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SUMMARY

The drift history of the Lhasa terrane plays an essential role in understanding the tectonic
evolution of the Bangong-Nujiang Tethyan Ocean and the Neo-Tethyan Ocean, as well as the
evolutionary history of the Tibetan Plateau. Here, a combined rock magnetic, petrographic,
and palacomagnetic study is performed on the Upper Permian—Lower Triassic limestones
(~259-251 Ma) in the western Lhasa terrane. The site-mean direction for the 28 sites is
Dy = 32.1°, I, = 50.3°, ky = 47.9 and ags = 4.0° in situ and Dy = 342.9°, Iy = 32.7°,
ks = 43.2 and ags = 4.2° after tilt-correction, yielding a palaeopole at 68.9°N, 314.4°E
with Ags = 4.3°, corresponding to a palacolatitude of 18.0° 4= 4.3°N. The fold tests are not
significant because the sampling section shows monoclinic features with minor variations
in their bedding attitudes. The palaeopoles for the directions before and after tilt-correction
are compared with reliable Late Permian—Palaeogene palacopoles obtained from the Lhasa
terrane. Based on these comparisons, the studied limestones were remagnetized prior to tilting
and this remagnetization most likely occurred during the Early Cretaceous. The depositional
environment of the limestones may have changed from anoxic to suboxic and oxic during the
Early Cretaceous, leading to the oxidation of iron sulphide to authigenic magnetite. Meanwhile,
the Late Jurassic—Early Cretaceous convergence between the western Lhasa and Qiangtang
terranes may have resulted in tectonic fluid migration and the formation of calcite veins
and stylolites in the limestones. This is supported by the presence of small calcite veins and
stylolites in some samples, as well as the fact that the framboidal oxides were formerly sulphides
(mostly pyrite), implying that the majority of the iron oxides observed in the limestones were
authigenic. These processes indicate that chemical remanent magnetization caused by the
growth of magnetic minerals related to tectonic fluid migration was most likely the mechanism
for the limestone remagnetization.
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1 INTRODUCTION

The Tibetan Plateau, known as the roof of the world, formed from a
complex tectonic collage of multiple continental fragments, includ-
ing the Himalaya, Lhasa, Qiangtang, Songpan-Ganzi and Kunlun-
Qaidam from south to north (Fig. 1). The northward motion of these
continental fragments has involved various types of tectonic activi-
ties, including the continental breakup, drift, subduction, collision,
accretion and evolution of the Tethyan oceans (Yin & Harrison
2000; Zhu et al. 2013; Hu et al. 2016, 2022; Kapp et al. 2019).
Those processes have had long-term impacts on the global palaeo-
geography, palacoclimate and palacoecology (Raymo & Ruddiman

1992; Guo et al. 2002; Chatterjee et al. 2013; van Hinsbergen et al.
2018; Li et al. 2019; Su et al. 2019; Yuan et al. 2021, 2022; Deng
et al. 2023). The Lhasa terrane was separated from the Qiangtang
terrane to the north by the Bangong-Nujiang suture zone and from
the Tethyan Himalaya to the south by the Indus-Yarlung Tsangpo
suture zone (Fig. 1). Therefore, the drift history of the Lhasa ter-
rane is vital to understanding the evolution of the Bangong-Nujiang
Tethyan Ocean and the Neo-Tethyan Ocean.

Palacomagnetism is a powerful technique to quantify plate
palaeogeography and is therefore valuable for constraining the kine-
matic processes of plate movement (Appel et al. 1998; Liebke et al.
2010; Yi et al. 2011; van Hinsbergen et al. 2012; Lippert et al.
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Figure 1. Tectonic sketch of the Tibetan Plateau and adjacent areas modified after Wang et al. (2023). Abbreviations: AKMS, Ayimaqin-Kunlun-Muztagh
suture; DHS, Danghe Nan Shan suture; FSN, Fenghuo Shan-Nanggian fold and thrust belt; KQT, Kunlun-Qaidam terrane; QTNK, Qimen Tagh-North Kunlun
thrust system; NQS, North Qilian Suture; NST, Nan Shan thrust belt; SGA, Shiquanhe-Gaize-Ando thrust system; SGH, Songpan-Ganzi-Hoh Xil terrane and

SQS, South Qilian suture.

2014; Yang et al. 2015b; Yan et al. 2016; Chen et al. 2017; Bian
etal. 2019,2021; Ma et al. 2019; Cao et al. 2020; Song et al. 2020;
Jadoon et al. 2022; Jiao et al. 2023). Many palacomagnetic studies
have been conducted on the Late Palacozoic—Mesozoic strata of the
Lhasa terrane to constrain its drift history. However, most palaco-
magnetic datasets have come from Cretaceous strata (Pozzi et al.
1982; Lin & Watts 1988; Chen et al. 1993, 2012; Sun et al. 2008,
2012; Tan et al. 2010; Ma et al. 2014, 2022a; Yi et al. 2015; Yang
et al. 2015a; Tong et al. 2017; Liu et al. 2022; Cao et al. 2023;
Niu et al. 2023) and only a few are derived from Late Palacozoic—
Early Mesozoic strata (Ran et al. 2012; Cheng et al. 2015; Zhou
et al. 2016). Zhou et al. (2016) reported an Early-Middle Trias-
sic palaeopole (18.9°N, 208.4°E, 49s = 3.9°) and a Late Triassic
palaeopole (19.6°N, 211.8°E, 4¢s = 10.7°) from 47 and 37 marine
sedimentary specimens, respectively. Their results indicate that the
Lhasa terrane maintained a relatively stable palaeolatitude (~16.5—
18.4°S) throughout the Triassic. Cheng et al. (2015) obtained a Tri-
assic palaeopole (17.4°N, 205.9°E, dp/dm = 6.7°/3.7°) from 28 ma-
rine sedimentary specimens, indicating that the Lhasa terrane was
located at ~15.7°S during the Triassic. Ran ef al. (2012) reported
Permian and Late Triassic sedimentary palacomagnetic results from
the Lhasa terrane. Their results indicate that the Lower Permian
Angjie Formation sandstones (11 specimens) preserve the primary
magnetization, whereas the Middle Permian Xiala Formation lime-
stone (35 specimens), the Upper Permian Mujiucuo Formation
dolomite (34 specimens) and the Upper Triassic Duoburi Formation
silicalite (11 specimens) suffered from remagnetization. Because
of the scarcity of Late Palacozoic—Early Mesozoic palacomagnetic

data and the widespread remagnetization (Ran et al. 2012), it is still
difficult to accurately constrain the Late Palacozoic—Early Mesozoic
palacogeography of the Lhasa terrane.

The Cuoqin Basin is located to north of the Lhasa terrane, where
Permian—Cretaceous marine carbonate and clastic rocks are widely
exposed (Jietal. 2018). The Wenbudangsang section in Geji County,
located in the central western part of the Cuoqin Basin, is a newly
discovered continuous marine carbonate sequence that crosses the
Permian—Triassic boundary (Zhou 2012; Wu et al. 2014; Ji et al.
2019). Conodont biostratigraphy provides a valuable chronological
basis for regional stratigraphic correlation and classification (Wu
et al. 2014) and therefore palacomagnetic studies. However, car-
bonate rocks are prone to pervasive remagnetization, especially in
orogenic belts, such as those in North America (McCable & Elmore
1989), Europe (Weil & Van der Voo 2002) and the Tibetan Plateau
(Appel et al. 1998, 2012; Li et al. 2020; Fu et al. 2022). Remagneti-
zation can obscure or remove primary magnetization and can occur
pre-folding (Huang ez al. 2015; Zhang et al. 2016; Xu et al. 2022),
syn-folding (Ran et al. 2017; Huang et al. 2017a, b) or post-folding
(Cao et al. 2019; Gao et al. 2019; Zhang et al. 2020). Therefore,
caution is required when using paleomagnetism for carbonate rocks
from orogenic belts.

This paper presents a combined rock magnetic, petrographic and
palaecomagnetic study on Upper Permian—Lower Triassic limestones
from the Wenbudangsang section of the Lhasa terrane. We evalu-
ate the timing of the remanence acquisition and discuss potential
remagnetization acquisition mechanisms and their tectonic impli-
cations.
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2 GEOLOGICAL BACKGROUND AND
SAMPLING

The study area (Wenbudangsang section) is located in the Wenbu-
dangsang area of the western Lhasa terrane, ~180 km southeast
of Geji County. In the 1:250 000 Wuma regional geological map
(144C004004 2006), the sampled limestones in the Wenbudangsang
area are assigned to the Lower Permian Xiala Formation. The Xiala
Formation conformably overlies the Upper Carboniferous Laga For-
mation and unconformably underlies the Lower Cretaceous strata.
This formation mainly occurs on the southern side of the Nianle-
Maijue fault and/or the Jienisuola-Lagala fault. These two faults
developed primarily during the Late Yanshanian—Early Himalayan
periods (144C004004 2006). The unconformity between the Xi-
ala Formation strata and the Lower Cretaceous strata indicates that
the folding of the Xiala Formation strata likely occurred before or
during the Early Cretaceous.

However, new conodont index species indicate that the sam-
pled limestones should be assigned to the Upper Permian Wenbu-
dangsang Formation and the Lower Triassic Garencuo Formation
(Wu et al. 2014). The Wenbudangsang Formation primarily consists
of grey limestones with rich cherty nodules or layers and formed
in a marine carbonate slope depositional environment (Wu et al.
2014). The Garencuo Formation conformably overlies the Wenbu-
dangsang Formation and is primarily composed of limestones with
rare siliceous nodules or chert beds (Zhou 2012; Wu et al. 2014).
Based on biostratigraphy and lithostratigraphy, the Garencuo For-
mation was deposited in a carbonate platform slope environment (Ji
et al. 2007).

To avoid confusion, the new nomenclature (i.e. the Wenbudan-
gsang and Garencuo formations) was adopted in this study. In to-
tal, 293 core samples from 29 palacomagnetic sites were collected
near the village of Wenbudangsang (32°16'5.1"-32°16'9.9"N,
83°1'17.8"-83°1’44.0"E; Fig. 2). Of these, 21 sites sampled the
Garencuo Formation (WB1-WB21) and 8 sites sampled the Wen-
budangsang Formation (WB22-WB29). The bedding attitudes of
the Wenbudangsang and Garencuo formations (dipped 40°—63° to-
wards the northwest) are clear (Fig. 3). In general, 10 oriented
samples were collected from each site, spanning several meters in
stratigraphic thickness.

Samples were collected using a portable gasoline-powered drill.
Cores were oriented with a magnetic compass and, when possible, a
solar compass. The differences between these two orienting methods
range from 1.1° to 5.4°. When the solar compass was unavailable,
the mean value (3.79°) was used to correct the orientation of the
samples.

3 ROCK MAGNETIC RESULTS

To identify magnetic minerals, hysteresis loops, acquisition curves
of'the isothermal remanent magnetization (IRM), back-field demag-
netization of the saturation IRM (SIRM), thermomagnetic curves
(kT curves) and thermal demagnetization of the three-axis IRM
(Lowrie 1990) were measured for representative specimens. The
acquisitions of the IRM, back-field demagnetization of the SIRM
and thermal demagnetization of the three-axis IRM for five spec-
imens were performed using an ASC IM10-30 pulse magnetizer
and were measured using a JR-6A spinner magnetometer and a
2 G 755-4 K cryogenic magnetometer at the Palaeomagnetism and
Environmental Magnetism Laboratory (PMEML), Beijing. The de-
magnetization diagram served as the primary criterion for select-
ing specimens. The specimens were fully demagnetized at ~80
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mT (WB28), ~100 mT (WBS8) and ~120 mT (WB17) and were
not completely demagnetized at ~120 mT (WB21). The three-
axis IRM was applied successively at fields of 2.4, 0.4 and 0.12
T along three mutually orthogonal axes. Measurements of the i—
T curves were made on nine fresh powder samples in an argon
environment using a KLY-3S Kappabridge combined with a CS-3
high-temperature furnace at PMEML. Hysteresis loops and back-
field curves for the nine samples were measured to determine the
saturation magnetization (M), saturation remanent magnetization
(M), coercivity force (B.) and remanent coercivity (B,) using a
MicroMag™ Model 3900 Vibrating Sampling Magnetometer at the
Palacomagnetism and Geochronology Laboratory of the Institute of
Geology and Geophysics, China Academy of Sciences (IGGCAS),
Beijing. Hysteresis loops were measured with a maximum applied
field of 0.3 T, and a slope correction was applied at 70 per cent of
the maximum applied field. The automatic fitting of the MATLAB
program HystLab (Paterson et al. 2018) was used to process and
analyse the loop data.

The hysteresis loops of the Garencuo and Wenbudangsang for-
mation limestones are open and saturate by 300 mT (Fig. S1). The
loops are not typically wasp-waisted as is often seen in remagne-
tized limestones (Channell & McCabe 1994; McCabe & Channell
1994; Font et al. 2012; Huang et al. 2015, 2019; Fu et al. 2022;
Yu et al. 2022). Their pot-bellied shape suggests a finer super-
paramagnetic magnetite assemblage (Pick & Tauxe 1994). On the
Day plot (Day et al. 1977; Dunlop 2002), all of the samples are
located within the pseudosingle domain, with B../B. and M,s/M;
ratios ranging from 1.97 to 2.79 and from 0.17 to 0.34, respec-
tively (Fig. 4 and Table S1). Day plots are widely used to distin-
guish remagnetized and non-remagnetized carbonate rocks (Jack-
son & Swanson-Hysell 2012). Some of the hysteresis data of the
Upper Permian—Lower Triassic limestones are close to the ‘non-
remagnetized trend’ on the Day-plot, while the remainder over-
laps with some remagnetized Jurassic limestones from the eastern
Qiangtang terrane (Fig. 4; Fu et al. 2022). Likewise, the Middle
Jurassic limestones of the Tethyan Himalaya preserve a primary
remanent magnetization (Jiao et al. 2023). Although the hysteresis
data of the 22 limestones are close to the ‘non-remagnetized trend’,
5 limestones are close to the ‘remagnetized trend’ on the Day-plot
(Jiao et al. 2023). Roberts et al. (2018) discussed 10 issues that limit
the interpretation of a Day plot, and uncertainties tend to complicate
interpretations.

The IRM acquisition curves of the Garencuo Formation lime-
stone present a rapid increase below 200 or 300 mT and a gradual
increase prior to 2.5 T (Figs 5a—c). The backfield demagnetization
of the SIRM curves show a rapid decrease to zero between ~110
and ~50 mT (Figs Sa—c). The IRM acquisition curve of the Wenbu-
dangsang Formation limestone exhibits a rapid increase below 200
mT, and saturation was not reached at 2.5 T (Fig. 5d). The back-
field demagnetization of the SIRM curve displays a rapid decrease
prior to 200 mT and a decrease to zero between 900 and 1000 mT
(Fig. 5d). These results indicate that the Garencuo and Wenbudan-
gsang formation limestones contain both low- and high-coercivity
magnetic minerals.

The IRM component analyses (Figs Se—h) display three-humped
components: (1) soft component 1 with B, (the field when half of
the SIRM is acquired) of ~50-80 mT (constituting 56—66 and 21 per
cent of the SIRM for the Garencuo and Wenbudangsang formations,
respectively); (2) hard component 2 with By, of ~2000-2240 mT
(constituting 14-34 and 74 per cent of the SIRM for the Garencuo
and Wenbudangsang formations, respectively) or ~250 mT (consti-
tuting 16 per cent of the SIRM for the Garencuo Formation) and (3)
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Figure 2. (a) Simplified geological map of the study area. (b) Cross section of the sampled Garencuo and Wenbudangsang formation limestones in the

Wenbudangsang area.

hard component 3 with By, of ~500-800 mT (constituting 2—10
per cent of the SIRM for both the Garencuo and Wenbudangsang
formations) or ~2400 mT (constituting 18 per cent of the SIRM for
the Garencuo Formation).

The test results of Lowrie (1990; Figs 5i-1) show that the soft
(0.12 T) and most of the medium (0.4 T; Figs 5j-1) components
were unblocked at ~500-580 °C, indicating that component 1
is fine-grained magnetite (possibly with minor Fe-substitution).

The medium and hard (2.4 T) components show slight inflections
at ~100-150 °C and ~300-350 °C, suggesting the presence of
goethite and the possible occurrence of pyrrhotite. When the tem-
perature reached 680 °C, the medium (Fig. 5i) and hard (Figs 5i-1)
components decreased to zero, indicating the presence of hematite.
The hard components 2 and 3 with By, of ~2000-2400 mT are
interpreted by the presence of goethite, with By, of ~250-800 mT
are interpreted by the existence of pyrrhotite and/or hematite.
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Figure 3. Photographs showing field outcrops, calcite veins, and stylolite from the Garencuo and Wenbudangsang formation limestones in the Wenbudangsang
area. (a)—(e) Field outcrops of the Garencuo Formation. (f) and (g) Field outcrops of the Wenbudangsang Formation. (e) Calcite veins in the field outcrops. (h)
and (k) Macroscopic calcite veins and stylolites on the surface of a sample. (i) and (j) Micrographic observations of stylolites and calcite veins.

The kT curves are shown in Fig. S2. The heating curves are char-
acterized by an increase in magnetic susceptibility between ~380
and ~500 °C (Figs S2a, ¢ and d) or between ~480 and ~530 °C
(Fig. S2b). These, together with the cooling curves, are higher than

the heating curves below ~400 °C, suggesting the transformation of
iron-containing minerals to magnetite during heating. The heating
curves show a significant drop at ~580 °C, indicating the presence
of magnetite.
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Figure 4. Day plot (Day et al. 1977; Dunlop 2002) of the hysteresis parameters of nine limestone samples from the Garencuo and Wenbudangsang formations
and the remagnetized and non-remagnetized carbonate rocks reported by Jackson & Swanson-Hysell (2012), Fu et al. (2022) and Jiao et al. (2023).

4 PETROGRAPHY

Small calcite veins and stylolites are visible in some samples even
though the samples were not taken near cracks or veins (Figs 3e and
h-k). To better understand the microtextures and the composition of
the iron oxides, polished thin sections of representative specimens
were made for scanning electron microscopy (SEM) observations
and energy dispersive spectrometry (EDS) analyses. These exper-
iments were performed at the Electron Microprobe Analysis and
Scanning Electron Microscope Laboratory at IGGCAS.

The SEM images and EDS analyses show that the Wenbudan-
gsang and Garencuo formation limestones contain abundant iron
oxides (Figs 6 and S3), usually distributed in the carbonates (Figs 6a,
c and f), cracks (Figs 6a and d), or around the calcite veins (Fig. 6g).
These iron oxides are characterized by framboids (Figs 6h and 1)
and irregular shapes (Figs 6a—c and f) with a size range from hun-
dreds of nanometers to tens of microns. Some grains lack obvious
oxidized rims (Fig. 6a), whereas other grains have obvious oxidized
rims (Fig. 6f). These characteristics indicate that these framboidal
oxides were formerly sulphides (mostly pyrite); therefore, most of
the iron oxides observed in the limestones were authigenic.

5 PALAEOMAGNETISM

The remanent magnetization was measured using a 2 G 755-4 K
cryogenic magnetometer housed in a magnetically shielded room
(<300 nT). Demagnetization was performed using an ASC-TD 48
furnace, a Magnetic Measurements Thermal Demagnetizer Super
Cooling, or an ASC Scientific D-2000 alternating field (AF) de-
magnetizer. To isolate the characteristic remanent magnetization
(ChRM) directions, both thermal and AF demagnetizations were
performed. Thermal demagnetization intervals were set to 80-40

°C below 280 °C and changed to 30-10 °C above 280 °C. The
AF demagnetization steps were set to 2.5-5 mT below 20 mT and
shifted to 1020 mT above 20 mT. All the experiments were com-
pleted at PMEML at the China University of Geosciences, Beijing.
The ChRM directions of all the specimens were determined us-
ing a principal component analysis (Kirschvink 1980) with at least
four successive steps (anchored to the origin), and the site-mean
directions were calculated using Fisherian statistics (Fisher 1953).
Specimens with maximum angular deviations greater than 15° were
discarded and omitted from further analysis. The software packages
developed by Enkin (1990) and Cogné (2003) were used to analyse
the palacomagnetic data.

For the Lower Triassic Garencuo Formation, 121 specimens were
subjected to stepwise thermal demagnetization and 79 specimens
were treated with stepwise AF demagnetization. Representative Zi-
jderveld diagrams (Zijderveld 1967) are shown in Fig. 7. Thermal
and AF demagnetization of specimens from the same sampling
site show similar demagnetization features (Figs 7j and k). Two
magnetic components can be isolated from most specimens. The
low-temperature (field) components can be isolated below 280 °C
or 20 mT. The mean direction of this component in geographical
coordinates is Dy = 359.9°, I, = 51.2°, ky = 32.3 and a9s = 1.9°
(n = 173; Fig. S4a). This direction is close to the present geomag-
netic field direction (D = 1.3°, I = 50.7°) and is interpreted as
a component from a recent viscous remanent magnetization. Af-
ter removing the soft components, a stable high-temperature (field)
component decaying towards the origin can be determined between
280 and 370-580 °C or between 20 and 80-140 mT; this defines
the ChRM. The site-mean ChRM direction (overall mean A) of the
21 sites is Dy = 34.6°, I, = 49.3°, k, = 43.5 and ags = 4.9° in
situ and Dy = 345.5°, I, = 33.3°, ks = 39.2 and a9s = 5.1° after
tilt-correction (Fig. 8a, Tables 1 and S2).
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Figure 5. Rock magnetic experiments for representative samples. (a)—(d) IRM acquisition curves and back-field demagnetization of the SIRM curves. (e)—(h)
Component analysis of the coercivity distributions (Kruiver et al. 2001). (i)—(1) Thermal demagnetization of the three-axis IRM curves of the representative
samples. GAP indicates gradient acquisition plot.

For the Upper Permian Wenbudangsang Formation, 38 specimens (n = 38; Fig. S4b). This direction is clustered around the present
were treated with stepwise thermal demagnetization and 30 speci- geomagnetic field direction (D = 1.3°, I = 50.7°), representing
mens were subjected to stepwise AF demagnetization. Representa- a recent viscous remanent magnetization. The high-temperature
tive Zijderveld diagrams (Zijderveld 1967) are shown in Figs 7(q)— (field) component was isolated between 280 and 390-510 °C
(t). No significant difference in the remanence direction was ob- or between 20 and 70-120 mT. Notably, a small number of
served between the thermal and AF demagnetizations (Figs 7s and specimens showed erratic demagnetization patterns and a reli-
t). Similarly, most specimens yielded two magnetic components. able ChRM direction could not be isolated from these speci-
The low-temperature (field) component was isolated below 280 °C mens. Seven of eight sites provided the site-mean ChRM direc-
or 20 mT. The mean direction of this component in geographical tion (overall mean B) of D, = 24.2°, I, = 52.8°, k; = 98.7 and

coordinates is D, = 352.8°, [, = 51.3°, k, = 28.2 and 95 = 4.4° ogs = 6.1° in situ and Dy = 335.6°, I, = 30.7°, ks = 111.2
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100 pm

Figure 6. SEM observations. The red spots show the points analysed using EDS.

and ags = 5.7° after tilt-correction (Fig. 8b, Tables 1 and
S2).

Significantly, the site-mean ChRM direction of the Garencuo
Formation limestone is generally consistent with that of the Wen-
budangsang Formation limestone. Therefore, their ChRM direc-
tions can be averaged together. The site-mean ChRM direction
(overall mean C) for the 28 sites is D, = 32.1°, I, = 50.3°,
ky = 47.9 and ays = 4.0° in situ and Dy = 342.9°, I, = 32.7°,
ks = 43.2 and ags = 4.2° after tilt-correction (Fig. 8c). A mean
palaeopole at 68.9°N, 314.4°E with Ags = 4.3° was obtained by av-
eraging all of the site-level virtual geomagnetic poles (Table 1).
The fold tests are not significant because the sampling section
shows monoclinic features with minor variations in the bedding
attitudes.

6 DISCUSSION

6.1 Timing of the remagnetization

Based on the conodont biostratigraphy (Wu et al. 2014), the Wen-
budangsang and Garencuo formation limestones were dated to the
Wauchiapingian through the Induan (~259-251 Ma). This inter-
val includes both reversed and normal polarities (Zhang et al.
2021). However, the ChRM directions from the Wenbudangsang
and Garencuo formation limestones are all normal polarity, indi-
cating that the primary remanence of the rocks was most likely
overprinted. This is consistent with the SEM observations and EDS
analyses, as mentioned above.

To constrain the timing of the remagnetization, we compared
the palaeopole obtained in this study with those from the Lhasa
terrane. The published Late Permian—Palaecogene palacomagnetic

datasets from the Lhasa terrane are summarized in Table 2 and are
appraised using the newly updated R criteria (Meert et al. 2020).
The palacomagnetic datasets with R-value >6, in line with R4 (field
tests that constrain the age of magnetization) or R6 (the presence of
magnetic reversals) besides all five other R criteria, were used for
further analyses. A total of 2 Triassic, 5 Jurassic, 32 Cretaceous and
14 Palacogene palacopoles satisfied our selection criteria (Table 2).
Other palacomagnetic datasets were not used because they lacked
robust field tests, came from inadequate numbers of sites (less than
eight sites) or samples (less than 25 samples), and/or resembled
palaeopoles with younger ages (Table 2).

Because the fold tests were not significant, we first compared
the palacopole (62.8°N, 166.9°E, dp/dm = 3.6°/5.4°) calculated
from the directions prior to tilt-correction with Late Permian—
Palaeogene palacopoles derived from the Lhasa terrane to constrain
the timing of the remagnetization. As shown in Fig. 9 and Table 2,
the palaeopole for the directions prior to tilt-correction (pink cir-
cles) in this study is comparatively distant from the Late Permian—
Palacogene palacopoles obtained from the Lhasa terrane. In addi-
tion, we determined the palaeolatitude (31.1° £ 3.6°N) using the
directions prior to tilt-correction. This palaeolatitude is commensu-
rate with both the current latitude (32.3°N) and the Late Oligocene—
Early Miocene (~26-22 Ma) palaeolatitude (33.3° £ 2.6°N) of the
Nima basin of the Lhasa terrane (Meng et al. 2017). The possibil-
ity of remagnetization during the Late Oligocene—Early Miocene is
low because: (1) there was no Late Oligocene—Early Miocene mag-
matism near the study area (Fig. 2a); (2) the convergence within
the Tibetan Plateau was significantly reduced around 26 Ma (Meng
et al. 2017) and (3) the Tibetan Plateau region has not experienced
any major events (such as continental collision) during the Late
Oligocene—Early Miocene. Therefore, the remanence acquisition
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Figure 7. Zijderveld diagrams of representative specimens from the Upper Permian—Lower Triassic limestones in the Wenbudangsang area. Directions are
plotted after bedding tilt-correction. The solid (open) symbols represent projections onto the horizontal (vertical) plane. NRM indicates natural remanent
magnetization.

of the Wenbudangsang and Garencuo formation limestones likely the Late Permian—Palaeogene palacopoles obtained from the Lhasa
occurred prior to tilting. terrane to constrain the timing of the remagnetization. As shown
We compared the palaeopole (68.9°N, 314.4°E with A¢s = 4.3°) in Fig. 9 and Table 2, the palaeopole (blue circles) in this study is

calculated from the site-mean directions after tilt-correction with close to the Middle Jurassic palaeopole (ID 12, 66.8°N, 294.1°E
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Figure 8. Equal-area projections of the site-mean ChRM directions from the Lower Triassic Garencuo Formation and Upper Permian Wenbudangsang Formation
limestones before and after tilt-correction. (a) Garencuo Formation; (b) Wenbudangsang Formation and (c) Garencuo + Wenbudangsang formations. The stars

indicate the overall mean directions.

with dp/dm = 7.4°/14.5°, Otofuji et al. 2007), the Early Creta-
ceous palaeopole (ID 22, 69.1°N, 319.8°E with 495 = 4.8°, Bian
et al. 2017), the Late Cretaceous palacopoles (ID 39, 67.1°N,
325.1°E with 4¢s = 6.8°, Yi et al. 2023; ID 40, 68.4°N, 298.8°E

with Ags = 2.7°, Yi et al. 2015; ID 50, 70.2°N, 300.5°E with
dp/dm = 1.4°/2.7°, Tan et al. 2010) and the Palaeocene palacopoles
(ID 56, 78.0°N, 329.0°E with Ags = 5.9°, Meng et al. 2012; ID
57, 71.6°N, 340.0°E with A¢s = 5.0°, Li et al. 2022¢; ID 58,
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Table 1 Site-mean ChRM directions of the Wenbudangsang and Garencuo formation limestones from the Wenbudangsang area in the

western Lhasa terrane.

Site Strike/dip (°) n/N Dy (°) I (°) Dy (°) I (°) k 95 (°) Plat (°) Plon (°)
WBI1 207/58 9/10 37.5 60.0 332.6 324 55.2 7.0 61.3 328.9
WB2 207/58 10/10 34.5 69.5 321.3 324 40.5 7.7 52.2 339.6
WB3 205/54 10/10 26.6 68.6 321.0 33.8 15.9 12.5 52.4 341.1
WB4 208/55 9/9 46.0 56.1 340.3 38.1 72.6 6.1 69.4 326.0
WBS5 205/52 9/9 41.4 57.7 336.8 39.7 82.1 5.7 67.3 333.4
WB6 205/52 10/10 30.8 58.2 334.4 34.4 79.7 5.4 63.4 329.0
WB7 204/46 9/10 30.4 58.1 336.6 39.2 112.2 4.9 66.9 3329
WBS 213/54 7/9 36.0 58.8 340.5 31.7 81.1 6.7 66.8 317.0
WB9 213/54 8/8 31.9 53.1 345.6 27.4 63.0 7.0 67.9 302.8
WBI10 207/49 8/8 29.1 52.1 343.6 323 83.1 6.1 69.1 312.0
WBI11 194/57 9/9 40.0 38.3 348.7 38.8 152.4 4.2 75.6 309.8
WBI12 194/57 10/10 28.8 40.0 343.8 30.9 129.3 43 68.6 310.0
WBI13 193/54 9/10 31.9 41.1 344.5 35.7 67.8 6.3 71.3 314.7
WB14 195/49 9/9 26.5 40.0 347.8 32.5 72.7 6.1 71.7 302.9
WBI15 195/40 10/10 30.8 50.2 344.6 44.5 23.3 10.2 75.2 332.4
WBI16 203/49 10/10 34.0 48.0 347.0 35.7 422 7.5 72.9 309.0
WBI17 216/55 9/9 352 44.6 356.7 23.3 57.0 6.9 69.6 272.3
WBI8 211/50 9/10 34.0 43.0 356.7 27.9 69.4 6.2 72.3 273.5
WBI19 211/50 10/10 29.8 37.5 360.0 22.2 359.3 2.6 69.2 263.0
WB20 211/55 8/9 42.8 345 6.5 27.5 78.8 6.3 71.3 243.0
WB21 211/55 11/11 44.4 23.1 18.5 23.5 226.5 3.0 63.7 218.5
Overall mean A 34.6 49.3 345.5 333 39.2 5.1 70.7 310.2
N =21 sites K=363 Ags =5.4
WB22 213/49 No reliable site-mean direction

WB23 215/44 5/10 17.7 56.1 342.4 28.8 32.9 13.5 66.7 310.5
WB24 202/50 8/10 7.9 553 329.5 25.0 18.6 13.2 56.2 325.6
WB25 202/52 57 25.2 44.2 345.7 27.4 96.3 7.8 68.0 302.6
WB26 197/51 5/8 12.5 53.5 329.2 28.0 90.8 8.1 57.0 328.4
WB27 197/51 5/9 29.4 51.7 336.0 36.7 39.9 12.3 65.5 329.9
WB28 201/57 71 41.8 51.6 338.3 37.7 48.4 8.8 67.7 328.3
WB29 197/63 6/6 324 53.7 328.5 30.4 48.6 9.7 57.3 331.3
Overall mean B 24.2 52.8 335.6 30.7 111.2 5.7 63.0 3234
N = 7 sites K=1235 Ags=5.5
Overall mean C 32.1 50.3 342.9 32.7 43.2 42 68.9 314.4
N = 28 sites K=404 Ags = 4.3

Note: Strike/dip, right hand strike/dip of the beds; n/N, number of samples used to calculate the site mean and those measured; Dy/I3(Ds/15),
declination and inclination in geographic (stratigraphic) coordinates; & (K), the best estimate of the precision parameter; «gs (49s), the
radius that the mean direction (pole) lies within the 95 per cent confidence level and Plat/Plon, latitude and longitude of pole. The overall
mean A, B and C represent the site-mean ChRM directions of the Garencuo, Wenbudangsang and Garencuo + Wenbudangsang formation

limestones, respectively.

71.5°N, 300.1°E with dp/dm = 6.4°/11.9°, Achache et al. 1984;
ID 69, 71.7°N, 339.3°E with Ags = 3.1°, Ding et al. 2015) at the
95 per cent confidence level. This result suggests that there may
have been a remagnetization of the limestones during the Middle
Jurassic—Palaeocene. Considering that our samples were collected
from the western Lhasa terrane and that palacopoles are influenced
by vertical axis rotations, we prefer to compare the newly obtained
palaeopole with Late Permian—Palacogene palacopoles from the
western Lhasa terrane (west of 87°E) to constrain the timing of the
remagnetization. As shown in Fig. 9, the palaeopole (blue circles)
in this study is close to the Early Cretaceous (ID 22, Bian et al.
2017), Late Cretaceous (ID 40, Yi et al. 2015) and Palaeocene (ID
56, Meng et al. 2012; ID 57, Li et al. 2022c; ID 69, Ding et al.
2015) palaeopoles at the 95 per cent confidence level. Considering
that (1) the ChRM directions of the Wenbudangsang and Garen-
cuo formation limestones were likely acquired prior to tilting and
(2) the unconformity between the Upper Permian—Lower Triassic
strata and the Lower Cretaceous strata indicates that the tilting time
in the studied area likely occurred prior to or during the Early Cre-
taceous, the limestones were likely remagnetized during the Early
Cretaceous.

6.2 Mechanisms for the remagnetization and their tectonic
implications

Two widely accepted explanations for the phenomenon of remagne-
tization are: thermoviscous resetting of existing magnetic minerals
(Kent 1985; Harlan et al. 1996), and chemical remanent magnetiza-
tion (CRM) via the growth of magnetic minerals related to tectonic
fluid migration (Katz et al. 2000; Van der Voo & Torsvik 2012;
Huang et al. 2015; Fu et al. 2022). The strata of the Wenbudan-
gsang and Garencuo formations can be correlated with the Mujiucuo
Formation in the Cuoqin Basin (Ji et al. 2018). The homogeniza-
tion temperatures of the brine inclusions in the Mujiucuo Formation
dolomite tend to range from 120 to 180 °C (Zhang 2016), indicating
that the Mujiucuo Formation experienced moderate burial temper-
atures. Based on the relaxation time-blocking temperature relations
for magnetite reported by Pullaiah ef al. (1975) and Dunlop et al.
(2000), the unblocking temperatures of the Upper Permian—Lower
Triassic limestones in the study area are between 410 and 580 °C,
resulting in burial temperatures of ~200-560 and ~180-550 °C,
respectively. These rocks are not metamorphic and burial temper-
atures higher than 220-250 °C are unrealistic. The relatively low
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Figure 9. Equal-area projections showing the reliable Late Permian—Palaecogene palaeopoles obtained from the Lhasa terrane. (a) Late Permian—Late Jurassic
palaeopoles; (b) Early Cretaceous palaeopoles; (c) Late Cretaceous palaeopoles and (d) Palacogene palacopoles. Black circles indicate the palacopoles obtained
from the central eastern Lhasa terrane. Red squares indicate the palaecopoles obtained from the western Lhasa terrane. The pink circles indicate the palacopole
calculated in this study from the directions prior to tilt-correction. The blue circles indicate the palaeopole calculated in this study from the site-mean directions
after tilt-correction. The numbers on the panels refer to the studies listed in Table 2.

burial temperatures (<200 °C) indicate that the remagnetization of
the Upper Permian—Lower Triassic limestones cannot be attributed
to thermoviscous resetting.

Authigenic magnetite is widely present in remagnetized carbon-
ates such as those found in the Tethyan Himalaya (Huang et al. 2015,
2017a, b; Dannemann et al. 2022), Lhasa terrane (Ran et al. 2012)
and Qiangtang terrane (Huang et al. 2019; Fu et al. 2022; Yu et al.
2022). Authigenic magnetite can form from the oxidation of pyrite
(or iron sulphides) under the influence of tectonic fluid migration
(Suk et al. 1990; Huang et al. 2015; Fu et al. 2022). The palaeo-
magnetic and rock magnetic results indicate that the predominant
magnetic carriers of the Upper Permian—Lower Triassic limestones
are magnetite. The petrographic results indicate that some of the iron
oxides were distributed in cracks or around the calcite veins and are
characterized by framboids. These framboid-shaped iron oxides are
interpreted as being magnetite pseudomorphs after pyrite. There-
fore, we conclude that the main mechanism of remagnetization in
the Upper Permian—-Lower Triassic limestones was the oxidation
of iron sulphides to magnetite. The existence of calcite veins and

stylolites in some samples suggest that this mechanism was most
likely related to tectonic fluid migration.

The sedimentary environment of the Upper Permian—-Lower Tri-
assic limestones and the redox circumstances at the time of their de-
position likely facilitated the remagnetization. The Wenbudangsang
and Garencuo formation limestones were deposited in a marine car-
bonate slope depositional environment (Ji et al. 2007; Wu et al.
2014, 2018). This indicates that the limestones were deposited in
a shallow water environment. Furthermore, conodonts (especially
hindeodids) discovered at the base of the Garencuo Formation indi-
cate that they were well adapted to the shallower water environment
(Wu et al. 2014). The abundant conodont fossils identified in the
limestones suggest that the organic carbon contents were high. Fol-
lowing post-depositional degradation of sedimentary organic mat-
ter, microorganisms sequentially consume oxygen, nitrate, man-
ganese oxides, iron oxides and sulphate until either all oxidants are
consumed or all of the reactive organic matter is depleted (Froelich
etal. 1979; Roberts ef al. 2013). In this case, a sulphidic diagenesis
environment would arise and the primary magnetization would be
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erased or overprinted during burial and diagenesis (Roberts 2015;
Huang et al. 2019). Notably, the Risong Formation strata (~40 km
northeast of the studied area) were deposited during the Early Cre-
taceous (~120-106 Ma) based on U-Pb dating of the interbedded
volcanic rocks and sandstones (Wang et al. 2022). The age of the
Risong Formation strata is broadly similar to that of the Duoni For-
mation strata (~123—-115 Ma; Sun et al. 2017) of the Cuoqin Basin.
According to sedimentological studies in the Cuoqin Basin, con-
tinental fluvial environments formed during the Duoni Formation
deposition, whereas some volcanic-influenced highlands formed
during the eruption of the Zenong Group volcanic rocks (Sun et al.
2017). Therefore, we believe that, during the Early Cretaceous, the
environment of the Upper Permian—Lower Triassic limestones may
have changed from anoxic to suboxic and oxic, leading to the oxi-
dation of iron sulphide to authigenic magnetite and the acquisition
of CRM.

Although remagnetization can occur during any period in geo-
logical history, it is often associated with certain tectonic events.
The collision of the Lhasa and Qiangtang terranes is critical in the
formation of the Tibetan Plateau (Kapp ez al. 2003; Ma et al. 2018;
Hu et al. 2022). Because our data came from the western Lhasa ter-
rane and the Lhasa—Qiangtang collision may have been diachronous
(Yan et al. 2016; Wang et al. 2023), we only considered the western
section of this collision zone (west of 87°E). For the western part of
the Lhasa and Qiangtang terranes, numerous pieces of geological
evidence point towards a collision time between the Late Jurassic
and the Early Cretaceous. Such evidence includes the following:
(1) structural mapping and U-Pb detrital zircon dating of the Do-
mar fold-thrust belt in the western Qiangtang terrane show that the
initial Lhasa-Qiangtang collision occurred from the Late Jurassic—
Early Cretaceous (Raterman ef al. 2014); (2) petrographic, U-Pb
detrital zircon dating, and Lu-Hf isotopic data from the Wuga and
Jingzhushan formations in the Gaize area of the western Lhasa ter-
rane reveal that the initial Lhasa-Qiangtang collision most likely
occurred during the latest Jurassic (~150 Ma; Li ef al. 2017b) and
(3) mapping and geochronologic studies of the Shiquanhe area in
the western Lhasa terrane suggest that the Lhasa-Qiangtang colli-
sion occurred between the Late Jurassic and the Early Cretaceous
(Kapp et al. 2003). Following the Lhasa-Qiangtang collision, the
Wenbudangsang area experienced convergence throughout the Late
Jurassic and the Early Cretaceous. This process could have resulted
in tectonic fluid migration and the formation of calcite veins and sty-
lolites in the Upper Permian—Lower Triassic limestones, resulting
in the CRM of the limestones.

6 CONCLUSIONS

We presented rock magnetic, petrographic and palacomagnetic re-
sults from the Upper Permian—-Lower Triassic limestones in the
western Lhasa terrane. These results, along with reliable Late
Permian—Palacogene palacomagnetic data from the Lhasa terrane
and numerous pieces of geological evidence from the western part
of the Lhasa and Qiangtang terranes, led us to draw the following
conclusions:

(1) The Upper Permian—Lower Triassic limestones provide an
Early Cretaceous remagnetized palacopole located at 68.9°N,
314.4°E with 495 = 4.3°, corresponding to a palaeolatitude of 18.0°
+ 4.3°N.

(2) CRM caused by the growth of magnetic minerals related to
tectonic fluid migration was most likely the mechanism for lime-
stone remagnetization.

(3) Tectonic fluid migration and the formation of calcite veins
and stylolites in the limestones may have occurred during the Late
Jurassic—Early Cretaceous convergence of the western Lhasa and
Qiangtang terranes.
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