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ABSTRACT

Accretionary orogens are characterized by voluminous juvenile components (recently derived
from the mantle) and knowing the origin(s) of such components is vital for understanding crustal
generation. Here we present field and petrological observations, along with mineral chemistry, zir-
con U-Pb age and Hf-O isotope data, and whole rock geochemical and Sr—Nd isotopic data for the
¢.320 Ma Ulungur intrusive complex from the Central Asian Orogenic Belt. The complex consists of
two different magmatic series: one is characterized by medium- to high-K calc-alkaline gabbro to
monzogranite; the other is defined by peralkaline aegirine-arfvedsonite granitoids. The calc-
alkaline and peralkaline series granitoids have similar depleted mantle-like Sr—-Nd-Hf isotopic com-
positions, but they have different zircon §'80 values: the calc-alkaline series have mantle-like §'%0
values with mean compositions ranging from 5-2 = 0-5%, to 6-0 £ 0-99, (2SD), and the peralkaline
granitoids have low 80 values ranging from 3.3 = 0-5%, to 3-9 =+ 0-4%, (2SD). The calc-alkaline ser-
ies were derived from a hydrous sub-arc mantle wedge, based on the isotope and geochemical
compositions, under garnet peridotite facies conditions. This study suggests that the magmas
underwent substantial differentiation, ranging from high pressure crystallization of ultramafic
cumulates in the lower crust to lower pressure crystallization dominated by amphibole, plagioclase
and minor biotite in the upper crust. The peralkaline series rocks are characterized by §'®0 values
lower than the mantle and enrichment of high field strength elements (HFSEs) and heavy rare earth
elements (HREEs). They likely originated from melting of preexisting hydrothermally altered re-
sidual oceanic crust in the lower crust of the Junggar intra-oceanic arc. Early crystallization of clino-
pyroxene and amphibole was inhibited owing to their low melting temperature, leading to HFSEs
and HREEs enrichment in residual peralkaline melts during crystallization of a feldspar-dominated
mineral assemblage. Thus, the calc-alkaline and peralkaline series represent episodes of crust gen-
eration and reworking, respectively, demonstrating that the juvenile isotopic signature in accretion-
ary orogens can be derived from diverse source rocks. Our results show that reworking of residual
oceanic crust also plays an important role in continental crust formation for accretionary orogens,
which has not previously been widely recognized.
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INTRODUCTION

Accretionary orogens form along convergent plate mar-
gins and they are major sites of juvenile crust produc-
tion (Cawood et al., 2013 and references therein). They
are characterized by the presence of voluminous juven-
ile components, as documented in the Arabian-Nubian
Shield (Hargrove et al., 2006), the Central Asian
Orogenic Belt (CAOB) (Sengor et al., 1993; Jahn et al.,
2000), the Tasmanides (Kemp et al., 2009) and the
Cordillera (Samson et al., 1989). There is increasing evi-
dence that continental crust generation takes place in
different ways in different accretionary orogens, includ-
ing outward growth of juvenile magmatic arcs, and
mantle input during extensional, back-arc rifting epi-
sodes (Sengor et al., 1993; Davidson & Arculus, 2006;
Cawood et al., 2009; Kemp et al., 2009). However, juven-
ile arcs are built upon oceanic crust (Sengor et al., 1993;
Suzuki et al., 2015) and probably consist largely of
underthrust or trapped oceanic crust (Kay et al., 1986;
White et al., 2003). It is difficult to distinguish magma
sources of the juvenile components (i.e. sub-arc mantle
wedge, subducted and residual oceanic crust, oceanic
arc lower crust) in accretionary orogens because of
their similar depleted radiogenic isotopic characteristics
and the lack of distinctive isotopic criteria.
Distinguishing these juvenile components is important
for understanding crustal generation and reworking,
and their roles in continental crust formation in accre-
tionary orogens.

The CAOB is an outstanding natural laboratory for
studying the origin of juvenile crustal components as it
is considered to be the most important site of juvenile
crustal growth in the Phanerozoic, as evidenced by the
vast expanse of granitic and volcanic rocks with
depleted Nd isotope compositions (Jahn, 2004).
However, recent Nd-Hf isotopic data for felsic magmat-
ic rocks have been used to argue that the volume of
new crust has been grossly over estimated in the
CAOB, which would not support models invoking un-
usually high crust generation rates during its accretion-
ary history (Kroner et al., 2014; 2017). Tang et al. (2017a)
calculated the crustal generation rates from an analysis
of Nd-Hf isotopic ratios in granitoid rocks from the
Chinese Altai, Junggar and Tianshan segments of the
CAOB, which formed at rates close to the overall global
average for crust generation and involved only com-
paratively short periods of elevated magmatic activity.
The issue is the extent to which the granitoids were
generated via juvenile contributions from the mantle or
by reworking of existing arc crustal sources, including
residual oceanic crust. Therefore, continental crust for-
mation, and the rates of crust generation and rework-
ing, in these settings are not well understood.

This paper focuses on the Ulungur intrusive complex
in the East Junggar, a portion of the CAOB. The
Ulungur intrusive complex is characterized by various
rocks including calk-alkaline and peralkaline series with
depleted mantle-like Sr-Nd isotopic compositions that
may be representative of magmatic rocks across the
whole CAOB. Previous studies proposed that the
Ulungur intrusive complex, including both the calc-
alkaline and peralkaline series, is derived from a long-
lived depleted mantle source (e.g. Han et al., 1997), bas-
altic lower crust (e.g. Shen et al., 2011) or remnants of
oceanic crust in the lower crust (Liu et al., 2013) based
on their depleted mantle-like radiogenic isotopic com-
positions. In this study, we document a case where we
have been able to overcome the difficulty associated
with identifying juvenile sources for the CAOB (Fig. 1).
We present new field and petrological observations,
and new mineral chemistry, zircon U-Pb age and Hf-O
isotope data, whole rock geochemical and Sr—Nd iso-
topic data. Our results provide new constraints on
magma sources and crystallization processes of gran-
itoids in the CAOB. They also distinguish juvenile com-
ponents, which is important for understanding crustal
generation and reworking and their respective roles in
continental crust formation in accretionary orogens.

GEOLOGICAL BACKGROUND

Geological overview of the Junggar intra-oceanic
arc

The CAOB is one of the largest accretionary orogenic
belts in the world (Sengoér et al., 1993; Jahn, 2004;
Kroner et al., 2007; Windley et al., 2007; Xiao et al.,
2015). It had a long and complex tectonic history from
at least ¢.1-0Ga, in the northern part of the orogen
(Khain et al., 2002), to ¢.250 Ma (Xiao et al., 2003), and
has been associated with the growth and consumption
of the Paleo-Asian Ocean. It is characterized by accre-
tion of a number of terranes including island arcs,
ophiolites, accretionary prisms, and some microconti-
nents (Windley et al., 2007).

The Junggar is located in the southwestern part of
the CAOB (Fig. 1a), linking the Chinese Altai in the north
with the Tianshan orogen in the south, and it is divided
into eastern and western parts separated by the
Junggar Basin (Xiao et al., 2009) (Fig. 1b). It is a
Paleozoic intra-oceanic island arc system with accre-
tionary complexes, characterized by ophiolitic mél-
anges with volcanic rocks intruded by granitic plutons
(Fig. 1b). Many ophiolitic mafic-ultramafic rocks occur
in the Junggar region, and their ages range from the
Cambrian to Early Carboniferous (¢.500-370 Ma) (Tang
et al., 2007; Yang et al., 2013; Ren et al., 2014; Zhu et al.,
2015; Liu et al., 2016; Luo et al., 2017). The strata consist
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Fig. 1. (a) Simplified map of the Central Asian Orogenic Belt (CAOB) and surrounding cratons (after Jahn et al., 2000). (b)
Geological map of the Junggar, showing distribution of Paleozoic granitoids (Tang et al., 2017a). (c—d) Outcrops of the Ulungur in-

trusive complex.

mainly of Devonian-Carboniferous and minor Silurian
marine volcanic-sedimentary rocks (Zheng et al., 2007;
Zhang et al., 2009; Geng et al., 2011; Shen et al., 2012;
Liu & Liu, 2014; Shen et al., 2014). Geochemical and iso-
topic evidence data indicate formation of the Junggar
segment in an intra-oceanic arc setting (Chen & Jahn,
2004; Tang et al., 2017a). The basement to the Junggar

Basin largely consists of late Paleozoic volcanic rocks
with minor shales and tuffs (Zheng et al., 2007). No
older basement has been documented in the Junggar
region.

There are three NW-SE oriented ophiolite belts from
north to south in East Junggar, the Kuerti, Zhaheba-
Armantai and Kelameili, which extend eastward to
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Saertielieke pluton
Peralkaline granite

Fig. 2. Field photographs of the Ulungur intrusive complex. (a-b) Peralkaline granite plutons of Saertielieke and Jiedekala pluton,
and some dolerite dykes intruded in to plutons. (c) Peralkaline granite of the Jiederkala pluton, which contains aegirine and arfved-
sonite. (d-e) The North Tasigake pluton, and diorite porphyry dyke intruded in the pluton. (f) The gabbro of the Saertielieke pluton.

Mongolia. The Dulate arc in the north and Yemaquan
arc in the south (Fig. 1b) are separated by the Zhaheba-
Aermantai ophiolite belt (Xiao et al., 2009; Zeng et al.,
2015; Liu et al, 2016). Plagiogranites within the
Zhaheba-Armantai ophiolite yielded zircon U-Pb dates
of around 500 Ma (Xiao et al., 2009; Zeng et al., 2015;
Liu et al.,, 2016). Plagiogranites from the Kuerti and
Kelameili ophiolites gave zircon U-Pb dates of around
390Ma and 370Ma, respectively (Tang et al., 2007;
Shen et al., 2018).

The Junggar granitoid plutons
The most outstanding feature of the Junggar segment
is the vast expanse of late Silurian—early Permian gran-
itoid plutons and their volcanic equivalents, which
occur throughout the segment (Chen & Arakawa, 2005;
Zheng et al., 2007; Geng et al., 2009, 2011; Chen et al.,
2010; Shen et al, 2011; Su et al., 2012; Tang et al.,
2012b, 20174a; Liu et al., 2013; Li et al., 2014; Liu & Liu,
2014; Yin et al., 2017) (Fig. 1b). U-Pb age dating of zir-
cons from granitoid plutons within the Junggar seg-
ment indicates that most of them were emplaced
during the late Carboniferous and early Permian, with a
minority in the late Silurian and Early Carboniferous
(Tang et al., 2017a). The late Carboniferous and early
Permian (¢.320-280 Ma) granitoid plutons mainly occur
in the Keramay area in West Junggar, and the Kelameili
and Ulungur-Ertai areas in East Junggar. Some late
Silurian and Early Carboniferous granitoid plutons are
exposed in the Xiemisitai area in West Junggar, and the
Zhaheba and Kouan areas in East Junggar.
Geochemically, these granitoid plutons consist of A-
type and subordinate I-type granites, but the

tourmaline-bearing muscovite granite dykes in the
Eartaibei pluton from East Junggar display typical S-
type characteristics (Tang et al., 2017b). The A-type
granites are dominantly composed of alkali-feldspar
granite with minor arfvedsonite-aegirine granite. The I-
type granites mainly consist of diorite, granodiorite and
monzogranite (Fig. 1b).

Ulungur intrusive complex

The Ulungur intrusive complex is located ¢.15 km south
of the Zhaheba-Armantai suture, in the NW corner of
the Yemaquan arc (Fig. 1b). It consists of hornblende
gabbro, monzogranite and peralkaline aegirine-arfved-
sonite granite intruded into the Devonian strata, and
NW-SE-trending dykes intruded into both the plutons
and their volcanic host sequences (Fig. 1c,d). The
Saertielieke, Jierdekala and South-Tasigake plutons
consist of peralkaline granites, and the North-Tasigake
pluton is composed of monzogranite. Two small horn-
blende gabbro intrusions occur within the Saertielieke
and South-Tasigake plutons (Fig. 1c,d).

These plutons mainly have NW-SE elongated
shapes (Fig. 1c,d). Previous studies indicate ages of
about 325-291Ma for the Ulungur intrusive complex
(Shen et al.,, 2011; Liu et al., 2013). Both peralkaline
granite and monzogranite plutons are cut by numerous
NW-SE trending dykes, including both dolerite and di-
orite porphyry. In addition, a few peralkaline granite
porphyry dykes have intruded into the Jierdekala plu-
ton, and a few monzogranite porphyry dykes have
intruded into the South Tasigake pluton. These dykes
are variable in size but are mostly 0-5-1-5 m wide and
less than 1km long (Fig. 2).
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Table 1: Petrographic summary

Lithology SiO, (wt %) Mg# Mineral modes Notes
Calc-alkaline series
Hornblende gabbro 41.8-46-6 0-40-0-56 Pl (55-65%), Cpx (15-20%), Medium-grained, orthocumulate texture. Pl
Hb (10-20%), and trace and Cpx are euhedral. Some Cpx grains
Mag, Ti and Ap. are replaced by Hb, and some Hb occur as
poikilitic.
Dolerite dyke 50-1-53-0 0-42-0-52 Pl (70-80%), Cpx (15-25%), Medium- to fine-grained (0-5-1-5 mm) ophitic
Hb (2-5%), and trace Mag, texture. Pl is euhedral, and Cpx is subhe-
Tiand Ap. dral or anhedral. Some Cpx grains occur
as inclusions in PI.
Diorite porphyry dyke 57-9-64.9 0-40-0-49 Pl (60-70%), Cpx (10-20%), Fine- to medium-grained, porphyritic texture.
Qtz (10-15%), Bi (<5%), Hb Pl and Cpx are subhedral or anhedral. Qtz,
(<5%), K-spar (<5%), and Bi, Hb and K-spar are anhedral. Some PI
trace Mag, Ti, Ap and Zr. grains occur as inclusions in Cpx.
Monzogranite 69-1-76-4 0-25-0-39 Pl (30-40%), K-spar (35— Medium-grained porphyritic or equigranular
40%), Qtz (20-25%), Hb (2— texture.
5%), Bi (1-2%), and trace
Mag, Ti, Ap and Zr.
Peralkaline series
Syenitic granite 67-6-39-4 0-21-0-29 K-spar (65-70%), PI (10— Fine-grained porphyritic texture. Arf and Aeg
15%), Qtz (10-15%), Arf (2— occurs as subhedral or anhedral.
5%), Aeg (1-2%), and trace
Mag, Ap and Zr.
Peralkaline granite 73-6-77-4 0-02-0-17 K-spar (60-70%), Qtz (25— Medium to fine grained or porphyritic tex-

35%), Pl (0-3%), Arf (2—
5%), Aeg (2-5%), and trace
Mag, Ap, Zr and
perovskite.

ture. The peralkaline granite porphyry
dykes show porphyritic texture, and mafic
minerals make up 5% of them and arechie-
fly arf. Aeg occurs as phenocrysts in most

peralkaline granites, and also occurs in the
later crystallization sequence where it
replaces arf. Arf occurs as subhedral or
anhedral.

Cpx, clinopyroxene, Pl, plagioclase; K-spar, K-feldspar; Hbl, hornblende; Bt, biotite; Qz, quartz; Aeg, aegirine; Arf, arfvedsonite; Hb,

hornblende; Zr, zircon; Ap, apatite; Mag, magnetite; Ti, ilmenite.

FIELD OBSERVATIONS AND PETROGRAPHY

Petrographic descriptions are summarized in Table 1.
Hornblende gabbros, from the Saertielieke and South-
Tasigake plutons, are almost exclusively composed of
large clinopyroxene and plagioclase crystals (Fig. 3a),
although Fe-Ti oxides are abundant. Some clinopyrox-
enes are replaced by hornblende along rims, cracks and
cleavage planes (Fig. 3b). Some samples are character-
ized by a high proportion of poikilitic hornblende that
includes clinopyroxene, plagioclase and Fe-Ti oxides
(Fig. 3c). The dolerite dykes show a medium- to fine-
grained (0-5-1-5 mm) ophitic texture. The major miner-
als are plagioclase and clinopyroxene with minor horn-
blende (Fig. 3d). The diorite porphyry dykes consist of
plagioclase, alkali feldspar, hornblende, biotite and
quartz (Fig. 3f). The monzogranites display a medium-
grained porphyritic or equigranular texture, and consist
of plagioclase, alkali feldspar, quartz, with minor horn-
blende and biotite (Fig. 3g,h). Plagioclase occurs as
blocky, euhedral tablets that are oscillatory-normal
zoned. Dark-brown biotite is euhedral to subhedral.
Euhedral to subhedral hornblende is typically prismatic.
Some hornblende grains are green and poikilitic
(Fig. 3g).

The peralkaline granites show medium to fine
grained texture and are mineralogically similar among
the different plutons (Fig. 3h,l). These rocks are

composed mainly of quartz, perthite, aegirine, arfved-
sonite and minor accessory minerals (e.g. zircon, apa-
tite, magnetite and perovskite). Aegirine and
arfvedsonite are ubiquitous phases and are the domin-
ant primary mafic minerals in all samples. Aegirine
occurs as phenocrysts in most peralkaline granites, but
also occurs in the later crystallization sequence where it
replaces arfvedsonite along fractures, cleavages, and
around rims. The phenocrysts are euhedral with a grass
greenish pleochroism, occurring with a contemporan-
eous magmatic assemblage of quartz, perthite, apatite
and zircon. Arfvedsonite varies from brown or dark blue
to nearly opaque in thin section and occurs either as eu-
hedral or subhedral crystals adjacent to quartz and
perthite.

ANALYTICAL METHODS

Mineral composition analyses

Major element analysis and backscattered electron
(BSE) imaging of minerals were carried out using a
JEOL JXA-8230 electron microprobe Superprobe at
the College of Earth Sciences, Guilin University of
Technology. An accelerating voltage of 15kV, a speci-
men current of 3-0 x 108 A, and a beam size of 1-2um
were employed. The data reduction was carried out
using ZAF correction.
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%

Fig. 3. Photomicrographs of samples from the Ulungur intrusive complex. (a—c) gabbro, which is mainly composed of clinopyrox-
ene and plagioclase. Some clinopyroxenes are replaced by hornblende. Some samples are characterized by a high proportion of
poikilitic hornblende (c). (d—e) Dolerite dyke; some amphibole crystals show an abrupt shift in Al,05 content at the core-rim bound-
ary. (f) Diorite porphyry dykes. (g—h) Monzogranite, which consists of plagioclase, alkali feldspar and quartz, with minor hornblende
and biotite. (i-1) Peralkaline granitoids, which are composed mainly of quartz, perthite, aegirine and arfvedsonite. Aegirine replaces
arfvedsonite in the later crystallization sequence (k). Cpx, clinopyroxene; Pl, plagioclase; Hbl, hornblende; Bt, biotite; Qz, quartz;

Aeg, aegirine; Arf, arfvedsonite.

In situ trace elements were measured with an
ELEMENT XR (Thermo Fisher Scientific) ICP-MS
coupled with a 193-nm (ArF) Resonetics RESOlution M-
50 laser ablation system in the State Key Laboratory of
Isotope  Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIG-
CAS). Laser operating conditions were set as follows:
beam size, 33 um; repetition rate, 6 Hz; energy density,
c.4J cm?. A smoothing device (The Squid, Laurin

Technic) was used to smooth the sample signal. Each
spot analysis consisted of 20 s gas blank collection with
the laser off, and 30s sample signal detection with the
laser on. Measurement was conducted under the E scan
mode (scanning the electric field). Signals of the follow-
ing masses were detected: 22Mg, 2°Si, *3Ca, **Sc, *'Ti,
51V, 53Cr, 55Mn, 57Fe, 59C0, 63Cu’ GGZn, 71 Ga, 85Rb, BSSr,
89Y, QOZr’ 93Nb, 137Ba, 139'.8, 140Ce, 14‘IPr , 146Nd, 147Sm'
151EU, 157Gd, 159Tb, 162Dy, 165H0, 166Er, 169Tm, 174Yb,
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78y, '8Hf, 81Ta, 298pp, 232Th and 2%8U. Si, pre-
measured with EPMA, was selected as the internal
standard element. The calibration line for each element
was constructed by analysing three USGS reference
glasses BCR-2G, BHVO-2G and GSD-1G. The oxide mo-
lecular yield, indicated by the 22U'®0/?%%U ratio, was
less than 0-3%. The detailed experimental procedure
and data reduction strategy are described in Zhang
et al. (2019). A USGS reference glass TB-1G was repeat-
edly measured as an unknown sample. Thirty analyses
of TB-1G indicate most elements are within 8% of the
reference values and the analytical precision (2RSD)
was better than 10% for most elements.

Zircon cathodoluminescence

Cathodoluminescence (CL) images of zircons were
obtained using a Carl Zeiss Field Emission Scanning
Electron Microscope (FESEM) + Gatan MonnCL4 at
GIG-CAS, in order to characterize internal structures
and choose potential target sites for U-Pb dating and
Hf-0 isotope analysis.

SIMS zircon U-Pb and O isotope methods

Zircon oxygen isotopes were measured using the
Cameca IMS-1280 SIMS at GIG-CAS. The detailed ana-
lytical procedures were the same as those described by
Li et al. (2010b). The measured oxygen isotopic data
were corrected for instrumental mass fractionation
(IMF) using the Penglai zircon standard (5'®*0VSMOW =
5.3%,) (Li et al., 2010b). The internal precision of a single
analysis generally was better than 0-29, (1o standard
error) for the '®0/'®0 ratio. The external precision,
measured by the reproducibility of repeated analyses of
Penglai standard, was 0-41%, (2SD, n=120). Ten meas-
urements of the Qinghu zircon standard during the
course of this study yielded a weighted mean of §'80 =
5.3+ 0-6%, (2SD), which is consistent within errors with
the reported value of 5-3 = 0-3%, (Li et al., 2010b; 2013).
Measurements of U, Th and Pb for most samples were
conducted using the Cameca IMS-1280 HR SIMS at
GIG-CAS. The analytical procedures were the same as
those described by (Li et al., 2009). A long-term uncer-
tainty of 1.5% (1o RSD) for 2°°Pb/?*3U measurements of
standard zircons was propagated to the unknowns (Li
et al., 2010a), despite the fact that a few individual
208pp238) measured errors during the course of this
study were 1% (1c RSD) or less. The ellipsoidal spot is
about 20 x 30 um in size. U-Th-Pb ratios were deter-
mined relative to the ¢.337 Ma standard zircon Plesovice
(Slama et al., 2008). Uncertainties on individual analy-
ses in the data tables are reported at a 1o level. Mean
ages for pooled U/Pb analyses are quoted with 2 and/
or 95% confidence intervals.

LA-ICPMS zircon U-Pb dating method

U-Pb isotope compositions of zircon grains from three
samples were analysed with an Agilent Q-ICPMS con-
nected to a 193 nm excimer laser ablation system at the

Institute of Geology and Geophysics, Chinese Academy
of Sciences in Beijing, China (IGG-CAS). The Geolas
PLUS 193 nm excimer ArF laser ablation system is the
upgrade product of GeoLas CQ made by Lambda
Physik in Germany. Helium carrier gas transported the
ablated sample materials from the laser-ablation cell
via a mixing chamber to the ICPMS after mixing with Ar
gas. Zircon 91500 was used as the standard and the
standard silicate glass NIST 610 was used to optimize
the machine, with a beam diameter of 30 um Raw count
rates for 29Si, 2°Pb, 20°Pb, 2°7Pb, 2°8Pb, 2*2Th and 238U
were collected and U, Th and Pb concentrations were
calibrated using 2°Si as the internal calibrant and NIST
610 as the reference material. 2°’Pb/2°°Pb and
206p 238 ratios were calculated using the GLITTER
program (Jackson et al., 2004). Measured 2°7Pb/?°¢Pb,
208pp238 and 2°8Pb/?*2Th ratios in zircon 91500 were
averaged over the course of the analytical session and
used to calculate correction factors. These correction
factors were then applied to each sample to correct for
both instrumental mass bias and depth-dependent
elemental and isotopic fractionation. The age calcula-
tions were made using Isoplot (ver. 3-00) (Ludwig,
2003).

LA-MC-ICPMS zircon Hf isotope method
Subsequently, in situ zircon Hf isotopic analyses were
conducted using a Neptune MC-ICPMS, equipped with
a 193-nm laser, at IGG-CAS. During analyses, spot sizes
of 32 and 63 mu, with a laser repetition rate of 10 Hz at
100 mJ, were used and raw count rates for '72Yb, "3Yb,
""®Lu, mass 176 (Hf + Yb + Lu), "77Hf, "7®Hf, T7°Hf, "*°Hf
and '®W were collected. During laser ablation analy-
ses, the isobaric interference of "7®Lu on ""®Hf is negli-
gible due to the extremely low "7®Lu/"’Hf in zircon
(normally < 0-002). However, interference of '"6Yb on
"76Hf must be carefully corrected since the contribution
of 78Yb to "Hf may profoundly affect the accuracy of
the measured "®Hf/"77Hf ratio. In this study, the mean
73yp/"1Yb ratio of the individual spots was used to cal-
culate the fractionation coefficient (BYb) and then to cal-
culate the contribution of "Yb to '78Hf. During
analysis, an isotopic ratio of '76Yb/"7?Yb = 0-5887 was
applied. The detailed analytical technique is described
in Wu et al. (2006). During the analytical period, the
78H£/"""Hf and ®Lu/"7Hf ratios of the standard zircon
(91500) were 0-282294 + 15 (26, Nn=20) and 0-00031,
similar to the low peaks of "®Hf/'""’Hf ratios of
0-282284 + 22 measured by (Griffin et al., 2006), also
using the laser method.

Whole-rock geochemistry and Sr-Nd isotopic
analyses

Whole rock major element oxides were determined by
standard X-ray fluorescence (XRF) methods as
described by Li et al. (2006). Trace elements were ana-
lysed by inductively coupled plasma mass spectrom-
etry (ICP-MS), using a Perkin-EImer Sciex ELAN 6000
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instrument at the GIG-CAS. Analytical precisions for
most elements are better than 5%.

Sr and Nd isotopic analyses were performed on a
Micromass Isoprobe multicollector ICP-MS at the GIG-
CAS, using analytical procedures described by Li et al.
(2006). Sr and rare earth elements (REEs) were sepa-
rated using cation columns, and Nd fractions were fur-
ther separated with HDEHP-coated Kef columns.
Measured 8Sr/8Sr and "“*Nd/'**Nd ratios were nor-
malized to 8Sr/%8Sr = 0-1194 and "®Nd/"**Nd = 07219,
respectively. The reported ®Sr/Sr and '**Nd/"**Nd
ratios were adjusted to the NBS SRM 987 standard with
87Sr/88Sr = 0.71025 and the Shin Etsu JNdi-1 standard
with "*3Nd/"**Nd = 0-512115.

RESULTS

Minerals major and trace elements, zircon U-Pb geo-
chronology and HF-O isotopic data, whole-rock major
and trace element and Sr-Nd isotope data are included
in Supplementary Data Tables S1-S8 (supplementary
data are available for downloading at http://
www.petrology.oxfordjournals.org).

Mineral chemistry

Clinopyroxene

In hornblende gabbros, clinopyroxene crystals are
dominated by a diopside component. In contrast, clino-
pyroxenes from dolerite and diorite porphyry dykes
straddle augite-diopside compositions. Clinopyroxenes
show insignificant intra-grain core to rim zoning for all
investigated samples. The Mg# decreases with increas-
ing Alioia, Whereas Ti increases with increasing Aliotal
(Fig. 4a), describing well-defined trends in the gabbro
and dolerite dykes that reflect a similar path controlled
by olivine + clinopyroxene + amphibole fractionation.
In contrast, clinopyroxenes from the diorite porphyry
dyke appears as an isolated group recording the effect
of plagioclase fractionation.

The chondrite-normalized REE patterns for clinopyr-
oxenes are bell-shaped, showing relative depletions in
both light REEs (LREEs) and heavy REEs (HREEs) with
respect to middle REEs (MREEs) (Fig. 4b). It is note-
worthy that the clinopyroxenes from the diorite por-
phyry dyke are about 5 times more enriched in REE
than those from the hornblende gabbro and dolerite
dykes. In addition, the former are characterized by
strong negative Eu anomalies (Eu/Eu* = 0-30-0-45, cal-
culated as Eu/Eu*=Eup/squrt(Smy*Gdy), normalized to
Cl) and low Sr contents (34-2-190 ppm), whereas the lat-
ter show weak Eu anomalies (Eu/Eu* = 0-84-1-15) and
high Sr contents (72-8-109 ppm) (Supplementary Data
Table S1).

All clinopyroxenes from peralkaline granite are cal-
cic—sodic or sodic pyroxenes.

The cores of clinopyroxene phenocrysts, observed in
the peralkaline granite, belong to the calcic-sodic pyr-
oxene group of aegirine-augite, whereas the rims of

clinopyroxene phenocrysts and late stage clinopyrox-
enes that replace arfvedsonite are typically aegirine
sodic pyroxene. Some clinopyroxene phenocrysts
show zoning patterns with dark brown cores sur-
rounded by pale-green rim zones. Compositional varia-
tions record abrupt increases in Ti, Na and Fe3* and
decreases in Ca, Mn, Fe?", and Mg abundances from
core to rim (Fig. 5).

The chondrite-normalized REE patterns for aegirine—
augite and aegirine from peralkaline granites are similar
to those reported from other alkaline complexes (Marks
et al., 2004). Both aegirine—augite and aegirine are char-
acterized by concave LREE shapes, significant negative
Eu anomalies (Eu/Eu*=0-03-0-21) and pronounced en-
richment of HREEs. Aegirine rims are depleted in REE
concentrations compared to aegirine—augite cores by
three orders of magnitude relative to Chondrite, and
aegirine from the rims of arfvedsonite is enriched in
HREEs, Nb-Ta and Zr-Hf contents (Fig. 6a,b).

Amphibole

The amphibole classification scheme is based on the
International Mineralogical Association (IMA) classifica-
tion (Hawthorne et al., 2012) and calculated using an
excel spreadsheet from Locock (2014) (Supplementary
Data Fig. S1). All amphiboles from the gabbro and
dolerite dykes and monzogranite are calcic and magne-
sium rich. Amphiboles from the gabbro and dolerite
dykes are primarily pargasite and minor magnesio-
hornblende, and most amphiboles from monzogranite
are magnesio-hornblendes. Some amphibole rims in
the dolerite dyke have high Si and low Mg# similar to
those from monzogranite (Fig. 7a).

In the gabbros, amphiboles typically display bell-
shaped chondrite-normalized REE patterns with no sig-
nificant Eu anomalies (0-84-1-0). Amphibole cores from
monzogranites also display bell-shaped patterns and
the convexity generally increases in rims, which also
have stronger Eu anomalies (0-02-0-16 vs 0-38-0-62). In
relative terms, amphibole REE concentrations are low-
est in the gabbro, intermediate in the cores of crystals
in monzogranite and highest in the rims of amphiboles
in the monzogranites. The increase in REE contents is
coupled with increasing Eu anomalies associated with
greater magma differentiation (Fig. 7b).

In the peralkaline granite, both euhedral crystals and
subhedral to interstitial amphibole have compositions
that are dominantly sodic (arfvedsonite) with minor
sodic—calcic amphiboles (katophorite and ferro-
richterite). The amphibole phenocrysts in peralkaline
granite show compositional zoning from core to rim,
where the cores have high Ca and total Al, and lower
Na, Ti and K compared to the rims (Fig. 8). The amphi-
bole chondrite-normalized REE patterns are character-
ized by relatively flat LREE and MREE, marked negative
Eu-anomalies (Eu/Eu* = 0-02-0-26) and enrichment in
the HREE (Fig. 6¢,d).
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Fig. 4. Clinopyroxene mineral chemistry for the calc-alkaline series (gabbro, dolerite and diorite porphyry dyke). Chondrite normal-

izing values in (b) are from Sun & McDonough (1989).

Plagioclase
Plagioclases in gabbros are largely unzoned euhedral
grains, dominantly ranging from anorthite to bytownite
(Angs_eg) in composition. Some crystals are normally
zoned with sharp growth zones characterized by lower
An contents (Angs_3s). Two types of plagioclase phenoc-
rysts were recognized in the dolerite dykes, including
normally zoned plagioclase with andesine cores (Ang,_
41) to oligoclase rims (Any;_»,), and oscillatory zoned
phenocrysts with high amplitude, high-frequency varia-
tions in compositions (Angs_1»). Plagioclases in diorite
porphyry dykes are predominantly oscillatory zoned
with compositions ranging across Ansg_1». The plagio-
clase An contents within monzogranites range from
andesine to albite (Anz,s_5). They host oscillatory zoned
plagioclases (Anss_g), and normally zoned plagioclase
with andesine-oligoclase cores (Ans,_19) to oligoclase—
albite rims (An.5_s) (Fig. 9a).

Plagioclase in the calc-alkaline series (gabbro, doler-
ite and diorite porphyry dykes, monzogranite) defines a

trend of decreasing Sr with decreasing An contents, al-
though the monzogranites have relatively uniform Sr
across Anjg_zo. In contrast, plagioclases show a com-
plex variation of Ba contents with An. Ba generally
increases with decreasing An content for gabbro, doler-
ite and diorite porphyry dykes, but monzogranites show
high amplitude variations in Ba concentration that show
a negative relationship with An (Fig. 9b,c).

Zircon data

Zircon U-Pb geochronology

Zircon crystals from hornblende gabbro (Sample
AET68) are long prismatic and ¢.50 to 300 um in length,
and most show oscillatory zoning (Fig. 10a). The zircons
have high Th (595-2850 ppm) and U (1180-5272 ppm)
contents and high Th/U ratios (0-3-0-8). Eighteen analy-
ses on 15 grains have 2°°Pb/?®®U ages from 306 to
322Ma, with a weighted mean 2°°Pb/?%®U age of
314-1 = 4.2Ma (MSWD =0-22), which is interpreted as
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Fig. 5. (a) Typical clinopyroxene phenocryst in the peralkaline
granite showing core-rim compositional zoning, the white line
shows the location of the profile presented in (b—c). (b—c) core-
to-rim profile of mineral chemistry through the zoned, euhedral
clinopyroxene crystal shown in (a).

the igneous crystallization age for the gabbro sample
(Fig. 10b).

Zircons from a diorite porphyry dyke (Sample
AET99) are typically euhedral and small, ranging from
¢.50 to 80 um in length. Sector zoning or broad oscilla-
tory zoning is common in the zircons (Fig. 10a). They
have low concentrations of Th (93-395ppm) and U

(137-348 ppm), with high Th/U ratios (0-5-1-0). Except
for one zircon grain that has a 2°°Pb/?*3U age of 333 Ma,
interpreted as a xenocrystic age, nine zircons have
208p, 238 ages of 315 to 325Ma, yielding a weighted
mean 2%Pb/?*8U age of 317-5+5.8Ma (MSWD =0-21)
(Fig.10b).

Zircon crystals from three monzogranite samples
(Sample AET77, AET87 and AET95) are euhedral and
exhibit numerous narrow oscillatory zones, ranging in
size from ¢.100 to 150 um in length (Fig. 10a). They con-
tain comparable Th (53-1068ppm) and U (125-
11168 ppm) and Th/U=0-4 -1-4. Zircons AET77, AET87
and AET95 yield weighted mean 2°°Pb/?%8U ages of
321+ 4Ma (MSWD =0-57; n=21), 318*4Ma
(MSWD =0-64; n=19) and 319+4Ma (MSWD=0-67;
n=19), respectively (Fig. 10b).

Zircons from four samples of peralkaline granites
(Samples AET63, 0BAET82, 08AET86 and107) display a
range of features but are dominated by anhedral,
sector-zoned cores with fine oscillatory zoning on their
rims; they range in size from ¢.80 to 150 um in length
(Fig. 10a). They have variable Th (142-1467 ppm) and U
(21-855 ppm) contents and high Th/U ratios (0-3—-1-9).
Zircon grains from peralkaline granites AET63,
08AET82, 0BAET86 and AET107 yield weighted mean
206pp238 ages of 319 +3Ma (MSWD=1.04; n=8),
323+ 4Ma (MSWD =0-92; n=18), 319*4Ma
(MSWD =0-92; n=20), and 320 x5Ma (MSWD=0-21;
n = 6), respectively (Fig. 10b).

Zircon Hf-O isotopes

All samples have high and uniform Hf isotope composi-
tions, with most ¢y(t) values between +12 and +16.
Zircon grains from the hornblende gabbro and diorite
porphyry dyke samples have gyt) values of +11-6 to
+14-9 and +11-5 to +14-4. Zircon grains from the mon-
zogranites have slightly lower gy¢(t) values (+11-2 to
+14.8) than the peralkaline granites (+11-6 to +16-8)
(Fig. 11a).

The measured zircon 3'®0 values for hornblende
gabbro (Sample AET68) exhibit a limited range of 5-3 to
5.89,, averaging 5-6 = 0-49, (2SD). In contrast, the dior-
ite porphyry dyke (Sample AET99) has variable zircon
5'80 values ranging from 4.8 to 6-4, with a mean of
5.5+ 0-8%, (2SD). Zircons from three monzogranite
samples have higher §'80 values and larger variations.
Those from sample AET77 have a mean oxygen isotope
composition of 5.2 = 0-5Y%, (2SD) and range from 4.9 to
5.7 9%,. Zircons from AET87 display a much larger range
in 3'®0 from 4-5 to 65 %, and those from sample AET95
have a mean §'80 value of 6-0 + 0-9 %, (2SD) (Fig. 11a).

The three samples of peralkaline granites have low
zircon 3'80 values: sample AET63 show a limited range
of between 2-8 and 3-99,, with a mean value of 3-:3+0-5
%, (2SD), the 380 values of zircons from sample AET82
fall between 3-5 and 4-3%, with a mean value of
3.9+ 049, (2SD), sample AET86 displays a relatively
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large §'80 variation of between 2.3 and 4-4%,, with a
mean value of 3-6 = 1-0%, (2SD) (Fig. 11a).

Whole rock major and trace element
geochemistry

Two different magmatic series were recognized for the
Ulungur intrusive complex (Fig. 12): one is character-
ized by medium- to high-K calc-alkaline gabbro to mon-
zogranite (North-Tasigake), and the other is defined by
peralkaline aegirine-arfvedsonite granite (Saertielieke,
Jierdekala and South-Tasigake) (Fig. 12). The calc-
alkaline series rocks plot in the gabbro, monzodiorite
and monzogranite fields, and the peralkaline series
rocks plot in the alkali-feldspar granite field on the QAP
diagram (Streckeisen, 1974) (Fig. 12a). On an A/NK vs A/
CNK diagram (Maniar & Piccoli, 1989) (Fig. 12d), the
calc-alkaline series mafic to intermediate samples have
metaluminous characteristics. However, most monzog-
ranites have weak peraluminous signatures (1.0<A/
CNK < 1.1). On the TAS diagram (Le Maitre, 2002)
(Fig. 12b), the calc-alkaline series displays mafic to
granitic compositions, extending from gabbro (41.8-
46.6 wt.% Si0O,), dolerite dyke (51-1-563-0wt % SiO,), di-
orite porphyry dyke (567-9-64-9wt % SiO,), to monzog-
ranite (69-1-76-4 wt % SiO,). In contrast, the peralkaline

series is mostly composed of granitic rocks (73-6-
77-4wt % Si0,), with the exception of two syenitic gran-
ites (67-6-69-4 wt % SiO,). Samples from both series are
compared with other Junggar granitoids on Harker dia-
grams in Fig. 13 and display clear differentiation trends.
The two series define broadly linear, but distinct, trends
on most Harker diagrams and display affinities with dif-
ferent Junggar granitoids. The trends demonstrate,
therefore, that the Ulungur intrusive complex repre-
sents two distinct series of Junggar granitoids.

On chondritic- and primitive mantle-normalized
multi-element plots (Sun & McDonough, 1989), the Eu,
Nb-Ta, and Ti negative anomalies generally become
stronger from gabbro to monzogranite for the calc-
alkaline series, although some gabbros and dolerite
dykes are characterized by positive Eu anomalies
(Fig. 14a). In addition, the intermediate to felsic samples
(diorite porphyry dyke and monzogranite) display
concave-up shaped patterns. For the peralkaline series,
we distinguish two groups: low SiO, (67-6-69-4 wt %)
and high SiO, (73-6-77-4 wt %) samples (Fig. 12b). For
all samples, the REEs are strongly enriched relative to
chondrite with negative Eu anomalies, and the LREEs
are moderately enriched with respect to the HREEs. The
low SiO, samples (syenitic granites), however, have
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Fig. 7. Amphibole mineral chemistry for the calc-alkaline series (gabbro, dolerite dyke and monzogranite). Chondrite normalizing

values in (b) are from Sun & McDonough (1989).

weak Eu and Ba anomalies and lower HREEs compared
to the high SiO, samples (Fig. 14c,d).

Whole rock Sr-Nd isotopes

The initial Sr-Nd isotopic compositions are calculated
to 320 Ma, based on zircon U-Pb dating results obtained
by this study. Samples were plotted on an initial
87Sr/88Sr vs englt) diagram and compared with East
Junggar ophiolites (Fig. 11b). The overall variations in
Sr—Nd isotopes for the Ulungur intrusive complex are
very small. Calc-alkaline series samples have high posi-
tive eng(t) values ranging from +4-1 to +6-8 and low
(87Sr/®®Sr); ratios ranging from 0.7036 to 0-7046.
Peralkaline series samples also display high positive
eng(t) values ranging from +4.6 to +6-3, but have ex-
tremely high 8 Rb/®®Sr ratios possibly resulting from
fractional crystallization of feldspar, which produces a
large uncertainty in their initial Sr isotope values (Jahn
et al, 2009). The low ®Rb/*®Sr (<10) samples yield
(’Sr/®®Sr); ratios ranging from 0-7033 to 0-7050
(Fig. 11b).

DISCUSSION

Magma storage and differentiation conditions
There are differences between mineral assemblages in
terms of paragenesis and mineral compositions for the
various Ulungur intrusive complex rock types, based on
the petrographic observations and mineral chemistry
data presented above. These differences reflect variable
magma compositions and crystallization conditions in
terms of pressure, temperature, water content and
other intensive parameters at which magmas were
stored and differentiated. In order to constrain crystal-
lization conditions, we use two approaches to estimate
pressure and temperature for the investigated rocks: ex-
perimental phase relations and mineral thermobarome-
try as presented in the following section.

Dolerite dyke: hydrous high-pressure
crystallization

Clinopyroxene is the first phase to crystallize followed
by plagioclase, as indicated by the inclusion of
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clinopyroxene in larger plagioclase crystals (Fig. 3d,e).
Clinopyroxenes are characterized by a lack of Eu anom-
aly (Eu/Eu* = 1-0-1-1) (Fig. 4b), which also indicates that
clinopyroxene crystallized earlier than plagioclase. The
Al,O3 content increases with decreasing Mg# in clino-
pyroxene, suggesting suppression of plagioclase crys-
tallization (Mintener et al., 2001; Klaver et al., 2017)
(Fig. 15a). Amphibole is also an early crystallizing
phase, as indicated by its high Mg# (0-70-0-74)
(Fig. 15b), and it accompanied plagioclase crystalliza-
tion. Experimental studies indicate that at a pressure of
0-7 GPa and initial water content > 3wt % (Blatter et al.,
2013; Nandedkar et al., 2014; Melekhova et al., 2015),
clinopyroxene and amphibole crystallize in primitive arc
magmas and their compositional features are similar to
those of the dolerite dyke, including high Al,O3 content
in clinopyroxene and high Mg# and AI' contents for
amphibole (Fig. 15a,b). Thus, we suggest that the doler-
ite dykes crystallized from primitive hydrous melts (>
3wt % H,0) at high-pressure in the lower crust
(c.700 MPa). It is important to note that some amphibole
crystals show an abrupt shift in Al,O3 content at the
core-rim boundary (Fig. 3e). The amphibole rims in the
dolerite dyke have distinctly lower Al,O3; and Mg# val-
ues comparable to those from amphibole in monzog-
ranite (Supplementary Data Table S2), and thus we
infer that these rims crystallized at shallow levels of em-
placement (c.200 MPa), similar to the monzogranites

(see discussion below). In conclusion, the mineral as-
semblage indicates that the dolerite dyke was derived
from primitive hydrous melts crystallized at lower crust-
al pressures prior to emplacement at shallower levels.

Hornblende gabbro: water-saturated shallow
crystallization

The hornblende gabbro commonly contains relict clino-
pyroxene surrounded by hornblende (Fig. 3b), which
indicates a reaction between clinopyroxene and differ-
entiated melt to form hornblende (Smith, 2014) and that
the clinopyroxene crystallized earlier than hornblende.
In addition, some plagioclases occur as inclusions in
clinopyroxene grains (Fig. 3a). These observations
show that plagioclase appeared before clinopyroxene,
as also evidenced by negative Eu anomalies of the latter
(Fig. 4b), and further indicate that clinopyroxene
appeared before hornblende in the parental magmas.
Thus, the inferred sequence of crystallization is plagio-
clase — clinopyroxene — hornblende. The hornblende
gabbros are characterized by the occurrence of calcic
plagioclase (An-g4) (Fig. 9a), which reflects crystalliza-
tion from a parental melt under water-rich conditions
(Sisson & Grove, 1993; Muntener et al., 2001; Takagi
et al., 2005; Nandedkar et al., 2014; Melekhova et al.,
2015; Nandedkar et al., 2016). Furthermore, clinopyrox-
enes show relatively evolved geochemical features
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(Mg# 0-75-078, < 1000 ppm Cr) (Fig. 15a), which reflect
their crystallization from an already differentiated
basaltic-andesitic parental melt with low Mg#.
Experimental studies, addressing water-saturated
melting for basaltic andesite to andesite melt composi-
tions indicate that early crystallization of plagioclase be-
fore clinopyroxene and amphibole occurs at pressures
< 300 MPa at about 970°C (Moore & Carmichael, 1998;
Krawczynski et al., 2012). Thus, the hornblende gabbro
crystallized at low temperature and pressure conditions.
This conclusion is also supported by crystallization
experiments at 200MPa that reproduce the co-
occurrence of calcic plagioclase and evolved clinopyr-
oxene using mildly evolved (Mg# = 0.60) starting

compositions under H,0-saturated conditions (Sisson
& Grove, 1993). In addition, the hornblendes have lower
Mg# (< 0-72) and AIY! contents (< 0-3 apfu) (Fig. 15a-b),
which is consistent with crystallization experiments
undertaken at lower pressure (200-400 MPa) (Pichavant
et al., 2002; Pichavant & Macdonald, 2007; Andujar
et al., 2015). Therefore, the hornblende gabbros most
likely crystallized from hydrous, mildly evolved basalt-
ic-andesitic melts. Calcic plagioclase crystallized at
shallow levels in the crust when the melts reached
water saturation (Sisson & Grove, 1993).

Intermediate to felsic samples (diorite porphyry
dyke and monzogranite): shallow level
crystallization

Clinopyroxene and hornblende from intermediate to
felsic samples (diorite porphyry dyke and monzogran-
ite) are characterized by pronounced negative Eu
anomalies, indicating that plagioclase was an early
crystallizing phase. This interpretation is supported by
the petrological observation that plagioclase occurs as
inclusions in clinopyroxene (Fig. 3f). Alkali feldspar, bio-
tite and quartz occur as late interstitial crystallizing
phases. Thus, the inferred sequence of crystallization is
plagioclase — clinopyroxene * hornblende — alkali
feldspar + biotite + quartz. REE concentrations in clino-
pyroxene and hornblende from the intermediate to fels-
ic samples are higher than those from the dolerite dyke
and gabbro, indicating that they crystallized from a dif-
ferentiated intermediate to felsic melt at lower tempera-
ture (Sisson & Grove, 1993). Compared with their
gabbro counterparts, plagioclases from the intermedi-
ate to felsic samples have lower An values (Fig. 9a) and
clinopyroxenes have lower CaO contents
(Supplementary Data Table S1). These results indicate
that assemblages in the intermediate to felsic samples
probably crystallized at lower pressure and water con-
tents relative to those of the gabbros. In addition, clino-
pyroxenes have lower Al,O; contents (< 1wt %) and
hornblendes have lower AIY' contents (<0.1 apfu)
(Fig. 15b). According to experimental results, clinopyr-
oxene and hornblende in the intermediate to felsic sam-
ples crystallized from hydrous melts (2-4wt % H,0) at
shallow levels in the crust (Sisson & Grove, 1993;
Nandedkar et al., 2016).

Similar to the gabbro, the intermediate to felsic sam-
ples are characterized by the early appearance of
plagioclase with respect to clinopyroxene and horn-
blende. We applied the same approach as for gabbro
and our results show that intermediate to felsic samples
crystallized from hydrous melts at low pressures (<
300 MPa), and temperatures ranging from 970°C to
750°C. To estimate the crystallization conditions, we
applied the Al-in-hornblende barometer of Mutch et al.
(2016). This barometer can only be used for a low
thermodynamic  variance mineral assemblage
(Anderson et al., 2008). Only monzogranites with
the complete equilibrium buffering assemblage
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(plagioclase, amphibole, biotite, alkali feldspar, quartz,
magnetite, titanite and apatite) are suitable for barom-
etry. They yield pressures between 128 and 280 MPa,
corresponding to mid- to upper-crustal conditions.
Temperatures were estimated using the Ti-in-zircon
(Tti-z-) thermometer from the equations of Ferry &
Watson (2007). Following the recommendations of
Ferry & Watson (2007), «TiO, = 0-7 and «SiO, = 0-7 are
assumed for the monzogranites, and the estimated tem-
peratures range from 988°C to 665°C (Supplementary
Data Table S5). The calculated pressure-temperature
results are also in agreement with the inferred range of

pressure conditions based on experimental phase rela-
tions (Fig. 15d).

Peralkaline granites: water-rich shallow
crystallization

All Ulungur peralkaline granites contain Na-rich aegir-
ine and arfvedsonite, which were considered unsuitable
for thermobarometry. We suggest that formation of the
peralkaline granite occurred at shallow levels in the
crust similar to the calc-alkaline series intermediate to
felsic rocks based on the following evidence: 1) the
ages between neighboring peralkaline granite and mon-
zogranite and diorite porphyry dyke are within analytic-
al error (Fig. 10b); and 2) the peralkaline granite plutons
were intruded by diorite and monzogranite porphyry
dykes (Figs 1d and 2b). This inference is also supported
by the results of phase equilibrium experiments
(Scaillet & Macdonald, 2001, 2006) that reproduce the
observed mineral assemblages of the Ulungur peralka-
line granite, which suggests that the pressure of
magma storage or crystallization for the peralkaline
magmas was about 150 MPa. Specifically, the aegirine
and arfvedsonite reproduced by these experiments at a
pressure of 150 MPa and > 4wt % H,0 in the melt show
similar compositional features to those of the Ulungur
peralkaline granite, such as high F content (2.0 £ 1-1wt
%) in arfvedsonite (Supplementary Data Table S2). The
high F content allows arfvedsonite to be more stable at
lower pressures (Scaillet et al.,, 2016). These mineral
assemblages and compositions suggest that Ulungur
peralkaline magma was water-rich (46wt % H,0)
(Scaillet & Macdonald, 2006). Using the same activities
of Si0, and TiO, in the parental melt for monzogranite,
temperatures were estimated using the T+i_z thermom-
eter following the equations of Ferry & Watson (2007),
which yielded temperatures that range from 1002°C to
661°C, but mostly below 850°C (Supplementary Data
Table S2).

Magma source and evolution of calc-alkaline
series

Isotopic constraints on the magmatic source: sub-
arc mantle wedge

The 8'0 values of zircons from the Ulungur calc-
alkaline series samples range from 4.5 to 6-7 %, and
straddle the field of mantle zircon (Fig. 11a). The
mantle-like 8'80 values in zircon, combined with the
strongly positive ey¢(t) values close to that of mantle-
derived melts (Fig. 11a), suggest that the sources of the
calc-alkaline series included only minor amounts of
supracrustal materials. The absence of inherited zircons
in the calc-alkaline series also argues for little to no
crustal contamination (Fig. 10). This interpretation is
supported by the depleted Sr—Nd isotope compositions
of the calc-alkaline rocks and the fact that their Sr—-Nd-
HF-O isotope compositions are almost identical to
those of the neighboring Zhaheba—-Armantai ophiolites
(Fig. 11b). These first-order observations suggest that
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the parental magma of the Ulungur calc-alkaline series
was derived from the sub-arc mantle wedge with only
minor crustal input, which could have been derived via
subduction erosion or the subduction of sediments. The
addition of minor crustal materials can account for gys(t)
values that are slightly lower than pristine mantle-
derived melts, and the slighted elevated 5'0 values in
zircons in comparison to purely mantle-derived zircons.
Therefore, the most plausible crustal addition to the
melt source region is oceanic sediments, which have
high 880 values and low g(t) values. A simple binary
mixing model suggests that a maximum addition of 5%
oceanic sediments to the source of the calc-alkaline ser-
ies magmas could account for their slightly lower gy(t)
values and the occurrence of some zircons with slightly

elevated 8'®0 values (Fig. 11a). Our calculated amount
of oceanic sediment input is consistent with the results
for arc peridotite xenoliths that record a similar contri-
bution of ¢.5% slab-derived material into the mantle
wedge (Chin et al., 2014).

The gabbros are interpreted as cumulates due to
their cumulate texture and very low SiO, contents
(41-8-46-6 wt %). Intermediate to felsic samples, dis-
playing higher SiO, contents (> 57-9wt %), are inter-
preted as differentiated rocks, whereas the dolerite
dykes are assumed to approximate parental melt com-
position for the differentiated calc-alkaline series, al-
though their low Mg#'s (< 0-52) (Fig. 13a) indicate that
they are not primary, but derived from mantle melts
that experienced some crustal differentiation. The
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chondrite-normalized [Gd/Ybly ratios for dolerite dykes
range between 1-9 and 2.9, indicating the presence of
garnet in the mantle source region. Using the non-
modal batch  melting model (Shaw, 2000)

(Supplementary Data Fig. S2), we modeled the melting
of garnet lherzolites on REE patterns to illuminate the
source mineralogy and mantle melting history of the
dolerite dykes. In addition, Rayleigh fractionation of
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ultramafic rocks was modeled in order to reproduce the
parental melt compositions corresponding to those
observed in the dolerite dykes. Model parameters, parti-
tion coefficients and all calculations are provided in
Supplementary Data Table S9. The model results show
that the REE pattern for the dolerite parental magma is
best reproduced by a moderate degree (F=0-05) of
melting a garnet Iherzolite (2% garnet), using a depleted
MORB mantle (DMM) with 10% altered oceanic crust
(AOC) melt as the magma source, and followed by 10-
40% early fractionation of olivine-rich ultramafic cumu-
lates. The early fractionation of olivine-rich ultramafic
cumulates may also explain the low Mg# values of the
dolerite dykes (Supplementary Data Fig. S2).

Magma differentiation dominated by crustal
fractional crystallization

Plagioclase fractionation is supported by decreasing Sr
content with decreasing plagioclase An in the calc-
alkaline series (Fig. 9b). In the monzogranites, Ba
decreases with decreasing An in plagioclase (Fig. 9b).
The trend corresponds to crystallization of alkali
feldspar and biotite because these phases contain
high Ba concentrations (e.g. biotite, Ba>2930ppm)

(Supplementary Data Table S3). The Eu/Eu* vs Zn dia-
gram shows that clinopyroxenes from dolerite dyke and
gabbro are characterized by negligible Eu anomalies
with low Zn contents (Fig. 4c), corresponding to the
fractionation of mafic mineral phases, but not plagio-
clase. This inference is consistent with the positive cor-
relation between Ti and Al for clinopyroxenes in these
rocks (Fig. 4a). In contrast, the low Al content, high Zn
concentration and distinctly negative Eu anomalies of
the clinopyroxenes from the diorite porphyry dyke indi-
cate clinopyroxene and plagioclase co-saturation from
andesitic magmas (Fig. 4). The onset of plagioclase
crystallization would decrease the activity of Ca in the
melt, thus favoring Zn incorporation into the crystal lat-
tice of clinopyroxenes in the diorite porphyry dyke (Gori
et al., 2015). Hornblende Ti, Sr and Ba concentrations
decrease from interiors to rims in monzogranites
(Fig. 7a,b), indicating fractionation of hornblende along
with plagioclase, alkali feldspar, Fe-Ti oxides, and bio-
tite (Barnes et al., 2016). Furthermore, hornblende inte-
riors and rims in the monzogranites show different
trends on Sr and Ba vs TiO, diagrams (Fig. 7c,d). The
strong decrease in Sr and Ba contents for hornblende
rims, compared to a more moderate decrease for interi-
ors, suggests that continued fractionation of
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lization experiments for primitive basalt at 700 MPa (Blatter et al., 2013; Nandedkar et al., 2014; Melekhova et al., 2015) and basalt-
andesite at 200-400 MPa (Sisson & Grove, 1993; Grove et al., 2003; Andujar et al., 2015, 2016), repectively. (c) Phase diagram for the
hydrous (> 3 wt % H,0) starting material of primitive arc magmas (Klaver et al., 2017). The dolerite dyke is consistent with crystal-
lisation at ¢.700 MPa. (d) Phase diagram for hydrous (3-5wt % H,0) basaltic-andesite (BA) and andesite (A) starting compositions
after Moore & Carmichael (1998). Biotite and quartz—K-feldspar are from Righter & Carmichael (1996) and Rutherford & Devine

(2003), respectively. See text for discussion.

hornblende was accompanied by progressively more
alkali feldspar and biotite crystallization.

The liquid line of descent (LLD) obtained from frac-
tional crystallization experiments conducted on primi-
tive hydrous arc magmas at 700 MPa and temperatures
ranging from 1170 to 700°C (Nandedkar et al., 2014),
and from the field-based mass-balance fractionation
model for the Dariv igneous complex of Western
Mongolia, CAOB (Bucholz et al., 2014), are compared
with the major and trace element differentiation trends
recognized in Ulungur calc-alkaline series rocks in Figs
12 and 13. The differentiation trends of the calc-alkaline
series do not closely follow the LLDs. The reason, at
least in part, is likely the strongly porphyritic nature of
many rock types (Fig. 2). Differences in the sources of
the Ulungur magmas vs the modelled rocks may also
be a factor. Consequently, adopting the method of
Mintener et al. (2018), we used crystal fractionation
modeling to illustrate the evolution of Nb/Ta, Dy/Yb and
La/Sm ratios of fractionating calc-alkaline magmas,
based on fractional crystallization experiments

(Nandedkar et al., 2014; 2016) (Fig. 3f-h). Detailed calcu-
lations and mineral partition coefficient values are sum-
marized in Supplementary Data Table S10.

The Ulungur calc-alkaline series is characterized by
generally decreasing Nb/Ta with increasing SiO,
(Fig. 13g), which is a trend recognized in arc magmas
globally (Mlntener et al., 2018). Nb and Ta are moder-
ately incompatible in amphibole, and compatible in bio-
tite in calc-alkaline compositions (Acosta-Vigil et al.,
2010; Nandedkar et al., 2016), and ratios of mineral/li-
quid partition coefficients Dyo/Dt, are generally > 1
(Mintener et al., 2018) (Supplementary Data Table
S$10). For the Ulungur calc-alkaline series, amphibole
and biotite are the two major Nb-Ta enriched minerals
and both have higher Nb/Ta ratios (> 20) than the whole
rocks (< 15) (Supplementary Data Tables S2 and S4).
Therefore, crystallization of amphibole and biotite
would deplete Nb in melt and decrease the Nb/Ta ratio
of the residual melt. The decrease of TiO, with increas-
ing SiO, (Fig. 13b), combined with a typical REE
concave-up shape (Fig. 14a), also indicate an important
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role for amphibole fractionation (Davidson et al., 2007).
Our modelling results show that amphibole along with
biotite fractionation can reproduce the decrease of Nb/
Ta ratios to below 10, which is consistent with the
Ulungur calc-alkaline series. However, amphibole frac-
tionation alone cannot produce the low Nb/Ta ratios of
the calc-alkaline series (Fig. 13g). We also modelled Dy/
Yb and La/Sm ratios of fractionating calc-alkaline mag-
mas in a similar way, applying the phase proportions
and compositions of Nandedkar et al. (2014). The result
shows that decreasing Dy/Yb and increasing La/Sm
with increasing SiO, can be reproduced by fractionation
of amphibole *+ plagioclase and apatite (Fig. 13f and h).
Such trends are similar to the LLDs of K-rich arc rocks
of the Dariv igneous complex in Mongolia (Bucholz
et al.,, 2014), and modelling results for calc-alkaline
magmas (Mintener et al., 2018). In conclusion, the
Ulungur calc-alkaline series rocks were derived from
magma sources similar to other magmas derived from
a depleted sub-arc mantle wedge and the magmas
evolved via substantial crustal fractional crystallization.

Magma source and evolution of the peralkaline
series
Primary low 680 values in zircon: residual
oceanic crust in Junggar intra-oceanic arc lower
crust
The peralkaline granites are characterized by low zircon
5'®0 values and display an average value of 3-6%,
which is lower than the 5-3 = 0.69,, range for zircon in
the normal mantle (Valley et al., 1998) (Fig. 11a). Zircon
can undergo oxygen isotope exchange by post-
magmatic zircon-fluid interaction (Gao et al., 2014), al-
though it is insensitive to hydrothermal alteration and
fractional crystallization (Valley, 2003). For example, al-
though some A-type granites were considered to be
‘low 8"80’ when bulk zircon samples are analysed using
the laser-fluorination technique (Wei et al., 2008), SIMS
in situ oxygen-isotope analyses showed mantle-like
380 values; the lower §8'80 values of high-U zircons
likely reflect the effects of radiation damage (Gao et al.,
2014). It is, therefore, important to evaluate whether the
zircon grains preserved primary magmatic oxygen iso-
topic compositions prior to discussing the origin of the
granites. The following lines of evidence suggest that
the zircons from Ulungur granites have preserved pri-
mary magmatic signatures: 1) Zircon crystals from per-
alkaline granites show clear oscillatory zoning
(Fig. 10a), display moderate Th (mostly < 800 ppm) and
U (< 900 ppm) contents and give concordant to nearly
concordant U-Pb ages (Fig. 10b); 2) Zircon crystals from
each sample with high Th/U ratios have restricted oxy-
gen isotopic compositions and zircon 3'®0 values are
not correlated with their U contents or Th/U ratios
(Supplementary Data Tables S6 and S7).

The peralkaline granites show quintessential A-type
chemical features (Collins et al., 1982). While it has
been suggested that peralkaline A-type granites have

mafic precursors, their origin is enigmatic and may in-
volve partial melting of crustal rocks or fractional crys-
tallization of mantle-derived melts, and magma mixing
between mantle-derived and crustal melts (Turner et al.,
1992; Kemp et al., 2005; Scaillet & Macdonald, 2006;
Yang et al., 2006; Jahn et al., 2009; Jeffery et al., 2017;
Jeffery & Gertisser, 2018). Low 3'80 values only occur
in rocks that have been imprinted by hydrothermal
interaction with meteoric water or seawater character-
ized by 8'0 < 0%, and c.0%,, respectively (Bindeman,
2011). Meteoric water could possibly be a source for the
low zircon §'0 values, given that the peralkaline gran-
itoids crystallized in the shallow crust (see discussion
above). However, the calc-alkaline granitoids were also
emplaced in the shallow crust, but show mantle-like zir-
con 5'®0 values that preclude the possibility of a me-
teoric water source. Furthermore, all zircons from the
peralkaline granites have positive 580 values, which
are inconsistent with a meteoric water contribution that
would generate negative 5'®0 values (Bindeman et al.,
2010). Thus, meteoric water plays a negligible role in
the origin of these rocks. Therefore, the parental mag-
mas of low 580 zircons are usually attributed to melt-
ing or assimilation of hydrothermally altered wall-rocks
(Valley et al., 2005; Pope et al., 2013), re-melting of ei-
ther preexisting low §'0 high-temperature hydrother-
mally altered continental crust in shallow extensional
environments or hydrothermally altered oceanic crust
(Bindeman et al., 2012; Boroughs et al., 2012; Suzuki
et al., 2015; Dan et al., 2019), or lithospheric mantle that
has been modified by subducted high-temperature
altered oceanic crust (Zhu et al., 2017).

There are three possible candidates for the source of
low 8'0 values in the Ulungur peralkaline granites of
the East Junggar intra-oceanic arc: 1) Devonian
volcanic-sedimentary rocks; 2) abnormal sub-arc man-
tle-derived sources; and 3) former oceanic crust that
may possibly exist in the East Junggar mid-lower arc
crust.

The Ulungur Pennsylvanian peralkaline granites
intruded into the Devonian volcanic-sedimentary rocks.
In addition, the peralkaline granites have variable whole
rock Nd isotopic compositions with gng(t) values rang-
ing from +4-1 to +6-8 (Supplementary Data Table S8),
indicating that crustal assimilation possibly plays an im-
portant role in their petrogenesis. No inherited zircons
from the contaminants were found in peralkaline rocks,
which may be due to the high temperature and alkali
contents of the alkaline magma that prompts the dissol-
ution of zircons (Watson, 1979). Although a role for
crustal assimilation of the Devonian volcanic-
sedimentary rocks in the origin of the peralkaline gran-
ites is possible, the relatively high 580 values in zircons
(7.9-8-79,) of the Devonian volcanic rocks intruded by
the Ulungur granite plutons near Zhaheba (Liu & Liu,
2014), are inconsistent with an assimilation model for
the peralkaline granites to account for their low zircon
5'80 values.
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Previous studies have proposed that some alkaline
rocks in NE China with low zircon 5'®0 values were
derived from fractional crystallization of mafic magmas
derived from lithosphere mantle metasomatized by
subducted high temperature altered oceanic crust (e.g.
Zhu et al., 2017). The Ulungur late Carboniferous per-
alkaline granites have Nd-Hf isotopic compositions
similar to the Silurian to Devonian mafic rocks in the
East Junggar, which were derived from a sub-arc man-
tle (Shen et al.,, 2014), implying a possible common
source. However, the Silurian to Devonian mafic rocks
have low total alkaline contents (Na,O+K,0 = 4-3-5-7 wt
%) and are sodic with Na,O/K,O ratios of 1-4 to 4.9
(Shen et al., 2014), distinct from those of the high K,0O
late Carboniferous peralkaline granites. Thus, crystal
fractionation of a sodic, mafic magma from sub-arc
mantle is a virtually impossible petrogenetic scenario
for the peralkaline granites. Furthermore, the §'80 val-
ues in the local mantle are best reflected by the coeval
gabbro and mafic dikes in the Ulungur region because
they were generated by partial melting of sub-arc man-
tle. Zircons in the Ulungur gabbro examined in this
study and nearby late Carboniferous Ertaibei mafic
dyke, however, have §'80 values ranging from mantle-
like (5-3%,) to higher values (6-89,,) (Tang et al., 2017b).
This evidence argues against the sub-arc mantle as a
source of the low 5'80 values and suggests the involve-
ment of low 3'®0 crustal sources for the peralkaline
granites.

Intra-oceanic arcs are built upon oceanic crust
(Sengor et al., 1993; Suzuki et al., 2015), and altered
lower crust could be preserved beneath these features,
as evidenced by geophysical data together with the
xenoliths contained in lavas in modern intra-oceanic
arcs (Price et al., 2012). The Ulungur granites were
formed in an intra-oceanic arc, which probably con-
sisted of underthrust or trapped oceanic crust that
served as the source of the peralkaline granites. Results
from modern oceanic crust (Kempton et al., 1991;
Lécuyer & Gruau, 1996) and ophiolites (Gregory &
Taylor, 1981; Muehlenbachs, 1986; Yamaoka et al.,
2012) reveal a systematic variation trend in oxygen iso-
tope compositions with depth, with low §'80 values (2—
4%.) in the middle to lower parts because of high-
temperature exchange with seawater. Low 5'®0 values
(3-9-5-69%,) in zircons were documented in oceanic pla-
giogranites associated with ophiolites (Grimes et al.,
2013). Accordingly, the Ulungur peralkaline granites
could plausibly have originated from the East Junggar
lower arc crust, including preexisting oceanic crustal
material. Zircons of the Ulungur peralkaline granites
plot in the field of oceanic crust on the U vs Yb diagram
(Grimes et al., 2007) (Supplementary Data Fig. S3), sup-
porting this scenario. The strongly depleted Nd-Hf iso-
tope compositions (Fig. 11a) also support this
conclusion: the young two-stage zircon Hf model ages
(392 =79 Ma, 1SD, n=59) and whole rock Nd model
ages (381 +22Ma, 1SD, n=230) are consistent with the
500 to 373Ma ages of the widespread East Junggar

ophiolites (Tang et al., 2007; Liu et al., 2016; Luo et al.,
2017; Shen et al., 2018), which probably represent
oceanic crustal relics (Fig. 1b). In addition, whole rock
Sr—Nd isotope compositions of the peralkaline granites
are consistent with those of East Junggar ophiolites
(Fig. 11b). Furthermore, the preserved Junggar lower to
middle crust is characterized by a high seismic P-wave
velocity of 6-7-7-4km/s (Zhang et al., 2011), which is
similar to the Vp of oceanic lower crust (6-9-7-0 km/s)
(Christensen & Salisbury, 1975), also suggesting that
the basement of the Junggar segment consists of
oceanic crust. It should be noted that there have been
no magmatic or tectonic events since the Carboniferous
in the Ulungur area. Thus, the seismic P-wave velocity
could plausibly approximate that of the Carboniferous
lower to middle crust. Therefore, geophysical, whole
rock Sr-Nd, and zircon trace element and HF-O isotope
data for the Ulungur peralkaline granites are all consist-
ent with them originating from preexisting oceanic
crust in the lower crust of an intra-oceanic arc.

The altered oceanic crust protolith was likely eclo-
gitic in composition. Eclogite-derived melts have inter-
mediate compositions (Spandler et al., 2007), and thus
have distinctive major element characteristics com-
pared to peridotite melts of mafic to ultramafic compo-
sitions (Dasgupta et al., 2007). For the major elements,
we compared the experimental melts of eclogitic proto-
liths to the peralkaline granitoids in Figs 12 and 13.
Although the experimental melts do not closely resem-
ble the peralkaline granitoids, some melts have high
K,0 contents and are compositionally close to syenites.
The differences between the eclogite melts and peralka-
line granitoids may be caused by the composition and
degree of melting of the source and the depth of melt-
ing. For the trace elements, the two syenitic samples
show fractionated REE patterns with slightly negative
Eu anomalies (Fig. 14a), suggesting that they were
derived from arc lower crust under high pressure where
garnet is stable, consistent with an eclogitic protolith for
the peralkaline granitoids.

Clinopyroxene—-amphibole compositions: tracers
of peralkaline granite magma evolution

The various plutons of the peralkaline series are charac-
terized by similar textures, mineralogy, geochemistry
and isotope compositions, and define a linear trend
with increasing SiO, content, indicating a common
magma evolution related to crystallization (Figs 12-13).
Whole rock, clinopyroxene and amphibole show strong
Ba, Sr and Eu negative anomalies, also indicating that
the associated magmas underwent extensive fractional
crystallization prior to emplacement (Figs 6 and 14a and
b). Negative Eu and Sr anomalies were probably pro-
duced by the fractionation of feldspar (Drake & Weill,
1975). In addition, the negative Pb anomalies of clino-
pyroxene and amphibole suggest early removal of al-
kali feldspar because Pb is compatible in that phase
(Nash & Crecraft, 1985) (Fig. 6b,d). Weaker negative Eu,
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Ba, Sr, P and Ti anomalies of the syenitic granites rela-
tive to the peralkaline granites indicate that the syenitic
melt was less affected by alkali feldspar, apatite and Fe—
Ti-oxide fractionation. Thus, the syenitic granites were
probably derived from a slightly less evolved melt, but
from the same parental magma (Fig. 14c-d).

Clinopyroxene and amphibole show analogous evo-
lutionary trends in major and trace element chemistry
(Figs 5-6 and 8), which reflect the evolution of the gran-
itic melt. They show zoning patterns from core to rim,
increasing in Na, Fe3", and Ti along with decreasing Ca
and Al (Figs 5 and 8) and define a distinct increase in
magma peralkalinity. Similar geochemical trends in
clinopyroxene and amphibole have been documented
in detail by many authors (e.g. Marks et al., 2004;
Piilonen et al., 2013; Vilalva et al., 2016; Siegel et al.,
2017) and the compositional evolution from sodic—cal-
cic to sodic varieties with differentiation is attributed to
increasing magma peralkalinity. The relative trace elem-
ent abundances of clinopyroxene and amphibole seem
to be mainly influenced by magma composition and
crystal-chemical effects (Marks et al, 2004).
Clinopyroxene and amphibole show a continuous de-
crease in LREE contents from Ca-rich minerals to their
Na-rich counterparts for the Ulungur peralkaline gran-
ites (Fig. 6); a typical feature in peralkaline rocks due to
early removal of LREE-rich accessory minerals such as
apatite. The REE patterns for clinopyroxene and amphi-
bole are clearly bimodal with enrichment of HREEs.
This feature is widely attributed to REEs being incorpo-
rated into two crystallographic sites with different opti-
mal cation radii (Bottazzi et al., 1999; Vilalva et al., 2016;
Siegel et al., 2017), rather than according to lattice-site
elastic-strain effects (Blundy & Wood, 1994). The LREEs
are preferentially incorporated into eight-fold coordi-
nated sites (M4 in amphibole, M1 in clinopyroxene),
and the HREEs are compatible with the six-fold coordi-
nated sites (M2 in amphibole, M1 in clinopyroxene)
owing to their smaller ionic radius. Thus, the HREEs are
preferentially incorporated in the crystal structure,
which is supported by HREE (Yb and Lu) abundances of
amphibole and clinopyroxene higher than those of
whole rock (Fig. 6). The late-stage aegirine that mantles
arfvedsonite, however, is most probably influenced by
the composition of the residual peralkaline liquids, ra-
ther than crystal-chemical effects. The Nb and Ta con-
tents in these late-stage aegirines are markedly higher
than those recorded in arfvedsonite, consistent with the
inference of a greater preference of pentavalent HFSEs
for amphibole compared to the clinopyroxene structure
(Marks et al., 2004) (Fig. 6). The replacement of arfved-
sonite by late-stage aegirine is typically related to
hydrothermal alteration by a residual peralkaline (Na,
F)-rich orthomagmatic liquid.

The HFSE and HREE contents in peralkaline granites
systematically increase with increasing SiO, contents
and are coupled with decreasing (La/Lu)y, suggesting
HFSE enrichment and REE fractionation are attributed

to magma evolution. Clinopyroxene and amphibole are
two major HFSE and REE-rich minerals. Therefore,
where early HFSE and HREE-minerals saturation was
inhibited owing to the low melting temperature of clino-
pyroxene and amphibole (Scaillet & Macdonald, 2001),
the HFSE and HREE are enriched in residual peralkaline
melts during early magma evolution.

Petrological model for the generation and
emplacement of calc-alkaline and peralkaline
series granitoids

Previous studies have demonstrated that arc-related
magmatism ceased at ¢.300Ma in the Junggar seg-
ment, and thus the subduction of Paleo-Junggar ocean-
ic lithosphere terminated at this time (Tang et al.,
2012b; 2017a; 2017b). In addition, the Junggar pre-
300 Ma rocks have distinctly lower zircon §'80 values
ranging from 3-3 to 7-29%, with an average of 5-909,
whereas the Early Permian (post-300 Ma) rocks reveal
much higher zircon 3'80 values (82 to 10-3%,) (Tang
et al., 2019). The zircon O isotopes reflect a dramatic
geodynamic change for the Junggar segment at
¢.300 Ma, which is consistent with the transition from
arc to post-collision at that time. Furthermore, the oc-
currence of dolerite and diorite porphyry dykes and per-
alkaline granites in the Ulungur complex suggest
magma generation related to an extensional setting.
Thus, we propose an integrated petrogenetic model
that closely links the ¢.320 Ma Ulungur intrusive com-
plex with the rollback of subducted Paleo-Junggar
ocean slab lithosphere in an intra-oceanic arc stage
(Fig. 16).

In the subducted oceanic slab roll-back model, gen-
eration of the Ulungur intrusive complex initially
involved a regional thermal anomaly triggered by as-
thenospheric mantle upwelling and the subsequent
melting of the overlying hydrated mantle wedge and
lower crust. The parental magma of the calc-alkaline
series, represented by dolerite dykes, originated from
partial melting of a hydrous sub-arc mantle wedge
under garnet peridotite facies as indicated by their high
[Gd/Yb]y ratios (Fig. 14a). These magmas experienced
high pressure (c.700 MPa) crystallization of ultramafic
cumulates during their transit through the lower crust,
which accounts for their low Mg# (<0-52), and were
subsequently emplaced in the upper crust as evidenced
by the low AIl,O; content in amphibole rims.
Hornblende gabbro represents the (Pl+Hb)-rich cumu-
late mush formed during differentiation of the calc-
alkaline basaltic andesitic melt. The crystallization se-
quence and mineral chemistry suggest that the horn-
blende gabbros most likely crystallized from water-rich,
mildly evolved, basaltic andesitic melts at low pressure
(c.200 MPa), and that the melts reached water saturation
to crystalize calcic plagioclase. On the basis of whole-
rock geochemical modelling, the intermediate to felsic
rocks (diorite porphyry dyke and monzogranite) can be
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Fig. 16. Conceptual model of the stepwise incremental assembly and intra-crustal magmatic differentiation during the evolution of

the Ulungur intrusive complex.

explained by upper crust fractional crystallization of
dolerite dyke magmas, which was dominated by amphi-
bole, plagioclase and minor biotite. In conclusion, the
calc-alkaline magmatic series was generated from a
depleted sub-arc mantle wedge source, following sub-
stantial crustal fractional crystallization. We note that al-
though the rocks of the calc-alkaline series are closely
linked in a magmatic evolutionary system, its various
subgroups cannot be derived from a single parental
magma based on the absolute age difference of 4 Ma
(gabbro 314Ma vs monzogranite 318-321Ma)
(Fig. 10b), and their distinct mineral geochemical vari-
ation trends (Fig. 4).

The peralkaline series originated from the melting of
a preexisting oceanic crust in the lower crust of the
Junggar intra-oceanic arc induced by asthenospheric
mantle upwelling. The strongly depleted radiogenic Sr-
Nd-Hf isotope compositions and low 580 (2-3-4.49%,)
values of the peralkaline series are consistent with a
magma source of hydrothermally altered gabbros at
lower oceanic crustal levels. The magmas experienced
fractional crystallization leading to the formation of a
slightly less evolved magma (syenitic granite) and a
more evolved magma (peralkaline granite). Early crys-
tallization of clinopyroxene and amphibole was inhib-
ited owing to their low melting temperature, leading to
HFSE and HREE enrichment in the residual peralkaline
melts during continuing crystallization.

Implications for crustal generation and
reworking in accretionary orogens

The vast expanse of granitoids with depleted mantle-
like Sr—-Nd-Hf isotope compositions in the CAOB sug-
gests a significant juvenile crust contribution. However,
there is no consensus on their origin and models in-
clude derivation from the mantle (Jahn et al., 2009),

subducted oceanic crust (Tang et al., 2010), juvenile arc
crustal sources (Geng et al., 2009; Tang et al., 2012b)
and residual oceanic crust (Tang et al., 2012a; Liu et al.,
2013). These different models imply different modes of
continental crust formation, and different rates of crust-
al generation. The calc-alkaline and peralkaline series
granitoids of the Ulungur intrusive complex have differ-
ent magma sources and the two series do not appear to
show any interaction between the magmas during their
ascent and differentiation. The two series preserve the
chemical and isotopic characteristics of their parental
magmas and represent two end-members of Junggar
magmatism (Figs 12 and 13), and thus they provide an
important clue to understanding crustal generation and
reworking in accretionary orogens.

Extraction of juvenile material from the mantle for a
sustained period, as represented by the Silurian-
Carboniferous calc-alkaline series granitoids, repre-
sents generation of new crust, whereas melting of
residual oceanic crust in the lower crust of the intra-
oceanic arc for peralkaline granitoids corresponds to
juvenile crust recycling linked to subduction of the
Paleo-Junggar Ocean. Thus, we conclude that juvenile
components in accretionary orogens can be derived
from diverse magma sources, and that juvenile materi-
als do not necessarily imply crust generation, but may
also point to crustal reworking. Our results demonstrate
that considerable amounts of juvenile material were
derived from the reworking of previously generated re-
sidual oceanic crust, rather than from the mantle, and
that crustal reworking plays an important role in contin-
ental crust formation for accretionary orogens. If our
interpretation accurately describes the sources for per-
alkaline granitoids as derived from residual oceanic
crust, then the rate of generation of new crust for the
CAOB needs to be reevaluated.

1 Z0Z JoqUIBAON |0 UO Jesn Sy ‘Ansiwsyooas) Jo ainsu| noyzbuens) Aq LSyeE.6/810eeba/z/L 9/a0mie/ABojonad/woo dno-olwepeoe)/:sdiy wol) papeojumo(]



Journal of Petrology, 2020, Vol. 61, No. 2

25

CONCLUSIONS

The Ulungur intrusive complex includes calc-alkaline
and peralkaline series granitoids. The two series show
different chemical and isotopic characteristics that re-
flect distinct magma sources, depths of magma extrac-
tion and crystallization processes. They represent two
endmembers of the Junggar magmatic rocks. Thus, the
Ulungur intrusive complex provides new perspectives
on CAOB magma sources and crystallization processes,
and on crustal generation and reworking in the CAOB.
The main conclusions that can be drawn from this study
are:

1. Both the calc-alkaline and peralkaline series gran-
itoids of the Ulungur intrusive complex have
depleted mantle-like radiogenic Sr-Nd-Hf isotopic
compositions. However, they have different zircon
6'80 values, indicating they were derived from dif-
ferent juvenile magma sources.

2. The calc-alkaline series granitoids are derived from a
sub-arc mantle wedge based on their isotope com-
positions. On the basis of combining detailed pet-
rography, mineral chemistry, and experimental
mineral stability P-T diagrams with mineral thermo-
barometric calculations, we suggest that the mineral
assemblage reflects differentiation in both the deep
and shallow crust.

3. The peralkaline series granitoids are characterized
by relatively low 80 (2.3-4-4%,) values and enrich-
ment of HFSE and HREE. They originated from the
melting of a preexisting residual oceanic crust in the
lower crust of the Junggar intra-oceanic arc. Early
crystallization of clinopyroxene and amphibole was
inhibited owing to their low melting temperature,
leading to HFSE and HREE enrichment in residual
peralkaline melts during continuing crystallization.

4. The calc-alkaline and peralkaline series granitoids
represent crust generation and reworking, respect-
ively, indicating that the juvenile components in
accretionary orogens can be derived from diverse
magma sources (sub-arc mantle wedge or residual
oceanic crust). Crust reworking plays an important
role in continental crust formation, and the rate of
crust formation needs to be reevaluated for the
CAOB.
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