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Structural-geomorphological aspects of the Petrinja
earthquake Mé.2 (Croatia) - preliminary considerations

Strukturno-geomorfoloski aspekti petrinjskog potresa
Mé.2 (Hrvaiska) - preliminarna razmatranja

A strong earthquake of magnitude 6.2 with the
epicentre near the town of Petrinja occurred on December
29,2020 1n the fault zone of the right strike-slip Pokupsko
Faultin Croatia. The aim of this study was to cﬁatermine if
there are geomorphological indicators of active tectonics
in this area. General morphometric methods based on a
digital elevation model with a resolution of 10 m were
used. Geomorphological indicators of active tectonics
were also determined based on topographic maps and
hillshade relief. All the collected data were used to
reconstruct the traces of the main morpholineaments on
the surface and to determine the main morphostructures.
It was found that the central part of the studied area,
Hrastovicka Gora, has morphological features possibly
corresponding to a pop-up structure (positive flower) and
that it consists of two separate morphostructures. They
are seﬁ)arated from each other by an east-west oriented
morpholineament, which is a possible segment of the
Pokupsko Fault. Comparison of the collected results
with the data on the location of the epicentres of the
Petrinja series earthquakes of magnitude 4.0 and higher,
which occurred in the period from December 28, 2020
to March 3, 2021, indicates the possibility that these
earthquakes were related to this restraining bending zone
of the right horizontal Pokupsko Fault, which should be
studied in more detail in the future.

Key words: structural geomorphology, morpholinea-
ments, earthquake, active tectonics, digital elevation
model, Petrinja, Croatia

Jak potres magnitude 6.2 s epicentrom kod Petrinje
dogodio se 29. 12. 2020. u rasjednoj zoni desnog
Pokupskog rasjeda u Hrvatskoj. Cilj ovog rada bilo je
utvrditi postoje 1li geomorfoloski pokazatelji aktivne
tektonike na ovom podru¢ju. Koristene su metode
opée morfometrije na temelju digitalnog modela
reljefa rezolucije 10 m. Takoder, na podlogama
topografskih karata i sjencanog reljefa detektirani
su geomorfoloski indikatori aktivne tektonike. Svi
prikupljeni podaci posluzili su za rekonstrukeiju tragova
glavnih morfolineamenata na povrsini te za izdvajanje
glavnih morfostruktura. Zakljuceno je da sredisnji
dio istrazivanog prostora, Hrastovicka gora, ima
morfoloske znacajke koje moguée odgovaraju pozitivnoj
cvietnoj ili pop-up strukturi te da se sastoji od dviju
izdvojenih morfostruktura. One su medusobno odvojene
morfolineamentom pruzanja istok-zapad koji je moguce
segment Pokupskog rasjeda. Usporedba prikupljenih
rezultata s podacima o lokacijama epicentara potresa
petrinjske serije magnitude 4.0 i vise koji su se dogodili
u razdoblju od 28. 12. 2020. do 3. 3. 2021., ukazala je na
mogucénost dasuovi potresi povezani uz taj transpersijski
segment desnog Pokupskog rasjeda, $to je potrebno
detaljnije istraziti.

Kljuéne rijeci: strukturna geomorfologija, morfolinea-
menti, potres, aktivna tektonika, digitalni model reljefa,
Petrinja, Hrvatska

Original scientific paper
Izvorni znanstveni ¢lanak



HRVATSKI
GEOGRAFSKI
GLASNIK
83/1,5-24 (2021.)

Infroduction

The area of northern Croatia was struck by a
strong earthquake of magnitude 6.2 on December
29% 2020 with the epicentre near Petrinja. This main
earthquake was preceded by several earthquakes du-
ring the previous day, the strongest of which were
magnitudes of 5.0,4.7 and 4.1."The main earthquake
was followed by a series of aftershocks, the strongest
of which was magnitude 5.0, which occurred on Ja-
nuary 6%, 2021 (URL 1).

The Pokupsko and Banovina areas have long been
known for their seismic activity (Herak et al., 2009)
and strong earthquakes have been documented in
this seismogenic zone in the past. A notable exam-
ple is the estimated 5.8 magnitude quake from 1909
with the epicentre near Pokupsko (Herak and Herak,
2010), and an earthquake of magnitude 6.4 in 1969
with the epicentre near Banja Luka (Ustaszewski et
al., 2014). Immediately after the main shock of the
2020 Petrinja earthquake, numerous experts, espe-
cially seismologists, pointed out that this earthquake
zone is located in the northwest-southeast Petrinja
seismogenic zone, which is known and recorded in
the European database of seismogenic faults un-
der the code name HRSC027 (Share, 2021). It is
a sub-vertical right strike-slip fault that runs in an
NW-SE orientation and is commonly referred to as
the Pokupsko Fault in literature (see Herak and He-
rak, 2010; Dapo et al. 2020). The fault runs parallel to
the Sava Fault (one of the main faults in northwestern
Croatia), which, according to Prelogovi¢ et al. (1998)
and Herak and Herak (2010), also has a pronounced
right horizontal component of displacement. A pre-
liminary report on the causes of the earthquakes was
published by Vukovski (2021), who showed a geolo-
gical map outlining the fault near Petrinja as it runs
along the northeastern slope of Hrastovicka Gora,
which was initially assumed to be the cause of the
main earthquake and its aftershocks. Subsequently, in
a press release, Korbar (2021) proposed an interpre-
tation that the Petrinja earthquake was caused by a
system of two strike-slip faults perpendicular to each
other. In addition to the line of the Pokupsko Fault,
which, according to the author, extends along the
northeastern edge of Hrastovicka Gora, the line of
the Petrinja sinistral strike-slip fault was established,
extending northeast-southwest (Korbar, 2021). Based
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Uvod

Podrugje sjeverne Hrvatske 29. prosinca 2020.
pogodio je jak potres magnitude 6.2 s epicentrom
kod Petrinje. Ovom je glavnom udaru tijekom
prethodnoga dana prethodilo nekoliko potresa od
kojih su najjaci bili magnitude 5.0,4.7 i 4.1. Na-
kon glavnoga potresa uslijedio je niz naknadnih
potresa od kojih je trenutno najjaci onaj magnitu-
de 5.0 koji se dogodio 6. sije¢nja 2021. (Seizmo-
loska sluzba, 2021a).

Podrucje Pokuplja i Banovine veé je odavno
poznato po svojoj seizmickoj aktivnosti (Herak
i dr., 2009). U toj seizmogenoj zoni veé su se
dogadali jaci potresi u proslosti. Poznat je onaj
procijenjene magnitude 5.8 iz 1909. s epicen-
trom kod Pokupskog (Herak i Herak, 2010), a
jugoistocno od ove seizmogene zone poznat je i
potres magnitude 6.4 iz 1969. s epicentrom kod
Banje Luke (Ustaszewski i dr., 2014). Odmah po
glavnom udaru oglasili su se brojni stru¢njaci, pr-
venstveno seizmolozi koji su naglasili da se ova
potresna zona nalazi u Petrinjskoj seizmogenoj
zoni pruzanja sjeverozapad-jugoistok koja je od
ranije poznata te je zabiljeZena i u Europskoj
bazi seizmogenih rasjeda pod kodnim imenom
HRSCO027 (Share, 2021). Radi se o subverti-
kalnom rasjedu s desnim pomakom i pruzanjem
SZ-JI koji se u literaturi uglavnom spominje
kao Pokupski rasjed (npr. Herak i Herak, 2010;
Dapo i dr. 2020). Taj se rasjed pruza paralelno
sa Savskim rasjedom, jednim od glavnih rasjeda
sjeverozapadne Hrvatske koji prema Prelogovi¢
idr. (1998) i Herak i Herak (2010) takoder ima
izrazenu horizontalnu, desnu komponentu po-
maka. O uzrocima potresa preliminarno izvjesce
objavio je Vukovski (2021), u kojem je prikaza-
na geoloska karta s ucrtanim tragom rasjeda kod
Petrinje koji prolazi sjeveroisto¢nim obronkom
Hrastovicke gore i za koji se preliminarno pret-
postavilo da je uzro¢nik glavnog i niza slabijih
potresa. Nakon toga u priopéenju za javnost
Korbar (2021) predlaze interpretaciju prema ko-
joj je petrinjski potres uzrokovan sustavom dvaju
medusobno okomitih rasjeda s horizontalnim
pomacima. Uz trag Pokupskog rasjeda koji se po
autoru pruza uz sjeveroisto¢ni rub Hrastovicke
gore dodan je i trag Petrinjskog rasjeda pruza-



on processing observations from the Sentinel-1 sa-
tellite mission (pre-earthquake and post-earthquake
observations), data on spatial surface displacements
resulting from the main earthquake have been publis-
hed (Faculty of Geodesy, 2020). Preliminary informa-
tion on the structural-geomorphological features of
this area with a map of the main morpholineaments
has been published by Boci¢ (2021). Mihali¢ Arba-
nas et al. (2021), Terzi¢ et al. (2021), and Tomljenovi¢
et al. (2021) documented the occurrence of cosmic
surface deformations and engineering, geological,
and hydrogeological phenomena/problems caused by
these earthquakes. On the website of Seismological
Service of the Department of Geophysics, Faculty of
Sciences, University of Zagreb, an overview of pre-
liminary results of the series of Petrinja earthquakes
in the first month following the main earthquake is
available, among other relevant data and research (Se-
ismological Survey, 2021c¢). Markusi¢ et al. (2021) pu-
blished detailed preliminary results of macroseismic,
geological, geodetic, and civil engineering investigati-
ons. It is assumed that this earthquake was the result
of the activation of two main horizontal faults (the
NW-SE extension of the dextral Pokupsko Fault, and
the NE-SW extension of the sinistral Petrinja Fault),
due to north-south compression. They also stated that
the epicentre of the main earthquake was located on
the Petrinja Fault Line. Tondi et al. (2021) also wro-
te about the causes of the Petrinja earthquake. They
concluded that there was Y-shear of the NW-SE stri-
ke with a right-lateral displacement (they called this
fault “Zupié”) and X-shear of the NW-SE orienta-
tion along the so-called Kupa Fault with a left-late-
ral displacement. They believe that these cosmically
conjugate faults were activated during the Petrinja
earthquake within the principal displacement zone of
the pre-existing active Petrinja Fault Zone, as a result
of the current tectonic stress associated with the on-
going movement of the Adriatic Plate in relation to
the Eurasian Plate.

The basic geomorphological features of the wider
study area were presented by Hec¢imovi¢ and Prelo-
govi¢ (1987) as part of the explanatory book of the
Basic Geological Map 1: 100,000 for the Sisak sheet
(Pikija, 1987b). Within the framework of this work,
they also elaborated the Hrastovica morphostructu-
re, with which this paper is largely concerned.

nja sjeveroistok-jugozapad i s lijevim pomakom
(Korbar, 2021). Na temelju obrade opazanja Sen-
tinel-1 satelitske misije (opazanje prije i poslije
potresa) objavljeni su podaci o prostornim, po-
vr$inskim pomacima koji su se dogodili uslijed
glavnog potresa (Geodetski fakultet, 2020). Pre-
liminarne informacije o strukturno-geomorfo-
logkim obiljezjima ovog podrudja s kartom glav-
nih morfolineamenata objavljuje Bo¢i¢ (2021). O
pojavama koseizmickih povrsinskih deformacija
te inzenjerskogeoloskim i hidrogeoloskim poja-
vama i problemima uzrokovanim ovim potresima
izvijestili su Mihali¢ Arbanas i dr. (2021), Terzi¢ i
dr. (2021) i Tomljenovi¢ i dr. (2021). Na mreznim
stranicama Seizmoloske sluzbe pri Geofizickom
odsjeku PMF-a Sveucilista u Zagrebu, uz mno-
ge analize i relevantne informacije, objavljen je i
pregled preliminarnih rezultata istrazZivanja serije
petrinjskih potresa u prvih mjesec dana od glav-
nog potresa (Seizmologka sluzba, 2021c). Mar-
kusi¢ i dr. (2021) objavljuju detaljne preliminarne
rezultate makroseizmickih, geologkih, geodetskih
i gradevinskih istrazivanja. Smatraju da je taj po-
tres bio rezultat aktiviranja dvaju glavnih hori-
zontalnih rasjeda (desnog Pokupskog, pruzanja
SZ-JI i lijevog Petrinjskog, pruzanja SI-JZ), a
uslijed kompresije po praveu sjever-jug. Takoder
navode da je epicentar glavnog potresa na rasjed-
noj liniji Petrinjskog rasjeda. O uzrocima petrinj-
skog potresa pisu Tondi i dr. (2021). Zakljucuju
da je doslo do Y-smicanja orijentacije SZ-JI s
desnim pomakom (ovaj rasjed nazivaju Zupié) te
X-smicanja orijentacije SZ-JI duz tzv. Kupskog
rasjeda s lijevim pomakom. Smatraju da su ovi
koseizmicki konjugirani rasjedi tijekom potresa u
Petrinji nastali unutar zone glavnog pomaka ve¢
postojece aktivne Petrinjske rasjedne zone, a kao
posljedica trenutnog tektonskog stresa poveza-
nog s kretanjem Jadranske mikroplo¢e u odnosu
na Euroazijsku plocu.

Osnovne geomorfoloske znacajke $ireg istrazi-
vanog podrudja prikazali su He¢imovi¢ i Prelo-
govi¢ (1987) u okviru Tumaca osnovne geoloske
karte 1:100.000 za list Sisak (Pikija, 1987b). U
okviru tog tumaca izdvajaju i Hrastovicku mor-
fostrukturu kojom se u najvecoj mjeri bavi i ovaj

rad.
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The aim of this work is to use geomorphological
methods to preliminarily determine how much active
tectonics have influenced the formation of the relief
of this area, i.e. whether traces of active tectonics and
related geomorphological structures visible on the sur-
face can be found in the relief of this area. Also, an
additional goal was to compare the spatial distribution
of the epicentres of the strongest earthquakes (M, > =
4.0) from this series and the geomorphological traces
of active tectonics.

Study area

The epicentre of the main earthquake was lo-
cated in the area of northwestern Croatia, about
6.5 km southwest of the town of Petrinja, on the
southwestern slopes of Hrastovicka Gora (Fig.
1A). According to the geomorphological regiona-
lization of the Republic of Croatia (Bognar, 1999),
the wider area of the epicentre belongs to the me-
sogeomorphological region 1.3.6. Zrinska Gora
and Trgovska Gora massifs with the Banija and Pe-
trinja-Sunja hills, and in the immediate vicinity of
region 1.3.5 Sava lowland in the northeast and re-
gion 1.3.6 Vukomericke Gorice with the Crna Mlaka
depression in the northwest. The central geomorp-
hological-physionomic unit of the study area is
Hrastovicka Gora, which extends along a generally
Dinaric orientation (Fig. 1B). In the southwest we
find the northern slopes of Zrinska Gora and Ba-
nijsko Pobrde, and the Glina River Valley. In the
northwestern continuation of Hrastovicka Gora,
the less pronounced Vukomericke Gorice continue
in relief, separated by the Kupa River Valley. The
northeastern part of the study area consists of the
lowlands of the Sava River and associated terraces.

Geotectonically, this area belongs to the Supra-
dinaric Geotectonic Belt, i.e. the Inner Dinarides
(Herak, 1991). Within the southwestern part of
the Pannonian Basin, Prelogovi¢ et al. (1998) de-
fined three structural units. The studied area be-
longs to the Southern Marginal Fault structural
unit, which is separated from the Central Fault
structural unit by the right horizontal Sava Fault.
According to the data from Basic Geological Map
1: 100 000, for the Sisak and Bosanski Novi sheets
(Pikija, 1987a; 1987b; Siki¢, 1990; 2014), Neogene
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Cilj je ovog rada geomorfoloskim metodama
preliminarno utvrditi koliko je aktivna tektoni-
ka utjecala na oblikovanje reljefa ovog podrudja,
odnosno mogu li se u reljefu navedenoga pod-
rudja pronadi tragovi aktivne tektonike i s njom
povezane geomorfoloske strukture vidljive na
povrsini. Dodatni je cilj usporediti prostorni
raspored epicentara najjacih potresa (M, >=4.0)
iz ove serije i geomorfoloskih tragova aktivne
tektonike.

Istrazivano podrucje

Epicentar glavnog potresa bio je na podruc-
ju sjeverozapadne Hrvatske, oko 6,5 km jugo-
zapadno od grada Petrinje, na jugozapadnim
obroncima Hrastovicke gore (sl. 1A). Prema ge-
omorfoloskoj regionalizaciji Republike Hrvatske
(Bognar, 1999) sire podrudje epicentra pripada
mezogeomorfoloskoj regiji 1.3.6. Gorski masi-
vi Zrinske i Trgovske gore s Banijskim i Petrinj-
sko-sunjskim pobrdem, a u neposrednoj je blizini
regije 1.3.5. Nizina Save na sjeveroistoku te regije
1.3.6. Vukomericke gorice sa zavalom Crne Mlake
na sjeverozapadu. Sredi$nja geomorfolosko-fizi-
onomska cjelina istrazivanog podrudja jest Hra-
stovicka gora s priblizno dinarskim pruzanjem
(sl. 1B). Jugozapadno se nalaze sjeverni obronci
Zrinske gore i Banijsko pobrde s dolinom rijeke
Gline. U sjeverozapadnom nastavku Hrastovicke
gore nastavljaju se reljefno slabije izrazene Vu-
komericke gorice, a medusobno ih odvaja doli-
na rijeke Kupe. Sjeveroisto¢ni dio istrazivanog
podrudja ¢ini nizina rijeke Save s pripadajué¢im
terasama.

U geotektonskom smislu ovo podruéje pripa-
da geotektonskom pojasu Supradinarik, tj. Unu-
tarnjim Dinaridima (Herak, 1991). U okviru ju-
gozapadnog dijela Panonskog bazena Prelogovi¢
i dr. (1998) definirali su tri strukturne jedinice.
Istrazivano podrudje pripada strukturnoj jedinici
Juzni marginalni dio koja je desnim horizontal-
nim Savskim rasjedom odvojena od strukturne
jedinice Sredi$nji dio. Prema podacima Osnovne
geoloske karte 1:100 000 listovi Sisak i Bosanski
Novi (Pikija, 1987a; 1987b; Siki¢, 1990; 2014) u

geologkoj gradi istrazivanog podrucja prevlada-



and Quaternary deposits dominate the geological
structure of the studied area. The oldest rocks of
the studied area are Cretaceous deposits (in which
limestones prevail) and spills. They occur only loca-
lly in the part of the northwestern foothills of Hra-
stovicka Gora. They are followed by Paleocene (Pc)
and Paleocene-Eocene (Pc, E) clastic and carbona-
te deposits, which occur in the most deeply-incised
valleys. Most of Hrastovicka Gora is covered by
Middle and Upper Miocene deposits (M,?, M.,
’M,"?), in which limestones and marls prevail, but
medium and fine-grained clastic deposits are also
present. In the transgressive sequence there are
Pliocene (P, P12, P12’3) and Pliocene-Quaternary
(P1, Q) deposits of marl and clastic sediments, whi-
ch form most of the area northeast and southwest
of Hrastovicka Gora and Vukomeri¢ke Gorice in
the northwest. Alluvial, marshy, proluvial and other
Holocene deposits are present in river valleys and
their margins.

This area is located between the Sava Fault in
the north and the Southern Marginal Fault of
the Pannonian Basin in the south, and according
to the seismic zoning of Croatia, and it is part of
seismogenic zone 12: Kupa Valley (Markusi¢ and
Herak, 1998). The most significant fault of this
zone is the Pokupsko Fault (Fig. 1A; Herak and
Herak, 2010).

vaju naslage neogena i kvartara. Najstarije stijene
istrazivanog podrudja jesu kredne naslage u koji-
ma prevladavaju vapnenci te kredni spiliti. Pojav-
ljuju se samo lokalno na dijelu sjeverozapadnog
podnozja Hrastovicke gore. Slijede paleocenske
(Pc) i paleocensko-eocenske (Pc, E) klasti¢ne i
krabonatne naslage koje su prisutne u najdublje
usjeCenim dolinama. Najveéi dio Hrastovicke
gore prekrivaju srednje i gornjomiocenske na-
slage (M2

271
vapnenci i lapori, ali su prisutne srednje i sitnozr-

M,', °M,"?) u kojima prevladavaju

nate klasti¢ne naslage. U transgresivnom slijedu
nalaze se pliocenske (PL', P12 PL ) i pliocen-
sko-kvartarne (P1, Q) naslage laporf;t i nevezanih
klasti¢nih sedimenata koje izgraduju veéi dio
podrugdja sjeveroistocno i jugozapadno od Hra-
stovicke gore te Vukomericke gorice na sjevero-
zapadu. U dolinama rijeka i njihovim rubovima
prisutne su aluvijale, barske, proluvijalne i druge
holocenske naslage.

Ovo se podrudje nalazi izmedu Savskog ra-
sjeda na sjeveru te Juznog marginalnog rasjeda
Panonskog bazena na jugu te je prema seizmi-
¢kom zoniranju Hrvatske dio seizmogene zone
12: Dolina Kupe (Markusi¢ i Herak, 1998). Naj-
znacajniji rasjed ove zone jest Pokupski rasjed (sl.

1A; Herak i Herak, 2010).

Fig. 1 Location and extent of the study area. X and Y in Figure 1B show the position of the topographic profiles shown in Figure é
SI. 1. Polozaj i obuhvat istrazivanog podrucja. XY na slici 18 prikazuju polozaj topografskih profila prikazanih na slici 6
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Methods

The preliminarystructural-geomorphological analysis
aimed to identify geomorphological indicators of active
tectonics. The analysis was based on the interpretation
of the digital elevation model (DEM), morphometric
maps, topographic maps 1:25,000 (Croatian Geodetic
Administry, 2021), and in correlation with the data
presented on the Basic Geological Map 1:100,000
sheets Sisak and its explanatory booklet (Pikija, 19873;
1987b). The analysis used a DEM with a resolution of
10 x 10 m, made on the basis of altitude data from the
State Geodetic Administration. Landscape visualisation
was done using a coloured elevation scale, a hillshade
model, and a 3D view. The hillshade model was created
by simulating illumination at an angle of 45° from four
directions (45°,135°,225°, and 315°).

The first step was to create general morphometric
maps. Methods were used to analyse elevation, slope
inclination, relative relief, and slope aspect. The ArcGIS
10 software package with the Spatial and 3D Analyst
extensions was used for all morphometric analyses.
Slope was calculated using the Slope tool, using the
3x3 square method, i.e. unit DEM cells. Relative relief
was calculated using the Focal Statistics function as
the vertical difference of the highest and lowest points
within a circle with a radius of 564 m, corresponding
to an area of 1 km? The aspect of the slopes implies
their orientation with respect to the sides of the
world, i.e. they are categorized into groups of 45°.
In the preliminary morphometric analysis, the focus
was on the interpretation of the morphometric maps,
i.e. on the spatial distribution and the relationship
of categories of the analysed parameters. A detailed
statistical analysis was not performed at this stage.
The morphometric maps were primarily used to
detect morpholineaments and morphostructures. In
addition to the morphometric maps, two transverse

topographic profiles were created based on DEM.

'The second step was to detect and map geomorp-
hological indicators of active tectonics. For this pur-
pose, topographic maps, previously created morpho-
metric maps, and hillshade were used as a basis. All
recognised shapes such as watergaps, steep slopes,
elbow-shaped valley bends, etc. were recorded. Based
on the collected data, the third step was carried out,
in which the obtained results were interpreted, i.e.
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Metode rada

Preliminarna strukturno-geomorfologka analiza
bila je usmjerena na prepoznavanje geomorfoloskih
indikatora aktivne tektonike. Analiza je izvriena
na temelju interpretacije digitalnog modela reljefa
(DMR), morfometrijskih karata, topografskih ka-
rata 1:25 000 (Drzavna geodetska uprava, 2021),
a u korelaciji s podacima prikazanim na Osnovnoj
geoloskoj karti 1:100 000 lista Sisak i tumaca te
karte (Pikija, 1987a; 1987b). U analizi je koristen
DMR rezolucije 10 x 10 m, izraden na temelju vi-
sinskih podataka Drzavne geodetske uprave. Izra-
deni su prikazi reljefa u visinskoj skali, sjen¢anom
modelu i 3D izgledu. Sjencani model izraden je
simulacijom osvjetljenja pod kutom 45° iz Cetiriju

smjerova (45°,135°,225° 1 315°).

Prvi korak bila je izrada opéih morfometrijskih
karata. Kori$tene su metode analize visina, nagi-
ba, vertikalne rasclanjenost reljefa te ekspozicije i
zakrivljenosti padina. Za sve morfometrijske ana-
lize koristen je programski paket ArcGIS 10 s
ekstenzijama Spatial i 3D Analyst. Nagib padina
racunan je alatom Slope, koriStenjem metode 3 x
3 kvadrata, tj. jedini¢nih éelija DEM-a. Vertikal-
na ra$¢lanjenost racunana je funkcijom Focal Sta-
tistics kao visinska razlika najvise i najnize tocke
u krugu radijusa 564 m, §to odgovara povrsini od
1 km? Ekspozicija padina podrazumijeva njihovu
orijentaciju u odnosu na glavne i sporedne strane
svijeta, tj. kategorizirana je u grupe od po 45°. U
ovoj preliminarnoj morfometrijskoj analizi nagla-
sak je bio na interpretaciji morfometrijskih karata,
tj. prostornom rasporedu i odnosu pojedinih kate-
gorija analiziranih parametara. Detaljna statisticka
analiza u ovoj fazi nije izvrSena. Morfometrijske
karte u prvom su redu posluzile za detektiranje
morfolineamenata i morfostruktura. Uz morfome-
trijske karte na temelju DEM-a izradena su i dva

popreéna topografska profila.

Drugi korak bilo je detektiranje i kartiranje ge-
omorfoloskih indikatora aktivne tektonike. Za tu
svrthu koriStene su topografske karte, prethodno
izradene morfometrijske karte te prikazi sjencanog
reljefa. Ucrtani su svi prepoznati oblici poput pro-
bojnica, pregiba u reljefu, laktastih skretanja i sl. Na
temelju prikupljenih podataka nadinjen je treci ko-



the main morphostructures were identified—relati-
vely homogeneous relief units, primarily of tectonic
origin (Gerasimov and Mescherikov, 1968). In this
step, the routes of the morpholineaments were defi-
ned, possibly corresponding to the traces of the assu-
med faults, as well as some previously identified lines.

'The final step was a comparison of the obtained
structural geomorphological data with the spatial dis-
tribution of earthquake epicentres. Unfortunately, we
were not able to obtain accurate data on the position
and depth of earthquake epicentres from the Croatian
Seismological Service. Therefore, the position data
were obtained from the archive of the official ear-
thquake reports of the Croatian Seismological Servi-
ce (Seismological Survey, 2021b), which are regularly
published on their official website. Only the position
data of earthquakes of magnitude 4.0 and higher, of
which there were 15 (in the period from December
28%, 2020 to March 3%, 2021), were analysed. For
four earthquakes, the coordinates of the epicentre
were published, while for the other earthquakes the
location of the epicentre was taken from cartographic
representations of the reporting archive. These repre-
sentations were of sufficient quality to provide locati-
on data with an estimated error of no more than 1000
m. These are the only publicly available data, but they
were published immediately after the earthquake and
no corrected data were published later.

For the spatial analysis of these epicentres, the fun-
ction Directional Distribution (Standard Deviational
Ellipse) was used, which, using the following para-
meters: centre; long and short axis; orientation of the
ellipse; etc., shows a tendency to group spatial data by
direction (ArcGIS, 2021). The objective was to deter-
mine the extent to which the epicentres of the stron-
gest earthquakes related to the lines of the observed
morpholineaments. The numerical eccentricity of the
obtained ellipse was calculated as an indicator of the
extended grouping of said epicentres. The higher this
value is, i.e. closer to 1, the more elongated the ellip-
se is. The Directional Distribution function has been
previously used in geostatistical analyses of the spa-
tial distribution of earthquake epicentres in different
areas (e.g., Al Dogom, 2018; Djenaliev, 2018; Aslam,
2020). All cartographic contributions in this paper are
presented in the Croatian reference coordinate system

HTRS96/TM (Lapaine and Tuti¢, 2007).

rak u okviru kojeg su interpretirani postignuti re-
zultati tj., nacinjeno je prepoznavanje glavnih mor-
fostruktura — relativno homogenih reljefnih cjelina
prvenstveno tektonskog postanka (Gerasimov i
Mescherikov, 1968). U ovom koraku definirane su
trase morfolineamenata koji moguée odgovaraju
tragovima pretpostavljenih rasjeda, kao i nekih ve¢
ranije utvrdenih.

Kao posljednji korak u ovom radu izvriena je us-
poredba dobivenih strukturno-geomorfoloskih po-
dataka s prostornim rasporedom epicentra potresa.
Nazalost, to¢ne podatke o polozaju i dubini epi-
centra potresa nismo uspjeli dobiti od Seizmoloske
sluzbe RH. Stoga su podaci o poloZaju preuzimani
iz arhive sluzbenih izvje$¢a o potresima Seizmolos-
ke sluzbe RH (2021b) koja su redovito objavljivana
na njihovim sluzbenim stranicama. Analizirani su
podaci o polozaju samo potresa magnitude od 4.0
navi$e kojih je u razdoblju od 28. 12. 2020. do 3. 3.
2021. bilo 15. Za Cetiri potresa objavljene su koor-
dinate epicentra, dok su za ostale potrese lokacije o
epicentru preuzete s kartografskih prikaza iz arhive
obavijesti. Takvi prikazi bili su dovoljne kvalitete
da se podaci o lokaciji preuzmu s procijenjenom
pogreskom ne vecom od 1000 m. To su jedini po-
daci koji su javno dostupni, ali su objavljivani ne-
posredno nakon potresa i kasnije nisu objavljivani
korigirani podaci.

Za prostornu analizu navedenih epicentara kori-
$tena je funkcija Directional Distribution (Standard
Dewviational Ellipse) koja s pomoc¢u parametara: sre-
diste, duga i kratka os i orijentacija elipse, medu
ostalim pokazuje tendenciju grupiranja prostornih
podataka prema smjeru (ArcGIS, 2021). Svrha
je bila utvrditi u kojoj se mjeri epicentri najjacih
potresa vezu za tragove uolenih morfolineamena-
ta. Kao pokazatelj izduzena grupiranja navedenih
epicentara izratunan je numericki ekscentricitet
dobivene elipse. Sto je ta vrijednost veca, tj. bliza 1,
elipsa je izduljenija. Funkcija Directional Distribu-
tion dosad je ve¢ koristena u geostatistickoj analizi
prostornog rasporeda epicentara potresa u razli-
Citim podrugjima (npr. Al Dogom, 2018; Djena-
liev, 2018; Aslam, 2020). Svi kartografski prilozi u
ovom radu prikazani su u hrvatskom referentnom
koordinatnom sustavu HTRS96/TM (Lapaine i
Tuti¢, 2007).
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Results

Morphometric characteristics of the relief

The elevation map (Fig. 2) clearly shows two
distinct parts of the terrain. One is lower and belon-
gs to the Sava Valley. It is located northeast of Hra-
stovicka Gora. The lowest elevation on the map is
roughly 90 m, along the Sava River. The altitude of
Petrinja is roughly 100 m, and this area is located in
the northeastern foothills of Hrastovicka Gora, which
has a maximum altitude of 415 m. Hrastovicka Gora
extends in a northwest-southeast direction for about
40 km, and the length of its central, highest and most
pronounced part is about 15 km. The width of Hrasto-
vicka Gora in its central, widest part is not more than
4 km. The southwestern foot of Hrastovicka Gora is
slightly higher than the northeastern (Petrinja) side.

It is fragmented and uneven in height (from about

Rezultati

Morfometrijski pokazatelji reliefa

Na karti visina (sl. 2) jasno se mogu uociti dva
razli¢ita dijela terena. Jedan je nizi koji pripada
dolini Save, a nalazi se sjeveroisto¢no od Hrasto-
vicke gore. Najniza je visina na prikazanoj karti
oko 90 m, uz samu rijeku Savu. Nadmorska visina
Petrinje iznosi oko 100 m, a to se podrudje nalazi
u sjeveroisto¢nom podnozju Hrastovicke gore, ¢ija
je najveca visina 415 m. Hrastovicka gora pruza se
pravcem sjeverozapad-jugoistok u duljini od oko
40 km, a duljina njezina sredi$njeg, najviseg i relje-
fno najizrazenijeg dijela iznosi oko 15 km. Sirina
Hrastovicke gore u sredi$njem, najsirem dijelu ne
prelazi 4 km. Jugozapadno podnozje Hrastovicke
gore nesto je vise od sjeveroistocnog, petrinjskog.
Znatno je ra¢lanjenije i neujednacenih visina (od
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Fig. 2 Elevation map of the Petrinja area (based on DEM with 5 x 5 m resolution)

SI. 2. Visinska karta okolice Petrinje (prikaz na temelju DMR-a rezolucije 10 x 10 m)
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105 m at the confluence of the Glina River and the
Kupa River, to about 310 m in the area that continues
south to Zrinska Gora), but orographically distinct.

The slope map (Fig. 3) shows an elongated zone
of steep slopes on the northeastern hillslopes of
Hrastovicka Gora. In the northern part of Hrasto-
vicka Gora, this zone is less pronounced, changes
its course in a west-northwest direction, crosses the
Kupa Valley, and then continues along the southwe-
stern edge of Vukomericke Gorice. Here it is much
wider, and the steep slopes have different orientati-
ons. At the southeastern end of Hrastovicka Gora
there are several parallel zones with a Dinaric orien-
tation and steeper slopes. The largest zone in terms
of area with the steepest slopes refers to the sout-
hern, hypsometrically higher part of the terrain, i.e.
mainly to the area of Zrinska Gora. This zone does
not have a distinct orientation and is rather related
to the erosive effects of streams flowing to the north.

oko 105 m na u$éu Gline u Kupu do oko 310 m na
podrudju koje se nastavlja na Zrinsku goru prema
jugu), ali je orografski jasno izrazeno.

Karta nagiba padina (sl. 3) ukazuje na jednu
izduzenu zonu strmih padina na sjeveroisto¢nim
obroncima Hrastovicke gore. U sjevernom dije-
lu Hrastovicke gore ta je zona slabije izraZena,
mijenja pruzanje prema zapad-sjeverozapadu,
prelazi dolinu Kupe te se potom nastavlja dalje
uz jugozapadni rub Vukomerickih gorica. Ovdje
je ta zona znatno 8ira, a strme padine razli¢ite su
orijentacije. Na jugoisto¢nom kraju Hrastovicke
gore nalazi se nekoliko paralelnih zona dinarske
orijentacije sa strmijim padinama. Povrsinski naj-
veca zona velikih nagiba vezana je za juzni, hipso-
metrijski vi§i dio terena, tj. uglavnom za podrudje
Zrinske gore. Ova zona nema neku izrazenu ori-
jentaciju te je vie povezana s erozijskim djelova-
njem tokova koji otje¢u prema sjeveru.
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Fig. 3 Slope map of the Pefrinja area
SI. 3. Karta nagiba padina okolice Petrinje
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Relative relief (Fig. 4) is the difference in elevation
between the highest and lowest points per unit area,
expressed in m/km? It indicates potential erosion and
thus possible tectonic activity. The greatest relative relief
in this area is related to the hillslopes of Hrastovicka
Gora on both sides, but is more pronounced on the
northeastern side than on the southwestern side. Lar-
ge height differences along these slopes indicate more
intense erosion that developed due to an increase in
hydraulic gradient. This may indirectly indicate active
tectonics, i.e. possible uplift of Hrastovicka Gora. This
zone of increased relative relief continues to the nort-
hwest and southeast, but is less pronounced. Increased
relative relief, as well as increased slopes, also includes
the southern part of this area, mainly related to Zrinska
Gora.

The slope aspect (Fig. 5) shows, among others, areas
with straight, elongated, uniformly oriented slopes. They
mark clearly pronounced morpholineaments, which
may be a consequence of active tectonics, i.e. in tecto-

Vertikalna ras¢lanjenost reljefa (sl. 4) visinska je ra-
zlika najviSe i najnize tocke po jedinici povrsine izra-
zena u m/km?. Ukazuje na potencijalnu eroziju, a time
posredno i na eventualno mogucu tektonsku aktivnost.
Najveca vertikalna rasclanjenost na ovom prostoru ve-
zana je za obronke Hrastovicke gore, i to za njezine obje
strane, no izraZenije za sjeveroistocnu nego za jugoza-
padnu stranu. Vece visinske razlike duz ovih padina
ukazuje na intenzivniju eroziju koja se razvila uslijed
povecanja hidraulickog gradijenta. To posredno moze
upudivati na aktivnu tektoniku odnosno moguce izdi-
zanje Hrastovicke gore. Ova zona povecane vertikalne
ras¢lanjenosti nastavlja se prema sjeverozapadu i jugoi-
stoku, ali je dalje sve slabije izrazena. Povecana vertikal-
na rasclanjenost te povecani nagibi obuhvacaju i juzni
dio ovog podrudja, uglavnom vezanog za Zrinsku goru.

Ekspozicija padina (sl. 5), medu ostalim, ukazuje na
podrudja ravnih, izduzenih, jednako orijentiranih pa-
dina. One jasno markiraju izrazene morfolineamente
koji su moguce posljedica aktive tektonike, tj. u tek-
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Fig. 4 Map of the relative relief of the Petrinja area
SI. 4. Karta vertikalne rasclanjenosti reljefa okolice Petrinje
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nically active terrain they may indicate surface traces of
faults. In the area of Hrastovicka Gora, rows of slopes
with exposures to the northeast and southwest are cle-
arly visible, indicating the alignment of the main morp-
holineaments along the prevailing Dinaric orientation
(NW-SE). Diagonal morpholineaments with approxi-
mate north-south extension are also visible. Orientati-
ons indicating their transversal extension (northeast-so-
uthwest) are somewhat less pronounced in relief.

Two characteristic transversal topographic profiles
were created, perpendicular to the extension of Hra-
stovicka Gora (Fig. 6). The elevated parts of the relief
indicate two assumed morphostructures (1 — the Hra-
stovica morphostructure, 2 — the Kriz morphostructure).
'The stair-like bends in the profile reflect the position of
the morpholineaments bounded by the aforementioned
morphostructures and possibly represent lines of active
faults.

tonski aktivnim terenima moguée ukazuju na povr-
sinske tragove rasjeda. Na podrudju Hrastovicke gore
jasno se uocavaju nizovi padina s ekspozicijama prema
sjeveroistoku te prema jugozapadu, §to sugerira pru-
Zanje glavnih morfolineamenata dinarskim pravcem
(cca SZ-JI). Vidljivi su takoder dijagonalni morfoline-
amenti pribliznog pruzanja sjever-jug. Nesto su manje
u reljefu izrazene orijentacije padina koje ukazuju na
njihovo popreéno pruzanje (sjeveroistok-jugozapad).

Izradena su dva karakteristicna popre¢na topo-
grafska profila koji se pruzaju okomito na pruzanje
Hrastovicke gore (sl. 6). Izdignuti dijelovi reljefa
ukazuju na dvije pretpostavljene morfostrukture (1
— morfostrukturu Hrastovica, 2 — morfostrukturu
Kriz). Pregibi u reljefu odrazavaju polozaj morfoli-
neamenata koji su grani¢ni navedenim morfostruk-
turama, a moguce predstavljaju tragove aktivnih ra-
sjeda.
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Fig. 5 Slope aspect of the Pefrinja area
SI. 5. Karta ekspozicije padina okolice Petrinje
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Fig. 6 Characteristic transversal
topographic profiles of Hrasto-
vicka Gora with the position of
distinct morpholineaments and
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: morphostructures (1 - the Hro-
stovica morphostructure, 2 - the
Kriz morphostructure, position of
morpholineaments are marked
with red arrows). For the profile
position see Figure 18

SI. 6. Karakteristicni poprecni
topografski profili Hrastovicke
gore s polozajem izrazenih
morfolineamenatai
morfostruktura (1 - mofostruktura
@ Hrastovica, 2 - morfostruktura
Kriz, polozaj morfolineamenata

8 10 km

oznacen crvenim strelicama). Za
polozaj profila vidjeti sliku 18

Geomorphological indicators of active
tectonics

In addition to the analysis of the general morp-
hometric characteristics of the studied area, an in-
terpretation of the significant indicators of active
tectonics was also carried out (Fig. 7). The main
ridge of Hrastovicka Gora extends in a generally
northwest-southeast direction. In its southern part,
the ridge is continuous for almost 10 km in the
indicated direction. In the central part, the ridge
has the same orientation, but is interrupted. In the
northern part, the ridge is more interrupted and
changes its orientation to WNW-ESE with secti-
ons that extend west-east. The secondary ridges ge-
nerally have a meridional orientation, with minor
deviations from this direction, which is diagonal in
relation to the prevailing orientation of Hrastovic-
ka Gora. The secondary ridges are more sinuous,
mainly due to erosion on the slopes. The position
and orientation of long steep slopes may indicate
the location of morpholineaments, and they may
indirectly indicate possible traces of faults (so-ca-
lled fault slopes). In this area, such slopes run pa-
rallel to the main ridges, mainly on the northea-
stern hillslope of Hrastovicka Gora. Due to their
steepness, these slopes are particularly exposed to
erosion, which is visible in a series of parallel gu-
llies.
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Geomorfoloski indikatori aktivne
tektonike

Uz analizu opéih morfometrijskih obiljezja
istrazivanog podrudja izvrena je i interpretaci-
ja znacajnijih indikatora aktivne tektonike (sl.
7). Glavni greben Hrastovicka gore generalno
se pruza pravcem sjeverozapad-jugoistok. U
svom juznom dijelu greben je neprekinut u
duljini od gotovo 10 km, a pruza se navede-
nim pravcem. U sredi$njem dijelu greben je
istog pruzanja, ali postaje isprekidan. U sje-
vernom dijelu greben je vise isprekidan te mi-
jenja orijentaciju u ZSZ-IJ1 s dijelovima cije
je pruzanje zapad-istok. Sporedni grebeni su
generalno meridionalne orijentacije, s manjim
odstupanjima od tog smjera, $to je dijagonalno
u odnosu na glavni pravac pruzanja Hrasto-
vicke gore. Sporedni su grebeni zavojitiji, §to
je ponajprije posljedica erozije na padinama.
Polozaj i orijentacije dugackih strmih padina
mogu upudivati na pruzanje morfolineamena-
ta, a oni posredno na moguce tragove rasjeda
(tzv. rasjedni strmci). Na ovom podrudju takve
padine pruzaju se usporedo s glavnim grebeni-
ma, i to ponajvise na sjeveroistoénom obronku.
Zbog svoje strmine te su padine posebno izlo-
Zene eroziji, §to je vidljivo u nizu paralelnih
jaruga.



'The most prominent relief forms in this area are
watergaps. These sudden narrowings in part of the
river/stream valley are often indicative of tectonic
uplift (Burbank et al., 1999). Their beginnings and
ends may indicate the location of active faults. No
less than three streams flowing from south to north
have carved water gaps through Hrastovicka Gora.
'The southernmost is the water gap of the Petrinj¢ica
Stream, 3.5 km long. In the first southern segment,
which is 2.5 km long, the stream is oriented 25°,
and in the second segment, which is 1 km long, it
is oriented 80°. This is followed by the Utinja Stre-
am water gap, which extends in the direction of 10°
and is also about 3.5 km long. These two water gaps
intersect the main ridge of Hrastovicka Gora. Af-
ter about 2.5 km of flow, Utinja has another short
water gap (near Zupic) that crosses the northern
ridge of Hrastovicka Gora (Zupic’ Hills). The nort-
hernmost of all active water gaps is that of the Sanja
Stream, which is about 2.5 km long. In the extreme
northeast of Hrastovicka Gora there is another ina-
ctive water gap. Although there are two streams in
it flowing to opposite sides, its formation is proba-
bly related to the breakthrough of a stronger stream
in one direction. This was most likely the Utinja
Paleostream, which once flowed into the Kupa Ri-
ver about 5 km upstream from its present mouth,
but this should be investigated in more detail. This
windgap, unlike other active ones, is different. It has
a meandering shape, so it can be assumed that it is
an incised meander, the appearance of which may
indicate the slow uplift of the terrain.

Important geomorphological indicators include
straight and narrow valleys and elbow-like valley
bends. Although there are a large number of stra-
ightvalley sections in the terrain, some of them have
been singled out south of Hrastovicka Gora, which
mark possible morpholineaments well. Elbow-like
turns of valleys may indicate the intersection of a
valley with a fault line and may sometimes indicate
a horizontal component of displacement along the
fault. A large number of elbow-like turns have been
recorded on this terrain, but the most significant at
present are those associated with breakthroughs in
Hrastovicka Gora. All three active breakthroughs
have double (left-right) on the inlet side and single
(left) elbow turns of the valleys on the outlet side.

Najizrazeniji reljefni oblik na ovom podruc-
ju jesu probojnice. To su nagla suzenja u dijelu
rije¢ne doline, a Cesto su mogudéi indikator tek-
tonskog izdizanja (Burbank i dr., 1999). Njiho-
vi poceci i zavrSeci mogu ukazivati na polozaj
aktivnih rasjeda. Cak tri rije¢na toka koji s juga
teku prema sjeveru usijecaju svoje probojnice
kroz Hrastovicku goru. Najjuznija je probojnica
Petrinjéice duljine 3,5 km. Ona je u prvom, juz-
nom dijelu, duljine 2,5 km orijentirana u smjeru
25°, a u drugom dijelu duljine 1 km orijentirana
je u smjeru od oko 80°. Zatim slijedi probojnica
Utinje koja se pruza prema 10°, takoder dulji-
ne oko 3,5 km. Ove dvije probojnice presijecaju
glavni greben Hrastovicke gore. Nakon oko 2,5
km toka Utinja ima jo§ jednu kratku probojni-
cu (kod Zupic’a) koja presijeca sjeverni greben
Hrastovicke gore (Zupic’—brdo). Najsjevernija
od svih aktivnih jest probojnica potoka Sanja
duljine oko 2,5 km. Na krajnjem sjeveroistoku
Hrastovicke gore nalazi se jo$ jedna, ali neaktiv-
na probojnica. Iako se u njoj nalaze dva potoka
koji otjecu na suprotne stane, njezina geneza naj-
vjerojatnije je povezana s probojem nekoga jaceg
toka u jednom smjeru. Najvjerojatnije se radi o
paleotoku Utinje koja se u Kupu ulijevala oko 5
km uzvodnije od dana$njeg usca, ali to tek tre-
ba detaljnije istraziti. Ova probojnica, za razliku
od ostalih aktivnih, ima druk¢iji tloert. Radi se
o meandriraju¢em obliku pa se opravdano moze
pretpostaviti da se radi o uklijeStenim meandri-
ma, ¢ija pojava moze ukazivati na postupno izdi-

zanje terena.

Vazan su geomorfoloski indikator ravne i uske
doline te laktasta skretanja dolina. Iako je na te-
renu prisutan veéi broj ravnih dijelova dolina,
u ovom radu izdvojeno ih je nekoliko juzno od
Hrastovicke gore, koje takoder ukazuju na po-
tencijalne morfolineamente. Laktasta skretanja
dolina mogu ukazivati na sjeciste doline s rasje-
dom, a ponekad mogu i ukazati na horizontalnu
komponentu pomaka po rasjedu. Na ovom tere-
nu zabiljezen je vedi broj laktastih skretanja, ali
kao trenutno najvaznija izdvojena su ona vezana
za probojnice u Hrastovickoj gori. Sve tri aktiv-
ne probojnice imaju na ulaznoj strani dvostruka
(lijevo-desno), a na izlaznoj strani jednostruka

17

N. Boci¢

Structural-
geomorphological
aspects of the
Petrinja earthquake
MG6.2 (Croatia)

- preliminary
considerations

Strukturno-
geomorfoloski
aspekti petrinjskog
potresa M6.2
(Hrvatska) —
preliminarna
razmatranja



HRVATSKI
GEOGRAFSKI
GLASNIK
83/1,5-24 (2021.)

In addition, several such phenomena have been re-
ported in the described breakthroughs. The most
prominent example is the Sanja water gap, which
forms a series of elbow turns. A series of double
elbow turns of small parallel valleys in the northern
part of Hrastovicka Gora has also been recorded.
A series of such elbow turns may also indicate the
location of morpholineaments.

In the wider study area, several phenomena of ri-
ver/stream piracy were observed, phenomena where
one stream takes over a part to the catchment area
of another stream. On the geomorphological map,
two larger areas of stream piracy south of Hrasto-
vicka Gora and a smaller presumed zone of stream
piracy at the confluence of Sanja and Utinja have
been singled out. This phenomenon may have been
caused by an increase in the hydraulic gradient of
the drainage basin due to active tectonic move-
ments. The stair-like forms in the relief prevail in
the northern part of the terrain, and they are mostly
the river terraces. Most of these stair-like forms are
also distinct morpholineaments marking individual
faults, most of which are known faults shown on the
Basic Geological Map 1: 100 000 sheet Sisak (Piki-
ja, 1987a). The active tectonics of this area are also
indicated by the fact that the terrain is predominan-
tly composed of erodible younger deposits (Neoge-
ne and Quaternary deposits predominate) and the
indicators of active tectonics are very well preserved.

Discussion

Morpholineaments and morphostructures

Morfolineaments are accentuated linear relief
elements often associated with faults and fault zo-
nes. Therefore, they often serve as indicators that
indicate the possibility of the existence of active
faults. However, not all morpholineaments are also
faults, so they cannot be interpreted with certain-
ty without additional research. Morpholineaments
can be marked with one or a series of geomorpho-
logical indicators. Within the framework of this pa-
per, special attention was paid to the recognition of
morpholineaments in the area of Hrastovicka Gora,
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(lijeva) laktasta skretanja dolina. Uz to, nekoliko
takvih pojava zabiljeZeno je i u opisanim pro-
bojnicama. NajizraZeniji je primjer probojnica
Sanje koja tvori niz laktastih skretanja. Takoder
je zabiljeZena pojava niza duplih laktastih skre-
tanja malih paralelnih dolina u sjevernom dijelu
Hrastovicke gore. Niz takvih laktastih skretanja
takoder moze ukazivati na polozaj morfolinea-
menta.

Na sirem istraZivanom prostoru uoceno je
nekoliko pojava piraterija — gdje jedna tekudica
preuzima dio slijeva druge tekudice. Na geomor-
foloskoj karti izdvojena su dva veéa podrudja
piraterije juzno od Hrastovicke gore te jedna
manja pretpostavljena zona piraterije na sutoku
Sanje i Utinje. Tu pojavu moze uzrokovati po-
vecanje hidraulickog gradijenta jednog slijeva
uslijed aktivnih tektonskih pokreta. Pregibi u
reljefu prevladavaju u sjevernom dijelu terena, a
najcesce se radi o rije¢nim terasama. Ve¢ina ovih
pregiba takoder su izrazeni morfolineamenti koji
markiraju pojedine, uglavnom veé poznate rasje-
de prikazane na Osnovnoj geoloskoj karti 1:100
000 list Sisak (Pikija, 1987a). Na aktivnu tek-
toniku ovog podrudja ukazuje i ¢injenica da je
teren uglavnom izgraden od erodibilnih mladih
naslaga (prevladavaju naslage neogena i kvarta-
ra), a indikatori aktivne tektonike jako su dobro
ocuvani.

Rasprava

Morfolineamenti i morfostrukture

Morfolineamenti su naglaseni linearni elemen-
ti reljefa Cesto vezani za rasjede i rasjedne zone.
Zbog toga Cesto sluze kao indikatori koji upucuju
na mogucnost postojanja aktivnih rasjeda. Me-
dutim, nisu svi morfolineamenti ujedno i rasjedi
pa se bez dodatnih istrazivanja ne mogu sa sigur-
nosc¢u tako interpretirati. Morfolineamneti mogu
biti markirani jednim ili nizom geomorfoloskih
indikatora. U okviru ovog rada na istrazivanom je
podrudju posveéena osobita paznja prepoznavanju
i izdvajanju morfolineamenata u podruéju Hrasto-



i.e. in the zone of the Pokupsko Fault. Numerous
morpholineaments were recognized in this zone,
which may indicate certain branches or segments

of this fault (Figs. 7 and 8).

In addition to the previously interpreted trace of
the Pokupsko Fault at the northeastern foot of Hra-
stovicka Gora (Korbar, 2021; Vukovski, 2021), in this
paper we also interpret the morpholineaments on its
southwestern side. Also, it seems that the morpholi-
neament along the main line of the Pokupsko Fault
in the northern part of Hrastovicka Gora is slightly
sigmoidally curved and possibly crosses over to its
southwestern side, where it continues through part
of the Kupa Valley and possibly further along the
southwestern foot of Vukomericke Gorice. (Fig. 7 -
segment N). If this interpretation is correct, it would
mean that there is a transpressional ramp (restrai-
ning band) of this dextral fault in this segment, as is
usually the case when there is a local change along
horizontal faults corresponding to their strike (See
also: Mann, 2007). A segment of the northeastern
morfolineament continues to extend along the nort-
heastern foot of Hrastovicka Gora further towards
Vukomeri¢ke Gorice (Fig. 7 - segment S). North of
this zone are several lineaments, most of which are
already documented as established or assumed faults
(Pikija, 1987a). South of this zone, several transverse
and diagonal morpholineaments have been identi-
fied, although this area has not been analysed in de-
tail so far in this work.

Morphostructures are specific geological structu-
ral units that have a clear reflection in relief, in other
words they are mostly homogeneous relief forms of
structural-tectonic origin (Gerasimov and Mesche-
rikov, 1968). In previous literature describing the
morphological features of this area, Hrastovicka
Gora was interpreted as a unique morphostructu-
re (He¢imovi¢ and Prelogovi¢, 1987). However, in
this paper, a different interpretation is proposed,
according to which two morphostructures might be
present: (1) the Hrastovica morphostructure, furt-
her to the south and larger, with a NW-SE orien-
tation; and (2) the Kriz morphostructure, northerly
and smaller, with a WNW-ESE orientation. If this
assumption is correct, these two morphostructures
would be separated by an east-west oriented morp-
holineament, possibly representing a segment of the

vicke gore, tj. u zoni Pokupskog rasjeda. U toj su
zoni izdvojeni brojni morfolineamenti koji mogu-
¢e ukazuju na pojedine ogranke ili segmente toga

rasjeda (sl. 7 1 8).

Osim ve¢ ranije interpretirana traga Pokupsko-
ga rasjeda uz sjeveroisto¢no podnozje Hrastovicke
gore (Korbar, 2021; Vukovski, 2021), u ovom je
radu interpretiran i morfolineament s njegove ju-
gozapadne strane. Takoder, ¢ini se da je morfoline-
ament po glavnom tragu Pokupskog rasjeda u sje-
vernom dijelu Hrastovicke gore blago sigmoidalno
povijen te da mogude prelazi i na njezinu jugoza-
padnu stranu, gdje se po pruzanju dalje nastavlja
kroz dio doline Kupe pa moguce i dalje uz jugoza-
padno podnozje Vukomerickih gorica (sl. 7 — se-
gment S). Ukoliko bi ovakva interpretacija bila va-
ljana, to bi znacilo da je u tom dijelu transpresijska
rampa toga desnog rasjeda, kako to i inace vrijedi u
slucaju kada uz horizontalne rasjede dolazi do lo-
kane promijene po njihovu pruzanju (npr. Mann,
2007). Jedan segment sjeveroistoénog morfoline-
amenta nastavlja pruzanje uz sjeveroistono pod-
nozje Hrastovicke gore dalje prema Vukomeric¢kim
goricama (sl. 7 — segment N). Sjeverno od ove zone
nalazi se nekoliko lineamenata od kojih su vecina
ve¢ poznati kao utvrdeni ili pretpostavljeni rasjedi
(Pikija, 1987a). Juzno od ove zone izdvojeno je ne-
koliko popreénih i dijagonalnih morfolineamenata
iako za sada to podrudje nije detaljnije analizirano
u okviru ovog rada.

Morfostrukture su odredene geoloske struk-
turne jedinice koje imaju jasan odraz u reljefu ili,
drukdije receno, to su uglavnom homogeni reljefni
oblici strukturno-tektonskog postanka (Gerasi-
mov i Mescherikov, 1968). U dosadasnjoj litera-
turi u kojoj se opisuju morfoloske znacajke ovog
podrudja Hrastovicka gora interpretirana je kao
jedinstvena morfostruktura (Hecimovi¢ i Prelo-
govi¢, 1987). Medutim, u ovom radu se predlaze
drugacija interepretacija po kojoj su moguce dvije
morfostrukture u ovom podrudju: (1) morfostruk-
tura Hrastovica, juznija i veca, s pruzanjem SZ-JI
te (2) morfostruktura Kriz, sjevernija i manja, s
pruzanjem ZSZ-IJI. Ako je ovakva pretpostav-
ka to¢na, te bi dvije morfostrukture bile odijelje-
ne morfolineamentom pruzanja istok-zapad, koji
moguce predstavlja jedan segment Pokupskoga
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Fig. 7 Preliminary structural-geomorphological map of the area in the epicentre zone of the Petrinja earthquake 2020/2021. N and S denote the

northern and southemn segments of the described morpholineament

SI. 7. Preliminarna strukturno-geomorfoloska karta podrucja u zoni epicentra glavnog pofresa petrinjske serije 2020. - 2021. N i S oznacavaju sjievemi i

juzni segment opisanog morfolineamenta

Pokupsko Fault. Its location and the characteristics
of the defined morphostructures indicate that this
segment may be a transpressional ramp (restraining
band) of the Pokupsko Fault along which a local
positive-flower or pop-up structure may have for-
med, as described in literature regarding horizontal
displacement faults (See: Sylvester, 1988; McClay
and Bonora, 2001; Legg et al., 2007).

Structural-geomorphological features and
epicentres of earthquakes

The presented structural-geomorphological data
were compared with the spatial distribution of the
strongest epicentres of the recent earthquakes of
the Petrinja series (M, > = 4, of which 15 were re-
corded in the period from December 28%, 2020 to
March 3+,2021) (Fig. 8). Preliminary findings sug-
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rasjeda. Ovakav polozaj toga segmenta i znacajke
izdvojenih morfostruktura ukazuju da je navedeni
segment moguce transpresijska rampa Pokupskoga
rasjeda duz kojeg je mogude nastala lokalna pozi-
tivna cvjetna, odnosno pop-up struktura, kako je to
i opisano u literaturi o rasjedima s pomakom po
pruzanju (npr. Sylvester, 1988; McClay i Bonora,
2001; Legg i dr., 2007).

Strukturno-geomorfoloska obiliezja i epicentr
potresa

Prezentirani strukturno-geomorfoloski poda-
ci usporedeni su s prostornim rasporedom epi-
centara nedavnih potresa petrinjske serije (sl. 8).
Preliminarnim uvidom namecu se dva zakljucka.
(1) Vecéi broj epicentara jakih potresa nalazi se
na jugozapadnoj strani Hrastovicke gore, blize
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Fig. 8 Preliminary map of morpholineaments and morphostructures of the area in the epicentre zone of the 2020/2021 Petrinja earthquake(s). The
locations of epicentres are approximate, plotted according to data from Seismological Survey, 2021b

SI. 8. Preliminara karta morfolineamenata i morfostruktura podrucja u zoni epicentara petrinjskog pofresa 2020. - 2021. Lokacije epicentara su ok-

vime, ucrtane prema podacima iz Seizmoloske sluzbe (2021b)

gest two conclusions. (1) A large number of strong
earthquake epicentres were located on the sout-
hwestern side of Hrastovicka Gora, closer to the
morpholineament, which may be a southwestern
branch of the Pokupsko Fault. However, if further
research shows that it is an active fault, this does
not necessarily mean that the earthquake hypo-
centres are caused by it, since the fault plane may
also be curved at depth and therefore its position at
depth does not necessarily correspond to a line of
a marked morpholineament at the surface. (2) The
epicentres of the strongest earthquakes are concen-
trated near the contact point of the two separate
morphostructures which are separated by a morp-
holineament running from the northeastern to the
southwestern side of Hrastovicka Gora. The spatial
distribution of the epicentre is represented by the
distribution ellipse (Fig. 8).

morfolineamentu koji potencijalno predstavlja
jugozapadni ogranak Pokupskog rasjeda. No,
ako se i daljnjim istrazivanjima pokaze da se radi
o aktivnom rasjedu, to nuzno ne znaci da su Zari-
§ta potresa uzrokovana tim rasjedom jer rasjedna
ploha u dubini moze takoder biti povijena, pa
stoga i njezin polozaj u dubini ne mora nuzno
odgovarati tragu izdvojenog morfolineamenta
na povrsini. (2) Epicentri najjacih potresa (M,
>= 4, kojih je u razdoblju od 28. 12. 2020. do 3.
3. 2021. zabiljezeno 15) koncentrirani su blizu
kontakta navedenih dviju interpretiranih odvo-
jenih morfostruktura, a koje su odvojene mor-
folineamentom koji prelazi sa sjeveroistocne na
jugozapadnu stranu Hrastovicke gore. Prostorni
raspored epicentara prikazan je elipsom distri-

bucije (sl. 8).
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Although more data would be needed for more
certain conclusions, preliminary results indicate the
orientation of the ellipse in the direction 107-287°,
which is rotated about 25-30° counter clockwise
with respect to the prevailing Dinaric orientation,
i.e. the strike of the fault line along the northeastern
foothills of Hrastovicka Gora. If we add to this the
rather high numerical eccentricity of the ellipse of
0.89, which indicates an elongated distribution of
epicentres, we can tentatively conclude that there is a
spatial relationship between the strike of this morp-
holineament and the epicentres of earthquakes in the
vicinity. According to current knowledge, the Pokup-
sko Fault Zone’s right displacement is a consequence
of recently active tectonic stress on the main N-S, i.e.
NNE-SSW, compressional axis (Bada et al., 2007,
Herek and Herak, 2010).

Due to the stress regime, this segment of the Po-
kupsko Fault would be its transpressional ramp. Si-
milarly, Barka and Kadinsky-Cadestrike (1988), whi-
le analysing horizontal displacement faults in Turkey,
found that the strongest earthquakes in Turkey rela-
ted to horizontal faults occurred along segments of
faults that exhibited compression or double bending,
and they attributed this to the accumulation of tensi-
on in these zones. The possibility of similar such phe-
nomena is also mentioned, for example, by King and
Nabelek (1985), Butler et al. (1998), Yule and Sieh
(2003), Mann (2007), and Legg et al. (2007). On
the other hand, based on studies along San Andre-
as Fault Zone, Graymer et al. (2007) stated that the
surface complexity of the fault zone is often lost with
depth, so that at depths greater than 5 km, seismoge-
nic faults are often of simple geometry. Therefore, to
confirm the hypothesis presented here, further geop-
hysical, geological and geomorphological studies of
this seismic area are required.

Conclusion

This research has shown that there are numerous
traces and indications of active tectonics in the relief
of the area affected by the main earthquake of ma-
gnitude 6.2 of the 2020/2021 Petrinja series. Based
on their spatial distribution, morpholineaments were
reconstructed that correspond, at least in part, to li-
nes of active faults in the Pokupsko Fault Zone. It is
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Tako bi za sigurnije zakljucke trebalo vise poda-
taka, preliminarni rezultati ukazuju na orijentaciju
elipse pravcem 107 — 287°, §to je za oko 25 - 30°
obrnuto od kazaljke na satu zaokrenuto u odnosu
na dinarsku orijentaciju, tj. na pruzZanje trase rasje-
da uz sjeveroistocno podnozje Hrastovicke gore.
Ako tome dodamo i prili¢no visok numericki eks-
centricitet elipse od 0,89, koji ukazuje na izduzenu
distribuciju epicentara, mozemo preliminarno za-
kljuciti da postoji odredena prostorna veza izmedu
pruzanja ovog morfolineamenta i pojave epicentara
potresa. Prema dosadasnjim saznanjima zona Po-
kupskog rasjeda s desnim pomakom posljedica je
recentno aktivnog tektonskog naprezanja glavnom
kompresijskom osi pruzanja S-J, odnosno NNE-

SSW (Bada i dr., 2007; Herek i Herak, 2010).

U ovakvom rezimu naprezanja taj bi segment
Pokupskoga rasjeda bila njegova transpresijska
rampa. Sli¢no su u analizi rasjeda s horizontalnim
pomakom u Turskoj utvrdili Barka i Kadinsky-Ca-
destrike (1988) koji smatraju da se vecina jakih
potresa u Turskoj, koji su vezani za horizontalne
rasjede, pojavljuje duz onih segmenata rasjeda koji
imaju kompresijsko ili dvostruko svijanje, a to pripi-
suju nakupljanju napetosti u tim zonama. Takoder,
mogucénosti sli¢nih takvih pojava navode npr. Kinga
i Nabeleka (1985), Butler i dr. (1998), Yule i Sieh
(2003), Mann (2007) te Legg i dr. (2007). Medu-
tim, Graymer i dr. (2007), na temelju istraZivanja
duz rasjedne zone San Andreas, upozoravaju na to
da se povrsinska kompleksnost seizmogene rasjed-
ne zone Cesto gubi s dubinom, gdje su na dubinama
vedim od 5 km seizmogeni rasjedi ¢esto jednostav-
ne geometrije. Stoga, da bi se ovdje predstavljena
hipoteza potvrdila, potrebna su dodatna geofizicka,
geoloska i geomorfoloska istrazivanja ovoga potre-
snoga podrudja.

Lakljucak

Ovo istrazivanje pokazalo je da postoje broj-
ni tragovi i indikatori aktivne tektonike u reljefu
podrudja koje je pogodio glavni potres magnitude
6.2 petrinjske serije. Na temelju njihova prostor-
nog rasporeda rekonstruirani su morfolineamenti
koji barem dijelom moguée odgovaraju tragovima
aktivnih rasjeda u Pokupskoj rasjednoj zoni. Pret-



assumed that the interpreted morpholineaments and
morphostructures are due to horizontal and vertical
tectonic movements within this fault zone. In this
work, Hrastovicka Gora is interpreted as a positive
flower or pop-up structure that consists of at least
two morphostructures. A concentration of the epi-
centres of the strongest earthquakes was observed in
the morpholineament zone, which may represent a
fault segment of the Pokupsko Fault Zone, i.e. its
transpressional ramp (restraining band). Further de-
tailed geophysical, geological and geomorphological

studies are required to confirm this hypothesis.

'The author would especially like to thank Bruno To-
mljenovi¢, Josip Stipéevi¢ and Tamds Telbisz for their
valuable suggestions in the preparation of this article.

postavlja se da su interpretirani morfolineamenti i
morfostrukture posljedica horizontalnih i vertikal-
nih tektonskih pokreta unutar ove rasjedne zone. U
ovom radu je Hrastovicka gora interpretirana kao
pozitivna cvjetna ili pop-up struktura, a sastoji se od
najmanje dvije morfostrukture. Uocena je koncen-
tracija epicentara najjacih potresa u zoni morfoline-
menta koji potencijalno predstavlja segment rasjeda
Pokupske rasjedne zone odnosno njegovu transpre-
sijsku rampu. Za potvrdu ove hipoteze potrebna su
daljnja detaljna geofizicka, geoloska i geomorfolos-
ka istrazivanja.

Na vrijednim sugestijama prilikom izrade ovog
¢lanka autor posebno zahvaljuje Bruni Tomljenovi-

¢u, Josipu Stipéevicu i Tamésu Telbiszu.
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