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Abstract Incision of the Yangtze River gorge is widely interpreted as evidence for lower crustal flow
beneath the southeast margin of the Tibetan Plateau. Previous work focused on the onset of incision, but
the duration of incision remains unknown. Here we present cosmogenic nuclide burial ages of sediments
collected from caves on the walls of the gorge that show the gorge was incised ~1 km sometime between 18
and 9Ma. Thereafter, incision slowed substantially. We resolve middle Miocene burial ages by using three
nuclides and accounting for in situ muogenic production. This approach explains the absolute concentrations
of 10Be, 26Al, and 21Ne, as well as 26Al/10Be and 21Ne/10Be ratios. A declining incision rate challenges existing
geodynamic interpretations by suggesting that either (1) surface uplift has ceased immediately south of the
plateau margin or (2) gorge incision is not a useful proxy for the timing of surface uplift.

1. Introduction

On the southeast margin of the Tibetan Plateau, the incision dynamics of the Yangtze River and its major
tributaries have become important evidence for inferring the geodynamics of this orogenic plateau.
Validity of the hypothesis that lower crustal flow drove crustal thickening, and therefore southeastward
expansion of the Tibetan Plateau, depends upon the timing of the onset and propagation of surface uplift
[Royden et al., 1997; Clark and Royden, 2000; Clark et al., 2005a, 2005b; Schoenbohm et al., 2006; Cook and
Royden, 2008; Royden et al., 2008]. River incision is frequently interpreted as a proxy for surface uplift in the
absence of extensive structural evidence for crustal thickening in this region [Wang et al., 1998; Clark et al.,
2005b; Schoenbohm et al., 2006; Ouimet et al., 2010]. The major alternative to lower crustal flow is tectonic
block extrusion [Tapponnier et al., 1981; Tapponnier, 2001]. This hypothesis attributes crustal thickening
and surface uplift on the margin of the plateau to lateral motions along extant strike-slip structures. Recent
work has invoked the timing of river incision in its support [Tian et al., 2014].

Despite its importance for deciphering the mechanisms of plateau growth, the history of Yangtze River inci-
sion is both controversial and incomplete [Liu-Zeng et al., 2008]. For example, the integration of the modern
river network may have occurred before 23Ma or as late as 1.7Ma [Clift, 2006; Kong et al., 2009, 2012; Yan
et al., 2012]. In addition, previous work has focused on the onset of river incision and given less attention
to rates of downcutting after incision began [Clark et al., 2005b; Ouimet et al., 2010; Wang et al., 2012]. This
focus partly reflects the limitations of tools such as low-temperature thermochronology, which has limited
capacity to resolve post-Miocene incision and cooling, even using state-of-the-art methods [e.g., Herman
et al., 2014]. However, recent modeling suggests that surface uplift driven by lower crustal flowwill occur over
a limited time interval, with a discrete onset and conclusion [see Cook and Royden, 2008, Figure 7]. With this
dynamic prediction in mind, we investigate the entire history of Yangtze River incision at its First Bend, on the
southeast margin of the Tibetan Plateau (Figure 1).

The First Bend is a hairpin turn entrenched in a 1.5 km deep gorge. This dramatic feature likely marks a major
episode of river capture, when the lower and middle Yangtze River diverted the present upper Yangtze away
from an ancient river system that drained from the Tibetan Plateau to the South China Sea [Lee, 1934; Barbour,
1936; Clark et al., 2004]. In order to quantify gorge incision through time, we measured terrestrial cosmogenic
nuclides (TCNs) to estimate burial ages of quartz-bearing sediments preserved in caves in the walls of the
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gorge [Granger et al., 1997]. These sediments were deposited when the caves were near the level of the river
and coarse bed load sediment was washed inside and buried. The river channel subsequently incised,
abandoning the caves. We measured three TCNs (26Al, 10Be, and 21Ne) for burial dating because we expected
that incision occurred ~10Ma or earlier on the basis of previous work [Clark et al., 2005b; Ouimet et al., 2010]
and because the more common 26Al—10Be technique cannot resolve burial ages older than ~8Ma [Balco and
Shuster, 2009a]. We further refine the three-nuclide burial age model in order to account for in situ muogenic

Figure 1. (a) Topographic map depicting the Yangtze River at the southeast margin of the Tibetan Plateau. Locations of
relevant data are shown. (b) Positions of caves with fluvial quartz-bearing sediments. Map extent framed in Figure 1a.
(c) Illustration of cave formation at the water table. As the river incises, lowering the water table, caves are abandoned on
the walls of the gorge. Erosion removes sufficient overburden for in situ muogenic production of TCNs.
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nuclide production. Our model explains both the absolute nuclide concentrations and their ratios and pro-
vides the capability to resolve burial ages >20Ma. Finally, we report inverse model results from previously
published thermochronologic data [Ouimet et al., 2010], derived from sample sites located ~350 km
upstream, and show that these results support our burial age calculations from the First Bend. Our work pro-
vides important new constraints on the timing of river capture as well as the rate of river incision since the
middle Miocene.

2. Background

The bedrock at the First Bend is dominantly carbonate [Lacassin et al., 1996] and caves exist throughout
the landscape. Most often, the caves have shallow gradients and rounded cross sections that indicate for-
mation as phreatic passages near the water table [Palmer, 1991]. When cave openings are exposed to the
river, coarse bed load sediment may be washed inside, but caves are abandoned on the walls of the gorge
as the river incises (Figure 1c). The burial ages of sediments from a series of caves therefore define the rate
of river incision [Granger et al., 1997]. On interfluves, sinking streams may transport fine-grained sediment
into abandoned caves from above, but they are unlikely to transport coarse bed load. This is particularly
true around the First Bend, where there is no source of coarse, rounded quartz on the interfluves above
the caves. The most accessible caves are located in tributary gorges within a few kilometers of the
Yangtze River. Their association with the regional water table, as well as the fact that cave openings are
often paired on opposite sides of tributary gorges, suggests that these caves formed in close association
with the Yangtze River trunk.

Regionally, many studies have examined river incision and surface uplift on the eastern and southeastern
margin of the Tibetan Plateau. The earliest documented episode of exhumation occurred ~30 to 20Ma
[Wang et al., 2012; Tian et al., 2014]. By 15 to 10Ma, rapid exhumation is well documented in thermochronol-
ogy from the eastern and southeastern margins [Arne et al., 1997; Kirby et al., 2002; Clark et al., 2005b; Godard
et al., 2009; Ouimet et al., 2010;Wang et al., 2012; Tian et al., 2014]. This phase of exhumation has been inter-
preted to reflect river incision linked to the onset of surface uplift and crustal thickening via lower crustal flow
[Clark et al., 2005a, 2005b; Bai et al., 2010;Ouimet et al., 2010;Wang et al., 2012]. However, this interpretation is
inconsistent with the stable isotopic data, which suggest that the elevation of the region around the First
Bend has remained near its present position since ~35Ma [Hoke et al., 2014; Li et al., 2015]. If the stable iso-
tope results are correct, then river incision is not a useful proxy for the timing of surface uplift. Surface uplift
south of the plateau margin has progressed since ~13Ma [Schoenbohm et al., 2006; Hoke et al., 2014; Li
et al., 2015].

3. Field and Laboratory Methods

In the field, we explored ~20 caves. We identified fluvial sediments in three caves perched above the modern
river. These sediments consist of bedded sands and gravels with travertine caps. The beds often exhibit fluvial
features such as ripples and scours (supporting information). In all cases, the fluvial deposits were located
within 20m of the cave openings, although we searched deeper. There was >10m of bedrock shielding
above sample Y13-C2, ~5 to 10m above Y13-C3, and ≥10m above Y13-C4. We sampled well-rounded quartz
pebbles from each cave. We also sampled coarse sand from an active stream channel in a cave graded to the
river along the present water table (Y12-C1). In the lab, we purified quartz and extracted 10Be and 26Al from
samples using methods described in Corbett et al. [2013]. Accelerator mass spectrometer (AMS) measure-
ments of 26Al were made at Scottish Universities Environmental Research Centre [Xu et al., 2015]. AMS mea-
surements of 10Be were made at Lawrence Livermore National Laboratory [Rood et al., 2010]. Measurements
of 21Ne were made at the German Research Center for Geosciences using methods described in Niedermann
et al. [1997] and Niedermann [2002]. See supporting information.

4. Burial Age Modeling

Conventional cosmogenic burial dating methods assume that nuclide production ceases at the time of
sediment burial [Granger and Muzikar, 2001]. The main producers of TCNs at the surface—fast neutrons
—attenuate rapidly with depth, such that production rates attributed to neutron spallation decrease by
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a factor of 106 at a bedrock depth of ~8.5m [Gosse and Phillips, 2001]. As a result, TCN concentrations
measured in sediments sampled from beneath many tens of meters of overburden reflect the inheritance
from past production on upstream hillslopes attenuated by decay since burial. Because TCNs are pro-
duced at proportional rates, the inherited ratios of surface-exposed material are initially constants.
Following burial, radionuclide decay begins to alter the TCN ratios. The 26Al/10Be ratio at the time of pro-
duction is ~6.85 for samples with a simple history of erosion and transport [Balco et al., 2008; Goethals
et al., 2009]. Over time, the ratio declines in buried sediments. The 21Ne/10Be production rate ratio is
~4.08 and the nuclide ratio increases during burial because 21Ne is stable [Balco and Shuster, 2009b;
Goethals et al., 2009]. Using the concentrations of two nuclides and the assumption of a single exposure fol-
lowed by burial, it is possible to solve for burial age and the initial nuclide concentrations at the time of burial.
In addition, stable 21Ne concentrations may be used independently to estimate initial radionuclide concentra-
tions [Balco and Shuster, 2009a].

TCN production by muons after deposition violates an assumption underpinning the conventional burial age
model. Muons account for a small fraction of total TCN production at the surface of the Earth, but the attenua-
tion lengths associated with muogenic production pathways are 10 to 30 times greater than those associated
with neutron spallation [e.g., Heisinger et al., 2002a, 2002b; Braucher et al., 2013]. As a result, muons can pro-
duce detectable concentrations of TCNs at depths of tens of meters. For radionuclides such as 26Al and 10Be,
ratios (and concentrations) will eventually reflect in situ muogenic production, rather than the progressive
decay away from the values inherited at the time of burial. Notably, however, in situ muogenic 21Ne is insig-
nificant compared to inherited 21Ne because muogenic production rates are so low that muons are unlikely
to account for more than a few percent of the inherited 21Ne concentration, even after millions of years of
burial [Goethals et al., 2009; Balco and Shuster, 2009b]. Consequently, the 26Al—10Be—21Ne system may be
used to detect violations of the assumption that TCN production stops upon burial. The key observations
for in situ muogenic production are low radionuclide concentrations consistent with prolonged radionuclide
decay, high 26Al/10Be ratios consistent with in situ production, and high 21Ne/10Be ratios consistent with pro-
longed 10Be decay.

Because our samples at the First Bend were collected near cave entrances, where the topographic slopes limit
the overburden thicknesses, we develop a burial age model that accounts for muogenic production
(Figure 1c). The model assumes that sediment was washed into the caves near river level with initial TCN con-
centrations reflecting a simple history of exposure; this is consistent with the steep landscape and little
opportunity for extended burial and sediment storage. The incising river then abandoned the caves and
ongoing upland erosion gradually removed overburden, steadily driving an increase in the rate of TCN pro-
duction by muons.

We infer that production by neutron spallation was insignificant because our sample sites have overburden
thicknesses of ~10m. Furthermore, these thicknesses are minima because erosion has progressively removed
overburden from above. In our model, it is possible that the initial thickness was large enough that muogenic
production was effectively zero, initially. Equation (1) describes the concentration of a cosmogenic radionu-
clide, N, subject to these boundary conditions:

N ¼ Pf zf
zf λþ ε

e
zf λþε
zf

t� z’
zf

� �
þ Pnzn
znλþ ε

e
znλþε
zn

t� z’
znð Þ � Pf zf

zf λþ ε
e �z’

zfð Þ � Pnzn
znλþ ε

e � z’
znð Þ þ B

" #
e�λt; (1)

where subscripts f and n refer to fast and captured negative muons, respectively; P, surface production rate; z,
attenuation length; z’, overburden thickness at time of burial; λ, radionuclide decay constant; ε, rate of
overburden erosion; t, burial age; and B, radionuclide concentration at the time of burial. Values for P may
be estimated from the literature (supporting information). We must constrain the remaining parameters to
solve for burial age. We determine initial radionuclide concentrations and erosion rate using 21Ne. The
21Ne concentration in a now buried sample reflects production on upland hillslopes, meaning that we can
calculate drainage-average hillslope erosion rate from 21Ne using standard methods [e.g., Bierman and
Steig, 1996] (supporting information). This rate is not the same as the rate of gorge incision. We then assume
that this erosion rate is similar to the subsequent rate of overburden erosion directly above the sample.
Finally, we write two versions of equation (1) (for 26Al and 10Be, respectively) and solve simultaneously for
initial overburden thickness and burial age.
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We can also calculate an alternative set of burial ages without using 21Ne. Instead, we estimate the rate of
overburden erosion and the initial radionuclide concentrations from the sample we collected in a fluvially
active cave at river level (Y12-C1). If we assume that the radionuclide concentrations in river sediments have
remained constant through time, then we can use the river level sample directly as an estimator of initial
radionuclide concentrations in other cave samples (note that the burial age of mobile cave sediment is insig-
nificant). This is a restrictive assumption, but it provides an alternative estimate of initial concentration that is
independent of 21Ne, which has large analytical uncertainties. We then calculate drainage-average erosion
rates using these values and solve simultaneously for initial overburden thickness and burial age.

Muogenic production rates described by Heisinger et al. [2002a, 2002b] are thought to be too high [Balco
et al., 2008; Braucher et al., 2011, 2013]. Therefore, we report burial ages using muogenic production rates cal-
culated from the muon interaction cross sections described in Balco et al. [2013]. Burial ages calculated from
the earlier cross sections are systematically older by an average of 29%, but this offset does not alter our con-
clusions (supporting information).

5. Thermochronologic Modeling

We support our burial age and incision rate calculations using a vertical transect of low-temperature thermo-
chronology from ~350 km upstream of the First Bend, reported by Ouimet et al. [2010] (Figure 1). This is the
nearest transect available with the low-elevation samples necessary to resolve recent incision. The distance
from the First Bend is relatively unimportant because the entire longitudinal profile of the river will typically
adjust to external forcing by tectonic surface uplift or climate change. In order to constrain cooling rates, we
model the reproducible apatite and zircon (U-Th)/He data from this vertical transect using Qtqt [Gallagher,
2012]. We interpret the cooling rates to reflect exhumation by river incision at the point of sampling. This
approach is more complete than the interpretation presented in Ouimet et al. [2010] because it accounts
for the geologically recent erosion necessary to bring the samples to the surface. We are therefore better able
to resolve post-7Ma cooling, which Ouimet et al. [2010] did not consider in detail.

6. Results

Together, cosmogenic 26Al, 10Be, and 21Ne concentrations can be used to reconstruct both paleoerosion
rates and the history of river incision. 21Ne concentrations are indistinguishable within error among samples
from the two lower elevation abandoned caves as well as the fluvially active cave at the present river level
(Table 1), implying a steady upstream hillslope erosion rate of 21 ± 9mm/kyr since ~13Ma. This erosion rate
is consistent with detrital 10Be estimates of 13 to 42mm/kyr from the modern Yangtze River [Henck et al.,
2011]. The sample from the highest elevation abandoned cave has a substantially higher 21Ne concentration,
implying a lower drainage-average erosion rate (7.5 ± 1.0mm/kyr) in the more distant past.

Table 1. Results

Elevation
(m)a

Sample
IDb

10Be
(×104 atoms/g)c

26Al
(×104 atoms/g)d

21Ne
(×106 atoms/g)e 26Al/10Bef 21Ne/10Bef

21Ne-Derived Burial
Age (Ma)g

Radionuclide-Derived
Burial Age (Ma)h

1875 Y12-C1 34.1 ± 1.5 212.0 ± 9.5 2.1 (+1.2/�1.0) 6.2 ± 0.4 6.2 (+3.5/�2.9) - -
2285 Y13-C4 1.97 ± 0.13 15.4 ± 2.6 3.8 (+1.5/�1.0) 6.6 ± 1.1 189 (+76/�51) 15.4 (+14.4/�3.5) 9.2 (+0.6/�0.6)
2285 Y13-C4x 2.07 ± 0.14 12.1 ± 1.3 - - - - -
2905 Y13-C2 1.04 ± 0.10 6.6 ± 1.1 2.49 (+0.93/�0.75) 6.3 ± 1.2 241 (+93/�76) 12.8 (+5.3/�0.8) 10.5 (+0.5/�0.4)
3320 Y13-C3 0.905 ± 0.097 6.5 ± 1.1 7.8 (+1.0/�0.7) 7.1 ± 1.4 850 (+140/�120) 36.6 (+0.6/�2.8) 12.4 (+1.3/�1.1)
3320 Y13-C3x 0.93 ± 0.10 - - - - - -

aRiver is at 1860m. See text and supporting information for details on setting within caves.
bAn “x” indicates a replicate split following quartz purification.
cBlank-corrected values measured at Lawrence Livermore National Laboratory using 07KNSTD. Uncertainty at 2 s. See supporting information.
dBlank-corrected values measured at SUERC using Z92-0222. Uncertainty at 2 s. See supporting information.
eMeasured at GFZ. Uncertainty at 2 s. See supporting information.
fUncertainty-weighted average where replicates are available.
gCalculated using 21Ne to infer initial radionuclide concentrations. Uncertainty at 68% confidence level. See text.
hCalculated using radionuclide data from Y12-C1 for initial radionuclide concentrations. Uncertainty at 68% confidence level. See text.
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In contrast, 26Al and 10Be concentra-
tions in the sediment from abandoned
caves are an order of magnitude lower
than in the sediment from the active
cave (Table 1), consistent with extended
burial and radio decay. The 26Al/10Be
ratios in both the abandoned caves
and the active cave are >6.2 and indis-
tinguishable within error. Drainage-
average erosion rates calculated from
the 26Al and 10Be concentrations in
the active cave sediment sample
(Y12-C1) are 45.3 ± 2.0mm/kyr and
42.0± 1.9mm/kyr, respectively, which
are consistent with the estimate from
the 21Ne concentration in the same
sample (28±16mm/kyr). The 21Ne/10Be
ratios of abandoned cave samples are
2 to 3 orders of magnitude larger
than the production rate ratio [Balco
and Shuster, 2009b], implying signifi-
cant decay of 10Be and thus very long
burial ages.

In situ muogenic production simulta-
neously explains the low radionuclide
concentrations, high 26Al/10Be ratios,
and high 21Ne/10Be ratios. When the
initial concentrations of 26Al and 10Be
are estimated from 21Ne concentrations
in the respective samples, the burial
ages of the abandoned caves are 15,
13, and 37Ma in order from lowest ele-
vation to highest (Figure 2a). We con-

sider the oldest 21Ne-derived age an outlier because its residual is 35 times larger than any other
(Figure 2a). Calculated using the river level (Y12-C1) data for initial 26Al and 10Be concentrations, the burial
ages are 9.2, 11, and 12Ma. We report 68% confidence intervals for these burial ages, which are estimated
using a bootstrap approach with 1000 replicates per sample (Table 1). As discussed below, other important
sources of uncertainty are difficult to quantify.

The most probable time-temperature paths inverted from thermochronology upstream of the First Bend are
consistent with our burial age results (Figure 2b). One-dimensional modeling favors a phase of rapid cooling,
presumably via river incision, beginning at ~12Ma, followed by much slower cooling since ~7Ma.

7. Model Assessment

Compared to conventional 26Al—10Be burial dating [Granger and Muzikar, 2001], our approach is advanta-
geous because it allows for the measurement of burial ages older than ~8Ma. 26Al—10Be calculations,
without accounting for in situ muogenic production, yield burial ages of <0.25Ma at the First Bend, clearly
in error. Such young ages imply an incision rate approaching 10m/kyr, which is implausible in light of the
other estimates of erosion and incision rates in the region, which are at least an order of magnitude lower
[Clark et al., 2005b; Ouimet et al., 2009, 2010; Henck et al., 2011]. Alternatively, the young 26Al—10Be burial
ages might suggest recent sediment transport into the caves, but the difference in nuclide concentrations
between the abandoned caves and the active cave would require dramatically different sediment sources
in that case, which is unlikely given their close proximity (Figure 1).

Figure 2. (a) Burial ages plotted against cave elevation. Error bars reflect
bootstrapped confidence intervals (68%). Residual 26Al/10Be ratios are
observed minus predicted. (b) Best estimate time-temperature paths for
the highest and lowest elevation thermochronology samples (Figure 1a).
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Burial ages, calculated using initial concentrations derived from either 21Ne or radionuclides, both indicate
that the incision rate declined substantially following a period of rapid Miocene downcutting. The timing
of this decline is less certain. Viewing the calculations separately, rapid incision was occurring between either
18 and 12Ma or 13 and 9Ma, depending on the choice of initial concentrations and allowing for analytical
uncertainties (Figure 2a). However, we favor interpreting both burial age calculations at each cave as if they
were replicates. This approach emphasizes that different burial age calculations involve different
assumptions, and comparison of different calculations constrains the validity of those assumptions. Viewed
in this manner, and subject to age superposition, the river likely incised >0.6 km from the level of Y13-C2
to Y13-C4 between ~13 and 11Ma. We have fewer constraints on the 0.4 km of incision between Y13-C3
and Y13-C2 because we exclude the 21Ne result at Y13-C3 as an outlier.

Perhaps the most difficult uncertainty to quantify is our assumption that drainage-average erosion rates have
remained constant, which is required for burial ages calculated with radionuclide-derived initial concentrations.
21Ne results from the active, river level cave (Y12-C1) provide useful information. The 21Ne concentration from
Y12-C1 is indistinguishable from the concentrations in the two higher, abandoned caves (Y13-C4 and Y13-C2).
This implies that drainage-average erosion rates were also similar. The large upstream drainage area, including
abundant low-relief landscapes, may explain how the drainage-average erosion rate was buffered despite the
incision of a deep gorge. The 21Ne concentration at the highest elevation cave (Y13-C3) is more than twice the
other values. This may reflect a more complex history of exposure and burial than our model accounts for—an
interpretation supported by the large 26Al/10Be residual (Figure 2a). In light of results from lower elevation caves,
we tentatively accept the burial age calculated at Y13-C3 using radionuclide-derived initial concentrations,
recognizing that this age is subject to uncertainties at least as great as the differences between replicates at
lower elevations (~50%).

Finally, thermochronology provides an additional, independent constraint on river incision, which also
supports our burial age interpretation: rapid incision in the Miocene, followed by a decline in rate after that
time (Figure 2b).

8. Implications

Our results indicate that the gorge at the First Bend achieved most of its depth between 18 and 9Ma
(Figure 2). In particular, the channel incised at that time below the elevation of the Yangpai Gap and its east-
ward extension (~2400 and 3300m, respectively), described by Clark et al. [2004], and the wind gap near
Luoguqing (~3400m), described by Kong et al. [2012]. These wind gaps describe the hypothesized courses
of an ancient, south-flowing river prior to capture by the modern Yangtze. Incision below the elevations of
the gaps suggests that capture occurred prior to 9Ma at the First Bend. Therefore, if river capture occurred,
it was likely prior to middle Miocene, as proposed by Clift [2006].

Notably, we demonstrate a marked decline in the rate of river incision near the end of the Miocene (Figure 2).
Local fault activity may explain the decline, in part. Just downstream from the First Bend, the active normal
fault located at Tiger Leaping Gorge has a reported slip rate of 5m/kyr [Kong et al., 2010; Van der Woerd
et al., 2012]. Surface uplift as a result of flexural bending in the footwall of this east-dipping structure could
reduce the stream gradient in the vicinity of the First Bend, locally ending incision and driving aggradation
[e.g., Wang et al., 2014]. Recent drilling near the First Bend shows that as much as 300m of sediment has
aggraded in parts of the valley since sometime before ~2Ma [Zhao et al., 2015]. The position of the fault cor-
responds with a major knickpoint, which has set the local base level and has potentially led to an upstream
decline in incision rate [Liu-Zeng et al., 2008]. However, the close temporal coincidence of the decline of
stream incision at the First Bend and at the thermochronology transect ~350 km upstream [Ouimet et al.,
2010] suggests another, regionally extensive process also contributed to the decline of incision rates.

In southeastern Tibet, major rivers are often assumed to maintain a quasi-steady state, that is, the rivers
respond rapidly to changing boundary conditions such that incision balances surface uplift [e.g., Clark
et al., 2005b, 2006]. If the Yangtze River near the First Bend has maintained a quasi-steady state profile, then
the post-late Miocene decline in incision rate implies that the rate of tectonic surface uplift also declined at
around that time. Recent modeling suggests a mechanism for declining uplift [Cook and Royden, 2008]. In this
model, the growing Tibetan Plateau rapidly expands when it encounters a zone of weak lower crust on the
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southeast margin. The topographic surface experiences rapid surface uplift followed by a declining uplift
rate as the plateau margin approaches the elevation of the plateau itself. However, this model scenario
does not apply to the First Bend because the First Bend has not yet approached the elevation of the plateau
at >4 km—it is located immediately below a steep topographic shelf at an elevation of <3 km [Liu-Zeng
et al., 2008]. As a result, declining river incision rates are difficult to explain simply as a response to lower
crustal flow.

Alternatively, river networks may remain far from equilibrium for long periods and suddenly readjust with a
transient pulse of incision when climate, sediment load, or other conditions become favorable [Sklar and
Dietrich, 2004; Pelletier, 2007]. Dramatically nonsteady state behavior has been documented on the Yellow
River in northeastern Tibet [Craddock et al., 2010]. On the southeast margin, the contrast between stable
isotope results—which indicate that the First Bend has been near its present elevation since the Eocene
[Hoke et al., 2014; Li et al., 2015]—and thermochronologic results—which indicate river incision in the major
upstream tributaries began ~13Ma [Clark et al., 2005b; Ouimet et al., 2010]—suggests a considerable lag
between uplift and incision. In this case, the decline in incision rates may simply reflect the conclusion of a
transient adjustment. Although river incision is not a valid constraint on the timing of surface uplift in this
unsteady scenario, our results implicitly support the stable isotope paleoaltimetry, indicating that little
surface uplift has occurred on the southeast margin since the Eocene.

9. Conclusions

TCN burial ages derived from abandoned cave sediments indicate that the Yangtze River incised most of the
gorge at the First Bend between 18 and 9Ma. River incision slowed substantially thereafter. We are able to
resolve middle Miocene burial ages by using a model that accounts for in situ muogenic production in buried
cave sediments. This model provides an internally consistent explanation for the concentrations of 10Be, 26Al,
and 21Ne, as well as the 26Al/10Be and 21Ne/10Be ratios. Low-temperature thermochronology from ~350 km
upstream of the First Bend supports both rapid incision and subsequent slowing of incision.

The timing of incision at the First Bend has important implications for the geodynamic history of the southeast
margin of the Tibetan Plateau. First, the fact that the gorge incised below hypothesized wind gaps by 9Ma
strongly supports an early capture event for the integration of the upper Yangtze River. Second, the decline
of river incision rate around the late Miocene is inconsistent with current models of surface uplift driven by
lower crustal flow. Although this inconsistency does not preclude lower crustal flow, it challenges existing
models and highlights the difficulty of using the timing of river incision as a proxy for the timing of surface uplift.
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