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Abstract Provenance tools, particularly detrital zircon U–Pb analysis, have been widely 17 

employed to test drainage network evolution in southeast Tibet and its linkage with the growth 18 

of the Tibetan Plateau. Numerous provenance studies have been conducted on the sediments 19 

in the paleo-Yangtze and paleo-Red River drainage basins. Nevertheless, it is still hotly debated 20 

as to whether a “Mississippi” (dendritic) pattern Greater paleo-Red River, originating from 21 

southeast Tibet and draining to the South China Sea, existed in the early Cenozoic, and was 22 

subsequently captured by the paleo-lower Yangtze due to uplift of southeastern Tibet. In this 23 

study, in addition to presenting new data from the Gonjo and Jianchuan basins along which the 24 

Greater paleo-Red River is proposed to have flowed, we compiled all the published detrital 25 

zircon U–Pb data from the paleo-upper Yangtze and paleo-Red River drainage basins from 26 

Triassic and younger rocks. Our large database of detrital zircon U–Pb analyses shows that the 27 

different terranes in the paleo-upper Yangtze and paleo-Red River drainage basins have similar 28 

zircon U–Pb signatures since the Late Triassic closure of the Paleo-Tethys Ocean. Therefore, 29 

most of the sediments in the Cenozoic sedimentary basins in southeast Tibet could have been 30 

either deposited by long-distance transport in large rivers from southeast Tibet, or recycled 31 

from local bedrocks. Given the potential importance of sedimentary recycling that we have 32 

demonstrated, this poses challenges to the use of detrital zircon U–Pb analyses to determine 33 

paleodrainage in this region. We therefore further explored the previously relatively limited 34 

use of Sr–Nd isotopes on mudstones and detrital mica 40Ar/39Ar ages, with new analyses from 35 

the Gonjo and Jianchuan Basins, to determine if these techniques were better suited to 36 

reconstruct paleodrainage evolution. Whilst these techniques do show some promise, more 37 

analyses and strategic sampling are required to obtain a full understanding of the extent of their 38 

potential utility. Overall, our integrated provenance study indicates that the available data are 39 

not sufficiently conclusive to support or refute the Greater paleo-Red River capture model. 40 
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 43 

Plain Language Summary (PLS) In the southeast margin of Tibetan Plateau, five large-scale 44 

rivers (Yangtze, Mekong, Salween, Irrawaddy, and Yarlung-Brahmaputra) flow through 45 

central Tibet to southeast Asia. How these rivers evolved during the Cenozoic uplift of the 46 

Tibetan Plateau remains a controversial issue. It has been hypothesized that, in the early 47 

Cenozoic, all the upper reaches of the five rivers flowed to the south and connected to the Red 48 

River flowing to the South China Sea, forming a “Mississippi” pattern Greater paleo-Red River; 49 

this Greater paleo-Red River was later captured by the lower Yangtze due to uplift of the 50 

Tibetan Plateau. Here we test the Greater paleo-Red River model by adding new data from 51 

Cenozoic sedimentary basins and providing a comprehensive compilation of available detrital 52 

zircon U-Pb data from different terranes of southeast Tibet. With this large dataset, we found 53 

that the source signatures for the various terranes from southeast Tibet are indistinguishable 54 

due to zircon recycling. Moreover, we explored the use of Sr–Nd isotopes and detrital mica 55 

40Ar/39Ar ages as potential alternative provenance tools to test the river capture model. The 56 

overall provenance data are insufficient to test the validity of the Greater paleo-Red River 57 

capture model. 58 

  59 



1. Introduction 60 

Tectonic uplift, climate change, river erosion, and alluvial deposition are fundamental 61 

processes that have acted to shape the present landscape. Fluvial systems respond rapidly to 62 

climate change and/or tectonic events, as reflected in lateral channel shifting, headward erosion, 63 

ridge migration, and river captures, which are major influences on the development of the 64 

topography we see today. Therefore, deciphering paleodrainage network evolution is a 65 

fundamental approach to constraining the tectonic evolution and climate change influence on 66 

an area. 67 

A type example for understanding the dynamic response of drainage network evolution 68 

to mountain uplift or climate change lies in southeast Tibet where five major rivers (the 69 

Yarlung-Brahmaputra, Irrawaddy, Salween, Mekong, and Yangtze) flow (e.g., Clark et al., 70 

2004; Clift et al., 2006a, b; Nie et al., 2018, Fig. 1). These rivers have very unusual geometries. 71 

The Yarlung–Tsangpo River originates in the western Lhasa terrane and flows eastwards along 72 

the Yarlung–Tsangpo suture along which India collided with Asia. The river turns sharply to 73 

the south at the Eastern Himalayan Syntaxis and changes direction again to flow 74 

southwestward after its confluence with the Brahmaputra River. All three rivers of the Salween, 75 

Mekong, and Yangtze originate from the eastern part of central Tibet and flow eastward. After 76 

approaching the Eastern Himalayan Syntaxis, they flow in parallel to the south for at least 200 77 

km (known as “The Three Parallel Rivers”, Fig. 1b), with their drainage basins in considerably 78 

closer proximity than would be expected from rivers of their size. The most striking geometry 79 

is that of the Yangtze River, which exhibits a sharp turn at Shigu, i.e., the First Bend of the 80 

Yangtze (Fig. 1), where the flow direction changes from southeastward to northeastward. 81 

These unusual geometries, together with the long wide valley just south of the First Bend of 82 

the Yangtze (considered as an abandoned river course (e.g., Lee, 1934; Barbour, 1936)) and 83 

the southward flowing Red River (Fig. 1b), make river capture of a paleo-upper Red River 84 



(including the upper Yangtze (also called Jinsha River), and possibly the upper Salween and 85 

upper Mekong) by the paleo-lower Yangtze, a plausible and intuitive explanation to explain 86 

the current drainage pattern (e.g., Brookfield, 1998; Clark et al., 2004).  87 

This drainage network, and its development, receives particular attention with respect to 88 

its link with understanding mechanisms of Tibetan evolution and the potential use of drainage 89 

changes to constrain the timing of plateau uplift (Hallet and Molnar, 2001; Clark et al., 2004; 90 

Yang et al., 2015; Cao et al., 2018; Yuan et al., 2021; Zhao et al., 2021). This is of particular 91 

value given the complexities and uncertainties in timing of southeastern plateau uplift as 92 

determined from low temperature thermochronology, regional tectonics, and paleoaltimetry 93 

studies, with proposed uplift time ranging from Late Cretaceous to Late Miocene (e.g., Clark 94 

et al., 2005; Hoke et al., 2014; Zhang et al., 2016; Liu‐Zeng et al., 2018; Nie et al., 2018; Tian 95 

et al., 2018; 2022; Su et al., 2019; Cao et al., 2020; Li et al., 2020a). Hallet and Molnar (2001) 96 

proposed that the large river drainages in the region are antecedent, and their unusual 97 

geometries are the result of tectonic deformation by horizontal shear and crustal shortening. 98 

By contrast, Clark et al. (2004) proposed that the present drainage configuration is the result 99 

of various river captures and drainage reversals away from a previous continental-scale 100 

drainage formed at low elevation (Fig. 2); they proposed that the timings of these river captures 101 

constrain the timing of eastern Tibetan uplift due to lower crustal flow. However, Yang et al. 102 

(2015) suggested that the regional river network was disrupted by tectonic deformation, when 103 

the region was already at altitude. More recently, Fox et al., (2020) demonstrated that the 104 

assumption of a low-relief surface that has been uplifted and dissected is problematic, and 105 

highlighted the need to improve understanding of spatial variations in erodibility including 106 

drivers linked to climate change and drainage capture events.  107 

Provenance studies, such as those using the techniques of U–Pb dating of detrital zircon, 108 

40Ar/39Ar dating of detrital mica, Sr–Nd bulk rock characterization, and K-feldspar Pb 109 



characterization, have been applied to rocks considered to be paleo-river sediments in southeast 110 

Tibet, to detect possible provenance changes due to river capture and thereby test the river 111 

capture models (e.g. Clift et al., 2004; 2006a, b; 2008; 2020; Hoang et al., 2009; Kong et al., 112 

2009; 2012; Yan et al., 2012; Zhang et al., 2014; 2016; 2017; 2021a; Cao et al., 2015; 2018; 113 

Wissink et al., 2016; Chen et al., 2017; Deng et al., 2018; 2020; Zhang et al., 2019a and 114 

references therein; Zhang et al., 2019b; Yang et al., 2020; Sun et al., 2020; 2021; Feng et al 115 

2021, He et al., 2021, Zhao et al., 2021; Zhang et al., 2022; Cao et al., 2023; Zhang et al 2023). 116 

Although numerous provenance data have been reported, especially from the most 117 

widely employed detrital zircon U–Pb approach, no consensus has been reached. 118 

Interpretations can be summarized into two schools of thought. The first school of thought, 119 

based on the similar detrital zircon U–Pb spectra between the potential sources of southeastern 120 

Tibet and the Cenozoic basins in southeast Tibet, argues that the provenance studies support a 121 

connection between the modern upper and middle Yangtze, the upper Mekong, upper Salween, 122 

and the modern Red River, i.e. the Greater paleo-Red River, which was captured later by the 123 

paleo-lower Yangtze  (e.g., Clift et al., 2004; 2020; Hoang et al., 2009; Kong et al., 2012; Yan 124 

et al., 2012; Chen et al., 2017), although the capture time is debatably sometime between the 125 

Late Cretaceous and Pleistocene. Since the term “paleo-Red River” has been used both to refer 126 

to the drainage area of the modern Red River (Fig. 2), and to the hypothetical large dendritic 127 

river as proposed by Clark et al. (2004), which includes the upper/middle Yangtze, Yarlung, 128 

upper Salween, upper Mekong, Yalong, Dadu and Red rivers, to avoid confusion, we clarify 129 

that in this paper we refer to the latter as the “Greater paleo-Red River” (the green dashed area 130 

in Fig. 2). The second school of thought, however, argues that the various basin sediments in 131 

southeast Tibet can be best explained as locally derived, and therefore do not support a 132 

connection between the upper Yangtze, upper Mekong, upper Salween and Red River in the 133 

past (Wei et al., 2016; Wissink et al., 2016).  134 



Central to all these provenance studies is the assumption that detrital zircon U–Pb spectra 135 

are characteristically different between the various source regions along which the Yangtze 136 

and Red River flow, allowing for tracking of detritus from source to sink. Therefore, in this 137 

study, we firstly critically appraise this assumption with the most comprehensive zircon U–Pb 138 

data compilation of potential source terranes to date (section 2). Secondly, we compile all the 139 

published detrital zircon U–Pb data from both the Gonjo (section 3) and Jianchuan (section 4) 140 

basins (including our new data) which are proposed to be sediments deposited by a Greater 141 

paleo-Red River as explained in more detail below. We assess the evidence for a possible 142 

provenance change, and compare these data with the potential source signatures from the 143 

various terranes in southeast Tibet. We focused on the Jianchuan Basin as it is located just to 144 

the south of the First Bend of the Yangtze River (Fig. 2), and would have received a provenance 145 

signal from southeast Tibet if a Greater paleo-Red River once flowed from eastern Tibet 146 

through the Jianchuan Basin into the South China Sea, as proposed by a number of previous 147 

workers (Yan et al., 2012; Gourbet et al 2017; Clift et al., 2020; Feng et al 2021; He et al 2021; 148 

Zheng et al., 2021). We collected data from the Gonjo Basin because it is located in eastern 149 

Tibet (Fig. 2), and the massive red beds in the basin are debatably regarded as the fluvial 150 

remnants of the paleo-upper Yangtze (Zheng, 2015), which would suggest that the paleo-upper 151 

Yangtze was already developed during the deposition of the Gonjo Basin.  152 

Furthermore, given the challenges of using detrital zircon U–Pb data to determining the 153 

evolution of the Yangtze and Red rivers as shown in this study, we also carried out a pilot study 154 

applying Sr–Nd whole rock and detrital mica 40Ar/39Ar analyses to rocks of the Gonjo and 155 

Jianchuan Basins, to test whether they might provide good approaches for source 156 

discrimination, and hence paleo-drainage reconstruction. Finally, based on all the compiled 157 

provenance datasets, we comment on the implications for paleodrainage network evolution in 158 

southeast Tibet and future detrital zircon U–Pb studies. 159 



 160 

2. Are the different terranes of southeastern Tibet distinguishable in terms of zircon U–161 

Pb spectra? 162 

East and southeast Tibet consist of a series of mosaic blocks that were amalgamated 163 

during the opening and closure of the intervening Tethyan oceans. These blocks include the 164 

Songpan-Ganzi, Yidun Arc, east and west Qiangtang, Indochina, Sibumasu, and Lhasa terranes 165 

(Fig. 1a). Based on paleomagnetic and geological constraints, the north Qiangtang-Indochina 166 

collided with North and South China blocks by closing the north branch of the Paleo-Tethys 167 

Ocean during the Middle-Late Triassic (e.g., Pullen et al., 2008; Ding et al., 2013; Song et al., 168 

2015; Yan et al., 2019; Guan et al., 2021; Huang et al., 2018; Wu et al., 2020), forming the 169 

Songpan-Ganzi flysch as a remnant oceanic basin (Nie et al., 1994; Zhou and Graham, 1996). 170 

In the Late Triassic, the south Qiangtang-Sibumasu collided with the north Qiangtang-171 

Indochina due to closure of the southern branch of the Paleo-Tethys Ocean (e.g., Zhao et al., 172 

2015). These events are referred to as the Indosinian Orogeny (e.g., Carter et al., 1999). The 173 

Lhasa terrane collided with South Qiangtang during the Late Jurassic-Early Cretaceous (Ma et 174 

al., 2018; Li et al., 2019). These above-mentioned collisions, together with the final collision 175 

between India and Asia in the early Cenozoic, created the Tibetan Plateau.  176 

To robustly test the drainage capture and evolution model by using detrital zircon U–Pb 177 

geochronology, the potential source signatures from the different terranes of southeastern Tibet 178 

through which the Yangtze and Red rivers flow, must be clearly distinguishable. Since the 179 

modern upper Yangtze drains the east Qiangtang and Songpan-Ganzi terranes, while the Red 180 

River headwaters drain over the Indochina terrane and South China Block, it has been argued 181 

that if one observes zircon signatures from the Songpan-Ganzi, or east Qiangtang terranes in 182 

the Cenozoic rocks of Greater paleo-Red River drainage basins, then a through-flowing river 183 

existed from eastern Tibet, connecting the Red River, to the South China Sea. 184 



In previous studies, the characteristic source signatures from these terranes were 185 

generally composed from a compilation of zircon U–Pb ages from igneous rocks (e.g., Clift et 186 

al., 2008; He et al., 2014). However, we consider that this may ignore the contribution of 187 

zircons from sedimentary rocks in these terranes, to the overall terrane signature. Such a 188 

contribution is potentially significant as most of the area in these terranes is covered by 189 

sedimentary rocks. Therefore, a more representative signature for a terrane may be gained by 190 

compiling information from older sedimentary rocks in that terrane. Given that the different 191 

terranes in the southeast Tibet were amalgamated after the Middle-Late Triassic (e.g., Pullen 192 

et al., 2008; Ding et al., 2013; Song et al., 2015; Faure et al., 2018; Guan et al., 2021), we 193 

compiled all available detrital U–Pb zircon grains (n=29545) from sedimentary basin rocks 194 

dated from the Middle-Late Triassic in the east Qiangtang terrane, Yidun Arc terrane, Songpan-195 

Ganzi terrane, Indochina terrane, and South China Block (Sichuan Basin and Chuandian sub-196 

terrane) (see supplementary Fig. S1 for data locations and supplementary Table S1 for details). 197 

These are all the basins available to characterize the terranes over which the paleo-upper 198 

Yangtze and paleo-Red River flowed. Since we compile the sedimentary bedrocks around the 199 

Cenozoic basins, this approach can detect if the Cenozoic basin rocks in the Greater paleo-Red 200 

River drainage basins may have been locally sourced, as Wissink et al. (2016) suggested. 201 

From the visual comparison of Kernel density estimation (KDE, Fig. 3) using an adaptive 202 

bandwidth (same as the other KDE figures) and (nonmetric) multidimensional scaling (MDS, 203 

Vermeesch, 2013) plots with bootstrapped confidence regions of the terranes (Supplementary 204 

Fig. S2), we note that in most cases, from Late Triassic times onwards, sedimentary rocks from 205 

different terranes in southeast Tibet show similar zircon age populations. The dominant five 206 

age groups of 200-300 Ma, 400-500 Ma, 700-1100 Ma, 1700-1900 Ma, and 2400-2600 Ma are 207 

common peaks in East Asia, associated with the Indosinian, Caledonian, Jinning, Lvliang, and 208 

Wutai orogenies, respectively (Wu et al., 2019).  209 



Late Triassic and younger sedimentary rocks cover a significant spatial extent of the 210 

various terranes in southeast Tibet, and therefore contribute significant detritus to the Cenozoic 211 

sediments. Thus our compilation, which shows that rocks younger than the Late Triassic from 212 

the different terranes in southeast Tibet have similar zircon age populations by sedimentary 213 

recycling, makes it difficult to obtain a characteristic source signature for these terranes. We 214 

illustrate the implications of this proposal in more detail below, by adding new data and a 215 

comprehensive review from critical regions of the Gonjo and Jianchuan basins along the length 216 

of the drainage route. 217 

The similarity of zircon U–Pb signatures in Late Triassic and younger sedimentary rocks 218 

has implications for previous provenance studies. Many previous studies have found that the 219 

Cenozoic sedimentary rocks from a series of basins, e.g., Simao, Jianchuan, and Northern 220 

Vietnam basins, have similar zircon ages to the Late Triassic rocks in Songpan-Ganzi, or 221 

eastern Qiangtang terranes. This has been used as evidence to support the existence of a paleo-222 

upper Yangtze that originated from eastern Tibet and connected to the paleo-Red River in the 223 

Early Cenozoic (e.g., Kong et al., 2012; Yan et al., 2012; Chen et al., 2017; Clift et al., 2020; 224 

Zheng et al., 2021). However, we suggest that the zircon signature in these basins could also 225 

be locally derived by recycling of surrounding older (e.g., Late Triassic-Cretaceous) 226 

sedimentary sequences, a proposition recently also proposed by Zhang et al (2023).  227 

We note that Clift et al. (2020) observed that many sedimentary rocks in Cenozoic basins 228 

of southeastern Tibet and sediments in rivers of SE Asia contain significant Cenozoic detrital 229 

zircon U–Pb aged grains. They argued that these Cenozoic zircon grains can only be sourced 230 

from the Qamdo Block (the east Qiangtang terrane in this study) in east Tibet, without recycling, 231 

and therefore can be used as a characteristic source signature for a through-flowing river from 232 

eastern Tibet. Guo et al. (2021) also used the appearance of Cenozoic detrital zircon U–Pb ages 233 

in Miocene sediments of the Jianghan Basin (see Fig. 2 for location) as evidence for the 234 



formation of the modern Yangtze. However, as shown in the Jianchuan Basin (see section 4), 235 

Cenozoic volcanic rocks are also widespread in Yunnan Province (Chung et al., 2005), and 236 

even in the South China Block (e.g., Nanjing area, Fig. 2 for location (Zheng et al., 2013)), 237 

suggesting that the Cenozoic zircon grains are also not diagnostic signatures of eastern Tibet.  238 

The sedimentary rocks in the Yidun Arc and South China Sichuan Basin (Figs. 3C and 239 

3E) show a significant change in detrital zircon U–Pb signature between Middle and Late 240 

Triassic, shifting from more restricted to more diverse spectra, although this change is not seen 241 

in the Songpan-Ganzi terrane. This change may relate to the continued amalgamation of 242 

terranes within the Paleo-Tethys Ocean during the Triassic as discussed above, (e.g., Pullen et 243 

al., 2008; Ding et al. 2013; Faure et al., 2018; Yan et al., 2019), which may have had a 244 

significant influence on sediment routing. Rivers dynamically respond to associated tectonic 245 

shortening, concentrating erosion on newly uplifted areas and building new pathways that span 246 

the newly accreted terranes, broadening the potential for changes and diversification of 247 

provenance. This is evidenced, for example, in the southwestern Sichuan Basin where Yan et 248 

al., (2019) noted a major change in sediment routing in response to the Late Triassic closure of 249 

the Paleo‐Tethys Ocean that drove shortening across the Longmen Shan thrust belt and the 250 

eastern Songpan‐Ganzi terrane. The zircon U–Pb ages in the Lower–Middle Triassic samples 251 

were dominated by Neoproterozoic (~700–900 Ma) zircons sourced mainly from the 252 

southwestern South China basement. By contrast, the Upper Triassic samples record multiple 253 

peaks, diagnostic of sources within the Qinling, Longmen Shan and Songpan‐Ganze terranes 254 

(e.g., age peaks at ~270, ~435, ~775, ~1,010, ~1,840 and ~2,480 Ma). However, we 255 

acknowledge that the difference may also result from the significant difference in number of 256 

grains/samples analyzed between Early-Mid and Late Triassic samples. More pre-Late Triassic 257 

analyses from a number of different terranes would be needed to test this hypothesis further.  258 

 259 



3. Does the Gonjo Basin sedimentary succession represent deposits of the paleo-upper 260 

Yangtze as indicated by detrital zircon U-Pb? 261 

3.1. Age, sedimentology and previous interpretations regarding the Gonjo Basin sedimentary 262 

rocks 263 

The > 200 km long Gonjo Basin (30.85°N, 98.3°E, Fig. 4) is located in the eastern part 264 

of central Tibet, at the boundary between the Qiangtang and Songpan-Ganzi terranes. It is one 265 

of many thrust-bounded basins (e.g., Hoh Xil and Nangqian basins) in the region and is 266 

interpreted to have formed as a syn-contractional basin in the footwall of the Yangla fold-thrust 267 

system (Studnicki-Gizbert et al., 2008; Tang et al., 2017; Li et al., 2020b; 2020c). The 268 

sedimentary strata of the basin are now exposed in an asymmetric syncline, and mainly consist 269 

of red-colored mudstones, sandstones, and rare conglomerates, reaching a total thickness 270 

of >3000 m (Studnicki-Gizbert et al., 2008; Tang et al., 2017; Li et al., 2020a), and were 271 

interpreted as a mixed depositional environment of alluvial fan, fan-delta, floodplain, and 272 

lacustrine facies (Studnicki-Gizbert et al., 2008). The sedimentary sequence is divided into the 273 

Gonjo Formation and Ranmugou Formation, where the latter is further sub-divided into lower, 274 

middle, and upper parts. 275 

The Gonjo Basin was previously assigned an Eocene age based on flora and pollen fossils 276 

observed at the top of the succession (Bureau of Geology and Mineral Resources of Xizang 277 

Autonomous Region (BGMR Xizang), 1993). However, recent U–Pb and 40Ar/39Ar dating on 278 

interbedded volcanic rocks (Studnicki-Gizbert et al., 2008; Tang et al., 2017), U–Pb detrital 279 

zircon data from sandstones (Zhang et al., 2018; Xiong et al., 2020), together with high 280 

resolution magnetostratigraphy, precisely constrains the Gonjo Basin deposition from 69-41.4 281 

Ma (Li et al., 2020b), although Xiao et al. (2021) suggested that the Gonjo Basin ceased 282 

deposition in its central part at ~50 Ma.  283 



The current upper Yangtze River flows roughly N-S ~50 km east of the Gonjo Basin, 284 

along the Jinsha suture separating the Qiangtang and Yidun Arc terranes. Three Yangtze 285 

tributaries flowing south, east, and north to the Gonjo Basin converge in the central part of the 286 

basin and then flow to the east to join the Yangtze River (Fig. 4b). Based on detailed 287 

sedimentologic, stratigraphic and structural studies of the Gonjo and nearby Nangqian basins, 288 

Horton et al. (2002) and Studnicki-Gizbert et al. (2008) concluded that both basins were fed by 289 

proximal sources and therefore the large through-going rivers of the Yangtze and Mekong were 290 

not developed until deposition ceased in these basins in the Late Eocene. However, Zheng 291 

(2015) proposed that the massive red beds in the Gonjo Basin of eastern Tibet are the fluvial 292 

remnants of the paleo-upper Yangtze, which would suggest that the paleo-upper Yangtze was 293 

already developed since the Eocene. He suggested that this paleo-upper Yangtze could have 294 

connected to the paleo-Red River. These ideas are consistent with later detrital zircon studies 295 

(He et al., 2021; Zheng et al., 2021) which showed that the zircon U–Pb spectra from the 296 

Paleocene-Eocene rocks of the Gonjo and Jianchuan basins (Fig. 2), which are proposed to 297 

both be paleo-upper Yangtze deposits (Zheng, 2015), look similar to each other and to the 298 

Songpan-Ganzi terrane. Zhang et al. (2019b) albeit also suggested that the Gonjo Basin 299 

sediments were mainly sourced from the nearby Songpan-Ganzi terrane, but argued that the 300 

Gonjo Basin was an internally drained basin. In this scenario, the upper Yangtze was not 301 

established during Late Cretaceous-Eocene deposition of Gonjo Basin sediments.  302 

 303 

3.2. Provenance of the Gonjo Basin based on detrital zircon U–Pb data 304 

In order to explore the drainage scenarios based on provenance data derived from detrital 305 

zircon U–Pb spectra, as summarized above, we carried out detrital zircon U–Pb analyses from 306 

12 sandstone samples along the magnetostratigraphic section of Li et al. (2020b), with all 307 

samples separated by an interval of 2-4 Ma (Fig. 4b). We also analyzed two modern river 308 



sediments, one from the modern Yangtze near Gonjo, and one from the eastern side of the 309 

Gonjo Basin that drains into the Gonjo Basin (sample Aiyu River, see Fig. 4b for location) 310 

Sampling details, U–Pb methods and results are provided in the Supplementary Table S2, S1 311 

and Table S3, respectively. Moreover, we compiled all the published detrital zircon data from 312 

the Gonjo Basin.  313 

As shown in Fig. 5, except one sample SY-9 from the upper Ranmugou Formation, all 314 

other samples show similar zircon U–Pb age spectra, with minor variations. Most samples 315 

show five age groups of 200-300 Ma, 400-500 Ma, 700-1100 Ma, 1700-1900 Ma, and 2400-316 

2600 Ma, some samples also have a Cenozoic age group of 50-60 Ma. Since there are no 317 

significant variations of detrital zircon U–Pb spectra over the deposition of the Gonjo Basin, 318 

we amalgamated the data into the Late Cretaceous Gonjo Formation, and the Early Cenozoic 319 

Ranmugou Formation, and compared them with the potential source signatures. 320 

From visual comparison of the KDE (Fig. 6) and MDS (Supplementary Fig. S3) plots, 321 

we show that, apart from a minor 60 Ma age population, the detrital zircon U–Pb age spectra 322 

from compiled Gonjo and Ranmugou formations are similar to the Late Triassic Songpan-323 

Ganzi terrane. The Gonjo and Ranmugou formations are also similar to the First Bend of the 324 

modern Yangtze. This could suggest that a paleo-upper Yangtze River which originated from 325 

the Songpan-Ganzi terrane and flowed through the Gonjo Basin to the First Bend, existed in 326 

the Eocene as proposed by Zheng et al. (2021). However, the zircon age spectrum in particular 327 

of the Gonjo Formation is also similar to that of the eastern Qiangtang Cretaceous bedrock and 328 

to that of the local modern Aiyu River, a small tributary that only cuts through the Triassic and 329 

Paleozoic bedrocks to the east of Gonjo Basin (Fig. 5b), demonstrating that a local provenance, 330 

e.g., the Qamdo Basin in the southwest (Fig. 5a), could also well explain these Gonjo Basin 331 

data. For the 50-60 Ma age population present in the Gonjo Basin, we propose that it could be 332 



derived from the surrounding area since magmatic rocks of this age are widespread in the east 333 

Qiangtang terrane (e.g., Chung et al., 2005).  334 

In summary, the large compiled detrital zircon dataset from the Gonjo Basin could 335 

represent derivation of grains from the Songpan-Ganzi terrane, which could support the 336 

concept of a major Eocene River in the region, consistent with the idea that a paleo-upper 337 

Yangtze River originated from eastern Tibet at that time (e.g., Zheng et al., 2021 and He et al., 338 

2021). However, the dataset are also consistent with an internal paleodrainage, as proposed by 339 

Zhang et al. (2019b). Furthermore, the similarity between zircon age populations of Gonjo 340 

Basin sediments and bedrock data from the east Qiangtang terrane and the modern local Aiyu 341 

River cannot exclude the possibility of a southwestern or more locally derived provenance for 342 

the Gonjo Basin sediments. Indeed, a locally-derived provenance is consistent with the 343 

sedimentology and varied paleocurrent directions in the Gonjo Basin (Studnicki-Gizbert et al., 344 

2008, Fig. 4). Therefore, the similarity of the Gonjo detrital zircon U–Pb age spectra to 345 

downstream basins cannot be used as conclusive evidence for through-flow of a major drainage, 346 

particularly since downstream basin detritus may also be locally-derived (see section 4).  347 

 348 

4. Do detrital zircon U-Pb data from the Jianchuan Basin record the drainage capture of 349 

the Greater paleo-Red River? 350 

The Jianchuan Basin is located just to the south of the First Bend of the Yangtze River 351 

(Fig. 7), and would have received a provenance signal from southeast Tibet if a Greater paleo-352 

Red River once flowed from eastern Tibet through the Jianchuan Basin into the South China 353 

Sea. Based on detrital zircon U–Pb analyses, the basin is debatably considered to either have 354 

received sediments from a major river of eastern Tibet which could have been the paleo-upper 355 

Yangtze River before it was captured by the paleo-lower Yangtze (e.g., Yan et al., 2012; 356 

Gourbet et al 2017; Clift et al., 2020; Feng et al 2021; He et al 2021; Zheng et al., 2021) or the 357 



basin sediments may be locally derived (Wei et al., 2016; Wissink et al., 2016; Sun et al., 358 

2020a).  359 

 360 

4.1. Geological setting of the Jianchuan Basin 361 

The Jianchuan Basin is one of the largest Cenozoic basins on the southeast margin of the 362 

Tibetan Plateau. It is located in the southwesternmost part of the South China Block, and 363 

bounded by the Qiaohou thrust fault to the west, the Jianchuan strike-slip fault to the east (Fig. 364 

7). The Qiaohou Fault carries Triassic rocks over the Jianchuan Basin and controlled the 365 

subsidence and folding of the Basin (Gourbet et al., 2017; Cao et al., 2019). Low-temperature 366 

thermochronological data suggest that the Qiaohou Fault was active around 50-39 Ma (Cao et 367 

al., 2020). To the west of the Jianchuan Basin lies the Lanping-Simao fold belt (Fig. 7), the 368 

northern extension of the Indochina terrane. The Lanping-Simao fold belt is covered mainly 369 

by Mesozoic and early Cenozoic red beds (Fig. 7). The Cenozoic Lanping Basin generally has 370 

similar stratigraphy to the Jianchuan Basin (Yunnan Bureau of Geology and Mineral Resources 371 

(YBGMR), 1990).  372 

 373 

4.2. Stratigraphy and sedimentology of the Jianchuan Basin 374 

A major impediment associated with comparison and compilation of previous detrital 375 

zircon studies in the Jianchuan Basin is the variations in stratigraphies that different researchers 376 

have used. We therefore start by reviewing the stratigraphy and sedimentology of the Jianchuan 377 

Basin and note the stratigraphic framework we adopt in this study (Fig. 8).  378 

Based on the geological map of Yunnan Province (YBGMR, 1990), the Jianchuan Basin 379 

was previously thought to have accumulated the most continuous sedimentary succession on 380 

the southeast margin of Tibet, with a total thickness of more than 6 kilometers. From oldest to 381 

youngest, the formations were divided into the Paleocene Yunlong and overlying Guolang 382 



formations (sometimes combined as the Mengyejing Formation), the Eocene Baoxiangsi 383 

Formation, the Oligocene Jinsichang Formation, the Miocene Shuanghe Formation, and the 384 

Pliocene Jianchuan and Sanying Formations (Fig. 8a). However, the ages of these formations 385 

were based on limited ostracods, charophyte flora, and plant fossils, and were significantly 386 

modified in recent years.  387 

Both the Yunlong and Guolang formations mainly consist of red violet, thin-bedded 388 

horizontally-laminated mudrock and marlstone interbedded with red sandstone, interpreted as 389 

fluvial floodplain and lacustrine deposits (Wei et al., 2016). Gourbet et al. (2017) merged the 390 

Yunlong and Guolang formations together as the Mengyejing Formation, and assigned a 391 

Paleocene to early Eocene age to it (Fig. 8c). However, a recent magnetostratigraphic study in 392 

the southern part of the Simao Basin (see Fig. 2 for location) suggested that the Mengyejing 393 

Formation is Late Cretaceous (~112-63 Ma) (Yan et al., 2021). 394 

The Baoxiangsi Formation consists of massive breccias composed of exclusively angular 395 

to subangular, poorly sorted limestone clasts, interbedded with sandstones, conglomerates with 396 

basement clasts, and massive red multistorey sandstones with an abundance of planar cross-397 

bedding, with a total thickness of ~800 m (Fig. 8b). The deposits are interpreted as braided 398 

fluvial channels with laterally adjacent alluvial fans fed from proximal high relief (Wei et al., 399 

2016; Gourbet et al., 2017). The Jinsichang Formation is mainly comprised of both clast-400 

supported and matrix-supported conglomerates interbedded with coarse sandstones at the 401 

bottom, siltstones, mudstones and fine-grained sandstones in the middle, and massive and 402 

thick-bedded conglomerates and coarse-grained sandstones at the top (Wei et al., 2016, Fig. 403 

8b). The total thickness of the Jinsichang Formation is considered to be more than 2000 meters, 404 

and interpreted as deposited in a braided fluvial environment. Gourbet et al. (2017) merged the 405 

Baoxiangsi and Jinsichang formations, considering them to be lateral facies variations. 406 

However, as noted by Wei et al. (2016), the varied lithologies of the Baoxiangsi Formation 407 



represent diverse facies associations (Figs. 8b and 8c). The breccias are typical debris-flow 408 

deposits and the interbedded sandstones represent channel fills. The cross-bedded sandstones 409 

of the upper Baoxiangsi Formation were previously considered as evidence of a large river 410 

(Clark et al., 2004; Yan et al., 2012; Gourbet et al., 2017; Zheng et al., 2020). However, the 411 

surface microscopic characteristics of quartz sand grains and sedimentary structures such as 412 

large scale cross-bedding suggest an aeolian origin for the sandstone in the upper part of the 413 

Baoxiangsi Formation (Cui et al., 2011). Moreover, Wei et al. (2016) also noted that the 414 

Baoxiangsi Formation displays marked lateral facies variations (Fig. 8b), as manifested by 415 

distinct facies sequences in different localities. By contrast, the Jinsichang Formation lacks 416 

aeolian facies, and the conglomerates and sandstones are best explained as alluvial fan and 417 

braided river deposits (Wei et al., 2016). Considering the significantly different lithologies 418 

between the Baoxiangsi and Jinsichang Formations, we retain the Baoxiangsi and Jinsichang 419 

as separate formations, in agreement with most previous studies (Fig. 8e). 420 

Above the Jinsichang Formation, Gourbet et al. (2017) newly identified a ~100 m 421 

carbonate succession which they named as the Jiuziyan Formation. This, and the overlying 422 

coal-bearing thinly-laminated mudstones, siltstones and fine sandstones of the Shuanghe 423 

Formation are interpreted as palustrine-lacustrine deposits (Gourbet et al., 2017). The 424 

Shuanghe Formation was originally assigned as Miocene aged based on the well-known 425 

‘Shuanghe flora’ (YBGMR, 1990). The overlying Jianchuan Formation consists of trachyte, 426 

volcanic breccias, and tuffs, interbedded with volcano-sedimentary and pyroclastic rocks, and 427 

was assigned as Late Miocene-early Pliocene (YBGMR, 1990). However, Gourbet et al. (2017) 428 

dated a number of lava flows and cross-cutting igneous rocks from the Jinsichang and 429 

Shuanghe formations, and showed that both formations are Late Eocene rather than Miocene 430 

and Pliocene as previously suggested (Fig. 8c). Zheng et al. (2021) proposed that the Jinsichang, 431 

Jiuziyan, and Shuanghe formations are coeval lateral facies variations (Fig. 8d), but no any 432 



evidence was provided. Therefore, we keep the Jinsichang, Jiuziyan, and Shuanghe formations 433 

as separate stratigraphic units following most previous studies (Fig. 8e). 434 

The Sanying Formation is only developed in the southeastern corner of the Jianchuan 435 

Basin (Fig. 7). It is mainly comprised of grey and yellow mudstone, interbedded with yellow 436 

sandstone and black-greyish lignite (Wang et al., 1998), consistent with deposition in swamp 437 

and lacustrine environments. A magnetostratigraphic study suggests a late Miocene-438 

Pleistocene age for the Sanying Formation (Li et al., 2013). Therefore, there are no Oligocene-439 

middle Miocene sediments in the Jianchuan Basin.  440 

 441 

4.3. Provenance of the Jianchuan Basin based on detrital zircon U–Pb ages 442 

Previous work utilizing detrital zircon U–Pb data from the sediments of the Jianchuan 443 

Basin (Figs. 9-12) have suggested that they are either locally-derived (Wissink et al., 2016) or 444 

that they contribute to evidence that a major river once flowed from SE Tibet to the South 445 

China Sea (e.g., Clift et al., 2020, He et al., 2021), and was captured by the paleo-lower Yangtze 446 

in the late Eocene (e.g., Gourbet et al., 2017, Feng et al., 2021), Oligocene (Yan et al., 2012), 447 

or as late as the Quaternary (Kong et al., 2012).  448 

Yan et al. (2012) carried out the first U–Pb detrital zircon study in the Jianchuan Basin. 449 

They considered that the zircon U–Pb age spectrum from their sample from the braided fluvial 450 

facies of the Baoxiangsi Formation (sample JSJ15, Fig. 9a) looked more similar to the spectrum 451 

from the Songpan-Ganzi terrane (see Fig. 3) compared to the sample from the modern Yangtze 452 

River First Bend (Fig. 13d, sample from Hoang et al., 2009). They therefore interpreted the 453 

Baoxiangsi Formation to be the result of deposition from a major Songpan-Ganzi draining river, 454 

rather than the paleo-upper Yangtze draining the Qiangtang terrane. Yan et al. (2012) 455 

considered that this major river ceased flowing through the basin after the deposition of the 456 

Baoxiangsi Formation, as evidenced by the first record of a more restricted zircon age spectrum, 457 



indicative of local drainage, in the Jinsichang Formation above the Baoxiangsi Formation 458 

(sample JSJ18, Fig. 10a), although the precise location of this sample in relation to its 459 

stratigraphic position is uncertain. 460 

Later workers, e.g., Clift et al. (2020), Zheng et al. (2021), He et al. (2021), and Feng et 461 

al. (2021) also concurred with the view that the spectra became more restricted after deposition 462 

of the Baoxiangsi Formation. However, they did not make a distinction in terms of whether the 463 

Baoxiangsi Formation resembled more the Songpan-Ganzi terrane or a paleo-upper Yangtze 464 

River. Instead, they considered that the similarity of the Baoxiangsi Formation to both the 465 

Songpan-Ganzi and upper Jinsha signature, as well as to the Gonjo Basin sediments (section 466 

3.2) indicated that the paleo-upper Yangtze used to flow from eastern Tibet through both these 467 

basins. In a variant to this view, He et al. (2021) coupled the zircon U–Pb data with 468 

geochemistry and heavy mineral data to show that the Jinsichang Formation was more 469 

mineralogically mature compared to the Baoxiangsi and Shuanghe Formations. They therefore 470 

considered that the Jinsichang Formation represented the paleo-upper Yangtze, whilst the 471 

Baoxiangsi and Shuanghe Formations had greater contributions from local proximal sources. 472 

Kong et al. (2012), however, carried out a U–Pb detrital zircon study on the Quaternary 473 

sediments (Fig. 14b) along the Qiaohou Fault (Fig. 7). They found that the U–Pb age spectra 474 

of these Quaternary sediments are also similar to the Songpan-Ganzi terrane (Figs. 14 and 15a), 475 

and therefore concluded that a paleo-upper Yangtze drained from southeast Tibet and 476 

connected to the Red River through the Jianchuan Basin throughout the Cenozoic until it was 477 

captured by the lower Yangtze at 1.7 Ma.  478 

Wissink et al. (2016) conducted a more comprehensive detrital zircon U–Pb study on the 479 

Cenozoic sediments from the southeast margin of Tibet, mainly from the Jianchuan and 480 

Lanping basins. By comparing the U–Pb ages of all the Cenozoic samples with the potential 481 

bedrock sources, they concluded that the provenance of these Cenozoic sediments can be best 482 



explained by local derivation, and therefore did not support a connection between the paleo-483 

upper/middle Yangtze and paleo-Red River. However, Gourbet et al. (2017) reconsidered the 484 

data from the Jianchuan Basin of Wissink et al. (2016) in the light of their new stratigraphy of 485 

the basin. They argued that five of Wissink et al. (2016)’s samples from the upper Baoxiangsi 486 

Formation were actually deposited after the time of drainage change from a major through-487 

flowing river to local input as proposed by Yan et al. (2012), while the remaining three samples 488 

belonging to the Baoxiangsi Formation have comparable age spectra to those of Yan et al. 489 

(2012) (sample JSJ15, Fig. 9a), and therefore were also sourced from the Songpan-Ganzi 490 

terrane. They concluded that the massive sandstones of the Baoxiangsi Formation correspond 491 

to a major river draining the Songpan-Ganzi which connected a paleo-upper Yangtze with the 492 

Red River. They suggested, based on sedimentological evidence, that this major river system 493 

was abandoned by the time of deposition of the lacustrine Shuanghe Formation.  494 

From the above, we note that there are three main questions with respect to the 495 

provenance of the sediments in the Jianchuan Basin: 496 

Firstly, is the Baoxiangsi Formation detrital zircon spectrum sufficiently similar to the 497 

Songpan-Ganzi terrane and dissimilar to the Yangtze First Bend sediments to conclude that the 498 

Formation does not represent the paleo-upper Yangtze, as Yan et al. (2012) proposed?  499 

Secondly, do the formations younger than the Baoxiangsi Formation record significant 500 

provenance changes due to river capture? Or alternatively, could they still be considered as 501 

trunk river sediments, as for example proposed by He et al. (2021), with some previously 502 

analyzed samples representing local input that may not represent the dominant facies? 503 

Thirdly, could the Jianchuan basin sediments be locally derived, as Wissink et al. (2016) 504 

proposed? 505 

In order to elucidate the three questions posed above, we collected ten samples for U–Pb 506 

detrital zircon analysis, four from the Baoxiangsi Formation, two from the Jinsichang 507 



Formation, two from the Shuanghe Formation, and one from each of the Jianchuan and Sanying 508 

Formations. We also collected samples from the Late Cretaceous bedrock close to the 509 

Jianchuan Basin and modern river sediments at the Yangtze first bend as well as local rivers in 510 

the Jianchuan Basin to assess the possibility of locally-derived provenance (Fig. 7, see 511 

Supplementary Table S2 for sample details). Furthermore, we compiled all the previously 512 

published detrital zircon U–Pb data from the Jianchuan Basin (Supplementary Table S4), as 513 

shown in Figs. 9-12. We use the updated stratigraphic framework based on recent new age 514 

constraints (see section 4.2 and Fig. 8) for each sample location.  515 

From our compilation, we address the above three questions as follows:  516 

1) Using visual comparison of the KDE plots (Fig. 14), with the acquisition of more 517 

data, the spectra from the Songpan-Ganzi and the Yangtze First Bend are insufficiently 518 

different from each other to be able to determine whether the Baoxiangsi Formation was 519 

derived from one or the other. Specifically, the criteria that Yan et al. (2012) used, namely that 520 

the Baoxiangsi Formation matches closely with the Songpan-Ganzi spectrum particularly in 521 

terms of a pronounced peak at 1.8-2.0 Ga, and differs from the Yangtze First Bend spectra in 522 

terms of the Baoxiangsi Formation lacking Neo- and Meso-Proterozoic grains in the range 1.4-523 

1.8 Ga and 600-1000 Ma, is not upheld. Fig. 14h shows that the Baoxiangsi Formation does 524 

have a considerable number of such Neo- and Meso-Proterozoic grains, whilst the more diffuse 525 

nature of the 1.6-2.0 Ga peak of the Yangtze First Bend (Fig. 14a) compared to the 1.8-2.0 Ga 526 

pronounced peak of the Baoxiangsi Formations and Songpan-Ganzi (Figs. 14h and 14k), is not 527 

entirely diagnostic. Similarly, the observation that the Baoxiangsi Formation more closely 528 

resembles the Songpan-Ganzi terrane rather than the paleo-upper Yangtze in its lack of 529 

Cenozoic young ages (Zhang et al. 2019a) is obviated by new samples from the Baoxiangsi 530 

Formation from which young grains are recorded (e.g., Fig. 9j). The discovery of these young 531 

ages does not mean, however, that the Baoxiangsi Formation is more likely derived from the 532 



paleo-upper Yangtze, since young volcanic rocks are also prevalent in the Jianchuan Basin (Fig. 533 

7). 534 

Using the MDS plot to determine the degree of similarity between samples (Fig. 15), 535 

shows that the Baoxiangsi Formation is similar to both the Songpan-Ganzi terrane and Upper 536 

Yangtze First Bend end members, and therefore could be equally well derived from either. 537 

Therefore, in summary, the original proposal by Yan et al. (2012), that the Baoxiangsi 538 

Formation sediments were deposited by a major river draining the Songpan-Ganzi, which was 539 

not the paleo-upper Yangtze, is not upheld with the subsequent inclusion of additional data. 540 

2) A number of previous authors proposed river capture by the time of deposition of 541 

the Jinsichang or Shuanghe Formation, based on sedimentological facies criteria (e.g., Gourbet 542 

et al. 2017) and the more restricted zircon spectra (e.g., Yan et al. 2012, Feng et al. 2021). 543 

However, as already noted by Clift et al. (2020) and Zheng et al. (2021), their four samples 544 

from the Jinsichang Formation (JN4 and JN5 from Clift et al. (2020) and JCS-1 and JCS-2 545 

from Zheng et al. (2021), Figs. 10c-f) as well as our two new samples from this formation 546 

(JCS5 and JCS6, Figs. 10g, h), show broad zircon age spectra, with very similar age 547 

distributions and position on the MDS plot to those of the Baoxiangsi Formation (Fig. 15b). 548 

This mix of samples with broad and restricted spectra could be indicative of a major river with 549 

additional local input and lateral facies variation, as proposed by He et al. (2021).  550 

The Shuanghe Formation has a significant proportion of Cenozoic zircon U–Pb ages, 551 

resulting in it looking considerably different to the other formations (Fig. 14f), and distinct on 552 

the MDS (Fig. 15a). However, after excluding grains <60 Ma, the Shuanghe Formation 553 

signature is closer to the Baoxiangsi and Jinsichang formations, as shown both in KDE and 554 

MDS plots (Figs. 14e and 15b). Thus this formation could still represent a major river, with 555 

additional significant input of Cenozoic volcanic zircons derived from local Jianchuan volcanic 556 

rocks of this age (see Fig. 7). Furthermore, a number of samples from the Shuanghe Formation 557 



overlap with those from the Baoxiangsi and Jinsichang Formations (Fig. 15b), suggesting the 558 

possibility that the various samples represent a combination of facies from a through-going 559 

river and locally derived deposition. 560 

The only exception to the similar spectra in the formations of the Jianchuan Basin 561 

sediments is found in the Jianchuan Formation. In this formation, all the samples have simple 562 

age spectra (Fig. 14d) and are dominated by a Cenozoic and 600-900 Ma age populations. The 563 

Cenozoic grains may well be derived from the local Jianchuan volcanics like the Shuanghe 564 

Formation, whereas the 600-900 Ma age populations are most likely transported by the local 565 

eastern river draining from the Yangtze Block into the basin today, which is also dominated by 566 

a Neo-Proterozoic age spectrum (Fig. 13h, eastern river to JCB).  567 

Therefore, in summary, the detrital zircon U-Pb data do not rule out that a major river 568 

continued to flow through the region, until Jianchuan Formation times. There is not an abrupt 569 

change of provenance in the Jianchuan Basin between the Baoxiangsi, Jinsichang, and 570 

Shuanghe formations, reflecting the time of river capture when facies changed from a major 571 

river to local inputs. Instead, the signature which previously has been interpreted as that of a 572 

major river, continues in some samples until the Pliocene or as late as Quaternary (Fig. 14b). 573 

Previously documented provenance changes may reflect only that samples were collected from 574 

different facies in an intermontane basin, rather than upstream river capture. 575 

3) Both the KDE plots and the MDS plots show that the detrital zircon U–Pb spectra 576 

from the Baoxiangsi Formation, Jinsichang Formation, and Shuanghe Formation (excluding 577 

grains <60 Ma) look equally similar to the Yangtze First Bend and the local Cretaceous bedrock 578 

(Figs. 14 and 15), indicating that a local derivation could well explain the major Jianchuan 579 

basin sediments, as proposed by Wissink et al. (2016). The significant young, Cenozoic, grains 580 

from the sediments of the Jianchuan Basin may suggest a source from the Qamdo Block, as 581 

Clift et al. (2020) suggested. However, these young grains could also be locally derived as 582 



shown by the widespread Cenozoic igneous rocks in the Jianchuan Basin. Therefore, long-583 

distance transport of these young grains from the Qamdo Block is not required. Overall, we 584 

have shown that if one is to investigate if local sourcing could produce the observed age spectra, 585 

thus negating the need for long distance transport of detritus, comparison with signatures from 586 

local older bedrocks and rivers is required.  587 

 588 

5. Alternative provenance approaches to investigating river capture: evidence from bulk 589 

Sr–Nd isotope and mica 40Ar/39Ar analyses? 590 

With the challenges of the use of zircon in providing adequately differentiable source 591 

characterization, as described above, we carried out a pilot study applying Sr–Nd whole rock 592 

and mica 40Ar/39Ar analyses to rocks of the Gonjo and Jianchuan Basins, to test whether they 593 

might provide good approaches for source discrimination, and hence paleo-drainage 594 

reconstruction, in this region. Our rationale was that, rather than focusing on geological events 595 

associated with crystallization (i.e. zircon U–Pb analyses), an approach that focused on timing 596 

of cooling of terranes (as determined from mica 40Ar/39Ar dating), or distinctive composition 597 

of the source rock and the age of crustal material (as determined by Sr–Nd isotopes on bulk 598 

rocks), might provide better discrimination between sources. 599 

Although Clift (2016) suggested that both Sr–Nd isotopes and mica 40Ar/39Ar ages have 600 

many uncertainties as provenance tools in SE Asia, some previous studies have proposed to 601 

successfully constrain the capture history of the Greater paleo-Red River and paleo-Yangtze 602 

River using these techniques. For example, Hoang et al. (2010) noted a contrast in 40Ar/39Ar 603 

mica ages between the First Bend of the Yangtze (see Fig. 16 for location, (Triassic-dominated 604 

population, Fig. 17v)) and the Red River upper reaches (Cenozoic-dominated population, Figs. 605 

17o-q), and therefore considered that “this method is a good proxy for reconstructing sediment 606 

provenance of the Greater paleo-Red River system”. Furthermore, Sun et al. (2020b) compared 607 



detrital zircon U–Pb ages and detrital mica 40Ar/39Ar ages from the modern Yangtze River 608 

drainage basin and demonstrated that different provenance information is provided by these 609 

contrasting systems. In particular, they noted that the Dadu tributary to the Min River (see Fig. 610 

16 for location) contains a Cenozoic mica population that may be diagnostic of the paleo-upper 611 

Yangtze (Figs. 17s), allowing them to constrain aspects of the capture history by comparison 612 

with ancient deposits downstream (Sun et al., 2017; 2021). Additionally, they considered micas 613 

from Pliocene sediments in the Jianchuan Basin to be locally derived, thereby constraining the 614 

time the Yangtze flowed through the basin as pre-Pliocene (Sun et al., 2020c). Clift et al. 615 

(2006a) conducted Sr–Nd analyses on mudstones from the Hanoi Basin at the Red River mouth 616 

(see Fig. 16 for location), which shows a rapid shift to less negative εNd values at late 617 

Oligocene-early Miocene times (Fig. 18a). They attributed this shift to be the result of the loss 618 

of the paleo-middle Yangtze that flowed from the ancient Yangtze craton into the paleo-Red 619 

River basin. Although Zhang et al. (2019a) noted that the shift in εNd values may have a much 620 

more complex cause, nevertheless, they still considered that the provenance change recorded 621 

by Sr–Nd from the Hanoi Basin is ‘the strongest line of evidence to date’ to support a river 622 

reorganization of the Greater paleo-Red River. 623 

 624 

5.1. 40Ar/39Ar dating of detrital micas as a tool for reconstructing the paleodrainage of the 625 

region 626 

Two main strands of research have been undertaken on this topic using detrital mica 627 

40Ar/39Ar analyses; one strand has looked at using mica 40Ar/39Ar analyses to determine if and 628 

when the paleo-upper Yangtze used to drain into the paleo-Red River using the Greater paleo-629 

Red River sediments (Hoang et al., 2010; Sun et al., 2020c), whereas the second strand of 630 

research looked at the time when the Yangtze established its current drainage pattern, using 631 

paleo-lower Yangtze sediments (Sun et al., 2017; Sun et al., 2021). 632 



 633 

5.1.1. Did the paleo-upper Yangtze once flow into the paleo-Red River, as evidenced by mica 634 

40Ar/39Ar data? 635 

Given the proposal by Hoang et al. (2010) that mica 40Ar/39Ar ages could be a good tool 636 

for detecting river capture using the contrasting Triassic and Cenozoic ages from the upper 637 

Yangtze and Red River, respectively (see above), we undertook additional analyses at the First 638 

Bend of the Yangtze and the Red River head (see Fig. 16 for location) to further test this 639 

approach (the methods and results of the 40Ar/39Ar mica analyses are provided in the 640 

Supplementary materials S2 and Table S5, respectively). 641 

Our new analyses from the Yangtze First Bend concur with Hoang et al. (2010) and Sun 642 

et al. (2020c) that show an overwhelming Triassic signal at this location (Figs. 17v). However, 643 

our data from the Red River head also show an overwhelming Triassic population (Fig. 17n), 644 

compared to the Cenozoic signal at locations further downstream (Figs. 17o-q), the latter 645 

presumably more influenced by input from the Cenozoic Ailao Shan-Red River Fault Zone 646 

(Clift et al., 2008). The Red River contains both Cenozoic and Triassic populations at its mouth 647 

(Fig. 17q). This suggests additional input of a Triassic signal source to the lower stream of the 648 

Red River. Given that the Min River tributary to the paleo-middle Yangtze also shows a strong 649 

Cenozoic mica peak (Fig. 17s) and is also considered to have flowed into the paleo-Red River 650 

in pre-capture times (Clark et al., 2004, Fig. 2), provenance discrimination and thus constraint 651 

to capture models based on “Triassic” versus “Cenozoic” diagnostic mica ages is likely more 652 

complicated than originally thought.  653 

Sun et al. (2020c) carried out 40Ar/39Ar dating and geochemistry of detrital micas in 654 

Pliocene sediments from the Jianchuan and Yuanmou basins on the SE margin of Tibet (see 655 

Fig. 2 for location), both of which are considered to be regions through which a paleo- upper 656 

and -middle Yangtze may have flowed into the paleo-Red River. They showed that muscovite 657 



ages from Pliocene Jianchuan Basin sediments overlapped with both the local Yangbi river that 658 

drains the Jianchuan Basin (Figs. 17h and 17l) and with the upper Yangtze River, with 659 

geochemistry indicating at least some contribution from the upper Yangtze River. By contrast, 660 

biotites from the Pliocene Jianchuan Basin sediments had similar ages to a local river draining 661 

the basin and a dissimilar signature to the upper Yangtze River. From this they interpreted that 662 

the sediments were recycled from the underlying Eocene Baoxiangsi Formation, which 663 

previous provenance studies using zircon U–Pb ages proposed to be deposited by the paleo-664 

upper Yangtze River (see section 4). They therefore proposed that the paleo-upper Yangtze 665 

had ceased draining into the Jianchuan Basin and hence the Greater paleo-Red River, prior to 666 

the Pliocene. 667 

We note that a requirement for local derivation of the biotite grains does not necessarily 668 

require a local source also for the muscovite grains, and that the Baoxiangsi Formation may 669 

not be derived from the paleo-upper Yangtze (as discussed in section 4). Since no sediments 670 

older than the Pliocene in the proposed paleo-upper Yangtze River drainage basins have been 671 

subjected to 40Ar/39Ar analyses, we collected Paleogene samples from the Gonjo and Jianchuan 672 

basins (see Fig. 4 and Fig. 7 for sampling locations). These can be used to test whether 673 

40Ar/39Ar muscovite analyses may provide more robust evidence on the evolution of the 674 

Greater paleo-Red River, and investigate further the potential for the reworking scenario as 675 

suggested by detrital zircon U–Pb (see sections 2-4). For the Gonjo Basin, we collected seven 676 

samples for 40Ar/39Ar mica dating spanning the Gonjo Paleogene magnetostratigraphic section 677 

(Li et al., 2020b). For the Jianchuan Basin, we collected nine samples from the Eocene 678 

Baoxiangsi Formation, Late Eocene Jinsichang and Shuanghe formations (but only three 679 

samples contained micas suitable for 40Ar/39Ar dating), to complement the Pliocene samples 680 

published by Sun et al (2020c). The methods and results of the 40Ar/39Ar mica analyses are 681 

provided in the Supplementary materials S2 and Table S5.  682 



Plotting our new and compiled data from the Jianchuan and Gonjo basins as KDEs (Fig. 683 

17a-k) and MDS plot (Fig. 19), we show that, in both basins, there is little change up section 684 

at least since the time of deposition of our oldest sample, with a Triassic age peak dominating 685 

throughout, although the Eocene Baoxiangsi Formation has too few data points to allow a 686 

robust interpretation. Furthermore, we note that the MDS plot suggests a greater similarity 687 

between the Jianchuan Basin sedimentary rocks and the local Yangbi River compared to the 688 

Yangtze First Bend, although the number of analyzed mica data is low for the Yangbi River. 689 

Therefore, based on the limited available data, we tentatively concur and extend the 690 

interpretation of Sun et al. (2020c) that a local provenance is likely for the Jianchuan Basin, at 691 

least since the time of deposition of the Jinsichang Formation. However, we stress that more 692 

samples are required from the Jianchuan Basin to valid this interpretation in future studies.  693 

Additionally, our new data from the Paleogene Gonjo Basin (Figs. 17a-g) are similar to 694 

the data from the Jianchuan Basin (Figs. 17h-k). This might support the proposal that sediments 695 

from both these basins have similar provenance, indicating a through-flowing river, as 696 

suggested by previous workers using zircon data (e.g., Clift et al., 2020). However, 697 

unfortunately, our analyses from the Baoxiangsi Formation are too few for valid comparison, 698 

and furthermore, the sediments from the two basins are not exactly co-eval. We do however 699 

note that the Gonjo Basin samples overlap in MDS space with the Yangtze River First Bend, 700 

and therefore the Gonjo Basin as the headwaters of the paleo-upper Yangtze is viable. 701 

Nevertheless, until more samples from local rivers have been analyzed, a local provenance 702 

remains equally possible. 703 

 704 

5.1.2 When was the Yangtze River formed in its current configuration, as evidenced by mica 705 

40Ar/39Ar data? 706 



Sun et al. (2017) conducted a detrital muscovite 40Ar/39Ar study on the late Pliocene-707 

Quaternary sediments from the Jianghan Basin (see Fig. 2 for location) through which the 708 

modern middle Yangtze flows. They found that the late Pliocene sediments were locally 709 

derived whereas the middle Pleistocene sediments contain a unique Cenozoic age population 710 

that could only be sourced from eastern Tibet. They therefore concluded that the paleo-lower 711 

Yangtze cut through the Three Gorges (see Fig. 2 for location) and reversed the flow direction 712 

of the paleo-middle Yangtze between the late Pliocene and middle Pleistocene. They further 713 

constrained the lower age limit on the formation of the modern Yangtze by detrital muscovite 714 

and K-feldspar dating on the ~Miocene (Zheng et al., 2013) ‘Yangtze Gravel’ of the lower 715 

Yangtze at Nanjing (Sun et al., 2021). Since no Cenozoic aged grains from eastern Tibet were 716 

identified in the gravel, they therefore concluded that the current Yangtze was established after 717 

the Miocene.  718 

In our data compilation (Fig. 17), it can be seen that the 40Ar/39Ar ages along the Yangtze 719 

River systematically change from the upper to the lower reaches (see Fig. 16 for sampling 720 

locations). They are dominated by Triassic ages at the First Bend of the Yangtze (Fig. 17v), 721 

and there is a significant increase of Neoproterozoic ages after the confluence of the Yalong 722 

River to the Yangtze (Figs. 17w, x); this is consistent with the dominance of Neoproterozoic 723 

mica ages in the Yalong River (Fig. 17r). The 40Ar/39Ar ages in the middle and lower reaches 724 

of the Yangtze are mainly younger than 120 Ma (Figs. 17y, z, I, II). These characteristic 725 

Cretaceous to Cenozoic ages are predominantly recorded in the Min River tributary to the 726 

Yangtze (Fig. 17s), and derived from the Longmen Shan belt (through which the Min River 727 

flows (Fig 1)) which has common micas of this age (e.g., Kirby et al., 2002; Wallis et al., 2003). 728 

Sun et al. (2017; 2021) considered that the Cenozoic 40Ar/39Ar ages provide a characteristic 729 

signal for the upper Yangtze from eastern Tibet, which can be used to constrain the formation 730 

of the modern Yangtze River. However, the 40Ar/39Ar ages from the First Bend of the Yangtze 731 



(our new data, Hoang et al. (2010), and Sun et al. (2020c), Fig. 17v) and Yalong River (Fig. 732 

17r) show a paucity of these Cenozoic grains. Therefore, since these Cenozoic micas are only 733 

found in the Min River, but not in the trunk stream of the upper Yangtze or the Yalong Rivers 734 

from eastern Tibet, the appearance of these grains in the lower Yangtze therefore constrains 735 

only when the Min River joined the Yangtze system. The capture of the paleo-middle Yangtze 736 

(cut through of the Three Georges) and paleo-upper Yangtze and thus what might be considered 737 

the “birth of the Yangtze” remains unknown. 738 

 739 

5.2. Sr–Nd bulk isotopic data as a technique to determine the paleodrainage of the region 740 

Few studies utilizing bulk rock Sr–Nd to investigate paleodrainage in the region have 741 

been undertaken so far (Clift et al., 2004b; 2006; 2008; Liu et al., 2007; He et al., 2021), and 742 

no unambiguous agreement has been reached. To further explore the significance of these 743 

previous studies, we compiled all published data (see Fig. 16 for sampling locations), and 744 

additionally analyzed bulk mudstones from the Cenozoic Gonjo (18 samples, Fig. 4) and 745 

Jianchuan (14 samples, Fig. 7) basins and river muds from the modern Red and Yangtze Rivers. 746 

Methods are given in Supplementary S3 and results in Table S6 and displayed in Fig. 18. 747 

Clift et al. (2004) noted that εNd values for the Eocene Red River delta in the Gulf of 748 

Tonkin (solid green triangles in Fig. 18a) were less negative compared to those of the modern 749 

middle upper reaches of the Red River (purple stars), thus requiring that the Eocene material 750 

included younger crustal material compared to modern sediment. They proposed two possible 751 

interpretations: either the Eocene paleo-Red River included input from the paleo-upper 752 

Yangtze, which has modern day values closer to those recorded for the Eocene Gulf of Tonkin 753 

(green open triangles in Fig. 18a), or there was additional local contribution from the South 754 

China Block to the downstream paleo-Red River record. By contrast, the onshore Hanoi Basin 755 

archive of the paleo-Red River shows a major change of εNd values from as low as –17 in the 756 



Eocene, to approximately modern-day values of –11 by the Miocene (Clift et al., 2006a, blue 757 

stars in Fig. 18a). Clift et al. (2006a) interpreted this change to reflect drainage loss of the 758 

Greater paleo-Red River by separation from the paleo- upper and -middle Yangtze, which 759 

flows over the very negative Yangtze Craton. We suggest that the Gulf of Tonkin data is better 760 

explained by additional contribution of material with a less negative εNd value to the Red River 761 

downstream Hanoi, rather than river capture because 1) the trend to more positive values 762 

downstream in the modern Red River (Fig. 18b) supports this hypothesis, and 2) the difference 763 

in εNd values between the co-eval Red River repositories of the onshore Hanoi Basin and off-764 

shore Gulf of Tonkin indicates that an additional source must be supplying the offshore. 765 

The trend to more positive εNd values between Eocene to Miocene Hanoi Basin sediments, 766 

interpreted as a loss of cratonic input due to capture of the paleo-middle Yangtze away from 767 

the Red River (Clift et al., 2006a), seems to provide a more robust argument for river capture. 768 

However, as noted by Clift et al. (2008), εNd values show strong variations along the trunk of 769 

the Red River, and more significant isotopic variability exists in the smaller tributaries, with 770 

some extreme values ranging from an εNd value of –27 to as high as –6 (Fig. 18b). Therefore, 771 

we cannot exclude the possibility that the change of εNd values in the Hanoi Basin sediments 772 

resulted from changes in Red River tributary input. 773 

He et al. (2021) provided Sr–Nd data from Cenozoic sedimentary rocks from the 774 

Jianchuan Basin (see Fig. 7 for sampling locations), previously interpreted to be either locally-775 

derived or the products of a paleo-upper Yangtze draining into the Red River (see section 4). 776 

He et al. (2021) complemented their heavy mineral, bulk geochemical, and detrital zircon data 777 

from the Jianchuan Basin with Sr–Nd data. They noted a small excursion to more negative εNd 778 

values in the Jinsichang Formation compared to the Baoxiangsi and Shuanghe Formations 779 

stratigraphically above and below (pink squares in Fig. 18a). They considered that this 780 

supported their previous interpretation, as constrained by detrital zircon U–Pb data (see section 781 



4), that a major through-going river of the Greater paleo-Red River developed during the 782 

deposition of the Jinsichang Formation. By contrast, our data from the Jinsichang and 783 

Shuanghe formations (black solid dots in Fig. 18a) show more variability, and indeed some 784 

excursion in the opposite direction to that noted by He et al. (2021). We note that the scatter of 785 

data within each formation of the Jianchuan Basin (Fig. 20-biplot) could be consistent with a 786 

mix of local derivation and throughput of a major river as previously proposed (section 4.3), 787 

although the local Jianchuan river signatures are dissimilar to the basin’s Cenozoic sedimentary 788 

rocks, except for the Shuanghe Formation, which can be explained by the high prevalence of 789 

contemporaneous volcanic material in this Formation.  790 

He et al. (2021) also compared their detrital zircon data from the Jianchuan Basin with 791 

those from the Gonjo Basin, using the degree of similarity to interpret a through-going river 792 

between these basins. Comparison of Sr–Nd data for approximately co-eval ages (the 793 

Baoxiangsi Formation in the Jianchuan Basin (pink triangles in Fig. 20) and Eocene Gonjo 794 

(open pink stars in Fig. 20)) between these two basins shows that they plot in broadly different 795 

Sr–Nd space albeit with some overlap. This could suggest that, in contrast to the mica (section 796 

5.1) and zircon data (sections 3 and 4), the two basins have dissimilar provenance, not 797 

suggestive of a through-going river. Nevertheless, the partial overlap could represent the 798 

proposed through-going river, with the non-overlapping samples representing the locally-799 

derived facies. We also note that in the Gonjo Basin, the Cenozoic sedimentary rocks are more 800 

similar to the modern local Gonjo River, compared to the upper Yangtze modern River in the 801 

Gonjo region, indicating that a paleo-upper Yangtze is not required to explain the Gonjo Basin 802 

data.  803 

 804 

6. Discussion 805 

6.1. Implications for the evolution of the paleo-Yangtze and Paleo-Red River 806 



Recently, a number of review papers have tried to reconstruct the evolution of Yangtze 807 

and Red River in the Cenozoic (Wissink et al., 2016; Zhang et al., 2019a; Clift et al., 2020; 808 

Guo et al., 2021; Zhao et al., 2021; Zhang et al., 2021; 2022; Cao et al., 2023; Wang et al., 809 

2023). These review papers all compiled databases, either detrital zircon U–Pb ages, Sr-Nd 810 

isotopes, mica 40Ar/39Ar ages or Pb isotopes of K-feldspar characterization. Yet a consensus of 811 

opinion is yet to be reached. As noted in section 1, most studies that suggest a through‐flowing 812 

river from east Tibet to the South China Sea are based on the detection of similar detrital zircon 813 

U–Pb ages in different basins in southeast Tibet, all considered to be Greater paleo-Red River 814 

deposits. Our integrated provenance review of detrital zircon U–Pb data show that the 815 

signatures of source areas of the east Qiangtang terrane, Songpan-Ganzi terrane, and Yidun 816 

Arc are indistinguishable after the Late Triassic due to zircon recycling and mixing. Therefore, 817 

the similar detrital zircon U–Pb spectra from many Cretaceous-Cenozoic basins in southeast 818 

Tibet as observed by many previous studies could be either the result of transportation by large 819 

rivers, or due to recycling from local bedrocks, and thus cannot be used as solid evidence to 820 

support the existence of a large through-flowing river in the Early Cenozoic. The integrated 821 

mica 40Ar/39Ar and Sr–Nd isotope data from the Cenozoic sediments and modern rivers in 822 

southeast Tibet have also not proved to be sensitive provenance discriminators thus far, mainly 823 

due to limited data or ambiguity of data interpretations. Overall, the current provenance data 824 

determined from zircon U-Pb, mica 40Ar/39Ar, and Sr–Nd are not sufficiently robust to support 825 

the Greater paleo-Red River capture model as many researchers suggested.  826 

Detrital K-feldspar Pb isotopic signatures is currently the most promising avenue 827 

documented to determine if and when river capture away from the Greater paleo-Red River 828 

occurred. The clearest distinction between source signatures in the region lies with the 829 

recognition that the western Yangtze craton where the middle Yangtze flows has feldspars with 830 

a less radiogenic signature compared to the Red River (Clift et al., 2008, Zhang et al 2014). 831 



Presence of such grains in the paleo-Red River deposits therefore would indicate prior 832 

westward flow of the middle Yangtze into the Red River drainage, with the caveat that such 833 

grains can also be delivered to the Red River directly from Red River tributaries that drain the 834 

Yangtze craton, such as the Song Lo (Clift et al 2008). The absence of these less radiogenic 835 

grains from the Eocene sediments in the onshore Hanoi Basin and the Eocene to Pliocene 836 

deposits of the offshore Yinggehai and Qiongdongnan basins suggesting that the middle 837 

Yangtze had not flowed into the paleo-Red River at least since the late Eocene (Clift et al 2008; 838 

Zhang et al., 2017; 2021a). The upper Yangtze k-feldspar signature, however, is less distinctive, 839 

with considerable overlap between signature fields of the Red River and upper Salween (Zhang 840 

et al., 2017; 2023), making this method is also insensitive to test whether the upper Yangtze 841 

was once connected to the Greater paleo-Red River in the Early Cenozoic.  842 

Considering the different conclusions obtained by different/same provenance methods as 843 

shown in this study, it is unlikely to obtain an unambiguous conclusion regarding the drainage 844 

network evolution in the southeast margin of Tibet at this stage, but we would advocate that, 845 

more 40Ar/39Ar, Sr–Nd, and Pb isotope researches on Cenozoic sediments in the southeast 846 

margin of Tibet, or a combination of these methods, could be effective to solve the Greater 847 

paleo-Red River capture model in the future.  848 

 849 

6.2. Implications for future detrital zircon U–Pb provenance studies in southeast Tibet  850 

We have shown in sections 3 and 4 that sedimentary recycling plays a fundamental role 851 

in the source region detrital zircon signatures after the Late Triassic in southeast Tibet, which 852 

was not taken into account by most previous research that used detrital zircon U–Pb dating as 853 

a provenance tool to reconstruct paleo-drainage evolution in this region. We propose that after 854 

the amalgamation of various terranes (Qiangtang, Indochina, Sibumasu, Songpan-Ganzi) in the 855 

Middle-Late Triassic, the ongoing convergence resulted in significant orogeny within these 856 



terranes, allowing for development of major rivers crossing the terranes and thus mixed 857 

provenance. The potential source terranes of the upland proposed Greater Paleo-Red River are 858 

therefore not easily differentiable in terms of having distinguishably different detrital zircon 859 

U–Pb spectra. Therefore, the use of detrital zircon U–Pb data in provenance studies to 860 

determine paleo-drainage evolution in this region remains challenging, and sedimentary 861 

recycling should be considered in more depth in future detrital zircon U–Pb studies in southeast 862 

Tibet.  863 

Whilst this paper has focused largely on the role of sedimentary recycling in blurring the 864 

provenance signal, the potential degree of influence on the detrital zircon spectra of factors 865 

such as source region mineral fertility (e.g., Chew et al., 2020), the effect of hydraulic sorting 866 

and facies on the age spectrum (e.g., Yang et al., 2012; Malusà et al., 2016; Sun et al., 2020a), 867 

the number of grains required to adequately characterize a sample/site (e.g. Vermeesch et al 868 

2004, Ibanez-mejia et al., 2018) and analytical bias during experimental and data analysis (see 869 

review in Chew et al. 2020) is also not well considered in previous studies for this region. 870 

These aspects go beyond the scope of this paper to investigate in detail. However, we 871 

noted strong variations of detrital zircon U–Pb age spectra between different samples in the 872 

same formation in the Jianchuan Basin, and some samples only have a very restricted age 873 

spectra (e.g., JSJ18 in Jinsichang Formation, Fig. 10), which was previous interpreted as 874 

evidence of river capture (e.g., Yan et al. 2012). However, when multiple samples are analyzed 875 

from the same formation, the data suggest that intra-formational variability may simply record 876 

facies variation, with some samples continuing to reflect deposition from a through-flowing 877 

river (Fig. 14). This interpretation is best illustrated by detrital zircon U–Pb data from the 878 

modern sediments at the First Bend of the Yangtze, which also show strong variation between 879 

different studies (Figs. 13c-g), albeit no river capture or provenance change. Moreover, initial 880 

apparent differences between the Shuanghe versus other Formations in the Jianchuan Basin, 881 



previously also interpreted as evidence of river capture (e.g., Feng et al., 2021), become less 882 

significant when the locally derived Cenozoic grains are excluded (Figs 11, 14f, 15), which 883 

suggests that local input may create the illusion of provenance change while actually the 884 

regional input was still stable, and simply diluted. 885 

  886 

 887 

7. Conclusions  888 

In order to contribute to the long-disputed controversy on the drainage network 889 

reorganization in southeast Tibet and its link with Tibet uplift, we compiled the detrital zircon 890 

U–Pb ages used as provenance signatures from the different terranes of southeastern Tibet, to 891 

which we added our own new data from the critical regions of the Gonjo and Jianchuan Basins. 892 

Our large compiled zircon U–Pb dataset show similar zircon U–Pb spectra between these 893 

terranes in upper Triassic and younger rocks, which makes it challenging to clearly distinguish 894 

between potential source signatures of the various terranes in southeast Tibet. This similarity 895 

of spectra makes it difficult to determine whether sedimentary rocks of the various Cenozoic 896 

basins of the region were locally-derived or deposited by long-distance through-flowing rivers. 897 

This therefore presents a significant challenge in the use of detrital zircon U–Pb analyses as a 898 

provenance tool for documenting paleodrainage evolution in southeast Tibet.  899 

Given the challenges of the zircon U–Pb approach in this setting, we sought to further 900 

explore the application of detrital mica 40Ar/39Ar analyses and Sr–Nd bulk analyses to this 901 

research question. We cautiously uphold the view that these techniques might have promise in 902 

certain regions. For example, the Sr-Nd signatures of the Jianchuan and Gonjo Basins are 903 

slightly different but with partial overlap, and in the region of the Jianchuan Basin, local rivers 904 

have a different Sr–Nd and mica 40Ar/39Ar signature to the modern upper Yangtze. However, 905 

there is some overlap between the Sr–Nd signatures of the modern Yangtze at the First Bend 906 



and the Red River at its source, and strong overlap in their mica 40Ar/39Ar signatures, which 907 

would also limit the use of these techniques in determining if the paleo-upper Yangtze ever 908 

flowed into the paleo-Red River. More analyses are needed to determine if this overlap is 909 

significant, or is caused by outliers.  910 

In total, our compiled large dataset suggests that the current provenance data are not 911 

sufficiently conclusive to support the Greater paleo-Red River capture model as many 912 

researchers suggested, when the influence of zircon sedimentary recycling, inter-sample 913 

variation, and local input are taken into consideration. 914 
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(Supplementary Table S6).  1257 

 1258 

Figure Captions 1259 

Figure 1. (a) Map illustrating the major geological terranes and the major fluvial drainages in 1260 

East and SE Asia. (b) Enlarged map (green doted square in Fig. 1a) showing the Three Parallel 1261 

Rivers (TPR) and the First Bend of Yangtze (FB). Abbreviations: TH: Tethyan Himalaya, LH: 1262 

Lhasa terrane, E/WQT: East/West Qiangtang terrane, SPGZ: Songpan-Ganzi terrane, YD: 1263 



Yidun Arc, WB: West Burma Block, SI: Sibumasu terrane. AKMS: Anyimaqin-Kunlun-1264 

Muztagh suture, QL-DB: Qinling-Dabie, JSJS: Jinshajiang suture, LMC-SH: Longmuco-1265 

Shuanghu suture, BG-NJ: Bangonghu-Nujiang suture, IYS: Indus-Yarlung suture, CN-ML: 1266 

Changning-Menglian suture, I-BT-R: Inthanon-Bentong-Raub suture, SM: Songma suture, 1267 

GZLT: Ganzi-Litang suture. EHS: Eastern Himalayan syntaxis, IBR: Indo-Burman Ranges, 1268 

FB: the First Bend of Yangtze, SGF: Sagaing Fault, LMST: Longmenshan Thrust Fault, SCB: 1269 

Sichuan Basin, TG: Three Gorges, JHB: Jianghan Basin, HB: Hanoi Basin, SHYB: Songhong-1270 

Yinggehai Basin.  1271 

 1272 

Figure. 2: The Greater paleo-Red River (green dashed area) capture model as proposed by 1273 

Clark et al. (2004). The orange areas denote main sedimentary basins discussed in this study. 1274 

Modified after Clark et al. (2004) and Zhang et al. (2019). NQ: Nangqian Basin, GJ: Gonjo 1275 

Basin, FB: the First Bend of Yangtze, LPB: Lanping Basin, JCB: Jianchuan Basin, CXB: 1276 

Chuxiong Basin, YMB: Yuanmou Basin, YJB: Yuanjiang Basin, N Vietnam: North Vietnam 1277 

Basin, SCB: Sichuan Basin, TG: Three Gorges, JHB: Jianghan Basin, NJ: Nanjing.  1278 

 1279 

Figure 3. Kernel Density Estimation (KDE) plots for the compiled U–Pb detrital zircon data 1280 

from different geological domains on the eastern margin of Tibet. The five grey bars indicate 1281 

the common zircon populations seen in East Asia, associated with the Indosinian orogeny, 1282 

Caledonian orogeny, Jinning orogeny, Lvliang orogeny, and Wutai orogeny, respectively (Wu 1283 

et al., 2019) 1284 

 1285 

Figure 4. (A) Geological map of southeastern Tibet showing the Gonjo and Nangqian basins. 1286 

B) Enlarged geological map of the Gonjo Basin showing the locations of U–Pb sampling sites 1287 

of previous work and this study. Arrows with circles denote the paleocurrent directions, data 1288 



are from Studnicki-Gizbert et al. (2008) and Tang et al. (2017). The abbreviations are the same 1289 

as Fig. 1 and Fig. 4. 1290 

 1291 

Figure 5. KDE plots of all detrital zircon U–Pb ages from sedimentary rocks of the Gonjo Basin 1292 

in stratigraphic order, including published data as referenced. The grey vertical bars indicate 1293 

the common zircon populations in East Asia as stated in Fig. 4. 1294 

 1295 

Figure 6. Detrital zircon U–Pb data from the Gonjo Basin compared to various source regions. 1296 

KDE plots of detrital zircon U–Pb ages from the Gonjo Basin (GJ) Gonjo (a) and Ranmugou 1297 

(b) formations, compared to modern local rivers draining into the Gonjo Basin from the 1298 

underlying Qiangtang terrane (Aiyu River, c), modern river sediment from the Yangtze River 1299 

at Gonjo (d), Late Triassic sedimentary rocks from East Asian terranes (e-h), and modern river 1300 

First Bend of Yangtze (YZ_FB, i).  1301 

 1302 

Figure 7. Geological map of the Jianchuan Basin and surrounding area, modified after BRGMY 1303 

(1990) and Cao et al. (2021). The sampling locations of detrital zircon U–Pb, 40Ar/39Ar, and 1304 

Sr–Nd of previous work and this study are marked by different symbols. Arrows with circles 1305 

denote the paleocurrent directions, data are from Wei et al. (2016), Wissink et al. (2016), and 1306 

He et al. (2021). 1307 

 1308 

Figure 8. Diagram showing the different stratigraphic frameworks proposed for the Jianchuan 1309 

Basin. 1310 

 1311 

Figure 9. KDE plots of the detrital zircon U–Pb ages from individual samples of the Baoxiangsi 1312 

formation in the Jianchuan Basin from previous work and this study. The published data are 1313 



from Yan et al. (2012), Kong et al. (2012), Wissink et al. (2016), Clift et al. (2020), Zheng et 1314 

al. (2020), He et al. (2021), and Feng et al. (2021). The five vertical bars indicate the common 1315 

zircon populations in East Asia as stated in Fig. 4. The yellow vertical bar indicates the 1316 

Cenozoic zircon populations that may be derived from the volcanic rocks in the Jianchuan 1317 

basin. 1318 

 1319 

Figure 10. KDE plots of the detrital zircon U–Pb ages from individual samples of the 1320 

Jinsichang Formation in the Jianchuan Basin from previous work and this study. The vertical 1321 

bars are the same as Fig. 9. 1322 

 1323 

Figure 11. KDE plots of the detrital zircon U–Pb ages from individual samples of the Shuanghe 1324 

Formation in the Jianchuan Basin from previous work and this study. The vertical bars are the 1325 

same as Fig. 9. 1326 

 1327 

Figure 12. KDE plots of the detrital zircon U–Pb ages from individual samples of the Jianchuan 1328 

and Sanying formations in the Jianchuan Basin from previous work and this study. The vertical 1329 

bars are the same as Fig. 9. 1330 

 1331 

Figure 13. KDE plots of the detrital zircon U–Pb ages from modern Yangtze River samples at 1332 

Tuotuohe (a, head of the Yangtze, He et al. 2013), at Gonjo (b, this study), and at the First 1333 

Bend of Yangtze (c-g), as well as local rivers draining in to Jianchuan Basin (h-j). The vertical 1334 

bars are the same as Fig. 9. 1335 

 1336 

Figure 14. KDE plots of detrital zircon U–Pb ages, combining all samples for each formation 1337 

in the Jianchuan Basin (b-h) and comparisons with the Yangtze First Bend (YZ_FB, a), 1338 



Cretaceous sedimentary bedrocks around the Jianchuan Basin (i), a local river from the eastern 1339 

side of the Jianchuan Basin (j), and Late Triassic sedimentary bedrocks from Songpan-Ganzi 1340 

(k), Yidun Arc (l) and Qiangtang (n) terranes. The vertical bars are the same as Fig. 9. 1341 

 1342 

Figure 15. (a) MDS plot using the data of Fig. 14. (b) MDS plot using all the individual samples 1343 

from the Jianchuan Basin, data from Figs 9-12. The two Baoxiangsi and Jinsichang Formation 1344 

samples interpreted by Wissink et al. (2016) as transverse fluvial facies are depicted by a cross 1345 

through the symbols. T2 = Mid Triassic, T3=Late Triassic, J1, 2 and 3 = Early, Middle, and 1346 

Late Jurassic, K1 and 2 = Early and Late Cretaceous, Pg = Paleogene, Mio = Miocene, 1347 

Plio=Pliocene, Q=Quaternary. 1348 

 1349 

Figure 16. Map showing the sampling locations for mica 40Ar/39Ar and Sr-Nd bulk sample 1350 

analyses from modern rivers analyzed in previous published research and this study. 1351 

 1352 

Figure 17. 40Ar/39Ar ages (as probability density plots) of detrital mica samples from Gonjo 1353 

Basin (a-g), Jianchuan Basin (h-k), Yangbi river (l), Mekong River mouth (m), Red Rivers (n-1354 

q), tributary rivers of the Yangtze (r-u), and the main Yangtze (v-II).  1355 

 1356 

Figure 18. (a) Strontium (87Sr/86Sr) and neodymium (ɛNd) data from the Jianchuan and Gonjo 1357 

basins (this study and from He et al. (2021)) compared to previous data from the Hanoi Basin 1358 

(Clift et al., 2006), Gulf of Tonkin (Clift et al., 2004), and various modern rivers (data are from 1359 

Clift et al., 2004; 2008; Liu et al., 2007). (b) Diagram showing the downstream variation in 1360 

87Sr/86Sr and ɛNd values from the Red River trunk and its small tributaries.  1361 

 1362 



Figure 19. MDS plots of the 40Ar/39Ar ages in Fig. 16. The dashed circle symbol of 1363 

JC_Baoxiangsi refers to the low number n of analyses from the Baoxiangsi Formation which 1364 

makes the data potentially unreliable. 1365 

 1366 

Figure 20. Bi-plot of the strontium (87Sr/86Sr) and neodymium (ɛNd) data in Fig. 18.  1367 

 1368 


















































































