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Abstract

Mass balances are often used to calculate sediment fluxes in foreland basins and denudation
rates in adjacent mountain ranges on intermediate to long timescales (from a few tens of
thousand to million years). Here, we study the simple Quaternary catchment-alluvial fan
system of the Kuitun River, in northern Tian Shan, to discuss some ideas about sediment
storage, release, and bypass in relatively short (a 100 km long) sediment routing systems. This
study shows that the Kuitun catchment and piedmont areas clearly present evidence of a
significant and temporary storage of sediments during the Pleistocene. These sediments were
then excavated and delivered farther into the foreland basin during the Holocene. The
difference between the volumes of materials released from the catchment and piedmont areas
(5.5 + 1.7 km®) and the volume stored in a contemporaneous fan downstream (2.6 + 0.6 km®)
indicates that the latter did not trap the whole sediment load transported by the river. The
alluvial fan was bypassed by 27 to 78% of this load toward its distal alluvial plain. If this
value is well estimated, it implies a major volumetric partitioning of the deposits between the

fan and the alluvial plain, with a very high sedimentation rate in the fan (1.97 + 0.52 mm.y™)



and a much lower one downstream (0.11 + 0.11 mm.y™). However, this volumetric
partitioning might only occur during periods with a very specific hydrological regime such as
the Holocene deglaciation. Eventually, the peculiar sediment storage and release pattern
within the Kuitun catchment and piedmont areas during the Pleistocene and Holocene
complicates the calculation of mean palaeodenudation rates using either sediment budgets or

in situ produced cosmogenic nuclides.
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1. Introduction

Erosion in mountain ranges is a key parameter that partly controls the evolution of
orogenic systems and their interactions with climate (e.g., Molnar and England, 1990; Raymo
and Ruddiman, 1992; Ramstein et al., 1997; Willett, 1999; Whipple and Meade, 2006).
However, denudation rates within mountain ranges are often difficult to estimate from the
study of bedrock areas where the morphological markers of erosion are scarce and
discontinuous. The alluvial terraces and sedimentary series that develop within neighbouring
basins usually constitute a more perennial record of the denudation. Several studies have
successfully exploited this capacity of sedimentary basins to retain the eroded material to
derive erosion fluxes from regional mass balance calculations (e.g., Métivier and Gaudemer,
1997; Métivier et al., 1999; Kuhlemann, 2002; Barnes and Heins, 2008; Hinderer, 2012, and
references therein). Knowing the surface of a catchment, as well as the volumes and ages of
the eroded sediments deposited at its outlet, deriving a mean denudation rate is possible.
Variations in space and through time of this mean denudation rate can then be translated into
variations in tectonic uplift or climatic forcing (e.g., Métivier and Gaudemer, 1997; Métivier
et al., 1999; Kuhlemann, 2002; Barnes and Heins, 2008).

However, this calculation methodology relies on two strong hypotheses: (i) the
sediments deposited in the basin correspond to the bedrock material eroded
contemporaneously in the catchment area (i.e., no intermediate storage from source to sink),
and (i) this material is entirely trapped in the studied sedimentary series. Consequently, this
mass balance approach is usually applied to large relief basin systems where sediment storage
in catchment areas can be considered as minimal and sediment outputs from basins as null or
negligible (e.g., Métivier and Gaudemer, 1997; Meétivier et al., 1999; Kuhlemann, 2002;



Barnes and Heins, 2008; Hinderer, 2012, and references therein). Indeed, when considering
the denudation at the scale of a whole orogen (more than a few 10, 000 km?) and over long
timescales (a few 100 ky to several Ma), the proportion of sediments delivered to the
neighbouring basins is usually very large compared to the total amount of stored sediments.
Consequently, the sediment fluxes in these basins can be reliably converted into denudation
rates and directly related to the topographic evolution of the catchment areas (e.g., Métivier
and Gaudemer, 1997; Kuhlemann, 2007; Barnes and Heins, 2008).

This approach is sometimes also applied to catchment—fan systems (e.g., Kiefer et al.,
1997; Oguchi, 1997; Allen and Hovius, 1998; Jayko, 2005; Hinderer, 2012, and references
therein). Those are the smallest and simplest complete sediment routing systems that can be
found in continental contexts (Densmore et al., 2007; Allen, 2008). They are composed of an
upland catchment area, where sediments are produced, associated with an adjacent alluvial
fan where some or all of those sediments are deposited. However, at the scale of those
systems (extending typically from a few 10 km? to several 1000 km? and developing over a
few 10 ky to a few 100 ky), the reliability of the negligible catchment storage and fan bypass
hypotheses is still a key question in mass balance studies.

Before being delivered downstream, the material eroded within a catchment area can
be partially stored for long periods compared to the development timescales of fans (Fig. 1)
(e.g., Church and Ryder, 1972; Church and Slaymaker, 1989; Brooks, 1994; Hinderer, 2012,
and references therein). This hillslope and valley storage, along with its release, can lead to
apparent variations in sediment yield disconnected from the prevailing tectonic or climatic
boundary conditions (e.g., Church and Ryder, 1972; Church and Slaymaker, 1989; Brooks,
1994; Coulthard et al., 2005) or to buffering the system response against their changes (e.g.,
Coulthard et al., 2002; Phillips, 2003). Thus, over intermediate timescales (a few 10 ky to a
few 100 ky) that include large climatic changes during the Quaternary, varying or constant
accumulation rates at the outlet of a catchment can be completely disconnected from the
contemporaneous mean denudation rate. For example, during interglacial periods, a sudden
release of sediments stored in a catchment area during glacial periods could artificially
increase the sediment accumulation rate in a fan compared to the effective basement
denudation upstream, which will then be overestimated. Conversely, trapping sediments in a
catchment area could artificially decrease the sediment accumulation rate in the
corresponding fan leading to underestimation of the catchment denudation rate. However, as

far as we know, the proportion of sediments stored in catchment areas compared to the total



amount of transported load is rarely assessed for periods longer than several millennia (Jordan
and Slaymaker, 1991; Hinderer, 2012 and references therein).

Additionally, estimates of the sediment bypass through alluvial fans remain scarce
(Kiefer et al., 1997; Oguchi, 1997; Allen and Densmore, 2000). In previous studies,
catchment—fan systems were often considered as essentially closed in terms of sediment
budget (e.g., Whipple and Trayler, 1996; Allen and Hovius, 1998; Jayko, 2005; Densmore et
al., 2007; Giles, 2010), and for those that were not, quantifications are usually lacking (e.qg.,
Denny, 1965; Allen and Hovius, 1998; Carretier and Lucazeau, 2005). Though variations in
the amount of sediment bypass through time could also lead to apparent variations in
accumulation rate disconnected from boundary condition changes or could buffer the system
response against these changes. An important sediment bypass will artificially decrease the
sediment accumulation in a fan compared to the effective sediment exportation from its
catchment area. As a result, the apparent denudation rate calculated from this accumulation
rate will be underestimated. In theory, sediment bypass can be assessed by comparing the
amount of sediments accumulated in a fan and deposited in its downstream alluvial plain or
exported from its upstream catchment area during a given period of time. Practically, this
comparison requires a volumetric mapping of the sediments deposited in the fan and lying in
the plain or coming from the source area. Unfortunately, the data (outcrops or wells) and
markers (terraces), which are necessary to know the extension of these deposits in depth and
the location of their source area, are often too scattered or even nonexistent in natural
systems.

The catchment—fan system of the Kuitun River located on the northern side of the Tian
Shan Range offers a natural case study for sediment storage, release, and bypass (Fig. 2). In
that region, the rivers built several outstanding Quaternary alluvial fans and terraces, which
have recorded the regional tectonic and climate evolution (e.g., Avouac et al., 1993; Molnar et
al., 1994; Poisson, 2002; Zhou et al., 2002; Fu et al., 2003; Poisson and Avouac, 2004; Lu et
al., 2010a,b). So far, alluvial deposits and surfaces associated with these features were
essentially studied in the piedmont of the range, and the catchment areas inside the chain have
not yet been investigated. However, using one of the only two roads that cross the mountain
range, the Kuitun River can be followed up to its source. Along that road, evidence shows that
the present river valley was previously filled by a large amount of unconsolidated sediments
that have been subsequently washed away downstream where they have built a fan during the
Holocene. This paper presents results of a mass balance performed on the sediments eroded

and deposited throughout this history, based on morphosedimentary maps and measurements



elaborated from field observations, satellite images, and SRTM3 digital elevation models.
This mass balance documents the respective amounts of sediment load eroded from the
catchment area and its piedmont and deposited in their foreland during the Holocene. It shows
that, on intermediate timescales (a few 10 ky to a few 100 ky), sediment storage within ranges
and sediment bypass through their foreland alluvial fans can be major features of sediment
budgets in catchment—fan systems. Based on the calculated sediment volumes, a discussion

about the meaning of the derived denudation and sedimentation rates is provided.

2. The Kuitun catchment—fan system

2.1. Geological setting

The Kuitun River flows through the northern side of the Tian Shan Range in China.
This 2500-km-long and up to 7400-m-high mountain belt extends through western China,
Kazakhstan, and Kyrgyzstan (Fig. 2). After a complex Palaeozoic and Mesozoic orogenic
history (e.g., Windley et al., 1990; Allen et al., 1992; Gao et al., 1998; Zhou et al., 2001;
Laurent-Charvet et al., 2002), the Tian Shan was reactivated during the Cenozoic by the
India-Asia collision (e.g., Tapponnier and Molnar, 1977; Avouac et al., 1993; Hendrix et al.,
1994; Dumitru et al., 2001; Charreau et al., 2006; Jolivet et al., 2010, and references therein).

To the north, the range is separated from its foreland, the Junggar basin, by three
series of east-west oriented fault propagation folds and thrust faults. A major thrust zone
generally separates this faulted and folded piedmont from the exhumed basement that forms
the high range (e.g., Avouac et al., 1993; Burchfield et al., 1999; Charreau et al., 2008; Chen,
2010; Chen et al., 2011).

In this piedmont, the rivers flowing northward from the range have alternatively formed
well-developed alluvial fans and incised valleys flanked by terraces (e.g., Avouac et al., 1993;
Lu et al., 2010a,b). Based on geomorphologic, stratigraphic, and chronologic studies, the
development of the Kuitun alluvial fans and terraces (Figs. 3 and 4) has been recently
investigated in terms of tectonic and climate forcing (Avouac et al., 1993; Molnar et al., 1994;
Poisson, 2002; Poisson and Avouac, 2004; Charreau et al., 2009, 2011).

At the scale of a few million years, Charreau et al. (2009) proposed that thrusting of the
range over its foreland is the main factor governing the progradation and aggradation of the
Kuitun fan system. At the same timescale, Charreau et al. (2011) also suggested a strong

impact of climate changes on sediment fluxes in the Kuitun area. Indeed, denudation rates



derived from the in situ produced cosmogenic °Be concentrations of the sediments deposited
in the Kuitun piedmont largely increased between 2.5 and 1.7 Ma, contemporaneously with
the onset of the Quaternary ice ages. Since 1.7 Ma, they recovered the values generally
observed prior to 2.5 Ma.

Finally, at the end of the Quaternary, the Kuitun River experienced a fan aggradation —
incision cycle. During the last glacial period, the river built a large fan at the outlet of the
range (Fig. 3). Then, at the glacial-interglacial transition about 11 ka ago, the stream incised
this old fan and formed an up to 300-m-deep canyon flanked by stepped terraces (Molnar et
al., 1994; Poisson, 2002; Poisson and Avouac, 2004). Contemporaneously to this
entrenchment, a new fan initiated farther downstream within the Junggar basin (Avouac et al.,
1993; Poisson, 2002) (Fig. 3).

This recent fan aggradation—incision cycle is clearly climate-driven as all the rivers on
the northern side of the Chinese Tian Shan share the same history around the same times,
during the last glacial and interglacial periods (Molnar et al., 1994; Poisson, 2002; Poisson
and Avouac, 2004; Lu et al., 2010a,b). Moreover, the location of the river incisions does not
correlate with the tectonic structures. For example, along the Kuitun canyon, tectonic uplift
affects only a zone of about 5 km in length, corresponding to a growing anticline (the
Dushanzi anticline) that locally accounts for only 10% of the total incision (Poisson, 2002;
Poisson and Avouac, 2004). Consequently, the recent morphologic and sedimentary evolution

of the Kuitun River system cannot be explained through local tectonic or autogenic processes.

2.2. Morphological features of the Kuitun system

The Kuitun River catchment extends within the Palaeozoic basement of the range and
corresponds to one of the largest catchments in the northern piedmont (Graveleau, 2008). Its
surface is about 1940 km?, and its mean altitude is close to 2100 m (Fig. 3). The source of the
Kuitun River is situated within a wide glacial valley at an altitude of about 3700 m. The
drainage divide between the Kuitun catchment and those of the rivers flowing toward the
Hexilagen basin to the south is marked by a series of ice caps and glaciers, some of them
reaching altitudes of nearly 5000 m. The Kuitun catchment is mainly fed by summer rains and
snow or ice melt. Hence, the Kuitun River mostly flows from May to October, with a mean
annual water discharge of 20 m*/s (Poisson and Avouac, 2004).

Inside the Kuitun catchment area, only one major tectonic structure (the F, fault on

Figs. 3 and 4A) has been recognized, but it does not affect the topography of the riverbed, or



at least within the resolution of the SRTM3 data (Fig. 4A). Additionally, no seismic activity
or recent fault scarp is observed along that structure that can be considered as nonactive.
Downstream, the outlet of the Kuitun catchment in the Junggar basin is localized by the major
basement thrust fault (F;) that controls the front of the high range (Figs. 3, 4A, 4B) (Avouac
et al., 1993; Poisson, 2002). Immediately north of this outlet, the Kuitun River developed a
major pre-Holocene alluvial fan (fy). About 620 km2, this fan is affected by the Dushanzi
fault-bend anticline that marks the propagation of the deformation toward the basin (Fig. 3)
(e.g., Poisson, 2002; Poisson and Avouac, 2004; Graveleau, 2008).

During the Holocene, the Kuitun River incised an up to 300-m-deep and 30-km-long
linear canyon into the piedmont, cutting through its pre-Holocene fan (Figs. 3, 4, 4B).
Looking at the extensive terrace system preserved on both sides of the canyon, Poisson and
Avouac (2004) showed that incision occurred in two phases. During early to mid-Holocene
(12.5 to 6 ka BP), incision occurred in a large valley with moderate incision rates and a rapid
decrease of the river slope. This phase was followed by a second stage of entrenchment of a
narrower valley with a rapid incision rate and a slow decrease of the river slope. The authors
explained this evolution by a dynamic adjustment of the hydrological system to climate
changes: during the Early Holocene, wetter conditions induced an about three times higher
water discharge, whereas during the middle to late Holocene a more arid climate prevailed.

Along the Kuitun canyon (Figs. 4A and B), at least five levels of terraces (T; to Ts)
have been recognized and dated from about 11 to 3.3 ka BP (abandon age) using OSL
(optically stimulated luminescence) and C** dating (Molnar et al., 1994; Poisson and Avouac,
2004). The pre-Holocene fan in which the canyon was incised must thus have been
abandoned around 12.5 to 11 ka. Accordingly, in order to simplify the following discussion,
the pre-Holocene fan f, will be refered below as the Pleistocene fan, although its onset age is
unknown.

The slope of the Pleistocene fan measured by Poisson and Avouac (2004) from a
SPOT DEM is 2.05% and slightly higher than the slope of the various terraces in the canyon.
The slopes measured in this study using SRTM3 data vary between 1.3 and 1.8% (increasing
with the increasing relative age of the terraces), which is compatible with the 1.3 to 2.0%
slopes measured by Poisson and Avouac (2004). Finally, the slope of the river bed varies
along the profile from 1.2% in the piedmont segment (Poisson and Avouac, 2004, reported a
value of 1.1% for the same section), to 2.0% in the central segment between the outlet of the
catchment area and the strong topographic change observed after about 50 km along the river

profile (Fig. 4), and finally 1.4% in the upper part of the measured profile.



Within the upper (southern) part of the Pleistocene fan surrounding the Kuitun canyon,
remnants of older and strongly dissected surfaces are exposed, probably corresponding to
older incised fans (Fig. 3). However, those surfaces, designated as old surfaces (Fig. 3), will
not be discussed further in this work.

To the north of the Kuitun Pleistocene fan (i.e., downstream of the Kuitun canyon),
the river built a Holocene fan (f;) that is much smaller than the previous one (Fig. 3). It
comprises an early and a mid—late Holocene part with an average combined surface of 138
kmz2 and a very low mean slope of 0.94%. However, the river most certainly carries fine-
grained sediments farther into the Junggar basin, building an alluvial plain extending as far as
the Ebi Lake to the northwest (Fig. 2). In addition to the Holocene fan of the Kuitun River,
the topography generated by the growing folds and faults in the piedmont, as well as by the
uplift of the basement, also induced the formation of numerous small fans around and on the
Pleistocene fan (Fig. 3). However, those secondary fans do not bring sediments directly into
the Kuitun River. Finally, to the north of this fan system, undated large and mostly flat
surfaces are preserved, some of them covered by the southern reach of the extensive aeolian
dune field of the Junggar basin (Fig. 3).

3. Evidence for past sediment storage and release

Figure 5 presents a series of pictures taken along the Kuitun River from its source
down to the outlet of its catchment area (see Fig. 3 for the picture location). In the source
area, at a river altitude of about 3000 m or more, high angle colluvial fans are exposed all
along the banks of glacial valleys filled with moraines that are currently entrenched by
streams flowing on their surface (Fig. 5A). Immediately below, around 2500 m in altitude,
large remnants of incised moraine are also preserved inside the Kuitun and tributary valleys
(Fig. 5B). Within the latter, the surfaces of the moraines are located high above the Kuitun
river bed, at the same level as the apex of all the colluvial fans on the valley slopes (Fig. 5B).

A little bit downstream, at a stream elevation close to 2215 m, the first evidence of
high, elevated terraces are exposed in a small lateral valley to the west, about 135 m above the
Kuitun river bed (Fig. 5C). Near the same place, a flat surface that may correspond to an
erosion surface is also visible on top of a crest at roughly the same altitude. Farther down, at a
river altitude of about 2100 m, Fig. 5D shows two strath terraces preserved along the western
river bank and younger (i.e., lower compared to the riverbed altitude) than the ones on Fig.
5C.



Downstream, at a river altitude of 1400 m, a large lateral valley to the west of the
Kuitun River is nearly completely filled with layered sediments (Figs. 5E and 5F), which are
attributed to upper Eocene on the Chinese geological map (XBGMR, 1993). Those sediments
are deeply incised by the present river system with a terrace clearly visible on the southern
side of the valley, some 200 m above the Kuitun stream bed (Fig. 5F). Figure 5G was taken at
the exit of the next lateral valley, which contains sediments as the previous one. Moreover, a
fill terrace system composed of conglomerates is preserved on the western side of the Kuitun
valley, some 300 m above the river bed. Patches of conglomerates are also visible high above
these well-preserved terraces, indicating that this lateral valley might have been nearly filled
like the one situated immediately to the south. Figure 5H taken from another point of view
shows that at least 200 m of conglomerates are preserved near the exit of the valley.

Some 1.3 km downstream, at a river altitude of 1260 m, a well-developed terrace
system also occurs, the highest terrace (T,) being again about 200 m above the present Kuitun
river bed (Fig. 51). Those terraces have been labeled T, to Ts because they form a coherent
system but, owing to a lack of dating, they cannot be compared directly with the terraces in
the piedmont. Finally, Figure 5J shows one of the most extensive remnants of terrace
preserved on the eastern bank of the Kuitun River, between 2.5 and 1.5 km before the outlet
of the range. Those surfaces are perched about 200 m above the present stream bed.

The position of those terrace remnants that could be recognized on satellite images
(Landsat 7 and SPOT 5 images, as well as images available through Google Earth®) has been
reported on Fig. 4A. Within the range, the terraces are separated into three groups. The first
group is composed of many terraces located very close to the river bed and are difficult to
correlate between each other. A second group, located around 10 km south of the outlet of the
range (river bed distance), is positioned about 50 to 100 m above the river bed. However,
there is no apparent correlation between these terraces that are not represented elsewhere in
the catchment area. Finally, the third group is formed by two sets of terrace remnants: one
located about 200 m above the river bed near the outlet of the range (e.g., Fig. 5J), and a
second one about 140 m above the river bed some 30 km south of the outlet.

Linking the surfaces measured on the eastern bank of the Kuitun River and belonging
to this last group (i.e., 6 points) gives a line with a slope of 1.75 + 0.25%, which is compatible
with the slope measured for the oldest terraces in the piedmont (Fig. 4A). Correlation between
the fewer surfaces on the western bank (3 points) gives a slope of 1.4 + 0.2%, still in the range

of the slopes measured in the piedmont. The error associated with these slope calculations is



related to the error on the SRTM3 data estimated at + 4 m in horizontal and a maximum of +
30 m in vertical. The vertical error associated with the SRTM3 data in flat areas is estimated
around 10 m; however, this error largely increases in mountainous areas (Shortridge and
Messina, 2011). Furthermore, apart from an up to 10-m-high offset that could be caused by
the thrust fault that separates the piedmont from the catchment area (a maximum vertical
offset of 1 mm.y™ has been assumed for the fault F; by Avouac et al. (1993), but no field
evidence for active deformation during the Pleistocene—Holocene period has been reported),
all those surfaces seem to extend the surface of the Pleistocene fan upstream in the Kuitun
valley (Fig. 4A). Indeed, from their altitude above the present river bed and the slope obtained
by correlating them along the river profile, the higher terrace remnants observed within the
central part of the Kuitun catchment are aligned with the surface of the Pleistocene fan in the
piedmont. This indicates that alluvial deposits have filled a part of the catchment area with a
slope in line with the one of the alluvial fan. In other words, these terraces are the remnants of
an alluvial valley with a stream-bed profile collinear to its downstream fan, as it is now
largely accepted for many other catchment—fan systems (e.g., Densmore et al., 2007, and
references therein; Allen, 2008).

The catchment of the Kuitun River thus clearly shows evidence of sediment storage
during at least the deposition of the Pleistocene fan. Older sediment, still exposed in some
connected lateral valleys, especially to the west of the Kuitun River, may even be as old as
upper Eocene (XBGMR, 1993), indicating that the Pleistocene situation may have occurred
several times during the Cenozoic development of the range. All those deposits are now
incised and exposed as terrace remnants on both sides of the present Kuitun valley, in relation

to the Holocene release of the sediments previously stored in the catchment area.

4. Holocene mass balance in the Kuitun system

In order to evaluate the Holocene release of sediments from the catchment area and
the piedmont of the Kuitun River, as well as the contemporaneous sedimentation and bypass
within its Holocene fan, we performed a series of volume calculations. In the Kuitun
catchment—fan system, three volumes of sediment transported during the Holocene can be
estimated using field observations and SRTM3 DEM data: (i) the volume of sediments

released from the Pleistocene valleys in the range, (ii) the volume of sediments excavated



from the canyon through the Pleistocene fan downstream, and (iii) the volume of sediments
deposited in the Holocene fan.

towing to the sharp topography of the area and the occurrence of glaciers, the SRTM3
data used in this study are incomplete, especially for the high altitudes. This problem was
partially solved by interpolating the SRTM3 data with the GTOPO30 data (Fig. 6A).
Moreover, the poorlydefined zone is restricted to high picks that cover only very small areas
of the whole catchment outside the main river system considered in this work. Once the
SRTM3 data were completed, volumes were assessed using the GMT® software (Smith and
Wessel, 1990; Wessel and Smith, 1991, 1995a,b, 1998). Except within the catchment area
(see above), an error of + 4 m in horizontal and = 10 m in vertical associated to the SRTM3
data (Shortridge and Messina, 2011) are taken into account in all the following calculations.
Using this tool, paleosurfaces — such as (i) the floor of the Pleistocene alluvial valleys within
the catchment, (ii) the top of the Pleistocene fan in the piedmont, and (iii) the bottom of the
Holocene fan in the basin — were reconstructed and volumes were calculated from the

differences of elevation between these surfaces and the present-day topography.

4.1. Volume of sediments released from the catchment area

Evaluating the volume of sediments released from the catchment area during the
Holocene is complex, and only rough estimates can be provided. This volume has been
calculated by filling the Kuitun and tributary valleys up to the surface of the pre-Holocene
sediments in the catchment (Fig. 6).

Near the outlet of the range, the sediment thickness is constrained to 210 + 10 m above
the present river bed by the height of the well-preserved terraces on the eastern side of the
valley (Figs. 4A and 5J). In order to model the surface of the Pleistocene sediment infill of the
catchment area, a planar surface has thus been generated using the slope calculated above
(1.75 £ 0.25%) and the direction of the vector linking these terrace remnants to the second
best-resolved sets of terraces located farther upstream on the eastern bank side of the river
valley within the range (Fig. 4A and 6B). This methodological approach is based on two
assumptions: i) the surface of the deposits within this valley can be considered as a flat plane;
and ii) a simple interpolation between the terraces has been preferred because the number of
available measurement points over the whole area is far too low for a tensile surface approach

and because the size of the various remnant terraces is too small for an accurate slope



projection. The volume of sediments eroded from the drainage system was then calculated as
the volume enclosed between this planar surface and the present-day topography below (Figs.
6C and 6D).

Following that method, the volume obtained for the Holocene incision of the Kuitun
and tributary valleys is 2.1 + 0.7 km®. The 33% error associated to that volume derives from
the errors on the slope of the calculated plane (1.75 + 0.25%) and on the present-day
topography caused by the error on the SRTM3 data (= 4 m in horizontal and £ 30 m in

vertical).

4.2. Volume of sediments released from the piedmont

The volume of sediments released from the piedmont during the Holocene can be
assessed by filling the Kuitun canyon up to the surface of the Pleistocene fan of the river (Fig.
7).

Poisson (2002) estimated the volume of this canyon at 3.5 + 1.75 km® measured by
filling the canyon up to the oldest terrace T, between the basement thrust to the south and the
southern limb of the Dushanzi anticline to the north. In the present study, the volume of the
canyon has been calculated on its entire length, from the basement thrust to a point farther
north than the Dushanzi anticline; and the incision has been filled up to the level of the
Pleistocene fan f, (Figs. 3 and 7). In order to reconstruct the surface of this fan above the
canyon, a planar surface aas been generated between the two sides of the incision (Fig. 7B).
This reconstruction is based on the assumption that the surface of the fan included within the
canyon can be considered has a flat plane. Indeed, the canyon is very narrow compared to the
total width of the Pleistocene fan. This implies that the lateral curvature of the fan can be
neglected (over a width of about 2 km, it would be of less than 10 m, i.e., below the resolution
of the SRTM3 data). A first volume of sediments eroded from the canyon was thus calculated
between this planar fan surface corresponding to the projection of the Pleistocene fan surface
topography above the canyon and the bottom of the incision (Fig. 7C).

However, the Holocene growth of the Dushanzi anticline has locally uplifted the fan
surface, which is now bent above the fold (see for example Fig. 6 of Poisson and Avouac,
2004). Accordingly, an additional volume of excavated sediments, which corresponds to a
volume enclosed between the fan surface reconstructed as a plane and its real surface that is

locally uplifted, must also be considered. This volume eroded from the growing fold within



the Kuitun Pleistocene fan and calculated based on the fold geometry defined by Poisson
(2002) and Poisson and Avouac (2004) was thus added to the volume of sediments exported
from the canyon as calculated above.

All together, the volume calculated for the Holocene incision in the Kuitun piedmont
is 4.8 km®, with a maximum uncertainty of about 10% owing to the error corresponding to the
resolution of the SRTM3 data (see above) and to the one on the limits of the canyon. This last
error is minimal in terms of variations of the calculated volume as the uncertainty on the exact
shape of the edges of the canyon will only apply to the uppermost terrace level, which is only
a few tens of meters high. The induced error on the volume will thus be within or lower than
the error caused by the uncertainty on the SRTM3 data.

The calculated volume is consistent with the 3.5 + 1.75 km?® obtained by Poisson
(2002), which was neither considering the portion of the canyon across the Dushanzi anticline
nor the incision above the terrace T;. Unfortunately, Poisson (2002) does not provide
explanation for the 50% error on her calculated volume, and we cannot discuss the extreme

values.

4.3. Volume of sediments stored in the fan

Finally, the volume of sediments stored in the Holocene fan can be estimated by
considering its upper and lower surfaces (Fig. 8). In map view, the Holocene fan was defined
as the area presenting a northward slope steeper than the mean slope of the surrounding
alluvial plain. It includes an early Holocene lobe to the southeast and a mid-late Holocene one
to the northwest (Figs. 3 and 8A). The most proximal part of these lobes was emplaced on the
distal part of the Pleistocene fan, whereas their distal part rests on the Junggar alluvial plain
(Fig. 3). The geometrical relationships between the two fans do not suggest that the
Pleistocene fan has been eroded prior to the deposition of the Holocene one. Consequently,
we assumed that the paleotopography of the Pleistocene fan has been preserved below the
Holocene deposits. The paleotopography corresponding to the distal part of the Pleistocene
fan has thus been estimated using its topography immediately around the apex of the
Holocene fan. Downstream, the paleotopography of the Pleistocene plain on which this fan
developed was then assumed to be close to the one of the present surrounding alluvial plain.
The basal surface of the Holocene fan was thus reconstructed using the mean slope of the
Pleistocene fan (around 2.05 + 0.15%) until its toe in the south and the regional slope of the
alluvial plain (around 0.16 + 0.08%) to the north (Fig. 8B). According to the simple



topography (a uniform slope that is not affected by tectonic deformation or erosion) of the
distal part of the Pleistocene fan and of the alluvial plain around the small area covered by the
Holocene fan (Fig. 3), its basal surface as extrapolated here represents probably the best
estimate that can be made given the available observations. Therefore, the volume of the
Holocene fan was calculated as the volume enclosed between this basal surface and the
present-day topography of its topsurface (Fig. 8C).

The volume of this fan is 3.2 km® with an uncertainty evaluated around 10%. This
uncertainty derives from the errors on the two slopes used to extrapolate the basal surface of
the fan, the error on the SRTM3 data, and the error on the horizontal extend of the Holocene
fan. This last error is difficult to estimate. However, variations in the mapping of the edges of
the Holocene fan will affect areas where the thickness of the deposits is smaller (< 10 m) than
the resolution of the SRTM3 data.

4.4. Sediment budget

In summary, the volumes of the Holocene incisions within the Kuitun catchment and
piedmont are, respectively, 2.1 + 0.7 and 4.8 + 0.48 km?®. However, a great part of the incised
material was composed of Pleistocene conglomerates for which a porosity of 20 + 10% seems
to be a reasonable value (Clarke, 1979). This porosity must be taken into account to estimate
the real volumes of eroded matter, even if these values might be overestimated since the river
incision has reached the crystalline or sedimentary basement below the Pleistocene
conglomerates. The nonporous volumes of matter released from the catchment and piedmont
during the Holocene are thus 1.7 + 0.8 and 3.8 + 0.9 km®, respectively.

On the other hand, the volume of the Kuitun Holocene fan is 3.2 km® with an
uncertainty evaluated around 10%. The stored material was composed of Holocene
conglomerates for which a porosity of 20 + 10% seems also to be reasonable (Clarke, 1979).
This porosity must once again be taken into account to estimate the real volume of deposited
matter. The nonporous volume of matter stored in the Holocene fan is thus 2.6 + 0.6 km®.

Consequently, a difference of 2.9 + 2.3 km® is observed between the nonporous eroded
and deposited volumes in the Kuitun catchment—fan system during the Holocene. This clearly
indicates that the fan did not trap the whole amount of the transported sediment load.
According to the lower and higher values for the eroded and deposited volumes, between 27
and 78% of this load bypassed the Holocene alluvial fan toward its downstream alluvial plain.



In the following discussion, note that we will refer to the porous and nonporous

volumes calculated above as volumes of sediments and volumes of material, respectively.

5. Discussion

5.1. Implication on sediment bypass through the fan

In previous studies, catchment — fan systems are often considered as essentially closed
(e.g., Whipple and Trayler, 1996; Allen and Hovius, 1998; Jayko, 2005; Densmore et al.,
2007; Giles, 2010). In these works, the finest grain size fractions of the bedload and the
suspended load, as well as the dissolved load, are estimated volumetrically small enough to be
neglected in a mass balance calculation. However, the sediment budget performed above for
the Kuitun system clearly indicates that a significant proportion of the matter transported by
the river is deposited farther than the alluvial fan. As indicated above, at least 27 to 78% of
the transported matter has bypassed this fan toward its downstream alluvial plain during the
Holocene. Moreover, the volume of material delivered from the catchment area is potentially
underestimated in this sediment budget owing to physical bedrock erosion on the valley sides
that cannot be assessed in the absence of markers. This means that the distal outputs
calculated here for the Holocene Kuitun catchment—fan system are probably a minimum
value. Finally, the mass balance calculated above only deals with the solid load transported in
the river. It does not include the dissolved load produced by chemical alteration of the
bedrock in the catchment and piedmont areas or of the sediment particles in the stream.
Taking this dissolved fraction into account will again increase the total amount of transported
matter.

This is in good agreement with annual mass balances performed in the Urumai River,
a nearby stream similar to the Kuitun River (Liu et al., 2011). According to the measurements
carried out within the catchment area of this last stream, the bedload seems to represent
around 15 to 20% of the total transported load, whereas the suspended and dissolved loads
respectively correspond to about 30 and 50% of the matter. If these values are similar in the
Kuitun River, the main part of these suspended and dissolved loads are actually not trapped in
the Holocene fan that is clearly made up of bedload deposits, as indicated by their gravelly

grain size.

5.2. Implications on sedimentation rates in the foreland



Considering the volume of the Kuitun Holocene fan (3.2 km® + 10%), its area (138
km? with an uncertainty of 10% corresponding to an error of a few pixels on the exact
position of the fan limits) and its age of formation (11.75 £ 0.75 ky from Molnar et al., 1994;
Poisson, 2002; Poisson and Avouac, 2004), it is possible to assess a Holocene mean
sedimentation rate for this fan. Equally distributed over its whole area, the sediments
deposited in the fan would represent a mean thickness of 23.2 + 4.6 m, which can be
converted to a mean sedimentation rate of 1.97 + 0.52 mm.y ™.

The same exercise can be done for the part of the Junggar basin that received the distal
outputs of the Kuitun catchment—fan system. The Kuitun Holocene fan is the most proximal
part of an about 3250 km? endoreic (i.e., closed) sedimentary system with a base level
corresponding to the Ebi Lake farther to the northwest (Fig. 2). The size of this sedimentary
system has probably varied during the Holocene from the evolution of the other river systems
surrounding the area. However, spread over these 3250 + 250 km? (the uncertainty on this
size estimate depends on the difficulty to assess the exact position of the limits of the Kuitun
sedimentary system) with a porosity of 40 + 20% — which seems to be a reasonable value for
sand, silt, or clay (McWhorter and Sunada, 1977) — the 2.9 + 2.3 km® of material that
bypassed the fan would correspond to a 1.25 + 1.26 m thick sediment layer. With an age of
11.75 + 0.75 ky again for the onset of the sedimentation, this mean thickness can be converted
to a mean sedimentation rate of about 0.11 + 0.11 mm.y™. The large error margins on the
Holocene sediment thickness and sedimentation rate are linked to the addition of the
uncertainties on the volume calculations (i.e., of the uncertainties on the volumes eroded from
the catchment area, eroded in the canyon and stored in the Holocene fan), as well as to the
large uncertainty on the surface of the sedimentation area within the alluvial plain. However,
given that sediment bypass through the Holocene fan has been clearly demonstrated, some
sedimentation has to occur in the alluvial plain. A value of 0 mm.y™ within the alluvial plain
is thus excluded, while the value of 0.22 mm.yr? should be considered as an extreme
maximum.

Several long-term (Quaternary and Tertiary) sedimentation rates have been estimated
in the Junggar basin using 3D regional mass balances based on sediment volumes in the
whole basin (Métivier and Gaudemer, 1997) or 1D magnetostratigraphy analysis in specific
locations (Sun et al., 2004; Charreau et al., 2005, 2009, 2011; Gallaud, 2008; Lu et al.,
2010a,b; Li et al., 2011). Charreau et al. (2005, 2011) have documented the sedimentation rate



in the piedmont of the Kuitun system from 10 to 2 Ma. They estimated a mean value of 0.21 +
0.01 mm.y™, close to the other rates measured in the northern piedmont of the Tian Shan (Sun
et al., 2004; Charreau et al., 2009; Lu et al., 2010a,b; Li et al., 2011). Métivier and Gaudemer
(1997) assessed the sedimentation rate between the Kuitun piedmont and the Ebi Lake over a
period from 5.3 to 0 Ma. They calculated mean values comprised between 0.02 and 0.1 mm.y’
! (see Fig. 5a and 5b of Métivier and Gaudemer, 1997). Finally, Gallaud (2008) estimated the
sedimentation rate in the Ebi Lake from 5 to < 1 Ma. She calculated mean values of about
0.07 and 0.13 mm.y™* respectively before and after 1.2 Ma.

Therefore, on a long timescale, all the assessed sedimentation rates are of the same
order of magnitude (a few ten to a few hundred mm.y™), with only a factor of 2 or 3 between
the proximal and distal deposits. In contrast, at the scale of the Holocene, the sedimentation
rate in the proximal part of the Kuitun drainage system (1.97 + 0.52 mm.y™ calculated for the
alluvial fan) seems to be more than 10 times higher than the one in its distal part (0.11 +0.11
mm.y™ calculated for the alluvial plain), the latter being of the same order of magnitude than
the long-term rates.

Two hypothetical situations must be considered to explain this observation. First, the
excavated volumes measured in this study are representative of the physical and chemical
erosion in the range (i.e., the volume of material released from the Holocene incisions is large
compared to the one delivered from the hillslopes of the Kuitun catchment, which is not taken
into account in our sediment budget). In that situation, the matter stored in the alluvial plain is
correctly assessed from the difference between these excavated volumes and the volume of
material trapped in the alluvial fan. As a consequence, the relative proportion of matter
deposited in the Holocene fan and its distal plain is well estimated and implies a major
volumetric partitioning of the deposits between the two environments, with a high
sedimentation rate in the fan and a lower one downstream. If so, this appears to be one of the
first clear quantifications of such a volumetric partitioning in an entirely continental setting.
However, given that the long-term sedimentation rates are of the same order of magnitude in
the proximal and distal parts of the Kuitun drainage system, this volumetric partitioning might
not be the main rule for the sediment dispersal in the Junggar basin. It might only occur
during periods with a very specific hydrological regime, such as the Holocene deglaciation in
the area (see Poisson and Avouac, 2004). This is supported by numerical models in which
such a proximal-distal volumetric partitioning of the deposits can be observed within alluvial

systems in relation with rapid variations in sediment or water fluxes (Marr et al., 2000).



A second possibility is that the excavated volumes measured in this study are far from
being representative of the physical and chemical erosion in the range (i.e., the volume of
material released from the Holocene incisions is similar or small compared to the volume
delivered from the hillslopes of the Kuitun catchment). In that situation, the matter stored in
the alluvial plain is incorrectly assessed from the difference between these excavated volumes
and the volume of material trapped in the fan. As a consequence, the volumetric partitioning
of the deposits between the alluvial fan and its distal plain can be highly overestimated.
However, the Holocene volumetric partitioning was unlikely close to the mean value deduced
from the long-term sedimentation rates. If so, the Holocene sedimentation rate would have
been only 2 or 3 times lower in the plain than in the fan, but a mean sedimentation rate higher
than 0.5 mm.y™ over the whole Kuitun alluvial system (about 3388 km?) requires a nearly
double value for the mean denudation rate within its catchment area (about 1940 km?). As a
comparison, this kind of values is typically found in the Himalaya (e.g., Galy and France-
Lanord, 2001; Vance et al., 2003), which is located in a much wetter climatic setting than the
Tian Shan. Indeed, the denudation rates documented for the last 2 My in the Tian Shan are
always lower than 1 mm.y™* (Métivier and Gaudemer, 1997; Charreau et al., 2011; Liu et al.,
2011), with the highest values coming from cosmogenic isotopes that could be overestimated
(see section 5.3 below).

Finally, regardless of the exact situation (with or without a negligible erosion on the
hillslopes), the clear evidence of sediment storage and release within the Kuitun catchment
and piedmont throughout the Pleistocene and Holocene means that, on an intermediate time
scale (a few ky to 10 ky), the amount of sediments delivered to the basin could be
disconnected from the contemporaneous erosion of the basement in the range. This sediment
supply might rather correspond, at least during the early Holocene, to a recycling of the
material eroded from the catchment bedrock during the previous, climatically different,
Pleistocene period (e.g., Church and Ryder; 1972; Church and Slaymaker, 1989; Liu et al.,
2011).

5.3. Implications on denudation rates in the range

Considering the volume of the Holocene excavations in the Kuitun catchment and
piedmont, along with their area and age of formation, a Holocene mean incision rate of the
river through its Pleistocene alluvial valley and alluvial fan can be assessed. Equally

distributed over the whole canyon area (62.1 km? with an uncertainty of 10% corresponding



to an error of a few pixels on the exact position of the canyon limits), the volume of sediments
excavated within the Pleistocene fan and the underlying deposits (4.8 km*® + 10%) would
represent a mean thickness of 77.3 + 15.4 m. With an age of 11.75 + 0.75 ky for the onset of
the canyon development (Molnar et al., 1994; Poisson, 2002; Poisson and Avouac, 2004), this
thickness can be converted to a mean incision rate of 6.6 + 1.7 mm.y™, which is consistent
with the previous studies in the area (Molnar et al., 1994; Poisson, 2002; Poisson and Avouac,
2004).

Similarly, distributed over the whole incisions area (22.6 km? with an uncertainty of
10% corresponding to an error of a few pixels on the exact position of the incision limits), the
volume of sediments excavated within the Pleistocene alluvial valleys (2.1 km® + 33%) would
represent a mean thickness of 92.9 + 40 m. Considering the same age of 11.75 + 0.75 kyr for
the onset of the excavation (Molnar et al., 1994; Poisson, 2002; Poisson and Avouac, 2004),
this thickness can be converted to a mean incision rate of 7.9 + 3.9 mm.yr™. However, this
incision rate is probably far from being representative of the denudation rate for the whole
catchment area. Indeed, the measured incision has mainly developed through the poorly
consolidated sediments stored in the Kuitun catchment during the Pleistocene, the erodibility
of which being very likely higher than the one of the bedrock on the valley sides.

Therefore, assuming once again that the matter delivered from the hillslopes of the
Kuitun catchment is negligible during the Holocene (i.e., the matter production in the
catchment is dominated by the incision of the Pleistocene deposits), the material released
from the alluvial valleys and artificially spread over the 1940 km? of the watershed would
represent a mean denudation rate < 0.1 mm.y™. Although not representative of the true
Holocene basement-rock erosion rate in the catchment, this mean value is of the same order of
magnitude as short-term (present day) and long-term (Quaternary and Tertiary) denudation
rates estimated for the Tian Shan range using the mass balances performed for the Urumagi
River or the whole Junggar basin (Métivier and Gaudemer, 1997; Liu et al., 2011) (see
section 5.1 above).

On the other hand, Charreau et al. (2011) documented mean denudation rates in the
Kuitun system using in situ produced cosmogenic “°Be concentrations for different periods
between 9 and 0 Ma. Their values range from 0.1 to 1 mm.y™ for most of their record, with
some rates around 2 mm.y™* between 2.5 and 1.7 My. With the same approach, similar values

are also found for other areas in the Tian Shan range (Puchol et al., 2012). The denudation



rates estimated from cosmogenic *°Be concentrations are thus higher than those assessed with
mass balances and this discrepancy remains to be explained.

In situ produced cosmogenic nuclides and especially °Be are widely used to calculate
the abandonment age of alluvial terraces (e.g., Lal, 1991; Ritz et al., 2006; Vassallo et al.,
2007) or to determine mean denudation rates in catchment areas (e.g., Brown et al., 1995;
Granger et al., 1996; von Blanckenburg, 2005; Blard et al., 2006; Charreau et al., 2011) from
river sediments. In the case of buried deposits, the total concentration in °Be of a sediment
(**Bery) results from the *°Be concentrations acquired or lost during (i) the exposure of the
bedrock prior to erosion (1°BeEXp), (if) the transport of the grains delivered by erosion
(*°Berransp), (i) their burial (**Begy), and finally (iv) their modern exposure (‘°Begeexp). A
paleo-denudation rate can be calculated from °Berq; if *°Berransp, ““Begur, and °Bereex, Can be
assessed to infer the 10BeEXp concentration, which depends on the nuclide paleoproduction rate
and on the denudation rate when steady for a long time.

Normally, °Begy and 'Bereexp Can be estimated without too much difficulty by
coupling the ages and rates of burial and modern exposure of the sedimentary archives with
the rates of nuclide paleoproduction and radioactive decay (e.g., Blard et al., 2006; Charreau
et al., 2011). Then, in a relatively short sediment routing system such as the Kuitun
catchment-fan pair, sediment transport from the erosion to the deposition areas is generally
seen as nearly instantaneous compared to the timescale of the other processes and 10BeTransp is
neglected. However, in the case of a transient storage of sediments for intermediate (a few
thousand to tens of thousand years) or long (a few hundreds of thousand to millions of years)
time periods in the catchment area, the gains or losses of '°Be during the transport can
become important before the final deposition in the basin (e.g., Granger et al., 1996). In that
situation, the concentration wBeTrams,p can be significant enough to skew the denudation rate
calculation.

The '°Be in situ production in sediments from spallation reactions from rapid neutrons
can be neglected for burial depths over ~ 3 m (Lal, 1991). However, '°Be in situ production
from muon capture or reaction can occur at burial depth of several tens of meters of sediments
(Braucher et al., 2003). Accordingly, when the deposits stored inside the catchment are
thinner than a few tens of meters, the 1°Be average production in the sediment stack is greater
than or equal to its radioactive decay. The resulting *°Berransp is positive and adds to *°Begy.
Considering °Bernsy @s negligible (i.e., considering that °Beg, + Bermnsy is the
concentration of loBeExp only) would lead to underestimate the denudation rate. In contrast,

when the sediments stored inside the catchment are thicker than a few tens of meters, the °Be



decay can be greater than its average production in the sediment stack. If so, the resulting
Berransp is Negative and subtracts to °Begy,. Hence, considering °Beransy as negligible
would lead to overestimating the denudation rate.

Consequently, when studying mean palaeodenudation rates in catchment areas, the
evolution of the cosmogenic isotope concentration associated with sediment storage during
several tens of thousands of years can be a problem. In the case of the Kuitun system, the up
to 200-meters-thick Pleistocene deposits in the catchment implies that *°Berans is probably
negative and that the Holocene 1°BeEXp values could be thus underestimated, leading to
artificially high denudation rates. This might partially explain why the denudation rates
estimated from cosmogenic *°Be concentrations are higher than those assessed from mass
balances.

Two other reasons might explain the difference in denudation rates. First, deriving
denudation rates from cosmogenic '°Be concentrations requires a steady state system (e.g.,
Brown et al., 1995; von Blanckenburg, 2005; Charreau et al., 2011). Given the strong tectonic
activity and the climate changes that affected the northern Tian Shan Range during the late
Tertiary—Quaternary period, such as steady state, might not be reached (Liu et al., 2011).
Second, within the Kuitun catchment area, the quartz, producing rocks are very minor, mostly
represented by Permian granites intruded within a Carboniferous volcanic arc (e.g., Charreau
et al., 2012). All those granites are located within the upper reach of the catchment area where
the cosmogenic production rate is the highest and the erosion mainly driven by glaciers.
Although this has been taken into consideration by Charreau et al. (2011), a slight error in
defining the exact proportion of sediment released from those high altitude areas might have a

nonegligible effect on the final calculated denudation rates.
6. Conclusion

The sediment budget performed for the Holocene catchment — fan system of the
Kuitun River allows for the testing of some ideas about sediment storage, release, and bypass
in such systems on a natural case study.

The Kuitun catchment area clearly shows evidence of a significant storage of
sediments during the Pleistocene. Over the same period, a large alluvial fan was built at the
outlet of this catchment. These catchment and piedmont deposits were then largely excavated

and delivered farther into the foreland basin during the Holocene. As a result, they are now



incised and exposed as terrace remnants on both sides of the Kuitun valley, sometimes up to
200 m above the present-day riverbed, while a new fan forms downstream.

The difference between the volumes of material released from the catchment and
piedmont areas during the Holocene (5.5 + 1.7 km®) and stored in the contemporaneous fan
(2.6 + 0.6 km®) clearly indicates that the latter did not trap the whole amount of the sediment
load transported by the river. At least 27 to 78% of this load has bypassed the alluvial fan
toward the downstream alluvial plain. Moreover, the matter delivered from the catchment area
is potentially underestimated in this sediment budget owing to physical and chemical bedrock
erosion on the valley sides that cannot be estimated in the absence of markers. This means
that the distal outputs calculated for the Holocene Kuitun catchment — fan system are
probably a minimum value.

However, if the underestimation of these outputs is not too large (i.e., the Holocene
catchment denudation is dominated by the incision of the Pleistocene deposits), the relative
proportion of sediments stored in the alluvial fan and its downstream plain is well assessed
and implies a major volumetric partitioning of the deposits between the two environments. In
fact, during the Holocene, the sedimentation rate in the fan (1.97 + 0.52 mm.y™) could have
been more than 10 times higher than the rate in the plain (0.11 + 0.11 mm.y™). Nevertheless,
given that the long-term sedimentation rates are of the same order of magnitude in the
proximal and distal part of the Kuitun depositional system, this volumetric partitioning might
only occur during periods with a very specific hydrological regime such as the Holocene
deglaciation in the region.

Finally, the transient storage and release of a large amount of sediments within the
Kuitun catchment and piedmont areas during the Pleistocene and Holocene complicate the
calculation of mean palaeodenudation rates. For example, the mean incision rates locally
achieved through the poorly consolidated Pleistocene deposits (up to 7.9 + 3.9 mm.y') are
certainly far from being representative of the Holocene mean erosion rate of the catchment
area, which is mainly composed of crystalline bedrock. Consequently, the amount of
sediments delivered to the basin is probably also disconnected from the contemporaneous
denudation of the basement in the range. This sediment supply might rather correspond, at
least during the early Holocene, to a recycling of the material eroded from the catchment
bedrock during the previous, climatically different, Pleistocene period. This sediment
recycling could also represent a source of error for the calculation of mean palaeodenudation

rates using in situ produced cosmogenic nuclides. Indeed, in the case of sediment storage in



the catchment area over intermediate (a few thousand to tens of thousand years) or long (a
few hundreds of thousand to millions of years) periods, the gains or losses of cosmogenic
isotopes in between the erosion and deposition times can be significant enough to partially
skew the denudation rate estimates.

Therefore, sediment storage, release, and bypass in catchment—fan systems can be
major features of mass balances between mountain ranges and their forelands. Accordingly,

they should be considered in future works on orogenic sediment fluxes and denudation rates.
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Figure caption.

Fig. 1. Evidence for sediment storage in a valley of the Ih Bogd massif (Gobi Altay,
Mongolia). The white Mongolian guers at the meeting point of the two valleys give the scale.
The dash white line shows the boundary between the valley slopes and alluvial areas with
sediment storage. To the west, the river started to incise the gravels stored in its valley and
farther upstream, it incised a 25-m-deep canyon in the bedrock (Vassallo et al., 2007). Picture

by A. Chauvet (with permission).

Fig. 2. General topographic and tectonic map of the central Chinese Tian Shan. The black box
corresponds to Fig. 3. The hachured area corresponds to the distal part of the Kuitun river

system.

Fig. 3. Morphosedimentary map of the Kuitun River drawn from SRTM3 data, Landsat® 7,
and Spot® 5 images, as well as from the images available through Google Earth®. The areas in
green represent surfaces uplifted by folding and thus reworked by erosion. Only the major
drainage system is represented, but many other secondary and generally dry rivers exist. Pict.
5A to Pict. 51 refer to the locations of the individual pictures in Fig. 5. The brown dotted lines
in the alluvial plain correspond to potentially old surfaces slightly emerging from the general

sedimentation level. See text for discussion.

Fig. 4. Terraces and river bed profile of the Kuitun River through the Tian Shan Range and its

piedmont. (A) Topographic measurements along the river profile, and (B) map of the



piedmont terraces between the Dushanzi anticline to the north and the frontal basement thrust
of the range to the south. River bed measurements were collected along an unfolded profile
(e.g., Poisson, 2002). Point 0 was taken on the axis of the Dushanzi anticline (see Fig. 3 for
location). The white area corresponds to the piedmont. The grey shaded area corresponds to
the catchment within the basement rocks of the range. Following Poisson and Avouac (2004),
the terraces in the piedmont are labelled T, to Ts in decreasing age based on their respective
altitude. The Pleistocene fan is labelled f,. On the profile the surface of this Pleistocene fan f,
is hardly distinguishable from the surface of the terrace T,, as they are just a few vertical
meters apart (see also Fig. 4B of Poisson and Avouac, 2004). The black dotted line running
from the piedmont to the catchment corresponds to the regression line between the eastern
terrace measurements inside the range (the vertical and horizontal error on the measured
position of each terrace is included in the size of the symbols). F; and F; refer, respectively, to

the frontal basement thrust and a potentially active second thrust fault within the range.

Fig. 5. Field pictures of the various morphosedimentary structures observed within the Kuitun
catchment area from (A) the source of the river to (J) its outlet in the Junggar Basin (i.e., to
the major basement thrust F; that controls the front of the high range). See Fig. 3 for picture
location and the text for a complete discussion.

Fig. 6. Measurement of the volume of sediments released from the Kuitun catchment during
the Holocene. (A) DEM of the present-day topography of the catchment area in the range
obtained from SRTM3 data. (B) Plane used to extend the surface of the Pleistocene fan f,
within this catchment area (see text for explanation). The slope of this plane corresponds to
the slope of the line passing through the two best-defined upper terraces on the eastern bank
of the river (Fig. 4A). The white dots represent the location of these terraces. (C) Difference
of elevation between (A) the present-day topography and (B) the paleosurface represented by
the plane. (D) Zoom on this difference that corresponds, along with the local uplift of the fan
surface generated by the recent growth of the Dushanzi anticline (see Fig. 6B of Poisson and
Avouac, 2004), to the material eroded from the drainage system in the range during the

Holocene.

Fig. 7. Measurement of the volume of sediments released from the Kuitun piedmont during
the Holocene. (A) DEM of the present-day topography of the Kuitun canyon derived from
SRTM3 data. (B) Example of calculated topography after filling up the canyon to the surface



of the T, terrace level. (C) Difference of elevation between (A) the present-day topography
and (B) the one estimated at the end of the Pleistocene. This difference corresponds to the

material eroded from the Kuitun canyon.

Fig. 8. Measurements of the volume of sediments stored in the Kuitun Holocene fan. (A)
DEM of the present-day topography of the fan obtained from SRTM3 data. (B) Topography
of the base of the Holocene fan estimated using the front slope of the Pleistocene fan f, below
the proximal part of the former and the mean slope of the surrounding alluvial plain below its
distal part. (C) Difference of elevation between (A) the present-day topography and (B) the
one assessed at the end of the Pleistocene This difference corresponds to the thickness of the

material deposited in the Holocene fan.
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Figure 8



Highlights

Significant sediment storage occurred in the catchment area during the Pleistocene.
30 to 70% of material bypassed the Holocene alluvial fan towards the alluvial plain.

Major volumetric partitioning occurs between the alluvial fan and the alluvial plain.

Volumetric partitioning might be driven by specific Holocene hydrological regime.

Sediment storage and release complicates mean palaeo-erosion rates calculation.



