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This manuscript was handled by Marco Borga, Subglacial sediments are a large component of the sediment budget of glacierized catchments but insights into
Editor-in-Chief, with the assistance of Edward the subglacial origin of sediments (bedload, in particular) linked to proglacial runoff dynamics remain scarce. In

Park, Associate Editor this study, we use a tracer-based approach to quantify meltwater proportions related to sediment transport at two

proglacial streams, draining glaciers (named debris-covered and clean glacier) of different size, aspect and
elevation range with contrasting distribution and thickness of debris cover and lithology of the subglacial sed-
iments (i.e., metamorphic vs. sedimentary), in the Sulden/Solda catchment (Italian Alps). Results indicate that
the glacier melt component (75 to 80 %) was associated with bedload concentrations of 1 to 10 kg m~> at the
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Tracer debris-covered glacier and much lower concentrations of 0.01 to 1 kg m™° at the clean ice glacier. At the seasonal
Debris cover scale, bedload and suspended sediment concentrations at both sites strongly varied with discharge. While daily
Clean ice bedload concentrations varied by up to two orders of magnitude obscured the seasonal development of bedload

concentrations at both sites, a clear seasonality for suspended sediment concentrations was found. At the daily
scale, the relationship of discharge, bedload, and suspended sediment was more complex because discharge and
sediment transport did not always follow the daily variation of air temperature, or similar daily air temperatures
resulted in different discharge and sediment transport responses and vice versa. Glacier size, presence of debris
cover, and substrate were identified as the main drivers of meltwater dynamics and sediment transport at both
glaciers. This study adds further insights into the interplay of meltwater contributions and sediment transport,
which are essential to better assess the impact of climate warming on sediment supply in glacierized catchments.

1. Introduction temperatures and reduced snow cover in winter results in earlier and less
pronounced snowmelt in spring and increased rates of ice melt from

Climate change strongly affects the cryosphere and modifies the glaciers during summer (Beniston et al., 2018). At the decadal scale,
runoff regime of glacierized and high-elevation catchments (Miller et al., several glacierized catchments have already surpassed their “peak
2012; Beniston and Stoffel, 2014; Gobiet et al., 2014). Increasing air water” stage of maximum annual discharge (Huss and Hock, 2018) or
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approach it within the next decade (Duethmann et al., 2015) due to
meltwater losses.

As a consequence of warming, glacier recession accelerates and the
expansion of proglacial margins containing substantial unconsolidated
debris accumulations may increase the amount of sediment available to
fluvial transport and paraglacial reworking (Micheletti and Lane, 2016;
Carrivick and Heckmann, 2017; Lane et al., 2017). High rates of rainfall,
snowmelt, and glacier melt (Engel et al., 2016; Antoniazza et al., 2022)
allow runoff events to reach a critical discharge threshold to initiate bed
erosion and sediment entrainment, which ultimately determines the
sediment transport in proglacial streams (Mao et al., 2017; Perolo et al.,
2019). Such sediment transport, representing most of the overall
catchment sediment yield (Heckmann and Schwanghart, 2013), origi-
nates from proglacial areas (such as frontal/lateral moraine or till-
covered and steep valley sidewalls (Rabanser, 2019; Buter et al.,
2020), subglacial till deposits (Perolo et al., 2019) and supraglacial/
englacial sources (Fyffe et al., 2019b). Most of the sediment transport
may continuously originate from subglacial till erosion (Delaney et al.,
2018; Guillon et al., 2018).

In more detail, enhanced bedload transport results from the seasonal
development of a subglacial drainage system within the ablation zone
(Rothlisberger and Lang, 1987), which is responsible of subglacial
erosion in late summer to autumn (Gurnell et al., 1996; Hallet et al.,
1996; Delaney and Adhikari, 2020). As the melting season progresses,
the dominant runoff contributions change from snowmelt to glacier melt
(Penna et al., 2017) and the subglacial drainage system develops pro-
gressively from a distributed to a channelized system induced by strong
daily melt cycles (Nienow et al., 1998), so that the evacuation of sedi-
ment below the glaciers increases over the course of the melting season
(Swift et al., 2005). Such a seasonal development is controlled by the
occurrences of high water-pressure events, hydro-meteorological con-
ditions during the melting season, and the snow cover extent in early
summer (Collins, 1989; Perolo et al., 2019). More specifically, high basal
water pressure sets the base for the sensitivity of glacier melting for
diurnal and seasonal variations (Cook and Swift, 2012).

In this context, the structure and seasonal evolution of the hydro-
logical system may also depend on the glacier properties, as for example
debris-covered glaciers and debris-free/clean glaciers, and differences in
the timing and magnitude of proglacial runoff (Ayala et al., 2016; Fyffe
et al., 2019b). The attenuating effect of the debris cover on the glacier
ablation may lead to smaller input streams on the debris-covered area
and a less efficient subglacial drainage system (Fyffe et al., 2019a),
which in turn has implications for the subglacial sediment transport and
proglacial hydrochemistry.

The evolution of such meltwater pathways indicates the complex
behaviour of the glacial system, expressing the need for a better un-
derstanding of sediment availability and contribution (Haritashya et al.,
2006). Despite the need for more insights into subglacial sediment
sources (Delaney et al., 2018), most research has emphasized fine sed-
iments (e.g., Collins, 1989; Hasnain and Thayyen, 1999; Swift et al.,
2005; Haritashya et al., 2006) with few studies focused on bedload (Mao
et al., 2019). Bedload dynamics of proglacial streams were often
investigated a few kilometers downstream from the glacier (Pearce
et al., 2003; Mao et al., 2014; Carrillo and Mao, 2020) and thus cannot
be linked to subglacial sediment sources (Comiti et al., 2019). Indeed,
bedload dynamics at the glacier snout may likely differ from those
further downstream and thus represent a way to characterize the sedi-
ment supply system from the glacier (Pearce et al., 2003; Mao et al.,
2014).

In this study, we used a tracer-based approach to quantify meltwater
proportions linked to bedload transport measured at two proglacial
streams (period 2017-2019), draining two glaciers that contrast in terms
of size, presence and thickness of debris cover, lithology of the subglacial
sediments (i.e., metamorphic vs. sedimentary), aspect and elevation
range in the Sulden/Solda catchment (Italian Alps). Our study aim is to
test the hypothesis that these contrasting features determine different
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runoff dynamics and subsequently contrasting sediment transport at the
proglacial streams.

The study builds on the previous work of Comiti et al. (2019), who
related bedload transport to estimates of glacier melt from the nearby
Matsch/Mazia glacier. It further complements the recent insights into
the study area on the subglacial drainage area (Ronald, 2020), the
sedimentology of the lateral moraines (Rabanser, 2019) and the recon-
struction of the past glacier extents (Savi et al., 2021b). Additional
research has focused on river hydrochemistry (Engel et al., 2018),
sediment transport (Coviello et al., 2022) and sediment connectivity
(Buter et al., 2022; Savi et al., 2023) at the catchment scale.

In this regard, the objectives of the present study are:

e to hydrochemically identify the dominant meltwater (snowmelt vs.
glacier melt) component at two proglacial streams,

e to analyse the temporal and spatial variability of meltwater and
sediment transport, and

e to assess the sensitivity of meteorological conditions and runoff
components on sediment transport.

2. Material and methods
2.1. Study area

The study area is the upper portion (14.8 km? in area) of the Sulden /
Solda river basin (overall 130 kmz, eastern Italian Alps). The elevation
of the analysed catchment ranges from 2225 m a.s.l. to the 3896 m a.s.1.
of the Ortler/Ortles peak. The Sulden valley is mainly underlain by
sedimentary (dolomitic) and volcanic (intrusions) rocks in the south-
western part, and by metamorphic (mica-gneiss and schist) rocks in
the south-eastern part of the catchment (Buter et al., 2020; Savi et al.,
2021). Continuous permafrost is located above 2600 m a.s.l., (Boeckli
et al., 2012), with active rock glaciers present between 2400 and 2900 m
a.s.l. (Brighenti et al., 2019). In the Sulden basin, vegetation covers
about 35 % of the total catchment area, with the coniferous tree line
near 2000 m a.s.l. (Buter et al., 2020). The long-term mean annual air
temperature at the Sulden village station is 2.8 °C and —2.4 °C at the
Madritsch station (reference period: 1981-2010; 3PClim database; htt
ps://www.3pclim.eu/), with mean annual precipitation of 835 mm
and 980 mm for Sulden and Madritsch, respectively. Both nivo-
meteorological conditions and sub-catchment geology have a strong
impact on meltwaters contributions and thus runoff dynamics and
stream hydrochemistry in the catchment (Engel et al., 2018). Glacier
melt and storm-induced high flows are the major drivers of sediment
transport at the valley outlet (Coviello et al., 2022).

The formerly larger Sulden glacier fragmented after the 1950s into
two ice bodies (Savi et al., 2021b), called Sulden I and Sulden glaciers.
Over the last decades, the ice loss was substantial and at 0.7 & 0.08 m w.
e. a~ 1 (1985-2020) for the Sulden Glacier (Savi et al., 2021b) and 0.9 w.
e. a~! (2003-2013) for the wider Ortler-Cevedale Group (Galos et al.,
2015). The sampling sites selected for this study were located at the
proglacial streams draining the eastern part of the clean-ice Sulden I
glacier (hereinafter CG) and the eastern part of the debris-covered Sul-
den glacier (hereinafter DG; Central Sulden in Savi et al., 2021b)
(Fig. 1). Both glaciers differ in their extent, subglacial bedrock type,
presence of debris-cover, and supraglacial streams (Table 1). Since the
latest advance in 1986, the CG has been melting more rapidly and
spatially uniformly than the DG, which primarily lost ice mass by glacier
thinning rather than by frontal retreat (Savi et al., 2021b).

2.2. Instrumentation and field sampling

Meteorological data were provided by the automatic weather station
(AWS) Madritsch / Madriccio (located at 2825 m a.s.l. and maintained
by the Hydrographic Office of the Autonomous Province of Bozen-
Bolzano). A pressure transducer was installed in the Sulden River
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Fig. 1. Overview of the debris-covered (DG) and clean ice (CG) glacier sampling locations in the Upper Sulden catchment and the glacier extents of the previous
years for both sampling sites. The different colours in subplot b and c¢) mark the different years and its corresponding glacier extent and sampling site.

Table 1

Glacio-geomorphological characteristics of the Sulden I glacier (CG) and the

Sulden glacier (DG).

CG (Sulden I glacier)

DG (Sulden glacier)

Glacier extent in 2018
(km?)*

Glacier extent in 2019
(km?) (loss in %
compared to the
previous year)*

Elevation range (in 2019)

Mean elevation (m a.s.l.)

Mean slope (°)

Mean aspect

Supraglacial features

Bedrock type

Debris type

0.87

0.83 (-4.6 %)

2732-3366

3035

28°

352° (Northwest)
Small supraglacial
streams and very
limited debris cover
Metamorphic rocks

Very few metamorphic
from sporadic rock
falls

3.89

3.81 (-2%)

2481-3698

2916

23°

122° (Southeast)
Debris cover of variable
thickness (1-67 cm**)

Metamorphic rocks,
Conglomerates of
metamorphic and
sedimentary rocks
Mostly dolomitic and
metamorphic

* The extent was delineated from orthofotos taken in 2018 and 2019 (Autono-
mous Province of Bozen-Bolzano).

** data derived from 380 pits dug in August 2015 and 2018 (Nicholson and
Boxall, 2020).

(Fig. 1a), which continuously recorded water stage at 10-minute mea-
surement intervals from May to September/October 2017 to 2019
(Fig. 1). Because the river banks were unstable and eroded in places, we
had to adjust the stream gauge position at the monthly and yearly scale
and obtain new flow rating curves for each position.

Direct bedload sampling was carried out at CG (n = 34) and DG (n =
66) sites from June to September 2017 to 2019, by following a con-
current sampling approach at both sites (Fig. 1b, ¢ and Fig. 2). “Bunte”
bedload traps (4 mm mesh size, 20 x 30 cm opening, Bunte et al., 2004)
were preferably placed at the thalweg, more precisely at a single posi-
tion (stream width: 0.8-3.5 m) at CG and mostly at two positions (stream
width: 2.3-7 m) at DG, accounting for the flow of different stream
branches when the subglacial outflow was divided. For many days
during the melting season, we repeated the sampling procedure during
melt-induced runoff events to obtain daily hydro-sedimentary variations
(from 10:00 to 17:00). Sampling durations ranged from 5 to 15 min and
1 to 10 min at CG and DG, respectively.

For each bedload sampling, we measured water stage and then
estimated discharge using stage-discharge relationships based on salt
dilution discharge measurements. Measured discharges ranged from
0.04 to 0.74 m%/s at CG and 0.27 to 2.65 m>/s at DG. Each bedload
sampling event was accompanied by grab sampling of suspended sedi-
ment (into 0.5 1 PVC bottles) (CG: n = 34 and DG: n = 66) and water
sampling for tracer measurements of EC and stable water isotopes 52H
and 5180 (into 50 ml PVC bottles with double cap and no headspace). To
identify potential end-members for runoff (i.e., snowmelt versus glacier
melt), water sampling focused on ice melt from rivulets on the glacier
surface at CG and dripping ice fragments at DG (called “glacier melt”),
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Fig. 2. Overview of the proglacial area and the sampling location at CG and DG for the years 2017 to 2018. Subplot e) shows the Bunte trap sampling at CG, and

subplot f) shows a cross section measurement at DG.

which we performed after each bedload sampling. We sampled snow-
melt from dripping snow patches in the area to capture the spatial
variability of snowmelt (called “snowmelt”). The proglacial stream at
CG and DG was sampled after each bedload sampling and once (not
accompanied with sediment sampling) in January 2020 at DG (called
“proglacial stream”). To infer the role of precipitation on runoff for-
mation, we furthermore collected monthly precipitation near the
mountain hut Schaubach at 2581 m asl. (n = 11, using a PALMEX col-
lector, Groning et al., 2012) and also sampled rain from a few occasional
storms within the study area (n = 8).

2.3. Laboratory analysis

Bedload samples were dried at 65 °C, sieved and weighed. The grain
size distributions D10, D30, D50, and D90 were calculated (i.e. quan-
tiles, diameters Dx for which x% of the sampled sediment is finer). In the
following, sediment transport is reported as bedload concentration, unit
bedload rates, and unit stream power (Comiti et al., 2019). The total and
unit bedload transport rates for the entire cross-section (Qg in kg min™*
and qs in kg m~! 571, respectively) were estimated as width-weighted
averages based on the sampling positions (see Dell’Agnese et al.,
2014). Bedload concentration (in kg m_s) was calculated by dividing

total bedload rate by measured discharge.
Unit stream power o (in W m~2) was calculated for each bedload
sample from CG and DG as follows (Eq. (1)):

w=7QS/W

where v is the specific weight of water (assumed constant and equal to
9810 N m’s), Q is the water discharge (mg/s), S is the channel slope
(mm™Y), and W is the channel width (m).

Suspended sediment concentration (SSC hereafter) samples were
filtered by vacuum filtration by using a Millipore filtration system (with
non-nitrate Whatman filter, @ 0.45 um) in the laboratories of the Free
University of Bozen-Bolzano. The samples were dried in the oven at
105 °C for an hour and cooled in the desiccator for 30 min.

Stable water isotope samples were first stored in a dark fridge at 4 °C
and then the §2H and 5'%0 isotopic composition was measured by laser
spectroscopy (L2130-i, Picarro Inc., USA) at the Free University of
Bozen-Bolzano. The instrumental precision is 0.5 %o for §2H and 0.25 %o
for 8'80. EC was measured using a portable WTW 3410 conductivity
meter (WTW GmbH, Germany), which has a precision of +0.1 pS cm !
(nonlinearly corrected by temperature compensation at 25 °C).
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2.4. Data analysis

To estimate glacier melt fractions, we calculated the runoff compo-
nents during each bedload sampling using a two-component hydrograph
separation based on end-member mixing (Klaus and McDonnell, 2013).
The following assumptions related to the definitions of the event
(snowmelt or glacier melt during bedload sampling) and pre-event
(proglacial stream water with highest solute concentration during low
flow conditions) were made: i) the tracer concentration of the event
contributions are distinct from that of the pre-event; (2) stream
discharge can be approximated as a mixture of the two components; and
(3) the tracer composition of each component can be assumed to be
constant during the event or is known from measurements (Sklash and
Farvolden, 1979). Although this method is known to have limitations
with respect to the different information content tracers carry in
hydrograph separation or the behavior of solute tracer to be sometimes
non-conservative (Christopherson and Hooper, 1992), numerous studies
highlight their usefullness. Therefore, to minimize methodological un-
certainties, we used EC over isotopic composition as this tracer exhibited
the largest difference in concentration for the meltwater and stream
component (Genereux, 1998) and we further relied on hydrochemical
data from meltwater samples taken immediately after each bedload
sampling.

For CG, we defined the following mass balance Eq. (2):

ECCG - ECMAX

Féilaciermence = ECon — EConx 2

where F is the fraction of the glacier melt from total runoff, EC denotes
the electrical conductivity from the proglacial stream CG, the glacier
melt GM from clean-ice near the sampling site CG, and MAX denotes the
proglacial stream at the end of August 2018, when measured EC was
highest.

For DG, we defined the following mass balance equation (Eq. (3))
analogous to Eq. (2):

ECDG — ECMAX

F;au’erme G = oA o 3
Gl 1tDG ECGM — ECMA)( ( )

where F is the fraction of the glacier melt from total runoff, EC denotes
the electrical conductivity from the proglacial stream DG, the glacier
melt GM from debris-covered glacier ice near the sampling site DG, and
MAX denotes the proglacial stream in January 2020, when highest EC
was measured during winter low flow conditions. The exploration of
stable water isotopes as tracer at CG and DG did not obtain reliable
results and was not considered further.

Instead, a three-component hydrograph separation was applied for
end-member mixing at DG on 24.07.2019. The assumptions previously
written are valid here as well and extended to snowmelt and glacier melt
as event water components. Therefore, we defined the mass balance
equation as follows (Eq. (4) — Eq. (6)):

(67 — Bom)X(ECs — ECgm) — (85 — 8m)X(ECr — ECgy)

Fiowfow = (4)
fowft (5GR — 6GM))C(ECS b ECGM) — (55 b (SGM)X(EC(;R — ECGM)
F (67 — 6m)x(ECor — ECqy) — (86r — Sam)¥(ECr — ECgy) )
snowmelt —
"7 (85 — 8om)X(ECgr — ECay) — (86r — 66m)X(ECs — ECay)
Fgiaciermetr = Frotal — Fiowfiow — Fsnowmelr (6)

where § indicates the isotopic composition (5'80) and EC denotes the
electrical conductivity. F denotes the discharge fraction of the low flow
component (low flow), snowmelt (snow melt), glacier melt (glacier melt),
and total runoff (total) at DG on 24.07.2019.

For statistical analysis, we used the Kolmogorov-Smirnov test to
verify the normal distribution of the data. In the case of non-normally
distributed data, we applied the non-parametric Wilcoxon rank sum
test to compare different sample groups on their significant difference
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(significance level o = 0.01).
3. Results
3.1. Tracer-based characterisation of the proglacial runoff generation

Using 5'%0 and EC to characterize the hydrochemistry of the pro-
glacial streams CG and DG, the hydrochemical mixing space was defined
by four end-members: snowmelt, glacier melt, a water component rich
in solutes, and monthly precipitation. While the mixing of snowmelt and
glacier melt with water rich in solutes could mainly explain the hydro-
chemistry at CG and DG, both monthly precipitation and occasional rain
events did not affect the hydrochemistry and thus did not contribute to
runoff generation during sampling days (Fig. 3).

Generally, the mixing space of both locations overlapped well and
showed relatively similar hydrochemical characteristics for the end-
members (Table 2). However, differences were observed in the range
of EC for glacier melt (p < 0.001) and the proglacial streams (p < 0.001)
but not for snowmelt (p = 0.26). Particularly at DG, we identified a
water component with increased EC (1006 uS cm™, represented by
winter baseflow proglacial stream water) and similar isotopic compo-
sition compared to that from glacier melt (5'0: —14.82 %o). An isotopic
fractionation altering the 8'0 composition was not observed (Fig. S1).
However, the isotopic composition of glacier melt (CG: p = 0.003 and p
< 0.001; DG: p =0.001 and p < 0.001) and proglacial stream water (CG:
p =0.008 and p < 0.001; DG: p = 0.005 and p < 0.001) showed mainly
variations for the years 2018 and 2019, respectively (Fig. 52).

3.2. Temporal and spatial variability of sediment transport

Meteorological characteristics are summarized in Table 3 and
showed that 2018 and 2019 summers were generally drier (total pre-
cipitation: 461 — 497 mm) and warmer (about 87 days with median air
temperature > 5 °C) than in 2017. Discharge variations of the proglacial
stream at the stream gauge location strongly followed the dynamics of
air temperature and rain events (Fig. 4). High flows higher than 4 m%/s
were present every year and reached a maximum of about 7 m®/s (at the
beginning of August 2017), associated with a particularly warm period
of a few days with a maximum daily mean air temperature of 14 °C at
2825 m asl. Discharges below 1 m>/s characterized the low flows, which
were typically initiated by cooler days in late summer and autumn with
air temperatures dropping below 0 °C (for example, clearly visible at the
beginning of September 2017).

Seasonal bedload concentrations and SSC at CG and DG varied
similarly with discharge (Fig. 4). SSC at both sites showed a clear sea-
sonality, with larger monthly variations of three orders of magnitude at
DG and only one order of magnitude at CG. In contrast, the seasonal
development of bedload concentrations at CG and DG was less clear as
bedload concentrations were characterized by large daily variations of
up to two orders of magnitude. For example, during high flows of about
2.6 m>/s at the end of August 2018, the highest bedload concentrations
of more than 1 kg m~2 and SSC of about 12 g 17! at DG were measured.
During the same period, bedload concentrations at CG were two orders
of magnitude lower than at DG. Instead, SSC reached about 9 g 17! and
was thus similar to SSC at DG. Interestingly, observed daily minima of
bedload concentration and SSC in June and July were similar to those
towards the end of the melting season in September.

At the daily scale, increasing discharge induced by rising air tem-
peratures during the day generally controlled the dynamics of bedload
and SSC (Fig.5). The time of daily air temperature peaks generally
matched the time when the maximum discharge and sediment transport
was reached, for example, on 10 July 2019 at DG and 24 July 2019 at CG
and 22 Aug 2018 at CG and DG. The intra-daily variability at DG was
persistently about one order of magnitude for bedload rates and SSC
from June to August.

In contrast to this previous observation, the dynamics of bedload and
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Fig. 3. a) Boxplots 5!%0 for different water types sampled from 2017 to 2019. b) Bi-plot based on 880 and electrical conductivity indicating the tracer mixing space
of CG and DG. c) Boxplots of electrical conductivity for different water types sampled from 2017 to 2019. The study area refers to the periglacial areas of CG and DG.

Table 2
Tracer-based summary of statistical characteristics of the end-member hydrochemistry. Monthly precipitation does not include rain events, which were occasionally
sampled.
End-member Number of samples 5180 (%0) EC (uS em ™) Location
Mean SD Range Mean SD Range
Monthly precipitation 11 -10.1 1.8 —14.1to -7.6 15.6 11.4 9 to 48.5 Study area
Snowmelt 10 —-14.2 1.5 —17.7 to —12.6 9.5 7.0 2.91t0 26 CG
Glacier melt 35 —-14.2 0.7 —15.4to —-12.5 53.5 60.0 1.1 to 214
Proglacial stream 35 —14.4 1.0 —16.6 to — 13.0 23.7 21.5 8.5t0111.5
Snowmelt 11 —-13.8 1.7 —-17.7 to —11.7 67.7 81.1 2910 178.2 DG
Glacier melt 34 —-14.6 0.7 —15.6 to —13.1 103.5 46.5 19.4 to 224
Proglacial stream 44 -14.4 0.8 —15.9to —13.2 312 234 11.4 to 1006
Table 3 conditions at CG and DG, we show these parameters related to the unit
able

Meteorological characteristics of the study area summarized for the period 1st of
June to 1st of October from 2017 to 2019. Data were taken from AWS Madritsch.

Meteorological parameter 2017 2018 2019
Total precipitation (mm) 554 461 497
Number of days with total precipitation > 10 (mm d ') 21 17 19
Median air temperature (°C) 6.13 6.18 6.47
Number of days with median air temperature > 5 (°C) 68 88 87
Number of days with median air temperature > 10 (°C) 18 9 17
Days with snow depth increase by 5 cm 6 2 3

SSC at the daily scale were more complex and non-linear as i) discharge
and sediment transport did not always follow the daily variation of air
temperature by a clear rising and falling limb, ii) at CG, relatively
constant discharges of about 0.1 1 s~ were accompanied with variable
sediment transport on 27 June, 10 and 24 July 2019, and iii) similar
daily air temperatures resulted in different discharge and sediment
transport responses and vice versa. For example, similar daily air tem-
peratures on 27 June and 24 July 2019 led to higher discharge and
sediment transport in July compared to June at CG and DG. In turn,
although air temperature on 10 July and 24 July 2019 differed by about
9 °C, discharge and sediment transport were at similar orders of
magnitude at both sites. In contrast, relatively similar air temperatures
on 8 and 22 Aug 2018 led to discharges of 0.85 m3/s at DG, unit bedload
rates of 0.2 kg s~' m™!, and SSC of 10.8 g 1"! during the first date, but
showed an increased discharge of about 1.4 m>/s, one order of magni-
tude higher unit bedload rates, and one order of magnitude lower SSC
two weeks later.

To compare unit bedload rates and SSC for different hydrological

stream power (Fig. 6). Unit bedload rates at CG were much lower than
those at DG (p < 0.001) and ranged from 22.3 to 341 W m~2 with no
clear monthly variation (Fig. 6a, 6b). Unit bedload rates and SSC were
lower in June and July (mean qg: 0.0028 kg s~ m~; mean SSC: 0.39 g
171, respectively) and by up to two orders of magnitude higher in August
(mean gg: 0.023 kg s~ m~!; mean SSC: 1.8 g 17}, respectively). At DG,
unit stream power had a much wider range (74 to 581 W m’z), with
higher values associated to increased unit bedload rates and SSC in July
and August; while unit bedload rates below 0.001 kg s~ m™! were
observed during low flows of 100 W m™~2 in September, they were almost
four orders of magnitude higher when unit stream powers reached 200 —
300 W m~2 in July and August (for few samples also in June, Fig. 6b).
Similarly, lowest SSC was measured in September (mean: 0.16 g 171 but
increased by two orders of magnitude to reach a maximum of 11.8 g 17!
in July and August. In particular, the unit stream power — SSC data could
be roughly approximated by a logarithmic relationship, indicating an
SSC threshold at around 10 g 17! for varying unit stream power (Fig. 6d).
Furthermore, to better characterize the sediment supply at CG and
DG, daily hysteresis of bedload concentration and SSC against discharge,
snowmelt, and glacier melt proportion is shown (Figs. 7 and 8). While
the majority of analysed events did not show clear hysteresis, only some
events showed a clockwise pattern when the peak of bedload concen-
tration or SSC occurred before the peak of discharge and meltwater.
Instead, on days with counterclockwise hysteresis, the peak of bedload
concentration or SSC occurred after the peak of discharge and meltwater
(Table 4). No clear hysteresis pattern of discharge and meltwater
compared with the locations, or season was evident (Table 4).
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3.3. Impact of meteorological conditions and runoff components on
sediment fluxes

Bedload concentrations at both proglacial streams were clearly
controlled by glacier melt and slightly by the presence of snowmelt
(Fig. 9). First, the relationship between glacier melt fraction and bedload
concentration revealed relatively low bedload concentrations of up to
0.001 kg m 2 during low to medium glacier melt contribution (19 to 58
%) at CG and DG in June (Fig. 9b). In contrast, higher glacier melt
contributions were associated with larger variability in bedload

concentrations. Glacier melt of 75 to 80 % resulted in bedload concen-
trations of 1 to 10 kg m~3 at DG but in much lower concentrations of
0.01 to 1 kg m > at CG. When glacier melt at DG was absent, snowmelt
as dominant runoff component led to similar bedload concentrations
than observed during highest glacier melt. Moreover, DG samples from
2018 did not show a monthly variability, leading to a cluster at high
glacier melt conditions with 0.1 to 1 kg m ™2 of bedload concentration.

Hydro-meteorological conditions indicated that highest glacier melt
occurred when the 3-day mean air temperature was above 10 °C and
only little precipitation fell (Fig. 9c and d).
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Surprisingly, highest discharges were not composed of only glacier
melt but shared also minor proportions of snowmelt of up to 25 %
(Fig. 9e). While the proportions of snowmelt did not seem to have much
effect on EC at CG, increasing glacier melt proportions led to markedly
decreasing EC at DG (Fig. 9f). The variability of bedload concentration
during the snowmelt period in June revealed similar orders of magni-
tude than those during the glacier melt period.

3.4. Variability of grain size distributions

Sediment samples from CG and DG were significantly different with
respect to grain size distributions of D10, D30, D50, and D90 (p = 0.004,
p < 0.001, p < 0.001, p < 0.001, respectively), for which grain sizes were
2.1 mm, 3.9 mm, 4.1 mm, and 8.5 mm at CG and 3.0 mm, 5.9 mm, 10.6
mm, and 27.4 mm at DG (Fig. 10a). These differences in grain size
distribution are supported by field observation indicating that bedload
from DG mostly consisted of dolomitic rocks with a share of

conglomerates, while bedload from CG was only metamorphic.

By analysing the grain size distributions only for bedload samples
taken when snowmelt or glacier melt contribution was greater than 60
%, the grain size distribution was not significantly different with respect
to the major runoff component (CG: p = 0.11 < 0.32; DG: p = 0.06 <
0.95). At DG, there was the tendency for larger sediments (32 mm) to be
more often associated with glacier melt than snowmelt (22 mm) when
considering D90 (Fig. 10c).

When comparing unit stream power with grain sizes, increasing unit
stream power resulted in increasing grain sizes for all distributions at
both sites (Fig. 11a and b). Also increasing glacier melt resulted in larger
grain sizes at CG and DG (Fig. 11c and d), similar to the previous
observation at DG (Fig. 10c). During the absence of glacier melt, the
range of grain sizes at CG (0 to 19.7 mm) was similar to that during
glacier melt (0 to 21.4 mm). In contrast, this range was much wider at
DG during glacier melt (0 to 86 mm) than that during snowmelt only (0
to 43 mm).
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Table 4

Hysteresis pattern of discharge, meltwater contributions, bedload, and SSC
during melt event-based sampling at CG and DG. CW and CCW denote clockwise
and counterclockwise hysteresis, respectively. — labels indicate parameter
combinations without a clear hysteresis classification.

Location  Sampling Parameter

day

Glacier
melt vs.

Discharge vs.
bedload
concentration

Glacier melt Discharge
vs. bedload vs. SSC
concentration SSC

CG 30 Aug - - - cw
2017
22 Aug CcwW - cw -
2018
27 Jun - - cw
2019
10 Jul - Ccw - ccw
2019
24 Jul CwW - - -
2019

DG 26 Jul - - - -
2018
22 Aug - - - Ccw
2018
27 Jun
2019
10 Jul CwW - eight -
2019 shape
6 Aug - - -
2019
3 Sep - -
2019

4. Discussion
4.1. Glacier characteristics control sediment transport

The mass balance, and consequently the runoff, of a glacier is
generally determined by its size and other topographical features
(Evans, 2006). In this context, the role of size, debris cover, lithology of
the bedrock and elevation range (Table 1) of CG and DG will be
considered in relation to the runoff and related sediment transport.

In general, the observed bedload transport and SSC tended to be
higher at DG than CG (Figs. 4 and 5). First, the larger size of DG in
comparison to CG naturally leads to a larger subglacial drainage area
and thus higher meltwater discharge rates, which drives subglacial
erosion, sediment connectivity and sediment entrainment (Hallet et al.,
1996; Mao et al., 2017; Perolo et al., 2019) as long as sediment supply is
sustained. While CG flows on bedrock, till deposits form the substrate
located underneath the lower part of DG and thus increase sediment
availability. In the case of DG, the larger sediment supply is associated
with the presence of debris cover and proportion of more weatherable
dolomitic rocks. This explanation may contradict the attenuating effect
of the debris cover to lead to a less efficient subglacial system (Fyffe
et al., 2019a), but Nicholson and Benn (2012) and Fyffe et al. (2014)
found that supraglacial debris cover affected the spatial distribution of
melt processes and thus increased transport of bedload and fine sedi-
ments. The debris-covered glacier also exhibits sections of basal ice, rich
in sediment, exposed at ice margins. Where meltwater intersects such
basal ice, high sediment loads can be expected and observed, but the
distribution of the basal ice in relation to the subglacial drainage
network is not easily determined. Nevertheless, the presence of this rich
source of sediment is known at DG and not confirmed at CG and its
availability may contribute to some of the patterns observed. While the
formation of basal ice is not directly related to the presence of a debris
cover, in general, it is more likely to form where the glacier system is
relatively debris rich, and the glacier history shows complex interaction
with pro and paraglacial sediments as is the case of DG at this site (Savi
et al., submitted).

Regarding the lithology of the subglacial sediments, metamorphic
rocks are present below both glaciers (Table 1). However, composition
of the bedload collected indicated that bedload from DG mostly con-
sisted of dolomitic rocks with a share of conglomerates, while bedload
from CG was only metamorphic, reflecting the underlying lithology of
the catchment.

Also, the smaller elevation range and lower mean elevation of DG
could lead to higher sediment transport as the entire glacier body likely
experiences relatively higher temperatures in the ablation zone (roughly
1.6 °C assuming a 6.5 °C/km lapse rate) with temperature-driven
melting expected to occur earlier and more frequently than at CG.

Only the higher slope at CG could support increased sediment
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transport by higher melt rates. While the higher slope generally in-
tensifies water velocity along the glacier bed and thus sediment trans-
port (Delaney et al., 2018), the favourable exposure guarantees longer
irradiation times and thus more radiation energy available for snow and
ice melting (Hock, 2005). The effect of both drivers may be super-
imposed and likely compensated by the effects exhibited by glacier size,
presence of debris cover, and subglacial deposits. Among all reported
drivers of sediment transport in this analysis, glacier size, presence of
debris cover, as well the presence/abundance of subglacial till deposits
(unfortunately unknown) are most likely to dictate the hydrological and
sedimentary boundary conditions of CG and DG and to explain their
contrasting sediment transport. Yet, it remains challenging to generalize
these controls and transfer their effects on meltwater dynamics and
sediment transport to other glaciers given that each glacier has its own
topoclimatic, geological and geomorphological context (Bogen, 1996;
Zekollari et al., 2020; Nicholson et al., 2021).

4.2. Runoff processes determine sediment transport

As a consequence of the previously described drivers, the dynamics
and magnitude of proglacial meltwater contributions at CG and DG

10

followed the seasonal transition of meltwater composition, commonly
found in glacierized catchments (Jeelani et al., 2012; Penna et al., 2017):
snowmelt dominated proglacial runoff in early summer, followed by a
transition phase of increasing glacier melt contributions during summer
reaching its maximum at the end of summer. Because cumulated daily
total precipitation was always less than 12 mm d ! on the sampling and
preceding day, we could not proof that rainfall was a major runoff
component and potential driver of sediment transport.

In this context, the different phases of dominant runoff components
guide the sensitivity of sediment transport as follows:

i) During snowmelt, bedload concentrations at CG and DG were one
order of magnitude lower than during glacier melt. Although the
sampling location was not proglacial and thus limiting the
comparability, sediment transport was up to 6 times higher at the
Matsch glacier (similar region than this study; Comiti et al., 2019)
and the Estero Morales glacier, Chile (Carrillo and Mao, 2020).
Mao et al. (2014) explained this observation by sediment sources
being likely disconnected under snowmelt conditions.

During glacier melt, bedload transport is highest and its magni-
tude is determined by the intensity of glacier melt (Comiti et al.,

-

ii
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2019; Carrillo and Mao, 2020). The observation that increasing
proportions of glacier melt could mobilize bedload of larger grain
sizes was also supported by Perolo et al. (2019). As the grain size
may infer the diameter of subglacial conduits (Davies et al.,
2003), reflecting the evolution of the subglacial drainage system
(Rothlisberger and Lang, 1987), we argue that the subglacial
drainage system of the larger DG developed larger conduits,
becoming more effective to accommodate more meltwater and
larger sediment clasts. In addition, the larger availability of
sediment from the supraglacial debris cover, particularly above
undercutting supraglacial streams or exposed ice cliffs, combined
with the presence of erodible till deposit accessible by subglacial
streams may contribute to the larger volume of bedload transport
measured at DG compared to CG.

Beside these typical periods of clear relationship between runoff
source and bedload transport, intense periods of snowmelt, such
as observed in Spring 2019, may induce bedload transport at
similar orders of magnitude as during the glacier melt period.
Indeed, the late, abundant snow in April and May 2019 was fol-
lowed by a very hot and dry June (Savi et al., 2023). In agree-
ment, also Carrillo and Mao (2020) observed highest bedload
transport during the snowmelt period. Snowmelt can be a major
driver of melting cycles (Nienow et al., 1998) so that intense
snowmelt fluxes reach the poorly drained, distributed subglacial
drainage area (Iken and Bindschadler, 1986; Hubbard and Nie-
now, 1997) that formed on the glacier during the previous year
and activated non-evacuated sediment deposits from the previous
melting season. This explanation may lead to the inference that
sediment transport in early summer is controlled by antecedent
subglacial flow conditions of the previous season, a concept
which is accepted so far only for sediment entrainment at the
event scale in alpine streams (Mao et al., 2017).
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iv) In contrast to the melting season, the onset of baseflow conditions
at DG showed almost no sediment transport, such as in September
2019 (mean SSC: 0.16 g 1’1; no bedload concentration) and no
transport of suspended sediment and bedload at all during winter
baseflow (field evidence from January 2020). Similar observa-
tions were made at Bosson glacier, France by Guillon et al. (2018)
and attributed to the seasonal closing of the subglacial drainage
system. Unlike SSC, daily bedload concentration minima in June
and July could reach concentrations typical of baseflow condi-
tions in September. This fact possibly indicates a daily exhaustion
of bedload source that becomes activated day by day.

Considering the hydro-meteorological drivers, our observations
revealed a complex and non-linear relationship between air tempera-
tures, meltwater dynamics at the daily scale, and resulting sediment
transport.

The observation of higher discharge and sediment transport during
lower air temperature in July compared to June highlights that the daily
subglacial discharge and sediment transport is not only determined by
short-term meteorological conditions, but responds to antecedent con-
ditions such as previous warm spells and the state of the subglacial
drainage network (e.g. at CG and DG on 27 June and 10 July 2019). This
interpretation is corroborated by the observation of similar discharge
and sediment transport dynamics during different air temperature
conditions (e.g. at CG and DG on 10 and 24 July 2019). Also in August,
both discharge and sediment transport indicated individual dynamics
not controlled by air temperature. Therefore, independent of the glacier
type (i.e. CG and DG), hydrological and subglacial processes at the daily
scale may be superimposed by weekly processes related to the evolution
of the subglacial drainage system as follows: i) In early summer, the
distributed subglacial drainage system progressively routes meltwater
through the glacier body, and interconnects subglacial bedload and
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basal sediment sources. Consequently, melt-induced runoff and sedi-
ment transport increase from June to July, despite similar daily air
temperature. ii) In contrast, in July similar runoff and sediment trans-
port under varying air temperature show that the subglacial drainage
network has reached its channelized form. It follows that sediment
transport dynamics are decoupled from daily air temperature. iii)
Finally, in August, the channelized subglacial drainage system occupies
the largest extend, but it may have variable efficiency to access basal
sediment sources or the drainage area becomes exhausted, thus being
responsible for individual dynamics of runoff and sediment transport.

These relationships are often non-linear (Mao et al., 2019) so that
their daily dynamics may temporally not coincide and experience
different evolution during the day (e.g. constant discharge accompanied
with variable sediment transport at CG on 27 June, 10 and 24 July
2019).

4.3. Origin of suspended sediments and bedload

Ronald (2020) suggested that the major source of fine sediment at
DG might be a sediment-rich basal ice and not the debris-cover, which is
mainly composed of large rocks and a thin layer of fine sediments.
Instead, bedload likely originates from subglacial sources activated
during the seasonal development of the subglacial drainage system and
probably also at the daily scale.

In contrast, sampled sediments at CG likely originated from subgla-
cial till and subglacial bedrock because sediment supply is limited to
only few supraglacial deposits (when rockfalls occurred and debris was
laterally placed on the glacier).

Despite the contrasting availability and locations of sediment supply,
clockwise hysteresis (higher transport on the rising hydrograph limb)
was rarely seen for both proglacial streams and may support again the
inference of daily exhaustion of sediment sources during snowmelt or
temporal storage of sediments during glacier melt (Mao et al., 2014).
Also, the fact that a clear hysteresis pattern could not be attributed to the
majority of runoff events was the reason why the observation on the
seasonal shift from clockwise to counterclockwise hysteresis could not
be made (Stott et al., 2014; Carrillo and Mao, 2020). Therefore, the
progressively seasonal exhaustion of sediment supply at CG and DG
could not be confirmed and may instead occur at the daily scale. This
observation underlines the assumption of Mao et al. (2014) that
sediment-discharge hysteresis loops could be absent at the glacier
mouth, where a sediment supply unlimited system prevails. Such an
unlimited supply implies that most of the bedload and fine sediment
sources were connected to the runoff generating areas, i.e. mainly the
subglacial drainage system. From our perception, the assumption of
Comiti et al. (2019) about a progressive shift from supply-limited
(driven by glacier activity) to transport-limited (during rainfall-
induced events) sediment transport may not fully apply for CG and DG
because the boundary conditions in the present catchment are different.
For example, additional specifications (such as distance to the glacier,
geology of the catchment) may be required to valid the assumption also
in the proglacial environment underlain by sedimentary rocks.

4.4. Implications for hydrology and sediment transport at CG and DG

This study was carried out about 30 years after the last maximum
advance stage of the glaciers in the Sulden valley (Savi et al., 2021b) and
corresponds to the phase of declining discharge after the “peak water”
stage of maximum annual discharge (Carturan et al., 2019). In future,
climate warming could anticipate the maximum seasonal discharge,
which may shift from July and August to earlier months in the year
(Raymond Pralong et al., 2015). Simultaneously, the development of the
subglacial drainage system and the seasonal glacier melt peak may shift
earlier in the season. Due to the strong relationship between glacier melt
and sediment transport as observed in this study, the release of bedload
and suspended sediments will likely follow this trend.
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Warming will also raise the equilibrium line altitude to higher ele-
vations (Beniston, 2003; Huss and Hock, 2015; Knoll and Kerschner,
2010), so that the ablation zone and the subglacial drainage system will
likely extend and rise in altitude (Gagliardini and Werder, 2018).
Meltwater could then activate new till reservoirs, which were not pre-
viously exposed to high water velocities to allow entrainment (Delaney
and Adhikari, 2020).

In turn, losses of ice masses will lead to decreasing glacier melt,
initiating a transition of melt-induced to rainfall-induced sediment
transport (Buter et al., 2022). Consequently, sediment activation could
be controlled by periglacial instead of subglacial processes (Guillon
et al., 2015; Savi et al., submitted). Although rain events did not play a
dominant role on runoff generation during this study, it is possible that
daily variations of sediment transport could become much larger,
particularly under more intense rain events (Coviello et al., 2022). At the
daily scale, the dynamics of bedload and SSC showed non-linear
behaviour in relation to air temperature, likely resulting in a more
complex interplay of meltwater (glacier melt, in particular) and sedi-
ment transport due to higher daily air temperatures.

Against this background, despite speculation, we attempt to char-
acterize the further development of the meltwater and sediment trans-
port pattern at CG and DG. Representing a clean-ice glacier, CG will
further continue to retreat reaching mass balance equilibrium under
current climate conditions (Scherler et al., 2011). Few supraglacial
sediments from lateral rockfalls could locally enhance ablation and
promote the glacier margin to retreat faster (Fyffe et al., 2019b). Such
continuous glacier retreat over several years will probably alter the
hydraulic gradients, leading to higher subglacial water velocities inde-
pendently of the meltwater discharge (Delaney et al., 2019) and thus
increasing sediment transport. We can only speculate on the extent of
subglacial till reservoirs of CG, but controls of sediment transport will
presumably change from subglacial to periglacial processes (Guillon
et al., 2015).

As an example of a debris-covered glacier, DG will likely become
thinner at the lower tongue but may experience a slower and not uni-
form frontal retreat in contrast to CG (Savi et al., 2021b). The debris
cover will likely be supplied by enhanced rockfalls from the bedrock
walls surrounding the glacier, induced by thawing permafrost (e.g.
Gruber et al., 2004) and frost-cracking activity (e.g. Savi et al., 2021a).
Under these conditions, DG will further be prevented from achieving a
steady state of glacier mass balance with current climate conditions
(Nicholson et al., 2021). Although the work of Ronald (2020) gave first
insights into the extent of the subglacial drainage system and the
importance of basal ice as a source of fine sediments, knowledge of the
amount and location of subglacial till deposits and the bedrock
morphology remains unknown and will require further research to
better quantify future sediment supply at DG.

5. Conclusions

The present study was conducted to relate the runoff composition
and meltwater dynamics at two proglacial streams to sediment trans-
port, to analyse the temporal and spatial variability of this relationship,
and to assess the sensitivity of meteorological conditions and glacier
characteristics as potential drivers. Our results show that:

e Using 5'80 and EC, the hydrochemical characterization revealed
snowmelt and glacier melt as dominant runoff components at CG and
DG. The highest proglacial water discharges of up to 2.4 m%/s at DG
were composed of 73 % of glacier melt and minor proportions of
snowmelt (up to 27 %). In contrast, the highest glacier melt contri-
butions of 87 % were estimated for intermediate discharge of 1.68
m3/s.

At the seasonal scale, bedload concentrations and SSC at CG and DG
strongly varied similarly to the discharge variations. Large daily
variations of up to two orders of magnitude made the seasonal
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development of bedload concentrations at CG and DG less clear. SSC
at both sites showed large monthly variations of three orders of
magnitude at DG and only one order of magnitude at CG.

At the daily scale, increasing discharge generally controlled the dy-
namics of bedload and SSC, but an added complexity could be
inferred as i) discharge and sediment transport did not always follow
the daily variation of air temperature by a clear rising and falling
limb, and ii) similar daily air temperatures resulted in different
discharge and sediment transport responses and vice versa. Daily
exhaustion of bedload sediment sources at DG were inferred from the
fact that daily bedload concentration minima in June and July at DG
were similar to concentrations during baseflow conditions in
September.

The sensitivity of glacier melt regarding meteorological conditions
showed that highest glacier melt occurred when weekly mean air
temperature were above 8 °C and only little precipitation fell. Low to
medium glacier melt contributions (19 to 58 %) at CG and DG were
associated with relatively low bedload concentrations of up to 0.001
kg m~3, whereas 75 to 80 % of glacier melt led to bedload concen-
trations of 1 to 10 kg m~> at DG and much lower concentrations of
0.01 to 1 kg m~2 at CG.

The findings confirm the initial hypothesis that contrasting features
of DG and CG are drivers of contrasting meltwater dynamics and sedi-
ment transport. More specifically, glacier size, presence of debris cover,
and the abundance of subglacial till most likely dictate the hydrological
and sedimentary boundary conditions of CG and DG and explain their
contrasting sediment transport characteristics. However, generalizing
these controls and transferring their effects on meltwater dynamics and
sediment transport to other glaciers is a research gap to be addressed in
future studies.

Finally, our study adds further insights into the interplay of melt-
water contributions and sediment transport and its spatial and temporal
dynamics at the event and seasonal scale. It thus represents an important
contribution to better assess the impact of climate warming in glaci-
erized catchments.
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