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Abstract. Proglacial margins form when glaciers retreat, and create zones with distinctive ecological, geomorphological and
hydrological properties in Alpine environments. There is extensive literature on geomorphology and sediment transport in such
areas as well as surface and glacial hydrology; but there is much less research into the specific hydrological behavior of the
landforms that develop after glacier retreat in and close to proglacial margins. Recent reviews have highlighted the presence of

groundwater stores even in such steep, rapidly draining environments. ftremains-howeverlargely-unclear-where-groundwater

ins. Here, we provide a detailed
literature review of the geomorphological structure of proglacial landforms in the context of their hydrological processes, as
well as a summary of the timescale of their hydrological response. We then propose a recession-analysis based framework
to understand how different landforms contribute to catchment-scale discharge. We applied the proposed methods to the case
of a Swiss proglacial alpine margin and summarize the insights that follow from a complete perceptual model of how such-a
proglacial catchments works. We identify the relative groundwater storage volumes of different superficial landforms and show
how steep zones only store water on the timescale of days, while flatter areas maintain baseflow in the order of several weeks.
We show that those geomorphological landforms themselves fail to explain the catchment-scale recession analyses and discuss
the presence of an unidentified storage compartment of the order of 40 mm which releases water during the cold months,
which we propose to attribute to deeper bedrock flowpaths. Finally, the key insights on the interplay of different landforms
as well as the analysis framework is readily transferable to other similar proglacial margins and should contribute to a better

understanding of the future hydrogeological behavior of such catchments.

Keywords. glacier forefield, hydrology, groundwater storage, recession analysis, review, Alps, Switzerland

1 Introduction

Glaciated catchments are highly dynamic systems. They are shaped by complex physical, chemical and biological interactions

at temporal scales ranging from minutes to decades; and at spatial scales ranging from local processes in the glacier ice to
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regional effects transmitted via the glacier forefield to downstream regions (Miller and Lane, 2018; Carrivick and Heckmann,
2017). In such environments, where nutrients and energy are limited and climate variations are large, glaciers provide water
(Huss et al., 2017), sediments (Hallet et al., 1996) and organic carbon (Brighenti et al., 2019b) to downstream areas, which
sustain a high specific biodiversity eempesed-of-non-competitive;-endemiespeeies (Milner et al., 2009). At the regional scale,
glaciers provide a number of ecological services essential for human society, such as water supply for drinking water purposes
and irrigation, hydropower or cultural services (Beniston et al., 2018; Haeberli and Weingartner, 2020). Indeed, about a sixth of
the world’s population depends on glacier melt or seasonal snow packs for its domestic water use (Barnett et al., 2005), with this
dependence showing strong regional differences as a function of precipitation seasonality (Kaser et al., 2010; Viviroli et al.,
2007), groundwater interactions (Vincent et al., 2019) and artificial water storage capacities (Christensen and Lettenmaier,
2007).

Water resource availability is undergoing strong seasonal modifications due to climate warming with rapid retreat of glaciers
worldwide (Milner et al., 2017). Indeed, Huss et al. (2017) estimated a glacier volume loss between 2010 and 2100 of 84+15%
in the European Alps and of 80+10% for the sub-tropical Andes. Peak annual runoff from glacier melt will be reached between
2010 and 2060 across the world (Huss and Hock, 2018) and the subsequent reduction of ice available to melt, together with
more liquid precipitation and earlier snowmelt (Lane and Nienow, 2019; Klein et al., 2016) will cause a change of streamflow
regimes, with a shift in the magnitude and the timing of high flow to earlier in the snow melt period (Berghuijs et al., 2014;
Beniston et al., 2018; Gabbi et al., 2012; Lane and Nienow, 2019). Glacier melt changes will be especially challenging for
Central Asia and South America, where the largest reduction of basin-scale runoff (>30%) has been observed (Huss and Hock,
2018) and where rural populations with low adaptation capacity may be severely impacted (Buytaert et al., 2017), a problem
that may then extend to growing lowland populations that rely on mountain runoff, notably in Central, South and East Asia
(Viviroli et al., 2019).

Whilst multiple discussions of the implications of cryosphere changes (e.g., Beniston et al., 2018; Huss et al., 2017; Im-
merzeel et al., 2020) have emerged, the role of groundwater is typically neglected in many glacio-hydrological studies in Alpine
environments (Vuille et al., 2018). This is surprising given the rapidly growing body of literature on groundwater—snowmelt
interactions. e.g. for environments with regular droughts (Fayad et al., 2017; Jefferson et al., 2008). Such studies show that
groundwater resources may play an important role in maintaining baseflow and in compensating for limited snow cover during
droughts (Van Tiel et al., 2021), especially where glacier cover is small, as also suggested in regional studies in the Andes
(Vuille et al., 2018) and in the Himalayas (Andermann et al., 2012; Yao et al., 2021). The implications of rapid glacier retreat
for ice melt-groundwater interactions are also largely neglected, an issue that will be amplified as in years with snow drought,
reduced snow accumulation causes a more rapid and earlier transition to ice cover, with lower albedo and a more rapid melt.
Large areas of previously ice-covered till and bedrock are becoming exposed in proglacial margins, leading to frequent geomor-
phological changes (Heckmann and Morche, 2019) and the emergence of landforms prone to groundwater storage (Hayashi,
2020).

Reasons that might explain a certain disconnection of glacio-hydrological research in mountain environments from ground-

water research include i) a focus upon water storage above ground (in the form of snow and ice); ii) the absence of groundwater-
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sustained summer low flows in such environments, which typically show a summer high flow; iii) very few studies of the
hydrology of glaciated catchments through the winter when the ice and sow melt contribution is much less important than in
summer iv) the wide-spread use of conceptual hydrological models with highly simplified representations of groundwater (e.g.
Schaefli et al., 2014; Huss et al., 2008) and iv) the historical representation of glaciers as overlying impervious bedrock.

The hydrological response of a proglacial margin in terms of water partitioning, storage and release (Wagener et al., 2007)
depends strongly on the sedimentological structure of landforms and on their rapid modification occurring with glacier retreat.
Understanding landform formation is thus essential; in the following, we first review key geomorphological processes, followed

by what is known about the hydrological functioning of proglacial landforms.
1.1 Geomorphology of proglacial landforms

Current proglacial margins are usually defined based on the Little Ice Age (1850) glacier extent (Heckmann et al., 2019).
The geomorphological processes occurring here (also called "paraglacial" processes) can be separated into (i) gravitational
processes linked to glacial debuttressing and rock slope failure (Gramiger et al., 2017), debris flow (Ballantyne, 2002) and
freeze-thaw cycles (Haeberli et al., 2006) (ii) glaciofluvial processes linked to river erosion, transport and deposition of sed-
iments and neighboring landforms (Lane et al., 1996; Maizels, 2002); and (iii) processes associated with relict ice and its
melt-out (Evans et al., 2006). Landform assemblages in proglacial margins are complex and have been created by the history
of glacial advances and retreats and complex paraglacial reworking processes. A typical landform assemblage is proposed in
Fig. 1.

In the following, we briefly discuss the origin of these landforms.
1.1.1 Sediments, lateral moraine deposits, debris cones, alluvial fans and talus slopes

Due to high glacial erosion rates, on the order of 0.1 to 10 mm yr-1, on crystalline bedrock (Hallet et al., 1996; Guillon et al.,
2015) and the efficiency of subglacial channeled streams to transport sediments, glaciogenic sediment supply (also called "till")
is the main sediment source to the proglacial area (Guillon et al., 2015). The majority of subglacial sediments are produced
at the bedrock-ice interface due to glacier erosion through glacial abrasion, glacial plucking or quarrying or meltwater erosion
(Bennett, 2009) and are then deposited or transported by a number of mechanisms including basal ice regelation, upward
faulting and folding (Alley et al., 1997) or subglacial streams (Swift et al., 2005). Regardless of their degree of consolidation,
most glacial tills are classified as diamicton, refering to a material composed of non-sorted sediments where particle size ranges
from very fine clays to gravel (Evans et al., 2006). The basal debris layer that forms under glaciers is called hereafter traction
till and is affected by high ice pressure and shear stress, leading to a more compacted and more impervious material. Traction
till can be distinguished from subglacial melt-out till, which refers to englacial sediments released by basal melting deposited
without deformation (Evans et al., 2006). Such melt-out till has a similar particle distribution but is less packed and contains
fewer fines.

Lateral moraine deposits form by three main processes: i) subglacial and supraglacial sediment deposition during glacial

retreat; ii) gravity and fluvial flow leading to reworking in steep parts (>30°(Dusik et al., 2019)) and creation of gullies
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Figure 1. General overview of geomorphological landforms typical of proglacial zones. 1) Lateral moraine; 2) Debris cone; 3) Talus slope;

4) Outwash plain; 5) Glacial deposit (till) ; 6) Proglacial lake ; 7) Apparent bedrock (figure inspired from Temme (2019))

(Mancini and Lane, 2020) and iii) glacier readvance that erodes earlier deposits and "plasters” the remaining deposits (Lukas
and Sass, 2011; Lukas et al., 2012). Lateral moraines are mainly composed of a non-sorted mix of fine to coarse materials and
potentially have a more consolidated till. The paraglacial reworking of the moraine leads to sediment accumulation on previous
glacial deposits in the lower part of the lateral moraine (Mancini and Lane, 2020). Such debris cones are composed of poorly
95 sorted sediments and have a typical slope angle of 12-25°(Ballantyne, 2002). Their sedimentological signature is similar to the
underlying moraine deposits, with the exception of showing more slope-parallel stratification and lenses of silty-sand linked to
alluvial deposition (Curry and Ballantyne, 1999). Alluvial fans are distinguished from debris flow-based fans by their gentler
slope (<15°) and are usually composed of sediments from both debris flow and fluvial deposition. Compared to debris-cones,
the debris of talus slopes originates from rock slope failures and is not necessarily linked to glaciogenic materials. Depending

100 on their extent, these landforms may flow above or may be mixed with lateral moraine deposits or glaciofluvial sediments.
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Talus slope debris is coarser than morainic material, more angular and usually less compact. It accumulates downslope in the
form of stratified layers. In its lower part, talus slope debris usually sits on pre-existing soils or on moraine formations, in its
upper part, it usually sits directly on the bedrock (Sass, 2006, 2007).

In the flatter valley bottom, glaciers deliver substantial amounts of sediment. Glacier retreat commonly leads to deposits
that comprise tills stacked on top of each other. Traction till usually represents the lowest layer and is the most consolidated
and fine material (Hammer and Smith, 1983; Eyles et al., 1983). Subglacial melt-out till may be released near the glacier front
(Hart, 1998), leading to a less compacted stratified diamicton (Eyles et al., 1983). If the englacial debris load is important,
supraglacial accumulation can occur at the glacier front, leading to hummocky moraines which usually trap and isolate large
blocks of ice (see Permafrost, rock glaciers and ice-cored moraines). The thickness and ratio of both traction and melt-out till
depends on the characteristics of each glacier and can vary substantially. Generally, in Alpine environments, basal traction till
was reported to be very thin and rather discontinuous (< 1m (Iverson et al., 1994; Brand et al., 1987; Kulessa et al., 2005)), so
that a strongly consolidated, low conductive layer does not seem to occur in most moraines (Lukas, 2012). Therefore, glacial
till deposits are mostly constituted by a stratified diamicton composed of silt to sandy-gravelly sediments (Rogger et al., 2017)

and should be less compacted than lateral moraines due to the absence of a "plastering" mechanism.
1.1.2 Glaciofluvial landforms, the outwash plain, proglacial lakes

Subglacial streams usually come in contact with glacial deposits at the glacier tongue. Due to strong diel streamflow variations
and occasional large floods, a strong reworking of the valley floor occurs, with a succession of phases of erosion and aggradation
and a usual eluviation of fines (Marren, 2005). Where the valley slope is low, stream power decreases and sediment sorting
occurs (Miall, 1977), with coarser sediments deposited in the proximal region and finer sandy material deposited further
downstream (Zielinski and Van Loon, 2003). If the accommodation space is large, thick deposits of sandy-gravelly material will
lead to the creation of bars and of a braided stream network, eventually leading to the creation of so-called glaciofluvial outwash
plains (Maizels, 2002), which may play an important role as sediment traps (Baewert and Morche, 2014; Lane et al., 2017).
They are composed of heterogeneous layers of non-consolidated silty-sandy and gravely facies (Anderson, 1989; Ballantyne,
2002), and they usually sit on previously deposited reworked glacial till, composed of a finer diamicton layer (Maizels, 2002).
The burial of ice blocks is also a common phenomenon, leading to the formation of “kettle holes” (Maizels, 1977).

Proglacial lakes usually form behind a natural barrier which can originate from (i) an overdeepening in the bedrock; ii) a
frontal moraine-dam; iii) an ice-dam or iv) a landslide-dam (Otto, 2019). Many small proglacial lakes are ephemeral due to
the gradual or sudden rupture of the natural dam, and may cause extreme events such as glacier lake outburst floods (GLOFs)
(Nie et al., 2018). They act as a sediment trap for all types of sediments, mainly from fluvial origin through sedimentation of
the suspended load, from melt-out of ice blocks or from debris from the valley sides. The most common moraine-dammed
lakes are usually composed of glaciofluvial sediments forming annual layers of coarser material (silt/sand) in summer and finer
deposits in winter, which can be overlain by more outwash sediments once the lake becomes filled with sediments (Ballantyne,
2002). Due to the fine nature of their sediments, proglacial lake sediments are usually rather unproductive, but may constitute

important natural water reservoirs (Parriaux and Nicoud, 1990).
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1.1.3 Permafrost, rock glaciers and ice-cored moraines

Permafrost is defined as a ground thermal-state where temperature is at or below 0°C for a minimum of two years (Haeberli
et al., 2006). The frozen material is usually located a few meters below an active-layer of unfrozen sediments and plays an
important role in stabilizing slopes and moraines and thus limiting sediment transport. Increased permafrost thawing due to
warmer temperature is expected to reduce slope stability, leading to further reworking of hillslopes and hazardous events
such as landslides or moraine-dam lakes breaches (Haeberli et al., 2017), and may also be a source of water for high Alpine
environments (Gértner-Roer and Bast, 2019). While permafrost thaw wil not directly yield large water volumes (Harrington
et al., 2018), permafrost may occupy part of an aquifer, leading to impervious layers, limiting deeper water infiltration and thus
aquifer volume. Indeed, Rogger et al. (2017) modelled the future groundwater storage capacity due to the complete removal of
permafrost in a small glaciated catchment and calculated a 19% increase of runoff during the autumn recession period.

Rock glaciers are periglacial landforms intrinsic to the presence of permafrost and their future role for providing water
supply and chemical compounds has been stressed recently (Brighenti et al., 2019a). Rock glaciers may be classified based on
the genetic origin of their ice and debris into two types: i) rock glaciers derived from talus slope processes under permafrost
conditions and ii) heavily debris-covered relict glaciers in permafrost free zones. The definition of the latter as rock glaciers
is still not clear in the literature. Berthling (2011) addresses this confusion by defining rock glaciers as “the visible expression
of cumulative deformation by long-term creep of ice/debris mixtures under permafrost conditions”. Accordingly, degenerating
melting debris-covered glaciers are excluded from this definition because of the absence of permafrost conditions. These
formations are recognized as ice-cored moraines and have a similar composition to glacial till deposits, usually with a more
important depletion of fine materials (Haeberli et al., 2006).

Most rock glaciers are thus slope-derived in permafrost zones and are created by the burial of surface snow and ice by debris
from talus slopes. They are composed of a matrix of coarse blocky sediments with a lack of fine materials and a frozen core of

fine-grained to larger sediments (Haeberli et al., 2006).
1.2 Hydrological functioning of proglacial margins and landforms

Proglacial margins are characterized by a strong seasonal streamflow regime, with low flow during winter, conditioned by
below-zero air temperature and near ubiquitous snow cover. The onset of snow-melt leads to a gradual streamflow increase in
spring, with the highest flows and the largest diurnal fluctuations (Lane and Nienow, 2019) occurring after near complete snow
disappearance and the development of a strong subglacial channelized stream network (Werder et al., 2013). In autumn, the
decreasing air temperature and solar radiation stop ice melt and lead to the onset of snowfall, which explains the return to winter
baseflow. The relative contribution of precipitation, snow-melt, ice-melt and groundwater during each season is to date not well
understood and greatly depends on the glacier coverage (Van Tiel et al., 2020; Schmieder et al., 2018). Historically, high Alpine
catchments were considered as "Teflon basins" where all water inputs are quickly directed into streams (Williams et al., 2015).

This vision was supported by a highly simplified representation of the geology of the system : an impervious bedrock with
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very coarse glacial deposits having little retention capacity. Some studies have tried to address this lack of understanding at the
catchment-scale, using end-member mixing model or water balance approaches.

At the catchment-scale, stable isotopes of water have been increasingly used as a conservative tracer to quantify the contri-
bution of different water sources (Beria et al., 2018). They are often combined with other geochemical tracers such as electrical
conductivity (EC) or chloride (Crossman et al., 2011) to create three-component mixing models. Based on such models, (Penna
et al., 2014) showed a delayed contribution of snowmelt to spring water compared to stream water, and a peak snow contribu-
tion of up to 92% during July and August, when most of the snow had disappeared from the catchment. These observations
suggest relatively long groundwater recharge times and challenge the "Teflon hypothesis". Groundwater contribution was also
shown to contribute significantly to streamflow, from a minimum of 20% during summer for a 25% glaciated catchment and
up to 90% in autumn (Engel et al., 2016; Penna et al., 2017). A growing groundwater contribution with distance downstream
(decreasing percentage of glacier cover) is also observed in summer, from 20% to 50% for sub-catchments of 25% to 4%
glaciated surface (Penna et al., 2017). However, the choice of end-members, as well as the spatial distribution and timing of
sampling has resulted in uncertainties in such studies (Schmieder et al., 2018). The use of EC as a tracer of groundwater may be
questioned, since groundwater EC, may not be considered homogeneous in groundwater due to preferential flow paths (Zuecco
et al., 2019) and does not take into account possible increase due to the re-emergence of surface water due to fast hyporheic
exchanges (Kalbus et al., 2006).

Isotope analyses have also been used to assess groundwater travel time distribution using various models (McGuire and
McDonnell, 2006), but long continuous time series are needed (Benettin et al., 2017), limiting their feasibility during winter
in snow-covered areas. One tentative study (Schmieder et al., 2019) identified a mean response time of 28 days for a small
groundwater dynamic storage in a 34% glaciated, crystalline catchment, but there was also much larger "mobile storage" (see
Staudinger et al., 2017) with a mean transit time of 9.5 years, indicating both a fast catchment response and a much slower
subsurface storage reservoir. Finally, isotope-aided glacio-hydrological models may also provide more reliable estimates of the
contribution of different compartments at the catchment-scale (He et al., 2019).

There are also water balance-based approaches for groundwater storage quantification in highly glacierized catchments that
try to characterize all incoming (snow melt, precipitation, glacier melt) and outgoing fluxes (streamflow, evapotranspiration,
sublimation). Hood and Hayashi (2015) used a dense snow survey to characterize maximal snow depth and density, combined
with a snowmelt model and snow transects in a small 4% glaciated catchment and found an early groundwater storage increase
of 60-100mm by the end of June, and a gradual storage decrease in August and September that they attributed to drainage
of extensive proglacial moraines. Using a similar approach, Cochand et al. (2019) used airborne LIDAR scanning to estimate
maximum snow height distribution in a small headwater catchment with two small rock glaciers (1.5% coverage) and showed
an early summer snowmelt-related groundwater storage increase of 300+60 mm, attributable to an evaporitic rock layer.

While studies at the catchment-scale provide valuable understanding of the overall hydrological functioning of such
proglacial margins (e.g. Hood and Hayashi, 2015; Andermann et al., 2012; Penna et al., 2017; Engel et al., 2016; Cochand
et al., 2019; Engel et al., 2019), the internal mechanisms responsible for such behavior remain difficult to identify, making

future predictions difficult in such geomorphologically dynamic systems. In particular, as the importance of groundwater in
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recently deglaciated catchments has been acknowledged in recent review papers (Vincent et al., 2019; Glas et al., 2018), there
is a need for a clearer view of the hydrogeological functioning of their landforms, which is discussed hereafter.

There are a few existing studies on the hydrology of outwash plains, which have however mostly been studied in ice-cap
glaciers (O Dochartaigh et al., 2019; Mackay et al., 2020), where these plains can become very large and are referred to as
sandurs (Robinson et al., 2008; Levy et al., 2015; Macdonald et al., 2016). They have been found to be large productive aquifers
with important surface-water groundwater interactions, with glacier meltwater contributing to wells up to 500 meters from the
stream (() Dochartaigh et al., 2019). A few studies in the Alps (Ward et al., 1999; Malard et al., 1999; Crossman et al., 2011),
showed that outwash plains behave similarly to larger sandurs, similarly collecting water from multiple sources and maintaining
various groundwater-fed river channels in autumn and winter, promoting habitat heterogeneity and high biodiversity. A study
in a late Pleistocene glaciofluvial plain also showed its large water storage capacity and a smooth aquifer depletion during a
seasonal drought, where it contributed up to 35% of the streamflow of a 194 km? catchment while only representing 3% of its
surface(Késer and Hunkeler, 2016). Another study of a glacially deposited alluvial system in Canada showed that up to 50%
of the river baseflow could originate from an upward groundwater exfiltration in the downstream part of the alluvium deposits
(Schilling et al., 2021). However these studies are based on older, larger deposits, while recent proglacial outwash plains
emerging after the little ice age are expected to be smaller and store less sediment, making their hydrological significance less
clear.

In addition to studies on outwash plains where fluvial reworking is important, there are some specific studies on the
groundwater-surface water interactions of glacial till which usually have slightly steeper slopes and are less fluvially reworked.
For example, in a catchment in Alaska, 46% of annual streamflow was lost to a till aquifer and was the main contributor for
lowland winter streamflow (Liljedahl et al., 2017). Three studies on proglacial moraines in the Swiss Alps (Magnusson et al.,
2014; Kobierska et al., 2015a, b) documented an aquifer alimented by the stream and a groundwater table close to the surface
(< 1m) flowing parallel to the stream. Reporting an aquifer thickness of 10 m and a slow reservoir response time of 29 days,
they showed that such an aquifer might provide baseflow during the entire winter season. Apart from these studies of glacial till
and outwash plains, there is a series of studies on the hydrological functioning of ice-cored moraines and rock glaciers. Most
studies on ice-cored moraines have shown a hydrological response composed of a fast and slow groundwater component that
could sustain substantial winter baseflow (Langston et al., 2011). Harrington et al. (2018) published a multi-method analysis of
such rock glacier where they showed a 1 to 2m saturated finer basal layer with a response time of 20 days overlain by a coarser
layer having a much higher hydraulic conductivity. Large ice blocks and ground ice are also reported but were too sparse to be
considered as an aquitard. Winkler et al. (2016) reported similar behavior, but with a lower less conductive layer attributed to
traction till.

There is no clear consensus in the literature about the hydrological functioning of talus slopes and on their role for groundwa-
ter storage, release and hence baseflow. Clow et al. (2003) showed that talus slopes were composed of a finer, more compacted
lower layer and of a coarser upper layer; Clow et al. (2003) furthermore showed an aquifer thickness of a few meters and
concluded that talus slopes contributed up to 75% of winter baseflow. Liu et al. (2004) also pointed out the importance of

talus slopes, but mainly in conveying snowmelt to downslope parts of the catchment, adding little water to winter baseflow.
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On the other hand, Muir et al. (2011) reported fast hydraulic conductivity and very little capacity to maintain baseflow for
more than a few days (response time of about 1 day) due to the coarse texture of talus slopes. They estimated a very thin
saturated layer (<0.03m) at the talus-bedrock interface. Due to the dominance of pre-event water during storms and due to the
lack of visible finer sediment layers based on geophysical methods, they suggested a mechanism of water storage in bedrock
depressions, based on a typical "fill & spill" mechanism (Tromp-Van Meerveld and McDonnell, 2006). It should be noted here
that the highly cited work of Clow et al. (2003) (108 on webofscience) relies on an (unnoticed) incorrect equation for their
recession analysis, leading to a 100 fold overestimation of the aquifer thickness in talus slopes, potentially inducing incorrect
conclusions in other studies in the field. What can be retained is that: (i) talus slopes are composed of coarse material and have
very high hydraulic conductivity (Muir et al., 2011); ii) a finer layer characterized by high storage capacity may be present if
talus slopes cover other landforms such as glacial deposits (Sass, 2006; Baraer et al., 2015); iii) talus slopes play an important
role in conveying snowmelt and precipitation and may store water in depressions or in the underlying fractured bedrock(Muir
et al., 2011; Liu et al., 2004).
coarser(Roggeret-al—2017): While steep slopes may be influenced by paraglacial mass wasting, if the sediments are located

inside the proglacial zone, there is a high chance that a lower layer of glaciogenic material exists below it (e.g. lateral moraine

deposits). In that case, the hydrological behavior of such system is likely to be closer to that of a lateral moraine, which is
composed of a finer non-sorted diamicton, with a hydraulic conductivity at least an order of magnitude lower as shown in the
work of Rogger et al. (2017) or Caballero et al. (2002).

The reviewed studies provide important insights into the functioning of proglacial systems and a qualitative assessment of
the hydrological functioning of individual landforms; heweves their relative importance and the water connectivity among
them remains however largely understudied. Only a limited number of studies propose an integrated description of the hydro-
geological behavior of proglacial margins: in the Canadian Rockies a series of papers studied the hydrogeology of different
proglacial structures (rock glacier, moraine, talus slope) and were summarized in the work of Hayashi (2020); in the Cordillera
Blanca in Peru a suite of studies (Baraer et al., 2015; Gordon et al., 2015; Somers et al., 2016; Glas et al., 2018) focused on the
role of groundwater for stream flow in different proglacial valleys and iii) in the Swiss Alps, itis-werth-mentioning a relatively
old review of the hydrological behavior of proglacial landforms by Parriaux and Nicoud (1990), as well as the work in the
Damma forefield (Kobierska et al., 2015a, b). Following ¢Heckmann et al., 2016; Vincent et al., 2019); there is however still
a need for integrative studies that (i) document the hydrological functioning of proglacial landforms with appropriate metrics;
(ii) propose a framework to characterize the timing, amount and location of the transmission of different water sources (rain,
snow, ice) to these landforms and between each of them; (iii) compare if the documented response of individual landforms can
explain the observed catchment-scale behavior in terms of runoff amounts, timing and geochemistry ; (iv) propose a unifying
theory for the geomorphological, ecological and hydrological evolution of such rapidly evolving catchments. Within this paper

we address the first three of these points.
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2 Study site and experimental methods
2.1 Site description

With an ice-covered area of about 14 km?, the Otemma glacier in the Western Swiss Alps is amongst the 15 largest glaciers
of Switzerland (Fischer et al., 2014). The glacier is characterized by a relatively flat tongue, which has retreated by about 2.3
km since the little ice age (GLAMOS (1881-2020)) and 50 m year~! since 2015. A recent study suggested an almost complete
glacier retreat by 2060 (Gabbi et al., 2012).

Glacial melt used for hydropower production; an Tyrolean-type water intake has been constructed about 2.5 km below the
current glacier terminus and is used in the present study as the outlet of what we call the Otemma basin (Fig. 2). It has an
area of 30.4 km?, a mean elevation of 3005 m a.s.l. (2350 m to 3780 m) and a glacier coverage of 45% in 2019 (adapted from
GLAMOS (1881-2020)).

The geology of the underlying bedrock is composed of gneiss and orthogneiss from the Late Paleozoic Era with some
granodiorite inclusions (GeoCover - Federal Office of Topography). Following a simple slope-based classification (Fig. 2),
the main geomorphological structures are composed of apparent bedrock (33.5%), steep slopes (36.6% post-LIA moraines
and 19.3% talus slopes), debris cones (6.4%), gently sloping debris fans and morainic deposits (3.3%) and a flat glaciofluvial
outwash plain (0.8%). One main subglacial channel at the glacier snout provides water to a large, highly turbid and turbulent
stream which quickly reaches a flat outwash plain composed of sandy-gravelly sediments, leading to a braided river network
which eventually converges in a more confined channel about 1 km downstream until the catchment outlet. A few tributaries

from small hanging glaciers or valleys are also contributing to river discharge during the snow-free season.
2.2 Hydrometeorological data

Since July 2019, an automatic weather station has been installed at the glacier snout and continuously recorded air temper-
ature and humidity, atmospheric pressure and liquid precipitation. Since July 2020, total incoming shortwave radiation was
also recorded by the device. Winter solid precipitation data were provided by SwissMetNet, the swiss automatic monitoring
network, using information from the Otemma station (2.7 km from glacier snout) or the Arolla station (10 km from glacier

snout).
2.3 Hydrological data

Since 2006, hourly river stage was recorded at the water intake corresponding to our catchment outlet (G\S3, see zoom-in
in Fig. 2) by the local hydropower company (Force Motrice de Mauvoisin, FMM); corresponding discharge was estimated
using a theoretical stage-discharge relationship provided by FMM. Discharges higher than 10 m? s~! are not recorded, which
corresponds to the limit of spillway activation of the water intake. We post-processed the data by in-filling data gaps related to
regular sediment flushing events (of a duration <1h) with linear interpolation. Winter discharge was also recorded, although a

data gap usually occurred from October to December.
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Main landform units
<8° (outwash plain/flat glacial deposits)
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15-22° (debris cones)
22-42° (lateral moraines)
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Figure 2. Overview of the Otemma catchment including a first-order, slope-based geomorphological classification following Carrivick et al.
(2018). Steep slopes were separated pre-LIA (talus slopes, dark grey) and post-LIA materials (lateral moraines, light grey) using the 1850
swiss glacier inventory (GLAMOS (1881-2020)). The pie chart shows the surface area of each geomorphological unit. The zoom-in window

on the left shows the field measurements stations installed between 2019 and 2021. The outwash plain is located between gauging stations 1
and 2 (GS1 and GS2).

Since August 2019, three river gauging stations were installed, one in the vicinity of the glacier snout (GS1), one at the
end of the outwash plain (GS2) and one at the catchment outlet (GS3) (see zoom-in in Fig. 2). River stage, water electrical
conductivity (EC) and water temperature were recorded continuously at 10 minutes intervals using an automatic logger (Keller
DCX-22AA-CTD). Due to the harsh conditions, or low flow conditions during the winter period, there are significant gaps
in the data. Periodic EC and discharge measurements were also made in all mapped tributaries or water sources, with a main
focus on three representative tributaries along the outwash plain. Finally, 7 piezometers consisting of fully screened plastic

tubes were installed at an averaged depth of 1.5 to 2 m in the outwash plain and covered four transects (A to D) perpendicular
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to the river and reaching the base of the hillslope. Watertable elevation was recorded in each well at a 10 minute interval using
SparkFun MS5803-14BA pressure sensors. Sensor bias was verified and corrected by bi-monthly manual groundwater stage

measurements.
2.4 Electrical resistance tomography

The depth of the outwash plain sediments was measured by performing multiple transects perpendicular to the river using
electrical resistivity tomography (ERT). We measured a maximal sediment depth of around 15 m from the edge of the hillslope
where sediment depth was in the range of 2 to 5 m. A few meters below ground, the presence of large buried ice blocks (1 to

30 m wide) was also identified, although its spatial coverage is not clear.

3 Methods

We characterize the hydrological behavior of the above discussed proglacial landforms by assessing their storage-discharge
relationship based on recession analysis and a literature review of the timescales of their hydrological response (Sect. 3.1). We
then use field-observations of the Otemma catchment, to compare the theoretical storage-discharge dynamics with observations
of electrical conductivity, groundwater flowpaths and estimation of hydraulic conductivities (Sect. 3.2). In a third step, we

quantify potential storage and discharge capacity for each landform with a simple model (Sect. 3.3).
3.1 Assessing the hydrological response based on aquifer characteristics and recession analysis

We analyze the storage-discharge relationship of selected landforms with classical recession analysis during periods when both
water inputs (snow, rain) as well as outputs (evapotranspiration) can be neglected, i.e. during periods when discharge is only
related to aquifer storage (Kirchner, 2009; Clark et al., 2009). Following Kirchner (2009) we describe the recession behavior

of aquifer storage with a non-linear storage (.5)-discharge (QQ) function:

S =eQ", (1)
whose derivative, using % = —( is given by
dQ _ 1 He-o
—_—— = — ¢ . 2
dt ceQ @

This is usually summarized as —% = aQ", where a = 1/ce is the recession coefficient and b = 2 — ¢ is the slope coefficient
(Santos et al., 2018). The release behavior of an aquifer can then be characterized by the rate of change (— %) versus discharge
(Q) and by separating regions where the slope is constant in logarithmic space. In this approach, the form of the aquifer water
table can be linked to the shape and physical properties of the landform (Troch et al., 2013). For instance, using some simpli-
fications, the Boussinesq equation (Boussinesq, 1904) proposes a physically-based equation for the temporal variation of the
aquifer table along a one directional aquifer and thus allows the discharge to the aquifer table gradients to be linked to aquifer

properties (Harman and Sivapalan, 2009a). Many analytical or numerical solutions to the differential equation exist, leading
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to various values of the recession parameters (a and b), which depend on the defined boundary conditions and assumptions
(Rupp and Selker, 2006). Even advanced formula are now proposed, based on complex geometries or hydraulic conductivity
distributions. However, some simple and commonly accepted values should provide a good first order estimation of a landform
hydrological functioning.

For flat aquifers with homogeneous conductivity, a slope b of 1.5 (¢=0.5) is common for the late recession (Rupp and Selker,
2006). Such a value can be obtained using an analytical solution of the Boussinesq equation and leading to the discharge

solution (Wittenberg and Sivapalan, 1999; Rupp and Selker, 2005) shown in Eq. (3) & (4):

S =eQ"? 3)
Q:=Qo(1+at)™? 4)
05 K.h
_ O ~ s''m
T e T ooL? )

A physical description of « can be proposed (Eq. 5) based on the aquifer conductivity (K) and porosity (¢), the aquifer length
(L) and the aquifer thickness at distance L (h,,,) (Dewandel et al., 2003; Rupp and Selker, 2005; Stewart, 2015).

In the case of a significantly slopping aquifer (>10°), a value b=1 is usually proposed for the late drainage (Rupp and
Selker, 2006; Muir et al., 2011). In this case, if the aquifer thickness is small enough, the aquifer flux is mostly advective
and conducted by the bedrock slope (Harman and Sivapalan, 2009b) so that discharge recession becomes linear (Eq. 6 & 7).
Due to the non-linearity of the Boussinesq equation, the parameter « can only be approximated using numerical linearization
approaches (Hogarth et al., 2014; Verhoest and Troch, 2000). We propose to use in this study one of the simplest proposed
description for « (Eq. 8), similar to the previous one, where only h,,, /L (the aquifer slope) is replaced by sin(6) where 6 is the

bedrock slope (Harman and Sivapalan, 2009a; Berne et al., 2005; Rupp and Selker, 2006).

S=eQ (6)

Qr = Qoe™** @)
_ 1 Kgsin(0)

a=_~ oL (®)

In both equations, the rate of aquifer decline can be related to a recession constant (). Its inverse (1/a) corresponds to the
characteristic response time of the aquifer. It should be noted that this response time can only be partially linked to the mean
transit time (McGuire and McDonnell, 2006), since water table variations are governed by advective and diffusive processes,
although both travel time and characteristic response seem correlated to flowpath length and gradient (McGuire et al., 2005).
By applying the two proposed relationships for a flat (Eq. 5) and a sloping aquifer (Eq. 8) to the various landforms of proglacial
catchments, we can assess the timescales at which they will provide water for baseflow. We propose to analyze the recession
time needed to decrease the discharge to 50% 79 5 and to 1% 79 1. These recession times can be defined for each case as

follows:

13
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| b= b=1.5
o _lno(f]ﬁ) \/?;1
To.01 7ln(oi).01) 1(25)71

Despite being a first-order estimation, the proposed recession times are still bound to physical processes and provide a simple
framework for comparing the timescales at which different hydrological features provide water; the approach requires only an
estimation of the hydraulic conductivity K and of the porosity ¢ of the different landforms, as well as the general aquifer
geometry.

In Table 1, we compiled the ranges of maximum and minimum hydraulic conductivity values reported in recent studies for
various landforms.

Based on this review, we defined realistic aquifer properties (slope, porosity, aquifer length) for each type of landform and
calculated the corresponding recession time 7y 5 and 7p.o1. Where possible, we also reported the recession constant (o) for
comparison and validation of our method. In all cases, these values correspond to the same order of magnitude for different
landforms, showing the robustness of the method. It should however be noted that the values are only relevant for the baseflow

recession and do not represent the initial fast drainage.
3.2 Estimation of hydraulic conductivity in the outwash plain

In order to estimate the saturated hydraulic conductivity (K) of the outwash plain, we use two different methods (see Table 1).

The first method applies the pressure wave diffusion method documented in the work of Magnusson et al. (2014). Given a
certain hydraulic diffusivity (D), this method relates the aquifer head variations (h) at a distance = from the stream, to the diel
stream stage cycles (h,—g) generated by ice melt. It furthermore makes use of a simplified 1D Boussinesq equation, where
adjective fluxes are neglected (Eq. 9). This procedure is only valid for relatively flat aquifers with a thick unconfined saturated
layer and where evapotranspiration losses can be neglected (Kirchner et al., 2020), which makes this approach well-suited for
high elevation outwash plains. By comparing the phase shift (time lag) and the amplitude dampening of the river stage and of
the piezometer signals, the aquifer hydraulic diffusivity (D) can be estimated and related to K using the aquifer thickness (B)
and assuming that the specific yield (S,) is similar to the aquifer porosity (Eq. 10). This method has the advantage of providing
an integrated mean conductivity estimate of the aquifer, as the diffusion is integrated between the stream and the piezometers,

avoiding potential over- or underestimations intrinsic to point measurements.

oh 6%h
o Pz ©)

K.B
D=_"" 10
S, (10)

We calibrated the model parameter K using a Monte-Carlo approach where we minimized the root mean square error
(RM SE) and maximized the Spearman rank correlation between observed an modelled piezometer heads. For this analysis,

we used the two upstream and downstream piezometer transects (B and D, see Fig. 2) for two periods: during high flow
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Aquifer

Slope

Reported recession

Calculated recession

Aquifer Porosti 1
Author Landform Method slo(:;uel ;/r] or[o]s Y length  parameter Reported Ks[ms™] . ciant 1/ainstudy  constant 1/a [days] Tos [days] To.01 [days]
0 I
[m] b[] o [days] 3 .
min. max. max. min. max. min. max.
Clow et al. (2003) Talus slopes Recession analysis 25 0.30 200 1 6.50E-03 9.40E-03 - 0.3 0.4 0.1 0.1 0.6 0.9
Kinemati
Caballero et al. (2002) Talus slopes inemanc wave 25 030 200 1 6.90E-04  2.50E-03 - 11 41 03 1.2 23 83
propagation
Wave +t
Muir etal. (2011)  Talus slopes (C:I‘fﬁ de;mr 25 030 200 1 1.00E-02  3.00E-02 1 01 03 0.0 0.1 0.2 06
Kinemati
Kurylyk et al. (2017)  Talus slopes inematic wave 25 030 200 1 2.00E-03  2.00E-02 5 01 14 00 04 | 03 29
propagation
Caballero et al, (2002) -terallacial - Kinematic wave 25 025 200 1 2.90€-04 8 2 16
deposits propagation
Lateral glacial
Roggeretal. (2017) oo o 81acd Grain size analysis 25 025 200 1 2.22€-04 B 1 3 2
deposits
Langston et al. (2013) Glacial deposits  Mass balance 8 025 1000 15 | 3.00E:04  3.00E-03 . 12 121 5 50 | 109 1085
M tal.
(Zg'i:';s“’"e @ Glacial deposits  Slug test 8 025 1000 15 6.94E-05  4.86E-04 - 74 521 31 216 | 670 4688
T ti 0.27 (fast i
Kobierska et al. (2015) Glacial deposits | o ' Poeaton 8 025 1000 15 S1SE-04  1.35E-03 (LERET) 27 70 1 20 | 201 33
(salt) 29 (slow reservoir)
Tracer propagation 21 (early recession)
Winkler et al. (2015)  Rock glacier (ﬂuore:en"’) € 15 030 500 1 7.00E-05  4.60E-02 | 125 (20-80 days) 03 167 0.1 50 | 05 334
500 (late recession)
Rogger et al. (2017)  Rock glacier Grain size 15 0.30 500 1 5.56E-03 - 2 0.6 4.2
Harrington et al Rock glacier Kinematic wave 15 030 200 1 S.00E-03  1.00E-02 3to4 05 1 01 03 | 09 19
(2018) (summer melt) propagation
Harrington et al. Rock glacier Spring discharge
1 ) 2 1 (00E-05  2.00E- 1 2 7 2 1
(018) (basefiow) i 5 0.30 00 6.00E-05  2.00E-04 4t050 3 8 7 3 a7 s6
N Outwash plain . N
Robinson etal. (2008) = E Grain size analysis 2 025 1000 15 | 116E04  1.74E-03 . 83 1250 35 518 | 750 11250
O Dochartaigh etal.  Outwash plai
S EREE G UEWASTPIAIN  pumping tests 2 025 1000 15 2.80F-04  4.63E-04 . 313 500 129 207 | 2813 4500
(2019) (sandur)
Kiseretal. (2016)  Outwashplain  Pumping test 2 025 1000 15 | 6.00E-04  5.00E-03 . 29 201 12 100 | 260 2170
P
This study Outwash plain d:’;f:;: wave 2 025 1000 15 9.60E-04  7.60E-03 . 19 151 8 62 171 1356

Table 1. Review of hydraulic conductivity (X) reported for proglacial landforms and estimation of related recession time (70.5 and 70.01)
based on typical values of aquifer structure (hr/L, ¢ and L). Maximum and minimum values are given where applicable, red values

correspond to point estimation.

during mid-August 2019 and during a lower flow period in mid-September 2019. An additional piezometer "B3" on the same
B transect was also used for this analysis. An aquifer thickness (B) of 15 m was chosen based on ERT results and a porosity
value (¢) of 0.25 from field measurements. The 1D partial differential equation was solved using a central differencing scheme
in space and a Crank-Nicolson method in time and imposing the measured river stage variations as a boundary condition. Prior
to solving the equation, both river stage and piezometer heads were detrended by substracting the linear trend of each dataset
as suggested in the work of Magnusson et al. (2014).

A second independent estimation of the hydraulic conductivity was obtained with salt tracing, using electrical resistivity
tomography (ERT) time-lapse with a measurement cycle of about 30 minutes. The ERT device is a Syscal Pro Switch 96 from
Iris Instruments. We inject 3 kg of salt dissolved in 15 L of water in a 1 m deep pit in the center of the outwash plain, and
record the timing of the passage of the salt plume at a downstream transect (distance 9.38 m) using ERT, similarly to the work

of Kobierska et al. (2015a). In our case, we only install one ERT line perpendicular to the groundwater flow consisting of 48
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electrodes with a 1 m spacing. Hydraulic conductivity can then be calculated solving Darcy’s Law for mean pore velocity as

follows:
K, dh
_ 11
Y=g e b

where % is the aquifer gradient, 6, is the aquifer porosity and v, is the mean pore velocity corresponding to the travel

distance divided by the travel time of the center of gravity of the salt plume.
3.3 A simple model of proglacial landform dynamics

Table 1 highlights the timescales at which different landforms transmit water. However this analysis does not evaluate the
amount of storage or discharge that each landform provides. In order to estimate the relative storage and discharge contribution
of different landforms in a catchment, we propose here a simple first-order approach based on the recession theory discussed
previously, which we apply to the case of the Otemma catchment. The approach proposes to solve the non-linear storage-
discharge relationship (Sy,q = eQf) for discharge, by estimating the recession coefficient e and the maximum storage S,qz-
We propose to estimate e following Eq. (5) or (8) and using realistic hydrological characteristics for each landform: hydraulic
conductivity is based on Table 1, while the aquifer slope and length are estimated for each landform based on a 2 m digital
elevation model and by manually measuring the averaged landform length (see Fig. 2).

To estimate the maximum storage, we use a simple slope-based classification approach to classify the main hydrological
landforms as suggested in the work of Carrivick et al. (2018). Once identified, the potential storage of each landform can
be estimated using their total areas (A;) and an estimation of their sediment thickness. Such a simple approach was already
proposed in other similar studies (Hood and Hayashi, 2015; Rogger et al., 2017).

It is however difficult to estimate the maximum aquifer thickness accurately for each landform. To overcome this limitation,
we create a simple hydrological model where we simulate a realistic daily water input (Q;,,) in the form of rain (P,4;,) and of

snow melt (Psy,y) for each landform and then simulate the evolution of storage (.5) during a year, using equations 12 to 14.

4S
E - Qin - Qout (12)
Qin = ((Psnow + Prain)Ai + leacier)/Acatchment (13)
S 1/c
Qout = (e> (14)

where %—f is the change of storage in mm day~!, Q;,, is the daily water input at time ¢ and Q,,; is the generated daily

output discharge based on the non linear storage-discharge equation. Pk, ., and P,.4;, are the daily snow melt and daily liquid
precipitation in mm day !, A; is the area of each landform, Q gqcier is the daily river discharge from the glacier in liters day —!
and A qichment 18 the total catchment area in m2. Finally e is the recession parameter estimated based on « (Eq. 5) and c the

slope coefficient (1 for slopping aquifers and 0.5 for flatter aquifers).
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The snow melt input is modelled with a simple snow accumulation routine (snowfall below an air temperature of 2°C)
and a degree day model for daily snow melt estimation (Gabbi et al., 2014), with a degree-day melt factor of 4.6 [mm °C~!
day~!] when air temperature is higher than 1°C. The melt parameters were fitted by matching the snowline limit during the
snowmelt season (Barandun et al., 2018). Winter precipitation were measured at the SwissMetNet Otemma station. For the
sake of simplicity, snow and rain inputs are considered to recharge entirely the whole aquifer (no surface flow) and there is no
routing or water exchanges between the different landforms.

The only purpose of the model is to provide a first estimate of the storage dynamics based on a realistic water input for
each landform independently. In the special case of the outwash plain, an additional glacier melt input (Q giqcier) is provided,
since this is the only landform directly recharged by the river network in Otemma as discussed before. Only a small fraction of
the total river discharge was allowed to recharge the outwash plain aquifer, with an infiltration rate of 100 liters sec™' (2% of
mean summer discharge) from May to October. Finally the maximum storage (sediment thickness) of the reservoirs cannot be
exceeded in any landforms.

This simple model allows an estimation of the water storage and release of single landforms at the catchment scale and
should provide a realistic approximation of the volumes of water stored in the superficial proglacial landforms during an entire

year.

4 Results
4.1 Catchment-scale winter river recession analysis

To characterize the catchment-scale recession behavior of the catchment, we focus on the discharge recordings during cold
months. The focus on this period is required because there should not be any significant water inputs other than groundwater
(Kirchner, 2009), when any snow or ice melt stops. Figure 4) shows a plot of the recession rates (d()/dt) against river discharge
(Q). The corresponding recession periods are automatically selected by identifying periods where flow is constantly decreasing
for at least 10 days and is extended until the first increase in flow, which usually occurs during spring. The identified recessions
typically last between 50 and 100 days. Noise in the discharge data, which creates very small flow increases during the winter,
is removed by smoothing the data (moving average with a span of 50% of a given recession period), so that only the averaged
trends are analyzed. Finally, all recession points are averaged in bins of an equal number of data points (we selected 100),
as suggested in the work of Kirchner (2009). The change in slope for higher discharge values (>0.33 mm day~*, Fig. 3) is
probably due to the transition between discharge dominated by ice melt to discharge fed by groundwater. Due to this slope

change, we assume that the recession starts when baseflow discharge is smaller than 0.33 mm day !

and higher values are
excluded for the linear regression shown in Fig. 3. This linear recession is estimated using the Nonlinear Least Squares method
of the "fit" function as implemented in Matlab R2019a.

The estimated regression has a slope of b=1.56. Based on the previous discussion (Sect. 3.1), this value indicates a discharge
governed by a rather flat aquifer, although, at the catchment scale, such a slope may arise from an assemblage of hydrological

landforms. In any case, a value of 1.56 leads to a quadratic relationship between storage (S) and discharge (Q) where S = eQ°-5
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Figure 3. Plot of the smoothed discharge recessions (—d(@ /dt) against discharge (Q) for all recession periods from 2006 to 2017 (in grey).

Shown are also (in red) binned averages, each bin comprising 1% of the datapoints, which show a clear slope change at around 0.33 mm

day~!. A linear regression (in the logarithmic space) to all binned values smaller than 0.33 mm day ' is shown in blue. Axes are in

logarithmic scale.

and Q; = Qo(1 + at)~2 (see Eq. 3). Due to the extremely low values computed in Fig. 3, a change in the smoothing process
or a change in the maximum baseflow has an impact on the recession. We have tested different processing parameters and
assessed the impact on the linear regression; overall, the slope varies between 1.45 and 1.65, which suggests that a quadratic
storage-discharge relationship is robust.

Using the same recession periods, the recession trends of each individual years are assessed (Fig. 4) to investigate the
evolution of the underlying hydrological processes during this twelve years period, potentially caused by glacier retreat. We fit
a power law function on the raw discharge data (without any smoothing) of each winter recession, using the analytical solution
of the quadratic relationship as in Eq. 4 with the fitting parameters )y (the maximum baseflow discharge) and e (the recession
coefficient).

Based on these annual recession analyses, we can plot the temporal evolution of the catchment-scale baseflow recession
constant (1/a) and of the estimated maximum baseflow storage, obtained from the storage-discharge relationship, Sy,qz =
6@8‘5 (Fig. 5). The temporal evolution of maximum baseflow @)y and of S,,,,, does not show any clear trend over the twelve
years period. Considering the recession constant, there seems to be some decrease in more recent years. The interpretation is
however hampered by the data gap in 2010 and by the overall short time period.

Overall, we obtain a relatively consistent estimation of the baseflow storage in the Otemma catchment during winter, with a

mean baseflow discharge of 0.34 mm day !, a mean maximum storage of 42.5 mm and a recession constant (1/c) comprised
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Figure 4. Annual recession analysis at the catchment outlet. The measured discharge is presented in blue (logarithmic scale), the best fit of

0.5
the power-law regression (Q: = Qo(1 + Q%t)_Q) is shown in red, along with the estimated fitted parameters Qo and e. Day of year larger

than 365 indicates a recession spanning over the following year. The years 2010 and 2017 have large data gaps and are not shown.

between 90 and 155 days (or a half life recession time 7 5 between 37 and 64 days). For the interannual analysis (Fig. 3), the

corresponding values are 115 days for 1/«. Finally, it should be noted that at the end of the recession periods in late winter,

discharge has usually decreased by a factor of 3 which indicates that the baseflow storage does not completely empty and still

retains on average 58% of its maximum storage.

4.2 Water electrical conductivity

4.2.1 Stream observations

In the Otemma catchment, streamflow EC shows strong seasonal and diel cycles driven by snow and glacier melt (Fig. 6).

During summer, when discharge is highest, streamflow EC remains very low with small diel variations in the order of 10 to 20

uS/cm (zoomed-in box, Fig 6). During this period, EC is strongly negatively correlated with river discharge, with maximum

streamflow EC in the morning.
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Figure 5. Temporal evolution of recession characteristics obtained from annual recession analysis, showing the results of the best fitted

parameters for maximum baseflow (Qo), recession constant (1/c) as well as the first-order estimation of maximum baseflow storage (Smaz)-

There is a small EC increase between the glacier snout (GS1) and the end of the outwash plain (GS2), but hardly any change
further downstream (i.e. between GS2 and GS3). This suggests a larger contribution of groundwater or of hyporheic exchanges
between GS1 and GS2, i.e. along the outwash plain, than in the downstream part (as also suggested in the work of Kobierska
et al. (2015a)). As soon as the river discharge decreases during autumn, a smooth increase of streamflow EC during the whole
cold period can be observed, until the onset of snow melt the subsequent year. Although EC could not be measured at the
glacier snout during the winter, this steady increase clearly indicates an increasingly larger contribution from groundwater
storage compartments, with longer or deeper flow-paths during winter, which correlated well with the discharge recession

observed in Fig. 4.
4.2.2 Hillslope and groundwater observations

In order to identify sources of groundwater exfiltration, we monitored the EC of selected landforms as well as of different
water sources. The averaged snow-melt EC was 5.14-2.46 uS/cm based on 28 snowpack samples collected during the snow-
melt season in the outwash plain and on the glacier surface up to 2850 m a.s.l. Surface ice-melt samples show EC values of
5.7+4.3 uS/cm based on 29 samples; the average rain EC value is 31.6+11.3 uS/cm based on 11 samples. Figure 7 shows the

EC values observed in seven piezometers located in the outwash plain as well as of three selected tributaries which represent
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Figure 6. Streamflow electrical conductivity (EC) at the three gauging stations (GS1 to GS3, see Fig. 2 for location). Zoom-in window shows

the EC for the first 20 days indicating the similar EC between GS2 and GS3. Large gaps during the winter period are due to sensor failures.
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Figure 7. Temporal evolution of EC at seven piezometers (Al to D2) and in three tributaries as well as one bedrock spring (see Fig. 2 for

location). Values of 0 for tributary 3 indicates no surface flow. A cold spell resulting in snow fall over the whole catchment is indicated by

the dark blue arrow.

the diversity of values observed along the hillslope and of one water exfiltration at the base of the bedrock outcrop above the

tributaries.

21



510

515

520

525

530

535

540

https://doi.org/10.5194/hess-2022-110 Hydrology and
Preprint. Discussion started: 25 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

All tributaries show only limited change in EC during summer, although their concentrations are different. Tributary 1 is
located below a higher hanging valley, likely containing buried ice or permafrost with high elevation snow is present during
most of the summer, leading to a perennial superficial flow. The relatively low EC values of this tributary seems to indicate
a marginal groundwater contribution, with probably only a short contact time between the morainic material and the melted
water in the hanging valley in the higher part of the catchment. Tributary 2 exfiltrates from the sediments at the base of the
lateral moraine and its EC is only slightly higher than the bedrock exfiltration. This suggests that this tributary is mainly fed
by water stored in the bedrock which exfiltrates at the base of the bedrock outcrop, above the lateral moraine, then infiltrates in
the coarse sediments and re-emerges at the base of the outwash plain, with only a slightly higher EC, due to a limited chemical
weathering.

During the cold spell, accompanied by a heavy rain event (42mm) on the preceding day, a small drop in EC in tributary 2 can
be observed and is likely due to an increased water storage in the lateral moraines with low EC, which empties in a few days.
Both observations highlight the short residence time of water in the lateral moraine. Tributary 3 maintains very low EC values
and becomes dry during August, indicating its direct dependence on snow-melt transmitted by overland flow with hardly any
contact time with the sediments.

The EC values measured in the piezometers show much stronger variations, both spatially and temporally. Indeed, there is
an increasing lateral gradient away from the stream, indicating strong exchanges with the river. When river discharge becomes
lower (cold spell on August 30) or during the winter, piezometer EC becomes larger due to the decreased infiltration of river
water or due to lower EC values in the deeper part of the outwash plain. During winter, the water level in all piezometers
except Al dropped below the piezometer depth and accordingly water could only be pumped out of piezometer Al. Here, the

EC values more than double between winter and summer, reaching 180 pS/cm.
4.3 Groundwater dynamics in the outwash plain

The groundwater head in the outwash plain was monitored continuously in 2019 and 2020 in three transects perpendicular
(lateral) to the stream, with one well close to the river, while the second one was located near the hillslope. Figure 8 shows the
estimated daily averaged aquifer gradients. Lateral gradients are estimated at two locations, between the upstream piezometers
(D1,D2) and between the downstream ones (B1,B2). The slope is mostly comprised between 0 and 0.5% (Fig. 8). Longitudinal
gradients parallel to the stream (computed between D1 and C1 (upstream) and between C1 and B1 (downstream)) appear to be
much larger, with a slope varying between 1 and 2%.

River stages corresponding to the piezometer transects could not be measured continuously due to the high discharge and
unstable sediments; a few isolated measurements show that, in the upper part of the floodplain (B, C, D transects), the river
stage is always 10 to 40 cm higher than the groundwater level close to the river, clearly indicating a loosing reach. For the year
2020, the normalized daily averaged discharge is also shown on Fig. 8, showing a very similar dynamic of the discharge and of
the upstream longitudinal gradient, although the gradient tends to react with a delay of 1 to 2 days. For both years, the upstream

longitudinal gradient seems thus to show a strong dependence on the stream discharge magnitude and starts decreasing in early
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Figure 8. Water table gradients in the outwash plain for summer 2019 and 2020. The upstream longitudinal gradients are estimated between
piezometers D1 and C1, the downstream gradient between C1 and B1. The lateral gradients are estimated between "D" piezometers upstream
and "B" piezometers downstream and their slope is directed towards the main river. In 2020, the mean daily discharge at the glacier outlet
is shown in brown. It was normalized and scaled between 1 and 2 for easier comparison with the gradients. Hourly measured precipitation

inputs at the glacier snout are shown by blue bars.

September, i.e. at the moment when discharge is decreasing due to shorter and colder days with reduced ice melt rates. The
downstream gradient, about 100m below, is more constant.

The lateral gradients indicate the presence of water contributions from the hillslopes. Indeed, during the year 2020, a con-
sistent decrease of the lateral downstream gradient, almost reaching 0 % in September is linked to the decreased contribution
from snow-melt in the small hanging valley above this point. This piezometer is located close to tributary 3 which runs dry
early August. Moreover, the EC measured in piezometer "B2" (see Fig. 7), although located far from the river, has a low EC
close to the value of snow-melt (median value of 5.1 uS/cm). The lateral gradient reacts to water inputs, e.g. during a major
rainfall event (3rd October 2020) or during a cold spell followed by snowmelt (29th of August 2020), but rapidly returns to its
previous state within a few days.

Similarly, the EC of tributary 2 returns to its baseline value on the same time scales of about 5 days after the cold spell. The
upstream lateral gradient shows a similar behavior, but much attenuated, with only limited variations. The EC at piezometer
"D2" is much higher, suggesting limited recharge from the hillslope at this location. Interestingly, piezometer "A1" (see Fig. 7),

shows the highest EC in the floodplain, although it is located at Sm from the river. This seems to indicate a longer flowpath
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and no exchanges with the river at this location. This observation confirms that groundwater flows in the same direction as the
terrain’s main slope, is recharged in its upper part and is likely to re-emerge at the end of the outwash plain. This re-emergence
results from the underlying bedrock with much lower hydraulic conductivity, which forces water to exfiltrate in the river as the
sediment thickness decreases towards the end of the plain.

It-appears-therefore-that the aquifer in the outwash plain is mainly recharged in its upper part by the stream and that storage
is kept at its maximum during the whole summer (due to glacier-melt), with an aquifer slope governed by the terrain gradient
(between 1.2 and 1.5 %). The outwash plain may be partially recharged during the early melt season by snow-melt from
lateral valleys, but this effect decreases significantly during the summer. Moreover, such recharge does not seem continuous
and occurs mainly at specific locations where upslope water can converge as surface or subsurface flow in the lateral moraines
(like in tributary 3) and represents only a minor fraction of the recharge. The dominance of parallel (to the river) flow paths in
the outwash plain implies longer flowpaths and residence times and therefore a slower recession, as discussed in the previous

section.
4.4 Hydraulic conductivity in the outwash plain

We use two different methods to estimate hydraulic conductivity, the first method is based on the attenuation of a diffusive
pressure wave in the aquifer generated by diel streamflow fluctuations and the second uses a salt groundwater tracer to estimate
groundwater pore velocity.

Using the diffusion model described in Sect. 3.2, we modeled the diffusion of stream stage fluctuations in the aquifer. Unlike
in the work of (Magnusson et al., 2014), satisfying results were obtained using a unique K value to simulate the fluctuations
of all piezometers along the same transects (see Fig. Al and A2). The K, values are summarized in Table 2. Only the
estimated lower value for the upper piezometer transect in September 2019 are subject to more uncertainty, as the simulated

head variations for piezometer "A1" at 5 meters from the river do not match well the observed results (see Fig. A2b)).

Hydraulic conductivity K [m s

High flow condition = Low flow condition

2.5%x1073 0.96x1073
7.6x1073 5.6x1073

Upstream transect (D1 and D2)
Downstream transect (B1, B2 and B3)

Table 2. Estimated saturated hydraulic conductivity [m s~ '] of the outwash plain for high flow and low flow conditions during the summer

period.

From-this-analysis-we-observe some spatial variability in hydraulic conductivity and a decrease for lower flow conditions.
The low flow K value was especially low for the upstream part, which also experienced the largest water head decrease
during the autumn season. A decreasing conductivity gradient can be expected with depth, which could affect its water release

behavior during low winter baseflow.
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The second estimation of hydraulic conductivity is performed by monitoring a salt tracer directly in the ground using time
lapse ERT (see Sect. 3.2). The passage of the salt plume was identified by a change of resistivity in a well constrained zone
of the ERT line (plume radius of about 1 m), with the maximum change occurring 10.5 to 11.5 hours after injection. Using
a travel distance of 9.38 m, we obtain an average pore velocity v, of 2.37x10~% m s~*. The corresponding aquifer gradient
between 3 piezometers (one 1m upstream of the injection point and two along the ERT line) has a maximum slope of 1.7%.
The mean porosity can be estimated to be around 0.25, based on five saturated water content measurements (using a Decagon
5TM device) at different locations in the outwash plain. Based on these values, we obtain an estimated hydraulic conductivity
of 3.48x107 3 ms~ 1.

The surface hydraulic conductivity estimated with the salt tracer approach leads to an estimation of the hydraulic conductiv-
ity close to the mean of the values estimated with the diffusion model (4.165x10~2 m s~!). Our estimations of the hydraulic
conductivity are slightly higher than in a previous study for a similar but older alluvial system (Késer and Hunkeler, 2016)
and one order of magnitude larger than for an older sandur (O Dochartaigh et al., 2019). It should be stressed that the esti-
mation using the diffusion method is mainly valid for a homogeneous aquifer with constant diffusivity, which is likely not
the case in reality. The estimated hydraulic conductivity is thus rather a mean value with depth, although the conductivity at
the surface may be somewhat larger. Finally, due to the sedimentological structure of such an outwash plain, composed of
fluvially reworked layers of silty sand and gravels, hydraulic conductivity is spatially variable and some regions containing
coarser materials are likely promoting preferential flow paths potentially allowing for a faster averaged aquifer velocity than

our estimates. Such zones can be visually identified in the field, where water preferentially exfiltrates into kettle holes.
4.5 Groundwater storage in hydrogeological landforms

We analyse the relative contribution and the timescales at which each hydrogeological landform provides water based on the
model described in Sect. 3.3, which yields an estimation of the storage, of the response time of each unit and of the landform
area. A realistic estimation of the recession constant (1/«) is taken from the averaged hydraulic conductivity values following
Table 1 and adapted to the case of the Otemma catchment. Based on the literature for lateral moraines (Caballero et al., 2002;
Rogger et al., 2017), we selected K s to be smaller for lateral moraines and for debris cones than for flatter moraines (Kobierska
et al., 2015a), which probably reflects the lesser degree of compaction at the valley bottom. We separate talus slopes from steep
lateral moraine as talus slopes material is coarser and is mostly only covering morainic material below the Little Ice Age line.
For the outwash plain, the averaged hydraulic conductivity estimated in the previous section was used. The flatter morainic
deposits (moraines and fans with a slope between 8-15°) have a similar hydrological response as debris cones (slope between
15-22°) in terms of response time as illustrated by a similar recession constant 1/c; this results from the opposite effects
of aquifer length and of K. Due to this similar hydrological response, we merge landforms between 8° and 22° (moraines
and debris cones) together into a single "moraine" landform class for the following approach. All retained parameters for all
landforms are summarized in Table 3.

For the estimation of landform saturation, total liquid water inputs are taken from the measured liquid precipitation in the

Otemma catchment and from estimated melt (see Sect. 3.3) during the year 2020. Rainfall amounts to a total of 273 mm and
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Landform area (A;) Slope Porostiy Aquifer length
[km”] %1 L (m]

c Ky, 1/
[ [ms”'] [days]

Talus slope 3.141
Lateral moraine 5.970
Debris cone 1.04
Moraine/fans 0.54
Outwash plain 0.14

50
50
27
14
2

0.30
0.25
0.25
0.25
0.25

250
250
250
500
1000

1 5.0E-03 0.23

1 3.0E-04 54

1 3.0E-04 9.3
0.5 1.0E-03 10.4
0.5 4.0E-03 362

Table 3. Estimated saturated hydraulic conductivity [m s~*] of the outwash plain for high flow and low flow conditions during the summer

period.

snow melt to 1266 mm of water equivalent (see Fig. 9a). Figure 9b) shows the resulting estimated maximum storages for each

landforms.
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Figure 9. a) Measured precipitation input at glacier snout [mm day '] and mean snow melt input simulated with the simple degree day

approach [mm day~*]. b) Evolution of the groundwater storage of four geomorphological landform units based on the model described in

Eq. 12 to 14.

The resulting maximum storage in the moraines is 11.3 mm or a maximum aquifer thickness of 0.87 m during peak snow

melt. The storage in the outwash plain gradually increases due to constant recharge from the river and rapidly reaches its

maximum storage of 11.3 mm (or an aquifer thickness of 10 m). The lateral moraines show a very flashy storage response

linked to their short recession constant, so that their storage reaches 27.2 mm during snow melt, corresponding to an aquifer

thickness of 0.55 m. Due to their very low retention capacity, talus slopes only transmit water and their storage is low (3.5

mm) with a maximum aquifer thickness of 0.11 m. After peak snow melt, storage decreases in both lateral and flatter moraine

landforms and only the outwash plain maintains high storage due to the river discharge. However, by the month of November,

the total remaining storage becomes very limited with only 5 mm remaining from the outwash plain.
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This result is in contradiction to the catchment-scale recession analysis (Fig. 5), which results in a storage estimate of 40 mm,
along with a recession constant of more than 100 days. Accordingly, the landform-based analysis seems to miss a relatively

important storage compartment (see Sect. 5.1.5).

5 Discussion
5.1 Groundwater storage and release functions of the main geomorphological features

The literature review as well as our data-analysis in the Otemma catchment have shown that the landform- as well as the
catchment-scale hydrological response critically depend on both the sediment structure defining K as well as on the landform
characteristics in terms of slope and aquifer flow path length. These key properties can then be combined to estimate an
averaged response time of each landform. It should be noted that the storage-release behavior may be more complicated when
considering more complex aquifer geometries (Berne et al., 2005), heterogeneous landform with varying physical propriety
for K and ¢, as well as preferential flow paths (Harman et al., 2009) and non-stationary processes (Benettin et al., 2017).
Nonetheless, we believe that our approach is relevant to highlight the main hydrological dynamics and provides a valuable
first-order estimation of the storage-release behavior allowing for the establishment of a sound perceptual model (see Sect. 5.2).
Prior to this model, we first discuss and summarize hereafter what new insights we gain from our case study on the hydrological

functioning of the main classes of geomorphological landforms.
5.1.1 Talus slopes

Due to their coarse aquifer structure leading to a fast hydraulic conductivity, talus slopes have short recession constants of
the order of a day, leading to a rapid transmission of water and little water retention. If a less conductive layer exists at the
bottom of the talus, most studies have only reported a few centimeters of water saturation with still relatively high conductivity
(Muir et al., 2011; Kurylyk and Hayashi, 2017), which should not lead to significantly longer water retention. As highlighted
with our electrical conductivity (EC) data in the Otemma catchment, talus slopes do not store water but transmit it from other
landforms or from the underlying fractured bedrock (McClymont et al., 2011; Harrington et al., 2018). Groundwater storage is

likely discontinued and occurs in pockets at the base of the talus (fill and spill mechanism (Muir et al., 2011)).
5.1.2 Steep lateral moraines

Steep lateral moraines may present glacial deposits of the order of tens of meters (Rogger et al., 2017) and their structure is that
of a diamicton containing a significant part of fines with some degree of consolidation, leading to lower hydraulic conductivity
than talus slopes. Even though their structure is steep, due to a slower conductivity, they may retain water at a timescale of a
week. Their response remains relatively flashy and the amount of potential storage is mainly driven by the rate of snow melt in
the early summer season. In our basic model, we assumed an homogeneous recharge, which is unlikely in the later mid-summer

season, when snow melt mainly occurs in the upper, flatter part of the catchment or in hanging valleys, and when both surface
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and subsurface melt water responsible for its recharge are likely concentrated in gullies or other zones of flow convergence due
to the bedrock topography. The amount of recharge of steep lateral moraines is thus likely dependent on the frequency of flow
convergence upslope; the more concentrated is the upslope flow, the less recharge occurs. Thus, the estimated storage of such
landforms due to snow melt is likely not as large as estimated here (25 mm), as only a fraction of this landform is located above
zones of snow-melt induced recharge. They nonetheless have the potential to store significant amount of rain water, at least in
the Otemma catchment, as they cover a significant part of the proglacial zone (20%), although they rather act as a buffer, only
redistributing water on a timescale of a week. Finally, if their grains are highly cemented, water may only infiltrate until the
interface with an upper coarser part where sediments are less compacted due to gravitational (similar to talus slopes) or fluvial
reworking. This may be partially the case in the Otemma catchment, as observations in the tributary 2 seem to indicate a very
fast water transmission from either the bedrock directly, or upper valleys. At this point we can only postulate that tributaries
emerging from the lateral moraines do not infiltrate completely in the morainic materials and a fraction is rather transmitted in
the superficial sediment similar to talus slopes. However, it is also likely that water which does infiltrate into the lateral moraine
directly enters the outwash plain underground, making direct observations not possible as suggested in the work of Baraer et al.
(2015).

5.1.3 Glacial deposits

Flatter glacial deposits, such as alluvial fans or melt-out till moraines have a similar structure to steeper moraines but are usually
less cemented and may present an eluviation of fines, leading to a somewhat greater hydraulic conductivity (Langston et al.,
2011; Ballantyne, 2002). In Otemma, those mildly sloping structures are dominated by moraine deposits and their recession
constant was estimated to be twice as large as the one for steeper moraines. Although their recession is only two-times longer,
their flatter aquifer gradient results in a slower decrease of storage characterized by a quadratic recession (c=0.5, see Eq. 3).
Their capacity to sustain baseflow however dependents strongly on the amount of water recharge during the snow melt period.
As earlier snow melt is expected in the future, their storage capacity will likely be strongly reduced on time scales of weeks
after peak snow melt. Moreover, those flat structures only cover a small area so that the total amount of rainfall they can store
during a storm is limited. Where glacial deposits are connected to a more constant source of water such as ice melt, storage
may remain high throughout the summer (Kobierska et al., 2015b), and they will function similarly to an outwash plain as
described hereafter. In the case of the Otemma catchment, the usual thickness of these sediments is on the order of tens of
meters, making direct groundwater observation at their base challenging. No clear changes in EC was observed in summer
beyond the outwash plain (between GS2 and GS3), a section where morainic material is present. Due to the low residence time
of water in such landforms (days to week), snow-melt or rain fed groundwater exfiltrating from glacial deposits do not have a
long contact time with the sediments limiting chemical weathering and will thus only show a slight increase in EC, which may
be similar to the river EC. It is therefore likely that even if those glacial deposits exfiltrate water, it will not lead to any changes

in the streamflow EC along this reach.
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5.1.4 Outwash plains

As observed in the case of the Otemma catchment and as also reported in the literature (Mackay et al., 2020), outwash plains
show strong surface water-groundwater interactions, which maintain near saturation conditions far after the peak of snow
melt as long as some limited glacier melt is provided. Moreover, when ice-melt decreases in winter, outwash plains may
provide some baseflow due to their longer recession constant (about 35 days). If their current role to maintain baseflow is
clearly limited due to their very small areal extent in alpine catchments, future glacier retreat will extend their area, especially
where overdeepenings can be filled with sediments. Finally, together with earlier snow melt in a warming climate, their role in

providing baseflow during drought conditions is likely to become increasingly important in the future.
5.1.5 Missing storage

From the above comments and the simple model summarized in Fig. 9, it appears that the current capacity of the geomorpho-
logical landforms to store water is limited to the melt period, with the exception of the outwash plain. Nonetheless, on the basis
of baseflow recession analysis in the Otemma catchment, we estimated a potential groundwater storage of the order of 40 mm.

This missing storage cannot be identified clearly with the current approach but some hypotheses can be formulated for
further investigation. The first hypothesis is that the remaining baseflow recession in winter is actually not due to a storage
unit, but rather to some residual snow melt or basal melt at the glacier bed. The observed increase in EC during winter does not
agree well with this hypothesis, except if the melt actually transits through other landforms giving sufficient time to acquire
solutes by the weathering of bedrock or sediment.

The second hypothesis is the contribution from a groundwater reservoir underneath the glacier itself. Previous studies have
however predicted a rather rocky or mixed glacial bed in this area (Maisch et al., 1999), with limited till thickness on the order
of tens of centimeters and with a likely discontinued nature (Harbor, 1997). A large enough reservoir (four times the current
outwash plain) could exist in a large glacial overdeepening but it is unclear if sufficient sediment would accumulate in such a
pocket based on the sediment export capacity of the glacier.

The third hypothesis is that the storage occurs mainly in the bedrock and that sufficiently short flowpaths allow this storage to
drain during the winter. This hypothesis is more likely since large fractures may occur due to glacier debuttressing (Bovis, 1990;
Gramiger et al., 2017) and groundwater seepage through deep fractures probably occurs underneath other landforms and cannot
be clearly identified. Moreover, some studies have reported similar catchment scale storage in elevated catchments, although
it is usually not clearly associated with a distinct hydrological unit. In particular, in a similar highly glaciated catchment, the
work of Hood and Hayashi (2015) reported a peak catchment-scale storage in spring of 60 to 100 mm. Moreover, the work
of Oestreicher et al. (2021) modelled an estimated catchment-scale storage change of 70 mm in a similar swiss glaciated
catchment, which they could relate to a deep borehole water head change (Hugentobler et al., 2020), leading to a realistic
porosity estimation of 0.5 %. Such estimates represent the peak spring storage, accounting for all storage units, and not only
the winter storage estimated in our study. Based on the rough estimates of Fig. 9, the peak summer storage estimated is 26

mm for morainic material and the outwash plain and 25 mm for the steep lateral moraines, which, combined with a bedrock
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storage of 40 mm, would result in similar numbers. It remains unclear if bedrock exfiltrations could increase the winter stream
electrical conductivity up to 185 uS/cm, since the measured bedrock leakage had an EC of 60 to 80 uS/cm. Such a high
electrical conductivity was only observed in piezometer "A1" during winter (Fig. 7) so that it is likely that part of the winter
baseflow transits through the outwash plain before reaching the main stream, either through subsurface bedrock exfiltration
into the outwash plain and/or through a residual upstream discharge that infiltrates into the outwash plain and re-emerges in its
downstream part, as showed in the work of Malard et al. (1999) and Ward et al. (1999).

Based on the above discussion, we propose to allocate the missing storage to bedrock storage with a maximum storage of 40
mm, which we can then add to our previous model (Eq. 12) with a recession constant (1/a) of 100 days to reflect the baseflow

recession analysis. The resulting baseflow of each landform is shown in Fig. 10.
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Figure 10. Evolution of modelled groundwater baseflow discharge of different hydrogeomorphological landforms. Total baseflow represents
the sum of outwash plain, moraines and bedrock discharge; steep lateral moraines are also plotted but are not considered into the sum of

baseflow due to their fast response. Simulated total water input (snow melt and rain) are plotted in grey.

5.2 A sound perceptual model of a proglacial catchment

We summarize here the gained insights into a perceptual model of the hydrological functioning of the Otemma proglacial
catchment, with a focus on storage-discharge behavior as well as hydrological connectivity between landforms.

Our results indicate clearly that winter baseflow is governed by a storage reservoir not linked to superficial landforms, with
the exception of the outwash plain, which provides a limited baseflow. It also appears that during strong summer rainfall events,
the moraine landforms only provide water over short time scales. Lateral steep moraines provide quite important discharge
during such events, but their storage becomes quickly exhausted (around a week later); flatter moraines do not react strongly.

While the estimates should not be taken as an exact representation of groundwater storage and release, they do allow some
insights into the relative magnitude and timing of the contribution of different landforms (and of associated water storage
compartments) to baseflow, which we propose to summarize in the perceptual model sketched in Fig. 11. In this representation,
the storage shares are taken from our Otemma results and the result from our model (Eq. 12) augmented with an additional

"missing" storage to represent winter baseflow (see Sect. 5.1.5). The glacier storage share represents the mixed discharge
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leaving the glacier outlet and is an undefined mix of ice and snow melt as well as of any liquid rain transiting through the
glacier. In order to better represent the seasonal evolution of the storage of each landform and of its saturation, a maximum
theoretical storage for each landform is used to represent its saturation level and a "dry" storage is represented when the
landform is not fully saturated. Steeper lateral morainic deposits were merged with the "moraine" landform since they show

relatively similar response.

Mid-summer

Peak ice melt

Late spring

Snow melt

Legend
Storage share

h - [] Snow
. [l Glacier

/ M Rain
[ Empty
Discharge magnitude
Bedrock

Talus slope

Moraine

222

Outwash plain

Late winter

Before onset of snow melt

\/ Late autumn

End of snow and ice melt

Figure 11. Perceptual model of groundwater dynamics in the Otemma proglacial catchment during four key hydrological periods. The central
hydrograph represents the mean daily catchment-scale river discharge for the year 2015. The pie charts represent the identified share of water
storage for the four main landforms. Dry storage represents the percentage of aquifer non-saturation from the estimated maximal storage
(Sect. 4.5), which is 40 mm for bedrock (missing storage); 3.5 mm for talus slope and 11.3 mm for moraine and 11.3 mm for outwash plain.

The length of the arrows represents the relative magnitude of the baseflow discharge of each landform.

While our approach identifies the relative size and seasonal hydrological response of proglacial landforms, we use a very
simplistic recharge model. In reality, hydrological connectivity from the water sources and between landforms will ultimately
drive the amount of actual recharge. Due to the coarse and barren nature of the sediments in proglacial landforms and the

limited presence of soils, it can be expected that any water inputs infiltrate into the sediments (Maier et al., 2021a). It has
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also been shown that groundwater flow is driven by the bedrock topography underneath the landform, where a strong change
in hydraulic conductivity drives the water downslope (Hayashi, 2020; Vincent et al., 2019). We can therefore assume that a
primary recharge occurs directly at the location of the water input, will percolate until the bedrock and will then be directed
downslope. In the case of snow melt, this recharge will gradually move upslope as snow melts during the summer, a zone where
talus slopes and bedrock are frequent. Water will rapidly be directed downslope at the bedrock interface and directed in zones
of bedrock depression, concentrating the flow as discussed in Sect. 5.1.2. Water may also reach a flatter zone in hanging valleys,
where flatter morainic material may be present in rock overdeepenings, which likely act as a primary immobile storage, where
groundwater only overflows above the bedrock similarly to a fill and spill mechanism (Tromp-Van Meerveld and McDonnell,
2006). The concentrated groundwater flow eventually reaches either lateral morainic material or a flatter moraine or outwash
plain and acts as point recharge, so that only parts located below a zone of bedrock convergence will receive recharge. Similarly,
glacier melt recharge will mostly occur along the reach of the glacial stream at the valley bottom and will maintain high
groundwater storage in outwash plains or flat moraines only.

Finally, bedrock stores water in fractures and a rapid bedrock recharge occurs in the early snow melt season (Oestreicher
et al., 2021). Since bedrock is ubiquitous below the sediments, precipitation may there represent an important recharge as
illustrated in the pie chart in Fig. 11, although the rate of infiltration is not clear. While locations of bedrock exfiltrations are
difficult to observe, winter baseflow suggests that an underground recharge from the bedrock occurs into the flatter moraine

and outwash plain sediments.

6 Conclusions

This study attempted to bridge the gap between the catchment scale response of an elevated glaciated catchment and the hydro-
logical behavior of its landforms, relying both on a detailed literature review of the current knowledge of such environments
and on the Otemma case study in the Swiss Alps. The quantitative analyses are simple and are based on a rough estimation of
the hydrogeological response of different landforms. Nevertheless, the analysis framework can identify the order of magnitude
and of timing of the contribution of the different landforms and is readily transposable to other case studies. The resulting per-
ceptual model provides a realistic representation of the main drivers of the groundwater dynamics of a proglacial catchment,
which can serve as a blueprint for future experimental works as well as hydrological model development. One clear uncertainty
lies in the estimated hydraulic conductivities per landform, in particular their variability in space and depth. Also, we had to
attribute a large part of the groundwater storage to an unidentified compartment, which is likely partially due to a bedrock
compartment, but could also be due to a combination of melt water and a subglacial compartment. Future research is needed
to specify the very nature of this groundwater storage.

We have shown that superficial geomorphological landforms have a relatively limited capacity to store or release water at
timescales longer than a few days, partly because of steep slopes but also due to the generally high hydraulic conductivity.
In the future, two main changes can be expected. Firstly, with increasing glacier retreat, the extent of flatter landforms at the

valley bottom will increase and may accumulate sufficient sediments to create new outwash plains or flat hummocky moraines
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that would increase the overall groundwater storage. It remains unclear how much sediments are produced with decreasing
glacier volumes and to which extent sediment will be rather deposited or transported more downstream (Lane et al., 2017,
Carrivick and Heckmann, 2017). Secondly, with increasing succession time to allow vegetation growth, the formation of soils
with enhanced organic matter content and finer soil texture are expected, which will enhance water retention and modify the
surface hydraulic conductivity (Hartmann et al., 2020). Recent studies on the evolution of morainic structure have shown that
limited changes occured on time scales smaller than a millennium, with a slight decrease in hydraulic conductivity (Maier
et al., 2020, 2021b). Thus, the impacts of soil-vegetation development are likely to be greater where there is accumulation of
sands, silts and clays than for landforms in proglacial margins containing gravel and coarser deposits and the development of
biofilms can start to modify water retention substantially (Roncoroni et al., 2019). Finally, the ecological feedback of vegetation
development on bank stabilization may also play a role in limit sediment export and promote less geomorphological changes
(Miller and Lane, 2018) which may preserve the present geomorphological landforms, although riverbed erosion may increase.

The presented framework to analyze the hydrological behavior of selected landforms based on water level and electric
conductivity (EC) recordings is readily transferable at relatively low cost to other proglacial catchment. Our EC recordings
underline its large variability between the landforms and spatially across the outwash plain, in addition to strong variations with
changing groundwater heads. This observation shows that simple mixing models based on few observations of groundwater
electrical conductivity in selected sources are likely not representative of the contribution of each landforms and may provide
very erroneous estimation of groundwater contribution.

More sophisticated tracer work could complement these analyses in the future. We in particular think of stable water isotopes
that could provide interesting insights into the relative share subsurface recharge resulting from snow and rain over the season.
The use of other geochemical tracers (Hindshaw et al., 2011; Gordon et al., 2015) or even noble gases (Schilling et al., 2021)
could provide further insights into the temporal evolution of the baseflow as well as better constrain the length or travel time

of certain flowpaths.

Code and data availability. Field data are available on Zenodo (https://zenodo.org/communities/otemma). Weather data are available under
(Miiller, 2022a), piezometer data under (Miiller, 2022b), river data (Miiller and Miesen, 2022) and ERT data under (Miiller, 2022c).
The code to reproduce the recession analysis (see Sect. 4.1) was written in matlab using the published data. The code for the simple

storage-discharge model (see Sect. 4.5) was written in python using Jupyter Notebook. Both codes are available in supplementary material.
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Appendix A: Diffusion model analysis

Figure A1 and A2 show the results of the diffusion model using the optimal diffusion parameter for both upstream and down-

stream piezometer lines (see Sect. 4.4).
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Figure A1l. Measured and simulated water head variations for piezometers along the downstream transect "B" for the best calibration of the

diffusion parameter D and for a) the high flow condition in August 2019 and b) lower flow condition in September 2019.
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Figure A2. Measured and simulated water head variations for piezometers along the upstream transect "D" for the best calibration of the

diffusion parameter D and for a) the high flow condition in August 2019 and b) lower flow condition in September 2019.
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