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The geometry and evolution of fluvial systems are thought to be related to surface uplift. In eastern 
Tibet, rivers exhibit peculiar drainage patterns but how these patterns were established and their 
connection with the plateau uplift are still under debate. Here, we use detrital zircon U-Pb dating, 
bedrock (U-Th)/He thermochronometry, topographic analysis and numerical modeling to explore the 
paleo-drainage pattern of the Dadu and Anning Rivers, eastern Tibet. Our detrital data indicate that 
the Pliocene sources of sediments to the Anning River are different from the modern ones and they 
include a source similar to that of the modern Dadu River, implying a paleo-connection between the 
Dadu and the Anning Rivers and a subsequent cutoff of this connection after the deposition of the 
Pliocene sediments. Bedrock thermochronometric data along the Dadu River reveal rapid cooling at 
∼10 Ma and a possible enhanced cooling at ∼2 Ma, which we interpret as a response to the regional 
plateau uplift in eastern Tibet and to the Dadu-Anning capture, respectively. Combined with topographic 
analysis and numerical modeling, our results indicate an Early Pleistocene capture between the Dadu 
and Anning Rivers, resulting in the changes in the sediment sources of the Anning River, enhanced 
incision of the Dadu, and the transience of the Dadu River profile. The Dadu-Anning capture is related 
to the motion along the active sinistral strike-slip Daliangshan fault that locally disrupts the river 
network. This event does not date the plateau uplift; rather, it indicates how river reorganization can 
effectively enhance river incision and affect landscape development independently from regional-scale 
uplift.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The development of fluvial systems is closely linked to the 
evolving topography and thus to surface uplift in tectonic active 
region. Hence, river channels and their map-pattern geometry and 
elevation profiles are useful geomorphic features that can be used 
to infer tectonic deformation. In the eastern Tibetan Plateau, the 
Yangtze River and its main tributaries, including the Yalong and 
the Dadu Rivers, exhibit unusual channel patterns with sudden 
changes in their flow paths (Fig. 1a). Such river geometries have 
been proposed to result from river rerouting in response to plateau 
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uplift (Barbour, 1936; Brookfield, 1998; Clark et al., 2004). How-
ever, lines of evidence for river rerouting, its timing and causes are 
still debated (Clark et al., 2004; Clift et al., 2006; Gourbet et al., 
2017; Kong et al., 2009, 2012; Wei et al., 2016; Yan et al., 2012; 
Zhang et al., 2017b, 2019).

Most of the previous studies focus on the upper Yangtze River 
diversion and the formation of the Yangtze “First Bend” (Fig. 1a). 
Clark et al. (2004) proposed a capture of the upper Yangtze River 
from the Red River prior to or coeval with the initiation of Miocene 
plateau uplift. In contrast, detrital zircon U-Pb dating on sedi-
ments from the Jianchuan basin (Fig. 1a) immediately south of 
the Yangtze “First Bend” suggests the establishment of the mod-
ern upper Yangtze River since Late Oligocene associated with re-
gional strike-slip faulting (Yan et al., 2012). However, Wei et al. 
(2016) reevaluated the sedimentary facies in the Jianchuan basin 
le under the CC BY-NC-ND license 
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Fig. 1. Geological and tectonic settings of eastern Tibet. (a) Topography, active faults, and major rivers in the eastern Tibetan Plateau. Green stars indicate estimates for the 
onset of rapid cooling along rivers compiled from (1)-Clark et al., 2005; (2)-Ouimet et al., 2010; (3)-Tian et al., 2015; (4)-Wang et al., 2012; (5)-Zhang et al., 2016; (6)-Tian et 
al., 2014; (7)-Mcphillips et al., 2015; and (8)-Shen et al., 2016, (9)-Cao et al., 2019. (b) Simplified regional geologic map of the Dadu River and Anning River drainage basins 
(base map from SBGMR, 1991). Yellow stars show samples collected for thermochronometric analysis and red stars show samples collected for zircon U-Pb measurement in 
this study. (c) Sampling sites and mean AHe (bold italic) and ZHe ages from this study. RRF: Red River fault; JJF: Jinhe-Jianhe fault; LTF: Litang fault; XSHF: Xianshuihe fault; 
ANHF: Anninghe fault; DLSF: Daliangshan fault; XJF: Xiaojiang fault; LMSF: Longmenshan fault; YDA: Yindun Arc; SGT: Songpan-Ganze Terrane; SCB: South China Block; JCB: 
Jianchuan Basin; SB: Sichuan Basin. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
and found that these sediments were locally sourced, thus preserv-
ing no information of the paleo-drainage configuration. A recent 
study suggested a disconnection between the Yangtze and the Red 
Rivers at the end of the Eocene after revising the stratigraphy and 
the depositional ages in that basin (Gourbet et al., 2017).

In contrast to the Yangtze main trunk, less attention has been 
paid to the diversion of its major tributaries. The Dadu River, 
located to the west of the Sichuan basin, originates from the 
Songpan-Ganze Terrane and flows in a north-south direction in its 
upper course. Near the eastern boundary of the Tibetan plateau 
(at the town of Shimian), this river makes an abrupt 90◦ turn and 
flows eastwards into the Sichuan Basin (Fig. 1b). The abrupt change 
in the river course occurs adjacent to a low, wide pass (Fig. 1a) 
that separates the north-south course of the Dadu River from the 
headwaters of the north-south oriented Anning River. The Anning 
River flows southward in a broad, alluviated valley with gentle 
river gradients in the upper reaches and becomes gradually en-
trenched downstream before joining the Yangtze River. The entire 
watershed of the Anning River is within the western South China 
Block (Fig. 1b). Portions of both the Anning and Dadu river courses 
are parallel to active faults, including the Xianshuihe fault and the 
northern end of the Daliangshan fault near the Dadu turn and 
the Anninghe fault along the upper reaches of the Anning River. 
Both the N-S trending Anninghe fault and the NNW-SSE trending 
Daliangshan fault are major sinistral faults located at the connec-
tion zone between the NWW trending left-lateral Xianshuihe fault 
and the N-S trending left-lateral Xiaojiang fault (Fig. 1a). Previous 
studies have proposed the existence of a S-flowing paleo-Dadu-
Anning River through the wide pass and a subsequent river capture 
of the upper reaches of this paleo-river near Shimian in response 
to the Tibetan Plateau uplift (Clark et al., 2004). The map patterns, 
the existence of the wide pass (wind gap) that separates the N-S 
portion of the Dadu from the headwaters of the Anning and flu-
vial sediments preserved in the wind gap argue for the capture 
(Clark et al., 2004), however, the timing of the capture and the 
consequences for the geomorphology of the impacted valleys re-
main open questions.

In this study, we investigate the changing drainage pattern of 
the Dadu and Anning Rivers using a multi-disciplinary approach 
including provenance analysis, thermochronometry, topographic 
analysis and numerical modeling. These different approaches al-
low exploring both passive (provenance) and active (fluvial in-
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cision) recorders of drainage reorganization. For instance, prove-
nance analysis by detrital zircon U-Pb dating of sediments with 
known depositional age is used to constrain a possible change 
in the source areas of the fluvial deposits, which should follow 
the capture from the Anning to the Dadu River. Low-temperature 
thermochronometry together with topographic analysis and nu-
merical modeling is applied to investigate and simulate the river 
capture to test patterns and extent of incision on the captur-
ing reaches. Incision should result from the increased discharge 
and sediment flux of the river downstream of the capture lo-
cation and it should propagate through the catchment (Yan-
ites et al., 2013). Thus, the combination of all these approaches 
should provide comprehensive constraints on the drainage pattern 
change.

2. Provenance analysis and drainage reorganization

In order to reconstruct the configuration of the paleo-drainage 
network of the Dadu and Anning Rivers, we collected present-day 
and paleo-fluvial sediments to trace the sources of the sediments. 
We collected three sand samples from the modern Dadu River 
channel: one located at Shimian and the other two about 80 km in 
the upstream and 50 km in the downstream from Shimian, respec-
tively (Fig. 1b, Supplementary Data Table 1). We also collected two 
sand samples from the upper reaches of the Anning River, and two 
samples from the Xigeda Formation that outcrops along the east-
ern bank of the Anning River (Fig. 1b, Supplementary Data Table 
1). This formation is characterized by fluvial-lacustrine facies and 
is widely distributed along the upper Yangtze River channel and 
its major tributaries: the Yalong, Anning, and Dadu Rivers (Jiang 
et al., 1999; Kong et al., 2009; Qian et al., 1984; Yao et al., 2007). 
Due to the lack of fossils in this formation, these deposits have 
been dated by magnetostratigraphic (Qian et al., 1984; Wang et 
al., 2006; Jiang et al., 1999; Yao et al., 2007) and cosmogenic nu-
clides methods (Kong et al., 2009) which give spatially comparable 
ages of late Pliocene to early Pleistocene. Along the Anning River, 
this formation is ∼300 m thick and it unconformably overlies the 
Pre-Sinian metamorphic rocks and underlies the conglomerates of 
the modern Anning River terrace deposits (Yao et al., 2007). Elec-
tron spin resonance (ESR) dating on these conglomerates provides 
an upper limit for the depositional age of this formation before 
∼1.3 Ma (Yao et al., 2007). The magnetostratigraphy of this for-
mation shows three normal and three reverse chrons which have 
been correlated to the time period between ∼4.2 to 2.6 Ma (Yao 
et al., 2007).

We performed U-Pb dating on detrital zircon grains from these 
sediments. Zircon grains were extracted from these samples fol-
lowing conventional heavy liquid and magnetic separation pro-
cedures. Each sample was then analyzed by zircon U-Pb dating 
method (Supplementary Data Table 2). Fig. 2a-g shows the age dis-
tributions of all the samples. There are three main age populations 
centered at 205-215 Ma, 447-459 Ma and 766-789 Ma, respec-
tively. The 447-459 Ma population is present in the two samples 
from the Xigeda Formation (AN3 and AN4) and in the modern 
samples from the Dadu River (DD1 and DD2), where it appears 
as a small, smooth peak. The 205-215 Ma and 766-789 Ma peaks 
are present in all samples but with very different relative abun-
dances. In the Dadu modern river samples (DD1-DD3) and in the 
Xigeda samples (AN3 and AN4), the 205-215 Ma peak is promi-
nent and the 766-789 Ma peak is modest. In the modern Anning 
River, the relative abundance of these peaks is opposite to that of 
the Dadu River: the 205-215 Ma peak is modest and the 766-789 
Ma peak is dominant.

We interpret the age spectra of the Dadu River samples as sig-
natures of the Songpan-Ganze Terrane. In the upper reaches of the 
Dadu drainage basin, Triassic sediments are dominant with detri-
tal zircon ages peaking at 229 Ma, 380 Ma, 719 Ma, 1860 Ma, 
and 2490 Ma (Ding et al., 2013; Enkelmann et al., 2007; He et al., 
2014; Weislogel et al., 2006) (Fig. 2h) and Late Triassic-Early Juras-
sic volcanic rocks also occur (Roger et al., 2004; Yuan et al., 2010; 
Zhang et al., 2006) (Fig. 1b). In the lower reaches, Precambrian and 
Paleozoic rocks are exposed (Burchfiel and Chen, 2012) and Neo-
proterozoic granites with zircon U-Pb ages of 736-937 Ma (Shen et 
al., 2000) and Cenozoic granites with zircon U-Pb ages of ∼13 Ma 
(Roger et al., 1995) are also present (Fig. 1b). By comparing the age 
populations of the modern Dadu samples with the Songpan-Ganze 
Terrane, we infer that the Triassic zircons in the modern sands 
are mainly from the upper Dadu drainage basin. Since the bedrock 
of the lower Dadu drainage basin also contains zircons of Neopro-
terozoic age, we cannot preclude that the lower Dadu also provides 
materials into the modern river. The absence of the Paleoprotero-
zoic and Cenozoic ages in the modern Dadu River is probably due 
to dilution during sediment mixing, transport and deposition (Ca-
wood et al., 2003) and poor fertility of zircons of the Cenozoic 
granites.

For the modern Anning River samples, we interpret the age 
spectrum with a major Neoproterozoic peak and a small Trias-
sic peak as characteristic of the South China Block (Fig. 2i). In 
this region, Neoproterozoic U-Pb ages ranging from 743 to 1034 
Ma are widespread in different types of rocks (He et al., 2014; 
Huang et al., 2009; Sun et al., 2009; Zhao and Zhou, 2007; Zhou, 
2002). Locally, volcanic rocks associated with the Emeishan volcan-
ism contain Triassic zircons (Xu et al., 2008).

The two samples from the Xigeda Formation are characterized 
by the dominance of Late Triassic materials over the Neoprotero-
zoic materials. Although these two samples were collected close 
to the modern Anning River channel (AN3 was collected <1 km 
apart from AN2), their age spectra do not match with that of 
the modern Anning River samples. Rather, they share similarities 
with the Dadu River sample (DD1-DD3). This similarity suggests 
an identical source region for the Xigeda samples and the mod-
ern Dadu River samples from the Songpan-Ganze Terrane (Fig. 2). 
Likely, the absence of the Paleoproterozoic and Cenozoic ages in 
the Xigeda Formation also implies the effect of dilution on the 
paleo-sediments. We suggest that the sediments in the Xigeda 
Formation were transported from the upper Dadu River and a 
paleo-connection existed between the upper Dadu and the Anning 
Rivers during the period of the Xigeda sedimentation. Changes 
in the sediment sources between the Xigeda Formation and the 
modern Anning Rivers require a subsequent cutoff of this con-
nection. Thus, the age of the Xigeda Formation (∼4.2 to 2.6 Ma, 
Yao et al., 2007) provides a lower boundary for the time of the 
cutoff, which must have occurred after 2.6 Ma. We use this time 
constraint in section 4 to model the evolution of the paleo-Dadu-
Anning River.

3. Low-temperature thermochronometry and river incision

River capture associated with river network disruption is capa-
ble of generating rapid incision by increasing the discharge and 
sediment flux of the river downstream of the capture location. 
Such an event can induce a pulse of incision that can propagate 
through a catchment (Yanites et al., 2013). Thus, an increase in the 
incision rate is expected along the Dadu if such a major capture 
has occurred. In order to constrain the incision history of the Dadu 
River, 17 bedrock samples were collected within a horizontal dis-
tance of <25 km along the Dadu River close to Shimian from the 
same Neoproterozoic granites which were emplaced at ∼786 Ma 
as constrained by zircon U-Pb dating (Shen et al., 2000) (Fig. 1b). 
These samples were located on one side of the Xianshuihe fault 
and no clear evidence of faulting was observed between samples 
during field investigation. Of these samples seven provided dat-
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Fig. 2. Kernel Density Estimation (KDE) plots for the Zircon U-Pb ages of samples from this study (a-g) together with compiled ages in the Songpan-Ganze Terrane and 
Western South China Block (h-i) (He et al., 2014).
able zircon grains and two also provided datable apatite grains, on 
which we conducted (U-Th)/He dating. The elevations of the dated 
samples range from 874 to 2245 m (Fig. 3a). Apatite and zircon 
grains were separated by conventional heavy-liquid and magnetic 
separation procedures and handpicked.

The two apatite (U-Th)/He (AHe) ages are 0.8 ± 0.1 Ma and 
2.9 ± 0.3 Ma, respectively (Fig. 1c, Supplementary Data Table 3). 
The highest elevation sample (DD17) yields a mean zircon (U-
Th)/He (ZHe) age of 39.6 ± 5.5 Ma and the remaining samples 
yield ZHe ages ranging between 6.5 ± 0.4 and 13.0 ± 0.9 Ma 
(Fig. 1c, Supplementary Data Table 4). There is no clear correla-
tion between sample elevations and ZHe ages (Fig. 3c) and a weak 
correlation between ZHe ages and effective uranium concentration 
(eU; Fig. 3d). The two oldest zircon grain ages have both a Th/U >
1 whereas all the other zircons have Th/U close to 0.5 (Fig. 3e). The 
independence of age on elevation could reflect high radiation dam-
age in zircons combined with a long residence at shallow crustal 
levels before cooling below the closure temperature. Accumulation 
of radiation damage in zircons can cause an increase in helium dif-
fusivity at high damage levels whereas at moderate levels, it can 
cause the opposite effect due to trapping of the decay products 
(Guenthner et al., 2013). The damage accumulation is governed by 
the U and Th concentration (expressed as eU) of the zircons, which 
can be highly variable, in combination with their cooling history 
because damage accumulation occurs at relatively low tempera-
ture.

We modeled our data with QTQt (Gallagher, 2012) a retention 
model that accounts for the effects of grain size, radiation damage 
and for the dependence of diffusivity on cooling rate. We used this 
model on samples located along a profile with an elevation off-
set of 1.2 km over a distance of 6 km and that includes four ZHe 
ages and one AHe age (Fig. 3a). We imposed an initial geother-
mal gradient of 30 ◦C/km, a surface temperature of 10 ◦C with an 
offset of 5 ◦C between top and bottom samples. We allowed the 
geothermal gradient to vary with time and no reheating: how-
ever, we modeled our data allowing reheating as well and this 
produces results that are not significantly different. Given that the 
observed ZHe and AHe ages vary between ≤1 Ma and 45 Ma and 
come from Neoproterozoic intrusive rocks, we provided two partly 
overlapping time-temperature constraints of temperatures between 
200-10 ◦C over the last 60 Ma and 800-125 ◦C from 800 Ma to 30 
Ma (Fig. 3f). Our modeling results suggest a long residence at tem-
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Fig. 3. Modeled thermal history using the QTQt software (Gallagher, 2012). (a) and (b) show plots of latitude against elevation of the samples and measured single grain 
AHe and ZHe ages, respectively. The two dashed boxes in (a) refer to the samples with the thermal histories modeled in (f) and (h). (c), (d), and (e) show plots of single 
grain ZHe ages against elevation, effective uranium concentration (eU), and U/Th, respectively. (f) shows the modeled thermal histories of sample DD06, DD07, DD16 and 
DD17. The light blue lines correspond to the thermal histories of the uppermost (DD17) and lowermost (DD06) samples and the grey lines show the thermal histories of the 
intermediate samples (DD07 and DD16). The grey envelope corresponds to the 95% confidence interval. (g) shows the observed AHe and ZHe mean ages against the modeled 
ones. (h) shows the modeled thermal history of sample DD05. The thermal history is depicted by the light blue line and the grey envelope represents the 95% confidence 
interval.
peratures close to 200-250 ◦C before 10 Ma and possible cooling 
pulses at ∼10 Ma and at ∼2 Ma (Fig. 3f). These results reflect 
the fact that most of the modeled ZHe ages vary around 10 Ma, 
the AHe ages are younger than 1 Ma and our oldest ages may 
have sampled the base of a fossil partial retention zone exposed 
at elevation ≥ 2250 m. The cooling pulse at ∼10 Ma is supported 
also by the remaining ZHe data which range between 5 and 10 
Ma. Our modeling can predict the AHe and ZHe ages ≤ 15 Ma 
but cannot reproduce the Eocene ZHe ages of the highest elevation 
sample (DD17; Fig. 3g). The inability of our modeling to reproduce 
the Eocene ZHe ages is likely due to the fact that these ages are 
from zircon grains with relatively low eU (<150 ppm) and that, as 
suggested by their high Th/U ratio, have unusual retention char-
acteristics or thermal histories. We also modeled the only other 
sample that we could date with both systems, yielding a mean ZHe 
age of 10.3 ± 1.1 Ma and a mean AHe age of 2.9 ± 0.3 Ma (DD05, 
Fig. 3a). This sample suggests a near constant rate of cooling to the 
surface since ∼10 Ma (DD05, Fig. 3h).

The rapid cooling initiated at ∼10 Ma determined from our 
thermochronometric data in the Dadu River is consistent with the 
onset of rapid river incision in the upper reaches of the Dadu, 
>280 km to the north (Clark et al., 2005; Ouimet et al., 2010; 
Tian et al., 2015) (Fig. 1a, Supplementary Data Table 5), and is also 
consistent with the initiation of rapid exhumation in the Gongga 
Shan (Wilson and Fowler, 2011; Xu and Kamp, 2000; Zhang et al., 
2017a) to the west of the Dadu River and in the Longmen Shan to 
the east (Godard et al., 2009; Kirby et al., 2002; Tian et al., 2013). 
Thus, we infer that the Late Miocene cooling in the Dadu River is 
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Fig. 4. The Dadu River longitudinal profile with bedrock lithology, the projected thermochronometric data from Clark et al. (2005), Ouimet et al. (2010), Tian et al. (2015), 
and this study (Supplementary Data Table 5) and the 10Be-based erosion rates from Ouimet et al. (2009) (a) and the χ -plots for both the Dadu and Anning Rivers (b). Mean 
thermochronometric ages are shown and data from this study are filled in grey in (a).
related to rapid river carving in response to the regional plateau 
uplift. We find evidence of a second rapid cooling pulse at ∼2 Ma. 
The fact that the youngest AHe ages (<1 Ma) are only observed 
in the lower Dadu (Fig. 4a) is consistent with our hypothesis that 
this is a rapid cooling phase associated with the Dadu-Anning river 
capture. It is clear that this cooling event is on the edge of resolv-
ability given the few ages and the fact that exhumation in this 
event was limited, so our interpretation rests on the combination 
of observables.

4. River profile analysis and modeling

To examine the transient response to river capture, we analyzed 
the river profiles of the Dadu and Anning Rivers supplemented by 
numerical modeling of the Dadu channel profile. In bedrock rivers, 
the change in elevation, z, at a point, x, along a river is deter-
mined by rock uplift, U , and erosion rate which is a function of 
rock erodibility, K , drainage area, A, and channel slope, S , follow-
ing a stream power law (Howard, 1994)

dz

dt
= U (t) − K Am Sn (1)

where m and n are constants. The ratio (m/n) commonly ranges 
between 0.4-0.7 for equilibrium channels (Stock and Montgomery, 
1999; Tucker and Whipple, 2002) and the slope exponent, n, 
ranges between 2/3 and 5/3 (Whipple et al., 2000). The river longi-
tudinal profile can also be transformed into a scaled length dimen-
sion, χ , where χ is an integration of drainage area from the local 
base level (xb) (Perron and Royden, 2012): χ = ∫ x

xb
(

A0
A(x) )

m
n dx. The 

slope of this scaled longitudinal profile, (χ -plot: elevation against 
χ ), is the channel steepness and should be proportional to ero-
sion rate. As in Yang et al. (2015), we used an m/n of 0.45 in our 
model as this value minimizes the dispersion of the χ -plots for all 
the streams in the Yangtze drainage basin and an A0 of 1 km2. xb
was set at the confluence where the Dadu River joins the Yangtze 
River in the Sichuan Basin.

The Dadu and Anning river profiles were extracted from the 
SRTM3 DEM data (with a resolution of ∼90 m). A drainage area of 
1 km2 was used to exclude the headwaters that are potentially af-
fected by debris flows. The Dadu River longitudinal profile shows a 
steep, convex profile in its middle reaches between ∼700-2000 m 
and less steep, concave profiles in its upper reaches above ∼2000 
m and lower reaches below ∼700 m (Fig. 4a). This is also reflected 
in its χ -plot, which shows high channel steepness in its middle 
reaches and low channel steepness in its lower and upper reaches 
(Fig. 4b). The Anning River shows an apparent knickpoint at ∼1450 
m in its χ -plot separating the gentle upper reaches from steep-
ened lower reaches (Fig. 4b). The changes in river channel slope 
do not correlate with changes in substrate lithologies. For example, 
the bedrock lithology in the steep reaches of the Dadu includes 
both sedimentary strata and granites (Fig. 4a), indicating no sys-
tematic impact of substrate erodibility on river morphology.

This different morphology between the Dadu and Anning Rivers 
indicates that there is no regional aligned knickpoints on these 
two rivers and that these two rivers do not respond to a common 
rock uplift history. Instead, it implies that the capture between 
the Dadu and Anning Rivers at the town of Shimian has caused 
a sudden increase in water discharge in the lower Dadu which has 
enhanced river incision along this segment, which has had suffi-
cient time to equilibrate into a concave profile. Above the capture 
point, the river profile has been modified by the migrating incision 
wave initiated from the capture point, leading to a disequilibrium 
middle segment and an unaffected upper segment. This is further 
supported by the distribution of the millennial-scale erosion rates 
determined by cosmogenic 10Be dating (Ouimet et al., 2009) which 
show relatively low erosion rates of ∼0.1-0.2 mm/yr in the upper 
Dadu above ∼2000 m, and rates of ∼0.2-0.6 mm/yr below this el-
evation (Fig. 4a). The Anning River, having lost drainage area in 
its headwaters, is characterized by low channel steepness and thus 
slow erosion in its upper reaches. In contrast, the lower Anning, 
being fixed to a base level at the confluence with the Yangtze, re-
tains its original, higher steepness and this lower reach grows up-
stream with time (Beeson and McCoy, 2019). We have not modeled 
this process, but there is a large knickpoint at 1450 m elevation 
that could represent this transition.

To simulate the transient response of the Dadu to capture, we 
constructed a 1-D numerical model for the lower and middle seg-
ments of the Dadu including the change in drainage area that 
occurred following redirection of the upper Dadu into the modern 
lower Dadu. River capture was simulated by initially separating the 
modern Dadu River profile into two independent river segments, 
one upstream and one downstream from the capture location (at 
Shimian) which we subsequently refer to as the upper paleo-Dadu-
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Fig. 5. Schematic of the model scenario for post-capture profile incision. The solid blue line indicates the modern Dadu River profile and the solid black line indicates the 
modern Anning River profile. The vertical bar represents the capture point. The closed red circle indicates the capture point at Shimian on the modern Dadu River and the 
solid black circle represents the elevation of the head of the modern Anning River. The dashed red circle is the elevation of the capture point at time of capture (a model 
parameter). The dashed grey line indicates the paleo-Dadu-Anning River and the dashed blue line indicates the paleo-Dadu River before capture. The upper section of the 
paleo-Dadu-Anning River above the capture point was connected with the paleo-Dadu River at time of capture and subsequently incised to the modern Dadu River profile. 
Note that the upper Anning profile is uplifted subsequent to capture as we assume incision rate drops to zero.
Anning and paleo-Dadu Rivers, respectively (Fig. 5). The drainage 
area at the capture point on the upstream profile was subtracted 
from all points on the downstream profile to estimate the drainage 
area of the paleo-Dadu River prior to the capture event. The pre-
capture elevation at the capture point is unknown but we take 
the current elevation of the Anning River head as an approxima-
tion, correcting this downward by an assumed tectonic uplift since 
capture; this correction varies depending on the model uplift rate 
(Fig. 5). This assumes no erosion of the Anning head since cap-
ture. The simulation starts from a steady-state river profile before 
capture where rock uplift has been equilibrated with erosion and 
thus U is scaled with the channel steepness and rock erodibility 
(K ). Two scenarios are investigated, in which (a) rock uplift rate 
is spatially uniform on both the upper paleo-Dadu-Anning and the 
paleo-Dadu Rivers and (b) rock uplift rate differs between these 
two rivers.

In both scenarios, we assume K is spatially uniform and varies 
between 1e−7 m0.1 yr−1 and 1e−5 m0.1 yr−1, which is within the 
range for most values of rock erodibility (Stock and Montgomery, 
1999). Since our provenance analysis indicates that the river dis-
ruption of the paleo-Dadu-Anning River occurred after 2.6 Ma, 
we investigate potential time of capture on the range of 3 Ma to 
0.1 Ma. For simplicity, we assume n = 1 for the main modeling 
analysis but simulations with both n = 2/3 and n = 5/3 are also 
presented in the supplement. In the uniform uplift scenario, uplift 
rate is spatially uniform along the river. In the non-uniform uplift 
rate scenario, we apply a rock uplift rate of U1 upstream of the 
capture point and a rate of U2 downstream of the capture point. 
Two values for the uplift rate are justified by the fact that the 
paleo-Dadu-Anning was largely following the Xianshuihe-Anninghe 
fault, whereas the paleo-Dadu runs roughly perpendicular to the 
fault. Thus, if rock uplift rate differs across this fault, the transition 
would occur near the capture point. In the model, we search over 
the parameters of K , time of capture, and uplift rate optimizing the 
fit to the current Dadu River profile. For each combination of pa-
rameters, the simulation starts at the time of capture and ends at 
present. Each model is evaluated by a misfit value which is taken 
as the sum of the absolute difference in the predicted and ob-
served river elevations.

The results of this parameter space search are shown in Fig. 6
and Fig. 7. In both scenarios, the uplift rate and rock erodibility, 
K , covary, but are not completely dependent as U1 independently 
affects the starting elevation of the capture point. We investigate 
a range of U1 between 0.015 mm/yr and 1.53 mm/yr given the 
ranges of K and time of capture. The minimum misfit is reached 
with K = 1.66e−6 m0.1 yr−1, U = 0.25 mm/yr and t = 1.6 Ma, al-
though there is a range of acceptable fits across parameter space 
for time of capture between 1.25 and 2.5 Ma (Fig. 6a). The uplift 
rate in the best-fit model is close to the10Be-based erosion rates in 
the unadjusted upper Dadu and the predicted profile from these 
parameters shows slightly higher elevation than the observed pro-
file (Fig. 6b). In the non-uniform uplift scenario, U1 varies be-
tween 0.008 mm/yr and 2.78 mm/yr and U2 varies between 0.015 
mm/yr and 1.53 mm/yr. The minimum misfit is found for K =
1.14e−6 m 0.1 yr−1, U1 = 0.24 mm/yr, U2 = 0.17 mm/yr and t = 2.4
Ma (Fig. 7a). The uplift rate in the best-fit model is also close to 
the 10Be constrained erosion rates in the unadjusted upper Dadu. 
Compared with the previous scenario, this scenario shows a better 
match between the predicted and observed river profiles (Fig. 7b). 
The capture between the Dadu and Anning Rivers at 2.4 Ma is also 
in good agreement with the time for changes in the provenance 
of the Anning river sediments. For this scenario, we also ran sim-
ulations with n = 2/3 and n = 5/3 while keeping the rest of the 
parameters the same as in the case of n = 1. For n = 2/3, the best-
fit model predicts a river profile that is higher than the observed 
(Supplementary Data Fig. 1). For n = 5/3, the best-fit model shows 
a reasonable match with the observed profile (Supplementary Data 
Fig. 2) but the required uplift rate (U1) (>1 mm/yr) is much higher 
than the 10Be derived erosion rates in the unaffected upper Dadu.

Our preferred scenario is consistent with post-capture incision 
rates and amounts derived from 10Be data and thermochronom-
etry. The total incision of the Dadu River is determined as the 
sum of the rock uplift and surface lowering accumulated since cap-
ture. Given a rock uplift rate of 0.24 mm/yr, a capture time of 2.4 
Ma, and a maximum change in surface elevation of 300 m at the 
capture point as depicted on Fig. 7b, we obtained a maximum in-
cision amount of ∼876 m on the modern Dadu near the capture 
point at the town of Shimian. The 10Be derived erosion rates be-
tween the capture point and 2000 m elevation imply an incision 
of ∼480–1440 m during the last 2.4 Ma which is similar to that 
from the modeling. To calculate the incision amount from the ther-
mochronometric ages, we used the analytical approach of Willett 
and Brandon (2013). This approach converts a thermochronometric 
age to a time-averaged exhumation rate during the time inter-
val determined by the age. We calculated the exhumation from 
the AHe ages of sample DD05 and DD06 since these two samples 
were collected from low elevations close to the modern river bed 
and their AHe ages are close to the time of river capture, which 
would allow us to determine the maximum incision amount after 
capture. Parameters used for the calculation are in Supplementary 
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Fig. 6. Results for the single uplift value model. The misfit plot (a) and the predicted Dadu River χ -plot from the best-fit parameters (red star) and the current Dadu River 
χ -plot (b). Each circle in (a) indicates a simulation and the filled color of this circle denotes the misfit between the modeled Dadu River χ -plot at present and the observed 
profile. The red star shows the best model and has parameters of K = 1.66e−6 m0.1 yr−1, U = 0.25 mm/yr and time of capture at 1.6 Ma. The black line in (b) shows the 
modern Dadu River χ -plot and the colored lines show the evolution of the Dadu River profile following capture modeled with the lowest-misfit parameters with steps of 0.4 
Ma.

Fig. 7. Results for model of Dadu profile assuming two uplift rates, with change in uplift rate at the capture point. The misfit plot (a) and the predicted Dadu River χ -plot 
from the best-fit parameters and the observed profile (b). Each circle in (a) indicates a simulation and the filled color of this circle denotes the misfit between the modeled 
Dadu River χ -plot at present and the observed one. The red star shows the best model and has parameters of K = 1.14e−6 m0.1 yr−1, U1 = 0.24 mm/yr, U2 = 0.17 mm/yr 
and time of capture at 2.4 Ma. The black line in (b) shows the modern Dadu River χ -plot and the colored lines show the evolution of the Dadu River profile following 
capture modeled with the lowest-misfit parameters with steps of 0.6 Ma.
Data Table 6. We obtained an exhumation rate of ∼0.9 km/Ma 
from sample DD06 and an exhumation rate of ∼0.3 from sam-
ple DD05 which leads to a total exhumation estimate of ∼720 m 
over the last 0.8 Ma and of ∼870 m over the last 2.9 Ma, respec-
tively. These estimates are consistent with a total incision amount 
of ∼876 m in the last 2.4 Ma calculated from the modeling.

5. Cause of the Dadu-Anning capture and its regional implication

By combining the provenance analysis, incision history con-
strained from thermochronometry, and river analysis and numeri-
cal modeling, we suggest an Early Pleistocene capture of the upper 
Dadu from the modern Anning River, where the upper course of 
the paleo-Dadu-Anning River was captured by the paleo-Dadu, re-
sulting in the modern Dadu River and beheading the modern An-
ning River. This capture has resulted in changes of the sediment 
source of the Anning, enhanced river incision and a transient pro-
file of the Dadu River. Previous studies suggested that changes in 
drainage pattern in eastern Tibet are a response to the regional 
surface uplift (Clark et al., 2004; Clift et al., 2006) or regional 
shortening (Hallet and Molnar, 2001). However, the Dadu-Anning 
capture postdates the Late Miocene uplift in eastern Tibet. Rather, 
we suggest that the Dadu-Anning capture is associated with move-
ment of the local Daliangshan fault. This fault was active at ∼3 Ma 
(An et al., 2008), which is coeval with the Anning-Dadu river cap-
ture, and has caused a total offset of ∼11 km and a ∼7 km sinistral 
deflection of the lower Dadu River course (He and Oguchi, 2008). 
It is possible that this displacement disconnected the upper paleo-
Dadu-Anning River from its lower reaches, leading to the reorgani-
zation of the channel networks.

In the eastern Tibetan Plateau, onset of rapid river incision has 
been used as a proxy for the timing of plateau uplift (Clark et 
al., 2005; Ouimet et al., 2010). However, incision can also be en-
hanced by river capture due to lateral movement of local faults. 
In this case, initiation of rapid incision does not pinpoint the time 
for plateau uplift. Along other major rivers in the eastern Tibetan 
Plateau, segmentation of rivers by strike-slip faults are frequent 
(Burchfiel and Wang, 2003; Wang and Burchfiel, 2000). Similar 
to the Dadu-Anning capture, incision along rivers can also be en-
hanced due to river network disruption. Across the eastern Tibetan 
Plateau, the onset of increased incision along different courses of 
the major rivers is spread over an extended time span. For ex-
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ample, onsets of rapid incision were dated from 8-7 Ma to 35-
30 Ma along the Yalong River and its tributaries (Ouimet et al., 
2010; Wang et al., 2012; Zhang et al., 2016), and from 20∼10 Ma 
to >20-30 Ma along the Yangtze River (Mcphillips et al., 2015; 
Ouimet et al., 2010; Shen et al., 2016; Tian et al., 2014) (Fig. 1a). 
Such variations in the commencement of increased incision along 
rivers are too large to be regarded as a lag time from a migrating 
incision wave in response to regional surface uplift, which usually 
propagates fast along large rivers (Whipple and Tucker, 1999). In-
stead, such variations may either reflect variations in the surface 
uplift history or disruptions caused by stream network reorganiza-
tion. In addition, gradual drainage network expansion in response 
to surface uplift, for example, as recorded by the Pearl River in 
the southeastern Tibetan Plateau (Cao et al., 2018), can also trigger 
delayed river incision in upstream reaches which may also compli-
cate the determination of the time of tectonic uplift.

6. Summary and conclusions

We present several new lines of evidence for the capture of the 
headwaters of an earlier Anning River into the modern Dadu from 
provenance analysis, thermochronometry, topographic analysis and 
numerical modeling of the river profile.

Our provenance analysis reveals contrasting detrital zircon U-
Pb age patterns for the modern Dadu and modern Anning where 
the former is dominated by a prominent Triassic peak and a 
small Neoproterozoic peak while the latter shows the opposite pat-
tern with a dominance of Neoproterozoic ages over Triassic ages. 
The Pliocene Xigeda formation, distributed along the modern An-
ning River, shows an age spectrum similar to the modern Dadu 
River, indicating a paleo-connection between the Anning and the 
Dadu during the deposition of this formation. Our bedrock ther-
mochronometric data reveal rapid cooling since ∼10 Ma and a 
suggestion of accelerated cooling at ∼2 Ma. While the former cool-
ing period is associated with the regional uplift, the latter may re-
flect enhanced river incision due to river capture from the Anning 
into the Dadu. Consistent with the provenance analysis and ther-
mochronometry, our topographic analysis and numerical modeling 
also suggest the Early Pleistocene Dadu-Anning capture occurred at 
∼2.4 Ma. We infer that the Dadu-Anning capture is associated with 
the left-lateral movement of the Daliangshan fault. Our results also 
imply that impulsive, rapid incision can be caused by river capture, 
associated with strike-slip faulting, so that caution must be taken 
when using river incision as a proxy for tectonic uplift of features 
such as the Tibetan plateau.
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