
1.  Introduction
Collisions of continental plates are among the most significant tectonic events on Earth, affecting global plate 
configurations, climate and biological diversity. However, linking hydrosphere-biosphere processes and tectonic 
motion requires a detailed understanding of the tectonic events leading up to and during continental collisions. 
Robust reconstructions of pre-collisional configurations of the colliding plates are also essential for under-
standing the deformation mechanisms accommodating the shortening of continental plates during collision and 
orogenesis.

The classical case-study for investigating these processes is the Himalaya-Karakoram-Tibet orogenic belt in south 
Eurasia, which has conventionally been thought to be a single stage collision between India and Eurasia in the 
Paleocene related to the closure of the Neotethys Ocean (Gansser, 1964). However, in recent years, multiple stud-
ies have questioned this classical interpretation, and suggested a more protracted multi-stage collision (Aitchison 
& Davis, 2004; Aitchison et al., 2000; Bouilhol et al., 2013), similar to other ancient systems such as the Appa-
lachian system. Multiple lines of evidence indicate that a major collision affected the northern Indian passive 
margin at 60–52 Ma, yet it is disputed whether this event dates the terminal India-Eurasia collision (DeCelles 
et al., 2014; Garzanti et al., 1987; Kaneko et al., 2003) or an earlier India-arc accretion (Aitchison et al., 2000; 
Jagoutz et al., 2015). An earlier collision could have involved an intra-oceanic arc system that developed in the 
ocean south of the Eurasian continental margin (Aitchison et al., 2000; Jagoutz et al., 2015; Martin et al., 2020) or 
a portion of the Gangdese magmatic arc and Xigaze forearc that rifted southward from Eurasia during mid-Late 
Cretaceous time (Kapp & DeCelles, 2019). Additionally, it has been proposed that the Indian plate rifted in the 
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Late Cretaceous and the Paleocene event relates to collision between Eurasia and a rifted India-derived fragment 
(van Hinsbergen et al., 2012; Yuan et al., 2021).

Multiple observations support and contradict each of these interpretations. The classic single-stage collision 
model requires that a vast amount of north-south India-Eurasia convergence (>3,000 km) was accommodated 
by continental shortening (Molnar & Stock, 2009). This is 1,000–2,000 km more than geologic observations 
suggest has been accommodated by deformation within Tibet (van Hinsbergen et  al.,  2011) and within the 
Himalaya fold and thrust belt (DeCelles et al., 2002). Additionally, major faults accommodating the collision, 
like the Red River shear zone, Altyn Tagh fault, and Gangdese/Kailash thrust were mostly active after 40 Ma 
(Cowgill et al., 2003; Leloup et al., 2001; Yin et al., 1999), and major collision-related melting, migmatization 
and leucogranite emplacement in the Himalayan belt is younger than 45  Ma (Aikman et  al.,  2008; Burg & 
Bouilhol, 2019).

The India-arc accretion model reinterprets the Paleocene collision as the accretion of a trans-Tethyan intra-oceanic 
subduction zone/arc system onto India prior to the final India-Eurasia collision at 40–45 Ma (Aitchison et al., 2000; 
Bouilhol et al., 2013; Jagoutz et al., 2015). In this model, the subduction of an oceanic plate between India and 
Eurasia after the Paleocene onset of arc-continent collision provides a plausible mechanism to accommodate the 
excess convergence not accounted for in geological estimates (Martin et al., 2020). Oceanic lithosphere would 
not be represented in shortening estimates because it was subducted into the mantle (Cloos, 1993). Geological 
evidence for this model derives from the western and eastern peripheries of the system (Ladakh, Pakistan, and 
Myanmar), but may not be supported by the geology of the central part of the system where there is limited 
evidence for an additional arc terrane south of the Gangdese arc (Wang et al., 2017).

Of particular importance in this discussion is constraining the relative locations and motions of the active 
southern margin of Eurasia, the trans-Tethyan intra-oceanic subduction zone, and the pre-collision extent 
of the Indian continental lithosphere. Unfortunately, the narrow suture zones that transect the Himalayan 
belt preserve only fragmentary records. In the central and eastern Himalaya, Indian passive margin sedi-
mentary rocks are directly juxtaposed against elements of the southern-Eurasian active margin along major 
post-Miocene backthrusts that overprinted the complex Yarlung-Tsangpo suture zone (Burg & Chen, 1984; 
Yin et  al.,  1999). In the western Himalaya, Indian and Eurasian terranes are separated from one another 
by the Kohistan-Ladakh arc (KLA), a large remnant of an intra-oceanic subduction system that operated 
in the Neotethys prior to the continental collision (Tahirkheli, 1979). The southern boundary between the 
KLA and India is delineated by the Indus suture zone, and in the north, the Shyok suture zone separates 
the KLA from the Karakoram terrane, part of southern Eurasia since the Jurassic (Tahirkheli, 1979; Zanchi 
et al., 2000). The Karakoram terrane comprises a pre-Ordovician metamorphic basement complex overlain 
by Ordovician–Cretaceous sedimentary rocks and intruded by the Cretaceous Karakoram Batholith (Zanchi 
et al., 2000).

Crucially, a prediction of the Paleocene arc-continent accretion model is that the age of collision along the 
Indus suture zone reflects arc accretion onto India prior to final collision and that final closure of the Shyok 
suture occurred afterwards, that is, younger than 55–50 Ma (Garzanti et al., 1987; Kaneko et al., 2003; Najman 
et  al.,  2017). Unfortunately, the closure age of the Shyok suture zone has remained an open question: previ-
ous estimates range from >80 Ma (Borneman et al., 2015; Petterson & Windley, 1985) to as young as 40 Ma 
(Bouilhol  et al., 2013; Brookfield & Reynolds, 1981), spanning times before and after the closure of the Indus 
suture zone.

Previous Cretaceous age constraints for the Shyok suture zone have been based on detrital zircon provenance 
investigations seeking to distinguish Karakoram-, KLA-, and India-derived detrital zircon populations to 
constrain the timing of sediment co-deposition from converging terranes as a proxy for collision (Borneman 
et  al.,  2015; Najman et  al.,  2017). Detrital zircon provenance studies of sedimentary rocks deposited on 
the Indian plate have provided strong evidence for a collision between the Indian plate and a volcanic arc 
and some Eurasian-derived source rocks at 60–55 Ma (DeCelles et al., 2014; Garzanti et al., 1987; B. Hu 
et al., 2012; X. M. Hu et al., 2015; Najman et al., 2017; Wu et al., 2010). However, these observations do 
not necessarily constrain final closure of the Shyok suture zone nor final India-Eurasia collision because the 
KLA provides a plausible source for Cretaceous arc-related detritus on the northern Indian passive margin. 
The KLA also provides a plausible source of other Eurasia-derived detrital zircons because it may have 
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formed close to the Eurasian margin and subsequently rifted southward, could have joined with the Eura-
sian margin along strike, or could have been built on Eurasian crustal fragments (Kapp & DeCelles, 2019; 
Rolland et  al.,  2000; Saktura, Buckman, Aitchison, & Zhou,  2021). These challenges are compounded 
by the potential for zircon transport over thousands of kilometers during along-trench sediment transport 
(Thornburg & Kulm, 1987).

Changes in the εHf and εNd isotopic composition of KLA arc-magmas at 40.4 ± 1.3 Ma have also been used as a 
constraint on KLA-Eurasia collision (Bouilhol et al., 2013), however, this approach relies on complex magmatic 
processes taking place at depth and so is an indirect constraint. Another indirect constraint includes the >84 Ma 
age of an unconformity in which folded sedimentary rocks sit atop metamorphosed Jurassic strata in Pakistan that 
was interpreted as bracketing metamorphism related to the KLA-Eurasia collision (Gaetani et al., 1990, 1993). 
However, this unconformity does not overlie the Shyok suture zone, nor the Kohistan arc (Gaetani et al., 1990), 
so it does not directly constrain the age of the KLA-Eurasian collision. The fining upwards sequence of marine 
sedimentary strata above the unconformity (Gaetani et al., 1990) suggests a subsiding marine basin north of the 
KLA at this time rather than a post-collisional terrestrial environment.

To provide additional constraints on the age of the Shyok suture zone, here we compare two paleomagnetic 
poles obtained from rocks just 15 km apart on either side of the Shyok suture zone in Ladakh, northwest 
India. Our new paleomagnetic results are derived from Late Cretaceous volcanic and sedimentary rocks 
deposited in a forearc setting on the Karakoram margin. They enable us to directly compare the paleolatitude 
of the Karakoram terrane with that of the KLA previously obtained from the Khardung volcanics by Martin 
et  al.  (2020). If the KLA had accreted onto the Eurasian margin long prior to the India-Eurasia collision 
and remained there since ∼80 Ma, then the Karakoram terrane and KLA should share a similar paleolati-
tude. Alternatively, a significant difference in paleolatitude would imply a separation between the KLA and 
Karakoram blocks that would preclude final closure of the Shyok suture zone until after the 66.1–61.6 Ma 
formation of the Khardung volcanics. Our results show a significant difference between the paleopoles and 
confirm that an ocean basin existed between the Karakoram and KLA as collision was beginning on the 
northern edge of India in the Paleocene. While the pre-Paleocene paleogeography of the KLA and extent of 
intra-oceanic subduction in the Neotethys ocean during the Cretaceous remains uncertain, our results show 
that the Paleocene collision event in the western Himalaya was the accretion of the KLA onto India prior to 
final continental collision.

2.  Geological Background
The Shyok suture zone (see Figure 1) is a complex zone that records not only the collision between the KLA 
and Eurasia, but also significant strike-slip faulting and thrusting associated with the indentation of India into 
Eurasia (Coward et al., 1986). We studied the Shyok suture zone at its easternmost exposure where it is well 
exposed and accessible in the border area of northern Ladakh in northwestern India. There, the Shyok suture 
is dominated by a 152–159 Ma forearc ophiolite comprising pyroxenites, serpentinites, gabbros, diorites, and 
pillow basalts (Changmar/Bogdang Ophiolite) that are overlain by a thick sequence of subduction-related 
basalt and basaltic andesite volcanics (Shyok volcanics) (Rolland et al., 2000; Saktura, Buckman, Nutman, & 
Bennett, 2021; Srimal, 1986; Thanh et al., 2012). The ophiolite and volcanics are unconformably overlain by the 
middle to late-Cretaceous Hundri Formation, which is composed of shallow-marine limestone, shale, and chert 
(Srimal, 1986; Upadhyay, 2014).

To the south, the ophiolitic and forearc units are in faulted contact (Srimal,  1986) with either the Khardung 
volcanics or the Ladakh Batholith, which comprise the extrusive and intrusive elements, respectively, of the 
KLA (Dunlap & Wysoczanski,  2002). The Khardung volcanics are composed of rhyolite, dacite, tuff and 
volcano-sedimentary flows that are now in faulted contact with, but thought to be originally deposited over and 
subsequently intruded by, successive plutonic phases of the Ladakh batholith (Bhutani et al., 2009; Dunlap & 
Wysoczanski, 2002). The volcanics have an age range of 66.1–61.6 Ma (Lakhan et al., 2020; Martin et al., 2020), 
and may extend to as young as 51.9 Ma at their uppermost exposure (Saktura, Buckman, Aitchison, & Zhou, 2021). 
A north-dipping thrust-reactivated normal fault (Saltoro fault) separates the marine forearc sedimentary sequence 
of the Hundri Formation from the fluvial and estuarine sedimentary strata and volcanics of the Saltoro Formation 
(Srimal, 1986; Upadhyay et al., 1999). This structure underlies an angular unconformity that was initially misin-
terpreted as the basal contact of the Saltoro Formation by Borneman et al. (2015). The unconformity is situated 
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within the lower Saltoro Formation and is associated with syn-sedimentary extensional faulting (see Figure S1 in 
Supporting Information S1). The Saltoro Formation comprises a wedge that is tilted toward the northwest and is 
truncated at its upper contact by a complex set of late-stage south-vergent thrusts representing the eastern extent 
of the Karakoram thrust system (Rai, 1982; Rex et al., 1988; Rolland et al., 2000; Searle et al., 1989). The tilt of 
the Saltoro Formation strata steepens to vertical toward the south where the strata are folded into a north-verging 
anticline.

We studied an approximately 5,342 m thick exposure of the Saltoro Formation on the western bank of the Nubra 
valley near the village of Charasa (see Figure 1). The base of the Saltoro stratigraphy is not exposed in the study 
area, but the lowermost 220 m of the exposed sedimentary sequence comprises primarily fine-grained fluvial 
sandstones interbedded with poorly sorted conglomerates containing a variety of well-rounded pebble and cobble 
size clasts of almost entirely extrusive volcanic lithologies, as well as rare granite, sandstone, shale, limestone 
and chert clasts (see Figure S2a in Supporting Information S1). Over the next 560 m of the stratigraphy, the 
conglomerates grade upwards into 0.3–2 m thick layers of sandstone sometimes with planar crossbedding inter-
bedded with 1–5 cm thick siltstone and mudstone horizons with symmetrical ripples (see Figure S2b in Support-
ing Information S1). The dominant grain-size continues to decrease for a further 720 m up section, becoming 
characterized by mudstones and siltstones interbedded with fine-grained sandstones. Periodically, coarse-grained 
sandstone beds interbedded with the finer-grained layers indicate periods of high sediment transport and stronger 
flow conditions.

At a stratigraphic level of 1,510 m above the lowermost exposed strata, in the distinctive promontory upon 
which the Charasa Monastery is situated, there is a 50–120 m thick, internally homogeneous and laterally 
continuous plagioclase-pyroxene porphyritic andesite flow. Phenocrysts vary in size from 0.5–2 cm and are 
sometimes clustered together into glomerocrysts. The upper surface of this volcanic unit contains weather-
ing cracks that are filled with the overlying coarse sandstone (see Figure S2c in Supporting Information S1). 
The Charasa Monastery volcanic flow is overlain by a 715 m thick section of sedimentary strata comprising 
fine-grained gray and red mudstones interbedded with medium- to coarse-grained sandstones. This section 
is overlain by a 40 m thick conglomerate unit that marks the start of a break in section due to Quaternary 
cover. Above the break, 480 m of mudstones and shales give way to massive volcaniclastic tuffs and agglom-
erates. The agglomerates have 2–15 cm diameter subangular clasts in a fine-grained welded matrix and are 
increasingly interbedded with very fine-grained black basalts and basaltic andesites up section toward the 
north.

Volcanic flows dominate the 2,290 m thick uppermost section of exposed Saltoro stratigraphy. The andesitic 
and trachyandesitic volcanics are very fine-grained, unfoliated, and sometimes contain 1–5  mm long plagi-
oclase phenocrysts and/or vesicles. Some of the volcanic flows are locally epidotized and exhibit spectacu-
lar auto-brecciation (see Figure S2d in Supporting Information S1), suggesting that some flows were erupted 
into lacustrine or shallow marine environments. In places the basalts are interbedded with black medium- to 
coarse-grained lithic sandstones. The presence of major volcanic flows conformably bedded with the sedimen-
tary horizons throughout the Saltoro stratigraphy indicates that the sedimentary rocks accumulated in close 
proximity to active volcanic centers. The Saltoro Formation is crosscut by small 0.5–3 m wide intermediate and 
felsic dikes.

3.  Materials and Methods
3.1.  Geochronology

To extract zircons for U-Pb geochronology that could constrain the age range of our paleomagnetic results, we 
collected oriented block samples from throughout our paleomagnetic sample section. The rock samples were 
disaggregated by manual sledging, pulverized using a Shatterbox and sieved into monomineralic, sand sized 
particles. Magnetic and density separation techniques were used to obtain dense mineral concentrates from 
which zircon grains were randomly sampled and mounted in epoxy resin with natural reference standards and 
polished to expose the interiors of the grains. Zircons were imaged using backscattered electron (BSE) and 
cathodoluminescence using a scanning electron microscope (SEM) at MIT. Using the imagery to guide spot 
targeting, samples were dated with laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 
at the University of Florida and Rutgers University. Details of measurement protocols are in Mueller et al. (2008). 
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Data reduction was completed at Rutgers University using the Iolite software package (Paton et al., 2011) and 
at University of Florida using in-house software (Calamari). In order to minimize the chance of age under-
estimation due to lead loss (Vermeesch,  2021) we filtered our data using a 5% discordance cutoff and only 
included analyses with  204Pb/ 206Pb < 0.001. The discordance filter used the discordance between the  206Pb/ 238U 
age and  207Pb/ 235U age for zircons with  206Pb/ 238U ages less than 1,000  Ma and the discordance between 
the  206Pb/ 238U age and  206Pb/ 207Pb age for zircons with  206Pb/ 238U age greater than 1,000 Ma. All geochronology 
data shown in supplementary Table S1 in Supporting Information S2. Concordia diagrams and detrital zircon 
spectra (see Figure S3 in Supporting Information S1) were produced using the AgeCalcML software package 
(Sundell et al., 2021).

3.2.  Paleomagnetism

We collected 7–10 oriented core samples from 34 horizons distributed throughout the Saltoro Formation stra-
tigraphy near Charasa for paleomagnetic analysis. Bedding orientations at each site were measured repeatedly 
over a 20–40 m along-strike and the bedding orientation used for structural corrections are the mean of 5–15 
individual measurements. Andesite bedding horizons were identified using chilled upper surfaces of beds. Core 
samples were collected in the field using a water-cooled electric hand drill and oriented using an ASC Indus-
tries Pomeroy orienting fixture. Nonmagnetic brass tools were used to extract cores from the outcrop to prevent 
damaging the remanent magnetization of samples during sample collection. Optical microscopy was used to 
identify magnetic carriers and textural relationships within the samples. One specimen was cut from each core 
sample using an ASC Scientific dual-blade rock saw. The natural remanent magnetization was measured on a 
2G Enterprises Superconducting Rock Magnetometer equipped with an automated sample handler (Kirschvink 
et al., 2008) inside a mu-metal magnetically shielded room in the MIT Paleomagnetism Laboratory applying a 
<200-nT DC field. Specimens were subjected to stepwise alternating field (AF) and thermal demagnetization and 
complete demagnetization data is available at Dryad (Martin et al., 2023). AF steps were applied in increments 
of 2 up to 12 mT followed by thermal steps starting at 100°C and increasing up to 600°C or 680°C in variable 
interval sizes from a maximum of 100°C and minimum of 2°C close to the Curie temperatures of the suspected 
principal magnetic carriers (magnetite: 580°C, and hematite: 680°C). Stable components of magnetization were 
isolated using principal component analysis (Kirschvink, 1980) (see Table S2 in Supporting Information S2). 
Origin trending components were anchored to the origin and components were only fitted where the maximum 
angular deviation was <15°.

The magnetic carrier phases in representative samples were characterized with BSE imaging using a SEM at 
MIT, as well as thermomagnetic susceptibility measurements using a KLY-2 Kappabridge magnetic susceptibil-
ity system at the Institute for Rock Mmagnetism at the University of Minnesota. Hysteresis curves were acquired 
for applied fields of −1 to 1 T and corrected by removing any paramagnetic or diamagnetic signals. Samples were 
analyzed using an ADE model 1,660 vibrating sample magnetometer in the Ross Laboratory, MIT Department 
of Materials Sciences and Engineering.

Site-mean magnetization directions were calculated using Fisher statistics (Fisher,  1953), and corrected for 
bedding tilt. Corrections for inclination-shallowing of sedimentary magnetization directions were made using 
the elongation-inclination method of Tauxe and Kent  (2004). Northern hemisphere virtual geomagnetic pole 
(VGP) positions for each site were determined and the Fisher mean (Fisher, 1953) of the VGP data was used 
to obtain the overall paleomagnetic mean pole and associated A95 error envelope (see Table S3 in Supporting 
Information S2). All paleomagnetic data processing and plotting were done using the PmagPy software package 
(Tauxe et al., 2016).

4.  Results
4.1.  U/Pb Geochronology

Detrital zircons from four sedimentary samples, comprising three medium-fine grained sandstones (LB19-06, 
LB18-18, and LB18-20) and one siltstone (LB19-54), were analyzed along with one sample of welded tuff 
(LB19-56) to bracket the age of deposition/eruption of the paleomagnetic sampling section (see Figure 2). In 
the subsequent section, we report the  206Pb/ 238U age and 2σ uncertainty of the youngest individual zircon in 
each sample (Coutts et al., 2019; Dickinson & Gehrels, 2009). In cases where the youngest grain had a large 2σ 

 21699356, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

026137 by N
asa Jet Propulsion L

ab, W
iley O

nline L
ibrary on [17/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

MARTIN ET AL.

10.1029/2022JB026137

7 of 24

Figure 2.  Stratigraphic column of the Saltoro Formation showing the change in lithology with increasing stratigraphic height. Red bars indicate U-Pb zircon 
ages from this study and the recalculated age from sample BCUM12-105 of Borneman et al. (2015). The blue bar indicates the approximate stratigraphic height 
at which a counterclockwise vertical axis rotation (VAR) is present in the paleomagnetic data set. The black lines and points show the inclination and declination 
of the paleomagnetic sites with the 95% uncertainty displayed using shading around the line. The gray lines and points show the declination and inclination of the 
paleomagnetic data prior to corrections for the VAR and inclination shallowing due to compaction. The ages were used to correlate the magnetic declination and 
inclination of our paleomagnetic sites with the known geodynamo reversal C34n to C34r (Gradstein et al., 2020), shown using the chronostratigraphic bar on the right.
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uncertainty we report the  206Pb/ 238U age of the zircon with the smallest 2σ uncertainty that was within error of the 
youngest zircon in the same sample. The age of the tuff sample records the time of magma cooling and eruption 
while the detrital zircon ages are maximum depositional ages because the true depositional age is by definition an 
unknown amount younger than the youngest zircons in the sample. Nevertheless, the presence of volcanic flow 
horizons within the Saltoro stratigraphy indicates that active volcanic centers were proximal to the sedimentary 
catchment area, so the maximum depositional ages we obtained are likely very close to the actual depositional 
age of the sample.

At the base of our sampled section, sample LB18-20 yielded a maximum depositional age ≤92.9 ± 2.2 Ma. This 
age is identical within error to the ≤92.43 ± 0.24 Ma age that Borneman et al. (2015) obtained from their sample 
BCUM12-105, collected up-section of LB18-20. The weighted mean of the youngest peak method employed 
by Borneman et al. (2015) likely overestimates the true depositional age compared to the youngest single grain 
method employed in this study (Coutts et al., 2019; Vermeesch, 2021). For comparison with our data, we passed 
the data from Borneman et al. (2015) sample BCUM12-105 through the same quality filter applied to our data 
and derived a youngest single grain maximum depositional age estimate ≤89.2 ± 2.2 Ma. Both the originally 
reported age and our recalculated age produce younger ages up-section, but our treatment of their data appears 
to provide a closer approximation of the true maximum depositional age of the sample along with more realistic 
uncertainty.

Sample LB18-18 is from a fine-grained sandstone deposited directly above the andesitic flow exposed at 
the Charasa Monastery. It yielded a maximum depositional age ≤85.3 ± 3.4 Ma. Sample LB19-06 is from a 
medium-grained sandstone interbedded with mudstones in the middle portion of the sampled Saltoro section. It 
yielded a maximum depositional age ≤84.3 ± 1.8 Ma. A small break in exposure due to Quaternary glacial cover 
separates LB19-06 from the overlying sedimentary strata, volcaniclastics, and thick volcanic flow succession 
that defines the uppermost exposures of the Saltoro Formation stratigraphy. LB19-58 is a fine-grained siltstone 
near the base of this upper exposure and yielded a maximum depositional age ≤81.2 ± 1.7 Ma. The youngest 
age constraint on the sampled section comes from the welded tuff sample (LB19-56) that yielded a well-defined 
population of igneous grains along with a few xenocrysts. The U-Pb zircon age of the tuff is 74.6 ± 0.7 Ma. This 
provides a younger bound on most of our paleomagnetic samples, with four accepted paleomagnetic sites situated 
higher in the stratigraphy where no viable sample for U-Pb geochronology was available.

The U-Pb zircon depositional and eruption ages of our samples are consistently younging up-section (see 
Figure 2), suggesting that there are no major structural breaks (e.g., overthrusts) or unconformities throughout 
the section. The results also suggest that the time interval recorded in our paleomagnetic sampling section is 18.3 
million years in the Late Cretaceous between 92.9 ± 2.2 and 74.6 ± 0.7 Ma. This interval spans sufficient time for 
the paleomagnetic data to reliably average paleosecular variation (PSV) of the geodynamo (Deenen et al., 2011).

All the sedimentary samples (LB18-20, LB18-18, LB19-06, LB19-54) contained detrital zircons with broad, 
multi-peaked age distributions ranging from the late Cretaceous to the Mesoarchean with most of the grains 
yielding Cretaceous or Jurassic ages (see Figure 3). The detrital zircon age spectra are consistent with those of 
similar age sedimentary strata from Eurasian margin sources, including the Lhasa terrane, Central Pamir, Qiang-
tang terrane, and the Xigaze Forearc basin (Chapman et al., 2018a; DeCelles et al., 2007; Gehrels et al., 2011; 
He et al., 2019; Robinson et al., 2012; Xue et al., 2022). This suggests that the Shyok suture zone sedimentary 
sequence and underlying Jurassic ophiolite were proximal to the Eurasian active margin from 92.9–74.6  Ma 
(Borneman et al., 2015).

4.2.  Characterization of Remanence Carriers

Samples of a siltstone from site SA06, a sandstone from site SA17, and an andesite from site SA25 were imaged 
using a SEM. The sedimentary samples contained abundant detrital magnetite/titanomagnetite grains with diam-
eters of 5–150 μm that were often associated with titanohematite/hematite alteration textures (see Figure S4 in 
Supporting Information S1). The andesite sample from site SA25 contained well preserved euhedral magnetite/
titanomagnetite crystals with 2–30 μm size. These grains were sometimes associated with minor titanohematite/
hematite overgrowths (see Figure S4 in Supporting Information S1). The titanohematite/hematite in our samples 
is likely a secondary paragenesis (overprint) acquired some unknown time after deposition while the magnetite/
titanomagnetite appears primary.
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We also obtained susceptibility versus temperature curves for a suite of four volcanic samples (SA24-7, SA25-3, 
SA27-5, and SA28-7) and four sedimentary samples (SA03-1, SA07-6, SA16-1, and SA23-5) that are represent-
ative of the range of lithologies studied (see Figure S5 in Supporting Information S1 and Table S4 in Supporting 
Information S2). Low temperature analyses yielded no major transitions except for samples SA24-7 and SA16-
1, which exhibited a small susceptibility drop between 280 and 350°C indicative of either minor pyrrhotite or 
high-Ti magnetite (Dunlop & Özdemir, 1997). High temperature analyses of volcanic samples exhibited unblock-
ing temperatures of 565–580°C and a Hopkinson peak near the curie temperature typical of the presence of single 
domain (SD) and pseudo-single domain (PSD) magnetite (Dunlop & Özdemir,  1997). Sedimentary samples 
SA03-1, SA23-5 and SA16-1 had unblocking temperatures between 550 and 580°C and Hopkinson peaks near 

Figure 3.  Histograms and probability density distributions of detrital zircon U-Pb ages that passed the <5% discordance criterion. The right panels show the full 
detrital age spectrum including all the grains present in the sample, the left panel shows just the grains with U-Pb ages <200 Ma.

 21699356, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

026137 by N
asa Jet Propulsion L

ab, W
iley O

nline L
ibrary on [17/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

MARTIN ET AL.

10.1029/2022JB026137

10 of 24

the Curie temperature, indicating the presence of SD and PSD magnetite. The data from SA07-6 was too noisy 
to interpret. The curves for all the samples were irreversible during cooling below 700°C, indicating that some 
magnetic phases (likely magnetite) were created during heating.

Hysteresis curves were acquired for a representative subset of volcanic samples (SA24-7, SA27-5, and SA28-7) 
and for representative sedimentary samples (SA16-1, SA17-2, SA19-3, and SA22-5) exhibiting different compo-
nent combinations as determined by their thermal demagnetization results (see Figure S6 in Supporting Informa-
tion S1). The hysteresis curves were corrected for paramagnetic and diamagnetic signals and used to determine 
the saturation magnetization (Ms), the saturation remanent magnetization (Mrs), the coercivity of remanence (Hcr), 
and the coercivity (Hc) for each sample (see Table S5 in Supporting Information S2).

4.3.  Paleomagnetism

The sample set contains a broad spectrum of lithologies exhibiting a range of different magnetic components 
characterized by different unblocking temperatures and relative magnitude (see Figure 4). Almost all specimens 
exhibited a low temperature and low coercivity overprint (LCT) that was removed during the AF steps (up to 
12 mT) and during thermal steps below 200°C. Prior to any structural corrections, and regardless of site lithology, 
these components mostly aligned within α95% confidence with the present-day magnetic field direction in the 
study location (see Figure S7 in Supporting Information S1). The LCT components are therefore interpreted as a 
recent overprint, likely due to viscous remanent magnetization (VRM) (Pullaiah et al., 1975).

Most of the sedimentary sites (SA02, SA04–SA11, SA14, SA20, and SA23) exhibited two high temperature 
components (see Figure 4). Components with unblocking temperatures consistent with magnetite and titano-
magnetite were isolated in thermal demagnetization steps between 450 and 580°C (HT1), and components with 
unblocking temperatures consistent with hematite or titanohematite were isolated in thermal demagnetization 
steps between 640 and 680°C (HT2). A subset of the sedimentary sites (SA03, SA12, SA13, SA15, and SA16) 
had HT1 components, but no HT2 components. Based on the presence of rounded detrital magnetite/titanomag-
netite grains in the sedimentary samples (see Figure S4 in Supporting Information S1) and a geomagnetic polarity 
reversal (see below and Figure 2) we interpret HT1 as a detrital remanence (DRM) that was acquired near to the 
time of deposition. The HT2 components had similar directions as HT1 in most sedimentary samples, often with 
a slightly shallower inclination in tilt-corrected coordinates. The HT2 components could represent a hematite 
DRM which typically has shallower inclination than magnetite DRM due to the platy shape of detrital hematite 
grains. However, in some samples the HT2 components had a different declination to the HT1 direction, suggest-
ing that some of the HT2 components may also have been acquired after deposition. The absence of HT1 in sites 
SA22 and SA03 suggests either that there is only detrital hematite in the sample or that any magnetite in the site 
has been altered to hematite/titanohematite. Given the uncertainty in the origin of the HT2 magnetization in our 
sedimentary samples, we only used HT1 components to determine the mean paleomagnetic pole. Sedimentary 
sites that yielded only HT2 magnetizations (SA03 and SA22) were therefore excluded.

Two sites (SA17 and SA18) had components consistent with titanomagnetite that were isolated between 450 
and 550°C (HT1) and antipodally directed components with unblocking temperatures between 300 and 400°C 
(LT). These antipodally directed components may be the result of self-reversal properties of titanomagnetite 
during alteration intergrowth with titanohematite that is sometimes observed in sedimentary paleomagnetic 
samples (Garming et al., 2007; Sprain et al., 2016). Samples from site SA19 had only LCT components and 
no high-temperature components and samples from SA09 had LCT components but became highly unstable at 
temperatures exceeding 640°C and were excluded from further analysis. Samples from sites SA13, SA14, SA20, 
and SA21 were excluded because the high temperature magnetization directions from these samples were not suffi-
ciently clustered to achieve a site mean with n > 5 and directional uncertainty of α95 < 15° (Van der Voo, 1990).

Sites SA24–SA34 comprise lava flows interbedded with the sedimentary strata and are of primarily ande-
sitic composition with the exception of SA26 which is a welded ignimbrite. Sites SA30–SA34 from the top 
of the volcanic pile exhibited no high-temperature magnetization components and so are likely dominated by 
multi-domain grains susceptible to VRM overprint. The LCT components of these sites aligned within error of 
the present-day field direction (see Figure S7 in Supporting Information S1). In addition to LCT components 
with the same direction and unblocking temperature range and direction as the other sedimentary and volcanic 
samples, sites SA24–SA29 exhibited high-temperature magnetization components with unblocking temperatures 
consistent with magnetite/titanomagnetite that were isolated in thermal demagnetization steps between 540 
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Figure 4.  Orthographic projection diagrams and relative moment magnitude decay plots showing alternating field and thermal demagnetization data from a suite of 
representative samples. The rock type of each sample is labeled on the moment decay diagrams, the top row of diagrams shows demagnetization data from sedimentary 
rock samples, the bottom row shows demagnetization data from volcanic rock samples. Data are presented in geographic coordinates; closed symbols represent north–
south–east–west projections, and open symbols represent up–down–east–west projections. Interpretations are shown with colored arrows: each arrow reflects a direction 
vector corresponding to components inferred from principal component analysis. Low coercivity and low temperature overprint (LCT) are shown with blue arrows, 
low temperature overprint (LT) are shown with purple arrows, high temperature components associated with magnetite/titanomagnetite (HT1) are shown with black 
arrows and high temperature components associated with titnanohematite or hematite (HT2) are shown with red arrows. The magnetic components used to determine 
the characteristic remanent magnetization of the samples are the HT1 components carried by magnetite/titanomagnetite. Samples that yielded high-temperature 
magnetization components that were acceptable for further analyses are marked with a green tick mark and samples that were rejected from the study are marked with 
red crosses.
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and 580°C (HT1). The euhedral magnetite/titanomagnetite grains observed in these samples (see Figure S4 in 
Supporting Information S1) and the fact that the HT1 components from andesite clasts pass a conglomerate test 
(see below and Figure 5h) suggests that HT1 represents a primary thermoremanent magnetization (TRM) during 
cooling of the volcanic flows. All the volcanic sites except SA29–SA34 also contained components with unblock-
ing temperatures consistent with hematite/titanohematite that were isolated between 620 and 680°C (HT2). In 
these samples, hematite/titanohematite mantles and overgrows magnetite grains (see Figure S4 in Supporting 
Information  S1) so the HT2 components are strictly speaking secondary. However, the HT2 directions were 
almost always parallel to HT1 and they also pass the conglomerate test (see below and Figure 5h). This suggests 
that HT2 was acquired very shortly after eruption, likely as a result of deuteric auto-alteration. Unlike the other 
volcanic sites, in site SA28 the HT2 components are antipodal to HT1, this could be the result of self-reversal 
during titanohematite and titanomagnetite intergrowth or a partial overprint due to alteration before tilting at a 
time of different magnetic polarity. In any case, for both the volcanic and sedimentary samples we selected the 
HT1 components as the characteristic remanent magnetization (ChRM) to be used in subsequent calculation of 
the paleomagnetic pole for the Saltoro Formation. This determination was based on the strong evidence for their 
primary acquisition (textural observations, reversals, conglomerate test).

To conclusively test whether the high temperature magnetization components (both HT1 and HT2) exhibited by 
our volcanic samples reflects the orientation of Earth's magnetic field at the time the rocks formed, we conducted a 
conglomerate test on specimens from 30 primarily andesitic clasts in a cobble-conglomerate unit (site SA01) near 
the base of the sampled section (see Figure 5h). The magnetization directions of large transported sedimentary clasts 
in a conglomerate should be randomly distributed when they are deposited, whereas a magnetic overprint would 
produce clast magnetization directions aligning to the magnetic field at the time of overprinting (i.e., not randomly 
distributed) (Van der Voo, 1990). We performed a Watson test to determine whether the magnetization directions 
of both HT1 and HT2 components from the clasts in site SA01 were randomly distributed (Watson, 1956). For 
the suite of clasts with HT1 and HT2 magnetization directions we obtained resultant vectors of RHT1 = 4.33 and 
RHT2 = 3.18 respectively. Since RHT1 and RHT2 are both less than the critical value of R0 = 8.80 for N = 30 direc-
tions, we cannot rule out the null hypothesis that the magnetization directions are randomly distributed with 95% 
confidence. The conglomerate test is therefore successful, indicating that both the HT1 and HT2 high temperature 
magnetization directions recorded by our volcanic samples have not been overprinted after deposition and support 
a primary TRM origin for the HT1 components and a deuteric auto-alteration origin for the HT2 components.

Additional strong evidence for the primary origin of HT1 magnetization in the sedimentary sites comes from 
directions from sites SA17 and SA18 that are antipodally reversed compared to those from sites SA16 and the 
underlying stratigraphy. These sites define a reversal of Earth's geodynamo situated at the expected stratigraphic 
location for the C34n to C34r reversal at 83.65 Ma (see Figure 2) (Gradstein et al., 2020). Sample LB19-06 was 
collected from 160 m up section of the reversal and its depositional age is within error of the reversal age suggest-
ing that our age determinations fall very close to the true maximum depositional ages of the sandstones sampled 
throughout the Saltoro section. After inclination shallowing (E/I) and vertical axis rotation (VAR) corrections (see 
below), the normal and reversed populations pass a bootstrap reversal test (Tauxe, 2010) demonstrating that they 
are indeed antipodally reversed (see Figure S8 in Supporting Information S1). The presence of a magnetic rever-
sal in the stratigraphy in the expected location is strong evidence for primary magnetization because a regional 
magnetic overprinting event would have obliterated the reversal record, remagnetizing all samples to the same 
polarity (Van der Voo, 1990). Furthermore, the successful reversal test rules out even a partial remagnetization 
of the ChRM directions (Tauxe, 2020). Any partial overprint that affected the Saltoro Formation was removed by 
excluding HT2 directions from our study. One other normal polarity magnetochron (C33n) is expected within the 
sampled stratigraphic section between LB19-58 and LB19-56 (Gradstein et al., 2020), however, it is not present 
in our paleomagnetic results because there are no sites in this interval.

To identify and correct for possible compaction related shallowing of inclination in our sedimentary paleomag-
netic data sets, we used the elongation/inclination (E/I) method (Tauxe & Kent, 2004). Application of the E/I 
method to 96 sedimentary HT1 magnetic directions from accepted sites yielded a flattening factor of f = 0.57 with 
bootstrapped confidence bounds of (0.76, 0.42), which we used to correct the sedimentary site-mean direction 
data before determination of the paleopole (see Figure 5c and Figure S9 in Supporting Information S1). The E/I 
correction applied here uses close to the optimum N ≥ 100 suggested by Tauxe and Kent (2004). The correction 
modified the mean inclination of uncorrected sedimentary sites from I(uncorrected) = 23.8 ± 10.7° to an E/I corrected 
inclination of I(corrected) = 36.0 ± 11.5° (see Figure 5c). The validity of the E/I correction is bolstered by the fact 
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Figure 5.  Stereographic projections showing paleomagnetic results from the Saltoro Formation with each panel showing successive corrections that have been 
applied to the data. Measurements from volcanic samples are shown with green symbols and sedimentary samples with brown symbols, open symbols indicate upper 
hemisphere projections while filled symbols indicate lower hemisphere projections. Circular symbols represent sample characteristic remanent magnetization (ChRM) 
directions, square symbols represent site mean ChRM directions with their α95 uncertainty displayed as a black ellipse. (a) Paleomagnetic results shown in geographic 
coordinates. (b) Paleomagnetic results after bedding tilt correction. (c) Paleomagnetic results after sedimentary sites have been corrected for inclination flattening. (d) 
Means of each sub-population before vertical axis rotation (VAR) correction was applied. (e) Final fully corrected paleomagnetic data set with the study mean direction 
displayed using a solid black circle symbol and a shaded α95 uncertainty ellipse. (f) Stereographic projection of the mean of bedding planes at each site, black lines 
indicate sites included in the paleomagnetic study and gray lines indicate sites that were excluded. (g) Stereographic projection of the mean of bedding planes from 
horizons close to the stratigraphic height of the VAR in the paleomagnetic results, with bedding from the rotated stratigraphy shown in blue and bedding from the 
unrotated stratigraphy shown in red. The bedding is almost identical above and below the rotation, providing strong evidence that the rotation took place along a vertical 
axis. (h) Magnetization directions associated with magnetite (black symbols) and hematite (red symbols) in samples from conglomerate clasts from near the base of 
the Saltoro stratigraphy. The random distribution of magnetic directions demonstrates that neither hematite (HT2) nor magnetite (HT1) magnetization in the Saltoro 
Formation volcanics has been overprinted. (i) Cross-section of the paleomagnetic sampling section with the location of each sampling site marked. Sites that were 
excluded from the paleomagnetic study are shown in gray and sites that were included are shown in black. The sites from above and below the V.A. rotation interval that 
were used to make panel (g) are marked with blue and red circles.
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that the corrected inclination is within error of the mean inclination of the volcanic sites (Ivolc. = 28.5 ± 13.8°), 
which do not require shallowing correction.

After the corrections are applied for bedding tilt and inclination shallowing in sedimentary sites, the site-mean magnet-
ization directions from the Saltoro Formation fall into two groups with distinct mean declinations (see Figure 5d). Sites 
SA25–SA29 at the top of the sampled stratigraphy have a mean normal-polarity declination of D = 001.4 ± 13.8°, 
while samples stratigraphically beneath SA25 have a mean normal-polarity declination of D = 302.5 ± 12.1° which 
we interpret as corresponding to an anti-clockwise VAR of 58.9 ± 25.9° in the stratigraphic interval between sites 
SA18 and SA25. We considered a number of other possible causes for this rotation including, incorrect structural 
correction due to either angular unconformity, rotation along an unidentified fault surface or an unidentified plung-
ing fold, and the uppermost volcanic stratigraphy not sampling PSV. The volcanic stratigraphy likely sample PSV 
because successive volcanic flows also do not share common mean directions, as would be expected if they recorded 
the same ambient magnetic field. This indicates that they record distinct directions and therefore should be treated 
as independent spot readings of the magnetic field rather than being averaged together into a group. The volcanic 
sites are also distributed within a 1,610 m thick succession of volcanic flows and intervening sedimentary horizons 
that accumulated over millions of years so it is very unlikely they recorded the same instantaneous spot reading of 
the magnetic field (Deenen et al., 2011). Any type of the structural reorientation process (e.g., fold, fault) would 
be expected to produce different bedding orientations over the transition between the rotated and unrotated sites. 
However, the mean bedding orientation across this interval is almost identical (See Figure 5g). The rotation, there-
fore, must have occurred around a vertical axis during the deposition of the Saltoro Formation rather than during 
subsequent deformation. This rotation possibly occurred during extension of the Eurasian margin (Karakoram and 
South Pamir) in the Late Cretaceous (Chapman et al., 2018b). It is also important to note that the VAR in our data 
has no effect our E/I flattening correction. Accurate determination of the flattening factor using the E/I method relies 
on the assumption that there are no sources of scatter within the data other than paleo-secular variation (PSV) of 
the geodynamo (Vaes et al., 2021). Since all of the sedimentary sites are situated in the rotated lower portion of the 
stratigraphy, there is no differential rotation between the sedimentary sites and no effect on the shallowing correction.

After a correction was made for the VAR, northern hemisphere virtual geomagnetic poles (VGP) were used to 
determine the paleopole. VGPs are more likely to have a Fisher distribution than site-mean paleomagnetic direc-
tions (Deenen et al., 2011). The time-averaged mean paleomagnetic pole for the Saltoro Formation is situated at 
PLon = 254.7°E and PLat = 75.2°N with a 95% uncertainty bound of A95 = 8.9° and precision parameter K = 19.8. 
The corresponding paleolatitude of the Saltoro Formation is 19.9 ± 8.9°N in the time period between 92.9 ± 2.2 and 
74.6 ± 0.7 Ma (see Figure 6). The same latitude is obtained using the data set before V.A.R. correction (21.8 ± 14.2°N), 
albeit with larger uncertainty due to the wider declination range produced by the uncorrected rotation.

We compared the Saltoro Formation paleopole to well-established reliability criteria to determine paleopole 
reliability and it meets all the applicable criteria (Meert et al., 2020; Van der Voo, 1990). The Saltoro Formation 
paleopole has a very well constrained U/Pb zircon age and the >18.3 million years spanned by the Saltoro stra-
tigraphy is easily long enough to achieve appropriate sampling of PSV of the geodynamo, and the A95 uncertainty 
for the Saltoro Formation paleopole is comfortably within the acceptable range to reliably average PSV of the 
geodynamo (13.8° ≥ A95 ≥ 3.9° for N = 17) defined by Deenen et al. (2014). The number of samples used to 
calculate the paleopole (n = 130) exceeds the minimum criterion of n ≥ 25, the precision parameter (K = 19.8) 
is in the range 70 ≥ K ≥ 10, and number of sites (N = 17) is well above the required threshold of N ≥ 8 (Deenen 
et al., 2014; Meert et al., 2020). The separation of the natural remanent magnetization into constituent compo-
nents was achieved using modern demagnetization techniques. The magnetic carriers were constrained with 
rock magnetic analyses and microscopy. There is good structural control and inclination shallowing of sedimen-
tary data was corrected using the E/I method. Finally, a primary origin of remanence was confirmed by both a 
successful conglomerate test and the presence of a geomagnetic reversal at the expected stratigraphic level that 
passes a bootstrap reversal test. Overall, this suggests that the paleomagnetic pole that we obtained from the 
Saltoro Formation is of high reliability and can be used in paleomagnetic reconstructions with confidence.

5.  Discussion
5.1.  Age of the Shyok Suture Zone

Our results from the Saltoro Formation constrain the paleolatitude of the Karakoram terrane to 19.9 ± 8.9°N at 
92.9–74.6 Ma. This latitude is significantly different from that of the KLA, which is constrained by paleomagnetic 
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results from the Khardung volcanics to a paleolatitude of 8.1 ± 5.6°N between 66.1–61.6 Ma (Martin et al., 2020). 
These results conflict with a postulated Late Cretaceous (85–93 Ma) closure age of the Shyok suture (Borneman 
et al., 2015; Gaetani et al., 1993; Petterson & Windley, 1985). If the Khardung Formation formed after the accre-
tion of the KLA to Eurasia and closure of the Shyok suture (Pundir et al., 2020; Saktura, Buckman, Aitchison, & 
Zhou, 2021), then their paleopole and paleolatitude would be indistinguishable from that of the Saltoro Forma-
tion. Instead, the Saltoro Formation and Khardung Formations do not share a common paleopole indicating 
that the KLA and Eurasian forearc had not converged at the time of Khardung volcanics eruption. This places a 
maximum age limit of <61.6 Ma for final closure of the Shyok suture zone, derived from the <61.636 ± 0.11 Ma 

Figure 6.  Plot of paleolatitude against age showing reconstructed motions of India (green) and Eurasia (brown) along with 
all the available paleomagnetic constraints from the Tethys Himalaya (green) and Eurasian margin terranes (brown) and 
the Kohistan-Ladakh arc (KLA) and Burma Terrane intra-oceanic arc remnants (gray/black). The most robust paleopoles 
are shown with square symbols and less reliable poles are shown with small circle symbols. The lowermost curve labeled 
“India” is the calculated position of the study site (34.6°N, 77.5°E), if it moved rigidly in its present-day geometry relative to 
India. The uppermost curve labeled “Eurasia” is the calculated position of the study site if it moved rigidly in its present-day 
geometry relative to Eurasia. The curve labeled “Makran” is shown for comparison because Makran is part of the modern 
southern Eurasian margin that was minimally affected by India-Eurasia collision at the resolution of paleomagnetic data. 
The curve labeled “Greater India” shows the paleolatitude of a theoretical point in north-central Greater India based on an 
assumed linear northern margin of Gondwana between Arabia and northern Australia (Ali & Aitchison, 2005). The reference 
locations used to calculate the paleolatitude of Makran and Greater India are shown on the first panel of Figure 7. The black 
curves with gray shading show two possible models for the paleolatitude of the KLA. The upper dashed black line reflects 
the scenario in which the KLA formed proximal to or part of the southern Eurasian margin before ∼93 Ma and subsequently 
rifted southward to its Paleocene latitude. The lower dashed black line reflects the possible position of the KLA if it formed 
independently of the Eurasian margin as part of the Trans-Tethyan Subduction Zone (TTSZ).
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CA-ID-TIMS zircon age bracketing the Khardung volcanics paleopole (Martin et al., 2020). This age estimate is 
likely conservatively old since two of the paleomagnetic sites from Martin et al. (2020) are from stratigraphically 
above their youngest age. The Khardung volcanics strata above the Martin et al. (2020) sample section is dated to 
51.9 ± 0.7 Ma (Saktura, Buckman, Aitchison, & Zhou, 2021). The difference in the paleopoles is substantiated by 
a common mean test (Tauxe et al., 1991) performed using the VGP distributions of both the Khardung volcanics 
and the Saltoro Formation which demonstrates with 95% certainty that the paleomagnetic data sets define differ-
ent paleopoles (See Figure S10 in Supporting Information S1). The paleopole comparison is also unaffected by 
the challenges associated with comparing individual study mean paleomagnetic poles to a reference pole from an 
apparent polar wander path (APWP) that was recently highlighted by Rowley (2019) because it derives from the 
direct comparison of two paleopoles from nearby locations.

A post-61.6 Ma age for the Shyok suture zone is consistent with early studies that interpreted that the Shyok 
suture zone closed in the Eocene-Oligocene (Andrews-Speed & Brookfield, 1982; Brookfield & Reynolds, 1981; 
Sharma,  1987). This early interpretation was unfortunately abandoned when Petterson and Windley  (1985) 
posited that the SSZ formed in the Late Cretaceous (85–104 Ma) based on the Rb-Sr whole rock ages of gran-
itoids and the presence or absence of a pervasive gneissic fabric (i.e., younger intrusions undeformed, older 
deformed). However, Jagoutz et al.  (2009) demonstrated using modern U-Pb zircon ages that no relationship 
exists between the presence or absence of gneissic fabric and the intrusion age of felsic plutons in Kohistan.

The young age of the Shyok suture zone was further obfuscated by Borneman et al. (2015), who suggested a 92–85 Ma 
age based on the depositional age of the Eurasia-derived Saltoro Formation sedimentary rocks and the 85.2 ± 3.8 Ma 
U-Pb zircon age of a felsic dike crosscutting what they interpreted as an unconformity between Saltoro Formation 
and the Shyok volcanics. Contrary to previous work interpreting the Shyok volcanics and Saltoro Formation as 
part of the southern margin of Eurasia (Rai, 1982; Sharma, 1987; Thanh et al., 2012), they asserted that the Shyok 
volcanics and Saltoro Formation were part of the KLA and interpreted the presence of Eurasia-derived zircons in 
the Saltoro Formation as an age constraint for the KLA-Eurasia collision. Additionally, the dike dated by Borneman 
et  al.  (2015) does not crosscut a Shyok/Saltoro unconformity as postulated, but rather an angular unconformity 
within the Saltoro Formation in which clastic sedimentary rocks are deposited on one of the many andesitic volcanic 
flows that are common within the Saltoro stratigraphy (see Figure S1 in Supporting Information S1). Borneman 
et al. (2015) interpreted that the Saltoro fault becomes an unconformity along strike. However, within the study area 
of Borneman et al. (2015), the Saltoro fault is spectacularly exposed at a lower structural level separating the Saltoro 
Formation andesites, agglomerates and sedimentary rocks from typical pillow basalts of the Shyok volcanics (see 
Figure 1b; Figure S1 in Supporting Information S1). Thus, the rationale for the Late Cretaceous formation age of the 
Shyok suture zone proposed by Borneman et al. (2015) is not supported by the field relationships.

Indeed, the angular unconformity referred to by Borneman et  al.  (2015) is associated with syn-sedimentary 
normal faulting (see Figure S1 in Supporting Information  S1), suggesting that the Karakoram margin was 

Figure 7.  Reconstructions of the Neotethys Ocean based on only the most robust paleomagnetic data for four time periods since the Early Cretaceous. Divergent 
and transverse plate boundaries are shown with solid black lines, and subduction zones are displayed with thick lines with triangular ticks indicating the direction 
of subduction and dashed lines where the paleogeography is poorly constrained. Major terranes and relevant locations are indicated with letter codes: BT = Burma 
terrane, KK = Karakoram terrane, KLA = Kohistan-Ladakh arc, LT = Lhasa terrane, M = Makran, S = Semail ophiolite (Oman), TH = Tethyan Himalaya, and 
WZ = Wallaby-Zenith Fracture Zone. The reference locations used to calculate the paleolatitude of Makran and Greater India in Figure 6 are shown on the first panel 
with a dark green circle (for Greater India after Ali and Aitchison (2005)) and a brown circle for Makran.
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undergoing extension and subsidence at around 93–83 Ma, not compressional orogenesis. The anti-clockwise 
VAR of the Saltoro stratigraphy in our paleomagnetic results also occurred at ∼83 Ma, so may be related to 
this extension. Late Cretaceous Karakoram extension may also explain the angular unconformity in northern 
Pakistan where deformed Jurassic strata of the Karakoram block are overlain by subaerial alluvial fan deposits 
that are onlapped by Campanian (83.6–72.1 Ma) marine wackestones and mudstones (Tupop Fm. and Durband 
Fm.; Gaetani et al., 1993). Cretaceous extension along the Karakoram margin is consistent with the magmatic 
evolution of the Karakoram and south Pamir which has been recently interpreted to suggest extension between 
80 and 70 Ma due to Neotethyan slab rollback (Chapman et al., 2018b). It is also consistent with the postulated 
back-arc extension and rifting of the Xigaze forearc southward from Eurasia due to a retreating subduction zone 
(Kapp & DeCelles, 2019; their Scenario 2). Southward rifting of the Eurasian margin could provide an additional 
mechanism for delivering Eurasian derived sediments to the Indian margin during a Paleocene India-arc collision 
(An et al., 2021; DeCelles et al., 2014; Najman et al., 2017) without requiring full closure of the Neotethys Ocean.

The difference in age between our paleomagnetic results and those of Martin et  al.  (2020) leaves open the 
possibility that the Karakoram terrane moved southward toward the KLA between 75 and 66 Ma, resulting in a 
>61.6 Ma closure of the Shyok suture zone. However, the absence of a younger suture zone north of the Shyok 
suture zone makes this scenario unlikely. Furthermore, this southward motion of the Karakoram block relative to 
Eurasia would be required to occur at a rapid ∼14 cm/yr and is not supported by paleomagnetic evidence from the 
Lhasa terrane which indicates that the Eurasian margin remained at a stationary paleolatitude of ∼18–22°N from 
the Early Cretaceous until the Eocene (Lippert et al., 2014; van Hinsbergen et al., 2019).

In summary, both geologic and paleomagnetic records suggest that the final closure of the Shyok suture zone 
occurred in the Paleogene, after 61.6 Ma, and most likely in the Eocene at around 45–40 Ma as constrained by 
the appearance of an evolved crustal signature in the εHf, εNd and  87Sr/ 86Sr isotopic record of KLA magmas at 
40.4 ± 1.3 Ma (Bouilhol et al., 2013). This conclusion is independent of whether the KLA moved southward to its 
Paleocene latitude from the Eurasian margin due to slab rollback and opening of a back-arc basin after 93 Ma, or 
if it formed above a long-lived intra-oceanic subduction zone outboard of the Eurasian margin. An Eocene final 
collision is also consistent with the age of migmatization, leucogranite emplacement, and deformation in response 
to a continental collision at 45–40 Ma (Aikman et al., 2008; Burg & Bouilhol, 2019; Cowgill et al., 2003; Leloup 
et al., 2001; Yin et al., 1999). In addition, crustal shortening estimates from across Tibet and the Himalayan fold 
and thrust belt are in better agreement with the amount of India-Eurasia convergence that occurred after 40 Ma 
(DeCelles et al., 2002; Martin et al., 2020; van Hinsbergen et al., 2011).

5.2.  Paleomagnetic Reconstruction of the Neotethys

Reconciling the various conflicting India-Eurasia collision models relies on a robust understanding of the relative 
positions of the leading edge of India, the KLA and any other trans-Tethyan subduction system remnants, and 
the southern margin of Eurasia through time. Our results represent the only Cretaceous paleomagnetic constraint 
from the Karakoram terrane and so provide an important constraint on the location of the Eurasian margin in the 
western extent of the belt. They suggest that the Karakoram terrane was situated at a comparable latitude to other 
elements of the Eurasian margin including the Lhasa and Qiangtang blocks and therefore comprised a contiguous 
element of the southern Eurasian continental margin in the Campanian. To aid the discussion of our results in 
the broader context of the paleo-reconstructions of India, the Trans-Tethyan-subduction system, and Eurasia we 
will review paleomagnetic constraints from each of the three tectonic plates, and then synthetize the results to 
derive the tectonic evolution of the Neotethyan realm. The compilation of paleomagnetic poles for our synthesis 
is presented in Table S6 in Supporting Information S2.

5.2.1.  Paleomagnetic Constraints on Eurasia

The most reliable paleomagnetic data show that the Lhasa terrane was situated at a constant ∼18–22°N lati-
tude from the Early Cretaceous until the Eocene, throughout the closure of the Neotethys ocean (Dupont-Nivet 
et al., 2010; Lippert et al., 2014; van Hinsbergen et al., 2019). Reliable Cretaceous paleomagnetic results from 
volcanic and sedimentary successions across Tibet yield paleolatitudes around 16–20°N (Bian et al., 2017; W. 
Chen et al., 2012; Li et al., 2017; Ma et al., 2014, 2017; Yang et al., 2015b). The majority of Late-Cretaceous to 
Eocene paleomagnetic data are derived from the Eocene Linzizong volcanics and underlying Cretaceous sedi-
mentary strata that are well exposed in the Linzhou area near Lhasa in eastern Tibet. Paleomagnetic studies 
of these units have yielded a large range of paleolatitudes between 5°N and 24°N (Achache et al., 1984; Cao 
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et al., 2017; J. Chen et al., 2010, 2014; Dupont-Nivet et al., 2010; Liebke et al., 2010; Lippert et al., 2014; Sun 
et al., 2010, 2012; Tan et al., 2010; Tong et al., 2022; Yi et al., 2021). However, careful paleomagnetic and rock 
magnetic analyses have demonstrated that the spread in paleolatitudes is the result of a low-latitude bias caused 
by a combination of uncorrected inclination shallowing in sedimentary sites and partial remagnetization after 
tilting (Huang et al., 2013, 2015). Lippert et al. (2014) rigorously filtered Linzizong volcanic data to mitigate 
these effects and their analysis yielded an Eocene paleolatitude of 21.1 ± 4.1°N between 56–47 Ma (for a refer-
ence location on the Yarlung-Tsangpo suture zone at 29.0°N and 88.0°E). The only other Eocene constraints on 
the Lhasa Terrane are from the Xigaze forearc basin exposed near Zedong in west-central Tibet, which yield a 
paleolatitude of 24.2 ± 5.9°N between 57 and 54 Ma (Meng et al., 2012; Tong et al., 2022). These results are 
consistent with those of Lippert et al. (2014), although the data sets have significant scatter and have not been 
corrected for inclination shallowing.

The reliable paleomagnetic record from across the southern Eurasian margin, including our results, are in very 
close agreement with the paleolatitude of Makran, part of the Eurasian margin minimally affected by collision, 
that was reconstructed using the Eurasian APWP of Torsvik et al. (2012) (See Figures 6 and 7). Since Makran 
is part of the present day southern Eurasian margin in Iran, where effects related to the Indian-Eurasia collision 
are relatively minor (at least at the uncertainty level of paleomagnetic data), its restored paleolatitude provides a 
reasonable approximation of the pre-collisional Eurasian margin eastward into the Karakoram and Tibet.

5.2.2.  Paleomagnetic Constraints on Greater India

Owing to the dearth of volcanic rocks that are considered the optimum target for paleomagnetism, and the wide-
spread thermal and chemical overprint in the Tethys Himalaya sedimentary rocks (Appel et al., 2012; Crouzet 
et al., 2003; Dannemann et al., 2022; Huang et al., 2017; Schill et al., 2002; Xu et al., 2022), the location of the 
northern edge of Greater India is more challenging to constrain than the Eurasian margin. Results from Paleocene 
limestones of the Tingri and Zongpu Formations were originally interpreted to suggest the Tethys Himalaya was 
situated 2,000–3,000 km north of cratonic India at the onset of collision (Besse et al., 1984; Patzelt et al., 1996; 
Tong et  al.,  2008; Yi et  al.,  2011), but these successions have since been shown to be remagnetized (Huang 
et al., 2017; Liebke et al., 2013).

The best paleomagnetic data from the northern Indian margin derive from basaltic flows that were erupted 
between 140 and 125 Ma, while India was still proximal to Gondwana (Bian et al., 2019; Ma et al., 2016; Yang 
et al., 2015a). Although these represent valuable constraints on Indian plate motion, they are of limited utility 
in constraining the size of Greater India in the runup to collision due to the significant rotation of India since 
Gondwana breakup (Zhang & Huang, 2017).

Recent, high quality paleomagnetic data from 76 to 74 Ma shales in south-central Tibet suggest that the Teth-
yan Himalaya was situated at a paleolatitude 19.4 ± 1.8°S, suggesting Greater India had a latitudinal extent of 
715 ± 374 km (Yuan et al., 2021, 2022). Yuan et al. (2021, 2022) also obtained a 62.5–59.2 Ma paleomagnetic 
pole from clastic successions at Mulbala and Sangdanlin with a paleolatitude of 14.1 ± 1.9°N, suggesting a west-
ern Greater India extent of 1,342 ± 484 km, leading them to revise the timing of van Hinsbergen et al. (2012)'s 
Greater India basin rifting model to involve rifting of the Tethyan Himalaya northward between 74 and 63 Ma. 
This paleolatitude is slightly north of the 8.1 ± 5.6°N of the KLA at 66–61 Ma (Martin et al., 2020) suggesting 
convergence between Greater India and the KLA in the Paleocene (Yuan et al., 2022). In the absence of geologic 
evidence for a Greater India basin and rifting of northern India between 74 and 63 Ma (Searle, 2019), more 
constraints are needed to substantiate the extent to which the inferred extension is real or an artifact of the rapid 
motion of India in the Paleocene and the inherent scatter in paleomagnetic data. Reconstructing Greater India 
based on the Wallaby-Zenith Fracture zone off western Australia and the fit of India into Gondwana (Ali & 
Aitchison, 2005), predicts paleolatitudes of the Tethyan Himalaya that are in agreement with the reliable paleo-
magnetic data (see Figure 6).

5.2.3.  Paleomagnetic Constraints on the KLA

The only reliable paleomagnetic constraint on the position of the KLA is the 8.1 ± 5.6°N paleolatitude of the 
Khardung volcanics reported by Martin et al. (2020). The paleomagnetic record is presently unable to resolve 
the paleogeography of the KLA prior to 66 Ma because paleomagnetic studies from Cretaceous rocks from 
Kohistan either yielded overprinted remanences (Ahmad et al., 2000, 2001), or fall short of modern reliabil-
ity standards (Klootwijk et al., 1979, 1984; Zaman & Torii, 1999; Zaman et al., 2013). This leaves open the 
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possibility that the KLA formed near to or collided with the Eurasian margin before ∼93 Ma and subsequently 
rifted southward to a near equatorial latitude (creating a back-arc basin comparable to the present-day Sea of 
Japan) before collision with India in the Paleocene (Kapp & DeCelles, 2019; Rolland et al., 2002). Alternatively, 
the KLA could have formed part of a long-lived intra-oceanic subduction system (similar to the present-day 
Isu-Bonin-Mariana arc) operational outboard of the Eurasian margin throughout the closure of the Neotethys 
since ∼156 Ma (Jagoutz et al., 2015, 2019). These two possible scenarios are shown with black dashed lines on 
Figure 6.

In addition to the KLA, the Burma Terrane (BT) that separates India from the Eurasian Sibumasu block (see 
Figure  1a), has also been proposed to be part of a trans-Tethyan intra-oceanic subduction zone south of the 
Eurasian margin (Licht et al., 2020; Westerweel et al., 2019). Westerweel et al. (2019) concluded that this terrane 
was situated at a latitude of 5.0 ± 4.7°S between 97 and 87 Ma and was subsequently rotated into its present-day 
orientation due to Paleocene collision with the northeast corner of India.

5.2.4.  Synthesis

The most reliable paleomagnetic data from the Lhasa terrane show that it remained at around 18°N–22°N 
between 140–40 Ma throughout the closure of the Neotethys ocean (van Hinsbergen et al., 2019). Our results 
and analysis of the available paleomagnetic constraints shows that the Karakoram terrane was a constituent part 
of the Eurasian margin at 19.9 ± 8.9°N in the Campanian and that the Karakoram and KLA had significantly 
different latitudes at 66.1–61.6 Ma when geologic evidence from the Indian margin records the onset of collision 
(Beck et al., 1995; Tapponnier et al., 1981). Reliable paleomagnetic data from the Tethyan Himalaya show that 
the northern edge of India was situated far south of Eurasia at ∼8–14°N (Yuan et al., 2021, 2022) at a compa-
rable latitude to the KLA (Martin et al., 2020) at this time. The robust paleomagnetic records of the Himalaya 
are therefore consistent with the India-arc accretion model for the India-Eurasia collision (see Figure 7). Future 
paleomagnetic work will establish the pre-Paleocene paleogeography of the KLA and the BT and determine 
whether they are relics of a long-lived intra-oceanic subduction zone in the Neotethys (Jagoutz et al., 2015) 
or the product of a rifted back-arc derived from or connected along-strike with the Eurasian margin (Kapp & 
DeCelles, 2019).

6.  Conclusion
Determining in the age of final closure of the Shyok suture zone has been a crucial challenge in evaluating the 
multiple conflicting tectonic models for the India-Eurasia collision. Our results resolve this challenge by provid-
ing an independent paleomagnetic upper bound on the final closure of the Shyok suture zone at <61.6 Ma. These 
data constrain the Karakoram terrane to a paleolatitude of 19.9 ± 8.9°N between 93 and 75 Ma, comparable 
to that of the Lhasa and Qiangtang blocks, indicating that the Karakoram terrane formed part of the southern 
Eurasian margin in the Late Cretaceous (Zanchi et  al., 2000). Our results, compared to the results of Martin 
et al. (2020), suggest that there was a significant oceanic plate or back-arc basin separating the KLA from Eura-
sia in the Late Cretaceous. Regardless of whether the KLA originated on or near the Eurasian margin and rifted 
southward after 93 Ma, or developed as part of a long-lived intra-oceanic subduction zone near the equator, a 
multi-stage arc-continent collision model is required to explain the geological observations and paleomagnetic 
results from the Shyok suture zone (See Figure 6). The obduction of ophiolites onto northern India at 60–65 Ma 
(Beck et al., 1995; Tapponnier et al., 1981) and the delivery of arc-detritus to the Indian passive margin strata at 
54–52 Ma (Najman et al., 2017) occurred during arc-continent collision between the KLA and India prior to final 
India-Eurasia collision (Aitchison et al., 2000; Bouilhol et al., 2013; Jagoutz et al., 2015). The final India-Eurasia 
continental collision in the western part of the orogenic belt occurred along the Shyok suture zone, probably at 
45–40 Ma (Bouilhol et al., 2013).

Data Availability Statement
The complete data set of all thermal demagnetization experiments conducted as part of this research are available 
at Dryad (Martin et  al., 2023, https://doi.org/10.5061/dryad.ffbg79d0w link: https://datadryad.org/stash/share/
cpV8DUZ2Aleg26xAZiewbtxOKg99H3VdB4M458TV4Ys, which can be viewed and interpreted using the 
PmagPy software package (Tauxe et al., 2016).
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Figure S1: a) Panorama sketch of the Udmaru Valley showing the lower Saltoro Formation 
volcanics in faulted contact with the underlying Shyok Volcanics. The figure also shows the 
extensional faults in the Saltoro Formation, and the buttress unconformity at the base of the upper 
Saltoro Formation, which is crosscut by the Shukur dikes. The Murgi thrust and overlying 
deformed repetition of the Shyok suture zone can be seen truncating the top of the Saltoro 
Formation to the right of the sketch. b) Reidel shear planes in the fault surface of a fault near the 
base of the Saltoro Formation in the Udmaru area. The orientation of R-type reidel shear planes 



are shown in blue, R’-type planes are shown in red and P-type planes are shown in black. c) 
Expanded view of the faulted area in the lower Saltoro Formation. Saltoro Formation andesite 
layering and andesitic agglomerates are displaced by normal faults with 10 – 30 m displacements 
and are overlain by Saltoro Formation conglomerates, the normal faults do not extend above the 
angular unconformity.  
 
 

 
 
Figure S2: Images depicting a range of Saltoro formation rock types. a) Upper contact of clast-
supported conglomerate overlain by laminated silty sandstone. Conglomerate clasts of mostly 
volcanic origin are poorly sorted and range in size from small pebbles to cobbles with variable 
shapes from sub-rounded to sub-angular. Sandy and silty laminations in the sandstone can be 
seen onlapping against the pebbles at the contact indicating the paleo-up direction. b) Small 
oscillatory current ripples ripples in upper surface of tilted siltstone bed exposed near Charasa 
Monastery indicating an estuarine or low-energy fluvial environment. c) A coarse, lithic-rich 
sandstone infills cracks in the underlying plagioclase-pyroxene porphyritic andesite. The surface 
of the outcrop has rugosities that appear to crosscut the infilled crack, but these are not 
penetrative d) An example of magmatic brecciation in a basaltic flow near the top of the Saltoro 
stratigraphy, suggesting that some of the flows were erupted into water or flowed into water rich 
environments. 
 



 
Figure S3: U-Pb isotopic data presented using Wetherill concordia diagrams with 2s 
uncertainties. Smaller inlay Wetherill concordia diagrams show the youngest populations of grains 
in each sample. Dark green symbols indicate zircons that passed the filtration criteria (≤5% 
discordance and 206Pb/204Pb ≤ 0.001) while light green symbols indicate zircons that were 
excluded based on their failure to meet the same criterion. 
 
 



 
 
Figure S4:  Photomicrographs and backscattered electron (BSE) images of Saltoro Formation 
samples. a) cross-polarized transmitted light (XPL) image of andesite flow from site SA25, b) 
reflected light (RL) image of andesite volcanic from site SA25, c) BSE image of sample SA25 
showing primary magnetite/titanomagnetite and titanohematite/hematite alteration, d) cross-
polarized transmitted light (XPL) image of siltstone from site SA06, e) reflected light (RL) image 
of siltstone from site SA06, f) BSE image of sample SA25 showing primary 
magnetite/titanomagnetite and titanohematite/hematite alteration, g-h) BSE images of magnetite 
grains in sites SA06 and SA17 exhibiting rounded corners indicative of detrital transport. 
 



 
Figure S5:  Normalized susceptibility versus temperature for a suite of representative samples. 
The top row shows samples from sedimentary sites, the bottom row shows samples from andesitic 
volcanic sites. Red curves represent the susceptibility changes with increasing temperature 
during heating, and blue curves represent susceptibility changes with decreasing temperature 
during cooling.  
 
 



 
Figure S6:  Hysteresis curves for four representative sediment samples (brown curves) and three 
representative volcanic samples (green curves). Hysteresis loops were acquired for applied fields 
of B = -1.0 – 1.0 T and were corrected by removing any paramagnetic or diamagnetic signals. 
The corrected curves were used to ascertain the saturation magnetization (Ms), the saturation 
remanent magnetization (Mrs), the coercivity of remanence (Hcr) and the coercivity (Hc) for each 
sample. 
 
 
 
 
 
 
 
 



 
 

Figure S7:  Equal area projection showing the LCT site-mean directions and their a95 uncertainty 
ellipses. The mean direction of the LCT components is almost equivalent to the modern-day field 
direction. Negative inclinations are projected onto the upper hemisphere and shown with open 
symbols, filled symbols represent positive inclinations.  
 
 
 

 
 
Figure S8:  Cumulative distributions of Cartesian components of bootstrapped means from 1000 
pseudo-samples from tilt-corrected, E/I corrected and VAR corrected site-mean direction data. 
The 95% confidence intervals for the two populations overlap in X, Y, and Z. The two populations 
can be considered antipodal to one another because they share a common mean, passing a 
reversal test.  
 
 
 
 



 
 
Figure S9:  Results of Tauxe and Kent (2004) E/I method to determine flattening factor for n = 96 
sedimentary sample directions. The upper left figure shows elongation versus inclination 
predicted by the TK03 geocentric axial dipole model (black curve), elongation versus inclination 
upon stepwise unflattening of the data set by decreasing the flattening factor (f) (red curve), and 
the results of stepwise unflattening of 1000 bootstrap pseudo-samples (grey curves). The 
intersection between the red and black curves is used to determine the flattening factor that is 
then used to correct the sedimentary site-mean directions for inclination shallowing. The right 
figure shows a cumulative distribution of the 1000 bootstrap runs (red curve) along with the 
uncorrected inclination (black line) and the corrected inclination (green line) as well as it’s 95% 
uncertainty (blue dashed lines). 
 
 
 
 
 
 
 

 
 
Figure S10:  Cumulative distributions of Cartesian components of bootstrapped means from 1000 
pseudo-samples from Saltoro formation VGP distribution (red) and Khardung formation VGP 
distribution (blue). The 95% confidence intervals for the two populations do not overlap in Y, and 
Z. Therefore, the two populations cannot be considered to share a common mean direction. 
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