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ABSTRACT 12 

Trench basins preserved along the southern margin of the Lhasa Terrane, Tibet are sedimentologic 13 

records of convergent margin processes preceding Cenozoic India-Asia collision. We present new 14 

sedimentologic, petrographic and geochronologic data from the Rongmawa Formation and surrounding 15 

strata near Dênggar, Tibet to determine depositional environment, provenance, and age. Depositional 16 

ages range from ~92-87 Ma and lithofacies are consistent with deposition by low- and high-density 17 

turbidity currents and suspension settling of pelagic detritus in a deep-marine, trench basin setting. 18 

Sandstone modal analyses and U-Pb geochronology indicate trench basin detritus in this region was 19 

derived from the Lhasa Terrane. We interpret that the Cretaceous subduction trench received detritus 20 

from an axial sediment dispersal system that transported sediment from headwaters in the central-21 

southern Lhasa terrane near Lhasa City directly to the trench and then flowed westward parallel to the 22 

trench, depositing detritus in trench basins. Preservation of trench basin strata deposited during Late 23 

Cretaceous time compared with the lack of trench deposits prior to ~ 92 Ma and after ~ 80 Ma suggests 24 



the margin experienced a period of significant accretion during this interval. In addition, deposition of 25 

trench basin strata occurred during Late Cretaceous adakitic magmatism and high-temperature 26 

metamorphism, which are hypothesized to be explained by subduction of an oceanic ridge or subduction 27 

zone retreat and related upper-plate extension along the southern margin of the Lhasa terrane. 28 

Subduction of an oceanic ridge may provide a mechanism to potentially erode forearc basin strata and 29 

promote increased sediment delivery directly to the trench.  30 

 31 

INTRODUCTION  32 

 Trench basins, which form oceanward of magmatic arc-forearc basin systems on the slope 33 

between the trench and subduction complex, are sedimentary records of the tectonic evolution of 34 

convergent margins (Moore and Karig, 1976). Whether ocean trenches are sediment starved (<1 km 35 

sediment thickness) or sediment rich (> 5 km) depends on a number of factors, including proximity to 36 

major sediment routing systems and whether plate dynamics (i.e., convergence rate vs. subduction rate) 37 

promote sediment accretion or sediment erosion at the trench (e.g., Karig, 1974; Royden, 1993; Stern, 38 

2002; Vannucchi et al. 2013). In ancient systems, trench basins are often interpreted to represent periods 39 

of accretion along a convergent margin and the absence or scarcity of trench sedimentary fill has been 40 

used to argue for periods of subduction erosion (e.g., Scholl et al., 1970; Karig and Sharman, 1975; 41 

Becerra et al., 2013).  42 

 The Yarlung suture zone (YSZ) in southern Tibet preserves lithotectonic units developed during 43 

Middle Triassic-earliest Cenozoic northward subduction of Neo-Tethyan oceanic lithosphere along the 44 

southern margin of Asia, namely the Gangdese magmatic arc, Xigaze forearc basin, and a subduction 45 

complex. Although subduction related magmatism is documented since the Middle Triassic, forearc 46 

basin and subduction complex stratigraphic records are incomplete. This has led to reconstructions of 47 



alternating periods of accretion and erosion in southern Tibet prior to India-Asia collision during early 48 

Cenozoic time (An et al., 2018; Metcalf and Kapp, 2019). Recent discovery of Cretaceous trench basin 49 

strata deposited atop the subduction complex or in a trench-slope setting has contributed to these models 50 

(Cai et al., 2012; An et al., 2018; Wang et al., 2018; Fu et al., 2018; Laskowski et al. 2019), which 51 

placed in the context of other geologic data, can be used to interpret large-scale plate dynamic changes. 52 

Discovery of trench basin strata deposited during Late Cretaceous time is particularly significant 53 

because it corresponds in time to an episode of high-temperature metamorphism and adakitic 54 

magmatism in the southern Lhasa terrane (e.g. Kapp and DeCelles, 2019). We highlight the relevance of 55 

the trench basin record for testing hypotheses about the tectonic processes that were active during this 56 

time, which include: oceanic ridge subduction and subduction zone retreat driving upper-plate extension 57 

(Kapp and DeCelles, 2019). The latter possibility is hypothesized to have created a back-arc basin along 58 

the southern Asian margin (Kapp and DeCelles, 2019).  59 

 This study examines newly discovered strata of the Rongmawa Formation in southern Tibet to 60 

reconstruct the paleodepositional environment and paleogeography of the southern margin of Asia 61 

during Late Cretaceous time and test different tectonic models for the evolution of the Eurasian 62 

convergent margin over a period of more than 30 Myr leading up to the onset of collisional orogeny 63 

along the YSZ. We report sedimentologic, modal petrographic and U-Pb geochronologic data from 64 

clastic sedimentary rocks preserved north of the town of Dênggar in Saga County. We show that these 65 

rocks were deposited in a deep-marine, trench basin setting and that detritus was derived from magmatic 66 

arc rocks near Lhasa city, consistent with previous provenance interpretations (Laskowski et al. 2019). 67 

These results constrain tectonic and paleogeographic models by requiring the existence of plausible 68 

sediment dispersal networks between sources and the basin throughout the period of trench basin 69 

deposition.  70 



 71 

GEOLOGIC SETTING 72 

Lithotectonic Units  73 

 The YSZ extends for ~ 1200 km across southern Tibet and represents the boundary between 74 

rocks of Asian affinity in the north from those deposited on the Indian passive margin to the south. From 75 

north to south, the suture zone consists of assemblages formed during northward subduction of Neo-76 

Tethyan oceanic lithosphere, namely the Mesozoic-Paleogene Gangdese magmatic arc, Cretaceous-77 

Eocene Xigaze forearc basin, Jurassic and Cretaceous ophiolites, and Jurassic-Paleocene subduction 78 

complex (Figure 1).  79 

The Gangdese magmatic arc intrudes the Lhasa terrane, a Gondwanan terrane that accreted to the 80 

southern margin of Asia in Middle Jurassic (Ma et al. 2017; Sun et al., 2019) or earliest Cretaceous time 81 

(Dewey et al., 1988; Kapp et al., 2007; Chen et al., 2020). The magmatic arc primarily consists of calc-82 

alkaline batholith that was active as early as Middle to Late Triassic until Paleogene time (Chu et al., 83 

2006; Ji et al., 2009; Zhu et al., 2011; Guo et al., 2013; Ma et al., 2017; Wang et al. 2017) and a volcanic 84 

edifice represented by the ~69-38 Ma Linzizong Formation (He et al., 2007; Zhu et al., 2018). Igneous 85 

U-Pb ages derived from the Gangdese arc are consistently < 250 Ma, with high flux events evident by 86 

spatially variable age peaks at ~70-45 Ma, ~100-78 Ma, ~120-140 Ma, ~195-175 Ma and ~200-220 Ma; 87 

there are distinct periods of minimal magmatic activity (i.e., magmatic lulls) from 174-156 Ma, 132-120 88 

Ma (in the southern Lhasa terrane) and ~78-70 Ma (Zhu et al. 2008; 2011; Ji et al., 2009, Kang et al., 89 

2014; Wei et al., 2017; Wang et al., 2018). By contrast, the Lhasa terrane comprises pre-Mesozoic U-Pb 90 

age peaks of 500-560 Ma, 800-950 Ma, 1000-1300 Ma, 1500-2000 Ma and 2500-3200 Ma (Gehrels et 91 

al. 2011). The Zedong arc, which locally outcrops near the town of Zedong southeast of Lhasa (Figure 92 

1), contains a distinct 160-155 Ma age peak. Based on the stratigraphy and geochemistry at this locality, 93 



the Zedong arc is interpreted to have formed either above an intra-oceanic subduction zone and was 94 

accreted to the northern margin of India or the southern Lhasa terrane (e.g., Cao, 1981; Aitchison et al., 95 

2000, 2003, 2007, 2011; Malpas et al., 2003; Ziabrev et al., 2003, 2004; Hebert et al., 2012; Baxter et 96 

al., 2016) or as the juvenile Jurassic part of the Gangdese magmatic arc (Zhang et al., 2014; Hu et al., 97 

2016; Metcalf and Kapp, 2019).  98 

South of the Gangdese magmatic arc is the Xigaze forearc basin (Figure 1). The Xigaze forearc 99 

extends for ~ 500 km along the YSZ and is separated from the Oligocene-Miocene Kailas Formation to 100 

the north and subduction complex to the south by splays of the north-vergent Great Counter Thrust 101 

system (GCT). The Xigaze forearc basin preserved along the YSZ was primarily deposited during 102 

Cretaceous-Eocene time and consists of an overall fining-upward succession of deep-marine turbidites 103 

to shallow-marine and fluvial sedimentation (Einsele et al., 1994; Dürr, 1996; Wu et al., 2010; An et al., 104 

2014; Orme et al., 2015; Orme and Laskowski, 2016; Wang et al. 2017). Sandstones from the forearc 105 

have a magmatic arc provenance and show a volcanic to plutonic unroofing trend through time (An et 106 

al., 2014; Orme et al., 2015). U-Pb detrital zircon age spectra reflect age peaks derived from the Lhasa 107 

terrane and southern Gangdese magmatic arc, with peaks at ~158 Ma, ~110 Ma,  ~ 90 Ma, and ~60 Ma 108 

(Wu et al., 2010; Wang et al., 2012; An et al., 2014; Orme et al., 2015; Wang et al., 2017), but also the 109 

episodic appearance of 120-140 Ma zircons derived from the northern Lhasa terrane (Leier et al., 2007; 110 

Orme and Laskowski, 2016). Recent discovery of turbiditic and carbonate deposits with an undissected 111 

arc provenance and detrital zircon age peak of ~ 158 Ma along the YSZ, termed the Xiazha Formation, 112 

suggests an earlier period of Jurassic forearc basin development (Metcalf and Kapp, 2019). This 113 

discovery supports a model whereby the margin may have experienced a period of significant erosion 114 

prior to deposition of Cretaceous-Eocene forearc strata.  115 



 South of the Xigaze forearc basin, in fault contact along a north-vergent strand of the GCT, are a 116 

series of Jurassic-Cretaceous ophiolites and ophiolitic mélange consisting of fragments of serpentinized 117 

mantle peridotite, gabbro, sheeted dikes, pillow basalt and radiolarian chert (e.g., Göpel et al., 1984; 118 

Malpas et al., 2003; Guilmette et al., 2007; Dai et al., 2012; Wang et al., 2017; Figure 1). The ophiolites 119 

are Jurassic-Cretaceous in age (Zhou et al., 1982; Gopel et al., 1984; Malpas et al., 2003; Ziabrev et al. 120 

2003) and are interpreted to have been formed in a surprasubduction-forearc setting (Dai et al., 2013; An 121 

et al., 2014; Wu et al., 2014; Maffione et al., 2015; Huang et al., 2015; Xiong et al., 2016; 2017) or in 122 

the forearc or back-arc of an intraoceanic arc (Aitchison et al., 2000, 2003; Malpas et al. 2003; Ziabrev 123 

et al., 2003; Abrajevitch et al., 2005; Guilmette et al., 2009, 2012; Herbet et al. 2012; Chan et al., 2015; 124 

Baxter et al., 2016). Cretaceous strata of the Xigaze forearc basin are found in depositional contact atop 125 

fragments of the ophiolite, suggesting at least some of the ophiolite formed in the forearc of the southern 126 

Lhasa terrane (Liu et al., 2015; Huang et al., 2015; Orme and Laskowski, 2016, Laskowski et al., 2017).  127 

The YSZ subduction complex, located south of the ophiolite and north of the Tethyan Himalaya, 128 

primarily consists of a siliciclastic-matrix mélange and trench basin units (Figure 1). The siliciclastic-129 

matrix mélange is composed of basalt, metabasite, chert, limestone, sandstone and shale blocks 130 

intercalated with purple and green shale, sandstone and chert (Shackleton, 1981; Tapponnier et al., 1981; 131 

Dupuis et al., 2005; Cai et al., 2012; Li et al., 2015; An et al., 2017; Metcalf and Kapp, 2017; Wang et 132 

al., 2017; Metcalf and Kapp, 2019). Near the town of Sangsang, there are local outcrops of blueschist 133 

within the mélange (Ding et al., 2005; Wang et al., 2018). U-Pb detrital zircon age peaks within the 134 

siliciclastic-matrix mélange range from Permian to Paleocene and reflect both Lhasa terrane and 135 

Tethyan Himalaya affinity (Cai et al., 2012, An et al., 2017; Metcalf and Kapp, 2017, 2019). Maximum 136 

depositional ages (MDA) of blocks within the mélange often reflect depositional ages observed in the 137 

Xigaze forearc basin to the north (e.g., Metcalf and Kapp, 2017), indicating they are genetically related. 138 



However, in contrast to the forearc, there are no MDAs within the siliciclastic-matrix mélange younger 139 

than ~ 78 Ma (Metcalf and Kapp, 2019).  140 

Trench-strata of the subduction complex are documented along the YSZ, southeast of Xigaze to 141 

the Saga region (Figure 1). Trench-strata consists of the Rongmawa, Luogangcuo, and Jiachala 142 

formations, which were deposited during the latest Cretaceous (Cai et al., 2012; Wang et al., 2018; An et 143 

al., 2018; Fu et al., 2018; Laskowski et al., 2019). The Rongmawa Formation was first discovered near 144 

the town of Ngamring and is divided into a lower and middle member, consisting of chert, basalt, and 145 

red and green mudrock, and turbiditic upper member (Figure 1; Cai et al., 2012). Similarly, Wang et al. 146 

(2018) document turbiditic sandstones near Sangsang (Figure 1) and interpret them as part of the 147 

Rongmawa Formation based on lithologies and Cretaceous MDAs. Metcalf and Kapp (2019) only 148 

consider the turbiditic upper member to be deposited in a trench-slope setting and the lower and middle 149 

members to be deposited as part of the siliciclastic-matrix mélange. Sandstones from the Rongmawa 150 

Formation are sub-litharenites and plot within the recycled orogen field of Dickinson et al., (1983) (Cai 151 

et al., 2012; Metcalf and Kapp, 2019). The most recent discovery of Rongmawa Formation, and focus of 152 

this paper, is preserved near Dênggar, ~60 km east-southeast of Saga (Laskowski et al. 2019; Figure 1 153 

and 2). The Luogangcuo Formation is a conglomeratic and turbiditic unit that overlies siliciclastic-154 

matrix mélange in fault contact due south of Saga (Figure 1; An et al. 2018). Sandstones from the 155 

Luogangcuo Formation are predominantly feldspathic litharenites and litharenites and plot within 156 

transitional arc to dissected arc fields of Dickinson et al. (1983) (An et al. 2018). The Jiachala 157 

Formation, preserved southeast of Xigaze, consists of deep-marine turbidites deposited during latest 158 

Cretaceous (~88-84 Ma) (Figure 1; Wei et al., 2006; Cai et al., 2013; Wu et al., 2014; Fu et al., 2018). 159 

Sandstones from the Jiachala Formation are sub-litharenites and, integrated with detrital zircon age 160 

spectrum and Hf isotope ratios, indicate provenance from the Gangdese arc and central Lhasa terrane 161 



(Cai et al., 2008; Wu et al., 2014; Fu et al., 2018). Trench-strata of the YSZ have a range of MDAs of 162 

~140-59 Ma (Metcalf and Kapp, 2019), but most strata of the Rongmawa, Luogangcuo, and Jiachala 163 

formations have MDAs of 92-80 Ma and a detrital zircon age spectrum consistent with derivation from 164 

Asia (Cai et al., 2008; Cai et al., 2012; Wang et al., 2018; An et al., 2018; Fu et al., 2018; Laskowski et 165 

al., 2019). Notably, the Rongmawa and Jiachala formations contain a distinct ~200-220 Ma age peak 166 

that is absent from the Luogangcuo Formation, suggesting the latter was derived from different sediment 167 

dispersal systems along the Asian southern margin (Laskowski et al., 2019).  168 

 South of the subduction complex is the Tethyan Himalaya, which is composed of low-grade to 169 

unmetamorphosed Paleozoic and Mesozoic (meta-)sedimentary rocks originally deposited on the passive 170 

margin of the Indian continent (Burg et al., 1987; Ratschbacher et al., 1994). A series of mylonitic 171 

orthogneiss and paragneiss domes disrupt the generally north verging thrust sheets of Tethyan 172 

Himalayan strata (e.g., Murphy et al., 2003; Jessup et al., 2019). Detrital zircons from the Tethyan 173 

Himalaya are > 400 Ma, with the exception of local volcaniclastic peaks such as the 145-115 Ma peak 174 

from the Wölong Formation (Hu et al., 2015) and Paleocene age peaks related to India-Asia collision 175 

(e.g., Ding et al., 2005; DeCelles et al. 2014; Cai et al., 2011, Wang et al., 2017). The predominant age 176 

peaks within the Tethyan Himalaya are ca. 500-560 Ma, 1000-1300 Ma, and 2500-3200 Ma (Gehrels et 177 

al. 2011).  178 

 179 

Late Cretaceous Tectono-Thermal Events and Explanations 180 

 The geology of the Lhasa terrane records major tectono-thermal activity during Late Cretaceous 181 

time (~90-70 Ma; Kapp and DeCelles, 2019). Ninety-four to 80 Ma adakites and 90 to 81 Ma granulite-182 

facies metamorphic rocks have been documented in the eastern portion of the Gangdese magmatic arc 183 

(Figure 1; Zhang et al., 2010; Jiang et al., 2012; Guo et al., 2013; Zhang et al., 2014). In the northern 184 



Gangdese arc, within the northern Lhasa terrane, 94 to 80 Ma adakitic rocks and tholeiitic basalts have 185 

also been documented (Meng et al., 2014; Wang et al., 2014; Chen et al., 2015; Ma et al., 2015; Sun et 186 

al., 2015). Within the YSZ, the Xigaze forearc basin appears to have experienced decreased 187 

accumulation between 88 and 78 Ma (Wang et al., 2012; Orme and Laskowski, 2016). Amphibolite 188 

blocks within the YSZ ophiolitic mélange experienced exhumation between 90 and 80 Ma (Malpas et 189 

al., 2003; Bao et al., 2013). Following crystallization of the adakitic rocks, the entire Gangdese 190 

magmatic arc entered a low-flux phase (magmatic lull) between 78 and 72 Ma (Kapp and DeCelles, 191 

2019). Depending on the reconstruction, India-Asia convergence either increased from ~50 mm/yr to 192 

~140 mm/yr (van Hinsbergen et al., 2011) or decreased from ~75 mm/yr to ~50 mm/yr (Gibbons et al., 193 

2015) between 90 and 80 Ma. Despite these enigmatic events, there is currently little evidence for 194 

development of sedimentary basins or deformation events within the Lhasa Terrane between 90-70 Ma, 195 

with the exception of the Xigaze forearc basin, which began accumulating sediment ~ 120-110 Ma.  196 

 In their recent synthesis of Tibetan geology, Kapp and DeCelles (2019) outline the traditional 197 

tectonic interpretation of the Late Cretaceous Eurasian margin and propose an alternative explanation 198 

that may better explain the geology. The traditional interpretation is that Cordilleran-style orogeny, 199 

ongoing since ~220 Ma, continued throughout this period. In this explanation, the 94 to 80 Ma tectono-200 

thermal events are possibly related to subduction of the Neo-Tethyan oceanic ridge (Zhang et al., 2010; 201 

Guo et al., 2013). This explanation provides a mechanism for exhumation and decreased accumulation 202 

in the forearc region. Accompanying flat slab subduction explains the magmatic lull in the Lhasa 203 

terrane, as magmatism would have been displaced northwards (Ding et al., 2003; Chung et al., 2005; 204 

Wen et al., 2008; Guo et al., 2013). The alternative explanation is that the Eurasian margin experienced 205 

trench retreat and upper-plate extension to open a back-arc basin in the southern Lhasa terrane. In this 206 

explanation, the tectono-thermal event is attributed to asthenospheric upwelling induced by Neo-207 



Tethyan slab rollback. This alternative explanation, referred to as the Xigaze back-arc basin model, 208 

predicts that the southern part of the Gangdese magmatic arc and the entire YSZ rifted southward from 209 

the rest of Eurasia beginning at ~90 Ma. Rejuvenation of Gangdese arc magmatism at ~70 Ma is 210 

interpreted to represent the beginning of closure of the back-arc basin.  211 

 The Upper Cretaceous Rongmawa Formation trench basin strata investigated in this study were 212 

deposited during the enigmatic tectono-thermal event that is central to both explanations. The 213 

provenance of the Rongmawa Formation strata is therefore an important test of the predicted 214 

paleogeography of the Eurasian margin in both models. Furthermore, the dynamics of trench basin 215 

formation and accretion can be evaluated in the context of the existing geological record and the 216 

proposed tectonic explanations.  217 

 218 

METHODS 219 

 220 

Field Mapping, sedimentology and stratigraphy  221 

 Geologic mapping was conducted at 1:50,000 scale. Stations were located using handheld, 222 

consumer-grade GPS. Field maps were georeferenced in ESRI ArcGIS and utilized to create the digital 223 

geologic map (Figure 2) based on GPS-located field stations. Dashed contacts were either inferred in the 224 

field or traced based on color changes visible in Landsat imagery for areas that were not accessed during 225 

field work. 226 

To determine the depositional environment and lithotectonic units of sedimentary rocks in the 227 

Dênggar region, one stratigraphic section was measured at the centimeter scale using a Jacob Staff 228 

(Figures 3 and 4) and additional sedimentologic descriptions were done at nine field sites throughout the 229 

field area (Figure 2). Extensive erosion across river valleys within the Dênggar valley prohibited 230 



additional measured sections. We use a lithofacies scheme modified from Orme et al. (2015) for all 231 

deposits (Table 1). Samples for petrography and geochronology were collected within the context of the 232 

measured section and at four field stations (Supplementary Material I).  233 

 234 

Sandstone modal analyses 235 

Eleven samples of medium-grained sandstone were collected and cut for standard petrographic 236 

thin sections to determine their composition and interpret their provenance. Nine samples are from 237 

within the measured stratigraphic section and two from other field stations. All thin sections were 238 

stained for Ca-plagioclase and K-feldspar. Four-hundred and fifty framework grains were counted 239 

according to the Gazzi-Dickinson point-counting method (Gazzi, 1966; Dickinson, 1985). Grain types 240 

and modal parameters are defined in Table 2 and shown in Figure 5. Recalculated data are available in 241 

Supplementary Material II. Qt-F-L, and Lm-Lv-Ls ternary diagrams and petrographic classification of 242 

Garzanti (2016) are used for interpretation (Figure 6). Two samples (62518DA1_467 and 243 

62518DA1_590) of red claystone from the measured section (Figure 3) were collected and cut for 244 

standard petrographic thin section to investigate their composition.  245 

 246 

U-Pb detrital zircon geochronology: Provenance and Chronostratigraphy 247 

  We collected 10 medium-grained sandstones from the Dênggar region for detrital zircon U-Pb 248 

geochronology, including four new samples from field stations 1, 2, 6 and 8 (Figure 2) and six samples 249 

from the measured section, which were previously published in Laskowski et al. (2019). We analyzed all 250 

samples using laser ablation-multicollector-inductively coupled plasma-mass spectrometry (LA-ICPMS) 251 

at the Arizona LaserChron Center following the methods and data reduction of Gehrels and Pecha 252 

(2014) and Pullen et al. (2018) (Supplementary Material  III). Selected at random, a minimum of 300 253 



grains per sample from the measured section and 100 grains per sample from four field stations were 254 

analyzed. Individual analyses of zircons have an analytical uncertainty of 1-2% for 206Pb/238U, 255 

206Pb/207Pb and 206Pb/204Pb ages (2 σ level). For all samples, 204Pb corrected 206Pb/238U and 206Pb/207Pb 256 

ages were used for grains less than and greater than 900 Ma, respectively. Uncertainties are at the 1 σ -257 

level and include only measurement errors. One-σ weighted means of the FC, R33, and SL standards 258 

analyzed during data acquisition are 1096.93±3.16 Ma (MSWD = 0.88), 418.28±1.5 Ma (MSWD = 259 

1.57), and 555.06±1.66 Ma (MSWD = 1.05) respectively. These compare with reference ages of 1099±2 260 

Ma (Paces and Miller, 1993; Schmitz et al., 2003), 419.3±0.4 Ma (Black et al., 2004), and 563.5±2.3 Ma 261 

(Gehrels et al., 2008) respectively. Individual zircons with >20% discordance or >5% reverse 262 

discordance were not considered. 263 

 Kernel density estimate (KDE) plots were generated using DetritalPy (Sharman et al., 2018; 264 

Figure 7). Our chronostratigraphic age control comes from the youngest age population of detrital 265 

zircons from each sample. From these, we calculated maximum depositional ages (MDAs) using three 266 

techniques: age of the youngest single grain (YSG), weighted mean age of the youngest two grains or 267 

more that overlap at 1σ [YC1σ(2+)], and weighted mean age of the youngest three grains or more that 268 

overlap at 2σ [YC2σ(3+)] (Table 3). Dickinson and Geherls (2009) and Coutts et al. (2019) demonstrate 269 

that in various tectonic settings each of these methods is statistically robust and likely to yield accurate 270 

ages that are consistent with true depositional ages. However, we choose to only interpret MDAs 271 

calculated using the YC2σ(3+) method as this conservative method reduces the possibility of including 272 

single grains whose ages may result from Pb loss or field and laboratory contamination (Coutts et al., 273 

2019).  274 

 275 

RESULTS 276 



Field Mapping 277 

Three units were mapped within the field area based on field observations of lithology, structural 278 

position, and examination of previously published maps. Geochronological results (see below) confirm 279 

field correlations. From north to south, the mapped units include siliciclastic-matrix mélange (Ks), the 280 

Rongmawa Formation (Kr), and Tethyan Himalaya (TH) sedimentary rocks, undivided (Figure 2). Field 281 

mapping indicates that the Rongmawa Formation comprises at least one kilometer of intact section and 282 

likely three or four times that if there are no breaks in the section across river valleys (Figure 2). The 283 

Rongmawa Formation is bounded on all sides by moderately north-dipping reverse faults (Figure 2). We 284 

interpret that both faults are splays of the Zhongba-Gyangze thrust (Burg and Chen, 1984; Wang et al. 285 

2017), which juxtaposes YSZ mélange against Tethyan Himalaya strata throughout southern Tibet 286 

(Ratschbacher et al., 1994; Ding et al., 2005). Rock descriptions keyed to field stations within each unit 287 

are included in the Sedimentology and Stratigraphy section, below. 288 

 289 

Sedimentology and stratigraphy  290 

 Stratigraphic section DA1 is 1037 m thick, measured across a northward dipping homoclinal 291 

panel from the valley floor on the north side of a gully to the top of the ridge (Figures 2-4A). The section 292 

can be divided into three parts based on abrupt lithological changes. The lowermost 440 m comprise 293 

interbedded massive siltstone (Fsm) and very fine-medium-grained massive sandstone (Sm), and 294 

composite beds which fine upward from massive sandstone to plane-parallel laminated sandstone 295 

(Sm/Sh) (Figure 4B). A few medium-grained rippled sandstones (Sr) are found toward the top of this 296 

succession, as well as bioturbated siltstones (Figure 4C). Beds have non-erosional bases and are mostly 297 

between 5-10 cm thick with sandstone beds increasing in thickness up-section to 15-25 cm thick. A few 298 



sandstone beds fine-upward from medium-grained massive sandstone to fine-grained plane-parallel 299 

sandstone.  300 

 At 440 m, there is an abrupt lithologic change from interbedded sandstone and siltstone to green 301 

and red siltstone and claystone, which continues up-section for 300 m (Figure 4D). The first 15 m are 302 

massive green siltstone with 2-4 cm wide chert nodules (Figure 4E). Overlying this, in sharp contact are 303 

a series of 3-8 cm thick massive to faintly laminated red claystone beds (Fcl). Radiolaria are found in 304 

thin sections of the red claystones. The section alternates between red claystone (Figure 4F) and green 305 

siltstone for 300 m until an abrupt lithologic change at 732 m to massive sandstone interbedded with 306 

massive siltstone. At the transition, there is a 10 m thick succession of alternating thin sandstone and 307 

siltstone beds (<5 cm each), overlain by a series of 20-30 cm thick sandstones beds that fine upward 308 

from massive to horizontally laminated, separated by <3 cm thick massive siltstone intervals (Figure 309 

4G). Bedding returns to alternating thin massive sandstone and siltstone beds (Sm/Sh; < 5 cm each) for 310 

288 m (Figure 4H). The uppermost 17 m consist of 40-60 cm thick massive to horizontally laminated 311 

sandstone (Sm/Sh), with recessive siltstone intervals (Figure 4I). Within the uppermost 305 m, there are 312 

rare bioturbated siltstone intervals, similar to the bioturbated sandstones in the lowermost 440 m (Figure 313 

4C). 314 

 From south to north, nine additional sedimentologic descriptions were conducted within mapped 315 

units (Figure 2). At field station 1, which we map as the Tethyan Himalaya Sequence, an outcrop just 316 

north of the Yarlung River consists of medium-grained massive sandstone with granule conglomerate 317 

lenses. The sandstone is quartz-rich in hand sample and there is abundant liesegang banding. A 318 

sandstone sample was collected for U-Pb geochronology. Field Stations 2-6 are mapped within the 319 

Rongmawa Formation. Outcrops at field stations 2 and 3 consist of fine-grained massive to horizontally 320 

laminated 10-20 cm thick sandstone beds (Sm/Sh) interbedded with green-grey siltstone (Fsm); 321 



sandstones are quartz rich with unidentifiable lithics in hand-sample. Outcrops at stations 4 and 5 consist 322 

of fine-to-medium grained massive sandstone interbedded with green shale. Sandstone beds vary in 323 

thickness between 20-50 cm. Quartz, feldspar, white mica and lithics are present in hand-sample. At 324 

field station 5, horizontal burrows are present. Field station 6 consists of fine-to-medium grained 325 

massive sandstone and matrix-supported polymictic granule conglomerate beds interbedded with green 326 

to red siltstone. Sandstone beds consist of quartz, feldspar, chert and volcanic lithics in hand-sample. A 327 

sample for U-Pb geochronology was collected at this field station.  328 

Field stations 7-9 are located within the siliciclastic-matrix mélange (Figure 2). Field stations 7 329 

and 8 predominantly consist of blue-green phyllite with transposed bedding. At field station 8, a 330 

sandstone for U-Pb geochronology was collected from a well-cemented feldspathic block within the 331 

transposed phyllite matrix. Field station 9 consists of a succession of massive lithic-rich sandstone 332 

interweaved with green phyllite and serpentinite; the succession continues upslope for 100s of meters, 333 

beyond our mapping area.  334 

 335 

Chronostratigraphy 336 

 Maximum depositional ages (MDAs) from detrital-zircon U-Pb age populations provide 337 

depositional age control for the Rongmawa Formation and neighboring stratigraphy in the Dênggar 338 

region. Table 3 presents three candidate MDAs for each sample, with our chosen YC2σ (3+) method in 339 

bold. Two new samples from the Rongmawa Formation yield Early and Late Cretaceous MDAs of 340 

86.9±0.60 Ma (62418DA2) and 128.9±0.71 Ma (62518DA3). These are similar to the range of the 341 

MDAs from the measured section (88.7±0.65 Ma to 125.2±0.64 Ma; Laskowski et al. 2019). Sample 342 

62418DA2 is slightly younger than the youngest MDA from within the measured stratigraphic section 343 

(88.7±0.65 Ma), consistent with its position up-section. The samples from the siliciclastic matrix 344 



mélange and Tethyan Himalaya yield a MDAs of 90.2±0.61 Ma and 504.2±1.32 Ma, respectively. 345 

Samples from the Rongmawa Formation overlap in age with the ~ 90 Ma MDA from a block within the 346 

siliciclastic matrix mélange.  347 

 348 

Provenance: Sandstone Petrography and zircon U-Pb geochronology 349 

 The modal framework composition of 11 sandstone samples from the Dênggar region are shown 350 

in four ternary diagrams in Figure 6 and recalculated modal values are given in Supplementary Material 351 

II. Framework grains are summarized in Table 2. Quartzose grains include monocrystalline quartz (Qm) 352 

and polycrystalline quartz (Qp), with both showing undulatory extinction (Figure 5). Volcanic lithic 353 

grains are abundant and predominantly consist of vitric, lathwork and microlitic textures. Sedimentary 354 

lithic grains include chert, siltstone and mudrock. Feldspar varieties include a few plagioclase feldspar 355 

(P), but potassium feldspar (K) is absent. Accessory minerals include biotite, white mica, chlorite, 356 

epidote, hornblende and zircon. Nine samples are litho-quartzose and two are quartzo-lithic following 357 

the classification scheme of Garzanti (2016) (Figure 6).  358 

From the four new geochronologic samples, a total of 381 zircon grains yielded ages with 359 

acceptable precision and concordance for geologic interpretation (Figure 7). Sample 62518DA4 from 360 

what we mapped as Tethyan Himalaya yields age >450 Ma, with age peaks at ~ 500 Ma, 800-1200 Ma, 361 

and a few grains >1500 Ma. Two samples from the Rongmawa Formation (62418DA2 and 62518DA3) 362 

yield Mesozoic age population peaks of ~ 90 Ma, ~125 Ma and ~ 200 Ma and pre-Mesozoic age ages of 363 

~ 500 Ma, ~ 800-1200 Ma and a tail of ages >1500 Ma. The age spectra from these two samples are 364 

consistent with the six samples collected within stratigraphic section DA1, with each sample dates at n > 365 

300 grains. A composite of these samples (n = 1716) highlights Mesozoic age population peaks at ~90-366 

100 Ma, ~125-145 Ma, ~175-220 Ma (Figure 7). Sample 62518DA3 (n = 96) contains two Cretaceous 367 



single-grain ages of 66.3 ± 1.0 and 74.6 ± 0.9 Ma. However, these are not included in our interpretations 368 

as they are significantly younger than Rongmawa samples where >300 grains were dated and they do 369 

not overlap within error of other grains from the sample. Therefore, we consider these grains be the 370 

result of Pb-loss or contamination in the laboratory or field. Sample 62618DA1_mg, collected within the 371 

siliciclastic matrix mélange, is similar to all Rongmawa samples. The age spectra (Figure 7) reveals a ~ 372 

90 Ma age peak, a scattering of grains between ~125-150 Ma, and a peak from ~200-220 Ma. 373 

 374 

DISCUSSION  375 

Depositional Setting and Age of the Rongmawa Formation  376 

Lithofacies in stratigraphic section DA1 are consistent with deposition by low- and high-density 377 

turbidity currents and suspension settling of pelagic detritus in a deep-marine setting. Within the 378 

lowermost 400 m, the fine grain size, sharp base and thin bed thickness, normal grading (Sm/Sh), and 379 

abundance of interbedded siltstone and claystone suggest deposition by low-density turbidity currents 380 

(Figure 3 and 4; Bouma, 1962; Mutti, 1992). Lithofacies Sm, Sh, Sr and Fsm can be thought of as Ta, 381 

Tb, Tc and Td within the turbidite classification scheme of Bouma (1962). The graded beds reflect 382 

suspension settling during waning flow conditions and planar laminations represent internal divisions of 383 

low-density turbidities (Bouma, 1962). Structureless sandstones (Sm) were likely deposited by high-384 

density turbidity flows (i.e., S3 sensu Lowe, 1982). We interpret the interval of green siltstone and red 385 

laminated claystone (Fcl) to be deposited by suspension settling of biogenic silica (Figure 4). This is 386 

supported by the presence of radiolaria within thin sections of red claystone, as well as the absence of 387 

clastic material. In the uppermost 300 m, lithofacies Sm and Sm/Sh are interpreted to reflect deposition 388 

by traction carpet and the transition from traction carpet to suspension settling deposition during 389 



turbidity flows, respectively (Figure 3 and 4; Bouma, 1962; Lowe 1982; Mutti, 1992). Field stations 2-6 390 

consist of similar lithofacies (Sm, Sm/Sh, Fsm) and are interpreted to be deposited by turbidity currents.  391 

Our new and previously published U-Pb detrital zircon MDAs constrain the stratigraphy of 392 

section DA1 and field stations 2-6 to be deposited ca. 92-87 Ma (Figure 7; Table 3). Samples with Early 393 

Cretaceous MDAs are interwoven with younger Late Cretaceous samples. Therefore, we interpret that 394 

all of the stratigraphy found in the Dênggar region was deposited in the Late Cretaceous, ca. 92-87 Ma. 395 

This is consistent with previous depositional age estimates for the Rongmawa Formation near Ngamring 396 

(Figure 1). We interpret the MDAs as approximating true depositional age due to activity of the 397 

Gangdese magmatic arc during this time interval and presence of syn-depositional grains in nearby 398 

forearc deposits, which are consistent with dates from interbedded tuffs (e.g., Orme et al. 2015). In 399 

addition, younger, syn-collisional trench strata such as the succession preserved at Sangdanlin contain 400 

syn-collisional zircons, which are not present in the Rongmawa Formation (e.g., DeCelles et al. 2014). 401 

In the Dênggar region, the structural position and age of the Rongmawa Formation relative to the 402 

siliciclastic-matrix mélange is identical to that near Ngamring. Specifically, the turbiditic upper member 403 

of the Rongmawa Formation near Ngamring is in fault contact with the siliciclastic-matrix mélange to 404 

its north, with both south of the Xigaze forearc basin (Cai et al., 2012; this study). Similarly, the 405 

Rongmawa at Dênggar and the trench basin strata of the Jiachala Formation near Xigaze are in contact 406 

with Tethyan Himalayan units to the south. In addition, MDAs from the Rongmawa Formation overlap 407 

with the MDA from the siliciclastic mélange (62518DA1_mg), suggesting they are genetically related 408 

and deposited during the same time interval.   409 

Based on the sedimentology, structural position, and MDAs, we interpret the Rongmawa 410 

Formation in the Dênggar region to be deposited in a trench basin setting during Late Cretaceous time. 411 

The presence of turbidites and deposition of suspension settling of biogenic silica indicate marine 412 



deposition. The turbidites were likely generated from slumping, although we note lack of large mass 413 

transport deposits in the area; notably, olistoliths are found in both the Jiachala and Luogangcuo 414 

Formations (An et al. 2018; Fu et al. 2018). Moore and Karig (1976) suggest the absence of slumping of 415 

accretionary material depends on the balance between sedimentation rate and the rate of motion on 416 

thrusts of the inner wedge. In their model, if the sediment supply is high, this promotes the development 417 

of a cover of slope sediments across the wedge, prohibiting the exposure of the accretionary complex 418 

and subduing slumping and production of debris flows.  419 

 420 

Provenance of Cretaceous Trench Basins 421 

 The modal sandstone compositions of the Rongmawa Formation near Dênggar (Figure 1) are 422 

predominantly litho-quartzose (Garzanti, 2016) and plot within the recycled orogen field of Dickinson et 423 

al. (1983). These samples are similar to the composition of sandstones from the Rongmawa Formation 424 

near Ngamring >130 km east (Figure 1), which plot within the recycled orogen and continental block 425 

fields (Figure 6; Cai et al., 2012; Metcalf and Kapp, 2019). However, samples from each study area 426 

group slightly differently, dependent on plagioclase feldspar and lithic content. Notably, all samples 427 

from the Rongmawa Formation across the YSZ have little to no K-feldspar (<0.02%). Similarly, 428 

sandstones from trench basin strata of the Jiachala Formation are mostly litho-feldspatho-quartzose to 429 

feldspatho-litho-quartzose volcaniclastic, and plot within the recycled orogen field (Figure 6; Fu et al. 430 

2018). By contrast, turbiditic sandstones from the Luogangcuo Formation, which was also deposited 431 

during Late Cretaceous time near Saga (Figure 1), are feldspatho-quartzo-lithic volcaniclastic and plot 432 

primarily within the magmatic arc field (Figure 7; An et al. 2018). The Luogangcuo Formation contains 433 

both plagioclase and K-feldspar, but K-feldspar is limited (< 0.1%).  434 



 The Mesozoic age-probability peaks of ~ 90-100 Ma, ~125-145 Ma and ~ 200-220 Ma and pre-435 

Mesozoic ages from Rongmawa Formation and siliciclastic-matrix mélange at Dênggar are consistent 436 

with derivation from the Gangdese magmatic arc and Lhasa terrane (Figure 7). This age spectrum is 437 

consistent with previous studies on the Rongmawa Formation near Lazi and Ngamring (Cai et al., 2012; 438 

Metcalf and Kapp, 2019) and the Jiachala Formation southeast of Xigaze (e.g., Fu et al., 2018). In 439 

addition, the age-probability peaks are similar to the Xigaze forearc basin to the north, with the notable 440 

exception of the ~ 200-220 Ma age population, which is absent in the Saga region and limited in the 441 

Lazi region to the east (Figure 1 and 7). Laskowski et al. (2019) document that the ~200-220 Ma age-442 

probability peaks found in Dênggar are rare in the Lhasa terrane, except for near Lhasa city where 443 

similar Hf isotopic compositions and U-Pb ages are preserved. Therefore, Laskowski et al. (2019) 444 

interpret the source of this age peak to be derived from the central-eastern Lhasa terrane near Lhasa and 445 

suggest there was a Cretaceous sediment dispersal system that must have bypassed much of the forearc 446 

basin and transported detritus axially parallel to the trench from Lhasa to Dênggar. Our sandstone modal 447 

petrographic results support the interpretation that the Rongmawa Formation samples are derived from a 448 

similar source region based on their recycled orogen provenance field and detrital zircon age spectra 449 

(Figure 6 and 7). By contrast, the Xigaze forearc basin and Luogangcuo Formation near Saga, are 450 

primarily derived from more proximal Cretaceous igneous rocks of the Gangdese magmatic arc based on 451 

the abundance of volcanic lithics within sandstone samples (Orme et al., 2015; An et al. 2018). 452 

Therefore, the Luogangcuo Formation is interpreted to be derived from an overfilled Xigaze forearc 453 

basin (An et al. 2018).  454 

 We present a model wherein the Cretaceous subduction trench received detritus from an axial 455 

sediment dispersal system that transported sediment from headwaters in the central-southern Lhasa 456 

terrane near Lhasa City directly to the trench and then flowed westward parallel to the trench, depositing 457 



detritus in trench basins near Xigaze (Fu et al., 2018), Ngamring (Cai et al. 2012; Metcalf and Kapp, 458 

2019) and as far west as Dênggar (Figure 8; Laskowski et al., 2019; this study). This is supported by the 459 

~200-220 Ma detrital zircon population and more quartz-rich sandstones of trench deposits compared 460 

with lithic-rich sandstones devoid of or limited in this detrital zircon population within the Xigaze 461 

forearc basin (Figure 7). By contrast, the lithic-rich Luogangcuo Formation was likely deposited on the 462 

slopes of the subduction complex, deriving its detritus from transverse drainage systems with 463 

headwaters in the Gangdese magmatic arc and Xigaze forearc basin to the north (An et al. 2018). This 464 

interpretation implies the Xigaze forearc basin in the Saga region to be overfilled at this time (An et al. 465 

2018) and sediment to be trapped within the wedge-top basins of the subduction complex, prohibiting 466 

substantial amounts of volcanic-rich detritus to reach the trench (Figure 8). However, the forearc must 467 

have been underfilled in other parts of the basin, as its sediments were not the primary source for other 468 

trench basin strata. This implies that parts of the forearc basin were likely segmented from each other, 469 

rather than forming a well-integrated basin system.  470 

 471 

Integration with Regional Tectonics 472 

Global summaries of convergent margin tectonics identify two behavioral modes: trench advance 473 

accompanied by subduction erosion and accretion sometimes accompanied by trench retreat (von Heune 474 

and Scholl, 1991; Clift and Vannucchi, 2004). Preservation of trench basin strata deposited during Late 475 

Cretaceous time along the southern Lhasa terrane compared with the lack of trench deposits prior to ~ 92 476 

Ma and after ~ 80 Ma (Metcalf and Kapp, 2019) suggests the margin experienced a period of significant 477 

accretion during this interval. Across the YSZ, trench basin strata of the Rongmawa, Luogangcuo and 478 

Jiachala formations were deposited between ~92 and ~80 Ma and were likely accreted shortly thereafter. 479 

Modern convergent margins tend to exhibit accretionary behavior when convergence rates are less than 480 



76 mm yr−1 and/or trench sediment thicknesses are >1 km. Conversely, they exhibit erosive or non-481 

accretionary behavior when rates are faster than 60 mm yr−1 and/or trench sediment thicknesses are <1 482 

km (Clift and Vannucchi, 2004). If these criteria apply to the Late Cretaceous Eurasian margin, then it is 483 

likely that increased convergence and/or sediment supply led to widespread accretion. There is major 484 

disagreement about the India-Eurasia convergence rate between ~90 and ~80 Ma. The reconstruction of 485 

van Hinsbergen et al. (2011) involves steady ~50 mm/yr convergence between 120 and 90 Ma followed 486 

by a rapid increase to ~140 mm/yr at 90 Ma. By 80 Ma, convergence drops back down to ~80 mm/yr. 487 

As increased convergence is expected to favor erosive behavior, the timing of accretion at ~ 92-80 Ma is 488 

apparently at odds with this reconstruction. The reconstruction of Gibbons et al. (2015) involves 489 

convergence rates between 65 and 80 mm/yr from 120 to 90 Ma followed by a decline to ~50 mm/yr at 490 

~85 Ma. At ~80 Ma, convergence rapidly increases to 120 mm/yr then drops down to 80 mm/yr by ~75 491 

Ma. It is plausible that the decline in convergence rate at 85 Ma led to contemporaneous accretion of 492 

trench basin strata while the subsequent increase at ~80 Ma prohibited further accretion. In the absence 493 

of a sediment supply driver, the reconstruction of Gibbons et al. (2015) provides a more compelling 494 

explanation for accretion than the van Hinsbergen et al. (2011) reconstruction.  495 

An alternative possibility is that sediment supply controlled the timing of accretion of trench 496 

basin strata. There are several tectonic drivers that might have increased sediment supply to the trench 497 

during Late Cretaceous time. As the hypothesized sediment supply increase corresponds in time with 498 

Late Cretaceous adakitic magmatism and granulite facies metamorphism (the “tectono-thermal event”) 499 

in the southern Lhasa Terrane (Kapp and DeCelles, 2019), it is possible that they are interrelated. In the 500 

traditional explanation, the “tectono-thermal event” is attributed to Neo-Tethyan oceanic ridge 501 

subduction. In modern Costa Rica, subduction of the Cocos Ridge at the Middle America Trench drives 502 

rapid subduction erosion, evidenced by intervals of extreme (~1200 m), short-duration (~2 Myr) 503 



subsidence in the forearc region (Vannucchi et al., 2013). If a similar process occurred in southeast Tibet 504 

associated with Neo-Tethyan oceanic ridge subduction, it might have created a pathway for putative 505 

rivers such as the Ancestral Lhasa River (Laskowski et al., 2019) to transport sediment directly to the 506 

trench.  The fact that Xigaze forearc basin is mainly confined to a ~500 km wide swath of the central 507 

YSZ between Zhongba and ~ 90 km east of Xigaze (Figure 1) leaves open the possibility that 508 

subduction erosion destroyed some segments of the forearc basin in southern Tibet, creating 509 

unobstructed transport pathways to the trench in these areas.  510 

The alternative explanation for the Late Cretaceous “tectono-thermal event” in southern Tibet 511 

involves trench retreat and opening of the hypothesized Xigaze back-arc basin (Figure 1; Kapp and 512 

DeCelles, 2019). In this scenario, steepening subduction (i.e. slab rollback) of the Neo-Tethyan oceanic 513 

slab is expected to result in decreased coupling with forearc lithosphere. Decreased coupling might have 514 

led to exhumation in the forearc region, which would in turn lead to increased sediment supply to the 515 

trench. The provenance of trench basin strata is one test of this explanation. This study and previous 516 

studies (Cai et al., 2012; Fu et al., 2018; An et al., 2018; Laskowski et al., 2019) interpret that trench 517 

basin strata were derived from the Lhasa terrane. Differences between contemporaneous trench basin 518 

and Xigaze forearc basin detrital zircon age spectra (Laskowski et al., 2019; this study) imply that trench 519 

basin sediments were not recycled from the forearc basin. Therefore, if the southern part of the 520 

Gangdese magmatic arc rifted from Eurasia during Late Cretaceous time to open the Xigaze backarc 521 

basin (Kapp and DeCelles, 2019), the requisite sources for the Rongmawa Formation must have been 522 

included in the rifted continental fragment. The most distinctive of these sources are the Upper Triassic 523 

plutons and volcanic rocks that are mainly preserved near Lhasa city in southeast Tibet (Figures 1 and 8; 524 

Laskowski et al., 2019).  525 

 526 



CONCLUSIONS 527 

The Rongmawa Formation near Dênggar, Tibet was deposited between ~92-87 Ma in a deep-marine, 528 

trench basin setting by turbidity currents and suspension settling of pelagic detritus. Provenance analyses 529 

are consistent with an axial sediment dispersal system that was sourced in the central-southern Lhasa 530 

Terrane near Lhasa City and transported detritus westward parallel to the trench. Accumulation of trench 531 

basin strata deposited near Xigaze, Ngamring, Dênggar, and Saga between ~ 92-80 Ma suggest the 532 

margin was accretionary during this time interval. It is plausible that a period of decreased convergence 533 

at ~ 90-85 Ma, followed by a period of increased convergence after ~ 80 Ma may have promoted trench 534 

sediment accumulation and subsequent erosion, respectively. This period of accretion may be linked to 535 

the subduction of an oceanic ridge, which may provide a mechanism to erode parts of the Xigaze forearc 536 

basin and promote increased sediment delivery directly to the trench. In addition, this study requires 537 

tectonic scenarios that invoke back-arc extension during deposition of the Rongmawa Formation to 538 

include the requisite sources within rifted continental fragments. 539 

 540 

ACKNOWLEDGEMENTS  541 

The data that supports the findings of this study are available in the supplementary material of this 542 

article. We thank Eduardo Garzanti, Xiumian Hu, and Tomas Capaldi for insightful reviews that 543 

improved the quality of the manuscript and thank Cari Johnson for editorial handling and review. We 544 

thank the University of Arizona LaserChron Center (Tucson, Arizona, USA) (National Science 545 

Foundation grant EAR-1649254) for analytical assistance. This research was supported by Montana 546 

State University and the National Key Research and Development Project of China (2016YFC0600303) 547 

and Second Tibetan Plateau Scientific Expedition and Research Grant (2019QZKK0708) to L. Ding. 548 



D.A. Orme dedicates this paper to Antony R. Orme, whose sense of curiosity and quest for knowledge 549 

continue to inspire her.  550 

 551 

REFERENCES  552 

Abrajevitch, A.V., Ali, J.R., Aitchison, J.C., Badengzhu, Davis, A.M., Liu, J. & Ziabrev, S.V. (2005). 553 

Neotethys and the India–Asia collision: insights from a palaeomagnetic study of the Dazhuqu ophiolite, 554 

southern Tibet. Earth and Planetary Science Letters, 233, 87–102. 555 

https://doi.org/10.1016/j.epsl.2005.02.003. 556 

   557 

Aitchison, J.C., Badengzhu, Davis, A., Liu, J., Luo, H., Malpas, J.G., McDermid, I.R.C., Wu, H., 558 

Ziabrev, S.V., Zhou, M. (2000). Remnants of a Cretaceous intra-oceanic subduction system within the 559 

Yarlung-Zangbo suture (southern Tibet). Earth and Planetary Science Letters, 183, 231–244. 560 

https://doi.org/10.1016/S0012-821X(00)00287-9.  561 

   562 

Aitchison, J.C., Davis, A.M., Abrajevitch, A.V., Ali, J.R., Badengzhu, Liu, J., Luo, H., McDermid, 563 

I.R.C., & Ziabrev, S.V. (2003). Stratigraphic and sedimentological constraints on the age and tec-tonic 564 

evolution of the Neotethyan ophiolites along the Yarlung Tsangpo suture zone, Tibet. In: Dilek, Y .& 565 

Robinson, P.T. (eds) Ophiolites in Earth History. Geological Society, London, Special Publications, 218, 566 

147–164, https://doi.org/10.1144/GSL.SP.2003.218.01.09.   567 

   568 

Aitchison, J.C., McDermid, I., Ali, J.R., Davis, A.M. & Zyabrev, S. (2007). Shoshonites in Southern 569 

Tibet record late Jurassic rifting of a Tethyan intraoceanic island arc. The Journal of Geology, 115, 197–570 

213, https://doi.org/10.1086/510642.  571 



   572 

Aitchison, J.C., Xia, X., Baxter, A.T. & Ali, J.R. (2011). Detrital zircon U–Pb ages along the Yarlung-573 

Tsangpo suture zone, Tibet: implications for oblique conver-gence and collision between India and Asia. 574 

Gondwana Research, 20, 691–709, https://doi.org/10.1016/j.gr. 2011.04.002  575 

   576 

An, W., Hu, X., Garzanti, E., Boudagher-Fadel, M.,Wang, J. & Sun, G. (2014). Xigaze forearc basin 577 

revisited (South Tibet): provenance changes and origin of the Xigaze Ophiolite. Geological Society of 578 

America Bulletin, 126, 1595–1613, https://doi.org/10.1130/B31020.1  579 

   580 

An, W., Hu, X. & Garzanti, E. (2017). Sandstone provenance and tectonic evolution of the Xiukang 581 

Mélange from Neotethyan subduction to India–Asia collision (Yarlung-Zangbo suture, south Tibet). 582 

Gondwana Research, 41, 222–234, https://doi.org/10.1016/j.gr. 2015.08.010.   583 

   584 

An, W., Hu, X. & Garzanti, E. (2018). Discovery of Upper Cretaceous Neo-Tethyan trench deposits in 585 

south Tibet (Luogangcuo Formation). Lithosphere, 10, 446–459, https://doi.org/10.1130/L690.1.   586 

  587 

Bao, P., Su, L., Wang, J., & Zhai, Q. (2013). Study on the tectonic setting for the ophiolites in Xigaze, 588 

Tibet. Acta Geologica Sinica (English Edition), 87(2), 395– 425. https://doi.org/10.1111/1755-589 

6724.12058. 590 

   591 

Baxter, A.T., Aitchison, J.C., Ali, J.R., Chan, J.S.-L. & Chan, G.H.N. (2016). Detrital chrome spinel 592 

evidence for a Neotethyan intra-oceanic island arc collision with India in the Paleocene. Journal of 593 

Asian Earth Sciences, 128,90–104, https://doi.org/10.1016/j.jseaes. 2016.06.023.  594 



   595 

Becerra, J., Contreras-Reyes, E., and Arriagada, C. (2013). Seismic structure and tectonics of the 596 

southern Arauco Basin, south-central Chile (~38°S). Tectonophysics, v. 592, p. 53–66, 597 

https://doi:10.1016/j.tecto.2013.02.012.    598 

  599 

Bouma, A.H. (1962). Sedimentology of some flysch deposits. Elsevier, Amsterdam, p.168.   600 

 601 

Black, L., Kamo, S., Allen, C., Davis, D., Aleinikoff, J., Valley, J., Mundil, R., Campbell, I., Korsch, 602 

R., Williams, I., and Foudoulis, C. (2004). Improved 206Pb/238U microprobe geochronology by the 603 

monitoring of a trace-element-related matrix effect; SHRIMP, ID–TIMS, ELA–ICP–MS and oxygen 604 

isotope documentation for a series of zircon standards. Chemical Geology, 205, 115-140. 605 

  606 

Burg, J. P. and Chen, G. M. (1984). Tectonics and structural zonation of southern Tibet, China. Nature, 607 

311, 219 –223, https://doi.org/10.1038/311219a0.  608 

   609 

Burg, J.-P., Leyreloup, A., Girardeau, J. & Chen, G. (1987). Structure and metamorphism of a 610 

tectonically thickened continental crust: the Yalu Tsangpo suture zone (Tibet). Philosophical 611 

Transactions of the Royal Society of Lon-don Series A: Mathematical, Physical and Engineering 612 

Sciences, 321,67–86, https://doi.org/10.1098/rsta.1987.0005.  613 

  614 

Cai, F.L., Ding, L., Zhang, Q.H., Xu, X. X., Yue, Y.H., Zhang, L.Y., & Xu, Q. (2008). Provenance and 615 

tectonic evolution of the Yalu-Zangbo peripheral foreland basin (in Chinese with English abstract). Acta 616 

Petrologica Sinica, 24, 430–446. 617 



  618 
Cai, F., Ding, L. & Yue, Y. (2011). Provenance analysis of upper Cretaceous strata in the Tethys 619 

Himalaya, southern Tibet: implications for timing of India–Asia collision. Earth and Planetary Science 620 

Letters, 305, 195–206, https://doi.org/10.1016/j.epsl.(2011).02.055. 621 

   622 

Cai, F., Ding, L., Leary, R.J., Wang, H., Xu, Q., Zhang, L. &Yue, Y. (2012). Tectonostratigraphy and 623 

provenance of an accretionary complex within the Yarlung–Zangpo suture zone, southern Tibet: insights 624 

into subduction–accretion processes in the Neo-Tethys. Tectonophysics, 574–575, 181–192, 625 

https://doi.org/10.1016/j.tecto.2012.08.016.  626 

 627 

 Cai, F.L., Ding, L., Wang, H. Q., Yue, Y. H., & L.Q.Z. (2013). Provenance of the Upper Paleocene to 628 

Early Eocene strata, Gyantze, South Tibet: Implications for early Himalaya thickening (in Chinese with 629 

English abstract). Scientia Geologica Sinica, 48(2), 435–448. 630 

 631 

Cao, R.L. (1981). Petrological characteristics of sediments within the trench and the ophiolitic belts of 632 

the Yarlung Zangbo suture zone and their geological significances. Geosciences, 3, 247–254.   633 

   634 

Chan, G.H.N., Aitchison, J.C., Crowley, Q.G., Horstwood, M.S.A., Searle, M.P., Parrish, R.R. & Chan, 635 

J.S.-L. (2015). U–Pb zircon ages for Yarlung Tsangpo suture zone ophiolites, southwestern Tibet and 636 

their tectonic implications. Gondwana Research, 27, 719–732, https://doi.org/10.1016/j.gr.2013.06.016.  637 

  638 

Chen, Y., Ding, L., Li, Z., Laskowski, A.K., Li, J., Baral, U., Qasim, M., & Yue, Y. (2020). Provenance 639 

analysis of Cretaceous peripheral foreland basin in central Tibet: Implications to precise timing on the 640 

initial Lhasa-Qiangtang collision. Tectonophysics, 775, 228311. https://doi.org/10.1016/j.tecto.2019.228311. 641 



 642 

Chen, J.-L., Xu, J.-F., Yu, H.-X., Wang, B.-D., Wu, J.-B., & Feng, Y.-X. (2015). Late Cretaceous high-643 

Mg# granitoids in southern Tibet: Implications for the early crustal thickening and tectonic evolution of 644 

the Tibetan Plateau?. Lithosphere, 232, 12–22. https://doi.org/10.1016/j.lithos.2015.06.020. 645 

   646 

Chu, M.-F., Chung, S.-L., Song, B., Liu, D., O’Reilly, S., Pearson, N.J., Ji, J., Wen, D.-J. (2006). Zircon 647 

U–Pb and Hf isotope constraints on the Mesozoic tectonics and crustal evolution of southern Tibet. 648 

Geology, 34, 745–748, https://doi.org/10.1130/G22725.1.   649 

  650 

Chung, S.-L., Chu, M.-F., Zhang, Y., Xie, Y., Lo, C.-H., Lee, T.-Y., Lan, C.-Y., Li, X., Zhang, Q., & 651 

Wang, Y., 2005, Tibetan tectonic evolution inferred from spatial and temporal variations in post-652 

collisional magmatism. Earth-Science Reviews, 68 (3-4), 173–196. 653 

https://doi.org/10.1016/j.earscirev.2004.05.001. 654 

   655 

Clift, P. & Vannucchi, P. (2004). Controls on tectonic accretion v. erosion in subduction zones: 656 

implications for the origin and recycling of the continental crust. Reviews of Geophysics, 42,1–31, 657 

https://doi.org/10.1029/ 2003rg000127.   658 

   659 

Coutts, D.S., Matthews, W.A., & Hubbard, S.M. (2019). Assessment of widely used methods to de-rive 660 

depositional ages from detrital zircon populations. Geoscience Frontiers, 10 (4), 1421-1435, 661 

https://doi.org/10.1016/j.gsf.2018.11.002.  662 

   663 



Dai, J., Wang, C., Polat, A., Santosh, M., Li,Y. & Ge,Y. (2013). Rapid forearc spreading between 130 664 

and 120 Ma: evidence from geochronology and geochemistry of the Xigaze ophiolite, southern Tibet. 665 

Lithos, 172–173, 1–54, https://doi.org/10.1016/j.lithos.2013.03.011.   666 

   667 

DeCelles, P. G., Kapp, P., Quade, J. & Gehrels, G.E. (2011). Oligocene–Miocene Kailas basin, 668 

southwestern Tibet: record of postcollisional upper-plate extension in the Indus-Yarlung suture zone. 669 

Geological Society of America Bulletin, 123, 1337–1362, https://doi.org/10.1130/B30258.1.   670 

   671 

DeCelles, P.G., Kapp, P., Gehrels, G.E. & Ding, L. (2014). Paleocene–Eocene foreland basin evolution 672 

in the Himalaya of southern Tibet and Nepal: implications for the age of initial India–Asia collision. 673 

Tectonics, 33, 824–849, https://doi.org/10.1002/2014TC003522.  674 

  675 

Dewey, J.F., Shackleton, R.M., Chang, C.F. & Sun, Y.Y. (1988). The tectonic evolution of the Tibetan 676 

plateau. Philos. Trans. R. Soc. Lond. Ser. A, 327, 379–413. https://doi.org/10.1098/rsta.1988.0135.   677 

  678 

Dickinson, W.R., Beard, S.L., Brakenridge, G.R., Erjavec, J.L., Furguson, R.C., Inman, K.F., Knepp, 679 

R.A., Lindberg, F.A. & Ryberg, P.T. (1983). Provenance of North American Phanerozoic sandstones in 680 

relation to tectonic setting. Geological Society of America Bulletin, 94, 222–235.   681 

   682 

Dickinson, W.R. (1985). Interpreting provenance relations from detrital modes of sandstones. In: Zuffa, 683 

G.G. (ed.) Provenance of Arenites. NATO ASI Series D. Rei-del, Dordrecht, The Netherlands, 333–361.  684 

  685 



Ding, L., Kapp, P., Zhong, D., & Deng, W. (2003). Cenozoic volcanism in Tibet: Evidence for a 686 

transition from oceanic to continental subduction. Journal of Petrology, 44 (10), 1833–1865. 687 

https://doi.org/10.1093/petrology/egg061. 688 

   689 

Ding, L., Kapp, P. & Wan, X.Q. (2005). Paleocene–Eocene record of ophiolite obduction and initial 690 

India–Asia col-lision, south central Tibet. Tectonics, 24,1–18, https://doi.org/10.1029/2004tc001729  691 

   692 

Dupuis, C., Hebert, R., Dubois-Côté, V. & Guilmette, C. (2005). The Yarlung Zangbo Suture Zone 693 

ophiolitic mélange (southern Tibet): new insights from geochemistry of ultramafic rocks. Journal of 694 

Asian Earth Sciences, 25, 937–960.  695 

   696 

Dürr, S.B. (1996). Provenance of Xigaze fore-arc basin clastic rocks (Cretaceous, south Tibet). 697 

Geological Society of America Bulletin, 108, 669–684.   698 

   699 

Einsele, G., Liu, B., Dürr, S., Frisch, W., Liu, G., Luterbacher, H.P., Ratschbacher, L., Ricken, W., 700 

Wendt, J., Wetzel, A., Yu, G., & Zheng, H. (1994). The Xigaze forearc basin evolution and facies 701 

architecture (Cretaceous, Tibet). Sedimentary Geology, 90,1–32, https://doi.org/10. 1016/0037-702 

0738(94)90014-0. 703 

 704 

Fu, H., Hu, X., Crouch, E.M., An, W., Wang, J., & Garzanti, E. (2018). Upper Cretaceous trench 705 

deposits of the Neo-Tethyan subduction zone: Jiachala Formation from Yarlung Zangbo suture zone in 706 

Tibet, China. Science China Earth Sciences 61, 1204–1220, doi:10.1007/s11430-017-9223-5. 707 

 708 



Garzanti, E. (2016). From static to dynamic provenance analysis—Sedimentary petrology upgraded. 709 

Sedimentary Geology 336, 3-13, https://dx.doi.org/10.1016/j.sedgeo.2015.07.010.  710 

  711 

Gazzi, P. 1966. Le Arenarie del Flysche Sopracretaceo dell’Appennino Modenese: Correlazioni con 712 

Flysch di Monghidoro [The Upper Cretaceous Flysch of the Modenese Apennines: Correlation with the 713 

Monghi-doro Flysch]. Mineralogica et Petrographica Acta, 12,69–97.  714 

 715 

Gehrels, G.E., Valencia, V., Ruiz, J. (2008). Enhanced precision, accuracy, efficiency, and 716 

spatial resolution of U-Pb ages by laser ablation–multicollector–inductively coupled 717 

plasma–mass spectrometry. Geochemistry, Geophysics, Geosystems, 9, Q03017, 718 

doi:10.1029/2007GC001805. 719 

   720 

Gehrels, G., Kapp, P., DeCelles, P., Pullen, A., Blakey, A., Weislogel, A., Ding, L., Guynn, J., Martin, 721 

A., McQuarrie, N., Yin, A. (2011). Detrital zircon geochronology of pre-Tertiary strata in the Tibetan–722 

Himalayan orogen. Tectonics, 30,1–27, https://doi.org/10.1029/ 2011tc002868.   723 

   724 

Gehrels, G. and Pecha, M. (2014). Detrital zircon U-Pb geochronology and Hf isotope geochemistry of 725 

Paleozoic and Triassic passive margin strata of western North America. Geosphere 10(1), 49-65. 726 

https://dx.doi.org/10.1130/ges00889.1. 727 

  728 

Gibbons, A. D., Zahirovic, S., Mu¨ller, R. D., Whittaker, J. M., and Yatheesh, V., 2015, A tectonic 729 

model reconciling evidence for the collisions between India, Eurasia and intra-oceanic arcs of the 730 



central-eastern Tethys: Gondwana Research, v. 28, n. 2, p. 451– 492, 731 

https://doi.org/10.1016/j.gr.2015.01.001. 732 

   733 

Göpel, C., Allègre, C.J. & Xu, R.-H. (1984). Lead isotopic tudy of the Xigaze ophiolite (Tibet): the 734 

problem of the relationship between magmatites (gabbros, dolerites, lavas) and tectonites (harzburgites). 735 

Earth and Planetary Science Letters, 69, 301–310, https://doi.org/10.1016/0012-821X(84)90189-4.   736 

   737 

Guilmette, C., Hébert, R., Bédard, É., Wang, C.S., Ullrich, T.D. & Dostal, J. (2007). Saga ophiolite, 738 

Yarlung Zangbo suture Zone, Tibet: field relationships, discovery of garnet–pyroxene amphibolite and 739 

Ar/Ar ages. In: The 22nd Himalayan–Karakoram–Tibet Workshop, 22–25 May 2007, Hong Kong, 740 

Abstracts Volume, 37.   741 

   742 

Guilmette, C., Hebert, R., Dupuis, C. & Wang, C. (2008). Metamorphic history and geodynamic 743 

significance of high-grade metabasites from the ophiolitic mélange beneath the Yarlung Zangbo 744 

ophiolites, Xigaze area, Tibet. Journal of Asian Earth Sciences, 32, 423–437.  745 

   746 

Guilmette, C., Hébert, R., Dostal, J., Indares, A., Ullrich, T., Bédard, É. & Wang, C. (2012). Discovery 747 

of a dismembered metamorphic sole in the Saga ophiolitic mélange, South Tibet: assessing an Early 748 

Cretaceous disruption of the Neo-Tethyan supra-subduction zone and consequences on basin closing. 749 

Gondwana Research, 22, 398–414, https://doi.org/10.1016/j.gr. 2011.10.012.  750 

   751 



Guo, L., Liu, Y., Liu, S., Cawood, P.A., Wang, Z. & Liu, H. (2013). Petrogenesis of Early to Middle 752 

Jurassic granitoid rocks from the Gangdese belt, Southern Tibet: implications for early history of the 753 

Neo-Tethys. Lithos, 179, 320–333, https://doi.org/10.1016/j.lithos.2013. 06.011.  754 

   755 

Hebert, R., Bezard, R., Guilmette, C., Dostal, J., Wang, C.S. & Liu, Z.F. (2012). The Indus–Yarlung 756 

Zangbo ophiolites from Nanga Parbat to Namche Barwa syntaxes, southern Tibet: first synthesis of 757 

petrology, geochemistry, and geochronology with incidences on geodynamic reconstructions of Neo-758 

Tethys. Gondwana Research, 22, 377–397, https://doi.org/10.1016/j.gr. 2011.10.013  759 

   760 

von Huene, R., and Scholl, D.W. (1991). Observations at convergent margins concerning sediment 761 

subduction, subduction erosion, and the growth of continental crust. Reviews of Geophysics, v. 29, p. 762 

279–316, https://doi.org/10.1029/91RG00969.   763 

  764 

Hu, X., Garzanti, E., Wang, J., Huang, W., An, W. & Webb, A. (2016). The timing of India–Asia 765 

collision onset – facts, theories, controversies. Earth-Science Reviews, 160, 264–299, 766 

https://doi.org/10.1016/j.ear scirev.2016.07.014.   767 

   768 

Huang, W., Van Hinsbergen, D.J.J., Maffione, M., Orme, D.A., Dupont-Nivet, G., Guilmette, C., Ding, 769 

L., Guo, Z., Kapp, P. (2015). Lower Cretaceous Xigaze ophiolites formed in the Gangdese forearc: 770 

evidence from paleomagnetism, sediment provenance, and stratigraphy. Earth and Planetary Science 771 

Letters, 415, 142–153, https://doi.org/10.1016/j. epsl.2015.01.032  772 

   773 



Jessup, M.J., Langille, J.M., Diedesch, T.F., & Cottle, J.M. (2019). Gneiss dome formation in the 774 

Himalaya and southern Tibet, Geological Society, London, Special Publications, 483, 401-322. 775 

https://doi.org/10.1144/SP483.15.   776 

   777 

Ji, W-Q., Wu, F., Liu,C.&Chung, S. 2009a. Geochronology and petrogenesis of granitic rocks in 778 

Gangdese batholith, southern Tibet. Science in China Series D: Earth Sciences, 52, 1240–1261, 779 

https://doi.org/10. 1007/s11430-009-0131-y.   780 

  781 

Jiang, Z.-Q., Wang, Q., Li, Z.-X., Wyman, D. A., Tang, G.-J., Jia, X.-H., & Yang, Y.-H. (2012). Late 782 

Cretaceous (ca. 90 Ma) adakitic intrusive rocks in the Kelu area, Gangdese Belt (southern Tibet): Slab 783 

melting and implications for Cu-Au mineralization. Journal of Asian Earth Sciences, 53, 67– 81. 784 

https://doi.org/ 10.1016/j.jseaes.2012.02.010.  785 

   786 

Kang, Z.-Q., Xu, J.-F. ET AL. (2014).. Geochronology and geochemistry of the Sangri Group volcanic 787 

rocks, Southern Lhasa Terrane: implications for the early subduction history of the Neo-Tethys and 788 

Gangdese Magmatic Arc. Lithos, 200–201, 157–168, https://doi.org/10. 1016/j.lithos.2014.04.019.  789 

  790 

Kapp, P., DeCelles, P.G., Gehrels, G.E., Heizler, M. & Ding, L. (2007). Geological records of the 791 

Cretaceous Lhasa-Qiangtang and Indo-Asian collisions in the Nima basin area, central Tibet. Geological 792 

Society of America Bulletin, 119, 917–932.  793 

  794 

Kapp, P. and DeCelles, P. G. (2019). Mesozoic–Cenozoic geological evolution of the Himalayan-795 



Tibetan orogen and working tectonic hypotheses. American Journal of Science 319(3), 159-254. 796 

https://dx.doi.org/10.2475/03.2019.01.   797 

  798 

Karig, D.E. (1974). Tectonic erosion at trenches. Earth and Planetary Science Letters, 21, 209-212, 799 

https://doi.org/10.1016/0012-821X(74)90056-9.   800 

  801 

Karig, D.E. and Sharman, G.F. (1975). Subduction and Accretion in Trenches, Geological Society of 802 

America Bulletin, 86, 377-389, https://doi.org/10.1130/0016-7606(1975)86<377:SAAIT>2.0.CO;2.  803 

  804 

Laskowski, A. K., Kapp, P., Ding, L., Campbell, C., & Liu, X. H. (2017). Tectonic evolution of the 805 

Yarlungsuture zone, Lopu Range region, southern Tibet. Tectonics, v. 36, n. 1, p. 108 –136, 806 

https://doi.org/10.1002/2016TC004334.   807 

  808 

Laskowski, A.K., Orme, D.A., Cai, F., & Ding, L. (2019). The Ancestral Lhasa River: A Late 809 

Cretaceous trans-arc river that drained the proto–Tibetan Plateau. Geology, 47(11), 1029-1033, 810 

https://dx.doi.org/10.1130/g46823.1.  811 

   812 

Li, G., Sandiford, M., Boger, S., Liu, X. & Wei, L. 2015b. Provenance of the Upper Cretaceous to 813 

Lower Tertiary sedimentary relicts in the Renbu Mélange Zone, within the Indus-Yarlung Suture Zone. 814 

The Journal of Geology, 123,39–54, https://doi.org/10.1086/680207?ref=no-x-815 

route:f9fa42b40529df98fc7109d33c73e439.  816 

   817 



Liu, F., Yang, J.-S. ET AL. (2015). Geochronology and geochemistry of basaltic lavas in the Dongbo 818 

and Purang ophiolites of the Yarlung-Zangbo Suture zone: plume-influenced continental margin-type 819 

oceanic lithosphere in southern Tibet. Gondwana Research, 27, 701–718, 820 

https://doi.org/10.1016/j.gr.2014.08.002.  821 

   822 

Lowe, D.R. (1982). Sediment gravity flows: II. Depositional models with special reference to the 823 

deposits of high-density turbidity currents. J. Sediment. Petrol., 52, 279–297.  824 

  825 

Ma, L., Wang, Q., Wyman, D. A., Jiang, Z.-Q., Wu, F.-Y., Li, X.-H., Yang, J.-H., Gou, G.-N., & Guo, 826 

H.-F. (2015).  Late Cretaceous back-arc extension and arc system evolution in the Gangdese area, 827 

southern Tibet: Geochronological, petrological, and Sr-Nd-Hf-O isotopic evidence from Dagze diabases. 828 

Journal of Geophysical Research-Solid Earth, 120(9), 6159 – 6181. 829 

https://doi.org/10.1002/2015JB011966. 830 

   831 

Ma, X., Xu, Z., Meert, J. & Santosh, M. (2017). Early Jurassic intra-oceanic arc system of the Neotethys 832 

Ocean: constraints from andesites in the Gangdese magmatic belt, south Tibet. Island Arc, 26,1–14, 833 

https://doi.org/10.1016/j.epsl.2010.11.005. 834 

Ma, A.L., Hu, X.M., Garzanti, E., Han, Z., & Lai, W. (2017). Sedimentary and tectonic evolution of the 835 

southern Qiangtang basin: implications for the Lhasa-Qiangtang collision timing. Journal of 836 

Geophysical Research Solid Earth, 122 (7), 4790–4813. https://doi.org/10. 1002/2017JB014211.  837 

  838 



Maffione, M., Thieulot, C., Van Hinsbergen, D.J.J., Morris, A., Plümper, O. & Spakman, W. (2015). 839 

Dynamics of intra-oceanic subduction initiation, part 1: oceanic detachment fault inversion and the 840 

formation of forearc ophiolites. Geochemistry, Geophysics, Geosystems, 16, 1753–1770, 841 

https://doi.org/10.1002/2015GC005746  842 

   843 

Malpas, J., Zhou, M.-F., Robinson, P.T. & Reynolds, P.H. 2003. Geochemical and geochronological 844 

constraints on the origin and emplacement of the Yarlung Zangbo ophiolites, Southern Tibet. 845 

In:DILEK,Y.&ROBINSON, P.T. (eds) Ophiolites in Earth History. Geological Society, London, Special 846 

Publications, 218, 191–206, https://doi.org/10.1144/GSL.SP.2003.218.01.11.  847 

  848 

Meng, F.-Y., Zhao, Z., Zhu, D.-C., Mo, X., Guan, Q., Huang, Y., Dong, G., Zhou, S., DePaolo, D. J., 849 

Harrison, T. M., Zhang, Z., Liu, J., Liu, Y., Hu, Z., & Yuan, H. (2014) Late Cretaceous magmatism in 850 

Mamba area, central Lhasa subterrane: Products of back-arc extension of Neo-Tethyan Ocean?. 851 

Gondwana Research, 26(2), 505–520. https://doi.org/10.1016/j.gr.2013.07.017. 852 

  853 

Metcalf, K. & Kapp, P. (2017). The Yarlung suture Mélange, Lopu Range, southern Tibet: provenance 854 

of sandstone blocks and transition from oceanic subduction to continental collision. Gondwana 855 

Research, 48, 15–33, https://doi.org/10.1016/j.gr.2017.03.002  856 

   857 

Metcalf, K. & Kapp, P. (2019). History of subduction erosion and accretion recorded in the Yarlung 858 

Suture Zone, southern Tibet Geological Society, London, Special Publications 483(1), 517-554. 859 

https://dx.doi.org/10.1144/sp483.12  860 

   861 



Moore, G.F. and Karig, D.E. (1976). Development of sedimentary basins on the lower trench slope. 862 

Geology, 4 (11), 693-697, https://doi.org/10.1130/0091-7613(1976)4<693:DOSBOT>2.0.CO;2.   863 

   864 

Murphy, M.A. & Yin, A. (2003). Structural evolution and sequence of thrusting in the Tethyan fold-865 

thrust belt and Indus-Yalu suture zone, southwest Tibet. Geological Society of America Bulletin, 866 

115,21–34, https://doi.org/10.1130/0016-7606(2003)115<0021:SEASOT> 2.0.CO;2  867 

   868 

Mutti, E. (1992). Turbidite Sandstones. Asip, Istituto di Geologia Universita di Parma, Parma, Italy, p. 869 

275.  870 

  871 

Orme, D.A., Carrapa, B. & Kapp, P. (2015). Sedimentology provenance and geochronology of the 872 

Upper Creta-ceous–Lower Eocene Western Xigaze Forearc Basin, Southern Tibet. Basin Research, 27, 873 

387–411, https://doi.org/10.1111/bre.12080.  874 

   875 

Orme, D.A. & Laskowski, A.K. (2016). Basin analysis of the Albian–Santonian Xigaze Forearc, Lazi 876 

Region, South-Central Tibet. Journal of Sedimentary Research, 86, 894–913, https://doi.org/10.2110/jsr. 877 

2016.59.    878 

  879 

Paces, J.B., and Miller, J.D. (1993). Precise U-Pb ages of Duluth Complex and related mafic 880 

intrusions, northeastern Minnesota: Geochronological insights to physical, 881 

petrogenetic, paleomagnetic, and tectonomagmatic processes associated with the 1.1 882 

Ga midcontinent rift system. Journal of Geophysical Research, 98, 13997-14013. 883 

 884 



Pan, G., Ding, J., Yao, D., Wang, L. (2004). Geological map of Qinghai-Xizang (Tibet). and adjacent 885 

areas: Chengdu Cartographic Publishing House, scale 1:1,500,000, 6 sheets.  886 

  887 

Pullen, A., Ibanez-Mejia, M., Gehrels, G., Giesler, D., & Pecha, M. (2018). Optimization of a laser 888 

ablation–single collector–inductively coupled plasma–mass spectrometer (Thermo Element 2) for 889 

accurate, precise, and efficient zircon U-Th-Pb geochronology. Geochemistry Geo-physics Geosystems, 890 

19, 3689–3705, https://doi .org/10.1029/2018GC007889.   891 

  892 

Ratschbacher, L., Frisch, W., Liu, G. & Chen, C. (1994). Distributed deformation in southern and 893 

western Tibet during and after the India–Asia collision. Journal of Geophysical Research: Solid Earth, 894 

99, 19917–19945, https://doi.org/10.1029/94JB00932.   895 

   896 

Royden, L.H. (1993). The tectonic expression slab pull at continental convergent boundaries. Tectonics, 897 

12 (2), 303-325, https://doi.org/10.1029/92TC02248.   898 

 899 

Schmitz, M.D., Bowring, S.A., and Ireland, T. (2003). Evaluation of Duluth Complex 900 

anorthositic series (AS3) zircon as a U-Pb geochronological standard: New high- 901 

precision isotope dilution thermal ionization mass spectrometry results. Geochimica 902 

et Cosmochimica Acta, 67 (19), 3665-3672. 903 

  904 

Scholl, D. W., Christensen, M.N., von Huene, R. & Marlow, M. S. (1970). Peru-Chile trench sediments 905 

and sea-floor spreading. Geological Society of America Bulletin, 81, 1339-1360, 906 

https://doi.org/10.1130/0016-7606(1970)81[1339:PTSASS]2.0.CO;2.   907 



  908 

Shackleton, R.M. (1981). Structure of Southern Tibet: report on a traverse from Lhasa to Khatmandu 909 

organised by Academia Sinica. Journal of Structural Geology, 3,97–105, https://doi.org/10.1016/0191-910 

8141(81)90060-2.   911 

   912 

Stern, R.J. (2002). Subduction zones. Reviews of Geophysics, 40 (4), 1012, 913 

https://doi:10.1029/2001RG000108.  914 

  915 

Sun, G., Hu, X., Xu, Y., BouDagher-Fadel, M.K. (2019). Discovery of Middle Jurassic trench deposits 916 

in the Bangong-Nujiang suture zone: Implications for the timing of Lhasa-Qiangtang initial collision. 917 

Tectonophysics, 750, 344-358. https://doi.org/10.1016/j.tecto.2018.12.001. 918 

 919 

Sun, G.-Y., Hu, X.-M., Zhu, D.-C., Hong, W.-T., Wang, J.-G., & Wang, Q. (2015). Thickened juvenile 920 

lower crust-derived ~90 Ma adakitic rocks in the central Lhasa terrane, Tibet. Lithos, 224 –225, 225-921 

239. https://doi.org/10.1016/j.lithos.2015.03.010. 922 

   923 

Tapponnier, P., Mercier, J.L. et al. (1981). The Tibetan side of the India–Eurasia collision. Nature, 294, 924 

405–410, https://doi.org/10.1038/294405a0.   925 

  926 

Vannucchi, P., Sak, P., Morgan, J., Ohkushi, K., Ujiie, K. (2013). Rapid pulses of uplift, subsidence, and 927 

subduction erosion offshore Central America: Implications for building the rock record of convergent 928 

margins. Geology 41(9), 995-998. https://dx.doi.org/10.1130/g34355.1   929 

   930 



Van Hinsbergen, D.J.J., Steinberger, B., Doubrovine, P.V. & Gassmoller, R. (2011). Acceleration and 931 

deceleration of India–Asia convergence since the Cretaceous: roles of mantle plumes and continental 932 

collision. Journal of Geophysical Research. Solid Earth, 116, B06101, 933 

https://doi.org/10.1029/2010jb008051.  934 

   935 

Wang, H.-Q., Ding, L., Cai, F., Xu, Q., Li, S., Fu, J.-J., Lai, Q.-Z., Yue, Y.-H., Li, X. (2017). Early 936 

Tertiary deformation of the Zhongba-Gyangze Thrust in central-southern Tibet. Gondwana Research, 41 937 

235-248, https://doi.org/10.1016/j.gr.2015.02.017.   938 

   939 

Wang, H.-Q., Ding, L., Kapp, P., Cai, F., Clinkscales, C., Xu, Q., Y.-H., Yue, Li, S., Fan, S.-Q. (2018). 940 

Earliest Cretaceous accretion of Neo-Tethys oceanic subduction along the Yarlung Zangbo Suture Zone, 941 

Sangsang area, southern Tibet. Tectonophysics, 744, 373–389, https://doi.org/ 942 

10.1016/j.tecto.2018.07.024.   943 

  944 

Wang, Q., Zhu, D.-C., Zhao, Z.-D., Liu, S.-A., Chung, S.-L., Li, S.-M., Liu, D., Dai, J.-G., Wang, L.-Q., 945 

& Mo, X.-X., (2014). Origin of the ca. 90 Ma magnesia-rich volcanic rocks in SE Nyima, central Tibet: 946 

Products of lithospheric delamination beneath the Lhasa-Qiangtang collision zone. Lithos, 198 –199, 24 947 

–37. https://doi.org/10.1016/j.lithos.2014.03.019. 948 

  949 

Wang, C., Li, X., Liu, Z., Li, Y., Jansa, L., Dai, J., and Wei, Y., 2012, Revision of the Cretaceous-950 

Paleogene stratigraphic framework, facies architecture and provenance of the Xigaze forearc basin along 951 

the Yarlung Zangbo suture zone. Gondwana Research, 22 (2), 415– 433. 952 

https://doi.org/10.1016/j.gr.2011.09.014. 953 



  954 
Wei, Y.S., Wang, C. S., Li, X. H., & Cao, K. (2006). Provenance analysis of Paleogene Gyachala 955 

Formation in Southern Tibet: Implication for the initiation of collision between India and Asia. Journal 956 

of Mineralogical and Petrological Sciences, 26, 46–55. 957 

 958 

Wei, Y., Zhao, Z., Niu, Y., Zhu, D-C., Liu, D., Wang, Q., Hou, Z., Mo, X., & Wei, J. (2017). 959 

Geochronology and geo-chemistry of the Early Jurassic Yeba Formation volca-nic rocks in southern 960 

Tibet: initiation of back-arc rifting and crustal accretion in the southern Lhasa Terrane. Lithos, 278–281, 961 

477–490, https://doi.org/10.1016/j.lithos.2017.02.013.   962 

  963 

Wen, D.-R., Liu, D., Chung, S.-L., Chu, M.-F., Ji, J., Zhang, Q., Song, B., Lee, T.-Y., Yeh, M.-W., & 964 

Lo, C.-H., 2008, Zircon SHRIMP U-Pb ages of the Gangdese Batholith and implications for Neotethyan 965 

subduction in southern Tibet. Chemical Geology, 252, 3– 4, 191–201. 966 

https://doi.org/10.1016/j.chemgeo.2008.03.003. 967 

   968 

Wu, F.-Y., JI, W.Q., Liu, C.Z. & Chung, S.L. (2010). Detrital zircon U–Pb and Hf isotopic data from the 969 

Xigaze fore-arc basin: constraints on Transhimalayan magmatic evolution in southern Tibet. Chemical 970 

Geology, 271, 13–25, https://doi.org/10.1016/J.Chemgeo.2009.12.007.    971 

 972 
Wu, F. Y., Ji, W. Q., Wang, J. G., Liu, C. Z., Chung, S. L., Clift, P.D. 2014. Zircon U-Pb and Hf 973 

isotopic constraints on the onset time of India-Asia collision. American Journal of Science, 314, 548–974 

579. 975 

   976 



Xiong, Q., Griffin, W.L., Zheng, J.-P., O’Reilly, S.Y., Pearson, N.J., Xu, B. & Belousova, E.A. (2016). 977 

South-ward trench migration at c. 130–120 Ma caused accretion of the Neo-Tethyan forearc lithosphere 978 

in Tibetan ophiolites. Earth and Planetary Science Letters, 438, 57–65, 979 

https://doi.org/10.1016/j.epsl.2016.01.014.  980 

   981 

Xiong, Q., Griffin, W.L., Zheng, J.P., Pearson, N.J. & O’Reilly, S.Y. (2017). Two-layered oceanic 982 

lithospheric mantle in a Tibetan ophiolite produced by episodic subduction of Tethyan slabs. 983 

Geochemistry, Geophysics, Geosystems, 18, 1189–1213, https://doi.org/10. 1002/2016GC006681.   984 

  985 

Zhang, Z., Zhao, G., Santosh, M., Wang, J., Dong, X., & Shen, K. (2010). Late Cretaceous charnockite 986 

with adakitic affinities from the Gangdese batholith, southeastern Tibet: Evidence for Neo-Tethyan mid-987 

ocean ridge subduction?. Gondwana Research, 17(4), 615– 631, 988 

https://doi.org/10.1016/j.gr.2009.10.007. 989 

   990 

Zhang, L.L., Liu, C.Z., Wu, F.Y., Ji, W.Q. & Wang, J.G. (2014). Zedong terrane revisited: an intra-991 

oceanic arc within Neo-Tethys or a part of the Asian active con-tinental margin? Journal of Asian Earth 992 

Sciences, 80, 34–55, https://doi.org/10.1016/j.jseaes.2013.10.029.   993 

   994 

Zhou, Y., Wu, H., Zheng, X., Wang, D., Zhang, Q., Li, D., & Zhang, X. (1982). Geology of the 995 

ophiolite of Xigaze Prefecture in South Xizang (Tibet), China. Dizhi Kexue (Sci. Geol. Sin.), 11, 30-40.  996 

   997 

Zhu, D.C., Pan, G.T., Chung, S.L., Liao, Z.L., Wang, L.Q. & Li, G.M. (2008). SHRIMP zircon age and 998 

geochemical constraints on the origin of Lower Jurassic Volcanic Rocks from the Yeba Formation, 999 



Southern Gangdese, South Tibet. International Geology Review, 50, 442–471, 1000 

https://doi.org/10.2747/0020-6814.50. 5.442.   1001 

   1002 

Zhu, D.C., Zhao, Z.D., Niu, Y., Mo, X.X. & Chung, S.L. (2011). The Lhasa Terrane: record of a 1003 

microcontinent and its histories of drift and growth. Earth and Plane-tary Science Letters, 301, 241–255, 1004 

https://doi.org/ 10.1016/j.epsl.2010.11.005.   1005 

   1006 

Zhu, D.-C., Wang, Q., Chung, S.L., Cawood, P.A., & Zhao, Z.-D. (2018). Gangdese magmatism in 1007 

southern Tibet and India-Asia convergence since 120 Ma. Geological Society of London, Special 1008 

Publications, 483, 583-604, https://doi.org/10.1144/SP483.14.   1009 

   1010 

Ziabrev, S.V., Aitchison, J.C., Abrajevitch, A.V., Badengzhu,, Davis, A.M. & Luo, H. (2003). Precise 1011 

radiolarian age constraints on the timing of ophiolite generation and sedimentation in the Dazhuqu 1012 

terrane, Yarlung-Tsangpo suture zone, Tibet. Journal of the Geological Society, London, 160, 591–599, 1013 

https://doi.org/10.1144/0016-764902-107.   1014 

   1015 

Ziabrev, S.V., Aitchison, J.C., Abrajevitch, A.V., Badengzhu, Davis, A.M. & Luo, H. (2004). Bainang 1016 

Terrane, Yarlung–Tsangpo suture, southern Tibet (Xizang, China): a record of intra-Neotethyan 1017 

subduction–accretion processes preserved on the roof of the world. Journal of the Geological Society, 1018 

London, 161, 523–539, https://doi.org/10.1144/0016-764903-099.  1019 

  1020 

 1021 

 1022 



FIGURE CAPTIONS  1023 

Figure 1: Simplified geologic map of the southern Tibetan Plateau and northern Himalaya ca. 80°E to 1024 

92°E, modified from Pan et al. 2004 and Zhu et al. 2011. The YSZ is defined by the siliciclastic and 1025 

ophiolitic mélange, shown in blue and grey, respectively. The Xigaze forearc (green) and is limited to ~ 1026 

500 km of the central part of the suture zone. Lower Jurassic-Upper Triassic igneous rocks (purple) are 1027 

restricted to areas near Lhasa City. YSZ-Yarlung Suture Zone; ISZ-Indus Suture Zone; GCT-Great 1028 

Counter Thrust; STF-South Tibet Fault; MCT-Main Central Thrust; MBT-Main Boundary Thrust; MFT-1029 

Main Frontal Thrust. The geologic map in Figure 2 is located near the placemark for Dênggar. 1030 

  1031 

Figure 2: Geologic map of the Dênggar area with all DZ and thin section sample localities. Topographic 1032 

contours (50 m interval) generated from 3 arc sec Shuttle Radar Topography Mission data. “Dênggar 1033 

Section” shown in Figure 3 and numbers within square polygons are Field Stations 1-9.   1034 

  1035 

Figure 3: Measured stratigraphic section (in meters) of the Rongmawa Formation at Dênggar. See 1036 

Figure 2 for location of measured section and Table 1 for further explanation of lithofacies codes.   1037 

  1038 

Figure 4: Photographs of the Rongmawa Formation lithofacies within the Dênggar section shown in 1039 

Figure 3; lithofacies defined in Table 1. (A) Panoramic photographic of the measured section, viewed 1040 

from the southeast. Up-section is to the right (north) and electrical poles in the central part of the 1041 

photograph provide scale. (B) Interbedded Sm or Sm/Sh (5-10 cm thick) and Fsm at the base of the 1042 

section; 1.5 m Jacob Staff for scale. (C) Bioturbated siltstone at 167 m. (D) Abrupt lithology change at 1043 

440 m to green Fsm and red claystone (Fcl), viewed from the southwest. (E) Green Fsm with 2-4 cm 1044 

wide chert nodules. (F) Faintly laminated red claystone beds (Fcl; <5 cm each); 1.5 m Jacob Staff for 1045 



scale. (G) 20-30 cm thick Sm or Sm/Sh beds interbedded with Fsm found at 732 m. (H) 5-10 cm thick 1046 

Sm beds interbedded with massive Fsm at 920 m; camera lens in middle of photograph for scale. (I) 40-1047 

60 cm thick Sm/Sh beds interbedded with Fsm at 1032 m; 1.5 m Jacob Staff for scale.   1048 

  1049 

Figure 5: Photomicrographs of litho-quartzose and quartzo-lithic petrofacies from within the measured 1050 

section shown in Figure 3, following the classification scheme of Garzanti (2016). (A, B): XPL (A) and 1051 

PPL (B) photomicrographs of litho-quartzose petrofacies. (C) litho-quartzose petrofacies with a rare 1052 

plagioclase feldspar present. (D) Quartzo-lithic petrofacies. (E) litho-quartzose petrofacies with 1053 

secondary calcite. (F) litho-quartzose petrofacies with accessory biotite and secondary calcite veins. 1054 

Qm-monocrystalline quartz; V-volcanic (all varieties); P-Plagioclase feldspar; Cal-calcite; Bt-biotite.   1055 

  1056 

Figure 6: Ternary diagrams showing composition of sandstones from the Rongmawa Formation at 1057 

Dênggar. See Figure 3 for sample locations. (A) Petrographic classification from Garzanti (2016); bold 1058 

font indicates dominant end-member with Q-quartz, F-feldspar and L-lithic. (B) Provenance subfields 1059 

from Dickinson et al. (1983) with CB-Cratonic block, MA-magmatic arc, and RO-Recycled orogen. (C) 1060 

Lithic specific: Lv-volcanic, Lm-metamorphic, Ls-sedimentary. (D) Feldspar specific: Qm-1061 

monocrystalline quartz, P-Plagioclase feldspar, K-Potassium feldspar.   1062 

  1063 

Figure 7: Detrital zircon age spectra of new Dênggar samples and composite of six in-section samples 1064 

from Laskowski et al. (2019), arranged north to south, composite Xigaze forearc basin age spectrum 1065 

from Orme et al. (2014) and Orme and Laskowski (2016), trench basin strata from Metcalf and Kapp 1066 

(2019), Cai et al. (2012), and Fu et al. (2018). Plots are kernel density estimates (KDEs) generated with 1067 



two-million-year bandwidth for 0-250 Ma range and ten-million-year bandwidth for 0-3000 Ma range in 1068 

DetritalPy (Sharman et al., 2018).  1069 

  1070 

Figure 8: Schematic paleogeographic reconstruction of the southern Asian margin ca. 90 Ma illustrating 1071 

the interpreted axial-transport of detritus from Jurassic and Triassic plutons near Lhasa City parallel to 1072 

the trench toward Dênggar. In contrast, the Xigaze forearc basin and proximal parts of the subduction 1073 

complex were sourced primarily from transverse drainages with headwaters in the Cretaceous Gangdese 1074 

magmatic arc. Schematic includes the proposed location of an oceanic ridge to explain the lack of 1075 

forearc basin strata preserved east of Lhasa.   1076 
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TABLE CAPTIONS  1078 

Table 1: Lithofacies used in this study [after Orme et al. (2015)]   1079 

Table 2: Modal point counting parameters   1080 

Table 3: Detrital zircon maximum depositional ages (MDAs) with 1σ calculated errors, mean square of 1081 

weighted deviates and cluster sizes for all detrital zircon U-Pb samples. MDAs were calculated using 1082 

DetritalPy (Sharman et al., 2018) using three techniques: age of the youngest single grain (YSG), 1083 

weighted mean age of a minimum of the youngest two grains that overlap at 1σ [YC1σ(2+)], and 1084 

weighted mean age of a minimum of the youngest three grains or more that overlap at 2σ [YC2σ(3+)].  1085 
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