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Abstract: The Qinling Complex is located in the core of the northern Qinling Orogen and plays
a key role in understanding the tectonic evolution of the Qinling Orogen, but its metamorphic
evolution remains controversial. The combined investigation of petrographic observation, zircon
U-Pb dating, and phase equilibria modeling for garnet amphibolites from the Tianshui area in the
West Qinling Orogen is reported in this study. The results show that the garnet amphibolites record a
clockwise P-T path characterized by a pre-Ty1,x decompression heating stage, a temperature peak
at P-T conditions of 0.84-0.99 GPa and 869-886 °C, followed by a decompression cooling stage.
Zircon U-Pb dating yields four age populations of ~479 + 4 Ma, ~451 &+ 8 Ma, ~411 + 4 Ma, and
~377 £ 6 Ma. The 479450 Ma reflects the timing of the pre-Ty,x high-medium pressure upper
amphibolite-facies metamorphism. The metamorphism at peak temperature condition occurred at
¢.411 Ma and was followed by decompression cooling to c.377 Ma. The Ordovician high-medium
pressure metamorphism is related to the continental collision, which is slightly later than the HP-UHP
eclogite-facies metamorphism in the East Qinling Orogen. The HT granulite-facies metamorphism
at peak temperature condition took place at reduced pressures, suggesting thinning of the collision-
thickened orogenic crust. Therefore, the northern West Qinling Orogen experienced a tectonothermal
evolution from initial crust thickening to thinning during the Paleozoic collisional orogeny.

Keywords: West Qinling Orogen; garnet amphibolites; phase equilibria; zircon U-Pb dating;
tectonothermal evolution

1. Introduction

Metamorphic rocks exposed in the orogen have been regarded as recording significant
evidence of variation in pressure (P) and temperature (T), which represents the process of
heating and cooling during burial, extension, and exhumation in particular tectonic settings,
and the evidence of change in pressure and temperature can derive from the variation
of mineral assemblages and compositions [1-10]. Especially, the ultrahigh-high to high
pressure (UHP-HP) metamorphic rocks in orogen record a key evolution of transformation in
the tectonic environment from subduction to continent—continent collision to collapse [9,11].
However, the mostly UHP-HP parageneses tend to be eliminated by decompression-
induced partial melting or retrogression to form amphibolite-facies or (HP-) granulite-facies
rocks [12-14]. Thus, determining the change of transient P-T conditions and constructing
the P-T path of the metamorphic rocks are of fundamental importance in retrieving the
tectonothermal evolution of the orogen [1-3,8,9].

High-grade metamorphic rocks are widely exposed in the northern part of the Qinling
Orogen [15-17]. These metamorphic rocks were named the Qinling Complex (Group).
However, their metamorphic evolution remains controversial. In the East Qinling Orogen,
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the Qinling Complex is mainly comprised of amphibolite-facies to granulite-facies gneisses
with subordinate amounts of UHP-HP and ultrahigh-temperature (UHT) rocks [14-18]. Most
studies suggest that the UHP-HP rock in the East Qinling Orogen formed in 500-485 Ma,
representing the Cambrian continental deep subduction, whereas the widely distributed
amphibolite-facies to granulite-facies rocks with clockwise P-T paths formed in 450-400 Ma,
reflecting the collision and post-collision (overprint) event [14-22]. However, some authors
suggested the Silurian high-temperature metamorphic event in the East Qinling Orogen
formed in arc or arc-related tectonic environments which were related to the subduction
of the Shangdan Ocean [23-29]. In particular, few studies have examined the Qinling
Complex in the West Qinling Orogen. Recently, our studies showed that the metapelites
and metamafic rocks from the Qinling Complex in Beidao and Huamiao areas of the West
Qinling Orogen experienced 433-421 Ma granulite-facies metamorphism and 410-388 Ma
retrograde metamorphism [30-32]. A garnet amphibolite records a ~497 Ma metamorphic
event, which is interpreted as the eclogite-facies metamorphic age, based on it being a
similar age to that of eclogites in the East Qinling Orogen [33], but no further petrological
evidence supports this. Thus, a more detailed investigation on reconstructing the P-T-t
path of metamorphic rock in the West Qinling Orogen is a key point in addressing the
debates mentioned above.

The present study focuses on the petrology and geochronology of garnet amphibolites
from the Qinling Complex of the West Qinling Orogen. We present an integrated study
of mineral compositions, zircon U-Pb ages, and trace elements, as well as P-T conditions
detected using phase equilibria modelling, for two representative garnet amphibolites. The
results are used to construct their P-T-t paths, providing insights into the tectonothermal
evolution from the thickening to thinning during collisional orogeny. Mineral abbreviations
are from Whitney and Evans (2010) [34].

2. Geological Setting

The Qinling Orogen is separated from the North China Craton by the Linbao-Lushan-
Wuyang fault (LLWF) to the north and from the Yangtze Craton by the Mianxian-Bashan-—
Xiangfan fault (MBXF) to the south. It is further divided into the North Qinling Orogen
and South Qinling Orogen, which are separated by the Shangdan suture that resulted
from the closure of the Paleozoic Shangdan Ocean [16,35,36]. The Qinling Orogen is also
traditionally divided into West Qinling Orogen and East Qinling Orogen by Baoji-Chengdu
Railway (Figure 1a,b).

In the eastern North Qinling Orogen (or northern East Qinling Orogen), four lithologi-
cal units are recognized. They are the Kuanping Complex, Erlangping Complex, Qinling
Complex, and Danfeng ophiolitic mélange from north to south [16]. The Qinling Complex
mainly consists of high-grade metamorphic rocks including minor UHP eclogite and HP
granulite, which is intruded by Paleozoic granitoid rocks. Their protoliths were formed dur-
ing the Mesoproterozoic to early Neoproterozoic and underwent Early Paleozoic multistage
metamorphism [18].

The present study area, located in the northern West Qinling Orogen, can be divided
into three litho-tectonic units from north to south, including the Qingshui-Zhangjiachuan
back-arc complex belt, Qinling arc metamorphic-magmatic complex belt, and Liziyuan
subduction complex belt [30,31] (Figure 1c). Spatially, the latter two units correspond to
the Qinling Complex and Danfeng ophiolitic mélange, whereas the former corresponds to
the combination of the Kuanping Complex and Erlangping Complex in the northern East
Qinling Orogen.
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Figure 1. (a) Simplified tectonic location of the Qinling Orogen. (b) Simplified tectonic map of the
Qinling orogen showing the location of the study area (modified after Dong et al. [15]). (c) Corridor-
like geological sketch of the northern West Qinling Orogen (modified after Mao et al. [37]).

The Qingshui-Zhangjiachuan back-arc complex belt is bounded by the Xinyang-
Yuanlong ductile shear zone on the south and covered by Quaternary sediments on the
north. It consists mainly of the Huluhe Group, Hongtubao Formation, Chenjiahe Group,
and Precambrian basement (Longshan Group), which is intruded by Paleozoic and Tri-
assic intermediate and felsic intrusions exposed in the northern margin. The Huluhe
Group is characterized by Ordovician-Silurian low-grade metamorphic clastic strata, in-
cluding biotite-quartz schists, two-mica quartz schists, quartz phyllites, and quartzites [38].
The Late Cambrian—Early Silurian Hongtubao Formation is composed of basalt-basaltic
andesite, volcanic rocks, and rare siliceous rocks, with lower greenschist-facies metamor-
phism [39]. The Ordovician Chenjiahe Group is mainly composed of andesitic and dacitic
volcanic rocks, rhyolites, volcanic tuffs, sandstones, and terrigenous detrital rocks, which
underwent lower greenschist-facies metamorphism [40]. The geochemical characteristics
of the volcanic rocks in the Chenjiahe Group suggest an arc-related tectonic setting, similar
to the Erlangping Group, which has been regarded as forming in the back-arc basin in the
East Qinling Orogen [40,41].

The Qinling arc metamorphic-magmatic complex belt, which is located between
the Xinyang—Yuanlong ductile shear zone and the Liziyuan subduction complex belt,
mainly consists of the high-grade metamorphic Qinling Complex, Caotangou Group,
and plutonic intrusions. The Qinling Complex is mainly composed of orthogneisses and
paragneisses, which commonly enclose blocks of marbles and amphibolites. Most of these
rocks underwent extensive migmatization, and some of them underwent Late Silurian
granulite-facies metamorphism and anatexis [30,31]. The protolith age of orthogneisses is
between 850 and 950 Ma [42,43]. The Caotangou Group is mainly composed of volcanic-
clastic rocks and volcanic lava. The data reported previously indicates that some volcanic
rocks in the Caotangou Group formed in a subduction-related arc environment in the late
Ordovician [44,45]. The Dangchuan granitoid pluton, dated to approximately 438 Ma, has
the feature of C-type adakitic rock, which is attributed to the partial melting of the thickened
lower crust [46]. The Late Ordovician—Early Silurian Baihua magmatic complex, which is
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exposed at the east of the Qinling Complex (Figure 1c), exhibits a chemical resemblance to
arc-related magma [47].

The Liziyuan subduction complex belt is sandwiched between the Qinling Complex
and the Devonian Dacaotan Group. It is separated from the Qinling Complex to the north
by a ductile shear zone and from the Dacaotan Group to the south by faults (Figure 1c).
It mainly consists of metabasalt (greenschist and actinolite schist), sericite-bearing quartz
schist, silty slate, arkose, andesitic porphyrite, and minor serpentinite, and underwent
greenschist-facies and lower amphibolite-facies metamorphism. Geochemical data reveal
that metabasalt has an affinity to N-MORB, representing part of the ocean ridge ophio-
lite [48]. Because of its close similarity to the Danfeng Group in the eastern North Qinling
Orogen, the Liziyuan subduction complex belt has been considered part of the western
extension of the Shangdan suture [16,17,48].

The samples for this study were collected from the Tianshui area. It is located in the
Qinling arc metamorphic—-magmatic complex belt (Figure 1c). At the outcrop scale, the
garnet amphibolites occur as lenses surrounded by paragneisses (Figure 2). The garnet-
bearing leucosomes occur as veins or boudins within migmatic paragneisses with widths
from millimeters to centimeters and parallel to the foliations. Their patchy shape implies
intensive ductile deformation (Figure 2).

Figure 2. Photographs showing field occurrences of garnet amphibolites. (a) The boundary be-
tween garnet amphibolite and paragneiss. (b) The leucosomes occur as veins or boudins within
magmatic paragneiss.

3. Analytical Methods

The bulk-rock composition was analyzed at the Wuhan Sample Solution Analytical
Technology Co., Ltd., Wuhan, China. The major element was determined via X-ray flu-
orescence (XRF) and the analytical relative standard deviation is generally better than
2%. The chemical compositions of major minerals were obtained with a JEOL JXA-8100
electron microprobe at the Laboratory of the Continental Dynamics, Institute of Geology,
Chinese Academy of Geological Sciences, Beijing, using a 15 kV accelerating voltage 20 nA
beam current, 5 um probe diameter (1-2 pm for some little mineral inclusions), and count
times of 10 s for peak and 5 s for background per element; natural minerals were used for
standardization, and ZAF corrections were carried out. The estimated precisions for major
elements are £2%. Mineral-phase scanning of thin sections was conducted with a TESCAN
Integrated Mineral Analyser (TIMA) at the Laboratory of the Continental Dynamics, Insti-
tute of Geology, Chinese Academy of Geological Sciences, Beijing, using a beam current of
8.22 nA, a beam energy of 25 kV, and a working distance of 15 mm.

Zircon U-Pb analyses were conducted via LA-MC-ICP-MS at Beijing GeoAnalysis
Co., Ltd. (Beijing, China). The analysis was performed with spot sizes of 30 um at 6 Hz
and a fluence of 5 J/cm?. Pre-ablation was conducted for each spot analysis using 5 laser
shots (~0.3 um in depth) to remove potential surface contamination. Zircon Gjl and 91500
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were used as external standards for U-Pb isotope analysis. 91500, GJ-1, and Plesovice
were analyzed twice every 10 analyses. NIST 610 and ?!Zr were used to calibrate the trace
element concentrations as external and internal standard elements, respectively. Typically,
45 s of the sample signals were acquired after 25 s of gas background measurement. The
exponential function was used to calibrate the downhole fractionation [49]. The Iolite
software package (version 4) was used for data reduction [49]. The results of LA-ICP-MS
U-Pb dating for separated zircons are listed in Supplementary Tables S1 and S2.

4. Result
4.1. Petrography and Mineral Chemistry

Garnet amphibolite samples in this study were collected from different outcrops in the
Qinling Complex. The two representative garnet amphibolites have similar petrography
and mineral assemblage. They are mainly composed of garnet (20%—-25%), amphibole
(30%-35%), and plagioclase (10%—-15%), with varying amounts of clinopyroxene, K-feldspar,
biotite, and quartz, and minor epidote, chlorite, titanite, rutile, ilmenite, sericite, and
prehnite. Representative mineral compositions of garnet amphibolite samples are listed in
Tables 1 and 2.

Table 1. Chemical composition of representative minerals from sample QL22-7-7.1.

Grt Amp Cpx
Mineral .
Grt-C Grt-M Grt-R Amp-m Amp-i-G~ Amp-G-R Cpx-m Cpx-m

SiO, 37.23 37.02 37.09 42.47 42.38 43.18 50.45 50.98
TiO, 0.03 0.04 0 1.89 1.56 1.46 0.08 0.10
Al,O5 20.79 20.82 20.62 10.91 11.01 10.62 0.49 0.95
Cr,O3 0.04 0.02 0.02 0.00 0.04 0.05 0.00 0.01
FeO 29.42 28.97 29.42 19.96 20.49 20.20 14.34 16.33
MnO 211 1.91 211 0.17 0.14 0.17 0.29 0.33
MgO 2.70 293 2.65 7.53 7.73 7.72 9.70 9.47
CaO 7.23 7.78 7.55 11.74 12.09 12.15 23.55 20.69
Na,O 0.00 0.02 0.02 1.06 0.93 0.96 0.09 0.14
K,O 0.00 0.00 0.00 1.22 1.23 1.18 0.00 0.01
Totals 99.55 99.52 99.47 96.95 97.59 97.68 98.99 99.01

(@) 12 12 12 23 23 23 6 6
Si 2.98 2.96 297 6.52 6.46 6.58 1.96 1.98
Ti 0.00 0.00 0.00 0.22 0.18 0.17 0.00 0.00
Al 1.96 1.96 1.95 1.98 1.98 1.91 0.02 0.04
Cr 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Fe3+ 0.07 0.13 0.11 0.08 0.25 0.10 0.07 0.00
Fe?* 1.90 1.81 1.86 248 2.36 247 0.40 0.53
Mn 0.14 0.13 0.14 0.02 0.02 0.02 0.01 0.01
Mg 0.32 0.35 0.32 1.72 1.76 1.75 0.56 0.55
Ca 0.62 0.67 0.65 1.93 1.98 1.98 0.98 0.86
Na 0.00 0.00 0.00 0.32 0.28 0.28 0.01 0.01
K 0.00 0.00 0.00 0.24 0.24 0.23 0.00 0.00
Sum 8.00 8.00 8.00 15.51 15.50 15.50 4.00 4.00
X(phase) 0.11 0.12 0.11 0.11 0.09 0.09 0.59 0.51
Y(phase) 0.22 0.24 0.23 0.41 0.43 0.41 0.00 0.01

Notes: X(Grt) = Mg/(Mg + Ca + Fe?*); Y(Grt) = Ca/(Mg + Ca + Fe?*); X(Amp) = Ti/2; Y(Amp)= Mg/ (Mg + Fe?*);
X(Cpx) = Mg/ (Fe** + Mg); Y(Cpx) = (2*Na/(2*Na + Ca + Mg + Fe?*)*Al/(Al + Fe?")). -C, -M and -R refer to the
core, mantle, and rim of garnet; -m refers to minerals occurring in matrix; -i-G refers to inclusion is included in
garnet; -G-R refers to minerals occurring as a corona surrounding garnet.
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Table 2. Chemical composition of representative minerals from sample AQ14-19-8.2.

Grt Amp P1
Mineral Grt-C Grt-M Grt-R Amp-m Amp-i-G Amp-G-R Pl-m P1I-G-R
SiO, 38.70 38.54 38.28 43.84 43.89 44.48 47.16 48.07
TiO, 0.00 0.00 0.00 1.39 1.53 1.43 0.05 0.00
Al,O3 20.06 20.30 20.12 9.69 10.66 9.73 32.71 32.69
Cry,0O3 0.00 0.00 0.00 0.00 0.01 0.06 0.01 0.04
FeO 27.21 27.41 28.93 18.87 18.79 17.85 0.15 0.18
MnO 2.64 245 2.39 0.22 0.22 0.18 0.00 0.00
MgO 3.50 3.54 3.04 9.61 8.81 9.94 0.04 0.25
CaO 6.96 7.00 6.80 11.79 11.14 11.99 18.13 16.65
Na,O 0.00 0.02 0.00 1.05 1.13 1.02 1.18 1.22
K,O 0.00 0.02 0.00 0.79 1.14 0.71 0.14 0.30
Totals 99.07 99.29 99.57 97.24 97.33 97.40 99.58 99.43
(@] 12 12 12 23 23 23 8 8
Si 3.09 3.07 3.06 6.41 6.62 6.67 2.18 2.21
Ti 0.00 0.00 0.00 0.22 0.17 0.16 0.00 0.00
Al 1.89 1.91 1.90 1.87 1.90 1.72 1.78 1.77
Cr 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.00
Fe3* 0.00 0.00 0.00 0.60 0.24 0.27 0.01 0.01
Fe?* 1.81 1.82 1.93 1.90 2.14 1.97 0.00 0.00
Mn 0.18 0.17 0.16 0.02 0.03 0.02 0.00 0.00
Mg 0.42 0.42 0.36 2.02 1.98 2.22 0.00 0.02
Ca 0.59 0.60 0.58 1.87 1.80 1.93 0.90 0.82
Na 0.00 0.00 0.00 0.28 0.33 0.30 0.11 0.11
K 0.00 0.00 0.00 0.12 0.22 0.14 0.01 0.02
Sum 7.97 7.98 7.99 15.33 15.42 15.39 498 4.96
X(phase) 0.15 0.15 0.13 0.11 0.09 0.08 0.89 0.87
Y(phase) 0.21 0.21 0.20 0.52 0.48 0.53

Notes: X(Grt) = Mg/(Mg + Ca + Fe?*); Y(Grt) = Ca/(Mg + Ca + Fe?*); X(Amp) = Ti/2; Y(Amp) = Mg/ (Mg + Fe*);
X(P1) = Ca/(Ca + Na + K). -C, -M and -R refer to the core, mantle and rim of garnet; -m refers to minerals occurring in
matrix; -i-G refers to inclusion is included in garnet; -G-R refers to minerals occurring as a corona surrounding garnet.

Garnet generally occurs as anhedral and embayed porphyroblast with diameters of
0.5-2 mm. It is commonly surrounded by amphibole, plagioclase, and biotite, and contains
inclusions of amphibole, quartz, rutile, ilmenite, plagioclase, and titanite. Multi-inclusions
consisting of Pl + Qz + Kfs are observed within a few garnet grains (Figure 3a—d,f-h).
Amphibole mostly occurs as anhedral and subhedral grains in matrix, and some amphibole
grains occur as inclusion within garnet porphyroblast or as coronae surrounding garnet
(Figure 3a,b,f). Coarse-grained amphibole contains inclusions of garnet, ilmenite, plagio-
clase and clinopyroxene (Figure 3i,k,1), and the amphibole rims are partially replaced by
the Chl + Prh + Ep (Figure 3a,k). Clinopyroxene occurs as matrix grains intergrowing with
amphibole or as inclusions within the amphibole (Figure 3i-k). Clinopyroxene is partially
replaced or surrounded by amphibole, suggesting a possible metamorphic reaction of
Grt + Cpx — Amp + P1 (Figure 3j,1). A few clinopyroxenes occur as coronae with amphi-
bole and plagioclase (Figure 3j). Plagioclase grains occur mainly as coronae surrounding
garnet porphyroblast and in matrix; however, they are mostly replaced by sericite and
prehnite (Figure 3a,c,f). A few plagioclase grains occur as part of multi-inclusions within
garnet porphyroblast (Figure 3g). K-feldspar grains only occur as anhedral inclusions
within garnet porphyroblasts or as cuspate films intergrowing with quartz along garnet
boundaries (Figure 3c/h), suggesting an anatexis texture. Biotite occurs as fine-grained
inclusions within ilmenite or grown around garnet porphyroblasts. Some biotite grains
are completely replaced by chlorite and occur as pseudomorphs (Figure 3b,e). Ilmenite
occurs as inclusions within amphibole and garnet or as anhedral coarse grains in the matrix
(Figure 3a—c). Rutile only occurs as fine-grain inclusions within ilmenite (Figure 3d,e).
Titanite mainly occurs as inclusions within the garnet core (Figure 3f).
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Figure 3. Photomicrographs image, TIMA mineral scanning map, and back-scattered image (BSE
image) of the garnet amphibolites from the Tianshui area. (a) Amphibole, which is partly replaced by
epidote + chlorite, occurs as corona surrounding relict garnet and plagioclase is completely replaced
by prehnite + sericite assemblage. (b) Chlorite occurs as biotite pseudomorph in corona surrounding
garnet. (c) Garnet rim is replaced by a corona of amphibole + prehnite + sericite + ilmenite + K-feldspar
+ quartz. (d) Fine-grained rutile is included in ilmenite. (e) Rutile and biotite are included in ilmenite.



Minerals 2023, 13, 1183

8of 19

(f) Titanite, amphibole, and multi-inclusion occur in the core of garnet. (g) Plagioclase is included
in quartz, which is included in the mantle of garnet. (h) K-feldspar occurs as inclusion within the
core-mantle transition of relict garnet and as cuspate film intergrown with quartz. (i) Clinopyroxene
occurs in matrix and intergrown with amphibole; the garnet disappears in this texture domain.
(j) Clinopyroxene occurs in corona and is replaced by amphibole. (k) Clinopyroxene occurs as
inclusion within amphibole and amphibole is partly replaced by epidote + chlorite on the rim.
(I) Garnet and clinopyroxene occur as relict grains in reaction texture and are almost replaced

by amphibole.

Three generations of mineral assemblage can be identified based on the textural rela-
tions described above. The first generation (M1) is represented by inclusions of amphibole,
K-feldspar, titanite, rutile, and quartz within garnet (core) and biotite inclusion within
ilmenite (Figure 3c-h). The second generation (M2) is characterized by the mantle of garnet
porphyroblast + coarse-grained amphibole + clinopyroxene (in the matrix or inclusion in
amphibole) + plagioclase (in the matrix, but almost completely replaced by sericite and
prehnite) + ilmenite + quartz (Figure 3a,c k). The third generation (M3) is marked by the
growth of corona around garnet porphyroblast and the disappearance of garnet, with an
assemblage of Amp + Bt + Cpx + Pl + Ilm + Qz (Figure 3b,i,j,1).

Garnet has Xp;, (=Mg/(Mg + Fe?* + Ca + Mn) of 0.10-0.12, X 51, (=Fe?*/ (Mg + Fe?* +
Ca + Mn) of 0.61-0.64, Xcrs(=Ca/(Mg + Fe?* + Ca + Mn) of 0.21-0.23, and Xsps (=Fe?** /(Mg
+ Fe?* + Ca + Mn) of 0.04-0.05 in sample QL22-7-7.1 (Figure 4a) and Xp, (=Mg/(Mg + Fe?*
+ Ca + Mn) of 0.11-0.14, Xz}, (=Fe?* /(Mg + Fe?* + Ca + Mn) of 0.60-0.65, XG5 (=Ca/(Mg
+ Fe?* + Ca + Mn) of 0.19-0.20, and Xgps (=Fe?*/(Mg + Fe?* + Ca + Mn) of 0.05-0.06 in
sample AQ14-19-8.2 (Figure 4b). No obvious zoning is observed in the garnet core and
mantle except for a significant increase in X1, and decrease in Xpyp, in the outermost rim.

(a) Sample QL 22-7-7.1 (b) Sample AQ 14-19-8.2
0.70
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020% . - . . : ,
.15 .E Mantle Core . _Mantle Rim h% Mantle Core . Mantle Rim
0.10 WW-A—A—H\‘YA’*—HY‘\A\‘.‘\‘
0.05 | 90—t g gy gttty gt | | S g ATO AT E T bt
0 =+ Xep Ko X = Xspe —Xorp Kore X = Xspe

A 0.98mm BA< 0.93mm >B

Figure 4. Representative composition zoning profiles of garnet from garnet amphibolites. (a) Garnet
occurs in sample QL22-7-7.1. (b) Garnet occurs in sample AQ14-19-8.2.

The amphibole in the matrix exhibits compositional zoning with increasing Ti con-
tent from the core towards the mantle and decreasing Ti content from the mantle to rim
(Figure 5a). It mainly has a ferro-hornblende and edenite composition with Ti content of
0.11-0.22 p.f.u., Mg*(=Mg/(Mg + Fe?*)) of 0.40-0.45, and Si content of 6.45-6.82 p.f.u. for
sample QL22-7-7.1 and Ti of 0.11-0.22 p.f.u., Mg* of 0.23-0.57, and Si of 6.21-6.96 p.f.u.
for sample AQ14-19-8.2. The fine-grained amphibole within garnet mainly has a ferro-
hornblende and magnesio-hornblende composition with Ti of 0.11-0.18 p.f.u., Mg* of
0.43-0.58, and Si of 6.5-6.9 p.f.u. for sample QL22-7-7.1 and Ti of 0.11-0.18 p.f.u., Mg" of
0.48-0.54, and Si of 6.4-6.8 p.f.u. for sample AQ14-19-8.2. The amphibole as coronae of gar-
net mainly has a ferro-hornblende and ferro-edenite composition with Ti of 0.10-0.18 p.f.u.,
Mg# of 0.35-0.46, and Si of 6.07-6.74 p.f.u. for sample QL22-7-7.1 and Ti of 0.10-0.19 p.f.u,,
Mg* of 0.43-0, 54 and Si of 6.35-6.83 p.f.u. for sample AQ14-19-8.2 (Figures 5b and 6).
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Figure 5. (a) Diagram for composition zoning of the representative amphibole. (b) Ti (p.f.u.) versus
Mg#(zMg/ (Mg + Fe?+)) diagrams for the amphibole.
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Figure 6. Diagram for classification of amphibole from garnet amphibolites [50].

Clinopyroxene shows a diopside or augite composition, with an Xyg(=Mg/(Mg + Fe?*)
of 0.51-0.59 and a negligible X4 (=2*Na/(2*Na + Ca + Mg + Fe?*) *Al/(Al + Fe?*)) of
0.001-0.012 (Figure 7a).

Plagioclase in the matrix of the sample AQ14-19-8.2 has an Xa,, of 0.84-0.99, and
0.87-0.91 in coronae (Figure 7b).

(a) (b)
Wo Wo
(7f \\
A ‘ L\
04
Aug
0.3
E‘l 0.5 NF ' ‘ matrix ~ corona
L Sample QL 22-7-7.1 & Sample AQ 14-19-8.2 N °

Figure 7. Diagram for classification of mineral. (a) Diagram for classification of clinopyroxene.
(b) Ab-An-Or diagram of plagioclase.
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4.2. Phase Equilibria Modeling

P-T pseudosections were calculated in NCKFMASHTO (Na, O-CaO-K,0-FeO-MgO-
AlyO3-510,-HyO-TiO2-O(Fe;O3)). The calculations were performed using the software
GeoPs (version 3.4.8566.2826) [51] with the internally consistent thermodynamic dateset
ds62 [52]. Activity—composition relationships were updated from those presented in
Green et al. [53], which partial melting equilibria to be calculated for metabasic rocks.
The fluid phase is considered to be pure H,O. The determination of O (Fe;O3) and H,O
content is based on the T-Mgo/T-Mp,o diagram, ensuring that the final assemblages are
stable near the solidus. The quartz, rutile, and titanite are regarded as pure endmember
phases. P,Os is disregarded as it mostly enters accessory apatite, and CaO accounting for
apatite was subtracted from the bulk-rock compositions, whereas MnO was neglected in
the calculations because of its limited effect in the amphibolite-facies to granulite-facies
transition and mostly preserved in garnet.

The pseudosections were modelled with the measured bulk-rock composition, nor-
malized on the basis of mole percent as follows: SiO, = 52.76, Al,O3 = 8.36, CaO = 9.16,
MgO =7.52, FeO = 13.74, K,O = 1.04, Na,O = 0.83, TiO; = 1.86, O = 1.34, and H,O = 4.06
for sample QL22-7-7.1 and SiO, = 54.36, Al,O3 = 8.56, CaO = 9.14, MgO = 8.67, FeO = 11.24,
K;O =0.86, Nap,O = 0.79, TiO, = 1.82, O =1.04, and H,O = 4.03 for sample AQ14-19-8.2.

A P-T pseudosection was calculated for sample QL22-7-7.1 over a P-T window of
0.2-1.2 GPa and 600-1000 °C (Figure 8). The fluid-absent solidus lies between 675-747 °C, the
garnet-out curve occurs at P = 0.36-0.77 GPa, the rutile-out curve occurs at P = 0.70-1.12 GPa,
the ilmenite-out curve occurs at P = 0.70-1.20 GPa, the titanite-in curve occurs at T < 802 °C,
and the biotite-out curve occurs at T = 780-832 °C. The P-T pseudosection is presented
with the isopleths of Xpy, and Xcys in garnet, Xy (=Ti/2) in amphibole, and the isopleths
of Xpjg in clinopyroxene for relevant mineral assemblages.
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Figure 8. (a) P-T pseudosection calculated in the system NCKFMASHTO. (b) Estimated P-T path
for garnet amphibolite sample (QL22-7-7.1). The pseudosection is contoured with isopleths of
Xmg =Mg/(Mg + Fe?*) in clinopyroxene, Xt; = (Ti/2) in amphibole, Xprp (=Mg/ (Mg + Fe?* + Ca)),
and Xgs (=Ca/(Mg + Fe?* + Ca)) in garnet. The colored full thick lines represent the position of the
appearance or disappearance of minerals: the red full thick line represents the position of the solidus;
the colored dash lines represent mineral compositional isopleths; the purple thick line with arrow
represents the inferred P-T path.
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The inferred M1 assemblage of Amp + Bt + Grt + Kfs + Rt + Ttn + Qz, and Xpy
isopleth in amphibole inclusion and the average Xpy, isopleth of garnet core constrain a
P-T condition of ~1.08 GPa and 760 °C. The peak M2 assemblage of Amp + Grt + Cpx + P1
+IIm + Qz + Liq is predicted to be stable in the P-T range of 0.67-1.02 GPa and 831-892 °C.
The intersection of the isopleths for X¢,¢ in garnet, the highest Xt; in amphibole, and
the maximum Xy, in clinopyroxene constrain the peak P-T conditions to 0.88-0.99 GPa
and 869-886 °C. Meanwhile, the chemical composition isopleths in the peak assemblage
stability field show different characteristics: the isopleths of X¢,¢ exhibit a positive slope
with the X5 decreasing as temperature rises, the isopleths for Xy exhibit a relative steep
negative slope with Xy increasing as pressure and temperature rise, and the isopleths of
XT3 show a steep negative slope with the Xt; increasing as temperature rises. The retrograde
M3 assemblage of Amp + Cpx + Bt + Pl + Ilm + Qz + Liq is predicted to be stable in the
P-T range of 0.27-0.58 GPa and 757-802 °C; the disappearance of garnet is consistent with
the formation of amphibole by consuming garnet and clinopyroxene that inferred from the
variation of mineral amount modeled (Supplementary Figure S1).

A P-T pseudosection was calculated for sample AQ14-19-8.2 over a P-T window of
0.2-1.2 GPa and 600-1000 °C (Figure 9). The fluid-absent solidus lies between 691~750 °C
and the pressure of HyO-saturated solidus occurs under 0.28 GPa. The garnet-out curve
occurs at P = 0.39-0.85 GPa, the rutile-out curve occurs at P = 0.63-0.95 GPa, the ilmenite-
out curve occurs at P = 0.64-1.08 GPa, the titanite-in curve occurs at T < 805 °C, and
the biotite-out curve occurs at T = 770-827 °C. The pseudosection is contoured with the
isopleths of Xp;p and Xc;s for garnet, the isopleths of Xr; for amphibole, and the isopleths
of X an for plagioclase.
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Figure 9. (a) P-T pseudosection calculated in the system NCKFMASHTO. (b) Estimated P-T path
for garnet amphibolite (sample AQ14-19-8.2). The pseudosection is contoured with isopleths of
Xan= Ca/(Ca + Na + K) in plagioclase, X1; = (Ti/2) in amphibole, Xp,p(=Mg/(Mg + Fe?* + Ca))
and Xgs(=Ca/(Mg + Fe?* + Ca)) in garnet. The colored full thick lines represent the position of the
appearance or disappearance of minerals; the red full thick line represents the position of the solidus;
the colored dash lines represent mineral compositional isopleths; the purple thick line with arrow
represents the inferred P-T path.

The inferred M1 assemblage of Amp + Bt + Grt + Kfs + Rt +Ttn + Qz, and XT; isopleth
in amphibole inclusion, and the average Xpy, isopleth of the garnet core constrain a P-T
condition of ~0.95 GPa and ~770 °C. The peak M2 assemblage of Amp + Grt + Cpx + P1 +
IIm + Qz + Liq is predicted to be stable in a P-T range of 0.70-0.88 GPa and 838-899 °C.
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The intersection of isopleths for Xg,s of 0.21 and the highest Xt; of 0.11 reveal that the peak
P-T condition is at conditions of 0.84 Gpa and 880 °C. The M3 assemblage of Amp + Cpx
+ Bt + P1 + Ilm + Qz + Liq is predicted to be stable in the P-T range of 0.27-0.65 GPa and
771-812 °C.

4.3. Zircon U-Pb Chronology

Zircon separated from sample QL22-7-7.1 are 30-150 pm long with aspect ratios of
1.0-3.5. Most zircon grains are round to weakly elongated in shape, with a bright core
and dark-grey rim in CL images. A few grains are completely dark-grey or nearly black.
The cores of zircon are homogeneous or show weak sector zoning, and the rims exhibit
nebulous or patchy zoning (Figure 10).
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Figure 10. Representative cathodoluminescence (CL) images of zircons from a garnet amphibolite,
showing the analyzed spot and relevant ages.

A total of 50 spots were analyzed. Excluding 10 discordant analyses, the remaining
40 analyses yielded 2%°Pb /238U age between 364 Ma and 517 Ma. These analyses can
be divided into four age populations, and yield weighted mean ages of ~377 + 6 Ma
(MSWD = 3.8, n = 11), ~411 £ 4 Ma (MSWD = 4.4; n = 20), ~451 & 8 Ma (MSWD = 1.4;
n = 6), and ~479 £ 4 Ma (MSWD = 0.32; n = 3), respectively (Figure 11a). There are two
types of chondrite-normalized rare earth element (REE) patterns of zircons; some zircons
show characteristic of steep heavy rare earth element (HREE) slopes and the majority of
these zircons are in the ~377 Ma age cluster, while the others show relatively flat HREE
slopes and are mainly in another three age clusters (Figure 11b). The zircons show slightly
positive or no Eu anomaly, which mainly suggests the age of ~479 Ma and ~451 Ma
clusters (0Eu = 1.02-1.27), representing zircon growth under a condition of the absence
of plagioclase; the zircons displaying slightly to obviously negative Eu anomalies mainly
suggest the ~411 Ma and ~377 Ma age clusters.
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Figure 11. (a) U-Pb concordia diagram of zircon with the statistical histogram of relevant age.
(b) Chondrite-normalized REE patterns of zircons. (Chondrite normalization uses values from Sun
and McDonough [54].
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5. Discussion
5.1. Metamorphic Evolution

Our comprehensive study involving petrographic observations, mineral compositions,
and phase equilibria modeling suggests two stages of metamorphic evolution for garnet
amphibolites from the West Qinling Orogen: a pre-Tyj,x decompression heating stage and
a post-Tax decompression cooling (Figures 8 and 9). No evidences of HP-UHP meta-
morphism were identified through petrologic observation and pseudosection, although
a few zircons of 480-500 Ma may possibly have recorded an early metamorphic event
related to eclogite-facies metamorphism, based on comparison with similar ages recorded
in eclogites from the East Qinling Orogen ([33], this study, see discussion below). The M1
stage is based on the inclusion assemblage in garnet, and the P-T conditions are constrained
to ~1.08 GPa and ~760 °C for sample QL22-7-7.1 and ~0.95 GPa and ~770 °C for sample
AQ14-19-8.2, which, using X7; isopleth and Xpy, isopleth in amphibole inclusion and the
core of garnet, reflect medium-high pressure upper amphibolite-facies to granulite-facies
conditions, consistent with the inclusion assemblage of garnet + amphibole + biotite +
K-feldspar + rutile + titanite + Qz (Figures 8 and 9).

The P-T conditions of the M2 stage are constrained to 0.88-0.99 GPa and 869-886 °C
for sample QL22-7-7.1 and 0.84 GPa and 880 °C for sample AQ14-19-8.2, respectively,
which are similar to granulite-facies conditions of 0.78-1.02 GPa and 770-820 °C reported
previously in pelite granulite from the Qinling complex in the same area [31,32] (Figure 12).
Therefore, a P-T vector with decreasing pressure and increasing temperature is preferred
from the pre-peak to peak temperature stage. The slightly different peak P-T conditions
detected from the two samples can be regarded as representing the different degrees of
melt loss at suprasolidus conditions [55].
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Figure 12. The P-T path deduced for high-grade metamorphic rocks from the northern West Qinling
Orogen. The P-T paths are labeled as follows: (1) garnet-sillimanite-biotite gneiss from the Beidao
area [32]; (2) paragneiss from the Huamiao area [31]; (3) garnet amphibolite of sample QL22-7-7.1 in
this study; (4) garnet amphibolite of sample AQ14-19-8.2 in this study. Metamorphic facies boundaries
are from Wei et al. [56]. Abbreviations: GR = granulite; AM = amphibolite; HGR = high-pressure
granulite.

In the M3 stage, decompression cooling to fluid-absent solidus is recorded in the
composition variation of clinopyroxene of sample QL22-7-7.1, the plagioclase of sample
AQ14-19-8.2, and the amphibole in both samples. As two samples were collected from
the same location, their post-peak paths should share identical pressures. However, the
inferred post-Thax decompression cooling paths show a slight difference. The cooling
evolution at suprasolidus mainly occurs under conditions with melt-involved reactions.
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This evolution may not occur in an equilibrium state at the solidus and may record diverse

P-T condition along the cooling P-T path [55].

Generally, by integrating the metamorphic stages recorded in two garnet amphibolites,
a clockwise P-T path with pre-T\j,x decompression heating and post-T,x decompression
cooling can be defined.

5.2. Zircon U-Pb Age Interpretations

Zircon is one of the main minerals used in the geochronological age dating of high-
grade metamorphic rocks and can grow at various stages of subsolidus prograde meta-
morphism and melt crystallization in retrograde metamorphism [57-59]. It has widely
been considered to retain characteristics of trace elements extracted from effective bulk
rock composition linked with major minerals like garnet and plagioclase as it is mechani-
cally and chemically robust [60-64]. However, the decoupling of U-Pb ages and element
abundances induced by the distortion of the crystal lattice and diffusion of elements at
high temperatures has provided a challenge to the interpretation of ages obtained from

zircon [65-70].

Our data from zircons in garnet amphibolite show a negative correlation for } HREE-
ages and Y-ages, and a positive correlation for $Eu-ages (Figure 13). Zircon U-Pb datings of
sample QL22-7-7.1 yield four age clusters: c¢.479 £ 4 Ma, c¢.451 £ 8 Ma, c.411 £ 4 Ma, and
¢.377 £ 6 Ma. The 479 Ma and 451 Ma clusters display flat HREE patterns without obvious
Eu anomalies, suggesting that they were formed in the presence of garnet but in the ab-
sence of plagioclase, which is commonly interpreted as eclogite-facies conditions. However,
in this study, the plagioclase begins to appear during the decompression heating stage
after medium-high pressure upper amphibolite-facies to granulite-facies metamorphism
(Supplementary Figures S1 and S2). Therefore, the two age clusters should reflect the
timings prior to the decompression heating stage. Combined with the previous investi-
gations, which reported significant 485-518 Ma HP-UHP metamorphism in the Qinling
Orogen [14-20], we infer that 451 4+ 8 Ma may possibly date the timing of medium-high
pressure upper amphibolite-facies to granulite-facies condition prior to decompression
heating, and 479 4 4 Ma possibly represents an earlier metamorphic age, even an eclogite-
facies metamorphic age, although no corresponding eclogitic assemblage was recorded
in the studied samples. Most zircons of the 411 Ma cluster display flat HREE patterns
with slight Eu anomalies, suggesting that they were formed in presence of garnet and
plagioclase, consistent with the constant modal amounts of garnet and appearance of small
modal amounts of plagioclase along the decompression heating P-T path (Supplementary
Figures S1 and S2). Therefore, we explain 411 Ma as a time of near peak temperature
conditions. Zircons of the 377 Ma cluster show steep HREE patterns with slight to ob-
vious Eu negative anomalies and increasing Y content (Figures 11 and 13), suggesting
the garnet breakdown and plagioclase growth during the decompression cooling stage
(Supplementary Figures S1 and S2). Thus, we infer that 377 Ma represents the age of P-T

vector approach to solidus during retrogression.
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Figure 13. Diagrams of (a) ) HREE vs. age, (b) Y vs. age, and (c) Eu vs. age of zircons.
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5.3. Tectonic Implications

The West Qinling Orogen is commonly considered the western extension of the East Qin-
ling Orogen, and both orogens contain similar, high-grade Qinling Complex [15-17,30-32].
However, Cambrian—early Ordovician HP-UHP metamorphic assemblage had not been
detected, although the Cambrian age obtained recently from garnet amphibolite was inter-
preted as an eclogite-facies age similar to that in the East Qinling Orogen [33]. In this study,
the 479-451 Ma age is suggested as dating the timing of medium-high pressure upper
amphibolite-facies to granulite-facies metamorphism prior to peak temperature, indicating
that the West Qinling Orogen experienced a crust thickening during the Ordovician colli-
sion orogeny, which resulted from the collision of the North Qinling microcontinent with
the North China Craton [15-18,30-32]. Our results did not provide a record of Cambrian
continental deep subduction, as that in the East Qinling Orogen [16-18,71,72]. One possibil-
ity is that garnet amphibolite in the West Qinling Orogen experienced a similar Cambrian
HP-UHP metamorphism, but its metamorphic assemblage had been completely obscured
by high-temperature overprint, except for the zircon dating record [33]. Another possibility
is that the West Qinling Orogen did not experience a deep continental subduction, although
a synchronous or slightly later collisional thickening also occurred. However, the present
data are insufficient to distinguish between these two possibilities.

As shown by the P-T-t path presented in Figure 12, the garnet amphibolite in the
West Qinling Orogen experienced a heating process during decompression and then at-
tained high-temperature granulite-facies conditions at peak temperature. This indicates
metamorphism at high thermal gradients in shallower crust levels. We suggest that the
high-temperature granulite-facies metamorphism resulted from crustal extension after
thickening related to the collision. The extension was commonly considered to be in re-
sponse to lithospheric thinning related to asthenospheric upwelling [73,74]. Therefore, it is
proposed that the West Qinling Orogen was thickened by continental collision in the late
Cambrian-Ordovician and then thinned due to lithosphere extension in the late Silurian—
Early Devonian. This situation is also reported in the East Qinling Orogen and Tongbai Oro-
gen, although the time from compression to extension remains controversial [17,22,72,75].
Generally, we inferred that the whole Qinling Orogen experienced a Paleozoic orogenic
process from the collision-related compression to post-collision extension.

6. Conclusions

(1) Garnet amphibolites from the Qinling Complex in the West Qinling Orogen
recorded two metamorphic stages involving decompression heating prior to peak granulite-
facies metamorphism (0.84-0.99 GPa and 869-886 °C), and followed by a stage of decom-
pression cooling, suggesting a clockwise P-T path.

(2) The 479450 Ma age reflects the timing of the high-medium upper amphibolite-
facies metamorphism. The metamorphism at peak temperature condition occurred at
¢.410 Ma, followed by decompression cooling to c.377 Ma.

(3) The Ordovician high-medium pressure amphibolite-facies metamorphism was
related to crustal thickening caused by continental collision. The HT granulite-facies
metamorphism at peak temperature condition took place at reduced pressures, suggesting
thinning of the collision-thickened orogenic crust. The West Qinling Orogeny experienced
a tectonothermal evolution from initial crust thickening to thinning during the Paleozoic
collisional orogeny.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13091183/s1, Table S1: Zircon U-Pb isotope data were obtained
by LA-ICP-MS for sample QL22-7-7.1 (x 107%). Table S2: LA-ICP-MS rare earth elements of zircon
from QL22-7-7.1 (x107%). Figure S1: Modeled mineral proportions for the garnet amphibolite
from sample QL22-7-7.1: (a) garnet; (b) clinopyroxene; (c¢) amphibole; (d) plagioclase. Figure S2:
Modeled mineral proportions for the garnet amphibolite from sample AQ14-19-8.2: (a) garnet;
(b) clinopyroxene; (c¢) amphibole; (d) plagioclase.
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