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Abstract: The rhyolites which are widely exposed to the northern margin of the East Kunlun orogenic
belt were chosen as a research object to discern the post-orogenic tectonic evolution of the East Kunlun
orogenic belt and reconstruct the post-collision orogenic processes of the Buqingshan- A’nyemaqen
Ocean. We researched zircon U-Pb ages and geochemistry characteristics of the Late Triassic rhyolites
in the eastern segment of the East Kunlun Orogenic Belt in the northern Tibetan Plateau. Zircon
U-Pb dating yields coeval ages of 200.4 ± 1.4 Ma and 202.8 ± 1.2 Ma for the Keri rhyolites of
the East Kunlun Orogenic Belt, indicating that the volcanic rocks were formed in the Late Triassic
Rhaetian–Early Jurassic Hettangian. The Keri rhyolite is a product of the late magmatism of the
Elashan Formation volcanic rocks. The rhyolites include rhyolitic brecciated tuff lavas and rhyolitic
tuff lavas. The rhyolites are peraluminous and are high-K calc-alkaline, with high contents of SiO2,
K2O, TFe2O3, and low P2O5 contents. The A/CNK ratios range from 0.97 to 1.09, indicating that the
rhyolites are metaluminous to weakly peraluminous. The chondrite-normalized rare earth element
(REE) distribution shows a significant negative Eu anomaly and low total REE concentrations. All
samples are depleted in high field strength elements (HFSEs, e.g., Eu, Sr, Ti, and P), heavy rare earth
elements (HREEs), and enriched in large ion lithophile elements (LILEs, e.g., Rb, Zr, Nd, Th, and U)
and light rare earth elements (LREEs). The Keri rhyolite has the characteristics of A1-type magmatic
rock, formed in an anorogenic environment after the closure of the Paleo-Tethys Ocean, and was the
product of late magmatism in the Elashan Formation volcanic rocks.

Keywords: geochronology; geochemistry; east Kunlun orogenic belt; petrogenesis; rhyolites;
Paleo-Tethys ocean

1. Introduction

The East Kunlun Orogenic Belt (EKOB), an important part of the central orogenic
system of China, is located in the northern part of the Qinghai–Tibet Plateau and in the
southern part of the Qaidam Basin (Figure 1). It is a giant tectonic igneous belt comparable
to the Gangdese igneous belt in the Qinghai–Tibet Plateau. This belt is oriented E–W with
a length of more than 800 km, a width of approximately 40–80 km, and an exposed area
of approximately 50,000 km2 [1–4]. The belt lies at the suture between the North China
Block and the Yangtze Block [5–8]. The EKOB is a complex continental orogenic belt with a
unique tectonic evolutionary history with multiple stages of tectonism. As it experienced
several tectonic phases, the EKOB is crucial to better understanding the tectonic evolution
of the entire region. Igneous rocks, such as the abundant granitoid intrusions, can provide
insight into the evolution of this Paleo-Tethys system.
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Figure 1. Map showing the regional context of the EKOB. Light blue rectangle outlines the area shown
in Figure 2. Geological map modified from Li et al. [1]. Topographic map data: https://map.tianditu.
gov.cn/ (accessed on 10 January 2023).

The EKOB is a composite continental orogenic belt that has experienced multistage
tectonism with a complex and distinct tectonic evolution history. The Early–Middle Triassic
granitoids are mainly distributed in the north part of the EKOB, especially along the
East Kunlun Fault. The south part of the EKOB, including the Bayan Hara, Buqingshan-
A’nyemaqen, and Qiangtang units, is less exposed [9,10]. Each granite phase has a slightly
different outcrop pattern, reflecting the structural evolution of the area. Based on the
research of sedimentation, igneous activity, and metamorphism, Liu et al. [9] divided
the EKOB into four major geological tectonic cycles: Precambrian, Cambrian to Middle
Devonian, Late Devonian to Late Triassic, and Early Jurassic to present [11]. Among them,
the Late Paleozoic to Early Mesozoic orogenic event (i.e., the Variscan–Indosinian orogenic
cycle) is the best-established and the especially important orogenic cycle in the region [8,12].
At present, researchers are trying to analyze the subduction process of the Paleo-Tethyan
Ocean through the large number of Triassic granites in the EKOB [3,8,13–41]. The massive
distribution of intrusive rocks in the East Kunlun region plays a key role in the sequence of
tectonic events in this area. The widespread and massive distribution of intrusive rocks
are critical to the sequence of magmatic–tectonic events in this area. The volcanic rocks
represented by the combination of basic–intermediate–acidic of Elashan Formation volcanic
rocks were exposed in the northern margin of the East Kunlun in the Late Triassic [38,42–53].
The acidic volcanic rocks were the products of the final stage of magma evolution and were
an important part of continental igneous processes including an active continental margin,
a continental rift, and a large igneous province [54–58]. The study of its genesis is crucial to
understanding the evolution of continental crust in this region [59].

Therefore, this paper focuses on the upper rhyolite of the Elashan Formation to explore
its petrogenesis, magma sources, and tectonic setting through zircon U-Pb geochronology,
geochemistry, and petrographic analyses to provide constraints for further discussion on
the formation and evolution of the Triassic and the end time of Triassic orogeny in the
EKOB Paleo-Tethys Ocean.

https://map.tianditu.gov.cn/
https://map.tianditu.gov.cn/
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Figure 2. Map showing the regional geological of the Keri rhyolites in the EKOB. Geological map after
Yin et al. [60]; Topographic map data: https://map.tianditu.gov.cn/ (accessed on 10 January 2023).

2. Geological Background

The Elashan Formation is distributed on the southeast margin of Qaidam Block and is
unconformable with a set of volcaniclastic rocks with volcanic lava and sedimentary clastic
rocks on the underlying strata and/or intrusions [42] (Figure 2). The Elashan Formation is
a set of purple, dark purple, gray green, and other variegated volcaniclastic rocks mainly
containing volcanic lava, sedimentary clastic rocks, and a large number of exotic blocks
(limestone). In general, the lower layers are dominated by intermediate and basic volcanic
rocks interspersed with clastic rocks. The middle layer is an intermediate–acidic gray green
dacite lava tuff. The upper layer is mainly composed of acidic volcanic rocks interspersed
with clastic rocks and increased lava. Therefore, the Elashan Formation is mainly composed
of intermediate–acidic volcanic rocks (Figure 3a,b), and the top and bottom are missing in
most areas. The volcanic rocks are characterized by flow structures, columnar joints, with
red tops and green bottoms (Figure 3c).

https://map.tianditu.gov.cn/
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Figure 3. Field photographs and photomicrographs of the Keri rhyolites in the EKOB. (a,b) Field
photographs of the Keri rhyolites; (c) columnar joints of rhyolitic tuff lavas; (d) field photos of the
rhyolitic brecciated tuff lavas.

3. Petrography

The Elashan Formation volcanic rocks in the Keri area of the EKOB are mainly rhyolitic
brecciated tuff lavas (Figure 3d) and rhyolitic tuff lavas (Figure 3c).

The rhyolitic brecciated tuff lavas are light grayish red, purplish-red, and gray in color
with brecciated tuff lava textures, with spherulite (Figure 4a), and massive in structure.
The rubble (approximately 18%) is mainly composed of rhyolite, quartz, and K-feldspar,
with minor quartzite and plastic debris in the breccias. Blastofelsic spherulites are colorless
and transparent with obvious cross-extinction phenomenon. Blastofelsic spherulites have
obvious cross-extinction in the microscope. There are many cores, and the core is common
with crystal nucleus (Figure 4b). The individual grain size is between 0.5 and 3 mm. Most
of them have 2~3 layers of autogenous enlarged bands, and often appear as multiple
spheroids in a dumbbell shape. The debris is intermediate–acidic volcanic rocks (mainly
acidic volcanic rock), mostly in subangular and subcircular shape, mainly semiplastic
debris, with a grain size of <2 mm and a content of 30%. The crystals and porphyrites are
unevenly distributed and contain quartz, K-feldspar, and plagioclase. Crystals (angular to
subangular) and phenocrysts are often corroded. The corrosion of quartz includes corrosion
bays and perforations, accounting for 10%~15%. Feldspar has calcite alteration, and
individual feldspar are strongly altered. The matrices in the lava include pyroclast (debris,
crystal) and phenocrysts. The matrix minerals are fine-grained, with microcrystalline
structure mainly composed of feldspar (main) and quartz (secondary), with a content of
40%~45%, and secondary sericite (main) and calcite (less), with a content of 10%.
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Figure 4. Photomicrographs of the Keri rhyolites in the EKOB. (a) Photomicrographs of the rhy-
olitic brecciated tuff lavas (sample XRD110-6); (b) spherulite texture of the rhyolitic brecciated
tuff lavas (samples XRD111-1); (c) photomicrographs of the rhyolitic tuff lavas (sample KR570-4);
(d) photomicrographs of the rhyolitic tuff lavas (sample KR570-5). Mineral abbreviations are as
follows: Q = quartz, Or = K-feldspar, Pl = Plagioclase.

Rhyolitic tuff lava is light gray, light gray-green, and light gray-purple in color. The
debris is mostly subangular and subrounded, sporadically scattered, with a grain size
<2 mm, occasionally 3 mm. The phenocrysts exist uniformly, and the minerals are dis-
tributed unevenly, mainly including quartz, K-feldspar, and plagioclase (Figure 4c). The
crystals are angular to subangular with corrosion. Quartz is often corroded, with corrosion
bays and perforations, accounting for 5%–10% (Figure 4d). K-feldspar is mainly composed
of orthoclase, accounting for 15%, and plagioclase is mainly composed of oligoclase and
andesine, accounting for approximately 10%. There is a small amount of dark mineral,
which has been strongly altered, and the particle size is ≤2 mm. The matrix is composed
of lava, with scattered volcanic debris (debris, crystal) and phenocrysts. The matrix is
fine-grained, with microcrystalline structure, local flow structure (rhyolite structure), and
recrystallization can be seen locally. It is mainly composed of feldspar (main) and quartz
(secondary), with a content of 65%. In addition, a small amount of secondary sericite and
calcite and other minerals occur in the matrix.

4. Analytical Methods
4.1. LA–ICP–MS Testing

Zircon U-Pb dating was performed on rhyolitic brecciated tuff lavas (sample XRD110-
5) and rhyolitic tuff lavas (sample XRD111-3) from the Keri rhyolites. The locations of the
two samples are 36◦00′43.8” N, 97◦41′24.5” E, and 36◦00′30.2” N, 97◦41′09.1” E (Figure 2).
The zircon age samples were pretreated at Fengzeyuan Rock and Mineral Testing Technol-
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ogy Co. The zircon was crushed by conventional methods, sorted by conventional flotation
methods, and finally zircon with good crystal shape and transparency was selected as the
dating object using binoculars. The zircon grains were mounted on double-faced adhesive
tape, and after the epoxy resin fixation–epoxy resin curing–surface polishing process, zircon
micrographs and cathodoluminescence photograms were performed. Cathodolumines-
cence (CL) microphotographic images were taken with a Cameca electron probe X-ray
microanalyzer at the Beijing Geoanalysis Co., Ltd (Beijing, China). In situ U-Pb isotopic
age analyses of zircons were performed using LA-ICP-MS at the Tianjin Geological Survey
Center of China Geological Survey. The analysis instruments were Elan Geo-Las200M-Type
Quadrupole Perch Mass Spectrograph equipped with an Elan6100 DRC excimer laser
ablation system (193 nm, A Rf- excimer, Lambda Physic). The facula beam diameter for
laser ablation was 30 µm, and the depth of laser ablation samples was 20 to 40 µm. The
international zircon standard 91,500 was used as an external standard for the calculation
of zircon ages. The artificial synthetic silicate glass NIST610, American National Standard
Substance Bureau, was adopted as an external standard for element content analysis. 29Si
was used as the internal standard element. The isotopic ratio and element content data were
analyzed using the ICPMS Data Cal software package [61]. The general lead adjustment
was conducted using the Andersen software [62], and Isoplot software (3.0 edition) [63] was
used for age calculation and concordia diagrams. The analytical methods and instrument
settings used were the same as those reported by Li et al. [64].

4.2. Geochemical Analyses

Sixteen samples were selected for major and trace element analyses. The samples were
ground to 200 mesh. Major and trace elements were measured in the Key Laboratory of Western
China’s Mineral Resources and Geological Engineering, Ministry of Education, Chang’an Uni-
versity. The major elements were measured with X-ray fluorescence spectrometry (XRF-1500).
The detailed technical requirements and test process are from the references [4].

5. Results of Analyses

The zircon U-Pb isotope data and whole-rock geochemistry for the Keri rhyolites are
listed in Supplementary Tables S1 and S2.

5.1. Zircon U-Pb Age

Zircons selected from the Keri rhyolites of the rhyolitic brecciated tuff lava (sample
XRD110-5) and rhyolitic tuff lava (sample XRD111-3) are columnar euhedral to elliptical
prismatic with light yellow–colorless transparent color and show obvious magmatic oscilla-
tory zoning (Figure 5a,b), indicating a magmatic origin [65–67]. Zircon crystals have lengths
ranging from 50 µm to 250 µm and length/width ratios ranging from 3:1 to 1:1. The Th
content of sample XRD110-5 ranges from 220 to 477 ppm with U contents of 431–776 ppm,
and with Th/U ratios from 0.51 to 0.67 (Supplementary Table S1). The Th/U ratio is greater
than 0.4 (Figure 5c) and the Th and U are positively correlated (Figure 5d). The Th contents
of sample XRD111-3 ranges from 178 to 683 ppm and U contents ranges 350–707 ppm, with
Th/U ratios from 0.46 to 1.47 (Supplementary Table S1). The Th/U ratio is greater than
0.4 (Figure 5e). Th and U are positively correlated (Figure 5f). All Th/U ratios are higher
than 0.4, and Th and U contents show a positive correlation, indicating a magmatic origin
as well [68].
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Figure 5. (a,b) CL images and single-zircon 206Pb/238U ages of zircons; (c) Th/U vs. age of zircon
diagram of sample XRD110-5; (d) Th vs. U content of zircon diagram of sample XRD110-5; (e) Th/U
vs. age of zircon diagram of sample XRD111-3; (f) Th vs. U content of zircon diagram of sample
XRD111-3; (g–h) LA-ICP-MS zircon U-Pb concordia diagram of sample XRD110-5; (i–k) LA-ICP-MS
zircon U-Pb concordia diagram of sample XRD111-3 of the Keri rhyolites in the EKOB.

The 206Pb/238U and 207Pb/235U at 21 measurement points of the sample XRD110-5
have good concordance (Figure 5g). 206Pb/238U ages range from 197 ± 2 Ma to 208 ± 1 Ma
(Supplementary Table S1), with a weighted mean age of 202.8 ± 1.2 Ma (MSWD = 1.15,
Figure 5h), representing the crystallization age of the rhyolitic brecciated tuff lava.

The 21 measurement points 206Pb/238U and 207Pb/235U of the sample XRD111-3 have
a general concordance (Figure 5i). The 14 effective measurement points have a good
concordance (Figure 5j). The 206Pb/238U age ranges from 195 ± 4 Ma to 204 ± 2 Ma
(Supplementary Table S1), with a weighted mean age of 200.4 ± 1.4 Ma (MSWD = 2.8,
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Figure 5k). Therefore, the preferred crystallization age of the Keri rhyolite is 200.4–202.8 Ma,
which was during in the Late Triassic Rhaetian to Early Jurassic Hettangian.

5.2. Major and Trace Element Geochemistry

Major and trace element data and calculated parameters for 11 representative sam-
ples are listed in Supplementary Table S2. All samples exhibit relatively uniform major
oxide compositions.

5.2.1. Major Elements

The SiO2 contents of the Keri rhyolites ranges from 72.95 to 76.02 wt.% (Supplementary
Table S2). In the total alkali versus silica classification diagram (Figure 6a), they all fall
into the rhyolite area and the subalkaline series. The Keri rhyolites have Al2O3 contents
ranges from 12.02 to 13.30 wt.%, MgO contents from 0.01 to 0.08 wt.%, CaO contents from
0.36 to 0.57 wt.%, Na2O contents from 2.12 to 4.04 wt.%, with K2O contents from 4.63 to
8.03 wt.%. In the K2O versus SiO2 diagram (Figure 6b), except for six samples falling into
the shoshonite series, other samples plot within the high-K calc-alkaline series, with total
alkali contents between 8.37 and 10.10 wt.%, K2O/Na2O values between 1.19 and 3.88,
the alkali rate (A.R.) ranging from 4.64 to 7.18, and the Rittmann index (σ) ranging from
2.12 to 3.39. In a (Na2O + K2O − CaO) versus SiO2 diagram (Figure 6c), the samples plot in
the boundary between alkalic and alkali-calcic and within the A-type granite area. In the
A/NK-A/CNK diagram (Figure 6d), the samples plot in the weakly peraluminous fields
with A/CNK ranging from 0.97 to 1.09 and low FeO/(FeO + MgO) ratios ranging from
0.96 to 1.00. In the Harker diagram (Figure 7), there is a good linear relationship between
the major elements and SiO2 in the Keri rhyolites and the Elashan Formation volcanic rocks.

Figure 6. (a) TAS diagrams (after Middlemost [69]); (b) K2O vs. SiO2 diagrams (after Rickwood [70]);
(c) (Na2O + K2O−CaO) vs. SiO2 diagrams (after Frost et al. [71]); (d) A/NK vs. A/CNK diagrams
(after Maniar et al. [72]) for the Keri rhyolites in the EKOB. Geochemical data of Elashan Formation
volcanics from references [43–53].
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Figure 7. Harker diagrams of the Keri rhyolites in the EKOB. Dashed lines show linear trends,
indicating the important role of magma mixing. (a) SiO2 vs. TiO2 diagram; (b) SiO2 vs. Al2O3

diagram; (c) SiO2 vs. TFe2O3 diagram; (d) SiO2 vs. MnO diagram; (e) SiO2 vs. MgO diagram; (f) SiO2

vs. CaO diagram; (g) SiO2 vs. K2O diagram; (h) SiO2 vs. Na2O diagram; (i) SiO2 vs. P2O5 diagram.

5.2.2. Rare Earth Elements

Trace element results indicate that the Keri rhyolites have low REE contents of 133.11 to
333.34 ppm (average of 211.10 ppm, Supplementary Table S2). The fractionation between
LREE and HREE ranges from LREE/HREE ratios of 7.63 to 20.04, with (La/Yb)N ratios rang-
ing from 9.15 to 29.31, Eu/Eu* = 0.01–0.02, and the LREE internal differentiation is 3.65–5.05,
which is relatively obvious (La/Sm)N. In the chondrite-normalized REE distribution dia-
gram for the Keri rhyolites (Figure 8a), as well as right-dipping seagull-type enrichment in
LREE versus depletion in HREE [73], there is a significant negative Eu anomaly.

Figure 8. (a) Chondrite-normalized rare earth element (REE) patterns; (b) primitive-normalized
incompatible element distribution patterns for the Keri rhyolites in the EKOB (chondrite data and
primitive data for normalization taken from Sun et al. [73]). Geochemical data of Elashan Formation
volcanics from references [43–53].
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5.2.3. Trace Elements

On the primitive mantle-normalized spider diagram (Figure 8b), the Keri rhyolites
are enriched in some high-field-strength elements (HFSE, such as Hf) and some large-ion
lithophile elements (LILEs, such as, Rb, Zr, Nd, Th, and U). Our samples are depleted in
other HFSEs and LILEs, such as P, Ti, Eu, Sr, and Ba. The spider diagram curves and REE
patterns among all samples are identical, representing their cognate source rocks.

6. Discussion
6.1. Age of Volcanic Rocks

The weighted mean ages of the Keri rhyolites are between 200.4 ± 1.4 Ma and
202.8 ± 1.2 Ma, which represents the formation age of the volcanic rocks formed in the Late
Triassic Rhaetian–Early Jurassic Hettangian.

The zircon U-Pb ages of the Elashan Formation volcanic rocks in the region range from
231.9 to 208.4 Ma [47,48,52,53,74]. Based on the statistical analysis of the existing single grain
zircon ages, we found that the 206Pb/238U ages of the Elashan Formation volcanic rocks
range from 195 to 239 Ma, with two obvious peak ages at 227.62 Ma and 209.98 Ma, a small
peak at 202.65 Ma, and an obvious valley at 215 to 220 Ma (Figure 9a). According to the
further classification of sample lithology, it is found that the formation age of basalt ranges
from 229–233 Ma, and the peak age appears at 230 Ma; The formation age of andesite ranges
from 208–239 Ma, with the peak appearing at 230 Ma and 223–224 Ma; The formation age
of rhyolite ranges from 195 Ma to 238 Ma, the peak value from 207 Ma to 212 Ma (Figure 9b).
These data are consistent with the rock combination characteristics of the Elashan Formation.
Therefore, the Elashan Formation volcanic rocks were mainly formed in the Late Triassic
and may extend to the early Early Jurassic. They are characterized by the evolution of
basic, intermediate, and acidic volcanic rocks. The magma has a certain genetic evolution
relationship. The Keri rhyolite is a product of the late magmatism of the Elashan Formation
volcanic rocks.

Figure 9. (a) Statistical analysis on the age; (b) Statistical analysis on the age of basalt, andesite and
rhyolite of the Elashan Formation volcanic rocks in the northern margin of the EKOB (In subfigure
(a), zircon age data from references [47,48,52,53]; this paper. In subfigure (b), basalt zircon age data
from references [47]; andesite zircon age data from references [48,52,53]; rhyolite zircon age data from
references [52,53]; this paper).

6.2. Rock Types

A-type magmatic rocks are characterized by alkaline, anhydrous, and anorogenic
features [75], which were formed in a unique tectonic setting and are still used today.
However, with the further study of A-type magmatic rocks, their characteristics have also
changed correspondingly. For example, some A-type magmatic rocks are not anhydrous,
and some A-type magmatic rocks show metaluminous and peraluminous characteris-
tics [76–78]. In addition, some A-type magmatic rocks may have formed in a post-orogenic
environment [79–81].
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The high SiO2 content features high-evolution magmatic rock sequences, and A-type,
S-type, and I-type of high-evolution magmatic rocks can show similar geochemical charac-
teristics. Relatively speaking, the high-evolution S-type granite has a high P2O5 content
(the average value of P2O5 is 0.14 wt.%, King et al. [82]), and the high-evolution I-type
granite has a low TFe2O3 content (generally less than 1 wt.%, Jia et al., [83]). The Keri
rhyolite is characterized by high SiO2, K2O, alkali, TFe2O3 content (1.74–2.05 wt.%) and low
P2O5 content (0.01 wt.%), showing the characteristics of A-type granite, which excludes
the possibility that the Keri rhyolite belongs to the highly differentiated I-type and S-type
magmatic rocks.

The Keri rhyolite 10,000 Ga/Al ratio (10,000 Ga/Al = 3.31–4.45, with an average value
of 3.93) is > 2.6, which is higher than the average value of I-type granite and S-type granite
(2.10 and 2.28, respectively), and higher than the lower limit value of 2.60 of A-type granite [84].
High Zr, Nb, Ce, and Y content (Zr + Nb + Ce + Y = 450.62–766.63 ppm > 350 ppm) and TiO2
content (0.10–0.11) [85], the chondrite-normalized REE distribution diagram shows a similar
right-dipping seagull type, with obvious negative Eu anomaly (Figure 8a) [86], similar to
typical A-type granite [84,87,88]. In the discrimination diagram [84], the Keri rhyolite samples
all fall into the A-type magmatic rock area (Figure 10a,d). Therefore, the Keri rhyolite is an
A-type rhyolite, which is consistent with the characteristics of the A-type magmatic rocks of
most of the intermediate acidic volcanic rocks of the Elashan Formation.

Figure 10. Ce (a), Y (b), Nb (c), and (K2O + Na2O) (d) vs. 10,000Ga/Al discrimination diagrams for
the Keri rhyolite in the EKOB (after Whalen et al. [84]). A=A-type granitoids; I=I-type granitoids;
S=S-type granitoids.

6.3. Petrogenesis

At present, there are three main views on the formation mechanism of A-type mag-
matic rocks: crystallization differentiation of mantle derived magma [80,89–91], mixing of
mantle-derived magma and crust-derived magma [91–93], and partial melting of crustal
materials [89,94–97].

The crystallization differentiation of mantle-derived basaltic melts usually produces
peralkaline magma [82,94], which is inconsistent with the peraluminous characteristic of
the Keri rhyolite (Figure 6d). The Keri rhyolite has lower Cr (0.39–30.64 ppm) and Ni
(0.30–37.57 ppm) contents, which are closer to crustal source (the contents of Cr and Ni in
the crust are approximately 5.00–33.0 ppm and 3.00–39.0 ppm, respectively; Lara et al. [98]).
On the other hand, the Th/U value of the volcanic rock ranges from 2.12 to 6.21 (average
value is 4.40); the value of Nb/Ta ranges from 14.16 to 94.92 (average value is 35.07),
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showing the characteristics of crust–mantle mixing (Th/U value of lower crust ranges
from 3.80–6.00, Th/U value of primitive mantle is 4.00, Nb/Ta value of mantle-derived
magma is 17.5± 2, Nb/Ta value of crust-derived magma is 11.0–12.0; Gao et al. [99]). In the
TFe2O3-MgO diagram (Figure 11a), the Keri rhyolite has a certain evolutionary relationship
with the samples of the Elashan Formation in the region, falling on the curve of the magma
mixing trend, reflecting that they had undergone chemical mixing [100–102].

Research shows that A-type magmatic rocks can be partially melted from felsic mag-
matic rocks under high temperature and a low-pressure environment [103–105], and A-type
magmatic rocks formed in this environment have metaluminous–weak peraluminous char-
acteristics [71,94,103,106]. The A/CNK value of the Keri rhyolite ranges from 0.97 to
1.09, and are weakly peraluminous in character, suggesting a crustal origin [107], which
is consistent with the metaluminous–weak peraluminous A-type granite formed in a
high-temperature and low-pressure environment. The Rb/Sr ratio ranges from 8.31 to
51.85 (average 22.84), the Ti/Y ratio ranges from 10.42 to 77.97 (average 40.55), and the
Ti/Zr ratio ranges from 1.13 to 2.16 (average 1.96) are in the range of crustal magma
(Rb/Sr > 0.5, Ti/Y < 100, Ti/Zr < 20) [108–110], indicating a crustal origin of the magma.
At the same time, the low εNd (t) value of −2.6–2.5 and εHf(t) value ranges from −2.8 to
2.9 for the rhyolite in the neighboring area [53] similarly shows a crustal origin. On Th/Yb
versus Ta/Yb (Figure 11b), the samples are all located near the crustal area.

Figure 11. (a) TFe2O3 vs. MgO diagrams (after Zorpi et al. [111]); (b) Th/Yb vs. Ta/Yb diagrams (after
Jahn et al. [112]. The compositions of the MORB (mid-ocean ridge basalt), and upper crusts are after
Taylor et al. [113]; the vectors for intra-plate enrichment are based on the data of Pearce et al. [114]).

The Keri rhyolites have spherulite textures, which are mainly composed of quartz
and alkali feldspar. The spherulite cores are more numerous, and the cores are commonly
crystal nucleus, similar to those formed by rapid condensation, which are different from
those formed by devitrification. The REE distribution pattern is almost identical to the
trace element spider diagram (Figure 8), indicating the same magma source.

In summary, the Keri A-type rhyolite is concluded to have formed by mixing crust-
derived magma with a small amount of mantle-derived magma. The magma source area
would be mainly young crustal melt of Mesoproterozoic accretion and mixed with a small
amount of mantle-derived magma. Its magma evolution process was mainly controlled by
partial melting.

6.4. Tectonic Setting

From the field geology, the Elashan Formation is unconformable with the underlying
strata and/or a set of volcaniclastic rocks above the intrusion [42], which is mainly com-
posed of volcanic lava and unstable sedimentary clastic rocks, without being deformed
itself, and its distribution direction is not bounded by the regional tectonic boundaries, in-
dicating that the Elashan Formation volcanic rocks were first formed after the post-collision
stage and the regional tectonic deformation.
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From the viewpoint of rock assemblage, the lower layer of the Elashan Formation
is dominated by intermediate–basic volcanic rocks interspersed with clastic rocks. The
middle layer is medium-acidic gray green dacite lava tuff; the upper layer is dominated
by acidic volcanic rocks mixed with clastic rocks, with more lava and continental eruption
characteristics. In general, it is a set of volcanic rocks that has evolved continuously from
basic volcanic rocks to intermediate acidic volcanic rocks, and from calc-alkaline series to
high-K calc-alkaline series. It is obviously different from island arc environment volcanic
rocks dominated by basalt–andesite of low-K tholeiite series and is similar to the active
continental margin environment volcanic assemblage. On the tectonic discrimination
diagram (Figure 12a–d), Keri rhyolite samples all fall into the intraplate granite (WPG) and
volcanic arc or late and post-collision areas.

Figure 12. Diagrams of the tectonic settings of the Keri rhyolites in the EKOB. (a) after Maniar
et al. [72]; (b) after Harris et al. [115]; (c) after Thiéblemont et al. [116]; (d) after Pearce et al. [86];
(e,f) after Eby [80]. VAG = volcanic arc granites; Syn-COLG = syn-collision granites; WPG = within-
plate granites; ORG = ocean ridge granites; Post-COLG = post-collision granites; MORB = mid-
ocean ridge basalt; OIB = oceanic island basalts; WPB = within-plate basalts; IAB = island-arc
tholeiites; MORB = mid-ocean ridge basalts; IAG = island arc granitoids; CAG = continental arc
granitoids; CCG = continental collision granitoids; POG = post-orogenic granitoids; RRG = rift-related
granitoids; CEUG = continental epeirogenic uplift granitoids. A1-type = anorogenic environment;
A2-type = post-orogenic environment.
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From geochemistry, the Keri rhyolite is a weakly peraluminous, high-K calc alkaline
A-type rhyolite with high SiO2, K2O/Na2O, and A-type granite that is usually produced in
an extensional tectonic environment [79,83,87,94,117–119]. The Y/Nb value of Keri rhyolite
ranges from 0.12 to 0.73, with an average of 0.34 (less than 1.2), which conforms to the
chemical classification of A1-type granite. On the tectonic environment discrimination
diagrams Nb-Y-Ga and Nb-Y-Ce (Figure 12e,f), the samples are all located in the A1-type
anorogenic environment area. This indicates that the rhyolite was formed in an intraplate
anorogenic tectonic setting [80,86,87].

In conclusion, according to the field characteristics, geochemical characteristics, and
the high formation temperature of the Keri rhyolite, it is speculated that the Keri rhyolite is
a product of dehydration melting of calc-alkaline magmas in the shallow crust, formed in
an anorogenic high-temperature and low-pressure environment, with intraplate genetic
characteristics.

6.5. Tectonic Significance

Due to the subduction of Buqingshan-A’nyemaqen Ocean on the southern margin
of the East Kunlun, a large number of arc magmatic rocks with metaluminous, medium-
K calc alkaline characteristics were formed in the East Kunlun area during 260–240 Ma
[3–6,13,15–17,20–26,29,30,37,38,120–129]. With the collision between the Bayan Hara block
and the East Kunlun block, the intrusive rocks in the East Kunlun area were rarely exposed
during 240–230 Ma, and entered a period of magmatic quiescence [4,18,19,119,127]. The
Late Triassic magmatic rocks in the EKOB are close to the peraluminous high-K calc-
alkaline series with post-collisional magmatism characteristics [130,131]. Some of the Late
Triassic magmatic rocks have A-type granite characteristics, and the stitching plutons of
the Gerizhuotuo diorite (225.8 ± 1.5 Ma) [132] exposed in the Buqingshan-A’nyemaqen
Tectonic Mélange Belt and the Binggou basic dyke group (226 Ma) [133] in the East Kunlun
area are representative magmatic rocks, indicating that since the Late Triassic, the tectonic
system of the East Kunlun has changed from a compressional environment to an extensional
environment [4,15–19,21,24,74,125,127,134–137].

The Late Triassic Elashan Formation exposed on the northern margin of the EKOB is a
set of basic–intermediate–acidic volcanic rocks. It can be seen from the Harker diagram
(Figure 7) that the major elements have a good linear relationship, indicating a possible
comagmatic evolution. From the isotopic data, trachyandesite, andesite, and rhyolite in the
Balong area have similar (87Sr/86Sr)i, εNd (t) and TDM2 values [53], which also indicates a
possible comagmatic evolutionary relationship. The Elashan Formation is unconformable
with the underlying strata and/or intrusions. The facies distribution is not constrained by
regional tectonic lines, indicating that it formed after collisional orogeny. The geochemical
characteristics also show that the Elashan Formation volcanic rocks are characterized by
the evolution of subduction–collision–intraplate volcanic rocks (Figure 12c). The rhyolite
includes I or S type magmatic rocks and A-type magmatic rocks (Figure 10), of which
the A-type magmatic rocks mostly have A1-type characteristics. The formation age of
basic–intermediate–acidic volcanic rocks also characteristics by continuous evolution. The
early basic rocks may have a certain genetic evolution relationship with other magmas.
The Keri rhyolite is a product of the late magmatism of the volcanic rocks of the Elashan
Formation (Figure 13).

Figure 13. Tectonic evolution of the EKOB in Late Triassic.
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7. Conclusions

From a comprehensive study of the Keri rhyolites in the EKOB based on petrological,
geochronological, and geochemical analysis, we conclude the following.

(1) The LA-ICP-MS zircon ages of the Keri rhyolites are between 200.4 ± 1.4 Ma and
202.8 ± 1.2 Ma, indicating that the volcanic rocks were formed in the Late Triassic
Rhaetian– Early Jurassic Hettangian. The Keri rhyolite is a product of the late magma-
tism of the Elashan Formation volcanic rocks.

(2) The Keri rhyolites have high SiO2, K2O, alkali, TFe2O3, and medium P2O5 contents
and belong to peraluminous and the high-K calc-alkaline series, with significant
negative Eu anomaly in the chondrite-normalized REE distribution diagram, as well
as right-dipping seagull-type enrichment.

(3) The Keri rhyolite, with the characteristics of A1-type magmatic rock, was formed in an
anorogenic environment after the closure of the Paleo-Tethys Ocean and is a product
of late magmatism in the Elashan Formation volcanic rocks.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/min13020290/s1, Table S1: Zircon LA-ICP-MS U-Pb data of the Keri rhyolites
in the EKOB; Table S2: Whole-rock major and trace element data of the Keri rhyolites in the EKOB.
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