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Paleomagnetic data constrain paleogeographic motion of rocks relative to the Earth’s spin axis, which is 
a sum of plate motion relative to the mantle and true polar wander. Discerning between these effects 
is challenging for studies aiming to reconstruct paleo-plate motions from deformed orogenic terranes. 
Here, we study the paleolatitudinal drift history of the Lhasa terrane of southern Tibet that migrated 
from the northern Gondwana to the southern Eurasian margin between late Triassic and early Cretaceous 
time. Previous work identified a 180 Ma near-equatorial Lhasa latitude and assumed near-constant 
paleolatitudinal drift. Large-scale true polar wander at this time, however, which has been argued for 
in previous work, requires highly variable Lhasa plate motion rates relative to Gondwana. Here, we 
test whether the alternative interpretation of constant plate motion rates provides a better prediction 
of paleomagnetic data. To this end, we present a new paleomagnetic pole from ∼155 Ma volcanics (here 
dated by U/Pb zircon) of the Lhasa terrane. Our pole comprises site mean directions from 46 lavas, passes 
a fold test, and is supported by an extensive rock magnetic and microscopic analysis that reveals no 
evidence of remagnetization. Our results give an average direction of D ± �Dx = 337.1◦ ± 2.6◦, I ± �Ix =
−13.8◦ ± 4.9◦, and a corresponding paleopole position at λp = 45.3◦N, ϕp = 295.3◦E with K=69.8 and 
A95 = 2.5◦, predicting a similar near-equatorial, paleolatitude as at 180 Ma. This paleolatitudinal standstill 
is consistent with predicted paleolatitudes from global APWPs that account for Jurassic TPW and assume 
a constant Lhasa-Gondwana (India) oceanic spreading rate of ∼8 cm/a during the 215-130 Ma opening 
of the Neotethys and closure of the Mesotethys oceans. Contemporaneous arc magmatism on the Lhasa 
terrane was previously interpreted to indicate that the Lhasa terrane was located above a subduction zone 
during its northward journey to Tibet: our results show that if our reconstruction is accurate, then trench 
migration rates also must have been ∼8 cm/a. Our results are consistent with the range of rates of global 
long-lived trench migration that have been reconstructed in other studies, but they are much higher 
than measured in most modern systems. Our results more completely document the Lhasa terrane’s 
separation from Gondwana and provide a straightforward methodology of using paleomagnetic data to 
test plate kinematic scenarios, overcoming the problem of the unknown effect of true polar wander on 
paleomagnetic data from deformed terranes.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Paleomagnetism provides the sole quantitative tool for recon-
structing the position of rocks, and the plates they formed on, 
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Fig. 1. Cartoon showing the combined effect of northward motion of a tectonic terrane and south-directed true polar wander (TPW). TPW occurs by ∼30◦ clockwise about a 
pole of rotation located at equatorial latitudes and low easterly longitude, followed by a similar magnitude of counterclockwise rotation about the same pole a few million 
years later. The superposition of northward plate motion and southward TPW produces an apparent paleolatitude standstill that would be resolved by paleomagnetic data 
from the terrane.
relative to the geodynamo that on geological timescales aligns with 
the Earth’s spin axis (e.g., Torsvik et al., 2012). Paleomagnetic data 
from all plates that are tied together in a plate circuit may be ro-
tated into the coordinates of a single reference plate and combined 
into global apparent polar wander paths (GAPWaPs) (e.g., Besse 
and Courtillot, 2002; Torsvik et al., 2012) that provide the refer-
ence frame to constrain paleogeographic positions that underpin 
deep time climate, oceanographic, and biologic research. Paleomag-
netic data are also widely used to reconstruct tectonic motions of 
deformed terranes found in accretionary orogens, such as the Ti-
betan Plateau, relative to stable plates such as Eurasia or India, to 
estimate pre-orogenic motion of plates, and the formation and de-
struction of ocean basins that have been lost to subduction (e.g., 
Zhu et al., 2013; Li et al., 2016; van Hinsbergen and Schouten, 
2021). But when paleomagnetic data are used to develop such tec-
tonic reconstructions, it is important to realize that there are two 
processes that together determine the absolute position relative to 
the geodynamo: plate tectonic motions relative to the mantle, and 
the combined rotation of lithosphere and mantle relative to the 
spin axis due to changes in Earth’s moment of inertia, i.e., True 
Polar Wander (TPW) (Gold, 1955) (Fig. 1). To identify the signal of 
plate motions, the effects of TPW somehow need to be taken into 
account and corrected for (e.g., Steinberger and Torsvik, 2008).

Changes in the Earth’s density structure that cause TPW may 
result from, for example, changes in subduction configuration or 
plume motion (e.g., Steinberger and Torsvik, 2010). The magni-
tude of TPW can be estimated from the difference between pa-
2

leomagnetic reference frames that estimate motions of the global 
plate circuit relative to the Earth’s spin axis and mantle reference 
frames that constrain plate motions relative to the mantle (e.g., 
Doubrovine et al., 2012), or from a common rotation of the en-
tire plate circuit relative to an equatorial Euler pole (Steinberger 
and Torsvik, 2008; Torsvik et al., 2014). Such estimates suggest 
more than 20◦ of TPW in Triassic to Jurassic time on a ∼100 Myr 
timescale (Torsvik et al., 2008, 2012) (Fig. 1). In addition, some pa-
leomagnetic and stratigraphic observations have been interpreted 
as even faster TPW events on a 10 Ma timescale in the late Juras-
sic (Muttoni et al., 2005; Kent and Irving, 2010; Mattei et al., 2014; 
Yi et al., 2019; Fu et al., 2020), although this is not beyond contro-
versy (Kulakov et al., 2021). Although TPW may be estimated for 
plates tied together in a plate reconstruction based on marine geo-
physical data from the ocean floor, it is not possible to do this for 
individual tectonic terranes; that is, it is not possible to objectively 
discern between the effects of TPW and plate motion on the pa-
leomagnetically determined positions of a terrane (e.g., Gao et al., 
2021).

The northward drift of the Lhasa block of southern Tibet, from 
northern Gondwana to the southern margin of Eurasia, occurred 
during the Jurassic (Li et al., 2016) and overlapped with the 
late Triassic to early Jurassic TPW event of ∼20◦ (Torsvik et al., 
2012). This drift history is constrained by geological and paleomag-
netic evidence. The Lhasa terrane was located adjacent to north-
ern Gondwana in late Triassic time, with rifting starting around 
235 Ma (Zheng et al., 2022), and northward drift occurring mostly 
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after ∼215 Ma (Zhu et al., 2011; Li et al., 2016). The Lhasa ter-
rane collided with the Qiangtang terrane of southern Tibet in early 
Cretaceous time, around 130 Ma (Li et al., 2016; Li et al., 2019). 
During the first half of this northward drift history, the purported 
TPW would have moved the entire eastern Tethyan realm coher-
ently southward at a rate of 5-8 cm/a (Fig. 1).

In this paper, we aim to develop an approach to overcome the 
difficulty of TPW in terrane reconstructions. In earlier work of our 
group (Li et al., 2016), we showed a high-quality paleomagnetic 
pole that placed the Lhasa terrane around an equatorial latitude 
at 180 Ma and estimated a paleolatitude path for Lhasa’s north-
ward flight assuming a constant motion rate relative to the spin 
axis. Combined with TPW, however, this would require that north-
ward plate motion rates nearly doubled during and shortly after 
the TPW event. In this paper, we test whether this plate mo-
tion rate doubling is correct, or whether plate motion rates were 
near-constant, in which case TPW would produce an apparent pa-
leolatitudinal stand-still of the Lhasa terrane in the Jurassic (Fig. 1).

Here we report a precisely dated volcanic-based paleomagnetic 
pole with from the Upper Jurassic of the Lhasa terrane that is 
∼25 Ma younger than the 180 Ma pole of Li et al. (2016). If we 
assume a constant paleolatitudinal drift rate, then we predict a pa-
leolatitude of ∼10-15◦N at ∼155 Ma. In contrast, if we assume a 
constant plate motion rate (with accounts for TPW), then a near-
equatorial latitude would be expected. We use the paleomagnetic 
record of the Lhasa terrane to test which of these two end-member 
solutions is more likely. We evaluate the impact of TPW on pale-
omagnetic signals of past plate motion and discuss the potential 
of additional paleomagnetic data from the Lhasa terrane to further 
test the magnitude and viability of proposed latest Jurassic TPW.

2. Geological setting

The Lhasa terrane of southern Tibet is bounded by the Bangong-
Nujiang suture zone (BNSZ) to the north, where the Mesotethys 
Ocean subducted in the Triassic to early Cretaceous, and the 
Indus-Yarlung Zangbo suture zone (IYZSZ) to the south, where the 
Neotethys Ocean subducted in Cretaceous to Paleogene time (Hu 
et al., 2016; Kapp and DeCelles, 2019) (Fig. 2). Prior to the arrival 
of continental lithosphere of the Indian plate at the south Tibetan 
trench, the Lhasa terrane was an Andean-type orogen associated 
with a widespread magmatic arc that was active during both the 
closure of Neotethys and Mesotethys (Zhu et al., 2011, 2013; Ding 
et al., 2013; Kapp and DeCelles, 2019).

The Lhasa terrane comprises a Neoproterozoic to Cambrian 
crystalline basement, a Paleozoic to Mesozoic marine stratigraphic 
cover, and Mesozoic and Cenozoic arc magmatic rocks and terres-
trial sedimentary basins (Zhu et al., 2013). The Paleozoic and older 
sequence contains faunal and compositional characteristics that 
compare well with northern Gondwanaland (Torsvik and Cocks, 
2009). Although there may well have been relative motion be-
tween the Lhasa block and northern Gondwana in late Paleo-
zoic time, the final onset of its northward flight toward the Ti-
betan margin is estimated at late Triassic based on stratigraphic, 
geochemical, and paleomagnetic measurements (Zhu et al., 2011, 
2013; Li et al., 2016; Zheng et al., 2022). Among these previous 
paleomagnetic datasets are three paleopoles from the Jurassic of 
the Lhasa terrane: the high-quality, 180 Ma lava-based paleomag-
netic pole from Sangri (Li et al., 2016) and two poles reported in 
Chinese literature, based on 21 limestone samples (Zhu, 1985) and 
32 limestone samples (Dong et al., 1991). These latter two studies 
were not evaluated for inclination shallowing and remagnetization, 
and no field tests were reported, so the quality of these poles is 
difficult to assess, but given the sparsity of data, we show them in 
our diagrams for illustration.
3

Our study area is near Xungba Town, Geji County within Ngari 
area, in western Tibet (Fig. 2). Here we sampled the Upper Juras-
sic Zenong volcanics. This unit comprises the base of a sequence of 
volcanic and marine and terrestrial sedimentary rocks whose de-
position continued into the Cenozoic. At our study location, the 
sampled lavas are predominantly basalts and basaltic andesites 
(Figure S1 & Table S1). In previous studies and geological survey 
work, scholars assigned this suite of volcanic rocks (three geo-
logical sections presented in this study) to an age of ∼30-20 Ma 
(i.e., Middle Oligocene-Early Miocene), which is equivalent to the 
Neogene Xungba Formation volcanics based on their distribution 
and typical rock types (e.g., Liu et al., 2011). Subsequent stud-
ies confirmed that some volcanic rocks from surrounding areas, 
but not the locations reported in our study, are indeed the Neo-
gene Xungba Formation (∼24 Ma in age) (e.g., Liu et al., 2011). 
For the purpose of unambiguously distinguishing the Upper Juras-
sic volcanic rocks from the Neogene Xungba Formation volcanics, 
we dated each sampling locality using U/Pb zircon radiochronology 
(see below) and refer to the suite of volcanic rocks as the Upper 
Jurassic-Lower Cretaceous Zenong Group volcanic rocks.

In the field, the Zenong Group lavas occur as ∼200 m-thick 
stacks of flows that are each ∼5-meters thick. Lavas have discrete 
or variably distinct flow tops and interbedded tuffaceous sedi-
ments. These units are folded and thrusted in the NW-SE trending 
Bangba fold and thrust belt, and they are unconformably overlain 
by the mostly undeformed, widespread Neogene Xungba Forma-
tion volcanic rocks. (Fig. 2; Figure S1 and Table S1 in Supporting 
Information).

3. Sampling and methods

We collected 419 paleomagnetic samples from 49 lava sites dis-
tributed over three sections of the Upper Jurassic-Lower Cretaceous 
Zenong Group volcanics (GPS, 32.0◦N, 82.0◦E) (Fig. 2; Figure S1 
and Table S1 in Supporting Information). Thirteen sampling sites 
are from Section 1; twenty-five sites are from Section 2, which is 
∼10 km southwest of the Section 1; eleven sites are from Section 
3, ∼20 km southwest of Section 2 (Fig. 2; Figure S1 and Table S1). 
The lavas of the three sections are folded and variably strike NE 
to NW and dip 10-50◦ . We assume an original horizontal orien-
tation of the lavas. Bedding attitudes for sampled Upper Jurassic 
volcanic outcrops were measured using a magnetic compass. Be-
tween 1 and 3 flow-top attitude measurements were made at each 
site and then averaged for each tilt correction.

We collected 6-10 independently oriented paleomagnetic sam-
ples at each sampling site using a portable gasoline-powered drill; 
samples were collected over ∼1 m of outcrop. All paleomagnetic 
samples were oriented using a magnetic compass and when possi-
ble, a sun compass was used to assess any local magnetic anoma-
lies. The differences between readings of the two compasses are 
limited to ±2◦ . Bulk samples of 1-3 kg each were collected from 
basalts and basaltic andesites at Sections 1, 2, and 3 for U/Pb zir-
con dating (2019GX08, 2019GX20, and 20GXC09) (Fig. 3; Figures 
S1, S2, and Table S2).

4. Zircon U-Pb dating

We analyzed 51 zircon grains from the three basalt/basaltic 
andesite samples. Measurements were completed at the Key Lab-
oratory of Continental Collision and Plateau Uplift (now part of 
the State Key Laboratory of Tibetan Plateau Earth System and Re-
sources Environment), Institute of Tibetan Plateau Research, Chi-
nese Academy of Sciences. Crystal morphology is mostly euhedral 
and subhedral prismatic. Selected zircons were visually charac-
terized with cathodoluminanescence to reveal internal structures. 
These zircons exhibit typical oscillatory zoning which is consistent 
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Fig. 2. (a) Shaded relief map of the Tibetan Plateau and surrounding region with tectonic blocks and major boundaries indicated. The Zenong Group volcanics in study area 
within the Geji County, Ngari area is located in western Lhasa terrane of central Tibet (enclosed by small yellow rectangle). Abbreviations are as follows from south to north, 
MBT: Main Boundary Thrust; IYZSZ: Indus-Yarlung Zangbo Suture Zone; BNSZ: Bangong-Nujiang Suture Zone; JSSZ: Jinsha Suture Zone. (b) Detailed Geological map of the 
study area near Xungba Village in Ngari County (scale, 1:250,000). Three black-filled rectangles indicate the locations of the three sampling sections in this study.
4
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Fig. 3. Isotopic ratios and corresponding U-Pb ages from zircons extracted from three bulk samples of the Upper Jurassic-Lower Cretaceous Zenong Group volcanic rocks. 
Data were collected using laser-ablation inductively-coupled plasma mass spectrometry. Samples 2019GX20, 2019GX08, and 20GXC09 were collected from sections 1, 2, 
and 3, respectively. (a) Concordia plot of U-Pb results from 20 zircon grains of bulk sample 2019GX20 (Section 1); (b) Distribution of ages and weighted mean age for 
sample 2019GX20; (c) Concordia plot of U-Pb dating results from 21 zircon grains of bulk sample 2019GX08 (Section 2); (d) Distribution of ages and weighted mean age for 
sample 2019GX08; (e) Concordia plot of U-Pb dating results from 10 zircons of bulk sample 20GXC09 (Section 3); (f) Distribution of ages and weighted mean age for sample 
20GXC09. See Table S2, Text S2, and Figure S2 in Supplementary Information for detailed data and procedures.
5
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with a magmatic origin (Figure S2). Th/U ratios for three samples 
range from 0.14 to 1.52, with a mean Th/U ratio of 0.64 (Table S2).

Full details of the instrumentation, standards, software, and 
procedures used to collect and interpret U and Pb isotopic data are 
provided in the Supplemental Information (Text S2, Figure S2, and 
Table S2). Weighted mean ages for these three bulk samples are 
154.4±1.9 Ma (MSWD=3.8, n=20), 156.4±1.4 Ma (MSWD=0.73, 
n=21), and 153.2±4.4 Ma (MSWD=6.8, n=10) (Fig. 3; Text S2 and 
Table S2). We interpret these ages to record crystallization ages for 
the Upper Jurassic-Lower Cretaceous Zenong Group volcanic rocks.

5. Petrography and magnetic mineralogy

We used non-destructive and semi-quantitative petrographic in-
vestigations to examine textures and mineral compositions, grain 
shapes and sizes, and mineral distributions in 9 samples (Table S3). 
These specimens were prepared as polished thin sections (Figures 
S3 and S4).

We conducted Raman spectroscopy at the Key Laboratory of 
Mineral Resources, Institute of Geology & Geophysics, Chinese 
Academy of Sciences to characterize the composition, grain size, 
and distribution of rock forming minerals. We also examined 
opaque minerals (e.g., magnetite and hematite) in thin section un-
der reflected light (Text S3, Figures S3 and S4). Distinct peaks 
corresponding to wavenumbers of 670-690 cm−1 identify the pres-
ence of magnetite (Figure S3), whereas peaks corresponding to 
wavenumbers of 410-420, 290-310, and ∼230 cm−1 correspond 
to hematite. Hematite is most abundant in specimens 20GXC04 
and 20GXC07 (Figure S3). Magnetite and hematite were identi-
fied under reflected light as irregular bright spots. We did not 
observe any degraded mineral margins that would be consistent 
with low-grade metamorphism or penetrative weathering. Instead, 
unaltered magnetite particles coexist with feldspar, quartz, and py-
roxene (Figures S3 & S4).

Temperature-dependence of magnetic susceptibility (χ -T) (Fig-
ure S5) was measured at the Key Laboratory of Paleomagnetism 
and Tectonic Reconstruction of Ministry of Natural Resources, In-
stitute of Geomechanics, Chinese Academy of Geological Sciences, 
Beijing, China. Measurements were completed using an MFK-1 
Kappabridge (AGICO Instruments Company) equipped with a CS-4 
high-temperature furnace. Crushed, coarsely powdered specimens 
were treated with a complete heating-cooling cycle from room 
temperature to the maximum temperature of 700◦C in an air at-
mosphere in a field of 200A/m at a frequency of 976 Hz. (Figure 
S5). Each of the 23 samples analyzed exhibit a substantial decrease 
in magnetic susceptibility near the Curie temperature of magnetite 
(∼585◦C) (Figure S5). This behavior suggests that magnetite is 
the dominant remanence carrier in the studied samples. Notably, 
all samples except for GX19-8, GX23-2, and GXC09-1 exhibit that 
heating curves are higher than the associated cooling curves: this 
suggests no or only very limited occurrence of mineralogical trans-
formations or generation of strong magnetic minerals by heating 
(e.g., exsolution of titanomagnetite to magnetite, or dehydration of 
clays (Dunlop and Özdemir, 1997)). Some samples also show a mi-
nor decrease of magnetic susceptibility between 590-680◦C (e.g., 
GXC10-2, GXC12-7); these temperatures are within the range of 
the Neél temperature of Ti-bearing hematite (usually lower than 
680◦C), consistent with presence of Ti-poor titanohematite. The 
presence of titanohematite in some samples is supported by hys-
teresis loops, IRM acquisition curves, petrographic investigations, 
and stepwise thermal demagnetization results presented below.

Hysteresis loops, isothermal remanent magnetization (IRM) ac-
quisition curves, and backfield demagnetization curves (Figures S6 
and S7) were obtained using a Princeton Measurements Corpo-
ration Vibrating Sample Magnetometer (MicroMagTM Model 3900 
VSM) at the Beijing Paleomagnetism and Geochronology Labora-
6

tory of the State Key Laboratory of Lithospheric Evolution, Insti-
tute of Geology and Geophysics, Chinese Academy of Sciences in 
Beijing. Chips collected from cuttings of paleomagnetic specimens 
were crushed into smaller fragments for these measurements. Hys-
teresis loops (Figure S6) and IRM acquisition curves (Figure S7) 
were measured at room temperature over a magnetic field range 
of ±1.5 T for the same 23 samples for which χ -T curves were 
measured. All but three samples show hysteresis loops that com-
pletely closed by ≤0.2-0.3 T with low to moderate coercivity val-
ues ranging from 10.39 to 19.93 mT (mean value of 13.72±2.09 mT 
(n=20)). The saturation magnetization (Ms) ranges from 0.1148 to 
1.235 Am2/kg, with saturated remanent magnetization (Mrs) values 
of 0.02652-0.2391 Am2/kg (Table S4). The three remaining samples 
exhibit typical wasp-waited hysteresis loops (Figure S6), suggesting 
the presence of two or more magnetic minerals with contrasting 
coercivities (i.e., existence of both low- and high-coercivity mag-
netic minerals grains such as magnetite and titanohematite) (Tauxe 
et al., 1996). For samples with wasp-waisted loops, coercivity is 
typically less than 20 mT (Figure S6 and Table S4). The correspond-
ing IRM acquisition curves show a rapid increase from 0 to 200 mT, 
with acquisition of ∼90% of the saturated IRM within this range, 
suggesting the presence of low-coercivity magnetic mineral grains. 
The IRM intensity for some samples (e.g., GX31-5, GXC13-2, and 
GXC17-1) increases gradually above 200 mT and saturation still 
is not fully reached at 1.5 T; these results indicate the presence 
of high-coercivity magnetic minerals like titanohematite in these 
samples (Figure S7).

Backfield demagnetization curves were measured at room tem-
perature following measurement of IRM acquisition curves. We 
used a maximum magnetic field of 1.5 T, after which samples were 
demagnetized by applying a reversed magnetic field with magnetic 
field intensity up to as high as 0.2 T until the demagnetization 
curves overlap with the X-axis (Figure S7). The backfield demagne-
tization curves show that remanence coercivity (Hcr) is generally 
lower than 40 mT with an average value of 27.1±5.1 mT (n=23) 
for all twenty-three samples (Table S4); sample GXC06-5 is an ex-
ception. The Mrs/Ms ratio vs. Hcr/Hc ratio on the Day-plot (Figure 
S8) show that magnetic properties of most samples fall into the 
pseudo-single-domain region and generally follow the single do-
main (SD) and multi-domain (MD) mixing curves, which suggests 
mixtures of SD and MD magnetite particles (Dunlop, 2002), or, 
perhaps more likely, a population of stable vortex domain states 
(Roberts et al., 2017).

In summary, our rock magnetic data suggest that the dominant 
remanence carrier in the Zenong Group volcanics is stable single 
domain or vortex state magnetite. For a small portion of samples, 
low-Ti magnetite and hematite coexist. We find no obvious pet-
rographic or rock magnetic evidence for alteration or secondary 
growth. Both minerals are common accessory minerals in volcanic 
rocks.

6. Paleomagnetic procedures and results

6.1. Procedures

Stepwise thermal or alternating field (AF) demagnetization pro-
cedures and measurements were completed for the first batch of 
specimens (including those containing sites of GX19-GX23, GX29-
GX35) at the Paleomagnetism and Environmental Magnetism Lab-
oratory at China University of Geosciences (Beijing). The second 
batch of paleomagnetic specimens from sites of GXC01-GXC20 
were thermally demagnetized and measured at the Key Labora-
tory of Paleomagnetism and Tectonic Reconstruction, Ministry of 
Natural Resources, Institute of Geomechanics, Chinese Academy 
of Geological Sciences in Beijing. A third batch of paleomagnetic 
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specimens were subjected to either progressive thermal or AF de-
magnetization at the Paleomagnetic Laboratory of the Key Labora-
tory of Orogenic Belt and Crust Evolution, Ministry of Education, 
School of Earth and Space Sciences, Peking University in Beijing. In 
all three labs, progressive thermal or AF demagnetizations of the 
natural remanent magnetization (NRM) of all specimens was per-
formed inside a magnetically shielded room with a residual field 
of <300 nT. An ASC-48 thermal demagnetizer, a D-2000 AF de-
magnetizer, and a JR-6A dual-speed spinner magnetometer (AGICO 
Instruments Company) were used to complete stepwise thermal or 
AF demagnetization and remanent magnetization measurements.

We designed our demagnetization schemes based on key infor-
mation revealed by rock magnetism (χ -T curves) and petrographic 
investigations. During the initial stage of step-wise demagnetiza-
tion experiments, we used thermal cleaning to demagnetize all 
specimens from the three sections; this method worked well for 
those specimens from Sections 1 & 2 until the maximum unblock-
ing temperature (e.g., 575-655◦C) was approached. However, in the 
process of step-wise demagnetization for specimens of Section 3, 
we noticed that the intensity of the remanent magnetizations for 
most specimens decreased rapidly and the magnitudes were re-
duced to < 50% of the NRM at temperatures of 200◦C. Therefore, 
we applied a hybrid demagnetization scheme to these samples, 
in which we thermally demagnetized specimens up to 240-250◦C, 
and then used AF demagnetization up to 150 mT to clean the re-
maining remanent magnetization. In short, this hybrid step-wise 
demagnetization technique worked well for specimens from Sec-
tion 3.

6.2. Paleomagnetic results and statistical analysis

Thermal and AF demagnetization (or hybrid demagnetization) 
results were projected onto orthogonal vector diagrams (Fig. 4) 
for further analysis using principal component analysis (Kirschvink, 
1980) with the PaleoMac software. Additional statistical analysis 
for ChRM directions and low-temperature directional components 
(LTCs) (Fisher, 1953) (Fig. 5; Figure S9), a non-parametric fold test 
(Tauxe and Watson, 1994) (Fig. 5c), and a synfolding test (Figure 
S10) were conducted using the PmagPy software package (Tauxe 
et al., 2016, https://earthref .org /PmagPy), the online paleomagnetic 
analysis portal Paleomagnetism.org (version 2.2.0) (Koymans et al., 
2016), and PMGSC software (version 4.2).

The intensities of high-temperature/high-field components
(HTC/HFC) for 181 of 332 specimens straightforwardly decay to the 
origin after removal of a low-temperature component (LTC) below 
300-350◦C (Fig. 4; Figure S9). The in situ mean direction of the 
LTCs is Dg/Ig = 356.5◦/52.2◦ , kg=23.0, α95g=2.2◦ (n=181), which 
is similar to the present geomagnetic field (PGF, D/I=1.55◦/50.2◦) 
and the present dipole field (PDF, D/I=0.0◦/51.3◦) directions at the 
sampling site (32.0◦N, 82.0◦E) (Figure S9). Moreover, the grouping 
of the LTCs disperse significantly after tilt correction (Figure S9). 
The consistency of the isolated LTCs and their mean direction with 
the PGF and the PDF directions suggests a post-folding remanence 
acquisition for the LTC. We interpret the LTC as a recent viscous 
overprint by the present geomagnetic field. (Figure S9).

A high temperature/high field (HT/HF) component that decays 
toward the origin is interpreted as the Characteristic Remanent 
Magnetization (ChRM) if it is resolved by at least 4 consecu-
tive temperature/AF steps from 400/450◦C up to 575/595◦C and/or 
625/655◦C or from 10mT up to 80-120 mT or higher. Almost all 
specimens from Section 1 were thermally demagnetized up to 
575-595◦C, consistent with magnetite as the dominant remanence 
carrier. Specimens from Section 2 record directions that decay to-
ward the origin up to 625-655◦C, consistent with the presence of 
Ti-poor titanohematite as a remanence carrier. For the specimens 
from Section 3, ChRMs are typically interpreted from 10 mT to 
7

80-150 mT or even 180 mT (Table 1; Fig. 4); these results are con-
sistent with the presence of magnetite. Three of 49 sites yielded no 
interpretable results (GXC19, GXC29, and GXC30). The interpreted 
ChRM directions from the remaining 46 sites were combined with-
out further filtering (following Gerritsen et al., 2022) and are listed 
in Table 1.

We applied the following procedure to calculate a locality mean 
direction and paleolatitude from our 46 site mean directions. First, 
we rotated all site-mean directions to a northwest declination, 
which we interpret as a counterclockwise rotated normal polar-
ity direction. Each site-mean direction then was converted to a 
VGP. The Fisher mean paleomagnetic pole for the 46 VGPs is lo-
cated at λp = 45.3◦N, ϕp = 295.3◦E, with K=69.8 and A95 = 2.5◦
(Table 1). Finally, we calculated the corresponding paleomagnetic 
direction at the representative sampling location (32.0◦N, 82.0◦E) 
as D±�Dx = 337.1 ±2.6◦ , I±�Ix = −13.8 ±4.9◦ , and α95 = 4.9◦ .

The VGP distribution is just below the limit of what is expected 
for paleosecular variation (PSV) of the magnetic field. The A95 of 
the mean pole is 2.54, compared to 2.59 that is expected for a 
population of 46 poles (Deenen et al., 2011); this suggests that PSV 
is slightly under sampled. The straightforward explanation for this 
is that some stratigraphically adjacent site-mean directions overlap 
with each other (Fig. 5a, b), suggesting that these consecutive lavas 
were erupted within a time-frame such that the some spot read-
ings may be present in the data set twice. Some authors choose to 
bin data of consecutive lavas if their directions statistically over-
lap (e.g., Lippert et al., 2011). However, because such filters have 
minimal impact on the position and distribution statistics of the 
calculated pole (Gerritsen et al., 2022), we choose to use the mean 
of our 46 sites as the basis for our further analysis.

The 46 site-mean directions pass a bootstrapped fold test with 
optimal clustering at 86-107% unfolding (Tauxe and Watson, 1994) 
(Fig. 5c). A parametric simulation synfolding test also indicates that 
the precision parameter k reached its maximum value of 51.97 at 
93.7±1.6% unfolding (Figure S10). The dataset passes the paramet-
ric reversal test of Tauxe (2010).

Therefore, we conclude that the Upper Jurassic Zenong vol-
canics acquired their magnetization prior to folding. Given the 
petrographic and mineral magnetic evidence suggesting primary 
mineralization of the remanence carriers, we conclude that the pa-
leolatitude calculated from the paleomagnetic pole on the basis of 
46 tilt-corrected site-mean directions represents the position of the 
Lhasa terrane relative to the Earth’s spin axis at 155±2 Ma.

7. Discussion

7.1. Trench migration rates

Our paleomagnetic pole from the Zenong Group volcanics indi-
cates that the Lhasa terrane was positioned at 7.0 (+2.5, −2.5)◦ S 
at 155±2 Ma. This near-equatorial, southern hemisphere latitude 
is similar to latitudes calculated from older Jurassic rocks on the 
Lhasa terrane, including the 180 Ma old Sangri Group lavas (Li et 
al., 2016). Taken together, these data suggest that the Lhasa terrane 
remained at a near-stationary, subequatorial position throughout 
much of the Jurassic despite its plate tectonic migration from the 
northern Gondwana margin to the southern margin of Tibet.

This result contradicts our earlier motion path of the Lhasa 
terrane (Li et al., 2016) that assumed a constant paleolatitudi-
nal drift rate. It is, however, more consistent with the predicted 
path assuming constant spreading rates between Lhasa and north-
ern Gondwana. If Lhasa moved from the northern Indian to the 
southern Eurasian margin between 215 and 130 Ma at a con-
stant motion rate, then plate reconstructions of India versus Eurasia 
(e.g., Müller et al., 2018) show that a Neotethys spreading rate of 
∼8 cm/a is required. To evaluate the robustness of this result, we 

https://earthref.org/PmagPy
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Fig. 4. Orthogonal vector projection of results from thermal/alternating field demagnetization for representative specimens; all plots are presented in geographic coordi-
nates. Closed (open) circles represent projection of vector end-points onto horizontal (vertical) plane. For instance, T500 indicates a thermal demagnetization step of given 
magnitude in ◦C, whereas F50 indicates an alternating field demagnetization step of given magnitude in mT.
place our reconstruction of constant plate motion rate of Lhasa rel-
ative to India (between 215 and 130 Ma) in three formulations of 
the global APWP: that of Torsvik et al. (2012), Besse and Courtillot 
(2002), and Kent and Irving (2010). We built this reconstruction 
in the GPlates plate reconstruction software (Müller et al., 2018) 
and used Paleomagnetism.org (Koymans et al., 2016) to rotate the 
APWPs in the coordinates of the reconstructed Lhasa terrane fol-
lowing procedures described in Li et al. (2017) (Figs. 6 & 7). Here, 
for ease of comparison, we show curves of paleolatitudes that vary 
as a function of geological time, which were calculated from our 
selected APWPs (Besse and Courtillot, 2002; Kent and Irving, 2010; 
Torsvik et al., 2012) in Indian and Eurasian coordinates, for our ref-
erence location (29.5◦N, 92◦E) (Fig. 7). Each of the three APWPs 
predict the 180 and 155 Ma paleolatitudes of the Lhasa terrane 
8

calculated from the Zenong and Sangri poles. We conclude that 
the presently available paleomagnetic data of the Lhasa terrane are 
successfully explained by a constant ∼8 cm/a northward motion 
rate of the Lhasa terrane relative to India.

This constant drift rate of the Lhasa terrane relative to the man-
tle provides an important constraint on the long-lived trench mi-
gration rate associated with subduction below the Lhasa terrane. 
Arc magmatism on the Lhasa terrane in the Late Triassic to Early 
Cretaceous is interpreted to reflect subduction below the Lhasa ter-
rane during its northward motion toward Eurasia. Whether this 
occurred through roll-back (if subduction was southward below 
the northern Lhasa terrane, the scenario we favor), or slab advance 
(if subduction was northward below the southern Lhasa terrane) 
remains unresolved by our data. Regardless of the mechanism, the 
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Fig. 5. Equal-area projections of paleomagnetic directions of the Upper Jurassic volcanic rocks with Fisher means and corresponding 95% confidence ellipses before (a) 
and after (b) tilt correction and (c) corresponding bootstrap fold test results. (a,b) Equal-area projections of 46 site-mean directions (see text for details) before and after 
bedding corrections. Solid and open symbols represent projections onto lower and upper hemisphere, respectively. Open stars with light grey-colored ellipses show the mean 
directions and the 95% confidence limits before and after bedding correction. (c) Results from a non-parametric bootstrap fold test using 1000 resamplings of the data (Tauxe 
and Watson, 1994). The highest eigenvalues τ1 are calculated between 86 and 107% unfolding level (vertical grey bar in figure), consistent with a pre-folding magnetization.
trench and slab must have moved at ∼8 cm/a. For comparison, the 
South American plate has advanced westward above a retreating 
Nazca slab at 2 cm/a over the last 50 Ma (Oncken et al., 2006; 
Schepers et al., 2017). On the other hand, van de Lagemaat et al. 
(2018) showed that the northward motion of the Tonga slab is un-
dergoing slab-parallel dragging at ∼4 cm/a and the Burma slab is 
presently moving at similarly high velocities (van de Lagemaat et 
al., 2018; Parsons et al., 2021). Less well-constrained, but similarly 
high roll-back rates have been reconstructed for the Olyutorsky 
Arc from the Late Cretaceous to Eocene (Vaes et al., 2019). Given 
that the rate of trench migration reconstructed here for the Lhasa 
terrane is four times higher than the rates reconstructed for the 
Andes, we predict that there are unexpected and hitherto unrecog-
nized relationships between crustal deformation, trench migration, 
and magmatism that merit more attention (Oncken et al., 2006; 
Schepers et al., 2017). Moreover, we suggest that such long-lived 
trench migration rates may provide an interesting new constraint 
9

on the dynamics governing microcontinent formation and migra-
tion.

7.2. Late Jurassic true polar wander and plate motion

The stable paleolatitude of the Lhasa terrane during the Jurassic 
underscores the influence of true polar wander on paleogeography. 
Gao et al. (2021) recently used paleomagnetic data from the North 
China Block to show that changes in paleolatitude should not im-
mediately be interpreted as a plate tectonic signal. The global 
APWP of Torsvik et al. (2012) is the only APWP presented here that 
quantified a TPW contribution (Fig. 7). In the Torsvik et al. (2012)
APWP, the TPW contribution at 155 Ma is minimal; however, the 
equatorial latitude for the Lhasa terrane at 180 Ma is much higher 
than expected from plate tectonics alone. The clockwise rotation 
of the Earth relative to a pole that is presumed to be located at 
the equator around 11◦E (Torsvik et al., 2014) cancels out much 
of the northward migration of the Lhasa terrane between 180 and 
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Table 1
Summary of sampling information and statistical site-means for resolved ChRM directions from the Upper Jurassic-Lower Cretaceous Zenong Group volcanic rocks in and 
around the Xungba Town, Geji County in Ngari area, far western Tibet.

Site ID Strike/Dip n/n0 Direction Paleopole position

(◦) Dg Ig Ds Is k α95 λp �p K A95
(◦) (◦) (◦) (◦) (◦) (◦) (◦) (◦)

Section 1
GXC01 202/50 8/8 151.8 −28.9 147.6 15.9 882.7 1.9 39.4 305.3 / /
GXC02 202/50 8/8 145.4 −26.6 143.7 20.8 599.0 2.3 34.9 307.2 / /
GXC03 202/50 8/8 147.1 −25.9 145.5 20.6 526.7 2.4 36.1 305.5 / /
GXC04 202/50 8/8 144.2 −24.2 144.0 23.4 718.0 2.1 34.0 305.8 / /
GXC05 202/50 8/8 149.0 −25.5 147.3 20.1 870.2 1.9 37.3 303.9 / /
GXC06 202/50 8/8 148.5 −22.2 148.8 23.1 1122.4 1.7 36.8 301.2 / /
GXC07 253/30 8/8 150.8 −16.2 150.9 13.1 680.8 2.1 42.4 302.9 / /
GXC08 282/31 8/8 164.1 −8.2 162.6 19.2 470.3 2.6 44.9 286.6 / /
GXC09 282/31 7/7 169.3 −7.2 167.7 21.3 684.1 2.3 45.4 279.3 / /
GXC10 282/31 8/8 173.3 −6.4 171.7 22.8 399.1 2.8 45.4 273.6 / /
GXC11 282/31 8/8 170.9 −3.3 168.5 25.5 563.5 2.3 43.3 277.5 / /
GXC12 282/31 8/8 168.2 −6.5 166.4 21.7 164.3 4.3 44.8 281.0 / /
GX36 282/31 7/7 172.1 −5.7 170.3 23.4 134.8 5.2 44.8 275.4 / /

Section 2
GXC13 332/42 8/8 175.5 −6.5 174.1 10.4 133.9 4.8 52.3 271.6 / /
GXC14 332/42 8/8 167.1 −5.0 166.7 6.3 650.0 2.2 52.6 284.2 / /
GXC15 332/42 8/8 161.3 3.7 156.5 9.0 673.8 2.1 47.2 297.8 / /
GXC16 332/42 8/8 160.4 3.7 155.7 8.3 137.7 4.7 47.1 299.1 / /
GXC17 332/42 7/8 153.8 5.6 149.6 5.4 207.4 4.2 44.9 307.5 / /
GXC18 332/42 5/8 150.0 3.3 148.3 1.1 369.4 4.0 45.8 310.9 / /
GXC20 332/42 8/8 149.9 13.1 141.6 8.4 147.1 4.6 38.6 314.4 / /
GXC21 332/42 8/8 156.0 0.9 154.4 3.3 827.0 1.9 48.5 302.7 / /
GXC22 332/42 3/8 150.3 7.4 145.8 4.4 106.7 12.0 42.8 312.0 / /
GXC23 332/42 2/8 152.3 4.2 149.4 3.3 454.4 11.7 45.6 308.7 / /
GXC24 187/32 7/8 152.1 −17.2 148.7 2.2 232.3 4.0 45.6 309.9 / /
GXC25 187/32 8/8 148.5 6.9 155.1 23.0 63.6 7.0 40.0 294.5 / /
GXC26 187/32 7/8 152.6 −2.6 155.7 15.1 110.6 5.8 44.0 296.6 / /
GXC27 187/32 8/8 356.9 −4.5 359.6 −9.1 341.7 3 53.4 262.7 / /
GXC28 187/32 8/8 159.6 −1.9 162.3 12.5 339.0 3.0 48.1 288.9 / /
GX29 332/42 5/5 174.2 −1.6 169.9 13.5 74.0 9.0 50.0 277.7 / /
GX30 332/42 6/6 160.6 4.7 155.2 9.2 148.0 5.5 46.4 299.3 / /
GX31 332/42 8/8 157.2 7.7 150.7 9.2 454.6 2.6 44.0 304.7 / /
GX32 332/42 6/6 159.6 1.1 156.9 5.9 458.6 3.1 48.7 298.4 / /
GX33 332/42 4/4 157.8 2.8 154.5 6.0 741.2 3.4 47.4 301.5 / /
GX34 332/42 3/7 155.0 0.0 154.3 1.9 681.3 4.7 49.1 303.4 / /
GX35 332/42 7/8 153.8 2.0 152.0 2.7 434.0 2.9 47.4 305.9 / /

Section 3
GXC31 47/17 8/8 342.3 −35.6 338.7 −20.0 850.1 1.9 43.1 291.2 / /
GXC32 47/17 8/8 344.5 −29.9 341.4 −14.6 578.8 2.3 46.9 289.4 / /
GXC33 52/10 8/8 345.4 −30.1 343.6 −20.9 735.6 2.0 44.5 284.7 / /
GXC34 52/10 8/8 341.4 −33.6 339.7 −24.0 174.1 4.2 41.5 288.7 / /
GXC35 52/10 8/8 342.0 −32.7 340.3 −23.2 366.7 2.9 42.1 288.3 / /
GXC36 52/10 6/6 339.0 −25.4 337.9 −15.8 268.9 4.1 44.8 293.5 / /
GX19 47/17 9/9 340.3 −36.2 336.9 −20.3 886.3 1.7 42.2 293.3 / /
GX20 47/17 8/8 345.2 −34.6 341.3 −19.3 1181.8 1.6 44.5 288.2 / /
GX21 47/17 8/8 346.3 −32.4 342.6 −17.3 103.0 5.5 46.0 287.0 / /
GX22 47/17 9/9 344.8 −30 341.7 −14.7 702.5 1.9 46.9 289.0 / /
GX23 47/17 9/9 342.6 −32.9 339.3 −17.3 208.1 3.6 44.7 291.3 / /

Mean 46/46 339.4 -4.0 15.7 5.5
(325/332) 337.1 -13.8 51.4 4.9 45.3 295.3 69.8 2.5

Notes, Strike/Dip, right-hand strike direction of the bedding/dipping angle measured in the field; n/n0 , number of samples used to calculate site-mean direction/number of 
demagnetized samples; Dg, Ig (Ds, Is), declination and inclination of statistical site-mean direction in geographic (stratigraphic) coordinates; k, best estimate of the precision 
parameter around the site-mean direction; α95 , radius of the site-mean direction at the 95% confidence level; λp, �p, position of the calculated paleopole was based on 
observed ChRM site-mean direction at the sampling site (32.0◦N, 82.0◦E); K, precision parameter in calculating a paleopole; A95 , 95% confidence limit around a paleopole.
155 Ma. This creates a paleolatitudinal standstill over this time in-
terval despite the ∼8 cm/a north-directed plate tectonic motion of 
the Lhasa terrane.

TPW reconstructed by Steinberger and Torsvik (2008)’s method 
occurs on timescales of 10’s of Ma, because it uses the global 
APWP that is made with a 20 Ma sliding window at 10 Ma in-
tervals. Muttoni et al. (2005) noted that such APWPs – including 
for example, Besse and Courtillot (2002) and Torsvik et al. (2012)
– dampen or entirely mute the effects of TPW events that would 
occur on timescales shorter than 10 Ma. To highlight this, Mut-
toni et al. (2005) used a subset of paleomagnetic poles and abrupt 
10
and latitudinally-dependent changes in marine facies in sections in 
the Apennines (Italy) to argue for the occurrence of a substantial 
TPW event between ∼155 and 145 Ma. Muttoni and Kent (2019)
tested this idea by using a shorter time interval and selecting only 
data for which inclination shallowing – a directional bias that is 
widespread in sedimentary rocks (Vaes et al., 2021) is corrected 
or can be excluded. The Kent and Irving (2010) APWP shows a 
sharp kink during the Jurassic (Fig. 7). Our 155 Ma pole is also 
consistent with Lhasa terrane APWP predicted from the Kent and 
Irving (2010) data (Fig. 7), in which there is a sharp kink in Juras-
sic time. We illustrate in Fig. 7 the potential for the Lhasa terrane 
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Fig. 6. Paleolatitude versus time for Eurasia and India for a reference position in southern Tibet near Lhasa City (29.5◦N, 92◦E). Paleolatitudes shown in green are calculated 
using the global apparent polar wander path (APWP) of Torsvik et al. (2012) with a true polar wander (TPW) correction, whereas those in blue are calculated using the same 
APWP without a TWP correction. The green curves predict latitudinal motion relative to the mantle, and the blue curves predict latitudinal motion relative to the Earth’s spin 
axis and are the sum of plate motion and true polar wander. The Triassic-Jurassic, and late Jurassic-early Cretaceous intervals in which the green and blue curves diverge are 
intervals of TPW as inferred by Torsvik et al. (2012).
– with its Jurassic magmatic record – to provide another test of 
the late Jurassic TPW hypothesis. Importantly, if the conclusions of 
Kent and Irving (2010) are correct, then we expect that the Lhasa 
terrane moved southward by >15◦ during the Jurassic, despite its 
northward relative plate motion over this period (Fig. 1).

8. Conclusion

We have reported a new lava-based paleomagnetic pole for 
the Lhasa terrane from volcanic rocks dated to 155±2 Ma. Rock 
magnetic and petrographic analyses reveal that magmatic mag-
netite and Ti-poor titanohematite carry the magnetization. More-
over, there are no obvious signs of secondary magnetic mineraliza-
tion in these rocks. Field tests indicate a pre-folding magnetization. 
We argue that the Zenong volcanics carry a primary magnetization 
that can be used in paleogeographic reconstructions. We calcu-
late a paleomagnetic pole positioned at λp=45.3◦N, ϕp=295.3◦E 
with K=69.8 and A95=2.5◦ based on 46 lava sites. The correspond-
ing dipole direction at a reference location of 29.5◦N and 92◦E 
is D±�D=337.1◦±2.6◦ and I±�I=-13.8◦±4.9◦ , resulting in a lati-
tude for the Lhasa terrane of 7.0 (+2.5, −2.5)◦ S at 155±2 Ma.

When combined with published paleomagnetic data for the 
Lhasa terrane, our results reveal a paleolatitudinal stand-still of the 
Lhasa terrane between 180 and 155 Ma. This result is consistent 
with predictions of several widely used global apparent polar wan-
der paths i f we assume a constant relative plate divergence rate 
between the Lhasa terrane and Gondwana (India) during its north-
ward motion from Gondwana to Tibet in the late Triassic to early 
Cretaceous and an episode of >15◦ of true polar wander over the 
same time interval.

Previous workers have inferred that the Lhasa terrane was lo-
cated above a subduction zone in the Late Triassic to Early Cre-
taceous. This subduction zone either dipped northward (which 
requires that the slab pushed northward through the mantle) or 
southward (which requires sustained slab rollback). Our results 
suggest that the rates of slab advance or retreat were ∼8 cm/a, 
which is much higher than previously documented for convergent 
margins. For example, long-lived slab retreat in the Andes does 
not keep up with the 2 cm/a of upper plate advance, an imbal-
ance that leads to Andean shortening. Although unprecedented in 
modern convergent margins, this example from the Lhasa terrane 
may provide a novel constraint on the rates at which slab migra-
tion through the mantle can occur. This proposition invites detailed 
11
studies of Jurassic magmatism and deformation of the Lhasa ter-
rane’s geology.

Finally, we conclude that the paleolatitudinal stand-still of 
the Lhasa terrane is the result of the interplay between Jurassic 
true polar wander, which translated the Lhasa terrane to more 
southerly latitudes, and its simultaneous northward plate tectonic 
motion which effectively masked much of the TPW in terms of 
absolute latitude. Our results can neither confirm nor reject the 
recently debated short-lived latest Jurassic-earliest Cretaceous TPW 
event known as the ‘monster polar shift’. We note, however, that 
the Jurassic magmatic record, combined with our results confirm-
ing a simple plate kinematic scenario, highlights the significance of 
the Lhasa terrane as an ideal natural laboratory for evaluating the 
possible effects of short-lived TPW that may previously have been 
overlooked due to the long sliding window used for global APWP 
construction.
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