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Abstract: North-trending rifts throughout south-central Tibet provide an opportunity to study the
dynamics of synconvergent extension in contractional orogenic belts. In this study, we present new
data from the Dajiamang Tso rift, including quantitative crustal thickness estimates calculated from
trace/rare earth element zircon data, U-Pb geochronology, and zircon-He thermochronology. These
data constrain the timing and rates of exhumation in the Dajiamang Tso rift and provide a basis for
evaluating dynamic models of synconvergent extension. Our results also provide a semi-continuous
record of Mid-Cretaceous to Miocene evolution of the Himalayan-Tibetan orogenic belt along the
India-Asia suture zone. We report igneous zircon U-Pb ages of ~103 Ma and 70—-42 Ma for samples
collected from the Xigaze forearc basin and Gangdese Batholith/Linzizong Formation, respectively.
Zircon-He cooling ages of forearc rocks in the hanging wall of the Great Counter thrust are ~28 Ma,
while Gangdese arc samples in the footwalls of the Dajiamang Tso rift are 16-8 Ma. These data
reveal the approximate timing of the switch from contraction to extension along the India-Asia su-
ture zone (minimum 16 Ma). Crustal-thickness trends from zircon geochemistry reveal possible
crustal thinning (to ~40 km) immediately prior to India-Eurasia collision onset (58 Ma). Following
initial collision, crustal thickness increases to 50 km by 40 Ma with continued thickening until the
early Miocene supported by regional data from the Tibetan Magmatism Database. Current crustal
thickness estimates based on geophysical observations show no evidence for crustal thinning fol-
lowing the onset of E-W extension (~16 Ma), suggesting that modern crustal thickness is likely fa-
cilitated by an underthrusting Indian lithosphere balanced by upper plate extension.

Keywords: Tibet; E-W extension; crustal thickness; T/REE geochemistry; geochronology;
thermochronology

1. Introduction

Normal fault systems accommodating orogen-parallel extension provide an oppor-
tunity to study the dynamics of synconvergent extension in contractional orogenic belts
[1]. In the Lhasa terrane of southern Tibet, we calculate quantitative crustal thickness es-
timates calculated from trace/rare earth element geochemistry, U-Pb geochronology, and
zircon-He (ZHe) thermochronology to examine the relationship between crustal thickness
trends and the timing/dynamics of E-W extension in one of the worlds archetypal colli-
sional orogens. Assembled by the sequential accretion of island arc terranes and continen-
tal fragments since the Paleozoic, the Tibetan Plateau is the highest and most expansive
orogenic plateau on Earth with crustal thickness estimates ranging from ~65 km in the
north [2,3] to ~85 km beneath the Indus-Yarlung suture [4]. While contractional defor-
mation has led to significant shortening and crustal thickening throughout the region [5-
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8], the southern and central portions of the Tibetan Plateau have experienced east-west
extension since the early Neogene, expressed at the surface as a network of approximately
north-striking normal faults and associated strike slip faults [1,9,10]. A fundamental ques-
tion in understanding this orogen is how crustal thickness has changed through time and
how these changes relate to ongoing east-west extension [11].

Traditionally, estimates of crustal thickness beneath Tibet have relied largely on ge-
ophysical observations, with important findings contributed by the INDEPTH (Interna-
tional Deep Profiling of Tibet and the Himalaya) [2,12-17] and Hi-CLIMB (Himalayan-
Tibetan Continental Lithosphere during Mountain Building) [18] projects. While these ge-
ophysical initiatives have proven extremely valuable for evaluating modern sub-surface
structures, they are less useful when estimating crustal thickness in the geologic past. To
quantitatively estimate crustal thickness, recent studies have calibrated trace/rare earth
element (T/REE) ratios of intermediate igneous rocks in arc settings where Moho depth is
well constrained by seismic observations [19-21]. Further refinement of partition coeffi-
cients for T/REEs have allowed for more robust estimation of whole rock chemistry from
individual zircon minerals [22], making these calculations applicable to single grain ana-
lytical techniques (e.g., LA-ICP-MS). When coupled with geochronologic analysis from
the same sample, these proxies provide time-sensitive, quantitative crustal thickness esti-
mates that can be used as a test of competing models for the development of ancient oro-
genic systems.

To understand how ongoing east-west extension relates to these crustal thickness
trends, we focus our attention on north-striking normal faults concentrated in the central
and southern portions of the Lhasa terrane of southern Tibet. These normal faults can be
divided into two classes, herein referred to as Tibetan and Gangdese rifts (Figure 1). We
define Tibetan rifts as terrane-scale rift valleys (>150 km in length) that generally strike
between 0° and 30°. We define Gangdese rifts as small-scale (<150 km in length) rifts lo-
calized to high topography in the Gangdese Range located along the southern margin of
the Lhasa terrane, generally striking between 330° and 0°. Numerous studies have focused
on constraining the plateau’s recent phase of east-west extension along Tibetan rifts [23-
27]; however, the difference in dynamics between these regional-scale features and Gang-
dese rifts has only been investigated by few [6].

Previous studies on east-west extension have led to several leading dynamic models
for syncontractional extension along the Himalayan-Tibetan orogen. These include:

1. Lateral collapse of the plateau as a result of gravitational potential energy outweigh-
ing collisional forces [28-30].

2. Convective removal of the lower layer of Tibet’s over-thickened lithosphere [31].

3. Coeval thickening and collapse driven by an underthrusting Indian lithosphere
[2,25,32].

4. Progressive development of east-west extension controlled by arc curvature [33].

5. Extension initiation timing controlled by lateral migration of slab detachment [34].

Each of these models calls for a different driving mechanism to explain the onset of
east-west extension in the Lhasa terrane in southern Tibet. To test these competing mod-
els, we present new geologic mapping, U-Pb geochronology, ZHe thermochronology, Lu-
Hf isotope geochemistry, and T/REE crustal thickness estimates from a Gangdese rift just
north of the Indus-Yarlung suture, herein referred to as the Dajiamang Tso rift (Figure 1).
These data provide further insight into the timing of east-west exhumation events
throughout the plateau, as well as time-sensitive crustal thickness estimates spanning the
proposed period of India-Eurasia collision.
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Figure 1. Topographic map of the Tibetan Plateau highlighting major deformational structures
and suture zones adapted from Taylor and Yin (2009) [35]. The basemap is a global multi-resolu-
tion topography (GRMT) synthesis digital elevation model rendered in the GeoMapApp (geo-
mapapp.org). Numbered green dots represent locations of previous studies investigating Miocene
extension in central and southern Tibet, adapted from Sundell et al. (2013) [23]. Studies are labeled
with numbers increasing from SSW to NNE (measured orthogonal to the Indus-Yarlung suture
zone): 1. Thakkhola graben [36], 2. Arma Drime massif [37], 3. Kung Co graben [38], 4. Ringbung
graben [39], 5. Gurla Mandhata dome [40,41], 6. Daggyai Tso graben [42,43], 7. South Lunggar rift
[24], 8. Lopu Kangri rift [43—45], 9. Nyainquentanghala Shan [46,47], 10. Pum Qu-Xanza rift [48],
11. Tangra Yumco graben [27,49], 12. North Lunggar rift [23,50], 13. Gulu rift [51].

2. Geologic Setting
2.1. Rock Units

The Dajiamang Tso rift is located in the Gangdese Range (a.k.a. the Transhimalaya
Range) of southern Tibet. This region is located within the Lhasa terrane immediately
north of the Indus-Yarlung suture and comprises four major lithologic units. The north-
ernmost of these is the Linzizong Formation [52], a nonmarine sedimentary unit contain-
ing volcanic and volcaniclastic rocks of Late Cretaceous-Early Paleogene age [53-56].
Linzizong volcanic rocks are interpreted to be genetically liked with plutonic igneous
rocks of the Gangdese Batholith, which mainly crop out to the south in the Dajiamang Tso
region (Figure 2). These calc-alkaline intrusive rocks of the Gangdese Batholith [57-59]
comprise the second major unit in the southern Gangdese Range and are roughly age-
equivalent to the overlying Linzizong volcanic rocks. Formation histories of both litho-
logic units are associated with continental arc magmatism as a result of northward sub-
duction of the Neo-Tethyan lithosphere during the Late Cretaceous-Paleogene [52].
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Figure 2. Geologic map of the Dajiamang Tso rift field area (1:40,000 scale) highlighting lithologic units, structures, and
sample locations. Sample locations are represented by white circles, with the sample name, U-Pb geochronology crystal-
lization age, ZHe thermochronology cooling age, and indicators for Hf and T/REE datasets included in adjacent infor-
mation panels. Gold stars represent the locations of the field photos. Data for overlapping structural measurements were
averaged for map clarity. Information panels for three samples collected north of the mapping area are also provided in
the top right corner of the map.

Nonmarine, conglomeratic strata equivalent to the Kailas Formation [60-62] are well
exposed to the south of the Gangdese Batholith rocks (Figure 2). Detrital and igneous zir-
con U-Pb ages constrain the timing of deposition to the Oligocene-Miocene transition [60],
with work by Leary et al. (2016) [61] identifying a trend of younging deposition from 26—
24 Ma in western Tibet (81° E) to 23-22 Ma in the east near Dazhuka (89.8° E). Farthest
South, the Cretaceous-Paleogene Xigaze forearc strata [63-70] are juxtaposed against
Kailas Formation strata across a steeply south-dipping reverse fault (Figure 2).

2.2. Fault Systems
2.2.1. The Great Counter Thrust

The most pronounced contractional structure in the southern Gangdese Range is a
system of south-dipping reverse faults referred to as the Great Counter thrust, which
places Xigaze forearc strata in the hanging wall on top of Kailas Formation strata in the
footwall in the region north of the Indus-Yarlung suture zone [71-73]. Initiation of the
Great Counter thrust system is interpreted at ca. 23 Ma based on provenance changes and
clast compositions in the upper Kailas Formation in the Lazi region of southern Tibet [60],
with the younger limit for activity constrained by the transition from north—south con-
traction to east-west extension in the region, evidenced by Tibetan rifts cross-cutting the
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Great Counter thrust in several locations [26]. Earliest estimates for the onset of east-west
extension range from ca. 18 Ma to 14 Ma [24,41,43-45], requiring that the Great Counter
thrust was inactive by this time. Despite its exposure throughout much of southern Tibet,
slip magnitudes along this thrust system remain poorly constrained due to erosion or bur-
ial of the hanging wall and footwall cutoffs, respectively.

2.2.2. Gangdese Rifts

The southern and central Tibetan Plateau is in a current constrictional strain state
dominated by orogen parallel extension, as indicated by the current GPS velocity field
[74]. North-striking Tibetan rifts crosscut the entire Lhasa terrane, are kinematically con-
nected with strike-slip structures along the Bangong-Nuinag suture zone and the Qiang-
tang terrane, and are consistent with and accommodate the current GPS velocity field
(Figure 1) [10,23]. Along the southern boundary of the Lhasa terrane, Gangdese rifts con-
stitute a subset of Tibetan rifts, characterized by shorter along-strike lengths (<150 km).
These extensional structures are localized in the high topography area of the Gangdese
drainage divide (Figure 1) [6]. Gangdese rifts are commonly expressed as a central horst
block bounded by moderate-to-steeply east and west-dipping normal faults. The horst
blocks are high relief ranges with range-bounding normal faults cutting quaternary sedi-
ments along their base, and locally, active hot spring and associated tuff deposits observed
at lower elevations (Figure 2).

3. Methods
3.1. Field Methods and Sample Preperation

Geological mapping was conducted for a ~100 km? field area along the southern por-
tion of the Dajiamang Tso rift (Figure 2). Field data stations (n = 33) were plotted using
1:40,000 scale topographic base maps augmented with Landsat imagery to make struc-
tural observations of fault-related features and observe structural relationships of litho-
logic units. Nine samples were collected for geochronological, thermochronological, and
geochemical analysis. Samples were separated at the Institute of Tibetan Plateau Research
in Beijing, China using standard disaggregation, density, and magnetic separation tech-
niques.

3.2. Zircon U-Pb Geochronology

Igneous zircon grains (n = 20 to n = 50) for each sample were mounted on 1-inch
diameter epoxy pucks alongside crystal standards FC [75,76], R33 [77], and SL [78].
Mounts were polished to ~20 um to reveal crystal cores and subsequently imaged using
backscatter electron and cathodoluminescence techniques for navigation purposes and
further grain evaluation. U-Pb geochronology was conducted at the Arizona LaserChron
Center (ALC) using Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-
ICP-MS) following techniques in Gehrels et al. (2006, 2008) [78,79] and Gehrels and Pecha
(2014) [80]. Analyses used a Photon Machines G2 laser connected to an Element 2 ICP-MS
with a jet pump and interface [81]. Spot sizes measured 20 um and ablation pits were ~15
um deep, with analyses conducted with an Element 2 ICP-MS. Reported weighted mean
ages were calculated using the TuffZirc algorithm [82] from Berkley Geochronology Cen-
ter’s ISOPLOT program [83]. This program is designed to produce reliable ages from com-
plex zircon aliquots, while eliminating the bias that comes with manually trimming da-
tasets to obtain clusters with MSWDs close to 1. The program ranks grains by 206Pb/28U
age, then calculates the median age of the largest cluster that yields a “probability of fit”
>0.05 [82]. For unknowns, grains with 2°Pb/28U and 2°Pb/27Pb errors greater than 10%
were rejected, as well as grains with discordance greater than 20%. Inherited grains were
analyzed, but not included in some final weighted mean plots to ensure a visible scale.
Reported ages do not reflect external (systematic) uncertainties. Full analytical details can
be viewed in Supplementary Table S1.
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3.3. Lu-Hf Isotope Geochemistry

Single-grain Lu-Hf isotope geochemistry using LA-ICP-MS was conducted at ALC
for a subset of zircon (1 = 4 to n = 11) from all nine samples. Ablation used a Photon Ma-
chines Analyte G2 excimer laser equipped with a HelEx cell and the analysis used a Nu
Plasma HR ICP-MS. Grains whose U-Pb analysis were used to calculate the weighted
mean age for each sample were targeted for Lu-Hf analysis, while grains with discordant
or imprecise ages were not analyzed. Hf analyses used a spot size of 40 um and were
conducted on top of U-Pb analysis pits to ensure that Hf isotopic data were determined
from the same crystal domain as the U-Pb age [80].

3.4. Zircon Trace/Rare Earth Element Geochemistry

Single-grain trace/rare earth element geochemical analyses of zircon was conducted
at ALC using LA-ICP-MS. T/REE analyses were conducted on the same Element 2 ICP-
MS as U-Pb geochronology. Analyses of each grain involved measurement of 23 trace and
rare earth elements, as well as elements used for U-Th-Pb geochronology, including Al,
29Si, 31P/ 4SSC, 49Ti’ 89Y, 93Nb, 139La, 140C€, 141Pr, 146Nd, 1525m, 153Eu/ 157Gd/ 159Tb/ 164Dy[ 165H0,
166Er, 169Tm, 174Yb, 175Lu, 177Hf, 161Ta, 22Hg, 204(Hg + Pb), 206Pb, 207Pb, 205Pb, 232Th, 235U, and
281, with dwell times ranging from 0.001 to 0.3 s. T/REE analyses used a spot size of 30
um and were conducted on top of U-Pb analysis pits following procedures outlined in
Gehrles and Pecha (2014) for Lu-Hf analyses [80]. Whole rock geochemistry was subse-
quently calculated following procedures discussed in Chapman [22], previously applied
to detrital zircon grains.

3.5. Zircon-He Thermochronology

ZHe thermochronology was performed on the same suite of samples at the Arizona
Radiogenic Helium Dating Laboratory at the University of Arizona following procedures
outlined in Reiners (2005) [84]. Five grains from each sample were hand-selected based on
size (diameter >60 um), morphology (subhedral to euhedral), lack of inclusions, and opti-
cal clarity. High resolution photomicrographs were used to measure and record crystal
dimensions following procedures outlined in in Hourigan et al. (2005) [85], with euhedral
grains with geometric morphologies favored to more accurately estimate alpha-ejection
corrections. Measured grains were subsequently packaged in ~1 mm Nb foil envelopes to
ensure even ablation during analyses. Zircons in Nb foil packets were loaded into a vac-
uum laser cell and individually heated for 15 min using a focused beam from a 1-2 W
laser to extract 4 He gas. Zircon packets were then reheated at least one time for 15 min
until 4 He yields were less than 2% of the compounded total. *He/*He ratios were meas-
ured using a quadrupole mass spectrometer equipped with a Channeltron electron mul-
tiplier. Fish Canyon Tuff (FCT) standards with a (U-Th)/He age of 28.48 + 0.06 Ma (20)
[76] were analyzed between every group of five unknowns [84]. Grains that yielded high
effective uranium (eU = U + 0.235 x Th), a proxy for radiation damage [86], were further
examined within their structural context when interpreting sample cooling ages.

3.6. HeFTy Thermal Modeling

Inverse modeling was conducted using the software program HeFTy version 1.9.3
[87] to test a range of thermal histories that could provide good fits to data generated by
ZHe thermochronology. This approach utilizes a Monte Carlo algorithm that generates
thermal histories (1 =10,000) based on search constraints in the model’s time—temperature
space. Characteristics (raw date, ppm U, ppm Th) from euhedral zircon grains with min-
imal inclusions and radii >35 um were used for model runs. HeFTy inverse modeling was
executed based on calibrations from Guenthner et al. (2013) [86] and He diffusion charac-
teristics (stopping distances) from Ketcham et al. (2011) [88]. The searchable space for
time—temperature paths was defined by the following input parameters:
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1.  Zircons extracted from extrusive samples were erupted at surface temperatures be-
tween 0 and 20 °C at the time of crystallization measured by U-Pb geochronology.

2. Zircons extracted from intrusive samples were exposed to temperatures between 700
°C and 900 °C at the time of crystallization measured by U-Pb geochronology.

3. ZHe cooling ages require burial of extrusive samples to at least 140-200 °C (within
the ZHe partial retention zone) [86] following crystallization.

4. Samples were collected at surface temperatures between 0 °C and 20 °C at 0 Ma.

3.7. Crustal Thickness Calculations

Ratios of pressure-sensitive trace/rare earth elements such as Sr/Y and La/Yb have
been calibrated to provide quantitative estimates of crustal thickness in orogenic settings
where Moho depth is well constrained by seismic observations [19-21]. These ratios rely
on the preferential incorporation of Sr and La into minerals such as plagioclase at low
pressures and temperatures, and Y and Yb into minerals including garnet and amphibole
at higher pressure temperature conditions [19]. Thus, magmas that undergo partial melt-
ing at greater depths will have relatively high Sr/Y and La/Yb ratios compared to those
generated in settings with lower crustal thicknesses.

Empirical calibration of these ratios to modern crustal thicknesses was conducted by
Profeta et al. (2015) [19], allowing application to orogenic settings hosting igneous rocks
of intermediate composition. Geochemical data were filtered to include rocks with 55-68
wt.% SiOz, 0-4% MgO, and average Rb/Sr ratios between 0.05 and 0.2 to exclude ultra-
mafic/mantle-derived melts, high silica granites, and rocks formed by partial melting of
pre-existing metasedimentary rocks [21]. Recent work by Sundell et al. (2021) [89] revis-
ited and recalibrated these ratios to better account for extreme crustal thickness estimated
from high ratios and application to the Himalayan-Tibetan orogen. Assuming similar par-
tition coefficients for zircon within the melt, single grain zircon T/REE abundances were
converted to whole rock geochemistry and normalized to Chondrite-normalized Uniform
Reservoir (CHUR) after Chapman et al. (2016) [22], allowing for application to the revised
crustal thickness equation from Sundell et al. (2021) [89]:

dm = (17.0 £ 3.7) x In(La/Ybn) + (6.9 = 5.8) (at 20), 1)

where dm refers to the depth of the crust-mantle boundary (crustal thickness). Crustal
thickness estimates are reported with a + 10.8 km (20) uncertainty based on residuals from
proxy recalibration [89].

3.8. Compilation of Geochemical Data for South-Central Tibet

To evaluate Lu-Hf isotope and single-grain zircon T/REE geochemical data produced
from this study in a regional context, previously published whole-rock geochemical data
from southern Tibet were downloaded from the Tibetan Magmatism Database on 23
March 2020 [90]. Each dataset was filtered to include samples collected between 28-32°
North and 82-92° East, with U-Pb crystallization ages <200 Ma. For T/REE geochemistry,
data were further filtered using the parameters of Profeta et al. (2015) [21], as mentioned
in the previous section. From this reduced dataset, quantitative crustal thickness estimates
were calculated using the approach of Sundell et al. (2021) [89].
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4. Results
4.1. Geologic Mapping Results
4.1.1. Rock Units and Correlations

The northernmost rocks in the Dajiamang Tso rift field area are porphyritic rhyolite
with quartz-feldspar phenocrysts and pyroclastic flow deposits with incorporated volcan-
iclastic sandstone clasts (Figure 2). We correlate these rocks with the Paleocene-Eocene
volcanic and volcaniclastic rocks of the Linzizong Formation [52]. In the eastern third of
the map area, quartz-feldspar-biotite granodiorite locally intruded by aphanitic dikes
shares an intrusive contact with the rhyolite unit. We correlate these rocks to the Creta-
ceous-Paleogene calc-alkaline intrusive rocks of the Gangdese Batholith [57]. In the central
portion of the map area, sandstone and cobble-boulder conglomerate containing porphy-
ritic andesite is exposed. We correlate these rocks with Oligocene-Miocene nonmarine
conglomeratic strata of the Kailas Formation based on similar facies and clast composi-
tions exposed along the suture zone [58-62]. The southernmost rocks of the Dajiamang
Tso rift field area are litharenites and re-worked tuff, which we correlate to forearc basin
strata of the Cretaceous-Paleogene Xigaze Group, part of the forearc basin in southern
Tibet [62-69].

4.1.2. Fault Systems

In the southern portion of the map area, Xigaze forearc strata are juxtaposed atop
nonmarine strata of the Kailas Formation along a moderately south-dipping, top-to-the-
north reverse fault (Figure 2). This fault dips approximately 64° to the south and exhibits
fault grooves consistent with a top-to-the-northeast oblique sense of motion. We interpret
this structure to represent a splay of the regionally extensive Great Counter thrust system
(Figure 1) [71-73]. Approximately 4 km north of the Great Counter thrust splay, Linzizong
Formation volcanic and volcaniclastic rocks are juxtaposed against Kailas Formation
strata in the hanging wall of a second steeply south-dipping, top-to-the-north reverse
fault. Exposure of this structure is limited; however, similar geometries and kinematics
lead us to interpret that this fault is likely a splay of the Great Counter thrust system.

The Dajiamang Tso rift is characterized by a central horst block bound by two mod-
erate-to-steeply dipping (43-76°) normal faults. The horst is expressed as a high relief
range that exposes Gangdese Batholith granodiorite, Linzizong Formation volcanic rocks,
and Kailas Formation strata (Figure 3). The range trends NW-SE in the central part of the
field area before transitioning to a nearly N-S trend farther north. Hanging wall rocks are
dominantly quaternary cover and are faulted directly against bedrock units constituting
the central range-forming horst of the Dajiamang Tso rift. Quaternary cover and hot
spring deposits are also cut by the range-bounding normal fault splays in the southeast
portion of the mapping area. Tectonic geomorphology of this region also includes 2-3 m
fault scarps, prominent triangular facets, and exposed fault surfaces.
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Figure 3. Selected field photos from the Dajiamang Tso rift mapping area: (a) Southwest-facing
view of the Dajiamang Tso rift’s central horst block, expressed as a roughly NNW-SSE trending
high relief range; (b) Northwest-facing view of the depositional contact between Oligocene-Mio-
cene nonmarine conglomeratic strata of the Kailas Formation (OMKk) and Paleocene-Eocene vol-
canic rocks of the Linzizong Formation (LZv) (colored purple); (c) West-facing view of Cretaceous-
Paleogene rocks of the Gangdese Batholith (KPg) (colored orange), displaying a major normal
fault surface at the southeast extent of the range.

4.2. U-Pb Geochronology, Lu-Hf Geochemistry, and T/REE Geochemistry Results

Nine igneous samples were collected from bedrock exposures in the Dajiamang Tso
rift region for zircon U-Pb geochronology, Lu-Hf isotope geochemistry, and T/REE geo-
chemistry. Seven samples were collected from igneous outcrops located in the central
horst structure of the rift, one sample was collected from a re-worked tuff in the hanging
wall of the Great Counter thrust, and one sample was collected from a volcanic outcrop
in the Dajiamang Tso rift valley. Igneous samples were divided into three groups based
on their age distributions and rock type:

1.  Volcanic and volcaniclastic rocks of the Linzizong Formation.
2. Gangdese batholith granodiorites and associated dikes and fault rocks.
3. Xigaze Group forearc rocks.

Many samples yielded MSWD'’s greater than 1, suggesting possible analysis of over-
lapping growth zones or incorporation of xenocrysts. Analytical results for each method
can also be found in Supplementary Tables S1-S3. Full concordia plots can be found in
Supplemental Figure S1.

4.2.1. Group 1: Linzizong Formation Volcanic Rocks

Sample 7318DA1 is porphyritic diorite with quartz and feldspar phenocrysts. This
sample was collected just north of the Kailas basal contact in the footwall of the Dajiamang
Tso rift in the southeast corner of the mapping area (Figure 2). Zircon U-Pb Geochronol-
ogy for this sample produced a weighted mean age of 56.9 + 0.5 Ma (n = 17, mean square
weighted deviate (MSWD) = 1.7) (Figure 4). A total of 30 grains were analyzed, 0 were
discordant, 2 grains were determined to be inherited (598.3 + 4.9 and 211.5 + 2.6 Ma) (not
shown in Figure 4), and 17 were selected to calculate a mean sample age. Lu-Hf isotopic
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analysis for this sample yielded epsilon Hf values from —4.4 + 0.9 to 0.4 = 0.9 (Figure 5).
No T/REE geochemical data were collected for this sample.
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Figure 4. Zircon U-Pb geochronology weighted-mean age results by sample (a—i). Ages were calculated using the TuffZirc
algorithm [82] from the Berkley Geochronology Center’s ISOPLOT program [83]. Box heights are 20. Panels in the lower
left of each graph display sample name, weighted-average crystallization age, sample size, and MSWD (mean square
weighted deviate). Complete zircon U-Pb Geochronology results for individual grains can be found in Supplementary
Table S1.
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Figure 5. Epsilon Hf (7°Hf/"7Hf) values for igneous zircons plotted against corresponding U-Pb
geochronology crystallization ages. More negative values represent more evolved isotopic signa-
tures. Chondritic Uniform Reservoir (CHUR) line depicts expected crustal composition of bulk
silicate earth. Depleted Mantle (DM) line represents the natural depletion of incompatible ele-
ments within the mantle over time. Note the change in epsilon Hf values from ~100 Ma grains to
70-40 Ma grains. Complete zircon Lu-Hf isotope geochemistry results for individual grains can be
found in Supplementary Table S2.

Sample 7218DA2 is porphyritic rhyolite with quartz and feldspar phenocrysts. This
sample was collected on top of the ridge-forming horst of the Dajiamang Tso rift, just
north of the contact with Kailas Formation strata in the center of mapping area. Zircon U-
Pb geochronology for this sample produced a weighted mean age of 59.1 + 0.4 Ma (n =22,
MSWD =1.3) (Figure 4). A total of 31 grains were analyzed, 0 were discordant and 22 were
selected to calculate a mean sample age. Lu-Hf isotopic analysis for this sample yielded
epsilon Hf values from -4.1 = 1.1 to 1.5 = 1.4 (Figure 5). No T/REE geochemical data were
collected for this sample.

Sample 7718DA2 is aphanitic rhyolite. This sample was collected from the Dajiamang
Tso rift footwall, approximately 250 m west of the inferred normal fault that bounds the
central horst range to the east (Figure 2). Zircon U-Pb geochronology for this sample pro-
duced a weighted mean age of 61.3 £ 0.5 Ma (n =18, MSWD = 6.7) (Figure 4). A total of 35
grains were analyzed, 6 were discordant and 21 were selected to calculate a mean sample
age. Lu-Hf isotopic analysis for this sample yielded epsilon Hf values from -7.5 + 1.2 to
-1.8 £ 1.1 (Figure 5). La/Ybw) ratios ranged from 5.8 to 10.7, with a mean of 7.9. Crustal
thickness estimates (n = 8) determined from this sample range from 37 + 10.8 km to 47 +
10.8 km, with a mean calculated thickness of 42 km (Figure 6).



Geosciences 2021, 11, 209 12 of 26
Age (Ma)
20 30 40 50 60 70 80 Qa0 100 110 120
10
20
30 -
@
_ o]
E o
22
Fl 1 . g
40 o ¥
£ @ ‘ ﬁ [ | O
= q ®
= ® eq °
T 50
g [ ]
=
g o)
60
70
@7618DA1 @7718DA1 ©7718DA2 0©7318DA1 @7418DA1 @ 7418DA2

Figure 6. Trace/rare earth element (T/REE) geochemistry crustal thickness estimates for igneous
zircons plotted against corresponding U-Pb geochronology crystallization ages. Crustal thickness
estimates were calculated using the equations of Sundell et al. (2021) [89] modified from the origi-
nal equations calibrated by Profeta et al. (2015) [21]. These equations utilize La/YDb ratios as proxies
for depth of magma diversification and, thus, crustal thickness at the time of crystallization (see
Supplementary Figure S2). Error bars represent + 10.8 km (20) residuals [89]. Larger circles with
black outlines represent mean crustal thickness estimates for each sample. Moving right to left
through time across the chart, average crustal thickness estimates decrease thickness from ~100 Ma
to ~70 Ma, followed by increasing thickness estimates until ~40 Ma. Complete zircon T/REE geo-
chemistry results for individual grains can be found in Supplementary Table S3.

Sample 7718DA1 is fine-grained rhyolite with rare phenocrysts of quartz and biotite.
This sample was collected ~2 km north of the lake that occupies the Dajiamang Tso rift
valley and is the northernmost sample. Zircon U-Pb geochronology for this sample pro-
duced a weighted mean age of 69.4 + 0.4 Ma (n =27, MSWD = 6.0) (Figure 4). A total of 34
grains were analyzed, 1 was discordant and 27 were selected to calculate a mean sample
age. Lu-Hf isotopic analysis for this sample yielded epsilon Hf values from —8.4 + 1.1 to
-2.4 + 1.3 (Figure 5). La/Ybw ratios ranged from 3.7 to 13.8, with a mean of 7.1. Crustal
thickness estimates (1 = 15) determined from this sample range from 29 + 10.8 km to 47 +
10.8 km, with a mean calculated thickness of 39 km (Figure 6).

4.2.2. Group 2: Gangdese Batholith Granodiorites and Associated Dikes and Fault Rocks

Sample 7418DA1 is a is quartz-feldspar-biotite granite. This sample was collected
from the Dajiamang Tso rift footwall in the central-eastern portion of the mapping area.
Zircon U-Pb geochronology for this sample produced a weighted mean age of 42.3 + 0.5
Ma (n =10, MSWD = 6.5) (Figure 4). A total of 15 grains were analyzed, 0 were discordant,
1 grain was determined to be inherited (107.9 + 1.1 Ma) (not shown in Figure 4), and 9
were selected to calculate a mean sample age. Lu-Hf isotopic analysis for this sample
yielded epsilon Hf values from -5.4 + 0.8 to -3.7 + 0.7 (Figure 5). La/Ybw) ratios ranged
from 8.5 to 16.5, with a mean of 12.2. Crustal thickness estimates (1 = 6) determined from
this sample range from 43 + 10.8 km to 54 + 10.8 km, with a mean calculated thickness of
48 km (Figure 6).
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Sample 7418DA2 is a medium-gray-green, aphanitic dike that intrudes sample
7418DA1. This sample was collected in the Dajiamang Tso rift footwall. Zircon U-Pb geo-
chronology for this sample produced a weighted mean age of 43.2 + 0.7 Ma (n =6, MSWD
=5.7) (Figure 4). A total of 12 grains were analyzed, 0 were discordant and 6 were selected
to calculate a mean sample age. Lu-Hf isotopic analysis for this sample yielded epsilon Hf
values from —-5.7 + 0.9 to —2.1 £+ 0.9 (Figure 5). La/Yb) ratios ranged from 6.0 to 10.6, with
a mean of 9.0. Crustal thickness estimates (1 = 5) determined from this sample range from
37 £10.8 km to 47 + 10.8 km, with a mean calculated thickness of 44 km (Figure 6).

Sample 7618DA1 is undeformed granodiorite containing quartz, feldspar, biotite,
and hornblende. This sample was collected from the Dajiamang Tso rift footwall, approx-
imately 550 m west of the inferred normal fault that bounds the central horst range to the
east and approximately 2 km northwest of 7718DA2 (Figure 2). Zircon U-Pb geochronol-
ogy for this sample produced a weighted mean age of 54.4 + 0.2 Ma (n = 34, MSWD =4.2)
(Figure 4). A total of 34 grains were analyzed, 0 were discordant and 34 were selected to
calculate a mean sample age. Lu-Hf isotopic analysis for this sample yielded epsilon Hf
values from -7.4 + 1.1 to —2.3 £ 0.9 (Figure 5). La/Yb) ratios ranged from 4.6 to 12.6, with
amean of 6.5. Crustal thickness estimates (1 = 23) determined from this sample range from
33 £10.8 km to 50 + 10.8 km, with a mean calculated thickness of 38 km (Figure 6).

Sample 7418DA3 is silicified breccia with hematite, collected from a 0.75 m fault zone
where the central range of the Dajiamang Tso rift changes strike from NW-SE to N-S in
the northern section of the mapping area. Zircon U-Pb geochronology for this sample pro-
duced a weighted mean age of 57.8 + 0.4 Ma (n = 14, MSWD = 1.1) (Figure 4). A total of 34
grains were analyzed, 0 were discordant, 3 grains were determined to be inherited (2007.2
+13.7,1101.1 + 16.0 and 1089.8 + 17.8 Ma) (not shown in Figure 4), and 14 were selected to
calculate a mean sample age. No Lu-Hf or T/REE geochemical data were collected for this
sample.

4.2.3. Group 3: Xigaze Group Forearc Rocks

Sample 7318DA2 is white volcanic tuff with quartz, feldspar, and biotite phenocrysts
interbedded with medium grained lithic sandstone, interpreted to represent Xigaze
Group forearc basin strata [66]. This sample was collected ~100 m south of the Great Coun-
ter thrust in the southern portion of the mapping area. Zircon U-Pb geochronology for
this sample produced a weighted mean age of 103.7 + 0.4 Ma (n =33, MSWD =2.1) (Figure
4). A total of 35 grains were analyzed, 0 were discordant and 33 were selected to calculate
a mean sample age. Lu-Hf isotopic analysis for this sample yielded epsilon Hf values from
4.7 +1.0 to 8.2 £ 3.9 (Figure 5). La/Ybw) ratios ranged from 6.4 to 12.4, with a mean of 8.4.
Crustal thickness estimates (1 = 22) determined from this sample range from 38 + 10.8 km
to 50 + 10.8 km, with a mean calculated thickness of 43 km (Figure 6).

4.3. ZHe Thermochronology and HeF Ty Thermal Modeling Results

ZHe cooling ages were calculated for seven igneous samples collected from the Da-
jlamang Tso rift field area. These samples are divided into two groups: (A) samples col-
lected from within the footwall/central horst of the Dajiamang Tso rift (7318DAI,
7218DA2,7718DA2, 7418DA1, 7618DA1), and (B) samples collected from within the hang-
ing wall of the Dajiamang Tso rift and Great Counter thrust (7718DA1, 7318DA2). ZHe
cooling ages were determined for five zircons per sample, with reported mean cooling
ages and errors representing the averages of all grains included from each sample.

Samples collected from within the horst block of the Dajiamang Tso rift display a
range in ZHe cooling ages from 15.9 + 0.2 to 8.4 + 0.1 Ma. Ages from this group show a
roughly positive correlation with sample elevation, as well as a positive correlation with
the average horizontal distance measured perpendicular to range bounding normal faults
(Figure 7). No correlations with grain size or eU are present. Samples collected from the
hanging walls of the Dajiamang Tso rift and Great Counter thrust record cooling ages
from approximately 30-28 Ma. No major trends are visible in these data given the small
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sample size (n = 2). The following sections report ZHe cooling ages and HeFTy inverse
modeling results for each sample. Complete analytical results for ZHe thermochronology
and HeFTy input parameters can be found in Supplementary Tables S4 and S5, respec-
tively.
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Figure 7. ZHe thermochronology cooling ages plotted (a) vs. elevation and (b) vs. distance meas-
ured orthogonal from the trace of the horst-bounding normal fault. Panels (c,d) are box and
whisker plots visually depicting the same data presented in panels (a,b). Samples depicted with
blue and gray box and whisker plots were collected from the central horst of the Dajiamang Tso
rift, while the green and gray box and whisker plots represent the two samples collected from the
hanging walls of the Dajiamang Tso rift and Great Counter thrust. The line dividing the two colors
within each box and whisker plot represents the median, the lower and upper box boundaries
represent the 1st and 3rd quartiles, respectively, and the error bars represent the minimum and
maximum values of the analyzed grains. Note the roughly positive correlations within the foot-
wall samples (blue/gray) between ZHe cooling age and (1) elevation and (2) distance from the
normal fault.

4.3.1. Group A: Dajiamang Tso Footwall Rocks

Analysis of five zircon grains separated from sample 7318DA1, the porphyritic dio-
rite collected just north of the Kailas basal contact, produced a range in cooling ages from
10.05 + 0.12 to 6.91 = 0.08 Ma. All five analyses were used to calculate a mean sample
cooling age of 8.4 + 0.1 Ma. HeFTy modeling results for this sample display significant
variation in potential time—temperature paths from zircon’s crystallization at ~58 Ma to
its passage through the He partial retention zone (HePRZ) at ~8 Ma (Figure 8a). There is,
however, significant overlap of “good” and “acceptable” paths beginning at ~36 Ma, sug-
gesting monotonic cooling until the sample reached surface conditions at present. Using
this concentration of paths, we estimate an exhumation rate of 0.61 km/Myr for the time
span from 36 Ma to present.
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Figure 8. HeFTy [87] inverse modeling results for seven samples (a—g) displaying “good” (purple)
and “acceptable” (green) time-temperature paths for each sample based on n = 10,000 model runs.
Black boxes with gray shading represent geologic controls: For intrusive samples, U-Pb geochro-
nology ages were used in conjunction with assumed zircon crystallization temperatures between
900-700 °C to constrain path start points. For extrusive samples, U-Pb geochronology ages were
used with the assumption that samples were erupted at surface conditions (0-25 °C) to constrain
path start points. Subsequent constraint boxes were implemented for extrusive samples because
ZHe cooling ages require burial up to at least 140° (within the ZHe partial retention zone (PRZ))
following crystallization. All model runs require T-t paths to terminate at surface conditions (25

°C) at 0 Ma. “Best fit” and “weighted mean” paths are not displayed to allow the viewer to better
identify concentrations of “good-fit” path clusters.

Analysis of five zircon grains separated from sample 7218DA2, the porphyritic rhy-
olite collected from the top of the Dajiamang Tso horst, produced a range in cooling ages
from 19.99 + 0.25 to 11.95 + 0.15 Ma. All five analyses were used to calculate a mean sample
cooling age of 15.9 + 0.2 Ma. HeFTy modeling results for this sample display considerable
variation in potential time-temperature paths from zircon’s crystallization at ~59 Ma, sub-
sequent burial, and ascent through the HePRZ (140-200 °C) at ~16 Ma (Figure 8b). No
major concentrations of “good” or “acceptable” paths were observed to calculate exhu-
mation rates for this sample.

An analysis of four zircon grains separated from sample 7718DA2, the aphanitic rhy-
olite collected north of the mapping area, produced a range in cooling ages from 16.48 +
0.21 to 12.76 + 0.16 Ma. For this sample, we report a mean cooling age of 14.9 + 0.2 Ma.
HeFTy modeling results for this sample display considerable variation in potential time—
temperature paths following zircon’s crystallization at ~60 Ma and subsequent burial
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prior to exhumation at ~15 Ma (Figure 8c). No major concentrations of “good” or “accepta-
ble” paths were observed to calculate exhumation rates for this sample.

Analysis of five zircon grains separated from sample 7418DA1, the quartz-feldspar-
biotite granite collected in the central-eastern portion of the mapping area, produced sig-
nificant intrasample variation in cooling ages, ranging from 22.86 + 0.41 to 1.62 + 0.03 Ma.
Effective uranium concentrations display a large range from approximately 800 to 9900
ppm. Including all five analyses, we report a mean cooling age of 9.7 + 0.2 Ma for this
sample. HeFTy modeling results for this sample display significant variation in potential
time—temperature paths from zircon’s crystallization at ~42 Ma to its passage through the
HePRZ at ~9 Ma (Figure 8d). There is, however, significant overlap of “good” and “ac-
ceptable” paths beginning at ~26 Ma, suggesting monotonic cooling until the sample
reached surface conditions at present. Using this concentration of paths, we estimate an
exhumation rate of 0.62 km/Myr for the time span from 26 Ma to present.

The analysis of five zircon grains separated from sample 7618DA1, the undeformed
granodiorite collected just north of the mapping area, produced a range in cooling ages
from 13.90 + 0.16 to 10.63 + 0.12 Ma. For this sample, we report a mean cooling age of 12.0
+ 0.1 Ma. HeFTy modeling results for this sample display a significant variation in poten-
tial time—temperature paths from zircon’s crystallization at ~54 Ma to its passage through
the HePRZ at ~12 Ma (Figure 8e). The sample displays significant overlap of “good” and
“acceptable” paths beginning at ~36 Ma, suggesting monotonic cooling until the sample
reached surface conditions at present. Using this concentration of paths, we estimate an
exhumation rate of 0.44 km/Myr for the time span from 36 Ma to present.

4.3.2. Group A: Local Hanging Wall Rocks

Sample 7318DA2 is the southernmost sample and was collected in the hanging wall
proximal to the Great Counter thrust. Analysis of five zircon grains separated from this
sample produced a range in cooling ages from 33.56 + 0.40 to 24.12 + 0.29 Ma. For this
sample, we report a mean cooling age of 27.9 + 0.3 Ma. HeFTy modeling results for this
sample display considerable variation in potential time—temperature paths following zir-
con’s crystallization at ~103 Ma, subsequent burial, and its ascent through the HePRZ at
~28 Ma (Figure 8f). No major concentrations of “good” or “acceptable” paths were ob-
served to calculate exhumation rates for this sample.

Sample 7718DA1 is the northernmost sample and was collected in the low elevation
hanging wall of the Dajiamang Tso rift. An analysis of five zircon grains separated from
this sample produced a significant intrasample variation in cooling ages, ranging from
30.62 £ 0.36 to 0.19 + 0.01 Ma. Three of the five grains yielded very little He and near-zero
ages compared to other grains and were, therefore, excluded. For this sample, we report
a mean cooling age of 29.8 + 0.4 Ma. HeFTy modeling results for this sample display con-
siderable variation in potential time—-temperature paths following zircon’s crystallization
at ~69 Ma, subsequent burial, and its ascent through the HePRZ at ~30 Ma (Figure 8g). The
majority of “good” paths are concentrated cooler than 300 °C, possibly indicating that the
sample was buried at relatively shallow depths (<~12 km).

5. Discussion
5.1. Tectonic Integration
5.1.1. Neo-Tethyan Subduction along the Southern Margin of the Lhasa Terrain

The oldest igneous crystallization age from this study (103.5 + 0.4 Ma) comes from a
re-worked volcanic tuff collected from within Xigaze forearc basin stratigraphy, reflecting
coeval volcanism in the Gangdese Range during the mid-Cretaceous period. At this pe-
riod in the development of the southern Lhasa terrane, ongoing north-directed subduction
of Neo-Tethyan oceanic lithosphere produced Gangdese Arc magmatism until ~90 Ma,
followed by a period of decreased forearc deposition rates and a lull in Gangdese mag-
matism that persisted until ~70 Ma [7]. U-Pb geochronology ages of approximately 70-42
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Ma from granodiorites of the Gangdese Batholith and overlying volcanic rocks of the
Linzizong Formation suggest there was active magmatism along the Gangdese magmatic
arc preceding and throughout the proposed period for the initiation of India-Eurasia col-
lision (~58 Ma) [69,91,92]. A recent geologic synthesis of Tibet by Kapp and DeCelles
(2019) [7] provided two leading hypotheses to explain the lull and associated high-T met-
amorphism and adakitic magmatism in SE Tibet: (1) Neo-Tethyan flat slab subduction and
(2) formation and subsequent closure of a backarc basin within the Gangdese arc (the
“Xigaze backarc basin”). These hypotheses require dramatically different tectonic config-
urations and will be further addressed within the context of this study in Section 5.4.

5.1.2. Post-Collisional Deformation along the Gangdese Thrust and Great Counter
Thrust

The oldest ZHe cooling age produced from this study (29.8 + 0.4 Ma) comes from
sample 7718DA1, the rhyolite collected ~5 km north of the mapping area in the hanging
wall of the Dajiamang Tso rift. This sample displays a significantly older age than nearby
footwall samples, suggesting different structural mechanisms for cooling. It is possible
that this relatively older cooling age represents south-directed exhumation in the hanging
wall of the north-dipping Gangdese Thrust (GT), as previous work on this regional struc-
ture suggests that the southernmost splay of the thrust fault became active by ~27 Ma [93].
This relatively older cooling age of ~30 Ma could potentially represent cooling via exhu-
mation along an older, unmapped splay of the GT (Figure 7).

The sample with the second oldest ZHe cooling age was collected from Xigaze fore-
arc strata in the hanging wall of the south-dipping Great Counter thrust [71]. The analysis
of this sample produced a mean cooling age of 27.9 + 0.3 Ma, which we interpret to repre-
sent hanging wall erosion during northward thrusting along the Great Counter thrust.
This cooling age appears slightly older than previous estimates for thrusting along the
Great Counter thrust (23-17 Ma) [71,94,95], but falls within the range of approximately
30-10 Ma for other local ZHe cooling ages from Xigaze forearc basin strata near Saga [70].
Thermal modeling conducted by Orme (2019) [70] suggests that Xigaze forearc samples
were buried to maximum temperatures of 140-200 °C by 35-21 Ma, immediately followed
by exhumation, indicating that the cooling age produced in this study is compatible with
the burial and exhumation of Xigaze forearc strata in this region.

The last group of ZHe cooling ages comes from samples collected within the central
horst of the Dajiamang Tso rift. These samples display cooling ages from 15.9 + 0.2 Ma to
8.4 = 0.1 Ma, which we attribute to footwall exhumation of the Dajiamang Tso rift. Prior
to their late Miocene exhumation via east-west extension, HeFTy thermal modeling sug-
gests that volcanic rock samples were buried up to 5-7 km by overlying volcanic rocks
and/or Kailas Formation strata (assuming a 25 °C/km geothermal gradient) (Figures 2 and
7). Diffusion of heat (i.e., contact metamorphism) from igneous intrusions also could have
achieved resetting of ZHe cooling ages; however, we observed no spatial trends in ZHe
data away from intrusive rock units, causing us to favor the interpretation of reheating
via burial. The Kailas basin has been variably interpreted as a peripheral foreland basin
[96,97], an extensional basin related to rollback of Greater Indian Lithosphere [60], a fore-
land basin related to a doubly-vergent orogenic wedge at the time of India-Eurasia colli-
sion [98], and most recently as a flexural basin produced by Greater India rollback, with
slab breakoff causing flexural rebound and thrusting, ultimately inverting Kailas strata
[34]. While the formation history of the Kailas basin remains unclear, U-Pb geochronology
of a tuff bed constrains the depositional age of basin strata to 26-24 Ma [60]. We interpret
that Kailas sediments combined with overlying Linzizong volcanic rocks provided the
overburden necessary to reset the (U-Th)/He system of more deeply buried Linzizong
volcanic samples prior to their exhumation in the Dajiamang Tso rift footwall.
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5.2. Constraints on the Timing of Extension along North-Striking Rifts
5.2.1. Gangdese Rifts

The geology, geochronology, and thermochronology of the Dajiamang Tso rift are
consistent with a normal fault characterized by a central horst bound by NNE- and SSW-
dipping normal faults. ZHe thermochrnology results for igneous rocks collected from
within the footwall of the Dajiamang Tso rift display a range in cooling ages from approx-
imately 16-8 Ma, providing a minimum age for the onset of east-west extension in south-
ern Tibet. This minimum age of ~16 Ma appears consistent with the findings of numerous
studies of other Gangdese rifts (Figures 1 and 9). Similar (+2 Ma) minimum ages of exten-
sion produced by previous studies include a U-Pb crystallization age of ~18 Ma for north-
striking dikes located near the Daggyai Tso graben [41], an “Ar-*Ar age of ~15 Ma for
movement along the Lopu Kangri rift [43,44], and an “Ar-*Ar age of ~14 Ma for north-
striking mineralized fractures near the Thakkhola graben (Figures 1 and 9) [33]. Many of
these Gangdese rifts also show evidence of recent exhumation and seismogenic activity,
including young ZHe cooling ages [45] and fault scarps offsetting quaternary landforms
consistent with active east-west extension [74,99].
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Figure 9. Regional correlation figure comparing ZHe cooling ages from this study to minimum
timing estimates for the onset of east-west extension from previously studied rifts throughout
central and southern Tibet. Rift numbers increase from SSW-NNE (measured orthogonal to the
suture zone) and correspond to studies referenced in Figure 1. Gangdese rift names are labeled in
purple (corresponding to Figure 1) and Tibetan rift names are labeled in black. The Indus-Yarlung
suture zone is also included for spatial reference. Horizontal colored bars represent the range of
measurements (including errors) while vertical black ticks represent the earliest evidence of exten-
sion observed for each technique. 1. Thakkhola graben [34], 2. Arma Drime massif [35], 3. Kung Co
graben [36], 4. Ringbung graben [37], 5. Gurla Mandhata dome [38,39], 6. Daggyai Tso graben
[40,41], 7. South Lunggar rift [24], 8. Lopu Kangri rift [42—44], 9. Nyainquentanghala Shan [45,46],
10. Pum Qu-Xanza rift [47], 11. Tangra Yumco graben [27,48], 12. North Lunggar rift [23,49], 13.
Gulu rift [50].
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5.2.2. Tibetan Rifts

To better understand possible linkages in extensional processes between the two
scales of rifts, we compare results produced from this research to previous thermochro-
nology studies of Tibetan rifts. In southwestern Tibet, ZHe cooling ages coupled with U-
Pb geochronology of a tuff in the western basin of the South Lunggar rift suggest that
east-west extension was underway by ~17 Ma [24]. In the North Lunggar rift, Kapp et al.
(2008) [50] and Sundell et al. (2013) [23] reported minimum extensional ages of ~10 Ma for
the same Tibetan rift system, suggesting that considerable N-S variation in minimum tim-
ing of extension may exist within these extensional structures (Figure 9). Approximately
300 km east, Tangra Yumco represents another regional-scale normal fault. Wolff et al.
(2019) [27] interpreted the extension along this rift system as underway by ~13 Ma based
on zircon and apatite-He thermochronology and Apatite Fission Track data. The Pum Qu-
Xainza and Nyaingentanghla Shan rifts are located farther to the east and display mini-
mum ages of extension of ~ 15 Ma (Figures 1 and 9) [46,47].

ZHe cooling ages from the Dajiamang Tso rift reported here overlap with published
cooling ages for other Gangdese and Tibetan rifts. Based on this study alone, we cannot
confidently identify any significant difference in timing for the initiation of extension be-
tween the two classes of rifts. When observing both rift classes together, we can, however,
identify a spatial relationship throughout the Tethyan Himalaya, with north-striking rifts
displaying progressively younger extension estimates moving from SSW to NNE (orthog-
onal to the Indus-Yarlung suture) (Figure 9). This trend is also present, albeit less well-
defined, for rifts in the Lhasa terrane north of the Indus-Yarlung suture zone.

5.3. Crustal Evolution (Lu-Hf) and Crustal Thickness Trends (T/REE)

Lu-Hf isotope geochemistry is a valuable tool for evaluating the evolution of conti-
nental crust [100]. Typically, Lu-Hf isotope data are presented as epsilon Hf values vs.
corresponding U-Pb age, with more evolved (negative) epsilon Hf values at the time of
crystallization representing more incorporation of older and more evolved crustal mate-
rial. Epsilon Hf values for the oldest sample from this study (~103 Ma) and the youngest
samples (~43-42 Ma) are generally in agreement with the compiled dataset for southern
Tibet; however, samples with U-Pb ages from 69-56 Ma display more evolved signatures
than similarly aged regional data (Figure 10a). As crustal thickness estimates from the
Dajiamang Tso rift appear consistent with regional data at this time (Figure 10b), the less
evolved signatures from the Tibetan Magmatism Database could be a function of a sample
location within a large sampling area throughout southern Tibet. Combined Hf datasets
for this region also display a lack of evolved epsilon Hf values from ~100 Ma to ~70 Ma,
followed by the appearance of increasingly evolved values towards the present. The lack
of evolved epsilon Hf values combined with the presence of numerous samples with de-
pleted epsilon Hf values for this time period may suggest increased tapping of juvenile
asthenosphere, or less crust-mantle differentiation, implying assimilation with relatively
thin and/or young crust.
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Figure 10. (a) Epsilon Hf vs. U-Pb geochronology plots for igneous zircons from this study in the
context of regional data downloaded from the Tibetan Magmatism Database (TMDB) (Chapman
and Kapp, 2017). CHUR and Dm explanations can be referenced in Figure 5. Lu-Hf filtering crite-
ria for TMDB samples can be referenced in the methods section of this paper; (b) T/REE geochem-
istry crustal thickness estimates vs. U-Pb geochronology crystallization age plots from this study
in the context of crustal thickness estimates for regional data downloaded from the Tibetan Mag-
matism Database (TMDB) (Chapman and Kapp, 2017). TMDB crustal thicknesses were calculated
using the equations from Sundell et al. (2021), with data filtered to exclude ultramafic/mantle de-
rived melts, high silica granites, and rocks formed by partial melting of pre-existing meta-sedi-
mentary rocks. Error bars represent +10.8 km residuals (Sundell et al., 2021). Gray trendline repre-
sents a moving average with a sampling period of 30 analyses.

Single-grain zircon T/REE crustal thickness estimates from our study also appear in
agreement with regional whole rock data downloaded from the Tibetan Magmatism Da-
tabase, highlighting the applicability of zircon petrochronology (Figure 10b) [90]. From
~190-160 Ma, the crustal thickness appears to increase from ~35 to ~45 km, followed by a
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lack of substantial data until ~105 Ma. From ~105-70 Ma (a period that roughly corre-
sponds with the lack of evolved epsilon Hf values), crustal thickness appears to decrease,
followed by an increase until ~15 Ma when data are no longer available. Modern crustal
thickness estimates based on geophysical of observations range from ~65 km [2,3] to ~85
km [4] and appear consistent with continued thickening since the last calculated crustal
thickness estimate (55-70 km) at 15 Ma.

5.4. Tectonic Implications

Geochemical data from this study combined with compiled data from the Tibetan
Magmatism Database provide key insights into the controversial period preceding the
India-Eurasia collision. The lack of evolved epsilon Hf values from Tibetan Magmatism
Database data paired with decreasing crustal thickness estimates from 100-70 Ma support
a tectonic model for the mid-Cretaceous evolution of the southern Lhasa terrane invoking
crustal thinning and upper plate extension. These findings question the traditional inter-
pretation of a simple, Andean-style margin along the southern Lhasa terrane [101] and are
more consistent with the opening of a back-arc basin inboard of the Xigaze volcanic arc
[6,88]. This tectonic configuration suggests that continental India initially collided with
the rifted Xigaze arc at ~58 Ma, followed by subduction of back-arc oceanic lithosphere
until the Xigaze-India collision with Eurasia and the cessation of Gangdese Arc magma-
tism at ~38 Ma [44]. Additional geologic mapping is needed to determine the viability of
the Xigaze backarc basin model, but our data highlight its relevance as an important hy-
pothesis for future studies.

Results from this study also provide tests of models for the Cenozoic tectonic evolu-
tion of the Himalayan-Tibetan orogen. If Miocene extension were due to the gravitational
collapse of the plateau [28-30], we would expect peak crustal thickness to coincide with
the timing of extension, with subsequent collapse leading to thinner crust at present. Our
results show no indication of crustal thinning following the onset of east-west extension,
requiring an alternative explanation for either maintenance or addition of crustal thick-
ness since the establishment of Miocene normal faults. Additionally, if the upper plate
extension was due to convective removal of the lower layer of Tibet’s over-thickened lith-
osphere [31], we would expect to see a juvenile excursion in Hf isotope data as well as a
possible decrease in crustal thickness preceding or coincident with the onset of extension,
neither of which are apparent from our compiled datasets.

Data from our study best support a tectonic model in which the addition of crustal
material into the Himalayan-Tibetan orogen is facilitated by an underthrusting Indian
lithosphere (for a visual, see Styron et al., 2015, Figure 3) [2,25,32]. In this model, crustal
thickness in southern Tibet likely reached a critical threshold in the period directly pre-
ceding the onset of east—-west extension, with modern crustal thicknesses representing an
underthrusting Indian lithosphere balanced by upper plate extension. This model would
also suggest that the earliest evidence of east-west extension would be localized to high
elevation regions in the southern portion of the plateau (i.e., Gangdese Range), with pro-
gressive northward underthrusting of Indian lithosphere manifesting on the surface as
progressively younger thermochronology ages from south to north. While this trend can-
not be clearly observed from ages summarized in this study (Figure 9), future work to
constrain the timing of the initiation of east-west extension throughout the plateau may
further elucidate the contributing tectonic processes.

6. Conclusions

The Dajiamang Tso rift records development of the southern-central Tibetan Plateau
from mid-Cretaceous to Miocene time. U-Pb ages are interpreted to represent Xigaze
Group volcanic activity (~103 Ma) as well as Gangdese Batholith and Linzizong Formation
magmatism (~70-40 Ma) along the Lhasa terrane’s southern convergent margin. ZHe ther-
mochronology data suggest northward thrusting and erosion of the hanging wall of the
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Great Counter thrust (~28 Ma), as well as east-west extension occurring along the Dajia-
mang Tso rift from approximately 16-8 Ma. HeFTy thermal modeling suggests burial of
volcanic samples, but 7 km prior to exhumation along north-striking normal faults. Lu-Hf
isotope geochemistry results display slightly depleted signatures for the Xigaze sample
and slightly enriched signatures for Gangdese and Linzizong samples, while compiled
data from the Tibetan Magmatism Database show a lack of evolved signatures from ap-
proximately 105-70 Ma. Crustal thickness calculations utilizing T/REE geochemistry [89]
presented with regional calculations from the Tibetan Magmatism Database suggest ~15
km of crustal thinning from approximately 100-70 Ma (interpreted to represent rifting of
the Xigaze magmatic arc), followed by crustal thickening until present. Geochemical data
permit crustal thinning and upper plate extension in the Lhasa terrane prior to India-Eur-
asia collision [6], and support a tectonic model in which the continued addition of crustal
material into the Himalayan-Tibetan orogen is facilitated by an underthrusting Indian
lithosphere [2,25,32].
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Table S4: ZHe Thermochronology Data, Supplementary Table S5: HeFTy Thermal Modeling Param-
eters, Figure S1: U-Pb Geochronology Concordia Plots, Figure S2: La/Yb Crustal Thickness Plots.
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