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Abstract: We applied an interdisciplinary approach to analyze the late Quaternary activity of the
Sava Fault in the Slovenian Southern Alps. The Sava Fault is an active strike-slip fault, and part
of the Periadriatic Fault System that accommodated the convergence of Adria and Europe. It is
one of the longest faults in the Southern Alps. Using high-resolution digital elevation models from
lidar and photogrammetric surveys, we were able to overcome the challenges of assessing fault
activity in a region with intense surface processes, dense vegetation, and relatively low fault slip
rates. By integrating remote sensing analysis, geomorphological mapping, structural geological
investigations, and near-surface geophysics (electrical resistivity tomography and ground penetrating
radar), we were able to find subtle geomorphological indicators, detect near-surface deformation,
and show distributed surface deformation and a complex fault pattern. Using optically stimulated
luminescence dating, we tentatively estimated a slip rate of 1.8 + 0.4 mm/a for the last 27 ka,
which exceeds previous estimates and suggests temporal variability in fault behavior. Our study
highlights the importance of modern high-resolution remote sensing techniques and interdisciplinary
approaches in detecting tectonic deformation in relatively low-strain rate environments with intense
surface processes. We show that slip rates can vary significantly depending on the studied time
window. This is a critical piece of information since slip rates are a key input parameter for seismic
hazard studies.

Keywords: active fault; lidar; photogrammetry; tectonic geomorphology; structural geology; geophysics;
electrical resistivity tomography; ground penetrating radar; slip rate; Sava Fault

1. Introduction

High-resolution digital elevation models (DEMs) acquired using lidar and photogram-
metric surveys have become a valuable part of studies estimating the rate of fault activity
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(e.g., [1]). They are even more useful in high-relief areas with high precipitation and erosion
rates, dense vegetation, and low fault slip rates, where geomorphic indicators of fault
activity tend to disappear rapidly or are reshaped by non-tectonic processes [2]. Using high-
resolution DEMs in such an environment can help to recognize small-scaled geomorphic
indicators for fault activity, enabling us to infer fault slip rates (e.g., [3-7]) and locate paleo-
seismic trenches to study past seismicity (e.g., [8-11]). In addition to investigating surface
deformation, shallow subsurface investigations, including geophysical techniques with
a range of tens of meters, can confirm the presence of young tectonic deformation along
faults, help to precisely constrain their location, and understand the shallow geometry of
the deformation structure [8,12-15].

According to the European database of seismogenic faults (EFSM20; [16,17]), the Sava
Fault, in the Southern Alps of Slovenia, is possibly one of the most active and longest faults
in the entire European Alps. However, many aspects of the structure are still unknown or
debated, for example, its total offset, earthquake history, and slip rate. Here we present new
data on the late Quaternary activity of the fault that we obtained with an interdisciplinary
approach using high-resolution geomorphological mapping, remote sensing analyses,
near-surface geophysics (<50 m), and one optically stimulated luminescence age of offset
markers. Our data provide the foundation for planning future paleoseismological research
on the fault to complement our findings. These findings shed new light on the deformation
partitioning across the Adria—Europe contact zone and contribute to the understanding of
fault dynamics in the region.

2. Sava Fault

The Sava Fault is an approximately 150 km long (Fella and Sava faults together
approximately 200 km), dextral transpressive fault, belonging to the Periadriatic Fault
System (PAFS) [18,19] in the compressive to transpressive contact zone between the Adria
Microplate and the European Plate [20]. From a geological and structural point of view, it
represents the southernmost fault of the PAFS in the southeastern Alps (Figure 1A) and is
possibly one of the most active faults in the area [21,22]. It has been active at least in the last
6 Ma as a dextral transpressive structure and has had a significant impact on the geology
and topography of the area [23,24].

The fault can be divided into several sections with distinct characteristics. The west-
ernmost fault section runs along the Upper Sava Valley, which was affected by the last
glaciation during MIS 2 [25-30] and intensive postglacial to recent slope processes, hiding
possible evidence for fault activity in this section (Figure 1B). Between Jesenice and Godi¢,
the fault runs along the northern boundary of the Ljubljana Basin, where its surficial traces
are more evident. Further east, the fault runs between the Kamnik-Savinja Alps and the
Sava Folds, where its geomorphic expression is less clear. In its central part, along the
Ljubljana Basin, the surface trace of the fault is composed of several segments ranging
from 3.5 to 15.5 km in length, with stepovers up to 1 km wide [23]. Between Jesenice and
Preddvor, the NW-SE segments have dextral kinematics, while in the restraining band
between Preddvor and Godig, they are dextral to reverse and approximately E-W oriented.
The restraining band comprises four reverse fault segments, with the southernmost one, the
Cerklje segment, traversing and deforming a Quaternary alluvial fan, producing a 3.5 km
long and up to 5 m high fault scarp [23].
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Figure 1. (A)—Seismotectonic setting in the Southern Alps of Slovenia; faults are summarized
from [22,31], instrumental and historical earthquakes are from ESHM?20 database [16], focal mecha-
nisms Mw > 5 [32-35], 1348 earthquake epicenter marked with yellow star is from the latest study of
archive data [36], evidence for coseismic environmental effects associated to historical earthquakes
are slope failures in Dobra¢ (1) and Veliki vrh (2), and archaeoseismological evidence from Celeia (3),
basemap is from Copernicus DEM 1.1, inset map with location of the study area using ESRI World
Terrain Base. (B)—Sava Fault traces between the Upper Sava Valley and Sava Folds; extent of glaciers
in the last glacial maximum (modified from [37]), basemap is from Copernicus DEM 1.1. (C)—3D
view on the study area between Golnik and Preddvor; shaded relief of lidar data [38].
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Quaternary activity of the Sava Fault has previously been estimated from displaced ge-
omorphological indicators in the central part of the fault [21,23]. A slip rate of 0.5-0.9 mm/a
in the last 2 Ma was estimated on the strike-slip segments, based on the offset Trziska
Bistrica terrace and Kokra alluvial fan apexes. An uplift rate of 0.1 mm/year in the last
50 ka was estimated on the reverse Cerklje segment based on the height of a scarp in Late
Pleistocene alluvial fan [23]. The long-term impact on topography is also most visible in
the central part of the fault (Figure 1B,C). Major rivers are dextrally deviated by several
kilometers along the fault, with two sets of displacement observed, 1-2 km and 4-5 km,
whereas smaller streams exhibit about 400 m of dextral deviation [21,23]. Additionally,
vertical movements influence the rivers, which change from incisional to depositional
regimes as they cross the fault in a downstream direction.

To estimate the average slip rate over longer periods of time, 20-30 km separation of
presumably displaced Oligocene units was used ([21] and references therein). However,
larger separation estimates of up to 70 km were also proposed [39]. This displacement
represents the entire right-lateral slip along the Sava Fault since its inception. Depending
on the assumed total offset and time of inception, the fault’s geologically determined slip
rate is estimated to be 1-5 mm/year in the last 20-6 Ma.

GNSS data in the 1996-2002 period suggest dextral movement at a rate of about
1.2 mm/a [40], which roughly fits the Quaternary slip rate estimates based on geomorpho-
logical indicators. Therefore, the geomorphological, geological, and GNSS-estimated slip
rates at least partially agree. Conversely, the modeled recent rates are one to two orders
of magnitude lower (0.05-0.15 mm/a) [41,42]. Considering all data and their uncertain-
ties, we assume that a reliable slip rate along the Sava Fault in the last 2 Ma could be
0.5-1.5 mm/a [22,23]. As this range of estimates derives from highly heterogenous data,
it therefore needs to be refined. With new high-resolution DEMs we could obtain new
Quaternary archives of the fault activity to check the Quaternary slip rate estimations and
compare them with other estimations.

The Sava Fault is considered to be one of the most significant seismic sources included
in the seismic hazard model of Slovenia [43,44]. On the basis of fault length and area,
it could generate earthquakes with magnitudes up to 6.8 on individual sections, and of
maximum magnitude 7.3 in the less likely event of a rupture involving the entire western
part of the fault [22,43]. The fault, especially its western part (also known as the Fella-Sava
Fault on Italian territory [45,46]; Figure 1A), is also a possible source of the 1348 Villach
earthquake [36,47,48]. The latest study on this event estimates the maximum intensity to
be Imax = IX-X and a moment magnitude (M) of 6.6 [36]. Large slope failures occurred
at the Dobra¢ (German spelling: Dobratsch) mountain in Carinthia, with 150 million m?
of material [49], and most likely also in Veliki Vrh in Slovenia (20-100 million m> of
material; [49-51]; Figure 1A). Archeological evidence for damage that could be associated
with an older severe earthquake occurred before 350 CE was found in the town of Celje
(Roman name is Celeia) near the easternmost part of the Sava Fault, for which this fault
is considered to be one of the possible sources [52]. However, up to now, no moderate to
strong earthquakes could be reliably tied to this fault (Figure 1), and instrumental seismicity
is not increased in its proximity [53,54].

Based on the published focal mechanisms, most seismic activity in the region occurs
on the NW-SE dextral strike-slip faults and dextral transpressive movements on NW-SE
to W-E striking faults are also common, while reverse movements on approximately W-E
striking faults are only present in some parts [55]. The wider region experienced several
historical earthquakes with My, > 6 (Figure 1A). Besides the 1348 Mw 6.6 earthquake, these
were the 1511 Mw 6.4 Idrija earthquake (also known as the Friuli-Slovenia earthquake),
the 1690 Mw 6.3 Villach earthquake, the 1721 Mw 6.4 Rijeka earthquake, the 1928 Mw 6.0
Tolmezzo earthquake, and the 1976 Mw 6.5 Friuli earthquake [16,56]. According to the latest
earthquake catalogues in the wider region [16,56], no Mw > 6 earthquake is known to have
occurred in Slovenia; however, the Slovenian national catalogue [48] includes two events,
the 1511 Mw 6.8 Idrija earthquake and the 1895 Mw 6.1 Ljubljana earthquake (included as
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a Mw 5.9 event in the ESHM20 database [16]). The discrepancies between the historical
earthquake catalogues reflect the challenges of reconciling magnitude estimations and
epicenter positions across different archives. Note, however, that the historical seismicity in
the territory of Slovenia is only known for the last ~500 years [16,48]. It is therefore crucial
to understand the level of fault activity, the fault’s seismic history, and its seismogenic
potential.

3. Materials and Methods

To better constrain the activity of the Sava Fault, we selected the area between Golnik
and Preddvor (Figure 1C), which exhibits the most prominent surface expression of the
fault and where well-preserved Quaternary fluvial landforms cross the fault zone. Our
workflow included processing of lidar data, obtaining photogrammetric-derived DEMs,
geomorphological and structural geological mapping, electrical resistivity tomography
(ERT) and ground-penetrating radar (GPR) surveys, and optically stimulated luminescence
(OSL) and radiocarbon dating (1C).

3.1. Lidar Data and UAV Photogrammetry

Estimates of fault slip rates from tectonic geomorphology in Slovenia, which were
previously relying on the 5 m resolution DEM and 1:5000 scale topographic maps [21,23],
can now benefit from more detailed digital elevation models obtained through aerial
lidar [38] and photogrammetric aerial surveys using unmanned aerial vehicles (UAVs). The
lidar data of Slovenia [38], delivered as a point cloud of classified ground points in LAS file
format were processed using the Global Mapper software v22.0 to generate a digital terrain
model with a cell size of 0.5 x 0.5 m. We additionally used the DJI Phantom 4 RTK UAV
(SZ DJI Technology Co Ltd, Shenzen, China) to acquire high-resolution topography at two
key field localities, Povlje and Lasko (see Figure 1C for location). Accurate georeferencing
was achieved using direct georeferencing with the post-processed kinematic (PPK) method
(e.g., [57,58]), using the recorded UAV flight paths and our own GNSS base station RINEX
observations, augmented with ground control points surveyed with RTK GNSS. A pair of
dual-frequency geodetic-grade GNSS receivers Sokkia GRX2 was used in the surveys.

UAV flight missions were flown at 75 m altitude above the terrain, providing a nominal
ground sampling distance of 2 cm per pixel. Missions were flown along an inclined plane,
approximating the dip of the terrain surface. Survey photographs were obtained with two
look angles: in nadir (vertical) orientation, and in oblique orientation perpendicular to
the surveying plane. Frontal and side overlap were set to 70% and 90%, respectively. We
acquired 832 photographs at the Lasko site and 3989 photographs at the Povlje site. We
employed 3 ground control points at the Lasko site and 4 at the Povlje site.

We processed the UAV imagery with the Agisoft Metashape Professional v1.7.1
structure-from-motion photogrammetric software to produce point clouds and to gen-
erate orthophoto mosaics and DEMs with 0.1 x 0.1 m resolution. In the forested areas of
Povlje, a combined relief model was created in Global Mapper v22.0 by merging the aerial
photography and lidar data DEMs, resulting in a model with a cell size of 0.1 X 0.1 m in
vegetation-free areas and 0.5 x 0.5 m in areas with dense vegetation. The quality of the
UAV-derived DEMs was assessed by comparison with the DEM derived from the national
lidar dataset. This was performed using the “Combine/Compare Terrain Layers” tool in
Global Mapper v22.0. At both locations the DEMs were horizontally aligned. The vertical
difference was up to 0.5 m in meadows and areas with low vegetation; larger discrepan-
cies exceeding 0.5 m were observed in forested areas, areas with higher vegetation, and in
anthropogenically-modified areas. Different visual representations of the relief models were
generated using QGIS Desktop 3.28.8 and the Relief Visualization Toolbox plugin [59,60],
including shaded relief, multidirectional shaded relief, slope map, aspect map, and sky-
view factor display (Supplementary Materials, Section S1: Figures S1-S14). The various
representations were combined into composite base layers to facilitate geomorphological
observations. The combination of lidar data and photogrammetry techniques provided
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detailed and accurate models and representations for analyzing the geomorphological
characteristics of the surveyed areas.

3.2. Geomorphological Mapping

While detection of active faults in the area using quantitative geomorphic indices
failed to provide usable results [61], classic desktop geomorphological mapping yielded
valuable results in the past [3,4,21,62]. We therefore performed geomorphological map-
ping using the high-resolution DEMs to detect possible active fault traces and Quaternary
landforms recording deformation in our study area. We identified lineaments including
scarps, offset river channels, surface elevation anomalies, displaced ridges, and terraces,
aligned karst features, and other features potentially related to seismic landscapes [63,64].
These geomorphological indicators are commonly used to infer fault activity, although
lineaments could also be associated with erosional or depositional processes, lithological
boundaries, or inactive tectonic features [65]. Further interpretation required the integra-
tion of geological data and validation through field investigations. The mapping process
involved field geomorphological examinations and structural geological mapping to sup-
port desktop-geomorphological mapping in GIS environment. Additionally, indicators
of tectonic displacements beyond lineaments and Quaternary sedimentary features were
documented, including abandoned stream channels and other erosional forms.

3.3. Structural Geological Mapping

Detailed structural geological mapping was conducted over an area of approximately
9 km? between Zalog and Mate near Preddvor at a scale of 1:5000. The detailed map
resized to fit A3 format is available in Supplementary Materials (Section S2: Figure S15).
Mapping methods varied based on outcrop visibility, vegetation cover, and slope steepness:
by recording all outcrops, through profiling, tracing of geological boundaries or faults, and
remote observation for impassable steep and friable walls.

The lithostratigraphic classification of geological units relied primarily on data from
the Basic Geological Map of Slovenia [66,67]. Alongside conventional lithostratigraphic
mapping, which documented sediment and rock composition and texture (grain size, sort-
ing, structural maturity, cementation, bedding, lamination, porosity), particular emphasis
was placed on precise documentation of structural relationships between geological units
and internal tectonic elements. Measurements included dips of bedding, cleavage, faults,
and major fractures or fracture systems. Fault slip directions and minor fold axes were also
recorded. All linear structures identified as potential tectonic structures in the GIS-based
tectonic geomorphological mapping were verified in the field.

3.4. Electrical Resistivity Tomography (ERT)

ERT is well established and is one of the most frequently used non-destructive shal-
low subsurface investigation methods in various research fields (e.g., [68]). It has been
successfully used in numerous structural geology studies to determine various lithology
and discontinuities associated with (active) faults [12,14,69-78]. Its use is recommended to
determine a suitable paleoseismological trench location and its depth, with an electrode
spacing of 5 m generally suitable to reveal the broader resistivity distribution, while shorter
(<1 m) electrode spacing should be used to determine a more accurate trench location [79].

We conducted 2D ERT surveys in Povlje and Lasko, which were identified as the most
promising sites according to all previous criteria (geomorphological data, geomorphologi-
cal markers, and structural geological data). Longer 2D ERT profiles (Povlje 1 and Lasko 1)
were acquired with an electrode spacing of 5 m, with a total (surface) length of 235 m at each
site. After evaluation, we selected shorter 2D ERT sections with an electrode spacing of 1 m
for detailed study (Povlje 2: at 70-165 m of distance from Povlje 1, and Lagko 2: at 60-139 m
of distance from Lasko 1). All 2D ERT pseudosections were obtained using a dipole-dipole
electrode array (DD), which is a suitable choice among conventional electrode arrays for
detecting vertical and dipping structures [80]. After integrating the topography data, the
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pseudosections were processed with the Res2DInv inversion software RES2DINVx64 ver.
4.06.06 [81], using the smoothness-constrained Gauss-Newton least-squares optimization
method with the 11 norm, also known as the blocky inversion method [82]. The unin-
terpreted versions of ERT profiles are available in Supplementary Materials (Section S3:
Figures S33 and 534).

3.5. Ground-Penetrating Radar (GPR)

The non-invasive GPR method has been increasingly used in different types of ge-
ological studies, such as investigating active tectonics [83], exploring karst features [84],
studying landslides [85], mapping sedimentary deposits [86], determining the groundwater
table depth [87], and reconstruction of the subsurface 3D fault model [88]. Globally, GPR
has already proven to be an extremely successful method in the research field of active
tectonics, where it is used to determine major structures such as normal faults [83,88-90],
reverse faults [90,91], strike-slip faults [90,92,93], and active folding [94]. In several studies,
GPR has assisted in paleoseismological research (e.g., [89,90,92,95,96]). GPR investigations
can help to determine the most suitable location for a research trench [97,98] to study past
earthquakes.

In this study, the shallowest subsurface was investigated with a 50 MHz antenna that
allowed imaging the subsurface in the upper 10 m. A total of 14 GPR profiles were recorded
at locations Povlje and Lasko; 5 profiles were recorded approximately perpendicular to
the Sava Fault and 9 parallel with the fault. Uninterpreted profiles and maps with profile
locations are available in Supplementary Materials (Section S4: Figures S35-542). Four
fault-perpendicular profiles match with locations of ERT profiles across the Sava Fault. In
Lasko, it was impossible to record one continuous profile along the ERT line, because the
profile crossed a fence twice. Therefore, this section is covered with three shorter GPR
lines (Lasko 1-3) and there is about 7 m of uncovered space between them. One additional
fault-perpendicular profile was performed across a morphologically more expressed fault
branch in the eastern side of the investigated surface (Lasko S). The fault-parallel profiles
were conducted to investigate whether any geological markers such as channels could be
determined, which would allow to constrain the horizontal offset along the fault.

3.6. Optically Stimulated Luminescence (OSL) and Radiocarbon Dating (*4C)
3.6.1. Sampling

We excavated a 2 X 2 x 2 m pit into the Povlje fan to date the activity of the Sava
Fault. We took two bulk clay samples from depths of 1 m (UK19-5) and 1.45 m (UK19-6),
respectively, for 1*C dating. We collected one luminescence sample (UK19-7) from a depth
of 1.05 m below surface. Since the coarse gravel made it impossible to use steel tubes
for sampling, we used a tarp to shield the trench wall from sunlight, then removed the
first 5 cm of the surface of the trench wall, and we sampled fine-grained material into a
black bag.

3.6.2. '4C Dating

Bulk '*C dating has been used to determine the age of organic material in sediment
samples. This method is often used in situations where the organic material is not well
preserved, when no charcoal or similar organic fragments are available, or when the sample
consists of a mixture of different organic components [99-101]. This approach can provide
information about the age of the entire organic fraction in a sample, even if individual
components cannot be separated or identified. Because the age of the entire sample is
averaged, bulk dating may have limited precision compared to dating individual organic
components separately (e.g., [101]). This reduced precision can affect the reliability of
age estimates, especially for samples with complex or poorly understood histories. For
example, young carbonate from the recent soil washed into deeper layers by meteoric water
may lead to too young ages.
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Samples were sent to the Curt-Engelhorn-Centre of Archaeometry (Mannheim, Ger-
many) where full analysis was carried out. The obtained results were calibrated with
IntCal20 [102].

3.6.3. Luminescence Dating

The luminescence sample (UK19-7) was prepared and measured at the Leibniz Insti-
tute for Applied Geophysics, Hannover, Germany. Since the sediment was poorly sorted,
both fine-grained (4-11 pm) and coarse-grained (100-250 pm) materials were prepared for
luminescence measurements. Luminescence signals were measured with a Riseg TL/OSL-20
automated reader with a calibrated ?°Sr/?Y beta source for artificial irradiations. Fur-
ther details about the sample preparation and measurements [103-109] can be found in
Supplementary Materials (Section S5).

4. Results and Interpretations
4.1. Geomorphological Map

Between Golnik and Preddvor, the Sava Fault separates the Kamnik-Savinja Alps
from the Ljubljana Basin (Figure 2). The fault trace is mostly covered by Quaternary slope
sediments such as scree and debris flow sediments, and alluvial fans.

Earthquakes (M) Fault trace Landforms Terrace (Middle-Late Pleistocene)
® 23 —— Primary [ Terrace remnant (Pliocene-Middle Pleistocene) Alluvial fan (Late Pleistocene—Holocene)
@® 34 — Secondary Alluvial fan (Middle-Late Pleistocene) Thalweg (Holocene)

Figure 2. Geomorphological map along the Sava Fault between Golnik and Preddvor. Earthquake
epicenters are from [48], shaded relief from lidar-derived DEM [38].

Our mapping revealed a series of fluvial landforms, including remnants of terraces,
alluvial fans, and floodplains, the relative ages of which were estimated based on landform
preservation and topographic correlation. The age of the terraces increases with their eleva-
tion, the degree of degradation, and the soil profile development, as has been shown for
the Ljubljana Basin [110-112] and other intramontane basins of eastern Slovenia [113,114].
Via morphostratigraphic comparison we thus tentatively inferred that (a) strongly eroded
remnants of terraces present at the highest elevations are presumably Pliocene to Middle
Pleistocene, (b) lower-lying and less-eroded terraces and fans are presumably Middle to
Late Pleistocene, (c) well-preserved fans at the lowermost elevations are presumably Late
Pleistocene to Holocene, and (d) floodplains are presumably Holocene.
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Note that the oldest dated terrace in the Ljubljana Basin is the 1.86 £+ 0.19 Ma old
TrZiska Bistrica terrace near our study area, which exhibits highly degraded morphology, in-
cluding karstification of carbonate conglomerates [115]. The Pliocene has not been mapped
in the Ljubljana Basin [66,67], and there is probably a stratigraphic hiatus between the
Oligocene and Quaternary in the northern part of the Ljubljana Basin. In the intramontane
basins of Eastern Slovenia, however, fluvial sedimentation probably began in the latest
Pliocene [113,114,116,117], which is why we tentatively allow the possibility that the begin-
ning of fluvial sedimentation in the Ljubljana Basin could also be in the latest Pliocene. We
therefore assume a Pliocene to Middle Pleistocene age for the oldest units we have mapped.
Numerical age dating is crucial to constrain the ages of the mapped units.

Lineament mapping was conducted to trace the Sava Fault and its primary and
secondary strands. The lineaments primarily trend in NW-SE direction, with secondary
lineaments branching off in a E-W orientation. Lineaments are discontinuous and mostly
shorter than 500 m. The primary lineaments correspond to two previously mapped fault
sections [23]: one between Golnik and Povlje and the other between Povlje and Preddvor.
These two sections are separated by a right-lateral overstep.

Lineaments cross Quaternary depositional landforms in only a few cases. Only two
locations, Povlje and Lasko, were found suitable for further investigations of fault activity.
There, a detailed survey of geomorphic indicators for tectonic displacement was performed
on photogrammetric DEMs.

4.1.1. Povlje Location

Detailed investigations were carried out at the Povlje location, where the Sava Fault
crosses a supposed Middle to Late Pleistocene alluvial fan (Figures 3 and 4A-C). The
western edge of the Povlje alluvial fan appears to be right-laterally displaced along the
fault, whereas the eastern edge was shaped by deflection of the nearby stream, likely
produced by the fault activity. The erosional history of the streams on both sides of the
Povlje alluvial fan was probably different and hence the preservation of the offset was
likely different. A series of planar surfaces is present below the eastern edge of the Povlje
alluvial fan. The origin of these surfaces is not clear, as they could form as fluvial terraces,
or could represent a series of landslide cut offs with levelled surfaces in between. Top
surfaces are not tilted counter hill as in the case of landslides. They are sloping downstream
as in the case of fluvial terraces. We therefore assume the interpretation of terraces as being
more likely.

The top surface of Povlje alluvial fan is affected by linear erosional features, including
torrential channels and abandoned channels. These erosional features exhibit right-lateral
displacements along the fault trace (Figure 5). Vertical steps in the terrain were also
observed, suggesting both horizontal and vertical displacements. The displacements of
erosional features on the surface of the alluvial fan are consistent with the displacements of
the western edge of the fan and of the stream channel W of the fan. The thickness of the
fan is estimated to be up to a maximum of 20 m based on field mapping of the sediments
on the slope. The fan consists of diamict with angular to semi-rounded clasts, with blocks
reaching the size of 1 m or more, and a fine-grained sandy to clayey matrix (Figure 4D,E).
The composition of sediment points to debris flows sediment, although partially sorted
alluvial sediments may also be present.
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Figure 3. Detail of the geomorphological map in the area of Povlje and Lasko with topographic
profiles A-D (red line indicates position of the fault); shaded relief from lidar-derived DEM [38].
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Figure 4. Landforms and their deposits in Povlje and Lasko locations with traces of the Sava Fault
indicated (red arrows). (A)—Aerial view on the transition from Ljubljana Basin to Kamnik—Savinja
Alps with locations Povlje and Lasko; view towards NNE. (B)—Aerial view on the Povlje alluvial fan
and major slope breaks associated with the Sava Fault zone; view towards SE. (C)—Field photo of
the slope break on the Povlje alluvial fan; view towards SE. (D)—Diamict, and (E)—Fine deposits,
building the Povlje alluvial fan. (F)—Aerial view on the Lasko terrace and major slope breaks
associated with the Sava Fault zone; view towards E. (G)—Field photo of the slope breaks on
the Lasko terrace; view towards E. (H)—Diamicts building the Lasko terrace above the Oligocene
marlstones. (I)—Larger blocks of the diamicts in Lasko laying at the surface. For locations of the
photo B see Figure 2, the rest are noted on Figure 3.
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Figure 5. Displaced geomorphic markers at Povlje. Basemap is slope degree map derived from
combined photogrammetric and lidar DEM.

4.1.2. Lasko Location

At Lasko, the fault crosses an erosional remnant of presumably Pliocene to Middle
Pleistocene surfaces (Figures 3 and 4F,G). The fault trace splays into several sub-parallel
branches across this surface, resulting in distinct geomorphological expressions. However,
clear horizontal displacements were not observed in this location, which may be attributed
to intense erosion on the edge of the surface.

The surface at Lasko is covered by diamicts with block sizes of up to several meters
(Figure 4H,I). These diamicts could be either glacial sediments or debris flow sediments.
The extent of older glaciations in the area is not known and the detailed morphological
mapping of the surface suggests sedimentation with debris flows is more probable. Namely,
the photogrammetric DEM revealed vertical steps of irregular shapes and small-scale
scarplets in arcuate arrays (Figure 6), resembling sedimentary landforms associated with
debris flows.

--- GPR

ERT — Risers Slope degree

— Lasko 2 — Scarplets A

— Lasko 1 Streams 89.69

Fault trace — Creek D 0.017:

— Primary " Gully 0 25 50m
— Secondary -==- Paleo-gully -

Figure 6. Displaced geomorphic markers at Lasko. Basemap is slope degree map derived from

photogrammetric DEM.
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4.2. Displacements of Geomorphological Indicators

Detailed geomorphological maps provide indicators to quantitatively constrain the
displacements at locations Povlje and Lasko.

4.2.1. Povlje Location

At Povlje, right-lateral displacements of geomorphological indicators were identified.
These indicators include the channel W of the fan, the riser on the western edge of the fan,
gullies of intermittent and paleo streams on the fan itself, and the risers of the terraces on
the eastern edge of the fan (Figure 5). The displacements are systematic and in the same
order of magnitude, allowing for relatively reliable estimations.

We measured right-lateral displacements of 12-59 m: the channel W of the fan (12 m
and 26 m), the riser at the western edge of the fan (59 m), the gully on the fan (18 m), the
western and eastern risers of the wider paleo-gully incision on the fan (47 m and 42 m),
and the risers of the terraces E of the fan (57 m and 52 m). The 57 m displacement on the
latter is tentatively estimated, because the top of the correlated riser on N is very faint
and unreliable. In the case of the 52 m offset on E, we tentatively compared the tiny area
indicated on the riser on the northern side, with the terrace to the S with a matching altitude.
We correlated two presently different features only in one case where we assume they were
once the same channel: the paleo-gully N of the fault, which ends on the fault, and the
beheaded gully S of the fault (51 m). This beheaded gully is thus correlated once with the
paleo-gully that ends on the fault (51 m), and once with the gully that deviates across the
fault (18 m). Furthermore, vertical displacements of up to 7 m were observed, with the
northern block seemingly downthrown relative to the southern block (Figure 5).

4.2.2. Lasko Location

In contrast to the Povlje location, clear horizontal displacements were not observed
at Lasko. Visible vertical steps were detected, which are likely the result of lithological
changes where carbonate bedrock outcrops on the surface against Pleistocene sediments.
A potential horizontal displacement was observed at the eastern edge of the surface with
an apparent right-lateral displacement of 54-64 m (Figure 6). However, this apparent
displacement could also be a consequence of differential erosion of rocks in the substrate,
as it coincides with the mapped lithological contact (see the following section). Therefore,
the assessment of horizontal displacements of geomorphological indicators at Lasko is
unreliable and does not provide conclusive evidence of fault activity.

4.3. Structural Geological Map

The detailed geological map of the Sava Fault between Zalog and Mace near Preddvor
is provided in Supplementary Materials (Figure S15). To facilitate a better analysis of the
structure, a separate structural map has been prepared based on the geological map. The
structural map highlights the tectonic structures without the Quaternary sediment cover
(Figure 7).

4.3.1. Lithology

Steep hills are composed of Triassic rocks, including the Werfen Formation (Lower
Triassic (T7)), the Anisian Beds (lower part of Middle Triassic (T,!)), and the Schlern
Formation (Middle and Upper Triassic (T23)). The Werfen Formation begins with rhythmic
sedimentation of dolomite, marlstone, siltstone, and quartz sandstone, with lenses of
calcarenites and ooid limestones, in a sequence typical for the Southern Alps and Dinarides
(e.g., [118]). The upper part of the formation continues with limestone, transitioning into
sandy dolomite, slaty marlstone, and marly limestone with marlstones. Anisian Beds lie
with a normal geological boundary on the Werfen Formation. They are predominantly
represented by dolomite, with occasional occurrences of limestone, dolomitized limestone,
and dolomitic breccia. The Schlern Formation, represented by dolomite, is in tectonic
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contact with older Triassic units. Both the Anisian Beds and Schlern Formation are heavily
fractured throughout most of the area.

— — — Normal geological boundary

= Major fault, observed — — Minor fault, covered/inferred Schlern Formation
= == Major fault, covered/inferred = === Minor fault, supposed Anisian Beds
= === Major fault, supposed —+— Generalized dip of beds - Werfen Formation

o) o
"\ Babnivrt ;¥
e

J

Minor fault, observed Oligocene rocks

Figure 7. Structural geological map along the Sava Fault between Zalog and Mace near Preddvor
without the Quaternary cover. Faults (or segments thereof) referred to in the main text as well as
in the supplement are labelled by Roman numerals (I-VII). Basemap is hillshade derived from the
lidar DEM.

Oligocene rocks (Ol) form the more gently inclined lower parts of the slopes and
include alternations of marlstones and mudstones, and andesitic tuff. They are in tectonic
contact with Triassic rocks. Oligocene marlstones and mudstones are heavily fractured and
cleaved, indicating significant tectonic deformation.

Quaternary sediments are deposited on the slopes and in the valleys at the transition
from Triassic to Oligocene rocks, effectively covering the fault contact. The following Qua-
ternary units were distinguished: diamict (Pleistocene (Q;-d)), gravel and sand (Holocene
(Q2-pp)), diamict (Holocene (Q,-d)), and anthropogenic landfill (recent (a)).

For the full description of each lithostratigraphic unit see Supplementary Materials
(Section S2).

4.3.2. Structure

The Sava Fault Zone, characterized by a NW-SE orientation, separates Triassic rocks
from Oligocene rocks in the study area. The fault zone is denoted as “I” on the structural
map (Figure 7), with sub-branches labeled from “Ia” to “Ig” representing individual fault
sections. Although the fault itself is covered, its intersection with the topography suggests
a steep northward dip. A northward dip in a transpressive fault zone means that the
northern block (the hanging wall) is relatively uplifted. This fits the overall topographic
gradient.

The fault geometry in the study area forms a transpressive zone along the Sava Fault,
with faults gradually diverging towards the SE (II-VI) with increasing distance from
the main active branch (I). While right-lateral transpressive kinematics are observed for
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faults I-IV, SW-NE striking faults (V, VI) likely display left-lateral transpressive kinematics.
Sigmoidal left-lateral connecting faults are present between the main faults. From the fault
pattern we infer that the transpressive tectonic lenses, bound by connecting faults, undergo
counterclockwise rotation. The transpressive structure, with tectonic lenses of the Werfen
Formation, indicates the geometry of a positive flower structure. For detailed description
of the structure see Supplementary Materials (Section S2).

The mapped portion of the transpressive zone represents a segment of the larger
transpressive zone of the Sava Fault. Detailed structural geological mapping of the com-
pressional bend of the Sava Fault was conducted in the Preddvor-Stahovica area [24].
Considering the broader structural framework, the emergence of such a transpressive struc-
ture between Povlje and Mace in the studied area can be attributed to gradual curving of
the Sava Fault from NW-SE to E-W direction. With the growth of the fault zone, the tectonic
lenses experienced counterclockwise rotations, consistent with the kinematic interpretation
by [18].

Due to the concealed nature of the main active branch of the Sava Fault (I), direct
observations of the fault were not possible, and only a limited amount of structural data
is available for this specific segment. The precise geometry of fault branches beneath
the Quaternary sediments remains unknown. However, the Povlje and Lasko locations
offer a relatively well-known geometry from electrical tomography data, which has been
incorporated and depicted on the maps.

4.4. Electrical Resistivity Tomography (ERT)
4.4.1. Povlje Location

ERT profiles on Povlje alluvial fan show a contrast of resistivity occurring in several
layers (Figure 8). In the lower part of the Povlje 1 profile, at depths larger than 15 m
and at a distance of around 110 m, a sharp contrast is visible between the relatively
higher resistivities (85-230 (dm) in the NE part and low resistivities (40-85 (dm) in the SE
part. From detailed structural geological mapping, this subvertical lateral contrast (F1) is
interpreted as a sharp tectonic contact between Triassic carbonates in the NE and Oligocene
marlstones and mudstones in the SW (fault branch Ia on Figure 7). Tentatively, the higher
resistivity unit in the lower parts consists of two blocks, where the northern block seems to
consist of two resistivity zones and the middle one appears massive. These two blocks can
be explained as two tectonic blocks consisting of different bedrock lithologies, as present W
and E of the Povlje alluvial fan, namely Schlern Dolomite in the northern block separated
by F2 from Anisian Beds or alternatively Werfen Formation (carbonate lithologies) in the
middle block.

Above the bedrock, alternating higher and lower resistivity layers suggests the presence
of Quaternary deposits with a total thickness of 10-30 m (Q1-Q5), which matches the estimated
alluvial fan thickness of 20 m from field geomorphological mapping (Section 4.1.1). Zone
Q1 has resistivities similar to the Triassic bedrock, however, due to its position on top of
Oligocene strata, it can only represent Quaternary strata as the regional geological setting
exhibits a stratigraphic hiatus between the Oligocene and the Quaternary. Q1 may thus
represent slope deposits originating from Triassic rocks outcropping on higher slopes; its
wedge-like geometry may support such an interpretation.

A sharp contrast between the resistivity zones in the Quaternary cover occurs at
F1. SW of F1 the Quaternary cover seems to consist of three resistivity zones: lower Q1
(100-300 Qdm), middle Q4 (30-100 (dm), and upper Q5 (100-350 dm). The high-resolution
profile Povlje 2 suggests that Q4 and Q5 may be extending on both sides of F1. NE of F1 the
Quaternary cover seems to consist of 2—4 resistivity zones: lower Q2 (23-85 (dm), middle
Q3 (85-300 (dm), and perhaps Q4 and Q5, which are also present SW of F1. Anthropogenic
filling is present in the upper 2 m in the northeasternmost part of profile Povlje 2, as testified
by the landowner.
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Figure 8. ERT profiles across the Sava Fault at locations Povlje and Lasko. See Figures 5 and 6
for location of the profiles. Interpretation is based on resistivity characteristics and the results of
tectonic geomorphological and structural geological field mapping. See Supplementary Materials
(Figures S33 and S34) for an uninterpreted version with homogenous color scale for all profiles.

The lithology of the Quaternary units can be interpreted from a comparison with
the outcrops present at the edge of the Povlje alluvial fan (Figure 4D,E) and from the pit
excavated for age dating (see Section 4.7). Based on their relatively thin and long geometry,
subparallel to the surface of the alluvial fan, these units can be interpreted as mass flow
and alluvial deposits. Outcrops revealed massive diamicts with blocks reaching the size of
1 m or more and a fine-grained sandy to clayey matrix, suggesting these are debris flow
sediments. Higher resistivity units Q1, Q3, and Q5 can contain larger clasts and a coarser
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matrix (high-energy debris-flow events), whereas low-resistivity units Q2 and Q4 probably
consist of smaller clasts with abundant clayey matrix (possibly mud-flow events or distal
parts of debris flows).

Steep, subvertical lateral contrasts of resistivities occur in several places. The most
notable are F1 and F2, extending through the whole profile. We interpret those as two
main fault branches. Fault F1 is the principal fault, juxtaposing Triassic with Oligocene
bedrock and possibly displacing laterally Quaternary units Q1 and Q2. We interpret that
units Q1 and Q2 are laterally displaced due to the general right-lateral character of the fault
(e.g., [19]) and because these two different units have no equivalent on the other side of the
fault. Fla appears to affect the uppermost units Q3 and Q5. SW of F1 up to three minor
vertical discontinuities may be present—F1a, F1b, and Flc. Q1 appears dissected and bent
SW of F1, Q4 and Q5 could be also affected. F2 is characterized by a minor vertical contrast
of resistivities in the bedrock and possibly in Q2 and Q3-5. Two additional minor vertical
discontinuities may be present, F2a and F2b, that may be affecting Q2 and Q5. Lateral
displacements with bending of Q1 are typical for strike-slip faulting and suggest a local
positive flower structure.

4.4.2. Lasko Location

ERT profiles in Lasko exhibit large resistivity contrasts between the NE and the SW
side (Figure 8). At depths of more than 10 m and at a distance of 0-80 m the resistivities are
moderate (120-850 (dm) and between 140-220 m they are low (<33 QOm). In between, at
distances from 80-140 m, several subvertical changes in resistivity occur. A high-resistivity
zone (850-3000 (dm) is present in the first 100 m of the profile distance at depths of 3-10 m.

According to the structural geological mapping the bedrock structure here is a com-
bination of tectonic and normal stratigraphical contacts (Figure 7). 150 m W of the ERT
profiles, a shallow, N dipping stratigraphic contact between Anisian Beds and the un-
derlying Werfen Formation was mapped. It could correspond with the transition from
high-resistivity layers in the first 100 m at depth of 3-10 m to the underlying moderate-
resistivity zone (Figure 8). In this case, however, the resistivities of the possible Anisian
Beds are higher than in the unit interpreted as possible Anisian Beds in Povlje. There may
be several reasons for this discrepancy, the most important of which are moisture content
and porosity. In Povlje, the unit interpreted as possible Anisian Beds or Werfen Formation
lies between two faults, and it is very likely that the rock is highly fractured and has higher
porosity and moisture content and thus lower resistivity. Alternatively, the high-resistivity
unit in the first 100 m at Lasko could be interpreted as Quaternary diamicts including large
carbonate blocks as found on the S edge of the Lasko surface.

A tectonic contact between Triassic and Oligocene rocks was mapped on the E edge
of the Lasko surface with several tectonic lenses of Anisian Beds and Werfen Formation.
Therefore, we interpret the low-resistivity zone at distances between 140-230 m and at
depths larger than 10 m as Oligocene marlstones and mudstones. The subvertical changes
in resistivities at 80-140 m distance could be tectonic lenses of Anisian Beds and Werfen
Formation, where the Anisian Beds are carbonates with moderate resistivities, and the
Werfen Formation consists of marlstones and mudstones with low resistivities. This inter-
pretation is based on the detailed geological mapping of the E edge of the Lasko surface and
assumes that Werfen and Oligocene marlstones and mudstones have similar resistivities.
Alternatively, judging from ERT alone, the contact between Werfen and Oligocene strata
could be already in the zone at distances of 80-120 m.

A moderate-resistivity layer of 80-400 (dm at depths of 3-10 m is present at a profile
distance of 120-230 m (Q1). Considering its thin and long geometry, its surface-parallel
slope, and the local geological setting and stratigraphical hiatus between Oligocene and
Quaternary, this unit could represent the oldest Pliocene to Middle Pleistocene unit in the
Lasko site. Based on the outcrops located on the S edge of the planar surface this unit may
consist of diamicts with block sizes of up to several meters, likely deposited by debris flows.
The resistivity of the Q1 on the southern side, however, does not match the possible Q1 on
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the northern side. If the interpretation of Q1 on N is correct, this could indicate the lateral
displacements that brought two different Quaternary units to the same level.

The uppermost 2-3 m of the ERT profiles are characterized by a unit with resistivities
of 20-250 Odm. Higher-resolution profile Lasko 2 suggests the presence of two units: Q2 at
depths of 0-3 m, and the locally ca. 1 m thick unit Q3 with slightly higher resistivities at
the uppermost part. Units Q2 and Q3 could represent diamicts with smaller clasts and a
finer matrix than Q1 (distal parts of debris flows) or younger alluvial sedimentation (mud
and sand) on top of Q1 diamicts.

Subvertical changes in resistivities of the bedrock are interpreted as faults based on
the local geological setting. The most prominent is F1, separating a supposedly massive
bedrock block on the NE from a possible zone of tectonic lenses, where three minor vertical
discontinuities seem to be present—F1a, Flb, and Flc. F3 could be separating the Triassic
from Oligocene bedrock and could therefore be the primary fault. F2 juxtaposes supposedly
Triassic bedrock with the Quaternary unit Q1, and thus seems to be the most important
branch in terms of fault activity. Vertical changes in resistivities of Q2 and Q3 could also be
present at F1, Fla-c, and F2, with potentially the strongest change at F2 in the uppermost
2-3m.

4.5. Ground-Penetrating Radar (GPR)

Distinct parts of the GPR profiles display varying signal characteristics (Figures 9 and 10).
Strong reflections are associated with more compact and coarse-grained sediment, exhibit-
ing continuous linear reflections that can be associated with bedding. These areas also have
superior depth penetration compared to areas with weaker signals. Conversely, high signal
attenuation areas exhibit weak or no signal reflections, indicating either fine-grained mate-
rials or exceedingly homogeneous sediments. By analyzing the truncations and diverse
angles of linear reflections, we identified vertical disruptions within the profiles, associated
with lithological and/or tectonic contacts.
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Figure 9. GPR profiles across the Sava Fault at locations Povlje and Lasko. The GPR lines match with
the ERT lines—see Figures 5 and 6 for location of the profiles. Interpretation is based on radargram
characteristics and results of ERT survey, tectonic geomorphological and structural geological field
mapping. This figure in higher resolution is available in Supplementary Materials (Figure S36).
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Supplementary Materials (Figure S40).
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By comparing the GPR with the ERT profiles and using the knowledge gained from
the geomorphological and structural geological field mapping, we first interpreted the
fault perpendicular profiles (Figure 9). The lithological units and faults identified in ERT
were identified also on GPR profiles, which enabled us to interpret the lithology and the
structure with greater confidence. The names of the lithological units and faults match
the names used in ERT profiles. In Povlje, a series of subvertical faults seems to disrupt
the shallowest Quaternary layers. The most distinct fault is F1, which seems to cut units
Q1 to Q5. Similarly, in Lasko, subvertical faults seem to displace the shallowest units
Q2 and Q3. The most distinct is Fla that seems to cut Q2-3 and separates two different
bedrock lithologies, as well as F3 on Lasko S that separates outcropping bedrock from Q2-3
diamicts.

The fault-parallel GPR profiles were interpreted with less confidence since they are not
covered with matching ERT lines. Nevertheless, the lithological interpretation was adjusted
where they cross the fault-perpendicular GPR and ERT lines. The major lithological
units could be identified based on the radargram patterns associated with each lithology
(Figure 10 for Povlje and Figure 542 for Lasko). Additionally, an about 10 m wide and
5 m deep channel was interpreted in profiles Povlje N1, N2, and N3 (orange arrows on
Figure 10). It exhibits strong linear reflectors inside the channel and is bounded by weak
signals at its edges. This channel is likely filled with coarse-grained material. We did not
recognize the same feature in Povlje N4a,b profiles and it might be that it continues in
the area not covered between the profiles a and b. Several areas display deeper contacts
between the upper and lower Quaternary units, such as at distance 45 m on Povlje N2, at
12 m on Povlje N3, and at 70 m on Povlje N4a (black arrows on Figure 10). We interpret
these as buried channels. An erosional channel is also visible at the surface in the western
part of profiles Povlje N1-N4 (blue arrows on Figure 10). The faults drawn between the
fault-parallel profiles are based on the fault-perpendicular profiles and our geomorphic
mapping. We also interpret one fault visible in profile Lasko N2: Fla cutting the Anisian
Beds from the Q2-3 diamicts.

4.6. Displacements of Channels Identified with GPR

In Lasko, we did not identify any marker that would allow us to constrain the hori-
zontal displacement. In Povlje, however, there are several elements that can be compared
between the profiles: an erosional channel visible at the surface (marked with blue arrows
on Figure 10), a buried channel (black arrows), and an infilled channel (orange arrows).
The erosional channel at the surface is visible in all four profiles, the buried channel only
on profiles Lasko N2 and N3, and the infilled channel on profiles Lasko N1-N3. Since the
boundaries of the channels are diffuse, we use the lowest point of the channels to estimate
the lateral offsets. In the case of the erosional channel at the surface, a total right-lateral
offset of 58 m was measured; the offset between individual GPR profiles ranged between
18-24 m. The offset of the buried channel was measured to be 36 m. The total offset of the
infilled channel was measured to be 22 m, with 7 m and 15 m offsets along individual fault
branches.

We assume that all differences in the lateral position of the channel are due to the
displacement and not to the flow direction of the streams. This assumption is justified by
the geometry of other channels visible on the surface, all of which indicate right-lateral
displacement across the fault and a similar magnitude of displacement inferred from
geomorphology and GPR.

4.7. Dating the Povlje Fan

A pit was excavated at N46.32828° E14.37624° near the fault zone and directly W of the
wider incision of the paleo-gully on the Povlje alluvial fan (Figures 5 and 10). We avoided
the incision to determine the depositional age of the alluvial fan rather than the possibly
younger deposits of the paleo-gullies. With this approach, we targeted the maximum age
of the cumulative displacements that we inferred in Povlje.
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In the excavation pit, below a 0.2 m thick modern soil, we encountered only one
stratigraphic unit (Figure 11). This unit consisted of poorly rounded fine to medium
gravels (composed of litharenites, argillites, and limestones) with some larger blocks in
a clayey-sandy matrix with high water content. We observed no sorting, no layering,
and no preferred orientation of the clasts. Thus, the sediment is interpreted as a diamict
transported over short distances by debris flows.

Figure 11. Sampling site on the Povlje fan. (A) Locations of radiocarbon samples UK19-5 and UK19-6
as well as luminescence sample UK19-7. (B) Close up of the sample locations, note the unsorted
gravels in the clay matrix. (C) Trench wall behind K. Ustaszewski; note the large clasts.

We sampled the clay matrix in the hope that it contains bulk organic matter that
would date paleosoil formation processes. Sample UK19-5 returned a '*C age of ca.
2.53 4 0.17 ka cal BP; sample UK19-6 gave a *C age of 2.15 4 0.15 ka cal BP (Table 1).
These ages are very young given the geomorphological settings of the sampled site and
amount of surface deformation seen in the fan. The Povlje fan is incised on its edges for
about 50 m hence it was deposited much earlier to allow such significant incision and
related climatic changes to occur. Presence of additional channels on the Povlje fan indi-
cates that erosion and perhaps limited sedimentation continued after fan formation, but
since the pit was positioned away from the paleochannel it is not likely that the sampled
material was from later processes. If the *C ages would indicate the time of Povlje fan
sediment deposition, all the surface deformation (42-59 m of right lateral displacement and
about 7 m of apparent vertical displacement) would have occurred in the last ca. 2.5 ka,
which is unrealistic for this region. Additionally, results showed that the samples contained
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extremely low carbon content (0.7% and 0.6%; Table 1), which excludes the possibility of
them being from soil. For bulk ages, the organic content should be more than 5% [119].
Therefore, we interpret the clays to not have formed in situ by pedogenic processes. Instead,
the clay-sized fraction that was dated is probably a mixture of solved carbonate from
the limestone gravels and carbonate washed out from the recent soil by meteoric water,
bringing young carbon into the system. Another possible source of young carbon in the
sediment could be bioturbation. Due to these reasons, we consider the *C dating results to
not reflect the age of the Povlje fan.

Table 1. Results of the 1*C dating of the Povlje fan. All samples were analyzed by the Curt-Engelhorn-
Centre of Archaeometry and calibrated with IntCal20 [102].

Lab Code

Sample ID

14C Age 813C AMS  Calibrated *C " Carbon Material
[yr BP] [%o] Age [cal yr BP] Content [%]

44643
44644

UK19-5
UK19-6

2438 25 —23.6 2528 171 0.7 Bulk sediment
2136 24 —27.0 2149 147 0.6 Bulk sediment

Depositional ages can be derived from luminescence dating, which measures when
the sample has last been exposed to sunlight. This approach assumes that the samples have
been at the surface at least briefly during the last transport, and that sediment transport did
not exclusively happen at night. Tables 2 and 3 summarize the result of dose rate and ages,
respectively. OSL on fine-grained quartz (sample UK19-7) resulted in a mean OSL age of
27.4 £ 1.6 ka (Table 3). The post-IR IRSL signal at 150 °C on K-feldspar resulted in a fading
uncorrected age of 25.5 & 4.5 ka using the minimum age model, which is consistent with the
quartz OSL age. After correcting for anomalous fading (g2days value of 4.5 & 0.3%/decade),
the age became 39.3 ka =+ 8.0 ka (Table 3). The agreement between the quartz OSL age
and fading uncorrected K-feldspar post-IR IRSL age means that the quartz OSL signal was
probably well bleached before deposition [120], because the bleaching of the post-IR IRSL
signal is more than one order of magnitude slower than quartz OSL signal (e.g., [121]), and
therefore the depositional age of the sediment is 27.4 & 1.6 ka. The dose recovery ratio
(recovered to given dose ratio) was satisfactory for both quartz OSL and K-feldspar post-IR
IRSL signal, with the ratio of 0.96 £ 0.02 and 1.04 + 0.03, respectively.

Table 2. Environmental dose rate for the OSL sample.

Lab
Code

Sample
ID

U I Th n Cosmic I Total Dose n

Material K[%] £I[%] Dose Rate Rate

lppml  [ppml  [ppml  [ppm] (Gykal [©Y&al gynq  1Gy/kal

4160

4160

UK19-7

UK19-7

Fine-grained

quartz

Coarse-grained

3.01 0.15 15.39 0.77 2.79 0.14 0.21 0.02 474 0.24

3.01 0.15 15.39 0.77 2.79 0.14 0.21 0.02 4.86 0.36

K-feldspar

Table 3. Results of the luminescence dating.

Lab
Code

Sample
ID

Mean
De [Gy]

Fading
+ [ka] Corrected MAM  + [kal]
Age [ka]

MAM + Mean MAM

+1Gyl De [Gyl [Gyl Age [ka] + [lal Age

4160
4160

UK19-7
UK19-7

130
307

4 27.4 1.6
31 124 22 63.1 79 255 4.9 39.3 8.0
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5. Discussion

Our interdisciplinary approach using high-resolution remote sensing methods to im-
age the surface and shallow subsurface (<50 m) complemented with field surveys provided
indications of Quaternary deformation along the Sava Fault. Small-scale geomorphic indi-
cators were discovered, enabling us to measure the possible displacements that occurred
since the end of Late Pleistocene. High-resolution datasets were previously successfully
employed in this region to study small-scale geomorphological features to understand
landslide and alluvial fan activity [122-124] as well as to derive the age of alluvial sur-
faces [112].

The integration of different datasets was essential for overcoming the challenges posed
by the dense vegetation, intense surface processes, and low fault slip rates in the study
area. The advantage of using lidar derived 0.5 m resolution DEM lies in the availability
and coverage of the entire study area, which provides ground surface information without
vegetation. This aspect is particularly critical in forested areas. Although photogrammetry
offered higher resolution DEMs at 0.1 m resolution, its limitation concerning the vegetation
necessitated a combined approach with lidar data in the Povlje case to obtain an optimal
DEM. Geomorphological mapping based on high-resolution data has proven to be effective
in identifying subtle geomorphologic indicators of active tectonic displacements. However,
we emphasize the importance of validating these results with other methods such as field
geological mapping and geophysical surveys. Structural geological mapping is essential
for understanding lithology and structure and supports geomorphologic and geophysical
interpretations. Geophysical surveys have provided valuable insights into near-surface
deformation, strengthening the geomorphological findings. ERT enabled us to image the
fault up to a depth of 50 m, while GPR offered indications of faulting in shallower parts
(up to 10 m). The ERT and GPR results were consistent in delineating the main faults. As
each dataset provides specific information, the interdisciplinary approach employed in our
study was necessary, especially in an area where evidence of active tectonic deformation
can be quickly obscured or destroyed. The combination of methods and datasets allowed
for a joint interpretation, which increased the reliability of the interpretations and led to a
more comprehensive understanding of surface and near-surface deformation.

5.1. Comparison of Displacements

The displacements of the Quaternary deposits along the Sava Fault were determined
using geomorphological analyses, ERT and GPR. Based on geomorphological observations,
two groups of possible horizontal displacements were measured in Povlje: 12-18 m and
42-59 m. The tentatively estimated displacement of 54-64 m in Lasko could correspond to
the second group in Povlje. The bimodal distribution indicates that the displaced landforms
refer to two different periods, where the oldest landforms accommodated a larger fraction
of the cumulative (or total) displacement along the Sava Fault.

The ERT and GPR profiles perpendicular to the fault do not allow estimations of
horizontal displacements. On the other hand, the fault-parallel GPR profiles in Povlje re-
vealed possible horizontal displacements similar to the displacements of geomorphological
markers (7-58 m). There, the displacements were estimated on three different channels and
different groups of fault branches in between fault-parallel GPR profiles (Figures 5 and 10).
Displacements in between neighboring GPR profiles Povlje N1, N2, and N3 are smallest
for the infilled channel (7-15 m), become larger for the erosional channel at the surface
(18-24 m), and are largest for the buried channel (36 m). Similarly, the cumulative displace-
ments in between GPR profiles Povlje N1 and N3 are smaller for the infilled channel (22 m)
and larger for the erosional channel at the surface (42 m). Since the amount of displacement
generally increases with the age of the marker units, we conclude that the infilled channel
is likely the youngest and the buried channel is the oldest, while the erosional channel at
the surface could be older than the infilled channel. This can be explained by the scenario
in which the erosional channel was active over a longer period, during which the younger
infilled channel was formed as an erosional channel and then filled.
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In addition to the increase in displacement with the age of the channel, an increase in
displacement with the number of fault branches crossing the channel was also observed. In
the case of the erosional channel, the displacement over a group of two to three branches
(comparison between neighboring GPR profiles Povlje N1, N2, and N3) is 18-24 m, over
a group of five branches 42 m (comparison between Povlje N1 and N3) and the total
displacement over seven branches is 58 m (comparison between Povlje N1 and N4b).
Vertical displacements were observed in the geomorphology and in the fault-perpendicular
ERT and GPR profiles, with the northern block appearing to be downthrown compared
to the southern block in both Povlje and Lasko. In Povlje, the vertical displacement was
measured at 7 m based on the topographic profile (Figure 5). As there are no comparable
units on either side of the fault, the vertical throw could not be quantitatively estimated
from the ERT and GPR profiles. The apparent vertical displacement is inconsistent with the
general morphology of the Sava Fault, but variable directions of uplift and subsidence are
to be expected in a transpressive fault zone. However, it is more likely that the apparently
inconsistent vertical displacement can be attributed to horizontal displacement, which can
locally cause apparent vertical displacement in case the marker surface is undulating.

5.2. Slip Rate

To define the fault slip rate it is crucial to use the total displacement across the fault,
because partial capture of deformation would give an underestimate of deformation rates.
On the other hand, it is important to understand the distribution of deformation in the
fault zone (e.g., [1,125,126]). The age of the top surface of the Povlje alluvial fan was
estimated at 27.4 + 1.6 ka based on one OSL date. The displacement of the western edge
of the fan is 59 m and corresponds to the 58 m total displacement of the erosional channel
on its surface. This displacement occurred after the deposition of the Povlje fan. We
assume that the displacements of 42-59 m estimated from the geomorphology and the
42-58 m displacements of the erosional channel visible in the GPR profiles occurred during
approximately the same time. Assuming our OSL age as representative for the age of the
Povlje alluvial fan and using the estimated displacements of geomorphological indicators,
we tentatively estimate the slip rate along the fault to be 1.8 £ 0.4 mm/a for the last
27 ka. Landforms with smaller displacements (12-18 m geomorphic displacements, 22 m
displacement of the infilled channel visible on the GPR profiles) are younger than 27 ka
(likely Holocene), and the buried channel with 36 m offset across the group of two branches
is older.

The estimated slip rate for the last 27 ka is higher than the previously estimated
long-term geomorphic slip rate of 0.7 £ 0.2 mm/a [23]. The lower boundary of our
estimate roughly fits GNSS measurements of recent fault activity of 1.2 mm/a [40]. The
comparison of the fault slip rate estimates obtained in this study with previous estimates
is shown in Figure 12. Overall, slip rate estimates overlap within their uncertainties,
except for the much lower modeled recent slip rates of 0.05-0.15 mm/a [41,42]. The
variability of the estimates could be a consequence of the uncertainties associated with
each method [127] and the temporal variability of the fault slip rates [128-130] and the
earthquake cycle [131]. Estimates based on geology have large uncertainties both in
estimated displacement and time for its accumulation [21]. The uncertainty of the long-
term geomorphologic estimate comes from the low-resolution topographic data used to
constrain the displacement and the age of the displaced unit estimated by correlation with
terraces in the area [23]. The uncertainties in the slip-rate estimated in this study are in the
interpretation of the geomorphological indicators for displacement and the representability
of a single OSL date to the age of the Povlje alluvial fan. While the displacements inferred
from geomorphology and GPR exhibit a systematic nature and consistent sizes across
various channels, they may, in part, result from the sinuous flow patterns of the channels.
These uncertainties were not quantitatively evaluated.
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Figure 12. Sava Fault slip rate estimates from GNSS [40], short-term geomorphology and GPR (this
study), long-term geomorphology [23], and long-term geology [21]. Note the logarithmic scale of the
X-axis.

Our slip rate estimate is also higher than the estimates for other large strike-slip faults
in the region with slip rates of about 1.0-1.5 mm/a, namely the Idrija, Predjama, and Rasa
faults in the Dinaric Fault System [4,22]. Note however that some of the estimates on those
faults reached higher values of 24 mm/a during the same time interval of the last ca.
30 ka [4]. It is therefore possible that deformation rates in the region increased during this
period. Due to insufficient data, we cannot speculate at this time whether this could be
due to an increase in plate motion velocity or an interaction with other faults of the two
fault systems (i.e., the Periadriatic and the Dinaric fault systems). Further investigations
are needed to better constrain the slip rate and its variability on the Sava Fault and in the
region.

5.3. Implications for Seismic Hazard

Our results show distributed deformation along the fault, with the youngest traces of
fault activity occurring in an up to 100 m wide zone, also affecting Quaternary deposits.
The ERT data suggest a positive flower structure in Povlje and tectonic lenses in Lasko,
with the fault branches dipping steeply to the N. The high-resolution data enabled detailed
mapping of the fault traces, which can be used in the future to establish respect zones from
active fault traces in populated areas to avoid the risk of surface deformation during an
earthquake [132].

The indications collected since the end of the Late Pleistocene suggest that the Sava
Fault is an active and capable fault, as hypothesized in previous studies [21,22]. Although
additional estimates are required to investigate the question of temporal variation in fault
slip rate, our estimated slip rate of 1.8 + 0.4 mm/a suggests that deformation rates likely
vary over time, have increased in the last 30 ka and are again lower in the last decades. Our
higher slip rate should also be considered when updating the seismic source model as part
of the seismic hazard assessment. The current seismic source model includes a slip rate of
0.05-1.5 mm/a, with the best estimate being 1 mm/a [43,44].

As the seismic history of this fault is still totally unknown, while its seismogenic
potential is estimated to have a maximum magnitude of 7.3 [22,43,44], future research
should fill this gap. The results of this study make it possible to narrow down the sites for
paleoseismic studies to investigate the seismic history of the fault. Both Povlje and Lasko
are suitable for such studies, but the structural geological mapping shows that Povlje is
located on the main fault branch, while Lasko is located on the secondary branch.
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6. Conclusions

Using a well-established interdisciplinary approach, we investigated a short section
of the Sava Fault, which is part of the Periadriatic Fault System in the Slovenian Southern
Alps, with the aim of shedding light on its late Quaternary activity and understanding
its behavior. Using high-resolution digital elevation models generated through lidar and
photogrammetric surveys, we overcame the challenges of assessing fault activity in a
region characterized by intense surface processes, dense vegetation, and low fault slip
rates. By integrating remote sensing analysis, geomorphological mapping, structural
geological mapping, and near-surface geophysics, including ERT and GPR, we identified
faint geomorphological indicators and near-surface deformation along the fault. The results
underline the activity of the Sava Fault, showing distributed surface deformation and
the complexity of the fault. Using one OSL date, which we tentatively interpreted as
representative for the displaced unit, we estimated a fault slip rate of 1.8 £ 0.4 mm/a for
the last 27 ka. This rate exceeds previous long-term geomorphological and recent GNSS
measurements, suggesting temporal variability in fault behavior. A similar increase in fault
slip rates over the same period was previously indicated in the Dinaric Fault System in
the northwestern Dinarides of Slovenia [4]. Our results thus provide new insights into
deformation partitioning in the Adria—Europe contact zone and further our understanding
of fault dynamics in this region.

This study emphasizes the need to use modern high-resolution remote sensing tech-
niques and interdisciplinary research approaches in low-strain environments with intense
surface processes to reveal subtle active tectonic deformation. Further research and more
extensive datasets are essential to better understand the variability of slip rates and to
refine our understanding of the behavior of the Sava Fault and seismic hazard. Our study
provides a foundation for future paleoseismological research on the fault to fill critical gaps
in our understanding of seismic history of the fault.
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