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Abstract    Placing precise constraints on the timing of the India-Asia continental collision is essential to understand the
successive geological and geomorphological evolution of the orogenic belt as well as the uplift mechanism of the Tibetan Plateau
and their effects on climate, environment and life. Based on the extensive study of the sedimentary record on both sides of the
Yarlung-Zangbo suture zone in Tibet, we review here the present state of knowledge on the timing of collision onset, discuss its
possible diachroneity along strike, and reconstruct the early structural and topographic evolution of the Himalayan collided range.
We define continent-continent collision as the moment when the oceanic crust is completely consumed at one point where the two
continental margins come into contact. We use two methods to constrain the timing of collision onset: (1) dating the provenance
change from Indian to Asian recorded by deep-water turbidites near the suture zone, and (2) dating the age of unconformities
on both sides of the suture zone. The first method allowed us to constrain precisely collision onset as middle Palaeocene (59±1
Ma). Marine sedimentation persisted in the collisional zone for another 20–25 Ma locally in southern Tibet, and molassic-type
deposition in the Indian foreland basin did not begin until another 10–15 Ma later. Available sedimentary evidence failed to firmly
document any significant diachroneity of collision onset from the central Himalaya to the western Himalaya and Pakistan so far.
Based on the Cenozoic stratigraphic record of the Tibetan Himalaya, four distinct stages can be identified in the early evolution
of the Himalayan orogen: (1) middle Palaeocene-early Eocene earliest Eohimalayan stage (from 59 to 52 Ma): collision onset
and filling of the deep-water trough along the suture zone while carbonate platform sedimentation persisted on the inner Indian
margin; (2) early-middle Eocene early Eohimalayan stage (from 52 to 41 or 35 Ma): filling of intervening seaways and cessation
of marine sedimentation; (3) late Eocene-Oligocene late Eohimalayan stage (from 41 to 25 Ma): huge gap in the sedimentary
record both in the collision zone and in the Indian foreland; and (4) late Oligocene-early Miocene early Neohimalayan stage
(from 26 to 17 Ma): rapid Himalayan growth and onset of molasse-type sedimentation in the Indian foreland basin.
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1.          Introduction

Continental collision is one of the most spectacular phenom-
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ena of plate tectonics. Many large mountain ranges around
the world, including the Himalayas, the Alps and the Zagros,
are the product of continental collision (Dewey and Bird,
1970). The eastern part of the vast Eurasian plate was formed
by the aggregation of diverse continental blocks through sev-
eral successive events of continental collision, including the
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Cathaysia-Yangtze collision, the South China-North China
collision, the Lhasa-Qiangtang collision, and eventually the
India-Asia collision. Studies of the effects of continental col-
lision are therefore particularly important for the understand-
ing of the geological and tectonic evolution of China.
The India-Asia continental collision is one of the most im-

portant geological events of the Phanerozoic (Dewey et al.,
1988; Yin and Harrison, 2000). It formed the most promi-
nent landforms in the modern world (i.e., the Tibetan Plateau
and the Himalayan Mountains) and caused major climatic
and environmental changes all around our planet (Cenozoic
global cooling and the Asian monsoon; Raymo and Ruddi-
man, 1992; An et al., 2001). Environmental hazards conse-
quent to orogenic uplift, such as destructive earthquakes and
huge landslides, still affect the Himalayan range and regions
surrounding the Tibetan Plateau. The India-Asia continen-
tal collision has remained an intensely studied and hotly de-
bated subject for the geoscience community throughout the
last decades, and it is the central topic of major scientific and
technical programs and many international collaborations.
The initial India-Asia continental collision coincides with

the beginning of the Himalayan orogeny, and its understand-
ing is vital to improve our knowledge on tectonic processes,
including the dynamic mechanism that led to the uplift of
the Tibetan Plateau and to its intra-continental deformation
(Wu et al., 2008). Important progress in constraining the
timing of the crucial stages of the India-Asia continental
collision and subsequent orogenic growth has been made in
recent years fostered by advances in multiple disciplines,
including stratigraphy, sedimentology, paleomagnetism and
magnetostratigraphy, igneous and metamorphic petrology,
and structural geology. However, a fierce debate still exists,
and there are huge differences between the timing of initial
collision as proposed by different scholars using different
methods and criteria (from as early as ∼70 Ma to as late as
25–20 Ma; Powell and Conaghan, 1973; Le Fort, 1975; Pa-
triat and Achache, 1984; Yin and Harrison, 2000; Aitchison
et al., 2000, 2007; Wang et al., 2003; Zhu et al., 2004; Mo
et al., 2007; Garzanti, 2008; Wu et al., 2008; Huang et al.,
2010; Najman et al., 2010; Hu et al., 2012, 2015, 2016a,
2016b; van Hinsbergen et al., 2012; Zhang et al., 2012; Wu
et al., 2014; DeCelles et al., 2014; Zhuang et al., 2015; Ding
et al., 2016, 2017; Zhu et al., 2017). This directly affects
our understanding of the geological evolution of the Tibetan
Plateau and Himalayan range.
The study of the sedimentary record is a most effective

method, and the only direct one, that allows us to constrain
collision timing (Garzanti et al., 1987; Rowley, 1996; Yin and
Harrison, 2000; Najman, 2005; Aitchison et al., 2007; Wu et
al., 2008; Najman et al., 2010; Hu et al., 2016a, 2016b). The
present review article is based on state-of-the-art results of
geological research from China and abroad, including strati-
graphic and sedimentological data collected by our research

group in Himalaya and southern Tibet over two decades (Fig-
ure 1). In the following sections we shall discuss first how we
have defined and constrained the timing of India-Asia col-
lision onset from the perspective of provenance and basin
analysis, and discuss next the available data in support of
or against the possibility of significant collision diachroneity.
By combining sedimentological and stratigraphic evidence
on facies changes and final cessation of marine sedimenta-
tion close to the suture zone and on the markedly delayed
appearance of classic molasse-type fluvial sedimentation in a
foreland basin developed on the Indian lower plate, we recon-
struct the sedimentary evolution of the India-Asia continental
collision from the middle Paleocene to the early Miocene. Fi-
nally, we shall illustrate aspects of the stratigraphic approach
applied to constrain the timing of initial collision, which can
represent a valuable reference for studies of other collisional
orogens worldwide.

2.          Definition of continental collision onset

In many cases, the debate about the timing of the initial India-
Asia continental collision is vitiated by a different definition
of “collision”. It is therefore necessary to clearly define what
we mean with “initial continental collision”. At least three
definitions have been used for collision onset (Figure 2), as:
(1) the time that oceanic crust between the opposite con-

tinents was eventually consumed at a point where the two
blocks of continental crust came into direct contact (Figure
2a). In the case of the India-Asia collision, this was the time
when the edge of the Indian continent margin began to under-
thrust Asia (Beck et al., 1995; Hu et al., 2012, 2016b).
(2) the time of the disappearance of seaways between the

continents (Figure 2b), revealed by the cessation of marine
facies in the collision zone (Chang and Zheng, 1973; Mol-
nar and Tapponnier, 1977; Searle et al., 1987; Rowley, 1996;
Aitchison et al., 2007).
(3) the time of intense interaction between the two conti-

nents (Figure 2c), when the continental crust of the subduct-
ing plate experienced significant shortening and thickening
(Molnar and Tapponnier, 1975). The preceding period when
continental subduction supposedly driven by slab pull took
place without intense tectonic deformation was called “conti-
nental contact” by some authors (Mascle et al., 2012, p. 192),
“soft collision” by others (e.g., van Hinsbergen et al., 2012;
Ding et al., 2017).
These definitions are markedly different. The oceanic crust

between the two continents at a point generally disappears
long before the disappearance of remnant seaways, and long
before “hard collision” induces crustal shortening and thick-
ening of the subducting plate. After clarifying the implica-
tions of such different definitions, the debate on India-Asia
collision timing becomes much clearer.
In this article we define initial collision as the timing of first
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Figure 1            Simplified geological map of southern Tibet (a) (revised from Yin, 2006) and Cenozoic stratigraphic correlation of different domains (b) including
southern Tethys Himalaya, northern Tethys Himalaya, Yarlung-Zangbo suture zone, forearc basin, Gangdese arc.

contact  between  the  Indian  and  Asian  continental  crusts
(Figure 2a). The initial contact between continents implies
direct interaction between them, it is simply defined, and it is
clear and easy to understand. The other two definitions are
far less viable in practice, because marine seaways can last
for an indefinite period of time on either side of the collision
zone and because there is no objective way to establish when
precisely “intense” crustal shortening begins. Moreover, any
definition based on evidence collected on the Earth surface

is preferable to definitions based on tectonic processes occur-
ring within the crust, which are typically complex and more
difficult to unravel, as discussed in section 5 below.
Once we have defined initial collision as the time of first

contact between the two blocks of continental crust, how can
we constrain precisely this from the sedimentary record? Two
stratigraphic-sedimentological methods can be used.
The first method is provenance analysis. At the time of

initial collision between the Indian and Asian continents, the
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Figure 2            Sketches illustrating three different definitions of “initial collision time”. (a) The time when oceanic lithosphere disappeared between the two
continents, and the edge of the lower-plate continental margin reached the trench and started to subduct below the overlying plate; (b) the time when seaways
disappeared between the two continental landmasses; (c) the time of intense tectonic interaction between continents, when the continental crust of the lower
plate experiences significant shortening and thickening.

distal passive margin of India reached the trench in front of
the Asian active margin and began to receive clastic materi-
als from the  Asian upper plate.  Therefore,  the  first time
when detritus from Asia reached the northern edge of the In-
dian continent on the lower plate constrains the time of initial
continental collision. As we shall see, in the case of the Hi-
malaya this event is best documented in the Saga Sangdan-
lin section of the northern Tethys Himalaya in Tibet (section
2). Subsequently, the deep sea trough between the two con-
tinents was progressively filled by sediments derived from
the upper plate, prograding toward and onlapping onto the
continental terrace of the lower plate, to finally reach the
shelf ending up to unconformably overlie the passive mar-
gin succession over its entire width, as documented in the
Tingri-Gamba area of the southern Tethys Himalaya. Only
at this later time seaways connected laterally with the dis-
appearing ocean started to completely withdraw. This sce-
nario explains why the provenance change from India-de-
rived to Asia-derived terrigenous sediments occurred much
later in the shallow-marine inner part of the southern Tethys
Himalaya (Tingri-Gamba area) than in the deep-water outer
part (Saga-Gyangze area). The change in provenance and the
cessation of marine facies in the shallow inner continental
margin of the lower plate only sets a younger limit for ini-
tial collision, which could be much younger than the actual
time of collision onset as defined above.
The second method is based on facies changes and on the

geometry of basin fills (section 3). According to current the-
ory, the lower plate should experience a tectonic response un-
der the load of the growing orogen within 100000 years after
initial continental collision, and a flexural moat should orig-
inate in front of it in the form of a foreland basin (Stockmal
et al., 1986; Crampton and Allen, 1995; DeCelles and Giles,
1996). The transition from passive-margin to foreland-basin

sedimentation should thus occur very shortly after initial col-
lision. Evidence of this change in sedimentation, besides the
provenance change from Indian-derived to Asian-derived ter-
rigenous sediments as mentioned above, may be provided by
a major unconformity caused by tectonic uplift during the
outward migration of the orogenic wave. These arguments,
however, are based on theory and models for foreland-basin
evolution rather than on the observation of facies characters
and stratigraphic geometries, which can be generally inter-
preted in a variety of ways. As theories and models are still
being developed, we should be careful in their practical appli-
cations, and value them as working hypotheses rather than as
radicated beliefs. The interpretation of geological phenom-
ena such as an abrupt change of sedimentary environment, a
provenance change, or sharp stratigraphic boundaries and un-
conformities, is seldom straightforward and able to provide
clear evidence on the timing of initial continental collision.

3.          Using provenance changes to constrain
timing of continental collision
The key to using clastic provenance changes to constrain col-
lision onset and its subsequent progress in time is to datewhen
and where Asian-derived terrigenous detritus was deposited
onto India. In order to date the initial contact with Asia, we
need to examine stratigraphic sections as close as possible to
the very edge of the distal Indian continent. The application
of this method has two difficulties: (1) finding a continuous
stratigraphic section of deep-water strata that records such
provenance change. Because of the inevitable superposition
of strong tectonic deformation on rocks found close to the su-
ture zone, the sedimentary record of early continental colli-
sion in deep-water sections is rarely preserved well and com-
pletely; and (2) correctly constraining the timing of prove-
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nance change. Because calcareous fossils are dissolved and
hardly preserved in abyssal environments, and time scales
based on non-calcareous fossils are not equally robustly de-
fined, the age of the strata may be difficult to establish with
great accuracy with biostratigraphic methods alone. Magne-
tostratigraphy may be of considerable help, and detrital-zir-
con chronostratigraphymay provide further constraints under
the assumption of continuous penecontemporaneous volcanic
activity. Most favourable conditions to apply this method-
ological approach in the Himalayas are met in the Saga and
Gyangze areas of southern Tibet, and we shall thus focus here
below on the detailed investigations carried out in these two
areas during the last decade.

3.1          The Sangdanlin section, Saga

The Sangdanlin section in the Saga area (Figure 3) preserves
the most complete succession of Paleocene abyssal strata
documented so far in the entire Himalayas, and has been con-
sequently the focus of thorough research to date. Li (2000)
first reported the possible presence of Eocene-Miocene
radiolaria from the Sangdanlin section. Ding (2003) defined
the Sangdanlin and Zheya formations as characterized by
siliceous mudrocks and turbiditic sandstones, respectively,
and reported the occurrence of Palaeocene radiolarian fossils
in those strata. Thereafter, the research value of Sangdanlin
section was recognized, and many studies allowed to achieve
significant progress.

3.1.1    Lithostratigraphy
The Sangdanlin section can be divided into three units from
base to top (Figures 4a and 5): the Denggang, Sangdanlin and
Zheya formations (Ding, 2003; Ding et al., 2005; Wang et al.,
2011; DeCelles et al., 2014) (Figure 5).

The Denggang Formation (units 1–10) is approximately
105 m thick and composed of light yellow fine to coarse
quartzose sandstones interbedded with grey-green (weath-
ering to light yellow) silty sandstone and silty shale. It is
capped by a 60 cm-thick, green volcaniclastic sandstone
bed (unit 10). The overlying Sangdanlin Formation (units
11–21) is approximately 95 m thick, and composed of
purple-red siliceous shale, chert, quartzose sandstone, and
feldspatho-litho-quartzose volcaniclastic sandstone. Quart-
zose sandstones are found in unit 13, lower part of units 16,
17, and 19. Volcaniclastic sandstones are found in units 14
and 15, upper part of units 16, 18 and 22. The alternating
quartzose and volcaniclastic sandstones are unique of the
Sangdanlin Formation (Figure 4c). The overlying Zheya
Formation (units 22–49) is more than 500 m-thick and com-
posed of grey-black silty shale, thick to massive layers of
grey-green feldspatho-litho-quartzose volcaniclastic sand-
stone and a few intervals of mottled chert.
Wang (2011) and Wang et al. (2011) placed the boundary

between the Denggang and Sangdanlin formations between
units 13 and 14, corresponding to the first appearance of sed-
iments with Asian provenance. Ding et al. (2005) and De-
Celles et al. (2014) placed instead the boundary between units
10 and 11, corresponding to the first appearance of chert. For
the convenience of field identification and comparison, we
prefer and adopt the second definition in this article.

3.1.2    Sedimentary environment
The thickness of sandstone beds in the Denggang Formation
varies from several centimetres to several metres, and the
layers exhibit sharp contact with the underlying and overly-
ing mudrocks (Figure 4b). Sedimentary structures include
cross-lamination, parallel-lamination, normal grading, and
flute casts.  The  Denggang  Formation  is interpreted as de-

Figure 3            Simplified geological map of the Sangdanlin area and cross section. After the 1: 250000 geological map and Hu et al. (2016b).

Hu X M, et al.   Sci China Earth Sci   April (2017)  Vol. 60  No. 4 607



12
21

43

11

Unit 18

Unit 17

Den
ggan

g

Sangd
anlin

Zheya

(a)

(b)

(d) (e)

(f) (g)

(c)

Figure 4            Field photographs of the Sangdanlin section. (a) Panorama of the section, looking to the northwest; stratigraphic units are indicated; (b) sandstone
bed of unit 8 (Denggang Formation); (c) boundary between quartzose sandstone of unit 17 and volcaniclastic sandstone of unit 18 (Sangdanlin Formation); (d)
mudrocks of unit 26 yielding calcareous nannofossils; (e) turbiditic volcaniclastic sandstones of unit 27 (Zheya Formation); (f) sedimentary olitstoliths in unit
30; (g) interbeded tuff in unit 47 (Zheya Formation).

posited at the toe of the Indian continental slope, and thicker
sandstone beds  as  deposited by high-density turbidity
currents (Wang et al., 2011; DeCelles et al., 2014). The
appearance of purple-red siliceous shale in the Sangdanlin

Formation indicates a palaeo-water depth deeper than the
carbonate compensation depth (CCD).  Volcaniclastic sand-
stones in the Sangdanlin Formation mostly display lenticular
shape and sharp contact with underlying mudrocks. Slump-
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ing occurs, indicating deposition on unstable substrate. In
the Zheya Formation sedimentary structures of sandstone
layers include normal grading, flute casts, ditch moulds,
and slump structures, indicating deposition by turbidity cur-
rents. Background sedimentation is represented by siliceous
shale deposited in abyssal environment (Wang et al., 2011;
DeCelles et al., 2014). Exotic blocks of conglomerate,
sandstone, and carbonate in silty shale are common in the
upper part of the Zheya Formation (Figure 4f).

3.1.3    Provenance change
The quartz content of the Denggang Formation exceeds
98%, and most particles are well rounded. The U-Pb ages
of detrital zircons are mainly Early Palaeozoic to Precam-
brian, with an Early Cretaceous age peak (approximately
140–120 Ma). These characteristics allow comparison with
the Lower Cretaceous Wölong volcaniclastic sandstones and
Palaeocene quartzose sandstones of the Jidula Formation of
the southern Tethys Himalaya, indicating provenance from
the northern Indian continent (Jadoul et al., 1998; Wang et
al., 2011; Hu et al., 2012; Garzanti and Hu, 2015; Li J et al.,
2015). The lithic grains in the volcaniclastic sandstone at the
top of the Denggang Formation (unit 10) are mainly mafic,
indicating provenance from basaltic rocks. The distribution
of detrital-zircon ages is the same as in the underlying and
overlying quartzose sandstones, which also indicates prove-
nance from northern India and thus possible contribution
from the Deccan Traps (Wang et al., 2011; Garzanti and
Hu, 2015). Detrital modes of quartzose sandstones in the
Sangdanlin Formation and detrital-zircon ages conclusively
indicate provenance from the Indian continent (Wang et al.,
2011; DeCelles et al., 2014).
Volcaniclastic sandstones in the Sangdanlin and Zheya for-

mations have drastically different petrologic characteristics
from the underlying Denggang Formation. The average de-
trital composition is Qm:F:Lt=41:9:50 (Wang et al., 2011) or
44:25:31 (DeCelles et al., 2014). Textures of lithic fragments
indicate origin from intermediate to felsic volcanic rocks.
Embayedmonocrystalline quartz was derived from felsic vol-
canic rocks (Wang et al., 2011). Ages of detrital zircons clus-
ter at ~196–180 Ma, ~125–80 Ma, and ~70–54 Ma (Wang
et al., 2011; Wu et al., 2014; DeCelles et al., 2014), which
correspond to the three main periods of magmatic activity in
the Gangdese arc (Chu et al., 2006; Wen et al., 2008). In ad-
dition, most of these Mesozoic and Cenozoic zircon grains
yield positive εHf(t) values (Wu et al., 2014; Hu et al., 2016b)
as Gangdese zircons (Ji et al., 2009; Zhu et al., 2011). These
data conclusively indicate that volcaniclastic sandstones in
the Sangdanlin and Zheya formations were derived from the
Gangdese magmatic arc on the southern margin of the Asian
continent (Wang et al., 2011; Wu et al., 2014; DeCelles et al.,
2014; Hu et al., 2016b).
Provenance analysis indicates that detritus from the Asian

continent first appears in unit 14 (Wang et al., 2011; Hu et al.,
2016b). Alternating turbidite beds with sharply contrasting
composition in the Sangdanlin Formation (Figure 4c) indi-
cates that the sedimentary basin was synchronously receiving
clastic materials from both Indian and Asian continental mar-
gins during this time period. Accumulation was thus taking
place in the topographic trough that separated the two conti-
nents, which cannot be anything else than the trench where
India began to underthrust Asia (Hu et al., 2016b).

3.1.4    Age constraints
   (1) Biostratigraphy.  Ding et al. (2005) reported Late Cre-
taceous (Maastrichtian) planktonic foraminifera from a lime-
stone bed of the Denggang Formation (called the Zongzhuo
Formation in the original article). Wan and Ding (2002) in-
dicated that the limestone bed was sampled at the top of the
section (Figure 2 in the original article) rather than from the
base of the section where the Denggang Formation is. Be-
cause of uncertain information about sampling position, this
age needs to be validated further.
The siliceous shales in the Sangdanlin and Zheya forma-

tions contain abundant radiolaria, but their stratigraphic age
is debated. Ding (2003) proposed a Palaeocene age (radiolar-
ian zones RP1-RP7), whereas Li et al. (2007) found a Cam-
panian radiolarian assemblage in unit 11 and an early Eocene
radiolarian in unit 16. Chan (2006) found RP5 radiolaria in
layer S4 (equivalent to units 11, 12), a mid-Cretaceous radio-
larian assemblage in layers S5 (equivalent to units 31, 32) and
S7 (equivalent to unit 41), and Palaeocene radiolaria of zones
RP6 and RP7 near unit 29. They concluded that the Sangdan-
lin section may contain multiple structural repetitions.
Recently, a careful biostratigraphic study was carried by

Prof. Ted Moore on the Sangdanlin section (Hu et al., 2015;
Figure 5), where radiolarian fossils are rare and not well pre-
served. Moreover, radiolarian assemblages include species of
different age in the same sample. Depositional ages have thus
to be inferred from the youngest fossils of the assemblage,
whereas older fossils, representing more than half of the as-
semblage in most samples, are interpreted as redeposited (Hu
et al., 2015). With the limitations posed by extensive recy-
cling, poor preservation and imperfect definition of the Pa-
leogene radiolaria time scale, we concluded that (Hu et al.,
2015): (1) radiolaria in units 4–9 of the Denggang Formation
are Palaeocene in age (RP3-RP4 zones); (2) radiolaria in the
siliceous shales of the Sangdanlin Formation (units 11–20)
are Palaeocene in age (RP4-RP6 zones); (3) radiolaria in the
lower part of the Zheya Formation (units 25 and 32) may ex-
tend to zone RP7; and (4) red cherts occurring both in the
lower and middle parts of the Sangdanlin Formation and in
the middle part of the Zheya Formation (unit 41) have similar
radiolarian assemblages. These latter stratigraphic packages
are clearly different and major faults apparently do not occur
in the field,  which lead us to favour rapid sedimentary  acc-
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Figure 5            Integrated bio- and chrono-stratigraphy, sandstone petrography, detrital-zircon chronostratigraphy and provenance change in the Sangdanlin section.
Detrital-zircon U-Pb age patterns highlight the sharp difference between Indian-derived quartzose turbiditic sandstones and Asian-derived volcano-plutonic
turbiditic sandstones. After Hu et al. (2016b).

umulation in trench settings over the possibility of strati-
graphic repetition.
Calcareous nanofossils were also found for the first time

at the base of  the  Zheya Formation  (unit 26;  Figure 4d).
Although their abundance is low, redeposited nannofossils
do not occur, which allowed Prof. Isabella Raffi to firmly
indicate an age corresponding to calcareous nannozone CNP7
(Hu et al., 2015), equivalent to 59.93–58.27Ma (Agnini et al.,
2014).

(2) Detrital-zircon chronostratigraphy.  Based on the age of
the youngest detrital zircon, Wang et al. (2011) suggested an
early Eocene age for the Sangdanlin Formation (≤55Ma) and
an early-middle Eocene age for the upper part of the Zheya
Formation (≤49 Ma). More recent data defined a youngest
zircon peak of 58.1±0.9 Ma in units 14–16 (Hu et al., 2015),
which is consistent with the age of 59–60 Ma reported byWu
et al. (2014) and DeCelles et al. (2014) and with biostrati-
graphic data.
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DeCelles et al. (2014) found a tuff layer at the top of the
Zheya Formation (unit 48; Figure 4g). The weighted aver-
age of 38 U-Pb ages obtained by LA-MC-ICPMS on zircon
crystals is 58.5±0.6 Ma (2σ), which provides a precise age
constraint for this layer, located more than 500 m above unit
14 recording the first appearance of Asian derived detritus.
Combinedwith evidencementioned above this supports rapid
sedimentation in the trench during the very first stage of the
India-Asia collision.

3.1.5    Problems in constraining collision timing in the
Sangdanlin section

   (i) Is the Sangdanlin section a coherent succession or
tectonic mélange? In the Himalayan geological frame-
work, the Sangdanlin section is exposed adjacent to the
Yarlung-Zangbo suture zone and located in the mélange
zone. The section is located in the footwall of a south-
ward-vergent thrust fault. Its top is delimited by a thrust in
the north, and the base is covered by Quaternary colluvium
in the south. Our field observations concur in full with the
detailed stratigraphic and sedimentological analysis of De-
Celles et al. (2014), which indicates stratigraphic continuity
in the Sangdanlin section because: (1) the section contains
a set of monoclinal strata, with relatively consistent dip
direction from bottom to top; (2) strata are continuous, can
be followed laterally for a hundred meters and more without
ever showing any block-in-matrix deformation (Figure 4b
and e); (3) several small folds and faults are present, but field
observations indicate that they do not significantly modify
the fundamental stratigraphic sequence; and (4) several units
contain exotic blocks, but invariably confined in definite
intervals comprised between packages of regularly bedded
strata, which indicates that they are olistoliths (Figure 4f).
The Sangdanlin section is indeed located within the

mélange zone, but it represents a tectonic slice with definitely
coherent stratigraphy (Figure 3). The internal stratigraphic
sequence is very clear, and shows nowhere the characteristic
features of mélange. The interbedding of quartzose and
volcaniclastic sandstones is particularly clear, so that the
Sangdanlin Formation can be used as a reference section to
study the India-Asia continental collision.
(ii) Was the Sangdanlin section based on continental or

oceanic crust? It is widely believed that establishing the origi-
nal paleogeographic position of the Sangdanlin section is fun-
damental to correctly understand the implications of its strati-
graphic record on the timing of initial collision, and that if
the Sangdanlin section was not resting on Indian crust but on
Neotethyan oceanic crust then its stratigraphic record could
not be used to constrain the timing of the initial continental
collision (DeCelles et al., 2014). If the basement of this set
of strata was the very edge of Indian continental crust, then
the age of the first Asian-derived turbidite bed is indeed very
close to the true age of collision onset as defined above. Con-

tinental collision may have begun a few hundreds of thou-
sand years later at most if Asian-derived turbidites were able
to reach some tens of kilometres oceanward of the trench.
If the basement was insteadNeotethyan oceanic crust, in or-

der to be reached at the same time by turbidites shed from the
two opposite continental margins, then it could not be very far
from either. Passive-margin turbiditic fans may extend for up
to several hundreds of km into the ocean if associated with
huge river systems draining vast continental interiors (e.g.,
Mississippi, Nile, Congo; Savoye et al., 2009), but for longer
distances only where sourced from huge active orogenic belts
(e.g., Indus, Ganga-Brahmaputra; Curray et al., 2002). In our
case, however, India being a small continent and the Deng-
gang Fm. thus unlikely to be associatedwith a river the size of
the Nile or the Congo, the fan could hardly extend on oceanic
crust for much more than a hundred kilometres. Given a con-
vergence rate of ∼150 km/Ma between the two plates (e.g.,
Copley et al., 2010; van Hinsbergen et al., 2011), this would
convert to a mismatch in timing of some hundreds of thou-
sand years (i.e., well within the limit of stratigraphic preci-
sion). Moreover, Asian-derived turbidites would also need to
overstep the trench and extend for the same length within the
ocean. In other words, it does not change much whether the
base of the Sangdanlin section was continental or oceanic in
terms of initial collision dating. In all cases the section was
deposited within a topographic depression located quite close
to both converging continental margin, a tectonic setting that
cannot be anything else than the trench.
Circumstantial evidence favouring deposition of the Sang-

danlin section on top of Indian continental crust include:
(1) undoubted provenance of the Denggang Formation from
northern India, with presence of thick coarse-grained sand-
stone layers indicating deposition on the middle-upper parts
of a turbidite fan not too far from the toe of the continental
slope; (2) the cherts and siliceous shales characterizing the
lower part of the Sangdanlin Formation are stratigraphically
sandwiched between turbidite layers and not deposited on
oceanic crust directly. The base of the Sangdanlin section is
however not preserved, which makes it definitely possible
that it was hyper-extended continental crust, denudated
Indian mantle, or even oceanic crust formed adjacent to India
in the very first (hence Permian; Sciunnach and Garzanti,
2012) stage of Neotethyan rifting. The different ages of
initial collision implied by these three different hypotheses
however differ by a fraction of a million years only, which
is well within the error of the most precise date obtained so
far. Based on the combination of biostratigraphic constraints
provided by radiolaria (RP6 zone), calcareous nanofossils
(CNP7 zone), the youngest age peak of detrital zircons
(58.1±0.9 Ma) (Hu et al., 2015) and the occurrence of over-
lying tuffs dated at 58.5±0.6 Ma (2σ; DeCelles et al., 2014),
we can thus conclude that the timing of the initial India-Asia
continental collision can be accurately constrained as very
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close to 59 Ma.

3.2          Gyangze area

In the Gyangze area of the northern Tethys Himalayan, pre-
collisional strata deposited on the continental slope and rise
of the Indian continental margin include the Weimei, Rilang,
Gyabula and Chuangde formations (Wang et al., 2000; Li X
H et al., 2005; Hu et al., 2006, 2008). The Zongzhuo For-
mation is generally considered to be the oldest stratigraphic
unit with Asian provenance in the area (Wei et al., 2006; Cai
et al., 2008, 2011; Sun et al., 2011; Wu et al., 2014) because
it contains large amounts of volcaniclastic sandstones. Evi-
dence for Asian provenance includes: (1) occurrence of large
amounts of andesitic-rhyolitic clasts (Wei et al., 2006; Cai et
al., 2008); and (2) young detrital-zircon U-Pb age peak and
Hf isotopic composition very similar to those of Xigaze fore-
arc-basin strata deposited in the Asian arc-trench system (Cai
et al., 2011; Sun et al., 2011; Wu et al., 2014). The age and
geodynamic setting of the Zongzhuo Formation are debated,
and the following aspects need to be clarified before using
stratigraphic data to infer the age of initial collision:
(1) contact with underlying Tethys Himalayan strata. As

indicated by geological mapping, in most of the area the con-
tact with the Gyabula and Weimei formations is a fault. A
stratigraphic contact has been reported only in a few sections
(e.g., Chuangde section in Gyangze; Li et al., 1999). Contact
relationship between the Zongzhuo Formation and Tethys Hi-
malayan strata remain as an unsolved question.
(2) sedimentary characteristics. The Zongzhuo Formation

is a mélange unit showing block-in-matrix structure rather
than a regular stratigraphic succession, and it is still debated
whether the mélange is tectonic or sedimentary in origin (Wu,
1984; Chen et al., 1984; Gao and Tang, 1984; Yu et al., 1984;
Liu and Einsele, 1996; Sun et al., 2011). Paleogeographic im-
plications would be far easier to draw if this unit is sedimen-
tary (i.e. olistostrome or sequence of olistostromes) rather
than tectonic in origin.
(3) stratigraphic age. Li et al. (1999) and Wang et al.

(2000) inferred a Late Cretaceous (Campanian) age, because
the unit overlies the pelagic red beds of the Chuangde For-
mation dated as Santonian-middle Campanian by planktonic
foraminifers (Wan et al., 2005). Direct age-dating of a
mélange is difficult, because it must rely chiefly on matrix
material. Abundant fossils of Late Jurassic, Early Creta-
ceous, Late Cretaceous, and Palaeocene ages were found
in the Zongzhuo Formation (Wu, 1984; Liu and Aitchison,
2002). Late Cretaceous to late Palaeocene radiolaria were
identified by Li (2000) and Liu and Aitchison et al. (2002)
in blocks of siliceous limestone/cherts. The Zongzhuo For-
mation may thus extend to the late Palaeocene.
Several studies have tried to constrain the timing of initial

India-Asia continental collision based on evidence from the

Zongzhuo Formation (Cai et al., 2011; Wu et al., 2014). The
problems outlined above, however, still need to be properly
addressed and solved.

4.          Using facies changes and geometry of basin
fill to constrain timing of continental collision

The rationale of this method is to identify the presence of a
major unconformity which can be interpreted as document-
ing tectonic uplift associated with the passage of the orogenic
wave across the lower-plate continental margin (Garzanti
et al., 1987). According to theory (Stockmal et al., 1986;
DeCelles and Giles, 1996), following initial underthrusting
of the lower plate beneath the upper plate, a flexural bulge
should develop within 0.1 Ma of initial collision and migrate
progressively forelandward (Crampton and Allen, 1995;
DeCelles et al., 2014). The passage of such orogenic wave
would produce uplift and formation of a topographic high,
resulting in an unconformity that can be used to monitor
ongoing syn-collisional deformation of the lower plate. The
unconformity formed on a stationary forebulge is recorded
earlier by distal stratigraphic successions deposited at the
edge of the lower-plate margin and progressively later by
proximal successions deposited far away from the suture
zone. The migration of a flexural bulge across the Indian
continental margin has been hypothesized by various authors
(Garzanti et al., 1987; Singh, 2003; DeCelles et al., 2014).
Unconformities developed on the upper plate also provide
important information to unravel paleotectonic evolution
(Ding et al., 2005), although they may occur during different
pre-collisional, syn-collisional and post-collisional stages.

4.1          The northernmargin of India in Tingri andGamba

The modern Himalayan (Indo-Gangetic) foreland basin
is currently approximately 250 km wide, and it has been
hypothesized that it was 200–250 km wide also during
the initial stage of collision (DeCelles et al., 2004). The
current distance between the Tingri-Gamba area of southern
Tibet to the suture zone is today 70–80 km, and the average
shortening across the Tethys Himalaya has been estimated
as approximately 67% (Ratschbacher et al., 1994). Based
on these figures, the distance between the Tingri-Gamba
area and the trench during the initial stage of the India-Asia
continental collision was approximately 210–240 km, which
is equivalent to the hypothesized width of the foreland basin.
Many scholars have thus speculated that the Tingri-Gamba
area might have been located close to the forebulge during
initial collision (DeCelles et al., 2004, 2014; Ding et al.,
2009).
The results of provenance analysis show that the Enba For-

mation in the Tingri-Gamba area have started to received de-
tritus from the Asian continent in the early Eocene (Najman
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et al., 2010; Hu et al., 2012; Li J et al., 2015), which indicates
that passive-margin sedimentation had ended and that colli-
sion was well underway by that time. Deposition in a fore-
land basin was thus inferred (Hu et al., 2012; Zhang et al.,
2012). The passage of a forebulge should thus be recorded
in strata older than the Enba Formation. The detailed strati-
graphic and sedimentological study of Upper Cretaceous to
Paleocene units in the Tingri-Gamba area allowed us to iden-
tify three major drastic facies changes corresponding to un-
conformities, which represent potential candidates for a fore-
bulge unconformity, as discussed here below.
(1) Jidula/Zongpu boundary.  Hu et al. (2012) proposed

that the change of lithofacies between the quartzose sand-
stone of the Jidula Formation (~62 Ma) and the overlying
carbonates of the Zongpu Formation, deposited on a rapidly
subsiding carbonate ramp, could represent the stratigraphic
response to the initial India-Asia collision. More recent field
work has however documented that the Jidula/Zongpu bound-
ary is conformable and shows a transition from clastic near-
shore sediments to carbonate lagoonal sediments (Hu et al.,
2016b). There is no obvious change of sedimentary environ-
ment and water depth, and there are no indications of an un-
conformity. Therefore, the boundary is not likely to testify
tectonic uplift during passage of a forebulge.
(2) Palaeocene-Eocene boundary in the Zongpu Formation.

  A channelized conglomerate unit composed of carbonate-
clasts marks the Palaeocene-Eocene boundary in the Gamba
area (Wang X et al., 2010; Zhang et al., 2012; Li J et al., 2015,
2017). The clasts in the conglomerate are mainly from under-
lying carbonate rocks eroded during the time period when the
unconformity developed (Li J et al., 2015). A similar con-
glomerate bed was found recently in the same stratigraphic
position in the Zhepure Mountain area of Tingri County and
in the Düela area of Yadong County, which indicates that this
stratigraphic disconformity is widespread in the region. A
major disconformity with the same age and interpreted as a
bulge unconfomity has long been documented as far as the
northwestern Himalaya (Garzanti et al., 1987). Microfacies
analysis indicates that Palaeocene carbonates below the con-
glomerate were deposited in a carbonate mid-ramp environ-
ment, whereas the Eocene carbonates above the conglomer-
ate were deposited in a restricted lagoon (Li J et al., 2015).
A very clear regression event is thus documented at the Pale-
ocene/Eocene boundary (~56 Ma), which indicates regional
tectonic uplift.
Several scholars have suggested that the carbonaticlastic

conglomerates near the Palaeocene-Eocene boundary) in the
Tingri-Gamba area and the underlying unconformity may
document flexural uplift associated with initial India-Asia
continental collision (Zhang et al., 2012; Li J et al., 2015).
(3) Zongpu/Enba boundary.  The boundary between the

Zongpu Formation and the Enba Formation, dated at ~49–50
Ma in the Tingri-Gamba area and marked by iron-manganese

oxides indicating a significant hiatus, documents the final
demise of a carbonate ramp. Interpreting the base of the
Enba Formation as a bulge unconformity implies that the
Zongpu platform was first tectonic uplifted, exposed, and
then drowned. No evidence of karst, which would have de-
veloped rapidly at subequatorial latitudes (Garzanti and Hu,
2015), is however documented at the top of the Zongpu plat-
form, which is a clear transgressive surface (Hu et al., 2012;
Li J et al., 2015).
The best candidate by far for a forebulge unconformity is

the disconformity recorded at the boundary between the Pale-
ocene and the Eocene in the Zongpu Formation. As the fore-
bulge migrated southward, farther away from the suture zone,
the Tingri-Gamba region gradually subsided, and carbonate-
ramp sediments were deposited during the earliest Eocene un-
til Asian-derived detritus choked the environment, carbonate
sedimentation ended, and the Enba Formation started to be
deposited.
However, we must keep in mind that the forebulge remains

a theoretical entity rather than an observation, and its reality
can be believed but it is hard to prove. Using such criterion
to constrain the timing of the initial collision thus rests on a
less solid basis than the provenance change documented in
the Sangdanlin section. Moreover, the molassic sedimenta-
tion typical of a foreland basin did not begin in front of the
Himalayan belt until the end of the Oligocene, which claims
for prudence before affirming that a proper foreland basin in-
duced by the tectonic load of the orogen has been in existence
since the very first stage of India-Asia continental collision.

4.2          The southern margin of Asia in the Zhongba-Dajin
area

The Cretaceous-Palaeogene sedimentary record of the south-
ern margin of the Asian continent, including the Upper Cre-
taceous Padana and Qubeiya formations and the Palaeogene
Quxia and Jialazi formations, is best exposed in the Cuo-
jiangding area of Zhongba County (Liu et al., 1988). These
strata preserve important geological information on the final
evolution of the Xigaze forearc basin and subsequent colli-
sion between India and Asia continent, and have been con-
sequently studied for a long time (Liu et al., 1988; Wan and
Ding, 2002; Wang et al., 2003; Jia et al., 2005; Ding et al.,
2005; Hu et al., 2016a). Wang et al. (2003) first related the
Cuojiangding Group (Quxia and Jialazi formations) with the
India-Asia continental collision, and interpreted it as a fan
delta. Ding et al. (2005) identified the unconformity between
the Upper Cretaceous Qubeiya Formation and the Palaeocene
Quxia Formation, and considered it to be evidence of ei-
ther initial India-Asia continental collision or obduction of
Neo-Tethyan oceanic crust. Orme et al. (2015) investigated
strata of the Cretaceous-Palaeogene forearc basin in the Lopu
Range of the Saga area, and related the transition from ma-
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rine to fluvial facies to India-Asia collision onset. Based on
measurement of detailed stratigraphic sections and sedimen-
tological observations coupled with the systematic biostrati-
graphic study of larger benthic foraminifera and provenance
analysis, the following conclusions have been drawn (Hu et
al., 2016a):
(1) Based on larger benthic foraminifera, the age of the

Qubeiya Formation is late Maastrichtian, whereas the Jialazi
Formation is late Palaeocene (Selandian to late Thanetian)
(zones SBZ3-SBZ5; ~58.7–55.98Ma). The limited thickness
of the Quxia Formation, which documents rapid fan-delta
sedimentation, induces us to think that there may be a hia-
tus of as much as 7–8 Ma between the Qubeiya Formation
and the Quxia Formation.
(2) Sandstones in the Padana Formation are quartzo-lithic

and dominated by volcaniclastic detritus. Quartz and feldspar
increase in feldspatho-quartzo-lithic Quxia sandstones,
whereas the Jialazi Formation is feldspatho-litho-quartzose
(classification after Garzanti, 2016). According to classic
provenance models (Dickinson, 1985), such petrologic
changes indicate evolution from “undissected” to “transi-
tional” and “dissected magmatic arc” provenance, reflecting
rapid exhumation of the Gangdese arc in the late Palaeocene.
(3) Detrital chromian spinels are common in the Padana,

Quxia and Jialazi formations in the Zhongba area. Their geo-
chemical composition is different from chromian spinels in
the Yarlung-Zangbo ophiolite and similar to those found in
the underlying Ngamring Formation as well as in the mid-
dle Paleocene Sangdanlin and Zheya formations. Detrital
chromian spinels were thus derived from the Lhasa Block,
rather than from the Yarlung-Zangbo ophiolite. Contrary to
what proposed by Ding et al. (2005), we conclude that the
Yarlung-Zangbo ophiolite was not obducted yet at this stage
(Hu et al., 2014).
Stratigraphic and provenance analysis suggests that the un-

conformity between theQubeiya Formation and the overlying
Quxia Formation was probably related to initial India-Asia
continental collision (Hu et al., 2016a). If so, then collision
onset would be constrained between 65 and ~58 Ma. Subse-
quently, the southern margin of Asia was uplifted and rapid
exhumation ensued, as documented by petrologic changes in
the Qubeiya and Quxia formations (Hu et al., 2016a). Re-
gional uplift of a forearc basin, causing an abrupt change
in sedimentary environments and generation of an uncon-
formity, may however occur also during oceanic subduction
(Ando and Tomosugi, 2005). Detailed analyses are needed to
clarify the nature and significance of the contact between the
Qubeiya and Quxia formations.
In the Kailas region, coarse-grained shallow-marine clas-

tic rocks of earliest Eocene age (~54 Ma) are also exposed
(Dajin Formation; Yan et al., 2005, 2006). These strata con-
tain large amounts of recycled sedimentary rock fragments,
with ages and Hf isotopic signatures of detrital zircons in-

dicating ultimate provenance from the Gangdese arc. The
Dajin Formation may thus be interpreted as deposited on a
wedge-top basin, mostly recycling Cretaceous forearc-basin
strata (Wang et al., 2015). This interpretation implies that
continental collision had occurred prior to 54Ma. Because of
the greater uncertainties involved in the interpretation of fa-
cies changes and development of unconformities on the upper
plate margin in the central as well as in the western Himalaya
(Wu et al., 2007; Henderson et al., 2011) constraints based
on such evidence is inevitably harder to interpret than that
obtained from stratigraphic studies of the lower plate margin.

5.          Diachroneity of initial India-Asia conti-
nental collision

Because of irregularity in the morphology of passive con-
tinental margins and obliquity of subduction relative to
passive-margin strike it is quite unlikely for continent-con-
tinent collision to take place synchronously all along the
suture zone. Diachronic collision is thus generally expected.
However, if convergence is as rapid as for India and Asia in
the early Paleocene (∼150 km/Ma; Molnar and Tapponnier,
1975; Copley et al., 2010), then it would be exceedingly
difficult to date collision onset in diverse traverses with a
precision sufficient to actually measure the amount of col-
lisional diachroneity. In such cases, stratigraphic resolution
would hardly be precise enough to tell differences of few
Ma with full confidence. We may thus define continental
collision as quasi-synchronous if the difference between the
time of initial collision at two distant points of the continental
margin is <5 Ma. Collision would result to be diachronous
with differences of 5–10 Ma, and strongly diachronous with
even larger differences in collision timing.
By considering the age of youngest marine strata as the

marker of initial collision, Rowley (1996) proposed an In-
dia-Asia collision age of 52 Ma in the western Himalaya and
of >40 Ma in the eastern Himalaya. Such a criterion, adopted
in several studies (e.g., Searle et al., 1987; Ding et al., 2005;
Aitchison et al., 2007), would imply strongly diachronous
collision. However, the final disappearance of marine sea-
ways represents a quite different (and inevitably much later
and more diachronous) event from disappearance of oceanic
crust, and stratigraphic observation of proximal shallow-wa-
ter successions can provide only a minimum age for a colli-
sion event that occurred at the very edge of the continental
margin (Hu et al., 2016b).
Unfortunately no deep-water sedimentary record of the

quality exposed in the Saga-Gyangze area of southern Tibet
has ever been reported from either the eastern or western
Tethys Himalaya. The only sedimentary evidence that can
be used to determine the diachroneity of initial India-Asia
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continental collision outside Tibet is provided by shal-
low-marine sediments exposed in the Zanskar Range of the
western Himalaya (Nicora et al., 1987), which compare well
stratigraphic unit by stratigraphic unit with the succession of
the central Himalaya. The well exposed Paleocene-Eocene
Zanskar succession (Figure 6), includes quartzose sandstones
(Stumpata Formation of Danian age), carbonate platform
sediments (Dibling Formation of early Selandian to Ypresian
age), grey-green mudrocks and sandstones (Kong Formation
of Ypresian age), and purple-red to green sandstones and
mudrocks of the Chulung La Formation (Garzanti et al.,
1987; Najman et al., 2017). Based on lithofacies, sedimen-
tary environments, stratigraphic ages, and detrital modes, a
unit-by-unit comparison can be drawn with Jidula quartzose
sandstones, Zongpu carbonate platform, grey-green Enba
mudrocks and sandstones, and purple-red sandstones and
mudrocks of the Zhaguo Formation in the Tingri-Gamba
area, respectively (Najman et al., 2010; Hu et al., 2012;
Li J et al., 2015; Figure 6). The Kong Formation, equiva-
lent to the Enba Formation, contains the youngest marine
sediments in the Zanskar region, and the Chulung La For-
mation, equivalent to the Zhaguo Formation, documents
a southward prograding delta plain (Garzanti et al., 1987;
Najman et al., 2017). Detrital modes and zircon ages in
Kong and Chulung La sandstones robustly indicate Asian
provenance, in sharp contrast with all underlying formations
(Garzanti et al., 1987; Najman et al., 2017). Larger benthic
and planktonic foraminifera constrain the age of the lower
part of the Kong Formation to planktonic foraminiferal
zones P5-P6 (56–54 Ma) (Nicora et al., 1987; Najman et
al., 2017). In the outer continental margin of the Zanskar
Range, as in the Tingri-Gamba area, a sharp change in
the sedimentary environment is documented close to the
Palaeocene-Eocene boundary (56 Ma), which documents a
sudden relative sea-level fall interpreted as related to tectonic

uplift shortly following India-Asia collision onset (Garzanti
et al., 1987). If the abrupt change in sedimentary environ-
ment and forced regression observed at the same time within
current stratigraphic resolution (i.e. precisely at or around the
Palaeocene-Eocene boundary; Li et al., 2017) in the central
and western Himalaya is indeed ascribed to the forelandward
migration of an orogenic wave, then we conclude that this
early stage of continental collision was quasi-synchronous
along most of the proto-Himalayan orogenic front.
This conclusion induced from the careful analysis of the

stratigraphic record is consistent with all available geologi-
cal evidence. Detailed studies of Tso Morari eclogites in the
western Himalaya indicate that deep subduction and meta-
morphism of thinned Indian continental crust took place at
ultra-high pressures at either 53–51 Ma (Leech et al., 2005;
St-Onge et al., 2013) or 47–43 Ma (Donaldson et al., 2013).
Based on subduction velocity and depth, Leech et al. (2005)
calculated an initial continental-collision age of 57±1 Ma.
Donaldson et al. (2013) concluded that such ultrahigh-pres-
sure metamorphic event, which testifies to continental sub-
duction of the hyper-extended northern edge of the Indian
continental margin (Hu et al., 2016b) “occurred contempora-
neously across much of the orogen”, following initial contact
of the Indian and Asian continents which was however esti-
mated to have taken place “at ca. 51 Ma or later”.
The earliest group of terrestrial mammal fossils character-

ized by hybrid Indian-Asian characteristics, found in the Vas-
tan region of western India, constrains India-Asia continen-
tal collision to have occurred by the early Eocene (∼54 Ma;
Clementz et al., 2011). Terrestrial mammals with hybrid fea-
tures are found also in the Ghazij and Kuldana formations of
Pakistan (50–48 Ma) and in the Subathu Formation of north-
ern India (Gingerich et al., 1997; Thewissen et al., 2001).
Evidence from vertebrate paleontology from the western Hi-
malaya indicates that initial collision took place no later than
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Figure 6            Simplified Paleocene-Eocene stratigraphic correlation of shallow marine deposits in the northern Indian margin between the central and the western
Himalaya. After Garzanti et al. (1987), Hu et al. (2012), Li J et al. (2015).

Hu X M, et al.   Sci China Earth Sci   April (2017)  Vol. 60  No. 4 615



the Palaeocene. This is consistent with recent finding of in-
sect fossils indicating that India ceased to be isolated from
Asia by the beginning of the Eocene (Stebner et al., 2017).
Shallow-marine strata of Eocene age are widely docu-

mented in the Lesser Himalaya, including the Bhainskati
Formation in Nepal (DeCelles et al., 2004; Najman et al.,
2005), the Subathu Formation in India (Najman and Garzanti,
2000; Ravikant et al., 2011), and the Patala and Balakot for-
mations in Pakistan (Critelli and Garzanti, 1994; Najman et
al., 2001). Eocene shallow-marine sediments, also reported
from the eastern Himalaya (Acharyya, 2007), are usually
considered as deposited in the Himalayan foreland basin
(DeCelles et al., 1998, 2004; Najman, 2005). Provenance
analysis indicates that a large fraction of these sediments was
derived from uplifted Tethys Himalayan units. Detritus from
the Gangdese arc is not documented from the Bhainskati For-
mation of Nepal (DeCelles et al., 2004; Najman et al., 2005);
volcanic detritus is common in sandstones of the Subathu
Formation in India and of the Patala-Balakot formations in
Pakistan, but scarce in the Barail Formation in Bangladesh
(Garzanti et al., 1996; Najman and Garzanti, 2000; Najman
et al., 2008). The sudden appearance of volcanic and ultra-
mafic detritus derived from the active Asian margin in the
Patala Formation of northern Pakistan and in the Subathu
Formation of northern India provide further confirmation that
collision was underway by the latest Paleocene (Garzanti et
al., 1996; Najman and Garzanti, 2000).
Above all of these Eocene shallow-marine units, Oligocene

strata are apparently missing, documenting a very major un-
conformity. Molasse-type alluvial clastic sediments were de-
posited across the Himalayan foreland basin throughout the
Neogene (Najman, 2005), but not at earlier times. The exis-
tence of an Himalayan foreland basin as classically conceived
already in the Paleogene is therefore debatable, and repre-
sents a thorny geological problem still in need of full clarifi-
cation.
Provenance analysis of Upper Cretaceous to Neogene strata

of the lower Indus Basin in Pakistan indicates that the oldest
sediments in the basin were derived from India, followed by
sediments derived from Asia since ~50 Ma (Zhuang et al.,
2015). This constrains initial continental collision as prior to
50 Ma. Similarly, Ding et al. (2016) studied the provenance
of Palaeogene-Miocene sediments in the Hazara-Kashmir re-
gion of Pakistan and found that the change from Indian to
Asian provenance occurred at 56–55 Ma.
Based on these results, we conclude that studies of the

stratigraphic record around the Himalayan orogen have
failed so far to show any significant diachroneity of initial
India-Asia continental collision between the central and
western parts of the Himalaya. Evidence for diachrone-
ity might be obtained in the future from a more accurate
documentation of the stratigraphic record in the  eastern
 Himalaya.

6.          Reconstructing the India-Asia continental
collision from the sedimentary record

6.1          Youngest marine strata and disappearance of Neo-
Tethyan seaways

After initial continental collision, Neo-Tethyan oceanic litho-
sphere had disappeared at a single point. It might have existed
for a while at other points along strike, although diachronous
collision has still to be proved. At any rate, even in the case of
perfectly synchronous disappearance of oceanic lithosphere
all along the trench, Indian and Asian landmasses were still
separated by seaways (Yu and Wang, 1990). The landmasses
were finally connected by fluvial systems only when the sea
withdrew completely from the collisional zone, which has oc-
curred at a much later stage. The timing of sea retreat at dif-
ferent places is relatively easy to assess by the determination
of the age of youngestmarine strata in various parts of the oro-
gen (i.e., by biostratigraphic methods; Blondeau et al., 1986).
The youngest Tethys Himalayan marine strata in southern

Tibet include the Enba Formation in the Gamba-Tingri area,
the Zheya Formation in the Saga area, and the Jiachala For-
mation in the Gyangze area. The youngest marine strata on
the southern margin of Asia include the Jialazi Formation
in the Zhongba area and the Dajin Formation in the Kailas
area. The Enba formationwas deposited in a prodelta to delta-
front environment, and an age as young as the early Priabo-
nian (∼35 Ma) has been obtained from the Düela area (Wan,
1987; Willems and Zhang, 1993a; Li andWan, 2003; Jiang et
al., 2016). In the Tingri region, the unit extends to the Lute-
tian (43–41 Ma; Willems and Zhang, 1993b; Willems et al.,
1996) or even to the late Priabonian (calcareous nanofossil
zone NP20, 34 Ma) (Wang et al., 2002). The Zheya Forma-
tion is composed of deep-water turbidites, and it is Selandian
to early Thanetian in age (DeCelles et al., 2014; Hu et al.,
2015). The age of the deep-water marine sediments of the
Jiachala Formation is poorly defined, and was constrained to
the early Palaeogene by Li G B et al. (2005). The shallow-
marine sediments of the Jialazi and Dajin formations extend
to the early Eocene (52–54 Ma; Wan and Ding, 2001; Wang
et al., 2015; Hu et al., 2016a).
The youngest Tethys Himalayan marine strata in the Zan-

skar region of the western Himalaya are represented by the
Kong Formation, deposited in a prodelta to delta-front en-
vironment similar to the Enba Formation of the central Hi-
malaya. Based on larger benthic foraminifera and detrital-zir-
con chronostratigraphy, its age is constrained as early Eocene
(53–51 Ma) (Nicora et al., 1987; Green et al., 2008; Naj-
man et al., 2017). The youngest marine limestone beds in
the Indus forearc basin contain larger benthic foraminifera
of the SBZ11 zone (51–49 Ma) (Henderson et al., 2010). In
the Lesser Himalaya, the Patala Formation in northern Pak-
istan, the Subathu Formation of northern India, the Bhainskati
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Formation of Nepal, and equivalent units in the eastern tec-
tonic window indicate cessation of marine sedimentation in
the middle Eocene (43–41 Ma; Critelli and Garzanti, 1994;
DeCelles et al., 2004; Najman et al., 2005; Acharyya, 2007;
Ravikant et al., 2011; Bhatia et al., 2013).
The age of youngest marine strata thus varies across and

along the Himalayan region. Along the southern margin of
Asia it is generally early Eocene in southern Tibet (54–49
Ma), as in the western Himalaya (52–50 Ma), whereas in
northern margin of India it is significantly younger, rang-
ing from early Eocene in Zanskar (53–51 Ma; Najman et al.,
2017) to late Lutetian in the Tingri-Gamba area (43–41 Ma;
Willems and Zhang, 1993b; Willems et al., 1996), and to as
young as Priabonian in the easternmost Düela area (35 Ma;
Wan, 1987; Willems and Zhang, 1993a; Li and Wan, 2003;
Jiang et al., 2016). This suggests that seaways gradually with-
drew fromwest to east, suggesting a possible diachrony in the
early structural development of the nascent Himalayan belt.
However, additional studies are required to establish more ro-
bust age constraints in several of the mentioned localities.

6.2          Appearance of continental molasse and uplift of the
Himalayas

Continental molasse is generally held to be a typical product
of continental collision, documenting the stage of rapid
topographic growth of a foreland fold-thrust belt. In the
Himalaya, classic molasse-type sedimentation is well rep-
resented by the Siwalik Group (Gansser, 1964), which was
deposited along the range in Neogene time, and thus much
later not only than initial continental collision but also than
the final disappearance of marine seaways. Conglomerate
units often inappropriately called “molasse” are also found
in two different domains close to the Yarlung-Zangbo suture
zone (Yin et al., 1988): the Liuqu conglomerate, exposed
along the southern side of the Yarlung-Zangbo ophiolite, and
the Qiuwu and Dazhuka formations (Kailas Formation of
DeCelles et al., 2011), exposed to the north of it along the
southern foothills of the Gangdese arc. The age of the Liuqu
conglomerate has been the object of a long-term controversy.
Fossil plants indicated that it could be mid-late Eocene in
age (Tao, 1988; Fang et al., 2004), and sporopollen fossils
indicated a late Eocene to Oligocene age (Wei et al., 2009).
Low temperature thermochronology data suggested instead
that it is notably younger (Late Oligocene-Early Miocene)
(Li GW et al., 2015; Leary et al., 2016). The Liuqu conglom-
erate was deposited mainly in an alluvial fan-braided river
environment (Davis et al., 2002), and contains clasts derived
from the Yarlung-Zangbo ophiolite, Xiukang Mélange, and
Tethys Himalaya strata (Davis et al., 2002; Wang J G et al.,
2010; Leary et al., 2016). The occurrence of the Liuqu con-
glomerate is closely related to the development of the Great

Counter Thrust and uplift of the Yarlung-Zangbo suture zone
during this time.
The sedimentary environment of the Qiuwu and Dazhuka

formations evolved from lakes and meandering rivers at the
base to braided rivers and alluvial fans at the top (Wang et
al., 2013). The zircon ages of tuff layers and pollen con-
strain the age of these units as late Oligocene-early Miocene
(26–18 Ma; Aitchison et al., 2009, 2011; Li et al., 2010; De-
Celles et al., 2011; Wang et al., 2013). The Qiuwu Forma-
tion was derived from the Gangdese arc in the north, whereas
the Dazhuka Formation also contains detritus from the Tethys
Himalaya, Xigaze forearc-basin strata, and Yarlung-Zangbo
suture zone in the south. These units were interpreted to indi-
cate a short-lived extensional stage affecting the suture zone,
just prior to the development of the Great Counter Thrust (De-
Celles et al., 2011; Wang et al., 2013).
In the Lesser Himalaya, the Oligocene unconformity is

overlain by the Dumri Formation in the Tansen area of Nepal
and by the Dagshai, Kasauli and Dharamsala formations in
northern India, which were deposited largely during the early
Miocene, starting possibly in the late Oligocene (White et
al., 2002; DeCelles et al., 2004; Najman et al., 2005). The
Murree redbeds of northern Pakistan have broadly the same
age (Critelli and Garzanti, 1994), which represents the poorly
constrained age of the base of fluvio-deltaic “molassic”-type
sediments in the Himalaya. The birth of a strongly subsid-
ing foreland basin, which formed during the main stage of
Himalayan structural and topographic growth, took therefore
place about 35 Ma later than the onset of continental colli-
sion, a long delay which still needs full understanding.
Conglomerates deposited near the Yarlung-Zangbo suture

zone between the late Oligocene and the early Miocene
(26–18 Ma) have about the same age as the initial stage of
“molasse”-type sedimentation on the lower Indian plate.
During this time window, both the collisional suture zone and
the Himalayan fold-thrust belt to the south were subjected
to rapid uplift, erosion, and exhumation. Development of
the Great Counter Thrust was associated with formation of
a topographic depression formed parallel to the suture zone
between the Gangdese arc massif and the hanging wall of the
Great Counter Thrust, which created the conditions for the
formation of the Yarlung-Zangbo and Indus rivers (Sinclair
and Jaffey, 2001; Wang et al., 2013).

6.3          Sedimentary evolution of the Himalayan orogen

Based on the temporal and spatial distribution of tectonic
and magmatic events, Chung et al. (2005) and Hou et al.
(2006) divided the India-Asia collisional orogenic evolution
into three stages: the main collision stage (65–40 Ma), the
late collision stage (40–26 Ma), and the post-collision stage
(26–0 Ma). Based on the sedimentary record, we prefer in-
stead to follow the scheme proposed by Hodges (2000). Four
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(Zhongba)

Sub-Himalaya
Foreland basin

Liuqu Conglomerate Kailas

AsiaIndia Neo-Tethyan ocenaic crust

AsiaIndia

Asia
India

Earliest Eohimalayan stage:
middle Paleocene-early Eocene (59 52 Ma)–
Initial collision of India and Asia;
Deep-water marine sedimentation in the syn-collision basin;
Carbonate ramp in the Indian margin;
Fan-delta in the Asian margin;
Possible unconformities in the forearc and Indian margin

Early Eohimalayan stage:
early-middle Eocene (52 41 Ma)–
Shallow marine sedimentation in the syn-collision basin;
Cessation of  marine sedimentation
Shallow marine sedimentation in the Lesser Himalaya

Late Eohimalayan stage: late Eocene-Oligocene (41 26 Ma)–
No sedimentary records in Himalaya and southern Tibet;
Unconformity in the Lesser Himalaya

Late Oligocene-early Miocene (26 17 Ma): Post-collision–
Rapid uplift of the Himalayan Range
Deposition of continental molasse in Subhimalaya
Deposition of the Liuqu and Kailas conglomerates
Birth of the Indus and Yarlung Zangbo rivers

XFB-Xigaze forearc basin
OPH-Yarlung Ophiolites
TH-Tethys Himalaya
GH-Greater Himalaya

GCT-Great Counter Thrust
STDS-South Tibetan Detachment System
MCT-Main Central Thrust

(a)

(b)

(c)

Figure 7            Reconstructed evolution of the Himalayan orogen based on the stratigraphic record from the western Himalaya and southern Tibet. (a) Earliest
Eohimalayan stage; (b) early Eohimalayan stage and late Eohimalayan stage; (C) early Neohimalayan stage; XFB-Xigaze forearc basin; OPH-Yarlung-Tsangpo
Ophiolite; TH-Tethys Himalaya; GH-Greater Himalaya; GCT-Great Counter Thrust; STDS-South Tibetan Detachment System; MCT-Main Central Thrust.

main stages are identified here (Figure 7).
Earliest Eohimalayan stage (middle Palaeocene-early

Eocene; 59–52 Ma). Soon after initial collision between
India and Asia, the fan-delta sediments of the Quxia and
Jialazi formations were deposited on the southern margin
of Asia, unconformably overlying forearc-basin strata.
Deep-water turbidites  (Sangdanlin  and Zheya formations)
 and  olistos- tromes (Zongzhuo Formation) were deposited
in the northern Tethys Himalayan zone, while a carbonate
ramp developed along the southern Tethys Himalaya from
the Tingri-Gamba area to the Zanskar Range. A major un-
conformity, associated with intraformational conglomerates
in the Tingri-Gamba area and inferred to document tectonic
uplift during the passage of an orogenic wave developed at
the Palaeocene-Eocene boundary (~56 Ma). The Gangdese
arc was rapidly exhumed during the same period, with a
volcanic flare-up documented by the widespread Linzizong

volcanics (Zhu et al., 2015; Zhu et al., this volume).
Early Eohimalayan stage (early-middle Eocene; 52–41

Ma). The space still existing between the Indian and Asian
landmasses was progressively filled by clastic depositional
systems fed from the Asian upper plate, starting from the
deeper trough near the suture zone and eventually prograding
and onlapping onto the carbonate platform deposited on
the proximal passive margin of India. Cessation of marine
sedimentation in the Tethys Himalaya is documented to have
occurred around 52–50 Ma in the western Zanskar area,
around 43–41 Ma in the Tingri-Gamba area, and not until
~35 Ma in the easternmost Düela area. Seaways thus with-
drew gradually from west to east in the Himalaya. During
this time window, shallow-marine sediments were deposited
in the Lesser Himalaya. The Bhainskati Formation in Nepal
received clastic materials dominantly from the Tethys Hi-
malaya, whereas the Subathu Formation in northern India
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was also fed from volcanic and ultramafic rocks of the Asian
margin and suture zone. The paleogeographic relationships
and potential connections between these two marine basins
remains unclear.
Late Eohimalayan stage (late Eocene-Oligocene; 41–26

Ma). The entire Himalayan region, from the suture zone to
the site where a foreland basin would be expected to exist,
lacks a sedimentary record corresponding to this time period.
The Lesser Himalaya documents a very major unconformity
(Singh, 2003; DeCelles et al., 2004). Seaways completely
withdrew from the nascent orogen, but there is no geological
evidence that the Himalayan belt was strongly uplifted and
eroded rapidly. This was also a period of magmatic quies-
cence in the Gangdese region of southern Tibet (Chung et al.,
2005). One possibility is that Indian continental crust was
subducted at a very low angle during this time, when tectonic
deformation was focused in the Tibetan Plateau to the north.
Early Neohimalayan stage (late Oligocene-early Miocene;

26–17 Ma). The Himalayan mountains were generated by
rapid tectonic uplift, and “molasse”-type sediments started to
be rather suddenly deposited along the Himalayan front, doc-
umenting the final birth of a strongly subsident foreland basin.
Two conglomerate units were deposited along the Yarlung-
Zangbo suture zone. Extensive Himalayan tectonic activity,
crustal melting and leucogranite intrusion (Wu et al., 2015)
document a stage of orogenic climax, possibly associated
with the onset of “hard” collision during this time period.
The development of the Great Counter Thrust provided the
conditions for the birth of the large Himalayan rivers (i.e.,
Yarlung-Zangbo and Indus) along the Yarlung-Zangbo suture
zone (Sinclair and Jaffey, 2001; Wang et al., 2013).

7.          Applying the stratigraphic method to con-
strain timing of initial continental collision
The timing of initial continental collision is a theoretically
defined moment in time leaving no specific identifiable mark
in the geological record. However, once continental collision
has started, geological processes in the collisional zone are
likely to change radically. And yet geologists find no easy job
while determining the time of collision from the rock record.
As Li et al. (1999) stated: “The most striking aspect of the
collisional orogenic zone is the time of the collision and con-
tact between the two blocks of continental crust after the dis-
appearance of the oceanic lithosphere, or the time of the colli-
sion. This is a continuous process from the subduction of the
oceanic lithosphere to the subduction of the continental litho-
sphere… the collision event does not leave a clearly visible
direct geologic record, which is a common case in collisional
orogenic zones. The theory of plate tectonics considers the
collisional event as the beginning of the collisional orogenic
effect, and therefore the interval between the lower and up-
per limits of the collisional event must be used to constrain

the age of this event.”
Li et al. (1999) summarized systematically the geological

markers useful to define the time of collision and proposed
seven lower limits (maximum/oldest) and seven upper limits
(minimum/youngest) for its timing. Specifically, there are
two stratigraphic markers considered for the lower limit (“the
youngest age of the abyssal sediments in the mélange zone”
and “the age of young marine sediments on the margin of the
passive continent in the foreland fold and thrust zone”) and
one marker of the upper limit (“the age of the sediments of
the molasse basin”).
Based on geological data from the Himalayan orogenic

belt, the geological markers proposed by Li et al. (1999)
need to be reconsidered. We may use “the youngest age of
the abyssal sediments in the mélange zone” as the lower
age limit for collision onset, considering that mélange form
largely during the oceanic subduction stage. However,
mélange can form also after collision onset, which is the case
for the Xiukang mélange in the Yarlung-Zangbo suture zone
(An et al., 2017). Care is thus needed to unravel when and
where mélange deformation has taken place.
“The age of the young marine sediments on the margin of

the passive continent in the foreland fold and thrust belt” has
been widely used for defining collision age in the Himalaya
(Searle et al., 1987; Rowley, 1996), but this criterion is mis-
leading for the reasons discussed above in section 5.1, where
we have shown that it provides in fact only a minimum limit
for collision age. There is no reason why marine sedimen-
tation on the passive margin of the lower plate should stop
immediately at the time of collision. Rather, it may continue
long after collision onset (Sinclair, 1997), as observed in a va-
riety of modern settings including the Taiwan strait, the vast
marine gap between Australia and New Guinea, or the Per-
sian Gulf between Arabia and the Zagros orogen (Pigram et
al., 1989; Homke et al., 2009). The Tethys Himalayan strati-
graphic record indicates that marine sedimentation continued
until 40–35 Ma, that is 20–25 Ma after initial collision. The
cessation of marine sedimentation cannot be used at all to pre-
cisely constrain the timing of initial collision.
“The age of the sediments in the molasse basin” may well

be used to constrain the upper limit of the time of collision
once we have clarified what we mean exactly for “molasse
basin”. In Himalayan literature the term “molasse” has been
used and misused for a number of coarse-grained clastic
wedges deposited on either side of the suture zone. If we
stick strictly to the original definition of “molasse” in its type
area, i.e, the Alpine foreland basin in Switzerland, then we
should use the term only for clastic wedges deposited in front
of the growing orogen along its pro- (lower-plate) side, and
not for those deposited within the orogenic prism or worse on
the upper plate. Coarse-grained clastic deposition took place
in the earliest Eohimalayan stage on the upper Asian Plate,
but only much later during the early Neohimalayan stage on
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the Indian lower plate or close to the suture zone. The Liuqu
conglomerate, Dazhuka conglomerate, and Siwalik Group
were deposited more than 30 Ma after the initial collision
(Hu et al., 2016b). In the Alps, deposition of orogenic
conglomerate started in the Oligocene (32–25 Ma), which is
no less than 25 Ma after initial collision, poorly constrained
as Palaeocene (Sinclair, 1997; Garzanti and Malusà, 2008).
Besides the confusion that the loose usage of the term “mo-
lasse” has brought in the geological literature, coarse-grained
clastic deposits presumably reflecting topographic growth
and consequent active erosion of the orogenic belt may begin
much later than collision onset, and thus provide a scarcely
useful minimum age-constraint for initial collision.
Based on the experiencemade on the India-Asia continental

collision zone, we may provide the following suggestions for
studies aiming at accurately constraining the timing of initial
continental collision with stratigraphic methods (Figure 8):
(1) a minimum limit for initial continental collision may be

based on the age of the youngest marine sediments preserved
on both sides of the suture zone. However it must be kept
in mind that collision may have begun a few tens of million
years prior to the final cessation of marine strata. Deposition
of coarse-grained orogen-derived conglomerates and fluvial
“molasse”-type clastic wedges may occur at even later times,
and are thus of little use for dating collision onset.
(2) a far better approach is to look for continuous sections

of deep-water sediments deposited on the lower plate as close
as possible to the suture zone (e.g., the Sangdanlin section in
southern Tibet). If we can successfully determine the time of
change from lower-plate to upper-plate provenance, then we
have indeed found the key to accurately constrain the timing
of initial continental collision. Finding suitable stratigraphic
sections in collisional orogenic zones is however challeng-
ing, because preservation of complete deep-water sedimen-
tary sequences deposited close to the edge of the lower-plate
continent that have not subsequently undergone strong tec-
tonic deformation is a rare fortunate case.
(3) sharp facies changes and unconformities documented at

either side of the collision zone provide complementary in-
formation. Erosional unconformities reflecting tectonic up-
lift are relatively easy to identify in the stratigraphic record
of the lower-plate margin and can help to constrain the tim-
ing of the initial collision. An unconformity, however, may
be formed by a variety of different causes, including not only
tectonic uplift but also eustatic and/or climatic events. The
upper-plate stratigraphic record may also be informative, but
generally less so because active margins may document an
even wider range of pre-collisional to post-collisional tec-
tonic processes.

8.          Conclusions

The Palaeogene stratigraphic record well preserved along
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Figure 8            Sketch showing the rationale of the sedimentary approach used to
constrain the timing of initial continental collision based on our Himalayan
experience.

both sides of the Yarlung-Zangbo suture zone provides an
excellent opportunity to study the initial stages of conti-
nent-continent collision between India and Asia. Here we
define collision onset as the moment when oceanic crust
was finally consumed at the point of initial contact between
the two continents. The provenance change recorded by
deep- water turbidites in the Sangdanlin section, testify-
ing to a change from Indian to alternating India-Asia and
eventually Asian provenance, constrains most robustly the
timing of initial India-Asia continental collision at this point
as 59±1 Ma. Subsidence and sedimentation in syn-colli-
sional depocenters formed south of the suture zone on the
lower Indian plate shortly followed, as documented in the
Zhongba, Gyangze, Tingri, and Gamba regions. Studies of
the sedimentary record carried out so far failed to firmly
document any diachroneity in the initial India-Asia contact
from the central Himalaya to the western Himalaya and
Pakistan. Marine sedimentation near the suture zone ceased
at places in southern Tibet in the middle or even late Eocene,
20–25 Ma later than collision onset, and classic molasse-type
fluvial sedimentation did not begin in the Indian foreland
basin before the close of the Oligocene, another 10–15 Ma
later. Based on the stratigraphic record, the evolution of the
Himalayan orogen after initial continental collision can be
subdivided into four stages: (1) middle Palaeocene-early
Eocene earliest Eohimalayan stage (from 59 to 52 Ma):
filling of the deep-water space between the formerly passive
Indian and active Asian margins by turbiditic sedimentation
and mélange, while carbonate-platform sedimentation con-
tinued on the inner Indian margin; (2) early-middle Eocene
early Eohimalayan stage (from 52 to 41 or 35 Ma): complete
filling of remnant seaways between the two margins and ces-
sation of marine sedimentation; (3) late Eocene-Oligocene
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late Eohimalayan stage (from 41 to 25 Ma): no documented
sedimentation both along the collision zone and on the Indian
foreland in front of the embryonic Himalayan belt; and (4)
late Oligocene-early Miocene early Neohimalayan stage
(from 25 to 17 Ma): rapid Himalayan uplift with extrusion
of the hot Greater Himalayan metamorphic wedge and rapid
molasse-type fluvial deposition in the Indian foreland basin.
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