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The source of the clastic sed i ments in the Cro atian part of the Pannonian Ba sin Sys tem (CPBS) dur ing the Late Pannonian
and Early Pontian was the East ern Alps. Clastic sed i ments were re de pos ited sev eral times be fore they reached the Sava
De pres sion. The depositional en vi ron ment and sed i ment trans port mech a nisms have been sub ject to de tailed anal y sis de -
scribed in many pub li ca tions, and this study builds on pre vi ous re search. We have car ried out geostatistical map ping of se -
lected Up per Pannonian and Lower Pontian res er voir vari ables of the Kloštar Field, lo cated to the west of the Moslavaèka
gora Mt. (Croatia). This has shown that the Moslavaèka gora Mt. was a sec ond ary, lo cal source of sed i ment, in con trast to the 
pre vi ous in ter pre ta tion of a sin gle, dis tant clastic source (East ern Alps) for the CPBS dur ing  the Late Mio cene. As the min er -
al og i cal com po si tion of the Moslavaèka gora Mt. and the East ern Alps is very sim i lar, the dom i nant di rec tion of tur bid ity cur -
rents ob tained by se quen tial in di ca tor sim u la tions are used to sug gest that a mod est amount of de tri tus was eroded from the
Moslavaèka gora Mt. and mixed with de tri tus sourced from the East ern Alps. 
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INTRODUCTION

Def i ni tion of source ma te rial is im por tant for the proper de -
scrip tion of the depositional en vi ron ment and of ac tive de tri tus
trans port mech a nisms. Lo cal up lifted ar eas may be the main
clastic ma te rial sources, as seen in the Plio cene and Qua ter -
nary de pos its of the Sava De pres sion. How ever, dur ing the
Mio cene the en tire Pannonian Ba sin Sys tem (PBS) was mainly
fed from two, ma jor clastic sources lo cated in the Alps and
Carpathians, al though across that area sev eral prom i nent
palaeo-up lifted struc tures ex isted. Such lo cal up lifted “moun -
tains” may provide ma te rial which is min er al og i cally dis tin ct
from that com ing from the Alps and Carpathians. In this case
trans port di rec tions should also indicate lo cal “moun tains” as a
de tri tus source and lo cal trans port di rec tions should be dif fer ent 
from the re gional direction.

In our case, a lo cal source of psam mit ic clastics may have
pro vided ma te rial of a dif fer ent grain size than that which had its 
or i gin in the Alps, hence af fect ing the ef fec tive po ros ity of Up per 
Mio cene sand stones. Those sand stones are de fined as hy dro -

car bon res er voirs with prop er ties dif fer ent in part to those from
ar eas far from other up lifted palaeostructures in the Sava De -
pres sion. 

The im por tance of lo cal ma te rial source in hy dro car bon res -
er voirs has been pre vi ously de scribed. For ex am ple, Hailwood
and Ding (2000) showed that in the Bri tan nia Field, sed i ments
were de rived from lat eral sources lo cated on struc tural highs
rather than be ing dis persed by ax ial re gional flow along the
Witch Ground Graben (North Sea). A lo cal source of ma te rial
was also dom i nant at some lo ca tions in the mar ginal east ern
part of the Sava De pres sion. Kovaèiæ et al. (2011) de scribed the 
sedimentology of Neo gene strata of the Dilj gora Mt. Ac cord ing
to those au thors, the Mid dle Mio cene de pos its con tain clastic
de tri tus com posed of granitoids and meta mor phic and sed i -
men tary rocks, all at trib ut able to the near est moun tains, such
as the Papuk, Psunj, Požeška gora or Motajica Mts. At the very
east of the PBS, in the Transylvanian Ba sin, the lithofacies were 
de scribed in de tail by Krezsek and Filipescu (2005) and by
Krezsek et al. (2010). They di vided the lithofacies into sev eral
fa cies as so ci a tions from flu vial (mas sive con glom er ate, strat i -
fied con glom er ate, gravel lag, strat i fied sand stone, shale and
fine sand stone), shal low ma rine ramp (con glom er ate, peb bly
sand stone, coarse sand stone, bioclastic sand stone and shale,
marls with coarse and fine-grained sand stone), delta fan (bi par -
tite con glom er ate and sand stone, peb bly sand stone and sand -
stone), deep-wa ter (mas sive sand stone and con glom er ate,
sand stone with mi nor marl, marls with mi nor sand stones,
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marls) and evaporite (gyp sum, ha lite). There is some sim i lar ity
be tween the flu vial fa cies in the Transylvanian Ba sin (Ro ma -
nia), de scribed by Krezsek et al. (2010) and those de scribed by
Vrbanac et al. (2010) for the west ern part of the Sava De pres -
sion (Croatia), which com prise the fol low ing fa cies: thick-bed -
ded to mas sive sand stone; thinly-bed ded sand stone; lam i nated 
sand stone, siltstone and marl; and mas sive marls (Malviæ,
2012). Ac cord ing to the Krezsek et al. (2010) turbidite mech a -
nisms in the Transylvanian Ba sin were ac tive in the Late
Badenian. The Sarmatian is thought to span the tran si tion from
shal low ma rine to deltaic sed i men ta tion. The li thol ogy of the
Pannonian del tas in cludes sand stones and marls. Deep-wa ter
sand stones, de pos ited by tur bid ity cur rents, form the main hy -
dro car bon res er voirs, which can be com pared with Up per Mio -
cene turbidite (but shal low-wa ter) sand stone res er voirs in the
Sava De pres sion (Croatia).

Tur bid ity cur rents were a dom i nant clastic trans port mech -
a nism in the Cro atian part of the Pannonian Ba sin Sys tem
(CPBS), dur ing the Late Pannonian and Early Pontian (e.g.,
Rögl and Steininger, 1984; Rögl, 1996, 1998). Dur ing these
pe ri ods the main sand stone hy dro car bon res er voirs were de -
pos ited (Veliæ, 2007). Neo gene de po si tion in the CPBS has
been widely de scribed (e.g., Royden, 1988; Veliæ et al., 2002;
Malviæ et al., 2005; Æoriæ et al., 2009; Vrbanac et al., 2010;

Veliæ  et al., 2011). The Late Pannonian and Early Pontian in -
ter vals be long to the sec ond transtensional phase (Malviæ and
Veliæ, 2011), when ther mal sub si dence gen er ally re-opened
many depres sional ar eas along the en tire PBS and cre ated
depositional spaces for the ac com mo da tion of a large vol ume
of sandy ma te rial. Sub si dence al lowed for the ac cu mu la tion of
Up per Pannonian and Lower Pontian strata, with thick nesses
up to 1000 m, and main tained a rel a tively sta ble and shal low
lake en vi ron ment (Vrbanac et al., 2010; Malviæ and Veliæ,
2011).

Trans ported de tri tus had been eroded in the East ern Alps
(Fig. 1), de pos ited in the Vi enna Ba sin and from that point,
turbidite ma te rial was re-de pos ited sev eral times be fore it en -
tered the Sava De pres sion across the re gional struc ture that
forms a sad dle be tween the Kalnik and Moslavaèka gora Mts.
Then it reached the pres ent-day Kloštar Field, which was just a 
few kilo metres to the south-west of the Moslavaèka gora Mt.
(Fig. 1). In the Late Pannonian, re gional chan nels dom i nated
in side the Sava De pres sion (Vrbanac, 2002) and they were
sites of sand de po si tion, but dur ing the Early Pontian ad di -
tional strike-slip faults opened. The con se quence of such
fault ing was the Kloštar struc ture, lo cated along mar ginal up -
lifted palaeorelief ar eas. The main di rec tion of tur bid ity cur -
rents in the Late Pannonian and Early Pontian was north -

18 Kristina Novak Zelenika, Josipa Veliæ and Tomislav Malviæ

Fig. 1. Pannonian Ba sin Sys tem with re gional ma te rial trans port di rec tions
and lo ca tion of the Cro atian part of the Pannonian Ba sin Sys tem



west-south east (Vrbanac et al., 2010), with the larg est thick -
nesses of de pos ited ma te rial in the deep est parts of the lake.
Vrbanac (2002) and Vrbanac et al. (2010) con sid ered that in
the Late Pannonian the lake was more than 200 m deep, and
the Moslavaèka gora horst was be low wa ter level. How ever, in 
the Early Pontian, due to con tin ued over all shallowing, it prob -
a bly rose above the lake level. This sce nario is in di cated by
pres ent-day geo log i cal out crops on the higher part of this
moun tain, where Pannonian and Pontian de pos its are miss -
ing. This ab sence may re flect:

– Plio cene and Qua ter nary up lift  and con se quent com -
plete ero sion of the Up per Mio cene; 

– ero sion dur ing the Pannonian and Pontian.
The Moslavaèka gora Mt. and lake level palaeo -

reconstruction sug gest that the palaeo moun tain was a mi nor,
but ac tive, lo cal source of de tri tus. This is es pe cially valid for
mar ginal depressional struc tures such as the Kloštar Field and
it may ex plain the dif fer ences in lo ca tion of Up per Pannonian
and Lower Pontian res er voir sand stone lithofacies as well as
their slightly dif fer ent min er al og i cal con tent. 

The prox im ity of the Moslavaèka gora Mt. sug gests that
some sandy de tri tus was eroded and trans ported within the al -
lu vial fans, mixed with Al pine turbidite clastics and even tu ally
de pos ited in the pres ent-day res er voirs. Thus, a north-south
trend, re sult ing from al lu vial trans port, should be re cog nis able
in all re lated res er voir vari ables of the Kloštar struc ture, and it
should be po ten tially use ful for the rec og ni tion of palae -
ocurrent di rec tions. Such vari ables are po ros ity and the thick -
ness of sand stones, which trends are searched for on geo -
statistical maps and cal cu lated by Se quen tial In di ca tor Sim u -
la tions (SIS).

The Kloštar Field has been cho sen for the anal y sis, be -
cause it is the best ex plored struc ture within the Sava De pres -
sion. It is lo cated about 35 km east of Zagreb, on the west ern
slope of the Moslavaèka gora Mt. All con clu sions based on the
re sults ob tained in the Kloštar Field ap pear ap pli ca ble to the en -
tire Sava De pres sion, or at least to its west ern part where nu -
mer ous sim i lar (as re gard res er voir size and age) fields ex ist.
Fur ther more, the Sava De pres sion is a typ i cal mar ginal ba sin
in side the Pannonian Ba sin Sys tem, so the Late Mio cene
depositional mech a nisms de scribed are prob a bly valid in all
other mar ginal parts of that sys tem. 

GENERAL NEOGENE-QUATERNARY TECTONICS
AND DEPOSITIONAL MODEL OF

THE SAVA DEPRESSION

The Neo gene suc ces sion can be di vided into three
depositional mega cy cles (Veliæ et al., 2002) which are lo cally
sep a rated by un con formi ties. The first mega cy cle be tween the
Neo gene base ment and the top of Sarmatian strata be longs to
syn-rift and early post-rift phases of the Pannonian Ba sin Sys -
tem or to the first transtension and first transpression phase
(ac cord ing to Malviæ and Veliæ, 2011). Graben and pull-apart
struc tures are char ac ter is tic of that phase. De pos its of the sec -
ond mega cy cles were de pos ited dur ing post-rift ther mal sub si -
dence (re-ex ten sion) or the sec ond transtensional phase. The
third mega cy cle de pos its formed due to ba sin in ver sion in the
Plio cene and Qua ter nary. Com pres sion (or the sec ond
transpressional phase) caused up lift, ero sion, re ac ti va tion and
char ac ter change of the nor mal faults as well as the cre ation of
pop-up struc tures. 

Evo lu tion of the Sava De pres sion (Fig. 2) be gan in the
Early Mio cene with spo radic lac us trine de po si tion. Ma rine
trans gres sion oc curred in the Early Badenian when sed i ments 
of the Preèec For ma tion were de pos ited (Æoriæ et al., 2009).
Its de vel op ment con tin ued dur ing the whole of the Mio cene,
Plio cene and fi nally Qua ter nary, when the pres ent day re lief
was formed dur ing the sec ond transpressional phase (Malviæ
and Veliæ, 2011). Dur ing the Plio cene most of the traps were
formed and filled with hy dro car bons (Veliæ, 2007). Dur ing the
Sarmatian, the con nec tion be tween the Paratethys and
Tethys was bro ken. Ter res trial in flu ence in creased, turn ing
the ma rine en vi ron ment into brack ish and later into fresh wa ter
dur ing the Pannonian and Early Pontian and fi nally al lu vial and 
ter res trial dur ing the Late Pontian, Plio cene and Qua ter nary
(Fig. 2). There fore, af ter Sarmatian and Pannonian sea be -
came a Pannonian lake. The high est pres ent-day moun tains,
such as Medvednica and Papuk, re mained above sea/lake-
 level (Vrbanac et al., 2010) dur ing the en tire Mid dle and Late
Mio cene. The po si tion of the lower ones, such as Moslavaèka
gora (to day the peak is at 489 m a.s.l.) or Dilj (461 m a.s.l.)
Mts., is un cer tain, i.e. it is not surely known if they formed
subwater highs dur ing the en tire Late Mio cene, or cer tain
times they also ex isted as is lands. 

Af ter the first transpressional phase and shallowing of the
en tire CPBS, sev eral iso lated or tem po rarily con nected lakes
were formed, dur ing a pe riod of re gional and long-last ing brack -
ish depositional con di tions. This was dur ing the sec ond
transtensional phase, when large quan ti ties of sand and silt
were de pos ited as a re sult of pe ri odic tur bid ity cur rent ac tiv ity.
Two lithostratigraphic units be long to those substages. Those
are the Up per Pannonian Ivaniæ-Grad For ma tion and Lower
Pontian Kloštar Ivaniæ For ma tion (Fig. 2). In calm pe ri ods, the
de pres sions were filled with mud and calcitic clay, re sult ing
basinal marls, af ter com pac tion (Fig. 2).

This palaeo geo graphi cal sit u a tion lasted un til the end of the
Early Pontian. A sin gle lake was re duced to sev eral smaller
ones. Fresh wa ter ar eas such as marshes and swamps ex isted
dur ing the Plio cene and Qua ter nary. In the Late Qua ter nary
sev eral ma jor rivers (e.g., Sava, Drava and Dan ube rivers) de -
pos ited al lu vial sed i ments (e.g., Prelogoviæ and Veliæ, 1992;
Veliæ and Durn, 1993; Veliæ et al., 1999). 

GEOLOGICAL SETTING
OF THE KLOŠTAR FIELD

An im por tant aid in study ing the struc tural de vel op ment of
this area in the Neo gene and Qua ter nary has been a de tailed
palinspastical re con struc tion of the Kloštar Field, span ning the
Pannonian and Pontian stages, pub lished by Veliæ et al. (2011). 
The Kloštar struc ture is lo cally de fined as an anticline. This
struc ture in cludes a tec tonic fea ture, which aids study of the
depositional en vi ron ments and trans port mech a nisms in the
en tire de pres sion. This is the nor mal fault that strikes the re gion
of the Kloštar Field, and di vides the area into two res er voir
sand stone units. One is lo cated on the hang ing wall (sec ond
“se ries” of Late Pannonian age), and the other is lo cated on the
footwall (first “se ries” of Early Pontian age). This fea ture may
ex plain tec tonic ac tiv ity dur ing the tran si tions be tween Late
Pannonian and Early Pontian and may help un der stand why the 
trans port di rec tion changed from NW–SE in the Late
Pannonian to N–S in the Early Pontian. 

In the Late Pannonian, as well as in the Early Pontian, the
sec ond transtensional phase dom i nated the whole area of the
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CPBS. Smaller de pres sions (i.e. pull-apart struc tures) formed
in side the de pres sions, cre at ing new ac com mo da tion space
(e.g., Horvath and Tari, 1999; Malviæ and Veliæ, 2011). The
Kloštar struc ture was one such pull-apart struc ture, where sed i -
men ta tion dur ing  the sec ond transtensional phase started with
the de po si tion of the sec ond sand stone “se ries”. 

The Up per Pannonian Ivaniæ-Grad For ma tion and Lower
Pontian Kloštar Ivaniæ For ma tion in the Kloštar Field con sist of
me dium-grained sand stones, mostly with quartz de tri tus, inter -
bedded with marls (Fig. 2). The thick est sand stones were de -
pos ited in the cen tral parts of a lo cally low ered area.

Ac cord ing to Veliæ et al. (2011), nor mal fault ing di vides the
struc ture into two ar eas (NE and SW). In ter est ingly, the hy dro -
car bon-sat u rated sand stones of the Up per Pannonian (Ivaniæ-
 Grad For ma tion) were de pos ited only in the south west ern part

(Fig. 3). This is the sec ond  sand stone “se ries”, an in for mal
lithostratigraphic unit. The sand stones of the Lower Pontian
(Kloštar Ivaniæ For ma tion) were only de pos ited in the north east -
ern part of the field (Fig. 4). They are also sat u rated with hy dro -
car bons, and in for mally lithostratigraphically named as the first
sand stone “se ries”. In both cases, the sand stone “se ries” lat er -
ally change into marl, across a wide zone with sev eral tran si -
tional lithofacies, such as marly sand stones and sandy
marlstone.

The lithofacies and depositional en vi ron ment of the Up per
Pannonian and Lower Pontian have also been ana lysed in cer -
tain cores. The Up per Pannonian and Lower Pontian res er voirs
con sist of sand stones, siltstones and sandy marls. Dur ing the
Late Pannonian and Early Pontian, the area ana lysed was cov -
ered with brack ish and fresh wa ter. Sed i men ta tion was mostly
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through tur bid ity cur rents. Tb, Tc and Td lithofacies of the
Bouma se quence are rec og nized. The petrographic com po si -
tion of the sand stone (Tb lithofacies) is mostly uni form and it
con sists of quartz (82–60%) and frag ments of car bon ate,
schist, gneiss and gran ite (18–40%). Tc and Td lithofacies have 
a more marly com po nent and these com prise marly sand -
stones and sandy marls. The min er al og i cal stud ies did not
show any re cog nis able dif fer ences be tween the Up per
Pannonian and Lower Pontian res er voirs be cause the
petrographic com po si tions of the East ern Alps and Moslavaèka 
gora Mt. are very sim i lar. Both are rep re sented by mag matic
and meta mor phic rocks and it is very hard to dis tin guish frag -
ments of mag matic and meta mor phic rocks de rived from the
Alps from those de rived from Moslavaèka gora Mt. How ever, a
lit tle sandy and silty de tri tus was likely trans ported from the
Moslavaèka gora Mt., pres ently lo cated only a few kilo metres to 
the north-east of the Kloštar Field. All pre vi ous palaeo -
geographic re con struc tions (e.g., Veliæ et al., 2011) have shown 
that this dis tance was not sig nif i cantly dif fer ent dur ing the Late
Pannonian and Early Pontian. 

INPUT DATA FOR MAP-BASED
DEPOSITIONAL ANALYSIS

It was de cided to use the po ros ity and thick ness of the
Lower Pontian and of the Up per Pannonian sand stone res er -

voirs as vari ables to de scribe the het er o ge ne ity and de vel op -
ment of the res er voirs, i.e. dif fer ent lithofacies. Thick ness and
po ros ity are con nected in turbidite depositional sys tems in such
a way that the larg est thick nesses of the coarse and me -
dium-grained sand stones usu ally match with a greater po ros ity
of the same rocks. This is valid for se quences where “h” (to tal
thick ness) is equal or slightly higher than “he” (ef fec tive thick -
ness). Pa ram e ters “h” and “he” are lithofacies pa ram e ters com -
monly used in subsurface geo log i cal map ping.

So, in the Pannonian and Pontian of the Sava De pres sion,
other than min eral com po si tion, the thick ness and po ros ity are
also vari ables of the lithofacies, be cause ev ery lithofacies can al -
ways be de scribed in terms of these two vari ables. Po ros ity val -
ues rep re sent av er age well log po ros i ties mea sured in 20 wells
for the Lower Pontian and 17 wells for the Up per Panno nian res -
er voirs. Well-av er age po ros ity was used, but it was cal cu lated
only when de ter min ing the net pay of the res er voir. Spon ta ne ous
po ten tial (SP) and re sis tiv ity (Ra) well logs were used for po ros ity
cal cu la tions, be cause the wells were old and only “con ven tional
log ging” was per formed in them. Fur ther more, the po ros ity value
in one of the Lower Pontian wells was ex tremely small com pared
to other well val ues. Ac cord ing to Novak Zelenika et al. (2010)
this well is clearly an out lier be long ing to a marl lithofacies and
hence was ex cluded from the cal cu la tions.

Gross thick ness was mea sured in 20 wells in the Lower
Pontian res er voir, but since one Lower Pontian well was ex -
cluded, there was data from only 19 wells. In the Up per
Pannonian, res er voir gross thick ness was mea sured in 23
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Fig. 3. Po si tion of the Up per Pannonian res er voir



wells. There were two as sump tions used for map ping: (1) the
more marly com po nent is pres ent in sand stone, the lower po -
ros ity it has, so lithofacies from pure chan nel sand stones and
basinal marls can be iden ti fied by po ros ity val ues and (2) pure
chan nel sand stones have greater thick nesses, com pared to
basinal marls. 

Thick ness vs. po ros ity charts for the Lower Pontian res er -
voir data and for the Up per Pannonian res er voir data are shown 

in Fig ures 5 and 6. At first sight they do not show any sig nif i cant
cor re la tion us ing a co ef fi cient of de ter mi na tion. But, when some 
out li ers are ex cluded, there is a gen eral trend in the po ros -
ity-thick ness re la tion ship which can be ob served us ing re gres -
sion lines.
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Fig. 4. Po si tion of the Lower Pontian res er voir

Fig. 5. Thick ness vs. po ros ity based on Lower Pontian
res er voir data

Fig. 6. Thick ness vs. po ros ity based on Up per Pannonian
res er voir data



BASICS OF APPLIED INDICATOR
GEOSTATISTICAL MAPPING METHODS

Sto chas tic geostatistical meth ods have been ap plied in this
anal y sis (SIS) in or der to ex press un cer tainty. The main pur -
pose of any sto chas tic sim u la tion is to pro vide an es ti ma te
whilst hon our ing the covariance struc ture of the in put data (i.e.
in put semi-variograms) and the prob a bil ity dis tri bu tion of the in -
put data. When us ing sto chas tic sim u la tions, the main em pha -
sis is on hon our ing some sta tis ti cal char ac ter is tics of the in put
set. SIS’ are in di ca tor based, which means that they use
indicatory trans formed data for map ping.

Ba sics about trans for ma tion re sults and Se quen tial In di ca -
tor Sim u la tions 

The math e mat i cal trans for ma tion is per formed by this sim -
ple equa tion [1]:

 I(x)
1 if  z(x) v

0 if  z(x) v
cutoff

cutoff

=
£

<

ì
í
î

[1]

where: I(x) – in di ca tor vari able; z(x) – mea sured value; vcut off – cut off
value.

In in di ca tor-based geostatistical meth ods, only third-or der
stationarity is as sumed, which means that variograms are only
rep re sen ta tive sta tis ti cal fea tures. The variograms for ev ery cut -
off value had to be stan dard ized, es ti mat ing the re sults in con tin -
u ous in ter vals of [0,1]. SIS are stochastical geostatistical tools for 
spa tial es ti ma tion of vari able prob a bil ity. The main in puts are his -
to grams (Fig. 7) and stan dard ized variograms. Es ti ma tions can
be con di tional (se lected in this anal y sis) or un con di tional. 

Here, for ev ery cut off, variogram curves were used, so the
num ber of cut offs is very im por tant. Too few cut offs and the
lithofacies tran si tion can not be ob served, but too many classes
dras ti cally in creases com pu ta tional time and asks for too much
point data (approx. more than 30). So, af ter Novak Zelenika et
al. (2010) about 5 cut offs were suf fi cient for re li able map ping of
all ex pected lithofacies in depositional sys tems com pris ing
sand stone-marlstone, ac cord ing to the anal y sis they per formed 
on sand stone res er voirs of the CPBS. Fur ther more, Novak
Zelenika et al. (2011) showed that forc ing the nor mal dis tri bu -
tion of trans formed data can also im prove fi nal maps. Both of
these as sump tions were used in this study, al though it was ben -

e fi cial that the orig i nal res er voir data al ready mostly fol lowed a
nor mal dis tri bu tion, as shown on Fig ure 7 for mea sured (av er -
aged) thick nesses in both res er voir “se ries”.

INTERPOLATED MAPS OF UPPER 
PANNONIAN AND LOWER PONTIAN 

RESERVOIR VARIABLES

As al ready men tioned, the Up per Pannonian and Lower
Pontian strata were mapped by SIS meth ods. The av er age po -
ros ity and real thick ness were se lected as the in di vid ual vari -
ables for the larg est hy dro car bon res er voir in the first (Lower
Pontian res er voir) and sec ond (Up per Pannonian res er voir)
“se ries”. Those res er voirs are the depositional units that cover
the larg est parts of the downthrown area in the Kloštar struc ture
dur ing par tic u lar stages and lat er ally they change grad u ally into
marly sand stone, sandy marlstone and even tu ally marlstone. 

INTERPOLATED MAPS 
OF THE UPPER PANNONIAN STRATA

For the Up per Pannonian data, 6 classes were se lected us -
ing the fol low ing cut offs: 13, 15, 16, 18, 19 and 20% for po ros ity
and 3, 7, 9, 15, 21 and 23 m for thick ness. Se lec tion of the cut -
offs was the hard est part in the anal y sis. The real prob lem was
lack of ex act mea sure ments or lithological de scrip tions, where
both vari ables could be com pared. There were 25–35 mea -
sure ments ei ther of po ros ity or of li thol ogy, but the depth in ter -
vals did not match. How ever, po ros ity and thick ness are or gan -
ised in classes in which the his to grams fol low a nor mal dis tri bu -
tion. As it was men tioned, ac cord ing to Novak Zelenika et al.
(2010) at least 5 cut offs as a min i mum are de sir able and this
was one of the cri te ria used to de fine a cut off.  

In di ca tor data was trans formed for each cut off and vario -
gram sur face maps were cal cu lated for the in di ca tor datasets,
show ing the di rec tion of the pri mary (135–315°) and the sec -
ond ary (45–225°) axis. Ex per i men tal variograms were stan -
dard ized and ap prox i mated with the o ret i cal ones. Even tu ally,
100 re al iza tions were cal cu lated for each cut off and vari able.
The se lected prob a bil ity maps for po ros ity are shown in Fig -
ure 8, and the maps for thick ness are shown in Fig ure 9. Se lec -
tion was done based on cut offs, where palaeotransport di rec -
tions could be most eas ily ob served. 
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Fig. 7. Nor mal dis tri bu tion shown on his to grams of orig i nal thick ness data col lected
in the sec ond (left) and first (right) res er voir “se ries” (Novak Zelenika et al., 2011)



INTERPOLATED MAPS
OF THE LOWER PONTIAN STRATA

The fol low ing cut offs were se lected: 14, 18, 19, 20 and 22%
for po ros ity and 5, 9, 13, 17, 21 m for thick ness. Cri te ria for cut -

off se lec tion were the same as those de scribed above. Ex per i -
men tal variograms were stan dard ized and ap prox i mated with
the o ret i cal curves. Prob a bil ity maps, with se lected cut offs that
show char ac ter is tic depositional pat terns, are shown in Fig ures
10 and 11.
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Fig. 9. Prob a bil ity maps for thick ness >9 m (left) and 15 m (right) 
– Up per Pannonian (mod i fied af ter Novak Zelenika et al., 2011) 

For ex pla na tions see Fig ure 8

Fig. 8. Prob a bil ity maps for po ros ity >16% (left) and 18% (right) 
– Up per Pannonian 



GEOLOGICAL INTERPRETATION 
OF MAPS

The high est prob a bil i ties that po ros ity and thick ness of Up -
per Pannonian res er voir are larger than 16 and 18%, i.e. 9 and
15 m, are eas ily fol lowed in Fig ures 8 and 9. Those two maps
can be com pared by trends and fea tures onto or di nary kriging
(OK) maps of the same vari ables (Figs. 12 and 13). It is clear
that the deep est part of the ba sin strikes in a north west-south -
east di rec tion. The OK maps also show that res er voir thick ness
and po ros ity de crease to wards the east. Lower po ros ity and
thick ness ob served in Fig ures 12 and 13 di rectly in di cate a thin -

ning of the res er voir. To wards the east, the
res er voir sand stone con tains a more marly
com po nent, and the course of lat eral fa cies
changes can be in ferred. Res er voir prop er -
ties, based on pro duc tion data, can be added
to sand stone and marly sand stone litho -
facies. These sed i ments were de pos ited in
en vi ron ments where the depth was pre dom i -
nantly 200 m or less (Vrbanac et al., 2010).

Be tween the Late Pannonian and Early
Pontian a re gional nor mal fault formed along
the mar gin of the Moslavaèka gora Mt., and
caused the low er ing of the north east ern part
of the Kloštar struc ture. This re sulted in the
open ing up of a new ac com mo da tion area for 
the Lower Pontian sand stones (Veliæ et al.,
2011). At the same time, ac cord ing to
Vrbanac et al. (2010), the di rec tion of tur bid ity 
in flows into the Sava De pres sion changed to
N–S, as they were be ing in flu enced by the
Moslavaèka gora Mt. palaeorelief. These di -
rec tional changes should be clearly seen in
the po ros ity and thick ness maps, there fore
the SIS maps ob tained (Figs. 10 and 11)
were com bined with OK maps (Figs. 14 and
15) to in ter pret the depositional di rec tions

and en vi ron ments.
The north-south di rec tion of tur bid ity cur rents in the Lower

Pontian suc ces sion can be in di rectly ob served on Fig ures 10
and 11. Higher po ros ity val ues are eas ily iden ti fi able in the
west ern part and are in ter preted to re flect a pro cess whereby
coarser ma te rial, trans ported from the north through the deep -
est basinal part, reached the main fault zone and con tin ued to
flow par al lel to it far ther to wards the south-east (Fig. 15).

Ac cord ing to the gen eral depositional model for the CPBS
(e.g., Malviæ and Veliæ, 2011; Veliæ et al., 2011) the coars est de -
tri tus de liv ered by tur bid ity cur rents was de pos ited in the deep -
est part of the de pres sions. Con se quently, sand stones with the
high est po ros ity (coarse or me dium-grained) have the great est
thick nesses. In the area ana lysed, such match ing is only valid
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Fig. 11. Prob a bil ity maps for thick ness >13 m
 – Lower Pontian (mod i fied af ter Novak Zelenika and Malviæ, 2011)

For ex pla na tions see Fig ure 10

Fig. 10. Prob a bil ity maps for po ros ity >19% (left) and 20% (right) – Lower Pontian



for parts with higher po ros i ties. The same can be seen in prob a -
bil ity maps (Figs. 10 and 11), where the high est prob a bil ity of
the larg est po ros i ties (more than 19 and 20%) only par tially
matches the high est prob a bil ity of the res er voir part thicker than 
13 m. With re gard to clas si cal turbidite the ory (e.g., Bouma,
1962; Tišljar, 1994) the lithofacies Tb dom i nates in the mid dle
part of the Kloštar struc ture, which was also the deep est part
through the sec ond transtensional phase. The Tb in ter val was
clearly ob served in cores taken from sand stone in ter val sat u -
rated with hy dro car bons. How ever, the cores had been taken 
only from the cap rocks, i.e. marls that rep re sent pelitic fa cies
Te, so the ver ti cal tran si tion from Tb to Te was not ob served in
con ti nu ity. How ever, the lat eral tran si tion from Tb to Te has
been clearly ob served in fine turbidite de pos its (such as Tc and
Td lithofacies that cor re spond to po ros ity less than 19%;
Fig. 10) which are car ried in sus pen sion and were de pos ited
over the main chan nels, i.e. onto the ba sin plain around them.
The Tb lithofacies is also pres ent in the depocentre sit u ated in
the south. This small depocentre was sep a rated from the cen -
tral part by smaller, up lifted palaeorelief.

Tur bid ity cur rents, af ter reach ing the Kloštar struc ture, were 
los ing their en ergy and turbidites be comes more dis tal with in -

creas ing dis tance from the west ern mar gin of the Moslavaèka
gora Mt. Con se quently, far ther to the south-east marly sand -
stones (and siltstones) are dom i nant (Tc and Td lithofacies); the 
av er age po ros ity is lower but the to tal gross thick ness of the
Lower Pontian res er voir is the same re tained due to weaker
ero sion at tur bid ity cur rent bases.

Two lithofacies maps (sand stone/shale ra tio, i.e. ss/sh)
were cre ated (Figs. 16 and 17). This ra tio is sim ply the to tal
thick ness of per me able strata di vided by the to tal thick ness of
rel a tively im per me able parts, for a given thick ness of res er voir
se lected. The ss/sh maps have very spe cific prop er ties re -
flected in ap plied equi dis tance, which are strictly de fined
through the fol low ing frac tions: 128/1 (pure sand stone), 64/1,
32/1, 16/1, 8/1, 4/1, 2/1, 1/1, 1/2, 1/4, 1/8, 1/16, 1/32, 1/64 and
1/128 (pure marl).

The maps clearly show the lo ca tions of the pure sand -
stones. The trans port di rec tion NW–SE can be ob served in the
ss/sh map of the Up per Pannonian res er voir (Fig. 16) and
matches well with that de rived from the or di nary kriging po ros ity 
and thick ness maps (Figs. 12 and 13). 

The trans port di rec tion in the Early Pontian can be easy ob -
served in the ss/sh maps (Fig. 17). Ac tu ally, ac cord ing to the
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Fig. 12. Or di nary kriging po ros ity map of the Up per Pannonian res er voir

For ex pla na tions see Fig ure 8



dis tri bu tion of pure sand stones on the same map, it can also be
con cluded that the trans port di rec tion dur ing the Early Pontian
was not just N–S, but also NE–SW. Since the lo ca tion of the
Moslavaèka gora Mt. in the Early Pontian was in the NE, it is
very log i cal to con clude that some ma te rial came from there
and mixed with de tri tus com ing from the East ern Alps. The dif -
fer ent prob a bil i ties for po ros i ties higher than 19 and 20% of the
Lower Pontian res er voir (Fig. 10) in the west ern and east ern
parts also in di cate the Moslavaèka gora Mt. as the source of lo -
cal ma te rial. 

CONCLUSIONS

The en tire sec ond  transtension phase was dom i nated by a
north west-south east palaeoflow di rec tion. Our re sults point
also to north-south, or even to north east-south west di rec tions in 
the Early Pontian, when the Moslavaèka gora Mt. was a dom i -
nant palaeorelief fea ture in the west ern Sava De pres sion. Such 

a re gional up lifted struc ture was prob a bly a lo cal source of de tri -
tus dur ing the Late Mio cene, al though most of ma te rial came
from the East ern Alps. 

Min er al og i cally it is im pos si ble to dis tin guish ma te rial from
the East ern Alps and Moslavaèka gora Mt., be cause both
sources are rep re sented by very sim i lar mag matic and meta -
mor phic rocks. How ever, since the sand stone com po si tion is
also very sim i lar be tween the Up per Pannonian and Lower
Pontian sand stones in the Kloštar Field, the in flu ence of the
Moslavaèka gora Mt. as a lo cal ma te rial source was not proven, 
but there is con sid er able in di rect ev i dence for such an as sump -
tion. The map ping re sults shows that:

– coars est ma te rial in the Late Pannonian was de pos ited
in the deep est parts of the Kloštar struc ture;

– al most com plete turbidite Bouma se quences were de -
vel oped. The in ter vals from Tb to Td (i.e. Tb, Tc, and Td) 
are rec og nized in the cores; 

– to wards the north and north-east shal low lac us trine
pelitic sed i men ta tion was con tin ual.
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Fig. 13. Or di nary kriging thick ness map of the Up per Pannonian res er voir



In the SIS maps for the Late Pannonian a gen eral NW–SE
depositional trend can be clearly seen (Figs. 8 and 9). How ever, 
a trans port di rec tion change can be ob served in the Lower
Pontian res er voir, where the po ros ity and thick ness maps (Figs. 
10 and 11), as well as the ss/sh map (Fig. 17) in di cate the ex is -
tence of two di rec tions, i.e. north-south and north east-south -
west. This par tial change in di rec tion is at trib uted to the strong

in flu ence of the up lift of the Moslavaèka gora Mt., with ero sion
on its sur face, and small al lu vial fans. Un for tu nately, the quan ti -
ta tive share in to tal de pos ited vol ume can not be cal cu lated, be -
cause the slight dif fer ences in min eral com po si tion of the Up per 
Pannonian and Lower Pontian cores can not be di rectly con -
nected with the Moslavaèka gora Mt. out crops.
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Fig. 15. Or di nary Kriging thick ness map of the Lower Pontian res er voir

For ex pla na tions see Fig ure 10

Fig. 14. Or di nary Kriging po ros ity map of the Lower Pontian res er voir

For ex pla na tions see Fig ure 10
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Fig. 17. Ss/sh map of the Lower Pontian res er voir

For ex pla na tions see Fig ure 10

Fig. 16. Sand stone/shale (Ss/sh) map of the Up per Pannonian res er voir

For ex pla na tions see Fig ure 8
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