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The 1998 Bovec-Krn mountain (Slovenia) earthquake
sequence

J. Bajc,1 A. Aoudia,2,3 A. Saraò,3 and P. Suhadolc3

Abstract. We study the 1998 Bovec-Krn mountain (Slove-
nia) earthquake sequence by combining hypocenters relo-
cation, strong motion inversion, digital elevation modelling
and field geology. The main shock (MS = 5.7), a 12 km
right lateral strike-slip event on the Dinaric fault system,
occurred on a sub-vertical fault plane. The rupture, con-
fined between 3 and 9 km depth, with no evidence of surface
faulting, propagated bilaterally within two structural barri-
ers. The northwestern barrier is at the junction between Di-
naric and Alpine structures where there is a sharp change in
the geometry of faulting. The southeastern barrier is within
the Dinaric system and its surface expression corresponds to
the Tolminka-spring perched basin, a 1 km restraining step-
over. At this site, the Bovec-Krn earthquake-fault overlaps
with a 30 km strike-slip fault segment that is free of after-
shocks and could be undergoing an increase of stress. This
fault system represents the northern branch of the Idrija
right-lateral fault.

1. Introduction

On April 12, 1998, at 10:55 GMT an MS = 5.7 earth-
quake struck northwestern (NW) Slovenia close to the town
Bovec near the border with Italy. This event is to date the
largest instrumentally recorded earthquake in Slovenia and
the best constrained one within the active collision zone be-
tween Eurasia and Adria at the junction between the south-
eastern Alps and the Dinarides. This deforming area un-
dergoes 4 to 5 mm/year of crustal shortening [De Mets et
al., 1990]. The epicenter is about 40 km east of the destruc-
tive Friuli 1976 thrust faulting earthquake [Aoudia et al.,
2000] and is located near the junction between Alpine struc-
tures trending E-W and external Dinaric structures trending
NW-SE [Aoudia, 1998; Benedetti, 1999; Poljak et al., 2000].
Its focal mechanism corresponds to an almost pure strike-
slip faulting in agreement with the NW-SE trend of Dinaric
structures. The aftershock zone does not match any already
known active fault.
In this paper we provide accurate locations of the earth-

quake sequence. We invert the available strong motion data
to retrieve the moment distribution along the reactivated
fault. We combine these results with digital elevation mod-
eling and field investigations to image the Bovec-Krn earth-
quake fault and its interaction with the brittle infrastructure
of a larger fault zone. We discuss the active tectonics along
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the Dinaric fault system and its implications on the earth-
quake hazard in Slovenia and northeastern (NE) Italy.

2. Earthquake Relocation

The Bovec-Krn sequence has been well recorded by the
national seismic networks of Slovenia, Italy, Croatia, and
Austria, as well as by the regional networks operating in the
Friuli area (NE Italy) and run by the Osservatorio Geofisico
Sperimentale and the University of Trieste. A few hours
after the main event several additional temporary stations
were set up around the epicentral area by the Geophysi-
cal Survey of Slovenia. Over 4000 aftershocks have been
recorded till the end of June 1998. We relocate the sequence
by adapting the standard Joint Hypocenter Determination
(JHD) method for teleseismic data [Dewey, 1971] to local
earthquakes. We developed an accurate travel time calcula-
tion procedure that takes into account direct and head waves
in a planar one-dimensional Earth model. 97 station-phase
corrections have been obtained by applying the adapted
JHD on 45 best recorded events, each having at least 45
P- or S-wave arrival times per event identified (Nph ≥ 45).
These station-phase corrections have been passed to a sin-
gle event location program in order to locate the 584 events
with at least 10 recorded station-phases, a reasonable lower
quality limit for the earthquakes processed. Only the events
having the largest 90% hypocentral confidence ellipsoid axes
smaller than 5 km have been retained in the final results.
Since the long axes of the ellipsoids are mostly oriented ver-
tically and are much larger than the horizontal ones, the se-
lection resulted in 90% epicentral confidence ellipses smaller
than 500 m for most of the 548 retained earthquakes. The
median vertical uncertainty is 1 km.
In contrast with the use of JHD on teleseismic data,

which utilizes the master events in order to stabilize the
inversion, we have fixed the P-wave arrival time correction
on the temporary station DRZN (Fig. 1) to zero. Because
of the trade-off between the origin times and station-phase
corrections this does not constrain any physical parameter,
but still stabilizes the inversion.
The relocated events are well organized along a trend of

about N125, in good agreement with the computed focal
mechanism. The epicentral area has an approximate size
of 12 km×3 km (Figs. 1, 2) and the depth of the relo-
cated events does not exceed 14 km. Only 5 hypocenters
are deeper than 10 km, all of them off-fault. The hypocen-
tral depth of the main shock is 7.6 km± 1.1 km, whereas
the average depth and the median of the sequence are both
at about 3.9 km (Fig. 2).

3. Strong Motion Inversion

The strong motion records of four three-component sta-
tions of the Friuli accelerometric network (Fig. 3) are in-
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Figure 1. The 1998 Bovec-Krn earthquake sequence. Yellow star is the main shock; red dots are the 548 relocated earthquakes;
triangles are the closest temporary stations. Green squares, size proportional to the magnitude, are the events with MLV > 3.0.
For clarity of the figure we show off the DEM the 90% epicentral confidence ellipses of only the well-recorded events (Nph ≥ 30).
The P-wave focal mechanism of the main shock is added. We sketch the surface projection of the 1998 Bovec earthquake fault that
overlaps with a 30 km neighbouring fault segment.

verted to study the source process of the main shock. The
inversion [Das and Kostrov, 1990] makes use of weak physi-
cal constraints and allows the retrieval of the main features
of the rupture process even in the case that four stations
cover one side of the fault [Saraò et al., 1998]. To model the
energy release during the Bovec-Krn earthquake, we assume
a fault geometry consistent with the aftershock relocation
and the empirical relationships of Wells and Coppersmith
[1984]. The source modeling procedure is fully described
by Das and Suhadolc [1996] and Saraò et al. [1998]. The
fault, whose top has been placed at depth 3 km, is a rect-
angular plane, 13 km long and 7 km wide with strike 315◦,
dip 82◦, and rake −171◦ and has been discretized into 128
square subfaults of 0.8 km×0.8 km. This choice is a re-
sult of several inversion tests performed using different fault
size and position. The inversion results are constrained by
the requirements that the slip rate is positive and that the
rupture velocity is smaller or equal to the S-waves velocity.

The accelerograms are bandpass-filtered between 0.1 and
1.0 Hz. We model about 10 seconds of the strong motion
on each component. The obtained waveform fit (Fig. 3) is
fairly good with slight differences visible only for the station
GERC. The moment distribution on the fault is shown in
Figure 4. The seismic moment is 4.5 × 1017 Nm and the

average slip is about 18 cm. The overall moment distribution
shows the maximum energy release around the hypocenter
of the main shock — confined into a region of 10 km×6 km
and decreasing towards the edges of the modelled fault. The
analysis of the moment rate spatial distribution reveals that
the rupture was growing in a bilateral way starting from the
hypocenter within 3 s. The distribution of the aftershocks is
compatible with the slip; they are more frequent in shallower
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Figure 2. Sections parallel (left) and perpendicular (right) to
the trend of the Bovec-Krn eartquake sequence shown in Fig. 1.
The main shock and the strongest aftershock are denoted by
squares, proportional to the magnitude, whereas all other after-
shocks are shown as crosses.
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Figure 3. Comparison between the real (thin black dashed
lines) and the synthetic accelerograms (thick gray solid lines).
Stations (triangles) used in the strong motion inversion, surface
fault projection and main shock location (star) are shown.

areas that did not break during the main shock and there
are no aftershocks in the vicinity of the hyopcenter during
the investigated period.

4. Field Observations

The Bovec-Krn earthquake occured in a mountainous
area characterised by a dense vegetation cover. This area,
site of a devastating earthquake sequence in 1511 [Ribarič,
1979], was previously unexplored from the active tectonics
point of view. The field investigations after the 1998 main
event did not reveal any surface faulting. However, rock
falls involving very large boulders and debris-flow were con-
siderable in the epicentral area [Vidrih and Ribičič, 1998]
mainly in the vicinity of the Tolminka-spring and Bovec
basins (Fig. 1).
A 25 meter sampling Digital Elevation Model (DEM)

highlights the morphology at both tips of the aftershock
cluster (Fig. 1), where there is a sharp cut-off in the seismic
activity. The SE tip corresponds to the Tolminka-spring
perched basin standing at 700 m of altitude, whereas the
NW tip is at 2.5 km to the SE of the Bovec basin. These
two tips are the sites of the strongest thrust faulting after-
shocks [Gosar et al., 1999] recorded during the investigated
period. Furthermore, the two tips are collocated in depth
with a gradual decrease, up to zero values, in the energy
release as imaged by the strong motion inversion (Fig. 3).
The morphology of the NW tip corresponds to a net change
in strike of the crest of the ridges as revealed by the DEM.
This change in strike is also reflected by a variation in the
strike of the fault system from a Dinaric to the south to-
wards a transition-to-Alpine to the north [Aoudia, 1998;
Benedetti, 1999]. The Dinaric system corresponds to the
trend of the 1998 Bovec-Krn mountain earthquake, whereas

the transition-to-Alpine system agrees with the trend of the
1976 Friuli thrust faulting earthquake [Aoudia et al., 2000].
Hence, the NW tip seems to be an important geometrical
barrier at the junction between a predominantly strike-slip
faulting system to the south (N140-150) and predominantly
thrust faulting system to the north (N110-120).
The SE tip, the Tolminka-spring basin, 1.5 km long and

1 km wide, has a particular tectonic significance for the
assessment of the hazard on the Dinaric strike-slip sys-
tem. Abundant evidence of active shortening is found in
this basin, where the Bovec-Krn mountain earthquake fault
dies out and where the clear trace of the N140 lineament
visible on the DEM begins in an overlapping arrangement
(Figs. 1, 5). In the field we found unequivocal structural evi-
dence, related to the N140 lineament, of right-lateral motion
with a minor thrust component on a sub-vertical fault plane
slightly dipping towards the NE. This lineament controls
the drainage pattern, with deflected and offset rivers, and
shows a lateral extent of 30 km. At the NW end of the
N140 strike-slip fault, within the Tolminka-spring basin, we
observe a step-like terrace morphology and triangular facets
along with a well-organized drainage pattern. These terraces
correspond to four eroded surfaces covered by fluvioglacial
deposits with the upper terrace unconformably covered by
slope deposits. The terrace surfaces are tilted to the SW
with a tilt-magnitude and risers height increasing towards
the upper terrace that is at the foot of the N140 strike-slip
fault. The distribution of the terraces and their relative de-
gree of tilt and incision suggest a half-flower structure cross-
sectional geometry with a set of parallel NE-dipping thrusts
or reverse faults parallel to the steep right-lateral strike-slip
fault and rooting into it. These thrust faults come close to,
and perhaps break the surface controlling the step-like mor-
phology and drainage pattern. Indeed, the lowest terrace is
bounded by a 2 m high scarp trending N140 along 500 me-
ters of lateral extent. We could not find a clear structural
evidence of faulting on this scarp, however its lateral ex-
tent and geometry suggest a tectonic origin. The Tolminka-
spring basin is, therefore, interpreted as a restraining step-
over with a half-flower structure that may allow the style of
faulting to change spatially within a deforming area, from
the N140 strike-slip fault to the Bovec-Krn mountain earth-
quake fault.
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Figure 4. Moment distribution on the fault. Main shock and
strongest aftershocks (MLV = 4.2) are shown. See text for dis-
cussion.
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Figure 5. The Bovec-Krn earthquake fault segment and its in-
teraction with the brittle infrastructure of the Idrija fault zone.
The Dinaric faults are mapped from 100 and 25 meter DEM (raw
data: Surveying and Mapping Authority of the Republic of Slove-
nia, 1995; 1999).

5. Discussion

The Bovec-Krn earthquake rupture corresponds to about
12 km of strike-slip faulting. The main shock hypocenter is
at depth 7.6 km, the seismic moment is 4.5× 1017 Nm, and
the average slip is 18 cm. The strong motion inversion shows
that the rupture was growing bilaterally during 3 s and that
the majority of the main shock energy release occurred to-
wards the SE tip where there is a diffuse aftershock activ-
ity at the shallowest level. At the NW tip the aftershock
distribution clearly shows an abrupt cut-off in activity con-
nected with the area of low energy release during the main
shock. These observations suggest a difference in strength
of the two barriers at the tips, the NW barrier being likely
the stronger one. In addition, the NW barrier, at the junc-
tion between the Dinaric and Alpine structures, displays a
sharper change in strike than the SE one, which is within
the Dinaric system. This leads us to argue that while the
NW barrier is unlikely to be jumped during an earthquake,
the SE barrier, the Tolminka-spring basin, with a step-over
of about 1 km is likely to be, even if this did not occur dur-
ing the 1998 main event. Moreover, the fault segment to the
SE of the Tolminka-spring basin (Fig. 5), whose trace on the
DEM is clear over a length of more than 30 km, being free of
aftershocks, could represent a presently locked segment un-
dergoing an increase of stress. We speculate that such a fault
system could also account for the still debated most destruc-
tive known historical earthquake in the area, the March 26,
1511 earthquake with a 6.8 macroseismic magnitude [Živčić
et al., 2000].
The Bovec earthquake fault represents the northernmost

segment of a larger fault zone, the Idrija right-lateral fault

system (Fig. 5) that exhibits witnesses of recent activity
[Aoudia, 1998; Benedetti, 1999] and should be of concern in
terms of hazard.
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Aoudia, A., A. Saraò, B. Bukchin, and P. Suhadolc, The 1976
Friuli (NE Italy) thrust faulting earthquake: A reappraisal 23
years later, Geophys. Res. Lett., 27, 573-576, 2000.

Aoudia, A., Active faulting and seismological studies for earth-
quake hazard assessment, Ph.D. thesis, 153 pp., Univ. of Tri-
este, 1998.

Benedetti, L., Sismotectonique de l’Italie et des regions adja-
centes: fragmentation du promontoire adriatique, Ph.D. thesis,
345 pp., Univ. Paris VII, 1999.

De Mets, C., R. G. Gordon, D. F. Argus, and S. Stein, Current
plate motions, Geophys. J. Int., 101, 425-478, 1990.

Das, S. and B. V. Kostrov, Inversion for seismic slip rate and dis-
tribution with stabilizing constraints: Application to the 1986
Andreanof Islands earthquake, J. Geophys. Res., 95, 6899-
6913, 1990.

Das, S. and P. Suhadolc, On the inverse problem for earthquake
rupture. The Haskell-type source model, J. Geophys. Res., 101,
5725-5738, 1996.

Dewey, J. W., Seismicity studies with the method of joint
hypocenter determination, Ph.D. thesis, 163 pp., Univ. of
Calif., Berkeley, 1971.
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