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Abstract

Rock glaciers are the most prominent landforms of alpine permafrost and comprise complex shallow aquifer systems in
(high) alpine catchments. Recession analyses of groundwater discharge of four active rock glaciers that contain permafrost
ground ice show that they have a base flow component of the order of a few liters per second, similar to that of a relict rock
glacier in which permafrost ground ice is absent. This is related to an unfrozen (fine-grained) base layer with a thickness of
about 10m. Based on a threshold analysis of precipitation events and event water discharge, depressions atop the bedrock
or the permafrost table seem to play only a minor role in storing groundwater. This important finding has rarely been
documented, but is highly relevant for optimal groundwater resources management in sensitive (high) alpine catchments
and ecosystems. All the rock glaciers analyzed here are located in the Austrian Alps and represent the nationwide sites
where suitable discharge data are available. The analysis highlights the hydrogeological importance of these discrete
permafrost-derived debris accumulations as complex shallow groundwater bodies with important—but limited—storage
and buffer capabilities.
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Aktive Blockgletscher als seichte Grundwasserspeicher der 6sterreichischen Alpen

Zusammenfassung

Blockgletscher zdhlen zu den markantesten Landschaftsformen des alpinen Permafrosts und beinhalten komplexe, seichte
Grundwasserleiter in (hoch-) alpinen Einzugsgebieten. Analysen des Auslaufverhaltens von vier intakten Blockgletschern,
die Permafrosteis enthalten, zeigen, dass diese einen relevanten Basisabfluss in der Gréenordnung von einigen Litern pro
Sekunde besitzen, vergleichbar mit dem eines reliktischen Blockgletschers, der kein Permafrosteis mehr enthilt. Dies wird
mit einer ungefrorenen (feinkdrnigen) Basisschicht mit einer Michtigkeit von etwa 10m in Verbindung gebracht. Basierend
auf einer Schwellenwertanalyse von Niederschlagsereignissen und Ereigniswasserabfluss scheinen Senken/Vertiefungen im
Festgesteins bzw. der Permafrosttafel nur eine untergeordnete Rolle bei der Grundwasserspeicherung zu spielen. Dies ist
eine wichtige Erkenntnis, die bis jetzt nur selten dokumentiert werden konnte, jedoch fiir eine optimale Grundwasserres-
sourcenplanung in sensiblen (hoch-) alpinen Einzugsgebieten bzw. Okosystemen hochst relevant ist. Die hier analysierten
Blockgletscher befinden sich alle in den Osterreichischen Alpen und reprisentieren die nationalen Standorte, fiir die
brauchbare Abflussdaten zur Verfiigung stehen. Die Analysen unterstreichen die hydrogeologische Relevanz dieser dis-
kreten Permafrost-bezogenen Schuttkorper als komplexe, seichte Grundwasserkorper, welche eine wichtige — wenn auch
limitierte — Speicher- und Puffereigenschaften aufweisen.
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Introduction

The impact of climate warming on glacier retreat in moun-
tainous regions of the world and their runoff has been a sub-
ject of intense research during recent decades (e.g. Neal
et al. 2010; Huss 2011; Huss and Hock 2018; Shannon
et al. 2019). By the end of the century, the glacial ice vol-
ume loss is expected to be about 77% for the Central Euro-
pean Alps. When considering only the mountainous regions
below 4000m a.s.l., an almost complete loss is to be ex-
pected (Shannon et al. 2019). While a lot of research deals
with the impact of climate change on glaciers and related
runoff characteristics, knowledge about the runoff behav-
ior of permafrost affected landforms such as rock glaciers
is still scarce (e.g. Geiger et al. 2014; Rogger et al. 2017).
Research of the last two decades suggests the global impor-
tance of rock glaciers as fresh water resources and their im-
pact on the runoff of alpine headwaters (Jones et al. 2018;
2019, and references therein). Following the expectation
that most of the glaciers will disappear by the end of the
century in mountainous regions, permafrost, and particu-
larly rock glaciers as their most prominent landforms, will
likely gain in importance in the mountain cryosphere and
become even more important for ecosystem services pro-
vision (Grét-Regamey et al. 2012; Harrington et al. 2017).
This is to be anticipated, because permafrost ground ice in
rock glaciers, which is protected by a thick debris layer,
is melting at much smaller rates compared to ice glaciers
(Jones et al. 2019).

Rock glaciers can be classified into intact and relict rock
glaciers, i.e. into rock glaciers with and without permafrost
ground ice (e.g. Barsch 1996). A further subclassification
of intact rock glaciers into active and inactive is based on
the fact, that the former still creep downslope, the latter
do not show any movement. A conceptual understanding
of the internal layered structure of relict and intact rock
glaciers is reported in several studies (Giardino et al. 1992;
Hausmann et al. 2007, 2012; Zurawek 2002; Winkler et al.
2018; Jones et al. 2019). In these complex landforms water
is stored and transmitted in different ways over different
time scales. Short, intermediate, and long-term storage has
to be considered (Jones et al. 2018, 2019).

Concerning the hydrogeology, differences in the dis-
charge pattern between relict and intact rock glaciers are
expected, as the permafrost body in intact rock glaciers
should have an influence on the runoff pattern and typically
the mean (catchment) elevation is higher. Winkler et al.
(2016) demonstrated the complex flow and storage behavior
of a relict rock glacier that is related to its internal structure,
including a fast and a delayed flow component or short and
long-term storage, respectively. The fast flow component is
related to the coarse-grained debris layer of the relict rock
glacier (e.g. Pauritsch et al. 2017). The long-term ground-
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water storage is supposed to be provided by a fine-grained
basal layer (Winkler et al. 2016). Within intact rock glaciers
preferential flow paths for the fast flow component might
occur mainly on top of the frozen permafrost body (Krainer
et al. 2007) and/or infiltrating water percolates through the
permafrost layer that is not considered as a strict barrier but
contains gaps and fractures (Harrington et al. 2018). During
dry periods in summer, active rock glaciers often provide
spring runoff derived from snow melt in early summer, ice
melt from ice glaciers within the rock glacier catchments,
from potential melt of permafrost ground ice or groundwa-
ter contribution in late summer (Krainer and Mostler 2002;
Krainer et al. 2007). During winter periods when little to
no recharge occurs due to low temperatures and solid pre-
cipitation (snow), discharge at springs of active (or intact in
general) rock glaciers is mainly fed by groundwater (Win-
kler et al. 2018, Fig. 2b). Although (semi-) quantitative
interpretations of the fast flow components of active rock
glaciers exist (e.g. Krainer and Mostler 2002; Krainer et al.
2007), analysis of the groundwater contribution (base flow)
of intact rock glaciers is rare (Harrington et al. 2017, 2018;
Liu et al. 2004; Williams et al. 2006).

The groundwater contribution is assumed to be related
to the existence of an unfrozen, fine-grained sediment layer
between the bedrock and the permafrost body of intact rock
glaciers (e.g. Burger et al. 1999), that was determined by
surface geophysical investigations (Hausmann et al. 2007,
2012) and drilling (Krainer et al. 2015). In addition, Har-
rington et al. (2018) discussed the potential impact of the
bedrock topography below the rock glacier on the long-
term storage related to the fill-spill mechanism (Tromp-van
Meerveld and McDonnell 2006). However, the actual quan-
titative groundwater contribution of the basal fine-grained
sediment layer, which provides the base flow during win-
ter (or during summer droughts), is still poorly understood.
Certainly, because winter base flow often cannot be moni-
tored as rock glacier springs or the related gauging stations
freeze up in wintertime (Krainer and Mostler 2002). Thus,
the intermediate to long-term groundwater storage within
the unfrozen base layer still needs to be quantified.

The aims of this contribution are: i) to show if there
is a potentially important base flow derived from the sub-
permafrost unfrozen layer in active rock glaciers, ii) to de-
termine if differences exist between the drainage system/
pattern of the base flow of active and relict rock glaciers or
not, and iii) to quantify the groundwater storage capacity
of active rock glaciers. The latter is important, as a certain
maximum volume of water might be stored in the basal
unfrozen layer of a rock glacier and any additional water
will be transferred rather quickly through it by lateral flow,
reducing the landforms buffer capabilities. Here we present
a first base flow analysis of four active rock glaciers to pro-
vide evidence that active rock glaciers might have a relevant
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Fig.1 Overview of rock glaciers mapped in the Austrian Alps and the five test sites analyzed. Rock glaciers are shown as centroid points within
the Austrian national border distinguishing between relict and intact rock glaciers (Wagner et al., accepted). Bergli (Silvretta Mountain Group),
Innere Olgrube and AuBeres Hochebenkar (Otztal Alps); Reichenkar (Stubai Alps) and Schéneben rock glacier (Seckauer Tauern Range)

Abb. 1 Ubersichtsdarstellung der ausgewiesenen Blockgletscher in den Osterreichischen Alpen sowie der fiinf analysierten Untersuchungsgebiete.
Blockgletscher sind als Zentroidpunkte innerhalb der Osterreichischen Grenze dargestellt, wobei zwischen reliktischen und intakten Blockglet-
schern unterschieden wird (Wagner et al., akzeptiert). Bergli (Silvretta), Innere Olgrube und AuBeres Hochebenkar (Otztaler Alpen); Reichenkar

(Stubaier Alpen) und Schoneben Blockgletscher (Seckauer Tauern)

base flow during winter and further constitute a groundwa-
ter contribution to streamflow of interest for water manage-
ment issues.

Study areas

Discharge data of four active rock glaciers in Tyrol/Austria
and—for comparison—of a relict rock glacier in Styria/
Austria were analyzed. The test sites were chosen based
on the requirements of available discharge data over a time
period of at least three years and that the entire watershed
is drained by a spring (or springs) at the front of the rock
glacier (i.e. no significant unquantifiable subsurface outflow
through the debris). Discharge was measured at gauging
stations that were installed close to the rock glacier front at
a distance of a few tens of meters downstream from the rock
glacier spring. Fig. 1 shows an overview of all rock glaciers
mapped in the Austrian Alps (Wagner et al. in press) and the
test sites used in this study that are marked separately. Field
impressions of the individual rock glaciers and a location
map including the location of the gauging stations and the
related catchment areas are presented in Fig. 2.

Some of the general properties of the investigated rock
glaciers are listed in Table 1 for a direct comparison. A more

detailed description of the individual rock glaciers is given
below.

Schoneben (SRG)

The relict rock glacier Schoneben is located in the Seck-
auer Tauern Range of Styria in a northeast-facing cirque
(Fig. 2a). This tongue shaped rock glacier extends from
1715m a.s.l. to 1912m a.s.l. with a length of 746 m. The
rock glacier covers an area of ~0.11km? and its catchment
area (including the rock glacier itself) measures ~0.67 km?
with a mean elevation of the catchment of 2022m a.s.l.
The bedrock of the catchment area consists of gneissic
rocks of the Silvretta-Seckauer nappe system (e.g. Pfingstl
et al. 2015). A layered internal structure was determined
by surface geophysical methods (ground penetrating radar
(GPR), seismic refraction). The rock glacier is composed
of a coarse, blocky surface layer with a thickness of several
meters, a fine to coarse-grained main layer up to several
tens of meters thick (former permafrost layer), and a base
layer of fine-grained material with a thickness of up to
15m (Winkler et al. 2016; Pauritsch et al. 2017). The rock
glacier and its entire catchment is drained by one spring at
the front of the rock glacier, which is included in the offi-
cial spring network of the Hydrographic Service of Styria
(HZB Nr. 396762). The water height is continuously mon-
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Fig.2 Field impressions and locations of the investigated rock glaciers, their catchments, and gauging stations: a Schoneben, b Reichenkar, and

¢ AuBeres Hochebenkar (modified after Brodacz 2019)

Abb. 2 Gelindeeindriicke und Lage der untersuchten Blockgletscher, deren Einzugsgebiete und Pegelmessstellen: a Schoneben, b Reichenkar,

und ¢ AuBeres Hochebenkar (modifiziert nach Brodacz 2019)
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Fig.3 Field impressions and locations of the investigated rock glaciers, their catchments, and gauging stations: a Bergli and b Innere Olgrube

(modified after Brodacz 2019)

Abb. 3 Gelindeeindriicke und Lage der untersuchten Blockgletscher, deren Einzugsgebiete und Pegelmessstellen: a Bergli und b Innere Olgrube

(modifiziert nach Brodacz 2019)

itored at a rectangular weir about 40 m downstream of the
rock glacier front since 2002 (Winkler et al. 2016). In De-
cember 2011, an automatic weather station (S-AWS) was
installed on the rock glacier to provide data about input
parameters (i.a. precipitation; Winkler et al. 2016).

Reichenkar (RK)

The Reichenkar rock glacier is one of the most active rock
glaciers of the Austrian Alps (Fig. 2b). This tongue-shaped
rock glacier is located in a northeast-trending small side val-
ley of Sulztal, in the western Stubai Alps. Bedrock of the
catchment is mainly amphibolite and eclogite; in the lower
part of this side valley biotite-plagioclase-gneiss. Debris of
the rock glacier is mostly composed of amphibolite, subor-
dinately of eclogite and gneiss.

The rock glacier is 1641 m long, up to 194 m wide, and
covers an area of 0.28km?2 The steep front of the rock
glacier terminates at an elevation of 2295m, the rooting

zone is at 2783 m. The north facing cirque above the rooting
zone is still occupied by a small cirque glacier (Reichenkar
Ferner; ~0.01km?). The gradient of the steep, unvegetated,
and very active front measures ~40°. The surface of the rock
glacier displays a typical topography of transverse and lon-
gitudinal furrows and ridges (Krainer and Mostler 2000).
A rock glacier spring is present at the base of the steep
front where all the water of the rock glacier and its catch-
ment (1.17km?) is released. In 1998 a gauging station was
installed approximately 70 m downstream from the front of
the rock glacier (Krainer and Mostler 2002; Krainer et al.
2007). This station was destroyed by the advancing front of
the rock glacier in 2017 (and represents the end of available
discharge data). The rock glacier is characterized by high
flow velocities of up to three m/year near the front (Krainer
and Mostler 2006).

Geophysical data from GPR, seismic, and gravimetric
surveying show that the lower part of the rock glacier is
composed of an active, unfrozen surface layer with an av-
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erage thickness of five metres, underlain by the permafrost
body which is about 25m thick and contains 45-60% ice.
The upper part the rock glacier contains massive ice (“ice-
cored”; Krainer et al. 2002). Between the bedrock and the
permafrost body an unfrozen fine-grained sediment layer
was detected, which is a few m thick (Hausmann et al.
2007).

A weather station near the Reichenkar rock glacier is
not available. The nearest stations are Umhausen and Ober-
gurgl. Both of them are located at a distance of more than
10km and are not representative.

AuBeres Hochebenkar (AHK)

The AuBeres Hochebenkar rock glacier is one of the largest
and most active rock glaciers in the Austrian Alps (Fig. 2c¢).
The rock glacier is located in a northwest-facing cirque
in the southern part of the Otztal Alps. Bedrock of the
catchment consists of paragneiss and mica schists of the so
called Otztal-Stubai Metamorphic Complex (Hoinkes and
Thoni 1993). The tongue-shaped rock glacier extends from
the steep front with its base at an elevation of 2352 m to the
rooting zone at an elevation of 2849 m. The rock glacier is
1442 m long and up to 541 m wide in the upper part. The
rock glacier covers an area of 0.48km?, the drainage area
measures approximately 1.03 km?.

The surface debris layer is coarse-grained with an aver-
age grain-size of 0.35-0.58 m and individual blocks up to
several metres in diameter. The surface of the rock glacier
shows well-developed transverse, in the upper part also lon-
gitudinal ridges and furrows.

At the base of the steep front, several springs occur at
which the bulk of the meltwater of the rock glacier is re-
leased. A minor amount of water flows off at a rock glacier
spring on the eastern margin at an elevation of 2525m.
A gauging station was installed at a distance of 320 m from
the front of the rock glacier at an elevation of 2230 m, which
belongs to the official spring network of the Hydrographic
Service of Tyrol (HZB Nr. 396283). Flow velocities of the
rock glacier are recorded since 1938 (see Nickus et al. 2015;
and references therein; Krainer 2015).

For the AHK, the weather station of Obergugl, (~4km
NE of the rock glacier) is used to quantify precipitation
input over the observation period.

Bergli (BER)

The active rock glacier Bergli is located in the Silvretta
Mountain Group in western Tyrol, in a north-facing cirque.
Bedrock of the catchment area of this rock glacier is com-
posed of mainly quartzitic gneiss, in the southern part
(above the rooting zone) of amphibolite and migmatites
(Wagner et al. 2019). The rock glacier is 1545m long,
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up to 675m wide, and covers an area of 0.51km?. The
catchment area of the rock glacier measures 1.59km? The
steep front of the rock glacier terminates at an elevation of
2164 m; the rooting zone is located at 2668 m. The active
layer at the surface is composed of fine- to coarse-grained
debris. Grain-size is mostly <1 m; individual blocks have
diameters of up to several metres. The surface displays
a pronounced morphology of longitudinal, subordinately
of transverse ridges and furrows. The slope of the front is
steep (~40°) and is partly covered by vegetation, indicating
low activity. At the base of the steep front four springs are
developed at which most of the water of the rock glacier is
released.

In the rooting zone locally massive ice is exposed at
the surface. This ice represents remnants of a small cirque
glacier of the Little Ice Age, which covered the rooting zone
of the rock glacier. In the upper part younger, active lobes
with a steep front are developed. In front of the rock glacier,
at a distance of 165m, a gauging station was installed im-
mediately below the confluence of the small streams re-
leased from the four rock glacier springs (Fig. 3a), which
belongs to the official spring network of the Hydrographic
Service of Tyrol (HZB Nr. 395525). The weather station
Ischgl Idalpe is located at a distance of approximately six
km from the rock glacier and provides important data on
temperature and precipitation.

Innere Olgrube (OEG)

The active rock glacier Innere Olgrube is located in a small,
west-facing tributary valley of the Kauner Valley in the
western Otztal Alps. Bedrock of the catchment area consists
of orthogneiss, paragneiss, and mica schists of the Otztal-
Stubai Metamorphic Complex (Hoinkes and Thoni 1993).
The rock glacier is composed of two tongue-shaped lobes.
The northern, larger lobe is composed of orthogneiss debris,
the smaller southern lobe of paragneiss and mica schists.

The rock glacier is 896 m long, up to 334 m wide cover-
ing an area of 0.24km?. The active front is up to 70m high
with a steep gradient of 40°-45°. The base of the steep
front is located at an elevation of 2394 m, the rooting zone
is at an elevation of 2727 m. The rock glacier has a distinct
surface morphology of transverse and longitudinal furrows
and ridges. On the southern lobe three small ponds (most
probably thermokarst lakes) are developed in the rooting
zone. The catchment of the rock glacier covers an area of
1.83km?, including two small cirque glaciers with an area
of ~0.16km? (Fig. 3b).

The average grain size of the coarse debris layer ranges
mostly between 20 and 40cm at the surface, individual
blocks have diameters up to several metres. At the base of
the steep front five springs are developed (details see Berger
et al. 2004; Krainer and Mostler 2002, 2006; Krainer et al.
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Table 1 Overview of rock glacier (rg) and rock glacier catchment (catch) characteristics
Tab.1 Ubersicht der Blockgletscher- (rg) und der Blockgletschereinzugsgebiets- (catch) Charakteristika

Test site Rg type Rg mean elevation [m a.s.l.] Rg area [km?] Rg length [m] Catch area [km?]
Schoneben (SRG) Relict 1816 0.11 746 0.67

Reichenkar (RK) Active 2586 0.28 1641 1.17

AuBeres Hochebenkar Active 2670 0.48 1442 1.03

(AHK)

Bergli (BER) Active 2455 0.51 1545 1.59

Innere Olgrube (OEG) Active 2582 0.24 896 1.83

2007; Hausmann et al. 2012). The rock glacier is active. In
the period 2002-2005 flow velocities of up to 2.5 m/year
were recorded near the front (Krainer and Mostler 2006).
The internal structure of the rock glacier was determined by
geophysical methods (GPR, seismics, and gravimetry). The
rock glacier is composed of an active layer with a thickness
of 4—6m, underlain by the permafrost body (20-30m). Be-
tween the permafrost body and the bedrock an ice-free sed-
iment layer is present, which is 10—15m thick. Ice-content
in the permafrost body ranges from 40 to 60% (Hausmann
et al. 2012).

For the rock glacier Innere Olgrube, a weather station
that is located at the opposite side of the Kauner valley at
Weillsee (TIWAG; distance ~4km) provided data on pre-
cipitation.

Data base and methods
Discharge and precipitation data

Discharge data for the gauging stations of SRG in Styria
and BER and AHK in Tyrol were provided by the hydro-
graphic services of these federal states. For the other two
gauging stations at OEG and RK (both in Tyrol), rating
curves have been developed based on a wide range of dis-
charge measurements at various water levels, also covering
low flow conditions (Brodacz 2019). Available time series
of the discharge values are shown in the insets of Fig. 4
and cover three to five years. For SRG, a longer time series
does exist (Winkler et al. 2016), but for the present study
data starting in December 2011 were used coinciding with
the availability of precipitation data. Smaller data gaps are
present in the data of RK and OEG, none in that of SRG
(insets of Fig. 4). Longer periods of data gaps in the dis-
charge data of AHK and BER during the winter months
are related to the difficulty of such measurements in high
alpine environments and are discussed in more detail later.
All the available discharge data of the five rock glacier
springs were used consistently on an hourly time step for
the threshold rainfall-runoff event analyses, as this was the
highest consistent resolution available for all time series.
The recession analysis was done using a daily time step.

This hereby obtained smoothing of the data reduced the in-
fluence of slight fluctuations in the data, which would have
interrupted individual recession limbs.

Similarly, precipitation data that were made available
from a weather station within the catchment for the relict
rock glacier SRG and from nearby weather stations for
three active rock glaciers were used consistently on an
hourly time step. For precipitation data from nearby weather
stations an elevation correction for precipitation (7% per
100m) was applied according to Kuhn et al. (2013).

Recession analysis

Discharge time series are based on rating curves where a re-
lationship between water levels and individual various dis-
charge values was developed at the gauging stations down-
stream of each rock glacier spring. Individual discharge
measurements were performed for a wide range of flow
conditions using the salt dilution method or simply a bucket
of known volume for low flow conditions. As there are un-
certainties related to low flows and the general difficulty
of data acquisition in high alpine areas (e.g. ice and snow
cover; avalanche danger, etc.) where the gauging stations of
the active rock glacier are located, absolute values have to
be interpreted with some caution. Nevertheless, discharge
dynamics are recorded appropriately and water level-dis-
charge measurements were done during a wide range of
flow conditions and importantly during low flow periods,
thereby reducing uncertainties.

To test if active rock glaciers have a relevant base flow
during winter, but also during summer drought periods,
spring discharge data of four active rock glacier springs
in the Austrian Alps were analyzed and compared to the
discharge of a spring at a relict rock glacier. Here we use
the term “base flow” for runoff during extended periods of
very little to no recharge and consequently a steady decline
in discharge based on the drainage of a linear storage. This
may be either during drought periods or more consistently
during winter periods when precipitation falls as snow and
no snow and/or ice melt occurs. Especially for active rock
glaciers, care has to be taken during summer drought peri-
ods, if within the catchment of the rock glacier spring cirque
glaciers are present (e.g. OEG) or potential permafrost ice

@ Springer

www.manaraa.com



222

Grundwasser - Zeitschrift der Fachsektion Hydrogeologie

Fig.4 Master recession curve
analysis (semi-log plots) of
the five analyzed rock glaciers.
a Schoneben (SRG), Reichenkar
(RK) and Innere Olgrube (OEG)
and b AuBeres Hochebenkar
(AHK) and Bergli (BER) with
recession coefficients of the
individual flow components in
a for OEG and b for BER. Insets
show the data base of the reces-
sion analyses based on discharge
time series over a period of
three to five years. Note the data
gaps during winter recession
(modified after Wagner et al.
2019)

Abb.4 Analyse des Auslauf-
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melt is to be expected. These melt waters will not allow
observing base flow during these periods in summer. How-
ever, during winter periods when generally no ice or snow
melt is to be expected, base flow can clearly be observed.
Exceptions to this due to mid-winter snowpack loss are
reported by e.g. Meeks et al. (2017). However, these are
likely to be of subordinate importance here, as catchment
elevations are relatively high and winter temperatures well
below 0°C.
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Recession analysis is used to identify individual flow
components and/or aquifer components and particularly
quantify base flow by using a linear storage model ap-
proach (Maillet 1905; Kresic and Stevanovic 2010):
Q(t) = Qpe™ ey
in which Q(t) is discharge at time t, Qo is discharge at
the beginning of the recession and a is the recession coeffi-
cient. This analysis allows a comparison of base flow reces-
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Table2 Overview of recession analyses of all rock glacier springs. Time series/hydrographs are displayed as insets in Fig. 4; Qmin and Qmax
values are based on hourly time series; remaining values on daily time steps. al, a2, and a3 ... calculated with the MRCTools v3.0 of Posavec
et al. (2017); numbers in italic ... average a-values of individual flow components of the winter recessions of each analyzed year; V3 ... stored
water volume of the base flow component related to a3 of the single event analysis; b ... estimated thickness with assumed porosity of 0.2. No
volume and consequently thickness were computed if a3 recession coefficients could not be estimated

Tab.2 Ubersicht iiber die Analysen der Auslaufverhalten der Blockgletscherquellen. Zeitreihen/Hydrographen sind in ,,Insets“ von Abb. 4
dargestellt; Qmin und Qmax Werte beruhen auf Stundenwerte der Schiittungszeitreihen; restliche Werte auf Tagesbasis. al, a2 und a3 ... berechnet
mittels MRCTools v3.0 von Posavec et al. (2017); Zahlen in Kursivschrift ... mittlere o-Werte der einzelnen Winterauslaufverhalten jedes
Jahres der analysierten Daten; V3 ... gespeichertes Wasservolumen der Basisabflusskomponente bezogen auf o3 der Einzelereignisanalysen;

b ... Méchtigkeit mit angenommener Porositit von 0.2. Kein Volumen und folglich auch keine Michtigkeit wurden berechnet, wenn o3

Auslaufkoeffizienten nicht abgeschitzt werden konnten

Rock glacier AuBeres Hochebenkar (AHK) Reichenkar (RK) Innere Olgrube (OEG) Bergli (BER) Schoneben (SRG)
Time period 2015-2017 2010-2015 2014-2017 2014-2017 20122015
Qmin [I/s] 5.1 1.9 6.5 5.0 2.6
Qmax [I/s] 665 511.0 718 522.9 335.8
Qmax/Qmin [-] 130.4 268.9 110.5 104.6 129.2
al [d'] 0.504 0.227 0.163 0.326 0.155

- 0.179 0.044 - 0.075
a2 [d] 0.126 0.013 0.012 0.107 0.016

- 0.013 0.012 - 0.014
a3 [d'] ? 0.004 0.005 ? 0.007

- 0.003 0.004 - 0.005
V3min [m?] - 9.93E+ 04 2.24E+05 - 9.67E+ 04
V3max [m?] - 3.63E+05 5.34E+05 - 5.15E+05
Bmin [m] - 1.8 4.7 - 4.5
Bmax [m] - 6.6 11.2 - 23.9

sion (long-term a-values) of individual rock glaciers to each
other and to data from a relict rock glacier. Single recession
events were analyzed as well as “Master Recession Curves
(MRC)” were calculated applying the MRCTools v3.0 of
Posavec et al. (2017). Recession coefficients of these MRCs
are analyzed and compared to average recession coefficients
from single event analyses (winter recessions). When plot-
ting discharge data over time in a semi-logarithmic plot,
a straight-line can be fitted to sections of a recession; the
lower the slope of this straight line, the slower the recession
(here given in units of day!). Various complexities of re-
cession curve analysis exist (e.g. Tallaksen 1995; Lamb and
Beven 1997; Hergarten and Birk 2007; Roques et al. 2017;
Carlotto and Chaffe 2019). However, the intention here is to
provide evidence of a base flow component of active rock
glaciers comparable to that of a relict rock glacier and an
extensive discussion of recession curve analyses is beyond
the scope of this paper (cf. Winkler et al. 2016).

The recession curve separation approach chosen here
is based on interpreting different recession coefficients/
sections in terms of different aquifer components (Baedke
and Krothe 2001). More complex approaches exist, as for
example discussed in Winkler et al. (2016) for SRG using
alternative power-law relationships (Hergarten and Birk
2007). The findings of Baedke and Krothe (2001) about the
interpretation of multiple linear stores is discussed further
by Sahuquillo and Gomez-Hernandez (2003) and Baedke

and Krothe (2003). In any case, this is a standard procedure
that can be done using discharge data of different springs
and direct comparison is readily possible. Importantly, data
of different springs are compared in a consistent manner
and similarities (or dissimilarities) were demonstrated.

Based on the idea of a linear storage the water volume
stored in the aquifer above spring level (V) can be calcu-
lated by the discharge at the time of the beginning of the
recession related to the recession coefficient (Eq. 2).
v=2Y @

o

By dividing the stored water volume of the base flow
component with the areal extent of the rock glacier multi-
plied with an assumed porosity of about 0.2 (e.g. Winkler
et al. 2016) the mean thickness of the unfrozen basal sed-
iment layer can be estimated. This yields an upper-bound
estimate for the thickness, as other parts within the rock
glacier spring catchment might potentially contribute to
groundwater storage (e.g. talus as discussed in Winkler
et al. (2016) and Pauritsch et al. (2017)). However, the
groundwater flux through the rock glacier is assumed to be
similar or less than the flux through the upgradient sedi-
ments (e.g. talus deposits) and therefore the relevant rate-
controlling hydrogeomorphic unit of the watershed as all
groundwater fluxes from other upgradient parts of the wa-
tershed must eventually flow through the rock glacier. The
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assumed porosity of 0.2 for all rock glaciers is owing to the
fact, that the actual values are not known for the individual
rock glaciers but are acceptable literature values for these
type of sediments (e.g. Winkler et al. 2016).

Threshold analysis

In a second step, spring stormflow is compared to precipi-
tation events. A certain threshold in precipitation might be
needed to see a distinct response (increase) on discharge at
the spring (Harrington et al. 2018).

The constant-discharge method was used to quantify the
event water rate after precipitation events (McCuen 2005).
The event water is computed by the volume of water that is
defined as the entire discharge above a horizontal line con-
necting the lowest pre-storm discharge to the point where
the same discharge is intersected on the recession limb
of the hydrograph (cf. Harrington 2017; Harrington et al.
2018). This simplification is necessary as natural tracer data
were not available at all rock glacier springs to supplement
discharge data to separate event water from older, longer
stored water (cf. Winkler et al. 2016). This necessary sim-
plification is likely to result in an overestimation of event
water (compare to Winkler et al. 2016). However, it allows
comparing the different spring catchments to each other in
a consistent manner. In addition, a systematic overestima-
tion of event water due to the simple separation technique
would not change a potential threshold value nor a pos-
sible linear relationship between precipitation amount and
event water amount, but would result in a different (less
steep) gradient. Weather stations in or near the rock glacier
catchments were used to quantify the precipitation input.
Only rainfall and no snow events were analyzed. Data were
normalized to the spring catchment area and given in mil-
limetres.

The results of this approach might indicate i) if there is
a certain threshold that needs to be met so that the aquifer
response to precipitation becomes relevant, and ii) if the
aquifer response to precipitation events is comparable be-
tween various rock glaciers. The former information is used
based on a process understanding that was developed in
hill slope hydrology (Tromp-van Meerveld and Mc Don-
nell 2006), to derive a certain threshold related to a filling
of the aquifer to become active. The latter focuses on the
fast flow component. Harrington et al. (2018) showed that
a linear relationship between precipitation and discharge
volume might develop. A similar slope of the linear re-
lationship between precipitation event volume and event
water volume for different rock glaciers might suggest that
about the same percentage of infiltrating water is released
over time during similar events.
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Results

The general discharge dynamics can be described by the
minimum and maximum values over a year or a longer
time period. Discharge data (hourly resolution) of all active
rock glacier springs show highest discharge values of more
than 5001/s with a maximum of 7181/s at OEG (Table 2).
These values are approximately twice of the maximum dis-
charge at the relict rock glacier SRG (Table 2), which has
about half of the catchment size compared to the active rock
glaciers (Table 1). The lowest discharge values of the avail-
able time series are a few liters per second and are similar
for active and relict rock glaciers. The ratio of maximum
versus minimum discharge is for SRG and OEG above 100,
and for RK 270. Discharge ratios of BER and AHK are
similar to SRG and OEG (above 100). However, during
winter no discharge data were recorded. These two gaug-
ing stations are located at a distance to the actual springs
and during winter periods freezing of water along the flow
path between springs and gauging stations does not allow
to fully observe winter base flow.

Recession analysis

Recession coefficients are computed on one hand by using
a master recession curve (Fig. 4; MRC; Posavec et al.
2017) and on the other hand by using single event analysis
(summarized in Fig. 5). Besides gaps in discharge data
during winter periods for AHK and BER (Fig. 4b), some
data gaps occurred at OEG which are shown in the inset
in Fig. 4a. These did not hamper the recession analysis.
Fig. 4 shows the master recession curves of all studied rock
glaciers. Generally, the recession analyses clearly indicate
three a-values for OEG, RK and SRG (Figs. 4 and 5; and
Table 2) representing at least two flow components for each
of these active rock glaciers (cf. Winkler et al. 2016). A fast
flow component and a relevant base flow component can be
identified, whereas the intermediate a-values are interpreted
to be a combination of fast and slow flow components (sim-
ilar to interpretations of conduit and diffuse/matrix flow in
karst systems; Baedke and Krothe 2001). MRCs for AHK
and BER are limited to summer periods (no winter data)
and although various straight line segments could be sepa-
rated, they represent the fast and to some extend a transition
to intermediate flow conditions (compare Fig. 4a,b). Fig. 5
shows box-whisker plots of the three a-values for RK,
OEG, and SRG using single event analysis. For the rock
glacier springs of AHK and BER, where no discharge was
recorded during winter, it was not possible to quantify
base/low flow. Therefore, single event recession analy-
sis—in particular for a3—is limited at these rock glacier
springs and thus is not included in Fig. 5. The recession
pattern of the other active rock glaciers (OEG and RK)
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Fig.5 Box-whisker plots of the three recession coefficients (o-values) of the rock glacier springs at Reichenkar (RK), Innere Olgrube (OEG),
and Schoneben (SRG) based on single event analysis. Numbers above the x-axis are the samples and black triangles are outliers (modified after

Brodacz 2019)

Abb.5 Box-Whisker Darstellung der drei Auslaufkoeffizienten (a-Werte) der Blockgletscherquellen Reichenkar (RK), Innere Olgrube (OEG) und
Schoneben (SRG) basierend auf Analysen von Einzelevents. Zahlen iiber der x-Achse sind die Anzahl der analysierten Ereignisse und schwarze

Dreiecke stellen Ausreifier dar (modifiziert nach Brodacz 2019)

is comparable (same order of magnitudes) to that of the
relict rock glacier (SRG) as can be seen by the recession
coefficients in Table 2 and Fig. 5.

As a consequence, the analyses of the recession coeffi-
cients and particularly a3-values allow the quantification of
the stored water volume related to the base flow (Eq. 2). Ta-
ble 2 lists an upper bound estimate of the thicknesses of the
saturated unfrozen basal sediment layers. The thickness of
the “base flow layer” of RK and OEG ranges from almost
2 and 5m up to nearly 7m and more than 11m, respec-
tively. The base layer thickness at SRG might be more than
20m; when considering a potentially slightly larger extend
of the rock glacier (underneath current talus deposits) of
~0.17km? (instead of 0.11km?), a somewhat thinner base
layer would be estimated as discussed in Winkler et al.
(2016).

Threshold analysis

In addition, the topography of the aquifer base or the surface
between two aquifer layers with different hydraulic prop-
erties is of relevance for the drainage pattern of aquifers
and its layers. In particular, topographic depressions in the
bedrock might represent groundwater storages which have
to be filled and thus might delay or even hamper the in-
crease of discharge after rain events following the fill-spill
(-drain) hypotheses (Tromp-van Meerveld and Mc Donnell
2006; Tromp-van Meerveld et al. 2007). Therefore, spring
discharge data were analyzed at springs of AHK, BER,
OEG, and SRG where precipitation data were available
from weather stations nearby (Fig. 6).

The analysis of precipitation to normalized event water
volume shows some similarities between the investigated

rock glaciers (Fig. 6). A precipitation amount of about
18 mm (normalized to the spring catchment area) is needed
for a noticeable response of spring discharge of the active
rock glaciers (AHK, BER, OEG) on rain events, followed
by some linear correlation between precipitation and event
water above this threshold (Fig. 6). A further increase of
event water (“volume”) correlates with the increase of pre-
cipitation amount with a slope of roughly 0.5 where the low-
est slope of 0.43 is observed at BER. AHK and OEG show
very similar slopes with 0.58 and 0.59, respectively. The
data of the relict rock glacier SRG show a more scattered
behavior, but can be delimited by slopes of 0.59, similar to
the slopes observed for the active rock glaciers AHK and
OEG. Contrary to the active ones, the relict rock glacier
does not show an actual threshold value. Instead, a more
scattered relation between precipitation and event water is
observed and temporarily up to about 60 mm of precipita-
tion is needed for a noticeable increase in the volume of
event water.

Discussion

The discharge pattern of the four investigated springs
draining active rock glacier catchments is characterized by
a high variability with a range of Qma and Qmin (maxi-
mum and minimum measured discharge over observation
period, respectively) from several hundreds of 1/s to about
a few 1/s yielding discharge ratios (Qmax/Qmin) Of more
than 100. A similar variability was already observed at
several rock glacier springs (relict, inactive, and active)
where discharge was measured (Untersweg and Schwendt
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Fig.6 Threshold analyses of
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1995, 1996; Krainer and Mostler 2002; Krainer et al. 2007;
Winkler et al. 2016; Harrington et al. 2018).

Recession analysis

The recession analyses of the four active rock glaciers in-
dicate at least a two-phase recession containing a slow
and a fast flow component, similar to observations in karst
aquifers (e.g. Baedke and Krothe 2001). The intermediate
section (related to a2-values) is interpreted to be a combi-
nation of fast and slow flow components (e.g. Baedke and
Krothe 2001). The separation into more than one flow com-
ponent for each of these four active rock glaciers is in ac-
cordance with earlier studies based on isotope data (Krainer
and Mostler 2002; Krainer et al. 2007). Fast flow compo-
nents observed at the active rock glaciers represent the early
recession part and the recession coefficients (al-values) are
similar or even higher than those of the relict rock glacier
SRG and an inactive rock glacier at Helen Creek (Winkler
et al. 2016; Harrington et al. 2018). The higher early re-
cession coefficients at active rock glaciers compared to that
of the relict rock glacier (SRG) may be explained by the
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fact that lateral flow within the active layer (on top of the
permafrost body) is taking place and thus results in a faster
drainage. At the relict rock glacier SRG, infiltrating water
flows through the rather thick unsaturated zone before lat-
eral flow on top of the saturated zone may occur (Winkler
et al. 2018; Wagner et al. 2019).

The slow flow component observed at the active rock
glaciers RK and OEG is similar to that of the relict rock
glacier and that at Helen Creek (inactive rock glacier, Har-
rington et al. 2018). This flow component can be related
to the base flow when little to no recharge occurs for
longer time periods. At the relict rock glacier SRG, the
base flow component is related to a fine-grained base layer
(Winkler et al. 2016; Pauritsch et al. 2015, 2017). When
considering the base flow component of the active rock
glaciers using a3-values, the related upper bound volume
of groundwater within the rock glacier debris accumula-
tion can be estimated. By distributing this volume evenly
across the area of the base of the rock glacier, an average
thickness of the saturated zone within the rock glaciers was
estimated to be in the order of 10m (Table 2). Although
this is an upper bound estimate due to potentially addi-
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tional debris (e.g. talus deposits) acting as groundwater
storage, the similarity and comparability of the base flow
component of all active, inactive, and relict rock glaciers
suggest a fine-grained base layer as a possibility of storing
groundwater within the studied rock glacier catchments
that is very likely situated within the rock glacier debris.
Such an unfrozen base layer is reported by other studies
applying geophysical investigations at RK and OEG result-
ing in the presence of a~10m thick unfrozen base layer
(Hausmann et al. 2007, 2012) and drillings at the active
rock glacier Lazaun (Krainer et al. 2015). This unfrozen
base layer at active and inactive rock glaciers might pro-
vide some discharge during winter periods or other time
periods with little to no recharge. A relevant base flow
component was also reported by Williams et al. (2006)
for an active rock glacier in the Rocky Mountains Front
Range. They attributed parts of the base flow to permafrost
ground ice melt based on isotope data. At the herein in-
vestigated active rock glaciers, base flow during winter
periods is very likely not related to permafrost ground ice
melt as during winter times at temperatures well below
0°C no melting should occur, but more likely seems to
be related to a relevant groundwater component. This was
already suggested for RK and OEG by isotopic data in
Krainer et al. (2007), by electrical conductivity data for
OEG in Brodacz (2019) and using a combination of both
for BER in Wagner et al. (2019). Additional indirect data
for a base flow during winter can be postulated from ob-
servations at the active rock glacier Krummgampen (e.g.
Thies et al. 2013), a few kilometres southwest of the OEG
in the Kauner valley. Wagner et al. (2019) present contin-
uous water temperature data of a spring at the front of the

Krummgampen rock glacier over the winter period 2017-2018

indicating a continuous water flow during winter (as tem-
peratures do not drop below zero).

Threshold analysis

Besides the (unfrozen) base layer within the rock glacier
body, also the actual bedrock morphology on which a par-
ticular rock glacier is situated (or moving along) may be
important for the discharge characteristics of rock glacier
springs as suggested by Harrington et al. (2018). When
analyzing the relation between precipitation amount and
event water outflow at a rock glacier spring, a certain
threshold might be observed which is necessary to initiate
a noticeable discharge increase. Based on process under-
standing from hillslope hydrology, fill-spill or fill-spill-
drain processes (Tromp-van Meerveld and Mc Donnell
2006; Tromp-van Meerveld et al. 2007) might also be
important in rock glacier hydrogeology. Harrington et al.
(2018) showed a clear threshold behavior for an inac-
tive rock glacier in the Canadian Rockies. There are also

thresholds observable here for the active rock glaciers in
the Austrian Alps (Fig. 6), although some weak discharge
reactions (low event flow volumes) below the threshold are
observed. Nevertheless, some 18 mm of rainfall appear to
be necessary to trigger noticeable discharge increases at
rock glacier springs. With a porosity of 0.2 and considering
only the rock glacier area, a rainfall event of 18 mm within
the total catchment area would account for a saturated
thickness of 0.38, 0.68 and 0.55m for RK, OEG and SRG,
respectively. This is much less than the estimated mini-
mum layer thickness of the (unfrozen) base layer for these
rock glaciers (Table 2). A likely scenario is that variable
topography with occasional depression or pool structures
of the bedrock and likely also the permafrost table (base of
the active layer) in active rock glaciers needs to be “filled”
first before runoff at the spring can be initiated. Over time,
drainage of these depressions is however possible in a dif-
fuse way through fractures (in permafrost ice and bedrock)
or weathering zones (in bedrock). Nevertheless, topogra-
phy alone seems to explain only a small part of the base
flow and the fine-grained unfrozen base layer between the
bedrock and the permafrost body is suggested to provide
the major contribution to base flow for the analyzed rock
glaciers (cf. Winkler et al. 2016; Pauritsch et al. 2017).

A question that remains to be answered is why the relict
SRG does not show such a clear threshold but a more scat-
tered behavior. A possible difference is lateral flow initiated
in the active layer within the active rock glacier, but infil-
tration of water down to the variably saturated base layer
within the relict rock glacier. It is unclear if this is a gen-
eral characteristic of relict rock glaciers, as data of only
a single relict rock glacier (SRG) are available for analy-
sis. It remains to be shown that the discharge pattern of
the relict rock glacier Schoneben is representative for relict
rock glaciers in general.

It is, however, of interest, that a linear relationship be-
tween the amount of precipitation and released event water
appears to exist. Some 50-60% of precipitation (when sub-
tracting the threshold amount) flows rather quickly through
the rock glacier body to generate an increase in discharge
(slope of ~0.5-0.6 in Fig. 6). Such an event water share
of the discharge was reported using natural tracers such as
electrical conductivity or isotope data for the OEG (Heigert
2019). In addition, a similar response of discharge on pre-
cipitation amount is observed at the inactive rock glacier
Helen Creek (Harrington et al. 2018).

For the relict SRG however, computed event water con-
tributions using natural tracers such as electrical conduc-
tivity or isotope data are reported to be in the order of
20% (e.g. Winkler et al. 2016). Considering such a more
sophisticated event water separation (e.g. based on EC or
isotope data, c.f. Winkler et al. 2016), these values might
be more consistent as the simplification for event water
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separation used here likely overestimates event water. SRG
shows a scattered relationship between amount of precipi-
tation and event water. This is suggested to be related to the
fill-level of the bedrock depressions in addition to the sat-
uration of the fine-grained base layer before the individual
precipitation event (Pauritsch et al. 2017).

General implications

Based on the analyses presented above, we assume that ac-
tive as well as relict rock glaciers may have a considerable
base flow component that is related to a relatively fine-
grained unfrozen base layer, which may provide ground-
water storage and buffer capabilities affecting discharge
patterns of alpine headwaters. This is of high relevance
for water management issues in particular considering that
e.g. in the Austrian Alps a total of 5769 rock glaciers are
known (Wagner et al. in press). For the entire European
Alps the estimated numbers are much higher (Jones et al.
2019). Moreover, the observed groundwater buffer and stor-
age (retention) capacities of these landforms may even be-
come more important for ecosystem services as climate
change progresses and meteorological drought as well as
storm events might increase (e.g. Gobiet et al. 2014). Fur-
ther, the permafrost ground ice body within the active (or
intact in general) rock glaciers might shrink and finally dis-
appear in the future (e.g. Jones et al. 2019), thereby poten-
tially increasing the groundwater storage capacity of rock
glaciers (Rogger et al. 2017). The impact and importance
of rock glaciers and their groundwater storage capacities
on alpine hydro(geo)logy and in particular on second or
third order rivers was shown by recent studies (e.g. Wagner
et al. 2016; Rogger et al. 2017; Schaffer et al. 2019). But
it has to be noted, that groundwater storage and buffer ca-
pabilities of rock glaciers are limited (at least for the ones
analyzed herein), as the main groundwater storage seems to
be related to the (unfrozen) fine-grained base layer, which
has a thickness in the order of ~10m. This means that
intense storm events will be transferred quickly through
a rock glacier body if the base layer is already saturated
from previous events and lateral flow through the coarser
upper layer(s) is dominant. The hydrological relevance of
rock glaciers to runoff in alpine catchments (and permafrost
within the cryosphere in general) will likely gain in impor-
tance as climate change progresses. Besides potential melt
of permafrost ice within these landforms and related runoff
contributions (Jones et al. 2018, 2019), the shallow ground-
water component discussed herein is another hydrological
function that needs consideration. Further long-term moni-
toring at these and other rock glacier sites is necessary for
a better understanding of the rock glaciers contributions to
discharge dynamics of alpine headwaters. However, rock
glaciers are only one of several sedimentary aquifer types
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in alpine headwaters and their integration in large-scale hy-
drology is still challenging. Research on these topics should
be intensified in the future (Cochand et al. 2019; Hayashi
2019).

Conclusion

The results of this study confirm that the investigated relict
and active rock glaciers contain a fine-grained unfrozen
basal sediment layer, which is interpreted here as an aquifer
type with potentially high storage capacity. For the first
time, data of base flow components are presented for active
rock glaciers providing some runoff during longer periods
with very little to no recharge (winter periods). The data
also allow a rough estimate of the thickness of this basal
sediment layer to be in the order of about 10m, which is
consistent with geophysical data. This is important as for
example in the European Alps, several thousands of rock
glaciers are known and thus provide in total a large ground-
water storage capacity. This brings awareness to the fact
that rock glaciers in general may affect notably the runoff
pattern of alpine headwaters and thus should be taken into
account for ecological and water management issues. Par-
ticularly in the course of climate change, their groundwater
storage, and buffer capabilities (retention) may be important
during meteorological droughts and storm events. Addition-
ally, a better understanding of a potential change in timing
and quantity of infiltration/recharge processes is necessary
to estimate changes in future runoff characteristics of these
shallow groundwater bodies. Though the knowledge about
the runoff dynamics of rock glaciers is constantly growing,
the integration in large-scale hydrological studies is still
challenging. In particular it is important to fill the gap be-
tween field-based knowledge of local drainage behavior of
landforms such as rock glaciers and its impact on higher
order rivers with respect to climate change.
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