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A B S T R A C T   

The enigmatic geodynamic processes involved in the India-Asia collision shape our understanding of uplift and 
deformation of the Tibetan Plateau and the subsequent changes in the land-sea distribution pattern, monsoon- 
arid environments and biotic evolution in Central-Eastern Asia. However, the current geodynamic models 
dealing with the India-Asia collision history exhibit significant discrepancies in how, when and where exactly the 
collision of India with Asia occurred. Recently, we proposed a new hypothesis that favored the opening and 
closure of a North India Sea during the late Cretaceous to Paleogene. Here we present new additional paleo-
magnetic data from the red siliceous shales and cherts of the Sangdanlin Formation, which were deposited on the 
most distal continental margin of the Tethyan Himalaya terrane, i.e. the southern margin of the Neo-Tethys 
Ocean, during the middle Paleocene. The combination of our new and previously reported paleomagnetic 
data shows that the Tethyan Himalaya was at a paleolatitude of 14.1◦ ± 1.9◦N during the interval 62.5–59.2 Ma 
and refines the maximum size of the North India Sea to about 2200 ± 500 km. Combining our geodynamic model 
with recently published paleomagnetic data from the Kohistan-Ladakh arc, we conclude that the India-Asia 
collision was a triple-stage process, which involved an arc-continent collision followed by a two-stage conti-
nent-continent collision. The arc-continent collision occurred at ca. 64 Ma between the Tibetan Himalaya 
(Tethyan Himalaya plus Greater Himalaya) and the Trans-Tethyan subduction zone at a paleolatitude of ~8◦N. 
The initial continent-continent collision took place at ca. 61 Ma between the Tibetan Himalaya (plus the accreted 
Trans-Tethyan subduction zone) and Lhasa terranes at a paleolatitude of ~14◦N. The final continent-continent 
collision occurred during 53–47 Ma between India and the Tibetan Himalaya, diachronously suturing the 
North India Sea from west to east. The triple-stage collision scenario is in agreement with the history of India- 
Asia convergence rates, and is reflected by the presence of three slab remnants below Tibet and India as 
documented by seismic tomographic imaging. Our updated collision scenario reconciles multidisciplinary evi-
dence for the India-Asia collision and provides better constraints on the resulting paleoclimatic and paleo-
environmental changes in Central-Eastern Asia.   

1. Introduction 

The India-Asia collision and ensued intra-continental convergence 
resulted in the rise and growth of the Himalayas and Tibetan Plateau, 

with an area larger than 2.5 million km2 and an average elevation 
greater than 4000 m (Allѐgre et al., 1984; Fielding et al., 1994; Yin and 
Harrison, 2000). This orogeny is of great significance for our under-
standing of continental collision dynamics (Molnar and Tapponnier, 
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1975; Allѐgre et al., 1984; Tapponnier et al., 2001; Royden et al., 2008; 
Ding et al., 2017), Tethyan paleogeography (Allѐgre et al., 1984; Zhu 
et al., 2022), oceanic geochemistry (Richter et al., 1992; Misra and 
Froelich, 2012), global climate change (Raymo and Ruddiman, 1992), 
and paleoecology (Su et al., 2019; Ding et al., 2020; Zhao et al., 2020) 
during the Cenozoic. The collision has profoundly reshaped Asian land- 
sea distribution and topography patterns (Ramstein et al., 1997; Zhang 
et al., 2004; Wang et al., 2008; Spicer et al., 2021; Yuan et al., 2021; 
Wang et al., 2022), which were widely linked to major changes in global 
oceanic geochemistry (Misra and Froelich, 2012) and global climate 
(Raymo and Ruddiman, 1992; Zhang et al., 2001; Guo et al., 2002). 
Subsequently, the ongoing convergence between India and Asia was 
believed to drive the formation of monsoon-arid environments (Guo 
et al., 2002; Guo et al., 2008; Clift et al., 2008) and biodiversity patterns 
(Su et al., 2019; Ding et al., 2020) in Asia. This orogenesis is also 
important for the testing of hypotheses for tectonics-climate connection, 
e.g., the Himalayan uplift-erosion hypothesis (Raymo and Ruddiman, 
1992) and the drift-weathering hypothesis (Kent and Muttoni, 2013). 

However, the manner in which the India-Asia collision occurred has 
remained a long-standing controversy for nearly 100 years (Argand, 
1924; Molnar and Tapponnier, 1975; Allѐgre et al., 1984; Hodges, 2000; 
Yin and Harrison, 2000; Ding et al., 2005; Aitchison et al., 2007; van 
Hinsbergen et al., 2012; Hu et al., 2015; Jagoutz et al., 2015; Zhu et al., 
2015; Xiao et al., 2017; Kapp and DeCelles, 2019). Significant discrep-
ancies exist, between the many geodynamic scenarios of India-Asia 
collision that can be subdivided in two main groups: the single-stage 
collision and the two-stage collision scenarios. The classical single- 
stage collision model represents the continental Greater India model, 
which was described as the Paleocene India-Asia collision at ca. 60 Ma 
resulting from Neo-Tethyan oceanic lithosphere subduction along the 
southern margin of Asian continent. This model, however, requires 
large-scale subduction of Indian continental crust (e.g., Ingalls et al., 
2016) for which robust evidence is lacking. 

This complexity resulted in the development of several two-stage 
collision models that include different components and infer 
competing age constraints: 1) The island arc-continent collision model 
(Aitchison et al., 2007) signals the importance of an intra-oceanic arc 
within the India-Asia collision zone and proposes the collision of the 
Trans-Tethyan subduction zone (TTSZ) and India at ca. 50 Ma followed 
by the collision of the amalgamated arc-continent with Asia at ca. 40 Ma 
(Jagoutz et al., 2015; Westerweel et al., 2019); 2) The Greater India 
Basin hypothesis (van Hinsbergen et al., 2012, 2019; van Hinsbergen 
and Schouten, 2021) invokes an ocean basin between India and the 
Tibetan Himalaya during ca. 120–25 Ma and indicates an initial collision 
of the Tibetan Himalaya with Asia at ca. 60–50 Ma and a second colli-
sion of India with Asia at ca. 30–25 Ma; 3) The India-arc collision with 
the Xigaze backarc basin (Kapp and DeCelles, 2019) proposes the 
opening and closure of the Xigaze backarc basin, in which the initial 
collision of India with the hypothetical Xigaze ophiolite-forearc-arc 
terrane occurred at ca. 60 Ma, and then the collision of India (plus the 
amalgamated Xigaze ophiolite-forearc-arc terrane) with Asia at ca. 45 
Ma. However, none of the above-mentioned collision models can fully 
account for the variations in the India-Asia convergence rates and 
reconcile the multidisciplinary evidence from geology, geophysics, 
geochemistry and paleontology associated with the India-Asia collision 
(Parsons et al., 2020). This fact suggests that a more comprehensive 
collision model fully involving arc-continent collision and continent- 
continent collision is required. 

Recently, we proposed another two-stage model: 4) The North India 
Sea hypothesis (Yuan et al., 2021) that invokes the opening and closure 
of an ocean basin (e.g., the North India Sea) during ca. 75–48 Ma and 
documents a two-stage continent-continent collision scenario, first at ca. 
61 Ma between the Tibetan Himalaya and Asia, and subsequently at ca. 
53–48 Ma between India and the Tibetan Himalaya. Our scenario did 
not include an arc-continent collision phase, because the inferred timing 
of India-TTSZ collision at 60 Ma (Westerweel et al., 2019) was in 

disagreement with our reconstruction, which suggested that any island 
arc-continent collision should have occurred before ca. 61 Ma (Yuan 
et al., 2021). Recently, however, Martin et al. (2020) reported robust 
and reliable paleomagnetic data obtained from Khardung volcanic rocks 
on the Kohistan-Ladakh arc in Ladakh, India indicating that the intra- 
oceanic TTSZ was in fact active at a paleolatitude of 8.1 ± 5.6◦N be-
tween 66 and 62 Ma. 

These two new scenarios were published contemporaneously and 
therefore not yet integrated. It seems evident, however, that the incor-
poration of India-TTSZ collision at >62 Ma in the North India Sea sce-
nario will solve several geodynamic inconsistencies and result in a new 
triple-stage model for the India-Asia collision history. Here, we first 
present additional paleomagnetic data from the red siliceous shales and 
cherts of the mid-Paleocene Sangdanlin Formation in the distal northern 
part of the Tethyan Himalaya terrane, to better define the paleo-
latitudinal position of the 61 Ma-collision between the Tibetan Hima-
laya and Lhasa terranes and refine the maximum size of the North India 
Sea. Next, we incorporate the arc-continent collision of Martin et al. 
(2020) into our previous continental collision scenario of Yuan et al. 
(2021), which leads to an updated and more comprehensive triple-stage 
collision scenario that integrates an arc-continent collision and a sub-
sequent two-stage continent-continent collision. Finally, we discuss the 
triple-stage North India Sea collision scenario with literature results on 
India-Asia convergence rates, mantle tomography, continental defor-
mation, magmatism and ultra-high pressure metamorphism, sediment 
provenance, basin evolution, and faunal migration to reconcile the 
multiple lines of evidence for our new geodynamic model of India-Asia 
collision. 

2. Geologic setting and sampling 

In the central and eastern Himalaya, the Yarlung Tsangpo suture 
(Fig. 1A) represents the early Cenozoic collision zone between the 
Tethyan Himalaya and Lhasa terranes, and by definition between the 
Indian and Asian continents as well. In the western Himalaya, India and 
Asia are separated by the intra-oceanic Kohistan-Ladakh arc (Tappon-
nier et al., 1981; Beck et al., 1996) (Fig. 1A). The Kohistan-Ladakh arc 
contacts the Asian Karakoram terrane in the north with the Shyok suture 
and the Indian continent in the south with the Indus suture (Tahirkheli, 
1979) (Fig. 1A). To the south of the Indus and Yarlung Tsangpo sutures, 
the Himalayan orogen is divided into four broadly continuous tecto-
nostratigraphic units, including, from north to south, the Tethyan 
Himalaya, the Greater Himalaya, the Lesser Himalaya and the Sub- 
Himalaya terranes, which are separated by, from north to south, the 
South Tibet Detachment System, the Main Central Thrust, the Main 
Boundary Thrust and the Main Frontal Thrust, respectively (Le Fort, 
1975; Hodges, 2000) (Fig. 1A). In our study, we will follow van Hins-
bergen et al. (2012) who defined the Tibetan Himalaya as the combi-
nation of the Tethyan Himalaya and the Greater Himalaya. 

The Tethyan Himalaya (Fig. 1A) structurally overlies the Greater 
Himalaya (Gansser, 1964; Hodges, 2000) and comprises Cambrian- 
Eocene sedimentary rocks and Permian, Triassic, lower Cretaceous 
and Eocene-Miocene plutonic rocks and mafic lavas that form the distal 
continental margin of India (Garzanti et al., 1987; Hodges, 2000; Martin, 
2017). Moreover, in some places near the peak of the Himalaya, lower 
Paleozoic rocks contain regional metamorphic assemblages consistent 
with middle to lower amphibolite-facies conditions (Coleman, 1996; 
Hodges et al., 1996). No clear exposure of the base of the Tethyan 
Himalaya has been found (Hodges, 2000). 

The Greater Himalaya (Fig. 1A) is structurally emplaced over the 
Lesser Himalaya (Hodges, 2000; Martin, 2017) and consists of high- 
grade metasedimentary and metavolcanic rocks and associated leucog-
ranites (e.g., Hodges, 2000). The metasedimentary and metavolcanic 
rocks metamorphosed under amphibolite-facies conditions, frequently 
up to partial melting conditions, and are intruded by Cenozoic leucog-
ranites (Hodges, 2000; Xu et al., 2021). 
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The Lesser Himalaya (Fig. 1A) is structurally emplaced over the Sub- 
Himalaya (Hodges, 2000). The Lesser Himalaya comprises Paleo-
proterozoic to, in some places, Eocene-Oligocene sedimentary rocks (e. 
g., Hodges, 2000; DeCelles et al., 2004; Martin, 2017). 

The Sub-Himalaya (Fig. 1A) is positioned between the Lesser Hi-
malayan zone and the Main Frontal Thrust, which represents the most 
southern structure of the Himalayan orogen (DeCelles et al., 1998). The 
Sub-Himalaya comprises uppermost Paleocene or lower Eocene to lower 
Miocene sedimentary rocks of the Rawalpindi Group and weakly 
metamorphosed Miocene to Pleistocene synorogenic sedimentary rocks 
of the Siwaliks Group (e.g., DeCelles et al., 1998; Burbank et al., 1997; 
Hodges, 2000). 

The Sangdanlin section (29◦15.39′N, 85◦15.02′E) in the Saga area, 
southern Tibet (Fig. 1B) represents the most distal continental margin of 
the northern Tethyan Himalaya and documents the first Asia-derived 
sediments deposited in the Tethyan Himalaya at ca. 60 Ma (DeCelles 
et al., 2014; Wu et al., 2014; Hu et al., 2015). This section is commonly 
divided into three formations (Ding et al., 2005; Hu et al., 2015, 2017) 
(Fig. 1B). The upper Cretaceous–Paleocene Denggang Formation (Beds 
1–10) comprises yellow coarse quartzose sandstones intercalated with 

greyish-green silty sandstones and shales. Upward, the middle Paleo-
cene Sangdanlin Formation (Beds 11–21) and the upper Paleocene 
Zheya Formation (Beds 22–49) consist of purplish-red siliceous shales, 
cherts, quartzose sandstone and volcaniclastic sandstones (Ding et al., 
2005; DeCelles et al., 2014; Wu et al., 2014; Hu et al., 2015, 2017). 

In this study, we conduct new detailed magnetostratigraphic and 
paleomagnetic investigations on the red siliceous shales and cherts of 
Beds 12–13 of the Sangdanlin Formation in the Sangdanlin section 
(Fig. 1B). In 2020, a total of 152 core samples were drilled from these 
fine-grained sedimentary rocks with sampling intervals of 0.05–0.3 m. 
All core samples were drilled with a portable drill and oriented with 
magnetic and sun compasses. Then, these samples were cut into stan-
dard specimens with a length of 2.2 cm for stepwise thermal demag-
netization. The remaining samples were used for scanning electron 
microscopy observations and rock magnetic measurements. Finally, the 
results were combined with the previously published paleomagnetic 
data from 56 specimens of sub-units 12–13 of the Sangdanlin section and 
30 specimens of the Mubala section (Yuan et al., 2021). 

Fig. 1. (A) Geologic map of the Himalaya simplified from Yin (2006), showing the study region and location of the Sangdanlin section. (B) Panorama of the 
Sangdanlin section, looking to the west. The section comprises, from bottom to top, the upper Cretaceous–Paleocene Denggang Formation (Beds 1–10), the middle 
Paleocene Sangdanlin Formation (Beds 11–21) and the upper Paleocene Zheya Formation (Beds 22–49) (Hu et al., 2015, 2017). 
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3. Paleomagnetism of the Sangdanlin red siliceous shales/cherts 

3.1. Magnetic mineralogy 

To identify the magnetic mineralogy of the Sangdanlin red siliceous 
shales/cherts, we investigated polished thin sections and measured 
hysteresis loops, isothermal remanent magnetization (IRM) acquisition 
curves and backfield demagnetization curves on the representative 
specimens using methods as described in Yuan et al. (2021). These 
scanning electron microscopy observations clearly indicate that the 
magnetic mineral assemblage of the Sangdanlin red siliceous shales/ 
cherts consists of both detrital and chemical hematite grains (Fig. S1), 
which is consistent with our previous observations (Yuan et al., 2021). 
Additionally, all rock magnetic behaviors suggest the dominant contri-
bution of high-coercivity hematite (Fig. S2), in agreement with our 
previous results from several sections in the area (Yuan et al., 2021). 
Component analyses of coercivity distributions (Kruiver et al., 2001) 
(Fig. S2) also show two components with different coercivities, indica-
tive of two different assemblages of hematite grains interpreted as fine- 
grained chemical hematite and coarse-grained detrital hematite. 

Stepwise thermal demagnetization of the three orthogonal IRM 
components (Lowrie, 1990) is a powerful method to identify the mag-
netic mineral assemblage of a specimen (e.g., Deng et al., 2013). To 
further determine the composition of magnetic mineralogy, six repre-
sentative specimens were magnetized in successively smaller fields 
along three mutually orthogonal axes (Lowrie, 1990), which are 2.4 T 
along the Z-axis, 0.4 T along the Y-axis, 0.12 T along the X-axis, 
respectively, using a 2G Enterprises Pulse Magnetizer (2G660). These 
specimens were then subjected to progressive thermal demagnetization 

up to ~685 ◦C at 10–100 ◦C intervals. Thermal demagnetization of the 
three-component IRM of these selected specimens show that the hard, 
intermediate and soft magnetization components unblock quickly about 
685 ◦C (Fig. 2), also suggesting the dominance of high-coercivity he-
matite as the main magnetic remanence carrier. 

3.2. Paleomagnetism 

These scanning electron microscopy observations and rock magnetic 
results show that the Sangdanlin red siliceous shales/cherts contain both 
authigenic and detrital hematite grains with different morphological 
structures and coercivities (Figs. S1 and S2). Swanson-Hysell et al. 
(2019) suggest that the primary magnetization can be effectively iso-
lated from co-occurring authigenic hematite by high-resolution thermal 
demagnetization because detrital hematite thermally unblocks in a 
narrow high-temperature range. Following this suggestion, our high- 
resolution thermal demagnetization up to 670–690 ◦C with 20–50 ◦C 
intervals from room temperature to 650 ◦C and with 3–5 ◦C intervals 
from 650 ◦C to 670–690 ◦C using a PGL-100 thermal demagnetizer of 
Qin et al. (2020) clearly reveals three magnetic components for most of 
the specimens of the Sangdanlin red siliceous shales/cherts (Fig. 3): low- 
temperature components (LTCs, 80–300 ◦C), middle-temperature com-
ponents (MTCs, 300–650 ◦C) and high-temperature components (HTCs, 
650–690 ◦C). The paleomagnetic data of this study were combined with 
those of Yuan et al. (2021) to obtain an overall mean direction for the 
red siliceous shales/cherts in the Sangdanlin section (Fig. 4). 

The sample-mean direction of the LTCs is Dg = 357.0◦, Ig =+39.3◦, k 
= 28.5, α95 = 1.7◦, n = 248 (147 specimens from this study, and 101 
specimens from Yuan et al. (2021)) before tilt correction, and Ds = 3.9◦, 

Fig. 2. Thermal demagnetization of the three-component IRM imparted with direct current fields of 2.4 T, 0.4 T, and 0.12 T along three perpendicular axes. The 
curves below 300 ◦C were cut for reasons of clarity. 
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Is = +5.8◦, k = 29.8, α95 = 1.7◦ after tilt correction (Fig. 4A, B). The 
sample-mean direction of the LTCs before tilt correction is close to the 
present geomagnetic field direction (D = 0.5◦, I = +46.2◦) of the sam-
pling area, indicating that the LTCs are viscous remanent magnetiza-
tions. The sample-mean direction of the MTCs is Dg = 180.1◦, Ig =

− 16.9◦, k = 90.6, α95 = 1.0◦, n = 238 (142 specimens from this study, 
and 96 specimens from Yuan et al. (2021)) before tilt correction, and Ds 
= 180.2◦, Is = +16.1◦, k = 89.5, α95 = 1.0◦ after tilt correction (Fig. 4C, 
D). 

The HTCs could only be isolated in 76 specimens of our new sample 
set. In the other specimens, the HTCs could not be isolated, probably 
because the chemical remanent magnetization had overprinted the 
primary detrital remanent magnetization. The sample-mean direction of 
the HTCs is Dg = 273.8◦, Ig = − 39.7◦, k = 32.7, α95 = 2.2◦, n = 132 (76 
specimens from this study, and 56 specimens from Yuan et al. (2021)) 
before tilt correction, and Ds = 255.1◦, Is = − 19.6◦, k = 37.8, α95 = 2.0◦

after tilt correction (Fig. 4 and Table S1). 
The MTCs (defined through 585–650 ◦C) revealed in our study could 

be carried by fine-grained chemical hematite grains, which are probably 
induced by orogenic hydrothermal fluids (Jiang et al., 2017, 2022; 
Swanson-Hysell et al., 2019) during a later episode of the Himalayan 
orogeny. The HTCs (defined through 650–690 ◦C) are considered the 
primary magnetizations in the studied Sangdanlin red siliceous shales/ 
cherts, and this remanence is carried by coarse-grained detrital hematite 
grains. 

3.3. Reliability of the paleomagnetic data 

Our previous anisotropy of magnetic susceptibility results suggest 
that the Sangdanlin section experienced a 71◦ counterclockwise rotation 
relative to the Mubala section (Yuan et al., 2021). After correcting the 
HTCs from the Sangdanlin section for this local rotation, the sample- 
mean direction of the HTCs from the Sangdanlin section (76 speci-
mens from this study, and 56 specimens from Yuan et al. (2021)) and the 
Mubala section (30 specimens from Yuan et al. (2021)) is Ds = 180.5◦, Is 
= − 19.4◦, k = 33.1, α95 = 2.0◦, n = 162 after tilt correction (Fig. 4G). A 
fold test is applied for the sample-mean HTCs of the Sangdanlin and 
Mubala sections. The significant increase of precision parameter k after 
tilt correction (ks/kg = 8.07 > F (322,322) = 1.21) indicates a positive 
fold test at the 95% confidence limit (McElhinny, 1964). In the fold test 
of McFadden (1990), the calculated values are ξ(2)in situ = 125.10 in 
geographic coordinates and ξ(2)tilt corrected = 1.25 after tilt correction, 
while the critical value is ξC = 14.81 at 95% confidence limit, also 
indicating a positive fold test. Applying the progressive unfolding of 
Watson and Enkin (1993) shows a maximum precision parameter (kmax 
= 33.1) at 100% unfolding, and a direction (Dm = 0.5◦, Im = +19.4◦, α95 
= 1.9◦) consistent with the mean direction after tilt correction (Fig. 4H). 
Moreover, the sample-mean direction of the HTCs of the Sangdanlin 
section passes the reversal test at 95% confidence level (B class, angle 
between all the normal and reversed directions r0 = 1.8◦ < critical 
Gamma rc = 5.3◦) (McFadden and McElhinny, 1990). The above- 
mentioned multiple lines of evidence demonstrate that the HTCs of 
the Sangdanlin section are primary. 

3.4. Magnetostratigraphy 

The HTCs determined from the Sangdanlin red siliceous shales/ 
cherts of Beds 12–13 define two antipodal populations and represent 
both normal and reverse polarities, which (combined with the previous 
results by Yuan et al. (2021)) yield two magnetozones: the upper one 

being reverse (R1); and the lower one, normal (N1) (Fig. 5). Correlation 
of the recognized magnetozones to the geomagnetic polarity timescale 
(Gradstein et al., 2020) was achieved by combining magneto-
stratigraphy, detrital zircon U-Pb geochronology, bentonite zircon U-Pb 
geochronology, and biostratigraphy. Firstly, biostratigraphic data sug-
gest that Beds 9–13 of the Sangdanlin Formation correlate to Paleogene 
radiolarian zones RP4–RP6 (62.8–56.9 Ma) at low latitude (Hu et al., 
2015), and that the overlying Zheya Formation corresponds to the upper 
part of the Paleocene calcareous nannofossil zone 7 (CNP7: 59.93–58.27 
Ma) (Agnini et al., 2014; Hu et al., 2015). Secondly, a bentonite layer in 
Beds 47–48 of the Zheya Formation yields an LA-MC-ICPMS zircon U-Pb 
age of 58.5 ± 0.6 Ma (DeCelles et al., 2014). Thirdly, detrital zircon U- 
Pb geochronology data from Beds 14–16 show the youngest peak at ca. 
60–58.5 Ma (Wu et al., 2014; DeCelles et al., 2014; Hu et al., 2015). 
Based on the independent biostratigraphic and geochronologic con-
straints and the nature of very low sedimentation rate of siliceous shales 
and cherts (e.g., several meters per million years; Matsuda and Isozaki, 
1991), the magnetozones determined for the Sangdanlin red siliceous 
shales/cherts can be straightforwardly correlated to chrons C26r and 
C27n, which have been dated to extend from 62.2 to 59.2 Ma, and from 
62.5 to 62.2 Ma, respectively, in the geomagnetic polarity timescale of 
Gradstein et al. (2020). Assuming relatively constant sedimentation 
rates in the red siliceous shales/cherts, Beds 12–13 of the Sangdanlin 
Formation in the Sangdanlin section are constrained to the time interval 
of 62.5–59.2 Ma (Fig. 5). 

3.5. Inclination shallowing test and correction 

The IRM anisotropy-based inclination shallowing correction, 
following the method of Hodych and Buchan (1994), yields a shallowing 
factor of ~0.7 for the red siliceous shales/cherts of the Sangdanlin 
Formation (Yuan et al., 2021). After using the IRM anisotropy-based 
inclination shallowing factor of ~0.7, the sample-mean inclination 
(Fig. 4G and Table S1) increased from 19.4◦ to 26.7◦, resulting in an 
updated paleopole of 74.8◦N/263.4◦E, A95 = 1.9◦, with a paleolatitude 
of 14.1◦ ± 1.9◦N, which is well consistent with our previously obtained 
paleolatitude of 13.7◦ ± 2.5◦N (Yuan et al., 2021); these are equivalent 
within errors. 

4. Discussion 

4.1. The size of Greater India 

The size of Greater India (Argand, 1924) is a key issue that signifi-
cantly influences tectonic models of the India-Asia collision, re-
constructions of Mesozoic Gondwana and estimates of Himalayan 
crustal-shortening (Ali and Aitchison, 2005; van Hinsbergen et al., 
2019). However, estimates for the extent of Greater India are highly 
variable, ranging from several hundred to about three thousand kilo-
meters (Powell et al., 1988; Patzelt et al., 1996; Ali and Aitchison, 2005; 
Gibbons et al., 2012; Ingalls et al., 2016; Ding et al., 2017; van Hins-
bergen et al., 2012, 2019; Meng et al., 2019; Yuan et al., 2021). 

Powell et al. (1988) documented both the eastern Gondwana 
reconstruction and the India-Australia-Antarctica break-up history, 
which is widely considered to be definitive (Torsvik and Cocks, 2017). 
Furthermore, their assumed Greater India, with an extent of ~1700 km, 
extended to the Cape Range fracture zone, southwest of the Exmouth 
Plateau (Powell et al., 1988). Based on this reconstruction, Ali and 
Aitchison (2005), aware of continental origin of the Wallaby and Zenith 
Plateaus (Brown et al., 2003), suggested that eastern Greater India at 

Fig. 3. Orthogonal demagnetization diagrams in geographic coordinates for representative specimens of the red siliceous shales/cherts of the Sangdanlin Formation. 
The solid (open) circles represent the projection on the horizontal (vertical) planes. The numbers refer to the temperatures in ◦C. NRM is the natural remanent 
magnetization. The principal component analysis was computed by least-squares fits (Kirschvink, 1980). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

J. Yuan et al.                                                                                                                                                                                                                                    



Global and Planetary Change 212 (2022) 103821

7

Fig. 4. Paleomagnetic results. (A–F) Equal-area 
projections of in situ (left) and tilt-corrected (right) 
paleomagnetic directions of all specimens of the 
Sangdanlin section. (A, B) LTCs (147 specimens 
(black circles) from this study, and 101 specimens 
(blue triangles) from Yuan et al. (2021)). (C, D) 
MTCs (142 specimens from this study, and 96 
specimens from Yuan et al. (2021)). (E, F) HTCs (76 
specimens from this study, and 56 specimens from 
Yuan et al. (2021)). (G) Equal-area projections of 
tilt-corrected HTCs of the Sangdanlin section (76 
specimens from this study, and 56 specimens from 
Yuan et al. (2021)) after 71◦ counterclockwise 
rotation and of the Mubala section (30 specimens 
(blue diamonds) from Yuan et al. (2021)). (H) pro-
gressive unfolding of the mean HTC direction of the 
Sangdanlin section after 71◦ counterclockwise rota-
tion and of the Mubala section. The blue stars in the 
(A) and (B) denote the present geomagnetic direc-
tion of sampling section. Red circles around the red 
stars in (A-G) denote the 95% confidence limit and 
mean directions. The mean directions were analyzed 
using classic Fisher statistics (Fisher, 1953). Solid 
and open symbols denote the lower and upper 
hemisphere projections, respectively. (For interpre-
tation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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most extended to the Wallaby-Zenith fracture zone. The presence of the 
Wallaby-Zenith fracture zone limits the north-south extent of eastern 
Greater India to <950 km, including the area of Himalayas (~250 km in 
north-south extent) north of the central Main Boundary Thrust. Subse-
quently, Gibbons et al. (2012) suggested that the major portion of 
Greater India had been located south of the Wallaby-Zenith fracture 
zone, thus excluding the previously proposed much larger Greater India. 

Recent modeling results also do not support the existence of a contin-
uous >3000 km continental Greater India (Liu et al., 2021). 

Others suggested that Greater India only includes the subducted and 
tectonically shortened portions of the Indian continental crust during 
the India-Asia collision, thus excluding the area of Himalayas north of 
the central Main Boundary Thrust (Ding et al., 2017; Meng et al., 2019; 
Yuan et al., 2021). In this study, we follow the definition of Greater India 

Fig. 5. Lithostratigraphy, biostratigraphy and magnetostratigraphy of the red siliceous shales/cherts (Beds 12–13) of the Sangdanlin Formation in the Sangdanlin 
section. The declination (Dec.) and inclination (Inc.) data of both this study (diamonds) and Yuan et al. (2021) (circles) are plotted as a function of stratigraphic level. 
Correlation of the recognized polarity sequence with the geomagnetic polarity timescale (GPTS) (Gradstein et al., 2020) is shown. Lithostratigraphy, lithology and 
biostratigraphy of the Sangdanlin section are after Hu et al. (2015, 2017). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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as proposed by Ding et al. (2017), who state that “GI (Greater India) can 
thus be defined as the region to the north of the Indian plate, including under- 
thrusted Indian lithosphere and crustal shortening in the Himalayan moun-
tain belt”. Yuan et al. (2021) provided an inclination-corrected Late 
Cretaceous paleopole and suggested that Greater India extended only 
715 ± 374 km at ca. 75 Ma for the reference point (28.3◦N, 85.3◦E) 
(Fig. 6A). Moreover, only ~700 km crustal shortening was inferred from 
the geologic records in the Himalayan fold-thrust belts (DeCelles et al., 
2002; Long et al., 2011). A seismic reflection profile across the western 
Himalaya implies that the Indian continent did not experience large- 
scale subduction (Gao et al., 2016). Consequently, it seems that a rela-
tively small-sized Greater India (roughly less than 1000 km) should best 
be used for paleogeographic reconstructions (Klootwijk and Bingham, 
1980; Ali and Aitchison, 2005; van Hinsbergen et al., 2012; Huang et al., 
2015; Yang et al., 2015; Jagoutz et al., 2015; Ma et al., 2016; Bian et al., 
2019; Qin et al., 2019; Martin et al., 2020; Yuan et al., 2021; Jadoon 
et al., 2022; Dannemann et al., 2022). In this study, we will use the 715- 
km-extent of Greater India paleomagnetically quantified by Yuan et al. 
(2021) to reconstruct the geodynamic process of the India-Asia collision. 

4.2. The North India Sea hypothesis 

Our recent paleomagnetic data sets from the Upper Cretaceous 
oceanic red beds (Chuangde Formation of the Cailangba section) and the 
Paleogene red siliceous shales/cherts (Sangdanlin Formation of the 
Sangdanlin and Mubala sections) in southern Tibet constrain the loca-
tions of the Tethyan Himalaya at paleolatitudes of 19.4◦ ± 1.8◦S at ca. 
75 Ma and 13.7◦ ± 2.5◦N at ca. 61 Ma, respectively (Yuan et al., 2021). 
These data imply that the Tethyan Himalaya drifted northward with an 
anomalously high speed of ~260.1 mm/year, much faster than India 
with a speed of ~99.6 mm/year obtained by the apparent polar wander 
path (APWP) of India (Torsvik et al., 2012) during the same time period. 
The observations led Yuan et al. (2021) to hypothesize that the Tethyan- 
Greater Himalaya (i.e. the Tibetan Himalaya) rifted away from India and 
moved rapidly northward after ca. 75 Ma, thus generating the proposed 
North India Sea; and the Main Central Thrust was speculated to be the 
most logical position for the ancient rifting zone. 

The combination of our new and previously published paleomag-
netic data constrain the northern margin of the Tethyan Himalaya to an 
updated paleolatitude of 14.1◦ ± 1.9◦N at ca. 61 Ma (Fig. 6C). In 
addition, this updated paleolatitude gives a slightly revised size of the 
North India Sea, which had a latitudinal width of 2178 ± 484 km (19.8◦

± 4.4◦) at its central part and of 1342 ± 484 km (12.2◦ ± 4.4◦) at its 
western part at ca. 61 Ma (Fig. 6C). 

There are several processes likely responsible for generating an 
oceanic basin at the northern continental margin of India during the 
75–61 Ma time interval (Fig. 6A–C, Fig. 7 and Fig. 8). Firstly, the 
negative buoyancy of the long-time subducting Neo-Tethyan oceanic 
slab (Wan et al., 2019) resulted in dragging the Indian continent. Sec-
ondly, the existence of two parallel subduction zones between India and 
Asia probably since ca. 120 Ma could have generated a double slab-pull 
(Jagoutz et al., 2015). The combined pull of two subducting slabs 
continuously dragged the Indian continent. During ca. 90–80 Ma, the 
termination of intra-oceanic subduction at its eastern and western parts 
(Hall, 2012; Ȿengör and Stock, 2014) resulted in the reduction of the 
parallel trench of the TTSZ from ~10,000 km to ~3000 km in length, 
thus significantly accelerating the drift speed of the Indian continent 
after ca. 80 Ma (Jagoutz et al., 2015) (also see Fig. 8). Subsequently, the 
subducting Neo-Tethyan oceanic slab and intra-oceanic oceanic slab 
became older and more negatively buoyant (Jagoutz et al., 2015), which 
resulted in dragging of the Tibetan Himalaya from India, and thus 
leading to rifting of the Tibetan Himalaya away from India after ca. 75 
Ma and generating the North India Sea (Fig. 6A–C, Fig. 7B and Fig. 8). 
The rifting may have been further induced by melting of the Indian 
passive continental margin lithosphere with upwelling of the Reunion 
plume (Kumar et al., 2007; Cande and Stegman, 2011; Paul and Ghosh, 

2022). 
In addition, during the expansion of the North India Sea, a contem-

poraneous foreland basin developed on the Lesser Himalaya of the 
northern passive margin of India (Critelli and Garzanti, 1994; DeCelles 
et al., 2004; Najman et al., 2005; Ravikant et al., 2011; Ding et al., 2016; 
Colleps et al., 2020), which could provide geologic evidence for the 
existence of the North India Sea. 

4.3. The triple-stage India-Asia collision 

Associated with the North India Sea hypothesis, Yuan et al. (2021) 
proposed a two-stage continental collision, first at ca. 61 Ma between the 
Tibetan Himalaya and Lhasa terranes, and subsequently at ca. 53–48 Ma 
between India and the Tibetan Himalaya, diachronously suturing the 
North India Sea from west to east. 

Based on our previous two-stage continental collision scenario, the 
newly updated paleolatitude of the Tethyan Himalaya (that is, 14.1◦ ±

1.9◦N at ca. 61 Ma reported in this study), and the early Paleocene 
paleolatitude of the intra-oceanic TTSZ constrained by paleomagnetic 
data from the Kohistan-Ladakh arc (that is, 8.1◦ ± 5.6◦N at 66–62 Ma) 
(Martin et al., 2020), we propose a triple-stage India-Asia collision 
scenario, as illustrated in Figs. 6–8. This scenario involves 1) the arc- 
continent collision of the Tibetan Himalaya with the TTSZ at ca. 64 
Ma, 2) the continent-continent collision between the Tibetan Himalaya 
(plus the accreted TTSZ) and Asia at ca. 61 Ma, and 3) the continent- 
continent collision between India and the Tibetan Himalaya at ca. 
53–47 Ma. 

4.3.1. The arc-continent collision of the Tibetan Himalaya with the TTSZ 
The paleolatitudinal difference for the Tibetan Himalaya between ca. 

75 Ma at 19.4◦S (Yuan et al., 2021) and ca. 61 Ma at 14.1◦N (this study) 
documents a high speed of ~263 mm/year for this terrane during the 
time interval between ca. 75 and ca. 61 Ma. In terms of this northward 
drift rate, it took ~11 million years to overlap with the paleolatitude of 
the TTSZ (8.1◦N) (Martin et al., 2020), suggesting that the collision of 
the Tibetan Himalaya with the TTSZ occurred at the paleolatitude of 
~8◦N at ca. 64 Ma during the expansion of the North India Sea (Fig. 6B). 
The collision of the Tibetan Himalaya and the TTSZ provides a new 
alternative explanation for the arc-continent collision, slightly different 
from the traditional arc-continent collision that involved a near- 
equatorial collision of India and the TTSZ at ca. 60–50 Ma (Aitchison 
et al., 2007; Jagoutz et al., 2015; Westerweel et al., 2019; Martin et al., 
2020). Moreover, we suggest that the Xigaze backarc basin, as proposed 
by Kapp and DeCelles (2019), could have been much smaller; and that 
the Xigaze arc of Kapp and DeCelles (2019) moved southward after 
90–85 Ma, becoming a part of the TTSZ as suggested by Martin et al. 
(2020). 

During the Early Cretaceous, the TTSZ extended nearly in an east- 
west direction and was dominantly located at low latitude (Zaman and 
Torii, 1999; Jagoutz et al., 2015; Westerweel et al., 2019; Martin et al., 
2020; Zhang et al., 2020) (Fig. 6A). In the western Himalaya, the TTSZ 
was represented by the Kohistan-Ladakh arc (Martin et al., 2020); and in 
the east, by the Burma terrane (Westerweel et al., 2019; Zhang et al., 
2022). In the central Himalaya, the presence of an intra-oceanic arc was 
originally proposed by Allѐgre et al. (1984) and was adopted by 
Aitchison et al. (2000). However, unambiguous geologic evidence for 
the existence of this arc remains unidentified due to its fragmentary 
nature in the accretionary mélange (Martin et al., 2020). More detailed 
and thorough geologic studies are necessary to reveal the evidence of the 
TTSZ in the central Himalaya. 

4.3.2. The continent-continent collision between the Tibetan Himalaya 
(plus the accreted TTSZ) and Asia 

After the arc-continent collision of the Tibetan Himalaya with the 
TTSZ, the Tibetan Himalaya (plus the accreted TTSZ) continued to travel 
northward to reach the southern margin of the Asian continent (the 
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Fig. 6. The history of the India-Asia collision reconstructed on the basis of new paleomagnetic data of the Paleogene red siliceous shales/cherts (Sangdanlin For-
mation of the Sangdanlin section) in southern Tibet (this study), as well as published paleomagnetic data of the upper Cretaceous oceanic red beds (Chuangde 
Formation of the Cailangba section) and the Paleogene red siliceous shales/cherts (Sangdanlin Formation of the Sangdanlin and Mubala sections) in southern Tibet 
(Yuan et al., 2021), combined with results of the upper Cretaceous Khardung volcanics on the Kohistan-Ladakh arc in Ladakh (Martin et al., 2020), of the Cretaceous 
red beds on the Kohistan-Ladakh arc in Kohistan (Zaman and Torii, 1999), and of upper Cretaceous strata in the Wuntho Range, Burma (Westerweel et al., 2019). The 
paleogeographic reconstructions at ca. 75 Ma (A), ca. 64 Ma (B), ca. 61 Ma (C), ca. 53 Ma (D) and ca. 47 Ma (E) are shown. The Australian and Antarctic continents in 
(A) were reconstructed in the Gondwana framework only for determining the size of eastern Greater India. Position of the TTSZ was paleomagnetically constrained to 
a paleolatitude of 8.1◦ ± 5.6◦N between 66 and 62 Ma (Martin et al., 2020), as shown in (B). Trans-Tethyan subduction zone (TTSZ) is the southern intra-oceanic 
subduction system proposed by Jagoutz et al. (2015). The Tibetan Himalaya proposed by van Hinsbergen et al. (2012) consists of the Tethyan Himalaya and the 
Greater Himalaya. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Lhasa terrane). Yuan et al. (2021) previously re-evaluated all the 
paleomagnetic data of the Lhasa terrane based on the criteria proposed 
by Van der Voo (1990) and concluded that the southern margin of the 
Asian continent remained relatively stable at paleolatitudes of 
~13.7◦–15.7◦N during the Cretaceous to Paleogene (Figs. 6–7). Our 
paleomagnetic results constrain the paleolatitude of the Tibetan Hima-
laya at ~14.1◦N during the mid-Paleocene, indicating an overlap with 
the Lhasa terrane within errors. This implies that the continent- 
continent collision between the Tibetan Himalaya (plus the accreted 
TTSZ) and Asia must have occurred at the paleolatitude of ~14◦N at ca. 
61 Ma (Figs. 6–7). Additionally, we agree with the suggestion of Martin 
et al. (2020) that this collision occurred along the Shyok-Yarlung 
Tsangpo suture zone, and not along the Indus-Yarlung Tsangpo suture 
zone (Fig. 1). 

4.3.3. The continent-continent collision between India and the Tibetan 
Himalaya 

At ca. 61 Ma the paleolatitude of the Tibetan Himalaya terrane 
overlapped that of the Lhasa terrane, thus the latitudinal width of the 
North India Sea can be determined to be about 1300 ± 500 km at its 
western part and about 2200 ± 500 km at its central part, respectively 
(Fig. 6C). Then, India continued to travel northward to close the North 
India Sea. Based on India’s northward drift rates calculated by its APWP 
(Torsvik et al., 2012), it took ~8 million years to close its western part 
and ~ 14 million years to close its central part, respectively (Figs. 6–7). 
This diachronous episode of continent-continent collision between India 
and the Tibetan Himalaya thus occurred between ca. 53 and 47 Ma 
(Figs. 6–8). The Main Central Thrust could be the most logical preserved 
position for the required ancient subduction zone. 

Fig. 7. (A) The India-Asia convergence history constrained by paleomagnetic data from this study, Yuan et al. (2021) and Martin et al. (2020). (B) Simplified version 
of tomographic image based on a synthesis of Fig. 4a-c of Van der Voo et al. (1999). In this study, the three high-velocity zones labelled I, II and III in (B) are 
considered the slab remnants of the North-India-Sea oceanic lithosphere, Neo-Tethyan oceanic lithosphere and intra-oceanic subducted oceanic lithosphere, 
respectively. Positions of the Trans-Tethyan subduction zone (TTSZ) are after Jagoutz et al. (2015) and Martin et al. (2020). The Kshiroda Plate proposed by Jagoutz 
et al. (2015) is the oceanic plate between the northern and southern subduction systems. The Tibetan Himalaya proposed by van Hinsbergen et al. (2012) consists of 
the Tethyan Himalaya and the Greater Himalaya. 
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4.4. Evidence for the triple-stage India-Asia collision process 

4.4.1. Variations of the convergence rates between India and Asia 
The triple-stage India-Asia collision scenario proposed in this study 

(Figs. 6–7) consistently explains the history of the India-Asia conver-
gence rates (Cande and Stegman, 2011), which is characterized by two 
distinct pulses of rapid motion, separated by a notable slowdown (Pusok 
and Stegman, 2020) (also see Fig. 8). The combined slab-pull by two 
subducting slabs in the Neo-Tethyan double subduction systems and a 
reduction in length of the TTSZ from about 10,000 to 3000 km between 
90 and 80 Ma (Jagoutz et al., 2015) were responsible for the rapid ac-
celeration of India’s motion after ca. 80 Ma. 

India moved steadily northeastward at 70–80 mm/year during ca. 
79–68 Ma and up to 180 mm/year at ca. 66–63 Ma. The reasons for this 
acceleration mainly resulted from the increased seafloor spreading in 
the southern and southwestern Indian Ocean (Conrad and Lithgow- 
Bertelloni, 2007) and the Reunion plume head spreading (van Hins-
bergen et al., 2011). The subsequent rapid slowdown from ~180 mm/ 
year at ca. 63 Ma to ~110 mm/year at ca. 61 Ma is synchronous with the 
final closure of the Neo-Tethyan Ocean and the continent-continent 
collision between the Tibetan Himalaya and Asia. India’s motion 
temperately accelerated from ~110 mm/year at ca. 61 Ma to ~130 mm/ 
year at ca. 53 Ma, which corresponds to the shrinkage of the North India 
Sea; subsequently, India’s motion shows a notable slowdown to ~50 
mm/year at ca. 47 Ma, which is fully consistent with the diachronous, 
west to east closure of the North India Sea. 

4.4.2. Mantle tomography 
The triple-stage India-Asia collision scenario is well documented by 

deep-mantle tomographic images, which display three major zones of 
relatively high P-wave velocities (Van der Voo et al., 1999), as shown in 
Fig. 7B. Firstly, the intra-oceanic subducted slab (Van der Voo et al., 
1999; Aitchison et al., 2007) resulting from the collision of the Tibetan 
Himalaya with the TTSZ at ca. 64 Ma is represented by the southernmost 
deeper-mantle anomaly (labelled III in Fig. 7B). Secondly, the shallower 
anomaly (labelled II in Fig. 7B) is generally considered to represent the 
subducted Neo-Tethyan oceanic lithosphere (Van der Voo et al., 1999; 
van Hinsbergen et al., 2012), which broke off sometime after the colli-
sion of the Tibetan Himalaya terrane with the Lhasa terrane at ca. 61 Ma. 
Finally, we interpret the upper right anomaly (labelled I in Fig. 7B) to 
represent the subducted North-India-Sea oceanic lithosphere, which 

resulted from the collision between India and the Tibetan Himalaya at 
ca. 53–47 Ma (Fig. 6D and E), and probably broke off at ca. 45 Ma. In 
addition, the size of the North India Sea (Fig. 6C) is consistent with the 
size of anomaly I (Fig. 8B) as the slab of the subducted North-India-Sea 
oceanic lithosphere represented in Fig. 4a–c of Van der Voo et al. (1999) 
is much larger in central vertical section than in western vertical section. 

4.4.3. Continental deformation 
The new collision history presented here consistently explains mul-

tiple lines of evidence from continental deformation. In the north-
western Himalaya, the Muslim Bagh, Bela, Zhob, Waziristan and Khost 
ophiolites obducted onto the Tibetan Himalaya during the late Creta-
ceous to early Paleocene (Beck et al., 1996; Khan et al., 2009). In 
western Pakistan, the youngest sedimentary rocks below the obducted 
ophiolites are of late Maastrichtian age (ca. 67 Ma), and the oldest 
sedimentary rocks unconformably overlying the ophiolites are of early 
Eocene age (ca. 50 Ma) (Khan et al., 2009). All these observations 
support the ca. 64-Ma-collision between the Tibetan Himalaya and the 
TTSZ. 

In the eastern Lhasa terrane, the collision of the Tibetan Himalaya 
(plus the accreted TTSZ) with Asia at ca. 61 Ma produced a prominent 
large-scale regional unconformity between the Paleocene Dianzhong 
volcanic rocks (the lowest unit of the Linzizong Group) and the under-
lying Upper Cretaceous red sediments and rocks of the Shexing Forma-
tion (Mo et al., 2003). 

The final continent-continent collision between India and the Ti-
betan Himalaya at ca. 53–47 Ma can account for a series of observations 
of continental deformation. For example, the Linzizong volcanic rocks in 
the southern Lhasa terrane and the coeval sedimentary rocks in the 
Xigaze forearc basin only experienced slight deformation (Yin and 
Harrison, 2000; Hu et al., 2016). The Gangdese arc also did not suffer 
significant compression during the Paleocene to early Eocene (Zhu et al., 
2017). The Lagen La thrust and Sinongduo thrust systems in southern 
Tibet initiated in the early Eocene (Pullen et al., 2008; Yang et al., 2022), 
which indicates that crustal shortening and thickening occurred in the 
Lhasa terrane during that time. The Himalayan crustal thickening may 
have triggered high-grade metamorphism at ca. 44 Ma (Aikman et al., 
2008). 

4.4.4. Magmatism and ultra-high pressure metamorphism 
The LA-ICP-MS zircon U-Pb geochronology of volcanic and plutonic 
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Fig. 8. The India-Asia convergence history documented by 
the spreading rates between India-Africa and India-Antarctica 
ridges (Cande and Stegman, 2011). Gray shading from left to 
right indicate key tectonic events: i) the India-Asia conver-
gence rates began to increase at ca. 80 Ma after intra-oceanic 
subduction ended at its eastern and western parts during ca. 
90–80 Ma (Jagoutz et al., 2015); ii) the Tibetan Himalaya 
terrane rifted away from India after ca. 75 Ma, generating the 
North India Sea (Yuan et al., 2021); iii) the arc-continent 
collision between the Tibetan Himalaya terrane and the 
intra-oceanic TTSZ occurred at ca. 64 Ma; iv) the continent- 
continent collision between the Tibetan Himalaya terrane 
(plus the accreted TTSZ) and Asia occurred at ca. 61 Ma; v) 
the continent-continent collision between India and the Ti-
betan Himalaya terrane occurred at ca. 53–47 Ma. TTSZ, 
Trans-Tethyan subduction zone.   
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rocks of the Kohistan-Ladakh arc indicates syn-collisional calc-alkaline 
igneous activity at ca. 65–61 Ma (Khan et al., 2009). Furthermore, 
these arc igneous rocks yielded DUPAL source (Southern Hemisphere) 
isotopic signatures and the Kohistan-Ladakh arc developed on a 
northward-dipping subduction zone (Khan et al., 2009). These obser-
vations provide magmatic evidence supporting the ca. 64-Ma-collision 
between the Tibetan Himalaya and the TTSZ. 

The Linzizong volcanic rocks, which formed between 64.43 Ma and 
43.93 Ma and consists of the Dianzhong (64.43–60 Ma), Nianbo (54.07 
Ma) and Pana (48.73–43.93 Ma) formations (Zhou et al., 2004), which 
recorded the syn-collisional to post-collisional magmatic processes 
during the continental collision between India and Asia (Mo et al., 
2003). The Dianzhong Formation, consisting of andesitic lavas and py-
roclastic deposits, was considered to result from syn-collisional mag-
matism (Mo et al., 2003; Mo et al., 2008). Thus, we suggest that the 
Dianzhong volcanic rocks represent the syn-collisional magmatic 
response to the ca. 61-Ma-collision between the Tibetan Himalaya (plus 
the accreted TTSZ) and Asia. The high potassium volcanic rocks of the 
Nianbo and Pana formations reflect environments of intra-continental 
convergence and crustal thickening (Mo et al., 2003; Mo et al., 2008); 
we thus suggest that the Nianbo and Pana volcanic rocks represent the 
post-collisional magmatic response to the 53–47-Ma-collision between 
India and the Tibetan Himalaya. 

Additionally, the middle Eocene leucogranites in the Tethyan and 
Greater Himalayan sequences represent post-collisional magmatic 
products (e.g., Pullen et al., 2011; Hou et al., 2012; Huang et al., 2021); 
and we suggest that they were related to the break-off process of the 
North-India-Sea oceanic slab. Similarly, we suggest that the discovery of 
the OIB-type gabbro dated at ca. 45 Ma (SIMS U-Pb age of titanite) from 
the Tethyan Himalaya (Ji et al., 2016) further confirmed the break-off of 
the North-India-Sea oceanic slab during the middle Eocene. Conse-
quently, we argue that the coeval presence of the Himalayan leucog-
ranites (e.g., Pullen et al., 2011; Hou et al., 2012) and the OIB-type 
gabbro (Ji et al., 2016) were related to thermal perturbations caused 
by break-off of the southern North-India-Sea oceanic slab rather than the 
northern Neo-Tethyan oceanic slab. Moreover, the ultra-high pressure 
metamorphism in the western Himalaya occurred at ca. 53–47 Ma (e.g., 
Leech et al., 2005; Donaldson et al., 2013; Weller et al., 2021), which 
most likely resulted from the continent-continent collision between 
India and the Tibetan Himalaya at ca. 53–47 Ma. 

4.4.5. Stratigraphy and sedimentology 

4.4.5.1. Sediment provenance. Detrital zircon U-Pb geochronology can 
provide useful information signaling sediment provenance. The 61-Ma- 
collision between the Tibetan Himalaya (plus the accreted TTSZ) and 
Asia explains the appearance of Asian detritus at ca. 60 Ma (Wu et al., 
2014; DeCelles et al., 2014; Hu et al., 2015; An et al., 2021). 

Detrital zircon U-Pb geochronology data from the Himalayan 
orogenic belt support the continental collision between India and the 
Tibetan Himalaya at ca. 53–47 Ma. The northernmost sub-Himalaya 
terrane acquired grains derived from Asia at ca. 55 Ma (Ding et al., 
2016) and deposition of Asian material in the lower Indus basin began at 
ca. 50 Ma (Zhuang et al., 2015); and from this time onwards, the 
provenance of this basin maintains consistency, with few variations 
(Zhuang et al., 2015). Detrital zircon U-Pb geochronology data and Hf 
isotopic analyses indicate that the Subathu Formation in the western 
part of the Lesser Himalaya in northwest India contains detritus origi-
nating from the Tethyan Himalaya, the Kohistan-Ladakh arc and Asia at 
no later than ca. 50–44 Ma (Colleps et al., 2020). The central part of the 
Lesser Himalaya acquired detritus originating from the Tethyan Hima-
laya prior ca. 45 Ma (DeCelles et al., 2004; Najman et al., 2005). The 
above-mentioned studies have lent strong support for the diachronous 
collision between India and Tibetan Himalaya at ca. 53–47 Ma. 

4.4.5.2. Sedimentary basin deformation and sedimentation pattern. The 
ca. 53–47 Ma collision of India and the Tibetan Himalaya can account 
for the tectonic deformation recorded in the sedimentary basins of 
eastern Tibet, such as the ~30◦ clockwise rotation during ca. 52–48 Ma 
in the Gonjo Basin (Li et al., 2020a, 2020b), the ~25.9◦ counterclock-
wise rotation during ca. 52–46 Ma in the Nangqian Basin (Zhang et al., 
2020), and the ~45◦ counterclockwise rotation during ca. 51–49 Ma in 
the Xialaxiu Basin (Cogné et al., 1999). The sediment accumulation rates 
significantly increased at ca. 52–48 Ma in the Gonjo Basin (Li et al., 
2020a) and at ca. 54–52 Ma in the Hoh Xil Basin (Jin et al., 2018), north- 
central Tibet. After the continental collision at ca. 53–47 Ma, the 
ongoing convergence between India and Asia caused Himalayan uplift 
and associated erosional exhumation, which explains the absence of 
sedimentary rocks of Eocene-Oligocene age in the Himalayan orogenic 
belt (Yin, 2006; Hu et al., 2017). Additionally, the continental collision 
at ca. 53–47 Ma shaped the sedimentation pattern over the Bengal Basin, 
which is characterized by a rapid increase in the influx of detritus from 
the Himalayan orogenic belt in the middle Eocene (Alam et al., 2003). 

4.4.5.3. Cessation of marine sedimentation. Rowley (1996) considered 
that the age of the youngest marine strata could represent the timing of 
the India-Asia collision onset. Then, he reviewed stratigraphic evidence 
from the Himalayan region and proposed that a diachronous collision 
occurred, starting in the late Ypresian (ca. 52 Ma) in the west, and 
gradually into the Lutetian (ca. 48–42 Ma) in the east. 

Recent studies have established a west to east gradual cessation of 
shallow marine sedimentation in the Tethyan Himalaya, which occurred 
in the early Eocene in Zanskar, northwestern India (ca. 53–51 Ma; 
Najman et al., 2017), in the late Lutetian in the Tingri and Gamba areas, 
southern Tibet (ca. 43–41 Ma; Willems et al., 1996), and in the Pria-
bonian in the Düela area, southern Tibet (ca. 35 Ma; Wang et al., 2020). 
These observations are all consistent with the diachronous closure of the 
North India Sea from west to east, which can be attributed to the final 
episode of continent-continent collision between India and the Tibetan 
Himalaya at ca. 53–47 Ma. 

4.4.6. Faunal migration 
The Vastan fauna in India documents the earliest record of immi-

gration to the Indian subcontinent, which includes some possibly 
endemic (e.g., cambaytheriid perissodactyls) and several holarctic or 
northern families of mammals (adapoid, omomyid, and eosimiid pri-
mates; dichobunid artiodactyls; and ailuravine rodents) (e.g., Clementz 
et al., 2011). Clementz et al. (2011) presented new and independent 
data from microfossil biostratigraphy, mammal fossils, strontium and 
carbon isotopes from a lower Eocene marine sequence at the Vastan 
Lignite Mine of western India. The results provide solid evidence for 
terrestrial faunal exchanges between Asia and India before 53.7 Ma. 
Moreover, the Ghazij Formation in Pakistan also contained the modern 
orders of mammals (artiodactyls, perissodactyls, primates) on the Indian 
subcontinent at ca. 53.3–50.0 Ma (Clyde et al., 2003). These two pieces 
of evidence are well in line with the final continental collision between 
India and the Tibetan Himalaya at ca. 53–47 Ma. 

4.5. Implications for paleogeography and paleoenvironment 

Our proposed triple-stage India-Asia collision scenario provides ac-
curate constraints on the latitudinal distribution of Neo-Tethyan land-
masses (i.e. India, Tethyan Himalaya and Tibetan Himalaya), and the 
size of Neo-Tethyan ocean basins (i.e. Neo-Tethys Ocean and North India 
Sea) during the late Cretaceous to early Cenozoic (ca. 75–50 Ma). The 
Tethyan Himalaya was situated at paleolatitudes of ~19.4◦S at ca. 75 
Ma (Yuan et al., 2021) and ~ 14.1◦N at ca. 61 Ma, respectively. This 
suggests that at ca. 75 Ma the Tethyan Himalaya terrane was separated 
from the Lhasa terrane by the equatorial Neo-Tethys Ocean, which had a 
north-south width of ~33◦, equivalent to ~3600 km (Fig. 6A). After ca. 
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75 Ma the Tibetan Himalaya terrane rifted away from India and collided 
with the Lhasa terrane at ca. 61 Ma. The rifting during ca. 75 Ma to ca. 
61 Ma generated an equatorial North India Sea, which had a north-south 
width of ~2200 km at its central part and ~ 1300 km at its western part 
(Fig. 6B, C). The North India Sea diachronously closed at ca. 53–47 Ma 
from west to east due to the collision of Tibetan Himalaya terrane and 
India. 

The long-standing presence of equatorial ocean basins (i.e. the Neo- 
Tethys Ocean and North India Sea) during ca. 75 Ma to ca. 50 Ma be-
tween Asia and India may have played an important role in maintaining 
poleward heat and moisture transport, thus contributing to the warm 
climate conditions during the late Cretaceous to early Eocene climate 
optimum. Subsequently, the continental collision of India with the Ti-
betan Himalaya terrane and associated closure of the North India Sea 
during the early to middle Eocene (Fig. 7) marks the final amalgamation 
of India and Asia, thus forming the Eurasian continent. The ensued 
major changes in the Asian land-sea distribution pattern (e.g. Palcu and 
Krijgsman, 2022), together with the uplift of the Himalayan-Tibetan 
complex and the retreat of the proto-Paratethys Sea (Ramstein et al., 
1997; Kaya et al., 2019) during the ongoing convergence between India 
and Asia may have triggered the transition from planetary subtropical 
aridity patterns to inland aridity patterns during the late Paleogene (Guo 
et al., 2008; Guo, 2017; Fan et al., 2020). In addition, the reach of the 
highly weatherable Deccan Traps in southwestern India to the equatorial 
humid belt at around 50 Ma, roughly contemporaneous with the closure 
of the North India Sea, has led to the consumption of large amounts of 
CO2 since the early Eocene climate optimum at ca. 50 Ma, thus signifi-
cantly contributing to lowering atmospheric CO2 concentrations and 
resulting global cooling (Kent and Muttoni, 2008; Kent and Muttoni, 
2013). These combined effects may have led to a major reorganization of 
Asian paleoenvironment pattern during the late Paleogene (Guo et al., 
2008; Guo, 2017; Fang et al., 2021; Zheng et al., 2022) and ultimately 
formed the present monsoon-arid environment pattern during the ter-
minal Oligocene to early Miocene in Central-Eastern Asia (Guo et al., 
2002; Guo et al., 2008; Guo, 2017). 

5. Conclusions 

We have presented new paleomagnetic data from the red siliceous 
shales and cherts of the mid-Paleocene Sangdanlin Formation in the 
distal northern part of the Tethyan Himalaya terrane. Paleomagnetic 
and rock magnetic analyses reveal that these rocks contain a secondary 
magnetic signal carried by authigenic hematite and a primary magnetic 
signal of dual polarities carried by detrital hematite. The combined ev-
idence of our new and previously published (Yuan et al., 2021) paleo-
magnetic data constrains the location of the Tethyan Himalaya to a 
paleolatitude of 14.1◦ ± 1.9◦N at ca. 61 Ma, overlapping with that of the 
southern margin of the Asian continent (Lhasa terrane). 

With the addition of recently published high-quality paleomagnetic 
data of the Kohistan-Ladakh arc in Ladakh, India (Martin et al., 2020), 
we suggest that the India-Asia collision represents a triple-stage collision 
process, firstly the arc-continent collision between the Tibetan Himalaya 
and the TTSZ occurring at a paleolatitude of ~8.1◦N at ca. 64 Ma, 
subsequently the continental collision between the Tibetan Himalaya 
(plus the accreted TTSZ) and Lhasa terranes occurring at a paleolatitude 
of ~14◦N at ca. 61 Ma, and finally the continental collision between 
India and the Tibetan Himalaya at ca. 53–47 Ma, diachronously closing 
the North India Sea from west to east. 

The triple-stage collision scenario well accounts for the variations of 
convergence rates between India and Asia, and is convincingly docu-
mented by seismic tomographic images indicative of the presence of 
three slab remnants below Tibet and India. In addition, this scenario 
reconciles multiple lines of evidence from geology, geochemistry and 
paleontology for the India-Asia collision. 
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force of the Réunion plume head. Nature 475, 47–52. https://doi.org/10.1038/ 
nature10174. 

Clementz, M., Bajpai, S., Ravikant, V., Thewissen, J.G.M., Saravanan, N., Singh, I.B., 
Prasad, V., 2011. Early Eocene warming events and the timing of terrestrial faunal 
exchange between India and Asia. Geology 39, 15–18. https://doi.org/10.1130/ 
G31585.1. 

J. Yuan et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.gloplacha.2022.103821
https://doi.org/10.1016/j.gloplacha.2022.103821
https://doi.org/10.1127/0078-0421/2014/0042
https://doi.org/10.1127/0078-0421/2014/0042
https://doi.org/10.1016/j.epsl.2008.06.038
https://doi.org/10.1016/S0012-821X(00)00287-9
https://doi.org/10.1029/2006JB004706
https://doi.org/10.1016/S0037-0738(02)00180-X
https://doi.org/10.1016/S0037-0738(02)00180-X
https://doi.org/10.1016/j.earscirev.2005.07.005
https://doi.org/10.1016/j.earscirev.2005.07.005
https://doi.org/10.1038/307017a0
https://doi.org/10.1029/2020GL090641
http://refhub.elsevier.com/S0921-8181(22)00088-1/rf0045
http://refhub.elsevier.com/S0921-8181(22)00088-1/rf0045
https://doi.org/10.1080/09853111.1996.11105281
https://doi.org/10.1080/09853111.1996.11105281
https://doi.org/10.1029/2018JB016403
https://doi.org/10.1029/2018JB016403
https://doi.org/10.1130/0-8137-2372-8.223
https://doi.org/10.1130/0-8137-2372-8.223
http://refhub.elsevier.com/S0921-8181(22)00088-1/rf0065
http://refhub.elsevier.com/S0921-8181(22)00088-1/rf0065
http://refhub.elsevier.com/S0921-8181(22)00088-1/rf0065
https://doi.org/10.1038/nature10174
https://doi.org/10.1038/nature10174
https://doi.org/10.1130/G31585.1
https://doi.org/10.1130/G31585.1


Global and Planetary Change 212 (2022) 103821

15

Clift, P.D., Hodge, K.V., Heslop, D., Hannigan, R., Hoang, V.L., Calves, G., 2008. 
Correlation of Himalayan exhumation rates and Asian monsoon intensity. Nat. 
Geosci. 1, 875–880. https://doi.org/10.1038/ngeo351. 

Clyde, W.C., Khan, I.H., Gingerich, P.D., 2003. Stratigraphic response and mammalian 
dispersal during initial India-Asia collision: evidence from the Ghazij Formation, 
Balochistan, Pakistan. Geology 31, 1097–1100. https://doi.org/10.1130/G19956.1. 
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