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Abstract

The active rock glacier “Innere Olgrube” and its catchment area (Otztal Alps, Austria)
are assessed using various hydro(geo)logical tools to provide a thorough catchment
characterization and to quantify temporal variations in recharge and discharge com-
ponents. During the period from June 2014 to July 2018, an average contribution
derived from snowmelt, ice melt and rainfall of 35.8%, 27.6% and 36.6%, respec-
tively, is modelled for the catchment using a rainfall-runoff model. Discharge compo-
nents of the rock glacier springs are distinguished using isotopic data as well as other
natural and artificial tracer data, when considering the potential sources rainfall,
snowmelt, ice melt and longer stored groundwater. Seasonal as well as diurnal varia-
tions in runoff are quantified and the importance of shallow groundwater within this
rock glacier-influenced catchment is emphasized. Water derived from ice melt is
suggested to be provided mainly by melting of two small cirque glaciers within the
catchment and subordinately by melting of permafrost ice of the rock glacier. The
active rock glacier is characterized by a layered internal structure with an unfrozen
base layer responsible for groundwater storage and retarded runoff, a main perma-
frost body contributing little to the discharge (at the moment) by permafrost thaw
and an active layer responsible for fast lateral flow on top of the permafrost body.
Snowmelt contributes at least 1/3rd of the annual recharge. During droughts, melt-
water derived from two cirque glaciers provides runoff with diurnal runoff variations;
however, this discharge pattern will change as these cirque glaciers will ultimately
disappear in the future. The storage-discharge characteristics of the investigated
active rock glacier catchment are an example of a shallow groundwater aquifer in
alpine catchments that ought to be considered when analysing (future) river runoff
characteristics in alpine catchments as these provide retarded runoff during periods

with little or no recharge.
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1 | INTRODUCTION

Rock glaciers, moraines and talus slopes as the most important alpine
coarse-grained sediment deposits may play a critical role in providing
groundwater discharge in alpine catchments (besides highly fractured
or karstified bedrock aquifers) that sustain baseflow in larger river sys-
tems further downstream (Hayashi, 2020). Intact, particularly active
rock glaciers on the one hand may store hydrologically valuable ice
volumes (Jones et al., 2018) and on the other hand act as shallow
groundwater storages or reservoirs in alpine headwaters (Jones
et al.,, 2019; Wagner, Brodacz, et al., 2020; Winkler et al., 2016,
2018). To fully recognize the hydrological cycle in alpine regions, shal-
low groundwater systems such as rock glaciers need to be better
understood in the light of climate change as these water storages/
buffers are expected to be more resilient than, for example ice glaciers
(Jones et al., 2019; Wagner, Kainz, et al., 2019; Wagner, Pauritsch,
et al, 2019). In the last decades, investigations related to the
hydro(geo)logy of rock glaciers were thus intensified (e.g., Harrington
et al, 2018; Hayashi, 2020; Krainer et al., 2007; Krainer &
Mostler, 2002; Winkler et al., 2016) and further research is warranted.

Rock glaciers evolve from active, downslope creeping rock-ice
mixtures to inactive (still containing permafrost ice, but not moving
anymore) and further to relict, permafrost ice-free, distinct debris
accumulations (e.g., Barsch, 1996; Berthling, 2011)). Relict rock gla-
ciers display a complex internal structure (e.g., Zurawek, 2002) and
can be characterized as aquifers with at least a fast and a delayed flow
component (Pauritsch et al., 2015, 2017; Winkler et al., 2016). The
delayed flow component is related to a fine-grained base layer rep-
resenting the main shallow groundwater component, whereas lateral
flow in the coarser upper layers allows generating a fast-flow
component.

Geophysical investigations and drillings showed that intact, per-
mafrost ice containing rock glaciers have an unfrozen base layer
underneath the permafrost ice-debris main body that is up to more
than 10 m thick and contains high amounts of fine-grained sediment
(Hausmann et al., 2007, 2012; Krainer et al., 2015). This unfrozen base
layer is interpreted to be responsible for base flow during longer
periods of little to no recharge (e.g., winter; Wagner, Brodacz,
et al., 2020). Lateral flow on top of the permafrost body (within the
active layer; e.g., Krainer et al., 2007; Winkler et al., 2018) or along
channels within the permafrost body (related to talik formation;
e.g., Arenson et al., 2010; Zenklusen Mutter & Phillips, 2012) might be
responsible for a fast-flow component. The actual contribution of
potential permafrost ice melt is another component that needs further
attention (besides increasing storage capacity due to melting of ice;
cf. Rogger et al., 2017). In addition, cirque glaciers or remnants thereof
in the upper catchment of a rock glacier provide recharge/meltwater
which may affect the flow dynamics of rock glacier springs and act as
an additional runoff component (e.g., Wagner, Brodacz, et al., 2020)
that might decrease as climate warming continues (Shannon
etal., 2019).

The aim of this study is to (i) differentiate between various

sources of recharge (namely rainfall, snowmelt and ice melt from

cirque glaciers within the rock glacier catchment) and (i) quantify the
diurnal and seasonal patterns of the individual contributions in addi-
tion to delayed groundwater to the discharge at the rock glacier
springs. (iii) The ice melt contribution (from permafrost and cirque gla-
ciers) to spring discharge is discussed in the light of climate change
and uncertainties of the methods applied. The quantification of indi-
vidual flow and recharge components in such a setting has not been
done before and is considered as an important step towards a better

understanding of climate change impact in alpine catchments.

2 | STUDY AREA

The Innere Olgrube rock glacier (also known as Olgrube Siid; “inner”
or “southern” as the valley head is towards south) is an active rock
glacier located about 1.5 km southeast of the Gepatsch hut in a small,
west-facing tributary valley of the Kauner Valley in the western Otztal
Alps of North Tyrol (Austria) at an average elevation of 2582 m a.s.l.
with an areal extent of ~0.24 km? (Figure 1). The rock glacier catch-
ment area measures ~1.83 km? and the bedrock as well as the
moraine and talus deposits consist of orthogneiss, paragneiss and
mica schists of the Otztal-Stubai Metamorphic Complex (Hoinkes &
Théni, 1993). Two small cirque glaciers (“western Hintere Olgruben
Ferner’ and “Hintere Olgruben Ferner”) covering an area of
~0.16 km? are (still) present within the catchment (Buckel &
Otto, 2018). A small creek evolving from glacier meltwater infiltrates a
few 10 of meters downstream of the lower glacier. Another (very
likely the same) creek appears further down below a moraine ridge,
which infiltrates at the rooting zone of the rock glacier. The rock gla-
cier is composed of two tongue-shaped lobes with a length of 896 m
and a width of 334 m; the northern, larger lobe is composed of
orthogneiss debris, the smaller southern lobe of paragneiss and mica
schists. Transverse and longitudinal furrows and ridges characterize
the distinct surface morphology. The rooting zone is at an elevation of
2727 m and the active front that is up to 70 m high with a steep gra-
dient of 40-45° is located at an elevation of 2394 m (Berger
et al,, 2004).

At the base of the steep front several springs are developed
(Figure 1(c); details see Berger et al., 2004; Hausmann et al., 2012;
Krainer & Mostler, 2002, 2006; Krainer et al., 2007). The rock glacier
is active. During the period 2002-2005 flow velocities of up to
2.5 m/year were recorded near the front (Krainer & Mostler, 2006). A
more recent analysis of Groh and Bléthe (2019) based on image track-
ing is consistent with these observations, indicating a maximum of
1.7 m/year for the period 2003-2015. The internal structure of the
rock glacier was determined by geophysical methods (ground pene-
trating radar, seismics, and gravimetry; Hausmann et al., 2012). The
rock glacier is composed of an active layer with a thickness of 4-6 m
which is underlain by the permafrost body (20-30 m). Ice-content in
the permafrost body ranges from 40% to 60% (Hausmann
et al., 2012). Between the permafrost body and the bedrock an ice-
free sediment layer is present, which is 10-15 m thick. This unfrozen

sediment layer is interpreted to represent a shallow groundwater
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FIGURE 1 Innere Olgrube
rock glacier and its catchment
area. (a) Location of Innere
Olgrube within Austria relative to
all 5769 rock glaciers mapped in
the Austrian Alps (Wagner,
Pleschberger, et al. 2020;
Wagner, Ribis, et al. 2020).

(b) Topographic map of the
Innere Olgrube rock glacier and
its catchment (red polygon)
including the extents of two
cirque glaciers for the years 2006 °
and 2015. Location of the
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gauging station, of the
precipitation and the glacier
meltwater samples and the two
artificial tracer injection points
are depicted. Rock glacier and
catchment extents from Wagner,
Pleschberger, et al. (2020),
Wagner, Ribis, et al. (2020);
glacier extents from the Austrian
glacier inventories GI3 (Fischer
et al., 2015) and Gl4 (Buckel &
Otto, 2018). (c) Field impression
of the two tongues of the active
Innere Olgrube rock glacier seen
from the western side of the
Kauner valley viewing towards
east. Note the active

~ . wAuBere-
X

&

77 0 Za
%1 5%,

(unweathered) steep slope of the
fronts; the creek (“Schiltibach”)
which emerges below is the
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storage responsible for base flow even during winter (Wagner,
Brodacz, et al., 2020).

3 | DATA AND METHODS

3.1 | Spring hydrograph

Spring discharge data for the time period June 2014 to June 2017
was analysed among other discharge data from active rock glacier
springs by Wagner, Brodacz, et al. (2020) using master recession cur-
ves based on the approach proposed by Posavec et al. (2017). Fitted

Y : glacier extent (2015)

glacier extent (2006)
intact rock glacier
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rock glacier catchment
gauging station

glacier meltwater sample
precipitation sample

tracer injection 2015
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tracer injection 2017

recession functions are based on the exponential model of
Maillet (1905) and related assumptions are described in more detail in
Wagner, Brodacz, et al. (2020). The recession coefficients are shown
simply to note that the more recently available discharge data did not
change the master recession curves as used in Wagner, Brodacz,
et al. (2020) and therefore their conclusions are still valid.

Here we use the same spring discharge data from Wagner,
Brodacz, et al. (2020) and add more recent data until July 2018 to
overlap with available natural tracer data (Figure 2). On the one hand,
the discharge time series data are used to calibrate and validate the
rainfall-runoff model, but the recession coeffcients of the master

recession curve are not considered in the rainfall-runoff model (see
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Section 3.3). On the other hand, the data serve as a base for a detailed
flow component separation in combination with electrical conductiv-
ity (EC) and isotopic data.

Water level and EC were measured directly at the gauging station
(Figure 1(b)). The former was converted to discharge by applying a rat-
ing curve based on the salt dilution method implemented under a
wide range of flow conditions (Heigert, 2018). Several data gaps in
the discharge and EC record are due to the harsh alpine environment
and related maintenance restrictions (Figure 2). However, the overall
dynamics are captured reasonably well and the presented analyses
take the associated uncertainties into account. Note that in contrast
to the pressure probe, the EC probe fell dry due to low water levels
during the winter months as the probe is situated higher than the
pressure probe (Figure 2). Precipitation and air temperature were
recorded at a measurement interval of 15 min at the meteorological
station WeiRsee (2464 m a.s.l.; distance ~4 km to the southwest;
courtesy of TIWAG). The mean catchment air temperature and precip-
itation were calculated applying a correction factor of 0.5°C/100 m
and 7% / 100 m, respectively, to account for the mean catchment ele-
vation of 2887 masl. (Kuhn et al., 2013; Wagner, Brodacz,
et al., 2020).

3.2 | Tracers analysis

3.2.1 | Artificial tracers

Artificial tracers were applied to infer the connection between glacier

input from the meltwater stream and the rock glacier spring. Tracer
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injection was downstream of the cirque glaciers where the glacier
meltwater infiltrates into the sediments in the vicinity of the rooting
zone of the rock glacier (which is already disconnected from the cir-
que glaciers; Figure 1(b)). Two tracer experiments were performed
with injection points along the creek that infiltrates into the rooting
zone of the rock glacier in two different years (Figure 1(b); 2015: dis-
tance to the gauging station ~980 m; 2017: distance to the gauging
station ~910 m) using fluorescein as a conservative dye tracer. In
2015, 25 g of tracer were injected, in 2017 a greater amount of
202.5 g was used. Detection of tracer concentrations was done using
a field fluorometer GGUN-FL30 (Abilla Co.; Schnegg, 2002) installed
at the gauging station. Linear flow velocities were calculated based on
the observed peak tracer concentration as well as on the mean tracer

residence time using the method of moments (Kreft & Zuber, 1978).

3.2.2 | Natural tracers

Time series of EC available at the gauging station were used in combi-
nation with individual samples analysed for EC and stable isotopes
(5*80 and §2H) taken during various field trips between 31 July 2017
and 15 September 2017. These samples include glacial meltwater
(four samples), a cumulative rainfall sample collected during the same
period using a funnel connected via a flexible tube to a bottle (placed
1 m deep within the coarse blocky surface to avoid evaporation by
direct radiation), as well as 18 samples taken by an automatic sampler
between 01 August 2017 and 06 August 2017 (Figure 2; sampling
locations indicated in Figure 1(b)). During field campaigns no direct

access to permafrost ice (below the active layer) was obtained, so the
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actual signature of permafrost ice in this catchment remains
unknown.

Natural tracer data (EC, isotopes) allow to determine variations in
fast-flow components of groundwater from the endmembers of rain-
fall, snowmelt and ice melt (e.g., Winkler et al., 2016). The restricted
rock-water interaction in the alpine catchment composed of meta-
morphic bedrock allows regarding EC as a conservative tracer
(cf. Winkler et al., 2016). Water passing quickly through the aquifer
can be recognized by low EC values. Based on this assumption a two-
component mixing model was applied to identify delayed and fast
groundwater flow components (hereafter delayed flow and fast-flow)
at diurnal and seasonal time scales (Harrington et al., 2018; Williams
et al., 2006; Winkler et al., 2016). The fast-flow component is com-
posed of low mineralized rainfall, snowmelt and / or glacier ice melt,
which is distinguishable from the higher mineralized delayed flow
component. The actual fast-flow component (i.e., rainfall, snowmelt or

ice melt) is derived from EC and isotopic analysis.

3.3 | Rainfall-runoff modelling

For a better understanding of the discharge pattern and to further
constrain the contribution of rainfall, snowmelt and ice melt within
the rock glacier catchment, a parsimonious lumped parameter rainfall-
runoff model was deployed.

The model is based on the simple rainfall-runoff model GR4J of Per-
rin et al. (2003) using a daily time step and a uniform spatial distribution of
precipitation. It was successfully extended and applied for a relict rock gla-
cier and catchments downstream of relict rock glaciers by Wagner
et al. (2016) using a snow module based on Majone et al. (2010) and
potential evapotranspiration is computed according to Oudin et al. (2005).
This model was shown to be especially valuable in alpine catchments
where input data are usually scarce (e.g., Wagner et al., 2013, 2016) and
also where discharge fluctuates heavily as for karst systems
(e.g., Kaminsky et al., 2021; Wagner et al., 2013) and therefore catchment
hydrologic response is likely to be assured (cf. Basso et al., 2015).

The model has seven parameters that are free to be calibrated
(Figure 3; the symbols are kept as introduced by Perrin et al. (2003)
and Wagner et al. (2016) for comparability): x1 (the maximum capac-
ity of the production or soil moisture accounting store in mm); x2
(a water exchange coefficient in units of mm that can be positive if
water enters the catchment, negative if water exits the catchment
unobserved, or zero if there is no water exchange); x3 (the maximum
capacity of the routing store in mm); x4 (a time parameter expressed
in units of days) and the temperature dependent parameters of the
snow module: Ts (temperature at which snow starts to fall); Tm (tem-
perature at which snow starts to melt); and Cm (melt factor that
allows a certain amount of snowmelt per degree temperature
increase). The time parameter x4 is applied for the unit hydrographs
UH1 and UH2 that are used to simulate the time lag between a rain-
fall event and the resulting stream flow. For UH1 the water is distrib-
uted over a number of days (smallest integer exceeding x4) with its

maximum at the last day of the hydrograph. For UH2 the water is
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FIGURE 3 Model structure of the rainfall-runoff model GR4J+

with a daily time step and an additional ice store (modified after
Wagner et al., 2016). P = precipitation; T = air temperature;

Ts = temperature at which snow starts to fall; Tm = temperature at
which snow starts to melt; Cm = melt factor that allows a certain
amount of snowmelt per degree temperature increase;

Tim = temperature at which ice starts to melt (if snow is absent);
Cim = melt factor that allows a certain amount of ice melt per degree
temperature increase; Re = extraterrestrial solar radiation;

x 1 = maximum capacity of the production store; E = actual
evapotranspiration; F = groundwater exchange term acting on the
fast and slow flow components; x2 = water exchange coefficient;

x 3 = maximum capacity of the routing store; x4 = time parameter;
UH1 and UH2 = unit hydrographs to account for the time lag
between rainfall and resulting streamflow that depend on the time
parameter x4; Q = runoff simulated by the rainfall-runoff model

distributed over a time period about twice the number of days of
UH1 (smallest integer exceeding 2 * x4). The peak outflow is reached
at a similar time as the peak for UH1, then the water outflow
decreases to zero at the end.

Here, the model was extended by an ice store module (Figure 3)
to account for ice melt within the spring catchment. The module is
based on a degree-day factor and contributes ice melt as input in the
production store if seasonal snow is melted as described in Nepal
et al. (2017). The two additional model parameters that are free to be
calibrated are Tim (temperature at which ice starts to melt if snow is
absent) and Cim (melt factor that allows a certain amount of ice melt
per degree temperature increase). This model setup relates ice melt to
melt from glaciers and not from permafrost. For simplicity the initial
glacier ice water volume is assumed to be large so that over the
analysed period of more than 4 years, ice melt is warranted.
The actual percentage of runoff contribution within the catchment is

related to the areal coverage of the cirque glaciers within the total
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catchment of ~10% (Figure 1(b)) and is assumed to remain constant
over the time period of 4 years. Input data for the model are daily
values of precipitation and average temperature for the catchment.
Discharge data from the gauging station are used to calibrate and
validate the model using split sample tests (e.g., Klemes, 1986). The
results are compared to the hydrograph analyses and natural and arti-
ficial tracer data, thereby allowing to differentiate the various input
(“recharge”) components over time (in contrast to the other data that
indicate discharge variations). Moreover, the model is then used to
hypothetically remove/ignore the cirque glacier ice stores and explore
potential changes in the runoff characteristics. In addition, the model
parameters representing a relict rock glacier (Wagner et al., 2016) can
be used to account for a hypothetical decay from an active to a relict
rock glacier (a trading space-for-time approach accounting for chang-
ing watershed behaviour; Singh et al., 2011) and observe a potential

change in storage-discharge characteristics.

3.4 | Glacier mass loss

The reduction in the areal extents of the two cirque glaciers within
the rock glacier catchment was calculated for the time period 2006-
2015 (Figure 1(b)) using the glacier inventories GI3 of Fischer
et al. (2015) and Gl4 of Buckel and Otto (2018). The corresponding
ice volume loss was estimated based on a thickness-area scaling rela-
tion (e.g, Chen & Ohmura, 1990; discussed in Azécar &
Brenning, 2010). Assuming a linear trend in volume loss for the
9 years between the two glacier extents, an estimated annual average
ice loss was computed. Assuming further an ice density of ~900 kg/
m3, the water equivalent lost per year was estimated. This order of
magnitude estimate is used as a plausibility check for the glacier ice
meltwater contribution of the rainfall-runoff model as no direct infor-

mation regarding runoff from the cirque glaciers is available.

4 | RESULTS AND INTERPRETATION

4.1 | Discharge components

Figure 4 depicts the updated hydrograph analysis of Wagner, Brodacz,
et al. (2020), extended by an additional year of data. Master recession
curves derived from single recessions to infer a theoretical
recession curve over a long period of time indicate at least a fast-and
a slow-flow component. Importantly, runoff at the rock glacier springs
is still present in winter (base flow) with a discharge of a few I/s. The
additional data strengthen the results of Wagner, Brodacz,
et al. (2020), who related this base flow to the unfrozen base layer of
the active rock glacier (Hausmann et al., 2012). In general, the variable
discharge behaviour ranging from 6.5 L/s up to 718 L/s with a dis-
charge ratio of 110 (Qmax/Qmin) is similar to the pattern observed at
karst springs (e.g., Wagner, Brodacz, et al., 2020; Winkler et al., 2016).

The results of the artificial tracer tests indicate a fast-flow compo-
nent exhibiting a mean residence time of around 9 h (Figure 5; 2015:
9:16 h; 2017: 8:41 h). When the tracer was injected into the glacial
meltwater creek, this locally infiltrating meltwater significantly con-
tributed to the fast-flow component. Peak flow velocities during the
2015 (recovery rate 45.8%) and 2017 (recovery rate 40.0%) tests
were 0.061 and 0.047 m/s, respectively, while the mean flow velocity
was 0.029 m/s during both tests.

The seasonal variations in discharge components are deciphered
using natural tracers. EC measured at the gauging station ranges from
68 to 281 uS/cm, indicating an average fast-flow contribution of
42.6% (assuming a value of 20 pS/cm for event water EC) over the
whole time period by applying a two-component mixing model and
not further differentiating fast-flow derived from rainfall, snowmelt
and / or ice melt (see Figure 6). The measured EC of glacial meltwater
ranges from 1.2 to 4 uS/cm, while the measured EC of a single precip-

itation sample within the catchment is 42 uS/cm (sampling sites
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FIGURE 5 Artificial tracer breakthrough curve of (a) 2015 and (b) 2017 with a range of tracer recovery reflecting uncertainties in the runoff

computation. Note the different scale of the tracer concentration for (a) and (b); tracer recovery and discharge are displayed at the same scale

indicated in Figure 1(b)). This value is unusually high for a pristine
catchment. The event water end member of the two-component
mixing model is therefore assigned an EC of 20 pS/cm, which would
be an average of the values presented above but more importantly is
similar to values used in alpine catchments by Wetzel (2003) and
Winkler et al. (2016). The delayed groundwater EC is parametrized
using the highest measured EC at the gauging station (281 pS/cm,
measured at a discharge of 22 L/s on 5 November 2015). Presumably,
even higher EC values would have been measured if the EC probe
would not have fallen dry during the winter months characterized by
very low discharge.

In general EC and discharge are inversely correlated (Figure 6).
The overall variation in discharge components reflects the superposi-
tion of several regularly repeating patterns, exhibiting periods ranging
from 1 day to 1 year (Heigert, 2018). Following the onset of snowmelt
in spring, the fast-flow contribution increases until discharge reaches
its maximum in early summer (Figure 6(a)). Its exact contribution is
strongly dependent on local weather conditions, reflecting the vari-
able snowmelt intensity in response to air temperature (note variabil-
ity in both discharge and EC/fast-flow component during May in
Figure 6(a)). Maximum discharge (several hundred I/s) is reached
in early summer, indicating also the maximum level of storage within
the rock glacier. At this time fast-flow accounts for up to 75% of the
total discharge and is subject to pronounced diurnal variations
(Figure 6(a),(b)). As summer progresses the overall discharge decreases
and the fast-flow component reduces accordingly, resulting in a mean
contribution of ~60% during the summer months. Prominent peaks
after heavy rainfall on melting snow cover (early summer) and intense
thunderstorms (late summer) are superimposed on this pattern, while
peak magnitude decreases steadily during summer (Figure 6(a),(b)).
Dry, warm summer periods induce pronounced diurnal variation in EC
mirroring the diurnal discharge variations (Figure 6(b),(c)). Declining air
as fast-flow

temperatures strongly reduce discharge as well

contribution and attenuate diurnal variations - temporarily during the
summer months (Figure 6(a) around 23 June 2017) but persistently at
the beginning of autumn (Figure 6(b) around 1 September 2017). After
the first snowfall, spring flow steadily declines (~Sep.; Figure 6(b)) and
the delayed flow contribution increases towards 100% (~Nov; see
Figure 7 for snow dynamics) until the next snowmelt in early spring,
occasionally intermitted by single peaks in response to warm rainfall
events (Figures 2, 6(b)). No diurnal variations are observable during
these periods of time.

Figure 6(c) depicts the periodic variation in discharge and natural
tracers during a dry, warm summer period in early August 2017, fol-
lowing a heavy precipitation event in late July. The time lag between
the diurnal air temperature maximum and peak discharge equals 16 h.
Since snow was absent in the catchment, the periodicity is caused by
ice melt responding to diurnal variation in radiation and air tempera-
ture. Note that EC and 880 are inversely correlated to discharge due
to the dilution with ice meltwater exhibiting low EC (~2 pS/cm) com-
pared to longer stored, delayed groundwater (281 uS/cm), confirmed
by the corresponding variation in §¥0. However, differentiating per-
mafrost ice melt from cirque glacier ice melt is not possible due to the
lack of data concerning the former.

While the two-component mixing model indicates a mean fast-
flow contribution of ~65% during the period depicted in Figure 6(c),
plotting EC against 880 allows a more detailed analysis of the fast-
flow component (Figure 6(d)). The observable hysteresis clearly indi-
cates a dynamically changing composition of the fast-flow component
(Harrington et al., 2018; Williams et al., 2006). The diurnal variation
introduced by periodic dilution of groundwater with meltwater is sup-
erimposed on a general trend towards lower 5180 values (Figure 6(c),
(d)). This trend indicates a progressive shift from rainwater (around
—8.05%0) towards ice meltwater (around —15.3%o) constituting the
fast-flow component. Decreasing rainwater contributions correspond
to continued runoff since the last heavy rainfall event on 29 July
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FIGURE 6 Natural tracer data.
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2017. A minor rainfall event that occurred during the night from
4 August to 5 August 2017 (Figure 6(c)) immediately shifts the diurnal
cycle towards higher 8180 values on 5 August 2017 (Figure 6(d)). The
simple two-component mixing model is merely a projection of
the actual mixing process involving multiple sources as well as tempo-
rary storage within the catchment (see Section 4.2). Nonetheless, a
high portion of fast-flow during these times, when rainfall events and

ice melt coincide, becomes apparent.

4.2 | Recharge components / discharge pattern

Applying the lumped-parameter rainfall-runoff model yields satisfac-
torily results visually (Figure 7) as well as expressed in average Nash-
Sutcliffe efficiency (NSE) criteria (89.6%; Nash & Sutcliffe, 1970). NSE

air temperature
precipitation intensity

values using a split sample test (Klemes, 1986), where the model is
calibrated on the first half of the available data set, validated on the
second half and vice versa and compared to the complete data set are
shown in Table 1 for calibration and validation periods. The model
performs in a similar way as for the relict Schéneben rock glacier (NSE
of 89.5%; Wagner et al., 2016). An average Nash-Sutcliffe efficiency
(NSE) criteria is computed using a combination of the classic Nash-
Sutcliffe efficiency criterion (Nash & Sutcliffe, 1970) and the modified
Nash-Sutcliffe criteria based on log-transformed and square root-
transformed discharges (see Wagner et al., 2013, 2016). Also here,
the physical relevance of model parameters is stressed (Mouelhi
et al, 2006; Wagner et al., 2013, 2016). Table 2 shows the model
parameter set from the best-fit model for the catchment of the active
rock glacier Innere Olgrube as well as the parameter set from the relict
Schéneben rock glacier catchment (cf. Wagner et al., 2016).
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FIGURE 7 Observed and modelled
discharge of the Innere Olgrube spring
catchment. Visual fit between observed
and modelled discharge and related
precipitation input data. Differentiation of
rainfall, snowmelt and ice melt input as
well as snow accumulation over the
winter periods
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TABLE 1 Model calibration efficiency criteria NSE [%] using a split sample test

NSE

Efficiency criteria

calibration on total time series
calibration on first half of data set

calibration on second half of data set

Comparable to the results of the relict Schéneben rock glacier catch-
ment, a relatively large routing store (x 3) is needed to achieve accept-
able model fits. This is suggested to be related to the unfrozen base

layer within the rock glacier, which was shown to exist by Hausmann

TABLE 2 Model parameter sets and
model efficiency criteria of the rainfall-
runoff model for the active Innere
Olgrube and the relict Schéneben rock
glacier spring catchments; efficiency
criteria are given for the whole time
series. For more details on the relict
Schoéneben rock glacier, refer to Wagner
et al. (2016)

Complete time series

89,59
88,80
87,76

efficiency criteria [%]

model parameters

90,58
91,53
86,59

NSE

NSE Q
NSEvQ
NSElogQ
wB

X4 [mm]

X [mm]

X3 [mm]

X4 [days]

Ts [°C]

Tm [°C]

Cr [mm/°C]
Tim [°C]

Cim [mm/°C]

01.01.2016  01.01.2017

[ ! I
01.01.2018  01.01.2019

icemelt [ rainfan

snowmelt

First half of data set

Active rock glacier
Innere Olgrube
89,59

84,17

91,05

93,55

99,18

18,45

4,99

213,84

1,27

-0,47

-0,44

1,88

1,10

6,96

snow accumulation

Second half of data set
87,12
83,43
88,65

et al. (2012) and interpreted to be the dominant shallow aquifer within
the spring catchment (Wagner, Brodacz, et al., 2020). The production
store (x1; or soil moisture accounting store) is even smaller than that

of the Schoneben rock glacier catchment. Again, this relates physically

Relict rock glacier
Schéneben
89,47
89,50
90,10
88,79
97,58
89,78

9,40
302,82
1,15

1,05

4,10

3,32
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to the fact that the Innere Olgrube catchment is basically a bare rock
/ debris field and evapotranspiration is limited. Interestingly, model
parameters x1 to x4 are not very different from those of the relict
Schoneben rock glacier catchment. These implications will be dis-
cussed in Section 5.

The rainfall-runoff model for the Innere Olgrube rock glacier
spring catchment allows a quantification of relative input derived from
rainfall, snow- and ice melt (Figure 7). The corresponding input frac-
tions for the observed period of time are 36.6%, 35.8% and 27.6%,
respectively. It has to be noted, that ice melt is considered to be
derived mainly from the melt of the cirque glaciers as indicated by
artificial and natural tracer analyses (see discussion section). Berger
et al. (2004) also reported about 30% of the rock glacier spring runoff

to be related to the glacier meltwater supporting our findings.

4.3 | Glacier mass loss estimates from glacier
inventories

Based on the two glacier inventories, a loss of 1.14 x 10% m? for the
two cirque glaciers over the time period 2006-2015 was calculated,
which is 0.13 x 10° m® on average per year. This is the same order of
magnitude and about twice of what is “needed” in the rainfall-runoff
model for the years 2015-2018; however, the areal extents of the cir-
que glaciers are even smaller by now and moreover the difference
between ablation and actual melt needs to be considered. Sublimation
is not considered here and therefore ablation estimates from the
area-thickness relation will be higher than the glacier meltwater
“input” estimated in the rainfall-runoff model. The data analysis allows
an order of magnitude consistency check, but not more. Approxi-
mately 30% of the recharge are derived from meltwater of the cirque
glaciers. When considering this rather significant contribution, a
future glacier loss is supposed to have a significant impact on the run-

off pattern.

5 | DISCUSSION
Despite the obvious difficulty of gathering data in high alpine catch-
ments, the complementary information derived from natural and artifi-
cial tracer data and from a rainfall-runoff model (i.e., a water balance)
allowed a thorough quantification of recharge and discharge compo-
nents of the catchment of the active rock glacier Innere Olgrube at
present. Recharge components vary seasonally as well as diurnally,
reflecting varying contributions from rainfall, snowmelt and ice melt.
Discharge components are delayed to a certain extent due to the stor-
age capabilities of the shallow aquifer within the rock glacier catch-
ment (Wagner, Brodacz, et al., 2020), depending on the flow paths
and saturation status of (Winkler
et al,, 2016, 2018).

The tracer velocities are in the range of reported values in active
layers (Buchli et al., 2013; Krainer & Mostler, 2002; Tenthorey, 1992).

The low recovery rate (< 50%) likely indicates that some of the tracer

the groundwater body

is lost to the deeper domains of the rock glacier (potentially the unfro-
zen base layer). The tracer is presumably stored there for a longer
period of time, thereby preventing it from reaching the measurement
device at a detectable concentration within the observation period.
Yet, the fast recovery of at least 40% of the tracer clearly indicates a
fast-flow component likely related to lateral flow on top of the perma-
frost table towards the rock glacier spring. This is also reflected in the
hydrograph analysis. Concerning the delayed flow component related
to the unfrozen sediment layer (subpermafrost flow) at the base of
the rock glacier and potentially other fine sediments within the catch-
ment (e.g., till deposits and moraines between the cirque glaciers and
the rock glacier) EC and isotopic data was analysed.

Figure 8 depicts the seasonal variations in individual “recharge”
and discharge component contributions. “Recharge” is inferred from
the rainfall-runoff model (Figure 8(a)) and does not take the loss due
to evapotranspiration into account, as this process is happening in the
production store (Figure 3) where the different input components are
already mixed and evapotranspiration is dependent on the saturation
/ water level within that store. The rainfall-runoff model estimates
evapotranspiration to be ~21% of the total input, which is in good
agreement with values in this area of Tyrol (17-22%) provided in the
digital Hydrological Atlas of Austria (BMLFUW, 2007). Discharge is
inferred from flow component analysis (Figure 8(b)), where higher-EC
water is related to longer stored groundwater and low-EC water is
related to fast-flow derived from snowmelt, ice melt or rainfall. The
actual differentiation of fast-flow into rainfall, snowmelt and ice melt
is not possible for that time frame (see Figure 6(c),(d) for a detailed
analysis over a short period of time using isotopic data in addition to
EC). The exact EC of event water entering the system was assumed
to be 20 pS/cm (based on literature values). Considering a measured
range of 5-40 pS/cm for event water (rainfall, snowmelt and/or ice
melt), the total average fast-flow component estimated to be 42.6%
would vary between 40.5% and 46.4%, depicting that uncertainties
related to this input parameter are minor.

Combining the information of Figure 8(a) and (b) allows for an
interesting interpretation. The delayed flow component (longer
stored, higher-EC water within the aquifer; for example, Winkler
et al., 2016, 2018) is the most important component during periods of
little to no recharge (e.g., winter time; Wagner, Brodacz, et al., 2020).
Snowmelt and (subordinately) rainfall are the dominant recharge com-
ponents during early summer, rapidly increasing the fast-flow contri-
bution to ~60%. In particular during dry summer periods and after
snow has melted, ice (glacier or permafrost ice) runoff and delayed
groundwater discharge become the relevant components. Separating
delayed groundwater flow and ice meltwater due to the diurnal pat-
tern of the melting process (related to variations in air temperature) is
possible. The pronounced change in discharge pattern in early autumn
observable in Figure 6(b) (reduced discharge and attenuated diurnal
variations caused by declining air temperatures in early September)
indicates the transition from the fast-flow dominated period (late
April-August) to the delayed flow dominated period (September until
onset of the snowmelt in April-early May). Some caution is required

when interpreting relative discharge component contributions during
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FIGURE 8 Monthly contribution of
“recharge” (input into the rainfall-runoff
model without considering potential loss
due to evapotranspiration) and discharge
components (based on flow component
analysis); values normalized to catchment
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the onset of snowmelt in April (Figure 8), since the only available EC
time series during that month starts on 25 April 2018. Thus, the del-
ayed flow contribution during (early) April is likely underestimated in
Figure 8.

To identify and quantify the main source of the ice meltwater
potentially from permafrost ice melt or from the upper cirque glaciers
is more complex. Natural and artificial tracer test results show that
fast-flow components travel through the rock glacier within several
hours. Ice-derived meltwater can be observed with a time lag in the
order of ~16 h relative to air temperature indicated by EC and isoto-
pic data (Figure 6(c)). This time lag in combination with the fast
response due to event water suggests some distance of the meltwater
source to the spring/rock glacier and favours the cirque glaciers as the
main meltwater source. This is further substantiated by comparing the
time lag to the artificial tracer test results: The linear distance
between the lowermost point of the cirque glacier and the gauging
station is approximately 1500 m, indicating an actual flow distance

>1500 m. Typically, runoff from glaciers reaches a maximum a few
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hours after the peak in meltwater production (Cuffey &

Paterson, 2010), thus the runoff peak at the glacier precedes the peak
at the gauge by <16 h. Both estimates suggest that the water travels
from the front of the glacier to the gauging station at a
velocity 2 0.026 m/s. This is in good agreement with the artificial
tracer test results yielding slightly higher linear velocities. Note also
that melting rates at the cirque glaciers reflect diurnal variations in
radiation, heat and vapour content of the adjacent air (Cuffey &
Paterson, 2010). The coarse grained active layer covering the perma-
frost ice within the catchment protects it from radiation and induces a
damped and retarded variation in temperature, decoupling it from
external weather and climate conditions (Haeberli, 1985; Jones
et al., 2019; Vonder Miihll, 1993; Wagner, Kainz, et al., 2019; Wagner,
Pauritsch, et al., 2019). Accordingly, melting of permafrost ice is
expected to follow changes in atmospheric conditions in a more
damped and retarded fashion, suggesting cirque glacier melting to
account for the observed diurnal variation in discharge and natural

tracers.
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The amount of ice melt is in the order of 30% of the annual
recharge and will decrease and finally disappear in the future due to
glacier melt. Thus, ignoring ice contribution from cirque glacier melt is
hypothetical, but interesting at least. This can be assessed by using
the calibrated rainfall-runoff model and assuming that ice melt from
the cirque glaciers is absent due to potential future complete glacier
melt (green line in Figure 9). This was simulated in a simplified manner
by actually eliminating the (glacier) ice storage, keeping all the other
parameters constant although disappearing glaciers might leave
moraine sediments behind, which might increase the capacity of the
routing store (x3). Increasing runoff during snowmelt periods does
not change expectedly; however, the runoff in late summer indicates
a certain reduction. Interestingly, base flow during winter months
does not change significantly. This is an important finding that further
supports that base flow is mainly derived from the unfrozen base layer
of the rock glacier (and other fine-grained sediments in the catchment
area [e.g., till deposits, moraines]; cf. Wagner, Brodacz, et al., 2020). In
total, a runoff reduction of almost 30% is expected in this hypothetical
scenario due to the disappearance of the cirque glaciers.

Another hypothetical scenario can be constructed by applying the
model parameters of a relict rock glacier where the same model was
already applied (Table 2; cf. Wagner et al., 2016) for the current set-
ting of the active rock glacier. This trading space-for-time approach
accounting for changing watershed behaviour under permafrost-free
conditions (Singh et al., 2011) allows to speculate how progressing cli-
mate change might influence the discharge pattern, considering the
associated uncertainties (purple line in Figure 9).

Changes are not substantial and only a slightly more buffered
behaviour during storm events or snowmelt periods is visible com-
pared to the scenario where only the ice melt from the glaciers is
neglected. Interestingly, slightly slower recessions at the onset of win-
ter periods are observable. This can be explained by a higher routing
store x3 for the relict (Schéneben) rock glacier catchment than the
active (Innere Olgrube) rock glacier catchment. This might indicate an
increase in storage capacities as permafrost thaw potentially leads to
more available pore space in the shallow aquifer system (cf. Rogger
et al., 2017). Nevertheless, in the case of the relict Schéneben rock
glacier as well as for the active Innere Olgrube rock glacier, both are

known to have a rather fine-grained, unfrozen base layer that is 10-
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15 meters thick. These similarities might explain their rather similar
behaviour, although one may speculate about a further increase in
storage capacity within the Innere Olgrube catchment as permafrost
thaws eventually. This potential change is depicted by computing the
master recession curves of the modelled runoff patterns for the “cur-
rent” data, the hypothetical scenario of vanished cirque glaciers and
the other hypothetical scenario of a relict rock glacier (Figure 10). The
comparison to the observed data further indicates the good model fit
in addition to the efficiency criteria and visual fit of the hydrographs
presented before (and shown again in the inset). In addition, a dQ/dt
versus Q analysis (e.g., Basso et al., 2015; Pauritsch et al., 2017) is
provided as supplementary information (Figure S1) to depict that
catchment hydrologic response is assured over the complete dis-
charge range from very small to very high rates (cf. Basso et al., 2015).
The similar master recession curves of the “current” data and the
hypothetical one without the glacier ice melt is to be expected, as
the actual internal (or model) structure did not change, but only a
recharge component was “removed.” The discharge pattern and con-
sequently master recession curve of the hypothetically relict rock gla-
cier catchment (using the parameter set of the relict Schéneben rock
glacier; Wagner et al., 2016) indicates a slightly slower recession dur-
ing winter periods as storage capabilities increase.

Uncertainties within the analysis can be divided into uncertainties
of input variables (precipitation, air temperature), of the model struc-
ture and model parameters and finally uncertainties related to the two
hypothetical scenarios of vanishing ice glaciers and the trading space-
for-time approach.

The uncertainty related to input variables is similar to uncer-
tainties in other alpine catchments and one reason why such parsimo-
nious lumped parameter rainfall-runoff models are applied
(e.g., Wagner et al., 2016). The difficulty of measuring precipitation,
especially solid precipitation during windy conditions, is known
(e.g., Sevruk et al., 2009). The input from glacier ice melt is also uncer-
tain as no direct measurements were available. This is why the glacier
inventories of two different time periods have been compared to pro-
vide an order of magnitude bandwidth.

An effort to reduce uncertainties in the model structure and

model parameters has been taken by using an established model
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FIGURE 10 Master recession curves 1000
(MRC) of observed as well as simulated
runoff; in addition, the simulated MRCs
without the ice melt and the hypothetic

scenario of a relict rock glacier in the (far?)

future
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structure and applying model efficiency criteria that are well
established.

Uncertainties related to the two hypothetical scenarios are hard
to quantify but obvious. Removing glacier ice melt from the model is
interesting at least, but the model approach did not take any further
changes into account that might occur due to glacier ice loss. Potential
increase in, for example the routing store (x3) can be discussed, but is
beyond the scope of this work. No active rock glacier spring catch-
ment without a cirque glacier in its catchment area has been modelled
so far. The uncertainties related to the trading space-for-time
approach are likely even larger, as there is only a single other rock gla-
cier (a relict one) for which calibrated model parameters are available.
This further highlights the need of long-term monitoring data.

What remains to be identified is the actual contribution of perma-
frost ice melt at present and future changes in the runoff pattern due
to this additional water in the short term and potential increases in
the storage capacity in the long term when the permafrost ice will
melt completely. The trading space-for-time approach presented
herein does suggest a slight difference in runoff patterns and supports
what was suggested by Rogger et al. (2017): Runoff might be damp-
ened slightly and storage capacities might increase to some extent.
However, further research addressing this particular case and ideally
monitoring rock glacier catchments without the influence of cirque
glaciers within their catchment is needed. Colombo et al. (2018) sug-
gest establishing baselines for future monitoring related to down-
stream water quality (and quantity) as solute export from
deteriorating rock glaciers might provide valuable information.

In alpine catchments, rock glaciers should be seen as hydro(geo)
logically (and geomorphologically) conservative systems (Giardino
et al., 1992) that become increasingly important as ice glaciers will
continue to vanish. For a recent assessment of potential changes in
the European mountain cryosphere until the end of the 21st century,

see Beniston et al. (2018). There, improvements in understanding

' I ' I
40 80 120 160 200
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changes in re- as well as discharge in high-alpine areas are warranted.
The here gathered information and developed understanding of a
high-alpine spring catchment that drains an active rock glacier and
two cirque glaciers is of importance and should be extended by
including downstream observations (cf. Wagner et al., 2016). Another
open question remains the actual contribution of permafrost ice melt
relative to the glacier ice melt and becomes increasingly important
with regard to climate change and a likely further warming trend. A
recent review about potential ecosystem shifts in alpine streams high-
lights the importance of a better understanding of permafrost/rock
glacier thaw (Brighenti et al., 2019). Therefore, long-term monitoring
of such high-alpine catchments (and streams further downstream) is
essential.

6 | CONCLUSIONS

Applying a number of “standard” hydrogeological tools in a high alpine
catchment allows the differentiation and the quantification of multiple
recharge sources for and subsequently fast and delayed discharge
from a shallow groundwater aquifer, that is an active rock glacier.
Faster flow through the system is accomplished by suprapermafrost
flowpaths, whereas slower flow by subpermafrost flowpaths; although
intermediate flow paths are to be expected and indicate the complex
internal structure of these landforms. Delayed groundwater flow con-
tribution does play an important role in rock glacier spring discharge,
especially during the winter months or periods of little recharge. Ice
melt contribution from cirque glaciers within the catchment of the
rock glacier spring mask the potential - but likely still negligible -
influence of permafrost ice melt during snow-free periods. A future
scenario with vanished cirque glaciers, diminishing amounts of perma-
frost ice within the rock glacier and thereby increasing storage capac-

ity of the shallow groundwater store within the rock glacier might
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suggest an increasing importance of these (ice-) debris accumulations
in shaping the runoff pattern of alpine catchments.

The storage-discharge characteristics of the investigated active
rock glacier catchment is an example of a shallow groundwater aquifer
in alpine catchments that ought to be considered when analysing
(future) river runoff characteristics in alpine catchments as these pro-
vide retarded runoff during periods with little to no recharge. The
provided steady baseflow and delayed release of water within such an
alpine catchment is crucial to understand and critical to sustain eco-

logical diversity in the light of climate change.
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