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ABSTRACT

We investigated two prominent, ~E-W trending scarps in Quaternary
sediments, located close to the town of Vodice in the Ljubljana Basin
(central Slovenia). By using detailed geomorphological analysis of the
scarps, field surveying, and structural observations of deformed Qua-
ternary sediments, we conclude that the scarps are the surface expres-
sion of a N-dipping thrust fault that has been active during the
Quaternary. From Optically Stimulated Luminescence and Infrared
Stimulated Luminescence dating of deformed Quaternary sediments
we estimate a slip rate of 0.1 to 0.3 mm a’ in the last 133 ka. Using
the published empirical fault-scaling relationships, we estimate that
an earthquake of magnitude 5.9 to 6.5 may be expected on the Vodice
thrust fault. The fault may, therefore, present a major seismic hazard

for the densely populated and urbanised region of central Slovenia.

1. Introduction

The Ljubljana Basin (Figure 1) is the most densely
populated and a highly urbanized region of Slovenia.
Among the natural hazards affecting the basin and its
surroundings, such as flooding, landsliding and earth-
quakes [e.g. Komac and Ribi€i€ 2006, Jemec and Komac
2011, Komac and Zorn 2011, Bavec et al. 2012], seismic
hazard is probably the least investigated, despite the on-
going seismic activity in the area with earthquake mag-
nitudes frequently reaching 3-4 (based on the
earthquake catalogue of Ziv¢i¢ [2009] there were on the
average 2.6 earthquakes of magnitude 3-4 per year over
the last 100 years). The seismic hazard is further in-
creased by the unconsolidated Quaternary sedimentary
infill of the basin, reaching up to 280 m of thickness,
which may significantly enhance site effects during
earthquakes [Gosar et al. 2010]. The largest recorded
event in the basin is the destructive 1895 Ljubljana earth-

quake with macroseismic magnitude (M) 6.1 [Ribari¢
1982] and maximum intensities of VIII-IX EMS-98
[Ceci¢ 1998]. Despite the recognized hazard, the active
faults capable of producing strong magnitude earth-
quakes are still poorly investigated. For example, the
fault responsible for the 1895 earthquake is still un-
known.

The Ljubljana Basin is interpreted to have origi-
nated as a pull-apart basin in a releasing overstep be-
tween two NW-SE-striking dextral faults, the Sava fault
to the north and the Zuzemberk fault to the south [e.g.
Vrabec and Fodor 2006]. GPS measurements suggest
that the Sava fault is currently active with the slip rate of
~1 mm a’! [Vrabec et al. 2006]. Smaller “E-W oriented
reverse faults that displace Quaternary sediments in the
basin [Verbi€ 2006] may indicate a recent change in the
deformational regime from transtensional subsidence
to transpression. Geological observations, earthquake
focal mechanisms, and geodetic measurements suggest
that the NW-SE-striking dextral faults and “E-W-striking
reverse faults may be active in the current regional stress
regime with “N-S oriented axis of maximum horizontal
compression [Poljak et al. 2000, 2010, Vrabec and Fodor
2006, Verbi€ 2006, Weber et al. 2010].

One such presumably Quaternary active reverse
fault is the Vodice fault, located 15 km north of Ljubl-
jana. Two prominent fault scarps are clearly visible and
were previously interpreted as terrace risers of the Sava
River [Zlebnik 1971], later as possible normal fault
scarps [Vrabec 2001], and more recently as reverse fault
scarps [Verbi€ 2006]. The aim of this study was to in-
vestigate whether the Vodice fault could be currently ac-
tive and to estimate its possible seismogenic potential.
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1.1. Seismotectonic setting

The studied area is located in the northeastern-
most tip of the Adria-Europe convergent margin, in the
contact between the eastern Southern Alps and the Di-
narides. Axis of maximum compression is oriented in

Figure 1. (a) Instrumental seismicity of the SE Alps and NW part of
the Dinarides (ANSS catalogue, 1976-2012) and earthquake focal
mechanisms [Bajc et al. 2001, ZupancCi¢ et al. 2001, Kastelic et al.
2006, 2008, Lozar Stopar and Ziv&iG 2007, 2008, 2011, 2012, Car-
man et al. 2010]. 1 - focal mechnism of the 1998 Ms 5.7 [Bajc et al.
2001], and 2 — focal mechanism of the 2004 Mw 5.2 earthquake
[Kastelic et al. 2006]. Square indicates the location of Figure 1b. To-
pography is SRTM 90 m, available from the Global Land Cover Fa-
cility (http://glcf.umd.edu/data/). (b) Main active faults of the
Ljubljana Basin [modified after Buser 2009]. Historical earthquake
epicentres with magnitude above 3.9 are from Ziv¢i€ [2009]. Earth-
quake magnitudes are obtained from macroseismic data. Locations
of historical earthquake epicentres are not well constrained. Iso-
seismal contours of the 1895 Ljubljana earthquake according to La-
pajne [1989]. Shaded relief obtained from processing of DEM 5 m
(Public Information of Slovenia, the Surveying and Mapping Au-
thority of the Republic of Slovenia, DEM 5, 2006). Square indicates
the location of Figure 2a.

approx. N-S direction. E-W-striking thrust faults in NE
Italy and NW-SE-striking dextral faults across Slovenia,
such as the Idrija fault, are most probably seismically
active and reflect the present tectonic regime of that re-

gion (Figures 1a, 1b) [Ribari€¢ 1982, Poljak et al. 2000,
Benedetti et al. 2000, Galadini et al. 2005, Kastelic et al.
2008, Burrato et al. 2008, Bavec et al. 2012, Basili et al.
2013]. This is also supported by the slip-vectors derived
from earthquake focal mechanisms evidencing dextral
slip on NW-SE fault-planes and thrust movements on
E-W fault-planes [Bajc et al. 2001, Zupanc¢ic et al. 2001,
Kastelic et al. 2006, 2008, Lozar Stopar and Ziv¢ié 2007,
2008, 2011, 2012, Carman et al. 2010]. Only few events
were attributed to a specific fault, among which the
1998 M, 5.7 [Bajc et al. 2001], and 2004 M__ 5.2 earth-
quakes [Kastelic et al. 2006] that both occurred on the
NW-SE right-lateral strike-slip Ravne fault (Figure 1a,
focal mechanism solutions 1 for 1998 and 2 for 2004
earthquake). The strongest recorded historical earth-
quake in our study area was the Idrija 1511 earthquake
with an estimated M_ 6.8 [RibariC 1982] (Figure 1b). Its
exact source and mechanism remain debated, but it
most probably occurred along the NW-SE striking
Idrija fault in western Slovenia [Fitzko et al. 2005, Ca-
massi et al. 2011].

2. Geomorphic and structural observations

Surface expression of the Vodice fault was investi-
gated using topographical maps at scales 1 : 5,000 and
1:10,000, the 5 m resolution digital elevation model
(DEM 5 m), aerial imagery, and 2.5 m resolution SPOT
satellite images in stereo pairs. We performed geomor-
phological mapping of the alluvial surfaces in the area
of the Vodice fault and analysed the characteristics of
the drainage network. A series of topographic profiles
parallel to and across the scarps was extracted from
DEM 5 m. Additional field observations were carried out
to investigate deformations of alluvial surfaces.In the
Vodice area, the general southward dip of the alluvial
surface of the Ljubljana Quaternary basin is perturbed
by linear features oriented in ENE-WSW direction,
which are perpendicular to the general trend of fluvial
terrace risers in the area, specifically those bordering the
modern N-S flowing Sava River (Figure 2). Two nearly
parallel scarps are visible, with the southern one being
more prominent and here referred to as the southern
Vodice (SV) scarp. Eastward, the northern Vodice (NV)
scarp joins with the southern one. The height of the SV
scarp varies from 25 to 5 m, whereas the NV scarp varies
in height from 18 to 3 m. Both scarps are the highest in
the central part with heights decreasing towards their
eastern and western tips (Figure 3).

At the top of both scarps, the alluvial surface that
was originally sloping southwards is today sub-hori-
zontal or even dipping gently to the north. The top of al-
luvial surface is strongly incised by recent rivers and
creeks. Several dry valleys and perched valleys are ob-
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Figure 2. (a) Surface expression of the Vodice fault as seen on the
DEM 5 m (Public Information of Slovenia, the Surveying and Map-
ping Authority of the Republic of Slovenia, DEM 5, 2006). Loca-
tions of Figure 2b and Figure 5 are indicated as well as the location
of the dating sampling site. (b) Field picture of the southern Vodice
scarp (view from the top of the scarp towards southwest). See Fig-
ure 2a for location of the picture.

served near the scarps (Figure 3).

Folding of Quaternary sediments in the Lokarje
clay pit, located in between the two SV and NV scarps,
400 m north of the town of Vodice, was reported by
Drobne et al. [1960] and Sifrer [1961] (see Figure 4).
They describe an asymmetric anticline with the south-
ern limb dipping 40° towards SSE and the northern
limb dipping around 10° towards NNW. The ENE-
WSW oriented anticline axis is parallel to the strike of
the SV scarp.

At the western tip of the SV scarp, where it crosses
the Sava River, we observed a fault cutting through Qua-
ternary conglomerates (Figure 5). The fault plane dips
35° to the north. Drag folds in conglomerate layers in-
dicate reverse offset along this fault plane.

Our geomorphic and structural observations sug-
gest that the SV scarp is the surface expression of an
emergent fault. The position, vergence, and orientation
of the Lokarje anticline are consistent with thrust/re-
verse faulting along the SV fault scarp. Since the distance
between the NV and the SV scarps is less than 2 km and
because both scarps merge east of Vodice, we interpret
the NV scarp as also the geomorphic expression of the
same thrust fault that splays in two branches at the sur-
face. We constrain the near-surface dip of the fault plane
to about 35°N, consistent with our observations along
the Sava bank and with the geometry of the anticline in
Lokarje. Documented deformations of Quaternary sed-
iments and of alluvial surfaces clearly demonstrate that
the Vodice fault has been active since at least the depo-
sition of Quaternary conglomerates.
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Figure 3. Series of topographic profiles extracted from DEM 5 m
(Public Information of Slovenia, the Surveying and Mapping Au-
thority of the Republic of Slovenia, DEM 5, 2006) across (profiles 1-
4, 2.1 and 2.2), and parallel to (profiles I-IV) the Vodice scarps.
Profiles 2.1 and 2.2 show a close-up on both scarps, where north-
ward sloping is indicated with purple arrows on top of the scarps.
Locations of profiles 2.1 and 2.2 are indicated in the profile 2. Pro-
files I and III present the scarps crest, and profiles IT and IV present
the scarps base. Red arrows in the profiles I and III indicate the po-
sitions of perched valleys, and black crosses indicate anthropogenic
excavations due to highway construction.

3. Dating

In order to estimate the age of the offset surface
north of the SV fault scarp, one sample was taken at 3 m
depth in the fine-grained sediments from 5 m deep ex-
cavation. The sampling site is located in the immediate
vicinity of a Lokarje clay pit, north of the SV fault scarp,
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Figure 4. Picture and profile of an asymmetric anticline in Quater-
nary sediments in former Lokarje clay pit [Sifrer 1961]. See Figure 2 for
location. The orientations of picture and the profile are inferred from
the clay pit map in Sercelj [1961]. An approximate vertical scale is in-
ferred from the description of the thicknesses of sediment layers in
the profile.

Figure 5. The fault plane of the southern Vodice fault exposed on the
Sava River bank. (a) Picture of exposure. (b) Fault plane is indicated
with red line and fault drag folds are indicated with black lines. The
fault plane dips 35° towards N. See Figure 2a for location.

at the W bank of alluvial breakthrough E of Vodice (see
Figure 2 for location). Layers of clay, sand and conglom-
erate dipping around 10° towards NNW are most prob-
ably part of the northern limb of the anticline described
in the former clay pit. Layers of clays were deposited in
lacustrine environment, intermediate conglomerate lay-
ers were deposited by fluvial processes.

Dating was carried out using both Optically Stimu-
lated Luminescence (OSL) of quartz and Infrared Stim-
ulated Luminescence (IRSL) of K-feldspar. Standard

chemical pretreatments (HCI, H,O,, Na-oxalate) were
applied to sand-sized grains (100-150 pm) and heavy lig-
uid separation was used to isolate the quartz and K-
feldspar fraction. Quartz was additionally etched in 40 %
HF for 60 min. Determination of the equivalent dose
was carried out by the single-aliquot regenerative dose
(SAR) protocol (quartz: preheat 230°C for 10 s, Hoya
U340 detection filter; feldspar: preheat 290°C for 10 s,
L.O.T. Oriel 410 nm interference filter; 2 mm aliquots
with ca. 100 grains). The Central Age Model was applied
to calculate the mean of repeated measurements. Con-
centration of dose rate relevant elements was deter-
mined using high-resolution low-level
spectrometry. All relevant data is summarised in Table 1.

Those samples yielded an OSL age of 134 * 15 ka
and an IRSL age of 132 + 12 ka for the upper alluvial sur-
face. The ages are very consistent using two different dat-
ing approaches. The sediments were deposited by fluvial
and lacustrine processes and then consecutively uplifted
due to repeated fault movements. Because fluvial ter-

gamma

races E-W oriented are found nowhere else along the
Sava River and because the river was in its most aggra-
dational part, the preservation of those alluvial surfaces
is probably of tectonic origin. Thus, their emplacement
should slightly predate their offset. Since the OSL and
IRSL methods allow determining the age of emplace-
ment, those ages yield a maximum value for the offset.
Moreover, since those samples were taken several me-
ters from the surface, to further constrain the uplift rate,
we are currently in the process of determining the sur-
face exposure ages of the deformed surfaces using cos-
mogenic nuclides.

4. Slip rate and seismogenic potential

The presence of the presumably seismogenic
Vodice thrust fault in the Ljubljana Basin, located only
15 km north of the capital of Slovenia, constitutes a
significant seismic hazard for the population and a
threat for both human lives and the economy of the
country. To better assess this seismic hazard, we eval-
uated the fault slip rate and estimated its possible seis-
mogenic potential.

We estimate the maximum cumulative displace-
ment (D) of the fault by assuming it matches the
height of the scarp (h) (taken from topographical
maps at 1 : 5,000 scale) and the average fault dip (a ) as
observed in the field:

D=h/sin(a).
The h on the southern fault segmentis 15.5 £ 5m

and the observed dip, o, is 35° N. Thus the yielded D is
27.0 £ 8.7 m. Note that this D is probably overesti-
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K Th U D-Q D-F ED-Q ED-F Age-Q Age-F
Sample n (%) (ppm) (ppm) (Gyka  (Gyka" (Gy) (Gy) (ka) (ka)
LOKI1 32/6 0.52+0.01 1.45%0.05 2.90%£0.13 1.26%0.01 1.74%0.01 174.7£13.5 237.6%13.1 134%15 132£12

Table 1. Summary data of OSL and IRSL dating giving the number of replicate measurements (n), the concentration of dose rate relevant
elements (K, Th, U), dose rate (D), equivalent dose (ED), and resulting ages for both quartz (Q) and feldspar (F).

mated since we have use simple trigonometric relations
and a dip for the fault that might be higher at depth. On
the other hand, considering scarp diffusional processes
[e.g. Avouac and Peltzer 1993], the offsets might have
been higher previously, however to remain conserva-
tive we assume this is a maximum value for the D.

Using OSL and IRSL ages of sediments (A) in
Lokarje clay pit as the maximum ages of deformed sur-
face we can estimate the preliminary Late Quaternary
slip rate (SR) of the fault:

SR=D/A.

This would yield a first estimate for the Vodice fault
SR of 0.1 to 0.3 mm a™! over the last 133 ka.

The average magnitude (AM) expected on that fault
was estimated as follows, using the empirical scaling re-
lationships [Wells and Coppersmith, 1994], with the sur-
face rupture length (SRL in km) assumed at this stage to
be equal to the length of the SV fault scarp, i.e. 10 km:

AM =a + b *log (SRL)

where a and b are coefficients calculated for the re-
verse faults (Table 2). Average displacement (AD) per
event was calculated using the empirical relationships
[Wells and Coppersmith, 1994] as follows:

log (AD) = a + b *log (SRL)

taken the coefficients a and b for reverse faults as
given in Table 3. Furthermore, a possible recurrence
time of large earthquakes (RT) was calculated using
our estimated SR and an AD as follows:

RT = AD / SR.

According to these empirically derived equations
[Wells and Coppersmith 1994], with a SRL of 10 km,
the Vodice fault could trigger an earthquake of M 5.9 to
6.5 with a coseismic AD of 0.1 to 0.9 m. Assuming a
constant SR, we estimate a RT from 300 to 9,000 yrs.
Note that the longer the RT interval is, the stronger the
associated expected earthquake could be. But even if
assuming a coseismic AD of 0.1 m and the shortest RT
interval, the expected earthquake magnitude could the-
oretically still reach 6.1.

5. Discussion and conclusions

Preliminary results of our investigation confirm that
the two scarps near Vodice are the surface expression of
an emergent active thrust fault, striking ENE-WSW and
dipping about 35° towards N. Assuming that the OSL and
IRSL ages yielded from the deposits of the upper de-
formed surface represent the maximum age for this sur-
face, we estimate that this surface has been offset for

Equation Slip type

Coefficients Standard deviation

M =a + b *log (SRL) reverse

5.00 1.22 0.28

Table 2. Regressions of surface rupture length (SRL in km) and moment magnitude (M) [Wells and Coppersmith 1994].

Equation Slip type

Coefficients Standard deviation

a b

M =a + b *log (SRL) reverse

-0.60 0.31 0.28

Table 3. Regressions of surface rupture length (SRL in km) and average displacement (AD in m) [Wells and Coppersmith 1994].



JAMSEK RUPNIK ET AL.

about 15 m over the last 133 ka. At this stage, disregard-
ing surface denudation that might be higher in the up-
lifted hangingwall compartment, and possible
syntectonic aggradation in the footwall compartment of
the SV fault, the height of the scarp may present the min-
imum uplift value. Assuming that all the surface offsets of
15.5 + 5 m determined from the topographic maps is due
to an uplift along a thrust fault and a fault dip of 35° N,
the cumulative displacement of 27.0 £+ 8.7 m is a maxi-
mum value. From maximum age of the surface, mini-
mum uplift and maximum displacement the estimated
Vodice slip rate of 0.1 to 0.3 mm a! over the last 133 ka
probably presents the minimum value.

This estimated slip rate is within the range of simi-
lar values documented in the southeastern part of the
Alpine orogenic system, e.g. the Broni-Stradella thrust
fault in northwestern Apennines with an estimated up-
lift-rate of 0.3 mm a’! since Late Pleistocene [Benedetti
et al. 2003] and thrusts in the eastern Southern Alps, e.g.
Thiene-Udine thrust system in NE Italy with estimated
vertical SR of 0.1 to 1 mm a’! [Castaldini and Panizza
1999, Benedetti et al. 2000, Galadini et al. 2005, Burrato et
al. 2008]. Moreover, estimated slip rates of the right-lat-
eral strike-slip faults in the vicinity of the investigated area
are also within that range, Idrija and Ravne faults at 0.03
to 2 mm a’! [Burrato et al. 2008, Kastelic and Carafa 2012]
and the Sava faultat 0.5 to 1.5 mm a’! [Vrabec et al. 2006].

We estimate that the Vodice fault could possibly
trigger earthquakes with magnitudes from 5.9 to 6.5.
The Vodice fault should therefore be monitored con-
sidering its location in the densely populated area and
its proximity to Slovenia’s capital Ljubljana. The surface
expression of the fault, sharp and with a strong slope,
suggests abrupt displacements associated with seismic
events [e.g. Benedetti et al. 2003, McCalpin 2009]. Our
preliminary theoretical estimates suggest that possible
return time interval for destructive M 5.9 to 6.5 earth-
quakes would range from 300 to 9,000 yrs. The only
known historical destructive seismic event in the area is
the 1895 Ljubljana M_ 6.1 earthquake [Ribari¢ 1982].
The macroseismic intensity dataset [Ceci¢ 1998] of this
earthquake shows that the maximum intensities of VIII
— IX EMS-98 were recorded south of the fault, between
Vodice and Ljubljana. Since the Vodice fault is a reverse
fault, maximum intensities would be expected in the
hangingwall of the fault, north of Vodice. Therefore,
unless the maximum intensities distribution is biased by
the population, the Vodice fault was probably not the
source of the 1895 earthquake, but since the time inter-
val between two strong seismic events on the fault may
be longer than the span of historical record in the re-
gion (about 1000 years), paleoseismological investiga-
tions will be required to unravel its possible seismic

history. In the future, we will investigate the fault using
geophysical survey in order to better understand the
geometry of the fault at depth, and further detailed
analysis of the surface deformations and their chronol-
ogy will be done to better constrain the fault displace-
ment and its slip rate.
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