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Interpretations of pre-collisional configurations of Greater India are highly controversial and predict
distinct processes during the India-Asia collision. To better determine the possible pre-collisional
configuration(s) of Greater India, we conduct a mass-balance analysis combined with previously
published geologic, paleomagnetic, and geodynamic evidence. The mass-balance analysis determines
the magnitude of northern Greater India (NGI) width needed to provide sufficient crustal accretion
to form the Tethyan-Greater Himalaya orogenic wedge in Cenozoic time. Applying endmember crustal

Keywords: thicknesses of 10-40 km to a mass-balance equation yields a broad range of plausible pre-collisional
continental collision NGI widths of ~3016+1000 km and ~956+283 km, respectively, which we further assess considering
Himalaya contrasting models/evidence. The integrated evidence requires a thin NGI continental crust to form 1)

mass balance analysis
Greater India

continuous Tethyan-Greater Himalayan crustal thickening, 2) a narrow foredeep width of Himalayan
foreland basin, 3) continuous Gangdese arc magmatism with oceanic-subduction-style mantle wedge,
and 4) low-magnitude exhumation in the North Himalaya and Gangdese arc-forearc from ~60-30
Ma. Adding the structurally restored ~740 km wide southern Greater India, the synthesized analyses
yield two possible configurations: 1) an ~1350+440 km wide and ~23-30 km thick NGI indicating an
~2080+450 km wide Greater India with ~500-1000 km wide oceanic basin systems in both Asia and
NGI; and 2) a >1815+630 km wide and ~10-23 km thick Zealandia-type NGI indicating a >2550+640
km wide pre-collisional Greater India without or with limited ~500-1000 km Xigaze back-arc oceanic
basin. The former is conditionally consistent with the integrated evidence by assuming no Cenozoic
oceanic subduction initiation within NGI and predicts multi-stage collision since ~60 Ma. The latter
is consistent with the integrated evidence and predicts an approximate-single-stage collision at ~60
Ma. Both configurations predict significant post-collisional NGI crustal shortening that may have been
accommodated by the Eocene-Oligocene Greater Himalayan structural discontinuities.

Published by Elsevier B.V.

1. Introduction

The Cenozoic India-Asia continental collision is used to analo-
gize global continental tectonic processes. The distribution, extent,
magnitude, and timing of intracontinental deformation and surface
uplift, and related global effects on climate and mantle geochem-
istry during the India-Asia collision are primarily controlled by
the timing and duration of the collision and the magnitudes of
post-collisional convergence (e.g., Hodges, 2000; Yin and Harrison,
2000; Ingalls et al., 2016; Ding et al., 2017, 2022). However, con-
flicting geologic and paleomagnetic studies yield highly variable
interpretations of these controlling parameters. Geologic records
generally indicate initial timing of ~60+5 Ma for the India-Asia
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collision with <2000 km post-collisional upper crustal shorten-
ing in Asia and India (Yin and Harrison, 2000; Hodges, 2000; Van
Hinsbergen et al., 2011a; Cai et al, 2011; DeCelles et al., 2014;
Robinson and Martin, 2014; Hu et al, 2015; Ding et al., 2005,
2016, 2022). In contrast, paleomagnetic studies document a large
paleolatitude gap of ~5600-3200 km between Asia and India at
~65-55 Ma, which significantly exceeds the <2000 km of intra-
continental shortening leading to a shortening deficit, primarily
during ~60-30 Ma (e.g., Van Hinsbergen et al., 2012). To solve the
shortening deficit problem, we need to know the pre-collisional
configurations of both plates. Two-stage collisional models have
been proposed by creating a large-scale oceanic basin in the In-
dian or Asian plates prior to the collision to compensate for the
shortening deficit (Figs. 1a-b). However, the existence and location
of the proposed oceanic basins are highly debated due to the lack
of surface geological records (DeCelles et al., 2014; Kapp and De-
Celles, 2019).
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Fig. 1. Proposed India-Asia collision models. a) Two-stage hypothesis of Greater Indian oceanic basin collision model (GIB) (Van Hinsbergen et al., 2012). b) Two-stage
hypothesis of Xigaze-Trans-Tethyan back-arc ocean (Cai et al., 2011; Kapp and DeCelles, 2019). ¢) Approximate one-stage hypothesis of hyper-extended continental NGI in

this study.

Significant debates and uncertainties regarding the pre-colli-
sional configurations of both plates largely result from a key dif-
ficulty: Greater India has been completely consumed in Cenozoic
time, which results in the pre-collisional configuration not be-
ing fully constrained by the current geologic, paleomagnetic, and
geodynamic data. However, there is consensus that the Tethyan-
Greater Himalaya (TGH) requires sufficient middle-upper crust ma-
terial sourced from the northern portion of pre-collisional Greater
India, which we refer to northern Greater India (NGI), to con-
tribute to the post-collisional crustal accretion from ~60-30 Ma
(DeCelles et al., 2002; Kapp and DeCelles, 2019). This permits a
middle-upper crustal mass-balance relationship between the pre-
collisional NGI configuration (Fig. 1a-c, Fig. 3) and post-collisional
TGH accretion coeval with the shortening deficit. The mass-balance
relationship combined with the integrated results from previous
geologic, paleomagnetic, and geodynamic studies provide an al-
ternative opportunity to constrain the NGI configuration. In this
study, we first conduct a quantitative mass-balance analysis be-
tween the N-S NGI width and Himalayan crustal accretion to de-
termine the mass-balance-allowed NGI configurations from thick-
and-narrow to thin-and-wide. Further, we use paleomagnetic evi-
dence to determine whether oceanic basins are needed on either
or both plates in these configurations and, if needed, what the
permissible oceanic basin sizes are. Finally, we appraise what NGI
configurations best fit the geologic-geodynamic evidence and de-
termine whether the integrated results indicate other possible tec-
tonic models.

2. Geological background

The Himalayan orogenic belt is located along the southern mar-
gin of the Tibetan Plateau (Fig. 2). In the Himalaya, the tectonos-
tratigraphic units are from south to north the Subhimalaya, Lesser
Himalaya, Greater Himalaya, and Tethyan Himalaya, and are brack-
eted by the south-directed Main Frontal thrust in the south and

the north-directed Great Counter thrust in the north (Fig. 2) (i.e.,
Hodges, 2000; Yin, 2006). The south-directed Main Boundary and
Main Central thrusts and the north-directed Southern Tibetan de-
tachment system structurally juxtapose these tectonostratigraphic
units (Fig. 2).

Tethyan Himalayan rocks contain meta-sedimentary and sedi-
mentary sequences with ages from late Neoproterozoic to Eocene
time (Hodges, 2000), and are the cover sequence to Greater Hi-
malayan rocks (Martin, 2017). Greater Himalayan rocks are meta-
morphosed from a Neoproterozoic to early Cambrian protolith.
Rocks in both domains have evolved continental crustal ¢(Nd) val-
ues of -15 to -20 (Robinson et al., 2001; Murphy, 2007). Greater
Himalayan rocks document upper amphibolite to granulite facies
peak metamorphism interpreted to occur at ~35-25 Ma followed
by regional exhumation and leucogranitic partial melting from
~25-15 Ma (e.g., Kohn, 2014; Wu et al., 2020). Petrochronology
yields metamorphic ages from ~55-30 Ma in the TGH metamor-
phic rocks, which indicates an early-stage of crustal thickening
(e.g., Smit et al., 2014; Lihter et al., 2022). Recently recognized Hi-
malayan ductile thrust discontinuities accommodated N-S shorten-
ing from ~40-25 Ma coeval with crustal thickening (e.g., Carosi et
al., 2018). The TGH and Lesser-Subhimalayan rocks are the material
from distal and proximal Greater India, respectively (DeCelles et al.,
2002; Myrow et al., 2003). We refer to the Lesser-Subhimalayan
rocks as southern Greater India (SGI), and to the TGH as north-
ern Greater India (NGI) (Fig. 2). Total Cenozoic shortening across
Greater India, now present in the Himalaya, is <~1000 km (Robin-
son and Martin, 2014 and references therein), with the magnitude
of crustal shortening from 60-30 Ma poorly constrained (Robinson
and Metcalf, 2020).

In this study, Asia refers to the Tibetan Plateau terranes (Fig. 2)
(cf, Yin and Harrison, 2000). In Asia, minimum upper crustal
shortening from Mongolia to the Great Counter thrust since ~60
Ma is ~700 km (Table S1) (Yin and Harrison, 2000; Van Hinsber-
gen et al,, 2011a). Syn-collisional paleo-latitudes of southern Lhasa
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Fig. 2. Regional geologic map of the Himalaya and Tibetan Plateau. Modified primarily from Pan et al. (2004) and Robinson et al. (2021). GtLH: garnet Lu-Hf ages; GtSN:
garnet Sm-Nd ages; Mnz: monazite U-Th-Pb ages; Zrn: zircon U-Pb ages. References in Table S5 for ages in the Himalaya, Table S6 for the ages in the Gangdese arc, and

Table S8 for structures in Tibetan Plateau.

ranges from ~10-30°N, indicating available magnitudes of ~0-
2000 km of Cenozoic Asian crustal shortening (Yi et al., 2021 and
references therein). Here we adopt a compromised/conservative
magnitude of ~1000 km for Asian intracontinental convergence
since ~60 Ma. In the southernmost Lhasa terrane, the Gangdese
arc has long-lasting calc-alkaline magmatism from ~100-30 Ma
with relatively juvenile £(Nd) values from -5 to +5 (i.e., Jiang et
al., 2014). Along the southern Gangdese arc system, the Xigaze arc
may represent an arc terrane rifted off the southern Asian mar-
gin from ~90-70 Ma and tectonically correspond to the Kohistan-
Ladakh-Spong intraoceanic arc system, which may significantly
broaden the southern Asian margin to the south for thousands of
kilometers in Paleocene time (Fig. 1b) (Kapp and DeCelles, 2019
and references therein). In the west, <200 km of Cenozoic N-S
shortening in the Pamir-Karakoram terranes and the lack of Lhasa
terrane equivalent result in a significant northward deflection and
embayment of the southern Asian margin (Li et al., 2020) (Figs. 1a-
c). The paleolatitude of Ladakh and timing of the India-Kohistan-
Ladakh collision at ~56-55 Ma result in an oceanic basin, the
Kshiroda or Shyok basin, between the Kohistan-Ladakh and Pamir-
Karakoram (Fig. 1a-c) (Ding et al., 2016; Martin et al., 2020).

3. Mass-balance analysis
3.1. Setup of the mass-balance equation

Crustal mass-balance analysis has been widely used in under-
standing mass transfer from Greater India to Tibet-Himalaya during

the India-Asia collision (i.e., Ingalls et al., 2016). Based on end-
member subduction-accretion models (Cowgill et al., 2016), the

upper portion of the downgoing lithosphere will be accreted into
the orogenic wedge with the lower portion subducted (Fig. 3).
TGH crustal thickening and regional metamorphism, which be-
gan at ~60-55 Ma and lasted until 30-25 Ma, indicate that the
TGH accommodates most of the crustal accretion from NGI conver-
gence during ~60-30 Ma. Moreover, we consider: 1) insignificant
mass transfer from NGI to Tibet at depth from ~60-30 Ma due
to juvenile ¢(Nd) values in Cenozoic magmatic rocks of the Lhasa-
Gangdese arc until ~25-20 Ma (e.g., Jiang et al., 2014); and 2) in-
significant mass transfer from Lhasa-Gangdese arc to the Himalaya
due to evolved &(Nd) values of Cenozoic igneous-metamorphic
rocks in the TGH without juvenile signatures (i.e., Aikman et al.,
2012). Therefore, a 3D mass-balance relationship can be estab-
lished directly from NGI convergence to TGH accretion, with the
subducted NGI lithosphere and Tibetan crust not considered:

// (onat - ACTNGDdA = // (,OBTGH - Ty + putch - ER - t) dA (1)
A A

PNGI, PBIGH, and pyrcy represent the mid-upper NGI crustal
density and bulk- and upper-crustal densities of the TGH, re-
spectively. ACTng| represents the average accreted crustal thick-
ness of the pre-collisional NGI that scraped-off during Cenozoic
subduction-accretion. T%IGH is the TGH crustal thickness at a spe-
cific locality at 30 Ma; A is land area in a planar coordinate system;
ER is long-term average erosion rate; t is the duration of crustal
accretion.

Minor post-collisional Cenozoic crustal shortening in the Lhasa
terrane (Kapp and DeCelles, 2019 and references therein) indicates
a relatively rigid Gangdese-Lhasa buttress for TGH crustal accretion
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Fig. 3. Graphic illustration of mass-balance setup; the values of the parameters are provided in Tables 1 and S1.

(Fig. 3). We further consider an along-strike invariable TGH wedge
shape and a NGI with a uniform N-S size, E-W width, and average
thicknesses of the accreted crustal layers (Fig. 3). Equation (1) can
be written as:

Wnai

Lnat (pnet - ACTNG) dx =

0
Wrch

LtcH / |:)0BTGH <TTGH—
0

Trcn — ACTNar

-X )+ putch - ER - tj| dx
WrcH )

(2)

Integrating both sides:

Lnai - et - ACTnGt - Wl =
1 (3)
LtGH - W1GH - [0BTGH - E(ACTNGI + Tren) + putcH - ER - t]

Wner and Wrgy represent the strike-normal horizontal widths
of pre-collisional NGI and the TGH at 30 Ma, respectively; Trgy is
the maximum thickness of the TGH wedge at ~30 Ma; Lyg; and
Lrcy represent the E-W length of NGI and TGH, respectively. x is
the horizontal component.

As the E-W length does not change from the Main Frontal
thrust to the Indus-Yarlu suture in map-view, and no evidence ex-
ists to indicate that the Himalayan orogen experienced significant
E-W extension or contraction in Cenozoic time, we have:

Lnct = LtcH

Using this relationship, we simplify Equation (3) in 2D and
divide it by pongi and ACTyg to yield the primary mass-balance
equation:

WreH | psrcH
Whiel =

1 PUTGH
- = (ACTnc1 + TrgH) + 'ER't}
ACTnect L pnat 2 1Y

NGI
(4)

Therefore, we establish a quantitative relationship between the
pre-collisional NGI configuration characterized by Wyg; and ACTng
and the status of TGH characterized by the width-thickness, ero-
sion rate, and duration of accretion.

3.2. Parameter analysis

As the original NGI lithosphere has been completely consumed,
the Wng1 and ACTng are unknown variables that need to be deter-
mined by combining mass-balance with other evidence. The TGH-
related variables can be determined by regional geology. Ticy is
~70 km thick based on peak metamorphic pressure of 20-21 kbar
of the Ama Drime granulite at 30 Ma (Table S1). Wrgy at ~30 Ma
is ~410 km wide calculated by measuring present-day N-S width
of the TGH integrated with the Oligo-Miocene TGH internal short-
ening (Table S1) (Murphy and Yin, 2003; Webb, 2013). An aver-
age erosion rate during ~60-30 Ma cannot be directly determined
from the Himalaya. Therefore, we integrate the long-term average
erosion rates of 0.1-0.9 mm/yr from collisional fold-thrust belts
with ~1000-2000 m elevation at middle-to-low latitude, including
the Zagros, Carpathian, Southern Andes, and Lesser Himalaya (Ta-
ble S1). To determine the best value, we apply the non-parametric
Kernel density estimation to the erosion rate dataset, which con-
sistently yields the highest probability-density value of 0.32 mm/yr
using different probability-density functions, consistent with the
mean, median, and mode of 0.39, 0.33, and 0.3 mm/yr, respectively
(Table S2). The duration t is 30 myr as determined from the early-
stage post-collisional convergence from ~60-30 Ma, corresponding
to the shortening deficit and the TGH prograde-to-peak metamor-
phism from ~60-55 to ~30-25 Ma. All the parameters are listed
in Table 1.

3.3. Uncertainty analysis

The uncertainties of the parameters significantly affect the va-
lidity of mass-balance analysis. Combined uncertainty of Trgy is
estimated as £10 km or +£3 kbar considering thermodynamic and
geologic-analytical sampling uncertainties (Table S1). For Wy, 9
measurements yield an average deviation of +25 km, which we
further enlarge 2-times to +50 km to cover other unknown error
sources (Table S1). For erosion rate, 17 data points yield an aver-
age deviation of +0.18 mm/yr (Table S2). Moreover, we also assign
a =10 Myr to t for analysis; however, the densities and 30 Myr of
accretion are preconditions, which we interpret to not contribute
to the uncertainties of the final result.

For pre-collisional NGI configurations, we are most interested
in Wng1, with ACTng; varying from the surface to Moho depth. The
parameters are independent, which indicate the items including
second-order mixed derivatives can be ignored. Therefore, the er-
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Table 1
Parameters and variables used in Mass-balance calculation.
Parameter Symbol Value Uncertainty  Unit Note
N-S width of TGH WreH 410 +50 km
Maximum thickness of TGH TrcH 70 +10 km
Long-term average erosion rate ER 0.32 +0.18 mm/yr  Using KDE
Duration of TGH accretion t 30 - Myr Early-stage metamorphism from ~60-55 Ma to 30-25 Ma
Density of TGH upper crust PUTGH 2750 - kg/m3
Density of TGH bulk crust PBTGH 2800 - kg/m>
Density of NGI mid-upper crust PNGI 2650 - kg/m3
Estimated Variable
Thickness of accreted NGI crustal layer ACTnar 5-40 - km Equal to NGI mid-upper crustal thickness
Middle-upper NGI crustal thickness MUTng; 7-27 - km
Bulk NGI crustal thickness Tnal 10-40 - km
Calculated Variable
N-S width of Northern Greater India Whiai 698-3017 +197-999 km With NGI crustal thickness from ~10-40 km
N-S width of Southern Greater India Wsai 736 +99 km Calculated from balance cross-section
N-S width of pre-collisional Greater India Wagi 1093-3301 +239-922 km With NGI crustal thickness from ~10-40 km

Densities from Christensen and Mooney (1995)

ror propagation from the parameter uncertainties to AWyc; can be
written as (Zou, 2014):

IW, IW, W
AWnGE = L AWrgp + 4 WGt e
OWTGH 8T1GH R
dWncr
——At
+ at
[p/?;g? ’ % (ACTnG1 + Tren) + ’)/)UN% -ER-t
- AWrcH
ACTnal
1 pprci WrcH )
{3 : ATrcH
(2 PNGI ACTngI
W
+ (PUTGH - Wren -t) AER
onat ACTnar
W
n (PUTGH - Wrch ~ER> At
onGt ACTngr
(5)

Figs. 4a-f and Table S3 show the total uncertainty of Wy and
partial contributions from each parameter uncertainty using equa-
tion (5) (abbreviations in Table 1), which consistently shift Wi
in the positive direction. Both total and partial AWy decrease
with ACTyg increasing and significantly increase at ACTng <10
km (Figs. 4a-f). Using the parameter values in Table 1 and the pa-
rameter uncertainties including AWrcy of £50 km, ATcy of £10
km, AER of £0.18 mmy/yr, and At £10 of Ma, error propagation
equation (5) results in a total AWyg of ~1426 km at ACTng of 5
km and ~730-210 km with ACTyg; from 10-40 km (Fig. 4a). For
partial Wngy uncertainties contributed from each term in Equa-
tion (5), a £50 km of AWrgy contributes a partial AWpg; from
~370-180 km to ~110-65 km with ACTng from 10-40 km us-
ing different ER and Ttgy values (Figs. 4b-c); a £10 km of ATrgy
contributes a partial AWyg; from ~260-130 km to ~70-30 km
with ACTngr from 10-40 km using different Wygy values (Fig. 4d);
a £0.2 mm/yr of AER contributes a partial AWpg from ~620-
310 km to ~80-40 km with ACTng; from 10-40 km using different
Wrcy values (Fig. 4e). While we interpret t as a fixed value, a 10
Ma of At causes a partial AWyg from ~595-85 km to ~74-10 km
with ACTyg; from 10-40 km using different erosion rates (Fig. 4f).

3.4. Results

3.4.1. N-S size of pre-collisional NGI
Using the analyzed parameters and uncertainties with specific
crustal densities and 30 myr of accretion, the mass-balance and er-

ror propagation analyses yield Wngi=AWng from 413641390 km
to 2394+783 km with ACTyg from 5-9 km and from 21774708
km to 7074197 km with ACTng from 10-40 km (Fig. 5a; Table S4).
A prominent issue is that Wng and AWy vary significantly with
different ACTng values, whereas the ACTng value cannot be tightly
constrained. To solve this problem, we consider possible ranges of
crustal accretion-involved depths for ACTng from shallow to deep:
7-10 km, 10-15 km, 15-20 km, 20-25 km, and 30-35 km, with
the reasoning for using these values discussed in following sec-
tions. These result in average Wg values based on specific ACTng|
ranges, with the corresponding AWnc propagated from the aver-
age AWpg values of the specific ACTng; range and the average
deviation of Wy values in the corresponding ACTngy range. Using
the formula below,

Tarp = /02 + 0 (6)

the average Wygy at ACTng ranges of 7-10 km, 10-15 km, 15-20
km, 20-25 km, and 30-35 km are calculated as 2564+917 km,
18154631 km, 13484429 km, 1093+339 km, and 8214239 km,
respectively (Fig. 5a; Table S4).

3.4.2. Pre-collisional N-S size of Greater India

To determine the pre-collisional configuration of Greater India,
we need to determine the original N-S width of both NGI and SGI.
The relationship below calculates the original N-S width of Greater
India (Wg):
WGl — WNGI | \SGl 7)

Wsg is relatively well-constrained as ~500-700 km from bal-
anced cross-sections of the Lesser-Subhimalaya rocks (e.g., Robin-
son and Martin, 2014). Moreover, Lesser Himalayan rocks can
be further extended northward because it was buried by south-
directed thrusting within the TGH wedge along the MCT after
~25-20 Ma (e.g., Murphy, 2007). The magnitude of thrusting is
interpreted to be ~110-220 km (Robinson et al., 2006), which
represents the minimal N-S length of the unexposed Lesser Hi-
malaya beneath the TGH. Integrating the data above, we calculate
the average minimum Wsg=AWsgp of 736.5£99 km (Table S4).
Using the Wyg results above and equation (6) and (7) to calcu-
late W¢; and AWg;, the corresponding results are 33014923 km,
25524639 km, 20844440 km, 1829+353 km, and 15584259 km
at ACTng ranges of 7-10 km, 10-15 km, 15-20 km, 20-25 km, and
30-35 km, respectively (Fig. 5a; Table S4).
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Fig. 4. Propagation of parameter uncertainties to AWng. a) Total uncertainty of Wyg; propagated from all parameter uncertainties. b) & c) Partial contribution of Wrgy
uncertainty to AWyg using different erosion rate and Trgy, respectively. d) Partial contribution of Trgy uncertainty to AWyg using different Wgy. e) Partial contribution
of erosion rate uncertainty to AWyg using different Wrgy. f) Partial contribution of accretion duration uncertainty to AWyg using different erosion rates. Parameter values

are provided in Tables 1 and S1.

4. Geologic, paleomagnetic, and geodynamic evidence

The results above have not yet determined which configuration
is the most likely. Therefore, constraints from geology, paleomag-
netism, and geodynamics are required (Table 2).

4.1. Geologic evidence

Several primary geologic characteristics of TGH and the Gang-
dese arc are noteworthy:

1) TGH rocks are dominantly felsic, pelitic, and sedimentary
rocks with few mafic rocks (Evidence-H1 in Table 2; Hodges, 2000;
Yin, 2006);

2) Garnet Lu-Hf/Sm-Nd and monazite U-Th-Pb petrochronol-
ogy document apparently successive TGH prograde metamorphism
and crustal accretion-thickening from ~55-25 Ma (Evidence-H2 in
Table 2; Figs. Ga-b; references in Table S5), indicating the dura-
tion of interruptions of these processes is likely shorter than the
petrochronologic uncertainty of ~0.5-5 Ma;

3) Cenozoic igneous rocks in the Himalaya are dominantly S-
type leucogranite from ~45-10 Ma with highly evolved Sr-Nd val-
ues, without arc-type rocks (Evidence-H3 in Table 2; Table S5; e.g.,
Hou et al,, 2012; Wu et al., 2020);

4) Thermochronometric data from the North Himalaya domes
reveal slow cooling/exhumation from ~55-25 Ma that accelerated
after 25 Ma (Evidence-H4 in Table 2; Fig. 6d; Table S5; e.g., Lee et
al., 2000);

5) Subsidence and flexural analyses of Late Cretaceous-Early
Cenozoic Tethyan Himalayan basins document narrower foredeep
and lower effective elastic lithospheric thickness (Te of ~5-25
km) than the modern Himalayan foreland basin (Te of ~93 km)
(Evidence-H5 in Table 2; Corfield et al., 2005; DeCelles et al.,
2014);

6) A consistent Paleogene sedimentary environment between
the Tethyan Himalaya and Indian foreland basin requires the NGI
ocean closure before ~50-45 Ma (Evidence-H6 in Table 2; DeCelles
et al,, 2014; Colleps et al., 2020), indicating a <1200 km NGI ocean
using 120 mm/yr convergence rate (Molnar and Stock, 2009);

7) Gangdese arc-type calc-alkaline magmatism occurs contin-
uously from ~120-100 Ma to ~30 Ma, with relatively juvenile
Sr-Nd isotopic values in the ~60-30 Ma rocks (Evidence-G1 in Ta-
ble 2; Fig. 6¢; Table S6; e.g., Jiang et al., 2014), which require an
oceanic-style mantle wedge without mid-upper crustal relamina-
tion beneath the Gangdese arc from ~60-30 Ma (e.g., Qi et al,,
2021);

8) Potassic magmatism and related lower crustal xenoliths with
highly evolved Sr-Nd isotopic values in Gangdese-Lhasa did not oc-
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Fig. 5. a) The results from the mass-balance calculation. The blue line-shadow is the calculated Wyg; and uncertainty varying with ACTng;; the colored dot-bars are calculated
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Table 2

Compatibility between calculated configurations of Greater India and integrated evidence from Himalaya-Gangdese.

Collision at ~ 60 Ma as precondition

Mass Balance in NGI and cross-section balance in SGI

Evidence  Key Feature Configuration A Configuration B Configuration C
(1830 km wide GI, 30-38 km (2080 km wide GI, (> 2550 km wide GI,
thick NGI) 23-30 km thick NGI) 10-23 km)

Paleomagnetism

P1 India-Lhasa distance of ~5200-1550 km from ~65-30 Ma Require ~1200-2000 km ocean Require ~1000-1800 km Likely ~500-1000 km

along the Yarlu suture ocean ocean

P2 India-TH distance of ~2870-2090 km (£350-450 km) Require NGI ocean Require NGI ocean Minor or no NGI ocean

from ~62-56 Ma along the Yarlu suture

Geology

H1 Minor mafic rock in TGH Require mid-upper crustal Require mid-upper crustal Require mid-upper
accretion accretion crustal accretion

H2 Continuous metamorphic ages from ~55-25 Ma in TGH Conditional consistency due to Conditional consistency due  Consistent
P2 to P2

H3 Highly evolved Nd isotopic feature of Cenozoic Himalayan Conditional consistency due to Conditional consistency due  Consistent

granite P2 to P2
H4 Slow cooling in the North Himalaya from ~55-25 Ma Inconsistent due to predicting Consistent Consistent
early Cenozoic underthrusting
H5 Low Te & narrow foredeep of Late Cretaceous-early Inconsistent Consistent Consistent
Cenozoic TH foreland basin

H6 Consistent TH-India sedimentary environment since Require XBAO to be consistent Require XBAO to be Require thrusting in EBS
~50-45 Ma, indicating maximum total NGI ocean width consistent before 50 Ma
< 1200 km

G1 Continuous Gangdese arc magmatism until ~30 Ma with Inconsistent due to predicting Consistent Consistent

juvenile Nd isotopic feature early Cenozoic underthrusting

G2 Highly evolved potassic magmatism in Gangdese-Lhasa Inconsistent Consistent Consistent

since ~25 Ma

G3 Slow cooling of the Gangdese arc-forearc until Inconsistent due to predicting Consistent Consistent

~30-20 Ma followed by accelerated cooling early Cenozoic underthrusting

Geodynamics

D1 Oceanic-style thinned continental NGI subduction with Inconsistent due to thick crust Largely consistent Consistent

mid-upper crustal accretion in TGH

D2 Thinned NGI continent with early-stage metamorphism in Inconsistent, S.A.A. Largely consistent Consistent

TGH
Summary
Proposed models A, B, and C need to reconcile the independent Not reconciled Conditionally reconciled Reconciled

evidence P1, P2, H6, and self-consistent H1-5, G1-3, and D1-2

cur until ~25 Ma (Evidence-G2 in Table 2; Fig. 6¢; Table S6) (e.g.,
Zhang et al, 2014; Wang et al., 2016), which requires the initial
underthrusting/relaminating of the Indian mid-upper crust beneath

Gangdese-Lhasa as late as ~25 Ma.

9) Thermochronometric data reveal a <5
history from Cretaceous time to ~30-20 Ma

°C/myr slow cooling
followed by acceler-

ated exhumation in both the Gangdese arc plutons and the Xigaze

forearc basin (Evidence-G3 in Table 2; Fig. 6d; reference in Ta-
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Fig. 6. Integrated evidence from regional geology and paleomagnetism. a) & b) Meta-
morphic age distribution of the Tethyan-Greater Himalaya using garnet-whole rock
Lu-Hf & Sm-Nd and monazite U-Th-Pb petrochronology (references in Table S5). c)
Age distribution and corresponding enq value ranges of the Gangdese arc (reference
in Table S6). d) Cooling histories of the Gangdese arc, forearc, and retroarc (refer-
ences in Table S6) and North Himalaya (Lee et al., 2000) indicating slow cooling
until ~30-20 Ma followed by accelerated cooling. e) Required oceanic basin sizes
from the comparison between the results from mass-balance analysis and relative
India-Asia convergence. The brown shadow is the Cenozoic shortening magnitude
in Asia (reference in Table S1); the two black lines are relative convergence at W-
and E-sytaxes (data from Van Hinsbergen et al., 2011b); the gray dashed-lines are
the margins of uncertainty envelops of relative convergence; the green, blue, and
red line-shadows are the calculated WGI and uncertainties in configurations A, B,
and C; the blue dashed lines are reference lines without geologic significance.
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ble S6), indicating a dynamic shift from weak-coupling to strong-
coupling between the overriding and downgoing plates at ~30-20
Ma.

4.2. Paleomagnetic evidence

Paleomagnetic studies yield prominent paleolatitude gaps be-
tween South Tibet and India and between the Tethyan Himalaya
and northern India. Paleolatitude gaps between South Tibet and
cratonic India along the Yarlu suture vary from ~45-14° from
~65-30 Ma, corresponding to distances of ~5000-1550 km (Evi-
dence-P1 in Table 2; Van Hinsbergen et al., 2012). The uncer-
tainties are ~ +2.4-4.1° for Greater India and ~ +2.2-3.9° for
South Tibet (Table S7), indicating the propagated uncertainties of
~ £360-630 km using equation (7). Moreover, previous studies in-
dicate paleolatitude gaps between Tethyan Himalaya and cratonic
India along the Yarlu suture vary from ~6.5-15.9° from ~75-68
Ma, ~15.0-25.9° from ~63-59 Ma, ~15.1-20.3° from ~59-56 Ma,
and ~17.9-10.4 from ~55-50 Ma (Evidence-P2 in Table 2; refer-
ence in Table S7).

4.3. Geodynamic evidence

The mass-balance analysis cannot determine whether the pro-
posed NGI configurations are permissible in geodynamic models of
the India-Asia collision. However, two representative geodynamic
studies illustrate the dynamic processes of NGI convergence in re-
lation to the NGI configuration.

Capitanio et al. (2010) find that an extended ~5-15 km thick
mafic lower crust and a ~70 km thick NGI mantle lithosphere
with a ~10-20 km thick buoyant mid-upper crust scraped-off at
the Himalayan front can continuously conduct a mature oceanic-
style continental subduction, with the duration and velocity history
consistent with the observed Early Cenozoic Indian plate veloc-
ity history (Evidence-D1 in Table 2). Their study also finds that
subduction with either an unextended mafic lower crust or an
extended lithosphere including mid-upper crust would stall the
subduction, inconsistent with the Cenozoic velocity history.

Kelly et al. (2022) study the geodynamic processes coeval with
Early Cenozoic TGH accretion. Their models require a 1000 km N-
S wide NGI with a northward thinning bulk crustal thickness from
36-6 km and mid-upper crustal thickness from 24-4 km, equivalent
to average bulk and mid-upper crustal thickness of NGI of 21 km
and 14 km, respectively (Evidence-D2 in Table 2). The northward
thinning causes the convergence to change from the early-stage
steep subduction with NGI mafic lower crustal eclogitization to the
late-stage shallow underthrusting, with plate-coupling from weak
to strong. In their models, these processes are coeval with mid-
upper NGI crustal accretion and regional metamorphism in the
TGH from 55-45 Ma.

In summary, both geodynamic studies favor a pre-collisional
NGI configuration with a thinned <25 km average crustal thick-
ness. Based on their models, the thinned NGI crust can conduct
crustal accretion of the mid-upper crust coeval with oceanic-style
subduction of the lower crust and mantle lithosphere.

5. Interpretation and discussion
5.1. Pre-collisional NGI crustal thickness in mass balance

To analyze the NGI pre-collisional configuration, we need to
know the average NGI crustal thickness corresponding to specific
Whcr. In mass-balance analysis, we used the average thickness of
the accreted NGI crustal layer, ACTng;, which does not necessarily
equal the thickness of any specific architectural layer of NGI crust.
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However, other lines of evidence listed above provide a relation-
ship between crustal thickness and ACTng;.

The TGH lithologies (H1 in Table 2) indicate that TGH accre-
tion probably did not involve significant NGI mafic lower crust.
Moreover, the subduction from ~60-30 Ma likely did not involve
significant NGI mid-upper crust. As the Rayleigh-Taylor instability
would cause the relamination of subducted mid-upper crust in the
upper plate, causing highly evolved Sr-Nd isotopic values in the
coeval Gangdese magma, inconsistent with juvenile isotopic fea-
tures from ~60-30 Ma with subsequent evolved features after 25
Ma in the Gangdese arc (G1-2 in Table 2). These three lines of ev-
idence indicate that the ACTng; equals the NGI mid-upper crustal
thickness (MUTng;), with the mafic lower crust subducted, consis-
tent with geodynamic results that plate velocity history requires
Indian mafic lower crustal subduction and mid-upper crustal ac-
cretion (D1 in Table 2). Considering a 3-layer crust with equal
thicknesses of each layer, an average NGI crustal thickness (Tngr)
and/or MUTg can directly substitute for ACTng in equation (4):

2
ACTnG1 = MUTngr = gTNGl (8)

The combination of equations (4) and (8) provides a relation-
ship between N-S width and average crustal thickness of NGI.

Current crustal thicknesses are ~35-40 km for the northern
Indian craton and 38.84+6.2 km for Australia, which we interpret
to represent the maximum NGI crustal thickness (Clitheroe et al.,
2000; Gupta et al., 2003). A maximum of ~40 km thick crust indi-
cates a mid-upper crustal thickness up to ~27 km. TGH lithologies
(H1 in Table 2) indicate that an ACTngy = MUTyng>27 km re-
quiring lower crust accretion is unlikely and not discussed further.
Moreover, we use 10 km as the lower Tng limit, as a continen-
tal crustal thickness is unlikely <10 km. These indicate that the
ACTyg) or MUTyg value ranges of ~7-10 km, ~10-15 km, 15-20
km, and 20-25 km in Section 3 reasonably cover a broad range of
possible Tngy from ~10-15 km, 15-23 km, 23-30 km, to 30-38 km
(Fig. 5a).

5.2. The configuration of NGI and Greater India from mass-balance

While the Wyg uncertainties with an ACTngi<10 km or
Tngi<15 km are ~1400-800 km, the magnitude of uncertainties
using ACTng from ~10-25 km or Tng from ~15-38 km is con-
siderably less at ~700-300 km (Fig. 5a; Table S4), corresponding
to latitudes of ~2.7-6.3°. This range is within general uncertainty
ranges of ~2-10° from paleomagnetism (i.e., Van Hinsbergen et
al., 2012), which indicates that a Wygy at Tngr from ~15-38 km is
permissible and warrants primary discussion.

Considering the proposed Ty above, the calculated Wygy from
mass-balance and the structurally restored ~736 km wide unex-
tended SGI provide three possible types of pre-collisional Greater
Indian (GI) configurations with a distal NGI from thick-narrow to
thin-wide: A) ~18304350 km wide GI with ~1093 km wide and
~30-38 km thick NGI; B) ~2080+£440 km wide GI with ~1348 km
wide and ~23-30 km thick NGI; C) ~2550+£640 km wide GI with
~1815 km wide and ~15-23 km thick NGI (Figs. 5a, 7; Table S4).
Moreover, a thinner ~10-15 km thick NGI crust yields ~3301£922
km wide GI and ~25644+917 km wide NGI, with larger uncertain-
ties (Fig. 5a; Table S4).

5.3. Paleolatitude comparison

We determine whether the proposed configurations are com-
patible with the paleolatitudes (Tables 2, S7). The paleolatitudes
indicate India-Tethyan Himalaya (TH) distances of ~2875-1990 km
from ~62-55 Ma with uncertainties from ~ +340-640 km (Table
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S7; purple dashed-line and shadow in Fig. 5b). Configuration A
and B with an ~18304350 km (green line-shadow in Fig. 5b) and
an ~2080+440 km GI (blue line-shadow in Fig. 5b), respectively,
show less overlap with the distance envelope. Both configurations
with shorter and thicker NGI crust require an >500-1000 km NGI
oceanic basin to match the India-TH latitude gap from 62-55 Ma
(Fig. 5b). However, configuration C with an ~2550+640 km GI (red
line-shadow in Fig. 5b) closely matches the India-TH distances, in-
dicating no need for a >500 km NGI oceanic basin.

The relative India-Asia distances from paleomagnetism provide
the required GI size for initial collision at specific times (Fig. Ge).
The India-Asia distance along the Yarlu suture from ~66-48 Ma is
~4960-2570 km and ~5820-3180 km at the western and eastern
Himalaya syntaxes, respectively (Table S7; Van Hinsbergen et al.,
2011b). The E-W deviation of distances with a minimal +2.5° pa-
leomagnetic uncertainty indicate a combined uncertainty of +580-
500 km for the required GI size (Table S7). Due to relatively large
>500 km uncertainties, we interpret the earliest intersections of
uncertainty envelopes between configurations A-C and required GI
size to represent the possible initial timing of collision, with the
intersections of median lines to represent the likely timing of col-
lision (Figs. 5b, 6e). Using the average India-Asia distances with a
fixed ~1000 km Cenozoic internal shortening in Asia, the required
GI size is ~4390-1880 km from 66-48 Ma (brown dashed-line and
shadow in Fig. 5b). The median lines of W in configurations A-C
intersect with the required GI sizes at ~48 Ma, ~50.5 Ma, and
~54 Ma, with the earliest intersections of uncertainty envelops
at ~54 Ma, ~57 Ma, and ~62 Ma, respectively (Fig. 5b). Alter-
natively, by adding ~1000 km of Asian shortening and +400 km
paleolatitude uncertainty, the median lines of W in configura-
tions A-C intersect with the relative India-Asia distances at the two
Himalayan syntaxes (black-lines in Fig. 6e; Table S7) at 51-45 Ma,
53-47 Ma, and 56-52 Ma, respectively, with the earliest intersec-
tion of uncertainty envelops at ~56 Ma, ~58-59 Ma, and ~63-64
Ma, respectively (Fig. 6e). Therefore, configurations A-C permit an
initial collision at ~56-48 Ma, ~58-51 Ma, and ~63-54 Ma, re-
spectively, assuming no additional oceanic basin (Fig. 6e).

If we consider the broadly-accepted initial collision timing at
60+5 Ma (e.g., Ding et al., 2022), oceanic basins are likely required,
with a ~1200-2000 km and ~1000-1800 km oceanic basins for
configurations A and B, and a ~500-1100 km smaller oceanic basin
for configuration C and, respectively (Fig. Ge; Table 2). However,
considering the intersections of uncertainty envelopes, only con-
figuration C has a possible ~60 Ma initial collision timing without
an additional oceanic basin.

5.4. Compatibility between evidence and incorporated oceanic basins

Previous studies have proposed two endmember models with
oceanic basins: the Greater Indian Oceanic Basin (GIB) in NGI
(Fig. 1a), and Xigaze Back-Arc Oceanic Basin (XBAO) in southern
Asia (Fig. 1b). These models are proposed to compensate for the
continental width deficits for the ~60 Ma initial collision (Fig. 7).

5.4.1. Oceanic basin in NGI

In GIB model, configuration A-B with a >1000 km NGI oceanic
basin predicts a period of oceanic subduction between 60 Ma and
30 Ma with a >8 myr interruption of TGH accretion (Fig. 8a),
considering an ~120 mm/yr subduction rate (Molnar and Stock,
2009). This prediction is not consistent with apparently continuous
crustal thickening and the absence of subduction-related magma-
tism in the TGH from ~60-30 Ma (H2-3 in Table 2). Moreover, a
southward shift of the subduction zone between TGH and India
would terminate arc-type magmatism in the Gangdese arc after 60
Ma (Fig. 8a), inconsistent with continuous Gangdese arc magma-
tism from ~60-30 Ma (G1 in Table 2). Therefore, configurations A
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Initial collision at ~60 Ma:

Configuration A:
SGI Width:~740 km

Continental NGI Total Width: ~1093 km
Average crustal thickness: ~30-38 km
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Fig. 7. Proposed configurations of NGI with collision at ~60 Ma. Configuration A: a) Greater India oceanic basin (GIB), b) extensional NGI oceanic basin system (EOBS), and c)
Xigaze back arc oceanic basin (XBAO) with EOBS in a ~1093 km wide and ~30-38 km thick NGI. Configuration B: d) GIB, e) EOBS, and f) XBAO with EOBS in a ~1348 km
wide and ~23-30 km thick NGI. Configuration C: g) Limited GIB or EOBS, h) XBAO in an ~1815 km wide and ~15-23 km thick hyper-extended NGI, and i) Zealandia-type
continent without oceanic basin in a >1815 km wide and ~10-23 km thick hyper-extended NGI. XA: Xigaze arc. EBS: Extensional basin system.

and B with a large GIB are inconsistent with geological evidence
(Figs. 7a, 7d; Table 2).

Alternatively, a single large GIB can be separated to several
small <500 km extensional oceanic basin systems (EOBS) in
configurations A and B, with discrete continental crustal strips
within NGI (Figs. 7b, 7e). In this scenario, post-collisional sub-
duction of an individual oceanic basin only causes <5 Myr
of interruption in TGH accretion-thickening, which may not be
detectable in petrochronology due to analytical uncertainties
of ~0.5-5 Ma (H2 in Table 2). However, an EOBS suggests

10

post-collisional subduction initiation within NGI (Fig. 8a-b) and
predicts either 1) formation of simultaneous subduction-related
magmatism within 1-2 myr (Ishizuka et al, 2011; Maunder
et al, 2020) or 2) accretion of oceanic upper crust without
subduction-related magmatism (McCarthy et al., 2018), incon-
sistent with absence of subduction-related magma and minor
volumes of mafic rock in the TGH (H3&H1 in Table 2), respec-
tively.

Otherwise, we must assume no subduction initiation in an
EOBS after the initial collision. However, configuration A with an
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EOBS and thick crust >30 km (Fig. 7a-b) predicts subduction zone
congestion beneath the Gangdese arc based on geodynamic results
(D1 in Table 2), causing the cessation of arc-type magma, initiating
potassic magmatism after 60 Ma, and forcing the southward shift
of the subduction zone within the EOBS (Fig. 8a). These are incon-
sistent with ~60-30 Ma continuous arc-type magmatism followed
by potassic magmatism after ~25 Ma in Gangdese arc with co-
eval absence of subduction-related magmatism in TGH (G1, G2, and
H3 in Table 2). Moreover, configuration A predicts periodic colli-
sion of relatively thick NGI continental crustal strips, with periodic
exhumation in the Gangdese arc, forearc, and/or North Himalaya,
inconsistent with the low-magnitude of exhumation in both North
Himalaya and Gangdese arc from ~60-30 Ma (H5&G3 in Table 2;
Fig. 6d). In addition, configuration A requiring an ~1200-2000 km
wide total NGI ocean is inconsistent with the maximum NGI ocean
width of <1200 km based on the interpreted spatially connected
sedimentary environment between TH and India since ~50 Ma (H6
in Table 2). These data indicate configuration A with either GIB or
EOBS is unlikely.

For configuration B with an EOBS (Fig. 7e) and configuration
C with either a small GIB or EOBS (Fig. 7g), the thinner crusts are
permissible to conduct continuous TGH accretion and oceanic-style
continental subduction beneath the Gangdese arc in geodynamic
models (D1-2 Table 2). Continuous subduction without congestion
probably predicts insignificant intraplate compression without a
southward shift of induced subduction initiation within NGI (Stern
and Gerya, 2018), which allows both configurations to be consis-
tent with most geologic evidence (Table 2). However, this interpre-
tation still requires further geodynamic studies to verify. Moreover,
a >100-200 km (1-2 Myr x 120 mm/yr) NGI oceanic lithosphere is
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problematic, as oceanic crustal fragment and/or subduction-related
sedimentary rocks are not found in the well-exposed TGH.

5.4.2. Oceanic basin in Asia

A >1000 km oceanic basin between the Xigaze and Gangdese
arcs in XBAO model enlarges the magnitude of internal conver-
gence in Asia to >2000 km, causing the initial collision to be
between NGI and Xigaze arc (Figs. 7c, f, h) (Cai et al., 2011; Kapp
and DeCelles, 2019). The XBAO hypothesis predicts post-collisional
oceanic subduction between the Xigaze and Gangdese arcs, with
early-stage TGH accretion and regional metamorphism involved in
an arc-continental collision. The ~50 Ma early-stage TGH regional
metamorphism occurs across a >100 km wide region (Smit et al.,
2014; Lihter et al., 2022). In contrast, the metamorphic belts in
typical arc-continent collision, i.e., Timor and New Guinea, occur
much narrower <50 km width and shorter <10 Myr duration of
metamorphism (Cloos et al., 2005; Harris, 2011). These indicate
that the TGH regional metamorphism <50-45 Ma was unlikely
formed in an arc-continental collision setting, indicating the arc-
continent collision with XBAO closure no later than 50 Ma, further
suggesting a maximum XBAO size of ~1200 km (~10 Myr x 120
mm/yr).

The gap between the required GI size and the India-TH dis-
tance based on paleolatitudes defines the size of XBAO, which is
~500-1100 km from ~62-50 Ma (Fig. 5b). Noticeably, the TH pa-
leolatitudes only represent a minimum approximation of original
northern TH margin, indicating that the India-TH paleolatitude gap
represents the minimum GI size (Fig. 5b) and the ~500-1100 km
to be the maximum XBAO size. Therefore, additional EOBS in NGI
are still likely required to coexist with an XBAO in configurations
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A and B for a 60 Ma collision (Figs. 7c, f) based on their required
ocean sizes of ~1200-2000 km and ~1000-1800 km, respectively
(Fig. 6e). The required EOBS sizes are ~700-1000 km and ~500-
800 km, respectively. As stated above, configuration A involving
EOBS is unlikely; therefore, we exclude configuration A (Figs. 7a-
).

For configuration B with a relatively thin ~23-30 km crust and
coexisting XBAO and EOBS (Fig. 7f), it predicts ~4-8 myr of XBAO
subduction after an ~60 Ma collision followed by a continued
oceanic-style subduction of both the NGI continent and EOBS be-
neath the Gangdese arc since ~56-52 Ma based on geodynamic
studies (D1-2 in Table 2; Fig. 8b). These further predict a limited
foredeep width and low-magnitude of plate-coupling between NGI
and overriding Gangdese arc-forearc, and keep a mantle wedge be-
neath the Gangdese for arc-type magma coeval with apparently
continuous mid-upper crustal accretion in TGH from ~60-30 Ma,
consistent with the primary geologic features in both the TGH
(H2&H4-6 in Table 2) and Gangdese arc (G1-3 in Table 2). However,
to be consistent with the coeval absence of subduction-related
magmatism and insignificant volume of mafic rocks in the TGH
(H1&H3 in Table 2), we must assume no post-collisional subduc-
tion initiation in EOBS without EOBS crustal accretion in TGH. This
assumption leads to configuration B with a ~500-800 km EOBS
in NGI and ~500-1000 km XBAO in Asia (Fig. 7f, 8b) conditionally
consistent with most of the evidence, which conditionally supports
a combination of previous two-stage models (Cai et al., 2011; Van
Hinsbergen et al., 2012; Kapp and DeCelles, 2019).

Configuration C has the widest Wyg of ~1815 km and W
of ~2550 km with the thinnest crustal thickness of 15-23 km,
and incorporates a ~500-1000 km XBAO, allowing an ~60 Ma
or earlier initial collision, with an additional NGI oceanic basin
and related assumptions not needed (Figs. 6e, 7h). Configuration
C predicts post-collisional geologic processes similar to configura-
tion B based on geodynamic results (D1-2 in Table 2; Fig. 8c), and
is more consistent with all lines of geologic evidence (H1-6&G1-3
in Table 2) than configuration B. This scenario predicts an approxi-
mate single-stage Paleocene collision due to short-term ~4-8 Myr
post-collisional XBAO oceanic subduction. However, the problem is
that the evidence indicating the presence of XBAO is insufficient
(Cai et al,, 2011; Ding et al., 2022). Alternatively, a possible larger
Lhasa-Qiangtang-Tarim convergence (Song et al., 2022) would dou-
ble the Cenozoic Asian crustal shortening to ~2000 km, resulting
in an ~63-58 Ma collision for configuration C without needing an
oceanic basin (Fig. 6e).

5.5. Hyper-extended NGI, an alternative scenario for single-stage
collision?

Zealandia provides a modern analog for NGI in configuration C.
The N-S trending Zealandia shows an E-W width of ~1200-2400
km with the average crustal thickness varying from ~12-24 km
(Klingelhoefer et al., 2007; Grobys et al., 2008; Gallais et al., 2019).
The calculated NGI width of ~1815 km with an average thickness
of ~15-23 km is compatible with these features. Zealandia shows
a rise-trough configuration largely within a continental crust, with
~200-600 km wide and ultra-thinned 10-15 km continental or
transitional crust in extensional troughs or basins (Klingelhoefer et
al,, 2007). This indicates that the continental crust can be further
stretched without forming significant oceanic lithosphere (Grobys
et al., 2008) (Fig. 7i). Incorporating an ~10-15 km thick continen-
tal crust, the mass-balance analysis results in a maximum ~2560
km wide NGI and ~3300 km wide GI (Fig. 5a). The width is largely
within the uncertainty of configuration C and broadly matches the
required GI size for ~60 Ma collision (Figs. 5a-b), supporting a
single-stage collision hypothesis (e.g., Cai et al., 2011; Ding et al,,
2005, 2022).
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Instead of assuming oceanic basins in NGI or Asia (Fig. 7i),
a Zealandia-type NGI requires significant Cretaceous continen-
tal extension. Abundant ~147-115 Ma mafic intrusions in the
Tethyan Himalaya directly indicate NGI continental extension in
Late Jurassic-Early Cretaceous time (e.g., Chen et al., 2018). More-
over, paleomagnetic studies suggest Cretaceous GI size of ~2000-
2700 km at ~137-125 Ma, indicating large extensional magnitudes
in NGI (Meng et al., 2020). In particular, both geologic and geo-
dynamic evidence of post-collisional Himalaya-Gangdese (Table 2)
require a Tngi<25 km, resulting in a pre-collisional Wg>2150 km
in the mass-balance analysis (Figs. 5a; Table S4), consistent with
the paleomagnetic results. These further raise the possibility that
a hyper-extended Zealandia-type NGI formed broadly coeval with
internal extension in Zealandia (Hoernle et al., 2020). Geodynamic
modeling of diffuse continental extension with Moho temperature
>780°C during NE Gondwanan breakup (Huerta and Harry, 2007)
demonstrates the formation of hyper-extended terranes without
much oceanic lithosphere.

5.6. Pre-rift Greater India and post-collisional shortening

Using a 40 km crustal thickness for pre-rift Greater India, the
width of pre-rift NGI can be calculated. The results indicate a
~636-946 km wide pre-extension NGI, resulting in a 1370-1680
km wide pre-rift Greater India (Fig. 5a; Table S4). We interpret that
1) an E-W trending pre-rift Greater India leads paleomagnetism to
not confine its pre-rift N-S size; and 2) 3D continental extensional
tectonic models indicate the Wallaby-Zenith fractural zone is likely
a transfer zone within an extensional system, which is less likely
to confine NGI (Fig. S1). Moreover, the Late Jurassic oceanic crustal
sliver in Gibbons et al. (2012) could be a portion of the Jurassic
NGI internal extensional basin (Fig. S1), not necessarily indicating
a broad ocean. Therefore, a ~1400-1700 km pre-rift Greater India
reaching the southern Exmouth plateau as suggested by Powell et
al. (1988) is likely.

Both configurations B and C predict large magnitudes of >1000
km crustal shortening coeval with TGH accretion, further predict-
ing that the early-stage Himalaya was dominated by ductile du-
plexing (Webb et al., 2007). Recently recognized Greater Himalayan
ductile discontinuities (e.g., Carosi et al., 2018) are likely the struc-
ture that accommodated this convergence (Figs. 8c-d). While the
magnitude of this shortening is poorly defined, currently deter-
mined timing of motion on these discontinuities from ~40-25 Ma
(Carosi et al., 2018) is broadly consistent with the duration of TGH
accretion.

6. Conclusions

Mass-balance analysis combined with geologic, paleomagnetic,
and geodynamic evidence indicate two possible types of Northern
Greater India configurations prior to the ~60 Ma collision:

1) A ~2080 km wide Greater India with a less stretched ~23-
30 km thick NGI requires ~500-1000 km oceanic basin systems
in both Asia and NGI, which predicts a multi-stage collision since
~60 Ma with short-term post-collisional oceanic subduction, con-
ditionally consistent with the integrated evidence.

2) A >2550 km wide Greater India with a hyper-extended ~10-
23 km thick Zealandia-type NGI without or with limited ~500-
1000 km Xigaze backarc oceanic basin predicts an approximate
single-stage collision at ~60 Ma followed by oceanic-style post-
collisional continental subduction, consistent with the integrated
evidence.
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