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Abstract

Landscape evolution is controlled by tectonic strain, bedrock lithology, and climatic conditions, and is expressed in the spatial
and temporal variations in river channel networks. In response to tectonic and climatic disturbance, river networks shift
both laterally and vertically to achieve a steady state. Several metrics are available to assess the nature of river network
disequilibrium, upon which the direction of drainage divide migration can be interpreted. However, to link this information to
other observational, theoretical, and experimental data requires the knowledge of the rate of migration, which is still lacking.
Here we develop a modified method based on Gilbert metrics to calculate the transient direction and rate of drainage divide
migration from topography. By choosing a high base level, linear or quasi-linear x-plots are obtained for rivers on both sides
of the drainage divide, and the elevation-y gradient is proportional to the average normalized steepness index (ksn). In turn,
the velocity of divide migration can be quantified theoretically from the cross-divide comparison of . We applied this method
to eastern Tibet and obtained a uniform, westward migration pattern for 29 points along two drainage divides with rates
between 0.02 and 0.66 mm/yr, which is consistent with the great river capture events in the region. The ongoing reorganization
of the river network in eastern Tibet is caused by the Cenozoic growth and eastward expansion of the Tibetan Plateau, the

strengthening of the precipitation and regional extension throughout East Asia, and the local fault activities.
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Abstract

Landscape evolution is controlled by tectonic strain, bedrock lithology, and
climatic conditions, and is expressed in the spatial and temporal variations in river
channel networks. In response to tectonic and climatic disturbance, river networks
shift both laterally and vertically to achieve a steady state. Several metrics are
available to assess the nature of river network disequilibrium, upon which the
direction of drainage divide migration can be interpreted. However, to link this
information to other observational, theoretical, and experimental data requires the
knowledge of the rate of migration, which is still lacking. Here we develop a modified
method based on Gilbert metrics to calculate the transient direction and rate of
drainage divide migration from topography. By choosing a high base level, linear or
quasi-linear y-plots are obtained for rivers on both sides of the drainage divide, and
the elevation-y gradient is proportional to the average normalized steepness index
(ksn). In turn, the velocity of divide migration can be quantified theoretically from the
cross-divide comparison of y. We applied this method to eastern Tibet and obtained a
uniform, westward migration pattern for 29 points along two drainage divides with
rates between 0.02 and 0.66 mm/yr, which is consistent with the great river capture
events in the region. The ongoing reorganization of the river network in eastern Tibet
is caused by the Cenozoic growth and eastward expansion of the Tibetan Plateau, the
strengthening of the precipitation and regional extension throughout East Asia, and

the local fault activities.
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1. Introduction

Landscape evolution is controlled by the development and organization of
drainage basins, which is fundamentally controlled by tectonics, lithology, and
climatic conditions (Molnar and England, 1990; Whipple, 2009; Zondervan et al.,
2020). Geomorphic parameters are widely used to reconstruct past tectonic (e.g.,
Kirby et al., 2003; Forte et al., 2015; Shi et al., 2021) and climatic processes (e.g.,
Tucker and Slingerland, 1997; Nie et al., 2018). Tectonic and climate disturbances
drive drainage divides to migrate, which impacts river incision by changing the
drainage area (Whipple et al., 2017; Vacherat et al., 2018; Yang et al., 2020) and can
further influence crustal deformation (Steer et al., 2014; Tan et al., 2018; Liu et al.,
2020). Quantitatively measuring the divide migration rate, therefore, is desired as it

will not only promote the tectonic and climatic information extraction from

topography, but also provide key information for biodiversity conservation (Rahbek et

al., 2019).

Drainage divide migration is essentially driven by the cross-divide differential
erosion (Willett et al., 2014; Forte and Whipple, 2018; Dahlquist et al., 2018; Hu et
al., 2021). Cross-divide erosion rates are routinely derived from geochronological
techniques, such as cosmogenic '°Be dating, which have been used to calculate the
divide migration rate (Beeson et al., 2017; Hu et al., 2021). Such techniques are
usually based on samples collected from the outlet of a few selected drainage basins
and may not represent the erosion rates close to the drainage divide as a whole.

Ideally, it is necessary to find a cost-effective method that can be applied to the entire
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landscape, to cross-check and make full use of the cosmogenic ages. Forte and
Whipple (2018) suggested that the cross-divide difference in erosion rate is driven by
the cross-divide difference in topographic gradient. The “Gilbert” metrics include the
cross-divide difference in channel elevation at a reference drainage area, mean
headwater hillslope gradient, and mean headwater local relief and are proposed to
judge the stability of drainage divides (Whipple et al., 2017; Forte and Whipple,
2018). However, the erosion rate is affected not only by the topographic gradient, but
also by the upstream drainage area, precipitation, and lithology (Howard, 1994;
Whipple and Tucker, 1999; Kirby and Whipple, 2012). Therefore, one still cannot
obtain the migration rate from the conventional Gilbert metrics. The normalized
channel steepness (ks») is a more reliable and widely-used metric than topographic
gradient to reveal erosion rate (Kirby et al., 2001; Wobus et al., 2006; Kirby and
Whipple, 2012). In theory, the cross-divide comparison on ks, could be used to
quantify the divide migration rate. However, this technique has only been used to
judge the direction of drainage divide migration so far (He et al., 2019; Chen et al.,
2021).

In this study, we develop a new method modified from the Gilbert metrics to
extract the transient divide migration direction and rate from topography. We firstly
derive an equation for the relationship between the normalized cross-divide
differences in erosion rate (AE /E) and y ratio (xo/ Xg)- Then we calculate the top-
most y-plots with high base levels in the eastern Tibetan river network, and obtain the

normalized differences in erosion rate based on the equation. We further calculate the
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divide migration rates based upon the topographic slopes of both sides and the
measured or estimated erosion rates. The new formula enables us to map the velocity
of drainage divide migration, evaluate the driving mechanisms (Shi et al., 2021), and
explores the interactions among various processes in the Earth system (Molnar and

England, 1990; Nie et al., 2018).

2. Method

The longitudinal profile of a river records information on bedrock lithology,
tectonic strain, and climate history. According to the detachment-limited stream power
model (Howard, 1994), the erosion rate, E, is usually expressed in terms of channel
gradient, S, and drainage area, A4:

E =KA™S" (1)
or a transformed expression:
I m
— (EN" g
§=(2) aw 2)
where K is a dimensional coefficient of erosion, and m and n are positive constants
that are referred to as area exponent and slope exponent, respectively (Whipple and
Tucker, 1999; Kirby and Whipple, 2012). A river longitudinal elevation (z) profile can
be expressed by integration in the upstream direction from a base x; to an observation

point x:

1
E(x)

z(x) = z, + f;b (m)EA(x)% dx (3)

where z; is the elevation at the river network’s base level at x = x5. In the case of
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spatially invariant erosion rate (E£) and erosion coefficient (K), Eq. (3) can be reduced

to a simpler form:

2(x) = 2 + ken(Ag) ™ 1 4)
with
kn = (3)" = SA% )
and
X A %
x=1, (Z5)" dx 6)

where £k, 1s the normalized steepness index (Wobus et al., 2006), y is an integral
function of position in the channel network (Perron and Royden, 2013), and 4y is an
arbitrary scaling area, to make the integrand dimensionless. The y-plot is widely used
to analyze the equilibrium of fluvial systems (e.g., Willett et al., 2014; Beeson et al.,
2017; Whipple et al., 2017).

We rewrite Egs. (4 & 5):

E=K-kg"=K- 222y, (7)
(40)m x

Based on Eq. (7), the normalized difference in erosion rate across the divide is

expressed as a function of K, y, and n:

AE _ _Ea—Ep _ _Ka/KB—(Xa/XB)n
E ~ (Eq+Ep)/2 Ka/Kg+(xa/xp)"

8)
where E, is the average erosion rate on the a side, Eg is the average erosion rate on
the B side, AE is the cross-divide difference in erosion rate (AE = E, — Ejp), E is
the average erosion rate across the divide (E = (Ea + Eﬁ) /2), and subscripts a and
denote the two rivers across a divide, assuming that n, 49, and z, are uniform across

the divide. We plot six curves to illustrate the relationship between the normalized
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difference in erosion rate (AE/E) and y ratio (x,/ xp) under varying n and K,/Kg
values (Fig. 1). It should be noted that the y, and yp are not the y values at a reference
area as used by Forte and Whipple (2018), but at a same elevation, in which the
reciprocal of y is proportional to k.. Also, the assignment of the a and the B side can
be arbitrary.

In a simplified scenario, a drainage divide moves a horizontal distance of dx4
over a small time interval df due to cross-divide difference in elevation change,
which, in most cases, is driven by the cross-divide differential erosion (Fig. 2). A
simple geometric relationship exists (Beeson et al., 2017; Hu et al., 2021):

Lpa = Lag — Lap = (Eg — Up)dt — (Eg — Ug)dt = (AE — AU)dt 9)
and,

Lya = Lpc + Log = dxg(tanf + tana) (10)
where L denotes length between two points, # is time, @ and £ are the slope angles on
opposite sides of the divide, U, is average rock uplift rate on the a side, Ug is
average rock uplift rate on the § side, and AU is the cross-divide difference in rock

uplift rate (AU = U, — Up). Therefore,

dxg _  AE-AU
at tana+tanf

Dy = (11)
where Dy is the velocity of drainage divide migration.

From Eq. (8), we can obtain the cross-divide difference in erosion rate, AE,
when we know K, /Kg, n, xo/xg, and the erosion rate around the divide (E, E, or

Ep). Then, with a known or assumed AU, we can calculate the rate of divide

migration, Dy, by
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2. Ka/Kg=(xa/xg)

—— AU
D — _AE-AU_ _ Ka/Kg+(xa/xg) (12a)
mr - tana+tanp tana+tanf
[1 a/xp™
*| " Kalkp) |~
Dmr - tana+tanf (12b)
or
(Ka/Kp)
P [(Xa/Xﬁ)n_l]_AU (126)
mr tana+tanf

The detailed derivation process is shown in Supplementary text.

The migration rate can be computed based upon Eq. (12) with the measured or
estimated values of E (E, E, or Eg), Ko/Kg, Xa/Xp->n, AU, tana, and tanf. The
direction of the migration velocity is parallel to the topographic swath profiles and

perpendicular to the general trend of the section of the divide.

3. Application in Eastern Tibet

3.1 Background, Tools, and Parameters

Three major rivers, all tributaries of the Yangtze River, flow out of the eastern
Tibetan Plateau. They are, from west to east, the Dadu, Min, and Jialing (including
Fu) Rivers. We applied the newly derived method to the Dadu-Min and the Min-
Jialing drainage divides (Fig. 3 & 4).

To calculate the divide migration rate, we use the Matlab-based toolbox TAK
(Forte and Whipple, 2019) and TopoToolbox (Schwanghart and Scherler, 2014) to
extract the y-plot values from ALOS DEM (12.5-m resolution). We obtained the y-plot

with a minimum drainage area of 10° m? and concavity (m/n) of 0.45 for the drainages
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close to major divides in eastern Tibet based on the ALOS DEM (12.5-m resolution).
We assigned a high base level (e.g., 3500 m in Fig. 5) to achieve top-most linear or
quasi-linear y-plots. We also assigned the eastern side of the divides as the a side. We
then calculated y,/xg and ks of each side across the divides. We extract topographic
swath profiles to calculate the topographic gradients of both sides of the divide (tana
and tanf). For error analysis, we used Oracle Crystal Ball software to carry on Monte
Carlo simulation for 10° times to determine the 16 deviation of the migration rates,
considering the uncertainties in input parameters (E, K,/Kg, AU, tana, and tanf).

Rocks in the study area can be grouped into three types based on their
erodibility: granitoid, sedimentary rock, and Quaternary sediment (Godard et al.,
2010). We chose to analyze the channel pairs in the same rock type with similar
precipitation to keep similar erosional coefficients across the divide (i.e., Ko/Kg = 1).
In addition, 7 is another required parameter in Eq. (8). We assumed # = 1 in the study
area, following previous studies (Kirby and Ouimet, 2011; Kirkpatrick et al., 2020).
This assumption is comparable with the °Be-derived data point from the Longmen
Shan on the AE/E versus x,/ xp diagram, which is plotted near the n = 1 curves
(Fig. 1).

Both the Dadu-Min and Min-Jialing divides are at high angles (in strike
orientation) to the Longmen Shan thrust belt along the plateau margin and the
Longriba fault system to the northwest (Fig. 3¢). Although the divides are cut by or
close to the Minjiang and Maoergai faults, the selection of high base levels places

each channel pair in the same block of the faults. As a result, it is most likely that the
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difference in rock uplift rate (AU) is negligible (0 = 0.10 mm/yr) within a few
kilometers across the two major divides.

Several groups have presented lot of '°Be-derived erosion rates in the study area
(Fig. 3c). All the elevation of '’Be sample sites are lower than the base level for top-
most y-plots. The '°Be-derived erosion rate, therefore, cover larger area than the top-
most y-plots. Nevertheless, nine '’Be-derived erosion rates (marked as underlined
numbers in Fig. 3c) are used as E, E,, or Ep for the migration rates calculation at
11 divide sites, because they cover relative small area, which has linear or quasi-linear
x-plots (above the knickpoint) (Fig. 6a, ¢, & d). For the other sites with no selected
19Be data on any side, we assumed an estimated E (0.30 = 0.10 mm/yr). After
measuring the topographic gradient of the two sides on the topographic swath profile,
we calculated the divide migration rates using Eq. (12), with the measured or
estimated erosion rate (E, E,, or Ep). And we also calculated the three other
parameters in E, E,, Ep, and K, according to the topographic parameters and the

input independent parameter (Table 1).

3.2 Results

We calculated 12 and 17 pairs of y-plots and topographic gradients (tana and
tanf?) across the Dadu-Min and the Min-Jialing divide, respectively, and obtained the
migration direction and rate for each (Fig. 4; Table 1). Details of the results are shown
in Fig. 5 and Supplementary Materials (Fig. S1-S10).

To examine the influence of the selection of base level, we calculated the y,/xp
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values for a selected profile A-A’ in Fig. 5 across the Min-Jialing divide with 31 base
levels varying at an interval of 10 m between 3500 m and 3800 m. The result shows
that the x,/xpg values are relatively invariant (0.40 + 0.01) for a base level between
3500 m and 3770 m (Fig. 7), indicating that our calculation is not sensitive to the
change of base level, as long as it is high enough. Therefore, we chose a base level of
3500 m to keep a minimal longitudinal length of ~2 km in the four pairs of rivers (Fig.
5). For other river pairs across these two drainage divides, the picked base level
elevation ranges from 1700 m to 3950 m (Figs. S2-S9); all are sufficiently high to
ensure a stable y,/xp value.

Our results show that the divide migration velocity at each site has a westward
component (Fig. 4; Table 1). The migration rates of the Min-Jialing drainage divide
range from 0.02 to 0.66 mm/yr, and those of the Dadu-Min drainage divide range
from 0.04 to 0.54 mm/yr. While the majority of the migration rates are less than 0.3
mm/yr on both drainage divides, higher rates are found in the northernmost portions
of both divides. On the Min-Jialing divide, the highest three rates (0.46 + 0.29, 0.66 £
0.24, 0.38 + 0.18 mm/yr) fall in the Min Shan fault block between the Minjiang and
the Huya fault. On the Dadu-Min divide, the greatest two migration rates (0.38 + 0.17
and 0.54 + 0.36 mm/yr) are located near the southwestern tip of the dextral strike-slip
Maoergai fault. The highest migration rates are spatially linked to fault zones.

We also plotted the precipitation and the relief within a 500 m radius along four
and five segments of the Dadu-Min and the Min-Jialing drainage divide, respectively.

The precipitation is indistinguishable across the divide, which supports the
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assumption of similar erosional coefficients (i.e., Ko/Kg = 1). The relief on the
aggressors’ side is either equal to (Figs. S3c, S5¢, and S9¢) or greater than that on the
victims’ side (Figs. 5¢, S2¢, S4c, S6c¢, S7¢, and S8c¢). Therefore, the overall pattern of
the westward divide migration is largely consistent with the cross-divide contrast in

relief.

4. Discussion

4.1 Advantage and limitations of the new method

The drainage divide migration is driven by the cross-divide difference in erosion
(Willett et al., 2014; Beeson et al., 2017; Whipple et al., 2017; Hu et al., 2021). Willett
et al. (2014) proposed the cross-divide difference in y as a proxy for the basin
disequilibrium. Whipple et al. (2017) and Forte and Whipple (2018) proposed the
Gilbert metrics to judge the divide stability. We adopted the cross-divide contrast of
the y-plot with a high base level to calculate the velocity of drainage divide migration
in this study. Its essence is the cross-divide difference in ks, (Eq. (7)), which could be
treated as a Gilbert metric (Whipple et al., 2017; Forte and Whipple, 2018).

The cross-divide difference in 4, is regarded to be effective to judge divide
stability but often cannot be measured in the immediate vicinity of the divide
(Whipple et al., 2017). Indeed, ks, does not apply to the headwater hillslope region
(between the divide and channel head, where the river system initiates). The

comparison of erosion rate in this study, therefore, is not immediately across the
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divide, but a segment just below the channel head (called “channel head segment”
hereinafter). The drainage divide migration is directly driven by the differential
erosion of the headwater hillslope regions across the divide, mainly via collapse and
landslide (Dahlquist et al., 2018). However, under normal circumstances, the erosion
rate in the headwater hillslope region on each side can be considered equal to that at
the channel head segment. The migration rate in this study, therefore, shall be
regarded as an instantaneous rate in most cases. Even if the erosion rate varies from
the headwater hillslope region to the channel head segment, the migration rate
calculated by our method could be treated as a quasi-instantaneous rate.

To further validate our method, we chose a lower base level (800 m) and created
the y-plots for six pairs of rivers in eastern Tibet across the Dadu-Min, the Min-
Jialing, and the Anning-Dadu drainage divides (Fig. 6a-f). A crossover appears in the
x-plots of four pairs of the aggressor and victim rivers at an elevation between 1.5 and
3.5 km (Fig. 6a-c & f). Rivers 8 and 10 are aggressors, in spite of their relatively high
x value (Fig. 6d & e), which often occur in the case of asymmetric uplift mountain
belt (e.g., Fig. 6b in Whipple et al., 2017). Therefore, for a low base level, the cross-
divide contrast of channel-head y values can sometimes fail to reflect the
instantaneous migration of drainage divide (Fig. 6a-f).

We suggest that the stability of the drainage divide is only controlled by the
gradient at the top of the elevation-y curve. We use three diagrams to illustrate this
argument (Fig. 6g-1). When a disturbance, such as asymmetric uplift, occurs, the

drainage system loses its stability, and the divide begins to migrate (Fig. 6g). The
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aggressor river has a higher y than the victim river if a low base level at zp; is used
(Fig. 6h). In contrast, for a high base level at zy», the aggressor river yields a lower y
than the victim river (Fig. 61). One can identify the aggressor and the victim rivers
correctly only in the latter case. This highlights the necessity of choosing a high base
level in the y-plot method for the analysis of drainage divide migration.

All methods that judge drainage divide stability, including ours, could be
disturbed by variations in erosion coefficient (K, including lithology and
precipitation) or asymmetric uplift (Forte and Whipple, 2018; He et al., 2019; Shi et
al., 2021). For instance, (1) different K may cause different headwater hillslope
gradient and different channel elevation at a reference drainage area across the divide,
even if the drainage divide is actually in equilibrium; (2) the divide migration rate in
this study could be underestimated or overestimated in the situation of an east- or
westward tilt, respectively. Therefore, we chose the sites with similar lithology,
precipitation, and uplift rate across the divide when comparing the cross-divide
differences in each geomorphic parameter to judge the divide stability. Nevertheless,
if the spatial variations in erosion coefficient (K) and uplift rate (U) are known, one
can quantitatively assess their influences on the migration of the drainage divide,
according to Eq. (12).

The erosion rate, E (E, E,, or Ep), is usually unknown, which is a major
limitation of this method. If the exact K values are constrained, one can calculate the
erosion rate of each side (E, and Ep) from ks, and K values (Eq. (7); Kirby et al.,

2001; Duvall et al., 2004; DiBiase et al., 2018; Ma et al., 2020), and then the
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migration rate can be obtained by Eq. (11). In principle, one of these four parameters
on erosion (E, E,, Eg, or K, measured by '’Be or other independent methods) is
required in the calculation of divide migration rate, and the rest three parameters can
be calculated from the topographic parameters (ks» and y) (Table 1). If all the four
parameters on erosion are unknown, one could use an estimated E or K, based on the
regional average erosion rate derived from !°Be and other methods (Fig. 3c; Table 1).
In this case, using an estimated E is preferred, because the K value, affected by the
lithology, precipitation, and distance to the active fault, usually has a large variation
(Kirkpatrick et al., 2020; Zondervan et al., 2020), whereas the E value is relatively
less variable.

In general, the migration rate calculation needs parameters of £ (E, E, or Ep),
Ko/Kg, Xal/Xp»n, AU, tana, and tang. Among these parameters, ¥,/xp, tana, and
tanf are derived from DEM, which have few errors. The others (E, K,/Kpg, n, and
AU) are inputted parameters based on the actual situation or other independent
methods, which may bring uncertainties to the divide migration rate. Although the
calculation of divide migration rate in this study may have great uncertainty (Table 1;
Fig. S10), we can acquire more accurate divide migration rates with the improvement

of accuracy on these inputted parameters.

4.2 Drainage evolution in eastern Tibet and its tectonic implications
A drainage divide in a symmetrical mountain tends to migrate to the side with a

greater uplift rate or lower erosion coefficient (stronger lithology or lower
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precipitation) (Goren et al., 2014; Shi et al., 2021). Figure 8 shows conceptually how
disturbance by tectonic strain, lithology, and climate, respectively, can cause the
drainage divide migration.

In the eastern Tibetan Plateau, great rivers mainly flowed southeastward during
the early Cenozoic (Clark et al., 2004). Following the Cenozoic India-Asia collision,
surface uplift of the Tibetan Plateau changed the regional slope trend, causing a
reorganization of the drainage system in eastern Tibet (Clark et al., 2004; Zhang et al.,
2014; Yang et al., 2020). All Cenozoic great capture events in eastern Tibet show a
pattern of which the drainage on the east invaded the one on the west (Fig. 3a). Our
results reveal that the Dadu-Min and the Min-Jialing drainage divides both migrated
westward at present, which is spatially consistent with the general trend of the great
capture events in geological history. Moreover, our results are consistent with
previous research on thermochronology and cosmogenic '°Be dating, which suggested
the westward regressive erosion in response to a pulse of uplift (since ~10 Ma) along
the eastern margin of the Tibetan Plateau (Godard et al., 2010; Tian et al., 2015;
Ansberque et al., 2015, 2018; Wang et al., 2021).

The westward migration of the drainage divides in the eastern Tibetan Plateau is
a response to the tectonic, climatic, and lithological disturbance at both the regional
and the local scales. The tectonic disturbance is reflected by both surface exhumation
and crustal deformation in the study area (Fig. 9). Except for some young ages in the
hanging-wall of the reverse faults (e.g., the Wenchuan and the Huya Faults), the

apatite fission track ages show generally an increasing trend from west to east,



342  indicating a decreasing trend of uplift rate from west to east in the study area (Fig.
343  9a). Such an increasing trend of ages is not caused by the variation in the samples’
344  elevation; for instance, samples in the Jialing drainage were collected from the lowest
345  elevations (Figs. 9c & S12). The spatial difference in uplift is also recorded by the y-
346  plots of the channels with a lower base level (Fig. 6) and the ks, map (Fig. 9a), both of
347  which show all victim drainages have higher ks, in the downstream area than the

348  aggressor drainages do.

349 Cenozoic thickening and growth of the eastern Tibetan Plateau is associated with
350  both brittle deformation in the upper crust, as demonstrated by thrusts and strike-slip
351  faults and their related folds, and viscous, partially-molten rocks in the mid-to-lower
352  crust, as characterized by the high conductivity, low velocity, seismically anisotropic
353  anomalies under the interior of the plateau (Clark and Royden, 2000; Bai et al., 2010;
354  Baoetal., 2020; Liu et al., 2021). The Moho shallows eastward from nearly 60 km
355  depth under the interior of the Tibetan Plateau to almost 40 km in the Sichuan Basin
356 (Weietal.,2017; Xuetal., 2018; Tan et al., 2019; Lu et al., 2019). At a finer scale,
357 the Moho is offset by a set of reverse faults (Fig. 9b&d) (Guo et al., 2013). Tan et al.
358  (2019) suggested that the eastward motion of the Tibetan crust drives both thrust

359  faulting in the upper crust and ductile shearing and thickening in the mid-to-lower
360 crust. Crustal deformation in this area, therefore, can cause a gentle, east-dipping tilt
361  on the surface (Fig. 9d). Also, the Cenozoic India-Asia collision and the Pacific

362  subduction and trench retreat have driven widespread crustal extension and

363  subsidence throughout East Asia (Northrup et al., 1995; Yin, 2010; Su et al., 2021),
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which facilitated the formation and connection of large rivers from the Tibetan
Plateau to the East Asian marginal seas (e.g., Clark et al., 2004; Zheng et al., 2013).

Moreover, the Cenozoic uplift and growth of the Tibetan Plateau has influenced
the East Asian monsoon and strengthened the precipitation in East Asia (Farnsworth et
al., 2021). The precipitation rate decreases from more than 1000 mm/yr in the Sichuan
basin to ~700 mm/yr in the interior of eastern Tibet (Fig. 3b). All these processes can
further intensify the westward divide migration in eastern Tibet (Fig. 9).

Besides the large-scale tectonic and climatic disturbance in eastern Tibet, local
fault activities must have also impacted the drainage reorganization (Ansberque et al.,
2015; Yang et al., 2020) by changing (most likely enhancing) the rock erodibility
(Kirkpatrick et al., 2020) (Fig. 8b). Ansberque et al. (2015) suggested the activity of
the Maoergai fault caused the northwestward expending of the Min drainage basin.
Our study reveals that the migration rates of the Dadu-Min divide close to the
Maoergai fault are noticeably higher than others on the same divide, implying the
localized influence of the Maoergai fault activity on the divide migration. Similarly,
the relatively high migration rates on the northern half of the Min-Jialing divide could
also be attributed to the activity of the Huya fault (Fig. 4).

In brief, our analysis on the stability of drainage divides in the eastern Tibetan
Plateau demonstrates that the drainage systems here are not in equilibrium, and the
westward migration of drainage divides is still ongoing. The westward drainage
divide migration could be driven by the Cenozoic uplift and growth of the Tibetan

Plateau, regional extension and subsidence throughout East Asia, strengthening of
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precipitation, and local fault activities. How to quantitatively differentiate these
factors, however, is beyond the scope of this study, but deserves rigorous analysis in

future studies.

5. Conclusions

(1) We have developed a new theoretical relationship between the normalized
difference in erosion rate and y ratio (Eq. (8); Fig. 1). It permits quantification of the
velocity (i.e., direction and magnitude) of drainage divide migration from topography.
We developed a new workflow to achieve the calculation, based on existing software,
including the Matlab-based TAK and TopoToolbox, ArcMap GIS platform, and
Oracle Crystal Ball, and publically available ALOS DEM data.

(2) We applied this new method to the drainage systems in eastern Tibet and
obtained 29 transient divide migration velocities on the Dadu-Min and the Min-Jialing
drainage divides. All drainage divides are migrating westward, and their rates vary
between 0.02 and 0.66 mm/yr on the Min-Jialing drainage divide and between 0.04
and 0.54 mm/yr for the Dadu-Min drainage divide.

(3) Our findings are consistent with the past great capture events in the eastern
Tibetan Plateau. The drainage systems in eastern Tibet are not in equilibrium, and the
westward migration of drainage divides is still ongoing, driven by multiple factors at

the regional and local scales.
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Figure captions

Figure 1. Quantitative relationship between normalized difference in erosion rate and
x ratio across a drainage divide, based on Eq. (8). The relationship is a function of the
cross-divide ratio of erosional coefficient (Ko/Kp) and slope exponent (7). Data sources:
Ozark Dome from Beeson et al. (2017), Eastern Tibet from Ansberque et al. (2015) and

Kirkpatrick et al. (2020).

Figure 2. Schematic illustration in cross-section view for drainage divide migration.
The two triangles represent the cross-divide river longitudinal profiles before (dashed)
and after (solid) an infinitesimal interval of time (df). o and /8 are slopes across the
divide; when in subscript, they denote the two rivers across the divide. E is erosion
rate, and U is rock uplift rate. dx, is the horizontal distance of the drainage divide
migration, which is the product of drainage divide migration velocity (Dn) and dt.

Lowercase letters a-d mark the four points on the auxiliary lines (dotted).

Figure 3. (a) Major drainage systems and the great Cenozoic capture events in the
eastern and southeastern Tibetan Plateau. (b) Precipitation distribution in the same

region. Precipitation data (1970-2000) are from http://worldclim.org. Inset is a plot of

precipitation along a 60-km-wide swath profile P-P’. Black curve indicates the mean

precipitation and the grey shade below the curve shows the maximum and minimum
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precipitation. (c) Map of published cosmogenic '’Be ages and the derived erosion
rates. The underlined numbers and non-transparent coloring indicate the erosion rates
and their covering areas that are applied directly in the calculation of divide
migration. Others are only applied for the estimation of regional average erosion rate.
Data sources: Ouimet et al. (2009), Godard et al. (2010), Ansberque et al. (2015), and

Kirkpatrick et al. (2020).

Figure 4. Drainage system in eastern Tibet and the calculated migration velocity of
the Dadu-Min and Min-Jialing divides. Dark blue vector indicates the velocity of
drainage divide migration. See Table 1 for direction and magnitude. Red curve marks
the drainage divide. Thick, translucent curves indicate the channels 1-10 in Fig. 7,

whose base level elevations are 800 m.

Figure 5. (a) y map of a upstream region of the Min and Jialing river drainages, with a
uniform base elevation at 3500 m. See Fig. 4 for location. (b) y-plots for four pairs of
rivers across the Min-Jialing drainage divide (left) and their swath profiles of
topography (right) along A-A’, B-B’, C-C’, and D-D’. Numbers in the y-plots are the y
values at the same top-most elevation and the average ks, values (the underlined
numbers) in units of m®°. Numbers with no unit in the right panel are the values of
tana and tanf. The velocity of divide migration is labelled on top of the divide. The K

value of each site is in units of 10°°m®!yr’!. (c) Precipitation (http://worldclim.org)

and relief (within 500 m radius) along the drainage divide E-E’ (see Fig. 5a for
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location). The swath profiles E-E’ extends to both sides of the drainage divide by 2

km and 0.5 km for precipitation and relief, respectively.

Figure 6. (a-f) Comparison of y-plots of six pairs of rivers with a base elevation of
800 m. The locations of channels 1-10 are shown in Fig. 4. Channels 11 and 12 are
two rivers in the southeastern Tibet from Yang et al. (2020) and their locations are not
shown in this study. Note that: (1) In each diagram, the victim river shows a greater
slope of elevation-y (i.e., higher k) than the aggressor river does in the downstream
area; in contrast, the victim river has a smaller slope of elevation-y (i.e., lower £s,) in
the upstream area (above the marked knickpoints). (2) Channels 7 and 9 are victims,
although they have lower y values for the full basin than channels 8 and 10 do,
respectively. (3) The elevations of base level for the top-most y-plots, the knickpoints,
and four '°Be samples are presented. The elevations of other '°Be samples are shown
in Figure S11. (g-1) Schematic diagrams of disequilibrium of drainage systems in

response to asymmetric uplift, and its y-plot with different base levels (z»1 and zv2).

Figure 7. A test on the selection and stability of base levels. (a) Varying base level z;,
versus its corresponding x4 /xp values. The base level increases from 3500 m to

3800 m at an increment of 10 m. The x,/xp values fall around 0.4 for base levels
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between 3500 and 3770 m. (b) Histogram and frequency distribution of the calculated

Xa/Xp Vvalues for varying base level elevations.

Figure 8. Cartoon diagrams for drainage divide migration caused by tectonic (a),
lithological (b), and climatic (¢) disturbances, respectively. It should be noted that the
divide is in equilibrium before these disturbances, and the diagrams show the initial

status after each disturbance.

Figure 9. (a) Topography, normalized channel steepness, major faults, and apatite
fission track ages in eastern Tibet. Thick red curves denote the Dadu-Min and the
Min-Jialing drainage divides, and black are major faults. Yellow stars show the
location and ages of the published apatite fission track samples. References: [1] = Xu
and Kamp, 2000; [2] = Wilson and Fowler, 2011; [3] = Tan et al., 2017a; [4] = Clark
et al., 2005; [5] = Tan et al., 2014; [6] = Tian et al., 2015; [7] = Tan et al., 2017b; [8] =
Wang et al., 2012; [9] = Ansberque et al., 2018; [10] = Tan et al., 2019; [11] = Tian et
al., 2018; [12] = Enkelmann et al., 2006. (b) Drainage divides, major faults, and GPS
measurements overlying a map of the depth of the Moho. The Moho depth map is
generated by Lu et al. (2019) based on Rayleigh wave tomography of Wei et al.
(2017). Blue arrows show GPS measurements with 95% confidence interval in the
Eurasian reference (from Liang et al., 2013). (c) Distribution of apatite fission track
ages and the samples’ elevation along the Y-Y” profile. The location of the Y-Y’

profile is shown in Fig. 9a. (d) Topography and crustal structure profile X-X" across
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the eastern Tibetan Plateau. Profile location is shown in (a) and largely overlaps the
seismic profile of Guo et al. (2013). The precipitation difference is schematically
shown as clouds and rains based on the measurements shown in Fig. 3b. Red stars
indicate three earthquakes nearby, including, from NW to SE, the 25 Aug 1933 M; 7.5
Diexi, the 18 July 2008 M 5.1, and the 13 May 2008 M 5.2 events. Yellow dots
indicate the aftershocks of the 12 May 2008 M,, 7.9 Wenchuan earthquake.
Abbreviations: Pz-Mz sed, Paleozoic-Mesozoic sedimentary rocks; LRQF, Longriqu
Fault; MEGF, Maoergai Fault; MJF, Minjiang Fault; WMF, Wenchuan-Maoxian
Fault; BYF, Beichuan-Yingxiu Fault; JGF, Jiangyou-Guanxian Fault. Red, grey, and

white arrows are not to scale.
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Figure 5
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Figure 6
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Figure 8
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Figure 9
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