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Suspended sediment yields from glacierized catchments are often among the highest in the world, and their
sediment dynamics can be highly variable. This study was undertaken in the 9.1 km? glacierized catchment of the
Djankuat River located in the Russian part of the Northern Caucasus. The outlet of the study catchment is a
hydrological gauging station located at an altitude of 2635 m a.m.s.l. (‘N43°12'31.71”, E42°44'05.93"). The
catchment includes a temperate valley glacier (area = 2.42 km?) and three smaller hanging glaciers, several
moraine deposits, rock walls, and a large and expanding proglacial area. The main goal of our study was to assess
the impact of an exceptional erosion event on 1st July 2015 (with an annual exceedance probability of less than
0.1%) on suspended sediment yields and the relative contributions of various sediment sources The work
combined direct suspended sediment discharge measurements at the gauging station during five ablation seasons
(2015-2019) with geomorphic mapping techniques based on detailed field observations and sediment source
fingerprinting. Results show that mean annual suspended sediment yields reached 1118 t km 2 year ! which is
one of the highest measured estimates for any of the glacierized mountain rivers globally. About half of the
annual suspended sediment flux was exported during a limited number (1-12% of the annual events) of extreme
hydrological events. The sediments mobilized by bank and riverbed erosion within the new lower reach of a
tributary channel which appeared after the breakthrough of a lateral moraine became the primary sediment
source. It contributed over 50% of the suspended sediment on days with extreme rainfall. Contributions to the
suspended sediment load from the glacier source were event-dependent and were only dominant (c. 60-70%) in
the upper reaches of the proglacial area (first 800 m). The proglacial part of the study catchment with buried ice
was the main sediment source (79%) during non-rain days.

1. Introduction cascade include vegetated talus slopes, lateral moraines, and debris fans

(Fryirs et al., 2007; Harvey, 2012). Overall, the sediment connectivity

Climate change is resulting in losses to glacier volumes at an accel-
erated rate in many high mountain regions (Huss et al., 2008; Huss and
Hock, 2018; Shannon et al., 2019; Zemp et al., 2009). This can often lead
to erosion and denudation process intensification in glacierized catch-
ments, as reported over the past decade (de Winter et al., 2012). How-
ever, because of the glacier-induced basin morphology, much of the
eroded sediment can remain stored within such catchments (Hoffmann
et al., 2013; Otto et al., 2009). Some potential sinks along the sediment

between hillslopes and stream channels depends on both the charac-
teristics and arrangement of the different geomorphic units as well as on
the erosion and sediment transport processes taking place (e.g., Mes-
senzehl et al., 2014). Air temperature and precipitation are two key
parameters that have influenced the intensity of these processes in the
proglacial zones of mountainous catchments (Lane et al., 2017; Stott and
Mount, 2007). Local, but intense, thunderstorms can generate events
with high peak runoff discharges and suspended sediment
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concentrations that are responsible for most of the sediment export from
small high mountainous catchments (Navratil et al., 2012). In addition
to rainfall-driven floods, glacier lake outburst floods and glacier floods
are common in alpine environments (e.g., Carrivick and Tweed, 2016).
Such extreme events often play a crucial, yet complex, role in redis-
tributing sediments within proglacial zones (e.g., Cenderelli and Wohl,
2001; Cook et al., 2018; Richardson and Reynolds, 2000; Warburton,
1990; Wilson et al., 2019). Quantifying and understanding these dy-
namics is not only of great relevance from geomorphological and hy-
drological perspectives; it is also crucial for better predicting and
managing catchment sediment dynamics and associated potential soci-
etal impacts, such as the siltation of hydropower reservoirs situated
downstream (e.g., Owens et al., 2005). This is especially so in the current
context of climate change and its associated impacts on glacierized
catchments that are a key source of water to larger drainage systems.

Previously studies reported that the proglacial zones of catchments
in the Caucasus mountains are characterized by high denudation rates
(Tsyplenkov et al., 2019; Vezzoli et al., 2020), often as a result of recent
extreme events (Chernomorets et al., 2018; Evans et al., 2009; Haeberli
et al., 2004). Nevertheless, our insights into the relative role and
importance of different sediment sinks and sources in these glacierized
catchments and their sensitivity to climate change remain limited (e.g.,
Yermolaev et al., 2015). The first reason for this is the relatively limited
availability of measurements quantifying water and sediment yields
from such catchments over time (Lewis et al., 2005; Tsyplenkov et al.,
2020). Secondly, the geomorphic complexity of glacierized catchments
and their sediment dynamics make it challenging to assess and compare
the relative contributions of glacial and non-glacial sediment sources to
catchment sediment yields (Harbor and Warburton, 1993).

Detailed monitoring of suspended sediment fluxes over time is key to
quantifying the total rates of catchment-wide denudation and the
associated temporal dynamics (Leggat et al., 2015; Micheletti and Lane,
2016). However, while conventional hydro-sedimentological data pro-
vide evidence of integrated catchment responses, they cannot disen-
tangle the importance of different sediment sources (Tsyplenkov et al.,
2020). However, sediment source fingerprinting can offer a basis for
evaluating the relative contributions of various sediment sources
(Collins et al., 1997; Collins and Walling, 2004). The first studies on
quantifying the relative contributions of different sediment sources to
the sediment yields of catchments in polar and high mountain regions
were undertaken during the 1990s (Gurnell, 1995; 1987; Hasholt et al.,
2000; Hasholt and Walling, 1992). However, since then, very little work
has been undertaken using the fingerprinting approach for identification
of the contributions of various sediment sources in glacierized catch-
ments. The broader context of a changing climate and its impacts on
extreme events make the need for such insights more pertinent.

Quantitatively linking fingerprint properties or tracers in target
sediment samples (e.g., those collected from the suspended load,
riverbed or floodplain) to those in upstream sources is often very chal-
lenging due to non-conservative behaviour (e.g., exchanges between the
dissolved and particulate phase) during sediment transport (Collins
et al., 2017, 1997; Guzman et al., 2013; Koiter et al., 2013; Sear et al.,
2002; Walling, 2005). Numerous chemical, biological and physical
processes can alter sediment properties as particulate material moves
along the sediment cascade (Koiter et al., 2013; Mabit et al., 2008; Smith
and Blake, 2014). Robust source fingerprinting therefore requires the
use of tracers that remain conservative during their transport along the
pathways from source to sink.

In addition, the successful application of sediment fingerprinting also
depends on a meaningful classification of potential sediment sources. As
such, geomorphic mapping using fieldwork and GIS analyses can offer
complementary insights on the provenance and redistribution of sedi-
ments within catchments at a more detailed scale (Collins and Walling,
2004; Heckmann et al., 2016; Heckmann and Schwanghart, 2013;
Messenzehl et al., 2014). Nevertheless, classical geomorphological maps
alone are generally insufficient for fully characterizing glacierized
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catchments. One reason for this is that related landforms may change
very quickly over short distances and timescales (Heckmann and
Schwanghart, 2013). Furthermore, geomorphological maps generally
remain qualitative. To some extent, modelling sediment connectivity,
based on detailed DEMs and other remote sensing data, can help in
quantifying certain aspects of sediment transfers (Cavalli et al., 2013;
Laute and Beylich, 2014; Wichmann et al., 2009). However, their correct
interpretation is often challenging (e.g., Messenzehl et al., 2014).

Each of the techniques mentioned above has shortcomings, chal-
lenges, and advantages. As such, combining measurements of catchment
sediment export with sediment source fingerprinting (e.g., Navratil
et al., 2012), geomorphic mapping (Heckmann and Schwanghart, 2013;
Messenzehl et al., 2014; Theler et al., 2010) and conventional suspended
sediment monitoring (Leggat et al., 2015; Micheletti and Lane, 2016)
offers potential to quantify better and understand the dynamics and
sources of sediments in complex glacierized catchments. Combination of
such research methods offers a weight-of-evidence approach which can
help mitigate the limitations associated with the application of any in-
dividual method.

Accordingly, the primary purpose of this study was to understand
and quantify the sediment dynamics and sources within the Djankuat
River, a glacierized catchment in the Northern Caucasus mountains,
over a period spanning several years after an exceptional erosion event
that occurred on 1st July 2015. This event was associated with heavy
rainfall, amounting to a total precipitation of 227 mm in one week. The
extreme event led to a breakthrough of the Djankuat glacier lateral
moraine on the right side of the valley and the formation of the new
lower reach of the Koiavgan Creek, a tributary of the Djankuat River
(Rets et al., 2019; Kharchenko et al., 2020). It is plausible that such an
extreme event could influence the Djankuat River sediment yield and
the relative contributions of different sediment sources. As such, we
aimed to provide more insight into the relative importance of such an
exceptional event for sediment dynamics over consecutive years. More
specifically, our research objectives were:

— To quantify the sediment fluxes and their temporal variation in the
Djankuat catchment over five ablation seasons following an extreme
event.

— To assess the impacts of extreme rainfall events on the sediment flux
of the Djankuat catchment.

— To identify the main sediment sources within this glacierized
catchment and evaluate their overall contribution to suspended
sediment loads during different hydrological events.

2. Study site

The 9.1 km? catchment of the Djankuat River (Fig. 1) is located in the
Russian part of the Northern Caucasus, near the Russian-Georgian
border. The outlet of the study catchment is a hydrological gauging
station (‘OUT’ in Fig. 1; N43°12'31.71", E42°44'05.93", altitude: 2635
m a.s.l.). The catchment includes a temperate valley glacier (called the
Djankuat glacier), with a surface area of 2.42 km?. The Djankuat glacier
belongs to the central section of the Glavny (Main) ridge of the Greater
Caucasus, with altitudes ranging between 2700 and 3900 m a.s.l.
(Shahgedanova et al., 2007). Regular mass-balance measurements
began in 1967. Currently, Djankuat is monitored by the World Glacier
Monitoring Service as one of the world’s ten representative glaciers
(Dyurgerov, 2003; Shahgedanova et al., 2007). The study catchment
further includes three smaller hanging glaciers, several moraine deposits
(some of which remain ice-cored), rock walls, and a large and expanding
proglacial area. Overall, the surface geology is composed of Galdorian
metamorphic rocks (migmatites, gneisses) with sparse Ullucamian
plutonic pegmatites associated with faults (Pismenniy et al., 2013). The
average scale of available geological maps does not allow us to judge the
spatial heterogeneity of the composition of pre-Quaternary rocks
exposed at the surface. Nevertheless, morphological features of the relief
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Fig. 1. Overview of the Djankuat catchment showing the extent of the main glacier, the positions of the gauging stations, and the riverbed and source sampling sites
used for the sediment fingerprinting. The background image is a WorldView-2 Satellite Image from August 2010.

suggest certain differences in the degree of disjunctive disturbances and
the intensity of bedrock weathering. This indicates some differences in
lithological composition. The Quaternary sediment cover is represented
by moraines of different ages, talus, eluvium and deluvium sediments on
the bedrock surface and, to a lesser extent, fluvial and fluvioglacial
sediments (see SM1 for details on the geomorphological features of the
Djankuat catchment).

According to meteorological observations for 2007-2019, the
average daily precipitation depth (in rainfall equivalents) is 11.2 mm
per day (mean for the days with liquid precipitation), with a corre-
sponding maximum of 97.2 mm per day (Rets et al., 2019). Most of the
precipitation falls during the cold season (October—May) as snow. Air
temperatures during the ablation period (May-September) range from
—1.1 to 24.2 °C, with an average of 10.2 °C at the monitoring station and
between —9 and 17.6 °C (mean of 6.6 °C) at the glaciers (about 3000 m
a.m.s.l.). Overall, the study catchment is covered with snow from
October until late May—early June. At the beginning of July, only a few
patches of snow remain at the highest elevations and on north-facing
slopes of the non-glaciated area.

Typically, the river is frozen during the winter (October-May) (Rets
and Kireeva, 2010). As a result, around 98% of the total runoff and
sediment discharge occurs during the ablation period (Durgerov et al.,
1972; Rets et al., 2017). Mean water discharge for the ablation period at
the outlet (OUT) of the study catchment is 1.38 m3.s1. On days without
intensive rainfall, water discharge during the ablation season ranges
between 1 and 2 m>s~! (Rets et al., 2019). Peak water discharges are
associated with heavy rainfall events and can reach up to 3-4 m3s~ ™.
Such events are most frequently observed in the second half of the
ablation season (Rets et al., 2019). Rets et al. (2017) estimated that snow
and ice-melting processes are the main sources of water discharge
(44%), followed by groundwater flow (37%) and surface runoff during
rainfall events (19%).

3. Materials and methods
A combination of different methods and approaches were used to

understand the effects of the exceptional erosion event on the sediment
yield of the Djankuat catchment over the period 2015-2019 and the

contributions of different sediment sources. We used conventional hy-
drometeorological measurements including water and sediment dis-
charges (at the OUT station, see Fig. 1 for location) and meteorological
observations (precipitation) during the ablation seasons of 2015-2019.
Furthermore, the main sediment sources were identified based on the
analysis of the geomorphological features of the different sub-
catchments of the Djankuat River catchment and we evaluated the
relative contributions of the primary sediment sources to sediment flux
using the source fingerprinting approach.

3.1. Hydrometeorological and suspended sediment measurements

Water discharge for the Djankuat River was calculated from the
water level using a rating curve Q = f(H). The water level was recorded
with a 10 min to hourly time step, using a Solinst Levellogger Junior.
Additionally, manual water level measurements were taken six to seven
times a day at the OUT gauging station (Table 1; see Fig. 1 for location).
Rating curves were constructed for each month annually (Rets et al.,
2019). Water discharge was measured via dilution, using NaCl as a
tracer. Dilution was performed for discharge measurements as turbulent
flow conditions make it impossible to apply a current meter (Dobriyal
et al., 2017).

Turbidity measurements were performed manually using a portable
turbidity meter (Hach 2100P). During heavy rainfall events, the

Table 1
Characteristics of the OUT gauging station and periods of observation for
ablation seasons (2015-2019).

Station code (see Fig. 1 for location) ouT
Catchment area, km? 9.1

River length, km from the glacier snout 1.62

Period of observation 2015 - 2019*
Minimum elevation, m 2648
Maximum elevation, m 3848
Elevation range, m 1200
Glacierized area, % 27

* 08.06.2015-19.09.2015;  09.06.2016-19.09.2016,
03.06.18-27.09.2018, 06.06.2019-21.09.2019.

03.06.17-25.09.17,
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measurements were performed every 15 min. Additionally, water sam-
ples were taken manually under various turbidity conditions and filtered
using 0.45 ym Millipore membrane filters to compute suspended sedi-
ment concentrations (SSC [g m~3]) (Rets et al., 2019). The suspended
sediment concentrations and turbidity have been measured since 2015
(six to seven times a day) at the OUT gauging station during the ablation
season (May-September). Air pressure, temperature, and other meteo-
rological characteristics were monitored at OUT using a Davis AWS
(Rets et al., 2019). Precipitation depths were measured manually for
every rainfall event since 2015. The rain gauge was located 0.5 m above
ground. A more detailed description of the hydrological and meteoro-
logical measurements is presented in Rets et al. (2019). The methodo-
logical aspects of the turbidity (T, NTU) and suspended sediment
concentration (SSC, g~m_3) measurements are described in detail in
Tsyplenkov et al. (2020).

We aimed to quantify the sediment export on an event-basis over
multiple years and to quantify the relative importance of different
sediment sources within the study catchment. For this, we first demar-
cated all hydrological events. This was done by smoothing the hourly
water discharge values (Qour) using a linear moving median function
with a window size of three hours (as suggested by Rodda and Little,
2015) and identifying the start and endpoint of each event, using the
local minimum method (Sloto and Crouse, 1996) within a 24-hours
window (see Tsyplenkov et al. (2020) for further details).

For each demarcated event at the OUT station, we calculated the
suspended sediment load as:

S OcA-SSC,

SSL; = A-At, (€8]
nA-10°

where SSL; is the suspended sediment load [t event '] for event i Qxis
the measured or estimated water discharge at the time k [m®s~11; SSCx
is the corresponding measured suspended sediment concentration at the
time k [g m3] ; n is the number of pairwise (Q and SSC) measurements
taken during that event, and; At is the duration [s] of the hydrological
event. Therefore, suspended sediment flux for the ablation season [t] can
be calculated as the sum of SSL of all events during the observation
period. The total annual suspended sediment flux was estimated as 1.02
times the suspended sediment flux during the ablation season (corre-
sponding to the estimate that 98% of the total annual sediment and
water discharge occurs during the ablation period (Durgerov et al.,
1972; Rets et al., 2017)).

According to terminology used in sediment transport studies (e.g.
Lana-Renault et al., 2014; Lizaga et al., 2019; Rainato et al., 2017), the
event that occurred on 1st July 2015 (discussed in the Introduction) was
‘exceptional’. Other large or significant hydrological events we called
‘extreme’. Quantitively, extreme events were those whose cumulative
ranked suspended sediment loads (i.e., ones with the largest SSL) were
more than half of the annual total.

3.1.1. Assessing daily and weekly rainfall event frequency

Since both hydrological and meteorological measurements at the
Djankuat catchment are limited to a 12-year observation period
(2007-2019), we estimated the overall return periods of events using
data from the nearest meteorological stations: Terskol, Cheget and
Mestia (Table 2, cf. Fig. 1 for locations). The daily and rolling 7-day
precipitation sums were calculated for every station. We used a

Table 2
Meteorological data used in this work.
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+2.0 °C rain-snow temperature threshold (i.e., the 50% rain-snow air
temperature threshold estimated by Jennings et al. (2018)). An R
package routine (Goetz and Schwarz, 2020) was used to determine the
frequencies of daily and weekly maximum rainfall depths. The proba-
bilities (P) of each event were determined using the following equation:

m

-z @

where m is the rank of the value and n is the total number of events in the
dataset. We also computed frequency quantiles by fitting the data to a
Pearson Log III distribution using the method of moments.

3.2. Preliminary identification of the main sediment sources and
assessment of their contributions to the Djankuat River sediment yield

3.2.1. Identification of sediment sources

Conceptually, the exceptional erosion event discussed in the Intro-
duction might influence the sediment contributions from different parts
of the Djankuat River catchment. This is because of the large volume of
material that was mobilised and the substantial sediment cone which
appeared at the bottom of the Djankuat valley in the area of the lateral
moraine breakthrough (see Fig. 2).

The incision of the Koiavgan Creek channel began in the lower reach
due to the breakthrough (Kharchenko et al., 2020). The former lower
reach of the Koiavgan Creek joins the main stream of the Djankuat River
about a few hundred meters downstream (see Fig. 2).

The results of field observations and a geomorphological map of the
Djankuat catchment (see SM1) were used for the initial identification of
the main potential sediment sources. The Djankuat glacier and two sub-
catchments adjacent to the glacier on the left and right side were
identified as the key first potential sediment sources, because of the
continuous water flow during the ablation season from these areas. The
Koiavgan Creek catchment (the tributary of the Djankuat River, see
Fig. 1) accounts for almost half of the Djankuat catchment. It consists of
two sub-catchments, which are characterized by similar morphological
features. Their peripheral parts are zones of active rockfall and scree
processes, whereas the central parts are expansive areas for the rede-
position of clastic and moraine material. The Koiavgan Creek catchment
up to the confluence of the two streams was identified as a second po-
tential sediment source. The lower reach of the Koiavgan Creek channel
is the boundary between two other potential sediment sources, which
were named “Right bank” and “Buried ice”. The “Buried ice” area in-
corporates parts of the right and left banks of the Djankuat valley
adjacent to the glacier snout, which is characterized by the high amount
of ice buried under the moraine and talus deposits. This part of the
catchment was part of the glacier in 1996 (see glacier boundary location
in 1996 on Fig. 1). The part of the right bank of the Djankuat river valley,
located downstream of the Koiavgan Creek channel (see SM1) is a
separate potential sediment source, which consists of a few small sub-
catchments. This is an area with partly vegetated very steep slopes
with many bedrock outcrops dissected by erosional landforms (e.g., rills
and micro-rills). Also the part of the left bank of the Djankuat River
valley, which is located at a distance from the front of the glacier, can be
considered as an independent potential sediment source (Fig. 3). It is a
lateral moraine without vegetation cover, dissected by a dense system of
rills. In summary, five preliminary potential sediment sources were
selected (Fig. 3). The source fingerprinting approach was used to

Station WMO ID' Geographical coordinates Elevation, m a.s.L. Distance from Djankuat catchment, km Observation period Mean annual rainfall, mm
Terskol 37,204 43°15'N,42°30'E 2140 18 1977-2020 607
Cheget 37,205 43°23'N,42°51'E 3040 19.4 2007-2020 452
Mestia 37,209 43°05'N,42°72'E 1441 18 1966-1992 376

1 World Meteorological Organization station number.
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Fig. 2. View of the upper reach of the Djankuat River and the large sediment cone which appeared after the breakthrough of the lateral moraine on the 1st July 2015.
The glacier snout is visible at the right edge of the photo and the former Koiavgan lower reach on the left side of the image (Photo from an unmanned aerial vehicle,

DJI Mavic PRO, September 2019).
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Fig. 3. Main potential sediment sources in the Djankuat valley and corre-
sponding sampling points.

provide a preliminary assessment of the relative contribution of these
different potential sources to the sediment yield of the Djankuat catch-
ment along the stream reach from the glacier snout to the gauging sta-
tion at OUT (Fig. 1).

3.2.2. Sampling site selection for source fingerprinting

The source fingerprinting work necessitated the collection of source
soil and target sediment samples (Fig. 3). Different approaches were
used for the selection of representative sampling sites for the different
potential sediment sources. The first group of sediment sources,
including “Glacier” and “Tributary” (Fig. 1) are characterized by large
areas with difficult access to the upper parts of their tributaries.
Accordingly, the sampling sites for these potential sources were selected
in areas with redeposition of fluvial or glacio-fluvial sediments. Material
sampled at these sites was assumed to provide a spatially-integrated
signature for the possible source in question. Access was less of an
issue for the remaining sources.

Sampling sites for surface regolith in the Djankuat catchment were
selected based on some general criteria: (i) proximity to, and connec-
tivity with, streams, and; (ii) possible evidence of the erosion of slopes
based on partial vegetation cover or bare ground. Sampling sites on the
barren slopes were distributed across the entire area in question (i.e.,
“Left bank” and “Buried ice” potential sediment sources). Regolith
samples on the vegetated slopes that were more characteristic of the
“Right bank” potential source were taken along a slope transect. Sam-
pling locations in the “Right bank”, “Left bank” and “Buried ice” sources
were mainly located in the corresponding sediment cones. Each source
material sample comprised a composite of smaller scrapes collected at
4-5 points to increase the representativeness of the individual sample
(Collins et al., 2017; Lizaga et al., 2019). Regolith and sediment samples
were taken from a depth of 0-3 cm at most sampling sites. In some cases,
due to the large amount of coarse material, samples were taken from a
depth of 0-5 cm.

To examine the relative contribution of the different potential
sources to the Djankuat River sediment yield four years after the
exceptional event of 2015, surface scrapes of exposed riverbed sedi-
ments were collected from the drainage channel at three locations
(Fig. 3). Samples were collected from a single bar in the channel at each
location using a shovel. This was done to sample material assumed to be
freshly deposited during the falling limb of the most recent flood. Since
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exposed bed sediment deposits were sampled, there was no need for the
use of the more conventional stilling well remobilization method, which
is widely applied in fluvial environments to avoid the winnowing of
fines when submerged bed sediments are disturbed by the collection of
samples (Lambert and Walling, 1988). The locations of riverbed sam-
pling sites were selected along the main Djankuat River channel to
reflect an increasing number of potential sediment sources with scale
(cf. Fig. 3).

Suspended sediment was collected at sampling point 3 (OUT gauging
station) (Fig. 1) using an in-situ time-integrated sampler, based on the
design outlined by Phillips et al. (2000). The time-integrated sampler
was installed for 24 h (ca. the duration of one hydrological event in the
non-rain day period) for collecting a suspended sediment sample. We
hypothesized that it represents a typical hydrological event without the
contribution of surface runoff from the catchment slopes due to effective
rainfall.

All soil and bed sediment scrape samples were returned to the lab-
oratory, oven-dried at 105 °C, manually disaggregated using a pestle and
mortar, and dry sieved to 63 ym. The 63 um limit was selected since it
has been successfully used in many source fingerprinting studies (Collins
etal., 2017; Gaspar et al., 2019a; Lizaga et al., 2019; Owens et al., 2016).
Water and sediment captured by the time-integrated sampler were
extracted in the field into a container and stored in a cold room for 24 h.
This allowed settling and siphoning of the clear supernatant water. The
remaining sediment-water mix was centrifuged at 3000 rpm for 20 min
and the supernatant decanted. The sediment sample was freeze-dried for
48 h, then gently disaggregated and sieved to <63 pm for analysis to
permit direct comparison with the source material samples. The ana-
lyses of elemental geochemistry were performed at the A.N. Severtsov
Institute of Ecology and Evolution following the ISO/TS 18705:2015
procedure. 200-500 mg sub-samples were dissolved in a MARS 5 mi-
crowave high-pressure oven (“CEM Corp.”) at a maximum pressure of
800 psi at 240 °C. Next, they were analyzed by X-Ray Fluorescence
(XRF) using a PicoTax TXRF spectrometer (“Bruker AXS”). The analyt-
ical uncertainty for the geochemistry measurements was less than
5-10%. Source and target sediment samples were analyzed for major
and minor elements (Mg, Al, Si, P, S, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn,
As, Rb, Sr, Ba, W, Hg, Pb, Bi, Sn, Sb, Zr, Hf, Sm, Ho, Nd, Se, Ga, Au, Th, U,
Cl, Tl, Ta, Nb). Only those elements returning measurements above the
limit of detection were used in the data analysis for source
fingerprinting.

3.2.3. Sediment source discrimination and apportionment

The discrimination of the potential sediment sources and the pre-
liminary estimation of the relative contribution of each source to the
sampled river sediment was performed using the FingerPro software
(Lizaga et al., 2018). A 4-step selection of tracers was made before an un-
mixing model was run, following recommendations from previous
studies and model manuals (Collins et al., 1996; Lizaga et al., 2019;
Walling, 2005). First, we checked for multicollinearity in the tracer data
(based on a Spearman’s rank correlation test) and deleted collinear
geochemical elements. Second, we then compared the tracer ranges in
the sediment sources to the corresponding ranges in the target sediment
samples to assess tracer conservation. Third, we used a non-parametric
Kruskal-Wallis H-test to remove those tracers that do not show a sig-
nificant (p-value > 0.05) difference between the potential sediment
sources (Collins et al., 1996). Finally, a stepwise multivariate discrimi-
nant function analysis was applied to the list of conservative tracers that
were selected in the previous step to identify a final composite signature
for source discrimination and for shortlisting the tracers for inclusion in
the un-mixing model (Collins et al., 1996).

The structure of the standard linear multivariate un-mixing model is
explained in Gaspar et al. (2019a). This model uses Monte Carlo random
sampling of source material tracer distributions to determine the deviate
relative contributions from the different sediment sources. Although the
use of FingerPro is gradually increasing (Gaspar et al., 2019b; 2019a;

Catena 203 (2021) 105285

Lizaga et al., 2019), to date, there have been no applications of this
software in a case study involving a glacierized catchment. To assess the
ability of the un-mixing model to predict the measured tracer concen-
trations in the target sediment samples, we used the goodness-of-fit
(GOF) criterion suggested by Motha et al. (2003). Application of this
GOF estimator is very common in fingerprinting studies (Evrard et al.,
2011; Lizaga et al., 2019; Palazon et al., 2015; Pulley and Collins, 2018).
It calculates the root mean square of relative errors between the pre-
dicted and actual tracer concentrations and is implemented in the Fin-
gerPro software.

4. Results

4.1. Exceptional and extreme erosion events and suspended sediment
yield dynamics during 2015-2019

Since there is a limited period of meteorological observations at the
Djankuat River, we used rainfall data collected from nearby meteoro-
logical stations to assess the frequency of large events that occurred. The
frequency plots for maximum daily and maximum weekly rainfalls are
presented in Fig. 4a and b.

The breakthrough of the Djankuat glacier lateral moraine on the
right side of the valley occurred on the 1st July 2015 after continuous
rainfall which yielded a 7-day total of 227 mm (Rets et al., 2019). The
annual exceedance probability (AEP) of this weekly rainfall total is
<0.1% (cf. Fig. 4b). More specifically, 87.1 mm of the precipitation fell
in four days between 25th and 28th June 2015. This is 90% of the
monthly average for the Djankuat catchment (for the period
2007-2019). On 29th June 2015, an additional 50 mm of rain fell with a
corresponding AEP of ca. 20%. This caused a significant increase in
water discharge: around 3:00 AM on 30th June 2015, water discharge
increased to 8.3 m®-s~!. On 30th June 2015, another 56 mm of rainfall
(AEP =~ 13-15%) was recorded. This resulted in a breakthrough of the
right-bank moraine by the Koiavgan stream after midnight and a water
discharge peak of 8.46 m>.s™! at 9:00 on 1st July 2015. The total esti-
mated suspended sediment export after the breakthrough was ~9500 t
(Kharchenko et al., 2020). In the next 24 h (July 1st), another 33 mm of
rainfall (AEP ~ 66-88%) was recorded. In total, therefore, around 227
mm of rain was recorded that week, which is 2.3 times the monthly
average (Kharchenko et al., 2020). As a result, an estimated 156 000 m3
of sediment was exported to the bottom of the Djankuat River valley.
The majority of this sediment was deposited in the sediment cone, which
was situated at the location of the Koiavgan Creek delta (Fig. 2).
(Kharchenko et al., 2020).

Unfortunately, it was not possible to measure the total amount of
sediment exported from the study catchment during this exceptional
event, because the gauging station was damaged during the flood
associated with the breakthrough of the lateral moraine. This occurred
at midnight, and observations only restarted at 9:00 AM. An undeter-
mined portion of the sediment discharge between the moment of the
breakthrough and the restoration of hydrological observations was
therefore not measured. Hence, the suspended sediment load data pre-
sented in Table 3 are most likely underestimated for the ablation season
of 2015.

Before the moraine breakthrough, water discharge increased to 8.30
m3.s7! and 7.58 m3.s~! (29th and 30th June 2015, respectively). At the
same time, suspended sediment concentrations increased only to 2628
g-m > and 4828 g-m >, respectively.

Another extreme flood was observed on the 1st of September 2017,
when the maximum SSC for the study period (2015-2019) was
measured (Table 3). This flood was associated with a total precipitation
of 87 mm per day and a corresponding maximum intensity of 33 mm per
hour. The AEP of this rainfall event is <1% (cf. Fig. 4a). Again, our
hydrological gauge was partly destroyed, and a portion of the sediment
flux was not measured. However, at least 1800 t of sediment (19% of the
total suspended sediment load during the corresponding ablation
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Fig. 4. Annual exceedance probabilities of maximum daily (a) and weekly (b) rainfalls based on data from the Cheget, Mestia and Terskol meteorological stations

(see Fig. 1 for locations).

Table 3
Suspended sediment loads (SSLoyr) and concentrations (SSC) at the outlet gauging station (OUT) of the Djankuat study catchment (cf. Fig. 1) for the period 2015-2019.
Year  SSL during the Estimated SSLntean St. Dev. SSLyted SSLntax SSLwin SSCmeagm > SSCyaxg'm™>  Time of
observation annual SSL® [t-event '] [t-event '] [t-event '] [t-event '] [t-event 1] SSChmMax
period’ [t] [t]
2015 22,010° 22,450 158 817 46 9500 1.1 266 43,344 1st July 2015
09:00
2016 8290 8455 63.3 100 33 600 1.7 252 8851 5th August
2016 20:00
2017 9224° 9408 68.3 170 30 1800 1.9 237 53,788 1st September
2017 03:00
2018 5482 5591 46.8 229 21 2500 4.1 218 4220 10th
September
2018 11:00
2019 4866 4963 33.6 150 13 1800 0.24 218 23,420 24th June
2019 10:15

1 Period of observation from the beginning of June till the end of September.

2 Underestimated due to interruption of water level and turbidity observations during extreme flood events.

3 Estimated as 1.02 times greater than SSL during the observation period.

season) was removed from the Djankuat catchment during this event. It
is likely that most of the high sediment load occurred due to the mainly
fine sediment eroded by the stream of the Koiavgan Creek in the
breakthrough and from the sediment cone (Fig. 5).

One more extreme event was recorded in July 2018. As a result of
several rainfall events with a total of 159 mm per 7-days, 2520 t of
suspended sediment was exported (corresponding to 46% of the annual

load in 2018). The maximum water discharge was relatively low — only
3.81 m3s7!, while the maximum measured SSC reached 3549 g-m 3.
During 2015-2019 there were, on average, 130 hydrological events
per ablation season in the Djankuat study catchment. The mean sus-
pended sediment load (SSLoyt; cf. Eq. (1)) was estimated to be 69.4
t-event ! (Standard Deviation: 381 t~event’1), with a corresponding
median of 25.6 t-event L. A clear trend of declining annual suspended

Fig. 5. Views of the breakthrough in the lateral moraine (September 2019): (a) from the side of the breakthrough, and; (b) from the Djankuat River valley side.
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sediment loads was observed for the period 2015-2019 (Table 3). The
mean annual suspended sediment flux was estimated at 10,174 t~yr’1,
corresponding to an equivalent specific suspended sediment yield of
1118 t-km 2yr!. However, the actual suspended sediment yield was
most likely higher due to interrupted measurements during two extreme
floods in the study period.

We found that the majority of the annual suspended sediment loads
were exported by a limited number of hydrological events (Table 4). The
occurrence and magnitude of these events were associated with intense
rainfall, which led both to increased snow and glacier melting and
surface runoff from other parts of the Djankuat catchment (Rets et al.,
2017).

For the whole measurement period (2015-2019), around 50% of the
total sediment load at the OUT station was transported during the largest
2-16 recorded events (ca. 5% of the annual event amount on average).
In other words, ~50% of the annual suspended sediment load was
exported during hydrological events caused by 32-44% of the seasonal
rainfall (Table 4). This is most likely an underestimation as measure-
ments were interrupted during the exceptional event in 2015.

4.2. Preliminary estimation of the contribution of the different sediment
sources using fingerprinting

Linear discriminant analysis (LDA) in the FingerPro software
revealed an overlap between the “Buried Ice” and “Left Bank” potential
sources (Fig. 6). This was generally expected, given that they have a
similar genesis (lateral moraine). Thus, “Buried Ice” and “Left Bank”
were grouped as one potential sediment source (“Buried Ice”).

The 4-step selection of tracers allowed us to select a final composite
signature consisting of Mg, Ca, Zn, Rb, W, and Hg. However, due to the
high variability of Rb in the riverbed, glacier, and tributary samples, we
decided to exclude it. Summary statistics for the shortlisted tracers in the
final composite signature are presented in Table 5.

The final four potential sediment sources were identified as:
“Glacier”, “Tributary”, “Right bank” and “Buried Ice”. The finger-
printing approach was used to estimate contributions of these sediment
sources along the river channel from the glacier snout to the OUT
gauging station (Table 6). Substantial variations in the estimated con-
tributions from the various sediment sources were evident for each

Table 4
Summary statistics of the extreme events' during the 2015-2019 observation
period.

Year 2015 2016 2017 2018 2019

Number of recorded hydrological 139 131 135 117 145
events

SSL during observation period™” [t] 22,010 8290 9224 5482 4866

Number of extreme events ' 2 16 10 3 6

Number of extreme events as a 1% 12% 7% 3% 4%

percentage of total recorded
hydrological events' [%]

Contribution of extreme events to
annual SSL [t]

11,000 4210 4540 2758 2434

Contribution of extreme events to 50 51 49 50 50
annual SSL [%]

Rainfall totals corresponding to - 159 156 234 -
extreme events [mm]

Rainfall totals per ablation season 464 455 482 534 -
[mm]

Extreme event rainfall as a proportion - 35% 32% 44% -

of the total rainfall per ablation
season [%]

Annual suspended sediment yield” [t 2467 929 1033 614 545
km 2 yr’l]

1 The total sum of which exceeds 50% of the annual suspended sediment load.

2 Observation periods spanned from the beginning of June until the end of
September.

3 See Table 3 for the estimated SSL.
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Fig. 6. LDA plot of the different potential sediment sources in the Djankuat
study catchment.

Table 5
Summary statistics for the tracers shortlisted in the final composite signature.

Source Element Mean St.Dev Median  Max Min

Glacier Ca[g 2.31 0.498 217 3.11 1.89
kg’l]
Hg [g 0 0 0 0 0
kg’l]
Mg [g 2.43 1.18 1.99 4.35 1.45
kg’l]
Rb [mg 0.508 0.409 0.7 0.9 0
kg ']
W [mg 0.39 0.371 0.48 0.75 0
kg
Zn [mg 5.72 0.943 5.63 6.91 4.71
kg1

BuriedIce  Ca[g 19.1 20.1 12.2 65.6 2.32
kg ']
Hg [g 1.13e-06 3.57e-06 0 1.13e- 0
kg1 05
Mg [g 5.65 5.79 3.44 19.1 0
kg1
Rb [mg 0.15 0.255 0 0.651 0
kg
W [mg 0.0133 0.0421 0 0.133 0
kg1
Zn [mg 6.5 5.53 6.86 18.1 0.493
kg’l]

Right Ca g 7.37 6.09 5.12 21.8 0.78

Bank kg1

Hg [g 6.53¢-07  2.53e-06 0 9.8¢:06 0
kg’l]
Mg [g 1.79 1.97 1.79 6.85 0
kg ']
Rb [mg 0.0153 0.0594 0 0.23 0
kg
W [mg 0.00733 0.0284 0 0.11 0
kg’l]
Zn [mg 6.32 5.47 6.12 14.5 0.05
kg '

Tributary Ca g 4.85 5.11 1.8 14.6 0.97
kg1
Hg [g 0.000423  0.000943 O 0.00255 0
kg1
Mg [g 1.72 0.679 1.55 2.95 0.97
kg
Rb [mg 0.29 0.369 0 0.81 0
kg1
W [mg 0.0229 0.0605 0 0.16 0
kg ']
Zn [mg 25.2 30.8 15 92.4 1.9
kg

riverbed sediment sample (Fig. 7).
The time-integrated suspended sediment sample (PT) was taken
during a typical hydrological event for a non-rainy day. The “Buried Ice”
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Table 6

Preliminary mean sediment source contributions to the riverbed and suspended
(Phillips tube) target sediment samples (standard deviations in parentheses) and
corresponding mean GOF based on the FingerPro software.

Sample  Distance from the Sediment Proportional GOF
glacier snout, km source contribution [%] [%]
1 0 Glacier 67.4 (20.8) 72
Buried Ice 0.3 (2.5)
Right Bank 12.8 (18.8)
Tributary 19.5 (15.2)
2 0.84 Glacier 57.2 (18.7) 78.3
Buried Ice 36.1 (16.7)
Right Bank 6.3 (14.0)
Tributary 0.4 (1.7)
3 1.62 Glacier 0.4 (3.9 76.3
Buried Ice 30.4 (31.2)
Right Bank 64.3 (32.8)
Tributary 4.9 (6.7)
PT 1.62 Glacier 18.5 (12.4) 71.3
Buried Ice 79.0 (15.1)
Right Bank 2.3 (8.5)
Tributary 0.1 (0.5)

source appeared to be dominant for this sample, with an estimated
contribution of 79% for this sample, while the “Glacier” source was
estimated to be another substantial contributor (18.5%) (Table 6).
Hence, the source fingerprinting suggests that on non-rainy days, the
melting of buried ice, which is filled with fine sediment particles, is the
primary sediment source. Although Koiavgan Creek also contributes to
river water discharge at the catchment outlet, it is characterized by clean
water on non-rainy days. The contribution (2.3%) of the “Right bank”
source to the time-integrated suspended sediment also appeared to be
negligible (Table 6).

5. Discussion

The assessment of sediment fluxes and sources in the Djankuat River
catchment during the four years after the exceptional event on 1st July
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2015 provides a basis for understanding the sediment dynamics of this
catchment.

5.1. The magnitude of suspended sediment flux

In most cases, the hydrological regime of small glacierized rivers is
characterized by a complete or almost complete absence of runoff during
most of the year. 80-90% of water runoff and nearly 100% of sediment
discharge occurs during the ablation season (Collins, 1996; Hasholt,
1996). However, variations in topography, altitude, precipitation dis-
tribution and the timing and volume of snowpack development and
depletion lead to more complex hydrological regimes (Milano et al.,
2015). Moreover, several researchers have found that climate change
could alter both the magnitude and the timing of runoff events in such
settings (Bibi et al., 2018; Zhong et al., 2018). To estimate the total
annual sediment export, seasonal sediment export rates from this study
were linearly extrapolated, considering that 98% of total runoff is dis-
charged between May and September (Durgerov et al., 1972). On this
basis, our estimated annual specific sediment yields ranged between 545
and 2467 tkm~2.yr~! and varied significantly during the monitoring
campaign (2015-2019). There is evidence of a negative trend (Table 3),
which is likely associated with a reduced contribution of the “Right
bank” sediment source due to a gradual decline of the riverbed and bank
erosion in the newly formed Koiavgan Creek lower reach (Fig. 5).

The 5-year mean annual specific sediment yield estimate of 1118
tkm~2-yr~! is 1.6 times higher than the corresponding value reported
by Tsyplenkov et al. (2019) for high mountain catchments of the Cau-
casus (~700 t-km~2.yr~1). However, when excluding 2015, i.e. the year
with the exceptional event, the average (2016-2019) annual sediment
yield is 780 t-km 2.yr 1.

5.2. Suspended sediment source contributions: A geomorphic
interpretation

We believe that the additional sediment input to the SY during the
extreme rainfall events is associated with erosion of the Koiavgan Creek
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Cc
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Fig. 7. Results of the un-mixing procedure for suspended sediment samples collected using the Phillips Tube (PT) (a) and riverbed target sediment samples (b-d). See

Fig. 1 for sampling locations.
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in the newly formed channel (in the reach crossing the lateral moraine in
the area of the breakthrough), as well as the removal of fine material
from the cone formed after the breakthrough (see Figs. 2 and 5). During
rainstorms with <30 mm per day and non-rainy days, the water flow of
the Koiavgan Creek does not lead to sediment transport (Tsyplenkov
et al., 2020). This was confirmed by the results of detailed monitoring
undertaken during August 2017 (see SM2). Moreover, there is almost no
sediment cone in the Djankuat River valley bottom in the old Koiavgan
Creek channel (see Figs. 1 and 4) which is an independent confirmation
of the rather limited sediment supply from the “Tributary” and “Right
bank” sediment sources before the breakthrough of the lateral moraine.
As such, the exceptional event of 2015 considerably transformed the
sediment redistribution pattern in the Djankuat River catchment. In the
years following this event, it appears that every heavy rainfall event led
to a sharp increase in sediment load (see Section 4.1), mainly due to the
riverbed and bank erosion along the Koiavgan Creek channel in the
reach of the lateral moraine breakthrough. Moreover, the removal of
predominantly loose material due to the migration of the Koiavgan
channel on the sediment cone most likely contributes considerably to
the total sediment flux.

5.3. Preliminary application of the fingerprinting approach

The source apportionment estimates for the PT sample at the OUT
sampling site provide data for a typical hydro-sedimentological response
in September 2019 (melting without extreme rain) in the study catch-
ment (Fig. 7a). These estimates suggest that the contribution of the
proglacial zone (“Buried Ice” source) is about 79% (cf. Table 6) during
such responses. This value corresponds well to those reported by other
studies. For example, for a small river glacier in British Colombia, 80%
of the sampled sediment load at the gauge was entrained from the
proglacial area located 1.5 km below the snout (Orwin and Smart,
2004).

The timeline of the sediment fingerprinting estimates should be
interpreted as follows. At the end of the melting season, the subglacial
sediment supplies are exhausted. Such situations has been previously
reported by many authors (Collins, 1990; Haritashya et al., 2006; Mao
and Carrillo, 2017). In our case, the process of stagnant ice melting
becomes the main contributor to the sediment yield of the Djankuat
River on non-rainy days. This is reflected in the distribution of the
probability density functions generated by FingerPro (cf. Fig. 7a).
However, it is necessary to estimate the proportional contribution of
“Glacier” and the other sediment sources to the SSL at the OUT gauging
station using a PT for confirmation of this suggestion.

It is possible to conclude that, overall, the contribution of the
“Tributary” sediment source is insignificant (cf. Figs. 7 and 8). The

9

2800

Altitude, m a.m.s.|,

2750
Somale 1

2700

0 500

© Glacier

. Burried lce

Catena 203 (2021) 105285

Koiavgan catchment is represented by a sizeable temporary sediment
sink which is decoupled from the primary fluvial system. Some limited
amounts of sediment can be delivered to the Djankuat River in the
second half of the ablation season due to extreme rains. These are also
typical features of many alpine catchments (Carrivick et al., 2013;
Heckmann et al., 2018; Messenzehl et al., 2014).

The substantial contributions of both the “Tributary” and “Right
bank” sediment sources to the bed sediments sampled near the glacier
(see Fig. 8) are at first glance, surprising, given the target sediment
sampling location (Sample 1). However, the predicted contributions
from the “Tributary” and “Right bank” sediment sources are most likely
a reflection of the connectivity beneath the main glacier.

The riverbed sediments in the high mountain river channel likely
reflect the proportional contribution of various sediment sources during
the last extreme flood (Fig. 8). It can be seen that near the glacier snout
and even after the confluence with Koiavgan Creek, the “Glacier” is the
main sediment source. The proglacial area (“Buried ice” sediment
source) (see Figs. 2 and 8) is the second most important sediment source
for the middle reach and outlet. The exceptionally high contribution of
the “Right bank” at the catchment outlet is likely associated with erosion
of the lower reach of the new Koiavgan channel and the new sediment
cone (see Fig. 2). Both belong to the area represented by the “Right
bank” sediment source (see Fig. 3). It is also possible that erosion of the
right bank of the Djankuat in the section downstream of the confluence
with the Koiavgan Creek was an important sediment source during the
final stage of the flood.

The contribution of the “Right bank” sediment source became sig-
nificant after the restructuring of the Koiavgan channel due to the lateral
moraine breakthrough and the formation of a substantial sediment cone
(1st July 2015). Before this exceptional event, the contribution of the
“Right bank” was most likely limited, because of the partly protected
slopes (by grasses) and the small drainage area of the sub-catchment.

5.4. Limitations and source fingerprinting reliability

In this study, we used a combination of research methods and
techniques to assemble new insights into the impacts of extreme pre-
cipitation on sediment dynamics in a glacierized catchment experi-
encing a changing climate. Our intention in so doing, was to provide a
weight-of-evidence interpretation of the findings. Inevitably, however,
some limitations and uncertainties are associated with our work. First,
we mainly focused on the suspended fraction of the sediment load. One
would expect that the bedload component could represent a substantial
proportion of the total load. Unfortunately, due to technical reasons, no
bedload measurements were made during the field campaigns. None-
theless, previous studies indicate that suspended sediment transport

out
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Fig. 8. Preliminary estimates of the proportional contributions from different sediment sources along the Djankuat River based on the fingerprinting results.
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rates often correlate well with bedload transport rates, but may vary
from flood to flood and year to year (Turowski et al., 2010). The average
bedload proportion can be estimated with the help of partitioning tables
classified by typical suspended sediment concentrations (Turowski
et al,, 2010). The mean SSC of the Djankuat River for the period
2015-2019 was 571 g-m . Using this mean value, the partitioning table
by Lane and Borland (1951) suggests 5-12% of the total sediment load
would be bedload. A similar estimate (9-13%) is obtained when using
the table from Williams and Rosgen (1989). However, the partitioning of
the total sediment load is also controlled by the percentage of the
catchment area that is glacierized (Turowski et al., 2010). Previously
reported data on the bedload transport in glacierized catchments
(Kjeldsen, 1977; 1975; Lauffer and Sommer, 1982) suggests that
11-23% of the total load is bedload for catchments that are 13-30%
glacierized.

Furthermore, we acknowledge that the available data are insufficient
to quantify the proportional contribution of the different sediment
sources during and after the exceptional hydrological event. The source
fingerprinting work was not planned in this manner and, additionally,
the results should be seen as preliminary. Knowing the relative distri-
bution of different grain sizes in the SSL of glacierized catchments
(Bogen, 1989; Williams and Rosgen, 1989), we can hypothesize that the
<63 um fraction constitutes the majority of the suspended load of the
Djankuat River. Therefore, it is possible that the preliminary informa-
tion on the sources of the <63 um fraction of the total load relates to
>80% of the total sediment load and may therefore be a good indicator
in terms of the total sediment output from the study catchment.

We also acknowledge that our preliminary source fingerprinting
work combined the use of bed and suspended target sediment samples.
This inevitably introduces uncertainties associated with particle size
since we took a traditional approach of using the <63 um fraction rather
than measuring the particle size distributions of the samples. We
recommend that future work measures the particle size fractions and
explores the distribution of the tracer concentrations across the particle
size distributions to select the most appropriate size fraction for direct
comparisons between target sediment types and for minimizing un-
certainties associated with particle size controls on tracers (Laceby et al.,
2017). The use of channel bed sediment provided a pragmatic means of
collecting material redeposited after floods caused by heavy rains and
rapid glacier melting. A similar approach has been reported by many
researchers working on mountain rivers (Haddadchi et al., 2014; Lepage
et al., 2016). Riverbed sediments provide a basis for estimating source
contributions during the ablation season and are, in essence,
time-integrated to a degree. Since floodplains are not present in the
upper reaches of most glacierized rivers, floodplain sediments cannot be
used as an alternative to riverbed sediments. In other environmental
settings, floodplain deposits have been used to provide a more long-term
perspective on sediment source dynamics (Collins and Walling, 2004;
Collins et al., 2017). The residence times of the bed sediment samples
collected in this study were not investigated, and so there is no data to
assess the direct comparability of bed sediment samples collected from
different channel bars. The bed sediment samples were collected
without the use of a stilling well since exposed material on point bars
was sampled. This avoided the risk of losses of fines through winnowing
but potentially introduced the risk of some alteration of the chemical
signatures of the deposited material in conjunction with wetting and
drying We also recommend future research collects suspended sediment
and bed sediment samples at the same locations and at similar times
under different flow conditions and sediment transport regimes. This
will improve the consistency of the sampling strategy for source
fingerprinting and increase the robustness of the results.

Our source tracing work used conventional elemental geochemistry
but did not pre-select the tracers on the basis of their physico-chemical
relevance to the study site nor their environmental behaviour. Our
preliminary findings are, therefore, only based on a statistical solution
using FingerPro. It would be useful to apply additional tracers in future
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work, and preferably those for which the physico-chemical suitability
for the study site is better understood. FingerPro is a pragmatic tool for
preliminary sediment source apportionment, but further work is needed
to evaluate the reliability of the predicted source proportions arising
from the un-mixing modelling. It uses a conventional GOF estimator, but
this simply assesses the fit between predicted and measured tracer
concentrations in the target sediment samples. It is well known that this
GOF estimator frequently returns high values (Collins et al., 2020),
although our results (Table 6) indicate that the errors associated with
this approach are higher than those reported by many studies (Gaspar
etal., 2019a; Laceby and Olley, 2015; Palazon et al., 2015). Importantly,
we did not evaluate the preliminary estimates of the source proportions
using either virtual or artificial mixtures, and this must be seen as
another limitation. The wider evidence assembled by our mixed
methods approach suggests, however, that the preliminary longitudinal
source apportionment estimates are logical in the context of the con-
nectivity beneath the glacier and the impact of the extreme event,
resulting in the breakthrough of the lateral moraine. Our study suggests
that fingerprinting can be used to assess the proportional contributions
of various sediment sources in glacierized catchments experiencing
extreme events. However, since our sourcing work has various limita-
tions, our results should be interpreted with caution. On this basis, we
have not directly integrated the preliminary source apportionment es-
timates with the measured suspended sediment fluxes.

Overall, we recommend further research in order to better quanti-
tatively assess the sediment redistribution within the catchment, using
available methods and approaches (Cavalli et al., 2013; Heckmann &
Schwanghart, 2013; Messenzehl et al., 2014). In particular, extending
the observation period and the temporal resolution of sediment finger-
printing is highly recommended.

5.5. Wider implications of the study

Our findings indicate that the proglacial zone (“Buried Ice”) and the
“Glacier” are the primary sediment sources during days with little to
average rainfall. However, the bank and riverbed erosion of the new
lower reach of the Koiavgan Creek (i.e., the lateral moraine break-
through area and the sediment cone formed after the 2015 exceptional
event) are the main sediment sources during heavy rainfall events,
contributing in total ~50% of the sediment yield of the Djankuat
catchment in the first two years after the extreme event. This importance
gradually declined during the next two years (due to a reduction in the
incision rate of the new reach).

This is one of the first studies of suspended sediment loads in small
glacierized river catchments in the Caucasus mountains, which are an
essential element of the alpine mountain system of Eurasia, stretching
from the European Alps to Tibet. As such, the results fill an important
knowledge gap in assessing the impact of climate change on sediment
discharge in the small proglacial rivers of the Caucasus mountains
(Carrivick and Heckmann, 2017). The increase in the suspended sedi-
ment load of the Djankuat River is likely to continue for some time,
given widely accepted projections for global warming this century
(Hock et al., 2019). In particular, extreme events are likely to play an
important role in this trend. The exceptional erosion event on the
Djankuat River in 2015 removed in one day a volume of sediment,
comparable to the annual sediment discharge. Measured SSCs reached
up to 43,000 g m >, which is 3.5 times higher than the previously
recorded maximum in glacial rivers (Haritashya et al., 2006). An even
higher SSC (54,000 g m~>) was recorded two years after this exceptional
event, during a heavy rainstorm that led to the outburst of Lake Bash-
kara located in a neighbouring valley (Chernomorets et al., 2018). As
such, this region of the Caucasus mountains is one of the world’s high-
altitude areas, where glacier retreat contributes to a marked increase
in suspended sediment loads (Carrivick and Heckmann, 2017; Hinderer
et al., 2013).
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6. Conclusion

The mean annual SY for 2015-2019 in the Djankuat proglacial river
catchment increased to 1118 t km ™2 yr ! after the right-bank moraine
breakthrough on 1st July 2015. This estimate is almost two times higher
than other estimates for similar high mountain catchments of the Cau-
casus and one of the highest for proglacial rivers anywhere in the world.
About 50% of sediment was exported by a limited number of extreme
hydrological events (1-12% of the annual events), associated with heavy
rainfalls. The frequency of such events is very likely to increase due to
climate change. This may potentially lead to sediment loads from such
high mountain catchments that are overall substantially higher in future
decades compared to now.

A key sediment source explaining this increase was the new lower
reach of the Koiavgan Creek channel (the right bank tributary) formed
after the moraine breakthrough. This reach represents a crucial sedi-
ment source during events caused by heavy rainfall. However, this
source’s relative contribution is gradually declining as the incision rate
of the new channel decreases. As a result, the sediment yield of the
Djankuat also decreased from a minimum of 2467 t-km 2yr ! in 2015
to 545 t-km~2.yr~! in 2019. We found that the area with “Buried Ice” is
the main sediment source (79%) during non-rain days while the
“Glacier” is the second most important source (21%). On days with light
and moderate rains (daily precipitation < 30 mm), these contributions
switched (i.e., “Glacier” — 67%, “Buried Ice” — 33%) in the uppermost
study reach.

Future work should be undertaken to understand better the slo-
pe-river channel connectivity for the entire Djankuat River basin,
paying particular attention to the Koiavgan Creek sub-catchment. The
application of a fingerprinting technique, combined with traditional
water discharge and turbidity observations herein, demonstrates
promising results. However, the large spatio-temporal variations
observed also indicate that regular and continued measurements are
necessary to elucidate the evolving sediment dynamics fully. The com-
bination of different monitoring and measurement techniques (e.g.,
sediment flux monitoring, geomorphic mapping and fingerprinting) can
offer significant advantages in this regard.
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