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Abstract Siliciclastic sedimentary rocks derived from the southern Lhasa terrane, sitting depositionally upon

rocks of the northern Indian passive continental margin, provide an estimate of the age of initial contact

between the continental parts of the Indian and Asian plates. We report sedimentological, sedimentary

petrological, and geochronological data from Upper Cretaceous-Paleocene strata in the Sangdanlin section,

located along the southern flank of the Indus-Yarlung suture zone in southern Tibet. This is probably the

most proximal, and therefore the oldest, record of the India-Asia collision. These strata were deposited by

high-density turbidity currents (or concentrated density flows) and suspension settling of pelagic biogenic

debris in a deep-marine setting. An abrupt change from quartz-arenitic to feldspatholithic sandstone

compositionsmarks the transition from Indian to Asian sediment provenance. The abrupt compositional change

is accompanied by changes in U-Pb ages of detrital zircons diagnostic of a sediment provenance reversal,

from Indian to Asian sources. The timing of the transition is bracketed between ~60Ma and 58.5 ± 0.6Ma

by detrital zircon U-Pb ages and zircon U-Pb ages from a tuffaceous bed in the upper part of the section.

In the context of a palinspastically restored regional paleogeographic framework, data from the Sangdanlin

section combined with previously published data from the northern Tethyan Himalaya and the frontal

Nepalese Lesser Himalaya and Subhimalaya suggest that a flexural wave migrated ~1300 km southward across

what is now the Himalayan thrust belt from Paleocene time to the present.

1. Introduction

Much effort has been expended to determine the timing of intercontinental collision between India and

southern Asia [e.g., Garzanti et al., 1987; Searle et al., 1987; Dewey et al., 1988; Rowley, 1996; Yin and Harrison,

2000; Guillot et al., 2003; Ding et al., 2005; Leech et al., 2005; Green et al., 2008; Najman et al., 2010; Cai et al.,

2011; Clift et al., 2013]; this stems partly from the fact that so many important geological, climatological,

oceanographical, geophysical, geochemical, and paleobiological phenomena seem to have been stimulated

by the ongoing collision [e.g., Jaeger et al., 1989; Métivier et al., 1999; Quade et al., 2003; Ravizza and Zachos,

2003; Bickle et al., 2005; Singh et al., 2005; Clift, 2006; Yin, 2006; Hren et al., 2007; Dupont-Nivet et al., 2008;

Molnar et al., 2010]. Several criteria have been proposed for defining the onset of the India-Asia collision [e.g.,

Rowley, 1996; Guillot et al., 2003; Leech et al., 2005; Green et al., 2008]. In principle, the onset of intercontinental

collision is defined as the time at which the two continents come into physical contact. Continents scatter

about themselves halos of erosional detritus that reflect their own peculiar lithological compositions. As two

continents approach during an impending collision, their respective detrital aprons will comingle. Although

turbidite fans constructed of continental detritus may extend much more than 1000 km offshore, they

generally are deposited upon oceanic crust at abyssal depths. Thus, when the detritus of one continental

landmass is deposited upon the continental shelf or slope of another continental landmass, the two opposing

continents are engaged in initial collision. The inherent topographic and bathymetric asymmetry of the

impending collisional landscape, with a subduction zone and relatively high elevation magmatic arc along

the margin of the upper plate and a marine passive margin along the leading edge of the lower plate, places

the detrital record of initial approach and collision onto the lower plate.

Based on this simple principle, much work on the India-Asia collision problem has focused on dating

siliciclastic sedimentary rocks that contain detritus derived from Asia and deposited upon the northern
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outboard flank of Indian continental lithosphere as it entered the oceanic trench that marked the southern

flank of the Asian landmass [e.g., Garzanti et al., 1987; Rowley, 1996, 1998; Wang et al., 2002; Ding et al.,

2005; Zhu et al., 2005; Najman, 2006; Aitchison et al., 2007; Green et al., 2008; Najman et al., 2008, 2010;

Henderson et al., 2010; Wang et al., 2011; Cai et al., 2011; Hu et al., 2012; Zhang et al., 2012; Clift et al.,

2013]. These Upper Cretaceous through lower Eocene rocks now crop out directly south of the belt of

tectonic and sedimentary mélanges that mark the Indus-Yarlung suture (IYS) zone between India and

Asia, and in the northern, or Tethyan, portion of the Himalayan thrust belt. Often ignored in considerations

of the timing of initial collision are Eocene rocks that contain a record of the early collision cropping

out within the Lesser Himalayan and Subhimalayan zones along the southern flank of the Himalayan

thrust belt (Figure 1a) [Sakai, 1983; Najman et al., 1993; Critelli and Garzanti, 1994; Pivnik and Wells, 1996;

Burbank et al., 1996; DeCelles et al., 1998a, 2004; Najman and Garzanti, 2000; Najman et al., 2005; Jain

et al., 2009; Ravikant et al., 2011]. No attempt has been made to link the Paleogene records from the

northern Himalaya and IYS zone with those from the southern part of the Himalaya within a synoptic,

palinspastic framework.

Figure 1. (a) Tectonic sketch map of the Tibetan Plateau, highlighting region of elevation >3 km and tectonic features

of the Indus-Yarlung suture zone and Himalayan thrust belt [after Yin and Harrison, 2000]. (b) Geological map and cross

section of the Sangdanlin study area, after Yang et al. [2003], Ding et al. [2005], and our own field observations.
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In this paper we provide geochronological and sedimentary provenance data from upper Paleocene-lower

Eocene strata in the IYS zone in the Sangdanlin area of southern Tibet (Figure 1); these rocks constitute the

northernmost and probably earliest preserved record of initial India-Asia collision [Ding et al., 2005; Hu et al.,

2012;Wu et al., 2014]. The new data allow for refinement of previous estimates of the timing of initial India-Asia

collision. We then construct a simple palinspastic flexural model that ties together the IYS record with

previously documented records in the Tethyan Himalaya [Willems et al., 1996; Zhu et al., 2005; Najman et al.,

2010; Hu et al., 2012; Zhang et al., 2012] and in the southern, frontal part of the Himalaya of Nepal [DeCelles

et al., 1998a, 1998b, 2004; Najman et al., 2005].

2. Geological Setting of the Sangdanlin Section

The Sangdanlin section is located ~8 km south of the town of Saga, in south-central Tibet (Figure 1). This

region is situated amidst the Indus-Yarlung suture zone, which formed as the Indian and Asian continental

landmasses collided during early Cenozoic time [Garzanti et al., 1987]. The suture zone comprises three

tectonic domains [Burg et al., 1987]:

1. The Gangdese magmatic arc, consisting of granitoid and intermediate volcanic rocks ranging in age from

mid-Cretaceous to late Miocene [Maluski et al., 1982; Schärer et al., 1984; Debon et al., 1986; Yin and

Harrison, 2000; Kapp et al., 2005]; Cretaceous-Paleocene components of the Gangdese arc are generally

interpreted to represent the precollisional magmatic arc formed above the subduction zone between

continental southern Asia and the Tethyan oceanic domain [Allégre et al., 1984; Yin and Harrison, 2000].

2. South of the Gangdese arc lies the >5 km thick Gangdese forearc basin, ranging in age from Aptian

through Paleocene, and filled with marine to nonmarine sedimentary rocks [Einsele et al., 1994; Wang

et al., 2012; Orme et al., 2014] deposited upon ophiolitic subforearc basement [Girardeau et al., 1984;

Guilmette et al., 2008, 2009; Hébert et al., 2011].

3. South of the forearc basin lies the accretionary prism, composed of mud- and serpentinite-matrix mélanges,

radiolarites, pillow basalts, and deep-marine sedimentary and metasedimentary rocks that accreted onto

the southern margin of Asia as Tethyan oceanic lithosphere was subducted northward [Girardeau et al.,

1984; Burg and Chen, 1984; Einsele et al., 1994; Dürr, 1996; Ding et al., 2005; Cai et al., 2012].

The Sangdanlin section was mapped by Ding et al. [2005] as resting conformably upon Cretaceous strata of the

northern Tethyan Himalayan zone. These authors mapped the section as part of a large southward overturned

footwall syncline beneath a north dipping thrust fault belonging to the Zhongba-Gyangze thrust system

(Figure 1b). Faults of the Zhongba-Gyangze thrust system carry mélange and pillow basalt in their hanging walls

and represent the southern boundary zone of the accretionary prism. This interpretation places the Sangdanlin

section on top of the Cretaceous Jiabula Formation, which represents the northern Tethyan passive margin

succession and implies that the section was deposited upon Indian continental or transitional lithosphere. In a

contrasting interpretation, Wang et al. [2011] mapped the Sangdanlin section as completely bounded by faults

and embeddedwithin themélanges. This interpretation isolates the Sangdanlin section from Indian lithosphere.

In a third interpretation provided by the 1:250,000 geological map by Yang et al. [2003], the Sangdanlin section

is in the hanging wall of a north dipping thrust fault that places Triassic, Jurassic, and Cretaceous Tethyan

strata on top of the Jiabula Formation (Figure 1b). The Sangdanlin section is part of an approximately 10 km long

(east-west) fault-bounded block that also includes the underlying Cretaceous section (Figure 1b) and lies beneath

a southward verging thrust fault that carries Jurassic strata. This interpretation places the Sangdanlin section

within the Zhongba-Gyangze thrust system, structurally below and above rocks that have Tethyan affinity.

A moderately northward dipping, homoclinal panel of phyllite, sandstone, slate, and phacoidal impure

limestone of the Cretaceous Zhongzuo, Zheba, and Jiabula Formations can be followed southward from the

Sangdanlin section for more than 5 km. Yang et al. [2003] mapped a pair of faults in this succession (Figure 1b),

whereas Ding et al. [2005] mapped the succession south of the Sangdanlin section as a simple, north dipping

limb of a large anticline. Unfortunately, the basal contact of the Sangdanlin section is buried beneath

alluvium. However, based on the absence of obvious mélange material south of the section, we follow the

interpretations of Ding et al. [2005] and Yang et al. [2003] in placing the Sangdanlin section at the top of

the Tethyan succession and therefore on the continental part of the Indian plate. We emphasize, however,

that until further geological mapping places the Sangdanlin section within an unequivocal geological context,

the question of whether it originally rested upon oceanic or Indian continental lithosphere remains open.
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Figure 2. Measured stratigraphic sections of the Denggang (Zhongzuo), Sangdanlin, and Zheya Formations at Sangdanlin.
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Based on paleontological ages and U-Pb

dates on detrital zircons, the Sangdanlin

section as a whole spans from Late

Cretaceous to early Eocene time [Ding,

2003; Ding et al., 2005; Wang et al., 2011;

Wu et al., 2014]. Our new data (presented

below) combined with previously reported

paleontological ages indicate that the

section ranges in age from Maastrichtian

through Paleocene.

3. Sedimentology

Two stratigraphic sections covering the

exposed thickness of the Sangdanlin

succession were measured at a bed-by-

bed level of detail and logged at 1:100

scale (Figure 2). Section 1SA covers the

lower 403m of the succession, and Section SA covers the upper 303m of the section. The two sections were

correlated a few hundred meters along strike by walking out marker beds. Exposure is generally excellent,

such that details of sedimentary texture and structure are visible in outcrop. Samples were collected for

sedimentary petrology and detrital geochronology.

The stratigraphic nomenclature of units exposed in the Sangdanlin section is discussed by Ding [2003],

Ding et al. [2005], and Wang et al. [2011]. Both sets of authors divided the section into three formations:

the Zhongzuo [Ding, 2003] or Denggang [Wang et al., 2011], Sangdanlin, and Zheya Formations (Figure 3).

Ding [2003] and Ding et al. [2005] used the term Zhongzuo Formation for the lowest formation, but Wang

et al. [2011] noted that the Zhongzuo Formation was named for a lithologically distinct unit cropping out

nearly 400 km east of Sangdanlin near Gyangze and coined a new local name for this interval—the

Denggang Formation. We employ the terminology ofWang et al. [2011] but refer parenthetically to the Ding

et al. [2005] terminology. We agree with Ding et al. [2005] in placing the contact between the Denggang

(Zhongzuo) and overlying Sangdanlin Formations at the top of the first high cliff in the section, where the

major lithology changes abruptly from massive quartzose sandstone to laminated green chert and siliceous

mudstone (Figures 2, 4a, and 4d). Ding et al. [2005] considered this contact to be a disconformity representing

the upper Maastrichtian. Based on the first appearance of Eocene-age detrital zircons, Wang et al. [2011]

placed the contact between the Denggang (Zhongzuo) and Sangdanlin Formations ~50m higher in the

section, at about the 155m level of our measured section (Figure 2). We prefer the contact placement of Ding

et al. [2005], at the top of the thick stack of coarse-grained sandstone beds. This lithological break, from

massive sandstone to laminated chert, is easily mappable in the field, is supported by paleontological data

[Ding et al., 2005], represents a major change in depositional environment, and is confirmed by sandstone

modal petrographic data [this study; Wang et al., 2011] and detrital zircon geochronology [this study].

Both Wang et al. [2011] and Ding et al. [2005] concur in their placement of the contact between the

Sangdanlin and overlying Zheya Formations at the top of a predominantly red and green fine-grained

interval corresponding roughly to the 200m level of our measured section. Above this level, sandstone

becomes increasingly prevalent in the section (Figure 2).

3.1. Denggang (Zhongzuo) Formation

The Denggang (Zhongzuo) Formation consists of 104m of siliceous shale, chert, and sandstone. The unit

includes a lower fine-grained interval and an upper sandstone-rich interval. The lower fine-grained interval

consists of 49m of green (predominantly) and red laminated shale and siltstone, with local radiolarian chert and

siliceous claystone layers. Several beds of very fine- to fine-grained, green, rippled sandstone with dewatering

structures are present in the lower 6m of the section, but the bulk of the interval is monotonously fine-grained.

The upper, sandy unit comprises about 54m of interbedded medium- to very coarse-grained quartzose

sandstone with thin, laminated siltstone intercalations (Figure 4a). The sandstone beds are 1.5–6m thick,
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Figure 3. Chart showing nomenclature for stratigraphy of the Sangdanlin

section from previous work and this study. Question marks indicate

uncertain boundaries.
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tabular with erosional but flat bases, and consist mainly of massive, upward fining, very coarse- to medium-

grained sandstone. Thin granular to pebbly layers are present in the basal parts of several of these sandstone

beds. Dish structures (Figure 4b) andwispy horizontal laminations are locally present, butmost of the sandstone

lacks primary sedimentary structures (Figure 4c). The upper parts of these thick sandstone beds commonly

contain horizontal laminations and ripple cross-laminations and are capped by 0.5–1m thick intensely

bioturbated fine-grained sandstone layers. The blocky-weathering several-meter-thick sandstone beds are

separated by thin (10–40 cm thick), laminated, gray siltstone layers. Also present are decimeter-thick beds of

upward fining sandstone (coarse- or medium-grained to fine-grained) with horizontal laminations and ripple

cross-laminations. Between the 97.5 and 103.5m levels of the measured section (Figure 2), a series of thin

sandstone beds with horizontal laminations and ripple cross-laminations alternate with thin mudstone drapes.

The sandy lithofacies in the Denggang (Zhongzuo) Formation can be classified and interpreted according

to classic fine-grained and coarse-grained turbidite lithofacies schemes [e.g., Bouma, 1962; Walton, 1967;

Mutti and Ricci Lucchi, 1975; Lowe, 1982; Mutti, 1992; Talling et al., 2012]. The relatively thick, coarse-grained

sandstone beds are typical examples of Lowe’s [1982] S1, S2, and S3 turbidite lithofacies and Mutti’s [1992]

turbidite facies F4, F5, F7, and F8. These lithofacies are interpreted as the deposits of high-density turbidity

flows, in which development of bed forms is suppressed by rapid sediment fallout rates [Lowe, 1982; Talling

et al., 2012]. Noting that these types of flows may not be turbidity flows sensu stricto, Mulder and Alexander

[2001] suggested the term “concentrated density flows.” In any case, these beds likely were deposited by

Figure 4. Photographs of Sangdanlin section lithofacies. (a) Stacked sandstones forming the massive cliff in upper half

of Denggang (Zhongzuo) Formation, viewed from southwest. (b) Dish structures in Denggang (Zhongzuo) Formation.

(c) Poorly sorted massive sandstone lithofacies, typical of turbidite facies S2 [Lowe, 1982] and F4, F5, and F7 [Mutti, 1992].

(d) Contact between the Denggang (Zhongzuo) and Sangdanlin Formations, viewed from south. (e) Red radiolarian chert

of the Sangdanlin Formation. (f ) Olistolith of Paleozoic fossiliferous limestone in Zheya Formation, viewed from west.
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turbulent density flows with very high concentrations of sand. Stratification is rare in such deposits, owing to

rapid deposition and dewatering/fluidization [Talling et al., 2012]. Fluid escape produced dish structures

[Lowe and LoPiccolo, 1974] and probably obliterated some sedimentary structures. Pebbly granular layers

probably resulted from the development of traction carpets (Lowe’s [1982] lithofacies S2; Mutti’s [1992] F7).

The relatively thin, finer-grained, rippled, and horizontally laminated upper parts of these sandstone beds

can be classified as Bouma Tb and Tc turbidite intervals, respectively. These were deposited from the

low-concentration tails of higher-density turbidity or concentrated density flows represented by the thick

coarse-grained sandstone beds [e.g., Lowe, 1982; Mutti, 1992; Mulder and Alexander, 2001].

The assemblage of lithofacies in the upper 54m of the Denggang (Zhongzuo) Formation is characteristic of

sandy lobe deposits of turbidite fan systems [Walker, 1975; Mutti et al., 1978; Bouma et al., 1985; Mutti, 1992].

The uppermost part of the interval (97.5–103.5m) consists of much finer-grained deposits with mudstone

drapes, perhaps representing channel levee deposits [Walker, 1985; Weimer, 1989]. Wang et al. [2011] also

interpreted the sandstone interval in the Denggang (Zhongzuo) Formation as turbidites.

3.2. Sangdanlin Formation

The Sangdanlin Formation is a total of 96m thick. Its contact with the underlying Denggang (Zhongzuo)

Formation is a sharp lithological break, from medium-grained horizontally laminated and rippled sandstone

below, to bright green, siliceous, laminated shale above (Figure 4d). Three meters above the base, the

Sangdanlin Formation becomes dominated by laminated, red siliceous shale and radiolarian chert (Figure 4e)

[Ding et al., 2005]. The shale/chert-dominated interval continues for nearly 100m upsection, and from that

level upward sandy lithofacies become increasingly abundant in the Sangdanlin Formation. The most

important lithofacies include rippled and horizontally laminated fine- to medium-grained sandstone;

horizontally laminated to massive very coarse- to medium-grained sandstone; and green, gray, and red

laminated siliceous shale and porcelanite. Massive, structureless sandstone beds occur in two basic modes:

(a) 2–4m thick beds with crude upward fining grain-sized trends, which are present in the middle part of

the formation, and (b) 5–7m thick massive sandstone beds in upward thickening and coarsening packages;

these tend to be concentrated in the upper 45m of the formation (Figure 2). Soft-sediment deformation is

locally abundant in sandstones of the Sangdanlin Formation.

We interpret the siliceous shale and radiolarian cherts in the Sangdanlin Formation as the results of pelagic

biogenic silica deposition [see also Ding et al., 2005; Wang et al., 2011]. The near absence of siliciclastic

material in this part of the section suggests that the basin was temporarily isolated from the influx of clastic

material. Sandstones in the upper 50m of the formation include lithofacies similar to those documented in

the Denggang (Zhongzuo) Formation, which were probably deposited by medial to distal turbidity currents.

3.3. Zheya Formation

The Zheya Formation rests conformably on top of the Sangdanlin Formation and is at least 501m thick.

The upper limit of the Zheya Formation is a thrust contact (Figure 1), such that its original total thickness is

unknown. The Zheya-Sangdanlin contact is placed at the base of an upward fining sandstone bed at the

199.5m level of our measured section. The background fine-grained lithology changes from red and green

siliceous shale and radiolarian chert below this sandstone bed to predominantly gray shale, siliceous shale,

and porcelanite above (Figure 2) [Ding et al., 2005].

Lithologies in the Zheya Formation are more variable than those in the underlying units, including fine-grained

siliceous rocks, medium- to coarse-grained sandstones, and disrupted and olistostromal beds (Figure 4f).

Overall, grain size coarsens upward (Figure 2). The lowermost part of the Zheya Formation comprises massive

medium- to coarse-grained sandstone beds, with abundant large-scale penecontemporaneous deformation

(200–212m level) and disrupted sandstone layers (212–218m level), overlain by white porcelanite beds. Above

this zone lies a 110m succession of massive and horizontally laminated sandstone beds, many with normal

grading, and some stacked in upward thickening and coarsening packages on the order of 5–10m thick.

The sandstone packages are separated by gray, laminated siltstone and shale intervals. Some thin beds

(e.g., 250–258m levels) consist of fine-grained sandstone with ripple cross-laminations and mudstone drapes.

From the 346 to 404m levels, the section is dominated by gray laminated siltstone and shale. The upper

~300m of the measured section contain four packages of medium- to coarse-grained sandstone with

occasional beds of pebbly conglomerate. These four sandstone packages are separated from each other by

15–30m thick intervals of red, gray, and green siliceous shale with some thin beds of radiolarian chert.
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Bedding within the sandstone packages is

0.5–15m thick (the thicker beds are probably

amalgamated). Beds are tabular over

hundreds of meters laterally, and lithofacies

include massive, horizontally laminated,

and rippled sandstone. Grain size ranges

between pebbly and fine-grained sand.

Granular to pebbly stringers and horizontal

stratification are common. Flute and groove

casts are present on the bases of a few

beds. Disrupted stratification, boudinaged

beds, and large blocks of extraformational

fossiliferous carbonate rocks are present

(Figure 4f). The uppermost part of the

measured section is composed of massive

and cross-stratified, poorly sorted, medium-

to coarse-grained, micaceous sandstone. A

tuffaceous horizon is present at the 643m

level of the composite measured section.

Although the variety of lithofacies present

within the Zheya Formation is much

greater than that within the Denggang

and Sangdanlin Formations, the assemblage

of physical processes responsible for

deposition is similar. Most of the sandstone

beds may be interpreted as various types

of density current deposits (Lowe’s [1982]

S2 and S3 and Mutti’s [1992] F5, F7, and F8

turbidite facies). The sandstone packages in the upper several hundred meters of the Zheya Formation

may be interpreted as turbidite sandstone lobes, deposited by laterally expanding turbidity currents on the

middle to outer parts of submarine fans [e.g.,Normark, 1978;Mutti and Normark, 1991;Mutti, 1992; Gervais et al.,

2006]. Background fine-grained sedimentation was dominated by pelagic fallout.

3.4. Paleocurrent Directions

Weobtained paleocurrent data from sparse flute casts at the ~240m and 480m levels, which indicate generally

north-northwestward paleoflowdirection. Ding et al. [2005] reported paleocurrent data from cross-stratification

in the Denggang (Zhongzuo) Formation that demonstrate northward paleoflow and data from the Zheya

Formation showing south-southwestward paleoflow. We did not observe cross-stratification in the Denggang

(Zhongzuo) Formation.

4. Petrographic Data

4.1. Previous Work

Petrographic data from the Sangdanlin section presented by Wang et al. [2011] showed that Denggang

(Zhongzuo) Formation sandstones are characterized by hyper-quartzose compositions, whereas sandstones

in the overlying Sangdanlin and Zheya Formations contain abundant volcanic lithic grains and feldspars.

Spinel is present in Sangdanlin and Zheya Formation sandstones but not in the Denggang (Zhongzuo)

Formation. The spinel has high Cr [Cr/(Al + Cr)> 0.4] and low TiO2 wt % [Ding et al., 2005; Wang et al., 2011].

4.2. Methods

Twenty-nine samples of medium-grained sandstone were collected in the field and cut for standard

petrographic thin sections in order to generate modal petrographic data for provenance analysis. Each thin

section was stained for K-feldspar and Ca-plagioclase, and 450 framework grains were counted according to

a modified version of the Gazzi-Dickinson point-counting method. Grain types and modal parameters are

listed and defined in Table 1. Recalculated data are presented in Table 2.

Table 1. Modal Petrographic Point-Counting Parameters
a

Symbol Description

Qm Monocrystalline quartz

Qp Polycrystalline quartz

Qpt Foliated polycrystalline quartz

Qms Monocrystalline quartz in sandstone or

quartzite lithic grain

C Chert

S Siltstone

Qt Total quartzose grains (Qm+Qp+Qpt+Qms+C+ S)

K Potassium feldspar (including perthite, myrmekite,

and microcline)

P Plagioclase feldspar (including Na and Ca varieties)

F Total feldspar grains (K + P)

Lvm Mafic volcanic grains

Lvf Felsic volcanic grains

Lvv Vitric volcanic grains

Lvx Microlitic volcanic grains

Lvl Lathwork volcanic grains

Lv Total volcanic lithic grains (Lvm+ Lvf + Lvv + Lvx + Lvl)

Lsh Mudstone

Lph Phyllite

Lsm Schist (mica schist)

Lc Carbonate lithic grains

Lm Total metamorphic lithic grains (Lph+ Lsm+Qpt)

Ls Total sedimentary lithic grains (Lsh + Lc +C+ S +Qms)

Lt Total lithic grains (Ls + Lv + Lm+Qp)

L Total nonquartzose lithic grains (Lv + Ls + Lph+ Lsm+ Lc)

a
Accessory minerals (in decreasing order from most abundant):

Muscovite, chlorite, epidote/zoisite, magnetite, tourmaline, biotite,
cordierite, and zircon.
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Table 2. Recalculated Modal Petrographic Point-Count Data

SAMPLE Qm% F% Lt% Qt% F% L% Qm% P% K% Lmet% Lv% Lsed%

1SA54 93 1 6 98 1 1 99 1 0 33 17 50

1SA55 91 0 9 99 0 1 100 0 0 6 6 89

1SA69 93 0 7 99 0 1 100 0 0 13 0 87

1SA94 96 0 4 100 0 0 100 0 0 0 0 100

1SA131 47 19 34 56 19 26 71 29 0 23 59 18

1SA164 95 0 5 99 0 1 100 0 0 10 0 90

1SA206 48 30 22 55 29 16 61 39 0 12 71 18

1SA262 38 28 34 46 28 26 58 42 0 9 64 28

1SA297 51 23 26 58 23 19 69 31 0 10 82 8

1SA361 51 13 36 59 13 28 80 20 0 17 51 32

1SA387 53 9 37 59 9 32 85 15 0 14 60 27

SA1 43 27 30 48 27 25 62 38 0 6 82 12

SA3 46 27 27 50 27 22 63 37 0 9 79 11

SA9 46 26 27 53 26 21 64 36 0 8 78 14

SA20 48 25 26 55 25 20 65 35 0 10 77 13

SA50 39 29 31 48 29 23 57 43 0 16 68 16

SA63 39 30 31 46 29 25 56 44 0 18 65 17

SA75 33 34 33 40 33 27 49 51 0 14 77 9

SA124 40 21 39 51 20 29 66 34 0 22 61 17

SA130 43 28 29 51 27 21 60 40 0 15 69 15

SA146 40 29 31 45 29 26 58 42 0 17 72 11

SA172 43 23 34 55 23 23 66 34 0 16 65 20

SA181 41 25 34 51 24 25 62 38 0 17 54 30

SA202 43 19 37 57 19 24 69 31 0 15 56 29

SA241 43 27 30 52 26 21 61 39 0 12 67 20

SA247 49 29 22 60 29 11 63 37 0 13 57 29

SA254 43 25 32 54 24 21 64 36 0 21 51 28

Figure 5. Ternary diagrams showing compositions of sandstones from the Sangdanlin section. See Figures 2 and 7 for

sample locations. Provenance subfields are from Dickinson et al. [1983]. Abbreviations as follows: DA, dissected arc; UDA,

undissected arc; CI, craton interior.
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4.3. Results

Principal grain types identified in the Sangdanlin

section samples include monocrystalline quartz

(Qm), polycrystalline quartz (Qp), foliated

polycrystalline quartz (Qpt), monocrystalline

quartz within recycled quartzose sedimentary

lithic grains (e.g., quartzite; Qss), plagioclase

(mainly calcic) feldspar (P), and various

types of lithic grains, including low-grade

metasedimentary (phyllite, mica schist, and

marble), sedimentary (shale/argillite, limestone,

and chert), and volcanic lithic grains. No

K-feldspar grains were found. Volcanic lithic

grains include microlitic, lathwork (trachytic),

vitric, mafic, and felsic varieties (Table 1). Felsic

volcanic grains consist of highly sericitized

microcrystalline lithic grains. Mafic volcanic

grains are epidote and/or pyroxene rich. Vitric

grains are microcrystalline quartz, easily

confused with chert were it not for their

inclusion of feldspar microcrysts and glassy

flow textures. Lathwork (trachytic) and

microlitic grains are themost abundant volcanic

grain types. Trace minerals include epidote,

tourmaline, magnetite, zircon, muscovite, and

a few unidentified opaque grains.

Modal petrographic data are plotted on standard

ternary diagrams in Figure 5. The sandstone

compositions fall into quartz-arenitic (Figure 6a)

and feldspatholithic (Figure 6b) groups [McBride,

1963]. The quartz arenites are in the lower

part of the section, mainly in the Denggang

(Zhongzuo) Formation, and the feldspatholithic sandstones are in the Sangdanlin and Zheya Formations.

Average compositions of sandstones in the Denggang (Zhongzuo) Formation are %QmFLt = 93, 1, 6; %

QtFL = 98, 1, 1; %QmPK=99, 1, 0; and %LmLvLs = 12, 4, 83. These compositions plot within the stable craton

interior provenance field of Dickinson et al. [1983]. Average sandstone framework compositions for Sangdanlin

and Zheya Formation samples are as follows: %QmFLt = 44, 25, 31; %QtFL = 52, 25, 23; %QmPK= 64, 36, 0;

and %LsLvLm=14, 67, 19. These plot in the dissected magmatic arc and recycled orogen provenance fields of

Dickinson et al. [1983] (Figure 5). The abrupt compositional change from pure quartz arenites to feldspatholithic

arenites takes place within the Sangdanlin Formation. The first occurrence of feldspatholithic petrofacies

is at the 131m level of the section, and the last occurrence of quartz arenite is at the 164m level.

5. Detrital Zircons

5.1. Methods

Ten samples of medium- to coarse-grained sandstone were processed by standard methods for retrieving

dense minerals, and detrital zircon grains were separated from these concentrates using heavy liquids. Zircons

were mounted in epoxy, polished, and analyzed for U-Pb ages by laser ablation multicollector inductively

coupled plasma mass spectrometry (LA-MC-ICPMS) at the University of Arizona LaserChron Center. The

methods employed are described in Gehrels et al. [2008]. A total of 1125 detrital zircon grains produced data

of sufficient precision for geochronological interpretation. Analyses that yielded isotopic data of acceptable

discordance, in-run fractionation, and precision are listed in the supporting information Table S1. Because
206Pb/238U ages are generally more precise for younger ages, whereas 206Pb/207Pb ages are more precise for

Figure 6. Photomicrographs of the (a) quartz-arenitic and (b) feld-

spatholithic petrofacies. The quartzose example is composed

of 100% quartz (mainly Qm) grains; the feldspatholithic example

contains plagioclase (P) and sedimentary lithic (Ls) grains, in

addition to quartz.
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older ages, we report 206Pb/238U ages up to 1000Ma and 206Pb/207Pb ages if the 206Pb/238U ages are

>1000Ma [Gehrels et al., 2008]. These analyses are plotted on relative age-probability diagrams (Figure 7),

which represent a sum of the probability distributions of all analyses from a sample, normalized such that the

areas beneath the probability curves are equal for all samples depicted in the figure. Age peaks on these

diagrams are considered robust if defined by several analyses.

We also collected and processed a single sample for U-Pb geochronology from a tuffaceous layer at the

643m level of the composite measured section (sample SA239; Figure 7). Clear euhedral zircons were picked,
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mounted in epoxy, polished, and analyzed for U-Pb ages by LA-MC-ICPMS at the LaserChron Center. Analytical

data for sample SA239 are provided in the supporting information Table S1, andmean age plots are provided

in Figure 8 and discussed in more detail in section 7.

5.2. Results

The detrital zircon signatures of sandstones in the Sangdanlin section fall into two mutually exclusive

categories (Figure 7). Two samples from the Denggang (Zhongzuo) Formation (1SA91 and 1SA103) exhibit

prominent age distribution peaks in the ~490–520Ma (mean peak at 505Ma) and ~800–960Ma (mean peak

at 929Ma) ranges. Older grains in the 1.0–1.5 Ga and 2.4–2.5 Ga ranges are also present. No grains younger

than 490Ma are present in these two samples.

One sample from the Sangdanlin Formation (1SA140) exhibits zircon ages similar to those from the

Denggang (Zhongzuo) Formation samples, with the addition of a strong peak at circa 138Ma (Figure 7).

The other sample from the Sangdanlin Formation (1SA131) is similar to all the remaining samples that

were collected upsection in the Zheya Formation. These samples are dominated by detrital zircon age

distribution peaks in the <200Ma age range (Figure 7). More than 65% of the grains analyzed in these

samples are younger than 200Ma. Two prominent age peaks occur at circa 90–80Ma and 65–58Ma,

with subsidiary poorly defined peaks in the 200–125Ma range. The pre-200Ma zircons in these samples

exhibit clusters in the circa 500Ma and 900–1200Ma age ranges. Archean grains are also present in small

quantities in these samples.
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Two samples from the Cretaceous(?)-Paleocene Amile Formation from the Dumri Bridge section in the

Lesser Himalaya of central Nepal (Figure 1) (see DeCelles et al. [2004, Figure 5] for stratigraphy of the

Dumri Bridge section) also were processed for detrital zircon U-Pb ages. These samples produced

Paleoproterozoic and Archean age clusters and a prominent ~117Ma peak (Figure 9). These data are

consistent with previously reported detrital zircon ages from the Amile Formation at the Dumri Bridge

section [DeCelles et al., 2004] and provide further constraints on the regional foreland basin evolution of

the Himalaya as discussed below.
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(bottom) Reference populations from Himalayan terranes and the Lhasa terrane [Gehrels et al., 2011], and (top) age

populations from Nepal [DeCelles et al., 2004; this study]. Gray rectangles highlight age ranges typical of the Greater

Himalayan (GHS) and Lesser Himalayan (LHS) sequences in Nepal. Pink line labeled “C-O plutons” highlights ages from

Cambrian-Ordovician plutons in the Greater Himalayan sequence that were recycled into Tethyan Himalayan strata.

Note that the “Tethyan and upper LHS” composite reference curve includes zircons from the Permian, Cretaceous, and

Paleocene strata of the thrust belt in southern Nepal. In the Sangdanlin section, the detrital zircon populations change

from the Quartzose petrofacies to the Feldspatholithic petrofacies; in Nepal, the change occurs between the Paleocene

Amile Formation and the middle Eocene Bhainskati Formation. The Lhasa terrane magmatic composite curve (LMC,

shown in black andmirrored downward beneath the<220Ma population from the Sangdanlin feldspatholithic group) is

after Cai et al. [2012]. See text for discussion.
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6. Provenance Interpretation

Sandstones in the Denggang (Zhongzuo) Formation are compositionally hypermature, reflecting derivation

from a stable, highly weathered source terrane or recycling of quartzose sedimentary rocks. On the other

hand, the Denggang (Zhongzuo) Formation sandstones are texturally immature, with poor sorting and grain-

sized up to granular and pebbly sand. Coupled with sedimentological evidence discussed above, the

compositionally mature, texturally immature aspect of these sandstones suggests that the sediment

originated in a deeply weathered terrane and was transported rapidly by concentrated density flows or

turbidity flows into a deep-marine setting, without significant storage time in nearshore and shelf settings.

In contrast to the Denggang (Zhongzuo) Formation, Sangdanlin and Zheya Formation sandstones exhibit

immature textures and compositions. The abundance of trachytic volcanic lithic grains and calcic plagioclase

(and the absence of K-feldspar) indicates the presence of basaltic to andesitic rocks in the source terrane.

Limited quantities of metasedimentary lithic grains such as phyllite, mica schist, quartzite, and marble

indicate local low-grade metasedimentary sources.

The petrographic data strongly implicate a drastic change in sediment provenance, from a hypermature,

deeply weathered source terrane during deposition of the Denggang (Zhongzuo) Formation to a nearby

topographically elevated, orogenic source terrane during deposition of the Sangdanlin and Zheya Formations.

The compositional change is located between the 131 and 164m levels of our composite measured section

[see also Wang et al., 2011]. The fact that feldspatholithic and quartz-arenitic sandstones alternate within this

~30m part of the section indicates that the change in source areas was gradual and that the same depositional

area received sediment from both source terranes over a period of time.

Potential sources of detritus in the Sangdanlin section as a whole include the Tethyan Himalaya, rocks of the

accretionary prism, recycled Xigaze Group forearc strata, and the Gangdesemagmatic arc (Figure 9). The northern

part of the Tethyan Himalaya is composed of fine-grained siliciclastic and carbonate rocks that were deposited

during Triassic through Cretaceous time along the northern passive margin of Greater India [e.g., Gaetani and

Garzanti, 1991]. The accretionary prism consists of south verging, imbricated thrust sheets of Triassic, Jurassic,

and Cretaceous pelagic chert, mudstone, mafic volcanic rocks (basalt, diabase, and gabbro), and ultramafic rocks

(harzburgite and dunite), alongwith blocks of limestone and sandstone. These lithologies are distributed among

mud-matrix, serpentinite-matrix, and chert-matrix mélanges [Girardeau et al., 1984; Guilmette et al., 2009; Cai

et al., 2012]. The Gangdese magmatic arc is composed of granitoid and intermediate volcanic cover rocks

(mainly andesites, dacites, and pyroclastic and epiclastic rocks [Debon et al., 1986; He et al., 2007]). The Xigaze

Group contains conglomerates, feldspatholithic sandstones, and shales [Wang et al., 2012; Orme et al., 2014].

General absence of serpentinitic, mafic, and ultramafic framework grains suggests that the ophiolitic portion

of the accretionary prism was not a major source of detritus for any of the strata exposed in the Sangdanlin

section. Abundant plagioclase and volcanic lithic grains above the ~130m level of the section implicate

sources in the Gangdese arc and/or Xigaze forearc. However, the absence of K-feldspar in these sandstones

implies that the plutonic core of the Gangdese arc remained buried. Low-grade metasedimentary and

sedimentary detritus could have been derived from either the Tethyan Himalaya or from the forearc side of

the system. Ding et al. [2005], Wang et al. [2011], and Wu et al. [2014] inferred that the quartzose Denggang

(Zhongzuo) Formationwas derived from TethyanHimalayan sources and the Sangdanlin and Zheya Formations

were derived from the Asian side of the basin. Detrital zircon U-Pb geochronology provides a simple test

of this hypothesis and sheds light on details of the initial India-Asia collision process.

The detrital zircon U-Pb results are remarkably consistent with the sandstone petrographic data. The Denggang

(Zhongzuo) Formation sandstones contain Early Cretaceous and pre-490Ma zircons, and their age distributions

mirror those of documented Tethyan Himalayan zircons (Figure 9) [DeCelles et al., 2000; Hu et al., 2010; Gehrels

et al., 2011]. In contrast, zircon age data from the Sangdanlin and Zheya Formations show clearly that sources

in the Gangdese magmatic arc were dominant. The Gangdese arc experienced major flare-ups during the

Late Cretaceous (circa 90–75Ma) and Latest Cretaceous-Eocene (circa 68–48Ma) [Schärer et al., 1984; Xu et al.,

1985; Coulon et al., 1986; Debon et al., 1986; Copeland et al., 1995; Ding, 2003; Lee et al., 2009; Chung et al.,

2005, 2009; He et al., 2007]. Both of these age ranges are strongly represented in the detrital zircon age data

presented here and inWang et al. [2011] andWu et al. [2014]. This result is consistent with the abundance of

volcanic lithic grains and plagioclase in Sangdanlin and Zheya Formation sandstones. Another potential

source of detritus for the Sangdanlin and Zheya Formations is the Xigaze Group in the forearc basin,
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which contains intermediate volcanic

clasts and sandstones with feldspatholithic

compositions, as well as detrital zircons

with ages in the 89–54Ma range [Dürr,

1996; Orme et al., 2014]. However the

forearc basin sandstones also contain

small amounts of K-feldspar, which is

completely absent from the Sangdanlin

and Zheya Formations. Sangdanlin and

Zheya Formation sandstones also are

more quartzose than those of the

Xigaze Group, suggesting that either

the Sangdanlin section sandstones

were slightly “cleaned up” as they were

partially reworked from the Xigaze Group

or they were not recycled.

On the bases of the petrographic and

detrital geochronological data we

suggest that the Denggang (Zhongzuo)

Formation was derived principally from

the Tethyan Himalaya and deposited

in turbidite fans along the base of the

northern continental slope of Greater

India (Figure 10a). Sandstones of the

Sangdanlin and Zheya Formations were

mainly derived from the Asian side of

the system and also accumulated in

deep-marine environments (Figure 10a).

The transition between these end-

member settings is represented in the

Sangdanlin Formation, which consists

predominantly of radiolarian chert and

was probably deposited under

circumstances in which detrital input was

strongly restricted, perhaps athwart the

crest of a bathymetric high between

adjacent bathymetric lows in which

siliciclastic turbidites were accumulating.

7. Chronostratigraphy

Previous interpretations of the

chronostratigraphy of the Sangdanlin

section are illustrated in Figure 3. Ding

et al. [2005] assigned ages to the strata

in the Sangdanlin section as follows: the

Denggang (Zhongzuo) Formation was

attributed to the lower Maastrichtian based on planktonic foraminifera; the Sangdanlin Formation to the

Paleocene (Danian to Thanetian, circa 65–57Ma) using mainly radiolaria; and the Zheya Formation to latest

Paleocene-middle Eocene (57–42Ma). These authors suggested the presence of a disconformity at the

base of the Sangdanlin Formation, representing roughly 5–7 Myr. Wang et al. [2011] cited late Campanian

[Li et al., 2007] and Paleocene [Ding, 2003] radiolarian fauna in the siliceous beds directly above the top of

the Denggang (Zhongzuo) Formation (the ~105–110m level of our section, Figure 2). Detrital zircon U-Pb

ages and radiolaria reported from chert beds in the Sangdanlin Formation [Li et al., 2007] ledWang et al. [2011]

Figure 10. (a) Paleogeographic sketch of the Indus-Yarlung suture zone

during deposition of Sangdanlin section. Note that various portions of

the sketch refer to paleogeographic setting of Sangdanlin area during

different time frames, from Late Cretaceous to early Eocene. (b) Sketch of

the nascent Himalayan thrust belt during middle Eocene time, when

the Tethyan thrust belt was propagating southward and the Bhainskati

Formation was being deposited in the back-bulge depozone of the distal

foreland basin. Abbreviations for schematic locations: DB, Dumri Bridge

in the Lesser Himalaya; ZM, Zhepure Mountain in the Tethyan Himalaya;

SA, Sangdanlin section. IYS is the Indus-Yarlung suture zone; AW is the

accretionary wedge.
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to interpret an Ypresian age for the onset of Sangdanlin Formation deposition. These authors also suggested

that the Zheya Formation may be middle Eocene or even younger based on a single detrital zircon U-Pb age

of 49.1± 0.7Ma in the upper part of the Zheya Formation.

Our U-Pb zircon age data exhibit prominent minimum age peaks in the 60–58Ma range (Figure 7).

These ages provide a robust maximum age of deposition for the Sangdanlin and Zheya Formations,

but no zircons with ages approximating the depositional age of the Denggang (Zhongzuo) Formation

were found. Zircons from a tuffaceous layer in the upper part of the Zheya Formation (at the 643m

level of the composite section) provide a new direct age constraint on the rocks of the Sangdanlin

section (Figure 8). We reduced the U-Pb data from the tuff and calculated a best age by five different

algorithms (Figure 8):

1. The weighted mean age calculated from the cluster of 38 youngest crystals is 58.5 ± 0.6Ma (2σ), with

an MSWD=0.5.

2. The Tuffzirc algorithm, which extracts a “best” age by focusing on the tightest cluster of ages while rejecting

younger ages compromised by Pb loss and older ages due to inheritance, produced a weighted mean

age of 58.56 + 0.49 – 0.69Ma (95% confidence) from the coherent group of 38 zircons.

3. The AgePick algorithm employs U concentration and U/Th ratios to assess the potential for Pb loss and

the existence of discrete age subpopulations. U concentration and U/Th ratios are constant for the main

38-grain population, suggesting a single population not subject to Pb loss or inheritance. This approach

yielded a weighted mean age of 58.4± 0.6Ma with MSWD=0.5.

4. The Unmix algorithm determines the best-fitting Gaussian distribution for multiple age clusters and

calculates the mean age and uncertainty of each age group. This produced a mean age of 58.4± 0.57Ma

for the youngest population.

5. Finally, the peak age of the 38-grain population from the probability density function is 58.6Ma. The

consistency of all five approaches in producing an age of ~58.5 ± 0.6Ma indicates that this is the likely

age of the tuff sample. Together with the minimum age clusters provided by detrital zircon ages from

sandstone samples (Figure 7), this tuff age limits the time of deposition of most of the Sangdanlin section

between ~60Ma and 58.5Ma. This age range is similar to the age estimated by Wu et al. [2014] from

detrital ages but several million years older than the ages interpreted by Wang et al. [2011] based on the

youngest fractions of detrital zircon ages. However, the use of the youngest age fraction or the youngest

single grain age in most detrital zircon data sets will almost always produce an erroneously young age

[Dickinson and Gehrels, 2009].

8. Relationship With Nepal Paleogene and Flexural Model

Data from the Sangdanlin section may be combined with previous work in two other areas of Paleogene

outcrop in the Himalaya to provide a holistic view of the Paleocene-Eocene evolution of the Himalayan

orogenic belt and its associated foreland basin system. Paleogene sections that archive the transition from

Indian passive margin sedimentation to deposition dominated by influx of sediment from the Asian margin

and the early Himalayan thrust belt are preserved at Zhepure Mountain in the northern Tethyan Himalaya

[Zhu et al., 2005; Najman et al., 2010; Hu et al., 2012] and in the Lesser Himalaya of southern central Nepal

[DeCelles et al., 1998a, 2004; Najman et al., 2005; DeCelles, 2012] (Figures 1 and 11). Zhepure Mountain is

located ~50 km south (along strike to the east) of Sangdanlin, and the southern Nepalese sections are

situated ~175 km farther south.

At Zhepure Mountain (also referred to as the Qumiba section) [Najman et al., 2010], an assemblage of

paleontological, sedimentary petrological, and detrital geochronological and thermochronological data

demonstrates that the onset of Asian detrital influx took place at approximately 52–50Ma, during deposition

of the Enba and Zhaguo Formations (see Najman et al. [2010] and Hu et al. [2012] for detailed reviews).

DeCelles et al. [2004], Hu et al. [2012], Zhang et al. [2012], and DeCelles [2012] suggested that the underlying

Zongpu (or Zhepure Shan) Formation recorded the passage through this region of the flexural forebulge.

Using similar sedimentological arguments, Garzanti et al. [1987] and Green et al. [2008] argued that a flexural

forebulge migrated across the northwestern Indian Himalaya during late Paleocene-early Eocene time. At

Zhepure Mountain, the Enba and Zhaguo Formations represent the basal foredeep at this latitude. Apatite

fission track ages, reset by burial to depths of 4–6 km, imply that a thick foredeep succession was deposited
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on top of the Enba-Zhaguo strata and subsequently eroded [Najman et al., 2010]. In the Lesser Himalaya, the

transition from Indian passive margin sedimentation to distal foreland basin deposition is indicated by an

abrupt change of detrital zircon populations in the Paleocene Amile Formation and the middle Eocene (circa

45–40Ma) Bhainskati Formation. Amile Formation detrital zircons exhibit U-Pb ages characteristic of Indian

cratonic sources, whereas Bhainskati Formation detrital zircon ages are typical of Tethyan Himalayan strata

(Figure 9) (DeCelles et al. [2004]; this study, samples DB2 and DB15, and Table S1 in the supporting information).

The presence in the Bhainskati Formation of a circa 45Ma population of detrital zircon fission track ages not

reset by burial heating adds credence to the hypothesis that detritus was being supplied to the distal foreland

from the nascent Tethyan Himalayan thrust belt by middle Eocene time [Najman et al., 2005]. Jain et al. [2009]

and Ravikant et al. [2011] arrived independently at a similar conclusion based on data from Eocene strata in the

northern Indian Himalaya. A disconformity between middle Eocene and lower Miocene strata, marked by a

prominent Oxisol horizon [Sakai, 1983], has been interpreted as the signal of forebulge passage through the

Lesser Himalayan region during late Eocene-Oligocene time [DeCelles et al., 1998a].

Figure 11 depicts the three sets of stratigraphic sections that are relevant to this discussion in their present

geographic framework, along with key elements of each record. Palinspastic reconstruction of the Himalayan

thrust belt is necessary to provide their Paleocene-Eocene relative locations. Shortening estimates derived

from balanced cross sections in the central portion of the thrust belt range between about 600 km and

750 km [DeCelles et al., 2001; DeCelles et al., 2002; Robinson et al., 2006; Long et al., 2011]. Murphy [2007]

reported Nd isotopic data from rocks exposed in the Gurla Mandhata core complex in the Tethyan Himalaya

that require an additional 100–150 km of Lesser Himalayan shortening, which raises the total estimate to

as much as 900 km. Because these values do not account for large amounts of penetrative strain in the rocks,

they are probably significantly underestimated. Nevertheless, these estimates provide a starting point for

a palinspastic flexural analysis of the Paleogene foreland basin system.

Flexural profiles for the northern Indian margin as it entered the subduction zone along southern Asia can

be calculated by assuming values for the flexural rigidity of Indian lithosphere and the size of the growing

Himalayan thrust belt load (Figure 12) [Turcotte and Schubert, 2006]. Because the age of Indian lithosphere

Figure 11. Diagram showing the relative locations (with respect to the Indus-Yarlung suture (IYS)) of the various stratigraphic

records of India-Asia collision and subsequent foreland basin development. Sections are annotated with key age constraints

and sources of information.
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entering the flexural profile through time has increased from Neoproterozoic to Archean over the course of the

Himalayan orogeny [DeCelles et al., 2002], it is likely that flexural rigidity increased through time [Stockmal et al.,

1986; Watts, 1992; Stewart and Watts, 1997]. We assume a maximum value of flexural rigidity of 5.0 × 1024Nm

based on Lyon-Caen and Molnar [1983, 1985] and Bilham et al. [2003], and we adopt a minimum value of

1.0 × 1023Nm based on values known from transitional continental lithosphere along rifted continental margins

[e.g., Stewart and Watts, 1997; Watts, 2001; Rowley, 1998]. The thrust belt load is approximated by a rectangular

block that grows from a topographic height of 2 km and a width of 50 km, to 3 km high and 250kmwide. Density

of the mantle is assumed to be 3300kg/m3; densities of the load and the sedimentary fill in the foredeep

depozone are listed on Figure 12. The foredeep was filled to approximately sea level from Eocene time onward,

based on sedimentological evidence that deep-marine sedimentation ended during the late Paleocene [e.g.,

Ding et al., 2005; Zhu et al., 2005; this study]. An important source of uncertainty in this analysis is the value

chosen for flexural rigidity, because this parameter exerts the first-order control on the wavelength of the

flexural profile. The range of flexural rigidities used in Figure 12 is consistent with values used in previous,

geophysically constrained flexural analyses of the Himalayan foreland region [Karner and Watts, 1983;

Lyon-Caen and Molnar, 1985; Duroy et al., 1989; Bilham et al., 2003]. A second source of significant uncertainty

is the amount of shortening in the thrust belt. It is also possible that the thrust belt load varied irregularly

through time; we have neither evidence to suggest this nor any means by which to constrain such variations.

Constraints on the position of the flexural wave relative to the palinspastically restored thrust belt can be

derived from the record of foreland basin depozones as follows (Figures 11 and 12).

1. At Sangdanlin we place the base of the foredeep at 60–58Ma and a coeval forebulge depozone at

Zhepure Mountain [Hu et al., 2012; Zhang et al., 2012].

Figure 12. Palinspastic flexural model for the Paleocene-modern foreland basin system of the Himalayan orogenic belt.

Horizontal axis is distance south of Indus-Yarlung suture. Parameters used in each model frame are listed (EET = effective

elastic thickness, h = topographic height of load, and D= flexural rigidity). Two flexural profiles are provided in frame a,

one for a sediment-filled basin and one for a water-filled basin. White diamonds show locations of Sangdanlin, Zhepure

Mountain, and the Lesser Himalayan zone in approximate locations relative to the flexural profile at time of deposition;

black diamonds show the same locations (SA, Sangdanlin; ZM, Zhepure Mountain; LH, Lesser Himalaya) after each was

incorporated into the growing thrust belt. AW= accretionary wedge. Palinspastic distances are based on shortening

estimates and kinematic histories from DeCelles et al. [2001], Robinson et al. [2006], and Murphy [2007]. Dashed horizontal

line between frames a and b indicates time frame in which major uncertainty exists for Himalayan shortening.
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2. At Zhepure Mountain, foredeep deposition began no later than ~52Ma [Zhu et al., 2005;Najman et al., 2010;

Hu et al., 2012].

3. The Lesser Himalaya lay in a back-bulge depozone during the middle Eocene (circa 45–40Ma), straddled

the forebulge during the Oligocene [DeCelles et al., 2004; Najman et al., 2005; Jain et al., 2009], and began

to receive foredeep deposits during latest Oligocene-early Miocene time [DeCelles et al., 1998a; Najman

and Garzanti, 2000].

4. The frontal Subhimalayan zone lay within the foredeep depozone no later than ~15Ma [DeCelles et al.,

1998b; Ojha et al., 2009].

5. Finally, the present-day flexural profile is reasonably well known based on studies by Lyon-Caen and

Molnar [1983, 1985] and Bilham et al. [2003].

The objective here is to assess whether or not the Paleogene sections presently distributed across the

Himalaya could reasonably have developed along a coherent flexural profile during initial India-Asia collision

and early growth of the Himalayan thrust belt. The results of the flexural model suggest that, for this to be

the case, the foreland flexural wave had to migrate approximately 1300–1400 km through the region now

occupied by the Himalayan thrust belt to the present Gangetic foreland basin since ~60Ma. This distance

of migration is consistent with at least 850 km of shortening, 250 km of thrust belt propagation, and

approximately 250 km of increase in the wavelength of the flexural wave through time owing to increased

flexural rigidity (Figure 12). It is noteworthy that the history of flexural wave migration that emerges from

this model, particularly the late Paleocene through early Eocene transition from passive margin to forebulge

to foredeep deposition just south of the suture zone, was recognized by Garzanti et al. [1987] more than

25 years ago in the northwestern (Zanskar) Himalaya.

9. Discussion

9.1. Paleogeographic Setting of the Sangdanlin Section: Oceanic Versus Continental

A key issue for interpreting the data from the Sangdanlin section is whether these strata were deposited

upon oceanic or continental lithosphere. If the Sangdanlin section was deposited on oceanic lithosphere, this

would indicate significant separation from Indian continental lithosphere, and the Sangdanlin section would

predate collision. Evidence in support of continental, or perhaps transitional, lithosphere beneath the

Sangdanlin section consists of the lithofacies of Tethyan sequence strata beneath the section, as well as the

Denggang (Zhongzuo) Formation. Tethyan Jurassic and Cretaceous strata beneath the section are composed

of relatively shallow marine marl, shale, sandstone, and limestone; oceanic deposits are absent. Equivalent

strata in the Zhepure Mountain region consist of mixed carbonate and fine-grained clastic lithofacies

deposited in hemipelagic and outer shelf to slope settings, in water no deeper than 400m [Willems et al.,

1996; Hu et al., 2012]. Denggang (Zhongzuo) Formation turbidites are pebbly to very coarse-grained

sandstone, suggesting a short distance of transport from the nearby Indian cratonic margin, and deposition

along or at the base of the north facing continental slope (Figure 10a). The only lithofacies in the Sangdanlin

section that are reasonable candidates for oceanic deposits are the radiolarian chert and siliceous shale of

the Sangdanlin Formation, which could have accumulated on the flexural forebulge or in the trench

(Figure 10a) as the underlying Indian transitional/continental lithosphere entered the subduction zone. These

observations support the interpretation that the Sangdanlin record resulted from initial collision of Indian

and Asian continental lithosphere [Ding et al., 2005; Wang et al., 2011; Wu et al., 2014].

9.2. Implications for Himalayan Shortening and the Greater India Basin

The reconstruction presented in Figure 12 is challenged by plate circuit reconstructions that suggest up to

~3600 km of post-52Ma convergence between the Indian and Asian plates, without a comparable amount of

crustal shortening in the two plates (Molnar and Stock [2009]; see van Hinsbergen et al. [2012] for a review).

Recent reconstructions demonstrate that shortening or lateral extrusion in Asia cannot account for the

roughly 2300–2400 km deficit in crustal shortening [van Hinsbergen et al., 2011a], leading to the hypothesis

that significant, to-date unrecognized, plate convergence took place within the Himalayan thrust belt during

middle Cenozoic time [van Hinsbergen et al., 2012]. This problem is well known from paleomagnetic and plate

circuit studies of the Himalayan-Tibetan region [e.g., Molnar and Tapponnier, 1975; Patriat and Achache, 1984;

Besse et al., 1984; Dewey et al., 1989; Klootwijk et al., 1992; Patzelt et al., 1996; Molnar and Stock, 2009; Copley

et al., 2010; van Hinsbergen et al., 2012; Lippert et al., 2014].
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van Hinsbergen et al. [2012] and Lippert et al. [2014] also documented through paleomagnetism a

2675 ± 699 km increase in the latitudinal distance between cratonic India and the rocks of the Tethyan

Himalaya that occurred between ~120 and 65Ma. This they attributed to an extensional tectonic event that

separated the rocks of the Tethyan Himalaya from the rest of India via the opening of the “Greater India basin”

(GIB). As discussed by van Hinsbergen et al. [2012], the GIB was >1900 km wide. Geological evidence for

regional extension of the Tethyan Himalaya during Early Cretaceous time consists of alkaline volcanic rocks

and volcaniclastic strata exposed in a broad belt of the Tethyan Himalaya from northern India to southeastern

Tibet [e.g., Gradstein et al., 1991; Garzanti and Pagni Frette, 1991; Gibling et al., 1994; Dürr and Gibling, 1994;

Jadoul et al., 1998; Garzanti, 1999; Chen et al., 2007; Zhu et al., 2009; Hu et al., 2010]. Subsequent closure of the

GIB was inferred to take place along the Main Central thrust in the Himalayan thrust belt. This model also

requires that the Himalayan orogenic belt formed as a result of two collisions: the first during early Eocene

time, between the Tethyan Himalayan block and southern Asia, and the second during latest Oligocene-

early Miocene time between the Lesser Himalaya and the Greater Himalaya. Significantly, the GIB model as

presented places the high-grade metamorphic rocks of the Greater Himalayan sequence above the

subduction zone megathrust prior to the second collision event and thus places collision between cratonic

India and the northern half of the Himalayan thrust belt at the time of activation of the Main Central thrust

during the early Miocene. Although the van Hinsbergen et al. [2012] model involves more than simply the

opening of the GIB, we will refer to it as the GIB model for the sake of brevity in the following discussion.

As presented by van Hinsbergen et al. [2012], the GIB model argues against any possibility that a contiguous

foreland basin system could have connected cratonic India (i.e., the Lesser Himalaya) with the Tethyan

Himalaya and IYS during Eocene time, because the GIB itself would have intervened between the Tethyan

plus Greater Himalayan portions of the thrust belt on the upper plate and cratonic India on the lower plate.

We suggest that some modifications of the GIB model would indeed make it consistent with the available

geological data from the foreland basin system, as well as other geological data sets that are available from

the Himalayan thrust belt.

1. The only evidence in the geological record for Cretaceous extension in the Himalaya is restricted to loca-

tions north of the South Tibetan detachment (STD) [e.g., Hu et al., 2010], an early Miocene normal fault

that separates the Greater Himalayan zone (on the south) from the Tethyan Himalayan zone (to the north).

The logical region in which to concentrate extension during the Cretaceous would therefore be the Tethyan

Himalaya. This would place the Greater Himalayan zone on the south side of the GIB, rather than on its

north side as suggested by van Hinsbergen et al. [2012]. The early Cretaceous rocks of the southern Tethyan

Himalaya [Garzanti and Pagni Frette, 1991; Garzanti, 1999] were part of a northward facing rifted margin,

possibly associated with the rocks of the early Cretaceous Wölong Formation in the middle to southern

Tethyan Himalaya [Hu et al., 2010]. Extension related to the GIB could have reached into what is now the

Lesser Himalaya, but alkali basalts and volcaniclastic strata there are probably more closely related to the

Rajmahal-Sylhet eruptive events [Sakai, 1983, 1984] associated with passage of northeastern India over

the Kerguelen hotspot [Kent et al., 2002; Coffin et al., 2002; Ghatak and Basu, 2013].

2. The GIB model as presented calls for collision between the Tethyan Himalayan block and Asia at circa 55Ma.

The data discussed in this paper from the Sangdanlin and Zhepure Mountain regions suggest that initial

collision was probably several million years earlier, but in any case the age of collision reported by van

Hinsbergen et al. [2012] is consistent with the early stages of the flexural model shown in Figure 12.

3. The foreland basin record of the Lesser Himalaya requires that detritus derived from the Tethyan

Himalayan thrust belt was capable of reaching the Indian foreland region no later than about 45Ma

[DeCelles et al., 1998a, 2004; Najman et al., 2005; Jain et al., 2009; Ravikant et al., 2011]. No other source of

the detrital zircon signature found in the middle Eocene rocks of the frontal Himalaya is available, and

detrital zircon fission track ages demonstrate rapid exhumation in the source terrane during the Eocene.

Moreover, independent evidence for shortening and uplift of Tethyan rocks during Eocene time has been

reported by Ratschbacher et al. [1994], Wiesmayr and Grasemann [2002], Murphy and Yin [2003], Ding et al.

[2005], Aikman et al. [2008], Pullen et al. [2011], and Zhang et al. [2012]. Deep tectonic burial, high-grade

metamorphism, and anatexis of the Greater Himalayan sequence beneath a growing Tethyan thrust belt

load during Eocene-Oligocene time is also well-documented [e.g., Vannay and Hodges, 1996; Hodges et al.,

1996; Coleman, 1998; Coleman and Hodges, 1998; Godin et al., 2001; Vannay et al., 2004;Martin et al., 2005,

2007; de Sigoyer et al., 2000; Guillot et al., 2003; Leech et al., 2005; Corrie and Kohn, 2011]. Thus, crustal
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shortening and rapid exhumation in the Tethyan Himalaya, tectonic burial of Greater Himalayan rocks,

and earliest foreland basin development on the Indian craton occurred coevally during Eocene-Oligocene

time and provide a “hard link” between the Tethyan Himalaya and the northern Indian craton at that time.

Although van Hinsbergen et al. [2012] argued that India was >1500 km south of the Tethyan Himalaya

during themiddle Eocene, their reconstruction shows aminimum separation of only ~900–500 kmbetween

48.6 and 42.4Ma, which is consistent with the flexural model that places the Lesser Himalayan zone in a

back-bulge depozone during middle Eocene time (Figure 12). This would require that the GIB, which would

have been located in what is now the southern half of the Tethyan Himalaya, must have completely closed

between ~55Ma and 45Ma. At the rates of convergence operating during this time frame (80–150mm/yr)

[Molnar and Stock, 2009; Copley et al., 2010], an 800–1500 kmwide GIB could have been consumed in time

to juxtapose the northern Indian foreland region with the Tethyan thrust belt by 45Ma. Approximately

45Ma closure of the GIB would also help to explain the dramatic deceleration of plate convergence rate

between 50 and 45Ma [e.g., Molnar and Stock, 2009; Copley et al., 2010; van Hinsbergen et al., 2011b].

4. The collision history advocated by vanHinsbergen et al. [2012] calls for closure of theGIB and collision between

cratonic India and the Greater Himalayan thrust front no earlier than 25–20Ma. This is problematic for

several reasons discussed under the previous point. Most significantly, because this interpretation places

the subduction zone megathrust beneath Greater Himalayan rocks, it provides no mechanism for deep

burial and metamorphism of the latter. Moreover, as indicated by numerous studies of middle Eocene

through Pliocene foreland basin deposits of the Lesser Himalaya and Subhimalaya, a regionally integrated

foreland flexure with wavelength on the order of 1000 km, filling with shallow marine to nonmarine

sediments, was migrating through the region now represented by the southern flank of the Himalayan

thrust belt throughout this time interval. No evidence has been recognized in the stratigraphic records of

the Lesser and Subhimalayan zones for an oceanic GIB. A modified version of the GIB model that is

compatible with the tectonic history of the Greater Himalaya and the foreland basin history of the Lesser

to Subhimalayan zones places the closure of the GIB at circa 45Ma, in the region mainly north of the

present outcrop distribution of the Greater Himalayan rocks (i.e., north of the South Tibetan detachment).

9.3. Remaining Uncertainties

Uncertainty remains in the nature of the link between the southern Himalayan and northern Tethyan (Zhepure

Mountain) stratigraphic records of collision. In terms of sediment provenance, hard links exist between the

Lesser Himalayan record and the Tethyan thrust belt, and between the Zhepure Mountain and Sangdanlin

stratigraphic records and the south flank of Asia. However, the parts of the Lesser Himalayan and Zhepure

Mountain records that contain detritus of northerly provenance do not overlap in time, so it remains

conceivable that a large spatial gap, represented perhaps by the GIB, could have existed between cratonic India

and the southern fringe of the Zhepure Mountain depositional system. The time gap, highlighted by the

dashed horizontal line in Figure 12, is between the youngest part of the Zhepure Mountain section (circa 50Ma)

and the oldest Lesser Himalayan record (circa 45–40Ma). This 5–10 Myr time gap is when the GIB, if it existed,

must have closed, because the Lesser Himalayan record (Bhainskati Formation) contains detritus that ties

northern cratonic India to the Tethyan thrust belt during the middle Eocene, and the Tethyan thrust belt must

have incorporated the Zhepure Mountain stratigraphic section as it began to develop during the Eocene.

The flexural analysis depends on existing estimates of Himalayan shortening, which are highly uncertain. For

example, displacements on most of the major thrust faults are not constrained by offsets of preserved footwall

and hanging wall cutoffs; this means that Himalayan shortening is grossly underestimated. The reported

amounts of shortening in the Tethyan Himalaya are anomalously low, given the rapid rates of plate convergence

during late Paleocene-early Eocene time [DeCelles et al., 2002]. Documentation of greater shortening in the

Himalaya would help to alleviate the large discrepancy between overall crustal shortening in India and Asia,

on the one hand, and plate convergence, on the other [van Hinsbergen et al., 2012]. Additional work is needed

to determine the amount of shortening within the Tethyan Himalaya, the nature of the basal contact of the

Sangdanlin section, and geological evidence for the GIB as well as its location and timing of closure.

10. Conclusions

Results of this analysis support previous findings by Ding et al. [2005],Wang et al. [2011], andWu et al. [2014]

and demonstrate that sedimentary rocks at the Sangdanlin locality in the Indus-Yarlung suture zone of
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southern Tibet contain the oldest documented record of the transition from Indian to Asian sediment

provenance. This stratigraphic section sits atop the northern Tethyan Himalayan sequence, which was

deposited on the outboard margin of Indian continental lithosphere. Detrital zircon geochronology and

sedimentary petrology show that Maastrichtian-early Paleocene coarse-grained, quartz-arenitic turbidites at

the base of the section were derived from rocks that now constitute the Tethyan Himalaya, and overlying

feldspatholithic turbidites of Paleocene age were derived from the Gangdese arc/forearc region. Detrital

zircon geochronology and a new tuff age show that this transition took place between ~60 and 58.5Ma. We

take this to be the earliest age of contact between Asia and continental lithosphere of India, and the effective

age of intercontinental collision in the central part of the Himalayan orogenic belt.

Flexural modeling demonstrates that the Cenozoic strata in the Indus-Yarlung suture zone, the Tethyan

Himalaya, the Lesser Himalaya, and the Subhimalaya could have been deposited within a coherent flexural

wave that migrated ~1300 km across the northern flank of the late Paleocene through latest Miocene Indian

continental landmass to its present location in the Gangetic foreland. This model is constrained by detrital

geochronology, thermochronology, sedimentary petrology, and sedimentological data sets. Alternatively,

the same data discussed herein may be compatible with a recently published model proposing that the

northern part of Greater India experienced a significant extensional event—producing the Greater India

basin—during the early Cretaceous. However, the Greater India basin must have closed prior to middle

Eocene time in order to place the foreland region of northern cratonic India within a reasonable distance to

receive detritus from the developing Tethyan Himalayan thrust belt.
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