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Drainage divide migration is of wide interest because it drives changes in topography, aquatic species 
habitat, and fluxes of water and nutrients across Earth’s surface. To date, divide migration rates have 
been measured in relatively few places, partly because of the rarity of denudation rate measurements 
on opposing sides of drainage divides. Here we report 54 basin-averaged denudation rates across the 
Qilian Shan, China, inferred from 10Be concentrations in stream-borne quartz. We combine these with 18 
previously published basin-averaged denudation rates and new measurements of the topographic metric 
χ in the river networks. These data reveal divide migration rates of ∼3–1385 mm kyr−1 and area loss 
in the headwater reach of the Hei River basin. Cross-divide differences in denudation rate (�E) and 
channel-head χ values (�χ ) follow an exponential relationship �E = �E0e−b�χ , providing empirical 
support for the hypothesis that �χ values can reflect �E . Here, b has the same value within uncertainty 
as in �E-�χ data in the southern Appalachians and the Ozark Dome in previous studies, consistent 
with a common set of processes controlling divide migration in all three regions. The value of �E0 is 
1-2 orders of magnitude higher at Qilian Shan than at the two other sites, implying higher values of �E
at a given �χ . Our numerical simulations show that near-exponential �E-�χ relationships can arise 
as topographic divides approach equilibrium under spatially uniform uplift rate, consistent with divide 
migration toward steady state in each of these regions. Further, they show that the magnitude of �E at a 
given �χ increases linearly with rock uplift rate. Together, these results suggest that ln(�E) exhibits the 
same sensitivity to �χ across mountain ranges, and that the magnitude of �E may be strongly sensitive 
to rock uplift rate.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

River networks are the dominant transport pathways for wa-
ter, sediment, solutes and organic materials across Earth’s surface. 
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Controls on the size and shape of river networks are of wide 
interest because they influence sediment transport (Clift et al., 
2008), landscape evolution (Mudd and Furbish, 2007), and evolu-
tion of biotic species (Montgomery, 2000). Early studies recognized 
that river networks are not static, but rather evolve dynamically 
through divide migration and river capture events (Davis, 1903, 
1889; Gilbert, 1877; Johnson, 1907). Since then, geomorphic, sedi-
mentological, and geochronological observations have been used to 
identify regions of divide migration and drainage network reorga-
nization (Clark et al., 2004; Lang and Huntington, 2014; Prince et 
al., 2011; Willett et al., 2018, 2014; Yang et al., 2020; Zheng et al., 
2013).
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Despite the diverse topographic characteristics that have been 
interpreted as indicators of divide migration (e.g., wind gaps, fish-
hook streams, topographic asymmetry; Bishop, 1995; Davis, 1903; 
Gilbert, 1877), until recently it has been challenging to quantita-
tively link topographic metrics to a landscape’s susceptibility to 
divide migration. This was partly due to the difficulty of measuring 
divide migration rate, which requires denudation rate measure-
ments on both sides of a divide, which were difficult to obtain 
before the advent of cosmogenic nuclide methods (Granger et al., 
2013). This was also partly due to a lack of consensus about which 
topographic metrics most accurately reflect differences in denuda-
tion rate, a discussion that has been revived in recent work. For 
example, Willett et al. (2014) proposed that the propensity for di-
vide migration could be quantified using cross-divide differences 
in the χ metric, a measure of the integrated reciprocal of drainage 
area along a channel (Section 3.3). In contrast, Whipple et al. 
(2017) proposed that the propensity for divide migration might be 
more accurately reflected in cross-divide differences in channel-
head elevation, headwater hillslope gradient, and headwater relief, 
collectively named Gilbert metrics, after the law of unequal slopes 
in Gilbert (1877).

These advances have made it possible to address a question 
raised by Willett et al. (2014): To what extent do cross-divide 
differences in χ (termed �χ ) reflect cross-divide differences in 
denudation rate (termed �E)? To date, relatively few datasets have 
been generated to answer this question. Willett et al. (2014) found 
a strong correlation between �χ and �E in the southern Ap-
palachians. Similarly, in the Eastern Cordillera of Colombia, Struth 
et al. (2017) observed a correlation between �χ and �E , indi-
cating divide migration toward the plateau interior. Beeson et al. 
(2017) measured a similar negative correlation between �χ and 
�E in the slowly eroding Ozark Mountains, implying that divides 
may migrate for hundreds of millions of years before stabiliz-
ing. Beeson et al. (2017) argued that �E and �χ are correlated 
in quasi-equilibrium landscapes dominated by gradual divide mi-
gration, while �E and �χ may be less correlated in landscapes 
far from geometric equilibrium experiencing rapid divide migra-
tion and large captures. In parallel with these field-based stud-
ies, numerical modeling studies of transiently evolving topography 
(Forte and Whipple, 2018; Whipple et al., 2017) revealed mod-
eled �χ -�E relationships broadly similar to those documented at 
these sites. In contrast, recent studies in the Santa Lucia Mountains 
(Young and Hilley, 2018) and Taiwan (Dahlquist et al., 2018) have 
observed differences between the direction of divide motion and 
that predicted by �χ . Together, these observations suggest that 
�χ may correctly predict the direction of divide motion in some 
landscapes but not in others, which motivates efforts to under-
stand the relationship between �χ and �E .

Our goal in this study is to assess the reliability of �χ as an 
indicator of �E . Here, we present new cosmogenic nuclide mea-
surements and topographic analyses to generate estimates of �χ
and �E in the Qilian Shan, China, which previous work identified 
as a potential region of divide migration (Wen, 2016). Our data 
reveal several areas of rapid divide migration and an exponential 
dependence of �E on �χ , consistent with �E-�χ relationships 
in the southern Appalachians (Willett et al., 2014) and the Ozark 
Dome (Beeson et al., 2017). These datasets exhibit the same sen-
sitivity of ln(�E) to �χ in each mountain range, offering new 
support for the hypothesis that �E in a given region is sensitive 
to the magnitude of �χ . At any given value of �χ , however, val-
ues of �E differ by two orders of magnitude among these regions, 
implying that �χ does not on its own indicate the magnitude 
of �E and hence divide migration rate. Together, these observa-
tions suggest that divide migration may be driven by erosional 
processes that are similarly sensitive to �χ across diverse land-
2

scapes but which operate at different rates under different rock 
uplift rates.

2. Field setting

Our study sites are in the northern Qilian Shan, which forms 
the northeastern geomorphic and structural boundary of the Ti-
betan Plateau (Fig. 1; Fang et al., 2005; Zheng et al., 2017). Our 
study focuses on the basins of the Hei River, which lie within 
northwest-trending valleys and drain a high-elevation, low-relief 
plateau ∼2300 m above the foreland basin to the northeast. The 
study area encompasses the northeastern flank of the Qilian Shan, 
which contains a series of smaller, steeper rivers draining to the 
Hexi Corridor, as well as the Datong River basin and high-elevation, 
low-relief basins draining to Qinghai Lake.

The Qilian Shan trends northwest-southeast for nearly 1000 km 
and is bounded by thrust faults to the north and south (Fig. 1). 
The Cenozoic evolution of the fluvial network has been regulated 
by ∼250-350 km of distributed crustal shortening across the Qil-
ian Shan-Nan Shan thrust belt and the Qaidam Basin (Fig. 1; Zuza 
et al., 2016). Crustal shortening estimates across the North Qilian 
Shan frontal thrust system since 10 Ma imply a shortening rate of 
∼3.3 ± 0.6 mm/yr (Zuza et al., 2016), which is ∼60% of the mod-
ern geodetic shortening rate across the entire Qilian Shan (5.5 ±
1.5 mm/yr) (Zhang et al., 2004).

The bedrock is characterized by northwest-southeast trend-
ing units associated with the opening (>710 Ma) and closing 
(∼445 Ma) of the Qilian Ocean and mountain building through 
the early Paleozoic (Song et al., 2013). The mountain range experi-
enced post-orogenic exhumation from the late Paleozoic until the 
Indo-Eurasia collision reactivated the Qilian Shan in the Cenozoic 
(Zuza et al., 2018). The bedrock includes ophiolite sequences, high-
pressure metamorphic belts, subduction-related island arc basalt 
and granitoid plutons, flysch formations and molasses (Fig. 1). 
Available geologic maps (Fig. 1C) do not offer quantitative in-
formation on bedrock quartz content, but we expect that quartz 
should be present in most lithologies except limestone and mafic-
ultramafic igneous rocks.

Mean annual precipitation in the study area ranges from ∼150 
mm in the northwest to ∼700 mm in the southeast (Geng et al., 
2017), and tends to increase with altitude (Chen et al., 2018). Mean 
annual temperature ranges from −12 to −10 ◦C in the northwest 
to 7-8 ◦C in the Hexi Corridor (Lin, 2019). Small mountain glaciers 
totaling ∼75 km2 in area (∼0.25% of our study area) lie at ele-
vations >4200 m toward the eastern end of our study area and 
>4500 m toward the western end (Li et al., 2019).

Vegetation in the study area is altitudinally zoned. Between 
1400 and 1800 m, the land cover is mostly semi-desert grass-
land; dry grassland dominates from 1800 to 2300 m; mountainous 
grassland and coniferous forests coexist between 2300 and 3200 
m; alpine meadows dominate from 3200 to 3800 m; and cold-
desert vegetation dominates above 3800 m.

Previous studies provide constraints on erosion rates in some 
basins in the study region. Fluvial sediment and solute fluxes mea-
sured in the Liyuan River (1959-1989) and Hei River (1956-2000) 
yield erosion rates of ∼90-120 mm/kyr (Pan et al., 2010). On the 
northeastern flank of the Qilian Shan, 10Be-derived basin-wide de-
nudation rates range from ∼80 to >800 mm/kyr (Hetzel, 2013; Hu 
et al., 2015; Palumbo et al., 2011), and in the interior plateau range 
from 20 to 47 mm/kyr (Hetzel, 2013; Hu et al., 2015). As we de-
scribe in Section 3, our new cosmogenic nuclide measurements fill 
some geographic gaps in the regional denudation rate record and 
permit quantification of divide migration rates.
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Fig. 1. Location of the Qilian Shan study area and the basins in which we measured denudation rates. A. Hill-shaded topographic map of northern Tibet with the main 
geological structures (Styron, 2019). Rectangles show outlines of Figs. 1B-C, 3A, and 3B. Inset map shows the approximate location of our study site in Asia. B. River networks 
(blue lines) and basin outlines (black lines) on a topographic map. F.L.: Fengle River; M.Y.: Maying River; H.S.B.: Hongshuiba River; H.S.: Hongshui River; S.L.: Shaliu River. C.
Simplified geological map of the study area, modified from Geology Publishing House of China (2013). (For interpretation of the colors in the figure(s), the reader is referred 
to the web version of this article.)
3. Methods

3.1. Field methods

We collected 54 well-mixed sand samples from fluvial bed sed-
iment in the study area in summer 2012 at sites far from alluvial 
fans or landslides (Fig. 2; Table S1). We collected samples from the 
main stem and tributaries of the east branch and west branch of 
the Hei River, as well as from numerous basins neighboring the 
Hei basin. While in the field, we sieved samples and retained only 
material finer than 1.5 mm, which yielded 3-5 kg of material per 
sample.

3.2. Sample preparation and calculation of basin-averaged denudation 
rates

We isolated ∼25-40 g of quartz (Table S1) from each sediment 
sample using standard procedures (Kohl and Nishiizumi, 1992) in 
the sample preparation laboratory at Nanjing Normal University, 
3

China. We sieved the 0.25-0.75 mm component out of each bulk 
sediment sample, and then applied magnetic separation, a leach 
in full strength HCl or HNO3, three to five leaches in 5% HF/HNO3, 
heavy liquid separation, and two leaches in sonicated 1% HF/HNO3. 
Quartz purity was assessed by ICP-OES at PRIME Lab at Purdue 
University.

We extracted 10Be from pure quartz at Purdue University. To 
each sample we added ∼0.25 g of 1069 ± 8 ppm 9Be carrier solu-
tion and dissolved the mixture in trace metal grade 5:1 HF/HNO3. 
The dissolved samples were taken to dryness after addition of 5 ml 
trace metal grade sulfuric acid. Samples were converted to chlo-
ride form, dissolved, and taken to pH 14 with NaOH to precipitate 
impurities, which were removed by centrifugation. Beryllium was 
separated by ion exchange in oxalic acid and then precipitated in 
the presence of EDTA at pH 9, rinsed twice with pure water, and 
dissolved in nitric acid. Beryllium nitrate was dried in a quartz 
crucible, then converted to BeO at >900 ◦C, mixed with niobium 
powder, and loaded into a stainless steel target. 10Be/9Be ratios in 
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Fig. 2. Basin colors show basin-averaged denudation rates inferred from cosmogenic 10Be concentrations in stream sediment in this study, Palumbo et al. (2011), Hetzel 
(2013), and Hu et al. (2015; Table S2). Gray-shaded relief map derived from SRTM 30-m resolution topographic data (Farr et al., 2007). White lines are basin boundaries and 
dots are sample locations. Black lines are the segments of the main drainage divides A, B, C and D. Axes are coordinates in UTM Zone 47N.
the BeO sample targets were measured by accelerator mass spec-
trometry at PRIME Lab.

We computed basin-averaged denudation rates from the mea-
sured 10Be concentrations using the CAIRN model (Mudd et al., 
2016). We implemented CAIRN using 30-m topographic data (Farr 
et al., 2007) and applied no topographic shielding following DiBi-
ase (2018). This yielded denudation rate estimates ∼1-5% higher 
than they would have been if previous methods for calculating 
topographic shielding had been applied (Codilean, 2006). We con-
verted denudation rates from mass fluxes to lowering rates using 
a bedrock density of 2.65 g/cm3.

Some of our basin-averaged denudation rates pertain to sub-
catchments that are nested within larger catchments that also have 
denudation rate measurements. For these nested subcatchments, 
we use the subcatchment denudation rate estimate because it is 
more likely to reflect the denudation rate at the divide. In these 
cases, a denudation rate can be calculated for the remaining por-
tion of the encompassing catchment using Equation (1) (Granger 
et al., 1996).

E3 = E1 A1

A3
− E2 A2

A3
(1)

Here A1 and E1 are the area and denudation rate of the large 
catchment, A2 and E2 are the area and denudation rate of the 
sampled subcatchment within the large catchment, and A3 is the 
area of the remaining portion of the large catchment. Because this 
approach can lead to large uncertainties in E3 for subcatchments 
with small values of A3/A1, we follow Portenga et al. (2015) in 
applying Equation (1) only to areas with A3/A1 > 0.2 and in as-
signing E3 = E1 to areas with A3/A1 < 0.2.

3.3. Topographic analyses

To compute the topographic metric χ (Perron and Royden, 
2013; Royden and Perron, 2013) throughout the study area’s chan-
4

nel networks, we applied Equation (2) to 30-m SRTM topographic 
data (Farr et al., 2007).

χ =
x∫

xb

(
A0

A(x)

)m
n

dx (2)

Here A0 is a reference drainage area, x is the upstream-increasing 
distance along the channel, xb is a reference location at the base 
of the channel reach, A(x) is the drainage area at x, and m/n is 
the concavity index. For rivers eroding under the stream power 
law, m and n are exponents on drainage area and channel gra-
dient |∂z/∂x|, respectively, and ∂z/∂t is the difference between 
the rock uplift rate U and the river incision rate, which depends 
on an erodibility constant K , drainage area, and channel gradient 
(Howard and Kerby, 1983).

∂z

∂t
= U − K Am

∣∣∣∣∂z

∂x

∣∣∣∣
n

(3)

χ was derived by noting that at steady state ∂z
∂x = ( U

K Am

) 1
n , which 

can be integrated under spatially uniform U and K to yield a 
steady-state channel profile (Perron and Royden, 2013; Royden and 
Perron, 2013).

z (x) = z (xb) +
(

U

K Am
0

) 1
n

χ (4)

Equation (4) implies that a steady-state channel profile under spa-
tially uniform U and K should exhibit a linear relationship be-
tween z and χ . Under these conditions, the difference in channel-
head χ between two channels on either side of a common divide—
notated as �χ—should reflect cross-divide differences in erosion 
rate (Willett et al., 2014). Nonzero values of �χ thus imply chan-
nel network disequilibrium and a propensity for divide migration 
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or a deviation from the assumption of spatially uniform U and 
K . Because of this, �χ has been applied to infer the stability of 
drainage divides and the direction of divide migration (Beeson et 
al., 2017; Struth et al., 2017; Willett et al., 2014).

We computed χ for the study area’s river networks using Topo-
toolbox (Schwanghart and Scherler, 2014). We adopt a reference 
area of A0 = 1 m2 so that the slope of the elevation-χ profile 
is the channel steepness (Perron and Royden, 2013). We adopt 
a concavity index m/n of 0.45 because it yields roughly linear 
elevation-χ profiles in numerous rivers in the study area and be-
cause it facilitates comparisons to other studies that used the same 
value (Willett et al., 2014; Beeson et al., 2017). Because differ-
ent rivers in this region drain to different base levels, the same 
starting elevation z(xb) cannot be applied everywhere in the cal-
culation of χ . We therefore divided the study area into two regions 
(Fig. 1A), assigning base level elevations of z(xb) = 2200 m to the 
northern region (draining to the Hexi Corridor) and 3300 m to the 
southern region (draining to Qinghai Lake). These choices of base 
level were based on visual inspection of satellite imagery suggest-
ing that rivers are bedrock-dominated above these elevations. We 
extracted channel-head χ values at a reference drainage area of 
1 km2.

With the E and χ maps in Figs. 2-3, we calculated cross-divide 
differences in denudation rate (�E) and channel-head χ (�χ ). 
For �χ , we compared measurements of χ across ridges only for 
pairs of channels in which χ was computed using the same base 
level in both channels. We follow Willett et al. (2014) in defining 
�E as the positive difference in denudation rate between pairs of 
basins on either side of a divide. That is, �E is the lower value 
of E subtracted from the higher value, such that �E ≥ 0. Simi-
larly, we compute �χ as the average channel-head χ value in the 
basin with the lower denudation rate subtracted from the aver-
age channel-head χ value in the basin with the higher denudation 
rate. Thus, �χ values can be positive or negative.

In addition to �χ , we calculated cross-divide differences in 
channel head elevation (�h), mean headwater hillslope gradient 
(�G) and mean headwater local relief (�R) (Table S5). These are 
collectively known as the Gilbert metrics (Whipple et al., 2017) af-
ter the law of unequal slopes in Gilbert (1877), and are commonly 
interpreted as indicators of divide migration (Forte and Whipple, 
2018). For a given divide, we include only values of these met-
rics for channels that terminate at the shared divide, as for �χ . 
In calculating these metrics, we adopted the same sign convention 
used for �χ (i.e., �h = h1 – h2, �G = G1 – G2, and �R = R1 – 
R2, where 1 and 2 refer to the basins with the higher and lower 
denudation rates, respectively). Under continual divide migration, 
�E is expected to be negatively correlated with �h and positively 
correlated with �G and �R , while �χ is expected to be posi-
tively correlated with �h and negatively correlated with �G and 
�R (Forte and Whipple, 2018).

4. Results

Basin-averaged denudation rates in our compilation vary by 
more than two orders of magnitude from 9.1 ± 1.7 to 1270 ± 255 
mm/kyr (Fig. 2; Table S2). For convenience, we assign names to the 
main divides in four portions of our study area: Divides A, B, C, and 
D (Fig. 2). Spatial variations in denudation rate are large across Di-
vide A, which separates the high-elevation west branch of the Hei 
River to the southwest from the low-elevation Hexi Corridor to the 
northeast (Fig. 1B). Denudation rates on the northeastern side of 
Divide A range from 59 ± 11 to 806 ± 158 mm/kyr. On average, 
these are ∼3 times higher than those on the southwestern side 
of the divide, which range from 9.1 ± 1.7 to 364 ± 67 mm/kyr 
(Fig. 2; Table S2).
5

Fig. 3. A, B. Maps of χ in two subregions of the study area (Fig. 1A), computed 
with Equation (2). Because the northern and southern portions of the study area 
drain to different base levels, we calculated χ twice, once with a base level of 
z(xb) = 2200 m (Fig. 3A) and once with a base level of z(xb) = 3300 m (Fig. 3B). 
This ensured that �χ could be calculated appropriately for all divides in the east-
west-trending Datong River basin (Fig. 1B). Thin white lines are basin boundaries 
as in Figs. 1-2. The green star and red triangle correspond to the locations of the 
divides between the opposing river profiles shown in Figs. 5A and 5C, respectively.

At Divide B, which separates the east branch of Hei River to 
the southwest from the Hexi Corridor to the northeast, denudation 
rates on the southwestern side of the divide range from 242 ±
222 to 318 ± 59 mm/kyr (Fig. 2, Table S2). These are comparable 
to denudation rates on the northeastern side of the divide, which 
range from 229 ± 43 to 451 ± 84 mm/kyr.

At Divide C, which separates the Hei basin to the north from 
the Datong basin to the south, there are large differences in de-
nudation rate across the divide. On the north side of the divide, 
denudation rates range from 242 ± 222 to 1270 ± 255 mm/kyr. 
On the southwestern side of the divide, the denudation rate in the 
Datong basin is 74 ± 13 mm/kyr (Fig. 2, Table S2), 3.3-17.2 times 
slower than on the north side of the divide.

Lastly, at Divide D, which separates the Datong River to the 
north from high-elevation, low-relief basins draining to Qinghai 
Lake to the south, denudation rates on the southwestern side of 
the divide range from 24 ± 4.4 to 71 ± 13 mm/kyr (Fig. 2, Table 
S2). This is 1.04-3 times slower than the Datong basin denudation 
rate of 74 ± 13 mm/kyr on the north side of the divide.
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Fig. 4. A. Spatial patterns of �χ along the study divides, with the main divide segments labeled as A, B, C and D. Black lines indicate basin boundaries as in Fig. 1B. Colors 
indicate values of �χ on divides that have measurements of E on both sides of the divide. Values of �χ are most strongly negative in the northwestern section of Divide 
A and the middle of Divide C, and have relatively small magnitudes on Divides B and D. Thick white arrows show divide migration direction predicted by �χ . B. �E along 
the same divides. Like �χ , the magnitude of �E values is highest in the northwestern section of Divide A and in Divide C, and is relatively small on Divides B and D.
Fig. 3 shows large χ values at the headwaters of the Datong 
and Hei Rivers and large differences in χ across several divides. 
Some of the largest differences occur along Divide A, which sep-
arates the Hei River from steep rivers draining north to the Hexi 
Corridor, and the segment of Divide C separating the middle reach 
of the Hei River from the Datong River.

We computed �E and �χ for 43 basin pairs across Divides A-
D (Table S4). �χ is negative in 34 of the 43 basin pairs (i.e., �χ
has the opposite sign as �E). On Divide A, �E is largest to the 
northwest, with values as high as 779 ± 158 mm/kyr (Fig. 4B), 
and smaller toward the southeast, with values as small as 13 ±
87 mm/kyr. Values of �χ range from −15.4 ± 0.8 to 5.7 ± 0.6 m 
and show a broadly similar pattern as �E , with the most negative 
values of �χ clustering toward the northwest (Fig. 4A).

On Divide B, �χ ranges from −2.9 ± 0.36 to 0.17 ± 1.1 m, 
which is relatively small compared with the magnitude of �χ val-
ues on Divide A (Fig. 4A). �E ranges from 2.9 ± 64 to 207 ± 96 
mm/kyr (Fig. 4B).

On Divide C, �E ranges from 147 ± 43 to 1195 ± 255 mm/kyr, 
with the largest values on a short section (∼17-km long) in the 
southeast portion of the divide (Fig. 4B). �χ ranges from −13.8 ±
0.6 to −3.2 m, with the largest values toward the middle of Divide 
C and decreasing towards the ends (Fig. 4A).

Divide D has the lowest �E in our study area and the magni-
tude of �χ is relatively small. Here, �E ranges from 3.6 ± 19 to 
50 ± 14 mm/kyr (Fig. 4B), and �χ ranges from −2.1 ± 0.6 to 4.5 
± 0.6 m (Fig. 4A).

Fig. 5A shows an example of river profiles that are strongly 
asymmetric about the divide. Here, the topography above the Fen-
gle River’s channel head is steeper than that above the Hei River’s 
channel head, and the Hei River’s channel head is ∼400 m higher 
than the Fengle River’s. Fig. 5B shows the same river profiles in 
elevation-χ space, revealing the prominent contrast in channel-
head χ values (8.6 m in the Fengle River, 27.7 m in the Hei River). 
This is consistent with the hypothesis that the divide is not in 
steady state and is migrating from the Fengle basin toward the 
Hei basin. By contrast, Fig. 5C shows an example of river profiles 
that are nearly symmetric about the divide. Here, channel-head χ
values are almost identical (13.23 and 13.19 m; Fig. 5D), consistent 
with a divide that is closer to equilibrium than that in Fig. 5A. To-
gether, these profiles are consistent with the hypothesis that river 
basin geometric disequilibrium can influence topographic asymme-
try over long distances (hundreds of km).
6

Fig. 5. Examples of river profiles that are far from symmetric about the divide (panel 
A) and close to symmetric (C). The corresponding elevation-χ profiles are in pan-
els B and D, respectively. The green star and red triangle indicate the locations of 
the divides in Fig. 3A, respectively. Highly asymmetric river profiles show a large 
difference in channel-head χ values and an order of magnitude difference in de-
nudation rates across the divide (panel B), while river profiles close to symmetric 
show smaller differences in channel-head χ values and denudation rates across the 
divide (panel D). More examples of river profiles across the main drainage divides 
are shown in Fig. S2.

5. Discussion

5.1. Geographic patterns of �χ and �E reveal drainage divide 
instability

Our calculations reveal large discontinuities in χ across two 
major drainage divides: Divide A and Divide C. Here, the systematic 
deviation of �χ from 0 m suggests that these divides, backbones 
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Fig. 6. Black circles show �E vs. �χ measurements in the Qilian Shan (Table S4). 
Open squares and gray diamonds show �E vs. �χ measurements in the Appalachi-
ans (Willett et al., 2014) and the Ozark dome (Beeson et al., 2017), respectively 
(Section 5.3). Both Willett et al. (2014) and Beeson et al. (2017) applied a concavity 
index of m/n = 0.45 in their calculation of χ , as we applied in our calculations for 
the Qilian Shan. Error bars show one standard error uncertainties. For visual clar-
ity, y-error bars that extend below zero (which cannot be plotted on logarithmic 
axes) are not shown; instead, these are reported in Table S4. Exponential regressions 
�E = �E0e−b�χ to these three datasets have slopes b that agree within uncertainty 
but intercepts �E0 that differ by more than two orders of magnitude (Table 1). This 
is consistent with a common set of processes driving divide migration in each study 
area but operating at different rates.

of the region’s topography, are not stable, and that drainage net-
work reorganization is underway. Furthermore, the spatial patterns 
of χ in these divides, with low χ values outside the plateau and 
high χ values inside it, suggest that these divides are migrating 
towards the plateau interior, driving a reduction in the plateau’s 
area. By contrast, Divides B and D have smaller �χ values, sug-
gesting that they are more stable.

The geographic patterns of �E are similar to those in �χ , con-
firming the picture of divide migration suggested by the patterns 
in �χ . In Divide A, �E increases toward the northwest, just as the 
magnitude of �χ does (Fig. 4). In Divide C, �E is high in some 
portions of the divide and relatively low in others (Fig. 4B). This is 
similar to the pattern of �χ in the same region (Fig. 4A), which 
shows �χ values of relatively high magnitude along the entire di-
vide. On Divides B and D, by contrast, �E tends to be relatively 
low, consistent with the relatively low magnitudes of �χ values 
there (Fig. 4).

In Fig. 6, the black circles show that �E is negatively corre-
lated with �χ across the 43 basin pairs in the study region. This 
indicates that adjoining basins with larger differences in χ tend to 
have larger differences in denudation rate. In Fig. 6, we fit a re-
gression of the form �E = �E0e−b�χ to these data, not because 
an exponential relationship is expected from theory, but because 
it captures the tendency of �E to decline approximately exponen-
tially with �χ in these data. This supports the hypothesis that �χ
can reflect cross-ridge differences in denudation rate (Willett et al., 
2014).

Some of our observations are inconsistent with the notion that 
�χ should reflect �E (i.e., that �χ should be negative where �E
is positive). For example, the regression of �E against �χ pre-
dicts an intercept �E0 > 0, suggesting a potential for divides with 
7

Table 1
Regression parameter values for the relationship �E = �E0e−b�χ .

b
(m−1)

�E0

(mm/kyr)
n R2

Qilian Shan 0.144 ± 0.029 74.9+32.6
−22.7 43 0.49

Ozark Dome 0.137 ± 0.046 0.68+0.51
−0.29 8 0.62

Appalachians 0.146 ± 0.024 3.58+0.61
−0.52 34 0.50

�χ = 0 to have a nonzero value of �E . This is consistent with 
several of our measurements in the Qilian Shan, where three of 
the 43 basin pairs have �E > 0 at �χ = 0 within uncertainty (Ta-
ble S4). Similarly, three additional basin pairs have �E > 0 and 
�χ > 0 within uncertainty (Table S4). Determining why these val-
ues are exhibited at these divides is beyond the scope of this 
study, but such behavior could arise if the assumptions underlying 
the analysis were violated at these sites. For example, if erosion 
on either side of the divide were strongly non-steady, then the 
kyr-scale erosion rate estimates inferred from the measured 10Be 
concentrations could deviate from the Myr-scale erosion rates that 
are more relevant for shaping the landscape and determining the 
present-day value of �χ . In principle, in such a situation, erosion 
rates inferred from cosmogenic nuclide concentrations could yield 
�E > 0 at sites with �χ = 0 or �χ > 0.

These �E measurements confirm the hypothesis that the Qilian 
Shan is undergoing divide migration, which was originally pro-
posed based on geomorphic observations (Wen, 2016). This is per-
haps most apparent at the divides between the Hei and Fengle 
Rivers and the Hei and Hongshuiba Rivers, the latter of which is 
a rounded ridge only ∼30 m higher than the neighboring chan-
nel heads (Divide A in Fig. 4A at 468100 m E, 4315300 m N in 
UTM Zone 47N; Fig. S4). Here, the divides are being eroded by 
headward propagation of the newly formed channels of the Fen-
gle and Hongshuiba Rivers, and, as a consequence, the Hei River 
is losing drainage area. In addition, the large �χ (Figs. 3A, 4A) 
and �E (Figs. 2, 4B) values here imply that the Hei River basin 
is losing area to the basins on the northern mountain front. The 
combined effect is the progressive loss of drainage area for the Hei 
basin along multiple boundaries, consistent with the hypothesis of 
Wen (2016).

Fig. 7 shows that �E in the Qilian Shan is negatively corre-
lated with �h and positively correlated with �G and �R , while 
�χ is positively correlated with �h and negatively correlated with 
�G and �R . This shows that �χ and the Gilbert metrics gener-
ally suggest directions of divide motion that are consistent with 
one another in the Qilian Shan and consistent with the notion 
that divide motion in the study area is driven by continual divide 
migration (Beeson et al., 2017; Forte and Whipple, 2018). The cor-
relation between log(�E) and �χ (R2 of 0.49; Table 1) is tighter 
than those between log(�E) and the Gilbert metrics (R2 values 
of 0.08, 0.14 and 0.16 for regressions of log(�E) against �h, �G , 
and �R , respectively), suggesting that �χ is, on average, a better 
predictor of the cross-divide difference in erosion rates at these 
sites. Fig. 7 also shows that the correlations between �χ and the 
Gilbert metrics (R2 values of 0.28, 0.53 and 0.55 for regressions of 
�χ against �h, �G , and �R , respectively) are tighter than those 
between �E and the Gilbert metrics (R2 values of 0.08, 0.14 and 
0.16 for regressions of log(�E) against �h, �G , and �R , respec-
tively). This may be partly because �χ and the Gilbert metrics are 
all topographic metrics, unlike �E , and therefore more likely to 
be closely correlated with each other than with �E . In addition, 
some of the scatter in Fig. 7A-C may be a result of measuring E as 
an average over basins that are larger than their 1 km2 headwa-
ter catchments in which the Gilbert metrics are calculated. If there 
were significant differences between the measured basin-averaged 
denudation rates and the denudation rates in the basins’ headwa-
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Fig. 7. Relationships of �E (top row) and �χ (bottom row) to the Gilbert metrics (Table S5, Fig. S3) in the Qilian Shan: cross-divide differences in channel head elevation 
(�h), mean headwater hillslope gradient (�G) and mean headwater relief (�R). As expected for landscapes undergoing divide migration, �E is negatively correlated with 
�h and positively correlated with �G and �R , and �χ is positively correlated with �h and negatively correlated with �G and �R .
ters, then tighter correlations between �E and the Gilbert metrics 
might be found if �E were determined from measurements of E
closer to the divide.

5.2. Divide migration rates

For a drainage divide flanked by planar slopes with lowering 
rates Eα and Eβ and topographic gradients of magnitude tan(α) 
and tan(β), respectively, the horizontal divide migration rate vdivide

is (Penck, 1924):

vdivide = Eα − Eβ

tanα + tanβ
(5)

We use Equation (5) to compute vdivide for the 43 basin pairs in 
Table 1. For this we applied basin-average denudation rates for Eα

and Eβ and the mean hillslope angle upslope of the channel heads 
for α and β (Table S4). This resulted in vdivide values ranging from 
zero within uncertainty (3.2 ± 70 mm/kyr) to as high as 1385 ±
296 mm/kyr.

Fig. 8 shows that vdivide is negatively correlated with �χ in the 
study region, and that the sign of �χ is consistent with the direc-
tion of divide migration for 34 of 43 basin pairs. For the nine basin 
pairs with positive �χ , the �χ values are relatively small in mag-
nitude (all <5.7 m, all but two <2.6 m, and three indistinguishable 
from zero within uncertainty). This supports the hypothesis that 
divide migration should be faster at larger degrees of geometric 
disequilibrium (i.e., at more negative �χ ), consistent with obser-
vations in Willett et al. (2014) and Beeson et al. (2017). Because 
vdivide scales inversely with topographic gradient (Equation (5)), 
covariations of vdivide with rock uplift rate U may not match co-
variations of �E with U (Whipple et al., 2017). We are unaware 
of local U measurements that would be needed to test this, but 
we hypothesize that vdivide may be less sensitive to U than �E is, 
since both E and topographic gradient tend to increase with U .

We can use these estimates of vdivide to estimate the time it 
would take to reach geometric equilibrium. Consider, for exam-
ple, the adjoining rivers in Fig. 5A. Here, the divide would have 
to migrate ∼120 km to reach geometric equilibrium, which, at the 
local divide migration rate of 1165 ± 236 mm kyr−1, would take 
∼85-129 Myr. Although this rough calculation neglects the gradual 
8

Fig. 8. Divide migration rate vdivide (Equation (5)) is broadly negatively correlated 
with �χ across the study sites in the Qilian Shan (Table S4).

reduction in vdivide that would likely occur over time, it illustrates 
that the time to achieve equilibrium is far longer than the typical 
time scales of climatic and tectonic change that could induce new 
perturbations. This suggests that the river networks in the Qilian 
Shan are unlikely to attain geometric equilibrium through gradual 
divide migration.

5.3. Similarities in �E − �χ relationships across mountain ranges

Fig. 6 compares the �E − �χ data from the Qilian Shan to 
published �E − �χ data in two other regions: the southern Ap-
palachians (Willett et al., 2014) and the Ozark dome (Beeson et al., 
2017). The denudation rate estimates in Beeson et al. (2017) were 
calculated with CAIRN, as our denudation rate estimates at the Qil-
ian Shan are, while those in Willett et al. (2014) were taken from 
Portenga and Bierman (2011) and calculated using the CRONUS 
calculator (Balco et al., 2008). Exponential regressions of the form 
�E = �E0e−b�χ reveal that each �E − �χ dataset shares the 
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Fig. 9. A. Modeled topographic profiles (colored from gray to black) during divide migration from an initial asymmetric profile (0 Myr) toward a steady-state symmetric 
profile under a spatially uniform rock uplift rate U = 100 mm kyr−1. B. Blue line shows the �E − �χ relationship that developed during the simulation in panel A. Arrows 
indicate times corresponding to the profiles in panel A. Black and red lines show the evolution of �E − �χ relationships in simulations with rock uplift rates of 10 and 
1000 mm kyr−1, respectively. The vertical offset between model runs of the �E − �χ relationship scales linearly with rock uplift rate, consistent with the hypothesis that 
the differences in intercept among the data sets in Fig. 6 are driven by differences in rock uplift rate among those study sites.
same slope b within uncertainty, while the intercept �E0 dif-
fers by more than two orders of magnitude among these studies 
(Fig. 6; Table 1). This is consistent with divide migration driven by 
similar hillslope and channel erosion process in all three regions 
but operating at different rates. If true, this would suggest a com-
mon driver of divide migration across these landscapes, despite 
site-to-site differences in climate, rock type and tectonic setting.

We hypothesize that the differences in �E0 mainly reflect dif-
ferences in U . Our hypothesis is based on two expectations: 1) 
that denudation rates are likely to be relatively close to rock uplift 
rates, given the tendency of landscapes to evolve toward a steady-
state balance between E and U (with exceptions in places like rift 
escarpments that are still responding to base level fall), and 2) 
that �E should scale with the magnitude of E . If both of these 
are true, then �E should scale linearly with U . This hypothesis is 
consistent with differences in tectonic forcing among these three 
regions. The Qilian Shan is undergoing active tectonic compression, 
while the Appalachians have not experienced tectonic compression 
for several hundred million years, and the Ozark dome has been in 
tectonic quiescence since late Paleozoic.

5.4. Model �E-�χ relationships

To test the sensitivity of �E − �χ relationships to U , we ap-
plied the model of Braun (2018) to simulate the evolution of 1D 
topographic profiles during divide migration, a continuous process 
that does not include jumps in divide location by drainage capture. 
With this model, we computed the evolution of �E and �χ dur-
ing simulations of divide migration (Fig. 9A). We then compared 
the modeled �E − �χ relationship to those in Fig. 6, reason-
ing that if a region has divide segments at varying degrees away 
from topographic equilibrium, then the �E −�χ relationship that 
emerges from these spatially distinct divide segments may be re-
flected in the �E − �χ relationship that emerges from the tem-
poral evolution of a single divide. That is, space can be substituted 
for time in this comparison.

In this model, the rate of change of elevation ∂z/∂t increases 
at a rock uplift rate U and decreases via river incision and soil 
erosion everywhere throughout the domain (Equation (6)).

∂z = U − K F km |x − xdivide|mp

∣∣∣∣∂z
∣∣∣∣
n

+ K D
∂2z

2
(6)
∂t ∂x ∂x
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Here |x − xdivide| is distance from the divide, K F and K D are co-
efficients for river incision and soil transport, respectively, k is the 
coefficient in Hack’s Law (Hack, 1957) and p, m and n are con-
stants. For simplicity, we neglect isostatic effects on z. This model 
is useful for our purposes because it permits calculation of changes 
in �E and �χ during divide migration, and so can be used to 
quantify �E −�χ relationships under prescribed rock uplift rates.

Fig. 9A shows snapshots of the topographic profile evolution 
under spatially uniform U = 100 mm kyr−1. The domain has a 
horizontal length L of 10 km, is discretized at 10-m resolution, and 
is assigned boundary conditions of z (0 km) = z (10 km) = 0 m. 

Here we introduce the characteristic length scale LE =
(

K D
K F km

) 1
mp+1

, 
which divides the region where erosion is dominated by soil trans-
port (|x − xdivide| < LE) from that dominated by river incision 
(|x − xdivide| > LE) (Perron et al., 2008; Braun, 2018). The divide 
is initially at x = 2.5 km, and the initial topography on each side 
of the divide consists of a concave-up river profile connected to a 
concave-down hillslope profile at |x − xdivide| = LE (Fig. 9). The di-
vide is assigned an initial elevation equal to the sum of the reliefs 
on a hillslope profile of length LE and a fluvial profile of length 
L/2–LE (Whipple et al., 1999) (Equation (7)). This is close to the 
divide’s final steady-state elevation, which simplifies interpretation 
because the simulations avoid significant changes in topographic 
relief that could generate changes in �E and �χ associated with 
relief change rather than divide migration.

zdivide(t = 0) ≈
(

U

K F

) 1
n

k− m
n

( L
2 )1− pm

n − L
1− pm

n
E

1 − pm
n

+ U

2K D
L2

E (7)

We adopt values of K F = 5·10−6 m0.2/yr, K D = 0.14 m2 yr−1, p =
5/3, k = 6.7 m2-p, m = 0.4, and n = 1 from Braun (2018), and step 
each simulation forward in time with a time step of 100 yr for 15 
Myr.

In Fig. 9A, the initially asymmetric profile evolves toward a 
symmetric steady-state profile. During its evolution, we use Equa-
tion (8) to compute channel-head χ (t) on both sides of the divide 
at a distance LE from the divide.

χ =
xdivide−LE∫ (

A0

k (xdivide − x)p

)m
n

dx (8)
xb
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Similarly, we calculate E(t) on each side of the divide as the mean 
denudation rate between the divide and the outlet. �E(t) and 
�χ (t) are the cross-ridge differences in these values, following the 
sign conventions in Section 4.

Fig. 9B shows �E(t) and �χ(t) during simulations with U =
10, 100, and 1000 mm kyr−1. In each simulation, both �E and 
�χ start at high values and then decrease continuously. For ex-
ample, during the simulation with U = 100 mm kyr−1, �E drops 
by a factor of ∼18 from 60.3 to 3.3 mm kyr−1 while the magni-
tude of �χ drops by a factor of ∼12 from −8.3 to −0.7 m. The 
shapes of the �E − �χ relationships in each simulation are iden-
tical, but are shifted vertically in proportion to the applied value 
of U . In other words, each simulation displays the same �E/U vs. 
�χ relationship.

The modeled �E − �χ relationships are similar to the ob-
served �E − �χ relationships in Fig. 6 in three respects. First, 
�E decreases monotonically with |�χ |. Second, the �E − �χ re-
lationship does not deviate strongly from linear in this semilog 
plot, especially at �χ < −2 m. Third, they differ in vertical off-
set. At a given �χ value, �E in the U = 1000 mm kyr−1 sim-
ulation is ten times higher than that in the U = 100 mm kyr−1

simulation, which is in turn ten times higher than that in the 
U = 10 mm kyr−1 simulation. Thus, these simulations suggest that 
continual divide migration can produce monotonic decreases in 
�E and �χ that result in a gently curved (i.e., non-exponential) 
relationship in a semilog plot of �E vs. �χ . This is broadly con-
sistent with landscape evolution model simulations in Forte and 
Whipple (2018), which showed that negative �E − �χ relation-
ships can develop during the evolution of a disequilibrium land-
scape toward equilibrium. Differences between the modeled and 
measured �E −�χ patterns in Figs. 6 and 9 may be partly due to 
differences in the characteristic timescales of erosion. Denudation 
rates in Fig. 6 are averaged over the characteristic time of cosmo-
genic nuclide accumulation, which at these sites is thousands of 
years, while in Fig. 9, modeled E is the spatially-averaged erosion 
rate between the divide and base level over which a given �χ
value is sustained.

5.5. Alternative hypotheses for �E-�χ relationships

As Willett et al. (2014) noted, a range of �χ values can be 
generated by multiple mechanisms, only one of which is divide 
migration in regions of topographic disequilibrium. For example, 
it is possible to generate a range of �χ values in equilibrium 
landscapes under spatial variations in U or K . Could the observed 
�E − �χ relationship at Qilian Shan be due to spatial variations 
in U or K in a steady-state landscape?

By definition, a steady-state landscape with spatially variable U
would require the magnitude and spatial pattern of E to match 
those of U . To our knowledge, there are only two published es-
timates of vertical fault slip rate within the study region, both of 
which are on the North Qilian Shan Fault at the northeast bound-
ary of the study region. Here, thermochronometric measurements 
yield a vertical fault slip rate of 500 mm/kyr since ∼10 Ma (Zheng 
et al., 2010), while cosmogenic nuclide measurements yield a fault 
slip rate of 880 mm/kyr since ∼31 ka (Hetzel et al., 2004). We are 
unaware of other published measurements of U in the study re-
gion, which precludes testing how U might covary with E across 
the study region. However, given the 140-fold range of denudation 
rates (Table S2), we expect that spatial variations in U are unlikely 
to match those in E , and that the region is unlikely to be in topo-
graphic equilibrium under spatially variable U .

Could the observed �E − �χ relationship be due to spatially 
variable K ? This would require systematic variations in bedrock 
resistance to erosion (e.g., Murphy et al., 2016) or in precipitation 
rate (e.g., Ferrier et al., 2013) that result in the observed spatial 
10
variations in E and χ . Although the region is home to lithologic 
heterogeneity (Fig. 1C), it does not contain the systematic spatial 
variations in rock type that would be needed to be the sole driver 
of the observed patterns in E . For example, basins on the north-
ern mountain front are eroding much faster than those draining 
to Qinghai Lake, although they are underlain by similar bedrock. 
Similarly, precipitation rate does not vary systematically across the 
study region in a pattern that would be needed to generate the 
observed patterns in E . Instead, precipitation rates are generally 
highest in the southeastern part of the plateau, lower in the north-
western part of the plateau, and lowest in the northern plain. 
If erosion rates increased with precipitation rate, then we would 
expect to find that erosion rates increase from northwest to south-
east in our study area, but that is not the observed pattern (Fig. 2). 
We therefore favor the explanation that the observed �E − �χ
relationship is a reflection of a transiently evolving landscape un-
dergoing divide migration, rather than a steady-state landscape 
under spatially variable U or K .

6. Conclusions

The main contributions of this study are new topographic anal-
yses and basin-averaged denudation rate measurements in the Qil-
ian Shan, which quantify divide migration rates and the degree 
of channel network disequilibrium in this region. These data re-
veal an exponential relationship between cross-divide differences 
in denudation rate (�E) and channel-head χ values (�χ ), pro-
viding empirical support for the hypothesis that �χ values reflect 
divide migration in the Qilian Shan. The slope of the ln(�E) − �χ
relationship at the Qilian Shan is identical within uncertainty to 
those observed in the southern Appalachians and the Ozark Dome 
in previous studies, consistent with a common set of hillslope and 
channel erosion processes controlling divide migration in all three 
regions, despite differences in lithology and climate among these 
regions. Our numerical simulations show that similar �E − �χ
relationships can arise as disequilibrium channel longitudinal pro-
files approach equilibrium, consistent with the interpretation that 
in each of the study regions, river networks are adjusting to bring 
basin geometry to equilibrium. Further, they show that the inter-
cept of the modeled ln(�E) − �χ relationship increases linearly 
with rock uplift rate, consistent with the hypothesis that rock up-
lift rate exerts a strong control on �E . This suggests that similar 
patterns may be found in other landscapes, and that �E − �χ re-
lationships may be useful in assessing the relative roles of rock 
uplift rate, climate, and lithology in modulating responses to topo-
graphic disequilibrium.
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Table S1. Sample site information and cosmogenic 10Be concentrations in quartz extracted from stream sediment in the 
Qilian Shan (Fig. 2). 
 

Sample 
ID 

Lat. 
(°N) 

Lon. 
(°E) 

Basin
Area 
(km2) 

Quartz
Mass 

(g) 

9Be carrier 
massa (g) 

10Be/9Be 
(10-15) 

10Be/9Be 
uncertainty 

(10-15) 

10Be 
concentrationb 

(atoms g-1) 

10Be 
concentration 
uncertaintyc 
(atoms g-1) 

AMS 
Standardl 

JL-1-8k 38.774 99.505 16 33.115 0.2685 160.5 6.5 89955 3892 07KNSTD 
JL-1-5j 38.856 99.698 135 35.936 0.2687 166.7 4.5 86274 2536 07KNSTD 
JL-1-6k 38.813 99.624 115 32.581 0.2673 80.7 3.2 44236 2029 07KNSTD 
JL-1-4k 38.971 99.896 113 33.207 0.2676 51.3 2.0 26528 1382 07KNSTD 
JL-1-3k 38.935 99.975 28 29.390 0.2673 66.7 2.2 39914 1656 07KNSTD 
JL-1-2k 38.986 100.007 52 34.024 0.2669 97.8 4.8 51879 2790 07KNSTD 
JL-1-7j 38.856 99.541 59 14.881 0.2686 239.1 6.1 301516 8308 07KNSTD 
JL-1-1k 38.979 100.006 2237 33.263 0.2637 86.1 3.9 45723 2339 07KNSTD 

JL-1-10k 38.735 99.463 168 28.881 0.2680 183.9 5.9 118456 4118 07KNSTD 
JL-1-12k 38.682 99.519 74 35.048 0.2656 210.1 6.3 110851 3585 07KNSTD 
JL-1-13j 38.552 99.479 31 27.601 0.2702 432.3 8.2 298668 6189 07KNSTD 
JL-2-10h 38.284 99.837 339 35.921 0.2719 86.5 4.9 44785 2743 07KNSTD 
JL-2-11h 38.226 100.004 43 41.532 0.2704 259.1 12.0 118784 5668 07KNSTD 
JL-2-12h 38.182 100.019 207 27.359 0.2706 60.2 3.1 39966 2362 07KNSTD 
JL-2-2f 38.814 99.003 55 41.381 0.2690 7465.6 171.9 3465032 83950 07KNSTD 

JL-2-3f,m 38.724 99.142 1319 40.410 0.2701 1199.7 43.1 571054 21016 07KNSTD 
JL-2-4f 38.441 99.564 2595 31.283 0.2674 721.4 20.1 438208 12746 07KNSTD 
JL-2-5f 38.418 99.560 1050 22.693 0.2671 144.2 6.0 118086 5215 07KNSTD 
JL-2-6f 38.428 99.601 15 17.751 0.2681 100.4 5.7 104382 6383 07KNSTD 
JL-2-7f 38.363 99.698 10 37.568 0.2694 248.4 10.4 125383 5447 07KNSTD 
JL-2-8f 38.320 99.762 61 21.517 0.2660 217.4 12.1 188727 10865 07KNSTD 
JL-2-9g 38.311 99.769 4034 32.806 0.2655 192.0 13.9 110206 8087 07KNSTD 
JL-3-10i 38.098 100.320 348 41.295 0.2630 297.9 14.5 134384 6695 07KNSTD 
JL-3-11i 38.164 100.281 120 29.164 0.2657 226.4 9.5 145738 6345 07KNSTD 
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Sample 
ID 

Lat. 
(°N) 

Lon. 
(°E) 

Basin
Area 
(km2) 

Quartz
Mass 

(g) 

9Be carrier 
massa (g) 

10Be/9Be 
(10-15) 

10Be/9Be 
uncertainty 

(10-15) 

10Be 
concentrationb 

(atoms g-1) 

10Be 
concentration 
uncertaintyc 
(atoms g-1) 

AMS 
Standardl 

JL-3-13i 38.258 100.174 7581 27.622 0.2637 152.8 7.2 102493 5040 07KNSTD 
JL-3-14i 38.216 100.208 32 41.557 0.2642 219.3 9.2 98469 4318 07KNSTD 
JL-3-3h 37.979 100.796 104 33.842 0.2682 81.1 3.4 43846 2062 07KNSTD 
JL-3-4h 37.916 100.725 257 37.505 0.2712 318.1 10.4 162430 5545 07KNSTD 
JL-3-5i 38.000 100.608 40 38.850 0.2659 130.0 8.3 62360 4143 07KNSTD 
JL-3-6i 38.011 100.515 80 36.762 0.2633 279.5 9.4 141698 5002 07KNSTD 
JL-3-7i 38.037 100.481 46 40.490 0.2609 106.7 4.3 47950 2109 07KNSTD 
JL-3-8i 38.043 100.387 65 38.027 0.2663 52.5 4.3 25043 2294 07KNSTD 
JL-3-9i 38.097 100.319 69 39.444 0.2648 76.3 4.6 35391 2320 07KNSTD 
JL-4-1d 37.714 100.556 4686 40.081 0.2670 1009.0 13.0 477364 7167 07KNSTD 
JL-4-2d 37.538 100.426 489 38.056 0.2673 940.0 30.0 468713 15467 07KNSTD 
JL-4-3d 37.351 100.230 84 27.342 0.2679 2110.0 40.0 1472762 30106 07KNSTD 
JL-4-4d 37.359 100.120 1415 40.068 0.2599 1190.0 30.0 548615 14507 07KNSTD 
JL-4-5d 37.286 99.908 573 33.555 0.2674 3050.0 60.0 1732927 36547 07KNSTD 
JL-4-8d 37.284 99.036 9249 41.073 0.2692 3330.0 60.0 1556374 30421 07KNSTD 
JL-4-9d 37.206 98.911 26 21.943 0.2564 1011.0 17.0 838803 15552 07KNSTD 

JN-29-2e 38.595 100.322 94 38.860 0.2587 180.9 6.6 82396 3981 07KNSTD 
JN-30-1g 38.259 100.866 63 37.670 0.2670 183.8 9.5 92366 4900 07KNSTD 
JN-30-2g 38.259 100.826 6 39.390 0.2678 120.8 7.0 58006 3469 07KNSTD 
JN-30-4g 38.293 100.758 57 36.234 0.2631 239.1 13.5 123301 7077 07KNSTD 
JN-30-6g 38.427 100.556 58 29.676 0.2656 108.8 6.3 68670 4096 07KNSTD 

Palumbo et al. (2011)         

P07C46 39.339 98.815 566     43430 3558 BEST433 
P07C19 39.250 99.053 41     71441 4653 BEST433 
P07C13 39.162 99.169 557     84306 5566 BEST433 
P07C12 39.075 99.246 53     64963 5109 BEST433 
P07C20 39.027 99.287 38     33120 4653 BEST433 
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Sample 
ID 

Lat. 
(°N) 

Lon. 
(°E) 

Basin
Area 
(km2) 

Quartz
Mass 

(g) 

9Be carrier 
massa (g) 

10Be/9Be 
(10-15) 

10Be/9Be 
uncertainty 

(10-15) 

10Be 
concentrationb 

(atoms g-1) 

10Be 
concentration 
uncertaintyc 
(atoms g-1) 

AMS 
Standardl 

P07C23 38.856 99.529 56     322077 16423 BEST433 
P06C16 38.795 99.555 813     200728 10949 BEST433 
P06C32 38.671 100.036 9429     103101 5657 BEST433 

Hetzel (2013)         

QS-JG-33 38.767 99.410 15     143200 8000 S2007N 
QS-JG-34 38.825 99.313 154     129500 7700 S2007N 
QS-JG-40 38.806 99.306 6     653000 27000 S2007N 
QS-JG-41 38.812 99.316 13     560000 21000 S2007N 
QS-JG-42 38.766 99.451 548     175200 8300 S2007N 
QS-JG-43 38.828 99.274 6     447000 16000 S2007N 
QS-JG-47 38.769 99.165 12     1608000 48000 S2007N 
QS-JG-48 38.725 99.287 12     2341000 70000 S2007N 
QS-JG-49 38.682 99.252 1903     857000 26000 S2007N 
QS-JG-55 38.802 99.093 14     2215000 66000 S2007N 

Hu et al. (2015)         

JL-2-1e 38.847 98.880 663 40.309 0.2642 3102.3 79.1 1449012 38646 07KNSTD 
JL-2-13h 38.222 100.044 4905 39.462 0.2662 209.1 10.2 98963 5020 07KNSTD 
JL-3-12i 38.208 100.193 2469 38.473 0.2652 155.5 7.1 75349 3607 07KNSTD 
JL-3-2h 37.994 100.783 540 39.632 0.2678 88.9 4.0 41145 2058 07KNSTD 

JN-29-1e 38.544 100.252 56 33.591 0.2657 221.5 9.8 120957 6272 07KNSTD 
JN-29-3e 38.526 100.359 146 21.183 0.2516 125.1 5.9 99499 6722 07KNSTD 
JN-29-4e 38.459 100.496 225 37.257 0.2638 148.2 6.2 71195 4055 07KNSTD 
JN-30-3g  38.265 100.778 358 39.519 0.2601 271.2 13.2 126846 6292 07KNSTD 
JN-30-5g  38.355 100.624 106 24.714 0.2638 152.4 10.4 115121 7988 07KNSTD 

The quartz mass, 9Be carrier mass, 10Be/9Be ratio, uncertainty and information of process blanks of samples from Palumbo et al. (2011) and 
Hetzel (2013) were not reported in the original studies. Their blank-corrected 10Be concentrations were imported into CAIRN (Mudd et al., 
2016) to re-calculate basin-averaged erosion rates for these samples (Table S2).  
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a Mass of the 9Be carrier solution added to the sample. 9Be concentration of the carrier solution is 1069 ± 8 µg/g. 
b Blank-corrected 10Be concentration in quartz extracted from stream sediment.  
c The uncertainty is 1-sigma Gaussian error propagated from AMS counting statistics and the error of process chemistry blank.  
d,e,f,g,h,i,j,k Samples that are associated with Blank-1 (5.8 ± 0.9), Blank-4 (7.4 ± 4.9), Blank-5 (3.7 ± 1.2), Blank-6 (1.4 ± 1.1), Blank-7 (3.7 ± 
1.2), Blank-8 (2.5 ± 1.5), Blank-11 (5.1 ± 0.9) and Blank-10 (5.2 ± 1.2), respectively. Numbers in parentheses are the AMS 10Be/9Be ratios 
and uncertainties multiplied by 10-15 for the corresponding process chemistry blanks.  
l Standardization: 07KNSTD (Nishiizumi et al., 2007); BEST433 (Hofmann et al., 1987); S2007N (Kubik and Christl, 2010). 
m To ensure that E and c were calculated using the correct upstream drainage basin for sample JL-2-3, we assigned this sample an outlet 
location of 38.690°N, 99.185°E in CAIRN (Mudd et al., 2016) and TopoToolbox (Schwanghart and Scherler, 2014), which ensured that the 
flow routing algorithm delineated the appropriate basin upstream of this sample. 
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Fig. S4. Large topographic disequilibrium at the Hei River’s headwaters. A. c map 
centered at the upper Hei River showing large discontinuities in c in every direction 
across the divide, consistent with the loss of Hei River drainage area over time. 
Translucent white arrows show divide migration direction implied by Dc. Cyan crescents 
show the approximate view angles in panels E and F. B. Map of topographic relief 
(computed with a 500-m moving window) shows that the low-relief upper Hei River 
basin is surrounded by high-relief topography. Black rectangle shows location of 
topographic swath profile in panel D. C. Geological map of the same region. See Fig. 2 
for definitions of geological unit labels. Here, the opposing sides of the divide share the 
same lithology, suggesting that lithologic differences are not responsible for the cross-
divide difference in c. D. Topographic swath profile across the upper Hei River 
catchment labeled in panel B. Basin-averaged erosion rates are labelled accordingly.  An 
example pair of river profiles across this divide is shown in Fig. S2A-B. E. Perspective 
view of a segment of the drainage divide between the Hei and Fengle Rivers. Dendritic 
and well-integrated drainage networks are developing at the headwater catchment of the 
Fengle River. Across the divide, the slope that drains to Hei River has comparatively less 
incision and a smaller drainage density. The advancing divide is only about 800 m away 
from the channel of Hei River, suggesting that the Fengle River will capture the 
uppermost portion of the Hei River basin in the future. F. Small aggressive tributaries 
draining to Hongshuiba River are breaching the drainage divide (vertical white arrows) 
separating the Hei River from the Hongshuiba River. Here, one tributary has already 
breached the old drainage divide (red arrow). Satellite images in panels E-F are 
retrieved from Google Earth (https://earth.google.com). 
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