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Abstract: Numerous Indosinian granitoids occur in the East Kunlun Orogen (EKO). The Indosinian
was a key transitional period associated with the evolution of the Paleo-Tethys Ocean. Here, we
study the relationship between the petrogenesis of the granitoids and the regional tectonic setting
based on a comprehensive analysis of the petrology, geochronology, and geochemistry of typical
granitoids in the eastern part of the EKO. The Indosinian granitoid compositions are dominated
by quartz diorites, granodiorites, monzogranites, porphyritic monzogranites, and syenogranites.
Early Indosinian granitoids are large, granitic batholiths, while the middle and late Indosinian
granitoids are smaller in size. From the early Indosinian to late Indosinian, the granitoids show a
transition from a medium-K calc-alkaline to high-K calc-alkaline composition. They are enriched in
light rare earth elements (LREEs) and large-ion lithophile elements (LILEs) and depleted in high-
field-strength elements (HFSEs), especially for the Helegangxilikete and the Kekeealong plutons.
The late Indosinian granitoids have relatively low Y and Yb contents, high Sr contents, and high
La/Yb and Sr/Y ratios, which suggests adakitic affinity. The zircon saturation temperatures of the
early Indosinian syenogranite and the Keri syenogranite are above 800 ◦C. The zircon saturation
temperatures of other Indosinian granites (average 749 ◦C) are lower than those of the biotite and
amphibole partial melting experiment. In the early Indosinian (255–240 Ma), numerous granitoids
were the products of the partial melting of the juvenile lower crust by mafic magma underplating.
This underplating is geodynamically related to the continuous subduction of a branch of Paleo-Tethys
Ocean, with slab break-off, rapid upwelling, and mantle decompression. In the middle Indosinian
(240–230 Ma), the compression that accompanied the continent–continent collision was not conducive
to fluid activity, and hence, the formation of magma could be attributed to dehydration partial
melting of muscovite, biotite, or amphibole. In the late Indosinian (230–200 Ma), the delamination
of thickened crust would provide heat and channels for fluid migration, leading to a flare-up of the
magmas. The composition and petrogenesis of the Indosinian granitoids in the eastern EKO are the
result of processes associated with the subduction, collisional, and post-collisional stages, during the
evolution of the Paleo-Tethys Ocean.

Keywords: East Kunlun Orogen (EKO); Indosinian; granitoids; adakite; petrogenesis; geochemistry;
tectonic evolution

1. Introduction

Granites provide insight into the formation of the continental crust. The petrology and
geochemistry of these rocks record the origin and evolution of the associated magma [1–5].
The formation of granitoids is a complex process related to the source composition, melting
temperature, pressure in the source area, and water availability [6–8]. Previous research has

Minerals 2022, 12, 1604. https://doi.org/10.3390/min12121604 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min12121604
https://doi.org/10.3390/min12121604
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0001-7940-5710
https://doi.org/10.3390/min12121604
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min12121604?type=check_update&version=1


Minerals 2022, 12, 1604 2 of 23

demonstrated that the formation of granitoids corresponds to particular tectonic settings,
with different types of granites associated with different tectonic environments. Historically,
it was widely accepted that I-type granites formed in subduction-related settings and S-
type granites in collisional settings. Geologists believe that the I-type and S-type granites
formed in compressional tectonic environments. In contrast, the evolution of A-type
granites is thought to be unrelated to orogenic activity and occurred in response to hotspot
activity, rifting, or other tensional tectonic settings. However, some studies have indicated
that no genetic relationship exists between the formation of granitoids and their tectonic
environments [9,10]. Thus, there are some limitations in using single granites to determine
tectonic environments [11]. However, granitoid composition can be affected by many
factors, including tectonic setting, the composition of the source material, and water
availability. For example, granite would have a high-K calc-alkaline composition due to
the increasing maturity of the crust in the post-collisional stage. The direction of magma
migration is consistent with that of plate subduction and opposite that of slab retreat. Slab
break-off can give rise to a large volume of magma in short periods [12].

The East Kunlun Orogen (EKO) is rich in magmatic rocks and is a natural labora-
tory for the study of tectonic evolution. These studies would also contribute to a great
understanding of how the Paleo-Tethys Ocean evolved in the Late Paleozoic. Thus, we sys-
tematically studied the spatial and temporal distribution of the granitoids, their magmatic
sources, and petrogenesis of these granites in order to determine the Indosinian tectonic
settings in the EKO.

2. Geological Setting and Field Characteristics

The EKO is located on the northeast margin of the Tibetan Plateau. It is an integral part
of the Central China Orogenic Belt, lying between the Qaidam block to the north and the
Bayan Har block to the south. To the west, it connects the West Kunlun Orogenic with the
Altyn strike-slip fault. The eastern part of the EKO adjoins the Gonghe Basin and Wenquan
fault. The EKO has an East–West-trending orientation and a length of more than 1200 km.
Three major tectonic boundaries have been identified in the EKO. From north to south, they
are the northern East Kunlun fault zone (NEKF), the central East Kunlun fault zone (CEKF),
and the southern East Kunlun fault zone (SEKF) (Figure 1). The three fault zones can be
used to divide the EKO into four sub-tectonic units from north to south: North Kunlun
belt (NKB), Central Kunlun belt (CKB), South Kunlun belt (SKB), and Buqingshan tectonic
mélange belt (BTM) (Figure 1b) [13–18].
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Figure 1. (a) Tectonic location of the East Kunlun Orogen in China; (b) Distribution of granites
of late Paleozoic to early Mesozoic in the Eastern Kunlun; (c) Simplified geological map for the
eastern part of the EKO (modified from Li et al. [19]). Data sources for the zircon U–Pb ages are as
follows: Halagatu pluton (after [19]); Xiangjiananshan pluton (after [20]); Wutuo pluton (after [20,21]);
Qushiang pluton (after [22]); Chaohuolutaogai pluton (after [23]); Chahantaolegai pluton (after [24]);
Keri pluton (after [25]); Kekeealong pluton (after [26]); Helegangxilikete pluton (after [27,28]).

The EKO experienced two tectonic stages during the Paleozoic to Early Mesozoic,
which resulted in the development of the Proto-Tethys and the Paleo-Tethys. The magmatic
processes and sedimentary sequences that accompanied the development of these two
events are complex. The CEKF is an early Paleozoic suture zone that may be related to the
northward subduction of the Proto-Tethys Ocean. Back-arc extension accompanying the
subduction further resulted in the formation of a small ocean basin [29–32]. As a result of a
prolonged period of evolution, the BTM preserves geological evidence of the Proto- and
Paleo-Tethys oceans [33–36].

The EKO ophiolites with an age of 522–509 Ma indicate that the Proto-Tethys Ocean
opened before the Middle Cambrian. From 487 Ma to 430 Ma, a set of arc magmatic
rocks was formed in the EKO, indicating that the subduction of the Proto-Tethys Ocean
started at least in the Early Ordovician and continued until the Middle Silurian [22].
During 430–390 Ma, magmatic activity changed obviously, and A-type granite and adakite
magmatic rocks appeared. In addition, sedimentary records show that the Devonian
Maoniushan Formation is a molasse sequence, indicating that the EKO entered the post-
collision stage of Proto-Tethys [18].

During the Late Paleozoic to Mesozoic, the EKO was in the stage of the Paleo-Tethys
Ocean. According to the chronological records of ophiolites in the EKO, the Paleo-Tethys
Ocean in EKO began opening before the Carboniferous. Due to the northward subduction
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of the Paleo-Tethys Ocean, the EKO formed a set of arc magmatic rocks with ages ranging
from 270 to 240 Ma, and the magmatic mixing of these magmatic rocks was significant. With
the collision between the Bayan Har/Qiangtang and East Kunlun blocks, the Paleo-Tethys
Ocean began to close, and the EKO entered the stage of intracontinental evolution, forming
A-type granite and adakitic magmatic rocks with post-collision characteristics [19,20].

The basement of the EKO is composed of Paleoproterozoic–Neoproterozoic meta-
morphic rocks. The most widespread of these rocks are the Paleoproterozoic Baishahe
Formation (Pt1b), the Mesoproterozoic Xiaomiao Formation (Pt2x) of the Changcheng
System, the Mesoproterozoic Langyashan Formation (Pt2l) of the Jixian System, the Meso-
proterozoic Kuhai Group (Pt2K), the Neoproterozoic Wanbaogou Group (Pt3W), and the
Qiujidonggou Formation (Pt3qj). The lower Paleozoic Nachitai Group (Pz1N) volcanic
sedimentary rock, Maoniushan Formation (Dm) continental clastic rock, and intermediate
acid volcanic rock are related to the development of the Paleo-Tethys. The early geological
history of the Paleo-Tethys Ocean is recorded in the sedimentary rocks of the Carboniferous
Haerguole Formation (C1hl) and Haoteluowa Formation (C2ht), the middle and lower
Permian Maerzheng Formation (P1–2m) turbidite, and the upper Permian Gequ Forma-
tion (P3g). The later evolution of the Paleo-Tethys Ocean is recorded in the lower Triassic
Hongshuichuan Formation (T1h), the middle Triassic Naocangjiangou Formation (T2n), the
middle Triassic Xilikete Formation (T2x), the upper Triassic Babaoshan Formation (T3b),
the upper Triassic Elashan Formation (T3e), and the lower Jurassic Yangqu Formation (J1y).
In addition, there are several angular unconformities between the Gequ Formation and
Haoteluowa Formation, the Xilikert Formation and Naocangjiangou Formation, and the
Babaoshan Formation and underlying strata, and parallel unconformities between the
Yangqu Formation and Babaoshan Formation in the EKO.

Magmatic activity was frequent in the EKO. The granitoids dominate the EKO with
few mafic and ultramafic rocks. Due to the multi-stage tectonic activity of the EKO,
the magmatic activity spans an extensive time period. Magmatic activity occurred from
the Jinning period to the Yanshanian period [18,22], with the most intense magmatic
activity occurring in the Indosinian. The igneous rocks with different ages have different
characteristics:

(1) The Precambrian granitoids are gneissic, due to the effects of multi-stage tec-
tonic events; (2) the early Paleozoic magmatic rocks in the EKO include ultramafic and
mafic lithologies, diorite, granite, and monzonite; (3) granodiorites are the most common
magmatic rocks during the late Paleozoic-early Mesozoic.

We combined our research with nine granites and 107 rock geochemical samples
(Supplementary Table S1) obtained from the eastern EKO to understand the petrogenesis
of the Indosinian granites. Samples in this study were taken from fresh outcrops without
visible alteration. Fresh whole-rock samples were powdered to less than 200-mesh size for
whole-rock chemical analyses. The analytical precision and accuracy for major elements
were generally better than 5%, and those for most trace elements were better than 2%. The
rocks in the CEKB and SEKB were formed during the Indosinian. The early Indosinian
granites (255–240 Ma) are generally large batholiths, some of which have complex litholo-
gies, such as the Wutuo (245–251 Ma), Xiangjiananshan (246.4 ± 3.9 Ma), and Halagatu
(244–255 Ma) plutons. In contrast, the Chaohuolutaogai (242 ± 1.3 Ma) and Qushiang
(246.61 ± 0.62 Ma) plutons are relatively small in size. The early Indosinian plutons intrude
into the basement rocks of the EKO. The plutons that developed in the middle (240–230 Ma,
Chahantaolegai (239.9 ± 0.7 Ma) and Keri (231.58 ± 0.49 Ma) plutons) and late Indosinian
(230–201 Ma, Helegangxikete (225 ± 5 Ma) and Kekeealong (218.3 ± 1.4 Ma) plutons) are
small in size and exposed as small plutons or stocks. The formation age of these granitoids
ranged from 255 to 218 Ma (Table 1). Wall rocks of these plutons are basement rock, early
Triassic intrusive rock, and Triassic sedimentary strata (Figure 1c).

Mafic magmas are also exposed in the eastern part of the EKO. Compared to the granite,
mafic rock exposures are limited in extent and occur as small plutons and veins [37,38].
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Table 1. Geological characteristics of the Indosinian granite in eastern region of EKO [19–28].

Locality Rock Texture Structure MMEs Host rock Method Age (Ma) Tectonic Unit Reference

Halagatu

granodiorite medium massive inclusion basement LA-ICP-MS
247.2 ± 1.5

SKB [19]

255.6 ± 1.9
porphyritic

monzogranite medium to coarse porphyritic inclusion granodiorite LA-ICP-MS 244.3 ± 2.2

monzogranite coarse massive inclusion granodiorite
syenogranite medium to coarse massive no granodiorite

Wutuo

granodiorite medium to fine massive inclusion basement LA-ICP-MS 249 ± 1

CKB

[21]
porphyritic

monzogranite medium to coarse porphyritic inclusion granodiorite LA-ICP-MS 247 ± 1 [21]

syenogranite medium to coarse massive inclusion granodiorite LA-ICP-MS 245 ± 1 [21]

Xiangjiananshan

granodiorite medium to coarse massive inclusion basement LA-ICP-MS 251 ± 1.9

CKB

[20]
porphyritic

monzogranite medium to coarse massive inclusion granodiorite [20]

monzogranite medium to coarse massive inclusion granodiorite LA-ICP-MS 246.4 ± 3.9 [20]
syenogranite coarse massive inclusion granodiorite [20]

Qushiang granodiorite medium to coarse gneissic inclusion basement LA-ICP-MS 246.61 ± 0.62 CKB [22]

Chaohuolutaogai granodiorite medium to coarse massive inclusion basement and Early
Triassic magmatic rocks LA-ICP-MS 241.2 ± 0.8 CKB [23]

Chahantaolegai syenogranite medium to coarse massive no basement and Early
Triassic magmatic rocks LA-ICP-MS 239.9 ± 0.7 CKB [24]

Keri syenogranite medium to coarse massive inclusion basement LA-ICP-MS 231.58±0.49 CKB [25]

Helegangxilikete granodiorite medium to fine massive inclusion
Middle Triassic

Naocangjiangou
Formation

LA-ICP-MS 225 ± 2 SKB [27,28]

Kekeealong quartz diorite medium to fine massive no
Middle Triassic

Naocangjiangou
Formation

LA-ICP-MS 218.3 ± 1.4 SKB [26]

MMEs—mafic microgranular enclaves
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3. Petrography

Most of the granitoids in the eastern part of the EKO are characterized by medium-
to coarse-grained texture and massive structure (Figure 2). The Halagatu, Wutuo, and
Xiangjiananshan plutons are complex granites, with the most common rock types being
granodiorite, monzogranite, porphyry monzogranite, and syenogranite (Table 1). The
Chahantaolegai and Keri plutons are both syenogranites; the Helegangxilikete, Chaohuolu-
taogai, and Qushiang plutons are granodiorites; the Kekeealong pluton is a quartz diorite.
The main mineral composition of the plutons is similar, including plagioclase, K-feldspar,
quartz, hornblende, and biotite. The content of plagioclase and hornblende is relatively
high in the mafic rocks, with feldspar and quartz increasing as the rock types become more
acidic in composition (Table 1). Most of the plutons, excluding the Chahantaolegai and
Kekeealong, contain mafic microgranular enclaves (MMEs).
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Figure 2. Outcrop photos for the Indosinian granite in the eastern region of the EKO. (a) Xiangjianan-
shan granodiorite; (b) Xiangjiananshan monzogranite; (c) Wutuo granodiorite; (d) Wutuo monzogran-
ite; (e) Wutuo syenogranite; (f) Qushiang gneissic granodiorite; (g) Chaohuolutaogai granodiorite;
(h) Chahantaolegai syenogranite; (i) Keri syenogranite.

4. Whole-Rock Geochemistry
4.1. Major Elements

The results for the major elements in the felsic rock have a negative correlation be-
tween SiO2 and oxides. The SiO2 content of early Indosinian plutons is in the range of
60.26–76.27 wt.%. The values of the A/CNK ratios range from 0.91–1.08, with an average
of 0.99. The values for Mg# (Mg# = atomic 100 ×Mg2+/(Mg2+ + TFe2+)) range from 4–44
with an average of 32. The Mg# values of the Qushiang pluton are high, with an average
value of 43. In the A/NK-A/CNK diagram (Figure 3a), the granodiorite is classified as met-
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aluminous calc to calc-alkaline series, while the monzogranite, porphyritic monzogranite,
and syenogranite are classified as weakly peraluminous alkaline-calc to calc-alkaline series
(Figure 3b,c). In the TAS diagram (Figure 3d), they plot as diorite, granodiorite, and granite.
The MgO, CaO, P2O5, TiO2, Al2O3, and FeOT contents in the different rocks decrease as
the SiO2 content increases, while the Na2O content increases as the SiO2 content increases
(Figure 4), which indicates that fractional crystallization of plagioclase, biotite, and apatite
may have occurred.
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Figure 3. Diagrams of A/NK vs. A/CNK. A/CNK = Al2O3/(CaO + Na2O + K2O)% in molar;
A/NK = Al2O3/(Na2O + K2O)% in molar. (a) (after [39]) K2O vs. SiO2; (b) (after [40]) (Na2O + K2O -
CaO) vs. SiO2; (c) (after [41]) ALK vs. SiO2; (d) (after [42]) for the Indosinian granite in the eastern
region of the EKO.

In contrast, the middle Indosinian granite is dominated by granite in rock type, with
the major element concentrations showing a small variation range. The contents of SiO2
(71.52–74.90 wt.%), K2O (2.99–4.58 wt.%), and Na2O (3.31–4.14 wt.%) are high, while the
content of Al2O3 (12.87–3.88 wt.%), FeOT (1.65–2.74 wt.%), MgO (0.09–0.68 wt.%), and CaO
(0.76–1.93 wt.%) are low. The values of the A/CNK are relatively high (1.00–1.13). The Mg#

values are lower (9–34), with an average of 21. In the A/NK–A/CNK diagram, the Keri
pluton is classified as mildly peraluminous granite, while others are classified as strongly
peraluminous granite. All samples are assigned to the high-K calc-alkaline series. In the
TAS diagram, the samples are plotted in the granite field (Figure 3d).
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Figure 4. Harker diagrams for the Indosinian granite in the eastern region of the EKO. (a) SiO2 vs.
TiO2 diagram; (b) SiO2 vs. Al2O3 diagram; (c) SiO2 vs. FeOT diagram; (d) SiO2 vs. MgO diagram;
(e) SiO2 vs. CaO diagram; (f) SiO2 vs. Na2O diagram; (g) SiO2 vs. K2O diagram; (h) SiO2 vs.
P2O5 diagram.

The SiO2 (60.08–69.28 wt.%), K2O (2.00–3.79 wt.%), and Na2O (3.22–3.66 wt.%) content
of late Indosinian rocks is moderate, while the content of Al2O3 (14.33–16.81 wt.%), MgO
(1.78–3.20 wt.%), and CaO (3.17–5.61 wt.%) is high. The values of the A/CNK are relatively
low (mostly <1.0), consistent with a metaluminous granite composition. The Mg# values
range from 45 to 55. The composition of the Helegangxilikete pluton is high-K calc-alkaline,
while the Kekeealong pluton plots close to the boundary between middle- and high-K calc-
alkaline. In the TAS diagram, they plot in the diorite and granodiorite areas, respectively
(Figure 4c).

4.2. Trace Elements

The total REE content of the early Indosinian granitoids ranges from 70.57 to 274.41 ppm,
with an average value of 122.01 ppm. The (La/Yb)N ratio varies greatly, averaging 10.39.
The chondrite-normalized REE distribution diagram indicates that the early Indosinian
granitoids are enriched in light rare earth elements (LREEs) (Figure 5a), but depleted in
heavy rare earth elements (HREEs). Granodiorite has a slight negative Eu anomaly, but
syenogranite has an obvious negative Eu anomaly. Except for the Wutuo monzogranite,
which had a lower δEu value, other monzogranite has a higher δEu value than granodiorite,
which has an insignificant negative or positive Eu anomaly.
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In the primitive mantle-normalized trace element distribution diagram (Figure 5b),
the granitoids are enriched in large-ion lithophile elements (LILEs), but depleted in high-
field-strength elements (HFSEs) (i.e., Nb, Ta, and Ti). These anomalies may be related
to the metasomatism of subducted fluids [7]. In addition, the Rb content ranges from
21.88–263.00 ppm, the Sr content ranges from 18.20–518.11 ppm, the Y content ranges from
3.95–80.6 ppm, the Rb/Sr ratio ranges from 0.06–10.88, and the Sr/Y ratio ranges from
0.85–50.33.

The chondrite-normalized REE patterns of the middle Indosinian granitoids are similar
to those of the early Indosinian granitoids (Figure 5c,d), but the total REE content is slightly
lower than that of the early Indosinian granitoids, ranging from 41.84 to 129.80 ppm,
with an average of 86.34 ppm. The ratio of (La/Yb)N ranges from 7.20–27.11, with an
average of 17.26. The Sr and Y content of middle Indosinian granitoids is low, namely
33.61–210.79 ppm and 3.95–14.83 ppm, respectively. The Rb content for these granitoids
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ranges from 47.93–185.10 ppm, the Rb/Sr ratio ranges from 0.35–5.51, and the Sr/Y ratio
ranges from 3.58–32.10.

The total REE content of late Indosinian granitoids ranges from 93.15–148.89 ppm,
with an average of 121.31 ppm. The (La/Yb)N ratio of these granitoids is high, ranging
from 11.86 to 24.28, with an average of 17.14, indicating that fractionation crystallization
occurred between the heavy and light rare earth elements. The trace element compositions
of the late Indosinian granitoids are similar to those of the early Indosinian granitoids
(Figure 5f). The granitoids have a high Sr content (348–485 ppm, average 411 ppm), a
high Sr/Y ratio (27.30–43.40, average 35.17), and a low Y content (8.94–15.60 ppm, average
11.94 ppm).

5. Magma Source and Petrogenesis
5.1. Granite Type

There are no peraluminous minerals (such as garnet and cordierite) in the Indosinian
granitoids of the eastern EKO. Most of these rocks contain amphibole, and the P2O5
content of the plutons is relatively low, with a negative correlation between SiO2 and P2O5
(Figure 4h). The A/CNK value of the granitoids is less than 1.1, with an average of 0.95,
except for the Chahantaolegai pluton (1.05–1.13, average 1.1). These values are consistent
with an I-type granite composition rather than an S-type composition (Figure 3a) [4].
However, the early Indosinian plutons, except for the syenogranite, have FeOT/MgO
(average 4.06) and 10,000 × Ga/Al ratios (average 2.10) are close to the I-type granite (2.27
and 2.18, respectively) [45]. The compositions of the rocks mainly fall in the I-type and S-
type granite regions in Figure 6. Moreover, the average zircon saturation temperature of the
whole rock was 753 ◦C, lower than the average formation temperature of A-type granites
(i.e., 800 ◦C [46]) but similar to that for I-type granite (764 ◦C [47]). The early Indosinian
syenogranite (Halagatu and Wutuo plutons) has high FeOT/MgO ratios (average 23.09)
and 10,000 × Ga/Al ratios (average 2.87). The zircon saturation temperature of the whole
rock was higher than 800 ◦C, similar to that of A-type granites (Figure 6). Regional data
show that the A-type granites were exposed not only during the early Indosinian, but
also during the late Indosinian [48]. The middle Indosinian Chahantaolegai syenogranite
has high SiO2 content and A/CNK ratios (average ratio 1.10), similar to values for S-type
granites (Figure 3a). Regional data for the eastern part of the EKO show that the early
Indosinian granitoids are mainly I-type granites with a small number of A-type granites,
that the middle Indosinian granitoids are mainly I-type and S-type granites, and that the late
Indosinian granitoids are mainly I-type granites with minor A-type granites also present.

5.2. Magma Source

The Indosinian granitoids in the eastern EKO have a high SiO2 content with enrich-
ment in Th, U, K, and Pb and depletion in Nb, Ta, and Ti. These characteristics resemble
the composition of crust-derived magmatic rocks (Figure 5) [49]. The granodiorite has a
composition consistent with an I-type granite and, hence, may be derived from the partial
melting of meta-igneous rocks [46,50]. These granodiorites have low K2O/Na2O ratios,
similar to the composition of melts derived from metabasalts yet different from that derived
from pelites [51]. In the plots of (Na2O + K2O)/(FeO + MgO + TiO2) vs. Na2O + K2O
+ FeO + MgO + TiO2 and Al2O3/(FeO + MgO + TiO2) vs. Al2O3 + FeOT + MgO + TiO2
(Figure 7a,b), the granodiorite has a composition consistent with the partial melting of mafic
components. The granodiorites have low molar Al2O3/(MgO + FeOT) ratios, high molar
CaO/(MgO + FeOT) ratios (Figure 7c), high CaO/Na2O ratios, and low Al2O3/TiO2 ratios
(Figure 7d), compositions similar to magmas derived from metabasalts [52]. These data
indicate that the main source for the granodiorite was likely mafic rock. The investigation
demonstrated that the amount of εHf(t) and εNd(t) in the late Paleozoic-early Mesozoic
granites of the EKO are relatively low (i.e., εHf(t) = −3.2 to 0; εNd(t) = −5.3 to −2.1 [20,53]).
The data are similar to those obtained for mafic magmatic rocks in the same period of the
EKO (i.e., εHf(t) =−4.4 to 1.1; εNd(t) =−7.4 to 2.9 [20]), but significantly different from those
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of the mid-oceanic ridge basalts (MORB) [54]) and the EKO basement rocks (i.e., basement
εHf(t) = −15.51; mid-oceanic ridge basalts εNd(t) = 12.2 to 12.8 [55,56]). Therefore, the
source area for the granodiorite may have been juvenile mafic lower crust.
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OGT = unfractionated M-, I-, and S-type granites.
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Figure 7. Diagrams of (a) Na2O + K2O + FeO + MgO + TiO2 vs. (Na2O + K2O)/(FeO + MgO + TiO2)
(after [57]); (b) Al2O3 + FeO + MgO + TiO2 vs. Al2O3/(FeO + MgO + TiO2) (after [57]); (c) molar
CaO/(MgO + FeOT) vs. molar Al2O3/(MgO + FeO) (after [58]); and (d) Al2O3/TiO2 vs. CaO/Na2O
(after [52]) for the Indosinian granite in the eastern region of the EKO.
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Furthermore, the late Paleozoic-early Mesozoic mafic magmas and granites in the
EKO have similar trends [20]. The transition from a middle- to high-K calc-alkaline com-
position indicates that fluid metasomatism in the mantle became progressively stronger
from early- to late-phase subduction. Therefore, the granite was probably derived from
the partial melting of juvenile mafic low crust. The monzogranite, porphyry monzogran-
ite, and syenogranite have high SiO2 and Al2O3 contents, low CaO/Na2O ratios, and
high Al2O3/TiO2 ratios, indicating that the material in the source area may have been a
greywacke (Figure 7).

5.3. Petrogenesis

The origin of granitic rocks is complex, and it mainly includes the fractional crystalliza-
tion of mafic magmas [8], partial melting of subducted oceanic crust [59,60], dehydration
melting of hydrous minerals [61], partial melting of the lower crust by underplating mantle-
derived magma [62], and water-induced partial melting [7].

Some of the Indosinian granodiorites, monzogranites, and porphyry monzogranites
in the eastern EKO contain MME (Table 1). With the evolution of the magmas from basic
to felsic, the MMEs in the plutons decrease in volume. In contrast, the syenogranites
contain few MME, or no MME, with the exception of the Wutuo and Keri plutons. There
are no MMEs in the Kekeealong quartz diorite. Therefore, mafic magma contributed to
the formation of most of the Indosinian granites, which may be related to the fractional
crystallization of mafic magma. However, the Indosinian magmatic rocks in the eastern
EKO are dominated by granitic rocks [1,63], with only a small amount of mafic magmatic
rocks present, so the fractional crystallization of mafic magma would not explain the
petrogenesis of the Indosinian granitoids.

Adakitic magmatic rocks formed by partial melting of subducted oceanic crust have
relatively low Y and Yb contents, high Sr contents, and high La/Yb, Sr/Y ratios [64,65].
The Indosinian Helegangxilikete and Kekeealong plutons resemble adakitic magmatic
rocks (Table 2, Figure 8a,b). Therefore, the plutons may be the result of the partial melting
of subducted oceanic crust. However, the melt formed by partial melting of subducted
oceanic crust has a lower K2O content and lower Nb/U ratios. The results shown in
the SiO2-K2O diagram (Figure 3b) also indicate a probable lower crustal source for the
two plutons. Moreover, the sedimentary records indicate that the EKO evolved into a
continental tectonic setting during the Late Triassic [66,67]. The zircon U–Pb ages of the late
Indosinian Helegangxilikete and Kekeealong plutons are 225 ± 5 Ma and 218.3 ± 1.4 Ma,
respectively. Therefore, these two plutons were not derived from the partial melting of
oceanic crust.

Partial melting of thickened crust during a post-collisional stage is also an important
way to generate adakitic magmatic rocks [68]. As the crust thickens, the density increases
to be eclogite phase, which causes lithosphere break-off and subsidence. The mafic magma
is generated by decompressive melting of mantle material. The rising mafic magma
ultimately leads to underplating of the lower crust to form adakitic granitic magma [69–71].
Accordingly, the adakitic Helegangxilikete and Kekeealong plutons are probably related
to the partial melting of the thickened lower crust during a post-collisional stage of an
orogenic cycle.
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Table 2. Petrogeochemical characteristics of the Indosinian granite in eastern region of EKO.

Locality Rock SiO2 (wt.%) Sr (ppm) Y (ppm) Sr/Y Rb/Sr La/Yb Yb/Lu 10,000 × Ga/Al Nb/Ta A/CNK δEu Mg# T (◦C)

Halagatu

granodiorite 65.31–68.45
(67.19)

224–353
(268)

17.10–25.10
(21.38)

10.42–20.47
(12.84)

0.25–0.53
(0.42)

5.99–15.77
(11.59)

5.74–6.63
(6.24)

1.85–2.21
(2.01)

8.79–12.31
(10.34)

0.93–1.02
(0.98)

0.82–1.00
(0.89)

32–39
(36)

699–755
(714)

monzogranite 72.63–73.01
(72.88)

172–179
(176)

15.00–19.30
(16.47)

9.27–11.79
(10.84)

0.82–0.91
(0.87)

12.23–17.18
(14.75)

5.33–6.20
(5.70)

1.91–2.01
(1.96)

9.03–10.90
(10.11)

1.03–1.05
(1.04)

0.64–0.72
(0.68)

21–26
(23)

772–784
(36)

porphyritic
monzogranite

69.87–73.46
(71.47)

172–234
(195)

12.50–21.80
(17.68)

8.41–15.70
(11.36)

0.53–0.74
(0.63)

11.44–18.46
(14.55)

6.14–6.97
(6.42)

1.90–2.09
(2.01)

8.05–12.12
(10.63)

1.00–1.05
(1.03)

0.88–1.09
(0.97)

21–28
(25)

744–769
(760)

syenogranite 74.02–74.87
(74.53)

74.2–93.3
(83.77)

70.60–80.60
(76.20)

0.96–1.32
(1.11)

1.84–2.01
(1.97)

4.82–5.28
(5.12)

6.61–6.76
(6.67)

2.88–3.08
(2.95)

11.72–12.89
(12.23)

0.99–1.01
(1.00)

0.48–0.50
(0.48)

4–11
(6)

805–827
(816)

Wutuo

granodiorite 64.52–68.59
(66.88)

164–332
(256)

16.30–25.00
(19.26)

8.96–19.64
(13.59)

0.35–0.55
(0.42)

4.97–21.31
(12.05)

5.58–6.67
(6.11)

1.91–2.54
(2.21)

6.02–13.33
(10.16)

0.96–1.03
(0.98)

0.74–1.13
(0.85)

30–42
(39)

688–784
(746)

porphyritic
monzogranite

70.60–72.58
(71.85)

183–205
(195)

24.70–27.50
(25.77)

6.65–8.30
(7.60)

0.82–1.01
(0.93)

11.11–11.83
(11.44)

5.98–6.06
(6.01)

2.49–2.60
(2.56)

7.50–10.27
(9.28)

0.99–1.02
(1.00)

0.49–0.53
(0.52)

28–30
(29)

790–801
(797)

syenogranite 75.38–76.27
(75.59)

18.2–30.8
(26.13)

21.50–28.00
(24.70)

0.85–1.25
(1.05)

7.28–10.88
(8.62)

8.33–10.13
(9.09)

6.16–6.53
(6.33)

2.70–2.94
(2.79)

10.84–12.69
(11.53)

1.01–1.08
(1.04)

0.14–0.23
(0.18)

11–13
(12)

803–812
(808)

Xiangjiananshan

syenogranite 66.60–72.86
(69.73)

102–140
(121)

14.00–18.00
(16.00)

7.29–7.78
(7.53)

1.65–2.58
(2.11)

40.85–59.24
(50.05)

6.88–7.08
(6.98)

1.81–2.70
(2.26)

14.43–19.75
(17.09)

0.98–1.07
(1.03)

0.21–0.23
(0.22)

19–35
(27)

773–815
(794)

monzogranite 67.58–73.19
(69.16)

392–496
(448)

8.96–12.30
(11.07)

35.64–50.33
(40.78)

0.18–0.27
(0.24)

15.97–24.32
(20.46)

5.77–7.00
(6.61)

2.25–2.92
(2.46)

9.40–13.00
(11.16)

0.98–1.05
(1.00)

0.95–1.30
(1.07)

17–40
(33)

701–756
(728)

porphyritic
monzogranite

68.72–72.16
(70.23)

359–436
(393)

9.76–13.40
(11.52)

28.13–41.09
(34.63)

0.25–0.35
(0.3)

14.27–33.4
(26.41)

5.89–6.87
(6.46)

2.34–2.55
(2.45)

9.52–14.52
(11.70)

0.98–1.02
(1.01)

0.92–1.05
(0.98)

25–33
(29)

722–742
(736)

Qushiang granodiorite 60.26–65.88
(63.19)

350–518
(421)

17.51–21.12
(19.50)

18.87–25.52
(21.53)

0.17–0.95
(0.11)

13.51–34.02
(18.93)

5.40–6.37
(6.18)

2.29–2.65
(2.50)

13.38–26.88
(18.81)

0.92–0.99
(0.94)

0.47–0.50
(0.49)

40–44
(43)

562–790
(749)

Chaohuolutaogai granodiorite 65.27–74.25
(67.51)

103–293
(203)

9.27–26.10
(17.81)

4.79–22.65
(13.21)

0.12–1.60
(0.59)

11.10–49.43
(23.77)

6.28–6.69
(6.52)

1.66–1.94
(1.91)

9.40–19.17
(14.46)

0.91–1.06
(1.00)

0.51–1.02
(0.77)

20–28
(25)

740–788
(772)

Chahantaolegai syenogranite 71.52–74.90
(73.75)

33.6–127
(77.13)

3.95–9.39
(7.44)

3.58–32.10
(12.84)

0.77–5.51
(2.03)

23.48–40.22
(31.80)

5.29–6.58
(6.08)

9.36–18.22
(15.37)

1.05–1.13
(1.10)

0.27–0.52
(0.40)

10–36
(19)

743–786
(771)

Keri syenogranite 72.06–74.49
(73.39)

71–211
(141)

7.45–14.83
(11.12)

8.10–18.44
(12.68)

0.35–1.24
(0.75)

10.68–39.71
(21.72)

5.55–6.46
(6.04)

0.85–2.67
(2.04)

15.43–27.85
(18.84)

1.00–1.13
(1.06)

0.29–0.51
(0.38)

15–33
(26)

689–818
(785)

Helegangxilikete granodiorite 67.12–69.28
(68.04)

348–434
(390)

8.94–11.60
(10.17)

34.46–43.40
(38.41)

0.27–0.39
(0.32)

21.91–36.02
(27.15)

5.68–7.00
(6.22)

2.03–2.46
(2.26)

10.29–13.82
(12.21)

0.95–0.98
(0.96)

0.95–1.08
(1.00)

52–55
(54)

747–758
(754)

Kekeealong quartz diorite 60.08–62.69
(62.04)

395–485
(435)

12.50–15.60
(13.90)

27.30–38.80
(31.58)

0.14–0.19
(0.16)

17.59–27.43
(23.51)

6.94–7.64
(7.32)

2.21–2.43
(2.35)

16.19–21.84
(19.03)

0.92–0.98
(0.94)

0.93–1.01
(0.97)

46–51
(49)

753–764
(758)

atomic Mg# = 100 × (Mg2+/(Mg2+ + TFe2+)); δEu =
√

EuN/(SmN×GdN); T (◦C)= 12,900/[LnDz + 0.85 ×M + 2.95]–273.15 [72]; data in ( ) are average
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(e) Diagram of (La/Yb)N vs. crustal thickness (after [73]); (f) Crustal thickness vs. Sr/Y (after [73]).

Compared to other rocks generated from the melting of continental crust, the Hele-
gangxilikete, Kekeealong, and Qushiang plutons have high Mg# values and are indicative of
mantle source characteristics (Figure 9) [59,60]. Granitic rocks with compositions similar to
mantle material can be attributed to fractional crystallization of mantle source magma [69],
crust–mantle magma mixing [74], or delamination of the crustal metasomatic mantle [75].
As mentioned above, only a small amount of mafic magma emplacement occurred in
the EKO during the Indosinian, so the fractional crystallization of mantle magma cannot
explain the high Mg# values of these three plutons. Macroscopically, MMEs are evidence
of crust–mantle magmatic mixing. The Helegangxilikete and Qushiang plutons contain
MMEs, with the magma mixing phenomenon common in the granitoids of the EKO. There-
fore, the high Mg# values may be related to the magma mixing of mantle–derived and
crust–derived melts. However, studies have shown that the mafic magma had a high
temperature. When mafic magma mixes with the host felsic magma, the physical properties
of the mafic magma and the felsic magma are different due to temperature differences.
Generally, the material in the host magma can enter the MMEs easily, while the enclave
material appears to have difficulty entering the host magma [76]. Therefore, the mantle
source characteristics of host rocks can be explained by the homogeneous mixing of mantle
source magma and host rocks in the deep crust. The Kekeealong pluton has a high Mg#

value but does not contain MMEs. The adakitic nature and high Mg# value of the Kekeea-
long pluton may result from partial melting of the lower crust during delamination–related
metasomatism in the mantle [77].
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Figure 9. Diagrams of Mg# vs. SiO2 for the Indosinian granite plutons in the eastern region of the
EKO. The results of the published work shown in the figure include the fields of pure crustal partial
melts determined in experimental studies for dehydration melting of a two–mica schist at 7–10 kbar
and temperatures of 825–850 ◦C [78]; the dehydration melting of low–K basaltic rocks at 8–16 kbar
and temperatures of 1000–1050 ◦C [59]; moderately hydrous (1.7–2.3% H2O) medium– to high–K
basaltic rocks at 7 kbar and temperatures of 825–950 ◦C [51].

Granitic magma can be formed by dehydration partial melting of hydrous minerals
(e.g., muscovite, biotite, and amphibole). Studies have shown that the dehydration partial
melting temperature of muscovite is roughly 650–750 ◦C under medium–pressure condi-
tions [79], while the dehydration partial melting temperature of biotite and hornblende in
"dry" conditions is above 800 ◦C [3,80,81]. The zircon saturation temperature of Indosinian
granodiorite, monzogranite, and porphyritic monzogranite in the EKO was below 800 ◦C
(average 749 ◦C) (Figure 10). In contrast, the lower K/Na and Rb/Sr ratios are different from
those of the melt formed by the dehydration partial melting of muscovite. Therefore, the
dehydration partial melting of hydrous minerals cannot explain the petrogenesis of these
rocks. Previous studies show that the melting temperature of metabasalts can be reduced
to 700–750 ◦C by adding water under high pressure [82]. The formation of the Indosinian
granodiorite, monzogranite, and porphyry monzogranite in the EKO may, therefore, be
related to water–induced partial melting [7]. In the subduction and post–collisional stages,
the large–scale underplating of mantle–derived magma provides both heat and water for
the partial melting of source rocks. Especially, the influx of water significantly reduces the
melting point of rocks in the source area, leading to the generation of granitic magma. The
differences in these granitic rocks are not only related to the heterogeneity of the source
area but also closely related to the water content in the source area [83]. For the Indosinian
granites in the EKO, the Chahantaolegai syenogranite had a relatively low zircon saturation
temperature of 771 ◦C on average (Figure 10), similar to that of dehydration melting for
muscovite. In addition, the pluton has high K/Na and Rb/Sr ratios, indicating that it was
generated (at least in part) from dehydration melting of muscovite. By comparison, the
Keri, Halagatu, and Wutuo syenogranite had relatively high crystallization temperatures of
800 ◦C, higher than the dehydration partial melting temperature of biotite and amphibole.
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They have low K/Na and Rb/Sr ratios, similar to the melt formed by dehydration partial
melting of biotite or amphibole [84]. In addition, these Indosinian granitoids are similar to
the melt formed during a water–unsaturated (2%–5%) melting experiment at 800–900 ◦C
and 3–10 kbar conditions (Figure 11) [62], which shows that the melt was unsaturated at
the initial melting stage. Accordingly, the formation of the Indosinian granitoids in the
EKO is closely related to the temperature and the water content of the source region.
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Figure 11. Diagrams of (a) F (FeO + MgO + MnO)–An–Or [60] and (b) Ab–Qz–Or (solid lines after [85];
dashed lines after [86]) for the Indosinian granite in the eastern region of the EKO. Qz = quartz,
An = anorthite, Ab = albite, and Or = orthoclase.

6. Tectonic Setting of the Granitoids

The Indosinian was an important transition period of tectonic settings for the eastern
EKO [14,87–89]. These settings included ocean subduction, continent–continent collision,
and post–collisional stages. In such a complex geodynamic background, the physicochemi-
cal environment and crustal properties of the EKO changed in response to the prevailing
tectonic setting, thus affecting the composition, distribution, and genesis of granites in the
EKO during this period.

In the early Indosinian (>252–240 Ma), the magmatic activity in the eastern EKO
was very intense, resulting in large granitic batholiths that are primarily exposed in the
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region (e.g., Wutuo pluton, Xiangjiananshan pluton, and Halagatu pluton). The grani-
toids were mainly distributed in an East–West trend, primarily concentrated within the
CKB [19,20,90,91]. The main rock type in the EKO is granodiorite, which typically has
a medium K calc–alkaline composition (Figure 3b). It is enriched in LILEs (e.g., Rb and
U), but depleted in HFSEs, and has a composition similar to arc magmas. In the tectonic
discriminant diagram, the granodiorite has a composition consistent with slab failure area
and arc–related magmatic rock (Figure 12). The intense magmatic activity in the eastern
EKO during the early Indosinian may have been controlled by slab break–off (Figure 13a).
As a result of the continuous subduction of the northern Paleo–Tethys Ocean, the density of
the oceanic crust probably increased, reaching a density comparable to that of eclogite. This
increase in density would have caused the subducted oceanic crust to break–off and sink,
resulting in rapid upwelling and decompression of the mantle to form mafic magma [18,48].
At the same time, a large amount of water rose into the lower crust, reducing the melting
temperature of the source rocks, and resulting in the development of granitic rocks in
the EKO.
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Figure 12. Diagrams of the tectonic setting for the Indosinian granite in the eastern region of the
EKO ((a), after [92,93]; (b), after [94]). WPG = within plate granites; VAG = volcanic arc granites;
ORG = ocean ridge granite; syn–COLG = syn–collision granite.

In the middle Indosinian (240–230 Ma), the magmatic activity was very weak, evi-
denced by the limited number of plutons in the eastern EKO (e.g., Keri and Chahantaolegai
plutons). Large–scale fault zones mostly control the distribution of plutons, mainly out-
cropped near fault zones. The weakening of magmatic activity was likely related to the
collision between the Bayan Har/Qiangtang and East Kunlun blocks (Figure 13b). Due to
this continent–continent collision, the EKO would have been in a collisional setting at the
time, which is not conducive to the formation of magma, but rather a decrease in magmatic
activity [48,95–97].

In the late Indosinian (230–205 Ma), there were magmatic flare–ups, but the compo-
sition of the magma was different from that of the early Indosinian magmatic rocks. The
compositions are mostly granodioritic and monzogranitic, and distributed throughout the
EKO. Compared with the early Indosinian, the outcrop size of the late Indosinian grani-
toids is relatively small. They generally intrude into the early plutons and sedimentary
strata as small plutons, stocks, and dikes. The granites of late Indosinian evolved from
medium– to high–K calc–alkaline compositions (Figure 3b), with characteristics typical of
post–collisional magmatic rocks [98,99]. In addition, these magmatic rocks cut across the
structural trend of the orogen, indicative of a post–collision setting. In the tectonic setting
discrimination diagram, magmatic rocks also have compositions similar to those associated
with intraplate environments (Figure 12). The Helegangxilikete and Kekeealong plutons
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have the characteristics of adakitic magmatic rocks. In addition, A–type granites intruded
into the EKO during this period, indicating that the EKO has already been in an extensional
tectonic setting caused by the delamination of the thickened lower crust [100–102].
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Figure 13. Diagram showing the tectonic setting of the Indosinian magmatism in the EKO. (a)
Subduction stage: As a result of break–off of the subducted slab, the mafic magma underplated
the lower crust and formed the early Triassic arc magmatic rocks in the EKO; (b) Collision stage:
Collision between the Bayan Har block with the East Kunlun block. The granite was derived from
muscovite and either biotite or hornblende during dehydration partial melting; (c) Post–collision: The
delamination of thickened crust resulted in an extensional setting, where mafic magma underplated
the lower crust to form granite.

Studies show that the Sr/Y and La/Yb ratios of granites are good indicators of changes
to crustal thickness in orogenic belts [73]. From the early Indosinian to the late Indosinian,
the Sr/Y and La/Yb ratios of the granitoids in the EKO gradually increased, indicating
that the crustal thickness continuously increased during the Indosinian (Figure 8c,d). The
delamination of the thickened crust probably caused the upwelling of the asthenosphere,
which would have provided a source of heat for the partial melting of the rock, and
provided a channel for the migration of fluids, which would have led to a significant
increase in magmatic activity in this stage of the orogenic process (Figure 13c).

7. Conclusions

(1) Most early Indosinian to late Indosinian granitoids occur in the eastern EKO, consisting
of granodiorite, monzogranite, porphyry monzogranite, and syenogranite. The grani-
toids geochemically evolved from medium– to high–K calc–alkaline in composition.
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(2) In the early Indosinian, the break–off of the northern Paleo–Tethys Ocean resulted
in the rapid upwelling of the mantle and decompression–related formation of mafic
magma. At the same time, a large amount of water entered the lower crust, reduc-
ing the melting temperature of the source rocks, and forming a large volume of
granitic rocks.

(3) During the middle Indosinian, the collision of the Bayan Har and East Kunlun blocks
was an unfavorable environment for the development of fissures and, consequently,
the movement of fluids into the crust in the EKO. The formation of magma could be
attributed to dehydration partial melting of hydrous minerals.

(4) In the late Indosinian, the delamination of the thickened lower crust resulted in the
upwelling of the asthenosphere, providing heat for the partial melting of rocks, but
also provided a channel for the migration of fluids, which led to magmatic flare–ups
during the post–collision stage.
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