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Abstract We reconstruct the incision history of bedrock rivers based on inverse modeling of the

long profile of a river channel and the low-temperature thermochronological data. Our approach first
infers an erodibility-dependent incision history through a linear inversion of the channel elevations of
the river. Then to calibrate the reconstructed incision history in the geological timescale, we constrain the
erosional efficiency by optimizing the erosion process of the river catchment using a Bayesian analysis,
such that the exhumation and cooling paths of bedrocks in the catchment conform to the observed
thermochronological ages. We apply this approach to estimate the incision history of the Three Gorges,
Yangtze River in East Asia. We modeled the incision histories of three tributaries on the mainstem
Yangtze River near the eastern end of the Three Gorges area, assuming that the gorge incision was driven
by increased upstream drainage area of the Upper Yangtze (Scenario 1) or local tectonic uplift (Scenario
2). The results of both scenarios suggest an early Miocene onset of the incision of Three Gorges, that is,
18 + 6 Ma or 21 + 4 Ma, respectively. During the Pliocene, our models suggest a significant decrease in
the gorge incision rate. By comparing the estimated gorge incision history to the late Cenozoic denudation
of the eastern Tibetan Plateau and the regional climate change, we suggest that the incision of the Three
Gorges has been heavily affected by the development of the Upper Yangtze River and the East Asian
monsoon.

1. Introduction

As the longest river in Asia, development of the Yangtze River (Figure 1) was a major reorganization of the
river networks in East Asia, and has played an important role in the evolution of the region’s topography
and landscape. During the Cenozoic, the collision between the Indian and Eurasian Plates led to the rise of
the Tibetan Plateau (Rowley & Currie, 2006; Wang et al., 2008), which created the current east-tilting topog-
raphy of East Asia. Previous studies suggest that this marked reshaping of the topography rearranged the
drainage networks of the large rivers originating on the Tibetan Plateau, including the Upper Yangtze River
(Clark et al., 2004; Clift et al., 2006; Zheng , 2015). These studies hypothesized that the Upper Yangtze River
used to flow southwards and drain into the South China Sea through a path parallel to the Mekong River,
for example, the paleo-Red River (Clift et al., 2006). In line with this hypothesis, some studies (e.g., Clark
et al., 2004; Richardson et al., 2010) further suggest a reversal of the river flow direction in the Sichuan Ba-
sin (Figure 1b): prior to the connection between the Upper and Middle Yangtze River, rivers in the Sichuan
Basin used to drain westwards, joining the western part of the Upper Yangtze River before flowing toward
the South China Sea. This hypothesis predicts a paleo-drainage divide on the eastern margin of the Sichuan
Basin, which separated the west- and east-flowing drainage systems. Therefore, to test the above hypothesis
about the evolution of the Yangtze River, constraining the incision history of the potential paleo-drainage
divide between the Upper and Middle Yangtze is crucial.

On the eastern margin of the Sichuan Basin, several mountain ranges from high topography, including the
Daba Shan, Wu Shan, and Xuefeng Shan (Figure 1b), which present as the most likely barriers between
large drainage systems. These mountains formed as products of the collision between the North China
and Yangtze Cratons during the Mesozoic (Li et al., 2017; Wang et al., 2003), and no evidence indicates a
significant orogenic process in the area during the Cenozoic (Hu et al., 2006). Across the mountains, the

JIAO ET AL.

1of 16


https://orcid.org/0000-0003-0303-3118
https://orcid.org/0000-0002-0568-9025
https://doi.org/10.1029/2020JF005767
https://doi.org/10.1029/2020JF005767
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JF005767&domain=pdf&date_stamp=2021-03-15

A~
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2020JF005767

(b)

Elevation (m)
3000

2000
1000

Fig. 2.~
gl

o 3 M ingy
Gram
Three G@rges

" Vichand

/4‘ )Q,.')’ 4

Figure 1. (a) Map showing the courses of major rivers in East Asia. Box shows the location of (b). (b) Topographic map
of the Three Gorges and adjacent area. Note the high mountains between the Upper and Middle Yangtze River. White
lines represent the courses of Yangtze River and its main tributaries. Box of solid line indicates the location of Figure 2.
(c) Hypsometric curve for the area inside of the box of the dashed line in (b).

Sichuan Basin and alluvial plains in East China are connected through a series of narrow and deep valleys
surrounded by high-relief cliffs, known as the Three Gorges (Figure 1b). While the elevation of the main
channel of the Yangtze River decreased from ~100-200 m in the Sichuan Basin to <80 m in the Three
Gorges, the mean elevation of the Three Gorges region (~800 m) is significantly higher than that of the
upstream Sichuan Basin (~400 m). Therefore, as the key link between the Upper and Middle Yangtze River,
the incision history of the Three Gorges is an important part of the development of the river. Particularly,
if the Cenozoic reversal of the Sichuan Basin drainage system existed, through-cutting of the Three Gorges
could be a milestone during the formation of the Yangtze River and the evolution of the drainage systems
in East Asia (Richardson et al., 2010; Zheng et al., 2013).

However, despite its importance for resolving the history of the Yangtze River, the beginning time of the
incision of the Three Gorges remains under debate. Based on quartz electron spin resonance (ESR) dates of
the lake deposits in the downstream Jianghan Basin (Figure 1b), Xiang et al. (2007) suggested that the Yang-
tze River did not flow through the Three Gorges before 0.75 Ma. By dating the fluvial deposits on the valley
shoulders in the Three Gorges, Li et al. (2001) identified several postPleistocene terraces and suggested that
the gorge incision started at 2.1 Ma. Using apatite fission track (AFT) and (U-Th)/He data of the bedrock
samples from the eastern part of gorge region, Richardson et al. (2010) inferred an increase in the cooling
rate of the Huangling Granite (Figure 1b) at ~45-40 Ma, and interpreted it as the consequence of high-ero-
sion rate since the onset of the gorge incision. Zheng et al. (2013) suggested that the Three Gorges was cut
through between 36.5 and 23 Ma, constrained by the prelate Eocene evaporite and lacustrine sediments in
the Jianghan Basin and the temporally invariant zircon U-Pb age patterns of the postOligocene sediments
from the further downstream Yangtze River, respectively.

Here, we present a study of the evolution of the Three Gorges, which extracts the incision timing and
rate by inverse modeling both the long-profiles of rivers and the bedrock low-temperature thermochron-
ological data. Inversion of the river profiles is based on the stream power model (Howard & Kerby, 1983;
Royden & Perron, 2013) and uses current spatial distribution of the channel gradients of a river to solve
for the temporal change in the uplift rate relative to the base level (Goren et al., 2014). The solution is,
however, dependent on the efficiency of the river erosion, and calibrating the modeled uplift rate history
in the geological time requires independent, empirical constraints on the river erosion history. Constraints
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used in previous studies include basin-averaged erosion rates derived from cosmogenic '°Be concentrations
(e.g., Li et al., 2020) and single-site rock exhumation magnitude estimated from low-temperature thermo-
chronological data (e.g., Fox et al., 2015; Goren et al., 2014), which cannot provide information about the
spatial variation in the erosion rates. In this study, we calibrate the modeled river uplift/incision history by
simultaneously reproducing multiple thermochronological ages collected from different locations in the
catchment. This approach not only allows us to estimate the efficiency of the river erosion, but also acts as
an independent test of the compatibility between the erosion rate distribution pattern modeled from topo-
graphic data and that estimated from low-temperature thermochronology.

The approach we use in this study is summarized as follows. Based on inversion of the long profiles of river
channels using a linear method (Goren et al., 2014), we first estimate the uplift history of three tributaries
relative to their outlets on the Yangtze River in the Three Gorges area, and calculate the erosion rate var-
iation along the channels of the tributaries. The modeled uplift and erosion histories are both dependent
on the erosional efficiency. Then by prescribing the parameters for the erosional efficiency and the thermal
model of the crust, we are able to use the inferred river erosion history to predict the cooling paths and
thermochronological ages of rock samples in the drainage area. For predicting the thermal histories, we
test two end-member scenarios, in which the relative uplift is assumed to be driven by either (1) lowering
of the tributaries’ outlets at the mainstem Yangtze River or (2) tectonic uplift of the tributaries’ catchments,
respectively. Finally, for each scenario we optimize the values of prescribed model parameters and constrain
the river incision history by minimizing the misfit between the predicted and observed cooling ages from
the river catchment.

2. Geological, Climatic, and Geomorphic Settings

The eastern end of the Three Gorges, located in the interior of the Yangtze Craton, exposes some of the
oldest rocks in South China. The area features a dome structure with the Neoproterozoic Huangling Gran-
ite (Wei et al., 2012; Figure 1b) surrounded by Precambrian and Phanerozoic (meta) sedimentary rocks
(Gao et al., 2011). From the Late Jurassic to the Late Cretaceous, rocks in the area underwent two phases
of strong deformation, due to the earlier convergence between the North China and Yangtze blocks and
the later intracontinental compression in South China (Li et al., 2012). Since the Paleogene, the adjacent
foreland basin entered a period of postorogenic extension (Shi et al., 2013), with no significant deformation
documented within the Huangling Granite until the present day.

Except some metasedimentary complex exposed in the middle reach of the Baisui Brook, the substrate of
the three catchments in this study is the Huangling Granite (Figure 2). Low-temperature thermochronolog-
ical data and thermal history modeling suggest that the Huangling Granite experienced a period of rapid
exhumation between 150 and 180 Ma (Ge et al., 2013). Based on the U-Pb ages of the detrital zircons from
the sediments in the adjacent, downstream Jianghan Basin, Shen et al. (2012) suggested that the granite
had already been exposed to the surface by the Late Cretaceous. In contrast, from the Cenozoic sedimentary
sections downstream of the Huangling dome, Wang et al. (2014) observed no granitoid clasts in the pre-Ne-
ogene stratigraphy and suggested that the Huangling Granite has only been exposed since the late Cenozoic.
Despite this dispute, it appears that at least over the late Cenozoic, the bedrocks in the three Yangtze tribu-
taries studied here present a generally uniform lithology, and thus the bedrock erodibility is likely constant
through time in most of the study areas.

Located in the Central China, the Three Gorges region is heavily affected by a monsoonal climate with
intensified rainfalls during the summer (Ding, 1992). The starting time of the East Asian monsoon is still
highly debated. Although earlier studies suggest an onset during the Miocene (e.g., An et al., 2001) or
the latest Oligocene (e.g., Sun & Wang, 2005), a recent study based on a compilation of multiple proxies
and climate modeling suggests that the annual monsoonal precipitation started during the late Paleocene—
Eocene (Farnsworth et al., 2019). Therefore, we consider the climatic influence on the river incision rate
unchanged over the late Cenozoic, until the Pliocene when the mean annual precipitation reduced in East
Asia (Farnsworth et al., 2019; Wang et al., 2019). Climatic conditions oscillate over shorter timescales be-
tween glacial and interglacial periods, but they should have negligible impact on the long-term erosion rate
(e.g., Armitage et al., 2013) and leave no significant record on the bedrock landscape (Goren, 2016)
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Figure 2. Maps showing (a) topography and (b) local relief (1 km?) of the eastern end of the Three Gorges. White line
depicts the mainstem of the Yangtze River, and colored lines represent three tributaries in the study area: A, yellow; B,
magenta; C, green. Note the low-relief paleo-surface at the headwaters of Letian and Hengxi Brooks. Hatch fills indicate
the approximate distributions of the granitoid (pluses) and metasedimentary rocks (lines) in the Huangling dome. Also
shown are sample numbers (in a) and apatite (U-Th)/He ages (in b) from Hu et al. (2006) and Richardson et al. (2010).

Planation surfaces result from a long-period of regional-scale erosion and present as large areas of flat or
gently tilted bedrock surfaces (Orme, 2013; Zhang, 2008). These low-relief surfaces develop at a local base
level, and are eventually preserved after a base level fall or tectonic uplift. In tectonically stable regions, a
planation surface can be preserved for several tens of million years after its initial formation (e.g., Guillo-
cheau et al., 2018). In the Three Gorges area, several levels of the planation surfaces are observed. Near the
mountain summits at elevations between ~1,200 and 2,000 m (Shen, 1965), the planation surfaces are away
from the mainstem of the Yangtze River. These surfaces cut through the strata of ages spanning from the
Cambrian to Jurassic (Xie et al., 2006), indicating that they formed no earlier than the Late Mesozoic. Below
the high-level surfaces, another level of low-relief surfaces exist at elevations between ~800 and 1,200 m
(Figure 1c; Xie et al., 2006), in forms of intermontane basins, plateaus, karst platforms, and low-gradient
river valleys. In this study, the headwaters of both Letian and Hengxi Brooks originated on planation sur-
faces of this level (Figure 2b).

Due to the lack of direct constraints on the uplift histories of the low-relief surfaces, we consider two pos-
sible periods for their formation. For the first possibility, we assume that the surfaces in the Three Gorges
area were uplifted during the Mesozoic. Elevated planation surfaces have been observed at many locations
in the Qingling-Dabie mountain belt (Feng & Cui, 2002), which was last uplifted and exhumed by the Early
Cretaceous during the collision between North China and Yangtze blocks (Dong & Santosh, 2016; Zhang
et al., 1996). For example, planation surfaces exist in the eastern Dabie Shan at elevations up to >1,300 m
(Rao et al., 2013), where the exhumation rate has remained low and topographic relief has decreased dur-
ing the Cenozoic (Braun & Robert, 2005; Reiners et al., 2003). The Huangling Granite is located on the
northern margin of the Yangtze block, and therefore the planation surface could be uplifted prior to the
cessation of the North China-Yangtze collision. As the second possibility, we assume the that the planation
surfaces were uplifted during the Late Cenozoic. Previous studies suggested that the bedrock mountains
to the northeast of the Sichuan Basin, including the Daba Shan (Figure 1b), were uplifted and exhumed
during the Late Cenozoic, as a result of the eastward propagation of the Tibetan Plateau (Tian et al., 2012;
Yang et al., 2017). As an eastward continuation of the Daba Shan in space, it is possible that the Huangling
Granite experienced the same period of uplift during the Cenozoic, which raised the planation surfaces
to their current elevations. These two possibilities make no difference in our inversion of the catchments’
uplift histories relative to the base level, but are considered as different scenarios when we estimate the
paleo-topography of the river channels and model the thermal histories (Sections 3.2 and 4).
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3. Inverting the River Profile for Incision History and Paleotopography

The incision of river channels below the low-relief erosional surface was driven by an increased rock uplift
rate relative to the base level near their outlets. As two end-members, this relative uplift rate represents
either (1) the difference between rock uplift and lowering of the base level at the outlet, that is, in our case
the elevation of the mainstem Yangtze River, or (2) the tectonic uplift relative to a fixed base level. Assum-
ing this uplift rate is spatially uniform in the catchments, we estimate the temporal variation of the relative
uplift rate (u) by analyzing the river profiles using the linear inversion method of Goren et al. (2014).

3.1. Method

According to the stream power incision model (Howard & Kerby, 1983; Whipple & Tucker, 1999), the rate of
elevation change in bedrock river channels can be predicted as the difference between rock uplift rate and
fluvial incision rate, using the equation:

D) ) - K1) A" [—am’x)] : )
ot Ox

where z is the channel elevation, ¢ is the time, x is the along-channel distance from the outlet, u is the up-
lift rate relative to the base level, K is the bedrock erodibility, A is the upstream drainage area that is used
to approximate the discharge, and m and n are the area and slope exponents, respectively. Royden and
Perron (2013) provided a solution for Equation (1), the linear form (n = 1) of which was used by Goren
et al. (2014) to invert for tectonic uplift history from fluvial river profiles. By assuming a spatially uniform
uplift rate (i.e., u(t) = u), Goren et al. (2014) presented the solution of the topography as

2x) = [ ur, )

where ¢’ is the integration parameter, and 7(x) is the time required for the signal of uplift rate change to
migrate to x, expressed as

3)

x d
0= e

in which x’ is the integration parameter. To remove the dependence of 7 on K, Goren et al. (2014) trans-
formed Equation (2) to

2t x) = J‘;:il(x)u*(t')dt’, (4)

by imposing three K-dependent parameters

u

m

x = AyKtu' = and 1 = KAJ't, (5)

where Ay is an imposed area value to scale the drainage area, and y is a measure of the transient state of the
river profile introduced by Perron and Royden (2013).

To reconstruct the paleo-topography, we follow the simplification as in Fox (2019), which assumes that
topography was in steady state prior to an uplift rate change. By discretizing the river profile into a lim-
ited number (N) of pixels, the present-day (t¥ = 0) elevation of pixel i can be expressed in a discrete form
(Fox, 2019; Goren et al., 2014) as

5= Z(Zj _Zj—l)u;’ (6)

J=1
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Figure 3. (a) Long-profiles of the three rivers in the study area for channels with an upstream drainage area >4.5 km?.
Topographic data are from the ASTER Global Digital Elevation Model (30 m resolution). (b) y-elevation plots of the
river channels using m = 0.58 and A, = 1 km”. Inset shows the scattering of the y-plots with different values of m.
ASTER, Advanced Spaceborne Thermal Emission and Reflection Radiometer.

in which the pixels are ordered upstream from the outlet such that y, = 0. Then by dividing the uplift history
into a small number (q) of intervals (q < N), solving u* becomes an overdetermined inverse problem (Goren
et al., 2014), for which we optimize using a linear least-squares method (with the Isqnonneg function in the
MATLAB software). Finally, paleo-topography of the river channels relative to the base level as a function
of t* can be calculated using Equation (4). See Goren et al. (2014) for a detailed description of the method.

We extract the elevation data of the Baisui, Letian, and Hengxi Brooks from the Advanced Spaceborne Ther-
mal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (30 m spatial resolution).
To calculate the y values in Equation (6), we use the elevations of their outlets at the Yangtze River as the
base level, and parameter values of A, = 10° m* and m = 0.58. The value of m, the drainage area exponent
in Equation (1), is optimized by minimizing the scattering of the y-plots such that the pixels with the same
x values are at similar elevations (Figure 3b). We solve Equation (6) for each of the three rivers in the study
area separately.

3.2. Results

Inversion results are summarized in Figure 4. Our experiments with different values of the number of
intervals indicate that a good fit between observed and predicted present-day topography is achieved using
>8 intervals for Baisui and Hengxi Brooks, and >22 for Letian (Figure 4d). The solutions for the Letian and
Hengxi Brooks suggest an increase in the incision rates prior to t* = 60 (Figure 2b and 2c). In contrast, the
incision history of the Baisui Brook is solved for a shorter time period, and no dramatic change in the ero-
sion rate is shown during the model period (Figure 4a).

The estimated paleo-topography of the channels of the Letian and Hengxi Brooks show that due to its
larger drainage area, the long profile of the Letian Brook adapts more quickly to the increased incision rate
than that of the Hengxi Brook (Figure 5). We calibrate the reconstructed paleo-topography by assuming
two possible uplift periods of the planation surfaces (Section 2). In Scenario 1, the planation surfaces are
assumed to have uplifted during the Mesozoic, and therefore they have remained at the same elevation over
the Cenozoic (Figure 5a and 5b). This end-member scenario represents the case that the increase in incision
rate was driven by lowering of the rivers’ outlets at the mainstem Yangtze River. Thus the mean elevation of
the catchments decreased, and the relative uplift u represents the difference between the rock uplift of the
channels and the lowering (negative uplift) of the mainstem Yangtze River. In Scenario 2, the elevation of
the rivers’ base level has remained constant over the late Cenozoic, and the increased incision was entirely
caused by the accelerated block uplift of the catchments (Figure 5c and 5d). In this case, the mean elevation
of the catchments increased, and the relative uplift rate u represents the rock uplift rates of the Huangling
Granite relative to the fixed base level.
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Figure 4. (a—c) Inferred incision (relative uplift) rate histories of the rivers using different numbers of time intervals
(). Triangles point to the onset of rapid incision at the Letian and Hengxi Brooks. Note that the lengths of time
intervals in each model generally increase from the present-day toward the past, reflecting the upstream increase of
the y gradient from the outlet to the headwaters. In Letian and Hengxi Brooks, the slow incision rates prior to the rapid
incision onset correspond to the low-relief planation surface preserved at the rivers’ sources. (d) Normalized misfit as a
function of number of time intervals. Optimal results are achieved when N > 25.

4. Constraining the Erosional Efficiency K Using (U-Th)/He Ages

To constrain the onset timing and rate of the incision of the Three Gorges in natural dimensions, we use
apatite (U-Th)/He (AHe) ages (Figure 2) reported in the catchment of the Letian Brook (Hu et al., 2006;
Richardson et al., 2010) to estimate the value of bedrock erodibility K. We do not use the ages reported from
the nearby Baisui Brook, to avoid the potential bias on the estimated incision history introduced by the var-
iable lithology in the catchment area (Figure 2). Two different erosion models are constructed according to
the incision scenarios described above, respectively.

4.1. Method

For a given erosional efficiency, K, we can construct a forward model that simulates the erosion and cooling
process of all samples and predicts their AHe ages. Then we estimate the values of K and other unknown
parameters using a Bayesian approach, by optimizing the fit between the predicted and observed AHe ages.
For each age, we build an erosion model based on the elevation history of a channel pixel extracted from the
inferred paleo-topography of the river profile (Figure 5). For a sample located on the hillslope, we assume
that its elevation relative to the nearest channel pixel has remained constant.

Scenario 1 assumes a stationary tectonic setting, and therefore the tectonic uplift rate has remained constant
throughout the model, which is equal to the rock uplift and erosion rates when the landscape was in the
steady-state condition prior to the beginning of the gorge incision, that is, u during the oldest model inter-
val (Figure 4b). In Scenario 2, the base level is fixed, and the tectonic uplift rate varies temporally, which is
equal to u during each time interval. For both scenarios, the erosion history of a sample can be reconstruct-
ed by combining its topographic and tectonic uplift histories.
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Table 1
Parameters Used in Thermal Model
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Figure 5. Calculated paleo-topography of Letian and Hengxi Brooks with models using 30 time intervals. Scenarios
1 and 2 assume fixed elevations for the low-relief planation surface and base level, respectively. Dark-colored lines
indicate the modeled paleo-topography, from upper to lower, at the 30th, 20th, and 10th interval from the present,
respectively. Note the oldest (uppermost) profile represents the paleo-topography prior to the incision of the erosional
surface. Light colored line depicts the predicted present-day topography, and gray the observed river profile. K-scaled
ages (t*) of the paleo-topography are also indicated.

To build the cooling history, we prescribe a one dimensional thermal model using the parameters listed in
Table 1. The parameters are chosen to approximate the 20°C/km geothermal gradient estimated in the study
area (Yuan et al., 2006). We compute the thermal history by solving the heat advection-diffusion equation
T T T
eo__o 8T @)
or oh  on®
where v is the rock uplift rate, x is the thermal diffusivity, T is the temperature, and & is the vertical position
relative to the model base. Based on Equation (5) in Scenario 1, v is constant and calculated as v = uZKA{," (q
is the index of the oldest time interval); in Scenario 2, v is temporally variable and v; = u;KAg' (j is the index
of each time interval).

Equation (7) is solved at time steps of 0.1 Myr, and the temperature histo-
ry of a sample is tracked according to its depth. From the thermal history,

we predict the sample’s AHe age using the helium diffusion model of

Parameter (unit) Value Farley (2000). To simulate an age that is partially reset by the gorge inci-
Thickness from model base to sea level (km) 20 sion, we impose an initial age, Age,, for the thermal history model. Like
Number of points in the vertical direction (km) 21 the erodibility K, the value of Age, is also sampled by the inversion. For
Thermal diffusivity (km%/Myr) 25 each forward model, we compare the computed ages of all samples and
Atmospheric lapse rate (°C/km) 4 the observed data using the log-likelihood function

Sea-level temperature (°C) 25 N 2

4| In(27) p; —0;
Basal temperature (°C) 425 log(L)y=-% — +In(o;) +0.5| —| |, (8)
i=1 o;

Note. These are typical values for a thermo-kinematic model (e.g., Braun

et al., 2012), and are chosen to approximate the 20°C geothermal gradient
in the study area (Yuan et al., 2006). Note that model topographic histories
differ between Scenario 1 and Scenario 2 (Figure 5).

where p; and o; are the predicted and observed ages for grain age i, respec-
tively, o; is the uncertainty of the observation, and N, is the total number
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of observed ages. We optimize the forward model by sampling the values of K and Age, using a Markov
Chain Monte Carlo method (Goodman & Weare, 2010). During the inversion, the erodibility K is sampled
in the range of [107', 107%] m~*'®/yr on the logarithmic scale, that is, log(K) in the range of [—10, —8]. The
value of Age, is sampled in the range of [100, 60] Ma, which corresponds to the time of the last rapid exhu-
mation of the Huangling Granite (Ge et al., 2013; Hu et al., 2006).

4.2. Results

We tested the thermal history modeling using uplift models of the Letian Brook with different number of
time intervals, but the results appear to be insensitive to the number of time intervals. This is because all
models with >20 time intervals yield a similar pattern of uplift rates, and their accumulated exhumation
magnitudes over the model period are all equal (Figure 5a and 5c). Therefore, here we only present the
results based on the uplift model of the Letian Brook with 30 time intervals (Figure 4b). For each of the
two model scenarios, we sampled a total of 60,000 forward models in the parameter space, with the first
25% discarded as burn-in (Figure 6a and 6¢). The models under the two scenarios yield very similar results,
both suggesting that reasonable fits to the data are obtained with log(K) in the range of [—9.4, —8.7]. The
models are less sensitive to the initial cooling age (Age,) of the rocks, and any value in the sampled space is
acceptable. For Scenario 1, log(K) and Age, of the best-fit model are around —8.9 and 73.6 Ma, respectively,
whereas for Scenario 2 the two parameters are around 9.0 and 72.9 Ma, respectively. For both scenarios, the
best-fit models predict a wide range of AHe ages (36-66 Ma), consistent with the dispersion of observed
ages from the catchment of the Letian Brook (Figure 7).

The results suggest that the current thermochronological ages are not sensitive enough to distinguish be-
tween the two scenarios of gorge incision. The cooling ages are older than our inferred time when the in-
cision rates increased at the Yangtze River, suggesting that carving of the Three Gorges has not completely
removed the fossil AHe partial retention zone. In both topographic scenarios tested, the predicted ages show
a positive correlation with elevation, because (1) a higher sample was at a shallower position in the partial
retention zone, and (2) the knickpoint, where the erosion rate starts to increase, generated at the Yangtze
River took longer time to propagate to higher locations (Figure 8).

5. Discussion
5.1. Erosion History in the Eastern Three Gorges Area

The incision models of the Letian and the Hengxi Brooks predict a marked increase in the incision rate at
* = 66 or t* = 62, respectively. We suggest that this change in incision rate marks the onset of incision in
the eastern Three Gorges, which led to a significant base level fall of the Letian and Hengxi Brooks. This
change in incision rate is recorded on the long profiles of the two rivers as the knickpoints below the pla-
nation surface near their headwaters (Figures 2b and 3). The low-relief planation surface is not preserved
in the catchment of the Baisui Brook. In turn, the y dimension of the Baisui Brook is shorter than that of
the other two rivers, and therefore has only preserved the incision history after the onset of gorge incision.
Using the K values sampled during the inversion of the AHe ages, we can estimate the age of the initial
gorge incision usingr =1 / K / A’ (derived from Equation 5). For the two tested end-member scenarios,
our calculation suggests onset of the gorge incision at 17.9 + 6.3 Ma or 21.0 + 4.2 Ma (mean + 1o range),
respectively (Figure 6).

We are also able to constrain the change in the erosion rates of the rocks in the river catchment (Figure 8).
The models of the two scenarios yield very similar results, both suggesting <0.02 km/Myr erosion rate of
the Huangling Granite for the early part of the Cenozoic. Since the gorge incision started, the predicted
bedrock erosion rates of Letian Brook increased to ~0.04-0.08 km/Myr near its outlet on the Yangtze River.
The accelerated erosion has removed rocks of a total thickness of <1 km, which is not enough to reset the
AHe ages at the present-day surface. The locus of increased erosion rates expanded upstream gradually,
marked by the headward retreat of the knickpoint associated with the incision onset, which is now located
at ~950 m-higher above the outlet (Figure 3). The low-relief surface at the headwaters is still eroded at
~0.02 km/Myr, not yet affected by the deep incision of the gorge (Figure 8¢). Assuming that the erodibility K
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Figure 6. (a) Sampling results of the values of the erodibility K and the unreset (U-Th)/He age for Scenario 1. Colored
dots represent forward models in the postburn-in ensemble, color-coded according to their log-likelihood, and gray
the burn-in. Star indicates the “best-fit” model. Probability Density Functions (PDF) of the two parameters are plotted
along the axes. (b) PDF of the incision onset time for Scenario 1 according to the sampled K values. Solid vertical line
indicates the “best-fit” model, whereas dashed line and the shading indicate the mean and the 1-o range, respectively.
Panels (c and d) are the results for Scenario 2.

value inferred from the model of Letian Brook also applies for incision models of Baisui and Hengxi Brooks
(Figure 4a and 4c), the erosion rates of the two rivers after the onset of gorge incision are variable, but gen-
erally within the ranges of 0.02-0.08 and 0.01-0.1 km/Myr, respectively. In the Hengxi Brook, the increased
incision rates have eroded rocks of ~900 m-thick near the mainstem Yangtze River.

Our estimated erosion models predict an average cooling rate of <0.5°C/Myr for the Huangling Granite
during the Cenozoic. This is consistent with the previous thermal history models constrained only by AFT
and AHe data (Figure 8; Ge et al., 2013; Richardson et al., 2010), which suggest that the rocks have cooled
from ~80°-60°C to the surface temperature during the Cenozoic. However, due to the insensitivity of
the data to evolution at lower temperatures (<60°C), the previous thermal history models provided little
constraints on the rock cooling processes within the final 2 km in the crust. In contrast, combining the
thermochronological data with river profile analysis allows us to reveal the rock exhumation process at

JIAO ET AL.

10 of 16



A .
NI Journal of Geophysical Research: Earth Surface 10.1029/2020JF005767

ADVANCING EARTH
AND SPACE SCIENCE

2000 (a) e mm - 2000 ¢ EE -
80
1500 Scenario 1 1500 | Scenario 2
E 2 B
= S =
£ 1000 £ 1000
g g
H . ’ 3 ) .
= Grain radius (xm) o Grain radius (xm)
500 40 60 80 500 A 40 60 80
M Obervation B Obervation
® Prediction ® Prediction
0 0
40 60 80 40 60 80
Age (Ma) Age (Ma)

Figure 7. (a) Age versus elevation relationship of the observed (U-Th)/He ages (Hu et al., 2006; Richardson
et al., 2010) and the predicted ages by the best-fit model of Scenario 1. Predicted ages shown here are using variable

grain sizes at every km” in the catchment of Letian Brook. (b) Same as (a) but predicted ages are by the best-fit model of
Scenario 2.
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Figure 8. (left) Exhumation and (right) cooling histories for rocks at (a) and (b) lower, (c) and (d) middle, and (e)
and (f) upper reaches of Letian Brook, predicted by models in Scenario 1. Results by models in Scenario 2 are very
similar and thus are not shown here. Individual forward models are drawn from the postburn-in ensemble and color-
coded according to their log-likelihood. Solid and dashed lines indicate the “best-fit” and mean postburn-in models,

respectively. Gray lines and shaded areas show the thermal histories modeled by Richardson et al. (2010) using apatite
fission track data; H1.5, H3, and H5 are samples numbers in Richardson et al. (2010).
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shallower depths of the crust. Specifically in this study, increased incision rates may have caused a change
in the rock cooling rates at temperatures between 30°C and 40°C (Figure 8b and 8d), which cannot be re-
corded by the current AHe data from the surface samples.

5.2. Possible Mechanisms for the Incision of the Three Gorges

The two scenarios of river channel paleo-topography can represent different mechanisms that led to the
incision of Three Gorges. In Scenario 1, the gorge incision was driven by lowering of the base level at the
mainstem Yangtze River relative to the fixed elevation of the headwater planation surface, which could be
caused by different geological or geomorphic events. One possible event that could have led to the lowering
of the Yangtze River bed is a large-scale reorganization of the Upper Yangtze drainage system (as proposed
by Clark et al., 2004; Richardson et al., 2010; Zheng et al., 2013). Capturing the drainage area from the Up-
per Yangtze River would lead to a significant increase in the discharge and thus the erosive power of the
river channel in the Three Gorges region. It is worth noting that the estimated incision onset of the Three
Gorges is a minimum constraint for the connection between the Sichuan Basin and the Middle Yangtze
River, as the capture of Upper Yangtze could be progressive (Richardson et al., 2008; Wang et al., 2014) and
the most important discharge increase might be caused by a capture event upstream from the Three Gorg-
es (e.g., Wang et al., 2013). In this case, our estimate of the gorge incision, which follows the connection
between the Upper and Middle Yangtze River, is consistent with sedimentary records in the downstream
Jianghan Basin (Figure 1). Between the middle Eocene and the early Oligocene, halite and salt-bearing sedi-
ments in the deposition suggest a saline lake setting for the basin (Huang & Hinnov, 2014), which suggested
no freshwater input from large rivers until at least ~36.5 Ma. Based on zircon U-Pb dating of gravels in the
Lower Yangtze River, Zheng et al. (2013) observed a similar pattern between source regions of the Early
Miocene and the modern Yangtze River sediments, suggesting that the river was flowing through the Three
Gorges since the Oligocene-Miocene boundary (~23 Ma).

If no reversal of the Upper Yangtze River occurred during the late Cenozoic, another potential mechanism
for the incision of the Three Gorges would be a base level fall in the Jianghan Basin. Following uplift and ex-
humation during the Mesozoic, the basin changed to an extensional setting and became a deposition center
during the Cretaceous, and for most part of the basin, the deposition continued throughout the Cenozoic
(Zhao et al., 2010). Therefore, no basin-wide evacuation could have occurred in the Jianghan Basin during
the Cenozoic, so we exclude it as a possible cause for the incision of Three Gorges.

Our Scenario 2 assumes a local uplift of the Huangling Granite relative to a fixed base level, which could
be linked to the base level of either the Jianghan or Sichuan Basin, and therefore does not require a capture
of the Upper Yangtze drainage area. Along the northern and northeastern margins of the Sichuan Basin,
increased uplift rates during the Cenozoic have been reported perhaps due to the eastward growth of the
Tibetan Plateau (Tian et al., 2012). However, it is unclear if such deformation caused by plateau growth
can propagate further east to the eastern margin of the Sichuan Basin, which otherwise is in a tectonically
stable region. Inversions of the Global Positioning System (GPS) data collected for the past over 2 decades
(Rui & Stamps, 2019; Wang & Shen, 2020) suggest high- and moderate-deformation rates on the western
and northern margins of the Sichuan Basin, respectively, whereas the strain rates to the east and south of
the basin are insignificant. Therefore, we doubt that the Three Gorges could have experienced a tectonic up-
lift of the same order of magnitude as that in the northern margin of the Sichuan Basin (Tian et al., 2012).
Alternatively, Wang et al. (2014) suggested that uplift of the Huangling Granite during the Cenozoic was a
flexural rebound in response to the erosional unloading in the Three Gorges. We agree with their interpreta-
tion, and consider the incision of Three Gorges as the cause rather than the consequence of the Huangling
uplift, which may induce a positive feedback to enhance the deep gorge incision.

5.3. Potential Connections of the Three Gorge Incision to the Eastern Tibetan Denudation and
Regional Climate

The onset of enhanced incision of the Three Gorges is coincident with the initiation of rapid incision of
the Yangtze River and its major tributaries (e.g., the Dadu and Yalong Rivers) on the eastern margin of the
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Tibetan Plateau. Along the mainstem Upper Yangtze River near the First Bend, an earlier Cenozoic den-
udation event occurred prior to 20 Ma (Cao et al., 2019; Shen et al., 2016), whereas the last phase of rapid
incision started at ~18-15 Ma (Gourbet et al., 2019; McPhillips et al., 2016). Along the tributaries, rapid
incision started at ~13-10 Ma along the Dadu River (Clark et al., 2005; Ouimet et al., 2010; Tian et al., 2015;
Yang et al., 2020) and ~17-14 Ma along the Yalong River (Ouimet et al., 2010; Zhang et al., 2016). These
rapid incision events most likely reflect the adjustment of the river channels in response to the topographic
growth of the eastern margin of the Tibetan Plateau (Wang et al., 2012). The Miocene rapid incision in the
Upper Yangtze River and its tributaries are coeval with our estimate of the onset of incision of the Three
Gorges (18 + 6 Ma). Therefore, based on this temporal link, we consider that the initial incision of the Three
Gorges was part of the drainage network evolution of the Upper Yangtze during the early to mid-Miocene
consequent on the uplift of the eastern Tibetan Plateau, despite that mechanism linking the plateau uplift
and the Upper Yangtze reorganization remains enigmatic.

The modeled histories of all three rivers predict a decrease in the incision rate starting between t* = 15 and
t* = 10, except that the model of the Letian Brook is disrupted by a dam located at ~9 km upstream from
the mainstem Yangtze (Figure 3a). Calibrating of the incision models using the best-fit K values indicates
that this decrease in the incision rate has occurred since ~5-3 Ma. This is coincident with the Pliocene
aridification in the East Asia, which marked a significant reduction in the annual precipitation (Farnsworth
et al., 2019; Wang et al., 2019). The long-term drying trend of the climate in the drainage area of the Yangtze
River has been recorded by the sporopollen records from the Lower Yangtze delta (Zhang et al., 2013). The
reduced monsoonal rainfall during this period likely led to a significant drop in the water and sediment
discharge from the Upper Yangtze River, and therefore has decreased the rate of gorge incision in the Three
Gorges area. For the three tributaries on the Yangtze River studied in this study, the slower gorge incision
rate represents as a lower rate of the base level fall, which could have been recorded by the shapes of the
channel profiles.

6. Conclusions

We estimated the incision history of the eastern Three Gorges, based on inverse modeling of the channel
profiles of three tributaries of the Yangtze River and the previously reported apatite (U-Th)/He data from
one of the tributary catchments. Using a low-relief planation surface as a marker of the preincision topog-
raphy, our models suggest that downcutting of the Three Gorges started during the early Miocene. Although
the current data do not allow us to distinguish whether the gorge incision was driven by local tectonic uplift
or a capture of the modern Upper Yangtze by the Middle Yangtze, we infer that the latter is more consistent
with the relatively stable tectonic setting of the eastern margin of the Sichuan Basin. Our estimated onset
of the incision of the Three Gorges is coincident with the significant denudation of the eastern Tibetan Pla-
teau, suggesting that the early to mid-Miocene is an important period in shaping the modern Upper Yangtze
River. Our models also predict a marked decrease in the gorge incision rate since the Pliocene, which was
probably driven by the continuous drying of the East Asia.

Data Availability Statement

Thermochronological data used in this study were published by Hu et al. (2006) and Richardson et al. (2010).
TopoToolBox 2 (Schwanghart & Scherler, 2014) was used for manipulating topographic data. A MATLAB
implementation of the ensemble sampler (github.com/grinsted/gwmcmc) was used for MCMC sampling.
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