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In ar eas ex pe ri enc ing low de for ma tion rates, land scapes pro vide lim ited ev i dence of on go ing tec tonic ac tiv ity, be ing ei ther 
masked or al tered by exo gen ic pro cesses. Ac cord ingly, the iden ti fi ca tion of fault ac tiv ity and near sur face de for ma tion is
com monly ac com plished by multidisciplinary re search com bin ing geo log i cal, geo phys i cal and geomorphic meth ods. In
this study, Qua ter nary fault ac tiv ity in the SW Pannonian Ba sin is in ves ti gated in the re gion of Bilogora, NE Croatia. The
study area is po si tioned along the SW mar gin of the Drava De pres sion that was up lifted dur ing the Plio cene and Qua ter -
nary within the Drava De pres sion Bound ary Fault Zone. In this fault zone six GPR pro files were re corded. Re flec tion pat -
terns, ra dar fa cies and trun ca tions de ter mined fault ac tiv ity and near-sur face de for ma tion at four lo ca tions with ver ti cal
dis place ments of £1 m. At two sites, pro files did not show trun ca tion of the shal low est re flec tions, how ever, an el e va tion
dif fer ence of ca. 10 m be tween two palaeostream chan nels along one of the pro files sug gests Qua ter nary up lift ac com mo -
dated by a mapped fault. Con sid er ing the im por tance of the seismogenic po ten tial of ac tive faults and their cor re la tion with
the seis mic ity of Bilogora, this re search will be fol lowed by ad di tional stud ies of near-sur face strata de for ma tion and
palaeoseismological fault prop er ties.
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INTRODUCTION

Land scapes with geomorphic fea tures char ac ter ized by
spe cific drain age net work pat terns of ten pro vide ini tial ev i dence 
of re cent tec tonic ac tiv ity in re sponse to the move ment and dis -
place ment along ac tive faults (Patidar et al., 2007 and ref er -
ences therein). Fault sur face ex pres sions, dom i nated by ei ther
lat eral or ver ti cal dis place ments, usu ally are mod i fied by burial
or ero sion that of ten, in low-de for ma tion ar eas, are masked or
may not be pre served (McClymont et al., 2009). With out these
po ten tially im por tant in di ca tors that ad dress how a fault rup ture
man i fests at the sur face, fault ac tiv ity is usu ally ob served by
seis mic ity, i.e. his tor i cal and in stru men tal earth quake re cords.
Be sides fault dy namic stage as so ci ated with seis mic cy cles,
iden ti fi ca tion of ac tive seg ments, seismogenic prop er ties, fault
haz ards and risks are ef fec tively in ves ti gated by geomorphic
map ping, palaeoseismology and shal low subsurface in ves ti ga -
tions that pro vide in sight into near-sur face struc tures, usu ally

not vis i ble at the surface (Anderson et al., 2003; Neal, 2004;
Patidar et al., 2007; McClymont et al., 2009). 

In this work, our pri mary ob jec tive is to pres ent re sults of the
im ag ing of shal low subsurface struc tural de for ma tion that can
be as so ci ated to Qua ter nary fault ac tiv ity. Im ag ing was per -
formed by Ground Pen e trat ing Ra dar (GPR) pro fil ing. We used
GPR pro fil ing due to its ef fi ciency and non-de struc tive na ture
that gave us an op por tu nity to cor re late re sults of in ter preted
struc tures with the land scape mor phol ogy, depositional fea -
tures, re cent ac tive fault strands, and fault-produced scarps or
fault-related folds. 

The area of Bilogora pre sented in this work is lo cated in NE
Croatia, within the NW–SE strik ing Drava De pres sion Bound ary 
Fault Zone (DDBFZ) that de lin eates the SW mar gin of the
Drava De pres sion (Fig. 1). The tec tonic up lift of Bilogora along
the DDBFZ started dur ing Plio cene to Qua ter nary time
(Prelogović et al., 1969, 1998; Kranjec et al., 1971; Prelogović,
1974; Prelogović and Velić, 1988, 1992), and, ac cord ing to
Babić et al. (1978) and Hećimović (1987), the fi nal up lift stage
com menced dur ing late Middle Pleis to cene to Ho lo cene time.
With ver ti cal dis place ment of be tween ca. 300 and 550 m dur -
ing the late Mid dle Pleis to cene, the old est Lower to Mid dle
Pleis to cene Drava River ter race in the Bilogora area was tec -
toni cally up lifted at rates of be tween ca. 0.38 and 0.71 mm/yr
(Babić et al., 1978; Hećimović, 1987). On go ing fault ac tiv ity in
the study area is also cor rob o rated with his tor i cal and in stru -
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men tally-re corded seis mic ity. Epi cen ter lo ca tions in di cate pref -
er a ble clus ter ing of earth quakes within the NE–SW and
NW–SE strik ing Kalnik-Koprivnica and Drava-Bilogora epi cen -
tral zones, which cor re late with the Mt. Kalnik Fault Zone (KFZ)
and DDBFZ (Fig. 1 and 2) re spec tively (Herak et al., 2009;
Matoš et al., 2016).

Here, we pres ent ad di tional ev i dence for Qua ter nary fault
ac tiv ity and near-sur face de for ma tion along the NE slope of
Bilogora, doc u mented by GPR pro fil ing. Af ter an over view of
the geo log i cal and seis mo log i cal set ting of Bilogora, the GPR
data ac qui si tion and pro cess ing pro ce dures are pre sented.
This is fol lowed by de scrip tion of the 2D ra dar sec tions and their 
in ter pre ta tion in re la tion to pos si ble near-sur face fault struc -
tures. Fi nally, we dis cuss our re sults in the con text of the pre vi -
ous geomorphological and struc tural in ves ti ga tions in the study
area, with the pri mary ob jec tive of in fer ring pos si ble ev i dence of 
re cent fault activity and near-surface fault segmentation in the
area. 

TECTONIC SETTING

GEOLOGICAL SETTING OF THE STUDY AREA

The area of Bilogora de fines a Plio-Qua ter nary morpho -
structural unit lo cated along the SW mar gin of the Drava De -
pres sion that is ca. 90 km long and 10 km wide with a rel a tive

re lief lower than 200 m. The land scape mor phol ogy of Bilogora
is char ac ter ized by roll ing hill to pog ra phy (Fig. 3), with prom i -
nent NE and SW asym met ri cal slopes that are gen er ally dis -
sected by deep and short gul lies, dom i nantly drained by oc ca -
sional colluvium-dominated flows. 

The tec tonic evo lu tion of Bilogora, rep re sent ing a NE frag -
ment of the Cro atian part of the Pannonian Ba sin Sys tem
(CPBS), is linked with the youn gest tec tonic stage in evo lu tion
of the Pannonian Ba sin Sys tem (PBS) (e.g., Prelogović et al.,
1998; Lučić et al., 2001; Malvić et al., 2003; Saftić et al., 2003;
Malvić and Velić, 2011; Matoš et al., 2016). The tec tonic evo lu -
tion of the PBS started with the Late Oligocene to Early Mio -
cene col li sion be tween the Adria Microplate and the Eu ro pean
Plate that yielded an E-di rected ex tru sion of the ALCAPA
crustal block, and an E–W di rected ex ten sion of the PBS
embayment with for ma tion of NNW–SSW strik ing rift- and
wrench -re lated troughs (Royden and Horváth, 1988; Nagy -
marosy and Müller, 1988; Ratsch bacher, 1991; Ratschbacher
et al., 1991; Fodor et al., 1998; Tari and Pamić, 1998; Tari et al., 
1999; Horváth and Tari, 1999; Steininger and Wessely, 1999;
Lenkey et al., 2002; Csontos and Vörös, 2004; Usta szewski et
al., 2008). Dur ing the Mid dle and Late Mio cene in the PBS, the
dom i nant ex ten sion co-ex isted with post-rift ing ther mal sub si -
dence and in ter changed with com pres sion ep i sodes that, in the
Plio cene and Qua ter nary, evolved to the re ac ti va tion and in ver -
sion of older struc tures in contractional and trans pressional de -
for ma tion con di tions (Royden and Horváth, 1988; Bada et al.,
1999; Horváth and Tari, 1999; Rögl, 1999; Tomlje no vić and
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Fig. 1. Late Pontian to re cent ac tive faults and folds in NE Croatia
(af ter Prelogović et al., 1998; Tomljenović and Csontos, 2001; Matoš, 2014)

The geo graphic po si tion of the study area is in di cated by the green poly gon
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Fig. 2. Seismotectonic map of Bilogora show ing the dis tri bu tion of re corded his tor i cal seis mic events (in years
567–2012; af ter Cro atian Earth quake Cat a logue), fo cal-mech a nism so lu tions (FMS; af ter Herak et al., 2009) 

and traces of Plio-Qua ter nary ac tive faults (af ter Matoš, 2014)

I – Kalnik-Koprivnica epicentral area, II – Drava-Bilogora epicentral area (af ter Herak et al., 2009)

Fig. 3. Typ i cal land scapes in the area of Plio-Qua ter nary ac tive faults in Bilogora: “roll ing hill” to pog ra phy with deep,
short and steep slope gul lies, spo rad i cally drained by col lu vium-dom i nated flows

A, B – land scape in NW Bilogora; C – land scape in the cen tral part of Bilogora; D – land scape in the SE part of Bilogora



Csontos, 2001; Saftić et al., 2003; Fodor et al., 2005; Bada et
al., 2007; Jarosiński et al., 2011; Malvić and Velić, 2011). In the
Plio cene and Qua ter nary, Bilogora ex pe ri enced a trans -
pressional re gime un der the in flu ence of the ad ja cent NW–SE
strik ing DDBFZ (Babić et al., 1978; Hećimović, 1987; Prelo -
gović et al., 1998 and ref er ences therein; see Fig. 1). The
DDBFZ, a SW mar ginal fault of the Drava De pres sion, was
trans formed from an orig i nally nor mal listric fault into a dextral
fault that ac com mo dated tec tonic up lift and rel a tively high de -
for ma tion of Plio cene and Qua ter nary de pos its (Prelogović et
al., 1998 and ref er ences therein; Velić et al., 2002; Saftić et al.,
2003; see Fig. 4). The Plio cene sed i men tary suc ces sion was
char ac ter ized by the de po si tion of sand- and clay-rich marls in
the rem nants of the fresh wa ter of Lake Pannon, which, due to
the in creased sed i ment in flux, steadily pro gressed into Qua ter -
nary marshy and al lu vial en vi ron ments (Galović et al., 1981;
Korolija et al., 1986; Marković, 1986; Hećimović, 1987; Šimunić 
et al., 1994; Lučić et al., 2001; Velić et al., 2002; Saftić et al.,
2003 and ref er ences therein). Con di tioned by the sed i ment
source area and dis tinc tive cli mate os cil la tions (i.e. gla cial and
inter gla cial stages) in the Qua ter nary, sed i men ta tion in the
Bilogora area was ge net i cally linked to the Drava River drain -
age sys tem and cy clic de po si tion of the weakly- to poorly-con -
sol i dated gravel strata al ter nat ing with sands, silts, soft clays,
and oc ca sion ally lig nite beds (Babić et al., 1978; Galović et al.,
1981; Korolija et al., 1986; Marković, 1986; Hećimović, 1987;
Šimunić et al., 1994; Lučić et al., 2001; Velić et al., 2002; Saftić
et al., 2003; Matoš et al., 2016). In the Qua ter nary, aggra -
dational de po si tion of the Drava River drain age sys tem de ter -
mined the for ma tion of four river ter races. The old est, Lower to
Mid dle Pleis to cene ter race was char ac ter ized by the de po si tion 
of a ca. 80 m pile of quartz-rich “Bel ve dere grav els” (Babić et
al., 1978 and ref er ences therein), whereas a youn ger, Mid dle
Pleis to cene river ter race added an ad di tional ca. 100 m of sed i -
ments (see Babić et al., 1978 and ref er ences therein). These
ter races, with grav els dom i nantly rich in meta mor phic, erup tive
and quartz ite clasts (Al pine source area), sand beds, and sub -
or di nate thin lay ers of silt and clays, were con se quently cov ered 
by periglacial loess and loess-like strata (£50 m in thick ness)
de pos ited in the Late Pleis to cene, i.e. Würm Gla cial pe riod (ca.
120,000–10,000 ka; Fig. 4; see Babić et al., 1978; Galović et
al., 1981; Korolija et al., 1986; Marković, 1986; Hećimović,
1987; Šimunić et al., 1994). 

The fi nal tec tonic up lift of Bilogora in late Mid dle Pleis to cene 
to Ho lo cene time (Babić et al., 1978; Hećimović, 1987) yielded
Drava River wa ter course mi gra tion to wards the NE. This con di -
tioned the Drava River in ci sion and the for ma tion of two ero -
sional-ac cu mu la tive Drava River ter races sep a rated by dis tinc -
tive ris ers and cov ered by a spa cious floodplain. Be sides the
de po si tion of ter race se quences (ca. 25 m of de pos its) and
fine-grained floodplain sed i ments, the Ho lo cene sed i men tary
suc ces sion in the study area was char ac ter ized by the de po si -
tion of ae olian de pos its, i.e., fine-grained sands, silts and loess
with thick nesses £20 m (Hećimović, 1987). At the same time,
Bilogora was also char ac ter ized by col lu vial- and flu vial-dom i -
nated ero sion and stream in ci sion pro cesses, which yielded
slope mass wast ing and the for ma tion of a dis sected hilly land -
scape (£300 m a.s.l.) with deep and short gul lies (Fig. 3). The
youn gest, most re cent sed i men tary cover of Bilogora ca. 2 m in
thick ness is dom i nantly rep re sented by slope-wash re de pos -
ited and weath ered ae olian de pos its (i.e., fine-grained sand, silt
and loess, loess-like sed i ments) that are spo rad i cally cov ered
by i) re cent stream sandy gravel de pos its, and ii) fine-grained
sands, sandy silts and clay-rich silts de pos ited by flood events
(Babić et al., 1978; Galović et al., 1981; Korolija et al., 1986;
Marković, 1986; Hećimović, 1987; Šimunić et al., 1994).

HISTORICAL AND INSTRUMENTAL RECORDS OF SEISMICITY
IN BILOGORA 

The his tor i cal and in stru men tal seis mic ity in the Bilogora re -
gion in di cates mod er ate earth quake oc cur rences, with only a
few strong earth quakes (M ³5.6) (Herak et al., 2009 and ref er -
ences therein). Con cen trated in the NW, SE, and the cen tral
por tion of Bilogora (Fig. 2), earth quakes are clus tered within the 
ar eas of the NW–SE strik ing Drava De pres sion Bound ary Fault
Zone and NE–SW strik ing Mt. Kalnik Fault Zone (Fig. 1) with
most foci concentrated at depths be tween 5 and 17 km (Herak
et al., 2009). Though the re la tion ship be tween the lo ca tions of
the re cent ac tive faults and on go ing seis mic ity is poorly con -
strained, fo cal-mech a nism so lu tions (FMS) in the Bilogora area
ob tained from the earth quakes with mag ni tudes over 3.5 in di -
cate the prev a lence of compressional and transpressional
stress re gimes (Herak et al., 2009). In the NW part of the study
area (Fig. 2), subhorizontal to mod er ately dip ping P-axes that
strike N–S and NE–SW in di cate the prev a lence of a com -
pressional stress field (Herak et al., 2009 and ref er ences
therein). Avail able FMS in the north-west ernmost part of the
study area, i.e. Kalnik-Koprivnica epicentral area (Fig. 2) ad di -
tion ally sug gests two pos si ble E–W to ESE–WNW strik ing re -
verse fault planes as pos si ble seismogenic sources in the area
(Herak et al., 2009). In con trast to the NW part of the study area, 
in the SE part, i.e. the Drava-Bilogora epicentral area (Fig. 2),
three avail able FMSs with NW–SE and NE–SW di rected P-
 axes in di cate stress field changes with prev a lence of trans -
pressional and transtensional stress re gimes with dom i nant
strike-slip mo tions (Herak et al., 2009). FMS point to ei ther NE
or NW dip ping re verse seismogenic fault planes (see FMS of
mag ni tude 5.6 event; Fig. 2) in the cen tral part, whereas in the
SE part of study area (see FMS of mag ni tude 3.5 event; Fig. 2),
FMS sug gests pos si ble N–S, NE–SW strik ing dextral or sini -
stral seismogenic fault planes (Herak et al., 2009). 

His tor i cal seis mic ity re cords, ex tend ing back to the 6th cen -
tury, in di cate sev eral dev as tat ing earth quakes re lated to the
Drava De pres sion Bound ary Fault Zone in the years 1694,
1757, 1778, 1836 and 1883, and to Mt. Kalnik. With macro -
seismic in ten sity up to VIII° MCS, these seis mic events were
as so ci ated with sig nif i cant ma sonry dam age, oc cur rences of
ground cracks, liq ue fac tion fea tures, and over flowed wa ter
wells within the study area (Herak et al., 2009 and references
therein).

METHODOLOGY OF GROUND PENETRATING
RADAR PROFILING

The GPR pro files in this study were col lected in 2013 at six
lo ca tions along the Subotica Podravska-Koprivnički Ivanec
(P1), the Glogovac-Kalinovac (P2), the Virje-Čepelovac (P3),
the Javorovac-Čepelovac (P4), the Čurlovac-Veliko Trojstvo
(P5), and the Mala Črešnjevica-Taborište (P6) faults (Fig. 5).
The lo ca tions in ves ti gated of pos si ble re cent shal low sub -
surface de for ma tion in the study area that could be re lated to
the mapped Plio cene and Qua ter nary ac tive faults (Figs. 5 and
6B) were se lected ac cord ing to the re sults of the DEM-based
land scape morphometric anal y sis per formed in ESRI ArcGIS,
and struc tural anal y sis and fault mod el ling of 2D seis mic re flec -
tion pro files and ex plo ra tion wells per formed us ing Pe trel Seis -
mic to Sim u la tion Soft ware (TMSchlumberger) (Fig. 6B; Matoš,
2014; Matoš et al., 2016). 

The lo ca tions of the GPR pro files sur veyed were se lected
with the aid of a syn op tic map of the spa tial dis tri bu tion of the
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Fig. 4. Geo log i cal map of the Bilogora area (af ter Matoš, 2014, sim pli fied af ter Šimunić et al., 1994; based on Galović and
Marković, 1979; Korolija and Crnko, 1985; Marković, 1985; Hećimović, 1986; Jamičić and Brkić, 1987; Pikija, 1987;

Jamičić, 1989; Crnko, un pub lished)



Rel a tive Tec tonic Ac tiv ity (RTA) in dex, which was over laid with
the pro jected sur face traces of the iden ti fied Plio cene and Qua -
ter nary ac tive faults (Fig. 5; see Matoš, 2014 for de tails). The
RTA in dex map used, that sug gested higher on go ing tec tonic
ac tiv ity along the NE moun tain front (Fig. 5), was con structed by 
ArcGIS-based meth od ol ogy, which sum ma rized sev eral
morpho metric pa ram e ters (re lief and slope-an gle vari abil ity dis -
tri bu tions, hypsometric in te gral, lon gi tu di nal pro file con cav ity
fac tor, max i mum con cav ity and ba sin asym me try fac tor; see
Fig. 6A) by ras ter over lay and weighted sum pro ce dure. At the
same time, in ter sec tions of the iden ti fied Plio cene and Qua ter -
nary ac tive faults were re trieved by the de lin ea tion of the in ter -
sec tion ar eas be tween the mod elled fault planes and struc ture
sur face of the base Plio cene-Qua ter nary un con formity (Matoš,
2014 and ref er ences therein). Ac cord ingly, by com bin ing map
over views of the ar eas with the high est RTA in dex val ues and
sur face traces of Plio cene and Qua ter nary ac tive faults (Fig. 5),
we were able to point out sev eral pos si ble GPR test ing lo ca -
tions in the study area. These lo ca tions, be side pos i tive cor re la -
tion be tween the RTA in dex map and mapped fault lo ca tion
were ad di tion ally in ves ti gated within sev eral geomorphic field
cam paigns. Field ob ser va tions show the best cor re la tion be -

tween the land forms, RTA in dex map, and mapped fault lo ca -
tions in the cen tral part of the NE moun tain front, whereas in the
NW and SE parts of the study area, a cor re la tion was ob served
be tween the mapped fault traces and land forms (see Fig. 5).
Con sid er ing the lim i ta tions of the strongly dis sected to pog ra -
phy, dense for est veg e ta tion, and anthropogenic in flu ence in
the study area, five GPR pro files (P1–P3 and P5, P6) were sur -
veyed per pen dic u lar to fault sur face traces, whereas one sur -
veyed GPR pro file, i.e. P4, was re corded oblique to a fault trace
(Fig. 7). The sur veyed GPR pro file lengths var ied be tween 157
and 701 m. The lo ca tion names, start ing and end ing points, and 
pro file az i muths are given in Table 1.

GPR INTERPRETATION METHODOLOGY 

The GPR pro files are com monly used to pro vide in for ma -
tion for strati graphic and sedimentological stud ies, how ever, the 
same data of ten cor rob o rate near-sur face de for ma tion struc -
tures, i.e. re sult ing from re cent, Qua ter nary fault ac tiv ity (Ferry
et al., 2004; Neal, 2004; Patidar et al., 2007). The in ter pre ta tion
of pos si ble de for ma tion along the ob served GPR pro files of ten
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Fig. 5. Syn op tic map of rel a tive tec tonic ac tiv ity in dex (RTA) over laid by traces of mapped Plio-Qua ter nary ac tive
faults in NE Croatia (af ter Matoš, 2014; Matoš et al., 2016)

The lo ca tions of six sur veyed GPR pro files are in di cated with yel low squares. Plio-Qua ter nary ac tive faults: 1 – Selanec -
-Poganac, 2 – Salamunovec-Veliki Botinovac, 3 – Jankovec-Kunovec Breg, 4 – Subotica Podravska-Koprivnički Ivanec, 5 – NW
Drava, 6 – Glogovac-Plavšinac, 7 – Glogovac-Kalinovac, 8 – Virje-Čepelovac, 9 – Javorovac-Čepelovac, 10 – Čurlovac-Veliko
Trojstvo F., 11 – D. Gaj-Tomaš, 12 – Nevinac-Velika Ciglena, 13 – Kladare-Pitomača, 14 – Mala Črešnjevica-Taborište, 15 – SE
Drava, 16 – Bačkovica-Cremušina, 17 – Kašljevac-Polum; for other ex pla na tions see text



makes use of prin ci ples of seis mic stra tig ra phy, the tech niques
de vel oped within the pe tro leum in dus try to im prove the in ter -
pre ta tion of seis mic re flec tion sections (Neal, 2004 and ref er e -
nces therein). 

In this study, the in ter pre ta tion pro ce dure of pos si ble Qua ter -
nary fault ac tiv ity along the GPR pro files mea sured was sim i lar to 
the pro ce dures pro posed by Meschede et al. (1997), Rashed et
al. (2003), Ferry et al. (2004), and Patidar et al. (2007). It com -
prised: 

  i) the rec og ni tion of the ra dar fa cies that de lin eate dif fer -
ent lithological do mains; 

  ii) the iden ti fi ca tion of the re flec tion trun ca tions that al lo -
cate fault planes. 

The lat ter was iden ti fied by dif fuse sig nal char ac ter – which
were as so ci ated with the fault-pro duced struc tures – lat eral ter -
mi na tion of re flec tion groups, and by changes in re flec tion pat -
terns and am pli tudes. 

GPR MEASUREMENTS AND GPS POSITIONING 

The GPR dataset (Fig. 7) was col lected us ing the Mal¯
ProEx GPR ac qui si tion sys tem unit, cou pled with an un shielded 
50 MHz Rough Ter rain An tenna (RTA) (Fig. 8). We com bined
the back pack-mounted Mal¯ ProEx con trol unit with a flex i ble
tube-shaped RTA an tenna that has been spe cially de signed for 
rug ged ter rains and suc cess fully used in rough con di tions (e.g., 
Zajc et al., 2014, 2015). The to tal length of the used 50 MHz
RTA was 9.25 m, with 4 m dis tance be tween the trans mit ting
and re ceiv ing an ten nas.

In this study, a 50 MHz an tenna was used as the best com -
pro mise be tween the de sired depth pen e tra tion (up to 25 m)

nec es sary for geo log i cal ap pli ca tions and the qual ity res o lu tion
of a ra dar sec tion that is re quired for the de tec tion of ver ti cal dis -
place ments on rel a tively small faults char ac ter is tic of weakly
de form ing re gions (Jamšek et al., 2011a; Jamšek Rupnik,
2013). The data ac qui si tion was car ried out with a dis tance -
-mea sur ing mech a nism, i.e. a pro file en coder us ing a bio de -
grad able cot ton string and ob serv ing 0.2 m in ter vals be tween
con sec u tive mea sure ments (Mal¯, 2009).

Pre cise GPS po si tion ing along the re corded GPR pro files
was achieved with the Trimble R8 GNSS Po si tion ing Sys tem
(Fig. 8). The con tin u ous GPS re cord ing was op er ated on the
ba sis of the CROPOS (CRO atian PO si tion ing Sys tem) VRS
(Vir tual Ref er ence Sta tion) sys tem. CROPOS is a State Geo -
detic Ad min is tra tion net work of ref er ent GNSS (Global Nav i ga -
tion Sat el lite Sys tem) CORS (Con tin u ously Op er at ing Ref er -
ence Sta tion) sta tions evenly dis trib uted through the Cro atian
ter ri tory at dis tances of about 70 km apart (Marjanović, 2010;
Marjanović and Link, 2011). The sys tem al lows for po si tion ing
in real time with DPS (Dif fer en tial Po si tion ing Ser vice) and
VPPS (High-Pre ci sion Po si tion ing Ser vice). In ad di tion to
real-time po si tion ing, CROPOS al lows for post-pro cess ing of
data mea sure ments (Post-Pro cess ing) in the form of a geo detic 
pre cise po si tion ing ser vice (GPPS) (Ta ble 2). The VRS con cept 
is based on a net work of ref er ence sta tions that are con nected
with a con trol cen tre that con tin u ously col lects data from all
GNSS re ceiv ers in the net work (Marjanović, 2010; Marjanović
and Link, 2011). This in for ma tion is used to cre ate the VRS that
is es sen tially a vir tual point a few metres away from the GNSS
rover. The rover re ceives and in ter prets the data in re la tion to a
phys i cal ref er ence sta tion lo cated in the im me di ate vi cin ity
(Marjanović, 2010; Marjanović and Link, 2011).
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Fig. 6A – con struc tion of rel a tive tec tonic ac tiv ity (RTA) in dex map, us ing ArcMap (TMESRI) soft ware-con veyed meth od ol ogy. The
pro ce dure con sists in ex tract ing and stack ing sev eral morphometric pa ram e ters with el e va tion val ues de rived from the dig i tal el e -
va tion model (DEM). The pa ram e ters of: a – hypsometric in te gral, b – max i mum con cav ity, c – con cav ity fac tor, d – asym me try fac -
tor, e – slope an gle vari abil ity, f – lo cal re lief, were ex tracted us ing DEM of 10 m res o lu tion, nor mal ized and con verted to ras ters.
The ob tained ras ters were sub se quently stacked, us ing GIS ras ter weighted sum pro ce dure, which re sulted in the syn op tic RTA in -
dex map (g); B – re sul tant struc tural model with in ter preted neotectonic ac tive faults in Bilogora pre pared with the aid of Pe trel
Seis mic to Sim u la tion Soft ware (TMSchlumberger). Struc tural in ter pre ta tions of strati graphic ho ri zons and fault planes were based
on 72 2D seis mic re flec tion pro files and 33 ex plo ra tion bore holes. Sur face traces of the Plio cene and Qua ter nary fault planes were
re trieved by in ter sec tion of the fault planes and struc tural sur face of the Base Plio cene-Qua ter nary un con formity (see Matoš, 2014;
Matoš et al., 2016 for de tails)



DATA PROCESSING 

The GPR data col lected along side the re corded pro files
were pro cessed us ing the Reflexw 6.0.5. pro gram, de vel oped
by Sandmeier soft ware. The pro cess ing pro ce dures (Fig. 9) in -
cluded the def i ni tion of the ini tial ge om e try of the pro files, i.e.
de fin ing the GPR pro file line start point, end point and mid point

co or di nates. The GPR pro file pro cess ing pro ce dures in cluded
(Fig. 9): 

  1. Cor rec tion for Di rect Cur rent Am pli tude Off set (DC
Re moval): in ter val set to 400–700 ns; 

  2. Time Zero Ad just ment (Cor rec tion for Max i mum
Phase and Start Time Move): time zero set to 49.5 ns; 

  3. Back ground Re moval: op tion “Whole line” se lected; 
  4. Am pli tude Cor rec tions through Man ual Gain: up to

400 ns; 
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Fig. 7. GPR pro file lo ca tions

P1 – Subotica Podravska-Koprivnički Ivanec Fault; P2 – Glogovac-Kalinovac Fault; P3 – Virje-Čepelovac Fault; 
P4 – Javorovac-Čepelovac Fault; P5 – Čurlovac-Veliko Trojstvo Fault; P6 – Mala Črešnjevica-Taborište Fault

T a  b l e  1

GPR pro files – lo ca tion, spa tial ori en ta tion and to tal length

GPR 
pro file

Lo ca tion
Start GPR point End GPR point

Az i muth
Length

[m]j l h j l h

P1
Subotica

Podravska-Koprivnički
Ivanec

46°11’9.4’’ 16°44’58.4’’ 176.8 m 46°11’4.3’’ 16°45’0.1’’ 186.9m 170° 157.7

P2 Glogovac-Kalinovac 46°06’6.9’’ 16°55’8.0’’ 133.1 m 46°05’58.8’’ 16°54’54.4’’ 141.9m 230° 384.9

P3 Virje-Čepelovac 46°01’39.3’’ 17°00’34.4’’ 148.2 m 46°01’32.8’’ 17°00’26.1’’ 160.6m 230° 255.7

P4 Javorovac-Čepelovac 45°59’29.0’’ 17°02’9.1’’ 166.2 m 45°59’37.3’’ 17°02’0.5’’ 194.0m 325° 317.8

P5 Čurlovac-Veliko Trojstvo 45°58’25.6’’ 16°53’12.9’’ 154.1 m 45°58’26.0’’ 16°53’45.7’’ 188.8m 90° 701.0

P6 Mala Črešnjevica-Taborište 45°52’32.9’’ 17°15’44.6’’ 135.8 m 45°52’20.3’’ 17°15’29.7’’ 142.2m 220° 492.0



  5. Bandpass Fre quency Fil ter ing: the fre quency range
de fined as fol lows: Low Cut – 25 MHz, Low Pass –
50 MHz, High Pass – 75 MHz, and High Cut – 150 MHz; 

  6. 3D To pog ra phy Static Cor rec tion: based on el e va -
tions ac quired from GPS mea sure ments.

As shown in Fig ure 9A, raw radargrams con tain a con stant
am pli tude off set of the re corded traces, caus ing the radargram
to ap pear grey. Af ter re mov ing this ini tial DC sig nal com po nent,
the data are moved back to the mean zero level, al low ing the
re corded traces to cor rectly dis play the pos i tive and neg a tive
parts of the am pli tude (Jol, 2009). Since the mean value of the
set time in ter val has to cor re spond to the shift that we want to
elim i nate (Sandmeier, 2011), the time in ter val of 400 to 700 ns
was used. This part of the raw radargram does not con tain any
re flec tions or anom a lies that could af fect the cal cu la tions of the
mean shift value. The re sult of this pro cess is shown in Fig ure
9B. Due to ir reg u lar i ties in the first ar rival times that oc cur at the
bound ary be tween the air and the ground, all traces must be
aligned with a com mon time zero be fore ap ply ing any fur ther
pro cess ing steps (Jol, 2009). In our case, all traces were po si -
tioned us ing the first neg a tive peak at the time zero of 49.5 ns
(Fig. 9C). Next, back ground re moval was ap plied along the
whole line (Fig. 9D). Due to GPR sig nal at ten u a tion, the
strength of the sig nal must be in creased at greater depths, at -
tained by ap ply ing gain pro cesses (Neal, 2004). Fig ure 9E
shows the re sult of man ual gain in the y di rec tion, where the
data were gained up to 400 ns, re sult ing in in creased sig nal am -
pli tudes along the traces. In or der to elim i nate the fre quen cies

that are ei ther too low or too high, bandpass fre quency fil ter ing
was ap plied by de fin ing four fre quency val ues (low cut –
25 MHz, low pass – 50 MHz, high pass – 75 MHz, and high cut –  
150 MHz). Thus, the val ues close to the peak sig nal fre quency
stay in tact. As shown in Fig ure 9F, cut ting off low and high fre -
quen cies im proves the sig nal to noise ra tio. The last pro cess ing 
step, shown in Fig ure 9G, is 3D topography static correction
where the elevation values used were acquired from GPS mea -
sure ments along Profile 1.

Time to depth con ver sion of the GPR pro files was per -
formed by de ter min ing the sig nal ve loc ity of 0.12 m/ns through
hy per bola fit ting. Hy per bola fit ting can only be ap plied on pro -
files that con tain dif frac tion hy per bo las caused by the pres ence
of un der ground ob jects such as caves, boul ders, pipes or elec -
tric ca bles. Fit ting the ideal form of a hy per bolic func tion to an
ex ist ing dif frac tion hy per bola gives us in for ma tion on the ve loc -
ity of the GPR sig nal, which is needed for the time to depth con -
ver sion (Jol, 2009). Dif frac tion hy per bo las can only be seen in
the GPR pro files P1, P4, and P6 (Figs. 10, 13 and 16), how ever, 
they all give the same sig nal ve loc ity in for ma tion. As these three 
GPR pro files are lo cated the far thest apart and still show sim i lar
subsurface con di tions, the same sig nal ve loc ity was also ap -
plied for the other three pro files that do not con tain dif frac tion
hy per bo las. It should be noted that this is only an es ti mate as lo -
cal dif fer ences in hydrogeological set tings on such an ex ten sive 
re search area can vary sig nif i cantly and af fect the ve loc ity of
sig nal prop a ga tion. As the ob jec tive of this study was not to ac -
cu rately de fine the depth to tec tonic struc tures, but rather to try
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Fig. 8A – back pack-mounted ac qui si tion sys tem Mal¯ ProEx GPR unit cou pled with “snake-like” un shielded 50 MHz
rough ter rain an tenna used in this study; B – the con tin u ous GPS po si tion ing along the sur veyed GPR sec tions was
achieved with the Trimble R8 GNSS Sur vey ing Sys tem, with ver ti cal and hor i zon tal ac cu racy in the range of a few centi -
metres (see Marjanović, 2010; Marjanović and Link, 2011 for de tails)

T a  b l e  2

Cro atian po si tion ing sys tem (CROPOS) geo detic ser vices (af ter Marjanović and Link, 2011)

CROPOS

 Ser vice
So lu tion method Ac cu racy

Data 

trans fer

Data 

for mat

DGP net work so lu tion of code mea sure ments
 in real time

Wire less Internet (GPRS/UTMS),
NTRIP pro to col 0.3–0.5 m RTCM

VPPS net work so lu tion of phase mea sure ments
 in real time

Wire less Internet (GPRS/UMTS),
NTRIP pro to col, GSM

2 cm (2D)                       
4 cm (3D)

RTCM

PPS post-pro cess ing Internet (FTP, e-mail) >1 cm (2D, 3D) RINEX
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Fig. 9. Ex am ple of pro cess ing steps shown on GPR pro file P1

A – raw radargram; B – af ter DC re moval; C – af ter de fin ing time zero and mov ing start time; D – af ter back ground re moval; 
E – af ter man ual gain; F – af ter bandpass fre quency fil ter ing; G – af ter 3D to pog ra phy static cor rec tion



and find ev i dence of re cent fault ac tiv ity, the ac cu racy of the
time to depth con ver sion is not of key im por tance.The sig nal ve -
loc ity used in this study is typ i cal of sed i ments com posed of al -
ter nat ing un sat u rated sands and grav els interbedded with silts
and clays (Grant and Schultz, 1996; Neal, 2004 and references
therein) that correspond to the Pliocene and Quaternary
sedimentary cover in Bilogora.

RESULTS AND INTERPRETATION 
OF THE GPR PROFILES

In this chap ter we pres ent the re sults of in ter pre ta tions of the
sur veyed GPR pro files that in di cate near-sur face strata de for ma -
tion, and ev i dence of Qua ter nary fault ac tiv ity in the study area.

GPR PROFILE P1

The GPR pro file P1 was re corded per pen dic u lar to the E–W 
strik ing Subotica Podravska-Koprivnički Ivanec Fault in its wes -
tern most part (Fig. 7). The area rep re sents gen tle to pog ra phy
with an el e va tion dif fer ence of ca. 9 m along the pro file (Ta -
ble 1). Near-sur face sed i ments along the GPR pro file are com -
posed of Late Pleis to cene loess and loess-like strata, cov ered
by weath ered and re de pos ited Ho lo cene fine-grained sands
and sandy silts with approx. thick nesses of be tween 2 and 4 m
(Hećimović, 1995).

The P1 pro file ob tained is char ac ter ized by a mod er ate to
high re flec tion strength within the first 300 ns that cor re sponds
to ca. 12 m in depth (Fig. 10). The re flec tions are co her ent,
sub-par al lel to the to pog ra phy, and are only rec og niz able in the
shal low por tion of the pro file. Though the fault scarp of the
Subotica Podravska-Koprivnički Ivanec Fault was not rec og -
nized di rectly at the sur face, the re flec tion fa cies and four re flec -
tor trun ca tion ar eas along the P1 pro file in di cate near-sur face
fault ac tiv ity (Fig. 10). These lo ca tions are char ac ter ized by the
trun cated re flec tor pat tern, lat er ally lower am pli tude strengths,
cor ru gated re flec tion ta pers, and geo met ri cal dif fer ences be -
tween the re flec tion fa cies in the fault strands’ hang ing walls
and footwalls (Fig. 10). Along the re corded GPR pro file, iden ti -
fied fault strands are char ac ter ized by re verse mo tions, dom i -
nantly dip ping to wards the SSE (see F1–F4 in Fig. 10) and
subordinately to wards the NNW (see F5 in Fig. 10) at dip an gles 
be tween 25 and 75°. The first fault strand (F1) is in ter preted at a 
dis tance be tween 4 and 14 m as the main, shal low-dip ping fault
struc ture along the P1 pro file (Fig. 10). The sec ond fault strand
(F2) is po si tioned be tween 40 and 50 m, while the third fault
strand (F3) is iden ti fied be tween 75 and 80 m. The fourth and
fifth fault strands (F4 and F5) that re sem ble a pos i tive flower
struc ture are rec og nized be tween 126 and 140 m (Fig. 10). The
trun ca tion of the shal low est re flec tors at the in ter preted fault
strands show ~0.5 m of ver ti cal dis place ment. It can be con sid -
ered that this rep re sents the most re cent dis place ment of the
Qua ter nary de pos its that could be as so ci ated with the Subotica
Podravska-Koprivnički Ivanec Fault.
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Fig. 10A – GPR pro file P1 per pen dic u lar to the Subotica Podravska-Koprivnički Ivanec Fault; hy per bola with sig nal ve loc ity
 of 0.12 m/ns is in di cated by the red curve; B – in ter preted GPR pro file P1; grey hatch ing is re lated to the zone in flu enced

by the di rect wave; ver ti cal ex ag ger a tion is ca. 2x



GPR PROFILE P2

The GPR pro file pre sented in Fig ure 7 was re corded in the
NW part of the NW-SE strik ing and NE dip ping Glogovac -
-Kalinovac Fault that runs ~10 km away from the town Kopri -
vnica. The NE–SW strik ing and 385 m long GPR pro file was re -
corded across a sub tle, ca. 9 m rel a tive re lief to pog ra phy (Ta ble 
1) that gently in creases to wards the SW (Fig. 11). Near-sur face
sed i ments along the GPR pro file are com posed of weath ered
Ho lo cene fine-grained sands (ca. 2–4 m) that are cov ered by
youn ger clay-rich silts (ca. 3 m), which were de pos ited by Drava 
River flood ing events (see Hećimović, 1995).

The re corded P2 GPR pro file ex hib its strong re flec tors in
the shal low subsurface zone (ca. 340 ns) that reach –14 m in
depth. Sim i lar to that of P1, the re flec tors are sub-par al lel to the
top o graphic sur face. In ad di tion to these strong re flec tors, we
can also iden tify air re flec tions, and ar eas with high sig nal at ten -
u a tion (Fig. 11). The iden ti fied re flec tor trun ca tions along the P2 
pro file can be at trib uted to power line and road track noise, high
wa ter sat u ra tion of near-sur face sed i ments, and to the sev eral
near-sur face fault strands (F1–F5) that off set the shal low est
Qua ter nary de pos its (Fig. 11). The fault strands within the
Glogovac-Kalinovac Fault zone gen er ally dip to wards the SW
(F1–F3) and NE (F4 and F5) at a dip an gle be tween 60 and 80°, 
while the re flec tion ge om e try in di cates pos si ble re verse and
nor mal mo tions. Two pos si ble fault strands, F3 and F5, in di cate 
a con ju gate fea ture that prob a bly en abled lo cal sub si dence
within the cen tral part of the pro file, in the area be tween 130 and 
220 m (Fig. 11), while the fault strands F2 and F4 rep re sent an -

other con ju gate fault pair that sug gests lo cal up lift along the pro -
file (Fig. 11). In com bi na tion with the F1 fault strand, the F2 and
F4 fault strands char ac ter ize a top o graphic scarp be tween 60
and 160 m of the sur veyed pro file that cause ~9 m dif fer ence in
el e va tion be tween the lower NE and the higher SW part,
suggesting very recent tectonic uplift of the youngest Qua ter -
nary deposits (Fig. 11). 

GPR PROFILE P3

This pro file was re corded in the cen tral part of Bilogora, in
the cen tral por tion of the NW–SE strik ing Virje-Čepelovac Fault
(Figs. 7 and 12). The 256 m long, NE strik ing GPR pro file is sur -
veyed across a top o graphic sur face with ca. 12 m re lief dif fer -
ence (Ta ble 1) that in creases to ward the SW, es pe cially at the
end of the pro file (Fig. 12). Near-sur face sed i ments along the
re corded GPR pro file com prise Ho lo cene re de pos ited brown ish 
ae olian fine-grained sands and silty sands that, ac cord ing to
Hećimović (1987), reach ca. 2 m thick ness. In the study area,
Hećimović (1987) fur ther more sug gested that the strati graphic
footwall of Ho lo cene de pos its is com posed of Late Pleis to cene
loess and loess-like deposits ca. 15 m in thickness.

The re corded P3 pro file shows re flec tions dom i nantly par al -
lel to the sur face, with am pli tudes iden ti fi able down to the max.
depth of 17 m. The re flec tions are lo cally at ten u ated (be tween
90 and 140 m), prob a bly due to the higher wa ter ta ble. More im -
por tantly, there are ar eas where re flec tion fa cies are smeared
and trun cated, in di cat ing tec tonic de for ma tion of the shal low est
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Fig. 11A – GPR pro file P2 per pen dic u lar to Glogovac-Kalinovac Fault; B – in ter preted GPR pro file P2; 
grey hatch ing is re lated to the zone in flu enced by the di rect wave; ver ti cal ex ag ger a tion is ca. 4x



Qua ter nary de pos its. Along the pro file, seven fault strands were 
iden ti fied: F1and F2 in the first 20 m of the pro file, F3 and F4 be -
tween 90 and 120 m of the pro file and F5–F7 be tween 160 and
230 m of the pro file (Fig. 12). These fault strands are in ter -
preted as steep SW or NE dip ping planes that dip at an gles be -
tween 50 and 60° and are char ac ter ized by both re verse and
nor mal dis place ments (Fig. 12). The ge om e try of the re flec tors
in di cates the pres ence of a ver ti cal dis place ment of <1 m, how -
ever, due to am big u ous re flec tor am pli tude strengths in the
hangingwall and footwall of interpreted fault strands, this
displacement value should be treated with caution.

GPR PROFILE P4

In con trast to the other pro files sur veyed, GPR pro file P4
was re corded at an oblique an gle to the NW strik ing
Javorovac-Čepelovac Fault (Fig. 7). This pro file ori en ta tion and 
lo ca tion were se lected due to dense veg e ta tion cover and the
ter rain con fig u ra tion (Fig. 7). Though the ini tial planned pro file
length was in tended to in ter sect both faults, the pres ence of
nearby houses and ex ten sive veg e ta tion cover re sulted in a
shorter, 318 m long, NW–SE strik ing pro file re corded along the
line with al most 28 m of el e va tion dif fer ence oblique to NW–SE
strik ing Javorovac-Čepelovac Fault (Ta ble 1 and Fig. 13). Sur -
face sed i ments along the GPR pro file are com posed of Ho lo -
cene re de pos ited brown ish ae olian silty sands and clay-rich
silts (³2 m), which in their footwall are com posed of thick Late
Pleis to cene loess and loess-like de pos its (£10 m; see Galović
et al., 1981 for de tails).

Along the re corded P4 pro file, re flec tor pat terns were iden ti -
fi able down to the max. depth of 10 m. Tak ing into ac count the
re flec tor ge om e try, the re flec tion fa cies along the pro file were
sub di vided into two groups (R1 and R2). The R1 re flec tion fa -
cies group com prises un dis turbed subhorizontal re flec tions that 
fol low the top o graphic sur face, while the R2 re flec tion fa cies
group com prises un der ly ing, deeper re flec tions char ac ter ized
by ap par ently warped ge om e try. The warped re flec tion pat tern
that is es pe cially pro nounced be tween 100 and 140 m, and 200
to 240 m, of the sur veyed GPR pro file sug gests a pres ence of
two “chan nel-like” fea tures (Fig. 13). Con sid er ing the fact that
their re cent top o graphic po si tion show ~10 m el e va tion dif fer -
ence be tween the SE and NW part of the pro file (Fig. 13), this
could in di cate that these “chan nel-like” fea tures ex pe ri enced
dif fer en tial up lift in very re cent times. At the same time, fault
strands were not iden ti fied along the pro file line, prob a bly due to 
the oblique profile orientation in relation to the Javorovac -
-Čepelovac Fault strike (Fig.13). 

GPR PROFILE P5

The P5 pro file was re corded in the north ern limb of the N–S
strik ing Čurlovac-Veliko Trojstvo Fault (Fig. 7). Per pen dic u lar to 
the fault plane, the 700 m long pro file, with a re cord ing az i muth
to wards the E, has 35 m of lo cal re lief (Ta ble 1 and Fig. 14). The 
sur face re lief of the pro file is char ac ter ized by gen tle to pog ra -
phy in its wes tern most part that tra verses into a steep, east-dip -
ping slope go ing to wards the east. Along the GPR pro file, sur -
face sed i ments are com posed of Late Pleis to cene loess and
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Fig. 12A – GPR pro file P3 per pen dic u lar to Virje-Čepelovac Fault; B – in ter preted GPR pro file P3; 
grey hatch ing is re lated to the zone in flu enced by the di rect wave; ver ti cal ex ag ger a tion is ca. 2.6x



loess-like de pos its, which, ac cord ing to Korolija et al. (1986),
reach £30 m of thick ness. In the west ern por tion of the GPR
pro file (Fig. 15), these sed i ments are al tered by very re cent
stream in ci sion and weath er ing, which yielded re de pos ited al lu -
vial, lithologically sim i lar, sandy and clay-rich silts. 

The re corded P5 pro file in this cam paign is char ac ter ized by
subhorizontal re flec tions that fol low the ori en ta tion of the top o -
graphic sur face. The pen e tra tion depth of the re corded pro file
was <10 m. In ter preted re flec tions have more or less con sis tent
am pli tude strengths and are of ten af fected by the noise of ad ja -
cent power lines, build ings, trees and roads (Figs. 14 and 15).
Along the sur veyed pro file, we were not able to in ter pret any vis i -
ble fault strands, whereas the subsurface re flec tors were lat er ally 
con tin u ous with out any pro nounced ver ti cal dis pla ce ments.

GPR PROFILE P6

The P6 pro file was re corded in the cen tral por tion of the
NW–SE strik ing Mala Črešnjevica-Taborište Fault that is ~8 km
from the town of Pitomača (Fig. 7). The NE strik ing pro file line is 
492 m long and is re corded along a gen tle top o graphic sur face
with a ca. 6 m el e va tion in crease to wards the SW (Ta ble 1 and
Fig. 16). Sur face sed i ments along the re corded GPR pro file are 

com posed of dom i nant Ho lo cene brown ish to grey ish ae olian
sands that, ac cord ing to Galović et al. (1981), reach ³9 m in
thick ness in this area.

The re corded P6 pro file re flec tion pat tern is char ac ter ized by
mod er ate to high sig nal re flec tion strengths that are vis i ble down
to a depth of 14 m. The re flec tions are par al lel and con sis tent
with the top o graphic re lief, with only a few re flec tor trun ca tions
along the pro file line (Fig. 16). These re flec tor trun ca tions are as -
so ci ated with two fault pairs in the Mala Črešnje vica-Taborište
Fault. The first pair is sit u ated at the NE pro file ter mi na tion, be -
tween 20 and 40 m, and the sec ond pair at the SW end of the
pro file, be tween 430 and 490 m (Fig. 16). The fault strands
(F1–F5) are iden ti fied by off set re flec tors, in clined re flec tion fa -
cies, and low am pli tude re flec tion con tacts that of ten have am -
big u ous lat eral con tin u a tion. The iden ti fied fault strand pairs with
re verse ver ti cal off sets in di cate two pop-up (flower) struc tures
that are also partly ex pressed in the sur face to pog ra phy. The
top o graphic step along the pro file line lo cated be tween 430 and
480 m and poor re flec tor con tin u a tion be tween 410 and 430 m of
the pro file in di cate a ca. 4 m re cent up lift, ac com mo dated along
F3 (Fig. 16). Along the sur veyed P6 pro file, the iden ti fied fault
strands are ei ther SW or NE dip ping planes with dip an gles be -
tween 60 and 85°, which in ad di tion to the re verse dip-slip mo tion
prob a bly re flect also its strike-slip com po nent.
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Fig. 13A – GPR pro file P4 par al lel to Javorovac-Čepelovac and Virje-Čepelovac faults; hy per bola with sig nal ve loc ity
of 0.12 m/ns is in di cated by the red curve; B – in ter preted GPR pro file P4; grey hatch ing is re lated to the zone

in flu enced to di rect wave; ver ti cal ex ag ger a tion is ca. 2.6x



DISCUSSION WITH CONCLUSIONS

The iden ti fi ca tion of Qua ter nary ac tive fault ing in low de for -
ma tion ar eas (<1 mm/yr) of tem per ate cli mate, such as that of
Bilogora, is a chal leng ing task, as the on go ing fault ing is usu ally 
low-mag ni tude and sig nif i cantly al tered by re cent land scape -
-form ing pro cesses (Alasset and Meghraoui, 2005). If fault ing is 
pres ent, the low de for ma tion rates usu ally pro duce weak to
mod er ate earth quakes, with out co-seis mic fault scarps and
earth quake rup tures rec og niz able at the top o graphic sur face
(Alasset and Meghraoui, 2005; McCalpin, 2009; Jamšek Ru -
pnik, 2013 and references therein). 

In Bilogora, low de for ma tion rates dur ing the Qua ter nary
(0.38 and 0.71 mm/yr; see Babić et al., 1978; Hećimović, 1987), 
and as so ci ated re cent tec tonic ac tiv ity is shown by the nu mer -
ous low mag ni tude earth quakes (M ³5.6) clus tered within the
Kalnik-Koprivnica and Drava-Bilogora epicentral ar eas (Fig. 2)
(Herak et al., 2009). Ac cord ingly, those two seismogenic do -
mains, char ac ter ized by multi-earth quake event re cords (Fig.
2), ob vi ously in di cate on go ing de for ma tion in the Bilogora that
may be as so ci ated to ac tive fault ing. In the work pre sented by
Matoš (2014) and Matoš et al. (2016), re cent tec tonic ac tiv ity in
Bilogora is sup ported by DEM-based land scape anal y sis with

de lin ea tion of the morphometric pa ram e ters, and struc tural
anal y sis of the 2D seis mic sec tions in the wider Bilogora area
(Fig. 5). Their re sults sug gest that the land scape and land forms
along the mapped Plio cene and Qua ter nary ac tive faults in
Bilogora can be con sid ered to be re ju ve nat ing the top o graphic
sur face (e.g., strongly dis sected re lief and land forms) due to
tec tonic de for ma tion, which prob a bly took place be tween 104 
and 106 years (Matoš, 2014; Matoš et al., 2016). 

The re sults pre sented in this work point to on go ing fault ac -
tiv ity in the NW part of the study area (Fig. 5), where the land -
scape is also char ac ter ized by steep and strongly dis sected
slopes, short stream chan nels, and V-shaped gul lies (Fig. 3).
Though field struc tural ev i dence of ver ti cal dis place ment of
the youn gest Qua ter nary de pos its was not found, re cent tec -
ton ics and near-sur face strata de for ma tion were rec og nized at 
sev eral top o graphic scarps (see Figs. 11, 13, and 16) and mul -
ti ple fault strands of re verse, nor mal and/or strike-slip ki ne mat -
ics. Ver ti cal re flec tion dis place ments with mag ni tudes £1 m
were iden ti fied on four GPR pro files lo cated at the Subotica
Podra vska -Koprivnički Ivanec, Glogovac-Kalinovac, Virje -Čepe -
lo vac, and Mala Črešnjevica-Taborište faults (Figs. 10–12 and
16). Two GPR pro files, at the Javorovac -Čepe lovac and
Čurlovac -Veliko Trojstvo faults (Figs. 13 and 14), showed un -
dis turbed lat eral con tin u a tion of re flec tors, with out any iden ti -
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Fig. 14A – GPR pro file P5 per pen dic u lar to Čurlovac-Veliko Trojstvo fault; B – in ter preted GPR pro file P4; 
the pro file is se verely af fected by air re flec tions that cor re late with roads, streams, build ings, and dense 

veg e ta tion cover; grey hatch ing de picts the zone of in flu ence of di rect waves; ver ti cal ex ag ger a tion is ca. 5x
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Fig.15. GPR pro file of more than 700 m re corded per pen dic u lar to Čurlovac-Veliko Trojstvo Fault; 
M1 to M4 in di cates “noise” lo ca tions along the re corded sec tion; noise lo ca tions and as so ci ated 
air re flec tions cor re lates to roads and car noise (A, D), stream course with high veg e ta tion (B)
and con structed ob jects (C)

Fig.16A – GPR sec tion P6 pro file re corded per pen dic u lar to Mala Črešnjevica-Taborište Fault; hy per bola with sig nal ve loc ity 
of 0.12 m/ns is in di cated by the red curve; B – in ter preted GPR pro file P6; grey hatch ing is re lated to the zone in flu enced 

to di rect wave; ver ti cal ex ag ger a tion is ca. 5.4x



fied fault strands and ver ti cal off sets that could be as so ci ated
with Qua ter nary fault ac tiv ity. In our opin ion the lat ter re sults
are prob a bly due to un fa vor able pro file lo ca tions, not per pen -
dic u lar to the fault strikes, se vere noise, and sig nal at ten u a tion 
that even tu ally caused poor pro file res o lu tion and lim ited
depth of sig nal pen e tra tion (Figs. 13 and 14). Al though the P4
pro file, oblique to the NW strik ing Javorovac -Čepelovac Fault, 
did at first not show any re flec tor trun ca tions and fault strands,
af ter care ful study it even tu ally re vealed two lo ca tions of pos -
si ble “chan nel-like” re flec tion fea tures (Fig. 13). These two
fea tures were in ter preted as two closely -spaced flu vial chan -
nels by anal ogy to a GPR pro file mea sured along the Lourdes
Fault in the west ern Pyrénées (Alasset and Meghraoui, 2005). 
This in ter pre ta tion is sup ported by DEM-based re con struc tion
of a drain age net work, which points to the pos si bil ity of ex is -
tence of sev eral fos sil flu vial chan nels in the area (Fig. 17). If
we con sider that these “chan nel-like” fea tures do in deed rep -
re sent two Qua ter nary flu vial chan nels, the el e va tion dif fer -
ence and mu tual chan nel po si tions may sug gest re cent tec -
tonic up lift of ca. 10 m that was ac com mo dated within the
Javorovac -Čepelovac Fault Zone.

Based on our re sults, we are of the opin ion that the GPR
sur vey car ried out sug gests near-sur face strata de for ma tion
as so ci ated to re cent fault ac tiv ity in the area of Bilogora.
Though the re cent de for ma tion rates in Bilogora have been

rather low, the top o graphic scarps, nu mer ous iden ti fied fault
strands, and a ver ti cal off set of the sup posed palaeostream
chan nels re vealed by the GPR pro files dem on strate the ap pli -
ca bil ity of the low-fre quency GPR method in the iden ti fi ca tion
of re cent ac tive faults. We be lieve that our pre lim i nary re sults
can be sig nif i cantly im proved by more ex ten sive and de tailed
in ves ti ga tions in the fu ture. Apart from de tailed geomorphic
map ping with the iden ti fi ca tion of fault-re lated land forms and
of slope mass move ments, mul ti ple GPR pro fil ing along se -
lected fault traces would yield cru cial in for ma tion about the 3D
struc tural ge om e try of near-sur face faults. A com bi na tion of
de tailed geomorphic stud ies and mul ti ple GPR pro files sur -
veyed with elec tri cal to mog ra phy and other seis mic shal low
sur veys (e.g., re frac tion and re flec tion), sim i lar to the pro ce -
dures pro posed by Jamšek Rupnik (2013) and Zajc (2015),
would be the most ap pro pri ate meth ods for lo cat ing suit able
palaeoseismological fault trench ing sites. Fault trench ing,
com bined with the anal y sis of seis mic-re lated sed i men tary
fea tures and its pre cise tim ing, will be an es sen tial step in the
as sess ment of the faults’ seismogenic po ten tial (McCalpin,
2009). Ac cord ingly, the pro posed in ves ti ga tions will con trib ute
to a better un der stand ing and quan ti fi ca tion of the seismo -
genic po ten tial of the Qua ter nary ac tive faults in Bilogora, and
en able fur ther in sight into the prob a ble seis mic haz ards and
risks over a wider area.
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Fig. 17. DEM map and DEM-based drain age net work around P4 GPR pro file

Javorovac-Čepelovac and Virje-Čepelovac faults are in di cated with num bers 1 and 2, re spec tively; note pos si ble cor re la tion
be tween the two in ter preted flu vial chan nels shown on the GPR pro file and DEM-based drain age net work; GPR pro file P4 was

sur veyed oblique to the Javorovac-Čepelovac and Virje-Čepelovac faults; ver ti cal ex ag ger a tion is ca. 2.6x
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