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Abstract Genesis of adakites in arc and nonarc tectonic settings plays an important role in magmatic
processes and material recycling along convergent margins. However, little is known about characteristics
of pristine adakitic melts due to late stage magma evolutionary processes that dilute or obscure primary melt
features, and thus, the genesis of adakites remains controversial. Here we present a detailed analysis of
amphibole composition from Early Permian Awulale postcollisional adakitic diorite and granodiorite
porphyries in the core of Tianshan Orogen, the central Asian orogenic belt. Two distinct populations of
amphiboles, with markedly different aluminum contents, are observed in the adakitic rocks. These are (1)
high-Al amphiboles, crystallizing as an early mineral phase at about 1 GPa, and (2) low-Al amphiboles, as a late
mineral phase at 220-400 MPa, estimated on the basis of experimental phase equilibria data. Trace element
modeling indicates that melts in equilibrium with the high-pressure amphiboles are of adakitic composition,
suggesting that the Awulale pristine magmas already had an adakitic nature before the amphibole
crystallization. This is consistent with the mafic lower crustal melting model, rather than a high-pressure
basaltic melt fractionation, for adakite petrogenesis. Our results lend new insights into how amphibole
composition can be used to constrain the geochemical characteristics of pristine adakitic magmas.

Plain Language Summary Genesis of adakites in arc and nonarc tectonic settings plays an
important role in magmatic processes and material recycling along convergent margins. In addition to the
original slab melting scenario, petrogenesis of adakites remains highly controversial with two principal
competing models. One involves melting of thickened mafic lower crust. The other involves high-pressure
(e.g., ~1.0-1.5 GPa) crystal fractionation of normal basaltic arc magmas. Here we present a detailed analysis
of amphibole composition from postcollisional adakites in the core of Tianshan Orogen. Two distinct
populations of amphibolesare observed in the adakitic rocks. These are (1) high-Al amphiboles, crystallizing
as an early mineral phase at about 1 GPa, and (2) low-Al amphiboles, as a late mineral phase at 220-400 MPa,
estimated on the basis of experimental phase equilibria data. Trace element modeling indicates that melts in
equilibrium with the high-pressure amphiboles are of adakitic composition, suggesting that the Awulale
pristine magmas already had an adakitic nature before the amphibole crystallization. This is consistent with
the mafic lower crustal melting model, rather than a high-pressure basaltic melt fractionation, for adakite
petrogenesis. Our results lend new insights from amphibole compositions that can be used to constrain the
geochemical characteristics of pristine adakitic magmas.

1. Introduction

Adakite was originally named by Defant and Drummond [1990] after the “type locality” Adak Island in the
Aleutian arc where the first example was reported for some intermediate-acid volcanic rocks as the product
of melting subducted oceanic slab [Kay, 1978]. The rock is characterized by high Al,O3 (>15wt %), Sr
(>400 ppm), low-Y (<18 ppm), and heavy rare earth elements (HREEs, Yb < 1.9 ppm), coupled with high
Sr/Y (>40), strikingly fractionated REE (La/Yb >20), and a lack of obvious Eu anomalies [Castillo, 2006,
2012; Defant and Drummond, 1990]. The importance of adakites stems from the fact that (i) many of them
are found in settings associated with subduction of young (<25 Ma) hence hot oceanic lithosphere, leading
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to the proposal that they formed from melting of the basaltic crust of subducted slabs in the garnet amphi-
bolite or eclogite facies [Defant and Drummond, 1990; Kay, 1978; Martin et al., 2005]; (ii) they are
geochemically similar to the Archean trondhjemite-tonalite-granite suite and as such may be key to
understanding crustal generation during the Archean; and (iii) many porphyry-type deposits worldwide are
associated with magmas showing some adakitic geochemical features [Richards and Kerrich, 2007; Sun
et al., 2012], and thus, adakites supply most copper and significant gold to our economy.

The genesis of adakites has attracted increasing interest and debate during the last two decades [see Castillo,
2012, and references therein]. In the original adakites genetic model, the magmas are derived from the
melting of subducted oceanic crust under pressure-temperature (P-T) conditions where garnet is stable
and plagioclase is not. They are characterized by normal mid-oceanic ridge basalt (N-MORB)-like depleted
isotopic compositions, along with high MgO, Ni, and Cr contents that suggest interaction between slab melts
and subarc mantle peridotites [Defant and Drummond, 1990; Kay, 1978]. The slab melting process has been
supported by the results of a wide range of high-pressure melting experiments and field evidence consisting
of adakite-like glass inclusions in arc peridotites, and adakite-like veins in obducted oceanic slab and
xenoliths [Castillo, 2012, and references therein]. However, slab melting is only achieved at higher tempera-
ture (~1000°C at 1.5 GPa) conditions when a young (i.e., hot) oceanic plate subducts with a hot geothermal
gradient [Peacock et al., 1994]. Thus, slab melting only occurs under specific geodynamic conditions in
modern subduction zones, such as the opening of a slab tear [Ribeiro et al., 2016], ridge subduction [Tang
et al, 2010], and plume-slab interaction [Lee and Lim, 2014]. The transitory nature of conditions that favor
slab melting are consistent with the observation that slab-derived adakite magmas are volumetrically
insignificant compared with normal arc magmas [Hoernle et al., 2008].

In addition to the original slab melting scenario, petrogenesis of adakites, which occurs not only in modern
subduction zones but also in ancient orogenic belts, remains highly controversial with two principal compet-
ing models. One involves melting of thickened mafic lower crust in the garnet stability field with little or no
contribution of melts from the plagioclase stability field [Atherton and Petford, 1993; Chung et al., 2003; Wang
et al., 2005]. The other involves high-pressure (e.g., ~1.0-1.5 GPa) crystal fractionation of normal basaltic arc
magmas [Castillo, 2006; Macpherson et al., 2006; Prouteau and Scaillet, 2003; Richards and Kerrich, 20071.
Adakitic magmas generated by either of these processes are commonly characterized by enriched isotopic
signatures compared with N-MORB, along with distinct low MgO, Ni, and Cr contents, because they experi-
ence no interaction with mantle peridotites [Atherton and Petford, 1993; Castillo, 2006; Chung et al., 2003;
Wang et al., 2005]. It is difficult to distinguish between these two models solely on the basis of geochemical
data due to late stage magma evolution that dilutes primary melts features. Thus, pristine adakitic melts
provide fresh and illuminating information for studies of adakite petrogenesis.

Amphiboles are the first mineral phase to crystallize in most adakitic magmas [Prouteau and Scaillet, 2003].
They contain abundant information on pristine magma compositions and magma crystallization depths
[Prouteau and Scaillet, 2003; Scaillet and Evans, 1999]. Thus, amphibole compositions can be used to constrain
the nature of associated equilibrium melts and their storage depths. For example, amphibole has been
recently studied in order to estimate magma storage depths and the composition of the host melts for
subduction zones adakites by Ribeiro et al. [2016]. They argued that slab melting is not necessarily required
to produce adakites in hot subduction zones.

In this study, we identify two distinct groups of amphiboles in the Early Permian postcollisional adakitic
plutons from the west Awulale Mountains in the core of the Tianshan Orogen (Figure 1). The amphiboles
are used to constrain magma storage depths and the compositional characteristic of the melts in equilibrium
with the crystals. Our results show that the melts in equilibrium with the high-pressure amphiboles from the
Awulale adakitic rocks already had adakitic characteristics prior to amphibole formation. In contrast, the melts
in equilibrium with low-pressure amphiboles did not display adakitic geochemical features. The data offer
critical new clues to the long lasting controversy regarding adakite petrogenesis.

2, Early Permian Adakitic Rocks in Tianshan Orogen
2.1. Geological Background

As “the backbone of Central Asia,” the Tianshan Orogen is a major component of the southwestern
Central Asian Orogenic Belt (Figures 1a and 1b). It reflects Paleozoic subduction accretion involving the
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Figure 1. (a) A simplified geological map of the CAOB (modified from Jahn et al. [2000]), NCC: North China Craton. (b) Topographic map of the Tianshan Orogen,
showing the locations of the Awulale Mountains in the core of the Tianshan [after Han et al., 2010]. (c) Geological map of the west part of the Awulale Mountains,
showing locations of adakitic intrusions [Zhao et al., 2008].

Paleo-Asian Ocean, terminal continental collision at the end of the Carboniferous, and a transition to a
postcollisional setting during the Early Permian, evidenced by the presence of ~300Ma oldest stitching
granitic plutons and Permian postcollisional plutons and molasse sedimentation in the Tianshan Orogen
[Gao et al,, 2011; Han et al,, 2011].

The Early Permian adakitic rocks in the western Awulale Mountains consist of numerous small diorite
porphyry and granodiorite porphyry plutons and dikes (Figure 1c). They intruded into the Early Permian
volcanic-sedimentary strata at 272 + 3 Ma (Figure S1 and Table S1).

2.2, Petrology

All the adakitic rocks show porphyritic textures (Figure 2). The diorite porphyries are crystal-rich rocks with
~40vol % phenocrysts. The phenocrysts are (in the order of relative abundance) plagioclase, amphibole,
quartz, K-feldspar, and biotite with subhedral to euhedral shapes. Amphibole crystals generally show
oscillatory zonation. Plagioclase crystals may occasionally partly or totally enclose some amphibole grains,
consisting with that amphiboles crystallization prior to, or in equilibrium with plagioclase. The groundmass
exhibits hyalocrystalline pilotaxitic, and micrograined textures defined mainly by plagioclase with less quartz
and K-feldspar. The granodiorite porphyries are crystal-poor rocks with ~20 vol % phenocrysts that include
plagioclase, amphibole, biotite, quartz, and K-feldspar with euhedral shapes. Most amphibole crystals show
no compositional zoning (Figure 2). Magnetite, ilmenite, apatite, and zircon are the main accessory minerals
in both types of rocks.

TANG ET AL.

PRISTINE ADAKITIC MAGMAS FROM AMPHIBOLE 1936



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2016JB013678

Pl

Figure 2. Representative cross-polarized light photomicrographs showing typical (a) diorite porphyry and (d) granodiorite porphyry with phenocrysts of plagioclase
(pl) and amphibole (amph). Backscattered electron microscope images of amphibole phenocrysts in (b, c) diorite porphyry and (e, f) granodiorite porphyry.

3. Minerals Analytical Methods

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 specimen current of 3.0x 10 2A, and a beam size of 1-2 um were
employed. The data reduction was carried out using ZAF correction.

In situ mineral trace element analysis was carried out by laser ablation (LA)-ICP-MS technique using an Agilent
7500a ICP-MS system coupled with a GeoLas193 nm ArF-excimer laser sampler at State Key Laboratory of
Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (GIG-CAS).
Both double-volume sampling cell and Squid pulse smoothing device were used to improve the data quality.
A spot size of 51 um and repetition rate of 6 Hz were applied during the analysis. Calibration was carried out
externally using National Institute of Standards and Technology SRM 612 with Ca as an internal standard to
correct for any drift. Repeated analyses of the USGS rock standards (BHVO-2G and BCR-2G) indicate precision
and accuracy both better than 4% for most elements analyzed. After the analytical procedures, quantitative
calibration for trace element abundances was performed using ICPMSDataCal [Liu et al., 2008]. Analytical
details have been given by Tu et al. [2011].

4, Results

Analytical methods of zircon U-Pb dating, Hf isotope composition, and whole-rock element and Nd isotope
composition are given in Text S1 in the supporting information. Zircon U-Pb geochronology is described in
the Text S2. Zircon concordia diagram is presented in Figure S1.

4.1. Geochemistry of the Early Permian Awulale Adakitic Rocks

The Awulale rocks have a wide range of SiO, contents, ranging from 60.4 to 71.9 wt %, and low MgO contents
ranging from 0.4 to 2.7 wt %. They are medium-K to high-K calc-alkaline with K,O contents ranging from 1.6
to 5.7 wt % (Figure 3). These rocks are characterized by high Sr (303-1633 ppm) but low Y (2.4-7.0 ppm) and
Yb (0.24-0.65 ppm) contents, with elevated Sr/Y (51-336) and highly fractionated rare earth element (REE)
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Figure 3. (a) Total alkalis versus SiO, diagram [Le Maitre, 2002]; the dashed line separating alkaline series from subalkaline series is from Irvine and Baragar [1971].
(b) K50 versus SiO, diagram [Peccerillo and Taylor, 1976]; LKS, MKS, HKS, and SHO are low-K tholeiite series, medium-K calc-alkaline series, high-K calc-alkaline series,
and shoshonitic series, respectively. (c) MgO versus SiO, diagram. (d) Cr versus SiO, diagram. The experimental melts of melting of mafic lower crust (1.0-1.5 GPa)
[Qian and Hermann, 2013] are shown for comparison.

patterns with high (La/Yb)y ratios (14-53). Most samples have negligible to positive Eu anomalies with
Eu/Eu*=0.98-1.45 (Figure 4). They show typical adakitic geochemical characteristics, the typical Cenozoic
adakites derived by partial melting of thickened lower crust from South Tibet (Figure 4). They have
juvenile isotope compositions with positive whole rock eng(t) (+1.0 to +3.4) and zircon g(t) (+5.4 to +11.2)
values (Tables S2 and S3).

4.2. Amphibole Zoning and Composition

Major and trace elements data are presented in Tables S4 and S5, respectively. Amphibole compositions were
filtered to retain major oxide compositions with oxide sums of 98 +2wt%. Two distinct populations of
amphiboles, distinguished by their aluminum contents, were observed in the adakitic rocks (Figure 5 and
Table S4). High-Al amphiboles (Al;03=11.1-15.4 wt %) occur as the only amphibole phase in diorite porphy-
ries. Faint concentric growth zonation is a commonly observed zoning pattern in the amphibole crystals
(Figure 6). These crystals consist of dark or bright cores with oscillatory zoned from core to rim. Brighter zones
are richer in Al than the dark regions. In addition, some amphibole crystals are simple zoned, and it occurs in
two subtypes, which can be distinguished by their compositional zones from core to rim. Subtype 1 zoning is
characterized by dark cores with thin brighter rims. Subtype 2 zoning crystals have bright cores that are typi-
cally rounded, which are surrounded by dark rims. All crystals show compositional variation at the high-Al
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Figure 4. (a) Chondrite-normalized rare earth element patterns and (b) primitive mantle-normalized trace element patterns for the Awulale adakitic rocks.
(c) Chondrite-normalized rare earth element patterns and (d) primitive mantle-normalized trace element patterns for the amphiboles from the Awulale adakitic
rocks. In the Figures 4a and 4b, the fields of the typical Cenozoic adakites derived by partial melting of thickened lower crust from South Tibet are shown for
comparison [Chung et al., 2003]. Chondrite and primitive mantle normalizing values are from Sun and McDonough [1989].

level (Figure 6). They are mainly magnesiohastingsite with minor tschermakite [Leake et al., 1997], with
(Na +K), ranging from 0.30 to 0.76 and Mg number [molar Mg/(Mg + Fe'")] from 0.57 to 0.80 (Figure 5).

In contrast, granodiorite porphyries contain both high-Al (Al,03=11.1-13.2wt%) and low-Al (Al,03=5.5-

10.8 wt %) amphiboles. These amphiboles show a variety of zoning patterns (Figures 2 and 7). Some of the

amphiboles display weak or no apparent zonation in BSE images and have uniform low Al,O5 contents from core

to rim. A second amphibole zoning

style in the granodiorite porphyries is
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Figure 5. Compositional variations of amphiboles in the Awulale adakitic ~ 0-5) and Mg number (0.58-0.72)
rocks on the diagram of molar Si/Al versus (Na + K) 4 per formula unit (pfu).  (Figure 5).
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Figure 6. (a—d) BSE images showing the zoning patterns and textures of amphiboles in the diorite porphyry. (€) Compositional profiles of Al,O3 of amphiboles
are indicated by arrows. BSE image displaying oscillatory zoned an amphibole phenocryst (Figures 6a and 6b). BSE image showing a high-Al core with thin low-Al
rim for an amphibole phenocryst (Figure 6¢). BSE image showing the coexist of amphibole and plagioclase phenocrysts, and the amphibole has a low-Al core
with high-Al rim (Figure 6d).

All high-Al amphiboles in diorite and granodiorite porphyries reveal convex upward chondrite-normalized
patterns, with Nd maxima at about 4 times chondrite. The low-Al amphiboles in granodiorite porphyries have
higher trace elements contents that are 3-5 times greater than those of high-Al amphiboles (Figure 4 and
Table S5). The REE patterns of the low-Al amphiboles are similar with high-Al amphiboles, but with distinct
negative Eu anomalies. The high-Al amphiboles in both the diorite and granodiorite porphyries have identical
geochemical compositions, which are characterized by strongly positive Sr anomalies but no Ti anomalies on
primitive mantle-normalized trace element diagrams. Low-Al amphiboles show both strongly negative Srand
Ti anomalies (Figure 4). The negative Sr and Eu anomalies of the low-Al amphiboles indicate their crystalliza-
tion after plagioclase, which is consistent with the presence of plagioclase inclusions in amphiboles of the
granodiorite porphyries.

5. Discussion
5.1. Magma Storage Depths

Empirical and experimental studies have indicated that amphibole compositions can be effectively used to
estimate the pressure and temperature conditions during crystallization of calc-alkaline igneous rocks
[Anderson et al., 2008; Anderson and Smith, 1995; Blundy and Holland, 1990; Hammarstrom and Zen, 1986;
Holland and Blundy, 1994; Johnson and Rutherford, 1989; Putirka, 2016; Ridolfi et al.,, 2010; Schmidt, 1992].
Here we constrain magma P-T conditions for the Awulale adakitic rocks first based primarily on phase
equilibrium experimental data established for the Pinatubo dacite [Prouteau and Scaillet, 2003; Scaillet and
Evans, 1999] (Figure 8) that are consistent with the observed order of mineral crystallization and conventional
mineral geobarometers, and then application of different amphibole thermobarometric techniques.

Variations in amphibole Al,o,, Na + K, and Mg* contents are associated with pressure and temperature, as indi-
cated by the amphibole experiments [Alonso-Perez et al., 2009; Prouteau and Scaillet, 2003; Samaniego et al.,
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Figure 7. (a-d) BSE images showing the zoning patterns and textures of amphiboles in the granodiorite porphyry. (€) Compositional profiles of Al;03 of amphiboles

are indicated by arrows.

2010; Scaillet and Evans, 1999]. The crystallizations and melting experiments have verified that the pressures
estimated with the experimental and Al-in-hornblende geobarometers approximately agree at a wide range
of the calibration conditions where pressures and temperatures range from 220 to 1200 MPa and 700 to
1000°C, respectively [Samaniego et al., 2010]. Consequently, the experimental amphibole compositions can
provide valuable geobarometric constraints.

To constrain the magma storage depths of the Early Permian Awulale adakitic rocks in the core of the
Tianshan Orogen, we use the amphibole composition of the adakitic rocks compared with the compositions
of experimental amphibole on the Al versus Na + K and Mg* diagrams. Ribeiro et al. [2016] and Samaniego
et al. [2010] adopted a similar approach to assess the petrogenesis of adakites from the Philippines, Baja
California, and Ecuador. Covariations in Alr, Na+K, and Mg# of the amphiboles from the Awulale adakitic
rocks indicate that they are suitable for determining pressure conditions during crystallization. The high-Al
amphiboles in both the diorite and granodiorite porphyries are characterized by high Na + K contents and
Mg numbers in addition to high Al, and cluster in the 960 MPa field. In contrast, the low-Al amphiboles have
lower contents in Al and Na + K and Mg numbers, and most of them fall in the 220 and 400 MPa fields on the
Al versus Na + K and Mg number diagrams. Although the low-Al amphiboles do not strictly overlap with the
fields of experimental Pinatubo amphibole on the Al versus Na + K diagram, the overall lower Al contents are
indicative of low pressure of crystallization in the 220 and 400 MPa range.

Several studies have shown that the Al-tschermak substitution is susceptible to variations in pressure,
whereas the plagioclase and edenite exchanges are temperature dependent [Bachmann and Dungan,
2002; Blundy and Holland, 1990]. The Ti-Tschermak exchange may reflect changes in pressure, water activity,
and temperature, or any combination of these [Adam et al., 2007; Bachmann and Dungan, 2002; Ernst and Liu,
1998]. Amphibole compositional variations observed in the Awulale adakitic rocks can be explained by
these exchange mechanisms, which relate to changes in pressure and temperature (Figure S2). Within the
data set, there are good positive correlations of Al with Aly, (despite some scatter) and a positive
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Figure 8. (a, b) High-Al (HP) and low-Al (HP) amphiboles from the Awulale
adakitic rocks, compared with field for natural amphiboles in the 1991
Pinatubo dacite and andesite [Bernard et al., 1991, 1996], and experimental
ampbhiboles produced in the dacite system at 220 MPa [Scaillet and Evans,
1999], 400 and 960 MPa [Prouteau and Scaillet, 2003], and andesite at

1200 MPa [Alonso-Perez et al., 2009]. (c) Estimated pressures and tempera-
tures for Awulale adakitic rocks based on the Al-in-hornblende calibration of
Anderson and Smith [1995] and temperatures from the hornblende-plagio-
clase calibration of Holland and Blundy [1994]. Gray symbols correspond

to pressure estimates based on the Al-in-hornblende calibration of

Schmidt [1992].

correlation of Aly, with Al+ (not
shown), which are consistent with
Al-tschermak exchange and hence
variations in the pressure conditions.
In addition, the amphibole Al,, versus
Mg* interrelationships provide a bet-
ter means to determine which para-
meters are responsible for the
observed compositional variations
[Kiss et al, 2014]. Positive Aly-Mg*
trends in amphiboles reflect magma
mixing where the high-Al amphi-
boles formed after mafic replenish-
ment into a silicic capture zone. In
these cases the high-Al amphiboles
do not indicate deeper magma sto-
rage depths [Kiss et al, 2014].
Importantly, such high-Al amphi-
boles form as a second generation
after the mafic magma input
and vyield the same pressure results
as low-Al amphiboles, based on Al-
in-amphibole barometry [Anderson
and Smith, 1995; Schmidt, 1992]. In
the Awulale adakitic rocks, however,
there is no positive relationship
between Al and Mg* in the amphi-
boles (Figure S2) and the issue is not
a concern.

Petrographic observations suggest
that all amphiboles could crystal-
lize along with the mineral assem-
blage that is required for the
amphibole thermobarometric calcula-
tion (quartz+alkali feldspar + plagio-
oclase + biotite + Fe-Ti oxide + titanite;
see section 2.2) [Anderson and Smith,
1995]. Magma crystallization pressure
and temperature were estimated
through Al-in-amphibole barometers
of Anderson and Smith [1995],
at  temperatures obtained with
the Holland and Blundy [1994]
hornblende-plagioclase thermometer
(reaction edenite + albite =richterite
+anorthite), using the spreadsheet
published by Anderson et al. [2008]
(RiIMG069_Ch04_hbld_plag_thermo-
jlaxls spreadsheet). We select the
hornblende-plagioclase pairs, and
only those analyses on phenocryst
rims were utilized for calculation.
Pressures were also calculated by
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the temperature-independent geobarometer of Schmidt [1992] and were compared with results obtained
from the calibration of Anderson and Smith [1995]. Results obtained with both procedures are plotted in
Figure 8 and listed in Table S6.

The amphibole-plagioclase thermometry yields T,m-plag = 720 £ 28°C for mineral pairs of low-Al amphibole in
the granodiorite porphyries, which are close to Tam-piag = 743 = 23°C for the high-Al amphibole in the diorite
porphyry (Figure 8). In contrast, the Al in amphibole barometry (Pai.in-am) indicates that the two amphibole
groups crystallized at very different pressures. Pressures obtained with the method of Anderson and Smith
[1995] for the high-Al amphiboles range between 520 and 830 MPa, whereas the low-Al amphiboles yielded
lower values between 220 and 400 MPa. The results of Schmidt [1992] yielded slightly higher pressure
than the results of Anderson and Smith [1995] for both high-Al and low-Al amphiboles (610-960 MPa;
310-440 MPa). Different calibration approaches of the composition of experimental amphiboles and Al-in-
hornblende geobarometers yielded similar results for the pressure, with only minor discrepancies in the
results obtained between them (Figure 8).

From the above arguments, two populations of amphiboles are observed: high-pressure and low-pressure
generations corresponding to approximately 1 GPa and 220-400 MPa, respectively. Thus, amphiboles from
the Awulale adakitic rocks crystallized in two storage zones: one localized in the lower crust (30-35 km)
and the other near the middle-upper crust transition zone (7-15 km) (Figure 8).

5.2. Melt in Equilibrium With Amphiboles

The use of appropriate partition coefficients is required to ensure that the calculated equilibrium melts reli-
ably reflect the composition of the parental magmas. The partition coefficients, however, are sensitive to
changes in many parameters, such as melt composition, pressure, temperature, and redox state [Tiepolo
et al,, 2007]. The REEs, Sr and Y, were the key elements used to calculate the melts in equilibrium with the
amphibole of the Awulale adakitic rocks. The trace element concentrations of the melts in equilibrium with
the amphibole phenocrysts were calculated using andesite and dacite partition coefficients for the high-
and low-pressure amphiboles [Chambefort et al., 2013; Sisson, 1994], respectively, but they vary insignifi-
cantly. In addition, the equilibrium melts, calculated using the hornblende-adakite partition coefficients of
Hidalgo et al. [2007] recommended by Ribeiro et al. [2016], show insignificant differences with our results
using the above partition coefficients. Furthermore, the calculated equilibrium melts show similar REE
patterns to their adakite hosts (Figure 9), indicating that the partition coefficients are appropriate for deter-
mining the parental melt compositions.

Melts in equilibrium with the high-pressure amphibole are characterized by marked REE fractionation and
low heavy REE concentrations typical of adakites with high La/Yby ratios (15-35) and low Yb (6-12 ppm) rela-
tive to the low-pressure amphiboles. Furthermore, the melts in equilibrium with the high-pressure amphibole
are characterized by higher Sr/Y ratios (60-220) and lower Y (6-14 ppm) relative to those of the low-pressure
amphiboles (2-9 and 23-36 ppm), respectively. They yield REE compositions similar to the whole-rock range
of the Awulale diorite porphyries. However, melts in equilibrium with the low-pressure amphiboles yield REE
compositions greater than the observed whole-rock compositions without adakitic geochemical features
(Figure 9).

5.3. Evaluating the Three Competing Models

It is unlikely that the Awulale adakitic rocks formed by partial melting of a subducted oceanic slab, simply
because in the Early Permian the Tianshan Orogen had evolved to a postcollisional setting [Gao et al.,
2011; Han et al., 2011]. In addition, the adakite’s slightly enriched Sr-Nd isotope compositions (Tables S2
and S3) and low MgO (<2.7 wt %) and Cr (<35 ppm) contents (Figure 3) do not support a slab melting origin
[Defant and Drummond, 1990; Kay, 1978].

To discriminate between high-pressure fractionation of basaltic melt and partial melting of lower mafic
crust in the garnet stability field, we consider what the key differences would be between adakitic magmas
generated by each mechanism. In the high-pressure fractionation model, the original hydrous arc basalts,
derived from the metasomatized mantle wedge, pond in a lower crust deep reservoir [Macpherson et al.,
2006]. They began to cool and crystallize a high-pressure mineral assemblage, including garnet and amphi-
bole [Coldwell et al., 2011; Macpherson et al., 2006; Prouteau and Scaillet, 2003]. Fractionation of both garnet
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Figure 9. (a, b) (La/Yb)y versus Yby and Sr/Y versus Y diagrams [Defant and
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comparison. The eclogite experimental melts (2.0-4.0 GPa) [Rapp et al., 2003]
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Sun and McDonough [1989].

and amphibole can induce signifi-
cant HREE and Y depletions in resi-
dual melt and generate adakitic
magmas [Davidson et al, 2007;
Macpherson et al., 2006]. The resul-
tant adakitic magmas would then
ascend to a shallow reservoir,
where a low-pressure phenocryst
assemblage crystallizes, that is
dominated by amphibole and pla-
gioclase [Coldwell et al, 2011;
Macpherson et al., 2006; Prouteau
and Scaillet, 2003].

In the lower mafic crust partial
melting model, adakitic magmas
can be produced directly by partial
melting of lower crust, thickened
by arc basalt underplating, in the
garnet and amphibole stability
fields but below the plagioclase
stability field [Atherton and
Petford, 1993; Chung et al., 2003;
Kay et al., 2005; Wang et al., 2005].
After that, the adakitic magmas
migrate upward and pond in a
shallow reservoir, where low-
pressure minerals such as amphi-
bole and plagioclase crystalize as
in the former model.

In the high-pressure fractionation
model, the melts in equilibrium
with high-pressure amphiboles
clearly have arc basalt composi-
tions [Macpherson et al., 2006]. In
contrast, the high-pressure amphi-
boles are in equilibrium with adaki-
tic magmas in the lower mafic
crust melting model. The melts in
equilibrium  with  low-pressure
amphiboles in both models may
have adakitic compositions or not,
depending on the relative propor-
tions of the fractionating amphi-
bole and plagioclase phases
[Foley et al, 2013]. Following
fractionation of an amphibole or
amphibole-dominated mineral
assemblage, the magma would
retain its adakitc features. In
contrast, fractionation of plagioclase
or a plagioclase-dominated mineral
assemblage can dramatically drive
adakitic magmas into the normal
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Shaded areas represent melt composition of experiments by Foley et al. [2002].

arc magma compositional field [Sun
etal, 2012].

5.4. Our New Approach: An
Amphibole Perspective

Consequently, we argue that the
melt compositions in equilibrium
with the high-pressure amphiboles
provide important constraints on
adakite petrogenesis and discrimi-
nate between the two principal
processes. For the Awulale adakitic
rocks, the melts in equilibrium with
the high-pressure  amphiboles
already had adakitic characteris-
tics. Thus, our amphibole data are
difficult to reconcile with a high-
pressure fractionation model and
lower mafic crust melting is
suggested to be responsible for
generation of the Awulale Early
Permian adakitic rocks. The melts
in equilibrium with the low-
pressure amphiboles from the
granodiorite porphyries do not
show adakitic features. The result
implies that while the magma bulk
composition (liquid plus crystals)
retained adakitic features, the
remaining melt had evolved away
from an adakite composition.
This observation implies fractiona-
tion of a plagioclase-dominated
mineral assemblage over amphi-
bole at low pressures. The absence
of low-pressure amphibole in the
diorite porphyry probably reflects
rapid cooling of a magma that
was generated by lower mafic
crust melting. The rapid cooling is
further supported by the similar
temperature ranges associated
with the high- and low-pressure
amphiboles in the adakites
(Figure 8), which most probably
was induced by convective
removal of collision-thickened
Tianshan lithosphere, and thus
melting of the thickened lower
crust to produce adakitic magma.
In contrast, the granodiorite por-
phyries contain both high- and
low-pressure  amphiboles that
show complex zoning (Figure 7).
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This feature indicates that deeply sourced adakitic magmas were hybridized by more fractionated magma
batches at shallow levels.

It is important to note that the high-pressure amphiboles crystallized at about 1 GPa, which does not repre-
sent the actual depth of mafic lower crust melting. The depth of partial melting required to form the Awulale
adakitic rocks can provide a key reference for the estimation of the crustal thickness of the Tianshan Orogen
during Early Permian. At the same time, whether residual rutile and garnet occurred in the source is the
critical factor for constraining the pressure and depth of adakitic magma generation.

The positively correlated Dy/Yb and La/Yb ratios (Figure 10) for the Awulale adakitic rocks suggest a domi-
nant role of garnet in the REE fractionation, indicating a melting depth to produce adakitic magmas of at least
~1.0 GPa for garnet to be stable, based on experimental results [Green, 1982]. Furthermore, the Nb/La ratio
decreases with increasing La/Yb ratio, and Nb/La ratios (0.10-0.55) (Figure 10) are lower than the lower crust
average of 0.6 [Rudnick and Gao, 2003]. These relationships indicate that variable proportions of both residual
garnet and rutile were responsible for Nb/La variations and other features in the Awulale adakitic rocks. In
addition, Nb/Ta ratios have been proven to be the most sensitive pressure proxy, because the two elements
are hardly affected by fractionation of garnet and amphibole [Xiong et al., 2005]. Rutile is a necessary residual
phase in eclogite residue and fractionates Nb from Ta and melts generated below such a depth would
possess higher Nb/Ta ratios than those formed under low-pressure (rutile-free) condition (Figure 10). The
relatively high Nb/Ta ratios (14-20), and low Nb and Ta abundances are similarly consistent with strong par-
titioning of these elements into rutile [Foley et al., 2000; Klemme et al., 2005; Xiong et al., 2005]. Therefore,
melting depth would therefore have been greater than 50 km, given that rutile is stable at pressures higher
than ~1.5 GPa [Xiong et al., 2005].

Collectively, the Awulale adakitic magmas were derived from melting of thickened mafic lower crust at
~1.5 GPa, indicating a crustal source dominated by rutile eclogite, and then crystalized high-pressure amphi-
boles at about 1 GPa. After that, the adakitic magma rose into middle-upper crust transition zone (7-15 km)
where a plagioclase-dominated mineral assemblage with low-pressure amphiboles crystallized.

Besides establishing a lower mafic crust melting model, the high-pressure amphibole compositions can also
provide important insights for slab-melting models. If the high-pressure amphiboles indicate “regular” arc
compositions and low-pressure amphiboles in the same rocks define adakitic compositions similar to their
host, then these final compositions are likely to be the product of crystal fractionation. Such evidence was
employed by Ribeiro et al. [2016] to suggest a crystal fractionation origin for the compositions of adakatic
rocks from the Philippines. If, however, the pristine adakitic magmas were generated by slab or deep crustal
melting at high pressure, then the melt compositions in equilibrium with the high-pressure amphiboles
should show adakitic characteristics, as is the case for adakites of the present study. Thus, amphiboles allow
for estimates of the geochemical features of parental melts in adakitic rocks and, in postcollisional settings,
may provide evidence for deep crust. At the same time, amphiboles can also constrain the melt characteris-
tics of these magmas during low-pressure stages, which provide important information constraints on
adakite petrogenesis. Although slab or deep crustal melt models for many adakites are rejected in favor of
crystal fractionation scenarios [e.g., Richards and Kerrich, 20071, our results provide a novel example of the
degradation of adakite signatures by crystal fractionation processes.

6. Concluding Remarks

We identify two distinct groups of amphiboles in the Early Permian postcollisional adakitic plutons the
Tianshan Orogen, including high- and low-pressure amphiboles. The results show that the melts in equili-
brium with the high-pressure amphiboles from the Awulale adakitic rocks already had adakitic characteristics.
In contrast, the melts in equilibrium with low-pressure amphiboles do not display adakitic geochemical fea-
tures. Petrological evidence presented in this study suggests that high-pressure amphibole composition
lends new insights to constrain the geochemical characteristics of pristine adakitic magmas. Melting of thick-
ened lower crust can produce pristine adakitic magma, regardless of whether or not the adakitic magmas
were produced via crystallization [Castillo et al., 1999; Macpherson et al., 2006]. Such lower crust-derived ada-
kitic rocks have the potential for tracing the time at which anomalously thick continental crust is developed in
settings such as the Tibetan plateau [Chung et al.,, 2003; Wang et al., 2005] or the Andes in South America
[Goss and Kay, 2009].
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