complex juxta-
posed against the Akeyazi terrane, which constituents a paired meta-
morphic belt (Xia et al., 2014). Notably, the 450-321 Ma igneous rocks
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record a long-term shift towards increasingly positive eyq(t) values
(Fig. 9¢). This implies increasing additions of juvenile materials derived
largely from the underlying convective mantle wedge, which is typical
of retreating accretionary orogens (Collins et al., 2011). In retreating
orogens, removal of ancient lower crust and subcontinental lithospheric
mantle and coeval crustal thinning will be triggered by continuously
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subduction-induced mantle flow (Currie et al., 2008; Collins et al.,
2011), which is consistent with the generation of the 450-321 Ma ig-
neous rocks at relatively low pressures as discussed above. Thus, we
propose that slab rollback/retreating is more likely to account for the
distinctively geochemical signatures of the 450-321 Ma arc magmatism
during the northward-subduction of the South Tianshan Ocean
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(Fig. 10a). By inference, the 309-290 Ma magmatic rocks might be
generated in a post-collisional setting subsequent to subduction-colli-
sion due to slab breakoff (Fig. 10c).

Exclusively, the iron deposits of AIMB in the Chinese Western
Tianshan are hosted in the submarine volcanic-sedimentary rock asso-
ciations of Dahalajunshan Formation. The rock associations are wide-
spread without prominent regional metamorphism throughout the Yili-
Central Tianshan Block and documented as a prolonged extrusive
magmatism during late Devonian to late Carboniferous (ca.
370-300 Ma) based on numerous geochronological studies (e.g., Zhu
et al., 2005, 2009; Yu et al., 2016). However, the mineralization ages of
these submarine volcanic-hosted iron deposits are constrained in a short
period of ca. 330-313 Ma by zircon U-Pb dating of ore-bearing volcanic
rocks and Sm-Nd isochrons of skarns (Hong et al., 2012; Zhang et al.,
2012, 2015; Li et al., 2013, 2015b; Duan et al., 2014). Taking the
analytical errors into consideration, the ages of iron mineralization are
distinctively bracketed in the ca. 320-310 Ma magmatic flare-up and
peak eclogite-facies metamorphism, which is believed to be the result of
slab breakoff in this study (Fig. 10b). Thus, we suggest slab breakoff as
the exact tectonic setting during the generation of the submarine vol-
canic-hosted iron deposits in AIMB of the Chinese Western Tianshan.

5.3. Metallogenic implications

The intensively studied Zhibo and Chagangnuoer iron deposits in
the AIMB share broadly similar geological characteristics to Kiruna- and
IOCG-type iron deposits and the Chilean Iron Belt, including ore mi-
neralization, ore textures, ore bodies structures and magnetite §'%0
values (Jiang et al., 2014b; Zhang et al., 2015). This is further sup-
ported by the ortho-magmatic trace element signatures and §°°Fe va-
lues of magnetites, suggesting a close association with igneous rocks
and magmatic-hydrothermal fluids (Richards and Mumin, 2013;
Giinther et al., 2017; Richards et al., 2017). Recently, Richards et al.
(2017) suggest contrasting models for the formation of IOCG and por-
phyry deposits in the Mesozoic Coastal Cordillera of Chile due to the
differences in tectonic setting and sulfur content of mineralization-re-
lated magmas. The IOCG deposits are thought to be formed from rela-
tively sulfur poor magmas with somewhat isotopically primitive in
composition in back-arc extensional settings during mid-Cretaceous in
northern Chile (Richards et al., 2017). We hypothesize that this is likely
the case for the submarine volcanic-hosted iron deposits in the Chinese
Western Tianshan, where an extensional regime was dominated from
subduction to post-collisional stages during late Paleozoic times.
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Fig. 10. Schematic model illustrating the Paleozoic (ca. 450-290 Ma) tectonic evolution
of the Chinese Southwestern Tianshan from the northward subduction of the South
Tianshan Ocean to the collision between the Tarim Craton and the Yili-Central Tianshan
Block. Note that the submarine volcanic-hosted iron mineralization is synchronous with
the ca. 320-310 Ma magmatic flare-up and peak metamorphism of the Akeyazi high-
pressure terrane in the Chinese Western Tianshan.

However, it is noteworthy that the submarine volcanic-hosted iron
deposits in the AIMB exclusively formed in a short time span of ca.
320-310 Ma intimately associated with slab breakoff (Fig. 10b).

The ca. 320-310 Ma ore-bearing volcanic rocks are characterized by
scattered SiO, contents (basaltic-intermediate-felsic) and highly posi-
tive eng(t) values (Fig. 9d) and they are interpreted as the result of
continuous crystal fractionation of a common parental basaltic magma
during ascent from its mantle source to the upper crust (Zhang et al.,
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2016). The basaltic magma derived from partial melting of subduction-
modified depleted mantle wedge is generally iron rich, as exemplified
by the ferrobasalts in the Chagangnuoer iron deposit (Li et al., 2015b),
which is thought to be the most probable iron source for these sub-
marine volcanic-hosted iron deposits in the AIMB. In addition, differ-
entiation of the basaltic magma with relatively low water contents
(usually with low oxygen fugacity; e.g., Kelley and Cottrell, 2009;
Zimmer et al., 2010) is favorable for iron enrichment in the evolved
melt and exsolution of iron-rich magmatic-hydrothermal fluids in the
magma chamber since low oxygen fugacity will lead to suppression of
Fe-Ti oxides fractionation (e.g., Sisson and Grove, 1993; Zimmer et al.,
2010; Zhang et al., 2014c). Subsequently, release of the iron-rich fluids
triggered by the sudden decompression associated with slab breakoff
results in iron mineralization and relevant wall-rock alteration of the
submarine volcanic-hosted iron deposits in the AIMB (Zhang et al.,
2014c, 2016).

In the northwestern segment of the Chinese Western Tianshan, nu-
merous porphyry copper-molybdenum and epithermal gold deposits
are distributed in the Biezhentao and Borohoro areas, including
Lamasu, Dabate, Kekesai, Lailisigao’er Cu-(Mo) deposits and
Yiermande, Jingxi, Axi, Taerbieke Au deposits, which constituent an
important Cu—-Mo—-Au metallogenic belt in Xinjiang (Tang et al., 2010).
All these deposits were formed during the late Devonian-late Carbo-
niferous (ca. 366-316 Ma) in association with contemporary magmatic
rocks (Tang et al., 2010). Currently, extensive studies have well es-
tablished that arc magmas with potential to form porphyry Cu—-Mo-Au
deposits are generated optimally under contractional conditions of
overriding plate, as exemplified by the late Cretaceous and Eocene-O-
ligocene porphyry copper belts in northern Chile (Sillitoe, 2010;
Richards et al., 2017). Therefore, although the Biezhentao-Borohoro
Cu-Mo-Au metallogenic belt seems likely the northwestern extension
of the Awulale Iron Metallogenic Belt, we interpret that they are formed
in contrasting tectonic regimes.

The Biezhentao-Borohoro Cu-Mo-Au metallogenic belt is inter-
preted to be associated with the south-subduction of the North
Tianshan Ocean and regarded as the eastern extension of the porphyry
Cu belt in Central Kazakhstan, including Koksai, Borly, Kounrad and
Aktogai deposits. The Cu-Mo—Au mineralization was developed during
the construction of the late Devonian to Carboniferous Balkhash-Yili
continental arc (Tang et al., 2010; Cao et al., 2016). In contrast, the
AIMB was generated during slab breakoff subsequent to the northward-
subduction termination of the South Tianshan Ocean under an exten-
sional regime, which is inconsistent with the proposed southward
subduction of the North Tianshan Ocean responsible for the Paleozoic
magmatism in the Awulale and adjacent areas. In this regard, dis-
tinctive ore deposit types could be employed to provide additional
constraints on the tectonic evolution of orogenic belts. Furthermore, the
extensional regime in the southern Yili-Central Tianshan Block was
dominated from subduction to post-collisional stages, which is not fa-
vorable for porphyry Cu-Mo-Au mineralization. Thus, we propose that
the western extension of the AIMB parallel to the South Central Tian-
shan Suture Zone might be the most potential for prospecting sub-
marine volcanic-hosted iron deposits in future.

6. Conclusions

By studying the Paleozoic (ca. 450-290 Ma) igneous rocks, which
occurred in relatively close temporal and spatial proximity to the
Awulale Iron Metallogenic Belt (AIMB) of the Chinese Western
Tianshan, we showed that all magmatic rocks with broadly similar arc
geochemical signatures were generated in an extensional regime. On
the basis of the distinctive whole-rock Nd isotopic compositions and ca.
320-310 Ma peak eclogite-facies subduction-zone metamorphism of the
Akeyazi high-pressure rocks, the Paleozoic igneous rocks are sub-
divided into three groups: (1) ca. 450-321 Ma with increasingly posi-
tive enq(t) excursions, related to slab rollback during northward
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subduction of the South Tianshan Ocean; (2) ca. 320-310 Ma magmatic
flare-up with largely positive enq(t) values, related to slab breakoff
during tectonic transition; and (3) ca. 309-290 Ma, related to post-
collision in the intracontinental setting. Exclusively, the mineralization
ages of the submarine volcanic-hosted iron deposits in the AIMB are
broadly bracketed in the ca. 320-310 Ma magmatic flare-up and peak
eclogite-facies metamorphism, which enables us to propose a slab-
breakoff model responsible for the iron mineralization. Finally, con-
trasting in the tectonic regime with the Biezhentao-Borohoro porphyry
Cu-Mo-Au metallogenic belt in the northwestern Tianshan, the western
extension of the AIMB parallel to the South Tianshan has significant
potential for exploration of submarine volcanic-hosted iron deposits.
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