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ABSTRACT
In Alpine karst aquifers, snowmelt plays a crucial role in groundwater recharge, yet the processes governing water flow through 
the soil and epikarst into the vadose zone and to the phreatic zone remain poorly understood. This study aims at shedding some 
light on paths and mechanisms for infiltration, flow, and accumulation of snowmelt in comparison to rainwater in karstic sys-
tems. In particular, we present results for the upper vadose zone of the Hochschwab karst massif (Eastern Alps, Austria), a crucial 
water source for the capital of Vienna. We combined geophysical and hydrological methods to distinguish different infiltration 
processes. Data were collected at a cave (1896 m above sea level) over 3 weeks in March and April 2024, during which 12 infiltra-
tion events were observed—nine through diurnal cycles of snowmelt and three mixed with effective rain. Additionally, dry and 
wet conditions in the following summer were monitored to provide a seasonal comparison of infiltration dynamics. Monitoring 
included cave drip water at a V-notch weir (discharge, electrical conductivity, and temperature), soil moisture measurements at 
depths of 5–30 cm, and electrical resistivity tomography (ERT), utilising 96 electrodes between the cave ceiling and the surface. 
Measurements at the weir in the cave indicate higher flow rates during heavy precipitation than during snowmelt, while the ERT 
images show the highest saturation during snowmelt, especially in the bedrock. Hence, results show that snowmelt primarily 
leads to diffuse recharge, with an overall increase in the saturation of the epikarst and rock, while rain events demonstrate a 
quick recharge pattern. These findings emphasise the importance of snowmelt as a diffuse recharge source contributing to water 
storage and underline that the integration of multiple sensors is crucial for understanding the variability of recharge processes in 
Alpine karst systems under different meteorological conditions.

1   |   Introduction

Karst aquifers are of great importance for drinking water sup-
ply worldwide (Goldscheider et  al.  2020; Stevanović  2019), yet 
developing accurate hydrogeological models to predict their 
response to changes in meteorological conditions is challeng-
ing due to their dual porosity. While water flow through large 
fissures and fractures represents the rapid flow (e.g., Ford and 

Williams 2007; Hartmann et al. 2021), slow percolation of water 
through the matrix enlarges the residence time of water in karst 
systems and enhances the time for natural purification (Einsiedl 
et al. 2009; Reberski et al. 2022). Data from karst springs is often 
used to quantify the dual porosity flow by applying hydrological 
models. Different zones of karst aquifers (i.e., the soil cover and 
epikarst, the vadose zone, and the phreatic zone) have different 
physical characteristics (e.g., De Waele and Gutiérrez 2022; Ford 
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and Williams 2007) and up to date, the actual parameters con-
trolling the water flow in karst aquifers are still poorly under-
stood and highly dependent on the regional karst system (e.g., 
Hartmann et al. 2014).

The soil and epikarst (uppermost weathered zone of the bed-
rock) can vary significantly from region to region and its devel-
opment is decisive for water flow in the karst system (Hartmann 
et al. 2021; Klimchouk 2004; Williams 2008). Understanding the 
relationship between epikarst and soil is crucial for water flow 
and storage (Meeks and Hunkeler 2015). Speleological investi-
gations provide direct observations in the vadose zone and caves 
with dripping water can act as a large natural lysimeter. Some 
studies analysed cave dripping water for the characterisation of 
the upper vadose zone, where storage potential (Liu et al. 2016; 
Meeks and Hunkeler 2015; Perrin et al. 2003; Poulain et al. 2018) 
as well as quick responses (< 10 min) to rain events were ob-
served (Kaminsky et  al.  2021). Thus, the soil and/or epikarst 
has a high potential for water storage (Arbel et al. 2010; Meeks 
and Hunkeler 2015; Trček et al. 2006; Williams 2008) and the 
storage capacity could be more significant than storage in the 
underlying phreatic zone (Perrin et al. 2003; Klimchouk 2004). 
Hence, the development and origin of the epikarst are of crucial 
importance, and attributes a high porosity, permeability and 
storage capacity to a soil-covered mature epikarst.

To study the epikarst, hydrographic or hydrochemical moni-
toring in the upper vadose zone, for example, of drip water in 
caves in combination with pedological monitoring, such as soil 
moisture, is often a valuable source of information (Berthelin 
et  al.  2023; Ries et  al.  2015). However, due to the strong het-
erogeneity of karst areas, other methods with a higher spatial 
resolution are necessary to fully capture the variations of water 
storage in the upper vadose zone.

Geophysical techniques can provide quasi-continuous infor-
mation about the properties of the subsurface, permitting the 
delineation of structures with higher spatial resolution than 
“point-scale” investigations such as hydrological measurements 
or the analysis of soil and water samples (e.g., Binley et al. 2015; 
Şener et  al.  2021). The electric resistivity tomography (ERT) 
provides information about the electrical resistivity of the sub-
surface, which is controlled by the porosity, the saturation, the 
water (fluid) electrical conductivity (σw) and the interfacial con-
ductivity, which takes place at the grain-water interface (e.g., 
Slater et  al.  2006). Monitoring applications, where changes in 
porosity, fluid and interfacial conductivity can be neglected, per-
mit determining the temporal evolution of the water saturation 
in a study area (Kemna et al. 2002; Perera-Burgos et al. 2024; 
Zhang et  al.  2024). Several studies used ERT monitoring to 
characterise water infiltration in karstic systems (Carriere 
et  al.  2015; Carrière and Chalikakis  2022; Houser et  al.  2016; 
Watlet et  al.  2018) and water flow in cave conduits (Martel 
et al. 2018; Robert et al. 2012). Watlet et al. (2018) reported an 
increased resistivity in spring and summer and a decrease in 
resistivity, associated with groundwater recharge of the vadose 
zone, in winter at the Rochefort Cave Laboratory (Belgium). 
However, to the best of our knowledge, the investigation with 
geophysical methods of water recharge due to snowmelt has 
not been addressed to date in high Alpine karst. In Alpine 
karst aquifers, the snowmelt water recharge is critical for the 

total annual discharge and occurs mainly in spring (Brussolo 
et  al.  2022; Lorenzi et  al.  2022; Plan et  al.  2010; Tague and 
Grant 2009). Hence, the water flow and storage due to different 
recharge processes, especially snowmelt, have often been stud-
ied at springs (e.g., Cochand et al. 2019; Fan et al. 2023; Reisch 
and Toran 2014; Zeydalinejad et al. 2024), but rarely in-depth for 
the epikarst. Two studies in pre-Alpine karst revealed contradic-
tory results. Meeks and Hunkeler  (2015) found that prolonged 
periods of snowmelt promote perched storage in surficial soils 
and encourage surficial, lateral flow to preferential flow paths, 
whereas Eeckman et al. (2024) found that snowmelt infiltrates 
hardly below 30 cm depth. Inconsistencies in various studies 
indicate that the infiltration mechanisms within the epikarst 
are highly dependent on the study site and need to be further 
assessed. The integration of hydrological, pedological and ERT 
monitoring allows a common interpretation of the infiltration 
processes in the epikarst through a different spatial resolution.

The objectives of our investigations are (1) to understand the 
flow dynamics of snowmelt infiltration, namely the partition-
ing between water storage and flow; and (2) to investigate the 
changes in storage and discharge characteristics during differ-
ent phases of the hydrological cycle, including snowmelt, dry 
periods, and after precipitation. Therefore, we present monitor-
ing results for the infiltration of snowmelt (over 3 weeks). In ad-
dition, summer monitoring was carried out under dry and wet 
conditions for comparison. A high-resolution multi-sensor ap-
proach was chosen in order to best capture the complexity of the 
karst system. The study was carried out in a cave located in an 
Alpine, karstic environment at an altitude of 1896 m above sea 
level (a.s.l.) in Austria.

2   |   Materials and Methods

2.1   |   Study Area

The Hochschwab massif, 80 km southwest of Vienna in the 
Austrian state of Styria, is one of the extensive karst plateaus 
of the Northern Calcareous Alps (Plan  2016) with an area of 
650 km2 and the peak at 2277 m a.s.l. It represents the most im-
portant aquifer for Vienna's water supply. The climate is Alpine 
with annual average temperatures of 1.9°C, a sum of 2376 mm 
annual and 556 mm winter precipitation, and 58 days of snow-
storm at the cave (1896 m a.s.l., reference period 1971 to 2000 
after Land Steiermark 2024). The snowpack at the catchment 
is affected by wind, similar to the wind at Eismauer (Figure 1), 
leading to a wind-packed snow cover with spatial differences. 
The wind transports the snow mainly in hollows and dolines, 
where the wind-packed snow can remain until late spring. The 
south-facing slope causes the remaining snow to melt quickly. 
As a result, the snow cover in the catchment area varies strongly 
spatially, with intermittent snowpacks at many locations and 
persistent snow cover in areas where wind drifts occur. Long-
term observations based on cave research over the last 20 years 
have never shown a continuous snow cover of more than 10 cm.

Due to its high importance for water supply, the Hochschwab 
became an intensely studied karst massif during the last de-
cades (e.g., Exel  2014; Kaminsky et  al.  2021; Kuschnig  2001; 
Plan et al. 2009). The geology of the Hochschwab is dominated 
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by Triassic carbonate rocks and the most common lithologies 
are limestone and dolomite of Wetterstein formation reaching 
up to 1.5 km in thickness (Bryda et  al.  2013). The present-day 
landscape has been profoundly shaped by a complex multi-
phase tectonic evolution, karstification, and the Pleistocene 
glaciations (Bauer et  al.  2016; Bryda et  al.  2013; Mandl  2000; 
Plan and Decker 2006). Plan et al.  (2009) have shown that re-
juvenation of the karst surface due to glacial erosion influences 
the infiltration and storage of water and vulnerable zones are 
delineated. In glacial cirques and similar areas, the surface is 
less than 20 ka old and the lack of a soil and epikarst layer leads 
to marginal storage (Kaminsky et al. 2021). In contrast, where 
palaeo-landscapes have been preserved on elevated sites that 
have emerged from the ice cover, such as modern Nunataker, 
a much thicker soil and epikarst layer allows for storage and 
less rapid infiltration (Exel et al. 2016; Plan and Decker 2006; 
Zemann 2024).

The 5.5 km long cave is an at least 5 Ma old karst cave formed 
under phreatic conditions. It was uplifted 1.3 km above the 
present base level and was intersected by the surface of a 
palaeo-landscape. This cave was chosen as a study site be-
cause the sub-horizontal cave passages near the entrance 
(Figure  2) offer the possibility of investigating changes in 
water saturation in the soil, epikarst, and upper vadose zone 
using ERT monitoring. Inside the cave, drip water has already 
been monitored for several years. The palaeo landscape is less 
overprinted by glacial erosion, resulting in a soil cover with 
a thickness of up to 40 cm. The cave opens at 1896 m a.s.l. 

(Figure  1) above the tree line in Dachstein limestone and 
dolomite. For the first 50 m, the cave passages extend sub-
horizontally into the mountain, while the surface above the 
cave rises with a slope of around 35%, resulting in a rock over-
burden of up to 28 m (Figure 2). The palaeo surface contains 
a soil cover with a well-developed epikarst layer followed by 
the bedrock of the vadose zone. A detailed geological and 
pedological description of the cave and its surrounding area 
is provided by Djukic et  al.  (2010), Exel et  al.  (2016), Plan 
et al. (2019), and Zemann (2024).

2.2   |   Field Setup, Data Source and Processing

2.2.1   |   Measurements Outside the Cave

A meteorological station has been installed above the entrance 
to a cave (Figure 2c) to measure precipitation (P) and tempera-
ture (T) at 5-min intervals. P is measured by a tipping bucket 
rain gauge. Thermometers measure the air and ground T at a 
depth of 3 cm using one sensor in the gravel and one sensor in the 
soil. Additionally, soil T was measured along with the volumet-
ric water content (HOBO Pendant Logger, resolution ±0.04°C). 
Snow depth (ultrasound measurement) was provided by MA31 
Wiener Wasser from the meteorological station “Hochschwab 
Sonnschienalm” at 1524 m a.s.l. and 4 km SW from the study 
site. The wind speed data for the Hochschwab/Eismauer loca-
tion are provided by GeoSphere Austria (Figure  1). The slope 
above the cave is exposed to the predominant wind from the 

FIGURE 1    |    Position of the study area in the Alpine region of the Hochschwab plateau with the cave and meteorological stations (Coordinates: 
UTM 33N).
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west, increasing the uncertainties in the meteorological data. A 
simple approach from Oudin et al. (2005) was used to compute 
potential evapotranspiration (ETp). It considers air temperature 
and global radiation and has already been successfully applied 
by Wagner et  al.  (2013) and Kaminsky et  al.  (2021) in a karst 
catchment. Effective precipitation is defined as > 2 mm during 
the snowmelt monitoring (P-ETp).

Volumetric water content (VWC) is measured at three locations 
above the chimney in the cave (Figure 2), using five TEROS 10 
(measures only VWC) plus separate T sensors and one TEROS 12 
sensor (Figure 2b; accuracy with generic calibration ±0.03 m3/
m3). TEROS 10 was buried at location 1 at 20 cm depth, loca-
tion 2 at 5, 20, and 30 cm depth, and location 3 at 5 cm depth 
(locations are shown in the Figure  S1). At location 3, TEROS 
12, which measures T and electrical conductivity (EC) in addi-
tion to VWC, was buried at 20 cm. The upper soil sensors (in 
5 and 20 cm depth) can be attributed to the soil profile 1 from 
Exel (2014) which is mainly characterised by clay and silt with 
a high humus content and slightly acid pH (5–6.6). Only at lo-
cation 1 can the sensor at 20 cm be attributed to soil profile 2 
from Exel  (2014) with an alkaline sandy-silty soil. The third 
sensor at location 3 (35 cm depth) was installed close to the soil-
rock interface where gravel occurred. Further details on the 
soil characteristics and profiles from sensor installation can be 
found in Exel (2014) and Zemann (2024). Wet and dry conditions 
are defined as the minimum and maximum of the VWC at each 
sensor.

2.2.2   |   Measurements Inside the Cave

Drip water from a chimney with 7 m of overburden at its nar-
row top is collected with a plastic sheet and channelled into an 
acrylic glass box, with a v-shaped notch acting as a Thompson 
weir (Exel 2014, Figure 2d). Pressure head, T, and EC are mon-
itored in a 5-min interval with a multiparameter pressure rod 
(KELLERTM 36XW-CTD; EC accuracy of ≤ ±2.5%; T with ac-
curacy of ≤ 0.1°C for the pressure head). To quantify low dis-
charge (Q) with high resolution, a tipping bucket rain gauge 
was installed under the outlet of the weir and used additional to 
hand measurements to correlate to the Q rate. The total water 
volume during each hydrological event of interest was summed 
up (called “Q total volume”) and, in addition, the event volume 
was calculated, which corresponds to the total volume minus 
the base flow (called “Q event volume”). A smaller chimney 
nearby with an overburden of 13 m at its narrow top, and a 
significantly lower Q, was also equipped with a plastic sheet, 
to collect the drip water and measure Q with another tipping 
bucket rain gauge. Air temperature in the cave was measured at 
the weir with one Niphargus logger (resolution ±0.01°C, Burlet 
et al. 2015).

2.2.3   |   Geophysical Measurements

ERT monitor differences in water saturation in the subsoil 
during the snowmelt period of 3 weeks, with an interval of 7 h, 

FIGURE 2    |    Schematic section of the area near the entrance to the cave with all sensors including photographs: (a) the doline cave entrance with 
a diameter of 9 m; (b) six volumetric water content sensors that were placed in the soil; (c) rain gauge (measures liquid precipitation); (d) measuring 
weir; (e) a second rain gauge measures drip water in a second chimney; and (f) a polygon symbolises the ERT electrodes.
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resulted in 71 time lapses. The electrical conductivity (σ) of the 
subsurface is controlled by three conduction mechanisms (e.g., 
Niggli  1948): Matrix conduction is negligible in media with-
out electrical conductors (i.e., metals) and is not considered in 
this study. Electrolytic conduction (σf) refers to the migration 
of electrical charge through the water present in the pores and 
fissures (i.e., the ions dissolved in the electrolyte filling the pore 
space) and depends on the porosity, water saturation and con-
centration as well as charge and mobility of the ions. Surface 
conductivity (σs) refers to the accumulation and polarisation 
along the electrical double layer formed at the grain-liquid in-
terface and depends on surface area and surface charge of the 
grains. Electrical conductivity is the inverse of the electrical 
resistivity (ρ = 1/σ), which is used in this study. In the case of 
karstic environments, typical geological materials of the host 
rocks (e.g., limestones and dolomits) are associated with a wide 
range of electrical resistivity values (0.05 < ρ < 10 000 kΩm, e.g., 
Reynold 1997), strongly influenced by water saturation.

Galvanised steel screws (6 cm long, for 6 mm holes) act as elec-
trodes and are used to attach the cable to the cave walls or ceiling 
(Figure 2f). The coordinates of the 96 electrodes were recorded 
using a DistoX (Heeb 2014). For the collection of the ERT mea-
surements, we used a Lippmann 4-point light instrument, per-
forming measurements in a dipole–dipole configuration with 
2025 quadrupoles. For the forward modelling of the data, we 
used CRTomo (Kemna 2000). This is an iterative smoothness-
constraint inversion algorithm and is controlled by specifying a 
confidence level given by the data error. In CRTomo, the inver-
sion stops when the modelled resistances are equal to the mea-
sured resistances weighted by the associated error parameter, 
that is, when the error-weighted RMS (root-mean-square error) 
is equal to one. CRTomo uses a linear relationship between the 
measured values (R) and their errors (sR):

where a is the absolute error (in Ω), relevant for low resistance 
values and b is a relative error (in percent), important for higher 
resistance values (LaBrecque et al. 1996). As reciprocal readings 
were not feasible due to limited time during the monitoring, 
outliers were identified by means of the analysis of histograms 
(e.g., Flores Orozco et  al.  2018), which represent the distribu-
tion of the recorded data. The examination of the histograms 
of all 71 measurements (t1–t71) has revealed a common thresh-
old value of 250 Ω for the maximum accepted resistances, with 
all readings exceeding this considered as outliers. To make all 
measurements comparable, the quadrupoles present in all 71 
measurements were extracted, resulting in a total of 451 quad-
rupoles. The best results after inversion (resulting in an RMS 
equal to 1) for all profiles were achieved defining a relative error 
of 40% and an absolute error of 2 Ω. In this study we blank out 
model parameters in the imaging results with a cumulative sen-
sitivity that is 2 orders of magnitude smaller than the largest cu-
mulative sensitivities (e.g., Weigand et  al.  2017; Flores Orozco 
et al. 2013).

As ERT measurements are highly dependent on T (e.g., Hermans 
et al. 2014; Caterina et al. 2017; Fäth and Kneisel 2024), all mea-
surements were corrected to a common T of 10°C, using the 
measured T at a soil depth of 3 cm: �t = � ⋅ (1 + � ⋅ (T − 10)), where 

�t corresponds to the resistivity at 10°C and α was chosen as 
0.025 according to Ward (1990). As the data are T corrected and 
a change in the properties of the subsoil (i.e., porosity, properties 
of grains, …) within a few weeks can be neglected, we interpret 
any changes in the imaging results to be attributed to the degree 
of water saturation.

ERT imaging results in 2D images of the subsurface resistivity 
between the cave and the surface. We divided these images into 
three zones (Figure  2). The soil zone is approximately 2–3 m 
deep and includes the soil layer and the uppermost part of the 
more weathered and fractured zone (epikarst). The cave zone 
corresponds to the fractured zone near the ceiling of the cave in 
the upper vadose zone. The bedrock zone is defined as the region 
in between, which belongs to the upper vadose zone and consists 
of the porous bedrock and conduits (dual flow system).

3   |   Results

3.1   |   Data Overview

The measurements between February to mid-August 2024 were 
carried out in a relatively mild winter, with high winter T in 
February (at Hochschwab avarage T was 4°C higher than the 
annual average between 1991 and 2020) and a significant T drop 
in mid-April (Figure 1). During the snowmelt monitoring, snow 
together with three effective rain events (at the rain gauge) could 
be observed (Figure 3). In spring and early summer, there were 
an exceptionally high number of P events, resulting in a rainy 
June. In July and August, longer dry periods alternated with 
heavy P, accompanied by exceptionally high T, leading to the 
warmest August in measurement history in the lowlands and 
in the mountains of Austria (Geosphere Austria 2024) with an 
average T of 12°C at the cave.

In February and March, soil T (20 cm) was around 0°C and in-
creased at the beginning of April. VWC sensors at different loca-
tions and depths show the same trend, but different amplitudes 
(content variations due to soil properties) and response times 
to events. At each location, the response to the event is delayed 
with increasing depth. VWC is given and discussed for location 
2 at 5 cm depth as an example, VWC varies between 0.28 and 
0.55 m3/m3 representing dry and wet conditions, respectively.

In the cave, T below freezing were observed and resulted in a 
freezing of the weir causing a gap in the time series of Q and 
EC at the beginning of March (Figure 3). At the weir, minimal 
Q of 0.3 mL/s was observed during winter and after long dry 
periods. The snowmelt infiltration started at the beginning of 
March, whereby snowmelt infiltration resulted in lower Q (up 
to 40 mL/s and a mean discharge of 5 mL/s during the snow-
melt monitoring) compared to heavy rain events with a max-
imum of 1440 mL/s at the weir. Between April and August, 
the mean Q is 10 mL/s and 10 rain events resulted in Q above 
100 mL/s. During the entire investigation period (February to 
August), 515 m3 of water was fed into the karst system via the 
discharge station in the cave, of which only 47 m3 could be 
attributed to daily fluctuations in snowmelt. Snowmelt thus 
accounts for about 10% of the discharge at the measuring weir 
during this investigation period from February to August. 

sR = a + bR

 10991085, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.70212 by T

echnische U
niversitaet W

ien, W
iley O

nline L
ibrary on [17/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 15 Hydrological Processes, 2025

Less water was collected in the second chimney and the av-
erage Q was 1.3 mL/s (0.06–9 mL/s) but the trend is similar 
to the measurements at the main chimney. EC fluctuations, 
with a mean of 262 μS/cm during snow melt and rain phases, 
suggest that freshly infiltrated water also arrived and not 
only stored water from previous events. The mean water tem-
perature was 2°C and increased significantly with heavy rain 
events to a maximum of 5.8°C.

3.2   |   Snowmelt Monitoring (March/April 2024)

Continuous monitoring of snowmelt was conducted during 
the longest snowmelt period at the cave in 2024, which 
lasted about 3 weeks (Figure  4). The snow depth at the 
Sonnschienalm (weather station at 1524 m) showed a con-
tinuous snow cover (Figure  3). However, it is assumed that 
the amount of fresh snow in the catchment area is less than 
50% of the fresh snow at the Sonnschienalm station due to 
the high wind drift potential in the catchment area (Figure 3, 
wind speed at Hochschwab/Eismauer). Regular visits to the 
case study area during the monitoring period (Figure 5, grey 
arrows) showed partial snow cover of the study area (similar 
to Figure  5a) with similar patterns to those observed at the 
weather station on the Sonnschienalm. At the beginning of 

the monitoring (March 17), the snow depth was on average 
5–10 cm (field observation), while at the Sonnschienalm sta-
tion it was 80 cm. This decreased continuously until March 
23, followed by fresh snow resulting in a higher snow depth 
(10 cm) on March 27. The snow depth continuously decreased 
until April 8 and there was still snow in some dolines during 
the last fieldwork (April 8). A rough estimation of the total 
snow depth (beginning of monitoring plus 50% of fresh snow 
amount at Sonnschienalm station) of 20 cm, a catchment size 
of 60 m2 and a density of 350–400 kg/m3 for wind packed snow 
(Paterson 1994) results in a total snow water equivalent (SWE) 
of 4.2–4.8 m3 during the snowmelt monitoring period.

Table 1 shows the total discharge volume of each event at the 
weir, the event volume (total discharge minus baseflow) and, 
to distinguish between snowmelt and P, the estimate of the 
P contribution during snowmelt (P fraction of Q). The water 
volume of P was calculated based on the size of the catchment 
(60 m2 according to Zemann 2024), and the remaining event 
water is assigned to snowmelt. Daily air temperature cycles 
correspond to the daily variation of discharge with short time 
lags of the peaks. Event 7 (Figure 4) is such a snowmelt event 
as no precipitation occurred. For snowmelt, the typical Q 
event volume varies between 38 and 430 L, while mixed events 
(snowmelt and precipitation) fluctuate more. The sum of the 

FIGURE 3    |    Time series for precipitation (black), temperature (air at the meteorological station at the cave, gravel at 3 cm depth, soil at 20 cm 
depth, and air in the cave close to the weir), volumetric water content, discharge (Q, the top of the peaks above 100 mL/s were cut off and marked 
with ≠), water electrical conductivity (EC) and temperature of the water at the weir (Tw); and discharge at the second chimney. Snow depth is 
monitored at the Sonnschienalm station and wind speed at Hochschwab/Eismauer station. The period of ERT snowmelt monitoring is shown in 
grey. The blue and orange dotted lines indicate the time of ERT measurements during the summer monitoring.
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snowmelt event volume during the entire snowmelt monitor-
ing was 5.4 m3, which is slightly higher than the assumed SWE 
of 4.2–4.8 m3 based on meteorological assumptions. With the 
increase of air T, P also occurred next to the snowmelt, lead-
ing to significant increases in discharge at event 5 (March 
28) and 10 (April 5). Due to the wind (up to 40 m/s) during 
events 5 and 10, P measurements may be incorrect here, and 
a clear distinction between P and snowmelt is uncertain. In 
event 5 (Figure 4), 13 mm of P contributes to 43% of Q volume, 
whereas for event 10, 4 mm of P results only in 8% of the total 
Q volume. P cannot be clearly categorised for the first two 
events, as P occurred just before the second event (Figure 4), 
but its hydrological response at the weir (Q, EC, and water 
T) matches the response during snowmelt. A typical response 
to snowmelt at the weir results in discharge fluctuations be-
tween 2 and 15 mL/s, a slight decrease in EC, and an increase 
in water T (Table 1 and Figure A2). The VWC usually starts to 
increase 2 to 4 h before the observed increase in discharge at 
the weir, except for events influenced by P.

The ERT monitoring (Figure 5) generally shows good agree-
ment with the hydrological measurements. Under dry con-
ditions (e.g., March 20 or 26) there is a clear maximum in 
resistivity, while resistivity decreases as conditions become 
wetter. The ERT snowmelt monitoring shows a continuous 
saturation in the studied area over the entire period, espe-
cially in the bedrock zone (Figure 5). Snowmelt water infiltra-
tion due to diurnal T cycles can be observed in the resistivity 
and also in the Q and VWC (Figure  4). At the beginning of 
the ERT monitoring, no new snowmelt water infiltrated due 
to a cold front, which led to a short-term increase in resistiv-
ity (t6). After t6, temperature increased and led to snowmelt 
until t17 (March 23). The next recharge event was snowmelt in 

combination with rain on March 28, resulting in an increasing 
water saturation of all zones with daily snowmelt events until 
April 2. With the rising T on the following day (t55), water 
infiltration could be observed again and led according to the 
ERT to a similar saturation of the bedrock zone as on April 
2, and the maximum saturation of the bedrock zone without 
the influence of rain was reached (Figure  5, t55). A further 
increase in saturation of the bedrock zone is associated with 
rain in addition to the snowmelt, resulting in a minimum re-
sistivity on April 5 corresponding to the maximum water sat-
uration in all zones (Figure 5). The extreme increase in Q is 
due to P, and faster snowmelt caused by higher T (Figure 4). 
The comparison between the total P and the total Q at the 
measuring weir shows that this P event (10) only accounts for 
8% of the Q. The higher saturation in the bedrock and in the 
epikarst before event 10, and the continuous increase in re-
sistivity during the event, especially in the bedrock zone, can 
explain that a large fraction of the discharge comes from the 
stored water. The maximum saturation in the bedrock zone 
lasts for 42 h.

The cave zone shows low fluctuations in the mean resistivity from 
March 28 (Figure 5). This suggests that the cave zone has reached 
its maximum possible saturation during the observation period. 
Here the cave zone is continuously recharged with water from 
the bedrock zone. The mean resistivity of the soil zone generally 
shows a faster response to events and only short-term trends to-
wards higher saturation (e.g., between March 29 and April 1). The 
abrupt rise in the mean resistivity on April 7 (Figure 5, t64 to t65, 
red arrow) marks the end of snowmelt along the ERT profile, while 
VWC and Q show that there are still some areas where snowmelt 
is occurring. As T rises, the soil zone, as well as the bedrock zone, 
but not yet the cave zone, begins to dry out.

FIGURE 4    |    Discharge measurement (blue line) at the weir of the main chimney, volumetric water content (blue dashed line) at location 2 in 5 cm 
depth, air temperature (red dashed line) and soil temperature (20 cm depth, red line), mean resistivity (each ERT measurement takes 3 h, green dots) 
and precipitation (black bars). In total, 12 discharge events are differentiated (background colours and blue numbers) and the ERT images given in 
Figure 6 (t6, t17 and t55) are marked (green circles).
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8 of 15 Hydrological Processes, 2025

3.3   |   Summer Dry/Wet Conditions

In summer, two P events with varying intensities and a dry 
period were investigated in detail (Table 2). The P events were 
distinguished by their distinct characteristics. The first one (on 
June 13) marked the end of a 14-day period of rain; the second 
was a heavy summer thunderstorm. The wet events show in-
creased VWC values of 0.43 and 0.45 m3/m3, which are above 
the mean (0.43 m3/m3) and close to the upper 10th percentile 
(0.47 m3/m3). In total, 10 and 2 days before the event in June, 
162 mm and 18 mm of P (characterised by heavy and light rain 
over several hours) were observed (Table  2). During the ERT 
measurement (in June), light rain continued, but VWC and Q 
had already begun to decline from their peak levels (Figure 3). 
The EC of the water at the weir was increasing, indicating that 
no fresh rainwater was infiltrating (Figure  3). From the com-
parison with the snowmelt monitoring (Figure 5) it can be con-
cluded that the soil zone and the cave zone were slightly, and the 
bedrock zone clearly less saturated than the maximum satura-
tion reached during the snowmelt period.

On August 2, the second wet monitoring was carried out at the 
cave during a heavy rainfall event with a total P of 26 mm/d (the 
Sonschienalm meteorological station showed P sum > 60 mm/d). 
There was no effective P (> 2 mm) for 10 days prior to this event. 
Discharge responded very quickly (< 30 min) to the P, up to a 
maximum of 1.1 L/s, and the lowest EC (91 μS/cm) of the weir 
water, illustrating the fast flow component in the karst. ERT 
monitoring was conducted before the event (July 31) and within 
the falling peak of the Q (35 mL/s). The VWC was 0.43 m3/m3 
on average during the ERT monitoring (Table 2). In contrast to 
the June event, the soil zone showed a higher level of saturation, 
while the cave and bedrock zones did not reach the same level of 
saturation as during the snowmelt period.

Dry monitoring was carried out on July 31 with no effective rain 
falling for 7 days. The dry conditions are also indicated by the 
low Q (0.3 mL/s) and VWC of 0.31 m3/m3, which is below the 
lower 10th percentile (0.36 m3/m3) of the measured values in the 
time series. Also, the ERT monitoring shows low saturation in 
all three zones.

FIGURE 5    |    Surface conditions at the beginning (a) and end (b) of the snowmelt monitoring period are shown in the two photos. Trend of mean 
resistivity in the three zones during snowmelt as well as for the three summer events (c). The red arrow indicates the time when the snowmelt 
stops at the ERT profile. Green lines give the dates of the three shown resistivity images and grey arrows mark the times, where snow cover depth 
was checked in the field. The cave entrance is at the position of the lower person in Figure 5a, a detailed overview of the sensor position is given in 
Figure S1.
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10 of 15 Hydrological Processes, 2025

3.4   |   Comparison of Water Infiltration Processes

Figure 6 shows spatial saturation variations with the ERT im-
ages for three snowmelt and three summer events. For both, we 
show one image under dry and two under wet conditions. An 
animation of all ERT snowmelt monitoring images is given in 
the Supporting Information: S2. Figure 6 reveals the following 
three units: (i) low resistivity values (ρ < 1 kΩm) mainly cor-
responding to the soil at the surface; (ii) intermediate to high 
resistivity values (1 < ρ < 30 kΩm) show fractured zones below 
the surface as well as at the cave walls and ceiling; (iii) high re-
sistivity values (ρ > 30 kΩm) correspond to the mainly compact 
rock body, where small changes in resistivity can be attributed 
to differences in the sensitivity of the individual measurements. 
Dry conditions for both monitorings are given in Figure 6a,d. 
In both measurements, the bedrock zone shows high resistivity 
values (> 100 kΩm). While the bedrock is dry over a large area 
in winter (Figure 6a), it still has some moisture in summer, es-
pecially at the border to the cave zone (Figure 6d), as indicated 

by lower resistivity values. This suggests that water from pre-
vious rainfall (heavy rain events in June) is slowly draining to-
wards the cave zone. In the soil zone, the imaging result for July 
(Figure  6d) shows the higher resistivity values, caused by the 
drying out of the soil due to high T, resulting in transpiration 
and evaporation. The large differences in the soil zone are re-
lated to in homogeneities in the soil and epikarst.

We compare a resistivity image after the first prolonged period of 
snowmelt (Figure 6b) and after a longer period of rain (Figure 6e). 
For both events, the monitoring of the mean discharge and the dis-
charge volumes within the last 24 h were in the same range. Both 
images show low resistivities (< 1 kΩm) in the soil as well as in 
most areas of the cave zone. However, the soil zone shows a higher 
saturation (i.e., lower resistivity values) in the summer image 
(Figure 6e) than in the snowmelt image (Figure 6b). The bedrock 
zone shows a fairly high resistivity in both images, suggesting that 
no deep saturation has occurred yet.

Figure 6c,f compare the latest snowmelt image, without the in-
fluence of rain events and a summer image measured immedi-
ately after a heavy thunderstorm. A clear difference can be seen 
in the bedrock zone. After 2 weeks of snowmelt, the bedrock 
zone reached a much higher degree of saturation than after a 
single heavy rain event (Figure 6f) as well as a long period of 
rain (Figure 6e). Q, on the other hand, is higher during summer 
events than during snowmelt events (Figure 6, Q values).

4   |   Discussion

4.1   |   Methodical Limitations

In this study, various methods were used at different scales to 
better understand the process of water infiltration, especially 
during snowmelt. However, each method has its own limita-
tions. Frost and high T in summer must be taken into consid-
eration as a further source of error for the following reasons: 
Sensors in the weir, rain gauges and VWC sensors will not give 
meaningful results if the ground or water is frozen. The ERT 
measurements are corrected by the T value of the soil at a depth 
of 3 cm, but the T differences along the profile are unknown and 
therefore cannot be considered for the T correction. The conduc-
tivity of the subsoil is influenced by the EC of the water, with 
the EC of infiltrating rainwater expected to increase slowly as it 
infiltrates the epikarst. While several studies assumed constant 
pore-water conductivity (e.g., Beff et al. 2013; Garré et al. 2011; 
Michot et al. 2003) others showed an uncertainty in the calcu-
lation of moisture content variations with ERT data (Uhlemann 
et al. 2016; Watlet et al. 2018) and justified this by the increase in 
the EC of the water. In this study, the magnitudes in water satu-
ration are several orders of magnitude larger than the variations 
in EC of the cave drip water (mean 262 μS/cm) and P (20 μS/cm 
during the rain event), allowing us to neglect the influence of 
EC variations.

The estimated water recharge at the weir from snowmelt during 
the observation period was about 5.4 m3, as derived from the 
runoff records. However, this estimate may be slightly over-
estimated due to two P events. Although attempts were made 
to separate the contributions of P and snowmelt based on 

TABLE 2    |    Overview of the summer monitoring conditions at the 
weir in terms of discharge (Q), water electrical conductivity (EC), water 
temperature (Tw), volumetric water content (VWC), precipitation sum of 
different days prior to the event (P sum), and mean electrical resistivity 
of each zone.

Event type Wet Dry Wet

Measurement date 13/06/2024 31/07/2024 02/08/2024

Q (mL/s) 6.4 1.04 30.4

Q total volume 
during ERT 
measurement (L)

71 11 337

Q total volume of 
24 h until end of 
ERT measurement 
(L)

692 90 6775

EC (μS/cm) 252 276 237

Tw (°C) 2.4 1.9 3.4

VWC at L2_5cm 
(m3/m3)

0.45 0.31 0.43

P sum 10 days (mm) 162 14 29.25

P sum 5 days (mm) 87.5 1 27.25

P sum 2 days (mm) 17.5 0 26.25

P sum measurement 
(mm)

1.5 0 0

Mean resistivity soil 
zone (kΩm)

13 135 3.3

Mean resistivity 
cave zone (kΩm)

18 31 19

Mean resistivity 
bedrock zone 
(kΩm)

251 267 56

Note: Q, EC, Tw, VWC, P sum measurement is given as mean of ERT 
measurement period (3 h).
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meteorological data over the catchment area, strong winds may 
have affected the accuracy of the rain gauge's precipitation mea-
surements. Taking this potential error into account, the actual 
recharge from snowmelt is likely to be in the range of 4.2–4.8 m3, 
which is in good agreement with SWE estimates derived from 
meteorological data.

4.2   |   Recharge Processes in the Upper Vadose Zone

According to Klimchouk (2004), a mature epikarst (covered by 
soil), such as that found at our study site, has high porosity, per-
meability and storage capacity. At the cave the thickness of the 
soil varies between 10 and 40 cm (Exel 2014) and contributes as 
an important function to water storage. Figure 6 shows that both 
the soil and epikarst become saturated up to 3 m deep over the 
seasons, which indicates a well-developed epikarst. As previous 
studies have shown, the relationship between the epikarst and 
the soil as well as the development of the epikarst is crucial for 
water storage. Meeks and Hunkeler (2015) suggested that water 
storage due to soil moisture is more likely to occur in the soil 
than in the epikarst. Eeckman et al. (2024) showed in winter a 
decreasing surface water content in the soil and only a minor 

influence of the melt flux at a depth of 30 cm, but a rapid stream 
discharge response to snowmelt. In contrast, the soil layer reacts 
quickly to summer precipitation.

Our study has observed seasonal and spatial variations in water 
saturation and recharge to the weir. Although the discharge mea-
surements at the cave weir enabled us to quantify the amount 
of water passing the weir, this amount alone is not a reliable in-
dicator of water saturation variations in the upper vadose zone. 
The variations in the resistivity, as shown in the 2D ERT images 
of the soil and upper vadose zone, enabled us to jointly inter-
pret different water recharge events with regard to water satu-
ration in different zones (soil, cave, and bedrock). For example, 
the ERT data in Figure 6b,e, were observed at similar discharge 
volumes. However, the ERT image of Figure 6b (snowmelt) in-
dicates more uniform and deeper water saturation during snow-
melt, whereas Figure 6e shows a higher saturation in the soil and 
in preferential flow paths after rain. This illustrates how inflow 
dynamics influence the volume of stored water. Accordingly, the 
event with the highest discharge volume (6775 L during a rainfall 
event) resulted in an increase in water saturation of the soil and 
epikarst. Thus, P led to a rapid throughflow, with a high volume 
at the weir.

FIGURE 6    |    Selected resistivity images during the snowmelt monitoring (a–c) and the summer monitoring (d–f). The green line indicates the con-
tact of the soil and the bedrock zone and red lines show the contact between the bedrock and the cave zone. Discharge (Q) is given as mean during 
the ERT measurement (3 h) and total discharge volumes (V) of the last 24 h. The black arrow in (e) indicates the position of a fractured zone.
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12 of 15 Hydrological Processes, 2025

The rapid infiltration processes can be observed over the course 
of the seasons at the weir due to the well-developed karst fea-
tures, which are facilitated by the high porosity and permeability 
of the system (Figure 3). Q from both hydrological stations is ad-
equately characterised by a dual, karst-typical discharge regime. 
The observed Q remains at a low but constant level during pro-
longed dry periods, indicating a storage component. The rapid 
response to precipitation shows the presence of a rapid discharge 
component. The connected channels in the vadose zone have a 
relatively short residence time, while the filtering effect is rather 
low, making the catchments highly vulnerable to pollutants (e.g., 
Dvory et al. 2018; Hartmann et al. 2021).

In contrast to the rapid infiltration, 15 days of snowmelt resulted 
in lower discharge rates than rain (e.g., 286 L/24 h, Figure  6c), 
but the highest homogeneous saturation of the bedrock zone, 
with resistivities down to 10 kΩm. This is one order of magnitude 
lower than after rainfall (100 kΩm in the bedrock, Figure 6e) and 
suggests that continuous, low snowmelt promotes the gradual 
and widespread infiltration of water into the subsurface. Here, 
the diffuse recharge of snowmelt enables a deep saturation of 
the pores and small fissures in the bedrock as long as the system 
continues to be enriched with water.

The following observations allow the snowmelt dynamic in 
the different zones to be interpreted: After the start of the 
snowmelt, the resistivity in the cave zone reaches a minimum 
value due to continuous recharge from the zones above, and re-
mains until the end of the snowmelt monitoring. We interpret 
this as the maximum saturation of the cave zone. Wet summer 
conditions also show lower resistivities in the cave zone, that 
is, more humid conditions, but do not reach the same min-
imum value as after the snowmelt. The cave zone includes 
frost-weathered fissures (Gelifracts) and fractures at the cave 
ceiling and always has a lower resistivity, like the epikarst. 
Gelifracts and the occurrence of cryogenic cave carbonates 
indicate a freezing of the whole cave during Pleistocene cold 
periods (Plan et al. 2019), and even today frost can be observed 
from the entrance beyond the two chimneys during cold win-
ter periods. It is supported by the low T in the cave air and the 
strong wind in the cave in winter (field observation), which 
also led to the temporary freezing of the measuring weir (e.g., 
Figure 2 gap in the data) and to frost weathering of the frac-
tured zone. Such frost weathering processes are commonly 
observed in fractured karst zones (e.g., Deprez et  al.  2020; 
Sass  2004). However, inhomogeneities caused by tectonic 
structures, for example, fault zones, are likely in the host rock. 
The fault zones can be a reason for the spatial differences in 
the ERT image (black arrow in Figure 6e bedrock zone).

At the end of the ERT snowmelt monitoring, the bedrock zone 
dries out again as the water percolates downwards. The longest 
water saturation during snowmelt takes place in the highly fis-
sured cave zone (area characterised by tectonics and frost weath-
ering). While soils and epikarst show the highest variability in the 
ERT images between dry and wet summer conditions (Figure 6, 
right column), consistent with Watlet et al.  (2018), the highest 
variability of resistivity (and thus saturation) during snowmelt is 
seen in deeper regions (Figure 5, bedrock zone), where it varies 
by about two orders of magnitude.

5   |   Summary and Conclusions

This study shows that the duration and rate of water infiltration 
are of crucial importance for water saturation in the upper va-
dose zone of an Alpine karst. During the three-week snowmelt 
observation period, meteorological assumptions were used to 
determine a SWE at the karst catchment, which was found to 
be between 4.2 and 4.8 m3. This is slightly below the estimated 
total snowmelt volume of 5.4 m3 at the cave drip water. Only after 
15 days of slow and continuous saturation by snowmelt (and few 
P events during this period) with a mean discharge of 5 mL/s 
in the cave is a deep saturation in the solid rock (bedrock zone) 
observed with ERT measurements. This could not be achieved 
either after a long period of rain (10 m3 for a 60 m2 catchment in 
10 days) or through summer thunderstorms (1.5 m3 in 3 h). On 
the other hand, summer P infiltration results in a high Q value of 
up to 1440 mL/s at the weir, showing rapid and quick water flow 
to the weir. However, ERT data did not suggest that the bedrock 
zone was deeply saturated. The increase in discharge volume 
at the weir due to precipitation infiltration is also confirmed by 
the decrease in water electrical conductivity and the increase in 
water temperature. This study suggests that snowmelt, with its 
slow infiltration, is important for the slow formation of ground-
water with a natural purification of the water. Due to the ex-
pected shortening of the snowmelt period as a result of climate 
change, the slow groundwater recharge is at risk. The time lag 
during snowmelt events between T rise, increasing soil moisture, 
and the arrival of drip water in the cave illustrates the complexity 
of the flow paths and the temporal sequence of water movement 
within the vadose zone. The various sensors enabled us to record 
specific hydrological processes: soil moisture sensors indicated 
fluctuations in soil water saturation, while geophysical monitor-
ing revealed saturation changes and water storage patterns with 
a coarser resolution over a larger spatial scale down to the rock 
level. Considering the inflow into the entire karst system and the 
cave drip water as natural lysimeters, most of the recharge oc-
curs via fast flow paths, especially in summer. This is indicated 
by high volumes measured at the weir. The total snowmelt con-
tribution within the studied time period (February to August) 
was only about 10%. Only the combination of meteorological, hy-
drological, and geophysical (ERT inversion images) data allowed 
these observations.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1. Overview of volumetric 
water content (VWC) and temperature sensor installation (modified 
after Zemann 2024). Figure S2. Temporal changes in hydrological pa-
rameter during the snowmelt monitoring period expressed in terms of 
discharge (Q), water electrical conductivity (EC), water temperature (T 
water). Volumetric water content (VWC) are measured at location 2 at 
5 cm depth. Supplementary Video S1. Resistivity images converted to 
a video during the snowmelt monitoring between March 18 and April 
8, 2024. The green line indicates the contact of the soil and the bedrock 
zone and red lines show the contact between the bedrock and the cave 
zone. 
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