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Geological, geophysical and plate kinematic constraints for models of the India-
Asia collision and the post-Triassic central Tethys oceans

Andrew J Parsons, Kasra Hosseini, Richard M Palin, Karin Sigloch

Abstract

In this study, we integrate bedrock datasets, observations of subducted slabs in the mantle, and plate kinematic
constraints to constrain models for the India-Asia collision and the central Tethys oceans. To accomplish this,
we review: (1) the post-Triassic bedrock record of subduction in Tibet; (2) seismic tomographic imaging of
subducted slabs in the mantle; (3) timing of the India-Asia collision; and (4) the pre-collisional size of Greater
India. Following the assumption that slabs sink vertically through the mantle, their positions and geometries
determined from seismic tomography constrain the locations and kinematics of paleo-subduction zones.
Integrating this with bedrock constraints allows us to constrain post-Triassic subduction zone configurations
for the central Tethys oceans. Neotethys was consumed by at least two subduction zones since the Jurassic. At
the onset of the India-Asia collision at 59+1 Ma, one subduction zone was active along the southern Asian
continental margin at ~20°N. At that time, a second may have been active at subequatorial latitudes, but
support for this from a bedrock perspective is lacking. This subduction zone configuration allows for three
reconstructions for Greater India: The (1) minimum-area; (2) enlarged-area; and (3) Greater India Basin
reconstructions. We integrate these reconstructions and subduction zone configurations in a plate kinematic
framework to test their validity for the India-Asia collision. No single model is entirely satisfactory and each
invokes assumptions that challenge accepted concepts. These include our understanding of suture zones, and
the limits of continental subduction. We explore these challenges and their implications for our understanding

of the India-Asia collision and continental collisions in general.
1. Introduction

Tectonic models represent hypothesized approximations of past geological events that best fit and explain a
pre-defined collection of data points. Incorporation of geological observations with an understanding and
consideration of geodynamic concepts, geological processes, and physical properties of geological materials
ensures that empirical models are consistent with physics and mechanics, and that numerical models are
consistent with field observations and petrological constraints. Integrating these constraints and concepts
within a plate kinematic framework ensures that models are consistent with global plate tectonics and the
structure of the deep mantle, and reduces the degrees of freedom by which tectonic events can be modelled
(i.e., integration of a wider range of constraints in a plate kinematic framework leads to a more tightly
constrained tectonic model; e.g. Wu et al., 2016, Sigloch and Mihalynuk, 2017, Chen et al., 2019, van
Hinsbergen et al., 2019). Note that here, we use the term ‘plate kinematic framework’ to describe a tectonic
model that considers constraints from the geological record in the context of past and present motions and

distributions of tectonic plates.
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When mutually exclusive models are proposed for the same tectonic event, the details on which they disagree
can highlight problems with the assumptions required by each model and discrepancies between, or
limitations of, certain data types or interpretations used to support each model (e.g. the channel flow vs.
duplexing debate for the Himalayan orogeny: Beaumont et al., 2001, Kohn, 2008, Cottle et al., 2015, Parsons
et al., 2016b). In situations where reconciliation of competing models is not possible, such discrepancies may
reveal flaws in the underlying model assumptions or may indicate important limitations, gaps or
inconsistencies in our understanding of geodynamic processes and how such processes are recorded in the
geological record (e.g. on-going debate regarding the accretionary history of the Northern Cordillera:
Johnston, 2008, Hildebrand, 2009, Nelson et al., 2013, Sigloch and Mihalynuk, 2017, Parsons et al., 2018, van
Staal et al., 2018, Monger and Gibson, 2019). In this study, we consider the post-Triassic history of terrane
accretion and assembly of the Tibetan plateau and attempt to reconcile mutually exclusive models for the
India-Asia collision.

The India-Asia collision and Himalayan-Tibetan orogeny is one of the most studied tectonic events of Earth
history (Figure 1). It is widely cited as a unique natural laboratory for studying collisional tectonics and is
commonly used as a modern analogue for understanding ancient orogenic events, such as the Caledonian,
Trans-Hudson and Northern Cordilleran orogenies (e.g. St-Onge et al., 2006, Streule et al., 2010, Staples et
al., 2016). However, the manner in which collision between India and the south margin of central Asian took
place remains highly debated. Competing elements of existing models may be considered in terms of the
subduction zone configuration of the central Tethys oceans prior to and during the India-Asia collision, and

the palaeogeographic reconstruction of the northern margin of India, commonly referred to as Greater India.

Important distinctions between current models include, (1) the locations and lateral migrations of subduction
zones in the central Tethys oceans, prior to and during the India-Asia collision (e.g. Stampfli and Borel, 2004,
Jagoutz et al., 2015, Kapp and DeCelles, 2019); (2) whether the Himalayan orogeny occurred via a single
collision between India and Asia (e.g. Gansser, 1966, Hu et al., 20163, Ingalls et al., 2016), or via collision
between India and a Neotethys intra-oceanic arc, followed by collision of India plus its accreted intra-oceanic
arc with Asia (e.g. Mahéo et al., 2004, Stampfli and Borel, 2004, Aitchison et al., 2007, Replumaz et al., 2014,
Burg and Bouilhol, 2019); (3) the volume of Greater India continental lithosphere subducted and removed
from the bedrock record (Ingalls et al., 2016, Rowley and Ingalls, 2017, van Hinsbergen et al., 2017, 2019);
and (4) the structural continuity between the northern margin of Greater India and the Indian continent, which
may or may not have been dissected by an intervening oceanic basin, referred to as the Greater India Basin
(e.g. Hu et al., 2016a, Rowley, 20194, van Hinsbergen et al., 2019, Zhou and Su, 2019).

We evaluate these models for the India-Asia collision and the post-Triassic evolution of the central Tethys
oceans by integrating published geological and geophysical datasets in a plate kinematic framework. We use
the size, geometry and locations of seismically fast anomalies in the mantle interpreted as subducted

lithosphere, to constrain palaeo-trench locations within the central Tethys oceans (e.g. Hafkenscheid et al.,
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2006, Replumaz et al., 2010, Steinberger et al., 2012, Sigloch and Mihalynuk, 2017, Chen et al., 2019;
Clennett et al., 2019). We then integrate this seismic tomography and other geological and geophysical
datasets within an existing plate reconstruction model (i.e., our 'plate kinematic framework', provided by
Miiller et al., 2019) using the palaeo-global information system software, GPlates (Mdller et al., 2018), in

order to compare and evaluate competing models within the same plate kinematic framework.

Our review and analysis are outlined as follows: First, we present a brief summary of the tectonostratigraphic
units and terranes discussed in this article (section 2). This is followed by a summary of competing models for
the central Tethys oceans and the India-Asia collision (section 3). Readers who are familiar with the
Himalayan-Tibetan orogenic system and central Tethys oceans may wish to skip section 2. In section 4, we
outline our analytical approach, including a description of how we make geological and geodynamic

interpretations of subducted slabs from seismic tomography.

In section 5, we review and evaluate the bedrock, mantle and plate kinematic datasets used to constrain our
plate kinematic reconstructions of the central Tethys oceans and the India-Asia collision. This section and its
accompanying supplementary files may also be read as a standalone review for reference and evaluation of
current understandings, including: (1) the post-Triassic bedrock record of subduction and terrane accretion;
(2) seismic tomographic observations from the deep mantle beneath the Indian hemisphere; (3) the timing of
onset of the India-Asia collision; (4) the locations of India and the south Asian active margin at the onset of
collision; and (5) Himalayan crustal shortening and geophysical imaging of Indian lithosphere beneath the
Tibetan plateau as an estimate of the minimum size of Greater India. Georeferenced overlays (.kml, .kmz) and
shapefiles of all points, lines, and polygons presented in our map figures are available for use and editing with
global information system software (e.g. Google Earth, GPlates, ArcGIS) in Supplementary Materials 01 and
02. Data used in section 5 are catalogued in Supplementary Materials 03, 04, 06, and 07.

Finally, we integrate the datasets presented in section 5 to constrain our own models for the post-Triassic
subduction zone configuration of the central Tethys oceans (section 6.1), and the plate kinematic evolution of
the India-Asia collision (section 6.2). We evaluate these models and their limitations and discuss their
implications for our understanding of the geodynamics and bedrock record of continental subduction and
collision (section 7), with a final comment on future directions of research needed to resolve the remaining

unknowns and inconsistencies.
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Figure 1. Terrane map of crustal blocks and bounding structures of the Himalaya-Tibet orogenic system. AFT —
Altyn Tagh Fault; BNSZ — Bangong-Nujiang Suture Zone; CAOB — Central Asian Orogenic Belt; HFT-A —
Himalaya Fold-and-Thrust Belt, Sequence A (includes Lesser Himalayan Sequence and Subhimalayan Zone; based
on Martin 2017b); HFT-B — Himalaya Fold-and-Thrust Belt, Sequence B (includes Greater Himalayan Sequence and
Tethyan Himalayan Sequence; based on Martin 2017b); 1SZ — Indus Suture Zone; JSZ — Jinsha Suture Zone; Ka —
Karakoram; KF — Karakoram Fault; Ko — Kohistan; KSZ — Kunlun Suture Zone; La — Ladakh; MFT — Main Frontal
Thrust; MCT — Main Central Thrust; SSZ — Shyok Suture Zone. Drawn from Searle et al. (2011a), Parsons et al.
(2016a), Martin (2017b), Goscombe et al. (2018), Li et al. (2018), and Kapp and DeCelles (2019). Georeferenced
overlays (.kml, .kmz) and shapefiles of all points, lines, and polygons presented in our map figures are available for
use and editing with global information system software (e.g. Google Earth, GPlates, ArcGIS) in Supplementary
Materials 01 and 02.

98 2. Tectono-stratigraphic units

99  Tectono-stratigraphic units of the Himalayan orogen and Tibetan plateau (Figures 1-2) are summarized
100  below. Due to the vast amount of research conducted in these areas for over half a century, it is impractical to

101  cite in line, all important contributions to this subject. Instead, we have typically opted to cite a selection of
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works that are representative of current understandings and/or published review articles that have collated this
information previously. However, our study draws on a much larger and comprehensive list of published
works (e.g. Figure 3), which are compiled in Supplementary Materials 03 and 04, and acknowledged in the
reference list at the end of this article. This includes individual studies used to build the geochronological
evolution of post-Triassic subduction zones displayed in Figure 3. A detailed description of the post-Triassic
subduction history displayed in Figure 3 is presented in Section 5.1 as one of our primary data sets for testing
models of the central Tethys oceans and India-Asia collision. The geological ‘events’ discussed in the
following sections correspond to ‘event numbers’ displayed on Figure 3, which are catalogued in
Supplementary Materials 04. Georeferenced overlays (.kml, .kmz) and shapefiles of all points, lines, and
polygons presented in our map figures are available for use and editing with global information system
software (e.g. Google Earth, GPlates, ArcGIS) in Supplementary Materials 01 and 02.

2.1. The Himalayan orogen

The Himalayan orogen can be divided into four broadly continuous tectonostratigraphic units separated by
high-strain zones that strike parallel to the orogen (Figure 2). From south to north, these units are: (1) the
Subhimalayan zone; (2) the Lesser Himalayan sequence; (3) the Greater Himalayan sequence; and (4) the
Tethyan Himalayan sequence (Le Fort, 1975, Hodges, 2000, Martin, 2017b). The general features of these
units are summarised below, although we note that local variations in the thickness, lithology and deformation
history of these units do occur. It is beyond the scope of this study to describe these variations detail in, for
which the reader is directed to a recent set of reviews (Martin, 2017a; 2017b; Carosi et al., 2018, Dyck et al.,
20198, Goscombe et al., 2018).

The Subhimalaya zone (SHZ, Figure 2) comprises weakly metamorphosed Miocene to Pleistocene
synorogenic sedimentary rocks known as the Siwaliks Group, deposited in a wedge-top basin (DeCelles et al.,
1998). The SHZ is underlain by the top-to-the-south Main Frontal thrust (MFT), which marks the most

southern structural limit of the Himalayan orogen (DeCelles et al., 1998).

The Lesser Himalayan sequence (LHS, Figure 2) is structurally emplaced over the SHZ by the top-to-the-
south Main Boundary thrust (MBT). The LHS comprises Paleoproterozoic to Early Mesozoic, Late
Carboniferous to Permian and Cretaceous to Pleistocene sedimentary rocks with Paleoproterozoic igneous
intrusions interpreted as the southern part of the Greater India passive margin (Hodges, 2000, Martin, 2017b,
Goscombe et al., 2018).
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Figure 2. Geological map and cross section of the Himalaya-Tibet orogenic system. (a) Geological map based on Yin
and Harrison (2000) Searle et al. (2011a), Parsons et al. (2016a), Martin (2017b), Goscombe et al. (2018), Li et al.
(2018), and Kapp and DeCelles (2019). (b) Lithospheric sketch cross-section after Godin and Harris (2014), based on
the Hi-CLIMB receiver function profile of Nabé&lek et al. (2009). Georeferenced overlays (.kml, .kmz) and shapefiles
of all points, lines, and polygons presented in our map figures are available for use and editing with global
information system software (e.g. Google Earth, GPlates, ArcGIS) in Supplementary Materials 01 and 02.
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The Greater Himalayan sequence (GHS, Figure 2) is structurally emplaced over the LHS by the top-to-the-
south Main Central thrust zone (MCTZ), which forms a pervasive, kilometre-thick shear zone and the roof
thrust to the Lesser Himalayan Duplex (Le Fort, 1975, Robinson and Martin, 2014, Larson et al., 2015). The
GHS comprises Neoproterozoic to Cambrian-Ordovician sedimentary rocks with Neoproterozoic, Cambrian-
Ordovician and Eocene-Miocene granitic intrusions, interpreted as the northern part of the Greater Indian
passive margin (Hodges, 2000, Martin, 2017b, Goscombe et al., 2018, Spencer et al., 2018).

The Tethyan Himalayan sequence (THS, Figure 2) structurally overlies the GHS, via the South Tibetan
detachment system (STDS), a top-down-to-the-north low-angle, brittle-ductile detachment (Burg et al., 1984,

Kellett et al., 2019). The THS comprises Cambrian to Eocene sedimentary rocks with Permian, Triassic and

o ©

Altitude (km)
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Early Cretaceous igneous intrusions that form the distal passive margin sequence of Greater India (Hodges,
2000, Martin, 2017b, Goscombe et al., 2018). The northern limit of the THS is defined by the Indus-Yarlung-

Tsangpo suture zone, which contains deformed marine sediments and ophiolitic mélange (see section 2.2.4).

Metamorphic discontinuities within and between the THS, GHS and LHS record near-continuous burial,
underplating and accretion of material via progressive in-sequence thrusting during: (1) high-pressure (HP)
and ultrahigh-pressure (UHP) metamorphism of the THS in the NW Himalaya (Kaghan and Tso Morari,
Figure 2) between ~56-43 Ma (de Sigoyer et al., 2000, Leech et al., 2005, Parrish et al., 2006, Donaldson et
al., 2013, Rajkumar, 2015, Rehman et al., 2016, Bidgood et al., 2019ab); (2) burial and accretion of the GHS
beneath the THS along a thrust-sense shear zone (later reactivated ast the STDS: Herren, 1987, Kellett et al.,
2019), recorded by the North Himalaya gneiss domes (Figure 2) during 56-54 Ma (Smit et al., 2014, Ding et
al., 2016), and along the High Himalaya between the MCTZ and STDS during ~51-30 Ma (Catlos et al.,
2001, Carosi et al., 2010, Wang et al., 2013, Ambrose et al., 2015, Carosi et al., 2015, laccarino et al., 2015,
Larson and Cottle, 2015, Parsons et al., 2016¢, Braden et al., 2017, Goscombe et al., 2018); (3) accretion and
crustal thickening of the GHS accommodated by one or more internal thrust-sense shear zones including the
High Himalayan discontinuity during ~41-17 Ma (Ambrose et al., 2015, Carosi et al., 2016, Carosi et al.,
2018, Goscombe et al., 2018, Mottram et al., 2019, Waters, 2019); (4) earliest burial and metamorphism of
Indian continental lower crust (structurally lowest crustal unit beneath GHS, Figure 2) at ~38 Ma (Kellett et
al., 2014); and (5) accretion and crustal thickening of the GHS and LHS during in-sequence thrusting within
the MCTZ and Lesser Himalayan duplex since ~15 Ma (e.g. Robinson and Martin, 2014, Larson et al., 2015,
Goscombe et al., 2018).

2.2.The Tibetan plateau

The Tibetan plateau represents a collage of fault-bounded crustal blocks (Figure 1) that progressively
accreted to the southern margin of Asia throughout the Paleozoic to Mesozoic (Yin and Harrison, 2000, Zhang
K.-J et al., 2012, Kapp and DeCelles, 2019). In this study, we focus on the Lhasa, Kohistan and Ladakh
blocks, and to a lesser extent the Qiangtang and Karakoram blocks (Figure 2), which preserve a geological
record of the India-Asia collision. The Lhasa, Qiangtang, Karakoram, and Ladakh blocks (Figure 2) are
continental fragments of Gondwanan affinity, comprising Ordovician to Triassic continent shelf deposits
overlying Cambrian or older basement gneiss. These strata are intruded and overlain by Mesozoic to Cenozoic
subduction-related plutonic rocks and volcano-sedimentary sequences (Figure 3) (Yin and Harrison, 2000,
Zhang K.-J et al., 2012). In contrast, the Kohistan block is an intra-oceanic arc with no continental crustal

components (e.g. Burg, 2011).
2.2.1. Qiangtang-Karakoram blocks

The Qiangtang block records Early Jurassic to Early Cretaceous calc-alkaline magmatism associated with

northward subduction of the Bangong-Tethys Ocean, which separated it from the Lhasa block (Event 61:
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Figure 3. Jurassic to recent history of subduction, magmatism and accretion of crustal blocks of the Tibetan Plateau
(See Figure 1 for crustal block locations). Coloured bars show type and duration of geological events. Italicised
numbers are ‘Event Numbers’ used to match each geological event to their corresponding description in
Supplementary Materials 04. Lengths of events are defined by a collection of overlapping published ages plus and
minus their errors. Data sources for all Event Numbers are listed in Supplementary Materials 04. India plate velocity
profiles are calculated for the East and West syntaxes using a variety of published plate reconstructions (see figure),
relative to a fixed mantle reference frame using the GPlates velocity tool. Metamorphism on the Karakoram block is
divided into previously defined metamorphic events, MO to M4; M1 is divided into Mla, M1b Milc (See
Supplementary Materials 03 and 04 for description). Abbreviations: An — andalusite grade; Balt. — Baltoro region,
Karakoram; BNSZ — Bangong-Nujiang suture zone; Cn. — Central Lhasa; Hn. — Hunza region, Karakoram; Ky —
kyanite grade; Si — sillimanite grade; W. Pakistan — West Pakistan. Time scale based on Geological Society of
America stratigraphic chart.

Figure 3) (e.g. Kapp et al 2005; Zhang, K.-J., et al., 2012; Li et al., 2018, Li et al., 2019; Kapp & DeCelles,
2019 and references therein). Closure of the Bangong-Tethys Ocean was followed by a marine transgression,
which covered most of Qiangtang with a carbonate platform (Zhang K.-J et al., 2012).

To the west, the Karakoram block (Figure 2) comprises Late Triassic to Miocene plutonic phases of the
Karakoram batholith (Events 1-4: Figure 3) and Paleozoic sedimentary rocks of Gondwanan affinity that are
continuous into the southern Pamir (Searle et al., 1989, 2010, Heuberger et al., 2007, Ravikant et al., 2009,
Phillips et al., 2013, Borneman et al., 2015, Searle and Hacker, 2019). Orogenic events are recorded between
the Early to Middle/Late Jurassic and between the Early to Late Cretaceous (Gaetani et al., 1990, Gaetani et
al., 1993). The Karakoram block is considered the western extension of the Qiangtang block after restoration
of the Karakoram fault zone (KFZ) (Figure 2) (e.g. Robinson, 2009, Kumar et al., 2017).

2.2.2. Lhasa block

The North and Central Lhasa block (Figure 2) record Middle Jurassic to Early Cretaceous calc-alkaline
magmatism associated with southward subduction of the Bangong-Tethys Ocean (Events 50-51: Figure 3)
(Chiu et al., 2009, Zhu et al., 2009b, Li et al., 2018, Kapp and DeCelles, 2019, Li et al., 2019). Closure of this
ocean occurred during collision between Lhasa and Qiangtang between ~130-110 Ma, resulting in formation
of the Bangong-Nujiang suture zone (BNSZ), which contains Early Jurassic to Early Cretaceous supra-
subduction zone (SSZ) ophiolites and associated ocean basin sedimentary rocks (Events 53-60: Figure 3) (e.g.
Baxter et al., 2009, Zhang K.-J et al., 2012, 2014, Li et al., 2018, Zeng et al., 2018, Kapp and DeCelles, 2019).
South Lhasa (Figure 2) is dominated by the Gangdese arc which records subduction-related calc-alkaline
magmatism from the latest Triassic to Eocene, with a magmatic lull between ~150 Ma and ~110 Ma (Events
47-49: Figure 3) (e.g. Ji et al., 2009, Li et al., 2018, Zhu et al., 2018). The Gangdese arc formed the northern
active margin of the Neotethys Ocean, which closed during the India-Asia collision along the intervening

Indus-Yarlung-Tsangpo suture zone (ISZ) (Yin and Harrison, 2000, Kapp and DeCelles, 2019).

Convergent deformation of Lhasa is recorded during the Early to Late Jurassic; this was followed by
extensional deformation and a marine transgression during closure of the Bangong-Tethys Ocean in the Early
Cretaceous, which covered most of the north and central Lhasa block with a carbonate platform (Murphy et
al., 1997, Zhu et al., 2009b, Zhang K.-J et al., 2012, Kapp and DeCelles, 2019).. Between the Late Cretaceous
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and Early Eocene, convergent deformation of the Lhasa block resumed, shortening it by ~50% (Kapp et al.,
2007, Zhu et al., 2009b, van Hinsbergen et al., 2011b).

2.2.3. Ladakh block

West of the Lhasa block lie the Ladakh and Kohistan blocks (Figure 2), which are dominated by subduction-
related Mesozoic to Cenozoic plutons and volcanic sequences (Figure 3) (Burg, 2011, Searle et al., 2011a).
These blocks are bounded to the south by the Indus-Yarlung-Tsangpo suture and to the north by the Shyok
suture zone (Rolland et al., 2000, Bhutani et al., 2009).

The Ladakh block is typically considered the westward continuation of the Lhasa block (e.g. Raz and
Honegger, 1989, Robertson and Degnan, 1994, Weinberg et al., 2000, Searle, 2019). Structural and
petrogenetic ties between the Ladakh block and the Kohistan block are frequently made, however, the timing
and duration of such links are uncertain, given that the Kohistan and Lhasa blocks were at different latitudes
during the Cretaceous (e.g. Burg, 2011).

The Ladakh block comprises the Ladakh batholith and the Dras 1, Dras 2 and Khardung volcano-sedimentary
sequences. The Dras 1 volcanics were deformed between ~80-70 Ma, whereas the younger Dras 2 volcanics
are undeformed (e.g. Fuchs, 1982, Reuber, 1989, Reuber et al., 1989). This deformation may have occurred in

response to collision between neighbouring Kohistan and the Karakoram block.

Previous studies proposed that magmatic assemblages of the Ladakh block formed along the Dras arc between
the late Albian to Eocene (Events 28-29: Figure 3), and represent the eastward continuation of the Gangdese
arc (Fuchs, 1982, Honegger et al., 1982, Schérer et al., 1984, Reuber, 1989, Dunlap and Wysoczanski, 2002,
Bhutani et al., 2009, Ravikant et al., 2009, White et al., 2011). Alternatively, it has been proposed that the
intra-oceanic assemblages of the Dras and Nindam formations are unrelated to the Ladakh batholith and
formed above a different subduction zone, equivalent to the Spong arc (Robertson and Degnan, 1994,
Buckman et al., 2018, Walsh et al., 2019). To avoid confusion, we use the term ‘Dras arc’ to refer to the
Albian to Santonian intra-oceanic Dras and Nindam formations and ‘Ladakh arc’ to refer to the Late

Cretaceous to Eocene Ladakh batholith.
2.2.4. Kohistan block

The Kohistan block (also referred to as the Kohistan intra-oceanic arc) comprises a near-complete lower to
upper crustal intra-oceanic arc magmatic sequence and the younger, more compositionally evolved Kohistan
batholith (Figure 3) (Burg, 2011, Jagoutz et al., 2019). It records subduction-related magmatism in an intra-
oceanic setting between the Late Jurassic and Eocene (Events 19-21: Figure 3) (Dhuime et al., 2009, Burg,
2011, Bouilhol et al., 2013, Zhuang et al., 2018, Jagoutz et al., 2019). Between ~90-80 Ma, the Kohistan
intra-oceanic arc underwent a phase of extension (‘arc-splitting’) (Treloar et al., 1996, Dhuime et al., 2009,

Burg, 2011), followed by backward migration of the arc front away from the subduction interface and
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generation of the bulk of the Kohistan batholith and the associated Teru and Utror volcanics between the Late
Cretaceous and Oligocene (Events 21-24: Figure 3) (Clift et al., 2002, Burg, 2011, Bouilhol et al., 2013,
Zhuang et al., 2018, Jagoutz et al., 2019). The petrogenetic relationship between the Kohistan intra-oceanic
arc and the Gangdese arc is disputed. Some authors propose that the Kohistan intra-oceanic arc formed along
an intra-oceanic subduction zone unrelated to the Gangdese arc (e.g. Aitchison et al., 2007, Burg and
Bouilhol, 2019), whereas other propose that the Kohistan intra-oceanic arc formed the westward continuation
of the Gangdese arc, similar to the westward transition of the present-day Aleutian arc from continental
Alaska to the Bering Sea (e.g. Rolland et al., 2000, Searle, 2019, Kapp and DeCelles, 2019).

2.2.5. Indus suture zone

The Indus-Yarlung-Tsangpo suture zone, referred to hereafter as the Indus suture zone (1SZ), forms a <50 km
wide zone of deformed sedimentary rocks of both Asian and Indian affinity, obducted ophiolites and HP/UHP
domains of metamorphosed THS (Figure 2) (de Sigoyer et al., 2000, Hébert et al., 2012, DeCelles et al.,
2014, Laskowski et al., 2016, Bidgood et al., 2019ab). The ISZ contains latest Middle Jurassic to Early
Cretaceous supra-subduction zone (SSZ) ophiolites and volcano-sedimentary sequences with intra-oceanic arc
geochemical signatures that formed during the magmatic lull on the Gangdese arc at ~150-110 Ma (Events
37, 39, 41-44: Figure 3) (Hébert et al., 2012, Chan et al., 2015, Kapp and DeCelles, 2019). Notable ophiolite
occurrences south of the Lhasa block include the Zedong and Bainang terranes, and Xigaze, Jungbwa,
Sangsang, Saga, Luobusa, Kiogar, and Dazhuqu ophiolites (Figure 2) (e.g. Malpas et al., 2003, Dubois-Cété
et al., 2005, Bédard et al., 2009, Guilmette et al., 2009, Guilmette et al., 2012, Chan et al., 2015). South of
Lhasa, the Xigaze forearc contains Early Cretaceous to Eocene sedimentary rocks (the Xigaze Group), which
in some places are in depositional contact with the underlying Xigaze and Sangsang ophiolites (Nicolas et al.,
1981, Einsele et al., 1994, An et al., 2014, Maffione et al., 2015, Orme et al., 2015). Pre-85 Ma strata from the
Xigaze forearc contain detrital zircon signatures indicative of a Lhasa-derived sedimentary province (Orme et
al., 2015, Orme and Laskowski, 2016, Kapp and DeCelles, 2019). The transition from a marine to non-marine
depositional environment recorded in the Xigaze forearc between 58 Ma and 54 Ma, with deposition cessing
by ~51 Ma is interpreted as a record of collision with Greater India (Orme et al., 2015, Kapp and DeCelles,
2019).

Notable occurrences of Early Cretaceous SSZ ophiolites south of the Ladakh block include the Spontang,
Nidar, and Dras ophiolites (Figure 2) (e.g. Reuber et al., 1989, Linner et al., 2001, Pedersen et al., 2001,
Mahéo et al., 2004, Ziabrev et al., 2008, Baxter et al., 2010, Buchs et al., 2018, Buckman et al., 2018).
Wehrlite in the Dras ophiolite yields an age of 176 + 10 Ma (K-Ar, amphibole), however, it is unknown
whether those samples formed in an SSZ setting or a mid ocean ridge (MOR) setting (Reuber et al., 1989). In
the Spontang ophiolite, Early Cretaceous intra-oceanic arc gabbros (island arc tholeiite composition) intrude
Early Jurassic N-MORB (normal mid-ocean ridge basalt) assemblages (Events 36-37: Figure 3) (Reuber et

al., 1989, Pedersen et al., 2001, Buckman et al., 2018). Above this ophiolite, a calc-alkaline andesite from a
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volcano-sedimentary unit with a mean U-Pb zircon age of 88 + 5 Ma has been interpreted as an intra-oceanic
arc built upon the Spontang ophiolite, referred to as the Spong arc (Event 38: Figure 3) (Pedersen et al., 2001,
Mahéo et al., 2004, Searle, 2019).

Collectively, the Middle Jurassic to Late Cretaceous intra-oceanic arc assemblages in the I1SZ have been
referred to as the Neotethys intra-oceanic arc. Some studies argue that the distribution of intra-oceanic SSZ
assemblages within the 1SZ suggests that there was more than one Neotethys intra-oceanic arc active between
the Jurassic and Cretaceous (Mahéo et al., 2004, Guilmette et al., 2009, Guilmette et al., 2012, Hébert et al.,
2012). South of the Kohistan block, the ISZ is devoid of rocks derived from the subducting Neotethys Ocean
plate (e.g. Scholl and von Huene, 2007, 2010, Burg, 2011). Several lesser-studied SSZ ophiolites have been
reported from the suture zone between India and the Kabul block in western Pakistan (Events 32-35: Figure
3), southwest of the Kohistan block; these include the Bela, Dargai, Khost, Muslim Bagh, Waziristan and
Zhob ophiolites, which have Early to Late Cretaceous formation ages and Late Cretaceous to Eocene
obduction ages (e.g. Ahmed, 1993, Mahmood et al., 1995, Beck et al., 1996, Gnos et al., 1997, Khan et al.,
2009, Kakar et al., 2012). Previous studies have suggested that the West Pakistan ophiolites were obducted
during the West India orogeny sometime between the Campanian to Eocene, via collision between northwest
India and the Kabul block (e.g. Beck et al., 1996, Gnos et al., 1997, Gaina et al., 2015, van Hinsbergen et al.,
2019).

3. Competing tectonic models for the India-Asia collision

For the purpose of this study, we distinguish between sensu-lato (s.l.) and sensu-stricto (s.s.) forms of the
India-Asia. The former (sensu-lato, s.l.) refers to the onset of the Himalayan orogeny, recorded by the THS,
regardless of whether this corresponds to collision with an intra-oceanic arc or the Asian active margin. The
latter (sensu-stricto, s.s.) refers specifically to collision between Greater India and the Asian active margin.
All further mention of the India-Asia collision will be with reference to the sensu-lato definition, unless

otherwise specified.

Within a plate kinematic framework, distinctions between models for the India-Asia collision (s.l.) can be
made based on their considerations of (1) the temporal and spatial arrangement of plate boundaries prior to
and during collision (Figure 4) (e.g. Stampfli and Borel, 2004, Hafkenscheid et al., 2006, Jagoutz et al., 2015,
Hu et al., 2016a, Kapp and DeCelles, 2019); and (2) the paleogeographic evolution and structure of Greater
India (Figure 5) (e.g. Hu et al., 2016a, van Hinsbergen et al., 2019, Zhou and Su, 2019), which we define as
all Indian continental lithosphere north of the MBT. These model considerations are inherently linked because
the position of India through time places an important constraint on the viable locations of subduction zones
and the maximum and minimum sizes of Greater India. Distinctions between existing models for the India-

Asia collision (s.I.) based on their treatment of plate boundaries and Greater India are outlined as follows:

3.1. Plate boundary configurations for models of the India-Asia collision (s.I.)

12
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3.1.1. Single subduction zone configurations

Early models proposed that the India-Asia collision (s.l.) was facilitated by northward subduction of the

Indian plate beneath the Asian plate; collision occurred between the Tethyan Himalaya Sequence on the

northern edge of Greater India, and the Lhasa and Kohistan-Ladakh terranes located along the southern Asian

margin (Gansser, 1966, Le Fort, 1975, Sengor and Natal'in, 1996) (Figure 4a-f). Some studies argue that only

one suture zone is preserved in the bedrock record between India and Asia, which implies that the Neotethys

Ocean was subducted from a single subduction zone that produced a single slab (e.g. Hu et al., 2016a), as

reflected by the Single Subduction — A configuration (Figure 4a-c). Alternatively, subduction of the Neotethys

Ocean was partly accommodated by an intra-oceanic arc which terminated before the India-Asia collision
(Guilmette et al., 2009), as reflected by the Single Subduction — B configuration (Figure 4d-f). This latter

situation implies that two sutures exist between India and the Lhasa block (e.g. Guilmette et al., 2009). Within

a plate kinematic framework, the single subduction zone configuration places a fundamental constraint on the

paleogeographic restoration of Greater India, because at the onset of collision (s.l.), northern India was located

at the equator, whilst the southern Asian margin was located >3000 km to the north (e.g. van Hinsbergen et al.

2012, 2019).
SINGLE SUBDUCTION -A SINGLE SUBDUCTION -B
(a) canepeseArc  |(d) NEQTETHNE GANGDESE ARC
JURASSIC NEDCEAN NEOTETHYS OCEAN
- LHASA mx LHASA
EARLY Post-Triassic subduction Post-Triassic subduction
CRETACEOUS accommodated accommodated
by one subduction zone by 22 subduction zones
(b) GANGDESEARC |(e) GANGDESE ARC
NEOTETHYS NEOTETHYS OCEAN
OCEAN i
LATEST INDIA LHASA INDIA LHASA
CRETACEOUS
Intra-oceanic arc
terminates by ~80 Ma
and accretes to Asia
Onset of (c) (f)
India-Asia
collision (s.1.)
(60-50 Ma) Indlia-Asia collision (s.1.) India-Asia collision (s.1.)

occurs via single collision
between India and Asian continent

occurs via single collision
between India and Asian continent

Figure 4. Subduction zone configurations for models of the India-Asia collision. (a-c) Single subduction
configuration — A. (d-e) Single subduction configuration — B. (g-i) Double subduction configuration with fixed (i.e.
stationary) trenches. (j-I) Double subduction configuration with a north-migrating southern trench. (m-0) Two stage
double subduction configuration in which the first trench migrates south towards India, followed by collision with
India and initiation of a new subduction zone to the north. Yellow triangles show active volcanic arcs, and grey
triangles show extinct volcanic arcs. Arrows show direction of trench migration.

13




319

320
321
322
323

FIXED DOUBLE SUBDUCTION

MOBILE DOUBLE SUBDUCTION

(9) NEO-TETHYS GANGDESE ARC | (j) NEO-TETHYS GANGDESE ARC
OCEANIC ARC OCEANIC ARC
LATEST NEOTETHYS OCEAN = A NEOTETHYS ocm&
INDIA LHASA |INDIA LHASA
CRETACEOUS
Trench South trench
positions migrates
are fixed northward
(h) GANGDESE ARC |(K) GANGDESE ARC
Onset of
: . NEOTETHYS OCEAN
India-Asia LHASA INDIA LHASA
collision (s.1.)
(60-50 Ma) South slab
dips southward
(i) ()]
S;e;:qnd ) A A
collision HASA HASA
Plate motion
deceleration| Slabs maintain Slabs
lateral converge
(45-30 Ma) separation I upwards /
TWO-STAGE DOUBLE SUBDUCTION
(m) GANGDESE ARC /
veorernys  XIGAZE-SPONG ARC
LATEST ~—
CRETACEOUS| "2 LHASR
Trench migrates south
via back-arc extension
and slab roll-back
(n) GANGDESE ARC
Onset of
Indiz-Asia | | DAY sy < LHASA
collision (s.1.)
(60-50 Ma) New subduction
zone initiates after
first collision
Second (0) A
coIIls:oq / |-| e
Plate motion
deceleration lsgtgh
45-30 M. Siab ope
( 3 northwards Figure 4. Continued

3.1.2. Double subduction zone configurations

Double subduction zone models suggest that the India-Asia collision (s.l.) and Himalayan orogeny involved

the suturing of two subduction zones (Figure 4g-o0). In the NW Himalaya, some studies model suturing

between Greater India and the Kohistan intra-oceanic arc at ~65-50 Ma, followed by suturing between the
Kohistan and Karakoram blocks at ~45-30 Ma (e.g. Khan et al., 2009, Bouilhol et al., 2013, Replumaz et al.,
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2014, Jagoutz et al., 2015, Burg and Bouilhol, 2019). Alternatively, other studies of the NW Himalaya model
first collision between Greater India and the Spong intra-oceanic arc, and second collision between Greater
India and the Kohistan arc (e.g. Mahéo et al., 2004, Stampfli and Borel, 2004, Hafkenscheid et al., 2006,
Aitchison et al., 2007, Buckman et al., 2018, Searle, 2019). In the central Himalaya, double subduction
models argue for first collision between Greater India and the Xigaze/Zedong intra-oceanic arc and second
collision between Greater India (plus the accreted Xigaze/Zedong arc) and Lhasa block along the southern
Asian margin (e.g. Aitchison et al., 2000, Aitchison et al., 2007, Hébert et al., 2012) These latter two models
imply that the Indus suture zone comprises two sutures (e.g. Aitchison et al., 2000, Mahéo et al., 2004,
Guilmette et al., 2009, Guilmette et al., 2012, Hébert et al., 2012, Searle, 2019).

Many studies favour a double subduction configuration based on plate kinematic reconstructions of the Indian
and Asian continents (e.g. Stampfli and Borel, 2004, Replumaz et al., 2010, Guillot and Replumaz, 2013,
Replumaz et al., 2014, Jagoutz et al., 2015). These studies argue that the large distance between northern India
and southern Asia at the onset of collision (s.1.), necessitates collision with a subequatorial Neotethys intra-
oceanic arc. The double subduction zone configuration has been used to explain temporal variations in pluton
isotope geochemistry in Ladakh and Kohistan (Bouilhol et al., 2013, Jagoutz et al., 2019) and the persistence
of oceanic sedimentation north of Everest until ~34 Ma (Aitchison et al., 2000, Aitchison et al., 2007).
Furthermore, paleomagnetic studies argue that (1) the Kohistan and Ladakh blocks were located at equatorial
latitudes in the Paleocene (e.g. Klootwijk et al., 1984, Zaman and Torii, 1999, Ahmad et al., 2000, Khan et al.,
2009); and that (2) two phases of Indian plate deceleration since the Late Cretaceous reflect two separate

collisional events (e.g. Bouilhol et al., 2013, Replumaz et al., 2014, Jagoutz et al., 2015).

Some double subduction zone models assume that the subequatorial subduction zone was either fixed or
southward migrating (Figure 4g-i), and active simultaneously with a subduction zone along the south Asian
margin (e.g. Stampfli and Borel, 2004; Replumaz et al. 2010; 2014; Guillot & Replumaz, 2013; Searle et al.
2018). In contrast, Jagoutz et al. (2015) argued for a double subduction zone model in which the subequatorial
subduction zone migrated northwards (Figure 4j-I), as the cause of rapid Indian plate motion in the Late
Cretaceous and Cenozoic. Hafkenscheid et al. (2006) and Kapp and DeCelles (2019) proposed a two-stage
variant of the double subduction zone configuration in which the north and south subduction zones were
active sequentially (Figure 4m-0). In this model, a subduction zone located along the Asian margin, which
included the Xigaze forearc, migrated southwards via back-arc spreading (Figure 4m) and collided with
Greater India at a subequatorial latitude at ~60-50 Ma (Figure 4n). This was immediately followed by
initiation of a new subduction zone along the Asia margin, which facilitated collision between Greater India
and Asia at ~40-30 Ma (Figure 4n-0). Importantly, this model explains how the Xigaze forearc can contain
pre-85 Ma sediments sourced from Lhasa, and yet be located at a sub-equatorial at the onset of collision (s.l.)
(Kapp and DeCelles, 2019).

15



20°

358

359
360
361
362

363

364
365
366
367
368
369
370
371
372
373
374
375
376

MINIMUM-AREA ENLARGED-AREA GREATER INDIA

GREATER INDIA GREATER INDIA BASIN
RESTORATION RESTORATION RESTORATION
[(a b c
( ) ASIA ( ) ASIA ( ) ASIA
= — o |VE [ HS-THS mrpe——— &
NEOTETHYS OCEAN
NEOTETHyY, GREATER
/ND/A_ BA:S‘/N

» SIN TRA-OCE
— ANIC A
N
MIN’MU E
ER I

~60-50 Ma

At onset of collision at ~60-50 Ma:
Northern India is located at subequatorial latitude
Asian margin is loctaed at ~20°N

Figure 5. Greater India restorations for models of the India-Asia collision. (a) Minimum-area restoration. (b)
Enlarged-area reconstruction. (c) Greater India Basin reconstruction. GHS — Greater Himalayan Sequence; THS —
Tethyan Himalayan Sequence.

3.2. Paleogeographic reconstructions of Greater India for models of the India-Asia collision (s.1.)

Several paleogeographic reconstructions of Greater India have been proposed (Figure 5a-c), which are
consistent with either a single or double subduction zone configuration for the India-Asia collision (s.l.). We
classify these as: (1) Minimum-area reconstructions; (2) Enlarged-area reconstructions; and (3) Greater India

Basin reconstructions.
3.2.1. Minimum-area reconstructions

Minimume-area reconstructions (Figure 5a) assume that Greater India was contiguous with the rest of India and
had a pre-collisional north-south width of <1000 km, estimated from crustal shortening estimates, mass-
balance calculations and subsurface imaging of Indian continental lithosphere beneath southern Tibet (e.g.
Replumaz et al., 2010, van Hinsbergen et al., 2011a, 2019, Yakovlev and Clark, 2014). These restorations
assume that most, if not all of Greater India’s continental crust is preserved in the bedrock record and
overlying sediments (e.g. Yakovlev and Clark, 2014). At the onset of collision (s.l.) at ~60-50 Ma, minimum-
area restorations within a plate kinematic framework position the leading edge of Greater India >2000 km
south of the Asian margin and assume that the intervening area was occupied by Neotethys oceanic
lithosphere. Consequently, minimum-area Greater India restorations invoke a double subduction zone
configuration to remain valid and assume that the onset of the India-Asia collision (s.l.) occurred between
Greater India and a Neotethys intra-oceanic arc (e.g. Replumaz et al. 2010;2014; Zahirovich et al. 2016; Zhou
& Su, 2019). In some studies, the assumption of a minimum-area Greater India forms the central justification

for the double subduction zone configuration.
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3.2.2. Enlarged-area reconstructions

Enlarged-area reconstructions of Greater India (Figure 5b) are based on the premise that (1) Greater India was
contiguous with the rest of the Indian continent; and that (2) the India-Asia collision (s.l.) had a single
subduction zone configuration (e.g. Hu et al., 2016a, Ingalls et al., 2016). When incorporated into a plate
kinematic framework, the enlarged-area Greater India restoration has a north-south width of at least 3000 km
(e.g. Ingalls et al., 2016, Rowley, 2019a, van Hinsbergen et al., 2019), which is at least ~2000 km in excess of
restorations based on crustal shortening estimates (i.e. minimum-area reconstruction). Mass-balance exercises
argue that erosion can account for some of the missing upper crustal material, but these calculations indicate
that the missing middle and lower crust and lithospheric mantle is unaccounted for by the present-day
lithosphere (e.g. Yakovlev and Clark, 2014; Ingalls et al., 2016). As such, studies which model the India-Asia
collision (s.l.) with a single subduction zone configuration and an enlarged-area reconstruction of Greater
India must assume (albeit sometimes implicitly) that a 2000 km-wide portion of continental crust and
lithospheric mantle has been subducted and/or delaminated into the mantle without returning to the surface
(Hu et al., 20164, Ingalls et al., 2016, Rowley and Ingalls, 2017, van Hinsbergen et al., 2017, 2019).

3.2.3. Greater India Basin reconstructions

Greater India Basin reconstructions (Figure 5c¢) are based on the premise that (1) collision at ~60-50 Ma
occurred between Greater India rocks of THS and the Asian continental margin; that (2) Greater India had a
north-south width (present-day coordinates) of <1000 km before India rifted from Gondwana (Huang et al.,
2017a, 2017b, van Hinsbergen, 2019, van Hinsbergen et al., 2019); and that (3) wholesale subduction of a
~2000 km-wide portion of Greater India predicted by the enlarged-area reconstruction (e.g. Ingalls et al. 2016;
Hu et al. 2016a), is geodynamically unfeasible (van Hinsbergen et al. 2012; 2017; 2019). This reconstruction
argues that a microcontinent of Greater India continental lithosphere comprising the THS and GHS rifted from
the LHS during the Early Cretaceous, leading to ocean spreading of the intervening Greater India Basin (Sinha
Roy, 1976, Hsi et al., 1995, van Hinsbergen et al., 2012, 2019, Zhou and Su, 2019). In this scenario, the onset
of the India-Asia collision (s.l.) at ~60-50 Ma occurred between the GHS-THS microcontinent and the south
Asian margin. This was followed by northwards subduction of Greater India Basin oceanic lithosphere, which
closed at ~30-20 Ma during collision between Indian (including the LHS at its leading edge) and the GHS-
THS microcontinent (van Hinsbergen et al. 2012; 2019; Zhou and Su, 2019).

An important implication of this reconstruction is that the Greater Indian Basin closed between the GHS and
LHS. This implies that the MCT must have thrusted the GHS over the Greater Indian Basin suture zone and
its Eocene to Oligocene forearc and foreland basin. This provides an explanation for the scarcity of late
Eocene-Oligocene foreland basin strata in the Himalayan orogen, but it also re-defines the MCT as a paleo-
plate boundary between the GHS and LHS, in effect, equating it to a cryptic suture zone (e.g. Burke et al.,

1977, Dewey, 1977). This proposition has been met with strong opposition from many workers who argue that
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over half a century’s worth of field and laboratory analyses provide no lithological evidence for a suture zone
ever existing between the GHS and LHS (e.g. Hu et al., 2016a, Searle, 2019).

3.3. Moving forward

Several mutually exclusive hypotheses for the India-Asia collision (s.l.) have been proposed based on the
outlined subduction zone configurations and Greater India reconstructions (Figure 4-5). Little progress has
been made to resolve the differences between these models, yet it has become commonplace for recent studies
to interpret their data in the context of just one of these three models (e.g. Gibbons et al., 2015, Hu et al.,
2016a, Zahirovic et al., 2016, Buckman et al., 2018, Burg and Bouilhol, 2019), with little discussion of the
validity of alternative models, and little to no consideration of the geodynamic assumptions, both explicitly
and implicitly imposed by each model on their own interpretations. To address this issue, we present a critical
evaluation of the different subduction zone configurations and Greater India reconstructions using a synthesis

of geological and geophysical constraints integrated within a plate kinematic framework.
4. Methods: Data synthesis and evaluation

Our analysis requires the integration of (1) bedrock observations; (2) plate kinematic constraints; and (3)
geophysical observations of the Tibetan lithosphere and the distribution of subducted slabs in the deep mantle.
Methods and decisions used to evaluate and interpret bedrock observations and kinematic constraints are
generally well understood and are therefore described in Supplementary Materials 05. The geological and
geodynamic interpretation of subducted slabs made from seismic tomographic observations, especially in the
context of plate kinematics and bedrock observations, is less widely practiced. Therefore, we outline below,
the geophysical datasets used in our study, and the concepts and understandings on which we ground our

interpretations of these data.
4.1. Geophysical constraints

The structure and composition of the deep mantle is spatially and temporally variable; a first-order reason for
this variability is the presence of subducted lithosphere in certain parts of the mantle but not in others.
Removal of palaeo-ocean basins via subduction is one of the most important obstacle to reconstructing the
palaeogeographies of collisions and accretions from the bedrock record alone. However, the surface (i.e.
bedrock) and subsurface (i.e. mantle) records of subduction are directly linked, and geophysical observations
of subducted slabs have the same immediate relevance to our understanding of the geological past as the
bedrock record. Differences between these records relate to the scales and techniques with which they are
observed and interpreted, but both records form an integral part of our planet’s geological record. Integration
of bedrock and mantle records thus provides a more holistic account of Earth’s tectonic evolution than that
which can be determined from looking at either record in isolation. In our analysis, geophysical observations

of the subsurface lithosphere and deep mantle serve two purposes:
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(1) We use regional-scale seismic tomography models and receiver function analyses to investigate the
lithospheric and upper mantle structure of the Tibetan Plateau (Section 5.5.3) (e.g. Nabélek et al., 2009, Agius
and Lebedev, 2013, Zhang et al., 2015, Liang et al., 2016, Xu et al., 2017). Those analyses constrain the
extent and geometry of Indian lithosphere underthrusting and/or subducting beneath the Tibetan Plateau,

which is relevant to reconstructions of Greater India (e.g. Replumaz et al., 2010, van Hinsbergen et al., 2019).

(2) We use global seismic tomography models to constrain the size, geometry, depth and location of
subducted slabs in the deep mantle (Section 5.2), from which we infer the locations, duration and timing of
paleo-subduction zones (e.g. Van der Voo et al., 1999, Hafkenscheid et al., 2006, Sigloch and Mihalynuk,
2013, Domeier et al., 2016, Wu et al., 2016, Sigloch and Mihalynuk, 2017, van der Meer et al., 2018, Chen et
al., 2019). Our methods and assumptions used to interpret seismically fast tomographic anomalies are outlined

below.

4.1.1. Geological interpretation of seismically fast anomalies in the deep mantle

Seismic tomography reveals regions of mantle with seismic velocities that are either faster or slower than a
laterally averaged reference model (e.g. PREM - the Preliminary reference Earth model; Dziewonski and
Anderson, 1981, IASP91 - Kennett and Engdahl, 1991, AK135 - Kennett et al., 1995). Subducting slabs of
lithosphere are colder and denser than the surrounding peridotite mantle and thus produce seismic anomalies
that are faster than the reference model. This is confirmed from observations of active subduction zones, in
which the size, geometry and location of seismically fast anomalies closely correlates with the locations of the
overlying subduction zone trenches and earthquake hypocentres within the Wadati-Benioff zone of subduction
megathrusts (e.g. Grand et al., 1997, van der Hilst et al., 1997).

Interpretation of seismically faster-than-average regions of the mantle as slabs of subducted lithosphere that
have detached from their subduction zones requires additional criteria to rule out that they are artefacts of the

tomographic inversion process (e.g. Foulger et al., 2013):

Firstly, one must consider if the seismically fast anomaly in question has a 3D morphology expected for a
sinking slab. In the upper mantle, the geometry of a detached slab should retain a large aspect ratio in the form
of a sub-vertical wall or ramp with a linear to curvilinear horizontal trace. The geometries of slabs within the
mantle transition zone (MTZ) and lower mantle are more complex due to the viscosity and density contrasts
across the MTZ, which can cause the slab to buckle and fold as it sinks (Figure 6) (e.g. Ribe et al., 2007,
Sigloch and Mihalynuk, 2013, Goes et al., 2017, Cizkova and Bina, 2019). Still, when viewed in the
horizontal plane, the slab should retain the linear shape of the subduction zone from which it detached. Larger
anomalies are more confidently imaged than small ones. Hence, isolated and relatively smaller seismically
fast anomalies with small, ‘blobby’ aspect ratios in both the vertical and horizontal planes are questionable
and their geological interpretation should be treated with caution. One possible exception is where localized

removal of subcontinental lithospheric mantle is suspected (e.g. Houseman and Molnar, 1997, Gogiis et al.,
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Figure 6. Cartoon representation of modes of sinking for subducted slabs (blue) in the upper and lower mantle for (a-
¢) stationary trenches; and (d-f) mobile trenches. The viscosity contrast across the mantle transition zone (MTZ)
causes slab to decelerate and deform.

2017, Kelly et al., 2019), which could produce relatively small and ellipsoidal, fast anomalies within the upper
mantle.

For a seismically fast anomaly to be interpreted as a detached slab of subducted lithosphere, one must then
consider whether bedrock datasets support that conclusion. This has been central to the development of recent
global plate reconstruction models, which demonstrate a close fit between the locations of seismically fast
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anomalies with slab-like geometries and the reconstructed locations of paleo-subduction zone trenches (e.g.
van der Meer et al., 2010, Steinberger et al., 2012, Domeier et al., 2016, Muller et al., 2019). Support from the
bedrock record becomes more difficult where its interpretations are contested (e.g. Nelson et al., 2013,
Sigloch and Mihalynuk, 2017, Parsons et al., 2018, Clennett et al., 2019, Monger & Gibbson, 2019), and for
the deepest seismically fast anomalies in the lower mantle, which subducted in the distant past and are thus
harder to spatially correlate with the bedrock record in a kinematic reference frame (e.g. Shephard et al., 2012,
Torsvik and Cocks, 2017).

Before attempting the interpretation of any slab, one should consider the results of tomographic resolution
tests in the mantle area in question, as conveyed by the original publication of a tomographic model. A poorly
defined seismic anomaly with an unexpected size and/or geometry may indicate the general presence of slab
in the area, without resolving details such as strike or true spatial extent. Some tomographic studies include
hypothesis-driven resolution tests, featuring the hypothesised geometries of a slab of interest as a model input
in the reference model (e.g. Ritsema et al., 2007, Foulger et al., 2013, Zhao et al., 2014, Liang et al., 2016).
These hypothesis-driven resolution tests represent the most effective and robust way to determine whether a
fast anomaly can be attributed to a region of seismically fast material in the mantle or an artefact of the
tomographic inversion process. In the event of the former, these tests may also constrain the size and shape of
the physical manifestation (i.e. slab geometry) responsible for the seismically fast velocity anomaly (e.g. Zhao
etal., 2014, Liang et al., 2016).

Global body-wave tomography models (e.g. Amaru, 2007, Hosseini et al., 2020) provide the most
comprehensive resolution in the middle third of the mantle, and in the upper mantle beneath seismically
instrumented regions. P-wave models have been preferred over S-wave models for slab interpretations, as the
shorter wavelengths and greater abundance of P-wave measurements can better resolve slab-sized anomalies.
However, there should still be a general agreement between P- and S-wave models. In the upper mantle,
surface-wave tomography models (e.g. Ceylan et al., 2012, Agius and Lebedev, 2013, Schaeffer and Lebedev,
2013) provide better vertical resolution and may sample an area more extensively than body waves, especially
in the vast areas that are sparsely instrumented (including all of the oceans). However, mantle-penetrating
surface waves have much longer wavelengths than body waves (hundreds of kilometres). In combination with
sparse instrumentation, these models can become too laterally averaged to resolve a subducted slab on the

length scale of an arc segment.

Differences exist between models that use the same seismic phases because of differences in how they are
constructed and processed, or in the spatial coverage of the earthquake datasets used to populate them (e.g.
Foulger et al., 2013). Consequently, it is good practice to compare and contrast the size, shape and position of
a given seismic anomaly in different tomographic models. The recent development of ‘Vote Maps’, which
overlay the results of multiple seismic tomography models via the SubMachine tool, provides a quick and

effective way of comparing anomalies in different tomographic models (e.g. Lekic et al., 2012, Shephard et
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al., 2017, Hosseini et al., 2018), but the user must not be lulled by their largest common denominator effect.
Agreement between models is comforting, but progress in geophysical imaging results from methodological
innovations, which inevitably provide the basis for certain features being correctly resolved in a new model

for the first time (producing disagreement with vote maps of existing models).

There are no simple criteria for defining the physical limits of a subducted slab from its corresponding seismic
anomaly. Finite wavelength and limited wave coverage produce a spatial imaging blur even for mantle
anomalies that have sharp boundaries, such as subducted lithosphere. Regularization during the inversion
process can lead to smearing or dampening of anomalies such that they are larger or smaller than the physical
body, which they represent. In the lower mantle, P-wave tomographies tend to feature maximum velocity
perturbations of around +1% faster-than-reference. In regions of good tomographic resolution, previous
studies have defined the outlines of subducted slabs by the steepest gradient in seismic velocity contours,
which tends to coincide with perturbation levels of +0.20-0.35% faster-than-reference (Hafkenscheid et al.,
2006, Wu et al., 2016, Sigloch and Mihalynuk, 2017, Chen et al., 2019). Those magnitudes of velocity
perturbation can serve as threshold criteria for defining the physical limits of poorly defined seismically fast
anomalies, which are not surrounded by a steep gradient of velocity contours. This approach is supported by
the degree of fit in mass-balance restorations that restore volumes of the seismically fast anomalies back to
equivalent volumes of oceanic lithosphere at the Earth’s surface (Wu et al., 2016, Chen et al., 2019).
However, it is important to understand that the same physical velocity anomaly can appear differently in
different tomography models, in terms of both its geometry and the magnitude of its relative velocity
perturbation, because the tomographies feature different data coverage, regularisation parameters or 1-D

reference models (e.g. Foulger et al., 2013).

The recent development of the web-based tool, ‘SubMachine’ (Hosseini et al., 2018) now allows for rapid and
easy display and comparison of global tomographic models for specific regions of the mantle. Such tools
dramatically lower the technical entry hurdle needed to integrate observations from the bedrock and mantle
geological record and provide an important avenue for the union of geological and geophysical sciences. After
following the steps outlined above, a user should be able to identify a selection of seismically fast
tomographic anomalies, which they can interpret as slabs of subducted lithosphere with variable but well-
reasoned degrees of confidence. The next step is to consider whether the position, size and geometry of those

anomalies is geodynamically consistent with global plate reconstruction models and bedrock datasets.

4.1.2. Geodynamic interpretation of tomographically imaged slabs in the deep mantle

The locations of tomographically imaged subducted slabs mark the positions of their paleo-subduction zones
(Van der Voo et al., 1999, Hafkenscheid et al., 2006, Replumaz et al., 2010, Replumaz et al., 2014, van
Hinsbergen et al., 2019), based on the assumption that slabs sink vertically from the point at which they enter
the mantle, and migrate laterally by only ~1-2° every 100 Myr (Steinberger et al., 2012). This assumption is

consistent with current understandings of mantle rheology and convection (e.g. Ribe et al., 2007, Cizkova and
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Bina, 2013, Agrusta et al., 2017, Cizkova and Bina, 2019) and supported by a general agreement, at least for
the past 130 Myr, between the predicted mantle structure from global plate reconstructions and mantle
convection models with the imaged mantle structure via tomographic techniques (e.g. Steinberger et al., 2012,
Domeier et al., 2016).

Application of the vertical sinking hypothesis has produced well-constrained tectonic models for the evolution
of SW Pacific and North and South American Cordilleran margin, in which seismic tomography of subducted
slabs has been robustly integrated with plate circuits and bedrock geological data in a comprehensive and
consistent manner (Sigloch and Mihalynuk, 2013, Wu et al., 2016, Sigloch and Mihalynuk, 2017, Chen et al.,
2019, Clennett et al., 2019). In these studies and others, the depths of the bottom and top surfaces of each
anomaly are related respectively to subduction initiation and slab break-off events with given ages, which
allows the rate at which slabs sink in the mantle to be calculated. In general, this approach yields a whole-
mantle average sinking rate of ~10-20 mm yr?, which is consistent with geodynamic modelling (e.g. Sigloch
and Mihalynuk, 2013, Butterworth et al., 2014, Wu et al., 2016, van der Meer et al., 2018, Chen et al., 2019).

Viscosity and density contrasts across the MTZ show that the velocity of a sinking slab will vary as it
transitions from the upper mantle into the MTZ and lower mantle (e.g. Cizkova and Bina, 2013, Agrusta et al.,
2017, Cizkova and Bina, 2019). Upon entering the upper mantle, the sinking rate of a subducting slab should
reflect the velocity of lithospheric plate to which it is attached (Figure 6a, d), based on the interpretation that
subduction is the dominant driving force of tectonic plate motions (e.g. Forsyth and Uyeda, 1975). Previous
studies suggest that sinking rates of slabs in the upper mantle are 30-80 mm yr (e.g. Steinberger et al., 2012,
Sigloch and Mihalynuk, 2013, Wu et al., 2016, Zahirovic et al., 2016, van der Meer et al., 2018). At the point
of reaching the MTZ, the subducting slab may stagnate in the MTZ due to the density contrast across the 660
km discontinuity (Figure 6b, e), and/or continue into the lower mantle at a reduced velocity, due to the
increased viscosity of the lower mantle relative to the upper mantle (Figure 6c, f) (Goes et al., 2017, Cizkova
and Bina, 2019). A slab stagnating in the MTZ will remain there until it is hot enough to facilitate the density-
increasing endothermic ringwoodite to bridgmanite + magnesiowdstite transition, at which point it will sink
into the lower mantle (Goes et al., 2017). In either case, once a subducting slab reaches the base of the upper
mantle, the increased viscosity of the lower mantle resists further descent of the slab in such a way to reduce
its sinking velocity, causing the slab to buckle and fold (Figure 6b-c, e-f) (e.g. Ribe et al., 2007, Goes et al.,
2017). This has been confirmed by seismic tomography and synthetic seismic tests of the subducting
Australian plate and Farallon plate, which display dramatic increases in thickness across the MTZ and into the
lower mantle (Ribe et al., 2007, Sigloch et al., 2008). Once in the lower mantle, slab-sinking rate estimates are
10-30 mm yr?, comparable to whole-mantle average sinking rates (e.g. Steinberger et al., 2012, Sigloch and
Mihalynuk, 2013, Wu et al., 2016, Zahirovic et al., 2016, van der Meer et al., 2018).

If a subduction zone trench remains stationary then its slab is likely to have a vertical wall geometry that
thickens in the lower mantle (Figure 6a-c) (e.g. Ribe et al., 2007, Sigloch and Mihalynuk, 2017, Cizkova and
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Bina, 2019). If a trench migrates via roll-back during subduction, then its slab will have a ramp geometry that
dips away from the direction of trench migration in the upper mantle (Figure 6d). In the MTZ and/or lower
mantle, a slab subducted from a migrating trench is likely to thicken, and will have a sub-horizontal to dipping
geometry (Figure 6e-f), depending on how fast the trench retreated and how long the slab stagnated in the
MTZ before entering the lower mantel (Goes et al., 2008, Agrusta et al., 2017, Cizkova and Bina, 2019).
Alternatively, if the subduction zone advances towards the direction of subduction then some studies have
proposed that the subducting slab may be overturned or dragged in the direction of trench motion (e.g.
Advokaat et al., 2018, Spakman et al., 2018).

Final consideration should be given to the possibility of lateral variations in mantle viscosity. The presence of
antipodal large low velocity provinces beneath Africa and the Pacific Ocean indicate that at the largest scale,
mantle viscosity must vary laterally (Steinberger et al., 2012, Garnero et al., 2016, Niu, 2018). However, the
magnitude of variation at the scale of hundreds to thousands of kilometres is unclear (Steinberger et al., 2012).
Local variations in sinking rates of slabs from the same region may indicate that small-scale lateral variations
in viscosity exist (e.g. van der Meer et al., 2010, Steinberger et al., 2012, van der Meer et al., 2018). However,
such variations may be equally explained by uncertainty related to the tomographic interpretation of the size
and positions of the slabs, and/or the timing and duration of subduction. Understanding the scales and
magnitudes at which mantle viscosity varies laterally represents a major scientific challenge that must be
overcome in order to elucidate the significance of variable slab sinking rates (Steinberger et al., 2012, van der
Meer et al., 2018).

5. Synthesis of constraints for models of the India-Asia collision (s.I.)

To evaluate the competing subduction zone configurations and Greater India reconstructions for models of the
India-Asia collision (s.I.), we must determine the following: (1) the post-Triassic subduction zone
configuration of the central Tethys oceans; (2) the timing of India-Asia collision (s.1.); (3) the locations of the
Indian continent and paleo-trenches within the Neotethys Ocean prior to, and during the onset of collision; and
(4) the size of Greater India at the onset of collision. In the following sections, we describe and interpret the
data and observations used to constrain these geological elements and events. We will then integrate this
information in a plate kinematic framework in section 6, to test subduction zone configurations and Greater
India reconstructions for the India-Asia collision (s.l.) and the post-Triassic evolution of the central Tethys

oceans.
5.1. Post-Triassic record of subduction in central and southern Tibet

This section interprets the existing geochronological and geochemical datasets summarized in Figure 3 to
constrain the post-Triassic subduction history of the central Tethys oceans (Figure 7). Here, we define
“accretion” as the sequential addition of material from a subducting lower plate to an overriding upper plate or

vice versa, via underplating, obduction or transform faulting. In general, this requires down-cutting of the
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subduction interface into the lower plate via in-sequence thrusting (subduction-accretion). Subduction-erosion
describes a special case of accretion where upper plate material is accreted to the lower plate via out-of-
sequence thrusting during subduction. An extended summary of modes of accretion, with references, is given
by Parsons et al. (2018). Full descriptions of the supporting geochronological and geochemical constraints

used by our study (as presented in Figures 3 and 7) are compiled in Supplementary Materials 03 and 04.

5.1.1 Closure of the Bangong-Tethys Ocean and Shyok basin via suturing of the Lhasa-Ladakh-
Kobhistan block with the Qiangtang-Karakoram block

During the Jurassic, the Qiangtang-Karakoram and Lhasa blocks were separated by the Bangong-Tethys
Ocean (Kapp and DeCelles, 2019, Li et al., 2019). South of the Karakoram block, this ocean is referred to as
the Shyok basin (Figure 7a). Late Triassic to Early Cretaceous subduction beneath south Qiangtang and Late
Jurassic to Early Cretaceous subduction beneath north Lhasa (Figure 7a-e) sutured these blocks at ~130-110
Ma, accompanied by extensional deformation of the Lhasa block, and a marine transgression which covered
both Lhasa and Qiangtang (Events 52-56, 61: Figure 3) (Kapp et al., 2005, Zhang K.-J et al., 2012, Li et al.,
2018, Kapp and DeCelles, 2019, Li et al., 2019). To the west, northward subduction continued beneath the
Karakoram block (Figure 3) till at least the Late Cretaceous, although calc-alkaline magmas continued to be
emplaced within the Karakoram block until ~40 Ma (Events 1-4: Figure 3) (e.g. Searle et al., 1989, 2010,
Heuberger et al., 2007, Ravikant et al., 2009, Phillips et al., 2013, Borneman et al., 2015).

The timing of suturing of the Shyok basin via collision between the Karakoram and Kohistan blocks is
contested. Some studies, which favour a double subduction configuration for the India-Asia collision (s.l.)
(e.g. Bouilhol et al., 2013, Jagoutz et al., 2015, Burg and Bouilhol, 2019), propose that the Kohistan and
Ladakh blocks collided with Karakoram at ~40 Ma (Figure 7k). However, Najman et al. (2017) demonstrated
that at 54 Ma, sediments derived from the Lhasa block were deposited on northwest Greater India, south of
the Ladakh block; this suggests the Ladakh block had accreted to Asia by that time, in order to allow sediment

transport from Lhasa to Greater India.

Other studies argue that suturing between Karakoram and the Kohistan and Ladakh blocks occurred at 90-80
Ma (Figure 7i-j) (e.g. Debon et al., 1987, Treloar et al., 1996, Clift et al., 2002, Burg, 2011, Borneman et al.,
2015). This is supported by (1) burial-related sillimanite-grade metamorphism and partial melting
(metamorphic phase Mla) within the Karakoram metamorphic complex, followed by cooling of the
Karakoram, Kohistan and Ladakh blocks and an associated influx of detrital zircons during ~89-60 Ma
(Events 5, 9, 18, 22, 30: Figure 3) (e.g. Reuber et al., 1989, Burg, 2011, Palin et al., 2012, Zhuang et al.,
2018), which is consistent with Late Cretaceous collision between Karakoram and the Kohistan and Ladakh
blocks; (2) continued prograde sillimanite-grade metamorphism of the Karakoram block between ~57-42 Ma
(metamorphic phase M1b-c, Event 10: Figure 3) (e.g. Palin et al., 2012), which is consistent with Paleogene
collision between India and Asia and inconsistent with a ~40 Ma collision between Kohistan and Karakoram;

(3) an Early to Late Cretaceous erosional unconformity overlying strongly folded and faulted strata on the
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Karakoram block (Gaetani et al., 1990, Gaetani et al., 1993); (4) the age of undeformed dykes (~89-75 Ma)
that cross-cut rocks of the Shyok suture zone, and deformed intrusive rocks in the Kohistan block (Events 16,
25: Figure 3) (Petterson and Windley, 1992, Weinberg et al., 2000, Yamamoto et al., 2005, Borneman et al.,



660
661
662
663
664
665
666
667
668
669
670
671
672
673

674

675

676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694

695
696

2015); (5) the Late Cretaceous age of undeformed Dras 2 dykes which cross cut deformed Dras 1
volcaniclastics on the Ladakh block (Fuchs, 1982, Reuber, 1989, Reuber et al., 1989); and (6) the Albian-
Cenomanian minimum age of volcano-sedimentary units within the Shyok suture (Events 15-17: Figure 3)
(Rolland et al., 2000, Bhutani et al., 2009, Borneman et al., 2015, Kumar et al., 2017). These studies propose
that post-90 Ma subduction-related magmatism in the Karakoram block was produced by northward
subduction of Neotethys beneath the Kohistan-Ladakh blocks after they accreted to the Asian margin; this is
supported by a change in isotope geochemistry of magmas intruded into the Karakoram block after 90 Ma
(e.g. Heuberger et al., 2007, Ravikant et al., 2009, Burg, 2011, Phillips et al., 2013, Borneman et al., 2015,
Kumar et al., 2017). Further details and additional arguments for closure of the Shyok basin between 90-80
Ma are discussed in Supplementary Materials 03.

In summary, the above constraints are consistent with termination of subduction and suturing of the Bangong-
Tethys Ocean along the southern Qiangtang margin and northern Lhasa margin during the Early Cretaceous
(Figure 7a-d) (e.g. Li et al., 2018). Most observations suggest that northward subduction beneath the southern
Karakoram margin ended in the Late Cretaceous (Figure 7e-h), but some studies argue that it continued to the

Eocene (Figure 7k) (e.g. Borneman et al., 2015, Burg and Bouilhol, 2019).
5.1.2. Neotethys subduction beneath the Lhasa-Ladakh-Kohistan blocks

Subduction-related magmatism within the Lhasa-Ladakh-Kohistan blocks can be explained by many scenarios
(Figure 7b-k). Some studies propose continuous northward subduction of the Neotethys Ocean was facilitated
by a single subduction zone (Figure 7a-b, e, i), active along the south margin of all three blocks from the
latest Triassic to Eocene (Zhang K.-J et al., 2012, Li et al., 2018, Zhu et al., 2018, Kapp and DeCelles, 2019).
In such hypotheses, magmatic lulls recorded by the Gangdese arc between ~150-110 Ma are explained by
southwards slab roll-back during a phase of extension and marine transgression on the Lhasa block (Figure
7b, d), leading to periods of intra-oceanic arc magmatism responsible for the formation of the Zedong terrane
and SSZ ophiolites observed throughout the ISZ (Events 37, 41-52: Figure 3) (e.g. Zhu et al., 2009b, Zhang
K.-J et al., 2012, Dai et al., 2013, Maffione et al., 2015, Wang et al., 2017, Kapp and DeCelles, 2019).
Subsequent subduction-erosion, during convergent deformation of the Lhasa block (Events 30, 56: Figure 3)
may then explain how the trench and slab migrated back towards the Lhasa and Ladakh block (Figure 7e), so
as to revive magmatism within the Gangdese arc at ~110 Ma (Kapp et al., 2007, White et al., 2011, Li et al.,
2018, Zhu et al., 2018). In this model, the Kohistan intra-oceanic arc and Dras arc could have initiated along-
strike of the Zedong terrane during the first pulse of southward slab roll-back and intra-oceanic magmatism,
allowing them to migrate with the southward retreating trench (Figure 7b, d). This model is consistent with
the deposition, in the Xigaze forearc, of Lhasa-derived sediments on top of the Xigaze and Sangsang
ophiolites, which requires that these ophiolites be located close to the Lhasa block and not separated from the
Lhasa block by an intervening trench (e.g. Burg and Chen, 1984, Einsele et al., 1994, Maffione et al., 2015,
Orme and Laskowski, 2016, Kapp and DeCelles, 2019).

Consideration of the Spontang ophiolite, which forms an isolated klippe above the 1SZ, south of Ladakh

(Figure 2), suggests that an alternative model is needed to explain the subduction configuration of the
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Neotethys ocean. The presence of Early Cretaceous SSZ gabbro emplaced into Early Jurassic N-MORB
oceanic crust in the Spontang ophiolite (Events 36-37: Figure 3) is hard to reconcile with models of Late
Jurassic to Early Cretaceous roll-back and forearc spreading of the Gangdese arc (e.g. Figure 7b) (e.g.
Maffione et al., 2015, Kapp and DeCelles, 2019); that process should generate new oceanic crust in the upper
plate with Late Jurassic forearc basalt, and boninite compositions (e.g. Stern and Bloomer, 1992, Stern and
Gerya, 2018), rather than the observed Early Jurassic N-MORB compositions (Pedersen et al., 2001). Instead,
the recorded petrogenetic relationship is more readily explained by Late Jurassic to Early Cretaceous
subduction initiation (i.e. a new subduction zone, south of the Gangdese subduction zone) within Early to
Middle Jurassic MORB oceanic crust (e.g. Figure 7c) (e.g. Hébert et al., 2012). As such, magmatic lulls
recorded by the Gangdese arc may correspond to initiation of a new, more southerly positioned intra-oceanic
subduction zone at ~160—150 Ma within the Neotethys Ocean (Figure 7c) (e.g. Guilmette et al., 2012, Hébert
et al., 2012, Chan et al., 2015). In this situation, revival of the Gangdese arc at ~110 Ma was facilitated by
subduction initiation beneath Lhasa, in the back-arc region of the Neotethys intra-oceanic arc (Figure 7f-g).
This subduction initiation may have occurred in response to contemporaneous collision and suturing between
Qiangtang and Lhasa (i.e. induced subduction initiation via subduction polarity reversal: e.g. Stern and Gerya,

2018, Parsons et al., 2018), although further investigation is required to validate this hypothesis.

In the 1SZ, fragmented metamorphic soles with SSZ protoliths and melange units with SSZ-derived detrital
material, located in the footwalls to the overlying Xigaze, Sangsang, and Dras SSZ ophiolites, requires the
presence of at least two intra-oceanic arcs. This structural arrangement invokes a situation where the SSZ
metamorphic soles and SSZ melange units were formed in the upper plate of a southern intra-oceanic
subduction zone, and were then subducted/accreted as part of the lower plate to a northern subduction zone,
(e.g. Figure 7d), in a similar configuration to the present-day Philippine Sea plate between the Ryukyu and
Izu-Bonin-Mariana subduction zones (e.g. Mahéo et al., 2004, Mahéo et al., 2006, Guilmette et al., 2009,
Guilmette et al., 2012, Hébert et al., 2012).

The Neotethys intra-oceanic arc(s) terminated either at ~116-110 Ma (Figure 7e-f) (e.g. Dai et al., 2013, Chan
et al., 2015), at ~90-80 Ma (Figure 7g, j) (Corfield et al., 2001, Pedersen et al., 2001, Searle, 2019, Walsh et
al., 2019), or during collision with Greater India in the Paleocene or Eocene (Figure 7k) (Aitchison et al.,
2007, Hebert et al., 2012, Guillot and Replumaz, 2013, Buckman et al., 2018, Burg and Bouilhol, 2019).
Many observations support termination between ~116-110 Ma or ~90-80 Ma (Figure 7f-g, j), including: (1)
the absence of evidence for intra-oceanic magmatism from the ISZ east of Kohistan after ~110-80 Ma
(Figure 3); (2) cooling at 102-92 Ma recorded by blueschist-facies SSZ ophiolitic melange in the 1SZ south
of Ladakh, corresponding to subduction and exhumation of an intra-oceanic arc by 92 Ma (Event 40: Figure
3) (Honegger et al., 1989, Mahéo et al., 2004, Mahéo et al., 2006); (3) cooling at 88-80 Ma recorded by
ophiolite metamorphic soles in the ISZ south of Lhasa (Event 46: Figure 3) (Malpas et al., 2003, Bao et al.,
2013, Chan et al., 2015); (4) compressional deformation recorded on the Lhasa block between ~100 Ma and
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50 Ma (Event 56, Figure 4) (e.g. van Hinsbergen et al., 2011a, 2012, Zhang K.-J et al., 2012); and (5) the

supporting evidence for accretion of Kohistan to Karakoram between ~90-80 Ma (see previous section).

Detrital zircons from the Nindam Formation may indicate that intra-oceanic subduction continued until 84 + 1
Ma (Event 28: Figure 3), if the Dras arc formed part of the Neotethys intra-oceanic arc (e.g. Robertson and
Degnan, 1994); however, this could equally be explained as an east to west transition along a single
subduction zone from the continental Gangdese arc to the oceanic Dras arc, similar to the along-strike
structure of the Aleutian arc (e.g. Rolland et al., 2000). Southwest of Kohistan, the West Pakistan ophiolites
record intra-oceanic magmatism at 80 + 1.5 Ma to and 65 + 1 Ma (Events 32-35: Figure 3) (Ahmed, 1993,
Kakar et al., 2012). Previous studies suggest that they formed during an isolated subduction and collisional
event (the West India orogeny) between the Kabul block and northwest India sometime during the Campanian
to Eocene (Gnos et al., 1997, Gaina et al., 2015, van Hinsbergen et al., 2019). The tectonic relationship
between this event and subduction and collisional events between Greater India, the Neotethys intra-oceanic
arc and the Gangdese arc is unclear and requires further investigation.

Special consideration should be given to the hypothesized Spong arc. Many studies cite the U-Pb zircon age
of 88 + 5 Ma (Event 38: Figure 3) from an andesite that overlies the Spontang ophiolite (the Spong arc;
Corfield et al., 2001, Pedersen et al., 2001) as evidence that the Neotethys intra-oceanic arc remained active at
least until ~90-80 Ma (e.g. Hébert et al., 2012, Buckman et al., 2018, Searle, 2019). However, we note that
(1) the Spong arc andesite has discordant zircon fractions with upper intercept ages suggestive of Precambrian
inherited zircon; (2) the Spong arc andesite has an enriched calc-alkaline composition with eNd = —5.4; (3) the
petrogenetic correlation between this andesitic volcano-sedimentary sequence and the Spontang ophiolite is
not demonstrated, and; (4) other intra-oceanic arc magmatic assemblages reported from the ISZ are no
younger than Early Cretaceous (e.g. Corfield et al., 2001, Pedersen et al., 2001, Chan et al., 2015). Based on
these observations, we propose that it is equally justifiable to interpret the Spong arc andesite as the volcanic
product of the Gangdese arc, deposited on top of the Spontang ophiolite after or during accretion of the
Neotethys intra-oceanic arc to the Ladakh and Lhasa blocks by 88 + 5 Ma.

5.1.3. Summary of subduction configuration scenarios

Possible post-Triassic subduction zone configurations for the Neotethys and Bangong-Tethys oceans, which
are consistent with the above constraints, are presented in Figure 7. Variations between scenarios depend on
whether: (1) subduction of the Neotethys Ocean occurred continuously along a single, migrating subduction
zone (blue subduction zone on Figure 7a-b, d-e, h-1, k) or whether the Early Cretaceous magmatic gap
(~150-110 Ma) of the Gangdese arc corresponds to termination of subduction beneath south Lhasa at ~150 Ma
(slab break-off on Figure 7c), followed by subduction initiation beneath south Lhasa in the Cretaceous (green
subduction zone on Figure 7f-g), (2) whether the intra-oceanic arcs formed as a result of roll-back of the
subducting Neotethys slab beneath Lhasa (blue subduction zone on Figure 7b, d) or due to subduction

initiation of a new Neotethys intra-oceanic subduction zone south of Lhasa (orange subduction zone on
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Figure 7c-d), and (3) whether intra-oceanic arcs formed from one or two intra-oceanic subduction zone in the

Neotethys Ocean (Figure 7c-d).

Depending on which scenario is used to explain the post-Triassic subduction configuration of the central
Tethys oceans, anywhere between one to three distinct slabs of subducted Neotethys ocean lithosphere and
one to two slabs of Bangong-Tethys ocean lithosphere can be expected to reside in the mantle below the
Indian hemisphere (Figure 71). In Section 6, these predictions of slab distributions within the deep mantle will
be tested against seismic tomographic observations (see section 5.2 below) as a means to test the subduction

zone configurations proposed for the India-Asia collision (s.1.).
5.2. Mantle structure beneath the Indian hemisphere

Using the web-based ‘SubMachine’ tool for visualizing and plotting tomographic models of Earth’s interior
(Hosseini et al., 2018), we have compared the deep mantle structure estimated by 10 different P-wave global
tomography models (Table 1) (Montelli et al., 2006, Amaru, 2007, Houser et al., 2008, Li et al., 2008,
Simmons et al., 2010, Simmons et al., 2012, Obayashi et al., 2013, Koelemeijer et al., 2015, Tesoniero et al.,
2015), including the newly published DETOX-P2 model of Hosseini et al. (2020), which illuminates the
lowest third of the mantle especially well. Of these models, four P-wave models and one surface-wave model
have been selected to further constrain the geometry and depth of six distinct seismically fast anomalies
beneath the Indian hemisphere (Figures 9-20), based on their suitability and sensitivity to imaging slabs in the
lower mantle (Amaru, 2007, Li et al., 2008, Simmons et al., 2012, Hosseini et al., 2020), and upper mantle
(Schaeffer and Lebedev, 2013).

The six fast anomalies are described below and summarized in Table 2. Depth slices from the selected models
are presented at depths of 350 km and 600 km (Figure 9), 800 km (Figure 10) and 1300 km (Figure 11). This
includes ‘vote maps’ (e.g. Shephard et al., 2017); one combines the five chosen models (Figures 9e-f, 10e,
11e) and the other combines 10 P-wave models (Figures 10f, 11f), into single images that describe their
mutual agreement. Additional depth slices at 50 km intervals from 0 km to 2400 km depth are presented in

Supplementary Materials 06.

Tomographic cross sections through the six anomalies are presented in Figures 12-18. Figure 19 and
Supplementary Materials 07 display cross-sections of the outlines of anomalies | to VI, drawn from the +0.2%
and +0.3% velocity perturbation contours from each of the five tomography models. Figure 20 displays the
cross-sectional area of each anomaly based on the combined observations from Figures 9-13 and

Supplementary Materials 06-07.
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Figure 8. Kinematic restoration of India and the Asian continental margin at the onset of collision, 59 + Ma, overlain
by the outlines of seismic anomalies | to V at (a) 0-1700 km depth, and (b) 700-2300 km. Blue thick line
corresponds to paleolatitude of the Lhasa block at 20° N + 4° (errors marked by dashed blue lines) at the onset of
collision (see Section 5.4 for discussion). Present day locations of the Main Frontal Thrust (MFT) and Indus Suture
Zone (I1SZ) are marked with black solid lines. Outlines of seismically fast anomalies | to V approximately
corresponds to the largest areas defined by the dv/v = +0.2% contour around each anomaly. Seismic tomography
lines of section shown in Figures 12-20 are drawn with solid grey lines. Distances at 59 Ma of ~1900 km and ~3200
km between South Asian margin and East and West syntaxes of Indian continent are marked by dashed black arrows.
Reconstructions of India at 59 Ma are based on different reference frames and reconstruction models: Black line —
Optimized mantle reference frame (Miller et al., 2019); Blue line — Global moving hotspot reference frame A
(Torsvik et al., 2008, Matthews et al., 2016, Mdller et al., 2016, Zahirovic et al., 2016, Young et al., 2018); Green —
Subduction reference frame (van der Meer et al., 2010, Shephard et al., 2012); Purple — Hybrid hotspot reference
frame (O'Neill et al., 2005, Seton et al., 2012, Shephard et al., 2012); Orange — Fixed hotspot reference frame (Miiller
et al., 1993, Shephard et al., 2012); Brown line — Global moving hotspot reference frame B (Doubrovine et al., 2012,
van Hinsbergen et al., 2019). Georeferenced overlays (.kml, .kmz) and shapefiles of all points, lines, and polygons
presented in our map figures are available for use and editing with global information system software (e.g. Google
Earth, GPlates, ArcGIS) in Supplementary Materials 01 and 02.
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Figure 8. Continued.

800  Anomaly I is visible in the upper mantle beneath the Tibetan plateau (Figures 8-9, 12-20). Its size and

801  segmented geometry varies between tomographic models such that it is best described in terms of three

802  connected anomalies (Table 2). Anomaly la is visible beneath southern Tibet in all models between 67°E
803  43°N to 97°E 25°N (Figures 8-9, 12-20). It is coherent and linear between 0-350 km depth, and steeply dips
804  northeast parallel to the ISZ. Between 350-450 km depth, Anomaly la is only partially visible in tomography
805  models UU-PO7, MIT-P08, and DETOX-P2, but well defined in models LLNL-G3Dv3 and SL2013sv, where
806 it is observed directly on top of the upper surface of the underlying Anomaly Ib (Figures 9, 12-18).

807  Anomaly Ib is a horizontally extensive anomaly immediately below Anomaly la in the MTZ at ~400-700 km
808  depth between 70°E 38°N to 102°E 25°N (Figures 8-9, 13-20). It is well defined in models LLNL-G3Dv3
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and SL2013sv, but poorly defined and only partially imaged in UU-P07, MIT-P08, and DETOX-P2 (Figures
9, 13-19). Surface-wave models provide better resolution in the upper mantle, which explains why model
SL2013sv (Figures 9a-b, 13-18) detects a much larger volume and depth for Anomaly | than most body-
waves models (Schaeffer and Lebedev, 2013). Likewise, the P-wave model LLNL-G3Dv3 (Figures 9c-d, 13-
18) has been constructed to offer a higher resolution of the upper mantle through the use of a 3D background
model that includes known lateral variations in Moho and mantle transition zone thicknesses, and a large
dataset of P and Pn arrivals that were re-located using a range of seismic phases including several with short
epicentral distances. Therefore, we define the geometry and location of Anomaly Ib from SL2013sv and
LLNL-G3Dv3 (Figure 9, Table 2).

Anomaly Ic is small and localized between 75°E, 38°N and 105°E, 25°N, beneath the Hindu Kush and Pamir
regions (Table 2 and Figures 8-9, 12-13, 19-20). It is well defined in all models except SL2013sv, which
cannot distinguish this anomaly from Anomaly Ib and la. In all other models, Anomaly Ic has an east-dipping
cylindrical geometry, visible between 250-700 km depth. The top and bottom surfaces of Anomaly Ic are
indistinguishable from Anomaly la and I1b, respectively.

Anomaly Id is well-defined in the upper mantle and top of the lower mantle. It has a linear, steeply northeast
dipping geometry that trends NW-SE, parallel the Sunda-Sumatra-Andaman trench from northeast India
(94°E 24°N) to Sumatra (126°E 8°S) (Figures 8-10, and Table 2). It is visible from 0 km to ~900 km depth
(Figure 8-10 and Table 2). In the northwest, Anomaly Id merges laterally with Anomalies la, 1b, and II. In
the southeast, the base of Anomaly Id merges with the top of Anomaly Il1. A gap in Anomaly Id is present in
all tomography models between 20°N and 5°N at ~500-900 km depth (Figures 8a, 9b, 9d, 9e, 10). Above this

depth, Anomaly Id forms a near continuous anomaly across its entire horizontal length.
5.2.1.1. Geological interpretations of Anomaly |

Anomaly la (Figures 8, 20) is indicative of a steeply NE-dipping subducting slab from the northern edge of
the Indian continent; this is consistent with observations from regional-scale tomography and receiver
function studies (Figure 21 - see section 5.5). Assumed sinking rates of 10 mm/yr and 20 mm/yr predict that
Anomaly la subducted sometime between ~40-0 Ma or ~20-0 Ma, respectively (Table 2). It is unclear
whether Anomaly la represents oceanic or continental lithosphere or a mix of the two. Parts of Anomaly la
described here are equivalent to seismic anomalies described in previous work. This includes the ‘CR
anomaly’, interpreted by Replumaz et al. (2014) as subducting Indian cratonic lithosphere, and the ‘Burma
anomaly’, interpreted by van der Meer et al. (2018) and van Hinsbergen et al. (2019) as subducted Greater
India continental lithosphere (Table 2).

Anomaly Ib is not formally identified as a subducted slab by previous studies (e.g. Van der Voo et al., 1999,
Replumaz et al., 2010, Replumaz et al., 2014, van der Meer et al., 2018). Assumed sinking rates of 10 mm/yr
and 20 mm/yr predict that Anomaly Ib subducted sometime between ~70-40 Ma or ~35-20 Ma, respectively
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Figure 11. Seismic tomographic
images of subducted slabs
beneath the Indian hemisphere at
1300 km depth. See Figure 9 for
explanation of annotations and
structures drawn over each depth
slice. Depth slices shown for
tomography models @
DETOX-P2, (b) LLNL_G3Dv3,
(c) UU-PO7, and (d) MITPOS.
(e) Vote Map for models
LLNL_G3Dv3, DETOX-P2,
UU-P07 and MITP08. (f) Vote
Map for P-wave models
GyPSuM-P, HMSL-P06, PRI-
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DETOX-P2, GAP-P4,
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PO7 (For model sources and
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(Table 2). The horizontally extensive geometry of Anomaly Ib satisfies two interpretations (Figures 8, 20).
Anomaly Ib may represent a subducted slab that has folded and stagnated within the MTZ as the overlying
trench migrated in a NE-SW direction (e.g. Figure 6d-f). Alternatively, part or all of Anomaly Ib may
represent Indian and/or Asian subcontinental lithospheric mantle detached from the base of the Tibetan
Plateau during or prior to the India-Asia collision (s.l.) via delamination, lithospheric dripping or some other

abrasive mechanism (e.g. Houseman and Molnar, 1997, Gogiis et al., 2017, Kelly et al., 2019).

Anomaly Ic (Figures 8, 20a-b) is consistent with a localized slab attached to the Indian continent. Assumed
sinking rates of 10 mm/yr and 20 mm/yr predict that Anomaly Ic subducted sometime between ~70-0 Ma or
~35-0 Ma (Table 2). Anomaly Ic is equivalent to the previously defined ‘HK anomaly’ (Hafkenscheid et al.
2006; Replumaz et al. 2014) and the ‘Hindu Kush anomaly’ (van der Meer et al 2018). Those studies suggest
that this slab comprises oceanic lithosphere below 200 km depth and continental lithosphere above this depth
(e.g. Kufner et al., 2016). We note that the structurally distinct appearance of Anomaly Ic may be due to the
relatively denser array of seismic instrumentation of the overlying Hindu Kush and Pamir regions, and the
higher concentration of deep earthquakes (>200 km) in this region, both of which improve the tomographic

resolution.

Anomaly Id is interpreted as Indian plate oceanic lithosphere subducted into the Sunda-Sumatra-Andaman
trench (Figures 8-10). Assumed sinking rates of 10 mm/yr and 20 mm/yr predict that Anomaly Id subducted
sometime between ~90-0 Ma or ~45-0 Ma (Table 2). The north and south portions of Anomaly Id are
respectively equivalent to the ‘Burma anomaly’ and ‘Sunda anomaly’ of van der Meer et al. (2018) and the
‘BU anomaly’ and ‘AN anomaly’ of Replumaz et al. (2014). The gap in Anomaly Id below the Andaman
Islands has been interpreted as a slab window (Figures 8a, 9b, 9d, 9e, 10), produced by migration of the
India-Asia plate boundary, which ruptured and dragged the northern portion of the slab northwards by >1000
km, during a period of strike-slip motion on the overlying plate boundary (e.g. Advokaat et al., 2018, van der
Meer et al., 2018).

5.2.2. Anomaly Il

Anomaly Il strikes NW-SE in the MTZ and lower mantle beneath the Himalayan orogen and northern India
(Figure 8). The size and geometry of Anomaly Il is best described as two connected anomalies (Table 2).
Anomaly lla is small, but well defined between 73°E 27°N and 87°E 28°N (Figures 8-10, 13-20). Its top
surface is imaged in the east at ~450-550 km depth and plunges to the west; the full linear trace is visible at
~700-800 km depth (Figures 9-10, Table 2). The base of Anomaly lla is imaged at ~800-1000 km, where it
widens and merges into the underlying Anomaly Ilb. Anomaly 1Ib is visible over a larger horizontal area but
is poorly defined and patchy in appearance; it is visible between 73°E, 27°N to 87°E, 28°N at a depth of 700-
1100 km (Table 2), although its base may extend as deep as 1300 km (Figures 8, 10-11, 13-20). From bottom
to top, the overall geometry of Anomaly Ilb transitions from a horizontal anomaly at its base into several

localized pillars of seismically fast material, of which Anomaly lla is the largest and most well defined
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(Figures 13-20, Supplementary Materials 06). Anomaly lla cannot be distinguished from the SL2013sv
surface wave tomography model of Schaeffer and Lebedev (2013) (Figures 9, 13-19), perhaps due to its

relatively small size above 700 km depth.
5.2.2.1. Geological interpretations of Anomaly 11

The geometry of Anomaly Il suggests that it is a slab subducted from a SW migrating trench (Figures 8, 20).
The horizontal width of Anomaly 11b in a northeast-southwest direction suggests that it stagnated in the MTZ
before sinking into the lower mantle (e.g. Figure 6). Pillars of seismically fast materially protruding upwards
from the base of Anomaly Ilb may indicate that this slab sank unevenly into the lower mantle. Assumed
sinking rates of 10 mm/yr and 20 mm/yr predict that Anomaly 1l subducted sometime between ~110-45 Ma or
~55-22 Ma, respectively (Table 2).

Anomaly Ila is equivalent to anomaly ‘1V’ of Van der Voo et al. (1999) and the ‘IN anomaly’ of Replumaz et
al (2014), which are interpreted as Indian continental lithosphere subducted between ~45-15 Ma. Anomaly I1b
is equivalent to part of the ‘A4S anomaly’ of Replumaz et al (2014), which is interpreted as Asian lithosphere
subducted southward beneath north Qiantang during the Eocene. Hafkenscheid et al. (2006) interpreted
Anomaly II (their ‘anomaly Hi’) as subducted Neotethys oceanic lithosphere, which formed the back-arc to a
Late Cretaceous intra-oceanic arc. Alternatively, van der Meer et al. (2018) and van Hinsbergen et al. (2019)
interpret Anomaly II as oceanic lithosphere of the Greater India Basin (their ‘Himalayas anomaly’) subducted
beneath the GHS/THS microcontinent between 58-15 Ma.

5.2.3. Anomaly Il

Anomaly Il in the lower mantle is a well-defined fast anomaly observed beneath west India to Sumatra
between 66°E 25°N and 105°E 0°N (Figures 8, 10-11, 13-20, and Table 2). It is arguably the most robust
anomaly considered by this study, based on the similarity of its size, depth and geometry displayed by all
tomography models (Figure 19). It is linear and steeply northeast-dipping anomaly with a NW-SE strike. The
top of Anomaly 11 is imaged in the southeast at ~800 km depth beneath Sumatra and in the northwest at ~900
km depth beneath western India (Figure 10); the full linear trace is visible at ~950-1000 km depth (Figure
11). Below ~1100-1150 km depth, its NE-SW horizontal width increases downward. The base of Anomaly 111
is imaged at a depth of ~1600-1700 km (Figures 13-20).

5.2.3.1. Geological interpretations of Anomaly 111

Anomaly 1l (Figures 8, 20) is consistent with subduction and slab-folding beneath an initially southwest-
migrating, NW-SE striking trench that became stationary above the top of Anomaly Il (e.g. Figure 6a-c).
Assumed sinking rates of 10 mm/yr and 20 mm/yr predict that Anomaly 111 subducted sometime between
~170-90 Ma or ~85-45 Ma, respectively (Table 2).
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Figure 12. Cross section A through seismic tomography models (a) DETOX-P2, (b) LLNL_G3Dv3, (c) UU-P07, (d)
MITPO8, and (e) SL2013sv3. Labels display positions of anomalies | to VI, marked on Figures 8-11. Locations of
specific surface structures are labelled: AFT — Altyn Tagh Fault; BN — Bangong-Nuijang suture; 1ISZ — Indus suture; J
— Jinsha suture; K — Kunlun suture; MFT — Main Frontal thrust; SS — Shyok suture; see Figures 1 and 2 for further
reference. (f) Map trace of tomographic line of section, with geological structures and seismic tomography anomalies
outlined. Location of cross section are displayed in Figures 8—11. Cross sections drawn using SubMachine (Hosseini
etal., 2018).

39



DETOX-P2 LLNL_G3Dv3

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Seismic velocity anomaly dv/v in % Seismic velocity anomaly dv/v in %

UU-PO7 MITPOS

<4EENT = 2 TI»

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Seismic velocity anomaly dv/v in % Seismic velocity anomaly dv/v in %

e ——— o

D i ,l>7 b 50°N
/ -

—fpasN

= 40°N

+35°N

30°N

=25°N

S oo

“f15°N

—10°N

SL2013sv

= 5°N

-3.0 -1.5 0.0 1.5 3.0
Seismic velocity anomaly dv/v in %

Figure 13. Cross section B — see Figure 12 for full figure caption.
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Figure 14. Cross section C — see Figure 12 for full figure caption.
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Figure 15. Cross section D — see Figure 12 for full figure caption.
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Figure 16. Cross section E — see Figure 12 for full figure caption.
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Figure 17. Cross section F — see Figure 12 for full figure caption.

44



DETOX-P2 LLNL_G3Dv3

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Seismic velocity anomaly dv/v in % Seismic velocity anomaly dv/v in %

UU-PO7 MITPOS

<4EENT = 2 TI»

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Seismic velocity anomaly dv/v in % Seismic velocity anomaly dv/v in %

e ——— o

D i ,l>7 b 50°N
/ -

—fpasN

= 40°N

+35°N

30°N

=25°N

S oo

“f15°N

—10°N

SL2013sv

= 5°N

-3.0 -1.5 0.0 1.5 3.0
Seismic velocity anomaly dv/v in %

Figure 18. Cross section G — see Figure 12 for full figure caption.
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Anomaly III is equivalent to anomaly ‘I’ of Van der Voo et al. (1999), the ‘India anomaly’ of van der Meer et
al. (2018), and the upper half of the ‘anomaly IC’ of Hafkenscheid et al. (2006) who interpret it as Neotethys
oceanic lithosphere subducted beneath the Lhasa terrane between the Early Cretaceous to the Eocene.
Alternatively, Replumaz et al (2014) suggest that Anomaly III (equivalent to their ‘TH anomaly’) represents
Neotethys oceanic lithosphere subducted beneath an intra-oceanic arc. All of these previous interpretations
suggest that Anomaly 111 detached from the northern margin of the Indian continent in response to continental
collision of India with Asia (Van der Voo et al. 1999; Van der Meer et al. 2018) or an intra-oceanic arc
(Replumaz et al. 2014). We note that the trace of this anomaly overlaps with the restored location of the Lhasa
terrane at 20°N + 4° at the onset of the Himalayan orogen (Figure 8), based on palaeomagnetism and crustal
shortening estimates from Tibet (e.g. Huang et al., 2015a, Li et al., 2015, Kapp and DeCelles, 2019).

5.2.4. Anomaly IV

Anomaly IV is a composite of three overlapping NW-SE striking anomalies beneath India and the western
Indian Ocean (Figure 8). These anomalies (IVa, Vb, I\Vc) are visible between 55°E 20°N and 87°E 7°S, and
750 km to 2000-2300 km depth and collectively dip northwards (Figures 8-20, and Table 2). The size and
geometry of Anomalies IVa, IVb, and IVVc are poorly defined (Figure 12-18) and highly variable between all
tomography models (Figure 19). Anomaly 1Va is small and localised. It is not imaged by the MIT-P08 model
and it is poorly imaged by all other P-wave models between 57°E, 0°N to 67°E, 17°N (Figures 8, 10, 13-15,
19-20, and Table 2). It has a NE-SW linear trace that is visible from a depth of ~750 km to ~1000-1100 km
depth where its base merges into the underlying Anomaly 1VVb (Table 2). Anomaly IVb is a north-dipping,
NW-SE striking linear anomaly, poorly imaged between 55°E, 20°N to 87°E, 7°S at a depth of ~1000-1100
km to 1650-2000 km (Figures 8, 11-20, and Table 2). The base of Anomaly IVb merges with the top of
Anomaly IVc. Anomaly IVc is a wide, north-dipping, NW-SE striking linear anomaly that is poorly imaged
between 60°E, 30°N to 90°E, 5°N at a depth of ~1400-1600 km to 2200-2300 km (Figures 8, 12-20, and
Table 2). The upper half of Anomaly IVVc merges with parts of Anomalies IlI, 1Vb, and V (Figures 12-19,
Supplementary Materials 06).

5.2.4.1. Geological interpretations of Anomaly 1V

The small, sub-horizontal geometry and linear NE-SW trace of Anomaly 1Va (Figures 10, 20b-d) suggests that
this anomaly represents lithosphere either subducted from a NE-SW striking, stationary subduction zone or a
NW-SE striking and NE-SW migrating subduction zone. Similarly, the geometries of Anomaly Vb and 1VVc
suggest that they represent lithosphere subducted from one or two NW-SE striking and SE-migrating
subduction zone(s) (Figures 8, 20). The horizontal widths of Anomalies IVa, Vb, and V¢ suggest that they
stagnated and folded in the MTZ prior to sinking into the lower mantle (e.g. Figure 6). Assumed sinking rates
of 10 mm/yr and 20 mm/yr predict that: (1) Anomaly IVa subducted between ~110-75 Ma or ~55-37 Ma,
respectively; (2) Anomaly Vb subducted sometime between ~200-100 Ma or ~100-50 Ma, respectively; and
(3) Anomaly IVVc subducted sometime between ~230-140 Ma or ~115-70 Ma, respectively (Table 2).
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Hafkenscheid et al. (2006) identified Anomalies 1Va, Vb, and southern part of V¢ as a single anomaly (their
‘anomaly 10°), and identified the northern part of Anomaly IVc as the lower half of their ‘anomaly IC". They

interpreted these anomalies as part of the same Neotethys oceanic slab as Anomaly Il (their ‘anomaly IC").

Anomaly 1Va is equivalent to the ‘Carlsberg anomaly’ of Gaina et al. (2015) and van der Meer et al. (2018).
Van Hinsbergen et al. (2019) interpret the ‘Carlsberg anomaly’ to originate from localized northwestward
subduction of Neotethys oceanic lithosphere beneath the Arabian plate between the Late Cretaceous and
Paleocene during the West India orogeny (e.g. Gnos et al., 1997, Gaina et al., 2015, van Hinsbergen et al.,
2019).

Anomaly IVb is equivalent to the ‘Maldives anomaly’ of van der Meer et al. (2018), who refrained from
making a geological interpretation for the origin of this anomaly due to the unresolved debate over the
location and timing of Jurassic-Cretaceous intra-ocean arcs in the Neotethys Ocean. Van der Voo et al. (1999)
interpreted this anomaly (their anomaly °‘Il1’) as Neotethys oceanic lithosphere subducted beneath an

equatorial mid- to Late Cretaceous intra-oceanic arc.

Anomaly V¢ has not been formally recognised as a distinct anomaly by previous studies, although it is partly
equivalent to the lower portion of anomaly ‘II” of Van der Voo et al. (1999) who interpreted that anomaly as

Neotethys oceanic lithosphere subducted beneath Lhasa during the Cretaceous.

Based on our own observations, we suggest that Anomaly IV represents one or more slabs subducted between
the Jurassic to Cretaceous from one or more NW-SE striking and SW migrating intra-oceanic arcs in the
Neotethys Ocean. However, the sizes and shapes of Anomalies IVa, Vb, and IVV¢ are poorly constrained by
all models (Figures 12-18, Table 2) and resolution tests demonstrate that these anomalies derive from a region
of low tomographic resolution (e.g. Amaru, 2007, Li et al., 2008, Simmons et al., 2012). Consequently, we
argue that it is not (yet) possible to determine from tomographic imaging alone whether Anomaly IV
represents three north-dipping slabs stacked atop of each other, or whether it represents one or two larger

slabs.
5.2.5. Anomaly V

Anomaly V is relatively small and round in the lower mantle beneath the western Himalaya (Figures 8, 11-16,
19-20). It is imaged between 73°E, 35°N to 91°E, 26°N at a depth range of 1200 km to ~1800-2000 km (Table
2). The size and geometry of Anomaly V is poorly constrained and varies between tomography models
(Figure 19) but appears to strike NW-SW and dip towards the SW; the top and bottom surfaces of Anomaly V
deepen towards the SE, and its horizontal width increases with depth. In the west, the top of Anomaly V is

indistinguishable from the base of Anomaly IIb (Figures13, 20b).
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5.2.5.1. Geological interpretation of Anomaly V

Anomaly V is poorly defined and any geological interpretations based on its appearance are made with low
confidence. Its geometry suggests that it represents lithosphere subducted from a NW-SE striking and NE
migrating subduction zone. The eastward increase in depth of the top surface of Anomaly V may indicate that
it detached earlier in the east than in the west. Its horizontal width suggests that it stagnated and folded in the
MTZ prior to sinking into the lower mantle (e.g. Figure 6). Assumed sinking rates of 10 mm/yr and 20 mm/yr
predict that Anomaly V subducted between ~230-140 Ma or ~115-70 Ma, respectively (Table 2). Anomaly V
is equivalent to the ‘Nepal anomaly’ of van der Meer et al. (2018), anomaly ‘I’ of Van der Voo et al. (1999),
and ‘anomaly PT’ of Hafkenscheid et al. (2006), which are all interpreted as Bangong-Tethys oceanic
lithosphere subducted beneath Qiangtang during the Jurassic to Late Cretaceous. Alternatively, Replumaz et
al, (2014) recognized Anomaly V as part of their ‘AS anomaly,” which they interpreted as Asian lithosphere
subducted southward beneath Qiantang during the Eocene.

5.2.6. Anomaly VI

Anomaly VI represents a collection of deep anomalies in the lower mantle beneath the central and northern
Tibetan plateau and the Central Asian orogenic belt (Figures 12-20, Table 2). These anomalies form along a
linear NW-SE strike between 1000 km and 2900 km depth although most are imaged below 1500 km depth
(Figure 20). Their depth and position suggest that they represent Paleotethys oceanic lithosphere subducted
prior to the Jurassic during terrane accretion along the southern margin of Asia (e.g. Van der Meer et al.,
2018; their ‘Central China anomaly’). As such, Anomaly VI is not directly relevant to the India-Asia collision
and it is not discussed further; it is included for its relevance to pre-Jurassic models of the assembly of Asia

and the Tibetan plateau.
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additional clarity, these cross sections are displayed without annotations, along with cross sections showing only
+0.2%, and only +0.3% contours in Supplementary Materials 07.
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5.3.  Timing of the Himalayan orogeny and India-Asia collision

The timing of the India-Asia collision (s.l.) places an important constraint on the magnitude of convergence
accommodated between India and Asia since the onset of collision (e.g. Ingalls et al. 2016; van Hinsbergen et
al. 2019; Zhou and Su, 2019). There are several ways in which onset of the Himalayan orogeny (the India-
Asia collision s.1.) can be constrained; from a plate kinematic perspective we wish to determine the earliest
arrival of the Tethyan Himalaya passive margin into a subduction zone (e.g. Hu et al., 2016a). The oldest THS
strata that contain Asia-derived sediments (based on U-Pb detrital zircon age populations) occur within the
Paleocene Sangdanlin Formation (Saga section; DeCelles et al., 2014, Hu et al., 2015, Metcalf and Kapp,
2017), and Zongzhuo Formation (Gyangze section; Ding et al., 2005, Wu et al., 2014). Asia-derived zircons in
those strata correlate with the Paleocene Quxia and Jialazi formations from the Xigaze forearc basin (Hu et al.,
2016b). The Sangdanlin and Zongzhou formations and their correlative units have been interpreted as
submarine fan deposits from a continental rise setting at the distal edge of Greater India; we thus follow
previous studies that constrain the onset of the Himalayan orogeny at 59 + 1 Ma, based on the youngest
detrital zircon age of the Sangdanlin Formation (DeCelles et al., 2014, Wu et al., 2014, Hu et al., 2015, Hu et
al., 2016b, Metcalf and Kapp, 2017).

The interpretation of collision at 59 + 1 Ma requires the assumption that the Sangdanlin formation and
correlative units were located at the distal edge of Greater India. This assumption is supported by a variety of
bedrock datasets, which constrain the temporal evolution of uplift and deformation after 59 + 1 Ma. Following
the first arrival of Asian sediments on Greater India, the Xigaze forearc transitioned from a marine to non-
marine depositional environment between 58 Ma and 54 Ma, with a cessation of sedimentation by ~51 Ma
(Orme et al., 2015, Kapp and DeCelles, 2019). In the THS and GHS, the development and migration of a
flexural bulge erosional unconformity at ~57-56 Ma is followed by the earliest deposition of shallow-marine
Asia-derived sediments on the Tethyan Himalaya continental shelf between ~56-54 Ma, This is followed by a
transition from shallow marine carbonates (53-54 Ma) to clastic sediments (53-50 Ma), and the end of marine
sedimentation in many places along the Tethyan Himalaya margin by 50 Ma (Guillot et al., 2003, Green et al.,
2008, Najman et al., 2010, Hu et al., 2015, Wang et al., 2015, Hu et al., 2016a, Najman et al., 2017, Searle,
2019). UHP/HP metamorphism of the THS is recorded in the NW Himalaya between ~56-43 Ma (de Sigoyer
et al., 2000, Leech et al., 2005, Parrish et al., 2006, Donaldson et al., 2013, Rajkumar, 2015, Rehman et al.,
2016, Bidgood et al., 2019ab), whereas the earliest prograde metamorphism within the GHS in the North
Himalayan gneiss domes is recorded at ~56-54 Ma (Smit et al., 2014, Ding et al., 2016). The progression of
these events supports the interpretation that collision (s.l.) occurred at ~59 Ma; we thus use this age to
constrain the position of India at the onset of collision, based on plate reconstructions of the Indian and

Atlantic oceans (see Section 5.4.).

In the case of the single subduction zone configuration, the onset of the Himalayan orogeny (the India-Asia

collision s.I.) at 59 Ma is synonymous with the onset of the India-Asia collision s.s. (Hu et al., 2016a, Ingalls
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et al., 2016). In models with a double subduction zone configuration, the onset of the Himalayan orogeny at
59 Ma corresponds to collision of Greater India with a Neotethys intra-oceanic arc (e.g. Aitchison et al., 2007,
Bouilhol et al., 2013, Replumaz et al., 2014); likewise, in models with a Greater India Basin reconstruction,
the onset of the Himalayan orogeny at 59 Ma corresponds to collision between the GHS-THS microcontinent
with the Asian active continental margin (van Hinsbergen et al., 2012, 2019). The timing of the India-Asia
collision s.s. in these latter two models is harder to constrain as in both cases, deformation and convergence
following the onset of the Himalayan orogeny has been continuous up to the present day. Studies in favour of
either of these two models often distinguish the India-Asia collision s.I. from the India-Asia collision s.s. in
terms of an initial ‘soft collision’ (onset of the Himalayan orogeny) and subsequent ‘hard collision’ (onset of

the India-Asia collision s.s.).

Models that favour a double subduction zone configuration constrain the timing of the India-Asia collision s.s.
to ~45-40 Ma, based on: (1) a reduction in Indian plate velocity between ~50 Ma and ~40 Ma in response to
‘hard collision’ of India with Asia; (2) changes in pluton isotope geochemistry in the Kohistan and Ladakh
blocks between at ~50 Ma and ~40 Ma, which become more evolved due to contamination from the
Karakoram block and/or the subducting Indian lithosphere; (3) a change from calc-alkaline magmatism to
alkaline magmatism in southern Tibet at ~40 Ma; and (4) an increase in zircon and monazite crystallization
recorded in the Himalayan orogen after ~40 Ma (e.g. Bouilhol et al., 2013, Replumaz et al., 2014, Burg and
Bouilhol, 2019, Jagoutz et al., 2019).

Models that favour the Greater India Basin reconstruction use similar concepts to constrain the timing of the
India-Asia collision s.s. but constrain this event to ~30-20 Ma, based on (1) a reduction in Indian plate
velocity at ~25-20 Ma; (2) the earliest metamorphism recorded in the LHS, interpreted as the onset of
collision and accretion of the LHS to the GHS-THS microcontinent; (3) the absence of Eocene-Oligocene
foreland basin strata; and (4) the onset of far-field deformation in Central Asia at ~25-20 Ma (e.g. van
Hinsbergen et al., 2012, 2019).

Given the variability of interpretations for the timing of the India-Asia collision s.s., we present our plate
kinematic framework for testing subduction zone configurations and Greater India reconstructions with
respect to the onset of the Himalayan orogeny (i.e. the India-Asia collision s.l.), which is well constrained to
59 + 1 Ma.

5.4. Locations of India and Asia at the onset of the India-Asia collision (s.1.)

For this study, the relative motions of India and the southern Asian margin must be reconstructed with respect
to a fixed mantle reference frame so that plate boundaries, plate motions and surface deformation may be
correlated with the absolute locations of subducted slabs (e.g. van der Meer et al., 2010, Torsvik and Cocks,

2017). To achieve this, we integrate our selected geological and geophysical datasets within an existing plate
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reconstruction model (i.e., our 'plate kinematic framework', provided by Miller et al., 2019) using the palaeo-

global information system software, GPlates (Mdiller et al., 2018).
5.4.1. Reconstruction of India at 59 Ma

We reconstruct plate motions using finite rotation poles from Miiller et al. (2019), which are calculated from
an ‘optimised mantle reference frame,” based on joint global inversion of hotspot motions, slab geometries
and locations, and lithospheric net rotation estimates (Tetley, 2018, Tetley et al., 2019). Fortunately, during
the Cenozoic, the motion of India is tightly constrained by magnetic reversal isochrons within the Indian and
Atlantic oceans, based on (1) global magnetic reversal picks (Seton et al., 2014) compiled by Miller et al.
(2016); and (2) robustly defined hotspot tracks that lend a high degree of certainty to reference frames for
plate restorations of 0—70 Ma (e.g. Torsvik et al., 2008, Doubrovine et al., 2012, Miller et al., 2019).

At 59 Ma, our reconstruction places the east and west syntaxes of India at 5.2°S and 2.5°N, respectively
(Figure 8). Alternative reference frames place the east and west syntaxes at comparable latitudes of 8°S to
11°S, and 3°N to 3°S, respectively (Figure 8), although small shifts in longitude (0° to 6°) and latitude (1° to
5°) occur due to the manner in which different reference frames handle effects such as true polar wander,
hotspot motion, longitudinal drift of Africa, and net lithospheric rotation (e.g. Shephard et al., 2012, Torsvik et
al., 2012, Matthews et al., 2016).

5.4.2. Reconstruction of the Asian margin at 59 Ma

The location of the southern Asian margin cannot be determined from plate circuits, as the geological record
of ocean spreading within the Tethys oceans has been subducted. Paleomagnetic data from the Linzizong
volcanics place Lhasa at 20°N * 4° between ~55-50 Ma (Figure 8) (Huang et al., 2015a), which is in good
agreement with other paleomagnetic studies (e.g. Lippert et al., 2014, Ma et al., 2014b, Huang et al., 2015b).
This is consistent with estimates of ~1000 km of shortening within Asian crust across the Tibetan plateau
since collision at 59 + 1 Ma, and the location of a well-imaged linear seismic anomaly in the lower mantle
beneath central India (our Anomaly I11, Figure 8) (Dupont-Nivet et al., 2010, van Hinsbergen et al., 2011a, Li
et al., 2015, Kapp and DeCelles, 2019). We therefore locate the south Asian margin of the Lhasa terrane at

20°N at the onset of the India-Asia collision (s.1.).
5.5.  Size and structure of Greater India preserved in the Himalaya-Tibet orogen

Greater India formed the northern passive margin of the Indian continent (Hu et al., 2016a, van Hinsbergen et
al., 2019). It was subjected to several episodes of rifting and associated intra-plate magmatism during the
Permian (e.g. Vannay and Spring, 1993, Chauvet et al., 2008), Triassic (e.g. Huang et al., 2018), and Early
Cretaceous (e.g. Zhu et al., 2009a, Hu et al., 2010, Liu et al., 2015, Chen et al., 2018). The maximum size of
Greater India cannot exceed the distance between the Asian margin and the MBT at the onset of collision at

59 + 1 Ma (Figure 8). Further constraints on the size and geometry of Greater India are based on stratigraphic
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correlations, estimates of Indian crustal shortening within the Himalayan-Tibetan orogenic system, and

subsurface imaging of Indian continental lithosphere beneath Tibet (Figure 21).
5.5.1. The ‘suspect terrane’ hypothesis for the GHS-THS stratigraphy

The GHS and THS share several commonalities that distinguish them from the underlying LHS. Some authors
view the GHS and THS as a single package of Neoproterozoic to Cenozoic strata, differentiated from each
other only on a structural and metamorphic basis (see review of Martin, 2017b). The LHS (HFT-A, Figure 1;
Assemblage A of Martin, 2017b) is distinguished from GHS-THS strata (HFT-B, Figure 1; Assemblage B of
Martin, 2017b) based on the age of their constituent sedimentary and igneous rocks and on Sm-Nd isotopic
compositions (Mottram et al., 2014, Martin, 2017b, Goscombe et al., 2018, Spencer et al., 2018). Based on
these differences, and the structural isolation of GHS-THS from the LHS, Martin (2017b) argued that the
post-Cretaceous GHS-THS strata fit the definition of a suspect terrane (Coney et al., 1980). This debate
continues; for example, Dyck et al. (2019) argue that Paleoproterozoic gneiss mapped in the basal section of
the GHS in central Nepal correlates with similar-aged gneisses in the LHS, and that the GHS and LHS are

therefore part of the same contiguous passive margin sequence.
5.5.2. Crustal shortening estimates

Table 3 presents a compilation of published shortening estimates from across the Himalayan orogen. Local
minimum and maximum restored lengths of the LHS, GHS and THS are displayed on Figure 21a (see Table
3 for references). Shortening estimates associated with deformation within the SHZ, LHS, and the underlying
MFT range between 161 km to 522 km (Table 3). Displacement estimates along the overlying MCT range
between 52 km to 259 km (Table 3). Shortening estimates along discrete brittle structure within the GHS
range between 4 km to 75 km (Table 3). Shortening estimates for the THS and ISZ are sparse, but range
between 85 km to 139 km, and 36 km to 120 km, respectively (Table 3). Excluding ductile shortening (which
may be as high as 230 km in the GHS; Corrie and Kohn, 2011), the sum of the mean minimum and maximum
shortening estimates from each unit gives an estimated total crustal shortening of 740 km to 608 km within
Indian crustal units since the onset of collision at 59 + 1 Ma. Locally restoring the estimated amounts of
crustal shortening indicates that prior to collision, crustal units of Greater India extended ~900 km to ~750 km
north of the MFT (Figure 21a), which is in close agreement with previous estimates of total crustal shortening
(e.g. Robinson et al., 2006, Guillot et al., 2008, Long et al., 2011), and estimates of the area of Indian
lithosphere imaged beneath the Tibetan Plateau via geophysical techniques (see below). We note the
remarkable consistency between the restored length of the LHS and the most northerly imaged India lower
crust (red dots, Figure 21a). These shortening estimates are also consistent with paleomagnetic datasets which
suggest that edge of Greater India was located <1000 km beyond the MFT in the Early Cretaceous, prior to
rifting from Gondwana (Huang et al., 2017a, 2017b, van Hinsbergen, 2019, van Hinsbergen et al., 2019),
although this is disputed by Rowley (2019a, 2019b) who uses a less conventional statistical method for

interpreting paleomagnetic data.
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1147 Figure 21. (a-c) Spatial extent of underthrusted/subducted Indian lithosphere immediately beneath the Tibetan plateau, based
on Himalayan crustal shortening estimates and geophysical subsurface imaging. (a) Blue shaded area with thick long-dashed
line marks the edge of Indian continental lithosphere (Greater India) underlying the Tibetan plateau, estimated from
geophysical datasets and cross section restorations. Thick short-dashed line shows extent of Indian lithosphere underlying the
Tibetan plateau after vertical slabs of Indian continental lithosphere are unfolded to a horizontal position. Position and polarity
of the Pamir and Hindu Kush subduction zones is based on Kufner et al. (2016). Red dashed line marks southern limit of
southward subducting Asian continental lithosphere beneath the Tibetan Plateau; yellow area marks low seismic velocity zone
in the upper mantle beneath the Tibetan Plateau (based on: Wittlinger et al., 1996, Liang et al., 2012, Zhang H. et al., 2012,
Zhao et al., 2014). Coloured circles show the positions at which the Indian crust and lithosphere are imaged beneath the
Tibetan Plateau. Colours correspond to: red — Indian lower crust imaged via receiver function surveys; green — Indian
lithosphere imaged via receiver function surveys; blue - Indian lithosphere imaged via P- and S-wave tomography; yellow -
Indian lithosphere imaged via Pn-wave tomography; purple - Indian lithosphere imaged via surface-wave tomography.
Numbers next to coloured circle can be matched to their data sources presented in Table 4. Thick semi-transparent solid line
marks northern limit of Indian lower crust imaged beneath Tibet. NE-SW trending, light and dark coloured bars respectively
show minimum and maximum restored lengths of the LHS (blue), GHS (purple), and the THS (yellow), determined from cross
section restoration. Cross section numbers can be matched with their data sources in Table 3. Red shaded area with short-
dashed line outlines approximate combined area of the restored GHS and THS. Abbreviations on underlying map are as in
Figures 1-2. (b-c) 150 km depth slice of tomography models (b) SL2013sv and (c) LLNL_G3Dv3. Estimated size of Greater
India displayed by thick long-dashed line. Outline of seismically fast anomaly | is marked by thick grey dashed line. Estimated
size of Indian continental crust and mantle lithosphere that must be removed via subduction to satisfy the enlarged-area
Greater India reconstruction is outlined by blue dashed line,dxsed on Figure 23c. Georeferenced overlays (.kml, .kmz) and
shapefiles of all points, lines, and polygons presented in our map figures are available for use and editing with global
information system software (e.g. Google Earth, GPlates, ArcGIS) in Supplementary Materials 01 and 02.
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5.5.3. Subsurface images of Indian lower crust and lithosphere beneath Tibet

Table 4 collates the most northern longitudes, latitudes and depths at which the Indian lower crust, Indian
lithosphere top surface, and Indian lithosphere-asthenosphere boundary (LAB) are imaged beneath Tibet,
from a variety of different geophysical analyses. From west to east, receiver function studies suggest that
Indian lower crust may be traced as far north as ~32° N to ~30° N at a depth range of ~50 km to ~90 km,
detected by the granulite to eclogite transition imaged above the Indian continental Moho (Figure 21a and
Table 4) (Kind et al., 2002, Wittlinger et al., 2004, Nab¢lek et al., 2009, Xu et al., 2015, Shi et al., 2016, Xu et
al., 2017). Likewise, receiver function studies suggest that the top surface of Indian lithospheric mantle and
the LAB may be traced from west to east as far north as ~35-33° N to ~32-31° N at respective depth ranges
of ~80-200 km and ~200-250 km (Figure 21a and Table 4) (Zhao et al., 2010, Xu et al., 2015, Shi et al.,
2016, Xu et al., 2017).

Regional body-wave and surface-wave tomographic models suggest that the Indian lithosphere top surface
extends northwards to at least ~32° N and in many places appears as far north as ~34-36° N at a depth range
of ~100-400 km (Figure 21a and Table 4) (He et al., 2010, Ceylan et al., 2012, Liang et al., 2012, Zhang H.
et al., 2012, Agius and Lebedev, 2013, Zhao et al., 2014, Zhang et al., 2015, Liang et al., 2016, Hearn et al.,
2019). Some of these tomography-based studies image the Indian lithosphere, ~1° to ~2° latitude further north
than receiver function studies for the same north-south transect (Table 4). Many of these tomography studies
included structure-specific resolution tests with modified reference models to validate their interpretations and
are thus considered robust (e.g. Liang et al., 2012, Zhao et al., 2014, Zhang et al., 2015, Liang et al., 2016).
Regional tomographic studies also suggest that the Indian lithosphere is fragmented laterally, with east and
west Tibet characterised by sub-horizontal underthrusting Indian lithosphere and central Tibet characterised
by moderate to steeply subducting Indian lithosphere that may be traced into the mantle transition zone (Table
4) (e.g. Liang et al., 2016, Duan et al., 2017), as suggested by Anomaly la observed in the global tomography
models SL2013sv (Figure 21b) and LLNL-G3Dv3 (Figures 21c).

Beneath northern Tibet, some studies have proposed that Asian lithospheric mantle subducts southward
beneath the Tibetan plateau as far south as the Qiangtang block (e.g. Tapponnier et al., 2001, Kind et al.,
2002, Wittlinger et al., 2004, Kumar et al., 2006, Zhao et al., 2010, Replumaz et al., 2014). In the Pamir range,
west of Tibet, both Indian and Asian continental lithosphere are imaged subducting to depths of at least 200
km (e.g. Wittlinger et al., 2004, Kufner et al., 2016). However, east of the Pamir range, a variety of P-, Pn-, S-
, and surface-wave tomography models that include structure-specific resolution tests, do not observe
subduction of Asian lithospheric mantle south of the Tarim basin, Kunlun range and Qaidam basin (red
dashed line — Figure 21a) (Ceylan et al., 2012, Liang et al., 2012, Zhang H. et al., 2012, Zhao et al., 2014,
Zhang et al., 2015, Liang et al., 2016, Hearn et al., 2019). Instead, these studies observe a region of low
seismic velocity beneath central Qiangtang northwards to 36° N to 37° N, between the MTZ and ~50-100 km

depth (yellow area — Figure 21a). A comparison of global P- and surface-wave tomography models with this
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local tomography supports this observation (Figure 21b-c, Supplementary Materials 06). Explanations for this
low velocity zone continue to be debated, and include shear heating in a laterally east-west flowing mantle
shear zone, mantle upwelling, and partial melting (e.g. Ceylan et al., 2012, Liang et al., 2012, Zhao et al.,
2014, Zhang et al., 2015).

Our synthesis of geophysical studies (Table 4 and Figure 21) indicates that the distance between the MBT
(the southern limit of Greater India) and the most northerly imaged Indian lower crust ranges between 300 km
to 420 km (red dots, and thick solid line, Figure 21a), which is in excellent agreement with the restored length
of LHS (blue bars, Figure 21a). Similarly, the distance between the MBT and the leading edge of Indian
continental lithospheric mantle beneath Tibet ranges between 360 km to 900 km (long-dashed line, and blue,
green, orange, and purple spots, Figure 21a), which is in good agreement with the total restored length of
crustal units in the Himalaya (blue, red and brown bars, Figure 21a). This suggests that the pre-deformed area
of the LHS is balanced by the area of Indian lower crust and underlying continental mantle beneath southern
Tibet, and that the pre-deformed area of all Indian crustal rocks within the Himalayan orogen is balanced by
the area of all Indian lithosphere imaged in the upper mantle beneath the Tibetan plateau, and above the
mantle transition zone. We use these constraints to define: (1) the pre-collisional width of the minimum-area
Greater India restoration; (2) the area of subducted continental lithosphere predicted by the enlarged-area
Greater India restorations (Figure 21b-c); and (3) the area of the Greater India Basin.

6. Critical evaluation of subduction zone configurations and Greater India reconstructions for the

India-Asia collision (s.l.)

In this section, we integrate datasets presented in Section 5 to test the validity of previously proposed
subduction zone configurations (section 3.1) and Greater India reconstructions (section 3.2) for the India-Asia

collision (s.l.) and post-Triassic evolution of the central Tethys oceans.
6.1. Viable post-Triassic subduction zone configurations for the central Tethys Oceans

Our synthesis of the bedrock record from the Tibetan Plateau (section 5.1, Figures 3, 7) can be integrated with
our tomographic observations of seismically fast anomalies beneath the Indian hemisphere (section 5.2.,
Figures 8, 20) to constrain the post-Triassic distribution of subduction zones in the central Tethys Oceans
(Figure 22). Assumptions used to interpret subduction zone and slab kinematics from seismic tomography are
outlined in section 4.2. Sinking rate estimates (Table 5) for the tops of slabs assume that slab break-off is

instantaneous unless otherwise stated; therefore, these rates are minimum estimates.
6.1.1. Bangong-Tethys subduction events

Bedrock constraints suggest that Early to Late Jurassic subduction of the Bangong-Tethys Ocean beneath the
Qiangtang-Karakoram block and Lhasa block produced one or two slabs (BT Slab; Figure 22), which broke
off at ~130-110 Ma (Events: 51-53, 59-61, Figure 3). If two slabs were produced, they may not be
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tomographically distinguishable from each other because of their close proximity to each other. Anomaly V
(Figure 20, 22a) is the best candidate for the Bangong-Tethys slab as all other slabs are either too shallow or
too far south to remain consistent with the recorded Neotethys subduction events (see below). However, we
note that the size and horizontal extent of Anomaly V is smaller than expected for this slab. A slab-break off
event at ~130-110 Ma translates into a whole-mantle average sinking rate of 9.2-10.9 mm/yr for the top of
Anomaly V (Table 5).

6.1.2. Neotethys subduction events

Bedrock constraints are consistent with either one, two, or three north-dipping subduction zones in the
Neotethys Ocean (Figure 7). This must include subduction beneath southern Lhasa between ~200-150 Ma
and ~110-40 Ma, and subduction beneath one or two intra-oceanic arcs between ~165-110 Ma (Figure 3),
which may have remained active until ~90-80 Ma or ~60-50 Ma, depending on how one interprets the bedrock
record of subduction and the palaeogeography of Greater India (Figure 7). Integrating bedrock constraints

with the mantle record yields the following subduction zone configurations:
6.1.2.1. ~200 Ma to ~166-150 Ma

Subduction beneath southern Lhasa (Gangdese arc) between ~200-150 Ma (Figure 3) correlates with the
deepest of the four anomalies, Anomaly V¢ (Figure 22a). A subduction initiation event at ~200 Ma translates

into a whole-mantle average sinking rate of 11.0-11.5 mm/yr for the base of Anomaly IV¢c (Table 5).

During this timeframe, the Kohistan intra-oceanic arc may form the westward continuation of the Gangdese
arc, or it may initiate south of the Gangdese arc in the Neotethys Ocean in the Late Jurassic (Figure 22a-b, e).
Likewise, the Spontang and Dras ophiolites may form in back arc setting between the Kohistan and
Karakoram blocks, or they may form in a mid ocean-spreading ridge setting south or west of the Gangdese arc
(Figure 22a-b, e).

6.1.2.2. ~166-150 Ma to ~80 Ma

Three alternative scenarios (A, B-1, B-2) are proposed to explain the subduction zone configuration of the
central Neotethys Ocean between ~166-150 Ma and ~80 Ma:

Scenario A (Figure 22b-c): At ~166-150 Ma, the subduction zone located along the southern margin of Lhasa
migrated southwest to an intra-oceanic setting via slab-roll back, resulting in the ~150-110 Ma magmatic gap
on South Lhasa (N1 slab — Figure 22a). This intra-oceanic arc comprised the Middle to Late Jurassic Naga,
Kiogar, Luobusa, and Xiugugabu ophiolites, the Zedong arc, and the Kohistan arc (Events 19, 41, 43; Figure
3). Oceanic lithosphere subducted beneath this South Neotethys intra-oceanic arc is defined by Anomalies
IVc, 1VD, and possibly 1Va, the geometries of which are consistent with at least ~2000 km southwest trench

migration (N1 slab — Figures 20, 22a).
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Triassic subduction zone configurations for the central Tethys Oceans based on integration of

Figure 22. Post
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g) Scenario B-1. (h-i) Scenario B

bedrock and mantle observations. (a-d) Scenario A. (e) Scenario B (f
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A second Neotethys intra-oceanic arc initiated at ~146-130 Ma, proximal to the southern margin of Lhasa (N2
slab — Figure 22b). This intra-oceanic arc comprised the Xigaze, Sangsang, Spontang and Dras ophiolites
(Events 37, 39, 42-45; Figure 3). This satisfies, (1) the deposition of Lhasa-derived sediments of the Xigaze
Group on top of the Xigaze and Sangsang ophiolites; and (2) the presence of metamorphic soles and melange
units with SSZ compositions in the footwalls to the Xigaze, Sangsang and Dras ophiolites. Oceanic
lithosphere subducted beneath this North Neotethys intra-oceanic arc is defined by Anomaly 111 (N2 slab —
Figure 20, 22b). Subduction initiation of this slab at ~146-130 Ma yields a whole-mantle average sinking rate
of 11.0-13.1 mm/yr for the base of Anomaly 11l (Table 5).

Both intra-oceanic arcs were active at least until ~120-110 Ma. Northward migration of the North Neotethys
trench towards Lhasa (N2 slab — Figure 22c) led to resumed magmatism along the Gangdese arc at ~110 Ma,

and a cessation of intra-oceanic magmatism by ~80 Ma (Events 28, 37-46; Figure 3).

The location and geometry of Anomaly IV (Figure 20) does not permit northward migration of the South
Neotethys intra-oceanic arc, meaning that it must have terminated at a subequatorial latitude (Figure 22c). If
the Kohistan block is assumed to accrete to the Karakoram block by 80 Ma, then the South Neotethys intra-
oceanic arc must have terminated by ~90 Ma, to allow it to migrate northward as an extinct arc. Cessation of
subduction of the N1 slab at ~120-90 Ma (Figure 22c) yields a whole-mantle average sinking rate of 8.3-12.2
mm/yr for the top of Anomaly IVb or 6.3-8.3 mm/yr for the top of Anomaly IVa, depending on which
anomaly defines the top of this slab (Table 5). Alternatively, subduction beneath the South Neotethys intra-
oceanic arc was still active at ~80 Ma, and Kohistan and Karakoram did not collide until the Cenozoic (Figure
22c-d).

Scenario B (Figure 22e-f, h): At ~166 Ma, the South Neotethys intra-oceanic arc initiated at a subequatorial
latitude (N2 slab — Figure 22e), and comprised the Middle to Late Jurassic Naga, Kiogar, Luobusa, and
Xiugugabu ophiolites, the Zedong arc, and the Kohistan arc (Events 19, 41, 43; Figure 3). Oceanic lithosphere
subducted beneath this arc is defined by Anomaly 1Vb, and possibly 1Va (N2 slab — Figures 20, 22e-i);
subduction initiation at ~166 Ma yields a whole-mantle average sinking rate of 9.9-12.0 mm/yr for the base of
Anomaly IVb (Table 5).

At ~146-130 Ma, southward roll-back of the subduction zone bounding South Lhasa (N1 slab — Figure 22¢)
led to intra-oceanic subduction and formation of the Xigaze and Sangsang ophiolites, and extensional
deformation of Lhasa (Events 37, 39, 42-45, 48, 55; Figure 3), which satisfies the same constraints from these
ophiolites mentioned in Scenarios A. Lithosphere subducted beneath this North Neotethys intra-oceanic arc is
defined by Anomalies Il and 1Vc (N2 slab — Figures 20, 22e-i). In this scenario, large gaps between these

anomalies imply that the N2 slab is only partly imaged by the tomography models.

In Scenario B, the Spontang ophiolite may have been located in either of the intra-oceanic arcs (N1 or N2

slabs — Figure 22e), whereas SSZ assemblages below the Dras ophiolite suggest that this formed part of the
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North Neotethys intra-oceanic arc (N1 slab — Figure 22e). As with Scenario A, the South Neotethys intra-
oceanic arc may terminate between ~120-90 Ma or remain active at 80 Ma. At ~110 Ma, two alternative

situations are possible:

Scenario B-1 (Figure 22f-g) is based on the premise that the ISZ only contains evidence for two distinct
suture zones (Mahéo et al., 2004, Mahéo et al., 2006, Guilmette et al., 2009, Searle, 2019). Between ~110-80
Ma, northward migration of the North Neotethys intra-oceanic arc leads to a renewal of the Gangdese arc on
Lhasa at ~110 Ma and a cessation of intra-oceanic arc magmatism between ~116-80 Ma (Figure 22f). To the
west, the transition from intra-oceanic to continental arc magmatism does not occur until ~80 Ma when the
Ladakh batholith is emplaced (Events 28-30; Figure 3). At ~80 Ma, continued subduction of the N2 slab
beneath this arc is defined by Anomalies Il, 1l1, and IVc¢ (Figures 20, 22f ).

Scenario B-2 (Figure 22h-i) is designed to explain the overlap of 10-30 M.yr. of continental magmatism on
the Gangdese arc and intra-oceanic magmatism recorded by the North Neotethys intra-oceanic arc between
~110-80 Ma. Subduction initiation along the south margin of Lhasa and Ladakh renews the Gangdese arc at
~110 Ma, defined by Anomaly Il (N3 slab — Figure 22h), which yields a whole mantle average sinking rate of
10.0-11.8 mm/yr for its base. Meanwhile, the North Neotethys intra-oceanic arc remains active until ~110-80
Ma (Events 28, 37-46, 49; Figure 3). Between ~100-80 Ma the North Neotethys intra-oceanic arc records
deformation and cooling, in response to collision with either the extinct South Neotethys intra-oceanic arc, or
the Gangdese arc (Events 28, 30, 38, 40, 46; Figure 3). In this scenario, the 1ISZ must contain at least three
different suture zones; currently there is evidence for only two sutures within the ISZ, although other studies
have argued for more than two sutures (e.g. Guilmette et al., 2012, Hébert et al., 2012). Slab break-off from
the North Neotethys intra-oceanic arc between ~110-80 Ma, yields a whole mantle average sinking rate of
10.0-14.4 mm/yr for the top of Anomaly Ill (Table 5).

6.1.2.3. ~80-30 Ma

If the South Neotethys intra-oceanic arc remained active until the India-Asia collision (s.l.), as argued for by
Replumaz et al. (2014), Jagoutz et al. (2015), Burg and Bouihol (2019), and others, then the top of the N1 slab
is defined by Anomaly IVa. This yields a whole-mantle average sinking rate of 12.7-16.7 mm/yr, for the top
of Anomaly IVa, assuming break-off at ~59-45 Ma (Figure 22d, g, i, Table 5) based on ages of UHP
metamorphism in the THS. The West Pakistan ophiolites form part of the South Neotethys intra-oceanic at
this time (Events 32-35; Figure 3). However, this scenario conflicts with our synthesis of bedrock
observations which suggest that (1) the Kohistan and Karakoram blocks collided at ~90-80 Ma; and (2) intra-

oceanic arc magmatism east of Kohistan did not occur after ~110-80 Ma (see Section 5.1.).

Alternatively, if the south Neotethys intra-oceanic subduction zone terminated by ~80 Ma, then Anomaly IVa
either represents the top of the N1 slab, or it represents a separate slab that subducted during the West India

orogeny from ~81-65 Ma to ~55-45 Ma during collision of northwest India with the West Pakistan ophiolites
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and the Kabul block. In the case of the later, Anomaly 1Va yields a whole-mantle average sinking rate of 12.3-
16.9 mm/yr for its base and 13.6-16.7 mm/yr for its top (Table 5) (e.g. van der Meer et al., 2018, van
Hinsbergen et al., 2019).

Between 80-59 Ma, subduction beneath southern Lhasa is defined either by Anomalies Il and 111 (Scenario A,
N2 slab — Figure 22d), or by Anomalies Il, 11, and IVV¢c (Scenario B-1, N2 slab — Figure 22g), or by Anomaly
Il (Scenario B-2, N3 slab — Figure 22i). In either case, the top of this slab is defined by Anomaly Il, which
broke off at ~59-45 Ma or at ~45-30 Ma, depending on which Greater India reconstruction is favoured. These

yield respective whole-mantle average sinking rates of 7.6-12.2 mm/yr, or 10.0-18.3 mm/yr (Table 5).

By assuming that the top of Anomaly Il represents oceanic lithosphere that broke off from the continental
margin of Greater India, it follows that Anomaly la, and perhaps some of Ib and Ic, represent subducted
Indian continental lithosphere. To the east, Anomaly Id represents Indian oceanic lithosphere subducted
beneath Myanmar and Sumatra prior to and during collision (s.s.), which may have provided the driving force
for continental subduction. The lower portion of the Anomaly Id slab was probably connected to Anomaly I,
prior to slab dragging. The horizontal width of Anomaly 1b is too large, too shallow and too far north to be
explained in its entirety by a Neotethys subduction zone. Instead we propose that most of Anomaly Ib
represents Asian and perhaps Indian continental lithosphere that delaminated or dripped into the MTZ, driven
by convective removal of gravitational instability prior to and during collision (e.g. Houseman and Molnar,
1997, Hyndman, 2019, Kelly et al., 2019).

Scenarios A, and B-1 assume that Anomalies Il and 111 represent the same slab (Figure 22d, g); however, they
are presently separated by ~1000-2000 km horizontal distance. We thus propose that in those two scenarios,
the slab defined by Anomaly II, ruptured from the underlying slab defined by Anomaly 11l during continental
collision and was dragged ~1000-2000 km northwards. This is consistent with (1) ~1000 km syn-collisional
northward migration of the India-Asia plate boundary; and (2) the ~1000 km-wide gap in Anomaly Id (Figure
8), interpreted as a slab window produced by northward slab dragging by previous studies (e.g. Advokaat et
al., 2018, van der Meer et al., 2018).

6.1.3. Subduction zone configurations for the central Tethys Oceans and the India-Asia collision (s.1.)

Anomalies I, Il, Ill, and IV are most consistently interpreted as subducted Neotethys oceanic lithosphere. In
this scenarios their positions, which overlap in depth range but are located at different latitudes (Figure 20),
do not support Jurassic to Paleocene subduction of Neotethys oceanic lithosphere by a single subduction zone
(i.e. Figure 4a-c and model a>b—>e—>i on Figure 7 are not viable). Alternative scenarios in which some of
these anomalies represent older oceanic lithosphere derived from the Bangong-Tethys or Paleotethys oceans
may permit subduction of the Neotethys Ocean via a single subduction zone; however, at this time our

integration of seismic tomographic observations and bedrock datasets do not support such models.

62



1350
1351
1352
1353
1354

1355
1356
1357
1358
1359
1360
1361
1362
1363

1364
1365
1366
1367
1368
1369
1370
1371
1372
1373

1374
1375
1376
1377
1378
1379
1380
1381
1382

1383
1384

Our Scenarios A, B-1, and B-2, which are all permissible with respect to the bedrock and mantle record, argue
that Anomalies I, 11, 11l and IV equate to two or three slabs of Neotethys oceanic lithosphere. This implies that
the 1SZ contains more than one suture zone, which is consistent with the occurrence of SSZ ophiolites
overlying metamorphic soles and melange units, which also have SSZ compositions (e.g. Mahéo et al., 2004,
Mahéo et al., 2006, Guilmette et al., 2009, Hébert et al., 2012).

In all three of our scenarios, the south Neotethys intra-oceanic arc may or may not have been active after 80
Ma, and this is entirely dependent on which reconstruction of Greater India is chosen, as is discussed in
section 6.2. Scenarios A and B-1 are more viable than B-2 because the former require two suture zones in the
ISZ, which is consistent with observations (e.g. Mahéo et al., 2004, Mahéo et al., 2006, Guilmette et al., 2009,
Searle, 2019), whereas the latter requires three. From a geophysical perspective, Scenario A has a better fit
with the geometries and locations of seismic anomalies than Scenario B. All scenarios produce acceptable
sinking rate estimates, although we note that in scenarios which assume the N1 Slab broke off at ~120-90 Ma,
more acceptable sinking rates are estimated by correlating the top of that slab with Anomaly 1Vb, rather than
IVa (Table 5).

At present, the close agreement of Scenario A with both the mantle and bedrock records suggest that this is
the most plausible post-Triassic subduction zone configuration for the central Tethys oceans. All of our
scenarios contain uncertainty surrounding the tectonic and palaeogeographic evolution of the Kohistan and
Karakoram blocks, the Dras arc, and the Spontang and Dras ophiolites, due to variations in how the bedrock
record of these tectonic elements has been interpreted by previous studies (See section 5.1. and Supplementary
Materials 03). Resolution of the debates surrounding these tectonic elements is a major challenge, but is
needed in order to better constrain the most valid subduction zone configuration(s) for the central Tethys
oceans. Despite their differences, Scenarios A and B place the same constraints on the subduction zone
configuration of the Neotethys Ocean at the onset of the India-Asia collision (s.l.). Two distinct subduction

zone configurations are possible at the onset of the India-Asia collision (s.1.) at 59 Ma:

6.1.3.1. Single subduction zone configuration for the India-Asia collision (s.l.): The single subduction zone
configuration is defined by subduction of Neotethys oceanic beneath the Gangdese arc (e.g. Figure 4d-f) and
is consistent with our bedrock synthesis, which demonstrates a lack of direct evidence for intra-oceanic arc
magmatism east of Kohistan, after ~110-80 Ma. This configuration assumes that the closure of the Shyok
basin between Kohistan and Karakoram occurred at ~90-80 Ma. At the onset of collision (s.1.), this subduction
zone was located above the present day locations of Anomaly Il (Scenarios A and B-1; Figure 22d, g) or
Anomaly Il (Scenario B-2; Figure 22i); this is consistent with palaecomagnetic and crustal shortening
constraints which place the southern Asian margin at 20°N + 4° latitude (e.g. Huang et al., 2015a, Li et al.,
2015, Kapp and DeCelles, 2019).

6.1.3.2. Double subduction zone configuration for the India-Asia collision (s.1.): This configuration assumes

that the Gangdese arc (above Anomaly 111 or 11), and the South Neotethys intra-oceanic arc (Anomaly IVVa and
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IVb) were both active at the onset of collision (s.I.) (Figure 4g-i). Collision at ~59 Ma occurred between
Greater India and the South Neotethys intra-oceanic arc, followed by collision with the Gangdese arc at ~45-
30 Ma. This model contradicts our extensive list of observations that support accretion of Kohistan to
Karakoram by ~80 Ma (section 5.1.1) and demonstrate an absence of post-80 Ma intra-oceanic arc
magmatism west of Kohistan (section 5.1.2). Justification for this configuration derives from arguments in
support of the minimum-area restoration of Greater India (see section 6.2), which may or may not outweigh
arguments based on the bedrock record of magmatism and collision, given their uncertainty. Nevertheless, the
distribution of seismically fast anomalies in the deep mantle is consistent with this configuration and yields
acceptable sinking rates (Table 5).

The geometries and positions of the seismic anomalies allow for <1000 km of northeast-southwest migration
of the trench above Anomalies Il and Ill, and ~1000-2000 km of southwest migration of the trench above
Anomaly 1V (Figures 8, 20). However, a lateral separation of >1000 km is maintained between the upper
portions of Anomaly IV and Anomalies Il and Ill. Consequently, these anomalies do not support a double
subduction zone configuration in which the South Neotethys intra-oceanic arc migrates towards the Gangdese
arc prior to collision (Figure 4j-1) (e.g. Jagoutz et al., 2015). Therefore, we argue that double subduction does
not provide an explanation for the rapid motion of India during the Late Cretaceous and Paleocene, as argued
for by Jagoutz et al. (2015).

The anomalies are also hard to reconcile with a two-stage double subduction zone configuration (Figure 4m-0)
(e.g. Hafkenscheid et al., 2006, Kapp and DeCelles, 2019). In that scenario, Anomaly 1V defines a slab of
Neotethys Ocean subducted beneath a southward migrating intra-oceanic arc comprising the Xigaze ophiolite
and overlying Xigaze Group sediments that was active until collision at 59 Ma (Figure 4m). Neotethys Ocean
in the back-arc of the south-migrating intra-oceanic arc is defined by Anomalies Id, Il and Ill, which
subducted beneath Lhasa from 59 Ma to ~40-30 Ma (Figure 4n-0). This is problematic because it implies that
only one subduction zone was active in the Neotethys Ocean prior to 59 Ma, which must have remained close
to Lhasa until ~90-80 Ma in order to deposit Lhasa-derived sediments in the Xigaze Group forearc strata. This
is inconsistent with paleomagnetic datasets, which argue for a subequatorial Neotethys subduction zone
during the Early Cretacous (e.g. Klootwijk et al., 1984, Zaman and Torii, 1999, Ahmad et al., 2000, Khan et
al., 2009). The assumption that Anomalies Id, 1l and 111 define a slab of Neotethys Ocean subducted between
~59 Ma and ~40-30 Ma is also inconsistent with previous studies which propose that the eastern portions of
these anomalies are related to Mesozoic to recent subduction beneath Myanmar and Sumatra (e.g. Hall and
Spakman, 2015, van der Meer et al., 2018). Furthermore, this scenario yields an extreme whole-mantle
average sinking rate of 27.1-28.8 mm/yr for the base of Anomaly Il1, which far exceeds previous estimates of
whole-mantle average rates, which range globally between ~10-20 mm/yr (e.g. Sigloch and Mihalynuk, 2013,
Butterworth et al., 2014, Wu et al., 2016, van der Meer et al., 2018, Chen et al., 2019). We acknowledge that
between 59 Ma and 40-30 Ma, India migrated northward at an average rate of ~107-85 mm/yr with respect to

a fixed mantle, which is at least consistent with an anomalously high sinking rate. However, based on the

64



1421
1422
1423
1424

1425
1426
1427
1428
1429
1430
1431

1432

1433
1434
1435
1436
1437
1438
1439
1440
1441
1442

1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455

remaining caveats outlined above, along with the absence of post-80 Ma intra-oceanic magmatism record in
the bedrock record east of Kohistan, we propose that the combined bedrock and mantle record does not
support the two-stage double subduction zone models (Figure 4m-0) of Kapp and DeCelles (2019) and
Hafkenscheid et al. (2006).

6.2. Reconstructions of Greater India for models of the India-Asia collision (s.I.)In this section, we test
the various reconstructions of Greater India against the subduction zone configurations determined from
Scenarios A and B-1, within a plate kinematic framework (Figure 23). These tests allow us to critically
evaluate tectonic models of the India-Asia collision (s.l.). Model strengths and weaknesses are summarized in
Table 6. Georeferenced overlays (.kml, .kmz) and shapefiles of all points, lines, and polygons presented in our
map figures are available for use and editing with global information system software (e.g. Google Earth,
GPlates, ArcGIS) in Supplementary Materials 01 and 02.

6.2.1. Minimum-area Greater India reconstructions

Implementing the minimum-area reconstruction of Greater India (Figure 5a) into a plate kinematic framework
(Figure 23a-b) at 59 Ma places the northern margin of Greater India at 0° N to 8° N, above Anomalies 1Va
and IVb, with ~2000 km of oceanic lithosphere between Greater India and the reconstructed Asian continental
margin (Figure 23a). This invokes a model of collision between Greater India and an intra-oceanic arc located
above Anomalies IVa and Vb at 59 Ma (Figure 23a). Subduction of Neotethys oceanic lithosphere continued
beneath the Asian continenl until ~45-30 Ma, when Greater India and Asia collided (s.s.) (Figure 23b). This
is consistent with the reduction in Indian plate velocity recorded at ~40 Ma (Figure 3). The slab
subducting beneath the Asian margin at that time is defined by Anomalies Il and Il (N2 slab — Figure 22d,
23a-b). Assuming slab break-off occurred between ~45-30 Ma, this yields a whole-mantle average sinking
rate of 10.0-18.3 mm/yr for the top of Anomaly Il (Table 5).

6.2.1.1. Model strengths: (1) Models of the India-Asia collision (s.l.) with a minimum-area Greater India
reconstruction and a double subduction zone configuration are consistent with bedrock evidence for more than
one suture zone (i.e. closure of at least two oceans, separated by an intra-oceanic arc) within the 1SZ (e.g.
Mahéo et al., 2004, Mahéo et al., 2006, Guilmette et al., 2009, Guilmette et al., 2012, Hébert et al., 2012), and
provides coherent explanations for all of the seismic anomalies except Anomaly IVa (see below). (2) This
Greater India reconstruction is consistent with Indian crustal shortening estimates and the area of Indian
lithosphere imaged beneath southern Tibet. It also produces a good fit with reconstructions of Gondwana,
prior to rifting of India from Australia. (3) Subequatorial restoration of the Neotethys intra-oceanic arc based
on the location of Anomaly IV is consistent with palaeomagnetic analyses from Kohistan and Ladakh (e.g.
Klootwijk et al., 1984, Zaman and Torii, 1999, Ahmad et al., 2000, Khan et al., 2009), and with the minimum-
area restoration of Greater India (Figures 21, 23a). (4) Soft arc-continent collision at 59 £ 1 Ma, followed by
hard continent-continent collision at ~45-30 Ma is consistent with the restored location of the southern margin

of Asia, decelerations in the India plate velocity (Figure 3) and with temporal changes in the geochemical
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Figures 23. Plate kinematic-based scenarios for the India-Asia collision based on integration of geological,
geophysical and kinematic datasets. Position of India based on plate reconstruction model of (Mller et al., 2019).
Thick blue lines mark paleolatitude of Lhasa block (solid lines) plus errors (dashed lines) at timing of collision. Size
of Greater India imaged beneath present-day Tibetan plateau (dark grey shaded area), the undeformed Lesser
Himalayan Sequence (LHS — orange shaded area) and the undeformed Greater Himalayan Sequence (GHS) and
Tethyan Himalayan Sequence (THS) (red shaded area) are based on Figure 21. Positions of seismically fast
anomalies | to IV based on Figures 8-20. Present-day positions of the Main Frontal Thrust (MFT) and Indus Suture
Zone (1SZ) marked by dark grey solid lines. Present-day coastline marked by thin light grey solid line. Abbreviations:
Ka — Karakoram; Ko — Kohistan; La — Ladakh. (a-b) Minimum-area Greater India reconstruction / double
subduction zone configuration: (a) Collision between India and the Neotethys (NT) intra-oceanic arc at 59 Ma.
Kohistan block forms part of the intra-oceanic arc. Anomaly IV corresponds to Neotethys slab detached from
Neotethys intra-oceanic arc following collision. (b) Collision between India and south-central Asian margin (Lhasa
block) at 40 Ma. Anomalies 11 and Il correspond to Neotethys slab detached from Gangdese arc on the Lhasa and
Ladakh blocks. Collision between Kohistan and Karakoram blocks during closure of Shyok basin occurs at that time.
(c-d) Enlarged-area Greater India reconstruction / single subduction zone configuration: (c) Collision between India
and south Asian margin (Lhasa block) at 59 Ma. Anomalies Il and Il corresponds to Neotethys slab detached from
Gangdese arc on the Lhasa, Ladakh and Kohistan blocks. Light grey shaded area marks size of Indian continental
lithosphere that must be subducted completely. (d) Continued convergence and subduction of Indian continental
lithosphere beneath Asia at 40 Ma. Anomaly Il is dragged northwards during collision, which produces slab window
in Anomaly Id (Figures 8a, 9b, 9d, 9e, 10). Anomaly la and Ib correspond to subducted Indian continental
lithosphere and delaminated Asian lithosphere. (e-f) Greater India Basin reconstruction / single subduction zone
configuration: (e) Collision between the GHS-THS microcontinent block and south-central Asian margin (Lhasa
block) at 59 Ma. GHS-THS block is separated from the rest of India by oceanic lithosphere of the Greater India
Basin. Anomalies I1b and I11 correspond to Neotethys slab detached from Gangdese arc on the Lhasa, Ladakh and
Kohistan blocks. (f) Collision of India with the GHS-THS block at 20 Ma. Anomaly Ila corresponds to subducted
Greater India Basin oceanic lithosphere. Anomaly Il is dragged northwards during collision, which produces slab
window in Anomaly Id (Figures 8a, 9b, 9d, 9e, 10). Anomaly la and Ib correspond to subducted Indian continental
lithosphere and delaminated Asian lithosphere. Georeferenced overlays (.kml, .kmz) and shapefiles of all points,
lines, and polygons presented in our map figures are available for use and editing with global information system
software (e.g. Google Earth, GPlates, ArcGIS) in Supplementary Materials 01 and 02.

signatures of magmas emplaced into the Kohistan and Ladakh blocks (e.g. Bouilhol et al., 2013, Jagoutz et al.,
2019).

6.2.1.2. Model weaknesses: (1) Models with a double subduction zone configuration, which assume that the
northern subduction zone closed along the Shyok suture zone (e.g. Bouilhol et al., 2013, Burg and Bouilhol,
2019) are inconsistent with a wide array of bedrock data that supports collision between Kohistan and
Karakoram at ~90-80 Ma (Figure 3) (section 5.1.1). (2) With the exception of bedrock data from Kohistan
and the West Pakistan ophiolites, there is no bedrock evidence for intra-oceanic arc magmatism recorded in
the ISZ after ~116-80 Ma (Figure 3). (3) This model lacks an explanation for Late Cretaceous sillimanite-
grade metamorphism and associated orogenic deformation recorded by the Karakoram block. (4) The
presence of Lhasa-derived sediments in the Xigaze Group place the Xigaze forearc and underlying Xigaze
ophiolite along the southern margin of Lhasa in the Early Paleocene. As such, the double subduction zone
configuration must assume that deformation and uplift recorded by the Xigaze forearc between 58-51 Ma,
occurred in response to long range stress-transfer from the South Neotethys intra-oceanic arc to the Gangdese
arc at the onset of collision at 59 Ma (s.1.). (5) The lateral extent of Anomaly 1Va is significantly less than
required by this model, which must assume that the N1 slab is only partly imaged by the seismic tomography

models.
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Figures 23. Continued.

1473  6.2.2. Enlarged-area Greater India reconstructions
1474  Within our plate kinematic framework, the enlarged-area Greater India restoration has a pre-collisional
1475  northeast-southwest width of ~2500-3000 km (Figure 23c), based on the locations of India and the southern
1476  Asian margin at 59 Ma. The area of Greater India preserved in the bedrock record has a pre-collisional
1477  northeast-southwest width of <900 km (Figures 21, 23c); this implies that a slab of Greater India continental
1478  crust and lithospheric mantle ~2000 km by ~2500 km in area must have subducted into the mantle without
1479  subsequently returning to the bedrock record (Figure 23c). A significant volume of the subducted Greater
1480 India lithosphere must, therefore, be represented by Anomalies la and Ib in the MTZ. This may be explained,
1481  either by a regular mode of subduction, or by underthrusting of Greater India beneath Tibet, followed by
1482  massive amounts of lithospheric delamination or dripping. Both explanations are consistent with the present-
1483  day subsurface structure of Indian continental lithosphere imaged beneath Tibet (section 5.6.3.; Figure 21).
1484  Based on the absence of intra-oceanic arc magmatic rocks with ages younger than ~116-80 Ma, this model has
1485  no reason to invoke subequatorial intra-oceanic subduction of Neotethys oceanic lithosphere after 80 Ma.
1486  6.2.2.1. Model strengths: (1) Models of the India-Asia collision (s.l.) with an enlarged-area Greater India
1487  reconstruction and a single subduction zone configuration, are the most consistent of all three models, with
1488  respect to timing constraints for intra-oceanic subduction and collision between India and Asia from the
1489  bedrock record. (2) These models are consistent with the presence of Cretaceous Lhasa-derived sediments in
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the Xigaze forearc basin, and the uplift and abandonment this forearc between 58-51 Ma in response to
collision between Greater India and Lhasa at ~59 Ma. (3) This model provides coherent explanations for all of

the seismic anomalies, with acceptable slab sinking rates and dynamics (Table 5).

6.2.2.2. Model weaknesses: (1) The size of Greater India predicted by this model is significantly less than
estimates from the bedrock record (Figure 21, 23c), and from most paleomagnetic datasets (Table 6) (Huang
et al., 2017a, 2017b). Recent work by Rowley (2019a) argues for the use of an alternative statistical method,
which demonstrates that existing paleomagnetic data are consistent with the enlarged-area restoration,
however, this method is currently disputed (Rowley, 2019b, van Hinsbergen, 2019). Furthermore, the
reconstruction argued for by Rowley (2019a) produces a poor fit with the west Australian margin in
reconstructions of Gondwana, prior to break-up (van Hinsbergen, 2019, van Hinsbergen et al., 2019). We
suggest that this inconsistency may be reconciled if one invokes extension of Greater India, without ocean
spreading after it rifted from Gondwana (Table 6) (2) This model requires complete subduction of a portion of
continental lithosphere including its lower and middle crust and some if not all of its upper crust that was at
least ~2000 km by ~2500 km in area (Figures 21b-c, 23c); the feasibility of this remains disputed (Table 6),
and is discussed further in section 7.2.2. (e.g. Rowley and Ingalls, 2017, van Hinsbergen et al., 2017).

6.2.3. Greater India Basin reconstructions

Van Hinsbergen et al. (2012, 2019) developed the Greater India Basin hypothesis within a kinematic
framework and our reconstruction is equivalent to their most recent model, but with the addition of
interpretations for Anomalies Ib, IVb, and IVc. The Greater India Basin reconstruction may be applied to a
single subduction zone configuration (Figure 23e-f), in which the onset of the India-Asia collision (s.l.) at ~59
Ma is defined by collision between the GHS-THS microcontinent and the southern Asian continental margin.
Applying the Greater India Basin reconstruction to models with a double subduction zone configuration

produces a poor fit with the distribution of seismic anomalies, and requires unreasonably fast sinking rates.

Based on our synthesis of crustal shortening estimates and sub-surface imaging of Indian continental
lithosphere (Figure 21, Tables 3-4), our reconstruction assumes that the Greater India Basin has a northeast-
southwest width of ~2000 km (Figure 23e). The subducted Greater India Basin slab is assumed to be
contiguous or near contiguous with the Neotethys slab subducted beneath the southern Asian margins, and is
represented by some if not all of Anomaly Il (Figure 23f). Closure of the Greater India Basin during collision
between the LHS margin of Greater India and the GHS-THS microcontinent occurred sometime between
~30-20 Ma; this yields an average sinking rate of 15.0-22.5 mm/yr for the top of Anomaly Il, which is an

acceptable rate for the upper mantle.

6.2.3.1. Model strengths: (1) The Greater India Basin reconstruction provides a coherent explanation for the
India-Asia collision that is consistent with mantle tomography and plate kinematics, and does not require

extreme magnitudes of continental subduction (e.g. van Hinsbergen et al., 2019). (2) This Greater India
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reconstruction is consistent with Indian crustal shortening estimates and the area of Indian lithosphere imaged
beneath southern Tibet. It also produces a good fit with reconstructions of Gondwana, prior to rifting of India
from Australia. (3) These models are consistent with the presence of Cretaceous Lhasa-derived sediments in
Xigaze forearc basin, and the uplift and abandonment of this forearc between 58-51 Ma in response to

collision between THS units of Greater India and Lhasa at ~59 Ma.

6.2.3.2. Model weaknesses: (1) This scenario implies that either subduction of the Greater India Basin was
amagmatic, or that magmatism related to subduction of the Greater India Basin is recorded by Eocene-
Oligocene adakitic assemblages in the Gangdese arc, located at least ~400-600 km inland of the south margin
of the GHS-THS microcontinent (e.g. Searle et al., 2011a, Guan et al., 2012, Ma et al., 2014a). (2) This
hypothesis necessitates closure of the Greater India Basin between the GHS and LHS, which is presently
defined by the MCT. The MCT forms a crustal scale shear zone that is traceable along the entire length of the
Himalayan orogen (Figure 3) and has been studied with field- and laboratory-based analyses for over 80 years
(e.g. Larson et al., 2015, Martin, 2017a). There is no observable record of a suture zone existing between the
GHS and LHS (e.g. Searle, 2019). Additionally, the thermal structure of the MCT, which emplaced high-
grade metamorphic rocks over low-grade metamorphic rocks (e.g. Parsons et al., 2016b, Hunter et al., 2018),
is contrary to the thermal structure of most, if not all other examples of suture zones that typically place low-
grade metamorphic rocks over high-grade metamorphic rocks (e.g. Dewey, 1977, Parsons et al., 2018).
Consequently, van Hinsbergen et al. (2019) proposed that the Greater India Basin suture and the Eocene-
Oligocene Greater India Basin forearc and foreland basin were removed via subduction-erosion between ~50—
30 Ma; this implies that the MCT thrusted the GHS over and beyond the Greater India Basin suture, which is
inferred to presently reside in the subsurface beneath the Himalayan orogen or deeper in the upper mantle.
Subduction-erosion along the Greater India Basin subduction zone requires out-of-sequence thrusting (e.g.
Scholl and von Huene, 2007, 2010) within the GHS during the Eocene to Oligocene; however, this is hard to
reconcile with metamorphic discontinuities within and between the THS, GHS and LHS that record near-
continuous burial, underplating and accretion and of material via progressive in-sequence thrusting since ~56

Ma (see section 2.1).

7.1. Discussion: Summary of competing scenarios for the India-Asia collision and directions of future

reserach

None of the available models (Figure 23) provide an entirely satisfactory and coherent explanation for the
India-Asia collision (s.l.) (Table 6). Studies that interpret their data in the context of, or in support of any one
of the models presented above must be aware that in doing so, they implicitly accept some model assumptions

that conflict with published datasets or with widely accepted geodynamic concepts.

Models with a minimum-area Greater India reconstruction and a double subduction zone configuration are

hindered by disputed interpretations of the bedrock record of subduction, accretion and collision along the
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Indus and Shyok sutures (Table 6). The absence of post-80 Ma intra-oceanic arc magmatism east of Kohistan
cannot be explained by subduction-erosion; this process only removes forearc material from the upper plate,
as back-stepping of the subduction interface into the upper plate also results in back-stepping of the arc
volcanic front (e.g. Isozaki et al., 2010, Scholl and von Huene, 2010). Additionally, these models predict that
the top of the N1 slab is much larger than Anomaly IVa. Further investigations of this model should focus on,
(1) an improved seismic tomographic resolution of the mantle beneath the central Indian Ocean to allow for
more robust tests of the expected size, position and geometry of subducted slabs; (2) the disputed timing of
collision between the Kohistan and Karakoram blocks and closure of the Shyok suture; (3) the cause of Late
Cretaceous metamorphism and orogenic deformation recorded by the Karakoram block; and (4) the youngest
occurrence of intra-oceanic arc magmatism recorded in the 1SZ, east of the Kohistan and Ladakh blocks
(Table 6). Validation of this last point would be aided by elucidation of the petrogenetic relationship between
the Spontang ophiolite and overlying ‘Spong arc’ andesite, and robust evidence for, or against Late
Cretaceous intra-oceanic magmatism along the Neotethys intra-oceanic arc.

Models with an enlarged-area Greater India reconstruction and a single subduction zone configuration fit the
bedrock data but require an arguably unfeasible amount of continental subduction (Table 6). Validation of
such models requires further investigation into the limits of continental subduction and confirmation that
seismically fast material in the upper mantle and MTZ below the Tibetan plateau is Indian continental
lithosphere (Table 6).

Models with a Greater India Basin reconstruction fit with most bedrock and mantle constraints, but require
Late Cretaceous ocean spreading of the Greater India Basin between the GHS and LHS followed by the
removal of all bedrock evidence for the Greater India Basin and its forearc and suture zone via subduction-
erosion and out-of-sequence thrusting, on and below the ~2000 km long MCT (Table 6). Validation of this
model would be aided by (1) geophysical observations of a buried or subducted Greater India Basin forearc or
suture zone beneath the Himalayan orogen; and (2) a demonstration that the metamorphic record of the
Himalayan orogen is consistent with subduction-erosion during subduction of Greater India Basin oceanic
lithosphere between ~50 Ma and ~30-20 Ma.

7.2. Discussion: Cryptic suture zones & continental subduction

If the enlarged-area Greater India reconstruction is correct, then currently accepted rates of recycling of
continental material into mantle, since the initiation of plate tectonics may be severely underestimated (e.g.
Kawai et al., 2013). If the Greater India Basin reconstruction is correct, then this raises the possibility that
many suture zones and closed oceans remain unidentified within the high-grade metamorphic belts of other
collisional zones. We explore the validity of these geodynamic assumptions and their implications for our

understanding of continental collision in more detail below.
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7.2.1. A suture zone with no bedrock record?

The suggestion by van Hinsbergen et al. (2012, 2019) that a suture zone could form with no bedrock record of
the former ocean to which it relates is not unrealistic. Whereas suture zones are commonly identified from the
occurrence of accreted remnants of ophiolites and ocean plate stratigraphy scraped up from a subducting
oceanic plate (e.g. Wahrhaftig, 1984; Kusky et al 2013), these features need not always be present.
Preservation of these oceanic lithologies requires accretion of lower-plate material to the upper plate during
subduction, but not all subduction zones accrete material to the upper plate. A ‘cryptic’ suture zone may be
formed if all oceanic crust and associated lithologies are removed from the bedrock record during subduction,
for example via subduction-erosion (e.g. Burke et al., 1977, Dewey, 1977, Scholl and von Huene, 2007,
Scholl and von Huene, 2010).

Approximately 75% of active subduction zones in the Pacific Ocean are currently in a mode of subduction-
erosion, whereby upper plate material is accreted to the lower plate via out-of-sequence-thrusting (e.g. Scholl
and von Huene, 2007, Scholl and von Huene, 2010, Stern, 2011). This can result in progressive removal of
forearc and accretionary complexes from the bedrock record. Active examples include the Mariana-Izu-Bonin
subduction system, the South American Cordillera, the Bismarck arc on Papua New Guinea and the Luzon arc
on Taiwan (e.g. Abbott et al., 1994, Malavieille et al., 2002, MclIntosh et al., 2005, Isozaki et al., 2010, Scholl
and von Huene, 2010). In the case of the Luzon arc and Taiwan orogeny, the subducting South China Sea has
dragged the Luzon forearc into the upper mantle beneath the Taiwan orogen, which has been identified via
geophysical techniques (Malavieille et al., 2002, Mclntosh et al., 2005, Camanni et al., 2016). Observations of
such processes beg the question, ‘what remnants of that subduction zone and suture zone will be preserved in

bedrock record tens of millions of years from now?’

Ancient examples of suture zones characterized by subduction-erosion in the geological record include the
Border Ranges Fault in Alaska (Clift et al., 2005), the Annieopsquotch Accretionary tract and Red Indian Line
in Newfoundland (Zagorevski et al., 2007, Zagorevski et al., 2009), the Indus suture between the Kohistan arc
and Indian continental crust (Burg, 2011), and parts of the Proterozoic Labrador trough and Cape Smith belt
of the New Quebec and Ungava orogens (Burke et al., 1977). Large sections of these suture zones are devoid
of remnants of the subducted oceanic lithosphere or forearc. They are identified from one or more of the
following: (1) the presence of arc assemblages on one side of these structures signifying the former presence
of a subduction zone, (2) the occurrence of oceanic lithologies located several hundred kilometres along strike
of these structures, and/or (3) provenance-related arguments that indicate that rocks on either side of the suture
are exotic with respect to each other. The examples outlined above demonstrate that in the absence of
lithological evidence for a sutured subduction zone, suture zone identification should follow similar lines to
the terrane hypothesis (Coney et al., 1980), whereby a suture zone is supported if it can be demonstrated that
the structure in question separates two crustal blocks with different geological histories that invoke their

separation via an ocean (e.g. Burke et al., 1977, Dewey, 1977, Coney et al., 1980).
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With respect to the Greater India Basin hypothesis, the THS and GHS appear to fit the definition of a ‘suspect
terrane’ (Coney et al., 1980, Martin, 2017b), which is consistent with the suggestion that the MCT represents
the palaeo-plate boundary between the GHS and LHS. However, the situation implied by the Greater India
Basin hypothesis is still unique; all of the above examples of active or ancient subduction-erosion correspond
either to on-going subduction of ocean lithosphere or to collision of a continental block with an intra-oceanic
arc. Neither of these situations are comparable to the tectonic setting of the Greater India Basin hypothesis for
the India-Asia collision, in which a continental block collides with a continental arc. Furthermore, whilst the
cases above demonstrate that it is possible to close parts of an ocean without preserving oceanic lithologies in
the bedrock record, these examples still preserve some evidence of a former subduction zone, either in the
presence of suprasubduction zone arc assemblages in the upper plate (e.g. Clift et al., 2005, Zagorevski et al.,
2009, Burg, 2011), or by the presence of ophiolitic fragments and ocean plate stratigraphy identified hundreds
of kilometres away from, but along strike of the suspected suture zone (e.g. Burke et al., 1977, Dewey, 1977).
Interpretation of the MCT as a former suture zone is exceptional given that no suprasubduction zone arc
assemblages, ophiolite fragments and ocean plate stratigraphy are reported along its entire length of over
2,000 km.

Lastly, we note that the metamorphic history and thermal structure of the footwall and hanging wall of the
MCT is atypical for that of a suture zone. This model implies that the Greater India Basin subduction zone
must have been located to the south of the present-day GHS, which was able to thicken and heat up via in-
sequence thrusting and accretion at mid-crustal depths, contemporaneous with subduction-erosion of Greater
India Basin ocean plate stratigraphy and forearc assemblages via out-of-sequence thrusting (see section 2.1).
Whilst such a system is conceivable (e.g. Gilotti et al., 2017), an explanation for the switching back and forth
of the active subduction interface from out-of-sequence to in-sequence thrusting has not been proposed and

there are no other past or present examples where these processes have been confidently identified.

The Greater India Basin hypothesis requires a complicated and perhaps exceptional set of circumstances to
explain closure of the Greater India Basin and formation of its suture zone along the MCT. Despite these
circumstances, the suggestion that subduction-erosion has removed the entire bedrock record of the Greater
India Basin from the MCT remains permissible because in the current situation, the absence of evidence is
indistinguishable from the evidence of absence. Further validation of this model may be sought from two
perspectives: (1) This hypothesis may be tested via geophysical techniques to search for the subducted
remnants of the Greater India forearc and foreland basin in the lithosphere and/or upper mantle beneath the
Himalaya-Tibet orogenic system. Seismic velocity and gravity models for the Taiwan orogen suggest that it is
possible to identify a subducted forearc via geophysical techniques (e.g. Malavieille et al., 2002, MclIntosh et
al., 2005, Camanni et al., 2016). To date, geophysical studies of the Himalayan orogen have not directly
targeted this hypothesis. (2) Advancement of our understanding of the controls of subduction-erosion versus
subduction-accretion, in-sequence versus out-of-sequence thrusting, and shear zone nucleation and

abandonment would clarify whether the metamorphic record of the Himalayan orogen is consistent with
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subduction-erosion during closure of the Greater India Basin. Continued focus on these problems by on-going
and future studies of the MCT and the record of crustal accretion and underplating within the Himalayan
orogeny (e.g. Larson et al., 2015, Carosi et al., 2018, Goscombe et al., 2018, Waters, 2019) will improve our

understanding of such processes and provide a robust test of the Greater India Basin hypothesis.
7.2.2. Wholesale subduction of continental crust and lithosphere?

Based on the uncertainty surrounding the Greater India Basin hypothesis and the difficulties associated with
testing it, we consider whether the India—Asia collision can be better explained with the enlarged-area Greater
India reconstruction, in which a portion of continental lithosphere (including its continental crust) ~2000 km
by ~2500 km in area is subducted into the upper mantle and MTZ. If this model cannot viably explain the
India—Asia collision, then that would offer a robust argument in favour of either the minimum-area Greater
India reconstruction (i.e. a double subduction zone configuration at ~59 Ma) or the Greater India Basin

reconstruction.

Diagnostic UHP minerals, such as coesite and diamond, preserved in exhumed continental terranes
demonstrate that continental crust can experience minimum pressures of ~3—4 GPa during subduction (e.g.
Chopin, 2003, Dobrzhinetskaya et al., 2011, Bidgood 2019ab). Some studies have even reported evidence of
coesite-to-stishovite transformation in metamorphosed continental crust (Liu et al., 2007, Liu et al., 2018); this
is indicative of a minimum pressure of ~8.5-9 GPa, and requires subduction to at least ~250-300 km mantle
depth, assuming a lithostatic pressure-to-depth conversion. Such examples also demonstrate that subducted
continental crust may return to crustal depths (e.g. Ernst, 1999, Afonso and Zlotnik, 2011). Thermo-
mechanical geodynamic modelling typically shows that the upper and middle continental crust is too buoyant
to subduct (e.g. Agard et al., 2009, Capitanio et al., 2010); however, the properties of the modelled crust (e.g.
volume, composition and strength) place some control over this (e.g. Palin et al., 2017). In contrast, sub-
continental lithospheric mantle is negatively buoyant with respect to the asthenospheric mantle, as is mafic
lower crust once it has undergone transformation to eclogite (e.g. Capitanio et al., 2010, Afonso and Zlotnik,
2011).

If continental crust is strongly coupled to its lithospheric mantle, the positive buoyancy of the upper and
middle crust can stall subduction without forcing it to split from its underlying lower crust and mantle
lithosphere (Afonso and Zlotnik, 2011). This typically results in detachment of the entire subducting oceanic
lithosphere (i.e. slab break-off) and exhumation of the subducting continental lithosphere, as has been
suggested for present-day subducted Indian lithosphere beneath the Hindu Kush region (Kufner et al., 2016).
If the mechanical coupling between the upper, middle and lower continental crust and its lithospheric mantle
is weak, the buoyant middle and upper crust is likely to split from the lower crust; this will allow the negative
buoyancy of the lower crust and continental lithospheric mantle to sustain and even drive continental
subduction and convergence after the initiation of continental collision (e.g. Capitanio et al., 2010, Afonso and

Zlotnik, 2011). For example, shortening estimates from Australian upper crust in Timor suggests that it
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Figure 24. Calculated pressure—temperature (P-T) pseudosections showing phase assemblages that would stabilize in
average compositions of continental crust at upper mantle conditions (3-15 GPa), colour-contoured for relative
density difference (Ap) with respect to pyrolytic mantle. Equivalent plots contoured for absolute density are displayed
in Supplementary Materials 08. Note that in addition to the labelled phases listed in each stability field, all stability
fields include garnet (Grt), clinopyroxene (Cpx), rutile (Rt) and water (H.O). Percentage density difference at any
given P-T point is calculated as follows: 100 x [(oC — pM)/pM)], where pC = density of the crustal component and
pM = density of mantle pyrolite. Stippled region marks the range of slab-top geotherms in modern-day subduction
zones, as determined by Syracuse et al. (2010). Upper and lower limits of this envelope are projected linearly at P > 8
GPa, which lies outside of the limits considered in that study. Linearized mantle geotherm is from Holland et al.
(2013) and represents the maximum temperatures that subducted material could reach at any given pressure,
assuming heating of slab components by conduction only. (a) Rudnick and Gao (2014) upper crust composition (10
mol. % H,0); (b) Rudnick and Gao (2014) middle crust composition (5 mol. % H,0); (c) Rudnick and Gao (2014)
lower crust composition (2 mol. % H,0); (d) Hacker et al. (2015) ‘most mafic lower crust’ (2 mol. % H30); (e)
Hacker et al. (2015) ‘most mafic middle crust’ (5 mol. % H20); (f) Hacker et al. (2015) ‘middle = lower crust’ (i.c. a
continental crust comprising only upper and lower compositions) (5 mol. % H»0). Phase abbreviations are as follows:
Acm — acmite; Cpv — Ca-perovskite; Cel — celadonite; Coe — coesite; Cpx — clinopyroxene
(diopside/omphacite/jadeite); Crn — corundum; Grt — garnet; H20 — water; Hem — hematite; Hol — hollandite; Hpx —
high-pressure orthopyroxene; Ilm — ilmenite; Kcm — K-cymrite; Lws — lawsonite; Mpv — Mg-perovskite; Ms —
muscovite (phengite); Npv — Na-perovskite; Rt — rutile; San — sanidine; Stv — stishovite; Tpz — hydro-topaz; Wad —
wadsleyite. Numbered fields contain the following assemblages (all including Grt, Cpx, Rt, and H20): 1 — Lws Hol
Stv Hem; 2 — Hol Stv Hem Tpz; 3 — Hpx Hol Stv Hem Tpz; 4 — Lws Hol Stv Hem Tpz; 5 — Hpx Mpv Napv Kcm Stv;
6 — Hpx Napv Kcm Stv; 7 — Hpx Mpv Kem Stv Tpz; 8 — Hpx Napv Kem Stv Tpz; 9 — Hpx Kem Stv Tpz; 10 — Hpx
Mpv Napv Kcm Coe; 11 — Hpx Napv Kecm Coe; 12 — Hpx Mpv Kem Coe Tpz; 13 — Hpx Napv Kcm Coe Tpz; 14 —
Hpx Kem Coe Tpz; 15 — Lws Ms Cel Kecm Coe Hem; 16 — Acm Wad Hol Stv; 17 — Lws Cel Stv Hem; 18 — Kcm Stv
Hem; 19 — Lws Coe Hem; 20 — Kcm Coe Hem Ms; 21 — Ms Kcm San Coe Hem; 22 — Cpv Hpx Npv Kcm Stv; 23 —
Hpx Npv Kcm Stv; 24 — Hpx Kem Stv Hem; 25 — Acm Wad Kem Stv; 26 — Cpv Lws Cel Coe Hem; 27 — Wad Hol
Stv; 28 — Cpv Hpx Npv Kcm Stv; 29 — Acm Kem Stv; 30 — Acm Kem Coe; 31 — Lws Kem Cel Coe Hem; 32 — Lws
Ms Kcm Cel Coe Hem; 33 — Lws Ms Cel Coe Hem; 34 — Cel Kecm Ms Coe; 35 — Acm Stv; 36 — Lws Acm Cel Stv
(—H20); 37 — Acm Kcm Stv; 38 — Lws Acm Cel Coe; 39 — Lws Cel Coe Hem; 40 — Ms Cel Coe Hem.

accreted and deformed during on-going subduction of 215-229 km (transport-parallel length) of its sub-
continental lithospheric mantle beneath the Banda arc (Tate et al., 2015). This is consistent with geochemical
signatures of lower crustal eclogite xenoliths reported from mid-ocean ridge and island arc basalts (Workman
et al., 2004, Hanan et al., 2013). Likewise, in the western Pacific region, localized splitting of the 660 km
discontinuity has been attributed to the transformation of jadeite to stishovite and calcium ferrite-type
NaAlSiO, at ~22-23 GPa in continental crust trapped in the MTZ (Kawai and Tsuchiya, 2012, Kawai et al.,
2013). Beneath the Tibetan plateau, thickening of the MTZ beneath Lhasa and Qiangtang has also been

attributed to the presence of subducted and/or delaminated lithospheric mantle (Duan et al., 2017).

Thermodynamic modelling of pressure-dependent phase changes suggests that transformation of felsic crust to
stishovite, K-hollandite (K-Al-silicate) and a Ca-Al-silicate phase (CAS) at ~7.7-9 GPa results in a net
negative buoyancy with respect to the surrounding mantle. This pressure range is equivalent to ~250-300 km
depth, assuming a lithostatic pressure-to-depth conversion. These silicate phases remain denser than the
surrounding mantle down to the base of the MTZ where they become trapped due to the formation of denser
Mg-perovskite and magnesiowustite in the underlying lower mantle (Afonso and Zlotnik, 2011, Kawai et al.,
2013). Figure 24 displays phase diagrams for average compositions of continental upper, middle and lower
crust with variable volumes of mafic components (Rudnick and Gao, 2014, Hacker et al., 2015) at upper
mantle pressures and temperatures. Each plot is colour-contoured to show relative density differences with

respect to pyrolitic mantle (absolute densities are displayed in Supplementary Materials 08). Continental
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lower crust and the most mafic end-members of the middle crust (Figures 24c-f) are dense enough to sink
through the upper mantle at all pressures. Importantly, the continental upper crust and regular (less mafic)
middle crust are dense enough to remain in the upper mantle, once they enter the stishovite stability field at
~7.7-9 GPa (Figure 24a-b). This density increase is even greater within the hollandite stability field. As such,
the stishovite-in and hollandite-in reaction curves represent an effective ‘depth of no return’ for middle and
upper continental crust, as long any shallower portions of the slab do not pull it back to the surface (Afonso
and Zlotnik, 2011, Kawai and Tsuchiya, 2013, Kawai et al., 2013).

Based on our density calculations (Figure 24) and the current state-of-knowledge of continental subduction as
outlined above, subduction of a large volume of Greater India continental lithosphere is plausible, as long as
(1) the continental crust was thin enough and compositionally dense enough so as not to stall subduction and
promote slab break-off or delamination; and (2) the mechanical coupling between the crust and lithospheric

mantle was strong enough to resist detachment whilst it was at pressures of <7.7-9 GPa.

The crustal record of Greater India is at least consistent with this requirement: Greater India represents the
northern passive margin of the Indian continental lithosphere and was subjected to rifting and associated intra-
plate magmatism during the Permian, Triassic, and Early Cretaceous. Additionally, the high plate velocity of
the Indian continent at the timing of collision (Figure 3) would have promoted deep subduction of continental
lithosphere, as the detachment of middle and upper continental crust during subduction is a time-dependent
process (Afonso and Zlotnik, 2011). A potential modern analogue for the Greater India margin may be
represented by the stretched and thinned continent crust of Zealandia, spanning >1000 km between mainland
New Zealand and New Caledonian with a crustal thickness of ~10-20 km for much of its area (e.g. Segev et
al., 2012, Laske et al., 2013). An upper-crustal thickness estimate of ~10 km for the THS in the Annapurna
region (e.g. Godin, 2003) is at least comparable to Zealandia, although this would require Greater India to

have had a relatively thin middle and lower crust (e.g. Guillot et al., 2008).

To summarize, the enlarged-area Greater India reconstruction requires wholesale subduction of a ~2000 km
by ~2500 km area of continental lithosphere, including its lower and middle crust, and some if not all of its
upper crust. Based on our current understanding (Figure 24), this is entirely plausible, but requires specific
circumstances relating to the composition and rheology of Greater India and the dynamics of the Indian plate,
which are largely unconstrained and/or untested. Validation of this hypothesis would be aided by the
following: (1) Improved understanding of the rheology, composition and thickness of Greater India
lithosphere margin with respect to models of slab break-off and crustal delamination during subduction; and
(2) Determination of the lithological properties of seismically fast material in the MTZ beneath Tibet, and an
improved ability to geophysically discriminate between subducted continental and oceanic crust and
lithospheric mantle (e.g. Kawai et al. 2013). The possibility that some or all of the missing Greater India

middle and upper crust detached from its subducting lithospheric mantle and relaminated to the base of the
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Tibetan plateau (e.g. Hacker and Gerya, 2013) should also be investigated as a viable means to explain the
India-Asia collision with an enlarged-area reconstruction of Greater India.

8. Summary and conclusions

With the recent development of user-friendly software for plate reconstruction modelling (GPlates, Muller et
al., 2018) and graphical display of seismic tomography models (SubMachine, Hosseini et al., 2018), the
integration of geological, geophysical and plate kinematic datasets should become standard, state-of-the-art
procedure for the development of tectonic models of regional geological events. This process enables the
development of a tectonic model within a plate kinematic framework by which, we mean a tectonic model that
considers constraints from the bedrock and mantle record in the context of past and present motions and
distributions of tectonic plates. We have applied this approach to test the validity of competing subduction
zone configurations and Greater India restorations, for models of the India-Asia collision (s.I.) and the post-

Triassic evolution of the central Tethys oceans.

By integrating seismic tomography of subducted lithosphere in the deep mantle with the bedrock record of
subduction and accretion from the Tibetan plateau, we have tested five previously proposed subduction zone
configurations for the post-Triassic evolution of the central Tethys oceans. Our analysis concludes that
seismically fast anomalies beneath the Indian hemisphere correspond to: (1) Bangong-Tethys oceanic
lithosphere (our Anomaly V) subducted from one of two subduction zones on the north and south respective
margins of the Lhasa and Qiangtang blocks; (2) Neotethys oceanic lithosphere subducted from two or three
subduction zones, one located along the southern Lhasa block and one or two located at intra-oceanic settings
between Lhasa and Greater India (our Anomalies I, 111, and 1V); (3) Subducted Indian continental lithosphere
and/or delaminated Indian and/or Asian continental lithosphere in the upper mantle and mantle transition zone
(MT2Z) beneath the Tibetan plateau (our Anomaly 1).

Our observations and interpretations are inconsistent with models, which assume that the entire central
Neotethys Ocean was consumed by a single subduction zone along the southern margin of Lhasa (e.g.
Gansser, 1966, Hu et al., 2016a). This implies that the Indus Suture Zone contains the sutures of at least two
Neotethys subduction zones. The geometries of the seismic anomalies are also inconsistent with, (1) double
subduction zone configurations which require northward migration of the southern Neotethys subduction zone
during the Late Cretaceous to Eocene (Jagoutz et al., 2015); and (2) two-stage double subduction zone
configurations in which the northern Neotethys subduction zone migrated southwards and collided with
Greater India, which was followed by initiation of a second subduction zone along southern Lhasa (e.g.
Hafkenscheid et al., 2006, Kapp and DeCelles, 2019). Instead, our constraints are compatible with our
proposed scenarios A, B-1, and B-2, in which the southern subduction zone is fixed at subequatorial latitudes
in the Cretaceous. Variations between these scenarios relate to differences in slab migrations, subduction
initiation and slab break-off events, which occur prior to ~80 Ma. After ~80 Ma and leading up to the India-

Asia collision at ~59 Ma, Scenarios A, B-1, and B-2 have comparable subduction zone configurations. These
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scenarios yield whole-mantle average sinking rates of ~8-18 mm/yr. Scenario A provides the most consistent

explanation for both bedrock and mantle observations.

Our three viable subduction zone scenarios constrain two possible subduction zone configurations for the
onset of the India-Asia collision (s.I.) at ~59 Ma. The single subduction zone configuration assumes one
subduction zone active along the southern margin of Lhasa at ~59 Ma. The double subduction zone
configuration assumes one subduction zone along the southern margin Lhasa, and a second, stationary or
southward migrating, intra-oceanic subduction zone at a subequatorial latitude at ~59 Ma. Based on our
synthesis of bedrock observations, justification for the double subduction zone configuration is entirely based

on which palaeogeographic reconstruction of Greater India is favoured.

At the onset of the India-Asia collision at ~59 Ma, northern India was located at the equator, whilst the
southern Asian continental margin resided at 20° N * 4°, along the southern edge of the Lhasa block. These
constraints, combined with our assessment of viable subduction zone scenarios, allow for three distinct

reconstructions of Greater India, each of which yields a distinct tectonic model for the India-Asia collision

s.l).

The ‘minimum-area’ restoration of Greater India invokes a double subduction zone configuration in which
India collides with a south Neotethys intra-oceanic arc at ~59 Ma, before colliding with Asia, at ~45-30 Ma.
This model produces a good spatial fit between Greater India and seismic Anomaly IV at 59 Ma, and provides
explanations for variations in the Indian plate velocity and pluton isotope geochemistry on the Kohistan and
Ladakh blocks. However, it is inconsistent with (1) bedrock evidence for collision between Kohistan and
Karakoram by 80 Ma; (2) the lack of direct observations of post-80 Ma intra-oceanic magmatism east of
Kohistan; and (3) sedimentary and geochronological constraints from the Xigaze forearc and from the 1SZ
south of Ladakh. This model also predicts that the south Neotethys intra-oceanic slab is much larger than its
seismic anomaly indicates (Anomaly IV). Nevertheless, this model cannot be ruled out because the
uncertainties surrounding the interpretation of the bedrock record of subduction and accretion in the I1SZ and

the Kohistan, Karakoram and Ladakh blocks are still large.

The ‘enlarged-area’ restoration of Greater India assumes that Greater India had a pre-collisional north-south
width (present-day coordinates) of ~2500-3000 km, and requires wholesale subduction of a ~2000 km by
~2500 km area of Greater India lithosphere, which includes its lower and middle crust and some if not all of
its upper crust. Current understanding of continental subduction, combined with our own density calculations
for subducted continental crust at upper mantle conditions, demonstrates that this extreme magnitude of
continental subduction is at least plausible, but requires the composition, strength and rheology of the Greater
India continental lithosphere to satisfy a specific set of geological criteria (e.g. thin middle and upper
continental crust; strong coupling between lower, middle and upper crust and lithospheric mantle; more mafic

composition of upper and middle crust), which remain largely unconstrained and untested. Importantly, this

79



1820
1821
1822
1823

1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837

1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854

model implies that global rates and volumes of continental subduction since the initiation of plate tectonics
may be severely underestimated. There is also on-going dispute over how well this restoration of Greater India
fits with reconstructions of Gondwana, which are more consistent with the other two Greater India

reconstructions.

The ‘Greater India Basin’ reconstruction was designed in a kinematic framework and is therefore consistent
with all kinematic and mantle constraints and most if not all bedrock constraints. This model assumes that the
boundary between the GHS and LHS, defined by the Main Central thrust (MCT), represents the palaeo-plate
boundary along which the Greater India Basin closed. However, there is no bedrock evidence for a suture
zone or Eocene-Oligocene forearc and foreland basin strata reported anywhere along this structure.
Consequently, this model invokes substantial subduction-erosion which thrusted the Greater India Basin
foreland and forearc basins, beneath, and hinterland-ward of the GHS. When compared to other examples of
subduction-erosion, the complete absence of bedrock evidence for a suture zone between the GHS and LHS is
unprecedented, but not implausible. However, it is hard to reconcile with the metamorphic record of the THS,
GHS, and LHS, which records near-continuous accretion and underplating since ~56 Ma, which must have
occurred contemporaneously with, and up-section of subduction-erosion of the Greater India Basin forearc
and foreland basin. This model implies that the geological signatures of suture zones are not fully understood,
and that other cryptic suture zones and closed oceans may remain unidentified within the high-grade

metamorphic belts of other collisional zones.

Our review and analysis demonstrates that none of the current models for the India-Asia collision (s.l.), are
entirely satisfactory. Resolution of this on-going debate requires further investigation of the following: (1) the
timing of collision between the Karakoram and Kohistan blocks and closure of the Shyok suture; (2) the cause
of Late Cretaceous metamorphism recorded by the Karakoram and Lhasa blocks; (3) structural, petrogenetic,
and palaeogeographic links between the Kohistan block, the Dras-Nindam forearc, the Ladakh batholith, and
the Lhasa block; (4) evidence for or against post-80 Ma intra-oceanic magmatism in the Indus suture zone,
east of Kohistan; (5) the record of accretion and underplating recorded by the THS, GHS, LHS and MCT, and
its compatibility with models of subduction-erosion of the Greater India Basin forearc; (6) the pre-collisional
restoration of Greater India prior to break-up of Gondwana, and its fit with western Australia and the
surrounding continental blocks; (7) the composition, structure and rheology of Greater India crust and
lithosphere and their mechanical limits of continental subduction; (8) new seismic tomography models of the
Indian hemisphere with improved resolution beneath the Indian Ocean, to advance our understanding of the
mantle structure beneath this region and provide a better test of competing subduction zone configurations of
the central Tethys oceans; (9) geophysical tests of the hypothesis that the Greater India Basin forearc was
subducted beneath the Himalaya-Tibet orogenic system; and (10) the lithological properties of seismically fast
material within the mantle transition zone beneath Tibet, and a means to distinguish between subducted

oceanic and continental lithosphere.
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TABLE 1

Model Data Type Reference Notes
Combines a large set of multifrequency P
DETOX-P2 Body waves Hosseini et al. (2020) and Pdiff measurements (Hosseini and
Sigloch, 2015) and analyst-picked arrival
times.
GAP-P4 Body waves Obayashi et al. (2013)
GyPSuM-P Body waves Simmons et al. (2010)
HMSL-PO6 Surface waves, body waves Houser et al. (2008)
Includes seismic phases with short
epicentral distances sensitive to the
. uppermost mantle, and a 3D background
LLNL_G3Dv3 Bod S tal. (2012
- v ody waves immons et al. ) model with laterally variable Moho and
mantle transition zone thicknesses to give
excellent resolution in the upper mantle.
MITPO8 Body waves Li et al. (2008)
PRI-PO5 Body waves Montelli et al. (2006)
SP12RTS-P Surface waves, body waves, normal modes |Koelemeijer et al. (2016)
SPani-P Surface waves, body waves Tesoniero et al. (2015)
UuU-P07 Body waves Amaru (2007)
Upper mantle model. Includes 3,500
tati d than 20,000 earthquakes.
SL2013sv Surface waves Schaeffer and Lebedev (2013) stations and more than earthquakes

This S wave tomography model has an
excellent resolution in the upper mantle.




TABLE 2

Tomographic Models

Maximum duration of subduction
predicted from an assumed

Al I D ipti Also Ki As: P rti Vote M:
nomaly escription so Known As roperties ote Map sinkingr rate of:
DETOX-P2 LLNL-G3Dv3 UuU-PO7 MIT-PO8 SL2013sv3 10 mm/yr 15 mm/yr 20 mm/yr
The size and geometry of Anomaly | Lateral extent: 70°E, 41°N to 97°E, 24°N 62°E, 38°N to 103°E, 18°N 63°E, 43°N to 99°F, 25°N 68°E, 39°N to 97°E, 25°N 70°E, 40°N to 100°E, 20°N 67°E, 43°N to 97°E, 25°N
varies with depth and is best described CR Anomal et al 2014) Top surface: 50 km 0-150 km 0-100 km 0-50 km 0-50 km 0-50 km
in terms of three connected anomalies v ! Top of full linear trace: 50 km 0-150 km 0-200 km 100 km 0-200 km 100 km
(la, Ib, and Ic) Bottom surface: 450 km 400 km 400 km 350 km 425 km 350 km
M ith top of Ar ly Ib Full li t f Al ly lais not  Slab dips NE fi 250 km depth
Anomaly la is well defined by all models erges with top of Anomaly ultfinear trace of Anomaly {a s not - Siab dips NE from 257km dep 40Mato0 26Mato0 20 Mato0
la and lla visible below 250 km downwards Ma Ma Ma
The SE f Al ly la i " A ly la is patchy below 250 km but
Anomaly la forms a linear anomaly with . e» ) cornerof Anomaly la s Slab dips NE from 300 km depth nomalylais p.a cny below m bu From 200 km to 425 km depth, .
. . identified as the Burma anomaly Comments: . covers full horizontal area of anomaly . ) Well defined by Vote Map
a WNW-ESE strike and a NE dip NE corner of Anomaly Ib is not downwards . . Anomaly la forms a linear vertical
(Van der Meer et al. 2018) . outline Lower half of Anomaly la is patchy .
) imaged anomaly directly above the
Anomaly Ib forms a wide, flat anomaly .
o central axis of Anomaly Ib
within the MTZ and base of the upper
Mantle Lateral extent: 77°E, 38°N to 103°E, 28°N 72°E, 42°N to 105°E, 22°N 74°E, 33°N to 108°E, 25°N 98°E, 32°N to 107°E, 24°N 70°E, 38°N to 102°E, 25°N 75°E, 38°N to 105°E, 25°N
Base of Anomaly la merges into the tops Top surface: 450 km 400-450 km 400 km 350 km 425 km 350 km
Anomaly | of Anomalies Ib and Ic Most of Anomaly Ib has not been  Top of full linear trace: - - 450 km - 450 km N
formally identified as a subducted : -
LLNL-G3dv and SL2013sv suggest that Sla‘/b by provious suthes Bottom surface: 700 km 700 km 700 km 500-600 km 700 km 700 km
Anomaly Ib corresponds to large volume Ib Linear trace not visible Horizontal area of Anomaly Ib is Anomaly Ib is poorly defined, with Well defined by this model 70Mato 46Mato 35Mato
of seismically fast material in upper shifted NE with respect to Anomaly la patchy appearance Y 40 Ma 26 Ma 20 Ma
mantle and MTZ; Anomaly Ib is poorl Only the SE in of Al ly Ibi .
. v 1ois poorly . Comments: Anomaly Ib dips and widens with . . . n ‘e marein 9 nomaly [51s N . Very poorly defined by Vote Map
imaged by the other models The SE corner of Anomaly Ib is depth in a NE direction Anomaly Ib forms laterally extensive Linear trace not visible imaged by this model Horizontal area of Anomaly Ib is
identified as the Burma anaomaly P . horizontal anomaly between 450-600 . . greatest at 600 km and decreases
. . East corner of Anomaly Ib is not Horizontal area of Anomaly Ib is same .
Anomaly Icis a small, isolated anomaly (Van der Meer et al. 2018) N km depth below this depth
. T N imaged as Anomaly la
with a east-dipping cylindrical geometry
Hindu Kush anomaly (Van der Lateral extent: 68°E, 37°N to 75°E, 33°N 68°E, 38°N to 75°E, 33°N 68°E, 36°N to 76°E, 33°N 69°E, 36°N to 73°E, 33°N 70°E, 37°N to 75°E, 33°N
B: f Al ly I ith t f Te rface: 0k 0k 0k 0ki . 300 ki
ase of Anomaly lc merges with top o Meer et al. 2018) op surface m m m m Anaomly Ic is m 70Mato0 46Mato0 35Mato0
Anomaly Ilb lc Top of full linear trace: 250 km 250 km 300 km 250 km from Anomaly Ib in this model 300 km Ma Ma Ma
Anomaly Ic is well defined by all body HK Anomaly etal Bottom surface: 700 km 700 km 700 km 700 km v 700 km
wave models 2014) Comments: - - - -
. . Lateral extent: 96°E, 26°N to 126°E, 8°S 97°E, 30°N to 130°E, 8°S 94°E, 24°N to 126°E, 8°S 96°E, 22°N to 126°E, 8°S 94°E, 24°N to 126°E, 8°S 94°E, 24°N to 126°E, 8°S
Anomaly Id is well-defined by all models, Burma and Sunda
) . ) Top surface: 0-100 km 0-100 km 0-50 km 0-100 km 0-100 km 0-100 km
with a linear sub-vertical geometry (Van der Meer et al. 2018) —
Top of full linear trace: 300 km 100-150 km 100 km 350-400 km 100-200 km 150-200 km
Anomaly Id has a slab window beneath Id Base of anomaly too deep to be 90Mato0 60Mato0 45Mato0
Y . Bottom surface: 800-900 km 800-1000 km 900 km 800-900 km . v . P 800-900 km Ma Ma Ma
the Andaman Islands BU & AN et imaged by this model
Anomaly Id slab window migrates al 2014) Comments: Slab window between 6°N.and  Slab window between 5°N and 20°N  Slab window between 10°N and 20°N at Slab window between 5°N and 16°N  Slab window between 4°N and  Slab window between 5°N and 20°N
northwards upsection 3 15°N at 500-900 km depth at 500-900 km depth 550-900 km depth at 450-900 km depth 16°N at 400-600 km depth at 450-800 km depth
Lateral area of Anomaly Il increases with v (Van Der Voo et al, 199) Lateral extent: 74°E, 27N 10 87°E, 29N 73°E, 28°N to 87°F, 27°N 72°E, 30N t0 87°E, 29'N 75°, 28N t0 83°E, 28°N 73°E, 27°N t0 87°E, 28'N
. 400-500 km in E 450-550 km in £ 450-550 km in E 450 km in E
depth, best described as two connect
) Top surface: . 500-600 km . . .
anomalies (lla and Ilb) . 500-650 km in W 750 km in W 600-700 km in W 700-800 km in W
Himalayas anomaly (Van der
Anomaly Ila forms a small, well defined Meer et al. 2018) Top of full linear trace: 700 km 750 km 750-800 km 750 km 800 km
linear anomaly in the MTZ lla Bottom surface: 900-1000 km 700-800 km 800-900 km 800-1000 km Anomaly lla is too deep to be 1000-1050 km
" " i d by SL2013:
) Hi anomaly (Hafkenscheid et al. Very well defined in this model Very well defined in this model imaged by v
Anomally Ilb forms a wide, sub- . Top surface plunges to W
. ) 2006) Upper part of Anomaly Ila is poorly N .
horizontal, poorly defined anomaly c ts: . d and ly differentiated Poorly defined fast anomalies
beneath the MTZ omments: imaged, ai:or:(/)\iro\:nall e‘ren ate Top surface plunges to W Top surface plunges to W continue between 1000-1300 km
IN Anomaly (Replumaz et al 2014) v Slab dips NE
Shape of Anomaly lib suggests it Slab dips NE Slab dips NE 110Mato 73 Ma t 55 Mat
Anomaly Il subducted from a mobile trench and X Lateral extent: 72°E, 34°N to 100°E, 20°N 73°E, 28°N to 87°E, 27°N 72°E, 34°N to 100°E, 20°N 75°E, 28°N to 88°E, 28°N 73°E, 27°N to 87°E, 28°N ato ato ato
: i Himalayas anomaly (Van der 45 Ma 30 Ma 22 Ma
flattened in the MTZ before sinking into Meer et al. 2018) Top surface: 600-700 km 700-800 km 700-800 km 700 km 700 km
the lower mantle : Top of full linear trace: 1000 km 850-950 km 800-1000 km 950-1050 km 900 km
Top of Anomaly IIb forms isolated Bottom surface: 1100-1300 km 1100 km 1000-1100 km 1200-1300 km 1200-1300 km
anomalies that may present pillars of Anomaly Hi (H id et al.
sinking material from MTZ b 2006) gpper part of Anomal\{ libis Eoorly ) Top surface has 'speckled' appearance  Very poorly defined in this model Anor.naly llb is too deep to be Top of Anomaly I1b cannot be
imaged, and poorly differentiated ~ Well defined at 650-900 km depth but covers whole lateral area of ) imaged by SL2013sv S
f Better defined below 800-950 km distinguished from base of Anomaly |
Top of Anomaly Il merges into Anomaly | from Anomaly | Anomaly llb -
Slab dips NE
Comments:
In the west, bottom of Anomaly Il Base of Anomaly llb is poorl
merges into top of Anomaly V AS Anomaly (Replumaz et al 2014) defined and mer, evs with Znon\llal Poorly defined fast anomalies At 800-1000 km lateral extent of Poorly defined fast anomalies Anomally llb is well defined between
Bottom of anomaly is deeper in west \EH v between 1000-1300 km Anomaly Ilb is well defined continue between 1050-1250 km 800-1000 km
than east
Very well defined slab wall Il (Van Der Voo et al. 1999) Lateral extent: 68°E, 25°N to 100°E, 0O°N 67°E, 25°N to 100°E, 0°N 66°E, 26°N to 100°E, 0O°N 67°E, 23°N to 97°F, O°N 66°E, 25°N to 105°E, 0O°N
No lateral spreading suggests that it did not B Top surface: 700-800 km in SE 700-850 km in SE 700-800 km in SE 800-900 km in SE 700-800 km in SE
stagnate in the MTZ India anomaly (Van der Meer et P i 900 km in NW 950-1000 km in NW 900 km in NW 850-900 km in NW 900-950 km in NW
al. 2018) Top of full linear trace: 1100-1200 km 1050 km 1000 km 950 km 1000 km
Lateral trace of anomaly suggests derivation from
y . Bottom surface: 1800-2000 km 1700-1800 km 1700-1800 km 1700-1850 km 1650-1700 km
a fixed slightly curved paleo-trench that Upper half of anomaly IC
connected SE to the Sumarta trench (present-da: Hafkenscheid et al. 2006) Bott f ly i | Al ly Illis too deep to b 170Mato 113Mato 85Ma t
Anomaly Il . (P v ( ! ) ottom of anomaly is poorly Slab folding begins at 1200 km Slab folding begins at 1150 km Slab folding begins at 1100 km nozr:a‘;edlfzyostzoele;; € %0 Maa °© 60 Maa © 45 ’;ao

coordinates) and perhaps NW to the Markan
trench

Frmmante:

TH Anomaly (Replumaz et al

defined

Bullseye’ anomaly persists to 2500

Slab dips NE from 1150 km depth and ~ Slab dips NE from 1100 km depth and

downwards downwards

May continue down to 1900 2000 km



With depth, slab thickens and migrates

northward, consistent with southward migration

of trench

The size, geometry and position of

TH Anomaly (Replumaz et al
2014)

Bullseye' anomaly persists to 2500
km but this is likely to be an

Slab dips NE from 1200 km depth and  Poorly defined high velocity anomalies
artefact

downwards adjacent to main body slab wall

anomaly remain visible to 2200-2300

Fast anomalies visible to 2300 km

May continue down to 1900-2000 km

km depth
. Lateral extent: 55°E, 5°N to 65°E, 18°N 56°E, O°N to 65°E, 15°N 57°E, O°N to 65°E, 18°N 57°E, 0°N to 67°E, 17°N
Carlsberg anomaly (Gaina et al.
Anomaly IV is very poorly defined. It is 2015; Van der Meer et al. 2018) Top surface: 950-1050 km 750 km 650-700 km 750-850 km
therefor: ossibleyt: inte‘: ret Ano‘mal WVa ’ : Top of full linear trace: 1150 km 850 km 1000-1100 km Anomaly IVa is not imaged by MIT-  Anomaly IVa is too deep to be 800-900 km 110Mato 73Mato 55mato
P 4 . i v Bottom surface: - - - P08 imaged by SL2013sv - 75 Ma 50 Ma 37Ma
Ivas 1, 2, or 3 separate slabs, identified Anomaly OC (H: etal. Patchy fast anomalies visible from 450
as Anomalies IVa, IVb, and IVc 2006) Comments: Poorly imagedby this model - v km dlept‘: '
" " Lateral extent: 57°E, 18°N to 87°E, 7°S 52°E, 25°N to 85°E, 5°S 52°E, 25°N to 85°E, 5°S 52°E, 25°N to 75°E, O°N 55°E, 20°N to 87°E, 7°S
Maldives anomaly (Gaina et al.
Top surface: 1200-1250 km 1050-1100 km 1100-1150 km 950-1100 km 1050-1100 km
Lateral extent of Anomaly IV suggests 2015; Van der Meer et al. 2018) —
. . Top of full linear trace: 1300 km 1200 km 1300-1400 km 1450 km 1200-1350 km
these anomalies folded in the MTZ
before sinking into the lower mantle Anomaly OC (H etal Bottom surface: 1900-2000 km 1650-1850 km 1650-1700 km 1650-1800 km 1600-1800 km
Wb 2006) ’ Poorly imagedby thismodel  Mid-depth of Anomaly Vb is patch Base of Anomaly IVa poorly Very boorly defined in this model | AOMalY Vb is too deeptobe SE half of Anomiay IVb s poorly  200Mato 133 Mato 100 Mato
v imagechy P VIVE ISPALEY gistinguished from Anomaly IVe ¥ poorly imaged by SL2013sv imaged 100Ma  66Ma  50Ma
Al lies IVb and IVc h: rthward Comments: Poorly defined fast li i Only visibl Il localised
nomalies IV and [Vc have a northwars The NW half of Anomaly IVb is not  SE half of Anomaly Vb is very poorly | o0 Y defined fast anomalies remain ny visible as smal focalise May extend down to 2100-2300 km
Anomaly IV dip suggest subduction from a 1l (Van Der Voo et al. 1999) PR . . visible in regions adjacent to main body ~ anomalies at NW and S margins of
. visible in this model imaged by this model ) depth
southward migrating trench of anomaly IV down to 2200 km depth Anomaly IVa outline
Lateral extent: 53°E, 34°N to 83°E, O°N 61°E, 35°N to 86°E, 5°N 63°E, 34°N to 86°E, 2°N 58°E, 35°N to 78°F, 11°N 57°E, 34°N to 83°E, 2°N
" . " . 3 1400-1 1400-1 1500-1 1400-1! 1400-1
Mid-depth of Anomaly IVc has a linear Maldives anomaly (Gaina et al. Top surface 400-1600 km 400-1600 km 5001600 km 00-1500 km 4001600 km
o Top of full linear trace: 1600-1700 km 1850 km 1800-1900 km 1650 km 1600-1700 km
geometry striking NW-SE 2015; Van der Meer et al. 2018) - - - -
2000-2100 km in NW 1900 km in NW 2000 km in NW 2000 km in NW
Bottom surface: X . . 2150 km -
2200 km in SE 2300 km in SE 2200 km in SE 2300 km in SE
Top of Anomaly IVc is poorly . Anomaly IVc is too deep to be 230Mato 153Mato 115Mato
\7 Le t half of ly is bett .
€ il (van Der Voo et al. 1999) [ isti d from lies 111 °We;eﬁ:e;ba'::i":n‘:7:ele er Merges with Anomaly Il imaged by SL2013sv 140Ma  93Ma  70Ma
. ' and IVa Top of Anomaly IVc is poorly v Upper half of Anomaly IVc is poorly
Anomaly IVc merges with Anomalies Il . i, N
. Below 2200 km anomaly from Iiland . distinguished from Anomalies Ill, IVa
IVb and V at certain depths Anomly OC and lower half of . Top of Anomaly IVc is poorly .
. to 2450 km depth as a vertical Iva o . SE half of Anomaly IVc not imaged by and V
anomaly IC (Hafkenscheid et al. . " " distinguished from Anomalies IIl and .
cylindrical pillar - possibly a ray this model
2006) ! Va
path artifact
Small, round, localizaed anomaly, with a folded Lateral extent: 67°E, 42°N to 84°E, 23°N 62°E, 33°N to 91°E, 26°N 76°E, 35°N to 85°E, 29°N 73°E, 35°N to 86°E, 24°N 73°E, 35°N to 91°E, 26°N
Nepal anomaly (Van der Meer et - - - -
slab geometry al. 2018) Top surface: 1200-1300 km in NW 1300 km 1200 km in NW 1200 km in NW 1200-1250 km in NW
Vertical extent of Anomaly V deepens towards . Top of full linear trace: - - - ~ N
ESE Bottom surface: 1800-2000 km in SE 2000-2100 km 1900-2000 km in SE 2150 km in SE 1800-2000 km in SE
In th t, T f Al ly Vi 1 I (Van Der Vi t al. 1999,
n‘ ‘e W?S op of Anomaly Vis poorly (Van Der Voo eta ) Top of anomaly is well defined Top of anomaly is poorly defined Poorly imaged by this model Well imaged by this model .
distinguished from base of Anomaly Il . Lateral extent of Anomaly V at a given
AnomalyV  Thesi try and position of Anomaly V i Anomaly below 1600 km is poor Anomaly Vis too deeplobe =, o yoto Maps is much smaller 200 112 10 133 Mato 100 Ma to
© size, geometry and position of Anomaly V 1 Anomlay PT (Hafkenscheid et al nomaly below m is poorly Anomaly is well defined and largest ~ Lateral extent in this model is small Lateral extent in this model is large imaged by SL2013sv P 120 Ma 80 Ma 60 Ma
poorly defined and varies between tomogrpahy defined and poorly distinguished than mapped outline of anomaly.
2006) . below 1500 km when compared to other models when compared to other models
models Comments: from Anomaly Il
. N Base is poorly distinguished from . . Match between Vote Maps and
L. Al ly h: ded isots
ateral area of Anomaly increase with depth Part of the AS Anomaly (Replumaz Anomaly IVc Lower half of anomaly has southward ~ Anomaly has WNW-ESE linear trace sr:‘aone‘aw‘?tha:oaigz?:ti:n ;Sfotri:nr:; individual tomography models
At any given point, Anomaly V has a vertical etal 2014) NE portion of Anomaly V is not dip that plunges ESE P orientation supports the identificaiton of
thickness of 400-500 km imaged by this model Anomaly V as a distinct anomaly
Multiple anomalies beneath north Tibetan Plateau
and Central Asian Orogenic Belt
A li distributed bety 1000 ki d .
nomalies are distributed between mand o ral China anomaly (Van der
Anomaly VI

2900 km depth, mostly below 1500 km
Depth and position of Anomaly VI suggests they
relate to pre-Jurassic terrane assembly of the east
Eurasian continent

Meer et al. 2018)

Anomaly VI is important for models of the pre-Jurassic accretion of terranes to the Central Asian Orogenic Belt and Tibetan Plateau. Anomaly VI is not required by our models for the India-Asia collision and is not investigated further.




TABLE 3

SHZ + LHS MCT GHS THS 1S
) Cro'ss Shortening (km) Restored length Shortening (km) Shortening Restored Shortening Restored Shortening Restored
Location Section (km) (km) length (km) (km) length (km) (km) Source
Number  Max. Min. Max. Min. Max. Min.  Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.
West Arunachal Pradesh 1 308 - 751 565 140 - 67 - - - - - - - - - Yin et al 2010
Arunachal Himal 1 268 - 349 - 52 - 4 - - - - - - - - - Ningthoujam et al 2015
Bhutan 2 267 164 406 312 156 97 53 31 - - - - - - - - Long et al 2011
West Bhutan 3 340-359 315-325 - - 174-220 200 - - - - - - - - - - McQuarrie et al 2014, Tobgay et al 2012
Sikkim 4 253 - 312 - 249 - - - - - 139 133 - - - - Ratschbacher et al 1994, Mitra et al 2010
Darjeeling-Sikkim 4 363 - - - 101 - - - - - - - - - - - Bhattacharyya et al 2015
East Nepal 5 - - - - 175 140 - - - - - - - - - - Schelling & Arita 1991
East-Central Nepal 6 283.3 267.7 400 - 132-210 117-140 - - - - - - - - - - Schelling 1992, Kohn et al 2004, Khanal & Robinson 2013
West-Central Nepal 6 243.5 208 335.5 300 127.5 105 - - 138 116 - - - - - - Robinson & Martin 2014
) Robinson et al 2006, Robinson 2008, Carosi et al 2010, Robinson &
West Nepal — Kumaun India 7 372-522 322-374 450-710 490-493 125-245 111-157 75 8 300 - - - 400 - - - McQuarrie 2012, Mandal et al 2019
Kumaun-Garhwal India 8 162 161 247 232 259 193 - - 283 231 - - - - - - Srivastava & Mitra 1994
Mt Kailas, Tibet 8 - - - - - - - - - - 112 - - - 64 - Murphy & Yin 2003
Himachal Himal 9 326 - 306 - 181 - - - - - - - - - - - Webb 2013
Zanskar-Ladakh 10 - - - - - - - - - - 87-126 85 - - 36 - Searle et al 1987; Searle et al 1990a
Zanskar-Ladakh 10 - - - - - - - - - - 87 85 - - - - Corefield & Searle 2000, Steck et al 1993
Generalized - - - - - - - - - - - - - - - 120 100 Li et al 2015
MEAN - 331 267 459 399 170 139 50 20 240 174 116 109 400 400 73 -
STANDARD DEVIATION - 90 75 168 122 53 34 28 12 73 58 19 24 - - 35 -



TABLE 4

Indian Lower Crust

Indian Lithosphere

Data Point Top of Lithosphere LAB
Method Source Number Longitude Latitude Depth (km) Latitude Depth (km) Latitude Depth (km) Notes
Wittlinger et al 2004 1 79.3°Et0 80.3°E 33.5°N 90 - - - - -
Xu et al 2017 2 79.5°Eto 81.5°E 32°N 50 33.5°N 80 32.5°N 200 -
3 81°Eto83°E 32°N 50 33°N 80 32.5°N 200 -
Nabelek et al 2009 4 84° Eto 85° E 31°N 80 - - - - -
Xu et al 2015 5 85°Eto88°E 31°N 60 33.5°N 80 - - -
: 6 89°Et091.5°E 30°N 90 31.5°N 150 - - -
Shi et al 2016 . . -
. . 7 91.5°Eto93°E 30.5°N 70 30.5° N 150 - - Lithospheric mantle has detached from underplated indian lower crust above.
Receiver functions -
Kind et al 2002 8 81°Eto82°E 31°N 70 - - - - -
9 81°Eto82°E - - - - 35°N 200 LAB is subhorizontal. Significant anisotropy north of Indian LAB.
7hao et al 2010 10 86° E 10 87° E } ) ) ) 32°N 200 tﬁg dips northwards. MTZ is depressed north of 32° N. Significant anisotropy north of Indian
11 90° Eto 95° E - - 32°N 200 31°N 250 MTZ is depressed north of 31° N. Significant anisotropy north of Indian LAB.
Duan etal 2017 ] 85"Et093"E ) ) ) ) ) ) MTZ depressed by 15-20 km, interpreted as subduction of Indian lithopshere into MTZ
12 82°Eto85°E - - 35°N 150-300 - - -
Agius & Lebedev 2013 13 85°Et092° E - - 32.5°N 150-300 - - -
14 92° E to 100° E - - 36.5° N 150-300 - - -
Surface wave tomography 15 90°Eto 94° E - - 34°N 100-300 33°N 100-300 Vertical Indian slab
16 94° Eto 96° E - - 34°N 100-150 34°N 150-200 Sub-horizontal Indian slab, slight southward dip
Ceylan et al 2012 . . L . .
17 96°Eto 98° E - - 34°Nto33°N  100-150 34°Nto33°N  150-200 Sub-horizontal Indian slab, striking northwest-southeast, slight southward dip
18 98° E - - 33°Nto30°N  100-300 33°Nto30°N 100-300 Vertical Indian slab, striking north-south
19 82°Eto84°E - - 34°N - - - -
Pn tomography Hearn et al 2019 20 86° Eto 88° E - - 32°N - - - -
21 95° E to 98° E - - 33° N - - - -
He et al 2010 22 88°Et092°E - - 34° N 300 34° N 400 -
Zhang H. et al 2012 23 91°Eto93°E - - 34°N 100-200 33.5°N 200 . .
24 94° Eto 96° E - - 32°N 100-200 32°N 180 LAB is sub-horizontal
P-wave tomography . . . .
25 84°Eto 86° E - - 33°N 100 33°N 250 Lithospheric mantle is sub-horizontal
Zhang et al 2015
26 86° Eto 88° E - - 32°N 250-300 32°N 350-450 -
Zhao et al 2014 27 82°Eto84°E - - 34°N 100 34°N 200-300 Lithospheric mantle is sub-horizontal
. R R Low velocity zones between Himalaya and central Tibet interpreted as upwelling fluids or hot
. 28 85°Et092°E - - 32°N 75-187 - - A . .
Liang et al 2012 mantle through fragmented indian continental lithosphere
29 92°Eto96° E - - 33°N 75-187 32°N 400 -
30 83°Eto86°E - - 31°N 350 30°N 450 Northward dipping
P- and S-wave tomography 31 86° Eto90° E - - 30°N 400 30°N 500 Northward dipping
. 32 91°Eto93°E - - 31°N 350 31°N 450 Northward dipping
Liang et al 2016 o
33 83°Eto86°E - - 33°N 250 33°N 350 Northern fragment of detached underthrusted indian lithopsphere
34 86° Et090° E - - 32°N 200 32°N 300 Northern fragment of detached underthrusted indian lithopsphere
35 91°Eto93°E - - 33°N 250 33°N 250 Northern fragment of detached underthrusted indian lithopsphere

LAB - Lithosphere-Asthenospher Boundary; MTZ - Mantle Transition Zone



TABLE 5
Sinking Rate (mm/yr)

Scenario A Scenario B-1 Scenario B-2
Anomaly
Base of anomaly  Top of anomaly Base of anomaly Top of anomaly Base of anomaly Top of anomaly
10.0 to 18.3" _ _
1] Connected to Il ® 10.0to 11.8 Same as Scenario A Connected to Il Same as Scenario A
7.61t012.2
] 11.0t0 13.1 Connected to Il Connected to IVc 10.0to 14.4 Connected to IVc Connected to Il
12.3 t0 16.9" 13.6 to 16.7
IVa Connected to IVb'® 12.7 to 16.7'9 Same as Scenario A Same as Scenario A
orc) 6.3t0 8.3
Vb Connected to IVc 8.3t012.2"W 9.9t012.0 Same as Scenario A 9.9t012.0 Same as Scenario A
IVc 11.0to 11.5 Connected to IVb 11.0to 11.5 Connected to Il 11.0to 11.5 Connected to Il
\' - 9.2t010.9 Same as Scenario A Same as Scenario A
Footnotes

Green cells = sinking rate estimates in a single subduction zone configuration at the on set of the India-Asia collision (s.1.)

Blue cells = sinking rate estimates in a double subduction zone configuration at the on set of the India-Asia collision (s.l.)

colourless cells = sinking rate estimates consitent with both a single subduction zone configuration and a double subduction zone configuration at
the on set of the India-Asia collision (s.l.)

A - Assumes IVb forms the top of the South Neotethys intra-oceanic arc ( N1 Slab) which broke off at ~120-90 Ma
B - Assumes IVa forms the top of the South Neotethys intra-oceanic arc ( N1 Slab) which broke off at ~120-90 Ma
C - Assumes IVa forms the top of the South Neotethys intra-oceanic arc (N1 Slab) which broke off at ~59-45 Ma
D - Assumes IVa subducted during the West India orogen

E - Assumes slab break-off at 59-45 Ma

F -Assumes slab break-off at 45-30 Ma



TABLE 6

Model

Enlarged-area Greater India + single

subduction zone configuration

Geological perspective Geophysical perspective dy ic and plate ki ic perspectives Further investigations & requirements for
model validation
Strengths Weaknesses Strengths Weaknesses Strengths Weaknesses
Most co_nswten? with tlmln.g . . . Model require subduction of Mass bal.ance of Himalaya-Tibet system and
constraints for inta-oceanic The size of Greater India predicted by . . . . . s underlying upper mantle that accounts for
. L . o Produced coherent explanation Produces acceptable sinking  continental lithosphere (including its o ) T
subduction and collision from the this model is significantly less than None relamination of Indian crust, delamination of

bedrock record out of all three estimates from the bedrock record

models

Consistent with constraints from the
Xigaze forearc, which argue for
Thanetian to Ypresian collision

between Greater India and Lhasa

for all seismic anomalies

rate estimates for all slabs  lower, middle + upper crust) that was

at least 2000 km x 2500 km in area

Inconsistent with Mesozoic
palaoemagnetic constraints from
Greater India and reconstructions of
Gondwana; requires continental
extension of Greater India, withouth
ocean spreading after break-up of
Godwana

Asian lithosphere and lateral flow of Asian
continental crust
Composition, structure and thickness of pre-
collisional Greater India

Physics of subduction of continental
lithosphere

1SZ contains bedrock evidence for
more than one suture zone,
supporting the existence of a
Neotethys intra-oceanic arc, separate

Inconsistent with bedrock evidence
for closure and suturing of the Shyok
Basin between Karakoram and
Kohistan between 90-80 Ma

Produced coherent explanation
for all seismic anomalies except
Anomaly IVa

Anomaly IVa is smaller than
required by this model; implies
that this slab is only partly
imaged by the tomography

Distribution of seismic anaomlies is
inconsistent with two-stage double
subduction configuration (e.g. Kapp &
DeCelles 2019)

Produces acceptable sinking
rate estimates for all slabs

Timing of collision between Kohistan and
Karakoram blocks

Greater india Basin reconstruction +
single subduction zone configuration

Consistent with constraints from the subduction of the Greater India Basin

Xigaze forearc, which argue for
Thanetian to Ypresian collision
between Greater India and Lhasa

Record of metamorphism in THS and
GHS are best explained by progressive
subduction-accretion, which is hard to

reconcile with subduction-erosion of

the Greater India Basin suture

The size of Greater India is supported  No geological evidence for a suture
by bedrock observations between the GHS and LHS

for all seismic anomalies

prior to rifting of India from

. suture and forearc stratigraphy
Australia

requires prolonged subduction-
erosion, which is inconsistent with the
record of accretion recorded by
metamorphism in the GHS since ~50
Ma

Does not require extreme
volume and duration of
continental subduction

Produces acceptable sinking
rate estimates for all slabs

o

c

o

N

<

S

2

5
3 from the Gangdese arc models

3

@

Ypresian uplift and abonandonment of

% . T P . P Consistent with equatorial Distribution of seismic anaomlies is . . .

S Explains variations in isotope Xigaze forearc located along the ) . . . . . . Search for evidence of intra-oceanic arc
o5 . . . ! . paleo-latitudes estimated from inconsistent with northward migrating .
T 3 geochemistry in igneous plutonic southern margin of Lhasa requires . . N . magmatism between 110-80 Ma and 80-60
+ ® ) paleomagnetic studies of the  sub-equatorial subduction zone (e.g.

c 5 phases of the Kohistan arc long-range stress transfer from South . Ma
5 . R Kohistan block Jagoutz et al. 2015)

£ Neothethys intra-oceanic to Gangdese

g 8 . . . Produces a good fit with

H . L Lack of intra-oceanic arc magmatic A

S The size of Greater India is supported N reconstructions of Gondwana,

= ) rocks with ages younger than 116-80 . e . A . .

o by bedrock observations Ma prior to rifting of India from Improved seismic tomographic imaging of
©

o Australia central and southern Indian hemisphere
© . N s

= Consistent with declaration of mantle to improve geometric definition of
£ The size of Greater India fits the Does not provide an explanation for X P . 8 .

2 . . . . Indian plate between 50 Ma subducted slabs, in particularl the lateral and
£ location of the intra-oceanic Late Cretaceous metamorphism and L . .

< . . . and 40 Ma due to later collision vertical extents of Anomalies IVa and IVb
s subduction zone inferred from deformation recorded by the 3 .

(s.s.) between Asian margin and
Anomaly IV Karakoram block .
India
Produces a good fit with Mechanics of subduction-erosion and
The GHS and THS do not record any . . 8 . L . .
. . ) Produced coherent explanation reconstructions of Gondwana, . . subduction-accretion in continental collisions
subduction-related magmatism during None Removal of the Greater Inida Basin

and how these processes are recorded by the

bedrock record

Invesitigation of subsurface lithosphereic
structure of the Himalayan orogeny: is there
evidence for a subducted forearc?

Irrefutable dismissal of other models




