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New zircon U-Pb dating results from the Zonggei Formation volcanics indicate that the volcanic
rocks formed at ~114-110Ma. Paleomagnetic data, petrography, and rock magnetism
confirm the primary nature of isolated characteristic remanent magnetizations carried by
titanomagnetite and hematite. A statistical analysis of the combined results from the
Zonggei and Duoni formations reveals a group-mean direction of D+AD = 0.4° + 6.0°, I+Al
=222° + 56", ags = 5.6°, k = 35.2 after bedding correction based on 20 group-mean
directions. The corresponding paleopole was calculated to be A, = 70.3°N, ¢, = 270.5°E with
Ags = 5.2°. The interpretation of our data alongside the Cenozoic data from the Tethyan
Himalaya indicates that the India—Asia collision initiated by 61.7 + 3.0Ma at 13.0° + 1.8°N,
assuming a single-collision model. Intracontinental crustal shortening totaling 1,770 + 470 km
took place on the Asian side since the onset of India—Asia collision. Furthermore, the data show
that the Neo-Tethys Ocean reached its maximum N-S width of 7,100 + 530 km at ~132 Maand
shrank to 6,400 + 550 km by ~115 + 5 Ma. This is consistent with previous estimates based on
the geophysical images of the subducted Neo-Tethyan slab beneath Eurasia.

Keywords: Lhasa terrane, India-Asia collision, Neo-Tethys ocean, paleolatitude, geochronology, intracontinental
crustal shortening

HIGHLIGHTS

e Our data set supports the conclusion that the Lhasa terrane stayed at ~13.0°N during
115 £ 5 Ma.

¢ Crustal shortening totaling 1,770 + 470 km has occurred on the Asian side since the onset of the
initial India-Asia collision.

e The Neo-Tethys Ocean reached its maximum N-S width of 7,100 + 530 km at ~132 Ma and
shrank to 6,400 + 550 km at ~115 Ma.

1 INTRODUCTION

The Himalayan-Tibetan orogenic belt is the highest and largest archetype in the world. Most of the
crustal shortening was driven by the Cenozoic India-Asia collision, making it an ideal setting to
examine the effects of continent-continent collision and to quantify the resultant intracontinental
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FIGURE 1 | Four competing tectonic models for interpreting the initial India—Asia collision in early Cenozoic time. (A) Single-stage collision model derived from
Gansser, (1966), Patzelt et al. (1996) and Parsons et al. (2020); (B) Two-stage collision model 1, which was proposed by Patriat and Achache (1984); (C) Two-stage
collision model 2, which is firstly quantified by paleomagnetic analysis (van Hinsbergen et al., 2012, 2019); and (D) Two-stage collision model 3, which was proposed by
Kapp and DeCelles (2019). Abbreviations are as follows: TH, Tethyan Himalaya; GH, Greater Himalaya; LH, Lesser Himalaya.

deformation (Chang and Zhen, 1973; Achache et al., 1984; Besse
et al., 1984; Patriat and Achache, 1984; Yin and Harrison, 2000;
Ding et al., 2005; 2016; van Hinsbergen et al., 2011a; 2011b). The
precise age of collision initiation, defined as the first contact
between India and Eurasia, is still debated. Published estimates
range from ~70 to 60 Ma (Yin and Harrison, 2000; Ding et al.,
2005; Cai et al., 2011; van Hinsbergen et al., 2012; Hu et al., 2015,
2016a, 2016b; Parsons et al., 2020) to as recently as ~34 Ma
(Aitchison et al., 2007). Many prior studies have attempted to
resolve this issue over the past three decades (e.g., Achache et al.,
1984; Patriat and Achache, 1984; Yin and Harrison, 2000; Ding
et al., 2005; Aitchison et al., 2007; Dupont-Nivet et al., 2010;
Liebke et al., 2010; Tan X-D et al., 2010; Najman et al., 2010, 2017;
Sun Z-M et al, 2008, 2010, 2012; Meng et al, 2012; van
Hinsbergen et al., 2012; Lippert et al., 2014; Ma et al., 2014;
Yang et al., 2015; Bian et al., 2017; Yuan et al., 2020). The accurate
dating of the collision onset age and paleolatitude is strongly
dependent on the precollisional paleogeography of the southern
Lhasa terrane, northern Tethyan Himalayan terrane, and Indian
subcontinent (e.g., Patzelt et al., 1996; Chen et al., 2010; Yi Z-Y,
et al, 2011; Sun Z-M et al., 2008, 2010, 2012; Lippert et al., 2014;

Ma et al., 2014; Yang T.-S. et al,, 2015; Bian et al., 2017, 2019; Qin
et al., 2019; Yuan et al., 2020) (Figure 1).

Despite the controversy regarding the timing and
configuration of collision onset, much progress has been made
in understanding the tectonic evolution of the India-Asia
collision. Notably, in recent vyears, several authors have
concluded that the India-Asia collision is not as
straightforward as previously thought. An emergent view holds
that collision was a complex process in which two or more
tectonic plates collided with each other in what is today the
central part of the southern Tibetan Plateau. Until now, different
authors have proposed several mutually exclusive models with
different geometries. Herein, we present each of the models and
make direct comparisons. Those who are interested in further
exploration of this topic are referred to several recent studies (e.g.,
Aitchison et al., 2007; Yi et al., 2011; van Hinsbergen et al., 2012,
2019; Hu et al., 2016b; Kapp and DeCelles, 2019; Parsons et al.,
2020). The different tectonic models can be divided into four
categories according to their stages of development as follows: 1)
single-collision models; 2) two-stage collision models with an
intraoceanic arc; 3) two-stage collision models with the Greater
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India Basin (GIB) hypothesis; and 4) two-stage collision models
with an exotic Xigaze-Spong arc.

The predominant view of prior studies is that a collision took
place when a single oceanic basin closed between two continental
plates (also referred to as the single-collision model) (e.g.,
Achache et al,, 1984; Ding et al., 2005; Cai et al., 2011; Wu
et al., 2014; Hu et al., 2015, 2016a, 2016b; DeCelles et al., 2014;
Baral et al,, 2019) (Figure 1A). The single-collision model was
initially proposed by authors during the early investigations of the
Tibetan Plateau (e.g., Argand, 1924; Gansser, 1964, 1966, 1980).
Subsequent studies focused on the geometry of continental
Greater India and timing of collision within the single-
subduction framework (Figure 1A) (Argand, 1924; Gansser,
1964; Klootwijk et al., 1992; Sengér and Natal’in, 1996; Patzelt
et al., 1996; Ding et al,, 2005; Cai et al,, 2011; Hu et al,, 2016a;
Searle, 2019; Wang et al., 2018). The most important argument in
support of this model is the fact that only one suture zone,
marked by distinctive ophiolite and mélange, is preserved along
the Indus-Yarlung Zangbo suture zone (IYZSZ). This implies that
the Neo-Tethys Ocean was consumed along a single subduction
zone (e.g., DeCelles et al., 2014; Hu et al, 2016b). The most
significant challenge to this model is the large deficit between the
documented shortening and the convergence between India and
Asia. Prior studies predict extremely large convergence values
(~2,000-4,800 km) that far exceed documented crustal
shortening across the orogen based on a 60-50 Ma collision
age (Johnson, 2002; Aitchison et al., 2007; van Hinsbergen
et al., 2012; Kapp and DeCelles, 2019) (Figure 1A). Despite
the challenges, several recent papers adopt the single-collision
model due to its compatibility with geological data (e.g.,
Tapponnier et al., 1982; Ding et al.,, 2005; Hu et al., 2016b).

The earliest two-stage collision model was proposed by
Patriat and Achahe (1984), who argued that there might
have been an intra-oceanic arc (the Ladakh island arc) to
the south of the India-Asia suture. In this interpretation,
Greater India collided with the island arc at approximately
54 Ma, and India-Asia collision initiated shortly thereafter at
approximately 50 Ma. This interpretation was later explored
by other workers using tomographic imaging and/or geological
evidence (Van der Voo et al., 1999; Aitchison and Davis, 2004;
Aitchison et al., 2007; Aitchison et al., 2011) (Figure 1B). The
two-stage model is compatible with the paleomagnetic data
from Cretaceous rocks in the Dazhuqu region (Abrajevitch
et al., 2005) and has been bolstered by further data synthesis
(Abrajevitch et al., 2005; Aitchison et al., 2007; Parsons et al.,
2020). Furthermore, it is supported by some paleomagnetic
and geophysical studies (Van der Voo et al., 1999; Abrajevitch
et al., 2005; Aitchison et al., 2007), although the geological
evidence for the second suture zone is lacking. However, this
model did not reasonably explain the deceleration of India
between 60 and 50 Ma (Klootwijk et al., 1992; Copley et al.,
2010; van Hinsbergen et al., 2011a).

Two-stage subduction models involving a microcontinent on
the lower-plate side (GIB) have also been proposed to explain the
shortening deficit (Sinha Roy, 1976; Hsu et al., 1995). Subsequent
studies tested this model using paleomagnetic and tomographic
imaging analysis (van Hinsbergen et al., 2012, 2019), with a focus

Early Cretaceous Paleolatitude of Lhasa

on determining whether the GIB [referred to as North India Sea
by Yuan et al. (2020) existed (Figure 1C)]. The timeline proposed
in these studies begins with ~118-68 Ma rifting of Greater
Himalaya and Tethyan Himalaya composite terrane from the
Lesser Himalaya and Indian plate. From 60 to 50 Ma, Greater
Himalaya and Tethyan Himalaya composite terrane collided with
Lhasa terrane, and the GIB was consumed along a north-directed
subduction zone, which would have separated Greater Himalayan
rocks from Lesser Himalayan rocks. The consumption of the GIB
was completed by 30-20 Ma (van Hinsbergen et al., 2012, 2019).
Direct paleomagnetic observations from two locations in the
Tethyan Himalaya (Yuan et al, 2020) support this
interpretation, though in that study, the GIB was referred to
as the North India Sea and the timing on the rifting of the
Tethyan-Himalayan and Greater Himalayan TH+GH composite
terrane was tightly constrained to ~75-53/48 Ma. However, some
key discrepancies, such as the lack of geological evidence for a
suture zone within the central part of the Himalayan thrust belt
(e.g., Searle, 2019; Kapp and DeCelles, 2019; Parsons et al., 2020)
and sediment transport pathways for Cretaceous-earliest
Paleocene Jidula Fm. sediments (Hu et al, 2010) in the
Tethyan Himalaya, require explanation.

Recently, Kapp and DeCelles (2019) proposed a new tectonic
model in which the Xigaze-Spong continental arc rifted from the
southern Lhasa terrane between 90 and 70 Ma to form a back-arc
basin on the upper-plate side of the India-Asia suture.
Subsequently, a new subduction zone formed within the back-
arc basin shortly after India collided with the Xigaze-Spong arc
(Kapp and DeCelles, 2019) (Figure 1D). The consumption of the
back-arc lithosphere would have occurred between 60 and 45 Ma.
This model is compatible with the available geological data, but
the primary geological evidence for the Xigaze back-arc basin is
lacking (Kapp and DeCelles, 2019; Parsons et al., 2020).

Paleomagnetism  provides quantitative estimates of
convergence and crustal shortening triggered by continental
collision throughout the Cenozoic India-Asia collision. Despite
the accumulation of numerous paleomagnetic data sets from the
Cretaceous and Cenozoic rocks of the Lhasa terrane, the estimates
of crustal shortening are still debated, with published estimates
ranging from only hundreds of kilometers (Tan X-D et al., 2010)
to over 2,000 km (Besse et al., 1984; Patriat and Achache, 1984;
Johnson, 2002; Chen, J-S et al., 2010; Sun et al., 2010, 2012; Ma
etal, 2014; Yang et al,, 2015; Bian et al., 2017; Li, Z-Y et al., 2017;
Tong et al., 2017).

In addition to the issues mentioned above, the determination
of the north-south width of the Neo-Tethys oceanic basin is a key
part of reconstructing the India-Asia collision (Van der Voo
et al, 1999; Ji et al, 2009; Chen, W-W et al, 2012). This
information is critical to reconstruct the evolution of the Neo-
Tethys Ocean and the position of the Lhasa terrane before
collision initiation. Scholars have made some major progress
on this topic from different perspectives such as tomographic
imaging analysis, magmatism, and paleomagnetism (Van der
Voo et al., 1999; Ji et al., 2009; Chen, W-W et al., 2012).

In this study, we obtained new paleomagnetic and
geochronological results from the northern Lhasa terrane to

address five key questions: 1) What was the exact
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FIGURE 2 | Topographic and geological map of the study area and adjoining areas on the Tibetan Plateau. (A) Tectonic framework of the Tibetan Plateau and
neighboring area based on Tapponnier et al. (1982). The study area (in the Nagqu region) is located in the northern Lhasa terrane of central Tibet (enclosed by rectangle).
(B) Simplified tectonic division of the Tibetan Plateau and detailed location of the study area in this study. Some abbreviations are as follows: JSSZ, Jinsha suture zone;
BNSZ, Bangong-Nujiang suture zone; IYZSZ, Indus-Yarlung Zangbo suture zone; MBT, Main boundary thrust. (C) Geological map of the study area near Nagqu
County (scale, 1:250,000), where the Zonggei Formation volcanic outcrops are located on the northern side of the National Highway 317, approximately 5 km northeast
of Nagqu County. Stereo projection showing bedding attitudes and associated poles to the planes from sampled Section 1 and Section 2 (Li Z. et al., 2017) and the
sampled section in this study. (D) Sketched cross section of the Zonggei Formation volcanic rocks we sampled on the northern side of National Highway 317; blue dots
denote the paleomagnetic sampling sites, while red pentagons denote the sampling sites for U-Pb dating bulk samples.
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emplacement age of the Zonggei Formation volcanic rocks that
we sampled for paleomagnetism? 2) What was the accurate
paleolatitude of the Lhasa terrane during the Early Cretaceous
based on the results from the Zonggei Formation volcanic rocks?
3) How much intracontinental crustal shortening has occurred
within Eurasia since collision initiation? 4) What was the

north-south width of the Neo-Tethys Ocean during the Early
Cretaceous time based on the integration of ~132-117 Ma
paleolatitudes acquired from the Tethyan Himalaya and the
interior of the Indian plate and what was the paleolatitudinal
variation of the Lhasa terrane throughout Early Jurassic to Early
Cretaceous time? To this end, we designed and performed the
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geological mapping and sampling of the Zonggei Fm. volcanic
rocks to test the consistency and validity of previously obtained
results from the Duoni Fm. volcano-sedimentary rocks, which are
close to the sampling locations of this study in the Nagqu region.

2 GEOLOGICAL SETTING

The Lhasa terrane is situated in southern Tibet and is bounded by
the Bangong-Nujiang suture zone (BNSZ) to the north and the
IYZSZ to the south (Allégre et al., 1984; Dewey et al., 1988; Yin
and Harrison, 2000; Ding et al., 2005; Wang et al., 2015; Hu et al.,
2016a, 2016b) (Figure 1A). The final accretion of the Lhasa
terrane to Eurasia predates the arrival of the Indian subcontinent
and formed the southernmost margin of Asia over a long period
(Sengor, 1987; Yin and Harrison, 2000; Pan et al., 2004; Ding
et al., 2005; Kapp et al., 2005, 2007; Leier et al., 2007; Zhu et al.,
2016). The northern Lhasa terrane is comprised of Jurassic-
Cretaceous sedimentary and Mesozoic igneous rocks (Leeder,
et al., 1988; Leier et al., 2007; Zhu et al., 2009, 2013) that form an
E-W-trending belt of volcano-sedimentary sequences (Ma and
Yue, 2010; Zhu et al., 2009, 2011, 2013).

The study area is in the Nagqu basin of the northern Lhasa
terrane (Figure 2), which comprises a conspicuous Early
Cretaceous magmatic belt distributed along the northern
Lhasa terrane in the Nagqu area. Some scholars suggested that
this magmatic belt represents a magmatic arc immediately south
of the BNSZ (Ma and Yue, 2010; Zhu et al., 2009, 2011, 2013).
Both of the units focused on in this study, namely, the Zonggei
Formation volcanic rocks and previously sampled Duoni
Formation volcano-sedimentary rocks, are a part of this
magmatic belt.

Regionally, the Lower Cretaceous Zonggei Formation (Kj,) is
unconformably underlain by the Duoni Formation, which
primarily comprises andesite, basaltic andesite, and andesitic
breccia (BGSXAR, 2005). The Zonggei Formation volcanic
rocks were previously thought to have formed in Late
Cretaceous time, whereas we revise the crystallization age with
updated zircon U-Pb dating results (see Section 4 below for
details) that indicate Early Cretaceous (114-110 Ma)
crystallization.

In the study area, there is an unconformity between the
underlying Middle-Upper Jurassic Lagongtang Formation
(J».3) and the overlying Lower Cretaceous Duoni Formation
(K1q)- The latter is comprised of slate and medium- to fine-
grained sandstone. Occasionally, the andesite and basaltic
andesite of the Duoni Formation volcanic rocks are
exposed. For example, volcanic lava flows are intercalated
with 3-4 sandstone layers in Section 1 that were sampled in Li
Z. et al. (2017) (Figures 2B,C). Several types of fossils,
including Weichselia reticulata, a global standard-type
fossil with a characteristic Lower Cretaceous age, Pernidella
sp., Spongiom orphan sp., and Coniopteris sp., were reported
from sedimentary layers in the Duoni Formation (BGSXAR,
2005). Furthermore, previous research provides the dating
results of ~120 Ma for the Duoni Formation volcanic rocks
(Li, Z-Y et al, 2017). Therefore, based on reported

Early Cretaceous Paleolatitude of Lhasa

radiometric dating results and fossils, the Duoni Formation
is Early Cretaceous in age. In the field, the Zonggei Formation
volcanic lava flows, the Duoni Formation lava flows, and
sedimentary sandstone layers (documented by Li, Z-Y
et al., 2017) dip 16°-60° to the northeast in the study area
(i.e., striking E-W and NW-SE) (Figures 2C,D; Table 1). This
tilting of the Zonggei Fm. volcanics and the Duoni Fm.
volcano-sedimentary rocks was chiefly caused by the
folding activity that occurred during the onset of the
India-Asia collision and is hence constrained to the early
Cenozoic time (BGSXAR, 2005).

3 SAMPLING AND METHODS

Three bulk samples, each weighing 1-2 kg, were collected for
radiometric dating from freshly exposed volcanic rocks in the
sampled section along the northern side of National Highway 317
approximately 8 km northeast of Nagqu County.

The zircon U-Pb dating method (see Supporting Information
for details) was used to date the Zonggei Formation volcanic
rocks, whereas stepwise thermal demagnetization techniques
were used to resolve ChRM directions. When combined, these
data provide a paleolatitude for the Lhasa terrane during the Early
Cretaceous time. In total, 108 independently oriented
paleomagnetic samples were drilled from 13 paleomagnetic
sites in the Zonggei Formation. The sampled outcrops are
distributed along the northern side of National Highway 317
within Nagqu County (GPS coordinates: 31.48°N, 92.1028°E)
(Figures 2C,D).

Within each site, 8-9 independently oriented paleomagnetic
samples were collected in a small area (~1 m) using a portable
gasoline-powered drill (Figure 2D). All samples were oriented in
situ using both magnetic and sun compasses where possible. The
differences between the readings of the two compasses were
limited to +2°% hence, corrections were not necessary. At the
sampling site (31.48°N, 92.1°E), the present geomagnetic field
(PGF) and present dipole field (PDF) directions-Dec = 0.06°, Inc
= 48.78 and Dec = 0.0°, Inc = 50.77°—were calculated based on
the IGRF_2020 and geocentric axial dipole (GAD) models,
respectively. Additionally, we used techniques including
petrographic investigations and rock magnetic experimental
work to determine the compositions of the dominant
remanence carriers and to monitor possible chemical
alterations and mineralogical phase transformations during the
complete heating-cooling cycle under air atmosphere. Please
refer to Section 5 Magnetic Mineralogy and Petrography
below for further details.

4 ZIRCON U-PB DATING

The zircon U-Pb dating results from the three bulk samples
(2012TZ576, 2012TZ578, and 2012TZ580) are 114.0 + 0.8 Ma
(MSWD = 3.1, n = 18) (2012TZ576), 111.2 + 0.7 Ma (MSWD =
5.4, n=20) (2012TZ578), and 110.5 + 0.4 Ma (MSWD =1.5,n =
23) (2012TZ580) (Figure 3; Supplementary Table S2 in
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TABLE 1 | Summary of all ChRM group-means of the Zonggei Fm. volcanic rocks and selected results from the Duoni Fm. volcano-sedimentary rocks.

Site ID Lithology Strike/Dip n/n0 Dg ()

Zonggei Formation volcanic rocks
TNZO1 Basaltic andesite 328/40 4/5 334.4
TNZz02 Basaltic andesite 328/40 9/9 334.5
TNZO03 Basaltic andesite 328/40 77 336.9
TNZ04+05+06 Basaltic andesite 328/40 12/12 330.7
TNZzO07 Basaltic andesite 328/40 5/6 343.1
TNZ08 Basaltic andesite 328/40 3/7 11
TNZ10 Basaltic andesite 328/40 8/8 328.4
TNZ11+TNZ12 Basaltic andesite 328/40 9/9 324.8
TNZ13 Basaltic andesite 328/40 2/8 346.9
Mean 9 (69) 338.5 + 10.3
Mean paleopole

Duoni Formation volcanic rocks (from Li et al., 2017)
TLO4 Andesite 326/58 9/9 325
TLO5 Andesite 332/60 7/8 159
TLO7 Andesite 315/57 5/8 124
TLO8 Andesite 315/57 8 (6)/10 322.5
TL18 Andesite 335/64 9/9 329.5
TL24 Basaltic andesite 335/64 8/10 332.7

Duoni Formation sediments (from Li et al., 2017)
TNDO1 Siltstone 325/16 7/8 342.6
TNDO2 Siltstone 325/16 8/8 353
TNDOS3 Sandstone 328/16 8/8 352.3
TNDO4 Sandstone 328/16 7/8 354.7
TNDO5 Sandstone 328/16 9/9 349.7
Mean 20 (144/) 337.7 +8.0

Mean paleopole

Ig () Ds () Is () k a95 A\p op
0 () 0
46 5 30 303.1 5.3 74.0 254.5
45.3 4.6 29.6 152.8 4.2 73.8 256
49.5 9.4 31.2 76.8 6.9 73 239.7
48.9 5.7 33.8 122.3 3.9 76 2491
47.8 11.3 27.1 240.6 4.9 70 238.4
48.6 27.7 16.5 909.3 4.1 55.4 218
38.9 355.7 28.6 1855.7 1.3 73.3 286.7
38.0 352.7 30.0 348.7 2.8 73.2 2971
32 25 13.2 700.9 9.4 65.1 266.2
446 +7.3 50.1 7.3
62+82 27.0+7.3 50.1 7.3
72.0 252.6
A5 =67 K=592 N=9

28.1 349.9 15.2 62.4 6.6 64.6 295.8
—41.9 192 -15 82.1 6.7 63.8 244.1
-21.9 148 20.8 194.4 5.5 54.0 334.2
36.4 349.8 13.6 535 8.3 63.8 205.4
46.7 17.4 222 50.2 7.3 64.5 229

24 356 12.2 78.7 6.3 64.6 281.2
22.9 348.1 17.3 422 9.4 65 300.7
357 1.3 27.1 52.8 7.7 73 267.6
26.8 358.4 19.4 429 8.6 68.6 276.2
24.3 359.9 16.4 69.6 7.3 67.1 272.2
22.2 354.7 15.6 68.7 6.3 66.1 285

372+6.4 27 6.4

04+60 222+56 352 5.6
70.3 2705
A95 =52 K=399 N=20

Field test results, (1) McFadden’s correlation test (McFadden et al., 1990), N = 20, Xi2 = 2.343 (=9.937) after (before) bedding correction. The critical value Xic = 5.207 and 7.300 at the 95
and 99% confidence levels, respectively, indicating that the ChRM directions from the Zonggei Formation volcanic rocks are pre-folding; (2) Stepwise unfolding test (Watson and Enkin,
1993), The precision parameter k reached its optimized value of 35.76 at the unfolding level of 81.4 + 17.0%, confirming primary nature of isolated ChRM directions from the combined
results of the Zonggei Fm. volcanic rocks and from the Duoni Fm. volcano-sedimentary rocks; (3) Reversal test (McFadden and Lowes, 1981), angle y = 10.9° between the two averages,
critical value yc = 19.0% thus, the reversal test result is “C class” level, indicating a positive reversal test.

Notes: Site ID, site identification; Strike/dip, right-hand strike azimuth of bedding attitudes and dipping angles of the exposed Lower Cretaceous Zonggei Fm. volcanic rocks and Duoni Fm.
volcano-sedimentary rocks measured in the field; n/no, number of specimens that were used to join the Fisher statistical analysis/number of specimens that were demagnetized; number in
a pair of brackets indicates number of specimens that were fitted by using greater circle method; Ds, Is (Dg, Ig), measured declination and inclination pairs for specimens after (before)
bedding correction; k, estimate of precision parameter; «95, 95% confidence limit of Fisher statistics after bedding correction; Ap, latitude of computed VGP derived from each group-mean

direction; ¢p, longitude of computed VGP derived from each group-mean direction.

Supporting Information). Therefore, the Zonggei Formation
volcanic rocks formed at ~114-110Ma, indicating an
emplacement age during the late Aptian to early Albian time.

5 MAGNETIC MINERALOGY AND
PETROGRAPHY

5.1 Rock Magnetism

Typical rock magnetic analyses including magnetic hysteresis
parameters (i.e., the saturated magnetization Ms, the saturated
remanent magnetization Mrs, and coercivity Hc), isothermal
remanent magnetization (IRM) acquisition curves, and the
backfield demagnetization of saturated IRM were performed
using a Model 3900 vibrating sample magnetometer (provided

by Princeton Instruments). These data were used to identify the
dominant remanence carriers that reside in the paleomagnetic
specimens of the Zonggei Formation volcanic rocks and set
appropriate stepwise demagnetization schemes and steps for
paleomagnetic specimens. In addition, the temperature
dependence of magnetic susceptibility for some pilot samples
was also measured. This process involved a complete
heating-cooling cycle from room temperature to the
maximum temperature of 700°C under air atmosphere.
Measurements were completed using an MFK-1-FA device
(AGICO Instruments Company) coupled to a CS-4
temperature control apparatus. Selected samples were
crushed and milled to powder before analysis. All rock
magnetic  measurements  were  completed at  the
Paleomagnetism and Geochronology Laboratory (PGL),
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FIGURE 3 | Diagrams showing concordant ages (left column) and weighted mean ages (right column) for dating samples of the Zonggei Formation volcanic rocks in

this study. (A,B) Concordant and weighted mean ages for U-Pb dating results of the sample 201272580, collected from the Zonggei Formation volcanic rocks near
paleomagnetic site TNZO1 (see Figure 2D for details). (C,D) Concordant and weighted mean ages for U-Pb dating results of the sample 201272578, collected from the
Zonggei Formation volcanic rocks near paleomagnetic site TNZ04 (see Figure 2D). (E,F) Concordant and weighted mean ages for U-Pb dating results of the
sample 201272576, collected from the Zonggei Formation volcanic rocks near paleomagnetic site TNZ13 (see Figure 2D). See Supporting Information Supplementary
Table S2 for detailed data on the U-Pb isotopic compositions and dating results.
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Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGGCAS).

5.1.1 Hysteresis Loops, Isothermal Remanent
Magnetization Acquisition Curves, and Backfield
Demagnetization Experiments

Hysteresis loops, IRM acquisition curves, and backfield
demagnetization curves were measured for representative
samples of the Zonggei Formation volcanic rocks. All
experiments conducted in a room-temperature
environment (see Figure 4). Some samples exhibit typical
wasp-waisted hysteresis loops (e.g., TNZ01-8) (Figure 4A),
suggesting the presence of two or more magnetic minerals
with contrasting coercivities (i.e., the existence of both low-
and high-coercivity magnetic mineral grains such as
titanomagnetite and hematite) (Tauxe et al, 1996). In this

were

type of hysteresis loop, the coercivity is typically less than
100 mT. Furthermore, the corresponding IRM acquisition
curves show a rapid increase below 200 mT, which acquired
some 80% of the SIRM, suggesting the presence of low-
coercivity magnetic mineral grains. However, it is worth
noting that the IRM intensity increases gradually above
200 mT and the saturation is still not fully reached at 1.5 T,
indicating the presence of high-coercivity magnetic mineral
grains such as hematite grains in the samples (Figure 4). This
is also verified through the temperature dependence of the
magnetic susceptibility experiments discussed below.

The second type of hysteresis loop is broadly similar to the
third type (Figure 4D) but has a higher coercivity value. In the
second type of hysteresis loop (TNZ05-1) (Figure 4D), the
data also show a wasp-waisted loop but not as clearly as in
sample TNZ01-8. The hysteresis loop is completely closed at
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FIGURE 4 | Rock magnetic results for selected samples from the Zonggei Formation volcanic rocks. (A,D,G) hysteresis loops and detailed values of hysteresis
parameters for representative samples; (B,E,H), IRM acquisition curves and backfield demagnetization of saturated IRM for representative samples; (C,F,l) temperature
dependence of magnetic susceptibility curves (heating-cooling cycle from room temperature up to 700°C).
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1.5 T, indicating that low-coercivity magnetic mineral grains
dominate the magnetic components in the sample. The IRM
acquisition curves and backfield demagnetization curves also
corroborate this hypothesis. The IRM acquisition curve
increases rapidly below 200mT, and it then increases
gradually until it is fully saturated at 1.5T (Figure 4E),
indicating ~ the  dominance  of  soft  magnetic
components (i.e., low-coercivity magnetic mineral grains)
in the samples.

The third type of hysteresis loop clearly shows that low-
coercivity magnetic mineral grains (Figure 4G) dominate
the magnetic components, and these grains are likely Ti-poor
titanomagnetite (or magnetite) grains with coercivity values
much lower than 100 mT. The IRM acquisition curves and
backfield demagnetization curves also exhibit that the

saturation was fully reached below 200 mT (Figure 4H),
confirming that the soft magnetic component dominates
the magnetic minerals.

5.1.2 Temperature Dependence of the Magnetic
Susceptibility Measurements

To further check the magnetic minerals and monitor possible
chemical alterations and phase transformations of magnetic
minerals, an assessment of the temperature dependence of
magnetic susceptibility was also performed at the PGL in
IGGCAS. All six samples exhibit a remarkable decrease in
magnetic susceptibility near the Curie point of stoichiometric
magnetite grains (~585°C) during a complete heating-cooling
cycle (see Figures 4C,F,I). Moreover, all samples show that the
heating curves are significantly lower than the cooling curves,
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volcanic rocks.

FIGURE 5 | Transmitted-light (A-D) and cross-polarized-light (E-I) photomicrographs for representative samples of the Lower Cretaceous Zonggei Formation

which could be reasonably explained by the exsolution of a
small portion of magnetic mineral grains such as
titanomagnetite into strong magnetic minerals such as
magnetite grains during the heating-cooling cycle (Dunlop
and Ozdemir, 1997). Additionally, it is worth noting that some
samples show a minor decrease in magnetic susceptibility at
approximately 650°C -700°C (TNZ01-8 and TNZO05-1)
(Figures 4C,F), which is very close to the Neél temperature
of hematite (~680°C), indicating the presence of hematite
grains in these samples. Given that the magnetic
susceptibility of titanomagnetite is hundreds of times that
of hematite, we speculate that these kinds of samples are
dominated by hematite grains, which are supported by the
hysteresis loops, IRM acquisition curves, petrographic
investigations, and stepwise thermal demagnetization results
below. In summary, we postulate that both Ti-poor
titanomagnetite and hematite grains are the dominant
remanence carriers in the samples of the Zonggei
Formation volcanic rocks.

5.2 Petrography

We selected representative samples to perform petrographic
investigations to reflect the textures of samples and mineral
compositions, grain shapes, sizes, and mineral distribution in
bulk samples (see Figure 5, Figure 6).

A microscopic examination of representative samples was
performed using an electron probe microanalyzer (EPMA)
(JXA-8230, JEOL) set in back-scattering electron (BSE)
imaging mode with an acceleration voltage of 15kV and a
working distance of 11.0 mm. This instrument is installed at
the Laboratory of Continental Collision and Plateau Uplift
(LCPU), Institute of Tibetan Plateau Research (ITPCAS). The
examination sought to check whether the hematite particles in
some paleomagnetic samples were produced by low-temperature
oxidation from original Ti-poor titanomagnetite and determine
the diagenetic conditions of different magnetic minerals. Polished
samples were carbon-coated before analysis and energy-
dispersive spectrometer (EDS) measurements were carried out
by utilizing an EPMA equipped with an X-Max 50 EDS analyzer
(provided by the OXFORD Instruments PLC, Abingdon,
United Kingdom).

BSE analysis shows that most samples are dominantly
porphyritic and consist of long strip-shaped microcrystalline
plagioclase and interstitial irregular Fe-oxide and pyroxene
grains ranging in size from 5 to 20 pm and conspicuously
lacking oxidized rims (Figure 5, Figure 6). This rules out the
possibility of pervasive low-temperature oxidation. Furthermore,
the presence of these magnetic grains is consistent with a primary
magmatic origin rather than secondary oxidation (Huang, et al.,
2015).
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In summary, we interpret the Fe-O minerals in our samples
to be Ti-poor titanomagnetite and hematite based on BSE,
EDS, and rock magnetic analyses (Figure 4, Figure 5,
Figure 6). Moreover, the EPMA data suggest that both
magnetite and hematite grains were formed from the
exsolution of Ti-poor titanomagnetite particles rather than
low-temperature oxidation processes that post-date the
cooling of the lavas. This interpretation is further
supported by the demagnetization behaviors of the
paleomagnetic specimens from the Zonggei Formation
volcanic rocks below (Figure 7).

6 PALEOMAGNETIC PROCEDURES

All paleomagnetic specimens were subjected to a progressive
thermal demagnetization inside a magnetically shielded room
with a residual magnetic field of <300 nT at the Paleomagnetism
and Environmental Magnetism (PMEM) Laboratory, China
University of Geosciences (Beijing). An ASC-48 thermal
demagnetizer with a residual magnetic field of <10 nT inside
the oven and JR-6A dual-speed spinner magnetometer (AGICO
Instruments Company) were used. The temperature increments
for stepwise thermal demagnetization were set to 50°C at low

Frontiers in Earth Science | www.frontiersin.org

10

May 2022 | Volume 10 | Article 785726


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Lietal

Early Cretaceous Paleolatitude of Lhasa

o=

S

T680]

El]

Down
TNZ01-2-IS
Scale: 1e-1 A/m

3

Down

TNZ03-4-IS
Scale: Te-2 A/m

Down
TNZ05-3-IS
Scale: 1e-1 A/m

(%]
g |o=

438

ElDown

TNZ01-8-IS
Scale: 1e-2 A/m

EIDown
TNZ03-7-IS
Scale: Te-2 A/m

E/Down

TNZ06-1-IS
Scale: 1e-2 A/m

m

own
TNZ07-5-IS
Scale: 1e-1 A/m

Down

TNZ08-1-IS
Scale: 1e-1 A/m

ot

T680

ErDown

TNZ02-3-IS
Scale: 1e-1 A/m

TNZ04-5-1S
Scale: 1e-2 A/m

o=
s

m

Down TNZ06-3-IS
Scale: 1e-1 A/m

TNZ08-8-IS
Scale: 1e-2 A/m

ElDown
TNZ02-8-I1S
Scale: Te-1 A/m

ElDown
TNZ05-2-IS
Scale: Te-1 A/m

E-Down

TNZ07-1-IS
Scale: 1e-2 A/m

E Down 1N710-4-15
Scale: 1e-1 A/m

FIGURE 7 | Orthogonal vector projection of thermal demagnetization results for representative specimens of the Lower Cretaceous Zonggei Formation volcanic
rocks, which are plotted in geographic coordinates. Closed (open) circles represent projection of vector end-points onto the horizontal (vertical) plane. Thermal ("C)
demagnetization steps are labeled with the capital letter T and are followed by the temperature step (e.g., T500).

Frontiers in Eal

rth Science

www.frontiersin.org

May 2022 | Volume 10 | Article 785726



https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Lietal Early Cretaceous Paleolatitude of Lhasa

In-situ + Bedding-corrected
Dg=334.4°£3.4°,1g=44.9°£2.4°
k=60.9, a,,=2.4°, n=59 s

270

In-situ R Bedding-corrected
Dg=338.5°+10.3°, |g=44,5°¢7+3° Ds=6.2°%48.2°, 1s=27.0°£7.3°
k=50.1, a,,=7.3°, N=9 k=50.1, a5,=7.3°, N=9

270+ + + + ++ + +F+ b+ ++ ++ 4990

+ Bedding-corrected
Dg=337.0°+10.9°, 1g=31 -0°i%;4° Ds=356.0°+7.8°, Is=18.1°t7,i“
k=24.7, a,,=9.4°, N=11 k=39.2, a,;=7.4°, N=11
270+ ++ + + + + + 4+ + + + ++++F++++++ + + 4+ + ++++++490

Bedding-corrected
Dg=337.6°+8.0°, 19=37.2°+6.4° Ds=0.4°%6.0°, 1s=22.2°+5.6
k=27.0, a,,=6.4°, N=20 k=35.3, a,,=5.6°, N=20
270F+ +++ ++ + +4+++++++++F++++++++F+++++++++490

S

++++ + + o+

0,

®F++ + + + + +

0 180

FIGURE 8 | Equal-area projections of isolated site-mean ChRM directions with corresponding 95% confidence ellipses before and after tilt correction (left and right
columns). (A,B) Equal-area projections of filttered ChRMs from isolated 59 specimens of the Lower Cretaceous Zonggei Formation volcanic rocks with Fisher mean and
corresponding 95% confidence ellipses before and after tilt correction (left and right columns); (C,D) equal-area projections of site-mean ChRM directions isolated from
9 group-means of the Zonggei Formation volcanic rocks with Fisher mean and corresponding 95% confidence ellipses before and after tilt correction (left and right
columns); (E,F) equal-area projections of 11 site-mean directions with Fisher mean and corresponding 95% confidence ellipses of the Duoni Fm. volcano-sedimentary
rocks before and after tilt correction (left and right columns); (G,H) equal-area projections of combined 9 group-mean directions of the Lower Cretaceous Zonggei
Formation volcanic rocks and filtered 11 site-mean directions from results of the Duoni Formation volcano-sediments, which are derived from Li Z. et al. (2017) with Fisher
means and corresponding 95% confidence ellipses before and after tilt correction (left and right columns). Solid and open symbols represent projections onto lower and
upper hemisphere, respectively. Stars with light gray-colored ellipses indicate the overall mean directions and the 95% confidence limits before and after tilt correction,
respectively. Blue solid circles represent the 9 group-mean directions from the Lower Cretaceous Zonggei Formation volcanic rocks in this studly.
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temperatures and decreased to 5°C-10°C at high temperatures
when the maximum unblocking temperatures of Ti-poor
titanomagnetite (~575°C) and titanohematite (~680°C) were
nearly reached. Subsequently, we projected our thermal
demagnetization results onto orthogonal vector diagrams
(Zijderveld, 1967) and isolated different magnetic components
by using principal component analysis (Kirschvink, 1980). The
software packages PmagPy (Tauxe et al., 2016, https://earthref.
org/PmagPy), the online paleomagnetic analysis portal
Paleomagnetism.org (version 2.2.0) (Koymans et al, 2016,
2020), PMGSC (version 4.2) (Enkin, 1994), and PaleoMac
(Cogné, 2003) were used to analyze paleomagnetic direction
data, statistical analysis, and plot data. The statistical analysis
of different isolated magnetic components was performed by
using Fisher statistics (Fisher, 1953).

7 PALEOMAGNETIC RESULTS

In total, we thermally demagnetized 72 out of 108 specimens
from 13 paleomagnetic sites. Northward-seeking and
downward high-temperature directions were successfully
resolved from 59 specimens, and no reversed polarity
direction data were found in any of these specimens
(Figure 7; Table 1). This is consistent with the statistical
analysis of these isolated 59 high-temperature components
(HTCs) (Figure 8), which are consistent with characteristics
of the Cretaceous Normal Superchron (CNS, 123-83 Ma)
(Olierook et al., 2019).

Generally, most specimens exhibit a straightforward linear
trajectory toward the origin and only one single component
can be resolved from the initial demagnetization step to the
maximum unblocking temperatures of the magnetite and
hematite present in the specimens (Figures 7A-N,P;
Table 1). Additionally, two components were present in
several specimens (Figure 70), and the HTC was usually
isolated, following the removal of a viscous or low-
temperature component by demagnetization steps at
temperatures less than 250°C -300°C.

For other sites, if each paleomagnetic site was collected from
an individual lava flow, then one single site-mean direction was
treated as one group-mean direction. By applying Fisher statistics
to all of these groups, we obtained an average group-mean
direction of D+AD = 6.2° + 8.2° I+Al = 27.0° + 7.3°, ag5 =
7.3°, with k = 50.1, n = 9 (D+AD = 338.5° + 10.3°, [+Al = 44.6" +
7.3°, ags = 7.3°, with k = 50.1) after (before) bedding correction for
the 9 group-mean directions (Figures 8C,D). The corresponding
paleomagnetic pole was hence calculated to be A, = 72.0'N, ¢, =
252.6°E with Ags = 6.7°, K = 59.2 based on the above 9 group-
mean ChRM directions (Table 1).

Li, Z.-Y. et al. (2017) also acquired meaningful paleomagnetic
and geochronological results from the Duoni Formation volcano-
sedimentary rocks. They collected samples from the Duoni
Formation rocks in and around Luoma Town, which is
~10-15km south of Nagqu County (Figure 2C). Because an
obvious inclination-shallowing effect was absent in their
sedimentary rock specimens, they combined the Duoni

Early Cretaceous Paleolatitude of Lhasa

Formation volcanic specimens with sandstone specimens and
obtained a formation-mean direction of D+AD = 356.4° £ 6.3",
I+Al = 16.4° + 6.3°, ags = 6.3, with k = 29.3, n = 19 (D+AD =
333.5° + 7.4°, I+Al = 33.5° £ 7.4°, ags = 7.4°, with k = 21.4) after
(before) bedding correction for the Duoni Formation based on
the 14 site-mean directions of volcanic rocks (Section 1 in
Figure 2C) and 5 site-mean directions of sediments (Section 2
in Figure 2C).

The sampling location for this study area (Figures 2B,C) are
~20 and ~10 km away from Section 1 and Section 2 in Li, Z-Y
et al. (2017), respectively. Given that our results are consistent
with those of the Duoni Formation volcano-sedimentary rocks
(120.2 + 0.5Ma) in Li, Z-Y et al. (2017), we established data
selection criteria and selected data from the results of the Zonggei
Formation volcanic rocks (9 group-mean directions) and the
results of the Duoni Formation volcano-sedimentary rocks (11
sites). These were incorporated into a combined group-mean
direction over these two formations (Figures 8G,H; Table 1).
Subsequently, we obtained a combined data set that includes
20 group-mean directions from the Zonggei Formations volcanic
rocks and the Duoni Formation volcano-sedimentary rocks.
Accordingly, the statistical analysis of these combined
20 group-mean directions yields the following: D+AD = 04" +
6.0°, I+Al =22.2° £ 5.6", ags = 5.6°, with k = 35.3 (D+AD = 337.7° +
8.0°, I=Al = 37.2° + 6.4°, ags = 6.4°, with k = 27) after (before)
bedding correction.

The combined 20 group-mean directions show that the
precision parameter k-value and associated parameter ags
improved significantly after grouping compared to the
Fisher mean direction before bedding correction (Figures
8G,H; Table 1). In addition, the overall 20 group-mean
directions pass the reversal test at the 95% confidence level
(class C: Yangle = 10.9°, Yeritical = 19.0°) (McFadden and Lowes,
1981; McFadden and McElhinny, 1990) and fold tests (see
Table 1; Supplementary Figure S1 in Supporting
Information) (McFadden, 1990; Watson and Enkin, 1993),
indicating a prefolding origin and the primary nature of the
isolated ChRM directions of the combined results.

Based on the obtained radiometric dating results and positive
field test results, we conclude that the remanence
magnetizations were acquired over a sufficiently long time
interval to average out paleosecular variation. In this study,
our data set from the Zonggei Formation volcanic rocks is
exclusively taken from a single normal polarity
corresponding to the Cretaceous Normal Superchron
(CNS) (123-83 Ma) (Olierook et al., 2019). By combining
these data with published results from the Duoni Formation
volcano-sedimentary rocks, we can quantify the paleosecular
variation by using the conventional method of comparing
observed VGP scatter parameter S, to established
paleosecular variation models (e.g., McFadden et al., 1991;
Johnson et al.. 2008). The VGP scatter parameter S, is defined
here as S_ \/ (N — 1)’125\:]191.2 , in which 9i stands for the angle
between the ith VGP unit vector and the spin axis and N is the
number of VGPs (Cox, 1970). The VGP scatter for the
Zonggei Formation volcanic rocks alone is thus calculated
to be Sy = 10.6°, which falls within the expected value (S =
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TABLE 2 | Summary of Cretaceous and Early Cenozoic paleomagnetic poles from the Lhasa and Tethyan-Himalayan (two are from interior of Indian craton) terranes.

ID Formation/ Location Age (Ma) Slat Slong N (n) Plat Plong A95 Paleolat  Field Reference
lithology (°'N) (’E) ('N) (’E) (dp/ (°N) test
dm)()
Cretaceous paleopoles for the Lhasa Terrane (29.5°N, 91.0°E)

TKR1 Takena Fm. red Linzhou K2, 29.9 91.2 7 (68) 68 340 6.7/ 19.9+6.7 F,D Pozzi et al. (1982)
beds 83 +17 11.6

TKR2 Takena Fm. red Linzhou K2, 29.9 91.2 6 (57) 64 348 5.6/9.5 209+56 F Westphal et al.
beds 83 + 17 (1983)

SXV Shexing Fm. Linzhou K2, 29.9 91.2 21 69.1 1917 33/b6.4 237+33 F Tan et al. (2010)
volcanic rocks 83 + 17 (132)

SXR1 Shexing Fm. red Linzhou K2, 29.9 91.2 43 70.2 3005 1.4/27 119+14 F,D Tan et al. (2010)
beds 83 +17 877)

WRG Woronggou Fm. Deqing K1, ~114 30.5 90.1 15(88) 66.4 220.3 6.9 13.3+6.9 no Sun et al. (2008)
volcanic rocks

SXR2 Shexing Fm. red Maxiang K2, 29.9 90.7 17 71.9 327.2 4.5 185+45 F Sun et al. (2012)
beds 83 +17 (111)

TKR3 Takena Fm. red Barda K2, 31.7 91.5 6 (49) 63.5 325.4 6.5 124+65 F Achache et al.
beds 83 +17 (1984)

TKR4 Takena Fm. red Linzhou K2, 29.9 91.1 8 (61) 7.2 288.4 7.9 11.4+79 F Achache et al.
beds 83 +17 (1984)

ZC Zenong Gp Cuogen 120 + 10 31.3 85 18 58.2 341.9 4.6 156+46 F R Chen et al. (2012)
volcanic rocks

DJ Duoai Fm. lava Zuozuo 1145 + 32.22 80.43 19 69.1 319.8 4.8 148+48 F, R Bian et al. (2017)
flow and Jiega 1.5
Fm. limestone

L7z Linzizong Gp Cuogen 96 + 3 30.6 85.2 1082 652 222.3 5.1 11.9+51 F Tang et al. (2013)
volcanic rocks

Qs Qushenla Fm./ Yanhu 126 £ 6 32.3 82.6 51 61.4 192.9 2.1 20.3+21 F,D Ma et al. (2014)
lava flows (444)

DN Duoni Fm. Nagav 120.2 = 31.3 91.9 19 66.9 281.2 6.1 67+61 F D Li Z. et al. (2017)
volcanic rocks 0.5 (139)
and redbeds

ZG Zonggei Fm./ Nagav 112+2 31.48 92.1 9 (59) 72.0 252.6 6.7 123+6.7 no This study
volcanic rocks

ZG+DN  Zonggei and Nagqv 115+ 5 31.48 92.1 20 70.3 270.5 5.2 98+52 FD Combined
Duoni formations/ (144) analysis with
volcanics + results from Li Z.
sediments et al. (2017)

TK5 Takena Fm. red- Linzhou K2, 29.9 91.2 8 (51) 68 279 3569 77+£35 F Lin and Watts
beds 83 + 17 (1988)

Jzs Jingzhushan Fm.  Dingaing K2, 31.22 95.98 15 71.4 2731 5.2 109+52 F Tong, et al. (2017)
red-beds 83 + 17 (150)

LR Lava flow and red  Linzhou 715+£35 29.9 91.1 21 70.5  269.6 4.9 100+49 F R Cao et al. (2017)
beds (164)

SV Volcanic rocks Shiquanhe  92.4 + 0.9 32.34 80.03 10 (78) 641 209 9.6 16.3+96 F,R Yi et al. (2015)

CLC Chalicuo Gp, Ya're 79.6 £0.7 31.56 82.24 15 68.4  298.8 2.7 10.0+2.7 F Yi et al. (2015)
volcanic rocks (136)

JZSC Upper Cretaceous  Cuogin K2, 31.13 84.86 33 63.5 3249 2.1/39 122+21 F Yang et al. (2015)
Jingzhushan Fm. 83 + 17
sediments

DzC Dianzhong Fm., Cuoqgin 119.0 = 31.12 84.38 12 70.5 2929 7.4 11.2+74 F Yang et al. (2015)
volcanics 2.0

Pre-Cretaceous paleopoles for the Lhasa Terrane (29.5°N, 91.0°E)

SV Sangri Gp, Sangri ~180 Ma 29.3 92.05 60 51.7 305.9 3.4 -32+ F, D Li et al. (2016)
volcanic rocks County 3.4

DCS1 Dibu Co Lake, Coqin area T1-2, 30.9 84.7 8 (25) 166 204.6 5.6 -111+ FR Zhou et al. (2016)
sediments 2445 + 5.6

7.5 Ma

DCS2 Dibu Co Lake, Coqin area T3, 219 + 30.9 84.7 6 (37) 19.7 211 4.7 -141+ F Zhou et al. (2016)

sediments 18 Ma 4.7
Cenozoic paleopoles for the Lhasa Terrane (29.5°N, 91.0°E)

LZZVA Linzizong Gp, Linzhou 54 +6 29.9 91.1 8 (46) 71.5 300.1 6.4/ 18.0£64 F,D Achache et al.
volcanic rocks 11.9 (1984)

LzzT Linzizong, Gp, tuff  Mendui ~55 30.1 90.9 14 (99) 73.6 274.3 7.3 131+73 F,D Sun et al. (2010)

(Continued on following page)
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TABLE 2 | (Continued) Summary of Cretaceous and Early Cenozoic paleomagnetic poles from the Lhasa and Tethyan-Himalayan (two are from interior of Indian craton)

terranes.

ID

PNT
Lzzv2

LzzV3

Lzzv4

Dykel.
LZzV3

Lzvs

PVS

CJD

Dzv2

Formation/
lithology

Pana Fm., tuff
Linzizong Gp,
volcanic rocks

Linzizong Gp,
volcanic rocks

Linzizong Gp,
volcanic rocks

Linzizong Gp,
dykes
Linzizong Gp,
volcanic rocks
Linzizong Gp,
volcanics and
sediments
Pana Fm.,
volcanics and
sediments
Upper
Cuojiangding Gp,
sediments
Member I,
Dianzhong Fm.,
volcanics

Location

Linzhou
Linzhou

Linzhou

Linzhou

Linzhou
Linzhou

Linzhou

Linzhou

Zhongba

Linzhou

Age (Ma)

415+£15
62 +2

50.5+35

52 +8

48.5+55

50 + 16

Slat
(N)

30
30

30

30

30
30

30

30

29.9

30

Slong
(E)

91.2
91.2

91.2

91.2

911

91.2

91.2

84.3

91.2

Cretaceous-Cenozoic paleopoles for the Tethyan-Himalayan Terrane (29.5°N, 91.0°

ZP1

P2

ZP3

pAS]

SM

CAB

SD

SAXV

LKV

ZLWM

TDS

Cretaceous paleopoles for the Indian shield (29.5°N, 91.0°E)
Rajmahal

RT1

RT2

Zongpu Fm.,
limestone
Zongpu Fm.,
marine sediments
Zongpu Fm.,
marine sediments
Zongshan Fm.,
limestone

Sangdanlin and
Mubala sections
Cailangba Aand B
sections
Sangdanlin Fm.,
marine deposits
Sangxiu Fm.,
volcanic rocks
Lakang Fm.,
volcanic rocks
Zhela and Weimei
formations,
volcanic rocks
Thakkhola-Dzong
Fm., sediments

Rajmahal Traps,
volcanic rocks
Rajmahal Traps,
volcanic rocks

Gamba,
Duela
Gamba

Gamba

Gamba,
Duela

Saga
Gyangze
Zhongba
Langkazi
Cuona

Zhuode

Dzong

Traps

Rajmahal

Traps

59 + 4

60.5+1.5

575+15

60.85 =
1.65
751 1.1

107.4 =
13.5
129.5 +
55
132.5 +
1.5
136.5 =
1.5

~118

1175 =
0.5
1175
0.5

28.3

28.3

28.3

28.3

28
29.3

28.9

29.7

28.8

28.1

28.9

28.8

88.5

88.5

88.5

88.5

89.2
85.3

89.2

84

91.3

92.4

91.3

83.8

N (n)

24
(195)
23
(148)

(119)

62)

35
(228)

E)
14
(113)
18
(171)
14
(141)
14
(156)

(86)
(127)
12 (53)
26
(216)
31

(225)
31219)

(95)

24.2-253 87.4-87.8 25

(158)

24.2-25.3 87.4-87.8 34

(120)

Plat
(N)

87.1
66.4

69.7

69.1

72
77.6

70.6

68.4

78

65.8

65.4

67.3

55.8

74
40.8
25
-5.9
-26.8

0.9

12

9.4

Plong
(E)

82.6
262.5

268.6

234.2

225.5
211.3

281

243

329

2541

277.6
266.3
277.8

261.4

278.5
256.3
285.7
308
3156.2

293.4

289

297

296.6

A95 Paleolat  Field Reference
(dp/ (’N) test
dm)()
5.7 32457 F Tan et al. (2010)
6.3 61+63 F D Chen et al.
(2010); Chen
et al. (2014)
6.3 92+63 F D Chen et al.
(2010); Chen
et al. (2014)
5.6 122+56 F,D Chen et al.
(2010); Chen
et al. (2014)
5.8 16.2+58 D Liebke et al.
(2010)
5.0 227+50 F, D Dupont-Nibet
et al. (2010)

5.3 10.4+£53 F,D Chen et al. (2010)

1.9 10119 D Huang et al.
(2013)

5.9 227+59 F Meng et al.
(2012)

4.4 62+44 C Chen et al. (2010);
Chen et al. (2014);
Huang et al.
(2015); Yi et al.

(2017)

38/76 50+38 F Patzelt et al. (1996)

3.5 69+35 F Yi et al. (2011)

25 11.2+25 F Yi et al. (2011)

4.4/8.6 -4.3 + F

4.4

Patzelt et al. (1996)

25 136+25 F R  Yuan et al. (2020)

1.8 -184+ R Yuan et al. (2020)
1.8
4.8/7.1 -33.7+ R Qin et al. (2019)
4.8
6.1 479+ F,R Ma et al. (2016)
6.1
5.7 -51.2 + F, R Yang et al. (2015)
5.7
7 -52.8 + F,R Bian et al. (2019)
7.0
6.0/75 -450+ — Klootwijk and
6.0 Bingham (1980)
45/6  -458+ D Klootwijk, (1971)
4.5
3.08.7 -439+ D Rao and Rao
3.0 (1996)
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7.0-11.3°) at the 95% confidence limit during the CNS period
according to the paleosecular variation model proposed by
McFadden et al. (1991). Subsequently, the VGP scatter for the
combined results of the Zonggei and Duoni formations volcanic
rocks is calculated to be Sy = 12.9° for the 20 VGPs, and this value is
consistent with the expected value of Sy = 17.4° (95% confidence
limit of 12.5-22.5) at ~13.0°N spanning 0-5 Ma summarized by
Johnson et al. (2008). Furthermore, we also used a newly developed
statistical method (Deenen et al., 2011) to calculate the radius of the
half-cone of confidence limit around the mean VGP (i.e., Ags) for
the 5 site-mean directions from the sandstone layers of Li, Z.-Y.
et al. (2017). These were used to calculate an Ags of 3.34°, which is
well within the interval of 2.77°~8.16" and is also in line with a VGP
pole population that averages paleosecular variation (Deenen et al.,
2011). Therefore, the paleomagnetic directions resolved from the
Zonggei and Duoni formations’ volcano-sedimentary rocks can
represent the GAD field.

These observations, which are consistent with paleosecular
variation models, together with rock magnetic analysis (see
Figure 4, Figure 5, Figure 6 for details), petrographic
investigations (see Figure 5, and Figure 6 for details), and
positive field tests (Table 1; Supplementary Figure S1 in
Supporting Information), all support the primary nature of
the remanence magnetizations of the combined analysis of the
Zonggei Formation volcanic rocks and the Duoni Formation
volcano-sedimentary rocks.

8 DISCUSSION

In this study, we adopted reference poles from the well-
constructed master APW paths of both Eurasian and Indian

continents from 130Ma to the present day (0Ma)
(Supplementary Table S1 in Supporting information)
(Torsvik et al, 2008, 2012). For the convenience of

comparison, we have calculated all paleolatitudes at the
reference site (29.5°N, 91.0°E), which is on the northern bank
of the Yarlung Zangbo River and represented the southernmost
margin of Eurasia during the Early Cretaceous.

8.1 Precollisional Paleogeography of the

Lhasa Terrane in Early Cretaceous Time
We calculated the paleolatitude at the reference site (29.5°N,
91.0°E) of the southernmost margin of the Lhasa terrane in the
Early Cretaceous time to be 12.3° £ 6.7°N based on the
paleomagnetic results from the Zonggei Formation volcanic
rocks alone and 9.8° + 5.2°N (Table 2) based on the combined
results obtained in this study and previously published results
from the Duoni Formation volcano-sedimentary rocks.
Recently, large amounts of Cretaceous and Early Cenozoic
paleomagnetic results were published from northern and
southern parts of the Lhasa terrane (Table 2; Figure 9, and
Figure 10) (e.g., Achache et al., 1984; Besse et al., 1984; Patriat
and Achache, 1984; Sun et al., 2008, 2010, 2012; Chen et al., 2010;
Dupont-Nivet et al., 2010; Liebke et al., 2010; Chen et al., 2012;
Meng et al,, 2012; Tang et al.,, 2013; Ma et al., 2014; Yang et al,,

Early Cretaceous Paleolatitude of Lhasa

2015; Yietal,, 2015; Bian et al., 2017; Cao et al., 2017; Li, Z-Y et al,,
2017; Tong et al., 2017). We compiled the paleomagnetic results
from English and Chinese publications, evaluated them according
to the established criteria (Van der Voo, 1990; Meert et al., 2020),
and divided them into two groups, namely, the Cretaceous-pole
and Cenozoic-pole groups (Table 2; Figure 9).

For the Cretaceous-pole group, a total of nineteen paleopoles
were included (Table 2; Figure 9). Considering that the data of
TKR2 from Westphal et al. (1983) were likely contaminated by an
overprint component as noted by Achache et al. (1984), they were
excluded from further analysis. Additionally, the SXV data from
Tan et al. (2010) probably resulted from records with
inadequately averaged paleosecular variation and were thus
excluded from further analysis in this study. ZG+DN was also
excluded from further analysis because it overlapped with both
ZG and DN. The remaining nineteen available paleopoles
(i.e., TKRI, SXR1, WRG, SXR2, TKR3, TKR4, ZC, DJ, LZZ,
QS, DN, ZG, TK5, JZS, LR, SV, CLC, JZSC, and DZC) were joined
in the subsequent small-circle fitting analysis (Table 2; Figure 9).

Small-circle analysis (Mardia and Gadsden, 1977) was used to fit
selected poles to yield an average paleolatitude for the Lhasa terrane in
the Cretaceous and Cenozoic periods, respectively (Table 2; Figure 9).
In the data compilation, it is noteworthy that either the Cretaceous
paleopoles or the Cenozoic paleopoles from the Lhasa terrane were
aligned along a small circle, with consistent paleolatitudes that
indicate that the Lhasa terrane was located within a band of
10°-15'N from the Cretaceous to Cenozoic time. Consequently,
the Cretaceous-pole group yielded an average paleolatitude of
13.0° + 1.8° centered on the reference site (29.5°N, 91.0°E),
indicating a subtropical location of the Lhasa terrane during the
Cretaceous time. We also applied the same analysis to the data set
from the Cenozoic-pole group (Table 2; Figure 9). After data quality
evaluation (Q > 5 for each pole), all twelve compiled paleomagnetic
data points (ie, LZZV1, LZZT, PNT, LZZV2, LZZV3, LZZV4,
DykeL, LZZV5, LZVS, PVS, CJD, and DZV2) were added to the
small-circle analysis. Consequently, the analysis of the Cenozoic-pole
group yielded an average paleolatitude of 14.5° + 5.0° for the reference
site (29.5°N, 91.0°E), which is consistent with the paleolatitude (13.0° +
1.8°N) of the Lhasa terrane in the Cretaceous. In combination with the
fitted paleolatitude of the southernmost margin of the Lhasa terrane
in Cretaceous and Cenozoic times, the latitudinal difference A\ in
between these two periods was calculated to be 1.5° + 4.3° (160 +
470 km), clearly indicating that the Lhasa terrane experienced no
detectable north—south convergence with respect to stable Asia from
the Early Cretaceous to early Cenozoic time. This period is
immediately prior to initial India-Asia collision (ie., from at least
120 to 60 Ma). Hence, this also shows that the Lhasa terrane remained
stationary at ~10°-15°'N in the Northern Hemisphere over a long
period, which has been supported by many previous studies (Achache
et al,, 1984; Sun et al,, 2008, 2010, 2012; Liebke et al., 2010; Ma et al,,
2014; Yang et al., 2015; Li, Z-Y et al,, 2017; Tong et al., 2017; Ma et al,,
2018). The coincident paleolatitude of 13.0° £ 1.8° of the Lhasa terrane
in Cretaceous time is fundamentally in accord with the results (13.1° +
2.7°) obtained from the Duoni Formation volcano-sedimentary rocks
within uncertainty (Li, Z-Y et al., 2017).

This finding is in line with geological and geophysical evidence
through a large number of studies over the past three decades.
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A Cretaceous poles projection

FIGURE 9 | Equal-area projections showing distributions of Cretaceous paleopoles (A) and Cenozoic paleopoles (B) of the Lhasa terrane and the Tethyan
Himalayan terrane based on this study and previously published results, with corresponding 95% confidence ellipses. See Table 2 in the main text for values and cited
references. The deep blue star indicates the reference site (29.5°N, 91.0°E), which represents the southernmost margin of Eurasia long before the India—Asia collision
when calculating the paleolatitudes of the Lhasa and Tethyan Himalayan terranes in this study. The dashed lines represent the small circle running through the
reference poles of Eurasia, India, and the Tethyan Himalayan terrane centered on the reference site. (A) Black dots with red-filled circles represent the selected
Cretaceous paleopoles that were fitted by the small-circle method (Mardia and Gadsden, 1977) and the corresponding 95% confidence circles; (B) black dots with pink-
filled circles represent the selected Cenozoic paleopoles that were fitted by the small-circle method (Mardia and Gadsden, 1977) and corresponding 95% confidence
circles. Blue dots with 95% confidence circles represent the reference poles of the Indian continent (from Torsvik et al., 2012) and the Tethyan Himalayan terrane. The
light-blue strip areas with solid black line and dashed lines in (A,B) represent the small circles and corresponding 95% confidence limits passing through the selected
Cretaceous and Cenozoic paleopoles centered on the reference site (29.5°N, 91.0°E) in this study, respectively. See the main text and Table 2 for details.

Cenozoic poles projection

Scientists have recognized that the Lhasa terrane accreted onto Eurasia
shortly before or during the Early Cretaceous and has thus been
amalgamated to Eurasia since that time (e.g., Yan M-D et al,, 2016; Li
et al,, 2017a, 2017b; Chen et al., 2020). Note that a paleomagnetic
study on the Yanshiping Group also argued that the Lhasa terrane had
reached ~12°N and already collided with the Qiangtang terrane as
early as ~160 Ma (Late Jurassic) and then amalgamated by mid-
Cretaceous time (Yan et al., 2016). In short, we conclude that the
Lhasa terrane remained at ~13°N for at least 60-70 Myr (from 120 Ma
to shortly before the India—Asia collision in the early Paleocene) and
did not experience a distinct north-south plate motion with respect to
Eurasia. This is because it had already become the new stable southern
margin of Eurasia since at least 120 Ma.

Additionally, it is noteworthy that the geochronological and
paleomagnetic results obtained from small-circle analysis (13.0° +
1.8°N) in this study are consistent with an already published result
(13.1° £ 2.7°N) from the Duoni Fm. volcano-sedimentary rocks,
which are ca. 20 km southwest of the research area in this study,
hence confirming the validity of these two studies and indicating
the primary nature of the remanent magnetizations acquired
from the Zonggei and Duoni formations.

8.2 Implications to Timing of Initial

India-Asia Collision
It has been widely accepted that the IYZSZ is the tectonic boundary
between the Lhasa and Tethyan Himalayan terranes (e.g., Achache

et al., 1984; Patriat and Achache, 1984; Yin and Harrison, 2000;
Ding et al., 2005; van Hinsbergen et al.,, 2011b; Hu et al., 2015,
20163, 2016b). The intersection or overlap of the paleolatitudes of
the Lhasa and Tethyan Himalayan terranes can be viewed as the
beginning of the initial collision between the Indian and Eurasian
continents during the early Cenozoic. This has been widely
accepted by those who argue for the single-collision model.
Over the past three decades, paleomagnetists have carried out
a series of studies on both sides of the Lhasa and Tethyan
Himalayan terranes (Patriat and Achache, 1984; Besse et al,
1984; Patzelt et al., 1996; Sun et al., 2008, 2010, 2012; Chen
et al,, 2010, 2014; Dupont-Nivet et al., 2010; Tan et al., 2010;
Liebke et al., 2010; Yi et al.,, 2011; Meng et al., 2012; Ma et al,,
2014; Yang et al., 2015; Bian et al., 2017; Li, Z-Y et al,, 2017; Tong
etal., 2017). On the Asian side, we compiled previously published
paleomagnetic data from the Lhasa terrane over the past few
decades and selected them one by one by establishing a data filter
based on data selection criteria (Van der Voo, 1990; Meert et al.,
2020). A new paleopole (A, = 72.0°N, ¢, = 252.6’E, with Ags =
6.7°) from the Zonggei Fm. alone indicates that Lhasa was at
12.3° + 6.7°N. Moreover, as discussed above, further analysis using
the small-circle fitting technique (Mardia and Gadsden, 1977)
indicates that the Lhasa terrane stayed at 13.0° + 1.8°N.
Notably, the Lhasa terrane experienced very limited latitudinal
movement (1.5° £ 4.3°) (160 + 470 km) from 120 Ma to the early
Cenozoic immediately before the initial India—Asia collision (Sun,
Z-M et al,, 2010, 2012; Ma et al,, 2014; Yi et al,, 2015; Li, Z-Y et al,
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FIGURE 10 | Paleolatitudes evolution of the Eurasian and Indian continents, the Lhasa terrane, and the Tethyan Himalayan terrane as a function of time. Cretaceous
paleomagnetic poles of the Lhasa terrane, which were compiled from previously published results, are listed in Table 2. All paleolatitudes were calculated for the
reference site (29.5°N, 91.0°E). Expected paleolatitudes of the Eurasian and Indian continents are drawn from Torsvik et al. (2008, 2012).

2017) (Figure 9), suggesting that the Lhasa terrane remained almost
stationary throughout 120-60 Ma (Yang et al,, 2015; Li, Z-Y et al,,
2017; Tong et al., 2017). Therefore, the precollisional paleogeography
of 13.0° + 1.8'N for the Lhasa terrane during the Early Cretaceous
time can be used to represent the stable southernmost margin of
Eurasia at the time immediately before the initial contact between
India and Asia.

On the Indian side (including the Tethyan Himalaya),
paleomagnetists have obtained meaningful results from the
Zongpu and Zongshan formations in the Gamba and Duela
areas, respectively (Patzelt et al., 1996). Yi et al. (2011) later
carried out an integrated study on the Zongpu Formation in the
Gamba area and obtained two paleopoles located at A, = 67.3°N,
¢p =266.3°E with Ags =3.5"at 60.5+ 1.5 Maand A, =71.6'N, ¢, =
277.8°E with Ags = 2.5 at 57.5 + 1.5 Ma. These two data sets are
widely accepted to be of high quality. Nevertheless, in recent
years, some authors have argued that based on petrographic
investigations, the dominant remanence carriers present in the
Zongpu Fm. carbonates in the Gamba area are framboidal
magnetite particles, ie., diagenetic products, which are not
consistent with a detrital or biogenic origin (Huang et al,
2017a; 2017b). In other words, the Zongpu Fm. carbonate
rocks have likely been chemically remagnetized (Huang et al,
2017a). These new findings challenge the reliability of the
resolved ChRMs from the Zongpu carbonate rocks in the
Gamba area. Subsequently, Yi et al. (2017) conducted a

detailed reanalysis of the paleomagnetic data sets obtained
from the Zongpu Fm. and concluded that the ChRMs resolved
from the Zongpu limestone are probably associated with early
diagenetic minerals instead of the product of later chemical
remagnetization. Thus, the paleomagnetic results of the
Zongpu limestones are indeed suitable for paleogeographic
reconstruction. Similarly, Roperch and Dupont-Nivet (2021)
also proposed that these Paleocene carbonates are more likely
of early diagenetic origin. They suggested that the previously
interpreted widespread remagnetization across the Tibetan
Plateau should be reassessed with caution.

Scholars from Peking University (Beijing, China) also made a
systematic work on magnetic extracts by using petrography. They
observed a large amount of SD euhedral magnetite particles
residing in carbonate rocks in the Gamba area, which are
consistent with a detrital or biogenic origin (Zhao, 2021; Zhao
etal, 2021). Both types of magnetite particles can faithfully record
paleomagnetic directions over billions of years (Kirschvink and
Lowenstam, 1979; Taduno et al., 2006; Taduno et al., 2010).

It is worth noting that several lines of evidence from other
research areas also argue for the primary nature of the ChRM
directions resolved from the Zongpu Fm. carbonates in the
Gamba area. These lines of evidence include the following: 1)
the isotopic records of carbon and oxygen from bulk carbonate at
Gamba spanning the key interval of the Paleocene-Eocene
thermal maximum are well consistent with the carbon isotope
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records from the Ocean Drilling Program site 690, indicating no
sign of any alteration of these geological records in later periods
(Zhang et al., 2019). 2) The photomicrographs of carbonate rock
samples in Huang et al. (2017a) and section A of Yi et al. (2011)
displaying well-preserved fossils (including benthic foraminifer,
echinoderm, ostracod, and green algae with particles/matrix) do
not show any signs of orogenic fluids (Li and Hu, 2020). 3) The
isotopic ratios of strontium (37Sr/®%Sr) from calcite match well
with the global oceanic strontium isotope record, indicating that
the carbonates in the Gamba area have not been altered by
orogenic fluids (Wang et al., 2008). In addition, the presence
of abundant detrital and biogenic magnetite particles identified in
the Zongpu Fm. limestone rules out the possibility of widespread
chemical remagnetization in the Gamba area (Zhao, 2021; Zhao
et al, 2021). Therefore, these lines of key evidence, as well as
analytical results, suggest that the ChRMs resolved from the
Zongpu carbonates in the Gamba area (Patzelt et al., 1996; Yi
et al,, 2011) are of primary origin and hence can be used for
paleogeographic reconstruction.

As previously highlighted, recent research provides two new
poles of A, = 40.8°N, ¢, = 256.3°E with Ags = 1.8 at 76.2-74 Ma
(i.e., 75.1 £ 1.1 Ma) from the Cailangba sections (A and B) located
in the Gyangze area and A, = 74.0°N, @, = 278.5°E with Ags = 2.5
at 62.5-59.2 Ma (i.e., 60.85 * 1.65 Ma) from the Sangdanlin and
Mubala sections in the Saga area (Yuan et al., 2020). Given that
these two newly obtained paleopoles can be directly compared to
paleopoles from the uppermost Cretaceous Zongshan Formation
in the Gamba and Duela areas (Patzelt et al., 1996; Yi et al., 2011),
we are in favor of using the paleopoles derived from these two
studies (Patzelt et al., 1996; Yuan et al., 2020) to calculate the exact
paleolatitudes of the Tethyan Himalayan terrane (representing
the northernmost margin of Greater India at the time)
immediately before the initial India-Asia collision. Thus, the
paleolatitudes of the Lhasa and Tethyan Himalayan terranes in
early Cenozoic time can be compared to infer the accurate timing
of the India-Asia.

The northernmost margin (i.e., Tethyan-Himalayan terrane)
of Greater India is calculated to have been located at —18.4° + 1.8°S
at 75.1 + 1.1 Ma and at —4.3° + 4.4°S at 71-65 Ma (68 + 3 Ma)
(Figure 10; Table 2) based on the available data sets. From the
perspective of the rate of northward motion, the Tethyan-
Himalayan terrane moved northward consistently with the
Greater Indian plate at a velocity of ~225-270 mm/yr
(ie, 225-270 km/Myr) during the time interval of
~75.1-60.85 Ma (Table 2) and had already passed the equator
and reached the paleolatitude of 13.6° £ 2.5°N in the Northern
Hemisphere by ~62.5-59.2 Ma (60.85 + 1.65Ma) (Figure 10;
Table 2). Thus, the paleolatitude of the Tethyan Himalayan
terrane had already overlapped that of the southernmost
margin of the Lhasa terrane by 60.85 + 1.65Ma. In other
words, the initial contact between these two continental
terranes should have taken place earlier than 60.85 + 1.65 Ma.

If we use the northward movement rate of the Tethyan
Himalayan terrane based on the already published results (see
the previous discussion of the calculated the paleolatitudes of the
Tethyan Himalayan terrane at different times) (Table 2), then the
northernmost margin of the Tethyan Himalaya moved
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northward at a velocity of ~225-270 mm/yr during the time
interval of ~75.1-60.85 Ma and ~277.89 mm/yr during the time
interval of ~68-60.85 Ma. Thus, it is reasonable to conservatively
use a northward movement velocity of 225 mm/yr (225 km/Myr)
here for the northward convergence rate of the Tethyan
Himalayan terrane to estimate when and where these two
continents collided. Under this assumption, starting at
~68 Ma, the paleolatitude of the Tethyan Himalaya shifts
northward with decreasing age and some 6.35 Myr later falls
within the 95% confidence interval of the paleolatitude of the
Lhasa terrane, indicating that the paleolatitude of the Tethyan
Himalayan terrane intersected the coeval paleolatitude of the
Lhasa terrane. In other words, at as late as 61.7 £ 3.0 Ma
(i.e, 64.7-58.7 Ma) (Figure 10), the northernmost margin of
the Greater Indian continent started to collide with the
southernmost margin of the Eurasian continent, so the initial
India-Asia collision very likely occurred during the period of
64.7-58.7 Ma (Figure 10). Our result agrees well with the
previous estimate (59.3 Ma) from the Duoni Formation
volcano-sedimentary rocks (Li Z. et al., 2017).

This accurate estimate of the timing of the collision between the
Lhasa terrane to the north and the Tethyan Himalayan terrane to the
south can be viewed as the onset of the India—Asia collision if the
single-collision model is favored. Thus, our data set indicates that the
initial India—Asia collision likely occurred at 13.0° + 1.8°N during the
period of 64.7-58.7 Ma (i.e,, 61.7 + 3.0 Ma) under the assumptions
that the Tethyan Himalayan terrane moved northward at the
velocity of 225 mm/yr and there was no relative motion between
the Tethyan Himalayan terrane and the rest of the cratonic India
subcontinent, which is highly consistent with previous estimates
(Patriat and Achache, 1984; Klootwijk et al., 1992; Copley et al., 2010;
van Hinsbergen et al., 2011a; Torsvik et al., 2012).

Moreover, for clarity, we also consider the timing of the onset
of the India-Asia collision by using the fitted Cenozoic
paleolatitude of 14.5° + 5.0°N to represent the southernmost
margin of the Lhasa terrane under the assumption of the
single-collision model. Then, following the analytical method
we used before, it can be calculated that the timing of the onset of
the India—Asia collision is 64.2-58.2 Ma (61.2 * 3.0 Ma), which is
in excellent agreement with the timing of the onset of the
India-Asia collision based on a fitted Cretaceous paleolatitude
of 13.0° + 1.8°N for the southernmost margin of the Lhasa terrane
at the 95% confidence limit. In other words, these results are
mutually consistent with each other at the 95% confidence limit.

Therefore, here, we use the fitted Cretaceous paleolatitude of
13.0° £ 1.8°N as the southernmost margin of the Lhasa terrane
before the India-Asia collision because 1) abundant
paleomagnetic studies also support this conclusion (in other
words, other paleomagnetists have demonstrated the validity
of using the Cretaceous paleolatitude of the Lhasa terrane to
represent the paleolatitude immediately before the India-Asia
collision (e.g., Achache et al., 1984; Lin and Watts, 1988; Sun
Z-M, et al., 2008, 2012; Chen W-W et al., 2012; Tang X-D et al,,
2013; Ma Y-M et al,, 2014; Yang et al., 2015; Yi Z-Y et al,, 2015;
Bian et al.,, 2017; Cao et al., 2017; Li Z. et al., 2017; Tong Y-B et al.,
2017); 2) Cenozoic paleomagnetic data sets were acquired from
red beds and volcanic rocks spanning the time interval of
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62-41.5 Ma, a part of which postdates the India-Asia collision
(thus, the use of Cenozoic data sets to discuss timing of the onset
of the India-Asia collision introduces post-collisional effects);
and 3) we used the fitted paleolatitude of the Lhasa terrane in
Cretaceous time to represent the paleolatitude of the Lhasa
terrane shortly before the India-Asia collision occurred in
early Cenozoic time because this is the interpretation we made
based on the data set obtained firsthand (i.e., Zonggei Fm.
volcanics) in combination with previously published
Cretaceous results. This is also a reasonable interpretation for
our paleomagnetic data set from the Zonggei Fm. volcanics. Thus,
given the originality of this batch of paleomagnetic data set, it is
clear that we also demonstrate the robustness of the previously
obtained paleomagnetic results from the Duoni Fm. volcano-
sedimentary rocks (Li Z. et al., 2017). In short, our analysis of the
fitted Cretaceous paleolatitude based on the paleomagnetic
results of the Zonggei Fm. volcanics and previous studies is
reasonable and valid.

It is worth noting that our estimate of the timing of initial
India-Asia collision is also consistent with the result (60.5 +
1.5Ma, ie., 62-59 Ma) derived from the upper Cretaceous
Jingzhushan Formation on the northeastern edge of the Lhasa
terrane (Tong et al., 2017), which is also supported by several lines
of substantial geological evidence (Beck et al, 1995; Lee and
Lawver, 1995; Ding et al., 2005; DeCelles et al., 2014; Wu et al.,
2014; Hu et al,, 2015, 2016a, 2016b).

Recently, scientists have studied the timing of initial
India-Asia collision from the perspectives of biostratigraphic
constraints and sedimentary records (DeCelles et al., 2014; Wu
et al.,, 2014; Hu et al., 2015, 2016a; Qasim et al., 2018; Wei et al.,
2020). For instance, DeCelles et al. (2014) and Wu et al. (2014)
confirmed that the first arrival of Asia-derived sediments
deposited on the northern Indian continental margin occurred
at ~60 Ma in both the Sangdanlin and Gyangze foreland basins,
which are located close to the IYZSZ. These independent
geological facts consistently indicate that the initial India—Asia
collision should have occurred by ~60 Ma, which is in accord with
our result of ~64.7-58.7 Ma (61.7 + 3.0 Ma). More recently, Hu,
X-M et al. (2015, 2016a) performed systematic provenance
analysis on the Sangdanlin Formation sediments and a
continuous section covering the upper Cretaceous Padana Fm.,
the uppermost Qubeiya Fm., the Lower Paleocene Quxia Fm., and
the Paleocene-Lower Eocene Jialazi Fm. sediments, and they
concluded that the initial India-Asia collision likely occurred
at 59 + 1 Ma (mid-Paleocene) or during the period of 66-58 Ma
based on sharp changes in sediment provenance in the
abovementioned formations deposited on the passive margin
(Tethyan Himalaya) of the Indian plate. These results are very
consistent with our estimate based on paleomagnetism. In
addition to these studies, earlier studies demonstrated that the
obduction of the Yarlung Zangbo ophiolite (and accretionary
prism) onto India could not have occurred prior to the initial
India-Asia collision and that the ophiolite obduction could have
started only when collision began in the mid-Paleocene
(~65-60 Ma) (Beck et al., 1995; Ding et al., 2005; Hu et al., 2016b).

However, in recent years, the two-stage collision model with
the GIB hypothesis (van Hinsbergen et al., 2012, 2019) as well as
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its variant (i.e., the two-stage collision model with the North India
Sea hypothesis) (Yuan et al., 2020) has been further endorsed by
several recent paleomagnetic case studies (e.g., Yang et al., 2015;
Ma et al., 2016; Yuan et al., 2020) and the presence of Cretaceous
alkaline basalts within the Tethyan Himalaya (Jadoul et al., 1998;
Hu et al., 2010). However, it is still challenged by some significant
geological facts including the absence of the remnants of oceanic
crust, ophiolites, or deep marine sediments along the MCT (Le
Fort, 1975; Yin and Harrison, 2000; Hu et al., 2016b; Searle, 2019),
missing traces of the matching linear magmatic arc belt, fore-arc
basin, and accretionary prism along the southern margin of the
Greater Himalayan terrane due to the subduction of seafloor of
GIB underneath the TH+GH composite terrane and provenance of
Jidula Formation sandstones deposited in Tethyan Himalaya (Hu
et al., 2012). Moreover, if the GIB is assumed to have existed from
~118 to 68 Ma, then this requires the Indian plate to have been
surrounded by oceanic spreading centers; however, this is not
consistent with the rapid northward motion of the Indian plate
during Cretaceous time (e.g., Copley et al., 2010; van Hinsbergen
et al., 2011a; Kapp and DeCelles, 2019; Parsons et al., 2020).

Nevertheless, as mentioned above, the two-stage collision
model with the GIB hypothesis is inspiring and promising and
cannot be ruled out by currently available paleomagnetic data
sets, but conservatively, we reached our conclusions with more
caution and are in favor of the single-collision model to interpret
our data set in this study. The validity of this promising two-stage
collision model with GIB hypothesis requires more evidence from
other research areas.

8.3 Estimates of Intracontinental Crustal
Shortening Within Asia North of the Lhasa

Terrane

The precise estimates of intracontinental crustal shortening
occurring in both Asia and India have been a controversial
issue based on currently existing geological and paleomagnetic
data. To date, the proposed crustal shortening estimate on the
Asian side has varied widely from 180 + 280 km (Tan et al., 2010),
780 +240 km (Yang et al., 2015), 1,000 £ 300 km (Ma et al., 2014),
to nearly 2,000 km (1,900 + 700 km) (Tang et al., 2013). In fact,
this issue is strongly dependent on when and where the initial
India-Asia collision occurred and how fast the Indian continent
moved northward with respect to stable Asia after the initial
contact between the two continents.

As we have noted before (see Section 8.1), the latitudinal
difference AX of the southernmost margin of the Lhasa terrane
between the Early Cretaceous and the early Cenozoic
immediately before initial India-Asia collision was 1.5° + 4.3°
(160 + 470 km), which clearly suggests that the Lhasa terrane did
not experience conspicuous north-south convergence relative to
stable Asia between the Early Cretaceous and the early Cenozoic
immediately before the initial India-Asia collision (i.e., from
~120 to 61.7 + 3.0Ma). Based on this observation, the
precollisional paleolatitude of 13.0° + 1.8° of the Lhasa terrane
in the Cretaceous is used in this study to reconstruct the
intracontinental crustal shortening that occurred on the Asian
side north of the Lhasa terrane.
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For the ease of comparison, our analysis combines the
calculated paleolatitude obtained in this study with those
derived from the 120 to 110 Ma reference paleopoles of
Eurasia below for the reference site (29.5°N, 91.0°E)
(Figure 10). Here, we define the parameter AAj,, as the
paleolatitudinal difference between the paleolatitude calculated
from the small-circle analysis of compiled paleopoles and the
paleolatitude calculated from the 120 Ma reference paleopole
(Torsvik et al., 2012), and similar definitions are applied to the
parameters AX;;g, Algp, and Adsy below.

Our calculations yield AX ;5o = 14.2° £ 2.5" and A\ = 14.3"
3.0°(Figure 9), suggesting that ~1,570 + 270 km and 1,580 +
330 km of latitudinal crustal shortening have occurred across
Tibet and stable Asia north of the Lhasa terrane since 120 and
110 Ma, respectively.

Furthermore, find that the corresponding
paleolatitudinal differences of Algy and Alsy are Algy =
16.0° + 4.3 and Alsy = 17.5° = 4.6° (Figure 9) (see
foregoing definition of AMlgy and Alsy for details),
suggesting that ~1,770 + 470km and 1,940 + 510km of
latitudinal crustal shortening has occurred across Tibet and
Eurasia north of the Lhasa terrane since 60 and 50 Ma,
respectively. It is important to note that these four values
(i.e., ANizgs ANi1o» Algy, and AAsg), which reflect the
magnitudes of intracontinental crustal shortening occurring
across the interior of Tibet and Eurasia, are consistent with
each other within uncertainty. For clarity, here, we use the
Algo (i.e., 1,770 = 470 km) as the estimate of crustal shortening
that has occurred across the interior of Tibet and stable Asia.
Thus, the AX\;10 (1,580 + 330 km) was used as a reference value
for the estimate of crustal shortening within the Asian
hinterland since the Early Cretaceous time.

The estimates of intracontinental crustal shortening on the
Asian side since the initial India—Asia collision (~60 Ma) and
since the 110 Ma obtained in this study are consistent with the
estimate of latitudinal crustal shortening (1,450 + 400 km since
120 Ma) from the Duoni Formation volcano-sedimentary rocks
(see Figure 9) (Li Z. et al., 2017). Notably, our estimate on crustal
shortening since the initial India-Asia collision is in excellent
agreement with the paleomagnetic data (1,300 + 910 km) from
the upper Cretaceous Jingzhushan Formation sediments on the
northeastern edge of the Lhasa terrane (Tong et al., 2017) and
certain important paleomagnetic studies (Achache et al., 1984;
Besse et al., 1984; Patriat and Achache, 1984; Tang et al., 2013; Li
Z. et al, 2017; Tong et al., 2017).

Based on current data sets from balanced cross sections and
field mapping, geologists have summarized that the crustal
shortening within Tibet north of the IYZSZ since the initial
India-Asia  collision. ~ Scholars have concluded that
approximately 1,400 km of north-south shortening has been
absorbed/accommodated during the Cenozoic (Meyer et al,
1998; Yin and Harrison, 2000; Spurlin et al., 2005; Volkmer
et al,, 2007). The intracontinental crustal shortening distributed
within Tibet on the Asian side has been partitioned as follows:
approximately 46% of the 470 km north-south crustal shortening
(~215 km) has occurred within the Lhasa terrane since the onset
of the India-Asia collision (Volkmer et al., 2007). Additionally,

we
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over 900 km of N-S shortening has been absorbed north of the
Lhasa terrane through a series of Cenozoic fold-and-thrust
systems (including the Shiquanhe-Gaize-Amdo thrust system,
the Fenghuoshan-Nanggqian fold belt in the Qiangtang terrane,
the Qimen-Tagh-North Kunlun thrust system and the Nanshan
thrust system in the Qaidam-Kunlun terrane, and the Main
Pamir thrust system) (Meyer et al., 1998; Yin and Harrison,
2000; Spurlin et al, 2005; van Hinsbergen et al, 2011b).
Moreover,  conservatively,  approximately = 250km  of
southeastward extrusion of the Indochina block along several
major strike-slip faults can be reconciled with dextral
transpression in SE Tibet during the mid-Tertiary (van
Hinsbergen et al., 2011b).

Moreover, we note that Parsons et al. (2021), through the
tomographic imaging analysis of a prominent subducted
lithospheric slab anomaly beneath southeastern Asia, have
proposed that the India-Asia collision zone underwent
1,000-2,000 km of northward migration, implying that the
same magnitude (i.e., 1,000-2,000 km) of crustal shortening
has occurred since the onset of the India-Asia collision. This
estimate, acting as an independent evidence from
tomographic imaging, is in excellent agreement with our
conclusion.

In short, this work on the reconstruction of
intracontinental crustal shortening is consistent with our
estimate in this study. In the long run, more robust high-
quality volcanic-based paleomagnetic data sets are needed to
constrain the estimate.

Therefore, here, we reached the conclusion that both the
calculated estimate of 1,770 + 470km of crustal shortening
occurring on the Asian side since the initial India-Asia
collision and the reference value of the estimate (i.e., 1,580 +
330 km) since ca. 115 = 5Ma are in accordance with the
previously published result (1,450 + 400 km) from the Duoni
Fm. volcano-sedimentary rocks, which are ca. 20 km southwest of
the research area in this study, hence confirming the validity and
of these two studies.

8.4 Implications for the Width of the
Neo-Tethys Ocean in the Early Cretaceous
and Kinematic Reconstruction of the Lhasa

Terrane Since the Early Jurassic

We have noted that both Ma et al. (2016) and Yang et al.
(2015) have obtained high-quality paleomagnetic results
from the 135-124Ma Sangxiu Formation volcanics
(i.e., SAXY in Table 2) (Figure 10) in the Langkazi area
and from the 134-131 Ma volcanic rocks in the Cuona area
(Figure 10; Table 2) in the Tethyan Himalayan terrane,
respectively. In the early 1980s, Klootwijk and Bingham
(1980) obtained paleomagnetic data (labeled TDS in
Table 2) from the sediments in the Thakkhola-Dzong
Formation in the Dzong area, Nepal, which can be
successfully used to reconstruct the paleogeography of the
Tethyan Himalayan terrane at ~118 Ma. It is clear that these
three results are in excellent agreement with the expected
paleolatitudes of the Indian plate calculated from the Indian
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A Early Jurassic
~180Ma

(2018).

B Early Cretaceo

FIGURE 11 | Paleogeographic reconstructions of the Eurasian and Indian continents and the Lhasa terrane at 180 Ma (Early Jurassic) and 120-110 Ma (Early
Cretaceous), respectively. The paleomagnetic data sets of the Lhasa terrane at 180 Ma and the period of 120-110 Ma are from Li et al. (2016) and this study. The data
sets for the Africa, India, Antarctica, Australia and Madagascar are from Torsvik et al. (2012). The paleomagnetic data for Asian geological terranes are from Huang et al.

~120-110M

reference paleopoles (Klootwijk and Bingham, 1980; Torsvik
et al.,, 2012; Ma Y-M et al, 2016; Yang T.-S. et al,, 2015)
(Table 2). We calculate the northernmost margin of Greater
India (i.e., the reference site 29.5°N, 91.0°E) to have been
located at —51.2° £ 5.7°S, -47.9° £ 6.1°S, and —45.0° + 6.0°S in
the Southern Hemisphere at 132.5 £ 1.5, 129.5 £ 5.5, and
~118 Ma, respectively.

Considering that the Lhasa terrane remained at ~13.0°N
from ~120 Ma to the early Cenozoic immediately before the
initial India-Asia collision, we use the paleolatitude of 13.0° +
1.8°N to represent the exact location of the southernmost
margin of Asia. The calculated paleolatitudinal difference
between the southernmost margin of the Lhasa terrane and
the northernmost margin (—45.0° = 6.0°S, TDS) (Table 2) of
Greater India is 58.0° + 5.0° at ~118-115Ma. Thus, the
distance between the southernmost margin of the Lhasa
terrane and the northernmost margin of Greater India is
estimated to have been 6,400 + 550km at 115 * 5Ma.
Furthermore, this calculation also suggests that the
paleolatitudinal differences between the southernmost
margin of the Lhasa terrane and the northernmost margin
of Greater India were 64.2° + 4.8"and 60.9° + 5.0"at 132.5+ 1.5
and 129.5 + 5.5 Ma, respectively. Hence, the north-south
distances between the southernmost margin of the Lhasa
terrane and the northernmost margin of Greater India were
7,100 + 530km and 6,700 + 550 km at ~132.5 + 1.5 and
~129.5 + 5.5 Ma, respectively (Figure 10; Table 2). Note that
our estimate of the width of the Neo-Tethys Ocean is
consistent with an estimated Neo-Tethys Ocean width of
~7,000 km north of the Tibetan Himalaya (Van der Voo
et al., 1999), as derived from the observations of the
remnants of the subducted Tethyan oceanic slab by
tomographic imaging. It is clear that the scale of the Neo-

Tethys Ocean basin shrank from 7,100 £ 530 to 6,400 +
550 km during 132.5 + 1.5 to 115 + 5 Ma.

Additionally, scientists have demonstrated that the Indian
plate separated from Gondwana at 140-120 Ma (van Hinsbergen
et al,, 2011a; Gibbons et al., 2013; van Hinsbergen et al.,, 2019) and
that the Neo-Tethys Ocean experienced continuous expansion before
130-120 Ma, reaching its maximum width sometime between 130
and 120 Ma (Van der Voo et al., 1999; Chen et al., 2012; Gibbons
et al, 2013). Recent studies also indicate that the Neo-Tethyan
oceanic crust started to subduct beneath the Lhasa terrane at
180 Ma (Li et al, 2016; Wang et al, 2018). Furthermore, Chen
et al. (2020) used provenance analysis to show that the initial Lhasa-
Qiangtang collision very likely occurred at 146-140 Ma and that the
Lhasa terrane subsequently became part of stable Eurasia (Chen et al,,
2020) and remained stationary at 13.0 + 1.8°'N for at least 60 Myr.

In short, the long-lasting subduction history of the Neo-
Tethyan oceanic seafloor started from at least the Early
Jurassic. Greater India can be viewed as fixed within East
Gondwanaland at high-middle paleolatitudes in the Southern
Hemisphere, whereas the Lhasa terrane exhibited constant
northward movement during the same period (Figure 10).
Therefore, the Neo-Tethyan Ocean was in an expansion stage
until the Lhasa terrane completed amalgamation with the
Qiangtang terrane in the Early Cretaceous, became part of
stable Asia, and stayed at ~13°N for over 60 Myr (Figure 11).
Accordingly, the north-south width of the Neo-Tethys Ocean
reached its maximum scale at 130-120 Ma prior to the
separation of India from Australia-Antarctica and its
subsequent northward movement, which initiated during
the same period (i.e., ~140-120 Ma). Assuming that the

Lhasa terrane remained stationary at ~13.0° in the
Northern Hemisphere for ~60Myr (from 120Ma to
~61.7 + 3.0Ma), kinematically, the abovementioned
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shrinking trend of the Neo-Tethyan Ocean can be reasonably
explained by the long-standing continuous northward
movement of the Greater Indian plate with respect to the
stable Eurasia to the north (Figure 11).

In summary, we have made a reconstruction of the Lhasa
terrane, Indian continent, and Eurasia at ~180Ma
(Figure 11A) and 120-110 Ma (Figure 11B) based on the
already published results for the Lhasa terrane from Li et al.
(2016) and the data presented in this study. The Lhasa terrane
was in an equatorial area (-3.2° + 3.4°S) (Table 2, Figure 11) in
the Southern Hemisphere at 180 Ma and then moved
northward until the Lhasa-Qiangtang collision occurred;
since then, it has represented the southernmost margin of
Eurasia and has remained at ~13°N since at least 120 Ma
(Figure 11). This reconstruction of the Lhasa terrane
during the Late Mesozoic plays an important role in
interpreting the kinematic evolution of the Lhasa terrane
within the eastern Tethyan realm.

9 CONCLUSION

We carried out an integrated study involving paleomagnetism and
zircon U-Pb geochronology on the Zonggei Formation volcanic
rocks to constrain the paleolatitude and kinematic behavior of the
Lhasa terrane during the Early Cretaceous. Based on the obtained
data set and our interpretations, we have reached the following
conclusions: 1) The zircon U-Pb dating results show that the
Zonggei Formation formed at 114-110 Ma (latest Aptian to
early Albian). 2) The rock magnetism (Figure 4) and
petrographic investigations (Figure 5, and Figure 6)
demonstrate that both Ti-poor titanomagnetite and hematite
magnetic minerals are the dominant remanence carriers in the
Zonggei Fm. volcanics. Combined with previously published data
sets from the Duoni Fm. volcano-sedimentary rocks (Li Z. et al.,
2017), the positive fold and reversal tests suggest the primary
nature of the ChRM directions of the Zonggei Formation volcanic
rocks. 3) Our paleomagnetic analysis indicates that the initial
India-Asia collision very likely occurred at ca. 64.7-58.7 Ma
(61.7 + 3.0 Ma) at a paleolatitude of 13.0° + 1.8°N. Furthermore,
intracontinental crustal shortening on the Asian side since the
initial India-Asia collision is estimated to be 1,770 + 470 km, which
is consistent within uncertainty with previously published crustal
shortening estimates and substantial geological evidence. 4) On the
basis of the paleomagnetic analysis, the maximum N-S width of the
Neo-Tethys Ocean is constrained to approximately 7,100 + 530 km
at 132.5 £ 1.5 Ma. The ocean basin then constantly shrank from
this maximum width to 6,700 + 550 km and 6,400 + 550 km at
129.5 + 5.5 Ma and 115 + 5 Ma, respectively, which is essentially in
line with the geophysical and geological evidence from southern
Tibet (Van der Voo et al, 1999; Ji et al, 2009). Finally, we
reconstructed the kinematic evolution of the Lhasa terrane since
~180 (Early Jurassic) until 120-110Ma (Early Jurassic)
(Figure 11), which is much earlier than the initial India-Asia
collision. This kinematic evolution represents a tight constraint on
the long-lasting northward movement trend of the Lhasa terrane
through the middle to late Mesozoic time.
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