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Abstract UDC 551.24(497.4-15)
Andrej Gosar, Stanka Sebela, Blahoslav Kostik & Josef Stem-
berk: Surface versus underground measurements of active tec-
tonic displacements with TM 71 exstensometers in Slovenia

The tectonic setting of W Slovenia is characterised by NW-SE
trending dextral strike-slip fault systems and moderate seis-
micity. Monitoring of tectonic movements along five presum-
ably active faults or in their vicinity using TM 71 extensom-
eters was set up in 2004. In five years of monitoring some clear
trends of displacement were established. The morphologically
most prominent fault in W Slovenia is Idrija Fault having a to-
tal length of more than 120 km. The average lateral displace-
ment measured along a crack in its inner fault zone in U¢ja val-
ley was 0.26 mm/year. Short-term rates were even greater and
reached 0.54 mm/year. Rasa Fault monitoring site at the foot of
Vrems$cica Mt. established first an average uplift of SW block
for 0.16 mm/year and left-lateral displacement of 0.16 mm/
year. It was followed by down-slip of the same block at the rate
of 0.37 mm/year. In Postojnska Jama two instruments, 260 m
apart, were installed at the fault zone, which extends about 1
km northeast from Predjama Fault. We detect small tectonic
deformations, dextral horizontal movement of 0.05 mm in 5
years for Postojna 1 and extension of 0.03 mm in 5 years for
Postojna 2. Both devices recorded similar reactions to some
earthquakes with magnitude range 3.1-5.2 and epicentral dis-
tance of 12-95 km. The amplitude of individual peaks is in the
order of 0.08 mm. The monitoring at Kneza Fault started at the
end of 2006. In two years clear oblique displacement was estab-
lished with left-lateral rate of 0.06 mm/year and uplift of SW
block for 0.06 mm/year. Monitoring in Poloska Jama situated
in vicinity of the Ravne Fault started in 2008. Preliminary re-
sults show 0.08 mm of horizontal displacement between two
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berk: Primerjava povrsinskih in podzemeljskih meritev ak-
tivnih tektonskih premikov dolocenih s TM 71 ekstenziometri
v zahodni Sloveniji

Za tektonsko zgradbo zahodne Slovenije so znacilni sistemi
desnozmi¢nih prelomov usmerjeni NW-SE in zmerna potres-
na dejavnost. Leta 2004 smo priceli z meritvami tektonskih
premikov z ekstenziometri TM 71 ob petih domnevno aktivnih
prelomih ali v njihovi bliZini. V petih letih opazovanj smo ugo-
tovili nekatere jasne trende premikov. Morfolo$ko najmoc¢neje
izrazen prelom v zahodni Sloveniji je Idrijski prelom, ki je
dolg preko 120 km. Na razpoki v njegovi notranji coni v dolini
Uc¢je smo ugotovili povpre¢ne zmi¢ne premike 0,26 mm/leto.
Kratkotrajnejse hitrosti so $e ve¢je in dosezejo 0,54 mm/leto.
Na Ragkem prelomu v vznozju Vremscice smo ugotovili najprej
dvigovanje SW bloka za 0,16 mm/leto in levozmi¢ne premike
s hitrostjo 0,16 mm/leto. Sledilo je pogrezanje istega bloka za
0,37 mm/leto. V Postojnskem jamskem sistemu smo na razdalji
260 m namestili dva in$trumenta na prelomni coni, ki poteka
okoli 1 km severovzhodno od Predjamskega preloma. Belezimo
majhne tektonske premike, desni zmik za 0,05 mm v petih letih
za Postojno 1 in ekstenzijo velikosti 0,03 mm v petih letih za
Postojno 2. Oba ekstenziometra sta se podobno odzvala na
nekatere potrese z magnitudami v obmocju 3.1-5.2 in epicen-
tralno oddaljenostjo 12-95 km. Amplituda posameznih vrhov
je reda velikosti 0,08 mm. Opazovanje na Knezkem prelomu se
je pricelo konec 2006. V dveh letih smo izmerili poSevno zmi-
kanje z desnozmi¢no hitrostjo 0,06 mm/leto in dvigovanje SW
bloka za 0,06 mm/leto. Opazovanje v Pologki jami, ki se na-
haja v bliZini Ravenskega preloma se je zacelo v letu 2008. Pre-
liminarni rezultati kazejo horizontalni premik 0,08 mm med
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limestone beds. Established displacements proved the active
tectonic movement of all monitored faults. Observed deforma-
tion rates can be compared with the regional deformation rate
in W Slovenia established from GPS measurement, which is in
the order of 2 mm/year.

Keywords: micro-tectonic displacements, 3D monitoring, TM
71 extensometer, Idrija Fault, Rasa Fault, Kneza Fault, Predja-
ma Fault, Ravne Fault, Slovenia.

dvema plastema apnenca. Ugotovljeni premiki dokazujejo ak-
tivni tektonski znacaj vseh opazovanih prelomov. Opazovane
hitrosti deformacij lahko primerjamo s stopnjo regionalnih de-
formacij v zahodni Sloveniji ugotovljeno z GPS meritvami, ki
so reda velikosti 2 mm/leto.

Klju¢ne besede: mikro-tektonski premiki, 3D monitoring,
ekstenziometer TM 71, Idrijski prelom, Raski prelom, Knezki
prelom, Predjamski prelom, Ravenski prelom, Slovenija.

INTRODUCTION

Monitoring of tectonic deformations, as well as landslide
movements and stability of mine walls with 3D extensom-

eter for in-situ monitoring (model TM 71) has been prac-
tised for more than 30 years (Ko§'tak 1969, 1977, 1991,
1998, 2002; KoStik et al
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2007). Karst caves and artifi-
cial tunnels are very suitable
for TM 71 installation due to
the stable temperature condi-
tions. Such cases are in the
Czech Republic (Stemberk
et al. 2008a), Poland (Kontny
et al. 2005, Makolski et al.
2008), Slovakia (Briesten-
sky et al. 2007) and Slovenia
(Sebela & Gosar 2005; Sebela
2005; Gosar 2007a; Gosar
et al. 2007; Sebela et al. 2005;
Sebela et al. 2008; Sebela
2009; Sebela et al. 2009). In
Germany (Stemberk et al.
2003; Stemberk et al. 2008a)
and in Slovakia the instru-
ments are placed in artificial
tunnels. On the Gargano pe-
ninsula (Italy) TM 71 is situ-
ated in the basement between
the house wall and Matti-
nata fault plane (Borre et al.
2003). Monitoring of the sur-
face outcrops is organized in
Peru, Italy (Stemberk et al.
2003), Greece, Czech Repub-
lic, Slovakia, Slovenia (Gosar
2007a), etc.

Fig. 1: TM 71 monitoring sites in
W Slovenia and most impor-
tant faults. 1-Postojnska Jama,
2-U¢ja, 3-Vrems$Cica, 4-Zadlaz-
Cadrg, 5-Poloska Jama.
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MONITORING SITE GEOLOGICAL DISTANCE TO IMPORTANT REGIONAL | MONITORING AS.L.(M)
STRUCTURE TECTONIC STRUCTURE FROM
U¢ja Idrija Fault NW-SE within Idrija Fault 2004 420
Vrem3cica Rasa Fault NW-SE within Rasa Fault 2004 620
Zadlaz-Cadrg Kneza Fault NW-SE within KneZza Fault 2006 530
Postojna 1 fault zone NW-SE 1 km north from Predjama Fault 2004 560
Postojna 2 fault zone NW-SE 1 km north from Predjama Fault 2004 526
Poloska Jama bedding plane 300 m south from Ravne Fault NW-SE | 2008 735
(120/40) and 200 m above Julian Alps thrust

Tab. 1: TM 71 monitoring sites in W Slovenia.

Monitoring of micro-displacements in W Slovenia
is organized with six TM 71 instruments (Tab. 1). Three
of them are located on the surface and three in karst caves
(Fig. 1). Monitoring sites were selected in the seismically
active areas, in the vicinity of regionally important faults
and representative outcrops within fault zones.

Fig. 2: Poloska Jama, TM 71 monitoring between two limestone
beds dipping towards SE (Photo: S. Sebela).

In November 2004 two TM 71 extensometers were
installed on the surface, one on Rasa Fault zone at the
SE foot of Vrems¢ica Mountain and other on Idrija Fault
in U¢ja valley. In November 2006 the third surficial in-
strument was set up on Kneza Fault (Zadlaz-Cadrg).

All three instruments are installed on Dinaric-oriented
(NW-SE) regionally important faults in W Slovenia (Go-
sar 2007a).

In two Slovene karst caves (Postojnska Jama and
Poloska Jama) three TM 71 instruments are installed.
The monitoring of micro-tectonic movements in Posto-
jnska Jama started on 26" May 2004 (Postojna 1) and on
26 February 2004 (Postojna 2). Two instruments, being
260 m apart, are installed on Dinaric-oriented (NW-SE)
fault zone. The studied fault zone is situated about 1 km
northeast from regionally important Dinaric-oriented
Predjama Fault and about 5 km south from Idrija Fault.

Pologka Jama is situated about 300 m south from
Ravne Fault. An instrument is installed between two
sliding limestone beds (Fig. 2), about 50 m inside the
cave from its SE entrance. Monitoring has taken place
from 19 June 2008.

All six monitoring sites in Slovenia are situated in
karst areas, even though our idea was not limited only to
the karst areas, but mostly to good outcrops within acces-
sible fault zones. The results of regular monitoring show
interesting rates and directions, but for Poloska Jama we
can only speak of preliminary results due to short-term
monitoring.

Comparison of displacements between surface ver-
sus underground monitoring sites was accomplished to
evaluate displacements to see if the observed tectonic
structure is active and in what scale are the movements,
and for eventual coincidence with earthquakes. All sites
show active tectonic micro-movements.

STRUCTURAL GEOLOGY

Slovenia is characterized by complex and neotectonically
active geological setting at the border between Adria mi-
croplate and Eurasia plate. Studied area is part of Adria
microplate south from Periadriatic Fault. Paleomagnet-

ic data indicate about 30° counterclockwise rotation of
Adria microplate (Marton et al. 2003) since the late Mi-
ocene to Pliocene.
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Vrabec and Fodor (2006) described geologic struc-
tures during Miocene to recent times. Among thrust
belts along the Adria margin are included Dinaric thrust
systems, South-Alpine thrust system and Dinaric faults.
Dinaric thrust systems are post-Eocene, representing
NW-SE striking fold-and-thrust belt that can be fol-
lowed from Istra towards central Slovenia (Vrabec &
Fodor 2006). They belong to External Dinarides that are
characterised by moderate historic and recent seismicity.

The S- to SE-verging fold-and-thrust-belt of the
Southern Alps formed in the Miocene (Vrabec & Fodor
2006). The so-called Dinaric faults cut and displace both
Dinaric and South-Alpine fold-and-thrust structures.
Many Dinaric faults, including Idrija Fault, formed as
dip-slip normal faults and were only later dextrally reac-
tivated (Vrabec & Fodor 2006).

It seems that a large part of regional deformation
is still concentrated on Periadriatic Fault as long-lived

structural system, whereas the younger structures south
of it, such as Dinaric faults, have a comparatively minor
role (Vrabec & Fodor 2006).

Placer (2008) proposed the tectonic subdivision
of Slovenia into: Adriatic-Apulian foreland, Dinarides,
Southern Alps, Eastern Alps, and Pannonian basin.
Vrems¢ica and Postojna TM 71 monitoring sites are lo-
cated within External Dinarides. U¢ja, Zadlaz-Cadrg and
Poloska Jama sites can be found inside Southern Alps.

Recent activity of important regional faults in Slo-
venia was in recent years studied a great deal by differ-
ent methods. Ravne Fault and Idrija Fault show signs
of active tectonic movements (Cunningham et al. 2006;
Riznar et al. 2007; Komac & Bavec 2007; Kastelic et al.
2008; Milani¢ et al. 2009). Rasa Fault, Southalpine Front
and Julian Alps thrust are identified as active regarding
the vertical component of displacement (Riznar et al.
2007).

SEISMICITY OF W SLOVENIA

The territory of Slovenia is considered as one of moderate
and diffuse seismicity. Only few earthquakes can be di-
rectly related to known faults, because the extent of faults
from the surface to the hypocentral depths is poorly
known. Most earthquakes occur in a depth range between
5 and 20 km. No surface rupture related to an earthquake
has been detected so far in Slovenia (Poljak et al. 2000).
The northern part of W Slovenia belongs to the tectonic
unit of Southern Alps and the southern part to the Ex-
ternal Dinarides. For both units moderate historical and
recent seismicity is characteristic (Fig. 3). The strongest
earthquake ever recorded in the Alps-Dinarides junction
was the 1511 western Slovenia earthquake (M=6.8). The
exact location and mechanism of this event are still de-
bated (Fitzko et al. 2005). The strongest post-1511 event
happened in 1926 at the south-eastern part of Idrija Fault
(Cerknica earthquake, 10 km east from Postojnska Jama)
with magnitude of 5.6 (Poljak et al. 2000).

Most earthquakes in SW Slovenia are situated along
Raga and Idrija Faults, delineated in NW-SE direction
(Michelini et al. 1998). Their focal mechanisms indicate
mainly right-lateral or reverse deformations (Poljak et al.
2000). Although strike-slip and thrust-type dominate,
there are also a few earthquakes with normal-type fault-
ing. From the fault plane solutions it is evident that the
governing stress in the region runs approximately in N-S
direction (Poljak et al. 2000).

The region of NW Slovenia undergoes a recent in-
crease in seismic activity with two damaging earthquakes
in the Upper Soca valley. The 12 April 1998 (Mw=5.6)
and 12" July 2004 (Mw=5.2) earthquakes (Gosar 2007b)
occurred on the NW-SE trending near-vertical Ravne
Fault in the Krn mountains at 7-9 km depth. The focal
mechanisms of both earthquakes show almost pure dex-
tral strike-slip (Kastelic et al. 2008).

METHODOLOGY

TM 71 is a mechanical extensometer designed for in-
stallation on narrow cracks (crack gauging) to monitor
relative micro-displacements between both walls of the
crack. The sensitivity of the instrument is 0.05-0.0125
mm in all three space co-ordinates and 3.2 x 10-4 rad
in angular deviations (Stemberk et al. 2003). It measures
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the displacements in three dimensions (x, y and z) - dis-
placement vector in two perpendicular planes (horizontal
and vertical) and angular deviation (rotation). The meas-
urement works on the principle of Moiré optical effect
of two optical grids. Their interference pattern changes
when two transparent plates move (Kostdk 1977, 1991).
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Fig. 3: Seismicity of W Slovenia (EARS catalogue for the period 567-2008).

The advantages of this purely
opto-mechanical instrument
are: it completely avoids the
use of electrical transmission
means and furnishes good
performances under severe
outdoor conditions, and it
has a long-term stability.

The graphs (Figs. 4-8)
represent the results of the
movements in three coor-
dinates x, y and z, where +x
represents compression of
the observed fault (-x exten-
sion), +y represents sinis-
tral horizontal movement
(-y dextral) and +z vertical
movement.

Data are generally taken
once a month or bimonthly
and long-term monitoring
is preferable. Temperature
of the monitoring site is also
taken into account for even-
tual temperature influence
on the TM 71 instruments
especially for surface out-
crops. With regular moni-
toring of displacements we
want to ascertain if the stud-
ied fault zone is still tectoni-
cally active and in what scale
and direction are the move-
ments. In W Slovenia, mea-
surements were taken once
a month or bimonthly only
in Postojnska and Poloska
Jama, and on other locations
once every three months or
even sparser.

RESULTS AND DISCUSSION

SURFACE MONITORING

Idrija Fault

The best morphologically expressed fault in the
region of W Slovenia is Idrija Fault (Fig. 1), which ex-
tends from the Italian border near Bovec to Croatia in
Gorski Kotar (N of Rijeka), having a total length of more

than 120 km. The strongest historical earthquake in the
region, the »Idrija« earthquake in 1511 with estimated
magnitude of 6.8 and max. intensity X, is usually related
to this fault (Ribari¢ 1979), but its exact location and re-
lation to the faults in the region are still not clear (Fitzko
et al. 2005). The second strongest known event, with
magnitude 5.6, happened in 1926 at the SE part of the
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Fig. 4: Relative displacements (+x compression (-x extension), +y sinistral horizontal movement (-y dextral) and +z down-slip of SW
block (-z uplift)) and angular deviation detected with TM 71 exstensometer for Idija Fault (U¢ja).
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Fig. 5: Relative displacements (+x compression (-x extension), +y sinistral horizontal movement (-y dextral) and +z down-slip of SW
block (-z uplift)) and angular deviation detected with TM 71 exstensometer for Rasa Fault (Vremscica).
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Fig. 6: Relative displacements (+x compression (-x extension), +y sinistral horizontal movement (-y dextral) and +z down-slip of SW
block (-z uplift)) and angular deviation detected with TM 71 exstensometer for Kneza Fault (Zadlaz-Cadrg).
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Fig. 7: Relative displacements (+x compression (-x extension), +y
sinistral horizontal movement (-y dextral) and +z down-slip of
northern block (-z uplift)) and angular deviation detected with
TM 71 exstensometers for Postojna 1 with strongest earthquakes
(magnitude and distance of epicentre, Tab. 2).

Idrija fault. However, recent seismicity in the vicinity of
this fault is rather low (Poljak et al. 2000).

In November 2004 we installed the TM 71 device in
the NW part of Idrija Fault, where good exposure of the
main fault zone was found in the U¢ja valley near Bovec.
The whole fault zone is there more than 1 km wide and
was divided into outer and inner fault zone by Car &
Pisljar (1993). The TM 71 instrument is installed on a
prominent crack in the central part of the inner fault
zone, which cuts the 50 m high wall of a canyon.

In the first 10 months of measurements a clear
trend of left-lateral horizontal displacements y=+0.54
mm/year was developed (Fig. 4). It was followed by an
outlying measurement at the beginning of 2006. It was
most probably caused by a mechanical impact on the in-
strument (fallen rock or ice), because the displacement
completely recovered in the next months. The same left-
lateral trend continued, but the rate was slightly dimin-
ishing with time. The average displacement rate for the
first two and a half years of measurements is y=+0.31
mm/year and for three and a half years y=+0.26 mm/
year. On the other hand a very small rate of z=+0.06 mm/
year (downslip of SW block) was established on the ver-
tical z-axis. The x-axis (opening or closing of the crack)
shows clear seasonal effects, which are in good correla-
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Fig. 8: Relative displacements (+x compression (-x extension), +y
sinistral horizontal movement (-y dextral) and +z down-slip of
northern block (-z uplift)) and angular deviation detected with
TM 71 exstensometers for Postojna 2 with strongest earthquakes
(magnitude and distance of epicentre, Tab. 2).

tion with recorded temperatures. In the same period no
clear trend in angular deviation was developed in both
planes although there is a visible anomaly in mid-2007,
which was later almost completely recovered.

Relative movement between blocks shows left-lat-
eral horizontal displacement with minor downslip com-
ponent. This is an unexpected result, because Idrija Fault
is considered as a dextral strike-slip fault (Car & Pigljar
1993). There are clear geological evidences of dextral dis-
placement for the geological history, but for recent times
no direct proofs are available. Therefore the dextral
strike-slip movement was mainly inferred from the ori-
entation of principal stress axis, which is oriented in N-S
direction and from fault plane solutions of two stronger
earthquakes that occurred on parallel Ravne Fault. Ob-
served left-lateral displacement should be therefore ex-
plained by local permutation of stress direction inside
the very complex fault zone (Kav¢i¢ 2006). The ampli-
tude of the observed slip rate of 0.3-0.5 mm/year is in
agreement with regional GPS displacement rates in W
Slovenia, which are up to 2 mm/year. But the GPS points
were too sparse in this study (Vrabec et al. 2006) to es-
tablish the sense of displacement along individual faults;
only regional deformation rates can be determined. In
any case longer observations and detailed tectonic map-
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ping of the complex Idrija Fault cross-section in the U¢ja
valley are necessary to understand the relations between
different cracks observed in outer and inner fault zones.

Rasa Fault

Raga Fault is located approximately 25 km SW
from the Idrija Fault. It can be clearly traced in a length
of 50 km from N of Nova Gorica to the Sneznik thrust
at Ilirska Bistrica (Fig. 1). The main surface expressions
of this fault are: almost straight valley of the Rasa river
and the topography around Vrems¢ica Mountain. The
fault has a multiphase kinematic development, which
is typical for most regional faults in External Dinarides
(Jurkovsek et al. 1996). The seismicity in the vicinity of
the Rasa fault is concentrated mainly in the Sneznik Mt.
area at its SE termination. Hypocenters of the earth-
quakes in this area define a steeply NE dipping fault
plane (Michelini et al. 1998).

We explored the whole trace of the Rasa Fault to find
a suitable location for installation of TM 71 extensom-
eter. In spite of its clear expression in the topography we
recognized that there are very few good exposures. The
best location was found at the foot of Vremscica Mt., on
its SE side, near Ko$ana. There are two abandoned quar-
ries in the Upper Cretaceous limestone situated exactly
at the fault trace. The lower one has been abandoned for
more than 15 years and will remain closed. Therefore, it
provides a suitable place for crack gauge measurements.
The contact between Upper Cretaceous limestone to the
NE and Palaecocene Kozina limestone to the SE (Buser
et al. 1967) is exposed in this quarry, separated by the
main fault zone, which is approximately 10 m wide.
Therefore, it was not possible to install the instrument in
the main fault plane, but we selected a parallel crack in
the exposed wall of the quarry built of Cretaceous lime-
stone. The measurements started in November 2004.

In the first 1.5-3.5 years the monitoring site estab-
lished an average reverse uplift of hanging wall (SW)
block of z=-0.16 mm/year and left-lateral displacement
of y=+0.16 mm/year (Fig. 5). Short-term (9 months)
vertical displacements reached the value of z=-0.53 mm/
year. In the period from mid-2007 to mid-2008 the re-
verse uplift changed to z=+0.37 mm/year down-slip of
SW block, while y-axis shows no clear displacement
from beginning of 2007. The x-axis (opening or closing
of the crack) shows clear seasonal effects, which are in
good correlation with recorded temperatures. Follow-
ing no clear trend in angular deviations, which were ob-
served during first three years of measurement, during
the last year a clear trend on xy-plane was developed.

The established oblique sense of displacement is
only partly in agreement with geological and seismologi-
cal observations. In comparison of our measurements
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with other data it must be considered that the TM 71
instrument was not installed on the main fault plane,
but on one of near parallel cracks. Local variation of the
stress axis can therefore explain the observed differences.
Focal mechanisms of some stronger earthquakes in the
active zone of Sneznik Mt., SE of the monitoring site,
also indicate strike-slip and reverse movement (Poljak
et al. 2000). On the other hand Jurkovsek et al. (1996)
claim that the fault has undergone multiphase develop-
ment from reverse over gravitational to the final strike-
slip movement. From repeated geodetic levelling line
measurements along the Secovlje-Bled polygon (Riznar
et al. 2007) only vertical component of relative displace-
ment was revealed due to the limitation of the method.
From this data set the area between Divaca and Rasa
Fault shows an uniform uplift of the order of 2 mm/year
in relation to the reference point in Sec¢ovlje, but close to
the Rasa Fault anomalous values were obtained as low as
1 mm/year. For the area NE of the Rasa Fault the relative
vertical uplift is again around 2 mm/year. No 3D terrestic
geodetic or GPS data are available in the area to compare
the sense of the movement along this fault.

Kneza Fault

Kneza Fault is a dextral strike-slip fault located in
the Julian Alps inbetween Idrija Fault to the SW and
Ravne Fault to the NE (Fig. 1). It can be traced for at least
30 km between the Bovec basin in the NW and Idrijca
valley and further to the SE. There are no direct proofs
of activity of Kneza Fault, but nearby Ravne Fault was
proved active (Kastelic et al. 2008) by two recent strong
earthquakes, Mw=5.6 in 1998 and Mw=5.2 in 2004 (Go-
sar 2007b). Although carefully inspected we did not
find a suitable place to install TM 71 extensometer on
the Ravne Fault, because it extends mainly across a high
mountain area with difficult access. Therefore we decid-
ed to monitor parallel Idrija and KnezZa Faults, which are
both supposed to be active. On Kneza Fault the TM 71
device was installed in autumn 2006 near village Zadlaz-
Cadrg at the contact of the highly fractured fault zone
with adjacent compact rock.

During two years of monitoring a clear horizon-
tal right-lateral displacement y=-0.06 mm/year was es-
tablished (Fig. 6). Less stable is the vertical movement
which shows average displacement rate of z=-0.07 mm/
year, which corresponds to the uplift of the SW block.
The x-axis (opening or closing of the crack) shows clear
seasonal effects, which correlate well with temperatures.
No clear angular deviations were established so far, al-
though some minor rotation is visible in xz-plane.

The measured oblique displacement (dextral strike-
slip with reverse component) is in agreement with geo-
logical setting and sense of displacement established
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from fault-plane solutions for the two earthquakes on
Ravne Fault (1998 and 2004) and majority of their after-
shocks. From the distribution of aftershock hypocenters
around Ravne Fault (Kastelic at al. 2008) we cannot ex-
clude that some of them occurred on Kneza Fault. The
rate of displacements observed so far on Kneza Fault is
considerably smaller than the rates established on Idrija
and Rasa Faults.

UNDERGROUND MONITORING

Postojnska Jama

In Postojnska Jama the Dinaric-oriented fault zone
(NW-SE) has been monitored for micro-deformations
with two TM 71 instruments since 2004. This longest
Slovene karst cave (20 km) is developed in Upper Cre-
taceous limestones. Postojna 1 site is situated at 560 m
above sea and Postojna 2 at 526 m. On Postojna 1 site
TM 71 is installed in the contact between fault plane,
representing the Velika Gora collapse chamber’s north-
ern wall, and a 2x2x1 m collapse block of limestone.
Postojna 2 site is an artificially enlarged narrow natural
cave passage that looks to have good contact with 60 m
distant surface. From a speleological point of view, Post-
ojna 1 site is located on the top of the biggest cave’s col-
lapse chamber and Postojna 2 in a narrow (1-1.5 m wide)
artificially enlarged cave passage. For both monitoring
sites stable climate conditions are typical. At Postojna 1
the temperature throughout the year is 9.5-11°C and at
Postojna 2 it is 9-11°C.

The movements obtained from two, 260 m distant,
monitoring sites in Postojnska Jama are small (Figs. 7
and 8). We got some interesting peaks (maximum for -
0.08 mm on both monitoring sites) and very stable peri-
ods with almost no movements (Postojna 1 and 2 y-axis
from the end of 2005 during 2006) what supports our
hypothesis of monitoring the real tectonic deformations,
excluding influence of seasonal temperature changes and
influence of karst water oscillations.

Responses to Earth’s stress changes regarding x, y
and z-axes are not the same on two monitoring sites in
the cave, even though monitoring the same fault zone.
Generally we detect small tectonic deformations, dextral
horizontal movement of 0.05 mm in 5 years (2004-2008)
for Postojna 1 (Fig. 7) and extension of 0.03 mm in 5
years (2004-2008) for Postojna 2 (Fig. 8).

Within the y curve on Postojna 1 we registered the
biggest movement (10" November 2004 to 15" Decem-
ber 2004) of -0.08 mm (dextral horizontal movement).
And on Postojna 2 z-axis (24-25" July 2008) there was
the biggest vertical movement of -0.08 mm.

In Postojnska Jama the movements generally return
back to the previous position. The only well expressed

permanent step (dextral horizontal movement) re-
mained on Postojna 1 y-axis after August 2005. Gentle
extension of 0.02 mm in 5 years can be seen at Postojna
1 x-axis and vertical movement that does not exceed 0.02
mm in 5 years. The results show that the collapse blocks
cemented by flowstone in Velika Gora chamber are very
stable.

Postojna 2 site showed the highest movements be-
tween July and September 2008, horizontal movements
of 0.06 mm maximum, changing from sinistral to dex-
tral and returning back to the null position, and the best
expressed peak on z-axis of 0.08 mm (subsidence of
northern block).

Due to some different behaviour between Postojna
1 and 2 monitoring sites we assume that the monitoring
shows some local deformations as well. This is in accor-
dance with Kontny et al. (2005) who described prob-
able movement of a particular rock-block at monitoring
sites in Polish Sudeten. But on the other hand at least
one axis, although different, is comparable between two
monitoring sites in Postojnska Jama (Sebela et al. 2009).
Additionally we envisage the detection of general dis-
placements due to changes in regional stress regime, as
was described by Stemberk et al. (2008b) in Upper Rhein
graben during longer period.

Differences in displacements between two monitor-
ing sites of Postojnska Jama can be explained by complex
geological structure of the cave. Postojna 1 is situated in
the biggest collapse chamber in the cave and Postojna 2
is situated in an artificially enlarged small natural pas-
sage. Between both sites the studied Dinaric Fault Zone
is cut by cross-Dinaric Fault Zone (NE-SW) that might
transmit some deformations causing differences between
Postojna 1 and 2 sites (Gosar et al. 2007).

Although Postojnska Jama is not situated on a seis-
mically very active area, it is close to Sneznik Mountain
area, which is one of the most active zones in Slovenia.
The results of 3D monitoring are showing good stability
of both monitoring sites with occasional well-expressed
peaks connected with changes in Earth’s stress field and
are in this sense important for understanding the transi-
tion zone between Predjama and Idrija Faults.

Poloska Jama

The cave is developed in Upper Triassic bedded
Dachstein limestone T;* (Buser 1986). Its upper en-
trance is situated at 1,249 m and lower entrances at
730 m above sea on the eastern slope of Krn Mountains
(2,244 m). Cave’s passages, being 10,800 m long and
704 m deep, are situated 250-800 m south from Ravne
Fault. TM 71 is placed between two slipped limestone
beds (dip direction 120° and dip angle 40°, Fig. 2), about
300 m south from Ravne Fault and about 50 m inside the
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cave from the eastern of the lower entrances. About 200
m below the monitoring site the very important regional
structure of Julian Alps thrust (SE-verging and paral-
lel to monitored bedding-plane) within Southern Alps
geotectonic unit (Poljak 2000) can be found. According
to Poljak (2000) the contact between geotectonic units
of Southern Alps over the Internal Dinarides is situated
about 4.5 km south from our monitoring site.

According to Riznar et al. (2007) the Southalpine
Front (Southern Alps according to Poljak 2000) is the
most active structure in western Slovenia in the sense
of vertical movement. A maximum of 7 mm/year of dif-
ference in the relative vertical movement rate along the
whole levelling profile Se¢ovlje-Bled was observed. The
activity of the Julian Alps thrust is also obvious, but
minor compared with Southalpine Front (RiZnar et al.
2007). In the sense of Milani¢ et al. (2009) recent tec-
tonic activity was determined for Julian Alps thrust and
not clearly for Southalpine Front.

Results of displacements for Poloska Jama are pre-
liminary. Because of uphill access across 1998 co-seismic
rockfalls, only three measurements were accomplished
in the second half of 2008. To get representative results
at least one-year long monitoring is obliged. But previ-
ous monitoring on other sites (Sebela et al. 2005) showed
comparative results between short and long-term moni-
toring as well. The highest displacement was detected in
x-axis, being of 0.08 mm and representing horizontal

Fig. 9: Poloska Jama, displaced cave passage along bedding-plane
(Photo: S. Sebela).

opening between two limestone beds in the period of
half a year. The activity of bedding-plane is visible also
in a cave passage that is displaced for about 5 cm (Fig. 9).
Taking into account that cave temperature at the moni-
toring site varies (2" November 2008 = 6°C and 17*
February 2009 = 1°C), the observed displacement can
be due to temperature influence as well. In Poloska Jama
active displacements are connected with Ravne Fault or/
and Julian Alps thrust.

CORRELATION WITH SEISMIC ACTIVITY

Some ideas in paralleling well-expressed micro-move-
ments detected by TM 71 with earthquakes have been
described by several authors (Kosték et al. 2007; Stem-
berk et al. 2008a; Briestensky et al. 2007; Kontny et al.
2005; Shanov 1993). According to the Kostak’s hypoth-
esis a strong earthquake would respond to temporary
changes in the Earth’s crust stress field detectable in the
readings of sensitive extensometer instruments (Kostak
1998, 2002).

We compared seismic activity in wider region of
W Slovenia with observed displacements detected by all
TM 71 extensometers. First we found that the frequency
of taking readings at all surface monitoring sites (Idrija,
Rasa and Kneza Faults) was too low for reliable corre-
lation. For Kneza Fault and Pologka Jama the readings
were also taken for too short time period to allow cor-
relation with seismic activity. Therefore, we concentrat-
ed on both monitoring sites in Postojnska Jama, where
readings were taken more frequently (on average once a
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month). Around 25 stronger earthquakes from the seis-
mic catalogue (EARS 2008), which occurred between
2004 and 2009, were considered for comparison with
microdeformations. Most of them are events with mag-
nitude greater than 3.0 and epicentral distances from
12 km to 90 km. For very close epicentres (<15 km) also
some weaker events were analyzed. Data of stronger
earthquakes with epicentral distances from Postojnska
Jama are summarised in Tab. 2.

Owing to general small tectonic deformations regis-
tered in Postojnska Jama, it is difficult to find some very
good coincidences between earthquakes and tectonic
movements. However, some sharp peaks coincide with
earthquake occurrences. The best examples are:

« Krn (12® July 2004) earthquake M=5.2 (Sebela
et al. 2005),

o Cerkno (14" January 2005) earthquake M=4.0
(Postojna 2 x and z, Postojna 1 y),
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Date Magnitude | Location Distance Depth (km) Bistrica) ~ earthquakes oc-
12/07/2004 52 K 20 km NW 13 curred. On Postojna 2 z-axis
: m m Krn, Cerkno, Ilirska Bistrica

14/01/2005 4.0 Cerkno 45km N 20 and Pivka earthquakes co-
24/04/2005 39 llirska Bistrica 25kmS 17 incide with highest peaks.
01/01/2007 3.8 Feistritz (Austria) 80km N 16 On Postojna 1 and 2 y-axes
05/02/2007 | 45 Dre#nica (Croatia) | 90km S 10 dextral horizontal movement
- is followed by sinistral move-

21/10/2008 3.1 Pivka 12km S 16 ment at the end of which

Tab. 2: Basic data on stronger earthquakes, which occured during TM 71 monitoring with epicen-

tral distances from Postojnska Jama.

« llirska Bistrica (24" April 2005) earthquake M=3.9
(Postojna 2 x and z),

o Pivka (21* October 2008) M=3.1 earthquake fol-
lowed by Pivka (22™ October 2008) M=2.3 earthquake
(Postojna 2 zand y).

On Postojna 2 x-axis the extension is followed by
compression, at the end of which (Krn, Cerkno, Ilirska

there is partially good coinci-
dence with Krn, Cerkno and
Ilirska Bistrica earthquakes.

At the end of July 2008
the highest peak on Postojna 2 z-axis (Fig. 8) was detect-
ed and about 2.5 months later Pivka earthquakes with
the strongest M=3.1 occurred only 12 km south from
Postojna 2 monitoring site. Additional studies are neces-
sary to better understand such situations.

CONCLUSIONS

Regarding some ten-years monitoring with TM 71 in
other countries (Ko$'tak et al. 2007; Kontny et al. 2005)
and regarding the data obtained from Slovenia, we de-
termined to monitor micro-tectonic deformations of se-
lected fault zones in Slovenia, transmitting the changes in
stress/strain conditions that can coincide with stronger
earthquakes.

Two surface monitoring sites at Idrija and Rasa
Faults show clear micro-deformations. The average lat-
eral displacement measured on Idrija Fault in U¢ja valley
is 0.26 mm/year. Short-term rates were even greater and
reached 0.54 mm/year. Rasa Fault monitoring site estab-
lished first an average uplift of SW block for 0.16 mm/
year and left-lateral displacement of 0.16 mm/year. It
was followed by down-slip of the same block at the rate
of 0.37 mm/year.

In two Slovene karst caves moderate micro-dis-
placements are detected. Postojnska Jama is very stable
with small tectonic deformations, being general dextral
horizontal movement of 0.05 mm in 5 years for Posto-
jna 1 and extension of 0.03 mm in 5 years for Postojna
2, with two significantly expressed peaks of 0.08 mm
(Postojna 1-y and Postojna 2-z). Results of Poloska Jama
are preliminary, showing 0.08 mm in half a year in x-axis
(opening of bedding-plane 120°/40°).

All surface monitoring sites show clear seasonal ef-
fects on x-axis (opening or closing of the crack), which
are in good correlation with recorded temperatures. Sea-

sonal effects are not expected and are also not visible on
two monitoring sites in Postonjska Jama where the tem-
perature is relatively constant throughout the year (9-
11°C). Relatively small extensions can be seen therefore
on this two sites.

The observed displacement rates of up to 0.5 mm/
year along monitored active faults are consistent with the
regional deformation rate in W Slovenia established from
GPS measurement, which is of the order of 2 mm/year
(Vrabec & Fodor 2006; Weber et al. 2006). According to
the long-term geological data, regional Dinaric faults in
W Slovenia express dextral strike-slip movements. There
were no 3D terrestic geodetic measurements performed
along these faults to establish the recent movements,
whereas the points used in some GPS project were too
sparse to determine the sense of movement along indi-
vidual fault. From them it was possible to derive only
the regional deformation rate. Fault plane solutions are
available and also show dextral strike-slip motion for re-
cent earthquakes on Ravne Fault, which is not equipped
with TM 71 instrument, because we did not find yet a
suitable location in high mountain environment for its
installation. They are available also for the SE part of
the Rasa Fault where they show reverse and strike-slip
movement. Therefore, direct comparison of micro-de-
formation monitoring on individual cracks inside fault
zones and other data can be done to very limited extent.
Left-lateral displacement on Idrija Fault can be explained
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by structural anisotropy and local permutation of prin-
cipal stress axis inside complex fault zone. Oblique dis-
placement with left-lateral component on the Rasa Fault
is partly in agreement with fault plane solutions, but ac-
cording to regional geological data right-lateral move-
ments are expected.

More important than correlation of micro-deforma-
tion monitoring with regional geology and earthquake
would be a correlation with detail 3D terrestic geodetic
(not only levelling, which is available along some sec-

tions) or very dense GPS measurements that will allow
judgment on the sense and rate of movement along in-
dividual fault. Unfortunately, none of them are available
yet in the area. Micro-deformation monitoring with TM
71 instruments therefore provides the first quantifica-
tion of recent active tectonic deformations within fault
zones of Idrija and Rasa Faults and in Postojnska Jama.
Observed displacement rates of up to 0.5 mm/year are
already significant for seismic hazard studies.
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