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Key Points 13 

1) The central East Kunlun Shan is an ideal setting to investigate the tectonic evolution of 14 

northern Tibet and plateau-wide geodynamic drivers 15 

2) The central East Kunlun Shan experienced crustal shortening from Paleocene–Oligocene 16 

time followed by a 23-20 Ma onset of strike-slip faulting 17 

3) The plateau-wide mid-Miocene onset of strike-slip and normal faulting signals the 18 

attainment of high GPE and elevation 19 

ABSTRACT 20 

The timing of crustal shortening and strike-slip faulting along the East Kunlun Shan 21 

provides insight into the history of surface uplift and may constrain the time at which the Tibetan 22 

Plateau reached high elevations. We investigate a series of extensional basins and restraining bends 23 
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along the Xidatan strand of the Kunlun strike-slip fault, which provide an ideal setting to unravel 24 

the tectonic history of the northern plateau margin. We present new apatite (U-Th)/He, apatite 25 

fission track, and zircon (U-Th)/He ages and QTQt thermal modeling, 40Ar/39Ar fault gouge dating, 26 

and structural mapping from the central East Kunlun Shan.  27 

Our data suggest that the East Kunlun Shan experienced slow to negligible exhumation until 28 

late Cretaceous time, followed by an increase in rate by 65 – 50 Ma. Along with a ~47 Ma fault 29 

gouge age, we posit that the Paleocene–early Eocene was a time of crustal shortening along the 30 

northern plateau. Rapid exhumation along transpressional portions of the Xidatan fault initiated by 31 

23 – 20 Ma, which we interpret as the local onset of strike-slip faulting. An early Miocene transition 32 

from north-south crustal shortening to left-lateral shear along the East Kunlun Shan, the onset of 33 

normal and strike-slip faulting in central and southern Tibet by 18 Ma, and lower crustal flow in 34 

eastern Tibet by 13 Ma, suggests the establishment of orogen-wide east-west oriented extension 35 

and extrusion by the middle Miocene. The plateau-wide shift in stress accommodation implies that 36 

high gravitational potential energy, and likely high elevation, was attained by the middle Miocene. 37 

 38 

1. INTRODUCTION 39 

The timing of onset of strike-slip faulting within the East Kunlun Shan, located along the 40 

northern margin of the Tibetan Plateau, is an outstanding controversy with significant implications 41 

for unraveling the tectonic evolution of the Himalayan-Tibetan orogen. Currently, the Kunlun fault 42 

accommodates convergence between India and Eurasia via left-lateral shear at a rate of ~10 – 11 43 

mm yr-1 (Avouac and Tapponnier, 1993; van der Woerd et al., 1998, 2000, 2002; Li et al., 2005; 44 

Kirby et al., 2007). However, the East Kunlun Shan was previously the site of north-south oriented 45 

pure shear deformation, which is suggested to have initiated between 41 and 27 Ma (Mock et al., 46 
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1999; Jolivet et al., 2003; Wang et al., 2004; Yin et al., 2007; Wu et al., 2009; Clark et al., 2010; 47 

Duvall et al., 2013; Wang et al., 2017; Shi et al., 2018). The transition in structural style, from 48 

crustal thickening to eastward extrusion, along the East Kunlun Shan indicates a shift in the 49 

orientation of principal stresses. This kinematic change may directly relate to the attainment of high 50 

elevation and associated high gravitational potential energy of the northern Tibetan Plateau (Burke 51 

and Şengör, 1986; Platt and England, 1994; Rey et al., 2001). Few constraints exist on the timing 52 

of the switch from predominantly pure shear to simple shear deformation or when northern Tibet 53 

attained high elevation, thus fueling debate about when and how the Tibetan Plateau was uplifted 54 

to its modern elevation. 55 

While most studies agree that left-lateral shear in the East Kunlun Shan initiated in the 56 

Cenozoic, there is uncertainty about the exact timing of onset (Kidd and Molnar, 1988; Wu et al., 57 

2001; Jolivet et al., 2003; Fu and Awata; 2007; Dai et al., 2013; Duvall et al., 2013). Several studies 58 

infer that strike-slip faulting initiated in Plio – Pleistocene time based on the offset of fluvial and 59 

glacial features (Kidd and Molnar, 1988; Wu et al., 2001), while others infer ~10 Ma initiation of 60 

shear based on fault displacement and extrapolation of the modern fault slip rate (Fu and Awata, 61 

2007). Uncertainties in both the timing of geomorphic feature development and in potential 62 

variations of the long-term slip history of the Kunlun fault result in uncertainties in estimates of the 63 

onset of shear. Alternatively, the timing of magmatism associated with extensional features near 64 

the Kunlun fault has been used to infer shear onset at 15 Ma (Jolivet et al., 2003). These volcanic 65 

constraints provide a minimum age for the onset of shear and suggest an older onset of faulting than 66 

interpretations from offset features and fault displacement (Kidd and Molnar, 1988; Wu et al., 2001; 67 

Fu and Awata, 2007). The initiation of shear at 20 – 15 Ma, with a possible phase from 30 – 20 Ma, 68 

is inferred from the initiation of rapid cooling from thermochronologic data (Dai et al., 2013; Duvall 69 
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et al., 2013). However, difficulty in isolating the onset of strike-slip motion from the earlier, multi-70 

phase deformation history of the northern plateau margin may lead to overestimates in the timing 71 

of strike-slip fault onset, particularly when using exhumation of discrete fault blocks as a proxy for 72 

the onset of lateral shear. An additional complicating factor is the heterogeneous onset of strike-73 

slip faulting along the >1000 km length of the Kunlun fault, as inferred by Duvall et al. (2013). To 74 

unravel the kinematic history of the East Kunlun Shan, detailed structural analyses of faulting style 75 

in concert with age constraints on exhumation from thrust and strike-slip motion are necessary. 76 

In this study, we present new low-temperature thermochronologic data and modeling from 77 

the central Kunlun fault zone and 40Ar/39Ar fault gouge dating to assess the tectonic evolution of 78 

the northern margin of the Tibetan Plateau. Strike-slip motion within the East Kunlun Shan has 79 

produced localized basin subsidence in en echelon rhombochasms and uplift along restraining 80 

bends, steps, and fault junctions (Fig. 1; Fu and Awata, 2007; Duvall et al., 2013), such as along 81 

the Xidatan segment of the Kunlun fault between the Dongdatan Valley and Deshuiwai Basin (Fig. 82 

1). We focus our work along this section of the Kunlun fault because thrust faults are well exposed 83 

throughout the region, are commonly crosscut by major and subordinate strike-slip faults, and 84 

exposures found in extensional step-overs are ideal for isolating the timing of crustal shortening in 85 

the East Kunlun Shan. Additionally, restraining bends and fault junctures may concentrate strike-86 

slip related vertical exhumation, and are ideal for constraining the initiation of strike-slip faulting. 87 

Along with structural mapping and previous work on normal and strike-slip fault initiation, these 88 

data clarify for the timing of stress reorganization throughout the Tibetan Plateau and provide the 89 

opportunity to link this shift to the attainment of high gravitational potential energy via surface 90 

uplift. 91 

 92 
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2. GEOLOGIC SETTING 93 

The East Kunlun Shan form a boundary between the high-elevation (>4.5 km), low-relief 94 

surfaces of the Tibetan Plateau to the south and the moderate elevation Qaidam Basin (~2.5 km) to 95 

the north (Fig. 1). Originating as a Paleozoic suture between the Kunlun-Qaidam and Songpan-96 

Ganzi terranes, the East Kunlun Shan is a long-lived tectonic boundary that has experienced 97 

multiple periods of tectonic reactivation, including Cretaceous shearing (Mock et al., 1999; Chen 98 

et al., 2002), Eocene – Oligocene crustal shortening (Yin et al., 2008; Wu et al., 2009; Clark et al., 99 

2010), and recent left-lateral shear (van der Woerd et al., 1998; 2002). The multi-stage tectonic 100 

history of the East Kunlun Shan has resulted in a complex structural evolution with a diverse 101 

assemblage of rock types. Perhaps the most complete record of this complex history is found within 102 

the central portion of the East Kunlun Shan, where the Kunlun fault and subordinate fault splays 103 

have produced a series of structurally-controlled basins and narrow, intervening ranges. 104 

 2.1. Geologic units  105 

We focused our geologic mapping, structural analysis, and sample collection in the central 106 

East Kunlun Shan from the Dongdatan Valley in the west to the Deshuiwai Basin in the east. Rock 107 

units range from Proterozoic to Quaternary in age (Figs. 1 and 2; Qinghai Bureau of Geology and 108 

Mineral Resources (QBGMR), 1980; 1981). Below we describe sedimentary and metasedimentary 109 

units followed by igneous units exposed in the study area, organized from oldest to youngest. 110 

2.1.1. Sedimentary and metasedimentary units 111 

The Proterozoic Wanbaoguo Group, which largely consists of limestone, dolomite and shale, 112 

is crosscut by mafic dikes and is exposed north of the Middle Kunlun fault (Figs. 1 and 2B; 113 

QBGMR, 1980, 1981). The Carboniferous Haoteluowa Group is composed largely of marine 114 

carbonate with interbedded sandstone and shale and unconformably overlies the Wanbaoguo Group 115 
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(QBGMR, 1980, 1981). Within our field area, the Haoteluowa Group is exposed in fault contact 116 

with both Mesozoic and Cenozoic strata (Figs. 2A and 3; QBGMR, 1980, 1981). The Permian 117 

Ganjia and Maerzheng groups consist of marine carbonate, often fossiliferous, and locally 118 

metamorphosed to marble (QBGMR, 1980, 1981). These units are spatially extensive and form the 119 

steep topography to the north of the Dongdatan Valley and in the southeastern East Deshuiwai 120 

Mountains (Fig. 2). In the following sections, we refer to the Ganjia and Maerzheng units together 121 

as Permian carbonates. 122 

The Triassic Babaoshan and Naocangjiangou groups are largely composed of shale, siltstone, 123 

and fine to coarse sandstone with limited conglomerate, arkose, fossil-bearing coal layers, and 124 

interbedded volcanic flows (QBGMR, 1980, 1981). In many regions, these units have been 125 

metamorphosed to greenschist facies (Wu et al., 2009). Regional stratigraphic work suggests that 126 

the Babaoshan Group unconformably overlies the Naocangjiangou Group (Wang et al., 2009). A 127 

244 Ma volcanic tephra interbedded within the Naocangjianguo Group provides an early Middle 128 

Triassic age for the unit (Wu et al., 2010). We refer to these units together as Triassic metapelites 129 

in the following sections. In the east, the Jurassic – Cretaceous Yangqu Group is conformably 130 

deposited over the Babaoshan Group and both units are flat-lying to mildly tilted (Figs. 4A-B; 131 

QBGMR, 1980, 1981; Wang et al., 2009). Together, the Babaoshan, Naocangjianguo, and Yangqu 132 

groups are part of the A’nyemaqen mélange belt, deposited between the Qaidam block and South 133 

Kunlun terrane during the Mesozoic (Wang et al., 2009). The Yangqu Group consists of siltstone, 134 

arkosic sandstone, and conglomerate and tends to be brick red with grey-green mottling (Figs. 4B-135 

C).  136 

Previously, recognition of the Yangqu Group was limited localities within to the East 137 

Deshuiwai Mountains. However, our mapping and new age dating suggest that this unit is also 138 
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exposed in the East Wenquan Basin and in Dongdatan Valley (Fig. 2B and 3) where it was 139 

previously mapped as Cenozoic terrestrial red bed strata (QBGMR, 1980, 1981). The Cenozoic age 140 

for well-indurated and strongly weathered red bed strata exposed in the Dongdatan Valley and on 141 

the north side of Wenquan Hu is called into question by recent detrital zircon analyses, which show 142 

zircon populations no younger than 174 Ma with well-defined age peaks at ~250 and ~425 Ma (Wu 143 

et al., 2019). As we will show below, our zircon (U-Th)/He ages in combination with the recent 144 

detrital zircon ages support an interpretation for an older depositional age. The new age and unit 145 

assignment for these terrestrial red bed strata are reflected in Figures 2A and 3. 146 

Cenozoic strata are unconformably deposited across both Mesozoic and Paleozoic units and 147 

are exposed throughout the Dongdatan Valley and East Wenquan Basin, as well as to the south of 148 

the East Deshuiwai Mountains (Figs. 2, 3, and 4F; QBGMR, 1980, 1981). The depositional age of 149 

Cenozoic strata are not well constrained with absolute age dating. The unnamed Paleogene – 150 

Neogene red bed unit is composed of fluvial sandstone, lacustrine siltstone, and conglomerate (Fig. 151 

4D) and can be distinguished from the Yangqu Group by its lack of induration, lack of weathering, 152 

and absence of green mottling. The Neogene Quguo Group is composed of lacustrine carbonates 153 

and fine-grained siltstone and is exposed in the eastern East Wenquan Basin (QBGMR, 1980, 154 

1981). This unit is characteristically light greyish-yellow to pistachio green in color (Fig. 4E). 155 

2.1.2. Igneous units 156 

Igneous units are exposed throughout the central East Kunlun Shan and range from outcrop-157 

sized plutonic bodies and volcanic flows to large intrusive and extrusive complexes. In the eastern 158 

portion of the field area (Fig. 2B), Permian granite intrudes the Paleozoic Wanbaoguo Group and 159 

is exposed in the high peaks to the north of the Middle Kunlun fault (QBGMR, 1980, 1981). The 160 

Triassic Babaoshan and Yalixige units are granitic and granodioritic intrusive complexes, 161 
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respectively, over which the Babaoshan Group strata are unconformably deposited (Fig. 4A; 162 

QBGMR, 1980, 1981). The Babaoshan Group is interbedded with a thick sequence of basalt flows 163 

(Fig. 2B), which in some regions exhibits columnar jointing. These basalts are exposed directly 164 

south of the Middle Kunlun fault and in the eastern Deshuiwai Basin (QBGMR, 1980, 1981). 165 

Within the western portion of our field area (Figs. 2A and 3), igneous units are sparse, small in 166 

volume, and generally intrude into the Triassic Naocangjiangou Group (QBGMR, 1980, 1981). The 167 

small intrusions are generally rhyolitic to dacitic in composition and have been moderately 168 

metamorphosed along with the host rock. These magmatic intrusions are thought to be associated 169 

with Triassic metamorphic overprint in the Xidatan area, dated between 212 and 242 Ma (Liu et 170 

al., 2005). Andesitic – dacitic tephra layers are interbedded within the Triassic Naocangjiangou 171 

Group and have been dated with U-Pb methods at ~244 Ma (QBGMR, 1980, 1981; Wu et al., 2010). 172 

Where observed in the eastern portion of the field area (Fig. 2B), these units tend to be <1 m in 173 

thickness. In the southern East Deshuiwai Mountains, a package of andesitic lavas is faulted into 174 

place (Fig. 2B; QBGMR, 1980, 1981). The structural complexity associated with the exposure of 175 

these andesitic rocks obscures the relationship with any specific sedimentary unit. South of the East 176 

Deshuiwai Mountains, small-volume andesitic intrusions are exposed within the Triassic 177 

Naocangjiangou Group (QBGMR, 1980, 1981).  178 

 179 

2.2. Structural Geology 180 

2.2.1. North-south oriented crustal shortening 181 

The dominant style of modern deformation in the central East Kunlun Shan is left-lateral 182 

strike-slip faulting (Molnar and Tapponnier, 1978; Kidd and Molnar, 1988); however, evidence for 183 

north-south contraction is also preserved (Wu et al., 2007, 2009). Throughout the study region, the 184 
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Carboniferous Haoteluowa Group and the Permian Ganjia and Maerzheng Groups have been thrust 185 

over Triassic metapelites (Figs. 2A and 3; QBGMR, 1980, 1981). This fault relationship is best 186 

exposed on either side of the Dongdatan Valley, along the northern East Wenquan Basin, and as a 187 

series of small klippen in a tectonic sliver immediately north of the Wenquan Reservoir (Figs. 2A 188 

and 3). Deformed Triassic Naocangjiangou metapelites preserve tight east-west oriented folds and 189 

near-vertical axial planar cleavage (Fig. 5A), suggesting that the maximum compressive stress was 190 

oriented north-south, in modern coordinates, and the least compressive stress was oriented 191 

vertically during the episode of deformation preserved in these strata. Based on field observations 192 

and the degree of tilting preserved in the strata, the contractional strain preserved in Jurassic to 193 

Cenozoic sedimentary units is far less than in the Triassic Naocangjiangou. Thus, major shortening 194 

of the Triassic strata took place prior to deposition of the Yangqu Group, and perhaps before 195 

deposition of the Triassic Babaoshan Group. In the central East Wenquan Basin, Cenozoic red beds 196 

are typically mildly tilted and overlie the Triassic Naocangjiangou Group in angular unconformity 197 

(Fig. 4F), with the exception of red bed exposures near strike-slip faults that are locally strongly 198 

deformed. North of the Wenquan Reservoir, the Wenquan Hu thrust fault has been eroded on either 199 

side and is preserved as a klippe (Figs. 2A and 3) that places Triassic metapelites over Jurassic – 200 

Cretaceous Yangqu Group (Fig. 5D). 201 

2.2.2. Left-lateral shear 202 

The Kunlun fault zone deforms a broad region within the central East Kunlun Shan, such 203 

that left-lateral faulting is pervasive within the study area. Major faults identified include the 204 

Xidatan fault (the Xidatan-Dongdatan segment from van der Woerd et al [2002]), which is the main 205 

strand of the Kunlun fault east of the Kunlun Pass, and the Middle Kunlun fault, which delineates 206 

a major structural boundary between Proterozoic and Triassic strata in the eastern portion of the 207 
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field area (Figs. 1 and 2B; QBGMR, 1980, 1981; Kidd et al., 1988). The mountainous terrane north 208 

of the Dongdatan Valley is crosscut by left-lateral faults that are subordinate to the main Xidatan 209 

fault (Fig. 2A). Subordinate faults offset Permian – Cenozoic strata, form well defined gouge and 210 

fault rock zones, and tend to produce steep, near-vertical, topography when exposed in the Permian 211 

carbonate units (Figs. 5B and 5C). Few minor strike-slip faults are exposed along the southern 212 

Dongdatan Valley (Fig. 2A). 213 

Where the Xidatan fault crosscuts the East Deshuiwai Mountains, to the east of Dongdatan 214 

Valley, it has created a wide fault gouge zone, up to 100s of meters in thickness, and forms a major 215 

structural discontinuity that separates Triassic metapelites to the north from Permian carbonate to 216 

the south (Fig. 2B; QBGMR, 1980, 1981). Within the East Deshuiwai Mountains, left-lateral 217 

faulting is accommodated over a broad network of multiple strike-slip faults. The Xidatan fault and 218 

subordinate faults occasionally carry small fault bound blocks of allochthonous Permian carbonates 219 

that are isolated within a separate lithologic unit (QBGMR, 1980, 1981). The southern boundary of 220 

the East Deshuiwai Mountains is a strike-slip fault, here named the Da Lang fault (after a large wolf 221 

sighted nearby), which continues to the west into the East Wenquan Basin and eventually merges 222 

with the Xidatan fault (Figs. 2A-B; QBGMR, 1980, 1981). 223 

2.2.3. Modern fault activity 224 

Offset Quaternary alluvial strata along the Xidatan and Da Lang faults, along with active 225 

seismicity, suggests that strike-slip motion is presently accommodated within the central East 226 

Kunlun Shan (U.S. Geological Survey National Earthquake Information Center [USGS NEIC]). In 227 

the western and central portions of the field area, the surficial trace of the Xidatan fault is evident 228 

from pressure ridges and offset Quaternary fluvial and alluvial features and is occasionally 229 

associated with hot springs and sag ponds. Terrestrial cosmogenic nuclide dating of offset river 230 
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terraces in Dongdatan Valley suggests that the Xidatan fault has accommodated 10 – 11 mm yr-1 of 231 

Late Pleistocene – recent left lateral motion (van der Woerd et al., 1998; 2002). Modern seismic 232 

data also suggest that faults within the East Deshuiwai Mountains are active (USGS NEIC). Slip 233 

rates along the Middle Kunlun fault and subordinate strike-slip faults have not been quantified and 234 

seismic data does not provide evidence for modern fault activity (USGS NEIC). We found no 235 

compelling field evidence for recent faulting along the Middle Kunlun fault in the mapping area, 236 

suggesting that it may not be a major active structure. 237 

 238 

3. LOW-TEMPERATURE THERMOCHRONOLOGIC DATA 239 

The timing of fault initiation can be derived from thermochronologic methods in extensional 240 

or contractional deformation regimes, where tectonic activity generates topographic relief and a 241 

local increase in erosion rate (Ehlers and Farley, 2003; Braun, 2005). Conversely, 242 

thermochronologic studies along strike-slip faults are relatively few since strike-slip faulting 243 

typically results in the lateral translation of fault blocks rather than vertical exhumation. Certain 244 

strike-slip fault geometries, however, are capable of producing vertical exhumation of sufficient 245 

magnitude to be recorded by low-temperature thermochronology, such as near fault junctions, 246 

terminations, and splays, as well as within restraining bends and along non-vertical fault planes 247 

(Spotila et al., 1998; 2001; 2007; Benowitz et al., 2011; Duvall et al., 2013; Niemi et al., 2014). We 248 

targeted these types of structural environments within the central East Kunlun Shan to constrain the 249 

timing of strike-slip fault motion. In order to constrain the timing of thrust faulting, on the other 250 

hand, we were required to avoid locations in which strike-slip related deformation had caused 251 

considerable exhumation. We therefore also targeted sampling sites in which clear thrust fault 252 
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relationships exist and where we observed strike-slip related exhumation to be absent or negligible 253 

(Fig. 1). 254 

3.1. Sample collection and preparation 255 

Bedrock samples were collected from apatite and zircon bearing rock types, including 256 

volcanic and plutonic rocks of andesitic-dacitic composition (Table 1). We also collected medium 257 

to coarse-grained sandstones that may have experienced sufficient burial to reset the apatite and 258 

zircon thermochronologic system prior to more recent fault-related exhumation. The limited 259 

topographic relief and heterogeneous geologic setting of our study site limited our ability to collect 260 

steep elevation transects, so we dated single samples to constrain the time of exhumation through 261 

the apatite (U-Th)/He, apatite fission-track, and zircon (U-Th)/He effective closure temperatures. 262 

Sample locations and descriptions are available in Table 1. 263 

Once collected, samples were crushed and sieved using standard laboratory procedures. 264 

Apatite and zircon crystals were separated from the bulk sample using standard density and 265 

magnetic techniques. Crystals were handpicked at the University of Michigan to ensure grain 266 

quality using standard procedures (Farley and Stockli, 2002; Reiners et al., 2002). For (U-Th)/He 267 

analyses, apatite and zircon crystals were individually analyzed for He content at the University of 268 

Michigan HeliUM Laboratory following procedures in Niemi and Clark (2016). Apatites for (U-269 

Th)/He dating were analyzed for U, Th, and Sm content at the University of Arizona Radiogenic 270 

Helium Dating Laboratory, and zircons for (U-Th)/He dating were analyzed for U and Th content 271 

at the University of Colorado Thermochronology Research and Instrumentation Laboratory. 272 

Apatite fission-track analyses were completed for one sample (12DDT10) at the University of 273 

Cincinnati and for seven other samples at the University of Arizona. Mounts of apatite grains were 274 

etched in 5 M HNO3 solution (5.5 M for 12DDT10) at 21ºC for 20 s to expose tracks from 275 
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spontaneous fission of 238U. Following neutron irradiation at the Oregon State TRIGA Reactor, 276 

mica external detectors were etched in 40% HF at 20ºC for 45 min (40 min for 12DDT10) to reveal 277 

induced tracks.  278 

3.2. Apatite (U-Th)/He age results 279 

We collected and dated 19 bedrock samples for apatite (U-Th)/He thermochronology with a 280 

minimum of 4 apatite single-grain replicates analyzed per sample. Measured AHe ages range 281 

widely across the central East Kunlun Shan, with mean ages between 20 and 148 Ma (Tables 1 and 282 

S1). Two samples, 13DDT23 and 13DDT36, were removed from further analysis because the 283 

standard deviation of replicate apatite ages exceeded 20%, indicating that the mean ages for these 284 

samples are not well constrained (Table 1). Five other samples exhibit correlations between age and 285 

effective Uranium content (eU) or grain size (samples 12DDT07, 13DDT008, 13DDT009, 286 

13DDT016, 13DDT017; Figs. S1, S2). In the following paragraphs, we describe the results and 287 

geologic setting for samples from west to east. 288 

We collected nine bedrock samples from Dongdatan Valley and the East Wenquan Basin. 289 

The westernmost sample, 11UMT53, was collected from a small plutonic body that intruded the 290 

Triassic Naocangjiangou Group prior to metamorphism. This sample had an AHe age of 19.2 ± 2.1 291 

Ma (Fig. 2A; Table 1). To the east, samples 12DDT24, 12DDT10, 11UMT63, and 12DDT09, and 292 

12DDT07 were collected from small plutonic bodies within the hanging wall of the Wenquan Hu 293 

thrust fault (Figs. 2A, 3, and 5D; Table 1). The AHe ages for these samples range between 25 and 294 

33 Ma, with the exception of 12DDT07 that was dated at 63.0 ± 7.1 Ma (Table 1). Sample 12DDT07 295 

shows a strong correlation between eU content and AHe age (Table S1; Fig. S1), the implications 296 

of which are discussed below. 297 
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From the footwall of the Wenquan Hu thrust fault, samples 11UMT56 (sandstone) and 298 

12DDT17 (interbedded tephra) were collected from the Yangqu Group strata. The mean AHe age 299 

for sample 11UMT56 is 21.5 ± 3.7 Ma and the mean AHe age for sample 12DDT17 is 37.4 ± 6.0 300 

Ma (Figs. 2A and 3; Table 1). In the northwestern corner of the East Wenquan Basin, sample 301 

12DDT22 was collected from the upper Triassic Babaoshan Group and provides an AHe age of 302 

38.3 ± 10.0 Ma (Fig. 2A; Table 1). Sample 12DDT22 was collected ~2 km to the north of the 303 

surface exposure of the Middle Kunlun fault (Fig. 2A). 304 

Within the East Deshuiwai Mountains, we collected samples 13DDT008 and 13DDT009 305 

from interbedded volcanic and metamorphosed arkosic sandstone layers, respectively, of the 306 

Triassic Naocangjiangou Group. The replicate AHe ages from 13DDT008 range between 86 and 307 

201 Ma, and the replicate ages from sample 13DDT009 range between 16 and 309 Ma (Fig. 2B; 308 

Table 1). Apatite replicates for samples 13DDT008 and 13DDT009 show a strong correlation 309 

between AHe age and crystal size, suggesting slow cooling (Fig. S2; Reiners and Farley, 2001). To 310 

the southeast of the East Deshuiwai Mountains, sample 13DDT017, collected from a small plutonic 311 

body that intrudes into the Triassic Naocangjiangou Group, displays a strong correlation between 312 

age and eU. Within the East Deshuiwai Mountains, sample 13DDT011 was collected from a 313 

metamorphosed volcanic unit and provides an AHe age of 31.8 ± 4.1 Ma (Fig. 2B; Table 1). This 314 

region of the East Deshuiwai Mountains is strongly deformed due to strike-slip motion and largely 315 

composed of Permian marine carbonate, such that exposed apatite-bearing rock types are scarce. 316 

To the north of the Deshuiwai Basin, we collected several igneous samples that intrude the 317 

Proterozoic Wanbaoguo Group. Apatite quality was poor and only one sample (13DDT032) 318 

provided reproducible AHe ages. Sample 13DDT032 was collected from an andesitic dike and 319 

provides a mean AHe age of 36.4 ± 7.1 (Fig. 2B; Table 1). Within the center of the Deshuiwai 320 
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Basin, the Triassic Babaoshan and Jurassic – Cretaceous Yangqu Group are fairly undeformed and 321 

well exposed. We collected a bedrock sample from an arkosic sandstone of the Babaoshan Group 322 

(13DDT016), which provided an AHe age of 49.5 ± 9.5 Ma (Fig. 2B; Table 1). This sample shows 323 

a correlation between eU and replicate age (Fig. S1), similar to samples 13DDT017 and 12DDT07. 324 

Nearby, to the northeast, several plutonic units of lower Triassic age are exposed (Fig. 2B; 325 

QBGMR, 1980; 1981). We collected two samples, 13DDT022 and 13DDT023, from these large 326 

intrusions of andesitic – dacitic composition. Sample 13DDT022 was dated using AHe analysis at 327 

35.4 ± 6.7 Ma and 13DDT023 has very poor replicate agreement and was omitted from further 328 

analysis (Tables 1 and S1). 329 

3.3. Apatite fission-track age results 330 

We selected 8 samples for apatite fission-track (AFT) analysis (Figs. 2A and 3; Tables 1 and 331 

S2) and analyzed between 12 and 23 apatite grains for each sample. Samples with fewer than 20 332 

analyzed apatite crystals suffered from mediocre apatite yield (11UMT56, 13DDT011, 333 

13DDT022). All samples passed the χ2-test, suggesting that all grains from each sample are 334 

representatives of a single age population (Table S2; Galbraith, 1981). Track density was 335 

insufficient for track length analyses in most mounted samples aside from sample 12DDT09, from 336 

which we measured a mean confined track length of 13.93 ± 0.20 µm (n=13). 337 

The apatite fission-track age for the westernmost sample (11UMT53) is within uncertainty 338 

of the apatite (U-Th)/He age, at 19.0 ± 2.2 Ma (Figs. 2A and 3; Table 1). To the east, AFT ages for 339 

samples 11UMT56 and 12DDT24 are within uncertainty of each other at 43.2 ± 4.4 Ma and 43.0 ± 340 

3.8 Ma, respectively (Figs. 2A and 3; Table 1). Near the Wenquan Reservoir, AFT ages for samples 341 

12DDT09 and 12DDT10 are 47.0 ± 5.1 Ma and 52.0 ± 4.8 Ma, respectively, and within uncertainty 342 

of each other (Figs. 2A and 3; Table 1). Between the Xidatan and Da Lang fault strands, sample 343 
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13DDT011 was dated at 64.4 ± 12.8 Ma (Fig. 2B; Table 1). We obtained Cretaceous AFT ages of 344 

114.9 ± 12.9 for sample 13DDT032 and 96.5 ± 14.9 Ma for sample 13DDT022 collected from the 345 

Deshuiwai Basin (Fig. 2B; Table 1). 346 

3.4. Zircon (U-Th)/He age results 347 

 We obtained zircon (U-Th)/He (ZHe) ages for 6 of the 19 samples collected for 348 

thermochronologic analysis (Figs. 2A and 3; Table 1). We dated a minimum of 3 zircon crystals 349 

per sample (Table S3). All samples had reproducible ZHe ages with standard deviation of replicate 350 

zircon ages less than 20% of the mean age (Tables 1 and S3).  351 

 The zircon (U-Th)/He age for the westernmost sample collected for thermochronologic 352 

analysis (11UMT53) provided an Eocene age of 39.6 ± 2.8 Ma (Figs. 2A and 3; Table 1). To the 353 

east, samples 12DDT09 and 12DDT10 were collected from the hanging wall of the Wenquan Hu 354 

thrust fault and have ZHe ages of 98.1 ± 20.1 Ma and 72.5 ± 9.2 Ma, respectively (Figs. 2A and 3; 355 

Table 1). Samples 11UMT56 and 12DDT17 in the footwall of the Wenquan Hu thrust fault, and 356 

were dated using ZHe analysis at 256.6 ± 59.3 Ma and 140.0 ± 12.4 Ma, respectively (Figs. 2A and 357 

3; Table 1). We collected sample 12DDT22 from the northern East Wenquan Basin, from which 358 

we obtained a ZHe age of 97.1 ± 11.6 Ma (Fig. 2A; Table 1). 359 

 360 

4. LOW-TEMPERATURE THERMOCHRONOLOGY MODELING AND 361 

IMPLICATIONS 362 

4.1. Implications for the timing of red bed deposition in the Dongdatan Valley 363 

 The age of strata in the footwall of the Wenquan Hu thrust fault provides an important 364 

constraint for thermal modeling and interpretations of local and regional faulting. While previous 365 

mapping suggests that the footwall strata are Paleocene – Neogene, our thermochronologic data 366 
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suggest otherwise. The mean ZHe ages attained from the footwall samples 11UMT56 and 367 

12DDT17 are over 100 Ma apart and 11UMT56 displays considerable scatter. Furthermore, our 368 

zircon He ages from 11UMT56 are older than the youngest detrital U-Pb zircon ages and generally 369 

overlap with a major 200 – 280 Ma detrital U-Pb age populations from the same strata (Wu et al., 370 

2019; McRivette et al., 2019). From this, we suggest that the red bed strata in the footwall of the 371 

Wenquan Hu thrust fault was not buried to sufficient depth to reset the zircon He system, such that 372 

the ages from 11UMT56 represent detrital zircon cooling ages. Furthermore, the 140 Ma zircon (U-373 

Th)/He age from 12DDT17 is much younger than the ~245 Ma maximum depositional age from 374 

detrital U-Pb data (McRivette et al., 2019) and thus represent syn-depositional volcanic tephra ages. 375 

Given the Cretaceous ZHe age for sample 12DDT17, we suggest that these strata are not Cenozoic, 376 

as previously mapped, but are rather part of the Jurassic – late Cretaceous Yangqu Group. Since the 377 

ZHe ages do not inform us about the cooling history of the footwall fault block, they are excluded 378 

from QTQt modeling, below. 379 

4.2. Thermal modeling results 380 

 In order to quantify the timing and rate of cooling of different fault blocks in the central 381 

East Kunlun Shan, we used QTQt version 5.5.1c, a program for modeling low-temperature 382 

thermochronology that employs a Bayesian trans-dimensional Markov chain Monte Carlo inversion 383 

scheme (Gallagher, 2012). For most thermal models, we grouped multiple samples to model fault 384 

blocks because QTQt is particularly useful for handling large datasets. For models with multiple 385 

samples, we allowed the temperature offset between samples to vary over time and input sample 386 

elevations to inform the model of modern temperature offset. The fault blocks modeled include a 387 

block proximal to the Xidatan fault and the East Deshuiwai Mountains restraining bend to constrain 388 

the timing of strike-slip related exhumation, the Wenquan Hu thrust fault hanging wall and footwall 389 
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to constrain the timing of thrust fault related exhumation, and the Deshuiwai Basin to constrain the 390 

cooling history in the eastern study region and discern whether the Middle Kunlun fault has caused 391 

recent exhumation (Fig. 6). A list of samples, types of thermochronologic data, geologic constraints, 392 

reasoning for geologic constraints, and general priors for each fault block modeled are provided in 393 

Table 2. 394 

For every model, we ran 104 burn-in trials and 105 post-burn-in trials, the latter of which are 395 

retained for analysis. Additionally, we inspected the posterior iteration chain to ensure that trials 396 

had sufficiently sampled the parameter space. We placed minimal geologic constraints on our 397 

models to avoid forcing the results to any preconceived prior assumptions. We require that every 398 

model reached surface temperatures (0 – 20ºC) by 0 Ma. For the Wenquan Hu footwall block, we 399 

required the model to be near surface temperatures (0 – 20ºC) during a broadly defined depositional 400 

age of the Yangqu Group (170 – 50 Ma). In order to assess whether a model fit well or if additional 401 

parameters and constraints needed adjustment, we compared predicted and observed 402 

thermochronologic ages for mean sample ages and individual grain ages (Fig. 7). 403 

4.2.1. Xidatan fault model results 404 

 To model cooling of the Xidatan section of the Kunlun fault and constrain the timing of 405 

strike-slip faulting related exhumation, we used a single sample collected from a small intrusive 406 

body near the trace of the main fault strand (Fig. 2A). Sample 11UMT53 was collected in a region 407 

for which expected exhumation due to strike-slip faulting is expected based on the high relief of the 408 

landscape associated with pervasive strike-slip fault zones (Fig. 1). The apatite (U-Th)/He and 409 

fission track ages are within uncertainty of each other, and the zircon (U-Th)/He ages are the 410 

youngest in our dataset (Table 1). Our QTQt model results show a broad swath of possible time-411 

temperature paths prior to 55 Ma, with best fit model results showing isothermal holding, followed 412 
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by an acceleration in cooling that likely initiated between 55 and 40 Ma (Fig. 6A). This early 413 

Cenozoic stage of cooling is not required by all models but is preferred by the Maximum Likelihood 414 

and Maximum Posterior models (Fig. 6A; MLM and MPM). Rapid cooling of 20.0 – 21.6 ºC Myr-415 

1 initiated ca. 23 Ma, followed by a deceleration in cooling rate by ca. 17 Ma (Fig. 6A). The modeled 416 

and observed thermochronologic ages are in general agreement with each other, with (U-Th)/He 417 

mean predicted and observed ages within uncertainty of each other (Fig. 7A). However, models 418 

were unable to reproduce the young apatite fission track age (Fig. 7A). Despite the difficulty in 419 

modeling overlapping AHe and AFT ages, the similarity in these ages qualitatively requires rapid 420 

exhumation at this time. 421 

4.2.2. Wenquan Hu thrust fault hanging wall model results 422 

 For our QTQt model for the hanging wall of the Wenquan Hu thrust fault, we used five 423 

samples with apatite (U-Th)/He, apatite fission track, and zircon (U-Th)/He ages to constrain time-424 

temperature paths. Samples were collected from a klippe exposed near Wenquan Reservoir (Fig. 425 

3), in a region where exhumation due to strike-slip faulting is not observed (Fig. 1). Model results 426 

show slow to moderate cooling rates over Mesozoic time. Cooling rates accelerated by 50 – 65 Ma 427 

and remained elevated for roughly until 19 – 21 Ma (Fig. 6B), followed by slow to negligible 428 

cooling from the Miocene to present time. 429 

 Predicted mean thermochronologic ages are generally in good agreement with observed 430 

data, with the notable exception of sample 12DDT07 (Fig. 7E). This sample shows a strong 431 

correlation between effective uranium and apatite (U-Th)/He age (Fig. S1), suggesting that ages 432 

may be influenced by radiation damage in the apatite crystals that accumulated during a period of 433 

isothermal holding. Isothermal holding and the accumulated radiation damage may have occurred 434 

at an earlier period in time, possibly Cretaceous given the observed ages, thus inhibiting our ability 435 
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to discern the Cenozoic cooling history from sample 12DDT07. The possible existence of micro-436 

inclusions is another potential explanation for the unusually old observed ages in 12DDT07. We 437 

modeled the Wenquan Hu hanging wall both with and without 12DDT07 ages and found that model 438 

results are agnostic to this sample. Selecting the RDAAM radiation damage model in QTQt did not 439 

improve the fit to sample 12DDT07. In our thermal model, we also included zircon (U-Th)/He ages 440 

from sample 12DDT10, despite the scatter in individual grain ages. Inclusion of these ages results 441 

in a better fit to all other thermochronologic data (Fig. 7B), and model results are also capable of 442 

matching the mean observed zircon (U-Th)/He ages for 12DDT10.  443 

While our mean observed and predicted ages show good agreement, some of the individual 444 

modeled and observed AHe grain ages do not agree well (Fig. 7B). This is likely a result of 445 

combining multiple samples into a single thermal model of the entire fault block. To investigate 446 

this further, we modeled each sample individually in QTQt. We found that differences between 447 

observed and predicted individual grain ages are reduced when each sample is modeled separately, 448 

however the QTQt algorithm simplifies the time-temperature paths for each sample, as these are 449 

constrained by fewer data points (Fig. S3). Nonetheless, the individually modeled sample runs show 450 

significant overlap in preferred time-temperature paths, suggesting a common exhumation history. 451 

Indeed, we find that the modeled time-temperature histories for individually modeled samples are 452 

within uncertainty of the predicted time-temperature paths modeled using all samples together (Fig. 453 

S3). We therefore suggest that modeling the samples together is advantageous and informative 454 

about the exhumation history experienced by all hanging wall samples, despite having slightly 455 

diminished goodness of fit to individual AHe ages. 456 

4.2.3. Wenquan Hu thrust fault footwall model results 457 
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 We used two samples collected from the Wenquan Hu thrust fault footwall strata (11UMT56 458 

and 12DDT17) to constrain the timing of burial due to thrust faulting and subsequent regional 459 

exhumation. Samples were collected in a region where significant exhumation due to strike-slip 460 

faulting is not expected (Fig. 1). Our model included a surface temperature constraint for the 461 

depositional age of the terrestrial Yangqu sedimentary strata, forcing time-temperature paths to pass 462 

through 10 ± 10ºC from 170 – 50 Ma (Fig. 6C). Since the samples were collected several kilometers 463 

from each other (Fig. 3), we allowed the initial temperature offset to vary between 20 ± 20ºC, but 464 

required that the temperature offset converge to more similar values by modern time.  465 

 Model results show a range of possible time-temperature paths prior to ca. 65 Ma, after 466 

which time model results show with heating from near-surface temperatures. Heating is followed 467 

by moderate, monotonic cooling rates to surface temperatures initiating by 50 Ma. Predicted 468 

thermochronologic ages for model results agree well with the observed ages (Fig. 7C and 7F). Based 469 

on the similarity of apatite fission track ages in the hanging wall and footwall (Table 1), we suggest 470 

that the Wenquan Hu thrust fault ceased motion by 43 Ma, and that the hanging wall and footwall 471 

began to cool together after this time. This is supported by the similarity in post-43 Ma cooling 472 

rates for the hanging wall and footwall thermal models, where the average post-43 Ma cooling rate 473 

for the hanging wall and footwall models are 1.9 ± 0.3 °C Myr-1 and 2.0 ± 0.3 °C Myr-1, respectively. 474 

4.2.4. East Deshuiwai Mountains restraining bend model results 475 

We modelled the time-temperature paths for the East Deshuiwai Mountains, which is a 476 

restraining bend between the East Wenquan and Deshuiwai basins, to constrain the timing of strike-477 

slip related exhumation (Figs. 1 and 2B). For this model, we included apatite (U-Th)/He ages from 478 

samples 13DDT008 and 13DDT009. Apatite ages from these samples display significant scatter 479 

between 16 – 309 Ma (Table 1). These samples were collected from the Triassic-age Babaoshan 480 
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unit, and thus the apatite (U-Th)/He ages appear to record partial resetting of the (U-Th)/He 481 

systematics arising from post-depositional exhumation of the region. Both samples also show a 482 

strong correlation between crystal size and age (Tables 1 and S1). Grain size-age correlations are 483 

often associated with isothermal holding in the partial retention zone followed by rapid uplift 484 

(Reiners and Farley, 2001). Model results show generally slow cooling over Mesozoic – present 485 

time, with a possible brief increase in cooling rate between 160 – 120 Ma (Fig. 6D). Unfortunately, 486 

predicted model ages do not agree well with observed apatite (U-Th)/He ages (Fig. 7D). Qualitative 487 

assessment of sample ages from the East Deshuiwai Mountain may provide some assessment on 488 

the timing of exhumation within the restraining bend, as discussed below, but detailed cooling 489 

information is not resolved by inverse thermal modeling of these samples, likely due to the wide 490 

spread in observed grain ages.  491 

4.2.5. Deshuiwai Basin and Middle Kunlun fault model results 492 

 We used apatite (U-Th)/He and fission track ages from samples 13DDT016, 13DDT022 493 

and 13DDT032 to model time-temperature paths in QTQt for the Deshuiwai Basin and the Middle 494 

Kunlun fault (Fig. 2B). The goal of this modeling approach was to constrain the timing and rate of 495 

regional cooling of the Deshuiwai Basin, where we do not observe field evidence for exhumation 496 

due to motion on Cenozoic structures (Fig. 1). The range immediately north of the Middle Kunlun 497 

fault, on the other hand, may have a history of exhumation separate from the Deshuiwai Basin (Fig. 498 

1). We tested whether or not faulting along the Middle Kunlun fault caused significant exhumation 499 

north of Deshuiwai Basin by dating sample 13DDT032. The apatite (U-Th)/He and fission track 500 

results from 13DDT032 are within uncertainty of ages from 13DDT022 (Tables 1, S1 and S2), and 501 

are collected on the other side of the Middle Kunlun fault (Fig. 2B), suggesting that both samples 502 

have experienced similar cooling histories since mid-Cretaceous time. Thus, we used all three 503 
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samples in QTQt to model the cooling history of the Deshuiwai Basin and mountains immediately 504 

to the north (Fig. 6E). Since sample 13DDT016 was collected from the terrestrial Triassic 505 

Babaoshan Group, we added constraint that cooling paths are preferred to pass through 10 ± 10ºC 506 

from 250 – 200 Ma (Table 2). Model results show slow burial starting in the Triassic. Burial and 507 

heating continued until ~90 Ma, possibly lasting until 60 – 50 Ma, followed by monotonic cooling 508 

to the present (Fig. 6E). We ran a similar model without sample 13DDT032, which was collected 509 

north of the Middle Kunlun fault zone, and found no major difference in the modeled cooling 510 

history. 511 

 For the Deshuiwai Basin and Middle Kunlun fault models, predicted apatite (U-Th)/He and 512 

apatite fission track mean ages are in general agreement with observed ages (Figs. 7E-F). Slow 513 

cooling rates since Cretaceous or early Eocene time is in agreement with field observations that the 514 

Yangqu and Babaoshan groups are flat-lying to mildly tilted but otherwise relatively undeformed 515 

in the Deshuiwai Basin (Figs. 4A and B). The degree of tilting and deformation of Mesozoic 516 

terrestrial strata increases near the Middle Kunlun fault, however the similarity in cooling histories 517 

on either side of the fault indicates that either deformation occurred before the mid-Cretaceous or 518 

that exhumation due to strike-slip faulting along the Middle Kunlun fault did not result in significant 519 

vertical exhumation. 520 

5. 40Ar/39Ar FAULT GOUGE DATING 521 

Fault gouge, formed along fault surfaces during discrete events of fault slip as wall rock 522 

undergoes brittle deformation, contains clay-sized minerals that are well suited for age dating, such 523 

as potassium-bearing illite (van der Pluijm et al., 2001). Authigenically-grown illite (polytype 1Md) 524 

is a diagenetic product of tectonic activity and is a common target for fault gouge dating (van der 525 

Pluijm et al., 2001). Separation of pure authigenic illite from detrital illite (polytype 2M1) is not 526 
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usually possible in fault gouge material because of the fine grain size of these clays and similar 527 

density and settling properties, and so authigenic and detrital illite ages are typically estimated from 528 

a two-end member mixing model derived from 40Ar/39Ar ages determined on mixtures with 529 

differing fractions of each polytype (van der Pluijm et al., 2001). The authigenic illite age is often 530 

interpreted to record the timing of faulting, whereas the detrital illite age corresponds to an inherited 531 

component reflecting the time of regional illite growth or the timing of metamorphism (van der 532 

Pluijm et al., 2001). Authigenic illite can, however, grow under a variety of conditions, such as 533 

during regional low-temperature metamorphism (Verdel et al., 2012), and thus interpretation of 534 

fault gouge ages requires careful consideration of independent records of regional tectonic and 535 

metamorphic history. Several recent analyses of combined thermochronologic and fault gouge 536 

dating highlight the potential power of using multiple independent chronometers to constrain the 537 

timing of upper crustal brittle deformation (Duvall et al., 2011; Staisch et al., 2016). 538 

5.1. Sample collection and preparation 539 

We collected fault gouge samples from thrust and strike-slip faults throughout the Dongdatan 540 

Valley, East Wenquan Basin, and East Deshuiwai Mountains by identifying fault zones with clay 541 

rich gouge material. Because authigenic illite crystals tends to be smaller than detrital illite crystals 542 

(Grathoff and Moore, 1996), aliquots in which the relative proportion of each illite polytype varied 543 

were created by gravitational separation in a centrifuge. We measured each sample aliquot on a 544 

Scintag X1 Powder X-Ray Diffractometer (PXRD) at the University of Michigan Electron 545 

Microbeam Analysis Laboratory (EMAL). The relative abundance of detrital and authigenic illite 546 

was estimated by comparing standard 2M1 and 1Md powder patterns to measured patterns. The error 547 

of polytype pattern matching is generally between 3 and 5 % (Haines and van der Pluijm, 2008), 548 

and we assume a ±4% error for the mixing fraction of each aliquot. Aliquots were analyzed for 549 
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40Ar/39Ar geochronology at the University of Michigan Argon Geochronology Laboratory. For illite 550 

age analysis, the total gas ages are used to determine the age of the illite polytype mixtures present 551 

in each aliquot. We assumed an uncertainty in of 3% for the 40Ar/39Ar age of each aliquot in order 552 

to account for external errors (Renne et al., 1998; Karner and Renne, 1998; Dazé et al., 2003). 553 

Possible natural loss of 40Ar was assessed by examining the fraction of 39Ar recoil during 554 

irradiation for each sample aliquot (f-recoil; Table 3), which is a proxy for illite crystallinity (Dong 555 

et al., 1995). Finally, the authigenic and detrital ages are estimated using the same Bayesian linear 556 

regression method employed by Staisch et al. (2016), in which the error in polytype concentration 557 

and geochronologic age are propagated into the uncertainty of the extrapolated end-member ages 558 

(Fig. 6). The modeled linear regression with the highest likelihood of fitting the observed data was 559 

deemed the best-fit line, from which we calculated the estimated authigenic and detrital illite ages 560 

for each sample. We report errors in slope and intercept values at the 2σ level. An expanded 561 

description of fault gouge illite age analysis methodology is in Supplementary text S1. 562 

5.2. 40Ar/39Ar fault gouge dating results 563 

The XRD powder patterns and modeled illite mixtures for each aliquot are available in 564 

Figures S4 – S7, 40Ar/39Ar age spectra are plotted in Figures S8 – S11, and Ar release data is 565 

available in Table S4. The simplified results for each sample aliquot are in Table 3 and plotted in 566 

Fig. 8. In the following sections, we discuss the results and interpretations of the fault gouge 567 

geochronologic data. 568 

5.2.1. Thrust fault gouge ages 569 

The two fault gouge samples from thrust faults (11UMT55 and 12DDT18) were collected 570 

from similar structural settings in which Triassic metapelites are thrust over the Jurassic - 571 

Cretaceous Yangqu Group along the Wenquan Hu thrust fault (Fig. 2A). Under the assumption that 572 
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authigenically-grown illite is younger than the formation age of detrital illite within the surrounding 573 

wall rock, and given that that authigenic illite grains tend to be are smaller than detrital grains, we 574 

expect younger 40Ar/39Ar ages in smaller size fraction aliquots (van der Pluijm et al., 2001). 575 

However, in both thrust fault gouge samples collected from Dongdatan Valley, we do not see a 576 

well-defined relationship between the aliquot ages and authigenic illite proportions. Samples 577 

11UMT55 and 12DDT18 display a linear age-illite polytype fraction relationship in the three finest 578 

size fractions measured, but the coarsest size fraction in both samples deviates from this trend and 579 

is younger than the next coarsest size fraction (Fig. 8; Table 3). In both samples, we see an increase 580 

in f-recoil measured in the coarsest size fraction compared to the next largest size fraction, which 581 

likely corresponds to a decrease in illite crystallinity (Fig. S12; Table 3; Text S1). On this basis we 582 

suggest that apparent total gas ages measured for the coarse size fractions are erroneously young. 583 

Thus, we omit the coarsest size fraction for both thrust fault gouge samples and analyze the 584 

remaining three finest size fractions to determine an age of authigenic illite growth (Fig. 8). The 585 

Bayesian linear regression for sample 11UMT55 produces an authigenic illite age of 46.6 ± 4.0 Ma, 586 

a detrital illite age of 124.5 ± 11.3 Ma, and an R2 value of 0.99 (Fig. 8A). Using a similar regression 587 

scheme, sample 12DDT18 produces a fault gouge age of 112.5 ± 5.8 Ma, a detrital illite age of 588 

273.1 ± 27.4 Ma, and an R2 of 0.99 (Fig. 8B). 589 

5.2.2. Strike-slip faults 590 

Samples 11UMT50 and 11UMT52 were collected from recently or currently active strike-591 

slip faults located to the north and south of the Dongdatan Valley, respectively. Only sample 592 

11UMT50 provides an interpretable age-illite concentration pattern. Sample 11UMT52 has a non-593 

linear relationship between illite concentration and 40Ar/39Ar age and the deviation from the 594 

expected linear trend cannot be explained by the measured f-recoil. We therefore suggest that the 595 
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40Ar/39Ar age data from sample 11UMT52 cannot be interpreted using a two end-member mixing 596 

model. Fault gouge ages from sample 11UMT50 do show a correlation between 40Ar/39Ar age and 597 

detrital illite component. The Bayesian linear regression through this fault gouge data suggests that 598 

the authigenic illite component was formed at 90.4 ± 4.7 Ma and that the detrital illite has an age 599 

of 177.0 ± 16.4 Ma. The best-fit regression has an R2 value of 0.95 (Fig. 8C). 600 

 601 

6. DISCUSSION 602 

In this work, the thermochronologic and geochronologic data presented from the central East 603 

Kunlun Shan, along the northern margin of the Tibetan Plateau, record the timing, rate, and 604 

magnitude of upper crustal exhumation and fault activity over the past several tens of millions of 605 

years. In concert with detailed geologic mapping that characterizes the structural position of these 606 

thermochronologic samples, we can resolve the timing of major changes in structural style, and thus 607 

potentially stress orientation, throughout the Cenozoic evolution of the Tibetan Plateau.  The 608 

structural evolution and shift in stress accommodation is a promising avenue for understanding the 609 

attainment of high elevation throughout the orogen, and complimentary to more paleoaltimetric 610 

data. Thus, we will interpret thermochronologic and structural data in light of several fundamental 611 

tectonic questions with respect to the northern plateau margin, specifically, and the evolution of 612 

high topography throughout the Tibet Plateau, more generally. 613 

In the following section, we constrain the deformation history of the East Kunlun Shan by 614 

exploring the structural and exhumation histories from (1) regions that have evidence for Cenozoic 615 

thrust faulting but have not been subject to significant cooling following the onset of major lateral 616 

shear as well as (2) regions that appear to be dominated by recent strike-slip fault deformation and 617 

exhumation. We then integrate this tectonic history into a broader perspective of the evolution of 618 
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the Tibetan Plateau and discuss how changes in structural style along the northern plateau margin 619 

may reflect the evolution of stress state of the Tibetan Plateau, as a proxy for the attainment of high 620 

elevation and gravitational potential energy. Furthermore, the spatiotemporal details of structural 621 

changes may provide insight into the geodynamic mechanisms responsible for elevation gain.  622 

6.1. The timing of crustal shortening 623 

The East Wenquan Basin was formed in part as an extensional step over between the Xidatan 624 

and Middle Kunlun faults and forms a topographic low in the central East Kunlun Shan (Fig. 1). 625 

As a region of strike-slip fault related subsidence, it is more likely to preserve an older record of 626 

thrust-fault related exhumation and cooling, such as along the Wenquan Hu thrust fault (Figs. 2 and 627 

3). QTQt modeling of the Wenquan Hu thrust fault hanging wall shows slow cooling over the 628 

majority of the Mesozoic followed by an increase in exhumation as early as 50 – 65 Ma, coincident 629 

with burial in the footwall (Figs. 6B-C). The similarity of apatite fission track ages and post-43 Ma 630 

cooling rates on either side of the Wenquan Hu thrust fault suggests that motion along this structure 631 

had ceased by 43 Ma and that the hanging wall and footwall blocks were subsequently exhumed 632 

together (Figs. 6B-C). We interpret thermochronologic data and models to indicate a period of 633 

crustal shortening along the Wenquan Hu thrust fault between Paleocene and early Eocene time 634 

(Fig. 9C). Post-43 Ma cooling rates may be due to a combination of regional uplift along other 635 

tectonic structures, discussed below, and surface processes. 636 

Illite age analyses of fault gouge collected from the Wenquan Hu thrust fault yield authigenic 637 

illite ages of 47 Ma and 113 Ma from two different samples collected along strike (Fig. 8A-B). The 638 

Eocene fault gouge age determined for the westernmost sample overlaps with the timing of crustal 639 

shortening inferred from our thermochronologic modeling. The Cretaceous age for the easternmost 640 

fault gouge sample, on the other hand, coincides with a time of slow to negligible cooling in the 641 
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hanging wall (Fig. 6B). We suggest that the 113 Ma authigenic illite age from the easternmost 642 

sample is an inherited age from either 40Ar loss during Cretaceous low-grade metamorphism, which 643 

can produce a similar age-size fraction relationship as expected for fault-related authigenic illite 644 

growth (Verdel et al., 2012), or from an earlier phase of shear deformation as inferred from 645 

40Ar/39Ar dating of nearby shear zones (Arnaud et al., 2003). The inherited age indicates that the 646 

site of our eastern fault gouge sample may not have been suitable for authigenic illite growth during 647 

Eocene thrust faulting along the Wenquan Hu thrust fault, possibly due to a lack of circulating hot 648 

fluids or other environmental parameters that stimulate authigenic illite growth.  649 

While our thermochronologic modeling suggests that shortening accommodated on the 650 

Wenquan Hu thrust fault ceased by 43 Ma, previous studies show that crustal shortening and 651 

resultant exhumation continued elsewhere in the central East Kunlun Shan into late Eocene time, 652 

and possibly into late Oligocene time (Fig. 9C). For example, thermochronologic data and modeling 653 

in the East Kunlun Shan shows initial rapid exhumation as early as 40 – 41 Ma (Mock et al., 1999; 654 

Wang et al., 2017; Shi et al., 2018), and modeling of apatite (U-Th)/He ages from the southern 655 

margin of the Qaidam Basin show unroofing initiating around 35 Ma (Clark et al., 2010). Clark et 656 

al. (2010) suggest that shortening and exhumation continued along the Kunlun-Qaidam Basin 657 

margin due to motion along the South Qaidam fault until at least 24 Ma. Exhumation along the 658 

South Qaidam fault may have caused uplift and cooling in our study area and may thus be a 659 

component of Eocene – early Miocene cooling modeled across the Wenquan Hu thrust fault and in 660 

the East Deshuiwai Basin (Fig. 6). Taken together, these data from northern Tibet suggest that 661 

shortening initiated in Paleocene to early Eocene time in the south-central East Kunlun Shan such 662 

that the modern northern margin was established early in the Indo-Asian collision history and that 663 
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shortening-related exhumation continued farther north along Kunlun-Qaidam Basin margin into the 664 

middle Miocene (Yin et al., 2002; Clark et al., 2010; Duvall et al., 2011). 665 

6.2. The onset of left-lateral shear 666 

In the western Dongdatan Valley, thermochronologic ages from a Triassic gneiss collected 667 

within 1 km of the Xidatan fault yield ~19 Ma cooling ages from both apatite (U-Th)/He and fission 668 

track methods (Fig. 2A). According to experimental and field studies of transpressional 669 

environments, exhumation due to strike-slip faulting is commonly of high magnitude and highly 670 

localized near the fault trace (Wilcox et al., 1973; Spotila et al., 2001; Niemi et al., 2014; Malusà 671 

and Fitzgerald, 2019). Thermal modeling of our data indicates rapid cooling between 20.0 and 21.6 672 

ºC Myr-1 in the interval between 23 and 17 Ma (Fig. 6A). Near the Kunlun Pass, thermochronologic 673 

ages collected along the Kunlun fault are similarly young, with AHe ages between 8 and 17 Ma and 674 

ZHe ages between 8 and 29 Ma (Fig. 1; Duvall et al., 2013).  Importantly, the Miocene episode of 675 

rapid cooling is only captured in thermochronologic datasets collected near the Kunlun and Xidatan 676 

faults and is not apparent in datasets collected distal from strike-slip faulting. Thus, we interpret 677 

Miocene rapid cooling to be caused by localized exhumation along strike-slip faults.  678 

Thermochronologic data from the East Deshuiwai Mountains, a restraining bend along the 679 

Xidatan fault zone (Fig. 1), suggest post-early Miocene exhumation related to strike-slip faulting. 680 

While thermal modeling results from samples 13DDT008 and 13DDT009 is not able to clearly 681 

determine the cooling histories recorded in either sample (Figs. 6D and 7D), apatite (U-Th)/He data 682 

show a strong correlation between measured age and crystal sizes (Fig. S2). A similar relationship 683 

has been recognized in the Big Horn Mountains in the United States and has been shown to suggest 684 

exhumation of a partial retention zone and that the youngest age can be used as a maximum time 685 

prior to exhumation (Reiners and Farley, 2001). Thus, we suggest that these rocks were isothermally 686 
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held for upwards of 100 Myr, and that cooling increased after ~16 Ma, the youngest age measured 687 

in these samples, due to transpressional shear. Prolonged isothermal holding is in agreement with 688 

thermochronologic modeling of Clark et al. (2010) and our QTQt modeling throughout the region 689 

(Fig. 6). However, this interpretation is based on a single crystal age and we stress that this model 690 

should be considered with caution. Taken together, our thermochronologic data and thermal 691 

modeling from the Dongdatan Valley and East Deshuiwai Mountains suggest that strike-slip 692 

faulting initiated as early as 23 Ma and that transpression-related exhumation is highly localized 693 

near the trace of the Xidatan fault and within restraining bends. 694 

Illite age analysis of fault gouge collected from a shear zone north of the Dongdatan Valley 695 

does not record Miocene strike-slip fault activity, but rather a mid-Cretaceous authigenic illite age. 696 

The absence of young illite age populations may suggest that the environment along sampled strike-697 

slip faults is not conducive to authigenic illite growth or that there has been insufficient 698 

transpressional exhumation such that any Miocene or younger authigenic illite produced at depth 699 

has not been brought to the surface. The Cretaceous authigenic illite age may be remnant from low-700 

grade metamorphism and 40Ar loss in nature (Verdel et al., 2012) or an earlier phase of mid-701 

Cretaceous deformation (Arnaud et al., 2003). Regardless of genesis, fault gouge ages from material 702 

sampled along strike-slip faults in our field area do not provide meaning for data to constraining 703 

the onset of lateral shear in the East Kunlun Shan.  704 

Based on thermochronologic ages and structural observations from the Dongdatan Valley 705 

and East Deshuiwai Mountains, we suggest that left-lateral faulting within the East Kunlun Shan 706 

initiated by 20 Ma and possibly as early as 23 Ma. This is in agreement with an increase in the 707 

cooling rate between 20 – 15 Ma inferred from thermochronologic data farther to the west along 708 

the Kunlun fault (Duvall et al., 2013). Thermochronologic data from Duvall et al. (2013) may also 709 
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record an earlier phase of cooling that initiated between 30 and 25 Ma and continued until 20 – 15 710 

Ma. This period overlaps with the period of inferred crustal shortening (Clark et al., 2010) as well 711 

as our inferred onset of strike-slip faulting by 23 – 20 Ma in the East Kunlun Shan. Model results 712 

from Duvall et al. (2013) are constrained by apatite and zircon (U-Th)/He ages that are similar to 713 

our ages collected near the Xidatan fault, however our inclusion of apatite fission-track data allow 714 

our model to define a discrete 23 – 20 Ma interval of cooling along the Xidatan fault. Thus, we 715 

suggest that Duvall et al. (2013) age results are produced from the same period of transpression 716 

along the Kunlun fault, but that their lack of AFT age constraints lead to a more broadly defined 717 

period of cooling. 718 

6.3. Deformation history throughout the Tibetan Plateau and implications for surface uplift  719 

A main goal of this study was to constrain the timing of the transition in mode of deformation, 720 

from shortening to shear, in the central East Kunlun Shan and to relate this transition to broader 721 

geodynamic implications for the evolution of the Tibetan Plateau. We integrate our new structural, 722 

thermochronologic, and geochronologic datasets with previous work from throughout Tibet to 723 

obtain a spatial and temporal framework for the kinematic and topographic evolution of the orogen. 724 

6.3.1. Early Cenozoic crustal shortening  725 

Prior to the Indo-Asian collision, the northern Tibetan Plateau was a major depocenter for 726 

material eroded from an Andean-type margin, which stretched from the Gangdese batholith in the 727 

south to the Tanggula Shan in the north (Staisch et al., 2014; McRivette et al., 2019).  During or 728 

soon after the ~50 – 60 Ma Indo-Asian collision, it has been inferred that crustal shortening stepped 729 

north of the Tanggula Shan to the modern northern plateau margin at the southern edge of the 730 

Qaidam Basin (Rowley, 1996; Yin et al., 2002; 2008; Molnar and Stock, 2009; Clark et al., 2010; 731 

Dupont-Nivet et al., 2010; Najman et al., 2010; Duvall et al., 2011; 2013; Staisch et al., 2016). Our 732 
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new mapping, thermochronologic modeling, and fault gouge dating in the East Kunlun Shan are 733 

consistent with the inference of northward stepping of the plateau margin near the time of collision.  734 

Strong lithospheric blocks to the north of the East Kunlun Shan focused plateau growth to 735 

the south of the Qaidam Basin, thus the majority of crustal shortening in northern Tibet from 50 – 736 

35 Ma occurred between the Tanggula Shan and the Kunlun Shan (Fig. 10a; Burg et al., 1983; 737 

England and Searle, 1986; Murphy et al., 1997; Kapp et al., 2005, 2007a, 2007b; DeCelles et al., 738 

2007a; Yin et al., 2008; Clark et al., 2010; Duvall et al., 2011; Hetzel et al., 2011; Clark, 2012; 739 

Rohrmann et al., 2012; Ding et al., 2014; Lin et al., 2020). DeCelles et al. (2010) postulate that the 740 

Greater Indian lithosphere underthrust the Lhasa terrane early in the collision history, which may 741 

explain the propagation of crustal shortening north of the Tanggula Shan after the Indo-Asian 742 

collision, as well as a northward sweep in volcanism into the Qiangtang terrane (Fig. 10a; Ding et 743 

al., 2003, 2007; Kapp et al., 2003, 2005; Lee et al., 2009; Li et al., 2006; Miller et al., 1999, 2000; 744 

Nomade et al., 2004; Williams et al., 2001, 2004; Zhao et al., 2009; Yakovlev et al., 2019; Lin et 745 

al., 2020).  746 

High elevation may have been attained in the central Tibetan Plateau by Eocene – Oligocene 747 

time (DeCelles et al., 2007a; 2007b; Polissar et al., 2009; Ding et al., 2014), however low to 748 

moderate elevation persisted in the intervening Hoh Xil Basin from late Oligocene to early Miocene 749 

time (Pollisar et al., 2009; Sun et al., 2015), as well as in the Kailas Basin of southern Tibet 750 

(DeCelles et al., 2010), suggesting that crustal shortening alone did not produce high elevation 751 

throughout the Tibetan Plateau (Staisch et al., 2016). In the Lhasa and Qiangtang terranes, the 752 

temporal coincidence of late Oligocene to early Miocene arc-parallel extension in southern Tibet 753 

and a southward sweep of volcanism from the Qiangtang to the Lhasa terranes has been interpreted 754 

to result from slab rollback beneath Tibet (Figs. 10b and 10c; DeCelles et al., 2010; Yakovlev et 755 
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al., 2019). This geodynamic model also provides a mechanism for the coeval cessation of 756 

deformation in northern Tibet, in that slab rollback would potentially relieve northern Tibet of its 757 

deep-seated southern buttress and lead to an eventual change in stress orientations throughout the 758 

plateau (Fig. 10c).  759 

6.3.2. Miocene plateau-wide change in faulting style 760 

Abundant evidence suggests that the Tibetan Plateau underwent a significant reorganization 761 

of faulting style following the late Oligocene – early Miocene cessation of crustal shortening in the 762 

northern Tibetan Plateau (Figs. 10d and 10e). For example, the Kunlun and Altyn Tagh are major 763 

strike-slip faults that dominate the deformation field of northern Tibet. Pre-Miocene piercing points 764 

along the Altyn Tagh fault show a common magnitude of offset, indicating that the inception of 765 

strike-slip likely occurred in late Oligocene – early Miocene time (Yue et al., 2001; 2003; Yin et 766 

al., 2002; Ritts et al., 2008). This overlaps with our interpretation of new thermochronologic data, 767 

which suggest that left-lateral motion along the Kunlun fault initiated as early as 23 Ma and may 768 

have propagated to the east and west by ~16 – 8 Ma (Fig. 11; Jolivet et al., 2003; Duvall et al., 769 

2013).  770 

In addition to the Kunlun and Altyn Tagh faults in northern Tibet, strike-slip faults 771 

throughout in the Tibetan Plateau initiated in the Miocene. In the Qilian Shan, left-lateral motion 772 

along the Haiyuan fault initiated slightly after Kunlun fault activity, ca. 17 Ma (Duvall et al., 2013). 773 

In the eastern Qilian Shan, thermochronologic data, along with sediment accumulation rates, 774 

provenance and stable isotope records, indicate that north-south shortening ceased by 20 Ma and 775 

transitioned to eastward-directed plateau expansion by ca. 13 Ma (Hough et al., 2011; Lease et al., 776 

2011; 2012; Wang et al., 2012). Within central and southern Tibet, strike-slip faulting initiated by 777 

~18 – 13 Ma (Fig. 11; Armijo et al., 1986; 1989; Murphy et al., 2000; Lee et al., 2003; Phillips et 778 
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al., 2004; Taylor et al., 2003; Taylor and Peltzer, 2006; Wang et al., 2009). Normal faults 779 

throughout the southern Tibetan Plateau also appear to initiate in early to middle Miocene time 780 

(Fig. 11; Blisniuk et al., 2001; Garzione et al., 2003; Murphy et al., 2002; Lee et al., 2011; 781 

Ratschbacher et al., 2011; McCallister et al., 2013; Sundell et al., 2013; Styron et al., 2013). The 782 

coeval onset of normal and strike-slip faulting may reflect a change in the stress state across the 783 

Tibetan Plateau.  784 

6.3.3. Geodynamic mechanisms responsible for elevation gain and a shift in stress accommodation 785 

Recent work has suggested that stress reorganization throughout the Tibetan Plateau may be 786 

due to a shift in middle Miocene related to changes in Pacific - Eurasia plate convergence (Zhuang 787 

et al., 2018). However, early Miocene onset of normal and strike-slip faulting throughout the 788 

Tibetan Plateau and its coincidence with records of uplift to high elevation throughout the plateau 789 

(Rowley and Currie, 2006; DeCelles et al., 2007a, 2007b; Wu et al., 2008; Polissar et al., 2009; Xu 790 

et al., 2013; Ding et al., 2014) and onset of eastward plateau expansion via lower crustal flow 791 

(Royden et al., 1997; Clark and Royden, 2000; Clark et al., 2005b; Ouimet et al., 2010) implies a 792 

regional mechanistic cause rather than one of distal plate reorganization. Furthermore, the onset of 793 

strike-slip faulting along the Kunlun and Altyn Tagh faults is ~5 – 8 Ma older than normal and 794 

strike-slip fault initiation in central and southern Tibet, which indicates that the mechanistic cause 795 

for stress reorganization was initially focused in the northern Tibetan Plateau. 796 

The mechanism of Miocene elevation gain in northern Tibet is debated, however post-797 

Oligocene crustal thickening of the Hoh Xil Basin, possibly via lower crustal flow, likely 798 

contributed to elevation gain in northern Tibet (Staisch et al., 2016). Additionally, widespread post-799 

30 Ma magmatism in the Hoh Xil Basin may be suggestive of mantle root loss, which could result 800 

in relatively rapid uplift of 1 – 3 km (England and Houseman, 1989; McKenna and Walker, 1990; 801 
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Molnar et al., 1993; Ding et al., 2003; Lai et al., 2003; Williams et al., 2004; Chung et al., 2005; 802 

Wang et al., 2005; Guo et al., 2006; Jiang et al., 2006; Molnar and Stock, 2009; Chen et al., 2012; 803 

Yakovlev et al., 2019). We propose that the late Oligocene to early Miocene period of slab rollback 804 

may have primed the northern Tibetan mantle lithosphere for delamination and foundering in the 805 

Miocene (Fig. 10c and 10d). We do not exclude lower crustal flow as a separate mechanism for 806 

post-Oligocene surface uplift possible as they are not mutually exclusive (Staisch et al., 2016) and 807 

are both supported by petrologic and geophysical data (Arnaud et al., 1992; Turner et al., 1993, 808 

1996; Owens and Zandt, 1997; Ding et al., 2003; McKenna and Williams et al., 2004; Guo et al., 809 

2006, 2014; Klemperer, 2006; Jiang et al., 2008; Karplus et al., 2011; Wang et al., 2012; Yang and 810 

Ding, 2013; Jiang et al., 2014). Regardless of the mechanism, an increase in elevation in northern 811 

Tibet would affect the average of force per unit length throughout the orogen (Molar and Stock, 812 

2009), indicating that uplift need not occur simultaneously or of equal magnitude to produce a 813 

plateau-wide shift in gravitational potential energy. Given the temporal coincidence in elevation 814 

gain in northern Tibet and the shift in stress accommodation throughout the Tibetan Plateau 815 

between 23 – 16 Ma, we suggest that uplift to high elevation in northern Tibet resulted in the 816 

increase in average gravitational potential energy across the orogen and the plateau-wide inception 817 

of strike-slip and normal faulting activity within ~5 – 8 Ma of onset (Fig. 10d and 10e). 818 

 819 

7. CONCLUSIONS 820 

Our data from the central East Kunlun Shan provide new constraints on the deformation 821 

history of the northern Tibetan Plateau margin. Results from thermochronologic ages and modeling, 822 

40Ar/39Ar fault gouge dating, and structural mapping suggest that north-south oriented crustal 823 

shortening initiated between 65 and 50 Ma and ceased within the Dongdatan Valley by 43 Ma. 824 
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Previous data collected elsewhere in the central East Kunlun Shan broaden the timing of crustal 825 

shortening into late Oligocene time (Mock et al., 1999; Clark et al., 2010). Our thermochronologic 826 

modeling results suggest a 23 – 20 Ma phase of rapid cooling near the Xidatan segment of the 827 

Kunlun fault zone. We interpret the increased cooling rate to result from highly localized uplift 828 

along transpressional sections of the Kunlun fault. We suggest these ages to represent the onset of 829 

strike-slip faulting in the central East Kunlun Shan, as they are slightly older but consistent with 830 

previous work on the timing of sinistral shear in the Kunlun Shan (Jolivet et al., 2003; Duvall et al., 831 

2013). 832 

The early to middle Miocene kinematic shift from north-south oriented pure shear to east-833 

west oriented simple shear throughout the orogen was likely driven by an increase in gravitational 834 

potential energy. One potential mechanism for increasing gravitational potential energy and 835 

reorganizing crustal scale stress is the development of high topography in the northern Tibetan 836 

Plateau. Given the absence of shortening in northern Tibet after late Oligocene to early Miocene 837 

time (Staisch et al., 2016), elevation gain and increase in gravitational potential energy was likely 838 

due to lower crustal thickening or mantle lithospheric thinning. The roughly coeval onset of strike-839 

slip and normal fault activity throughout the Tibetan Plateau (Blisniuk et al., 2001; Murphy et al., 840 

2000; Murphy et al., 2002; Garzione et al., 2003; Lee et al., 2003; Phillips et al., 2004; Taylor and 841 

Peltzer, 2006; Wang et al., 2009; Lee et al., 2011; Ratschbacher et al., 2011; McCallister et al., 842 

2013; Sundell et al., 2013; Styron et al., 2013) and eastward plateau expansion via lower crustal 843 

flow (Clark and Royden, 2000; Clark et al., 2005A; Clark et al., 2005b) suggest that peak elevations 844 

may have been reached by middle Miocene time.  845 
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 1352 

FIGURE CAPTIONS 1353 

Fig. 1. Hillshade map of the central East Kunlun Shan with the general location marked in the inset 1354 

map of the Tibetan Plateau. Active strike-slip faults and oblique-slip faults are shown. 1355 

Thermochronologic and fault slip rate studies are denoted for reference. The modeled timing of 1356 

initial rapid cooling, in millions of years, for samples from Mock et al. (1999), Clark et al. (2010), 1357 

and Duvall et al. (2013) are outlined in blue, red, and black, respectively. Single numbers represent 1358 

a well-constrained modeled onset of uplift whereas numbers separated by a hyphen represent a 1359 

period of time during which the onset of uplift is modeled to have occurred. Numbers separated by 1360 

a comma represent potential multiple stages of uplift. Locations labeled “not modeled” indicate 1361 

sample locations for which geochronologic data exists, but was not modeled for uplift history. 1362 

Thermochronologic samples from this study are marked in red. The orange - blue gradient overlay 1363 

qualitatively shows expected vertical uplift and subsidence related to recent strike-slip fault motion. 1364 

The assignment of strike-slip related vertical motion was assessed by comparing regional 1365 

topographic patterns, known strike-slip fault locations from prior geologic mapping (QBGMR, 1366 
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1980; 1981; Van der Woerd et al., 2002), and observations of strike-slip related vertical motion in 1367 

field and theoretical studies (Chinnery, 1965; Crowell, 1974; Biddle and Christie-Blick, 1985; 1368 

Bilham and King, 1989). The locations of geologic maps in Fig. 2 are indicated. 1369 

Fig. 2. Geologic maps of (A) the Dongdatan Valley and East Wenquan Basin and (B) the East 1370 

Deshuiwai Mountains and Deshuiwai Basin based on original mapping, published geologic maps 1371 

(QBGMR, 1980; 1981), and satellite imagery. Hillshade is based on data from the Advanced 1372 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER). Fault gouge and 1373 

thermochronologic samples are shown as yellow and green circles, respectively. Apatite (U-Th)/He 1374 

ages are printed in italics, apatite fission-track ages are printed in bold italics, and zircon (U-Th)/He 1375 

ages are printed in bold. Most ages reported are mean and standard deviation, except for 13DDT008 1376 

and 13DDT009 which are reported as a range due to broad scatter in Apatite (U-Th)/He data. 1377 

Fig. 3. Geologic map of the Dongdatan Valley and East Wenquan Basin based on original mapping, 1378 

published geologic maps (QBGMR, 1980; 1981), and satellite imagery. Hillshade and topographic 1379 

contours are based on ASTER imagery. Fault gouge and thermochronologic samples are shown as 1380 

yellow and green circles, respectively. Apatite (U-Th)/He ages are printed in italics, apatite fission-1381 

track ages are printed in bold italics, and zircon (U-Th)/He ages are printed in bold. 1382 

Fig. 4. Field photographs of sedimentary features. (A) Tilted Triassic Babaoshan Group 1383 

unconformably deposited on lower – mid Triassic plutonic rocks within the Deshuiwai Basin. (B) 1384 

Flat-lying Jurassic – Cretaceous Yangqu Group in the central Deshuiwai Basin with SUVs for scale. 1385 

(C) Conglomerate of the Yangqu Group showing a heterogeneous source, generally dominated by 1386 

Permian carbonate and Triassic metapelites.  (D) Fine sandstone of the Cenozoic red beds show 1387 

well developed cross bedding, indicative of a medium-energy fluvial environment. (E) Finely 1388 

laminated lacustrine carbonate and carbonate-rich siltstone sequence of the Neogene Quoguo 1389 
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Group. (F) Flat-lying Cenozoic red bed strata are unconformably deposited over steeply dipping 1390 

and tightly folded Triassic metapelites. 1391 

Fig. 5. Field photographs of structural features observed. (A) Axial planar cleavage developed in 1392 

shale layers and tilted sandstone bedding within the Triassic Naocangjiangou Group. (B) westward-1393 

looking photo of a large strike-slip fault along the northern Dongdatan Valley, with friable Triassic 1394 

strata to the south (left) and steep topography developed within the Permian carbonate units to the 1395 

north (right). (C) well developed breccia along the same fault shown in picture (B). (E) Taken 1396 

looking roughly northeast and shows a well defined thrust fault with Triassic metapelites thrust 1397 

over upper Yangqu Group red bed strata. 1398 

Fig. 6. QTQt modeling (Gallagher, 2012) results of thermochronologic data from various fault 1399 

blocks in the central East Kunlun Shan. (A) Model results for crustal exhumation proximal to the 1400 

Xidatan fault. (B) Model results for exhumation of the hanging wall of the Wenquan Hu thrust fault. 1401 

(C) Model results for burial and exhumation of the footwall of the Wenquan Hu thrust fault. Green 1402 

box represents the geologic constraint for deposition at surface temperatures of the Yangqu Group. 1403 

(D) Model results for exhumation of the East Deshuiwai Mountains, a restraining bend along the 1404 

Xidatan fault zone. (E) Model results for the Deshuiwai Basin, with a geologic constraint for 1405 

deposition at surface temperatures of the Babaoshan Group. 1406 

Fig. 7. Observed and predicted thermochronologic ages for best fit QTQt models shown in Figure 1407 

6. Plots show age and 1σ uncertainty, as well as a dashed 1:1 line to assess goodness of fit. Apatite 1408 

fission track ages and individual apatite and zircon (U-Th)/He aliquot ages for modeling time-1409 

temperature paths (A) near the Xidatan fault, (B) in the Wenquan Hu hanging wall fault block, (C) 1410 

in the Wenquan Hu footwall fault block, (D) in the East Deshuiwai Mountains restraining bend, 1411 

and (E) in Deshuiwai Basin. (F) Mean observed and modeled ages are calculated from the 1412 
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individual ages shown in figures 7A-E for each sample modeled in all fault blocks. Modeling results 1413 

for the Wenquan Hu hanging wall block are nearly identical whether 12DDT07 is included or 1414 

excluded from QTQt. Despite ~20% uncertainty in 12DDT09 the mean zircon (U-Th)/He age, 1415 

inclusion of these data improve the model fit to all other observed samples. Abbreviations include 1416 

AHe: apatite (U-Th)/He, AFT: apatite fission track, and ZHe: zircon (U-Th)/He. 1417 

Fig. 8. Results for fault gouge dating within the Dongdatan Valley. For each sample, size fraction 1418 

aliquot age and illite concentrations are plotted as small dots. Age errors are present but hidden by 1419 

the size of data points. Data points that are used for authigenic illite age estimation are shown as 1420 

white dots and data points omitted are shown as grey dots. The best-fit results from Bayesian linear 1421 

regression are shown as dark blue lines and other acceptable linear regression lines are shown in 1422 

lighter blue. (A) Thrust fault sample 11UMT55 with an estimated fault gouge age of 46.6 Ma. (B) 1423 

Thrust fault sample 12DDT18 with an estimated fault gouge age of 112.5 Ma. (C) Strike-slip fault 1424 

sample 11UMT50 with an estimated fault gouge age of 90.4 Ma. (D) Strike-slip fault sample 1425 

11UMT52 with no estimate for the timing of fault motion due to lack of linear age-illite 1426 

concentration trend. 1427 

Fig. 9. Schematic block diagrams showing the evolution of deformation within the Dongdatan 1428 

Valley. (A) Field observations of Permian carbonates thrust over Triassic metapelites and regional 1429 

dating of plutons and metamorphic cooling episodes (Mock et al., 1999; Liu et al., 2005; Wu et al., 1430 

2019) suggest that the East Kunlun Shan experienced late Triassic north-south oriented 1431 

compression from the northward accretion of the Qiangtang block. (B) North-south compression 1432 

may have been reactivated during Jurassic – Cretaceous accretion of the Lhasa block based on the 1433 

timing of Yangqu Group deposition and a separate regional cooling event documented in the West 1434 

and East Kunlun Shan (Liu et al., 2005; Li et al., 2019). Permian marbles and Triassic metapelites 1435 

This article is protected by copyright. All rights reserved.



64 
 

were exposed at the time of Yangqu deposition. (C) Late Cretaceous to Eocene shortening from 1436 

collision between India and Eurasia resulted in thrust faulting along the Wenquan Hu thrust fault 1437 

and burial of terrestrial strata in the footwall. Shortening and exhumation may have continued 1438 

elsewhere in the East Kunlun Shan into late Eocene time, but ceased along the Wenquan Hu thrust 1439 

fault by 43 Ma. (D) East-west oriented strike-slip faulting locally causes exhumation and erosion. 1440 

Thermochronologic modeling suggest that strike-slip faulting initiated by ~20 Ma. Miocene – 1441 

present strike-slip faulting results in basin subsidence in the East Wenquan basin, deposition of 1442 

terrestrial strata, and juxtaposition of Jurassic – Cretaceous and Cenozoic strata. 1443 

Fig. 10. Schematic orogen-scale cross section of the geodynamic evolution of the Tibetan Plateau. 1444 

(a) The onset of crustal shortening and thickening in northern Tibet soon after the Indo-Asian 1445 

collision continued into late Oligocene time with moderate elevation gain. (b) Shortening in 1446 

northern Tibet continues as a southward sweep of magmatism suggests the onset of slab rollback 1447 

in southern Tibet. (c) Shortening ceases within the Hoh Xil Basin by 27 Ma and likely by 24 Ma in 1448 

the East Kunlun Shan. Surface uplift may have continued due to crustal thickening via lower crustal 1449 

flow in northern Tibet. Continued slab rollback may have destabilized the northern Tibetan mantle 1450 

root by removing is southern buttress. (d) The onset of strike-slip faulting in the East Kunlun Shan 1451 

between 23 and 20 Ma is coincident with proposed slab breakoff and elevation gain in southern 1452 

Tibet, and proposed mantle root loss, surface uplift and increased magmatism within the northern 1453 

Tibet. (e) After 20 Ma, strike-slip and normal faulting expanded throughout the Tibetan Plateau, 1454 

coincident with the proposed onset of eastward-directed lower crustal flow. 1455 

Fig. 11. Map of major active strike-slip and normal faults in the Tibetan Plateau, adapted from 1456 

Styron et al. (2010) and Fu et al. (2011). The estimated initiation age of each fault system is denoted, 1457 

along with abbreviated names. Abbreviations for strike-slip faults are as follows; cKF: central 1458 
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Kunlun Fault, eKF: east Kunlun Fault , wKF: west Kunlun Fault, wHF: west Haiyuan Fault, EF: 1459 

Elashan Fault, RF: Riyueshan Fault, ATF: Altyn Tagh Fault, JF: Jiali Fault, RRF: Red River Fault; 1460 

KF: Karakoram Fault, XF: Xianshuihe Fault, RCF: Riganpei Co Fault, GCF: Gyaring Co Fault, 1461 

BCFS: Bue Co Fault System. Abbreviations for normal faults are as follows; TG: Thakkola Graben, 1462 

ADR: Ama Drime Rift, KCR: Kung Co Rift, GMR: Gurla Mandhata Rift, RG: Ringbung Graben, 1463 

YR: Yadong Rift, LR: Lunggar Rift, NR: Nyainqentanghlah Rift, LKR: Lopukangri Rift, TYCR: 1464 

Tangra Yum Co Rift, PXR: Pumqu-Xainza Rift, GR: Gulu Rift, SHG: Shuang Hu Graben. Citations 1465 

for the initiation of faulting are available in Tables S5 and S6. 1466 
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Latitude Longitude Elevation
[°] [°] [m]

11UMT53 ^3Bd - granitic gneiss 35.7490 95.0279 4241 19.22 ± 2.05

11UMT63 Xγδ - granodioritic gneiss 35.7630 95.2880 4124 25.42 ± 2.85
12DDT07 ^nc - granitic gneiss 35.7740 95.3305 4026 63.02 ± 7.06 ‡
12DDT09 ^nc - gneiss 35.7626 95.2999 4068 33.58 ± 3.01
12DDT10 ^nc - gneiss 35.7680 95.2556 3946 29.32 ± 3.64
12DDT24 ^nc - gneiss 35.7523 95.2014 4063 30.33 ± 1.69

11UMT56 JKy - sandstone 35.7563 95.2258 4046 21.45 ± 3.73

13DDT008 ^3b - metavolcanic 35.8779 95.7872 4542 148.27 ± 47.13 †
13DDT009 ^3b - arkose 35.8714 95.7877 4558 137.13 ± 107.52 †

13DDT016 ^3b - arkose 35.8255 96.4173 3929 49.48 ± 9.53 ‡
13DDT022 ^2Yg - granodiorite 35.8880 96.4496 4123 35.42 ± 6.67 ‡
13DDT032 < - andesitic dike 35.9095 96.1664 4752 36.42 ± 7.07

12DDT17 JKy - volcanic 35.7639 95.2836 4084 37.38 ± 6.02 *
12DDT22 ^3b - sandstone 35.9404 95.2364 4691 38.30 ± 9.96 *
13DDT011 Pm - metavolcanic 35.6320 96.2459 4916 31.84 ± 4.13
13DDT017 ^nc - tonalitic intrusion 35.6688 96.0487 4373 75.76 ± 25.72 ‡
13DDT021 ^2Yg - granitoid float 35.8880 96.4496 4123 50.75 ± 7.05
13DDT023 ^2Yg - granodiorite 35.8708 96.4514 4053 54.13 ± 15.63 *
13DDT036 P2L - granite 35.9126 96.3012 4538 73.13 ± 42.75 *

* Helium analyses exhibit poor reproducibility (standard deviation > 20%) that cannot be attributed to
‡ indicates correlation between the AHe age and eU (correlation coefficient > 0.85), possibly resided
† indicates correlation between AHe age and grain size (correlation coefficient > 0.99), possibly resid

Xidatan fault block

Wenquan Hu thust fault hanging wall

Wenquan Hu thust fault footwall

East Deshuiwai Mountains restraining bend

Deshuiwai Basin

Other samples

Table 1. Sample locations, rock type,  mean apatite and zircon (U-Th)/He ages, and pooled apatite f
the central Kunlun Shan. All uncertainties are standard deviation reported at 1σ.

Sample Unit and rock type
Sample location

[Ma]

Apatite (U-Th)/He
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19.04 ± 2.21 39.63 ± 2.75

46.97 ± 5.07 98.14 ± 20.06 *
52.00 ± 4.84 72.50 ± 9.24
43.04 ± 3.80 -

43.22 ± 4.42 256.61 ± 59.27 *

96.47 ± 14.88
114.89 ± 12.93

140.04 ± 12.43
97.05 ± 11.62

64.43 ± 12.77

-
-

- -
-

- -
- -

-
- -
- -

-

o age-eU or age-grain size correlations
d within PRZ for some time
ded within PRZ

- -
- -

- -
-

fission-track ages for samples collected from 

[Ma] [Ma]

Apatite fission-track Zircon (U-Th)/He

-
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Table 2. QTQt thermochronologic modeling inputs and reasoning

Fault Block Samples Thermochronologic data 
input Geologic constraint

Xidatan fault 11UMT53 AHe, AFT, ZHe ages 0-20°C by 0 Ma;
Maximum cooling rate 1000 °C/Myr

11UMT63
12DDT07
12DDT09
12DDT10
12DDT24

Deshuiwai 
Basin

Wenquan Hu  
thrust fault 
footwall

11UMT56
12DDT17 AHe, AFT ages

0-20°C @ 170-50 Ma;
0-20°C by 0 Ma;
Maximum cooling rate 1000 °C/Myr

13DDT016
13DDT022
13DDT032

AHe, AFT ages

Wenquan Hu 
thrust fault 
hanging wall

AHe, AFT, ZHe ages;   
AFT track lengths 

0-20°C by 0 Ma;
Maximum cooling rate 1000 °C/Myr

0-20°C @ 250-200 Ma;
0-20°C by 0 Ma;
Maximum cooling rate 1000 °C/Myr

East Deshuiwai 
Mountains 
restraining bend

13DDT008
13DDT009 AHe ages 0-20°C by 0 Ma;

Maximum cooling rate 1000 °C/Myr
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Supporting Observation

Sample collected from gneiss body (small pluton intruded into Triassic Naocangjianguo 
Group) directly north of the Xidatan fault in Dongdatan Valley. All thermochronologic 
ages appear reset.

Samples collected from the Yangqu Group strata in the footwall of the Wenquan Hu 
thrust fault. AHe  and AFT ages appear reset. ZHe ages are interpreted as either detrital 
ages (11UMT56) or volcanic emplacement ages (12DDT17). Terrestrial deposition, at 
surface temperatures, loosely constrained between middle to late Jurassic and Eocene 
time. 

Samples collected from metamorphosed plutonic bodies emplaced within the Triassic 
Naocangjianguo Group in the hanging wall of the Wenquan Hu thrust fault. All 
thermochronologic ages appear reset.

Samples collected from Triassic sedimentary and igneous in the East Deshuiwai Basin. 
Sample 13DDT16 collected from the upper Triassic Babaoshan Group. Terrestrial 
deposition, at surface temperatures, constrained during upper Triassic time.

Samples collected from the restraining bend between Wenquan and Deshuiwai Basins. 
Both samples show significant scatter in ages and correlation between AHe age and 
apatite grain size, suggesting slow cooling and variable He diffusion.
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Range for general 
prior

0-300°C and 0-300 
Ma

0-300°C and 0-300 
Ma

0-300°C and 0-300 
Ma

0-300°C and 0-300 Ma

0-300°C and 0-300 Ma
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Size fraction F-recoil
[µm] [%]

11UMT50
1.0 - 2.0 119.76 ± 0.52 37 ± 4 17.2
0.5 - 1.0 117.62 ± 0.71 27 ± 4 15.0
0.2 - 0.5 104.58 ± 0.39 15 ± 4 18.8

0.05 - 0.2 93.75 ± 0.33 5 ± 4 21.9
11UMT52

1.0 - 2.0 168.77 ± 1.17 85 ± 4 10.1
0.5 - 1.0 172.92 ± 0.78 78 ± 4 8.1
0.2 - 0.5 163.05 ± 0.45 42 ± 4 10.1

0.05 - 0.2 131.30 ± 0.41 36 ± 4 24.6
11UMT52

1.0 - 2.0 72.17 ± 0.40 55 ± 4 14.8
0.5 - 1.0 80.09 ± 0.59 42 ± 4 13.0
0.2 - 0.5 69.86 ± 0.61 30 ± 4 15.5

0.05 - 0.2 54.65 ± 0.21 10 ± 4 21.7
12DDT18

1.0 - 2.0 142.39 ± 0.87 45 ± 4 20.3
0.5 - 1.0 172.61 ± 0.64 37 ± 4 11.9
0.2 - 0.5 132.52 ± 0.50 10 ± 4 21.6

< 0.05 117.35 ± 0.53 4 ± 4 23.7

Proportion 2M1
40Ar/39Ar age

[%][Ma]

Table 3. Fault gouge data from thrust and strike-slip faults sampled in the 
Dongdatan Valley

Sample
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C. Wenquan Hu thrust fault footwall
 

0 10 20 30 40 50
0

10

20

30

40

50

11UMT56
AHe

AFT
ZHe

Pr
ed

ic
te

d 
ag

e 
[M

a]

Observed age [Ma]

 A. Xidatan fault

0 10 20 30 40 50
0

10

20

30

40

50
AHe

AFT
ZHe

11UMT53

Pr
ed

ic
te

d 
ag

e 
[M

a]
 D. East Deshuiwai Mountains restraining bend 

0 50 100 150 200 250 300 350
0

50

100

150

200

250

300

350
AHe

AFT
ZHe

13DDT008
13DDT009

100

120

140  E. Deshuiwai Basin

0 20 40 60 80 100 120 140
0

20

40

60

80

13DDT022
13DDT032

AHe
AFT

ZHe

13DDT016

inclusion/exclusion of dataset 
does not strongly influence 
model results

 

0

20

40

60

80

100

140

120

160

180

0 20 40 60 100 14080 120 160 180

Pr
ed

ic
te

d 
ag

e 
[M

a]

Observed age [Ma]

AHe
AFT

ZHe

East Deshuiwai Mountains restraining bend
Wenquan Hu thrust fault footwall

Deshuiwai Basin

Wenquan Hu thrust fault hanging wall
Xidatan fault

F. All models - averaged thermochronologic ages
 

12DDT07

 B. Wenquan Hu thrust fault hanging wall

0 20 40 60 80 100 120
0

20

40

60

80

100

120

11UMT63
12DDT07
12DDT09
12DDT10
12DDT24

AHe
AFT

ZHe

Pr
ed

ic
te

d 
ag

e 
[M

a]

This article is protected by copyright. All rights reserved.



806040200 100
0.00

0.04

0.08

0.12

Percent detrital illite

D - 11UMT52

40
A

r/39
A

r A
ge

 [e
(λ

t-1
) ]

806040200 100
0.00

0.04

0.08

0.12

Percent detrital illite

Authigenic age
90.4 Ma

Detrital age
177.0 Ma

R2 = 0.94

C - 11UMT50

806040200 100
0.00

0.04

0.08

0.12

0.16

0.20

Authigenic age
112.5 Ma

Detrital age
273.1 Ma

R2 = 0.99

B - 12DDT18

806040200 100
0.00

0.02

0.04

0.06

0.08

0.10

40
A

r/39
A

r A
ge

 [e
(λ

t-1
) ]

Authigenic age
46.6 Ma

Detrital age
124.5 Ma

R2 = 0.99

A - 11UMT55

Thrust Faults

Strike-Slip Faults

This article is protected by copyright. All rights reserved.



N S

A Late Triassic

�
nc

P
m

B Jurassic - Cretaceous

�
nc

P
m

JK
y

D Miocene - present

�-N

�
nc

P
m

JK
y

�
nc

P
m

JK
y

C Late Cretaceous - Eocene

This article is protected by copyright. All rights reserved.



India

Resume Indian underthrusting

Partial
melting

Volcanism Strike-slip faulting
within Kunlun Shan

Normal faulting Conjugate 
strike-slip faults

moho moho

Himalayan
Shortening

Surface Uplift within Hoh Xil Basin

East-directed lower crustal flow

E. 20 - 15 Ma

IYS

BNS

JS AKMS

D. 23 - 20 Ma

IYS

BNS

JS
AKMS

India

Strike-slip faulting
within Kunlun Shan

moho moho

Himalayan
Shortening

Surface Uplift within Hoh Xil Basin

Slab
breakoff

High-elevation
Kailas Basin

Mantle root loss
Asthenospheric

upwelling

Surface Uplift in S. Lhasa

B. 35 - 27 Ma

Shortening along modern
northern margin

Gangdese
Batholith Southward sweep

of volcanism

India

moho

Slab
rollback Asthenospheric

upwelling

Continued shortening

moho

BNS JS

AKMS

IYS

Minor shortening
along BNSSurface Uplift in Lhasa

? ? ?

India

Lower crustal
thickeningmoho

Surface Uplift within Hoh Xil Basin

moho

Low-elevation
Kailas Basin

Shortening?

C. 27 - 23 Ma

Gangdese
Batholith

Minor shortening
along BNS

Unstable
mantle keel

BNS
JS

AKMS

Slab
rollback

IYS

India

Tethyan Himalayan
Shortening Shortening

Greater India underthrusting

moho

Surface Uplift in Lhasa

moho

Shortening

Linzizong volcanism

Minor volcanism

A. 50 - 35 Ma

mantle lithosphere

BNS JSBNS JS
AKMS

Gangdese
Batholith

Hoh Xil Basin Kunlun Shan

N

IYS

This article is protected by copyright. All rights reserved.



ATF: 49-34 (?); 23 Ma

KF: 23-13 Ma

cKF: 23-16 Ma

wHF: 17-12 Ma

EF: 12-6 M
a

RF: 13-7 M
a

JF: 18-12 Ma RRF: 27-17 M
a

XF: 13-5 Ma

eKF: 8-5 Ma

wKF: 15-8 Ma

RCF: 14-8 Ma

GCF: 14-8 Ma

BCFS: 14-8 Ma
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TG: 14-8 Ma ADR:
13-12 MaKCR:

13-12 Ma

GMR: 15-9 Ma

RG: 5 Ma

YR: <12.5 Ma

LR:
16-10 Ma

NR: 11-8 Ma

LKR:
15-14 Ma

TYCR:
13 Ma PXR:

14 Ma

GR; 7-5 Ma

SHG
>13.5 Ma

This article is protected by copyright. All rights reserved.


	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4
	Figure 5 legend
	Figure 5
	Figure 6 legend
	Figure 6
	Figure 7 legend
	Figure 7
	Figure 8 legend
	Figure 8
	Figure 9 legend
	Figure 9
	Figure 10 legend
	Figure 10
	Figure 11 legend
	Figure 11
	Table
	Table
	Table



