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Abstract: The Ela Mountain area is located at the easternmost point of the East Kunlun Orogen, in
which voluminous igneous rocks developed in the Triassic period, and it is a good place to investigate
the tectonic evolution of the Paleo-Tethys Ocean. In this study, petrological, geochemical, zircon
U-Pb geochronology and zircon Hf isotope studies were carried out on the volcanic rocks in the
Ela Mountain area. Dacite (239.3 ± 1.4 Ma) exhibits calc-alkaline I-type characteristics, and rhyolite
(237.8 ± 2.1 Ma) is similar to high-K calc-alkaline highly fractionated I-type volcanic rock. The
petrogenesis shows that both rhyolite and dacite originated from the partial melting of the mafic
lower crust of the Mesoproterozoic under relatively high temperature and low pressure. Dacite
and rhyolite were derived from the same or similar parent magma, and they are volcanic rocks
with different differentiation degrees formed in the same magmatic pulse activity. Differing from
rhyolite and dacite, basaltic andesite shows a relatively young age (234 ± 1.2 Ma), mainly originating
from the partial melting of the lithospheric mantle modified by subducted slab-derived fluids; the
magma was contaminated with a small amount of crustal source components and experienced the
fractional crystallization of mafic minerals before the eruption to the surface. This study on the
tectonic environment of these volcanic rocks shows that they were formed in the environment of
slab failure in the late stage of syn-collision, and that they are different types of volcanic rocks from
different sources under similar tectonic environments. The volcanic rocks of the Ela Mountain area
in this contribution provide important evidence for Middle Triassic to Late Triassic syn-collisional
magmatism in the slab failure stages. The results of this study constrain the lower age limit of the
closure of the Paleo-Tethys Ocean and the initial time of extension of the late stage of syn-collision,
providing important information regarding regional tectonic evolution processes and volcanic activity
history. They can be applied to regional tectonic evolution, petrology, volcanic stratigraphy and
mineral deposits related to volcanic rocks.

Keywords: East Kunlun Orogen; petrogenesis; sources; tectonic setting; Paleo-Tethys Ocean

1. Introduction

The East Kunlun Orogen is a typical composite orogenic belt, with a large amount
of information related to the evolution of the Proto-Tethys Ocean and the Paleo-Tethys
Ocean, which has experienced multiple complex tectonic collage processes. Its complex
geodynamic evolution, tectono-magmatic activity, and multi-stage marginal orogeny and
collisional orogeny, with huge potential for mineral resources, have attracted great atten-
tion in the geological community, and many related research works have been carried
out. In recent years, more and more magmatic activities related to the subduction of the
Paleo-Tethys Ocean have been identified in the East Kunlun Orogen, such as 264 Ma Jialuhe
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Syenogranite [1]; 259 Ma Wulonggou granodiorite [2]; 252 Ma Jiamuge’er rhyolite por-
phyry [3]; 251 Ma Xiangjiananshan granodiorite [4]; 248 Ma Nuomuhong quartz diorite [5];
247 Ma Wutuo monzogranite [6], etc. However, the closure time of the Paleo-Tethys Ocean
is still controversial. The difficulty lies in the fact that unlike the Himalaya Orogen, which
has developed voluminous syn-collisional S-type granitic rocks, the East Kunlun Orogen is
a marginal accretion orogenic belt formed by the subduction of the Paleo-Tethys Ocean to
the north during the Late Paleozoic to the Mesozoic [7], which does not develop extensive
syn-collisional S-type granitic rocks, so the syn-collisional process is relatively difficult to
identify. During the Late Triassic, the mafic dikes with intraplate basalt characteristics [8,9]
and extension-related A-type granites [10,11] appeared simultaneously, reflecting the ex-
tensional tectonic setting of post-collision. These previous achievements basically clarify
the respective dynamic evolution background of the Early Triassic and Late Triassic in
the East Kunlun Orogen, but there is great controversy about the formation environment
of igneous rocks in the Middle Triassic–early Late Triassic in the East Kunlun Orogen,
including post-collision [12,13], syn-collision [14–16], and subduction [17–19]. In addition,
the Ela Mountain area is located at the easternmost point of the East Kunlun Orogen, which
is the junction between the East Kunlun Orogen and the West Qinling Orogen. This area is
located in remote areas with a low degree of geological work. The previous geochronology
and geological isotope data are not sufficient. In addition, compared with the Triassic
intrusive rocks in the East Kunlun Orogen, the contemporaneous volcanic rocks in the
sedimentary basins are rarely studied, and the existing research is mainly concentrated on
the volcanic rocks of a part of the Elashan Formation in the Late Triassic widely developed
in the East Kunlun Orogen [10,11], but there are few reports on the Middle Triassic volcanic
rocks, which hinders our understanding of the regional tectonic evolution and volcanic
activity from the Middle Triassic to the early Late Triassic in the East Kunlun Orogen. Based
on the above questions, we provide the geochronology, geochemistry and Hf isotope data
of different types of volcanic rocks in the Ela Mountain area from the Middle Triassic to the
early Late Triassic, and discuss the petrogenesis, source, tectonic setting, and geological
significance of these volcanic rocks, constraining the closure time of the Paleo-Tethys Ocean
in the East Kunlun Orogen. By collecting data and comparing them with previous data, we
summarize and refine the tectonic evolution of the East Kunlun Orogen in the Triassic. This
study provides important information for the regional tectonic evolution process, volcanic
eruption sequence, and volcanic activity history of the East Kunlun Orogen.

2. Geological Background

The East Kunlun Orogen is located in the northern part of the Qinghai-Tibet Plateau,
which is a part of the Central Orogenic Belt in China (Figure 1a). It is located in the
southern margin of the Qaidam Basin, north of the Bayanhar–Songpan–Garze Fold System,
connected to the West Qinling Orogen in the east, and separated from the Western Kunlun
Orogen by the Altun Fault. According to the major faults of the North Kunlun Fault,
Middle Kunlun Fault, and South Kunlun as well as the Aynemaqen Fault, the East Kunlun
Orogen is divided into different tectonic units from north to south: the Northern Kunlun
Caledonian back-arc rift valley belt, the central Kunlun basement uplift granite belt and the
Southern Kunlun compound margin belt [7].

The study area is located in the Ela Mountain area east of the Wenquan Fault, which is
the easternmost part of the East Kunlun Orogen (Figure 1b). The NW-trending Wenquan
Fault plays a significant role in controlling the intrusive rocks, volcanic rocks, stratigraphic
deposition and polymetallic deposits in the study area (Figure 2). Precambrian strata are
sporadically exposed in the Ela Mountain area, namely the Jinshuikou group, which is
the metamorphic crystalline basement in the East Kunlun Orogen. It is divided into the
Baishahe Formation and the Xiaomiao Formation from bottom to top, with ages from
the Paleoproterozoic to the Mesoproterozoic. The Triassic strata are widely exposed,
including the Early Triassic Hongshuichuan Formation, the Early–Middle Naocangjiangou
Formation, the Middle Triassic Xilikete Formation and the Late Triassic Elashan Formation.
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The intrusive rocks and volcanic rocks in the area were mostly developed in the Triassic, and
the distribution direction is also NW-oriented. The lithology combination of intrusive rocks
is mainly granodiorite, monzogranite and syenogranite, with a small amount of diorite and
quartz diorite. Volcanic rocks are widely distributed, including basaltic andesite, andesite,
rhyolite, dacite and pyroclastic rocks, mainly in the strata of the Naocangjiangou Formation
and the Elashan Formation.
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Figure 1. (a) Tectonic map of the Central Orogenic Belt in China revised from [20]. À West Kunlun
Orogen; Á East Kunlun Orogen; Â Altun Mountains; Ã Qaidam block; Ä Quanji block; Å Central-
South Qilian Orogen; Æ North Qianlian Orogen; Ç Qinling Orogen; È Wudang-Suinan continental
marginal rift; É Sulu-Dabie block. (b) Schematic geological map of the eastern part of the East Kunlun
Orogen. EKO: East Kunlun Orogen; WQO: West Qingling Orogen; N-KLF: North Kunlun Fault;
C-KLF: Center Kunlun Fault; and S-KLF: South Kunlun Fault. Modified from [17].

Figure 2. Geological map of the Ela Mountain area. Modified from [21].
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Figure 1. (a) Tectonic map of the Central Orogenic Belt in China revised from [20]. À West Kunlun
Orogen; Á East Kunlun Orogen; Â Altun Mountains; Ã Qaidam block; Ä Quanji block; Å Central-
South Qilian Orogen; Æ North Qianlian Orogen; Ç Qinling Orogen; È Wudang-Suinan continental
marginal rift; É Sulu-Dabie block. (b) Schematic geological map of the eastern part of the East Kunlun
Orogen. EKO: East Kunlun Orogen; WQO: West Qingling Orogen; N-KLF: North Kunlun Fault;
C-KLF: Center Kunlun Fault; and S-KLF: South Kunlun Fault. Modified from [17].

Figure 2. Geological map of the Ela Mountain area. Modified from [21].
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3. Materials and Methods
3.1. Sampling and Petrography

Based on field investigations, we collected ZRR dacite (ZRR02), GEY rhyolite (GEY01)
and DHB basaltic andesite (DHB03) for petrography, zircon geochronology, zircon Hf
isotope analysis, and major oxides as well as trace elements analyses of whole rocks. The
sampling positions are shown in Figure 2, and the petrographic characteristics of the
different volcanic rocks are described as follows:

ZRR dacite (ZRR02): The samples were collected in the Zairirigou polymetallic mining
area, with the coordinates of 35◦42′10” N, 99◦27′20” E (Figure 2). The fresh surfaces of
the rocks are grey, with a porphyritic texture and a massive structure (Figure 3a). The
porphyritic minerals’ content accounts for about 40 vol.%, mainly plagioclase. A small
amount of quartz phenocryst can be seen sporadically. The porphyritic crystal particles
of plagioclase are generally between 1 and 3 mm, and are slightly epidotized as well as
sericitized. The matrix content is about 60 vol.%, with a felsic-pilotaxitic texture, which is
composed of microcrystalline quartz and feldspar (Figure 3b,c).

Figure 3. Field photographs and photomicrographs of the volcanic rocks. (a) ZRR dacite (field
photos). (b) ZRR dacite (plane-polarized light). (c) ZRR dacite (cross-polarized light). (d) GEY
rhyolite (field photos). (e) GEY rhyolite (plane-polarized light). (f) GEY rhyolite (cross-polarized
light). (g) DHB basaltic andesite (field photos). (h) DHB basaltic andesite (cross-polarized light).
(i) DHB basaltic andesite (cross-polarized light). Mineral abbreviations: Pl, plagioclase; Qtz, quartz;
Ep, epidote; Kfs, K-feldspar; Amp, amphibole.
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GEY rhyolite (GEY01): The samples were collected in the Ge’eryin polymetallic mining
area with the coordinates of 35◦38′40” N, 99◦27′57” E (Figure 2). The fresh surface of the
rhyolite is grayish white, with a porphyritic texture and a massive structure (Figure 3d).
The porphyritic minerals’ content accounts for about 20 vol.%. The porphyritic minerals
are mainly quartz and K-feldspar. The diameter of porphyritic grains is 0.4–2 mm, and
phenocrysts are eroded. The matrix content accounts for about 80 vol.%, and is mainly
composed of microcrystalline-cryptocrystalline quartz and feldspar particles (Figure 3e,f).

DHB basaltic andesite (DHB03): The samples were collected about 5 km southwest of
Daheba Township, with the coordinates of 35◦51′33” N, 99◦37′07” E (Figure 2). The exposed
area of the basaltic andesite is small (<0.1 km2), with an unconformity contact relationship
over the sandstone of the Middle Triassic Xilikete Formation. The rock is gray-black, with a
porphyritic texture and a massive structure (Figure 3g). The porphyritic minerals’ content
accounts for 30 vol.%, with crystal sizes from 0.2 to 2 mm (Figure 3h). The porphyritic
minerals are mainly plagioclase, amphibole, and pyroxene. The matrix content accounts for
about 70 vol.%, mainly composed of microcrystal plagioclase, brown volcanic glass, and
microcrystal mafic minerals. Microphotographs show that quartz xenocrystals occasionally
exist in basalt andesite. The quartz xenocrystal is corroded in an oval shape, surrounded
by microcrystalline hornblende around the quartz xenocrystal, forming the xenocrystal
reverse corona texture (Figure 3i).

3.2. Analytical Methods
3.2.1. Zircon U-Pb Dating

The fresh volcanic rock samples for zircon analyses were collected from natural out-
crops. After mechanical crushing, gravity separation, magnetic separation, and gravity
liquid separation, single-mineral zircon crystals were finally selected under a binocular mi-
croscope. The well-crystallized zircons were selected for target making, and transmittance-
reflectance microscopy photography as well as cathodoluminescence images were com-
pleted by Hebei Hongxin Geological Exploration Technology Service Co., Ltd., Langfang,
China. The content of trace elements in zircon and U-Pb isotopic dating was analyzed by
LA–ICP–MS at Yanduzhongshi Geological Analysis Laboratory Ltd., Beijing, China. The
laser ablation system was a New Wave UP213; the ICP–MS was a Brook M90. In this test,
the diameter of the ablation spot is 30 µm. In the process of laser ablation, He gas was used
as the carrier gas of the ablation material, and argon was used as the compensation gas to
adjust the sensitivity. They were mixed by a homogenizer before entering ICP. Each sample
point resolution included about 20–30 s of a blank signal and 50 s of a sample signal. Zircon
standard 91,500 and Plesovice were used as external standards for isotope fractionation
correction in U-Pb isotope dating. Both standard sample 91,500 and Plesovice coincide
with the values recommended [22]. The trace element content of zircon was quantitatively
calculated using SRM610 as the external standard and Si as the internal standard.

Andersen’s [23] method was used to correct the isotope ratio, and the error between
the isotope ratio and the age measured at a single point was 1σ. The isotope ratios of
samples were calculated using ZSkits data processing software (ZSkits 1.1.0, Yanduzhong-
shi Geological Analysis Laboratory Ltd., Beijing, China), and the plotting of a U-Pb age
concordia diagram in addition to the calculation of weighted average age were performed
using Isoplot software [24]. The zircon U-Pb data of the volcanic rocks in this study are
listed in Table 1.
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Table 1. Zircon U-Pb isotopic dating data for volcanic rocks in the Ela Mountain area of the East Kunlun Orogen.

Spot
Concentrations (ppm) Isotopic Ratios Isotopic Age (Ma)

Th U Th/U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 208Pb/232Th 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 208Pb/232Th 1σ

Sample ZRR02 (ZRR dacite)

ZRR02-01 46.24 72.54 0.64 0.051763 0.001672 0.267452 0.008922 0.037748 0.000404 0.012538 0.000381 275.0 74.0 240.7 7.1 238.9 2.5 251.8 7.6
ZRR02-02 45.24 67.53 0.67 0.052381 0.002417 0.270028 0.012207 0.038013 0.000520 0.012145 0.000463 302.1 105.2 242.7 9.8 240.5 3.2 244.0 9.2
ZRR02-03 50.05 82.84 0.60 0.050397 0.001404 0.263664 0.007590 0.038115 0.000454 0.013374 0.000329 213.3 64.5 237.6 6.1 241.1 2.8 268.5 6.6
ZRR02-04 68.38 84.92 0.81 0.052788 0.001465 0.277319 0.007711 0.038422 0.000494 0.013433 0.000378 319.7 63.1 248.5 6.1 243.0 3.1 269.7 7.5
ZRR02-05 53.26 77.36 0.69 0.055484 0.003247 0.278797 0.014880 0.037186 0.000687 0.013454 0.000604 431.8 130.4 249.7 11.8 235.4 4.3 270.1 12.0
ZRR02-06 64.97 100.51 0.65 0.051490 0.001642 0.265363 0.008802 0.037465 0.000458 0.013437 0.000440 262.8 73.2 239.0 7.1 237.1 2.8 269.8 8.8
ZRR02-07 47.46 75.71 0.63 0.054554 0.002251 0.281460 0.011687 0.037699 0.000534 0.013064 0.000548 394.0 92.5 251.8 9.3 238.6 3.3 262.3 10.9
ZRR02-08 184.14 207.35 0.89 0.052059 0.002677 0.272321 0.012966 0.038176 0.000786 0.012495 0.000452 288.0 117.5 244.5 10.3 241.5 4.9 251.0 9.0
ZRR02-09 65.05 80.36 0.81 0.054454 0.002700 0.288899 0.016562 0.038081 0.000847 0.015241 0.000597 389.9 111.3 257.7 13.0 240.9 5.3 305.7 11.9
ZRR02-10 64.34 93.78 0.69 0.052781 0.001529 0.272995 0.008243 0.037761 0.000442 0.013028 0.000391 319.4 65.8 245.1 6.6 238.9 2.7 261.6 7.8
ZRR02-11 187.32 153.96 1.22 0.044482 0.001754 0.234361 0.009129 0.038558 0.000511 0.012543 0.000361 0.0 0.0 213.8 7.5 243.9 3.2 252.0 7.2
ZRR02-12 60.13 72.08 0.83 0.055070 0.001833 0.284839 0.009653 0.037886 0.000571 0.013034 0.000618 415.1 74.4 254.5 7.6 239.7 3.5 261.7 12.3
ZRR02-13 40.08 64.81 0.62 0.052840 0.001665 0.272658 0.008283 0.037854 0.000418 0.012773 0.000411 321.9 71.6 244.8 6.6 239.5 2.6 256.5 8.2
ZRR02-14 76.75 90.19 0.85 0.053559 0.002218 0.274817 0.010908 0.037558 0.000533 0.013018 0.000487 352.5 93.5 246.5 8.7 237.7 3.3 261.4 9.7
ZRR02-15 33.32 58.88 0.57 0.050675 0.002244 0.269418 0.011357 0.039270 0.000753 0.013735 0.000541 226.1 102.3 242.2 9.1 248.3 4.7 275.7 10.8
ZRR02-16 162.34 136.72 1.19 0.051371 0.001214 0.264833 0.006500 0.037598 0.000422 0.013202 0.000329 257.5 54.3 238.6 5.2 237.9 2.6 265.1 6.6
ZRR02-17 50.21 70.77 0.71 0.054777 0.002169 0.280583 0.011643 0.037276 0.000675 0.012586 0.000602 403.1 88.7 251.1 9.2 235.9 4.2 252.8 12.0
ZRR02-18 44.67 67.52 0.66 0.050596 0.001501 0.266319 0.008546 0.038234 0.000455 0.012519 0.000376 222.5 68.6 239.7 6.9 241.9 2.8 251.5 7.5
ZRR02-19 83.33 84.57 0.99 0.049913 0.001562 0.260363 0.008575 0.037929 0.000458 0.012749 0.000312 191.0 72.8 235.0 6.9 240.0 2.8 256.1 6.2
ZRR02-20 62.03 105.69 0.59 0.053451 0.001564 0.275905 0.008687 0.037545 0.000453 0.012625 0.000401 348.0 66.2 247.4 6.9 237.6 2.8 253.6 8.0

Sample GEY01 (GEY rhyolite)

GEY01-01 106.70 168.11 0.63 0.050023 0.002822 0.300641 0.016069 0.043867 0.000660 0.013956 0.000440 194.5 129.6 266.9 12.5 276.8 4.1 280.1 8.8
GEY01-02 391.26 370.16 1.06 0.051021 0.003310 0.336391 0.022389 0.047309 0.000516 0.016003 0.000678 242.7 150.0 294.4 17.0 298.0 3.2 320.9 13.5
GEY01-03 79.81 126.75 0.63 0.051937 0.002589 0.270201 0.013270 0.038164 0.000596 0.013080 0.000433 283.4 114.8 242.9 10.6 241.4 3.7 262.7 8.6
GEY01-04 157.94 192.68 0.82 0.055318 0.003675 0.310498 0.018930 0.041838 0.000557 0.015155 0.000356 433.4 117.6 274.6 14.7 264.2 3.4 304.0 7.1
GEY01-05 78.08 139.26 0.56 0.051797 0.002953 0.278980 0.015278 0.039741 0.000554 0.011764 0.000445 276.0 163.9 249.8 12.1 251.2 3.4 236.4 8.9
GEY01-06 745.68 530.48 1.41 0.050486 0.001509 0.262656 0.007491 0.037736 0.000388 0.011745 0.000199 216.7 68.5 236.8 6.0 238.8 2.4 236.0 4.0
GEY01-07 120.17 183.95 0.65 0.007001 0.004300 0.032393 0.021102 0.035957 0.000510 0.005880 0.000485 error error 32.4 20.8 227.7 3.2 118.5 9.7
GEY01-08 216.50 278.68 0.78 0.060712 0.002699 0.339815 0.017233 0.039956 0.000623 0.014850 0.000565 627.8 95.2 297.0 13.1 252.6 3.9 297.9 11.2
GEY01-09 191.14 265.96 0.72 0.051374 0.002090 0.257764 0.010211 0.036290 0.000431 0.011210 0.000233 257.5 94.4 232.9 8.2 229.8 2.7 225.3 4.7
GEY01-10 193.17 324.75 0.59 0.051174 0.002581 0.270026 0.014528 0.037568 0.000494 0.011915 0.000441 255.6 116.7 242.7 11.6 237.7 3.1 239.4 8.8
GEY01-11 164.45 237.92 0.69 0.054463 0.002092 0.291229 0.011068 0.038719 0.000479 0.011036 0.000303 390.8 87.0 259.5 8.7 244.9 3.0 221.8 6.1
GEY01-12 258.73 352.73 0.73 0.052311 0.001859 0.276318 0.010003 0.038046 0.000500 0.012331 0.000262 298.2 86.1 247.7 8.0 240.7 3.1 247.7 5.2
GEY01-13 133.08 232.26 0.57 0.055041 0.002155 0.294841 0.011508 0.038783 0.000529 0.012277 0.000349 413.0 87.0 262.4 9.0 245.3 3.3 246.6 7.0
GEY01-14 104.56 319.05 0.33 0.056035 0.002240 0.285499 0.010884 0.036896 0.000428 0.011030 0.000384 453.8 88.9 255.0 8.6 233.6 2.7 221.7 7.7
GEY01-15 284.29 337.15 0.84 0.055688 0.002193 0.285406 0.011034 0.037002 0.000435 0.011516 0.000248 438.9 87.0 254.9 8.7 234.2 2.7 231.4 5.0
GEY01-16 372.78 370.69 1.01 0.049425 0.008407 0.289086 0.048393 0.038054 0.000495 0.011543 0.000924 168.6 355.5 257.8 38.1 240.8 3.1 232.0 18.5
GEY01-17 117.99 209.66 0.56 0.052117 0.002161 0.273978 0.011202 0.038067 0.000496 0.011672 0.000315 300.1 94.4 245.9 8.9 240.8 3.1 234.6 6.3
GEY01-18 316.47 309.72 1.02 0.053073 0.003305 0.271126 0.016472 0.037444 0.000455 0.011895 0.000273 331.5 147.2 243.6 13.2 237.0 2.8 239.0 5.4
GEY01-19 264.85 240.87 1.10 0.053044 0.002554 0.275259 0.012937 0.037552 0.000483 0.011534 0.000257 331.5 109.2 246.9 10.3 237.6 3.0 231.8 5.1
GEY01-20 277.16 312.00 0.89 0.049291 0.001844 0.259197 0.009686 0.037892 0.000475 0.011625 0.000293 161.2 91.7 234.0 7.8 239.8 3.0 233.6 5.8
GEY01-21 352.64 348.40 1.01 0.054947 0.001863 0.307946 0.010896 0.040421 0.000596 0.011852 0.000294 409.3 75.9 272.6 8.5 255.4 3.7 238.1 5.9
GEY01-22 162.21 232.53 0.70 0.051583 0.002190 0.267705 0.011323 0.037521 0.000469 0.011607 0.000318 333.4 98.1 240.9 9.1 237.4 2.9 233.3 6.4
GEY01-23 42.24 104.74 0.40 0.000000 0.000000 0.228228 0.148493 0.037587 0.001364 0.013152 0.006260 error error 208.7 122.8 237.9 8.5 264.1 124.9
GEY01-24 177.45 205.44 0.86 0.049691 0.002485 0.254337 0.012044 0.037524 0.000524 0.012021 0.000320 189.0 119.4 230.1 9.8 237.5 3.3 241.5 6.4
GEY01-25 157.06 261.01 0.60 0.050852 0.001997 0.260635 0.010018 0.037186 0.000399 0.011177 0.000252 235.3 90.7 235.2 8.1 235.4 2.5 224.7 5.0
GEY01-26 508.85 526.58 0.97 0.023495 0.002337 0.096351 0.009153 0.027763 0.000581 0.007692 0.000295 error error 93.4 8.5 176.5 3.6 154.9 5.9
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Table 1. Cont.

Spot
Concentrations (ppm) Isotopic Ratios Isotopic Age (Ma)

Th U Th/U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 208Pb/232Th 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 208Pb/232Th 1σ

Sample DHB03 (DHB basaltic andesite)

DHB03-1 222.47 354.79 0.63 0.052415 0.002020 0.266703 0.009844 0.036918 0.000615 0.012163 0.000412 303.6 87.8 240.1 7.9 233.7 3.8 244.4 8.2
DHB03-2 1042.23 1209.03 0.86 0.051993 0.000708 0.264798 0.003877 0.036911 0.000335 0.011603 0.000154 285.1 31.1 238.5 3.1 233.7 2.1 233.2 3.1
DHB03-3 189.49 310.74 0.61 0.056256 0.001419 0.288229 0.006379 0.037361 0.000639 0.012413 0.000379 462.5 55.9 257.2 5.0 236.5 4.0 249.3 7.6
DHB03-4 198.73 305.86 0.65 0.055878 0.001072 0.283644 0.005446 0.036858 0.000353 0.011618 0.000211 447.5 42.6 253.5 4.3 233.3 2.2 233.5 4.2
DHB03-5 345.56 401.85 0.86 0.053467 0.001088 0.273499 0.005996 0.037155 0.000508 0.011725 0.000293 348.7 46.0 245.5 4.8 235.2 3.2 235.6 5.9
DHB03-6 211.85 314.31 0.67 0.053330 0.001165 0.270012 0.005867 0.036737 0.000310 0.011810 0.000224 342.8 49.4 242.7 4.7 232.6 1.9 237.3 4.5
DHB03-7 300.56 351.05 0.86 0.053571 0.001442 0.274206 0.007766 0.037124 0.000386 0.011645 0.000295 353.1 60.8 246.1 6.2 235.0 2.4 234.0 5.9
DHB03-8 286.29 366.07 0.78 0.051954 0.000686 0.265343 0.004771 0.037049 0.000405 0.011872 0.000172 283.4 30.2 239.0 3.8 234.5 2.5 238.6 3.4
DHB03-9 262.20 348.73 0.75 0.055594 0.001464 0.285722 0.007949 0.037245 0.000527 0.011699 0.000365 436.2 58.7 255.2 6.3 235.7 3.3 235.1 7.3
DHB03-10 146.12 214.65 0.68 0.052136 0.001424 0.266417 0.007980 0.037025 0.000408 0.011900 0.000307 291.4 62.4 239.8 6.4 234.4 2.5 239.1 6.1
DHB03-11 201.11 314.92 0.64 0.057688 0.001598 0.260297 0.007673 0.032710 0.000424 0.011107 0.000209 517.9 60.8 234.9 6.2 207.5 2.6 223.3 4.2
DHB03-12 203.37 321.69 0.63 0.052923 0.000852 0.270606 0.004420 0.037199 0.000399 0.011646 0.000211 325.5 36.5 243.2 3.5 235.4 2.5 234.0 4.2
DHB03-13 97.87 235.71 0.42 0.051937 0.002473 0.261140 0.011473 0.036906 0.000961 0.011901 0.000588 282.6 108.9 235.6 9.2 233.6 6.0 239.1 11.7
DHB03-14 253.77 331.74 0.76 0.052148 0.000719 0.263746 0.004329 0.036853 0.000424 0.011774 0.000142 291.9 31.5 237.7 3.5 233.3 2.6 236.6 2.8
DHB03-15 196.17 286.41 0.68 0.051853 0.001058 0.263490 0.005298 0.036980 0.000407 0.011980 0.000278 278.9 46.7 237.5 4.3 234.1 2.5 240.7 5.5
DHB03-16 107.90 210.24 0.51 0.052242 0.001483 0.270708 0.007438 0.037567 0.000476 0.012888 0.000458 296.0 64.8 243.3 5.9 237.7 3.0 258.8 9.1
DHB03-17 206.45 300.41 0.69 0.053378 0.000863 0.271125 0.004900 0.036928 0.000392 0.011909 0.000209 344.9 36.6 243.6 3.9 233.8 2.4 239.3 4.2
DHB03-18 155.64 233.47 0.67 0.053254 0.000906 0.271863 0.005704 0.036957 0.000392 0.011638 0.000202 339.6 38.5 244.2 4.6 233.9 2.4 233.9 4.0
DHB03-19 155.42 256.22 0.61 0.054118 0.001084 0.275849 0.005211 0.037086 0.000390 0.012269 0.000224 376.0 45.1 247.4 4.1 234.7 2.4 246.5 4.5
DHB03-20 266.49 318.78 0.84 0.052705 0.001100 0.269240 0.006726 0.037012 0.000570 0.012290 0.000211 316.1 47.5 242.1 5.4 234.3 3.5 246.9 4.2
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3.2.2. Whole-Rock Major and Trace Element Analyses

The whole-rock major and trace element analyses for the volcanic rocks were carried
out at Yanduzhongshi Geological Analysis Laboratory Ltd., Beijing, China. The samples of
the fresh volcanic rocks collected in the field were coarsely crushed to centimeter–millimeter
blocks by a jaw crusher. The artificially selected non-altered samples were washed with
purified water, dried and crushed to a 200 mesh powder by a ball mill for testing. The main
elements were analyzed by wavelength dispersion X-ray fluorescence spectrometry. Firstly,
the powder sample was weighed and mixed with Li2B4O7 (1:8) flux, and then heated to
1150 ◦C by a melting prototype to make it melt into a uniform glass plate in a platinum
crucible. The standard material covering the element content range of the sample was
selected to prepare the melting plate according to the above method. The fluorescence
intensity of the element analysis line of the standard material was measured, and the
regression analysis was carried out by a mathematical correction model. The fluorescence
intensity of unknown samples was measured, and the element content was calculated
by substituting the regression equation. Standard curves were obtained by using rock
composition analyses of GSR series rock standard materials (GSR-2 and GSR-11). The
error of the test results was less than 1%. The trace elements were analyzed by inductively
coupled plasma mass spectrometry (ICP–MS, M90, analytic jena, Beijing, China). For the
trace element test, 0.1000 g of the 200 mesh powder sample was accurately weighed and
placed in a polytetrafluoro crucible, with 1 mL of HF and 3 mL of HNO3 added. The
crucible was placed on an electric heating plate at 190 ◦C for 72 h, heated and evaporated to
dryness. The 20% HNO3 extract was added and diluted to 25 mL in a plastic colorimetric
tube. The solution was diluted with secondary water and diluted to 25 mL and shaken well,
and the solution was directly used for ICP–MS determination. According to the monitoring
standard samples, GSR-2 and GSR-11, the error of all of the test data was less than 5%, and
the analysis error of some extremely low-content elements and volatile elements was less
than 10%. The whole-rock major and trace element data of the volcanic rocks in this study
are listed in Table 2.

Table 2. Whole-rock major (wt%) and trace element (ppm) data for volcanic rocks in the Ela Mountain
area of the East Kunlun Orogen.

Rock Type ZRR Dacite (ZRR02) GEY Rhyolite (GEY01) DHB Basaltic Andesite (DHB03)

Sample ZRR02-1 ZRR02-2 ZRR02-3 GEY01-1 GEY01-2 GEY01-3 DHB03-1 DHB03-2 DHB03-3

SiO2 69.62 69.78 68.96 75.55 75.46 75.48 55.10 54.79 55.15
TiO2 0.45 0.46 0.48 0.19 0.19 0.18 0.97 0.94 0.95

Al2O3 14.89 14.65 14.69 12.37 12.54 12.29 17.22 17.23 17.33
Fe2O3

T 3.04 3.21 3.42 1.58 1.31 1.79 8.21 8.51 8.00
FeO 2.17 2.31 2.27 1.31 1.12 1.43 5.96 6.15 5.60
MnO 0.12 0.13 0.14 0.10 0.09 0.09 0.17 0.17 0.15
MgO 1.01 0.98 0.96 0.20 0.13 0.15 4.22 4.30 4.12
CaO 1.57 1.67 2.17 0.83 0.73 0.78 7.53 7.45 7.41

Na2O 4.45 4.65 4.67 3.92 4.14 3.54 3.15 3.67 3.27
K2O 2.84 2.73 2.59 4.06 3.84 4.25 1.90 1.70 1.77
P2O5 0.11 0.11 0.13 0.03 0.03 0.04 0.19 0.19 0.19
LOI 1.28 1.11 1.16 0.86 0.96 1.00 1.13 1.00 1.02
Total 99.37 99.48 99.35 99.67 99.42 99.60 99.80 99.96 99.34
Mg# 39.56 37.59 35.67 19.82 16.53 14.24 50.43 50.03 50.53

Li 17.80 17.27 15.87 10.41 9.62 13.50 22.49 22.95 23.54
Be 1.64 1.65 1.62 1.46 1.47 1.44 1.38 1.38 1.49
Sc 8.45 8.26 8.93 5.39 5.49 5.50 24.93 24.45 25.63
Cr 33.61 7.54 24.08 19.40 33.84 24.29 50.10 41.59 29.88
Co 3.42 4.94 4.96 2.06 1.83 2.19 21.44 22.06 22.31
V 40.30 40.43 41.00 7.37 6.77 7.82 202.36 201.58 197.27
Tl 0.81 0.69 0.65 0.52 0.49 0.51 0.64 0.62 0.64
Cu 8.34 7.53 8.67 8.71 8.17 9.08 9.96 9.20 13.22
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Table 2. Cont.

Rock Type ZRR Dacite (ZRR02) GEY Rhyolite (GEY01) DHB Basaltic Andesite (DHB03)

Sample ZRR02-1 ZRR02-2 ZRR02-3 GEY01-1 GEY01-2 GEY01-3 DHB03-1 DHB03-2 DHB03-3

Cs 6.55 4.76 6.06 2.47 2.51 2.65 12.02 11.40 10.83
Zn 53.01 57.41 72.13 32.74 25.33 38.99 115.43 125.89 123.64
Ni 6.73 11.77 7.40 9.32 7.82 5.55 11.16 9.76 10.28
Ga 17.19 17.16 17.77 15.73 15.59 15.46 20.93 21.53 22.24
Rb 100.31 93.41 93.66 103.93 101.11 108.96 92.37 89.03 90.99
Sr 222.28 249.84 259.78 60.10 60.84 55.29 503.85 477.66 544.36
Y 21.49 21.84 22.94 24.60 27.04 25.43 23.39 23.12 24.93

Nb 9.89 9.68 9.66 12.61 13.85 13.67 8.79 8.83 9.45
Ta 0.62 0.61 0.63 0.99 1.02 1.01 0.52 0.51 0.54
Ba 827.33 846.17 758.69 664.91 618.94 685.52 646.70 488.47 624.16
Zr 213.93 229.12 209.68 164.11 174.01 164.41 166.43 166.16 176.46
Hf 5.07 5.35 4.94 4.43 5.12 4.77 4.06 4.06 4.18
Pb 15.75 15.13 13.89 11.97 10.74 13.35 19.89 19.35 20.60
Th 9.53 9.33 9.52 14.05 15.49 15.10 8.23 8.21 8.50
U 2.11 2.10 2.45 1.49 1.42 1.75 1.39 1.32 1.38
La 26.60 28.80 26.56 40.95 51.24 41.94 22.09 21.58 25.76
Ce 56.52 58.79 56.90 77.67 102.13 78.97 54.69 52.12 61.76
Pr 5.69 5.86 5.67 7.56 9.99 7.80 6.45 6.24 6.87
Nd 23.41 24.45 23.80 27.20 36.31 29.21 26.90 26.43 29.59
Sm 4.34 4.30 4.37 4.82 6.10 5.20 5.51 5.39 5.80
Eu 1.24 1.19 1.14 0.67 0.72 0.68 1.29 1.24 1.33
Gd 4.15 4.17 4.11 5.05 6.26 5.40 4.87 4.62 5.25
Tb 0.64 0.63 0.64 0.68 0.90 0.73 0.79 0.76 0.83
Dy 3.60 3.61 3.74 3.64 4.64 4.09 4.41 4.33 4.74
Ho 0.72 0.72 0.75 0.73 0.81 0.76 0.88 0.88 0.91
Er 2.20 2.23 2.25 2.21 2.45 2.29 2.48 2.43 2.58
Tm 0.37 0.37 0.37 0.35 0.37 0.36 0.38 0.37 0.40
Yb 2.41 2.42 2.46 2.28 2.38 2.34 2.31 2.27 2.46
Lu 0.38 0.40 0.38 0.38 0.40 0.39 0.37 0.37 0.39

(La/Yb)N 7.93 8.54 7.74 12.88 15.45 12.87 6.85 6.82 7.51
ΣREE 132.27 137.94 133.15 174.20 224.70 180.16 133.41 129.02 148.67

Eu/Eu* 0.88 0.85 0.81 0.41 0.35 0.39 0.74 0.74 0.72
DI 83.00 82.96 81.06 92.51 93.35 92.12 44.28 45.08 45.25

TZr 812.38 813.05 792.82 791.53 799.91 795.68 773.42 663.13 675.11

LOI = loss on ignition; Mg# = molecular MgO/(MgO + Fe2O3
T); (La/Yb)N is the chondrite-normalized value [25];

Fe2O3
T is the total iron; Eu/Eu* = EuN/[(SmN) × (GdN)]; DI = [Qz + Or + Ab + Ne] by normative percent [26];

TZr = 12,900/(2.95 + 0.85 M + lnDZr, zircon/melt) [27], where DZr, zircon/melt is the ratio of Zr concentrations
(~496,000 ppm) in zircon to that in the saturated melt; and M = cation ratio (Na + K + 2 × Ca)/(Al × Si) [28].

3.2.3. Zircon In Situ Lu-Hf Isotopic Analyses

The in situ Hf isotope ratio analysis of zircon was completed by Wuhan Sample Solution
Analytical Technology Co., Ltd., Hubei, China. The test method was an LA–MC–ICP–MS
analysis. The laser ablation system was a Geolas HD (Coherent, Germany), and the MC–
ICP–MS system was a Neptune Plus (Thermo Fisher Scientific, Bremen, Germany). A “wire”
signal smoothing device was included in this laser ablation system, by which smooth signals
were produced even at very low laser repetition rates down to 1 Hz [29]. Helium was used
as a carrier gas in the laser ablation process, and a small amount of nitrogen was introduced
to improve the sensitivity of the Hf element [30]. The analysis uses a Neptune Plus high-
performance cone combination. The actual laser output energy density is 7.0 J/cm2, and
the single-point erosion mode is adopted. The erosion diameter of the experimental test
point is 44 µm. Detailed instrument operating conditions and analytical methods can be
found in [30]. 179Hf/177Hf = 0.7325 and 173Yb/171Yb = 1.132685 [31] were used to calculate
the mass fractionation coefficients of βHf and βYb. We used 176Yb/173Yb = 0.79639 [31] to
deduct the same amount of ectopic interference of 176Yb to 176Hf. 176Lu/175Lu = 0.02656 [32]
was used to deduct the same amount of ectopic interference of 176Lu with a relatively small
interference degree on 176Hf. The standard sample Plešovice was used for external calibration
to further optimize the analysis test results. The standard samples 91,500 and GJ-1 were used
as the second standard samples to monitor the data correction quality. The analysis data
were processed by ICPMSDataCal software [33]. The internationally used high-Yb/Hf-ratio
standard sample Temora 2 was used to monitor the test data of the high-Yb/Hf-ratio zircon.
The Hf isotopic compositions of Plešovice, 91,500, and GJ-1 have been reported by [34]. The
zircon Hf isotopic data for the volcanic rocks in this study are listed in Table 3.
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Table 3. Zircon Lu-Hf isotopic data of the volcanic rocks for volcanic rocks in the Ela Mountain area of the East Kunlun Orogen.

Spot t (Ma) 176Yb/177Hf 2σ 176Lu/177Hf 2σ 176Hf/177Hf 2σ εHf (0) εHf (t) 2s TDM1(Hf) TDM2(Hf) f Lu/Hf

Sample ZRR02 (ZRR dacite)

ZRR02-01 239 0.061305 0.000482 0.001836 0.000029 0.282505 0.000026 −9.4 −4.5 0.9 1081 1552 −0.94
ZRR02-03 239 0.032514 0.000372 0.000998 0.000006 0.282532 0.000024 −8.5 −3.4 0.9 1018 1483 −0.97
ZRR02-04 239 0.032350 0.000580 0.001012 0.000014 0.282530 0.000023 −8.6 −3.5 0.8 1022 1488 −0.97
ZRR02-10 239 0.064314 0.003553 0.001852 0.000110 0.282451 0.000027 −11.4 −6.4 0.9 1158 1673 −0.94
ZRR02-12 239 0.065863 0.000314 0.001922 0.000017 0.282497 0.000026 −9.7 −4.8 0.9 1095 1571 −0.94
ZRR02-13 239 0.082448 0.004055 0.002459 0.000135 0.282461 0.000027 −11.0 −6.1 0.9 1163 1657 −0.93
ZRR02-14 239 0.030388 0.000369 0.000947 0.000006 0.282549 0.000025 −7.9 −2.8 0.9 994 1445 −0.97
ZRR02-16 239 0.058647 0.000247 0.001840 0.000014 0.282477 0.000026 −10.4 −5.5 0.9 1121 1615 −0.94
ZRR02-17 239 0.035209 0.000452 0.001099 0.000010 0.282537 0.000025 −8.3 −3.2 0.9 1014 1473 −0.97
ZRR02-20 239 0.036414 0.000961 0.001138 0.000025 0.282523 0.000023 −8.8 −3.7 0.8 1035 1504 −0.97

Sample GEY01 (GEY rhyolite)

GEY01-03 238 0.046516 0.000747 0.001531 0.000024 0.282626 0.000026 −5.2 −0.2 0.9 899 1278 −0.95
GEY01-06 238 0.096719 0.002102 0.002957 0.000039 0.282585 0.000027 −6.6 −1.9 1.0 996 1385 −0.91
GEY01-10 238 0.069589 0.002482 0.001869 0.000046 0.282545 0.000026 −8.0 −3.1 0.9 1024 1464 −0.94
GEY01-11 238 0.056170 0.002020 0.001734 0.000053 0.282588 0.000025 −6.5 −1.6 0.9 958 1365 −0.95
GEY01-12 238 0.082525 0.001596 0.002588 0.000051 0.282563 0.000024 −7.4 −2.6 0.8 1018 1430 −0.92
GEY01-17 238 0.049022 0.000673 0.001495 0.000018 0.282596 0.000027 −6.2 −1.2 0.9 941 1345 −0.95
GEY01-18 238 0.140906 0.008520 0.003856 0.000179 0.282518 0.000029 −9.0 −4.4 1.0 1124 1544 −0.88
GEY01-19 238 0.074541 0.000785 0.002337 0.000030 0.282545 0.000028 −8.0 −3.2 1.0 1037 1467 −0.93
GEY01-22 238 0.076030 0.001882 0.002321 0.000044 0.282568 0.000027 −7.2 −2.4 1.0 1003 1417 −0.93
GEY01-24 238 0.053773 0.004187 0.001692 0.000115 0.282606 0.000027 −5.9 −0.9 1.0 931 1323 −0.95

Sample DHB03 (DHB basaltic andesite)

DHB03-01 234 0.027401 0.000343 0.001054 0.000012 0.282649 0.000019 −4.4 0.6 0.7 855 1224 −0.97
DHB03-02 234 0.043435 0.000840 0.001723 0.000028 0.282653 0.000019 −4.2 0.7 0.7 865 1222 −0.95
DHB03-05 234 0.035694 0.000111 0.001431 0.000006 0.282592 0.000015 −6.4 −1.4 0.5 945 1355 −0.96
DHB03-06 234 0.019981 0.000445 0.000781 0.000016 0.282627 0.000017 −5.1 −0.1 0.6 879 1270 −0.98
DHB03-07 234 0.030128 0.000354 0.001164 0.000010 0.282597 0.000017 −6.2 −1.2 0.6 931 1342 −0.96
DHB03-08 234 0.047382 0.000444 0.001765 0.000011 0.282662 0.000014 −3.9 1.0 0.5 853 1201 −0.95
DHB03-09 234 0.029952 0.000898 0.001179 0.000037 0.282606 0.000017 −5.9 −0.9 0.6 918 1321 −0.96
DHB03-10 234 0.024395 0.000731 0.000995 0.000029 0.282596 0.000019 −6.2 −1.2 0.7 928 1342 −0.97
DHB03-12 234 0.027978 0.000581 0.001069 0.000021 0.282561 0.000016 −7.5 −2.5 0.6 979 1421 −0.97
DHB03-16 234 0.027711 0.000673 0.001054 0.000024 0.282642 0.000018 −4.6 0.4 0.6 864 1239 −0.97
DHB03-17 234 0.034361 0.000763 0.001306 0.000025 0.282599 0.000016 −6.1 −1.2 0.6 931 1338 −0.96
DHB03-18 234 0.019379 0.000173 0.000801 0.000004 0.282610 0.000018 −5.7 −0.7 0.6 903 1308 −0.98
DHB03-20 234 0.033419 0.000118 0.001258 0.000004 0.282618 0.000018 −5.4 −0.5 0.6 904 1295 −0.96

For the initial 176Hf/177Hf ratios, εHf (t) was calculated with reference to the chondritic reservoir (CHUR) of [35] at the time of zircon growth from the magma. The single-stage Hf model
ages (TDM1) were calculated relative to the depleted mantle with present-day 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 [36]. The two-stage Hf model ages (TDM2) were calculated
assuming a mean 176Lu/177Hf value of 0.015 for the average continental crust [36].
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4. Results
4.1. Ages of Zircon U-Pb Dating

In this contribution, the samples of ZRR dacite (ZRR01), GEY rhyolite (GEY01) and
DHB basaltic andesite (DHB03) were selected for LA–ICP–MS zircon U-Pb dating. The
representative cathodoluminescence images are shown in Figure 4. The zircons of all of the
samples are euhedral crystals to subhedral crystals, with clear oscillatory zoning and high
Th/U ratios (0.33–1.41), which are typical magmatic zircons [37].

Figure 4. Representative cathodoluminescence images of zircons from the volcanic rocks in the Ela
Mountain area. (a) ZRR dacite (ZRR02); (b) GEY rhyolite (GEY01); and (c) DHB basaltic andesite
(DHB03).

The zircons of the ZRR dacite samples (ZRR02) were short and columnar, with crystal
sizes of 60–100 µm (Figure 4a). Twenty analysis points of the zircon have contents of Th and
U of 33.32–187.32 ppm and 58.88–207.35 ppm, respectively, with Th/U values of 0.57–1.22.
Except for one older age analysis point and one discordant analysis point, the weighted
average age of the eighteen points was 239.3 ± 1.4 Ma (MSWD = 0.37), representing the
crystallization age of the dacite (Figure 5a,b).

The zircons of the GEY rhyolite samples (GEY01) were long and columnar, with crystal
sizes of 80–120 µm (Figure 4b). Twenty-six analysis points of the zircon have contents of
Th and U of 42.24–745.68 ppm and 104.74–530.48 ppm, respectively, with Th/U values of
0.33–1.41. Except for six spots that were discordant and four spots that displayed an older
age, the weighted average age of the sixteen points was 239.3 ± 1.4 Ma (MSWD = 0.37),
representing the crystallization age of the rhyolite (Figure 5c,d).

The zircons of the DHB basaltic andesite samples (DHB03) were short and columnar,
with crystal sizes of 50–80 µm (Figure 4c). Twenty analysis points of the zircon have
contents of Th and U of 97.87–1042.23 ppm and 210.24–1209.03 ppm, respectively, with
Th/U values of 0.42–0.86. Except for one discordant analysis point, the weighted average
age of the nineteen points was 234.3± 1.2 Ma (MSWD = 0.2), representing the crystallization
age of the basaltic andesite (Figure 5e,f).
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Figure 5. The zircon U-Pb concordia diagrams and weighted-mean ages. (a,b) ZRR dacite (ZRR02).
(c,d) GEY rhyolite (GEY01). (e,f) DHB basaltic andesite (DHB03).

4.2. Major and Trace Element of Whole-Rock Geochemistry

In this study, the whole-rock geochemical analysis was carried out on the dated
samples of ZRR dacite (ZRR02), GEY rhyolite (GEY01) and DHB basaltic andesite (DHB03).
A total of nine samples (Table 2), including three samples of ZRR dacite (ZRR02-1~ZRR02-
3), three samples of GEY rhyolite (GEY01-1~GEY01-3) and three samples of DHB basaltic
andesite (DHB03-1~DHB03-3), were analyzed.

The samples of ZRR dacite (ZRR02-1~ZRR02-3) have contents of SiO2 of 68.96–69.78 wt.%,
of Na2O of 4.45–4.67 wt.%, and of K2O of 2.59–2.84 wt.%, displaying calc-alkaline character-
istics (Figure 6a,c,d). The rocks have a content of Al2O3 of 14.65–14.89 wt.%, with A/CNK
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ratios (molar Al2O3/(CaO + Na2O + K2O)) of 1.02–1.12, belonging to peraluminous series
(Figure 6b). They have a MgO content of 0.96–1.01 wt.%, with a Mg# content of 35.67–39.56.
In terms of the composition of rare-earth elements (REEs), the samples of dacite have a weak
negative Eu anomaly (Eu/Eu* = 0.81–0.88), characterized by the enrichment of light rare-earth
elements (LREEs) and the depletion of heavy rare-earth elements (HREEs, Figure 7a). The
total content of REEs is 132.27–137.94 ppm. The LREEs and HREEs have moderate differentia-
tion, (La/Yb)N = 7.74–8.54. In the spider diagram of trace elements, the samples show the
significant enrichment of Rb, K, and Pb, the slight depletion of Ba and Sr, and the intensive
depletion of Nb, Ta, P, and Ti (Figure 7b).

Figure 6. (a) Total alkali vs. SiO2 (TAS) diagram [38]; (b) A/NK vs. A/CNK diagram (A/NK =
Al2O3/(Na2O + K2O) molar, A/CNK = Al2O3/(CaO + Na2O + K2O) molar) [39]; (c) K2O vs. SiO2

diagram [40]; and (d) AFM diagram [41].

The samples of GEY rhyolite (GEY01-1~GEY01-3) have high contents of SiO2
(75.46–75.55 wt.%), K2O (3.84–4.25 wt.%) and Na2O (3.54–4.14 wt.%), and all of the sam-
ples are plotted into a high-K calc-alkaline series region in a K2O–SiO2 diagram (Figure 6c).
They have low contents of CaO of 0.73–0.83 wt.%, of Fe2O3

T of 1.31–1.79 wt.%, of P2O5 of
0.03–0.04 wt.%, of TiO2 of 0.18–0.19 wt.%, and of MgO of 0.13–0.20 wt.%, with a Mg# value of
14.24–19.82. The rocks have a content of Al2O3 of 12.29–12.54 wt.%, and display slightly peralu-
minous characteristics (Figure 6b), with A/CNK ratios of 1.00–1.04. In the chondrite-normalized
REE diagram, samples of GEY rhyolite exhibit significant negative Eu anomalies (Eu/Eu* =
0.35–0.41), the marked enrichment of LREEs, and the depletion of HREEs (Figure 7c). The
total content of REEs is 174.20–224.70 ppm. The LREEs and HREEs have high differentiation,
(La/Yb)N = 12.87–15.45. In the spider diagram of the trace elements, the samples are obvi-
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ously depleted in Sr, Ba, Nb, Ta, P, and Ti, and relatively enriched in Rb, Th, K, Pb, Zr and Hf
(Figure 7d).

Figure 7. The chondrite-normalized REE patterns and primitive mantle-normalized spider diagrams
of trace elements. (a,b) ZRR dacite; (c,d) GEY rhyolite; and (e,f) DHB basaltic andesite. The bulk
continental crust values were from [42]. The chondrite values and primitive mantle values were
from [43]. Previous data are from [3,14,16,18,44,45], and they represent igneous rock samples in the
East Kunlun Orogen of the same period as the volcanic rocks studied in this paper.
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The samples of DHB basaltic andesite (DHB03-1~DHB03-3) have low SiO2
(54.79–55.15 wt.%) contents, with a Na2O content of 3.15–3.67 wt.% and a K2O content
of 1.70–1.90 wt.%, plotted into calc-alkaline to high-K calc-alkaline series in a SiO2–K2O dia-
gram (Figure 6c). The samples have a TiO2 content of 0.94–0.97 wt.%, an Fe2O3

T content of
8.00–8.51 wt.%, and a CaO content of 7.41–7.53 wt.%. They exhibit a moderate MgO content of
4.12–4.30 wt.%, with a Mg# value of 50.03–50.53. The rocks are metaluminous, with A/CNK
values of 0.80–0.83 (Figure 6b). In terms of the composition of REEs, the basaltic andesites
exhibit slightly negative Eu anomalies (Eu/Eu* = 0.72–0.74), the marked enrichment of LREEs
and the depletion of HREEs (Figure 7e). The total content of REEs is 129.02–148.67 ppm. The
LREEs and HREEs have slightly differentiation, (La/Yb)N = 6.82–7.51. In the spider diagram
of trace elements, the samples are obviously depleted in Nb, Ta, P, and Ti, and relatively
enriched in Rb, K, and Pb (Figure 7f).

4.3. Zircon Hf Isotopic Compositions

Zircon in situ Lu-Hf isotope analytical data for the samples of ZRR dacite (ZRR02),
GEY rhyolite (GEY01), and DHB basaltic andesite (DHB03) are listed in Table 3. The
176Hf/177Hf ratio of dacite zircon is 0.282451–0.282549, the εHf(t) value is from −6.4 to −2.8
(Figure 8), and the two-stage model age (TDM2) is 1673–1445 Ma. The zircons of rhyolite
show 176Hf/177Hf ratios of 0.282518–0.282626, with εHf(t) values of −4.4 to −0.2 (Figure 8)
and TDM2 of 1544 to 1278 Ma. The zircons of basaltic andesite have 176Hf/177Hf ratios of
0.282561–0.282662, with εHf(t) values of −2.5 to 1.0 (Figure 8) and TDM2 of 1421 to 1201 Ma.

Figure 8. Zircon εHf(t) vs. age diagram. Base map is from [46]. Published zircon Lu-Hf isotope data
and data sources of Triassic volcanic and intrusive rocks in the East Kunlun Orogen are presented in
Supplementary Table S1.

5. Discussion
5.1. Ages and Lu-Hf Isotopic Signatures

The age data of the 239.3–234.3 Ma volcanic rocks in this contribution and previous
data show that the East Kunlun Orogen experienced multistage magmatic thermal events
in the Triassic. From early to late, three magmatic peaks of volcanic and intrusive rocks
were recorded in the Triassic (Figure 9), including P1 (252–244 Ma), P2 (244–232 Ma) and
P3 (228–218 Ma). A large number of studies have shown that the igneous rocks of the P1
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stage are mainly magmatic rocks with arc characteristics produced under the subduction of
the Paleo-Tethys Ocean [5,14]. The igneous rocks of the P3 stage represent the products
of post-collisional magmatism [11,47]. The intrusive and volcanic rocks of the P2 stage
are widespread in the East Kunlun Orogen, but there is a great controversy about their
formation environment, including post-collision [12,13], syn-collision [14–16], and subduc-
tion [17–19]. The volcanic rocks studied in this paper are in the range of the P2 stage; in the
rock association of this stage, the intrusive rocks are mainly granodiorite [14,17,44], monzo-
granite, syenogranite [45,47], and a small amount of mafic–intermediate rocks [14,44,45].
The granodiorites mostly contain mafic microgranular enclaves [12,14,17,44], which have
typical crust–mantle mixing characteristics, suggesting intensive crust–mantle interactions
during this period. Volcanic rocks are mostly rhyolite, dacite, a small amount of andesite
and basaltic andesite, etc. At the same time, intermediate–acid pyroclastic rocks are also
widespread in this period [31,37]. Overall, the igneous rocks have the characteristics of
various types and are complex in their genesis.

Figure 9. Histogram of the zircon U-Pb ages of the Triassic magmatic rocks in the East Kunlun
Orogen from [44]. The yellow line is the line chart of age distribution. The data sources are listed in
Supplementary Table S2.

In terms of Lu-Hf isotopic composition, most of the zircon Hf isotopic results of the
volcanic rocks in this study are distributed near the Mesoproterozoic mafic lower crust,
enriched mantle or their mixtures (Figure 8). Via the analysis of the Hf isotopic composition
of the whole Triassic in the East Kunlun Orogen, we find that the P1-stage igneous rocks
have a relatively concentrated range of data distribution, which was mainly derived from
juvenile mafic lower crust, enriched mantle, or their mixtures. The εHf(t) values of the P2
and P3 stages have a wide range of variations (Figure 8), and the contribution of the ancient
crustal material components is significantly increased. The wide range of data show the
characteristics of complex sources, suggesting the gradual thickening of the continental
crust, resulting in the extensive ancient continental crustal melting.

5.2. Evaluation of Alteration

The volcanic rocks used for dating and whole-rock geochemical analyses in this study
are all fresh samples from natural outcrops. As the micrographs show, GEY rhyolite (GEY01)
and DHB basaltic andesite (DHB03) basically have no secondary altered minerals. Moreover,
the ignition loss of rhyolite (0.86–1.00 wt.%) and basaltic andesite (1.00–1.13 wt.%) is
relatively low (Table 2). Therefore, major and trace elements can be reliably used to discuss
the tectonic environment and petrogenesis of rhyolite and basaltic andesite. However, there
are slight epidotized and sericitized alterations in the microscopic observation of the dacite
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(ZRR02) samples (Figure 3b,c). Before discussing the geochemical characteristics of the
dacite samples, it is necessary to evaluate the effect of alterations. The alteration box plot
shows all of the samples plotted near the least alteration box (Figure 10). This indicates
that the alteration has little effect on the rock chemical compositions of the samples. As
shown in Table 2, the ignition loss of dacite samples is generally low (LOI = 1.11–1.28 wt.%),
inferring that there is no evidence for any significant alteration or element mobility in the
volcanic rocks. Furthermore, the samples of dacite have consistent REE and trace element
patterns, without Ce anomalies (Figure 7a,b), demonstrating immobility for REEs and trace
elements. In summary, all of the volcanic rock samples in this study have no obvious
alterations, and the major as well as trace elements can safely be used to elucidate their
tectonic setting and petrogenesis.

Figure 10. Alteration box plot from [48,49]; the dashed line separates the hydrothermal (upper right)
and diagenetic (lower left) alteration fields. Alteration index = 100 (K2O + MgO)/(K2O + MgO +
Na2O + CaO); chlorite carbonate-pyrite index (CCP index) = 100 (MgO + FeO)/(MgO + FeO + Na2O
+ K2O), where FeO is the total (FeO + Fe2O3) content of the rock.

5.3. Tectonic Setting

All of the samples of volcanic rocks in this study have medium-to-high Nb/Y
(0.38–0.54) and La/Yb (9.51–21.54) ratios, as well as lower Nb + Y (31.38–40.89 ppm)
and Ta + Yb (2.78–3.40 ppm) contents. These geochemical characteristics of volcanic rocks
are similar to those of granitic magma related to slab failure in the eastern Canadian
Cordilleran region [50]. In the La/Yb vs. Nb + Y, Nb/Y vs. Nb + Y, La/Yb vs. Ta + Yb
and Nb/Y vs. Ta + Yb diagrams, the volcanic samples of this study are mostly plotted
to the slab failure area (Figure 11a–d). The same results are also shown in the Nb vs. Y
and Rb vs. Nb + Y diagrams. These tectonic discrimination diagrams suggest that the
volcanic magmatism of this period in the Ela Mountain area of the East Kunlun Orogen
is related to the slab failure in the late stage of the syn-collision between the Songpan–
Ganzi–Bayanhar Terrane and the East Kunlun Terrane. We also collected evidence of other
geological events in the East Kunlun Orogen to constrict the lower limit time for the closure
of the Paleo-Tethys Ocean, including the following: 1© there was an angular unconformity
between the Xilikete Formation of the Middle Triassic and the Naocangjiangou Formation
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of the Early and Middle Triassic in the region, and at ca. 242–237 Ma, the sedimentary
environment of the East Kunlun strata changed from marine facies to fluvial facies [51]. 2©
The metamorphic records (~246 Ma and ~242 Ma) in the Qingshuiquan amphibolite facies
mica schist [52] and the Jinshuikou granitic gneiss [53] proved that there was a middle–
high-pressure metamorphism in the Middle Triassic of the East Kunlun Orogen. 3©The
presence of ~240 Ma Cahantaolegai peraluminous granite [54] and the appearance of S-type
granite rocks (e.g., ~240 Ma Kengdenongshe S-type peraluminous rhyolitic tuff [15,16])
imply the crustal thickening and deep crustal melting caused by continental collision. Our
research results and these geological events show that the Paleo-Tethys Ocean Basin had
closed before the end of the Middle Triassic. Subsequently, the 239.3–234.4 Ma volcanic
eruption and the simultaneous intrusive rocks were formed in the slab failure environment,
representing the beginning of the initial extension of the late stage of syn-collision.

Figure 11. Discrimination diagrams of tectonic environments for separating arc, slab failure and A1
as well as A2 compositions from [50]. (a) La/Yb vs. Nb + Y diagram; (b) Nb/Y vs. Nb + Y diagram;
(c) La/Yb vs. Ta + Yb diagram; (d) Nb/Y vs. Ta + Yb diagram; (e) Nb vs. Y diagram; (f) Rb vs. Y
diagram. The previous data are from [3,14,18,44,45], and they represent igneous rock samples in the
East Kunlun Orogen of the same period as the volcanic rocks studied in this paper.

5.4. Petrogenesis
5.4.1. Petrogenesis of ZRR Dacite

Mineralogically, no alkali-rich mafic minerals (e.g., sodic pyroxene or alkali amphi-
boles) are found in the ZRR dacite. The samples have low FeOT/MgO (2.72–3.21) and
(Na2O + K2O)/CaO (3.35–4.64) ratios, which are lower than those of A-type granite
(Figure 9a,b). All of the samples of dacite have low Zr, Nb, Ce, Y, and Ga contents, with
Zr + Nb + Ce + Y of 299.17–319.43 ppm, less than 350 ppm. The 10,000 Ga/Al ratios
(2.18–2.29) are lower than the minimum values of A-type granites. These characteristics
indicate that dacite is not an A-type granitic rock (Figure 12a–d). There are no aluminum-
rich minerals such as muscovite, garnet or cordierite in dacite, and the content of Na2O
(4.45–4.67 wt.%) of the samples is high, with Na2O/K2O ratios of 1.57–1.80, which have the
characteristic of being Na-rich and are characteristic of I-type granite [55]. The rocks have
low Rb/Sr ratios (0.36–0.45), Rb/Ba ratios (0.11–0.12), and high K/Rb ratios (229.92–242.18),
which are consistent with I-type granite and are different from S-type granite [56]. The
diagrams of Al2O3–SiO2 and P2O5–SiO2 (Figure 12e,f) also show the evolution trend of
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I-type granite [56]. In summary, we infer that ZRR dacite belongs to calc-alkaline I-type
volcanic rock.

Figure 12. (a) FeOT/MgO vs. (Zr + Nb + Ce + Y) diagram; (b) (K2O + Na2O)/CaO vs. (Zr + Nb + Ce
+ Y) diagram; (c) Y vs. 10,000 Ga/Al diagram; (d) Zr vs. 10,000 Ga/Al diagram (a–d are from [56]);
(e) P2O5 vs. SiO2 diagram; and (f) Al2O3 vs. SiO2 diagram. A: A-type granites; I&S: I- and S-type
granites; FG: fractionated granites; and OGT: unfractionated I- and S-type granites. The blue arrow
lines in subfigure e and f represent trend line.

The samples of dacite show the fractional crystallization of plagioclase on an Sr–Ba
diagram (Figure 13a), and the slightly depleted Ba, Sr and Eu (Figure 7a,b) also support
the existence of the fractional crystallization of plagioclase. The Rb/Sr ratio is positively
correlated with Sr (Figure 13b), indicating that there is the separation crystallization of
clinopyroxene in the magmatic evolution process. In the (La/Yb)N–La diagram (Figure 13c),
the separation crystallization of monazite and allanite is obviously shown. The positive Er
and Dy correlations are related to the fractional crystallization of amphibole (Figure 13d).
Although the crystallization and separation of the above minerals occurred in the magmatic
evolution process, the La–La/Sm and La–La/Yb diagrams (Figure 13e,f) showed that the
formation of dacite is mainly controlled by partial melting, such that the nature of the
source region has a more important influence on the composition of the magma.
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Figure 13. (a) Sr–Ba diagram [18], (b) Sr–(Rb/Sr) diagram [45], (c) La–(La/Yb)N diagram [45], (d) Er–
Dy diagram [57], (e) La–(La/Sm) diagram [11], and (f) La–(La/Yb) diagram [11]. Pl = plagioclase;
Kfs = K-feldspar; Amp = amphibole; Ms = muscovite; Bt = biotite; Cpx = clinopyroxene; Opx =
orthopyroxene; Zr = zircon; Tit = titanite; Ap = apatite; Mon = monazite; and Allan = allanite.

Dacite can be formed by the fractionation crystallization of mafic magma [58], magma
mixing between basalt and rhyolite [59], or the partial melting of mafic protolith [60].
Large-scale basaltic rocks of the same period have not been reported in the Ela Mountain
area, excluding the possibility that intermediate–acid volcanic rocks are derived from
the fractionation crystallization of mafic magma. The low S/Y ratio (10.34–11.44) also
excludes the possibility that the dacite is formed by oceanic crust melting. The samples
of dacite have relatively high SiO2 contents (68.96–69.78 wt.%) in addition to low MgO
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(0.96–1.01 wt.%) contents and Mg# values (35.67–39.56). In the Mg#-SiO2 diagram, most
of them fall into the partial melting region of crust source (Figure 14a), which excludes
the possibility that they originate from the mantle. The major and trace elements in the
dacite rocks show relatively uniform contents, and magmatic mixing characteristics such
as mafic microgranular enclaves have not been found, effectively excluding the possibility
that they are the product of magmatic mixing. Experimental studies have shown that the
dehydration melting of mafic lower crust rocks will produce low-Mg# (<44) and high-Na2O
(>4.3 wt.%) melts [61,62], and these characteristics are fully consistent with the dacite (Mg#

= 35.67–39.56; Na2O = 4.45–4.67 wt.%), indicating a significant contribution of the lower
continental crust to the formation of the dacite. The samples are enriched in LREEs and
relatively depleted in HREEs, and the primitive mantle-normalized trace element diagram
shows that the rocks are enriched in Rb, K, Pb, Zr, and Hf and depleted in Ba, Sr, Nb, Ta, P,
and Ti. These rare-earth and trace element characteristics of the samples are similar to those
of the bulk continental crust (Figure 7a,b), indicating that the crustal source was melted.
Studies have shown that some high-field-strength elements and rare-earth elements are
usually stable under altered weathering and low-grade metamorphism conditions, so it is
very effective to study the diagenetic process with the content or ratio of these elements [63].
The La/Nb (2.69–2.98) of the dacite samples is close to the crustal value (La/Nb = 2.2 [64]).
In the Ta* vs. Nb* diagram, the samples of dacite are plotted near to the bulk continental
crust (Figure 14b), showing characteristics of crustal origin. The samples of dacite have
low S/Y and La/Yb values (Figure 15a), indicating that they were derived from the partial
melting of the source area without garnet residue. These data show that the dacite formed
at a relatively low pressure. The Al2O3/(MgO + TiO2 + Fe2O3T) vs. Al2O3 + MgO + TiO2 +
Fe2O3T diagram and normative Qz-Ab-Or diagram also show the characteristics of low
pressure. Combined with the high zircon saturation temperature (TZr = 793–813 ◦C) of
these samples, it indicates that the dacite formed at a relatively high-temperature and
low-pressure environment (Figure 15b,c). The 176Hf/177Hf ratios of the zircons of the dacite
are 0.282451–0.282549, with εHf(t) values of −6.3 to −2.7 (Figure 8), and the corresponding
two-stage model age is 1673–1445 Ma, which is consistent with the metamorphic crystalline
basement of the East Kunlun Orogen [65,66], such that we infer that the ZRR dacite may
originate from the partial melting of the Mesoproterozoic lower crust of mafic rocks at a
relatively high temperature and low pressure.

Figure 14. (a) Mg#–SiO2 diagram. Base map is from [11]. (b) Nb*–Ta*diagram (Ta* =
[Ta/U]Sample/[Ta/U]PM, Nb* = [Nb/Th]Sample/[Nb/Th]PM; base map is from [67]). Data for the
primitive mantle, ocean island basalts and E-MORB are from [43]; bulk continental crust compositions
are from [42].
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Figure 15. Pressure discrimination diagrams for volcanic rocks in the Ela Mountain area. (a) Sr/Y
vs. La/Yb diagram from [62]. Grt, garnet; Pl, plagioclase. (b) Al2O3/(MgO + TiO2 + Fe2O3

T) vs.
Al2O3 + MgO + TiO2 + Fe2O3

T diagram. The area between the high-pressure (12–15 kbar) and
low-pressure (≤ 5 kbar) curves encompasses the range of depths at which mantle–crust interaction
takes place [68]. (c) Normative Qz–Ab–Or diagram. Dashed lines [69]; solid lines [70].

5.4.2. Petrogenesis of GEY Rhyolite

No alkali-rich mafic characteristic minerals specific to A-type granite are found in GEY
rhyolite. The FeOT/MgO, (Na2O + K2O)/CaO, 10,000 Ga/Al (2.22–2.39) values and HFSE
contents (Zr + Nb + Ce + Y < 350) are lower than the minimum values of A-type granites,
excluding the possibility of A-type granites (Figure 12a–d). The samples have high SiO2
(75.46–75.55 wt.%) and K2O contents (3.84–4.25 wt.%), with relatively high K2O/Na2O
ratios (0.93–1.20), classified in high-K calc-alkaline series, and most samples are plotted
in the area of fractionated granite (Figure 12a,b). The samples have a high differentiation
index (DI = 92.12–93.35), showing the characteristics of highly fractionated granitic rocks.
In the composition of rare-earth and trace elements, the sample has an obvious negative
Eu anomaly and is intensively depleted in Ba and Sr (Figure 7c,d), which also indicates
that the magma has experienced a high degree of fractionation crystallization [56]. Due to
intensive fractionation, the highly fractionated I-type and S-type granitic rocks are similar in
many geochemical characteristics. There are no aluminum-rich minerals such as muscovite,
garnet, and cordierite in GEY rhyolite, and the content of P2O5 is low (0.03–0.04 wt.%),
indicating that they are not S-type granites. The Al2O3–SiO2 and P2O5–SiO2 diagrams
(Figure 9e,f) also show the evolution trend of I-type granites [56]. The diagrams of La/Sm
vs. La and La/Yb vs. La show the dual effects of partial melting and fractional crystalliza-
tion (Figure 9e,f). The Sr–Ba diagram shows the obvious separation and crystallization
of plagioclase (Figure 13a), which are consistent with the obvious negative Eu anomaly
(Eu/Eu* = 0.35–0.41) and intensively depleted in the Ba and Sr of the samples (Figure 7c,d).
The Rb/Sr ratio is positively correlated with Sr (Figure 13b), indicating that there may be the
separation crystallization of clinopyroxene. The rhyolites also obviously show the separa-
tion crystallization of monazite and limonite in the (La/Yb)N–La diagram (Figure 13c). The
Er–Dy diagram obviously shows the separation crystallization of amphibole (Figure 13d).
Overall, we infer that GEY rhyolite belongs to high-K calc-alkaline highly fractionated
I-type granite rock.

Highly fractionated I-type granites can be formed by the fractional crystallization
of mantle-derived basaltic magma [71], crust–mantle magma mixing [72], or the partial
melting of the lower crust caused by the underplating of mantle-derived magma [73].
As mentioned above, no large-scale basaltic magma was reported in the Ela Mountain
area during the Triassic period. The rhyolite has a high SiO2 content (75.46–75.55 wt.%),
low MgO (0.13–0.20 wt.%) content, and a Mg# value of 14.24–19.82, and all of them are
plotted into the pure crustal partial melts area (Figure 14a) in the Mg#–SiO2 diagram, with
no obvious mantle-derived magma mixing. The ratios of Nb/Ta (12.76–13.57), Zr/Hf
(33.97–37.02), and La/Nb (3.07–3.70) of the samples are consistent with the average crustal
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composition (Nb/Ta = 11, Zr/Hf = 33, and La/Nb = 2.2 [64]). In the Ta* vs. Nb* diagram,
the samples of rhyolite are plotted near to the bulk continental crust (Figure 14b), indicating
the attribute of the crustal source of the rhyolite. The samples are enriched in LREEs and
relatively depleted in HREEs, and the primitive mantle-normalized trace element diagram
shows that the rocks are enriched in Rb, K, Pb, Zr, and Hf and depleted in Ba, Sr, Nb, Ta, P,
and Ti. These characteristics are similar to those of the bulk continental crust (Figure 7a,b),
indicating that the primary magma originated from the crust. GEY rhyolites have very low
Sr/Y ratios (Figure 15a) and obvious negative Eu anomalies (Figure 7b). These indicate
that the magma was formed under a relatively low pressure, and plagioclase may be a
residual facie in the source region [74]. The major element pressure diagram also shows
a low-pressure environment for the GEY rhyolite (Figure 15b), and the pressure is lower
than the earlier ZRR dacite (Figure 15c). The zircon saturation temperature of rhyolite
samples varies from 791 ◦C to 800 ◦C, indicating that the formation temperature is high. The
zircons of ZRR rhyolite have 176Hf/177Hf ratios of 0.282518–0.282626 (Figure 8), with εHf(t)
values of −4.4 to −0.2 and TDM2 of 1544 to 1278 Ma, implying a significant contribution of
Mesoproterozoic continental crust to the formations of the rocks.

5.4.3. Petrogenesis of DHB Basaltic Andesite

Low-silicon magma may be derived from the large-scale partial melting of metamorphic
basalts in the lower crust under high-temperature conditions or directly from the mantle [62,75].
DHB basaltic andesite has a low SiO2 content (54.79–55.15 wt.%) and a high MgO content
(4.12–4.30 wt.%), with a Mg# value of 50.03–50.53, which is significantly higher than the experi-
mental melt formed by the partial melting of lower crust metabasalt and eclogite (Figure 16a),
indicating that mantle material plays a dominant role in its magma source. The high Nb/Ta
ratios (17.02–17.42) and Zr/Hf ratios (40.88–42.25) of basaltic andesite are similar to those of the
primitive mantle (Nb/Ta = 17.5; Zr/Hf = 36 [25]), displaying the composition characteristics
of mantle-derived rocks. In the primitive mantle-normalized trace element diagram, basaltic
andesite shows the characteristics of enrichment in Rb, K, and Pb, and is depleted in Nb, Ta, P
and Ti (Figure 7e,f), with the characteristics of magmatic rocks in the subduction zone, which
indicates that these basaltic andesite may come from the enriched lithospheric mantle reformed
by the subduction fluid or melt, rather than the depleted asthenosphere mantle [76,77]. DHB
basaltic andesite is obviously enriched in fluid activity elements (e.g., Rb, Sr, Th, U, K and
Pb), suggesting that the magma source is affected by the dehydration fluids of subducted
slab. In the diagrams of Th/Yb–Ba/La and Nb/Y–Ba/Y (Figure 16b,c), the trend of fluid
metasomatism is clearly shown. In addition, the petrographic observation shows that the
amphibole in the rock is abundant (Figure 3h), indicating that the water content in the mantle
source is high. In the diagrams of Nb/Yb vs. Th/Yb and La/Nb vs. La/Ba, the samples
are plotted into the subduction-modified lithospheric mantle (Figure 16d,e). The contents of
MgO (4.12–4.30 wt.%), Mg# (50.03–50.53), Cr (29.88–50.10 ppm) and Ni (9.76–11.16 ppm) in
basaltic andesite are lower than the reference values of mantle primary magma (MgO = 10–12%,
Mg# = 68–75, [78]; Cr = 250 ppm, Ni = 90–670 ppm, [79]), indicating that the magma was not
primitive mantle magma. The Rb/Sr ratios of samples are 0.17–0.19, which are between the
average value of continental crust (0.34 [64]) and the upper mantle value (0.034). Additionally,
the Nd/Th (3.22–3.48) is slightly larger than the crustal rock value (Nd/Th = 3, [48]) and lower
than the mantle source value (>15 [80]). These above characteristics further prove that DHB
basaltic andesite is the product of evolved magma. The zircon in situ Hf isotope analysis shows
that the basaltic andesite has 176Hf/177Hf ratios of 0.282561–0.282662, with εHf(t) values of−2.5
to 1.0 and TDM2 of 1421 to 1201 Ma, indicating that in addition to the subduction-modified litho-
spheric mantle, basalt andesite may also be contaminated by a small amount of crust materials.
Microphotographs show that quartz xenocrystal occasionally exists in basalt andesite. The
quartz xenocrystal is corroded in an oval shape, surrounded by microcrystalline hornblende
around the quartz xenocrystal, forming the xenocrystal reverse corona texture (Figure 3i). This
shows that the basaltic andesite has experienced crustal contamination before eruption to the
surface, which can be used to interpret the high SiO2 content in some of the samples. The
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contents of FeOT and MgO showed a significant positive correlation, reflecting the existence
of the separation crystallization of mafic minerals (Figure 16f). In the (La/Yb)N–La diagram,
the separate crystallization of monazite is shown (Figure 16g). The Dy–Er diagram obviously
shows the separation crystallization of amphibole (Figure 16h). In summary, we infer that the
DHB basaltic andesite is mainly derived from the continental lithospheric mantle metasoma-
tized by subduction fluid, and has experienced obvious fractionated crystallization and a small
amount of crustal contamination before magma erupted onto the surface. The trace and major
elements of pressure discrimination diagrams for DHB basaltic andesite show low-pressure
melting conditions (Figure 15a,b), but higher than those of early dacite and rhyolite (Figure 15c).
This also indicates that the basaltic andesite is derived from the partial melting of the mantle
source, which is deeper than the lower crust. Overall, DHB basaltic andesite, ZRR dacite and
GEY rhyolite are all formed in a relatively low pressure of extension environment.

5.5. Geodynamic Model and Geological Implications

The ZRR dacite and GEY rhyolite have similar zircon U-Pb ages (239.3 ± 1.4 Ma and
237.8 ± 2.1 Ma, respectively), and are distributed in adjacent space positions (Figure 2). In
the composition of rare-earth and trace elements, ZRR dacite and GEY rhyolite also have
similar geochemical characteristics (Figure 7a–d). The petrogenesis shows that both rhyolite
and dacite originated from the partial melting of the mafic lower crust of the Mesoproterozoic
under an environment of relatively high temperature and low pressure. There is also a good
linear correlation in the fractional crystallization diagram between the dacite and rhyolite
(Figure 13a–c). The consistence of geochronology, geochemistry, and Hf isotope composition
indicates that GEY rhyolite and ZRR dacite belong to the same magmatic pulse. Harker
diagrams show that dacite and rhyolite have a certain correlation in the trend of major
elements, but there is an obvious SiO2 gap (Figure 12e,f). This may be the result of a high
degree of the fractional crystallization of rhyolite. In the FeOT/MgO vs. (Zr + Nb + Ce + Y)
diagram and (K2O + Na2O)/CaO vs. (Zr + Nb + Ce + Y) diagram, GEY rhyolite shows the
characteristics of highly differentiated rocks (Figure 12a,b), which is further proven by the
high differentiation index of rhyolite (DI = 92.12–93.35). In summary, we infer that ZRR dacite
and GEY rhyolite should be derived from the same or similar parent magma, and that they
are volcanic rocks with different differentiation degrees formed in the same magmatic pulse
activity. Differing from the earlier rhyolite and dacite, the basaltic andesite shows a relatively
younger age (234 ± 1.2 Ma), characterized by low SiO2 (54.79–55.15 wt.%) and high MgO
(4.12–4.30 wt.%) contents, with high Mg# (50.03–50.53) values. In terms of petrogenesis and
source, unlike the earlier rhyolite and dacite, the basaltic andesite is mainly originated from the
partial melting of the mantle, which was modified by fluid from the previous subducted slab,
and the ratio of trace elements also shows the characteristics of the mantle source. Therefore,
we infer that, differing from ZRR dacite and GEY rhyolite, DHB basaltic andesite is the product
of another magmatic pulse activity. However, they were all formed in the environment of slab
failure environments in the late stage of syn-collision, and they are different types of volcanic
rocks from different sources under similar tectonic environments.
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Figure 16. (a) Mg#–SiO2 diagram [81], (b) Th/Yb vs. Ba/La diagram [82], (c) Nb/Y vs. Ba/Y
diagram [83], (d) La/Nb vs. La/Ba [84], (e) Th/Yb vs. Nb/Yb diagram [85], and (f) MgO vs. FeOT

Harker diagram. The data for regional mafic–intermediate rocks were from [14,45,86], and they
represent the previous mafic–intermediate rocks in the same period of the DHB basaltic andesite in
the Ela Mountain area. (g) (La/Yb)N vs. La diagram [45], Zr = zircon; Tit = titanite; Ap = apatite; Mon
= monazite; and Allan = allanite. (h) Dy vs. Er diagram [57].
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Based on the above discussion, we propose a geodynamic model to explain the
formation and evolution of Middle–Late Triassic volcanic rocks in the Ela Mountain area
of the East Kunlun Orogen. At the end of the Middle Triassic, the Paleo-Tethys Ocean in
East Kunlun closed, and the collision between the Songpan–Ganzi–Bayanhar Terrane and
the East Kunlun Terrane occurred. As the collision proceeded, the continental lithosphere
associated with the subduction residual oceanic crust was dragged into the subduction zone
by the high-density subduction oceanic crust, but due to the low density of the continental
lithosphere, it was difficult to subduct continuously, and the slab failure occurred at
the stress concentration of the subduction plate (Figure 17). Slab failure will lead to the
formation of slab windows. Asthenosphere mantle upwelling through slab windows caused
the partial melting of the lithospheric mantle and continental crust, which led to a large
number of magmatic activities [87]. The slab failure and upwelling of the asthenosphere
generate a decompression environment and provide a sufficient heat source to promote
the partial melting of the mantle wedge and lower crust. In the environment of local
low pressure and high temperature, the mantle-derived magma underplated and heated
the lower crust, resulting in the partial melting of the Mesoproterozoic mafic lower crust.
Some of the magma generated by the melting rose rapidly and formed the ZRR dacite;
the rest of the homologous magma experienced a long fractional crystallization process,
and the crystallization and separation of minerals such as clinopyroxene, hornblende and
feldspar occurred, forming GRY rhyolite with highly fractionated characteristics. With the
increase in the degree of slab failure and the intensive upwelling of the asthenosphere, at ca.
234.3 Ma the partial melting of the continental lithosphere mantle modified by subduction
fluid occurred, producing the mantle-derived primitive magma with enriched mantle
properties. The primitive mantle-derived magma experienced assimilation with a small
amount of crustal components and fractional crystallization before it erupted onto the
surface, increasing the content of SiO2, reducing the MgO content and Mg# values of the
magma, and finally forming the DHB basaltic andesite.

Figure 17. A schematic model illustrating the mechanisms and tectonic setting of volcanic rocks in
the Ela Mountain area [11].
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The 239.3–234.3 Ma volcanic rocks in the Ela Mountain area of the eastern part of the
East Kunlun Orogen were formed in the tectonic environment of the slab failure in the late
stage of syn-collision (Figure 17). The identification of this magmatic process confirms that
the Paleo-Tethys Ocean in the East Kunlun Orogen had closed before 239.3 Ma, which con-
stricts the closure time of the Paleo-Tethys Ocean in the East Kunlun Orogen. Additionally,
the formation of these volcanic rocks represents the beginning of the initial extension of the
late stage of syn-collision. The identification of these volcanic rocks provides important
information for regional tectonic evolution history, volcanic emplacement mechanisms,
volcanic eruption sequences, and volcanic activity history.

6. Conclusions

1. ZRR dacite (239.3 ± 1.4 Ma) displays calc-alkaline I-type characteristics, and GEY
rhyolite (237.8 ± 2.1 Ma) is similar to high-K calc-alkaline highly fractionated I-type
volcanic rock. The petrogenesis shows that both rhyolite and dacite originated from
the partial melting of the mafic lower crust of the Mesoproterozoic under relatively
high temperature and low pressure. ZRR dacite and GEY rhyolite were derived
from the same or similar parent magma, and they are volcanic rocks with different
differentiation degrees formed in the same magmatic pulse activity.

2. The DHB basaltic andesite shows a relatively younger age (234.3 ± 1.2 Ma). The
petrogenesis shows that DHB basaltic andesite mainly originated from the partial
melting of the lithospheric mantle modified by subducted slab-derived fluids; the
magma was contaminated with a small amount of crustal source components and
experienced fractional crystallization before it erupted onto the surface. Different
from ZRR dacite and GEY rhyolite, DHB basaltic andesite is the product of another
magmatic pulse activity. However, they all formed in the same environment of slab
failure in the late stage of syn-collision, and they are different types of volcanic rocks
from different sources under similar tectonic environments.

3. The volcanic rocks of the Ela Mountain area in this contribution provide important
evidence for magmatism in the slab failure stages. The results of this study confirm
that the Paleo-Tethys Ocean in the East Kunlun Orogen had closed before 239.3 Ma,
and that the formation of these volcanic rocks represents the beginning of the initial
extension of the late stage of syn-collision.
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