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Abstract: A continuous Late Cretaceous–Paleocene sedimentary succession within the India–Asia collision suture zone in
Xigaze, Tibet contains a c. 80 m thick sand injection complex immediately overlain by a c. 60 m thick mass transport deposit
(MTD; the first of several) with the first evidence of Asian provenance, immediately followed by a c. 61 Ma tuff. The youngest
in situ strata with unequivocal Indian provenance are probably the source beds of the sand intrusions, separated from the first
MTD by c. 50 m of pelagic deposits that potentially represent an interval of several million years; the collision could thus have
occurred at any time within this interval. However, the uppermost limit of the sand intrusions closely coinciding with the MTD
suggests that they occurred penecontemporaneously, possibly associated with the initial continental collision. This may provide
an additional constraint of initial collision onset at c. 61 Ma. The co-occurrence of MTDs and sand injections are possibly good
sedimentary indicators of the onset of continental collision and are characteristic of syn-collisional trench basins. Because
neither the youngest Indian nor the oldest Asian provenance sediments are in their original stratigraphic position, this study
shows that detailed sedimentological work combined with provenance study can better constrain the timing of continental
collision.
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Continental collision is a central part of the framework of plate
tectonics; establishing the timing of collision is thus a key area of
research (e.g. Colleps et al. 2020). Various methods have been used
to constrain the timing of collision, including ophiolite obduction,
the cessation of marine sedimentation, faunal migration, the
magmatic transition from oceanic to continental subduction, the
development of a peripheral foreland basin and the apparent polar
wander path (see review in Hu et al. 2016; Ding et al. 2017).

If the convergence is not orthogonal, then the collision is
diachronous, as is the case for the Himalaya collision belt.
A currently favoured model involves the initial collision between
India and Asia first occurring in the central section of the Yarlung
Zangbo suture zone between c. 65 and 60 Ma, then progressing both
eastwards and westwards (see review in Ding et al. 2017). However,
accuracy and precision in dating the early collisional stages has
proved so far to be insufficient to detect any potential diachroneity
from the western to the central-eastern Himalaya (DeCelles et al.
2014; Najman et al. 2017, 2020). Continental collision is a complex
process that involves a number of concomitant geological events. A
multidisciplinary study with all available methods should therefore
be applied to constrain both the timing of these events and to reveal
the sequential changes occurring during the tectonic evolution of
the collisional orogeny (Ding 2003; Ding et al. 2017; Hu et al. 2015).

The dating of a provenance change within the suture zone from
sediment derived from the under-thrust plate to that derived from the
over-riding plate (i.e. provenance reversal; Hu et al. 2016 and
references cited therein) has been established as an effective method
to represent the timing of continental collision and has been used
successfully around the Himalayan belt (e.g. Cai et al. 2011;
Wang et al. 2011; Bracciali et al. 2015; Hu et al. 2015, 2016;

Ding et al. 2016; Najman et al. 2017, 2020; Colleps et al. 2020;
Arboit et al. 2021) and a number of other collisional orogens (e.g.
the Zagros collisional zone; Koshnaw et al. 2019).

A comprehensive understanding of the sedimentary and tectonic
context is vital to the validation of the provenance data that are used
to constrain the timing of initial continental collision. In the
examples where the timing of collision has been established by
provenance reversal, no description has yet been presented of the
sedimentary processes themselves that may provide additional
indirect evidence of the timing of collision. In the area with which
this paper is concerned, in what is interpreted to be a syn-collisional
trench basin, a provenance reversal from Indian to Asian plate
derivation has been demonstrated (An et al. 2021), providing an
excellent opportunity to investigate further the relevant sedimentary
processes in detail.

A syn-collisional trench basin represents the stage immediately
after the subduction of the last remaining oceanic lithosphere, prior
to the development of significant orographic relief in the over-riding
plate, as the margin transitions into a foreland basin (Beck et al.
1996; Singh 2003, 2013; Hu et al. 2015, 2016, 2020). Its initiation
essentially records the moment of contact between the two pieces of
continental crust. Research in this area is sparse, largely due to the
difficulties in recognizing a syn-collisional trench fill by establish-
ing the timing of initial collision, which has been constrained in very
few collision zones (see Ding et al. 2016; Hu et al. 2017). Moreover,
syn-collisional trench basins are typically highly deformed or
destroyed because they liewithin the suture zone. Studies of modern
trench basins (e.g. the Timor Trough; Saqab et al. 2017) rely on
seismic and limited well data because they are mainly in water that is
too deep for extensive coring. The sedimentary processes,
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depositional environments and characteristics are therefore poorly
known.

We present here field data demonstrating the onset of submarine
mass movement and the formation of a substantial sand injection
complex, for which a seismic trigger is probable. The timing of
occurrence is tightly constrained and apparently coincides closely
with the provenance reversal; they are therefore interpreted to be
syn-collisional.

Geological background

Southern Tibet straddles the collision zone between the Asian and
Indian plates (DeCelles et al. 2014; Garzanti and Hu 2015; Hu et al.
2017; Garzanti 2019; Kapp and DeCelles 2019; Fig. 1a). Ophiolite
and trench deposits immediately south of the Indus–Yarlung suture
are succeeded southwards by Mesozoic to early Cenozoic deposits
of the Indian passive margin (Fig. 1b). These deposits record the
change from an Indian to an Asian provenance (Wang et al. 2011;
DeCelles et al. 2014; Hu et al. 2017) and are thus crucial to
establishing the timing of continental collision.

Sangdanlin section

In the area 10 km west of the town of Saga, Xigaze Prefecture, this
succession is represented by the Sangdanlin section (Fig. 1c; Hu
et al. 2017), which includes the deep water Late Cretaceous to
Paleocene (Maastrichtian to Selandian) Denggang, Sangdanlin and
Zheya formations based on the lithology (Hu et al. 2017; Fig. 1c).

The Denggang Formation represents a deep marine channel-lobe
environment within abyssal deposits on a mostly starved portion of
the Indian continental rise (DeCelles et al. 2014; Hu et al. 2017).
The Sangdanlin Formation largely consists of thick successions of

laminated red radiolarian chert and siliceous shales with intercalated
thin- to amalgamated thick-bedded turbidite sandstones, with both
Asian and Indian provenances, indicating that continental collision
had already occurred (Wang et al. 2011; DeCelles et al. 2014; Hu
et al. 2015; Ding et al. 2016). The Zheya Formation is characterized
by thick-bedded flysches.

The timing of collision based on studies of the Sangdanlin section
is subject to uncertainty because the tuff dated at 59 ± 1 Ma (Hu
et al. 2015) is c. 500 m above the Indian–Asian provenance reversal,
being separated by c. 50 m of pelagic siliceous shale and radiolarian
chert and c. 450 m turbidite sandstones (Y. Li et al. 2007; Wang
et al. 2011; Ding et al. 2016). These pelagic shales and chert
represent very slow deposition, potentially resulting in a significant
underestimate of the age of initial collision.

Mubala section

The Mubala section, c. 60 km west of the Sangdanlin section, is a
newly discovered, 330 m thick siliciclastic succession that con-
formably overlies interbedded chert and dark grey siliceous shale
equivalent to the Cretaceous Jiabula Formation deposited on the
distal part of the Indian shelf within the Tethyan Himalaya (Fig. 1c;
X. Li et al. 2005; An et al. 2021).

The Mubala section preserves the same stratigraphy as the
Sangdanlin section, from the Denggang Formation to the Zheya
Formation (An et al. 2021). The c. 300 m thick deep water
Denggang Formation (probably late Maastrichtian to Danian)
includes three sandstone members, the Lower, Middle and Upper
members based on petrography; quartzose in the Lower Member,
litho-quartzose to quartzo-lithic basalticlastic in the Middle
Member and glaucony-bearing feldspatho-quartzose in the Upper

Fig. 1. (a) Outline geological map of the southern Lhasa terrane and Himalayan belt. (b) Simplified geological map of the Saga area (revised from
Pan et al. 2004) showing the locations of the Mubala and Sangdanlin sections. K-E, Cretaceous to Paleocene. (c) Stratigraphic columns for Sangdanlin (Hu
et al. 2015) and Mubala (An et al. 2021); IAPR, Indian–Asian provenance reversal; MTD, mass transport deposit.
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Member (Fig. 1c; An et al. 2021). The quartzo-lithic basalticlastic
sandstones of the middle Denggang Formation are suggested to
indicate the main outburst of Deccan volcanism close to the
Cretaceous–Tertiary boundary (e.g. Chenet et al. 2007; An et al.
2021).

In the Sangdanlin Formation, the apparent Indian to Asian
provenance reversal (IAPR) is sharp and is represented by a
lenticular quartzose block of Indian provenance within a sheared
volcaniclastic bed of Asian provenance, with a tuff immediately
above it dated at 61 ± 0.3 Ma (zircon U–Pb age using secondary ion
mass spectrometry; Fig. 1c; An et al. 2021). The sedimentary
processes and depositional environments for this and the adjacent
succession are the focus of this study (Fig. 1c).

Methods and results

The Mubala outcrop extends for 8 km in a west–east (strike)
direction with excellent exposure (Fig. 2b–d). This study is based on
a detailed field assessment of the context of the IAPR and includes
three c. 230 m sedimentary logsmeasured at a scale of 1:20. A drone
was used to take outcrop images perpendicular to the logs to capture
the lateral stratigraphic variations (see Figs 2c, d, 4a, 5a and 7a).
Thirty samples were collected for petrological analysis.

Denggang Formation

Lower Sandstone Member

The Lower Member is c. 200 m thick and consists of massive quartz
arenite to subarkose (An et al. 2021), which is poorly represented at
outcrop as a result of extensive fracturing and weathering. The
depositional environment is therefore hard to decipher.

Middle Sandstone Member

The 20–30 m thick Middle Sandstone Member of the Denggang
Formation consists of medium-grained, thin- to thick-bedded
(Fig. 3a) sediment gravity flow deposits, often of a lower, weakly
graded turbiditic interval capped by a more matrix- and shale-clast-
rich component (Fig. 3b, c). The sandstone mainly consists of sub-
litharenites, with angular quartz and subordinate rounded volcanic
clasts of basalt containing abundant randomly orientated plagioclase
laths (Fig. 3d). TheMiddle SandstoneMember is overlain by c. 10 m
of green and purple–red shalewith an upwards-increasing proportion
of purplish chert in centimetre- to decimetre-scale bands (Fig. 2a).
The abrupt change from sandstone to shale, then progressive changes
to mostly chert, reflect a rapid shutdown of the supply of sand
followed by a gradual decrease in the fine clastic input.

Upper Sandstone Member

The Upper Sandstone Member is dominantly structureless sand-
stone (Figs 4 and 5). The major bodies of green to dark grey and
commonly slightly discordant sandstone of the Upper Sandstone
Member extend over a stratigraphic thickness of 80–100 m, of
which 60–80% or more is sandstone (Fig. 4a, b). The sandstone
contains no bedding nor primary sedimentary structure, but large,
laterally persistent bodies, up to 5 m thick, of bedded purplish red or
grey chert are present within it (Fig. 4a, b). These enclaves are
sometimes folded, with axial planes parallel to the boundaries of the
enclaves, at scales comparable with those of the entire layer
(Fig. 4c). There are also smaller, metre-scale enclaves that are often
substantially rotated out of parallelism with the overall layering of
the interval (Fig. 4d). The top of the Upper Sandstone Member,
insofar as it can be defined, is the sharp top of the uppermost large
sandstone body (Fig. 4b).

Fig. 2. (a) Correlation panel of the Mubala outcrop; log positions are shown in part (b). The green shale and chert layer at the top of the Middle Denggang
Formation is used as a datum. MTD, mass transport deposit. (b) Google Earth image showing the general configuration of the Mubala outcrop and log
positions. Image ©2021 CNES/Airbus, Landsat/Copernicus, Maxar Technologies, map data ©2021. (c) Interpreted drone image of the Mubala east outcrop;
see position in part (b). The white lines represent the formation or member boundaries. (d) Interpreted drone image of the Mubala west outcrop with a faint
overlay showing the continuity of each formation; see position in part (b).

MTD and sand intrusion in a syn-collisional trench
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Immediately below the base of the Upper Sandstone Member,
within the uppermost few metres of the underlying shale/chert unit,
sub-concordant decimetre-scale layers of structureless dark sand-
stone, similar to that of the overlying Upper Sandstone Member, are
intercalated within the cherts (Fig. 4e). The sandstone bodies have
locally transgressive margins, include fragments of the enclosing
cherts (Fig. 4f ) and commonly pinch out laterally. These sandstones
consist predominantly of structureless, very fine- to fine-grained
green to dark grey glauconitic–feldspathic sandstones, which are
quartz-rich, with moderately abundant angular grains of glauconite
and few lithic fragments (Fig. 5a–d). A large proportion of the
glauconite grains are altered from K-feldspar, quartz and biotite
(Fig. 5b–d). The dissolution of K-feldspars and quartz provides a
high-K+, high-Si+ pore water microenvironment favourable for the
pseudomorphic replacement of grains by glauconite (Dasgupta
et al. 1990; Bandopadhyay 2007; Banerjee et al. 2015, 2016).

In addition to these dark, structureless sandstones, there are scarce
decimetre-scale bodies of bedded green (glauconitic) sandstone,
which are possibly remnants of the original sandstone beds (Fig. 5e).
These green sandstones include two distinct textural varieties: one
has a poikilitic-like texture of large quartz grains containing floating
glauconite peloids (Fig. 5f) and subordinate flakes of siliceous
mudstone that also contain glauconite peloids (Fig. 5f); the other is
of quartz-rich glauconitic sandstone in which both the quartz and
(non-peloidal) glauconite grains are angular (Fig. 5f).

The non-peloidal angular glauconite grains and the siliceous
mudstone flakes were brought into deep water by sediment gravity
flows, the glauconite possibly representing redeposition from
shallow water (very likely the Danian Jidula Formation in the
shallow water environment of the Tingri–Gamba area in the
northern Indian Tethys margin) (Willems et al. 1996; Garzanti and
Hu 2015; J. Li et al. 2015), with siliceous mudstone flakes being

picked up along the transportation path. The form of the glauconite
peloids in the siliceous mudstone flakes suggests that they are
altered from radiolaria, the semi-confined organic-rich microenvir-
onments within them providing the conditions suitable for
glauconitization (Baldermann et al. 2013; Banerjee et al. 2016).

Uppermost Denggang Formation

This uppermost 20 m of the Denggang Formation is dominated by
purplish red siliceous shales with radiolarian chert. It contains both
concordant and discordant structureless bodies of dark grey
sandstone that is compositionally identical to that of the Upper
Sandstone Member (Figs 2 and 6a); sandstone makes up c. 5–10%
of the interval (Fig. 6a, b). Immediately above what is designated as
the Upper Sandstone Member, these bodies may be several
decimetres thick and slightly to substantially cross-cutting
(Fig. 6a–c), often terminating abruptly or tapering and pinching
out over a short distance (Fig. 6d, e). They decrease in size and
abundance stratigraphically upwards throughout the red shales of
the uppermost Denggang Formation (Figs 2 and 6a). In detail, the
margins of apparently concordant bodies are often transgressive and
they frequently step from one stratigraphic horizon to another
(Fig. 6). Discordant bodies range from oblique at shallow angles to
bedding to highly discordant; those at high angles in the upper part
of the section are often ptygmatically folded (Fig. 6c) and must
therefore have formed while at relatively shallow burial depths, prior
to complete compaction.

Sangdanlin Formation

Immediately above the purplish red siliceous shales with radiolarian
chert of the uppermost Denggang Formation is the Sangdanlin

Fig. 3. Characteristics of Middle Sandstone Member. (a) Well-bedded Middle Sandstone Member with beds in which clean (i.e. matrix-poor) sandstone
passes upwards to (b, c) mud-clast-rich sandstone; see position in Figure 2a and c. (d) Thin section of the clean sandstone in part (b). LV, lithic fragment;
Q, quartz.
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Formation, which can be divided into lower and upper parts based
on the continuity of beds (Fig. 7a). The c. 65 m chaotic unit that
forms the lower Sangdanlin Formation is pervasively deformed
throughout (Fig. 2). It can be divided into two parts: a red shale-
dominated lower part with sandstone blocks and sporadically
distributed and impersistent folded sandstone beds; and an upper
sandstone-rich part with variously imbricated, sheared, folded,
impersistent and dismembered beds of volcaniclastic rock (Figs 7a
and 8).

The folded beds in the lower part consist mainly of bedded cherts
and coarse-grained quartzite, possibly of turbidite origin, with
scattered granules and concentrations of elongate decimetre-scale
mudstone clasts (Fig. 8). The blocks near the top of the lower (red
shale-dominated) part of the deformed unit are mainly chert with
quartz veins (Fig. 8b) and c. 2 m diameter very coarse-grained
quartzite lenses (Fig. 8c). This quartzose material in the lower
interval of the deformed unit has been shown to come from the
Indian block, whereas the sandstone in the upper interval of the
deformed unit is mainly volcaniclastic rock with an Asian
provenance (Fig. 8e; An et al. 2021).

The upper part of the Sangdanlin Formation, immediately above
the deformed unit, consists of purplish shales with numerous
interbedded tuff layers (Fig. 7); the lowermost of these tuffs is dated

as 61 ± 0.3 Ma (zircon U–Pb age using secondary ion mass
spectrometry; An et al. 2021).

Zheya Formation

Zheya Formation is at least 600 m thick and its top is possibly
truncated by a tectonic contact (Fig. 9). It consists mainly of sheet
sandstones intercalated with two thick mass transport deposits
(MTDs), namely MTD II and MTD III (Fig. 9). MTD II is c. 150 m
thick and MTD III is at least 200 m thick. Both are mud matrix
dominated with sandstone blocks, with very scarce chert blocks at
the bottom of MTD II.

Processes

Formation of sand injection complex

Sand injectites have been recognized in many geodynamic and
geological settings globally throughout the stratigraphic record (see
Hurst and Cartwright 2007; Hurst et al. 2011). They form as a result
of the liquefaction of under-consolidated coarse-grained sediments,
generally sands (Vigorito et al. 2008; Hurst et al. 2011; Zvirtes et al.
2019). This may occur close to the surface, as a result of disturbance

Fig. 4. (a) Uninterpreted and (b)
interpreted structure of Upper Sandstone
Member. (c) Folded and boudinaged chert
enclave. (d) Large bedded purple chert
block enclosed within the dark grey
sandstone. (e) Sandstone intercalated with
the chert at the base of the Upper
Sandstone Member. (f ) At the same
horizon as part (e), abundant angular
blocks of purple chert at the base of the
Upper Sandstone Member; note that the
dark sandstones weather to a pale creamy
grey colour. All the positions are shown in
part (b). C/S, chert and shale layers.

MTD and sand intrusion in a syn-collisional trench
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by earthquakes or loading, but it may also occur in the deeper
subsurface when porous sediment bodies are entirely enclosed in
impermeable lithologies and retain pore waters during burial
(Duranti and Hurst 2004; Scott et al. 2009).

Sand bodies enclosed within dominantly fine-grained successions
are thus particularly prone to this process (Hurst et al. 2003; Surlyk
et al. 2007). In these circumstances, they neither compact, due to the
incompressibility of the pore water, nor lithify, and lie on, or close to,
a lithostatic pressure gradient rather than a hydrostatic gradient
(Vigorito and Hurst 2010). During burial, once the difference
between the lithostatic and hydrostatic pressures exceeds the fracture
pressure of the enclosing lithologies, hydrofracturing will occur, with
the explosive expulsion of the excess pore water, carrying sediment
with it and forming sand injections (e.g. Vigorito and Hurst 2010).

The most likely triggering mechanisms for the formation of large,
deep intrusion complexes are shearing induced by the propagation
of seismic waves from large-magnitude earthquakes and bolide
impacts or lateral pressure transfer (see Cartwright 2010). The
results may be merely local or far more widespread, depending on
the scale of the remobilization. Where large sand bodies are
remobilized, this may produce extensive complexes of injections,
often multigenerational and with cross-cutting relationships. They
exhibit a range of geometries and generally consist a combination of
parent units, sills, dykes and extrudites (e.g. Hurst et al. 2006,
2007), sometimes on a scale large enough to be imaged seismically
in the subsurface (Molyneux et al. 2002; Szarawarska et al. 2010).
They may extend laterally for kilometres and over hundreds of
metres stratigraphically (Scott et al. 2013).

Fig. 5. (a) Thick structureless dark grey sandstone of the Upper Sandstone Member. Person (outlined) for scale. (b) Thin section of the dark grey sandstone
in part (a). LV, lithic fragment; G, glauconite. (c) Thin section of the dark grey sandstone in Figure 6a in the sandstone of the Uppermost Denggang
Formation showing the alteration of glauconite (G) from feldspar (F), quartz (Q) and biotite (B) (plane-polarized light). (d) The same as in part (c) with
crossed polars. (e) Decimetre-scale bedded green sandstone. (f ) Thin section of the bedded green sandstone in part (e) (plane-polarized light).
Gp, glauconite peloid; G, glauconite grain.
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The host rock is often extensively brecciated around the intrusions;
inclusions (‘xenoliths’) of host rock occur within the intrusions
(Macdonald and Flecker 2007; Vigorito et al. 2008; Scott et al. 2009;
Kane 2010). The intrusions themselves are typically structureless and
the source beds are also commonly devoid of primary structures,
having been largely or entirely liquefied during the expulsion ofwater
and sediment (Hurst et al. 2003, 2007; Huuse et al. 2004; Surlyk
et al. 2007; Szarawarska et al. 2010). In extreme cases, the source bed
or beds may be completely evacuated, leaving only a stratigraphic
‘weld’ in its place (Hurst et al. 2011; Cobain et al. 2019).

Criteria for differentiating depositional bedded sandstones from the
bedding-parallel and discordant sandstones of the upper part of the
Denggang Formation have been applied from the literature. (cf.
Duranti and Hurst 2004; Hurst et al. 2011). The structureless character
of the green to dark grey sandstones of the Upper Denggang
Formation, their sharp contacts and the transgressive nature of their
boundaries all indicate that these are sandstone intrusions (Figs 2, 4
and 6). The sand intrusion complex in the Mubala section can be
divided into two parts; the lower part (the Upper Sandstone Member)
is dominated by several thick clastic sills, whereas the upper part
consists largely of a complex of thinner sills and dykes (Fig. 6a). This
upwards changemay be related to the nature of the host rock, changing
from purplish red chert-rich below to red shale-dominated above.

Formation of MTDs

MTDs are the product of gravity-induced mass movement resulting
from failure occurring on subaqueous slopes, which is commonly

(although not exclusively) triggered by earthquakes (e.g. Piper et al.
1999). They involve the downslope translation of masses of material,
often of very large volumes, generally onto regions of lower gradient
(e.g. Piper et al. 1997; Calve ̀ et al. 2015), although they may be
extremely mobile and flow over regions with gradients <1° (e.g.
Haflidason et al. 2005). Individual deposits range in volume from a
few cubic metres to >5500 km3 and up to 35 000 km2 in areal extent
(e.g. Posamentier et al. 2011). They include deposits described
variously in the ancient record as debris flows, slumps and slides
(e.g. Moscardelli and Wood 2008 and references cited therein).

Mass failure is common in a wide range of continental margin
settings, including both passive margins and subduction margins
(Ratzov et al. 2010; Moscardelli and Wood 2008), and during the
continental collision stage (e.g. Ogata et al. 2012), when it may
occur on a regional scale (e.g. Ruiz-Constán et al. 2012; Ogata et al.
2019) and be accompanied by the formation of tectonic mélange
(Harris et al. 1998; Festa et al. 2010; Ogata et al. 2019). However,
fewer studies have been carried out on syn-collisional MTDs than
on oceanic crust subduction-stage MTDs.

The character of the strata-bound deformation within the
Sangdanlin Formation is entirely consistent with an origin by mass
movement andwe therefore describe it as anMTD.Based on the drone
images and the correlation of stratigraphic sections on the ground, we
established that the MTD within the Sangdanlin Formation forms a
stratigraphic unit that extends at least 8 km along-strike (Fig. 2). The
MTD in the Sangdanlin Formation is the first of at least three very
large deposits, including those in the overlying Zheya Formation, and
therefore marks the onset of continuing large-scale instability.

Fig. 6. (a) Position of the Uppermost
Denggang Formation; blue lines are
drawn along the boundaries of the
sandstones and the white lines represent
in situ chert layers. (b) Concordant and
discordant sandstones within the
Uppermost Denggang Formation; see
position in part (a). Person (outlined) at
bottom of image for scale. (c) Ptygmatic
folding within high-angle discordant
sandstone body connecting two
concordant sandstone bodies.
(d) Concordant sandstone bodies
terminating abruptly or tapering and
pinching out over a short distance; see
position in part (a). (e) Detailed image
showing the complex geometry of
interconnected sandstone bodies; see
position in part (b).

MTD and sand intrusion in a syn-collisional trench

Downloaded from http://pubs.geoscienceworld.org/jgs/article-pdf/doi/10.1144/jgs2020-178/5308634/jgs2020-178.pdf
by Nanjing University user
on 07 September 2021



Discussion

Parent bed of sand injection

The absence of such intrusions in the underlying rocks (the Lower
and Middle Sandstone members of the Denggang Formation)
indicates that the small apophyses of dark grey sandstone in the

shale/chert unit immediately below the Upper Sandstone Members
were sourced from above, to which they are petrographically similar.
Although it is impossible to identify unequivocally a single source
bed or parent stratigraphic interval from which the injections
originated, because all these bodies have disturbed field relations, it
is likely that the source of the injections was at, or close to, the base of

Fig. 7. (a) Outcrop image of the deformed unit of the Sangdanlin Formation showing a shale-dominated lower part and a sand-dominated upper part;
division of the Sangdanlin Formation into lower and upper parts. (b) Bedded tuff layers intercalated with purple shale layers representative of the upper part
of the Sangdanlin Formation. Person (outlined) at bottom of image for scale.
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the lowest thick sand body of the Upper SandstoneMember (Fig. 10),
which should not be regarded as a stratigraphic unit sensu stricto.

Although the overall lithology of the sandstone samples of the
Upper Sandstone Member is consistent throughout the injection
complex, the composition of the intrusions locally includes widely
varying proportions of quartz, feldspar, glauconite grains and
basaltic clasts (Fig. 5). This suggests that they were sourced either
from a stratigraphic interval that included a component of
glauconitic sandstone, or were injected upwards through a
stratigraphic interval predominantly of glauconitic sandstone as
they were emplaced (Fig. 10). Also, the Upper Sandstone Member
(i.e. the lower part of the injection complex) contains multi-metre
enclaves of bedded green glauconitic sandstone that include
horizons of small shale clasts; some of these enclaves are more or

less concordant with the overall stratigraphy, whereas others,
judging by the discordant bedding, are apparently rotated. We
surmise that these are remnants of an original stratigraphic unit of
glauconitic sandstone above the source bed(s) of the intrusions,
which was extensively disrupted by their emplacement (Fig. 10).

Origin of MTD

The quartzose blocks in the lower part of the MTD described in this
study are all part of the displaced mass and are therefore exotic.
Provenance studies show they are from the Indian block (An et al.
2021) andmust originally have been deposited on the Indian passive
margin. The upper part of the MTD consists of volcaniclastic
sandstones, which provenance studies show to be derived from the

Fig. 8. (a) Characteristics of the deformed unit of the Sangdanlin Formation. Person (outlined) at bottom of image for scale. Blocks are dispersed in the
lower part, consisting of (b) chert with quartz veins and (c) quartzite lenses of different sizes. (d) Impersistent folded layers within the lower part of the
disrupted unit; see position in part (a). (e) Thin section of the volcaniclastic sandstone in the upper part of the disrupted unit; position shown in part (a)
with yellow overprint. LV, lithic fragment; Q, quartz. White arrows represent way-up towards top of the image.
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Asian side (An et al. 2021), and must have been deposited on
the slope on the Asian side of the trench, or on the trench floor. For
the India-derived quartzose sandstones to be included in a single
mass flow with the Asia-derived volcaniclastic sandstones, it is very
likely that the quartzose material had been incorporated into the
accretionary wedge – that is, part of the trench slope on the Asian
side. The original stratigraphic position of the quartzite is unknown,
but they are petrographically similar to the Denggang Lower
Sandstone Member.

The present stratigraphic position of the MTD almost certainly
does not reflect the depositional age of its component lithologies,
but only the subsequent time of its remobilization. Possible
alternative and less likely origins are either that two MTDs, one
from the Indian side and one from the Asian side, occurred
simultaneously or, still less likely, that the MTD was derived solely
from the Indian side, demonstrating that Asian material had already
traversed the trench; either case would indicate that the two sides
had already converged at this point along the margin.

Redefinition of IAPR in this study

The apparent IAPR in the Mubala outcrop was defined as a sharp
transition from lenticular quartzite beds of proved Indian proven-
ance to sheared volcaniclastic sandstone beds of proved Asia
provenance (Figs 1c and 10; An et al. 2021), both of which were
found to be included within the first of a series of MTDs. This MTD
thus contains the oldest Asian-derived material. The youngest
sandstones of unequivocal Indian provenance are the parent bed or
unit of the sand intrusion complex. Hence the IAPR is redefined in
this study as occurring within the interval between the parent bed of
the sand intrusion and the MTD; these are separated by c. 50 m of
radiolarian chert and siliceous shale and the original stratigraphic
separation may have been considerably larger (Fig. 10).

Because the India-derived sandstone within the MTD is exotic, it
is only possible to conclude with absolute certainty that the IAPR
occurred at some time between c. 61 Ma (the age of the dated tuff
immediately above the first Asia-derived material) and the
depositional age of the India-derived Upper Sandstone Member,
which is also uncertain given that the formation of the sand intrusion
complex has obscured the original field relations. Given the most
likely stratigraphic position of the injectite source bed at the base of
the Upper Sandstone Member, the depositional age is probably
>66 Ma – that is, uppermost Cretaceous. This is separated from the
dated tuff by at least 50 m of purplish red siliceous shales with
rhythmically bedded radiolarian chert (Fig. 10).

Estimates of the sedimentation rate of pelagic chert vary widely
from a few millimetres to several metres per million years (Fujisaki
et al. 2015; Abrajevitch 2020) and the average overall pelagic
sedimentation rates range from c. 5 to 15 m myr−1 (e.g. Lyle et al.
2010); this may represent a duration for the interval in question of
from 3.3 myr or less to more than c. 10 myr.

Possible sedimentary indicators of initial continental
collision

Collision onset has been defined as the initial continent–continent
contact, equating with the disappearance of oceanic lithosphere at a
given point along the margin, and the initiation of continental
subduction and orogeny (Beck et al. 1995; DeCelles et al. 2014;
Hu et al. 2016). A number of sedimentary criteria have been
proposed to represent continental collision – for example, the first
shallowing indicators, the first remobilization indicators and the first
provenance overstep of deposits (provenance reversal). However,
different methods tend to result in disparate dates (see review in Hu
et al. 2017). These differences may lie in the fact that continental
collision represents a more or less extended period of geological

Fig. 9. (a) Image showing the continuous succession from the Middle Sandstone Member (MSM) to the Zheya Formation: the Upper Sandstone Member
(USM), the Uppermost Denggang Formation (UmD) and the Sangdanlin Formation (SF). Characteristics of (b) MTD II and (c) MTD III. Person (outlined)
for scale.
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time rather than a single moment and involves a number of
concomitant, but asynchronous, geological events. Each method
may only indicate part of this time duration.

The sand injection and the onset of large-scale mass movement
described in this study are the earliest remobilization events that
occurred within the Mubala section. The timing of sand intrusion is
hard to establish precisely (see Hurst et al. 2011). In a few cases, it
has been successfully ascertained by the recognition of the extrusion
of sand onto the contemporary seafloor (Cartwright 2010).
Nonetheless, the uppermost limit of the sandstone intrusions,
emplaced at shallow depth, closely coincides stratigraphically with
the MTD. In the Mubala section, the uppermost sheet-like
sandstone is concordant and sourced by individual dykes; it is
likely to have been extruded at the surface, marking the position of
the contemporary seafloor (Fig. 6a).

These observations all suggest that sand injection and the first
Asia-derived MTD occurred penecontemporaneously. A compel-
ling hypothesis is that, together, they act as the leading indicators of
imminent continental collision and represent precursors to the actual
moment when the subduction of oceanic lithosphere ended and
continental collision started at this point along the margin.
Alternatively, they may represent the direct timing of continent–
continent contact. Both MTD emplacement and, tentatively, sand
intrusion are thus dated at 61 Ma by the immediately overlying tuff
layer (An et al. 2021). Considering that remobilization is entirely
absent below the Denggang Formation, but occurs on a very large
scale above it, the onset of which is bracketed in time by the
provenance reversal, the timing of initial collision, or pre-collision
in the strict tectonic definition (perhaps reflecting the onset of
significant seismicity), might thus be expressed in the depositional
history.

Spatial complexity of the syn-collisional trench

The Mubala outcrop introduced by An et al. (2021) and this study,
and the Sangdanlin section described previously (Ding 2003;
DeCelles et al. 2014; Hu et al. 2015), are among the few examples
where a continuous passive margin to syn-collisional sedimentary
succession has been preserved (see review in Hu et al. 2020). The
initiation of the syn-collisional trench basin may be represented by

the occurrence of the giant sand intrusion complex andMTDs in the
Mubala outcrop, and by the gradual transition from quartzose,
Indian-derived turbidites to dominantly Asian-derived volcano-
plutoniclastic turbidites in the Sangdanlin outcrop. This indicates
that syn-collisional trench basins may have different records in
different geographical positions.

Conclusions and implications

A giant sand intrusion complex coincides with the onset of large-
scale mass movement in the syn-collisional trench basin in the Saga
region of southern Tibet. The IAPR is redefined in this study as the
interval between the parent bed of the sand intrusion and the first
MTD. In this case, the use of the IAPR to establish the timing of
continental collision should be considered tentative because both
sand intrusion and mass movement involve the displacement of
material from its original stratigraphic position. Specifically, a
failure to recognize that sand bodies are injections may result in an
erroneous stratigraphy, in which the injections are misinterpreted as
true stratigraphic units. It is particularly important to be aware of the
potential presence of injections when the sedimentation rate of the
host rock is slow because small differences in stratigraphic position
can represent large age differences.

The same is true of MTDs, in which material may be reworked
from considerably older strata by the deep excavation of material at
the headwall or by the remobilization of older material from a
tectonically generated source, such as an accretionary prism. Where
the provenance of such sandstones is investigated using, for
example, detrital zircon dating or petrography, this may yield
spurious results in terms of the timing of events, or the
palaeogeographical or geotectonic affinities of the stratigraphic
units that contain the MTDs or host the injections, with potentially
far-reaching implications for the interpreted collisional history of
this or other orogenic belts.

However, if the co-occurrence of sand injection and mass failure
in this section are an indication of seismicity or general instability
associated with continental collision, then the age of the tuff layer
that closely follows (and essentially dates) this intrusion/mass
transport event would lend more weight to the interpretation that
initial collision occurred at 61 Ma. This example demonstrates that

Fig. 10. (a) Possible original stratigraphy of the Denggang Formation prior to liquefaction and injection by the Upper Sandstone Member. (b) Modification
of the stratigraphy during the emplacement of the lower Sangdanlin Formation MTD, during or immediately following sand injection. (c) Present
disposition. Provenance data and radiometric age from An et al. (2021).

MTD and sand intrusion in a syn-collisional trench

Downloaded from http://pubs.geoscienceworld.org/jgs/article-pdf/doi/10.1144/jgs2020-178/5308634/jgs2020-178.pdf
by Nanjing University user
on 07 September 2021



additional and commonly overlooked clues to the timing of the
onset of continental collision may be present in the stratigraphy and
sedimentology of such convergence-related basins, and such
circumstantial evidence, when used in combination with proven-
ance data, can help to better constrain the timing of continental
collision.
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