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Abstract Relict rock glaciers are complex hydrogeological
systems that might act as relevant groundwater storages;
therefore, the discharge behavior of these alpine landforms
needs to be better understood. Hydrogeological and geophys-
ical investigations at a relict rock glacier in the Niedere Tauern
Range (Austria) reveal a slow and fast flow component that
appear to be related to the heterogeneous structure of the aqui-
fer. A numerical groundwater flowmodel was used to indicate
the influence of important internal structures such as layering,
preferential flow paths and aquifer-base topography.
Discharge dynamics can be reproduced reasonably by both
introducing layers of strongly different hydraulic conductivi-
ties or by a network of highly conductive channels within a
low-conductivity zone. Moreover, the topography of the aqui-
fer base influences the discharge dynamics, which can be ob-
served particularly in simply structured aquifers. Hydraulic
conductivity differences of three orders of magnitude are re-
quired to account for the observed discharge behavior: a high-
ly conductive layer and/or channel network controlling the
fast and flashy spring responses to recharge events, as

opposed to less conductive sediment accumulations sustaining
the long-term base flow. The results show that the hydraulic
behavior of this relict rock glacier and likely that of others can
be adequately represented by two aquifer components.
However, the attempt to characterize the two components by
inverse modeling results in ambiguity of internal structures
when solely discharge data are available.
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Introduction

Mountainous and, in particular, alpine groundwater is contrib-
uting significantly to the stream flow of rivers in valleys and
consequently in the foreland (e.g., Campbell et al. 1995; Clow
et al. 2003; Tague and Grant 2009; Muir et al. 2011; Welch
et al. 2012). With increasing population and propagation of
tourist industries and recreational activities in mountainous
areas, knowledge of the hydraulic behavior and storage capac-
ities of mountainous aquifers is getting more important for
sustainable water resources management as well as for
predicting natural hazards, as for example flash floods and
debris flows (e.g. Lauber et al. 2014).

Especially in alpine catchments of crystalline regions, a
major portion of the groundwater contributing to the
streamflow originates from debris accumulations such as mo-
raines and rock glaciers (e.g., Hood and Hayashi 2015;
Wagner et al. 2016). While the hydrogeology of moraines,
talus and hillslope aquifers has been the subject of intensive
investigations (e.g., Clow et al. 2003; Roy and Hayashi 2009;
Muir et al. 2011), knowledge about the hydraulic behavior and
storage capacities of rock glaciers is sparse (Krainer and
Mostler 2002; Krainer et al. 2007; Millar et al. 2013;
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Winkler et al. 2016a). Nevertheless, rock glaciers are common
landforms all around the globe in mountainous areas and at
high latitudes—for instance, in the Austrian Alps, Kellerer-
Pirklbauer et al. (2012) and Krainer and Ribis (2012) have
identified a total of 4,792 rock glaciers covering an area of
about 286 km2. Bollmann et al. (2012) identified 1,697 rock
glaciers in the South Tyrolean Alps in Italy and Schmid et al.
(2015) used Google Earth to map 702 rock glaciers in selected
areas of the Hindu Kush Himalayan region; therefore, rock
glaciers have a high potential to influence the discharge be-
havior of rivers downstream of their catchments (Wagner et al.
2016).

Rock glaciers in general are scree masses that are supersat-
urated with ice and gravitationally move downslope with ve-
locities of a few centimeters up to several meters per year (e.g.,
Barsch 1996; Haeberli et al. 2006). The size and shape of rock
glaciers depends on climatic conditions, cirque geometry and
debris supply of the comprising headwalls (Degenhardt 2009).
Therefore, the range in size is highly variable (e.g., Kellerer-
Pirklbauer et al. 2012; Krainer and Ribis 2012). The thickness
of rock glaciers depends among other things on the topogra-
phy of the underlying bedrock/base and is a priori difficult to
estimate; however, previous investigations reported thick-
nesses on the order of several tens of meters (e.g., Krainer
et al. 2015; Monnier and Kinnard 2015; Winkler et al.
2016a). Rock glaciers can be classified into active (currently
moving), inactive (no movement, but ice is present) and relict
forms (no ice mass and no movement). Active and inactive
rock glaciers can also be summarized to intact rock glaciers, as
both types contain ice in contrast to relict rock glaciers, where
ice has melted and morphological structures such as ridges
and furrows might become more obvious.

Investigations of rock glaciers mainly focus on the distri-
bution, movement and the inner structure of intact rock gla-
ciers (e.g., Haeberli et al. 2006; Jansen and Hergarten 2006;
Leopold et al. 2011; Monnier et al. 2011). Monnier and
Kinnard (2015) investigated the internal structure of an active
rock glacier in the Dry Andes with ground penetrating radar.
Their results suggest a heterogeneous structure with an upper
and lower ice-rich layer and an intermediate zone with a high
fraction of liquid water. Additionally, their results show inner
structures in the form of upward-dipping reflectors caused by
the movement of the rock glacier. Krainer et al. (2015) inves-
tigated an active rock glacier in the Italian Alps. They also
identified a layered structure at two drill core sites on the rock
glacier. Relict rock glaciers are often used as an indicator of
previous permafrost conditions for climate studies (e.g.,
Hughes et al. 2013; Matthews and Wilson 2015), but their
inner structure and hydraulic properties are largely
unknown. Recently, Winkler et al. (2016a) performed
hydrogeological investigations at the relict Schöneben rock
glacier located in the Austrian Eastern Alps (hereinafter re-
ferred to as SRG), describing its storage and flow components

by using data of the spring hydrograph as well as natural and
artificial tracers and geophysical surveys. They suggest that
the rock glacier is a heterogeneous aquifer with a layered
internal structure. Their investigation further suggests that
there is a rather thin (approximately 10 m) layer at the base
of the relict rock glacier, which consists of silty or fine sand
material providing a considerable storage capacity controlling
the base flow observed at the rock glacier spring (see Fig. 9 in
Winkler et al. 2016a). This layer is supposed to represent
glacial sediment deposits (probably morainic sediments),
which would be in agreement with the findings at an active
rock glacier, where moraine deposits have been encountered
in two drill cores at its base (Krainer et al. 2015). The hydrau-
lic properties of the layer at the base of the Schöneben rock
glacier were additionally estimated by Pauritsch et al. (2015)
using analytical models of sloping aquifers by focusing on
winter base flow data. The derived hydraulic conductivity on
the order of 10−5 m/s is consistent with findings of Winkler
et al. (2016a). The upper layers of the relict rock glacier likely
consist of coarser material with a higher permeability that may
explain the rapid response of the spring to recharge events.
They can be activated when the lower layer is saturated or
simply due to the differences of hydraulic conductivity
(Winkler et al. 2016a). Another explanation might be the ex-
istence of preferential flow paths. Preferential flow paths re-
lated to cracks in the soil and roots of plants have been ob-
served at hillslopes (e.g., Graham et al. 2010). Similarly, rapid
localized flow through solution conduits is well known from
karst aquifers (e.g., Worthington 2009). In this report, the term
Bpreferential flow paths^ refers to channel flow (and not layer-
controlled flow); in rock glaciers, preferential flow might be
possible through washed-out channels within an otherwise
fine-grained layer. The existence of such channels is sug-
gested by excavations at a relict rock glacier nearby the SRG
(Untersweg and Proske 1996).

At present, a large portion of the rock glaciers are relict
forms, and considering climate change (global warming), it
can be assumed that today’s intact rock glaciers will also in
the future become relicts. Therefore, knowledge about the
hydrogeological properties of relict rock glaciers is essential
for predicting future changes in the discharge behavior of
rivers in alpine catchments which currently contain intact rock
glaciers.

Simple lumped-parameter models are able to satisfyingly
simulate the discharge behavior of complex aquifers and even
of this particular relict rock glacier (Wagner et al. 2016); how-
ever, they cannot be used to investigate and distinguish be-
tween different types of heterogeneity related to the internal
structure (e.g., layered structure or preferential flow paths). To
resolve such a task, a distributed numerical model is prefera-
ble. Numerical models have been extensively used during the
last decades and represent a helpful tool for estimating aquifer
parameters (Carrera et al. 2005) and also help to improve the
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conceptual understanding of a hydrogeological setting (e.g.,
Eisenlohr et al. 1997a, b; Mansour et al. 2012). Thus, in this
report, the current conceptual understanding regarding the
drainage processes within the relict Schöneben rock glacier
(Winkler et al. 2016a) is tested using a three-dimensional nu-
merical groundwater flow model. The main purpose of this
report is to indicate the major features of the internal structure
(layering, draining channels, topography) controlling the dis-
charge behavior of the relict rock glacier and to compare them
with the current conceptual understanding. To this end, several
model runs with increasing complexity are provided. As there
are no boreholes or other information about groundwater
heads, only the discharge of the draining spring is used for
calibration. Due to these limitations, the attention is turned
towards reproducing the discharge dynamics in general rather
than the observed discharge exactly.

Field site and data set

The investigation area in this research is the relict Schöneben
rock glacier (SRG) located in the Niedere Tauern Range in
Austria at E 14°40′25″ and N 47°22′39″ (Fig. 1). The SRG is
situated in a northeast-facing alpine cirque which also repre-
sents the hydrological catchment of the SRG, covering an area
of 0.67 km2 with a maximum elevation of 2,295 m a.s.l. The
elevation of the tongue-shaped SRG ranges from 1,715 to
1,912 m a.s.l., it has a length of about 750 m, a maximum
width of about 250 m, and covers an area of 0.11 km2 (Fig. 1).
The surface of the SRG is covered by coarse-grained, blocky
material consisting of gneissic rocks ranging from cubic deci-
meters to a few cubic meters. The characteristic morphology

with distinct collapse structures (i.e., caused by the melting of
the ice and the resulting loss in volume), the partial vegetation
cover (mainly grasses and dwarf pines) and the low slope
gradient of the rock glacier front indicate that the SRG can
be assumed to be a relict rock glacier, which is supported by
an average water temperature above 2.2 °C at the spring
emerging at the front of the rock glacier (Kellerer-Pirklbauer
et al. 2015; Winkler et al. 2016a).

Steep rock faces surround the rock glacier in the eastern,
southern and western area with talus slopes situated between
the rock faces and the SRG itself (Fig. 1a). The catchment is
drained by one large spring (hereinafter referred to as SEQ)
located directly at the front of the SRG (Fig. 1a).

The SEQ is a spring belonging to the official spring net-
work of the Hydrographic Service of Styria (HZB No.
396762). The stage is continuously monitored at a rectangular
notch weir situated about 40 m downstream of the spring.
Stage data have been available since July 2002 and are record-
ed in hourly intervals. Individual discharge measurements
(using the salt dilution method) are used to relate the moni-
tored stage to the actual discharge. Precipitation is continuous-
ly monitored at an automatic weather station located directly
at the SRG at 1,822 m a.s.l. (AWS, see Fig. 1a). Precipitation
data have been available since November 2011, recorded in
hourly time steps.

Model setup

The groundwater model is implemented in MODFLOW
(McDonald and Harbaugh 1988) using the NWT solver
(Niswonger et al. 2011; Hunt and Feinstein 2012), which

Fig. 1 Field site impression of the Schöneben rock glacier (SRG)
catchment. a Overview of the investigation area with the SRG
highlighted in blue and the hydrological catchment delineated with a
red-dashed line; AWS automatic weather station; SEQ rock glacier

spring; Geierhaupt is the highest peak in the surroundings
(2,417 m a.s.l.); b location of the SRG within Austria and Styria; c
rectangular notch weir situated about 40 m downstream of SEQ
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employs a Newton–Raphson solution with improved handling
of dry cells. This is an important feature as the topography of
the investigation area is showing a high relief, frequently caus-
ing the upper cells to fall dry. The application of other solvers,
for example the PCG2 solver combinedwith a rewetting pack-
age, may result in an unstable model that often fails to
converge.

The model domain covers an area of 225,300 m2 and is set
up with uniform cell sizes of 10 m × 10 m in 66 columns and
80 rows. As there is no actual boundary between the SRG and
the talus slopes but rather a smooth transition, the SRG and the
talus slopes are assumed to form one merged aquifer system
(z1 in Fig. 2). The boundaries of the numerical model are
therefore chosen to be beyond the actual boundaries of the
SRG to include the adjacent talus slopes to the east and south.
The boundary conditions (except for the spring and the top of
the active cells) are set to no-flow boundaries as the ground-
water flow through the bedrock is assumed to be negligible.
Surface elevation data are adopted from a downsampled

digital elevation model (DEM) with a resolution of 10 m
(based on the chosen MODFLOW cell sizes) based on air-
borne laser scan data (ALS) with a resolution of 1 m provided
by the GIS Service of the Federal State Government of Styria
(GIS Steiermark). Elevation data of the underlying bedrock
are based on a digital elevation model resulting from geophys-
ical surveys on the SRG (Fig. 2a) comprising seismic refrac-
tion investigations along three profiles (Winkler et al. 2016a)
and ground penetrating radar (GPR) investigations along eight
profiles (two additionally available profiles are not used herein
as one of them lies outside the model area and the other is
discarded due to poor data quality; see Winkler et al. 2016b).
Interestingly, the results of the geophysical surveys show that
the thickness of the SRG is increasing towards the southeast at
the transition to the talus slopes. As the geophysical investi-
gations did not capture the full extent of the aquifer in this part,
the aquifer thickness in this area is subject to a high degree of
uncertainty; therefore, two approaches were applied to deter-
mine the geometry of the aquifer base. In a first approach, the

Fig. 2 SRG catchment with
model area. a Cell grid and
recharge zones (z1–z6) with
corresponding input cells (color-
coded); delineation of the actual
SRG within the model area
highlighted as blue polygon (see
Fig. 1); profiles of geophysical
investigations blue lines and
constant-head cell at the spring
(SEQ); b Color-coded sediment
thickness; contour lines indicate
the aquifer base topography based
on geophysical data and
extrapolated rock faces; c Color-
coded sediment thickness;
contour lines indicate an
alternative aquifer base
topography based on geophysical
data and linearly decreasing depth
towards the boundary
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slopes of the rock faces located above the talus slopes are
extrapolated below the surface and intersected with the eleva-
tion of the bedrock at the last point of the geophysical inves-
tigation profile. Including these extended profiles, the depth of
the bedrock is interpolated using kriging with the software
Surfer (Fig. 2b). The alternative approach uses a linear extrap-
olation of the geophysical profiles, i.e. the depth is assumed to
decrease linearly from the last point of the profile towards the
upper end of the debris slope (Fig. 2c).

It is assumed that there is no significant groundwater flow
between the SRG catchment and its adjacent catchments be-
cause of the compact gneissic geology and the steep relief;
moreover, groundwater storage is assumed to occur only
where unconsolidated rocks are present (scree and, especially,
in the relict rock glacier itself). Bare rocks and steep cliffs are
assumed to have negligible storage capacities; additionally,
the potential storage in the bedrock is assumed to be of minor
importance as no considerable weathering zone is observable.

The recharge to the rock glacier aquifer is determined based
on precipitation data from the automatic weather station locat-
ed on the SRG (AWS in Fig. 1a) and an estimated evapotrans-
piration. The actual evapotranspiration is computed using an
estimate of potential evapotranspiration based on
Thornthwaite (1948) as input for a soil water balance model
at a daily time step as described by, e.g., Peters et al. (2005). A
relatively low value of 20 mm is used for the soil moisture
storage at field capacity because the surface of the investiga-
tion area is mostly covered by coarse rock debris; moreover,
the application of a simple lumped-parameter model indicated
a minor role of the soil moisture accounting store (Wagner
et al. 2016). The actual evapotranspiration is assumed to be
equal to potential evapotranspiration if the soil moisture stor-
age amounts at least to 70 % (14 mm) of the field capacity;
below this value actual evapotranspiration is linearly de-
creased towards zero. Recharge occurs if the net inflow (pre-
cipitationminus actual evapotranspiration) to the soil moisture
storage causes an exceedance of field capacity (time series is
shown in Fig. 3).

The resulting direct recharge (i.e., precipitation falling di-
rectly onto the surface of z1 (Fig. 2a), 31 % of the total catch-
ment area) is distributed homogeneously across the model.
The recharge from the surrounding rock faces of the hydro-
logical catchment primarily consists of surface runoff and is
added to the recharge of the peripheral cells, proportional to
the area percentage of the respective subcatchment (Fig. 2a).
The areal percentages are 19, 10, 11, 20 and 9 % for the
recharge zones z2, z3, z4, z5, and z6, respectively.

The parameter estimation software PEST (Doherty 2013) is
employed for automatic calibration of the groundwater
models. The hydraulic conductivity and the specific yield of
specified groups of cells are treated as calibration parameters.
According to the assumed plausibility of the parameter values
and (in the case of the upper limit of hydraulic conductivity) to
avoid model instabilities, parameter ranges between 1 × 10−2

and 1 × 10−7 m/s as well as 0.1 and 0.3 were defined for
hydraulic conductivity and specific yield, respectively. The
specific storage is defined as a constant value of 1 × 10−4

1/m. As there are no boreholes or other information about
groundwater levels, the model has to be calibrated solely to
the discharge of the spring (SEQ). During calibration the dis-
charge is weighted inversely proportional to the observed
values (Doherty 2013) in order to compensate for the high
variability of discharge (Winkler et al. 2016a). The simulation
is restricted to time periods when melting snow can be
neglected in order to avoid the uncertainties involved in
modeling the snow melt; therefore, the model is calibrated
using the hydrograph of the SEQ in the time period from 25
June 2013 to 14March 2014 (263 days; see Fig. 3a). This year
has been chosen because it has three distinct recharge events
following a long dry period, whereas the hydrograph reces-
sion of most other years is interrupted by several smaller re-
charge events which complicate the interpretation. The tran-
sient simulation comprises 151 stress periods and a total of
8,321 time steps with a steady-state water table as initial con-
dition. The stationary boundary conditions are defined as con-
stant recharge (distributed on the six recharge zones z1–z6;

Fig. 3 Recharge and discharge
(Q) time series of a the calibration
period and b the verification
period. The grey area marks the
warm-up period. The light blue
areas mark time periods with
snow influence. T time

Hydrogeol J (2017) 25:371–383 375



Fig. 2). The total recharge rate is thereby specified to be equal
to the measured discharge at the beginning of the simulation
period. In the time period from day 127 to 150, minor snowfall
events occurred according to observations from an automatic
digital camera monitoring the area. Because the precipitation
was stored temporarily in the snow cover, the recharge oc-
curred delayed (compared to the precipitation records at the
automatic weather station) when the snow melted in the fol-
lowing days. As this delay is not considered in the recharge
model, the time period is given only 10 % weight in the cal-
ibration. Moreover, the first 45 days of the simulation are
regarded as a warm-up period (potentially affected by the
initial condition) and the discharge data during that time are
not used at all for calibration. Special attention is given to the
accurate simulation of the winter base flow, as this time period
remains unaffected by recharge events, and therefore ground-
water flow components other than the base flow can be
neglected; thus, the weight in the calibration during this time
period is multiplied by a factor of 10. The goodness-of-fit of
the model results is analyzed using the root-mean-square error
(RMSE), the weighted root-mean-square error (RMSEw; see
Table 1) and visual inspection of the simulated versus the
observed discharge time series (neglecting the warm-up peri-
od). The model is verified by simulating the time period of 21
July 2012 to 15 April 2013 (269 days; see Fig. 3b). This time
period also exhibits a winter base flow without intermediate
recharge events (see Winkler et al. 2016a), and pictures of the
automatic digital camera are available to identify snowfall
events (Wagner et al. 2016).

In order to investigate the effects of different kinds of in-
ternal structures of the SRG and, moreover, to verify the cur-
rent conceptual understanding of groundwater flow processes
in relict rock glaciers, several scenarios (i–viii) with increasing
complexity are simulated and compared to each other. For

these eight scenarios, the aquifer base topography with extrap-
olated rock faces (Fig. 2b) is applied. The model setups of the
investigated scenarios in this research can be grouped in lat-
erally homogeneous (i–iv) and heterogeneous (v–viii) models
which are presented in Fig. 4. The laterally homogeneous
scenarios contain models with one (i), two (ii and iii) or three
(iv) layers with different hydraulic parameters for each layer.
The thickness of the lower layer in ii and iii covers 20 and
80% of the total aquifer thickness at each cell, respectively. In
scenario iv the layered structure of the SRG is further refined
by subdividing the lower layer of ii into two layers, each
covering 10% of the total aquifer thickness. A thin lower layer
is in accordance with the current conceptual understanding of
the relict SRG (Winkler et al. 2016a). Note that the upper two
layers presented in Fig. 9 of Winkler et al. (2016a) are not
further distinguished in the numerical models as these two
layers are, compared to the lower layer, rather similar and
highly conductive. Results of seismic refraction surveys
showed a maximum total thickness of the rock glacier of more
than 50 m (Fig. 2). However, the saturated zone was not de-
tectable because a Bblind zone^ with a thickness of 19 m is
possible with the applied setup of the geophysical survey,
meaning that a saturated layer with a thickness of up to
19 m could have been missed in the survey (Winkler et al.
2016a and b).

In the laterally heterogeneous scenarios, a zone with higher
hydraulic conductivity is introduced to models with one (v, vi)
or two layers (vii, viii). This represents a washed-out channel
(according to field observations/excavations from a nearby
relict rock glacier; Untersweg and Proske 1996) or channel
network which is lacking fine-grained material and is embed-
ded in a less permeable (fine-grained) matrix. The orientation
of the channels is defined to follow the topography of the
model base and to connect the spring with one (v, vii) and five

Table 1 Estimated hydraulic parameters of the investigated scenarios and goodness-of-fit measures for the calibration period

Scenario Ku

[m/s]
Km

[m/s]
Kl

[m/s]
Kc

[m/s]
SYu

[−]
SYm

[−]
SYl

[−]
SYc

[−]
RMSE
[m3/s]

RMSEw
[m3/s]

i 3.67 × 10−4 – – – 0.30 – – – 1.41 × 10−2 8.70 × 10−3

ii 5.33 × 10−3 – 4.93 × 10−5 – 0.10 – 0.30 – 1.40 × 10−2 4.01 × 10−3

iii 1.00 × 10−2 – 1.22 × 10−5 – 0.21 – 0.10 – 1.78 × 10−2 2.46 × 10−3

iv 8.00 × 10−3 8.00 × 10−7 1.70 × 10−4 – 0.10 0.30 0.30 – 1.38 × 10−2 3.17 × 10−3

v 2.72 × 10−5 – – 1.00 × 10−2 0.10 – – 0.10 9.32 × 10−3 5.53 × 10−3

vi 9.67 × 10−5 – – 1.00 × 10−2 0.17 – – 0.10 8.78 × 10−3 3.87 × 10−3

vii 8.61 × 10−3 – 3.54 × 10−5 2.13 × 10−3 0.10 – 0.30 0.19 1.44 × 10−2 3.08 × 10−3

viii 2.61 × 10−3 – 2.60 × 10−6 2.01 × 10−3 0.22 – 0.30 0.30 1.14 × 10−2 3.08 × 10−3

ii-a 2.02 × 10−3 – 7.27 × 10−6 – 0.30 – 0.30 – 1.33 × 10−2 4.49 × 10−3

vi-a 7.18 × 10−7 – – 1.00 × 10−2 0.17 – – 0.10 1.14 × 10−2 2.66 × 10−3

viii-a 3.97 × 10−3 – 7.29 × 10−6 1.59 × 10−3 0.30 – 0.30 0.30 1.30 × 10−2 4.00 × 10−3

K hydraulic conductivity, SY specific yield, subscripts: u upper-,mmiddle-, l lower layer; c channel; RMSE unweighted root-mean-square error; RMSEw
weighted root-mean-square error
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(vi, viii) dominant gullies from outside the model area (see
Fig. 2). In the two-layered scenarios (vii, viii), the channel and
channel network are introduced to the lower layer (model runs
with channels in both layers did not change the results).
During calibration, the channel network is treated as one zone
in order to minimize the number of adjustable parameters. A
test run of model vi where the hydraulic parameters of the
channels were individually calibrated has shown to have a
nearly identical discharge behavior as one where channels
were calibrated as a single zone due to a narrow range of
calibrated hydraulic conductivity in the individual channels
(not shown here). Furthermore, three models (ii-a, vi-a and
viii-a) are presented with setups equivalent to models ii, vi
and viii, but with an alternatively shaped aquifer base topog-
raphy (Fig. 2c). These models are aimed to investigate to what
degree the discharge behavior of the spring is affected by the
morphology of the base both without and with a draining
channel network.

Results

The comparisons of the simulated to the measured discharge
of the SEQ in the calibration and verification periods are pre-
sented in Figs. 5 and 6. The estimated aquifer parameters and
the goodness-of-fit measures RMSE and RMSEw are present-
ed in Table 1. Some deviation between simulated and ob-
served discharge is expected in the time period from days
127 to 150 that was less weighted in the calibration, as the
recharge was affected by snow fall and snow melt processes
that are not considered by the model. As a consequence, the
observed discharge dynamics are not well reproduced within
this period, and therefore are not further discussed; neverthe-
less, the following winter base flow recession appears to be
largely unaffected by these short-term effects. Likewise, sev-
eral snowfall and melting events occurred during the time
period used for verification between days 50 and 125

(Figs. 5 and 6), resulting in delayed responses of SEQ and/
or overestimated recharge as precipitation at least was partially
stored in the snow cover.

Using the aquifer base topography of Fig. 2b, the results of
the laterally homogeneous scenarios (Fig. 5a,b) show that the
single-layered scenario i visually has a very poor fit. This is
supported by the goodness-of-fit measures presented in
Table 1. This scenario obviously fails to reproduce the dis-
charge behavior of the SEQ, which is characterized by sharp
peaks after recharge events and a slowly decreasing base flow.
The introduction of a second homogeneous layer in scenarios
ii and iii greatly improves the model fit; nevertheless, it can be
seen that in ii the short-term recessions after recharge events as
well as the winter base flow recessions are too fast and that the
absolute value of discharge is too low between the recharge
events and during the winter base flow. Scenario iii shows that
with a thick lower layer, the absolute value of discharge be-
tween the recharge events is closer to the observed values. The
thick lower layer also leads to higher hydraulic heads and an
improved fit of the winter base flow recession in the calibra-
tion (Fig. 5a, RMSEw in Table 1) but overestimates the base
flow in the verification time period (Fig. 5b). The introduction
of a third layer in iv leads to similar discharge dynamics com-
pared to ii, with similar discharge peaks but a slightly slower
base flow recession. In general, the estimated aquifer param-
eters show a high hydraulic conductivity for the upper layer
and a lower hydraulic conductivity in the lower layer (Table 1)
with the single-layered scenario i showing intermediate
values. Interestingly, calibration of iv results in a very low
conductivity middle layer that acts as a barrier between the
higher conductivity upper and lower layers.

It can be seen in Fig. 5c,d that the introduction of a draining
channel to a single-layered model in v is not sufficient to
represent the fast flow component of the SRG (see also
Table 1). The discharge recession is generally too slow,
resulting in overestimated discharge during base flow.
Interestingly, the discharge recession during the winter base
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Fig. 4 Three-dimensional
sketches of the investigated
internal structures of the model.
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uniform hydraulic parameters
within one scenario. Percentages
indicate the thickness of layers.
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represented here for more clarity
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flow shows a further decrease after approximately 200 days.
At that time the upper part of the aquifer has fallen dry and the
drying front has advanced to the area where a relatively flat
basin is present in the east (see Fig. 2b). The model fit im-
proves by extending the channel to a channel network in sce-
nario vi; however, the simulated discharge also shows devia-
tions to the measured discharge of the SEQ. While the peaks

of the major recharge events in the calibration period are close
to the observed data, the discharge response to small recharge
events appears too sharp and overestimated; furthermore, sim-
ilar to most of the aforementioned scenarios, the long-term
winter base flow is underestimated, i.e., the simulated dis-
charge recession is too fast. In the verification period, the
simulated winter base flow is close to that of the SEQ, but

Fig. 5 Hydrographs of the
investigated model scenarios
compared to the observed data of
SEQ. The grey area marks the
warm-up period. The light blue
areas mark time periods with
snow influence. a–b Shows the
scenarios with homogeneous
layers (models i–iv in Fig. 4) for
the calibration (25 June 2013 to
14 March 2014) and verification
(21 July 2012 to 15 April 2013)
time period, respectively. c–d
Shows the scenarios with
heterogeneous layers for the
calibration and verification time
period, respectively (models v–
viii in Fig. 4)

Fig. 6 Hydrographs of the investigated model scenarios compared to the
observed data of SEQ. The grey area marks the warm-up period. The
light blue areas mark time periods with snow influence. a–b Shows a
comparison of laterally homogeneous layered scenarios with differently
shaped topography of the model base for the calibration (25 June 2013 to
14 March 2014) and verification (21 July 2012 to 15 April 2013) time
period, respectively (solid line refers extrapolated rock faces; see Fig. 2b);

dashed line is the linearly decreasing depth towards boundary (see
Fig. 2c). c–d Shows a comparison of two laterally heterogeneous
layered scenarios with differently shaped topography of the model base
for the calibration and verification time period, respectively (solid lines
are extrapolated rock faces; see Fig. 2b); dashed lines represent linearly
decreasing depth towards boundary (see Fig. 2c)
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the discharge dynamics of the preceding time period are not
well matched. Scenarios vii and viii represent two-layered
versions of v and vi, respectively, in which the channel and
the channel network is only present in the lower layer (see
Fig. 4). The hydrograph of vii is similar to that of ii, indicating
that the upper layer is dominating the quick flow component
rather than the channel. The channel network of viii obviously
has a larger influence than the single channel in vii and results
in a quickly responding hydrograph but with broad peaks
(resulting in a slightly better RMSE, but identical RMSEw,
Table 1).Moreover, the base flow between the recharge events
and the winter base-flow recession are similar to the layered
scenarios ii, iii and vii.

Examining the results of the scenarios using the alternative-
ly shaped model base (Fig. 2c) shows that the topography of
the base has some influence on the discharge behavior of the
homogeneous layered model. As can be seen during the cali-
bration (Fig. 6a), ii-a shows double peaks at the major re-
charge events. In the verification time series (Fig. 6b) the
double peaks cannot be observed and the discharge dynamics
of ii-a appear more realistic than ii, although the absolute
discharge is underestimated. Using the alternatively shaped
base (Fig. 2c) results in a winter recession approximately fol-
lowing an exponential decrease (Fig. 6a,b). The heteroge-
neous layered scenarios vi-a and viii-a visually only slightly
differ from vi and viii, respectively (Fig. 6c,d), but yield
higher RMSE values (indicating an inferior fit) and different
parameter estimates (Table 1). While the matrix of vi-a has a
lower hydraulic conductivity compared to vi, the matrix of the
lower layer of viii-a has a higher hydraulic conductivity and
specific yield compared to viii.

Discussion

The model results indicate that this aquifer has at least two
domains with different aquifer properties. This finding is in
good agreement with the outcomes of Winkler et al. (2016a),
who used spring data as well as natural and artificial tracers to
show that the relict Schöneben rock glacier is a heterogeneous
aquifer with an assumed layered structure. Importantly, this
investigation indicates that both scenarios, one with a layered
internal structure and the other with an internal structure with
draining channels, can simulate the fast and slow groundwater
flow components that were shown to exist in the previous
studies (Wagner et al. 2016; Winkler et al. 2016a).
Moreover, the numerical modeling exercise supports the exis-
tence of a rather thin lower layer with low hydraulic conduc-
tivity, which might include channels with a high hydraulic
conductivity; however, the findings cannot give a clear pref-
erence to one of the investigated internal structures.

If both a layered structure and channels exist, the discharge
behavior is dependent on the extent of the channel network.

With a single channel (vii), the discharge is dominated by the
layered structure, and the channel only plays a subordinate
role (Fig. 5c,d). With a network of channels in the lower layer
(viii) the influence of the channels increases. Scenarios vii and
viii (Fig. 4) illustrate that both types of heterogeneity influence
the discharge behavior in a different way. The different extent
of the draining channels mainly affects the fit of the discharge
peaks and the short-term runoff after recharge events. In con-
trast, the base flow between the recharge events and the winter
base flow is similar in both scenarios and also similar to the
corresponding scenario without channels; therefore, the base
flow is dominated by the layered structure rather than by the
draining channels.

According to the conceptual model of the relict rock glacier
ofWinkler et al. (2016a) and drill core observations of Krainer
et al. (2015), the basal layer might represent morainic rem-
nants. As this layer was not detectable in the geophysical
investigations at the SRG, there is no information about the
lateral distribution and extension of this layer. Excavations at
the neighboring Hochreichart Rock Glacier showed that there
is a washed-out zone in the proximity of the spring that is
lacking fine-grained material (Untersweg and Proske 1996)
and therefore has a high hydraulic conductivity. Thus, it might
be reasonable to assume that this layer is not homogeneously
distributed across the aquifer. Assuming slow development
processes of a talus-derived rock glacier, preexisting water
flow paths or newly evolving ones will probably prevent sed-
imentation of fine-grained sediments or wash them out, there-
fore leaving a channel network of unknown extent between
patchily distributed sediment accumulations of lower hydrau-
lic conductivity. Graham et al. (2010) showed at excavations
of a hillslope watershed that a network of preferential flow
paths occurred at the soil-bedrock boundary, which was con-
trolled by the bedrock topography. Scenario vi shows that with
such a channel network even a single-layered model can re-
produce the discharge dynamics of the SEQ reasonably well,
and the fit of the simulated hydrograph could be even further
optimized by adjusting the number and extent of the channels.
Yet, this would suggest a matrix hydraulic conductivity of
about 10−4–10−5 m/s, which is in discrepancy with the geo-
physical investigations, suggesting coarse-grained sediments
based on seismic velocities. Moreover, fine-grained sedi-
ments, for instance from the development, evolution, and
movement of the rock glacier itself, are likely to exist as a
potential source of low conductive zones (e.g., Zurawek
2002; Hausmann et al. 2012).

As a saturated zone needs to exist within the rock glacier to
provide groundwater (especially base flow) for the spring, the
thickness of the saturated zone is estimated to be around 10–
15 m based on recession analysis but seems to be limited to a
maximum thickness of 19 m based on refraction seismic re-
sults (see Fig. 9 in Winkler et al. 2016a). However, as can be
seen in Fig. 5a, model setups containing thin lower layers lead
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to an underestimation of the base flow between the major
recharge events as well as during the winter base flow reces-
sion in the calibration period. Keeping in mind that the spe-
cific yield of the thin lower layers is always calibrated to 0.3,
which was specified as the upper limit of realistic values (see
Table 1), this result indicates that the storage of a thin lower
layer is not sufficient to reproduce the observed discharge
during base flow conditions, which might be related to the
simplified aquifer base topography of the model.

The comparison of the scenarios with differently shaped
aquifer bases in Fig. 6 shows that even though a large part of
the aquifer is identical (see Fig. 2), the different aquifer base
topographies and the resulting differences in aquifer thickness
cause changes of the discharge dynamics or the estimated aqui-
fer parameters. Because of the higher sediment thickness, sce-
nario ii shows a slower recession and higher base flow relative
to ii-a (Fig. 6a,b). Similarly, the lower thickness of the lower
layer of vi-a compared to vi (Fig. 2) results in a slightly faster
recession between the major recharge events. However, due to
the higher number of adjustable parameters in the more com-
plex scenarios (viii and viii-a), the effect of the different sedi-
ment thickness can be compensated by changes of the hydraulic
parameters; hence, the role of the base topography appears to be
more important in the less complex scenarios.

According to these results, for the SRG the modeled aqui-
fer base topography based on the extrapolated rock faces in
the eastern part of the model area seems more likely, because
the higher thicknesses result in a higher storage capacity,
which is preferable to simulate the observed base flow. The
estimated hydraulic conductivity of the SRG (Table 1) is in
good agreement with findings of Pauritsch et al. (2015) and
Winkler et al. (2016a). Nevertheless, the winter base flow
cannot be reproduced correctly in the calibration period with
either of the applied aquifer bases. Remarkably, the base flow
recession in the verification period is better matched by the
scenarios containing the thin base layer, but even here the
models tend to underestimate base flow at the late stage. The
observed winter base flow clearly deviates from a single ex-
ponential recession. In fact, from 10 days onward the reces-
sion is found to follow a power law (Winkler et al. 2016a).
The simulated recession curves also deviate from an exponen-
tial recession (which would be a straight line in the semi-log
plots shown in Figs. 5 and 6), but not as much as the observed
discharge. Conceptually, a fractal size distribution of storage
elements has been proposed to explain the power law reces-
sion of spring hydrographs (Hergarten and Birk 2007), which
suggests that the assumption of homogeneous layers might be
oversimplified and discontinuities should be considered. In
particular, the assumption of heterogeneous layers with spa-
tially varying thickness could provide a larger storage com-
pared with the model setups considered here and still be con-
sistent with the results from the geophysical investigations
that covered only parts of the aquifer.

Another explanation for the discrepancies of the simulated
and observed base flow might be the influence of the vadose
zone, which was not considered in the models; however, be-
cause of the coarse blocky debris and its low retention capa-
bilities, precipitation can instantaneously infiltrate through the
top layer of the rock glacier. Precipitation is therefore assumed
to quickly pass through the unsaturated zone to become
groundwater recharge. This is supported by the findings of
the tracer test conducted in 2012 (Winkler et al. 2016a), where
the tracer, injected at a distance of 350 m from the spring at the
surface of the rock glacier, was detected after 2–3 h at the
spring. In addition, Wagner et al. (2016) showed that param-
eters of a simple lumped-parameter model indicate a rather
fast transfer of seepage water towards the saturated zone
(time parameter x4 in Wagner et al. 2016). Furthermore, it
was assumed in the model that the contribution of the moun-
tain block recharge, i.e., groundwater flow out of the bedrock
of the contributing catchment into the rock glacier (e.g.,Welch
et al. 2012), is negligible in such a crystalline catchment with
an insignificant weathering zone. Assuming an additional
constant inflow from the bedrock (mountain block recharge),
a slightly better model fit to the winter base flow is conceiv-
able. However, as this would have little effect on the discharge
dynamics and as there is no data or field evidence of such a
flow component, such a more complex model was not consid-
ered herein.

More plausible explanations for the discrepancies of the
simulated and measured discharge might be unrealistic
initial conditions and/or underestimated recharge. The influ-
ence of the initial condition could be further reduced by ex-
tending the simulation to perennial time periods, but this
would require the introduction of a snow model, thus leading
to more adjustable parameters. An underestimation of the re-
charge might result from the general uncertainties in the mea-
surement of precipitation in alpine terrains. Wagner et al.
(2016) demonstrated that a lumped-parameter model is able
to simulate the perennial discharge behavior of the SRG rea-
sonably well, but only when additional water is considered
(water exchange coefficient x2 in Wagner et al. 2016) to com-
pensate for water balance deficits. In the numerical ground-
water model, such water balance deficits were not compensat-
ed and thus are likely to account at least partly for the devia-
tion of the simulated from the observed discharge. As a con-
sequence, the most complex model structures considered here
do not perform much better than the less complex models
(apart from the most simple single-layer scenario). A simple
lumped-parameter model as employed by Wagner et al.
(2016) therefore might be an appropriate choice for predictive
hydrological modeling. In this study, however, the modeling is
aimed at supporting the aquifer characterization, which re-
quires a process-based groundwater model.

In the absence of spatial information about hydraulic heads,
the calibration of the groundwater model solely relies on

380 Hydrogeol J (2017) 25:371–383



spring discharge and therefore leads to ambiguous results, in
particular with regard to the distribution of fine-grained sedi-
ments and preferential flow paths. Nevertheless, the results of
the present modeling study are helpful for the design of future
investigation and monitoring campaigns. As the installation of
piezometers is technically difficult and expensive, the use of
additional geophysics seems more beneficial. Based on the
outcome of the modeling scenarios, more precise information
about the distribution and thickness of the fine-grained sedi-
ments, which are assumed to exist as a thin (<19 m) layer at
the base of the aquifer, is paramount. For this task, additional
refraction seismic investigations with adjusted setups
(narrower geophone distance) seem to be particularly promis-
ing. In addition, an extension of the previously conducted
investigation towards southeast would be of great help, as this
area appears to provide the highest thickness of the sediments
and, thus, potentially high storage that may account for the
observed recession base flow.

There are several other methods that could be envisaged for
future investigations, but each of them has some drawbacks
that need to be considered as well. Additional ground-
penetrating radar measurements (GPR) can be applied consid-
ering varying frequencies (especially lower ones) to improve
the existing data. Similar results related to challenging GPR
data were shown byMerz et al. (2015) who addressed the high
level of noise (especially in areas with low ice contents) to
interferences caused by the boulders of the surface layer and
shallow heterogeneities; however, they have shown that air-
borne ground-penetrating radar (antenna mounted on a heli-
copter) greatly improves the quality of the data. Also other
airborne geophysical methods such as frequency-domain or
time-domain electromagnetics might help to gain further in-
sights; nevertheless, all airborne methods prefer constant ele-
vation above ground (De Barros and Guimaraes 2016), which
can be challenging in alpine terrain. Electrical resistivity to-
mography might be a cost-effective solution, but the coarse
blocky material at the surface of relict rock glaciers results in a
weak electrode coupling to the ground. Furthermore, the ex-
tended, air filled voids, and the lack of mineral soils or ice lead
to weak electrical contacts between the individual blocks
which makes the application of this method rather challenging
(Hilbich et al. 2009; Kellerer-Pirklbauer et al. 2014); however,
capacitively coupled resistivity methods, which use an alter-
nating current across a transmitter-earth capacitor, can be used
as an alternative to overcome these (Hauck 2013).

Thus, characterizing the hydrogeological properties and
functioning of rock glaciers remains a challenging but impor-
tant task. Rock glaciers represent significant aquifers in alpine
catchments and are the source of many important water basins
(e.g., Wagner et al. 2016). Furthermore, high heavy metal
concentrations within the melt water of an active rock glacier
recently reported by Krainer et al. (2015) illustrate the vulner-
ability of these aquifers to contamination. In addition, rock

glaciers are potentially affected by impacts of the future global
warming. Assessing groundwater flow and transport process-
es in a changing environment is particularly challenging.
While purely empirical models are considered inadequate for
accomplishing this task (e.g., Rehrl and Birk 2010), further
progress in the hydrogeological characterization of rock gla-
ciers is needed to reduce the ambiguity of the calibration of
process-based distributed models. The afore-mentioned find-
ings provide a guideline towards the further investigation of
the rock glacier considered here that can likely be transferred
to similar settings elsewhere.

Conclusions

Anumber of model scenarios representing the relict SRG have
been elaborated using a numerical groundwater flow model.
Several scenarios differing in the internal structure and the
topography of the aquifer base were considered to indicate
the major features that control the discharge behavior of the
rock glacier spring. The results of this modeling study con-
verge to a consistent conceptual understanding of the hydro-
logical functioning of the rock glacier. It has been found that
two aquifer components are necessary to account for the ob-
served discharge behavior: a highly conductive layer and/or
channel network controlling the fast and flashy spring re-
sponses to recharge event, as opposed to less conductive sed-
iment accumulations sustaining the long-term base flow.
Despite the ambiguity of the specific implementation, the pa-
rameter estimates obtained from the model calibration provide
order-of-magnitude estimates of the hydraulic properties of
these two components. The hydraulic conductivity of the
highly conductive component is found to be on the order of
10−2–10−3 m/s, whereas the hydraulic conductivity of the low-
conductivity elements is about three orders-of-magnitude less.
The specific yield of the high-conductivity elements varied
between the different model setups. Assuming a low-
conductivity layer at the aquifer base covering 20 % of the
total thickness, the specific yield of this layer is consistently
0.3, which corresponds to the upper limit assumed to be plau-
sible. As the long-term base flow is underestimated bymost of
the model scenarios, the specific yield or the thickness of this
layer might be even larger than assumed here.

The topography of the aquifer base is found to have an
impact on the discharge behavior particularly when a simple
internal structure is considered. If more complex aquifer struc-
tures with a high number of adjustable parameters are
employed, changes in the topography can be compensated
by the adjustment of other parameters. This ambiguity can
only be resolved if additional data are included as constraint
on the aquifer properties and internal structure (especially fur-
ther geophysical investigations) or as additional calibration
target (e.g., hydraulic heads).
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The Schöneben Rock Glacier in the Niedere Tauern Range,
Austria, is one example of a relict rock glacier and its hydro-
logical functioning might be representative for other relict
rock glaciers as well. Thus, the insights obtained herein will
have implications for intact rock glaciers in the course of cli-
mate warming and future investigations of contaminant trans-
port in rock glaciers. As such, studying the discharge behavior
of relict rock glaciers (and other alpine debris accumulations)
contributes largely to a better understanding of the complex
hydrological processes in alpine regions and of their contribu-
tion to the fragile ecological systems in such environments.
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