
1.  Introduction
Geologic features offset across discrete fault lineaments are routinely utilized to determine tectonic slip-rates over 
timescales of hundreds to millions of years (Burbank & Anderson, 2011). Such “geologic slip-rates” are conven-
tionally obtained by dividing measured offset distance by estimated offset duration, which is usually inferred 
through dating of the offset marker. Ambiguities in the reconstruction of offset features together with complica-
tions in determining their age are the most common sources for measurement uncertainties in calculated geologic 
slip-rates (Cowgill, 2007; Reitman et al., 2019; Zechar & Frankel, 2009; Zielke et al., 2015).

In the prevalent case of strike-slip faulting rates inferred from fluvially incised landforms, such as offset channels 
and terrace risers, the lack of a systematic method to explicitly date the across-fault incision of such landforms 
presents an additional component of uncertainty, because their age is typically constrained to be younger than 
the age of the strata they incise and/or older than the age of post-incision deposits they accommodate (Figure 1). 
However, because erosional landforms are inherently younger than the deposit they incise and are necessarily 
older than the sediments they accumulate, it is broadly recognized that fault slip-rates based on such minimum/
maximum age control intrinsically under- or over-estimate the actual rate of tectonic slip, respectively (D’Arcy 
et al., 2019; Duvall & Tucker, 2015; Harkins & Kirby, 2008; Figure 1).

Abstract  Interpretation of fault slip-rates inferred from tectonically offset fluvial landforms is often 
limited by uncertainties associated with difficulties to explicitly date fluvial incision across the fault. Here, 
we employed morphology-based modeling to ameliorate this universal dating limitation for gullies that were 
differentially offset in a sinistral sense across the Altyn Tagh Fault near its eastern termination at ∼97°E. Using 
a stream-power erosion model with locally calibrated coefficients we calculated across-fault gully incision ages 
that decrease with offset magnitude, are up to threefold younger than the age of the terrace they incised and 
all-together point toward time-invariant slip. Luminescence dating of offset alluvial terraces at the same site 
suggests constant sinistral slip at 0.5 ± 0.1 mm/yr since 52 ± 4 ka. Our results suggest that the most juvenile 
phase of northeastward Pleistocene expansion of the Tibetan Plateau into previously stable parts of central Asia 
is marked by constant late Quaternary deformation rates.

Plain Language Summary  Horizontally deflected streams in tectonically active landscapes are 
often used by geoscientists to infer fault slip-rates over geologic timescales. Our results demonstrate the 
potentially high degree of uncertainty that may be associated with this approach because incision itself is hard 
to date and age control for the deflected streams is conventionally indirectly obtained from dating the surface 
they incise and/or sediments they accumulate. Here, we applied morphology-based modeling of fluvial incision 
to address this dating limitation for deflected streams near the eastern termination of the Altyn Tagh Fault in 
central Asia. Explicit dating of fluvial incision revealed across-fault incision ages that were threefold younger 
than the age of the alluvial terrace incised and constant horizontal slip-rates that were similar to longer-term late 
Quaternary slip-rates we obtained at the same site using offset terrace boundaries and luminescence dating for 
age control. Our results suggest that the late Pleistocene expansion phase of the Tibetan plateau northeastwards 
into central Asia is characterized by constant rates of deformation during the late Quaternary.
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Studies of secular variability in Quaternary-scale fault slip-rates are particularly impacted by this difficulty 
to obtain tightly constrained across-fault incision ages because uncertainties from multiple slip-rate measure-
ments become compounded and the resulting uncertainty may conceal secular changes in slip-rate (e.g., Gold 
et al., 2011). Thus, although studies of long-term secular variability in geologic slip-rates of strike-slip faults 
have proven to be instrumental for understanding fault evolution (Bennett et al., 2004; Dolan et al., 2016; Gold 
et al., 2017; Ludwig et al., 2010)—they have remained universally restricted to only a handful of cases due, in 
large part, to the fundamental limitation of explicitly dating across-fault fluvial incision. Here, we developed a 
morphology-based modeling approach that addresses this dating limitation in the case of channel incision into 
abandoned alluvial surfaces and apply it to examine the secular behavior of late Quaternary slip-rates near the 
eastern termination of the Altyn Tagh Fault (ATF) in central Asia (Figure 2).

2.  Geologic Background and Methods
2.1.  The Eastern Termination of the ATF

The possibility of secular variability in slip-rates across the ATF has focused broad attention over recent decades 
(Chen et al., 2012; Cowgill, 2007; Cowgill et al., 2009; Elliott et al., 2015; Mériaux et al., 2005, 2012; Peltzer 
et al., 1989; Washburn et al., 2001; Xu, 2005) due to the ATF's role as the northern boundary of the Tibetan 
Plateau (Tapponnier & Molnar,  1977) and the ongoing debate regarding crustal deformation mechanisms in 
central Asia (Tapponnier, 2001; Zhang et al., 2004). Ultimately however, secular variability in the ATF's crustal 
velocity has been shown to be less likely as both geologic slip-rates during the last ∼20 ka and geodetic meas-
urements from recent decades reveal comparable sinistral slip-rates of 8–12 mm/yr across the central segment 
of the fault between 85° and 93°E (Chen et  al.,  2012; Cowgill et  al.,  2009; Gold et  al.,  2011,  2009; Wash-
burn et al., 2001). Eastwards from ∼93°E slip-rates gradually decrease down to zero velocity near ∼97°E (Liu 
et al., 2020; Meyer et al., 1996; Xu, 2005; Zhang et al., 2007), where the ATF terminates within the Yumen Basin 
(Xiao et al., 2015; Zhang et al., 2020; Figure 2).

The gradual decrease in the ATF's sinistral slip-rates east of 93°E and the mid-continental termination of the fault 
are associated with gradual transfer of sinistral shear onto a sequence of oblique SE striking Tertiary thrust belts 
that occur south of the ATF within the Tibetan Plateau (He et al., 2013; Kang et al., 2020; Liang et al., 2013; 
Zheng et al., 2013; Figure 2). Initiation of faulting on these thrust belts becomes younger toward the east (Zheng 
et al., 2013) and together with the eastward propagation of the ATF (Allen et al., 2017; Yin et al., 2002; Zhang 
et al., 2020), they manifest the northeastwards growth of the Tibetan Plateau into central Asia (Hetzel, 2013; 
Hetzel et al., 2002; Tapponnier, 2001). In this context, the Pleistocene initiation of the Yumen Basin thrusts at 
∼2 Ma (Zheng et al., 2013), is commonly regarded to be the most juvenile expression of NE shear propagation of 
the Tibetan Plateau into the stable Gobi-Alashan block (Su et al., 2019; Zheng et al., 2013).

The eastwards Pleistocene propagation of the ATF into the Yumen Basin (Allen et al., 2017; Yin et al., 2002; 
Zhang et al., 2020) requires secular variability in lateral slip-rates at a fixed reference point along the ATF's 
Yumen segment as slip-rates had to increase thereafter the fault tip propagated eastwards beyond this point 

Figure 1.  Illustration of fluvial incision through time across a strike-slip fault. Channels may start recording tectonic offsets 
after they effectively incise across the fault. Adjacent channels that incise the same stratum and cross the same fault line can 
record variable offset magnitudes depending on when across-fault incision occurred. (a) Channel I is incised across a fault 
while channel II is not. (b) Fault slip between the time described by panel (a and b) offset channel I while channel II only 
recently incised across the fault and therefore is not yet offset. (c) Continued fault-slip offsets both channels. Accumulated 
offset recorded by channel I is larger than that of adjacent channel II. Explicit dating of across-fault incision is required to 
accurately infer fault slip-rates from such offset features.
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(Wesnousky, 2006). However, similar geologic Holocene slip-rates and modern geodetic velocities measured 
across the Yumen segment of the ATF (Kang et al., 2020; Li et al., 2018; Zhang et al., 2007) argue against secular 
variability in slip near the ATF's tip during this period. Accordingly, we focused herein on longer-term secular 
variability in the ATF's lateral slip-rates at a field site close to the ATF tip within the Yumen basin. Gradually 
increasing Pleistocene slip-rates near the ATF's terminus is suggested to be consistent with a gradual shear-prop-
agation model for the Tibetan Plateau (e.g., Molnar & Dayem, 2010; Zhang et al., 2004), whereas prolonged 
periods of time-invariant slip-rates would point toward a “step-wise” episodic shear-propagation model (Jiang & 
Li, 2014; Tapponnier, 2001), in which shear expansion is likely associated with discrete episodes of slip acceler-
ation near the fault terminus.

Figure 2.  The Chijin site at the northern boundary of the Yumen Basin. (a, b) The Altyn Tagh Fault; Changma Fault (CMF); 
Daxue Fault (DF); Qilian Shan Fault (QSF) and major regional structures superimposed on topography (SRTM 90 m/pixel) 
at the northeastern edge of the Tibetan Plateau. (c) Google Earth image of the Chijin site. The Altyn Tagh Fault (ATF) 
(highlighted with black arrows) cuts through the sequence of Quaternary alluvial terraces. (d) Field photo looking westwards 
onto T3W and the other alluvial terraces at the site (vantage point marked with open v shape in (c)). Note the well-preserved 
flat desert pavement surface of T3W on both sides of the fault. (e, f) Chronostratigraphic map of the Chijin site showing the 
sinistral offsets of T2 and T3W. Open black circles mark the sampling locations for luminescence dating.
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2.2.  The Chijin Site

The decline of lateral slip-rates east of 93°E (Figure 2) precludes inferences of secular variability in fault activ-
ity rates by amalgamation and comparison of geologic slip-rates obtained at multiple sites (Gold et al., 2017) 
and instead requires adequate dating of multiple generations of offsets markers at a single location (Ludwig 
et al., 2010). We, therefore, focused on a unique site along the northern border of the Yumen Basin, approxi-
mately 30 km west of Chijin (Figure 2b), where multiple generations of abandoned alluvial terraces and three 
fluvial channels are differentially offset in a sinistral sense across the same segment of the ATF by distances 
ranging from ∼250 to 8 m (Figures 2 and 3). To calculate slip-rates from the offset terraces we applied lumines-
cence dating for age control (Section 3 below) and for slip-rates inferred from the offset channels we developed 
a locally calibrated geomorphic modeling approach to explicitly determine the timing at which each of offset 
channel incised across the fault (Section 4 below).

2.3.  Methods

Luminescence dating was applied to obtain age control for the alluvial-terrace sequence at the Chijin site 
(Supporting Information S1). Sampling of the terraces deposits was carried out using an aluminum tube inserted 
into sand lenses exposed in cut bank exposures. Samples were processed and measured at the Geological Survey 
of Israel following Faershtein et  al.  (2016). Dose rates were calculated from concentrations of U, Th, and K 
in the samples, measured using inductively coupled plasma mass spectrometry (ICP-MS; U and Th) or ICP 
optical emission spectrometry (ICP-OES; K) and cosmic doses were calculated from burial depths (Prescott & 
Hutton, 1994). Equivalent doses (De) were measured using a modified single aliquot regenerative dose protocol 
(Murray & Wintle, 2000). All luminescence measurements were carried out using Riso TL/OSL DA-12 or DA-20 
readers equipped with blue diodes (power on sample of 37 mW). Age calculations are based on the central age 
model (Galbraith et al., 1999) that is designed to identify the central tendency in a dose distribution (Supporting 
Information S1).

Drone-based images acquired at the Chijin site were processed with the AGISOFT software package (www.
agisoft.com) to produce a 5 cm/pixel DEM (Figure 3; Supporting Information S1). Topographic data extracted 
from the DEM were used as input for the geomorphic model used to reconstruct the time-dependent incision of 
the offset channels.

3.  Luminescence Ages and Slip-Rates Calculations for Offset Terraces
The main branch of the ATF strikes ∼ E-W across the Chijin site where it is localized within a 1.5-m-wide fault-
zone that cuts through a sequence of four abandoned alluvial-fan units that overlie fluvio-Lacustrine Neogene 
red-beds (Wang et al., 2016; Figure 2). These morphostratigraphic terraces (T1–T4) were mapped in the field 
based on their relative height above the active channel and neighboring terraces, as well as sedimentological 
characteristics such as clast assemblage, and soil profile and pavement maturity. T1 is the oldest unit and T4 is 
the youngest. A saturated (i.e., minimum) luminescence age obtained for unit T2 indicates its deposition prior to 
176 ± 12 ka and ages of 115 ± 21 and 52 ± 4 ka obtained near the base and top of unit T3, respectively, place T3 
within the late Pleistocene (Figures 2 and 3).

Remnants of unit T2 deposits preserved just north of the fault trace record a sinistral offset of at least 250 ± 10 m 
across the ATF (Figure 2). Together with the minimum age for T2 (i.e., >176 ± 12 ka) we calculated a maximum 
time-averaged slip-rate of 1.4 ± 0.2 mm/yr for T2. Unit T3 is better preserved at the Chijin site and is charac-
terized by a 1–3 m thick section of moderately consolidated, approximately horizontally layered, sub-rounded 
alluvial pebbles and intercalated sand lenses all capped by a well-developed, mature desert-pavement surface 
(Figures 2 and 3). At the two locations where intact T3 pavement surfaces overlay the ATF, they record similar 
vertical offsets of 1.2 ± 0.4 m (Figure in Supporting Information S1). A sinistral offset of 28 ± 2 m is recorded 
by the western T3 terrace (“T3W”; Figure 2). Assuming 52 ± 4 ka for T3 abandonment we calculated a time-aver-
aged horizontal slip of 0.54 ± 0.08 mm/yr since terrace abandonment (Figure 4) accompanied by a minor vertical 
slip-component of 0.02 ± 0.01 mm/yr.

http://www.agisoft.com
http://www.agisoft.com


Geophysical Research Letters

WIELER ET AL.

10.1029/2021GL096933

5 of 11

Figure 3.  Terrace T3W and offset gullies a–c. (a) Field photo of T3w and the ATF (black arrows). White arrows highlight well-preserved flat desert-pavement surfaces 
of T3w on both sides of the fault. People for scale in the foreground. (b) Orthophoto (5 cm/pixel) for T3w. Black arrows mark the ATF. Open v shape marks the vantage 
points of field photos in (a and d), respectively. (c) Morphostratigraphic map of the same areas as (b). Black circle marks location of luminescence sample collection. 
BR stands for bedrock (d) photograph looking southwards onto offset gullies b and c and the surrounding preserved desert pavement surfaces (hammer for scale, 
30 cm long, marked with white circle). (e) Shaded relief image for T3E and offset gullies a–c produced from a 5 cm/pixel DEM. Dotted black lines mark the drainage 
boundaries for each gully above the fault line.
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4.  Across-Fault Incision Ages and Slip-Rate Calculations 
for Offset Gullies
The lateral offset of the eastern T3 terrace (“T3E”) could not be determined 
as it is elevated 8–9 m above two north-flowing bounding channels that have 
eroded its original depositional boundaries (Figure 3). However, three chan-
nels that internally drain T3E into its western bounding channel are sinistrally 
offset by the ATF. These relatively small channels termed herein as gullies 
a, b, and c, are unique in that they record variable lateral offsets of 20 ± 1.5, 
9  ±  2, and 8  ±  2  m, respectively, while maintaining hydraulic connectiv-
ity between their above and below-fault sections. The proximity of gullies 
a-c within 50 m of each other precludes a tectonic origin for the two-fold 
difference in their sinistral offset and suggests that asynchronous across-fault 
incision is the more likely explanation (Figure 1). Slip-rate calculations for 
gullies a-c therefore require explicit dating of the across-fault incision of each 
gully separately.

Morphology-based dating through landform evolution modeling has been 
previously applied in various geological settings. For example, fault-scarp 
morphology was used to constrain timing of fault activity assuming that 
post-faulting degradation of the fault-scarp morphology can be modeled as 
a time-dependent diffusion process (e.g., Andrews & Hanks,  1985; Enzel 
et  al.,  1996; Hilley et  al.,  2010). Under similar assumptions, the age of 
abandoned alluvial terraces was estimated by examining profiles of gully 
banks (Hsu & Pelletier, 2004; Xu et al., 2021) or the surface roughness of 
such terraces (Frankel & Dolan, 2007). At larger spatial scales the timing 
and magnitude of changes in tectonic uplift rates was estimated based on 
the geometry of longitudinal channel profiles (Fox et  al.,  2014; Goren, 
Willett, et al., 2014) assuming that fluvial erosion rate can be modeled, via 
the stream-power law, as a function of drainage area and slope (Goren, Fox, 
et al., 2014; Howard & Kerby, 1983; Whipple & Tucker, 1999). In the present 
study, we use a similar assumption to date the fluvial incision of gullies a–c 
across the surface of unit T3E and into its N-S bounding channels. Build-
ing on: (a) the moderate cementation of the T3E alluvium, which supports 
cut-bank morphologies; (b) the typical v-shaped cross-section of the gullies 
that incise it, and (c) the thin to non-existent accumulation of post-incision 
deposits within the gullies (Figure 3)—we assume that the T3E deposits can 
be regarded as a “highly erodible bedrock” and that the incision rate (dz/dt) of 
these gullies into T3E can be modeled as a detachment limited process (e.g., 
Howard, 1994; Whipple & Tucker, 1999), such that:

𝑑𝑑𝑑𝑑∕𝑑𝑑𝑑𝑑 = 𝐾𝐾𝐾𝐾
𝑚𝑚
𝑆𝑆

𝑛𝑛� (1)

where dz/dt [L/t] is incision rate, and A [L 2] and S are drainage area and slope, 
respectively. K [L (1−2m)/t] is an erodibility coefficient that accounts for the 
effects of climate, lithology, and catchment geometry, and the exponents m 

and n indicate that incision rate can vary nonlinearly with A and S (Dietrich et al., 2003; Seidl & Dietrich, 1992; 
Whipple & Tucker, 1999). A fundamental assumption allowing us to solve Equation 1 for gully incision into 
abandoned alluvial terraces is that the time-integrated depth of incision (Δz [L]) can be estimated as the elevation 
difference between the gully bed and the elevation of the flat desert pavement surface above the gully (Supporting 
Information S1), as the latter effectively preserves the initial, pre-incision topography of the terrace (Figure 3).

For inversion of Equation 1 to infer incision rates for offset gullies a–c across the fault, the variables A and S 
can be measured directly from the DEM. However, model constants K, m, and n need to be a-priori known or 
alternatively locally determined. To locally calibrate model coefficients K, m, and n specifically for incision of 
the T3 terrace we applied Equation 1 for the lower-most section (outlet) of eight small tributaries that drain T3E 

Figure 4.  Across-fault incision ages for gullies a–c and inferred slip-rates. 
(a) Model-result for the timing of across-fault incision for gullies offset a–c. 
Primary (bottom) x-axis are ages relative to the age of T3 and secondary (top) 
x-axis is for calibrated age results assuming 52 ka for T3. (b) Inferred slip-rates 
assuming calibrated ages plotted on the primary x-axis and relative ages on the 
secondary x-axis using the same color scheme as in A for gully incision ages 
(color squares). Black square is for T3W. Dashed lines mark calculated slip-
rates of 0.1–0.8 mm/yr. Colored diamonds (slightly offset along the x-axis for 
clarity) mark erroneous slip-rates that would theoretically be inferred by using 
the age of T3 for offset duration for the offset of gullies a–c.
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into its eastern bounding channel (Figure 3). We assume that the tributaries and gullies on T3E evolved through 
the incision process described by Equation 1, that drainage area remained constant through time (e.g., Barnhart 
et al., 2020; Fox et al., 2014; Goren, Fox, et al., 2014), that incision started shortly after T3 was abandoned and 
that tributaries' outlet profiles “instantaneously” adjust (i.e., are in topographic steady state) to a constant base-
level lowering-rate dictated by the bounding channel. Under these assumptions, the left hand side of Equation 1 
can be computed for each tributary from the abandonment age of T3E (Δt) and the elevation difference (Δz) 
between a tributary outlet and the adjacent flat terrace surface. Thus, measuring Δz, A, and S for each tributary 
outlet using the DEM yielded an overdetermined system of eight equations and three unknowns, that is, K, m, 
and n. We solved this system and estimated the associated uncertainties through a combination of least squares 
regression and Monte Carlo simulations (Supporting Information S1).

After solving locally for K, m, and n, Equation 2 can be reorganized to calculate the timing of across-fault incision 
for gullies a–c (ΔtAF):

Δ𝑡𝑡𝐴𝐴𝐴𝐴 = Δ𝑧𝑧∕𝐾𝐾 ′
𝐴𝐴

𝑚𝑚
′
𝑆𝑆

𝑛𝑛
′� (2)

where (’) denotes the locally calibrated model coefficients for fluvial incision into T3E, and Δz, A, and S were 
measured for each offset gully over a segment located directly above the fault line (Figure 3). We note that the 
base-level lowering rate for the offset gullies above the fault is effectively set by the fault motion together with the 
incision of the gully section downstream from the fault. We found that across-fault incision of gullies a, b, and c 
was asynchronous and occurred at 0.83 ± 0.22, 0.31 ± 0.05, and 0.26 ± 0.06 the age of T3 abandonment, respec-
tively (Figure 4a). Slip-rates inferred by dividing the offset of gullies a, b, and c (i.e., 20, 9, 8 m, respectively) 
by these relative geomorphic across-fault incision ages all fall within measurement uncertainty of the slip-rate 
recorded by T3W and its 28 m of sinistral offset (Figure 4b). Thus, regardless of the actual age of T3—our results 
imply an approximately constant lateral slip-rate for the Chijin segment of the ATF since T3 abandonment.

Assuming the luminescence age of 52 ± 4 ka for T3 abandonment yields across-fault incision ages of 43 ± 11, 
16 ± 3, and 14 ± 3 ka for gullies a, b, and c, respectively, which translate to respective horizontal slip-rates of 
0.47 ± 0.13, 0.57 ± 0.16, and 0.59 ± 0.20 mm/yr (Figure 4b). The magnitude of these late Quaternary geologic 
slip-rates is consistent with the <1 mm/yr GPS velocities previously reported for this Yumen segment of the ATF 
(Li et al., 2018).

5.  Discussion
Geomorphic across-fault incision ages computed for offset gullies a–c (Figure 4) meet the following set of “sanity 
check” criteria: (a) larger gully offsets correspond to older across-fault incision ages; (b) across-fault incision ages 
should be (and are) less than or equal to the age of the T3 surface they incise; (c) both the m/n ratio and the refer-
ence K value (computed with commonly used m and n values: m = 0.4, n = 1, e.g. (Hilley et al., 2019; Stock & 
Montgomery, 1999), we obtained during calibration, that is, 0.62 ± 0.01 and 7.8 ± 0.4 × 10 −5 [yr −1 m 0.2], respec-
tively, are within the range of values typically reported in applications of the stream-power law, that is, 0.35–0.7 
for m/n and 10 −2–10 −7 [yr −1 m 0.2] for K (Harel et al., 2016; Hilley et al., 2019; Stock & Montgomery, 1999); (d) 
The slip-rates of ∼0.5 mm/yr inferred from the geomorphic incision ages at the Chijin site (Figure 4) are geologi-
cally consistent with the expected eastwards decrease of the ATF's slip-rates from 1 to 2 mm/yr at the Hongliugou 
site located 10 km to the west (Xu, 2005; Zhang et al., 2007) to zero at the faults termination ∼15 km to the east 
(Figure 2).

Nonetheless, application of model-based dating of gully incision is not devoid of limitations as it hinges on 
the validity of fundamental assumptions commonly employed to simplify complex natural settings. For exam-
ple, the assumption that A does not change significantly during channel evolution (Barnhart et al., 2020; Fox 
et al., 2014; Goren, Willett, et al., 2014) may not necessarily hold for all gullies on the T3E terrace (Supporting 
Information  S1). We, therefore, limited our analyses to gullies incising terrace sections where the preserved 
desert pavement surface suggests minimal drainage area reorganization (Abrahams & Parsons, 1991; Figure 3). 
We also note that while the relative simplicity of our geomorphic modeling approach is appealing as it facili-
tates geomorphic dating based on commonly used measures of gully profile geometry, its application relies on 
assumption of steady state profile at gully outlets, a constant base-level lowering and detachment limited channel 
erosion. Deviations from these assumptions may cause the somewhat low R 2 for the least squares regression used 
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to constrain the model parameters (R 2 = 0.56 [+0.009, −0.018], P-value = 0.03 [+0.005, −0.002], averaged over 
all Monte Carlo simulations, Supporting Information S1). Therefore, more complex models requiring calibration 
of a larger set of parameters (e.g., Barnhart et al., 2020; van der Beek & Bishop, 2003) may help extend model-
based dating of incision to other settings with more complex geomorphic scenarios where, for example, gullies 
can transition from detachment to transport limited conditions, have a threshold shear stress for erosion, and/or 
experience temporally variable base-level lowering rates. Nonetheless, it appears that the relatively simple mode-
ling approach employed at the Chijin site yielded dating results that were consistent with the aforementioned set 
of sanity check criteria.

Luminescence dating and geomorphic modeling of gully incision indicate that propagation of the ATF eastwards 
beyond the Chijin site occurred prior to 176 ka and that sinistral deformation across this segment of the ATF 
reached a constant rate of 0.5–0.6 mm/yr by at least 52 ka (Figure 4). Thus, it appears that most of the Pleis-
tocene acceleration in slip across the ATF's juvenile Yumen segment (i.e., from zero to the present-day rate of 
0.5 ± 0.1 mm/yr) predated the late Quaternary. Prolonged periods of constant deformation rates near the ATF's 
termination, such as those measured herein at the Chijin site, may be more consistent with an episodic (stepwise) 
rather than a continuous (gradual) shear propagation model for the Tibetan plateau. However, the uncertainty in 
the late Quaternary slip-rates obtained herein and the loose age constraints available for initiation of Pleistocene 
slip at the Chijin site preclude unequivocal distinction between these two shear propagation models. Thus, longer-
term Pleistocene slip-rate measurements combined with the constant late Quaternary slip determined herein may 
ultimately help distinguish between episodic vs. gradual Pleistocene slip-acceleration at the eastern termination 
of the ATF.

6.  Conclusions
Geomorphic incision dating for three gullies that were differentially offset across the Yumen segment of the ATF 
revealed asynchronous across-fault incision ages as much as threefold younger than the age of the alluvial strata 
they incise. Calculated slip-rates based on this new dating technique are consistent with longer-term late Quater-
nary sinistral slip-rates that were obtained at the same site using offsets of terrace boundaries and luminescence 
dating for age control. All together our results indicate time-invariant sinistral slip of 0.5 ± 0.1 mm/yr across the 
Yumen segment of the ATF during the late Quaternary and bring us closer to distinguishing between episodic 
(stepwise) vs. continuous (gradual) expansion of the Tibetan plateau northeastwards into central Asia.
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