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Abstract

The tectonic history of the final amalgamation of Eurasia is puzzling: geological
and paleomagnetic data yield contrasting interpretations. Paleomagnetism shows that
the North China Block and the Qaidam Basin fragment, migrated northward by several
thousand kilometers relative to Eurasia until the latest Jurassic-Early Cretaceous. If true,
plate tectonic principles require that a North China-Eurasia plate boundary existed. To
the north, this may be the Mongol-Okhotsk suture, which contains sparse Mesozoic

marine sediments. To the west, an associated geological record remains unknown. Here,
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we report for the first time an inclination shallowing-corrected pole from Lower
Permian limestones of the Qaidam Basin passing both fold and reversal tests, that yields
a northern hemisphere reversed direction of D = 32.2° + 4.5° and [ = -44.2° + 5.1°,
corresponding to a paleomagnetic pole at A = 17.4°S and ¢ = 247.6°E (495 = 4.0°, K =

12.0, N = 113). This indicates a post-early Permian Qaidam-Eurasia convergence of

~20° (> 2000 km) in latitude, like North China. When combined with existing

paleomagneitc data, it shows that this convergence was mostly accommodated after the
Triassic. The robustness of the paleomagnetic dataset calls for an explanation of a
missing geological record of convergence. Continental crustal shortening invariably
leads to high orogens. We therefore speculate that a cryptic Mesozoic oceanic suture
exists between the Qaidam and Eurasia, whose remains may be buried below the Tarim
Basin. How this boundary connected to the Mongol-Okhotsk suture and to the Tethyan
sutures remains currently unresolved and warrants further investigation.

Keywords: Qaidam Basin, Early Permian, Paleomagnetism, East Asia

1. Introduction

Ocean basins that formed and were destroyed by subduction in the geological past
are preserved as sutures (e.g., Sengdr et al., 1993). A suture typically separates two
continental blocks with distinct geological characteristics and histories; it may preserve
a geological record of a complete or parts of a Wilson cycle, including stratigraphic
packages of passive margins and the eventual ocean basin, thereby enabling
reconstruction of their tectonic evolution (Wilson et al., 2019). However, the
completeness of that history depends strongly on if, and how much rocks of the former
ocean basin accreted. Non-accretionary sutures make little topography are easily
covered by younger sediments or overthrusted, in which case their recognition may
become challenging (van Hinsbergen and Schouten, 2021). Evidence for a ‘cryptic’
suture may then come from paleomagnetic data that demonstrate that continental
fragments on either side of a fault underwent strongly contrasting paleolatitudinal

motions that require major convergence (van Hinsbergen et al., 2012; Halls, 2015).
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Such a geological phenomenon may exist in East Eurasia, where the geological
and paleomagnetic data on the final assembly of east Asian continental blocks with
Eurasia are surprisingly conflict (Wang et al., 2025). East Asia consists of several
continental fragments, including Amuria, North China, South China, Qaidam, and
Qiangtang, which are all separated by sutures that are Triassic or older (Dong et al.,
2011; Eizenhofer et al., 2014; Eizenhofer and Zhao, 2018; Kapp and DeCelles, 2019).
However, paleomagnetic data for this composite continent show that it migrated

between the late Triassic and earliest Cretaceous by more than 20° (in the west) to 30°

(in the east) in latitude, corresponding to > 2000-3000 km, relative to Siberia and

Kazakhstan that formed the eastern part of Eurasia (Cogné et al., 2005; Van der Voo et
al., 2015; Wang et al., 2025). Such major motions must have been accommodated by
convergent plate boundary, but associated geological records are surprisingly sparse.

A widely-inferred candidate to have formed this plate is the present-day Mongol-
Okhotsk suture (Donskaya et al., 2013; Van der Voo et al., 2015; Wang et al., 2022a;
Zhao et al., 2025). However, Mesozoic marine rocks are sparse in this suture zone, and
only found in eastern Siberia (Arzhannikova et al., 2023). To the east set, a suture is
often mapped as the Mongol-Okhotsk suture, but with only Paleozoic marine accreted
sediments, which ends in an orocline (Fig. 1; Windley et al., 2007). However, no
geological record is found in the west to document the thousands of kilometers of
northward movement of the block. Yet, such records must exist and would connect to
the Mongol-Okhotsk suture, because the amalgamation of all blocks must satisfy the
geometric constraints of a triple junction (McKenzie and Morgan, 1969).

Based on a Late Permian paleomagnetic pole from the Qaidam Basin, Wang et al.
(2025) recently argued that a cryptic suture may be located between the Tarim and
Qaidam Basins, even though no geological record of such a suture is known.

In this study, we test the robustness of this paleomagnetic arguments and report a
new paleolatitude from the Lower Permian of the Qaidam Basin. Combined with
previous data, we will evaluate the robustness of the paleomagnetic argument for major

plate convergence between Qaidam and Eurasia in the late Paleozoic to early Mesozoic,
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and evaluate previous proposals how and where this convergence may have been

accommodated.

2. Geological setting and sampling

The study area is in the northern part of the Qaidam Basin (Fig. 1a), where Late
Paleozoic and Mesozoic strata are well exposed (Fig. 1b). The Qaidam Basin overlies
the Qaidam continental block that is separated by an early Paleozoic suture, reactivated
by Cenozoic thrusts, from the North China Block to the northeast (Zuza et al., 2018).
Cenozoic shortening was limited to ~150 km (van Hinsbergen et al., 2011), and during
late Paleozoic and Mesozoic times, Qaidam was part of the same continent as North
China (Wang et al., 2025). To the south, the Qaidam Basin is bounded by the East
Kunlun orogen, an arc that formed above a north-dipping subduction zone that
consumed the Paleotethys Ocean, which closed in the middle Triassic due to the
collision of the Qiangtang Block (Fig.1) (Dong et al., 2018; Sun et al., 2022; Wang et
al., 2022b).

In this study, we focus on the Lower Permian Zhabusagaxiu Formation
characterized by tidal-flat and lagoonal depositional environments (Wang et al., 2022b).
The formation is mainly composed of interbedded limestone and mudstone (Figs. 2a,
b), with sandstone occurring locally. The Zhabusagaxiu Formation is assigned to the
Cisuralian (298.5-274.4 Ma) based on the U-Pb ages of tuff layers near its base (Fig.
2¢c; Wang et al., 2022b; Liu and Qian, 2023) and the presence of abundant fusulinid
fossils, particularly pseudoschwagerina and spyroschwagerina (Ma et al., 2020).

We collected a total of 299 oriented paleomagnetic limestone samples from 31
locations from the Lower Permian Zhabusagaxiu Formation in the Wanggaxiu area
(37.00°N, 97.68°E) (Fig. 1b). These rocks were folded (Fig. 2a), allowing a
paleomagnetic fold test. Core samples were collected by portable water-cooled
gasoline-power drill, sampled across the stratigraphy to optimize the chance of
sampling different spot readings of the paleomagnetic field (Figs. 2d, e, f; Gerritsen et

al., 2022), and oriented using magnetic compass and sun compass when possible.
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3. Methods

Each oriented core was cut into specimens of 2.2 cm in length. Anisotropy of
magnetic susceptibility (AMS) measurements were conducted using an AGICO
Kappabridge MFK-2 susceptibility meter at the Paleomagnetic Laboratory of
Northwest University (Xi’an, China) to assess whether the magnetic minerals had been
affected by tectonic deformation. Rock magnetic experiments were carried out at the
Institute of Earth Environment, Chinese Academy of Sciences (Xi’an, China) and the
Paleomagnetic Laboratory of Northwest University (Xi’an, China). Isothermal
remanent magnetization (IRM) acquisition, back-field demagnetization, and thermal
demagnetization of three-component IRMs (3-axis IRM) were performed using an ASC
IM-10-30 pulse magnetizer, JR-6A magnetometer, TD-48 thermal demagnetizer,
respectively. Hysteresis loops were measured with a MicroMag 3900 Vibrating Sample
Magnetometer.

Thermal and alternating field (AF) demagnetization, as well as remanent
magnetization measurement experiments, were conducted using a TD-48 thermal
demagnetizer, D-2000 alternating field demagnetizer, and a 2G-755R superconducting
magnetometer at the Paleomagnetic Laboratory of Northwest University (Xi’an, China),
and an automatic magnetometer-AF demagnetization system (Mullender et al., 2016)
at the Fort Hoofddijk Paleomagnetic Laboratory, Utrecht University (Utrecht,
Netherlands). Paleomagnetic data analysis was performed using the online portal
Paleomagnetism.org (Koymans et al., 2016, 2020). The demagnetization results were
plotted on orthogonal vector diagrams (Zijderveld, 1967) and principal component
analysis (Kirschvink, 1980) was applied to isolate remanence components with a
maximum angular deviation (MAD) < 15°. Mean paleomagnetic directions were
calculated using standard Fisher statistics (Fisher, 1953) and analyzed using the online
portal Paleomagnetism.org (Koymans et al., 2016, 2020). All paleomagnetic data were
recalculated to a common reference site (37.0°N, 97.7°E) to facilitate palaeolatitudinal

comparisons and subsequent discussion of tectonic implications.

4. Results
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4.1. Anisotropy of Magnetic Susceptibility

After tilt correction, the anisotropy of magnetic susceptibility (AMS) results show
subhorizontal K; (D=302.8°, [=2.4°) and K, axes (D=212.8°, [=1.0°), and nearly
vertical K3 axis (D=100.6°, [=87.4°) (Fig. S1). These fabrics define a bedding-parallel
magnetic foliation, consistent with post-depositional compaction, and further indicate
that the primary sedimentary magnetic fabrics have not been significantly overprinted

by later tectonic deformation.

4.2. Rock Magnetic Results

The acquisition IRM curves increase rapidly in low applied fields (less than 200
mT), and reach saturation by ~300 mT (Figs. 3a-3c). The backfield demagnetization of
saturation IRM curves show a maximum remanence coercive force less than 100 mT
(Fig. 3). The three-axis IRM curves show that low-coercivity components are dominant,
and unblocks at ~560 °C - 580 °C (Figs. 3d-3f). From these collected results, we infer

that magnetite is the main magnetic carrier in most of the volcanic rock samples.

All hysteresis loops are narrow and reach saturation at low applied fields (Fig. 4),
indicating the dominance of low-coercivity ferrimagnetic grains. Hysteresis parameters
plotted on the Day diagram fall within the single-domain to multidomain (SD-MD)
mixing region (Fig. 4). This domain state is generally regarded as favorable for the
preservation of primary remanent magnetization (Jackson and Swanson-Hysell, 2012).

Together, these observations infer that the magnetite as the main magnetic

minerals which carried the natural remanent magnetization (NRM).

4.3. Paleomagnetic results and statistical analysis

Stepwise thermal and alternating-field (AF) demagnetization were performed to
isolate the characteristic remanent magnetization (ChRM). A total of 113 specimens
yielded interpretable magnetic signals with AF demagnetization, revealing two distinct
remanence components (Figs. 5a-5g). In contrast, thermal demagnetization failed to

resolve any coherent components, producing only scattered, noisy demagnetization
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trajectories (Figs. 5h-5j). This failure is most likely attributable to thermally induced
physicochemical alteration during heating, which commonly affects weakly
magnetized rocks (e.g., Banerjee, 1981). A low-field component was mostly removed
between the starting NRM and 20-25 mT and yielded a mean direction of Dg=11.9°,
[,=51.3°, K¢=7.0, Ag5,=5.4° in geographic coordinates, and D=0.2°, [;=27.0°, K=2.7,
Ags~10.3° after tilt correction (Figs. 6a and 6b). In geographic coordinates, this mean
direction is like that of the recent geomagnetic field direction at sampling location
(Drar=1.2°, Irgr=53.1°) and is interpreted as a viscous remanent magnetization.

After removal of the low-field component, a stable high-field component was
isolated between ~20-30 mT and ~50-130 mT (Figs. 5a-6g), which is interpreted as the
ChRM. Its mean direction is Dg=26.4° + 7.7°, 1;=-7.5° £ 15.1°, Kg=4.0, A9s5,=7.6° in
situ, and Ds=32.9°+ 3.9°, [,=-29.5°+ 6.2°, K~=13.4, Ay5~3.8° after tilt correction, in
stratigraphic coordinates (Figs. 6¢ and 6d; Table S1). The Ags value in stratigraphic
coordinates falls within the n-dependent reliability envelope of Deenen et al. (2011)
(N=113, Agsmin, max=1.8, 4.2), which means that it may be straightforwardly explained
by paleosecular variation (PSV) alone. The ChRM of the Zhabusagaxiu Formation
show both normal and reverse polarities and a bootstrapped reversal test shows that the
X, Y, and Z axes of the mean directions between normal and reverse polarities of the
ChRM are indistinguishable at a 95% confidence level (Tauxe et al., 2016), reflecting
a positive reversal test (Fig. S2). Application of the Tauxe and Watson (1994) fold test
yielded the highest 11 value between 89% and 101%, indicating that the ChRM was
acquired before folding (Fig. S3).

Paleomagnetic directions obtained from sedimentary rocks are commonly
influenced by post-depositional compaction (e.g., Tauxe and Kent, 2004; Vaes et al.,
2021). Therefore, correction for inclination shallowing is essential when interpreting
paleomagnetic data from sedimentary rocks. Our results satisfied inclination correction
criteria proposed by Vaes et al. (2021): (a) a sufficiently large sample size (N > 80); (b)
fulfillment of the Deenen et al. (2011) criteria, and (c) limited vertical-axis rotations
within the dataset that do not exceed ~15°. In this study, we applied the elongation-

inclination (E/I) method of Tauxe and Kent (2004). The correction applied yields a
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flattening factor of 0.52 (Fig. 7) and increases the inclination from -29.5° to -44.2°.
After E/I correction, the total of 113 specimens yielded an overall mean direction of
Ds=32.2°% 4.5°, [;=-44.2°+ 5.1°, K~=12.0, Ags5~4.0° in stratigraphic coordinates (Fig.
7), also satisfying the Deenen et al. (2011) criteria. We interpret this as a northern
hemisphere, reverse direction, as expected because the section was deposited during the
Kiaman reverse superchron (Ogg, 2020). The corresponding paleolatitude is 26.0° +
4.0°N. Such results, however, indicate that the sampling locality subsequently
underwent a significant counterclockwise (CCW) rotation. The subduction of the Paleo-
Tethys Ocean led to the uplift of the Qaidam Basin, causing a depositional hiatus within
the basin and transforming the South Qilian into a foreland basin (Xiao et al., 2021).
Furthermore, the oblique nature of the Paleo-Tethys subduction induced strike-slip
motion between the Qaidam and South Qilian regions (Wu et al., 2026). We suggest
that this tectonic process was likely the primary cause of the observed rotation.
Finally, based on the rock magnetic results, the positive fold and reversal tests, and
the presence of inclination shallowing that has been quantitatively corrected, we
conclude that the limestones of the Zhabusagxiu Formation preserve a primary
remanent magnetic signal and therefore provide a reliable basis for subsequent tectonic

reconstructions.

5. Discussion
5.1. The paleogeographic location of the Qaidam Basin during Permian to Triassic
The online portals APWP-online.org (Vaes et al., 2024) and Paleomagnetism.org
(Koymans et al., 2016, 2020) were used to compute and compare the latitudinal
distances between our new paleomagnetic results for the Lower Permian of the Qaidam
Block and the apparent polar wander path in Eurasian coordinates (Vaes et al., 2023) as
well as with time-equivalent paleomagnetic poles of Tarim and North China (Table S2).
During the Early Permian, all three blocks—Tarim, North China, and Qaidam—show
significant latitudinal offsets relative to Eurasia (Figs. 8 and S4). The Tarim Basin was
in its final approach to Eurasia and lying 6.9° + 4.4° (~750 + 500 km) south of Eurasia

(Figs. 8 and S4a), accommodated along a well-documented Permian suture in the Tien
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Shan (Xiao et al., 2013).

Our newly obtained paleomagnetic pole indicates that the Qaidam Basin was
located 18.6° & 3.9° southward relative to Eurasia in the Early Permian (Fig. S4c). This
is similar to estimates of 20.0° = 4.4°, and 19.5° £+ 3.2° in the Early Permian, Late
Permian, and Middle Triassic (Fig. S4c). Moreover, the Permian paleomagnetic results
from the Qaidam Basin (Wang et al., 2025; Song et al., 2026; this study) are
paleolatitudinally indistinguishable from the North China Block’s paleolatitudes (Figs.
8 and S4d). This demonstrates that in early Permian times, Qaidam was still
paleolatitudinally separated from its modern position relative to Tarim and Eurasia by
2000 km of lithosphere; perhaps more because the paleolongitudinal component of
motion is unconstrained by paleomagnetic data. The Triassic data from Qaidam show
that this convergence was accommodated after the Middle Triassic (Fig S4c; Wang et
al., 2024). A key question in the final assembly of Eurasia is where this convergence
was accommodated.

Part of this convergence is accommodated by intracontinental shortening of Asian
crust. The ENE-WSE striking Altyn Tagh strike-slip fault system that currently
separates the Qaidam Basin from Tarim accommodated ca. 400 kilometers of left-lateral
strike-slip (Yin et al., 2002; Cowgill et al., 2003), which translates to a N-S convergent
component of about 150 kilometers, or ~1.5° (van Hinsbergen et al., 2011). In addition,
the Tien Shan fold-thrust belt underwent up to ~200 km of Neogene shortening,
increasing westwards accommodating a ~7° clockwise rotation of Tarim relative to
Eurasia (van Hinsbergen et al., 2011). At the longitude of our study area, this may add
another 0.5° of paleolatitudinal convergence between Qaidam and Eurasia. Cenozoic
displacements may thus account for ~2° of paleolatitudinal convergence, which is far
too small to compensate for the paleolatitudinal separation of several thousand
kilometers between the Qaidam Basin and Eurasia inferred form the Permian-Triassic

paleomagnetic data.

5.2. A cryptic suture connecting the Mongol-Okhotsk Suture between the Qaidam

and Tarim basins?
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If Qaidam and North China were connected, as follows from Permian and Triassic
paleomagnetic data as well as geological constraints (Zuza et al., 2018), then the large
paleomagnetic database of North China suggests that most post-middle Triassic
convergence between Qaidam and Eurasia was accommodated during the Jurassic and
accomplished by early Cretaceous times (e.g., Ren et al., 2018; Zhao et al., 2020; Wang
etal., 2022a). The absence of oceanic rocks younger than mid-Paleozoic in northeastern
Tibet and Tarim, and younger than the Permian in the Tien Shan could suggest that
convergence was accommodated within continental crust. To the north, convergence
would have been accommodated by closure of the Mongol-Okhotsk Suture, which is
often cited to close during the Late Jurassic to Early Cretaceous based on paleomagnetic
evidence for convergence, and Jurassic magmatism on either side of the suture
(Donskaya et al., 2013; Van der Voo et al., 2015; Yi and Meert, 2020; Zhao et al., 2025),
even though post-Paleozoic oceanic rocks are not known from this suture zone. The
convergence between North China/Qaidam and Siberia would then occur in a ‘scissor-
like” fashion, with a fully continental connection from North China through Qaidam
and Tarim to Eurasia, and an oceanic basin still open until earliest Cretaceous time to
the north.

However, this scenario still requires more than 2000 km of relative latitudinal
motion between Qaidam and FEurasia, which must have been tectonically
accommodated. Oceanic subduction has the potential to accommodate the wholesale
disappearance of lithosphere into the mantle — in fact, this is the default mode: the
subduction zones around the Pacific Plate only occasionally preserve accreted
geological records of subducted lithosphere (van Hinsbergen and Schouten, 2021).
Intracontinental convergence, on the other hand, invariably leads to major shortening
and orogenic uplift. For instance, the Andes accommodated 100-400 km of shortening,
varying along-strike (Schepers et al., 2017), and the Atlas Mountains of northwest
Africa accommodated only ~40 km of shortening (Beauchamp et al., 1999), yet both
form majestic mountain belts. The Tibetan Plateau accommodated ~1000 km of
shortening (van Hinsbergen et al., 2011; Ma et al., 2014), only half of the 2000 km of

post-middle Triassic Qaidam-Euraisa convergence. However, there is no record of
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Triassic-Jurassic shortening between Qaidam and Eurasia. It seems thus implausible to
assume that Qaidam had a direct continental connection to Eurasia by Triassic times.

It is surprising that there is no geological record of a former plate boundary, yet
the robustness of the paleomagnetic database of Qaidam and the China Blocks suggests
that it must have existed. Oceanic sutures maybe non-accretionary and may leave little
topography — exemplified by the Mongol-Okhotsk suture that is widely cited as a late
Jurassic-early Cretaceous suture zone accommodating 1000s of km convergence
despite the absence of an accretionary or topographic record (Arzhannikova et al.,
2023). However, while it is surprising that no record is known, we find it more likely
that such a suture, as well as an associated magmatic arc, lies buried below sediments,
or is overthrusted by post-Jurassic tectonic activity. Golonka (2007) suggested that this
cryptic suture may be hidden in the Tien Shan, whereas Wang et al. (2025) speculated
about a location in the Tarim Basin, or overthrusted by the NW Tibetan Plateau. Based
on the absence of a major continental shortening record between Qaidam and Tarim,
we hypothesize that Qaidam-Eurasia collision occurred in the late Jurassic or early
Cretaceous, and that prior to this time, an ocean existed, which we speculate separated
Qaidam and Tarim. To the north, it would have connected to the Mongol-Okhotsk
Ocean, and to the south to the Tethys domain (Fig. 9).

Future systematic paleomagnetic work on Triassic and older stratigraphy of
Mongolia and China, like performed in this study, may help to approximate the location
of the zone where this convergence was accommodated. However, an additional avenue
may be targeted field studies on the terminations of other, better-known suture zones
that formed during the amalgamation of east Asia. Those Permo-Triassic sutures formed
on either side of the cryptic convergence zone discussed here.

One such suture formed because of closure of the Paleo-Tethys Ocean (Fig. 1a).
To the east of our inferred cryptic convergence zone, this suture formed during the
Middle to Late Triassic, in the east as a result of continental collisions involving the
North China Block and the South China Block, and in the west, into the Tibetan Plateau,
due to the collision of the Qiangtang Block and Qaidam Block (Dong et al., 2011, 2018;
Songetal., 2015; Huang et al., 2018; Metcalfe, 2021; Wei et al., 2023). To the southwest,
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in the Pamirs, Afghanistan, and Iran, the Paleotethys Suture formed by collision of
Gondwana-derived continental fragments with Eurasia during the Late Triassic
(Schwab et al., 2004; Angiolini et al., 2013; Villarreal et al., 2020).

The other candidate suture is the Tien Shan-Solonker suture, which is often
mapped from west of the Pamir to the Pacific Ocean (Fig. 1a). However, to the east of
the cryptic convergence zone, the Solonker Suture formed in the Triassic between North
China and Amuria and to the west (Eizenhofer et al., 2014; Eizenhofer and Zhao, 2018),
the Tien Shan Suture formed in the Permian between the Tarim Block and Eurasia (Xiao
et al., 2004, 2013). Careful mapping of the terminations of these sutures may lead to
the field evidence that may shed light on how the final amalgamation of Eurasia was

tectonically established.

6. Conclusions

In this study, we present new paleomagnetic data from Lower Permian limestones
of the Qaidam Basin. Positive fold and reversal tests indicate that the magnetization is
likely primary. After correcting for inclination shallowing, the paleomagnetic pole is D
=322°+45°1=-442°+£5.1°, A =174°S, ¢ = 247.6°E, A95 =4.0°, K=12.0, N =
113. These results confirm that the Qaidam Basin migrated with North China during
the Permian and that both terranes moved northward relative to Tarim/Eurasia by over
2000 km after the Triassic. We therefore propose the existence of a cryptic Mesozoic

oceanic suture between Qaidam and Eurasia, potentially buried beneath the Tarim Basin.
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Figures

Figure 1. Geological map of the study area. (1) Simplified geotectonic framework of East Asia
showing the location of the study area; (2) Geological sketch map of the study area in Northern

Qaidam Basin.

Figure 2. Representative field photos of sampling locations. (a, b) Interbedded limestone and
mudstone; (c) Tuff layers with U-Pb ages in the bottom of the Zhabusagaxiu Formation; (d-f)
Paleomagnetic drill holes, illustrating the sampling strategy. The building in Figure 2a is
approximately 3 m tall; the geologist in Figure 2b and 2c is approximately 1.85 m; the geological

hammer in Figures 2d, 2e, and 2f is 35 c¢cm in length.

Figure 3. Rock magnetic analyses of samples from the Zhabusagaxiu Formation. (a—c) Isothermal
remanent magnetization (IRM) acquisition curves and backfield demagnetization of saturation IRM
curves of representative samples; (d—f) Thermal demagnetization of three-axis IRM curves of

representative samples.

Figure 4. Hysteresis loops and Day plot of Zhabusagaxiu Formation limestones.

Figure 5. Representative demagnetization diagrams for specimens from the Zhabusagaxiu
Formation limestones in stratigraphic coordinates. Filled circles represent the horizontal projections,
open circles represent the vertical projections. NRM is the natural remanent magnetization.

Figure 6. Paleomagnetic results from Zhabusagaxiu Formation. (a and b) Equal-area plots of the
low-field component before and after tilt correction; (¢ and d) Equal-area plots of the high-field
component before and after tilt correction.

Figure 7. Elongation/inclination (E/I) correction (Tauxe and Kent, 2004) applied to the ChRMs.

Figure 8. Paleolatitudinal comparison of Eurasia, North China, Tarim, and Qaidam during the
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Permo - Triassic. The paleolatitude evolution was calculated and drawn using the online tools
APWP -Online.org (Vaes et al., 2024) and paleomagnetism.org (Koymans et al., 2016, 2020),

respectively.

Figure 9. Schematic paleogeographic reconstruction of the East Asian blocks, Laurussia, Siberia,
and Gondwana at ca .290 Ma. The Qaidam Block is positioned according to the data in this study.
Amuria, South China, the Tethyan oceans, and the major continents follow reconstructions of
Torsvik and Cocks (2017), Song et al. (2017), Huang et al. (2018), Ren et al. (2020), van Hinsbergen
et al. (2020), and Advokaat and van Hinsbergen. (2024), placed in the paleomagnetic reference

frame of Vaes et al. (2023).
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Figure S1. Anisotropy of magnetic susceptibility (AMS) of samples from Zhabusagaxiu Formation
limestones. (a) Stereographic projections of principal susceptibility axes of Kmax, Kini, and Kmin in the

paleogeographic coordinate system, (b) Corrected AMS degree (Pj) versus AMS shape parameter (T).
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Table S1. Paleomagnetic results of each sample of the Zhabusagaxiu Formation

Name Declination Inclination Core azimuth ~ Core dip Bedding strike Bedding dip MAD Number steps Range of component (mT)
107 226.16 59.4 318 32 303 27 14.1 13 25-95
705 46.29 -33.19 350 25 303 36 5.9 11 20-85
803 47.97 -47.11 4 45 312 45 6.5 7 25-55
908 70.44 -2.9 208 30 124 41 7.4 14 25-90

20702 12.73 -46.24 246 6 284 45 3.6 17 25-110

280101 9.57 -15.6 313 29 139 34 7.9 10 25-70
300302 13.2 -32.77 294 25 136 47 39 19 20-120
300501 20.82 -11.01 299 33 136 47 10.5 13 25-90

5005 4435 -10.94 41 63 294 24 6 11 20-70
704 35.12 -39.71 343 27 303 36 7.8 13 20-75
708 32.99 -25.78 350 25 303 36 9.4 14 20-85
815 15.22 -23.88 20 47 312 45 7 12 25-80
1901 359.68 -31.97 298 14 224 51 7.2 18 20-75
2510 18.72 -11.41 333 25 231 53 10.6 6 20-85

200102 8.55 -9.73 298 28 214 56 124 12 25-80

201002 204.16 13.77 289 34 214 56 3.1 18 30-130

250401 59.47 -37.85 307 45 231 53 6.2 9 25-65

251101 68.26 -38.14 332 37 231 53 6.6 13 25-80

270101 38.49 -3.84 300 26 125 87 2.7 15 25-95

270102 35.24 -10.51 310 33 125 87 35 16 25-100

300502 65.07 -57.88 299 33 226 47 7.5 11 25-75
0706 38.11 -32.02 352 26 303 36 6.1 14 25-90
0709 46.63 -18.99 348 25 303 36 8.5 11 25-75
0807 68.12 -50.19 10 48 312 45 6.7 9 25-65

50401 25.69 -8.68 49 18 294 24 7.3 16 25-110

50501 43.16 -26.48 41 53 294 24 7.2 9 20-60
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Table S2 Compilation of Permo-Triassic Palaeomagnetic Poles from the Qaidam, North China, and Tarim (reference site: 37.0°N, 97.7°E)

Name Age Min_age Max_age Slat Slon N K A95 Plat Plon Mdec Minc Lithology f Paleolatitude Reference
Qaidam 239.3 237.0 241.5 36.5 983 28 444 41 577 1789 395 540 A% 34.7 (Wang et al., 2024)
Qaidam 255.7 251.9 259.5 375 99.1 199 247 21 77.6 3328 348.7 470 C 0.68 28.8 (Wang et al., 2025)
Qaidam 258.0 251.0 265.0 36.1 949 39 542 31 820 2749 03 46.1 A% 28.3 (Song et al., 2026)
Qaidam 282.2 274.4 289.9 37.0 97.7 113 120 4.0 -174 678 322 -442 L 0.52 26.0 This study

NorthChina 2493 246.7 251.9 360 1124 15 325 68 533 165 3185 420 C 0.6 33.0 (Zhou et al. ,2018)
NorthChina 2493 246.7 251.9 40.8 1185 21 286 6.0 537 9.6 3224 39.0 C 0.48 30.0 (Zhao et al., 2020)
NorthChina  290.0 290.0 290.0 425 1195 21 313 58 41.1 11.6 311.8 29.0 v 253 (Ren et al., 2025)
NorthChina  267.0 259.5 274.4 432 1190 14 152 106 756 3392 3475 468 v 27.1 (Zhao et al., 1990)
NorthChina  274.5 266.0 283.0 420 1140 24 544 41 66.1 3282 346.1 36.6 v 19.2 (Zhang et al., 2018)
NorthChina  268.0 264.0 272.0 396 1011 11 292 86 49.8 3559 317.6 36.7 V\C 20.6 (Xu et al., 2025)
NorthChina  282.5 282.0 283.0 396 1011 17 31.8 64 402 52 3060 36.0 v 20.4 (Xu et al., 2025)
Tarim 287.6 284.9 290.3 41.0 80.0 51 242 41 500 1704 475 485 V\C 37.1 (Wei et al., 2020)

Min_age/Max_age = lower and upper boundaries of age uncertainty range (in Ma); Slat/Slon = latitude and longitude of (mean) sampling location; N =

number of paleomagnetic sites used to compute the paleopole; K=Fisher (1953) precision parameter of the distribution of virtual geomagnetic poles (VGPs);

A95 = radius of the 95% confidence circle about the paleopole; Plat/Plon = paleopole latitude and longitude; Mdec/Minc = mean declination and inclination;

f = flattening factor (only for sedimentary data); V=volcanic rock; C= clastic rock; L=limestone.
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