
Characterizing the transient geomorphic response
to base-level fall in the northeastern
Tibetan Plateau
Huiping Zhang1 , Eric Kirby2 , John Pitlick3 , Robert S. Anderson4 , and Peizhen Zhang1,5

1State Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake Administration, Beijing, China,
2College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, Oregon, USA, 3Department of
Geography, University of Colorado Boulder, Boulder, Colorado, USA, 4Department of Geological Sciences and Institute of
Arctic and Alpine Research, University of Colorado Boulder, Boulder, Colorado, USA, 5School of Earth Science and
Geological Engineering, Sun Yat-Sen University, Guangzhou, China

Abstract Analysis of hillslope gradient, landscape relief, and channel steepness in the Daxia River basin
provides evidence of a transient geomorphic response to base-level fall on the northeastern Tibetan
Plateau. Low-gradient channels and gentle hillslopes of the upper watershed are separated from a steeper,
high-relief landscape by a series of convex knickzones along channel longitudinal profiles. Downstream
projection of the “relict” portions of the profiles implies ~800–850m of incision, consistent with geologic
and geomorphic records of post ~1.7Ma incision in the lower watershed. We combine optically stimulated
luminescence dating of fluvial terrace deposits to constrain incision rates downstream of knickpoints with
catchment-averaged 10Be concentrations in modern sediment to estimate erosion rates in tributary basins
both above and below knickpoints. Both sources of data imply landscape lowering rates of ~300mMa�1

below the knickpoint and ~50–100mMa�1 above. Field measurements of channel width (n= 48) and
calculations of bankfull discharge (n=9) allow determination of scaling relations among channel hydraulic
geometry, discharge, and contributing area that we employ to estimate the patterns of basal shear
stress, unit stream power, and bed load transport rate throughout the channel network. Our results imply
a clear downstream increase of incision potential; this result would appear to be consistent with a
detachment-limited response to imposed base-level fall, in which steepening of channels drives an increase
in erosion rates. In contrast, however, we do not observe apparent narrowing of channels across the
transition from slowly eroding to rapidly eroding portions of the watershed. Rather, the present-day
channel morphology as well as its scaling of hydraulic geometry imply that the river is primarily adjusted to
transport its sediment load and suggest that channel morphology may not always reflect the presence of
knickpoints and differences in landscape relief.

1. Introduction

The past two decades have seen significant advances in our understanding of how landscape topography in
active mountain ranges reflects the competition between climatically modulated erosion, lithologic erodibil-
ity, and tectonically driven uplift of rock [e.g., Howard et al., 1994; Whipple et al., 2000; Montgomery and
Brandon, 2002; Kirby and Whipple, 2012]. Notably, much of this understanding relies on models of steady-
state fluvial incision, where incision balances local rock uplift rate [Howard, 1994] such that the shape of equi-
librium river channel profile remains steady through time [e.g., Whipple and Tucker, 1999]. These studies
underscore that the steepness of the river profile, a measure of channel gradient normalized for differences
in contributing drainage basin area [Wobus et al., 2006b], directly influences landscape relief in active moun-
tain ranges [Whipple et al., 1999]. Although many formulations of channel incision into bedrock consider that
incision rate is linearly dependent on channel gradient [e.g., Howard et al., 1994; Rosenbloom and Anderson,
1994;Whipple et al., 1999;Whipple, 2004], empirical studies from active mountain belts suggest that the rela-
tionship between channel steepness and erosion rate is nonlinear, implying that, as channel gradient
increases, channels become more efficient at incising [e.g., Snyder et al., 2000; Duvall et al., 2004; Ouimet
et al., 2009;DiBiase et al., 2010; Kirby andWhipple, 2012; Harel et al., 2016]. This behavior likely reflects the com-
bination of a threshold shear stress required for fluvial erosion [Howard, 1994; Tucker, 2004; Lague et al., 2005]
and a frequency-magnitude distribution of runoff [Tucker and Bras, 2000; Molnar et al., 2006], such that stee-
per channels experience more frequent erosive discharge events [Snyder et al., 2003a, 2003b; DiBiase and
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Whipple, 2011; Lague, 2014]. Although hillslopes reach a threshold gradient at high erosion rate [Schmidt and
Montgomery, 1995; Burbank et al., 1996; Heimsath et al., 2012], the apparent sensitivity of channel steepness to
both incision thresholds and runoff variability [Lague et al., 2005; DiBiase andWhipple, 2011] suggests that the
limits to landscape relief in active mountain ranges may be more dependent on climate state and rock mass
quality than previously inferred [e.g., Whipple and Tucker, 1999].

Similarly, important insights have been gained from the study of the transient response of landscapes to
changes in relative base level, caused by either rock uplift or base-level fall. Implicit in these studies is the
notion that the morphologic signature of a transient response can be recognized as a migrating boundary
that marks the transition from one steady state to another [e.g., Kirby and Whipple, 2012; Whittaker, 2012].
During a transient response to either an increase in uplift rate or rate of base-level fall, steepening of the river
profile generates convex portions of the river profile, or knickpoints [e.g., Bishop et al., 2005], that separate
upstream “relict” reaches of the fluvial system that have not yet adjusted to the new boundary condition from
downstream reaches which have begun to adjust [Schoenbohm et al., 2004; Crosby and Whipple, 2006; Berlin
and Anderson, 2007; Harkins et al., 2007; Whittaker et al., 2007b]. A family of river incision models that
considers channel incision rate to scale with boundary shear stress and/or unit stream power (“detach-
ment-limited” models) [e.g., Howard et al., 1994; Whipple and Tucker, 1999; Whipple, 2004; Attal et al., 2011]
yields transient river profiles characterized by knickpoints [e.g., Whipple and Tucker, 1999] that migrate
through the channel network as kinematic waves [e.g., Rosenbloom and Anderson, 1994; Whipple, 2004].
However, as sediment supply approaches or exceeds transport capacity, channel gradients will dynamically
adjust to achieve equilibrium transport of sediment [Tucker and Whipple, 2002]. In these “transport-limited”
systems, the response to a change in boundary conditions migrates as a diffusive wave of gradient adjust-
ment and river profiles are not expected to develop discrete convexities [Whipple and Tucker, 2002; Tucker,
2004; Whipple, 2004]. Attempts to discriminate between these end-members in natural field settings have
met mixed success; some studies conclude that a detachment-limited model adequately describes the
system behavior [Attal et al., 2008, 2011; Whittaker et al., 2007b, 2008], while others suggest that a
transport-limited model is required [Cowie et al., 2008; Valla et al., 2010; Whipple and Tucker, 2002], and
yet others argue that neither of these two end-members are sufficient [Tomkin et al., 2003; van der Beek
and Bishop, 2003].

Central to any model of fluvial response to a change in boundary conditions is whether or not the hydraulic
geometry of the channel dynamically adjusts to increase boundary shear stress along the bed and banks
[Parker, 1979]. Although most models of bedrock channel incision presume that channel width (W) follows
a power law scaling with discharge (Q) or drainage area (A, a proxy for Q), similar to that observed in alluvial
channels (W∝Q0.5) [Hack, 1957; Wohl and David, 2008], field studies of natural channels present conflicting
observations. Measurements of channel width in some fluvial systems with both alluvial and bedrock
reaches exhibit similar scaling [Montgomery and Gran, 2001; Whipple, 2004; Whitbread et al., 2015], even
in regions with strongly varying rock uplift rate [Snyder et al., 2003a], suggesting that channel width is gov-
erned by a similar set of processes in both mobile and fixed substrates. In contrast, several recent field
studies document systematic variations in channel width in channels adjusted to varying rates of base-level
fall or rock uplift [Duvall et al., 2004; Finnegan et al., 2005; Amos and Burbank, 2007; Yanites et al., 2010; Kirby
and Ouimet, 2011]. Moreover, channel narrowing appears to be a primary means by which rapidly incising
fluvial systems initially respond to base-level fall [Amos and Burbank, 2007; Whittaker et al., 2007a, 2007b,
2008], a response that may be amplified by variations in rock erodibility [Attal et al., 2011; Fisher et al.,
2012, 2013; Allen et al., 2013]. Although the process of width adjustment remains incompletely understood,
recent models that explicitly consider channel cross-sectional geometry [e.g., Stark, 2006; Wobus et al.,
2006a; Turowski et al., 2007; Yanites and Tucker, 2010] suggest that spatially variable bedrock wear asso-
ciated with the degree of sediment cover on the bed [e.g., Sklar and Dietrich, 2004] is a primary
determining factor.

Recently, channel incision models have been utilized to formally invert river profile morphology for uplift his-
tories [e.g., Pritchard et al., 2009; Roberts and White, 2010; Roberts et al., 2012; Goren et al., 2014; Stephenson
et al., 2014; Wilson et al., 2014; Fox et al., 2014, 2015; Glotzbach, 2015; Rudge et al., 2015]. Despite the quanti-
tative appeal of suchmodels, application to natural systems requires a set of assumptions regarding the man-
ner in which channels adjust to differential uplift of rock; primary among these is the requirement that
channel gradients adjust linearly to changes in incision and/or uplift rate.
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The wide range in the behavior of fluvial systems subjected to base-level fall highlights the limits of our
understanding and suggests a need for additional data from field sites where boundary conditions are rea-
sonably well known. In this manuscript, we exploit such a setting in the northeastern Tibetan Plateau, where
drainage basin integration along the Yellow River during the Pleistocene [Craddock et al., 2010] engendered a
wave of rapid incision along the Yellow River that propagated into the plateau interior (Figure 1) [Harkins et al.,
2007; Craddock et al., 2010; Zhang et al., 2014]. This incision induced a sudden base-level fall along tributaries
of the Yellow River to which the landscape has not yet completely adjusted. We focus on one of these tribu-
taries, the Daxia River, which drains the margin of the Tibetan Plateau across the Linxia basin (Figure 1).
Preserved remnants of low-relief topography previously interpreted as a relict erosional surface exist in the
headwater regions of the catchment [Clark et al., 2010], and these surface remnants are separated from a
downstream region of high relief and high incision rates [e.g., Li et al., 1997] by a series of knickpoints along
the channel network. We combine measurements of average erosion rate from 10Be concentrations in mod-
ern sediment, optically stimulated luminescence (OSL) dating of fluvial strath terraces and analyses of river
profiles to quantify the rate of landscape lowering across this transition and to characterize the morphologic
adjustment of the channel profile to base-level fall. To evaluate the role of changes in channel width during
transient incision, wemade detailed field measurements of channel geometry, slope, and grain size at a series
of reaches along the system. We assess whether these observations reflect a response of the Daxia River to
imposed base-level fall along the Yellow River that is characteristic of detachment-limited or transport-
limited systems. Finally, we explore the implications of the results of this analysis for the response time of
the landscape and for the interpretation of transient fluvial systems in general.

2. Background: Pleistocene Incision Along the Daxia River

Deep canyons carved into the northeastern Tibetan Plateau along the Yellow River and its tributaries attest to
rapid incision in the Quaternary [Li, 1991; Li et al., 1997]. Although these early workers attributed incision to
rapid uplift of the Tibetan Plateau, a large body of geologic studies now demonstrates that significant crustal
thickening and basin development took place during the latter part of the Miocene [Craddock et al., 2011;

Figure 1. Geomorphic setting of the (a) Yellow River and the (b) Daxia River basin in northeastern Tibetan Plateau. Along the Yellow River, an incision wave
propagated quickly through the Lanzhou (LZ), Linxia (LX), Xining (XN), Guide (GD), Gonghe (GH), and Tongde (TD) basins into the inner plateau at ~350 kmMa�1

and left a transient knickzone to the north of the Kunlun fault [Craddock et al., 2010; Harkins et al., 2007; Zhang et al., 2014]. Initiation of incision in the Linxia (LX) basin
is estimated to have begun at ~1.7Ma.
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Fang et al., 2003; Hough et al., 2011; Lease et al., 2007, 2012; Yuan et al., 2013; Zhang et al., 2012]. Moreover,
incision along the Yellow River initiated near the plateau margin at ~1.8Ma and progressed systematically
upstream at average rates of ~350 kmMa�1 [Craddock et al., 2010]. Although flexural isostatic response to
unloading associated with rapid incision may have facilitated the Pleistocene reorganization of a portion
of the river network [Zhang et al., 2014], the present location of the incisional wave is marked by a series
of transient knickzones throughout the Yellow River watershed north of the Kunlun fault, within the
Anyemaqen Shan (Figure 1) [Harkins et al., 2007].

Our field site is located along the Daxia River, a tributary to the Yellow River that flows across the northeastern
margin of the Tibetan Plateau (Figure 1). With three tributary channels of comparable dimension (labeled
North (NF), West (WF), and East (EF) Forks on Figure 2a), the ~200 km long Daxia River originates in bedrock
units of the West Qinling range (Figure 2), including Late Triassic-Jurassic granites and granodiorites that
intrude low-grade, deformed Paleozoic and Triassic age metasedimentary rocks (Figure 2a) [Bureau of
Geology and Mineral Resources (BGMR) Gansu Province, 1989]. These rocks are separated from Cretaceous-
Pliocene terrestrial conglomerates, sandstones, and mudstones in the Linxia basin [e.g., Fang et al., 2003]
by theWest Qinling fault to the north (Figure 2a). Subsidence patterns in the Linxia basin derived from several
measured stratigraphic sections [Fang et al., 2003] are interpreted to reflect basin formation in response to
flexural loading along its southern margin by slip on the West Qinling fault, consistent with cooling histories
from the footwall of this fault system [Clark et al., 2010] and from dating of fault gouge [Duvall et al., 2011].
However, the absence of fault scarps and displaced landforms suggest that, if the fault is active at present,
then activity is limited to a blind tip beneath the basin (Figures 1 and 2).

The Daxia River drainage basin has an area of ~7200 km2 (Figure 2b) and a mean elevation of ~3200m; total
relief from the headwater divide to the confluence with the Yellow River is ~2800m. The headwater regions
between 3200 and 3800m elevation are characterized by gentle topographic gradients (slope< 10°) and low
relief (Figure 3). East and west of the canyon of the Daxia River, these regions of low slope have been
interpreted as remnants of a paleoerosional landscape [Clark et al., 2010]. Meter-thick soils typically mantle
the bedrock across the low-relief surface (Figures 4a and 4b). Downstream, however, strath terraces are
developed within the canyons along forks of the Daxia River (Figure 4c) and hillslopes bounding the canyon
walls increase to 30–40° (Figure 3). Consistent with the slope distribution in the basin (Figure 3a), the local
relief (defined as the difference in elevations measured within a 1 km2 window) also increases downstream,
reaching ~500m immediately south of the West Qinling fault (Figure 3b). In the Linxia basin, north of the
West Qinling fault, however, slope and local relief decrease abruptly to <20° and <200m, respectively
(Figure 3).

These geomorphic characteristics appear to reflect recent incision along the Daxia River in response to down-
cutting of the Yellow River trunk stream during drainage basin integration in the early Pleistocene [Craddock
et al., 2010]. Magnetostratigraphic studies of terrestrial basin fill in the Linxia basin constrain the initiation of
incision at ~1.8Ma (Figures 1 and 2) [Li et al., 1997; Fang et al., 2003]. Subsequent downcutting generated at
least seven levels of terraces along the Daxia River in the Linxia basin [Li et al., 1997; Fang et al., 2003] near
Linxia city (LX in Figure 1). Magnetostratigraphic dating of paleosol-loess sequences developed atop the
highest terrace, ~500m above the present Daxia River, suggests terrace abandonment at ~1.7Ma [Li et al.,
1997; Fang et al., 2003]. Thus, the onset of incision is tightly bound between ~1.8Ma and ~1.7Ma. Average
rates of downcutting since that time appear to have been ~300mMa�1, but the separation between terrace
treads suggests that incision rates in the interval between ~1.7Ma and ~1.4Ma may have approached
~1 kmMa�1 during the initial phase of response to base-level fall [Li et al., 1997].

3. Methods

We have taken multiple approaches to quantify the transient response of the Daxia River. First, we surveyed
channel geometry, grain size, and reach-averaged gradient at selected sites along river reaches where human
disturbance to channels was limited (Figures 2 and 4), ensuring to conduct surveys above and below
knickpoints. Second, to quantify the erosion rates both upstream and downstream of knickpoints, we
sampled active channel sands from tributary catchments for 10Be measurements (Figure 2b) [e.g., Granger
et al., 1996]. To facilitate a comparison with existing measurements from eastern Tibet [e.g., Harkins et al.,
2007; Ouimet et al., 2009; Kirby and Harkins, 2013], and to minimize the potential influence of landslides on
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Figure 2. (a) Geological and (b) geomorphic features of the Daxia River catchment. Abbreviations of cg/ss/ms/sils mean conglomerates, sandstone, mudstone, and
siltstone, respectively. The black line is the outline of the Daxia River basin. NF, WF, and EF are North Fork, West Fork, and East Fork of the Daxia drainage; W is the
Wangjiashan site to constrain initiation of river incision at 1.7 Ma [Li et al., 1997] (Figure 2a). The green and red dots in Figure 2b are our field sites for channel width
(no. = 48) and discharge (no. = 9) (Q1–Q9) measurements, respectively. The light blue polygons with numbers (C01–C06) are subcatchments for 10Be catchment
erosion rates. TS1-3 are strath terrace series sampled for OSL dating to infer incision rates. The white dots with black outline are major knickpoints. Low-relief
erosional surfaces in yellow are modified from Clark et al. [2010].
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Figure 3. (a) Slope and (b) local relief (1 km × 1 km window) showing the distribution of the transient landscape features of the Daxia catchment. Note the obvious
difference in slope and relief upstream and downstream of the knickpoints.
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cosmogenic inventories [e.g., Niemi et al., 2005; Yanites et al., 2009], we sampled catchments with drainage
areas of ~40–100 km2. Third, in an effort to further characterize the rate of channel incision downstream of
knickpoints, we determined incision rates by dating strath terraces (Figure 2b). We mapped and surveyed
the height of strath terraces, and we collected and analyzed samples of medium sand from selected terrace
treads for optically stimulated luminescence (OSL) dating; reach-scale incision rates were calculated from the

Figure 4. (a–d) Field photos showing the sites for discharge and channel width surveys. Note the downstream (Figures 4a–4d) increasing relief of the landscape;
Figures 4a and 4b are taken above knickpoints, and Figures 4c and 4d are from channels downstream of the knickpoints. Shown also are the upstream drainage
basin dimensions and bankfull channel boundaries for width (W) measurement at each cross-section. (e) Sample cross-section survey at dxh-11-mf022 site (Table 1
for location); each point (~1m apart) represents a depth survey point across the section. (f) Reach-scale channel gradient determined at site dxh-11-mf008. A laser
rangefinder (precision ~1 cm) and a surveying rod were used to document the relative height of water surface both ~50m downstream and upstream of the
cross-section (XSECT) site.
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height of the terrace and present-day river level. Fourth, we analyzed stream profiles from a 90m resolution
Shuttle Radar Topography Mission digital elevation model (SRTM-DEM) and identified knickpoints by
following the methods of Kirby et al. [2003] and Kirby and Whipple [2012] to characterize the shape of river
profiles across the boundary between the incised and unincised portions of the watershed. We projected
relict profiles by using data from channel segments above the knickpoints to estimate the amount of
incision along downstream reaches [Kirby and Whipple, 2012; Miller et al., 2013]. Fifth, based on the field
measurements of channel width, depth, grain size, and local channel slope (Figure 4), we determined the
incision potential by calculating the unit stream power and boundary shear stress and bed load transport
capacity at bankfull flow. Following available formulations, we then modeled a distribution of unit stream
power and basal shear stress within the Daxia catchment. Finally, we assembled the analyses of stream
profiles, measurements of channel geometry, calculations of stream power/shear stress, and estimates of
the rates of catchment erosion and reach-scale incision to develop a quantitative picture of the transient
geomorphic response of the Daxia River to Yellow River incision.

3.1. 10Be Basin-Averaged Erosion Rates

Concentrations of cosmogenic radionuclide 10Be can be interpreted in terms of drainage-basin average
erosion rates [e.g., Granger et al., 1996, 2013; Bierman and Steig, 1996]. In a steadily eroding landscape with
rock density ρr (=2.7 g/cm

3), the catchment-averaged erosion rate (ε) will be

ε ¼ PavgΛ
Nρr

(1)

where N is the 10Be concentration in sediment, Pavg is the average production rate within the catchment, and
Λ is the production attenuation scale in rock (~160 g cm�2) [Lal, 1991]. Solving equation (1) for ε requires esti-
mates of Pavg. Using the Microsoft Excel calculator Cosmocalc [Vermeesch, 2007], we scaled the cosmogenic
nuclide production rates for each pixel (~90m×~90m) from SRTM-DEM data for both elevation and latitude
to obtain the catchment-averaged production rate [Lal, 1991; Stone, 2000]. Corrections were neglected for
quartz enrichment, magnetic field variations, or snow/ice cover, simplifications that are justified by the fact
that the Daxia River drainage basin features relatively uniform lithology and that snow fall is rare in this arid
catchment that has not been intensively glaciated. We report the shielding factor related to catchment
topography, calculated with the algorithm of Codilean [2006] by using a 90m resolution SRTM-DEM
(Table 1).

To compare the erosion rates across the transient landscape, samples were collected above the tributary
junction for ~50–100 km2 catchments upstream and downstream of knickpoints (Table 1 and Figure 2). As
each catchment is underlain by a single dominant lithology (Figure 2a), we assume a uniform quartz distribu-
tion. To avoid the effects of long-term sediment storage on 10Be concentration, samples were typically taken
away from the floodplains and terraces. In total, four samples were collected from catchments upstream of
the knickpoints and two samples downstream of the knickpoints to avoid the need to deconvolve signals
from relict and adjusted topography. To measure 10Be concentrations of the sediments, we first physically
and chemically isolated quartz from our samples, following a standard protocol at the University of
Colorado Boulder [Yuan et al., 2011; Zhang et al., 2014]. The 10Be concentrations were then measured by
accelerator mass spectrometry at the Purdue Rare Isotope Measurement Laboratory accelerator mass
spectrometry facility (Table 1).

Table 1. 10Be Catchment Erosion Rates and Catchment Geometrics (Uncertainties Are All Given in 2σ)

Sample
No.

Lat.
(°N)

Lon.
(°E)

Drainage
Area
(km2)

Mean
Elev.
(m)

Average
Production Rate
(at. gqtz

�1 yr�1)
Shielding
Factors

10Be
Concentration
(106 at. gqtz

�1)

10Be Erosion
Rate

(mMa�1)
ksn

(m0.9)
Relief
(m)

Mean
Slope
(deg)

C01 35.07 102.99 66.22 3761 53.99 0.999 6.48 ± 0.63 114.9 ± 20.4 55.8 ± 1.0 175.5 ± 48.8 12.6 ± 3.3
C02 35.12 102.13 65.10 3609 61.12 0.999 22.49 ± 0.65 79.6 ± 9.3 63.6 ± 5.3 164.4 ± 45.5 11.6 ± 2.6
C03 35.00 103.15 65.34 3511 53.00 1.000 26.67 ± 3.60 34.1 ± 13.1 40.2 ± 5.9 57.1 ± 18.5 4.3 ± 1.4
C04 35.22 102.24 47.89 3523 56.58 0.998 57.16 ± 0.18 145.1 ± 13.1 109.3 ± 4.9 232.0 ± 81.0 15.9 ± 3.9
C05 35.31 102.79 39.11 3068 41.89 0.995 4.17 ± 0.36 322.6 ± 32.0 203.2 ± 9.9 369.8 ± 91.7 20.5 ± 4.0
C06 35.40 102.87 108.95 3377 51.40 0.992 6.90 ± 0.45 334.2 ± 28.5 188.6 ± 16.6 424.8 ± 95.5 25.2 ± 4.0
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3.2. Strath Terrace Chronology

For further comparison with the catchment-averaged erosion rates, we also mapped and sampled several flights
of strath terraces (TS1 and TS2) downstream of the knickpoints (Figure 2b). One individual strath terrace (TS3) was
also sampledwithin the Linxia basin (Figure 2b). Heights of strath terrace (the contact between overlying channel
sediments and bedrock) above the present active channel were measured with a TruPulse 200 laser rangefinder
(nominal precision to ~1 cm). To obtain a reliable chronology for the terrace sequence, optically stimulated lumi-
nescence (OSL) dating was carried out (Table 2). OSL samples were collected from loess and sand ~20cm above
the gravel on the terraces for all the terraces to constrain theminimumages of the terrace treads. After removing
at least 10 cm (usually much more) of the face of the outcrop, samples were collected by using ~20 cm×5cm
metal cylinders and capped by silver paper and tape to prevent further exposure. Sample pretreatment and pre-
paration were carried out, following a standard protocol at the State Key Laboratory of Earthquake Dynamics,
Institute of Geology, China Earthquake Administration [Yuan et al., 2011].

3.3. Stream Profile Analysis

The interpretation of river profiles in actively incising mountain belts relies on the notion that, in regions of
uniform rock strength, runoff, and rock uplift rate, steeper channels should be associated with higher rates
of incision and therefore uplift at steady state [Snyder et al., 2000; Duvall et al., 2004; Kirby and Whipple,
2012;Wobus et al., 2006b]. It has long been recognized that rivers exhibit an empirical scaling between local
channel slope (S) and the contributing drainage area upstream (A), such that a river profile can be described
in terms of steepness (ks) and concavity (θ) indices [Hack, 1957; Flint, 1974]:

S ¼ ksA
�θ (2)

To compare channel steepness among different channel segments, one must account for correlations
between the steepness index and concavity index [e.g., Kirby et al., 2003; Wobus et al., 2006b]. We calculate
the channel slope over 1 km reaches, employ a fixed reference concavity index (θref = 0.45, equation (3)),
and report the normalized steepness index (ksn) [Snyder et al., 2000; Kirby and Whipple, 2001; Kirby et al.,
2003; Duvall et al., 2004].

ksn ¼ SAθref (3)

The boundary-separating reaches with low channel steepness upstream from steeper reaches downstream
can be readily identified on longitudinal profiles as an abrupt downstream increase in the scaling of channel
gradient with contributing drainage area (see Wobus et al. [2006b] for a thorough explanation of this
method). Such features can also be characterized by the scaling of a parameter chi (χ) with elevation in
the catchment [Harkins et al., 2007; Royden and Taylor Perron, 2013]. Chi (χ) represents the integral of basin
area (A) evaluated with streamwise distance (x) as

χ ¼ ∫
X

Xb

A0

A xð Þ
� �θref

dx (4)

where xb is the position at the river mouth and A0 is a reference drainage area; when A0 is set to 1 km
2 and θref

to the same value as used in equation (3), the slope of the chi-elevation plot is equivalent to the normalized
steepness index [Royden and Taylor Perron, 2013]. Thus, knickpoints that bound regions with varying channel
steepness (ksn) can be recognized as changes in slope on the chi-elevation plot.

We estimated the total incision by projecting the upstream relict channel profile, as in previous work [Kirby
and Whipple, 2012; Miller et al., 2013]. The longitudinal profiles of all the three forks of the Daxia River

Table 2. OSL Dating and Incision Rates From Strath Terraces (Uncertainties Are All Given in 2σ)

Sample No.
Depth
(m)

Bulk Alpha
(ks�1 cm�2) K2O (%)

Water
Content (%)

Dose Rate
(Gy ka�1)

Equivalent
Dose (Gy)

OSL Age
(ka)

Terrace
Height (m)

Incision
Rate (mMa�1)

DXH-O-01 (TS1) 0.5 9.76 ± 0.32 1.71 1 3.49 ± 0.20 187.0 ± 4.8 53.6 ± 1.6 13.1 ± 0.2 244.4 ± 8.2
DXH-O-02 (TS1) 0.5 10.82 ± 0.31 1.8 1 3.76 ± 0.21 201.2 ± 8.1 53.5 ± 2.3 28.5 ± 0.5 532.7 ± 24.7
DXH-O-03 (TS2) 0.5 10.54 ± 0.30 1.78 1 3.73 ± 0.20 161.4 ± 2.1 43.2 ± 0.9 14.3 ± 0.2 331.0 ± 8.3
DXH-O-04 (TS2) 2.5 10.29 ± 0.31 1.76 2 3.61 ± 0.20 215.7 ± 5.5 59.8 ± 1.7 45.4 ± 0.8 759.2 ± 25.4
DXH-O-07 (TS3) 2.7 8.90 ± 0.25 1.56 8 3.55 ± 0.20 30.1 ± 0.6 10.4 ± 0.4 12.7 ± 0.2 1221.2 ± 50.8

Journal of Geophysical Research: Earth Surface 10.1002/2015JF003715

ZHANG ET AL. TRANSIENT LANDSCAPE IN THE NE TIBET 554



(Figure 2a) were extrapolated by using the ksn above the knickpoint and θref = 0.45. By applying ksn and θref
for each channel segment, we solved equation (3) for local slope and extrapolated the profile downstream to
the Yellow River. To estimate the amount of lowering of the “relict” profile upstream of the knickpoint, we
exploit the known timing of the initiation of incision at ~1.7Ma [Li et al., 1997] and extrapolate the measured
erosion rates back in time.

3.4. Field Surveys of Channel Geometry

In order to evaluate spatial patterns of incision potential, we surveyed a series of channel reaches and used
measurements from these reaches to develop scaling relations between channel width, discharge, and drai-
nage area. Although locally variable, channel width (W) and discharge (Q) for mountain rivers have been
found to vary systematically with drainage area (A) in a manner similar to that observed in lowland alluvial
channels, resulting in the widespread adoption of the following equations in landscape evolution models
[Hack, 1957; Snyder et al., 2000; Montgomery and Gran, 2001; Wohl and David, 2008]:

W ¼ kwA
a (5)

Q ¼ kqA
b (6)

where kw and kq are empirical coefficients and a and b are scaling exponents. Typically, the value of a ranges
from 0.3 to 0.5 and the value of b ranges from 0.7 to 0.9 [Snyder et al., 2000]. We combined digitally derived
estimates of upstream drainage area with field measurements of channel properties to establish the relations
given by equations (5) and (6). We measured the width of the active channel at 48 locations (Figure 2b and
Tables 3 and 4). Active channel width was defined in the field by the break in slope between the floodplain
and the channel and an absence of vegetation (considered equivalent to “bankfull width” in alluvial rivers).
Wherever possible, ~10 measurements of width along a 150–200m channel reach were taken at each survey
site to account for reach-scale variations, whichwere then averaged to obtain amean channel width (Table 3).
We selected sites with relatively uniform channel morphology and sampled a broad range of drainage areas
that spanned locations above and belowmajor knickpoints. We avoided takingmeasurements in reaches that
were heavily modified by human activities.

Additional measurements were taken at nine of these sites to estimate the bankfull discharge (Figure 2b), as
well as the flow properties needed to calculate bed load transport capacity (Table 4). These sites were located
within self-formed channel reaches where the bed and bank materials consisted of alluvium transported by
the river. Bankfull discharge was estimated from the continuity equation,

Q ¼ UHW (7)

whereW is the bankfull channel width, H is the bankfull channel depth, and Ū is the bankfull velocity. A single
cross section was surveyed at each reach site. Bankfull width and depth were determined from cross-section
surveys (e.g., Figure 3e). Mean velocity, Ū, was calculated from a flow resistance relation developed by
Keulegan [1938], which can be written as

U ¼ 2:5
ffiffiffiffiffiffiffiffi
gHS

p
ln

11H
3D84

� �
(8)

Here H is the bankfull channel depth, S is the local channel gradient, g is the acceleration due to gravity
(9.8m s�2), and D84 represents the particle size for which 84% of particles are finer (Table 4). We measured
channel geometry (H,W, and S) with a laser rangefinder, tape, and surveying rod (Figure 3). Channel gradients
were determined by measuring changes in water-surface elevation along the edge of the channel over a
distance of ~100m. To determine the grain-size distribution of the channel bed material, we selected ~100
individual particles at random in the river bed over the entire extent of the study reach [Wolman, 1954]
and determined the size of each particle by using a gravelometer (i.e., a metal template with graduated open-
ings equivalent to 1/2 ψ sieve sizes (ψ = logD/log2)).

3.5. Calculation of Bed Load Transport Capacity, Unit Stream Power, and Shear Stress

We used data from the nine field sites discussed in the previous section to derive site-specific (local) estimates
of bed load transport capacity. Transport capacities were calculated for bankfull flow by using field data as
input to a bed load transport function developed by Parker [1979]. This function can be written as
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W� ¼ 11:2 1� 0:853
ϕ

� �
4:5 (9)

where W* is a dimensionless transport rate and ϕ is a dimensionless transport stage. These two parameters
are defined as follows:

W� ¼ s� 1ð Þgqb
ρs τ=ρwð Þ1:5 (10)

and

ϕ ¼ τ�

τ�r
(11)

where s is the specific gravity of sediment (2.65), qb is the mass transport rate of bed load per unit channel
width (kgm�1 s�1), ρs is the sediment density (2650 kgm�3), ρw is the water density (1000 kgm�3),
τ = ρwgHS is the shear stress, and τ* = τ ((ρs� ρw)gD50)

�1 is the dimensionless shear stress, where D50 repre-
sents the particle size for which 50% of particles are finer (Table 4). In equation (11) the term in the numerator,
τ*, refers to the dimensionless “bankfull” shear stress and the term in the denominator, τ*r, refers to the
dimensionless “reference” shear stress that would produce a small but non-negligible transport rate. The

Table 3. Measurements of the Daxia River Channel Widths (W) and Drainage Basin Areas (A)

No. Field Number Latitude (deg) Longitude (deg) Elevation (m) Width (m) Drainage Area (km2)

1 dxh-11-mf002 34.967 102.243 3430 7.6 ± 0.8 125.1
2 dxh-11-mf00201 34.967 102.243 3430 2.0 ± 0.2 21.5
3 dxh-11-mf003 34.962 102.315 3309 8.7 ± 0.7 162.7
4 dxh-11-mf004 34.984 102.338 3266 9.1 ± 1.2 241.0
5 dxh-11-mf005 35.035 102.369 3170 9.0 ± 0.7 362.0
6 dxh-11-mf007 35.106 102.411 3068 8.0 ± 0.3 556.0
7 dxh-11-mf009 35.029 102.491 3286 1.4 ± 0.3 14.3
8 dxh-11-mf010 35.055 102.473 3233 5.0 ± 0.8 86.6
9 dxh-11-wf001 35.209 102.296 3203 19.3 ± 1.9 639.5
10 dxh-11-wf002 35.221 102.239 3297 5.3 ± 0.5 61.1
11 dxh-11-wf003 35.183 102.230 3319 16.4 ± 0.8 316.3
12 dxh-11-wf004 35.184 102.232 3320 9.3 ± 0.6 132.3
13 dxh-11-wf005 35.148 102.430 3033 18.8 ± 0.8 825.4
14 dxh-11-mf013 35.186 102.591 2890 2.9 ± 0.2 31.8
15 dxh-11-mf014 35.190 102.604 2860 31.6 ± 3.1 1870.8
16 dxh-11-mf015 35.192 102.625 2878 32.2 ± 4.7 1890.3
17 dxh-11-mf016 35.195 102.652 2795 20.2 ± 3.5 1912.0
18 dxh-11-mf017 35.181 102.660 2834 4.9 ± 0.8 43.1
19 dxh-11-mf018 35.206 102.671 2760 22.0 ± 1.2 1965.2
20 dxh-11-mf019 35.219 102.725 2685 14.6 ± 1.8 2052.6
21 dxh-11-mf020 35.217 102.791 2564 23.0 ± 3.7 2100.0
22 dxh-11-ef001 34.969 103.085 3178 3.0 ± 0.2 85.2
23 dxh-11-ef002 34.980 103.056 3136 5.5 ± 0.3 119.9
24 dxh-11-ef003 35.021 103.117 3308 8.5 ± 1.2 108.9
25 dxh-11-ef004 35.001 103.040 3110 2.6 ± 0.2 47.6
26 dxh-11-ef005 35.023 102.974 2996 3.2 ± 0.3 59.1
27 dxh-11-ef006 35.056 102.988 2972 15.5 ± 0.8 593.4
28 dxh-11-ef007 35.069 102.990 3044 3.2 ± 0.4 47.6
29 dxh-11-ef008 34.931 102.864 3058 2.3 ± 0.6 19.8
30 dxh-11-ef009 34.911 102.865 3053 4.0 ± 0.4 15.6
31 dxh-11-ef010 35.031 102.823 2876 3.6 ± 0.3 55.2
32 dxh-11-ef011 34.984 102.777 2988 5.3 ± 0.4 130.8
33 dxh-11-ef012 35.022 102.824 2887 5.8 ± 1.0 175.6
34 dxh-11-ef013 35.048 102.831 2833 8.3 ± 0.8 241.9
35 dxh-11-ef016 35.091 102.917 2749 12.8 ± 1.0 809.5
36 dxh-11-ef017 35.136 102.849 2637 19.1 ± 1.0 1054.0
37 dxh-11-mf023 35.365 102.871 2309 37.2 ± 0.8 5212.5
38 dxh-11-mf024 35.365 102.884 2291 28.5 ± 1.4 5324.8
39 dxh-11-mf025 35.299 102.776 2424 31.7 ± 2.9 3849.1
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reference τ*r was estimated by using an
empirical relation presented by Mueller et al.
[2005], developed from an analysis of bed
load transport measurements in 45 gravel
bed rivers in western North America:

τ� ¼ 0:021þ 2:18S (12)

where S is reach-scale channel gradient.
Using the above definitions, equation (10)
can be rewritten to determine the specific
bed load transport rate (qb, kg m�1 s�1) and
the bed load transport capacity (Qb, kg s�1),
assuming no limit to sediment supply:

qb ¼
W�ρs τ=ρwð Þ1:5

s� 1ð Þg (13)

Qb ¼ qbW (14)

We also evaluated incision potential by devel-
oping reach-scale estimates of unit stream
power and boundary shear stress [Whipple
and Tucker, 1999]. Unit stream power is
defined as the rate at which the potential
energy per unit area of the river bed is lost
by flow down the river slope. Assuming
steady, uniform flow, unit stream power, ω
(Wm�2), can be calculated from

ω ¼ ρwg
Q
W

S (15)

A relation for boundary shear stress, τb
(Pa), can be obtained by combining the
Manning formula with the equation for water
discharge:

τb ¼ ρwg
nQ
W

� �3=5

S7=10 (16)

where n is the Manning friction factor
(assumed to be 0.04) [e.g., Allen et al., 2013;
Snyder et al., 2000]. After formulating equa-
tions (5) and (6) and determining the reach-
scale channel gradient (S), we solve equations
(15) and (16) for a distribution of unit stream
power and the boundary shear stress within
the Daxia catchment.

4. Results
4.1. Stream Profiles

Analysis of channel profiles along the main
tributaries of the Daxia River reveals the
presence of knickpoints at elevations of
~2800–3200m; these sit at distances
between 110 and 130 km upstream of the
junction of the Daxia and Yellow RiversTa
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(Figures 2 and 3). Knickpoints are associated with an abrupt change in the slope of chi-elevation plots
(Figures 5a–5c) and thus bound portions of the channel network characterized by differences in channel
steepness (Figures 5d–5f) (“slope-break” knickpoints) [Kirby and Whipple, 2012]. The position of these
knickpoints is spatially coincident with the relatively sharp boundaries evident in maps of topographic
slope and local relief (Figure 3) between a low-relief landscape in the upper watershed and high relief
downstream (Figure 3b).

Channel reaches downstream of knickpoints are characterized by normalized steepness indices significantly
greater (ksn> 200m0.9) than those upstream (ksn<~100m0.9) (Figure 5). Notably, the slope of the chi-
elevation plot (Figures 5a–5c) yields similar values to the average normalized steepness index derived from
analysis of slope-area plots (Figures 5d–5f), as has been shown in studies elsewhere [Royden and Taylor
Perron, 2013]. Reach-averaged ksn values, however, reveal a subtle difference in channel steepness across
the West Qinling fault (Figures 5d–5f); channels draining the metasedimentary rocks south of the fault exhibit
steepness values between ~200 and 280m0.9, whereas the trunk channel in the Tertiary sandstones of the
Linxia basin is ~200m0.9. To explore the distribution of channel steepness throughout the watershed, we
calculated ksn values at 500m intervals along the channel network and interpolated the results (Figure 6).
This visualization illustrates the sharp contrast in channel steepness across knickpoints; average ksn values
below knickpoints are up to 7 times greater than average values upstream (Figure 6). Similarly, average ksn
values along channels developed in the Tertiary rocks of the Linxia basin are low, similar to those above
knickpoints, despite the high rates of incision (Figure 6).

The distribution of channel steepness values and the presence of knickpoints highlight two important char-
acteristics of the fluvial network. First, knickpoints along the main tributaries of the Daxia River are located
well upstream of the lithologic boundary between the Linxia basin and the metasedimentary rocks of the
West Qinling (Figures 2b and 5). Given that these low-grade metasedimentary rocks are relatively
homogeneous (Figure 2a) [BGMR Gansu, 1989], this observation confirms our inference that knickpoints

Figure 5. (a–c) Chi-elevation plot and normalized channel steepness (ksn) values as a function of (d–f) distance from the
river mouth for the three forks of the Daxia River. Knickpoints are recognized as abrupt changes in the slope of chi-
elevation plots. Reach-averaged ksn values derived from chi-plots and slope-area ksn plots are also shown for comparison in
Figures 5a–5c and in 5d–5f, respectively. Normalized steepness values are comparable for both chi-plot and slope-area
analyses. Abnormally higher channel steepness ~0–10 km from themouth (grey circles) is possibly due to the existence of a
reservoir along the Yellow River. Difference in channel steepness is relatively subtle across the West Qinling fault into the
Linxia basin (Figures 5d–5f).
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represent the position of a migrating wave of channel adjustment, rather than features anchored to resistant
substrate. Second, the main stem Daxia River remains steep even within the Tertiary sediments of the Linxia
basin, downstream of the West Qinling fault, with ksn values ~200m

0.9 (Figures 5d–5f and 6). These values are
significantly greater than those along tributaries developed in the Tertiary basin sediments (Figure 6), all of
which have ksn values <100m0.9. We will return to this observation in the discussion, but we note that
this behavior is consistent with the expectation that gradients along the main stem may be set by the
transport of coarse sediment from resistant rocks upstream rather than detachment of local substrate [e.g.,
Tucker and Whipple, 2002; Duvall et al., 2004].

4.2. Differences in Erosion and Channel Incision Rate

The concentrations of 10Be in modern sediment from tributary watersheds imply an approximately tenfold
range in erosion rates across the Daxia drainage basin (Figure 6). For the six catchments we sampled, erosion
rates vary over a range of ~30–330mMa�1 (Table 1 and Figure 6). The samples from the catchments above
the knickpoints yield relatively low rates, between 34 and 145mMa�1 with an average of ~93mMa�1

(Table 1 and Figure 6). Below knickpoints, however, catchments in the high-relief landscape are eroding at
rates of 320–340mMa�1 (Table 1 and Figure 6).

The pattern of watershed-average erosion rates is corroborated by the rate of fluvial incision determined
from dating of strath terraces. Two relatively continuous series of strath terraces (TS1 and TS2) extend along
the Daxia River main stem for ~10–15 km downstream of the knickpoints (Figure 6). Dating of alluvial sands
interbedded with gravel on the terrace tread by optically stimulated luminescence (OSL) suggests that these

Figure 6. Channel steepness and rates of catchment erosion/terrace-site incision in the Daxia River catchment. To easily visualize the sharp contrast of the highest
channel steepness downstream of the knickpoints (white dots), interpolation of rasterized channel steepness values was sampled at 500m intervals along the
channel network. Sampled catchments are color-coded to highlight their distribution downstream (orange) and upstream (green) of the knickpoints. Incision rates
are only shown from lower terraces (Table 2). Also shown is ~300mMa�1 of long-term incision rate from the ~1.7 Ma old river terraces (~500m above present Daxia
River) at Wangjiashan (W in Figure 2a) within the Linxia basin [Li et al., 1997].
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treads were occupied between ~43 and 60 ka (Figure 7 and Table 2). Farther downstream, within the Linxia
basin, a single, isolated strath terrace (TS3) yielded a late Pleistocene age of ~11 ka (Table 2). Dividing by the
strath bedrock elevation above the present active channel, the average late Pleistocene incision rates are
530–760mMa�1 for the higher terraces and 240–330mMa�1 for the lower ones (Table 2), consistent with
the catchment-average erosion rates below the knickpoints (Figure 6). The exception occurs in the Linxia
basin at terrace TS3, which lies ~13m above the modern river and is dated at ~11 ka (Table 2). Here the
incision rate is quite high at ~1200mMa�1, almost 3–4 times higher than the rates derived from both
catchment-average erosion rates and terrace incision rates (Table 2). However, because this terrace is the
lowest (youngest) observed, we suspect that this rate does not reflect the long-term average in the Linxia
basin. Models of terrace formation modulated by sediment flux variations across glacial-interglacial cycles
[e.g., Hancock and Anderson, 2002] suggest that the incision rates measured over the full duration of
terrace cutting during lateral planation and postabandonment incision approximate the rates of base-level
fall. Similar reasoning has been used to explain high rates of incision from the lowest terraces in the
Olympic Mountains of western North America [Wegmann and Pazzaglia, 2002]. Overall, fluvial incision rates
of ~300mMa�1 in reaches below the knickpoints appear to be consistent with the long-term average
incision rate inferred from the height and age (~1.7Ma) of the top of basin fill [Li et al., 1997].

Despite our limited data set from six tributary catchments (Figure 6), erosion rates appear to be positively
correlated with average channel steepness, slope, and local relief (Figure 8), consistent with previous studies
in eastern Tibet [Harkins et al., 2007; Ouimet et al., 2009; Kirby and Ouimet, 2011; Kirby and Harkins, 2013].
Coordinated downstream increases in slope distribution (Figure 4a), local relief (Figure 4b), and channel
steepness (Figure 5) suggest that elevated erosion rates between the knickpoints and the West Qinling fault
are consistent with downstream increases in sediment input into the drainage system associated with tran-
sient channel incision.

4.3. Reconstructing Incision From Channel Profile Geometry

To estimate the amount of incision recorded by transient river profiles, we follow previous workers [Kirby and
Whipple, 2012] and utilize the average normalized channel steepness (~20–80m0.9) from relict channel seg-
ments above knickpoints (Figure 6) to predict the former distribution of downstream gradients (equation (3)).
This assumes that rivers were once graded to the top of the terrestrial fill in the Linxia basin and that catch-
ment areas have not varied significantly through time. Variations in the steepness of channel profiles
upstream of knickpoints suggest that the “relict” landscape was not entirely flat but likely had some initial
relief. To account for this, we estimate the amount of channel lowering upstream of knickpoints that would
have occurred during the 1.7Ma duration of transient incision by using average erosion rates from our cos-
mogenic isotope measurements. We exploit the relationships betweenmean basin slope, local relief, channel
steepness ksn, and erosion rate (Figure 8) and estimate the average erosion rates that would be associated
with the upstream reaches of all three forks of the Daxia River watershed. Essentially, this amounts to assum-
ing that the modern relationships can be extrapolated back in geologic time; although such an assumption
may be incorrect, similar methods have been used to reconstruct landscape evolution elsewhere [Schildgen
et al., 2012; Miller et al., 2013].

Figure 7. Strath terrace cross section and OSL ages for East and West Forks of the Daxia River (Table 2). OSL samples were
taken within loess and sand ~20 cm above the gravel on the terraces. Strath heights above the active river channel were
surveyed with a hand-held TruPulse 200 laser rangefinder. Possibility exists for two levels of TS 1 as a fill terrace due to their
similar ages.

Journal of Geophysical Research: Earth Surface 10.1002/2015JF003715

ZHANG ET AL. TRANSIENT LANDSCAPE IN THE NE TIBET 560



Our results suggest that the amounts of lowering along the relict profiles of the East Fork, North Fork, and
South Fork are ~60m, 200m, and 250m, respectively (Figure 9). The paleolongitudinal profile projections
suggest that the total depth of incision was in the range of ~800–850m. Notably, the accounting of upstream
lowering yields relatively close agreement among the three individual tributary profiles (Figure 9). However,
the estimate of 800m of incision is ~300m greater than the amount of incision inferred from previously
dated Cenozoic basin fill section at the Wangjiashan site [Li et al., 1997; Fang et al., 2003]. We will return to
this point in the discussion below.

4.4. Scaling Relationships of Channel Geometry and Bed Load Transport Capacity

The results from our field surveys allow us to evaluate the reach-scale channel characteristics of the Daxia
River and its tributaries. Figure 10 shows a series of plots depicting downstream trends in channel properties
above and below knickpoints. The properties measured in the field include channel width, depth, slope, and
grain size (W, H, S, and D, respectively); the properties derived from field measurements are those needed to
calculate bed load transport capacity, i.e., dimensionless shear stress and bed load transport stage (τ* and ϕ,
respectively). Figure 10a shows relations between channel width and drainage area, with points color-coded
by location. Above the knickpoints, channel width increases at a slightly higher rate along the West Fork
(blue) than the East Fork (red), but the difference is small. Below the knickpoints (green), width increases at

Figure 8. Relationships of catchment erosion rates and (a) mean basin slope, (b) local relief, and (c) channel steepness.
(d) Functional relationship between erosion rates and mean basin channel steepness index (ksn) compiled from studies
in eastern and northeastern Tibet. Most watersheds are underlain by greywacke (primarily Triassic flysch), schist, and other
sedimentary rocks.
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a somewhat slower rate, but the relation is weaker due to small sample size and a limited range of drainage
areas (Figure 10a). The entire data set of 48 sites can be fit by a single regression equation (gray), with
kw= 0.8 × 10�3m1.04 and a= 0.48, suggesting a continuous scaling of width through the major knickpoints.
Notably, the value of the exponent (~0.5) is consistent with the results from previous studies of channels
that are self-formed [Emmett, 1975; Wohl and David, 2008], as well as channels that are steadily incising
through bedrock [Montgomery and Gran, 2001; Snyder et al., 2003a, 2003b; Duvall et al., 2004;Whipple, 2004].

The scaling relation between discharge and drainage area (Figure 10b) is based on fewer points—the nine
sites where bankfull discharge was estimated from channel properties; however, these data likewise exhibit
a power law scaling (equation (6)), with kq= 2.0 × 10�6m1.44 s�1 and b= 0.78 (Figure 10b). Discharges
estimated at sites below the major knickpoints are somewhat higher than the overall trend, but the exponent
(~0.8) is typical of discharge-drainage area relations developed in studies of gravel bed channels in other
settings [e.g., Emmett, 1975; Mueller and Pitlick, 2005, 2013].

Figures 10c–10f show scaling relations for bankfull width, depth, channel gradient, grain size, shear stress,
and bed load transport capacity, all plotted as functions of bankfull discharge. In Figures 10c–10e, the regres-
sion relations have been fit by using only data collected upstream of the knickpoints and the best fit lines
have been extrapolated through the knickpoints to assess whether data from reaches within or below these
areas deviate appreciably from the overall trends. One caveat to this analysis is the potential for spurious
correlation among variables because Qb is estimated from channel geometry, slope, and grain size. This fact
and the small sample size limit the explanatory power of the regression relations, but the fitted lines serve as
a basis for comparison with previous work.

The relations presented in Figure 10c show that the trends in depth and slope defined by the data collected
upstream of the knickpoints are broadly consistent with trends reported in previous studies of alluvial chan-
nels (H∝Q0.24 and S∝Q�0.41) [Andrews, 1984; Hey and Thorne, 1986; Pitlick and Cress, 2002; Parker et al., 2007].
However, at sites below the knickpoints, the measurements of depth and slope plot slightly above the extra-
polated trends, consistent with the increase in channel steepness, ksn, below knickpoints (Figures 5 and 6).
The measurements of bed surface grain size also plot above the extrapolated trends (D50 and D84;
Figure 10d) and likely reflect an increase in sediment supply from the steeper parts of the basin below the
knickpoints (Figure 3). To understand how these differences influence bed load transport capacity, we turn to
Figure 10e, which shows downstream relations for reach-average bankfull shear stress, τ, and dimensionless
shear stress, τ*. As in the previous plots, the trends shown here are defined by data collected upstream of the
knickpoints, then extrapolated to lower reaches. The relation for shear stress defined by values above the
knickpoints is negative (τ ∝Q�0.18) and consistent with trends in alluvial rivers where slope commonly

Figure 9. Present longitudinal profiles and paleolongitudinal profile reconstructions of the three Daxia River forks,
following Kirby and Whipple [2012] and Miller et al. [2013]. The gray-shaded envelopes with dashed outlines are upper
and lower limits for the reconstructed profiles. Total incision (ΔZ = 800–850m) in the past 1.7 Ma was estimated by
projecting the upstream relict channel profile into the Linxia basin. Corrections to the profile projections were made by
accounting for the landscape lowering above the knickpoints in the past 1.7 Ma.
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decreases faster than depth increases [Andrews, 1984; Hey and Thorne, 1986]. The observation that depth and
slope are both higher downstream of the knickpoints leads to an overall trend where the bankfull shear stress
actually increases downstream. That trend is approximately balanced by the increase in median grain size,
D50, such that the variation in bankfull dimensionless shear stress across the knickpoints is
negligible (τ*∝Q�0.03).

The effect of these inter-related trends on sediment flux is illustrated in the plots of bankfull bed load
transport stage, ϕ (Figure 10e), and bankfull bed load transport capacity, Qb (Figure 10f). In this case, we fit
values upstream and downstream of the knickpoints with a single relation; we did this in order to include
the effects of potential interactions among variables (depth, slope, and grain size) that determine basin-wide
trends in bed load transport stage and transport capacity. The results show that the values of bed load trans-
port stage, ϕ, can be fit by a single regression equation, with no clear variation in residuals above and below

Figure 10. Bankfull scaling relationships of channel width, (a) discharge, and (b) drainage area (blue =West Fork, red = East
Fork, green =main stem downstream of major knickpoints, gray curve = average fit of all data) and relation of (c) discharge
with channel depth and reach-average gradient, (d) grain size, shear stress, dimensionless transport stage, (e) dimensionless
shear stress, and (f) bed load transport capacity. Note that Figure 10a presents the measurements of the channel width at
48 sites, but Figures 10b–10f only show nine selected sites (see Figure 2b for the fieldsite locations). Regressions in
Figures10c–10earefit byusingdataupstreamof theknickpoints toassesswhether thedownstreamdatadeviateappreciably
from the overall trends. All hydraulic variables are for bankfull flow.
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knickpoints. The relation for bankfull bed load transport capacity exhibits more scatter than any of the other
relations, but the values follow a well-defined trend with Qb increasing downstream to the 1.8 power of Q
(Figure 10f). An exponent of 1 would imply that water and sediment were being transported through the
basin in exact proportion to each other. Our results suggest that this is not the case in the Daxia River basin:
the nonlinear increase in Qb is consistent with a river system that is incising downstream in response to a
forced change, which in this case involves base-level lowering.

4.5. Spatial Patterns of Shear Stress and Stream Power

In addition to the nine sites at which shear stress is estimated from field data (Figure 10e), we solve equations
(15) and (16) for catchment-scale distributions of unit stream power and basal shear stress by using the
averaged (~1 km) channel gradient (S) calculated from the ~90m resolution DEM. Stream power and shear
stress along the Daxia River and its major tributaries clearly show a downstream increase (Figure 11).
Above the knickpoints, stream power along the channels is for the most part less than 200Wm�2 but locally
increases to more than 1000, reaching >2000Wm�2 downstream of the knickpoints (Figure 11a). Similar to
the pattern of stream power, boundary shear stress remains relatively low (less than 150Nm�2) upstream of
the knickpoints and increases to >300Nm�2 below the knickpoints (Figure 11b). There exist a few excep-
tions to this pattern: some channel segments show high stream power and shear stress above the knick-
points, for example, ~15–20 km upstream of the knickpoint along the West Fork. We suspect that this
reflects either local lithologic differences between Cenozoic sediments and bedrock or possibly erodibility
contrasts along antecedent faults within the basement rocks (Figure 2a). Within the Linxia basin, the main
stem of the Daxia always has greater stream power and higher shear stress than its adjacent tributaries
(Figure 11), consistent with its higher normalized steepness (Figures 5 and 8d–8f).

5. Discussion and Implications
5.1. Transient Landscape of the Daxia River: A Response to Base-Level Fall

Our geomorphic analyses confirm the notion that the present landscape of the Daxia River in the northeast-
ern Tibetan Plateau is in a transient state, such that slowly eroding, low-relief topography in the headwater
regions is separated from more rapidly eroding, high-relief topography by migrating knickpoints along the
channel network. The boundary between these two domains is present upstream of the West Qinling fault
and does not appear to simply mark exhumation of a pre-existing contrast in rock erodibility (Figures 5
and 6). Our results are likewise consistent with studies of incision along the main stem of the Yellow River,
in the Anyemaqen range, where knickpoints are developed well upstream of deeply incised basin sediments
[e.g., Harkins et al., 2007].

To evaluate the consistency of knickpoint propagation along the Yellow River and Daxia River, we explored a
simple knickpoint recession model that considers the behavior of a detachment-limited fluvial system [Berlin
and Anderson, 2007]. Under the assumption that channel incision rate is linearly dependent on local channel
slope, the stream power formulation for detachment-limited incision [e.g., Whipple, 2004] predicts that the
migration rate of knickpoints, dx/dt (m a�1) is a function of upstream drainage area, A (m), raised to a dimen-
sional constant,m, and an erodibility coefficient, K (m1–2m a�1) [Rosenbloom and Anderson, 1994;Whipple and
Tucker, 1999; Berlin and Anderson, 2007]:

dx
dt

¼ KAm (17)

Using a similar approach, Harkins et al. [2007] suggested that tributary channel profiles in the Yellow River
watershed within the Anyemaqen Shan are adequately described by using erosion coefficients K that range
between 3.7 × 10�6 and 9.5 × 10�5m0.5 a�1 [Harkins et al., 2007].

Our analysis of knickpoint position within the Daxia River appears to be consistent with the regional propa-
gation of knickpoints up the Yellow River. Along the main stem of the Yellow River, incision propagated up
the trunk channel at average rates of ~350 kmMa�1 [Craddock et al., 2010]. Given that the initiation of incision
across the Linxia basin occurred at ~1.7Ma [Li et al., 1997; Fang et al., 2003], the present position of knick-
points along the Daxia River implies that the upstream propagation of knickpoints occurred at an average
rate of ~70–80 kmMa�1 (Figure 2). Using equation (17), we can estimate the average erodibility (K)
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Figure 11. Bankfull estimates of unit stream power and shear stress across the Daxia River catchment. Transport capacity
increases downstream of the knickpoints (white dots).
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required for knickpoints to transit this distance at this rate. Along the Yellow River, the average rate of knick-
point retreat (dx/dt) is ~350 kmMa�1 and the contributing drainage basin area upstream of the knickpoint at
Zhe Qu [Harkins et al., 2007] is 9.8 × 1011m2. Considering a range of values for m between 0.4 and 0.5, con-
sistent with previous work [Harkins et al., 2007], we estimate an erosion coefficient K of 1.1 × 10�6m0 a�1

to 1.4 × 10�5m0.2 a�1. Following the same reasoning along the Daxia River (with dx/dt=~70–80 kmMa�1

and drainage basin areas of 9.0 × 108m2 for NF, 1.9 × 109m2 for WF, and 6.5 × 108m2 for EF), we find a range
of erosion coefficient K of 1.7 × 10�6m0 a�1 to 2.3 × 10�5m0.2 a�1. Although this calculation is admittedly
simple, the consistency of these results suggests that, to first order, the incisional wave is behaving as
expected for a simple, detachment-limited model of fluvial incision.

Of course, it is likely that rates of downcutting duringmigration of this incisional wave would have varied with
time, as rapid initial incision drove excavation of Tertiary sedimentary rocks in the Linxia basin. The height of
terraces near theWangjianshan section suggests incision rates of ~1 kmMa�1 in the first few 100 ka following
the onset of incision [Li et al., 1997], and the recycling of conglomerate clasts into terraces along the Yellow
River at Lanzhou [Hu et al., 2011] likewise requires rapid exhumation into Pliocene conglomerates at the top
of the basin fill. Similarly, incision rates measured over the past 30–100 ka immediately downstream of
knickpoints along tributaries of the upper reaches of the Yellow River range from 1 to 2 kmMa�1 [Harkins
et al., 2007].

One interesting aspect of our results is the difference in the amount of incision across the Linxia basin inferred
from our reconstruction of former river profiles and that estimated from preserved terraces. The latter is
suggested to be ~500m, measured from a 1.7Ma terrace tread of the Daxia River [e.g., Li et al., 1997], whereas
our reconstruction suggests that it may be closer to ~800m. Both the catchment-averaged erosion rates and
incision rates implied by strath terraces suggest an average rate of incision of 300 ± 50mMa�1 for the region
of the watershed below knickpoints. At these rates, 500m of incision would be accomplished in ~1.6Ma; they
are entirely consistent with independent estimates of the age of the highest terrace [Li et al., 1997]. It is
possible, therefore, that the additional 300m suggested by profile reconstruction implies a component of
differential rock uplift between the plateau and the basin during the past ~2Ma.

5.2. Hydraulic Scaling of the Daxia River: Transient Incision Without Narrowing

One intriguing aspect of our results is that the hydraulic geometry of the Daxia River in the northeastern
Tibetan Plateau maintains a relatively uniform scaling of channel width across the transition from low to high
incision rates (Figure 10a). Measurements of width taken above and below knickpoints form a continuous
trend, with width increasing as approximately the square root (a ~0.5) of drainage area. These observations
contrast with the notion that channels generally narrow in response to base-level fall [Lavé and Avouac, 2000;
Attal et al., 2008, 2011;Whittaker et al., 2007b, 2008] and/or spatial gradients in uplift rate [Duvall et al., 2004;
Yanites et al., 2010; Kirby and Ouimet, 2011]. Our analysis of the hydraulic geometry of the Daxia River
suggests that channel width can, at least in some circumstances, maintain a “typical” scaling across a three-
fold to fivefold increase in incision rate (Figure 10a). These findings are similar to other studies in coastal
California [Snyder et al., 2003b; DiBiase et al., 2010], both of which observed no significant difference in chan-
nel width in basins experiencing order of magnitude differences in erosion and/or uplift rate.

At present, most of our knowledge of channel narrowing comes from settings with high uplift/incision rates
(>500mMa�1, even >5000mMa�1); these include the mountain ranges of coastal California [Snyder et al.,
2003a; Duvall et al., 2004], the southern Alps of New Zealand [Amos and Burbank, 2007], the Hsuehshan
Range in central Taiwan [Yanites et al., 2010], the eastern margin of the Tibetan Plateau [Kirby and Ouimet,
2011], and the rapidly growing folds in the foreland of the Himalaya [Lavé and Avouac, 2000; Allen et al.,
2013]. Under relatively rapid uplift/incision rates, channels were observed to be narrower than predicted
by a simple scaling (Table 5; W∝A<0.4). However, numerous studies show that channel width in drainage
basins undergoing relatively low uplift rates (i.e.,<300–500mMa�1) exhibits scaling relations consistent with
those from alluvial channels (Table 5;W∝ A0.5) [Snyder et al., 2003a; Tomkin et al., 2003;Whittaker et al., 2007a,
2007b; Kirby and Ouimet, 2011; this study]. These observations hint at the possibility that the rate of channel
incision (and/or uplift) governs the adjustment of channel geometry. In regions with relatively high uplift
rates (>300mMa�1), channel widening cannot keep pace with forced changes in slope. However, in regions
that are eroding relatively slowly (<300mMa�1), there is more time for the channel to adjust and we
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therefore observe trends in width that are consistent with a global scaling relation where W∝ A0.5 [Leopold
and Maddock, 1953; Wohl and David, 2008]. Lithology will also influence rates of width adjustment,
whereby rivers that are working their way through erodible rock types, as is the case in the lower Daxia
River basin, have more freedom to adjust their hydraulic geometry, even if erosion rates are relatively low.

One variable that is often left out of the discussion of channel adjustments in incising rivers is grain size, D. In
addition to discharge, grain size exerts a first-order control on channel slope and thus strongly influences bed
load transport capacity. In the Daxia River, the bed surface grain size remains relatively coarse downstream of
knickpoints in spite of a threefold to sevenfold increase in water discharge (Figure 10d); this trend presum-
ably reflects an increase in sediment supply from the steeper, central parts of the basin. The supply of coarse
particles appears to be sufficient to replenish sediment worn down by abrasion, which could explain why
high channel slopes (S> 0.005) persist far downstream of knickpoints (Figure 10c). Notably, gradient remains
high along the main stem channel but not on the tributaries downstream of the fault (Figure 6), suggesting
that a sustained supply of coarse sediment from hillslopes pushes the system toward transport-limited
gradients [Duvall et al., 2004; Attal and Lavé, 2006; Attal et al., 2015]. The net effect of the higher slopes is
for the river to maintain a high bed load transport capacity, which might drive further incision independent
of any substantial changes in width or depth.

It has been suggested that the adjustment of channel width and slope to imposed rates of base-level fall is
also strongly dependent on the ratio of sediment supply to transport capacity; in theory, this ratio represents
competing effects of “tools” that can erode the bed versus the sediment “cover” that can protect it [Wobus
et al., 2006a; Turowski et al., 2007; Cowie et al., 2008; Yanites and Tucker, 2010; Attal et al., 2015]. Models
developed to simulate these effects show that, as drainage area increases, channels become increasingly
cover-dominated; consequently, a greater fraction of the available shear stress goes into transporting the
sediment supplied and less into eroding the bed [Turowski et al., 2007; Yanites and Tucker, 2010]. In addition,
there appears to be a threshold in bed cover/erosion rate, belowwhich channel geometry is insensitive to the
imposed base-level fall. The results presented by Turowski et al. [2007] and Yanites and Tucker [2010] suggest
that this threshold lies somewhere between 300 and 1000mMa�1, with the lower limit being similar to
erosion rates in the lower Daxia River basin. We would describe the lower reaches of the Daxia River as
cover-dominated but in the realm of low erosion rates where channel geometry is determined by factors
other than the rate of uplift or base-level fall.

5.3. Interpreting Knickpoints in a Transient Landscape: Implications of Channel Response

Our reach-scale observations along the Daxia River reveal a hydraulic scaling similar to alluvial rivers and a
downstream increase in transport capacity, suggesting that the present-day state is close to a transport-
limited condition. However, the profile of the main stem Daxia River and tributaries exhibit prominent

Table 5. Summary of the Channel Width Response to Uplift/Erosion Rates

Location

Uplift/Erosion Rate (mMa�1)

Channel Width Description ReferenceMinimum Maximum

Higher Uplift/Erosion Rate Region
Siwaliks Hills, Central Nepal 4,000–8,000 10,000–15,000 Channels narrow, no measurements Lavé and Avouac, 2000
Mendocino Triple Junction, California 500 ~4,000 Variable channel widths, W ~ A0.2–0.6 Snyder et al. [2003a, 2003b]
Santa Ynez, California ∼750 ~5,000 Channels narrow, W ~ A0.4 Duvall et al. [2004]
Yarlung Tsangpo, China Channels narrow, W ~ A3/8S�3/16 Finnegan et al. [2005]
Southern Alps, New Zealand 1,000–2,000 Channels narrow across fold Amos and Burbank, [2007]
Rio Torto, Central Italy ∼300 1,000 Overall, W ~ A0.45 Whittaker et al. [2007a, 2007b]
Peikang River, Central Taiwan ∼100–200 ~600–1,000 Channels narrow across faults Yanites et al. [2010]
Central Longmen Shan, China 500 1,000–2,000 Channels narrow, W ~ A0.1–0.3 Kirby and Ouimet, [2011]
Siwalik Hills, northwest India ~6,900 ~14,000 Channels narrow across fold Allen et al. [2013]

Lower Uplift/Erosion Rate Region
Clearwater River, Washington ~100 ~900 Variable channel widths, W ~ A0.42 Tomkin et al. [2003]
Fosso Tascino, Central Italy ∼350 W ~ A0.55 Whittaker et al. [2007a, 2007b]
Valleluce River, Central Italy 0–300 W ~ A0.51 Whittaker et al. [2007a, 2007b]
Northern Longmen Shan, China <500 No obvious narrowing, W ~ A0.57 Kirby and Ouimet, [2011]
Spanish Baetic Cordillera, Spain 15 250 No channel width data Bellin et al. [2014]
Daxia River catchment, China ~80 ~350 No obvious narrowing, W ~ A0.48 This study
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knickpoints that are associated with systematic differences in channel steepness and sustained differences in
erosion rate. These observations suggest channel steepening in response to imposed base-level fall,
consistent with the predictions of detachment-limited models [e.g., Kirby and Whipple, 2012]. Moreover,
the rate of upstream knickpoint migration along the Daxia River appears to be consistent with that previously
determined along the main stem Yellow River [Harkins et al., 2007], again suggesting that a simple,
detachment-limited rule adequately describes the evolution of river profiles over the ~1.7Ma duration of
the transient response.

One potential explanation for these apparent differences in channel morphology is that the current alluvial
state of the bed and banks may not be representative of the conditions during incision [e.g., Howard,
1998]. Given that the initial wave of incision was likely characterized by rapid (>1mm/yr) lowering of the
channel bed [e.g., Harkins et al., 2007], channel incision may have outpaced the rate of sediment supply
immediately following base-level fall. This could have forced the system to behave near the detachment-
limited end of the spectrum. As incision proceeded, however, and hillslope sediment supply increased from
the watershed below the knickpoints, the system may have been driven toward a more transport-limited
condition. Such behavior is characteristic of models that incorporate the effects of sediment as cover and
tools in bedrock incision [e.g., Gasparini et al., 2007].

It is also possible that climatically modulated variations in sediment supply may have affected the entire
watershed, such that the present-day alluvial cover on the bed may not be representative of the conditions
during times of bedrock incision [e.g., Howard, 1998; Hancock and Anderson, 2002]. Although the region was
subjected to changes in both moisture and dust deliveries during glacial-interglacial cycles [e.g., An et al.,
2015], how these may have impacted local sediment production and transport from hillslopes to channels
is largely unknown. It may be that periods of low sediment yield enable excavation of sediment from the
bed and attack of the underlying bedrock, such that the morphology of the system reflects detachment-
limited incision that is punctuated in time by periods of reduced erosive potential.

Reconciling the presence of slope-break knickpoints that separate distinct regions of increased channel
steepness and erosion rate from “relict” landscapes with the hydraulic geometry relations that we have pre-
sented poses a challenge for models of transient evolution of fluvial systems. As noted previously, the main
stem of the Daxia River remains steep across the boundary between the metasedimentary rocks of the West
Qinling and the Tertiary sandstones of the Linxia basin. The change in channel steepness across this bound-
ary due to differences in lithology is minor compared with the change across the knickpoints (Figures 5a–5c).
This observation, coupled with the fact that the main stem Daxia River is markedly steeper than tributaries
that are confined to the Tertiary rocks in the Linxia basin (Figure 5), suggest that the lower reaches of the sys-
tem are governed largely by the upstream sediment supply [cf. Duvall et al., 2004]. These results suggest a
potential complication in channel profile response, in that the difference in rock strength across the bound-
ary at the margin of the Linxia basin may have engendered a steepening of the transport gradient required to
move coarse sediment during headward progression of the incisional wave. Similar observations were
reported for channels in Utah [Johnson et al., 2009] and were recently argued for channels into which large
hillslope blocks are delivered [Shobe et al., 2016]. Thus, our results highlight the possibility that the morpho-
logic characteristics of the Daxia River suggestive of detachment-limited behavior (i.e., slope-break knick-
points) may have developed during transient incision along a channel system whose gradients are
transport-limited [e.g., Gasparini et al., 2007; Yanites and Tucker, 2010]. Although a definitive test of this
hypothesis remains to be conducted, our results provide strong support for the likelihood of transport-
limited conditions during transient incision [Cowie et al., 2008]. If so, our results would carry important
implications for the applicability of standard stream-power type inverse models to infer uplift histories at
continental scales [e.g., Roberts and White, 2010], suggesting that conventional notions of how to relate
the morphology of transient knickpoints to their behavior [e.g., Kirby and Whipple, 2012] may be incomplete.

6. Conclusions

Our study of the response of the Daxia River to Pleistocene base-level fall along the main stem Yellow River
leads to the following conclusions. First, geomorphic analyses of topographic slope, relief, and the morphol-
ogy of channel longitudinal profiles confirm that the drainage basin is in a transient state. Major knickzones
separate upstream low-relief topography and gentler channel slopes from downstream steeper landscape in
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the process of adjusting to the base-level fall. Second, measurements of erosion and incision rate associated
with these different portions of the landscape reveal that the high-relief landscape downstream of knick-
points is eroding 3 times faster than that of the catchments above the knickpoints. Third, surveys of reach-
scale channel geometry, slope, discharge, and grain size allow estimation of the basal shear stress, unit
stream power, and bed load transport capacity along the main stem of the Daxia River. These results reveal
a downstream increase of transport capacity, consistent with a response to increasing sediment supply.
Fourth, despite differences in erosion rate and sediment supply, we find no significant narrowing of the chan-
nel across knickpoints. Our results suggest that the lower reaches of the transient system are governed lar-
gely by the upstream sediment yield. Thus, we conclude that differences in the pace and style of channel
width adjustment in regions experiencing relatively low erosion rates evolve as a consequence of sediment
supply and bed load transport capacity.
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