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Abstract:

The Mesozoic evolution of the Mongol-Okhotsk Ocean (MOO) has significantly
affected the configuration of the modern Asian continent. Although a scissor-like
closure of the MOO has long been proposed, when and how the MOO closed are still
hotly debated, especially the timing of initial closure of the MOO in its western segment,
hindering our understanding of both the evolution of the MOO and tectonics of the
northern Asian continent. In order to uncover the timing of initial closure of the MOO,
we performed a multidisciplinary study in sedimentology, detrital zircon U-Pb dating
and paleomagnetic on the Late Triassic clastic strata from the Tarvagatay Block and the
Amuria Block (AMB) on the both sides of the Mongol-Okhotsk Suture. The upper
Triassic strata on both sides of the suture were dominated by plant fossil-bearing
alluvial-fluvial facies sediments, which unconformably overlain pre-Triassic geological
units, indicating a terrestrial setting after the closure of the MOO. Detrital zircon U-Pb
dating results revealed consistent age distribution patterns for samples from both sides
of the suture with a predominant peak at ~253-251 Ma and a secondary peak at ~359-
357 Ma, representing two main arc magmatic events during the bidirectional subduction
of the MOO in the Late Devonian-Early Carboniferous and Late Permian-Early Triassic.
Coeval Late Triassic paleomagnetic poles were obtained from the northern AMB and
Tarvagatay Block, revealing a comparable paleolatitude of the AMB (~31-33°) and
Tarvagatay Block (~32-34°) in the Late Triassic, arguing for that the western segment
of the MOO should have closed at the Late Triassic. The compilation of sedimentology,

detrital zircon U-Pb dating, magmatic and paleomagnetic evidence provides integrated



constraints on the Late Triassic initial closure of the MOO in its western segment.

Keywords: Mongol-Okhotsk Ocean; sedimentology; detrital zircon U-Pb ages;

Paleomagnetism; Late Triassic initial closure

1. Introduction

Northeast Asia was built by amalgamation of several cratons and blocks with
accommodation of the evolutions of the Paleo-Asian Ocean mainly during the
Paleozoic and the Mongol-Okhotsk Ocean (MOO) during the Late Paleozoic-Early
Mesozoic (Zhao et al., 1990; 1996; Xiao et al., 2003; Li, 2006; Xu et al., 2013a, b; Van
der Voo et al., 2015; Wu et al., 2017; Huang et al., 2018). As the last main oceanic
basin in northeastern Asia, the evolution of the MOO has strongly affected the
configuration of the Asian continent and reformed old orogenic belts. The MOO was
an east-facing bay-shaped ocean between the Siberian Craton (SIB) to the north and the
North China Craton-Amuria Block (NCC-AMB) to the south (Kravchinsky et al., 2002;
Khanchuk et al., 2015). It was considered as either a branch of the Paleo-Asian Ocean
(e.g., Ganbat et al., 2021) or a gigantic bay of the Paleo-Pacific Ocean (e.g., Gordienko
et al., 2019). Some researchers proposed that the MOO evolved into a restricted ocean
during the Mesozoic that was separated from the Paleo-Pacific Ocean by an island arc
and a subduction zone to the east (Seton et al., 2012). The closure of the MOO along
the Mongol-Okhotsk suture led to the formation of the Mongol-Okhotsk orogenic belt

that extends over 3000 km from the Hangay-Hentey Mountains in central Mongolia,



through northeastern Mongolia and the Amur River region to the Uda bay of the
Okhotsk Sea (Fig. 1; Zonenshain et al., 1990; Zorin, 1999). This orogenic belt displays
an insignificant topography uplift with respect to that as expected from a typical
continental collisional orogeny, leading to a proposal of “soft collision” of the SIB and
NCC-AMB (e.g., Jolivet et al., 2017).

Moreover, the closure process of the MOO is highly controversial on its both style
and timing. Based on progressively eastward younging of sedimentary deposits and
magmatic events along the Mongol-Okhotsk suture, a scissor-like closure from the Late
Permian-Triassic in the west to the Late Jurassic in the east has been proposed
(Zonenshain et al., 1990; Zorin, 1999; Chanchuk et al., 2015; Wang et al., 2015;
Sorokin et al., 2020; Arzhannikova et al., 2020; 2022; Wang et al., 2022). The scissor-
like closure is also supported by paleomagnetic relative rotation between the SIB and
NCC-AMB during the Triassic to Jurassic (Zhao et al., 1996; Kravchinsky et al., 2002;
Cogné et al., 2005; Metelkin et al., 2010; Yi and Meert, 2020). The other models argued
for a late Jurassic-earliest Cretaceous simultaneous closure of the MOO based on
compilation of paleomagnetic data (Enkin et al., 1992; Van der Voo et al., 2015). In
this model, the relative rotation of the SIB with respect to the NCC-AMB only caused
a narrowing of the MOO, especially for its eastern segment, and the MOO became a
narrow ocean after the Triassic-Jurassic rotation, followed by a simultaneous closure
from the west to east (Van der Voo et al., 2015). The key to solve this controversy is to
constrain initial closure of the MOO in its western segment. Concerning the timing of

the initial closure, previous sedimentary and magmatic studies supported a Late



Triassic-Early Jurassic closure (Zonenshain et al., 1990; Donskaya et al., 2013),
whereas paleomagnetic data indicate either a Permian-Triassic or a Late Jurassic initial
closure in the western segment (Zhao et al., 1996; Van der Voo et al., 2015). This
temporal discrepancy severely hinders our understanding of the evolution of the MOO.

Therefore, in this study we integrate sedimentological investigation, detrital zircon
dating as well as paleomagnetic measurement from both sides of the Mongol-Okhotsk
suture in its western segment, with compilation of other geological evidence to
constrain the initial closure of the MOO, and further discuss the evolution of the MOO.
2. Geological framework the Mongol-Okhotsk suture and surrounding blocks
2.1 The SIB and accreted blocks in the north of the suture

The SIB is a stable craton with a basement made of Archean blocks and
Paleoproterozoic foldbelts (Rosen, 2003; Glebovitsky et al., 2008). Amalgamation of
several Archean blocks in the age of 2.1-1.8 Ga resulted in the cratonization of the SIB
(Rosen et al., 1994; Gladkochub et al., 2006; Glebovitsky et al., 2008). During the late
Mesoproterozoic-Neoproterozoic, several blocks were situated within the Paleo-Asian
Ocean near the margin of the SIB, including the Khamar Daban, Tuva-Mongolia,
Barguzin, Kansk-Derba, Tarvagatay Blocks (Gusev and Khain, 1996). The accretion of
these blocks to south the margin of the SIB started at the Neoproterozoic and lasted
until the Early Paleozoic (Jolivet et al., 2009). For example, the Barguzin block collided
with the SIB during the Late Neoproterozoic-Early Cambrian, evidenced by 600-550
Ma metamorphic and magmatic events within the Baikal-Muya ophiolite belt and

coeval thick molasses sediments (Delvaux et al., 1995; Gusev and Khain, 1996). The



Tuva-Mongolia block accreted to the south margin of the SIB in the Cambrian
represented by a regional metamorphism at 530-485 Ma (Fedorovskii et al., 1993),
which was supported by paleomagnetic studies (Kravchinsky et al., 2001). These
Neoproterozoic-Cambrian accreted blocks constituted the new southern margin of the
SIB that faced to the northern side of the MOO in its western segment (Fig. 1).
Therefore, the closure of the MOO in its western segment could be actually caused by
the collision between the AMB and these accreted blocks.

Two episodes of continental arc magmatism from the Silurian to Permian-emplaced
along the southern margin of the accreted block (the Tarvagatay Block) due to the
northward subduction of the MOO (Fig. 2). The Silurian-early Carboniferous period
recorded the first episode of this arc magmatism, represented by volcanic and intrusive
rocks with arc-like affinity (Fig. 2; Zonenshain et al., 1990; Donskaya et al., 2013;
Gordienko et al., 2019; Ling et al., 2021). The most intensive magmatic pulse for this
episode occurred at the late Devonian-early Carboniferous, revealed by the late
Devonian age peaks in detrital zircon distribution patterns (Bussien et al., 2011).
Thereafter, a magmatic quiescence period occurred until to the Permian re-initiation of
arc magmatism that reworked ubiquitous Silurian-early Carboniferous magmatic rocks
(Fig. 2; Bussien et al., 2011; Sun et al., 2013; Wang et al., 2022). Silurian-Permian
marine strata deposited along the southern margin of the Tarvagatay Block (Zonenshain
et al., 1990; Bussien et al., 2011), representing the fore-arc basin sedimentation in the
active convergence boundary due to the northward subduction of the MOO, which were

unconformably overlain by the Late Triassic conglomerate and late Triassic-early



Jurassic intracontinental volcanic rocks (Fig. 2; Badarch et al., 2002; Bussien et al.,
2011).
2.2 The AMB in the south of the suture

The AMB is constituted by several Precambrian blocks, such as the Ereendavaa,
Erguna, Xing’an, South Gobi, South Mongolia, Songliao blocks from north to south.
Welding of these blocks occurred during the Cambrian-Carboniferous accommodating
with the evolution of the Paleo-Asian Ocean (Zhou et al., 2018). The Ereendavaa block,
named also as the Kerulen block in the new tectonic division of Mongolia (Tomurtogoo,
2014), extends eastward into Russia and northeast China and connects with the Erguna
Block (Bardach et al., 2002). The collision between the Erguna block and the Xing’an
block along the Xinlin-Xiguitu suture was suggested to occur at ca. 500 Ma (Liu et al.,
2017), constrained by ca. 490 Ma blueschist metamorphism (Zhou et al., 2015), ca. 500
Ma high-grade metamorphic rocks of the Xinghuadukou Group (Zhou et al., 2011), and
494-480 Ma post-orogenic A-type granites (Ge et al., 2005). The amalgamation of the
Xing’an block with the Songliao Block along the Hegenshan-Heihe suture was thought
most likely to happen at the Early/Late Carboniferous boundary (Liu et al., 2017) or at
the Late Carboniferous-Early Permian boundary (Fu et al., 2021). The welded AMB
collided with the northern margin of the NCC following the closure of the Paleo-Asian
Ocean probably in the Late Paleozoic (Xiao et al., 2003; Zhao et al., 2013). The unified
NCC-AMB then continued to converge with the SIB during the Mesozoic until to the
final closure of the MOO.

Similar to the Tarvagatay Block to the northern side of the Mongol-Okhotsk suture,



two episodes of continental arc magmatism have been identified from the Ereendavaa
block on the northern part of the AMB resulted from the southward subduction of the
MOO (Fig. 2; Kelty et al., 2008; Bussien et al., 2011; Sun et al., 2013; Xu et al., 2013b;
Mao et al., 2021). The first episode of arc magmatism was later than that in the
Tarvagatay Block, Devonian-early Carboniferous volcanic and intrusive rocks with arc-
like affinity are widely distributed in the Ereendavaa block (Fig. 2; Bussien et al., 2011;
Donskaya et al., 2013), with the most intensive magmatic pulse in the early
Carboniferous revealed by the detrital zircon distribution pattern (Kelty et al., 2008;
Bussien et al., 2011). The late Carboniferous magmatic quiescence period was recorded
on the Ereendavaa block until to the Permian-Triassic arc magmatic event (Fig. 2;
Bussien et al., 2011; Tang et al., 2014; Zhao et al., 2017; Sheldrick et al., 2020; Mao et
al., 2021). Along the northern margin of the Erguna block, Jurassic magmatic rocks
have been widely identified, representing the Jurassic southward subduction of the
MOO (Sun et al., 2013; Tang et al., 2016; Wang et al., 2022). Silurian-Permian marine
strata were deposited along the northern margin of the western AMB (Zonenshain et
al., 1990), representing the forearc basin sedimentations in the active convergence
boundary due to the southward subduction of the MOO. These Paleozoic strata and
intrusive rocks were also unconformably overlain by the Late Triassic conglomerates,
which are evolved upward into late Triassic-early Jurassic intracontinental volcanic
rocks and early Jurassic fluvial-lacustrine sediments (Fig. 2; Badarch et al., 2002;
Bussien et al., 2011).

2.3 The Mongol-Okhotsk suture



The Mongol-Okhotsk suture is a tectonic mélange belt between the SIB and the
AMB that represents relic of the MOO. It comprises metasedimentary and metavolcanic
rocks, limestones, cherts, ophiolite assemblage with the ages from the Silurian to
earliest Triassic (Badarch et al., 2002; Tomurtogoo et al., 2005). One of the striking
features of this suture is the thick late Silurian-Devonian pelagic deep-water radiolarian
cherts preserved in its western segment around the Hangay-Hentey Mountain regions
(Fig. 2; Kashiwagi et al., 2004; Kurihara et al., 2009). Two ophiolite assemblages,
namely the Adaatsag ophiolite and the Khuhu Davaa ophiolite, have been identified
from central and northeastern Mongolia that are composed of cherts, gabbros,
metabasalts and ultramafic rocks, with greenschists and gabbro-amphibolites as matrix
(Tomurtogoo et al., 2005; Zhu et al., 2018). Zircon U-Pb dating results revealed their
formation in the ages of 325-314 Ma, indicating the Late Carboniferous formation of
the oceanic crust (Fig. 2; Tomurtogoo et al., 2005; Zhu et al., 2018). The late Permian
to early Triassic fossiliferous marine sediments and cherts within the suture in
northeastern Mongolia indicate the existence of the MOO during these periods
(Zonenshain et al., 1990).

This suture extends to Russia, represented by the Onon island arc in the Trans-
Baikal region, which was produced by the subduction of the MOO (Zorin, 1999). Two
episodes of oceanic subduction beneath the Onon island arc were proposed (Zorin,
1999). The first episode from the Devonian to Early Carboniferous caused Devonian-
Early Carboniferous volcanic rocks and marine turbidites, which ceased prior to the

Late Carboniferous, evidenced by Late Carboniferous-Early Permian clastic marine



deposits on the island shelf (Zorin et al., 1995). Paleomagnetic results suggested that
the Onon island arc was distant from both the SIB and AMB in the Late Carboniferous-
Early Permian (Kuzmin and Kravchinsky, 1996). The second episode of the subduction
initiated at the Late Permian, resulted in the formation of Late Permian to Triassic
basaltic andesites, andesites, dacites and marine sediments. Its youngest age reported
from the Onon island arc is at ca. 197 Ma, suggested that the subduction of the MOO
beneath the Onon arc had lasted at least until the Early Jurassic (Zorin, 1999).

This tectonic mélange belt was firstly considered as an accretionary wedge
(Sengor et al., 1993). Under concept of the Mongol-Okhotsk belt, these Paleozoic
pelagic deep-water sediments were interpreted as an accretionary wedge in the trench
along the southern margin of the SIB (Zorin, 1999). Gordienko (1987; 2006) considered
that these rocks represented a back-arc sediments formed by the northward subduction
of the MOO. On the contrary, Badarch et al. (2002) proposed that the thick Devonian-
Carboniferous pelagic deep-water sediments within this belt represent a coherent
turbidite sequence overlying a cratonic basement. Despite these debates, it is now well
accepted that this belt represents the final suture of the MOO, marking the collision

between the SIB and AMB.

3. Sedimentology and detrital zircon dating
The upper Triassic strata are distributed in central Mongolia on both sides of the
Mongol-Okhotsk suture (Figs. 2, 3), unconformably overlying pre-Late Triassic

geological units, e.g., the metamorphic basement, Devonian-Permian marine sediments,



and Permian volcanic rocks, representing a regional unconformity (Badarch et al.,
2002). The upper Triassic strata are characterized by terrestrial facies coarse-grained
sediments including alluvial and fluvial conglomerates and sandstone with abundant
plant fossils. We measured five sections for sedimentological investigations and made
detrital zircon dating from both sides of the suture. Positions of these five sections are
marked in Figure 3.
3.1 Sedimentological studies

To the north of the Mongol-Okhotsk suture, three sections of the upper Triassic
strata were investigated near the town of Avdzaga in central Mongolia (Fig. 3a). The
upper Triassic strata in this region are conglomerate-dominated with hundreds of meter-
thick basal conglomerates (Fig. 4), containing pebbles and cobbles of different rock
types, such as chert, greenschist, granite, volcanic rocks, sandstone (Fig. 5a, b). All
pebbles and cobbles are badly sorted and poorly rounded (Fig. 5a, b), with a matrix-
supported fabric of finer sediments as matrix, indicating rapidly accumulated alluvial
fan deposits. In the middle part of the strata, interlayers of conglomerates and sandstone
can be observed (e.g., the upper part of Section N-1 and middle part of Section N-2;
Figs. 4, 5d, e). It should be noted that pebbles within the conglomeratic layers are well
rounded, and cross-beddings and parallel beddings can be observed in the sandstone
layers (Fig. 51, g), indicating fluvial deposition with a strong hydrodynamic condition.
Abundant plant fossils have been identified from sandstone layers, e.g., Tersiella sp.,
Taeniopteris sp., Pelourdea sp., (Fig 5h, 1), providing reliable constraints of the

depositional age of these upper Triassic strata (Khosbayar et al., 1987). The upper part



of the upper Triassic strata is dominated by sandstone with several conglomerate
interlayers (Fig. 4).

To the south of the Mongol-Okhotsk suture, two cross sections were studied near
the towns of Adaatsag and Delgerhaan in central Mongolia (Fig. 3b, c). For the upper
Triassic strata near Adaatsag, conglomerates are predominant with rounded cobbles of
ca. 20 cm in diameter in its basal part (Fig. 6a, b), showing an upward fining sequence
(Fig. 4). Cross-beddings and parallel beddings can be observed in the pebble-bearing
sandstone and sandstone layers (Fig. 6¢), indicating fluvial deposition with a strong
hydrodynamic condition. Red sandstone layers with parallel beddings dominate the
upper part of section S-1 (Fig. 6d). The section S-2 near Delgerhaan is composed of
conglomerate in the lower part, and pebble-bearing sandstone and sandstone in the
upper part, showing an upward fining sequence (Fig. 4). The upper Triassic strata from
both regions contains abundant plant fossils within sandstone layers (Fig. 6e, 1), e.g.,
Paracalamites sp., Taeniopteris sp., (Kalimulin et al., 1968; Adya et al., 1970).

3.2 Detrital zircon dating and provenance investigation

Eight sandstone samples (4 from sections to the north and other 4 from sections to
the south of the suture; Fig. 4) were collected for detrital zircon U-Pb dating and further
provenance investigations.

3.2.1 Analytical methods

Zircon grains were extracted from samples firstly by conventional heavy liquid and

magnetic separation technique, and then the remaining grains were hand-picked under

a binocular microscope. Hand-picked zircon grains were mounted in epoxy and then



polished to half to expose zircon interiors. Optical photographs under both reflected
and transmission light and cathodoluminescence (CL) imaging were performed to show
internal texture of zircon grains for selecting optimal positions for dating. Zircon U-Pb
dating were conducted with LA-ICP-MS at the Hebei Key Laboratory of Strategic
Critical Mineral Resources (Hebei GEO University) using a LA-ICP-MS system with
a 193-nm ArF Excimer laser (RESOlution-LR) and a quadrupole ICP-MS (THERMO-
ICAP RQ). Laser spot size was set to 29 um for all analyses, laser energy density at 3
J/cm? and repetition rate at 8 Hz. The procedure of laser sampling 10 seconds blank, 40
seconds sampling ablation, and 20 seconds sample-chamber flushing after the ablation.
NIST 610 glass and Si were used as external and internal standards for calibrations of
zircon analyses. U-Pb isotope fractionation effects were corrected using zircon 91500
as external standard, with zircon standard GJ 1 and PleSovice as secondary standard to
supervise the deviation of age measurement/calculation. Element concentrations and
isotopic ratios were calculated with Iolite v. 3.1 (Paton, 2010). For common lead
correction, we followed Andersen’s (2002) method. Concordia ages were calculated by
Isoplot/Excel (3.0), with the weighted mean ages at 95% confidence level (Ludwig,
2003). For each sample, 90 zircon grains were analyzed and analytical results with
disconcordance larger than 10% were excluded for further discussion.
3.2.2 Detrital zircon dating results

For sandstone samples from the north of the suture (Fig. 3), zircon grains are
euhedral to subhedral, ranging from 40-100 pm in width and 80-200 um in length with

well-developed oscillatory growth zoning (Fig. 7). The Th/U ratios range from 0.13 to



2.04, indicating magmatic origin. Totally, 357 out of 360 dated zircon grains give
concordant ages (Supplementary Table 1). Only 5 of all concordant ages are over 1.0
Ga (Supplementary Table 1), furthermore, as the number of this age is too small to give
statistical meaningful information, it is excluded for the provenance investigation. Age
data from the four samples give consistent distribution patterns with two peaks at ~254
Ma and ~350 Ma, with few Neoproterozoic grains (Fig. 8a-d). The only difference is
that for samples # M17-23 and M18-01 from Section NI, the peak at ~350 Ma is
predominant, whereas the peak at ~254 Ma is dominant for samples # M17-26 and
M18-02 from Sections N2 and N3 (Fig. 8a-d). This difference can be ascribed to
provenance change with gradual erosion and deposition. Put all ages from these four
samples together, a bimodal-peak pattern can be presented with main peaks at 253 and
359 Ma-(Fig. 9a).

Zircon grains of samples from the south of the suture are euhedral to subhedral,
ranging from 40-70 pm in width and 50-120 pm in length with well-developed
oscillatory growth zoning (Fig. 7). The Th/U ratios range from 0.19 to 3.64, indicating
magmatic origin. Totally, 340 out of 360 dated zircon grains give concordant ages with
4 grains giving ages over 1.0 Ga (Supplementary Table 1), which are too few for
provenance analysis. Sample #M18-04 from the bottom of Section S1 shows a similar
age distribution pattern with those of samples in the north of the suture (Fig. 8h). The
other three samples show a consistent single peak at ~253-251 Ma (Fig. 8e-g). All age
data from these four samples constituted a single-peak pattern with a predominant peak

at 251 Ma and small peak at 357 Ma (Fig. 9c¢).



4. Paleomagnetic constraints

From the paleomagnetic aspect of view, the best way to constrain timing of
continental collision is to compare coeval paleomagnetic data of blocks from both sides
of the suture (Van der Voo et al., 2015). Therefore, we collected paleomagnetic samples
from the upper Triassic strata from both sides of the suture, with 12 sites from Section
S-1 and S-2 in the south and 11 sites from Section N-1 and N-2 in the north of the suture
(Table 1; Fig. 4). Results of samples from Sections N-1 and N-2 have been published
(Zhao et al., 2023) and will be used for comparison here.
4.1 Analytical methods

Core samples were cut into standard cylinder specimens with length of 2.2 cm.
Rock magnetic experiments were firstly performed to identify magnetic carriers. High-
temperature magnetic susceptibility (k-T curves) were measured using a CS3 furnace
coupled MFK-1 Kappabridge. Magnetic hysteresis loops were measured using a
MicroMag 2900 Alternating Gradient Magnetometer, and acquisition of IRM were
made with a Minispin spinner magnetometer after imparting IRMs with a MMPM9
pulse magnetizer. Rock magnetic investigations were performed in the Paleomagnetism
Laboratory of University of Tiibingen.

Standard specimens were subjected to stepwise demagnetization. Thermal
demagnetization was progressively applied to most specimens to remove magnetic
remanences by 15-17 steps up to 685°C, with temperature intervals of 20°C to 100°C.

For yellow sandstone from Section S-2, alternating magnetic field technique was also



used for comparison with thermal demagnetization. For each site, 6-8 specimens were
demagnetized. We used a TD-48SC thermal demagnetizer for demagnetization, and
after each step magnetic remanence measurements were carried out with a 2G pulsetube
DC-SQUID magnetometer at University of Tiibingen.

Principal component analysis (Kirschvink, 1980) was used for separation of
magnetic remanence directions, and mean directions were computed by Fisher statistics
(Fisher, 1953). The paleomagnetic software packages of PaleoMac (Cogné, 2003) and
Remasoft (designed by AGICO) were used for data analysis.

4.2 Rock magnetic results

For red sandstone samples from Section S-1, thermomagnetic (k-T) curves show
irreversible heating and cooling behaviors (Fig. 10a). The heating curve shows a
significant decrease of the magnetic susceptibility at 580°C, followed by a gradual
decrease until 700°C (Fig. 10a). IRM acquisition curve shows a rapid increase of
magnetization before 200 mT and a gradual increase without saturation at 2 T (Fig.
10b). Both «-T and IRM acquisition curves indicate the coexistence of magnetite and
hematite as main magmatic carriers, supported by the hysteresis loop that yields a
coercivity (Bc) value of ~15.4 mT and Mr/Ms ratio at ~0.24 (Fig. 10c). For yellow
sandstone from Section S-2, the heating curve shows a gradual decrease of the magnetic
susceptibility values without clear drop (Fig. 10d). The IRM acquisition curve shows a
rapid increase of magnetization up to 90% saturation before 200 mT (Fig. 10e) and the
hysteresis loop shows a coercivity (Bc) value of ~4.4 mT and Mr/Ms ratio at ~0.03 (Fig.

101), both of which indicate a predominant magnetite as the main magnetic carrier.



4.3 Paleomagnetic directional analysis

Specimens from Section S-1 display single magnetic component (Fig. 11), which
can be considered as the characteristic remanent magnetization (ChRM). The ChRM
directions show antipodal normal and reversed polarities (Fig. 11). With 27 specimens,
a mean direction was calculated at Dy/I, = 248.2°/-53.2° (ky = 13.4, 095, = 7.9%) in
geographic coordinates and Dy/I; = 32.6°/-39.1° (ks = 13.4, agss = 7.9°) after tilt-
corrections (Table 1; Fig. 12a, b). The reversal test of MaFadden and McElhinny (1990)
is positive at level-C, indicating that the ChRM should be primary acquired during
deposition.

Most specimens from Section S-2 show single component and only normal polarity
was observed (Fig. 11), which we considered as the ChRM. A mean direction was
calculated at Dy/I, = 309.7°/71.3° (kg = 9.5, agsg = 9.5%) in geographic coordinates and
Dy/1,=318.9°/36.9° (ks =9.5, agss = 9.5°) after tilt-corrections with 27 specimens (Table
1; Fig. 12a, b). Although neither fold test nor reversal test is available, this magnetic
direction in stratigraphic coordinates is different from post-Triassic ones of the NCC-
AMB (Wu et al., 2017; Huang et al., 2018), which may argue for its primary nature.

Before calculating the corresponding corresponding virtual geomagnetic poles
(VGP) of these two mean directions, the inclination shallowing needs to be adjusted. A
typical flattening factor f = 0.6 has been applied to paleomagnetic data in tectonic
studies of eastern Asia (Van der Voo et al., 2015; Wu et al., 2017), which is further
supported by the case study from Triassic sedimentary rocks in the northern NCC (Zhou

etal., 2017). Therefore, for a better comparison with previously reported paleomagnetic



data, we apply this flattening factor (= 0.6) to our newly acquired Triassic data and re-
calculated the mean direction of Dy/Is = 32.6°/-53.7° (ks = 13.4, agss = 7.97) for Section
S-1, and Dyl = 318.9°/51.4° (ks = 9.5, agss = 9.5°) for Section S-2 in stratigraphic
coordinates (Table 1). The corresponding VPGs were therefore calculated at A/ = -
4.1°N/80.3°E (495 = 9.2°) with a paleolatitude of 34.2° + 9.2° for Section S-1, and M/
= 55.4°N/18.6°E (495 = 10.6") with a paleolatitude of 32.1° = 10.6° for Section S-2
(Table 1; Fig. 12). We plot these two newly obtained poles and reported Late Triassic
poles from the AMB, Tarvagatay Block and SIB in a stereoplot, together with APWPs
of the NCC and SIB for comparison (Fig. 13). The five poles from the AMB and
Tarvagatay Block aligned along a small circle centered on the sampling location,
indicating similar paleolatitude of the AMB and the Tarvagatay Block at the Late
Triassic.
S. Discussion
5.1 Late Triassic initial closure of the MOO in its western segment
5.1.1 Geological perspective

The timing of the initial closure of the MOO in its western segment is poorly
constrained due to limited geological records and paucity of studies. Zonenshain et al.
(1990) proposed a change of geodynamic condition during 260-230 Ma in the western
AMB, where the activity of the East Mongolia volcanic belt ceased, replaced by quiet
subsidence and clastic sedimentation in a continental and near-shore environment. This
geodynamic transition might be related to the cessation of the subduction of the MOO

beneath the AMB. From sedimentary comparison, an Early-Middle Triassic



sedimentary hiatus was observed from the Tarvagatay and Bayangol Blocks on the
northern side, and the Baydarg, Ereendavaa, and Herlen blocks on the southern side of
the Mongol-Okhotsk suture in central and eastern Mongolia, with the Late Triassic
molasses overlying on the pre-Triassic geological units, indicating a Triassic regional
unconformity (Fig. 2; Badarch et al., 2002). This regional unconformity may suggest
that the western segment of the MOO have closed at the Middle-Late Triassic. In this
study, we identified similar plant fossil-bearing alluvial-fluvial facies sediments from
coeval upper Triassic strata on both sides of the Mongol-Okhotsk suture, which
unconformably covered the metamorphic basement, Devonian-Carboniferous marine
sediments and Permian volcanic rocks (Fig. 14). Based on these sedimentary
characteristics, a non-marine geological setting after the closure of the MOO can be
reasonably proposed for the Late Triassic clastic sediments on both sides of the suture.
Furthermore, sedimentological investigations and detrital zircon dating on the
Mesozoic strata in the western Transbaikalia have showed that the Khangay and
Khentey regions were dominated by terrestrial deposits at least since the earliest
Jurassic, indicating a wide uplifted plateau formed due to closure of the Mongol—
Okhotsk Ocean in its western segment (Arzhannikova et al., 2020).

Our detrital zircon U-Pb dating results show similar age distribution patterns for
samples from both sides of the suture with a predominant peak at ~253-251 Ma and
secondary peak at ~359-357 Ma (Fig. 9a, c), indicating a similar provenance for the
upper Triassic strata. The earliest Carboniferous arc magmatism along the southern

margin of the Mongol-Okhotsk suture has been revealed by detail zircon studies from



Carboniferous strata (Fig. 9d; Kelty et al., 2008). However, as their samples are from
the northern part of the Mongol-Okhotsk suture and display no early Carboniferous
detrital zircons, the northward subduction of the MOO in the early Carboniferous can
be questioned although the authors also noticed that there are Devonian-Carboniferous
magmatic rocks distributed in the north of the Mongol-Okhotsk suture (Kelty et al.,
2008). However, this can be ascribed to that only Cambrian-Silurian deposits have been
probably sampled for this purpose, therefore, it is impossible to obtain early
Carboniferous detrital zircons. On the contrary, the two Carboniferous samples (# 3 and
4) from the northern margin of the suture indeed display predominant early
Carboniferous peaks, similar as samples from the south (Fig. 9b; Kelty et al., 2008).
Although the authors considered that they were deposited in a similar tectonic setting
as samples from the south and displaced in the northern margin of the Mongol-Okhotsk
suture due to a northeast-striking and right-lateral strike-slip faulting or a large north-
dipping thrusting, it is more reasonable to consider that they were derived directly from
nearby Devonian-Carboniferous magmatic rocks in the northern of the Mongol-
Okhotsk suture as there is no clear evidence of this kind of fault or thrust. This new
interpretation is supported by further detrital zircon dating results from Permian-
Jurassic strata in the north of the Mongol-Okhotsk suture, which revealed abundant
Early Carboniferous detrital zircon ages (Bussien et al., 2011). Therefore, the ~359-357
Ma peak was contributed by Devonian-Carboniferous arc magmatic rocks along both
sides of the Mongol-Okhotsk suture. The predominant ~253-251 Ma peak is mainly

from the Selenge and Middle Gobi Permian-Triassic volcanic-plutonic belts along the



Mongol-Okhotsk suture (Badarch et al., 2002). These two belts were interpreted as
either continental rift zones (Kovalenko and Yarmolyuk, 1990) or the Andean type
continental margin of the MOO (Zorin, 1999; Parfenov et al., 1999).

Meanwhile, the Late Triassic alkaline magmatism observed in the Hangay-Hentey
region indicate an extensional setting for their emplacement, suggesting a Late Triassic
closure of the MOO in its western segment (Donskaya et al., 2013). Recently, a
compilation of magmatic rocks along the Mongol-Okhotsk Suture revealed that Late
Triassic alkaline granitic plutons intruded into the Mongol-Okhotsk suture (Wang et
al., 2022). These Late Triassic granitic plutons in the age of 220-210 Ma mainly consist
of A2-type high-K calc-alkaline, biotite and hornblende-biotite granites that intruded
into folded and foliated accretionary complexes and ophiolitic mélange of the suture,
and they can be considered as stitching plutons, therefore, suggesting that the MOO
should have closed in the western segment at least by ca. 210 Ma (Fig. 14; Wang et al.,
2022).

5.1.2 Paleomagnetic perspective

As the initial closure of the MOO was resulted from collision between the
northwestern AMB and Tarvagatay Block in the southwestern SIB, a comparison of
paleomagentic data from these two parts will be the best way to constrain its closure.
However, paleomagnetic data in these two parts are scarce, hindering our precise
estimation of the MOQ’s initial closure in its western segment. In fact, Pruner (1992)
reported a preliminary paleomagnetic pole from the Late Triassic volcanic rocks in the

Tarvagatay Block, revealing a low paleolatitude of ~32.8° + 16.8°N (Table 2). However,



as the big uncertainty of this result, its tectonic significance has not been well
acknowledged. Recently, we reported a new Late Triassic pole from the Tarvagatay
Block, which gave a paleolatitude of 31.1°+9.0° N (Table 2; Fig. 13; Zhao et al., 2023),
consistent with that obtained by Pruner (1992). These two independent studies constrain
a relative low paleolatitude for the Tarvagatay Block during the Late Triassic. In this
study we obtained two poles from the northwestern part of the AMB with consistent
paleolatitudes of 34.2° + 9.2°N and 32.1° £ 10.6°N (Table 2), and the two poles are
aligned on one small circle that transects two poles from the Tarvagatay Block (Fig.
13), indicating the consistent paleolatitude of the AMB and Tarvagatay Block in the
Late Triassic (Table 2; Fig. 14). Therefore, the AMB should have collided with the
Tarvagatay Block during the Late Triassic, suggesting that the western segment of the
MOO should have been closed by the Late Triassic.

In conclusion, multidisciplinary evidence from sedimentology, detrital zircon
dating, magmatism and paleomagnetism argue for that the western segment of the MOO
should have been closed at the Late Triassic (Fig. 14). Our study solves the previous
contradiction between geological and paleomagnetic results, therefore, provides
integrated constraints on the Late Triassic initial closure of the MOO.

5.2 Eastward progressive closure of the MOO

It has long been accepted that the MOO was an east-facing bay-shaped ocean in
the Late Paleozoic. Based on limited paleomagnetic data, Zonenshain et al. (1990)
suggested that in the Early Permian, after the western end of the AMB welding with the

southeastern margin of the SIB in the Hangay-Hentey region, the two continental



margins displayed a ca. 130° intersection angle. This estimate is supported by following
paleomagnetic studies that constrained a meridional alignment of the south margin of
the SIB and northeast facing of the north margin of the AMB (Kravchinsky et al., 2002;
Zhao et al., 2020). Since then, a clockwise rotation of the SIB and counterclockwise
rotation of the AMB and NCC led to gradual closure of the MOO, which is also
supported by geological evidence from sedimentary and magmatic aspects.

The Mongol-Okhotsk suture is surrounded by numerous calc-alkaline magmatic
rocks related to bidirectional subductions of the MOO. Two main episodes of
magmatism in the age of Devonian-early Carboniferous and Permian-Middle Triassic
are nearly symmetrically distributed on both sides of the suture (Sorokin et al., 2005;
Kelty et al., 2008; Bussien et al., 2011; Ruppen et al., 2014; Ganbat et al., 2021).
Triassic-Jurassic magmatic rocks, on the other hand, show a clear eastward younging
trend, with the Early-Middle Triassic magmatic rocks occurring in both the western
segment in central Mongolia and the eastern segment in the Amur River region,
whereas the Late Triassic-Early Jurassic ones are only distributed in the eastern
segment in northeastern Mongolia and the Amur River region (Sorokin et al., 2010; Xu
et al., 2013b; Sun et al., 2013; Tang et al., 2014; Ganbat et al., 2021; Ovchinnikov et
al., 2023). Meanwhile, sedimentary studies also revealed an eastward progressive
transition from marine to nonmarine facies. Continental molasses were first observed
from the upper Triassic strata in the Hangay-Hentey region of the westernmost part of
the suture (Zonenshain et al., 1990), whereas the transition from marine flysch to

nonmarine molasses occurred at the boundary of Early/Middle Jurassic in the eastern



Transbaikal region of the central segment (Demonterova et al., 2017; Jolivet et al., 2017,
Arzhannikova et al., 2020). For the Upper Amur-Mohe foreland basin in the eastern
segment, this sedimentary transition was also observed in the Middle-Late Jurassic (Li
et al., 2004; He et al., 2005; Smirnova et al., 2017; Zaika et al., 2018; Sorokin et al.,
2020) or even Latest Jurassic (Yang et al., 2015; Chen et al., 2022). Moreover, detrital
zircon dating results reveal the absence of detrital zircons younger than 171 Ma in the
sedimentary rocks in the Upper Amur and other basins of the eastern Mongol-Okhotsk
belt, implying that the final closure could have taken place at the boundary of the Early
and Middle Jurassic (Sorokin et al., 2020). This proposal is consistent with the Early
Mesozoic thermal event occurred in this region (Sorokin et al., 2023) and also supported
by recently paleomagnetic study. Yi and Meert (2020) integrated geological and
paleomagnetic evidence and argued for a Middle Jurassic (~174 Ma) closure of the
MOO. The eastward younging trend of both magmatic and sedimentary records led to
the proposal of scissor-like closure of the MOO.

However, the scissor-like closure of the MOO was challenged by paleomagnetic
investigations. Based on comparison of paleomagnetic poles from the SIB and NCC-
AMB, Van der Voo et al. (2015) proposed a progressive narrowing model of the MOO
during the Triassic-Jurassic period. In this model, the relative rotation of the SIB with
respect to NCC-AMB caused shrinking of the MOO much faster in the east than in the
west. However, this process did not lead to an eastward gradual closure of the MOO,
nevertheless, it resulted in a nearly identical width of the MOO from west to east in the

Late Jurassic and a simultaneous closure of the MOO in the Late Jurassic-Early



Cretaceous (Van der Voo et al., 2015). This progressive narrowing model of the MOO
is similar as that proposed by Enkin et al. (1992). But Enkin et al. (1992) emphasized
on a northward movement of the NCC-AMB along a sinistral strike-slip fault at its
western margin that caused the closure of the MOO. It is worth noting that both two
proposed models are contradictory with geological evidence, especially about the initial
closure of the MOO in its western segment. This may be caused by lack of reliable
Triassic paleomagnetic poles, which presents the key period for the initial closure of
the MOO. The new Late Triassic paleomagnetic data obtained in this study suggest
similar paleolatitude of the AMB and Tarvagatay Block on both sides of the Mongol-
Okhotsk suture, indicating that the western segment of MOO should have been closed
at the Late Triassic, consistent with geological evidence. After the initial collision of
the MOO in the Hangay-Hentey region, this region can be considered as a pivot, around
which SIB and NCC-AMB rotated relatively, leading to a gradually closure of the MOO
from west to east in a scissor-like way (Van der Voo et al., 2015; Xu et al., 2013b;
Wang et al., 2022).
5. Conclusions

From our new and compiled sedimentological, detrital zircon U-Pb dating, and
paleomagnetic data obtained for the upper Triassic strata from both sides of the western
segment of the Mongol-Okhotsk suture, we obtain the following conclusions:

(1) Plant fossil-bearing alluvial-fluvial facies sediments were identified from
coeval upper Triassic strata on both sides of the western segment of the Mongol-

Okhotsk suture, unconformably overlying on the metamorphic basement, Devonian-



Carboniferous marine sediments and Permian volcanic rocks. Based on these
sedimentary characteristics, we proposed a non-marine geological setting after the
closure of the MOO for the Late Triassic clastic sediments on both sides of the suture.
Detrital zircon U-Pb dating results show similar age distribution patterns for samples
from both sides of the suture with a predominant peak at ~253-251 Ma and secondary
one at ~359-357 Ma, indicating similar provenance for the upper Triassic strata. These
two peaks represent two main arc magmatic events during bidirectional subductions of
the MOO in the Late Devonian-Early Carboniferous and Late Permian-Early Triassic.

(2) Coeval Late Triassic paleomagnetic poles obtained from the northern AMB
and Tarvagatay Block on both sides of the Mongol-Okhotsk suture revealed consistent
paleolatitude of the AMB (~31-33°) and Tarvagatay Block (~32-34°) in the Late
Triassic, arguing for that the western segment of the MOO should have been closed at
the Late Triassic.

(3) The comparable sedimentological, detrital zircon U-Pb dating, magmatic and
paleomagnetic evidence provide integrated constraints on the Late Triassic initial
closure of the MOO. After initial closure of the MOO in the Hangay-Hentey region,
furthermore, this region can be considered as a pivot, around which the SIB and NCC-
AMB rotated relatively, leading to a gradually closure of the MOO from west to east in

a scissor-like way.
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Figure 1. (a) Topography map of East Asia with major Precambrian blocks and location
of the Mongol-Okhotsk suture. (b) Regional tectonic map showing the Siberia
Craton, Amuria Block, central Mongolian blocks (including TMB: Tuva-
Mongolia Block, ZB: Zavkhan Block, BB: Baidrag Block, and TVB: Tarvagatay
Block), North China Craton, and the Mongol-Okhotsk orogenic belt extending
from central Mongolia, through the Amur region to the Okhotsk Sea (modified
from Zhao et al., 2020). Locations of three geological maps in figure 3 are marked.
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Figure 2. Tectonostratigraphic column of the Mongol-Okhotsk suture and Tarvagatay
Block and northern Amuria Block on both sides of the suture (integrated from
Zonenshain et al., 1990; Badarch et al., 2002; Bussien et al., 2011; Donskaya et
al., 2013). Information of two ophiolite mélange are from Tomurtogoo et al. (2005)
and Zhu et al. (2018).
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showing locations of measured cross sections.
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Figure 4. Stratigraphic columns of the five measured cross sections from both sides of
the Mongol-Okhotsk suture with location of samples for detrital zircon U-Pb
dating and paleomagnetic study. Mu., Mudstone; Si., Siltstone; Sa., Sandstone; C.,
Conglomerate.
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Figure 5. Field outcrops of the upper Triassic strata from the Avdzaga region to the
north of the Mongol-Okhotsk suture. (a and b) Basal conglomerate with pebbles
of chert, granite, volcanic rocks and greeschist; (¢ and d) Interbedded
conglomerate and sandstone; (¢) Sandstone layers; (f) Cross bedding; (g) Parallel
bedding; (h and 1) Plant fossils.



Figure 6. Field outcrops of the upper Triassic strata from the Adaatsag and Delgerhaan
regions to the south of the Mongol-Okhotsk suture. (a) Boulders from the basal
conglomerate; (b) Basal conglomerate; (¢) Cross bedding from coarse-grained
sandstone layers; (d) Vertical red coarse-grained sandstone layers; (e and f) Plant
fossils.
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Figure 7. Cathodoluminescence (CL) images of selected detrital zircons from each

sample. The yellow circles represent U-Pb analytical sites with numbers above
and ages below the grain.
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Figure 8. Probability diagrams of zircon ages of the eight sandstone samples in this
study. Four samples (a-d) are from north of the Mongol-Okhotsk suture, and the
other four samples (e-h) are from south of the Mongol-Okhotsk suture.
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Figure 9. Comparison of probability plots for detrital zircon U-Pb ages from north (a

and b) and south (¢ and d) sides of the Mongol-Okhotsk suture. Age data of the
Carboniferous strata are from Kelty et al., 2008.
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Figure 10. Magnetic mineral analyses for representative samples from Sections S-1 and
S-2. Thermomagnetic curves (a and d; red/blue represent heating/cooling),
isothermal magnetization acquisition curves (b and e), and magnetic hysteresis
loops (c and f) of selected samples.
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Figure 11. Representative orthogonal vector plots from sections S-1 and S-2. Directions
are plotted in tilt-corrected coordinates. Black/white circles represent vector
endpoints projected onto the horizontal/vertical plane. Numbers on the plots show
temperature/applied alternating magnetic field steps. NRM: natural remanent

magnetization.
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Figure 12. Equal-area projection of specimens from section S-1 (a and b) and S-2 (c
and d) in geographic and stratigraphic coordinates. (e and f) Site-mean directions
of nine sites from section N-1 and N-2 are presented for comparison (Zhao et al.,
2023). Stars show overall specimen-/site-mean direction, solid circles represent
normal polarity, while open circles represent reverse polarity.
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Figure 13. Comparison of the Late Triassic poles from the SIB, the TVB (Tarvagatay
Block), AMB and NCC. Poles used in this figure are listed in Table 2. APWPs of
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consistent paleolatitude of the two blocks in the Late Triassic.
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with emphasis on the Late Triassic-Early Jurassic sedimentary and volcanic
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plutons that intruded the suture (from Wang et al., 2022). Numbers of 1-4 represent
locations where the Late Triassic paleolatitude data obtained from both sides of
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study). (b) Integrated columns of the Mongol-Okhotsk Suture, and Tarvagatay
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sedimentary sequence, magmatic rocks and paleolatitude, indicating that the
Mongol-Okhotsk Ocean should have closed in its western segment at least by the
Late Triassic.
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Table 1. Paleomagnetic sampling information and results (HTC component) of the Late Triassic sandstone from both sides of the Mongol-Okhotsk
suture zone.

dip N
Sit dir./ n' Uy Oys comm
coordinate rock type / Dg 1Ig Ds Is k Ds* Is* k*
e angl /n 5 *  ent
R
e
Sandstone from Adaatsag region (section S-1),
Amuria Block
1
15  46°29'18"N,106° red 228/ 8/ 8/ 45. 34. 23 60. 3I. 0
4 51'09"E sandstone 85 8 0 3 6 25 3 3 .
1
15 46°29'19"N,106° red 228/ 4/ 0/ 26 47' 15. 34' 18 6.
5 51'08"E sandstone 85 8 4 9.6 6 1 5 53 8
15 46°29'20"N,106° red 228/ 4/ 0/ 24 43' 29. 49' 90. 9.
6 51'08"E sandstone 85 7 4 43 6 6 3 7
15  46°29'20"N,106° red 228/ 7/ 7/ 10 69. 20 14. 23 3.
7 51'07"E sandstone 85 7 0 93 8 9.8 3 78 9
1
15  46°29'21"N,106° red 228/ 4/ 2/ 71. 61. 21 31. 54. 5
8 51'06"E sandstone 85 7 2 6 0 438 3 1 6
15  46°29'21"N,106° red 228/ 6/ 6/ 15 30. 17 12_ 19 4.
9 51'06"E sandstone 85 7 0 6.0 4 07 8 31 8

Mean (5 sites) exclude site 159 25 - 16. 1



0.8 53. 6 O.
0 3
- 1
30. 16.
38. 9.
6 6
5 3
Mean (27 specimens) exclude 24 53- 13. 7.
site 159 8.2 ' 4 9
2. 13 BRE)
39. 32.6 53. 7.9
6 4 4
1 7
VGP (27
. A=-4.1°, 9=80.3°, A95=9.2°, Paleolat.=34.2°
specimens)
Yellow sandstone from Delgerhaan region (section
S-2), Amuria Block
M5 47°11'S8"N,119° 325/ 6/ 0/ - - dispers
sandstone - - - - - - - -
2 32'36"E 35 7 0 ed
1 - -
M5 47°11'56"N,119° 325/ 5/ 5/ 28 53. 29 18. 2I. dispers
sandstone 6. - -
3 32'38"E 35 7 0 97 3 74 6 6 9 ed
M5 47°11'S9"N,119° 325/ 0/ 0f - - dispers
sandstone - - - - - - - -
4 32'38"E 35 7 0 ed
2 - -
M5 47°12'01"N,119° 325/ 5/ 5/ 35 75. 32 38. 12. dispers
sandstone 2. - -
5 32'41"E 35 7 0 85 5 92 4 2 g ed
M5  47°12'01"N,119°  sandstone 325/ 7/ 6/ 29 72. 31 39. 12. 1 - - - - dispers
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M5

32'41"E

47°12'02"N,119°
32'40"E
Mean (27

specimens)

sandstone

VGP (27

specimens)

35

325/

35

5/

5/

7.8

30
9.7

71.

31
8.9

36.
9

9.5

9.

5

9. 3189
5

1=

51.
4

9.5

9.5

55.4° ¢p=18.6°, A95=10.6°,
Paleolat.=32.1°

ed

dispers
ed

Sandstone from Avdzaga region (sections N-1 and N-2), Mongolia, Tarvagatay terrane (published in Zhao et al.,

2023)

11
4

11
5

11
6

12
4

12
5
12

47°53'54"N,103°

sandstone
0622"E
47°53'54"N,103°
sandstone
06221"E
47°53'54"N,103°
sandstone
0621"E
48°05"24"N,102°
sandstone
49'03"E
48°05"25"N,102°
sandstone
49'04"E
48°05'25"N,102°  sandstone

20/4

24/4

24/4

144/
56

144/
56
144/

6/

4/

5/

5/

8/

5/

6/

3/

5/

5/

8/

0/

74.

28
2.5

31
6.9

82.

35
54
7.9

86.

82.

63.

80.

68.

23.

13.

35
5.5

13
43

12
5.8
33

42.

47.

31.

28.

51.

33.

66.

11
0.6

38.

13
8.9
39.

7 235
1
1.
4 13.9
7.
3 3555
1
2.
5 14.2
4.
7 5.8
1 2155

48.

53.

37.

34.

57.

34.

82.

12
1.0

38.

16

2.3
40.

11.

10.

7.0

12.

44
12.
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12

12

12

13

13
1

49'04"E

48°05'26"N,102°
49'06"E

48°05'26"N,102°
49'06"E

48°05'24"N,102°
49'04"E

48°05'24"N,102°
49'06"E

Mean (9 sites)

VGP (9 sites)

sandstone

sandstone

sandstone

sandstone

56

144/
56

144/
56

144/

56

144/
56

6/

8/

7/

7/

6/

7/

0/

33.

80.

21
0.1

29
4.2

74.

71.

79.

70.

81.

5.7

12
9.1

13
3.6

30
0.0

12.
8

39.

37.
2

29.
1

33.
9
34.
7

1

—

4
9.
0
8.

9

8.8

13.5

179.9

12.9

26.

43.

33.

45.

50.
3

29.

20.

32.

40.
0

12.

12.

10.

8.2

2=70.5°, p=248.2°, A95=9.0°, Paleolat.=31.1°

Abbreviations. n’/n: numbers
of accepted/measured samples;
N/R: normal/reverse polarity;
Dg, Ig, Ds, Is: declination (D)
and  inclination (I) in
geographic  (g) and tilt-
corrected (s) coordinates; k:
precision parameter; oos: 95%
confidence. *: values after E/I
correction with inclination
shallow factor {=0.6 following
Van der Voo et al., 2015 and
Wu et al., 2017 for better
comparison.

For red sandstone from the
Adaatsag region: both normal
and reversed polarities existed.
When use 5  site-mean
directions, reversal test of
McFadden and McElhinny

(1990) is indeterminate; however, when we use 27 specimen directions for calculation, reversal test of McFadden and McElhinny (1990) is positive
at level-C as the angle between the mean directions of normal (D/I = 256.7°/-48.7°, k = 42.8, n = 10) and reversed (D/I = 61.8°/55.6°, k=9.9,n=

17) specimens y=11.5° < y.isicas = 16.0°.

For sandstone from the Avdzaga region: site-mean directions of sites 124-131 were rotated 120° counterclockwise and then calculate formation-
mean direction with sites 114-116. Fold tests are indeterminate. The reversal test of McFadden and McElhinny (1990) is positive at level-B as the
angle between the mean directions of normal (D/I = 10.3°/38.7°, k =27.4, n = 40) and reversed (D/I = 197.2°/-34.3°, k = 12.9, n = 14) specimens



)’:7-10 < Yeritical = 9-90-



Table 2. Compilation of Late Triassic paleomagnetic poles from the North China Craton,
Amuria Block, Tarvagatay Block and Siberian Craton. Abbreviations: N, number of
locations (L), sites (S), or samples (s) used for calculation; Slat (Plat), latitude of
sampling site (pole); Slong (Plong), longitude of sampling site (pole); Ags, 95%
confidence limit; F, fold test; R, reversal test.

Age Slat Slong N Plat Plong  Ags(°) Test Paleolatitude References
CN) (CE) CN) (°E) (dp/dm) CN)
North China Craton (NCC)
Ts* 352 109.1 19S 652 344 5.6 R 37.845.6  Maetal., 1993
T,* 350 1092 11S 65.6  36.1 47 F4R 38.5¢4.7  Yangetal.,
1991
Amuria Block (AMB)
Inner Mongolia (China)
T,% 437 1188 158 70.4  233.8 46 F4R 33.314.6 Zhao et al.,
2023
Mongolia
Ts* 46.5 1069 27s -4.1 80.3 9.2 R 34.249.2  This study
Ts* 474 109.5 27s 554 18.6 10.6 - 32.1£10.6  This study
Tarvagatay Block
70.5 2482 31.1£9.0 Zhao et al.,
Ts* 479 103.1 9S 9.0 - 2003
T; 49.1 1055 6S 322 327 16.8 R 32.8£16.8  Pruner, 1992
Siberian Craton (SIB)
Ty228Ma) 748 1006 138 47.1 1216 4853 F 000 Xf‘lzdgé};aug o

*Triassic poles obtained from sedimentary rocks (mainly red sandstone/siltstone). Both
poles and paleolatitudes were recalculated after inclination shallowing correction with
inclination shallowing factor /= 0.6.
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Highlights:

e Similar Late Triassic nonmarine strata were identified on both sides of the

suture.

e Consistent paleolatitude of the Amuria Block and Tarvagatay Block in Late

Triassic.

e Initial closure of the Mongol-Okhotsk Ocean occurred in the Late Triassic.
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