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Abstract: The formation of the East Kunlun Orogen (EKO) was related to the tectonic evolution of
the Proto-Tethys and Paleo-Tethys Oceans. However, how the Paleo-Tethys Ocean transited from
the Proto-Tethys Ocean, and whether the Paleo-Tethys Ocean subducted northward beneath the
East Kunlun—Qaidam Terrane in Carboniferous to Permian times, is still highly debated. Early
Carboniferous Halaguole and Late Carboniferous to Early Permian Haoteluowa formations are
extensively outcropped in the EKO, north Tibetan Plateau, and have thus recorded key information
about the tectonic processes of the Paleo-Tethys Ocean that have implications for the reconstruction
of the Northern Paleo-Tethys Ocean (Bugingshan Ocean). Siliciclastic rocks within these formations
are collected for petrogeological, geochemical, and detrital zircon U-Pb dating research. Our results
show that sandstones from Halaguole and Haoteluowa formations have an average total quartz—
feldspar-lithic fragment ratio of Qg7F12Lp1 and QsgFygLgg, respectively, indicating relatively high
compositional maturity. The geochemical results suggest that the average values of the Chemical
Index of Alteration (CIA) are 57.83 and 64.66; together with their angular to subangular morphology,
this indicates that their source rocks suffered from weak weathering and the sandstones are the
result of proximal deposition. Geochemical features such as the low La/Th, TiO;, and Ni values
suggest that the parental rocks in the provenance area are mainly acidic igneous rocks with minor
intermediate igneous and old sedimentary components. The detrital zircon U-Pb age spectrum of
these samples is dominated by age peaks at ~405-503 Ma and ~781-999 Ma, with subordinate age
peaks at ~1610-2997 Ma and ~1002-1529 Ma, which show tectono—thermal events similar to those of
the North Qimatag Belt (NQB), North Kunlun Terrane (NKT), and South Kunlun Terrane (SKT). These
features suggest a contribution from the Early Paleozoic magmatic arc and Proterozoic basements in
the NQB, NKT, and SKT to the Halaguole and Haoteluowa formations in these areas. In addition,
the youngest zircon age of ~440 Ma from these sandstones is greater than the depositional age of
Halaguole and Haoteluowa formations, which is a typical basin depositional feature in a passive
continental margin. Geochemical tectonic discrimination diagrams, based on a major and trace
element Ti/Zr-La/Sc plot, in combination with a detrital zircon age distribution pattern, all suggest
a passive continental margin setting. Considering this together with the previous data, we argue that
the Paleo-Tethys Ocean did not begin to subduct northward and that there was no oceanic subduction
zone in the south EKO during Carboniferous to Early Permian times. Combining this information
with that from previous studies suggests that the initial opening of the Paleo-Tethyan Ocean may
have occurred before the Early Carboniferous time, and all the branches of the Paleo-Tethys Ocean
constituted a complex ocean—continent configuration across parts of what is now Asia during the
Early Carboniferous to Early Permian.
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1. Introduction

Detrital zircon, owing to its high closure temperature, as well as good weathering
and interference resistance, and the development of micro-analysis techniques, can be
analyzed to determine rocks’ age distributions, and this method is applied in provenance
analysis [1-3]. The U-Pb ages of detrital zircons and whole-rock geochemical features from
clastic rocks not only have implications for the nature of the provenance area, and tectonic
environment, but also elucidate the evolutionary history of the sedimentary basin and the
coupling relationship between the basin and mountain [4-6].

The East Kunlun Orogen (EKO), located in the north Tibetan Plateau, is an important
part of the Central China Orogenic Belt (CCOB) [7-10]. It links the West Kunlun Orogen to
the west and the Qinling Orogen to the east, and can be subdivided into at least two tectonic
evolutionary stages, i.e., one related to the Proto-Tethys Ocean in the Early Paleozoic era
and the other related to the Paleo-Tethys Ocean in the Late Paleozoic to Early Mesozoic
era [7,8,11-18]. Numerous studies have been carried out on the Early Paleozoic tectonic
evolution of the EKO. However, Late Paleozoic to Early Mesozoic tectonic processes are
poorly understood, especially the ocean—continent framework of the Paleo-Tethys Ocean
during Carboniferous to Permian times, which are still debated. There are two diametrically
contrasting tectonic models for the Carboniferous Ocean—continent framework, namely
a subduction zone model [7,8,19] and a passive continental margin model [10,20-27].
Most studies have mainly focused on the geochronology and geochemistry of magmatic
rocks, and few on Late Paleozoic sedimentary rocks, especially Carboniferous to Permian
successions, have been conducted.

In this study, we present new data including petrology, whole-rock geochemistry,
and detrital zircon U-Pb geochronology for sandstones from the Lower Carboniferous
Halaguole and Upper Carboniferous to Lower Permian Haoteluowa formations in the
south EKO. Our study indicates that these Carboniferous to Early Permian sedimentary
rocks were formed in a passive continental margin. Combined with previous work, we
agree that the Paleo-Tethys Ocean was in a spreading stage with no subduction during
the Carboniferous to Early Permian. These new insights would significantly improve our
understanding of the Late Paleozoic tectonic history of the Paleo-Tethys Ocean in the EKO.

2. Geological Setting

The E-W-trending EKO is located in northwest China and bounded by the Qaidam
Block to the north, the Bayanhar Terrane to the south, the Qinling Orogen Belt to the
southeast, and the western Kunlun Orogenic Belt to the west. It is tectonically divided
into four tectonic units: the North Qimatag Belt (NQB), the North Kunlun Terrane (NKT),
the South Kunlun Terrane (SKT), and the Bayanhar Terrane by the Qimatage—Xiangride
suture, central Kunlun suture, and Muztagh-Bugingshan suture from the north to the
south [7-10,18,28] (Figure 1b).

The Paleoproterozoic Jinshuikou Group and the Mesoproterozoic Binggou Group
make up the Precambrian metamorphic basement of the NKT. The Jinshuikou Group is
dominated by paragneisses, migmatites, amphibolites, marbles, and local granulites and
eclogites [29-31]. The Binggou Group, unconformably overlying on the Jinshuikou Group,
predominantly consists of low-grade metamorphic carbonate and clastic rocks. In addition,
Neoproterozoic gneissic granite and Paleozoic granitic intrusions are widely distributed in
the NKT, which is associated with the assembly of Rodinia continents and the closing of
the Proto-Tethys Ocean, respectively [32,33].
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Figure 1. (a) Map showing the regional geological background of the EKO (modified from Zhao
Guochun et al. [17]); (b) Simplified tectonic map showing the tectonic sub-division of EKO (modified
from Dong Yunpeng et al. and Li Ruibao et al. [7,9]); (c) Geological map for Alake Lake area, eastern
EKO. 1—Quaternary; 2—Upper part of Lower Jurassic Yangqu Fm; 3—Middle part of Lower Jurassic
Yangqu Fm; 4—Lower part of Lower Jurassic Yangqu Fm; 5—Upper part of Upper Triassic Babaoshan
Fm; 6—Middle part of Upper Triassic Babaoshan Fm; 7—Lower part of Upper Triassic Babaoshan Fm;
8—Upper part of Middle Triassic Xilikete Fm; 9—Lower part of Middle Triassic Xilikete Fm; 10—Part
8 of Middle Triassic Naocangjiangou Fm; 11—Part 7 of Middle Triassic Naocangjiangou Fm; 12—Part
6 of Middle Triassic Naocangjiangou Fm; 13—Upper part of Upper Carboniferous to Lower Permian
Haoteluowa Fm; 14—Middle part of Upper Carboniferous to Lower Permian Haoteluowa Fm; 15—
Lower part of Upper Carboniferous to Lower Permian Haoteluowa Fm; 16—Lower Carboniferous
Halaguole Fm; 17—part d of Middle Proterozoic Xiaomiao Fm; 18—Late Triassic biotite granodiorite;
19—Late Triassic rhyolite; 20—Silurian K—feldspar granite; 21—Silurian monzogranite; 22—Silurian
granodiorite; 23—rhyolitic dyke; 24—geological boundary; 25—angular unconformity; 26—fault;
27—measured profile location; 28—Lake and river; 29—sample locations for zircon U-Pb age.

The Precambrian metamorphic basement of the SKT is also dominated by the Paleopro-
terozoic Jinshuikou, Mesoproterozoic Kuhai, and Xiaomiao Groups and the Neoproterozoic
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Wanbaogou Group [30]. The Kuhai Group contains paragneisses, amphibolites, and marbles
and the Wanbaogou Group is dominated by clastic rocks, limestone, and basaltic-andesitic
volcanic rocks [34,35]. The Xiaomiao Group can be sub-divided into four units: quartzite
unit, Al-rich gneiss unit, felsic gneiss unit, and quartzite-arkose—quartzite unit [36,37]. In
addition, the Neoproterozoic to Early Paleozoic volcanic—sedimentary rocks and Permian
to Triassic terrestrial strata occur in the SKT [32].

The study area is geographically near the Alake Lake and located on the southern
slope of the eastern SKT (Figure 1c). The Xiaomiao Group, Lower Carboniferous Halaguole,
Upper Carboniferous to Lower Permian Haoteluowa, Middle to Lower Permian Maerzheng
formations, and Mesozoic siliciclastic rocks are exposed in this area, due to an intrusion by
Late Triassic granitoids [20,21,38].

Halaguole and Haoteluowa formations outcrop in the Helegangxilikete—Xilikete and
Naomuhunyamatuo-Haganuoer areas in the northeastern part of the Alake Lake, EKO
(Figures 1 and 2). The Halaguole Fm is a package of dark gray terrigenous siliciclastic and
gray carbonate rocks. The lower part is mainly composed of 30 m to 50 m thick dark gray
quartz arenite and bioclastic limestone (Figure 2). The middle part is dominated by 130 m
thick dark gray quartz sandstone and calcareous siltstone (Figure 2), whereas the upper
dark gray bioclastic limestone and silty mudstone part has a thickness of 88 m. There is
typically horizontal and parallel bedding in Halaguole Fm. These rocks are interpreted as
being deposited in a shallow marine environment.

The Haoteluowa Fm is a package of gray to dark gray terrigenous clastic and carbonate
rocks. The lower part is mainly composed of 720 m thick, thin to medium-bedded gray
quartz arenite, and minor bioclastic limestone (Figure 2). The middle part is dominated by
342 m thick medium-bedded gray lithic feldspar sandstone (Figure 2). In comparison, the
upper part consists of a package of thin to medium-bedded gray argillaceous siltstone and
quartz sandstone, with variable thicknesses between 400 and 450 m from east to west.

Strictly speaking, there are no distinguishable differences in lithological assemblages
between these four measured sections. All the sections are dominated by dark gray ter-
rigenous siliciclastic rocks that are interbedded with gray carbonate rocks, with occasional
calcareous conglomerate layers occurring in the middle section (Figure 3). This demon-
strates that these sections were deposited in a shallow sea environment. In addition, coral
and fusulinid fossils (Dibunophyllum sp., Kueichouphyllum sp., and Triticites sp.,) in the lime-
stones also indicate that these sections were deposited in a shallow sea environment [39,40].
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Figure 2. Measured sections of Carboniferous succession in Alake Lake, eastern EKO. Location of

sections are shown in Figure 1c.
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Figure 3. Outcrop, hand specimens, and microscope photographs of the Carboniferous sandstones
in the Alake Lake, EKO. (a) Lower Carboniferous Halaguole Fm biological shell; (b) Lower Carbonif-
erous Halaguole Fm bioclast; (c) Lower Carboniferous Halaguole Fm banded limestone; (d—f) the
hand specimens and microscopic photographs of Lower Carboniferous Halaguole Fm fine sandstone;
(g-i) the hand specimens and microscopic photographs of Upper Carboniferous to Lower Permain
Haoteluowa Fm siltstone; Mineral abbreviations: Qm—monocrystalline quartz; Qp—polycrystalline
quartz; K—K-feldspar; P—plagioclase; Lv—volcanic debris; Lm—metamorphic debris; Ms—muscovite.

3. Analytical Methods
3.1. Whole-Rock Geochemistry

Samples were washed and trimmed, and then crushed and powdered to a size of about
200 mesh (about 0.074 mm) in an agate mill for analysis. The major oxide composition of
sandstone samples was analyzed by X-ray fluorescence (XRF; RigkuRIX 2100) spectrometry
at the Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. The
analytical precisions were estimated at ca. 5% for major oxides. Sample preparation and
other details followed Liu Yongsheng et al. [41].

Trace elements, including rare earth elements, were analyzed by ICP-MS (PE 6100
DRC) at Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. Pretreat-
ments of the samples were performed as follows. Firstly, powdered samples (50 mg) were
dissolved with an HF/HNO3(1:1) mixture in high-pressure Teflon bombs at 190 °C for
48 h and then evaporated with 3.0 mL HNOj after cooling. Then, 3.0 mL 50% (v/v) HNOs
was added, and the bombs were capped for digestion within an oven at 150 °C for 12 h.
Finally, the residue was transferred to a clean PET (polyester) bottle after cooling, and the
Rh internal standard was added and then diluted to 80.00 g with deionized water. Ele-
mental standards BHVO-1 (basalt) and AGV-1 (andesite) were used to calibrate elemental
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concentrations of the measured samples. The precisions of the trace element values were
generally better than 2%. Details followed Liu Yongsheng et al. [41].

3.2. Detrital Zircon U-Pb Dating

The zircon separation adopted standard heavy liquid and magnetic methods to pro-
duce a concentrate for handpicking. Over 300 grains for each sample were mounted in
epoxy, and then polished and gold coated. Cathodoluminescence (CL) images were taken
to observe internal textures using a Quanta 650 Scanning Electron Microscope at Xi’an
Ruishi Geological Analytical Technology Co., Ltd., Xi’an, China. These pictures, together
with transmitted and reflected light images, were used to choose appropriate domains for
the U-Pb isotope analyses. Zircon U-Pb analyses were taken by LA-ICP-MS at the Wuhan
Sample Solution Analytical Technology Co., Ltd., Wuhan, China. Detailed operating pro-
cess and equipment conditions can be found in the methodology of Zong Keqing et al. [42].
The laser system consists of a COMPex PRO102 ArF excimer laser (wavelength of 193 nm
and maximum energy of 200 MJ) and a Micro Las optical system. Ion signal intensities were
acquired using an Agilent 7700e ICP-MS. The spot size and frequency of the laser were set
to 35 pm and 42 Hz, respectively. Zircon 91,500 and glass NIST610 were used as external
standards for U-Pb dating and trace element calibration, respectively. Excel-based software,
ICPMSData Cal, was used to perform off-line selection and integration of background and
analyzed signals, time—drift correction, and quantitative calibration for the trace element
analysis and U-Pb dating [41].

4. Results
4.1. Petrography

Sandstones from Halaguole and Haoteluowa formations mainly consist of quartz,
feldspar, and lithic grains. The abundance of quartz grains vary from 30% to 99%, and
the quartz grains are composed of monocrystalline (Qm/Q = 26-97%) and polycrystalline
(Qp/Q =2-9%) grains. Most of the quartz grains are angular-subangular, indicating no
long-distance grain transportation. The monocrystalline quartz grains are smooth on the
surface, are mostly subhedral, and locally contain small gas-liquid inclusions, indicating
a volcanic origin. However, polycrystalline quartz grains mainly consist of quartzite
and metamorphosed chert combined with elongated polycrystalline quartz, implying a
metamorphic rock source [43]. The feldspar grains are mainly composed of plagioclases
displaying polysynthetic twinning, as well as a small amount of potassium feldspar.

Lithic fragments consisted of volcanic, minor metamorphic, and sedimentary rock
fragments. The igneous lithic fragments were dominated by volcanic rock fragments with
felsic and microlithic textures in all the measured sections. Metamorphic lithic fragments
(0-16%), including slate, phyllite, and schist lithic fragments, were characterized by schis-
tose fabrics. Sedimentary lithic fragments (0-16%) included limestone and mudstone lithic
fragments, which accounted for a small proportion of the clastic components.

4.2. Major and Trace Elements

Sixteen sandstone samples from Halaguole and Haoteluowa formations were selected
for a whole-rock geochemical analysis (Figure 2). Their major and trace elements data are
listed in Supplementary Materials Table S1.

The sandstones in the Halaguole Fm have a wide compositional range as follows: SiO,
(65.78-77.41 wt%), Al,O3 (11.27-15.34 wt%), MgO (0.84-1.69 wt%), CaO (0.90-7.82 wt%),
NayO (0.36-2.67 wt%), K,O (1.54-3.84 wt%). The sandstones in the Haoteluowa Fm show
a similar compositional range: SiO; (64.42-79.18 wt%), ALLbO3 (11.27-19.39 wt%), MgO
(0.29-3.34 wt%), CaO (0.25-7.82 wt%), NayO (0.28-3.64 wt%), KO (1.54-3.84 wt%). In com-
parison with international standards (e.g., post-Archean Australian shale (PAAS), North
American shale composite (NASC), and upper continental crust (UCC), these sandstones are
characterized by relatively higher SiO, and lower Al,O3, Fe,057, MgO, and KO contents.
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All the sandstone samples show flat rare earth element (REE) patterns (Figure 4a) with
a slight enrichment in light REEs (LREEs) and relative depletion in heavy REEs (HREEs)
(Lan/Ybyn = 1.49-10.38 and 6.95-9.66; Gdn/Yby = 0.74-1.76 and 1.25-1.50). Additionally,
most of the sandstones show distinctly negative Eu anomalies (Eu/Eu* = 0.06-0.75 and
0.36-0.74). The Cs, Th, Ta, and Li contents were higher than the average upper continental
crust (UCC) calculated by Taylor and McLennan [44], whereas Sr and Ni were lower than
the UCC values (Figure 4b).
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Figure 4. (a) Chondrite-normalized REE patterns (Chondrite data from Sun and McDonough [44]),
and (b) upper crust-normalized trace element spider pattern of the sandstones from Alake Lake, EKO
(upper crust data from Taylor and McLennan [45]).

4.3. Detrital Zircon U-Pb Ages
4.3.1. Detrital Zircon Morphology

These detrital zircons are 70-140 pm long with aspect ratios of 1:1 to 3:1, and are
dominated by angular to subangular morphology, which likely indicates short distance
transportation (Figure 5). In the cathodoluminescence (CL) images, most detrital zircons
show low luminescence, but the presence of oscillatory zoning and their high Th/U ratios
suggest that most of them have an igneous origin (Figure 5a,b) (Th/U > 0.1, clear oscillatory
zoning), and only a few grains may have a metamorphic origin (Th/U < 0.1, no oscillatory
zoning) [46].
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Figure 5. Typical CL images of detrital zircons from the Halaguole and Haoteluowa formations, EKO.
The circles on zircons show the locations of U-Pb dating.

4.3.2. Detrital Zircon U-Pb Ages

A total of 159 detrital zircons from two sandstone samples of Halaguole and Haotelu-
owa formations were analyzed. Detrital zircon U-Pb ages are shown in Supplementary
Materials Table S2. Zircons older than 1000 Ma are discussed based on 27Pb /20Pb ages [47],
while younger zircons are based on 2°°Pb /238 U ages [48,49].

Eighty analyses were obtained from the Halaguole Fm (sample no. 11121-3). All
eighty analyses from the sample 11121-3 (Halaguole Fm) plot along the concordia line
show a complicated age spectrum (Figure 6b). Early Paleozoic zircons have a range from
405 to 475 Ma, with a dominant age peak at 440 Ma. Twenty-three Neoproterozoic zircons
cover an age range between 781 and 999 Ma, with an age peak at 983 Ma. Twenty-three
zircons have Mesoproterozoic ages of 1010 to 1529 Ma, with an age peak at 1175 Ma and
two minor age peaks at 1136 Ma and 1524 Ma. Paleoproterozoic to Archean zircons have a
range from 1647 to 2997 Ma, with a main peak age at 1902 Ma and two minor peak ages at
1814 and 2420 Ma.

Seventy-nine analyses were obtained from the Haoteluowa Fm (sample no. 11085-12),
of which seventy-seven concordant ages were obtained (Figure 6¢,d). Early Paleozoic
zircons have a range from 421 to 503 Ma, with a dominant age peak at 440 Ma. Fourteen
Neoproterozoic zircons cover an age range between 792 and 996 Ma, with an age peak at
988 Ma. Twenty-three zircons have Mesoproterozoic ages of 1002 to 1191 Ma, with an age
peak at 1189 Ma. Paleoproterozoic to Archean zircons have a range from 1610 to 2652 Ma,
with a main peak age at 2564 Ma and two minor peak ages at 1672 and 2130 Ma.
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Figure 6. U-Pb concordia diagrams and histogram for detrital zircons from Carboniferous sandstones
in Alake Lake, EKO. (a,c) Concordia diagram of detrital zircons from the Halaguole and Haoteluowa
formations; (b,d) Histogram of detrital zircons from the Halaguole and Haoteluowa formations.

5. Discussion
5.1. Provenance Characteristics

The Chemical Index of Alteration (CIA) is a common parameter used to reveal the
degree of source area chemical weathering and source composition of clastic rocks [50-52].
The calculation formula for the CIA is as follows: CIA = [Al,O3/(Al,03 + CaO* + Na,O +
K;O)] x 100 (molar proportions). As there is no information on CO, with which to adjust
for the Ca in carbonates, CaO* stands for the CaO content in the silicate fraction and is
determined by comparing the Na,O content. If CaO < Na;0, it directly took the value
of CaO as that of CaO*; if not, we assumed that the CaO* concentration equaled that of
NayO [53]. The CIA values of the Halaguole Fm sandstone (49.48-74.20; averaging 57.83)
and the Haoteluowa Fm sandstone (55.90-78.69; averaging 64.66) are close to those of
the NASC (CIA = 58; [54]) and Archean graywacke (CIA = 58; [55]) but lower than those
of the PAAS (CIA = 70; [45,56]) and cratonic sandstone and shales (CIA = 69-77; [55]).
The majority of the samples plot within the weak chemical weathering field on the Al,O3
— (CaO* + Nay0O) — K,O (A-CN-K) triangular diagram (Figure 7) [50,51,57]. All these
features suggest that the Halaguole and Haoteluowa formation sandstones experienced a
low degree of chemical modification and short-distance transportation.
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Figure 7. A-CN-K triangular diagram of sandstones for the Carboniferous sandstones in Alake Lake,
EKO (after Nesbitt and Young [50,57]; Fedo et al. [51]). Data for tonalite (To), granodiorite (Gd),
granite (Gr), and average post-Archean upper crust are from Condie [55]. Abbreviations for minerals:
Pl—plagioclase; K-sp—potassic feldspar; Ka—kaolinite; Chl—chlorite; Gi—gibbsite; Sm—smectite;
IL—illite; Ms—muscovite.

Trace element compositions are mainly controlled by source area components and
the tectonic environment [45]. As an effective indicator of provenance components, the
Al,O3/TiO; ratio of sandstones and mudstones is fundamentally identical to those of their
source [58]. Generally, detrital materials from felsic rocks have Al,O3/TiO, ratios ranging
from 21 to 70 [58—-60]. The average Al,O3/TiO; ratios of the Halaguole and Haoteluowa
formation sandstones are 39 and 46, respectively, implying that they are mainly derived
from felsic sources. Moreover, the relatively low (0.56-2.88) La/Th ratios and Hf contents of
3.01-10.05 ppm (Figure 8a) also indicate a main felsic magmatic provenance with minor or
little influence from old sedimentary and intermediate igneous components [61] (Figure 8a).
This is also supported by their high Rb and K,O contents (Figure 8b), and they all plot
within the intermediate acid region in the Rb vs. K,O and F1 vs. F2 diagrams (Figure 8c).

In addition, zircon trace elements can also serve as a basis for provenance studies and
reflect the host rock type [62]. Almost all (~98.7%) of the detrital zircon grains from these
samples have Th/U ratios of >0.1, suggesting a main origin of igneous rocks [46]. The Y
and U concentrations, as well as their relationship, were used to discriminate between the
different rock types. Most Early Paleozoic to Neoproterozoic detrital zircons have high Y and
U contents and Y/Sm ratios, indicative of the derivation of a granitic composition for their
provenance [62-64] (Supplementary Materials Figure Sla—d). In addition, the characteristics
of the trace element compositions also suggest similar granitic sources; the results shown in
Supplementary Materials Figure Sle were calculated by the previously proposed classification
and regression tree method [62] (Supplementary Materials Figure S1).



Minerals 2023, 13, 312

12 0of 19

andesitic arc source

10

(a) [ Acid+intermediate (b)
composition

tholeiitic ocean
island source

= R mixed felsic/basic source o [
& N o
< Y
] e I
\/ acidic arc source
s L . 0.1
increasing old
sedimentary component
T 5 1 [7] Haoteluowa Formation
= o _ . Srassive
= margin O Halaguole Formation
source
0 I source 0.01 MR A ‘I‘(;O i ‘1:)()0
1 10
0 5 : 10 15
Hf
10
(c) (d)
s |
s E Felsic igneous
provenance Intermediate igneous
2k provenance
[] [
2 Codg
20

O
Quartzose
sedimentary
provenance

Mafic igneous
provenance

-10

Fl1 La/Sc

Figure 8. Geochemical diagrams showing variations in source composition and tectonic setting
discrimination for the Carboniferous sandstones in Alake Lake, EKO. (a) La/Th-Hf diagram (after
Floyd et al. [65]); (b) KoO-Rb diagram (after Floyd et al. [65]); (c) F1-F2 diagram (after Roser et al. [66]);
(d) Ti/Zr-La/Sc (after Bhatia and Crook [67]). F1 = —1.773TiO; + 0.607Al,O5 + 0.76 Fe,O3 T — 1.5MgO
+0.616Ca0 + 0.509Na0 — 1.224 K,0 — 9.09. F2 = 0.445TiO, + 0.07Al,03 — 0.25 Fe,03 7 — 1.142MgO
+ 0.438Ca0 + 1.457NaO + 1.426 K,0O — 6.861K,0/Al,O3 — 3.890.

All the measured sections’ samples had 100 x TiO,/Fe,O3(T) and 100 x TiO, /Al O3
values similar to the average values for felsic volcanic rocks, such as granite. This implies
that they may be mostly from granitoid sources. The Al,O3/TiO,, (La/Yb)n, Eu/Eu®,
La/Sc, Th/Sc, La/Th, Zr/Sc, and Th/Sc values further underline a predominantly felsic
(granitic) source for the detritus (Supplementary Materials Table S3).

Our detrital zircon U-Pb ages for the sandstone samples show a broad age span
from the Archean to the Early Paleozoic era (Figure 6b,d). Their age spectra are typically
characterized by four distinct age populations at 405-503 Ma (peak at ~437 Ma), 781-999 Ma
(peak at ~984 Ma), 1002-1529 Ma (peak at ~1184 Ma), and 1610-2997 Ma (peak at ~2510 Ma)
(Figure 9), which show similar tectono—thermal events with the North Qimatag Belt (NQB),
North Kunlun Terrane (NKT), and South Kunlun Terrane (SKT) (Figure 9). Furthermore,
detrital zircon ages from both Halaguole and Haoteluowa formations have peaks at ca.
437 Ma and ca. 984 Ma, which is an important signature of the NQB, NKT, and SKT [68].
In summary, sandstone geochemistry and detrital zircon U-Pb ages indicate that the NQB,
NKT, and SKT should probably be the main sedimentary provenance of Halaguole and
Haoteluowa formations.
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Figure 9. Comparison of detrital zircon ages from the sedimentary rocks in this study and those from
the counterparts in the East Kunlun Orogen [68]. The gray boxes represent the areas where the age
peaks of zircons for clastic rocks of East Kunlun Orogen.

5.2. Tectonic Setting

Previous researchers have reconstructed the general tectonic framework and evolution
history of the EKO during Late Paleozoic to the Mesozoic. However, some debate continues
regarding the Carboniferous tectonic background in EKO. There are two diametrically
contrasting tectonic models for Carboniferous Ocean—continent framework, namely, a
subduction zone model [7,8,19] and a passive continental margin setting [10,20-27,69].

We argued that the Carboniferous sedimentary rocks were deposited in a passive
continental margin and there was no subduction of oceanic crust during Carboniferous to
Early Permian (ca. 358-272 Ma). This conclusion is supported by the following evidence:
(1) the Carboniferous sedimentary rocks mainly consist of a package of shallow marine
facies terrigenous clastic rocks and platform facies carbonate rocks, which is a typical
sedimentary succession formed in a passive continental margin [21,23]; (2) Lower Car-
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the youngest detrital zircon ages in extensional basins are often tens or even hundreds of
millions of years older than their depositional ages [71]. The youngest detrital zircon age is
440 Ma, which is much older than their depositional age of Carboniferous. In addition, the
detrital zircon age distribution patterns imply that Halaguole and Haoteluowa formations
were deposited in an extensional setting [71] (Figure 10).
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Figure 10. Cumulative probability curve of the difference between the crystalline age and sedimentary
age of detrital zircons from the Carboniferous sandstones in the Alake Lake area (after Cawood
etal. [71]). (a) the crystalline age and sedimentary age of Halaguole formations, (b) the crystalline
age and sedimentary age of Haoteluowa formations.

Thus, we suggest that Halaguole and Haoteluowa formations were likely deposited
in a passive continental margin basin. This conclusion also implies that the Paleo-Tethys
Ocean did not begin to subduct northward and there was no oceanic subduction zone in
the south EKO during Carboniferous to Early Permian times.

Regionally, the initial opening of the Paleo-Tethyan Ocean may have occurred before
the Early Carboniferous time evidenced by earlier oceanic relicts, such as the Bugingshan
accretionary complex, containing Early Carboniferous mantle peridotites, MORBs, and
OIBs [10,72-74]. From a global perspective, a number of oceans emerged across this region,
which is today represented by the Bugingshan, Jinsha, and Central Qiangtang oceans in the
Tibet-Qinghai Plateau [17,75-77]. These oceans, which formed a complex ocean—continent
combination throughout portions of what is now Asia, were all branches of the Paleo-Tethys
Ocean region (Figure 11). Our work further supports the idea that the initial subduction of
the Paleo-Tethys Ocean did not occur during the Carboniferous to Early Permian.
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6. Conclusions

1.  Lower Carboniferous Halaguole and Upper Carboniferous-Lower Permian Haotelu-
owa formations mainly consist of a package of shallow marine facies siliciclastic rocks
and platform facies carbonate rocks.

2. A geochemical composition indicates that sandstones from Halaguole and Haoteluowa
formations experienced a low degree of chemical weathering and their source rocks are
mainly acidic igheous rocks with a minor contribution of old sedimentary components.

3. The detrital zircon U-Pb age spectrum of these sandstone samples is dominated
by age peaks at ~405-503 Ma and ~781-999 Ma, with subordinate age peaks at
~1610-2997 Ma and ~1002-1529 Ma, which show similar tectono—thermal events with
the North Qimatag Belt (NQB), North Kunlun Terrane (NKT), and South Kunlun Ter-
rane (SKT).

4. The Halaguole and Haoteluowa formations were likely deposited in a stable passive
continental margin environment, not a subduction zone setting.

Supplementary Materials: The following supporting information can be downloaded at: https://www:.
mdpi.com/article/10.3390/min13030312/s1, Table S1: Major element (%) and trace and rare earth element
(x10-6) analysis data of Carboniferous sandstones from the Alake Lake area; Table S2: LA-ICP-MS zircon
U-Pb age test results of Carboniferous System clastic rocks in Alake Lake area; Table S3: Geochemical
comparison of four measured sections of the Carboniferous in Alake Lake area; Table S4: Statistics
of sandstone clastic components of the Carboniferous in Alake Lake area; Figure S1: Trace element
characteristics of the detrital zircons from the Halaguole and Haoteluowa formations. References [46,62]
are cited in the Supplementary Materials.
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