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• There are many clear evidences of remagnetizations in the region, especially 
when this remagnetization is carried by Pyrrhotite.


• In the presentation we review the evidences for remagnetization in the 
Tethyan Himalaya.


• We however challenge the interpretation that secondary magnetite are derived 
from alteration of pyrite.


• Results from a carbonate sequence from the Qiantang indicate that the 
alteration of pyrite mainly produces iron hydroxides.
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72076 Tübingen, Germany
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Abstract: This paper reviews results on the nature and thermo-tectonic interpretation of
widespread pyrrhotite remagnetizations in the Himalaya. Throughout the last two decades a
large dataset has been acquired, in particular from low-grade metamorphic rocks of the Tethyan
Sedimentary Series (TSS). The nature of this magnetization is a thermoremanence when the
peak metamorphic temperature Tmax exceeded the Curie temperature (Tc c. 325 8C) of pyrrhotite;
in this case the remanence age can be related to last metamorphic cooling. For Tmax , Tc, the rema-
nence can be of chemical, thermochemical or thermoremanent origin. Cooling ages show a
systematic trend of c. 50–20 Ma from the western to the eastern Himalaya. The pyrrhotite
remagnetizations post-date main Himalayan folding and record late orogenic long-wavelength
rotations and tiltings around vertical and horizontal axes. Remanence directions in the western
Himalaya are well matching with large-scale deformations of rotational shortening and oroclinal
bending, while in the central and eastern Himalaya they are predominantly controlled by meso-
scale effects due to crustal doming. Stable pyrrhotite remanences are especially typical for low-
grade marly limestones in the TSS, but were also found in medium-grade rocks of the Lesser
Himalaya, highly metamorphic rocks of the Higher Himalayan Crystalline and diorite dykes
intruding into the TSS.

Remagnetization is a common phenomenon in
orogenic belts, due to regional or contact meta-
morphism as well as tectonic stress and strain in
conjunction with fluid migration (e.g. D’Agrella-
Filho et al. 2000; Elmore et al. 2006; Kim et al.
2009). It has long been regarded as disappointing
when results of palaeomagnetic work reveal a mag-
netic overprint of the studied rocks. Later it was rea-
lized that the restriction of research to primary
magnetizations is an unnecessary cut-down of
useful data and their potential constraints. Strategies
and methodologies have been developed to also use
secondary magnetic remanences for interpreting
tectonic features and processes. A typical case is
the Himalayan range, where preservation of rema-
nences with primary origin is only common in the
foreland molasse basin of the Siwaliks (e.g. Tauxe
& Opdyke 1982; Gautam & Fujiwara 2000), but is
rarely found in the tectonic units north of it
(Lesser Himalaya, Higher Himalayan Crystalline,
Tethyan Himalaya Sequence). In order to decipher
the kinematic evolution of the passive northern
Indian margin before and during the India–Asia col-
lision, palaeomagnetic work mainly focused on the
Tethyan Sedimentary Series (TSS). Primary rema-
nences were extracted from the youngest units

(Upper Cretaceous–Lower Tertiary), delivering
direct constraints about the extent of ‘Greater
India’ (Besse et al. 1984; Patzelt et al. 1996).
These youngest units, however, are preserved in
only a few places. In older sequences of Mesozoic
and Palaeozoic rocks, the success rate was poor
and very limited data are available (Klootwijk &
Bingham 1980; Klootwijk et al. 1983; Appel et al.
1991; Schill et al. 2002a; Crouzet et al. 2003;
Torsvik et al. 2009). A large portion of our present
knowledge on the tectonic development of the
northern Indian margin comes from remagnetized
rocks, however. In this paper we review palaeomag-
netic works in the Himalaya, mainly from the TSS,
from which a large dataset of secondary magnetiza-
tions residing in pyrrhotite has been obtained
(Fig. 1) and interpreted in terms of tectonic defor-
mation and thermo-tectonic processes. These
works were mainly carried out by the Tübingen
group within the past two decades. With the under-
standing of the origin and age of pyrrhotite rema-
nences and their occurrence in certain rock types
and formations, major interest was addressed to
sample suitable recorder ‘materials’ systematically
along the arc. This paper summarizes the present
knowledge of the nature and origin of secondary
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More evidences in recent publications

Yarlung Zangbo suture zone. Combined with regional structural ana-
lysis, rock magnetic analysis and existing Ar-Ar geochronology, we
present a vertical axis block rotation to constrain the deformation
mechanism of the Zhongba microterrane.

2. Geological background

The evolution of the Tibetan Plateau is accompanied by a number of
blocks aggregation and collision collages. The Tibetan Plateau mainly
consists of Himalayan terrane, Lhasa terrane, Qiangtang terrane, Hoh
Xil-Songpan Ganzi terrane from south to north, which are separated by
the Indus-Yalung Zangbo suture zone, the Bangong-Nujiang suture

zone, and the Jinshajiang suture zone (Yin and Harrison, 2000, Fig. 1b).
Among them, the Indus-Yarlung Zangbo suture zone is the youngest and
the southernmost. It is widely regarded as the remnant of the Neo-Te-
thys Ocean (Pearce and Deng, 1988; Dupuis et al., 2005; Bédard et al.,
2009).

To the south of the Indus-Yarlung Zangbo suture zone, it is part of
the northern margin of India, which is divided into the Tethyan
Himalaya, the Greater Himalaya, and the Lesser Himalaya. The Tethys
Himalaya is further divided into a northern part and a southern one by
the Gyirong–Kangmar thrust (Ratschbacher et al., 1994). The southern
part consists of carbonate platform and terrigenous sedimentary rocks
from the Paleozoic to the Eocene (Liu and Einsele, 1994; Willems et al.,
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Fig. 1. (a) Topographic map of Tibetan Plateau and India (adapted from Tapponnier et al., 2001; Yin, 2006). (b) Palaeomagnetic rotations (white and red arrows)
observed along the Himalayan belt (simplified tectonic map adapted from Yin, 2006, Wang et al., 2012; An et al., 2014). Paleomagnetic data from Appel et al., 2012,
and the red arrows represent the data from this study. Number on white arrows: (1) Kashmir, (2) Zanskar, (3) Sarchu, (4) Losar, (5) Spiti, (6) Malari, (7) LH Kumaon,
(8) west Dolpo, (9) Hidden Valley, (10) Manang, (11) Nar Phu, (12) Larkya, (13) Shiar, (14) HHC Buri, (15) LH Buri, (16) Rongbuk, (17) Kharta Valley, (18) Dinggye,
(19) HHC Khumbu N, (20) HHC Khumbu S, (21) Dykes Nakarze, (22) Dykes Qonggai, (23) Lingshi klippe. ZGT, Zhongba-Gyangze Thrust; YZMT, Yarlung Zangbo
Mantle Thrust. The red box represents the study area. (c) GPS velocity field map (adapted from Gan et al., 2007), green arrows indicate the observed GPS velocity
field within the Tibetan Plateau and surrounding areas, red box indicates position of the study area. IYS, Indus-Yarlung Zangbo suture zone. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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A B S T R A C T

The India-Asia collision produced the Himalayan orogenic belt. The kinematics of crustal blocks within the
orogenic belt can shed insights into the tectonic processes related with the continental collision. We report a
combined study of paleomagnetism and microtextures from the Zhongba microterrane, northwestern Tethys
Himalaya. The Zhongba microterrane is located in the southwestern part of Tibet. A total of 71 samples collected
from Permian formations yield a distinct remanent component carried by pyrrhotite, which failed fold tests.
Compared with the apparent polar wander path of India, it is suggested that this overprint component is ac-
quired recently (10–0 Ma), and a ~16° clockwise rotation is also indicated. Microtextures from several localities
show E-W directed shear. Together with reported GPS observations and clockwise rotations, a bookshelf-style
deformation pattern associated with strike-slip faulting is proposed for the Neohimalayan tectonics in the Tethys
Himalaya. Bookshelf-style rotation of small blocks coordinated by strike-slip faults is not only a practical model
to absorb the crustal shortening caused by the convergence of the Indian-Eurasian plate, but also an important
way for the escape of the Tibetan Plateau to the southeast.

1. Introduction

How crustal blocks respond to plate collisions and how to absorb the
crustal shortening are key issues in current geodynamic research. As is
known, the collision between the Indian and Eurasian plates is the main
driving force for the formation and uplift of the Tibetan Plateau (Ding
et al., 2005, 2014; Royden et al., 2008; Wang et al., 2012, 2014,
Fig. 1a). The plate collision and the ongoing north-south convergence
have led to a large-scale crustal shortening in Greater India (Ali and
Aitchison, 2005). The mechanism and timing for establishing such a
spectacular geological formation are still hotly debated, and thus re-
quire further investigations.

Paleomagnetism is one of the best ways to quantitatively study the
kinematic history of crustal blocks. Previous works along the
Himalayan belt from Kashmir in the west to Qonggyai in the east have
shown an extensive remagnetization component carried by secondary
pyrrhotite, and clockwise rotations after the acquisition of the overprint
component (e.g., Klootwijk et al., 1983; Antolín et al., 2010; Appel
et al., 2012, Fig. 1b). Klootwijk et al. (1983) proposed clockwise

rotation of central and eastern Kashmir over approximately 45° with
respect to peninsular Indo-Pakistan. Subsequently, Crouzet et al. (2001)
and Schill et al. (2001, 2004) considered that the remagnetization di-
rection was related to the contemporaneous metamorphism, which also
caused block rotation. Recent studies have shown significant clockwise
rotation from 0° to 32° in the Nagarze, Qonggyai, Everest and Bhutan
regions (Antolín et al., 2010, 2012; El Bay et al., 2011; Appel et al.,
2012; Crouzet et al., 2012). A clockwise rotation pattern relative to the
stable Eurasia is also shown by the GPS velocity field around the Ti-
betan Plateau; it changes from NNE direction in the western Plateau to
NE in central, east in northeastern, and SE, south and SW directions in
southeastern Plateau (Gan et al., 2007, Fig. 1c). This may suggest that
clockwise rotation could happen in other areas of the collision zone.
However, there is limited research on the rotation of small and
medium-sized terranes located between Tethys Himalaya and the su-
ture. The study could be used to constrain the dynamic evolution of the
southwestern part of the Tibetan Plateau.

In this paper, we report new paleomagnetic results of the Permian
strata deposited on the Zhongba microterrane in the western part of the
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Fig. 5. Representative demagnetization diagrams (Zijderveld, 1967; Kirschvink, 1980) of samples from the Permian Kazhale and Gangzhutang Formations (a–f).
Magnetizations are plotted in in situ coordinates (i) and equal-area projections (ii and iii). In the Zijderveld plots (i), solid (open) circles are projections of the vector
ends in the horizontal (vertical) planes, and the scales are in A/m. Straight-line segments marked by colored arrows represent the least-square fitted directions of the
low temperature component (LTC, orange) and the characteristic remanence carried by pyrrhotite (green), which are also plotted in (iii) with solid (open) circles
indicating Lower (Upper) hemisphere projections. Changes of intensity of magnetization vs. temperature were plotted in (iv). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Equal-area projections of the pyrrhotite component of sample (a, b, e, f) and site mean (c, d, g, h) directions in in situ and tilt-corrected coordinates. Solid
(open) circles are directions in the lower (upper) hemisphere projections. Open black circle and associated black square are 95% confidence limit and the mean
direction, respectively. In e, f, g, h, the reversed directions are converted.
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ChRM in permian rocks 
In the Zhongba terrane

Possible cause of the remagnetization:  
early Miocene adakitic volcanism
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ABSTRACT
!e India-Asia collision is an outstanding smoking gun in the study of continental collision dynamics. How
and when the continental collision occurred remains a long-standing controversy. Here we present two new
paleomagnetic data sets from rocks deposited on the distal part of the Indian passive margin, which indicate
that the Tethyan Himalaya terrane was situated at a paleolatitude of∼19.4◦S at∼75Ma and moved rapidly
northward to reach a paleolatitude of∼13.7◦N at∼61Ma.!is implies that the Tethyan Himalaya terrane
ri"ed from India a"er∼75Ma, generating the North India Sea. We document a new two-stage continental
collision, #rst at∼61Ma between the Lhasa and Tethyan Himalaya terranes, and subsequently at∼53−
48Ma between the Tethyan Himalaya terrane and India, diachronously closing the North India Sea from
west to east. Our scenario matches the history of India-Asia convergence rates and reconciles multiple lines
of geologic evidence for the collision.

Keywords: India-Asia collision, Tethyan Himalaya terrane, North India Sea, two-stage continental
collision

INTRODUCTION

!e collision of India with Asia was one of the most
signi#cant tectonic events of Earth’s history and had
a profound in$uence on deep physical and chemical
processes, paleogeography, climate and biodiver-
sity in Asia [1–6] (Fig. 1). During the past half
century, a series of geologic, geophysical and
geochemical studies [7–14] has contributed sig-
ni#cantly to our understanding of the timing and
process of the India-Asia collision. As a result,
chronological consensus exists that Asia-derived
sediments were deposited in the Tethyan Himalaya
at ∼60Ma, during the mid-Paleocene [15–17],
which is generally accepted as the initiation time of
India-Asia collision [9–14]. At least four competing
geodynamic models were proposed to discuss
the dynamic process of the India-Asia collision
(Supplementary Fig. 1): (i) the continental Greater
India model [18,19] successfully explains the
arrival of Asian sediments in the Tethyan Himalaya
at ∼60Ma, but the required ∼4500 km of post-

collisional convergence is signi#cantlymore than the
shortening in the geologic records; (ii) the Greater
India Basin model [5,12] ful#ls paleomagnetic and
plate kinematic criteria, explains the shortening,
accommodates ∼60Ma Tethyan Himalaya-Lhasa
collision, but invokes the opening and closure of
an oceanic basin between ∼120Ma and ∼25Ma
between the Tethyan Himalaya and India, of which
there is no accretionary geologic record present in
the Himalaya; (iii) the island arc-continent colli-
sion model [20] invokes an always small Greater
India which satis#es existing paleomagnetic, plate
kinematic criteria and fast India-Asia convergence
but fails to explain why Asian detritus reaches the
Tethyan Himalaya at ∼60Ma; and (iv) the India-
arc collision with the Xigaze backarc basin model
[13] has an always narrowGreater India constrained
by existing paleomagnetic and plate kinematic data,
which successfully explains the arrival of Asian
sediments in the Tethyan Himalaya at∼60Ma, but
invokes the opening and closure of a backarc basin
between the Tethyan Himalaya and Lhasa terrane

C©!e Author(s) 2020. Published byOxfordUniversity Press on behalf of China Science Publishing&Media Ltd.!is is anOpen Access article distributed under the terms of the Creative
Commons A%ribution License (h%p://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original
work is properly cited.
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Figure 1. Geologic and topographic maps of the study region. (a) Large-scale topographic map. (b) The geology of the Hi-
malaya, simpli!ed from Yin [7]. (c) The studied Cailangba section, simpli!ed from Chen et al. [32]. (d) The studied Sangdanlin
andMubala sections. IYTS, Indus-Yarlung Tsangpo Suture. STDS, South Tibet Detachment System.MCT,Main Central Thrust.
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of which there is no geologic record. In spite of
the competing character of these models, precise
determination of the timing and process of the con-
tinental collision between India and Asia is required
to provide reliable and independent evidence.

Paleomagnetism can e!ectively quantify paleo-
latitudes of plates [21] and has been widely used
to quantify the India-Asia collision process. Pa-
leomagnetic studies indicate that the Lhasa ter-
rane has been relatively stable in its location since
the Early Cretaceous at paleolatitudes of 10◦N–
20◦N [22–24]. In contrast, the paleomagnetic data
from Upper Cretaceous to Paleocene rocks of the
Tethyan Himalaya terrane suggest variable paleo-
latitudes (15◦S–10◦N) [25–28]. Con"icting results
are partly due to the remagnetization of limestones
in some previous studies, as suggested by Huang
et al. [29].

To this end, we conducted paleomagnetic and
rock magnetic analyses on two key successions
that were deposited on the distal northern part of
the Indian passive margin (Tethyan Himalaya ter-
rane), where Upper Cretaceous oceanic red beds
(CORBs) are exposed in the Cailangba A and B
sections (28.9◦N, 89.2◦E) in the Gyangze area and
Upper Cretaceous to Paleocene red siliceous shales
are well-exposed and well-studied in the Sangdanlin
(29.3◦N, 85.3◦E) andMubala (29.3◦N, 84.7◦E) sec-
tions in theSaga area [15–17,30–32] (Fig. 1, Supple-
mentary Note 1 and Supplementary Figs 2 and 3).
All these strata were interpreted to be deposited on
the lower continental slope, representing the most
distal northern continental margin of India. Our re-
sults provide independent evidence of the paleo-
latitudinal positions of the Tethyan Himalaya ter-
rane in the late Cretaceous and mid-Paleocene and
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Figure 3. Paleomagnetic results. (a−i) Representative orthogonal demagnetization diagrams in geographic (stratigraphic)
coordinates with corresponding normalized natural remanent magnetization (NRM) vs. temperature plots and equal-area
stereonets in the Cailangba (specimens CL043-1, CM124-1 and CM162-1), Sangdanlin (specimens SE6-9, SE12-1 and SE13-9)
and Mubala (specimens MB3-7, MB3-9 and MB4-8) sections. (j−l) Equal-area projections of in situ (upper) and tilt-corrected
(lower) paleomagnetic directions. (j) HTC directions of all specimens in the Cailangba section. (k) HTC directions of all speci-
mens in the Sangdanlin section. (l) HTC directions of all specimens in the Mubala section. Red circles around the red stars in
(j−l) denote the 95% con!dence limit and mean directions. Solid and open symbols denote the lower and upper hemisphere
projections, respectively.
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Precollisional Latitude of the Northern Tethyan
Himalaya From the Paleocene Redbeds and
Its Implication for Greater India and the
India‐Asia collision
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Abstract The precollisional paleolatitude of the Tethyan Himalaya is essential to constrain the
India‐Asia collision, the size of Greater India, and the Neotethyan paleogeography. However, reliable Late
Cretaceous‐Paleocene paleomagnetic datasets are still scarce because of serious remagnetization. Here we
report the first redbed‐based paleomagnetic results from the Paleocene (60‐58 Ma) redbeds in the Saga
area of the northern Tethyan Himalaya. The tilt‐corrected site‐mean direction obtained from 36
paleomagnetic sites is D=178.7°, I=9.5° with ɑ95=5.4°, corresponding to a paleopole at 55.9°N, 267.6°E with
dp/dm=2.8°/5.5° and a paleolatitude of 4.8°±2.8°S for the study area (29.3°N, 85.3°E). The site‐mean
inclination increased from 9.5 to 14.9° after the anisotropy‐based inclination shallowing correction, leading
to corresponding paleolatitudes increasing from 4.8 to 7.6°S. This reliable paleomagnetic dataset passes
positive fold tests and supports that the northern Tethyan Himalaya was located at 6.3±4.3°S during 60‐58
Ma. Comparison with the coeval paleolatitudes expected from the Indian craton indicates that a north‐south
crustal shortening of 3.1±5.5° (340±610 km) occurred between the Indian craton and the northern
Tethyan Himalaya after 59Ma, and no wide ocean extended between them after the Latest Jurassic. Our new
Paleocene results together with reliable Cretaceous paleomagnetic results from the Lhasa terrane show that
the India‐Asia collision occurred at 47.1±4.5 Ma.

1. Introduction

The India‐Asia continent‐continent collision was one of the most spectacular tectonic events during the
Cenozoic (e.g., Yin & Harrison, 2000). The collision and postcollisional continuous convergence not only
created the world's highest and widest plateau, which has changed the Asian climatic system, but also led
to extensive intracontinental deformation within Asia (e.g., Wang et al., 2014; Yin & Harrison, 2000).
Therefore, investigation of the India‐Asia collisional process and associated intracontinental deformation
is vital to understand the evolution of the Tibetan Plateau and the Asian climatic system (e.g., Wang
et al., 2014; Yin, 2006). Although many studies have been carried out on the Tibetan Plateau and its adjacent
areas over 40 years (e.g., Cao et al., 2019; Chen et al., 2012, 2017; Ding et al., 2005; Klootwijk et al., 1992; Li
et al., 2015; Lippert et al., 2011, 2014; Ma et al., 2017, 2018, 2019; Molnar & Tapponnier, 1975; Otofuji et al.,
1989; Tong et al., 2019; Wang et al., 2014; Yan et al., 2016; Zhu et al., 2011, 2017), some key issues are still
debated, such as the India‐Asia collisional age ranging from >65 Ma (e.g., Yin & Harrison, 2000) to <14 Ma
(e.g., Xiao et al., 2017) and the size of Greater India ranging from >1,500 km to only approximately 400 km
(e.g., Ali & Aitchison, 2005; Yi et al., 2011).

The convergence between the Indian and Asian continents occurs basically in a north‐south direction along
the present‐day east‐west Indus‐Yarlung suture zone (IYSZ) that separates the Tethyan Himalaya in the
south from the Lhasa terrane in the north (Figure 1). Paleomagnetism can be used to determine the terranes'
paleolatitudes as an important way to constrain the kinematic processes of terrane movement. It has there-
fore been applied widely to determine the India‐Asia collisional age by overlapping the paleolatitude of the
northernmargin of the Tethyan Himalaya with the southernmargin of the Lhasa terrane (e.g., Yi et al., 2011;
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Conclusion : This reliable paleomagnetic dataset passes positive fold tests and supports that the northern Tethyan Himalaya 
was located at 6.3±4.3°S during 60-58 Ma. 
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van Hinsbergen et al., 2012; Lippert et al., 2014; Ma et al., 2014, 2016, 2017; Yang, Ma, Bian, et al., 2015;
Yang, Ma, Zhang, et al., 2015). Furthermore, this method has also been widely used to constrain the size
of Greater India by comparing the coeval paleolatitude of the Indian craton and the Tethyan Himalaya
for the same reference point (e.g., Patzelt et al., 1996; Ran et al., 2012; Yang, Ma, Bian, et al., 2015; Yi
et al., 2011).

Three reliable Early Cretaceous paleomagnetic results have been acquired from volcanic rocks in the
Tethyan Himalaya, and they not only satisfy the secular variation model but also fulfill all the seven quality
criteria proposed by Van der Voo (1990) to assess the reliability of paleomagnetic data. Noticeably, all suggest
a minor paleolatitudinal difference between the Tethyan Himalaya and the Indian craton (Bian et al., 2019;

Figure 1. Sketches of geology and sampling location for this study. (a) Tectonic sketch map of the Himalayan belt
and adjacent areas with sampling locations of paleomagnetic studies modified from Yang, Ma, Bian, et al. (2015)
(sampling location abbreviations see Table 2). Abbreviations: JSZ, Jinsha suture zone; BNSZ, Bangong–Nujiang
suture zone; IYSZ, Indus–Yarlung suture zone; MFT, Main Frontal thrust; MBT, Main Boundary thrust; MCT,
Main Central thrust; STDS, South Tibet detachment system. (b) Simplified geological map of the paleomagnetic sampling
area.

10.1029/2019JB017927Journal of Geophysical Research: Solid Earth
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In situ Tilt corrected

                                                     Same study area : Sangdanlin 
The ChRM corresponds to the Intermediate component of the previous 
paper (Yuan et al.). The fold test is not conclusive 
Yuan et al. 2020         different conclusions               Yang et al. 2020 
Paleolatitude 13.7±2.5°N at ~61Ma                                                     6.3±4.3°S  at 60-58Ma 
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and the southern margin of Eurasia during the
Oligocene. 

It is clear that the paleopositions of India and
southern Eurasia are the key issues in dealing with
the age of collision and the kinematics. As a demon-
strated powerful technique, paleomagnetic study in
these regions has played a very important role in the
study of greater India, paleoposition of the Lhasa
block, and crustal shortening of the Himalayan
areas during the early Cenozoic (Achache et al.
1984; Besse et al., 1984; Lin and Watts, 1988;
Otofuji et al., 1991; Chen et al., 1993; Patzelt et al.,
1996). However, hot debate still exists concerning
the northern extent of the Indian craton. Patzelt et
al. (1996) conducted a paleomagnetic study of
Paleocene sedimentary rocks in the Gamba and
Duela areas of the Himalayan block of the Indian
plate, and suggested that crustal shortening between
the Tethyan Himalaya and the Indian shield has
involved on the order of 1,500 km since the time of
the India–Eurasia collision at 65–60 Ma. Taking the
underthrusting of the Indian crust beneath the
southern margin of Eurasia into account, the exten-
sion of northern India was estimated at up to 2000

km. On the other hand, Ali and Aitchison (2005)
proposed a maximum possible extension for greater
India of ~ 950 km in the central part of the craton,
based on the fit of India against the Wallaby and
Zenith plateaus. 

Paleomagnetic study of early Cenozoic rocks in
the Himalayan block is therefore very important for
the reconstruction of the former northern margin of
the Indian plate before the collision, as well as for
estimating the crustal shortening that occurred
between the Himalayan block and the Indian plate.
For instance, Besse et al. (1984) reported a paleo-
magnetic result from Himalayan sedimentary rocks
of 57±1 Ma in age, in which a primary magnetic
remanence was isolated from three limestone sites
(N = 22 specimens) and one sandstone site (N = 6
specimens). However, the result was questioned by
some authors, inasmuch as the strata appear to be
older than ~60–56 Ma (Jaeger et al., 1989). The
paleomagnetic data from the northern part of the
Indian plate are still sparse. We therefore investi-
gated Paleocene shallow-marine sedimentary rocks
that were deposited along the northern margin of the
Indian plate. The sampling area is about 50 km from

FIG. 1. Geological map of the sampling area. The black star indicates the location of the sampling section. Figure 1B
shows the tectonic framework of the Tibetan Plateau and India.
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remanent overprint (Fig. 3D). These data were
excluded from further consideration.

About 70% intensity of initial NRM of samples
was lost after heating to 190°C, and the direction of
low-temperature component between 20 and 150°C
is close to the present Earth field (Table 1). The
mean direction of low-temperature components from
13 sites is: Dg = 353.6°, Ig = 45.2°, k = 192.8, D95 =
3° (N = 13) before tilt correction (Fig. 4A), and Ds =
356.6°, Is = 11.5°, k = 3.6, D95 = 25.5° after tilt cor-
rection (Fig. 4B). The ratio of precision parameters
before and after tilt correction (kg/ks = 53.6) indi-
cates that the low-temperature component is a post-
fold remagnetization acquired in recent times.

The middle-temperature component was isolated
at 210 and 380°C (Table 2). Site-mean direction of
13 sites is Dg = 168.0°, Ig = -4.6°, k = 39.8, D95 =
6.7° (N = 13) before tilt correction (Fig. 5A), and
Ds = 170.3°, Is = 26.5°, k = 4.1, D95 = 23.4° after tilt
correction (Fig. 5B). The large change of precision
parameters before and after tilt correction (kg/ks =
9.7, Fig. 5C) indicates again that this component is
of post-folding origin (McElhinny, 1964). Rock mag-
netism studies suggest that this component is prob-
ably carried by coarse-grained magnetite.

Although the magnetic remanence directions
became erratic in further high-temperature demag-
netization, 15 samples from three sites collected

FIG. 5. Equal-area stereographic projections of site-mean directions of middle-temperature components in (A) geo-
graphic and (B) stratigraphic coordinates, respectively. C. Changes of precision parameter during the unfolding process.Remagnetization in Paleocene carbonates

Same component of magnetization in Paleocene carbonates with  
south declination and negative low inclinations



Earth and Planetary Science Letters 542 (2020) 116330

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Expanse of Greater India in the late Cretaceous

Jun Meng a,b,∗, Stuart A. Gilder c, Yalin Li a, Chengshan Wang a, Tao Liu a

a School of Earth Sciences and Resources, China University of Geosciences Beijing, Beijing 100083, China
b Key Laboratory of Economic Stratigraphy and Palaeogeography, Chinese Academy of Sciences (Nanjing Institute of Geology and Palaeontology), China
c Department of Earth and Environmental Sciences, Ludwig Maximilians University, Theresienstr 41, 80333 Munich, Germany

a r t i c l e i n f o a b s t r a c t

Article history:
Received 20 February 2020
Received in revised form 24 April 2020
Accepted 7 May 2020
Available online xxxx
Editor: A. Yin

Keywords:
Greater India
India-Asia collision
Tibetan plateau
Paleomagnetism

Knowing the original size of Greater India is a fundamental parameter to quantify the amount of 
continental lithosphere that was subducted to help form the Tibetan Plateau and to constrain the tectonic 
evolution of the India-Asia collision. Here, we report paleomagnetic data from Upper Cretaceous rocks of 
the western Tethyan Himalaya that are consistent with a model that Greater India extended ∼2700 km 
farther north from its present northern margin at the longitude of 79.6◦E before collision with Asia. Our 
result further suggests that the Indian plate, together with Greater India, acted as a single entity since at 
least the Early Cretaceous. The pre-collision geometry of Greater India’s leading margin helped shape the 
India-Asia plate boundary. The proposed configuration produced right lateral shear east of the indenter, 
thereby accounting for the clockwise vertical axis block rotations observed there.

 2020 Elsevier B.V. All rights reserved.

1. Introduction

The Indian subcontinent formed part of Gondwanaland before 
rifting away in the Cretaceous (Veevers et al., 1975). Paleogeo-
graphic reconstructions suggest that India’s northern margin ex-
tended farther off the Western Australian margin in the past (Pow-
ell et al., 1988), but has since been subducted under Asia. This lost 
landmass is called Greater India. The size of Greater India bears 
on some questions at the forefront of continental geodynamics. 
To what extent can continental crust be subducted? How much of 
the doubly-thickened crust on the plateau was derived from hor-
izontal shortening of existing crust, how much from the addition 
of accreted crust, and how much from thermal buoyancy? Know-
ing how much lithosphere was consumed plays a critical role to 
understand the extent that the Tibetan plateau formed from con-
tinental subduction/underthrusting versus accretion (Tapponnier et 
al., 2001; van Hinsbergen et al., 2019).

Paleomagnetic studies have been increasingly carried out in 
Tibet to unravel the tectonic history surrounding the amalgama-
tion of Asia. A recent paleomagnetic study of Lower Cretaceous 
rocks from two localities separated by ∼9◦ in longitude along 

* Corresponding author at: School of Earth Sciences and Resources, China Univer-
sity of Geosciences Beijing, Beijing 100083, China.

E-mail address: jmeng@cugb.edu.cn (J. Meng).

strike of the Tethyan Himalaya (Fig. 1) proposed that Greater In-
dia extended at least 2675±720 and 1950±970 km farther north 
from the present northern margin of India (Meng et al., 2019). If 
Greater India acted a single plate since at least the Early Creta-
ceous, crustal material riding along with Greater India should track 
the plate’s motion during its northward journey after rifting from 
Gondwanaland since ∼130 Ma. However, magnetic remanence in 
Upper Cretaceous to Paleogene rocks from the Tethyan Himalaya 
may be secondary (overprinted) (Appel et al., 2012) or of question-
able primary origin (Huang et al., 2017a; Patzelt et al., 1996; Yi et 
al., 2011, 2017). More paleomagnetic data from Upper Cretaceous 
rocks are therefore needed to provide better estimates for the pre-
collisional configuration of the Tethyan Himalaya. We thus carried 
out a paleomagnetic study of Albian (∼105 Ma) and Maastrichtian 
(∼70 Ma) marine sedimentary rocks (Fig. 2) in southwestern Tibet 
(Fig. 1) to better define the paleogeography of Greater India.

2. Geology and sampling

Jurassic-Lower Cretaceous ophiolite and mélange define the 
Indus-Yarlung suture that demarcates the India-Asia plate bound-
ary. Asia’s southern limit contains Lower Cretaceous-Lower Pa-
leogene shallow marine forearc deposits (Xigaze basin) and a 
Cretaceous-Eocene magmatic arc that extends E-W for more than 
1000 km (Fig. 1). Bounded by thrust and detachment faults, 
Tethyan Himalayan sedimentary rocks crop out south of the su-
ture, spanning ∼150 km N-S and ∼1500 km E-W (Fig. 1B). The 
sedimentary rocks in the Tethyan Himalayan were deposited in 
a passive continental margin setting (Hu et al., 2016). These se-

https://doi.org/10.1016/j.epsl.2020.116330
0012-821X/ 2020 Elsevier B.V. All rights reserved.
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Fig. 2. Stratigraphy, field photos and magnetostratigraphy of the Zongshan Formation in Zhada, Tibet. (A) Biostratigraphy indicating foraminifera zones (Li et al., 2009; Wan 
et al., 2005). The sampled Maastrichtian (with magnetostratigraphic correlation) and Albian limestones are indicated by blue and red stars, respectively. (B-E) Field photos of 
the Zongshan Formation: (B) large-scale, non-plunging fold; (C-D) Maastrichtian limestone; (E) Albian limestone conformably overlying Gamba Formation sandstone.

(MD) mixing line. Both Albian and Maastrichtian limestone sam-
ples plot along the SD-MD mixing trend (Fig. 5).

4.2. Paleomagnetism

The median natural remanent magnetization (NRM) intensity 
of 53 Albian limestone samples is 1.3 × 10−4 ± 9.7 × 10−5 A/m. 
A north and downward directed component in in situ coordi-
nates unblocks by 150◦C-225◦C (Fig. 6A-B) (low temperature com-
ponent, LTC). The mean LTC direction in geographic coordinates 
(Dg = 355.9◦ , Ig = 47.6◦ , kg = 15.5, α95 = 7.9◦) lies close to the 
expected present-day field (D = 1.6◦ , I = 49.0◦) at Zhada (Fig. 
S1A-B) (D, declination; I, inclination; k, precision parameter; α95, 
radius of a cone about the mean at 95% confidence limits; g, ge-
ographic coordinates; s, stratigraphic coordinates). Optimal clus-
tering at −5±36% unfolding (Tauxe and Watson, 1994) signals a 
modern-day-field viscous overprint. Of the 53 samples, demagneti-
zation trajectories of 35 become erratic with no stable component 
above 225◦C and were not considered. A high temperature com-
ponent (HTC) in the 18 remaining samples is characterized by 
linear demagnetization trajectories that sometimes decay toward 
the origin in the 445◦C to 555-575◦C range, or more often, exhibit 

rounded trajectories that follow great circle paths (Fig. 6A-B, Ta-
ble S1). A mean HTC direction was calculated by combining great 
circles with best fit directions: Dg = 7.5◦ , Ig = −59.4◦ (kg = 25.8, 
α95 = 7.1◦ , n= 18 samples) and Ds = 27.9◦ , Is = −43.8◦ (ks =
33.6, α95 = 6.2◦ , n= 18 samples) (Fig. 6C-D). The tilt-corrected 
HTC directions trend northeast and up (Fig. 6D) and are solely of 
normal polarity, in agreement with deposition during the Creta-
ceous normal superchron (Ogg and Smith, 2004) combined with 
the fact that India was in the southern hemisphere during the 
Albian (∼113 to 100 Ma). Although k slightly improves upon un-
folding (ks/kg = 1.3), given the low number of samples, this result 
should be considered inconclusive.

The 137 Maastrichtian limestone samples have a median NRM 
intensity of 4.4 ×10−5 ±3.7 ×10−5 A/m. Thermal demagnetization 
yielded erratic directions in 40 samples; the remaining 97 had a 
LTC <150-250◦C that trended north and down in geographic co-
ordinates and did not decay toward the origin (Fig. 7A-B). The 
fold test on the LTC is negative, with the maximum concentra-
tion occurring at −4±17% unfolding. The mean in-situ direction, 
Dg = 352.8◦ , Ig = 46.3◦ (α95 = 3.2◦), lies close to the expected 
present-day field direction and likely represents a recent viscous 
overprint (Fig. S1C-D). 73 samples had a high temperature com-
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Fig. 1. Tibetan Himalaya geology and paleomagnetic study locations. (A) Regional map of southern Asia. (B) Simplified geologic map of the India-Asia suture zone. Numbers 
correspond to paleomagnetic sampling locations of studies in Fig. 9 and Table S3. Tethyan Himalayan sequences: #1 and #2, Early Cretaceous sites from Zhongba and Cuona, 
respectively (Meng et al., 2019); #3 (Maastrichtian) and #10 (Albian), Zhada (this study); #11, Upper Cretaceous Zongshan carbonate rocks from Gamba (Patzelt et al., 1996; 
Yi et al., 2011); #13, Early Cretaceous sites from Lakangzi (Zhang et al., 2019). Southern Asian sampling locations: #7, Xigaze forearc basin (Meng et al., 2012), #6 and #8 
Linzhou basin (Tan et al., 2010; van Hinsbergen et al., 2012). (For interpretation of the colors in the figures, the reader is referred to the web version of this article.)

quences were shortened ∼45-105 km, mainly before 44 Ma (Aik-
man et al., 2008).

We sampled the Cretaceous Zongshan Formation in Zhada 
County (Fig. 1B). There, the Zongshan Formation gray medium-
to thick-bedded, pelagic limestones were deposited continuously 
from the Albian to the Maastrichtian as shown by abundant 
foraminifera (Li et al., 2009; Wan et al., 2005). The bioclastic 
limestones conformably overlie Lower Cretaceous Gamba Forma-
tion sandstones (Fig. 2A, E). At Zhada, the Zongshan Formation 
is characterized by a large-scale, non-plunging syncline (Fig. 2B) 
that formed in the Early Cenozoic (Zhang et al., 2005); unde-
formed Miocene sediments are in angular unconformable contact 
above Tethyan strata (Saylor et al., 2010). We collected 105 ori-
ented samples in a 20 m-thick section of Maastrichtian limestones 
near Xialazi (31.2◦N, 79.6◦E) (Fig. 2A, D), 53 cores in the Albian 
unit above the contact with the Gamba Formation (Fig. 2A, E), and 
32 samples in the Maastrichtian rocks near Bolin (31.4◦N, 79.4◦E) 
to perform a fold test (Fig. 2C).

3. Methods

3.1. Experimental design and statistical analyses

Zongshan limestone microfabrics (Fig. 3) and chemical analyses 
(Fig. 4) were analyzed using a Zeiss SUPPA 55 field emission scan-
ning electron microscope at the China University of Geosciences 
(Beijing). Elemental concentrations were measured with an Ox-
ford energy dispersive spectrometer. Hysteresis parameters were 
measured with a MicroMag 3900 vibrating sample magnetome-
ter at the Paleomagnetism and Geochronology Laboratory, Chinese 
Academy of Sciences, Beijing. Thermal stepwise demagnetization 
experiments were performed in the magnetically shielded rooms 
(residual fields less than 500 nT) at Ludwig-Maximilians University, 
Munich and the South China Sea Institute of Oceanology. Magnetic 
remanence was measured with 2G Enterprises cryogenic magne-

tometers using software written by Wack (2010). Paleomagnetic 
data were analyzed and plotted using PMGSC (R. Enkin, unpub-
lished) or Paleomac (Cogné, 2003) software. Principal component 
analysis and great circle fitting were used to define the charac-
teristic components. Mean directions were calculated using Fisher 
(1953) statistics and the McFadden and McElhinny (1988) method 
when great circles were included. Confidence limits for paleomag-
netic poles and paleolatitudes were calculated according to Coe et 
al. (1985) and Butler (1992, eqns. A.80 and A.81).

4. Results

4.1. Petrography and rock magnetism

Scanning electron microscopy together with energy dispersive 
spectra of Albian and Maastrichtian limestone samples show simi-
lar features with no sign of metamorphism. Most opaque minerals 
are iron oxides, <2-5 µm in diameter (Figs. 3 and 4). Magnetite 
and titanomagnetite often exhibit sub-rounded to rounded tex-
tures, as do rutile and quartz (Fig. 3A, B, C, D,E, I), which are 
textures typical of detrital grains. Calcite matrix is compressed 
around the oxide grains (Fig. 3A, B, and D); euhedral magnetite is 
also present (Fig. 3H). Iron sulfides are absent, suggesting oxic to 
suboxic diagenetic conditions were favorable to preserve primary 
magnetic remanences (Roberts et al., 2013).

Hysteresis loops show significant diamagnetic or paramagnetic 
contributions, requiring high-field slope corrections. Fully saturated 
hysteresis loops with coercivities <100 mT are compatible with 
the presence of magnetite (Fig. 5). The Day plot provides an indica-
tive, albeit non-definitive, means of discriminating secondary from 
primary magnetite in limestone (Huang et al., 2017b; Roberts et al., 
2013). Remagnetized carbonate rocks often contain superparamag-
netic (SP) to single-domain (SD) sized magnetite, whereas those 
carrying primary remanences often plot on the SD to multidomain 
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Fig. 9. Paleogeographic reconstruction of Greater India and the kinematic evolution of the India-Asia collision. (A) Reconstruction at 130 Ma showing the extension of Greater 
India (GI) using Early Cretaceous paleolatitude data from localities 1 and 2 (Fig. 1) (Meng et al., 2019) and their intersection with the great circle paths as shown. WF, 
CF and EP stand for the Wallaby-Zenith Fracture Zone, Cape Range Fracture Zone and the Exmouth Plateau, respectively (Ingalls et al., 2016; Powell et al., 1988). Lower 
Cretaceous (125-136 Ma) rocks from the Gascoyne and Argo abyssal plains, near the Exmouth Plateau, yield paleolatitudes of 36.6±2.1◦S and 36.7±3.4◦ (Ogg et al., 1992) 
consistent with the reconstruction. (B) Reconstruction at 70 Ma plotting the paleolatitude from Zhada (5.0±1.6◦N, point 3) at its intersection with the great circle. The 71-65 
Ma paleolatitude for Gamba (#11) at 5.4±2.8◦S is fully compatible with the reconstruction of Greater India. (C) Reconstruction at 55 Ma during initial contact of the Indian 
and Asian plates. (D) Paleolatitude as a function of time for the Indian and Asian plates (Torsvik et al., 2012). Points 5-9 constrain the southern margin of the Asian plate 
(Ma et al., 2014; Meng et al., 2012; Tan et al., 2010; van Hinsbergen et al., 2012) (Reference point: 31.2 ◦N, 79.6 ◦E). Tethyan Himalaya (points 1-3, 10-13) studies define the 
inferred northern limit of Greater India (this study; Meng et al., 2019; Patzelt et al., 1996; Yi et al., 2011; Zhang et al., 2019) (point 10 is the preliminary result from the 
Albian strata in Zhada) (Data in Table S3, sampling localities shown in Fig. 1). Figures A-C were produced with Gplates (Boyden et al., 2011) in a paleomagnetic reference 
frame based on the APWPs from Torsvik et al. (2012).

km of estimated convergence at Zhongba (83.6◦E). Our 70±1 Ma 
paleopole for Zhada also suggests it was 24.5±2.5◦ farther north of 
the Indian plate than at present when compared to 70 Ma refer-
ence pole for the Indian plate (Torsvik et al., 2012) (Table S2). This 
implies that if the Tethyan rocks at Zhada were never obducted 
onto Asia, but rather rigidly subducted underneath it, they would 
lie 24.5±2.5◦ north of their present location under Asia along a 
longitude-parallel great circle path.

We can further test the reconstruction in Fig. 9B by plotting 
the Zongshan Formation result from Gamba (#11) on the 70 Ma 
reconstruction using the great circle approach. One again sees a 
high degree of compatibility with the predicted limits of Greater 
India. As Gamba lies 8.2◦ southeast of Zhada (Fig. 1), Gamba should 
have been situated farther south of Zhada, which agrees with the 
more southerly paleolatitude of Gamba (5.4±2.8◦S) (Patzelt et al., 
1996; Yi et al., 2011) compared to Zhada (5.0±1.6◦N), albeit within 
uncertainty.

At 54-57 Ma, the Xigaze forearc basin at the southernmost 
margin of Asia resided at a paleolatitude of 24.2±5.8◦N (Meng 
et al., 2012). Disparate paleolatitudes derived from the Gangdese 
arc (Linzizong volcanic rocks) range from ∼10◦N to 33◦N, perhaps 
caused by unrecognized remagnetization or insufficient averaging 
of paleosecular variation (Huang et al., 2015a; Lippert et al., 2014). 
Following van Hinsbergen et al. (2012), an average of all stud-
ied yields a paleolatitude of 21.1◦±4.1◦N, similar to Xigaze. If we 

adopt the 54-57 Ma paleolatitude from Xigaze as the southernmost 
margin of Asia, then our reconstruction of Greater India together 
with the expected paleolatitudes from the Indian APWP implies 
India first came into contact with Asia at 55±5 Ma in the western 
Himalayas (Fig. 9C), which agrees within uncertainty with the col-
lision age of 59±1 Ma, derived by first arrival of Asian detritus on 
the Indian plate (Hu et al., 2016), as well as 55 Ma from the mag-
matic record (Zhu et al., 2015). It appears that the leading margin 
of Greater India, as quantified by the paleolatitude data, helped 
shape the present day geometry of the plate boundary between 
the Indian and Asian plates (Royden et al., 2008). In other words, 
the leading margin of Greater India extended farther north in the 
west than in the east (present day), which indented Asia’s south-
ern boundary to a greater extent in the west than the east. This is 
compatible with clockwise paleomagnetic rotations typically found 
in the east, which would arise from right lateral shear.

We conclude that the combined India + Greater India plate oc-
cupied an area more than twice its present day surface. A ∼2700 
km extension of Greater India agrees with some (Ingalls et al., 
2016; Powell et al., 1988; Yi et al., 2011), but not all (Ma et al., 
2016; van Hinsbergen et al., 2019; Yang et al., 2015), estimates 
from kinematic or paleomagnetic models. Such large volumes of 
subducted material do not contradict models of plateau forma-
tion that doubled the thickness of the crust (Ingalls et al., 2016) 
and that caused far-field deformation and outer growth of the Ti-
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Fig. 5. Day plot of the hysteresis parameters and examples of hysteresis loops adjusted for paramagnetic slope from Zongshan limestones from Zhada. Green (red) dots are 
from the Albian (Maastrichtian) limestone from this study, red triangles are from the Zongshan Formation in the Gamba area (Huang et al., 2017b), blue triangles are from 
the Zongpu Formation in Gamba and Tingri (Huang et al., 2017b).

Fig. 6. Paleomagnetic data from Albian limestones from the Zongshan Formation at Zhada. (A-B) Vector-component diagrams, normalized magnetic moment vs. temperature, 
and equal-area stereonet plots (in-situ coordinates) for representative samples. (C-D) Equal-area stereonet plots of the high-temperature magnetization (HTC) directions and 
great circle fits. The mean directions are shown by blue stars with pink 95% confidence ellipses. Solid (open) circles are projections in the horizontal (vertical) planes in the 
vector-component diagrams. Open (solid) circles indicate upper (lower) hemisphere in the stereonet plots.
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Fig. 7. Paleomagnetic data from Maastrichtian limestones from the Zongshan Formation at Zhada. (A-B) Vector-component diagrams, normalized magnetic moment vs. 
temperature, and equal-area stereonet plots (in-situ coordinates) for representative samples. (C-D) Equal-area stereonet plots of the high-temperature magnetization (HTC) 
directions. The mean directions are shown by blue stars with pink 95% confidence ellipses. Solid (open) circles are projections in the horizontal (vertical) planes in the 
vector-component diagrams. Open (solid) circles indicate upper (lower) hemisphere in the stereonet plots. (E) The non-parametric fold test (Tauxe and Watson, 1994) of the 
Maastrichtian samples.

dataset and should be interpreted with caution, yields a paleolat-
itude of 25.6±5.2◦S, consistent with India located in the southern 
hemisphere at ∼113-100 Ma. That the paleolatitudinal shift be-
tween the Albian and Maastrichtian limestones parallels the drift 
history of India further supports the argument for a primary na-
ture of their respective magnetizations.

Like the Upper Cretaceous data, the origin of paleomagnetic 
remanence directions from Lower Cretaceous strata is sometimes 
open to interpretation. Huang et al. (2015b) sampled a 400 m thick 
section of highly deformed (mostly overturned) Lower-Middle 
Jurassic (Pliensbachian) to Lower Cretaceous (Aptian) limestones 
and volcaniclastic sediments. Although all facies had a single mag-
netic polarity and define a continuous swath of directions (Fig. 
S2), Huang et al. (2015b) argued the Jurassic limestones were 
overprinted during the Cretaceous normal superchron, while the 
Cretaceous Wölong Formation sandstones recorded primary mag-
netizations that were also acquired during the superchron. We 
reanalyzed the directions from Huang et al. (2015b) determined 
solely by principal component analyses (Fig. S2). While the McEl-
hinny (1964) fold test is positive at the 95% significance level for 
all samples and Wölong alone, the McFadden (1990) fold test is 
negative for all samples and inconclusive for Wölong; k maximizes 
at 80% unfolding for Wölong, whose corresponding direction (D80%
= 170.7◦ , I80% = −86.8◦ , α95 = 2.1◦) makes no tectonic sense. 
More telling is that an inclination-only fold test is clearly nega-
tive in both cases with kg = 20.0 and ks = 9.6 for all data (n =
309 samples) and kg = 67.1 and ks = 39.1 for Wölong (n = 151) 

(Fig. S2). Our interpretation is that all the rocks in the section 
were overprinted in the northern hemisphere during a period of 
reversed polarity and therefore disregard this result.

In the western Tethyan Himalaya, Klootwijk and Bingham 
(1980) studied Lower Cretaceous volcaniclastic sandstones that 
yielded paleolatitudes of 37.1 ± 6.5◦S to 36.0 ± 8.0◦S for the 
Valanginian-Berriasian and 42.6 ± 5.0◦S for the Aptian-latest Al-
bian. However, no paleomagnetic field tests were performed and 
no evaluation was made for inclination shallowing, so we omit 
this result from further consideration.

Paleolatitudes of 52.2◦±5.7◦S and 48.5±6.1◦S were derived 
from 135-124 Ma basaltic lava flows in the Cuona and Langkazi 
regions of eastern Tethyan Himalaya, respectively (Ma et al., 2016; 
Yang et al., 2015) (Fig. 1). Positive fold and reversal tests indicate 
that the remanent magnetizations are primary. However, the elon-
gation parameter (E) for both results is much higher, 3.1 in Yang 
et al. (2015) and 2.3 in Ma et al. (2016), than 1.3 predicted by 
the TK03.GAD secular variation model for a latitude of 50◦ (Tauxe 
and Kent, 2004). Such highly elongated distributions suggest that 
secular variation was inadequately averaged, which can commonly 
arise in basaltic lava flows. Alternatively, highly elongated pole 
distributions could suggest significant flattening of the palaeomag-
netic directions (Tauxe and Kent, 2004), which is unlikely for lava 
flows, or streaking out about a small circle centered on the site due 
to differential vertical-axis rotations. However, the streaking is also 
present in flows from the same section, lowering the probability 
of the latter explanation. Nor does applying a two-step correction 
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Abstract The Tibetan Himalaya represents the northernmost continental unit of the Indian plate that col-
lided with Asia in the Cenozoic. Paleomagnetic studies on the Tibetan Himalaya can help constrain the dimen-
sion and paleogeography of ‘‘Greater India,’’ the Indian plate lithosphere that subducted and underthrusted
below Asia after initial collision. Here we present a paleomagnetic investigation of a Jurassic (limestones) and
Lower Cretaceous (volcaniclastic sandstones) section of the Tibetan Himalaya. The limestones yielded positive
fold test, showing a prefolding origin of the isolated remanent magnetizations. Detailed paleomagnetic analy-
ses, rock magnetic tests, end-member modeling of acquisition curves of isothermal remanent magnetization,
and petrographic investigation reveal that the magnetic carrier of the Jurassic limestones is authigenic mag-
netite, whereas the dominant magnetic carrier of the Lower Cretaceous volcaniclastic sandstones is detrital
magnetite. Our observations lead us to conclude that the Jurassic limestones record a prefolding remagnetiza-
tion, whereas the Lower Cretaceous volcaniclastic sandstones retain a primary remanence. The volcaniclastic
sandstones yield an Early Cretaceous paleolatitude of 55.5!S [52.5!S, 58.6!S] for the Tibetan Himalaya, suggest-
ing it was part of the Indian continent at that time. The size of ‘‘Greater India’’ during Jurassic time cannot be
estimated from these limestones. Instead, a paleolatitude of the Tibetan Himalaya of 23.8!S [21.8!S, 26.1!S]
during the remagnetization process is suggested. It is likely that the remagnetization, caused by the oxidation
of early diagenetic pyrite to magnetite, was induced during 103–83 or 77–67 Ma. The inferred paleolatitudes
at these two time intervals imply very different tectonic consequences for the Tibetan Himalaya.

1. Introduction

Paleogeographic reconstructions of intensely deformed terranes in the India-Asia collision zone can be
quantified by using paleomagnetic data to constrain vertical axis rotations and, importantly, paleolatitude.
There is an ongoing debate on the paleolatitude history of the Tibetan Himalaya, which represents the
northernmost continental unit of the Indian plate that first collided with Asia [Gansser, 1964; Sciunnach and
Garzanti, 2012]. Paleomagnetic data from uppermost Cretaceous and Paleogene rocks from the Tibetan
Himalayan show a paleolatitudinal separation from India of 24.1 6 6.3! (2675 6 699 km N-S) [Patzelt et al.,
1996; Dupont-Nivet et al., 2010a; Yi et al., 2011; van Hinsbergen et al., 2012], which, when combined with
paleolatitude results from the Lhasa terrane of the Asian margin, suggests the Tibetan Himalaya-Lhasa colli-
sion occurred by "50 Ma if not several million years earlier [Dupont-Nivet et al., 2010b; van Hinsbergen et al.,
2012; Lippert et al., 2014]. Paleomagnetic data from the Lower Cretaceous of the Tibetan Himalaya [Klootwijk
and Bingham, 1980], however, show an insignificant paleolatitudinal separation from India, which led van
Hinsbergen et al. [2012] to conclude that the Tibetan Himalaya must have rifted and drifted away from India
during the Cretaceous, a view that has since been widely debated [Aitchison and Ali, 2012; DeCelles et al.,

Key Points:
# Low Cretaceous volcaniclastic

sandstones retain a primary
remanence
# Jurassic limestones were chemically

remagnetized
# Tibetan Himalaya was part of India

plate in Early Cretaceous

Supporting Information:
# Supporting Information

Correspondence to:
W. Huang,
W.Huang@uu.nl

Citation:
Huang, W., D. J. J. van Hinsbergen, M. J.
Dekkers, E. Garzanti, G. Dupont-Nivet,
P. C. Lippert, X. Li, M. Maffione, C. G.
Langereis, X. Hu, Z. Guo, and P. Kapp
(2015), Paleolatitudes of the Tibetan
Himalaya from primary and secondary
magnetizations of Jurassic to Lower
Cretaceous sedimentary rocks,
Geochem. Geophys. Geosyst., 16, 77–
100, doi:10.1002/2014GC005624.

Received 21 OCT 2014
Accepted 21 DEC 2014
Accepted article online 30 DEC 2014
Published online 15 JAN 2015

HUANG ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 77

Geochemistry, Geophysics, Geosystems

PUBLICATIONS

maximum depositional age of !134 Ma [Du et al., 2015]. The W€olong Formation in this study overlies the Kim-
merdgian to Tithonian Spiti Shale conformably. We therefore infer that the deposition of the W€olong Formation
in our study is probably older than that at the Gucuo locality [Hu et al., 2010], but similar to the volcaniclastic
rocks in the Babazhadong area [Du et al., 2015] with a maximum depositional age of 134 6 4 Ma.

3. Paleomagnetic Sampling

Typical paleomagnetic cores with a diameter of 2.5 cm were collected using a portable gasoline-powered
drill and were oriented with magnetic and sun compasses. We collected 624 individual paleomagnetic cores
from all the units of the Jurassic to Lower Cretaceous successions from the northern overturned limb of the
syncline (Figure 1b). One hundred forty oriented cores (JA1–JA140, sample code progressing up section)
are from unit K1, 84 cores (JB1–JB84) are from unit K2, 80 cores (JC1–JC80) are from the Laptal Formation, 52
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Figure 1. (a) Simplified geological map of the Himalayas, modified from Gansser [1964] and Hu et al. [2010]. MFT: Main Frontal Thrust; MBT: Main Boundary Thrust; MCT: Main Central
Thrust; and STDS: South Tibetan Detachment System. (b) Profile of the sampled section.
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Thrust; and STDS: South Tibetan Detachment System. (b) Profile of the sampled section.
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Remagnetization of the Paleogene Tibetan Himalayan
carbonate rocks in the Gamba area: Implications
for reconstructing the lower plate
in the India-Asia collision
Wentao Huang1,2,3 , Peter C. Lippert3, Michael J. Jackson4 , Mark J. Dekkers5 , Yang Zhang1,
Juan Li6, Zhaojie Guo1 , Paul Kapp2 , and Douwe J. J. van Hinsbergen5
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Abstract The characteristic remanent magnetization (ChRM) isolated from Paleogene carbonate rocks of
the Zongpu Formation in Gamba (28.3°N, 88.5°E) of southern Tibet has previously been interpreted to be
primary. These data are pertinent for estimating the width of Greater India and dating the initiation of
India-Asia collision. We have reanalyzed the published ChRM directions and completed thorough rock
magnetic tests and petrographic observations on specimens collected throughout the previously
investigated sections. Negative nonparametric fold tests demonstrate that the ChRM has a synfolding or
postfolding origin. Rock magnetic analyses reveal that the dominant magnetic carrier is magnetite.
“Wasp-waisted” hysteresis loops, suppressed Verwey transitions, high frequency-dependent in-phase
magnetic susceptibility, and evidence that>70% of the ferrimagnetic material is superparamagnetic at room
temperature are consistent with the rock-magnetic fingerprint of remagnetized carbonate rocks. Scanning
electron microscopy observations and energy-dispersive X-ray spectrometry analysis confirm that magnetite
grains are authigenic. In summary, the carbonate rocks of the Zongpu Formation in Gamba have been
chemically remagnetized. Thus, the early Paleogene latitude of the Tibetan Himalaya and size of Greater India
have yet to be determined and the initiation of collision cannot yet be precisely dated by paleomagnetism. If
collision began at 59 ± 1Ma at ~19°N, as suggested by sedimentary records and paleomagnetic data from
the Lhasa terrane, then a huge Greater India, as large as ~3500–3800 km, is required in the early Paleogene.
This size, in sharp contrast to the few hundred kilometers estimated for the Early Cretaceous, implies an ever
greater need for extension within Greater India during the Cretaceous.

1. Introduction

Quantitative paleogeographic reconstruction of the India-Asia collision zone relies on high-quality paleomag-
netic poles for both Asia- and India-derived rocks. Uncertainties in the timing, kinematics, and magnitude of
crustal deformation in the Himalayas and Asia limit our ability to quantify the paleolatitude history of the
southern margin of Asia (Lhasa terrane) and the northern margin of India (Tibetan Himalaya) from a global
apparent polar wander path (GAPWaP) [Torsvik et al., 2012] alone. Paleomagnetic data from Lhasa and the
Himalaya are therefore required to better quantify the precollisional paleogeography. Paleomagnetic data
from Lower Cretaceous strata of the Tibetan Himalaya show insignificant paleolatitudinal separation between
the Tibetan Himalaya and the modern northern limit of the undeformed Indian continent (i.e., at the Main
Frontal Thrust of the Himalaya) and thus indicate a small size of “Greater” India [Klootwijk and Bingham,
1980; Huang et al., 2015c; Yang et al., 2015; Ma et al., 2016]. Paleomagnetic data from uppermost
Cretaceous and Paleogene strata, however, show a paleolatitudinal separation of Tibetan Himalaya from
India of some 2675± 700 km (N-S) or a very large Greater India [Patzelt et al., 1996; Dupont-Nivet et al.,
2010; Yi et al., 2011]. Taken together, these paleomagnetic observations suggest that the Tibetan Himalaya
may have rifted and drifted away from India during the Cretaceous [van Hinsbergen et al., 2012].
Paleomagnetic constraints on the initiation of the Tibetan Himalaya-Lhasa collision, defined as the time at
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carbonate rocks near the Duina village (~75 km southeast of Gamba County). We collected 34 carbonate
hand samples from the four members of the Zongpu Formation exposed in sections 1 and 2 (Figure 1c).
Additionally, 11 samples from Members III and IV were also collected from section 3 to the east of sections
1 and 2 in Gamba (Figure 1d). One quartzarenite specimen (12ZP01) was also collected from the Jidula
Formation below the Zongpu carbonate rocks in section 1. These sections overlap with the main sampling
section A of the Zongpu Formation presented in Yi et al. [2011].

3. Reanalysis of the Paleomagnetic Results From the Zongpu Carbonate Rocks

In addition to their main sampling at section A of the Zongpu carbonate rocks, Yi et al. [2011] also collected
samples from their section C near Tukson (~15 km southeast of Gamba County). Section C also contains
Member I of the Zongpu Formation, but it has a different structural orientation from section A, making it pos-
sible to apply a regional fold test to constrain the timing of the remanence acquisition. Yi et al. [2011]
reported a positive fold test, which has been used to argue that the Zongpu carbonate rocks at Gamba

Figure 1. (a) Simplified geologic map of the Himalayas, modified from Li et al. [2015]. MFT: Main Frontal Thrust, MBT: Main Boundary Thrust, MCT: Main Central Thrust,
STDS: Southern Tibetan Detachment System. (b) Geologic map of the Gamba area showing the studied stratigraphic sections, modified after Li et al. [2015]. (c and d)
Lithostratigraphy of the Zongpu and uppermost Jidula Formations with the sampling localities indicated.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013662

HUANG ET AL. CARBONATES WERE REMAGNETIZED IN GAMBA 810

carbonate rocks near the Duina village (~75 km southeast of Gamba County). We collected 34 carbonate
hand samples from the four members of the Zongpu Formation exposed in sections 1 and 2 (Figure 1c).
Additionally, 11 samples from Members III and IV were also collected from section 3 to the east of sections
1 and 2 in Gamba (Figure 1d). One quartzarenite specimen (12ZP01) was also collected from the Jidula
Formation below the Zongpu carbonate rocks in section 1. These sections overlap with the main sampling
section A of the Zongpu Formation presented in Yi et al. [2011].

3. Reanalysis of the Paleomagnetic Results From the Zongpu Carbonate Rocks

In addition to their main sampling at section A of the Zongpu carbonate rocks, Yi et al. [2011] also collected
samples from their section C near Tukson (~15 km southeast of Gamba County). Section C also contains
Member I of the Zongpu Formation, but it has a different structural orientation from section A, making it pos-
sible to apply a regional fold test to constrain the timing of the remanence acquisition. Yi et al. [2011]
reported a positive fold test, which has been used to argue that the Zongpu carbonate rocks at Gamba

Figure 1. (a) Simplified geologic map of the Himalayas, modified from Li et al. [2015]. MFT: Main Frontal Thrust, MBT: Main Boundary Thrust, MCT: Main Central Thrust,
STDS: Southern Tibetan Detachment System. (b) Geologic map of the Gamba area showing the studied stratigraphic sections, modified after Li et al. [2015]. (c and d)
Lithostratigraphy of the Zongpu and uppermost Jidula Formations with the sampling localities indicated.

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013662

HUANG ET AL. CARBONATES WERE REMAGNETIZED IN GAMBA 810



Journal of Geophysical Research: Solid Earth 10.1002/2016JB013662

HUANG ET AL. CARBONATES WERE REMAGNETIZED IN GAMBA 812

Fold tests are often ambiguous with most of the samples on the 
same fold limb. 
Could the ChRM be secondary?



Figure 8. SEM backscattered electron images for selected specimens of the Zongpu carbonate rocks. Mag: magnetite, Cal: calcite, Qtz: quartz, Py: pyrite. The white
dots with numbers indicate EDS analysis spots as shown in Figure S1.
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room temperature, a relatively strong frequency dependence of susceptibility indicates the presence of a
substantial population of grains with blocking temperatures near 300 K, which can be attributed tomagnetite
grains with diameters of 15–25 nm [Worm and Jackson, 1999; Jackson and Swanson-Hysell, 2012]. With
decreasing temperature, the SP-SSD threshold shifts to smaller sizes and a strong frequency dependence
of in-phase susceptibility (χ0) can be observed down to 20 K (Figure 6a), indicating a broad distribution of
nanosized magnetite. The measured out-of-phase susceptibility (χ″) is indistinguishable from the calculated
values of !(π/2) dχ0/d(ln(f)), where f is the frequency, defined by the Néel relation (Figure 6b) [Néel, 1949],
implying that χ″ originates primarily in a thermal relaxation mechanism.

Figure 3. High-temperature heating (red) and cooling curves (blue) of bulk magnetic susceptibility in air for representative specimens.
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Figure 8. SEM backscattered electron images for selected specimens of the Zongpu carbonate rocks. Mag: magnetite, Cal: calcite, Qtz: quartz, Py: pyrite. The white
dots with numbers indicate EDS analysis spots as shown in Figure S1.
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University, Utrecht, Netherlands, 6School of Earth Sciences and Engineering, Nanjing University, Nanjing, China

Abstract The latitudinal motion of the Tibetan Himalaya—the northernmost continental unit of the Indian
plate—is a key component in testing paleogeographic reconstructions of the Indian plate before the
India-Asia collision. Paleomagnetic studies of sedimentary rocks (mostly carbonate rocks) from the Tibetan
Himalaya are complicated by potentially pervasive yet cryptic remagnetization. Although traditional
paleomagnetic field tests reveal some of this remagnetization, secondary remanence acquired prior to
folding or tilting easily escapes detection. Here we describe comprehensive rock magnetic and petrographic
investigations of Jurassic to Paleocene carbonate and volcaniclastic rocks from Tibetan Himalayan strata
(Tingri and Gamba areas). These units have been the focus of several key paleomagnetic studies for Greater
Indian paleogeography. Our results reveal that while the dominant magnetic carrier in both carbonate and
volcaniclastic rocks is magnetite, their magnetic and petrographic characteristics are distinctly different.
Carbonate rocks have “wasp-waisted” hysteresis loops, suppressed Verwey transitions, extremely fine grain
sizes (superparamagnetic), and strong frequency-dependent magnetic susceptibility. Volcaniclastic rocks
exhibit “pot-bellied” hysteresis loops and distinct Verwey transitions. Electron microscopy reveals that
magnetite grains in carbonate rocks are pseudomorphs of early diagenetic pyrite, whereas detrital magnetite
is abundant and pyrite is rarely oxidized in the volcaniclastic rocks. We suggest that the volcaniclastic
rocks retain a primary remanence, but oxidation of early diagenetic iron sulfide to fine-grainedmagnetite has
likely caused widespread chemical remagnetization of the carbonate units. We recommend that thorough
rock magnetic and petrographic investigations are prerequisites for paleomagnetic studies throughout
southern Tibet and everywhere in general.

1. Introduction

Quantitative paleogeographic reconstructions are best constrained if they are based on marine magnetic
anomalies and fracture zones in the world’s oceans, but where continent-derived terranes are presently
surrounded by sutures and/or fold-thrust belts, quantification of their past plate motion relies heavily
on paleomagnetic observation. For example, Indian Ocean reconstructions show that the Indian plate
was once part of east Gondwana, but rifted from Gondwana during the Early Cretaceous, and after
Late Cretaceous to Paleogene northward drift, it collided with the southernmost margin of Asia to form
the Himalayan fold-thrust belt and contribute to the crustal thickening of the Tibetan Plateau in Cenozoic
(Figure 1a) [e.g., Klootwijk, 1984; Garzanti, 1999; Yin and Harrison, 2000; van Hinsbergen et al., 2011]. Within
the Himalaya, however, continent-derived rock units exist that are at present surrounded by major thrusts
(Figure 1b) and that therefore have a motion history relative to both Eurasia and India. To quantify that
motion history, paleomagnetic investigations of the Tibetan Himalaya (TH), which represents the north-
ernmost continental crust derived from the Indian plate [e.g., Powell and Conaghan, 1973; Hodges,
2000], have focused on Mesozoic and Cenozoic strata. The paleolatitudes calculated from these studies
are then compared to the paleolatitudes of the Indian continent (derived from a Global Apparent Polar
Wander Path) [e.g., Torsvik et al., 2012] and constrain the dimension of “Greater India” (defined as the ret-
rodeformed area between the former northern margin of the TH and the modern southernmost thrust of
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oxidation of pyrite. Additional loss of susceptibility in most specimens up to 650°C (Figures 5a–5d) indicates
that hematite makes a minor contribution to the bulk susceptibility.

3.2. Room Temperature Hysteresis Measurements

Hysteresis loops for each of the carbonate specimens, except those from the Zongshan Formation
(Figures 4e–4h), are “wasp waisted” (Figures 6a–6r), indicating the combination of two or more magnetic
components with contrasting coercivities [Jackson, 1990; Roberts et al., 1995] or different size fractions of a
single mineral [Tauxe et al., 1996; Dunlop, 2002]. The low Bc and Bcr values for most specimens indicate

Figure 4. (a–d) High-temperature bulk susceptibility measurements for representative carbonate specimens from the
Zongshan Formation in the Gamba area; Figures 4b and 4d are the enlarged heating curves of curves shown in
Figures 4a and 4c, respectively. (e–h) Room temperature hysteresis loops from carbonate specimens of the Zongshan
Formation. (i–t) SEM backscattered electron images for specimens of the Zongshan carbonate rocks. Mag: magnetite, Cal:
calcite, Qtz: quartz, Py: pyrite, Rt: rutile, and Sp: sphalerite. White dots with numbers indicate the spots of the EDS analysis
shown in Figure S2 and Table S5 in the supporting information.
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framboids show growth zoning (Figure 10h). The second phase of magnetite is subeuhedral to euhedral with
crystal sizes ranging from a few micrometers to >100μm (Figures 10j–10p, 10r, 10t, and 10u). Rims with
darker backscattered electron images are usually observed around these subeuhedral to euhedral

Figure 10. SEM backscattered electron images for representative carbonate specimens of the upper Cretaceous to
Paleogene strata in the Tingri area and the Jiubao Formation in the Gamba area. Symbols are the same as those in
Figures 4i–4t. Results of EDS analysis are shown in Figure S1 and Table S4. SEM backscattered electron images for carbonate
specimens of the Kioto Group and the Laptal and Dangar Formations are presented in Huang et al. [2015c].
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Carbonate rocks, widely used for paleomagnetically quantifying the drift history of the Gondwana-
derived continental blocks of the Tibetan Plateau and evolution of the Paleo/Meso/Neo-Tethys Oceans, 
are prone to pervasive remagnetization. Identifying remagnetization is difficult because it is commonly 
undetectable through the classic paleomagnetic field tests. Here we apply comprehensive paleomagnetic, 
rock magnetic, and petrographic studies to upper Triassic limestones in the eastern Qiangtang block. 
Our results reveal that detrital/biogenic magnetite, which may carry the primary natural remanent 
magnetization (NRM), is rarely preserved in these rocks. In contrast, authigenic magnetite and hematite 
pseudomorphs after pyrite, and monoclinic pyrrhotite record three episodes of remagnetization. The 
earliest remagnetization was induced by oxidation of early diagenetic pyrite to magnetite, probably 
related to the collision between the northeastern Tibetan Plateau and the Qiangtang block after closure 
of the Paleo-Tethys Ocean in the Late Triassic. The second remagnetization, residing in hematite and 
minor goethite, which is the further subsurface oxidation product of pyrite/magnetite, is possibly 
related to the development of the localized Cenozoic basins soon after India-Asia collision in the 
Paleocene. The youngest remagnetization is a combination of thermoviscous and chemical remanent 
magnetization carried by authigenic magnetite and pyrrhotite, respectively. Our analyses suggest that 
a high supply of organic carbon during carbonate deposition, prevailing sulfate reducing conditions 
during early diagenesis, and widespread orogenic fluid migration related to crustal shortening during 
later diagenesis, have altered the primary remanence of the shallow-water Tethyan carbonate rocks 
of the Tibetan Plateau. We emphasize that all paleomagnetic results from these rocks must be 
carefully examined for remagnetization before being used for paleogeographic reconstructions. Future 
paleomagnetic investigations of the carbonate rocks in orogenic belts should be accompanied by thorough 
rock magnetic and petrographic studies to determine the origin of the NRM.

 2019 Elsevier B.V. All rights reserved.

1. Introduction

The Tibetan Plateau is made of a series of continental blocks 
that rifted away from Gondwana in the south and subsequently 
drifted towards and collided with Eurasia in the north from Meso-

* Corresponding author.
E-mail address: whuang28@ur.rochester.edu (W. Huang).

zoic to Cenozoic times (Yin and Harrison, 2000). The process was 
accompanied by opening and closing of the Pale-, Meso-, and Neo-
Tethys oceans, resulting in the formation and subsequent deforma-
tion of abundant marine carbonate rocks preserved today in the 
Himalayas and Tibetan Plateau. From north to south (Figs. 1a, b), 
these continental blocks include the Qiangtang, which welded to 
the south of northeastern Tibet along the Jinsha suture after clo-
sure of the Paleo-Tethys Ocean in the Late Triassic (e.g., Yin and 
Harrison, 2000; Song et al., 2015); the Lhasa block, which collided 
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Fig. 1. (a) Tectonic map of the India-Asia collision zone (modified from van Hinsbergen et al., 2012). (b) Paleolatitude versus time plot with paleomagnetic data from the 
Tibetan Himalaya, Lhasa, and Qiangtang blocks in the Tibetan Plateau generated using www.paleomagnetism .org (Koymans et al., 2016). Circles represent paleomagnetic poles 
determined by carbonate rocks. Dots are from clastic and volcanic rocks. Paleomagnetic data are from Song et al. (2017), updated with the latest reported poles (Bian et al., 
2017; Ma et al., 2018, 2019; Cao et al., 2019). (c) Geologic map of the Yushu-Nangqian area with paleomagnetic sampling localities of the Upper Triassic limestones plotted. 
(For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

with the Qiangtang block along the Bangong-Nujiang suture zone 
after closure of the Meso-Tethys Ocean in the Late Jurassic to Early 
Cretaceous (e.g., Kapp et al., 2007); and the Tibetan Himalaya, the 
northernmost continental unit of the Indian plate, which collided 
with the Lhasa block along the Indus-Yarlung suture zone after clo-
sure of the Neo-Tethys Ocean in the early Paleogene (e.g., Hu et al., 
2015). Large-scale south-north motion of these blocks took place 
during their transfer from Gondwana to Eurasia, which makes pa-
leomagnetism one of the most important tools to decipher the 
opening and closing of the Tethys Oceans, the drifting and colli-
sion of these continental blocks, and the kinematic evolution and 
tectonic history of the Himalayas and Tibetan Plateau.

The widely distributed carbonate rocks on the Himalayas, the 
Lhasa and Qiangtang blocks, have been one of the main targets 
for paleomagnetic studies to constrain the paleolatitude drift his-
tory of these blocks (circles in Fig. 1b). Paleomagnetic studies on 
these rocks started in the 1980s and 1990s (see summary in van 
Hinsbergen et al., 2012), and these pioneering studies have been 
greatly improved recently by acquiring larger datasets and ap-
plying more sophisticated analytical techniques for the Himalayas 
(e.g., Huang et al., 2015), the Lhasa block (e.g., Bian et al., 2017;
Ma et al., 2018), and the Qiangtang block (e.g., Cao et al., 2019). 

Nevertheless, results reported from these carbonate rocks are dis-
parate, and often contradict the usually more robust paleomagnetic 
results determined from coeval volcanic and fine-grained detrital 
rocks. For example, estimated Triassic paleolatitudes of the Ti-
betan Himalaya based on data from carbonate rocks range from 
75.7◦S to 24.8◦S (reference location: 32.8◦N, 96.7◦E, same for be-
low) (Fig. 1b), and most deviate from the predicted paleolatitudes 
from the global apparent polar wander path (GAPWaP, Torsvik et 
al., 2012). Paleomagnetic results from carbonate rocks have been 
interpreted to indicate that the Lhasa block was located at low 
southern hemisphere latitudes during Carboniferous-Triassic times, 
whereas the GAPWaP of Gondwana predicts middle-high south-
ern hemisphere latitude (Fig. 1b). The Late Triassic latitude of the 
Qiangtang block was constrained to be ∼15◦N from data from 
limestones (Zhou et al., 2017), much lower than the robust results 
of 30–33◦N from volcanic rocks (Fig. 1b) (Song et al., 2015).

Although potential inclination shallowing induced by com-
paction might contribute to the abnormality in these datasets 
(Kodama, 2012), widespread remagnetization of carbonate rocks, 
as recognized in the orogenic belts in North America, South Amer-
ica, and Europe (Elmore et al., 2012; van der Voo and Torsvik, 
2012, and references therein), must also be considered. Remagne-

Same story on Triassic carbonates from the eastern Qiangtang.

Huang et al. use SEM/EDS data to interpret the paleomagnetic data.
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Fig. 10. SEM backscattered electron images of specimens from the Upper Triassic limestones. Mag: magnetite, Hem: hematite, Po: pyrrhotite, Cal: calcite, Py: pyrite, and Rt: 
rutile. White dots are the EDS analysis spots with the results shown in Fig. S1.

from pyrite, suggesting they result from further oxidation prod-
ucts of pyrite under higher oxygen fugacity. Two specimens from 
this site yield an ITC of reverse polarity (Fig. 3a). A robust reversals 
test cannot be applied because the number of independent results 

is too small, but it is quite clear that these two ITCs are nearly 
antipodal to the ITCs/HTCs of other specimens in this site. This 
suggests that the growth of authigenic hematite spanned a suffi-
ciently long time in some specimens during both polarities. The 

Huang et al made the same interpretation 
Of pyrite to magnetite alteration



Pyrite

But this is not magnetite
k) from Huang et al. 

Left: observation on SEM (this study) 
Above: optical observation in 
reflected light (this study) 
The dark blue-grey colour 
corresponds to pyrite weathering 
products



Comparison of images in 
reflected light microscope 
and SEM images 
The dark blue grey is just  
limonite and various iron 
hydroxides 

EDS data will give Fe and 
O but it is not magnetite 
Huang et al's 
interpretation of SEM 
data is questionned by 
our observations



Conclusions:  
We found no evidence for oxidation of early diagenetic pyrite to 
magnetite in Triassic carbonates from the Qiangtang. Interpretation of 
SEM data should not be done without microscope observation in 
reflected light.  

But that does not rule out the presence of a secondary magnetization in 
the Tethyan Himalaya carbonates. 

Is the remagnetization event in the early Miocene associated with 
pyrrhotite widespread and affecting the carbonates with magnetite ? 

Is there still any hope to determine the size of Greater India from Pmag 
data ? 

Recommendation: All the raw demagnetization data should be 
published in the MAGIC database for a reassessment of all the data 


