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Abstract The Gyirong basin, southern Tibet, contains the record of Miocene-Pliocene exhumation,

drainage development, and sedimentation along the northern flank of the Himalaya. The tectonic controls

on basin formation and their potential link to the South Tibetan Detachment System (STDS) are not well

understood. We use detrital zircon (ZFT) and apatite (AFT) fission-track analysis, together with detrital zircon

U-Pb dating to decipher the provenance of Gyirong basin sediments and the exhumation history of the

source areas. Results are presented for nine detrital samples of Gyirong basin sediments (AFT, ZFT, and U-Pb),

two modern river-sediment samples (ZFT and AFT), and six bedrock samples (ZFT) from transect across

the Gyirong fault bounding the basin to the east. The combination of detrital zircon U-Pb and fission-track

data demonstrates that the Gyirong basin sediments were sourced locally from the Tethyan Sedimentary

Sequence. This provenance pattern indicates that deposition was controlled by the Gyirong fault, active since

~10Ma, whose vertical throw was probably <~5000m, rather than being controlled by normal faults

associated with the STDS. The detrital thermochronology data contain two prominent age groups at ~37–41

and 15–18Ma, suggesting rapid exhumation at these times. A 15–18Ma phase of rapid exhumation has been

recorded widely in both southern Tibet and the Himalaya. A possible interpretation for such a major regional

exhumation event might be detachment of the subducting Indian plate slab during the middle Miocene,

inducing dynamic uplift of the Indian plate overriding its own slab.

1. Introduction

The Himalayan range is the largest continental collisional mountain belt on Earth and forms the southern

boundary of the world’s largest orogenic plateau: the Tibetan Plateau. The cooling history of rocks within

the mountain range and the sedimentation history of the adjacent basins provide invaluable constraints

on the orogenic exhumation history and mechanisms, required for a better understanding of the evolution

of the Himalayan orogen and the Tibetan Plateau [e.g., Najman, 2006; Yin, 2006]. A large number of

thermochronologic studies have been conducted across the Himalaya (for a review, see Thiede and Ehlers

[2013]) and southern Tibet [e.g., Copeland et al., 1995; Dai et al., 2013; Carrapa et al., 2014; Li et al., 2015].

Similarly, the sedimentation history in the foreland basins to the south [e.g., DeCelles et al., 1998; Najman

and Garzanti, 2000; Mugnier and Huyghe, 2006] and north [e.g., DeCelles et al., 2011, 2014] of the Himalayan

orogen has received significant attention in recent years. However, bedrock thermochronology studies have

focused mainly on the Greater Himalayan Sequence (GHS) and the southern flank of the mountain belt [cf.

Thiede and Ehlers, 2013], whereas relatively little is known about the exhumation history of the Tethyan

Sedimentary Sequence (TSS) on the northern flank.

Since the onset of India-Asia collision, the TSS has been affected by ~N-S shortening [e.g., Murphy and Yin,

2003] and at least two phases of Neogene syn-orogenic extension, with the development of the South

Tibetan Detachment System (STDS) [e.g., Burg et al., 1984; Burchfiel et al., 1992] and north-south trending nor-

mal faults [e.g., Armijo et al., 1986]. The STDS is a large-scale west-east trending fault system that stretches for
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more than 1000 km in the hinterland of the Himalayan orogen (Figure 1). It comprises a shallowly dipping

ductile shear zone (sometimes referred to as the lower STDS) and a network of brittle-ductile faults

(sometimes referred to as the upper STDS) that locally partly excise and overprint the earlier mylonite.

Some consider that the two sets of structures correspond to a single south dipping normal fault zone that

evolved from ductile to brittle [e.g., Law et al., 2004; Leloup et al., 2010, 2015]. Other authors argue that the

shear zone is not a normal fault but the upper limit of south directed flow in a horizontal crustal channel, later

locally exhumed by the low-angle brittle-ductile normal faults [e.g., Kellett and Grujic, 2012]. The north-south

trending faults are steeply dipping normal faults. Given their different dips, these two different types of faults

could have induced two different types of basins, known as supradetachment basins and rift basins,

respectively [Friedmann and Burbank, 1995].

Neogene-Quaternary intermontane basins have been described throughout southern Tibet (Figure 1). Some

basins, particularly the Gyirong basin located just north of the topographic culmination of the Himalaya, have

been interpreted as related to low-angle normal fault movement on the upper STDS [Burchfiel et al., 1992;

Hodges, 2000], whereas north-south elongated rift basins, such as the Thakkhola graben [e.g., Colchen,

1999; Garzione et al., 2003], are associated with the north-south trending normal faults (Figure 1). However,

the few Neogene basins that have been described as related to the STDS are all located in or immediately

next to major Neogene north-south trending rifts. In the central Himalaya, movement along the STDS

continued until 13–11Ma [Kali et al., 2010; Leloup et al., 2010; Wang et al., 2010]. N-S trending normal faults

in southern Tibet may have initiated prior to 11Ma but appear to have accelerated after 10Ma [Sundell et al.,

2013]. Thus, while the N-S normal faults clearly cut and offset the STDS where they intersect, such as in

Dinggye [Kali et al., 2010] and Yadong [Armijo et al., 1986; Cogan et al., 1998; Wu et al., 1998; Ratschbacher

et al., 2011; Kellett and Grujic, 2012; Kellett et al., 2013], the activity of both fault systems may have overlapped

for a fewmillion years,making it difficult to differentiatewhether basin developmentwas related tomovement

on the STDS or to younger east-west extension [Yin, 2006].

Inorder toaddress theseproblems,wepresentacombineddetrital zirconU-Pbgeochronologyandfission-track

thermochronology study of the Neogene sedimentary rocks of the Gyirong basin, located ~20 kmnorth of the

lower STDS in southern Tibet (Figures 1–3). Several authors [Burchfiel et al., 1992;Hodges, 2000;Yang et al., 2009]

Figure 1. Simplified structural map and cross section (top inset) of Southern Tibet and the central Himalaya, after Burchfiel et al. [1992], Lee et al. [2000], Larson et al.

[2010], Kali et al. [2010], Wang et al. [2011, 2014], and Leloup et al. [2015]. The box outlines location of Figure 2, and the dashed line indicates the position of cross

section. Abbreviations: MBT, Main Boundary Thrust; MCT, Main Central Thrust; STDS, South Tibetan Detachment System; GKT, Gyirong-Kangmar Thrust; TSS, Tethyan

Sedimentary Sequence; GHS, Greater Himalayan Sequence; LHS, Lesser Himalayan Sequence; and NHGD, North Himalayan Gneiss domes. Black box (bottom inset)

shows the position of the main map in Asia.
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have inferred that low-angle north dipping, E-W trending normal faults associated with the STDS are geneti-

cally related to the formation of this basin, the northernmost of these faults forming the southern boundary

of the Neogene clastic sequence and placing these rocks onto TSS rocks (inset of Figure 3). Burchfiel et al.

[1992] interpreted this boundary as the primary fault controlling the development of the Gyirong basin.

However, the N-S trending and west-dipping Gyirong Fault (GF), which forms the eastern boundary of the

basin, appears much more prominent on remote sensing imagery than the north dipping E-W trending fault

and controls the present-day topography of this area (Figure 2). Limited studies within the Gyirong basin

[Wang et al., 1996; Yue et al., 2004; Yang et al., 2009; Xu et al., 2012] have not been conclusive as to whether

the low-angle normal faults associated with the STDS or the GF control deposition in the basin.

The aims of our study are to constrain the provenance of the Gyirong basin fill, as well as the exhumation and

sedimentation history of the area. In order to do so, we present new bedrock and detrital (apatite and zircon

fission-track) thermochronology data combined with detrital zircon U-Pb geochronology. These data allow a

better understanding of the controls on the development of the basin, as well as on the history and mechan-

isms of exhumation of the Tethyan Himalaya in southern Tibet.

2. Geological Setting

2.1. Regional Tectonics

The Himalaya lies between the Indian craton to the south and the Indus-Yarlung suture zone to the north

(Figure 1). It is subdivided into three main tectonic units: the Lesser Himalayan Sequence (LHS), GHS, and

TSS, bounded by three major north dipping ductile shear zones or fault systems [Gansser, 1964; Le Fort, 1975,

1996; Hodges, 2000; Yin, 2006]. The Main Boundary Thrust (MBT) limits the LHS to the south, placing it over

Neogene syn-tectonic detrital sedimentary rocks of the Siwalik Group. The Main Central Thrust (MCT) places

GHS rocks over the LHS, and the syn-contractional top-to-the-north STDS separates the GHS from the TSS to

Figure 2. Shaded-relief map of the central Himalaya showing the main tectonic features and available thermochronology data. GF, Gyirong Fault; STDS, South

Tibetan Detachment System; MCT, Main Central Thrust; and GKT, Gyirong-Kangmar Thrust. Shaded-relief map was produced by ArcGis and is based on the

Advanced Spaceborne Thermal Emission and Reflection Global Digital Elevation Model. Thermochronology data are from Searle et al. [1997], Aoya et al. [2005, 2006],

Huntington et al. [2006], Crouzet et al. [2007], Kawakami et al. [2007], Robert et al. [2009], Wang et al. [2010], Herman et al. [2010], and Li et al. [2013].
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the north [e.g., Hodges et al., 1996]. The TSS consists of a thick and nearly continuous lower Paleozoic to

Paleogene marine sedimentary succession, comprising sandstones, limestones, quartzites, shales, and slates

[Garzanti et al., 1986, 1987; Brookfield, 1993; Critelli and Garzanti, 1994; Liu and Einsele, 1994; Garzanti, 1999].

The GHS comprises Late Proterozoic to Early Cambrian high-grade metasediments and orthogneiss [Le Fort,

1975; Grujic et al., 2002], along with Miocene leucogranite intrusions [e.g., Guillot et al., 1993].

The Gyirong basin is located in the TSS and lies between the Thakkhola graben to the west and the Kung

Co graben to the east. It is bounded by faults that are associated with the STDS to the south and the

Figure 3. Simplified geologic map of the Gyirong basin and surrounding area, showing major lithotectonic units, fault systems, and sampling sites. Modified from

Geological Map of Gyirong County (1:250,000) [Zhang, 2002]. Sample locations for this study are indicated, as well as published geochronology data: [1] Aoya et al.

[2005]; [2] Kawakami et al. [2007]; [3] Gao and Zeng [2014]; and [4] Larson et al. [2010]. Inset shows an enlarged map of the part of the Gyirong basin that has been

interpreted to be bounded by an east-west normal fault and where we sampled the basin succession.
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Gyirong-Kangmar Thrust (GKT) to the north (Figures 2 and 3). North of the GKT, the Malashan, Peiku, Cuobu,

Guilong (also called Kung Tang [Larson et al., 2010]), and Changgo granites (Figures 2 and 3) belong to the

North Himalayan Gneiss domes (NHGD) that stretch from east of the Kangmar dome to west of the

Thakkola graben (Figure 1). Zircons from the Guilong, Malashan, Peiku, and Cuobu granites yield old

(≥200Ma) (U-Th)/Pb core ages and Miocene rim ages (26–13.7Ma) [Aoya et al., 2005; Kawakami et al.,

2007; Larson et al., 2010; Gao and Zeng, 2014], while muscovite, biotite, and K-feldspar 40Ar/39Ar ages range

between 15.9 and 15.3Ma [Aoya et al., 2005; Kawakami et al., 2007]. These age patterns have been inter-

preted as recording intrusion of the granites between ~18.5 and ~15.3Ma, followed by rapid cooling below

~300°C before 15Ma [Aoya et al., 2005; Kawakami et al., 2007]. From petrologic and structural studies, the

same authors suggest that granite intrusion took place at ~18 km depth (4.8 ± 0.8 kbar) after a phase of top-

to-the-south thrusting (D1) and at the onset of a phase of top-to-the-north normal faulting (D2) [Aoya et al.,

2005; Kawakami et al., 2007]. Similarly, crystallization of the Changgo granite mainly occurred at 23.5 ± 1Ma,

syntectonically with D1 top-to-the-south deformation [Larson et al., 2010]. The northern boundaries of the

Guilong and Changgo granites correspond to a north dipping normal shear zone (D2) that is crosscut by

undeformed dykes dated at 16.6 ± 0.3Ma [Larson et al., 2010]. Muscovite and biotite 40Ar/39Ar ages suggest

that the dome cooled to below ~350°C by ~17Ma and that D2 deformation stopped prior to 18.4Ma

[Larson et al., 2010]. It thus appears that in the area, thickening coeval with or preceding granite emplace-

ment was followed by Miocene extension, as in several other NHGD [Lee et al., 2000, 2004; Aoya et al., 2006;

Quigley et al., 2006].

South of the Gyirong basin, the lower STDS corresponds to mylonitic gneisses forming a ~6 km thick, north

dipping ductile shear zone [Yang et al., 2009]. Two-mica granite intruded into the gneisses in the late

Oligocene-early Miocene [Yang et al., 2009]. Stretching lineations, rotated porphyroclasts, S-C fabrics, and

asymmetric folds in the ductile shear zone consistently indicate a top-to-the-north movement. A series of

north dipping normal faults affect the TSS, which have been interpreted as the upper STD controlling the

initial development of basins in the Gyirong area [Burchfiel et al., 1992; Hodges, 2000; Yang et al., 2009].

The north-south trending GF bounds the Gyirong basin to the east (Figure 4a). This normal fault is outlined

by brecciated rocks (Figure 4b) and expressed in the morphology as a prominent series of triangular facets

along the eastern boundary of the basin (Figures 4a and 4c, see also Yang et al. [2009]). The fault dips about

60° (51° to 74°) to the west (N260–280°) [Yang et al., 2009]. The large elevation difference between the

Qiazu crest to the east of the fault, culminating at 6767m (Mount Chalung), and the Neogene sedimentary

basin to the west at ~4200m elevation reflects throw across the normal fault (Figures 3, 4a, and 4c). The

height of the topographic facets is about 500m, but the total offset could be much more, because of erosion

of the hanging wall and deposition on the footwall during the Miocene-Pliocene. The GF crosscuts a series of

east-west trending normal faults and folds in the Jurassic strata making up its footwall.

The GKT extends from Kangmar to the Gyirong area [Burg et al., 1987] and is cut and offset by the GF as well as

other north-south trending normal faults (Figures 2 and 3), such as that bounding the Kung Co half graben

~100 km farther east [Mahéo et al., 2007; Lee et al., 2011]. Lee et al. [2000] suggest that thrusting along the

GKT started at 15Ma, whereas Lee et al. [2011] constrain normal faulting to have started on the Kung Co

Fault at 12–13Ma. If this timing is correct, it suggests that the GF was initiated after 15Ma and possibly at

12–13Ma, simultaneous with the Kung Co Fault.

2.2. Stratigraphy of the Gyirong Basin

The Neogene deposits of the Gyirong basin are divided into two units: the Danzengzhukang Formation

(Figure 4d) and the Woma Formation (Figure 4e). We studied the basin fill in two sections to the south and

southwest of the village of Woma, on the west and east side of the Gyirong Tsangpo, respectively (inset in

Figure 3). A stratigraphic column is presented in Figure 5.

The Danzengzhukang Formation unconformably overlies Jurassic strata (Figure 4d), whereas its contact with

the overlying Woma Formation is conformable. In the studied section (section 1, Figure 3), the

DanzengzhukangFormation is 182m thick and is composed of gray siliceous limestone,white quartzite, beige,

salmon pink, and purple red sandstone pebbles, with lenticular sandstones andmuddy siltstones (Figure 5). It

contains plant fossils, pollen, molluscs, and ostracods [Xu et al., 2012]. The Danzengzhukang Formation is

interpreted to have been deposited in alluvial fan and braided-river environments [Xu et al., 2012].

Tectonics 10.1002/2016TC004149
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The Woma Formation is 424m thick in the studied section (section 2, Figure 3) and consists of conglomerates

comprising siliceous limestone, granite, quartzite and sandstone pebbles, fine- to coarse-grained sandstones,

siltstones, and mudstones (Figure 5). The Woma Formation deposits have been attributed to fan-delta and

lacustrine depositional environments [Xu et al., 2012].

Figure 4. (a) Scarp of the Gyirong normal fault, showing the geomorphic contrast between the hanging wall and footwall of the fault. (b) Breccia in the fault zone,

indicating extensive brittle fracturing. (c) Oblique Google Earth view from the SW, with the main faults and granites indicated, showing the relationship between the

structure and the morphology. Locations of Figures 4a, 4b, 4d, and 4e are indicated. (d) Unconformable basal contact of the Neogene Danzengzhukang Formation

(Ndz) on Jurassic strata. (e) View of the Neogene Woma Formation (Nwm). Person is highlighted by ellipse for scale.

Tectonics 10.1002/2016TC004149
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Figure 5. Stratigraphic column of the late Neogene sedimentary fill of the Gyirong basin measured in the field and fission-track age distribution of the samples

(shown as histograms and probability density curves with fitted age populations). Lithology codes: ms, mudstone; st, siltstone; sf, fine sandstone; sc, coarse sand-

stone; and cg, conglomerate. GPTS: Geomagnetic Polarity Timescale [Cande and Kent, 1995], magnetostratigraphy data fromWang et al. [1996] and Yue et al. [2004].

Circle, zircon U-Pb sample and star, fission-track sample. Probability density functions and age populations for fission-track data are calculated using BinomFit

[Brandon, 1992, 1996]. The dashed line is the single-grain age probability density function of the entire population; solid lines are modeled probability density

functions for the fitted age populations; N is the number of dated grains. Detailed plots are shown in the supporting information (Figures S1 to S3).
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The Woma Formation sequence has been dated magnetostratigraphically byWang et al. [1996] and Yue et al.

[2004]. The magnetostratigraphy includes reversals correlated with epochs between the lower Matuyama

and Chron C3B [Wang et al., 1996; Yue et al., 2004], implying a depositional age for this formation between

7.2 and 1.7Ma. In contrast, the age of the Danzengzhukang Formation is not well constrained. Assuming

similar accumulation rates for the Woma and Danzengzhukang Formations would yield an initial depositional

age of ~9.6Ma for the Danzengzhukang Formation. This age is comparable to that (11–9.6Ma) of the

Tetang Formation, outcropping 130 km west of Gyirong in the Thakkhola graben [Garzione et al., 2003],

which has lithofacies similar to that of the Danzengzhukang Formation [Adhikari and Wagreich, 2011]

and is overlain by the Thakkhola Formation, with similar age and lithofacies as the Woma Formation

[Garzione et al., 2003]. Therefore, we suggest the age of onset of sedimentation in the Gyirong basin to be

around 10Ma.

3. Sampling and Analytical Methods

3.1. Sample Collection

Six samples of Jurassic metasandstone were collected across the GF, north of the Gyirong basin, with three

samples coming from the footwall and three samples from the hanging wall. These samples were collected

between 5282 and 4331m elevation over a 6 km east-west horizontal distance, along a road that crosses the

main fault plane near its northern tip (Figure 3). All of these samples were poor in apatite but rich in zircon, so

we only report zircon fission-track ages for them.

Nine samples were collected for detrital U-Pb and fission-track analyses from the Neogene sedimentary suc-

cession of the Gyirong basin in the two studied sections (Danzengzhukang and Woma Formations, respec-

tively; Figure 3). Two of the samples are from the Danzengzhukang Formation (S1FT1-1, S1FT19-1); the

other seven samples (S2FT series) are from the Woma Formation (Figure 5). Samples S1FT1-1 and S1FT19-1

from the Danzengzhukang Formation and sample S2FT89-1 from the Woma Formation were selected for zir-

con U-Pb dating, in order to help constraining sediment provenance. The depositional age of samples from

the Woma Formation can be determined by magnetostratigraphy with an error of ±0.5Ma [Wang et al., 1996;

Yue et al., 2004] (see Table 2 and Figure 5). The depositional age of sample S1FT1-1, from the base of the

Danzengzhukang Formation, is assumed to be 10 ± 1Ma.

Two samples were collected from modern river sands to assess recent patterns of exhumation. Sample T101-

10 was collected from the Gyirong Tsangpo, west and upstream of the Gyirong basin (Figure 3). The catch-

ment of this river mainly includes Jurassic sedimentary formations and the Miocene Guilong leucogranite,

one of the North Himalayan intrusions. Sample T24-6-1 was collected farther east from the Gangri River,

which is sourced from glaciers in the Shisha Pangma massif, within the GHS (Figure 3).

3.2. Fission-Track Thermochronology

Fission-track samples were prepared for analysis by the external detector method [e.g., Tagami and

O’Sullivan, 2005]. Both zircon fission-track (ZFT) and apatite fission-track (AFT) sample preparation and count-

ing were performed at the State Key Laboratory of Geological Processes andMineral Resources (GPMR), China

University of Geosciences (Wuhan). Etching of polished zircon samples was carried out in a NaOH-KOH eutec-

tic solution at a constant temperature of 228°C. We started with a short (1 h) etch and then etched the sam-

ples in 3 h increments until the tracks were abundant and clearly identifiable; total etching times varied from

19 to 31 h. Apatites were etched in 5M HNO3 at 22°C for 18 s. Although these conditions are slightly different

from the standard (20 s at 21°C), this difference does not influence measured track densities and the effect on

track lengths is minimal [Tagami and O’Sullivan, 2005]. Low-uranium mica was used as the external detector,

and after irradiation these mica detectors were etched in 40% HF at room temperature for 18min. Thermal

neutron irradiation was carried out at the China Institute of Atomic Energy with a nominal thermal neutron

fluence of 1 × 1015 cm�2 for zircon and 8× 1015 cm�2 for apatite. ZFT and AFT counting was carried out under

a magnification of 1000 (100 × 10) with a Zeiss microscope. Single-grain age populations and corresponding

age peaks for each sample were determined using the binomial peak-fitting approach (Galbraith and Green

[1990], Brandon [1996], see Stewart and Brandon [2004] for a detailed description). Horizontal confined track

lengths in apatite were measured using a Zeiss microscope at the State Key Laboratory of Continental

Tectonics and Dynamics, Beijing, China.

Tectonics 10.1002/2016TC004149

SHEN ET AL. THE TETHYAN HIMALAYA CENOZOIC EXHUMATION 1720



3.3. Detrital Zircon U-Pb Geochronology

Zircon U-Pb dating was conducted by laser ablation multicollector inductively coupled plasma mass spectro-

metryat theGPMR,ChinaUniversityofGeosciences (Wuhan), usingaspotdiameterof24μmor32μm,depend-

ingonzirconcrystal size. Thedata reductionprocedures aredescribed in Liu et al. [2008]. Zircon91500wasused

as the external standard for U-Pb dating and was analyzed twice for every six analyses [Liu et al., 2010]. Time-

dependentdrifts ofU-Th-Pb isotopic ratioswerecorrectedusing linear interpolationaccording to thevariations

of the external standard. To monitor age reproducibility and instrument stability, four GJ-1 zircon standards

were inserted at the beginning and endof each run,making sure the results are consistentwith recommended

values [(608.5 ± 0.4Ma) Jackson et al., 2004]. Each analysis incorporated a background acquisition of approxi-

mately 20–30 s (gas blank) followed by 50 s data acquisition from the sample. The Agilent Chemstation was

used for the acquisition of individual analyses. Offline selection and integration of background and analyzed

signals, time-drift correction, and quantitative calibration for trace-element analyses and U-Pb dating were

performed by ICPMSDataCal [Liu et al., 2008].

3.4. Data Analysis Methods

In order to link the cooling ages of sedimentary detritus with exhumation in the source terrain, we use the lag

time concept. The lag time is defined as the difference between a thermochronological peak age and the

depositional age of the sample [Garver and Brandon, 1994; Garver et al., 1999; Bernet et al., 2001]; it represents

the time between closure of the thermochronologic system in the source and deposition in the adjacent

basin [Bernet and Garver, 2005]. In active orogenic settings the time for sediment transport is negligible

[e.g., Bernet et al., 2004] and less than the resolution of the applied dating techniques. When plotting cool-

ing ages against depositional ages in a lag time diagram, three basic lag time trends can be expected

[Bernet and Garver, 2005]. A reduction of lag time up-section, which is regarded as a moving peak, indicates

continuous and accelerating exhumation. Constant lag time means cooling ages become younger at the

same rate as the change in depositional age, which is characteristic of a constantly exhuming source terrain

and is also regarded as a moving peak. The third possible trend is that lag time increases and cooling-age

peaks do not change up-section, which is described as a static peak and reflects an episode of rapid

exhumation followed by slow erosion [Bernet and Garver, 2005; Braun, 2016].

4. Results

4.1. Detrital Zircon U-Pb Data

For each sample, 50 randomly selected single zircons were analyzed. Nonetheless, based on cathodolumines-

cence (CL) images, grains with complex uranium zoning were avoided [Gehrels, 2012]. The analytical data set

is presented in the supporting information Table S1. Most analyses yielded concordant U-Pb ages (see the

concordance data and plots in the supporting information Table S1 and Figure S4). We use 206Pb/238U ages

for zircons <1000Ma and 207Pb/206Pb ages for zircons >1000Ma. The three samples show a similar age dis-

tribution, with single-grain U-Pb ages falling into two prominent age groups at ~500–600 and ~800–1250Ma,

and a number of less well-characterized peaks at ~1750, ~2000, and ~2300–2600Ma (Figure 6). One of the

150 grains analyzed (S2FT89-1-16) yielded a Miocene 206Pb/238U age (17 ± 0.5Ma; see Table S1).

4.2. Fission-Track Data

4.2.1. Bedrock Fission-Track Data

Between 15 and 22 zircon grains were dated for the bedrock samples. Results are shown in Table 1. All

samples passed the χ2 test (P(χ2)> 5%). We report the ZFT ages as central ages, which are more robust

against outliers [Gallagher et al., 1998]. Five out of six ZFT ages are between 15.8 ± 3.0 and 19.3 ± 3.5Ma

(with an average of 17.4 ± 1.1Ma); sample T45-6, which was collected in the footwall closest to the fault

plane, yields a younger age of 13.4 ± 1.9Ma. The ages show no correlation with elevation.

4.2.2. Detrital Fission-Track Data

The objective was to date 100 grains per detrital sample in order to obtain statistically robust results [Brandon,

1996]. However, due to the scarcity of datable mineral grains, we could only count around 50 grains in several

samples (Tables 2 and 3). Detrital fission-track ages are reported as central ages and binomial peak ages

[Brandon, 1996; Stewart and Brandon, 2004] with ± 2σ uncertainties in Tables 2 and 3. The probability density

plots of the age populations for Neogene samples are shown in Figure 5. We also show radial plots and
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probability density plots together with the fitted age peaks for all samples in the supporting information

(Figures S1 to S3).

All of the detrital ZFT samples failed the χ2 test (P(χ2)< 5%) and are characterized by age dispersions

D> 60%, indicating that the ZFT age distributions contain multiple age populations [Brandon, 1992, 1996;

van der Beek et al., 2006]. All ZFT age peaks are older than the corresponding depositional age of the sample,

indicating that the detrital ZFT ages reflect the exhumation history in the source area rather than that of the

basin. The different age components can thus be interpreted as reflecting source areas with variable

denudation rates [Braun et al., 2006].

Figure 6. (top) Normalized probability density diagram (using Isoplot [Ludwing, 2012]) of detrital zircon U-Pb ages for

Neogene sedimentary rocks of the Gyirong basin; the concordant and relative probability diagrams of individual samples

are shown in the supporting information (Figure S4). (bottom) Detrital zircon U-Pb age populations of the main Himalayan

sequences [DeCelles et al., 2004; Gehrels et al., 2011] and the Lhasa terrane [Kapp et al., 2007].

Table 1. Zircon Fission-Track Data for Jurassic Bedrock Samples Across the Gyirong Fault
a

Sample Location

Elevation

Lithology N

ρs × 10
6
cm
�2

ρi × 10
6
cm
�2

ρd × 10
5
cm
�2

P(χ
2
) Central Age U

(m) (NS) (Ni) (Nd) (%) (Ma ± 2σ) (ppm)

T45-1 85.3167°E 4331 Slate 19 2.32 3.34 3.753 14.9 16.0 ± 3.0 354

28.8857°N (216) (310) (1758)

T45-2 85.3317°E 4410 Slate 15 2.41 3.49 3.795 94.4 15.8 ± 3.0 366

28.9000°N (152) (220) (1793)

T45-3 85.3467°E 4536 Slate 22 2.44 3.24 3.815 44.3 17.2 ± 2.2 339

28.9505°N (400) (532) (1810)

T45-6 85.3678°E 5123 Slate 22 2.69 4.65 3.857 94.5 13.4 ± 1.9 480

28.9092°N (291) (502) (1845)

T45-7 85.3761°E 5184 Slate 20 2.85 4.01 3.898 100 16.6 ± 2.5 410

28.9101°N (259) (365) (1880)

T45-8 85.3808°E 5282 Slate 15 3.09 3.79 3.94 89.5 19.3 ± 3.5 383

28.9043°N (179) (220) (1915)

a
All samples were counted with a zeta calibration factor ξ = 106.30 ± 5.92 for glass dosimeter CN1. N = total number of grains counted; binomial peak ages are

given ± 2 SE (standard error). The percentage of grains in a specific peak is also given. P(χ
2
), χ

2
probability that the single-grain ages represent one population; D,

age dispersion; N, number of horizontal confined track lengths measured; and MTL, mean track length.
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Using binomial peak fitting [Brandon, 1996; Stewart and Brandon, 2004], the detrital ZFT age distributions of

each sample were decomposed into three or four distinct age populations (Table 2), which can be grouped in

four peak-age groups that we term P1 to P4 (Figure 7). All samples from the Neogene sedimentary rocks

contain a Mesozoic age peak (P4; 130–180Ma), an Eocene peak (P3; 37–41Ma), and a Miocene peak

(P2; 15–18Ma). Two samples also generate a 10–11Ma peak (P1). If we pool all the grains as one sample,

the result shows four agepeaks at 12.1 ± 1.4 (P1), 17.9 ± 1.3 (P2), 39.2 ± 2.8 (P3), and 147.1 ± 11.8Ma (P4), which

is consistent with the age peaks shown by individual samples and gives us confidence in the deconvolution of

age populations for individual samples, even those containing only ~50 single-grain ages. Both the P2 and P3

peak ages do not change significantly up-section (Figure 7), and they can, therefore, be considered as static

peaks [Bernet and Garver, 2005]. Typically, 30–58% and 14–50% of dated grains fall into the P2 and P3 static

age peaks, respectively. The population P4 contains a much older and broader range of ages; the associated

age peak has a very large uncertainty in individual samples.

Detrital ZFT ages from the modern river sample T101-10 (Gyirong Tsangpo) can be divided into two popula-

tions with peak ages of 16.5 ± 1.2Ma and 140.8 ± 16.1Ma (Table 2). These two age peaks correspond to the P2

and P4 peaks of the detrital ZFT ages in the Neogene deposits (Table 2). Sample T24-6-1 (Gangri River) yields

three ZFT age components, with peak ages of 10.7 ± 1.2, 15.1 ± 1.3, and 22.7 ± 4.8Ma (Table 2). Whereas the

two young age peaks correspond to the P1 and P2 peaks found in some samples from the Gyirong basin, the

third peak does not correspond to any observed age peak in the sedimentary rocks.

In contrast to the detrital ZFT age distributions, three out of seven detrital AFT samples from the Neogene

deposits are characterized by a single age population, with age dispersions D< 10% and χ2 probability P

(χ2)> 5% (Table 3). All other samples contain two age populations (Table 3 and Figure 8). The AFT peak ages

and the central ages show a very clear exhumation trend with a 15–16Ma peak (P2), similar to the ZFT P2

peak, present in all samples except the youngest one (although this peak age is not well defined in sample

S2FT95-1, deposited at 2Ma). An ~11Ma age peak (P1), which is comparable to the ZFT P1 peak, is present

in samples deposited after ~4Ma. Two samples yield an age peak between 20 and 23Ma (P3). We note,

however, that the less-pronounced age peaks for the multiple-population samples always have a large error

bar, resulting in a relatively small separation between the two peak ages. Therefore, we would not expect to

resolve them in samples with smaller numbers of single-grain ages [e.g., Naylor et al., 2015].

The samples from modern river sands yield a central AFT age of 11.9 ± 1.8Ma (T101-10) and 11.4 ± 1.5Ma

(T24-6-1), respectively (Table 3). Sample T24-6-1 contains a multiple age population, with two binomial

peak-fit ages at 4.6 ± 5.7 and 11.6 ± 1.5Ma.

Table 2. Detrital Zircon Fission-Track Results
a

Sample Location

Depositional

Age (Ma) N

Age

Range (Ma) P(χ
2
) (%) D (%) P1 (Ma) P2 (Ma) P3 (Ma) P4 (Ma)

Central

Age (Ma)

T24-6-1 Gangri River 0 55 8.7–27.8 0.0 20.3 10.7 ± 1.2 15.1 ± 1.3 22.7 ± 4.8 - 14.1 ± 1.2

30.6% 62.1% 7.3%

T101-10 Gyirong Tsangpo 0 50 3.3–789.3 0.0 99.1 - 16.5 ± 1.2 - 140.8 ± 16.1 33.2 ± 9.5

64.0% 36.0%

S2FT100-1 Gyirong basin 1.7 51 10.7–481.1 0.0 90.2 - 16.8 ± 1.5 40.8 ± 5.6 131.9 ± 12.2 42.3 ± 10.9

44.8% 14.3% 40.9%

S2FT95-1 Gyirong basin 2.0 100 5.9–297.7 0.0 84.0 10.2 ± 2.3 16.5 ± 1.6 38.8 ± 3.4 152.0 ± 15.3 34.3 ± 6.0

10.0% 34.2% 30.7% 25.1%

S2FT78-2 Gyirong basin 4.1 52 12.1–523.4 0.0 66.9 - 17.8 ± 1.7 38.2 ± 3.3 181.6 ± 27.8 36.1 ± 7.0

35.5% 47.2% 17.3%

S2FT53-1 Gyirong basin 6.2 72 9.0–367.4 0.0 83.4 11.5 ± 1.7 18.3 ± 1.9 41.5 ± 4.8 179.8 ± 26.3 32.6 ± 6.7

18.1% 29.1% 27.5% 25.3%

S2FT39-1 Gyirong basin 6.7 50 11.4–211.4 0.0 62.0 - 16.0 ± 1.8 37.5 ± 3.9 125.5 ± 3.9 32.8 ± 6.3

32.7% 49.4% 17.9%

S2FT4-1 Gyirong basin 7.2 74 10.6–243.1 0.0 66.3 - 17.6 ± 1.5 41.3 ± 6.9 127.4 ± 18.9 29.2 ± 4.9

58.7% 21.2% 200%

a
All samples were counted with a zeta calibration factor ξ = 120.34 ± 2.13 for glass dosimeter CN1. N = total number of grains counted; binomial peak ages are

given ± 2 SE. The percentage of grains in a specific peak is also given. P(χ
2
), χ

2
probability that the single-grain ages represent one population and D, age

dispersion.
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Horizontal confined apatite fission-

track lengths could be measured in

four detrital samples (between 6

and 23 individual track lengths mea-

sured); mean track lengths vary little

between 13.8 ± 0.2 and 14.1 ± 0.2μm

(Table 3). A single track length mea-

sured in the modern sample

S2FT100-1 is 14.8μm (Table 3).

Although insufficient track lengths

could bemeasured for a quantitative

interpretation, the overall relatively

long measured lengths are charac-

teristic of rapid cooling in the source

area and absence of reheating of the

samples since deposition [Gleadow

et al., 1986].

5. Discussion

5.1. Provenance of the Gyirong

Neogene Sedimentary Rocks

The provenance of basin fills should

differ strongly between suprade-

tachment and rift basins [Friedmann

and Burbank, 1995]. A supradetach-

ment basin forms above a low-angle

normal fault system, while a rift basin

is usually bounded by steeper nor-

mal faults. In most supradetachment

basins, primary drainages flow from

the footwall across the detachment

into the hanging wall, and the basin

fill contains little detritus shed from

the hanging wall [Friedmann and

Burbank, 1995]. In an asymmetric rift

basin system in contrast, where the

hanging wall block is tilted toward

the bounding fault, sediments are

derived principally from the distal

hanging wall block, as well as from

rivers flowing along the axis of the

rift [Schlische, 1991; Friedmann and

Burbank, 1995]. Therefore, the prove-

nance of the sediment fill in the

Gyirong basin could help determin-

ing whether basin development

was controlled by motion on normal

faults associated with the STDS

system or the GF.

Within the Danzengzhukang Forma-

tion, carbonate rocks dominate the

composition of conglomerate peb-

bles, followed by quartzite and sand-
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stone clasts. Pebble imbrications

indicate mostly southeast to east

paleo-current directions [Xu et al.,

2012]. In the Woma Formation, con-

glomerate clasts consist dominantly

of quartzite, sandstone, granite,

limestone, and slate; granitic clasts

are absent before ~3.2Ma [Xu et al.,

2012]. Pebble imbrications and cross

bedding show paleo-current direc-

tions toward the southwest and west

[Xu et al., 2012]. The two sections are

located to the west and east of the

Gyirong Tsangpo trunk river, respec-

tively (Figure 3). The paleo-current

directions in the two sections corre-

spond to the modern flow directions

of the tributaries near them, implying

that the paleo-drainage system dur-

ing deposition of these formations

between ~11 and 1.7Ma was similar

to the modern drainage system. The catchment of the modern Gyirong Tsangpo and its tributaries to the

north of Woma is entirely within the Tethyan Himalayan belt (Figure 3). The similarity between the modern

and fossil drainage systems suggests that the Neogene sedimentary rocks in the Gyirong basin should have

been derived from the TSS.

A comparison of our detrital zircon U-Pb age distributions with published zircon U-Pb data from the TSS, GHS,

LHS, and Lhasa terrane [DeCelles et al., 2000, 2004; Gehrels et al., 2011; Kapp et al., 2007] shows that the

Neogene sedimentary rocks in the Gyirong basin display characteristic Tethyan zircon-age patterns (Figure 6

and Table S1). The lack of Cretaceous to Paleogene zircon U-Pb ages excludes a sedimentary source in the

Lhasa terrane [DeCelles et al., 2007; Kapp et al., 2007]. Greater Himalayan detrital zircon U-Pb ages are broadly

clustered about 1100Ma, with smaller peaks at ~1500–1700 and ~2500Ma [DeCelles et al., 2004]. Even

though the granitic gneisses in the GHS yield zircons with U-Pb ages of 470–490Ma [DeCelles et al., 2004],

these ages do not form a significant

peak compared to that at ~1100Ma

[DeCelles et al., 2000]. In the Tethyan

sedimentary sequence, a ~1100Ma

age peak is also present, but the

500–600Ma age peak is strongly

developed [Gehrels et al., 2011], similar

to the age spectrum yielded by the

detrital zircons in the Gyirong basin

(Figure 6). Only one 17.0Ma zircon

grain occurs in the youngest sand-

stone sample (S2FT89-1; depositional

age ~3.8Ma), which coincides with

the appearance of granite pebbles in

the upper part of the Neogene

sedimentary section [Xu et al., 2012],

indicating that erosion products of

Miocenegranites started contributing

to the basin fill during the Pliocene.

Comparing the detrital thermochro-

nology data with that from the

Figure 7. Lag time plot of detrital ZFT age peaks from the Gyirong basin

sediments. Note the logarithmic scale used for the ZFT age axis. Error bars

are ±2σ for FT ages and ±0.5Ma for depositional ages. The arrows illustrate

the average ages of the P2 and P3 static peaks.

Figure 8. Lag time plot of detrital AFT age peaks from the Gyirong basin

sediments. Error bars are ±2σ for FT ages and ±0.5 Ma for depositional ages

(±1Ma for sample S1FT1-1).
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bedrock surrounding the basin and from modern river sands provides further constraints on sediment

provenance. The Jurassic bedrock samples yield ZFT ages of ~16–19Ma, which is consistent with the major

P2 peak (30–58% of single-grain ages) of the detrital ZFT age distributions from the Neogene sedimentary

rocks. The Gyirong Tsangpo has its source in the Guilong granite, located northwest of the Gyirong basin

(Figure 3), and sample T101-10 was collected from the river upstream of the Gyirong basin. The ZFT peak

ages (16.5 ± 1.2 and 140.8 ± 16.1Ma) of this sample are consistent with the P2 and P4 ZFT age peaks from

Neogene sedimentary rocks in the Gyirong basin, whereas the AFT age (a single population with a central

age of 11.9 ± 1.8Ma) is similar to that of the samples from Neogene sedimentary rocks deposited after

4.1Ma. The other modern river-sand sample, T24-6-1 collected in the Gangri River downstream of the

Shisha Pangma, shows a ZFT age pattern that is distinctly different from that of the detrital samples from

the Gyirong basin: a 22.7 ± 4.8Ma ZFT age peak that does not correspond to any observed ZFT age peaks in

the Gyirong sedimentary rocks and a large 10.7 ± 1.2Ma ZFT age peak (Table 2). The age peaks encountered

in sample T24-6-1 are instead consistent with the postemplacement cooling history of the early Miocene

Shisha Pangma leucogranite in the GHS, which is the source of the modern Gangri River and cooled rapidly

after crystallizing at ~20.2Ma down to the AFT closure temperature at ~14.8–11.9Ma [Searle et al., 1997].

The different age structure of the sandstone samples and the modern Gangri River sample imply that

the source of the Neogene sedimentary rocks of the Gyirong basin was not the GHS. Thus, the ZFT age ana-

lysis is consistent with the U-Pb data and supports the conclusion that the main source for the Neogene

Gyirong basin fill is the TSS. Neogene leucogranites of the NHGD became a significant sediment source only

during the Pliocene.

If sedimentation in the Gyirong basin were related to low-angle normal faulting linked with the STDS, one

would expect the sediments to be derived from the footwall of the STDS, that is, the GHS to the south of

the basin. However, this is not the case. Therefore, sedimentation in the Gyirong basin during the late

Neogene appears unrelated to movement along normal faults linked to the STDS, but rather to normal

faulting along the north-south trending GF since ~11Ma. This is in accordance with the N-S elongated shape

of the basin, bounded to the east by the GF. The presence of an E-W normal fault bounding the

Danzengzhukang formation to the south would suggest that the initial stage of basin formation could have

resulted from low-angle normal fault movement linked with the STDS [Burchfiel et al., 1992]. However, that

fault is contentious and does not appear on the geological map of the area [Zhang, 2002]. Furthermore, as

shown above, there appear to have been no major changes in the source of the sediments throughout

the depositional history of the basin. We therefore suggest that all Neogene sedimentary rocks are linked

to E-W extension since ~10Ma, consistent with the end of motion on the STDS at ~13–11Ma in this area

[e.g., Leloup et al., 2010].

5.2. Geodynamic Significance of the Detrital FT Record in the Neogene Gyirong Basin

TheZFT ages from theNeogeneGyirongbasin show three clearly definedagepeaks at 17.9 ± 1.3 (P2), 39.2 ± 2.8

(P3), and 130–180Ma (P4); an ~11Ma peak (P1) is shown by two samples (Figures 5 and 7).

Sedimentary rocks of the TSS range from Ordovician to Cretaceous in age. Wang et al. [2010] reported a

~189Ma ZFT central age from a Jurassic TSS sandstone sample in the hanging wall of the Nyalam

detachment (see location in Figure 2), which is compatible with our oldest ZFT age peak. Therefore, the P4

age component probably corresponds to zircons with pre-Himalayan cooling ages derived from nonmeta-

morphic TSS rocks.

The Eocene ZFT age peak P3 (39.2 ± 2.8Ma) is younger than the depositional age of the TSS sedimentary

rocks but older than the oldest Cenozoic U-Pb zircon ages found in the NHGD (35.0 ± 0.8Ma in Mabja dome

[Lee and Whitehouse, 2007] and 35.4 ± 0.4Ma in Changgo dome [Larson et al., 2010]). These latter ages are

interpreted as recording the onset of granite emplacement in the NHGD [Lee and Whitehouse, 2007; Larson

et al., 2010]. Crouzet et al. [2007] report peak temperatures in TSS rocks of around 250–300°C, 320–350°C,

330–370°C, and 400–450°C in the western Dolpo, Hidden Valley, Manang, and Marpha areas, respectively

(see locations in Figures 1 and 2). Farther east, metamorphic peak temperatures could reach up to ~500°C

in the Bhutan TSS [Kellet et al., 2009; Kellett and Grujic, 2012; Antolín et al., 2012]. In the Manang and Hidden

Valley areas, illite K/Ar data suggest that metamorphism took place around 25–30Ma [Crouzet et al., 2007].

A comparable age (27–30Ma) is suggested by Coleman [1998] in the Marsyandi Valley (see location in

Figure 2). In the western part of the Himalaya, K/Ar ages from the TSS sequence are older: 44–47Ma in
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Zanskar, 42–45Ma in Spiti, and ~41.5Ma in Malari [Bonhomme and Garzanti, 1991;Wiesmayr, 2000;Wiesmayr

and Grasemann, 1999;Williams et al., 2001]. It thus appears that metamorphic temperatures sufficient to reset

the ZFT system have affected various parts of the southern TSS between ~47 and ~27Ma. Our preferred inter-

pretation of the ~39Ma ZFT age peak is that it corresponds to zircons sourced frommetamorphosed parts of

the TSS during the middle Eocene to early Oligocene shortening and crustal thickening within the Tethyan

Himalayan thrust belt [e.g., Murphy and Yin, 2003], but the lack of detailed studies on metamorphism of TSS

rocks near Gyirong precludes a more comprehensive interpretation.

The most intriguing aspect of the detrital ZFT age distribution is the major static age peak P2 at 17.9 ± 1.3Ma

(Figure 7) and the corresponding 15–16Ma AFT P2 age peak and central ages (Figure 8). The simplest

scenario for generating such a peak would be that it corresponds to zircons (and apatites) derived from the

Miocene North Himalayan granites outcropping north of the basin (Guilong, Cuobu, Malashan, and Peiku;

Figure 3), as these leucogranites are known to have crystallized between ~23.1 and ~15.3Ma, and cooled to

~350°Cbefore~15Ma[Aoyaetal., 2005;Kawakamietal., 2007;Larsonetal., 2010].However, theprovenanceana-

lysis discussed above indicates that granite-derived detritus first appeared only in the upper part of theWoma

Formation at ~3.8Ma [Xu et al., 2012; this study], ruling out this provenance for the older sedimentary rocks.

Furthermore, coincidence between the P2 ZFT age peak (17.9 ± 1.3Ma) in the detrital recordwith the ZFT ages

from the TSS bedrock (average 17.4 ± 1.1Ma) suggests that this peak is made up of reset zircons from the TSS.

Intrusion of Neogene granites should have led towidespread heating by contactmetamorphismand resetting

of the zircon and apatite fission-track systems in the TSS. The estimated emplacement pressure for the Cuobu

granite is 4.8 ± 0.8 kbar [Kawakami et al., 2007], corresponding to a depth of ~18 km. This midcrustal depth

implies that the granites and surrounding country rocks have not only cooled but have been significantly

exhumed since the earlyMiocene.We thus suggest that the 17.9 ± 1.3MaZFTpeak age and 15–16MaAFT ages

notonly reflect a rapidcoolingevent subsequent tograniteemplacementbut also rapidexhumation. Thenorth

dipping normal fault bounding the Changgo dome to the north was active between ~22.1 ± 0.2 and ~18.4Ma

[Larson et al., 2010]. In the Cuobu and Malashan domes, normal faulting was active from ~16 to ~15Ma [Aoya

et al., 2005]. Such normal faults have triggered rapid cooling of the footwall resulting from up to 9 km of exhu-

mation according to P-T estimates [Kawakami et al., 2007]. A plausible source for the Mio-Pliocene Gyirong

basin fill would be TSS rocks of the NHGD reset at the time of granite emplacement and cooled at the time of

normal faulting on the northernmargin of the domes. Final exhumation of these rocks would have taken place

in the hanging of theGKT [Larson et al., 2010] between~15Ma [Lee et al., 2000] and ~12Ma, prior to the onset

of the N-S normal faults [Lee et al., 2011]. However, sedimentation in the Gyirong basin started later, at

~10Ma, and the bedrock samples located in the footwall of the GKT also show the ~17Ma cooling event.

This implies that the source of the Gyirong basin sediments is not restricted to the NHGD in the GKT

hanging wall but includes large parts of the GKT footwall. In turn, this implies that the area affected by

the ~17Ma cooling event is not restricted to the NHGD but covers a larger area.

Rapid exhumation during ~18–15Ma has also been reported by studies in several other locations within the

collision belt, as well as in detrital deposits of the Himalayan foreland basin and Bengal submarine fan [e.g.,

Copeland and Harrison, 1990; Bernet et al., 2006; Najman, 2006; Clift, 2006; Clift et al., 2008]. In the Gangdese

batholith west of Lhasa, exhumation between ~22 and 16Ma has been documented from Gangdese arc

rocks and conglomerates in the Kailas basin [Copeland et al., 1995; Dai et al., 2013; Carrapa et al., 2014]. East

of Lhasa, Tremblay et al. [2015] document a phase of rapid exhumation exceeding 1 km/Ma from 17–16 to

12–11Ma, followed by very slow exhumation to the present. Nearby that study, in the Zedang area, Li et al.

[2015] document a rapid cooling episodebetween circa 20Maand15Ma. Note that, althoughwidespread, this

phase of rapid exhumation is not recorded everywhere within the southern TSS: limited AFT ages from

Paleocene TSS rocks in the Tingri region north of Everest are>42Ma [Najman et al., 2010]. Within the northern

GHS, a phase of rapid cooling and exhumation has been identified between ~17.5 and 15Ma in Nyalam and

between ~18 and 14Ma in the Everest region [Leloup et al., 2015; Orme et al., 2015]. In the foreland of

the Himalaya, ZFT ages from the Siwalik Group in Western Nepal contain a prominent static age peak at

16 ± 1.4Ma [Bernet et al., 2006]. The latter two data sets have been interpreted as recording cessation of rapid

exhumation of the GHS within the footwall of the STDS [Leloup et al., 2015; Orme et al., 2015; Braun, 2016];

however, the widespread occurrence of similar thermochronologic ages in the hanging wall and well to

the north of the STDS (cf. above) suggests an additional or alternative mechanism. The northern limit of this
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regional early Miocene exhumation could be the northern edge of the Gangdese batholith, because

thermochronology data from the Lhasa terrane show much older cooling ages of >45Ma [Hetzel et al.,

2011; Rohrmann et al., 2012; Haider et al., 2013]. Therefore, the question is what triggered such regional

exhumation in a widespread region during this period.

Carrapa et al. [2014] showed that the early Miocene Kailas conglomerates were buried to ~4–7 km depth

before being exhumed rapidly at ~17Ma. They invoked renewed underthrusting of Indian lithosphere follow-

ing a slab break-off event, thought to have occurred during the early Miocene [DeCelles et al., 2011], to

account for this rapid inversion of the Kailas basin. Lithosphere delamination beneath Central Tibet may have

increased the mean elevation of the plateau by ~1 km between 20 and 10Ma [e.g., Molnar and Stock, 2009];

however, it would not have affected the Himalaya. From the analysis of global P wave tomography, slab

detachment of the Indian lithosphere has been inferred to end at ~15Ma [e.g., Replumaz et al., 2010]. Such

detachment is followed by a phase where the northward moving Indian plate overrides the sinking slab.

Husson et al. [2014] suggested that such a scenario could generate a dynamic deflection of the topography

that would migrate southward. As a result, the Ganges foreland basin would have experienced rapid

subsidence between 20 and 10Ma, while the Himalaya and southern Tibet would show uplift. Such an evolu-

tionary history is compatible with the suggestion of Mugnier and Huyghe [2006], who proposed that the

Ganges basin geometry records significant uplift of the central Himalaya shortly before ~15Ma, controlled

by break-off of the Indian continental lithosphere. Several numerical modeling studies demonstrate that slab

break-off could lead to amaximum surface uplift of 2–6 km [Buiter et al., 2002; Göğüş and Pysklywec, 2008] and

to uplift of>1 km in a 300 kmwide area [Gerya et al., 2004; Husson et al., 2014]. The erosional response to such

rapid and widespread surface uplift would cause considerable exhumation. As suggested by Husson et al.

[2014], this phase of uplift and exhumation would mainly affect the northern Himalaya and southern Tibet,

the region in which widespread thermochronological ages of 15–20Ma occur. It would also precede the rapid

exhumation on the southern flank of the Himalaya caused by overthrusting along the Main Himalayan Thrust

[e.g., Bollinger et al., 2004; Robert et al., 2009; Herman et al., 2010; Coutand et al., 2014]; both the detrital

thermochronological record from the southern Himalayan foreland basin [Bernet et al., 2006] and numerical

modeling inferences [Herman et al., 2010; Coutand et al., 2014] imply that this system has been active since

~10–15Ma. We will discuss the differences between the northern and southern flanks of the Himalaya further

in the next section.

A potential alternative explanation would link exhumation to continued underthrusting of India below Asia,

leading simultaneously to E-W extension [Kapp and Guynn, 2004]. However, if the 15–18Ma exhumation is

linked to E-W extension resulting from insertion of Indian crust below Tibet [Kapp and Guynn, 2004], then

such exhumation ages should be observed in both central and southern Tibet, considering the distribution

of N-S rifts. However, thermochronological studies in the northern Lhasa terrane reported significantly older

cooling ages, as mentioned above. Furthermore, most of the rifting took place after ~14Ma (see Sundell et al.

[2013] for a review), which is later than the phase of rapid exhumation of TSS. Therefore, we suggest that the

rapid and widespread early Miocene exhumation in the Himalaya and southern Tibet could be the response

to dynamic rebound of the previously deflected topography of this region after slab break-off [Husson

et al., 2014].

All AFT samples of detrital sedimentary rocks deposited after ~4.1Ma, as well as the two modern river-sand

samples, show central or peak ages of ~11Ma (Table 3 and Figure 8). This peak is also present in two detrital

ZFT samples (Table 2). Such an apparently static peak could result from a major cooling event at ~11Ma; the

most likely mechanism for such cooling would be footwall exhumation following initiation of the N-S trend-

ing GF. However, the AFT age peak of ~11Ma is also recorded by the two modern river samples, which were

sourced from areas distinct from the footwall of the GF and of any other N-S trending faults (Figure 3). An

alternative explanation for the absence of AFT ages younger than 11Ma would therefore be that exhumation

rates slowed down significantly in the TSS after ~11Ma [Bernet and Garver, 2005]. Given the relatively wide-

spread extent of these ages, without a particular relationship to any geological structure, we prefer this

latter interpretation.

The absence of significant local exhumation after 11Ma could appear in contradiction with the fact that the

Gyirong normal fault is clear in the morphology and bounds a graben filled with sedimentary rocks younger

than ~11Ma. One should expect the footwall block of the fault, the Qiazu crest, to have been constantly
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exhumed to yield the sediments filling the Gyirong basin. The lack of cooling ages younger than 11Ma indi-

cates that the footwall block of the fault has not yet been exhumed from depths sufficient to partially reset

the AFT system. Assuming a geothermal gradient range of 15–50°C/km [Lee et al., 2011] and a minimum AFT

partial annealing temperature of 60°C [e.g., Gallagher et al., 1998], this corresponds to less than 4000–1200m

of exhumation. The maximum vertical offset (MVO) of the GF can be estimated as the sum of the basin depth

(thickness of the Neogene sedimentary deposits in the Gyirong basin; ~600m), the relief between the surface

of the basin and the summit of the footwall topography (Qiazu crest, 6800m–4200m=2600m) and the

exhumation of the footwall. If the latter is less than 4000–1200m, the MVO is less than 4400–7200m. For a

fault dip of 51–74° [Yang et al., 2009] and continuous motion since ~10Ma, these values correspond to a ver-

tical throw rate of less than ~0.44–0.72mm/yr, a slip rate of less than ~0.46–0.93mm/yr, and an extension rate

of less than ~0.13–0.58mm/yr.

5.3. Differential Exhumation Between the Greater and Tethyan Himalaya

A complete understanding of the evolution of the Himalayan orogen requires knowledge of its exhumation

history. However, even though the TSS constitutes an important component of the Himalayan orogen, ther-

mochronological data for its exhumation remain relatively limited. In contrast, thermochronological data in

the GHS are abundant, in particular for the central Himalaya, including detrital [Bernet et al., 2006; van der

Beek et al., 2006; Chirouze et al., 2012; Szulc et al., 2006] and bedrock AFT and (U-Th)/He [e.g., Searle et al.,

1997; Huntington et al., 2006; Blythe et al., 2007; Robert et al., 2009; Wang et al., 2010; Li et al., 2013] or
40Ar/39Ar [e.g., Herman et al., 2010] data (Figure 2). Our new data provide the opportunity to compare the

exhumation history between the northern and southern flank of the central Himalaya, in order to improve

our understanding of exhumation processes.

The most significant difference between the northern and southern flanks of the central Himalaya is that the

southern flank is characterized by continuing rapid exhumation due to overthrusting over the Main

Himalayan Thrust, leading to widespread young thermochronological ages [e.g., Blythe et al., 2007; Robert

et al., 2009; Herman et al., 2010; Thiede and Ehlers, 2013]. This difference is reflected by a 4Myr lag time ZFT

age peak recorded in the Siwaliks of western and central Nepal [Bernet et al., 2006] but absent in the detrital

thermochronological record of the Gyirong basin. The 4Myr lag time peak appears in the Siwalik record at

~11Ma, implying onset of rapid exhumation of part of the source area (comprising the GHS and LHS as well

as part of the TSS) after 15Ma at a rate of 1.4 ± 0.2 km/Myr [Bernet et al., 2006]. This timing thus closely follows

the widespread ~15–18Ma regional cooling and exhumation in the southern Tibetan Plateau and the

Himalaya. In contrast, our detrital ZFT and AFT data from the Gyirong basin imply that exhumation slowed

after 16–17Ma, as also evidenced in the Kailas basin and the Gangdese batholith [Carrapa et al., 2014; Dai

et al., 2013; Tremblay et al., 2015].

Although on a local scale, this difference in exhumation patterns can be related to motion on the STDS, which

resulted in rapid rock uplift of the footwall, i.e., the northern GHS, and stability or subsidence in its hanging

wall, i.e., the TSS, the widespread regional patterns of contrasting ages and the timing suggest additional or

alternative mechanisms. An alternative explanation would involve the onset of strongly varying erosion

intensity between the two flanks of the Himalaya due to installation of the strong orographic gradient that

characterizes the modern mountain belt [e.g., Bookhagen and Burbank, 2006]. Only little monsoonal precipi-

tation nowadays penetrates into the orogen along major river valleys [Thiede et al., 2004], rendering erosion

and exhumation in the TSS inefficient. Increased exhumation rates on the southern Himalayan flank have

been linked to strengthening of the Asian Monsoon in the early Miocene [Clift et al., 2008]. However, modern

erosion and exhumation rates on the southern Himalayan flank do not seem primarily controlled by climatic

parameters [Godard et al., 2014; Abrahami et al., 2016], and estimates for the onset of aridity on different parts

of the Tibetan Plateau vary widely, from late Eocene to late Miocene [e.g., Zhisheng et al., 2001; Dettman et al.,

2003; Dupont-Nivet et al., 2007].

The modern, southward propagating thrust system of the Himalaya, which controls the exhumation pattern

on its southern flank [e.g., Blythe et al., 2007; Robert et al., 2009; Herman et al., 2010; Coutand et al., 2014],

appears to have been installed since the early Miocene [e.g., DeCelles et al., 1998; Mugnier and Huyghe,

2006]. Stable isotope paleoaltimetry based on the hydrogen isotope ratios (δD) of hydrous minerals that were

formed in the STDS shear zone during the early Miocene suggests that elevations on the order of 5000m

were reached in the Mount Everest area by ~17Ma [Gébelin et al., 2013]. Increasing sedimentation rates since
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theMiddle Miocene in the Himalayan foreland basin [Najman, 2006] reflect accelerating erosion and exhuma-

tion of the GHS and LHS. Conversely, sedimentation within the TSS zone after ~17Ma was limited to local

basins related to N-S normal faults, such as the Gyirong and Thakkhola basins. Therefore, we propose that

differential exhumation after 17Ma between the TSS and GHS results primarily from focused deformation

on the southern flank, possibly aided by focused monsoon precipitation.

6. Conclusions

Neogene (~10–1.7Ma) sedimentary rocks of the Gyirong basin in southern Tibet are derived from TSS rocks

rather than the GHS, as shown by their detrital zircon U-Pb age signature as well as a comparison of their zir-

con and apatite fission-track age spectrum with bedrock and modern river-sand data. This provenance

implies that development of the Gyirong basin is independent of low-angle normal faulting linked to the

STDS but is rather controlled by the N-S trending GF that initiated at ~10Ma.

The detrital ZFT thermochronology record shows three age peaks at 17.9 ± 1.3Ma, 39.2 ± 2.8Ma, and 130–

180Ma, which occur in all samples. Detrital AFT age peaks and central ages show a 15–16Ma peak present

until 2.0Ma, as well as an ~11Ma peak from 4.1Ma to recent. Exhumation of the GF footwall has not been

sufficient to bring rocks from the apatite fission-track partial annealing zone to the surface, suggesting that

the total vertical throw is less than 4400–7200m. However, fission-track ages shed light on previous cooling

events that have occurred in the TSS. The 130–180Ma and 39.2 ± 2.8Ma ZFT age peaks represent unreset TSS

sources and TSS zircons that were reset during Eocene Himalayan metamorphism, respectively. The 17.9

± 1.3Ma ZFT peak and 15–16Ma AFT ages indicate widespread rapid cooling and exhumation of the TSS dur-

ing this time. This early Miocene rapid exhumation is not limited to the TSS but is regional in scale, as it is also

recorded in the Kailas basin and the southern Gangdese batholith to the north as well as the northern GHS to

the south, and shows up in the detrital thermochronological record of the Himalayan foreland basin and the

Bengal fan. Such widespread rapid exhumation can possibly be attributed to dynamic uplift of the Himalaya

and southern Tibet, subsequent to break-off of the Indian subducting slab and overriding of the detached

slab segment by the Indian plate. Subsequently, the detrital AFT ages illustrate that exhumation of the TSS

slowed and appears to have stalled at ~11Ma. In contrast, exhumation of the GHS and LHS remained active

and may even have been enhanced after 16Ma, due to the onset of the modern southward propagating

thrust system on the southern Himalayan flank.
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