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ABSTRACT
A mechanical description of the interplay between ongoing crustal deformation and
topographic evolution within the Tibetan Plateau remains outstanding, and thus our
ability to describe the mechanisms responsible for the creation of this and other
continental plateaus is limited. In this work, we employ a multidisciplinary approach
to investigate the Quaternary record of active tectonism and coeval topographic
evolution in the northeastern Tibetan Plateau. Fluvial channel topographic data
paired with geochronologically calibrated measures of erosion rate reveal a headward
migrating wave of dramatically accelerated incision rates in the headwaters of the
Yellow River, which drains a large portion of northeastern Tibet. This transient
increase in incision is likely driven by downstream base-level changes along the
plateau margin and is superimposed onto a broad region of higher erosion rates
confined to the plateau itself, within the Anyemaqen Shan (mountains). The Kunlun
fault, one of the major active strike-slip faults of Tibet, trends through the
Anyemaqen Shan. Using a careful approach towards quantifying millennial slip-rates
along this fault zone based on the age of offset landforms, we constrain the
Pleistocene kinematics of the eastern portion of the Kunlun fault and link this
deformation to tectonically-driven erosion in the Anyemaqen Shan. Consideration of
the age and morphology of fluvial terraces offset by the fault both highlights
uncertainties associated with slip-rate determinations and allow more confident
quantification of the allowable range of slip-rates at sites that take advantage of these
features. Several new slip-rate determinations from this study at select locations
corroborate a small number of previous determinations to identify an eastward
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decreasing slip-rate gradient and termination of the Kunlun fault within the
Anyemaqen Shan. Existing geodetic data reveals a similar pattern of eastwarddecreasing distributed shear across the fault zone. The spatial coincidence of
tectonically driven erosion in the Anyemaqen Shan with the slip-rate gradient and
termination the Kunlun fault implies that the crust of the northeastern plateau has the
ability to accumulate regionally distributed permanent strain. Therefore, traditional
‘rigid-body’ rotation type descriptions of Tibetan Plateau kinematics fail to describe
deformation on the northeastern plateau.
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CHAPTER 1: TRANSIENT FLUVIAL INCISION IN THE HEADWATERS
OF THE YELLOW RIVER, NORTHEASTERN TIBET, CHINA
Abstract
We utilize topographic analysis of channel profiles combined with field
measurements of erosion rates to explore the distribution of channel incision in the
Anyemaqen Shan, a broad mountainous region in the northeastern Tibetan plateau.
Tributary channels to the Yellow River display systematic downstream increases in
channel gradient associated with convex-upward longitudinal profiles. Steep lower
reaches of channels are associated with rapid (> 1 m/kyr) incision rates along the
Yellow River, while upstream reaches are associated with relatively slow (0.05 – 0.1
m/kyr) erosion of soil-mantled uplands. Covariance between erosion rates and
channel steepness indices suggest that channels are adjusted to match long
wavelength differential rock uplift across the range. Geologic constraints indicate that
rapid incision downstream of the range is associated with excavation of basin fill
driven by changes in relative base level farther downstream. The upstream limit of
this wave of transient incision is marked by a series of knickpoints that are found at
nearly the same elevation throughout the watershed, consistent with knickpoint
migration as a kinematic, rather than diffusional, wave. Tributary channel gradients
downstream of knickpoints, however, display a progressive adjustment to increased
incision rates that may reflect the influence of increased sediment flux. Comparison
of observed channel profiles to a stream-power model of fluvial behavior reveals that
the rate of knickpoint propagation can only be explained if the erosional efficiency
coefficient (K) increases during incision. Our results thus highlight the utility of
1

channel profile analysis to reconstruct the fluvial response to both active tectonism
and external changes in base level.
1.1 INTRODUCTION
Recognition of feedbacks among climate, surface processes and tectonics [e.g.,
Beaumont, et al., 1992; Koons, 1989] has motivated intensive investigation into the
response of landscape form to external forcing. Most of these studies have focused
on steady-state formulations of fluvial incision rules and their implications for
equilibrium river profiles [Hack, 1957; Howard, 1994; Mackin, 1948; Whipple, 2004;
Whipple and Tucker, 1999]. Although application of these rules has met with varying
degrees of success in landscapes where a balance between erosion and rock uplift
appears to have been achieved [Kirby and Whipple, 2001; Lague and Davy, 2003;
Snyder, et al., 2000], such landscapes appear to be the exception, rather than the rule.
Many landscapes are argued to be in a transient state, adjusting to changes in tectonic
forcing [c.f., Safran, 2005; Stock, 2005], drainage reorganization [Clark, et al., 2004],
base-level fall [Anderson, et al., 2006; Berlin and Anderson, 2007], or climate change
[Zhang, et al., 2001]. Moreover, the form of equilibrium river profiles may be nondiagnostic of the dominant incision process [Howard, et al., 1994; Whipple, et al.,
2000; Whipple and Tucker, 2002], whereas the transient response of channel systems
to changes in boundary conditions offers an opportunity to refine and test incision
rules [Howard and Kerby, 1983; Rosenbloom and Anderson, 1994; Whipple, 2004].
Relatively few tests of this kind have been performed, however [Bishop, 2005; Loget,
et al., 2006; van der Beek and Bishop, 2003], largely reflecting the difficulty in
characterizing initial conditions, the timing and magnitude of perturbations, and the
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rates and patterns of channel response. Continued progress in our understanding of
the linkages between climate, erosion and tectonics requires additional field sites
where the transient response of fluvial systems to a known external forcing can be
quantitatively evaluated.

In this paper, we examine the rates and patterns of fluvial incision across the
Anyemaqen Shan, a broad mountainous region within the northeastern Tibetan
Plateau (Figure 1.1). Topography in this region is somewhat anomalous relative to
the surrounding plateau and is characterized by high relief (> 2 km) associated with a
deep gorge along the Yellow River. One of the major Eurasian strike-slip faults, the
Kunlun fault, transects the range [Van der Woerd, et al., 2000], and recent studies of
slip along the fault suggest that the fault terminates near the eastern margin of high
topography associated with the Anyemaqen Shan [Kirby, et al., 2007]. Thus, one
hypothesis for the association between topography in the range and incision along the
Yellow River holds that both are a consequence of differential rock uplift associated
with deformation surrounding the tip of the Kunlun fault. However, geologic
evidence from exhumed Tertiary-Quaternary basins suggests that recent incision has
occurred along the entire course of the Yellow River downstream of the range [Li, et
al., 1997; Metivier, 1998]. The rates and timing of fluvial incision in the Anyemaqen
Shan are not well known, but may represent the upstream extent of a transient wave
of incision that initiated near the topographic margin of the plateau.
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Figure 1.1. Shaded relief map and topographic swath profiles of a portion of the
northeastern Tibetan Plateau. Inset map displays shaded relief map extent relative to
the rest of the plateau, areas above 3 km elevation are shaded. The larger map
displays the Yellow River, blue line, the approximate boundary between the Yellow
River and Yangze watersheds, white line, and identified major active structures in
black. The locations and names of terrestrial sedimentary basins along the rivers
course are displayed in white text and outlined in white, and the names of several
large towns along the Yellow River are displayed in italics. 30 km wide swath profile
extents are delineated by red and white boxes, numbers are keyed to the plots below.
On the swath plots, the maximum, mean, and minimum elevations over the 30 km
swath window (oriented perpendicular to swath transect) are displayed along with the
extents of major topographic features.
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In this study, we evaluate these two hypotheses via a combination of analysis of
fluvial channel profiles, determination of fluvial incision rates from dated strath
terraces, and estimates of basin-wide erosion rates from cosmogenic isotope
concentrations in modern sediment. We begin with a review of geologic observations
from sedimentary basins both upstream and downstream of the Anyemaqen Shan that
place constraints on the extent of fluvial incision above and below the range. We
then explore the distribution of channel gradients throughout the range; this analysis
builds on recent work characterizing both equilibrium relations between channel
profile steepness and erosion rate [e.g., Wobus, et al., 2006c] and the response of
channel networks to transient changes in base-level [Crosby and Whipple, 2006], and
tectonic forcing [Wobus, et al., 2006a]. Field observations along selected channels
complement the topographic analyses and provide quantitative constraints on incision
rates. Our results reveal a transient wave of incision, characterized by steep channel
gradients and high incision rates (> 1 mm/yr) that is associated with basin excavation
downstream of the range. Transient fluvial incision, however, is superimposed atop a
channel network that exhibits systematic spatial variations in channel steepness and
incision rate that we attribute to reflect differential rock uplift across the range.
Finally, comparison of the degree of knickpoint propagation, incision rates, and the
form of channel profiles to the results of simple models of channel evolution lends
insight into the transient behavior of this fluvial network.
1.2 FLUVIAL INCISION ALONG THE YELLOW RIVER
1.2.1 Topography and geology in the Anyemaqen Shan

5

The Anyemaqen Shan is a broad, elliptical region of moderately high elevation and
high relief that stands above the Tibetan Plateau between longitudes ~99° E and
~102° E (Figure 1.1). The range marks a pronounced step from the Tibetan Plateau
to the south and west with mean elevations ~4500 m to somewhat lower elevation
regions of the plateau (~3500 m) to the north and east (Figure 1.1, inset). In contrast
to the subdued relief of the plateau, mean elevations within the range exceed 5000 m
and local relief approaches 2 km.

The origin of the high topography in the Anyemaqen Shan is somewhat enigmatic.
The range is underlain by fine-grained, low-grade metasedimentary rocks of the
Songpan Garze complex, an extensive terrane of turbiditic flysch that accumulated
during the Middle and Late Triassic [Bruguier, 1997; Weislogel, 2006; Zhou and
Graham, 1996](Figure 1.2). Although local variations in lithology (primarily
Paleozoic limestone and Mesozoic plutons [Zhengqian et al., 1991]) appear to be
more resistant to erosion and locally hold up high peaks, there is no significant
lithologic difference between bedrock within the Anyemaqen Shan and regions of the
plateau that surround it. Thus, bedrock susceptibility to erosion and weathering does
not appear to be an adequate explanation for the higher relief in the range relative to
the surrounding plateau.

The range is bisected from west to east by the Kunlun fault, a active left-lateral strikeslip fault [e.g., Van der Woerd, et al., 2000] (Figure 1.1). A restraining bend in the
fault appears to be responsible for the highest peaks within the range, the Anyemaqen
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massif (~6280 m). This narrow massif is restricted to the fault zone, however, and
the relationship of the broader region of high topography to the fault is uncertain.
Kirby et al. [2007] present evidence that active displacement on the Kunlun fault dies
out near the eastern end of the range, implying that displacement must somehow be
absorbed by deformation of the crust surrounding the fault tip. One goal of our study
is to determine whether incision of the Yellow River and its tributaries across the
range may be a consequence of active differential rock uplift between the range and
the surrounding plateau.

1.2.2 Character of the Yellow River through the Anyemaqen Shan
The Yellow River heads on the plateau to the north and west of the Anyemaqen Shan,
transects the range south of the Kunlun fault, makes a broad turn around the eastern
end of the fault, and transects the range again on its northern side (Figure 1.1, Figure
1.2). Where the river crosses the range south of the Kunlun fault, it is inset into a
series of incised meanders and deep canyons. The river and its tributaries occupy
steep walled valleys with few preserved terraces, and intermittently expose bedrock
on the channel bed. However, in the Roergai (Zoige) basin, east of the range, the
river is a low gradient, highly sinuous alluvial (sand-bedded) channel.
Reconnaissance observations suggest that the river is actively aggrading. Numerous
tributaries of the Yellow River do not drain into the trunk stream but are rather

7

Figure 1.2 Simplified geologic map of the Yellow River watershed between the
Roergai and Gonghe basins (area extent delineated on figure 1), and channel long
profile from the same extent. Major terrestrial sedimentary basins are labeled. Large
tributaries to the Yellow River discussed in the text are named in italics.
Observations of river incisional character are dashed in white and keyed the profile
below. On the long profile, the elevations of the tops of the Gonghe and Tongde
(shaded regions labeled G and T).
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ponded behind levees of the trunk channel; during the wet season these valleys form
shallow lakes and swamps. As the river exits the northwest corner of the basin and
again approaches the higher topography of the Anyemaqen Shan, it transitions from
depositional to actively incising. Flights of Holocene fluvial terraces preserved along
the river change downstream from fill terraces to bedrock straths [Kirby, et al., 2007].
These terraces progressively diverge from the profile of the river, and in the center of
the Anyemaqen (at Jinguum, Figure 1.2), flights of extraordinarily well-preserved
strath terraces range up to ~300 m above the river and are capped by ~5-10 m of
fluvial gravels and highly variable thickness of loess. Bedrock is frequently exposed
along the channel bed in this reach of the river, and channel gradients steepen
downstream throughout the northern part of the range forming a broadly convex
longitudinal profile (Figure 1.2). Tributaries to the Yellow River in the northern
Anyemaqen Shan exhibit similar profiles, with relatively low-gradient headwater
reaches that become dramatically steeper and more incised approaching their junction
with the Yellow River (Figure 1.3). The morphology of the Zhe Qu displayed in
figure 1.3 is typical of tributaries in the northern Anyemaqen Shan, with channels that
transition from gravel-bedded channels with wide floodplains to steep bedrock rivers
inset in narrow gorges. The tops of the gorges are marked by broad strath surfaces
with gravel treads that are continuous with floodplains upstream of the gorges. These
observations qualitatively suggest that the Yellow River has experienced a pulse of
recent incision in the northern Anyemaqen, to which the landscape has not yet fully
responded.
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1.2.3 Recent terrestrial basin formation and exhumation
The history of sediment accumulation and excavation in basins immediately upstream
(Roergai) and downstream (Tongde) of the Anyemaqen Shan provide additional
observations that bear on the evolution of the Yellow River and its tributaries along
this reach. Sediment accumulation in the Roergai basin appears to be spatially
variable, but a core retrieved from near the Yellow River records > 300 m of
lacustrine and fluvial silt that accumulated in the past ~ 1 Ma [Wang and Xue, 1996],
suggesting that aggradation has been relatively long-lived in the basin. Moreover, the
absence of thick sedimentary fills within the Anyemaqen Shan coupled with
deposition in the Roergai basin might reflect differential rock uplift between the range
and the plateau, as the Yellow River

10

Figure 1.3. Photographs and channel topographic data from Zhe Qu. Photographs
are keyed to channel locations identified on the long profile (A). Channel ks values,
calculated over 5 km sample windows, are displayed as filled circles and the elevation
of the uppermost strath is dashed. B. Gradient vs. area plot for the entire channel
extent. Both unforced and forced (using a reference _ of 0.42) slope regressions are
displayed both for channel extents above and below the identified knickpoint. Raw _
values for each regressed extent are shown along with the forced regression channel
steepness (ksn).
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attempts to maintain its course over an actively uplifting bedrock sill by aggrading
upstream of the sill and incising downstream [e.g., Humphrey and Heller, 1995].

In contrast, downstream of the range, the Yellow River passes through two large
Tertiary-Quaternary basins, the Gonghe and Tongde basins (Figure 1.1, 3.2),
separated from one another by a bedrock range (He Ke Nan Shan). Basin fill consists
of primarily undeformed, unconsolidated to poorly-lithified fluvial sand and gravel.
The tops of sedimentary fill in these basins are extensive low relief surfaces that
gently grade toward the present-day position of the Yellow River, and facies
variations suggest that basin filling was driven largely by aggradation along the river
and tributaries. In both basins, however, the Yellow River has incised a deep gorge
400-500 m into the basin fill [Metivier, 1998]. This incision has been recorded by a
well-preserved flight of terrace surfaces along both sides of the river.

Although detailed chronology of the Tongde and Gonghe basin fill is uncertain,
fossils recovered from the lower portions of the exposed section in Tongde suggest
Late Pliocene – Early Pleistocene ages [Zhengqian et al., 1991]. Abandonment of the
basin fill appears to record a significant shift from deposition to incision that must
have occurred during the Middle or Late Pleistocene. A similar change from
deposition to incision is recorded in Late Tertiary basins further downstream along
the Yellow River at ca. 1.7 Ma [Li, et al., 1997]. Although the mechanism
responsible for driving incision remains uncertain, it appears that fluvial excavation
of these basins is a response to progressive headward erosion along the Yellow River.
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Regardless of ultimate cause, the excavation of > 500 m of sediment from the Tongde
basin represents a direct change in local base level for the Yellow River upstream
[e.g., Anderson, et al., 2006]. The second goal of our study is to characterize the
extent to which the Yellow River and its tributaries have responded to this relative
drop in baselevel.
1.3 APPROACH AND BACKGROUND
We seek to deconvolve the influence of differential rock uplift across the Anyemaqen
Shan from transient incision driven by downstream changes in local base level during
excavation of the Tongde Basin. Our approach is two-fold; first, we examine the
topographic characteristics of fluvial networks throughout the Anyemaqen Shan. We
focus specifically on the identification and characterization of downstream increases
in channel gradient (herein referred to as ‘knickpoints’) and their distribution
throughout the network. We also characterize channel profile steepness (a measure of
channel gradient normalized for differences in contributing drainage basin area, see
below) upstream and downstream of knickpoints. Second, we utilize measurements
of the timing and rate of fluvial incision reconstructed from terrace sequences in
conjunction with cosmogenic isotope inventories in modern sediment to reconstruct
the pace of transient landscape evolution.

1.3.1 Topographic scaling in fluvial systems
Longitudinal profiles of channels in widely varied tectonic and climatic
settings typically exhibit a power-law scaling between local channel gradient (S) and
contributing drainage area (A),

13

S = ks A−θ

(1)

[e.g., Flint, 1974; Hack, 1973; Howard and Kerby, 1983], where ks is the channel
steepness index (a measure of channel gradient normalized for contributing drainage

€

area), and _ is the concavity index (a measure of the rate of change of channel
gradient with drainage area). Empirical studies suggest that the concavity index _
commonly falls in a restricted range of values between 0.3 and 0.6 and appears to be
independent of rock uplift/erosion rate [Kirby and Whipple, 2001; Tucker and
Whipple, 2002; Whipple and Meade, 2004; Wobus, et al., 2006a]. Moreover,
numerous simple models for fluvial incision into bedrock predict power-law relations
between channel gradient and drainage area of the form of equation (1) [Howard, et
al., 1994; Whipple, 2001; Whipple and Tucker, 1999; Willgoose, 1991]. At steadystate, the steepness index, ks, is expected to depend on rock uplift rate [Lague and
Davy, 2003; Snyder, et al., 2003; Wobus, et al., 2006a], but the functional relationship
between channel steepness and rock uplift may be influenced by a range of factors
including, substrate erodibility, channel hydraulic geometry [Duvall, et al., 2004;
Finnegan, et al., 2005], thresholds for erosion [Snyder, et al., 2003], a potential role
for debris-flows [Stock and Dietrich, 2003], and thresholds in sediment flux and
transport stage [Sklar and Dietrich, 1998; Sklar and Dietrich, 2001; Sklar and
Dietrich, 2004]. It is important to note that the scaling expressed in equation (1)
strictly describes the fluvial portion of the channel system. As a result, this
relationship holds only above a certain critical drainage area [Montgomery and
Foufoula-Georgiou, 1993; Stock and Dietrich, 2003; Tarboton, et al., 1989].
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As has been often noted [e.g., Howard, et al., 1994; Stock and Montgomery, 1999;
Whipple, 2004], simple models of fluvial incision that assume that erosion rate scales
with local bed shear stress and/or unit stream power allow the steady-state channel
gradient in equation (1) to be written in terms of the rock uplift rate (U) and drainage
area [Whipple and Tucker, 1999];

( )

Se = U K

1

n

A

−m n

(2)

where K is a coefficient that€describes channel erodability and m and n represent
exponents on the erosion rule (stream power or shear stress, see Whipple [2004]).

1.3.2. Transient channel response
Equation (2) predicts that equilibrium channels experiencing spatially uniform
rock uplift should exhibit a linear relationship between channel gradient and drainage
area on a logarithmic plot (Figure 1.3). Sharp breaks in this scaling, such as a shift of
a linear array to greater or lesser gradient, are expected to occur across spatial
gradients in uplift rate [Kirby and Whipple, 2001] and at contrasts in rock erodibility
[Moglen and Bras, 1995]. Breaks in these data may also represent transient
adjustment of channel gradients to as a wave of incision sweeps through the channel
profile following a change in uplift rate and/or change in base level [Whipple and
Tucker, 1999; 2002]. In such cases, channel profiles are often characterized by an
upstream-migrating convexity (herein defined as a knickpoint) that separates channel
reaches with different channel steepness [e.g., Crosby and Whipple, 2006].
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The upstream migration of knickpoints has been suggested as the primary mechanism
of landscape adjustment to a change in base level or rock uplift rates [e.g., Nott,
1996], and it has been recognized that simple detachment-limited models of fluvial
incision predict that knickpoints should migrate as a kinematic wave [e.g.,
Rosenbloom and Anderson, 1994]. In the case of a step function increase in uplift
rates or drop in base level, channel response to the increased incision rates associated
with these events will be characterized by progressive replacement of the channel
profile with gradients adjusted to the new forcing [e.g., Niemann, et al., 2001;
Whipple, 2001]. Provided that profile concavity is independent of the rock uplift rate,
knickpoint propagation throughout a fluvial network previously at equilibrium will
proceed in rather simple fashion. The horizontal component of the knickpoint
velocity will depend on upstream drainage area, with ever decreasing velocity as
knickpoints move toward smaller drainage area [Berlin and Anderson, 2007; Crosby
and Whipple, 2006; Whipple and Tucker, 1999], but the vertical component will be
uniform throughout a watershed [Niemann, et al., 2001]. This behavior makes a
readily testable prediction; if knickpoints migrate at uniform rate up the channel
network, at any point in time they should be at the same elevation [Wobus, et al.,
2006a]. Note that this result makes no assumption regarding the form of the erosion
law, but rather follows from geometric constraints [Niemann, et al., 2001; Wobus, et
al., 2006a].
By way of comparison, models of fluvial incision that explicitly consider the role of
sediment flux, either purely transport-limited models [e.g., Whipple and Tucker,
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2002; Willgoose, 1991], or those that incorporate a dual role for sediment in both
channel bed erosion and armoring [e.g., Sklar and Dietrich, 2004] suggest that the
transient fluvial response may be more complex. The response of hillslope and
sediment delivery to a change in incision rate along the channel may drive a diffusive
adjustment in channel gradient [e.g., Sklar and Dietrich, 1998; Sklar and Dietrich,
2001; Tucker and Slingerland, 1997; Whipple and Tucker, 2002]. Under certain
conditions, thresholds in transport state and/or sediment flux may lead to knickpoint
stagnation at threshold drainage areas [e.g., Crosby and Whipple, 2006], or even
generate ‘hanging’ fluvial valleys as a consequence of the inability of tributaries to
maintain pace with trunk streams [Wobus, et al., 2006a]. In addition, the response of
channel gradients downstream of knickpoints may exhibit non-linear responses
characterized by initial ‘overshooting’ of equilibrium gradients [Gasparini, 2006].
In principle, at least, the first means of discriminating between such models is to
examine the response of a wide range of tributaries across a watershed experiencing a
transient increase in incision rate [Berlin and Anderson, 2007; Bishop, 2005; Crosby
and Whipple, 2006].
1.4 METHODS
1.4.1 Channel profile analysis
To test competing hypotheses for apparent differences in incision along the Yellow
River, we examined topographic characteristics of tributary channel profiles between
the Roergai and Tongde basins (Figure 1.1). Channel profiles of 168 tributaries to the
Yellow River in the Anyemaqen Shan were extracted from digital topographic data
from the SRTM (Shuttle Radar Topography Mission) archive. The relatively coarse
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resolution of the DEM (3-arc-second) restricted our analysis to watersheds greater
than 1 km2 in total area. Channel profiles were extracted and analyzed following
Snyder et al [2000] and Kirby et al. [2003]. We removed spikes along the channel
profile and smoothed the data using a moving average of 20 pixels. This window size
was determined to adequately maintain the overall form of the channel profile, while
removing high-frequency noise associated with the topographic data. Channel
gradients were determined over a fixed vertical interval of 10 m. [c.f., Wobus, et al.,
2006c].

Regression of linear arrays of channel gradient versus drainage area yielded estimates
of steepness and concavity indices for each of the tributary profiles ( e.g., Figure 1.3
B). The upstream limit of regressions was chosen by visual inspection of a break in
scaling between channel gradient and drainage area. This point is interpreted to
represent the transition from hillslope and/or colluvial channels to the fluvial portion
of the network and was generally found to occur at a contributing drainage area of
~106 m2. In addition, regression of the same data was conducted with a fixed,
reference concavity to yield estimates of a normalized steepness index (ksn). This
value is observed to scale with erosion rate in a variety of tectonic settings [e.g.,
Kirby and Whipple, 2001; Lague and Davy, 2003; Safran, 2005; Wobus, et al.,
2006c]. We chose a value of 0.42 for the reference concavity (_ref), based on the
mean concavity of channel profiles above knickpoints (see supplemental data).
Uncertainties in ksn values are determined from the regression parameters (see
Appendix A for a discussion of uncertainty analysis).
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If tributary channels exhibited smooth profiles, regressions were truncated at the
tributary junction with the Yellow River, and channels are well characterized by a
single value of ksn. However, where channels exhibited downstream increases in
gradient associated with convex knickpoints (see example in Figure 1.3), channel
reaches above and below knickpoints were regressed separately. Knickpoints were
identified by a step in linear arrays of gradient-drainage area data toward higher
gradients (Figure 1.3). In many tributaries, downstream increases in channel occur
over several kilometers of channel length and are associated with a progressive
downstream increase in ksn values As a consequence, we identified the top of the
zone of increased gradient as the position of the knickpoint. This definition was
chosen to provide a consistent measure of the upstream extent of influence of recent
fluvial incision.

Processing of channel topographic data imparts a degree of uncertainty to
determination of the position of knickpoints in the landscape. We take the width of
the smoothing window as a conservative estimate of uncertainty on the horizontal
position along the channel profile, reasoning that the knickpoint must be located
within this distance of its actual location on the profile. Uncertainties on the
elevation of knickpoints were calculated as the product of channel slope tangent to
the identified point and the probability distribution of point horizontal locations based
on the smoothing window size.
1.4.2 Measures of erosion rate
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In order to relate differences in channel profile form to erosion rate, we utilize two
measures of erosion rates in the landscape. Abandoned fluvial strath terraces provide
a measure of average incision rates in the fluvial network downstream of knickpoints.
Terrace surfaces above the Yellow River and tributaries were surveyed with a laser
rangefinder. Samples of fluvial sediment from terrace treads place bounds on the
timing of fluvial occupation of the surface. All samples in this study were dated by
either 14C of detrital organic material (charcoal or snail shells) or optically-stimulated
luminescence (OSL) of floodplain silt. Neither method directly dates abandonment of
the terrace, and therefore our incision rates are minimum estimates. Locations of
terrace surveys are shown on Figure 1.4.
To complement fluvial terrace records of incision rate, we analyzed the concentration
of 10Be in modern sediment from second- and third-order catchments throughout the
study area. Provided that stream sediment is well-mixed and that target minerals are
equally distributed throughout a watershed, the concentration of cosmogenic 10Be in
modern stream sediment can provide an estimate of the spatially averaged erosion
rate in the watershed [e.g., Balco, 2005; Brown, 1996; Gosse and Phillips, 2001;
Granger, et al., 1996; Lal, 1991]. Such methods have been recently shown to provide
an important guide to the distribution of erosion rate across tectonically-active
landscapes [Wobus, et al., 2005].

Sediment samples composed of course sand and gravel were extracted from active
channel beds of 7 tributaries to the Yellow River. Samples were extracted
exclusively from fine gravel bars that were partially or fully submerged in the active
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channel. Tributary catchments with obvious evidence of landslides or large amounts
of headwater sediment storage were avoided. All samples were collected at or above
knickpoints and thus provide a measure of erosion rates in the ‘relict’ portion of the
landscape. To avoid contamination by sediment stored in terraces, all samples were
collected upstream of channel reaches that cut across alluvial fan or terrace surfaces.
We extracted pure quartz from sediment samples by physical and chemical separation
at the Terrestrial Cosmogenic Nulcide Lab at Dartmouth College. Beryllium was
isolated via acid digestion of quartz and anion column chemistry. After precipitation
as beryllium oxide, sample material was packed onto targets and sent for isotopic
concentration measurement at the accelerator mass spectrometery facility at Purdue
University (PRIME lab).

We account for topographic shielding, elevation, and latitude variation in 10Be
production in quartz within sampled basins were determined using SRTM DEM data.
This topographic data was processed using MATLAB and ARCGIS codes to
determine an adjusted 10Be production rate of Lal [1991] for each grid cell based on
the Stone [2000] model of elevation and latitudinal variations in cosmogenic radiation
influx. The resultant, combined 10Be production rates for each DEM grid cell within a
sampled catchment are then spatially averaged to provide a bulk catchment
production rate. Reported errors on these samples are strictly those associated with
the AMS analysis of 10Be content and ICP-MS measurement of stable Be content.
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1.5 RESULTS
1.5.1. Channel profiles
Analysis of ~300 tributary channel profiles throughout the Anyemaqen Shan
reveal a first-order difference above and below the Roergai basin (Figure 1.4).
Tributaries entering the Yellow River above the basin exhibit smooth, concave-up
profiles with no obvious knickpoints along their reaches. Downstream of the basin,
however, nearly all tributaries join the Yellow River through oversteepened reaches.
This dichotomy is central to our goal of deconvolving transient incision across the
range and guides the discussion of our results. We first consider the distribution of
knickpoints within the watershed, and then turn to patterns of channel steepness (ksn).
1.5.1.1. Knickpoint form and distribution. Downstream of the Roergai basin we
analyzed 116 tributaries to the Yellow River, all of which exhibited a knickpoint near
or above their junction with the Yellow River (Figure 1.4). Comparison of
knickpoint locations with bedrock geology revealed that 34 of these knickpoints are
coincident with lithologic boundaries (primarily contacts between Tertiary basin fill
and the Triassic flysch); these knickpoints are excluded from further analysis. The
remaining 82 knickpoints are developed along channels within uniform lithology and
exhibiting a single downstream increase in ksn.
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Figure 1.4 Simplified geologic map of the Yellow River watershed between the
Roergai and Gonghe basins and plot of all identified knickpoint elevations. On the
map, analyzed tributary extents are delineated along with the locations of knickpoints.
River incision rate estimates (in mm/yr) from terrace ages are displayed and
catchment erosion rates from sediment 10Be determined exhumation rate sample
locations are keyed to table 1.3. Streamwise distance kilometer markers along the
yellow river upstream of Tongde are shown by the black boxes with white lettering.
On the plot, knickpoint elevations are plotted against point streamwise distance
upstream of Tongde. The starting point for the streamwise distance measure used on
all plots in this work is shown. Filled knickpoint symbols on both the map and plot
represent points excluded from this analysis due to their association with basin
sediment/bedrock contacts.
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Nearly all of the channel profiles downstream of knickpoints exhibit a progressive
increase in channel gradient that corresponds to a broad convex channel reach. In
many of the larger tributaries, this reach is many times longer than the smoothing
window size, indicating that this observed morphology is not simply an artifact of the
smoothing we impose on channel profile data. The morphology of the Zhe Qu is
typical of observed channel and knickpoint form (Figure 1.3). Importantly, increases
in channel gradient extend the entire distance to the Yellow River; we do not observe
the development of a concave downstream reach as would be expected from simple
models of knickpoint retreat [e.g., Gardner, 1983; Gilbert, 1896; Holland, 1976;
Miller, 1991; Nott, 1996; Rosenbloom and Anderson, 1994].

The upstream extent of tributary steepening is confined to a relatively narrow
elevation band throughout the northern Anyemaqen (Figure 1.4, inset). Knickpoints
are found between 3200 and 3600 m elevation, but the majority (> 70%) occur within
a narrow range of elevations between 3350 to 3550 m (mean of 3430 m) (Figure
1.5A, Figure 1.6). In order to evaluate whether elevations systematically increase
upstream, we take a bootstrap approach to incorporating uncertainties in knickpoint
elevations. Each knickpoint was assigned an array of 21 elevation values, distributed
uniformly over a range of values corresponding to the 90% confidence interval of
knickpoint location. Elevations are weighted by a double-tapered, linear probability
distribution function, such that each knickpoint elevation is associated with a range of
most likely values. The best-fit linear regression of knickpoint elevation versus
distance to the entire suite of data indicates that knickpoints occur at slightly higher
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Figure 1.5. Plots of knickpoint topographic data, points related to lithologic contacts
are excluded. A. Knickpoint elevation vs. steamwise distance above Tongde, 90%
confidence interval error bars are shown for knick elevations, see text for error
determination. B. Knickpoint elevation (a.s.l.) plotted against catchment area at
points C. Knickpoint elevation above host tributary mouth elevation plotted against
tributary mouth streamwise distance along the Yellow River upstream of Tongde. D.
Knickpoint elevation above host tributary mouth elevation (tributary mouths located
at their intersection with the Yellow River) plotted against catchment area upstream
of points. E. Catchment area at knickpoints plotted against point distance from
tributary divide. F. Knickpoint distance from host tributary mouth (intersection with
the Yellow River) plotted against catchment area at points.
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Figure 1.6 Knickpoint elevations plotted against point streamwise distance upstream
of Tongde. Point symbols delineate catchment area at knickpoints and 90%
confidence interval error bars are shown. The modern and reconstructed Yellow
River profiles (see section 6 in the text) along this extent are shown along with the
location of the Jinguum basin. The trend and equation for a weighted least squares
regression through point elevations are shown, minimum and maximum slope error
bounds are dashed.
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elevations upstream (Figure 1.6). Confidence intervals on the slope of the regression,
however, reveal that the slope of the regression is not statistically significant at the
95% confidence level (slope of 0.0005 ± 0.0005). Thus, although it appears likely
that knickpoints farther upstream from the Tongde basin have migrated higher into
the landscape, the uncertainties on knickpoint elevations also allow the possibility
that knickpoints sit at a uniform elevation.

Knickpoint elevation also appears to be independent of the drainage area upstream of
knickpoints (Figure 1.5 B). Likewise, the difference in elevation between a given
knickpoint and the elevation at the tributary junctions with the Yellow River does not
depend on upstream drainage area (Figure 1.5 D). The elevation difference, however,
decreases with distance upstream of the Tongde basin (Figure 1.5 C), consistent with
the observed increase in channel gradient along the Yellow river and its tributaries.
Thus, the vertical distribution of knickpoints in the landscape is, to first-order,
uniform and not strongly dependent on watershed topology.

The horizontal positions of knickpoints in the landscape appear to depend on
watershed size. Knickpoints show a power-law relationship between upstream
drainage area and streamwise distance, which reflects the fact that host channels
follow Hack’s Law [Hack, 1957] and confirms that knickpoints are positioned within
fluvial channels (Figure 1.5 E). Importantly, the horizontal positions of knickpoints
are distributed throughout the Yellow River watershed, and do not appear to have
stalled at small drainage areas [e.g., Crosby and Whipple, 2006]. This suggests that
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current distribution reflects, to some degree, the rate of migration. The distances of
knickpoints upstream of the Yellow River exhibits a power-law dependence on
contributing drainage area (Figure 1.5 F), consistent with models of knickpoint retreat
as a kinematic wave [Rosenbloom and Anderson, 1994]. The exact form of this
relationship is complicated by scatter imposed by the fact that incision initiated at
each tributary junction at different times as the wave of incision migrated up the
Yellow River. Overall, the data are consistent with knickpoints as mobile elements of
this landscape with a horizontal celerity that depends on contributing drainage area.

1.5.1.2. Tributary channel ksn patterns. As the knickpoints discussed above are
likely to be transient features that separate regions of the fluvial network experiencing
different rates of forcing [Wobus, et al., 2006c], we characterize channel ks both
above and below knickpoints. As noted above, we observe distinct differences in the
presence or absence of knickpoints below and above the Roergai basin, respectively.
We discuss each region separately.

Above the Roergai basin, we examined 184 tributaries, none of which exhibits
marked deviations from a concave-upward facing profile. Steepness indices,
however, appear to vary systematically across the range (Figure 1.7, Figure 1.8B).
These values vary from ~10-20 at the edges of the range and increase to a maximum
of ~55 in the central extents of the range. We exempted from this analysis channels
that exhibited valley morphologies indicative of occupation and erosion by glaciers
(Figure 1.7).
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Figure 1.7 Map of ksn values of all tributaries analyzed and the Yellow River in the
Anyemaqen Shan, displayed against a background of elevations within the Yellow
River watershed. Approximately 200 tributaries in the northern and southern
Anyemaqen were analyzed to produce this figure in addition to those discussed in the
text. Knickpoint locations are delineated by the white dots and areas less than 3450
m elevation are shaded to approximate the limited spatial extent of the incisional
wave in the northern Anyemaqen Shan. 10Be determined catchment exhumation rate
sample locations are shown in the boxes and keyed to table 1.3. A large region of
low ksn values located in the central region of the map are attributed to extensive
glaciation at elevations over ~4 km in this area.
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Figure 1.8. A. Channel ksn values of tributaries in the northern Anyemaqen Shan,
plotted according to their host tributary mouth distance upstream of Tongde. Channel
ksn values from both upstream and downstream of identified knickpoints are displayed
along with ksn values calculated over ~30 km intervals along the reconstructed, pretransient incision profile of the Yellow River shown in figure 1.8E. B. Channel ksn
values of tributaries in the southern Anyemaqen Shan, plotted according to their host
tributary mouth distance upstream of the Rourgai basin.
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In the northern Anyemaqen Shan, downstream of the Roergai basin, we examined 82
channels. Steepness indices (ksn) of channel reaches upstream of knickpoints range in
value from 10 to 60. Lower values are spatially associated with the flanks of the
range, with progressively increasing values near the center (Figure 1.7, Figure 1.8A).
Tributary ksn values downstream of knickpoints are significantly higher (ksn ~ 100200) and exhibit a large degree of scatter but appear to show a similar overall pattern
to the upstream ksn values. Steepness index values range from ~90 near the Tongde
basin, increase to ~190 along the transect, and decrease back down to ~70 near the
Roergai basin. Importantly, ksn values observed above knickpoints in the northern
Anyemaqen Shan show a similar distribution of values to those observed along entire
tributaries in the southern Anyemaqen Shan, upstream of the Rourgai basin. Through
both regions, ksn values are low at the edges of the range and increase towards the
core of the range.

1.5.2. Field determinations of fluvial incision and landscape erosion
1.5.2.1. Terrace ages and fluvial incision rates. Surveyed and dated terrace
sequences in the Tongde basin, the Jinguum Basin, and at the outlet of the Zhe Qu
provide estimates of incision rate along the steep reach of the Yellow River
downstream of the Roergai Basin (Table 1.1, Table 1.2, Figure 1.4). In the first of
these sites, at the southern edge of the Tongde basin, we collected fluvial sand from a
strath terrace developed in Quaternary basin fill for OSL dating. Terrace deposits
consist of ~10 m of fine to coarse fluvial sand overlying a bedrock strath ~140 +/- 1
m above the modern river. Material within the alluvial cap is much finer grained and
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less consolidated than the underlying cobble to boulder conglomerates of the Tongde
basin fill. We interpret the burial age of this sample to record a maximum allowable
age for abandonment of the underlying strath; inferred incision rate are thus a
minimum. The OSL sample yielded a mean age range of 140.7 ± 8.7 ka (Table 1.1),
yielding an incision rate between 0.9 to 1.0 m/kyr over that time period.
Our second site is located approximately 70 km upstream, near the monastery town of
Jinguum (Figure 1.4). Here, the Yellow River has carved a wide valley into relatively
weak Tertiary sediments; flights of strath terraces are present for ~250 m above the
river gorge. We obtained samples from three terrace levels that together provide an
estimate of how incision rates vary with time. From the highest terrace (240 m above
the river), we obtained two OSL samples from a ~10 m thick package overbank silts
and fine sands. These two samples yielded overlapping OSL burial ages of 95.6 ±
10.7 ka and 106.1 ± 6.5 ka (Table 1.1). These data indicate average incision rates

Table 1.1: OSL Sample Data
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since of ~2.1 - 2.8 m/kyr since ~100 ka. From the lower terraces, we sampled
charcoal and terrestrial shell material for radiocarbon dating. The second terrace (T2)
strath sits 60 +/- 1 m above the river, and the first terrace (T1) is 6 ± 0.5 m above the
river. Terrestrial snail shells were extracted from the upper 2 meters of
unconsolidated fluvial gravel capping the T2 bedrock strath surface. Shell material
yielded an calibrated 14C age of 38-39 ka (Table 1.2). Also from the same terrace
tread, an OSL sample extracted from a sand lens within the T2 terrace gravel cap
corroborates this range with a burial age of 37.2 ± 2.1 ka (Table 2). Assuming that
the river abandoned this surface shortly after sample deposition, incision rates appear
to have ranged from 1.5 and 1.7 m/kyr. Finally, charcoal extracted near the base of
fluvial sand and gravel of the lower (T1) strath yielded a calibrated 14C age of 8.6 9.0 kyr BP (Table 1.2). This represents a minimum incision rate of ~0.7 m/kyr.

Our third site is located near the upstream extent of the steep and convex reach of the
Yellow River in the northern Anyemaqen Shan. At the junction with the Zhe Qu an
extensive strath surface is preserved ~ 65 m above the river (Figure 1.4); several
lower strath terraces are inset into the steep, bedrock walls that line the Yellow River.
The uppermost strath is capped by ~2 m of fluvial gravels, which are in turn overlain
by ~2 m of loess. Snail shell fragments extracted from the base of the loess yielded a
calibrated 14C age of 30.6-31.3 ka (Table 1.2). Loess accumulation likely began
shortly after abandonment of the terrace tread, although the amount of time elapsed is
unknown. As a result, incision rates are somewhat uncertain but appear to exceed ~
2.5 m/kyr at this site.
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Table 1.2, 14C sample data
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Taken together, our results are consistent with the upstream migration of a wave of
incision. Although the onset of incision at the downstream extent of our study area,
in the Tongde Basin, is somewhat uncertain, extrapolation of the Late Pleistocene rate
of ~1m/yr would yield the observed depth of incision (400-500m) in 400-500 kyr.
Altogether we recognize the uncertainty associated with extrapolation of a single age,
the broad timing is entirely consistent with the biostratigraphic ages near the base of
the section [Zhengqian et al., 1991]. The onset of fluvial incision upstream of the
basin appears to be even younger, as suggested by the broad relict floodplains atop
the terrace sequence at Jinguum and along the Zhe Qu. In these locations, our
chronology suggests that incision did not begin at these locations until subsequent to
~100 ka and ~26 ka, respectively. Moreover, incision rates determined from multiple
terrace levels at Jinguum seem to indicate that incision rates have slowed with time
(Figure 1.4), consistent with the passage of an incisional wave generated by baselevel fall.
1.5.2.2. Basin-wide exhumation rates from sediment 10Be inventories. Rates of
exhumation determined from sediment 10Be inventories extend our estimates of
landscape erosion rates above knickpoints [Granger, et al., 1996] (Table 1.3). Seven
samples extracted from six different catchments yielded basin-wide erosion rates
between ~0.05 and ~0.11 m/kyr (Figure 1.7, Table 1.3). These samples were all
collected upstream of, or directly adjacent to, the locations of knickpoints in the
larger tributaries that join the Yellow River. Sample site 1, located along the
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Table 1.3, Whole catchment 10Be determined exhumation rates

approximate northern boundary of the Anyemaqen, yielded the lowest rate of 0.056
+/- 0.004 m/kyr. Sample sites 2-4 are distributed along a large tributary that joins the
Yellow River near Jinguum, the Sai Qe
(Figure 1.7). These samples record increasing erosion rates (from ~0.05 to 0.08
m/kyr) in small catchments that intersect the trunk tributary progressively farther
downstream and deeper into the Anyemaqen Shan. The sample tributary mouth at
site 3 is located ~1 km downstream of the knickpoint identified in Sai Qe. Erosion
rates from samples 4A and 4B may therefore contain some component of transient
incision. Site 5, located to the southwest of Jinguum, records an erosion rate similar
to site 4 (~0.08 m/kyr). Site 6, located in the highest relief area of the Anyemaqen
Shan, records the highest 10Be determined erosion rate (~0.11 m/kyr). Site 7, which
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is a catchment that drains directly into the Yellow River upstream of the Roergai
basin, records a lower rate of ~ 0.07 m/kyr. Overall, the results of the 10Be analysis
indicate that most parts of the landscape upstream of knickpoints are experiencing
relatively slow rates of erosion (< 0.11 m/kyr).
1.6 RELICT LANDSCAPE RECONSTRUCTION
The presence of a low-relief landscape, gentle channel gradients and slow erosion
rates upstream of knickpoints in the northern Anyemaqen Shan suggests that this
landscape is ‘relict’ in the sense that topography reflects conditions prior to onset of
rapid incision along the Yellow River [e.g., Crosby and Whipple, 2006]. In this
section we present arguments that channel gradients in this landscape were likely
adjusted to spatial variations in erosion rate. Moreover, we utilize both field surveys
and DEM-generated channel profiles to reconstruct the relief on the relict channel
network and to place bounds on the pre-incision shape of the Yellow River
longitudinal profile.

1.6.1 Evidence for adjusted channel profiles
A number of topographic characteristics point to the presence of a landscape at
or near a steady-state in the northern Anyemaqen Shan prior transient fluvial incision
along the Yellow River. First, the concavities of channel profiles (_ above
knickpoints and in the southern Anyemaqen Shan (upstream of the Roergai basin)
both exhibit mean values ~0.4 – 0.45, consistent with theoretical and empirical
determinations of profile concavity in regions of steady-state [e.g., Kirby and
Whipple, 2001; Whipple and Tucker, 1999; Wobus, et al., 2006c]. Although a
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uniform concavity is not a sufficient condition to prove steady-state conditions, as
transient profiles of transport-limited channels may remain smooth and free of
convexities [Whipple and Tucker, 2002], it is consistent with streams in a ‘graded’
state. Second, field observations reveal that channels above knickpoints are gravel
bedded and reside in broad, alluvium-filled valleys (Figure 1.3); terraces indicative of
recent incision are typically low (< 5-10 m) or absent. These observations are again
consistent with a landscape in which the channels are transport-limited and simply
conveying sediment downstream. Finally, systematic spatial variations in channel
steepness (ksn) above knickpoints in the northern Anyemaqen Shan (Figure 1.7,
Figure 1.8) are matched by spatial variations in the southern part of the range
(upstream of the Roergai basin). This correspondence is striking, and seems to
indicate that both sets of tributaries are responding to a spatial forcing, likely
variations in rock uplift rate. The fact that the position, wavelength, and magnitude
of the variations in ksn are similar argues that channels upstream of knickpoints are
adjusted to this forcing.

1.6.2 Co-variation of incision/erosion rate and channel steepness
Observations of channel gradients paired with fluvial incision and landscape erosion
rates determined in this study provide an opportunity to empirically determine the
functional relationship between ksn and incision/erosion rate. Measured river incision
and 10Be determined basin erosion rates are compared to the ksn value of adjacent
channels (Figure 1.9). Adjacent channel ksn values were determined as the mean of
trunk tributary values and values of smaller catchments within 2-3 km of sample sites.
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Typically, the variance within each collection of ksn values is low (< 10) and supports
the use of these mean values to describe channel slopes near each sample site.

Our results reveal a positive relationship between channel steepness (ksn ) and
catchment erosion rate across the range of our data (Figure 1.9). Although the data
present a limited range of catchment erosion rates (0.05 – 0.1 m/kyr), this result is
consistent with previous studies suggesting positive correlation between erosion rate
and channel gradient in an adjusted landscape [e.g., Kirby and Whipple, 2001;
Snyder, et al., 2000; Wobus, et al., 2006c]. Moreover, the systematic relationship
between channel steepness and erosion rate bolsters the argument that channel
gradients upstream of knickpoints are likely adjusted to spatial variations in erosion
rate. The range of observed fluvial incision rates also show a positive correlation to
channel ksn values, but do not overlap with the range of catchment erosion rates.

The positive correlation between ksn and fluvial incision /catchment erosion rates
allows for a brief discussion of the controls on the distribution of fluvial incision rates
above channel knickpoints. The spatial variations of tributary ksn across the
Anyemaqen Shan
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Figure 1.9 River incision rates measured from strath terrace position (black boxes)
and 10Be determined catchment erosion rates (white boxes) plotted against measured
ksn values of proximal channels. ksn values were determined as the average value of
sample host channels and channels within 5 km of the sample site.
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occur all within flysch of the Songpan-Garze terrane, and do not correspond directly
to mapped plutons. Potential causes for the increase in ksn values toward the core of
the range include differential uplift in the Anyemaqen Shan, broad-scale spatial
variations in bedrock erodability, and orographically driven precipitation per unit
area. Of these, bedrock variability is unlikely because, with the exception of the
restricted outcrops of intrusive bodies and Tertiary sedimentary basins, no regional
scale variation is outwardly apparent in bedrock character across the Anyemaqen
Shan. Orographically driven differences in precipitation appear unlikely because this
effect would be expected to decrease channel slopes towards the higher relief portions
of the range under a stream power condition, as greater precipitation would increase
discharge per unit catchment area.

As a result, we suggest that the landscape above knickpoints in the Anyemaqen Shan
approximates a steady-state condition, balanced against relatively slow rates of
differential rock uplift (probably <0.1 mm/yr), and that channel gradients are
balanced with more rapid rock uplift at the center of the range. This result agrees
with previous work that associates high topography and steep rivers with high erosion
and uplift rates [e.g., Kirby, et al., 2003; Koons, 1989; Pazzaglia, 2001]. Larger
channels that flow across the interpreted gradient in uplift rate could be expected to
show correlative changes in profile form. The apparent steady-state form of the
above knickpoint landscape implies that these uplift conditions, although slow, have
been active for a significant time prior to the introduction of the wave of increased
fluvial incision observed in the northern Anyemaqen Shan.
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Although the relationship between channel steepness (ksn) and erosion rate appears to
be linear over the limited range of erosion rates we sampled (Figure 1.9), comparison
to incision rates and channel gradients from below knickpoints reveals a highly nonlinear relation (Figure 1.9). Although we recognize the difficulties inherent in
comparing two different measures of erosion in a landscape, we think that this
relation may be explained in one of two ways. First, the non-linearity may arise as a
consequence of incomplete adjustment of channel profiles to base-level fall. This
would imply a relatively long timescale (> 100 kyr) for gradient adjustment, perhaps
more consistent with transport-limited models of incision [Whipple and Tucker,
2002]. On the other hand, similar non-linear relationships between channel steepness
and erosion rate have been observed in eastern Tibet [Ouimet, et al., 2006] and in
coastal California [Duvall, et al., 2004; Snyder, et al., 2003], and may reflect
thresholds in erosion process and/or adjustments in channel hydraulic geometry.

1.6.3 Reconstructing channel profiles
We utilize the assumption of steady-state channel gradients to reconstruct the relief
on channel profiles prior to the onset of rapid incision along the Yellow River. We
project the slope-area array of the channel upstream of the knickpoint to its junction
with the Yellow River and predict the elevation drop between the knickpoint and the
tributary junction (Figure 1.10). Reconstructed channel profiles are calculated based
on the ksn values of tributary reaches above knickpoints, a reference concavity of
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Figure 1.10 A & B. Longitudinal profiles along the lower reaches of Zhe Qu and
Sai Quie, respectively, displaying; the locations of the knickpoint identified via DEM
analysis, surveyed uppermost strath terrace elevations, and the projected, preincisional wave elevation of the tributary mouth based on channel q and ksn values
upstream of the knickpoint. The limits of tertiary sedimentary basin bedrock
associated with the Jinguum basin are shaded along Sai Quie. The change in channel
gradient across the basin related to lithologic contrast and is not interpreted as a
knickpoint in this analysis. C. Modern and reconstructed pre-incisional wave
longitudinal profiles of the Yellow River between the Roergai and Tongde basins.
Profile reconstruction is based on consideration of strath elevations, projected
tributary mouth elevations, and the top of fill in the Tongde and Gonghe basins, see
text for further discussion.

43

0.42, and the cumulative upstream drainage area along a channel. Channel gradients
were calculated at 0.5 km intervals along channel reaches below knickpoints and
integrated along the length of the channel to reconstruct paleo-channel elevations
downstream of the modern knickpoint elevation. To determine minimum and
maximum elevation bounds on the reconstructed junction elevation, we combine the
uncertainties on ksn values upstream of knickpoints with the uncertainties on
knickpoint elevation to derive maximum and minimum estimates of junction
elevation.

Comparison of reconstructed elevations of the tributary junctions with field-based
estimates derived from the presence of strath terraces in two tributaries allow a
limited test of the validity of this method of reconstructing former channel profiles.
As described above, modern floodplains along two major tributaries, the Zhe Qu and
Sai Qe, grade into continuous strath terraces that extend to the junction with the
Yellow River (Figure 1.10A and 10B). This relationship suggests that the terrace
reflects the progressive abandonment of a previous channel floor during knickpoint
migration. Along Zhe Qu, strath terraces first appear along the channel just
downstream of the knickpoint identified via DEM analysis (Figure 1.10A). The
height of the uppermost strath along Zhe Qu above the modern channel continues to
grow until attaining an elevation of ~65 m at the Yellow River junction
(corresponding to ~3365 m a.s.l.). Along Sai Qe, a broad, uppermost strath surface is
present ~ 3-4 m above the modern channel upstream of the identified knickpoint
(Figure 1.10B). Downstream of the knickpoint, however, the elevation of this
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uppermost strath gradually climbs above the channel to attain a height of ~220 m at
the Yellow River junction (~3340 m a.sl.). The uppermost terrace elevations along
both tributaries roughly define channel profile with a ksn value that is similar to that
observed in the modern channel above the knickpoints. Based on these observations,
we consider uppermost strath terraces elevations along Zhe Qu and Sai Qe to
represent the quasi-steady-state channel form of those tributaries prior to onset of
rapid incision rates associated with base-level fall.

Comparison of the elevation of strath terraces at or near the junction of these
tributaries and the Yellow River with reconstructed profiles using the method
described above provides an internal test of consistency of the method. At the mouth
of Zhe Qu, the measured strath elevation of ~3365 is within error of the projected
paleo-channel mouth elevation of 3368 ± 10 m (Figure 1.10A). Similarly, a strath at
the mouth of Sai Qe of ~3340 is just outside of the error bounds of the projected
paleo-channel elevation mouth of 3331 ± 7 m. Although the elevations of terraces
may have been influenced by differential rock uplift since abandonment, our
estimates of the timing of incision and background rock uplift suggest that this is
probably a minor addition to the uncertainty (< 8 m). Moreover, the consistency
between strath elevations and the projected initial channel profile appears to validate
our use of tributary profiles to reconstruct former positions of tributary junctions
along the Yellow River.
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Overall, we utilized 30 tributaries along the Yellow River between the Roergai and
Tongde basins to reconstruct the shape of the former Yellow River profile (Figure
1.10E). These reconstructed elevations are similar to the highest strath surfaces we
observed along this reach of the river. Moreover, elevations define a trend that
intersects the tops of fill in both the Tongde and Gonghe basins. This reconstructed
profile reveals a relatively low gradient channel that was apparently graded to the
sedimentary fill within the basins downstream of the northern Anyemaqen Shan prior
to the onset of rapid incision. Interestingly, former channel gradients appear to be
somewhat steeper within the Anyemaqen Shan relative to gradients within the basins
both upstream and downstream (Figure 1.10C). To test this, we calculated ksn values
as a function of position along the reconstructed profile and find that they are similar
in magnitude and distribution to the modern ksn values observed upstream of
knickpoints in adjacent tributaries (Figure 1.8). This result is internally consistent, in
that it implies that both the Yellow River and its tributaries were graded to a spatiallyvariable forcing across the Anyemaqen Shan. Moreover, the fact that the paleoYellow River profile appears to have been graded to thick fluvial deposits in the
Tongde basin implies that this basin acted as a local base level for the northern
Anyemaqen Shan.
1.7 DISCUSSION AND IMPLICATIONS
Channel profiles of the Yellow River and its tributaries downstream of the Roergai
Basin all exhibit a downstream increase in channel gradient consistent with models of
transient profile adjustment to an increase in rock uplift rate (or base level fall) [e.g.,
Whipple, 2001]. Our incision rate data confirms this interpretation and indicates that
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the lower reaches of the Yellow River are characterized by incision rates on the order
of 1-2 mm/yr, while tributary reaches upstream of knickpoints are incising at much
slower rates (0.05 – 0.1 mm/yr). In this field site, we interpret the observed
knickpoints to mark a transient boundary between channels extents adjusted to an
older, lower incision rate, and those adjusted or adjusting to a newer, higher incision
rate. The upstream migration of this boundary is apparent along large tributaries,
where it is possible to trace a continuous strath surface upstream to its junction with
the active channel floor (Figure 1, Figure 1.10). Here we consider the implications of
these rates and patterns of transient incision and river profile evolution in the
Anyemaqen Shan from both a process-based perspective of the controls on the rate
and form of transient channel response and a regional perspective of the driving
mechanisms for channel incision.

1.7.1. Exhumation of the Tongde Basin and the onset of transient incision
The marked increase in fluvial incision rate associated with the observed knickpoints
in the northern Anyemaqen Shan could be in response to either 1.) a large magnitude
step-change in rock uplift rates across the entire Anyemaqen Shan or 2.) a drop in
relative base level along the Yellow River downstream of the range. Our
reconstruction of the former profile of the Yellow River suggests that it was graded to
the top of fill in the Gonghe and Tongde basins. This implies that the onset of rapid
incision along the Yellow River in the northern Anyemaqen Shan is part of the same
event that led to the abandonment and exhumation of these basins. Given that basins
downstream of Gonghe have also been recently incised by the Yellow River [e.g., Li,
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et al., 1997; Metivier, 1998], it seems unlikely that the entire northeastern corner of
the Tibetan Plateau experienced a uniform pulse of rock uplift. Rather, it seems
likely that a wave of incision was initiated from some location downstream of these
basins and has subsequently propagated up the Yellow River. A full exploration of
the causes of this incision is beyond the scope of this paper, and will require extensive
investigation of the timing of both basin fill and excavation along the course of the
Yellow River.

1.7.2. Tributary response to transient incision
The distribution of knickpoints within the Yellow River catchment provide an
opportunity to characterize the evolution of this transient fluvial system. The presence
of knickpoints at uniform elevations throughout the watershed is, to first-order,
consistent with simple models of knickpoint migration [e.g., Niemann, et al., 2001].
However, channel profiles downstream of knickpoints exhibit convex profiles that
may be indicative of a somewhat more complicated response. These observations
motivate an analysis of whether simple models of fluvial incision can capture both
aspects of channel response.

1.7.2.1. Knickpoint vertical celerity. One of the most remarkable results of our
analysis is the relative uniformity of knickpoint elevations throughout the northern
Anyemaqen Shan (Figure 6). Accounting for the allowable errors in determined
knickpoint elevations, 81% of knickpoints fall within 25m of the population mean of
3430 m. If the subtle upstream increasing trend in knickpoint elevations is considered
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along with the range of allowable errors, then 85% of knickpoints fall within 25 m of
the trend. Interestingly, the top of the steep portion of the Yellow River (~3410 m)
falls within this range of observed knickpoint elevations, suggesting that both trunk
stream and tributaries are responding at similar rates. Moreover, we observe no
dependence of knickpoint elevation on drainage area despite a wide range of tributary
sizes analyzed (Figure 5). As noted above, the horizontal position of knickpoints
does show a power-law dependence on drainage area. These observations lead us to
infer that the uniform elevation distribution of knickpoints reflects, at least to firstorder, a constant vertical celerity of knickpoints throughout the channel network,
consistent with the migration of knickpoints as a kinematic wave

1.7.2.2. Modeling of channel response.
To test whether a simple model of fluvial incision can capture the response of
tributaries in this landscape to base-level fall, we utilize numerical solutions to a
stream-power type incision rule [Whipple and Tucker, 1999] to model transient
channel profile evolution. Details of the model are provided in the supplementary
data. We focus only on the tributaries Zhe Qu and Sai Qe, as our field work on strath
terraces along these drainages provides constraints on initial profile form and the
timing and rate of incision. Our approach is to vary model parameters and ask what
combinations can match profiles and erosion rates both upstream and downstream of
knickpoints. We emphasize that our analysis is illustrative only; we do not perform a
comprehensive search of parameter space [e.g., Tomkin, et al., 2003]. Rather, we
focus on representative models of erosion by boundary shear stress (n ~ 0.6 in
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equation 2; see also the supplementary data), unit stream power (n ~ 1), and a
somewhat more non-linear rule (n ~ 1.2, perhaps representative of incision dominated
by abrasion, [Whipple, et al., 2000]). Model results are compared to channel profiles
and incision rates (Figure 1.11).

A series of initial condition model profiles were first constructed to fit to the profile
forms above knickpoints in both Sai Qe and Zhe Qu under the assumption that these
profiles represent a quasi-equilibrium condition adjusted to balance erosion rates.
These initial profiles were constructed using the ‘best fit’ concavity from the whole of
the data (q = 0.42) and a range of values for n (see above). We determined the value
of the erosion coefficient (K) for each n by assuming that profile steepness was
adjusted to match erosion rate of 30m/Myr (equivalent to the 10Be determined erosion
rates above knickpoints). Importantly, the upstream profiles of Sai Qe and Zhe Qu
are well described by very similar sets of K values for each value of n (Table 1.4).

We subject these initial profiles to a base-level fall at the boundary of the model that
is prescribed at a rate and duration that match the chronologic constraints from fluvial
terraces (see above). At Sai Qe, these constraints suggest ~220 m of incision in ~100
kyr, whereas at Zhe Qu they suggest ~65 m of incision in ~30 kyr. We maintain
background rock uplift rates of 0.03 m/kyr in all model runs. We find from these
experiments that we cannot match the degree of knickpoint retreat for any value of n
with the erosion coefficients (K) determined from the steady-state profile (Figure
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Figure 1.11 Profile modeling results compared to the below knickpoint extents of
Zhe Qu and Sai Qe. Modern tributary profiles are labeled and the initial condition
profiles are dashed in grey. The profiles modeled by adjusting K values to fit field
incision and chronology constraints are shown for the three chosen values of n. K
values corresponding to the n = 0.6 profiles are shown in black. For reference, the
results of the model run with n = 0.6 and the K value used to describe the steady-state
profile are shown in grey.
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1.11; Table 1.4). In all cases, the modeled knickpoints propagate only a fraction of
the distance that has been transited by the actual knickpoints (Figure 1.11). This firstorder result suggests that, if a stream-power type model is representative of channel
response, transient incision must involve some adjustment in erosion coefficient (K).
The exact nature of this adjustment remains to be determined, but may reflect
thresholds in the incision process [e.g., Snyder, et al., 2003] and/or adjustments in
channel width [e.g., Duvall, et al., 2004; Finnegan, et al., 2005; Wobus, et al.,
2006b].

Table 1.4: Profile Forward Modeling Results
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In a second series of models, we adjust the erosion coefficient (K) to generate profiles
that match the degree of knickpoint retreat during incision. In these simulations, bestfit K values were chosen for each n value that allowed the location of the modeled
knickpoints to correspond to the location of the actual knickpoints in Sai Qe and Zhe
Qu (~12.5 and 10.5 km upstream, respectively – Figure 1.11). One interesting result
of this analysis is that the resultant ‘best-fit’ values for K (for a given value of n) are
very similar between the two tributaries (Table 1.4), suggesting a similar response
between the two systems.

From these results, we can evaluate whether the profile is best fit by a given
dependence of erosion rate on channel gradient. Previous work has demonstrated that
the shape of the profile immediately downstream of knickpoints should depend on the
relationship between incision rate and channel gradient (n in equation 2) [Tucker and
Whipple, 2002]. For each value of n, a total RMS error between the modeled and
observed profile form was constructed to evaluate goodness of fit along the length of
the channel between the knickpoint and the Yellow River. In both of the modeled
tributaries, the broad convex form of the observed knickpoints result in the lowest
RMS error values for profiles modeled using an n=0.6. The various model profiles
are only subtly different from one another, however, resulting in relatively small
differences in RMS error values. In Sai Qe, a mapped lithologic variation over 2-5
km upstream of the tributary mouth results in a poor model fit to this lower portion of
the profile and high RMS errors for all values of n (Figure 1.11). Thus, although we
cannot definitively assess which of these incision models best capture transient
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channel profile evolution, it appears that the broad convex profiles downstream of
knickpoints require a value of n < 1 in a stream-power type rule.

1.7.2.3. Complex transient channel response. The spatial pattern of channel
steepness indices below knickpoints in the northern Anyemaqen Shan lends further
insight into the manner of channel response to increased incision rates. Three aspects
of our results suggest that channel gradients downstream of knickpoints may be
incompletely adjusted to relative changes in base level during excavation of the
Tongde basin: First, most profiles are similar to those of the Zhe Qu (Figure 1) in
that they display a broad convex reach downstream of knickpoints characterized by
systematically increasing ksn values as they approach the Yellow River. We do not
observe a transition back to a concave-up profile that one might attribute to a new
steady-state condition. Rather, it seems likely that these channels have not yet
completely adjusted to the increase in incision rates. Second, a comparison of ksn
values from channels downstream of knickpoints with those determined upstream
(Figure 1.9, inset) reveals a strongly non-linear relationship between steepness indices
and erosion rates. As discussed above, such a relation can arise in steady-state
channels, as a consequence of thresholds in incision or adjustments in channel width,
we find it likely that this relationship reflects, in part, an incomplete adjustment of
channel gradients downstream of knickpoints. Third, the spatial pattern of ksn values
below knickpoints (Figure 1.8A) also implies either a significant variation in incision
rates, reaching a maximum ~50 km upstream from Tongde, or incomplete adjustment
of channel profiles to the wave of incision. Given the profile shapes, we consider the
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latter explanation more likely and suggest that gradients downstream of the
knickpoints may be responding to the transient increase in sediment flux engendered
by the wave of incision [Sklar and Dietrich, 1998].

1.7.2.3. Implications for channel incision models. Our results are intriguing in that
they suggest that some aspects of simple models for fluvial incision and knickpoint
migration are consistent with channel response in this landscape while others are not.
In particular, the dependence of knickpoint position on drainage area, and the
independence of knickpoint elevation, suggests that the celerity of knickpoints may
adequately captured by a power-law relationship between S and A. Our results thus
imply that the migration of the upstream limit of transient channel steepening in the
Anyemaqen Shan migrates as a kinematic wave [c.f., Stock, 2005].

In contrast, the response of channel gradients downstream of knickpoints does not
appear consistent with a simple detachment-limited model of transient channel
adjustment. Although the broad increase in channel gradients can be reproduced by a
detachment-limited model with n < 1, this result requires that the erosion coefficient,
K, must adjust between the relict and transient parts of the channel. This implies a
difference in the processes that control the erosional efficiency described by K
between the low and high gradient channel reaches that is not adequately captured in
the stream-power type models. The fact that the same sets of K values can describe
the Sai Qe and Zhe Qu profiles suggests that this dependence of erosional process on
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gradient is consistent between the two tributaries, and may be across the rest of the
channel network.

Channel convexities observed below knickpoints are also qualitatively similar to the
predictions of incision models that explicitly consider a role for sediment flux in
modulating channel incision [e.g., Sklar and Dietrich, 1998; Whipple and Tucker,
2002]. Although we cannot fully evaluate these models in this landscape, it is
possible that they may capture both the apparent propagation of knickpoints as a
kinematic wave and the apparent incomplete adjustment of channel gradients
downstream of knickpoints. Additionally, the spatial pattern of steepness indices
downstream of knickpoints (Figure 1.8A) could be interpreted to reflect the temporal
evolution of channel gradients following knickpoint passage. We caution that the
spatial variations in erosion rate upstream of kickpoints makes this assumption
tentative. Nonetheless, it is possible that the maximum in ksn values observed ~ 50
km upstream of the Tongde basin might reflect ‘oversteepening’ of channel gradients
in response to increased sediment delivery in the wake of knickpoint passage. Similar
behavior is observed in numerical implementation of a sediment-flux-dependent
model of fluvial incision [Gasparini, 2006] although we acknowledge the need for
improved characterization of channel steepnesses below knickpoints and information
on sediment grain size and caliber in order to test this hypothesis.

1.7.3. Implications for active tectonism in the northeastern Tibetan Plateau

56

Our results also carry implications for active deformation of the lithosphere in
northeastern Tibet. As argued above, channel profiles and erosion rates upstream of
knickpoints reveal a landscape of subdued relief and slow erosion rates that we
interpret to be adjusted to balance rock uplift rates across the Anyemaqen Shan. Covariations in erosion rate and channel steepness suggest that differential rock uplift is
occurring in a broad, domal pattern across the range. Erosion rates appear to be
approximately 2 times faster in the central part of the range relative to the northern
and eastern peripheries, although the overall rates appear to be quite slow relative to
subsequent incision along the Yellow River. The fact that reconstructed gradients
along the Yellow River trunk stream appear to increase toward the center of the
range, matching variations in tributary ksn patterns, is consistent with our inference of
a landscape adjusted to the prevailing pattern of tectonic forcing. Attainment of a
steady-state condition suggests that this deformation field has been relatively stable
for a significant period of time, probably > 500 kyr (the inferred onset of incision in
the Tongde basin). Thus, our results support the hypothesis that high topography in
the Anyemaqen Shan reflects, in some part, deformation associated with the tip of the
Kunlun fault [Kirby, et al., 2007]. The broad wavelength of this deformation implies
that the high topography of the Anyemaqen Shan is either supported elastically by a
strong upper crust or maintained by distributed shortening above a weak crustal layer.
Evaluation of these competing mechanisms, however, will require a more
comprehensive investigation of the active deformation field and crustal rheology.
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As noted above, the driving mechanisms for regional fluvial incision along the
Yellow River are also not well understood. Our results characterize the upstream
extent of transient incision along the course of the river, and, together with constraints
on the onset of incision at the margin of the plateau (ca. 1.7 Ma, [Li, et al., 1997]),
suggest that the wave of incision has migrated ~ 500 km upstream (Figure 1) since
this time. Whether incision propagated at a constant rate or whether it was modulated
by active faults and/or lithologically-resistant sills in the Gonghe and Guide basins
(Figure 1) remains unknown. Moreover, whether the ultimate cause of incision was a
drainage capture across the plateau margin or whether incision reflects long-term
elevation changes of the plateau surface remains an outstanding question that will
require additional records of the time-space patterns of incision along the river
course.
1.9. CONCLUSIONS
Topographic analysis of channel profiles in the Anyemaqen Shan reveals a distinct
transient wave of fluvial incision in the headwater regions of the Yellow River.
Tributary channels characterized by broad downstream increases in channel gradient,
resulting in convex-up profiles, are present throughout the range upstream of a
deeply-incised Tertiary basin. Upstream of knickpoints, erosion rates determined
from 10Be inventories in modern sediment are slow (0.05 – 0.1 m/kyr), but vary
systematically with channel steepness. Reconstruction of the former profile of the
Yellow River from tributary profiles and field observations of strath terraces reveals
similar variations in channel steepness along the profile that we interpret to reflect
variations in rock uplift rate across the range. Transient incision associated with
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basin excavation is superimposed upon these variations in channel steepness at
significantly higher rates (~1-2 m/kyr). The upstream limit of steep reaches
associated with this incision occurs at nearly uniform elevations throughout the
watershed, consistent with behavior expected from a detachment-limited model of
fluvial incision. However, the rate of knickpoint migration, and the shape of channel
profiles can only be explained by a simple, stream-power type model if the erosional
efficiency of the channel increases with incision rate and if the exponent on slope (n)
is less than unity. Moreover, spatial variations in channel steepness downstream of
knickpoints suggest that gradient adjustment following the wave of incision may be
modulated by increases in sediment load. Our results thus identify a significant
incisional event along one of the major Tibetan drainages, delineate a broad region of
differential rock uplift in the northeast Tibetan plateau, and highlight the utility of
channel profile analysis to explore the range of transient channel response to changes
in external forcing.
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Appendix 1; Integral Method and Uncertainties on Channel Steepness (ks)
As described in the text, the development of the data handling methods employed
here were driven by the need to reduce scatter in raw pixel-to-pixel slope estimates
from digital elevation models [Wobus, et al., 2006c]. The large degree of scatter
present in pixel-to-pixel estimates of channel gradient stems from relatively minor
noise in the longitudinal profiles extracted from DEMs; taking the spatial derivative
exaggerates this noise. Efforts to smooth the gradient data usually involve a
combination of the following: sub-sampling the long profile, fitting piece-wise linear
regressions to the long profile to estimate local slope, applying a moving-average
filter to profile elevations, and taking binned averages of logS – logA [c.f., Wobus, et
al., 2006c]. A viable alternative to these methods was proposed by Royden et al.
[2000]. Instead of differentiating the long profile to derive an estimate of S, one can
integrate both sides of equation (1) to write:
x

−θ

z (x ) = k s ∫ A(x ′) dx ′ ≡ k s χ (x )
0

The transformed variable _(x) can be determined directly from drainage area data by
simple numerical integration. That is, the method requires no assumptions about
Hack’s law. Herein we refer to this method as the integral method of determining
channel steepness.

Segments of the channel profile that are well described by a concavity index equal
in value to _ will be linear on plots of z vs. s (Figure 1 B). The slope of the line is
ks. Segments of the channel profile that are either 1) not well described by a
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power-law relation between local slope and upstream drainage area, or 2) exhibit
a concavity index different from _, will be curved. Thus, standard linear
regression of z vs. _ can be used to (a) evaluate the degree of linearity by
evaluating correlated residuals, and (b) estimate ks (K. Whipple, 2006, personal
communication). We exploit the latter to derive estimates of the uncertainty on
values of ks, simply from the uncertainty in the slope of the regression [Bevington
and Robinson, 1992], implemented in MATLAB. This constitutes the primary
advantage of the integral method. However, as the best-fit value of _ is not
known a priori; in practice one must either use standard logS – logA relations to
find _, or compute _(x) for a range of _ values and test for linearity over the
channel segment of interest. In our experience this method, and the slope-area
methods (as described in Wobus et al. [2006c]) yield identical results.
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CHAPTER 2: FLUVIAL TERRACE RISER DEGRADATION AND
DETERMINATION OF SLIP RATES ON STRIKE-SLIP FAULTS: AN
EXAMPLE FROM THE KUNLUN FAULT, CHINA
Abstract
The use of displaced fluvial terrace risers to determine slip rates along strike-slip
faults depends on knowing when risers become passive markers. Typically,
chronologic constraints from terrace deposits only place bounds on this age;
consequent slip rates may be highly uncertain. Along the Kunlun fault, in
northeastern Tibet, we demonstrate that consideration of riser degradation can
augment terrace chronology and improve the precision of slip-rate estimates.
Multiple offset risers and 14C age determinations from terrace treads yield a narrow
range of slip rates of 4.5 ± 0.5 m/kyr at one site, but permit a wide range of allowable
rates (3-10 m/kyr) in an adjacent drainage. Using a locally calibrated sediment
transport rate of 3.2-5.4 m2/ka, we show that riser morphology at this latter site is
consistent with degradation since abandonment of the upper terrace tread. Our
analysis indicates that slip rates at this site are ~ 5 ± 2 m/kyr.
2.1 MOTIVATION
Rates of displacement on fault systems are primary among data that we use to
understand the dynamics of active lithospheric deformation. For example, the degree
to which India-Asia convergence is accommodated by displacement along major
intracontinental strike-slip faults largely depends on estimates of the slip-rates along
these structures [e.g. Avouac and Tapponnier, 1993; England and Molnar, 2005;
Meade, 2007; Thatcher, 2007]. Similarly, inferences of lithospheric rheology from
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post-seismic deformation [e.g. Hilley, et al., 2005; Pollitz, et al., 2001] requires
knowing the average rate of fault slip over multiple seismic cycles.
The widespread distribution and relatively simple initial geometry of fluvial
terraces make them one of the most commonly used markers of fault offset over
timescales of 104-105 yr [e.g. Lensen, 1964a; Mason, et al., 2006; Mériaux, et al.,
2004; Van der Woerd, et al., 2000]. Along faults exhibiting lateral displacement, one
is forced to rely on displacement of the terrace riser (the steep slope that separates
adjacent terrace treads). Although these features make excellent piercing points,
relating their age to readily-datable fluvial deposits is difficult [Lensen, 1964a; b]. A
number of workers have considered this problem [e.g. Cowgill, 2007; Kirby, et al.,
2007; Lensen, 1964a; b; Mériaux, et al., 2004; Mériaux, et al., 2005; Van der Woerd,
et al., 2000; Van der Woerd, et al., 2002], and all have recognized that it must be true
that the “age” of a terrace riser (taken here as the time at which fluvial erosion at the
base of the riser ceases) lies somewhere between the timing of abandonment of the
bounding treads. However, most workers typically assume that the cessation of
lateral erosion of the riser occurs close in time to abandonment of the lower tread
[e.g. Mason, et al., 2006; Mériaux, et al., 2004; Van der Woerd, et al., 2002], leading
to a maximum estimate of the allowable slip rate. This interpretation may be an
overestimate, however, if protection of the riser from lateral attack by the stream
allows displacement to accumulate during occupation of the lower terrace tread [e.g.
Cowgill, 2007; Lensen, 1964b]. Although a number of authors have suggested that
this effect may help explain discrepant geologic and geodetic estimates of slip rate on
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major Asian strike-slip faults [England and Molnar, 2005; Thatcher, 2007; Zhang, et
al., 2007], few studies have unequivocally demonstrated this possibility.
Erosional degradation of the riser itself has the potential to provide a direct
constraint on the time since the riser was last eroded by the channel [e.g. Avouac and
Peltzer, 1993]. Scarps developed in unconsolidated alluvial material degrade via
slope-dependent sediment transport [Culling, 1960], such that their gradients reflect
the efficiency of local transport processes integrated over the age of the scarp.
Although numerous studies have considered the application of various sediment
transport rules to the dating of fault scarps, shorelines and terrace risers [e.g. Andrews
and Bucknam, 1987; Avouac, et al., 1996; Avouac and Peltzer, 1993; Bucknam and
Anderson, 1979; Culling, 1960; Hanks and Wallace, 1985; Nash, 1980], none have
yet exported this understanding to the study of strike-slip faults. Our results
demonstrate that analysis of riser morphology can, in some cases, refine estimates of
the age of terrace risers and thus improve slip-rate estimates.
2.2 BACKGROUND AND APPROACH
On the basis of displaced fluvial terrace risers at multiple sites along the
central Kunlun fault, Van der Woerd et al. [2000, 2002] suggested that the left-lateral
slip rates along this major intracontinental fault system are relatively uniform at 10-12
m/kyr (Figure 2.1). However, recent work by Kirby et al. [2007] along the eastern
segments of the fault suggests that the Late Pleistocene – Holocene slip-rate decreases
systematically eastward from ~5 m/kyr to ~2 m/kyr at 101° and 102° E, respectively.
These authors interpreted this pattern to reflect decreasing displacement near the fault
tip.
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Figure 2.1 INSET; Shaded relief map of the northeastern Tibetan Plateau displaying
the trace of the Kunlun fault and the location of the larger image. A LANDSAT TM
scene provides the background for the larger image and displays that location of the
Deng Qin (left) and Ken Mu Da (right) sites. On site maps, terraces are interpreted
on topographic base maps compiled from kinematic GPS survey data, note the scale
change between the two maps. Traces of the fault are dashed, the surveyed slope
breaks at riser toes are highlighted in bold, and the riser offsets measured from these
break lines are shown. Minimum and maximum allowable slip-rates from each of the
offset risers are based on measured offsets over the full range of possible riser ages.
Rates are given in m/kyr.
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In this study, we present new slip rate estimates from an additional site along
the eastern Kunlun fault, close in proximity to the western site of Kirby et al. [2007]
(Figure 1). Terrace chronology at this new site leads to widely varying estimates of
slip rate, and may lend support to either a high rate [e.g. Van der Woerd, et al., 2002]
or a low rate [e.g. Kirby, et al., 2007]. In order to address this problem, we combine
high-resolution topographic surveys with 14C chronology of terrace deposits to
evaluate terrace riser ages based on their morphologies at each site.
2.3 SLIP RATES ON THE KUNLUN FAULT NEAR 101°E
Slip rates along the eastern Kunlun fault between 99° and 102° E are known
from only two locations (Figure 2.1). Near 100° E, Van der Woerd et al. [2002]
utilized displacement of a “morainic ridge”, inferred to have been deposited between
20 and 11 ka, to estimate a slip rate of 12.5 ± 2.5 m/kyr at this site. In contrast, recent
estimates of slip rate at a site ~100 km farther east along the fault (near 101.3°, see
Figure 1) utilized progressively displaced fluvial terrace risers along a tributary of the
Yellow River, locally named Ken Mu Da [Kirby, et al., 2007]. Constraints on terrace
abandonment provided by 14C samples from terrace treads and overlying loess
allowed these authors to infer that left-lateral slip rates over the latest Pleistocene and
Holocene have been ~5 ± 1 m/kyr at this site.
Here we present a second estimate of slip rate near 101° E, in the Deng Qin
drainage, located 3 km west of Ken Mu Da (Figure 2.1). The Deng Qin valley hosts a
flight of five terrace surfaces. In contrast to Ken Mu Da, terrace treads here are
broad, extensive surfaces, and offset terrace risers are preserved on the west side of
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the valley, such that fault slip displaces downstream risers away from the axis of the
valley. The fault at this location exhibits two sub-parallel strands that bound a broad,
shallow graben. Terrace surfaces on either side of the graben are graded with one
another, indicating that net vertical displacement across the fault zone is small. Slope
break-lines at the base of risers were surveyed with a laser ranger and used to
quantify riser displacements. Potential uncertainties associated with the choice of
which part of the riser (base, midpoint, or crest) to use as a piercing line are small
relative to uncertainties associated with projection of the riser across the fault. The
T2/T4 riser is offset by 11 ± 1 m and 49 ± 5 m along the north and south fault strands,
respectively, with a total left-lateral offset of 60 ± 6 m (Figure 2.1). The T4/T5 riser
is obscured between the two fault strands; projection of the break line associated with
this riser yields a relatively imprecise offset of 115 ± 40 m.
Radiocarbon samples extracted from terrace treads provide a chronology of
terrace abandonment (table 2.1). A minimum age of the lowest, T2 surface, is
provided by a sample extracted from the loess on this surface that yielded an age of
3,370± 95 cal YBP. Two samples, dated at 15,138 ± 697 cal YBP and 14,515 ± 581
cal YBP, were extracted from the gravel and loess/gravel contact capping the T4
surface, respectively. These samples tightly bracket terrace abandonment at ~14.5 ka,
similar to correlative surfaces at Ken Mu Da [Kirby, et al., 2007]. Finally, shells
extracted from near the base of the loess on the T5 surface yielded an age of 28,470 ±
300 cal YBP and provide a minimum abandonment age of the T5 surface.
Together, riser offsets and radiocarbon chronology allow us to place bounds
on the slip rate of the Kunlun fault at this site. Allowable rates using the T2/T4 riser
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are 3.7 ± 0.4 m/kyr and 17.8 ± 2 m/kyr. Displacement of the T4/T5 riser yields only
somewhat

location

Terrace
Surface

Stratigraphic
Context

Type

_ 13
C

Ken Mu Da
Ken Mu Da
Ken Mu Da
Ken Mu Da
Deng Qin
Deng Qin
Deng Qin
Deng Qin

T4
T3
T1
T1
T5
T4
T4
T2

T4 gravel
T3 gravel
soil atop T1
soil atop T1
loess capping T5
T4 gravel
T4 gravel/loess
soil atop T2

S
P
S
C
S
S
S
SL

-7.05
-16.3
-6.5
-22.7
-5.74
-6.31
-5.6
-25.1

Table 2.1;
Lab

14

14C
age
(yr.
BP)

14C age
error
(yr.)

Calendric
Age (yr.
BP)

Calendric
Age error
(yr.)

13024
10660
3060
4497
28470
13788
12325
3166

75
120
120
51
300
67
87
38

15382
12565
3270
5142
n.d.
15138
14515
3370

742
435
330
167
n.d.
697
581
100

C age control, all samples analyzed at the University of Arizona AMS

more precise rates of 3.9 ± 1.2 m/kyr and 7.2 ± 2.5 m/kyr. These new slip rates on
this segment of the Kunlun Fault encompass those from Ken Mu Da (5 ± 1 m/kyr,
Kirby et al.[2007]), just 3 km away. Given that terrace surfaces are nearly
isochronous between the two sites, it seems unlikely that these differences reflect
spatial or temporal variation in fault slip-rate. Rather, we attribute the relative
imprecision of slip rate estimates at Deng Qin to reflect the epistemic uncertainty of
how to assign an age to the terrace risers themselves [e.g.Hanks and Thatcher, 2006].
2.4 TERRACE RISER DEGRADATION
Our analysis follows a large body of work on the downslope transport of noncohesive material (see Hanks [2000] for a review). Assuming that terrace risers in
unconsolidated alluvium quickly ravel to the angle of repose following cessation of
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lateral erosion by the channel and that subsequent degradation is accomplished by
slope-dependent sediment transport, one can, in principle, estimate the age of the
riser. The evolution of riser gradients is typically described as a mass-transport
process in which the flux of material down a topographic gradient is linearly related
to local slope (S) and a bulk material transport coefficient K (in units of mass /
distance * time).

qs = K ∂ z ∂ x

(1)

Assuming conservation of mass (which is valid in the case where material removed

€
from the top of a riser is deposited
at the riser toe) and dividing through by a sediment
density (_), the change in elevation of a point along a profile with time can therefore
be described by the diffusion equation cast in terms of z (elevation) and x (distance
along a profile);

∂z

∂t

=

∂(qs ρ )

∂x

2
= κ∂ z

∂x 2

(2)

Where κ is a coefficient of diffusion (in units of L2/t) with empirically determined
values in alluvium that€range from 0.1 – 16.0 m2/k.y, depending on material cohesion,
climate, and biota [Hanks, 2000; Pelletier, et al., 2006].
As the shape of a riser profile is a function of both its age (t) and κ value, we
describe riser morphology in terms of the product of the two variables (_t –
the‘degradation coefficient’ of Avouac [1993] and Arrowsmith [1996]). In the
analysis that follows, we consider the T1/T2 and T2/T4 risers from the north side of
the fault at Ken Mu Da, the T2/T3 and T3/T4 risers from the south side of the fault at
Ken Mu Da, and the T2/T4 riser on the north side of the fault at Deng Qin in our
analysis. Two, high-resolution topographic surveys were conducted across each riser,
79

using a kinematic differential GPS; the resulting profiles were compared with the
results of forward models to determine a ‘best-fit’ _t value (Figure 2.2), defined as the
degradation coefficient that minimizes the RMS misfit between modeled and
observed riser gradients. We report the 95% range of ‘best-fit’ _t values for each
riser based on probability distribution functions computed using standard deviations
in observed survey point elevations. Details of the model setup, analysis, and results

are described in appendix A. We also considered a non-linear sediment transport rule
[e.g. Andrews and Bucknam, 1987; Hanks and Andrews, 1989; Roering, 2004], but
the results were not substantively different.
2.4.1 Local calibration of κ
A locally calibrated value for the transport coefficient (κ) was derived based on
surveyed riser profiles and bounding terrace ages at Ken Mu Da. Surveyed profiles
of the T1/T2, T2/T3, T2/T4, and T3/T4 risers are best fit by kt values of 13-16, 26-36,
45-58, and 54-68 m2 (respectively) (figure 2.2D). Incorporating uncertainties in the
ages of bounding terrace surfaces, these κt values indicate a range of κ between 1.7
and 5.4 m2/ka. We interpret the lower bounding value of κ in this range (i.e. slowest
transport rate) to represent an unrealistically low value. First, the determination is
something of an outlier and is based upon a single, maximum estimate of the age of
the riser (from the overlying tread). Moreover, this riser separates the T4 and T2
treads; the T3 terrace has been obliterated at this locality, suggesting that riser must
be younger than abandonment of the T3 tread. Finally, if we assign the age of the T3
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terrace to this riser, we can explain its shape with a κ between 3.6 and 4.6 m2/ka.
Given that these values are within uncertainty identical to other risers at the site, we
consider that the most likely range of κ at Ken Mu Da is between 3.2-5.4 m2/kyr.
These values fall within the published range of diffusion coefficients for northern
Tibet (2.3 – 7.5 m2/kyr, [Avouac and Peltzer, 1993; Avouac and Tapponnier, 1993]).
Best-fit _t values are progressively larger for older riser profiles at Ken Mu
Da, indicating that risers are progressively more degraded with age. Interestingly, the
higher range of κ values determined for risers on the south side of the fault imply
preferentially greater amounts of riser degradation. If κ values are in fact relatively
constant on both sides of the fault, then these differences imply that risers have been
degrading for longer periods of time on the south side of the fault than similarly agebounded risers on the north side of the fault. This effect is potentially a result of
preferential protection of riser faces on the south side of the fault from lateral erosion
during host channel occupation of lower terrace surfaces.
2.4.2 Age of the offset risers at Deng Qin
The relative success of this analysis leads us to ask the question – what range
of ages are consistent with the degree of riser degradation at Deng Qin? A range of
degradation coefficients of 49 – 70 m2 adequately captures the shape of the T2/T4
riser at Deng Qin (Figure 2.2E). Taking the locally calibrated range of k values
observed at Ken Mu Da, we estimate an age range for this riser of 9.1 - 21.9 ka.
Obviously, the riser cannot be older than the upper terrace surface; our radiocarbon
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Figure 2.2 A. Elevation vs. distance plot displaying the profile of a surveyed riser,
the assumed initial riser form at zero age, and the ‘best-fit’ forward modeled riser
profile. B. Gradient vs. distance plot of the same profiles shown in A. C. Other
gradient vs. distance plots of some of the risers analyzed in this study. Results from
the linear model runs are shown for the T1/T2 and T2/T3 risers at Ken Mu Da (KMD)
on the north (N) and south (S) sides of the fault, and one of the surveys of the T2/T4
riser at Deng Qin. D. Calculated RMS misfits (errors) between surveyed riser
profiles and model results under a range of κt values for the four risers surveyed at
Ken Mu Da. Boxes delineate the 95% confidence interval range of best-fit _t values
for each profile. The best-fit ranges of kt values each riser are combined with riser
age constraints to derive a locally calibrated range of κ values. E. Computed RMS
errors between riser slopes and slopes modeled over a range of κt values, from both
surveys of the T2/T4 riser at Deng Qin. Boxes delineate the 95% confidence interval
range of best-fit κt values for each profile.
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chronology from the tread of T4 (see appendix 2) thus restricts the allowable age to ~
9.1 – 14.5 ka.
2.5 DISCUSSION AND IMPLICATIONS
Our results demonstrate that analysis terrace riser diffusivity can be a
powerful approach to refining age estimates for displaced terrace risers. Below, we
discuss the implications of our study for both slip rates on the Kunlun fault and for
the general case of using terrace risers to reconstruct fault slip.
2.5.1 Slip-rates at Deng Qin
Our analysis of riser degradation at Deng Qin suggests that the T2/T4 riser
was relatively protected from lateral erosion during occupation of the lower (T2)
surface. We consider this situation to likely be more common than typically assumed
[e.g. Mason, et al., 2006; Mériaux, et al., 2005]; as pointed out by [Cowgill, 2007],
protection of the downstream riser is favored in settings where fault slip displaces the
riser away from the axis of the valley. The age estimates derived from diffusive
modeling of the T2/T4 riser (9.1 – 14.5 ka) suggest that allowable slip rates at this site
are 3.7 - 7.3 m/kyr. We note that these rates are similar to the range of values (5 ± 1
m/kyr) that Kirby et al. [2007] inferred from displaced risers at Ken Mu Da. Thus,
we have additional confidence that this rate is a reasonable estimate for slip rates
along this segment of the Kunlun fault during the latest Pleistocene and Holocene.
Overall our results demonstrate that, despite the wide range of uncertainties
associated with riser degradation, analysis of riser morphology can provide
substantial improvements to estimates of slip rate at sites where epistemic uncertainty
associated with terrace chronology is large [e.g. Cowgill, 2007].
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2.5.2 Diachroneity of riser ‘age’
Our results reveal a preferential protection of riser faces from lateral erosion on the
south side of the fault at Ken Mu Da and on the north side of the fault at Deng Qin.
We believe this is consistent with these risers having been displaced by fault motion
away from the path of the stream, thus making them less likely to experience lateral
erosion during occupation of the lower floodplain. Comparatively, the risers on the
north side of the fault at Ken Mu Da are less degraded than those south of the fault,
implying that these risers were preferentially exposed to erosion due to fault
displacement. Although this may be simply a function of the vagaries of fluvial
incision at Ken Mu Da, the difference in riser shape suggests that the end-member
interpretation of utilizing the lower-terrace age to estimate slip rates results in an
overestimate of the actual slip rate at this site.
2.6 CONCLUSIONS
Our results place new constraints on the slip rate along the eastern Kunlun fault and
demonstrate how terrace riser degradation can be exploited to refine slip rates
determined from displaced fluvial terrace risers. Measurements of displaced risers
coupled with 14C chronology of terrace abandonment at a new site along the Kunlun
fault, along the Deng Qin river, provide only broad constraints on the millennial slip
rate of ~3 -10 m/kyr. Analysis of riser degradation at a nearby site allow local
calibration of a slope-dependent transport coefficient (κ) of 3.2 - 5.4 m2/ka.
Application of this range of κ values to modeling of riser degradation at the Deng Qin
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site constrains the age of this riser to 9.1 - 14.5 ka, and yields a more precise
assessment of slip rates at this site of 5.5 ± 1.7 m/kyr. These results provide
additional evidence that the slip rate along the Kunlun fault decreases from its central
to eastern segments [Kirby et al., 2007] and highlight the utility of morphologic
analysis in the interpretation of lateral slip-rates from offset terrace risers.
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Appendix 2; Modeling terrace riser degradation
A total of 10 topographic profiles surveyed across 5 different risers were compared to
forward models of riser shape (Figure A1). At Ken Mu Da, the T1/T2 and T2/T4
risers were surveyed via two parallel transects each on the north side of the fault, and
the T2/T3 and T3/T4 risers were similarly surveyed on the south side of the fault. At
Deng Qin, the T2/T4 riser was surveyed on the north side of the fault. Significant
groundwater sapping at the base of the riser south of the fault at Deng Qin appears to
have modified the shape of the terrace riser and thus precluded analysis of this
segment. At Ken Mu Da, we observe that the steepest slopes are preserved on risers
north the fault, whereas those to the south are systematically lower gradient. This
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observation qualitatively suggests that the riser itself may be diachronous along its
length. The T2/T4 riser on the north side of the fault at Deng Qin is approximately
twice as high as the risers at Ken Mu Da.
We reconstruct the initial shape of the risers based on the projection of the
surveyed terrace surface and an assumed initial gradient consistent with the angle of
repose in coarse gravel (~35 degrees) (Figure 2.2A). Our choice of an initial riser
slope of 35 degrees falls within the range of angles of repose typically observed in
alluvium or soil [e.g. Carson and Kirkby, 1972; Pierce and Colman, 1986].
Importantly, the influence of this initial condition on the evolution of gradients with
time diminishes with increasing age of the terrace riser or scarp [e.g. Hanks, 2000].
Based on the allowable range of ages of the risers considered in this study, our choice
of initial riser slope between 30 to 40 degrees has little to no significant influence on
model results.
From these initial conditions, we constructed a forward model of riser degradation
using a 1-D FTCS (forward in time, centered in space) finite difference
approximation of equation 2 with a simulated 0.25 m node spacing (Figure A2). We
modeled initial riser profiles under a range of kt (kappa * t) values (10-200 m^2).
This was accomplished by running models for a period of time equivalent to the age
of one of the bounding terrace surfaces, and varying kappa through an appropriate
range of values to achieve the desired range of kt. For example, we determined a
suite of model results for the T2/T4 riser at Ken Mu Da using a model run time of
14.5 kyr over kappa values ranging from 0.7-13.8 m^2/ka. We identify ranges of kt
values that ‘best-fit’ field observed riser slopes via minimization of RMS misfits

86

(errors) between survey and model output data. We report the 95 percent range of
RMS misfit minima based on an exponential pdf of the form;

p(kt) = (1 / C1) * exp(sum_i=1^n(-(zobs - zpred)^2 / sigmazobs^2))

A.1

Where (zobs) is the surveyed elevation of points on a riser profile, (zpred) is the
elevation of points on a modeled riser profile, sigmazobss is the standard deviation of
surveyed point elevations (taken as the uncertainty within the survey data, .02 m in
this case), and C1 is a constant that assures that the cumulative probability at 1 is
infinity.

Non-linear models of sediment transport
The majority of studies of scarp degradation rely on a linear relationship between
slope and the rate of mass transport. However, apparent non-linearities in observed
relationships between scarp height and midpoint-slope angle [e.g.Bucknam and
Anderson, 1979; Pierce and Colman, 1986] motivated the development of models
utilizing a non-linear dependence of transport rate on topographic gradient [Andrews
and Bucknam, 1987; Hanks and Andrews, 1987]. Such models have found additional
support in the studies of soil transport on hillslopes [e.g. Roering, 2004], but have
been challenged recently by Pelletier et al. [2006].
We explored the utility of using a non-linear sediment transport model for terrace
risers along the Kunlun Fault. We follow Andrews and Bucknam [1987] and Hanks
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and Andrews [1989] in using a model where the relationship of sediment transport
rate (Qc) to slope (S) is described by;

Qc = kq S(1+5S^2)

A.2

And kq is a coefficient of material transport. This essentially represents the
summation of two transport rules, one of which is linearly dependent on slope and the
other that exhibits a cubic dependence [Hanks and Andrews, 1987]. An alternative
way of writing this dependence, consistent with equation 1, considers that the bulk
diffusion coefficient (k) in equations 1 and 2 is really an effective diffusivity (ke) that
is dependent on coefficient of diffusion (knl) that is, in turn, modified by a slope
term;

ke = knl (1+5S^2)

A.3

To explore whether this model was able to reproduce riser morphologies observed
in this study, we repeated series of models using equations 1 and 2, modified by A.2.
We used the same 1-D, forward in time, centered in space (FTCS) finite difference
approximation scheme as in the linear case, except that the coefficient of diffusion
was allowed to vary according to local slope. Because this analysis adds a second
free parameter (knl), we use the data presented in Avouac [1993] and Avouac and
Peltzer [1993] to provide an independent calibration of (knl) for comparison. To
accomplish this, we constructed forward models of the two scarp profiles presented in
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Avouac [1993] based on an initial scarp slope of 35 degrees and a 10.5 ka age. A
‘best-fit’ value of (knl) was determined to produce to lowest RMS error between
model and actual risers at both sites (2.5 and 2.0 m^2/kyr, respectively). We use the
mean of these values (2.25 m^2/ka) for the value of (knl) in the modeling of risers in
this study.
As in the case with a linear dependence on slope, we modeled each riser profile
over a range of equivalent ket (kappa_effective * t) values. In the non-linear model
runs, however, we vary (ket) in subsequent model runs by varying the model run time
appropriately while holding (ke) constant.

The results of the non-linear modeling

are presented with the linear modeling results in figure A2. The form of the linear
and non-linear model results were visually similar. In all modeled risers, the
dependence of (ke) on slope in the non-linear models results in narrower riser
horizontal dimensions (crest to toe distance) and a less ‘peaked’ maximum slope
value. This is apparent in the larger risers at Deng Qin. Interestingly, these subtle
differences lead to overall higher RMS misfits between non-linear model results and
survey data. While the range of ‘best-fit’ (ket) values are approximately the same in
the non-linear case as the range of ‘best-fit’ (kt) values for each riser in the linear
case, the RMS minima are higher in the non-linear models. Thus, a non-linear
sediment transport rate yields the same riser age as the linear case, but does not
provide a quantitatively better fit to the shape of the riser profile.
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CHAPTER 3: MILLENNIAL SLIP-RATES ALONG THE EASTERN
KUNLUN FAULT; IMPLICATIONS FOR THE DYNAMICS OF
INTRACONTINENTAL DEFORMATION IN ASIA

Abstract
The role of major strike-slip faults in the Indo-Asian collision zone is central to our
understanding of how continental crust and lithosphere deform in response to
continental collision. We investigate how slip varies along the eastern segments of
one of the major Asian strike-slip faults, the Kunlun fault, in northeastern Tibet.
Millennial slip-rates are determined based on landforms that are offset by the fault
and dated using a combination of 14C and cosmogenic radionuclide exposure dating
techniques. We develop estimates for slip rates at four new locations along the fault
and revisit slip rates at three locations. All of these sites are located along the eastern
300km of the fault system, and our results reveal a systematic eastward decrease in
slip rate along this portion of the fault since the late Pleistocene. This displacement
gradient is consistent with the termination of the Kunlun fault near ~102° E.
Although other faults exist in the region, our observations suggest that none of these
accomplish transfer of slip from the primary Kunlun fault system. Instead, our results
suggest that either the Kunlun fault is relatively young and propagating eastward, or
that left-lateral slip along the central Kunlun is absorbed by distributed deformation in
the region surrounding the eastern fault tip. Both of these scenarios contrast with
previous interpretations and indicate that the Kunlun fault does not accommodate the
eastward extrusion of the central Tibetan Plateau lithosphere.
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3.1.
MOTIVATION
The rates and distribution of slip on Asian strike-slip faults, both ancient and modern,
play a central role in conceptual models of how continental lithosphere deforms in
response to continental collision. Early recognition of the scale and extent of recent
activity along these structures [Tapponnier and Molnar, 1977] led to models that
considered eastward displacement of Tibetan lithosphere to be the primary means by
which ongoing convergence of India with Eurasia was accommodated [e.g. Molnar
and Tapponnier, 1975; Tapponnier, et al., 1982]. An alternative view, that these
faults represent slip along pre-existing anisotropy in a continuously-deforming
medium, arose out of considerations of the strength of common constituents of
continental lithosphere and the forces generated during crustal thickening [e.g.
England and McKenzie, 1982; Houseman and England, 1993]. To a large degree,
and despite the advent of technologies to measure rates of interseismic deformation,
the fundamental differences between these views of active deformation in Eurasia
still exist [c.f. Meade, 2007; Thatcher, 2007; Wang, et al., 2001; Zhang, et al., 2004].
This debate has stimulated numerous investigations into displacement rates along
active faults in Asia, including the Altyn Tagh [e.g. Cowgill, et al., 2004; Mériaux, et
al., 2004; Mériaux, et al., 2005], Haiyuan (Zhang et al., 1990; Lasserre et al. 1999;
Lasserre et al., 2002; Zhang et al., in press), Kunlun [e.g. Li, et al., 2005; Van der
Woerd, et al., 2000; Van der Woerd, et al., 2002b], and Karakorum faults [e.g.
Brown, et al., 2002; Chevalier, et al., 2005] (figure 3.1). Most of these studies have
focused exclusively on the rate of slip in an effort to determine whether displacement
represents a large or small fraction of the total convergence rate between India and
Eurasia. A more limited number have focused on how these structures terminate,
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despite the fact that the nature of deformation at or near the fault tip is sensitive to
both the bulk rheologic properties of the crust [e.g. Barr and Houseman, 1996] and to
the external forces driving fault slip [e.g. Burchfiel, et al., 2008].
The question of how these structures terminate is particularly relevant for the Kunlun
fault. Major faults such as the Altyn Tagh and Haiyuan faults separate actively
deforming regions of the Tibetan Plateau from its undeformed foreland, and thus the
termination of these structures are easily understood to terminate into regions of
active shortening in the Qilian Shan and Liupan Shan, respectively [Burchfiel, et al.,
1989; Tapponnier, et al., 1990; Zhang, et al., 1990]. The Kunlun fault, however, is
entirely contained within actively deforming regions of the Tibetan Plateau.
Spatially-uniform slip rates along the central ~600 km of the fault system [e.g. Van
der Woerd, et al., 2000; Van der Woerd, et al., 2002b] have been cited as evidence
that this fault system accomplishes eastward extrusion of Tibetan lithosphere via
linked structures in the Qilian Shan [e.g. Peltzer, et al., 1985; Van der Woerd, et al.,
2002b]. However, recent studies of slip rates along the eastern ~200km of the
Kunlun fault suggest that rates decrease systematically to less than ~1mm/yr,
challenging the assumption of a continuous fault system across the eastern margin of
the Tibetan Plateau [Harkins and Kirby, 2008; Kirby, et al., 2007].

The nature of deformation along the easternmost Kunlun fault, whether it is
transferred beyond the plateau margin or absorbed within the plateau itself, has
important implications for the role of these faults in the deformation field across
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Figure 3.1. A. Shaded relief map of the northern Tibetan Plateau with some of the
major strike-slip faults labeled. The Kunlun fault is highlighted in bold and
millennial slip-rates from previous works are shown. White circles are from Van der
Woerd et al [2002b], black box is from Li et al. [2005], and white boxes are from
Kirby et al. [2007]. Fault segments are labeled in italics. Epicentral locations and
focal mechanisms of recent seismicity along the Kunlun fault are compiled from
USGS (http://neic.usgs.goc/neis/epic//epic_circ.html) , Harvard CMT catalog
(http://www.globalcmt.org/CMTsearch.html), and Molnar and Lyon-Caen [1989].
Index map displays all of Tibet, shaded regions are above 2000 m in elevation, area
covered by figure 3.1A is shown. B. Landsat mosaic of the easternmost Kunlun fault
region. Geomorphic character of the fault is highlighted along with the locations of
the seven slip-rate sites discussed in the text.
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Tibet. In this paper, we re-evaluate the hypothesis of Kirby and others (2007) that
the fault terminates within the plateau. We utilize displaced geomorphic features at 4
new localities along the easternmost segments of the Kunlun fault to determine slip
rates. Our additional chronology also allows us to re-evaluate sites previously
published by Kirby and others [2007] and Harkins and Kirby [2008]. Collectively,
our results confirm the presence of a displacement-rate gradient near the eastern fault
tip and refine the shape of this gradient. Observations on other faults in the region
suggest that these structures do not transfer significant displacement away from the
primary Kunlun system. Thus, the termination of the Kunlun fault is a first-order
feature of the fault system that carries important mechanical implications for active
deformation within the Tibetan plateau.
3.2 BACKGROUND AND APPROACH

The Kunlun fault system extends approximately E-W across ~1200 km of the
northern Tibetan Plateau between 34° and 36° north latitude (Figure 3.1). The
western portions of the fault system occur in the high ranges that mark the southern
boundary of the Qiadam basin, whereas the eastern portions of the fault system
follows the Anyemaqen suture, a major lithospheric boundary that marks the northern
extent of the Songpan-Garzi terrane [e.g. Zhou and Graham, 1996], and extends into
the high topography of the Anyemaqen Shan. Because the structure is parallel to the
primary geologic structures, little is known about the total displacement. A recent
study by Fu and Awata [2007] correlated Jurassic plutons and suggested that
displacement may be on the order of ~100km, although how much of this is Cenozoic
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in age remains an open question. Likewise, the onset timing of left-lateral faulting
along the Kunlun is uncertain. The best estimate derives from the age of volcanism
and associated extensional deformation near 90° E at ~15 Ma [Jolivet, et al., 2003].
Significantly more information is available for the rate of slip along the Kunlun fault
during Quaternary time. Kidd and Molnar [1988] first suggested that the Quaternary
slip rate along the central (Xidatan) segment of the fault was on the order of 10 – 15
mm/yr, based on the provenance of moraines that had been displaced left-laterally. In
a seminal study, Van der Woerd and colleagues determined slip rates at 6 sites along
the central ~600km of the fault system, and determined that slip rates were relatively
uniform at 10 – 12 mm/yr [Van der Woerd, et al., 1998; Van der Woerd, et al., 2000;
Van der Woerd, et al., 2002b]. Li and others [2005] extended this region to the west,
such that slip rates during the Late Pleistocene and Holocene appear to be spatially
uniform along the Kunlun fault between ~92° E and ~101°E. In contrast, we
reemphasize that slip rates along the eastern segments of the fault system (between
~101° and ~103°E) appear to decrease systematically from > 5 mm/yr to < 1 mm/yr.
The central and western segments of the Kunlun fault have experienced several large
magnitude seismic events that produced left-lateral surface ruptures in the 20th
century. Events in 1937 and 1963 in the Dongxi Co and Alag Hu segments,
respectively, were estimated to have Mw~7.0 and resulted in over 100 km of alongstrike rupture extent each [Fitch, 1970; Li and Jia, 1981]. A Mw=6.4 event in 1973,
also in the Dongxi Co segment, did not produce a surface rupture but is the
easternmost large event that has been recorded along the Kunlun [Tapponnier and
Molnar, 1977]. A Mw=7.6 event in 1997 produced a ~170 km strike length of surface
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rupture along the Manyi fault [Peltzer, et al., 1999], an E-W striking fault zone to the
south and west of the main trace of the Kunlun. Most recently, the Mw=7.8 Kokoxili
event in 2001 ruptured over 400 km of strike length between ~90° to 95° E along the
westernmost segments of the Kunlun fault [Lasserre, et al., 2005]. These events again
show a sharp contrast with the seismic behavior of the fault between ~101° and
~103°E. Recent investigations of the paleoseismic record along this segment of the
fault [Lin and Guo, 2008] suggest that the most recent event was ~1500 ka, consistent
with a relatively slow slip rate (~3 mm/yr).
3.2.1 Determining Slip Rates from Displaced Geomorphic Markers
In this study, we utilize geomorphic features as markers of displacement along the
Kunlun fault, including both glacial moraines and fluvial terraces. Each of these
markers is subject to a suite of uncertainties that reflect the dynamic evolution of the
landforms in response to continuing erosion, and the manner in which these changes
impact the various chronologic systems that are used to date the landforms
themselves.
Where the Kunlun fault crosses high topography in the Anyemaqen Shan, recent
advances of glaciers deposited a series of sub-linear moraines across the trace of the
fault that allow fairly precise reconstruction of fault slip. Establishing age control for
these moraines, however, is a difficult task, and we follow an extensive body of work
that employs exposure dating of large (>1 m diameter) boulders atop the moraine
crests based on accumulations of cosmogenic radionuclides (CRN) [e.g. Gosse and
Phillips, 2001; Owen, et al., 2003; Phillips, et al., 1997], specifically 10Be. These
methods are subject to uncertainties that arise from the degradation of the moraine
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and from weathering of the boulders themselves [e.g. Putkonen and O'Neal, 2006], as
well as uncertainties in the initial distribution of isotope concentrations (typically
referred to as “inheritance”). Consequently, the interpretation of the age of a moraine
from a distribution of individual exposure ages can lead to widely varying slip-rate
estimates [c.f. Brown, et al., 2002; Chevalier, et al., 2005]. In this study, we adopt a
relatively conservative approach of taking the maximum and minimum ages from the
distribution as a measure of the range of allowable ages, and thus slip-rates. All
samples were subjected to pre-processing at the either the (former) Dartmouth
College CRN lab or the Purdue Rare Isotopes Measurement (PRIME) lab that
included separation of pure quartz, extraction of 10Be, and preparation of AMS
targets. AMS analysis of all samples was conducted at the PRIME lab.
Fluvial terrace risers provide a particularly useful marker to reconstruct lateral slip
along a fault, as the intersection between the terrace tread and riser provides a linear
marker [e.g. Lensen, 1964a; b], and terrace treads typically incorporate datable
material, such as detrital charcoal. However, the relationship of ages from a terrace
tread to the “age” of the riser that separates them is inherently uncertain, and depends
on a set of assumptions about the degree of lateral erosion by an incising stream.
Although most workers have simply assumed that the riser is actively undercut by the
stream until abandonment of the lower bounding terrace tread [e.g. Beryman, 1993;
Bull, 1991; Grapes, et al., 1993; Knuepher, et al., 1987; Mériaux, et al., 2004;
Mériaux, et al., 2005; Van der Woerd, et al., 1998; Van der Woerd, et al., 2002b],
recent work has shown that this is not always a reasonable assumption [Cowgill,
2007], and that significant slip can accrue during occupation of the lower tread [e.g.
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Harkins and Kirby, 2008]. Thus, a more conservative approach to assigning slip rates
involves dating both the upper and lower terrace treads and considering them as
maximum and minimum bounds on the age of the riser [e.g. Kirby, et al., 2007;
Zhang, et al., 1990].
3.2.2. Chronology of late Pleistocene deposits along the Kunlun fault
The wealth of existing data on slip-rates along the eastern Kunlun fault [e.g. Harkins
and Kirby, 2008; Kirby, et al., 2007; Van der Woerd, et al., 2002b], as well as a study
of glacial moraines in the Anyemaqen Shan [Owen, et al., 2003], provide a
chronostratigraphic framework for late Pleistocene through Holocene alluvial and
glacial deposits in our study area. As recognized by Van der Woerd and others
[2002b], these deposits cluster in age, and likely reflect a profound climatic control
on the synchronicity of fluvial incision and deposition in northern Tibet. Here we
briefly review these data to establish a foundation for our new chronology at sites
along the eastern Kunlun fault.
Along the central Kunlun fault, most of the terraces dated by Van der Woerd and
others [1998; 2000; 2002b] were formed between ~5 ka -13 ka and post-date the
warming that occurred following the Last Glacial Maximum (LGM) [Thompson, et
al., 1997]. This time period is coincident with slightly increased precipitation in
northern Tibet that appears to have been responsible for variations in fluvial incision
[Poisson and Avouac, 2004]. Terraces younger than 5 ka are rare, and may reflect
increasing aridity during the Late Holocene [Gasse, et al., 1991]. Likewise, older
alluvial deposits are rare along the central Kunlun fault and are apparently confined to
the Dongxi Co. segment (figure 3.1A) [Van der Woerd, et al., 2002b].
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This basic chronology appears to exist along the eastern Kunlun fault as well, where
fluvial incision along the Yellow River has sustained relative base-level fall along
tributaries that cross the eastern segments of the fault system between Dawu and
Maqu (Figure 3.1) [Harkins, et al., 2007; Kirby, et al., 2007]. In this region, the
oldest deposits occur as a broad fan-terrace complex that appears to be a relict
piedmont surface. Radiocarbon ages from overlying loess deposits constrain this
alluvial deposit to be greater than ~22-28 ka in age, consistent with development
during the LGM. Fluvial incision appears to have initiated by ~15 ka and was
responsible for abandonment of the highest terraces observed along the eastern
Kunlun fault. Subsequent terrace formation and abandonment appears to have
occurred between 9-10 ka, 7-9 ka, and 5-7ka. Similar to western sites, few terraces
younger than 5ka are present.
Glacial advances in the Anyeqmaqen Shan reflect similar variations in climate.
Based on cosmogenic radionuclide (CRN) concentrations in boulders on moraines
located on the northeastern side of the massif, Owen and others [2003] determined
that the most recent glacial advance (termed the Hailong glacial by these authors)
occurred at 9 ± 3 ka. Older moraines record advances between 10 – 20 ka (Qiemuqu
glacial) and between 30 – 50 ka (Anyemaqen glacial). A single moraine along the
Kunlun fault, east of Dawu (at the Kending Na site– see Figure 3.4), was constrained
by Van der Woerd and others [2002b] to be older than 12 ka, consistent with an LGM
age.
3.2.3 Slip-rates along the eastern Kunlun fault
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The regional chronology discussed above places direct constraints on slip-rates along
the eastern segment of the Kunlun fault. Previous work has been conducted at three
sites along the trace of the fault [Harkins and Kirby, 2008; Kirby, et al., 2007], and at
one site along structures farther east (Tazang fault – Kirby et al., 2007). The western
two of these sites are located along adjacent tributaries of the Yellow River, locally
referred to as Deng Qin and Ken Mu Da (Figure 3.2A). Both of these channel valleys
preserve a suite of multiple fluvial terraces whose risers are progressively displaced
along the Kunlun fault. Terraces at both of these sites are strath terraces that are all
cut into a buff-colored, well-indurated gravel with highly weathered clasts [Kirby, et
al., 2007]. This alluvium (T5 in figure 3.2B) is constrained by radiocarbon ages on
shell material from overlying loess to be > 28ka. At Deng Qin, terraces locally
named T1 through T4 are preserved on the west side of the valley. Based on 14C
geochronology (Table 3.1) T2 was abandoned before ~3.3 ka., T4 was abandoned at
~14-15 ka., and T5 was abandoned before ~28 ka. These terraces bound two risers
that preserve left-lateral riser offsets of 60 ± 6 m and 115 ± 40 m (Figure 3.2B).

Although the broad range of ages allow a fairly wide range of plausible slip rates (~
3-10 m/kyr), Harkins and Kirby [2008] used a calibrated scarp degradation model to
refine this estimate and argued that the slip rate at this site has been 4.5 ± 0.5 m/kyr
since the latest Pleistocene.
This rate is consistent with displacement of fluvial terrace risers along the adjacent
drainage, Ken Mu Da (Figure 3.2C). Here, a flight of four terraces (T1 - T4) are
preserved along the eastern valley wall. Based on radiocarbon ages of detrital
charcoal and shells, Kirby and others [2007] established that the T1 terrace was
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Figure 3.2. A. Landsat image of the portion of the Kunlun fault hosting the Deng
Qin, Ken Mu Da, and Ouarr Goth Qu sites as well as the Qi Har R site (discussed
later in the text). B & C. Interpreted maps of offset terraces and risers from Deng Qin
(left) and Ken Mu Da (right). Topographic base maps are constructed from kinematic
GPS surveys of sites. Surveyed riser toes are highlighted in bold, offsets of these
risers are labeled. Sample locations are delineated. D. Interpreted map of offset
risers at the Ouarr Goth Qu site. E. Correlation chart of terrace abandonment ages
between the three sites.
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abandoned before ~5 ka, that the T3 terrace was abandoned at ~ 10.6 ka, and that the
T4 terrace was abandoned at ~15 ka. The three risers that separate these terrace
treads record left-lateral offsets of 31 ± 5 m, 52 ± 3 m, and 62 ± 3 m, respectively,
and indicate that slip rates at this site have been ~ 4-6 m/kyr during the past ~15ka. It
is worth emphasizing the similarity in both ages of terraces between sites, and that the
ages independently yield similar results for the slip rate.
At the easternmost site described by Kirby and others [2007], located where the fault
crosses the Ouarr Goth Qu (river), a flight of three extensive terrace surfaces (T1 T3, are preserved on the east side of the channel (Figure 3.2D). All terraces are
underlain by, and cut into, well-indurated gravels with similar characteristics to the
strath gravels described at Deng Qin and Ken Mu Da.

14

C analysis of detrital

charcoal extracted from the T1 and T2 surfaces tightly constrain abandonment ages of
these terraces. T1 was abandoned between ~6.6 and 7.3 ka., whereas T2 was
abandoned between ~10 and 9 ka [Kirby, et al., 2007]. No age control is available for
the T3 surface but the oldest age extracted from the gravels capping T2 indicate that
this surface must predate ~12-13 ka, consistent with the highest (~15 ka) terraces at
the previous sites. The T2/T3 riser is left laterally offset across the fault zone by 18 ±
4 m while no significant horizontal offset is observed in the modern riser face along
either side of the flood plain. Since the ~9-10 ka age of the T2 terrace represents a
minimum formation age of the T2/T3 riser, the 18 ± 4 m offset of this riser over this
time interval indicates a maximum range of slip-rates of 1.6-2.4 m/kyr at this site.
Kirby and others [2007] also investigated terraces formed across the Tazang fault
(figure 3.1), a potentially active structure along the eastern margin of the Roergai
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basin that was suggested to be an extension of the Kunlun fault [Van der Woerd, et
al., 2002b]. Terraces as old as ~9ka are not displaced by the Tazang fault, and thus
slip rates here must be < 1mm/yr.
Overall, slip-rates along the eastern Kunlun fault appear to decrease systematically
from west to east between ~ 101° and 103°. Importantly, this decrease slip rate is
apparent in modern geodetic data [Zhang, et al., 2004], where the component of
velocity parallel to the Kunlun fault also decreases toward the east [c.f. Kirby, et al.,
2007]. Our primary goal in what follows is to present additional data from new sliprate sites along this same segment of the Kunlun fault that confirm this slip-rate
gradient and refine the extent over which displacement decreases at the eastern tip of
the fault. We then present observations from other structures in the region that may
absorb some displacement from the Kunlun and consider some of the mechanical
implications of these observations.
3.3. NEW SLIP-RATE SITES
3.3.1 Anyemaqen Massif
The Kunlun fault passes through a restraining bend between 99.2° and 99.6° E,
resulting a component of local crustal thickening that is responsible for the high
topography of Anyemaqen Massif. The most obvious active strand of the Kunlun
fault occupies the valley that skirts the northern side of the massif, although some
authors [e.g. Van der Woerd, et al., 2002b] interpret an additional active strand of the
Kunlun on the south side of the massif. The massif hosts a modern ice cap, and has
provided the source area for late Pleistocene and Holocene glaciers that deposited
extensive moraine complexes across the trace of the Kunlun fault [Owen, et al.,
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2003]. We studied moraines in a small catchment located at ~99.6° E, along the
eastern edge of the massif (figure 3.3). To reconstruct displacement of these features,
we conducted a topographic survey using a differential GPS system and mapped
individual moraine crests atop this topographic base (figure 3.3). We augmented
these data with color satellite Quickbird imagery of these moraines and collected
samples of moraine boulders for cosmogenic nuclide exposure age analysis.
Moraines at this site consist of a nested series of lateral moraines of relatively
subdued relief that appear to have been deposited on the northwestern margin of the
glacier. The geometry of the preserved moraines suggest that the glacier flowed
northeast from its accumulation zone high in the massif and turned abruptly to the
southeast when it reached the valley hosting the Kunlun fault. The fault itself follows
a single trace through the northeast-trending moraines and forms a series of north
facing scarps. The gently curving map trace of the fault over topography suggests a
relatively steep (>60°) fault dip to the southwest. Although much of the survey area
has been modified by post-depositional fluvial erosion, several moraines ridges are
preserved well enough to facilitate reconstruction of fault slip. Intact moraines are
mantled with up to 1 m of loess, and sporadic meter-sized boulders protrude through
the loess cover. A steep, tall (>20 m), and boulder rich moraine that lacks a loess
mantle is located ~600 m southwest (up valley) from the survey area is apparently
much younger than the surveyed moraines. This moraine does not cross the Kunlun
fault, however, and we did not investigate it further.
Within the survey area, moraine crests are consistently displaced in a left-lateral sense
across the trace of the fault. Individual crests of moraine ridges were mapped in the
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Figure 3.3 A. Landsat image of the portion of the Kunlun fault near the Anyemaqen
Massif. Location of the Anyemaqen Massif slip-rate site is delineated. B & C.
Quickbird satellite image and interpreted map of offset moraines at the Anyemaqen
Massif site. Interpreted map is drawn over a topographic base compiled from a
kinematic GPS survey of the site. Piercing points at moraine crests are highlighted by
the black triangles and assigned letters. These letters correspond to the labels on
topographic profiles. D. Along strike topographic profiles immediately north and
south of the fault trace (profile endpoints are labeled on the interpreted map).
Moraine crest offsets are displayed along with associated horizontal and vertical
offsets.
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field and subsequently identified on a topographic base developed from a differential
GPS survey. Transects parallel to the fault reveal five moraine crests that can be
matched across the fault based on their height and position (figure 3.3). Horizontal
offsets measured from 4 moraine crests cluster tightly between 51-54 m, while a fifth
reconstruction yields a somewhat lower value of 35 m (figure 3.3). The latter value is
based on the offset of a moraine that is directly adjacent to an actively eroding stream
channel. Lateral erosion of the stream has likely modified the morphology of this
moraine ridge on the SW side of the fault, resulting in a lower magnitude of apparent
offset in this particular feature. As a result we consider the 51-54 m reconstruction to
be more representative to actual fault displacement since moraine deposition.
The fault trace is marked by 10-20 m of disrupted till, imparting a degree of
uncertainty in offset determinations from the projection of moraine ridge crests across
this zone. To account for this uncertainty, we derive a full range of allowable crest
positions for each moraine ridge given 0.5 m of observed surface roughness. Under
this treatment, we consider any position on a moraine crest that is within 0.5 m of the
mapped crest elevation to be allowable. This approach expands the range of
allowable offsets to 45-59 m.
The fault at this site appears to have a systematic component of south-side-up
displacement. Although all moraine crests are higher on the south side of the fault,
the hummocky topography along the moraine crest imparts significant uncertainty in
the projection of moraine crests. As a result, we estimate vertical displacement by
taking the elevation difference between points on intact moraine crests directly
adjacent to either side of the fault zone. Since all moraine crests exhibit a net slope to
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the northeast (across the fault zone), the reported vertical offsets of 3.9-8.3 m are
likely overestimates of actual vertical offset magnitudes. Preserved scarps in adjacent
moraine troughs are ~3-4 m in height, suggesting that vertical offset since the time of
moraine deposition is actually of that magnitude.

3.3.1.1. Moraine ages and slip rates
We sampled the largest protruding boulders on moraine crests for CRN exposure age
determination (table 3.2). All boulders are composed of a silicic metaconglomerate,
rich in quartz. We sampled only boulders of sufficient height (> 1m) to minimize the
possibility of burial during aeolian depositon of loess. Unfortunately, boulders of this
size are rare, and we were only able to sample 8 individual boulders.
Of these eight samples, four yield ages that cluster between 7.9-9.3 ka (~8 ka), three
samples return younger ages (between 2.5 and 5ka), and a single sample returns a
much older age of 15 ± 1.5 ka. This range of sample ages does not exhibit any
consistent age differences between separate moraine crests in our survey area.
However, two of the samples with ages < 5ka were extracted from the smallest
boulders in our study area, suggesting the possibility that these boulders may have
been buried and subsequently exhumed since deposition. We think this is a
reasonable explanation for these young ages, given that regional studies [e.g. Owen,
et al., 2003] suggest that glaciers in northeastern Tibet were retreating throughout the
middle and late Holocene.
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Table 3.2 In-situ produced, cosmogenic 10Be exposure age sample data. Production
rate is in atoms 10Be produced per year per gram quartz. AMS analysis of all
samples was conducted at the Purdue Rare Isotopes Measurement (PRIME) facility.
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We are unable, with the sparse sample set available, to discern whether exhumation
may have influenced our other samples as well. It is possible that our oldest sample
is most reflective of the age of deposition (~15 ka) during the LGM. However, we
think that the cluster of ages between 7.9-9.3 ka suggests that these moraines are
associated with the Hailong advance recognized by Owen and others [2003] in
valleys ~20 km to the northwest of our site. This age range, in combination with
displacements between 45 – 59m, suggests that lateral slip rates at this site are in the
range of 4.8 – 7.4 m/kr. We regard this as a minimum bound on the slip rate across
the Anyemaqen Shan, given the fact that we do not account for the minor component
of dip-slip observed at this site and the possibility of additional structures along the
southwestern margin of the massif.

3.3.2 East Kending Na Site
East of the Anyemaqen massif site, the Kunlun fault follows a series of broad valleys
for ~100km along a strike of ~110. East of the town of Dawu (figure 3.1), the fault
forms a linear trace along the foot of a ~4000 m high range. We explored a site near
~100.6˚ E, at the small watershed of Kending Na (figure 3.4). We refer to this site as
East Kending Na, to distinguish it from a site ~2km west discussed by Van der Woerd
and others [2002b]. East Kending Na is located at high elevation (~4270 m), and
glaciers flowing from the northern ranges deposited moraine complexes across the
active trace of the Kunlun fault (figure 3.4). Modern glaciers are not present in the
range.
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Figure 3.4 A. Landsat image of the portion of the Kunlun fault hosting the Kending
Na site. B & C. Quickbird satellite image and interpreted map of the offset moraines
at the Kending Na site, measured offset magnitudes are shown. Two ages of
moraines are delineated and sample locations are shown on the interpreted map.
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The character and distribution of the deposits along the mouth of Kending Na suggest
the presence of two moraine groups of different age. Moraine ridges on both sides of
the host channel are identified on remotely sensed images and surveyed with
differential GPS (figure 3.4). The first group of moraines exhibits relatively subdued
topography with surfaces that are largely devoid of boulders and is only preserved
southeast of the valley mouth. We did not find any correlative deposits west of the
present-day drainage. Although it appears that these moraines may have been
displaced to the east by slip along the fault, the absence of correlative deposits north
of the fault preclude their use as a piercing point. A younger group of moraines,
however, is preserved in a more proximal position to the valley mouth and these
deposits appear to correlate to moraines preserved along the inner valley walls. These
moraines are characterized by relatively sharp crests and more abundant boulders
exposed at the surface.
Within the younger, sharp-crested moraines, a pair of parallel ridges, spaced ~30m
apart on the west side of the active drainage are identified on both sides of the fault.
Due the similarity of this spacing and moraine morphology, as well as the lack of
other moraine ridges on this side of the host channel, reconstruction of these features
across the fault suggests ~45±5 m of left-lateral offset since deposition. Similarly,
two ridges on the east side of host channel also appear to correlate across the fault
trace. These features suggest a similar magnitude of left lateral displacement along
the fault of ~50±10 m. Reported error ranges in offset magnitudes reflect
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Figure 3.5. Photo looking NW along strike of the Kunlun fault at the Kending Na
site. The trace of the fault is highlighted. The location of the modern stream cut into
the moraines across the trace of the fault is highlighted by the black arrow. Note the
subdued moraine topography and lack of boulders.

uncertainties associated with projecting the subtle moraine topography across the
fault zone at this site. Here we take the same approach to quantifying uncertainty in
moraine ridge crest position as was described for the Anyemaqen Massif site.
Although these correlations are tentative, the similar magnitudes of displacement
suggested by 4 independent markers suggests that slip at this site since emplacement
of the moraines is 45-50m. We note that lateral erosion by the modern fluvial
channel makes it extremely unlikely that ridges east of the channel have been
displaced across the watershed mouth (figure 3.5). This inference suggests that
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displacement does not exceed ~60m, and we therefore reason that fault displacement
at this site is 50 ±10 m since emplacement of the moraine complex.

3.3.2.1. Moraine Ages and Slip Rates
Similar to the Anyemaqen site, we were unable to find a large number of boulders of
sufficient size to be suitable for sampling (> 1m). Consequently, we determined 10Be
exposure ages from only 4 boulders at this site. These were all taken from granite
boulders exposed on the younger moraines, three of which were from the north side
of the fault. On the north side of the fault, all samples were taken from 2+ m sized
boulders located on or near the crest of the lateral moraine ridge on the west side of
the source valley (figure 3.4). Two of these samples yielded overlapping ranges of
exposure ages of 14.5 ± 1.4 ka (table 3.2, sample –VD2) and 16.2 ± 1.7 ka (-VD3),
whereas the third sample (-VD1) sample returned a younger exposure age of 11.8 ±
1.1 ka. The sample from the south side of the fault was extracted from a ~1m sized
boulder located on the crest of a small moraine at the eastern edge of the younger
moraines (-VD5). This sample returned a somewhat older exposure age of 21 ± 2.0
ka. As at the Anyemaqen site, the sparse data set and relatively large degree of
scatter preclude a precise age determination for these moraines. However, the data
clearly indicate that these moraines were deposited during the LGM, and we consider
that the most likely age range is between ~12 – 20 ka, within the range of the
Qiemuqu glacial [Owen, et al., 2003].
Taking into account both uncertainties associated with the reconstruction of moraines
and exposure ages, slip rates of 1.7-5.6 m/kyr are permissible at the East Kending Na
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site. Despite the fairly wide range of allowable rates, even the maximum slip rate is
considerably slower than the 12.5 ± 2.5 m/kyr slip-rate interpreted at the adjacent
Kending Na site by Van der Woerd and others [2002b]. Given the similarity in
interpreted ages of the moraines used to constrain fault rates at the two Kending Na
sites, this striking difference in slip-rates between locations is difficult reconcile. We
note, however, that the ~12 ka age constraint cited by Van der Woerd and others
[2002b] does not reflect actual offset moraine ages, but rather the age of a terrace
generated sometime after moraine deposition. As a result, there exists the possibility
that the offset moraines are significantly older than 12 ka and thus slip-rates recorded
by these features are actually somewhat slower.

3.3.3

Ola Xu Ma Site

The slip-rate site near the town of Ola Xu Ma is ~40 km east of the Kending Na site
(figure 3.1B). 10 km east of the Kending Na site, the Kunlun fault splays into at least
two parallel strands as it passes through a high topographic divide. East of the divide,
the fault zone follows a single nearly E-W striking strand that follows the linear range
front on the south side of a strike-parallel valley for ~15 km. ~3 km west of the Ola
Xu Ma site, the range front beds to the south, away from the fault zone. The Ola Xu
Ma site is located ~1 km north of the range front at ~101° E, along a large tributary to
the Yellow River that flows southward, orthogonally across the trace of the Kunlun
fault (figure 3.6). At this location, a flight of four extensive fill terraces (T1-T4) and
two less extensive inset terraces (T2b and T3b) are preserved on the west side of the
tributary. The T4 surface is the most spatially extensive and coalesces with the
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Figure 3.6 A. Landsat image of the portion of the Kunlun fault hosting the Ola Xu
Ma site. The town of Ola Xu Ma, the Deng Qin site, and the Ken Mu Da site are also
identified. B & C. Quickbird satellite image and interpreted map of offset terraces
and risers at the Ola Xu Ma site. GPS survey points along riser toes are delineated,
offsets of these risers are labeled, and sample locations are identified.
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uppermost surfaces of other alluvial fans emerging from the bedrock highlands to the
south. These terraces and associated risers are left-laterally offset across the trace of
the fault. The T2, T3, and T4 terrace treads are preserved at 5.5, 7, and 9 m above the
modern flood plain, respectively. The T1 through T3b surfaces are capped by ~0.5 m
of loess that is underlain by a 0.2-0.5 m thick mixed sand and gravel layer. Clasts
within this layer do not possess pedogenic carbonate rinds. A 0.1 m thick layer of
mm-sized gravel at the base of the mixed layer is observed to have a distinctive rusty
color within a soil pit excavated into the T2 surface (sample site WOX-1, figure 3.6
C). Within the soil pit, this ‘rusty’ layer is in turn underlain by course gravel with
rare intercalated sand lenses that extends to the base of exposures. The undersides of
clasts within this gravel possess well-developed pedogenic carbonate accumulations.
In addition to the T2 surface, this course gravel is also observed in natural exposures
under the T1, T3, and T3b surfaces below the loess-gravel contact. No significant
difference was observed between these gravels but observation of this gravel on the
T4 strath was precluded by lack of exposure.
We use the horizontal offset of terrace risers and the abandonment age of an
associated terrace tread to place bounds on millennial slip rates at this site. Riser
offsets were determined based on the positions of surveyed slope breaks at riser toes.
As risers follow a complex path in map-view and are disrupted within the fault zone,
we estimate conservative uncertainties in measured offsets associated with the
projection of risers up to the fault plane. The T2/T3 and T3/T4 risers record left
lateral offsets of 30 ± 5 m and 48 ± 5 m, respectively. Since the T2/T3 riser must be
older than the T1/T2 riser, the observed difference in offset magnitudes between the
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two riser faces is internally consistent. There is little difference in the elevations of
terrace surfaces across the fault zone, indicating that the dip-slip component of fault
displacement is small at this site. We note, however, that the fault is structurally
complex at this location. The main trace of the fault divides into a number of splays
immediately east of this site and the linear range fronts to the south and north may
host unidentified fault zones with significant dip-slip components of motion. As a
result, this site is likely to record only part of the total displacement along the fault
zone and we interpret the slip-rate here as a minimum bound on the displacement rate
budget across this portion of the fault zone.

3.3.3.1. Age of the T4 Terrace and Slip Rates
Two samples of in-situ, depositional organic material extracted from beneath the T2
and T3b terrace surfaces were subjected to 14C age analysis (Table 3.1). A snail shell
extracted from a sand lense within the course gravel in a soil pit ~1m below the
loess/gravel contact in the T2 surface yielded an age of 15,196 ± 741 CalYBP. A
second snail shell extracted from the base of the mixed sand & gravel layer under the
T3b surface yielded an age of 14,853 ± 656 CalYBP. Terrace ages at this site are
difficult to interpret in light of the overlapping ages of these two samples. If these
samples recorded terrace abandonment ages, the sample extracted from the T2 surface
would be expected to be younger than the T3b sample. Additionally, if the ~15 ka
sample age represents an abandonment age of the T2 surface at this site, then age
equivalent examples of the multiple younger terrace surfaces observed at sites to the
east (Deng Qin and Ken Mu Da) are not preserved at this location. Alternatively,
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Figure 3.7. Sample ages plotted according to the fault offset recorded by the T3/T4
riser at the Ola Xu Ma site. These samples are interpreted to provide a maximum age
of the T3/T4 riser face. Grey boxes portray the offsets recorded by the T3/T4 and
T2/T3 risers if the T2, T3, and T4 surfaces share similar formation ages as the T2-T4
surfaces at Ken Mu Da. Age/offset trends for the minimum and maximum slip-rate
bounds at this site are shown.
since total riser relief is small and gravels at depth are outwardly similar under all
terraces at this site, we interpret the T1-T3b surfaces here as cut terraces inset into a
single ~15 ka old gravel fill. Under this interpretation, abandonment of the T4
surface would have initiated sometime between ~15 and ~14 ka, consistent with the
abandonment age of the extensive T4 surface at Deng Qin and Ken Mu Da.
Although we lack little direct age control at this site, we proceed with the
interpretation that terrace abandonment events were climatically moderated and
roughly synchronous with dated terrace abandonment events at Deng Qin and Ken
Mu Da.

Abandonment of the T4 surface at 14-15 ka and the 42 ± 5 m offset of the

T3/T4 riser defines a range of minimum allowable slip rates at this site of 2.5-3.4
m/kyr (figure 3.7). Additionally, if the abandonment age of the T3 and T2 surfaces at
this site are similar to those at Ken Mu Da, (9-10.6 and 6-7 ka, respectively) then the
32 ± 5 m offset of the T2/T3 riser records a slip rate range of 2.6-6.2 m/kyr. The
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minimum slip-rate of this range is corroborated by the minimum rate recorded by
T3/T4 riser that is dated by the 14C samples at this site, suggesting that our
interpretations of terrace ages and fault slip rates are valid. We therefore interpret a
likely range of rates at this site of 2.5-6.2 m/kyr.

3.3.4

Ken Mu Da and Deng Qin Sites

From the Ola Xu Ma site, at ~101° E, to where the Kunlun fault is obscured within
the Roergai Basin, at ~102° E, the trace of the fault shares a broad, strike-parallel
valley with the Yellow River (figure 3.6A). Immediately east of the Ola Xu Ma site,
the Kunlun fault splays into multiple strands and is obscure within a complex of lowrelief bedrock hills. A distinct trace of the fault is absent between these bedrock hills
and the town of Ola Xu Ma, which lies ~5 km east of the hills. At the town of Ola Xu
Ma, a distinct strike-slip trace of the Kunlun is observable in remotely sensed images
that strikes ~100°. This trace of the fault extends eastward for ~30 km across a series
of bajadas that head into bedrock highlands to the south. Running roughly parallel
with this trace of the fault, a series of kilometer-length, right-stepping normal fault
scarps trend along the base of the highlands to the south. Uplifted fluvial terraces in
the footwall of these faults (within the bedrock range) display several meters of
vertical displacement. A number of gullies and rills that are obliquely offset by these
faults record roughly equal magnitudes of vertical and horizontal displacement. At
~101.3° E the normal fault scarps abut against bedrock hills that extend northward
into the Yellow River valley. From this location eastward to the slip rate sites at
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Deng Qin and Ken Mu Da, at ~101.4° E, the Kunlun fault assumes a single distinct
trace at the northern foot of these hills.
Two radiocarbon samples exist in addition to those reported in Kirby and others
[2007] and Harkins and Kirby [2008] that further support the interpreted age of the
T4 terrace at Deng Qin and Ken Mu Da. At Deng Qin, snail shells extracted from the
gravel capping the T4 surface (sample AA60726) returned an age of 16,484 ± 471
calYBP. Since the associated gravel must have been deposited just prior to
abandonment of the T4 surface, this sample age further constrains a 14-15 ka timing
of abandonment for this surface. At Ken Mu Da, a snail shell extracted from the base
of the loess capping the T4 surface (sample AA74003) yielded an age of 14,002 ±
317. Since this material must have been deposited shortly after abandonment of the
T4 surface, this age confirms the younger limit at 14 ka. of abandonment of the T4
terrace.

3.4.5 Qi Er Er Site
The Kunlun fault is expressed as a single trace between the Ken Mu Da site and the
next slip-rate site to the east, along the Qi Er Er river (Figure 3.2A). Along the 15 km
of strike length that separates the two sites, the fault strikes ~110° and cuts through a
series of bajadas that head into bedrock highlands to the south. To the east, the trace
of the fault is progressively further removed from the range front of these highlands.
The north flowing Qi Er Er river orthogonally crosses the active trace of the Kunlun
at ~101.57° E, where the trace of the fault is separated from the range front to the
south by ~2 km.
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At Qi Er Er, flights of terraces preserve left-lateral offset risers on both sides of the
host channel, although several subsidary terrace levels are locally preserved on the
east side of the channel immediately upstream of the fault intersection. Slope-breaks
at riser toes were surveyed on both sides of the channel and a high-resolution GPS
survey was conducted on the offset risers on the east side of the channel (figure 3.8).
Five terrace levels identified based on elevation and tread surface morphology were
surveyed on the east side of the channel at this site; T1, T2, T2b, T3 and T4.
Immediately north of the fault, these terrace treads are ~ 2, 14, 16, 19, and 22 m
above the modern flood plain, respectively. Immediately south of the fault, these
treads are ~2, 13, 15, 16.5, and 18 m above the flood plain, respectively. A northside-up fault scarp is developed in the T2, T3, and T4 terraces, with vertical
separations across the fault zone of 1, 2.5, and 4 m between the treads, respectively.
No scarp is developed in the T1 surface. As a result, we take the differences in tread
elevations to be the result of a systematic vertical, north-side-up component of fault
motion since the time of T5 abandonment. North-side-up scarps are also developed
in the T2b and T4 treads on the west side of the host channel. Tread elevations and
scarp heights on the west side of the channel are approximately equivalent to those on
the east.
Most of the relict terrace treads at this site exhibit subdued bar and swale topography
that is relict from fluvial deposition and buried ~1-2 m of loess. The lowest surface,
T1, displays pronounced bar and swale topography, with only thin loess
accumulations confined to swales. Clasts within terrace and modern channel gravels
are almost exclusively granitic in composition, and were sourced from an extensive
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Figure 3.8 Corona satellite image and interpreted map of offset terraces, risers, and
boulder levee at the Qi Er Er site. Interpreted map is drawn over a topographic base
compiled from a kinematic GPS survey of the site. Sample locations are shown on
both the corona image and the interpreted map.
intrusive complex in the Chi Er Er headwaters. Granite clasts observed in natural
exposures and soil pits appear fresh, even on the highest terraces, suggesting a
relatively young age. Terrace and modern gravels are comprised of mostly cobble to
~1m scale boulder sized clasts with occasional 3+ m scale boulders. The largest of
these boulders protrude from the loess accumulations on terrace treads. Notably, we
do not observe ‘older’ gravel deposits that make up terrace straths at sites to the west.
However, thick accumulations of the ‘older’ gravel deposits are observed in extensive
exposures farther downstream, at the confluence of the Chi Er Er and Yellow rivers.
On the east side of the channel, the T3/T4 riser and a boulder levee preserved on the
T3 tread are left-laterally offset by 39 ± 5 m and 35 ± 5 m, respectively. The riser
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Figure 3.9 Interpreted field photograph of the 22 ± 5 m offset of the T2/T2b-T3 riser
at the Qi Er Er site. View is to the NW across the trace of the fault zone.
above the T2 surface, which is horizontally offset by 22 ± 5 m. (figure 3.9), lies at the
base of the T3 tread north of the fault trace, and at the base of the T2b tread south of
the fault trace. Since this riser must have been refreshed during or after the
abandonment of the T2b surface, the maximum age of this riser must therefore be
equivalent to the abandonment age of the T2b surface, and the minimum age should
be the abandonment of the T2 tread itself. No apparent offset is observed in the
T1/T2 riser, and we take this as an indication of relatively recent lateral erosion
during fluvial occupation of the T1 tread.
On the west side of the valley, ongoing lateral erosion by the modern channel has
obliterated most of the terrace risers (figure 3.8), leaving only the highest unmodified.
We measured the lateral displacement of the T2b/T4 riser using a hand-held laser
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rangefinder and determined displacement of 36 ± 5 m. The similarity of this
measurement to displacements observed east of the valley gives confidence that this
is a reliable estimate of fault displacement subsequent to development of the T2b
terrace surface.

3.4.5.1. Terrace ages and slip-rates
Constraints on terrace abandonment age at this site are provided by both 14C and CRN
analysis of terrace gravel material.

14

C analysis of a single piece of charcoal extracted

from within fluvial gravels ~20cm below the gravel/loess contact on the T2 surface
yielded an age of 9956 ± 244 cal yr BP (Table 3.1). Because this sample was
extracted from very near the top of the gravel capping the T2 surface, we take this
sample age to closely approximate the abandonment age of the T2 surface. From a
regional standpoint, this date suggest that the terrace is broadly equivalent to Early
Holocene terraces at Ken Mu Da (locally, T3) and at Ouarr Goth Qu (locally, T2).
In addition, two boulders exposed on terrace treads were sampled for CRN exposure
age analysis (Table 3.2). Sampling strategy and processing of these samples was the
same as the moraine boulder samples described at the Anyemaqen and East Kending
Na sites. Both sampled boulders were granitic in composition and protruded more
than 0.5 m above the terrace tread. The first boulder (CHR-1), located on the intact
T4 surface on the west side of the channel ~400 m south of the fault trace, yielded an
exposure age of 14.0 ± 1.6 ka. The second sampled boulder (CHR-2), located on a
small inset surface in the T4 tread on the east side of the channel ~200 m from the
fault trace, yielded an age of 17.5 ± 1.6 ka. As the base of the CHR-2 boulder is broad
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and the top extends well above the T4 surface, it is unlikely that the sampled portion
of this boulder was ever buried after deposition of the T4 surface. Thus, although we
only have two CRN ages here, they are consistent with occupation of the T4 surface
sometime between ~12.4 and 19.1 ka.
While two exposure ages would, in isolation, not be sufficient to reliably date
abandonment of the T4 tread, three lines of argument suggest that these ages provide
a reasonable approximation. First, the morphologic character and landscape position
of the T4 terrace as an extensive, broad surface suggests correlation with the highest
terraces at Deng Qin/Ken Mu Da (T4) and at Ola Xu Ma (T2). Second, the CRN ages
overlap with these well-dated surfaces (T4 at Deng Qin and Ken Mu Da ~15ka, and
T2 at Ola Xu Ma ~15 ka). Thus, we consider it likely that these surfaces were
abandoned nearly synchronously, probably in response to deglaciation of their
headwaters during the latest Pleistocene. Third, the charcoal from the inset T2
surface places a minimum constraint on the abandonment of T4 of ~10ka. Thus, the
CRN ages are not unreasonably old, as might be the case if inheritance was a
significant component of 10Be concentrations.
Given that the range of displaced markers at this site (T3/T4 riser - 39 ± 5 m, T2b/T4
riser - 36 ± 5 m , and T3 boulder levee – 35 ± 5 m) suggests 30 – 45 m of
displacement, we can be reasonably confident of the minimum slip rate. If the oldest
CRN age (~19ka) is taken as a measure of T4 abandonment, then the slip rate must be
at least ~1.6 – 2.4 m/kyr (figure 3.10). If, however, the T4 terrace was abandoned
closer to ~15 ka, as suggested by the regional correlation with well-dated sites, then
the corresponding minimum slip rate is a bit higher, between 2.0 – 3.0 m/kyr.
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Figure 3.10. Sample ages plotted according to the fault offset recorded by the T3/T4
and T2/T2b-T3 risers at the Qi Er Er site. The two older samples are interpreted to
provide a maximum age of the T3/T4 riser face. The younger sample is interpreted to
provide a minimum age for the T2/T3 riser face. Grey boxes portray the offsets
recorded by the T3/T4 and T2b/T4 risers if the T2, T3, and T4 surfaces share similar
formation ages as the T2-T4 surfaces at Ken Mu Da and Ouarr Goth Qu. Age/offset
trends for the minimum and maximum slip-rate bounds at this site are shown.
Estimating the maximum allowable slip rate at this site is a bit more uncertain, and
relies heavily on the radiocarbon age from T2. If the 22 ± 5 m of displacement of the
T2/T2b riser accumulated after abandonment of the T2 tread, this suggests that
maximum allowable slip rates over the past 10ka have been between 1.7 and 2.7
m/kyr, similar to the minimum rates discussed above. However, the T2/T3 riser north
of the fault is strongly curved, suggesting that it may have been eroded somewhat
during development of the T2 tread (figure 3.8). If this were the case, the true offset
could be somewhat greater, implying correspondingly greater slip rates.
Displacements of markers associated with T3 and T4, however, allow us to estimate
an absolute maximum slip rate. It is clear that the entirety of 30 – 45m displacement
observed from the T3/T4 features must have accumulated subsequent to abandonment
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of T2. Thus, slip rates over the past 10 ka could not have been greater than 3.0 – 4.5
m/kyr at this site. Our preferred correlations (T4 with the regional ~14-15 ka terrace
abandonment event) lead us to argue that the most likely slip rate at this site is 2.3 –
4.4 m/kyr..
3.5 SUMMARY OF MILLENNIAL SLIP-RATES
In this work, we discuss all slip rates as the range of allowable rates rather than the
more commonly reported mean value with an uncertainty range. Lacking additional
geologic constraint, we regard all rates within reported ranges to be equally likely.
Our new results are consistent with previous studies of Kirby and others (2007) and
show that millennial slip-rates along the eastern Kunlun fault generally decrease
eastward, decreasing to ~1mm/yr near ~102° E (figure 3.11). The median value of
the slip-rate ranges at the Kending Na and Ola Xu Ma sites are low when compared to
the slip rates at Deng Qin and Ken Mu Da. We reemphasize that this is due to the
large range of allowable ages of offset features at these sites, rather than actual
likelihood of slower rates. Geometric complexity and the presence of multiple fault
strands near Ola Xu Ma, however, may explain why this site is low relative to sites
farther east (figure 3.11); additional displacement may be present on additional fault
strands. These effects, however, appear to be second-order; the primary implication
of our results is that the slip rate along the Kunlun fault during the latest Pleistocene
and Holocene varies strongly over the eastern 200 – 300 km of the fault system. It
appears that most of the modern slip along the Kunlun fault system terminates near
the town of Maqu, well west of the eastern margin of the Tibetan Plateau.
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Figure 3.11. Plots of millennial slip rates vs. distance along the Kunlun fault. A.
Slip rate estimates from the entire fault extent, rate estimates are keyed to their
sources. The approximate rupture extents and dates of major seismogenic events
along the fault are also shown [Li, et al., 2005; Lin, et al., 2002; Tapponnier and
Molnar, 1977; Van der Woerd, et al., 2002a]. B. Slip-rate estimates determined in
this study. C. Shaded relief map of the locations and associated slip-rates at sites
along the eastern Kunlun fault, white circles are rates reported in Van der Woerd
[2002b], black filled boxes are from this study, rates are displayed in m/kyr. For
display purposes, we group the slip rate estimates from both Deng Qin and Ken Mu
Da into a single slip rate on this map.
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3.6 STRUCTURES PROXIMAL TO THE EASTERN KUNLUN
Termination of a major, rapidly-slipping strike-slip fault requires that displacement
somehow be absorbed by deformation of the crust adjacent to the fault system. Such
deformation might be expressed as a ‘ductile bead’ in the crust surrounding the
leading fault tip or could be taken up by slip on subsidiary structures adjacent to the
primary fault strand. This explanation is typically considered a means by which slip
along the Kunlun fault can be transferred to the edge of the Tibetan Plateau, via faults
along the valley of the Bailong Jiang (river) [e.g. Van der Woerd, et al., 2002b]. In
this section, we present observations that place constraints on the degree of
Quaternary activity along these structures.

3.6.1 Duo Song Valley
North of the Kunlun fault, the Duo Song River valley (Figure 3.12) is bound on the
north side by a linear range front that trends sub-parallel to the strike of the Kunlun.
Faceted bedrock spurs suggest that the range front is bound by a fault zone with some
degree of Quaternary dip-slip. Geomorphic evidence of slip on the fault dies out at
the eastern head of the valley, and it appears that the fault terminates at this pass. We
were unable to observe definitive evidence of lateral slip. However, folded preMesozoic strata exhibit an apparent left-lateral separation of ~10 km across the valley
(Figure 3.12), although the planar contacts do not form precise piercing points. If this
separation is indicative of lateral slip, it must be a relatively ancient feature; at the
eastern end of the valley, the fault is overlapped by Cretaceous/early Tertiary
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Figure 3.12 Simplified geologic map of the region around the easternmost Kunlun
fault. Major structural features discussed in the text are labeled.

terrestrial sediments that are continuous across the fault. Thus, we consider the Duo
Song structure to be primarily a pre-Tertiary fault that may have slight reactivation
during recent deformation. It does not appear to transfer a significant amount of leftlateral slip from the Kunlun fault system.

3.6.2 North Anyemaqen structure
One candidate structure that appears prominently on regional maps of Tibetan faults
[e.g. Yin and Harrison, 2000] occurs approximately 50-100 km north of the Kunlun
fault, between ~99°E and ~101°E. This structure is mapped primarily along a series
of linear, E-W valleys (figure 3.12). We explored the easternmost of these valleys,
and discovered north-facing scarps and faceted bedrock interfluves developed along
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the southern margin of the valley. These landforms suggest recent activity along a
range-bounding fault.
Two 14C samples were extracted from a terrace surface along a channel that crosses
the range front at ~100.74° E. This terrace tread makes a broad alluvial surface
across the projected trend of the range front and does not display scarps or other
evidence of active faulting. Similarly, soil horizons developed in this terrace surface
show no evidence of disruption across the trend of the range front. This channel is
one of several channels that cross the range front in the vicinity of 100.7° E, all with
similar terrace surfaces that do not show signs of active faulting. One of the samples,
consisting of charcoal extracted from fluvial gravels ~10 cm below the 2 m thick
loess cap, did not contain enough 14C for age analysis (Table 3.2). The second
sample, consisting of snail shells extracted from the base of the overlying loess cap,
yielded an uncalibrated 14C age of 28,460 ± 300 yr B.P. Thus, alluvial terraces in this
region appear to be quite old, > 25 – 30 ka, and constrain the most recent event on
this fault to sometime in the Pleistocene. Thus, the fault appears to be a rather minor
structure and cannot transfer a significant amount of slip away from the primary trace
of the Kunlun.

3.6.3 Awoncong fault
South of the Kunlun fault, there are two, parallel valleys that trend NW-SE (~140°)
(figure 3.12). The linearity of mountain fronts along the southwestern valley walls
suggests that recently-active faults occupy the valleys [e.g., Figure 27 of Van der
Woerd et al., 2002]. The orientation of these structures is consistent with a horsetail
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Figure 3.13. Field photograph from the Awoncong fault. Left lateral and NE sidedown bedrock offsets are apparent although obvious offset of valley floor alluvium is
lacking.
splay, such that they could simply represent wing cracks associated with a Mode II
(lateral shearing) fault tip. In order to determine the sense of slip, we explored both
valleys. The eastern valley exhibits a sharp, linear range front along the western
valley wall. Numerous faceted spurs, displaced bedrock interfluves, and scarps along
the range front imply Quaternary activity along a fault zone with left-lateral
displacement. We informally refer to this fault as the Awoncong fault, named for a
nearby town.
Unfortunately, the remote location of this structure prevented confident determination
of recent displacement along it. Where we observed truncated and displaced bedrock
interfluves, they appear to consistently be displaced in a left-lateral sense (figure
3.13). However, the majority of alluvial deposits do not appear to be cut by the fault;
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we only observed scarps in the highest deposits. Thus, we tentatively consider that
this structure is also a minor fault, one that does not transfer a significant amount of
slip from the Kunlun. Regardless of the slip rate, the geomorphic expression of the
Awoncong fault suggests a north-side-down component of displacement. The Yellow
River is entrenched in a narrow canyon in the mountains south of the fault, whereas it
develops a broad floodplain with multiple threaded channels north of the fault that we
interpret to reflect long-term subsidence of the northern fault block.
The geomorphic expression of the Awoncong fault appears to die out toward the fault
tips. Toward the northwest, the fault trace becomes indistinct in high, mountainous
topography near the Kunlun fault; likewise, toward the southeast, the fault trace
becomes indistinct and obscured by alluvium associated with the margin of the
Roergai basin. Thus, although the slip rate of this structure is uncertain, it probably
does not act to transfer slip from the Kunlun fault to other structures. Rather, it
appears to reflect deformation surrounding the eastern tip of the Kunlun fault.
West of this structure, is a second, northwest-trending valley that intersects the
Yellow River at the small town of Muxi He. Fault-related offsets of Quaternary
landforms are not observable in remotely sensed images of the Muxi He valley (both
Landsat and Corona imagery). In addition, the Muxi He valley structure has a limited
strike extent and does not appear to directly link up to Kunlun fault to the north.
Thus, this structure is also likely incapable of absorbing a significant amount of slip
from the Kunlun fault.
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3.7 CONSTRAINTS ON TOTAL DISPLACEMENT ALONG THE EASTERN
KUNLUN FAULT
The Kunlun fault is clearly associated with the early Jurassic Anyemaqen-KunlunMuztagh suture (Dewey et al., 1988). However, the history of slip along this
lithospheric boundary remains unclear largely due to the lack of any well-determined
estimates of total displacement along the system during the Cenozoic. Although Fu
and Awata [2007] argued for correlations among Jurassic plutons and Cretaceous
basins from which they inferred ~120km of displacement along the eastern Kunlun
fault, the timing of this movement is highly uncertain and could have even been
associated with the development of the basins themselves. Cross-cutting
relationships between the eastern end of the Duo Song Valley fault and an
undeformed package of Cretaceous/early Tertiary sediments implies that this
structure has been inactive since that time (figure 3.12). This relationship suggests at
least two temporally-distinct episodes of left-lateral shear: an early event that predates the early Cenozoic, and a later event that continues to the present. This history
significantly complicates the interpretation of displacements inferred from displaced
bedrock features and deconvolving the Cenozoic history of slip along the Kunlun
fault remains a challenge.
3.8 DISCUSSION
3.8.1 Seismotectonics along the eastern Kunlun fault
Our new results confirm earlier interpretations of along-strike variations in slip-rate
along the eastern segment of the Kunlun fault [e.g. Kirby, et al., 2007]. Slip rates
over the past 10 – 20 ka decrease systematically along the Kunlun fault between
~100°E and ~102°E (figure 3.11). Because our study utilizes geomorphic markers,
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each of which is displaced by 20 m or more, these results represent the average rate of
slip along the fault. A recent paleosesimic study along the segment of the fault near
Maqu [Lin and Guo, 2008] revealed evidence for up to 9 individual events during the
past 10 kyr. These authors also argued from offset gullies that the lateral component
of slip during the most recent event was ~2 – 3 m. Both of these observations are
entirely compatible with slip rates at our easternmost site [~2 m/kyr at Ouarr Goth Qu
[Kirby, et al., 2007]]. More importantly, these results suggest that our slip rate
estimates are not strongly biased by seismic cycle effects. That is, low slip rates
inferred at our easternmost sites still represent multiple events and are not an artifact
of single- or double-event rates.
Our results thus raise the question of how such spatial variations in co-seismic strain
release are accomplished. Do the higher slip rates along the Kunlun fault between
Maqu and Dawu (figure 3.11) reflect more frequent earthquakes during the past 20
ka, larger events with greater displacement, or, potentially, a greater fraction of
aseismic slip? We cannot satisfactorily answer these questions at this time.
However, we believe they provide strong motivation for additional paleoseismic
studies along the Kunlun fault.

3.8.2 Possible modes of fault termination
The strong similarity between the slip-rate gradient that our results reveal along the
eastern Kunlun fault and displacement-length variations observed for non-plate
boundary faults [e.g. Schlische, et al., 1996] invites comparison between these data.
Globally, isolated, non-interacting fault systems exhibit a systematic scaling
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relationship between fault length and total displacement (global average ~ 0.03;
Schlische et al. 1996) that evolves as a competition between fault growth and
accumulated displacement [c.f. Cowie and Scholz, 1992; Walsh, et al., 2002].
Departures from this global average are easily understood as a consequence of fault
interaction [e.g. Gupta and Scholz, 2000] that may drive temporal changes in fault
slip rate [e.g. Gupta, et al., 1998; Roberts and Michetti, 2004]
Because the evolution of crustal-scale strike-slip fault systems is difficult to
characterize there are relatively few studies that pertain directly to this class of faults.
Much of the thinking about strike-slip faults derives from the work of Wesnousky
[1988], who argued that the complexity of strike-slip faults (their segmentation)
scales directly with the total displacement. This model implicitly assumes that the
surface expression of a strike-slip fault directly mirrors a localized shear zone at
depth, and one would not expect strong spatial variations in slip rate across segment
boundaries unless the boundary conditions on the shear zone also changed. Cowie
and others [2007], however, recently argued that when one looks closely at
displacement-length scaling from strike-slip faults [Stirling, et al., 1996], they are
indistinguishable from the global average. This suggests that processes in the brittle
crust may also control the growth and evolution of strike-slip faults, and thus it is
possible that the displacement-rate gradient observed along the eastern Kunlun fault
reflects the recent growth of the fault system.
Within this context, we consider four potential scenarios that may explain the sliprate gradient and apparent termination of the Kunlun fault. We evaluate the
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likelihood of different modes of fault termination based on regional geologic
observations in the context of millennial slip rates along the eastern Kunlun.
1. Left lateral displacement along the central Kunlun fault is transferred to adjacent
strike-slip faults: This is the primary mechanism by which slip along the Kunlun
fault could be linked to either shortening along the margin of the plateau adjacent to
the Sichuan Basin [e.g. Chen and Yang, 2004; Van der Woerd, et al., 2002b] or
transmitted to strike-slip faults in the western Qinling Shan [Peltzer and Saucier,
1996; Van der Woerd, et al., 2002b]. Our observations, however, suggest that this
mechanism plays a relatively minor role. First, we were unable to identify any
significant structures north or south of the primary trace of the Kunlun that could
transfer slip (and thus account for the slip-rate gradient). Faults in the northern
Anyemaqen Shan either appear to pre-date the early Cenozoic (Duo Song fault) or to
have minor displacement (North Anyemaqen). Second, the West Qinling fault
system, considered a prime candidate to transfer slip toward the West Qinling Shan
[Van der Woerd, et al., 2002b], does not exhibit a geomorphic expression until
~103°E, near ~100km east of the termination of the Kunlun. Moreover, recent work
suggests that the slip rate along the West Qinling fault is modest, ~2-3 m/kyr (Yuen et
al., 2008). Third, faults south of the Kunlun appear to also die out toward the east,
into the Roergai basin. Thus, these are not obvious candidates to pass lateral slip
farther east, and we are forced to consider other mechanism that may absorb slip
along the eastern Kunlun fault.
2. Displacement along the Kunlun fault is absorbed by crustal thickening: The slip
rate gradient along the Kunlun could be accommodated by crustal thinning on the
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north side of the fault and/or thickening on the south side, assuming that the region
east of the fault is acting as a fixed ‘backstop’ relative to the fault. If crustal
thickening or thinning is absorbing the entirety of ~10 m/kyr of shear inferred along
the central Kunlun fault, then we might expect relatively rapid changes in crustal
thickness adjacent to the slip-rate gradient. Although the topography itself suggests
the possibility of ongoing deformation [e.g. Harkins, et al., 2007], there is little
evidence for major shortening, such as that associated with the terminus of the Altyn
Tagh fault. Thus, although we cannot rule out the possibility of distributed rock uplift
around the eastern fault termination, it seems unlikely that this accommodates all of
the displacement along the Kunlun fault.
3. Left-lateral slip along the central Kunlun absorbed along a distributed shear zone:
One possibility is that displacement along the eastward projection of the Kunlun fault
is accomplished along a broad zone of distributed shear. While geodetic data from
the region east of the Kunlun fault is inconsistent with shear across E-W planes [e.g.
Kirby, et al., 2007], geodetic velocities reveal the presence of a distributed, dextral
shear zone that trends NE-SW, nearly orthogonal to the strike of the eastern Kunlun
fault [e.g.Burchfiel, et al., 2008; Zhang, et al., 2004]. As noted previously [Kirby, et
al., 2007], shear in this orientation could drive a clockwise rotation of the fault that
may be, in part, responsible for the displacement-rate gradient [England and Molnar,
1990].
4. The Kunlun fault is relatively young and propagating eastward: If displacementlength scaling provides insight into fault growth, we might expect that the Kunlun
fault is currently propagating eastward. Fractures in brittle solids are expected to
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extend their strike lengths, or outwardly propagate their tips, as some power-law
function of displacement [e.g.Lawn, 1975]. Although application of these simple
models to crustal-scale fault zones is certainly an over-simplification, the similarity
between the observed displacement gradient and the global data set [Schlische, et al.,
1996] is striking. Unfortunately, the absence of markers of intermediate age along
this section of the Kunlun fault precludes a definitive evaluation of how slip
accumulated during fault growth. Nonetheless, we find this explanation compelling.
We note that if the eastern segment of the Kunlun fault is relatively young, then the
growth and outward expansion of the Tibetan Plateau is not driven by propagation of
strike-slip faults [Tapponnier, et al., 2001], but rather preceded development of the
Kunlun fault.

3.8.4 Implications for the dynamics of Tibetan deformation
At a basic level, the observation that slip-rates decrease to near-zero at the eastern end
of the fault implies that slip along the fault system does not accomplish extrusion of a
central Tibetan lithospheric block relative to a northern one [e.g. Kirby, et al., 2007].
Lithospheric block extrusion-type models have driven a great deal of thinking about
Tibetan geodynamics [Avouac and Tapponnier, 1993; Tapponnier, et al., 1982] and
still influence interpretations of present-day velocity fields [e.g. Meade, 2007;
Thatcher, 2007]. Both of these studies predict that ~6-7 mm/yr of shear passes
between Maqu and the topographic margin of the Tibetan Plateau (Figure 3.11) along
the Kunlun fault. However, the apparent decrease in slip rates along the primary trace
of the Kunlun fault and the absence of rapidly-slipping structures that could transfer
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displacement away from the primary fault argue that shear associated with the Kunlun
system dies out by ~102° E.
It is important to note that the termination of the fault system does not simply reflect
differences in geodetic strain rates and geologic displacement rates. Although this
argument has arisen for other intracontinental faults in Asia [e.g. Mériaux, et al.,
2004], geologically-determined slip rates and geodetic velocities along the Kunlun
fault tend to yield similar estimates [c.f. Van der Woerd, et al., 2002b; Zhang, et al.,
2004]. Strikingly, in detail the geodetic data east of ~102°E [Shen, et al., 2005] does
not require any left-lateral shear along the projection of the Kunlun fault (see Figure 6
of Kirby et al., 2007). That is, both geologic slip rates and geodetic data indicate that
shear associated with the Kunlun fault decreases from west to east. As a result, these
findings directly contradict block models that predict a continuous boundary between
quasi-rigid blocks east of ~102°E [e.g. Meade, 2007; Thatcher, 2007], and it appears
that the deformation field in this region is not well-described by rigid-block type
displacements .
Although we cannot rule out that the Kunlun fault is still lengthening and propagating
eastward, the spatial change in the geodetic velocity field along strike of the fault
system suggests that the boundary conditions driving fault slip are, in part,
responsible for variations in slip rate. Whether this reflects differences in the
rheology of Tibetan crust [e.g. Hilley, et al., 2009] or whether it is simply that the
regional directions of shear within the deforming Tibetan crust change along the fault
system is not known. Regardless, the termination of such a major fault system within
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an active orogen is unusual, and challenges some of our simple models of
intracontinental deformation.
3.9 CONCLUSIONS
Displaced Pleistocene to Holocene geomorphic features at four new localities along
the eastern ~250 km of the Kunlun fault system and investigations of adjacent faults
allow us to draw the following conclusions:
1. Slip-rates along the eastern Kunlun fault systematically decrease eastward,
from >7 m/kyr at ~99.5° E to <2 m/kyr at ~102° E. These rates reflect
averages of many earthquake cycles and appear to represent the macroscopic
behavior of the Kunlun fault since Late Pleistocene time.
2. Adjacent secondary fault zones do not appear to transfer slip away from the
primary trace of the Kunlun system. Rather, these faults likely reflect
distributed deformation in the crust surrounding the tip of the Kunlun.
3. The preceding conclusions indicate that displacement gradients near the tip of
the Kunlun fault must be sustained by either propagation of the fault eastward
or by distributed deformation in the surrounding plateau.
4. The slip-rate gradient along the eastern Kunlun implies that deformation of
the region around the eastern Kunlun fault is poorly described by ‘rigid-block’
style kinematic models. This result challenges many of the extant models of
deformation within the Indo-Asian collision zone.
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CHAPTER 4: DISTRIBUTED DEFORMATION IN EASTERN TIBET AND
THE TERMINATION OF THE KUNLUN FAULT

Abstract
One of the outstanding questions in tectonic theory is whether Indo-Asian strike-slip
faults represent the boundaries of rigid lithospheric blocks or merely upper crustal
strain localizations within a continuously deforming crust. While corroborating
geologic fault displacement-rates and far-field geodetic rates imply that portions of
these faults are accommodating a large proportion of horizontal shear-strain
associated with ongoing Indo-Asian collision, to date few descriptions exist on the
accommodation of this displacement at fault terminations. Here, we explore
geomorphic and geodetic evidence of distributed deformation in the crust around the
eastern termination of the Kunlun fault, a strike-slip fault that terminates within the
northeastern topographic boundary of the Tibetan plateau. In particular, we cite
differential rock uplift as evidence of deformation over geologic time. To accomplish
this, we match observed fluvial channel slopes to catchment erosion rates determined
from abundances of cosmogenic 10Be in modern sediment. Based on an observed
positive scaling between channel slope and erosion rate, channel long profiles are
used to describe a broad zone of accelerated rock uplift rates around the eastern
Kunlun fault termination. We interpret this uplift to be associated with the adsorption
of displacement along the Kunlun by regionally distributed crustal strain. Geodetic
data corroborates the activity of distributed strain around the eastern Kunlun fault.
Together, these observations are inconsistent with the behavior expected in ‘block’
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type models and suggest that the Kunlun is not acting as a lithospheric block
boundary.
4.1 INTRODUCTION
The kinematics of active faults throughout Eurasia reside at the center of an
outstanding debate over the nature of intracontinental deformation – whether
translation of quasi-rigid blocks along major strike-slip fault systems accommodates a
significant fraction of convergence between India and Eurasia [e.g. Avouac and
Tapponnier, 1993; Tapponnier, et al., 1982], or whether slip along these fault systems
reflects strain localization within a continuously-deforming medium [e.g. Houseman
and England, 1993]. Although much effort has focused on developing an extensive
catalogue of geologic slip-rates [Brown, et al., 2002; Chevalier, et al., 2005; Cowgill,
et al., 2004; Lasserre, et al., 1999; Li, et al., 2005; Mériaux, et al., 2004; Mériaux, et
al., 2005; Van der Woerd, et al., 1998; Van der Woerd, et al., 2000; Van der Woerd,
et al., 2002] and geodetic data [Bendick, et al., 2000; Shen, et al., 2005; Wright, et al.,
2004; Zhang, et al., 2004], comparatively few studies have considered how
displacement is accommodated at fault terminations [Burchfiel, et al., 2007; Kirby, et
al., 2007; Murphy, et al., 1997]. Here, we address this question along the eastern
Kunlun fault, where slip-rates decrease systematically from > 10 mm/yr to < 1mm/yr
along ~200 km of the fault system [Kirby, et al., 2007] (Figure 4.1). We show that
this slip-rate gradient is coincident with both a region of high topography, known as
the Anyemaqen Shan, and a zone of regional shear oriented orthogonally to the
Kunlun fault [e.g. Burchfiel, et al., 2007]. Geomorphic analysis of river longitudinal
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Figure 4.1. A. Grey-scale shaded relief map of northeastern Tibet. Major strike-slip
faults are highlighted and millennial slip rates from select sites along the Kunlun
determined by Li and others [2005] ,Van der Woerd and others [2002] and Kirby and
others [2007], are shown in boxes (m/kyr). Black arrows represent GPS station
velocities from Shen [2005], in blue, and Zhang [2004], in black. These velocities are
referenced to a stable Eurasia reference frame. The green box outlines stations
displayed in figure 4.2B and the black box outlines the area displayed in figure 4.1B.
On the inset index map of the Tibetan Plateau and Himalayas, elevations over 2 km
and 5 km are shaded in light grey and white, respectively. B. Slope-scaled
topographic relief map of the area around the Anyemaqen Shan. Here, the product of
local topographic slopes and elevation values highlights regions of high relief at high
elevations. Slip rates along the Kunlun are shown in boxed values of m/kyr and the
outline of the Anyemaqen Shan is dashed in black. Note that the Anyemaqen Shan is
not bound by active structures, as are many of the adjacent topographic features.
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profiles, coupled with erosion rates constrained by inventories of cosmogenic
radionuclides in fluvial sediment, reveal correlated variations across the Anyemaqen
Shan. These results imply that the termination of shear along the Kunlun fault system
is accommodated by deformation of the surrounding crust of the Tibetan Plateau, in
the form of rock uplift in the Anyemaqen Shan, and by rotation of the fault system
itself [e.g. England and Molnar, 1990]. These behaviors that are not easily described
by rigid-block models.
The interplay between fault slip and distributed deformation in the crust adjacent to
fault zones , in part, defines the mechanical behavior of the crust [e.g. Barr and
Houseman, 1996; Dixon, et al., 2003; Pollitz, et al., 2001]. Even accepting that the
kinematics of Eurasia are better described by a continuous deformation model, the
mechanical behavior of the Tibetan Plateau is poorly understood [e.g. Beaumont, et
al., 2001; England and Houseman, 1988; Hilley, et al., 2005; Royden, et al., 1997;
Willett and Pope, 1999]. This is largely due to the fact that the interseismic record
length of distributed deformation provided by GPS is not mechanically
distinguishing. As a result, we explore whether millennial slip-rates along the Kunlun
fault coupled with the geologic record of distributed strain in the Anyemaqen Shan
hold unique constraints on the mechanics of deformation in the local crust.
4.2 DISTRIBUTED STRAIN AROUND THE EASTERN KUNLUN FAULT

The Kunlun fault extends over 1200 km across the northern Tibetan Plateau and
figures prominently in kinematic descriptions of intra-plateau deformation [e.g.
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Avouac and Tapponnier, 1993; Meade, 2007; Peltzer and Saucier, 1996; Thatcher,
2007]. Millennial slip-rates determined at 9 locations along the Kunlun are spatially
uniform at ~10 m/kyr for much of the fault’s length. In the west, Li and others
[2005] measured fault offset of middle to late Holocene fluvial terraces and interpret
rates of 10.0 ± 1.5 m/kyr (mm/yr) at ~92.2° E. Along the central and eastern portions
of the fault, seminal work by Van der Woerd and others [1998; Van der Woerd, et al.,
2000; Van der Woerd, et al., 2002] measured fault offsets in Latest Pleistocene to
Holocene glacial moraines, fluvial terraces, and alluvial fans at 6 sites between ~94°
E and 100.5° E. These offset features record slip-rates of 11.4 ± 1.1, 12.1 ± 2.6, 10.8
± 1.5, 10.3 + 7.5/-2.9, 10.9 ± 0.5, 8.9 ± 0.7, and 12.5 ± 2.5 m/kyr between these
longitudes (figure 4.1). Millennial slip-rates along the easternmost Kunlun, from
~99.5° E to ~102° E, were determined at 2 sites by Kirby et al. [2007]. Offset Latest
Pleistocene and Holocene fluvial terraces record generally eastward decreasing sliprates of 4.5 ± 0.5 m/kyr and 2.2 ± 0.6 m/kyr at 101.5° and 101.8° E, respectively.
Citing a lack of geomorphic evidence of active faulting farther east, these authors
interpret a fault termination at ~102˚ E.
Active fault zones are identified in the region around the easternmost Kunlun but are
relatively small and display relatively slow slip rates [Kirby, et al., 2007]. As a result,
these structures do not appear to transfer a significant amount of strain away from the
eastern Kunlun. Interestingly, campaign geodetic surveys record distributed far-field,
fault-parallel rates of displacement that are the same as measured geologic slip-rates
along the fault, including the slip-rate gradient and fault termination (figure 4.2). We
note that fault parallel GPS station velocities fail to record left-lateral shear east of the
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Figure 4.2. Geodetic velocities along the Kunlun fault. A. Fault-parallel station
velocities plotted by distance away from the trace of the fault. Along the central
portion of the fault (90° - 98°E, red), far-field velocities across the fault are
consistent with rates of 8 – 14 mm/yr. Within the Anyemaqen section (99° - 101°E,
grey), the difference in far-field velocities decreases to 3 – 6 mm/yr, and east of the
fault tip (102° - 104°E, blue), there is no discernable left-lateral shear across the
projection of the fault. Note that most of this decrease in geodetic shear occurs
south of the fault; northern velocities remain constant. B. Geodetic velocities
normal to the trace of the Kunlun fault (from the green boxed region in figure 4.1B)
plotted along a 110˚ transect are plotted in grey. The approximate extent of the
NNE-SSW oriented dextral shear zone is highlighted in green. Millennial slip-rates
along the Kunlun are plotted in black by site location along the 110˚ transect. All
GPS velocity means and errors are taken from Shen [2005] and Zhang [2004], and
are plotted in a stable Eurasia reference frame. Fault slip-rates are from published
values in Li and others [2005] ,Van der Woerd and others [2002] and Kirby and
others [2007] .
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interpreted Kunlun fault termination. These data also identify a broad, southwestnorthwest oriented dextral shear zone along the northeastern Tibetan Plateau margin
that is spatially coincident with the slip-rate gradient and termination of the Kunlun
fault. This pattern of geodetic displacement implies that slip along the Kunlun fault is
adsorbed within the crust adjacent to the observed slip-rate gradient, and that
easternmost Kunlun fault is experiencing a significant clockwise rotation within a
distributed shear zone oriented orthogonal to fault strike.
In addition to distributed horizontal strain, the topography of the Anyemaqen Shan
implies that a significant vertical component of distributed deformation is active
around the eastern Kunlun. This high topography spans over 150 km does not reflect
lithologic heterogeneity. With the understanding that underlying rock uplift rates
exhert a first-order control on landscape morphology [e.g.Snyder, et al., 2000; Tucker
and Whipple, 2002; Whipple, 2004], this relief could represent a broad zone of
accelerated rock uplift. Immediately east of the Anyemaqen Shan and the eastern
termination of the Kunlun fault, the Roergai basin is actively accumulating
sedimentary fill and could represent adjacent, regional subsidence. Importantly,
uplift in the Anyemaqen Shan and subsidence in the Roergai Basin would reflect
distributed deformation over geologic time.
Interestingly, the kinematics at the terminations of the Altyn Tagh and Haiyuan fault
zones are distinctly different than those described above, despite their proximity to
the Kunlun fault. Approximately 12 m/kyr of Left-lateral slip along the Altyn Tagh
fault is adsorbed at its eastern termination by crustal shortening in the Qilian Shan
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fold and thrust belt [e.g. Cowgill, et al., 2004; Mériaux, et al., 2004; Zhang, et al.,
2007]. Similarly, ~11 m/kyr of slip along the Haiyuan fault zone [e.g. Burchfiel, et
al., 1991; Lasserre, et al., 1999] is absorbed at its eastern termination by crustal
shortening and thickening in the Liupan Shan. While crustal shortening in the Qilian
Shan and Liupan Shan is accomplished by well documented reverse faulting and
folding, active crustal shortening or extension structures are absent in the Anyemaqen
Shan. The formation of the Anyemaqen Shan in the absence of these structures is
unusual, and in the following sections we explore the geomorphic evidence of active
rock uplift in the range.
4.3 GEOMORPHIC EVIDENCE OF ACCELERATED EROSION RATES IN
THE ANYEMAQEN SHAN
Lacking passive strain markers such as pre-deformational horizons, we rely on
geomorphically and geochronologically described landscape erosion rates to identify
regional patterns of rock uplift rates. In a landscape that is at topographic equilibrium
or evolving towards equilibrium, erosion must match or scale with rock uplift rates.
Intuitively, fluvial channels should achieve steeper gradients in more rapidly eroding
landscapes, as channels are forced to maintain higher erosive or sediment transport
capacities to balance sediment supply. A large body of work has revealed a positive
scaling of fluvial channel gradients to erosion rates in a variety of settings
[e.g.Duvall, et al., 2004; Hack, 1973; Kirby and Whipple, 2001; Sklar and Dietrich,
1998; Stock and Montgomery, 1999; Whipple and Tucker, 1999; Wobus, et al., 2006]
and we proceed with the understanding that observed channel gradients include
information about host catchment erosion rates. Channel erosive and sediment
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transport capacity are, in addition to gradient, also a function of discharge [Flint,
1974]. As a result, gradients must be normalized to discharge in order to be
comparable along a single channel and between channels of different catchment size.
Typically, catchment surface area is used as a proxy for discharge, so the slope along
a channel as a function of area is described by:

S = k s A −θ

Where S is slope, A is drainage area, θ describes the concavity of the channel long
profile, and ks is the channel steepness index. Based on channel topographic data
extracted from SRTM digital topographic data, we determine ks values for over 300
channels in and around the Anyemaqen Shan. To allow comparison between all
analyzed channels, these values are normalized to ksn values based on a common
reference concavity of 0.42 (see methods section). We limit our analysis to channels
within the Yellow River catchment as we have some control on the erosional history
of this river downstream of the Anyemaqen Shan. Harkins et al. [2007] identified a
headward migrating wave of incision along the Yellow river that appears to have
propagated upstream along the Yellow river from well downstream of the
Anyemaqen Shan. Functionally, we identify the headward limit of this transient
incision as a channel knickpoint where channel concavities become negative (see
methods). We therefore consider only channel reaches upstream of knickpoints and
unaffected by this transient acceleration in erosion rates.
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Spatially uniform channel concavities of ~0.4-0.45 are observed across the
Anyemaqen Shan, excepting a high elevation region in the central portion of the
range where low concavities of ~0.1-0.3 are observed. Channel steepness indexes (ksn)
generally show a pattern of higher values in the central Anyemaqen Shan than at the
margins of the range (figure 4.3). Again, an exception to this observation is displayed
by the low concavity region at high elevations, where low channel ksn values are also
observed. The highest ksn values (~60-90) are observed in the northwestern
Anyemaqen Shan, corresponding to the highest relief area in the range. The lowest
values are observed in the Roergai basin (<15), although a large region of low values
are also observed on the high Tibetan Plateau, upstream of the Anyemaqen Shan, and
within a low-relief region northeast of the range. We note that in the southern
Anyemaqen Shan, the Yellow River ksn values increase within the range (~30-40)
from low values up- and downstream of the range (< 20). Tributaries to this extent of
the river display a similar pattern of ksn values as the local Yellow river, although
these values tend to be slightly higher than that calculated along the Yellow River
itself.
Importantly, we take the observed uniformity in channel concavity as a primary
indication that the landscape upstream of knickpoints is uniformly close to a steadystate balance between rock uplift and erosion. Fluvial channels respond to a temporal
change in rock uplift rates by a progressive adjustment of channel erosive capacity,
typically a change in slope, that propagates upstream from a local base-level (i.e.
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Figure 4.3. Grey-scale shaded elevation map of northeastern Tibet with a color
shaded map of interpolated erosion rates across the Anyemaqen Shan and headwaters
of the Yellow River. The topographic limit of the Anyemaqen Shan is dashed and
boxed numbers are millennial slip rates along the Kunlun in rounded values of m/kyr
[Harkins, et al., 2009; Kirby, et al., 2007; Van der Woerd, et al., 2002]. 10Be sample
locations are shaded by calculated erosion rate and keyed to figure 4.4 as well as
auxiliary table 4.1. All channel lengths considered in our analysis are shaded
according to their ksn values. Channel extents excluded from this analysis due to
position below knickpoints or poor data quality are displayed in black.
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knickpoint propagation) [e.g. Crosby and Whipple, 2006; Gardner, 1983; Niemann, et
al., 2001; Whipple, 2004; Wobus, et al., 2006]. This along-channel slope change
would be manifest as a spatially heterogeneous channel concavity. Furthermore, we
do not observe dramatic differences in channel morphology (characteristic width,
sinuosity, hydraulic geometry) that could represent an adjustment in fluvial erosive
capacity not related to slope.
4.4 SCALING OF EROSION RATES AND CHANNEL SLOPES
Spatially averaged erosion rates where determined in select catchments within the
Anyemaqen Shan through analysis of the abundance of in-situ produced cosmogenic
10

Be in modern channel sediment (figure 4.3, figure 4.4)[e.g.Gosse and Phillips,

2001; Granger, et al., 1996; Lal, 1991]. These erosion rate estimates range from
0.056-0.117 m/kyr and are used for comparison to channel steepness indices. We
note that the two highest erosion rate samples (samples 6 & 13) were extracted from
catchments within the highest relief, northwestern extent of the Anyemaqen Shan,
and that erosion rates are generally higher within catchments more central to the core
of the range. Given the observed erosion rates and an approximate effective shielding
depth of ~2 m [e.g. Gosse and Phillips, 2001], sample material would have
accumulated cosmogenic 10Be over an interval of 17-35 kyr, and thus these rates are
representative of erosion over this timescale. The comparison of erosion rates to the
ksn values of host catchment trunk channels reveals a positive monotonic relationship
(figure 4.4). Due to allowable errors in our erosion rate estimates, the form of this
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Figure 4.4. ksn values from catchments sampled for spatially averaged erosion rates
plotted by calculated erosion rate values. Sample numbers are keyed to auxiliary
table 4.1. Erosion rate errors arise from the 1σ analytical error reported in sample
10
Be abundances. ksn errors represent the full range of observed ksn values observed in
the sample host catchment. A linear fit to the data provides a functional description
of the relationship between ksn and erosion rate.

relationship (i.e. linear vs. nonlinear) is difficult to determine over the small range of
sampled erosion rates. Nevertheless, a linear description of the scaling between
erosion rate and ksn provides a functional fit to the data over the range of observation.
We use this linear relationship to map catchment erosion rates based on channel ksn
values across the Anyemaqen Shan (figure 4.3).
Given the homogeneity of bedrock lithology and channel concavity across the
Anyemaqen Shan, the observed pattern of channel slopes cannot be attributed to
spatial variations in substrate erodabilty. Similarly, the effect of variations in
precipitation can
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Table 4.1

Sam
ple
#

produ
ction
rate

ID

Sampl
e Lat

Sample
Long

basin
elevations

1

KE-04-2

34.100

100.761

3500–3700

57

125766

2845

0.0562

0.0039

28

3

2

KE-04-3

34.898

100.885

3590–3850

67

634156

3135

0.0595

0.0048

24

4

3

KE-04-4a

34.799

100.81

3420–3810

57

707902

4107

0.0832

0.0058

35

4

4

KE-04-4b

34.790

100.811

3395–3810

57

426520

2237

0.0807

0.0056

37

4

5

KE-05-1

34.777

100.813

3580–4010

58

430129

13786

0.0838

0.0067

43

4

6

KE-05-2

34.752

99.693

3900–4900

77

448257

16764

0.1065

0.0093

56

5

7

KE-05-3

34.526

100.394

3792–4320

75

545990

80462

0.0850

0.0167

38

3

8

KE-05-6
NHKCB061
NHKCB062
NHKCB063
NHKCB064
NHKCB065

33.693

101.388

3520–3610

64

567528

21790

0.0698

0.0061

39

4

34.597

101.341

3462-4343

61

631165

25623

0.0598

0.0054

22

3

33.764

101.225

3599-4635

70

516597

16856

0.0849

0.0070

43

4

33.723

101.271

3581-4648

72

622602

34544

0.0715

0.0075

43

3

34.556

99.480

4543-5083

100

910600

34614

0.0686

0.0060

38

4

34.479

99.778

4086-4885

87

461097

18586

0.1179

0.0106

45

5

9
10
11
12
13

10Be

er10Be

E-rate
(m/kyr)

E-error

Ks
n

Notes: Basin elevations reflect the full range of topographic elevations in sampled catchments. Production rates in atoms
10Be produced per year,
per gram of quartz. Ksn values reflect the along channel average Ksn value of the sampled channel.
Samples 1-8 were previously described in Harkins and others [2007].

also be discounted as this would change the scaling between catchment area and
discharge and would thus change observed channel concavity values. Instead, as
evidenced by the correlation between measured erosion rates and channel gradients,
we interpret spatial variations in ksn to reflect patterns of erosion rates across the
Anyemaqen Shan. High erosion rates correspond to regions of high topography
within the central portions of the range. Similarly, the lower relief regions of the
Tibetan Plateau surrounding the range are eroding much more slowly. We note that
the region of low channel gradients and concavities at high elevations within the
central Anyemaqen Shan shows evidence of extensive quaternary glaciation. These
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catchments host thick accumulations of glacial till and outwash, and we interpret the
low channel gradients in this region to be the result of both the temporary local
storage of this sediment and low glacial bed-slopes.
4.5 ACTIVE UPLIFT IN THE ANYEMAQEN SHAN
The rapidly eroding portions of the Anyemaqen Shan upstream and downstream of
the Roergai Basin are fluvially isolated from one another by the aggradational portion
of the Yellow river within this basin. Regions of relatively rapid erosion rates
therefore cannot be attributed to the erosional response of the Yellow River fluvial
network to a single relative base-level drop downstream of the Anyemaqen Shan.
Instead, we interpret erosion rates to be balanced with, or in response to, higher rock
uplift rates. These erosion rates therefore reveal a broad zone of accelerated rock
uplift that roughly corresponds to the high relief of the Anyemaqen Shan, and
identifies a region of the highest uplift rates in the northwestern portion of the range.
The lowest mapped erosion rates are interpreted in the Roergai basin, where the
presence of extensive wetlands and deposition of modern sediment along the Yellow
River suggests ongoing subsidence in the basin relative to the surrounding
topography. Finally, erosion rates appear to smoothly vary across the range, and thus
fail to identify discrete structures with significant vertical displacement that would
drive spatial step-changes in rock uplift.
4.6 GEODYNAMIC IMPLICATIONS OF THE UPLIFT IN THE
ANYEMAQEN SHAN
The pattern of active, accelerated rock uplift in the Anyemaqen Shan is spatially
coincident with the slip-rate gradient and termination of the eastern Kunlun fault.
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Erosion rates within this region of active uplift are quantitatively described by our
analysis since the latest Pleistocene, and thus represent the same time interval as the
record of millennial slip-rates along the fault. Since this time interval encompasses
several seismic cycles along the Kunlun [e.g. Lin and Guo, 2008], uplift in the
Anyemaqen Shan cannot be ascribed only to the inter-seismic accumulation of elastic
strain. Instead, we interpret spatially variable rock uplift in the Anyemaqen Shan to
represent actively accumulating, regionally distributed strain in the crust adjacent to
the slip-rate gradient along the Kunlun fault. This distributed geologic strain is
collocated with the geodetically observed NNE-SSW dextral shear zone along the
northeastern Tibetan Plateau. Together, this deformation in the absence of discrete
accommodation structures imply that the crust around the eastern Kunlun fault has the
ability to host broadly distributed permanent strain. Furthermore, we suggest that this
distributed strain tendency accommodates the slip-rate gradient along the fault by
preventing the transfer of fault-slip to localized shear zones. Instead, Kunlun fault
displacement may be adsorbed by incorporation into a broad, ductle shear zone along
the eastern Tibetan Plateau margin, as has been suggested to be the case for faults in
SE Tibet [Burchfiel, et al., 2007].

This mechanical behavior implies that the eastern Kunlun fault is not acting as a
boundary structure between rigid lithospheric blocks and does not accommodate the
eastward extrusion of these blocks, as has been included in numerous previous
tectonic interpretations of the Tibetan plateau [e.g. Meade, 2007; Molnar and
Tapponnier, 1975; Tapponnier, et al., 1982; Tapponnier, et al., 2001; Thatcher,
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2007]. Instead, we note that the observed pattern of distributed horizontal and
vertical strains around the eastern Kunlun resemble those predicted by models of a
fault tip embedded in a shearing, ductile medium [e.g. Barr and Houseman, 1992;
1996]. This implies that the eastern Kunlun fault represents the brittle, upper-crustal
accommodation of more broadly distributed ductile shear at depth. The distinctly
different pattern of deformation around the eastern Kunlun fault compared to the
terminations of the Altyn Tagh and Haiyuan fault zones suggests that the mechanical
behavior of the northeastern Tibetan Plateau crust is unique when compared to the
crust around the terminations of these other structures.

Several mechanisms could drive active uplift in the Anyemaqen Shan including longwavelength crustal flexure, crustal thickening via mid-crustal flow [e.g. Beaumont, et
al., 2001; Royden, et al., 1997], or thermal evolution of the lithosphere. While we can
only speculate on the activity of these processes, we suggest that a mechanistic
description of the link between Kunlun fault kinematics and uplift of the Anyemaqen
Shan would hold great quantitative constraint on the mechanics of deformation in the
lithosphere.
4.7 METHODS
All channel topographic data was extracted from the 3 arc second resolution (~90 m)
SRTM global digital elevation dataset. Extracted channel elevations where smoothed
along a 2 km window. As concavity describes the scaling between slope and
accumulated drainage basin area along a channel, the headward limit of the transient
incision within the Yellow River and its tributaries is clearly identified by an abrupt
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transition to negative channel concavities (convex channel profile) accompanied by a
gradual downstream increase in channel gradient. The location of this concavity
transition is identified as a channel knickpoint. As a result, channel reaches affected
by this transient incision could be confidently identified and removed from this
analysis based on the location of these knickpoints. Upstream of channel knickpoints,
all channels display concavity values of 0.40-0.45, with a mean value of 0.42
(excepting a region at very high elevations described later in the text).
Comparatively, downstream of knickpoints, a wide range of concavities (-0.7 – 0.2)
are observed within channels affected by the transient incision along the Yellow
River. As only channels upstream of knickpoints were considered in this analysis, all
ksn values were determined based on a single reference concavity of 0.42.
Additionally, an isolated region at very high elevations in the central Anyemaqen
Shan displays consistently low channel concavity and ksn values. This area was
extensively glaciated and we therefore interpret these low concavity and slope values
to represent sub-glacial, rather than fluvial, gradients. As a result, these channel
extents were also excluded from our analysis.

We follow a growing body of work [e.g.Balco, 2005; Gosse and Phillips, 2001;
Granger, et al., 1996] using cosmogenic radionuclide inventories in channel sediment
to determine spatially averaged erosion rates for entire catchments. In this work, we
augment spatially averaged erosion rates determined from in-situ cosmogenic 10Be
abundances in 8 catchments within the Anyemaqen Shan previously described in
Harkins et al. [2007] with similar samples from 5 new locations. With the
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independent knowledge of the local surface production rate of cosmogenic 10Be (a
function of altitude, latitude, and topographic shielding)[Lal, 1991; Stone, 2000] and
the assumption that sediment in a channel represents the spatial average of surface
sediment throughout a catchment, an average erosion rate over an entire catchment
can be constrained. As episodic mass wasting events and long-term sediment storage
in a catchment could confuse this technique, we chose to sample catchments lacking
evidence of these effects.

The area map of erosion rates within the Anyemaqen Shan (Figure 4.3 background)
was produced based on a combination of channel ksn and 10Be erosion rate data. A
map of smoothly varying ksn values between channels were generated through
interpolation between data along channel extents and smoothing over a square 25 km2
window. These interpolated and smoothed ksn values were converted to erosion rates
based on the linear relationship between channel steepness and catchment erosion
rates illustrated in figure 4.4.
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