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Abstract: Mantle wedge melting and the formation of hydrous mafic melts in collision orogenic belts
have great significance for crustal melting and the related granitic magmatism, which can provide
key messages about the crustal-mantle interaction in the convergent margin. This paper reported
Late-Triassic appinite (212 4= 2 Ma), which is closely associated with Late-Triassic granites. The large
euhedral hornblende crystals in the appinite indicate a water-rich feature. This appinite displays low
5iO; (46.55% to 50.44%) contents, high MgO (7.62 to 10.76%) and Cr and Ni contents, with high Mg#
values of 61 to 75. It also displays insignificant Eu anomalies (Eu*/Eu = 0.91 to 0.93), high Sr (596 to
676 ppm) contents and moderate Sr/Y (34 to 40) ratios; these features are similar to those of Sanukite
formed by the hydrous melting of the mantle wedge. Its depleted zircon Lu-Hf isotopic composition
(eqscty = +0.97 to +18.21) indicates a depleted mantle source. Zircons in the appinite display extremely
high Ti-in zircon temperatures (>1000 °C) and high oxygen fugacity, indicating a high-temperature
hydrous condition. In combination with its typical arc-like trace element geochemistry (depletion in
Nb, Ta and Ti), it is proposed that this appinite represents hydrous mafic melts that derived from the
melting of the depleted sub-arc mantle wedge. The occurrence of this appinite has great significance
for the further understanding of Triassic granitic magmatism and potential magmatic metal ore
deposits in the Qinling orogenic belt.

Keywords: hydrous mafic melt; mantle wedge; Triassic; qinling orogen; appinite

1. Introduction

Intermediate-felsic rocks, especially the granites in the convergent margin, can provide
key messages about the crust-mantle architecture and variations in melting regime [1,2].
However, the mafic rocks in the convergent margin have received limited attention [3].
The appintes, firstly discovered in Caledonide orogen [4], represent mafic to ultramafic
rocks closely related with coeval high Ba-Sr granites, which are characterized by coarse
idiomorphic hornblende grains (>2 mm) as phenocrysts and in the matrix [4,5]. According
to their unique geochemical features, i.e., enriched LILEs and LREE, evolved Sr-Nd isotopic
compositions are considered to represent hydrous mafic melts derived from the melting
of the metasomatized mantle lithosphere. The occurrence of appinites can provide some
important information about crustal-mantle interaction and crustal growth in orogenic
belts. Several appinites have been reported in some typical orogenic belts, e.g., the Early
Paleozoic appinite from the Appin district of the Scottish Caledonides [5] and appinite
from the NW Iberian Massif, Spain [6]. In China, some appinites are also reported, e.g.,
the Permian appinite in the northern margin of the North China Craton [7] and Triassic
appinite in northeastern China [8]. These appinites are generally coeval with high Ba-
Sr granites, indicating mafic magma underplating events in collisional orogenic belts.
The appinites are considered to be formed by the melting of the metasomatized mantle
wedge in the post-collision stage, which may be caused by asthenospheric upwelling in
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the circumstances of slab break-off or slab roll-back [4]. The emplacement of appinitic
magma beneath the continental crust would induce extensive crustal melting and granite
formation [1,3]. Therefore, the genetic link between appinites and coeval granites provides
a unique opportunity for tracing the nature of the mantle lithosphere and crust-mantle
interaction in the convergent margin [3,4].

Triassic magmatism in the Qinling orogenic belt was considered to result from the
collision process between the North China and Yangtze blocks [9-14]. Previous works
mainly focus on the Triassic granites and associated mafic enclaves [10,12]. Some geody-
namic models have been proposed, i.e., slab break-off [9,15], the melting of the delaminated
lower crust in post-collisional setting [11] and the multi-stage melting of the subducted
continental crust during the slow exhumation process [10,11]. However, the nature and
melting mechanism of the mantle lithosphere, as well as its role in the formation of Triassic
granites, still remain poorly understood.

The Triassic Laocheng appinite in the central Qinling section provides a unique op-
portunity to solve this problem. In this paper, we present new results of the chronology
(zircon U-Pb dating), major and trace element geochemistry and in situ zircon Hf isotopic
composition for Laocheng appinite. According to these new data, we discuss the following
two important items: (1) the nature of the mantle lithosphere of the Qinling Orogenic
Belt; (2) the melting mechanism of the mantle lithosphere and its role in the generation of
Triassic granites.

2. Geological Background

The Qinling orogeny is one of the main orogens in East Asia [16], which extends
WNW-ESE across central China [14]. Two Paleozoic suture zones (e.g., the Shangdan and
Mianlve suture zones) in the Qinling orogenic belt preserve ocean-continental evolutionary
history. The Shangdan suture zone is located between the North and South Qinling
blocks, which represent the tectonic relic of the Paleozoic Shangdan ocean [14]. The
Mianlue suture zone is located between the northern margin of the Yangtze block and
South Qinling block [17]; ophiolite complex in the Mianlve suture zone has an ambiguous
tectonic implication. The North Qinling terrane consists of middle Paleozoic migmatite
complex and associated Paleozoic granites [14]; South Qinling consists of Late Paleozoic
medium-grade metamorphic rocks [16] and Triassic granites [11]. South of the Mianlue
suture is the northern margin of the Yangtze block (Figure 1a).

Due to the northern subduction of the Mian-Lve ocean, the Triassic collision between
the Yangtze and North China blocks along the Qinling—Dabie orogen caused voluminous
Triassic granites [11,14]. The Triassic granites in the Qinling orogen comprise an approxi-
mately 400 km-long granite belt across the Qinling orogenic belt (Figure 1). The origin of
these granites remains controversial; most scholars argue that these granites were formed
in post-collisional extensional setting, which may be related to slab break-off and lower
crust delamination [9-12].

The Laocheng pluton locates to the east of the Triassic Wulong composite pluton, which
covers an area of ~24 km? (Figure 1b). The Laocheng pluton intrudes into Neoproterozoic—
Ordovician quartzite, Cambrian-Ordovician graphite-quartzite and Silurian micaceous
quartzite. The appinite occurs as mafic blocks (varying from several meters in size) that
are enclosed by Laocheng granite; some granitic veins can be observed in the appinite
(Figure 2a). Eight appinite samples were selected from the Laocheng village, 10 km to
the north of Ningshan City (Figure 1c). The appinite is medium-grained (Figure 2), and
consists of euhedral hornblende (50%~60%) and plagioclase (20% to 25%; Angy4s5) with
minor quartz (<5%) and biotite (5%~10%). The euhedral hornblende grain has a large size
of 1 to 3 cm; some plagioclase and quartz grains are enclosed by the hornblende (Figure 2b).
Accessory minerals include zircon, apatite, allanite, clinozoisite and magnetite. Rod-like or
euhedral prismatic apatite mainly occurs as inclusions in hornblende and plagioclase.
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Figure 1. (a). Sketch Geological map of China, (b) geological map of the Qinling Orogenic belt and
(c) the geological map of the Triassic Laocheng and Yanzhiba pluton.
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Figure 2. Field photo and microscope pictures for the appinite in the Laocheng pluton amp- amphi-
bole; Bi-biotite; Kfs-K-feldspar; Pl-plagioclase; Qtz-quartz. (a) field photo of the Laocheng appinite;
(b) microscope picture of the Laocheng appinite.

3. Analytical Methods

All analyses in this paper were performed at the State Key Laboratory of Continental
Dynamics, Northwest University, China.

For bulk major- and trace-element analysis, fresh chips of whole rock samples were
powdered to 200 mesh using a tungsten carbide ball mill. Major and trace elements were
analyzed using XRF (Rikagu RIX 2100) and ICP-MS (Agilent 7700a), respectively. Analyses
of USGS and Chinese national rock standards (BCR-2, GSR-1 and GSR-3) indicated that both
analytical precision and accuracy for major elements were generally better than 5%. For
trace element analysis, sample powders were digested using an HF+HNO3; mixture in
high-pressure Teflon bombs at 190 °C for 48 h, following the method of Liu et al. [18].

Laser ablation ICP-MS zircon U-Pb analyses were conducted on an Agilent 7700a ICP-
MS equipped with a 193 nm laser, following the method of Yuan et al. [19]. The ion signal
intensity ratio measured for both 238U and %*2Th (NIST SRM 610) (38U and 22Th ~ 1)
was used as an indicator of complete vaporization [20]. These correction factors were then
applied to each sample to correct for both instrumental mass bias and depth-dependent
elemental and isotopic fractionation. Concentrations of U, Th, Pb and trace elements
were calibrated by using 2’Si as an internal standard and NIST SRM 610 as an external
standard. The two standard zircons 91500 and GJ-1 yielded weighted mean 2%°Pb /23U
ages of 1064.2 £+ 3.1 Ma (n = 14, 20) and 603.1 &£ 3.4 Ma (n = 12, 20), respectively, which are
in good agreement with the recommended ID-TIMS ages [20].

In situ zircon Hf isotopic analyses were conducted using a Nu Plasma HR multi-
collector mass spectrometer, equipped with a 193 nm laser ablation sampling system. The
176Yb /172D value of 0.5887 and mean BYb value obtained during Hf analysis on the same
spot were applied for the interference correction of 17°Yb on 76Hf [21]. The notations of
en(t) value, f1,,/1s, single-stage model age (Tpyi) and two-stage model age (Tpyp) were
defined as in Yuan et al. [19].

4. Results
4.1. Zircon LA-ICP MS Dating

The zircon U-Th-Pb analysis results are listed in Supplementary Table S1. Zircons
from the Laocheng appinite have a length of 100 to 200 um, with respect ratios of 2:1 to 3:1;
most grains display developed oscillatory zoning (Figure 3). Twenty-four analysis spots
have high and variable U and Th contents (U = 197 to 815 ppm, Th = 211 to 9228 ppm),
with variable Th/U ratios of 0.45 to 27.74. According to the U-Pb analysis results, two
age groups are identified in the Laocheng appinite (Figure 4): the first group including
12 grains have older 2%°Pb /23U ages of 226 4 4 Ma to 246 & 5 Ma, with a weighted mean
age of 233 + 4 Ma (MSWD = 1.0, n = 12); this age is identical with the diorite from the
margin of the Wulong pluton [11]. The younger group have 2%°Pb /238U ages of 212 + 5 Ma
to 221 + 4 Ma, with a weighted mean age of 216 = 3 Ma (MSWD = 0.85, n = 11). There
are no obvious geochemical differences between the older and younger groups (Figure 5).
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There are two possibilities to explain this age variation, e.g., the older group represent
early magma pulse, or the older group represent captured grains. The younger ages
are consistent with other Triassic granites and associated mafic enclaves in the Qinling
Orogenic Belt [12,13,22], which is considered to represent the crystallization age of the
Laocheng appinite.

LA

220+5Ma

230+7Ma

231+5Ma

ircon U-Pb

ircon Lu-Hf
221+4Ma 100pm

Figure 3. Cathodoluminescence (CL) images of typical zircons from the Laocheng appinite. Circles
indicate the location of LA-MC-ICP MS Hf analyses; the numbers in circles refer to the eyy¢(f) values.
All er5¢(t) values of the granites were calculated according to their crystallization age.
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Figure 4. Zircon LA-ICP MS U-Pb concordia diagram (a,c) and weighted mean ages (b,d) for the
Laocheng appinite.
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Figure 5. Zircon geochemical differences for the Laocheng appinite. Zircon U-Pb ages vs. e(t) (a),
Eu*/Eu anomalies (b), AFMQ (c) and Ti contents (d) diagrams.

4.2. Major and Trace Element Geochemistry

The major and trace element compositions of the appinite are given in Table 1. The
Laocheng appinite is magnesian, calc-alkaline and metaluminous (Figure 6a); it has
SiO; = 46.55 to 50.44% and aluminous saturation index (A/CNK) values ranging from
0.42 to 0.67. It has low KyO (0.83% to 2.37%) contents, with high Na,O/K,O ratios of
1.5 to 2.7, similar to those of the Cenozoic adakites that derived from the melting of the
subducted oceanic crust [2] (Figure 6b). It has high MgO (7.62 to 10.76%) contents and
Mg# (Mg# = Mg/(Mg + Fe) = 61 to 75), which is higher at given SiO; contents than the
experimental melts derived from metabasites [2,23], similar to those of the sanukite in
modern arcs [24,25].

Table 1. Bulk-rock geochemistry for the Laocheng appinite from Qinling.

Sample LC-01 LC-02 LC-03 LC-06 LC-07 LC-08
5i0, 46.55 50.16 50.24 50.21 50.38 50.44
TiO, 2.33 0.74 0.73 0.74 0.74 0.73

Al,O3 15.59 11.91 12.61 11.74 11.99 12.18

Fe,O3T 11.48 8.19 8.27 8.39 8.21 8.31
MnO 0.15 0.13 0.13 0.14 0.13 0.13
MgO 7.62 10.56 10.09 10.76 10.47 10.58
CaO 8.16 13.29 13.03 13.11 12.52 13.15
Na,O 3.61 1.93 227 1.94 2.28 1.89
K,O 2.37 0.94 0.83 0.99 0.93 0.91
P,0s5 0.76 0.16 0.17 0.18 0.18 0.17
LOI 1.73 1.56 1.13 1.58 1.68 1.58

TOTAL 100.35 99.57 99.5 99.78 99.51 100.07

Li 47.5 38.4 43.2 47 40.5 429
Be 0.78 0.7 0.75 0.74 0.86 0.74
Sc 30.1 30.5 33.5 31.6 30.7 33.6
A% 193 190 184 191 186 194
Cr 650 672 599 680 623 677
Co 52.2 51.3 52.4 524 50.1 52.7
Ni 127 129 121 127 130 125
Cu 70.7 66.2 81.5 65.7 67.8 67.8
Zn 61.4 159 56.9 63.1 123 56.7
Ga 13.7 13.5 14.1 13.5 13.3 13.6
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Table 1. Cont.

Sample LC-01 LC-02 LC-03 LC-06 LC-07 LC-08
Ge 1.46 1.46 1.5 1.4 1.37 1.48
Rb 58.6 42.6 33.6 45.5 419 38.7
Sr 635 625 651 614 676 596

Y 17.1 17 17.4 17.3 16.7 17.5
Zr 72.2 69.7 64.9 70.3 69.2 69.1
Nb 4.17 4.03 441 4.1 3.99 4.21
Cs 2.98 2.72 24 3.06 2.19 2.58
Ba 347 340 311 350 334 332
La 15.6 15.5 15 15.7 154 15.6
Ce 34 34.3 34 34.4 33.8 343
Pr 44 441 4.45 447 4.34 448
Nd 18.9 19 19.1 194 18.8 19.5
Sm 3.95 4.01 4.03 4.04 3.93 4.09
Eu 1.17 1.17 1.17 1.18 1.15 1.19
Gd 3.8 3.83 3.85 3.89 3.79 3.93
Tb 0.55 0.55 0.56 0.57 0.55 0.57
Dy 3.28 3.32 3.31 3.41 3.28 3.45
Ho 0.64 0.64 0.65 0.66 0.64 0.66
Er 1.72 1.73 1.76 1.76 1.72 1.79
Tm 0.24 0.24 0.24 0.24 0.24 0.25
Yb 1.47 1.46 1.48 1.51 1.45 1.51
Lu 0.21 0.21 0.22 0.22 0.21 0.22
Hf 2 1.97 1.93 1.98 1.94 1.99
Ta 0.24 0.24 0.26 0.24 0.23 0.25
Pb 49 597 6.83 497 6.19 494
Th 1.92 1.83 1.46 1.94 1.76 1.8

U 0.55 0.45 0.48 0.46 0.51 0.49

Mg# 61 75 74 75 75 75
Eu/Eu* 0.93 0.91 0.91 0.91 0.91 0.91
>REE 90 90 90 91 89 92
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Figure 6. Plots of Q-A-P (a), A/NK [Al,O3/(NayO + K,0)] vs. A/CNK (molar ratio Al,O3/(CaO +
NayO + K;0)); (b), SiOp-FeO/ (FeO + Mg) (c) and SiO,-K,0 (d) diagrams for the Triassic Laocheng
appinite. The data of the Laocheng granite was from Zhang et al. [26].
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The Laocheng appinite displays high Sr (596 to 676 ppm) and low Y (16.7 to 17.4 ppm)
contents, with moderate Sr/Y (34 to 40) and insignificant Eu anomalies (0.90 to 0.91).
Unlike the high-Si adakite that derived from the melting of subducted slab [27,28], the
Laocheng appinite display higher Cr (599 to 680 ppm), Ni (121 to 130 ppm) and Co (50.1
to 52.7 ppm) contents; this is identical to those of the sanukite [29] that formed by mantle
wedge melting. Furthermore, it has high Nb/Ta ratios of 16.8 to 17.4. As shown in the
chrondrite normalized REE patterns (Figure 7), the Laocheng display slight depletion in
MREE; this is commonly attributed to the presence of residual hornblende in the source [30].

1000 1000
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Rock/Primitive Mantle
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appinite(this article)
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Figure 7. Chondrite-normalized REE patterns (a) and primitive mantle (PM) normalized trace
element spider diagrams (b) for the Triassic Laocheng appinite. The data of the Laocheng granite

was from Zhang et al. [26].

4.3. Zircon Lu-Hf Isotope, Trace Element and Oxygen Fugacity

Twenty-three Lu-Hf analyses spots were obtained from 23 grains (Supplementary
Table S1). The initial Hf isotope ratios are calculated at t = 220 Ma. Zircons from the
appinite displays extremely low 7°Lu/77Hf ratios of 0.000396 to 0.001615, suggesting no
radiogenic in growth of Hf over the ~220 Ma. Zircons from the appinite display depleted Lu-
Hf isotopic compositions, they have 76Hf/177Hf ratios 0.282681 to 0.283158, with positive
epye(t) values of +0.97 to +18.21 (Figure 8), with corresponding crustal model ages of 341
to 1002 Ma, only one exception have negative ep¢(t) values of —0.51. The predominant
positive ep¢(t) values suggesting a depleted source, this is clearly different from other
Triassic granites and mafic enclaves in the Qinling orogenic belt [12,14].

20

& Reworking of juvenile
" basaltic crust

e ©
Reworking of ancient lowe!
crust

e Hf (t)

'20 B Laocheng appinite | [
QO Triassic granites

@ mafic enclaves

)] S—
200

— 3001000 2000 3000
Age(Ma)
Figure 8. Age-corrected zircon egy(t) vs. ages diagram for the zircons in Triassic granites, associated
mafic enclaves and the Laocheng appinite in the Qinling orogenic belt. The Hf isotope ratios of the

ancient crust basement are delimited by the 1.5 and 3.0 Ga juvenile crust evolution trends calculated
assuming the 7Lu/177Hf of average continental crust (0.015).
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Zircons in the appinite have positive Eu anomalies (Eu*/Eu = 1.16 to 1.39) and variable
Ce anomalies (Ce*/Ce = 0.15 to 10.2). According to the trace element geochemistry, we
have calculated the Ti-in zircon temperature and oxygen fugacity (Supplementary Table S1)
for the zircons. The Ti-in zircon temperatures were calculated according to the method
by Ferry and Watson [31], with log «SiO, = 1.0, log «TiO,= 1.0. Zircon oxygen fugacity
was calculated by method of Loucks et al. [31]. They have extremely high Ti-in zircon
temperatures of 873 to 1333 °C (Supplementary Table S1). According to calculating results
by the method of Loucks et al. [32], most of the zircons have log fO, = —3.35 to —12.16,
with variable AFMQ values of 0 to +1 (Figure 5), these values are identical with the oxygen
fugacity (AFMQ = +0.3 to +2.0) of the mantle wedge in subduction zone [33], indicating a
relatively oxidizing condition.

5. Discussion
5.1. Hydrous Mafic Melts That Derived from Metasomatized Mantle Wedge

The appinites in orogenic belts are generally considered to be formed by the hydrous
melting of the sub-arc mantle [4,8]. The Laocheng appinite has a basaltic composition, with
low SiO; (46.55 to 50.44%) contents and high Cr (599 to 680 ppm), Ni (121 to 130 ppm)
and Co (50.1 to 52.7 ppm) contents; these features are identical with the primitive melts
that derived from the melting of the metasomatized mantle wedge [5]. Its depleted zircon
Lu-Hf isotopic compositions (epg(ty = +0.97 to +18.21) indicate a depleted mantle source.
As shown in the Ba/La vs. Th/Yb discrimination diagram (Figure 9b), the Laocheng
appinite displays low Th/Yb and Ba/La ratios. This is identical with the Setouchi sanuki-
tiods in SW Japan [24], suggesting that sediment-derived fluid and melts are not the
metasomatis agent.

16.0
Laocheng appinite b
t
adakitic HMA 12.0 ¢ sediments/
Baiaitic HMA sediment-derived melts
% =
= 8.0
'_
Boninitic HMA
Setouchi Sanukitiods 40 Setouchi Sanukitiods
Sanukitic HMA I S ——
slab-derived melts
- >
1.0 10.0 100.0 0.0
0.0 50.0 100.0 150.0 200.0
Y(ppm)

Ba/lLa

Figure 9. Y vs. Sr/Y (a) and Ba/La vs. Th/Yb (b) discrimination diagrams (after Tatsumi, 2006) for
the Laocheng appinite [24].

The high abundance of euhedral hornblende in the appinite indicates a water-rich
condition [5], in combination with its arc-like trace element geochemistry, i.e., enrichment
in LREE and LILEs (e.g., Cs, Ba, K and Sr) and depletion in HSFEs (e.g., Nb, Ta and Ti)
(Figure 7); these features are similar to those of appinite worldwide, e.g., Caledonide
orogen [6], the Avalon Terrane of Nova Scotia, Canada [34], Central Gangdese, Tibet [35].
These features indicate that the hydrous mafic melts were derived from the melting of the
sub-arc mantle wedge [4].

The Laocheng appinite display high Sr (596 to 676 ppm) and low Y (16.7 to 17.5 ppm <
18 ppm) contents, resulting in moderate Sr/Y ratios of 37 to 40; these features are identical
with the sanukite that formed by the hydrous melting of the metasomatized mantle [27,29],
which was previously metasomatized by slab-derived adakitic melts [5,36,37]. Further-
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more, the zircons in the appinite display positive Eu anomalies (Eu*/Eu = 1.16 to 1.39)
(Supplementary Table S1), which indicate the absence of plagiolcase residue in its source
region [3,38]. The plagioclase may become unstable in the case of fluid-flux melting or high
pressure (>1.2 Gpa) [3], while the high abundance of euhedral hornblende in the appinite
indicates the water-rich feature of the appinite. In summary, we argue that the Laocheng
appinite was probably derived from a hydrated depleted mantle source; the metasomatic
agent may be derived from the dehydration of the subducted oceanic slab.

5.2. Crystallization Process and Relative High Oxygen Fugacity

The melting temperature and oxygen fugacity are the two main factors that control
the melting reaction and melt geochemical properties [5]. According to the Ti-in zircon
thermometer [30], zircons in the Laocheng appinite display extremely high temperatures
of 873 to 1333 °C, with three exceptions below 1000 °C (Supplementary Table S1). The
abundance of water in the mantle lithosphere has a significant effect on the stability of the
amphibole and melting temperature [38]; limited H,O (0.05 to 0.5%) in the metasomatized
mantle would cause an amphibole dehydration (around 1100 °C, 1.5 to 3 GPa) melting event,
which can produce some hydrous mafic melts [38]. The hornblende-rich mineralogical
feature of the Laocheng appinite suggests a water-rich condition [4], while the high H,O
contents may originate from a hydrated mantle source [38] or result from a water-rich
process in the late-stage magma crystallization [4].

In addition, zircons in the Laocheng appinite display high oxygen fugacity, according
to results calculated by the method of Loucks et al. [32]; the zircons have log fO, = —3.35
to —12.16, with AFMQ values ranging from 0 to +1.0, indicating an oxidized condition.
In combination with the positive Eu anomalies (Eu*/Eu = 1.16 to 1.39) of the zircons,
it suggests that the zircons that record high temperature and high oxygen fugacity are
crystallized in the early crystallization stage. In summary, according to the zircon chemistry,
we propose that the Laocheng appinite was formed by the high-temperature melting of the
oxidized sub-arc mantle wedge.

5.3. Significance for the Granitic Magmatism and Magmatic Ore Deposits

The Laocheng appinite is of identical age with the Triassic granites in South Qinling [9-15],
the northern margin of the Yangtze block [11,39] and western Qinling [38], indicating a
close genetic link with Triassic granitic magmatism. Previous works on the coeval mafic
enclaves that hosted the Triassic granites have suggested that the underplating of mafic
magma induces extensive crustal melting and the formation of voluminous granites, which
is generally attributed to either slab breakoff along the Qinling—Dabie orogen [9,10] or
lower crust delamination into the asthenosphere mantle [12]. However, due to the complex
magma mixing/mingling process, the mafic enclaves display ambiguous petrological and
geochemical features, which makes it hard to trace the origin and melting condition of the
mafic melt just according to the mafic enclaves [12,13].

Several lines of evidence approve the Late-Triassic post-collision setting in the Qinling
orogenic belt; e.g., the occurrence of Late-Triassic Shahewan rapakivi-textured granites
(210 Ma) indicate post-collision extension setting [40]. This is also approved by the coeval
lamprophyre dykes [41] that intruded into the Shahewan pluton; this lamprophyre dyke
has *°Ar/3° Ar age of 209 4 1.4 Ma; it is enriched in LILEs and LREE, with obvious depletion
in Nb, Ta and Ti, in combination with their evolved Sr-Nd isotopic compositions. Wang
et al. [41] proposed that this lamprophyre dyke was derived from the decompression
melting of the metasomatized mantle in extensional setting.

As mentioned above, the Laocheng appinite display depleted zircon Lu-Hf isotopic
compositions and extremely high Ti-in zircon temperatures in combination with abundant
euhedral amphibole grains and high Mg# values; it is suggested that the Laocheng appinite
represent primitive hydrous mafic melts that derived from the melting of the metasomatized
mantle wedge [5]. In the circumstance of asthenosphere upwelling when subduction
terminates (Figure 10), the extensive melting of the metasomatized mantle wedge would
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produce voluminous hydrous mafic melts that underplated beneath the base of the arc
crust [5,6]. The underplating of this mafic melt would induce the hydrous melting of
the lower crust in variable temperatures and cause voluminous coeval granites in the
orogenic belts [6]. In summary, we suggest that the formation of Laocheng appinite has
great significance for the genesis of the Triassic granites and associated metal deposits in
the Qinling orogenic belt.
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Figure 10. A simplified sketch tectonic cartoon model showing the formation of Triassic appinite and
coeval granites in the Qinling orogenic belt.

6. Conclusions

(1) Laocheng appinite has an identical age to the Triassic granites in the Qinling orogenic
belt, suggesting coeval mafic magma in the Qinling orogenic belt. Detailed whole-
rock geochemistry and zircon chemistry indicate that the Laocheng appinite represent
primitive hydrous mafic melts that derived from the melting of the depleted sub-arc
mantle wedge.

(2) Zircons from the appinite display depleted Lu-Hf isotopic compositions, suggesting a
depleted mantle source. Zircon chemistry also indicates a relative oxidizing condition.
The underplating of this oxidizing, hydrous and high-temperature mafic melt beneath
the base of the arc crust would induce the extensive melting of the lower crust and
lead to the formation of voluminous Triassic granites and associated metal deposits in
the Qinling orogenic belt.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min13030441/s1, Table S1: Zircon U-Pb ages, Lu-Hf isotope and
trace element for the Triassic Laocheng appinite.
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