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ABSTRACT

Rates and mechanics of fold uplift and lateral bedrock planation

in convergent foreland basins.

by

Nel Aaron Bufe

Tectonic uplift and subsidence of rocks, together with their erosion, redistribution, and
deposition by atmospheric, biologic, and gravitational processes shapes the topography of
Earth’s surface. Studying the rates and mechanics of such processes and how they vary in
space and time is critical to understanding the dynamic environment in which we live.

Topographic change is most dramatic along convergent plate boundaries in continental
settings. Here, single faults and folds can uplift at rates of several millimeters per year and
can present a significant seismic hazard. Understanding the rates of growth and propagation
of contractional structures is integral to an assessment of such hazards, as well as to
modeling the development of continental collision zones. Whereas point measurements of
deformation rates are commonly possible, constraining the full temporal and spatial
evolution of structures remains challenging.

Competing with rock-uplift that elevates Earth’s surface, landscape lowering is driven
by the incision of rivers into bedrock. Rivers can also bevel laterally into bedrock, thereby
planating topography and creating topographic markers, such as fluvial strath terraces,

which are commonly used to infer climatic and tectonic changes. Significant uncertainties
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remain in understanding the mechanics of such lateral erosion by rivers and of strath-terrace
formation in uplifting landscapes.

Three studies in this thesis address the competition between surface uplift and lateral
erosion, as well as the temporal and spatial patterns of fold growth. Chapter 1 presents
results from physical experiments on the interactions between alluvial rivers with a zone of
uplift. From these experiments, a simple parameter emerges that predicts the width of active
beveling as a function of the uplift rate and the mobility of channels. Chapter 2 describes a
field-study of the extensive lateral planation of actively uplifting folds by rivers in the
foreland of the Tian Shan, northwestern China. Here, geomorphic mapping and dating of
Late Quaternary terraces reveals that, contrary to existing models of strath-terrace formation,
changes in lateral erosion rates of 1-3 orders of magnitude strongly control formation of
planation surfaces. The dated fluvial terraces presented in this chapter do not only constrain
rates of bedrock erosion, but also add to the growing database of Quaternary shortening and
rock-uplift rates of contractional structures along the deforming eastern Pamir-Tian Shan
collision zone. In order to explore how these rapidly deforming structures evolve both in
time- and space, new decadal uplift rates obtained from interferometric synthetic aperture
radar time-series analyses are presented in Chapter 3. These data place constraints on the
spatial patterns of surface- and rock-uplift rates. In combination with rock-uplift rates
measured over geologic timescales, a probabilistic model shows that, where significant
(mm/y) changes in peak rock-uplift rate occurred across the Quaternary, gradual variations

in those rates are more likely than sudden, step-like changes.
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Introduction

High mountain ranges, wide alluvial plains, and steep coastal cliffs might appear to be
built for eternity, but every earthquake, landslide, or flood is a dramatic reminder that
Earth’s surface changes on timescales as short as a second. The most rapidly evolving
regions are arguably those of steep topography, with rates of surface change of several
millimeters per year (Burbank and Anderson, 2011). Here, topography is controlled by a
fundamental competition between relief creation through relative rock uplift versus
landscape flattening through erosional or depositional processes (Burbank et al., 1996; Kim
et al., 2010; Kirby and Whipple, 2012; Straub et al., 2009). Because the relief of a landscape
controls the potential energy available to erosional processes (DiBiase and Whipple, 2011;
Sklar et al., 2016), more than half of the total mass eroded is derived from the steepest 10%
of the global landmass (Larsen et al., 2014; Willenbring et al., 2014). Fluxes of sediment
from upland settings, in turn, strongly control the dynamics of alluvial rivers (Ashworth et
al., 2004; Bryant et al., 1995; Constantine et al., 2014; Wickert et al., 2013) and the
construction of the sedimentary stratigraphic record (Paola, 2000; Tucker and Slingerland,
1996). Moreover, rapid physical erosion drives chemical weathering (West et al., 2005) and,
therefore, potentially Earth’s climate (Raymo and Ruddiman, 1992; Walker et al., 1981).
Understanding the rates and processes of rock uplift and erosion in active tectonic settings
has, therefore, far-reaching implications ranging from quantifying natural hazards to
understanding the complex interaction that drive the evolution of Earth’s surface.

The advent of methods to place absolute ages on structures in landscapes offers an
unprecedented opportunity to obtain temporal constraints on some of the fundamental

processes of landscape evolution. Moreover, land- and satellite-based remote sensing
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techniques provide a wealth of topographic data that can be used to search for topographic
and sedimentary signatures of climatic and tectonic processes (Bull, 1990; Clubb et al.,
2016; Hancock and Anderson, 2002; Kirby and Whipple, 2012; Mudd, 2016; Roberts and
White, 2010; Willett et al., 2014). The studies in this thesis address some of the knowledge
gaps in understanding the interactions between erosion and uplift processes in convergent
tectonic settings.

Using a set of physical experiments, a theoretical background for the competition
between river planation and rock-uplift is developed in Chapter 1. A specially designed
experimental basin allows the structural growth of a single fold crossed by antecedent rivers
with precise control of uplift rate, as well as of sediment and water fluxes. These
experiments reveal that a competition between the lateral mobility of channels and the uplift
rate predicts > 95% of the extent of bedrock planation in weak bedrock. The channel
mobility, in turn, is strongly controlled by sediment and water fluxes (Constantine et al.,
2014; Wickert et al., 2013), and, therefore, presents a direct link between climatic forcing
and bedrock erosion.

The experiments presented in Chapter 1 were motivated by an example of extensive
beveling of actively uplifting anticlines in the rapidly deforming foreland of the southeastern
Tian Shan, NW China. Chapter 2 applies the theoretical framework developed in Chapter 1
to this spectacular example of strath cutting. Such straths are commonly used as markers for
tectonic, climatic, or sea-level changes in landscapes (Bull, 1990; Hancock and Anderson,
2002; Pazzaglia et al., 1998). A combination of field mapping, optically stimulated
luminescence dating, and cosmogenic nuclide geochronology of fluvial deposits preserved

on planation surfaces shows that order-of-magnitude changes in the lateral erosion rate drive



the cutting and abandonment of planation surfaces in this setting. These findings offer an
alternative mechanism for the formation of planation surfaces, which have commonly been
linked to pauses in the vertical incision of rivers (Finnegan and Balco, 2013; Hancock and
Anderson, 2002; Langston et al., 2015).

Chapter 3 shifts the focus to the spatial and temporal evolution of uplift rates along the
northeastern Pamir-Tian Shan collision zone — one of the fastest deforming regions on
Earth. A new, high-resolution dataset of decadal uplift rates from a decomposition of
interferometric synthetic aperture radar time-series and GPS data constrains the spatial
pattern of surface- and rock-uplift rates on a series of folds and faults. These decadal rates
are combined with a compilation of published Quaternary rock-uplift rates in the foreland
(including rates presented in Chapter 2) to constrain simple models of the lifecycle of a fold
and show that commonly, gradual changes in peak rock-uplift rates are more likely than

step-wise, sudden changes in the growth of the folds.
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Chapter 1: Fluvial beveling of topography controlled by lateral channel
mobility and uplift rate?
Aaron Bufe!”, Chris Paola? and Douglas W. Burbank?!
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Abstract

Valley morphologies of rivers crossing zones of active uplift range from narrow canyons
to broad alluvial surfaces. They provide illuminating examples of the fundamental, but
poorly understood competition between relief creation and landscape flattening. Motivated
by field examples of abandoned kilometer-wide, fluvially eroded platforms on active
detachment folds in the Tian Shan foreland, we present physical experiments investigating
the controls on the area of a growing fold that is reworked by antecedent rivers. These
experiments reproduce the range of observed field morphologies, varying from wholesale
beveling of the uplifting fold to the formation of narrow, steep-walled canyons. A log-linear
fit to a simple dimensionless parameter shows that the competition between lateral channel
mobility and rock-uplift rate explains > 95% of the variation in the beveled fraction of the
folds. Our data suggest that lateral bedrock erosion rates of 0.5-40 m/yr are required to

explain the formation of extensive platforms in the Tian Shan foreland and imply that

®Adapted from: Bufe et al., (2016), Fluvial bevelling of topography controlled by lateral
channel mobility and uplift rate: Nature Geoscience, v. 9, no. 9, p. 706-710.
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varying water and sediment fluxes can cause striking changes in the degree of landscape

flattening by influencing the lateral erosion rate.

1 Introduction

Much of the topography on Earth’s surface is built by the interaction between rock uplift
and erosion. Whereas rivers can create relief by incising into uplifting bedrock, they also
flatten it by lateral planation. Currently, much remains to be learned about this fundamental
competition, despite its importance for explaining many landscape features and interpreting
them in terms of climatic, tectonic, or autogenic processes. A single stream, flowing
perpendicular to an uplifting fold, provides a simple natural laboratory in which to study
links among uplift, erosion, sediment and water fluxes, and the erodibility of the uplifting
material. Whereas transverse streams generally narrow across a zone of uplift (Amos and
Burbank, 2007; Duvall et al., 2004; Harbor, 1998; Lavé and Avouac, 2001; Whittaker et al.,
2007), in some cases, Vvalleys preserve evidence of efficient lateral planation -- beveling -- of
actively uplifting rock (Lavé and Avouac, 2001; Scharer et al., 2006). A striking example of
extremely efficient lateral planation occurs in the foreland of the Tian Shan (Fig. 1). Here, a
series of active detachment folds with 2-5 km of structural relief and uplifting at 1-3 mm/y
(Chen et al., 2007; Heermance et al., 2008; Li et al., 2013; Scharer et al., 2004) preserves
extensive low-relief surfaces interpreted as having been beveled by transverse drainages
(Fig. 1). A combination of weak bedrock in the core of the folds (Chen et al., 2007;
Heermance et al., 2007), abundant, coarse bedload, and the presence of upstream-aggrading
alluvial fans likely promotes efficient lateral erosion (Cook et al., 2014; Johnson and

Finnegan, 2015). Obvious differences in the magnitude of beveling between folds (Fig. 1b)



and changes from beveling to incision (Fig. 1c) raise questions about what controls the
erosion of these uplifts.

Inspired by these observations, we present results from a simple experiment
investigating the controls on the width of valleys across active uplifts, focusing on the
formation of wide, beveled platforms versus incised canyons. We explore general behaviors
and system-scale variables that we interpret as relatively independent of scale (Paola et al.,
2009). Previous experiments investigating transverse drainage development have
successfully reproduced river antecedence, stream piracy, and lake overflow (Douglass and
Schmeeckle, 2007), and demonstrated how planforms of meandering and braided streams
are affected by even small amounts of uplift (Ouchi, 1985). We build upon these previous
studies by using a basin designed to allow precise control and reproducibility of uplift rates,
sediment flux, and water flux, as well as collection of high-resolution topographic and
photographic data. The experiments test the hypothesis that the extent of beveling of an
uplift is controlled by a competition between the uplift rate and the mobility of channels.
Traditionally, planation surfaces formed by rivers incising into uplifting bedrock have been
attributed to a slowing of vertical incision through either changes in local base level
(Castillo et al., 2013; Finnegan and Balco, 2013; Pazzaglia and Gardner, 1993; Whittaker et
al., 2007) or high sediment loads shielding the river bed (Bull, 1990; DeVecchio et al., 2012;
Fuller et al., 2009; Hancock and Anderson, 2002; Molnar et al., 1994). Here, we explicitly
consider the importance of changes in the lateral erosion rate in explaining the competition
between relief creation and flattening (Fuller et al., 2016; Lavé and Avouac, 2001; Limaye

and Lamb, 2016).



2 Theoretical and experimental framework

Consider a simple fold that grows across the width of an active alluvial fan (Fig. 1). We
show here that the fraction of the uplifting material that can be reworked by rivers can be
predicted by a simple dimensionless parameter describing the competition between the time
it takes to uplift a fixed volume of material and the time to rework a fixed volume of the

alluvial fan surface (Fig. 2)

1),

. @
Qu

where Q,, is the flux of “rock” uplifted above the base level across the entire fold and Q is

the flux of material reworked by rivers on the alluvial fans upstream of the uplift defined as:

ArH 2),

where Ay is the area of the actively reworked alluvial fan upstream of the fold, H is the flow
depth, and T is the lateral channel mobility timescale. Similar to previous studies, the
channel mobility timescale (Tf) is defined as an e-folding timescale of surface reworking,
i.e., the time required to rework 63% of the active fluvial surface (Cazanacli et al., 2002;
Kim et al., 2010; Wickert et al., 2013) which has been shown to be strongly affected by
sediment flux (Constantine et al., 2014; Wickert et al., 2013).

We performed six experiments in a specially designed stream table with dimensions of
4.8x3.0x0.6 m and allowing a total of 0.14 m of surface uplift across a ~0.50 m wide zone
spanning the table’s width (Fig. 3a). The basin was filled with very well sorted silica sand
(Dso = 0.52 mm), and we supplied a constant flux of water and the same sand through a
single U-shaped inlet at the top of the flume (Fig. 3). All experiments started with a phase of

rapid aggradation, because initial slopes were set below the equilibrium slope for the fluxes
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of sediment and water. Once the net surface change oscillated around zero, the uplift was
imposed through 47 regularly spaced increments of ~3 mm of surface uplift at the fold’s

apex.

3 Results

With a steady water discharge, our experiments encompass a 100-fold range in uplift
rates, a 6- to 7-fold range in sediment flux, and a 4-fold range of upstream active fluvial
surface width. With this range of explored parameters, we reproduce a range of
morphologies observed on folds in the foreland of the Tian Shan (Fig. 1): from near-
complete beveling of the uplift in which emergent topography is continuously reworked, to
the formation of a narrow canyon through the fold (Fig. 4). As is typical for experiments
with steep slopes and a coarse sediment load (Cazanacli et al., 2002; Kim et al., 2010;
Whipple et al., 1998; Wickert et al., 2013), a self-organized braided channel pattern rapidly
evolved (Fig. 3b). Undercutting of steep channel walls by a laterally migrating stream and
subsequent collapse of the wet sand were common across the uplift, and was probably the
most efficient process by which the emerging fold was eroded. This channel migration was
highly stochastic and commonly occurred in rapid lateral sweeps as a combination of (1)
erosion along the walls of a “canyon” by migration of the river in a direction parallel to the
fold axis and (2) erosion focused on the upstream side of the fold by rivers being deflected
laterally as they impinged on the structure (similar to sweeps described in the field (Cook et
al., 2014)).

Across the experimental series, the most important observation is that high fractions of
beveling are associated with low uplift rates, low channel-mobility timescales, i.e., rapidly

migrating streams, and wide upstream alluvial fans (Fig. 5). The data are regressed with Q¢
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calculated during ongoing uplift, but we find that the upstream channel mobility in these
experiments is not significantly affected by the uplift and is instead dominantly controlled
by the imposed boundary conditions and the sediment and water fluxes (Fig. 5). The beveled
fraction decreases log-linearly as the ratio of mobility-to-uplifted volume (Eq. 1) decreases
(Fig. 5). Although these data display no evidence for a threshold behavior, we stress that the
relationship has to break down at very high or very low beveled areas, because the beveled
fraction cannot be higher than 100% or lower than 0%. In the absence of evidence for how
the system behaves at these limits, the log-linear fit provides the simplest description of the
available data.

With sufficiently high channel mobility (resulting here from high sediment fluxes) or
sufficiently low uplift rates, mobile channels can erode sediment laterally at rates equivalent
to the rate at which fold growth is feeding sediment mass into the system (Fig. 5). Our
results suggest that, for complete beveling of the uplift, the rate of volumetric reworking
upstream of the uplift has to be ~20-60 times higher than the rate of volumetric addition by
fold uplift (Fig. 5). Thus, lateral erosion across the uplift is ~20-60 times slower than the
corresponding channel mobility on an aggrading alluvial plain.

With less mobile channels, only a fraction of the uplifting fold can be eroded, and rivers
become confined into a zone across the uplift that they continuously rework, leading to an
emergent fold that is traversed by valley-confined channels (Fig. 4). We note that channel
mobility in braided rivers is the product of both avulsions and lateral channel migration
(Wickert et al., 2013). Because our method of calculating channel mobility is independent of
the detailed processes controlling the mobility, these results should in principle apply to a

range of river types.
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4 Discussion

4.1 Changes between incision and beveling

When comparing two systems in equilibrium, order-of-magnitude differences in the
uplift rate, channel mobility timescales, or the area of the active fluvial area upstream of the
uplift are necessary to explain significant (> 25%) differences in the beveled fraction (Fig.
5). Furthermore, as expected, equilibrium slopes and channel mobilities are consistent for
experiments with similar water and sediment inputs, but vary strongly with the sediment
supply rate (Constantine et al., 2014; Wickert et al., 2013) (Table S2).

When considering a particular system in equilibrium, small (<< order-of magnitude)
perturbations in the sediment and water balance can have striking impacts on the channel
mobility and the width of the active upstream fluvial surface: enough to cause large
differences in the beveled fraction. This effect is demonstrated by Run 6. In this experiment,
the initial inlet geometry (cf. Fig. 3) was V-shaped and changed to a U-shape only after 2.5
h of runtime. As expected from theoretical considerations of sediment transport (Parker et
al., 1998), the increased focusing of the water flux through the U-shaped inlet led to a higher
transport capacity and lower equilibrium slope, and thus to the incision of a canyon prior to
the onset of uplift at 8 h of runtime. This incision caused a striking reduction of the width of
both the active area upstream and the beveled area of the fold (Fig. 5). Notably, the input
parameters for Run 6 are the same as for Run 3, but the beveled fraction is only about half of
that run. However, by taking into account the width of the active fluvial surface and the
channel mobility upstream of the uplift, the beveled area can still be predicted. This finding
emphasizes how small perturbations of the upstream boundary condition or changes in the

inputs can trigger a significant response, leading to a new state of equilibrium. Importantly,
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this result illustrates how channel mobility can be influenced by processes other than the
sediment flux and explains why the ratio of sediment flux to uplift flux is not sufficient to
predict lateral planation by rivers when departures from equilibrium are considered (Fig. 6).
Thus, a small decrease in sediment flux or increase in water flux is expected to increase the
transport capacity (Metivier and Meunier, 2003) and to cause 1) a decrease in channel
mobility and 2) a phase of incision accompanied by a notable decrease in the area of the
active fluvial surface (Fig. 6). Together, these two processes can trigger large changes in the
extent of beveling in response to quite modest changes in sediment or water flux. These
observations raise questions concerning which mechanistic processes control the width
changes of the active fluvial surface following a change in sediment flux, and how fast the
system recovers from, or responds to, a phase of incision.

As an alternative to variations in inputs, autogenic cycles could cause changes between
incision and lateral erosion of the folds (Finnegan and Dietrich, 2011; Kim et al., 2014;
Limaye and Lamb, 2016). Indeed, we observe two major autogenic cycles in the
experiments. First, several minute-long sweeps of rapid lateral erosion occur in all runs, but
their time scales are short enough not to cause significant changes in the beveled area.
Second, in the long, slow uplift experiment (Run 4), we observe five 10- to 20-hour-long
cycles in which topography can build along the flanks of the basin before being removed in
rapid lateral sweeps. Whereas the proportion of the beveled area of the fold during these
periods can be reduced from 100% to 80% (Fig. S5), these cycles cannot explain changes
between narrow canyons and wide platforms, such as those seen in the foreland of the Tian

Shan (Fig. 1). Thus, we suggest that persistent changes between beveling and incision, with
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major changes in the extent of beveling, have to be driven by external factors such as

changes in water and sediment flux.

4.2 Lateral channel mobility in the field

The use of unconsolidated sand as experimental substrate means that no detachment
limit exists, rivers are always at transport capacity, and the effect of tools in detaching grains
(Sklar and Dietrich, 2004) becomes unimportant. Therefore, our experiments are most
applicable to weakly consolidated uplifted material. We do not know if the presence of a
detachment limit simply shifts or steepens the log-linear fit (Fig. 5) or if sufficient rock
strength could qualitatively change the observed dependence of valley width on the
uplift/mobility ratio. However, the experiments successfully reproduce the general range of
morphologies seen in the field for rivers crossing folds that are uplifting easily erodible
bedrock (Fig. 1). Thus, we suggest that the general concept of a competition between
channel mobility and uplift rates (corrected for base-level changes) that controls how rivers
create or destroy relief is largely scale independent and could apply, with modification, to
account for bedrock strength in detachment-limited systems.

Therefore, making assumptions about steady fold-uplift rates relative to base level, and
some representative flow depth, we can use the fit to the experimental data to estimate the
channel mobilities necessary to bevel the detachment folds in the foreland of the Tian Shan.
Sudden deformation by earthquakes in which rock uplift is significantly greater than flow
depths could potentially complicate field applications of the experimental data. However,
deformation of detachment folds is likely to be dominated by slow creep. Moreover, rapid
lateral bedrock erosion has been shown to occur subsequent to major earthquakes after just a

short period of adjustment (Cook et al., 2014).
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The Kashi and Atushi folds have the same weakly consolidated sand and siltstones
exposed in their cores and have been uplifting at 1-3 mm/y over the last 1-2.4 My (Chen et
al., 2007; Heermance et al., 2008; Heermance et al., 2007; Scharer et al., 2006; Scharer et
al., 2004). Neogene sediment-accumulation rates in the foreland and thus rates of base-level
rise have been up to 0.8 mm/y (Heermance et al., 2007). Whereas the eastern part of the
Atushi fold was beveled entirely across much of its length (Fig. 1), only ~20% of the Kashi
fold preserves clear topographic evidence for lateral erosion. Using a block uplift at a rate of
1.5 + 0.5 mmly, a characteristic flow depth of 0.75 + 0.25 m, and assuming that the entire
200 + 40 km? of the upstream alluvial fan were being actively reworked at the time of
beveling, we find that channel mobility timescales on the order of ~40 + 30 years are
necessary to explain beveling of 95 + 5% of 100 km? of the Atushi fold. Given that major
rivers (with drainage areas > 1 km?) on the alluvial fans upstream of the Atushi fold are
spaced 2-8 km apart, we predict that effective lateral migration rates on the alluvial fans of
30-800 m/y and corresponding lateral bedrock erosion rates of 0.5-40 m/y (20-60 times
slower) would be necessary for near-complete beveling of that fold. Such high lateral
migration rates -- tens to hundreds of meters per year -- may seem unlikely in today’s arid
climate. Yet, even now, summer thunderstorms drive flash floods, and snowmelt feeds high
spring discharges that cause significant erosion and mobile channels. Similarly high lateral
migration rates have been reported on other fans, alluvial plains, and deltas, such as the
Emerald Lake Fan, B.C., the Yellow River Delta, and the Lower Mississippi alluvial plain
(Jerolmack and Mohrig, 2007). In Taiwan, lateral bedrock erosion rates of up to 5.1 m/y,
comparable to our estimate of 0.5-40 m/y, have been reported (Cook et al., 2014). These

locations all have wetter climates than the modern foreland of the Tian Shan, but there is
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evidence for episodes of wetter climate in the Tarim basin throughout the late Pleistocene
(Yang and Scuderi, 2010). These wet episodes most likely coincide with times of beveling
of the folds.

Beveled platforms on the Atushi fold (Fig. 1) are now uplifted, and modern streams are
incising 20- to 200-m-deep canyons into the folds. Thus, a change from beveling to incision
has occurred. It appears unlikely that large variations in rock-uplift rates caused incision to
begin, given the equivalence of decadal (geodetic) and Late Pleistocene shortening rates (Li
et al., 2012). Order-of-magnitude decreases in the ratio of sediment flux to water flux also
seem unlikely considering that deep incision of the fan heads is uncommon. Given the
ubiquitous, Late Pleistocene terraces along channels entering the Tarim Basin (Li et al.,
2013) and evidence for several episodes of much wetter climates in the area (Yang and
Scuderi, 2010), we suggest that climatically controlled changes in sediment and water fluxes
caused repeated, synchronous episodes of beveling and incision of folds in the Tian Shan
foreland.

In summary, our experiments demonstrate that a simple competition between lateral
channel mobility and rock-uplift rate can explain a range of topographies from narrow,
steep-walled canyons to wide, beveled platforms and thus illuminate one of the fundamental
competitions that drive relief creation and destruction on Earth’s surface. Similarities in the
morphologies between the experiments and the field suggest that these findings are largely
scale-independent and applicable to detachment-limited systems, at least where bedrock is
relatively weak. Whereas in a simple equilibrium case, channel mobility is controlled by
sediment flux, perturbations of the equilibrium can cause striking changes in both mobility

and active fluvial area and, thus, in the morphologies of valleys crossing growing folds.
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Figure 1: Extensively beveled surfaces in the foreland of the Tian Shan. (a) Slope map
showing the extent of beveling on selected folds in the foreland of the Tian Shan. Yellow
arrows indicate the look directions of b and c. (b) Oblique Google Earth view showing the
mostly unbeveled Kashi fold and the beveled Atushi fold. (c) View of Boguzihe water gap
on the Atushi fold showing incision of the modern river into the beveled fold. Remnant
fluvial terraces are being uplifted and deformed as shown on the inset graph of terrace
surveys (Scharer et al., 2006).
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intermittently wetted and reworked active fluvial surface Ay by a series of streams with

representative depth H reworking the surface at a rate described by timescale Tr. The rate of
reworking Qy is measured before the start of uplift. (b) Aerially integrated “rock” uplift rate.
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volume is measured directly from topographic scans.
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uplifted sediment (Q,,). The plotted regression is for Q calculated during uplift. Note that
the apparent log-linear trend has to plateau at 100% and 0% and that beveled areas for Run 1
and Run 5 represent maxima (Fig. S5). See methods section for treatments of the
uncertainty.
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Supporting material for Chapter 1

1 Methods

1.1 Experimental setup

The uplift basin used for the experiment was built at the St Anthony Falls Laboratory,
University of Minnesota, Minneapolis, in 2014 and is a wooden box with dimensions of
4.8x3.0x0.6 m, raised about one meter above the floor (Fig. 3a). Located 2.2 m down-basin,
a 51-cm-wide slot accommodates the uplift mechanism. This mechanism comprises three
metal beams that span the width of the basin and that are inset into the slot next to each other
with a spacing of 13 cm. Mounted onto threaded rods, these metal beams can be raised a
total of 20 cm by turning a hexagonal nut. One entire revolution of the nut raises the metal
beam by 4.2 mm. A thin piece of flexible sheet metal covers the beams with its edges inset
in sliders. Thus when the beams are uplifted, the sheet is pinned at the edge of the slider and
flexes into a fold shape. There are 10-cm gaps between the metal sheet and the edges of the
basin on either side (Fig. 3a). These zones on the edges do not produce constant uplift and
are, therefore, excluded from the experimental space as described below. In all experiments,
the entire basin was covered with a thick (~5 mm) rubber membrane and filled with well-
sorted silica sand (Dso = 0.52 mm) at a slope less than the equilibrium slope for the imposed
sediment and water flux. A constant flux of that same sand, water, and blue dye was fed
from upstream into a funnel using an automatic sediment feeder, two constant-head tanks,
and a small pump, respectively. The mixture of sand, water, and dye flowed into a wire
mesh filled with pebbles and cobbles (the rock crib), thus diffusing the distribution of the

inputs (Fig. 3). Acrylic sheets ~10 cm wide were placed at regular intervals at an angle of
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~45° facing downstream along the wall in order to limit edge effects (Fig. 3b). Moreover,
barriers 15 cm off the wall around the zone of uplift diverted water around the zone where
the flexing metal sheet (and thus the uplift) did not extend to the edges of the basin. Finally,
two plates were inserted on either side of the rock crib at the inlet to form a U-shape and to
direct the flow straight down the basin (Fig. 3b). This “channeling” greatly reduced the
amount of flow along the fold’s edges and allowed for most of the water to be routed across
the center of the basin. Moreover, it simulates the narrow outlet of a canyon onto an alluvial

fan.

1.2 Data Collection

Sediment and water feeds were calibrated with a stopwatch and a 1-L graduated
cylinder. Dye feed was gauged by eye. A DSLR camera with a 10.5-mm, /2.8 fisheye lens
was mounted over the center of the basin and remotely controlled. Topographic data of the
basin were acquired using a laser scanner that was programmed to cover the entire basin
except for its upper ~5% (~25 cm) in six swaths. Prior to each scan, the water, sediment, and
dye feeds were turned off, and the surface water was allowed to drain for 10 minutes, after
which time, all of the surface water had infiltrated into the sloping fan and drained
downstream. Thus, except within scours on the far downstream of the basin, no standing
water was present when the surface was scanned, but the sand was still damp. The resulting
digital elevation model acquired from the scans has a 1-mm horizontal and sub-millimeter
vertical precision. Some near-vertical faces have an uncertainty in the elevation > 1 mm or

returned no data.
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1.3 Experimental protocol

After an initial test run, seven experiments were performed over a two-month interval.
The main variables in each run were the sediment discharge, the water discharge, and the
fold uplift rate (Table S1). The weir height at the toe of the table was set to allow for a
thickness of sand that exceeded the maximum uplift of the fold, while assuring that, in its
upper reaches, a sloping fan would not build above the basin walls. Photos were taken every
60 seconds, and topographic scans made every hour. All experiments started with a phase of
rapid aggradation as the system built a slope adjusted to the imposed sediment/water ratio.
Subsequently, aggradation rates slowed down until the system alternated between hours of
overall aggradation and hours of overall erosion (Fig. S1). This surface change was
estimated hourly by differencing the digital elevation models from the scans. Once the
surface change was within 10-20% of the input sediment flux, the system was considered in
equilibrium, and uplift was started (Fig. S1). The time to equilibrium depended on how well
the equilibrium slope was estimated at the setup of the experiment and was typically within
4-10 hours but reached 45 h in Run 5. In all experiments, the 47 increments of uplift were
performed by raising the center beam on both sides of the stream table by 4.2 mm and then
each side beam by 2.1 mm. The center beam at the end of the experiment was thus raised a
total of 20 cm, which resulted in a maximum surface uplift of 14 cm at the crest of the fold.
The difference between the beam uplift and surface uplift arises from spreading and collapse
of the non-cohesive sand. Temporal spacing of the 47 uplift increments was chosen
according to the desired uplift rate. Between successive experiments, the metal beams
creating the fold shape were lowered, the weir height adjusted if necessary, and the slope

reset to slightly below equilibrium using a broom and shovel. Any sand that was below the
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adjusted surface layer was left untouched except for the area directly above the fold, which
was entirely dug out and stirred in order to avoid biases due to pre-existing structures.

In Run 6, during the initial setup of the experiment, the acrylic plates around the water
feed were arranged in a VV-shape and were changed to a U-shape (as in Fig. 1b) after 2.5 h.
As expected from theoretical considerations of sediment transport (Parker et al., 1998), the
increased focusing of the water flux at the table’s inlet led to a higher transport capacity and
lower equilibrium slope, and thus to the incision of a canyon. For calculations of the
equilibrium slope and channel mobility, the experiment was, therefore, separated into
discrete intervals before and after the change to a U-shaped inlet and incision of the canyon

(Table S2).

1.4 Image and Scan processing

The digital elevation scans were brought into MATLAB as 4672 by 3001 matrices. Each
pixel corresponds to a square millimeter of basin area. To remove boundary effects, we
cropped the area by 70 cm at the upstream end (in addition to the ~25 cm not covered by the
scanner), 17 cm at the downstream end and 17 cm on each side of the basin (Fig. S2). The
crop on the sides excludes all acrylic barriers except for the inclined sheets around the zone
of uplift.

Photos were post-processed in Photoshop CS6. Fisheye distortion was removed using
the inbuilt lens correction and photos were tilted such that the average slope of the alluvial
fan was horizontal. Images were resampled to 1 pixel/mm?, and major dark areas were
brightened. Finally, the corrected images were cropped in MATLAB to match the extent of

the topographic scans. We estimate measurement errors on the length or area measurements
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to be ~1%. Errors are largest for pixels elevated highest above the basin and closest to the

camera. None of these errors are large enough to significantly affect our results.

1.5 Volumetric uplift rate (Q,,)

In Runs 4 and 5, the topography was scanned every 63.5 minutes, instead of 60 minutes,
in order to make some (Run 5) or all (Run 4) of the scans coincide with times in which one
uplift increment was due to happen. Those uplift increments were performed when the
experiment was not running, and the topography was scanned before and after the uplift
increment. This procedure allowed us to sum up the surface change due to the uplift alone
for all 47 increments in Run 4 and ten of the 47 increments in Run 5. Summing all uplift
increments from Run 4 yields the expected total uplift volumes at each stage of the
experiment (Fig. S3a). This ideal uplift record was used to convert the imposed rate of uplift
of the metal bars to volumetric uplift rates on the surface of the experiments. Note that the
base level is constant in these experiments, but would have to be taken into account if this
work were applied to areas where base level is changing. A similar uplift model was
constructed from the ten increments of Run 5 (Fig. S3b). Despite differences in equilibrium
slopes and sand-layer thicknesses, the volume uplifted per increment is similar in both runs
(Fig. S3c). Thus, we conclude that the thickness of the sand layer does not affect the pattern
and volume of uplift significantly and that effects, such as compaction of the sand or
stretching of the membrane, are insignificant.

One complication in the comparison between folds from different experiments is that
surface faulting and outward spreading of the uplift occurs in areas that experienced 5-6
increments of uplift without erosion. Thus, in experiments in which the fold is continuously
eroded, limited surface faulting develops, and the fold shape is narrower and more
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symmetrical. In experiments in which the fold is not fully eroded, the uplift spreads out. The
analysis of the uplift increments in Run 4 and 5 (Fig. S3) shows, however, that the overall
uplifted volume is not affected by this process and that the final heights of the peaks on the
fold are not influenced significantly. Thus, we use the uplift data from Run 4 to estimate
both a peak surface-uplift rate, as well as a volumetric uplift rate for each increment of uplift

with associated uncertainty (Table S2).

1.6 Beveled fraction (F})

In each experiment, the actively beveled area can be recognized by multiple active
channels and recently abandoned, undeformed, or weakly deformed terraces less than a few
centimeters above the thalweg (the lowest height) of the current stream. In order to estimate
the height above the thalweg based on the scanned topography, we calculate, for each
across-basin row, the height of each pixel above the minimum height (thalweg) in that row.
Plots of the proportion of pixels at or below any given height above this estimated thalweg
(essentially a hypsometry) typically show 30-100% of pixels < 3-4 cm above the thalweg
(Fig. S4). This clustering indicates low-elevation, relatively flat areas that have been
recently beveled. The more distributed pixel heights within 3-15 cm above the thalweg are
expected for the steeply dipping limbs of a fold (Fig. S4). We note that the rollover between
the actively reworked and the strongly folded area occurs ubiquitously at a similar height
range (2.8 to 3.6 cm). We therefore consider pixels below the cut-off of 3.2 £ 0.4 cm to be
part of the active beveled area (Table S2).

The beveled fraction typically decreases from 100% at the beginning of each experiment
toward some equilibrium value. A time-series of the beveled area reveals that equilibrium
was reached for the experiments with low fold-uplift rates (Fig. S5). Thus, Runs 3, 4, and 6
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can be considered in equilibrium. Run 2 is close to equilibrium, but for Runs 1 and 5, the
beveled fraction we calculate is a maximum estimate — had the uplift continued, the beveled

fraction might have decreased more.

1.7 Channel mobility timescale (T)

Similar to previous work (Cazanacli et al., 2002; Kim et al., 2010; Wickert et al., 2013),
we define an e-folding channel mobility timescale as the time necessary for a river to visit
63% of the dry area within the active floodplain (Fig. S6a) (Cazanacli et al., 2002; Kim et
al., 2010; Wickert et al., 2013). The use of blue dye allows pixel tracking of wet and dry
areas (Cazanacli et al., 2002; Kim et al., 2010; Wickert et al., 2013). We converted photos
from a ‘red-green-blue’ (RGB) to a ‘hue-saturation-value’ (HSV) color space, and set a
characteristic cut-off between wet and dry images using a combination of hue and saturation
values. After parts of the image outside the active floodplain were masked out, the photos
were converted to binary maps of wet and dry pixels. We then smoothed the maps with a
9x9-mm window. To calculate the characteristic time scale of channel reworking, we used
the method outlined in previous publications (Wickert et al., 2013): One photo is taken as a
base image, and the dry area is identified. The reworking of this dry area is then tracked by
looking at each subsequent photo and recording the number of pixels that have remained dry
over the entire time since the base image. Each image is chosen as a base image in turn and
compared with subsequent photos. We chose to interrupt the series of photos where gaps in
our photographic record exceeded 6 min (for example, due to problems with the dye pump
or after day-long breaks within one experimental run). These series of the area remaining
dry since some arbitrary start can be fitted with a harmonic function (Cazanacli et al., 2002;
Kim et al., 2010) or an exponential function (Wickert et al., 2013) (Fig. S6). We chose an
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exponential fit to allow for a non-zero asymptote, which occurs when parts of the fluvial
surface are abandoned for extended periods of time (several hours). The best-fit e-folding
timescale is the channel-mobility time scale, T; (Table S2). For the final regression (Fig. 5),
we used T calculated during the uplift phase. We find, however, that ongoing uplift does
not influence channel-mobility time scales in a systematic way (Fig. 5, Table S2) and that
the Q;/Q,, ratios are within error for all experiments, except for Run 5 (Fig. 5). The reason
for the higher Q(/Q,, value of Run 5 when calculated during uplift is likely the development
of small ponds behind parts of the fold that remained stable for several hours before
draining. Despite this complication, the regression is not affected significantly by the

variations in the channel mobility (Fig. 5).

1.8 Area of the active alluvial surface (Ar)

The active fluvial area upstream of the uplift (45) was calculated from the topographic
scans of the basin after masking out the un-reworked surfaces that define the rims of the
upstream part of the basin (Fig. 3). The value was then corrected for areas that stay inactive
for extended periods of time using the asymptote of the exponential fit to the remaining dry

area (Fig. S6).

1.9 Flow depth (H)

Flow depth varied throughout the course of an experiment and between different
channels. Therefore, some representative value of the flow depth that reflects the amount of
water influx had to be chosen. The main channel through the fold typically had flow depths
of 5-10 mm, and we use 7.5 £ 2.5 mm as a characteristic value. Because the water flux was

not varied between experiments, this parameter is treated as a constant for all runs.
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1.10 Data Availability

Photographic and topographic data for all experiments, as well as timelapse videos are
stored on the SEAD repository and can be accessed through the SEN knowledge base at

sedexp.net.

2 Additional Discussion

2.1 Influence of sediment flux

Because lateral channel mobility is strongly dependent on the relative sediment and
water flux, one could hypothesize that, in the absence of changes in the water flux, a
dimensionless parameter of the form:

Fp « ] ()

where Q; is the influx of sediment upstream of the fold, could predict the beveled area
similarly to the dimensionless parameter proposed in the main text. This ratio compares the
rate of mass (sediment) input into the system from upstream with the rate of mass input by
the uplifting fold. The rational is that, in equilibrium, the shape and slope of a river or an
alluvial fan is adjusted to transporting the amount of sediment that is input into the river (Q;)
(Mackin, 1948; Whipple et al., 1998). Thus, one could imagine that if the rate of mass flux
by the active uplift is insignificant with respect to Qq, the entire fold can be reworked. If the
uplift is significant, the river adjusts its geometry and bevels only a proportion of the uplift.
However, we show in this work that processes other than the sediment-to-water flux ratio
control the channel mobility and the width of the active alluvial surface. For example, the
change in the upstream boundary condition (as defined by the U- or VV-shape of the inlet) of

Run 6 is independent of the sediment flux which causes Equation 1 to provide a poor
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prediction of the beveled area for Run 6 (Fig. 6). The channel mobility timescale, however,
accounts for this upstream boundary effect (Fig. 5). We hypothesize that the reason why the
Qs-Q,, regression is a good predictor for all runs except Run 6 is that in each experiment, the
system was brought to an equilibrium starting with a fan slope that was lower than the
equilibrium slope. Therefore, the rivers always aggraded prior to uplift and covered nearly
the entire available basin area (Figs. 6, S6b—g, S6i). Such boundary conditions are
comparable to previous experimental studies that established the link between sediment flux
and lateral channel mobility (Wickert et al., 2013). The results from Run 6 demonstrate that
the link between channel mobility and sediment flux can be subject to complications when
these boundary conditions are changed (Fig. S6h). Introducing initial topographies that are
steeper than the equilibrium slopes for the input water and sediment fluxes, or changing
sediment and water flux during the experiment could yield more data that falls off of the Q-
Q. regression. The power of casting the efficiency of lateral beveling as a function of
channel mobility rather than sediment flux lies in the result that the channel mobility is
affected by a suite of boundary conditions that are independent of the sediment flux (for
example, the water flux or the initial slope of the upstream fan, changes in the shape of the
inlet etc.). Thus, using the Q,-Q,, regression, one could think that order of magnitude
changes in Q or Q,, are required to explain dramatic changes in the beveled area. However,
as we showed through Run 6, small perturbations (such as a small change in Q; or Q,,, or a
change in the inlet geometry) can have large effects on the beveled area that are not

predicted by the Q,-Q,, regression. Therefore, the Q-Q,,regression provides the more

general mechanistic framework for describing the lateral erosion of an active uplift.
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2.2 Influence of water flux

The uniform, steady, relatively high water flux leads, in effect, to an artificial state of
constant flooding which precludes the possibility of investigating the influence of high-
frequency changes in water flux, including extreme events. However, recent work suggests
that total sediment transport depends mainly on the integrated flow above the threshold of
transport, rather than the details of how the flow is delivered (Phillips and Jerolmack, 2016).
Variations in water flux change both the transport capacity and possibly the channel
mobility through the change in the sediment/water ratio. The transport capacity is also
modified via slope changes across the fold, such that predictions about the influence of
water are not trivial. Further experiments on the relative influence of water and sediment
fluxes on the channel mobility are necessary to illuminate the influence of changes in water

flux. However, whereas @, will influence the factor of @, we hypothesise that the

parameter % remains a good predictor of the beveled fraction of the fold.

u
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Figure S1: Plot of total volumetric surface change in the basin between two sequential scans
as a function of the run time. Shown here are the first 30 h of Run 7 which did not have any
uplift. After 2 h of run time, the system reaches an equilibrium in which the sediment influx
into the basin and the sediment outflow are balanced. Between any sequential scans (spaced
~1 h apart) the total amount of aggradation or erosion oscillates around that equilibrium and
stays within 20% of the volume of sediment input. For any run with uplift (Runs 1-6), the
uplift was started when the surface change remained below the 20% mark. For most
experiments, this cut-off was reached within 4-10 hours of runtime.
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uplift increment was recorded using the scanner so the fold model is not complete. The
reason for the different uplift pattern in Run 5 is that the uplift was not continuously eroded
everywhere so that normal faulting developed within the emergent terrain. The areas of
uplift that show a “smoother” uplift pattern are the locations that the river beveled. (c) Plot
showing the total volume of uplifted sediment during each increment in the entire basin area.
The thick solid lines in green and red show the mean of each distribution with one standard
deviation marked with the colored area. Note that despite differences in slope, degree of
beveling, and sand thickness, the uplift during each increment in Run 4 and 5 show scatter
around the same narrowly distributed values with standard deviations of 7-11%.
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Figure S4: Illustration of how the beveled area was extracted from the experiments. (a)
Conceptual sketch showing hypsometries expected for the ideal fold-river geometries
marked in the in the inset cartoons. (b) Hypsometries from the fold areas (cf. Fig. S2) of the
final scans of all experiments showing a prominent rollover point which marks the boundary
between the flat recently beveled area and the inclined folded area. For all runs except Run
6, the rollover point occurs in a narrow band marked with a grey background. The percent
area with lower elevation that corresponds to the rollover in the curves was taken as the
beveled area with a range marked by the width of the grey band.
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Figure S5: Plot of the evolution of beveled area over the time of the experiment. The
colored bars mark the approximate trend of the data. At the start of the experiment, the
beveled area is higher and starts to plateau after some time. This plateau might not be
reached in Run 1 and Run 5 whereas the other experiments seem to be close to equilibrium.
Therefore, the beveled area estimates for Run 1&5 present maxima. Note the autogenic
periods in Run 4 during which stream flow was focused in one part of the basin allowing
some topography to build up and dropping the beveled area to < 85%.
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Figure S6: Figure showing the remaining dry area upstream of the uplift as a function of
time between image pairs. An exponential fit to the data yields a characteristic e-folding
timescale of channel reworking (7). The area of the active upstream fluvial area (Af) can be
estimated from the asymptote of the exponential fit to the data where an asymptote of 0
implies that the entire upstream area is being actively reworked (as in runs 1, 4, and 7) and
higher asymptotes imply that only a part of the upstream area is actively reworked. (a)
Conceptual sketch showing curves expected for differently mobile channels. (b-i) Analyses
for all experiments using pairs from a total of N images (as shown in the figure). Only
images taken prior to the onset of uplift are used. The black lines show the exponential fit to
the data that was used to calculate the channel mobility and the active upstream fluvial area.
We note that the pattern and resulting channel mobility timescales are similar when the
entire basin area is considered.
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Table S1: Input parameters for all experiments

Volumetric

Total Run time

Run Peak uplift ra}te uplift rate 26 Sediment Flux Water Flux _Weir after start of
Number | +2¢ (m/s) 106 (M¥/s)* 10° +2¢ (Ml/s) +26 (Ml/s) Height (cm) uplift ()
1 40+ 3.7 42+49 15.8+0.2 790+ 10 12 1
2 8.0+0.7 84+10 15.8+0.2 790 + 10 12 5
3 40+04 42+05 15.8+0.2 790+ 10 12 10
4 0.40 £ 0.04 0.42 £0.05 15.8+0.2 790 + 10 12 100
5 40104 42+05 24+0.2 790 £ 10 16 10
6 40+04 42+05 15.8+0.2 790+ 10 4 6°
7 b b 15.8+0.2 790+ 10 12 -

%in Run 6 the planned run time was 10 h but the experiment had to be stopped (cf. text for details)
bThis experiment was performed without uplift
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Table S2: Results for all experiments. Flow depth H was estimated as 7.5 + 2.5 (+26) mm in all experiments

Q Q Equilibrium r Tt As Tt As
Run 126 (rgg /s)* Qs iz"; basin slope 126 (3/0 of upstream of upstream upstream of upstream
Number 10 +26 (Ml/s) (mifs) before start of entire fold) the fold before | before uplift | the fold during | during uplift
uplift £2¢ (°) uplift +2¢ (h) +26 (M?) uplift £2¢ (h) +26 (M?)
1 42+49 15.8+0.2 | 79010 54+0.2 45+ 7 04+0.1 2.3+0.2 0.2+0.1¢ 2.3+0.2
2 84110 158+0.3 | 791+£10 55+0.2 64+ 4 05+0.1 20+0.2 05+0.1 23+0.2
3 42+05 158+04 | 792+ 10 55+0.2 71+3 0.3+0.1¢ 1.9+0.2 03+0.1 23+0.2
4 0.42+0.05 | 15.8+05 | 793+10 54+0.2 96 * 3 0.3+0.1¢ 20+0.2 0.4+0.1¢ 21+0.2
5 42+05 24+02 | 79410 25+0.2 56 +3 1.8+0.6 14+0.2 0.8+0.1 1.8+0.2
6 V-
_ shaped 42+05 | 158+02 | 795+10 | 6.2+0.2 - 0.2+0.1¢ 16+0.2 - -
inlet (pre-
incision)
6 U-
shaped b
. 42+05 158+0.3 | 796+ 10 50+0.4 34+3 15+0.4 07+0.2 1.3+04 05+0.2
inlet (post-
incision)
78 - 158+0.4 | 797 £10 5.0+£0.2° - 04+0.1 23+0.2 04+0.1 23+0.2

Calculated for the first 7 h after uplift. After that a ~20 h period of more confined flows and lower beveled area occurs (see Fig. S5)

®Channel slope was taken as a proxy for the basin slope

°Only the first 8 h of the experiment are reported because of autogenic incision and aggradation cycles after that time. The slope was calculated at the end of the

experiment.

dChannel mobility timescales are likely underestimated where the data series does not extend much beyond 1-2 h.
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Abstract

Fluvial planation surfaces, such as straths, commonly serve as recorders of climatic and
tectonic changes and are the product of the lateral erosion by rivers-a process that remains
poorly understood. Here we present a study of a suite of kilometer-wide, fluvially eroded,
low-relief surfaces on rapidly uplifting folds in the arid foreland of the southwestern Tian
Shan. A combination of field work, digital elevation model analysis, and dating of fluvial
deposits reveals that, despite an overall arid climate and rapid rock-uplift rates of 1-3 mm/y,
rivers laterally ‘bevel” or ‘cut’ extensive (> 1-2 km-wide) surfaces with vertical relief of ~6
m. The extent of this ‘beveling’ varies in space and time such, that different episodes of
beveling affect individual active structures. Between times of planation, the beveled surfaces
are abandoned, incised, and passively deformed across the folds. In a challenge to models
that link strath cutting and abandonment primarily to changes in the vertical rates of river
incision, we demonstrate that lateral erosion rates of antecedent streams crossing the folds
have to change by orders of magnitude to explain both the creation of wide beveled
platforms in the past and their incision at the present day. We hypothesize that significant
changes in the lateral bedrock erosion rate of rivers are common and that variations in both
vertical incision rates and lateral beveling rates should be taken into account when studying

strath-terrace formation in rivers.

1 Introduction

Bedrock rivers commonly record a complex history of aggradation, vertical incision, and
lateral migration that can be interpreted as a result of environmental, tectonic, and autogenic

changes. Understanding the formation of landscapes and predicting their evolution under
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changing climatic and tectonic forcing require knowledge of these river dynamics. Given an
available discharge, rivers tend to adjust their geometry to the supply of sediment and, in the
case of bedrock rivers, to the bedrock-uplift rate (Dietrich et al., 2003; Hack, 1957; Kirby
and Whipple, 2012; Lague, 2014; Lague et al., 2003; Mackin, 1948; Sklar and Dietrich,
2001, 2004, 2006; Turowski et al., 2008; Turowski et al., 2006; Turowski et al., 2009;
Whipple and Tucker, 2002; Wobus et al., 2006; Yanites and Tucker, 2010). This response of
the river to external influences allows the interpretation of fluvial landscapes as a function of
tectonic and climatic drivers (DiBiase and Whipple, 2011; Lague et al., 2003; Langston et
al., 2015; Turowski et al., 2006). Ranging from narrow bedrock benches to wider strath
terraces and regional planation surfaces, river terraces cut into bedrock are commonly used
markers for assessing climatic and tectonic changes in landscapes (Amos et al., 2007,
Bookhagen et al., 2006; Calvet et al., 2015; Fuller et al., 2009; Hancock and Anderson,
2002; Langston et al., 2015; Lavé and Avouac, 2001; Pazzaglia and Gardner, 1993;
Pazzaglia et al., 1998; Pratt-Sitaula et al., 2004). Moreover, in order for those planar
surfaces to develop, processes that reduce landscape relief, such as hillslope erosion,
weathering, diffusion of regolith, or lateral erosion by rivers, have to balance or outpace
rock uplift and vertical river incision (Fig. 1). We note here that most studies of extensive
strath terrace formation have been done in weakly consolidated lithologies (Allen et al.,
2013; Collins et al., 2016; Cook et al., 2014; Fuller et al., 2009; Hancock et al., 1999;
Langston et al., 2015; Lavé and Avouac, 2001; Molnar et al., 1994; Montgomery, 2004;
Schanz and Montgomery, 2016), and that the width of planation surfaces has been linked to

the strength of the bedrock (Allen et al., 2013; Montgomery, 2004; Rémer, 2010; Schanz
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and Montgomery, 2016). However, strath terraces also form in resistant lithologies, such as
granites and quartzite (Burbank et al., 1996; Pratt-Sitaula et al., 2004).

Changes in the relative rates of lateral and vertical erosion by rivers in tectonically active
regions have commonly been linked to periods of low incision rates during which bedrock is
planed off, alternating with periods of rapid vertical incision and the abandonment of
terraces (Castillo et al., 2013; Gilbert, 1877; Hancock and Anderson, 2002; Langston et al.,
2015; Merritts et al., 1994; Molnar et al., 1994; Zaprowski et al., 2001). Exploiting results
from physical experiments and stream-power theory, several studies propose that decreases
in incision rates occur at times when sediment flux overwhelms the transport capacity of the
river. Thus, the deposited sediment shields the river bed from incision, whereas lateral
erosion continues (Fig. 1) (Hancock and Anderson, 2002; Johnson and Whipple, 2007;
Langston et al., 2015; Sklar and Dietrich, 2001, 2004; Turowski et al., 2007). Such changes
in the ratio of transport capacity to sediment flux have been suggested to occur due to
climatically controlled increases in sediment fluxes (Bookhagen et al., 2006; Bull, 1990;
DeVecchio et al., 2012; Dey et al., 2016; Formento-Trigilio et al., 2003; Fuller et al., 2009;
Hancock and Anderson, 2002; Jansen et al., 2011; Molnar et al., 1994; Pan et al., 2003;
Pazzaglia and Brandon, 2001; Wegmann and Pazzaglia, 2002), changes in the water flux
(Hanson et al., 2006), changes in vegetation density (Collins et al., 2016) or a combination
of the above (Schildgen et al., 2016). Other possible processes controlling the stream power
and, thus, the transport capacity and the rate of channel incision include downstream
changes in base level due, for example, to sea-level changes, to downstream aggradation or
degradation (Castillo et al., 2013; Finnegan and Balco, 2013; Merritts et al., 1994; Pazzaglia

and Gardner, 1993), or to changes in tectonic forcing (Cook et al., 2013; Grimaud et al.,
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2016; Yanites et al., 2010). More recent work has shown that rapid changes in incision rate
can also happen autogenically without changes in external forcing, such as in meandering
bedrock rivers with autogenic bedrock-meander formation and cutoff (Finnegan and
Dietrich, 2011).

Apart from variations in vertical incision rates, changes in the lateral erosion rate can
also influence terrace formation, and such changes should be influenced by the same
external forcings that modulate incision rates. Whereas the concept of terrace formation with
a constant vertical incision rate and varying lateral erosion rates has been proposed in the
past (Davis, 1902; Lavé and Avouac, 2001; Merritts et al., 1994; Pazzaglia and Gardner,
1993; Pazzaglia et al., 1998), it is only recently that numerical and physical models have
explored this concept, both for autogenically formed terraces in a meandering river (Limaye
and Lamb, 2014, 2016) and for the erosion of a fold by antecedent braided streams (Bufe et
al., 2016; Chapter 1). The latter experiments showed that the area of an uplift that gets
actively beveled by a river, 4;, can be expressed as a balance between the upward tectonic

flux of rock and the rate of lateral sediment reworking:

4y = Ay(aln (%) +b) (1)

u

where A,, is the total area of the uplift, Q,, is the flux of rock uplifted above the base level
across the entire fold and Q is the flux of material reworked by an equivalent unconfined
alluvial river that is not flowing across an active uplift (Fig. 2) (Bufe et al., 2016). This flux,
Qy, can be expressed as a function of the lateral channel mobility timescale, T, such that:

ArH 2).
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where, Ay is the area that is actively reworked by the unconfined river and H is some metric
of the river size and geometry, e.g., the flow depth (Bufe et al., 2016). For the case of a fold
that is crossed by antecedent rivers, the “unconfined” channel dynamics can be estimated
just upstream of the fold. Here, both the lateral channel mobility timescale, Ty, and the
fluvially reworked area, Ay, can be derived from a series of observations of river positions
over time. T is defined as the time required to rework 63% of the active fluvial surface, Af
(Cazanacli et al., 2002; Kim et al., 2010; Wickert et al., 2013). The values of a and b in
equation 1 likely depend on the rock strength and factors such as the presence or absence of
an alluvial surface upstream of the active structure. For a fold composed of weakly
consolidated rock and crossed by antecedent rivers (Fig. 2), a~12 and b~56 (Bufe et al.,
2016). Independently of the setting and the value of a and b, a key finding is that the lateral
channel mobility measured in a river unconfined by any bedrock directly scales with the
lateral bedrock erosion of that same river as it crosses a growing fold. In other words,
processes that control the channel mobility timescale, T, or the area over which a river
actively migrates, A, also control the extent of beveled area of an uplifting zone of bedrock,
Ap. In alluvial rivers, the lateral channel mobility can vary significantly in different settings
(Jerolmack and Mohrig, 2007) and parameterizing the controls on this channel mobility is an
important subject of active research. So far, we understand qualitatively that the mobility
timescale, T, and the area of active migration, A, depend on some combination of sediment
and water fluxes (Bufe et al., 2016; Constantine et al., 2014; Wickert et al., 2013), bed
roughness (Fuller et al., 2016), and changes in the boundary conditions, such as the
confinement of the flow (Bufe et al., 2016). The “size” and geometry of gravel bedded
rivers, in turn, are fairly well understood and essentially a function of the sediment size and
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a representative water discharge (Parker, 1978; Parker et al., 2007; Phillips and Jerolmack,
2016).

Although the interplay between the parameters in equations 1 and 2 can be complex, the
analysis above suggests that changes in the ratio of transport capacity to sediment flux
commonly have two effects. First, an increased load can cause aggradation and shielding of
the bed, thereby decreasing vertical incision rates (Hancock and Anderson, 2002; Johnson
and Whipple, 2007; Langston et al., 2015; Sklar and Dietrich, 2001, 2004; Turowski et al.,
2007). Second, an increased sediment flux typically increases the lateral mobility of alluvial
rivers (Bufe et al., 2016; Constantine et al., 2014; Wickert et al., 2013). Thus, higher
sediment fluxes should augment the rate of bedrock planation due to the enhanced frequency
and/or persistence of contact between a river and the walls that bound it (Bufe et al., 2016).
Understanding the relative magnitudes of changes in vertical and lateral erosion rates as a
response to a change in the ratio of transport capacity to sediment flux has important
implications for interpreting the timing and rate of strath formation, as well as the response
of rivers to climatic changes.

Changes in lateral bedrock erosion have rarely been documented in the field. Here, we
document extensive planation surfaces formed on rapidly uplifting anticlines in the foreland
of the Tian Shan with a combination of field mapping and analysis of a digital elevation
model (DEM). We combine mapping and survey data with optically stimulated
luminescence (OSL) dating and cosmogenic radionuclide (CRN) dating to establish the
active rock-uplift rates of these folds during Late Quaternary times and to show that striking
changes in the lateral erosion rate must be invoked to explain the presence of extensive

planation surfaces, now-abandoned and dissected by narrow canyons. We suggest that these
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changes occur as a result of shifts in the balance between sediment and water flux and/or

changes in the flood frequency.

2 Geological setting

The Tian Shan is a major intracontinental mountain range, running east-west from
Tajikistan to northwest China (Fig. 3). It has been formed by the collision and accretion of
northward drifting island arcs in the Palaeozoic and Mesozoic (Bazhenov et al., 2003;
Carroll et al., 1995) and the reactivation of old structures around 35-25 Ma due to the Indo-
Asian collision (Abdrakhmatov et al., 1996; Coutand et al., 2002; Hendrix et al., 1992;
Molnar and Tapponnier, 1975; Scharer et al., 2004; Sobel and Dumitru, 1997; Yin et al.,
1998). Geodetic studies show that a current total of 20-25 mm/y of convergence between
India and stable Eurasia is accommodated across the Tian Shan; a rate representing 40-60%
of the total Indo-Eurasian convergence across this orogen (Abdrakhmatov et al., 1996;
Zhang et al., 2004; Zubovich et al., 2016; Zubovich et al., 2010). In westernmost China, at
the junction of the Tian Shan, the Tarim Basin, and the Pamir, deformation has stepped
southwards from the Tian Shan front into the foreland over the last 25 Ma (Heermance et al.,
2008). The most recent phase of this southward migration is the growth of three anticlines:
the Kashi, Atushi, and Mutule anticlines (Figs. 3, 4) (Heermance et al., 2008). Other active
folds to the west, notably the Mingyaole and Mushi anticline (Fig. 4), are interpreted to be
structures resulting directly from the collision between the Pamir and the Tian Shan (Li et
al., 2012; Li et al., 2015a; Li et al., 2013, 2015b) and are not considered in this study.
However, the erosion processes described here also affected parts of these structures.

The Kashi fold (Fig. 4) extends east to west for ~60 km and is a doubly plunging

detachment anticline with a tight, box-like shape and steeply dipping limbs. Kashi’s
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elongate, tapered nose is propagating eastward into the Tarim Basin at rates of ~40 mm/y
(Chen et al., 2007; Scharer et al., 2004). An eastward decreasing structural relief of > 2.5 km
(Fig. 5a) and two paleomagnetic ages constrain average rock-uplift rates over the last 0.8-1.4
My to be 2.2 £ 0.5 mm/y in the west and < 1.9 mm/y in the east (Chen et al., 2007; Scharer
et al., 2004). The 100-km-long and ~10- to 15-km-wide Atushi anticline (Fig. 4) is similarly
interpreted as a rapidly eastward propagating, box-like, near-isoclinal detachment anticline
with structural relief in the west of ~4 km (Fig. 5b) decreasing eastward to < 2 km
(Heermance et al., 2008; Scharer et al., 2006; Scharer et al., 2004). Average rock-uplift rates
since fold initiation are on the order of ~3.0 £ 0.8 mm/y (Heermance et al., 2008; Scharer et
al., 2004). As the Atushi fold propagated eastward, it interfered with the westward
propagating Mutule fold (Scharer et al., 2004) (Fig. 4). The westernmost tip of the Mutule
fold is interpreted as a detachment fold with a likely initiation age of 0.8-1 My and a
structural relief of < 2 km (Scharer et al., 2004), implying average rock-uplift rates of ~2
mm/y. About 10 km east of Mutule’s western tip, the fold’s structural relief rapidly
increases to nearly 6 km (Fig. 5¢) implying uplift rates exceeding 3 mm/y. Here, a
southward-dipping thrust fault controls the uplift of the structure (Figs. 4, 5¢).

Over 6 km of Tertiary strata fill the Kashi Basin and record sedimentation from the early
Paleogene to today (Heermance et al., 2007). Early to mid-Paleogene marine sediments
(including evaporites) are unconformably overlain by fluvial and lacustrine sandstones,
siltstones, and shales of the Miocene Wugia Group (Fig. 4). The Plio-Pleistocene Atushi
Formation conformably overlies the Wugia Group and features mostly low-energy fluvial
sediments composed of weakly-to-moderately cemented, sand-, silt- and mudstones with

uncommon pebble conglomerates (Fig. 4). The cores of the Atushi, Kashi, Mutule, and
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Mingyaole anticlines all expose this easily erodible Atushi Formation and only in the
westernmost part of the Atushi fold are older units exposed (Fig. 4). Throughout the western
Tarim Basin, the time-transgressive, moderately cemented, pebble-to-boulder conglomerate
of the Xiyu Formation overlies the Tertiary strata (Charreau et al., 2009) (Fig. 4). The unit
has varying stratigraphic thickness, is laterally discontinuous and youngs basinward, thus
recording the southward advance of both deformation and the gravel front over the last 25
Ma (Heermance et al., 2007). Rapid foreland sedimentation rates throughout the Neogene of
up to 0.8 mm/y (Heermance et al., 2007) imply that (given some isostatic compensation and
sediment compaction), structures have to uplift rock at rates exceeding ~0.3 mm/y for
topography to emerge.

All folds in the foreland are crossed by braided, commonly ephemeral rivers with a
coarse bedload (pebble to cobbles with a small boulder fraction), but also a high sand, silt,
and clay content. In between the folds, large alluvial fans are built by streams emerging from
the Tian Shan mountain front to the north (Figs. 3, 4). Catchment areas of antecedent
streams range from < 100 km? to nearly 4000 km? (Fig. 3), and their headwater
geomorphology shows that the catchments have been largely unglaciated (Stroeven et al.,
2013). Notably, the western Mutule fold is crossed by very small streams draining the
faulted ridge to the north of the fold (typical catchment areas of 50-80 km?), whereas
antecedent drainages of the Atushi and Kashi folds have large catchment areas (Fig. 3). All
streams of the smaller (< 1000 km?) catchments are currently ephemeral, but even the largest
drainages have a highly variable streamflow with only small discharges outside the snow-

melt season and between major thunderstorms.
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The northwestern Tarim Basin (Fig. 3) is characterized by an arid desert climate (< 70
mm/y precipitation), such that the major rivers are fed by meltwater from the high peaks of
the Tian Shan, whereas cloudbursts drive ephemeral discharge on many alluvial fan systems.
However, the region has been wetter in the past (Yang et al., 2008; Yang and Scuderi,
2010). The base-level evolution in the Tarim Basin is poorly known. For the antecedent
streams crossing the Atushi, Kashi, and Mutule folds (Figs 3, 4), the base level downstream
of the folds is most likely slowly rising due to aggradation by antecedent rivers, as well as
by the major eastward-draining Kezilesu river just south of the study area (Fig. 3). Clearly,
the rates of aggradation are lower than the uplift rates of most of each fold’s length, but
some structures, such as the easternmost Kashi fold, are buried beneath the alluvial plain
(Chen et al., 2002; Chen et al., 2007). Little evidence exists for major lakes just south of the

Kashi and Atushi folds that might have caused rapid changes in the base level.

3 Methods

3.1 Mapping and sedimentology

Topographic analysis and terrace mapping was done using the 90-m SRTMv 4.1 DEM
(Jarvis et al., 2008) and using satellite imagery in Google Earth® followed by ground
truthing in the field. Selected terraces on Mutule and Kashi, as well as the river crossing the
Mutule fold, were surveyed using differential GPS. Thicknesses of strath-covering
sediments on central Atushi and central Mutule were measured using a laser rangefinder
along gullies that clearly expose the base of the strath. Given some surface modification by

deflation, inflation, and surface erosion, we identified largely unmodified terrace surfaces
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from their restricted surface relief and the presence of desert pavement. Uncertainties in the
thickness measurements are in the range of £ 0.3 to £ 0.7 m.

Clast imbrications (n > 650) in 14 locations were measured based on multiple exposure
surfaces with diverse orientations and depth beneath the terrace surface in order to limit the
bias related to oversampling of a particular orientation. Orientation and depth below the
terrace surface were recorded with a compass and a laser rangefinder, respectively. Changes
in source areas between the terrace deposits and the modern river channels were assessed
using lithologic clast counts along 9 surface transects in modern river beds and 4 depth
transects on exposures of fluvial terraces. In each location, 100-140 clasts with b-axes > 1
cm were sampled every 20 cm and were classified as carbonate-rich or silicic on the basis of
presence of calcium carbonate. In addition, we separately identified an easily recognized,
dark-grey to white, weakly metamorphosed microcrystalline limestone that occurred in
various proportions along all streams. In a separate suite of measurements on the central
Mutule fold, we measured clast sizes along 3 surface transects in modern river beds and 7
depth transects on fluvial terrace outcrops (Wolman, 1954). Grains with b-axes <5 mm
were counted either as fine pebbles and sand (< 5 mm, but visible to the eye) or as fine silt
and clay (not visible to the eye). At each of the three river transects, 124 greater-than-silt-
sized counts were obtained. For each of the 7 terrace locations, 26-60 clasts were counted. In
the data analysis, we assigned an uncertainty of 10% (1o confidence level) to each count

(Whittaker et al., 2011) and ignored any clasts with b-axes < 0.5 mm.

3.2 Optically stimulated luminescence dating

Sand lenses within gravelly deposits covering bedrock straths were sampled for OSL

dating on the three upper terraces of the Mutule fold, at two locations on the western and
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eastern Atushi fold, as well as on the highest terrace on the Kashi fold. The samples were
processed and measured in the Laboratory of Luminescence Research at the Institute of
Geology, China Earthquake Administration, Beijing, following standard techniques and a
single-aliquot regenerative dose protocol (Murray and Wintle, 2000; Wintle and Murray,
2006). Dose rates were estimated by measuring activities of 28U, 2°Ra, ??®Ra, 22Th, and
0K in sediment collected within a 15-cm radius around the tube around the OSL sample.
We note that samples CK-1 and WCA-3 have exceptionally high U-series disequilibria, and
their ages are reported, but not used in the analysis. The distribution of measured De values
for the aliquots of each sample was modeled using a three-parameter minimum age model
(MAM) (Galbraith and Roberts, 2012; Galbraith et al., 1999) and a central age model
(CAM) (Galbraith and Roberts, 2012; Galbraith et al., 1999). We calculated the skew,
kurtosis, and overdispersion and used the criteria by Arnold et al. (2007) to choose the most
appropriate age model. Finally, we doubled the standard errors from the MAM and CAM
models to obtain ages at the 2 confidence level. See Text S1.4 for more detail on the

methodology.

3.3 Cosmogenic nuclide dating

Eight samples were collected from a 3-m deep profile (Anderson et al., 1996; Hancock
et al., 1999; Repka et al., 1997) on the highest, most extensive Atushi terrace for 1°Be
cosmogenic radionuclide (CRN) dating. The site lies ~60 m away from the terrace edge,
with relief of < 20 cm within a radius of several meters, and with a weakly developed desert
pavement. Seven sand samples were collected from stratigraphic intervals each less than 10
cm thick and spaced 30-100 cm apart and one sample consisting of 1- to 4-cm-diameter

quartz clasts was collected on the terrace surface within 3 m of the depth profile site. The
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samples were processed at the cosmogenic nuclide preparation laboratory at UC Santa
Barbara following standard procedures (Bookhagen and Strecker, 2012), measured at the
Purdue Rare Isotope Measurement (PRIME) Laboratory, and analyzed using a Monte Carlo
depth-profile simulator (Hidy et al., 2010) and the CRONUS-Earth-2008-v2.3 exposure age

calculator (Balco et al., 2008). See Text S1.5 for more detail on the methodology.

4 Results

4.1 Planation surfaces in the foreland of the Tian Shan

The Kashi, Atushi, and Mutule folds have uplifted 2-5 km of rock over the past 1-2 My
(Figs. 5a-c) (Chen et al., 2007; Heermance et al., 2008; Scharer et al., 2004). Despite this
large structural relief, the present-day surface of the folds lies only 100-800 m above the
surrounding alluvial fans, thereby attesting to efficient fluvial and hillslope erosion that
approximately matches the rock-uplift rates (Fig. 5). All three folds (Kashi, Atushi, Mutule),
expose a variably thick, outer rim of more resistant Xiyu conglomerates (Neogene to
Quaternary in age) surrounding a core of weakly cemented, quite readily eroded sand- and
siltstones of the Pliocene Atushi Formation (Figs. 4, 5). Furthermore, extensive areas with
mean slopes < 5° exist on the studied structures, where relief within a radius of 1 km is <
100-200 m (Fig. 6). Steeply inclined beds of the folds (Scharer et al., 2004) are clearly
visible both on satellite imagery (Fig. 7) and in the field (Fig. 8) and demonstrate the
erosional nature of these nearly planar topographic surfaces that truncate the underlying
beds. The rims of the fold composed of the resistant Xiyu conglomerate commonly stand
above the Atushi Formation and attest to their slightly greater resistance to erosion (Fig. 5).

Nonetheless, the Xiyu commonly is largely planed off as well (Figs. 5e, g, h). Parts of the
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planar surfaces are covered by alluvial and fluvial gravels that unconformably overlie the
steep bedding and attest to the role of fluvial erosion in creating these surfaces (Figs. 6, 7, 8)
(Chen et al., 2007; Heermance et al., 2008; Scharer et al., 2006). Hereafter, the planar
surfaces will be termed “beveled” or “planated” surfaces or areas. Many of the beveled areas
are currently incised by major antecedent streams and smaller consequent streams, leaving
fluvial terraces behind (Table 1, Figs. 6, 7, 8). Many of these abandoned terraces have been
progressively tilted and, thus, record continued uplift by the folds since the terraces were
abandoned (Heermance et al., 2008; Scharer et al., 2006) (Fig. 9a). Despite similar uplift
rates, bedrock lithologies, and local climate, a detailed consideration of each structure

reveals that not all folds exhibit a similar distribution of beveled areas.

4.1.1 Beveling of the Kashi fold

The western Kashi fold initiated 1.4 £ 0.3 My ago and has a typical convex-up
topography with a steep, highly dissected, short northern limb and a gentler sloping,
dissected southern limb. These flanks bound a crest rising up to 800 m above the modern
depositional plain (Figs. 5d, 7b). The eastern part of the Kashi fold also shows an emergent
fold nose (Fig. 5f), but one that has seen more limited erosion (Scharer et al., 2004). This
part of the fold is younger: folding began < 1 My ago, and topographic emergence occurred
much later than on the western tip of the fold (Chen et al., 2007). Both, the western and the
eastern parts have not experienced efficient lateral beveling. Where the Baishikeremuhe
river (Fig. 3b) impinges obliquely onto the Kashi fold, it is deflected eastwards down a
topographic ramp that broadly parallels the fold flank (Fig. 7b). Eventually, the
Baishikeremuhe crosses the fold at an oblique angle of ~0-70°, but prior to being trapped in

the current watergap, this river was deflected around the eastern nose of the fold (Chen et
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al., 2007). During times of active aggradation, the river may still flow around the fold’s
eastern nose, as suggested by well-preserved abandoned channels on the alluvial fan surface
north of Kashi (Chen et al., 2007; Scharer et al., 2006). Where the modern river impinges
onto the upstream flank of the fold, it has beveled a cusp-shaped indentation across the
northern ~2 km of Kashi’s northern limb (Figs. 7b, 9a). Downstream, on the southern limb
of the fold, a series of tilted strath terraces with thick, near-complete fluvial cover document

the anticlockwise rotation of the river and the uplift of the Kashi fold (Fig. 9a) (Table 1).

4.1.2 Beveling of the Atushi fold

In contrast to the Kashi fold, the west-central part of the Atushi fold to Kashi’s north
lacks a convex-up topographic profile, and instead forms a wide, planar platform with slopes
commonly < 5° and a mean 500-m-radius relief of <50 to 100 m (Figs. 5g, 6, 7c). The
WSW-ENE slope of ~0.7°along this 15- to 20-km-long platform that both spans and trends
parallel to the fold’s axis is notably similar to the slope of a parallel topographic swath
across the modern alluvial fans that impinge on the fold’s upstream flank (Fig. 10). This
parallelism suggests that the west-central Atushi fold has not been differential tilted since its
beveling. Only ~16 % of the beveled area of western-central Atushi is currently covered by
fluvial deposits (Table 1, Fig. 6). However, on the basis of localized, beveled “plateaus” of
remnant incised topography, two extensively beveled areas, each ~10 km long and separated
vertically by ~30-60 m, can be identified (Fig. 10). The more eastern surface is incised 70-
90 m by the modern Boguzihe river, whereas the preserved incision depth further west is 25-
45 m (Fig. 10). We note that ~1-1.5 km of the northern limb (10-20% of the total fold width)
of the Atushi fold is buried beneath unincised gravels and is likely being actively beveled

(Fig. 6). Contrary to Atushi’s western and central segments, the eastern part of the Atushi
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fold rises to a height of > 200 m with respect to the flanking basin (Figs 5h-k). Here,
incision of antecedent rivers forms canyons, tens to hundreds of meters deep, and the limbs
of the folds are steep and highly dissected by gullies (Table 1, Fig. 7d): similar to the flanks
of the western Kashi fold (Fig. 7b). However, despite this surface uplift, two prominent,

planar areas are preserved on the eastern Atushi fold (Figs. 5i-k, 7d).

4.1.3 Beveling of the Mutule fold

Further east, the Mutule fold has the most extensive low-lying beveled surface in the
area (Figs. 5m-0). In fact, the northern limb of the fold (~30% of the total fold width) is
nearly completely buried under modern alluvial fans with rare bedrock outcrops beneath a
slightly raised strath terrace that shows < 5-10 m of incision down to local base level (Table
1, Figs. 6, 7e). Greater surface uplift of strath terraces or less efficient recent erosion of the
southern limb of the Mutule fold has led to 10-50 m of incision by modern channels (Table
1, Figs. 7e, 9b). The fluvial gravels in this location are still extensively preserved in the
north, but preservation decreases southward (Fig. 9b). These fluvial gravels on the southern
limb reveal a somewhat complex geometry. Rather than a flight of clearly defined river
terraces separated by sharp risers, the T1-T3 surfaces are present at a nearly continuous
range of elevations above the modern river (Fig. S2). Hence, correlating terraces across a
several-kilometer-wide fold poses a challenge, because antecedent rivers sweep from
southward flow directions in the west to southeastward in the east, and the appropriate local
base-level is not always clear (Fig. S2). Nevertheless, well-preserved terrace risers are
present, and four major terrace levels can be identified (Fig. 9b).

In summary, the three folds described here record erosional geometries ranging from

steep limbs eroded by gullying and hillslope erosion to aerially extensive, beveled surfaces
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that are preserved at heights ranging from 0 to 280 m above the modern rivers and are
covered by varying amounts of fluvial sediments (Table 1). On western-central Atushi and
Mutule folds, between 50-90% of the fold is beveled and lies < 50-100 m above the current
base level, whereas on eastern Atushi, the beveled areas are raised to nearly 300 m, and on
the Kashi fold, less than 20% of the fold has been planated (Table 1). Thus, the extent of

planation varies spatially across the Tian Shan foreland.

4.2 Fluvial terraces

4.2.1 Sedimentology

All beveled surfaces, except the highest ones on the eastern parts of the Atushi fold,
preserve some fluvial deposits. These deposits are typically moderately sorted, granule-to-
cobble conglomerates, with uncommon sand and silt lenses of up to 30-40 cm thickness, as
well as rare boulders (Figs. 8, S3). Considerable grain-size variations between moderately-
to well-bedded horizons occur. Generally, beds are sub-meter thick and planar, but meter-
scale channels and scours are common. Even within the thickest cover sequences, no clear
evidence for major cut-and-fill events or hiatuses could be found (with one exception cf.
Fig. S4c). Clasts are typically sub-rounded to rounded (similar to the modern river) and
imbricated, non-spherical clasts are abundant (Figs. 8b, S3a). Note that in the case of the
Mutule fold, despite the short travel distance (< 10 km), clasts are still rounded because the
catchment drains a ridge of Xiyu conglomerate (Fig. 4) comprising rounded clasts. The
deposits are matrix- to clast-supported with sandy or less commonly silty matrices. A mud
fraction is present and drapes all grains, but thick deposits of clay-to-sand sizes only occur
in rare lenses and pockets that likely represent slackwater deposits or minor channels (Fig.

S3a). On all folds, the surface of the fluvial cover sequences is generally smooth with a
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relief of <1 m (Fig. 8). Undulations with amplitudes of tens of centimeters across several
meters are interpreted as primary alluvial fan structures, whereas relief of several meters
typically occurs only along terrace scarps or where flexural-slip scarps offset the strath
surfaces, e.g., Li et al. (2015b). Modifications to the primary topography of the terrace
surface are observed where fines collect in deflation hollows and where relative coarsening
of the surface occurs around small gullies (Fig. S3c). We estimate that these surface

modifications have magnitudes of < 10 cm.

4.2.2 Terrace-cover thickness

We mapped the thickness of two major preserved deposits on the Atushi and Mutule fold
(Fig. 11). With respect to the planar preserved character of the abandoned, upper alluvial
surface, we find that most of the cover sequences are between 1-6 m thick with uncommon
deposits > 10 m thick. In comparison to rather planar, upper terrace surfaces, the gravel
thickness above a strath may vary by several meters across distances of a few meters and
reveals a complex strath surface topography with meter-scale relief (Fig. 11). The flat-lying
terrace gravels are observed to buttress against steeply dipping bedrock (Figs. 8c, S4d).
Thus, the strath surface was not entirely flat, but has topography with commonly 6 + 2 m

and up to 20 m of relief.

4.2.3 Imbrication measurements

Imbrication measurements on terraces of Atushi and Mutule show moderately dispersive
flows consistent with a braided river system flowing on a gently inclined alluvial surface
(Fig. 11). On Mutule, the mean flow direction is ~113° from north, which is

indistinguishable from the general flow direction of the modern river (Fig. 11a). On Atushi,
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mean flow directions are generally southeastward, with a mean of ~135°, similar to the
modern Boguzihe river. Thus, in general, imbrications reveal a pattern of flow directions

similar to the modern day.

4.2.4 Lithological clast counts

Based on catchment areas (Fig. 3) and lithological clast counts (Table 2), 3-5 different
source areas of streams crossing the folds in the study area can be defined (Fig. 12, Table
AZ2). It is obvious from these counts that the Mutule terraces have been deposited by local
rivers draining the 60-km? catchment to its north (MUT R1, R2: Fig. 12), rather than the
larger (1070 km?) Bapanshuimogou river on eastern Mutule (MUT R3) (cf. Fig. 3).
Moreover, it is clear that Baishikeremuhe has not had any major influence in depositing the
Atushi terraces (Fig. 12). Although the Boguzihe upstream of the Atushi fold (Fig. 3)
comprises three major drainages, clast compositions of the terrace deposits most closely
mimic the two westernmost tributaries (Bog3, Bog2), thereby suggesting that the current
tributary geometry persisted during times of beveling and aggradation on the terraces (Fig.
12, Table 2). Finally, negligible differences exist when comparing terraces at different levels
from the same fold, e.g., SMT_north vs. SMT_south (Fig. 12), or the bottom, top, and
surface of one thick deposit, e.g., a 12- to 13-m-thick terrace on south Mutule (Table A2).
We conclude that efficient planation of folds that are being uplifted rapidly can occur by

streams with catchment areas ranging from < 100 km? to 4000 km?.

4.2.5 Clast-size counts

We measured clast sizes along three locations of a river crossing the Mutule fold, as well

as seven terrace locations (Fig. 13, Table 3). The Dso and Ds4 values of amalgamated terrace
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deposits are lower than those of the modern river, but both lie within the 20% uncertainty
bounds (2o confidence level). Thus, in this location, a slight coarsening during times of

incision may have occurred, but the data are inconclusive.

4.3 Timing of terrace formation and planation episodes

The timing of beveling and the rate of uplift is estimated using 14 optically stimulated
luminescence (OSL) ages and one cosmogenic depth profile on terraces of the Kashi,
Atushi, and Mutule folds. Measured *°Be concentrations in the depth profile on the central
Atushi fold decrease exponentially with depth (Table 4, Fig. S5). This observation is
consistent with the absence of significant post-depositional sediment mixing and with a
rapid and fairly steady sediment-accumulation rate compared to the age of the terrace. The
age calculation requires some assumptions about the surface erosion or inflation rate of the
terrace since abandonment. Judging from the development of desert pavement (Fig. S3c)
and the preservation of primary fluvial topography on the terrace surface, we argue that
erosion is limited. The presence of a ~30-cm-thick horizon with an estimated 50% silt-and-
gypsum, (Fig. S3b) suggests that surface inflation of ~15 cm by windblown dust (Kurth et
al., 2011; Wells et al., 1995) is likely more important than deflation by erosion. Hence, in
our cosmogenic analysis, we allow an inflation of 15 cm, an erosion of 10 cm, and
erosion/inflation rates of £ 1 cm/ky. We further assign a range of terrace densities of 1.4-2.3
g/cm? and a neutron attenuation length of 160 + 5 g/cm? (Gosse and Phillips, 2001; Hidy et
al., 2010). We calculate the most probable age after 2 x 10° iterations using a Monte Carlo
simulator (Hidy et al., 2010) (Table A4). Ages using either a time-independent or time-
dependent scaling scheme and either including or excluding the surface sample vary
between 74 + 17 ka (x2c) and 89 £ 21 ka, respectively (Table A8). Any surface erosion or
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disintegration of larger pebbles into smaller pieces will cause underestimates of the surface
age. Therefore, given uncertainties in the surface age, we use a mean age of 82 £ 19 ka and
suggest excluding the surface sample entirely for the inheritance estimate.

Equivalent dose distributions for single aliquots of our OSL samples generally have a
high overdispersion (36-67 %), and are significantly skewed (Table 5). These characteristics
are commonly interpreted as signs of partial bleaching of the grains (Arnold et al., 2007;
Bailey and Arnold, 2006; Kenworthy et al., 2014; Olley et al., 1998; Olley et al., 1999;
Olley et al., 2004; Rhodes, 2011; Rittenour, 2008) (Table 5). Ages deduced from OSL
dating vary depending on the age model used (Table 5). Based on the skewness and the
overdispersion values, the minimum age model (MAM) is the most appropriate for all but
two samples (Arnold et al., 2007) (Table 5). With three exceptions (Figs. S6, S7), samples
from different terraces are in stratigraphic order with respect to the base-level of the modern
river (Fig. 14).

Our dates (all reported at a 2c—confidence interval) reveal that the three studied
structures are affected by different major beveling episodes. The high surface of the eastern
Atushi fold that lies > 200 m above local base level (Figs. 5i, 5k, 7d) remains undated, but is
likely older than 100 ka (Fig. 15a). One terrace on western Atushi is dated to 35 + 7 ka (Fig.
15a, Table 5), whereas the fluvial gravels on western-central Atushi yield an age of 82 + 22
ka (Fig. 15c). The highest terrace (T4) on the Kashi fold was formed at 48 + 10 ka (Fig. 15b)
and terraces on Mutule are dated to respectively 11 + 3 (+2c) ka, 21 + 7 ka, and 28 £ 7 ka
(Fig. 15d, Table 5). Finally, modern-day lateral planation can be observed most clearly on
northern Mutule (Fig. 15a), in the divot carved into the northern side of the Kashi fold (Figs.

7, 9), and across a ~ 20-km-wide zone on the northern limb of western-central Atushi (Fig.
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6). It is particularly striking that the Mutule fold, despite a recent episode of major beveling,
is eroded by the smallest antecedent rivers (Fig. 3) and that the youngest part of the eastward

propagating Atushi fold (Chen et al., 2002) has been abandoned for the longest time.

5 Discussion

The most significant finding of this work is that kilometer-wide, low-relief surfaces
partly covered with fluvial deposits and preserved on the Kashi, Atushi and Mutule folds
provide evidence for intermittent periods of very efficient lateral erosion of these rapidly
uplifting anticlines by rivers with catchment areas ranging in size from < 100 km? to 4000
km?. Together with Late Quaternary terrace ages, our mapping provides constraints on the
uplift rates of the folds and on the rates and mechanism of river planation. We first discuss
evidence for repeated changes between planation and incision of the folds by the local
antecedent drainages. Then, we explore the timing of Quaternary fold growth and fold

planation. These results underpin a discussion about strath-formation models.

5.1 Intermittent periods of incision and planation by antecedent drainages

Two lines of evidence suggest repeated alternations of efficient lateral planation of the
folds with vertical incision that creates narrow canyons. First, the height of beveled surfaces
above the modern base level and the depth of incision into them varies greatly along the
folds (Table 1). In most cases, variations in rock-uplift rate cannot explain the height
differences, but instead, the beveled surfaces are clearly of different ages. This temporal
difference is most convincingly shown by progressive tilting of terraces at different heights
(Fig. 9a) (Heermance et al., 2008; Scharer et al., 2006). Another striking example is the

contrast between western and eastern Atushi. Whereas the beveled areas on western-central
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Atushi are > 100 m lower than surfaces in the east (Figs. 5g-k, 7c-d), western Atushi began
to be uplifted earlier, has a generally higher structural relief, and is inferred to have
experienced higher or similar rates of shortening and rock-uplift than eastern Atushi (Chen
et al., 2007; Scharer et al., 2004). Thus, this fold preserves several beveling episodes that
affected only parts of the structure. Planation surfaces preserved at different elevations,
therefore, imply intermittent, rather than continuous beveling of the folds.

The second line of evidence for intermittent periods of beveling and incision is the
meter-scale relief of the strath surface preserved beneath the fluvial deposits (Figs. 8, 11).
Strath relief is typically ~6 + 2 m and could represent topography that was formed during an
episode of incision that preceded partial planation and partial infilling during a beveling
episode. Alternatively, meter-scale scours could have formed at the same time as the fold
was rapidly beveled. In both scenarios, the gravels (except for the lowest few centimeters to
meters) would be coeval with the planation episode. Where gravel thickness exceeds 5-10
m, scouring of the strath during the time of fold planation seems unlikely. Thus, a stringer of
10- to 20-m-thick gravel (T4) that extends nearly 6 km downslope across the Mutule fold
and is buttressed against the bedrock (Fig. 8b, Fig. 11a: T4) is consistent with an episode of
> 10 m of incision pre-dating the T4-planation episode. We, therefore, conclude that
episodes of beveling and incision have likely alternated on these folds for an extended
period of time — possibly across the entire time of their emergence above the depositional
surface.

We argue that transitions between beveling and incision periods are not commonly
accompanied by major drainage reorganization events. First, based on lithologic clast

counts, source areas of the gravels covering planation surfaces are similar to source areas of
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modern antecedent drainages (Fig. 12). Second, average imbrication directions of terrace
deposits are close to the flow directions of modern streams (Fig. 11). Finally, the
imbrication, moderate grain size, significant rounding, and presence of planar beds and
channels observed in the fluvial terraces (Figs. 8, S3, S4) are comparable to the modern
alluvial fan and river deposits and are consistent with a braided channel facies (Labourdette
and Jones, 2007; Miall, 1977). Moreover, despite some modification, the surfaces of fluvial
deposits show primary structures similar to channels traversing the modern alluvial fans.
Therefore, during a time of planation, a thin (< 6 = 2 m) alluvial fan-type deposit likely
covered the entire beveled surface, such as is preserved on the very recently beveled area on
northern Mutule (Figs. 6, 7e), and the folds were eroded by multiple, rapidly migrating

braided rivers.

5.2 Rates of rock uplift in the foreland of the Tian Shan

In order to constrain rates of lateral planation, the rates of rock uplift on the folds over
the past 10-100 ky are a key input. Since initiation of fold growth, as determined by the first
appearance of growth strata 1-2.5 million-years ago, average rock-uplift rates of the Kashi
and Atushi folds have been constrained to 1-3 mm/y (Chen et al., 2007; Heermance et al.,
2008). However, uplift rates over the past 10-100 ky, the time of most recent fold planation
that is recorded by a series of strath terraces, remain quite poorly constrained. Here, we
complement terrace surveys from previous studies showing that abandoned terraces on the
Mushi, Mingyaole, Kashi, and Atushi folds are commonly tilted or otherwise deformed by
increasing amounts with age due to the ongoing growth and uplift by the folds (Fig. 9) (Fig.
13 in Heermance et al., 2008; Fig. 8 in Li et al., 2013; Fig. 8, 9, 11 in Scharer et al., 2006).

In the absence of significant incision of the modern alluvial fans in the foreland of the Tian
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Shan, we interpret the incised and tilted terraces as recording average rock-uplift rates of the
folds (relative to the slowly rising base level resulting from foreland aggradation)
throughout the late Quaternary. On the western Mutule fold, tilting with respect to the
modern river is not clear (Fig. 9b), likely because total uplift since terrace abandonment
(deduced from the depth of incision) is small compared to the other folds (Table 1) and
because terraces on this fold are relatively short, are not preserved across much of the fold
limb, and largely occur within the bounds of a single dip domain (Fig. 9). Moreover, if the
fold deforms primarily by hinge migration (Li et al., 2015a), rather than limb rotation,
differential rotation is not expected except for the outer hinge (Scharer et al., 2006).
Evidence for continued uplift on Mutule is, nonetheless, strong, because 1) alluvial fans
upstream of Mutule are not incised, 2) strath terraces sit as much as 50 m above modern
base level across the fold, and 3) aggradation by > 50 m (the height of T4 on Mutule) of the
entire area north of Mutule and subsequent stripping by a similar amount without leaving
erosional remnants seems unlikely. Thus, the Late Quaternary ages of the terraces dated in
this study imply that the folds in the foreland of the Tian Shan have been actively uplifting
during the Quaternary. Terrace ages on Kashi, Atushi, and Mutule define a trend of
increasing ages with height above the modern river (Fig. 14). Rock-uplift rates were
estimated by dividing the difference in height between the highest and lowest terraces by
their age difference (Table 6). Where only one terrace level was dated (Atushi and Kashi),
we used the age and the height above the modern river to estimate uplift rates (Table 6).
Note that in case of the Kashi fold, we projected the tilted T4 terrace (Fig. 9) to the core of
the anticline to estimate a peak uplift rate (Table 6). We disregard samples WCA-1, and

WCA-3 in this analysis, because the terrace on western Atushi was not clearly deposited by
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a river crossing the fold, but was probably created by fold-internal drainage, thereby
complicating the interpretation of the base level. Using the preferred OSL age models, we
estimate uplift rates of ~2.7 £ 0.7 mm/y (x¥20) for Kashi, ~1.0 £ 0.3 mm/y for Atushi and
~1.9 £ 0.5 mm/y for Mutule since between ~80 and ~30 ka (Fig. 14). These rates are similar
to the million-year uplift rates calculated for these folds (Chen et al., 2007; Heermance et al.,
2008; Scharer et al., 2004). We note that this range of incision/uplift rates is decreased by ~
0.5 mm/y for Mutule if the central age model is used for all samples (Fig. 14). We conclude
that the terraces in the foreland of the Tian Shan record Late Quaternary uplift of the folds at
rates that are comparable to million-year average rates and that evidence for large temporal

variations in rock-uplift rates over the last 80 ky is sparse.

5.3 Rates of lateral erosion and duration of beveling episodes

In the context of quasi-steady rock uplift at multi-millennial time scales, one major
implication of the presence of extensive beveled platforms, on the one hand, and incised
channels, on the other, is that large changes in lateral bedrock erosion rates are necessary to
explain the extensive beveled surfaces. Commonly, strath-terrace formation has been
interpreted to be driven by changes in vertical incision rates, whereas lateral erosion rates
are assumed constant or changes in them are not addressed (DeVecchio et al., 2012; Fuller et
al., 2009; Gilbert, 1877; Hancock and Anderson, 2002; Langston et al., 2015; Merritts et al.,
1994; Molnar et al., 1994; Pan et al., 2003; Zaprowski et al., 2001). In the Tian Shan
foreland, vertical incision rates likely vary, but their variation is not necessary to explain the
beveled platforms. In order to support this argument, we estimate lateral erosion rates during
beveling episodes using the area, relief, and age of strath surfaces together with the uplift

rates of the folds (Table 7, Fig. 15). In order to estimate how planation rates have changed
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through time, we then compare those planation rates with “modern” lateral erosion rates
constrained by the area of current canyons created by incised, antecedent streams since
abandonment of the planation surfaces (Table 7, Fig. 15).

Given the area of an incised valley (Av) that was created during an episode of incision
with duration (Ati), an average areal planation rate of the stream in this valley during the
incision period (Pi) can be estimated as:

Ay @),

(Fig. 16). For the planation of a bedrock strath with area (As) that is beveled during a time-
interval (Ats), an equivalent lateral rate (Pb) can be estimated:

As (4),

(Fig. 16). Such average planation rates are maximum rates, because some of the eroded area
is created through vertical incision of bedrock by channels and through hillslope erosion.
Moreover, it is unlikely that the rate of planation is constant, as assumed by equations 3-4,
but rather the rate should decrease with a growing beveled surface and with a declining
frequency of contacts between the channel and the valley walls (Hancock and Anderson,
2002). Because similar caveats apply to both valley and strath planation, rates derived from
equations 3-4, nonetheless, provide a useful comparison between planation rates during
incision versus beveling episodes. We note that equations 3-4 are independent of the number
of streams that laterally cut the valley or strath.

As discussed above, we assume that streams incise into a fold at an average rate
equivalent to the uplift rate of the structure. Therefore, the duration of an incision episode

(4ti) can be estimated as:
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D 95),

with Dy being the depth of the incised valley and U the uplift rate of the fold (Fig. 16).
Equivalently, where fluvial gravels mantle and preserve the topography of the strath surface,
we can estimate the duration of the time within which each point on the strath surface has to

be visited by beveling rivers (Atb) as:
Ry (6),
< —
Ay =

with Rsbeing the maximum relief of the bedrock strath surface and U being the uplift rate.
In other words, lateral planation must happen at a rate higher than or equal to the time
necessary to uplift a height equal to the strath relief Rs (Fig. 16). The planation surface could
be actively beveled for a duration longer than Aty, but each point on the planation surface has
to be revisited within a time < Aty in order to maintain a relief smaller than Rs.

Using above analysis on the Kashi (Fig. 15b), Atushi (Fig. 15¢), and Mutule (Fig. 15d)
folds, we find that order of magnitude changes (20-50 fold) in areal planation rates are
necessary to explain the contrast between eroded areas of valleys and strath surfaces (Table
7).

In addition to the areal planation rate, we can estimate a rate of lateral bedrock erosion

for the incision episode equivalent to a single straight river moving laterally in one direction:

A,L (7,
Ep =
and for the beveling episode:
AL (8),
E,, =
hb At
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with L being the length of the eroded surface in the average flow-direction (Figs. 15,16).
The length L is estimated by the orientation of channels, terraces and measured imbrication
directions (Fig. 11). These lateral bedrock erosion rates of a single hypothetical straight river
likely do not correspond to real measurable bank erosion rates because channels are sinuous,
and planation surfaces were cut by multithreaded, braided streams. However, the rates serve
as an estimate for the order of magnitude of lateral bedrock erosion rates in the Tian Shan
foreland.

Inferred minimum lateral bedrock erosion rates of 0.2-0.6 m/y (P») during at least 2-6
ky-long beveling episodes (Ats) (Table 7) are more than an order-of-magnitude higher than
maximum planation rates (Pi) during the 10- to 50-ky-long episodes (Ati) when incision of
the folds dominated (Table 7). Notably, planation rates during beveling episodes are more
than two orders-of-magnitude larger than incision rates. We reiterate that Ato merely
represents the time during which each point on the planation surface has to be revisited, and
that the duration of the beveling episodes could have been much longer than At,. Moreover,
planation rates during beveling episodes (Py) are likely to have been much higher than
estimated here, because the measured extent of strath surfaces used in this calculation is
limited to the area where fluvial gravels are preserved (Fig. 17). In support of planation rates
exceeding 0.2 m/y during beveling episodes, analogue experiments have shown that, in
order to explain the wholesale beveling observed on the Atushi fold (4, = A,, in equation
1), lateral bedrock erosion rates of several meters per year are necessary (Bufe et al., 2016).

Above analysis relies on the assumption that uplift rates are constant through time. If
fold uplift and river incision ceases, planation rates necessary to explain the formation of

wide beveled surfaces would be smaller, and the existence of strath terrace formation could
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potentially be explained with changes in the incision rates alone. However, in order to cut
the strath surfaces preserved on northern Kashi, southern Kashi, Atushi, and Mutule with
planation rates equivalent to the rates measured during incision periods, fold incision would
have to cease for respectively > 42 + 28 ky, 28 + 9 ky, 141 + 66 ky, and 54 + 22 ky. Given
the occurrence of uplifted terraces with age ranges of 10-80 ky, such pauses in fold incision
appear impossible. Therefore, order-of-magnitude changes in the lateral erosion rate are
necessary to explain the coexistence of wide planation surfaces and narrow canyons on the
same active structure.

Caution has to be taken when extending these results to different settings. Bedrock
strength has a significant effect on the lateral erosion rates, and the size of planation surfaces
has been linked to bedrock lithology (Allen et al., 2013; Montgomery, 2004; Rémer, 2010;
Schanz and Montgomery, 2016). Whereas narrow strath terraces have been documented in
more resistant lithologies, such as granites and quartzite (Burbank et al., 1996; Pratt-Sitaula
et al., 2004), most wide planation surfaces form in weak or weathered lithologies (Allen et
al., 2013; Collins et al., 2016; Cook et al., 2014; Fuller et al., 2009; Hancock et al., 1999;
Langston et al., 2015; Lavé and Avouac, 2001; Molnar et al., 1994; Montgomery, 2004;
Schanz and Montgomery, 2016). As a perturbed fluvial system adjusts towards a new
equilibrium, lateral erosion rates of bedrock topography can reach 10s of meters per year
(Bufe et al., 2016; Collins et al., 2016; Cook et al., 2014), even in resistant lithologies, such
as unweathered granite (Anton et al., 2015) and, thus, can match river migration rates on
alluvial plains (Jerolmack and Mohrig, 2007). Hence, whereas the absolute lateral erosion

rates are typically lower and planation surfaces narrower where rock-strength is high,
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accelerated lateral erosion rates (with respect to vertical incision rates) can likely contribute

to strath-terrace formation even in such settings.

5.4 Mechanism of beveling

The mechanism of rapid lateral beveling of the folds is likely a combination of sweep
erosion upstream of a channel narrowing (Bufe et al., 2016; Cook et al., 2014) that forms
features such as the “dent” in the northern Kashi fold (Figs. 7b, 9a), as well as lateral erosion
of valley walls along the length of an antecedent river (Fig. 17) (Bufe et al., 2016). Both of
these mechanisms are observed in analogue experiments of antecedent rivers crossing
actively uplifting folds (Bufe et al., 2016; Douglass and Schmeeckle, 2007). Two questions
are asked here: 1) what controls the differences in beveling history between different
catchments (spatial differences); and 2) what controls the changes between planation and

canyon formation within one catchment (temporal differences)?

5.4.1 Planation in different catchments: The role of channel mobility

Folds are beveled both by single large rivers, such as the Baishikeremuhe crossing the
Kashi fold (Figs. 3, 7b), and by suites of braided streams migrating across the entire width of
the fold, such as seen on the alluvial fans upstream of Atushi and Mutule (Fig. 7). Notably,
given their similar bedrock strength, rock-uplift rates, and fairly homogeneous climatic
conditions, efficient beveling of these two folds has been accomplished by rivers with >40-
fold differences in drainage areas (< 100 km? to 4000 km?). Therefore, similarly wide areas
can be eroded, despite expected 10- to 100-fold differences in water discharges — an
unexpected result. The small catchments with short (~5-6 km long), steep (2.5-3.5°), alluvial

fans upstream of Mutule (Figs. 4, 5m-0) must have had channel mobilities similar to larger
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streams on the longer (9- to 12-km-long), gentler (1-1.5°) alluvial fans upstream western-
central Atushi (Figs. 5g-h) during times of planation. At the same time, some large
catchments only bevel relatively small proportions of the structures they cross: for example,
the Baishikeremuhe crossing the Kashi fold (Figs. 3, 6), although this limited beveling may
be a result of diversion of the river around the fold for extended periods.

Recalling equations (1) and (2), we note that with a constant uplift rate, the lateral
bedrock erosion rate of a river scales with the rate of sediment reworking of an equivalent
alluvial river upstream of the uplift (Fig. 2). This rate of sediment reworking (Qy) is
dependent on the depth of the river (or some other measure of its size), H, the area over
which the river actively migrates, A¢, and the lateral channel mobility, Ty (Fig. 2). Given the
> 60-fold difference in upstream catchment area, we hypothesize that the lower discharge
and, thus, smaller H (Parker, 1978; Parker et al., 2007) of the rivers draining across Mutule
is compensated by a higher ratio of sediment-to-water fluxes and corresponding higher
channel mobility time scale, T, (Bufe et al., 2016; Constantine et al., 2014; Wickert et al.,
2013). The approximately two-fold steeper slope of the Mutule fans (2.5-3.5°) compared to
the fans on Atushi (1-1.5°) (Figs. 5g-h v.s. 5m-0) is consistent with a higher sediment-to-
water ratio in the Mutule rivers (Ashworth et al., 2004; Bryant et al., 1995; Cazanacli et al.,
2002; Kim et al., 2010; Whipple et al., 1998). Moreover, differences in lateral erosion
efficiency between neighboring catchments could be due to small, random (autogenic)
differences in sediment- and water fluxes or to differences in the confinement of the river
(Bufe et al, 2016).

The relatively small size of planation surfaces on Kashi could be attributed either to a

lower mobility of the river due to some upstream boundary condition confining the flow of
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the Baishikeremuhe as it is draining across the westernmost Atushi fold (Bufe et al., 2016).
However, the estimated lateral erosion rates during beveling of the main T4 terrace are on
the same order or even higher than those on Mutule and Atushi. Another possible
explanation for the lack of more complete beveling is the episodic and perhaps quite
sustained diversion of significant discharge around the nose of the eastern Kashi fold
(Scharer et al., 2006; Chen et al., 2007) and/or to a relatively late capture of the
Baishikeremuhe (Chen et al., 2007). If the topography of the Kashi fold had been high (>
10-100 m) at the time of capture, the presence of high walls may have slowed lateral erosion
(Malatesta et al., 2016). Similar topographic thresholds could inhibit renewed planation of

eastern Atushi (Fig. 7d).

5.4.2 Changes from lateral planation to incision

Let us consider one single alluvial fan that is graded to a slope set mostly by the water
and sediment flux (Ashworth et al., 2004; Bryant et al., 1995; Cazanacli et al., 2002; Kim et
al., 2010; Whipple et al., 1998) and that is traversed by channels migrating with some
mobility that is also dependent on these fluxes (Bufe et al., 2016; Constantine et al., 2014;
Wickert et al., 2013). A decrease in the sediment flux, an increase in the water flux, a
change in the flood frequency, or some change to the confinement of the river, e.g., due to a
landslide, can cause entrenchment of the system and a dramatic reduction of both the
actively reworked fluvial area, A¢, and the channel lateral mobility, Ty (Bufe et al., 2016).
Because no evidence for widespread changes in river confinement exists in the Kashi
foreland, we postulate that changing water and sediment fluxes or changing flood

frequencies caused alternating periods of planation and incision (Fig. 17).
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Correlating the record of beveled surfaces directly with documented regional climatic
changes that would explain changes in the water and sediment influxes or the flood
frequency appears untenable with our data. Our terrace ages cannot be consistently
correlated with trends in the marine isotope stage record (Fig. 14, S6) (Lisiecki and Raymo,
2005; Petit et al., 1999) or with clusters of terrace and alluvial fan ages from other deposits
in the region (Li et al., 2012; Li et al., 2013; Thompson et al., in review; Yang and Scuderi,
2010) (Fig 14). The proliferation of terraces across a range of regional climates is consistent
with experimental findings that relatively small perturbations can have large effects on the
channel mobility (Bufe et al., 2016). However, the number of samples in this study is small
with respect to the size of the beveled surfaces and large areas on the folds remain undated.
Perhaps, a more detailed and thorough dating of planation surfaces or more extensive
hydrologic data would reveal an overall climate dependency. In any case, the temporal
differences in the occurrence of planation surfaces across the folds in the study area
excludes a simple scenario of regional climatic changes causing coeval rapid lateral
planation on all folds.

Independently of the regional climate, linking planation episodes in each catchment
directly to changes in the sediment and water fluxes is difficult, especially if such changes
are small, short, or infrequent. Two possible measures are clast sizes of the fluvial sediment
(as recorder of water and sediment fluxes) or erosion rates in upstream catchments (as proxy
for higher sediment fluxes to the basin). Clast sizes in the modern rivers are coarser than on
the terraces by a factor of 1.3. However, as discussed above, Dso values are within 26
uncertainties of each other (Fig. 13). Moreover, comparing bed material at the surface of the

modern river with material from the subsurface of the paleo-river (the terraces) can be
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inappropriate, because a coarsening of the modern surface is expected if transport capacity
exceeds the sediment load (Dietrich et al., 1989; Montgomery et al., 1999). Thus, the
difference in Dso values between river and terrace deposits (Fig. 13) could be explained
without any change in the hydrology between the past and the present. Alternatively, the
size of the input sediment in modern rivers could have increased due to grain-size-
modulating processes in the upstream catchments, e.g., tectonic perturbations or changes in
vegetation (Whittaker et al., 2010). Finally, a coarsening of modern surface deposits by a
factor of 1.3 could be explained by a reduction of sediment supply of 10-80% with respect to
the water supply (Dietrich et al., 1989). More clast-size data are necessary to confirm the
presence or absence of a trend. Measuring changes in catchment-wide mean erosion rates, as
a proxy for sediment flux (Davis et al., 2012; Hidy et al., 2014; McPhillips et al., 2013;
Schaller et al., 2004; Schaller and Ehlers, 2006; Schaller et al., 2002; Wittmann et al., 2010),
between times of fold planation and fold incision using cosmogenic nuclide dating is the

subject of ongoing work by the authors.

6 Conclusions

Despite rapid rock-uplift rates of 1-3 mm/y, actively uplifting folds in the foreland of the
Tian Shan have been efficiently and extensively beveled by antecedent rivers at least in the
past 100 ky. In striking contrast, modern rivers incise narrow canyons into the uplifting
structures. The kilometer-wide lateral extent of the planation surfaces and rapid rock-uplift
rates of the folds imply that, during > 2- to 6-ky-long episodes of active planation of the
folds, lateral bedrock erosion rates were at least 200-600 mm/y: rates 70 to 600 times higher
than the average vertical incision rates. These estimates are minima and planation rates

could be as high as several meters per year. In contrast to these intervals of rapid lateral
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beveling, order-of-magnitude decreases in these rates are required to explain the formation
of the relatively narrow bedrock canyons that dominate today. Given the relative paucity of
ages of these planation surfaces, a link of the intermittent periods of planation and incision
to climatic cycles is unclear, but we hypothesize that local changes in water and sediment
fluxes or the frequency of flooding events control the occurrence of beveling episodes. We
contend that changes in rates of lateral erosion by rivers, as opposed to changes in their
vertical incision rates, are the primary controlling factor in the formation of fluvial planation
surfaces in the foreland of the Tian Shan (Fig. 17). It is likely that variations in lateral
channel mobilities are important in controlling strath-terrace formation in other areas —

especially those with readily eroded bedrock.
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Figure 1: Conceptual sketch showing different planation surface formation models.

Changes in the degree of planation can be caused by changing vertical erosion rates and/or
changing lateral erosion rates. Different factors controlling lateral and vertical erosion rates
are summarized below the sketches.
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growing uplift by an alluvial river. The beveled area of the uplift can be predicted by a
competition between the uplift flux (Q,,) and the flux of sediment that is reworked by an
alluvial river unconfined by bedrock (Q) (Bufe et al., 2016).
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analysis of seismic sections. (a-b) are adapted from (Scharer et al., 2006), (c) is from
mapping by the authors (Fig. S1). (d-o0) Swath profiles (1-km-wide) across Kashi, Atushi,
and Mutule approximately perpendicular to the fold axes with 10-fold vertical exaggeration.
The underlying lithology (colors), the bedding (thin black lines) and fold axes (thin grey
lines) are sketched from published structural sections, maps close to the swath profiles
(Heermance et al., 2007; Scharer et al., 2006), and mapping by the authors. Beveled surfaces
are marked by blue bands.
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Figure 6: Map of mean slope and 500-m-radius relief across the study area calculated with
the 90-m SRTM DEM. The extent of beveling (in km?), as well as the distribution of
Pleistocene and Holocene fluvial gravels across the folds, was mapped on Google Earth ®
imagery and in the field. Upper surfaces of fluvial gravels have slopes << 5°, except where
terrace risers or flexural-slip scarps disrupt the surface. Where fluvial gravels are absent,
dissection creates a landscape of steep hills and gullies. Green and blue dots mark the
location of optically stimulated luminescence (OSL) and cosmogenic radionuclide (CRN)
samples; red lines mark axes of anticlines. Holocene (light purple) and Pleistocene (dark
purple) gravels with slopes < 5° are shown on the folds. Other than on the folds, low-slope
areas are largely formed by alluvial fans.
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direction of view. (b-d). Google Earth views of Kashi, Atushi and Mutule. Black dotted lines
mark beveled areas, blue dash-dotted lines approximate locations of modern rivers, purple
areas depict major incised (late Quaternary) gravels, red lines trace anticline axes, and white
dashed lines outline the folds (only in b, ¢ & e).
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covered with fluvial deposits in the background and incising modern river in the foreground

Note the convex-up, steep hills that have been stripped bare of their fluvial cover. (b)
Typical flat-lying gravel deposits with thicknesses of < 1-6 m and meter-scale thickness

changes. (c) Anomalously thick, gravels buttressed against steeply dipping bedrock. See Fig
7 for location of photographs.
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Figure 9: OSL sample locations, terrace surveys, and slopes on (a) central Kashi and (b)
southern Mutule. The maps show terraces mapped using Google Earth ® and field mapping.
Surveys of differential GPS are shown as bold lines. On the cross sections, the structure is
simplified from sections shown in Figs. 4a-b. Results from differential GPS surveys are
plotted with respect to the modern river and the locations of OSL samples are marked with
stars. Note that the modern river profile on A-A’ is obtained using a 90-m DEM, whereas
the profile on B-B’ was measured with a differential GPS.
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Figure 10: Comparison between the axis-parallel slope of the Atushi fold with that of the
upstream alluvial fan. (a) Hillshade showing the location of swath profiles K-K’ and L-L’
(cf. Fig. 4 for regional context). Red lines mark the fold axis. (b) Swath profiles (1-km-wide)
approximately parallel to the Atushi fold axis along the fold and the upstream alluvial fan.
The color-scheme for the sections is the same as in Fig. 5. The fold profiles show beveled
surfaces at 3 different heights. The base level is defined by the height of the modern river
crossing the fold. Note that the axis-parallel slope (0.7°) of the beveled area on western-
central Atushi is similar to the slope of the upstream fan ~7 km to its north.
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Figure 11: Imbrication direction and gravel thicknesses of the fluvial deposits on major
terrace sequences of (a) central Atushi, and (b) southern Mutule. Notably, the mean paleo-
flow-direction approximates that of modern rivers. Gravel thickness is mostly < 6 m, but
some thicker deposits occur, especially along a narrow band on central Mutule. Because
terrace surfaces are very planar with meter-scale relief of << 1 m, abrupt changes in the
gravel thickness at the meter scale indicate relief on the strath surface.
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Figure 12: Lithologic clast counts in 9 river locations and 4 terrace locations. For each
location, 100-140 clast counts were sorted into three groups. The groupings
(“microcrystalline limestone,” “carbonate rocks,” or “non carbonate rocks”) are interpreted
to indicate common source areas, as marked by yellow boundaries (see Table A2 for the
calculations underlying the groupings).
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Figure 13: Counts of clast size with b-axes > 0.5 mm on Mutule fold. For each river
location (red dots), ~125 clasts were counted at three nearby sites, yielding 373 counts per
location. On the terraces, 20-60 clasts were counted at seven locations, totaling 251 clasts.
(a) Map showing count sites on discrete terraces on central Mutule. Color scheme for the
terraces mimics Figs. 9 and 11. (b) Particle-size distribution for individual terrace (blue) and
river (red) counts (fine lines) and the mean of all counts (bold lines). Uncertainties in the Dso
values are estimated as 10% following Whittaker et al. (2011) and reported at the 2o-
confidence interval in the figure.
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Figure 14: Terrace ages as a function of height above modern rivers. All uncertainties are
reported at the 2c-confidence level. (a) Overview map showing the location for dated
surfaces in the study area and the symbology for the datapoints used in (b). See also Fig. 6
for locations. (b) Terrace ages versus height above the modern river. Preferred sample ages
are marked with darker colored symbols (cf. Table 5). For samples where the minimum age
model was preferred, the central age model result is plotted as a lighter-colored and smaller
data point. Sample height above the modern river combines the terrace height above the
modern river and the sample depth below the terrace surface. Dashed black lines mark the
expected elevation as a function of age for a range of uplift/incision rates. The dotted grey
lines are the boundaries of the marine isotope stages based on Lisiecki and Raymo (2005).
The light grey bars mark clusters of published ages of fan, basin, and terrace gravels in the
region (Li et al., 2012; Li et al., 2013; Thompson et al., in review). The outlier age on the
eastern Atushi fold (EA-2: 250 m height at 15 ka) is not plotted here, but can be seen in Fig.
S6.
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Figure 15: Summary of ages (+2c) of beveled surfaces and areas used for the calculation of
beveling rates. (a) Overview of the main beveled areas in the region with darker colors
showing older surfaces. The age ranges correspond to the oldest major beveling episode
preserved. Most surfaces (such as the surfaces on the Kashi fold) have been partly reworked
by younger planation episodes. Black squares show the locations of panels b—d. (b-d)
Terrace surfaces on Kashi, Atushi, and Mutule fold showing the dates from OSL and CRN
dating. Also shown are areas of preserved strath terraces and areas of modern river valleys
used for calculating beveling rates (light orange and light blue transparent areas; see Table 7
for calculations). Fine, black, dash-dot lines mark the fold-area over which these
calculations were made. The mean flow direction in which the length of the beveled surface
is measured is estimated on Atushi and Mutule from imbrication measurements and on
Kashi from the orientation of terraces.
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Figure 16: Conceptual sketch showing the calculation of lateral beveling rates at times of
incision and planation.
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Table 1: Planation surfaces and depth of incision of folds in the foreland of the Tian Shan

. D_epth 0 f Approximate Total Percent Ar_ea _covered by Area covered by Percent of
incision into incised (late o beveled area
Fold . total area of beveled beveled unincised (Holocene)
highest beveled ) ) Quaternary) . ) covered by
a fold (km?) area (km?) area . ) alluvium (km?) .
surface (m) alluvium (km?) alluvium
Mushi 30-60 300 84 28 29 43 86
Mingyaole 70 - 250 220 58 26 11 0 19
Kashi 50-90 460 84 18 36 45 96
West Atushi 30-70 120 53 44 0 0 0
West-Central Atushi 25-90 220 165 75 12 15 16
East-Central Atushi 80 - 120 150 71 48 11 16
East Atushi 200 - 280 70 21 31 0 0
North Mutule 0-10 40 37 91 11 21 87
South Mutule 10 - 50 180 92 51 10 2 13
Sum of all folds NA 1760 655 37 109 137 37

dastimated from profiles on 2 90 m SRTM
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Table 2: Lithologic clast counts in the study area

Sample Name - . . Elevation | Number of Total Non Carbonate crl;//gt(;rltljine

(West to East) Location | Latitude | Longitude (m) counts I(;arbonate rocks (%) carbonate

ocks (%) rocks (%)
Bail River 39.7630 75.6106 1924 119 43 57 9
Bai2 River 39.8690 75.5411 2127 115 43 57 3
Bog3 River 39.8079 75.8146 1854 130 75 25 28
Bog?2 River 39.8871 75.9450 1805 119 91 9 2
Bogl River 39.8840 76.0563 1605 117 83 17 15
CA _north Terrace | 39.7130 76.0111 1480 111 70 30 9
CA _south Terrace | 39.7024 76.0233 1458 125 74 26 10
EA R1 River 39.8232 76.3541 1337 125 95 5 67
MUT_R1 River 39.9410 76.4970 1721 127 90 10 50
MUT_R2 River 39.9732 76.4986 1910 124 92 41
SMT _north Terrace | 39.9207 76.5535 1541 131 93 49
SMT _south_lower 4m Terrace | 39.8907 76.6080 1380 141 88 12 56
SMT_south_upper 4m Terrace 39.8909 76.6079 1396 139 90 10 49
SMT _south_surface Terrace | 39.8909 76.6079 1396 133 89 11 52
SMT _south_mean Terrace 39.8909 76.6079 1396 138 89 11 52
MUT_R3 River 39.9919 76.6927 1453 119 86 14 31
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Table 3: Clast-size counts on Mutule

. Number of a a
Sample Name Latitude | Longitude Elevation | = 1 il Dso 16 Des +le
(masl) (cm) (cm)
counts
39.8879 76.6073 1387
SMT_R_south (start 124 17+02 | 35405
SMT R south (end) 39.8004 |  76.6058 1332
39.9384 76.5010 1747
SMT_R_north (start) 124 1.9+0.3 3.3+05
SMT_R_north (end) 39.9378 76.5016 1740
39.9189 76.5369 1599
SMT_R_central (star) 125 19403 | 41+06
SMT _R_central (end) 39.9179 76.5387 1596
SMT Terrace 1 39.9215 76.5383 1618 27 15+0.2 3.7+0.6
SMT Terrace 2 39.9230 76.5384 1635 26 1.3+£0.2 24+04
SMT Terrace 3 39.9247 76.5376 1629 60 1.2+0.2 2.7%+0.4
SMT Terrace 4 39.9260 76.5380 1627 36 1.7+0.3 28+04
SMT Terrace 5 39.9273 76.5394 1622 32 1.6+0.2 4.4 +0.7
SMT Terrace 6 39.9240 76.5475 1588 28 14+0.2 3.0+04
SMT Terrace 7 39.9235 76.5553 1570 42 15+0.2 24+04
Mean of terrace counts - - - 251 14+0.2 29+04
Mean of river counts - - - 373 1.8+0.3 36105

aCalculated ignoring counts < 0.5 cm; Uncertainties are estimated as 10% following Whittaker et al., (2011).




Table 4: Cosmogenic nuclide dating of depth profile CA-DP1

erT

CA - DP: Latitude: 39.7120; Longitude: 76.0115; Elevation: 1.5 km;
Height above modern river: 80 + 10 (+26) m?, Be-10 Standard: 07KNSTD®
1Be
Samole name ESE;:CE(;I%V Quartz weight | Be Carrier +l¢ 1Be/°Be concentration

P : +16 (g)? (mg)? +16 (1014 +16 (10°

(cm) f

atoms/q)
CA - DP1 - surf 0 118.278 + 0.005 0.185 + 0.001 1086 + 23 11.37+£0.25
CA-DP1-0.3 30+5 89.640 + 0.005 0.197 £ 0.001 705+ 12 10.37 £0.19
CA-DP1-0.6 60+5 105.952 + 0.005 0.197 £ 0.001 684 £ 20 8.49 +0.25
CA-DP1-0.9 905 101.971 £ 0.005 0.200 + 0.001 524 + 16 6.86 £ 0.21
CA-DP1-1.2 1205 144.888 £ 0.005 0.197 £0.001 583+ 11 5.30+0.10
CA-DP1-16 1605 133.801 £ 0.005 0.196 £ 0.001 452 £ 11 442 +0.11
CA-DP1-20 2005 140.252 + 0.005 0.196 + 0.001 37197 3.54 £0.07
CA-DP1-3.0 3005 49.778 £ 0.005 0.198 + 0.001 135+4 3.61+0.10

See Supplementary figure S5 for graphical profile and age analysis.

aUncertainties are estimated.

bSamples were measured at PRIME using a standard prepared by Nishiizumi, et al (2007).

¢CA-DP1-surf is from amalgamated pebbles spread out on the surface of the terrace. All other samples are from sand taken from 10-cm intervals within the depth
profile.

dUncertainties are estimated from the precision of the laboratory scale.

¢A mean blank 10Be/9Be ratio of 13.82 + 1.30 x10%> measured from two laboratory blanks (*°Be/°Be of 11.10 + 1.62 x10"*5and 16.53 + 2.00 x10'%%), was
subtracted from the measured °Be/°Be ratio. Uncertainties are from uncertainties in the AMS measurement of samples and blanks.

fUncertainties include uncertainties in the °Be/°Be ratio, the carrier mass, and the quartz weight.



Y1t

Table 5: Results from o

tically stimulated luminescence dating of fluvial gravels

S;\i:\mplae Lat Lon Fold Terrace sagre)?et rt])glfow terlI'Ez;ceg .act)?fove Nr(aiizg?el:fts R;I;t)gsfzc MAM Agde Acg::\i'\go Dispersion Skew | Kurtosis
ame surface surfacebd:zc modern rlt)/er total) (Gy/ky)® +20 (ka) (ka)! (%)
(m) +2¢6 (M)

(ot [ mseas | voooos [ coani | T4 | 14s02 [ s | o [uesen ]| 1ss2 | wau [ e [ o5 | 06 |
CK-2 39.5776 75.9480 C. Kashi T4 3.3%£0.2 95+ 10 22/29 1.7+0.1 30+4 54+8 32 0.3 -0.7
CK-3 39.5785 75.9480 C. Kashi T4 3.9+0.2 95+ 10 20/27 27+0.1 23+3 417 36 0.4 -1.2
SMT-1 39.9195 76.5384 S. Mutule T2 1.3+0.2 21%1 23/42 1.8+0.1 113 37+11 67 1.1 0.6
SMT-2 39.9200 76.5393 S. Mutule T2 1.4+0.2 231 21/35 22+01 11+4 38+11 64 0.8 1.1
SMT-4 | 39.9114 | 76.5191 | S.Mutule T3 6.0+0.2 34+2 33/64 23+01 19+5 40+8 52 11 0.7
SMT-5 39.9096 76.5183 S. Mutule T3 3.0+£0.2 342 23/38 26+0.1 235 47+ 10 45 0.5 -04
SMT-6 | 39.9046 | 76.5833 | S.Mutule T4 57+02 59+1 33/47 27402 31+5 54+8 36 11 0.9
SMT-7 | 39.9043 | 76.5838 | S.Mutule T4 7.0+02 58+1 31/55 30+02 14+3 43+9 56 14 1.8
SMT-8 39.9008 76.5918 S. Mutule T4 14+0.2 57+1 20/27 3.0+£0.2 13+£3 26+6 48 1.0 0.1
SMT-9 | 39.8907 | 76.6082 | S.Mutule T4 53+0.2 51+1 34/58 24+01 26+5 50+8 42 1.0 0.3
EA-2 39.8439 76.4201 E. Atushi NA 0.9+0.2 240 +40 29/44 21+01 15+3 367 48 0.8 11
WCA-1 | 39.6907 75.8513 x\t/usil NA 1.0+0.2 -€ 21/49 23+0.1 3B x7 61+12 40 14 19
WCA-3 | 39.6907 | 75.8513 X\tluscr;n NA 23%0.2 -& 30/38 3.0+0.2 18+3 45+9 49 14 25

3CK = central Kashi, SMT = south Mutule, EA = east Atushi, WCA = West-central Atushi.

bUncertainties are estimated.

“The dose rate is calculated from radionuclide activities in representative samples measured through gamma ray spectroscopy and an estimated water content of 5

+ 5% (+20). Uncertainties are propagated from the standard deviations of radionuclide activities and the estimated uncertainties of the water contents.

dAges are obtained by applying the minimum age model and the central age model (Galbraith, 2005; Galbraith and Roberts, 2012; Galbraith et al., 1999) to the
single aliquot equivalent dose data. Resulting equivalent doses are divided by the dose rate to obtain an age. Uncertainties are propagated from the dose rate
uncertainty and equivalent dose standard error.
Dark grey bars mark the two samples that are ignored in this study due to high U-series disequilibrium. Light grey bars mark the preferred age-model based on
the skew and the dispersion values (Arnold et al., 2007).
®Terrace appear to have been formed by rivers that drain the fold internally. The current elevation above that river is 15 - 25 m. However, the river profiles of
fold-internal rivers are likely changing more significantly with the uplift of the fold than rivers crossing the structure - we therefore ignore this datapoint.
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Table 6: Average incision/uplift rates of Kashi, Atushi, and Mutule

. b Depth of incision .Du.rzfltion of _ Average
Structure? Interval considered 126 (m)° lnc1810ndiZO' incision/uplift
(ky) rate £2¢ (mm/y)
Kashi T4 terrace peak - modern river 130 + 20 48 £ 10 2.7+0.7
Kashi T4 sample - modern river 95+ 10 48 £ 10 20+05
Atushi T4 peak/sample - modern river 80 £+ 10 82 +22 1.0+0.3
Mutule T4 peak/sample - modern river 55+1 28+4 20+0.2
Mutule T3 peak/sample - modern river 341 214 1.6+0.3
Mutule T2 peak/sample - modern river 22+ 1 11+3 20+05
Mutule T4 peak/sample - T3 peak/sample 21+2 7+5 30+£22
Mutule T4 peak/sample - T2 peak/sample 331 1714 1.9+05
Mutule T3 peak/sample - T2 peak/sample 12+£2 10+4 1.2+05

aFor each structure (except Atushi) multiple estimates of average incision rates are given. The incision rate that best estimates average uplift rates of the structure,
is marked in gray.

bIntervals considered in the analysis are either an interval between a terrace gravel top and the bed of the modern river or between two terrace gravel tops.
Terrace elevations above the modern river are taken from averages of the terrace elevation estimated at the sample sites (cf. Table 5 for Kashi & Mutule and
Table 4 for Atushi). The T4 elevation on the crest of the Kashi fold (T4 peak) is estimated by extrapolating the terrace and river slopes (shown in Fig. 9) up to the
fold crest.

dDuration of incision is estimated by assuming mean terrace ages for dated terraces represent abandonment ages.
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Table 7: Calculation of planation rates for incision and planation episodes

Lateral bedrock erosion rates during planation episodes and during incision episodes
Peak uplift _ I\/_Ia}X|mum ) Duration of | Planated IArea_l Flow-parallel Latera_l bedrock
Landform Fold rate (U) incision dept episode (47) | area (A) planation length (L) erosion rate
+20 (Dvor Rs) £26 126 (ky)® | 26 (km2) rate (P) £2¢ 126 (km)° (En) £206
(mmly) (m)? (m2ly) (mm/y)¢
Incision episode (modern rivers)
Baishikeremhue North Kashi 97407 45+ 15 177 5.8+0.3 350 + 150 11.6 +0.6 30+13
Baishikeremhue | Centr/South Kashi R 130 £ 20 48 + 14 145+0.7 300 + 90 6.3+0.3 48 + 15
Boguzihe Atushi 1.0£0.3 50+ 10 51+18 24+0.1 47 £ 17 41+0.2 12+4
22+1 11+£3 0.2+0.0 22+6 43+0.2 5+1
Mut Channel 1 Mutule 19+05
Mut Channel 2 22+1 11+3 0500 46 £ 13 43+0.2 11+3
Beveling episodes
T2 strath North Kashi 27+0.7 612 2+1 147+73 | 6600+ 4300 11.6+0.6 570 + 370
T4 strath Centr/South Kashi | 2.7+0.7 105 4+£2 8.3+0.8 2300 + 1300 43+0.2 520 + 300
T4 strath Atushi 1.0+0.3 6+2 6+3 6.7+2.0 1100 + 600 48+0.2 230 +£120
T2 strath Mutule 1.9+05 6+2 3+1 37+11 1200 + 600 43+0.2 280 + 150

aIncision depth for modern rivers are measured from the top of gravel covered straths to the modern river-bed and obtained from differential GPS surveys
(Mutule, Baishikeremuhe south) or estimated from Google Earth (Boguzihe, Baishikeremuhe north). The incision depth for planation surfaces is estimated from
measured strath relief (Mutule & Atushi) or estimated (Kashi).

bCalculated by assuming incision rates are equal to average uplift rates. For the sake of consistency, we propagated the errors from the peak uplift rate and the
incision depth even for the Baishikeremuhe south and the Mutule channels for which the duration is known from the OSL data.

“The straight line length of channels and planation surfaces are measured in the (measured or estimated) average direction of flow.

9These lateral bedrock erosion rates are rates equivalent to one or several straight channels linearly eroding the sides of a canyon wall (see text for details).



Supporting material for Chapter 2

1 Methods

1.1 Terrace elevations above modern river

Terrace heights above the modern river were obtained by projecting the GPS survey data
from terraces and rivers on a line parallel to the approximate flow direction of the modern
river (Fig. 9). Where no surveys were made, river elevations were extracted from the 90-m
SRTM DEM. On the western-central Atushi fold, dated terraces are located 5-9 km from the
modern Boguzihe and Baishikeremuhe rivers (Fig. 6). Hence, elevations were extracted
from the 90-m SRTM and detrended with an overall 0.7° east-northeastward slope of the
beveled surface that dominates the western Atushi fold (Fig. 10). Corresponding
uncertainties in the elevation are, therefore, higher here than for the elevations obtained

through GPS surveys (Table 6).

1.2 Lithologic clast count statistics
In order to assess the difference between count locations we calculated the sum of
squares of the difference in the proportions of carbonate rocks (Carb) and the proportion of

microcrystalline carbonate (Xtin) (Table A2): For example for two samples Spll and Spl2,

the calculated difference would be: \/(Carbsl,,l1 — Carbgy3)? + (Xtingy; — Xting,;5)?. A
value of < 20 is considered similar. Source area can then be determined on the basis of this

similarity factor and the geographic locations of the streams.
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1 3 Structural cross section of the Mutule fold

The structural cross section of Mutule (Fig. 5¢) was constructed based on mapping along
a transect across the Mutule fold (Table A4, Fig. S1) as well as on Google Earth ® imagery.
Strike and dip direction were measured along the main river crossing central Mutule (Fig.
S1). The bedding data was projected onto a line trending 165° (approximately perpendicular
to the fold-axis) and the apparent dip calculated. The cross-section was constructed
analogously to (Scharer et al., 2004): the bedding data was separated into 12 dip-panels and
an average dip of each panel was calculated from the bedding data. Each dip-panel was then
treated as a kink-band with constant thickness and bed-length. The fault in the cross section
was inferred from surface mapping and unpublished seismic data.

Seismic data shows the depth of detachment at approximately 5.6 seconds two-way-
travel-time. Using a velocity model for sections to the east of the Mutule fold (Heermance et
al., 2008), we infer a depth of the detachment at ~11 + 3 km. This depth is consistent with a
possible eastward deepening of the detachment level from 3-6 km at Kashi (Heermance et
al., 2008) to 9-12 km on eastern Atushi (Scharer et al., 2004). The data suggests a total uplift
since initiation of ~6.9 km and an excess area of ~67 km?, implying ~6.0-6.1 km of
shortening. If we consider only the topography above the modern river, total uplift is ~5.8

km, the excess area is ~50 km, and total shortening 4.6-4.8 km.

1.4 Optically Stimulated Luminescence (OSL) sampling and analysis

OSL field sampling followed standard procedures (Nelson et al., 2015). A ~25-cm-long
metal tube was pounded into the sand parallel to bedding and sealed on both ends for
transportation. In addition, a sample of ~1-1.5 kg of sediment was collected in a 30-cm
radius around the tube for dose-rate calculations. The tubes were opened in a dark room and
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the sand was wet-sieved to 90-180 um. Then, samples were leached first in 30% H202
followed by 40% HCI and further cleaned through magnetic separation. Finally, samples
were leached in 10 % HF for 10 min, 40% HF for 40 min, and 10% HCI for 40 min.
Aliquots of clean sand were mounted onto 9.7-mm steel discs using silica paste and a 2-mm
mask. The samples were measured on a Risg Reader TL/OSL-DA-20. The measurement
followed the standard single-aliquot regenerative dose protocol (Murray and Wintle, 2000;
Wintle and Murray, 2006). We chose a pre-heat temperature of 260°C, a cut-heat
temperature of 220°C, and a measurement temperature of 125°C following previous
protocols established for samples from the area (Thompson et al., in review). For each
sample 25-65 aliquots were measured and retained if recycling ratios were within 0.9-1.1,
recuperation < 5% of the natural luminescence, IR depletion ratios between 0.9-1.1, and the
signal intensities 3c above the background (Table A5).

In order to estimate the dose rate, activities of 28U, 2Ra, 22®Ra, 26Th, and *°K in the
sediment collected around the OSL sample were measured using gamma ray spectrometry.
Dose rates for the measured nuclides and their daughters were then calculated using the
activity to dose rate conversion of Nathan (2010) and assuming a 23°U/?%U activity ratio of
0.04605. The cosmogenic nuclide contribution was estimated using standard corrections
(Prescott and Hutton, 1988; Prescott and Hutton, 1994). Water contents measured in the
collected samples range from 0.1-10%. Since water contents varied from saturation at
deposition to at least the modern water content with likely wetter and drier episodes in the
past, we chose a mean water content of 5 £ 5% for all samples. We assessed potential
disequilibrium in the 23U decay chain, which is common in soils and fluvial sediments

(Olley et al., 1996; Olley et al., 1997), by calculating the 2%U/??°Ra ratio with corresponding
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uncertainty. Seven of the 14 samples have values that are not within error of unity (Table
AB). However, all of the ratios are at least within 60% of unity and within 20% of unity if
we consider the uncertainty in the measurement (Table A6). With the high “°K content in
our samples (Table A6), the 228U and #*°U decay chains account for < 20 % of the total dose
rate. Thus, the minor U-series disequilibrium is expected to introduce uncertainties of <<
10% (Olley et al., 1996; Olley et al., 1997). These uncertainties are well within the range of
uncertainties introduced by varying water contents and make us believe that exploring
detailed U-series loss and gain scenarios (e.g. Zander et al., 2007) will not change our

uncertainty estimate significantly.

1.5 Cosmogenic Nuclide dating sample preparation and analysis

The sand samples from the depth profile were sieved in the field into fractions of 250-
800 um, whereas the surface pebble sample was crushed and sieved to 200-800 um in
facilities at the UC Santa Barbara. Quartz was separated and purified by density and
magnetic separation followed by leaching in hydrochloric acid and at least three 24 h
leaches in 1 or 2% HF solutions. 30-150 g of pure quartz was digested in concentrated HF
after addition if a pure °Be carrier. Fe was removed in an anion column followed by 2-3
cation columns to remove Al and Ti. The purity of samples was confirmed using the ICPMS
lab at the MRL facilities at UC Santa Barbara before BeOH was precipitated in NH40OH and
dehydrated in a furnace to form BeO. The BeO was mixed with four parts of Nb, loaded into
targets, and sent to the Purdue Rare Isotope Measurement (PRIME) Laboratory. There, the
19Be/°Be ratio was determined and calibrated against a 07KNSTD standard (Nishiizumi et
al., 2007). A mean blank 1°Be/°Be ratio of 13.82 + 1.30 x10X° measured from two laboratory
blanks (}°Be/°Be of 11.10 + 1.62 x10°and 16.53 + 2.00 x107'%), was subtracted from the
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measured 1°Be/°Be ratio of each sample. We applied a Monte Carlo depth-profile simulator
(Hidy et al., 2010) to obtain the best-fit surface age, best-fit inheritance of °Be, and best-fit
paleo-erosion rate, using a °Be half live of 1.387 Ma (Chmeleff et al., 2010; Korschinek et
al., 2010), the reference °Be production rates of Borchers et al. (2016), and an atmospheric
model based on the ERA40 climate reanalysis (Lifton et al., 2014) (Table A7, Fig. S5). We
also updated the muon cross section in the Monte Carlo simulator based on new results from
Borchers et al. (2016).

The Monte Carlo depth-profile simulator (Hidy et al., 2010) uses the time-independent
scaling scheme by Stone (2000) based on (Lal, 1991) and does not take uncertainties in the
reference production rates into account. Following Schildgen et al. (2016) and Dey et al.
(2016), we therefore converted the best-fit age from the Monte Carlo simulations back into a
best-fit 1°Be surface concentration using a site-specific 1°Be surface production rate in quartz
of 12.8752 a/gly and a 1°Be half-life of 1.387 Ma (Table A7). This hypothetical surface
sample (and its 16 uncertainty) was then input into the CRONUS-Earth-2008-v2.3 exposure
age calculator to get the best-fit surface exposure age (Balco et al., 2008) (Table A8). Note
that we modified the scripts of the CRONUS-Earth-2008-v2.3 exposure age calculator to
include the ERA40 climate model (Lifton et al., 2014) instead of the default NCEP2 climate

model.

2 Additional Discussions

2.1 OSL dating

Three OSL samples fall out of the stratigraphic order expected for samples preserved at

different heights by yielding anomalously young ages (Fig. S6). Two of the samples are on
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the T4 terrace of southern Mutule (sample SMT-7, SMT-8; Table 5) and one is on eastern
Atushi (sample EA-2). SMT-7 was sampled on a steep slope rising up to the top of the
terrace (Figs. S7a, S7b). Whereas the gravel below the sampled silt lens is horizontal, the
gravel above the silt lens is inclined in the down-slope direction consistent with downward
movement of grains that could cause mixing and introduction of younger grains (Figs. S7a,
S7b). We note that this sample does have old grains, and, if the central age model is taken, it
has an age similar to the other T4 terrace ages from south Mutule (Table 5). SMT-8 lies 1.4
m below the terrace surface along a convex-up hillslope edge and could have been reworked
by bioturbation, inflation by windblown sand, or movement along the slope (Figs. S7c-d).
Finally, the very young age of the terrace on the high surface on eastern Atushi (sample EA-
2) is unlikely to represent the primary time of strath formation. This sample came from the
sole, thin (< 1.5 m) remnant of gravel that was found on any of the surfaces on eastern
Atushi (Fig. 6, Fig. S7e). Preserved along a narrow, elongate ridge, the ill-defined beds did
not show clear fluvial genesis. Given its extensive erosion, the deposits could have been

slumped or otherwise reworked, leading to further bleaching of the grains.

2.2 Preservation of fluvial deposits

During beveling, a veneer of gravel likely covered the entire fold surface; similar to the
barely incised northern Mutule and northern central Atushi fold (Figs. 6, 7). Once the
planation surface is abandoned and uplifted, incision drives hillslope retreat and stripping of
the fluvial cover. Scattered and loose gravel on the western-central Atushi fold (Fig. S4a) is
a testament to this process. Only where deposits are thick enough (> 0.5-1 m), do they get
cemented, preserved, and, thereby, shield the underlying bedrock from erosion. Thus, we

hypothesize, that thickness variations in the gravel cover at the time of beveling are the
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primary cause of the variable preservation of deposits on the different parts of the folds

(Table 1).

2.3 Planation surfaces and wind-erosion

The landscape flattening described in this paper might also be envisioned to have
happened through efficient wind erosion (Rohrmann et al., 2013). Indeed, the Atushi
Formation is easily weathered and, on many of the beveled platforms, bedrock slopes are
covered by a thick veneer of silt that is readily washed away during rainstorms. Moreover,
remnant beveled surfaces (now tilted to the north) on east-central Atushi show large
depressions and ridges aligned in what is likely the general direction of the wind.
Nonetheless, 1) fluvial deposits are preserved on nearly all beveled surfaces, and 2) the
lithology, tectonic forcing, and local climate (rainfall and wind) are similar on the Kashi,
Atushi, and Mutule folds, whereas the preservation of beveled surfaces is highly variable.
Therefore, we deduce that planation by rivers is clearly the dominant process causing the

formation of these surfaces.
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Figure S1: Structural mapping of the Mutule fold. (a) Location of mapped section on the
Mutule fold and geologic map of the fold. The units are the same as in Fig. 3. (b) Structural
cross section of the Mutule fold as in Fig. 4c.
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Figure S2: Map and section of the terraces on the Mutule fold showing the large range of
elevations at which terraces are preserved. (a) Topographic cross section along the line
marked in (b). Preserved fluvial gravels are shown according to mapped terrace levels.
Because the section is not perpendicular to the flow direction of rivers, the base level is not
flat. On the bases of troughs in the topography, an approximate local base-level is shown
(dashed red line). Because the flow direction is changing across the section (cf. (b)), the
trend of the base-level is, too, illustrating challenges in correlating terrace levels across the
kilometer-wide surface of the Mutule fold. The transparent color bands mark the range of
elevation across which terrace levels are preserved. (b) Map of the terraces on central
Mutule (same as in Fig. 9b) with preserved fluvial terraces. Radiating flow direction of
rivers, marked with white squiggly lines, are reminiscent of an alluvial fan.
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Figure S3: Field photographs showing typical structures of the gravel stratigraphy and the
gravel terrace surface. (a) Close-up of typical terrace cover deposits around OSL sample
CK-1 (location cf. Fig. 6) showing imbricated pebble conglomerate with a cross-bedded
sand lens. (b) Depth profile on central Atushi (location cf. Fig. 6). (c) Smooth terrace top
and desert pavement development close to the depth profile on central Atushi (location cf.

Fig. 6).
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Figure S4: Field photographs of terraces in the study area. (a) Overview with locations of
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fluvial cover on otherwise bare hillslopes. (b) Terrace on Mutule showing thick fluvial
gravel deposits with an anomalously thick silt layer. (c) Thick, gravels buttressed against
steeply dipping bedrock on the northern Mutule fold.
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Figure S5: Fluvial terrace (T4) age on central Atushi fold based on Monte Carlo simulation
(Hidy et al., 2010) of a cosmogenic nuclide depth profile (CA-DP1). For profile location,
see Fig. 6. The data points are larger than the 2c analytical uncertainties. Two simulations,
either including the surface pebble sample (red line and black shading) or excluding it
(orange line and blue shading) are shown. The central lines (red and orange) mark the best
fit, whereas the bars (black and blue) show the range of fitted profiles from 2 x 10°
simulations (Table A7). The ages shown are for the time-independent scaling scheme of
Stone (2000), based on Lal (1991). They are obtained using the best-fit surface
concentration of 1°Be atoms from the Monte-Carlo simulation as an input to the CRONUS-
Earth-2008-v2.3 exposure age calculator (Balco et al., 2008) (cf. Table 6). Uncertainties
(+20) are external uncertainties as described by Balco et al. (2008). Inheritance and erosion
rates (+20) are outputs from the Monte Carlo simulations.
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Figure S6: Terrace ages as a function of height as in Fig. 14 but including the outlier EA-2.
The symbology is the same as in Figure 14. In addition, the blue data curve in the
background shows the global temperature anomaly deduced from a 580 record in the
Vostok ice core (Petit et al., 1999).
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Abstract

A major challenge in understanding the evolution of continental deformation zones lies
in quantifying spatial and temporal changes in deformation rates of tectonic structures. Here,
along the eastern boundary of the Pamir-Tian Shan collision zone, we constrain the probable
evolution of rock-uplift rates for a series of five Quaternary detachment- and fault-related
folds from their initiation to the modern day. A decomposition of interferometric synthetic
aperture radar time-series and GPS data constrains the spatial pattern of surface- and rock-
uplift on the folds deforming at decadal rates of 1-5 mm/y. Along strike of two major
detachment folds, these rates culminate close to their centers and drop to zero across their
tips which span 10-25% of the length of the structure. Such spatially varying deformation
rates, together with geologic evidence for coeval fold propagation, suggest that uplift rates
on geologic (10°-10° yr) timescales vary gradually as opposed to by step-wise changes. This
supposition motivates a simple, three-phase model of uplift-rate evolution, with an
acceleration of rates after fold initiation, followed by steady uplift rates, and then a
subsequent phase of acceleration or deceleration. Using a Monte Carlo simulation to fit our
geodetic and previously published geologic uplift rates, we find that, where average uplift
rates calculated across different time intervals are relatively similar, the most probable
uplift-rate evolution of the structure is a rapid acceleration of uplift after fold initiation,
followed by constant uplift rates. In contrast, where those average uplift rates change by

more than a 1 mm/y, smoothly varying velocities are more likely.
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1 Introduction

Deformation rates across individual tectonic structures underpin an understanding of the
dynamics of continental deformation zones and their seismic hazards. Whereas the
mechanics for many types of folds and faults are well-understood (Allmendinger, 1998;
Epard and Groshong Jr, 1995; Hubert-Ferrari et al., 2007; Li et al., 2013; Poblet and
McClay, 1996; Suppe, 1983; Suppe and Medwedeff, 1990; Suppe et al., 1997; Yan et al.,
2016), commonly unknown temporal and spatial differences in deformation rates complicate
the reconstruction of the kinematic history of deformation zones. After initiation, faults and
folds commonly lengthen with annual rates of lateral propagation ranging from a few
millimeters to several centimeters (Burbank et al., 1996; Chen et al., 2007; Jackson et al.,
2002), until they encounter barriers that pin the tips of the structure (Amos et al., 2010;
Dawers et al., 1993; Manighetti et al., 2001). Commonly, a near block-like pattern of
incremental slip is assumed with constant slip rate along the structure, rapidly decreasing to
zero at the tips (Amos et al., 2010; Manighetti et al., 2001). Such models produce spatially
constant uplift rates, except at the tips. Nonetheless, block-like incremental slip is not
necessary and spatially varying deformation rates have been shown to occur, for example,
along laterally tilting (Li et al., 2013), propagating (Amos et al., 2010), or segmented
(Anders and Schlische, 1994; Davis et al., 2005; Dawers et al., 1993) structures. In addition
to spatial variations of slip rates, deformation varies temporally. Changes in the distribution
of strain across fault zones and mountain ranges (Oskin et al., 2007; Thompson et al., 2002),
foreland propagation of deformation (Heermance et al., 2008; Hubert-Ferrari et al., 2007),
propagation of asperities along structures (Hilley and Arrowsmith, 2008), loading or

unloading of the crust by water or ice (Hampel et al., 2007), or reorganization of strain
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across plate boundaries (Allen et al., 2004; Clark, 2012; Friedrich et al., 2003; Molnar and
Stock, 2009; Sobel et al., 2006) can cause decadal to million-year variations in slip rates.
Moreover, stochastic or cyclic temporal variations in deformation rates due, for example, to
the clustering of strain release (Chevalier et al., 2005; Friedrich et al., 2003; Grant and Sieh,
1994; Marco et al., 1996; Meade and Hager, 2004; Oskin et al., 2008), seasonal water
loading (Bettinelli et al., 2008), or changes throughout a seismic cycle (Cattin and Avouac,
2000; Hilley et al., 2009; Thatcher, 1984) can contribute to such changes.

Slip-rate variations of single structures on geologic timescales are inferred from rate
measurements across multiple time-intervals and, in the absence of additional evidence, are
commonly described as step-like changes (Heermance et al., 2008; Hubert-Ferrari et al.,
2007; Oskin et al., 2007). Measuring gradual rate-changes requires a density of data not
commonly available, but rather assumes a functional form that can be fitted to the
measurements (Gourmelen et al., 2011).

From a decomposition of interferometric synthetic aperture radar (INSAR) time-series
and GPS data, we constrain the spatial pattern of surface-uplift rates for a series of
Quaternary contractional structures along the rapidly deforming eastern boundary of the
Pamir-Tian Shan collision zone. Assuming uplift of sparsely eroded surfaces to be
equivalent to rock-uplift, these data are then compared with geologic rates. The spatial and
temporal patterns on two, well-resolved detachment anticlines support a model of gradually
changing rock-uplift rates. Therefore, in addition of fitting temporal changes in uplift rates
with a simple step function, we use a Monte Carlo model to constrain the probable temporal
evolution of the uplift rate. Step-changes in vertical velocities at the time of fold initiation

are among the most probable fits to the data for folds where geologic samples (0.1-1.6 My
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old) record similar average uplift rates. Where major changes in average uplift rates are
measured over time, step functions are contained within the 95% confidence interval, but
gradually varying uplift rates are more probable. With only three data points for uplift rates
across a time interval of 0.5-1.6 My on a given fold, considerable uncertainties remain on a
fold’s uplift-rate evolution. However, our modeling framework yields ranges of probable
temporal variations in uplift-rates that are distinct for different structures and can, therefore,

constrain the range of likely kinematic evolution of contractional structures.

2 Geologic setting

The Pamir and Tian Shan jointly accommodate 20-25 mm/y (nearly 50%) of the total
Indo-Asian shortening rate (Abdrakhmatov et al., 1996; Zubovich et al., 2010) (Fig. 1).
About 11 £ 3 mm/y of shortening are taken up across the ~70 + 10-km-wide boundary
between the two orogens (Fig. 1a, b). At the eastern edge of the Pamir, deformation along
the Main Pamir Thrust appears to have mostly ceased (Sobel et al., 2011; Thompson et al.,
2015), and stepped northward, where it interferes with the southern Tian Shan (Fig. 1c).
Here, the Pamir Frontal Thrust (PFT), the Mingyaole detachment fold, and the Mushi fault-
tip fold have been accommodating a total Late Quaternary shortening of ~6-7 mm/y (L.i et
al., 2012; Li et al., 2015; Li et al., 2013). To the east of the PFT, deformation along the
Tarim basin-Tian Shan boundary has stepped southward from the South Tian Shan thrust
into the Kashi foreland basin over the past 25 My, causing the initiation, growth, and
abandonment of a series of southward-younging structures (Fig. 1¢) (Heermance et al.,
2008). The most recent deformation occurs on a series of anticlines: the Kashi and Atushi
detachment folds, and the Mutule fold (Fig. 1c) that have accommodated > 2-3 mm/y of

shortening since their initiation 1-2 My ago (Heermance et al., 2008; Scharer et al., 2004).
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Currently, structures to the north of these folds, such as the Keketamu and Tashipisake
anticlines, appear to be mostly inactive (Heermance et al., 2008): an interpretation consistent

with the absence of modern shallow seismicity in that region (Fig. 1c).

3 Methods and data

INSAR time-series analysis of Envisat-ASAR data from two ascending tracks (55 and
284) and two descending tracks (191 and 420) was performed using the Stanford Method for
Persistent Scatterers (StaMPS) (Hooper et al., 2012; Hooper et al., 2004) (Fig. S1, Table
S1). Topography was removed with a 90-m-resolution SRTM digital elevation model (Farr
et al., 2007) and atmospheric phase delays were corrected with the Toolbox for Reducing
Atmospheric INSAR Noise (TRAIN) (Bekaert et al., 2015). An interpolated northward
velocity field from published GPS data (Zubovich et al., 2010), together with ascending and
descending INSAR time-series, were then used to decompose the geodetic INSAR velocities
into northward, eastward, and vertical components (Blrgmann et al., 2006; Wright et al.,
2004; Yun et al., 2006). Additional information on the time-series analysis and
decomposition can be found in the supporting material. In the remainder of the analysis, we
use only the decomposed vertical velocity field as a measure of absolute decadal surface-
uplift rates. Peak decadal surface-uplift rates were measured on 10-km-wide swath profiles
plotted approximately perpendicular to the strike of thrust faults and/or the trend of fold axes
(Figs. S5, S6, S7, Table S2). The weighted arithmetic means and corresponding standard
errors were calculated in 1-by-10-km bins along the length of the 10-km-wide swath
profiles. Decadal peak uplift rates were then specified as the maximum of the binned InSAR

velocities across each structure. The resulting decadal surface-uplift rates of major tectonic
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structures are assumed to largely reflect absolute rates of rock-uplift and can, therefore, be
compared with geologic rock-uplift rates.

Published initiation ages and structural cross-sections for the Mingyaole (Chen et al.,
2005; Li et al., 2015), Kashi (Chen et al., 2007), and Atushi (Heermance et al., 2008;
Scharer et al., 2004) folds were used to calculate rock-uplift rates above the surrounding
basin since initiation of the structures (Table 1, S3). For the Mutule fold, we estimated
initiation on the basis of the interference of the structure with the Atushi fold to the west
(Fig. 1c), and we used a published structural cross-section (Bufe et al., in review) to
calculate a rock-uplift rate (Table 1). Finally, we compiled Late Quaternary surface-uplift
rates of structures across the study area from ages on landforms uplifted with respect to
either a river or the footwall of a thrust (Bufe et al., 2014; Li et al., 2012; Li et al., 2015; Li
et al., 2013; Thompson et al., in review) (Tables 1, S3). Because all dated landforms are
largely unaffected by erosion, these surface uplifts can be, again, assumed to be equivalent
to rock-uplift. For two terraces with ages obtained through both optically stimulated
luminescence and cosmogenic radionuclide (CRN) dating, we used the CRN dates because
they have been shown to be more reliable in this region (Thompson et al., in review).

A comparison of uplift rates among multiple structures assumes a common base level.
Vertical INSAR velocities are measured with respect to regional background uplift rates
estimated from the swath profiles. Hanging-wall uplift of thrust faults on geologic
timescales is also measured with respect to the local footwall. In contrast, surface uplift from
elevated fluvial terraces is measured with respect to the level of the modern river. Therefore,
a comparison of geologic with decadal rates requires that the local base level reliably

approximates base-level changes in the modern river. Finally, the rock uplift since initiation
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of folding was measured on structural cross-sections drawn perpendicular to the fold axes.
In all cross-sections, the sloping beds of the outer limbs of the structures have to be
projected into the subsurface, and the positions of the outermost hinges and, therefore, total
stratal thickness, have to be estimated. Hence, we assign a 26 uncertainty of = 500 m to all

measurements of cumulative uplift estimated from geologic cross-sections (Table 1).

4 Results

The decomposition of the INSAR time-series clearly resolves 10- to 20-km-wide zones
of surface uplift centered above nearly all structures in the study area that are interpreted or
known to have been active during the Quaternary (Fig. 2). These vertical velocities on active
structures are smooth across track boundaries (Fig. 2). Apparent breaks across track
boundaries, such as across track 284 along the eastern part of the Keketamu anticline north
of Atushi (Figs 2, S2, S3), mark signals that are present in only one of the tracks and are
most likely errors due to atmospheric disturbances. No correlation of the vertical INSAR
velocities with topography is apparent (Figs. 3, S6, S7), thereby supporting the interpretation
of a tectonic origin of the signal across Quaternary structures (Figs. 4, S6).

We find surface-uplift rates are highest in the west and in the center of the scene, along
the Pamir Frontal Thrust (PFT), the Mushi anticline, and the Kashi anticline (Fig. 2).
Whereas our data might show some recent uplift along the South Tian Shan Thrust, the
Main Pamir Thrust, as well as the Tian Shan foreland north and east of the Atushi fold
(including the Mutule fold), appear to be inactive (Fig. 2). It cannot be ruled out that a lack
of surface uplift is associated with interseismic locking of structures (Harris and Segall,
1987) or to slip-rate variations during a seismic cycle (Cattin and Avouac, 2000; Hilley et

al., 2009; Thatcher, 1984). Nevertheless, this pattern is consistent with inferred basinward
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propagation of the deformation front over the past 25 My (Heermance et al., 2008;
Thompson et al., 2015). The entire region covered by the INSAR data appears to be uplifting
at a fairly consistent background rate of ~ 1.5 £ 0.5 mm/y (+20) as estimated from swath
profiles drawn perpendicular to the strike of major structures (Figs. S6, S7).

Six-km-wide swaths aligned along the axis of each active structure reveal significant
spatial variations in decadal surface-uplift rates (Fig. 3). The Kashi and Atushi detachment
folds show a broad, bow-shaped pattern with peak rates close to their centers (Fig. 3).
Surface-uplift rates drop sharply at the tips of the folds with a tip-zone length spanning 10-
25% of the length of the structure. Such a tip-zone is consistent with commonly inferred
incremental slip-rate distributions along folds and faults (Amos et al., 2010; Manighetti et
al., 2001). Comparisons of rates for the propagating tip of eastern Kashi versus the pinned
tips of Atushi and western Kashi show no clear differences. Similar to these two detachment
folds, the Mushi fold also shows peak surface-uplift rates close to its center, but the peak is
narrower and higher. Whereas post-seismic effects from the nearby 1985 Ms 7.4 Wugia
earthquake to the west of Mushi (Fig. 1¢) cannot be ruled out, the gradual decrease of
surface-uplift rates toward the eastern tip of the fold is consistent with observed lateral
tilting of fluvial terraces since at least 130 ka (Li et al., 2013). In contrast to these well-
defined patterns, spatial surface variations of uplift rate along the Pamir Frontal Thrust and
the Mingyaole fold are more complex. Uncertainties in the INSAR data, interference of
structures, and fault segmentation could cause these variations. Thus, possibly, the tips of
the Mingyaole fold uplift faster due to interference with the Kashi fold (to the east) and the

PFT (to the west).
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Assuming that peak decadal surface-uplift rates on major structures are dominated by
rock-uplift, as described above, we find that average rock-uplift rates measured (1) since
fold-initiation, (2) across the last 10-80 ky, and (3) across a 7-year (INSAR) interval have
either stayed constant or have slightly increased along frontal structures: the PFT and the
Mushi and Kashi folds (Fig. 4). In contrast, rock-uplift rates on the more hinterland Mutule
and Atushi folds have decreased (Fig. 4). Such spatial patterns are consistent with basinward

propagation of peak strain rates (Heermance et al., 2008; Thompson et al., 2015).

5 Monte Carlo modeling of gradually changing rock-uplift rates

Although changes in rock-uplift rate measured across different time intervals (Fig. 4) can
be easily fit by linearly connecting single measurements of cumulative displacements (Fig.
5a), this strategy results in step-changes of uplift rates at the times defined solely by dated
samples (Fig. 5b). Sometimes such abrupt velocity changes can be linked to geologic
triggers (Hampel et al., 2007). However, even if such abrupt changes occurred, their precise
timing is unlikely to be captured, given the relative paucity of sample ages. Moreover, we
argue here that gradual changes in velocity of a single structure are more likely than step-
changes (Gourmelen et al., 2011). Imagine a fold with instantaneous rock-uplift rates that
drop smoothly to zero toward the tip of the structure (Figs. 3a, c-d, 5¢). If such a tip is
propagating, the uplift rate in the migrating tip zone will increase through time (Fig. 5d). If
the increase in rates is slow enough, a spatial difference in long-term uplift rates will also be
seen in the long-term average uplift rates: a case for which the Kashi fold might be an
example (points g and i: Fig. 3c). Even structures lacking propagating tips might accelerate
after initiation and decelerate toward the cessation of deformation (Gourmelen et al., 2011).

Slip rates can also vary in a more complex sequence of accelerations and decelerations
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(Chevalier et al., 2005), but with constraints of rates across only three timescales, we are
unable to resolve such intermediate fluctuations.

In order to understand the possible range of uplift-rate changes that fit our data, we
explore a simple three-phase scenario with an initial phase of velocities increasing from zero
(v3 = 0) at the time of initiation (t3) to an intermediate value (v2) at some unknown time (t2)
(Fig. 6a). The velocity then remains steady (v1 = v2), until it increases or decreases at time
(t2) to the final velocity (vo) at the modern day (to = 0) (Fig. 6a). For each iteration of the
Monte Carlo simulation, t3is picked from a normal distribution defined by the mean age
(and its uncertainty) of the initial folding, and vois picked from a normal distribution
constrained by the peak INSAR velocity (Table S2). In turn, t1, t2, and vi=v are picked from
uniform distributions with boundary conditions 0 <t> <t3, 0 <t1i<t2, and 0 <v1 < 10 mm/y.
We explicitly note here, that t1 and tz2 are each allowed to be zero, equal to ts, or equal to
each other, which includes a range of scenarios, such as a steady increase of velocity,
constant uplift rates across the entire lifecycle of the fold, or an instantaneous increase of
uplift rate to a maximum value and followed by a steady decrease. For each randomly
generated uplift-rate scenario, we calculate the cumulative uplift since the initiation time ts,
and since a time tx. The latter time is picked from the normally distributed age of the Late
Quaternary uplift-rate estimates (green points in Figs. 3 & 4). Finally, each uplift-rate
scenario is assigned a likelihood value which is the product of 1) the probability of the
chosen value of the initiation age (ts) within the uncertainty of the geologic measurement
(Table 1), 2) the probability of the final velocity in the model run (vo) given the a normally
distributed estimate of the peak decadal velocity, 3) the probability of tx within the

uncertainty of the Late Quaternary geologic sample age, 4) the probability of the predicted
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cumulative uplift since ts, and 5) the probability of the predicted cumulative uplift since tx.
Therefore, the likelihood of the fit represents both the probability of picking that particular
scenario, as well as its goodness of fit to the geologic rock-uplift data.

Curves within 95% of the maximum probability for all folds show a variety of likely
uplift-rate scenarios (Fig. 6). For structures with two separate averages of geologic uplift
rates, e.g., derived from dated strath terraces and total rock uplift since fold initiation, that
are similar in magnitude, a step-like function of instantaneous uplift appears probable
(Mushi - Fig. 6¢, Fig. 7a). In contrast, where average uplift rates measured across Late
Quaternary timescales have increased compared to the rate since initiation of the structure, a
more gradual change in uplift rate through time is predicted by a higher number of model
solutions (Mingyaole - Fig. 6b, Fig. 7b). More intermediate patterns, with gradual uplift-rate
changes for 10-50% of the structure’s evolution, and with long plateaus in-between, occur
where measured velocities across different time-intervals are similar (within a few fractions
of a millimeter) (Kashi, Figs. 6d, e). Finally, where uplift rates have decreased significantly
over time, gradual changes in rates are also likely (Atushi-Mutule, Figs. 6f-h, Fig. 7c). Such
patterns appear fairly consistent along strike of the structures (Figs. 6d/e, 6f/g). We note that
decreasing the maximum permitted velocity does not change the overall pattern of these

results except by eliminating any solutions that extend beyond that maximum velocity.

6 Discussion

The careful decomposition of INSAR data presented in this study resolves surface-uplift
rates of individual, <10-km-wide structures over the past decade in an unprecedented detail.
The correlation of decadal surface-uplift rates with geologic outlines of the structures, the

absence of a strong correlation between elevation and INSAR velocities, the consistency of
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peak surface-uplift rates across track boundaries, and their smooth variation along the
structure support the interpretation of a tectonic origin for the INSAR signal on the Pamir
frontal thrust (PFT), and the Mushi, Mingyaole, Kashi, Atushi, and Mutule folds (Fig. 2).
The consistency between the broad spatial patterns of geologic and geodetic uplift rates on
the structures (Fig. 3) suggests that large-scale (> 10s of kms) patterns of decadal velocities
can inform longer-term trends. Our data confirm previous findings of the basinward
propagation of tectonic activity and lend further support to the assumed, but debated,
inactivity of the Main Pamir Thrust (Sobel et al., 2011; Thompson et al., 2015) and the
northern Tian Shan foreland (Heermance et al., 2008). The comparison of rock-uplift rates
through time suggests slowing of deformation on the Atushi and Mutule folds, whereas the
locus of high strain rates is presently concentrated on the PFT and the Mushi, Mingyaole,
and Kashi folds (Fig. 4).

The apparent regional background surface uplift rate of 1.5 £ 0.5 mm/y (Figs. 2, S6, S7)
may be surprising. Because this uplift rate is consistent across the entire study area and
across track-boundaries, it seems unlikely to be an artefact contained in one of the INSAR
tracks. Assuming conservation of volume, shortening of a crustal block ~52 + 2 km-deep
(Liu et al., 2006; Zheng et al., 2008), 70 + 10 km long (N-S) (Fig. 1) at a rate of 11 £ 3
mm/y (Fig. 1) would result in crustal thickening at a rate of 8 + 3 mm/y. Following isostatic
compensation based on typical crustal and mantle densities, the corresponding surface uplift
can be estimated to be 1.5 £ 0.6 mm/y. Given uncertainties in local crustal and mantle
density and thickness, a more precise calculation is unwarranted. This simple approach,
however, reproduces the observed regional surface uplift rates and suggests that crustal

thickening is driving surface uplift throughout the study area.
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The arc-shaped spatial pattern of decadal surface- and rock-uplift rates along the Kashi,
Atushi, and Mushi folds with “tip zones” in which vertical velocities are smoothly dropping
to zero is inconsistent with a pure block-shape model of incremental surface uplift
(Manighetti et al., 2001). Instead, it favors interpretations in which uplift rates change more
gradually along strike (Fig. 5). Such changes can be well-fitted with simple uplift-rate
scenarios, especially where rock-uplift rates have markedly increased or decreased through
time (Figs. 6, 7). Lateral propagation rates of ~40 and ~50 mm/y have been inferred for the
tips of the Kashi and Atushi folds, respectively (Chen et al., 2007; Scharer et al., 2004).
Thus, within a “tip zone” length of 10 = 5 km, a point on the Kashi or Atushi fold would be
expected to accelerate for at least 200 + 100 ky or 250 * 130 ky, respectively. Such time-
scales of acceleration are consistent with the modeled uplift-rate scenarios, although the
most probable fits for to the Atushi data predict slightly shorter periods of acceleration (Figs.
6f, 9).

Where structures interfere (Mingyaole fold) or are segmented (Pamir Frontal Thrust) or
tilt laterally (Mushi fold), the spatial pattern of decadal uplift rates is more complicated (Fig.
3). Such complexity makes the interpretation of a “representative” modern velocity
challenging. However, when combined with the Late Quaternary rates, reasonable estimates
of the recent development of these structures and distinct uplift-rate scenarios can be
synthesized. Whereas our models cannot define a unique uplift-rate evolution with so few
data, we find distributions of probable scenarios that inform the range of kinematic

evolution of compressional structures.
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7 Conclusions

With a careful decomposition of INSAR data, we obtain insights into the spatial patterns
of decadal surface- and rock-uplift rates along rapidly deforming contractional structures
along the Tian Shan-Pamir interface. Together with geologic estimates of uplift rates on
these structures, we argue that gradual, rather than stepwise, changes in deformation rates on
geologic timescales are common. Distinct patterns of probable fold growth can be predicted
with just three measurements of cumulative uplift across different timescales. Where rates
have changed through time, probabilistic models suggest gradual changes in velocity are

more likely than step-wise changes.
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Figure 1: Overview of the study area. (a) Regional map of the Pamir and Tian Shan with
horizontal GPS velocities (Zubovich et al., 2010). (b) Northward component of the GPS
velocity in the 400 km-wide swath along A-A’. The grey area corresponds to the grey area
in (a). (c) Digital elevation model of the study area showing a series of faults and folds in the
foreland of the Tian Shan and Pamir. The Late Quaternary activity of structures (black and
white lines) is based on geologic evidence published in previous studies (Chen et al., 2007,
Heermance et al., 2008; Li et al., 2012; Li et al., 2015; Li et al., 2013; Thompson et al.,
2015).
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Figure 2: Decadal uplift rates from INSAR time-series analysis of Envisat data for two
ascending tracks and two descending tracks. The activity of structures in the Late
Quaternary (black and white structures) is based on geologic evidence published in previous
studies (Chen et al., 2007; Heermance et al., 2008; Li et al., 2012; Li et al., 2015; Li et al.,
2013; Thompson et al., 2015). Note significant subsidence near Kashgar which is probably
due to groundwater withdrawal.
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Figure 3: Along-strike changes in uplift rates and velocity. (a-e) Six-km-wide swath profiles
along strike of the study area’s major active structures show decadal vertical velocities and
associated topography. Mean and standard error of the INSAR velocities are calculated in 1-
km bins (approximate spacing of points in the INSAR velocity map). Yellow horizontal bar
marks background uplift rate of 1.5 £ 0.5 mm/y deduced from 10-km-wide swaths
perpendicular to the structures (Figs S6, S7). Peak geodetic uplift rates (2o errors: vertical
black lines) measured on 10-km-wide, structure-perpendicular profiles (blue bars). For
reference, published uplift rates measured across geologic timescales (green and yellow
circles) are shown where available. For comparison of decadal and geologic uplift rates, the
background uplift rate in the INSAR velocity field is added to the geologic rates (Table 1).
(F) Overview map with the locations of profiles and locations where geologic uplift rates
were calculated.
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Table 1: Quaternary and InSAR uplift rates

Structure Locaton | A9 Eature | iS5 | vats sbove base | Bockaroundcorrected
(m) level £26 (mm/y)?

Mayikake Thrust a 14 +3/-4 15+1 1.0+0.3 25+0.6
PFT (Biertuokuoyi Thrust)® 14 +3/-4 38+1 27+08 42+0.9
PFT (Tuomuluoan Thrust)® c <350 600 + 50 >1.7 >32+05
Mushi Anticline d-1 55+ 11 ~ 125 2.3+21/-0.8 3.8+22/-0.9
Mushi Anticline d-2 500 1300 = 500 26+0.7 41+0.9
Mingyaole Anticline e 146+2.6 50+3 34+0.6 49+0.8
Mingyaole Anticline f 1600 2300 £ 500 14+£05 29+0.7
Kashi Anticline g 1400 + 300 3100 £ 500 22+05 3.7+0.7
Kashi Anticline h 48 + 10 130 £ 20 2.7+0.7 4.2+0.9
Kashi Anticline i 900 £ 400 1300 + 500 1.4+0.7 29+09
Atushi Anticline k > 1400 + 300 5000 + 500 <3.6+0.8 <51+09
Atushi Anticline I 3B+7 35+ 10 1.0+0.3 2506
Atushi Anticline m 82 +22 80+ 10 1.0+0.3 25+0.6
Atushi Anticline n 1400 + 300 4500 + 500 32108 4.7+0.9
Atushi Anticline 0 <1200 £ 300 4000 = 500 >33+0.7 >48+09
Mutule Anticline? p 1400 £ 700 6900 + 500 50+25 6.5+25
Mutule Anticline q 11-30 20 - 56 1.9+0.5 34+0.7

aGeologic rock-uplift rates calculated from published shortening rates and the thrust geometry (locations a-c), published surface-uplift rates assumed to
correspond to rock-uplift (points d-1, e, g, k, I, p), or published ages of initiation of folding and structural profiles showing the total height of uplifted rock (points
d-2, f, h, i, m-o0). Uncertainties are reported at the 2o-confidence level. A full table with references can be found in Table S3.

®A background uplift rate of 1.5 + 0.5 (+26) mm/y was added to the geologic rate in order to directly compare geologic and InSAR rates (see Fig. 3). Reported
uncertainties are propagated from errors in geologic rates and the base level.

°PFT = Pamir frontal thrust; names in brackets give the names of segments along the PFT that were used in other publications

dFor the Mutule fold, a structural cross section exists, but no initiation age was published. We assign the initiation age of the Atushi fold to Mushi’s east and
added a larger uncertainty. Because the Atushi and Mutule folds interfere at their tips, the age of these tips is likely similar.



Supporting material for Chapter 3

We performed INSAR time-series analysis of Envisat data for two ascending tracks (55
and 284) and two descending tracks (191 and 420) spanning an interval from 2002-2011
(Fig. S1, Table S1). We used respectively 12 and 18 acquisitions for the ascending tracks 55
and 284, and 17 and 22 acquisitions for the descending tracks 191 and 420 (Table S1). We
focused each raw acquisition using the ROI_PAC software (Rosen et al., 2004), generated
our small baseline interferograms with the DORIS package (Kampes and Usai, 1999) and
removed the topography using a 90-m resolution SRTM digital elevation model (DEM)
(Farr et al., 2007). We used 31 interferograms for track 55, 38 for track 284, 58 for track
191, and 46 for track 420 as input to our time —series analysis using the Stanford Method for
Persistent Scatterer (StaMPS) (Hooper et al., 2012; Hooper et al., 2004). StaMPS aims to
reduce the number of noisy pixels by specifically selecting pixels with stable phase
characteristics over time. Interferograms with unwrapping errors that could not be corrected
manually were discarded (dashed lines in Fig. S1) (Hussain et al., in review). Moreover, the
southeast of the study area, where unwrapping was consistently problematic, was masked
out.

We reduce tropospheric noise in each interferogram by estimating a correction from the
ERA-Interim (ERA-I) global weather model outputs published by the European Centre for
Medium Range Weather Forecasting (ECWMF) (Dee et al., 2011) and computed with the
Toolbox for Reducing Atmospheric INSAR Noise (TRAIN) (Bekaert et al., 2015b). Because
our tectonic displacement signal in a single interferogram is smaller than the tropospheric
noise, we can assume that the variance of any single interferogram will be strongly

dominated by the tropospheric signal. We found that tropospheric correction decreases the
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variance for interferograms of tracks 191, 55, and 284 on average by respectively 5.6%,
11.1%, and 17.7%, but increases the variance of interferograms in Track 420 by on average
4.3% (Fig. S2). From this result, we conclude that our correction does in general improve
the data. Our resulting line-of-sight (LOS) rate maps are computed by calculating an average
rate from 2002-2011, with the uncertainties estimated by boostrapping the time-series (Figs.
S3, S4). Note that residual tropospheric noise is further reduced by this averaging approach
(Bekaert et al., 2015a; Wright et al., 2001).

Decomposition of the LOS InSAR rates into north, east, and vertical components was
done by combining INSAR and published GPS data (Zubovich et al., 2010). As a pre-
processing step, we perform a long-wavelength (planar) correction to map each InSAR rate-
map into the GPS reference frame (stable Eurasia) and resampled all tracks to a common 1-
km grid. For the reference correction, we use only INSAR observations within a 1-km radius
of the GPS station (Hussain et al., 2016) and estimate the plane correction from the residual
rate between GPS and InSAR. As the INSAR sensitivity is limited in the north-south
direction, we let the GPS constrain this component. We produced a 1-km-resolution regional
northward velocity field interpolated from > 400 published horizontal GPS velocities
acquired between 1994-2007 (Zubovich et al., 2010), and we remove the north component
converted into the LOS for each rate map. This process results in INSAR LOS rate maps
composed of east-west and up motions referenced to stable Eurasia on a fixed 1-km grid.

Now, for each pixel containing at least one observation from a descending and an
track;

ascending InSAR track, the observed INSAR LOS velocities for each track, (d,,s" ") were

decomposed into estimates of the eastward, (dg), and vertical, (dy), velocities by solving

the following inverse problem:
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Qd — track, , (53)
0 0 Gtrackg
0 0 0 atrzrack4

where E2LOS and U2LOS are operators for converting the eastward and vertical velocity

components into the line of sight of the satellite:
E2LOS = sin(0) cos(a) (S1)
U2L0OS = —cos(60) (S1)
based on the local radar incidence angle (8) and the azimuth (a) of the satellite heading
vector. Q4 is the covariance matrix with the variances of each pixel in a time series obtained
from bootstrapping, as described above. This inverse problem is solved for each pixel by
weighted linear least square minimization.

As mentioned above, uncertainties in LOS InSAR velocities of each time series are
estimated from bootstrapping and reach up to > 12 mm/y (1) (Fig. S3, S4). These
uncertainties are propagated through the decomposition and result in errors of 4-12 mm/y in
the vertical velocities (Fig. S3, S4). Such large 1o uncertainties on the order of 70-200% of
the maximum signal, should, if random, result in a velocity map in which no patterns can be
seen. However, our data appears to successfully resolve patterns and variations of uplift
rates with a precision of ~1 mm/y. With the exception of some clearly atmospherically

dominated features, such as the approximately elliptical 40 km-wide zone of apparent uplift
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west of the Tashipishake anticline (Fig. 2), all major peaks of velocity occur along active
Quaternary structures. Thus, it seems that bootstrapping severely overestimates the
uncertainties. In the lack of an alternative method, we therefore estimate the error in the
decomposed INSAR velocities from the scatter of datapoints measured along 10-km swath

profiles.
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Figure S1: Baseline versus time plots for each of the tracks used in the study. Lines in-
between radar acquisitions (red dots) mark all the interferograms that were created. Solid
lines mark interferograms used for the time-series analysis, dashed lines mark
interferograms discarded due to unwrapping errors.
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Figure S2: InSAR velocities and uncertainties for time series and decomposed scenes
without atmospheric correction. For the sake of comparison, velocities of all time-series are
plotted with respect to a common reference zone of 1-km radius and centered on 39.5161°N,
757714°E.
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Figure S3: InSAR velocities and uncertainties for time series and decomposed scenes with
atmospheric correction. For the sake of comparison, velocities of all time-series are plotted
with respect to a common reference zone of 1-km radius and centered on 39.5161°N,
757714°E.

169



= —
o o (2] o

(&3]

Standard deviation (mm/y)

Descending Track 191 - Reduction of variance 5.6%

_ _ T

0 10 20 30 40 50 60
Descending Track 420 - Reduction of variance -4.3%
ﬂm'ﬂﬂﬂﬂhmﬂﬂmﬂﬂﬂhﬂﬂﬂﬂﬂ”ﬂhﬂﬂﬂhﬂhﬂhhﬂﬂhhﬂhhﬂﬂﬂ”ﬂﬂ
0 5 10 15 20 25 30 35 40 45 50
Descending Track 55 - Reduction of variance 11.1%
0 5 10 15 20 25 30 35

Descending Track 284 - Reduction of variance 17.7%

0 5 10 15 20 25 30 35 4b
Interferogram

Figure S4: Reduction of variance in the INSAR data by atmospheric correction. The
variance in a single interferogram is assumed to be dominated by atmospheric effects and
the reduction of variance a measure for the performance of the atmospheric correction. For
all tracks except Track 420, the variance is reduced by the atmospheric correction.
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Figure S5: Location of 10-km wide swath profiles perpendicular to the strike of structures
and shown in Figs S6, S7. The symbology is the same as in Figure 2.
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Figure S6: Ten-kilometer-wide swath profiles drawn approximately perpendicular to the
strike of compressional structures in the study area. The mean and standard error of the
INSAR velocities are calculated in 1-km bins (approximate spacing of points in the INSAR
velocity map). Peak decadal uplift rates for all structures are taken as the peak mean value
within the topographic expression of the tectonic structures. Location of all swath profiles is
given in Fig. S5.
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Table S1: Geometry and data coverage for the INSAR tracks used in this study

Total

Track Geometry Time span Nl_meer of interferograms Interferograms
images used
created
191 Descending 31 May 2004-27 Sep 2010 17 60 58
420 Descending 06 Aug 2003-30 Jun 2010 22 54 46
55 Ascending 06 Feb 2004-15 Feb 2008 12 31 31
284 Ascending 18 Jan 2004-26 Apr 2009 18 52 38




Table S2: INSAR peak uplift rates from swath profiles in Figs. S6, S7

Total INSAR INSAR mean peak
Structure Swa_tha mean peak uplift rate above base
profile uplift ratesbﬂc level £26 (mm/y)°
(mmly)
Mayikake Thrust SA - SA' 2.7+05 1.2+0.7
PFT (Biertuokuoyi Thrust)® SA - SA 3.4+03 1.9+0.6
PFT (Tuomuluoan Thrust)® SB - SB' 3.2+0.7 1.7+0.8
West Mushi Anticline SC - SC' 49+0.6 3.4+0.8
Central Mushi Anticline SD - SD' 5.6+0.3 4.1+0.6
East Mushi Anticline SE - SE' 35+0.3 2.0+0.6
West Mingyaole Anticline SB - SB' 49+05 34+07
Central Mingyaole Anticline SC-SC 22+04 0.7x0.6
East Mingyaole Anticline SD - SD' 3.3+0.2 18+£05
West Kashi Anticline SD - SD' 3.7+0.3 22+0.6
West Kashi Anticline SE - SE' 3.7+£0.2 22+0.5
Central Kashi Anticline SF - SF' 46+0.2 3.1+05
Central Kashi Anticline SG - SG' 48+0.3 33+£06
East Kashi Anticline SH - SH' 40+£0.3 25+0.6
West - Atushi Anticline SF - SF 19+0.3 04+0.6
West-Central Atushi Anticline | SG - SG' 35+0.2 20+0.5
Central Atushi Anticline SH - SH' 3.2+0.2 1.7+£05
East Atushi Anticline SI-sI’ 25+0.2 1.0+05
West Mutule Anticline SJ-SJ 1.9+0.3 04+£06
Kashi-Shule Cities SG - SG' -1.7+0.8 -3.2+0.9

aSee Fig. S5 for locations of swath profiles.

®Peak rates for each structure obtained from the highest mean InSAR uplift rate on the structure measured
along 10-km wide swath profiles (Figs. S6, S7). Reported uncertainties are 2-standard errors (standard

deviations of the mean).

°A base uplift rate of 1.5 £ 0.5 (+20) mm/y was subtracted from the peak rate uplift rate to obtain uplift rates
above the base level. Reported uncertainties are propagated from the standard error in the peak uplift rate and

the uncertainty in the base level uplift rate.

dPFT = Pamir frontal thrust; names in brackets give the names of segments along the PFT that were used in

other publications
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9.7

Table S3-1: Geologic uplift rates and references-Part 1

terrace

Name of Point on Datin Age of Uplift of landform | Uplift rate averaged
Structure Latitude Longitude Fiq. 3 Landform dated techni Sea landform | over time interval | over landform age
9. q 26 (ka) +26 (M) +26 (MM/y)P
Mayikake Thrust | 39.5836 | 75.1046 a D?\;‘gxsgkﬂ:;en'” CRN 14 +3/-4 15+1 1.0£03
Mayikake Thrust 39.5836 75.1046 a D?\;‘g;‘lfgkt:g:;f]'“ oSL 18+5 15+1 08402
PFT (Biertuokuoyi | 59 539109 | 75.05870 b Deformed terrace in | oo | 14 4374 38+1 27+08
Thrust) Mayikake basin
PFT (Biertuokuoyi | 59 53919 | 75.05870 b Deformed terrace in | ) 1845 38+1 21+05
Thrust) Mayikake basin
SB(;::;UOKUOW fold 39.50540 75.02600 Deformed terrace OSL 75+10 1.0+0.2
PFT (Tuomuluoan Conglomerates
Thrust)e 39.51851 75.22313 c underlying thrust fault Paleomag < 350 600 = 50 >1.7
PFT (Alsmaola d Uplifted terrace OSL 55-95 >0.3
Anticline)®
Mushi Anticline 39.37503 75.52915 d Uplifted terrace OSL 55+ 11 ~ 125 2.3+21/-0.8
Mushi anticline 39.37503 75.52915 d growth strata Paleomag 500.0 1300 + 350 26+0.7
Mingyaole 39.48045 | 75.47720 - Dated fold scarp CRN | 85+4.3/-5 16+1 19+11
Anticline
Mingyaole 3954411 | 75.42379 e Dated fold scarp osL 146+26 50 +3 3.4+06
Anticline
2?&?3?’,?:'6 39.50563 75.45713 f growth strata Paleomag 1600.0 ~ 2300 1.4+£05
Kashi Anticline 39.57660 75.74893 g growth strata Paleomag | 1400 + 300 3100 + 500 22105
Kashi Anticline 39.5785 | 75.9480 h | Incised &deformed | g 48 + 10 130 + 20 27407




LLT

Kashi Anticline 39.60813 76.11352 i growth strata Paleomag | 900 + 400 1300 + 500 1.4+0.7
. > 1400

Atushi West 39.68892 75.80174 k growth strata Paleomag 300 5000 £ 500 <3.6+0.8

Atushi Anticline 39.712 76.0115 | '”C'Se‘ie‘f‘rs:gmme‘j CRN 82 £ 22 80 £ 10 1.0£03

Atushi Anticline 39.6007 | 75.8513 m '”C'Se‘ief‘rscegormed oSL 3547 35410 1.0+03

Atushi Central 39.74068 76.09987 n growth strata Paleomag | 1400 + 300 4500 = 500 3.2%+08
. <1200 £

Atushi East 39.82239 76.36180 0 growth strata Paleomag 300 4000 = 500 >33+0.7

Mutuled 39.924839 | 76.529825 p - - 1400 + 700 6900 + 500 5025

Mutule Anticline | 39.9046 | 76.5833 q e 11-30 21-59 19+05

deformed terraces

8CRN = cosmogenic nuclide dating; OSL = optically stimulated luminescence dating; Paleomag = paleomagnetic dating

®Where two different ages exist, preference was given to the CRN datess.

°PFT = Pamir frontal thrust. Names in brackets give name of the PFT segment used in the published literature

dFor the Mutule fold, while a structural cross section exists, no initiation age was published. We therefore took the initiation age of the Atushi fold to the east and
added a larger uncertainty. Since the Atushi and Mutule folds interfer at their tips, the age of these tips is likely similar.
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Table S3-2: Geologic uplift rates and references-Part 2

Name of Structure

Uplift rate calculated from:

Reference

Mayikake Thrust

Published shortening rate & thrust geometry

Thompson et al., (2013)

Mayikake Thrust

Published shortening rate & thrust geometry

Lietal., (2012)

PFT (Biertuokuoyi Thrust)®

Published shortening rate & thrust geometry

Thompson et al., (2013)

PFT (Biertuokuoyi Thrust)®

Published shortening rate & thrust geometry

Lietal., (2012)

Biertuokuoyi fold scarp

yes

Thompson et al., (2013)

PFT (Tuomuluoan Thrust)®

Published shortening rate & thrust geometry

Lietal., (2012)

PFT (Aismaola Anticline)¢

Published uplift rate

Thompson et al., (in prep)

Mushi Anticline

Published uplift rate

Lietal., (2013)

Mushi anticline

Published structural profile and published initiation age

Chen et al., 2005; Li et al., 2013,

Mingyaole Anticline

Age and elevation of T1

Lietal., (2015), Thompson et al., (2013)

Mingyaole Anticline

Age and elevation of T3

Lietal., (2015)

Mingyaole anticline

Published uplift rate

Chen et al., 2005; Li et al., 2015a&b,

Kashi Anticline

Extrapolated from published initiation age and structural cross section

Heermance et al., 2008; Scharer et al., 2004

Kashi Anticline

Published uplift rate

Bufe et al., (submitted)

Kashi Anticline

Extrapolated from published initiation age and structural cross section

Scharer et al., 2004, Chen et al., 2007

Atushi West

Extrapolated from published initiation age and structural cross section

Heermance et al., 2008 Scharer et al., 2004

Atushi Anticline

Published uplift rate

Bufe et al., (submitted) Heermance et al., (2008)

Atushi Anticline

Published uplift rate

Bufe et al., (submitted)

Atushi Central

Published initiation age and structural cross section

Heermance et al., 2008 Scharer et al., 2004

Atushi East

Extrapolated from published initiation age and structural cross section

Heermance et al., 2008 Scharer et al., 2004

Mutuled

Calculated from published Structural section, and estimated initiation

age from initiation of Atushi fold

Heermance et al., 2008 Scharer et al., 2004, Bufe
etal., in review

Mutule Anticline

Published uplift rate

Bufe et al., (in review)
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Table Al: Imbrication measurements

MSL in?lg?ilégtci)gn Dip of Strike of gg:g\ri]vt Paleoflow
Pont* GPSTime (GMT) Lat Lon from (right hand imbrication exposure terace direction
GPS rule) face surace (m)
ADla 06/06/13 09:45:44am 39.74206 | 76.09841 | 1414.942 245 35 120 155
AD1b 06/06/13 09:45:44am 39.74206 | 76.09841 | 1414.942 254 34 120 164
AD1b 06/06/13 09:45:44am 39.74206 | 76.09841 | 1414.942 247 35 120 157
AD2a 06/06/13 09:45:44am 39.74206 | 76.09841 | 1414.942 240 37 120 150
AD2b 06/06/13 09:45:44am 39.74206 | 76.09841 | 1414.942 225 39 120 135
AD3a 06/06/13 09:45:44am 39.74206 | 76.09841 | 1414.942 56 40 120 326
AD3b 06/06/13 09:45:44am 39.74206 | 76.09841 | 1414.942 40 50 120 310
AD4 06/06/13 09:45:44am 39.74206 | 76.09841 | 1414.942 245 34 120 155
AD5 06/06/13 09:45:44am 39.74206 | 76.09841 | 1414.942 212 25 120 122
AD6 06/06/13 09:45:44am 39.74206 | 76.09841 | 1414.942 211 39 120 121
AQ1 06/06/13 11:42:38am 39.74646 | 76.08788 | 1391.714 194 36 125 104
AQ1b 06/06/13 11:42:38am 39.74646 | 76.08788 | 1391.714 214 37 125 124
AQ2a 06/06/13 11:42:38am 39.74646 | 76.08788 | 1391.714 171 48 86 81
AQ2b 06/06/13 11:42:38am 39.74646 | 76.08788 | 1391.714 166 39 86 76
AR1 06/06/13 12:05:18pm 39.74639 | 76.08838 | 1395.872 215 45 134 125
AR2 06/06/13 12:05:18pm 39.74639 | 76.08838 | 1395.872 76 24 130 346
AR3 06/06/13 12:05:18pm 39.74639 | 76.08838 | 1395.872 262 30 168 172
GAl 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 196 26 324 5.8 106
GA2 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 260 51 335 5.8 170
GA3 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 245 35 335 5.8 155
GA4 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 156 29 from below 6.1 66
GA5 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 260 24 335 170
GAG6 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 215 30 235 125
GA7 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 204 24 355 4.9 114
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GA8 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 190 20 355 4.9 100
GA9 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 226 33 355 4.9 136
GA10 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 233 40 355 4.9 143
GAll 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 237 50 330 5 147
GAl12 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 220 29 330 5 130
GAI13 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 23 50 335 4.6 293
GAl4 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 40 60 335 4.6 310
GA15 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 289 35 340 4.6 199
GAl6 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 41 34 325 5.3 311
GA17 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 241 30 320 45 151
GA18 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 215 25 329 53 125
GA19 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 225 40 329 5.3 135
GA20 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 35 25 329 53 305
GA21 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 225 40 310 4.8 135
GA22 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 223 40 320 4.9 133
GAZ23 06/12/13 05:47:25am 39.71299 | 76.01116 | 1484.878 224 46 310 5.5 134
1Al 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 123 26 50 2.9 33
1A2 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 105 33 71 2.9 15
IA3 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 130 35 55 2.9 40
1A4 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 189 37 55 2.8 99
IA5 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 144 44 40 2.8 54
I1A6 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 195 31 79 2.7 105
1A7 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 115 20 45 2.8 25
IA8 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 164 41 84 2.8 74
1A9 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 155 34 94 2.8 65
IA10 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 190 33 86 2.6 100
IA11 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 152 20 86 2.6 62
IA12 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 0 39 89 2.5 270
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IA13 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 193 32 89 2.5 103
IA14 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 146 31 116 2.7 56
1A15 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 156 34 116 2.7 66
IA16 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 170 34 102 2.8 80
IA17 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 171 25 102 2.8 81
IA18 06/13/13 02:32:42am 39.6922 76.0245 | 1421.822 174 20 100 2.8 84
IB1 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 198 16 22 4.6 108
1B2 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 209 30 22 4.6 119
IB3 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 181 45 22 4.6 91
1B4 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 135 35 39 4.7 45
IB5 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 173 34 16 4.9 83
1B6 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 119 26 16 4.9 29
1B7 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 185 51 303 5.4 95
1B8 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 134 31 285 5.9 44
1B9 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 174 48 271 5.9 84
IB10 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 245 44 316 5.6 155
IB11 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 130 30 276 6 40
IB12 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 123 34 179 5.7 33
IB13 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 90 42 179 5.7 0

IB14 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 115 43 179 5.7 25
IB15 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 188 42 280 5.5 98
IB16 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 164 45 250 4.9 74
IB17 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 194 46 276 4.2 104
IB18 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 90 32 318 5 0

IB19 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 180 36 275 3.6 90
1B20 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 156 27 280 3.5 66
IB21 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 160 41 280 3.5 70
IB22 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 135 39 241 1.2 45
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IB23 06/13/13 03:03:52am 39.69213 | 76.02367 | 1419.053 150 40 226 1.2 60
IB24 06/13/13 03:59:44am 39.69216 | 76.02346 | 1421.982 171 50 65 3.4 81
IB25 06/13/13 04:00:43am 39.69228 | 76.02361 | 1418.962 80 47 355 2 350
IB26 06/13/13 04:00:43am 39.69228 | 76.02361 | 1418.962 75 35 350 2 345
1B27 06/13/13 04:00:43am 39.69228 | 76.02361 | 1418.962 255 36 356 2.3 165
IB28 06/13/13 04:00:43am 39.69228 | 76.02361 | 1418.962 94 49 347 2.3 4

IC1 06/13/13 04:20:20am 39.69511 | 76.01914 | 1449.386 200 32 105 0.3 110
IC2 06/13/13 04:20:20am 39.69511 | 76.01914 | 1449.386 212 35 104 0.2 122
IC3 06/13/13 04:20:20am 39.69511 | 76.01914 | 1449.386 190 24 80 0.2 100
IC4 06/13/13 04:20:20am 39.69511 | 76.01914 | 1449.386 183 31 270 2.3 93
IC5 06/13/13 04:20:20am 39.69511 | 76.01914 | 1449.386 204 45 279 2.3 114
1C6 06/13/13 04:20:20am 39.69511 | 76.01914 | 1449.386 150 57 260 2.3 60
ID1 06/13/13 04:34:54am 39.69668 | 76.01607 | 1455.261 240 24 330 3.5 150
ID2 06/13/13 04:34:54am 39.69668 | 76.01607 | 1455.261 250 32 330 3.5 160
ID3 06/13/13 04:34:54am 39.69668 | 76.01607 | 1455.261 216 23 320 3 126
ID4 06/13/13 04:34:54am 39.69668 | 76.01607 | 1455.261 186 36 320 3.2 96
IE1 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 324 35 195 2 234
IE2 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 280 42 25 2 190
IE3 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 275 30 160 2 185
IE4 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 156 37 83 2 66
IE5 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 256 44 155 6.1 166
IE6 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 261 39 175 5 171
IE7 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 30 55 175 5 300
IE8 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 203 44 285 4.7 113
1E9 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 190 51 285 4.7 100
IE10 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 199 25 285 4.7 109
IE11 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 41 39 290 4.1 311
IE12 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 216 46 310 4.1 126
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IE13 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 300 27 190 3 210
IE14 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 295 26 190 3 205
IE15 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 262 40 191 2 172
IE16 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 280 60 187 2.5 190
IE17 06/13/13 04:51:21am 39.69696 | 76.01559 | 1453.334 90 56 210 25 0
IG1 06/13/13 05:48:55am 39.70376 | 76.01273 | 1470.955 184 41 306 2.2 94
Between Between Between
1G2 Between top and bottom top and top and top and 200 40 306 2.2 110
bottom bottom bottom
Between Between Between
IG3 Between top and bottom top and top and top and 175 21 270 2.4 85
bottom bottom bottom
Between Between Between
1G4 Between top and bottom top and top and top and 173 41 300 2.3 83
bottom bottom bottom
Between Between Between
IG5 Between top and bottom top and top and top and 44 56 290 2.3 314
bottom bottom bottom
Between Between Between
1G6 Between top and bottom top and top and top and 140 34 274 2.7 50
bottom bottom bottom
Between Between Between
IG7 Between top and bottom top and top and top and 131 35 210 3 41
bottom bottom bottom
Between Between Between
IG8 Between top and bottom top and top and top and 115 39 210 3 25
bottom bottom bottom
Between Between Between
1G9 Between top and bottom top and top and top and 130 60 210 3 40
bottom bottom bottom
Between Between Between
1G10 Between top and bottom top and top and top and 295 34 210 3 205
bottom bottom bottom
Between Between Between
1G11 Between top and bottom top and top and top and 301 31 210 2.8 211
bottom bottom bottom
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Between Between Between

1G12 Between top and bottom top and top and top and 291 53 210 2.8 201
bottom bottom bottom
Between Between Between

IG13 Between top and bottom top and top and top and 276 46 193 3.2 186
bottom bottom bottom
Between Between Between

1G14 Between top and bottom top and top and top and 106 31 193 3.2 16
bottom bottom bottom
Between Between Between

1G15 Between top and bottom top and top and top and 170 35 305 4.2 80
bottom bottom bottom
Between Between Between

1G16 Between top and bottom top and top and top and 254 26 329 4.6 164
bottom bottom bottom
Between Between Between

1G17 Between top and bottom top and top and top and 256 38 180 4.1 166
bottom bottom bottom
Between Between Between

1G18 Between top and bottom top and top and top and 73 37 180 3.9 343
bottom bottom bottom
Between Between Between

1G19 Between top and bottom top and top and top and 96 40 180 3.9 6
bottom bottom bottom
Between Between Between

1G20 Between top and bottom top and top and top and 305 31 188 3.1 215
bottom bottom bottom
Between Between Between

1G21 Between top and bottom top and top and top and 310 40 195 3.1 220
bottom bottom bottom
Between Between Between

1G22 Between top and bottom top and top and top and 295 62 195 3.1 205
bottom bottom bottom
Between Between Between

1G23 Between top and bottom top and top and top and 259 36 170 4.5 169
bottom bottom bottom

IG24 | Between top and bottom | Scuween | Between | Between 296 36 214 23 206
top and top and top and
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bottom bottom bottom
Between Between Between
1G25 Between top and bottom top and top and top and 313 23 215 2.9 223
bottom bottom bottom
Between Between Between
1G26 Between top and bottom top and top and top and 285 62 215 2.9 195
bottom bottom bottom
Between Between Between
1G27 Between top and bottom top and top and top and 101 25 201 35 11
bottom bottom bottom
Between Between Between
1G28 Between top and bottom top and top and top and 144 50 232 3.9 54
bottom bottom bottom
Between Between Between
1G29 Between top and bottom top and top and top and 265 34 166 2.1 175
bottom bottom bottom
Between Between Between
1G30 Between top and bottom top and top and top and 336 41 264 2.3 246
bottom bottom bottom
Between Between Between
IG31 Between top and bottom top and top and top and 243 31 295 19 153
bottom bottom bottom
Between Between Between
1G32 Between top and bottom top and top and top and 181 26 294 1.3 91
bottom bottom bottom
Between Between Between
1G33 Between top and bottom top and top and top and 250 21 140 0.8 160
bottom bottom bottom
Between Between Between
1G34 Between top and bottom top and top and top and 232 31 140 0.8 142
bottom bottom bottom
1G35 06/13/13 06:28:39am 39.70342 | 76.01332 | 1466.972 206 38 140 0.8 116
IH1 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 256 55 326 0.7 166
IH2 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 246 46 335 0.9 156
IH3 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 176 26 316 1.4 86
IH4 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 213 43 290 1.3 123
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IH5 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 230 32 290 13 140
IH6 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 215 30 290 1.3 125
IH7 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 198 33 315 14 108
IH8 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 204 25 292 1.9 114
IH9 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 192 44 292 1.9 102
IH10 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 190 25 292 1.9 100
IH11 06/13/13 07:33:41am 39.70211 | 76.02095 | 1465.255 163 36 294 2.5 73
11 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 325 28 243 2 235

12 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 155 33 244 2 65

113 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 111 28 244 2 21

114 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 166 61 244 2 76

115 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 118 56 215 2.8 28

116 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 265 31 203 2.4 175

17 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 144 40 238 3.1 54

118 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 274 29 241 2.8 184

19 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 340 33 246 2.5 250

06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 144 38 272 3.5 54

06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 166 22 272 3.5 76

06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 165 41 272 3.5 75

06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 176 72 272 3.5 86

06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 180 66 272 3.5 90

1115 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 139 38 250 3.4 49
1116 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 164 16 250 3.4 74
06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 128 41 257 2.7 38

06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 113 36 257 2.7 23

06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 145 31 257 2.7 55

06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 118 26 257 2.7 28

06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 148 34 257 2.7 58
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06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 149 31 257 2.7 59

06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 137 34 257 2.7 47
1124 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 261 31 154 4.9 171
1125 06/13/13 07:57:31am 39.70308 | 76.02324 | 1462.805 258 69 154 4.9 168

06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 353 50 231 12 263

06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 327 36 231 12 237

06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 337 41 231 12 247

06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 323 32 231 12 233

06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 202 45 274 12.2 112
IK6 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 213 46 312 11.9 123
IK7 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 186 39 282 115 96
IK8 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 183 41 273 11.3 93
IK9 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 300 53 220 6.7 210
IK10 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 245 42 292 45 155
IK11 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 222 44 140 15 132
IK12 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 166 30 291 12 76
IK13 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 175 57 309 10.7 85
1K14 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 184 65 309 10.7 94
IK15 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 185 34 299 10.9 95
IK16 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 188 35 282 9.9 98
IK17 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 306 36 221 115 216
IK18 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 314 55 226 6.4 224
IK19 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 219 37 296 8.5 129
1K20 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 168 48 255 7.5 78
1IK21 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 157 51 255 7.5 67
IK22 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 174 36 255 7.6 84
IK23 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 356 46 255 7.8 266
IK24 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 131 47 223 7.2 41
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IK25 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 136 49 246 6.7 46
IK26 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 205 41 309 5.3 115
IK27 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 209 46 309 5.3 119
IK28 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 203 46 282 4.7 113
IK29 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 211 35 321 5.1 121
IK30 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 265 46 1 4.7 175
IK31 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 301 37 225 4.2 211
IK32 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 192 36 300 3.9 102
IK33 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 275 36 194 1.4 185
IK34 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 246 56 335 3.2 156
IK35 06/14/13 03:15:19am 39.89122 | 76.60739 | 1362.629 237 34 311 3.8 147
JG1 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 284 42 267 3 194
JG2 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 262 26 267 3 172
JG3 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 276 33 215 1.8 186
JG4 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 261 43 215 171
JG5 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 284 27 215 194
JG6 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 145 35 270 3.7 55
JG7 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 147 37 270 3.7 57
JG8 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 295 30 145 3.7 205
JG9 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 248 45 145 3.7 158
JG10 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 290 57 145 3.7 200
JG11 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 259 29 190 25 169
JG12 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 285 54 196 2.5 195
JG13 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 109 45 196 2.5 19
JG14 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 166 68 215 1 76
JG15 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 196 49 270 4.9 106
JG16 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 210 38 139 5.7 120
JG17 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 230 49 139 5.7 140
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JG18 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 237 55 139 5.7 147
JG19 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 225 46 139 5.7 135
JG20 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 256 32 142 53 166
JG21 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 254 38 180 5.7 164
JG22 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 149 31 275 4.4 59
JG23 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 306 29 250 4 216
JG24 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 174 49 275 3.3 84
JG25 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 191 51 275 3.3 101
JG26 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 187 53 268 6 97
JG27 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 186 58 268 6 96
JG28 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 179 61 268 6 89
JG29 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 145 31 268 6 55
JG30 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 143 40 268 6 53
JG31 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 165 55 268 6 75
JG32 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 186 57 268 5.8 96
JG33 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 161 32 254 4.8 71
JG34 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 145 38 251 5.4 55
JG35 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 136 49 249 59 46
JG36 06/14/13 07:18:20am 39.90508 | 76.58254 | 1487.305 155 80 249 5.9 65
JN1 06/14/13 08:28:02am 39.9018 | 76.58643 | 1451.024 225 45 310 23.7 135
Between Between Between
JN2 Between top and bottom top and top and top and 190 44 270 234 100
bottom bottom bottom
Between Between Between
JN3 Between top and bottom top and top and top and 195 54 285 22.9 105
bottom bottom bottom
Between Between Between
JN4 Between top and bottom top and top and top and 182 55 271 215 92
bottom bottom bottom
JN5 Between top and bottom Between Between Between 159 44 271 215 69
top and top and top and
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bottom bottom bottom
Between Between Between

JN6 Between top and bottom top and top and top and 262 32 202 225 172
bottom bottom bottom
Between Between Between

JN7 Between top and bottom top and top and top and 246 46 140 225 156
bottom bottom bottom
Between Between Between

JN8 Between top and bottom top and top and top and 176 40 265 20 86
bottom bottom bottom
Between Between Between

JN9 Between top and bottom top and top and top and 148 19 254 19.3 58
bottom bottom bottom
Between Between Between

JN10 Between top and bottom top and top and top and 179 68 255 18.9 89
bottom bottom bottom
Between Between Between

JN11 Between top and bottom top and top and top and 140 55 194 19.3 50
bottom bottom bottom
Between Between Between

JN12 Between top and bottom top and top and top and 265 31 205 19.9 175
bottom bottom bottom
Between Between Between

JN13 Between top and bottom top and top and top and 169 22 250 17.7 79
bottom bottom bottom
Between Between Between

JN14 Between top and bottom top and top and top and 103 21 183 17.7 13
bottom bottom bottom
Between Between Between

JN15 Between top and bottom top and top and top and 145 34 242 174 55
bottom bottom bottom
Between Between Between

JN16 Between top and bottom top and top and top and 130 32 244 17.6 40
bottom bottom bottom
Between Between Between

JN17 Between top and bottom top and top and top and 195 55 278 17.8 105
bottom bottom bottom
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Between Between Between

JN18 Between top and bottom top and top and top and 200 48 287 175 110
bottom bottom bottom
Between Between Between

JN19 Between top and bottom top and top and top and 183 34 294 17.6 93
bottom bottom bottom
Between Between Between

JN20 Between top and bottom top and top and top and 342 36 235 16 252
bottom bottom bottom
Between Between Between

JN21 Between top and bottom top and top and top and 294 42 231 16.6 204
bottom bottom bottom
Between Between Between

JN22 Between top and bottom top and top and top and 235 34 323 16 145
bottom bottom bottom
Between Between Between

JN23 Between top and bottom top and top and top and 299 23 182 14.8 209
bottom bottom bottom
Between Between Between

JN24 Between top and bottom top and top and top and 288 25 200 13.8 198
bottom bottom bottom
Between Between Between

JN25 Between top and bottom top and top and top and 210 45 172 16.8 120
bottom bottom bottom
Between Between Between

JN26 Between top and bottom top and top and top and 169 36 260 16.1 79
bottom bottom bottom
Between Between Between

JN27 Between top and bottom top and top and top and 165 42 250 14.9 75
bottom bottom bottom
Between Between Between

JN28 Between top and bottom top and top and top and 174 24 244 14.7 84
bottom bottom bottom
Between Between Between

JN29 Between top and bottom top and top and top and 145 51 244 14.7 55
bottom bottom bottom

JN30 Between top and bottom Between Between Between 216 33 314 125 126
top and top and top and




€67

bottom bottom bottom

Between Between Between
JN31 Between top and bottom top and top and top and 261 52 344 11.9 171

bottom bottom bottom
JN32 06/14/13 09:57:58am 39.9025 | 76.58511 | 1460.538 192 40 280 11.9 102
KK1 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 220 46 311 0.8 130
KK2 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 214 48 311 0.8 124
KK3 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 222 39 205 1.2 132
KK4 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 207 49 300 117
KK5 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 218 46 300 128
KK6 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 195 36 110 0.9 105
KK7 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 199 37 303 1.2 109
KM1 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 252 37 339 0.9 162
KM2 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 169 51 276 0.6 79
KM3 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 240 36 306 0.9 150
KM4 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 251 61 301 0.7 161
KM5 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 164 44 286 0.8 74
KN1 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 206 14 116
KN2 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 215 20 281 1.6 125
KN3 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 165 24 75 0.9 75
KN4 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 211 41 315 1.4 121
KN5 06/15/13 08:35:50am 39.73838 | 76.09985 | 1397.145 226 64 315 1.4 136
KU1 06/15/13 09:48:23am 39.73783 | 76.10118 | 1388.426 179 44 260 0.7 89
KU2 06/15/13 09:48:23am 39.73783 | 76.10118 | 1388.426 184 41 270 0.7 94
KU3 06/15/13 09:48:23am 39.73783 | 76.10118 | 1388.426 270 31 242 0.6 180
KV1 06/15/13 09:59:08am 39.738 76.10138 | 1381.847 332 29 60 11 242
KV2 06/15/13 09:59:08am 39.738 76.10138 | 1381.847 30 41 284 1.3 300
KV3 06/15/13 09:59:08am 39.738 76.10138 | 1381.847 135 40 210 13 45
KVv4 06/15/13 09:59:08am 39.738 76.10138 | 1381.847 144 60 210 14 54
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KVS 06/15/13 09:59:08am 39.738 76.10138 | 1381.847 179 41 240 14 89
KV6 06/15/13 09:59:08am 39.738 76.10138 | 1381.847 1 31 260 1.6 271
Kw1 06/15/13 10:23:45am 39.73862 | 76.10086 | 1388.996 320 61 249 0.5 230
KW2 06/15/13 10:23:45am 39.73862 | 76.10086 | 1388.996 271 52 181 1.4 181
KW3 06/15/13 10:23:45am 39.73862 | 76.10086 | 1388.996 254 34 172 1.4 164
KwW4 06/15/13 10:23:45am 39.73862 | 76.10086 | 1388.996 254 38 172 14 164
PN1 06/23/13 08:03:44am 39.71949 | 76.0124 1490.69 273 31 349 24 183
PN2 06/23/13 08:03:44am 39.71949 | 76.0124 1490.69 256 30 349 2.6 166
PN3 06/23/13 08:03:44am 39.71949 | 76.0124 1490.69 274 41 349 2.4 184
PN4 06/23/13 08:03:44am 39.71949 | 76.0124 1490.69 239 29 349 2.3 149
PN5 06/23/13 08:03:44am 39.71949 | 76.0124 1490.69 243 33 349 2.3 153
PN6 06/23/13 08:03:44am 39.71949 | 76.0124 1490.69 256 32 349 2 166
PO1 06/23/13 08:11:13am 39.71978 | 76.01253 | 1479.794 271 39 140 2.9 181
PO2 06/23/13 08:11:13am 39.71978 | 76.01253 | 1479.794 259 45 140 2.9 169
PO3 06/23/13 08:11:13am 39.71978 | 76.01253 | 1479.794 268 37 140 2.9 178
PO4 06/23/13 08:11:13am 39.71978 | 76.01253 | 1479.794 269 60 145 2.8 179
PO5 06/23/13 08:11:13am 39.71978 | 76.01253 | 1479.794 305 49 145 2.7 215
PO6 06/23/13 08:11:13am 39.71978 | 76.01253 | 1479.794 48 36 145 2.7 318
PO7 06/23/13 08:11:13am 39.71978 | 76.01253 | 1479.794 351 35 100 2.9 261
PP1 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 300 41 23 2.8 210
PP2 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 115 22 10 2.5 25
PP3 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 266 38 10 2.6 176
PP4 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 115 29 10 2.6 25
PP5 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 295 39 15 2.7 205
PP6 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 242 48 15 2.7 152
PP7 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 242 42 20 3 152
PP8 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 135 34 20 2.3 45
PP9 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 262 34 25 3.1 172
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PP10 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 113 40 25 2.3 23
PP11 06/23/13 08:21:15am 39.72013 | 76.01231 | 1477.359 287 58 45 3.1 197
PQ1 06/23/13 08:35:16am 39.72032 | 76.01234 | 1478.789 355 45 284 3.3 265
PQ2 06/23/13 08:35:16am 39.72032 | 76.01234 | 1478.789 14 59 284 3.3 284
PQ3 06/23/13 08:35:16am 39.72032 | 76.01234 | 1478.789 66 61 334 3.1 336
PQ4 06/23/13 08:35:16am 39.72032 | 76.01234 | 1478.789 279 36 359 2.9 189
PQ5 06/23/13 08:35:16am 39.72032 | 76.01234 | 1478.789 263 32 326 2.8 173
PQ6 06/23/13 08:35:16am 39.72032 | 76.01234 | 1478.789 245 49 335 2.5 155
PQ7 06/23/13 08:35:16am 39.72032 | 76.01234 | 1478.789 237 23 40 2.8 147
PQ8 06/23/13 08:35:16am 39.72032 | 76.01234 | 1478.789 266 45 336 3 176
PR1 06/23/13 09:21:33am 39.71033 | 76.02166 | 1472.433 223 41 305 3.5 133
PR2 06/23/13 09:21:33am 39.71033 | 76.02166 | 1472.433 355 38 251 3.5 265
PR3 06/23/13 09:21:33am 39.71033 | 76.02166 | 1472.433 253 41 305 3.4 163
PS1 06/23/13 09:31:57am 39.7104 | 76.02176 | 1485.718 283 44 216 3.1 193
PS2 06/23/13 09:31:57am 39.7104 | 76.02176 | 1485.718 277 37 216 2.9 187
PS3 06/23/13 09:31:57am 39.7104 | 76.02176 | 1485.718 89 35 216 2.9 359
PS4 06/23/13 09:31:57am 39.7104 | 76.02176 | 1485.718 275 28 185 2.8 185
PT1 06/23/13 09:45:40am 39.71064 | 76.02167 | 1477.935 251 39 168 3.4 161
PT2 06/23/13 09:45:40am 39.71064 | 76.02167 | 1477.935 291 40 201 3.6 201
PT3 06/23/13 09:45:40am 39.71064 | 76.02167 | 1477.935 272 40 185 2.9 182
PT4 06/23/13 09:45:40am 39.71064 | 76.02167 | 1477.935 287 31 199 2.9 197
PT5 06/23/13 09:45:40am 39.71064 | 76.02167 | 1477.935 281 39 198 2.2 191
PT6 06/23/13 09:45:40am 39.71064 | 76.02167 | 1477.935 334 19 214 3.1 244
PU1 06/23/13 10:03:32am 39.71082 | 76.02144 | 1480.142 180 35 70 2.2 90
PU2 06/23/13 10:03:32am 39.71082 | 76.02144 | 1480.142 187 31 60 2.1 97
PU3 06/23/13 10:03:32am 39.71082 | 76.02144 | 1480.142 210 48 65 2.2 120
PU4 06/23/13 10:03:32am 39.71082 | 76.02144 | 1480.142 354 41 70 1.2 264
PU5 06/23/13 10:03:32am 39.71082 | 76.02144 | 1480.142 155 26 60 1.2 65
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PUG6 06/23/13 10:03:32am 39.71082 | 76.02144 | 1480.142 314 45 65 1.2 224
PU7 06/23/13 10:03:32am 39.71082 | 76.02144 | 1480.142 305 29 40 1.2 215
PU8 06/23/13 10:03:32am 39.71082 | 76.02144 | 1480.142 7 20 90 0.5 277
PU9 06/23/13 10:03:32am 39.71082 | 76.02144 | 1480.142 213 29 115 0.4 123
PV1 06/23/13 10:17:33am 39.7108 | 76.02133 | 1480.828 173 40 281 1.8 83
PV2 06/23/13 10:17:33am 39.7108 | 76.02133 | 1480.828 191 45 286 0.6 101
PV3 06/23/13 10:17:33am 39.7108 | 76.02133 | 1480.828 175 31 280 1.2 85
PV4 06/23/13 10:17:33am 39.7108 | 76.02133 | 1480.828 25 20 260 13 295
PV5 06/23/13 10:17:33am 39.7108 | 76.02133 | 1480.828 215 43 320 0.6 125
PV6 06/23/13 10:17:33am 39.7108 | 76.02133 | 1480.828 211 43 310 0.7 121
PW1 06/23/13 10:27:58am 39.71088 | 76.02133 | 1477.153 285 31 190 1.3 195
PW2 06/23/13 10:27:58am 39.71088 | 76.02133 | 1477.153 285 34 190 1.6 195
PW3 06/23/13 10:27:58am 39.71088 | 76.02133 | 1477.153 268 32 185 11 178
PW4 06/23/13 10:27:58am 39.71088 | 76.02133 | 1477.153 266 36 185 11 176
PW5 06/23/13 10:27:58am 39.71088 | 76.02133 | 1477.153 290 34 199 13 200
PX1 06/23/13 10:36:55am 39.71098 | 76.02126 | 1484.497 285 39 170 0.5 195
PX2 06/23/13 10:36:55am 39.71098 | 76.02126 | 1484.497 270 34 135 0.6 180
PX3 06/23/13 10:36:55am 39.71098 | 76.02126 | 1484.497 310 31 165 0.5 220
PX4 06/23/13 10:36:55am 39.71098 | 76.02126 | 1484.497 75 31 155 0.4 345
PY1 06/23/13 10:57:55am 39.7134 76.0124 | 1479.909 182 33 75 0.9 92
PY2 06/23/13 10:57:55am 39.7134 76.0124 | 1479.909 210 29 75 1 120
PY3 06/23/13 10:57:55am 39.7134 76.0124 | 1479.909 185 36 75 0.9 95
PY4 06/23/13 10:57:55am 39.7134 76.0124 | 1479.909 285 36 75 0.9 195
PY5 06/23/13 10:57:55am 39.7134 76.0124 | 1479.909 182 31 75 0.9 92
PY6 06/23/13 10:57:55am 39.7134 76.0124 | 1479.909 303 42 85 0.7 213
PY7 06/23/13 10:57:55am 39.7134 76.0124 | 1479.909 220 28 85 0.9 130
PY8 06/23/13 10:57:55am 39.7134 76.0124 | 1479.909 216 19 84 0.6 126
PZ1 06/23/13 11:10:43am 39.71314 | 76.01192 | 1485.628 165 29 290 2.7 75
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Pz2 06/23/13 11:10:43am 39.71314 | 76.01192 | 1485.628 164 20 268 2.7 74
PZ3 06/23/13 11:10:43am 39.71314 | 76.01192 | 1485.628 206 26 283 2.1 116
PZ4 06/23/13 11:10:43am 39.71314 | 76.01192 | 1485.628 190 27 304 1.8 100
PZ5 06/23/13 11:10:43am 39.71314 | 76.01192 | 1485.628 202 28 290 2 112
QG1 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 205 54 124 0.3 115
QG2 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 226 36 124 0.4 136
QG3 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 252 41 115 0.3 162
QG4 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 166 44 70 0.3 76
QG5 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 220 31 141 0.2 130
QG6 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 262 39 166 0.4 172
QG7 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 224 38 174 0.3 134
QG8 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 255 56 174 0.4 165
QG9 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 243 48 171 0.5 153
QG10 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 232 40 171 0.3 142
QG11 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 243 46 171 0.5 153
QG12 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 248 29 171 0.4 158
QG13 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 288 49 171 0.6 198
QG14 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 273 42 171 0.6 183
QG15 06/24/13 03:34:18am 39.91409 | 76.5547 | 1535.209 264 33 185 0.4 174
QH1 06/24/13 03:53:18am 39.91392 | 76.55507 | 1531.806 235 26 89 25 145
QH2 06/24/13 03:53:18am 39.91392 | 76.55507 | 1531.806 199 46 89 2.5 109
QH3 06/24/13 03:53:18am 39.91392 | 76.55507 | 1531.806 214 34 70 25 124
QH4 06/24/13 03:53:18am 39.91392 | 76.55507 | 1531.806 258 31 87 2.5 168
QH5 06/24/13 03:53:18am 39.91392 | 76.55507 | 1531.806 242 33 87 2.5 152
QH6 06/24/13 03:53:18am 39.91392 | 76.55507 | 1531.806 260 19 115 2.5 170
QH7 06/24/13 03:53:18am 39.91392 | 76.55507 | 1531.806 226 37 130 2.6 136
QHS8 06/24/13 03:53:18am 39.91392 | 76.55507 | 1531.806 187 35 125 1.9 97
QH9 06/24/13 03:53:18am 39.91392 | 76.55507 | 1531.806 242 29 130 1.2 152
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QH10 06/24/13 03:53:18am 39.91392 | 76.55507 | 1531.806 221 37 125 1.3 131
QI 06/24/13 04:11:53am 39.91369 | 76.55522 | 1526.179 140 34 255 2.3 50
QI2 06/24/13 04:11:53am 39.91369 | 76.55522 | 1526.179 208 25 255 2.3 118
QI3 06/24/13 04:11:53am 39.91369 | 76.55522 | 1526.179 189 26 242 2.3 99
Ql4 06/24/13 04:11:53am 39.91369 | 76.55522 | 1526.179 23 25 242 2.4 293
QI5 06/24/13 04:11:53am 39.91369 | 76.55522 | 1526.179 191 49 251 2.3 101
Ql6 06/24/13 04:11:53am 39.91369 | 76.55522 | 1526.179 179 58 260 1.8 89
Q17 06/24/13 04:11:53am 39.91369 | 76.55522 | 1526.179 169 53 270 1.8 79
o] [¢] 06/24/13 04:11:53am 39.91369 | 76.55522 | 1526.179 166 39 255 2.1 76
Ql10 06/24/13 04:11:53am 39.91369 | 76.55522 | 1526.179 344 27 260 254
QI11 06/24/13 04:11:53am 39.91369 | 76.55522 | 1526.179 161 46 260 71
QJ1 06/24/13 04:27:11am 39.91361 | 76.55539 | 1529.802 254 36 330 164
QJ2 06/24/13 04:27:11am 39.91361 | 76.55539 | 1529.802 234 46 330 2.4 144
QJ3 06/24/13 04:27:11am 39.91361 | 76.55539 | 1529.802 218 31 320 2.4 128
QJ4 06/24/13 04:27:11am 39.91361 | 76.55539 | 1529.802 176 39 310 2.5 86
QJ5 06/24/13 04:27:11am 39.91361 | 76.55539 | 1529.802 210 30 296 2.6 120
SL1 06/24/13 09:22:44am 39.92463 | 76.54847 | 1549.071 206 72 286 2.2 116

SL2a 06/24/13 09:22:44am 39.92463 | 76.54847 | 1549.071 179 69 90 1.9 89
SL3 06/24/13 09:22:44am 39.92463 | 76.54847 | 1549.071 190 58 90 1.9 100
SL4 06/24/13 09:22:44am 39.92463 | 76.54847 | 1549.071 211 31 315 1.8 121
SL5 06/24/13 09:22:44am 39.92463 | 76.54847 | 1549.071 196 32 340 1.7 106
SL6 06/24/13 09:22:44am 39.92463 | 76.54847 | 1549.071 215 61 340 1.9 125
SL7 06/24/13 09:22:44am 39.92463 | 76.54847 | 1549.071 243 33 345 1.6 153
SL8 06/24/13 09:22:44am 39.92463 | 76.54847 | 1549.071 164 34 255 2.2 74
SL9 06/24/13 09:22:44am 39.92463 | 76.54847 | 1549.071 205 30 290 1.8 115

SM-N1 06/24/13 09:41:11am 39.92458 | 76.54733 | 1552.999 227 35 340 1.9 137
Between Between Between

SM-N2 | Between top and bottom top and top and top and 120 58 230 15 30
bottom bottom bottom
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Between Between Between

SM-N3 | Between top and bottom top and top and top and 234 39 330 1.9 144
bottom bottom bottom
Between Between Between

SM-N4 | Between top and bottom top and top and top and 159 41 250 1.9 69
bottom bottom bottom
Between Between Between

SM-N5 | Between top and bottom top and top and top and 187 38 355 2.1 97
bottom bottom bottom
Between Between Between

SM-N6 | Between top and bottom top and top and top and 250 38 335 1.9 160
bottom bottom bottom
Between Between Between

SM-N7 | Between top and bottom top and top and top and 150 51 280 0.3 60
bottom bottom bottom
Between Between Between

SM-N8 | Between top and bottom top and top and top and 196 39 285 0.5 106
bottom bottom bottom
Between Between Between

SM-N9 | Between top and bottom top and top and top and 286 30 185 0.6 196
bottom bottom bottom
Between Between Between

SM-N10 | Between top and bottom top and top and top and 278 30 185 0.6 188
bottom bottom bottom
Between Between Between

SM-N11 | Between top and bottom top and top and top and 177 37 260 5.8 87
bottom bottom bottom
Between Between Between

SM-N12 | Between top and bottom top and top and top and 165 41 275 5.6 75
bottom bottom bottom
Between Between Between

SM-N13 | Between top and bottom top and top and top and 231 27 345 2.3 141
bottom bottom bottom
Between Between Between

SM-N14 | Between top and bottom top and top and top and 267 47 180 2.3 177
bottom bottom bottom

SM-N15 | Between top and bottom Between Between Between 184 41 315 2.2 94
top and top and top and
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bottom bottom bottom

Between Between Between
SM-N16 | Between top and bottom top and top and top and 146 47 275 34 56

bottom bottom bottom

Between Between Between
SM-N17 | Between top and bottom top and top and top and 346 34 250 2.9 256

bottom bottom bottom

Between Between Between
SM-N18 | Between top and bottom top and top and top and 175 45 295 2.9 85

bottom bottom bottom
SM-N19 06/24/13 09:42:19am 39.9246 76.54719 | 1553.439 172 57 270 3.8 82
SO1 06/24/13 10:19:54am 39.92481 | 76.54658 | 1552.342 153 40 275 1.2 63
S0O2 06/24/13 10:19:54am 39.92481 | 76.54658 | 1552.342 203 28 275 1.3 113
S0O3 06/24/13 10:19:54am 39.92481 | 76.54658 | 1552.342 167 59 270 1.2 77
S04 06/24/13 10:19:54am 39.92481 | 76.54658 | 1552.342 166 44 275 14 76
SO5 06/24/13 10:19:54am 39.92481 | 76.54658 | 1552.342 237 39 160 1.9 147
SO6 06/24/13 10:19:54am 39.92481 | 76.54658 | 1552.342 295 38 190 14 205
SR1 06/24/13 10:49:41am 39.92199 | 76.53895 | 1576.228 171 36 330 2.8 81
SR2 06/24/13 10:49:41am 39.92199 | 76.53895 | 1576.228 274 16 330 2.8 184
SR3 06/24/13 10:49:41am 39.92199 | 76.53895 | 1576.228 220 34 330 2.9 130
SR4 06/24/13 10:49:41am 39.92199 | 76.53895 | 1576.228 194 28 340 2.9 104
SR5 06/24/13 10:49:41am 39.92199 | 76.53895 | 1576.228 227 25 340 3 137
SR6 06/24/13 10:49:41am 39.92199 | 76.53895 | 1576.228 240 27 45 2.7 150
SR7 06/24/13 10:49:41am 39.92199 | 76.53895 | 1576.228 210 25 45 2.7 120
SR8 06/24/13 10:49:41am 39.92199 | 76.53895 | 1576.228 266 32 45 2.7 176
SR9 06/24/13 10:49:41am 39.92199 | 76.53895 | 1576.228 261 36 45 2.7 171
SS1 06/24/13 11:00:05am 39.92188 | 76.53946 | 1576.547 286 31 30 0.9 196
SS2 06/24/13 11:00:05am 39.92188 | 76.53946 | 1576.547 268 45 30 0.8 178
ST1 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 186 63 300 3.7 96
ST2 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 185 56 290 2.6 95
ST3 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 187 51 300 3.7 97
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ST4 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 174 29 290 3.7 84
ST5 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 151 65 255 3.7 61
ST6 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 179 43 250 3.7 89
ST7 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 130 26 250 3.7 40
ST8 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 155 58 250 3.7 65
ST9 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 189 46 250 3.3 99
ST10 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 215 38 130 2.9 125
ST11 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 191 54 130 2.8 101
ST12 06/24/13 11:04:17am 39.92151 | 76.53952 | 1573.521 236 36 130 3.1 146
Syl 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 201 36 190 4.7 111
SY2 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 285 43 202 4.7 195
SY3 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 294 54 202 4.7 204
SY4 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 261 32 201 4.7 171
SY5 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 262 34 210 4.7 172
SY6 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 198 34 305 5 108
SY7 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 187 26 305 5 97
SY8 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 221 54 305 5 131
SY9 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 176 21 285 5 86
SY10 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 195 22 305 5 105
Syl1 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 258 27 310 5.4 168
SY12 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 248 34 320 5.4 158
SY13 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 223 34 320 5.4 133
SY14 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 217 31 150 4.9 127
SY15 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 225 62 320 5.2 135
SY16 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 218 30 320 5.1 128
SY17 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 178 31 310 4.7 88
SY18 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 201 47 325 4.7 111
SY19 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 202 38 150 4.6 112
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SY20 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 241 36 300 4.7 151
SY21 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 162 21 295 4.7 72
SY22 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 200 41 295 4.9 110
SY23 06/26/13 03:07:02am 39.91274 | 76.57551 | 1502.703 159 35 300 5.4 69
SZ1 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 146 33 255 7 56
SZ2 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 158 42 255 7 68
SZ3 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 149 48 250 7 59
SZ4 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 156 49 250 7 66
SZ5 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 115 42 210 7 25
SZ6 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 141 56 215 6.9 51
SZ7 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 157 20 225 6.7 67
SZ8 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 161 53 230 6.7 71
SZ9 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 166 54 230 6.7 76
SZ10 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 154 58 230 6.7 64
S711 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 130 34 25 6.6 40
SZ12 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 169 28 25 6.8 79
SZ13 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 153 37 245 6.4 63
SZ14 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 103 33 250 6.4 13
SZ15 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 192 44 220 6.4 102
S716 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 138 25 230 6.3 48
SZ17 06/26/13 03:49:25am 39.91261 | 76.57566 | 1503.814 305 54 240 6 215
TAl 06/26/13 04:07:23am 39.91223 | 76.57619 | 1493.547 212 27 300 13.6 122
TA2 06/26/13 04:07:23am 39.91223 | 76.57619 | 1493.547 254 29 305 13.6 164
TA3 06/26/13 04:07:23am 39.91223 | 76.57619 | 1493.547 202 14 265 14 112
TA4 06/26/13 04:07:23am 39.91223 | 76.57619 | 1493.547 218 31 265 13.3 128
TAS 06/26/13 04:07:23am 39.91223 | 76.57619 | 1493.547 181 26 295 14 91
TAG 06/26/13 04:07:23am 39.91223 | 76.57619 | 1493.547 239 35 165 8.5 149
TA7 06/26/13 04:07:23am 39.91223 | 76.57619 | 1493.547 273 31 160 8.1 183
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TA8 06/26/13 04:07:23am 39.91223 | 76.57619 | 1493.547 242 52 155 7.9 152
TB1 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 111 59 190 101 21
TB2 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 119 21 190 101 29
TB3 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 202 22 260 9.9 112
TB4 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 291 60 200 10.1 201
TBS 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 166 24 190 10.1 76
TB6 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 278 36 175 9.9 188
TB7 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 105 34 175 9.9 15
TB8 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 132 36 240 9.8 42
TB9 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 186 43 206 9.1 96
TB10 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 171 43 240 9.1 81
TB11 06/26/13 04:18:12am 39.91207 | 76.5764 | 1485.322 278 32 195 9.1 188
uo1 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 205 32 305 12 115
uo2 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 215 64 305 12 125
O] 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 176 38 159 12 86
uo4 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 154 51 300 13 64
uO5 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 199 37 305 13 109
uO6 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 104 33 220 12.3 14
Uo7 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 161 49 305 12 71
uo8 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 146 30 209 13 56
uo9 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 198 39 290 12.5 108
uo10 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 164 25 275 125 74
uo11 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 187 38 290 12 97
uo12 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 116 41 215 12.2 26
uo13 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 155 37 235 10.5 65
uo14 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 204 48 295 11.7 114
uo15 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 139 34 300 11.7 49
uo16 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 177 29 300 11.7 87
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uo17 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 143 50 225 11.8 53
uo18 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 163 52 235 12 73
uo19 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 146 44 240 11.2 56
uo20 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 164 39 245 113 74
uoz21 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 260 52 20 12.5 170
uo22 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 189 44 295 12.3 99
uo23 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 206 44 310 12.5 116
uo24 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 208 43 300 12.2 118
uo25 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 202 35 300 12.2 112
uo26 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 174 43 285 10.9 84
uoz27 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 162 45 285 111 72
uo28 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 157 50 290 11.2 67
U029 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 148 42 245 10.8 58
U030 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 313 37 245 10.8 223
uo31 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 145 55 245 10.7 55
U032 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 191 22 265 9.1 101
U033 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 225 39 285 9.1 135
uo34 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 137 48 260 9.5 47
U035 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 2 39 260 9.5 272
U036 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 334 34 260 9.5 244
uoa37 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 168 64 265 9.5 78
U038 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 146 50 270 9.3 56
U039 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 152 50 70 9.5 62
U040 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 229 23 305 7.6 139
uo41 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 134 49 50 6 44
uo42 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 161 16 255 5.9 71
U043 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 184 26 260 1.9 94
uo44 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 154 40 255 2 64
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uo45 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 162 36 265 2.1 72
U046 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 229 28 5 7.7 139
uo47 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 230 46 45 7.8 140
U048 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 196 49 305 6.5 106
uo49 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 208 46 310 6.3 118
U050 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 268 52 359 6.2 178
uos1 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 278 42 10 6.2 188
U052 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 250 34 310 5.3 160
U053 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 262 41 355 5.3 172
uOo54 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 280 36 90 6.1 190
U055 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 270 39 170 4 180
U056 06/26/13 07:08:47am 39.91602 | 76.56953 | 1510.544 266 39 170 3.8 176
UP1 06/26/13 08:20:39am 39.91603 | 76.56856 | 1493.416 235 44 330 5.5 145
UP2 06/26/13 08:20:39am 39.91603 | 76.56856 | 1493.416 257 33 20 5.5 167
uwi 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 233 46 5 4.1 143
uwz2 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 224 40 10 4.1 134
uwas 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 225 24 10 4.1 135
uw4 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 86 46 350 4.8 356
uws 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 265 25 355 4.9 175
uwe 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 273 39 355 4.9 183
uwr 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 260 46 355 45 170
uws 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 224 33 0 4.3 134
uwe9 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 321 42 40 4.3 231
uwi1o0 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 145 26 30 4.3 55
uwil 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 275 31 5 3.9 185
uwiz2 06/30/13 05:24:56am 39.71318 | 76.0116 1482.57 266 55 10 3.9 176
)¢ 06/30/13 06:00:28am 39.71293 | 76.01165 | 1479.83 176 26 235 4.7 86
ux2 06/30/13 06:00:28am 39.71293 | 76.01165 | 1479.83 308 26 230 5.1 218
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UXx3 06/30/13 06:00:28am 39.71293 | 76.01165 | 1479.83 - 47 24 5.1 -

uXx4 06/30/13 06:00:28am 39.71293 | 76.01165 | 1479.83 281 45 240 5 191
UX5 06/30/13 06:00:28am 39.71293 | 76.01165 | 1479.83 223 33 245 5.4 133
UX6 06/30/13 06:00:28am 39.71293 | 76.01165 | 1479.83 210 39 245 5.4 120
UXx7 06/30/13 06:00:28am 39.71293 | 76.01165 | 1479.83 175 32 245 5.4 85
uXxs 06/30/13 06:00:28am 39.71293 | 76.01165 | 1479.83 230 23 235 53 140
UX9 06/30/13 06:00:28am 39.71293 | 76.01165 | 1479.83 0 45 240 5.1 270
Uyl 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 301 32 230 0.8 211
uy2 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 175 28 265 0.8 85
uY3 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 340 32 220 0.8 250
uY4 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 299 28 210 0.8 209
uY5 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 335 41 215 0.8 245
uUY6 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 325 35 225 0.8 235
uY7 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 281 44 160 0.6 191
uYs8 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 290 32 180 0.8 200
uY9 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 310 25 190 11 220
uY10 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 107 39 195 15 17
uUYll 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 274 46 180 11 184
uY12 06/30/13 11:02:01am 39.71877 | 76.01392 | 1494.687 271 34 45 1.7 181
uz1 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 103 32 210 24 13
uz2 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 43 31 180 2 313
uz3 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 243 44 340 1.7 153
uz4 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 45 35 145 3.1 315
uzs 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 214 36 125 3.6 124
uz6 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 299 52 210 3.2 209
uz7 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 151 33 220 3.2 61
uz8 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 196 49 19 1.6 106
uz9 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 156 40 260 1.3 66
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uz10 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 196 33 300 1.2 106
uz11 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 286 36 210 4.9 196
uz12 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 228 54 165 4.7 138
uz13 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 215 50 155 4.1 125
uzi4 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 190 44 320 24 100
uz15 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 256 22 335 2.1 166
uZz16 06/30/13 11:17:21am 39.71896 | 76.0141 | 1489.185 226 39 345 1.9 136
VAl 06/30/13 11:48:40am 39.71937 | 76.01461 | 1488.23 289 31 210 2.7 199
VA2 06/30/13 11:48:40am 39.71937 | 76.01461 | 1488.23 263 43 175 1.9 173
VA3 06/30/13 11:48:40am 39.71937 | 76.01461 | 1488.23 289 49 185 1 199
VA4 06/30/13 11:48:40am 39.71937 | 76.01461 | 1488.23 263 3 185 11 173

aLumped measurements of several clasts are marked in grey.
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Table A2: Statistics for lithologic clast counts

Sample Name (West to
East)

See Chapter 2, Supplementary material, Section 1,2 for how the statistics were calculated
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Table A3: All clast-size counts on Mutule

CMTrivl | CMTriv2 | CMTriv3 | CMTterl | CMTter2 | CMTter3 | CMTter4 | CMTter5 | CMTters | CMTter7

Number of silt-sized counts

97 | e [ 72 | 1 | 3 | 1 | 3 | 3 [ 2 | s
Length of b-axis measured with a tape measure (cm)

<0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
<0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
<0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
<0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
<0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
<0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
<0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.5 <0.5 <0.5 <0.5
<0.5 <0.5 <0.5 <0.5 0.5 <0.5 0.5 <0.5 <0.5 <0.5
<0.5 <0.5 <0.5 <0.5 0.6 <0.5 0.6 <0.5 <0.5 <0.5
<0.5 <0.5 <0.5 8.4 0.6 <0.5 0.7 <0.5 0.6 <0.5
<0.5 <0.5 <0.5 0.5 0.6 <0.5 0.7 0.5 0.6 <0.5
<0.5 <0.5 <0.5 0.5 0.6 <0.5 0.8 0.7 0.7 <0.5
<0.5 <0.5 <0.5 0.7 0.7 <0.5 0.9 0.7 0.7 0.5
<0.5 <0.5 <0.5 0.7 0.9 <0.5 0.9 0.7 0.8 0.5
<0.5 <0.5 <0.5 0.7 1.0 <0.5 0.9 0.7 0.9 0.5
<0.5 <0.5 <0.5 0.7 1.1 0.5 1.0 1.0 1.0 0.6
<0.5 <0.5 <0.5 0.8 11 0.5 1.0 1.0 11 0.6
<0.5 <0.5 <0.5 1.0 1.2 0.5 1.1 1.0 1.2 0.6
<0.5 <0.5 <0.5 1.0 14 0.5 1.2 11 14 0.7
<0.5 <0.5 <0.5 1.2 1.6 0.6 15 1.3 1.8 0.7
<0.5 <0.5 <0.5 15 1.9 0.6 1.6 1.3 1.8 0.8
<0.5 <0.5 <0.5 15 2.1 0.6 1.7 1.8 1.8 0.8
<0.5 <0.5 <0.5 1.8 2.2 0.7 1.7 1.8 19 0.9




0T¢

<0.5 <0.5 <0.5 2.0 2.4 0.7 1.8 2.0 2.6 0.9
<0.5 <0.5 0.5 2.5 2.8 0.7 1.8 2.5 2.7 1.0
<0.5 <0.5 0.5 3.8 3.7 0.7 1.9 2.9 4.0 13
<0.5 <0.5 0.5 8.0 - 0.8 2.0 3.5 11.9 14
<0.5 <0.5 0.5 - - 0.8 2.1 4.0 14.5 14
0.5 0.5 0.6 - - 0.8 2.2 4.3 - 14
0.6 0.5 0.6 - - 0.9 2.2 4.7 - 15
0.6 0.5 0.6 - - 0.9 2.7 7.6 - 1.6
0.6 0.5 0.6 - - 0.9 2.8 8.0 - 1.6
0.6 0.5 0.6 - - 1.0 2.8 - - 1.7
0.6 0.5 0.6 - - 1.0 3.5 - - 1.7
0.6 0.6 0.6 - - 1.0 7.0 - - 1.7
0.7 0.6 0.7 - - 1.0 9.1 - - 2.1
0.7 0.6 0.7 - - 1.0 - - - 2.2
0.7 0.7 0.7 - - 1.0 - - - 2.3
0.7 0.7 0.8 - - 11 - - - 2.5
0.7 0.7 0.8 - - 1.2 - - - 2.8
0.7 0.7 0.8 - - 1.2 - - - 3.3
0.8 0.8 0.8 - - 1.2 - - - 7.7
0.8 0.8 0.8 - - 1.3 - - - -
0.8 0.8 0.8 - - 1.3 - - - -
0.8 0.9 0.9 - - 1.4 - - - -
0.9 0.9 0.9 - - 14 - - - -
0.9 0.9 0.9 - - 14 - - - -
0.9 0.9 1.0 - - 14 - - - -
0.9 0.9 1.0 - - 14 - - - -
0.9 0.9 1.0 - - 1.7 - - - -
0.9 0.9 1.0 - - 1.8 - - - -
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Table A4:

Structural data for the eastern Mutule fold

Northing | Easting Lat Long strike dip dirlgclz?ion Date Comment
4422179 | 628046.8 | 39.94005 | 76.49874 228 29 318 23-Jun-12 ripples
4422102 | 628123.4 | 39.93935 | 76.49963 215 31 305 23-Jun-12

4422021 | 628202.6 | 39.9386 | 76.50054 227 29 317 23-Jun-12

4421906 | 628322.8 | 39.93755 | 76.50192 215 27 305 23-Jun-12

4421835 | 628429.9 | 39.93689 | 76.50316 226 30 316 23-Jun-12

4421729 | 628486.8 | 39.93594 | 76.5038 221 47 311 23-Jun-12

4421600 | 628511.7 | 39.93477 | 76.50407 220 22 310 23-Jun-12

4421528 | 628560.7 | 39.93411 | 76.50463 213 24 303 23-Jun-12

4421476 | 628625.9 | 39.93364 | 76.50538 189 22 279 23-Jun-12

4421368 | 628727 | 39.93265 | 76.50654 213 18 303 23-Jun-12 fine bedded. Maybe a little kink?
4421280 | 628858.3 | 39.93183 | 76.50806 205 19 295 23-Jun-12 ripples
4421240 | 629020.9 | 39.93145 | 76.50996 204 19 294 23-Jun-12

4421196 | 629053.8 | 39.93105 | 76.51033 195 20 285 23-Jun-12 N2a,siltstone,285/20
4421051 | 629228.4 | 39.92972 | 76.51235 200 23 290 23-Jun-12 N2a,290/23
4420937 | 629361.3 | 39.92867 | 76.51388 217 21 307 23-Jun-12 N2a,307/21
4420881 | 629383.4 | 39.92816 | 76.51413 235 42 325 23-Jun-12 N2a,325/42
4420830 | 629485.6 | 39.92768 | 76.51531 233 45 323 23-Jun-12 N2a,323/45
4420798 | 629701.3 | 39.92736 | 76.51783 232 51 322 23-Jun-12 N2a,322/51
4420739 | 629957.9 | 39.92679 | 76.52082 225 33 315 23-Jun-12 N2a,315/33
4420717 | 630034.4 | 39.92658 | 76.52171 225 32 315 23-Jun-12 N2a,315/32
4420608 | 630092.4 | 39.92559 | 76.52237 225 45 315 23-Jun-12 N2a,315/45
4420587 | 630113.8 | 39.9254 | 76.52261 23-Jun-12 kink band
4420579 | 630127.9 | 39.92533 | 76.52278 225 5 315 23-Jun-12 N2a,315/5
4420568 | 630161.8 | 39.92522 | 76.52317 253 25 343 23-Jun-12 N2a,343/25
4420566 | 630174.2 | 39.9252 | 76.52332 80 30 170 23-Jun-12 N2a,170/30
4420552 | 630246.1 | 39.92506 | 76.52415 78 45 168 23-Jun-12 N2a,168/45
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4420520 | 630368.9 | 39.92475 | 76.52558 80 50 170 23-Jun-12 N2a,170/50
4420532 | 630515.6 | 39.92484 | 76.5273 64 69 154 23-Jun-12 N2a,154/69
4420536 | 630613.8 | 39.92486 | 76.52845 80 33 170 23-Jun-12 N2a,170/33
4420533 | 630587.6 | 39.92484 | 76.52814 74 61 164 23-Jun-12 N2a,164/61
4420478 | 630647.6 | 39.92433 | 76.52883 88 26 178 23-Jun-12 N2a,178/26
4420453 630770 | 39.92409 | 76.53026 93 26 183 23-Jun-12 N2a,183/26
4420419 | 630903.6 | 39.92376 | 76.53182 45 25 135 23-Jun-12

4420349 | 631020 | 39.92312 | 76.53317 106 47 196 23-Jun-12

4420331 | 631112.7 | 39.92294 | 76.53425 62 61 152 23-Jun-12

4420240 | 631139.2 | 39.92212 | 76.53454 67 71 157 23-Jun-12

4420150 | 631110.9 | 39.92131 | 76.53419 68 80 158 23-Jun-12

4420102 | 631094.6 | 39.92088 | 76.53399 73 67 163 23-Jun-12

4420024 | 631092.9 | 39.92018 | 76.53395 83 47 173 23-Jun-12

4419958 | 631153.5 | 39.91958 | 76.53465 85 39 175 23-Jun-12

4419916 | 631268.6 | 39.91918 | 76.53599 93 33 183 23-Jun-12

4419853 | 631365 | 39.91859 | 76.5371 85 38 175 23-Jun-12 ripples
4419832 | 631451.5 | 39.91839 | 76.53811 80 51 170 23-Jun-12

4419776 | 631514.6 | 39.91788 | 76.53884 65 70 155 23-Jun-12

4419701 | 631658 | 39.91718 | 76.5405 81 48 171 23-Jun-12

4419634 | 631754.5 | 39.91656 | 76.54161 87 60 177 23-Jun-12 ripples
4419574 | 631804.6 | 39.91601 | 76.54219 85 62 175 23-Jun-12

4419442 | 631859.8 | 39.91481 | 76.54281 75 67 165 23-Jun-12

4419337 | 631928.2 | 39.91386 | 76.54358 90 53 180 23-Jun-12 not perfect surface
4419303 | 631951.3 | 39.91355 | 76.54385 75 68 165 23-Jun-12

4419196 | 631959.3 | 39.91258 | 76.54392 75 61 165 23-Jun-12

4419149 | 632020.8 | 39.91216 | 76.54463 80 69 170 23-Jun-12

4419070 | 632091.4 | 39.91143 | 76.54544 78 60 168 23-Jun-12

4419008 | 632188.2 | 39.91086 | 76.54656 77 64 167 23-Jun-12
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4418934 | 632304.5 | 39.91017 | 76.5479 82 64 172 23-Jun-12

4418883 | 632335.9 | 39.90971 | 76.54826 87 62 177 23-Jun-12

4418844 | 632462.5 | 39.90934 | 76.54973 77 62 167 23-Jun-12

4418844 | 632553.3 | 39.90933 | 76.5508 80 58 170 23-Jun-12

4418848 | 632672.4 | 39.90934 | 76.55219 83 56 173 23-Jun-12

4418890 | 632782.7 | 39.9097 | 76.55349 85 55 175 23-Jun-12 N2a,175/55
4418761 | 633026.2 | 39.9085 | 76.55631 86 55 176 23-Jun-12 N2a,176/55
4418641 | 633135.9 | 39.90741 | 76.55757 76 50 166 23-Jun-12 N2a,166/50
4418540 | 633404.8 | 39.90645 | 76.56069 88 59 178 23-Jun-12 N2a,178/59
4418474 | 633478.4 | 39.90584 | 76.56154 67 55 157 23-Jun-12 N2a,157/55
4418419 | 633725.1 | 39.90531 | 76.56441 90 56 180 23-Jun-12 N2a,180/56
4418413 | 634001.1 | 39.90521 | 76.56764 86 52 176 23-Jun-12 N2a,176/52
4418299 | 634166.8 | 39.90416 | 76.56955 87 55 177 23-Jun-12 N2a,177/55
4418360 | 634489.6 | 39.90466 | 76.57334 88 50 178 23-Jun-12 N2a,178/50
4418311 | 634631.1 | 39.9042 | 76.57499 87 51 177 23-Jun-12 N2a,177/51
4418212 | 634862.5 | 39.90327 | 76.57767 86 50 176 23-Jun-12 N2a,176/50
4418123 | 635023.9 | 39.90244 | 76.57954 87 48 177 23-Jun-12 N2a,177/48
4417966 | 635224.4 | 39.90099 | 76.58185 90 56 180 23-Jun-12 N2a,180/56
4417880 | 635366.6 | 39.90019 | 76.5835 85 50 175 23-Jun-12 N2a,175/50
4417810 | 635461.4 | 39.89955 | 76.58459 87 49 177 23-Jun-12 N2a,177/49
4417745 | 635601.8 | 39.89894 | 76.58622 78 48 168 23-Jun-12 N2a,168/48
4417657 | 635924.6 | 39.8981 | 76.58998 74 48 164 23-Jun-12 N2a,164/48
4417600 | 635967.2 | 39.89758 | 76.59046 87 46 177 23-Jun-12 N2a,177/46
4417388 | 636077.5 | 39.89565 | 76.59171 86 48 176 23-Jun-12 N2a,176/48
4417306 | 636236.6 | 39.89489 | 76.59355 83 45 173 23-Jun-12 N2a,173/45
4417275 | 636471.9 | 39.89457 | 76.5963 84 49 174 23-Jun-12

4417197 | 636551.1 | 39.89385 | 76.59721 84 49 174 23-Jun-12

4417113 | 636613.6 | 39.89308 | 76.59792 77 38 167 23-Jun-12
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4417005 | 636772 | 39.89209 | 76.59975 75 40 165 23-Jun-12

4416906 | 636838 | 39.89119 | 76.6005 75 42 165 23-Jun-12

4416894 | 636953 | 39.89106 | 76.60184 65 38 155 23-Jun-12 pebbly beds
4416938 | 637053.3 | 39.89144 | 76.60302 87 49 177 23-Jun-12

4416935 | 637072.2 | 39.89141 | 76.60324 80 43 170 23-Jun-12

4416932 | 637283.3 | 39.89135 | 76.60571 72 43 162 23-Jun-12

4416846 | 637314.8 | 39.89057 | 76.60606 69 44 159 23-Jun-12

4416799 | 637332.6 | 39.89015 | 76.60626 81 42 171 23-Jun-12

4416695 | 637368.6 | 39.8892 | 76.60666 80 44 170 23-Jun-12

4416576 | 637409.6 | 39.88812 | 76.60711 73 42 163 23-Jun-12

4416512 | 637469 | 39.88754 | 76.60779 72 42 162 23-Jun-12 not perfect surface
4416425 | 637501 | 39.88674 | 76.60815 73 40 163 23-Jun-12

4416379 | 637635 | 39.88631 | 76.60971 71 43 161 23-Jun-12

4416364 | 637678.3 | 39.88617 | 76.61021 78 40 168 23-Jun-12 N2a,168/40
4416323 | 637796.1 | 39.88578 | 76.61158 76 38 166 23-Jun-12 N2a,166/38
4416237 | 637891.3 | 39.88499 | 76.61267 81 42 171 23-Jun-12 Q1x,171/42
4416197 | 637881.6 | 39.88463 | 76.61255 76 40 166 23-Jun-12 Q1x,166/40
4416081 | 637898.7 | 39.88358 | 76.61273 88 40 178 23-Jun-12 Q1x,178/40
4415960 | 637873.9 | 39.8825 | 76.61241 81 28 171 23-Jun-12 Q1x,171/28
4415951 | 637879.2 | 39.88242 | 76.61247 80 40 170 23-Jun-12 Q1x,170/40
4415850 | 637828.3 | 39.88152 | 76.61186 75 37 165 23-Jun-12 Q1x,165/37
4415728 | 637725.9 | 39.88043 | 76.61063 82 39 172 23-Jun-12 Q1x,172/39
4415635 | 637748.4 | 39.87959 | 76.61088 75 34 165 23-Jun-12 Q1x,165/34
4415545 | 637744.4 | 39.87878 | 76.61081 78 35 168 23-Jun-12 Q1x,168/35
4414927 | 637974.9 | 39.87318 | 76.61337 74 30 164 02-Jul-12 Xiyu
4415003 | 637944.5 | 39.87387 | 76.61303 81 34 171 02-Jul-12

4415064 | 637891.1 | 39.87443 | 76.61242 65 30 155 02-Jul-12

4415205 | 637821.3 | 39.87571 | 76.61164 86 31 176 02-Jul-12
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4415325 | 637785.8 | 39.87679 | 76.61125 67 31 157 02-Jul-12

4415424 | 637757.2 | 39.87769 | 76.61093 82 30 172 02-Jul-12

4415589 | 637748.3 | 39.87917 | 76.61086 79 30 169 02-Jul-12

4415693 | 637741 | 39.88011 | 76.6108 82 37 172 02-Jul-12

4415796 | 637796 | 39.88104 | 76.61147 67 37 157 02-Jul-12

4415963 | 637880 | 39.88253 | 76.61248 72 30 162 02-Jul-12

4416075 | 637846.2 | 39.88354 | 76.61211 71 39 161 02-Jul-12 start to see Atushi fmt
4416199 | 637886.6 | 39.88465 | 76.61261 80 38 170 02-Jul-12

4416338 | 637883.3 | 39.8859 | 76.6126 90 40 180 02-Jul-12

4416327 | 637790 | 39.88582 | 76.61151 70 38 160 02-Jul-12

4416356 | 637730.3 | 39.88608 | 76.61082 ?7? ?7? 02-Jul-12 ?77?
4416356 | 637730.2 | 39.88608 | 76.61082 76 41 166 02-Jul-12

4428899 | 647089.2 | 39.99748 | 76.72306 260 78 350 23-Oct-15 NE Mutule
4429123 | 647108.8 | 39.99949 | 76.72334 279 46 9 23-Oct-15 NE Mutule
4429325 | 647111.7 | 40.00131 | 76.72342 268 54 358 23-Oct-15 NE Mutule
4429665 | 647115.4 | 40.00437 | 76.72354 272 52 2 23-Oct-15 NE Mutule
4429627 | 646795 | 40.00408 | 76.71978 270 53 0 23-Oct-15 NE Mutule
4422887 | 631048.6 | 39.94597 | 76.53401 276 64 6 23-Oct-15 N Central Mutule
4423103 | 631068.8 | 39.94791 | 76.53429 250 70 340 23-Oct-15 N Central Mutule
4423310 | 631066.1 | 39.94978 | 76.5343 252 54 342 23-Oct-15 N Central Mutule
4423525 | 630908.6 | 39.95174 | 76.5325 248 67 338 23-Oct-15 N Central Mutule
4423717 | 630789 | 39.95349 | 76.53114 251 55 341 23-Oct-15 N Central Mutule
4424000 | 630622.7 | 39.95606 | 76.52925 250 58 340 23-Oct-15 N Central Mutule
4424059 | 630587.5 | 39.9566 | 76.52885 245 64 335 23-Oct-15 N Central Mutule
4424174 | 630353.1 | 39.95767 | 76.52613 245 45 335 23-Oct-15 | uncertain if longitude copied correctly
4424161 | 630186.7 | 39.95758 | 76.52418 248 20 338 23-Oct-15 N Central Mutule
4424135 | 630097.5 | 39.95736 | 76.52313 253 20 343 23-Oct-15 N Central Mutule
4424188 | 630027.4 | 39.95785 | 76.52232 250 20 340 23-Oct-15 N Central Mutule
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4424287 | 630036.8 | 39.95874 | 76.52245 262 25 352 23-Oct-15 N Central Mutule
4424332 | 630098.4 | 39.95913 | 76.52318 245 24 335 23-Oct-15 N Central Mutule
4424478 | 630010.5 | 39.96046 | 76.52218 267 22 357 23-Oct-15 N Central Mutule
4424698 | 630016.9 | 39.96244 | 76.5223 250 6 340 23-Oct-15 N Central Mutule
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Table A5-1: All OSL small aliquot data for samples CK-1-2, and CMTL-1-5

13-75 14-152 14-153 13-76 13-77 13-78 13-79
2012-07-CK-1 2012-07-CK-2 2012-07-CK-3 2012-07-CMTL-1 | 2012-07-CMTL-2 | 2012-07-CMTL-4 | 2012-07-CMTL-5
De % De % De % De % De % De % De %

(Gy) Error (Gy) Error (Gy) Error (Gy) Error (Gy) Error (Gy) Error (Gy) Error

tlo? tlo? tlo? tlo? tlo? tlo? tlo?

235 7.66 49.82 2.18 58.02 3.19 17.27 2.95 19.15 3.19 33.03 7.78 13.61 2.13

27.24 1.36 54.95 3.85 71.87 5.19 21.36 4.09 28.94 6.17 41.38 6.26 51.89 12.76
41.55 10.39 61.12 6.81 71.87 5.86 22.72 2.95 36.6 11.7 41.38 55 56.57 5.53
42.23 3.92 67.54 5.26 73.2 5.32 29.99 341 37.88 5.96 43.28 18.41 69.32 9.57
55.9 3.19 67.79 7.45 77.72 6.92 34.09 8.63 42.13 12.13 43.28 9.3 73.15 16.37

66.07 7.15 67.79 6.81 77.99 5.32 36.36 8.41 53.62 10.43 47.45 12.34 73.58 8.72
68.45 24.86 71.9 3.72 87.04 6.65 52.26 9.54 58.31 8.09 56.56 11.96 77.83 15.52
81.39 8.68 73.44 6.42 87.57 4.79 61.35 5.68 59.16 6.81 56.94 7.97 86.34 9.57
82.65 8.54 82.17 4.49 90.5 8.52 61.81 7.95 82.99 19.79 58.08 14.05 86.76 13.61
89.57 7.15 92.96 5.39 100.88 10.38 70.9 9.32 84.69 11.07 59.98 15.75 109.73 12.76
96.04 10.73 95.78 6.29 125.9 7.72 73.62 5.23 110.65 17.24 60.74 16.7 114.83 15.31
103.73 25.24 101.18 411 126.7 8.38 74.99 14.32 118.31 14.9 61.12 43.84 116.96 13.4
112.04 24.18 106.31 6.29 127.49 7.99 75.9 7.27 118.74 16.6 65.67 11.58 125.04 23.82
114.77 20.94 112.99 4.49 145.06 5.99 81.35 6.36 124.27 14.9 71.75 7.4 125.04 17.65
132.73 8.93 116.33 6.55 153.58 13.04 83.17 15.68 130.65 19.36 71.75 5.69 138.22 21.48
134.52 11.58 119.64 3.96 166.35 7.19 90.89 26.81 133.1 15.48 76.3 8.73 155.23 31.9
140.62 5.96 121.46 5.26 167.15 7.59 94.98 10.91 134.91 13.19 77.82 26.95 157.36 32.54
146.43 8.57 125.31 7.32 168.75 7.05 105.44 21.13 158.32 30.85 92.25 10.82 179.48 20.63
148.09 12.85 128.65 9.89 180.99 16.77 111.34 14.09 164.06 14.04 98.7 14.05 188.83 21.48
148.14 10.05 135.33 8.47 201.22 15.84 161.79 39.99 174.49 14.9 102.49 8.54 195.21 17.44
208.42 16.86 150.22 14.12 168.04 12.27 267.27 27.45 119.58 13.1 214.78 25.52
215.02 20.28 168.71 13.74 207.24 12.04 132.1 17.27 230.94 68.05
224.68 14.32 214.05 16.53 132.86 17.46 258.58 33.6
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239.41 71.86 135.52 19.17 281.97 35.3
253.03 23.33 146.1 114

156.4 34.92

157.92 28.28

160.2 27.9

176.14 19.36

178.42 45.55

196.64 46.31

24447 80.67

282.43 23.16

aUncertainties are estimated from the goodness of fit of the theoretical saturation curve to the regenerative data.
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Table A5-2: All OSL small aliquot data for samples CMTL-1-5, EAT-2, and WA1-2

13-80 13-81 14-154 13-82 13-85 13-83 13-84
2012-07-CMTL-6 | 2012-07-CMTL-7 | 2012-07-CMTL-8 | 2012-07-CMTL-9 | 2012-07-EAT-2 2012-07-WA-1 2012-07-WA-3
De % De % De % De % De % De % De %
(Gy) Error (Gy) Error (Gy) Error (Gy) Error (Gy) Error (Gy) Error (Gy) Error

+16? tlo? tlo? tlo? tlo? tlo? tlo?
69.48 7.38 39.55 3.62 30.29 5.3 54.42 5.53 25.98 8.09 72.65 7.43 47.22 6.38
81.59 7.71 41.27 4.8 40.33 1.18 56.97 6.59 28.96 4.47 83.27 16.14 53.6 4.04
87.08 14.54 50.87 5.04 44.53 5 68.45 7.86 29.24 3.16 84.12 9.13 61.26 6.38
88.41 12.57 66.7 12.72 47.56 5.6 69.93 13.47 29.81 4.68 89.22 8.28 67.64 10
89.5 8.56 72.94 14.16 52.11 5.45 71.35 8.5 45.14 3.83 100.69 12.75 72.32 7.66
97.85 9.71 81.1 8.88 53.92 6.36 81.74 5.91 49.8 3.91 106.21 30.38 88.48 11.7
99.42 15.61 83.98 14.4 62.71 7.57 82.21 17.72 49.82 10.65 108.34 12.53 91.46 7.66
105.2 14.54 90.22 23.99 63.18 5.71 83.16 25.28 60.04 4.26 112.16 10.2 95.29 16.8
107.62 27.06 91.66 8.88 64.22 8.63 84.1 9.69 62.17 10.22 124.48 24 99.54 9.36
113.35 11.54 99.34 13.68 65.54 6.72 87.41 12.28 73.41 7.8 127.45 6.37 109.32 18.72
114.45 10.18 101.26 13.92 72.93 4.71 89.3 12.28 73.98 15.32 1334 48.64 115.28 17.65
118.27 15.64 106.05 34.55 75.96 6.39 90.98 9.14 75.14 8.38 134.25 8.07 123.79 13.19
123 15.28 107.97 9.84 83.61 7.73 104.16 12.97 78.61 9.83 151.24 15.08 130.59 18.5
128.89 16.92 110.85 16.08 92.09 7.06 106.78 16.54 81.33 8.52 161.23 11.63 144.63 18.5
132.15 17.79 114.69 17.28 96.03 6.82 107.25 19.61 82.75 42.34 169.51 18.91 147.18 15.53
138.58 16.82 122.37 18 125.02 5.38 109.62 7.8 89.42 9.15 172.06 19.76 148.03 24.03
143.85 23.76 127.17 19.2 140.15 6.89 112.23 20.41 91.98 15.33 175.25 11.79 157.82 17.23
152.38 15.75 135.33 15.6 147.88 7.56 123.32 17.25 94.53 12.56 2154 19.76 158.67 28.08
153.67 15.82 137.25 15.12 177.22 15.15 131.82 10.16 95.38 8.09 248.11 20.39 160.37 20.84
164.64 3301 138.69 27.59 185.09 21.66 140.8 22.92 96.66 10.86 294.42 32.93 161.65 19.99
165.73 21.83 176.12 29.51 142.22 27.17 97.68 25.43 351.35 | 48.22 162.07 15.74
173.66 20.87 193.87 30.47 142.22 27.17 99.42 8.67 163.77 14.89
184.89 18.29 194.35 22.79 143.16 20.79 101.34 9.37 184.4 13.24
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186.56 23.5 215.2 26.79 153.56 32.37 113.69 18.52 192.7 26.8
187.08 26.94 217.75 40.19 163.48 27.4 114.54 14.9 196.1 23.61
204.85 29.2 220.75 44.39 169.62 13.47 130.05 17.63 223.75 | 139.53
211.42 33.59 231.78 51.35 180.02 42.76 140.94 22.36 240.87 14.2
237.56 61.26 243.78 55.43 197.5 36.62 161.81 20.01 256.93 32.97
253.9 57.68 321.53 61.19 219.71 61.19 197.68 27.74 3335 32.54
256.54 4211 358.1 105.05 237.22 30.18 404.97 42.33
256.99 59.01 435.74 85.9 240.49 41.81
342.02 70.26 245.22 68.98
349.58 93.74 300.03 45.36

308.53 | 107.96

aUncertainties are estimated from the goodness of fit of the theoretical saturation curve to the regenerative data.
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Table A6-1: Full results from optically stimulated luminescence dating-Part 1

Elevation of

Water content

i Density of
Sample | | e | Longitude | torrace rom | terraceabove | SpR L R e | used fordose | (S
SRTM +2¢6 (M)? 26 (m)? +26 (M)? content (%0) 26 (%)° +20 (g/cmd)?

CK-1 39.5643 75.9505 1478 £ 5 60 + 10 1.4+0.2 1 5%5 20+0.6
CK-2 39.5776 75.9480 1539 +5 95+10 3.3+£0.2 0.1 5%5 20+0.6
CK-3 39.5785 75.9480 1540+ 5 95+10 3.9%0.2 0.5 5%5 20+0.6
SMT-1 | 39.9195 76.5384 1617 +5 21+1 1.3+£0.2 1 5%5 20+0.6
SMT-2 | 39.9200 76.5393 1618+ 5 231 1.4+0.2 7 5%5 20+0.6
SMT-4 | 39.9114 76.5191 1667 +5 34+2 6.0+0.2 10 5%5 20+0.6
SMT-5F | 39.9096 76.5183 1665+ 5 34+2 3.0%0.2 9 5+5 20+0.6
SMT-6 | 39.9046 76.5833 1511 +5 50+1 57+0.2 4 5+5 20+0.6
SMT-7 | 39.9043 76.5838 1509 +5 58+1 7.0+0.2 6 5%5 20+0.6
SMT-8 | 39.9008 76.5918 14855 57+1 1.4+0.2 14 5%5 20+0.6
SMT-9 | 39.8907 76.6082 1426 £ 5 51+1 53%0.2 2 5+5 20+0.6
EA-2 39.8439 76.4201 1627 +5 240 £ 40 0.9+0.2 1 5%5 20+0.6
WCA-1 | 39.6907 75.8513 17195 3510 1.0+£0.2 4 5%5 20+0.6
WCA-3 | 39.6907 75.8513 17195 35+10 23+0.2 5 5%5 20+0.6

aUncertainties are estimated.
fdiscarded one additional aliquot
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Table A6-2: Full results from optically stimulated luminescence dating-Part 2

Sample | ¥U +2¢ | ’Ra+20 | Ra*206 | *Th+2¢ | *?Th+2¢ WK 20 238 [2%5Ra
Name (Ba/kg)® | (Bg/kg)® (Barkg)® (Barkg)® (Ba/kg)® (Bg/Kg)® 20"
CK-1 199+36 | 101£03 | 16.8x05 | 156+04 | 16.0x0.3 35317 20£0.2
CK-2 95+26 |141+02 | 181+04 | 173+03 | 176+0.2 3175 0.7+0.3
CK-3 260+33 | 224+£03 | 31905 | 323+£05| 321x0.3 4778 12+0.1

SMT-1 | 244+66 | 156£52 | 199+05 | 19.1+£04 | 19.1x04 2976 16+04

SMT-2 | 220+4.1 | 182+03 | 26.0+0.6 | 245+£05 | 25.1+04 3847 12+0.2

SMT-4 | 220+44 | 23.1+£04 | 268+06 | 259+£05 | 26.3x04 395+8 1.0+£0.2

SMT-5" | 29.7+44 | 239+04 | 301+06 | 28.7+05 | 29.2+04 4538 12+0.1

SMT-6 | 25.1+43 | 21.8+£04 | 29.7+06 | 274+£05 | 28.2+0.4 519+9 12+0.2

SMT-7 | 294+47 | 253+£04 | 349+0.7 | 329+£06 | 33.7x04 564 + 10 12+0.2

SMT-8 | 185+33 | 248+03 | 316+05 | 31.1+£05 | 31.3+0.3 560+ 9 0.7+£0.2

SMT-9 | 254+42 | 185+£03 | 26.0+0.6 | 24805 | 253x04 461 +8 14+0.2
EA-2 142+41 | 21.6£04 | 243+£06 | 227+04 | 23.3+£0.3 340+ 7 0.7+0.3

WCA-1 | 247+43 | 198+£04 | 26.1+06 | 248+£05 | 253x04 389+7 12+0.2

WCA-3 | 849150 | 274+£04 | 298x06 | 27.5£05 | 28404 473+£9 3.1+£0.1

bUncertainties are standard deviations from the gamma ray spectrometry.
fdiscarded one additional aliquot
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Table A6-3: Full results from optically stimulated luminescence dating-Part 3

Nur_nber Over- MAM CAM
Sample | of aliquots dispersion | Skew | Kurtosis Dose Rate Equivalent Equivalent MAM Age | CAM Age
Name | (accepted/ o 20 (Gy/ky)© dose +2¢ dose +2¢ +2¢ (ka)® | %20 (ka)®
total) 0) (Gy)* (Gy)*
CK-1 25/33 61 0.5 -0.6 1.8+0.1 28+4 102+ 25 15+2 55+ 14
CK-2 22129 32 0.3 -0.7 1.7+01 51+5 94 +13 304 54+8
CK-3 20/27 36 0.4 -1.2 27+0.1 61+8 110+ 18 23+3 41+7
SMT-1 23/42 67 11 0.6 1.8+0.1 21+6 69 + 20 11+3 37+11
SMT-2 21/35 64 0.8 11 22+0.1 24+8 85+25 11+4 38+11
SMT-4 33/64 52 11 0.7 23101 44 + 10 91+18 19+5 40+8
SMT-5f 23/38 45 0.5 -0.4 26+0.1 61+13 123+25 235 47+ 10
SMT-6 33/47 36 11 0.9 27+0.2 82+13 144 + 20 31+5 54+8
SMT-7 31/55 56 14 1.8 3.0+0.2 43+8 127 £ 27 14+3 43+9
SMT-8 20/27 48 1.0 0.1 3.0+0.2 40+ 10 77117 13+3 26+6
SMT-9 34/58 42 1.0 0.3 24+0.1 63+11 121+19 26+5 50+8
EA-2 29/44 48 0.8 11 21+01 32+6 76 + 14 15+3 367
WCA-1 21/49 40 1.4 1.9 23+0.1 80+ 15 141+ 26 35+7 61+12
WCA-3 30/38 49 14 25 3.0+0.2 55+9 134+ 25 18+3 45+9

“The dose rate is calculated from radionuclide activities in representative samples measured through gamma ray spectroscopy and an estimated water content of 5
+ 5% (+20). Uncertainties are propagated from the standard deviations of radionuclide activities and the estimated uncertainties of the water contents.
dEquivalent dose distributions are obtained by applying the minimum age model and the central age model (Galbraith, 2005; Galbraith and Roberts, 2012;
Galbraith et al., 1999) to the single aliquot equivalent dose data.

eAges by dividing the equivalent doses by the dose rate. Uncertainties are propagated from the dose rate uncertainty and equivalent dose standard error.
fdiscarded one additional aliquot
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Table A7: Results from depth-profile modeling for CA-DP1 using a Monte Carlo calculator (Hidy et al., 2010)

CA-DP1
. Inheritance Erosion Best ﬁt.
Iputs to the Hidy et al., (2010) Monte Carlo Results from the Monte Carlo Age (10* rate concentration
simulator simulator (ka) atoms/g) (cmiky) assurrzgqgrgglg)rosmn

Latitude 39.712 Mean 78.2 29.2 -0.04 987421
Longitude 76.0115 %— Median 78.1 29.3 -0.03 986183
Altitude (m) 1534 % Mode 76.4 29.5 0.09 965124
Shielding 0.999 § Min »? 76.8 29.3 -0.07 970080
Reference production rate (atoms/gly)® 4.1 5 Maximum 88.3 32.1 0.12 1112161
Depth of muon fit (m) 5| 2| Minimum 69.1 26.1 -0.22 874490
% error in total prod rate 10 [ 2| Bayesian most probable 771 29.7 0.10 973797
Chi Squared cutoff value® 15/10 % Bayesian 2-sigma upper 88.1 33.8 011 1109697
Number of profiles 200000 | = | Bayesian 2-sigma lower 68.0 23.3 -0.22 860805
Density lower bound (g/cm?) 14 Average 2-sigma error used 101 5.2 0.2 129071
Density upper bound (g/cm?®) 2.3 Mean 89.1 31.4 -0.03 1122015
Age lower bound (ka) 40 %_ Median 88.9 31.4 -0.03 1119552
Age upper bound (ka) 140 | &1 Mode 89.3 313 0.09 1124478
Erosion rate lower bound (cm/ky) 1| 8| Min 2 82.4 31.9 -0.18 1039369
Erosion rate upper bound (cm/ky) 1 % Maximum 103.2 33.6 0.11 1295039
Total erosion lower bound (cm) -15 | 2| Minimum 779 295 -0.19 983706
Total erosion upper bound (cm) 10 | 2| Bayesian most probable 86.6 31.2 0.09 1091209
Inheritance lower bound (105 atoms/g) 1 % Bayesian 2-sigma upper 101.3 33.8 0.10 1271794
Inheritance upper bound (105 atoms/g) 4| @ Bayesian 2-sigma lower 74.8 26.2 -0.20 945287
1605 13.3 3.8 0.2 170033

Neutron attenuation (g/cm?)

Average 2-sigma error used

aThe half live is based on Chmeleff et al., (2010) and Korschinek et al., (2010)
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bProduction rates are based on the reference 10Be production rates of Borchers et al., (2016), an atmospheric model based on the ERA40 climate reanalysis
(Lifton et al., 2014), and the scaling scheme of Stone, (2000) based on Lal, (1991)
cUsed 15 for the profile including the surface sample and 10 for the profile without the surface sample



Table A8: Exposure ages for different scaling schemes

Time
Scaling schemes Lal, (1991) & dependent Lal
g Stone, (2000) & Stone (Balco
et al., 2008)
Reference production rate
+1o (atoms/gly)® 41+04 40104
Site specific spallation prod. . .
rate +1c (atoms/gly) 12.7516 time varying
Site specific muogenic prod.
rate at surface (atoms/g/y) 0.1236
Best fit age including the
surface sample +2c (ka)® [LERY Xl
Best fit age excluding the
surface sample +2¢ (ka)® 89x2l 8521

All values are outputs from the CRONUS-Earth-2008-v2.3 exposure age calculator assuming a sample density
of 2 g/cm3, a sample thickness of 0 and a shielding factor of 0.999.

aUncertainties in the production rate are standard deviations of the calibration data estimated by Greg Balco in
the CRONUS-Earth-2008-v2.3 exposure age calculator.

bUncertainties are external uncertainties taking into account the error in the production rate and in the 10Be
concentration of the sample as described by Balco et al., (2008).
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