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Abstract: This study investigates groundwater flow patterns in a landslide area above
the settlement of Koroška Bela in NW Slovenia using a series of tracer tests with sodium
chloride (NaCl) and fluorescein (uranine). The tracer experiments, using a combination of
pumping tests and continuous groundwater observations, reveal two distinct groundwater
flow horizons within the landslide body: a prevailing shallower flow within highly perme-
able gravel layers and a slower deep flow in the weathered low-permeability clastic layers.
Uranine injections suggest longer retentions, indicating complex hydrogeological condi-
tions. Groundwater is recharged by the infiltration of precipitation and subsurface inflow
from the upper-lying carbonate rocks. In the upper landslide, highly permeable gravel
layers accelerate flow, especially during heavy rainfall, while downstream interactions
between permeable gravel and less permeable clastic materials create local aquifers and
springs. These groundwater dynamics significantly influence landslide stability, as rapid
infiltration during intense precipitation events can lead to transient increases in pore water
pressure, reducing shear strength and potentially triggering slope movement. Meanwhile,
slow deep flows contribute to prolonged saturation of critical failure surfaces, which may
weaken the landslide structure over time. The study emphasizes the region’s geological
heterogeneity and landslide stability, providing valuable insights into the groundwater
dynamics of this challenging environment. By integrating hydrogeological assessments
with engineering measures, the study provides supportive information for mitigating
landslide risks and improving groundwater management strategies.

Keywords: groundwater; tracer; landslide; Carboniferous and Permian clastic rocks

1. Introduction
Landslides are one of the most common natural hazards in mountainous regions,

including the Alps, posing significant threats to infrastructure and human lives. A major
trigger of shallow landslides on steep terrain is heavy rainfall, which often leads to a
rapid increase in pore water pressure as well as groundwater-level rise, thus (re)activating
slope movements [1–5]. Several studies emphasize the important role of the underlying
bedrock, which can play a key role in runoff on steep terrain [6–9]. Therefore, it is crucial to
understand to what extent the bedrock is connected to soil structures. This is especially
important in predicting the changes in pore water pressure in slopes, which can be used to
forecast shallow landslides [10].

Given the complexity of landslide processes, researchers rely on various research
methods to understand the dynamics of these processes more thoroughly. Among these
methods, tracer tests could serve as an essential tool in interpreting the movement of
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water within landslides. Groundwater tracer tests are often used for hydrogeological
characterization of groundwater flow [11], particularly in karst aquifers [12–16]. In the
context of landslides, tracer tests help to track particles and fluids as they move through
the landslide material, providing insight into the internal processes at work, such as
groundwater movement and sediment transport, as well as the formation of forces. These
tests are particularly valuable for predicting landslide behavior and improving risk models
in landslide-prone regions.

To our knowledge, there are only a few studies that have applied tracer tests in
landslides, as they can be logistically complex and expensive [17]. The studies were
conducted either to define rainfall infiltration processes [18,19] or to define groundwater
flow paths and their velocities (e.g., [17,20–24]). According to [21], tracer experiments in
landslides are mainly interpreted semi-quantitatively or qualitatively in order to assess
local groundwater flow paths and verify hydraulic connections between different parts of a
landslide body.

Tracer tests were used in this study to determine the groundwater flow paths in the
area of the Urbas landslide and its recharge characteristics. Several site investigations and
monitoring projects have been carried out in recent years, which have helped to improve
our knowledge about the landslide [25–29]. Recent studies on hydrogeological conditions
have focused on stable isotopes, which were used to assess the main groundwater flow
components and their residence times [30].

Three series of tracer tests were carried out for this study: the first in spring 2020, the
second in autumn 2020, and the last in spring 2022. Both uranium (fluorescein) and sodium
chloride were injected into the first two series of tests, while only fluorescein was used in
the last campaign. The fluorescent tracers were selected for their high detection sensitivity,
low cost, and low toxicity [31]. To improve the hydrogeological conceptual model of the
landslide, the results of a pumping test carried out in 2020 and the data from continuous
hydrogeological monitoring were also included.

2. Case Study
The Urbas landslide is located in the Potoška Planina area, NW Slovenia, on the

southern slopes of the Belščica and Stol peaks in the Karavanke mountain range (Figure 1).
The landslide covers an area of 177,000 m2 [26], with steep slopes (generally from 30 to 70◦)
at altitudes of 1200 m to 1350 m (Figure 1). The volume of the sliding mass was estimated
at 1,578,700 m3 [26]. It is a source area for debris flow and poses a risk to the settlement of
Koroška Bela [29]. The sliding mass consists of tectonically deformed and weathered Upper
Carboniferous-to-Permian claystone, siltstone, sandstone, conglomerate, and carbonate
rocks covered by talus material from upper-lying Triassic-to-Lower Jurassic carbonate
rocks [26,32,33]. The landslide is a deep-seated rotational slide with a main sliding surface
at a depth of approx. 15 m, with surface displacements of 6 cm in the upper part and 40 cm
in the lower part [28].

The average annual precipitation in the area is 1950 mm, with peaks in autumn and
spring [34]. Snow cover is present for some 110 days per year [35,36], and the average
annual temperature is 4–6 ◦C [37].

The groundwater in the landslide is recharged by the infiltration of precipitation and
subsurface inflow from the karst-fissured aquifers in the carbonate rocks that form the
upper part of the landslide recharge area [30]. Below the steep limestone ridge, scree and
rockfall (talus) material accumulates and covers the upper part of the landside [38]. The
groundwater level and thickness of the saturated zone in this material depends primarily
on the morphology of the upper boundary of the low-permeability Paleozoic clastic and
carbonate rocks. The main surface water spring is Urbas, located in the middle part of
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the landslide. The observed discharge of the spring is between 0.7 L/s and 20 L/s [25].
After heavy rainfall, these values are likely to be exceeded. The water from the spring is
used for the water supply of the mountain huts in the vicinity. Some additional springs
and marshes are linked to contacts between the low-permeability landslide body and the
overlying limestone debris. The precipitation distribution in the region is influenced by
elevation and slope exposure in the Julian Alps and Karavanks. The estimated average
recharge altitude of springs originating at the landslide ranges from approximately 1700 to
1800 m a.s.l., with mean residence times ranging from 2 to 5 months [30].
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3. Materials and Methods
3.1. Groundwater Monitoring

Groundwater temperature and level were measured continuously using two piezome-
ters, PP-8 and PP-12A (Figure 1), equipped with water-level and temperature data loggers
(manufactured by the Eltratec (Sveti Jurij ob Ščavnici, Slovenia) and Onset Computer
Corporation (Bourne, MA, USA)). The measurements were taken at one-hour intervals.

3.2. Pumping Test

The pumping test in piezometer PP-12A (Figure 1) was conducted on 9 July 2020. We
used a 4-inch submersible pump with a maximum pumping capacity of 5 L/s. During the
test, the pump intake was positioned at a depth of approximately 17 m. Just above the
submersible pump, we installed a probe for the automatic measurement of groundwater
level (pressure) and temperature, with a recording interval of 1 s. A pressure probe was
also installed simultaneously in the Urbas spring capture, also with a 1 s interval.

3.3. Tracer Tests

When performing the tracing test with sodium chloride, the measuring points were
equipped with Eltratec logger, which enables the continuous recording of pressure changes,
temperature, and electrical conductivity. The probes were installed in wells and water-
courses or springs. For the uranium follow-up test, we used two Cyclops probes to measure
fluorescence (Cyclops-7 Loggers, obtained from the American manufacturer Precision
Measurement Engineering, Inc., Vista, CA, USA) and one ISCO autosampler, which was
used only in the test set of tests. The measurement record for the Cyclops probes was set
to a 10 min interval, and the ISCO autosampler was set to take samples every 6 h (four
samples per day), which was reduced to every 12 h (two samples per day) in the second
half of the test. At other measuring points, samples were taken manually in 250 mL dark
bottles and sent to the Karst Research Institute ZRC SAZU, where they were analyzed with
a PERKIN ELMER LS 45 luminescent spectrometer (Waltham, MA, USA).

Three series of tracer tests were conducted in the Urbas landslide and its surrounding
area: the first in spring 2020, the second in fall 2020, and the final series in spring 2022.
The initial tracer test on 17 April 2020 involved dissolving 50 kg of table salt (NaCl) in
approximately 200 L of water and injecting the solution near the Ui-1 spring. To monitor
the test, probes were installed in observation wells and springs to continuously record
electrical conductivity (Table 1). In addition to continuous readings, periodic manual
control measurements were performed. The second tracer test was conducted on 14 May
2020. For this test, we injected 2 kg of uranine on the scree slope at location I-1 (Figure 1),
just above the landslide scarp. The tracer was diluted with approximately 100 L of water
and poured directly into the gravel material. The third tracer test took place on 1 October
2020. We injected uranine below the Urbas spring (Ui-1) at 1:00 p.m. For this test, two sites
were equipped with Cyclops automatic fluorometers: borehole PP-8 and the sampling point
at the stream (Figure 1). Additionally, samples from each site were collected to determine
laboratory fluorescence (Table 1). Concurrently, a fourth tracer test was conducted on
1 October 2020, around 12:00 p.m. A saline solution was injected into borehole PP-12A
(Figure 1). Salt was selected as the tracer due to the proximity of the Urbas spring, which
supplies drinking water under an allocated water right arrangement. Electrical conductivity
measurements were recorded at four monitoring sites: springs Ui-1, Ui-4, and Ui-6, as well
as borehole PP-4 (Figure 1). In total, 100 kg of salt was injected into borehole PP-12A and
diluted with about 200 L of water. The final series of tests was conducted on 16 May 2022,
when we injected 1 kg of uranine solution into the scree slope at injection point I-2 (Figure 1).



Appl. Sci. 2025, 15, 2707 5 of 17

For this test, Cyclops loggers were installed at the Ui-1 spring and at a monitoring site at
the stream (Figure 1).

Table 1. Main characteristics of tracer experiments.

Injection
Location

Z
(m a.s.l.) Date Tracer Tracer Mass

(kg) Sampling Points

1 Ui-1 1270 17 April 2020 NaCl 50 Ui-6, Ui-7, PP-8, PP-4,
Urbas stream

2 I-1 1368 14 May 2020 Uranine 2 Ui-1, Urbas stream

3 Ui-1 1270 1 October 2020 Uranine 0.9 Ui-4, Ui-6, Ui-1, PP-4

4 PP-12A 1288 1 October 2020 NaCl 100 Ui-4, Ui-6, Urbas stream,
PP-8

5 I-2 1330 16 May 2022 Uranine 1 Ui-1, Ui-4, Urbas stream

4. Results
4.1. Groundwater Monitoring

The fluctuations in groundwater level in both boreholes show similar dynamics. The
amplitudes of the fluctuations as well as the depth to the water table are significantly higher
in borehole PP-12A, which was located in the upper part of the landslide and covered
by a thick layer of coarse-grained gravel (Figure 2). Large fluctuations in groundwater
levels in this well indicate the dominant influence of the vigorous flow of groundwater
from the upper parts of the landslide recharge area on the groundwater dynamics in this
part of the landslide. The constant groundwater temperature indicates deeper and longer
groundwater flow paths below the depth at which atmospheric temperature variations and
solar radiation exert a clear influence.
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The smaller fluctuations in the groundwater level and the bigger temperature changes
observed in borehole PP-4 indicate shallower groundwater flow in this part of the landslide,
which consists of clastic layers of low permeability. Temperature fluctuations in the range
of 1.2 ◦C follow annual cycles with a delay of about half a year compared to fluctuations in
air temperature.

4.2. Pumping Test

During the initial pumping, the groundwater level in the well initially declined slowly
and steadily. However, after approximately seven minutes, a marked, sudden drop oc-
curred, with the groundwater level decreasing by more than 2 m (Figure 3). This sharp
decline, followed by rapid stabilization after approximately 17 min (total drawdown of
about 2.6 m), was likely due to the reactivation of the well. The well was drilled in an
extremely challenging environment and remained inactive for a considerable period of
time after drilling. Therefore, with the start of pumping, we reactivated and flushed the
well, effectively cleaning the filter sections. However, the groundwater level continued
to drop, eventually reaching the intake basket of the submersible pump, which led to the
pump shutting off.
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The response during the second pumping phase initially mirrored the first prolonged
pumping phase. After a gradual and steady initial response, the groundwater level began
to drop more intensively about 30 min into pumping and continued to decline steadily
over the following two hours until the end of the pumping phase. Following the cessation
of pumping, the groundwater level showed a rapid initial rise, which then continued
gradually over the course of the following day. Analysis of the drawdown using the Theis
method indicated a gravel permeability of K = 2.24 × 10−3 m/s.

During the pumping test, a total of 45 m3 of water was pumped, resulting in a drop in
the groundwater level in borehole PP-12A by 0.42 m. Assuming an effective porosity of
20% for the aquifer, we estimate the aquifer area to be around 550 m2. Taking other data
into account [39], we estimate the aquifer volume in the immediate recharge area of the
Urbas spring (Ui-1) at 2026 m3, with a groundwater volume of 405 m3.
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4.3. Tracer Tests
4.3.1. Tracer Tests with Salt
First Tracer Test with Salt

At the Ui-6 spring, the electrical conductivity before injection was 250 µS/cm. The
first tracer breakthrough was detected at the Ui-6 spring on 18 April 2020, at 16:30, some
26 h and 30 min after injection (Figure 4). The highest electrical conductivity was recorded
on 21 April 2020, at 7:45, measuring 327 µS/cm.
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At the Ui-7 spring, the electrical conductivity before injection was 265 µS/cm. The first
tracer breakthrough was recorded on 18 April 2020, at 20:30, some 30.5 h after injection. The
peak tracer concentration was recorded on 21 April 2020, at 21:45, measuring 332 µS/cm.
After reaching the peak concentration, the values at the springs began to decline but
did not return to pre-injection levels until 23 May 2020. This suggests that the tracer
could have lingered at lower concentrations, slowly seeping through the predominantly
low-permeability Permo-Carboniferous layers. Water from both springs flows into the
Urbas stream, where another monitoring point was set up. No significant changes in the
conductivity of the Urbas stream were observed during the tracer test that could be linked
to the arrival of the tracer. Minor fluctuations were most likely due to the outflow of various
water sources draining into the Urbas stream under different hydrological conditions. The
tracer was diluted in the Urbas stream to such an extent that it could not be detected.
Similarly, no changes in tracer concentration were observed at the other monitoring points,
with any minor changes observed involving a degree of uncertainty.

Second Tracer Test with Salt

On 1 October 2020, around 12:00, we also injected a tracer into borehole PP-12A.
However, due to the close proximity of the Urbas spring, which is used as a private
drinking water supply, we used salt. Conductivity measurements were carried out at
four monitoring locations: the springs Ui-1, Ui-4, and Ui-6, as well as borehole PP-4.
We injected 100 kg of salt into borehole PP-12A diluted with approximately 200 L of
water. The closest spring to the borehole, located 40 m away, is Ui-1. As expected, the
concentration and speed of tracer arrival were the highest at this monitoring location.
Conductivity before the injection was 207 µS/cm (Figure 5). The first elevated conductivity
values were detected 4.5 h after injection, with the highest value occurring after 10 h,
reaching 379 µS/cm (∆EC = 172 µS/cm). After reaching its peak, the conductivity steadily
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decreased, and after eight days returned to pre-injection levels. Following the Ui-1 spring
is borehole PP-4, located some 200 m from the injection point. The increase in conductivity
at this monitoring location was the least pronounced, with a rise of just 5 µS/cm at the
highest concentration (338 µS/cm). The highest recorded value of 338 µS/cm was also the
first elevated value we observed after the injection, which occurred 40 h after injection, and
remained at this same rate for more than two days.
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More noticeable tracer arrivals were observed at the Ui-4 and Ui-6 springs, which
are located at similar distances from borehole PP-12A. At the Ui-4 spring, located 240 m
away, conductivity before the injection was 237 µS/cm, with the highest recorded value
at 299 µS/cm (∆EC = 62 µS/cm). The tracer concentration gradually increased from the
beginning of the test to its peak, after 100 h. The concentration then decreased for some
time and reached significantly elevated levels at least two more times during the test. At
the Ui-6 spring, located 250 m from borehole PP-12A, conductivity before the injection
was 207 µS/cm, and the highest recorded value was 232 µS/cm (∆EC = 25 µS/cm). The
first elevated tracer concentrations were recorded approximately 12 h after injection, with
the highest concentration recorded some 46 h after injection. After reaching its peak, the
concentration decreased for some time but, as with the Ui-4 spring, increased significantly
at least twice more. In the final phase of the test, the concentration even briefly spiked
(248 µS/cm), surpassing the highest value recorded during the initial phase of the test,
though the reason for this is unknown.

4.4. Tracer Test with Uranine
4.4.1. First Tracer Test with Uranine (Injection at Scree Slope–14 May 2020)

Based on a preliminary review of cartographic data and known geological and hydro-
geological conditions, we selected the injection point for the second test (I-1) on a scree
slope, just above the landslide scarp (Figure 1). The injection took place on 14 May 2020,
when 2 kg of uranine (a fluorescent dye) was diluted with approximately 100 L of water
and poured directly into the gravelly material. Sampling concluded on 10 June 2020. The
Urbas stream monitoring site is one of the most important locations, as the stream drains
groundwater from the entire Urbas landslide area. Measurements the day after the injection
showed minor fluorescence fluctuations, likely due to a rainfall event that increased the
stream’s turbidity (Figure 6). The first significant increase in concentration was observed
on 22 May 2020, at 09:55, with the highest concentration of 0.25 µg/L, which dropped to
the baseline the next day. Another brief spike followed shortly after, with a concentration
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reaching 0.31 µg/L and lasting only 70 min. Two more notable fluorescence increases
were recorded on 27 May 2020 and 5 June 2020. The second increase occurred during dry
conditions, while the third coincided with an intense rainfall event. In none of these cases
did the fluorescence exceed 0.2 µg/L.
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Continuous measurements were also conducted at the Ui-1 site, the spring closest to
the injection point. As shown by the fluorescence fluctuations at the Urbas spring, no tracer
breakthrough was detected (Figure 6). Likewise, no tracer was detected at other landslide
monitoring sites where manual measurements were taken. The analyzed fluorescence
ranges at the monitoring sites were between 0.001 and 0.13 µg/L. In all cases, the highest
fluorescence was recorded at the end of the test, coinciding with intense rainfall, which
caused a slight increase in groundwater turbidity (as observed at Ui-1 in Figure 6).

4.4.2. Second Tracer Test with Uranine (Injection at Ui-1–1 October 2020)

During the tracer test on 17 April 2020, no significant increase in conductivity was
detected at the Urbas stream monitoring site. It was assumed that this was due to high
salt dilution. Therefore, a new tracer test was performed on 1 October 2020, at 13:00, using
uranine as the tracer, injected below the Urbas spring. Automatic Cyclops fluorimeters were
installed at two locations, the PP-8 borehole and the Urbas stream. For comparison, samples
were also collected at both sites for laboratory fluorescence analysis. At borehole PP-8,
located approximately 200 m downstream from the injection point, significant differences
were observed between continuous fluorimeter measurements and laboratory analyses.
Tracer concentrations began to rise on 5 October 2020, at 14:30, 97 h and 30 min after injection
(Figure 7). The highest tracer concentration (206 µg/L) was recorded on 13 October 2020, at
12:00, 287 h after injection. After reaching the peak concentration, the tracer concentration
gradually decreased. Measurements were concluded before the concentration dropped
to pre-injection levels due to time constraints. The fluorescence samples, except for the
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first, which matched the fluorimeter results, showed a different breakthrough pattern. A
significant increase in concentration was already evident in the second sample the day after
injection (71.9 µg/L). By the third sample, collected on 6 October 2020, the concentration
had reached 103.1 µg/L, and by 17 October 2020, it had increased slightly to 103.6 µg/L. It
is worth noting that sampling was conducted using a manual sampler, which remained
in the borehole throughout the test to avoid contamination. This sampler allowed for
groundwater samples to be taken from a depth of 2 m, the upper part of the water column,
while the fluorimeter was installed deeper, in the lower part of the borehole. We suspect
that the manual sampling captured the shallow flow zone, while the fluorimeter measured
the deeper flow zone, hence the significantly slower breakthrough speeds recorded by the
fluorimeter. The most intense inflows into the borehole likely occurred in the lower part,
preventing the shallow tracer from mixing within the borehole.
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In the Urbas stream, the breakthrough pattern differed significantly from the PP-4
borehole. As expected, the analyzed samples and fluorimeter measurements matched.
Tracer concentrations began to rise sharply after about two hours, with the highest value of
440.4 µg/L reached after 5 h and 20 min. This rapid breakthrough was likely influenced by
high water levels and intense surface runoff due to previous rainfall. The concentrations
then declined rapidly until 5 October 2020, after which they increased slightly again,
matching the measurements from PP-8. The bulk of the tracer thus flowed out before
5 October 2020.

During the test period, additional samples were taken from the Ui-4 and Ui-6 springs.
At Ui-6, the highest analyzed concentration was similar to that in the Urbas stream. Since
the sample was taken when the concentration was in decline, the peak concentration at
this site was likely much higher. Like the Urbas stream, concentrations dropped rapidly
after peaking. At the Ui-4 spring, the highest concentration was recorded the day after
injection, but it was four orders of magnitude lower than that at Ui-6 (0.05 µg/L). Such
concentrations are usually attributed to natural water fluctuations, but since the increased
concentration coincided with results at other monitoring sites, we can interpret the tracer’s
presence at Ui-4.

4.4.3. Third Tracer Test with Uranine (Injection at Scree Slope–16 May 2022)

The final tracer test was conducted on 16 May 2022 at approximately 14:00, with 1 kg
of uranine injected at the scree slope location (injection point I-2, Figure 1). Following
the injection, the first traces of the tracer at Ui-1 were detected on 1 August 2022, with a
slight increase in concentration (Figure 8). However, a more pronounced rise was observed
beginning on 30 August 2022. Estimating the exact time of tracer arrival is challenging due
to elevated background concentrations from the previous tracer test in 2020. The highest
concentration actually reached was 10.44 µg/L on 12 October 2022.
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In the Urbas stream, background concentrations were lower, making it easier to
identify the presence of the tracer on 30 August 2022. Sample data from the Urbas stream
also showed the highest tracer concentration on 12 October 2022, complicating accurate
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determination of the peak. At Ui-4, concentrations remained low, with only occasional
sample data available. These samples showed a pattern similar to Ui-1 and the Urbas
stream, but with peak concentrations around 0.7 µg/L, which likely represent the presence
of the tracer. However, these levels are negligible compared to concentrations observed at
Ui-1 and in the Urbas stream.

5. Discussion
The steep gradient of the bedrock surface leads to rapid groundwater drainage, es-

pecially during periods of intense precipitation (Figure 9). This results in rapid hydraulic
responses, manifested as a rapid increase in spring discharge and a rise in groundwater
levels in the landslide body (Figure 2). Both precipitation and inflow from the carbonate
hinterland depend on meteorological conditions, making the hydrogeological conditions in
the landslide area, and consequently the stability of the landslide, sensitive to variations
and seasonal changes in weather patterns. The third tracer test with uranine revealed
slower groundwater flow (between 3 and 4 months), which was also indicated by isotope
analysis, which estimated an MRT of 0.23 to 0.32 years [30]. The estimated groundwater
storage capacity suggests that moisture levels remain elevated even during dry periods,
potentially explaining delayed landslide responses to seasonal precipitation trends. Numer-
ical modeling and large-/small-scale model experiments have demonstrated that transient
groundwater flow during extreme weather events can create pressure differentials that
exacerbate instability [40–43].
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The distinction between fast and slow groundwater flow is related to geological
conditions. Slower groundwater flow is deeper and is likely to percolate up through
the upper, weathered zone of the bedrock. The sliding surface is an additional element
that can potentially influence groundwater flow patterns. The deeper flows, although
slower, are important for the long-term storage of groundwater and the gradual release
of water over longer periods of time. The stable temperature of the groundwater in the
aquifer (Figure 2) that recharges the spring confirms this assumption. The groundwater
temperature of 4 ◦C corresponds to the average air temperature in the Julian Alps at an
altitude of approx. 1800 m [44], which is consistent with the results of isotopic analyses
of previous studies [30], indicating that the water in the springs is recharged from higher
altitudes with slower-flowing groundwater.

The Urbas spring is a permanent spring with a stable discharge, which makes it an
important source of drinking water. Its stability is ensured by the aquifer above the spring,
which allows the temporary storage of groundwater and the recharge of the spring even
under very dry conditions. The second salt tracer test confirmed the direct connection
between the aquifer and the spring. With the pumping test carried out, we estimated the
hydraulic conductivity of the aquifer to be 2.24 × 10−3 m/s.

The stream drains the water from the spring Ui-1 over the landslide. Tracer tests
showed that the stream also recharges the groundwater in the landslide body, which is
discharged to the surface via the springs in the lower part of the landslide. This process was
confirmed by the detection of the tracer in the PP-8 piezometer near the stream and in the
springs Ui-7, Ui-6, and Ui-4. However, the stream also functions as a drainage pathway for
groundwater in the lower part of the landslide, indicating that the Urbas spring is not the
sole outlet for groundwater from the upper landslide recharge area. This was demonstrated
in the first uranine tracer test, where the tracer injected at the top of the landslide was
detected only in the stream at the lower part of the landslide.

The Urbas landslide area is characterized by geological heterogeneity, which plays
an important role in shaping groundwater flow patterns. The combination of highly per-
meable coarse-grained material and low-permeability clastic material creates a complex
system of local aquifers, springs, and groundwater flow paths. This variability affects not
only the rate and direction of groundwater movement but also the distribution of water
throughout different sections of the landslide. The highly variable permeability within the
landslide results in local aquifers that respond rapidly to surface recharge, while deeper,
less permeable zones can retain water for longer periods, creating complex groundwater
dynamics that are difficult to predict. Tracer-determined groundwater flow velocities
therefore indicate a dual-flow system, where fast recharge occurs through preferential
pathways, while deeper, slower groundwater flow provides long-term moisture retention
in the landslide body. Groundwater infiltration significantly influences pore water pressure,
a key factor in landslide movement. A rapid influx of water into the landslide mass due to
intense precipitation events can temporarily increase pore pressure, reduce shear strength,
and potentially trigger slope displacement. Previous studies have shown that when pore
pressure exceeds a critical threshold, landslide acceleration is observed [41,45–47]. In con-
trast, the slow-moving groundwater component contributes to prolonged saturation of the
deeper layers, which can weaken failure surfaces over time, promoting gradual instability.

This complexity poses significant challenges for groundwater management and the
planning of measures to improve the stability of the landslide. Interpretation of the hy-
drogeological conditions, characterized by a combination of fast and slow flow systems,
and the highly variable permeability requires a detailed understanding of the local geology
and groundwater flow dynamics. Tracer test results can provide valuable supporting
information for just such a purpose. Despite the valuable insights provided by tracer tests,
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certain limitations must be considered. The use of sodium chloride and fluorescein as
tracers may be influenced by factors such as dilution, sorption, and variable flow velocities,
which could impact tracer recovery rates and measured travel times [48,49]. Additionally,
the spatial resolution of tracer detection is constrained by the number and spatial distribu-
tion of monitoring points, potentially overlooking smaller-scale flow heterogeneities [50].
Seasonal variations in groundwater levels and flow rates further complicate tracer inter-
pretations, as different hydrological conditions can affect groundwater flow paths and
residence times [51].

The primary causes of the Urbas landslide are linked to its geological composition,
hydrogeological conditions, and external triggering factors [52]. The landslide consists of
alternating layers of coarse-grained and fine-grained material, allowing rapid infiltration
through permeable layers while trapping water in less permeable zones, thereby increasing
pore water pressure and reducing slope stability. High seasonal precipitation, combined
with snowmelt, results in repeated cycles of saturation and drainage, leading to stress
accumulation along failure planes.

Several key factors contribute to the instability of the landslide. Long-term saturation,
on the other hand, affects deeper zones, gradually weakening the failure surface and
leading to slow deformations. Erosion at the base of the landslide further destabilizes
the slope by removing material and reducing support, while seismic activity can induce
additional stress along failure planes, increasing the likelihood of movement.

Given the complex hydrogeological conditions characterized by fast and slow flow sys-
tems and highly variable permeability, effective landslide management requires a detailed
understanding of local geology and groundwater flow dynamics. Tracer test results provide
crucial supporting information for this purpose. The relationship between groundwater
flow and landslide stability is determined by both the rate of infiltration and the distribu-
tion of water storage within the landslide mass. Rapid responses to precipitation events
can lead to transient increases in pore water pressure, temporarily reducing shear strength
and triggering slope movement [52,53]. In contrast, deeper, slower groundwater flow
contributes to long-term stability concerns, as prolonged saturation of deeper layers can
weaken critical failure surfaces over time [54]. The estimated hydraulic conductivity val-
ues and tracer-determined flow velocities indicate that permeability variations within the
landslide create differential pressure zones that may exacerbate instability under extreme
weather conditions.

6. Conclusions
The results of this study provide valuable insights into the hydrogeological character-

istics and groundwater dynamics of the Urbas landslide area. The groundwater system
is influenced by the combination of precipitation infiltration, subsurface inflow from the
carbonate recharge area, and the geological heterogeneity of the landslide material. Tracer
tests, in combination with groundwater monitoring and pumping tests, reveal a highly
complex system of fast, shallow groundwater flows and slower, deep-seated groundwa-
ter movement. These results emphasize the importance of both short-term hydrological
responses and long-term groundwater storage in shaping landslide stability.

The results show a clear distinction between fast, shallow groundwater flows and
slow, deep flow regimes. Shallow flows dominate during and shortly after precipitation
events, contributing to rapid responses, such as the emergence of a spring or localized
flooding, particularly where permeable gravel layers meet less permeable fine-grained
clastic material. In contrast, slower deep flows provide sustained baseflow conditions
during dry periods, ensuring long-term water availability. The results of the tracer test
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together with isotopic analyses further emphasize the role of the carbonate recharge area in
recharging deeper groundwater at higher elevations.

The geological heterogeneity of the Urbas landslide area, characterized by varying
permeability and structural complexity, plays an essential role in shaping groundwater flow
patterns. This variability results in local aquifers and springs like the major spring Ui-1, as
well as smaller springs, such as Ui-4, which respond differently in different hydrological
conditions. These dynamics make the groundwater system highly sensitive to short-term
hydrological events and at the same time pose a challenge for the prediction of groundwater
behavior as well as the effective management of water resources.

The results of this study are of crucial importance for understanding the interplay
between groundwater dynamics, geological heterogeneity, and hydrological responses
in landslide-prone regions. They emphasize the need for comprehensive groundwater
monitoring to effectively manage water resources, manage pollution risks, and assess
landslide stability under changing climate and recharge conditions. From a practical
perspective, these findings have important implications for groundwater management
and landslide hazard mitigation. Understanding the interplay between fast and slow
groundwater flow allows for more effective planning of drainage measures and early
warning systems. Future efforts should consider both short- and longer-term groundwater
dynamics in order to improve hydrological resilience and reduce landslide risks in similar
complex terrains.
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