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ABSTRACT

Whole-rock geochemistry, usually changed by magmatic processes, might provide misleading in-
formation on the petrogenesis of adakites. The Heishantou porphyritic diorites in Nileke, Western
Tianshan orogenic belt record complex magma chamber processes, such as magma replenish-
ment, fractional crystallization and crustal contamination, and thus, provide ideal samples for trac-
ing the magmatic processes that generate the typically high Sr and La contents and Sr/Y and La/Yb
ratios of adakites. In situ clinopyroxene and amphibole compositions of Heishantou porphyritic
diorites (271 = 2 Ma) are characterized by low Yb and Y content with high Sr/Y and La/Yb ratios,
from which calculated early magmas resemble typical adakites derived from partial melting of a
subducted slab. But whole-rock composition shows low MgO, Ni and Cr, thus, the Heishantou dio-
rites were previously regarded as the result of partial melting of thickened lower crust. Plagioclase
phenocrysts exhibit complex compositional zoning due to magma replenishment, and the rims
have higher 8Sr/%®Sr ratio and Sr content than the cores, indicating crustal assimilation. The cores
of zoned clinopyroxene phenocrysts have high Mg, Cr and Ni but low Yb and Y with high Sr/Y and
La/Yb ratios, which are consistent with the high Mg* of primary adakitic magmas. Magmatic proc-
esses have significantly changed the primary adakitic features of Yb, Y and Sr content, Sr/Y and La/
Yb ratios, in addition to Mg* values. The Heishantou primitive high-Mg* adakite was derived from
partial melting of a delaminated lower crust followed by storage, recharge, and assimilation in a
crustal magma chamber. The Western Tianshan orogenic belt experienced a succession of lower
crust delamination events in the Early Permian that involved melting of thickened lower crust, sub-
sequent lithospheric detachment and asthenospheric upwelling.

Key words: adakitic diorite; compositional zoning; delaminated lower crust; magmatic processes;
Western Tianshan orogenic belt

INTRODUCTION Drummond, 1990). These rocks have pronounced high
Adakite originally refers to intermediate to felsic Sr (>400 ppm), low heavy rare earth elements (HREE;
rocks derived from the partial melting of relatively Yb < 1.8ppm) and Y (< 18ppm), and show strongly
young (< 25Ma) subducted oceanic crust (Defant & fractionated REE patterns ([La/Yb]ly > 10; Defant &
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Drummond, 1990). However, some igneous rocks with
such geochemical features might be petrogenetically
unrelated to subducted oceanic crust, but instead
derived from the partial melting of delaminated lower
crust (Xu et al., 2002; Wang et al., 2006a), thickened
lower crust (Atherton & Petford, 1993; Hou et al., 2004;
Wang et al., 2005; Huang et al., 2009) or adakitic crust
(Moyen, 2009; Ma et al., 2015). In general, adakites from
different tectonic settings show distinctive geochemical
features (e.g. Defant & Drummond, 1990; Martin, 1999;
Wang et al.,, 2007a), and some diagrams based on
whole-rock geochemical data, such as SiO, vs MgO (or
Mg#), Ni and Cr, have been widely used to distinguish
their tectonic settings (e.g. Kay & Kay, 2002; Wang
et al., 2007a; Huang et al., 2009; Long et al., 2015).
However, magmatic processes such as magma mixing,
crustal assimilation, and garnet and/or amphibole frac-
tional crystallization might also produce adakitic fea-
tures, such as high Sr/Y and La/Yb ratios, or change the
MgO (or Mg#), Ni, and Cr content in the rocks (Castillo
et al., 1999; Macpherson et al., 2006; Rodriguez et al.,
2007; Streck et al., 2007; Rooney et al., 2011). Whole-
rock geochemistry usually loses the record of early
magmatic processes, thus, may provide misleading
clues on petrogenesis and related tectonic settings. In
contrast, in situ mineral compositions record detailed
magmatic processes, such as magma mixing, recharg-
ing, contamination, and residence time in the magma
chamber (e.g. Davidson et al., 2001, 2007; Ramos et al,
2005; Charlier et al., 2008). Such processes could have
shaped the primary features of adakitic magmas that
are key for identifying their petrogenetic and tectonic
evolutionary histories.

In this study, we focus on the high-Mg” adakitic rocks
in the Heishantou area of Western Tianshan orogen in
the southwestern part of the Central Asian Orogenic
Belt (CAOB) (Fig. 1c), which were initially proposed to
be derived from partial melting of either a thickened
mafic lower crust (Zhao et al., 2008; Tang et al., 2017b)
or delaminated lower crust (Li et al., 2019). The
Heishantou adakitic rocks contain abundant clinopyrox-
ene, both as phenocrysts and matrix crystals, and minor
amphibole phenocrysts. Such a mafic mineral assem-
blage is possibly related with primitive adakites and
probably records the details of early magmatic proc-
esses that could have shaped the primary features of
adakitic magmas. Thus, the Heishantou adakitic rocks
are ideal object for testing the petrogenesis of adakites
by using mineral geochemistry. We present in situ
elemental and Sr isotopic compositions of plagioclase,
amphibole and clinopyroxene phenocrysts and whole-
rock major, trace elemental and Sr—-Nd-Hf isotopic data
of the Heishantou adakitic rocks to investigate their pri-
mary features, magma sources and magmatic proc-
esses, and to constrain the Permian tectonic evolution
of the Western Tianshan orogenic belt. In addition, we
investigate how magmatic processes affect the adakitic
signatures of these rocks.

GEOLOGICAL BACKGROUND AND SAMPLE
DESCRIPTION

Geological background

The CAOB (Zonenshain et al., 1990), situated between
the European, Siberian, Tarim and North China cratons
(Fig. 1a), is the largest Phanerozoic accretionary or-
ogeny, which formed through long-term accretion of
arcs, accretionary complexes, seamounts, oceanic pla-
teaus and continental blocks (Coleman, 1989; Sengoér
et al, 1993; Xiao & Santosh, 2014). The Chinese
Tianshan Orogen, located in the southwestern part of
the CAOB, separates the Tarim Basin to the south and
the Junggar Basin to the north (Fig. 1a, b). There are
four tectonic units recognized in the western segment
of the Chinese Tianshan Orogen (Western Tianshan),
including the North Tianshan, Yili Block, Central
Tianshan and South Tianshan, which are respectively
separated by the North Tianshan Suture, the North
Nalati Suture, and the South Central Tianshan Suture
from north to south (Fig. 1b; Allen et al., 1993; Gao
et al., 2009). The details of these four tectonic units are
described in previous literature (Han et al., 2011; Xiao
et al., 2013; He et al., 2016). There are intense debates
about the details of the Permian tectonic evolution of
the Western Tianshan, such as whether the subduction
of the South Tianshan ocean was completed by then
(e.g. Gao et al., 2009; Han et al., 2011; Xiao et al., 2013;
Xiao & Santosh, 2014) and whether the Tarim mantle
plume played a role in the widespread Permian magma-
tism in the area (e.g. Qin et al, 2011; Zhang & Zou,
2013a, b; Zhang et al., 2014; He et al., 2016; Xue et al.,
2016; Zheng et al., 2016; Han et al., 2019). The presence
of Permian bimodal volcanic rocks and A-type gran-
itoids in the Tianshan Orogen is likely consistent with a
post-orogenic setting (Long et al., 2011; Gou et al., 2012;
Zhang & Zou, 2013a, b; Li et al., 2015a; Xia et al, 2016).
However, the detailed mechanism for these magma-
tisms is poorly constrained.

Adakitic rocks in the Tianshan Orogen were mostly
formed during the Paleozoic. Pre-Permian adakitic rocks
are mainly distributed in the Dananhu arc in the eastern
segment of the Chinese Tianshan Orogen (Eastern
Tianshan) (e.g. Xiao et al., 2017; Zhang et al., 2020) and
sporadically scattered in the Western Tianshan (Fig. 1;
Wang et al., 2007b; Qian et al., 2009; Tang et al., 2010;
Xie et al., 2013; Xu et al., 2013; Yin et al., 2016, 2017; Li
et al.,, 2019). Most of them show depleted whole-rock
Sr—Nd isotopes and were interpreted to be derived from
partial melting of subducted oceanic crust (Wang et al.,
2007b; Xu et al., 2013; Yin et al., 2016, 2017; Li et al.,
2019). Those with enriched Sr-Nd isotopes might be
attributed to crustal assimilation (Tang et al., 2010; Xie
et al., 2013) or be derived from the partial melting of
thickened lower crust (Qian et al., 2009). Permian ada-
kitic rocks in the Tianshan orogen are relatively rare and
were interpreted as continental crust related magma-
tism in post-orogenic setting (Huang et al., 2012; Tang
et al., 2017b; Li et al., 2019; Fig. 1). Among them, some
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Fig. 1 (a) Tectonic sketch map of the Central Asia Orogenic Belt (modified after Xiao et al., 2013). (b) Geological map of the Western
Tianshan orogenic belt in China—Kyrgyzstan contiguous regions (modified from Gao et al, 2009). Abbreviations: NTS, North
Tianshan Suture; NNS, Nikolaev Line-North Nalati Suture; SCTS, South Central Tianshan Suture; NTF, North Tarim Fault. (c)
Simplified geological map of the southwest Nileke area, showing rock types, strata and sample locations (modified after Gongliu
Geological Map at 1:200000 scale; BGMRXUAR, 1979). Geochronological data of adakitic rocks in the Western Tianshan are from
Zhao et al. (2003), Wang et al. (2007b), Qian et al. (2009), Tang et al. (2010, 2017b), Huang et al. (2012), Xie et al. (2013), Xu et al.
(2013), Yin et al. (2016, 2017) and Li et al. (2019). Geochronological data of magmatic rocks in the Nileke area are from Zhao et al.
(2003), Liu et al. (2012), Li et al. (2013a, 2019), Yan et al. (2013), Zhao (2013), Tang et al. (2014, 20174, b) and He et al. (2018).

- granodiorite porphyry (adakitic rock) * sample location

high-Al amphibole-bearing adakitic rocks in the Nileke and consequent orogenic root delamination induced by
area were interpreted to be products of high pressure eclogitization of thickened lower crust (Li et al., 2019).
crystallization of melts derived from the partial melting

of thickened continental lower crust (Tang et al., 2017b). Sample description

However, the late Carboniferous adakitic rocks in the The Heishantou pluton near Nileke County is located in
Nileke area have much higher Nb/Ta and Dy/Yb ratios the northern magmatic belt of the Yili Block. This belt is
than the early Permian adakitic rocks (Li et al., 2019), mainly composed of Permian and Upper Carboniferous
and these were interpreted as lower crustal thickening volcanic-sedimentary strata and some intrusive rocks.
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Fig. 2 Representative petrographic characteristics of Heishantou porphyric diorite: (a) the zoned plagioclase (Pl) phenocryst (cross-
polarized light); (b) euhedral amphibole (Amp) phenocrysts; the rims were altered to fine-grained Fe-Ti oxides (plane-polarized
light); (c, d) euhedral clinopyroxene (Cpx) phenocrysts with colorless core and greenish thin rim (plane-polarized light), showing

prismatic (c) and octagonal cross-sections (d).

The Lower Permian volcano-sedimentary formation is
termed the Wulang Formation, which consists of sand-
stone, basalt, basaltic andesite, shoshonite and rhyolite.
The Wulang basalts and bimodal volcanic rocks were
formed in a post-collisional setting (Ye et al., 2013; Chen
et al., 2015; He et al., 2018). The Middle Permian strata
in the area contain the Xiaoshansayi, Hamisite and
Tiemulike Formations from bottom to top (Fig. 1c). The
Xiaoshansayi and Tiemulike Formations mainly consist
of conglomerate, sandstone, siltstone and mudstone.
The Hamisite Formation consists of clastic rocks, vol-
canic tuff and breccia, and shoshonitic basalt to rhyolite
rocks, which were proposed to be derived from partial
melting of thickened lithosphere of the Yili Block (Tang
et al, 2017b; He et al, 2018). The Xiaoshansayi
Formation unconformably overlies the Wulang
Formation, and is overlain uncoformably by the
Hamisite Formation (Fig. 1c). Early Permian intrusive
rocks in Nileke area are mainly adakitic granodiorite
porphyries, or A-type granites (Zhao et al., 2008; Li
et al., 2013a, 2015a; Tang et al., 2017a). The Heishantou
pluton is dominantly composed of porphyritic diorite
(Fig. 1c) and intruded into the Wulang Formation with
hornfels surrounding the intrusions (Fig. 1c). Small
crustal xenoliths are sparsely distributed in the diorite.
The phenocrysts consist predominantly of plagioclase
and clinopyroxene with minor amphibole (Fig. 2).

Plagioclase phenocrysts are euhedral with variable
grain sizes from ~100 um to > 2 cm, and show complex
compositional zoning (Fig. 2a). Clinopyroxene phenoc-
rysts are subhedral and elongate with variable grain
sizes from > 1cm to < 100 um that decrease gradually
to the size of matrix clinopyroxene (Fig. 2c, d). They al-
ways show normal compositional zoning with a large
colorless core and narrow greenish rim (Fig. 2c, d).
Amphibole phenocrysts are subhedral with grain sizes
from > 2cm to ~100 um, and partially altered with tiny
Fe-Ti oxides surrounding the phenocrysts (Fig. 2b).
Some amphibole phenocrysts are partially enclosed by
clinopyroxene (Fig. 2c). The groundmass is mainly com-
posed of K-feldspar, albite, clinopyroxene and Fe-Ti
oxides, with minor apatite and sphene.

ANALYTICAL METHODS

In situ zircon U-Pb and oxygen isotopic analyses were
performed using the Cameca IMS 1280HR ion microp-
robes at the State Key Laboratory of Isotope
Geochemistry (SKLaBIG), Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIG-
CAS). The measurements of the Qinghu zircon stand-
ards during the course of this study yield the weighted
mean values of 2°°Pb/>*8U age = 161-4 +2-4Ma (n=6)
and 380 = 5.32 +0-32%, (n=9; 95% confidence level),
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which are respectively consistent with the recom-
mended values of 159-56+0-2Ma and 5-4+0-2%, (Li
et al., 2013b) within errors. Whole-rock major elements
were analysed using a Rigaku RIX 2000 X-ray fluores-
cence spectrometer, and analytical errors are less than
2%. After dissolved by acid, the samples were analysed
using a Perkin-Elmer Sciex ELAN 6000 inductively
coupled plasma mass spectrometry (ICP-MS) for whole-
rock trace elements. Analytical precision is 1-5%. The
detection limit and analytical error for Nb are 0-2 ppm
and 2%, and those for Ta are 0-05 ppm and 4%, respect-
ively. Whole-rock Sr-Nd-Hf isotopic ratios were meas-
ured via a Neptune Plus multi-collector ICP-MS (MC-
ICP-MS). Reference standards analysed along with sam-
ples give 87Sr/®%Sr = 0.710252 + 0.000005 (95% confi-
dence level) for NBS987, "Nd/'**Nd = 0.512096 =
0-000002 (95% confidence level) for Shin Etsu JNdi-1,
and ""®Hf/""Hf = 0.282182 + 0-000002 (95% confidence
level) for JMC14374. The analytical methods are princi-
pally similar to the description in our previous study
(He et al., 2016).

Back-scattered-electron (BSE) images of the minerals
were captured using a Carl Zeiss SUPRAG5SAPPHIRE
Field Emission-Scanning Electron Microscope (SEM) at
GIG-CAS. In situ major elemental analyses and X-ray
maps of minerals were obtained using a Cameca
SXFive FE Electron Probe Microanalyzer (EPMA) at GIG-
CAS. This EPMA is equipped with an electron optical
column with field emission source, controlled by
Cameca PeakSight software. Five wavelength disper-
sive spectrometers (WDS) with 14 crystals are installed,
including three LLIF, one LIF, two LPET, two PET, one
LTAP, one TAP and four PCs (W-Si layered-dispersion
elements, also known as pseudo-crystals). Rowland cir-
cle radius of the WDS spectrometer is 160 mm, which is
large enough to extremely diffract some overlapping
elemental peaks. For example, there is no overlap be-
tween Sr Ko and Si Kf, which will happen when using a
smaller Rowland circle. The PC crystals (PCO, PC1, PC2,
and PC3) are characterized by offering greater count
rates, decreased spectral resolution (reducing peak
shape and shift effects) and multiple-order X-ray sup-
pression, and thus are specified to measure the light
elements from Be to Na. In this study, we used the PC1
to measure F. A verification routine was operated every
day by moving the spectrometers to the theoretical pos-
ition of a well-defined line, for calibrating the WDS
spectrometers from drift caused by temperature-related
changes in diffraction crystal d-spacing. An operating
condition of 15kV accelerating voltage and 20 nA beam
current was used during the course of this study. A vari-
able peak counting time (8-180s) was designed based
on the intensity of characteristic X-ray line and desired
precision for the element. Calibration standards used
for feldspar analysis were albite (Na), almandine (Mg),
sanidine (Si, K), hematite (Fe), plagioclase (Ca), barite
(Ba) and Celestite (Sr). Calibration standards for amphi-
bole and pyroxene analyses were jadeite (Na, Al), diop-
side (Si, Mg, Ca), orthoclase (K), rutile (Ti), Cr,O3 (Cr),

hematite (Fe), rhodonite (Mn), nickel silicide (Ni), topaz
(F) and tugtupite (Cl) from SPlI company. The PAP
(Pouchou and Pichoir) procedure was used for matrix
correction (Pouchou & Pichoir, 1991). The standards
were measured as unknown specimen using the same
calibration to test accuracy of each elemental calibra-
tion by confirming the I,/ls;q = 1 (Ix and lgq are the inten-
sities of the unknown specimen and the standard,
respectively). In addition, SPI standards diopside and
plagioclase were used as external standards to monitor
the instrumental drift, and to show high reproducibility
and accuracy (within error) as compared to the referen-
ces (Supplementary Data Fig. S1; supplementary data
are available for downloading at http://www.petrolo-
gy.oxfordjournals.org). Major elemental X-ray mapping
of clinopyroxene phenocrysts was conducted at 15kV
and 200 nA with focused beam, 2pum pixel size and
200 ms dwell time per pixel.

In situ trace elemental analyses were conducted by LA-
ICP-MS at the State Key Laboratory of Geological Processes
and Mineral Resources, China University of Geosciences,
Wuhan. This ICP-MS instrument is equipped with a GeolLas
2005 laser sampler and an Agilent 7500a system to acquire
ion-signal intensities. Detailed operating conditions for the
ICP-MS instrument, the laser ablation system and data re-
duction are the same as the description in Liu et al. (2008). A
spot size of 40 um and repetition rate of 6 Hz were applied
during the analysis, and each analysis incorporated a back-
ground acquisition of approximately 20 —30s (gas blank)
followed by 50s of data acquisition from the sample.
Elemental contents were calibrated against multiple refer-
ence materials (BCR-2G, BIR-1G and BHVO-2G) without
applying internal standardization (Liu et al., 2008). External
standard of National Institute of Standards and Technology
SRM 610 was analysed after every nine sample spots.
Analytical precision and accuracy for major elements and
most trace elements are better than 5%.

In situ Sr isotope analysis for plagioclase was per-
formed by LA-MC-ICP-MS at GIG-CAS, using a Neptune
Plus MC-ICP-MS system coupled with a Resolution M50
193 nm ArF-excimer laser sampler. The analytical pro-
cedure and data processing was described by Zhang
et al. (2015) in detail. Spot diameter of 82 um, repetition
rate of 7Hz and ablation time of 29 s were applied. The
United States Geological Survey (USGS) glass NKT-1G
and plagioclase standard MkAn were used as external
standards. Repeated analyses of NKT-1G and MkAn
gave ¥Sr/8Sr = 0.70352 + 0-00008 (2c; reference value
0-70351 = 0-00002 by Elburg et al., 2005) and 0-70348 =
0-00008 (2c; reference value 0-70343 +0-00006 by
Kimura et al., 2013).

RESULTS

In situ zircon U-Pb geochronology and

O isotopes

Sample HST114 was selected for zircon U-Pb age and
O isotope analyses. Zircons from sample HST114 are all
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Fig. 3 (a) Concordia diagram for SIMS zircon U-Pb analyses of the Heishantou diorite (Sample HST114); inset shows 2°6Pb/2%8U
ages and the weighted mean value; (b) histogram of in situ zircon §'0 values for the Heishantou diorite; 580 values of mantle zir-

cons are from Valley et al. (1998).

transparent euhedral prismatic grains that show well-
developed concentric oscillatory zoning, indicating a
magmatic origin. Eighteen analysed zircons have mod-
erate U and Th content (89 —304 ppm and 35 — 237 ppm,
respectively) with high Th/U ratios (0-39 —0-98)
(Table 1). Spot 6 has an old 2°6Pb/>*8U age (299 + 5 Ma)
that is interpreted as the age of inherited zircon. Spot 17
has a slightly old 2°6Pb/?%8U age (282 + 5Ma) due to its
very low 2°Pp/2%4Pp ratio that is inappropriate for the
common Pb correction. The other sixteen analyses
form a tight group and have concordant U-Pb ages
(Table 1; Fig. 3a), yielding a weighted mean 2°6Pb/?%8U
age of 271 = 2Ma (MSWD = 0-18), which is interpreted
as the crystallization age. This is identical to the previ-
ous dating results for other adakites in the Nileke area
(268 = 5Ma by “°Ar/*®Ar dating method, Zhao et al.,
2003, and 272 = 3Ma by LA-ICP-MS zircon U-Pb dating
method, Tang et al., 2017b) within errors.

Zircons from sample HST114 have variable 5'80 val-
ues (5-52 -7-489%,), yielding a weighted mean value of
6-15 + 0-28%, (95% confidence level; Table 1; Fig. 3b),
which is slightly higher than the values of mantle-
derived zircons (5-3 = 0-39,; Valley et al., 1998).

Whole-rock geochemistry
Samples of the Heishantou porphyric diorite contain
moderate SiO, (55-1-66-6 wt %) and K,0 (1-7-2-8 wt %),
which are more basic than other Permian adakites in
the Tianshan Orogen (Fig. 4a and b). They have high
Al,O3 (15-8-17-5wt %) and Na,O (3-8-7-3wt %), and
show low K,0/Na,O (0-2-0-6) and moderate Mg"* (31-
53) (Table 2; Fig. 4). Their low Ni (7-5-35ppm) and Cr
(6-0-22 ppm) are comparable to those of other Permian
adakitic rocks (Zhao et al., 2008; Huang et al., 2012;
Tang et al., 2017b; Li et al., 2019) in the Western
Tianshan (Fig. 4c and d).

The samples show highly fractionated chondrite-
normalized REE patterns with insignificant Eu

anomalies (Eu = 0-83-1-01; Fig. 5a). They have high Sr
(453-1875 ppm) and light rare earth elements (LREE)
but low Y (5-1-8-6 ppm) and Yb (0-39-0-73 ppm) with
high Sr/Y (73-220) and [La/Ybly (21-41), which resem-
ble the values of typical adakites (Defant & Drummond,
1990; Martin, 1999; Martin et al., 2005) (Fig. 4e and f).
Overall, adakites in the Nileke area show much higher
Sr/Y and [La/Ybly than most of other Paleozoic adakitic
rocks in the Tianshan Orogen (Fig. 4e and f). On the
primitive mantle-normalized multi-element variation
diagrams, the samples of the Heishantou porphyric di-
orite are also characterized by pronounced negative Nb,
Ta and Ti anomalies and a positive Sr anomaly (Fig. 5b).

Whole-rock Sr—Nd-Hf isotopes

Samples of Heishantou porphyric diorite exhibit narrow
ranges of &7Sr/8Sr, "3Nd/"**Nd and ""®Hf/'""Hf ratios
(Table 3; Fig. 6), characterized by low initial 8 Sr/2®Sr
(0-7049-0-7053) and positive eng(t) (+1-3 to +2-8) and
ene(t) (+7-2 to +8-7). The studied samples have distinct
isotopic values from mid-ocean ridge basalt (MORB)
but show affinity to the Carboniferous mafic and felsic
rocks in the Western Tianshan (Fig. 6a; Chen et al.,
2001; Xia et al., 2004, 2008; Zhu et al., 2006a, b; Wang
et al., 2006b, 2007b; Qian et al., 2006; Ma et al., 2008;
Tang et al., 2012, 2014; Yang et al., 2012; Lin et al., 2015;
Li et al.,, 2015b; Ge et al., 2015; He et al., 2016; Xie et al.,
2016a). Bulk-rock Sr-Nd isotopic compositions of the
studied samples are similar to those of other adakitic
rocks in the Nileke area (Zhao et al., 2008; Tang et al.,
2017b; Li et al., 2019), which are comparable to the
Early Permian felsic intrusive rocks but different from
the basaltic volcanic rocks in the same area (Fig. 6a). In
addition, their bulk-rock Nd-Hf isotopic compositions
plot slightly above but parallel to the terrestrial array
(Fig. 6b; Vervoort et al., 2000). They lie between the
Tianshan Carboniferous mafic rocks (320-300 Ma; He
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Oxides were recalculated volatile-free.

et al., 2016; Xie et al., 2016a, b) and Tarim mafic rocks at
~290Ma (Yu et al., 2011).

In situ mineral compositions and plagioclase Sr
isotopes

Plagioclase Euhedral plagioclase phenocrysts in the
Heishantou porphyric diorite have variable An content
(24-63 mol %; Supplementary Data Table S1; supple-
mentary data are available for downloading at http://
www.petrology.oxfordjournals.org) but are mostly
andesine. They have variable SrO (0-14-0-67 wt %) that
overall are higher than those in adakites (Solander and
Little Solander Islands; Foley et al., 2013) and arc lavas
(Tonga, Ryukyu, Kermadec, Kamchatka, lzu-Bonin,
Honshu, Andean, Aleutian, Aeolian, Aegean, and
Central American volcanic arc, compiled from GEOROC

database; Fig. 7a). In situ plagioclase 8Sr/®®Sr ratios
vary within a narrow range of 0-70444-0-70505 (Table 4;
Fig. 7b and c). Because the intensity of 88Sr in plagio-
clase (3:66 — 8-74 V) is much higher than that of ®Rb (<
0-02V except for one measurement of 0-10V), meas-
ured &Sr/2Sr ratios can represent initial 8 Sr/28Sr ratios
of the analysed plagioclase (Table 4). The plagioclase
87Sr/28Sr ratios have a negative correlation with An con-
tent but a positive correlation with SrO content except
for some analyses that have low 8 Sr/28Sr but high SrO
or low An content (Fig. 7b and c).

Plagioclase phenocrysts show complex composition-
al zoning (Fig. 8), with periodic variation of An content
that increases abruptly and then overall gradually
decreases from core to rim (Fig. 8). There are two parts
within the crystal according to in situ 8Sr/2%Sr values,
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Fig. 5 (a) Chondrite-normalized REE patterns and (b) primitive mantle-normalized multielement diagrams of the Heishantou diorite.
Normalization values of chondrite and primitive mantle are both from Sun & McDonough (1989). Field of subducted oceanic crust-
derived adakites are from Defant & Drummond (1990) and Martin et al. (2005). REE compositions of melt in equilibrium with clino-
pyroxene and amphibole phenocrysts in the Heishantou diorite were calculated using partition coefficients listed in Tables 5 and 6,

respectively.

Table 3: Whole-rock Sr—-Nd-Pb-Hf isotopes of the Heishantou diorite

Sample HST109 HST110 HST112 HST114 HST116 HST120 HST121
8’Rb/28Sr 0-1562 0-1853 0-2304 0-2562 0-3640 0-0832 0-0791
87gr/88sr 0-705493 0-705624 0-706131 0-706258 0-706609 0-705397 0-705438
26 0-000008 0-000009 0-000008 0-000009 0-000010 0-000011 0-000009
(®7Sr/%8Sr); 0-7049 0-7049 0-7052 0-7053 0-7052 0-7051 0-7051
1475 m/**Nd 0-0921 0-1061 0-0911 0-0837 0-0810 0-0942 0-0997
143N d/"**Nd 0-512598 0-512590 0-512517 0-512516 0-512506 0-512574 0-512566
26 0-000005 0-000006 0-000006 0-000004 0-000005 0-000007 0-000004
("3Nd/"**Nd); 05124 05124 0-5124 0-5124 0-5124 0-5124 0-5124
eng(t) 28 22 1.3 15 1.4 23 1.9
178Lu/ "7 7Hf 0-0051 0-0045 0-0047 0-0055 0-0051 0-0061
1781177 Hf 0-282886 0-282884 0-282856 0-282846 0-282850 0-282882
26 0-000004 0-000004 0-000004 0-000008 0-000005 0-000006
(7OHf/"TTHF), 0-2829 0-2829 0-2828 02828 0-2828 0-2829
epie(t) 8.7 8.7 7-7 7-2 74 84

8Rb/%Sr, 7Sm/"**Nd and "7Lu/"""Hf isotope ratios are calculated using whole-rock Rb, Sr, Sm, Nd, Lu and Hf contents.

The errors of 8Sr/28Sr, 13Nd/"**Nd and ""8Hf/"""Hf are all 2c.

nalt) = [(1Nd/"*Nd)s/("**Nd/"**Nd)cuur.11 x 10000; ("**Nd/"**Nd)cyyr = 0-512638; ("7Sm/"*Nd)cuur = 0-1967; enflt) =
[(176Hf/177Hf)s/(176Hf/177Hf)CHUR 11 x 10000; (7°Hf/"77Hf) riu=0-.282785; (7°Lu/""Hf)cyur = 0-0336; t=271Ma.

i.e. a low ¥Sr/%Sr (0-7044-0-7047) core and a high
873r/%8Sr (0-7047-0-7051) rim (Table 4; Fig. 8). For a
plagioclase phenocryst, the core has lower SrO con-
tents than the rim, and SrO contents in the core vary lit-
tle with decreasing An content (Fig. 8). Abrupt increase
of An content occurs in either the core or rim, and the
boundary between the core and rim is resorbed (Fig. 8).

Clinopyroxene Clinopyroxenes in the Heishantou
porphyric diorite are clustered in the pyroxene classifi-
cation diagram and all plot within diopside field
(Fig. 9a). The phenocrysts have colorless cores with
greenish rims (Fig. 2c and d). The cores are mostly
sector-zoned crystals consisting of prism and hourglass
sectors, while the rims show concentric oscillatory com-
positional zonation (Fig. 10). Major elemental X-ray
maps show clearly that prism sectors have lower Mg
and higher Fe, Ti and Cr contents than hourglass sec-
tors (Fig. 10), resembling the sector-zoned clinopyrox-
ene described in Ubide et al. (2019). Overall, the cores

including prism and hourglass sectors have higher Mg#
(78-84) and Cr,03 (0-01-0-29 wt %) than the rims (Mg"
mostly 69-79, Cr,0; mostly below detection limit to
0-02wt %) (Fig. 10). However, the outermost parts of
phenocryst rims compositionally overlap with the ma-
trix clinopyroxenes (Supplementary Data Table S2; sup-
plementary data are available for downloading at http://
www.petrology.oxfordjournals.org; Fig. 9). The matrix
clinopyroxenes have higher Al,03; and lower MnO and
Ti/Al than the cores of phenocrysts at comparable Mg*
values (Fig. 9).

Clinopyroxene phenocrysts have high Sr (149-
228 ppm) and low Y (4-12ppm) and Yb (0-3-0-9 ppm)
with high Sr/Y ratios (15-41) and La/Yb ratios (4-8-10-4),
compared to clinopyroxenes in the Aleutian primitive
adakites and arc basalts (Yogodzinski & Kelemen, 1998)
with corresponding Mg (Fig. 11a—d). Y and Yb concen-
trations in the zoned clinopyroxene phenocrysts in-
crease with decreasing Mg” from cores to rims and Sr

¥202 Iudy 61 uo1senb Aq 91,20.,09/v | Leeba/z |- L/1L9/e0nie/ABojosed/woo dnoolwspede)/:sdyy woly papeojumoq


https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egaa114#supplementary-data

12 Journal of Petrology, 2021, Vol. 0, No. 0
10 - A 20
- Nileke Permian o N MORB
| . MORB < basaltic rocks (a) - (b) WTS Carboniferous Mantle
N mafic rocks
B \ WTS Carboniferous 1 5 —
5 __+, + = \\/// mafic rocks |
- v \
- AN X I .V < 10 —
~ . —
~N— -Tarim \Z\Ul\l‘\/ A ”“ ______________ N - |
‘-_; - mafic rocks”S _ ".) "'“"'\--\\C bWTfS N
¢ LS +_“Carboniferous | |
wZ 0 | | \ *_ granitoids W: 5
- + | Xox, -
L X X2
| |@ Heishantou diorites T 0 — B « _Tarim ~280Ma
_5 —|W WTS Permian _l mafic rocks
[” | X WTS Carboniferous Tarin} ~290Ma -5+
~ |+ ETS Carboniferous mafic rocks -
-10 I [ [ | ! | ! -10 | | ! | ! | !
0.702 0.704 0.706 0.708 0.71 -10 -5 0 5 10

('Sr/*Sr),

Exa(t)

Fig. 6 (a) englt) vs (B7Sr/28Sr);; and (b) enslt) vs englt) for the Heishantou diorite. The initial Sr-Nd-Hf isotopes were all calculated at
271 Ma. Nd-Hf GLOSS (global subducted sediments)-mantle array and terrestrial array are from Chauvel et al. (2008) and Vervoort
et al. (2000), respectively. Sr—Nd isotopic data sources: Permian adakitic rocks in the Western Tianshan (WTS) (Zhao et al., 2008;
Huang et al., 2012), Carboniferous adakitic rocks in the Western Tianshan (Wang et al., 2007b; Xie et al., 2013; Li et al., 2019),
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2019), Permian basaltic volcanic rocks in the Nileke area (Ye et al., 2013), Permian felsic intrusive rocks in the Nileke area (Li et al.,
2013a, 2015a; Luo et al., 2013; Yan et al., 2013; Ding et al., 2014; Chen et al., 2015), Carboniferous mafic and felsic magmatic rocks
in the Western Tianshan (Chen et al., 2001; Xia et al., 2004, 2008; Zhu et al., 2006a, b; Wang et al., 2006b, 2007b; Qian et al., 2006;
Ma et al., 2008; Tang et al., 2012, 2014; Yang et al., 2012; Lin et al., 2015; Li et al., 2015b; Ge et al., 2015; He et al., 2016; Xie et al.,
2016a). Nd-Hf isotopic data source: Carboniferous mafic rocks in Western Tianshan (He et al., 2016; Xie et al., 2016a, b). Fields of
the Tarim Permian mafic rocks are after the compilation of He et al. (2016). MORB data are based on Stracke et al. (2005).

concentrations greatly overlap (Fig. 11a—c), resulting in
overall decreasing Sr/Y ratios from cores to rims. The
rims of zoned Cpx phenocrysts have much lower Cr (<
6 ppm), Ni (< 87 ppm) concentrations and Dy/Yb ratios
(2-8-3-3) than the cores (Table 5; Fig. 11e-g). The
chondrite-normalized REE patterns are parallel and
convex-upward for all clinopyroxene phenocrysts, and
the rims show slightly negative Eu anomalies (Fig. 11h,
Fig. 12). All clinopyroxene phenocrysts exhibit negative
Nb, Zr, Hf and Ti anomalies on the primitive mantle-
normalized multi-element variation diagrams
(Fig. 12).The hourglass sectors in the sector-zoned
cores also have higher REE and high field strength ele-
ments (HFSE) than the prism sectors, which is similar to
the descriptions in Ubide et al. (2019).

Amphibole Amphibole phenocrysts in the Heishan-
tou porphyric diorite have narrow ranges of FeO (8-2—
9-8wt %), MgO (14.7-16-1wt %), CaO (11-6-12-0wt %)
and Na,O (2:6-3-1wt %), moderate TiO, (1-6-2-2 wt %),
Cr,03 (0-03-0-36 wt %), high F (2:1-3-2 wt %), and low ClI
(< 0-02wt %) (Table 6), and they belong to (fluor-)mag-
nesiohastingsite. The Heishantou amphiboles show par-
allel and convex-upward REE patterns with high La/Yb
ratios (6-14) and exhibit positive Sr and negative Nb, Zr
and Hf anomalies on the trace elements patterns
(Fig. 13). In addition, the Heishantou amphiboles exhibit
higher Sr/Y ratios (63-127) and lower Y contents (6-1-
9-6 ppm) than those in adakites (Solander and Little
Solander Islands; Foley et al., 2013) and arc lavas (Ewart
& Taylor 1969; Samaniego et al., 2010; Chiaradia et al.,
2011; Tiepolo et al., 2012; Johnson et al., 2013) (Fig. 14a).
They also have much higher fluorine (0-9-3-2wt %) than

the amphiboles from arc-related adakites (Rodriguez
etal., 2007; Rooney et al., 2011) (F < 1wt %; Fig. 14b).

DISCUSSION

Petrogenesis of Heishantou adakitic diorite
The studied samples of the Heishantou diorite show
various degrees of alteration (Fig. 2), and some samples
have relatively high loss on ignition (LOI) (Table 2).
Consequently, some large ion lithophile elements
(LILE), such as Rb, Sr and Ba, might have been mobi-
lized during alteration, whereas REE and HFSE are gen-
erally immobile during alteration (Pearce, 2014). Some
samples have lower Sr contents than the others, which
would be due to alteration because their Sr contents
and Sr/Y ratios all decrease with increasing LOI
(Supplementary Data Fig. S2; supplementary data are
available for downloading at http://www.petrology.ox-
fordjournals.org). However, some less altered samples
(LOI < 2wt %) have the highest Sr (> 1600 ppm) and Sr/
Y (> 200), indicating primary high Sr and Sr/Y of the
rocks. In addition, both Nb/Zr and La/Yb of the studied
samples are uncorrelated with LOl (Supplementary
Data Fig. S2; supplementary data are available for
downloading at http://www.petrology.oxfordjournal-
s.org), and all samples show parallel REE and HFSE pat-
terns (Fig. 5a, b), suggesting that these incompatible
trace elements might be immobile and have preserved
the original chemical characteristics despite the
alteration.

Regarding the adakite definition originally given by
Defant & Drummond (1990) and later summarized by
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Fig. 7 (a) Sr vs An; (b) 8’Sr/%8Sr vs An; and (c) &Sr/8Sr vs SrO
for the plagioclase phenocrysts in the Heishangtou diorite. The
plagioclases in arc-related adakites are from Solander and
Little Solander Islands (New Zealand) (Foley et al., 2013). The
plagioclases in arc lavas are from Tonga, Ryukyu, Kermadec,
Kamchatka, Izu-Bonin, Honshu, Andean, Aleutian, Aeolian,
Aegean and Central American volcanic arc, which are com-
piled from GEOROC database (http:/georoc.mpch-mainz.
gwdg.de/georoc/).

Martin et al. (2005) and Moyen (2009), the Heishantou
diorite samples display typical adakitic compositional
features (SiO, > 56%, Al,03 > 15%, MgO < 3%, Na,O >
3-5%, Sr > 400 ppm, Y < 18ppm, Yb < 1-:9 ppm, and Sr/
Y > 40 and [La/Ybly > 10; Table 2).

High Mg” of primary adakitic magma

There are three types of phenocrysts in the Heishantou
diorite: plagioclase, amphibole and clinopyroxene.
Plagioclase phenocrysts exhibit low An (mostly 24-
50 mol %; Fig. 7a), which cannot be formed in the early
magmatic stage. Amphibole and clinopyroxene phe-
nocrysts are euhedral-subhedral prismatic or show
polygon cross-sections (Fig. 2b—d), indicating that they
are magmatic crystals. Chemical compositions of the
cores and rims of clinopyroxene phenocrysts and the
matrix ones change coherently (Fig. 9), suggesting
clinopyroxene phenocrysts are intrinsic magmatic crys-
tals of Heishantou diorite. A few amphibole crystals are
partially enclosed by large clinopyroxenes (Fig. 2c) and
amphibole crystals show similar REE patterns as clino-
pyroxenes (Figs. 12 and 13), indicating they were
formed in the same magmatic system. Furthermore,
calculated melts in equilibrium with clinopyroxene (see
details in Table 5) and amphibole phenocrysts (see
details in Table 6) all have similar REE patterns to the
Heishantou diorites (Fig. 5a). Thus clinopyroxenes and
amphiboles are cognate magmatic minerals of the
Heishantou magma, and the core-rim compositional
zonation of clinopyroxene phenocrysts (Fig. 10) could
be due to multiple processes during magma evolution.

For the sector-zoned clinopyroxene cores, the hour-
glass sectors are compositionally different from the
prism sectors (Fig. 10), which would be induced by dif-
ferent growth rates of two types of sectors because the
incorporation of Al in tetrahedral coordination due to
slow-growing in prism sector will promote the incorpor-
ation of HFSE and REE (Mollo & Hammer, 2017; Ubide
et al., 2019). Thus the sector-zoning is not necessarily
associated with mixing or mingling process between
different magmas, but would be developed in response
to low degrees of undercooling, such as during slow
magma ascent (Mollo & Hammer, 2017; Ubide et al.,
2019). Although hourglass sector grows faster than
prism sector, the presence of sector-zoning represents
a slow crystal growth rate, and two types of sectors can
remain in local chemical equilibrium with the circumja-
cent melt (Ubide et al., 2019). Therefore, the compos-
ition of sector-zoned cores would be reliable in
characterizing the primary magmas of Heishantou
diorites.

Both amphibole and clinopyroxene phenocrysts
show high Mg?#, with the former most likely crystallizing
subsequent to the formation of the high Mg* core of
zoned clinopyroxene phenocrysts based on the follow-
ing observations. The Dy/Yb ratios and TiO, contents of
the zoned clinopyroxene phenocrysts are high in the
cores and decrease to the rims (Fig. 11g). Since middle
rare earth elements (MREE) are more compatible than
HREE in amphibole (Dalpe & Baker, 2000; Hilyard et al.,
2000; Shimizu et al., 2017), fractional crystallization of
amphibole will lower Dy/Yb ratios in the melt. In add-
ition, since amphibole is a titanium-rich mineral in
basalt-andesite melts in contrast to clinopyroxene, its
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Table 4: In situ plagioclase Sr isotopes of the Heishantou diorite

Spot %8Sr (V) ®Rb (V) ®Srf%sr 87Rb/%0Sr Si0, AlLO; FeO' CaO SrO Na,O K,O0 Total An% Ab% Or%
Line AA’

#1142 0001  070459+4 0.000692+9 5896 2574 015 7-36 021 664 063 9969 366 597 37
#2 38 0-001 0704534 0.000770+7  60-10 25.07 014 660 018 690 074 9973 330 626 44
#3 42 0001  070450+5 0.000936+6 5961 2545 0-14 694 021 678 074 9989 345 611 4.4
#4449 0-005  070468=4 0.003248+11 6093 2471 018 599 025 7.09 104 10019 299 640 62
# 62 0002  070494+4 0.000847+5  59.42 25.14 019 679 033 674 081 9945 341 611 48
# 71 0-002  070503=3 0000930 +7 59-80 2493 020 647 042 674 091 9954 327 618 55
#7 80 0021 070501 +3 0.008240+ 107 5965 2454 020 604 036 574 277 9987 306 527 167
Line BB’

#1 53 0001 070447 +4 0.000472+94 55.13 2775 0-15 973 026 538 044 9885 487 487 26
#2 48 0-002  070451=5 0-001496+250 5688 2660 0-14 849 021 609 055 9898 421 547 33
#3 52 0006 070454 +4 0.003326+ 127 5539 27-47 016 946 024 558 049 9880 470 501 29
#4 45 0-003  070453+5 0.001594+ 143 57-15 2652 0-16 827 022 615 063 9909 410 552 3.7
# 56 0008 070478 +4 0.003877 + 158 5728 2655 0-18 828 026 613 064 9934 411 551 3.8
Line CC’

# 47 0001  070451+4 0.000631+16 5544 2721 020 941 023 570 032 9850 468 513 19
#2 46 0-002 0704604 0001177 +12 56-46 2699 0-16 898 022 600 041 9922 442 53.4 2.4
#3 50 0001 070458 +3 0.000347+5 56.04 26:84 016 895 024 598 039 9861 442 535 23
#4 46 0-001 0704564 0.000681+6 5922 25.18 0-14 694 019 697 066 9931 341 620 39
# 39 0002  070454+4 0.001208+7 6065 2433 015 603 017 738 079 9950 297 657 46
# 42 0-002 0704614 0.001574+8 6058 2440 0-16 6:01 019 740 085 9960 294 656 5.0
#7170 0003 070487 +3 0.001262+16 59.16 2523 0-19 669 033 684 071 9920 336 622 42
#3 87 0-003 070498 =3 0.001158+15 5816 25.44 022 7-33 041 655 081 9898 364 589 48
#9 87 0007  070503+3 0.002528 +22 59.17 25.08 024 670 039 682 093 9938 333 613 55
Line DD’-EE’

#1 59 0002  070480+4 0.000737+6 5873 2609 018 752 029 653 053 9989 376 592 32
# 61 0-002 070487 =4 0.000807 +4 5955 25.57 0-17 7-00 030 683 056 9997 349 617 33
#3 63 0002  070484+3 0-000890+10 5897 2563 021 738 029 666 055 9971 367 600 32
#4 59 0-002  070492+4 0.000834+5 59.63 25.14 018 669 030 688 066 9949 336 625 3.9
# 61 0002  070479+4 0.001213+16 5699 26:87 018 853 032 591 051 9931 430 539 3.0
# 55 0-005  070484+3 0.002677+9 6020 2513 017 652 030 690 088 10011 325 623 52
Line FF’

#1 45 0020 0704534 0.012338+705 57-69 2609 019 792 023 637 047 9896 396 576 28
#2 58 0007 070444 +3 0.003450+57 52.05 2901 019 1164 027 428 022 9767 593 394 13
#3 55 0-006  070454=4 0.003702+44 56.06 2745 016 917 036 567 028 9915 464 519 1.7
#4 52 0006 070464 +3 0.003672+170 57.02 2650 0-19 833 024 593 057 9878 422 544 35
#5 4.2 0-004 070476 =4 0-003191+50 5999 2482 017 629 026 690 090 9933 317 629 54
Line GG’

#1 4 0-002  070474=5 0001132+26 5859 2567 016 728 024 659 068 9921 364 596 4.0
# 37 0002  070479+5 0.001736+27 5921 2531 017 693 026 685 077 9950 343 612 45
#3 49 0-004  070484=4 0.002333+42 5593 2722 018 908 030 570 051 9894 454 516 3.0
# 44 0004  070491+4 0.002823+16 6106 2427 022 580 023 725 102 9988 288 652 60
# 4.9 0-005 0704865 0-003554+61 6021 2466 018 619 029 7.-08 099 9964 307 635 58
# 5.1 0005  070505+4 0.002777+28 6000 2483 017 628 033 693 108 9965 313 624 64

883r and ®°Rb are the signal intensities.

An=Ca/(Na+K+Ca)x 100, Ab=Na/(Na+K+Ca)x 100, Or=K/(Na+K+Ca)x 100.
Major elements’ values are the average results of 4 points evenly surrounding the corresponding Sr
CAMECA SX-Five FE EPMA in GIG-CAS.

isotopic ablation circle via

saturation will also lower Ti contents in the melts. Thus,
although a few amphiboles are partly enclosed by clino-
pyroxene phenocrysts, notable fractional crystallization
of amphibole shortly after the crystallization of the
cores of zoned clinopyroxene phenocrysts is needed to
explain the decreasing Dy/Yb ratios and TiO, contents
in rims of the zoned clinopyroxenes. Amphiboles in the
Heishantou diorite show overall higher Mg* (73-77)
than those crystallizing from arc-related adakitic mag-
mas (Mg* < ~75, Rodriguez et al., 2007; Rooney et al.,
2011; Fig. 14b). The calculated melt in equilibrium with
amphibole would have Mg* of 44-51 when using
Dﬁemj’,\;gq = 0-30 (0-38-0-30 in the basaltic and andesitic
system; Sisson & Grove, 1993; Nandedkar et al., 2014)
(Table 6). The cores of clinopyroxene phenocrysts also

exhibit high Mg# of 78-84, indicating high Mg* of the
primary magma. The Fe-Mg exchange partition coeffi-
cient between clinopyroxene and silicate melts varies
over a wide range (Dﬁg’f,v','g = 0-28 = 0-08; Putirka, 2008),
which is correlated with magmatic composition, oxygen
fugacity, and temperature. Because Dﬁz’f,v','g is systemat-
ically higher in basaltic melts (Kinzler, 1997; Bédard,
2014), and the estimated melt in equilibrium with
amphiboles using chemometric equations by Zhang
et al. (2017) and Humphreys et al. (2019) has SiO, con-
tents of 51-68wt %, it is reasonable to use a relatively
high Dggi;,','g (> 0-28) for the compositional estimation of
melts in equilibrium with the cores of clinopyroxene
phenocrysts. The calculated Mg* (> 50-60;
Supplementary Data Table S2, S5; supplementary
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Fig. 8 BSE images, in situ Sr isotope and traverse analyses (SrO and An) of representative plagioclase phenocrysts in the
Heishantou diorite. The boundary between the core and rim of the zoned plagioclase phenocryst is resorbed. 8Sr/®Sr and SrO

contents overall increase from the core to rim.

data are available for downloading at http:/
www.petrology.oxfordjournals.org) is higher than that
in equilibrium with amphibole, consistent with the sup-
position that clinopyroxene cores crystallized earlier
than amphiboles. Therefore, the high Mg”* core of the
zoned clinopyroxene phenocrysts records the earliest
high-Mg” characteristics of the Heishantou diorites.

The clinopyroxene phenocrysts in the Heishantou
diorites have significantly higher Sr content and La/Yb
ratios and lower Y and Yb content (Table 5) than those
in the Aleutian primitive adakites derived from slab
melts interacted with mantle olivine (Yogodzinski &
Kelemen, 1998) (Fig. 11a—d). Calculated melts in equilib-
rium with zoned clinopyroxene phenocrysts change

gradually from adakitic in the core towards low Sr/Y
and high Yb, Y and La/Yb in the rim (Fig. 15), suggesting
that the initial melts in equilibrium with the high-Mg*
cores of the zoned clinopyroxene phenocrysts were
adakitic. Consistently, amphibole phenocrysts in the
Heishantou diorites show much higher Sr/Y (563-127)
and lower Y (6-14-14-6 ppm; Table 6) than those formed
in arc lavas (Ewart & Taylor 1969; Samaniego et al.,
2010; Chiaradia et al., 2011; Tiepolo et al., 2012;
Johnson et al., 2013; Fig. 14a). They also have higher
Sr/Y than the amphiboles in adakites formed by frac-
tional crystallization of amphibole (e.g. Adamello in
Central Alps; Tiepolo et al., 2011) or low degree melting
of a peridotitic mantle source interacted with slab melt
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Heishantou diorite.

(e.g. Solander and Little Solander lIslands in New
Zealand; Foley et al., 2013). Therefore, the early melt of
the Heishantou diorite was likely adakitic.

The melts in equilibrium with the cores of the zoned
clinopyroxene phenocrysts are high in Sr/Y and La/Yb,
which is likely derived from partial melting of a deep
source with residual garnet. Although high-pressure frac-
tional crystallization of amphibole or garnet in early
magma can also result in adakitic melts (Macpherson
et al., 2006; Alonso-Perez et al., 2009; Zellmer et al., 2012),
it is not applicable to the Heishantou primary magmas for
the following reasons: (i) notable fractionation of amphi-
bole in the Heishantou diorite was after the formation of
clinopyroxene cores; (ii) calculated oxygen fugacity using
amphibole thermobarometor by Ridolfi et al. (2010) is
about NNO + 1 (Table 6), indicating that the initial fO, is
lower than NNO + 1 because the early fractionation of low
ferric minerals (e.g. olivine and clinopyroxene) can effect-
ively increase magmatic fO,. This contradicts with the oxi-
dizing condition (NNO + 5-5; Ulmer et al., 2018) required
for the formation of amphibole-rich cumulates (Alonso-
Perez et al, 2009); (iii) calculated water contents using
amphibole thermobarometor by Ridolfi et al. (2010) (~
5.4wt %; Table 6) are lower than the required H,O-rich
conditions for stability of early igneous amphibole/garnet
in andesitic liquids (H,O > 7wt % for equilibrium melts;
Alonso-Perez et al., 2009); (iv) the Heishantou amphibole

phenocrysts have much higher F content and lower H,O
content than those from arc-related adakites (Rodriguez
et al., 2007; Rooney et al., 2011) (Fig. 14b), indicating dis-
tinctive fluid compositions and excluding high-pressure
fractional crystallization of high H,O and low F amphibole
that specifically occurred in an arc system (Macpherson
et al., 2006); and (v) garnet fractionation is always accom-
panied by clinopyroxene or amphibole crystallization in an-
desitic liquids (Alonso-Perez et al., 2009), meaning the
early fractionation of garnet would induce a continuous de-
crease of Al,O3; contents in the melts, which is clearly in
contradiction with the trend of increasing Al,O3 from cores
to rims of zoned clinopyroxene phenocrysts in the
Heishantou diorites (Fig. 9). On the contrary, the
Heishantou diorites have higher Nb/Ta ratios (15— 8) than
depleted mantle and MORB (Nb/Ta = ~15.5; Jochum
et al., 1997). Because amphibole/melt Dyy/Dr; is generally
> 1-20 for arc magmas or the low H,O magmas at high
temperature (Li et al, 2017), the later fractionation of
amphiboles in the Heshantou diorites should have
decreased Nb/Ta ratios of the residual magma, indicating
intrinsically high Nb/Ta ratios of the primitive magmas,
consistent with a deep melt source with residual rutile
(Xiong et al., 2005a; Moyen, 2009). Batch melting calcula-
tion of the Western Tianshan lower crust (using a mean
value of granulite xenoliths from Zheng et al., 2006) with
eclogite (0-7 clinopyroxene + 0-29 garnet + 0-01 rutile) as
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Fig. 10 BSE images, elemental (Mg, Fe, Ti, Cr) X-ray maps and traverse analyses (Cr,05; and Mg*) of representative clinopyroxene
phenocrysts in the Heishantou diorite. The sector-zoned core consists of homogeneous prism and hourglass sectors (PS and HS,
respectively) and has high Mg”, while the rim shows the oscillatory zoning and has low Mg*. The scale of color bars for Mg, Fe, Ti
and Cr X-ray maps are 0-100, 0-20, 0-4 and 0-16 cts/nA from dark blue to red, respectively.

restite matches high Sr/Y and La/Yb characteristics of the
whole-rock, and calculated melts in equilibrium with the
cores of clinopyroxenes and amphiboles (Fig. 15), confirm-
ing the involvement of garnet as a residual phase in the
source. Therefore, the primary melts of Heishantou diorite
are adakitic.

The high-Mg"* cores of zoned clinopyroxene phenoc-
rysts have higher Cr and Ni than the low-Mg® rims
(Fig. 11e—f), suggesting that the early magma had higher
Cr and Ni than the later melt. However, because the
whole-rock geochemistry mainly depends on the compos-
ition of the later-evolved magma, the whole-rock Cr and Ni
content of the Heishantou diorites is less than that of ada-
kites derived from the partial melting of delaminated lower
crust (Fig. 4d). Collectively, the primary adakitic melts
related to the Heishantou diorite should be characterized
by high Mg* and low SiO, with high Cr and Ni content.

Petrogenesis of high-Mg” adakitic rocks
Adakitic rocks can be formed by various mechanisms,
such as partial melting of subducted oceanic slab with

overlying mantle (Kay et al.,, 1993; Drummond et al.,
1996; Rapp et al., 1999; Martin et al., 2005) or enriched
mantle metasomatized by slab-derived adakite melts
(Gao et al., 2007), partial melting of delaminated lower
continental crust (Xu et al., 2002; Wang et al., 2006a),
thickened lower crust (Atherton & Petford, 1993; Hou
et al., 2004; Wang et al., 2005; Huang et al., 2009) or ada-
kitic crust (Moyen, 2009; Ma et al., 2015), high-pressure
early fractional crystallization of a mantle-derived hy-
drous mafic parental magma (Macpherson et al., 2006;
Alonso-Perez et al., 2009), or later assimilation and frac-
tional crystallization (AFC) or mixing processes (Streck
et al., 2007; Chiaradia et al., 2009; Castillo, 2012).
High-pressure melting of thickened lower crust, ada-
kitic crust or oceanic slab would produce relatively low-
Mg* and high-SiO, adakitic melt (Atherton & Petford,
1993; Hou et al., 2004; Huang et al., 2009; Qian &
Hermann, 2013), which is inconsistent with the primary
high-Mg” and low-SiO, melts of the Heishantou dio-
rites. The models of high-pressure fractional crystalliza-
tion, AFC and mixing processes could also be excluded
because the early fractionation of garnet/amphibole
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Fig. 11 Variation diagrams for representative trace elements concentrations or values of the clinopyroxene phenocrysts in the
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tor, respectively. Clinopyroxene compositional data of Aleutian primitive adakites and arc basalts are from Yogodzinski & Kelemen

(1998).

does not account for the primitively adakitic feature of
the Heishantou diorites. The model of partial melting of
subducted oceanic crust is most likely inapplicable to
the Heishantou adakitic rocks because the subduction
of the Northern and Southern Tianshan oceans beneath
the Western Tianshan likely terminated before the Early
Permian (~ 320-300 Ma; Gao et al., 2011; Han et al.,
2011 and references therein). In addition, the
Heishantou samples show relatively enriched Sr—Nd-Hf
isotopes that are different from depleted MORB
(Stracke et al., 2005) and Carboniferous adakitic rocks
derived from partial melting of subducted oceanic crust
in the Tianshan orogenic belt (Zhang et al., 2006; Wang
et al., 2007b, 2016, 2018; Liu et al., 2016; Du et al., 2019;
Fig. 6a, b). Adjacent Permian magmatic rocks are bi-
modal rocks or A-type granitoids (Ye et al.,, 2013; Li
et al., 2015a), consistent with a postorogenic extension

setting. Partial melting of enriched mantle previously
metasomatized by slab-derived adakite melts will pro-
duce a melt enriched in HFSE (Bourdon et al., 2002;
Martin et al., 2005; Gao et al., 2007), which is inconsist-
ent with the HFSE-depleted feature of the Heishantou
diorite samples (Fig. 5b).

Melting of thickened lower crust induced by mafic
magma underplating is essentially a mixing model,
which may result in reverse zoning, resorption surface,
or composition gap in early minerals (Streck et al.,
2007; Chen et al., 2013) when the time period before
eruption is insufficient for the melt homogeneous. Both
the early clinopyroxene and later low-An plagioclase
show compositional zoning (Fig. 2, Fig. 8 and Fig. 10),
indicating an overall heterogeneous melt throughout
the magmatic evolution. However, clinopyroxene phe-
nocrysts show normal zoning and have similar trace
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Fig. 12 (a) Chondrite-normalized REE patterns; and (b) primitive mantle-normalized multi-element diagrams for clinopyroxene phe-
nocrysts in the Heishantou diorite. Normalization values are the same as Fig. 5.

element patterns between the cores and the rims
(Fig. 12), and the calculated melt composition in equi-
librium with clinopyroxene or amphibole phenocrysts
are also similar to the whole-rock (Fig. 5a). This is in
favor of a single parental magma but obviously argues
against the model of melting of thickened lower crust
triggered by mafic magma underplating. Alternatively,
partial melting of a delaminated lower continental crust
would be a reasonable genetic model for the primary
high-Mg# adakitic melt of the Heishantou diorites.
Melting of delaminated mafic lower crust would like-
wise produce relatively low-Mg# and high-SiO, melt
originally (Atherton & Petford, 1993; Hou et al., 2004;
Huang et al., 2009; Qian & Hermann, 2013). However,
the melt will interact with mantle peridotite inevitably
during its way up to the crust, and this will increase its
concentrations of compatible elements (like Mg, Ni, Cr;
Yogodzinski & Kelemen, 1998, Rapp et al., 1999; Martin
et al., 2005). In this case, the originally high SiO, and
low Mg*, Cr and Ni melts generated by partial melting
of the delaminated lower crust will interact with as-
thenosphere during their ascent, resulting in low SiO,
and high Mg#, Cr and Ni. The Sr-Nd isotopes of the
Heishantou diorite samples are slightly more enriched
than those of Permian basaltic volcanic rocks in the
Nileke area but are more depleted than those of other
Permian adakitic rocks formed by partial melting of
thickened lower crust in the Tianshan orogenic belt
(e.g. Chuanwulu complex; Huang et al., 2012; Fig. 6a),
which supports a hybrid source that involves continen-
tal crustal materials and mantle. Consistently, the zir-
con O isotopes of the Heishantou diorite samples are
relatively homogeneous (5'®0 = 5.4 — 6.6, except for
three discrete zircons with §'80 of 6:9—7.5 probably
due to crustal assimilation during magmatic evolution;
Fig. 3b), but in the range between mantle (5-3%, =
0-3%,; Valley et al., 1998) and continental crustal materi-
als (8%, to > 109%,; Valley et al., 2005).

Early Permian lower crust delamination in the
Western Tianshan orogenic belt
Lower crustal delamination is a complex process
involving initial lower crustal thickening, subsequent
partial melting to form denser eclogite or garnet-
bearing restite, and the final detachment of overthick-
ened lower crust (Lustrino, 2005; Huang et al., 2008).
The hypothesis of lithosphere delamination is well
established by numerical experiments and modeling
based on rheological and physical properties of the
lithosphere (Elkins-Tanton, 2007; Gogus & Ueda, 2018)
and is also supported by geophysical and geological
evidence at continental plate convergent zones (e.g.
Tilmann et al., 2003; Wang et al., 2007a; Baratin et al.,
2016). Indeed, there are some clues on Early Permian
delamination of the continental lithosphere in the
Tianshan orogenic belt. For example, plenty of Permian
mafic—-ultramafic intrusions in the Eastern Tianshan-
Beishan area were proposed as products from astheno-
sphere upwelling after lithosphere delamination (Tang
et al., 2011; Xue et al., 2016). Late Paleozoic magmatism
along the Awulale Mountains in the Yili Block changed
from calc-alkaline (~311Ma) to shoshonitic (294-
251Ma), which may be attributed to geodynamic
transformation of the Western Tianshan from Late
Carboniferous collision to Early Permian delamination
of the lithospheric mantle (Yang et al., 2012). Permian
post-collisional magmatism and local low-pressure and
high-temperature metamorphism in the Western
Tianshan are attributed to delamination of the thickened
continental lithosphere and upwelling of the astheno-
sphere (Han et al., 2011). In the Kyrgyz South Tien Shan
(west of the Chinese Tianshan Orogen), the coeval Early
Permian granitoids (including I-type, shoshonitic and
peraluminous) and alkaline intrusions were post-
collisional magmatism most likely produced by delam-
ination of lithospheric mantle (Konopelko et al., 2018).
In the Nileke area, there are abundant adakitic rocks
(c.278-307 Ma) that are slightly older than the
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Table 6: EPMA major (wt %) and trace (ppm) elements concentrations of amphibole phenocrysts in the Heishantou diorite

Spot #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
EPMA major (wt %)

SiO, 4102 41-61 41-26 41-64 4116 42.28 41.85 40-55 41-46 41-28
TiO, 1.77 1.56 1-64 1.58 1-65 2.06 220 1.91 1.82 1.52
Al,O3 13-50 13-45 13.07 12-85 13-60 12.47 12-51 14.07 1314 13-65
FeO' 895 824 8:92 841 8-86 9.28 949 9.81 9-69 849
MnO 0-05 0-10 0-06 0-05 0-08 0-10 0-09 0-09 0-09 0-07
MgO 15-71 1574 16-09 15-89 15-57 15-40 15-28 14-68 15-43 15-56
CaO 11.87 11.76 11.85 12.00 12-01 11.66 11.57 1190 11.80 11.75
Na,O 2.82 2.94 2.88 285 276 2.82 3.07 2.56 266 2.89
K,0 0-89 0-89 091 0-86 091 0-65 0-59 0-85 079 0-90
F 2.59 2.54 3.05 317 2.35 1.78 1.52 094 224 1-98
Cl bdl bdl bdl bdl bdl 0-02 bdl bdl bdl bdl
Total 9926 99.24 9991 99.49 99.22 9855 98-19 9737 99-14 98.-48
Mg# 75-8 77-3 76-3 771 75-8 747 74-2 727 74-0 76-6
LA-ICP-MS trace (ppm)

Sc 794 72:5 773 65-9 74-9 65-2 70-0 63-2 65-4 69-4
" 326 319 323 347 332 478 458 358 348 325
Cr 1111 2684 1365 4334 1293 188 231 121 217 2725
Co 624 64-8 631 62-9 62-2 735 714 67-2 64-2 621
Ni 743 855 747 1168 682 246 287 381 245 814
Rb 232 1-63 1-90 4.86 2.01 6-66 601 338 338 1-98
Sr 904 789 850 820 816 641 706 966 1024 765
Y 7-97 651 6-99 6-87 643 8.02 840 961 914 614
Zr 181 111 12-8 137 15-3 19-8 223 28-8 241 10-2
Nb 0-37 0-41 0-44 043 0-38 094 093 0-69 0-84 0-30
Ba 187 146 170 177 162 118 140 227 220 150
La 3.50 263 2.83 3.62 3.02 325 3.53 4.52 4.02 2.67
Ce 15-9 126 14.0 15-5 14-6 139 16-7 21-4 191 121
Pr 321 2.52 3.04 317 2.77 3.01 327 4.36 4.15 2.38
Nd 19-5 15-0 16-3 19-8 16-6 16-2 177 247 23.0 16-0
Sm 5.04 3.84 4.33 4.89 4.49 3.75 4.52 6:12 6-82 4.32
Eu 1-49 1-31 1.22 1.35 1.37 1-28 1-36 1.76 1.75 1.22
Gd 3.78 331 354 332 2.84 2.93 313 4.45 4.13 2.21
Tb 0-41 0-36 0-33 0-29 0-33 0-42 0-33 0-50 0-50 0-32
Dy 1-80 137 1-44 1.72 179 2-01 2-04 2-20 2-37 165
Ho 0-36 0-27 0-23 0-26 0-24 0-36 0-36 0-35 0-35 0-26
Er 079 0-54 054 0-61 0-66 077 0-83 0-88 0-86 0-55
Tm 0-10 0-04 0-07 0-10 0-07 0-12 0-11 012 0-08 0-08
Yb 051 0-29 0-47 0-27 0-54 0-50 0-56 077 0-44 0-38
Lu 0-06 0-03 0-05 0-07 0-04 0-07 0-08 0-07 0-05 0-04
Hf 1-00 0-64 0-69 0-48 075 0-99 0-99 1-33 1-44 053
Ta 0-02 0-01 0-01 0-02 bdl 0-02 0-05 0-02 0-05 0-03
Pb 0-69 076 0-90 1-47 072 1-64 2.23 1-00 1.562 070
Th 0-03 0-02 0-03 0-03 0-02 0-02 0-03 0-06 0-06 0-02
U 0-01 0-01 bdl 0-04 0-01 0-04 0-05 0-03 0-06 bdl
Sr/Y 113 121 122 119 127 80 84 100 112 125
La/Yb 6-9 9.0 6-0 135 5.6 65 63 5.9 92 69
Dia 0-090 0-090 0-089 0-083 0-096 0-094 0134 0-121 0-089 0115
Dce 0-154 0-154 0-152 0-143 0-164 0-160 0-231 0-208 0-152 0-195
Dp, 0-242 0-242 0-237 0-225 0-257 0-250 0-365 0-328 0-237 0-306
Dna 0-350 0-350 0-342 0-327 0-369 0-360 0-529 0-475 0-340 0-441
Dsm 0-552 0-552 0-534 0-520 0-576 0-564 0-835 0-748 0-529 0-692
Dey 0-623 0-623 0-601 0-589 0-647 0-635 0-943 0-843 0-595 0-781
Dagd 0-674 0-674 0-647 0-639 0-696 0-685 1-017 0-909 0-641 0-843
D1p 0-698 0-698 0-667 0-664 0717 0-708 1-050 0-938 0-661 0-873
Dpy 0-694 0-694 0-660 0-661 0-708 0-702 1-038 0-927 0-654 0-866
Do 0-666 0-666 0-630 0-635 0-675 0-672 0-991 0-885 0-625 0-830
D, 0-622 0-622 0-586 0-594 0-627 0-626 0-920 0-822 0-582 0-775
D1m 0-571 0-571 0-536 0-546 0-572 0-573 0-839 0-750 0-532 0711
Dvp 0-518 0-518 0-484 0-496 0-517 0-520 0-758 0-677 0-482 0-645
Dy 0-468 0-468 0-436 0-449 0-465 0-469 0-681 0-609 0-434 0-583
Dy 0-678 0-678 0-642 0-646 0-689 0-684 1-010 0-902 0-637 0-845
Ds, 0-420 0-405 0-405 0-395 0-420 0-395 0-413 0-420 0-451 0-411
ANNO 1.3 1-3 1-4 1.3 1.2 11 1.0 1.0 1.2 1.2
H20mert (Wi%) 5.2 5.4 4.7 5.0 5.5 5.4 5.3 63 5.5 5.6
Mg 48.-4 50-5 491 50-3 484 47-0 46-3 44.5 46-0 49.5

(continued)

¥202 Iudy 61 uo1senb Aq 91,20.,09/v | Leeba/z |- L/1L9/e0nie/ABojosed/woo dnoolwspede)/:sdyy woly papeojumoq



Journal of Petrology, 2021, Vol. 0, No. 0 23
Table 6:. Continued

Spot #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Si0; mei (Wt%) 53.0 53.7 53.0 55-1 53-6 57-8 56-5 54.3 55.6 53.5
(La/Yb)N-melt 285 35.2 25-8 52.2 222 26-5 251 26-9 237 399
Ybn-melt 5.74 355 5.58 3.05 6-11 3.87 4.90 4-69 7-01 3.83
St/Y mert 183 192 194 208 207 204 184 189 189 240
Y melt 11-8 10-1 10-8 9.97 9-40 7-94 931 9-65 11-4 10-4

Mg* = Mg/(Mg+FeT)x100.

Amphibole-liquid partition coefficients for elements are calculated using mineral composition model established by Shimizu et al.

(2017) (Dree) and Humphreys et al. (2019) (Dy and Ds;,).

Oxygen fugacity (ANNO) and water content (H,O,e1r) of melt equilibrating amphibole phenocryst are calculated using amphibole

thermobarometor by Ridolfi et al. (2010).

Mg* of melt equilibrating amphibole phenocryst is calculated using Dre-mg = 0-30.
SiO, of melt equilibrating amphibole phenocryst is calculated using amphibole chemometric equations by Zhang et al. (2017).

bdl: below detection limit.
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Fig. 13 (a) Chondrite-normalized REE patterns; and (b) primitive mantle-normalized multi-element diagrams for amphibole phenoc-
rysts in the Heishantou diorite. Normalization values are the same as Fig. 5.

Heishantou diorite (Fig. 1c), such as the Yilanbasitao
granodiorite porphyrites, Qunjigou dacites and Mosi
zaote quartz albite porphyries (Zhao et al., 2008; Tang
et al., 2017b; Li et al., 2019). These early adakitic rocks
have high SiO, and low Mg*, Cr and Ni, which were
suggested to be derived from partial melting of a thick-
ened lower crust (Li et al., 2019). The adakitic monzon-
ite—syenite at 286 Ma in southwestern Tianshan is also
likely derived from the melt of a thickened lower crust
because of their enriched Sr-Nd-Hf isotopes (Huang
et al., 2012). This implies a thickened lower crust before
the generation of the Heishantou adakitic rocks, prob-
ably due to the collision between the Junggar terrane,
Yili block and Tarim craton during the Late
Carboniferous. In addition, there are plenty of Early
Permian magmatic rocks in the Tianshan orogenic belt,
including bimodal volcanic rocks, mafic-ultramafic
intrusions and A-type granites, which were proposed to
be from the partial melting of asthenosphere upwelling
(Mao et al., 2005; Yang et al., 2012; Xue et al., 2016).
Early Permian massive basaltic rocks are also wide-
spread in the Nileke and adjacent area (Ye et al., 2013;
Li et al., 2015b), suggesting a strong thermal perturb-
ation that was probably related to mantle upwelling.
Therefore, Late Carboniferous to Permian magmatic
rocks in the Western Tianshan contain records of a

combined previous partial melting of thickened lower
crust and subsequent asthenosphere upwelling process
that may have led to lithospheric delamination.

Due to collision between the Tarim craton, the
Kazakhstan-Yili block and the Junggar terrane (Gao
et al., 2009; Han et al., 2011; Xiao et al., 2013), lower
crust of the Tianshan Orogen was extruded and thick-
ened and then transformed to eclogite assemblages
at high pressures. The increasing density of the eclo-
gitic lower crust caused a gravitational instability and
detached with underlying lithospheric mantle into the
asthenosphere. Consequently, post-collisional exten-
sion initially took place in the Early Permian, which
might steepen the previous suture zones and cause
backwards propagation of the thrusts within the litho-
sphere. These processes can provide channels for the
emplacement of mafic magmas in the crust (Lustrino,
2005). The widespread bimodal magmatism verifies
the existence of extensive rifts acting as the channels
of mafic magma in the Tianshan Orogen (e.g. Shu
et al., 2011; Chen et al., 2015). The involvement of
high-temperature mafic magma might have triggered
the partial melting of thickened lower crust (e.g. Zhao
et al., 2008; Huang et al., 2012), which produced
high-Si and low-Mg* adakites and accelerated the de-
tachment of ‘eclogitic’ lower crust by weakening the
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Fig. 14 (a) Sr/Y vs Y and (b) F vs Mg* of amphibole phenocrysts in the Heishantou diorite. Amphibole compositional data of arc
lavas are from Andean arc, Ryukyu arc and Taupo volcanic zone in New Zealand (Ewart & Taylor, 1969; Samaniego et al., 2010;
Chiaradia et al., 2011; Tiepolo et al., 2012; Johnson et al., 2013). Amphibole Sr-Y data of arc-related adakites are from Adamello in
Central Alps (Tiepolo et al., 2011) and Solander and Little Solander Islands in New Zealand (Foley et al., 2013). Amphibole F-Mg*
data of arc-related adakites are compiled from Rodriguez et al. (2007) and Rooney et al. (2011).
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Fig. 15 (a) Sr/Y vs Y; and (b) [La/Yb]y vs Yby for the calculated melts in equilibrium with amphiboles and the cores and rims of clino-
pyroxenes in the Heishantou diorite. PS and HS are abbreviations for prism sector and hourglass sector, respectively. Dashed line
represents partial melting curve for average composition of lower crustal xenoliths in Southwest Tianshan (Zheng et al., 2006),
leaving the residue of eclogite (0-7 clinopyroxene + 0-29 garnet + 0-01 rutile). Partition coefficients between minerals and silicate
melt in lower crustal partial melting simulation are from Bédard (2006), Severs et al. (2009) and Qian & Hermann (2013). The fields

of adakites and island arc magmatic rocks are the same as Fig. 4.

lithosphere keel and increasing the density contrast
between the lower crust and underlying astheno-
spheric mantle. The partial melting of sinking lower
crust and subsequent interaction with surrounding
mantle materials might produce primary low SiO, but
high-Mg*, Ni and Cr adakitic melts in Heishantou area
(Fig. 16).

Effects of magmatic processes on adakitic
signatures

Adakite was first used to describe the intermediate to
felsic rock that is derived from partial melting of young
subducted oceanic crust (Defant & Drummond, 1990).
High Sr, Sr/Y and La/Yb (low HREE and Y) are the most
widely used geochemical criteria for identifying an ada-
kite (e.g. Moyen, 2009). Thus, many authors have

termed rocks with similar chemical signatures (Sr >
400 ppm, Sr/Y > 40 and [La/Ybly > 10) as adakites, ada-
kitic rocks or adakite-like rocks, regardless of their ori-
gin. However, the geochemical features of adakite can
change significantly through magmatic processes, such
as assimilation and fractional crystallization (AFC) and
mixing (Streck et al, 2007; Chiaradia et al., 2009;
Castillo, 2012), which might be misleading for interpret-
ing their petrogenesis and related tectonic settings. For
example, previous studies reported plenty of Paleozoic
adakitic/adakite-like rocks in the Tianshan Orogenic Belt
(Fig. 1b—c), but few of them exactly meet the original
chemical definition of adakites (Defant & Drummond,
1990; Martin et al., 2005; Moyen, 2009), because their
whole-rock composition might cover both non-adakite
and adakite fields when using the geochemical
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Fig. 16 Schematic illustration of the processes that generated the Heishantou adakitic rocks. Discussion is in the text. (a) The partial
melting of sinking lower crust produced high SiO, low MgO adakitic melts, which became low SiO, high MgO when reacted with
the surrounding asthenospheric mantle during their slow ascent to the crustal chamber. During the slow magma ascent, h'7gh—Mg#
clinopyroxene cores formed with sector-zoning, and early high-An plagioclases formed with high Sr contents and low 8/Sr/28Sr
ratios. (b) After the fractional crystallization of dominantly high-Mg” clinopyroxene, amphibole and minor plagioclase, the melt be-
came low Mg#, Sr/Y and high Y and formed the low-Mg* rims of the clinopyroxenes. (c) As magma pooling in the crustal chamber,
plagioclases were crystallizing with decreasing An content in the normal differentiation, but An contents may increase abruptly due
to temporal magma replenishment. (d) During the residence of magma in the crustal chamber, the assimilation of surrounding
crustal rock resulted in high &7Sr/®8Sr such that the rims of the zoned plagioclase phenocrysts have relatively high 8Sr/°Sr. The
early-crystallized plagioclases were partially dissolved with resorption surfaces and then regrew with the highest Sr content due to

the gradually strengthening crustal assimilation.

criterions such as the Sr/Y, Y, [La/Ybly and Yby parame-
ters (Fig. 4e and f). This suggests that these so-called
adakitic/adakite-like rocks might have suffered intense
magma chamber processes that would have erased the
original signatures of primary magmas. However, such
effects were always neglected or considered extremely
insufficient in previous studies. Mineralogical investiga-
tions on the petrogenesis of the Heishantou diorite pro-
vide an example of how the typical characteristics of
adakite, particularly Sr, Sr/Y and La/Yb, change with
magmatic evolution.

The Heishantou diorite contains some felsic xeno-
liths and inherited zircons (299 =5 Ma; Table 1), sug-
gesting crustal assimilation during magmatic evolution.
Plagioclase phenocrysts show slightly lower initial
87Sr/28Sr ratios than the whole-rock values, which indi-
cate the AFC process, because pure fractional crystal-
lization cannot change Sr isotopes in subsolidus
conditions. Consistently, %Sr/®%Sr values of zoned
plagioclase phenocrysts increase in the rim (Fig. 8, 16d)
and show negative correlations with An content
(Fig. 7b). The zoned plagioclase phenocrysts show not-
ably elevated Sr content in the rim (Fig. 8). The partition

coefficient of Sr between plagioclase and silicate melts
mostly depends on chemical composition of plagio-
clase (especially An; Blundy & Wood, 1991; Bindeman
et al., 1998). The An contents of cores and rims of
plagioclase phenocrysts appear to overlap (Fig. 8), indi-
cating overall similar Dg'r*”q during the crystallization.
Thus notably elevated Sr content in the rims of plagio-
clase phenocrysts would be attributed to high Sr in the
final melts rather than induced by the change of parti-
tion coefficient.

The cores of plagioclase phenocrysts show two dis-
tinct trends in the diagrams of &Sr/2®Sr v s An and SrO
(Fig. 7b and c). One trend is characterized by decreasing
873r/%8Sr with increasing An and SrO, which is likely
due to magma replenishment as evidenced by the
abrupt increase of An content across the rounded and
resorption boundary in zoned plagioclase phenocrysts
(Fig. 8b). Thus, high Sr content in the plagioclases is
likely formed in the less evolved magma. The other
trend is characterized by relatively constant &Sr/®Sr
with decreasing An and SrO, corresponding to fraction-
al crystallization. Plagioclase as the dominant carrier of
Sr in the rock-forming minerals will extract Sr from the
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melts during its fractional crystallization and result in
low Sr in the residual melts, which may account for the
generally positive correlation between SrO and An
(Fig. 7a). Thus, magma replenishment and fractional
crystallization have opposite effects on SrO concentra-
tions in the Heishantou adakitic melts.

Because garnet is one of the most important carriers
of Y and HREE, and amphibole also has higher partition
coefficients for HREE and Y than for LREE and Sr (Dalpe
& Baker, 2000; Hilyard et al., 2000; Shimizu et al., 2017),
fractional crystallization of such minerals will efficiently
increase the Sr/Y and La/Yb ratios of residual melts and
strongly impact the adakitic features. Thus, adakitic
melt can be produced from basaltic magma via high-
pressure fractional crystallization of garnet or amphi-
bole in the early evolution of an arc system (Castillo
et al., 1999; Macpherson et al., 2006; Rodriguez et al.,
2007; Alonso-Perez et al., 2009; Rooney et al., 2011). As
mentioned above, in the Heishantou diorites, notable
amphiboles crystallized slightly later than the cores of
clinopyroxene phenocrysts. Partition coefficients for Y
and HREE between amphibole and silicate melts mainly
depend on the SiO, content of the coexisting melt and
gradually increase from < 1 to > 1 with increasing SiO,
(Tiepolo et al., 2000). According to the mineral compos-
ition model established by Shimizu et al. (2017), the par-
tition coefficients for Y and HREE between amphibole
and the early magma of the Heishantou diorite are
roughly less than one (Table 6). In addition, both Y and
HREE are incompatible elements but are more compat-
ible than LREE also for clinopyroxene in basaltic-
andesite systems (Norman et al., 2005; Bédard 2014).
Therefore, the effect of the fractionation of clinopyrox-
ene and amphibole is to increase Y, HREE and La/Yb in
the residual magma. As expected, the clinopyroxene
phenocrysts in the Heishantou diorite samples show
increasing Y, HREE and La/Yb from core to rim, consist-
ent with the trend of magma evolution (Fig. 11b-d).
Furthermore, Sr is more incompatible than Y for both
clinopyroxene and amphibole in basaltic-andesitic
magma (Green et al., 1993; Norman et al., 2005), sug-
gesting that the fractionation of amphibole and clino-
pyroxene will increase Sr/Y in the residual melt
(Rodriguez et al., 2007; Rooney et al., 2011; Castillo,
2012). However, the clinopyroxene phenocrysts in the
Heishantou diorite samples show decreasing Sr/Y ratios
with indistinctive Sr content between core and rim. This
is apparently inconsistent with the effect of fractional
crystallization of amphibole or clinopyroxene, but
would be due to the dilution effect of early plagioclase
fractionation (Fig. 16b). The change from no Eu anom-
aly in the cores of clinopyroxene phenocrysts to slightly
negative Eu anomaly in the rims suggests small amount
of plagioclase crystallization after the formation of
clinopyroxene cores. Plagioclase in the studied samples
is highly evolved with low An content (mostly 30-50%;
Fig. 7a and b), but some cores with high An content (>
60%; Fig. 7a) may have been generated in an early
primitive melt. Because plagioclase has much lower

distribution coefficients for REE (except for Eu) and Y
than clinopyroxene and amphibole in the basaltic-
andesite system (Dalpe & Baker, 2000; Norman et al.,
2005), its fractionation will lower the Sr concentration
and Sr/Y ratio but may not change the La/Yb ratio in the
residual melt. Therefore, early fractionation of clinopyr-
oxene and amphibole with minor plagioclase would in-
crease Y, Yb and La/Yb but decrease Sr/Y in the adakitic
melts (Fig. 15).

In addition to the Sr, Y and REE content in adakites,
Mg*, Cr and Ni are also widely used for ascertaining the
local tectonic evolution (e.g. Kay & Kay, 2002; Wang
et al., 2007a; Huang et al., 2009; Long et al., 2015) and
are differentiated greatly during magma evolution.
Whole-rock Mg” values and Cr, Ni content of the
Heishantou diorite samples are relatively low and plot
in the field of ‘thickened lower crust-derived adakitic
rocks’ on the diagram of SiO, vs Mg*, Cr or Ni (Fig. 4c
and d). However, primitive magma in equilibrium with
high-Mg# cores of zoned clinopyroxene phenocrysts
has much higher Mg”* and Cr and likely plots into the
field of ‘delaminated lower crust-derived adakitic rocks’.
Fractional crystallization of clinopyroxene and amphi-
bole can lower Mg# Cr and Ni in the residual melt,
which is shown by decreases of Mg#, Cr and Ni from
the cores to rims in the zoned clinopyroxene phenoc-
rysts (Fig. 11e and f).

Collectively, whole-rock geochemistry can change
and greatly differ from primitive melt during magma
evolution and thus needs to be carefully examined to
understand the primitive magma origins (e.g. Muntener
& Ulmer, 2006; Muntener et al., 2008; Alonso-Perez
et al., 2009; Moyen, 2009). The zoning textures in some
minerals can record the complicated processes of
magma evolution (Davidson et al., 2007; Streck et al.,
2007; Foley et al., 2013; Ustunisik et al., 2014). In situ
mineral compositions, such as MgO, Ni and Cr in clino-
pyroxene and amphibole, provide critical evidence in
addition to whole-rock geochemistry for identifying the
primary features of adakitic rocks (Streck et al., 2007;
Sato et al., 2013). Plagioclase, as the most important Sr-
bearing mineral, plays an important role in the Sr con-
tent and Sr/Y ratios of the adakitic rocks. In situ Sr iso-
topes of plagioclase are widely used to decipher the
magmatic processes such as magma mixing, recharg-
ing, contamination, and residence time in the magma
chamber (e.g. Davidson et al., 2001, 2007; Ramos et al.,
2005; Charlier et al., 2008). Petrogenesis and related tec-
tonics of the adakitic rocks should be deciphered based
on integrated investigation of both whole-rock geo-
chemistry and in situ elemental and isotopic composi-
tions of the minerals.

CONCLUSION

The Heishantou diorite in the Western Tianshan oro-
genic belt was formed at the end of the Early Permian
(271 Ma). The rocks have high Sr and low Y and HREE
with high Sr/Y and La/Yb ratios, resembling a typical
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adakite, but they are also characterized by low Mg*, Cr
and Ni. The cores of zoned clinopyroxene phenocrysts
have high Mg”, Cr, Ni and Sr, but low Y and HREE with
high Sr/Y and La/Yb ratios, which suggest an initially
high-Mg” feature of the adakitic magma.

The Heishantou diorite was derived from the partial
melting of delaminated lower crust, and the interaction
of the lower crustal partial melt with asthenosphere
resulted in low SiO, and high Mg*, Cr and Ni of primary
adakitic melts. The Western Tianshan orogenic belt has
experienced previous partial melting of a thickened
lower crust and subsequent asthenospheric upwelling
processes that resulted in lithospheric delamination.

The characteristic features of adakite, such as Sr con-
tent and Sr/Y and La/Yb ratios, can be highly altered
due to magmatic processes and should be deciphered
based on an integrated investigation of both whole-rock
geochemistry and in situ elemental and isotopic min-
eral compositions of clinopyroxene, amphibole and
plagioclase.
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