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Supervisor’s Foreword

Abundant basaltic lavas widely distributed in the Tarim Basin, NW China, have
been identified as a large igneous province. In Beishan and eastern Tianshan, east
to the Tarim LIP, a number of mafic-ultramafic intrusions and associated Ni—-Cu
sulfide deposits occur. Late Paleozoic is a key tectonic evolutional stage for the
Central Asian Orogenic Belt. Little is known about the proportion of contributions
from the Early Permian mantle plume to the above events. In this aspect, Su’s
doctoral thesis resulted in some important findings about the origin of these
intrusions and the relationship to Tarim LIP.

Since Benxun joined our group in 2008, he spent more than 200 days in field
survey. He demonstrates great enthusiasm and superb capacity both on field and
microscopic observation and also geochemical analysis, and present zircon SIMS
U-Pb age and whole-rock Sr—-Nd isotopic and zircon Hf-O isotopic data as well as
compiled results from previous studies, to understand the correlation between the
Tarim flood basalts and mafic-ultramafic intrusions. The lithospheric mantle
beneath the Tianshan and its adjacent regions had previously been metasomatized
by subducted slab but still preserves depletion features, and could be the source of
high-Mg magmas forming the Ni—Cu-bearing mafic-ultramafic intrusions.

A mantle plume model suggested in this study is limited spatially within
Tianshan, Tarim, and Beishan, and temporally in the Early Permian, obviously
differing from the plume model previously proposed as Carboniferous—Permian
plume or early Permian smaller and more plume pinnules. It is significant for the
understanding of the regional geological evolution and influence scale of Tarim
Plume.

Beijing, China, November 2013 Prof. Ke-Zhang Qin
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Chapter 1
Introduction

1.1 Tectonic Evolution

The Central Asian Orogenic Belt (CAOB) is the largest Phanerozoic juvenile
crustal growth orogenic belt in the world, extending 7,000 km from west to east
and from the Siberian Craton in the north to the Tarim Craton in the south
(Fig. 1.1; Sengor et al. 1993; Jahn et al. 2000a, b, 2004; Windley et al. 2007; Xiao
et al. 2009). The Chinese Tianshan lies in the southern part of the CAOB and
contains blocks of ophiolites, volcanic rocks, granitoids, high-grade metamorphic
rocks, and sedimentary sequences (Gao et al. 1995, 2009; Hu et al. 2000; Jahn
et al. 2000b, 2004; Xiao et al. 2003; Sun et al. 2008; Wong et al. 2010). The
tectonic evolution of Chinese Tianshan, particularly the Western Tianshan, has
been well documented as subduction, accretion and collision of various micro-
continental blocks during the formation, evolution, and closure of the Paleo-Asian
ocean between the Siberian and Tarim cratons (Wu et al. 1996; Chen et al. 1999;
Gao et al. 1998, 2006, 2009; Xiao et al. 2009; Lin et al. 2009). The Tarim Craton is
separated from the Siberian Craton by a wide belt of the Altaids, i.e., the Central
Asian Orogenic belt, including East Kazakhstan and Altai orogens, Altay-Mon-
golian terrane, etc. (Sengor and Natal’in 1996; Ren et al. 1999; Buslov et al. 2004).

The Eastern Tianshan has rare outcrops of ophiolites and high-grade meta-
morphic rocks, and consequently its tectonic history remains controversial.
According to Ma et al. (1993), Qin (2000) and Zhang et al. (2004, 2010a), the
Eastern Tianshan resulted from southward subduction of the Junggar ocean along
the Bogeda-Haerlike Belt. Other researchers proposed a north-directed subduction
but the timing of the final closure is debatable, with views varying from the Late
Carboniferous (Li 2004; Li et al. 2006a, b; Zhang et al. 2008a) to Late Permian to
Triassic (Xiao et al. 2009, 2010; Ao et al. 2010). Zhou et al. (2008a) suggested a
double subduction model for the Paleo-Asian ocean which initiated subduction
from the Silurian and ended in the Early Carboniferous. Whereas the existence of
the South Tianshan ocean between the Tarim Craton and Middle Tianshan is still
controversial, the relationship between the Eastern Tianshan and Beishan also
remains poorly constrained (Qin et al. 2002; Li 2004; Zhang et al. 2008a, 2010a).

B.-X. Su, Mafic-ultramafic Intrusions in Beishan and Eastern Tianshan at Southern 1
CAOB: Petrogenesis, Mineralization and Tectonic Implication, Springer Theses,
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Fig. 1.1 Geologic map of the study area, showing the location of the Siberian, Tarim and Sino-
Korean cratons in relation to the Central Asian Orogenic Belt (modified after Jahn et al. 2000b)

However, there is a general consensus that Paleozoic subduction indeed took place
in the Eastern Tianshan, and that the upper mantle beneath this area was modified
by subducted slab (Zhou et al. 2004; Mao et al. 2008; Pirajno et al. 2008; Tang
et al. 2009). Paleozoic mafic—ultramafic complexes are widely distributed in the
Eastern Tianshan and Beishan, and could be used to place spatial and temporal
constraints on tectonic evolution of both settings.

These Early Permian mafic—ultramafic complexes in the Eastern Tianshan and
Beishan continue to attract the attention of many researchers because most of them
bear magmatic Ni—Cu sulfide ore, and are interpreted to be products of high
magnesia tholeiitic basaltic magmas derived from lithospheric mantle that was
previously contaminated by subducted slab materials (e.g., Zhou et al. 2004; Jiang
et al. 2006; Mao et al. 2008; Sun et al. 2006, 2007; Pirajno et al. 2008; Ao et al.
2010; Liu et al. 2010; Song et al. 2011). The generation of basaltic magmas still
remains a contentious issue. Some studies indicate that the generation mechanism
of high magnesia tholeiitic basaltic magmas is attributed to post orogenic exten-
sion based on the linear distribution of mafic—ultramafic intrusions along the
Tianshan Moutains (Han et al. 2004, 2006; Sun et al. 2007; Zhang et al. 2008a;
Sun 2009; Wang et al. 2009). Other authors have attributed the mechanism of these
magmas to mantle plume, considering their ages as well as geochemical features,
which are well correlated with that of the Tarim flood basalts (Zhou et al. 2004,
2009; Mao et al. 2008; Pirajno et al. 2008). The problems and uncertainties sur-
rounding the generation of the basaltic magmas stem from the lack of precise
dating, spatial and temporal isotopic constraints.
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1.2 Mineralization of Mafic-ultramafic Rocks

Mafic—ultramafic intrusions occur in diverse geological settings and are known to
be the host of magmatic Ni—Cu sulfide deposits. The mineralized intrusions are
commonly present within the Precambrian cratons and on their margin, such as
Noril’sk in the Siberian Craton, Bushveld igneous complex in the Kaapvaal
Craton, Jinchuan on the western margin of the North China Craton, and Baimazhai
on the western margin of the Yangtze Craton (Naldrett et al. 1992; Maier et al.
2000; Tang et al. 2002; Li et al. 2003; Wang and Zhou 2006; Clarke et al. 2009).
The petrogenesis and mineralization of these mafic—ultramafic intrusions have
been well documented and are interpreted to be closely related to either mantle
plume event in large igneous provinces or rifting in continental margins (e.g., Isley
and Abbott 2002; Naldrett 2005; Zhou et al. 2008b). On the contrary, mafic—
ultramafic intrusions occurring in the Phanerozoic orogenic belts have received
little attention, and their Ni—Cu sulfide mineralization indicators have not been
well studied.

The presence of unusually abundant late Paleozoic post-orogenic mafic—ultra-
mafic intrusions in the Eastern Tianshan and Beishan regions in the south of the
CAOB makes the region unique in the whole CAOB (e.g., Qin et al. 2002; Pirajno
et al. 2008; Pirajno 2010; Song et al. 2011; Gao et al. 2012). These intrusive bodies
are neither a product of orogenic processes nor of active continental margins, but
are associated with post-collisional tectono-thermal events (Mao et al. 2008; Pi-
rajno et al. 2008; Gu et al. 2011). Notably, most mafic—ultramafic intrusions in the
Eastern Tianshan host large to medium-size Ni—Cu sulfide deposits, some in
production, and thus have attracted the interest of many Chinese geologists (Zhou
et al. 2004; Han et al. 2006, 2010; Zhang et al. 2008a; Wang et al. 2009; Liu et al.
2010; Tang et al. 2012). However, in the past two decades, no significant progress
has been made in exploration for new Ni—Cu sulfide deposits in the mafic—ultra-
mafic intrusions in Beishan, since most of the intrusions appear to be barren.
Nevertheless, it provides a good opportunity to investigate the differences between
the mineralized and barren intrusions through comparative studies and to reveal
mineralization features of the mafic—ultramafic intrusions hosted in the Phanero-
zoic orogenic belts. All previous extensive studies have been carried out in the
Eastern Tianshan, this study conducted petrological, mineralogical and geo-
chemical investigations on the Beishan intrusions and compare them with the
mineralized intrusions in the Eastern Tianshan and Altay, aiming to reveal min-
eralizing indicators in this type of mafic—ultramafic intrusions and to further dis-
cuss their unique mineralization mechanism.
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1.3 Controversies on Mafic-ultramafic Complexes
in Southern CAOB

Mafic—ultramafic rocks occur in a variety of tectonic settings and their petrogen-
esis has provided crucial information on plate tectonic processes and crustal
evolution in the evolving Earth (e.g., Polat et al. 2011). Ophiolites are considered
as residual oceanic lithosphere preserved in convergent tectonic zones and the
mafic—ultramafic units in many ophiolite complexes are also potential hosts of
podiform chromite deposits (Naldrett and von Gruenewaldt 1989; Zhou et al.
1996; Shi et al. 2012). Large layered mafic—ultramafic intrusions are commonly
exposed in cratons, and have been correlated to mantle plume events with con-
siderable interest for the exploration of Ni-Cu—PGE (platinum group element) and
V-Ti-Fe ore deposits (Li et al. 2003; Naldrett 1999, 2005; Song et al. 2011; Wang
et al. 2011). The Alaskan-type complexes are considered to be the hallmarks of
island arc magmatism with associated PGE mineralization (Irvine 1974; Johan
2002; Ishiwatari and Ichiyama 2004; Pettigrew and Hattori 2006; Thakurta et al.
2008; Ripley 2009). On the other hand, the formation of small mafic—ultramafic
intrusions increasingly reported from orogenic belts has been correlated to post-
orogenic extensional setting, and these rocks often host Ni—Cu sulfide and Ti—Fe
oxide deposits (Wang et al. 2009; Zhang et al. 2009, 2011; Song et al. 2011; Gao
et al. 2012). Thus, the identification of the nature of mafic—ultramafic complexes,
and a better understanding of their petrogenesis and tectonic setting are critical to
the building of regional geodynamic models.

The Early Permian mafic—ultramafic complexes in the Beishan Terrane in NW
China have been strongly debated on the tectonic architecture of the Eastern
Tianshan and Beishan in the broad context of the evolution of the Central Asian
Orogenic Belt, as well as for evaluating the prospects of Ni-Cu—PGE sulfide and
Ti—Fe oxide deposits (Qin et al. 2002, 2003; Li 2004; Xiao et al. 2004, 2008; Zhou
et al. 2004; Mao et al. 2008; Pirajno et al. 2008; Ao et al. 2010; Han et al. 2010;
Tang et al. 2011, 2012). The earlier interpretation that these complexes represent
ophiolites has been refuted in recent studies, and they have been correlated to
Alaskan-type intrusives emplaced during the Early Permian subduction-related
environment. The revised models have led to the proposal that the Paleo-Asian
ocean in the southernmost part of the CAOB did not close until after Early
Permian (Xiao et al. 2004; Pirajno et al. 2008; Ao et al. 2010). The Eastern
Tianshan and Beishan have been identified as potential regions for Ni—Cu sulfide
mineralization in China, contributing to ca. 13.8 % of Ni production in the country
(Qin et al. 2003, 2009, 2012). A precise knowledge on the petrogenesis and
mineralization of these mafic—ultramafic complexes are therefore important in
formulating future exploration and mining strategies.
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1.4 Mantle Plume

Large igneous provinces (LIPs) consisting of voluminous volcanic sequences
(several million km3) erupted over a relatively short time period, and are inter-
preted to be linked genetically with mantle plume activities (Campbell and Grif-
fiths 1990; Coffin and Eldholm 1994; Chung and Jahn 1995; Dalziel et al. 2000;
Condie 2001; Ernst and Buchan 2003; Jourdan et al. 2009). Most plumes (and
LIPs) are associated with tectonic rifts such as the Afar plume and the East Africa
rift (Rogers et al. 2000), Emeishan plume and Panxi rift (Xu et al. 2001; He et al.
2003), as well as dikes, sills and layered intrusions (Ernst and Buchan 2003) such
as the abundant mafic—ultramafic intrusions distributed in the Emeishan LIP
(Zhong et al. 2003; Zhong and Zhu 2006; Zhou et al. 2008b). It is well documented
that the flood basalts and intrusions generated from an individual plume exhibit
identical or correlated geochronological and geochemical signatures (e.g., Condie
2001; Isley and Abbott 2002; Ernst and Buchan 2003).

Abundant basaltic lavas widely distributed in the Tarim Basin, NW China, have
been identified as a large igneous province possibly related to a mantle plume (Xia
et al. 2006; Yang et al. 2007; Li et al. 2008; Chen et al. 2009; Zhou et al. 2009;
Tian et al. 2010). However, this inference has not yet been well established
because the few geochronological studies conducted on basalts yield a broad time
span of 272-292 Ma (Li et al. 2007; Zhang et al. 2008b, 2010b; Chen et al. 2009).
Furthermore, the number of geochemical investigations is limited. Intrusions are
poorly exposed within the Tarim LIP, particularly in the southern part of the Tarim
Basin. Since a mantle plume may have diameters of 1,500-3,000 km (Condie
2001; Ernst and Buchan 2003), distances of ca. 800 km to the east of the Tarim
LIP might possibly lie above the possible plume. This includes field locations in
Eastern Tianshan and Beishan where a number of mafic—ultramafic intrusions and
associated Ni—Cu sulfide deposits occur. The Beishan Terrane, located close to the
northwestern Tarim Basin, is interpreted to be a rift developed in the Paleozoic
(Jiang et al. 2006; Mao et al. 2008; Xu et al. 2009) and probably associated with
the mantle plume activity (Zhou et al. 2004).

Late Paleozoic is a key tectonic evolutional stage for the CAOB. At that period,
Paleo-Asian ocean was almost closed, and subsequently orogenesis and magma-
tism became more active accompanied by large-scaled metallogenesis (e.g., Qin
et al. 2002, 2003, 2005; Xia et al. 2004, 2006; Zhang et al. 2010a). It is little
known about the proportion of contributions from the Early Permian mantle plume
to the above events. In this aspect, it will be an important work to probe and
constrain the plume activity in the southern CAOB. In this paper, we investigate
some of the Ni—Cu-bearing mafic—ultramafic intrusions in the Eastern Tianshan
and Beishan, and present zircon SIMS U-Pb age and Sr—Nd isotopic data as well
as compiled results from previous studies, to understand the correlation between
the Tarim flood basalts and mafic—ultramafic intrusions, and to provide geochro-
nological and isotopic constraints on the mantle plume.
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Chapter 2
Regional Geology

2.1 Geological Background

The CAOB is a well-known Phanerozoic juvenile orogenic belt (Zonenshain et al.
1990; Sengor et al. 1993), composed of fragments of Precambrian microcontinents,
Paleozoic island arcs, ophiolites, and successions of volcanic rocks (Jahn et al.
2000, 2004; Xiao et al. 2004, 2009; Windley et al. 2007; Sun et al. 2008). The
Tarim Basin, located to the south of the CAOB (Fig. 2.1a), is bounded by the
Tianshan Mountains to the north and west, and the West Kunlun and Altun
Mountains to the south. A Precambrian basement composed of Archean and
Proterozoic crystalline rocks is overlain by a thick sedimentary sequence
(BGMRXUAR 1993). Drilling activities in the Tarim Basin have revealed that the
basin is underlain by Permian basalts at a depth of about 200 m. The basalts
occupy a minimum area of 200,000 km? and have tens to hundreds of meters of
thickness (Yang et al. 2005; Chen et al. 2006). It is worthy to note that the defined
basalt field represents the minimum distribution in the basin. Some mafic dikes,
mainly syenites, occur on the margins of the basin, such as Bachu and Yingmai
intrusions (Chen et al. 1999; Zhang et al. 2008a, 2010; Zhou et al. 2009). The
detailed descriptions of the volcanic and intrusive rocks in the Tarim Basin are
available elsewhere (e.g., Chen et al. 2006; Yang et al. 2007; Li et al. 2008; Zhang
et al. 2008a; Zhou et al. 2009; Tian et al. 2010).

2.2 Eastern Tianshan and Mafic-ultramafic Intrusions

The Eastern Tianshan is situated along the southern margin of the CAOB
(Fig. 2.1b) and is one of the most important Ni—-Cu metallogenic provinces in
China (Qin et al. 2003, 2009). It encompasses Bogeda-Haerlike Mountains in the
north, Jueluotage Tectonic Belt in the center and Middle Tianshan (named ‘Central
Tianshan’ in some literatures) Terrane in the south, all of which are separated by
several major faults (Fig. 2.2). Many subsidiary faults are also well developed
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Fig. 2.1 a Geologic map of the study area, showing the location of the Siberian, Tarim and Sino-
Korean Cratons in relation to the Central Asian Orogenic Belt (modified after Jahn et al. 2000).
b Regional geological map showing the distribution of mafic—ultramafic intrusions in NW China
(modified after Qin et al. 2002, 2003; Xu et al. 2009). Note that many unnamed intrusions are not
shown on the map

within each tectonic unit, along which Late Paleozoic mafic—ultramafic intrusions
are commonly distributed. The Bogeda—Haerlike Belt is made up of well devel-
oped Ordovician—Carboniferous volcanic rocks, granites and mafic—ultramafic
complexes (BGMRXUAR 1993; Fang 1993; Gu et al. 2001; Li 2004; Li et al.
2006a, b). Located in the southeastern margin of the Bogeda-Haerlike Belt is the
Heishanxia mafic—ultramafic complex (Fig. 2.2), which consists of peridotite,
olivine/plagioclase pyroxenite, gabbro and diorite.

The Jueluotage Belt is characterized by Middle Paleozoic volcanic and sedi-
mentary strata, including subaerial volcanics, sandstones and pelitic slates with
inter-layered limestones, mudstones, siltstones and conglomerates. The belt can be
subdivided, from north to south, into Wutongwozi—Xiaorequanzi intra-arc basin,
Dananhu-Tousuquan island arc, Kangguer-Huangshan ductile shear zone and
Yamansu backarc basin (Fig. 2.2; Qin et al. 2002). The Carboniferous strata along
the Kangguer-Huangshan ductile shear zone were subjected to low grade meta-
morphism and exhibit cleavage-like layering planes. Carboniferous-Permian
magmatism was active in this zone and resulted in the emplacement of copper- and
gold-rich, high-potassium, relatively oxidized, calc-alkaline to alkali magmas
(BGMRXUAR 1993; Qin et al. 2002, 2003; Xu et al. 2009). Abundant mafic—
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Fig. 2.2 Geological map of the Eastern Tianshan and Beishan showing the tectonic units and
distribution of mafic—ultramafic intrusions (modified after Xu et al. 2009)

ultramafic complexes are distributed mainly along deep fractures in the Kangguer-
Huangshan ductile shear zone (Fig. 2.2), and are mostly explored for magmatic
Ni—Cu sulfide deposits. They generally occur as east—-west trending sills or dykes
with areal extent of less than 3 km”. The Sidingheishan complex, situated in the
eastern part of the Jueluotage Belt, is relatively large in area (5 km?) and has been
interpreted to be a layered intrusion (Xu et al. 2006). These mafic—ultramafic
complexes have rock assemblage of mainly amphibole/pyroxene peridotite, oliv-
ine/amphibole pyroxenite, hornblende/olivine gabbro, and diorite. These com-
plexes are variably altered, usually containing hydrous minerals such as
hornblende and biotite (Zhou et al. 2004; Chai et al. 2008; Sun et al. 2007; Tang
et al. 2009, 2011, 2012). In particular, the Xiangshan complex contains outcrops of
ilmenite-mineralized gabbros, associated with Ni—Cu sulfide deposit (Wang et al.
2009; Xiao et al. 2010). Nickel-Cu sulfide ore bodies are mostly hosted by
ultramafic units and occur as massive, densely disseminated, and sparsely dis-
seminated textures (Mao et al. 2008; Qin et al. 2002). Re—Os dating of the sulfide
ores and zircon U-Pb dating indicate that the mafic—ultramafic intrusions were
formed at 270-298 Ma (Han et al. 2010; Qin et al. 2011).

The Middle Tianshan Terrane is comprised of Precambrian crystalline base-
ment including metamorphic granites, granitic gneisses and biotite schists of the
Mesoproterozoic Xingxingxia and Kawabulak formations (BGMRXUAR 1993;
Qin et al. 2002), and bounded by the Aqikekuduke-Shaquanzi fault in the north
and the Hongliuhe fault in the south (Fig. 2.2). Permian mafic—ultramafic com-
plexes, including the Tianyu, Baishiquan and other mafic bodies, are distributed
along the northern margin of the Middle Tianshan Terrane (Fig. 2.2). These
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complexes are very similar to those in the Jueluotage Belt with respect to
petrology, mineralogy and mineralization, and usually display strong alteration in
their Ni—Cu sulfide ore-bearing rocks (Mao et al. 2006, 2008; Chai et al. 2008;
Tang et al. 2009, 2011, 2012). The rock types present in the intrusions are mainly
peridotite, olivine pyroxenite, gabbro and diorite, and all these rocks contain
biotite and hornblende. Both peridotite and olivine pyroxenite are the host rocks of
the Ni—Cu sulfide ores (Chai et al. 2008; Tang et al. 2009; Song et al. 2011). The
Tianyu ore deposit is currently being mined, and exploration work is ongoing on
the Baishiquan intrusion.

2.3 Beishan Terrane and Mafic-ultramafic Intrusions

The Beishan Terrane, a junction between the Tarim Basin and the Eastern Tianshan,
is located northeast of the Tarim Basin and bounded by the Dunhuang and Middle
Tianshan terranes (Fig. 2.2; BGMRXUAR 1993; Xu et al. 2009). Fault-related
uplifts and sags are well developed in the rift, and the contact between each pair of
strata from Precambrian to Permian is separated by faults (Xu et al. 2009). The
Permian mafic—ultramafic complexes discovered so far are mainly distributed in the
western part of the terrane, and intrude the Proterozoic and Carboniferous strata
(BGMRXUAR 1993; Jiang et al. 2006; Xu et al. 2009). Their country rocks mainly
include marble, biotite-quartz schist and pyroclastic rocks. In recent years, the active
exploration works revealed that the Ni—-Cu mineralization potential is promising.
These intrusions have outcropping area of less than 15 km?, and are markedly fresh,
characterized by the presence of troctolite and low/no modal abundance of hydrous
minerals, and are the sib of active exploration for Ni—Cu sulfide deposits (Jiang et al.
2006; Ao et al. 2010). They commonly have rock assemblage of plagioclase-bearing
peridotite, troctolite, olivine pyroxenite, olivine gabbro, gabbro and diorite (Jiang
et al. 2006; Ao et al. 2010), and are usually associated with coeval felsic rocks such
as rhyolites and granites. Zircon U-Pb dating of the Beishan mafic—ultramafic
intrusions gave an age range of 279-286 Ma (except 261 Ma for Xuanwoling; see
the following chapters), which is consistent with the formation ages (270-298 Ma)
of the intrusions in the Eastern Tianshan. In this thesis, our work are focused on the
petrology, mineralogy, geochronology, geochemistry and mineralization of five
intrusions in the Beishan Terrane including Hongshishan, Xuanwoling, Poshi, Bi-
jiashan and Luodong intrusions.

2.4 Kalatongke Intrusion in Southern Altay

The Altay and Tianshan form complex orogens, characterized by many strike-slip
faults and suture zones, which merge in the eastern part of the Tianshan
(Fig. 2.1b). The Kalatongke mafic—ultramafic intrusion outcrops on the southern
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side of the regional Irtysh fault zone and intrudes Lower Carboniferous sedi-
mentary and volcanic rocks (Ran and Xiao 1994; Zhang et al. 2009). Zircon U-Pb
dating of the intrusion yielded an age of 287 + 3 Ma (Han et al. 2004), and Re—Os
dating of chalcopyrite and pyrrhotite in the ores gave an age of 285 4+ 17 Ma
(Zhang et al. 2008b). The main Kalatongke intrusion is funnel-shaped. It consists
of biotite-hornblende gabbro enclosing biotite-hornblende diorite, biotite horn-
blende norite and olivine norite. The three intrusive bodies hosting the sulfide ores
consist of biotite diorite, biotite-hornblende norite, biotite-hornblende-olivine
norite, and biotite-hornblende diabase, which exhibit gradational boundaries and
are well differentiated and strongly mineralized (Zhang et al. 2003, 2009; Han
et al. 2006; Jiang et al. 2009; Gao et al. 2012). The Ni—Cu sulfide ore bodies are
mainly characterized by disseminated, banded and massive textures and have been
mined for many years (Han et al. 2006; Pirajno et al. 2008). The Kalatongke
intrusion together with the intrusions in the Eastern Tianshan is present as com-
parisons with the Beishan intrusions.
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Chapter 3
Analytical Methods

3.1 Mineral Chemistry

Major element compositions were determined by wavelength dispersive spec-
trometry using JEOL JXA8100 electron probe microanalyzer (EPMA) operating at
an accelerating voltage of 15 kV and 10 nA beam current, 5 um beam spot and
10-30 s counting time on peak. Natural (jadeite [NaAlSiO¢] for Na, Al and Si,
rhodonite [MnSiO3] for Mn, sanidine [KAISi;Og] for K, garnet [Fe;Al,Si;0,,] for
Fe, Cr diopside [(Mg, Cr)CaSi,Og¢] for Ca, olivine [(Mg, Fe),Si0,4] for Mg) and
synthetic (rutile for Ti, 99.7 % Cr,03 for Cr, Ni,Si for Ni) minerals were used for
standard calibration, and a program based on the ZAF procedure was used for
matrix corrections. The precisions of all analyzed elements are better than 1.5 %.
The analyses were carried out at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS). Backscattered images were also obtained with
JEOL JXA8100.

3.2 Geochemistry
3.2.1 Major and Trace Elements

Chips of whole rock samples free of any weathered surface were crushed and
ground in an agate mill to ~200 mesh. Approximately 0.5 g of rock powder was
mixed with 5 g of Li,B407, and 3 drops of NH4Br and the mixture was fused in a
furnace to form a glass disk. The disks were then analyzed using a Shimadzu XRF
1,500 in IGGCAS with a current and voltage of 50 mA and 50 kV, respectively.

About 100 mg of crushed whole-rock powder were dissolved in 2 ml HF and
1 ml HNOj3 in a closed Teflon bomb, which was heated on a hot plate at ~ 140 °C,
then opened and subsequently evaporated to dryness to remove silica. Then, 1.5 ml
HF, 1.5 ml HNOj3 and 10 ml HC1O,4 were added to the Teflon bomb. The bomb
was placed in a steel jacket and heated in an oven at 190 °C for 5 days to
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completely dissolve the sample. This was followed by drydown and addition of
concentrated HNOj; to form nitrates, followed by a final evaporation. Then, 2 ml
50 % HNO; was added to the Teflon bomb, which was subsequently put it into the
jacket again and heated to 150 °C for 24 h. Finally, 0.5 g Rh (1 ppm) was added to
the solution as an internal standard, and then the solution was diluted by a factor of
500. The solutions were then ready for ICP-MS analysis. Measurement was
conducted in IGGCAS and the procedures are described in detail by Chu et al.
(2009). Precisions of the ICP-MS analyses were generally better than 5 %.

3.2.2 Rb-Sr-Sm—-Nd Isotopes

About 100200 mg of the whole rock powder was weighed into 7 ml Savillex™
Teflon beakers, and appropriate amounts of mixed ®’Rb-**Sr and '**Sm-""°Nd
spikes were added. The samples were dissolved using a mixture of 2 ml HF and
0.2 ml HCIO4 on a hotplate at 120 °C for more than 1 week. After the samples
were completely dissolved, the solutions were dried on a hotplate at 130-180 °C to
evaporate the HF and HCIO,. The sample residues were re-dissolved in 4 ml of
6 M HCI, and dried again. Finally, the samples were dissolved in 5 ml of 3 M
HCL

The solutions were then loaded onto pre-conditioned Eichrom LN (LN-C-50A,
100-150 mm, 2 ml) chromatographic columns. The Rb, Sr, Sm, Nd, and matrix
elements were eluted with 3 M HCIl. The Sr and Nd collections from the LN
columns were dried and re-dissolved in 1 ml 2.5 M HCI, and subsequently loaded
onto pre-conditioned cation exchange columns packed with AG50 W x 12 resins
(200400 mesh, 2 ml). Rb and Sr were stripped with 5 M HCI, and then REE were
stripped with 6 M HCI. The REE collections were dried and re-dissolved in 0.4 ml
0.25 M HCI, after which the solutions were loaded onto pre-conditioned Eichrom
LN (LN-C-50B, 100-150 mm, 2 ml) chromatographic columns. The La, Ce and a
portion of the Pr were eluted with 6 ml 0.25 M HCI, the Nd was stripped with 3 ml
0.4 M HCI, and the Sm was stripped with 4 ml 0.8 M HCI. Procedural blanks were
<200 pg for Sr and <50 pg for Nd.

For the measurements of isotopic compositions, Sr was loaded with a Ta-HF
activator on a single W filament and Nd was loaded as phosphates and measured in
a Re-double-filament configuration. 3Nd/'"*Nd ratios were normalized to
MONd/"Nd = 0.7219 and ¥’Sr/*°Sr ratios to ¥°Sr/*®Sr = 0.1194. Isotopic ratios
were measured on an IsoProbe-T thermal ionization mass spectrometer in the
Laboratory for Radiogenic Isotope Geochemistry, IGGCAS. The procedure for
chemical separation and isotopic measurement followed that of Zhang et al. (2001)
and Chu et al. (2009).
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3.2.3 Sulfur Isotopes

Twelve whole-rock samples were analyzed for sulfur isotopes. Ten of the twelve
were collected from the Hongshishan, Xuanwoling, Bijiashan and Luodong mafic—
ultramafic intrusions and the other two from their country rocks. Sulfur isotopic
determinations were carried out on a Thermo Finnigan Delta S mass spectrometer
in the Laboratory for Stable Isotope Geochemistry, IGGCAS. The isotopic ratios
were calibrated by a series of IAEA standards. Results are presented as 6°*S
relative to the Vienna Canyon Diablo Troilite (VCDT) standard. Analysis accuracy
is better than 4= 0.2 %o. Sulfide reference standards are the GBW-04414 and
GBW-04415 silver sulfide standards, their 5°*S values in the measurement were
(—0.07 £ 0.13) %0 and (+22.15 £ 0.14) %o, respectively.

3.3 U-Pb Dating and Hf-O Isotopes of Zircons

Zircon grains were separated using conventional heavy fraction and magnetic
techniques, and together with zircon standard TEMORA, they were mounted in
epoxy resin and then polished to expose the crystals approximately half way
through for analysis. Pre-analytical cathodoluminescence (CL) and transmitted and
reflected light images of all the zircon were obtained. Following the CL and other
imaging, the samples were vacuum-coated with high-purity gold.

U and Pb isotopes were measured using Cameca IMS 1280. The measured Pb
isotopic compositions were corrected for common Pb using non-radiogenic 2**Pb.
Corrections were satisfactorily small to be insensitive to the preference for com-
mon Pb composition. An average of present-day crustal composition (Stacey and
Kramers 1975; Wiedenbeck et al. 1995) was used for the common Pb. Data
reduction was carried out using the Isoplot/Ex rev. 2.49 Program (Ludwig 2001).
Detailed analytical protocols and procedures followed those described in Li et al.
(2009).

Zircon oxygen isotopes were measured using Cameca IMS 1280. The Cs*
primary ion beam was accelerated at 10 kV, with an intensity of ca. 2 nA and
rastered over a 10 pm area with a spot diameter of 20 um. Oxygen isotopes were
measured in multi-collector mode using two off axis Faraday cups. The internal
precision of a single analysis was generally better than 0.2 %o for '30/'°O ratio.
Values of 6'®0 were standardized to VSMOW (Vienna Standard Mean Ocean
Water) and reported in standard per mil notation. The instrumental mass frac-
tionation factor (IMF) was corrected using 91,500 zircon standard with
(6"80)ysmow = 9.9 %o (Wiedenbeck et al. 2004). Measured '30/'°0 was nor-
malized by using VSMOW compositions, and then corrected for the instrumental
mass fractionation factor. Detailed working conditions and analytical procedures
have been described by Li et al. (2010).
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Lu-Hf isotopes were measured using laser-ablation multi-collector inductively
coupled plasma mass spectrometry (LA-ICP-MS). Lu—Hf isotopic analyses were
obtained on the same zircon grains that were previously analyzed for U-Pb and O
isotopes, with ablation pits of 40-80 um in diameter, ablation time of 26 s and
repetition rate of 8 Hz. The detailed analytical procedures are described in Wu
et al. (2006) and Li et al. (2010). Measured Y76H£/'7THf ratios were normalized to
"OHf/'7THf = 0.7325. All analyses were carried out in IGGCAS.
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Chapter 4
Petrology and Mineralogy

4.1 Hongshishan Mafic-ultramafic Intrusion

The Hongshishan mafic—ultramafic intrusion is irregularly shaped and extends
west to east and intrudes into Carboniferous biotite-quartz schist and marble. It has
a length of 5 km and a maximum width of 1.5 km, with an area extent of about
2.8 km” (Fig. 4.1). From surface identification and drill core section surveys, from
base to top, the intrusion stratigraphically comprises an early ultramafic unit
(dunite), a later mafic—ultramafic intermediate unit (clinopyroxene peridotite and
troctolite), and a late mafic unit (gabbro and possible diorite) (Fig. 4.2). The
respective petrological boundaries could not be clearly defined as their modal
mineralogical composition is gradational, suggesting fractional crystallization.

The dunite unit is distributed in the centre of the intrusion with a total thickness
of 230 m in the drill core section. It is characterized by cumulus texture and
contains olivine (>90 %) with variable amounts of spinel, clinopyroxene, and
plagioclase, which presents in a 382—465 m layer (Fig. 4.2). Olivine is commonly
rounded and 2-5 mm in diameter. Spinel is occasionally enclosed by olivine or
occurs as a discrete grain. Clinopyroxene and plagioclase are mainly irregular-
shaped and fill the spaces among olivine grains (Fig. 4.3). These features reveal
the following sequence of crystallization: olivine-spinel, clinopyroxene, and pla-
gioclase. Olivines have a narrow Fo [Fo = 100 x Mg/(Mg + Fe)] range of 86—88
but a large NiO range of 0.05-0.33 wt% (mostly 0.05-0.23 wt%), whereas the Cr#
[Cr# = 100 x Cr/(Cr 4+ Al)] and TiO, in spinel range respectively from 53 to 63
and 1.7 to 2.8 wt% (Table 4.1). In contrast, clinopyroxene and plagioclase display
relatively larger variations in SiO,, Al,O3, CaO, Na,O and MgO.

The clinopyroxene peridotite and troctolite unit, although comprising less than
20 % of the intrusive body, hosts most of the Ni—Cu sulfides. The unit is only
observed at the depths of 100-280 m of the drill core section, where clinopyroxene
peridotite occurs in the lower part and troctolite in the upper part (Fig. 4.2).
Clinopyroxene peridotite contains olivine, clinopyroxene, spinel, and/or minor
plagioclase. The observed sulfide usually occurs along cracks/fractures in silicate
minerals (Fig. 4.3). Coronitic reactive texture is observed in troctolite as

B.-X. Su, Mafic-ultramafic Intrusions in Beishan and Eastern Tianshan at Southern 25
CAOB: Petrogenesis, Mineralization and Tectonic Implication, Springer Theses,
DOI: 10.1007/978-3-642-54262-6_4, © Springer-Verlag Berlin Heidelberg 2014
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Fig. 4.1 Simplified geological map of the Hongshishan mafic—ultramafic intrusion showing the
distribution of lithological units (modified after No. 6 Geological Party, Xinjiang Bureau of
Geology and Mineral Resources, 2008)
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suggesting compositional disturbance or variation of magma during fractional
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(0.20-0.25 wt%) and similar Fo contents in olivine, higher CaO and identical SiO,
contents in plagioclase, decreasing Cr# in spinel, and decreasing En in
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Fig. 4.3 Photomicrographs of representative rocks from the Hongshishan intrusion [reprinted
from Su et al. (2009) with permission of Acta Petrologica Sinica]. a HSS3-gabbro, mosaic
structure of plagioclase and clinopyroxene; b HSS10-olivine gabbro, occurrence of olivine and
mosaic texture of plagioclase and clinopyroxene; ¢ HS170-troctolite, poikilitie texture and
alteration feature of plagioclase; d HS242-clinopyroxene peridotite, sulfide present along cracks
of silicate minerals and xenomorphic-granular spinel inclusion in olivine and clinopyroxene;
e HS390-Plagioclase and clinopyroxene bearing dunite, alteration of clinopyroxene and
subrounded plagioclase occurring in olivine; f HSS15-dunite, cumulate texture of olivine and
clinopyroxene inclusion in spinel; Cpx, clinopyroxene; Ol, olivine; Pl, plagioclase; Sp, spinel;
Sulf, sulfide
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4.1 Hongshishan Mafic-ultramafic Intrusion 35

clinopyroxene. The gabbro unit occurs along the margins of the intrusion and
covers ~65 % of the area. It is composed of gabbro and diorite with a clearly
defined boundary between them.

The gabbro is characterized by a mosaic texture and alteration and contains
predominantly plagioclase and clinopyroxene, and minor minerals including
olivine, orthopyroxene, spinel, phlogopite, and carbonate (Fig. 4.3). Olivine has
the lowest Fo (72-79) and NiO (0.07-0.08 wt%). Orthopyroxene is observed as a
rim around olivine in one olivine gabbro sample, indicating a possible reaction
between olivine and crustal material (Fig. 4.4).

4.2 Poshi Intrusion

The Poshi mafic—ultramafic intrusion located in the south to Baidiwa Fault is 2 km
long and 1.6 km wide with an area of 3.2 km? (Fig. 4.5). It was emplaced into
Proterozoic gneiss, granite and schist rocks and has components of gabbro, olivine
gabbro, olivine pyroxenite, lherzolite and dunite in its drill core profile, in which
mineral modal varies continuously, and olivine, clinopyroxene and spinel show
systematically compositional variations. The preliminary estimate indicates that
the Poshi intrusion may contain Ni resource of ~ 88,200 tons and Cu of 12,898
tons.

Gabbros are mainly distributed in the margin of the intrusion and the upper part
of the drill core profile. They consist of 50-65 % plagioclase and 20-40 %
clinopyroxene with 5-8 % olivine and ~5 % hornblende. The Plagioclases have
Si0, range of 47.7-50.4 wt%, Na,O of 2.17-2.74 wt%, Al,05 of 30.6-32.7 wt%
and CaO of 14.6-15.2 wt% (Table 4.2). Some clinopyroxene grains are uralitized
and fresh ones are augite with low Mg# values (<86) and Cr,Oz contents
(<0.40 wt%). Hornblendes are usually surrounding clinopyroxenes. Pyrite and
pyrrhotine can be occasionally observed in the gabbros.

Dunites are dominated in the drill core profile of the Poshi intrusion. They show
cumulate texture and are composed of mainly olivine and accessory clinopyrox-
ene, spinel, amphibole and phlogopite (Fig. 4.6). Olivines in the dunites are var-
iably altered and display serpentinization features with <0.3 mm relicts (Figs. 4.6,
4.7). Compositionally, the olivines have Fo contents of 85.5-88.5, Ni contents of
1,500-2,500 ppm and MnO of 0.10-0.25 wt% (Table 4.2; Fig. 4.8). Euhedral
spinels occur between silicate minerals and some grains enclose clinopyroxenes
(Fig. 4.6). The spinels display large compositional variations. They have
10-22 wt% Al,O3, 33—42 wt% Cr,03, 32-45 wt% FeO and 0.32-3.5 wt% TiO,
with 51-69 Cr# and 11-39 Mg# (Table 4.2). There are negative correlation
between Mg# and Cr# and positive correlation between TiO, and Cr# (Fig. 4.8).
The dunites in the lower zone of the drill core profile are relatively fresh and
consist of granular cumulate olivines with rare clinopyroxenes (Figs. 4.6, 4.7). The
clinopyroxenes in the dunites have high Mg# ranging from 87 to 91 and Cr,0;
contents of 0.9-1.3 wt% (Table 4.2; Fig. 4.8).
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Fig. 4.4 Mineralogical features of representative rocks from the Hongshishan intrusion
[reprinted from Su et al. (2009) with permission of Acta Petrologica Sinica]. a HSS3-gabbro,
occurrence of phlogopite; b HSS64-gabbro, carbonatite vein cutting through plagioclase and
clinopyroxene; ¢ HSS10-olivine gabbro, occurrence of olivine, spinel, and a few orthopyroxene
grains; d HSS14-clinopyroxene-bearing troctolite, clinopyroxene with amphibole reaction rim;
e HS129-troctolite, three types of spinel with distinct composition and the latest spinel displaying
zoning texture; f HS382-Plagioclase-bearing dunite, chromite lamella in olivine; Amph,
amphibole; Chr, chromite; Opx, orthopyroxene; Phl, phlogopite

Lherzolites are present at the bottom of the intrusion. They exhibit cumulate
texture and consist of olivine, clinopyroxene, orthopyroxene and spinel with
accessory amphibole, phlogopite and plagioclase. The minerals in the lherzolites
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Fig. 4.5 Geological map of Proterozoic marble

the Poshi mafic—ultramafic qu
intrusion and its country
rocks (modified after No. 6
Geological Party, Xinjiang
Bureau of Geology and
Mineral Resources, 2008)

Proterozoic marble and quartz schist

are very fresh relative to those in the dunites. Olivines have a size range from 2 to
4 mm and display no serpentinization (Fig. 4.6). The Fo contents of these olivines
range from 83.5 to 86.0 and display positive and negative correlations with Ni and
MnO, respectively (Fig. 4.8). Clinopyroxenes occur as anhedral crystal and
enclose olivine or spinel. These clinopyroxenes have relatively low Mg# values
(86—89) and Cr,05 contents (0.8-1.2 wt%) (Table 4.2; Fig. 4.8). The composition
of the spinels in the lherzolites overlaps the variations of those in the dunites
(Fig. 4.8). Sulfides occur between silicate mineral boundaries or replace altered
minerals (Fig. 4.6).

The sulfides are disseminated or sparsely distributed in lherzolite and dunite
(Figs. 4.6, 4.7). In sample PSZK + 2-1-359, most pyrrhotine grains are present in
olivine boundaries, and occasionally worm-like pyrrhotine displays intergrowth
with spinel (Fig. 4.7). Chalcopyrite grains are always associated with hydrous
minerals such as amphibole and/or phlogopite or present within amphibole grains
(Fig. 4.7). In dunite sample PSZK + 2-1-203 chalcopyrites occur in the cleavage
of phlogopite (Fig. 4.7). It is worth to note that these hydrous minerals don’t occur
as intestinal grain but as rims of pyroxenes (Fig. 4.7). The amphiboles show large
variable SiO, (43-51 wt%) and TiO, (0-5 wt%) contents and narrow ranges of
CaO (11.2-12.6 wt%) and Na,O (1.8-3.1 wt%) (Table 4.2; Fig. 4.8). The phlo-
gopites in lherzolites have lower Mg# SiO, and K,O and higher FeO and Na,O
contents than those in the dunites (Table 4.2; Fig. 4.8).

4.3 Xuanwoling Intrusion

The Xuanwoling mafic—ultramafic intrusion intruded into meta-sandstones of the
Hongliuyuan Formation of the Lower-Carboniferous (Fig. 4.9). It extends 4 km
long and about 2 km wide with an exposure area of 5 km?. The intrusion consists
of peridotite, troctolite, olivine gabbro and gabbro, and these rocks are fresh and
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Fig. 4.6 Petrological features of the Poshi mafic—ultramafic intrusion (reprinted from Su et al.
(2011a) with permission of Acta Petrologica Sinica). a PSZKO0-1-143 dunite, net-like
serpentinization in olivine, strong uralitization in clinopyroxene mesostasis and euhedral-
granular spinel; b PSZK + 2-1-203 dunite, strong serpentinization in olivine and relative fresh
clinopyroxene enclosing olivine; ¢ PSZK + 2-1-338 dunite, granular and weakly serpentinized
olivine in size of 1-3 mm and small amount of uralitized clinopyroxene; d PSZK + 2-1-398
dunite, cumulus structure, fresh olivine with a thin serpentinized rim, and uralitized clinopy-
roxene; e PSZK2-4-442 lherzolite, coarse grained olivine with fracture and weak serpentiniza-
tion, uralitized clinopyroxene replaced by sulfide; f PSZK + 2-1-480 lherzolite, abundant
sulfides occurring between fresh olivine grains; g and h disseminated sulfide in dunite and
lherzolite
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Amph

Fig. 4.7 Back-scattered images of the Poshi mafic—ultramafic rocks (reprinted from Su et al.
(2011a) with permission of Acta Petrologica Sinica). a, b PSZK + 2-1-359 dunite, pyrotite filling
between olivine grains, intergrowth of worm-like pyrite and Mg—Al spinel; ¢, d PSZK2-4-442
lherzolite, the relationship of chalcopyrite, orthopyroxene, clinopyroxene, amphibole and
phlogopite, amphibole occurring as reaction rim of orthopyroxene and clinopyroxene;
e PSZK + 2-1-203 dunite, chalcopyrite associating with phlogopite and clinopyroxene:
f PSZK + 2-1-480 lherzolite, fresh clinopyroxene enclosing olivine and spinel. Chal, chalco-
pyrite; Mg—Al Sp, Mg—Al spinel; Pyr, pyrotite
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Fig. 4.8 Major element compositions of minerals in the Poshi mafic—ultramafic intrusion
[reprinted from Su et al. (2011a) with permission of Acta Petrologica Sinica]
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Fig. 4.9 Geological map of the Xuanwoling mafic—ultramafic intrusion and its country rocks
(modified after No. 6 Geological Party, Xinjiang Bureau of Geology and Mineral Resources
2008)

display remarked olivine peritectic and gabbro textures. Olivine gabbro occurs as
small body within gabbro, while peridotite and troctolite expose in the margin of
the olivine gabbro body (Fig. 4.9).

Gabbro is the dominate lithology of the Xuanwoling intrusion and consists of
plagioclase and clinopyroxene with accessory magnetite (Fig. 4.10). Olivine
gabbros contain 10-15 % olivine and 5-15 % orthopyroxene. Orthopyroxene
usually enclose olivine and/or clinopyroxene, and some spinel grains can be found
in olivines (Fig. 4.10). Troctolites contain 30—40 % olivine and 50-60 % pla-
gioclase with variable clinopyroxene modal content. Olivine is commonly present
in rounded shape and displays serpentinization features. Clinopyroxenes are
anhedral and usually have olivine inclusions (Fig. 4.10). The similar petrological
features can be observed in peridotites.

The Xuanwoling intrusion is characterized by Fo (80-85) and NiO
(0.1-0.2 wt%) of olivines, augite and diopside dominating clinopyroxenes, and
orthopyroxene subordinating to bronzite. Olivines in the Xuanwoling gabbros have
higher Fo values than those (70-80) in the Hongshishan gabbros, whereas Fo
values (84-85) of the olivines in the Xuanwoling peridotites are lower than those
olivines (85-90) in the Hongshishan peridotites (Fig. 4.11). Compared to the
diopsides in the peridotites, the augites in the gabbros have relatively higher TiO,
and FeO and lower Al,O3, CaO and Na,O (Table 4.3). Spinels are mainly present
in olivine gabbros and peridotites. They have TiO, contents of 1.0-3.0 wt%,
Al,O3 of 8-16 wt%, Cr,O3 of 25-35 wt% and FeO of 35-60 wt%. Al,Os; and
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Fig. 4.10 Photomicrographs of representative rocks from the Xuanwoling mafic—ultramafic
intrusion [reprinted from Su et al. (2010) with permission of Acta Petrologica Sinica]. a XWL2-
gabbro, mosaic structure of plagioclase and clinopyroxene; b XWL3-olivine gabbro, sub-rounded
olivine enclosed by orthopyroxene; ¢ XWL4-olivine gabbro, sub-rounded olivine enclosed by
orthopyroxene and clinopyroxene, plagioclase displaying weakly altered texture; d XWL5-
clinopyroxene peridotite, altered clinopyroxene enclosing serpentinized olivine, some plagioclase
grains present there as well; e XWL2-gabbro, orthopyroxene and a few magnetite grains
occurring within plagioclase; f XWL4-olivine gabbro, spinel occurring within olivine and
orthopyroxene occurring as rim of olivine and clinopyroxene. Mt, magnetite
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Cr,03 in spinels decrease and FeO increase from peridotites to olivine gabbro
(Table 4.3). Plagioclase occurs in all rock types and orthopyroxene only presents
in olivine gabbro and gabbro. SiO, contents of the plagioclases vary from 45 to
52 wt% and negatively correlated with CaO and Al,O5 and positively with Na,O.
Their An and Ab numbers vary from 60 to 82 and from 18 to 40, respectively
(Table 4.3; Fig. 4.12).

4.4 Bijiashan Intrusion

The Bijiashan mafic—ultramafic intrusion trends E-W for ca. 5.6 km with a
maximum width of 2.6 km and covers an area of about 13 km> (Fig. 4.13). The
contact with the country rocks is covered by Quaternary sediments in the south,
whereas dacites and diorites are exposed in the north. Late-stage veins of granite
and granite porphyries intrude the mafic—ultramafic body. The intrusion consists of
80 % gabbro, 15 % olivine gabbro and 5 % peridotite, with the rock units dis-
playing a transitional relationship.

The gabbros are dominantly composed of clinopyroxene and plagioclase.
Among the samples collected for this study, only sample BJS-2 displays alteration
features evidenced by the replacement of clinopyroxene by hornblende (Fig. 4.14).
The granular and short-prismatic clinopyroxene grains in the gabbros range in size
from 0.5 to 1.5 mm with modal content varying from 40 to 45 %. The plagioclase
constitutes 40-50 % and occurs as planar crystals ranging in size from 1 to 3 mm.

The olivine gabbro unit occurs within the gabbro body and carries occasional
enclaves of peridotite (Fig. 4.13). The olivine gabbro is mainly composed of
clinopyroxene, plagioclase, olivine and minor orthopyroxene. The minerals show
variable grain size, with triple junction grain contact (Fig. 4.14). The coarse pla-
gioclases laths occasionally enclose small olivine grains. The anhedral to subhe-
dral olivine grains range in size from 0.2 to 1.2 mm. Uralitization features are
locally observed in some of the clinopyroxene grains (Fig. 4.14). Orthopyroxene
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Fig. 4.12 Major element compositions of plagioclases in the Xuanwoling mafic—ultramafic
intrusion [reprinted from Su et al. (2010) with permission of Acta Petrologica Sinica]
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Fig. 4.13 Simplified geological map of the Bijiashan mafic—ultramafic intrusion showing the
distribution of lithological units (modified after No. 6 Geological Party, Xinjiang Bureau of
Geology and Mineral Resources, 2008)
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Fig. 4.14 Photomicrograph of the Bijiashan mafic—ultramafic rocks [reprinted from Su et al.
(2013) with permission of Pergamon]. a Gabbro BJS-2 shows alteration features in clinopyroxene
and plagioclase; b Triple junction commonly present between olivine, orthopyroxene, clinopy-
roxene and plagioclase in olivine gabbro sample BJS-3; ¢ Olivine in olivine gabbro BJS-5 has
interaction rim of orthopyroxene, and clinopyroxene exhibits exsolution feature; d Orthopyroxene
and clinopyroxene occur as rims of olivines in troctolite sample BJS-12; e and f In dunite sample
BJS-9, anhedral clinopyroxene and plagioclase present between olivines, and olivines are
rounded with well developed serpentinized fractures

occurs as either discrete grains or as thin rim surrounding olivine (Fig. 4.14). The
mineral also forms vein filling within fractures inside olivine (Fig. 4.15).

Dunite and troctolite in the Bijiashan intrusion display gradual transition in
their mineral modes. The troctolites are composed of plagioclase, olivine,
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Fig. 4.15 Back-scattered images of typical rocks of the Bijiashan mafic—ultramafic intrusion
[reprinted from Su et al. (2013) with permission of Pergamon]. a Orthopyroxene occurs as rims of
olivine or vein in the fractures of olivine in olivine gabbro sample BJS-3; b Discrete
orthopyroxene grain occurs in plagioclase in troctolite sample BJS-8; ¢ Clinopyroxene in
troctolite BJS-8, ilmenite (//m) lamella are developing; d Orthopyroxene encloses olivine in
troctolite sample BJS-12

clinopyroxene and orthopyroxene. The plagioclase is coarse grained and displays
well developed polysynthetic twin (Fig. 4.14). Olivines are mostly sub-rounded
and enclosed by orthopyroxene or clinopyroxene (Fig. 4.14). The clinopyroxene
and orthopyroxene occur as either discrete grains or growth rims around olivines
(Figs. 4.14, 4.15). Ilmenite exsolution lamella is commonly observed in clinopy-
roxene (Fig. 4.15).

The dunite is a subordinate unit in the Bijiashan intrusion and is dominated by
olivine with minor clinopyroxene, orthopyroxene and plagioclase. The rock
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Fig. 4.16 Ni content versus Fo number diagram for olivines from the Bijiashan (BJS),
Xuanwoling (XWL), Hongshishan (HSS) and Poshi mafic—ultramafic intrusions in the Beishan
Terrane [reprinted from Su et al. (2013) with permission of Pergamon]. Ol Gbr, olivine gabbro;
Py Peri, pyroxene peridotite; Trc, troctolite; Lher, lherzolite

displays typical cumulate texture and weak iddingsitization and serpentinization.
Olivines in this rock are rounded with size ranging from 1 to 3 mm with abundant
fractures. Anhedral pyroxene and plagioclase occur in between the olivine grains
(Fig. 4.14).

The olivine grains from dunites in the Bijiashan mafic—ultramafic intrusion
show Fo numbers of ~83 and Ni contents of 1,800-2,700 ppm (Table 4.4;
Fig. 4.16). The olivines in the troctolites show slightly lower Fo (78-82) and Ni
(900-2,000 ppm), whereas those from the olivine gabbros display large compo-
sitional variations broadly covering the ranges observed in the dunites and troct-
olites (Fig. 4.16). The data from the Bijiashan intrusion is similar to those reported
from the Xuanwoling intrusion whereas the olivines in the Hongshishan and Poshi
mafic—ultramafic intrusions have apparently higher Fo contents but similar Ni
abundances regardless of the rock type (Fig. 4.16).

Clinopyroxenes in the Bijiashan gabbros display Mg# = 68.7-76.7,
AlL,O; = 3.59-5.97 wt%, TiO, = 0.44-0.78 wt% and CaO = 11.2-12.4 wt%.
The clinopyroxenes in the olivine gabbros have relatively higher Mg# values
(75.5-88.7), TiO5 (0.20-2.01 wt%) and CaO (19.6-23.9 wt%) contents, and lower
Al,O5 (0.84-3.59 wt%). The clinopyroxenes in both troctolites and dunites show
homogeneous compositions (Table 4.4). Orthopyroxenes in the Bijiashan intrusion
show Mg# = 73.6-82.9, Al,O3; = 0.65-1.28 wt% and CaO = 0.34-1.84 wt%. In
the pyroxene classification diagram, half of the Bijiashan clinopyroxenes fall
below the diopside field and rest are plotted in the augite field (Fig. 4.17). The
clinopyroxenes from the Xuanwoling, Hongshishan and Poshi intrusions also show
similar compositional variation from diopside to augite (Fig. 4.17). The orthopy-
roxenes from these intrusions are all bronzite.

Plagioclases in the Beishan mafic—ultramafic intrusions display similar com-
positional variations. The ultramafic rocks contain calcic plagioclases with
Si0, = 45-48 wt%, An = 70-90 and Al,O; = 31-34 wt%, whereas the pla-
gioclases in mafic rocks show higher SiO, and lower An and Al,O3 contents.
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Fig. 4.17 Clinopyroxene classification for the Bijiashan, Xuanwoling, Hongshishan and Poshi
mafic—ultramafic intrusions in the Beishan Terrane [reprinted from Su et al. (2013) with
permission of Pergamon]

Spinels in the Bijiashan intrusion are mainly distributed in the fields of troct-
olites and dunites. They are characterized by high Cr# number (56.4-69.0) and
TiO, contents (1.54-5.01 wt%; Table 4.4). A comparison with spinels from the
other mafic—ultramafic intrusions in the Beishan Terrane shows that the majority of
spinels are present in peridotites, and their Cr# numbers range from 30 to 70 with
TiO, contents <3.5 wt% (Jiang et al. 2006; Sun 2009).

4.5 Luodong Intrusion

The Luodong mafic—ultramafic intrusion is located in the westernmost part of the
Beishan Terrane. It has intruded the Proterozoic biotite-quartz schists and was
transected by several N-S trending and parallel diabase dykes. The intrusive body
has as an ‘eyeball’ shape, having a minor axis semi-diameter of 1,200 m and major
axis of 2,000 m (Fig. 4.18). It consists chiefly of gabbro and peridotite with minor
pyroxenite in its southern margin. The gabbros are mostly olivine-free, enclosing
patches of olivine gabbro. The gabbros are mainly composed of plagioclase and
clinopyroxene and occasionally contain olivine, orthopyroxene and biotite
(Fig. 4.19). Plagioclases in some samples show zoning texture. The clinopyrox-
enes are variably altered or replaced by amphibole.

Although surface geological mapping has revealed that peridotites in the Lu-
odong intrusion are present as lenses or dykes in the gabbro, layered structure has
been deciphered based on drilling cores showing upper gabbro and lower peri-
dotite (Sun et al. 2010). The peridotites display poikilitic texture and are composed
of olivine, clinopyroxene and spinel. Olivines are mostly less than 1 mm in
diameter and wrapped by anhedral clinopyroxene grains (Fig. 4.19). The clino-
pyroxenes are partially or completely altered. The olivines occur interstitially and
develop fractures (Fig. 4.19). Spinel is present either as inclusion in olivine or
interstitial grain.
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Fig. 4.18 Geological map of the Luodong mafic—ultramafic intrusion in the Beishan Terrane
(modified after No. 6 Geological Party, Xinjiang Bureau of Geology and Mineral Resources,
2008)

Fig. 4.19 Microphotographs of the gabbros (a, b) and peridotites (¢, d) of the Luodong mafic—
ultramafic intrusion
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Fig. 4.20 Plot of Fo versus Ni of olivines in the Luodong mafic—ultramafic intrusion

The Luodong olivines display apparently zoning textures. The cores of the
olivines have higher Fo numbers (84-90) and slightly higher Ni and lower MnO
contents than their rims (Table 4.5; Fig. 4.20). Compositional zoning is also
observed in plagioclases, whose cores have higher SiO,, An and Al,O; than the
rims. The spinels in the Luodong intrusion have lower Cr# (32-47) and TiO,
(0.31-2.18 wt%) and larger variations in FeO (14.1-46.5 wt%) and MgO
(3.1-17.3 wt%) (Table 4.5) than those in other intrusions in the Beishan Terrane.

4.6 Other Intrusions Mentioned in the Thesis

In order to well understand the genesis and mineralization of the mafic—ultramafic
intrusions, we also conducted preliminary work on some intrusions from the
Bogeda-Haerlike, Jueluotage, Middle Tianshan for petrological, mineralogical,
geochronological and geochemical comparisons. A brief introduction of the
mentioned intrusions in this thesis is shown in Table 4.6.
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Chapter 5
Zircon U-Pb Geochronlogy and Hf-O
Isotopes

5.1 Samples

The gabbro (HSX) from the Heishanxia intrusion, with mineral assemblage of
coarse-grained plagioclase, augite and hornblende, was sampled for zircon sepa-
ration analysis. Gabbros were collected from the Xiangshan (XSCuNi-V and
XSTiFe-V), Tulaergen (TLG-V2) and Huangshan (HS-V) intrusions in the Eastern
Tianshan for zircon separation, and additionally gabbro (SH-V) and granites (SH-
11, SH-R) occurring as wall rock of the Sidingheishan intrusion were sampled as
well. Gabbros were sampled from the Tianyu (TY-V) and Baishiquan (BSQ-V)
intrusions for zircon separation. Zircons were separated from the troctolite sample
(HS139) of the Hongshishan intrusion. We also sampled diorites (HSS12), rhyo-
lites (HSS6), gabbro (09HSS6) and dacite (09HSS3) from Hongshishan and its
adjacent region, respectively, olivine gabbros (PSZK1-2-650) from the Poshi drill
hole, alkaline granitic vein (PY) intruded into Poyi intrusion, gabbro (BJS-6) from
the Bijiashan, gabbro (XWL-V) from the Xuanwoling intrusion and gabbro (LD-
V) from the Luodong intrusion for zircon U-Pb dating and Hf-O isotope analyses.

5.2 Zircon Morphology
5.2.1 Bogeda—Haerlike Belt

Zircons from the Heishanxia gabbro (HSX) are prismatic, colorless and trans-
parent. The lengths of these crystals range from 80 to 150 um, with aspect ratios of
1:1 to 1.5:1. They are subhedral to anhedral, and have rounded terminations; some
grains are present as fragments. In CL images, most of the zircons display
oscillatory or linear zoning, which is typical of magmatic zircon. Some grains are
weakly zoned with low luminescence (Fig. 5.1).

B.-X. Su, Mafic-ultramafic Intrusions in Beishan and Eastern Tianshan at Southern 69
CAOB: Petrogenesis, Mineralization and Tectonic Implication, Springer Theses,
DOI: 10.1007/978-3-642-54262-6_5, © Springer-Verlag Berlin Heidelberg 2014
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Fig. 5.1 CL images of representative zircons from the Paleozoic mafic—ultramafic intrusions and
related igneous rocks in the Eastern Tianshan and Beishan [modified after Su et al. (2010, 2011,
2012) with permissions of Acta Petrologica Sinica, Pergamon, Elsevier and Bellwether

Publishing, Ltd.]
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5.2.2 Jueluotage Belt

Zircons from the Tulaergen No. 2 gabbro (TLG-V2) are generally equant to short
prismatic, colorless and transparent. Crystal lengths range from ca. 50 to 100 pum,
with aspect ratios of 1:1 to 1.5:1. Most grains are euhedral or subhedral; anhedral
grains are rare. CL images of most grains display oscillatory or patchy linear
zoning. Only few grains have concentric zoning, which is disrupted and cut
through by patchy or irregular zoning domains (Fig. 5.1). The morphology and the
internal structures of zircons from this sample are, thus, primarily of magmatic
origin.

Zircons from the Huangshan gabbro (HS-V) are generally prismatic, colorless
and transparent or translucent, and of variable lengths, ranging from 60 to 140 pm,
with aspect ratios of 1:1 to 2:1. They are euhedral or subhedral. The CL images
show that the euhedral crystals display clear oscillatory growth zoning with low
luminescence, whereas most subhedral grains preserve only weak oscillatory or
patchy linear zoning with stronger luminescence (Fig. 5.1).

Zircons from the Sidingheishan granite (SH-11) are prismatic, colorless and
transparent. Lengths of these grains range from 80 to 120 pm, with aspect ratios of
1:1 to 2:1. They are predominantly euhedral, without any resorption or over-
growth. In CL images, all the grains show well preserved regular concentric
zoning (Fig. 5.1), suggesting that they are of magmatic origin.

5.2.3 Middle Tianshan Terrane

Zircons from the Tianyu gabbro (TY-V) are generally subhedral or prismatic,
colorless and translucent. They range in length from 60 to 200 um, with aspect
ratios of 1.5:1 to 2.5:1. CL images show that most of the grains are unzoned with
low luminescence. A few grains preserve weakly oscillatory or patchy zonation
with moderate brightness (Fig. 5.1).

5.2.4 Beishan Terrane

Zircons from the Hongshishan troctolite (HS139) are mostly scaly and rarely
prismatic, but colorless and transparent. The zircons range from 30 to 160 pm
along the longest dimension, and display unzoned to weakly zoned textures. The
prismatic grains have lengths of 60—110 um with aspect ratios of 1:1 to 1.5:1, and
exhibit weak oscillatory or patchy zoning (Fig. 5.1).

The Hongshishan rhyolite (HSS6) has equant to short prismatic zircons. They
are colorless and transparent to translucent, and range in length from 60 to 100 pm
with aspect ratios of 1:1 to 1.5:1. The equant grains display regular concentric
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zoning with bright luminescence, whereas the short prismatic grains have oscil-
latory or patchy zonation with low luminescence (Fig. 5.1).

The Hongshishan diorite (HSS12) contains zircon grains of 30-90 um in
diameter. These zircons are generally colorless and transparent to translucent. In
CL images, most grains display regular concentric zoning with low luminescence,
with some grains having unzoned core and oscillatory zoned rims (Fig. 5.1).

Zircons from the Poshi gabbro (PSZK1-2-650) are mostly equant to long
prismatic and rarely occur as fragments. All the zircons are colorless and trans-
parent, and range in length from 80 to 170 um with aspect ratios of 1:1 to 2.5:1.
CL images of most zircons display flat and unzoned cores with bright lumines-
cence and apparent oscillatory zoned rims with low luminescence. Some of the
grains have inclusions (Fig. 5.1).

Poyi alkaline granite (PY) contains short to long prismatic zircons. They
generally range in length from 100 to 300 pm with aspect ratios of 1.5:1 to 4:1. All
zircons are euhedral, colorless and transparent. Short prismatic zircons mostly
display unzoned cores and patchy zoned rims. Long prismatic grains have planar
or linear zonation and rounded terminations (Fig. 5.1).

Zircons from the Bijiashan gabbro (BJS6) are generally equant to short pris-
matic, colorless and translucent. The lengths of these grains range from 30 to
120 pwm, with aspect ratios of 1:1 to 1.5:1. In CL images, most zircons display
weak oscillatory or patchy zoning with low luminescence. Some grains displaying
bright luminescence have unzoned cores with relatively thinly-zoned rims
(Fig. 5.1).

Zircons from the Xuanwoling gabbro (XWL-V) are mostly present as fragments
and rarely euhedral in shape. They range in size from 40 to 150 pm in length with
aspect ratios of ca. 1:1 to 1.5:1. All zircons are colorless and transparent. In CL
images, these zircons generally display oscillatory, patchy and concentric or linear
zoning (Fig. 5.1). Some grains displaying bright luminescence have unzoned cores
with relatively thinly-zoned rims.

Zircon separates from the Luodong gabbro are generally present as an assort-
ment of broken fragments. They occur as long prismatic or needle-shaped acicular
crystals since a few still preserve high aspect ratios of up to 3:1 to 4:1 (Fig. 5.1).
Most zircons have rounded terminations and exhibit homogeneous texture without
any visible zoning. Only faintly visible zoning patterns are present in a few
crystals, and the thickness of the bands also varies widely.

5.3 U-Pb Ages
5.3.1 Bogeda—Haerlike Belt

Seventeen zircons from the Heishanxia gabbro (HSX) were analyzed by SIMS.
These zircons have U, Th and Pb contents of 55.7-456, 25.3-328, and
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4.58-39.8 ppm, respectively, with Th/U ratios in the range of 0.25-0.72
(Table 5.1). All analyses have concordia U-Pb ages within analytical errors,
yielding a concordia age of 423.7 + 3.0 Ma (MSWD = 0.52) (Fig. 5.2).

5.3.2 Jueluotage Belt

Sixteen zircon grains from the Sidingheishan granite vein (SH-11) were analyzed
by SIMS. They have U, Th and Pb contents of 153-357, 82.7-310 and
11.9-29.7 ppm, respectively, with Th/U ratios of 0.44—0.88 (Table 5.1), yielding a
concordia U-Pb age of 397.5 £ 2.5 Ma (MSWD = 0.24) (Fig. 5.2).

Thirteen zircons from the Sidingheishan granite (SH-R) were analyzed by LA-
ICP-MS. These zircons have U, Th and Pb variations of 245-834, 102-498 and
19.0-67.3 ppm, respectively, with Th/U ratios ranging from 0.34 to 0.79
(Table 5.1). All the analyses yield concordia U-Pb ages within analytical errors,
yielding a concordia age of 440.6 £ 5.9 Ma (MSWD = 1.05) (Fig. 5.2). The U-
Pb ages of the granites suggest that at least two magmatic activities of granitic
composition occurred in ca. 440.6 Ma and ca. 397.5 Ma, respectively, in the
Sidingheishan area.

Twenty-four zircon grains from the Sidingheishan gabbro (SH-V) were ana-
lyzed by LA-ICP-MS. The results show that U, Th and Pb contents in all the
zircons are relatively very low, in ranges of 40.1-111, 18.9-64.6 and
2.91-6.63 ppm respectively, with Th/U ratios of 0.43-1.11 (Table 5.1). All
analyses have concordia U-Pb ages within analytical errors, yielding a concordia
age of 365.0 £ 5.3 Ma (MSWD = 0.01) (Fig. 5.2). The age of the Sidingheishan
gabbro is apparently different from previous *’Ar/*°Ar ages of 545 4 5.0 Ma,
263.8 &+ 2.6 Ma and 200.8 £ 0.91 Ma which were obtained from hornblendes in
pyroxene amphibolite, diorite and granite, respectively (Xu et al. 2006).

The analyzed 22 zircon grains from the Xiangshan gabbro (XSTiFe-V) yielded
a concordia age of 278.6 & 1.8 Ma (MSWD = 1.2) with U contents of
29-158 ppm, Th of 11-110 ppm, Pb of 1.6-8.8 ppm, and Th/U ratios of
0.27-0.70. Six analyses were done on the Huangshan gabbroic zircons and yielded
a concordia age of 283.8 + 3.4 Ma (MSWD = 0.001) and relatively restricted U,
Th, Pb and Th/U variations.

Some other U-Pb ages (measured by SIMS) of the mafic—ultramafic intrusions
in the Eastern Tianshan have been reported in literatures. These include the Tul-
aergen No. 2 mafic—ultramafic intrusion, which has a zircon concordia U-Pb age
of 357.5 &+ 2.5 Ma (TLG-V2) (San et al. 2010), and the Xiangshan intrusion, with
zircon concordia U-Pb ages of 285.0 &+ 1.2 Ma from Ni—Cu related gabbro
(XSCuNi-V) (Qin et al. 2002) and 278.6 &+ 1.8 Ma from Ti—Fe-bearing gabbro
(XSTiFe-V) (Xiao et al. 2010). Qin et al. (2011) also reported a zircon concordia
U-Pb age of 283.8 £ 1.2 Ma of a gabbro sample (HS-V) from the Huangshan
intrusion.
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Fig. 5.2 Representative U-Pb concordia plots of zircons from the mafic—ultramafic intrusions
and related igneous rocks in the Eastern Tianshan and Beishan [modified after Su et al. (2009,
2010, 2011, 2012) with permissions of Acta Petrologica Sinica, Pergamon, Elsevier and
Bellwether Publishing, Ltd.]
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5.3.3 Middle Tianshan Terrane

Eighteen zircon grains from the Baishiquan gabbro (BSQ-V) were analyzed by
LA-ICP-MS. These zircons have large variations in U (67.1-1995 ppm), Th
(49.6-1714 ppm) and Pb (4.49-117 ppm) with Th/U ratios of 0.63-1.74
(Table 5.1). All analyses yield a mean age of 284.8 + 4.5 Ma (MSWD = 3.3)
(Fig. 5.2) which is consistent with previous zircon SHRIMP U-Pb ages
(284.0 £ 8.0 Ma, Wu et al. 2005; 281.2 £ 0.9 Ma, Mao et al. 2006).

The Tianyu intrusion was dated by SIMS on zircons from a gabbro sample (TY-
V), giving a concordia U-Pb age of 280.0 &£ 2.0 Ma, which is similar to the
281.8 = 5.7 Ma of the Baishiquan intrusion.

5.3.4 Beishan Terrane

Zircons from the troctolite sample HS139 in the Hongshishan intrusion have U,
Th, and Pb contents respectively varying from 49.7 to 485 ppm, 32.3 to 341 ppm,
and 2.87 to 28.7 ppm. Th/U ratios are ca. 0.65-1.03. All analyses have concordant
U-Pb ages within analytical errors (Fig. 5.2), yielding a concordia age of
286.4 = 2.8 Ma (MSWD = 0.47), which is similar to the U-Pb age of
281.8 &+ 2.6 Ma of zircons from an olivine gabbro (Ao et al. 2010). This age is
considered to be the crystallization age for sample HS139.

15 grains from the Poshi gabbro (PSZK1-2-650) were analyzed. U, Th and Pb
contents of the Poshi zircons vary from 124 to 302 ppm, 109 to 350 ppm and 7.36
to 18.7 ppm, respectively, and Th/U ratios are ca. 0.70-1.24. All analyses have
concordant U-Pb ages within analytical errors, yielding a concordia age of
284.0 £+ 2.2 Ma (MSWD = 0.94), a little older than the 274.0 4 4.0 Ma obtained
by TIMS (Jiang et al. 2006).

11 zircon grains from the Hongshishan diorite (HSS12) have large variations in
U, Th and Pb contents of 210-1,536, 114-1,412, and 11.4-90.6 ppm respectively,
and Th/U ratios of 0.54—1.16, yielding a mean **°Pb/***U age of 279.7 + 4.8 Ma
(MSWD = 3).

The zircons from the Hongshishan rhyolite sample (HSS6) have U contents in
the range of 186—813 ppm, Th of 90-863 ppm, Pb of 10.0-50.7 ppm, Th/U ratios
of 0.48-1.06, and a concordia age of 279.1 £ 2.9 Ma (MSWD = 0.25).

Thirteen analyses of the Bijiashan gabbroic zircons show that U, Th, Pb and Th/
U have ranges of 267-2,827, 164-2,271, 15.0-171 and 1.29-1.49 ppm, respec-
tively, and a concordia age of 279.2 + 2.3 Ma (MSWD = 2.6).

We also analyzed seventeen zircon grains from the Poyi alkaline granite vein
(PY) using SIMS. All the results show range in U (104-613 ppm), Th
(86.6-951 ppm), Pb (5.44-37.1 ppm) and Th/U ratios (0.61-1.55) (Table 5.1).
The concordia U-Pb ages of all the analyses are within analytical errors, resulting
in a concordia age of 251.4 &+ 1.8 Ma MSWD = 0.12) (Fig. 5.2).
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Also, the gabbro sample (PSZK1-2-650) from the Poshi intrusion in this study
gave a zircon U-Pb age of 284.0 £ 2.2 Ma (Qin et al. 2011), a little older than the
274.0 + 4.0 Ma obtained by TIMS (Jiang et al. 2000).

The zircons from the Xuanwoling gabbro have U and Th concentrations ranging
from 179 to 2,208 ppm and from 155 to 3,566 ppm, respectively, with Th/U ratios
of 0.62-2.23. 16 analyses yield a concordia age of 251.4 4+ 1.8 Ma
MSWD = 0.12).

The Luodong zircons have high U concentrations of 329-1,175 ppm. Their Th
and Pb contents range from 41.6 to 566 ppm and 16.3 to 63.7 ppm (Table 5.1).
The 0.06-0.64 range of Th/U ratios is apparently lower than that of the coeval
intrusions. All analyses have concordia U-Pb ages within analytical errors,
yielding a concordia age of 284.0 £ 2.3 Ma (MSWD = 0.73) (Fig. 5.2), which is
identical to those of the regional intrusions.

5.4 Hf-O Isotopes
5.4.1 Bogeda—Haerlike Belt

Twenty in situ Hf and O isotopic analyses were conducted on the Heishanxia
zircons (including 17 zircons that were used for U-Pb dating). The measured
zircons have very homogenous Hf and O isotopic compositions:
7H/"THE = 0.282820-0.282902, corresponding to &y(t) = +11.0 to +13.5, and
6'%0 in range of +5.2 to +5.9 %o (Table 5.2; Fig. 5.3). The 6'%0 values of the
Heishanxia zircons are consistent with the value of 5.3 4+ 0.3 %o for normal
mantle zircons (Fig. 5.3; Valley et al. 1998). The highly positive egg(t) value
suggests that the parental magma of the Heishanxia intrusion was derived from a
depleted mantle source.

5.4.2 Jueluotage Belt

The 132 zircons from gabbros and granites in the Jueluotage Belt show wide
variations in Hf and O isotopic compositions: '"°Hf/'""Hf = 0.282737-0.283066,
corresponding to gye(t) =+5.05 to +17.0, and 580 =+4.1 to +8.0 %o (Table 5.2;
Fig. 5.3). The eyg(t) and 6'%0 ranges are also dissimilar for the zircons from
different rock types, being +12.1 to +17.0 and +4.1 to +5.3 %o for granite, +5.1 to
+16.3 and +4.4 to +7.2 %o for gabbro, +9.0 to +15.4 and +6.1 to +7.4 %o for Ti—Fe
bearing gabbro (Table 5.2). It can be seen from Fig. 5.3 that most of the zircons in
the Jueluotage Belt have '%0 values lower than that of typical mantle zircons
(5.3 £ 0.3 %o, Valley et al. 1998), confirming the depletion '®0 in the Jueluotage
Belt. Zircons from the Ti—Fe bearing gabbro of the Xiangshan intrusion have
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5.4 Hf-O Isotopes
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similar Hf isotopic composition but apparently higher 6'0 values than those from
other rocks in the Jueluotage Belt and mantle zircons, suggesting that the Ti—Fe
gabbro formed in '®0O enriched environment.

5.4.3 Middle Tianshan Terrane

Zircons from the Tianyu and Baishiquan gabbros have very similar Hf isotopic
composition. The Tianyu zircons have '7®Hf/"’"Hf ratios of 0.282688-0.282820,
corresponding to &y(t) of +2.81 to +7.6, whereas '"°Hf/'”"Hf ratios of the Bai-
shiquan zircons are in the range of 0.282640-0.282813, corresponding to ey(t) of
+1.4 to +7.5 (Table 5.2).

Zircon Hf isotopic values in the Middle Tianshan Terrane are apparently lower
than those in the Jueluotage and Bogeda-Haerlike belts (Fig. 5.3), which suggests
that the magma sources have different compositions for the mafic—ultramafic
intrusions in both belts. The Tianyu zircons show 6'20 values of +5.2 to +6.3 %o,
which are close to that of normal mantle zircon values but slightly higher than
most 5'*0 of the Jueluotage zircons (Table 5.2; Fig. 5.3).

5.4.4 Beishan Terrane

The 138 zircons from gabbros, troctolite, diorite and granite in the Beishan Ter-
rane show very wide variations in Hf and O isotopic compositions (Fig. 5.3). The
ranges of '"°Hf/"7"Hf, ey(t) and 9'®0 in the zircons strongly depend on the mafic—
ultramafic intrusions, rock types and ages. The Xuanwoling gabbroic zircons with
U-Pb age of 260.7 Ma age have large range of Hf isotopic composition:
oHE/THE = 0.282622-0.282809, corresponding to eyg(t) = +0.2 to +6.9, and
homogeneous O isotopic composition: §'%0 = +5.8 to +6.8 %o (Table 5.2;
Fig. 5.3). The Bijiashan gabbroic zircons have U-Pb age of 279.2 Ma and large
variations in both Hf and O isotopic composition: '"°Hf/'’"Hf = 0.282621—
0.282849, which correspond to eye(t) = +0.3 to +8.4, and 6180 values in the range
of +5.0 to +11.9 %o (Table 5.2).

Zircons from the Poshi gabbro show relatively restricted Hf and O isotopic
ranges: '"°Hf/""Hf = 0.282650-0.282767, corresponding to &y(t) = +1.6 to +5.6
(except one spot of 0.283015 and 14.5, respectively), and 6'%0 = +6.3 to +8.5 %o.
On the other hand, the Poyi granitic zircons with U-Pb age of 251.4 Ma show
homogeneous Hf and O isotopic composition: '"°Hf/!”"Hf = 0.282600-0.282754,
which correspond to ege(t) = —0.8 to +4.7, and §'%0 = +6.2 to +7.0 %o (Table 5.2;
Fig. 5.3).

The rhyolite, diorite and troctolite from the Hongshishan area have the identical
zircon U-Pb ages but their zircon Hf and O isotopic compositions are remarkably
different from each other. Zircons in the rhyolite sample (HSS6) display



5.4 Hf-O Isotopes 105

(a) (b)
20 18
v
16 | po . g
14} v Bogeda-Haerlike
0 > 12t +lueluotage I E &
Chondrite
= i 8 XWL-V :10 I :
= P 5o miss ® HS.V =8 e EEE
& 20 Sk A BS99 v XSCuNLV ¥ 6 ® Al 3
5 4.“‘6/, ci|v Hss ¥ XSTiFe-V a 14
S it ¥ HssI12 A TLG-V2 4 r : o
QQT’ B PSZKI-2650 @ SH.V l Beishan+ "
& oy ® SHI1 2 Middle Tianshan ¢
0 -/,N?‘? ® BSQV @ SHR oLe :
B TY-V © HSX 5 * 2
0 1000 2000 3000 4000 250 300 350 400 450
U-Pb age (Ma) U-Pb age (Ma)
(c) (d)
12 v = 12 v
Beishan
19 B h
10 o 10 v
- H i ] { J s Bogeda-Haerlike+
:.5§ . i E i 4 % Jueluotage
2 8 | 28 ./
] ] i :v 14
! ° i ’* ¥ -
“'
6 l - E 6 ‘d’ % 4
manllo-dmvod. zircon g e 's ™y : *"5 ® ':
AR v . l 4 | Middle Tianshan v ¥ v
250 300 350 400 450 0 5 10 15

U-Pb age (Ma) EHA(t)

Fig. 5.3 Correlation diagrams of zircon Hf-O isotopes versus U-Pb ages of the Eastern
Tianshan and Beishan mafic—ultramafic intrusions and their related igneous rocks [reprinted from
Su et al. (2011) with permission of Elsevier Press]. Mantle zircon O isotopic composition of
5'%0 = 5.3 %o & 0.3 %o is from Valley et al. (1998)

76H£/""THf range of 0.282609—0.282932 corresponding to gy(t) values of +0.3 to
+8.5 (except one analytical spot yielding 0.283075 and +16.6 respectively, and
have 6'%0 variation of +4.3 to +10.3. The Hongshishan dioritic zircons have wide
Hf compositional range (‘"°Hf/'""Hf = 0.282634-0.282831, which correspond to
epe(t) = +0.8 to +7.8) and higher 5'80values (+6.6 to +10.3) compared to the
Beishan zircons (Fig. 5.2). Zircons from the troctolite (HS139) give S 7ANl 5 i
ratios of 0.282850-0.282871, corresponding to ey¢(t) of +8.9 to +14.6 (Table 5.2),
and are consistent with that of the Hongshishan gabbroic zircons
("7°Hf/MTHF = 0.282879-0.282932, &(t) = +9.8 to +11.8) reported by Ao et al.
(2010). The Hf isotopic values of zircons from the Hongshishan mafic—ultramafic
intrusion are apparently higher than those of the other intrusions in the Beishan
Terrane and very similar to the zircon Hf isotope composition of the Jueluotage
and Bogeda-Haerlike belts (Fig. 5.3).
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Chapter 6
Geochemistry

6.1 Hongshishan Intrusion
6.1.1 Major Elements

Representative whole-rock major and trace element analyses of the Hongshishan
intrusive rocks are presented in Table 6.1. Overall, alkaline components
(NayO + K,O0) are positively correlated with SiO, (Fig. 6.1). The dunites have the
lowest SiO, (36.3-40.1 wt%), CaO (0.23-5.06 wt%), and Na,O (0.03-0.46 wt%)
and the highest MgO (26.4-38.6 wt%), TFeO (total Fe; 6.61-12.1 wt%), and MnO
(0.13-0.19 wt%) contents. Among the dunites, the plagioclase-bearing ones dis-
play relatively high SiO, and Al,O3 and low MgO and TFeO contents (Table 6.1).
Clinopyroxene peridotites have slightly higher SiO,, CaO, Na,O, and TiO,, and
lower MgO, TFeO, and MnO contents than the dunites (Table 6.1; Fig. 6.2). The
troctolites exhibit SiO, variation of 36.8-44.1 wt%, which is consistent with the
presence of basic plagioclase (SiO, = 44.9-47.2 wt%) occurrence in troctolites.
Compared to the dunites and clinopyroxene peridotites, troctolites have relatively
larger ranges in oxide contents and display evolutional trend (Fig. 6.2). SiO,,
Al,03, Ca0, Na,0, and TiO, contents in gabbros are higher, whereas MgO, TFeO,
and MnO contents display decreasing trends (Table 6.1; Fig. 6.2). The diorite
sample (HSS12) has the highest SiO, content (74.7 wt%; Table 6.1) and does not
have any geochemical correlations with the bulk intrusion, and is therefore not
plotted in Fig. 6.2.

In Harker diagrams, the abundances of major oxides of samples from the
Hongshishan intrusion display good correlations with SiO, contents (Fig. 6.2),
indicating that fractional crystallization is likely to be the main process for their
chemical variations. The scattered correlation of K,O against SiO, is ascribed to
both its low K,O content (<1 wt%, not shown) and secondary alteration.

B.-X. Su, Mafic-ultramafic Intrusions in Beishan and Eastern Tianshan at Southern 107
CAOB: Petrogenesis, Mineralization and Tectonic Implication, Springer Theses,
DOI: 10.1007/978-3-642-54262-6_6, © Springer-Verlag Berlin Heidelberg 2014
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6.1 Hongshishan Intrusion 113

Fig. 6.1 Whole-rock 3.0 E
NaZO + Ko0 versus Sin alkaline series ;’: bla I,K a‘lme o
diagram of the Hongshishan 25k OleTItic series
mafic—ultramafic intrusion @ °
showing magma evolutional e
trend [reprinted from Su et al. 2
(2012a) with permission of S« 3
Bellwether Publishing Ltd.]. & 19T
Alkaline series and é‘
subalkaline or tholeiitic series 1.0 - ¢
are from Rollison (1993) pry o »

0.5F troctolite

clinopyroxene peridotite
0.0 dunite
35 50 55

6.1.2 Trace Elements

Normalized trace elements are illustrated in Figs. 6.3 and 6.4. The samples have
variable rare earth element (REE) contents, and the total REE abundances display
increasing trend from ultramafic to mafic rocks, reflecting fractional crystalliza-
tion. The dunites show the lowest REE abundances (1.67-11.27 ppm) with flat
patterns and positive Eu anomalies (Fig. 6.3). Mantle-derived magmas would
reserve positive Eu anomaly in the absence of crustal contamination and fractional
crystallization of plagioclase.

Among the dunites, those plagioclase-bearing samples have relatively higher
REE and weak positive Eu anomalies, probably related to the crustal contami-
nation and subsequent fractionation of plagioclase. Clinopyroxene peridotites
exhibit quite different REE patterns in comparison with the dunites, troctolites, and
gabbros, by displaying uniformly enriched heavy REE (HREE) relative to light
REE (LREE) and the absence of Eu anomaly (except samples HS194 and HS213).
The troctolites, which most likely represent the subsequent crystallized facies,
resemble dunites in terms of REE features of low abundances, generally flat
patterns and positive Eu anomalies (Fig. 6.3). The gabbros are characterized by
uniform HREE patterns, LREE variations from depletion to enrichment, and no Eu
anomaly to apparent positive Eu anomalies (Fig. 6.3), indicating a complicated
evolutionary trend involving fractional crystallization (mainly plagioclase frac-
tionation and accumulation), assimilation, and probably secondary alteration.

Primitive mantle-normalized diagrams for incompatible elements exhibit
anomalous depletion in Nb, Ta relative to large ion lithophile elements (LILE; Rb,
Ba, Th, U), anomalous depletion in Zr and Hf, and positive Pb, Sr, Y anomalies
(Fig. 6.4). However, some dunite and clinopyroxene peridotite samples are char-
acterized by variable enrichments in Nb, Ta, Zr, Hf, positive Th and U anomalies,
and negative Sr anomaly (Fig. 6.4), which suggest a possible assimilation process
whilst ruling out possible plagioclase fractionation. The troctolites show highly
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Fig. 6.2 Major elemental compositions of the Hongshishan, Bijiashan, Xuanwoling, Poshi and
Luodong mafic—ultramafic complexes in the Beishan Terrane [reprinted from Su et al. (2012a)
with permission of Bellwether Publishing Ltd.]. Data sources Bijiashan, this study; Xuanwoling,
this study; Hongshishan, this study; Poshi, Jiang et al. (2006); Luodong, Sun (2009)

consistent trace element concentration and distribution with most dunites. No
negative Y anomalies are present in some dunites and most gabbros. Instead, they
display no anomalies to slightly positive Y anomalies (Fig. 6.4). LILE display
greater variations, particularly in plagioclase-bearing dunites and gabbros than
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Fig. 6.3 Chondrite-normalized rare earth element patterns of rocks from the Hongshishan
mafic—ultramafic intrusion [reprinted from Su et al. (2012a) with permission of Bellwether
Publishing Ltd.]. Normalized values are from Sun and McDonough (1989)
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Fig. 6.4 Primitive mantle-normalized trace element patterns of rocks from the Hongshishan
mafic—ultramafic intrusion [reprinted from Su et al. (2012a) with permission of Bellwether
Publishing Ltd.]. Normalized values are from Sun and McDonough (1989)
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most of the other elements, and can be attributed to possible crustal contamination,
mobility during deuteric alteration, and/or metamorphism (Rollison 1993).

The diorite sample (HSS12) has the highest REE and other trace element
abundances, and their patterns are shown in Figs. 6.3 and 6.4, revealing a possible
lack of genetic affinity to the Hongshishan intrusion.

6.1.3 Sr-Nd Isotopes

All the rocks in the Hongshishan intrusion, except the diorite (HSS12), have wide
ranges of 5’Rb/*°Sr (0.034262-1.060097) and initial *’Sr/*°Sr isotope ratios
(0.703523-0.707295). These samples show high '*’Sm/'**Nd ratios varying
widely between 0.137281 and 0.264500 with low initial '**Nd/"**Nd isotope ratios
varying narrowly between 0.512335 and 0.512661. Calculated enq4(t) values range
from +1.2 to +7.5 (Table 6.2). In Fig. 6.5, eight samples plot in ocean island
basalts (OIB) field, indicating a mixing trend between depleted mantle and EMII,
whereas the seven other samples displaying relatively higher (*’Sr/*®Sr)i for a
given eng(t) lie outside the OIB field, consistent with their trace carbonates that
generally have higher 87Sr/8Sr (Carpenter et al. 1991; Montafiez et al. 1996;
Banner 2006). The diorite (HSS12) has higher (*’Sr/*°Sr)i of 0.710158 and lower
eng(t) of —1.8 (Table 6.2).

6.2 Xuanwoling Intrusion

6.2.1 Major Elements

The rocks of the Xuanwoling mafic—ultramafic intrusion display systematical
increase in SiO,, TiO, and Na,O and decrease in MgO contents from peridotite,
olivine gabbro to gabbro. One peridotite sample has 43.3 wt% SiO,, 0.11 wt%
TiO,, 0.84 wt% Na,O and 21.8 wt% MgO. Two olivine gabbros have SiO, con-
tents of 45.0 and 47.5 wt%, TiO, of 0.15 and 0.26 wt%, Na,O of 1.31 and
1.23 wt%, and MgO of 17.1 and 14.7 wt%, respectively. Two gabbro samples
have SiO, = 50.7 and 51.0 wt%, TiO, = 0.49 and 0.19 wt%, Na,O = 1.33 and
2.19 wt%, and MgO = 13.4 and 9.50 wt% (Table 6.3). The whole-rock Mg#
values exhibit correlations with Mg# of their constituent minerals (Fig. 6.6).



117

6.2 Xuanwoling Intrusion

(panunuoo)
(8002)
e 19 erx 0’9 119215°0 €L8T1S0 oSyI'0 L6 S6'0  008€0L°0 S8THOL'O  9LIT'O 96T 0TI ¥LT nny SmopLag €L
(8002)
JUERERYY ¢ 059 9192150 €T6C15°0 IILI'0 €51 €¥'0  008€0L'0 69THOL'0  ¥8TI'0 199  €6T VLT npny SmopLdd 1-¥1
(6002)

ung €r'e ISLTIS0 0CIEIS 0 660T0 669 8ET  0ESEOL'0 09SE0L0 LLOO'0 ¥86 79T 08T e anoquydury (A
(6002)

ung 98'L 989Z1S'0  OI0SISO SO8I'0 8L €TT  009€0L'0 0€9€0L'0  LLOO'O  S89 T8 08T ne 01qqen TN
(6002)

ung 19°L ¥LITISO  0€0EIS0 L8610  ¥8'6  €TE  6LSEOL'0 0V9EOL0  9S100 €IS  9LT 08T e auexoikd 10 -
(6002)

ung 6v'L L99T1S°0 000€15°0 G810 ¥9°€  II'T  €SSE0L'0 000¥0L0 0SIT°0 901 Ty 08T nyzuenyy AMopLdd €D
(6002)

ung €98 9TLTIS O 000€15°0 0€ST'0  L6'C  SL'O  €L9S0L0 00090L°0 0¥80°0  8%S 651 08T nyzuenyy auaxoIkd 10 (4]
(6002)

ung 90°L SY9TIS'O  006TIS0 0CP1'0 TTT 1TS  9¥6E0L'0 000VOL'0  OPI00  92C I1'l 08T nyzuenyd aNuox0Ikg -0
(6002) S8l

ung €9°¢ 8€STISO  008TISO YEEI'0  TTT 067  8€6E0L°0 OLEYOL'O  ¥IOT'0  6LL  €LT 10€ LEEELIUN 01qqed  -Z0ZMLLO
(6002) 091

ung LSS GeSTISo 0T8TIS0 6VPI'0 €€l 0TE  988€0L'0 0SOYOLO G8¢0°0 ye6 ¥l 10¢ uogroeqny, olqqen  -T0ZMLLO
(6002)

ung or'6 TELTISO  080€1S0 SLLT'O  TL'9 L6l 89LTOL'O 00VOIL'O  916LT S'89 +'Ty  10€ LEREL U auaxoIkd 10 9Z-108L
(6002)

ung SI'8 L99T1S'0  010€1S0 SYPLI'O  LL'S  L9T  TETEOL'O OLOYOL'O L9610 LS9 L¥v 10€ uagIoen, amopudd  08-10C1.L
(6002)

ung 61'8 699C15°0 066C15°0 TOT0  0v'6  vST  €L8E0L'0 00LVOLO w610 91 801 10¢ uogroe[ny, amoptrad [qH 161-C0SL
(6002)

ung e 01+¥C1S0 089CIS°0 9LET'0  ¥T9  THT  C€8EEOL'0 066£0L0 0Zr1'o €91 66'L 10¢ LERELIUNN ayuaxoIkd [0 081-20S.L

a3pjonjanp
201n0S (wdd) (wdd) (wdd) (wdd) (ely)
eeq (DPN2 - PNy /PNep)  PNpyi/PNgpr PNy /WS 4 PN WS 1SS, o) ISgeMS, o 1Sge/q¥ g BN qq 93y xardwo) adA ooy ordures

[sse1q Io1Ads[g Jo uworsstuizad M (qZ107)
‘[e 39 nS Io)e payIpow] Ueysiog pue ueysuel], J[PPIA ‘@Sejon[ons oy} woiy soxd[dwod oyewenn—oyew ay} jo suonisodwos 01dojost pN—IS 7'9 dqel



6 Geochemistry

118

(panunuod)
0100
Te 32 oery 0r'9 809CIS0  9T6TISO 8CLT'0 86’8 8ST  8E9EOL'0 0S8EOL'0  €€50°0  S8% €68  6LT ueyssuery 0I1qqED 0L-sX
0102
Te 19 oerx 06'L T89TIS0  8L6TISO SI9T0  ILT €L°0  PIYOL'0 68€vOL'0 81900 0+9 LET 6LT ueys3uery AMopLRg 99-sX
0100
‘Te 10 o’rY 0r'8 60LTIS0  910€1S0 SLOT'0 8L ¥6'F  I¥PEOL'0 9E€SE0L0  6£C00  S¥9  ¥ES  6LT ueys3uery 01qqes [qH 79-8X
(0102)
Te 19 oerY oL'L 699TIS°0  920€1S0 7610 601  6¥'€  T109€0L°0 0L9EOL'0  €LIO0  SLS #¥'€  6LT ueyssuery o1qqen T6-sX
0100
Te 12 oerx 08'L SL9TISO  8IOEISO PL8T'O0  IS€  60'T  909E0L'0 €T8EOL'0  ¥¥SO0  T8E  8I'L 6LT ueyssuery 01qqes [qH 11-2X80
0102
Te 10 O’rY 0g'L $S9TISO  T00EIS0 Y6810 ¥ET €L0  L9SEOL'D 660YOL'0  8EET'O0  9HE 09T  6LT ueysguery amoptrad 01-2¥80
(0100
‘Te 10 oery 09°'8 61LTISO  #SOEISO GT81'0 8L  #S0  S6LKOL'0 16870L0  ¥ETO0  6LE 90  6LT ueyssuery 01qqe3 [9H 6-2X80
(0102)
Te 32 oery 0L9 619CIS0  LO6TISO 0LST'0  6€T  T9E  TOYEOL'O €0SE0L'0 92000 9SS  6V'0  6LT ueyssuery 01qqED £-0798X
0100
Te 19 oerx 06'S 8LSTIS0  SPSTISO SSPI'0 OF9 ST LPOEOL'0 STSEOL'0  8F¥O'0  8ET  ¥IT  6LT ueyssuery 0IqqeD  G-0TLSX80
(0100
Te 19 oery 0s'L 19921S0  €L6TIS0 €OLT'0 68 YET  6L8EOL'0 968€0L0  ¥FO00 989  SO'T  6LT ueys3uery 01qqe3 94-1L ¥T-$X80
(0100
Te 19 o’rY 09°'8 9ILTISO  066T1S0 L6YI'0  SE€El €€ I89€0L°0 €96€0L0  60L00  OIE 19L 6LT ueyssuery 01qqes [qH LT-5X80
(6000)

ung vE'8 T1LTISO  000€1S0 1910 ST T+'0  S86€0L0 096¥0L0  SOSTO SOy ISE€  +LT nnyg  anuexoikd [0 €-H
(6002)

ung 6¢°L T99TIS0  0S6TISO S09T'0 08T 870 0SOYOL'0 0L0SOL'0  6ISTO 095 88+ VLT oy 9uexoikd [0 TH
(6002

ung 159 LI9TISO  016T1S0 PEOI'0  I¥'6 ST 6ELEOL'O 0S8EOL'0  S8TO'0  86S  88'S  ¥LT npy oxqqed I-H
(8002)
Te 32 erx or'L 6Y9CIS0  STETISO 6¢ST0 #'61  16%  008E0L'0 T9OVOL'0 88900 088 60T VLT nyg 0I1qqED 1-¢f
(8002)
Te 32 erx 069 LE9TISO  6T6TISO0 Y910 19%  €TT  00LYOL'0 €68¥0L'0  0SKO0  0TL TI'T  ¥LT npyg amopuRd [}
201n0S (wdd) (wdd) (wdd) (wdd) (epy)

ered  (OPN2 1PN, /PNgp) PNyt /PNy PNy /WS, PN WS I(ISye/IS,0)  ISgo/IS, o 1Sge/Y, ¢ IS qy 93y xardwo) adKy Yooy ordweg

(ponunuod) 7'9 AqeL,



119

6.2 Xuanwoling Intrusion

(panunuod)
(002
Te 32 noyz 0S'L TL9TISO  096CIS0 62910 1T'8 1TT  00LEOL'0 TTOVOL'0  ST80D'0  TLE 90T LT SuopueysSueny ayuouoIqqen 6CSH
(¥002)
Te 30 noyz 0L9 9€9TIS0  SE6TISO €691°0 TL'S 09T  008€0L'0 981+0L'0  SYOT'0  ¥8T €01 pLT SuopueysSueny ayuouoIqqen 0ESH
(¥002)
‘[e 12 noyz, 0€'6 S9LTISO  THOEISO 0910 90'T  LTO  00TEOL'0 OISEOL0  TLLOO  TTI  9TE LT SuopueysSueny 0I1qqES 10 LTSH
(¥002)
‘Te 12 noyy, 06'8 SPLTISO  890€IS0 8281°0 TES 19T  00T€0L'0 LSTEOL'0  €8100  +8€ THT LT SuopueysSueny 0I1qqES 10 IESH
(002
Te 32 noyz oL'8 8ELTISO  8POEISO TSLT'O 68T SS0  008TOL'0 89€€0L'0  TLST'O  8IT  OF9 LT SuopueysSueny 01001, ¥TSH
(#002)
[e 32 noyz, orL SS9TISO  €L6TISO L6LT'0O  #8'T +80  008€0L'0 €8E¥OL0  SI9OI'0 906 90°S 69T  IxueysSueny AudISqOM [Q 6MSH
(¥002)
‘Te 30 noyz, or'L $69CIS0 0662150 0061°0 98¢ ITT  00STOLO T0TPOLO  09%F'0 0'8L 0TI 69  IXueysSuenq QJUOUOIGYES [O 1TMSH
(¥002)
Te 30 noyz 0$'8 LTLTISO  €L6TISO TEET0  0ST  0€0  006£0L°0 69THOL'0  €6L00 S0S 8T 697  TxueysSueny aolooI], LTMSH
(002
Te 30 noyz, 09°L 1892IS0  OT0SIS0 79810 L6T TGO  00ESOL'0 0€ESOL'0 19100  8LS TTE 69¢  ™xueysSueny ajuouoIqqen 61MSH
(¥002)
Te 30 noyz, 0T'6 €9LTIS0  690E1S°0 TELT'O  9L'T  0S0  009Z0L'0 86IE0L0  6SSI'0  TES L8T 69¢  IxueysSueny Ao1o0n 6CMSH
(¥002)
Te 12 noyy, 0L'9 1€921S0  LEGTISO 6CL1'0  SL'E  LOT  00SPOL'0 $EVPOL'O  9STO0  €S€  €I'€ 69T  IxueysSueny duuouoIqqes LIMSH
0100
Te 12 oerx 00°L 9€9TIS0  T€6TISO 1910 61T 9T'€  +¥9€0L'0 98LE0L0  9SE00  9€§ 099  6LT ueyssuery 0I1qqeS of-1L 18-5X
0102
Te 12 oerx 0€¢'8 €0LTISO  S86TISO LESTO 06T ¥L'0  0TTEOL'0 T€THOL'0  €STO T8L 889  6LT ueysguery AmopLRg 6L-5X
0100
Te 19 oery 019 T6STISO  888TISO SI91'0  ¥'¥1  S8'€  T86E0L'0 OLIFOL'O  STLOO LSy +I1  6LT ueys3uery 0IqqES 041 LL-SX
(0102)
Te 32 oerx 089 ST9TISO  0OP6TISO 8ILT'0 0TI I¥E  €6LEOL'0 8IOKOL'O  S9S00 TSt  T88  6LT ueyssuery 01qqes [qH 9L-sX
0102
Te 12 oery 06'L G89TISO  666C1S0 8ILT'0  LL9 TET  TT9EOL'0 TTLEOL'0  TSTOO  Shy  88'€  6LT ueyssuery 0IqqES of-1L GL-sxX
201n0S (wdd) (wdd) (wdd) (wdd) (epy)

ered  (OPN2 1PN, /PNgp) PNyt /PNy PNy /WS, PN WS I(ISye/IS,0)  ISgo/IS, o 1Sge/Y, ¢ IS qy 93y xardwo) adKy Yooy ordweg

(panunuod) 79 Jqe],



6 Geochemistry

120

(panunuoo)
(8002)
e 10 rey) w©y T0STIS0  $ELTISO 2o 08770L'0 €99S0L0 08670 182 uenbrysreg AUAISGIM [0 1-654
(8000)
JLRERILe) YL'S S96TIS0  H08TISO 1821°0 6S0V0L'0 $TEYOL'O  8990°0 18¢C uenbrysreg AMopLIRg ¥-8sd
(8002)
JLRERIL0) LL'T T9€TIS0  919TISO T9€1°0 6£€S0L'0 6TLSOL'0  LS60°0 18C uenbrysteg amopLRg €059
upysuvl [, A[ppIN
(9000
Te 10 1] 209 €78TIS0 89TI'0  €S¢  OFL (%114 uejoeqrey 0I19qED 01-€T8
(9002)
BLRCRS 8L'8 9T0E1S0 SI91°0 160 #T0 [$:14 uejoeqrey AMopLIR 6-€T8
(9002)
e I SI'6 SLOEISO 98L1'0  99'L 97T [S:14 uejoeqrey AO10L], 9-€28
(9002)
JLECRS 99°8 LTOETS0 10910  8€9 691 (%174 uejoeqrey ayolooI], G-€28
(9002)
Te 10 1] S99 0€8215°0 €TI0 60T 88€ %14 uejoeqreH oI 7-€T8
(9002)
Te 10 1] L61T0 890 STO LLT a3enaeI) o1qqen 11-128
(9002)
e Iy Sy 19L216°0 9610 I'LE €8 LLT a3l auolq 6128
(9002
Te 10 1] 158 060£15°0 POT0 1TSS 9L'T LLT a3enaeI)) oI L-T28
(9002)
Te 10 1] [ 600150 S8LT'0 €69 +0T LLT a3enaeI)) 01qqen 9-1¢8
(9002)
JERCRS| X4 T60€1S°0 ¥S61°0 90 TI'0 LLT agerarI) 01qqen y-1e8
(9000)
Te 10 1] seT $09Z1$0 0STI'0 €10 200 LLT a3eiaeI)) aunuadiog T8
(¥002)
Te 30 noyz, 006 6VLTIS0  S90ETIS0 G8LT'0  LOE 160 00THOL'0 88LvOL'0  +T81°0 SIS ST¢ pLT SuopueysSueny auuou [0 9ZSH
201n0S (wdd) (wdd) (wdd) (wdd) (epy)
ereq (PN 1PN,y /PNgp) PNyt /PNy PNy /WS, 4 PN WS I(ISye/IS,0)  ISgo/IS, o 1Sge/Y, ¢ IS qy 93y xardwo) adKy Yooy ordweg

(ponunuod) 7'9 AqeL,



121

6.2 Xuanwoling Intrusion

(panunuod)
(L002)
TR 19
Sueyz 50 9G€TIS0  19STIS0 9061’0 OvT  8T'S  STLYOL'O 09SHOL'O  TPITO 109 TSP 9¥T eAoM o1qqen 6€-X
(6002)
Te 30 Sue], we SE9TIS0 €291°0 PPSPOL'0 €0E0IL'0  SPOET 08¢ nfuer], AMopLRg 79-€08
(6000)
Te 30 Sue], €Ls P9LTISO 65€1°0 61¥SOL'0 L88SOL'0  €ETT°0 08¢ nfuer], amopued 081-€09
(6000)
e 10 Sue], LO°0- S6HTIS0 90S1°0 8GTSOL'0 LL9SOL'O  08T8°0 08T nfuer],  oyuexorkd [O 62-209
(6002
‘Te 10 SueL, €9°¢ 1€LT1S°0 ISLT0 L6ETOL'0 98STHLO  v06F'6 08¢ nfuer,  onuoxolkd [0 6€-€09AL
(6002)
Te 30 SueL, 8 LLLTISO T9L1°0 P6I60L'0 YTHPIL'O  999T'1 08¢ nfuer,  anuoxolkd [0 €81-P09AL
(6000)
e 10 Sue], Ly SELTISO LLVTO ¥6880L°0 8EE60L0  ¥LOT0 08T nfuery, muaxoikd  ZL-T0TAL
(6002) (4
Te 10 Suef, vLO- LI¥TISO T001°0 0TLI0L'0 S¥690L0 9S00 08¢ nfuery, 01qqen  -7090MZAL
(6002) 1S
Te 10 Suef, e LSLTISO 10L1°0 68¥S0L'0 €9SLOL0  €T0S0 08T niuery, 01qqen -[0I0MZAL
(6002) 10T
Te 30 Sue], 0$°0- P6YTIS0 9ET0 P69LOL'0 8SL6OL'O  866Y°0 08¢ nfuer], 0IqqED  -€0TAZAL
(6000 49
e 10 Sue], 90~ 8SHTIS0 [328%0) LLEBOL'O 6LYTILO  9£66°0 08T nfuery, AWoIq  -€09NZAL
(6002 201
Te 10 Sue], Sty L99TIS0 7600 91TSOL'0 TTY90LO  SOYED 08T nfuery, 01qqen  -7090MZAL
(8002)
e 10 ey L9'] LSETISO  €19TIS0 PLETO THTO0L'0 TESYOL'0  0ELO0 18¢C uenbrysreq 01qqes [qH p-Isd
(8000)
JLRERILe) 19°L 19921S0  SS6TIS0O LLSTO 898€0L°0 SO0YOLO  ¥¥€0°0 182 uenbrysreg AMOI0I], -9sd
(8000
JLRERIL0) S9°¢ 09STIS'0  808TISO 8TEI°0 THEPOL'0 8SSPOL'O  #+SO'0 182 uenbrysreg AMOI0I], 11-854
201n0S (wdd) (wdd) (wdd) (wdd) (epy)
ereq (PN 1PN,y /PNgp) PNyt /PNy PNy /WS, 4 PN WS I(ISye/IS,0)  ISgo/IS, o 1Sge/Y, ¢ IS qy 93y xardwo) adKy Yooy ordweg
(ponunuod) 7°9 dqe],



6 Geochemistry

122

(panunuoo)
Aprs L, vS'L 1992160 L66T1S0 61810 TI'E $60  LLESOL'O SLLSOL'O #6600  €€C 008 98T  URYSIYSSUOH 0I1qqED SSSH
Apms sty 91'9 06STIS0  T16TIS0 9ELI'0 €61  SS0  00S90L0 SLTLOLO — 9€61'0  €T6 T90 98T  UeUSIYsSuOH anun(g T0SSH
Aprs styL, 8I'T SEETISO  9S9TIS0 ObLT'0  SL'O0  TTO  SSOPOL'O +98F0L0  TTOTO L'6€ 8LT 98T  UBYSIYSSUOH aiung 80¥SH
Apms sty 0T'€ 6EVCIS0  6TLTISO TLSTO  STO  LOO  LPISOL'O 16SSOL°0  OIII0  0€E LTI 98T  UBYSIYSSuoy anung 9S€SH
Aprs L, 1T$ TPSTIS0  S6LTISO €LET0  ITT  LTO  LYOVOL'0 68880L°0  T090'T 918 66T 98T  UEUSIYSSuoy aiung 60€SH
Apms sty 8Y'S 9$STIS'0  OI0EISO €9¥T0  OL'0  6T0  TYOLOL'O TILLOLO — #/91'0 061 OI'l 98T  UBYSIYsSuoy AINOpPLI] OLTSH
Aps sryL, €Ls 69STIS'0  0SOETIS0 01970 +¥'0  61'0  S6TLOL'O TLSLOLO — 06900 +I'S TI'0 98T  UBUSIYsSuOH amopLRg THISH
Aprs smyL, 80°¢ EEPTISO  S9LTISO 96L1°0 980 9TO0  66LSOL'0 LSO90L0  #¥90°0  OvI II'E 98T  UeYSIYSSuoH amopuRg $61SH
Apms sty 81°¢ 8EKTISO  0ELTISO 78610 LEOD  OI'0  €SSPOL'0 TS8SOL'0  L¥T€0 166 I'Il 98T  UBYSIYsSuoy 01001, OLISH
Aprs L, 98°¢ ELYTISO  6VLTISO L6YT'0  9T0 LOO  9¥L90L'0 SP690L0  86¥00  TOT  $L'T 98T  URYSIYSSuOH 01001, 6€TSH
Apms sty or'y S8YTIS0  €I8TISO LLLTO  9S0 910  €TSEOL'0 LSPPOL'O  +EETO  I€1 901 98T  UBYSIYsSuoy A0I001], OTTSH
Apms L, 6L'T L9ETIS0  TELTISO 08610  ¥L¥ SST  +I0SOL'0 8TESOL0  6SL00  +0T  +L'T 98¢  UBYUSIYsSuOH 01qqen €6SH
Aprs smyL, 69°S 996210 ¥SOEIS0 SP9T0 8T 090  LSOVOL'0 906V0L0  TTITO 606 L99 98C  UBUSIYSSUOH 0I1qqED $9SH
Apms siyL (%72 PESTISO  SHBTISO yZ81°0  TO'T  1€0  PIESOL'0 SOPSOL'0  SHTOO €Tl +O'T 19T Surjomueny AMOpLIdg STIMX
Aprs smL, ore¢ 19VTIS0  L9LTISO 06LT°0 18T €80 96IS0L0 LSTSOLO  ¥9100 82T 6TT 19T Surjomueny 0I1qqES 10 PIMX
Apms sy, 00°S 6SSTIS0  TLSTISO 9¢81°0 8T SFO  99THOL'0 T€EYOL'0  SLIOO  TOT TTT 19T Sujomueny 01qqes 10 £IMX
Aprs smyL, 6L'T P6ETISO  S69TISO LOLT'0  LOT  T€0  860LOL'0 TETLOLO 16000  IST  6L0 19T Surjomueny 01qqED TIMX
Apms sty 9T 8THCIS0  ISLTISO v681°0  10°€  ¥60  66890L°0 66SLOL0 16810 €81 0TI 19T Surjomueny oxqqen ITMX
unysiag

(L00D)
e 19

Sueyz 9L°0 89€TIS0  €09TIS0 L6PT'0 08T 089  €S9L0L°0 LIE6OL'0  ¥L8Y'0 OV TOv 9¥C eArop 01qqeD 16X
(L00T)
TR 19

Sueyz 0L0 G9ETISO  TESTISO 9PFI'0  €0T 66  TTY9OL'0 YIELOL'0  820TO 18T 611  9¥C eArop 01qqen 05-x
(L00T)
NLRE]

Sueyz TLo 99€TIS0  18STISO 89€T'0 661 TLY  689L0L°0 SOTLOL'O  6ITI'0 01T  TO6  9¥C eArop 01qqeD LyX
(L00D)
e 19

Sueyz 9L0 89€TIS0  LLSTISO 6CET'0  LVE  €9°L  LOL9OL'0 0€TLOL'0  T€ST0  80L T'6E 9¥C eArom 0I1qqeD Sp-x

201n0S (wdd) (wdd) (wdd) (wdd) (epy)

ered  (OPN2 1PN, /PNgp) PNyt /PNy PNy /WS, PN WS I(ISye/IS,0)  ISgo/IS, o 1Sge/Y, ¢ IS qy 93y xardwo) adKy Yooy ordweg

(ponunuod) 7'9 AqeL,



123

6.2 Xuanwoling Intrusion

Ppue 9pud[quIoy d1e [0 PUL [qH "£961°0 = ¥MHI(PN /WS ;) PUB BE9TIS0 = ¥NHI(PN

(soSe qd—) U0o1IZ) soSe UONBULIOY IIAY) 1B PAJB[NO[Ed Ik PN Puk IS J0j onel [entuy ‘K[9ANdadsal ‘OuIATjo

po1/PN gpy) 21dwes = s a10ym 00001 X (1 — ¥HA(PN

wp1/PN g )S(PN 411 /PN ¢pp)) = PN2 200N

(9002)
Te 0 Suerf Wl 8GETIS0  6SLTISO 9¢TT0 16T 80T 69ELOL'0 S9SLOL'O  €0SO0  S9T 9¥0 ¥8C 1ysod 019qes 10 T-¥ad
(9002)
Te 10 Suerp 089 ¥E9TISO  868TIS0O PLPT'O  PL'T €40 €08YOL'0 S90SOL'0  TLYOO  ¥8T 1€t V8T 1ysod 01qqe3 [0 1-¢ad
(9002)
Te 30 Suelf 6C1- 61TCIS0  TTSTISO 8801°0 88'C 080 ILT8OL'0 L9E8OL'0  9¥TO0  0CE €LT ¥8C ysod loqqen -tad
(6002)

ung $6'6 08LTISO  00TEISO 86TT0  SET 880  86OYOL'0 OFTHOL'0  €S€00 9T6 E€I'T  ¥8C SuoponT  AyuaxoIkd [0 S8H-T0ZAT
(6002)

ung Tl EY8TISO  09TEISO WTTO  8F'T SS0 L9YEOL'D 0TSEOL'0  TEIOO  ObE 910 V8T Suopon amopuad  08€-10ZA'T
(6002)

ung 101 98LTIS0  OSIEISO 6S61°0  S8'€ ST  6V6TOL'0 OFSEOL'0  S9P1'0  €TL 19°€  ¥8C Suoponp  anuexoikd [0 68Z-10ZA'T
(6002)

ung 8¢'8 00LZIS0  080IS0 €P0T0  LF9 61T  6T6EOL'0 08THOL'0  €T90°0  I€C  L6H V8T Suopon 0I1qqED 9-a'1
(6002)

ung 099 609CIS'0  OI0EISO 6S1T0  €FT €80  €00VOL'0 060YOL'0  SITO0  ¥ST  SI'T  ¥8C Suopon o1qqen a1
Aprs smyL, 6v'¢ LSKTISO  LESTISO LLOTO TTT  THO  $ETIOL'0 ¥8690L'0 16810 66L TTS 6LT ueyser(ig anun 6srd
Aps siyL, 6°€ 6LYTISO  TELTISO 6LET'0 08T I¥0  €9SPOL'0 OLSYOL'O  SLLOO  9vT 099 6LT ueyserlig 0101, 8srd
Aprs L, ST'8 10LTIS0  90IEIS0 SITT0 65T 850  TTHHOL'O vPSHOL'0  LOLOO  T9T 8LT 6LT ueyser(ig 0I1qqED ySrd
Apms siy, 9L 699C1S0  060€1S°0 YOECTO  0S'T LSO 89SE0L'0 8F9EOL'0  TOTOO 92T  8ST  6LT ueyseifig 019qe3 [0 esrd
Aprs styL, 6v'L T99TIS0  €0TEIS0 TIPT0 P81 €L0  SPLEOL'0 €F8EOL0  8KTOO  TTT 16T  6LT ueyser(ig 019qeS 10 1srd
Aprs siyL, FOLIISO 6£600  S8S 606 VESLLL'O 86906 909 681 UBySIYS3UOH aneq  €-€SSHE0
Aprs styL, 9681150 €680°0 S€8 €Tl LEOSLL'O  SS8T6 TT9 861 ueysIysSuOy aveq  1-€SSHE0
Apms sty 86'C TEVTISO  0ELTISO €691°0  T'LE 00  TTSYOL'0 €69TIL0  TThST 1.9  8SE 6LT  UBUSIYSSUOH AoAYy ¥-9SSH
Aprs srqL, 1283 09vTIS0  €9LTISO LSOT'O  ¥'TI¥ €11 19€90L°0 I8SYILO  I¥SOT €SS T6E 6LT  UeYSIYsSuoy oAy €-9SSH
Aprus smyL, STy 96¥CIS0  €6LTISO L2910 O'€y  9TT  68Y90L°0 TTTEIL0  #T89T TL9 T'6€ 6LT  URYSIYSSuOH AoAYy T-9SSH
Aps siyL, 19T TIVCIS0  LOLTISO 91910 SI¥  T'IT  1LS90L°0 ¥OTEIL'O  LLSYT GE€EL €Ty 6LT  UeysIysSuoy oAy 1-9SSH
Aprus smyL, 18°1- S8ITISO  THTISO SOET'0 90%T  €0°€  8STIOIL'0 SPPCILO  LILSO  T€1  6'ST 08T  UeUSIYSSuoy oK TISSH
Apms sty €9 66STIS'0  SS6TISO 1610 80T 990  TTISOL'0 6SLSOL'O  €¥€00  8LI  OI'C 98T  uUBYSIYsSuoy 01qqe3 [0 11SSH
Aprs smyL, [S:X9 GLSTISO  LOOETSO EPET0  TLT  SOT  9T6VOL'0 69TSOL'0  LS80'0  6CTT  T8E 98T  UEUSIYSSUOH 0I1qqES [0 0TSSH

201n0S (wdd) (wdd) (wdd) (wdd) (epy)

ereq (PN 1PN,y /PNgp) PNyt /PNy PNy /WS, 4 PN WS I(ISye/IS,0)  ISgo/IS, o 1Sge/Y, ¢ IS qy 93y xardwo) adKy Yooy ordweg

(panunuod) 79 Jqe],



124 6 Geochemistry

Fig. 6.5 Plot of enq() versus 12
(¥Sr/3Sr); showing the Sr ﬁ * I ® Bijiashan
and Nd isotope compositions DM‘ ° ; i’{::hniw')lmg
of the mafic—ultramafic st e o o Luodong
intrusions in the Beishan e Mot ® Hongshishan
Terrane. Data sources: : 4 .
Bijiashan, this study; = o® . °
i i . 2 3 ® o ° —_—
Poshi, Jiang et al. (2006); . T %
Luodong, Sun (2009). DM, 0—ia— ] ; RS S
depleted mantle; EMII, i ~
enfiched mantle II; OIB, \ 2 ¢ EMII
oceanic island basalt (Zindler i
-4 ) 1 1 . .
and Hart 1986) 0702 0704 0706 0708 0710  0.712
(87Sr/86Sr)i

6.2.2 Trace Elements

The rocks of the Xuanwoling are characterized by flat REE patterns with positive
Eu anomalies, which are comparable to the Poshi intrusion (Fig. 6.7). Peridotites
have overall lower REE abundances than gabbros. Positive Eu anomalies in
gabbros are relatively weak compared to the olivine gabbro and peridotite. Similar
to the Poshi intrusions, the Xuanwoling rocks display uniform trace element
patterns having negative Nb, Zr and Hf anomalies and positive Pb, Sr and Eu
anomalies (Fig. 6.6; Jiang et al. 2006). The country rocks, two granite samples,
have similar geochemical compositions. They have SiO, = 75.8 and 72.5 wt%,
Na,O + K,0 = 7.2 and 8.4 wt% and Al,O; = 12.5 and 14.0 wt% (Table 6.3). In
trace element patterns, they display highly fractionated REE, negative Eu anom-
alies, LILE and HFSE (Zr and Hf) enrichment, and Sr, Nb and Ta depletion
(Fig. 6.7).

6.2.3 Sr-Nd Isotopes

Five analyses on the Xuanwoling intrusive rocks give (*’Sr/*°Sr)i range from
0.704266 to 0.707098 and (***Nd/"**Nd)i ratios from 0.512394 to 0.512559 with
corresponding éeng(t) of 1.79-5.00. Two gabbro samples have lower exqy(t) values
and higher (87Sr/86Sr)i than the olivine gabbro and peridotite (Table 6.2).
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Fig. 6.6 Plot of Mg# of whole rocks and minerals of the Xuanwoling mafic—ultramafic intrusion
[reprinted from Su et al. (2010) with permission of Acta Petrologica Sinica]
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Fig. 6.7 Chondrite-normalized rare earth element patterns (a) and trace element spider diagram
(b) of the Xuanwoling and Poshi mafic—ultramafic intrusion [reprinted from Su et al. (2010) with
permission of Acta Petrologica Sinica]. Poshi data are from Jiang et al. (2006)

6.3 Bijiashan Intrusion
6.3.1 Major Elements

As shown in Fig. 6.2, the mafic—ultramafic rocks of the intrusions in the Beishan
Terrane show systematic variations in major elements. SiO, contents vary from 36
to 53 wt%, with the ultramafic rocks having generally lower SiO, contents of
<40 wt% relative to the mafic rocks (Fig. 6.2). Al,O3 varies from 2.0 wt% in
peridotite to 25 wt% in gabbro, whereas the CaO contents in ultramafic and mafic
rocks are lower than and higher than 10 %, respectively. All the rocks are depleted
in Na,O + K0 (<2.50 wt%) and TiO, (<0.50 wt%). The Al,O3, CaO and TiO,
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Fig. 6.8 Chondrite-normalized rare earth element and primitive mantle-normalized trace
element patterns of rocks from the Bijiashan mafic—ultramafic intrusion and its country rocks
[reprinted from Su et al. (2013) with permission of Pergamon]

show a corresponding increase against SiO,, whereas MgO and FeO display a
decreasing trend. The country rocks, biotite-quartz schist, of the Bijiashan com-
plex have high SiO, (72.3 wt%) and Na,O + K50 (7.25 wt%) but are poor in FeO
(2.75 wt%), whereas the diabase which intruded the complex has compositions of
SiO, = 55.2 wt%, MgO = 5.03 wt%, FeO = 9.39 wt%, Al,O; = 14.6 wt%,
TiO; = 1.44 wt% and Na,O + K,O0 = 3.28 wt% (Table 6.3).

6.3.2 Trace Elements

The normalized trace element patterns are shown in Fig. 6.8. The Bijiashan mafic—
ultramafic rocks display flat rare earth element (REE) patterns with positive Eu
anomaly and uniform primitive mantle normalized trace element pattern. The
dunites and gabbros possess LREE depletion, whereas the troctolites show HREE
depletion. Large ion lithophile elements (Rb, Th, U) are enriched compared to
HFSE such as Nb, Ta, Zr, Hf and Ti. Similar trace-element features have been
observed in the other complexes of the Beishan Terrane (Jiang et al. 2006; Sun
2009; Xie et al. 2011). In contrast, the country rocks and diabases display higher
trace element abundances and distinct patterns relative to the mafic—ultramafic
rocks (Table 6.3; Fig. 6.8). They are characterized by LREE and remarkable LILE
enrichment, negative Eu and Sr anomaly, and positive Zr and Hf anomalies.

6.3.3 Sr-Nd Isotopes

The Sr—Nd isotopic compositions show marked variation in the different rock
types of the Bijiashan intrusion. The dunite sample BJS-9 has the highest ®’Sr/*°Sr
value of 0.706984 with corresponding (*’St/*°Sr)i value of 0.706234 and the
lowest (‘“**Nd/'**Nd)i value of 0.512457 with corresponding exq(t) of 3.49.
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Table 6.4 Major and trace element compositions of the Luodong mafic—ultramafic intrusion

Sample LD-4 LD-6 LD-8 LDZ0l- LDZzZ01- LDZ01- LDZ01- LDZO01-
270 55 285 380 485
Rock Gabbro Gabbro Gabbro Gabbro Peridotite Peridotite Peridotite Peridotite
SiO, 51.7 46.6 51.7 46.6 36.8 39.8 39.3 39.7
TiO, 0.40 0.75 0.50 0.30 0.27 0.45 0.22 0.37
Al,O4 16.4 18.6 17.0 19.4 4.79 5.99 4.81 7.21
Fe, 05 0.59 1.16 0.55 0.44 5.44 2.77 2.53 2.22
FeO 4.19 5.12 3.80 4.56 2.56 7.90 7.47 7.15
MnO 0.10 0.10 0.09 0.08 0.12 0.15 0.14 0.15
MgO 11.0 10.6 9.8 12.4 34.6 34.0 35.2 26.9
CaO 10.8 9.82 11.6 9.63 1.52 2.84 2.89 5.90
Na,O 2.25 3.68 2.31 2.25 0.54 1.02 0.46 0.61
K>O 0.06 0.24 0.10 0.06 0.12 0.08 0.04 0.04
P,0Os5 0.03 0.08 0.03 0.02 0.03 0.07 0.03 0.04
LOI 1.45 2.43 1.57 3.22 12.27 3.66 5.45 8.38
Total 98.9 99.2 99.1 98.9 99.0 98.7 98.5 98.6
Na,O + K,O 2.31 3.92 2.41 2.31 0.66 1.10 0.50 0.65
FeOT 4.84 6.40 4.41 5.04 8.54 10.9 10.3 9.59
Mgt 80.4 74.9 80.0 81.5 87.9 84.8 86.1 83.4
Cs 0.30 3.93 0.34 0.37 348 0.37 0.13 0.12
Li 4.88 38.3 3.06 3.92 7.32 3.70 2.56 1.16
Be 0.28 0.34 0.27 0.26 0.26 0.26 0.18 0.20
Cr 1,310 547 1,377 355 3,938 2,604 3,321 1,116
Ni 71.8 196 71.3 196 2,279 996 1,617 1,078
Sc 30.2 214 33.7 14.2 13.5 11.9 13.9 18.5
Ti 2,302 4,384 2918 1,728 1,557 2,643 1,306 2,171
v 185 130 209 72.6 106 70.0 75.0 92.7
Cu 79.7 90.3 88.4 97.8 282 314 259 153
Zn 38.5 50.4 32.3 35.2 58.8 70.3 60.8 53.0
Co 342 45.7 314 47.6 117.9 125 124 98.8
Ga 10.8 12.9 11.0 10.9 5.84 5.25 4.46 5.85
Rb 0.41 4.95 1.08 1.52 5.35 3.34 1.11 1.01
Sr 156 220 175 201 25.9 71.3 38.8 92.6
Y 9.31 15.8 11.7 6.36 6.56 11.2 6.37 9.13
Zr 234 55.1 28.9 16.0 21.5 50.7 18.1 26.1
Nb 0.94 0.89 0.74 0.67 0.93 1.01 0.64 0.72
Ba 41.0 24.8 24.9 20.2 23.2 21.3 14.2 14.5
Hf 0.77 1.56 0.96 0.49 0.66 1.37 0.57 0.81
Ta 0.07 0.06 0.05 0.04 0.07 0.07 0.04 0.05
Pb 1.29 2.27 1.29 1.41 1.48 1.88 0.79 1.42
Th 0.25 0.37 0.21 0.15 0.30 0.42 0.06 0.13
U 0.08 0.10 0.05 0.05 0.06 0.09 0.01 0.03
La 1.32 1.73 1.24 0.98 1.10 1.59 0.41 0.71
Ce 3.40 6.34 4.14 2.93 3.29 5.41 1.68 2.64
Pr 0.64 1.16 0.76 0.47 0.55 0.96 0.36 0.49
Nd 3.29 6.15 4.03 2.42 2.79 4.90 2.00 2.92

(continued)
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Table 6.4 (continued)

Sample LD-4 LD-6 LD-8 LDZ0l1- LDZO0l1- LDZ01- LDZOl- LDZ01-
270 55 285 380 485
Rock Gabbro Gabbro Gabbro Gabbro Peridotite Peridotite Peridotite Peridotite
Sm 1.11 2.13 1.43 0.83 0.91 1.57 0.72 1.08
Eu 0.51 0.83 0.65 0.49 0.30 0.38 0.29 0.40
Gd 1.39 2.45 1.79 0.95 1.06 1.76 0.93 1.36
Tb 0.25 0.45 0.33 0.17 0.19 0.32 0.17 0.25
Dy 1.66 2.99 2.25 1.14 1.24 2.13 1.12 1.67
Ho 0.36 0.64 0.49 0.25 0.27 0.46 0.25 0.37
Er 1.04 1.79 1.38 0.70 0.77 1.31 0.69 1.06
Tm 0.16 0.27 0.20 0.11 0.12 0.19 0.10 0.16
Yb 1.04 1.69 1.32 0.70 0.76 1.25 0.67 1.05
Lu 0.16 0.25 0.19 0.10 0.12 0.19 0.10 0.16

Note The samples numbered LDZ01-270, 55, 285, 380 and 485 (numbers represent the depth)
were collected from the drill cores

Troctolite sample BJS-8 shows slightly lower (*’St/*°Sr)i of 0.704563 and higher
("*Nd/"*Nd)i of 0.512479 with corresponding exq(t) of 3.92. Two olivine gabbros
and one gabbro sample have apparently depleted Sr—Nd isotopic compositions of
(*’St/*°Sr)i = 0.703568-0.704422,  (***Nd/"**Nd)i = 0.512662-0.512701 and
ena(t) = 7.49-8.25 (Table 6.2; Fig. 6.5).

6.4 Luodong Intrusion
6.4.1 Major Elements

Peridotites of the Luodong intrusion have 0.22-0.45 wt% TiO,, 4.79-7.21 wt%
Al,03, 1.52-5.90 wt% CaO and 25.9-35.2 wt% MgO with Mg# ranging from 83.4
to 87.9. The gabbros are relatively rich in TiO, (0.30-0.75 wt%), Al,O3
(16.4-19.4 wt%) and CaO (9.63-11.6 wt%) and poor in MgO (9.80-12.4 wt%)
with much lower Mg# values of 74.9-81.5 (Table 6.4). The major element com-
position of the Luodong rocks is comparable to those from the coeval intrusions in
the Beishan Terrane. Together they differ from the Permian basalts from the Tarim
LIP, which have much higher TiO, and lower MgO contents, and Al,03 and CaO
depletion for given MgO (Fig. 6.9).
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Fig. 6.9 MgO versus major
element oxides of rocks from
the Permian mafic—ultramafic
intrusions in the Beishan
Terrane and basalts from the
Tarim LIP. Data of the
mafic—ultramafic intrusions
are compiled after Jiang et al.
(2006), Ao et al. (2010), Song
etal. (2011), Xie et al. (2011)
and this study. Data of the
basalts are compiled from
Chen et al. (1997), Jiang et al.
(2004), Li et al. (2008), Zhou
et al. (2009), Tian et al.
(2010) and Zhang et al.
(2010). Partial melting trend
is defined by Herzberg (2006)
based on the composition of
the Hawaii basalts
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Fig. 6.10 Rare earth element and trace element patterns of rocks from the Permian mafic—
ultramafic intrusions in the Beishan Terrane and basalts from the Tarim LIP. Data sources as in
Fig. 6.9. Normalizing chondrite values are from Anders and Grevesse (1989). Normalizing
primitive mantle, OIB (oceanic island basalt) and MORB (mid-ocean ridge basalt) values are
from Sun and McDonough (1989)

6.4.2 Trace Elements

The Luodong peridotites and gabbros have uniform chondrite-normalized REE
and primitive mantle-normalized trace element patterns. They display flat REE
patterns with light-REE (LREE) depletion and lack of Eu anomaly (Fig. 6.10). In
the primitive mantle-normalized diagram (Fig. 6.10), the rocks of the Luodong
intrusion show negative Ti anomalies, negative to positive Pb anomalies, lack of
HFSE (Nb, Ta, Zr and Hf) depletions, with slightly LILE (Rb, Ba, Th and U)
enrichment. In general, the Luodong intrusive rocks have patterns similar to those
of MORB (Fig. 6.10). These patterns are clearly different from those of the coeval
intrusions in the Beishan Terrane, which are characterized by slight LREE and
LILE enrichment, apparently positive Eu, Pb and Y anomalies, and negative HFSE
anomalies (Fig. 6.10).

6.4.3 Sr—Nd Isotopes

The peridotites of the Luodong intrusion display a restricted range of isotope
compositions with initial #’Sr/*®Sr ratios ranging from 0.702949 to 0.704098 and
"3Nd/"*Nd ratios varying from 0.512780 to 0.512843 (Table 6.2). The corre-
sponding eng(t) values range from +9.9 to +11.2. Two analyzed gabbro samples
have slightly higher initial *’St/*°Sr (0.703929-0.704003) and slightly lower ini-
tial '**Nd/'**Nd ratios (0.512609-0.512700) than the peridotites (Table 6.2). The
gabbros have positive eng(t) values of +6.6 to +8.4. These samples have much
higher enqg(t) values than the coeval intrusions in the Beishan Terrane and the
basalts in the Tarim LIP and plot within or close to the MORB field, whereas the
latter two mostly plot in the OIB field (Fig. 6.5; Zhou et al. 2009).
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Chapter 7
Petrogenesis

The Eastern Tianshan and Beishan are key components of the CAOB, and both are
characterized by the exposure of numerous mafic—ultramafic complexes, most of
which host Ni—Cu sulfide ore deposits (Fig. 2.2; Qin et al. 2002, 2007; Zhou et al.
2004; Mao et al. 2008; Pirajno et al. 2008; Song et al. 2011). These complexes are
424-247 Ma and are considered to have evolved from basaltic magmas (e.g., Zhou
et al. 2004; Li et al. 2006; Pirajno et al. 2008; Tang et al. 2011). Thus, they provide
a perfect opportunity to probe into the nature and compositional evolution of the
late Paleozoic mantle beneath these regions.

Bulk Nd-Sr and zircon Hf-O isotopes are powerful geochemical tracers for
source and petrogenetic studies. They are widely used to recognize the nature and
involvement of recycled crustal components in the mantle sources (e.g., Turner
et al. 1997; Valley et al. 1998), to further identify whether the subducted materials
are derived from oceanic or continental crust (Magaritz et al. 1978; James 1981;
Arndt et al. 1998; Zhao and Zhou 2007; Wang et al. 2009a, b; Zhang et al. 2009),
and to discuss the geological processes such as crust-mantle interaction, petro-
genesis and subduction (e.g., Rollinson 1993; Wang et al. 2006; Zhou et al. 2008;
Zhang et al. 2009). Furthermore, Nd—Sr and zircon Hf-O isotopic mapping have
already been applied to the study of mantle heterogeneity and subduction-related
magmatism (e.g., Turner et al. 1997; Zhou et al. 2008; Wang et al. 2009a, b).

Here, we use 120 whole-rock Rb—Sr and Sm—-Nd isotopic analyses, and a
summary of 347 published zircon Hf-O isotopes from 17 samples of mafic—
ultramafic complexes in the Eastern Tianshan and Beishan to map the isotopic
variations. The ages of the samples have already been listed in Chap. 5 and
illustrated in Fig. 7.1. The isotopic mapping work may improve our understanding
of the mantle sources and origin of these complexes, particularly the compositional
variations of the mantle beneath the southern CAOB.

B.-X. Su, Mafic-ultramafic Intrusions in Beishan and Eastern Tianshan at Southern 135
CAOB: Petrogenesis, Mineralization and Tectonic Implication, Springer Theses,
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7.1 Sr—-Nd-Hf-O Isotopic Mapping

Bulk Nd-Sr isotopic results in this study and previously published data are
illustrated in Fig. 7.2. On a broader scale, the exg(t) values of the mafic—ultramafic
intrusions in the Eastern Tianshan and Beishan show large variations from —2 to
+11, while the initial Sr isotopic ratios (87Sr/86Sr)i vary from 0.702 to 0.710 and
correlate negatively with enqg(t) (Figs. 7.2, 7.3). More specifically, the mafic—
ultramafic rocks from the Jueluotage Belt have relatively restricted Nd—Sr isotopic
variations: high eng(t) between +5.5 and +9.5 (except for one sample) and low
(¥’Sr/3%Sr)i between 0.702 and 0.706 (Table 6.2). On the eng(t) versus (3’Sr/*°Sr)i
diagram (Fig. 7.2), the Middle Tianshan mafic—ultramafic intrusions are scattered,
whereas the mafic—ultramafic intrusions and related rocks in the Beishan Terrane
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Fig. 7.3 Nd-Sr isotopic map for mafic—ultramafic intrusions in the Jueluotage, Middle Tianshan
and Beishan [reprinted from Su et al. (2012) with permission of Elsevier Press]

have the largest Nd—Sr isotopic variations: eng(t) of —2 to +11 and ®7St/%%S)i of
0.703-0.710 (Figs. 7.2, 7.3).

Spatially, the (*’St/*®Sr)i ratios of mafic—ultramafic intrusions increase south-
ward from the Jueluotage to the Middle Tianshan, while the eng(t) values show an
opposite trend (Fig. 7.4). Within the Beishan Terrane, the intrusions exhibit clear
northeastward increase in (3’Sr/%°Sr)i ratios and decrease in exg(t) values from
Luodong to Xuanwoling, a trend that could possibly extend to the intrusions in the
Middle Tianshan (Figs. 7.3, 7.4).

Zircon Hf-O data in are summarized in Table 5.2. Zircons separated from the
mafic—ultramafic intrusions display oscillatory, patchy and concentric or linear
zoning, and have Th/U ratios of >0.10, indicating they are not xenocrysts but
actually crystallized from the mafic or ultramafic magmas. The mafic—ultramafic
intrusions in the Jueluotage Belt show wide variations in zircon Hf and O isotopic
compositions: '"°Hf/'7"Hf = 0.282737-0.283066, corresponding to eut) = +6.0
to +17.0, and 5'*0 = 4.14-8.00 %o (Table 5.2; Figs. 7.5, 7.6). Most of the zircons
have Hf model ages ranging from 600 to 300 Ma (Figs. 5.3, 7.6), and 6'%0 values
lower than typical mantle zircon values of 5.3 & 0.3 %o (Valley et al. 1998).
Zircons from the Tianyu and Baishiquan gabbros in the Middle Tianshan have
YTSHf/'7THS ratios of 0.282640-0.282820, corresponding to eyg(t) of +1.4 to +7.6
with Hf model ages of 862-616 Ma (Fig. 7.6), and 'O values of 5.17-6.30 %o
(Table 5.2; Fig. 7.5). The mafic—ultramafic intrusions and related rocks in the
Beishan Terrane also show wide variations in zircon Hf and O isotopic compo-
sitions with '"°Hf/'"’Hf ratios falling within the range of 0.282600-0.283075.
Correspondingly, their eye(t) values vary between —1 and +17 with a concentrated
distribution of 0-9 (Table 5.2; Figs. 7.5, 7.6). Hf model ages are mostly in the
range of 900-600 Ma, while the 5'®0 values range from +4 to +12 %o with a peak
between +6 and +8 %o (Fig. 5.3).
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The spatial distribution shows that zircon eyg(t) values display an apparent
southward decreasing trend from the Jueluotage, through Middle Tianshan, to
Beishan (Fig. 7.6). The Hf model ages show a continuous decrease from north to
south within the Jueluotage, and a similar trend is also observed from the south-
western-most intrusion in the Beishan Terrane to the northeastern intrusion in the
Middle Tianshan. Oxygen isotopes display overall southward increase in 6'0
values and large variations in the Beishan Terrane.

7.2 Fractional Crystallization and Crustal Contamination

The formation of most magmatic Ni—Cu sulfide deposits has been interpreted to
involve sulfur saturation, metal concentration, and sulfide precipitation (Maier
et al. 2000; Li et al. 2002, 2004; Sarkar et al. 2008; Zhang et al. 2009), which are
closely related to the evolutional path of magmas. As mantle-derived magmas
basically experienced fractional crystallization, assimilation, and magma injection,
it is important to establish the main controlling factors in each stage. In this
section, we first take the Hongshishan intrusion as an example to reveal the for-
mation process of the mafic—ultramafic intrusions in the Eastern Tianshan and
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Fig. 7.5 Zircon Hf-O isotopic and Hf model age map for mafic—ultramafic intrusions in the
Jueluotage, Middle Tianshan and Beishan [reprinted from Su et al. (2012) with permission of
Elsevier Press]

Beishan, and then combine all the geochemical data to discuss the contamination
differences between the intrusions from different tectonic units.

The gradual variations in lithofacies and mineral modal compositions (Fig. 4.2),
integrating good correlations between bulk major elements (Figs. 6.1, 6.2) and
overall identical trace element distribution patterns (Figs. 6.3, 6.4), indicate that
fractional crystallization is a significant factor in the evolution of the Hongshishan
magmas. The mineral assemblage in each unit is also consistent with normal
fractional crystallization. The well-layered features and the lithological sequence
(dunite, clinopyroxene peridotite, troctolite, and gabbro) demonstrate that a sig-
nificant portion of the Hongshishan intrusion crystallized in situ from a progres-
sively fractionating basaltic magma. Particularly, the Eu anomalies in REE
patterns and low concentrations in LILE suggest that the assimilation effect was
minor.

Nevertheless, some petrological and section-geochemical features summarized
as follows are inconsistent with fractional crystallization but could be easily
interpreted to be assimilation signatures. (1) Petrologically, plagioclase-bearing
dunites present within the dunite layer and zircons separated from these rocks do
not appear to be magmatic (not shown) and were likely from country rock during
assimilation. Furthermore, orthopyroxenes, occurring as a reaction rim of olivine
in gabbro, reflect the interaction between olivine and Si-saturated material.
(2) Geochemically, the bottom dunite sample (HS502) and the plagioclase-bearing
dunites have relatively higher trace element concentrations and weak to lack of
positive Eu anomalies, although Eu anomalies in some clinopyroxene peridotites
and gabbros could be due to fractional crystallization of plagioclase. (3) In the drill
core section, whole-rock Al,O3;, CaO, SiO,, FeO, Fe,05, TiO,, Na,0, and K,0
contents increase in plagioclase-bearing dunites and in the transition from
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Fig. 7.6 Spatial variations in
zircon ey(t), Hf model age
and 8'80 of the mafic—
ultramafic intrusions.
Intrusions were projected
onto the section based on
their location in the
Jueluotage, Middle Tianshan
and Beishan [reprinted from
Su et al. (2012) with
permission of Elsevier Press]
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troctolite to gabbro (Fig. 7.7), meanwhile, similar compositional variations are
more apparently illustrated in trace elements, including REE, LILE, HFSE, and
some ratios (Ce/Pb, Sc/Y, and Nb/U) (Fig. 7.8). (4) Minerals in plagioclase-
bearing dunites and gabbros, such as Fo in olivine, MgO in clinopyroxene, and
CaO in plagioclase, display heterogeneous compositions (Fig. 7.7). These features
are attributed to assimilation during magma ascent and subsequent emplacement.

The evolved magmas would be progressively depleted in MgO and FeO and
enriched in SiO,, Al,Oj3, alkaline component, and incompatible trace elements
resulting from fractional crystallization and assimilation. Whole-rock MgO and
FeO contents rebound in both crystallizing stages of clinopyroxene peridotite and
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Fig. 7.7 Whole-rock and mineral major element variations of the Hongshishan mafic—ultramafic
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Bellwether Publishing, Ltd.]
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ultramafic intrusion with depth in ZKO-1 drill core [reprinted from Su et al. (2012) with
permission of Bellwether Publishing, Ltd.]

troctolite, corresponding to increasing Fo in olivines and Cr# number in spinels
(Fig. 7.7), whereas SiO,, Al,Os3, alkaline components, and most trace elements
show decreasing trends (Figs. 7.7, 7.8). We suggest that these compositional
variations resulted from fresh magma injection and that clinopyroxene peridotite
and troctolite crystallized from the mixture of fresh injected magma and residual
magma from an earlier stage.

The summary of the evolutional history of the Hongshishan magmas is as
follows. The earliest stage was marked by the emplacement of parental magmas
accompanied by minor contamination from where the magmas are in contact with
the country rock, resulting in ‘marginal/basal reversal’ that has been well docu-
mented by Latypov et al. (2007, 2008). The first significant assimilation probably
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Table 7.1 Sulfur isotopic data of the Beishan intrusions and their country rocks [modified after
Su et al. (2013) with permission of Elsevier Press]

Sample Rock type S %o G %o
Hongshishan intrusion

HS64 Gabbro 0.590 0.006
HS170 Troctolite —2.010 0.025
HS270 Pyroxene peridotite 0.873 0.010
HS366 Plagioclase-bearing dunite 1.893 0.021
Xuanwoling intrusion

XWL-1 Gabbro —0.960 0.005
XWL-3 Troctolite 2.072 0.005
Bijiashan intrusion

BIS-3 Olivine gabbro —0.235 0.011
BJS-7 Tuff —0.782 0.026
BJS-11 Biotite-quartz schist 0.049 0.008
Luodong intrusion

LDZ01-270 Gabbro 1.232 0.008
LDZ01-285 Olivine pyroxenite 0.206 0.010
LDZ01-380 Pyroxene peridotite 1.017 0.016

occurred during the olivine and spinel crystallization stage and generated pla-
gioclase crystallization and heterogeneous mineral compositions within the
100 m-thick dunite layer. Normal fractional crystallization went on even when the
two magma injection events were taking place. During the magma injection stage,
minerals in individual samples have homogeneous compositions and vary in
narrow ranges (Fig. 7.7), although whole-rock compositions are variable with
depth. The second assimilation event occurred following the end of troctolite
crystallization and produced gabbros with wide compositional ranges in minerals
and the petrological features described above.

Many studies have revealed S isotopic (6°*S) variations in major reservoirs of
the earth such as: arc volcanic rocks, —0.2 to +20.7 %o; granite, —10 to +15 %o;
mantle, 0 £ 3 %o; continental crust, +7 %o (Coleman 1977; Chaussidon and
Lorand 1990). In this aspect, sulfur isotopic system has been considered as an
indicator of crustal assimilation. The Jueluotage mafic—ultramafic intrusions have
5>*S values of mostly +0.5 to +5 %o, overlapping the 5°*S range of +1.5 to +6.5 %o
of their country rocks (Sun 2009). The Middle Tianshan intrusions have high 35S
values ranging from +4 to +8.5 %o, similar to or slightly higher than the §°*S
ranges (+3 to +6.5 %o) of the country rocks (Tang 2009). Both mafic—ultramafic
rocks and country rocks in the Beishan show restricted sulfur isotopic values
(5348 = —2 to +2 %o) within mantle range (Table 7.1). We thus suggest that
crustal assimilation did not significantly modify the geochemical compositions of
parental magmas of the Eastern Tianshan and Beishan intrusions.

Studies have shown that mantle-derived magmas could be contaminated by
crustal materials either along their ascending conduit or within their sources. Some
trace element ratios are useful proxies to evaluate the extent of crustal
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contamination. For example, the presence of negative Nb and Ta anomalies could
be related to crustal assimilation or subduction component in a mantle source
(Arndt et al. 1998; Zhou et al. 2009). Ratios of primitive mantle-normalized trace
element contents such as (Ta/Th)py; and (Nb/Th)py, are indicators of the extent of
Ta and Nb anomalies, whereas (Th/Yb)py is a sensitive indicator of crustal con-
tamination (e.g., Wang and Zhou 2006; Zhang et al. 2009). Compared to N-MORB
(normal mid-oceanic ridge basalt), the mafic—ultramafic rocks from the Jueluotage,
Middle Tianshan and Beishan intrusions have very low (Ta/Th)pys and (Nb/Th)py
but high (Th/Yb)py, ratios, indicating variable degrees of crustal contamination
(Fig. 7.9). However, the crustal contamination trend seems to have no chemical
affinity with either lower or upper continental crustal components as demonstrated
in diagrams of (Th/Yb)py; versus (Nb/Th)py; and Nb/La versus Nb/Th (Fig. 7.9).
Furthermore, the high La/Nb and low La/Ba ratios of the mafic—ultramafic rocks
imply that they were possibly derived from subduction modified mantle sources
(Fig. 7.9).

Crustal materials are greatly enriched in Sr concentration and *’Sr/*®Sr ratio
relative to the mantle, and O concentrations are generally similar in all rocks. The
Sr—0 isotope correlation diagram has been broadly adopted to distinguish crustal
contamination mechanisms, such as contamination in mantle source or crustal
assimilation during magma ascent, since crustal materials have much higher Sr
abundance and 3Sr/%®Sr ratio relative to the mantle, while O concentrations are
similar in almost all rock types (e.g., Magaritz et al. 1978; James 1981; Rollinson
1993 and reference therein). The bulk (87Sr/868r)i and zircon 6'%0 values of the
mafic—ultramafic rocks from the Jueluotage, Middle Tianshan and Beishan intru-
sions are distributed below or close to the convex-downward mixing line
(Fig. 7.10), which represents a source contaminated by crust/slab fluid. Trace
elemental and Sr—O isotopic features indicate that significant crustal contamination
occurred in the mantle sources rather than along ascending conduit of the mafic—
ultramafic magmas which gave rise to the formation of the Eastern Tianshan and
Beishan intrusions. Consequently, the Nd—Sr—Hf-O isotopes of the mafic—ultra-
mafic intrusions can be used to trace their mantle sources and magmatic processes.

7.3 Compositional Heterogeneity of the Mantle Sources

As shown the mafic—ultramafic intrusions in the Jueluotage Belt have restricted
Nd-Sr—Hf-O isotopic variations (Figs. 7.2, 7.3, 7.4, 7.5, 7.6), implying that their
mantle sources are almost isotopically homogenous. Their high eng(t) and eg(t),
low (*’Sr/*®Sr)i (Figs. 7.2, 7.4) and mantle level 6'®0 values (Figs. 5.3, 7.5)
indicate that the mantle sources possess depleted isotopic signatures close to the
DM reservoir. The mafic—ultramafic rocks in the Middle Tianshan display large
variations in Nd-Sr isotopes (Figs. 7.2, 7.4) but narrow Hf-O isotopic ranges
(Fig. 7.6). In contrast, extremely large variations in all relevant isotopes of the


http://dx.doi.org/10.1007/978-3-642-54262-6_5

7 Petrogenesis

144
(a) (b)
10
s o O NaMore” O :
N-MORB g 18 o “'”“‘G =
o er \I'II\
DE- \uuul a = ° **: = ‘ig
o 1 o 1 o0 "mtE AT g
z z .
= = ° g
= B o cUpper cras
b 7:’ ® ¥ e ..3""'
L
B, . * On efg
[\ m_ 0.1¢ % I Crustal
o u]nt lnatlon
o Beishan - . % :_5
L (= g N og 2 I
1 10 100 1 10 100
(c) (Th/Yb)pnm (?) (Th/Yb)pm
N \IuHI; , \'"'” N o
Lower crus = i N-MORB
w0l e - a*gns ot d‘-’" . oo
0 oo A 'A n‘_‘l ||1\:r ®
o .‘n y ° @
° AB a
o & 2 o E-MORB = EL' o ;!
o = L {u]
E ¢ %o Upper crust E 0.1 OIB 'a "‘.ﬁ ied q
| ® o0 guing & oo g & - ] o
RV L L % o
oo ir, 200, . ':'I-‘. :
Ee o0 " e § % o ®
Crustal _ o e Subduction
contamination - 3 .01 2 . B S modified mantle
0.1 1 ‘ I 10
(e) Nb/La (f) La/Nb
1
Melt-related enrichment Fluid-related enrichment
(1] - ° ab o tf.
Upper
;. ° i @ AHDI_I‘-&\"IKII
o O e :. 25 bu‘g : Iﬁ'lall\l
| ° ® i B -
N [ ; ¥ ©n g o o018
= ] ®__ B
] L :
& ° = °® s %’f—‘k:‘&, Bo Aﬂlﬁ'ﬂglm
% Fluid-related 0.1k of Pfi o @ &
enrichment ' ° of a a4
L‘ o® » o ﬁ
- . * Melt-related
» N-MORB g enrichment
s 01 i ) X
0.1 1 0.01 0.1 1
ThiZr Nh/Y

Fig. 7.9 Correlated diagrams of trace element ratios of the mafic—ultramafic complexes in the
Eastern Tianshan and Beishan [reprinted from Su et al. (2012) with permission of Elsevier Press].
(Ta/Th)pp, (Th/Yb)pp, (Nb/Th)py are primitive mantle (PM) normalized values. Data sources for
PM, OIB, N-MORB, E-MORB, Upper crust, Lower crust values are from Sun and McDonough
(1989). Trace element data of mafic—ultramafic intrusions are compiled after Zhou et al. (2004),
Jiang et al. (2006), Li et al. (2006), Chai et al. (2008), Xia et al. (2008), Sun (2009), Tang (2009),
Tang et al. (2009, 2011), Xiao et al. (2010) and this study

mafic—ultramafic intrusions in the Beishan Terrane reflect conspicuous composi-
tional heterogeneity of their mantle sources ranging from DM to EMII.

Taking the whole dataset into consideration, the mantle sources of the mafic—
ultramafic intrusions in the Eastern Tianshan and Beishan have spatially hetero-
geneous Nd—Sr—Hf-O isotopic compositions. In addition, several previous studies
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have attributed the mantle heterogeneity, especially the formation of EMII res-
ervoir, to subduction-related modification (e.g., Zindler and Hart 1986; Rollinson
1993; Turner et al. 1997; Zhou et al. 2004). Accordingly, we can conclude with
high level of certainty that the mantle beneath the Eastern Tianshan and Beishan
had been strongly modified to variable extents by subduction-related processes
during the Paleozoic.

7.4 Subduction Modification in the Mantle Sources

The geology of the Jueluotage Belt is characterized by distinct volcanic rock types
and related mineralization in each tectonic unit. For example, the Dananhu-
Tousuquan island arc is characterized by Devonian and Early Carboniferous
andesites and porphyry copper deposit-hosting granite intrusions (e.g., Tuwu-
Yandong; Zhang et al. 2004); the Kangguer-Huangshan ductile shear zone consists
of metamorphosed Carboniferous volcanic rocks and tuff, and hosts orogenic lode-
type gold deposits (Qin et al. 2002, 2003); the Yamansu belt has distributions of
calc-alkaline volcanics, granitoids and many Fe- and Cu-bearing deposits in vol-
canic rocks and has been distinguished as a back arc basin in Carboniferous (Qin
et al. 2002). Additionally, the discovery of an Alaskan-type Xiadong mafic—
ultramafic complex in the Middle Tianshan suggests the presence of a continental
arc during the early Paleozoic. The Hf model ages of zircons from the mafic—
ultramafic intrusions in the Jueluotage Belt mainly fall within the range of
600-310 Ma (Fig. 7.6). The above features can be explained by the southward
subduction of the Junggar ocean beneath the study area during the Paleozoic and
subsequently closed at around Late Carboniferous. Because the subducted mate-
rials were mainly Paleozoic volcanic rocks that have depleted Nd-Sr-Hf-O
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isotopic compositions, they would not greatly change the isotopic systems of the
overlying mantle wedge, thus the mafic—ultramafic intrusions in the Jueluotage
show relatively restricted Nd-Sr—Hf-O isotopic compositions, similar to the
depleted mantle.

The oldest blueschist along the South Tianshan and the youngest ophiolite in
the Beishan Terrane reported so far are around 900 and 420 Ma old respectively
(Nakajima et al. 1990; Mao 2008), which are consistent with the zircon Hf model
age of the mafic—ultramafic intrusions (900—400 Ma) in the Beishan Terrane. The
increasing (®”Sr/%°Sr)i and decreasing eng(t) from south to north (Fig. 7.4) imply
the northward subduction of the South Tianshan ocean during the period of
900—400 Ma. The relatively ancient and long-lived subduction event and the
occurrence of Precambrian basement in the Beishan region may explain the highly
variable Nd—Sr—Hf-O isotopic compositions.

Although the mantle sources beneath Eastern Tianshan and Beishan had both
been modified by subducted materials, Ni-Cu mineralization of the mafic—ultra-
mafic intrusions from these two locations are completely different, with abundant
deposits hosted in the Jueluotage Belt but are rarely found in the Beishan. This
disparity may be directly correlated with distinct types of modification which
could be discriminated by trace element ratios. Compared with LILE such as Th
and Rb, HFSE (e.g., Zr, Nb) are relatively immobile in aqueous fluids (e.g., Turner
et al. 1997). Firstly, Nb/Zr and Nb/Y ratios will change as functions of source
compositions, but the addition of fluid components from subducted slab to the
mantle wedge will not significantly affect them (e.g., Pearce and Peate 1995).
Secondly, mantle sources modified by slab melts are likely to have lower Th/Zr
and Rb/Y ratios than those modified by fluids (e.g., Zhao and Zhou 2007). The
higher Th/Zr and Rb/Y ratios at given Nb/Zr and Nb/Y ratios in the Beishan
mafic—ultramafic rocks (Fig. 7.9) indicate that the magmas were probably derived
from mantle sources strongly modified by hydrous fluids. On the other hand, the
positive correlations of Th/Zr versus Nb/Zr and Nb/Y versus Rb/Y in the Juelu-
otage and Middle Tianshan mafic—ultramafic rocks (Fig. 7.9) suggest that their
mantle sources had been modified by both slab fluids and melts.

The mafic—ultramafic intrusions in the Middle Tianshan have similar bulk Nd—
Sr and zircon Hf isotopic variations to those in the Beishan Terrane (Fig. 7.4). In
addition, the Middle Tianshan mafic—ultramafic rocks have identical rock
assemblage, Ni-Cu mineralization, trace element and zircon O isotopic compo-
sitions to those in the Jueluotage Belt. Particularly, the bulk Nd—Sr and zircon Hf-
O isotopes display systematic variations for the Jueluotage, Beishan and Middle
Tianshan. As discussed above, the Nd-Sr-Hf-O signatures overprinted in the
Beishan mafic—ultramafic intrusions are related to the subduction of the South
Tianshan ocean, whereas these signatures in the Eastern Tianshan intrusions are
related to the Junggar oceanic subduction. The unique similarities of the Middle
Tianshan mafic—ultramafic intrusions could be well explained by subduction
related modifications to their mantle sources first by the early South Tianshan
ocean, followed by the Junggar ocean. More detailed discussion will be shown in
Chap. 9.
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7.5 Mechanism of Generation of Mafic—ultramafic
Magmas

7.5.1 Arc-Related Alaskan-Type?

Some of the ultramafic—mafic rock assemblages in orogenic belts represent in situ
intrusions emplaced into continental basement units or ancient arc systems (Pearce
et al. 1984). The ‘Alaskan-type’ [term first used by Irvine (1974)] mafic—ultramafic
intrusions, characterized by specific petrologic, mineralogic and structural features
(e.g., Irvine 1974; Johan 2002; Pettigrew and Hattori 2006; Thakurta et al. 2008)
have been described from several regions of world (e.g., Clark 1980; Eyuboglu
et al. 2010; Krause et al. 2011). In these concentrically zoned bodies, a complete
rock series starts with dunite in the center and grades outward into wehrlite, olivine
clinopyroxenite, clinopyroxenite, hornblende clinopyroxenite, hornblendite and
gabbro. The magmas of these rocks are considered to provide reservoirs for
subduction zone volcanoes (Ishiwatari and Ichiyama 2004; Pettigrew and Hattori
2006; Thakurta et al. 2008). Many Alaskan-type complexes around the world are
associated with PGE rich placer deposits (Thakurta et al. 2008).

Pirajno et al. (2008) reported concentric zoning structure in some of the mafic—
ultramafic complexes in the Eastern Tianshan and Beishan, and thus classified
them as Alaskan-type. The crude concentric zoning associated with Alaskan-type
intrusives described in early studies has been abandoned later because in most
cases the intrusives are roughly circular or elliptical in shape, and pipe-like in
cross-section (Johan 2002; Thakurta et al. 2008; Ripley 2009; Tian et al. 2011).
The petrological and geochemical features consequently assume more significance
in identifying Alaskan-type complexes.

Alaskan-type complexes are generally composed of dunite, wehrlite, olivine
clinopyroxenite, hornblende clinopyroxenite, hornblendite and hornblende gabbro
(Irvine 1974; Himmelberg and Loney 1995). Clinopyroxene and primary horn-
blende necessarily occur in all the rock types. Chromite is commonly concentrated
in dunite and often forms stratiform segregations and irregular veins (Irvine 1974;
Himmelberg and Loney 1995; Johan 2002; Ripley 2009). Orthopyroxene and
plagioclase are rare in the ultramafic rocks, and plagioclase only occurs in mar-
ginal gabbroic rocks (Helmy and El Mahallawi 2003; Pettigrew and Hattori 2006;
Su et al. 2012). The Beishan mafic—ultramafic intrusions do not display any
consistent features which convincingly demonstrate them as typical Alaskan-type,
particularly the lack of clinopyroxenite and hornblendite, absence of hornblende
and chromite and the notable presence of orthopyroxene and plagioclase in cor-
responding rocks.

The mineral chemistry of Alaskan-type complexes is characterized by Mg-rich
olivine, Ca-rich diopsidic clinopyroxene, high Fe-Cr, and low Al chromite, and
calcic hornblendes, and each mineral in a given rock would show homogeneous
composition for individual complex (Irvine 1974; Helmy and El Mahallawi 2003).
Olivines in the Beishan intrusions display large compositional variations such as
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Fo = 66-89, and many clinopyroxenes are plotted outside of the Alaskan-type
field (Fig. 4.17). Ao et al. (2010) contended that their reported compositions of
clinopyroxenes from Poshi and Hongshishan intrusions overlap the Alaskan-type
complex and show arc cumulate trend in the Alz versus TiO, diagram. However,
they presented only limited data, and a compiled plot of the compositional of
clinopyroxenes from this study together with those from previously published
works show that most of the data fall outside the field of Alaskan-type and tend
towards a rift cumulate composition (Fig. 7.11).

In the regional context, one Alaskan-type complex—Xiadong complex—has
been recognized in the Middle Tianshan Terrane formed during 475-313 Ma (Su
et al. 2012 and unpublished data), which is consistent with the time of the Paleo-
Asian oceanic subduction event (Gao et al. 1998, 2009; Xiao et al. 2004a, 2008).
However, geochronological studies provide robust evidence to show that the
Beishan intrusions were formed in the period of ~280 Ma, at a much younger
time, and in an obviously different tectonic setting, as compared to the Xiadong
complex.

These dissimilarities prompt us to exclude the Beishan intrusions from typical
Alaskan-type complex in terms of petrology, mineralogy, chemical composition,
geochronology and regional geology.
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7.5.2 Post-orogenic Extension

Extensive studies on Carboniferous basalts, andesites, adakites and granitoids in
north Xinjiang have revealed that these rocks display a conspicuous subduction
component evidenced by positive bulk eng(t) and zircon eyg(t) values (e.g., Sun
et al. 2008; Tang et al. 2010, 2012; Xiao et al. 2011) and Geng et al. (2009, 2011)
proposed a model of Junggar oceanic ridge subduction commenced from the Early
Carboniferous. There is also a broad consensus that the Junggar ocean was closed
in the Late Carboniferous and the Eastern Tianshan was in post-collisional
extension setting since Early Permian evidenced by the discovery of the youngest
ophiolite of ~310 Ma and widespread bimodal volcanic-sedimentary rocks (e.g.,
Gu et al. 2001; Qin et al. 2002, 2003; Wang et al. 2006; Xu et al. 2009; Li et al.
2010), although a few authors believe that the subduction might have lasted until
Late Permian and Early Triassic based on their considering Permian mafic—
ultramafic complexes as Alaskan-type complex formed in island arc setting (Xiao
et al. 2004a; Ao et al. 2010). However, the discovery of alkaline granites and
bimodal igneous series in the Beishan region suggests that the Beishan region once
was a continental rift that developed in the early Permian. Zircons from the mafic—
ultramafic intrusions are mainly Early Permian in age, ranging from 290 to
270 Ma (Fig. 7.1). The distribution of these intrusions is linear along west—east
faults. For example, the Huangshan, Huangshandong and Xiangshan intrusions are
along the Kanggur suture; the Baishiquan and Tianyu deposits are along the
Aqikuduke fault, whereas the Poyi, Poshi and Luodong intrusions are along the
Baidiwa fault (Mao et al. 2008; Pirajno et al. 2008). Widespread magmatic me-
tallogenesis in these regions occurred during post-collisional stages of the Late
Carboniferous to Early Permian, and the Ni—Cu sulfide deposits in the mafic—
ultramafic intrusions are just a product of this metallogenic event (Qin et al. 2002;
Wang et al. 2006; Mao et al. 2008; Xu et al. 2009). Accordingly, the generation of
mafic—ultramafic magmas can be temporally and spatially attributed to post-oro-
genic extension.

7.5.3 Early Permian Mantle Plume

Although post-orogenic extension contributes significantly to the generation of the
mafic—ultramafic magmas, it is insufficient to explain some geological and geo-
chemical features, such as: (1) the southwestward extension of most mafic—
ultramafic bodies at depth, particularly in the Eastern Tianshan (e.g., San et al.
2010; Xiao et al. 2010), implying that the driving force for the ascent of their
parental magmas were from the same direction, which cannot be explained by
post-collisional extension but might be generated from a peripheral zone of the
mantle plume; (2) the extremely high temperatures estimated to be in the range of
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1,100-1,600 °C (Herzberg and O’Hara 2002; Isley and Abbott 2002; Zhou et al.
2004; Tang et al. 2006) required for the low-Ti (1.8 wt%) and high-Mg (>12 wt%)
parental magmas (Qin et al. 2011) since the generation of magmas in an exten-
sional setting is generally decompression melting; (3) the identical formation ages
of around 280 Ma for both the Eastern Tianshan and Beishan despite the quite
different petrological, mineralogical and geochemical features between the mafic—
ultramafic intrusions in the two settings. (4) The commonly observed geochro-
nological and geochemical correlations between the mafic—ultramafic intrusions of
the Eastern Tianshan and Beishan and basalts in the Tarim Basin.

Taking all this information into account, Zhou et al. (2004, 2009) proposed that
the high temperature needed for the generation of high-Mg magmas could be
provided by a mantle plume. However, Mao et al. (2006, 2008) suggested that the
mafic—ultramafic intrusions might be the root of the erupted basalts which were
eroded away afterwards in the Eastern Tianshan and Beishan, but was preserved in
the Tarim Basin. It has previously been established that the Beishan region was a
Late Paleozoic rift probably developed in association with the early Permian
mantle plume activity in the Tarim Basin. The Tarim basalts characterized by with
high TiO,, low MgO contents and negative enqg(t) values have been interpreted to
be derived from low-degree melting of asthenosphere and subsequently contam-
inated by Mesoproterozoic sedimentary rocks during their ascent (e.g., Zhang et al.
2008; Zhou et al. 2009), and thus were generated directly from a peripheral zone of
the mantle plume, which is similar to the observations in the Emeishan and
Southern African plumes (e.g., Xiao et al. 2004b; Jourdan et al. 2009). The
parental magmas of mafic—ultramafic intrusions were derived from the lithospheric
mantle by high degree of melting due to the higher temperature of the mantle
plume head. Furthermore, rifts are commonly considered as surface responses to
the uplift of the lithosphere overlying the mantle plume (e.g., Rogers et al. 2000;
Xu et al. 2001; Saunders et al. 2005; Zhao et al. 2006). Therefore, the early
Permian mantle plume might be situated closer to the Beishan Terrane than the
Eastern Tianshan and the western Tarim, which can explain why the mafic—
ultramafic intrusions from the Beishan Terrane rather than other locations were
evolved from anhydrous magma system evidenced by the occurrence of a great
proportion of troctolites.

In summary, we suggest that it was the post-orogenic extension and ~ 280 Ma
mantle plume event that generated the mafic—ultramafic magmas. The former pro-
vides space and conduit for magmas and plays a pivotal role in the Eastern Tianshan,
while the latter supplies heat and contributes more to the Beishan Terrane.

7.6 Summary

(1) The mafic—ultramafic intrusions in the Eastern Tianshan and Beishan Terrane
display identical petrological, mineralogical and mineralization signatures. On
the other hand, the mafic—ultramafic intrusions in the Jueluotage and Middle
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Tianshan have a relatively large proportion of hydrous minerals and com-
monly host Ni—Cu deposits. In contrast, the Beishan intrusions are charac-
terized by the occurrence of plagioclase-rich rocks and troctolites and are
barren of Ni—Cu sulfide deposits.

(2) The isotopic maps of the mafic—ultramafic intrusions illustrates that there are
increasing and decreasing trends for the (87Sr/86Sr)i and eng(t) values,
respectively, from the Jueluotage and Beishan to the Middle Tianshan. At the
same time, the zircon Hf-O isotopes exhibit an apparent southward decrease
in egg(t) values and an increase in 8'80 values from north to south. These
features suggest that the mantle sources of the late Paleozoic mafic—ultramafic
intrusions are evidently heterogeneous.

(3) The Nd-Sr-Hf-O isotopic heterogeneity in the mantle beneath the Eastern
Tianshan and Beishan probably resulted from subduction related modification.
The late Paleozoic mantle beneath the Jueluotage Belt was modified by both
slab fluids and melts released during the subduction of the Junggar ocean,
whereas the mantle beneath the Beishan Terrane was only subjected to fluid
related modification during the subduction of the South Tianshan ocean. The
mantle beneath the Middle Tianshan was modified by the early subduction of
South Tianshan ocean and subsequently the Junggar ocean.

(4) The mechanism for the generation of mafic—ultramafic magmas can be
attributed to post-orogenic extension and ~280 Ma mantle plume event, with
the former playing a more significant role in the Eastern Tianshan while the
latter contributes more to the Beishan Terrane.
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Chapter 8
Mineralization

8.1 Magmatic Ni—Cu Sulfide Exploration Progresses
in the Beishan Terrane

Since the discovery of Poshi and Poyi intrusions in 1989, geological mapping and
prospecting have been successively carried out in the Beishan area (Mao et al.
2008). Surface mapping in the Beishan Terrane shows appreciable extent of
alteration and malachite mineralization in the mafic—ultramafic rocks (Fig. 8.1a).
Reconnaissance or exploration drilling, carried out on the Poshi, Poyi and
Hongshishan intrusions, revealed sparsely disseminated sulfides in peridotites and
troctolites (Fig. 8.1b, c¢). Detailed optical microscopy work showed that sulfides
always closely associate with secondary hydrous minerals such as serpentine,
amphibole and phlogopite (Figs. 8.1d-i, 8.2). Some sulfide veins and discrete
grains can also be observed within olivines and spinels or along their fractures
(Fig. 8.2).

In recent years, exploration drilling has discovered four sulfide zones in the
Poshi intrusion. The style of mineralization is net-textured, characterized by veins
of sulfides. The ore minerals occur mainly as sparse dissemination, locally densely
disseminated and rarely massive. Grades range from 0.3 to 0.6 % Ni, but Cu
grades in the ores are low, generally below the economic grade. The estimated
resources in the Poshi intrusion are 88,200 tonnes of Ni (Mao et al. 2008). Geo-
chemically, anomalous high Ni concentrations in the Poshi ultramafic body are
pronounced, with most Ni contained in olivines. It is not economically viable to
mine the Poshi ore deposit, partly due to the general lack of accessibility and the
extreme climatic conditions prevailing in the region. In tens of thousands of meters
of drilling in three intrusions, only a few sparsely disseminated sulfide zones are
found, with most drilling being barren. Although local geological party outlined
several mineralized zones in the Hongshishan intrusion, the grades are low
(generally <0.3 %, less than the economic grade) (Fig. 8.3). On the other hand,
neither surface mineralization nor sulfide has been observed in the drill holes in the
Xuanwoling and Bijiashan intrusions. Thus, there is no significant progress in
mineral exploration and prospecting in the Beishan mafic—ultramafic intrusions.
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Fig. 8.1 Petrological and mineralogical features of the mafic—ultramafic intrusions in the
Beishan area [reprinted from Su et al. (2013) with permission of Elsevier]. a, b Malachite (Mal)
mineralization and sparsely disseminated sulfides (Sulf) in troctolites from the Hongshishan
intrusion; ¢ disseminated sulfide in drill core from the Poshi intrusion; d occurrence of sulfide
between olivine (Ol) and clinopyroxene (Cpx), and serpentinized olivines in clinopyroxene-
peridotite from the Hongshishan intrusion; e sulfide replaced the amphibolized (Amph)
clinopyroxene in lherzolite from the Poshi intrusion; f sulfide occurring between plagioclase
(P1) and altered clinopyroxene in gabbro from the Poshi intrusion; g, h, i association of sulfides,
phlogopite (Phl) and amphibolized orthopyroxene (Opx)/clinopyroxene in lherzolite and gabbro
from the Poshi intrusion

8.2 Theoretical, Petrological, Mineralogical
and Geochemical Comparisons

The poor mineralization in the Beishan mafic—ultramafic intrusions is apparently in
contrast to those hosted by coeval intrusions in the Eastern Tianshan and Altay.
Therefore, a systematic comparison of the petrological, mineralogical and geo-
chemical characteristics of these intrusions may help to provide an in-depth
understanding of the different mineralization mechanisms experienced by each set
of intrusions and to probe for more mineralized zones in the mafic—ultramafic
intrusions outcropping within the orogenic belt.
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Fig. 8.2 Occurrence of sulfides (Sulf) and their relationship with olivines and spinels in
peridotites from the Poshi intrusion [reprinted from Su et al. (2013) with permission of Elsevier].
a, b Chalcopyrite (Chal) and pyrrhotite (Pyrr) occurring in the spinels (Sp) setting in olivine (Ol)
grains; ¢ chalcopyrite associated with pyrrhotite occurring in olivine grains; d pyrrhotite
occurring as vein in phlogopite (Phl) and as interstitial grain among olivines

Fig. 8.3 Ni—Cu sulfide ore
bodies in a section of the
Hongshishan intrusion based
on drilling cores (modified
after No. 6 Geological Party,
Xinjiang Bureau of Geology
and Mineral Resources,
2008). Ore bodies are mainly
hosted by peridotites and
have lower Ni ore grade of
mostly <0.30 %. ZKO0-1, drill
core number

ZK0-4 ZK0-1 7

K0-3

troctolite +
plagioclase
peridotite

—

=

Ni: 0.15~0.20%
=
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8.2.1 Theoretical Analysis

When it comes to the formation of magmatic ore deposit, the first condition that
must be satisfied is the concentration of metals in the primary melts. Figure 8.4
illustrates the relationship between the fraction of mantle melting and concen-
trations of Ni, Cu and platinum group element (PGE) in the melts. Amounts of Ni,
Cu and PGE will increase with the increasing extent of melting, and the latter two
reach maximum values when partial melting fraction reaches up to 18 % with the
exhaust of mantle sulfides, whereas Ni concentration is continuously increasing
(Ghiorso et al. 2002; Naldrett et al. 2009). Meanwhile, MgO content is also an
important indicator for mantle melting since Mg and Ni share similar refractory
geochemical characteristics (Ghiorso et al. 2002; Li et al. 2004). Subsequently,
MgO contents of the melts correspond to the fraction of mantle melting (Fig. 8.4).
With respect to these features, Ni-Cu—(PGE) ore deposits are commonly hosted by
high-Mg basaltic and komatiitic magmas (Naldrett et al. 1992; Barnes and Picard
1993; Barnes et al. 1997; Maier et al. 2001; Arndt et al. 2005; Thakurta et al. 2008;
Ripley and Li 2009). Hence, the estimation of MgO content of parental magma has
been identified as a key factor for formation of magmatic Ni-Cu—(PGE) sulfide
deposits. The composition of olivine and geochemistry of mafic and ultramafic
units are usually used to estimate the MgO content, and description of the methods
could be found in the literatures (e.g., Chai and Naldrett 1992; Xu et al. 1998; Li
and Naldrett 1999; Zhang et al. 2003; Li et al. 2004; Sun 2009).

Table 8.1 summarizes the MgO estimation results of parental magmas and
maximum Fo (forsterite) contents of olivines of mafic—ultramafic intrusions from
the Beishan, Eastern Tianshan and Altay as well as some large-scale deposits
worldwide. All, but the Uitkomst, ore bearing intrusions in the Eastern Tianshan
and others worldwide, have maximum olivine Fo of less than 86 and Mg# and
MgO contents of parental magmas of less than 65 and 10-14 wt%, respectively.
The Beishan mafic—ultramafic intrusions show relatively higher Fo numbers up to
90, and higher corresponding Mg# of their parental magmas, which are very
similar to those in the Uitkomst intrusion (Table 8.1). The high-Mg content in the
Beishan intrusions suggests that their parental magmas contained significant
amounts of Ni, Cu and PGE, which satisfy the first requirement for the formation
of magmatic Ni—-Cu—(PGE) sulfide deposit, and theoretically, they have the
potential for mineral exploration.

8.2.2 Petrological Comparison

Mineralized mafic—ultramafic intrusions reveal variable lithologies. The Kala-
tongke intrusion in Altay is basically dominated by mafic rocks and lacks ultra-
mafic rocks (Ran and Xiao 1994; Pirajno et al. 2008; Zhang et al. 2008, 2009). In
Eastern Tianshan, the Tulaergen, Huangshan and Hulu intrusions are dominated by
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ultramafic rocks such as pyroxene peridotite and olivine pyroxenite (Sun et al.
2006, 2007; Xia et al. 2008; Liu et al. 2010), whereas the Huangshandong and
Xiangshan intrusions consist of voluminous mafic rocks including gabbro, gab-
broic norite and diorite (Zhou et al. 2004; Han et al. 2006; Mao et al. 2008; Wang
et al. 2009; Xiao et al. 2010). Most of the intrusive bodies are small-scale at
surface and funnel-shaped in cross-section (Sun et al. 2007; Pirajno et al. 2008).
These magmatic Ni—Cu sulfide ore deposits have been classified as conduit-type
structure (Qin et al. 2003; Mao et al. 2008; Sun 2009).

The pyroxenites are considered to have developed through contamination of
mafic magma (Maier et al. 2001). All rock types, except norite, can be observed in
the Beishan mafic—ultramafic intrusions, but the proportion of pyroxenite is evi-
dently small and even non-existing in some intrusions. It is also noteworthy that
most of the rock types are observed in drill holes rather than on the surface, which,
combining their large outcropping area, probably reflects weak erosion after their
emplacement. Further support for good presentation comes from the presence of
Carboniferous gabbro overlying Early Permian Hongshishan intrusion. In addition,
the drilling revealed that the Beishan intrusions generally extend to depths of at
least 1,000 m, which is greater than the 300-800 m of the Eastern Tianshan and
Kalatongke intrusions (Zhou et al. 2004; Mao et al. 2008; Pirajno et al. 2008; Han
et al. 2010). Therefore, if the hypotheses of magmatic conduit-type ore deposit are
true in the Beishan area (Mao et al. 2008; Pirajno et al. 2008), the intrusions should
be buried deeper than the current extent of drilling. This interpretation is consistent
with the observation that considerable concentrations of sulfides usually occur at
the base of the intrusions.

Another common feature of the mineralized mafic—ultramafic intrusions in the
Eastern Tianshan and Kalatongke is their extensive alteration. This alteration is
locally pervasive to fracture-controlled and includes serpentinization, uralitization,
chloritization, and tremolitization (Mao et al. 2008; Xia et al. 2008; Han et al.
2010; Liu et al. 2010; Pirajno 2010). In particular, all ore-bearing rocks are sig-
nificantly altered, and fresh mineral grains are rarely seen. Although the affinity
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between alteration and mineralization is not clearly established and will therefore
require further investigation, their association has been widely observed and
believed to be a key indication for magmatic Ni—Cu sulfide deposits (Zhou et al.
2004; Mao et al. 2008; Pirajno et al. 2008; Liu et al. 2010; Said et al. 2011). The
similar alteration phenomena can also be observed in the Beishan intrusions as
shown in Fig. 8.1. Actually, the alteration in the Beishan intrusions is poorly
developed and restricted to serpentinization and tremolitization, and most rocks
show fresh crystal grains and well-defined boundaries (Fig. 8.1; Ao et al. 2010).
The sulfides in these intrusions are not abundant.

8.2.3 Mineralogical Comparison

The strong alteration in the Eastern Tianshan and Kalatongke intrusions may be
linked to their high modal hydrous mineral abundances. The hydrous minerals are
mainly phlogopite in ultramafic rocks, biotite in mafic rocks and hornblende, all of
which occur as primary phases (Zhou et al. 2004; Sun et al. 2007; Pirajno et al.
2008; Tang et al. 2009a; Xiao et al. 2010). They are also always associated with
sulfide ore bodies (Han et al. 2006, 2010; Mao et al. 2008; Tang et al. 2009b,
2011). The observations in the weakly mineralized Poshi and Hongshishan
intrusions demonstrate the close association of hydrous minerals and sulfides
(Figs. 8.1g—1, 8.2d). However, the hydrous minerals can be secondary in origin,
resulting from alteration of pyroxenes, which could be deduced from their
occurrence as the rim of the pyroxenes (Fig. 8.1g—1). Then, in the Beishan area, the
presence of plagioclase, as a common phase that represents a ‘dry’ system (Niu
2005) in all rock types, explains the absence of primary hydrous phase.

Geologists of the local geological party have found that orthopyroxene is
commonly present in mineralized intrusions such as those in the Jueluotage Belt
but extremely rare in non-mineralized zones, and thus consider it as a minerali-
zation indicator for mafic—ultramafic intrusions. This observation is in good
agreement with our findings. In the Jueluotage intrusions, orthopyroxene is not
only noticeably present in ultramafic units, but also in mafic rocks, eventually
resulting in the formation of norite. On the other hand, there is an apparent lack of
orthopyroxene in the Beishan intrusions, even though a thin lherzolite layer occurs
in the Poshi intrusion (Jiang et al. 2006).

Olivine is the major reservoir for Ni in the mafic—ultramafic intrusions and is
thus interpreted as an important indicator for Ni variation in evolved magmas (Li
et al. 2002, 2003). The geochemical properties of Ni are similar to that of Mg, and
thus, will be preferentially partitioned into olivine during normal fractional crys-
tallization process. If sulfide segregation precedes olivine crystallization, it will
lower the Ni contents of olivine due to extremely high partition coefficient of Ni
between sulfide melts and olivine (Fleet and MacRae 1983; Rajamani and Naldrett
1978; Barnes et al. 1997). As a result, Ni—Cu sulfide ore deposit might form within
emplaced mafic—ultramafic intrusion. Therefore, the Ni depletion of olivine is a
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Fig. 8.5 Ni composition and Fo numbers of olivines in mineralized and barren mafic—ultramafic
intrusions from Beishan, Middle Tianshan, Jueluotage and other worldwide intrusions [reprinted
from Su et al. (2013) with permission of Elsevier]. Light-gray field in a and ¢ represents olivines
in mineralized intrusions from the Jueluotage and Middle Tianshan; Dark-gray field in b and d is
outlined according to the data from Jinchuan, Uitkomst, Noril’sk and Voisey’s Bay. Data sources
Beishan, this study; Jueluotage and Middle Tianshan intrusions, Chai et al. (2006, 2008), Qin
et al. (2007), Xia et al. (2008), Sun et al. (2006), Sun (2009), Tang et al. (2009a) and Xiao et al.
(2010); Jinchuan, Chai and Naldrett (1992), Li et al. (2004) and Chen et al. (2009); Uitkomst, Li
et al. (2002); Noril’sk, Naldrett et al. (1992) and Li et al. (2003); Voisey’s Bay, Li and Naldrett
(1999)

key indicator to estimate Ni—Cu mineralization in mafic—ultramafic intrusions
(Chai and Naldrett 1992; Li et al. 2004; Qin et al. 2007).

Figure 8.5 shows the olivine compositions in mafic—ultramafic intrusions from
the Eastern Tianshan and other intrusions worldwide compared to those from the
Beishan area. Generally, the Eastern Tianshan olivines have Fo numbers, ranging
from 78 to 86, and Ni abundances of less than 1,800 ppm (Fig. 8.5a). Several
large-scale Ni deposits globally show large compositional variations but their Fo
numbers are far less than 86, with 200-2,000 ppm Ni abundance, which are
consistent with the olivine compositions from large mafic—ultramafic layered
complexes (Fig. 8.5b). Notably, olivines from the barren Hadong intrusion have
Ni-enrichment in the range of 2,100-2,500 ppm. These features suggest that oli-
vines from mineralized intrusions have Fo of <86 and Ni abundance of
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<2,000 ppm, further implying that Ni-depletion in olivines may be attributed to
magmatic Ni-Cu sulfide mineralization. Olivines in the Beishan intrusions have
identical compositional variations of Fo, mostly in the range of 82-89, and Ni
abundances ranging from 1,500 to 3,000 ppm, which are apparently higher than
those from the Eastern Tianshan, albeit few data plotting within the Eastern
Tianshan field (Fig. 8.5¢). Compared to olivines from large ore deposits and
layered intrusions worldwide, the Beishan olivines also display relatively higher
Fo numbers and wide Ni variations, but a significant number of the olivines have
Ni-depletion relative to those from Uitkomst ore deposit (Fig. 8.5d). The com-
positional variations in olivines suggest that insignificant sulfide segregation may
have occurred before or during olivine crystallization.

8.2.4 Geochemical Comparison

Geochemically, mafic—ultramafic rocks from both the Beishan and Jueluotage
display good correlations between Na,O + K,0 and SiO,, Mg# and SiO,, CaO
and MgO, and m/f [m/f = (Mg + Ni)/(Fe** + Fe** + Mn)] and SiO, (Fig. 8.6).
Their differences lie in higher Mg# and m/f values in the Beishan area. The rocks
from the Middle Tianshan show variable compositions and are randomly distrib-
uted (Fig. 8), whereas the Kalatongke intrusive rocks are relatively high in
Na,O + K50, low in Ca0O, and low but constant Mg# and m/f values. For a given
SiO; content, the highest Mg# and m/f are present in the Beishan mafic—ultramafic
rocks, which is very consistent with the theoretical estimate and high Fo numbers
shown in Fig. 8.4. These remarkably distinct features between the intrusions from
different belts suggest that they have variable parental magma compositions and
extents of magma differentiation. Wu (1963) proposed that the m/f ratio is related
to ore deposit type, that is, m/f > 6.5 in chromite deposit, m/f = 6.5-2.0 in Ni—
Cu-PGE deposit, m/f = 2.0-0.5 in barren intrusion, and m/f < 0.5 in V-Ti—Fe
deposit. With m/f ratios of 6.5-2.0, most Beishan mafic—ultramafic intrusions have
mineralization potential for Ni-Cu—PGE deposits, whereas the majority of the
Hongshishan intrusive rocks display m/f ratios of 6-8, which might explain their
weak mineralization. On the other hand, this indicator does not work well in the
Kalatongke Ni—Cu sulfide deposit due to their low m/f ratios ranging from 0.5 to
3.0 (Fig. 8.6d).

The trace element concentrations and distribution patterns of the Beishan
intrusions differ from those in other belts. The Ba abundances in the Beishan
intrusive rocks are mostly less than 50 ppm, slightly lower than those in the
Middle Tianshan and Jueluotage intrusions, and apparently lower than those of the
Kalatongke intrusion. The rocks of the Kalatongke intrusion have high and largely
variable Pb concentrations, while others display relatively lower and restricted Pb
variations. The concentrations of Th and U (both <0.4 ppm) in the Beishan
intrusions are remarkably lower than those in Eastern Tianshan and Kalatongke
(Fig. 8.7). Similarly, the high field strength elements (HFSEs, e.g., Nb, Hf, Ta, Zr)
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Fig. 8.6 Whole-rock major elemental composition of mafic—ultramafic intrusions from Beishan,
Middle Tianshan, Jueluotage, and Kalatongke intrusion in Altay [reprinted from Su et al. (2013)
with permission of Elsevier]. m/f = (Mg + Ni)/(Fe>* + Fe** + Mn). Huangshan includes
Huangshandong and Huangshanxi in literatures. Data sources Beishan, Jiang et al. (2006), Sun
(2009) and this study; Middle Tianshan, Li et al. (2007), Chai et al. (2008), Sun (2009) and Tang
et al. (2009a); Jueluotage, Li et al. (2006), Zhou et al. (2004), Sun (2009), Xia et al. (2008) and
Xiao et al. (2010); Kalatongke, Ran and Xiao (1994), Zhang et al. (2003, 2009) and Jiang et al.
(2009)

in the Beishan rocks display extremely low concentrations with larger variations
than those in other intrusions. The Middle Tianshan and Kalatongke intrusions
show much higher HFSE concentrations relative to those in the Jueluotage Belt.
Another typical feature is the relatively higher and more variable (La/Yb)n
(chondrite normalized) ratios in Middle Tianshan and Kalatongke compared to
those in the Beishan and Jueluotage (Fig. 8.7). The rocks from mineralized
intrusions are expected to exhibit significantly larger variations in ore-forming
elements due to sulfide segregation and variable sulfide contents. This point is
clearly reflected in Ni, Cu and Co variations of the Eastern Tianshan and Kala-
tongke intrusions as well as their depletion in the Poshi intrusion as illustrated in
Fig. 8.7. On the other hand, the Beishan intrusions have the same levels of Ni, Cu
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Fig. 8.7 Whole-rock LILE,
HFSE and (La/Yb)n, and ore-
forming metal elements (Ni,
Cu and Co) compositions of
mafic—ultramafic intrusions
from Beishan, Middle
Tianshan, Jueluotage and
Kalatongke in Altay
[reprinted from Su et al.
(2013) with permission of
Elsevier]. Data sources and
symbols are same as Fig. 8.6

and Co concentrations as in the mineralized intrusions but apparently restricted
variations (Fig. 8.7).

The Kalatongke intrusive rocks display similar chondrite-normalized rare earth
element (REE) patterns with strong light REE (LREE) enrichment and flat heavy
REE (HREE) distribution with no clear Eu anomaly (Fig. 8.8). The LREE and
HREE are highly fractionated, which is consistent with their high (La/Yb)n ratios
(Fig. 8.7). The enrichment of strong incompatible elements especially in terms
of large ion lithophile element (LILE) is pronounced in the primitive mantle-
normalized plot (Fig. 8.8). There are significant negative Nb, Ta and Ti anomalies,
but Zr and Hf exhibit no anomalies. Negative Sr anomalies are prominent, but
positive anomalies are also observed (Fig. 8.8). The mineralized rocks from the
Jueluotage intrusions are characterized by relatively weak LREE/HREE frac-
tionation with slightly positive or negative Eu anomalies in some samples, evi-
dently negative Nb and Ta anomalies, weakly negative Zr and Hf anomalies,
mostly positive Sr anomalies with distinct Ti anomalies. Those barren rocks share
similar trace element patterns with the mineralized zones, but differ in HFSE (Nb,
Ta, Zr, Hf and Ti) anomalies. The Middle Tianshan intrusions display trace ele-
ment patterns that are very similar to that of the Kalatongke intrusion, but show
weak LILE enrichment and Eu and Ti anomalies (Fig. 8.8). The intrusions in the
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Fig. 8.7 continued

Beishan area are significantly different in trace element patterns from those in the
Kalatongke and Eastern Tianshan. Their REE patterns are flat with conspicuously
positive Eu anomalies. The Beishan intrusions are also characterized by LILE
depletion, mostly positive Sr and Y anomalies with or without Ti, Zr and Hf
anomalies (Fig. 8.8).

Collectively, the Beishan mafic—ultramafic intrusions show remarkably distinct
geochemical features from the intrusions in the Eastern Tianshan and Altay. This
may be linked to their magmatic evolution and fractionation, which eventually
influenced their mineralization processes.
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8.3 Controlling Factors for Contrasting Mineralization
and Implications

8.3.1 Evaluation of Mineralization Potential in the Beishan
Mafic-ultramafic Intrusions

From the above systematic comparison of petrology, mineralogy and geochemistry
of mineralized and barren mafic—ultramafic intrusions in the Jueluotage, Middle
Tianshan, Altay and Beishan, the mineralization features of the magmatic Ni-Cu
sulfide ore deposits in the south of the CAOB can be summarized as follows:

1. The intrusions are small in size (3-0.03 km?) and have been eroded close to
their magma conduits;

2. The typical rock assemblages are orthopyroxene-rich pyroxenite and norite,
although their link with mineralization is not proven;

3. All rocks contain lots of hydrous minerals, such as hornblende and biotite, that
could indicate that hydrous magmas may have favored the transportation and
post-stage alteration of ore-forming metal elements;

4. Alteration is commonly present and possibly assists the emplacement of sub-
solidus sulfides;

5. Olivines are compositionally characterized by restricted Fo range of 78-86
and have Ni-depletion in range of 0—1,800 ppm (Fig. 8.5);
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Fig. 8.8 REE and trace elemental patterns of mafic—ultramafic intrusions from Beishan, Middle
Tianshan, Jueluotage and Kalatongke in Altay [reprinted from Su et al. (2013) with permission of
Elsevier]. Data sources are same as Fig. 8.6. Chondrite-normalized values are from Anders and
Grevesse (1989) and primitive mantle-normalized values are from Sun and McDonough (1989)



8.3

10.

11.

1.

2.

9.
10.

1.

in

Controlling Factors for Contrasting Mineralization and Implications 171

. The degree of partial melting of the mantle source is intermediate and

generates MgO contents of 10-13 wt%, which slightly deviated from theo-
retical estimate (Ghiorso et al. 2002; Naldrett et al. 2009);

The parental magma is high-Mg tholeiitic with <83 Mg# and 2-6 m/f;
Crustal contamination is pronounced as the intrusions are characterized by
high LREE/HREE fractionation, weak or no Eu anomaly, LILE enrichment,
HFSE depletion, and the presence of both positive and negative Sr and Ti
anomalies;

Ore-forming metal elements of Ni and Cu in all rocks exhibit large variations,
implying depletion of these elements at certain stage of magma evolution;
The country rocks are rich in sulfur and their contamination results in sulfur
oversaturation (see the following chapter as well as the literatures of Sun et al.
2006, 2007; Tang et al. 2009b);

The §'®0 ratios of zircons are close to or less than mantle level.

Similarly, the Beishan intrusions have the following characteristics:

The areal extent of outcrops of the intrusion is usually between 3 and 30 km?
with large amount of gabbro at the surface, probably due to good preservation;
Rock assemblages are typically troctolite, without orthopyroxene-rich
pyroxenite and norite;

. Plagioclase occurs in all rocks, but hydrous minerals are almost absent, sug-

gesting their parental magmas came from a ‘dry’ system;

. Rocks at the surface and at depth are fresh, with weak alteration, and sulfides

are always present in relatively strongly altered rocks;

. Olivines have characteristically high Fo numbers and Ni of 84-89 and

1,000-3,000 ppm, respectively, except few grains that show Ni-depletion
(Fig. 8.5);

. The estimated degree of partial melting is relatively higher, and the estimated

MgO contents of parental magmas are higher than 12 wt% (Table 8.1);

. The parental magmas have similar geochemical characteristics to high-Mg

tholeiitic basalts with Mg# of 78-88 and m/f of 2-7 (Fig. 8.6);

. There is no evidence of significant crustal contamination as indicated by low

trace element abundances, flat REE patterns with apparent positive Eu
anomalies, depletion in Nb, Ta and Ti relative to Rb and Sr (Fig. 8.8), and S
isotopic signatures (see below);

Each intrusion has restricted variations and weak depletion in Ni, Cu and Co;
The country rocks of the intrusions are predominantly marbles and biotite-
quartz schists, which are very poor in sulfides;

Zircons from these intrusions have higher 6'®0 than mantle value (Fig. 5.3).

Consequently, when compared with the mineralized mafic—ultramafic intrusions
the Eastern Tianshan and Altay, the intrusions in the Beishan Terrane host

relatively poor Ni—Cu sulfide mineralization. These Beishan intrusions, on the
other hand, may have Ni—Cu sulfide mineralization potential in some sense
including greater outcropping area; high MgO contents, Mg# and m/f ratios
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suggest high degree of partial melting of the mantle; and mineralization signatures
in the Poshi intrusion. Furthermore, Ni—Cu sulfide deposits in mafic—ultramafic
intrusions, including troctolites in many intrusions such as Duluth and Voisey’s
Bay, could host massive Ni—Cu sulfide ores (Naldrett et al. 2009; Ripley and Li
2009). In particular, Uitkomst intrusion, which has high-Fo olivines, similar to
those in the Beishan intrusions, is also a host of large-scale ore deposits (Fig. 8.5;
Li et al. 2002).

It is important to establish the mechanism that produced the mineralization in
the mafic—ultramafic intrusions in the Eastern Tianshan, Kalatongke and Beishan.
It is widely accepted that the Ni—Cu—PGE mineralization of mantle-derived
magmas is largely governed by a combination of some of the following processes:
(1) primary mantle source heterogeneity, (2) degree of partial melting, (3) sulfide
segregation during ascent and/or emplacement, (4) crustal assimilation and sulfur
saturation, and (5) magmatic differentiation during fractional crystallization or
accumulation (Barnes and Picard 1993; Maier et al. 2001; Arndt et al. 2005;
Naldrett 2005; Ripley and Li 2009; Said et al. 2011). The factors (2), (3) and (5)
have been well documented above and in previous studies (Zhou et al. 2004;
Pirajno et al. 2008; Zhang et al. 2009; Han et al. 2010). We therefore put the main
emphasis on the crustal assimilation and mantle source heterogeneity in the fol-
lowing sections.

8.3.2 Crustal Assimilation

Crustal assimilation has been recognized as an important process modifying mantle-
derived magmas and resulting in formation of large magmatic sulfide deposits
(Thakurta et al. 2008; Naldrett et al. 2009). Contamination does not only change
geochemical characters such as LREE- and LILE-enrichments, HFSE-depletion,
Si—Al increase and Mg-Fe decrease, but is also responsible for variation in sulfur-
solubility in magmas (Wendlandt 1982; Maier et al. 2001). A common consensus is
that ascending mantle-derived magmas are generally sulfur-undersaturated upon
emplacement and that the large-scale addition of crustal sulfur would bring the
magmas to a state of S-oversaturation and may trigger sulfide segregation (Lesher
and Stone 1996; Maier et al. 2001; Li et al. 2002; Naldrett 2005; Thakurta et al.
2008; Naldrett et al. 2009). Many studies have revealed S isotopic (5345) variations
in major chemical reservoirs of the Earth such as: sea water, ~+20 %o; marine
sediments, —56 to +20 %o; arc volcanic rocks, —0.2 to +20.7 %eo; granite, —10 to
+15 %o; mantle, O & 3 %eo; continental crust, +7 %o (Coleman 1977; Chaussidon
and Lorand 1990; Rollinson 1993). For this reason, sulfur isotopic system has been
considered as an indicator of crustal assimilation.

The mafic—ultramafic rocks and ores from the Jueluotage intrusions have §°*S
values of mostly +0.5 to +5 %o with two samples up to +7 %o, which are overall
slightly higher than mantle value. Their country rocks are sulfide-rich spilite and
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Fig. 8.9 Sulfur isotopic data
of mafic—ultramafic
intrusions and their country
rocks from Beishan, Middle
Tianshan and Jueluotage
[reprinted from Su et al.
(2013) with permission of
Elsevier]. Data sources
Beishan, this study; Middle
Tianshan, Tang et al. (2012);

Jueluotage, Sun et al. (1996),

Sun (2009) and Xiao et al.
(2010)

keratophyre subaerial volcanics (Sun 2009) and have §°*S values in the ranges of
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+1.5 to +6.5 %o, overlapping field defined by the intrusive rocks (Fig. 8.9a).

The Middle Tianshan intrusions have high 5°*S values ranging from +4 to
+8.5 %o, similar to or slightly higher than the §**S ranges (+3 to +6.5 %o) of the
country rocks, including the granitic gneisses and (quartz) biotite schists con-
taining sulfide minerals (Tang et al. 2009b; Fig. 8.9b). Sulfur isotopes for the
Kalatongke intrusion give a range of —3.5 to +3.0 %o, with an average of +0.2 %o
(Yan et al. 2003). These values are consistent with mantle-derived sulfur. The
broad sulfur isotopic variations in these intrusions overlapping with the compo-
sition of their sulfur-rich country rocks, combined with their geochemical features,
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indicate that significant crustal contamination occurred during their ascent and
emplacement. In particular, Zhang et al. (2009) estimated that about 10-24 % of
crustal material was assimilated in the parental magmas of the Kalatongke intru-
sion, which could be responsible for ore formation as well as the feature of
dominant mafic rocks with limited ultramafics. In contrast, both mafic—ultramafic
rocks and country rocks in the Beishan area show restricted sulfur isotopic values
(6**S = —2 to +2 %o) within the mantle range (Fig. 8.9¢). It should be mentioned
that these country rocks, including marbles, biotite-quartz schists and quartz
diorites, are extremely poor in sulfide. Considering the above-discussed petro-
logical and geochemical features, we suggest that the limited impact of crustal
assimilation on the formation of the Beishan intrusions could not produce the
sulfur saturation of the magmas. Therefore, we conclude that large scale
involvement of sulfur-rich material is significant in magmatic Ni—Cu sulfide
deposits, even though somewhat varying compositions in their primary magmas.

8.3.3 Mantle Sources

The mineralized intrusions in the Eastern Tianshan and Altay usually containing
hydrous minerals such as hornblende and biotite occurring as primary phases and
are variably altered in later stage (Chai et al. 2006, 2008; Sun et al. 2007; Tang
et al. 2009a; Han et al. 2010; Liu et al. 2010). Zhou et al. (2004) interpreted this
feature as having resulted from the addition of water to the magma sources prior to
their emplacement. The bulk ®’Sr/*°Sr and zircon 6'®0 values of the mafic—
ultramafic intrusions in the Altay, Eastern Tianshan and Beishan are concentrated
in the low-6'%0 and low-*"Sr/%°Sr field, which represents the source contamination
from crust/slab fluid. Their large variations of positive eyg(t) of zircons and
positive bulk eng(t) suggest that the depleted mantle sources had been subjected to
variable degrees of enrichment (Zhou et al. 2004; Chai et al. 2008; Wang et al.
2009; Qin et al. 2011). Most of these mafic—ultramafic intrusions are systemati-
cally enriched in LILE (e.g., Cs, Rb, Ba, Sr) and highly incompatible lithophile
elements (e.g., U), and depleted in Nb, Ta and Ti, which are typical subduction-
related features (Figs. 9, 10; Rollinson 1993; Turner et al. 1997). Compared with
LILE such as Th and Rb, HFSE (e.g., Zr, Nb) are relatively immobile in aqueous
fluids (e.g., Turner et al. 1997). Firstly, Nb/Zr and Nb/Y ratios will change as
functions of source compositions, and the addition of fluid components from slab
to wedge will not significantly affect these ratios (e.g., Pearce and Peate 1995).
Secondly, mantle sources modified by slab melts are likely to have lower Th/Zr
and Rb/Y ratios than those modified by fluids (e.g., Zhao and Zhou 2007). The
higher Th/Zr and Rb/Y ratios for a given Nb/Zr and Nb/Y ratio in the Beishan
mafic—ultramafic rocks indicate that they were probably derived from mantle
sources strongly modified by hydrous fluids. On the other hand, however, the
positive correlations of Th/Zr versus Nb/Zr and Nb/Y vs. Rb/Y in the Altay and
Eastern Tianshan mafic—ultramafic rocks suggest that their mantle sources had
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been modified by both slab fluids and melts. These facts demonstrate that the
mantle sources beneath the Altay, Eastern Tianshan and Beishan are evidently
compositionally heterogeneous, which presumably resulted from significant and
variable degrees of subduction-related modification.

The late Paleozoic sub-continental lithospheric mantle beneath the Altay and
Eastern Tianshan was modified by slab-derived melts and fluids during the sub-
duction of the Junggar ocean, whereas the mantle beneath the Beishan was
influenced mainly by slab-derived fluids during the subduction of the South
Tianshan ocean. The Hf model ages of the analyzed zircons and ophiolite dating,
together with the regional geology, suggest that in the Beishan area a northward
subduction of the South Tianshan ocean, possibly from ca. 900 Ma to ca. 400 Ma,
whereas the Eastern Tianshan had a southward subduction of the Junggar ocean,
most likely from ca. 600 Ma to ca. 310 Ma. All Ni—Cu-bearing intrusions in these
areas were formed in late Paleozoic between 300 and 260 Ma. This implies that
the time duration between the completion of subduction and the formation of
mafic—ultramafic intrusions in the Beishan area in 100 Ma was quite long, and that
the events between subduction, orogenic movement and emplacement of intrusions
in the Altay and Eastern Tianshan are continuous. Although the mantle sources
beneath the Altay, Eastern Tianshan and Beishan had all been modified by sub-
ducted materials, Ni-Cu mineralization of the mafic—ultramafic intrusions from
these locations are completely different, with abundant deposits hosted in the
former two but are rarely found in the Beishan. This disparity may be directly
correlated with distinct types of modification in mantle sources and their different
durations between emplacement and subduction.

8.4 Implications for Mineralization of Mafic-ultramafic
Intrusions within Orogenic Belts

The mafic—ultramafic intrusions occurring within craton and on continental margin
are commonly dominated by net-textured type Ni—Cu sulfide deposits (Naldrett
etal. 1992, 2009; Maier et al. 2000, 2001; Li et al. 2003; Naldrett 2005; Ripley and
Li 2009). The Ni—Cu sulfide mineralization may occur in various rock types. For
example, the Bushveld Complex is a composite intrusion consisting of a granitic,
granophyric, and layered mafic—ultramafic phase (Maier et al. 2000; Clarke et al.
2009). Numerous observations and exploration works have revealed that the dis-
seminated and massive sulfide lenses are usually present at or near the base of
intrusions (Naldrett et al. 1992, 2009; Arndt et al. 2005; Said et al. 2011), but
typical prospecting petrological and mineralogical indicators are poorly defined.
Instead, geologists emphasize the geochemical characteristics and ore-forming
mechanism. Naldrett (2005) put emphasis on the importance of reaction between
mafic magma and crustal rocks, the flow of sulfide-bearing magma in the con-
centration and localization of the sulfides, fresh magma interacting with and
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upgrading an earlier generation of sulfide, and chalcophile element depletion as an
indicator of reaction between magma and sulfide. Li et al. (2002, 2003, 2004) and
Fleet and MacRae (1983) highlighted both units containing Ni-depleted olivine
and undepleted units that contain Ni-rich olivine. Meanwhile, the MgO-enrich-
ment and Sr—-Nd—O-S isotopic characteristics suggest partial melting in mantle
source and crustal contamination during magma ascent and emplacement (Chai
and Naldrett 1992; Lesher and Stone 1996; Maier et al. 2000; Zhou et al. 2002;
Clarke et al. 2009).

Since the discovery of the Jinchuan Ni—Cu sulfide deposit in a small intrusion, a
magma conduit style of deposits has been widely proposed to document the
mineralization in Uitkomst and Voisey’s Bay intrusions (Maier et al. 2001; Tang
et al. 2002; Li et al. 2003; Naldrett et al. 2009). Actually, economically important
magmatic Ni—Cu sulfide deposits tend to occur in magma conduit systems, and the
enhanced ore potential of conduit systems is attributed to their specific flow
environment and to the exploitation of the conduits by multiple flows of magma
(Maier et al. 2000, 2001). The small outcropping area, funnel-shaped section,
presence of sulfide droplets, etc. of the Ni—Cu sulfide deposits in the Eastern
Tianshan intrusions imply that they are most likely linked to conduit type
hypothesis (Qin et al. 2003; Zhou et al. 2004; Han et al. 2006; Mao et al. 2008; Sun
2009; Liu et al. 2010; Xiao et al. 2010).

Besides the common features of large layered mafic—ultramafic intrusions, the
focus on the Ni—Cu sulfide mineralization in the southern margin of the CAOB
covers the petrology, late-stage alteration and subduction-related modification in
the mantle (Pirajno et al. 2008). The considerable presence of significant amount
of primary hornblende and biotite indicates that their parental magmas are hydrous
and also rich in alkali components. For example, the Kalatongke mafic rocks have
total alkali contents of up to 7 %, suggesting an alkaline affinity (Han et al. 2006;
Pirajno et al. 2008; Zhang et al. 2009). This feature is typically different from those
intrusions in cratons and continental margins, whose parental magmas are prin-
cipally ‘dry’, evidenced by the presence of troctolite and plagioclase-bearing rocks
in the Beishan mafic—ultramafic intrusions. Late-stage alteration has been linked to
mineralization within the orogenic mafic—ultramafic intrusions (Zhou et al. 2004;
Han et al. 2006, 2010; Sun et al. 2007; Mao et al. 2008; Liu et al. 2010). The
reasons for this alteration are not clear and it would be useful to attempt dating the
altered minerals. One possibility, proposed by Pirajno et al. (2008), is that these
intrusions are a powerful heat source that can generate hydrothermal convection
cells within and around the intrusive body, once it is emplaced, and the convective
fluids subsequently cause varying degrees of hydrothermal alteration in the rocks
through which they circulate. Obviously, the fluids and/or melts released from
subducted slab play key roles in the mantle sources by introducing hydrous and
alkali components. Although mineralization features of these mafic—ultramafic
intrusions in orogenic belt have been recognized, the mechanism of Ni—Cu sulfide
mineralization still requires further constraints but apparently differs from those in
the cratonic and continental margin settings.
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8.5 Summary

The systematic comparison of mafic—ultramafic intrusions in the Altay, Eastern
Tianshan, and Beishan reveals that the mineralized and barren intrusions display
completely distinct characteristics with respect to petrology, mineralogy and
geochemistry. The identifiable mineralization indicators include the occurrence of
pyroxenite, presence of primary hydrous mineral and orthopyroxene, strong ero-
sion and alteration, restricted Fo and Ni ranges in olivines, large bulk-geochemical
variations, etc. These typical features are closely linked to subduction-modified
mantle sources, degree of partial melting and crustal assimilation. Therefore, the
Ni—Cu sulfide mineralization of mafic—ultramafic intrusions within orogenic belt is
remarkably different from that in cratonic and continental margin settings. Con-
duit-type morphology is probably the main position for mineralization in the
mafic—ultramafic intrusions within the orogenic belt.
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Chapter 9
Permian Mantle Plume and Paleozoic
Tectonic Evolution

9.1 Subduction Events and Their Time

For mantle-derived magmas, if the zircon Hf model age is very close to its for-
mation age (zircon U-Pb), the magmas could be considered to be derived from a
depleted mantle source. On the other hand, if the zircon Hf model age is older than
its formation age, it can be concluded that the magma was derived from enriched
mantle sources or was contaminated by crustal materials. Their Hf model age
corresponds to the age of enriched or crustal component, which modified their
mantle source region, and exactly to the minimal age of crustal component (Wu
et al. 2006, 2007). In the Eastern Tianshan and Beishan, all zircons (except those
from the Sidingheishan granite samples, namely SH-11 and SH-R) have apparently
older Hf single-stage model ages than their U-Pb ages (Fig. 9.1), which does not
only support subduction-modified mantle source but also provides an important
constraint on subduction event, including its initial age and subduction polarity.
The Bogeda-Haerlike, Jueluotage and Middle Tianshan, and Beishan belts have
similar U-Pb ages but markedly different zircon Hf model ages. Accordingly, two
subduction events probably occurred in the north and south of the study area.

In the Bogeda-Haerlike and Jueluotage belts, most zircons have young U-Pb
ages falling in the range of 279-441 Ma (Fig. 9.1), and strongly positive ey(t)
values (mostly ranging from +8 to +17; Fig. 5.3), which correspond to depleted
mantle Hf model ages of 360-600 Ma (Fig. 9.1). Morphologically, most gabbroic
zircons, occurring as fragments, are subhedral or anhedral, and have rounded
terminations and patchy linear zoning (Fig. 5.1). These features suggest that the
mantle sources of the mafic—ultramafic complexes were modified by subduction.

The Paleozoic subduction polarity of the Junggar ocean in the Eastern Tianshan
has been the subject of debate among scientists (e.g., Ma et al. 1993; Qin 2000; Li
2004; Han et al. 2006; Li et al. 20064, b; Zhang et al. 2008; Zhou et al. 2008; Xiao
et al. 2009; Ao et al. 2010), and also remains a critical issue because subduction
polarity governs the zircon Hf isotopic composition of post-subduction igneous
rocks. In the case of the northward subduction, the Middle Tianshan, being a
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passive continental margin, was probably partially involved in subduction. The
Middle Tianshan comprises mainly Precambrian basement without Phanerozoic
material (Qin et al. 2002), and therefore, could not have produced the afore-
mentioned Hf isotopic composition. For example, the zircon Hf isotopic compo-
sitions of the Middle Tianshan mafic—ultramafic complexes (Tianyu and
Baishiquan) yielded >600 Ma Hf model ages, which are inconsistent with those of
the Bogeda-Haerlike and Jueluotage complexes (Fig. 9.1). The different Hf iso-
topic compositions as well as the different model Hf ages of the mafic—ultramafic
rocks could have resulted from the different age and evolution of lithosphere
mantle segments under the northern and southern parts of the Eastern Tianshan and
Beishan. This suggestion accords well with the different ages of the crust within
the Bogeda-Haerlike and Jueluotage belts and in the Middle Tianshan and Bei-
shan. The Bogeda-Haerlike and Jueluotage belts consist of Middle Paleozoic rocks
whereas the Middle Tianshan and Beishan have a Precambrian basement or
include Precambrian strata.


http://dx.doi.org/10.1007/978-3-642-54262-6_5
http://dx.doi.org/10.1007/978-3-642-54262-6_5

9.1 Subduction Events and Their Time 185

The northern part of the Eastern Tianshan is comprised of large volumes of
Ordovician to Carboniferous volcanic rocks and sediments (BGMRXUAR 1993;
Fang 1993; Gu et al. 2001; Li 2004; Li et al. 2006b). These materials were
subducted into the mantle, and their subsequent mixing with the depleted mantle
gave rise to the zircon Hf isotopic signature of the mafic—ultramafic complexes.
The subducted volcanic rocks were most likely characterized by low 6'*0 values,
which further confirms the very low 6'%0 values (lower than normal mantle zir-
con) of the complexes in the Eastern Tianshan. Again, taking the depleted mantle
Hf model ages of 360-600 Ma into account, we suggest that the southward sub-
duction of the Junggar ocean occurred during the Paleozoic, with a probable
earliest starting time of ~ 600 Ma.

Not much is known about the evolutional relationship between the Middle
Tianshan and Beishan belts because the rocks of these belts have received very
little attention in geochemical and/or isotopic studies. Consequently, various
authors have proposed different models representing the evolutional history of
rocks in this region (Li 2004; Han et al. 2006; Zhang et al. 2008). In this study, the
investigated zircons from the Middle Tianshan and Beishan belts give very
restricted U-Pb ages of 279-286 Ma (except Xuanwoling: 261 Ma; Poyi granite
vein: 251 Ma) and relatively lower egg(t) values of 0 to +8, which correspond to
depleted mantle Hf model ages of 600-900 Ma (except Hongshishan troctolite:
350-560 Ma) (Fig. 9.1). The Precambrian basements of the Middle Tianshan,
Beishan and Tarim are consistently lower to middle Proterozoic in age (Qin et al.
2002; Mao et al. 2006a; Xu et al. 2009; Zhang et al. 2010), suggesting that the
three terrains were probably uplifted around the same time, accompanied (fol-
lowed) by the subduction of the South Tianshan ocean separating them (Qin 2000;
Qin et al. 2005). The identical zircon Hf isotopic compositions indicate that the
mafic—ultramafic complexes in the Middle Tianshan and Beishan belts were
probably derived from mantle sources with identical Hf isotope signatures, mod-
ified by Neoproterozoic subduction. It is worth noting that the zircons from the
Hongshishan troctolite show distinctly different Hf isotopic compositions,
although they have similar U-Pb ages (this study; Ao et al. 2010). Geochemically,
the Hongshishan complex is also very similar to others in the Beishan Terrane.
These features can possibly be interpreted as heterogeneous modification in their
mantle sources by subduction. Additionally, the Tianyu and Baishiquan complexes
in the northern margin of the Middle Tianshan show petrological, mineralogical
and geochemical similarities to those in the Jueluotage Belt. All zircons from the
Tianyu and Baishiquan complexes show linear zoning and low luminescence in
morphology, which are also very identical to that of the Jueluotage complexes.
These features of the Middle Tianshan complexes imply that the northern margin
of the Middle Tianshan was most likely subjected to two modifications through the
subduction of the South Tianshan ocean, followed by that of the Junggar ocean.
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9.2 Crustal Accretion

The CAOB is characterized by large volumes of Paleozoic and Mesozoic granitic
intrusions as well as basaltic to rhyolitic rocks, all of which have features of
positive enq(t) values, low initial Sr isotopic ratios, and young Sm—Nd model ages
of 300-1,200 Ma (Hu et al. 2000; Jahn et al. 2000a, b, 2004; Windley et al. 2007).
These isotopic compositions indicate their “juvenile” character and suggest their
derivation from source rocks or magmas separated from the upper mantle (Sengor
et al. 1993, 2004; Hu et al. 2000; Jahn et al. 2000a, b, c, 2004; Windley et al. 2007;
Sun et al. 2008; Condie et al. 2009; Xiao et al. 2009). The process of juvenile
crustal growth in the Altai and Western Tianshan regions has been well studied
(Han et al. 1997; Hu et al. 2000; Windley et al. 2007; Xiao et al. 2009, 2010a). The
recent “discovery” of juvenile crust in the Eastern Tianshan is only restricted to
the Late Devonian to Carboniferous (e.g., Gu et al. 2001; Hou et al. 2005; Wang
et al. 2006), but no documentation on the crustal growth in the Beishan Terrane.

In this study, the Sidingheishan granitic zircons (SH-11 and SH-R) show strong
positive eyg(t) values that correspond to depleted mantle Hf model ages identical to
their U-Pb ages (398 and 441 Ma) (Figs. 5.3, 7.1, 9.1). This confirms the growth of
the juvenile crust in the Eastern Tianshan during the Silurian and Devonian. The
6'80 of SH-11 (Fig. 5.3) also support a significant mantle input. The alkaline granite
(PY) intruding the Poshi mafic—ultramafic intrusion in the Beishan Terrane has
younger zircon U-Pb age of 251 Ma but similar y(t) and older depleted mantle Hf
model age (Table 5.2; Figs. 5.3, 9.1). This granite sample has revealed that granitic
magmatism of the Beishan Terrane in the Late Permian received significant inputs of
mantle materials. The rhyolite (HSS6) associated with the Hongshishan complex has
a zircon U-Pb age (279 Ma) close to the formation ages of several mafic—ultramafic
complexes in the Eastern Tianshan and Beishan. Similarly, the Hf isotopic com-
positions of zircons in the rhyolite are identical to those of the complexes (Figs. 5.3,
9.1). According to Jahn et al. (2000c), the proportion of juvenile to recycled con-
tinental crust, as well as that of arc-related to plume-generated continental crust,
remains to be evaluated. The further indicated that subduction processes alone could
not have been responsible for the formation of all the juvenile crust. Some studies
have proposed an early Permian mantle plume model responsible for the generation
of mafic—ultramafic complexes in the Eastern Tianshan and Beishan and also the
flood basalts in the Tarim Basin (Zhou et al. 2004; Mao et al. 2008; Zhang et al.
2010). The rhyolite sample is, therefore, not only a record of juvenile crustal growth
but also an important signature of possible mantle plume.

9.3 Mantle Plume

Early Permian eruptive and intrusive rocks in NW China are widespread, partic-
ularly in Tianshan and its adjacent regions. Basalts are mainly distributed in the
Tarim Basin and sporadically along the Tianshan Mountains (Jia et al. 1995; Chen
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et al. 1997; Zhang et al. 2003; Xia et al. 2003, 2006; Yang et al. 2005, 2006; Li
et al. 2007, 2008; Zhou et al. 2009). Most of the Permian basalts in the Eastern
Tianshan and Beishan should have been eroded away because the Kangguer-
Huangshan ductile shear zone hosting Carboniferous volcanic rocks and tuff, and
ductile shear belt type gold deposits are cropping out at the surface at present (Qin
et al. 2002, 2003). Minor amounts of basalts present in the Eastern Tianshan and
Beishan may represent relicts (Mao et al. 2008; Pirajno et al. 2008; Xu et al. 2009).
Large volumes of intermediate-acidic volcanic successions and associated granitic
rocks were erupted/intruded during the Late Carboniferous-Early Permian in NW
China (Han et al. 1997; Jahn et al. 2000a, b, 2004; Xia et al. 2003, 2006; Xiao
et al. 2004a, 2009; Wang et al. 2009a). Their distribution has been identified as a
large igneous province (LIP) in NW China (Xia et al. 2003, 2006; Yang et al.
2007a; Chen et al. 2009; Zhou et al. 2009). These volcanic rocks have OIB-like
geochemical features (Xia et al. 2003, 2006 and references therein; Zhou et al.
2009) and the granites are characterized by positive eng(t) (Jahn et al. 2000a, b,
2004; Wang et al. 2009a and references therein), suggesting a large scale under-
plating of mantle derived magmas beneath the crust in NW China during the Early
Permian. Furthermore, the mafic/ultramafic intrusive dikes and sills outcropping in
the Eastern Tianshan, Beishan and the margin of the Tarim LIP, have features of
low Ti and estimated high-Mg parental magmas (generally >12 wt%), which
require very high mantle temperatures estimated to be in the range of
1,100-1,600 °C using equilibrium mineral assemblages (Zhou et al. 2004; Yang
et al. 2007b; Chai et al. 2008; Mao et al. 2008; Pirajno et al. 2008; Tang et al.
2009) consistent with the experimental modeled temperatures (Nisbet et al. 1993;
Herzberg and O’Hara 2002; Isley and Abbott 2002). Additionally, Mao et al.
(20064, 2008) suggested that these mafic—ultramafic intrusions might be the root of
the erupted basalts, which were eroded away in the Eastern Tianshan and Beishan,
and subsequently preserved in the Tarim Basin.

Recently, Tian et al. (2010) reported major and trace element composition, Sr—
Nd isotopic and seismological data for a picrite-basalt-rhyolite suite from the
northern Tarim uplift. They studied samples from 13 boreholes at depths between
5,166 and 6,333 m. The picrite samples have high MgO (14.5-16.8 wt%, volatiles
included) and are enriched in incompatible element and have high 7Sr/*¢Sr
(Sr; = —0.707) and low '*Nd/'**Nd isotopic ratios (ena(t) down to —5.3),
resembling the Karoo high-Ti picrites. The picrite-basalt-rhyolite suite, together
with Permian volcanic rocks from elsewhere in the Tarim Basin, constitute a LIP
that is characterized by a large areal extent, rapid eruption, OIB-type chemical
composition, and eruption of high temperature picritic magma.

The above observations and geochemical features have been attributed to
activities of mantle plume (Xia et al. 2003, 2004; Zhou et al. 2004; Yang et al.
2007a, b; Mao et al. 2008; Pirajno et al. 2008; Chen et al. 2009), which may be
correlated with global plume activities such as the ~251 Ma Siberian and
~260 Ma Emeishan plumes in the Permian. Although a possible mantle plume
could be inferred to have initiated magmatic activities in NW China, there is still a
lack of exact and adequate evidences to support this, since the identification of an
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ancient plume is based on uplift prior to volcanism, the orientation of dikes that
feed the volcanism, the physical characteristics of the volcanism, the age pro-
gression along volcanic chains, and the chemistry of the magmas that mantle
plumes produce (Condie 2001; Ernst and Buchan 2003). Some fundamental
geochronological and geochemical constraints are offered in the discussion below.

9.3.1 Geochronology and Zircon Hf-O Isotopes

Some geochronological constraints on a possible mantle plume have been done by
Pirajno et al. (2008) and Zhang et al. (2008). The mineralization ages of 119
magmatic and hydrothermal ore deposits in NW China (Fig. 9.2) compiled by
Pirajno et al. (2008) range from 250 to 320 Ma with the peak at 280-300 Ma. This
was assumed to be the time when the mantle plume was mostly active. Compiled
age data of 18 mafic and 21 granitic rocks by Zhang et al. (2008) gave a similar
age span of 260-320 Ma but a different peak of 275 Ma, which was interpreted to
represent the plume age. Since flood basalts have genetic affinity to mafic—ultra-
mafic intrusions such as in the Emeishan mantle plume region (Condie 2001; Isley
and Abbott 2002; Ernst and Buchan 2003; Xiao et al. 2003, 2004b; Zhong and Zhu
2006; Zhou et al. 2008), the compilation of both age datasets can be used to clarify
the issue on the age of the mantle plume.

Up to date published age data of the Tarim basalts and mafic dikes show a wide
range between 271 and 292 Ma, including zircon U-Pb age data by LA-ICP-MS
and SHRIMP, which have relatively large errors of up to 15 Ma, and K-Ar and
3 Ar—*°Ar which yield small errors (Table 9.1; Fig. 9.2). For example, the analysis
of basalts from the same locality, by the same method in an individual study
generated distinct results (Table 9.1), which might depend on their sampling
depth/layer. Thus, a histogram of basalt ages exhibits a flat pattern without any
peak (Fig. 9.2), indicating that it cannot yield the exact constraint on the mantle
plume. Zircon U-Pb dating on mafic—ultramafic intrusions by a more precise
method using Cameca IMS 1280 in this study yielded a relatively restricted age
range between 276.8 and 284.0 Ma (Table 9.1). The compiled zircon U-Pb age
data measured by TIMS, SIMS, SHRIMP and LA-ICP-MS illustrate a striking
peak with values between 280 and 285 Ma (Fig. 9.2) and lie within the age range
(280-300 Ma) of Pirajno et al. (2008) and also within the Tarim basalts age field
(272-292 Ma) of Zhang et al. (2008). These features imply that the mafic—ultra-
mafic intrusions have a geochronological genetic relation with the basalts. The
merged histogram displays a peak of 280 Ma even taking analytical error into
account (Fig. 9.2), which most likely represents a period of the mantle plume
activity in NW China.

A switch from subduction-driven to plume-driven magmatism for the Pacific
margin of Gondwanaland during the Mesozoic was suggested to be within 510 Myr
(Weaver et al. 1994; Storey et al. 1999; Dalziel et al. 2000; Condie 2001), which
could take a little longer in an orogenic belt such as Central Asian Orogenic Belt.



9.3 Mantle Plume 189

() (b)
457 Magmatic and hydrothermal 187
404 ore deposits in NW China 16 1
35 4|
Eastern Tianshan
= 301 = 121 and Beishan mafic-
é 254 _§ 10 4 ultramafic intrusions
E E
Z 20 Z 8 1
154 6 4 Turim‘busﬂlls and
mafic dykes
104 4 4
54 2
0 0
220 240 260 280 300 320 340 360 380 400 250 260 270 280 290 300
(C) Age (Ma) Age (Ma)
310
300 [
290+ * { ) if
= $ L s
= 280 .j‘% 'Iqii L ?j ﬁiﬁ! ?2 I!
E
3 270 {?!E ) {E { Ii (]
260 g
250 g
250 Tarim basalts and mafic dykes Eastern Tianshan and Beishan mafic-ultramafic intrusions
240

Fig. 9.2 a Histogram of compiled age data (n = 119) of magmatic and hydrothermal ore
deposits in NW China yielding a peak age between 280 and 300 Ma (after Pirajno et al. 2008 and
references therein). b Histogram of compiled age data (n = 71) of basalts and mafic/ultramafic
dikes/intrusions in Tarim Basin, Eastern Tianshan and Beishan (data sources see Table 9.1).
¢ Compiled ages with errors showing a ca. 280 Ma peak [reprinted from Qin et al. (2011) with
permission of American Journal of Science]

The subduction was generally suggested to have ended in the Late-Carboniferous
during and before which the subduction-related igneous rocks were well developed
in NW China (for example, Jia et al. 1995; Qin et al. 2002, 2005; Xu et al. 2009).
Assuming 295 Ma as the end time of subduction-related magmatism, 280 Ma would
therefore be a reasonable age for mantle plume-driven magmatism. Additionally,
this mantle plume was taking place in the post-orogenic period.

Based on zircon U-Pb ages of investigated samples and compiled age data of
mafic—ultramafic complexes and the Tarim basalts, we proposed a ~280 Ma
mantle plume model to interpret the generation of tholeiitic and basaltic magmas.
We will not discuss the age data here again but rather place further constraints
using zircon Hf-O isotopes.

As shown in Fig. 9.3, the 4'®0 is closely related to zircon U-Pb age. The
zircons with U-Pb ages ~300 Ma have very restricted O isotopic variations
(6'®0 = +4 to +6 %), displaying conspicuous §'®0 peak values, whereas the
zircons with U-Pb ages of between 250 and 260 Ma also show limited variations
of '®0 in the range of +5.5 to +7.5 %o with conspicuous peak values. In contrast,
all zircons with ~280 Ma display extremely large 0'®0 range from +4.5 to
+11.0 %o with scattered distribution (Fig. 9.3). Similar characteristics occur in the
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Fig. 9.3 Histogram of zircon §'%0 values of zircons from the variable rocks in the Eastern
Tianshan and Beishan. The >300 Ma and 250-260 Ma zircons for individual intrusions or rocks
display restricted 6'®0 variations with striking peaks, whereas the ca. 280 Ma zircons show wide
5"80 ranges without peaks [modified after Su et al. (2011) with permission of Elsevier]

zircon Hf isotopic variations. The systematic Hf—O isotopic anomalies can be
ascribed to the ~280 Ma mantle plume activities. The onset of the mantle plume
would probably cause a great variety of materials, including subduction modified
mantle, asthenospheric mantle, possible residual slab, lower crust, and plume
materials from deep mantle, to be mixed together. We suggest that the heteroge-
neity of the mantle was either caused by subduction-related modification or there
was no ample time for the mantle to be homogeneous during its formation. The
product of the mixing process inherited the heterogeneous compositions of the
different magma sources, which subsequently erupted or intruded into the crust.
Consequently, distinct igneous rocks are distributed in different tectonic belts, and
some rocks differ from each other even in the same region.
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9.3.2 Geochemistry

9.3.2.1 Sr-Nd Isotopic Constraints

Most OIBs are considered to be the expression of plume tails, whereas continental
and oceanic LIPs with chemistry similar to that of OIBs are generally interpreted
to represent plume-head events (Campbell and Griffiths 1990; Saunders et al.
1992, 2005; Chung and Jahn 1995; Condie 2001; Ernst and Buchan 2003). In Sr—
Nd isotopic diagrams, oceanic plateaus, which have chemistry similar to OIBs,
plot between depleted mantle and chondrite. The radiogenic isotope compositions
of continental flood basalts fall outside the range of plume sources defined by OIBs
and typically plot within the field of enriched ¥’Sr/*®Sr and negative eng(t), sug-
gesting a possible contamination by lithospheric mantle and continental crust
(Campbell and Griffiths 1990; Ellam and Cox 1991; Saunders et al. 1992, 2005;
Chung and Jahn 1995; Condie 2001; Ernst and Buchan 2003).

The Emeishan flood basalts generated from ~260 Ma mantle plume display
very similar geochemical features plotting within the OIB field in Sr—Nd diagram
and show lithospheric contamination (Fig. 9.4; Chung and Jahn 1995; Xiao
et al. 2003, 2004b; Zhou et al. 2008). The Tarim flood basalts have (¥’St/0Sr); of
0.706104-0.708183 and eng(t) of —9.2 to —1.7 partly overlapping the Emeishan
basalts field (Fig. 9.4). Accordingly, the Tarim basalts have been interpreted to be
derived from the asthenosphere and subsequently contaminated by Mesoprotero-
zoic sedimentary rocks during their ascent (Fig. 9.4; Zhang et al. 2008; Zhou et al.
2009). Several studies (e.g., Condie 2001; Ernst and Buchan 2003; Isley and
Abbott 2002; Zhou et al. 2004) have suggested that mafic—ultramafic intrusions are
derived from the lithospheric mantle and have wider compositional ranges due to
more extensive contamination. For example, the Emeishan mafic—ultramafic
intrusions show larger variations in Sr isotope, although the Nd isotopes are similar
to the flood basalts (Fig. 9.4; Zhou et al. 2008). Similarly, the mafic—ultramafic
intrusions in the Eastern Tianshan and Beishan have wide Sr-Nd isotope variations
in (¥’Sr/%°Sr); (0.702498-0.708529) and eng(t) (—1.3 to +11.2) and are correlated
with the Tarim basalts (Fig. 9.4). Besides, the mafic dikes close to the Tarim LIPs
also show similar isotopic features and mostly plot in the field defined by the
mafic—ultramafic intrusions (Fig. 9.4). These features suggest that the flood basalts
and mafic—ultramafic intrusions have genetic affinities but distinct magma sources.
Furthermore, the plume-related A-type granites are characterized with positive
eng(t) (but usually <+5) (Zhong and Xu 2009). The Permian A-type granites in the
Tianshan Mountains have eyy(t) in the range of —1 to +5 and low (®7Sr/%%Sr); of
0.705200 (Fig. 9.4; Zhang et al. 2008). In summary, the OIB-like isotopic com-
positions and correlated relationship among the flood basalts, mafic—ultramafic
intrusions and granites imply that the petrogenesis of these rocks was most likely
related to mantle plume activities.
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Fig. 9.4 ena(t) versus (37St/%Sr); plot of Sr and Nd isotopic compositions of basalts and mafic/
ultramafic dykes/intrusions in Tarim Basin, Eastern Tianshan and Beishan [reprinted from Qin
et al. (2011) with permission of American Journal of Science]. Fields of the Emeishan flood
basalts and intrusions are from Zhou et al. (2008). Mesoproterozoic sedimentary rocks in Tarim
and Permian A-type granites in Tianshan fields are from Zhang et al. (2008) and references
therein

9.3.2.2 Geochemical Constraints

Mantle plumes can be divided into central/inner, intermediate and outer zones, and
igneous rocks in each zone exhibit distinct compositions (Campbell and Griffiths
1990; Condie 2001; Ernst and Buchan 2003; Xiao et al. 2003, 2004b; Saunders
et al. 2005; Jourdan et al. 2009). For instance, the basalts of the inner zone of the
Emeishan plume are characterized by low TiO, contents, whereas high-Ti basalts
crop out in the outer zone of the same plume (Xiao et al. 2004b). The explanation
for this feature is that Ti as an incompatible element tends to concentrate in low-
degree melting magmas rather than high-degree melting magmas linked to high
temperatures such as that of mantle plume head (e.g., Xu et al. 2001; Xiao et al.
2003, 2004b; Tang et al. 2006). Magmas generated by high-degrees of melting
have higher Mg# than the low-degree melting magmas do, and consequently, TiO,
content and Mg# of the whole rocks display negative correlations (Herzberg and
O’Hara 2002; Isley and Abbott 2002; Xiao et al. 2004b). The low-Ti and high-Ti
basalts in the Emeishan area display geochemical gaps (Fig.9.5; Xiao
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Fig. 9.5 Whole rock TiO, versus Mg# plot of basalts and mafic/ultramafic dykes/intrusions in
the Tarim Basin, Eastern Tianshan and Beishan [reprinted from Qin et al. (2011) with permission
of American Journal of Science]. Data are compiled after Chen et al. (1997), Zhou et al. (2004,
2009), Jiang et al. (2004, 2006), Li et al. (2006), Chai et al. (2008), Li et al. (2008), Xia
et al. (2008), Sun (2009), Tang et al. (2009). Emeishan high-Ti and low-Ti basalts fields are from
Xiao et al. (2004b)

et al. 2004b), and were interpreted to be produced from different source areas:
lithospheric mantle and mantle plume (Xiao et al. 2004b). Similar features are
present in the southern African LIPs (Jourdan et al. 2009).

The compositions of basalts and mafic—ultramafic rocks in NW China are
comparable with the Emeishan basalts and those of the southern African LIPs. The
Tarim basalts have high TiO, contents of 1.6-5.3 weight percent (mostly >2.2
wt%) and low Mg# of 22-60 (mostly <50), whereas the Eastern Tianshan and
Beishan mafic—ultramafic rocks display low TiO, contents (1.8 wt%) and large
Mg# variations from 33 to 90 (Fig. 9.5). The basalts and the mafic—ultramafic
intrusions are likely to correspond to the high-Ti basalts and low-Ti basalts,
respectively. Similarly, Xia et al. (2003, 2004), on the basis of geochemical data,
also suggested that low-Ti lavas are predominantly distributed in the eastern
Tianshan rifts and that high-Ti alkaline lavas predominantly erupted in the western
Tianshan (Yili rift), and concluded that this spatial variation may be caused by the
different thickness of lithosphere and the thermal structure of the asthenospheric
mantle. Therefore, the high-Ti and low-Mg basaltic lavas in the western Tianshan
and the Tarim Basin may have been produced by lower degrees of melting in the
outer zone of the mantle plume characterized by relatively lower temperature and
thicker lithosphere, whereas the low-Ti and high-Mg magmas in the Eastern
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Tianshan and the Beishan were probably generated from the axis of the mantle
plume, where the temperature was extremely higher and the lithosphere was
thinner (Xia et al. 2003, 2004; Pirajno et al. 2008).

9.3.3 A Mantle Plume Model

Xia et al. (2004) suggested that a Carboniferous-Permian mantle plume was once
active in NW China including Tarim, Tianshan and Junggar evidenced by the
geochemical features of their preferred rift-related volcanic rocks. This model was
argued by numerous geological and geochemical observations. Most of the vol-
canic rocks in their model were formed in marine environment in a large time span
when the subduction of the Paleo-Asian ocean was going on, which has been
extensively accepted by most geologists (e.g., Qin et al. 2003; Xiao et al. 2004a,
2009; Wang et al. 2009a). Furthermore, the Carboniferous period is the main stage
for the formation of arc-related porphyry Cu and epithermal Au and basin-related
VMS deposits in Tianshan and Circum-Junggar (Qin et al. 2002, 2005). The
mantle plume event discussed in this study is limited spatially within Tianshan,
Tarim and Beishan, and temporally in the Early Permian, apparently differing from
the plume proposed by Xia et al. (2004). Meanwhile, the Early Permian is also the
most important ore-forming stage for magmatic Ni-Cu sulfide deposits in Tianshan
and Beishan (Qin et al. 2003, 2005).

Based on the previous studies and the above discussions, we propose a mantle
plume model as illustrated in Fig. 9.6. In this model, we infer that the Eastern
Tianshan and Beishan occur in the inner zone of the plume, since the generation of
low-Ti and high-Mg magmas requires extremely high temperature (Nisbet et al.
1993; Herzberg and O’Hara 2002; Isley and Abbott 2002; Zhou et al. 2004; Xiao
et al. 2004b; Tang et al. 2006) and the rift is attributed to be surface correspondence
of the lithospheric uplift overlying the mantle plume (Rogers et al. 2000; Xu et al.
2001; He et al. 2003; Saunders et al. 2005; Zhao et al. 2006). This model can also
give good interpretations to the following geological features: (1) Most mafic—
ultramafic bodies, particularly in the Eastern Tianshan, extend to the southwest at
depth (e.g., Xiao et al. 2010b; San et al. 2010), implying that the driving force for the
ascending of their parental magmas are the same; (2) The mafic—ultramafic com-
plexes in the Eastern Tianshan and Beishan and basalts in the Tarim Basin have
identical formation ages concentrated around 280 Ma. (3) The geochemical corre-
lations are commonly observed between mafic—ultramafic complexes in Eastern
Tianshan and Beishan and basalts in the Tarim Basin. The Tarim Basin, on the other
hand, occurs in the intermediate and outer zones of the plume above which the
lithosphere is relatively thicker, and where high-Ti and low-Mg lavas could be
produced. Several studies (e.g., Zhou et al. 2004; Chai et al. 2008; Mao et al. 2008;
Tang et al. 2009; Zhang et al. 2011) have shown that the lithospheric mantle beneath
the Tianshan and its adjacent regions had previously been metasomatized by sub-
ducted slab but still preserves depletion features, and could be the source of high-Mg
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magmas forming the mafic—ultramafic intrusions. Similar related geochemical
characteristics of the basalts have been described by Chen et al. (1997), Zhang et al.
(2003), Yang et al. (2006, 2007a) and Zhou et al. (2009). Accordingly, the flood
basalts were almost certainly derived from the mantle plume. Underplating of basic
magmas beneath the crust could contribute to the generation of the positive eng(t)
and ey(t) granites (Zhou et al. 2004; Zhang et al. 2008).

9.4 Model of Paleozoic Tectonic Evolution of Eastern
Tianshan and Beishan

The zircon U-Pb and Hf-O isotopic data of the mafic—ultramafic complexes and
their related rocks, together with results of previous studies on the CAOB, could be
used to propose a tectonic model for the Eastern Tianshan and Beishan regions
(Fig. 9.6).

The discoveries of the ca. 900 Ma blueschist and ca. 891 Ma granitic gneisses
in the northern Tarim Basin indicate that the Neoproterozoic ‘Xinjiang Craton’
was formed in a subduction environment (Nakajima et al. 1990; Chen et al. 2000).
Similarly, zircons from the mafic—ultramafic rocks, rhyolite and granite in the
Beishan and Middle Tianshan have a maximum depleted mantle Hf model age of
ca. 900 Ma (Fig. 9.1), which indicates that the subduction of the ocean in the
Xinjiang region probably commenced from the early Neoproterozoic occurrence
of ca. 900 Ma (Fig. 9.6). The widespread occurrence of ca. 800 Ma tillites in the
Kazakhstan and Central Tianshan Plates indicates that these plates were parts of
the Rodinia (Wang et al. 1990; Mikolaichuk et al. 1997; Xu et al. 2005), and the
consequent separation of these plates from the Rodinia probably occurred in the
middle Neoproterozoic, which is implied by the occurrence of ca. 755 Ma volcanic
rocks in the northwestern Tarim (Xu et al. 2005). The reflection of the ca. 600 Ma
subduction signature (Hf model age) in the Bogeda-Haerlike and Jueluotage
igneous rocks suggest that at about 600 Ma or slight later (Fig. 9.6), the Junggar
ocean opened up and subduction commenced thereafter.

The closure of the South Tianshan ocean (defined in this study) is considered to
be related to the collision of the Tarim and Beishan terranes at the end of Silurian
or Early Devonian. The zircon Hf model ages of the Beishan and Middle Tianshan
igneous rocks in this study are generally older than 400 Ma (Fig. 9.1), while Mao
(2008) reported a zircon U-Pb age of 420 Ma for the Liuyuan ophiolites in the
eastern Beishan. We interpret these ages as representing the closure of the South
Tianshan ocean, although, the precise age requires further comprehensive studies.

The tectonic character of the Eastern Tianshan during the Silurian to Carbon-
iferous was clearly defined as an ongoing subduction of the Junggar ocean and
development of the Bogeda-Haerlike and Dananhu-Tousuquan island arcs. This is
evidenced by the vast distribution of Silurian-Carboniferous volcanic rocks, and
several porphyry copper deposits (e.g., Fang 1993; Gu et al. 2001; Qin 2000; Qin
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et al. 2002, 2003; Li 2004; Zhang et al. 2004; Li et al. 2006a, b). These events were
accompanied by the development of the Tu-Ha intra-arc basin and Yamansu back-
arc basin (Fig. 9.6).

The youngest ophiolite in the whole Tianshan Orogen is the ca. 314 Ma
Hongshishan ophiolite in Gansu Province (Huang and Jin 2006). Consequently,
many authors suggest that the Junggar ocean probably completed its closure in the
Late Carboniferous (~310 Ma), and subsequent orogenesis occurred between ca.
310-290 Ma during the development of the Kangguer-Huangshan ductile shear
zone (Fig. 9.6). The mantle beneath the Tianshan region was continuously mod-
ified by subducted slab during these evolutional processes. In the period spanning
290-275 Ma, mantle-derived magmatism was extremely active in the Eastern
Tianshan and Beishan regions.

Although there is no doubt that post-orogenic extension played an important
role in these magmatic activities, the ~280 Ma mantle plume must be a more
significant event that could be used to interpret many features of the igneous rocks
such as mantle input into the magmatism of the relatively stable Middle Tianshan,
and spatial and temporal relationship between mafic—ultramafic complexes and
basalts. Geochemically, the mafic—ultramafic complexes in the Beishan Terrane
are apparently enriched in magnesium relative to those in the Eastern Tianshan.

9.5 Summary

From the isotopic and geochemical studies of the Paleozoic mafic—ultramafic
intrusions and related igneous rocks in the Eastern Tianshan and Beishan Terrane,
we have concluded as follows:

(1) Zircon SIMS U-Pb dating shows abundant Paleozoic (early Permian in par-
ticular) mafic—ultramafic complexes distributed in the Eastern Tianshan and
Beishan. Their zircon Hf-O isotopic compositions strongly depend on for-
mation age and tectonic setting.

(2) Most zircons of the mafic—ultramafic intrusions from the Bogeda-Haerlike and
Jueluotage belts have higher ey(t) (+8 to +17) and lower 5180 (+4 to +6 %o) than
those from the Middle Tianshan and Beishan (ey(t) = 0 to +8; 50 = +5to
+8 %0). The positive eye(t) and relatively lower 6'80 values, combined with
published Sr—Nd isotopic and trace elemental data, suggest that parental mag-
mas of the mafic—ultramafic intrusions were derived from depleted mantle
which had previously been subjected to subduction-related modification.

(3) The zircon Hf isotopic compositions of granites suggest that the juvenile crust
experienced continuous growth in the Paleozoic in the southern margin of the
CAOB. The zircon Hf model ages, in combination with the regional geology
indicate that the Beishan area had a northward subduction, possibly from ca.
900 Ma to ca. 400 Ma, while the Eastern Tianshan had a south-directed
subduction most likely from ca. 600 Ma to ca. 310 Ma.



9.5 Summary 201

(4) The histogram of compiled published age data of basalts and mafic—ultramafic
intrusions generates a peak of 280 Ma which probably represents the time of
the mantle plume activity. Geochemically, the basalts have lower exg(t) (—9.2
to —1.7) and Mg# (<50), and higher TiO, contents (mostly >2 wt%) than the
mafic—ultramafic intrusions (eng(t) = —1.3 to +11.2, Mg# = 33-90,
TiO, < 1.8 wt%), suggesting that the basalts were generated directly from a
peripheral zone of the mantle plume by low degree melting and that the
parental magmas of mafic—ultramafic intrusions were produced from litho-
spheric mantle source by high degree of melting resulting from the higher
temperature of the mantle plume head. Zircons from ca. the 280 Ma rocks
display broader and more scattered ey(t) and 5'80 variations than those from
both the comparatively older and younger rocks, thus, placing further con-
straints on the Early Permian mantle plume.
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Chapter 10
Concluding Remarks

The Beishan Terrane is situated between the southern margin of the Eastern
Tianshan, and the northeastern margin of the Tarim Basin, and its outcrops of
mafic—ultramafic intrusions and series of discoveries of magmatic Ni—-Cu deposits
are attracting the attention from geologists. This thesis focused on five intrusions
of the Beishan region, namely: Hongshishan, Xuanwoling, Bijiashan, Poshi and
Luodong. It involved the petrologic, mineralogical, geochemical and geochrono-
logical investigations, and the results obtained were compared with the intrusions
in the Eastern Tianshan and the basalts of the Tarim Basin. The study aimed at
systematically determining the mineralization and petrogenetic processes respon-
sible for the formation of the Beishan mafic—ultramafic intrusions, and to place
constraints on the tectonic evolution of the Eastern Tianshan and Beishan, and the
Early Permian mantle plume.

The mafic—ultramafic intrusions in the Beishan Terrane have rock assemblages
of dunite, pyroxene peridotite, troctolite, olivine gabbro and gabbro, showing
gradational contacts among these lithofacies units. Poikilitic and gabbroic textures
are well preserved in the ultramafic and mafic intrusions respectively. Plagioclase
commonly occurs in all types of intrusive rocks with rare occurrence of ortho-
pyroxene and hydrous minerals such as hornblende and mica. The hornblendes
present in the Poshi and Luodong intrusions represent secondary minerals altered
from pyroxenes. Sulfide minerals are always associated with hornblende and mica,
and occur mainly as sparse, disseminated structures and rarely as massive struc-
ture. The systematic variations of petrology, mineralogy, mineral chemistry and
geochemistry of samples from drill core sections reveal that fractional crystalli-
zation was the key process controlling the evolution of magmas with less signif-
icant contributions from crustal assimilation. Again, the variations suggest that the
interaction between early cumulated minerals and subsequent fresh magmas pro-
duced the hornblende rims of pyroxenes and zoning textures of olivines.

SIMS and LA-ICP-MS analyses of zircons from the Beishan mafic—ultramafic
intrusions give a U-Pb ages range of 279-286 Ma, which are consistent with the
formation ages (269-285 Ma) of the intrusions in the Eastern Tianshan. Compared
to the Ni—Cu-bearing sulfide ore deposit in the Eastern Tianshan intrusions,
mineralization of the mafic—ultramafic intrusions in the Beishan region are
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characterized by the following features: abundant outcrops of troctolite; absence of
orthopyroxene-rich pyroxenite and norite; weak alteration; less abundant hydrous
minerals; insignificant depletions of Ni in olivines and of Ni, Cu, Co in whole
rocks; minor significant crustal assimilation; and S-poor country rocks. When
compared with the mineralized features of the intrusions in the Eastern Tianshan,
the intrusions in the Beishan region could be said to be relatively poor in Ni-Cu
sulfide mineralization. The intrusions in the Beishan region, on the other hand,
have Ni—Cu sulfide mineralization potential in some aspects including great out-
cropping area; high MgO contents (>12 wt%), Mg# (78-88) and m/f ratios (2-7)
suggesting high degree partial melting at mantle depth; and mineralizing signa-
tures of the Poshi and Hongshishan intrusions. It is noteworthy that the Beishan
region may have mineralization potentials suitable for prospecting for platinum-
group element-bearing and ilmenite—magnetite deposits.

The intrusions in both the Eastern Tianshan and Beishan regions have positive
bulk eng(t) and zircon eyg(t) values, suggesting that their parental magmas were
derived from depleted mantle sources. Bulk trace elements and zircon Hf-O iso-
topes reveal that the depleted mantle sources had probably been subjected to
subduction-related modifications, dominated by fluid-modification processes
beneath the Beishan region, whereas both fluid- and melt-modifications dominated
the processes beneath the Eastern Tianshan. Zircon Hf model ages of the intrusions
in the Beishan region, together with chronological studies of the regional ophio-
lites suggest that northward subduction of the South Tianshan ocean probably
started from ~900 Ma and ended around ~400 Ma. Also, the zircon Hf model
ages of mafic—ultramafic intrusions, and chronology of volcanic rocks and ophi-
olites in the Eastern Tianshan indicate that the southward subduction of the
Junggar ocean most likely commenced from ~ 600 Ma with final closure before
~310 Ma. This was followed by collision and then post-orogenic extension
between 290 and 275 Ma. The Middle Tianshan has Precambrian crystallized
basement and zircon Hf isotopic compositions similar to that of the Beishan
region. In addition, the mafic—ultramafic intrusions of the Middle Tianshan have
petrological, mineralogical, zircon oxygen isotopic compositional and geochemi-
cal features that are similar to those in the Jueluotage belt. These characteristics
suggest that the Middle Tianshan was probably geologically connected with the
Beishan, and that the mantle beneath the Middle Tianshan had undergone the
subduction-related modifications both from the South Tianshan ocean and sub-
sequently the Junggar ocean.

Geochemically, the mafic—ultramafic intrusions in the Eastern Tianshan and
Beishan have lower TiO, contents and &g, (t) values, and higher Mg# and &nq(t)
values compared to the Tarim Permian basalts. The geochemical correlations
between the intrusive complexes and basalts are comparable to those in the
Emeishan large igneous province. On the basis of these correlations, it is proposed
that the alkaline flood basalts in the Tarim Basin originated through low degree
partial melting of the asthenosphere, whereas the mafic—ultramafic intrusions in
the Eastern Tianshan and Beishan evolved from high magnesium tholeiitic



10 Concluding Remarks 211

magmas formed by high degree partial melting of the lithospheric mantle. The age
data demonstrate that the magmatism was most active around ~280 Ma, resulting
in geochemical anomalies particularly in zircon Hf-O isotopic variations. These
features together with regional geology suggest that a ~280 Ma mantle plume
event most likely occurred in the Eastern Tianshan, Beishan and Tarim regions,
and that the structure of the plume was preliminarily inferred.
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