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Aim of the study was to in ves ti gate the de tailed strati graphic ar chi tec ture of the al lu vial Volkovce For ma tion, which was
de pos ited in the north ern Dan ube Ba sin dur ing the in ter val be tween 10 and 6 Ma. Two type lo cal ity ex po sures were sub ject
to fa cies anal y sis and in ter pre ta tion of depositional pro cesses and >500 bore holes served for cor re la tion of spa tial vari abil ity
in the char ac ter of the for ma tion. The study was fo cused on the north ern Blatné and west ern Rišòovce de pres sions, which
are partly sep a rated by the Považský Inovec Moun tains horst. It was re vealed, that a mostly grav elly flu vial distributary sys -
tem of the Piešïany Mem ber was de pos ited in the north ern Blatné de pres sion, partly con fined by the ex posed horst and by
in cised palaeotopography. The se quence is com posed of amal gam ated braided river chan nel bod ies with no overbank
strata, in re sponse to high sed i ment sup ply and low ac com mo da tion. The palaeo-stream then crossed the horst in its south -
ern part to wards the Rišòovce de pres sion, where there was four times more ac com mo da tion. The sub merged horst acted as
a bound ary, where the depositional pro cesses changed to a me an der ing river and sig nif i cant overbank de pos its started to be 
pre served. Only small streams were pres ent in the north ern Rišòovce de pres sion, which led to very low sed i ment sup ply
com pared to the high ac com mo da tion there. The depositional sys tem was af fected mainly by the in cised palaeotopography,
by the lo ca tion of sed i ment in put to gether with spa tial dif fer ences in ac com mo da tion rate caused by the ac tiv ity of the
Ripòany Fault on the south east ern side of the Považský Inovec Mts.

Key words: flu vial distributary sys tem, fa cies anal y sis, sed i ment sup ply, ac com mo da tion, Pannonian Ba sin Sys tem, late
Mio cene.

INTRODUCTION

Flu vial distributary sys tems (FDS) rep re sent depositional
en vi ron ments that form in ar eas where a rapid change in a river
trans port ca pac ity oc curs. The distributary pat tern re sults from
con tin u ous ra dial re al lo ca tion of chan nels and their branch ing,
which leads to de crease of chan nel depth and of wa ter dis -
charge (e.g., Nichols and Fisher, 2007). FDS typ i cally con sist of 
a range of sed i men tary en vi ron ments the char ac ter of which
strongly de pends on cli mate and tec tonic set ting. The mor phol -
ogy of FDS re sults from pre-ex ist ing to pog ra phy and in ter play

be tween ac com mo da tion rate and sed i ment sup ply (e.g.,
MacCarthy, 1990; Blair and McPherson, 1994; Harvey et al.,
2005; Hickson et al., 2005; Pope and Wilkinson, 2005; Nichols
and Fisher, 2007; Blair and McPherson, 2009; Straub and
Esposito, 2013; Straub and Wang, 2013). An anal y sis of evo lu -
tion of such a depositional sys tem needs a de tailed ap proach
with con sid er ation of vari able in put data. In this study, we pres -
ent an anal y sis of the depositional pro cesses, spa tial ge om e try
and fac tors af fect ing the Tortonian–Messinian FDS in the north -
ern part of the Pannonian Ba sin Sys tem (PBS).

Im por tant ad vances were achieved re cently in ba sin scale
stra tig ra phy of the PBS re gard ing ge netic def i ni tion of the late
Mio cene for ma tions (e.g., Mag yar et al., 2007, 2013; Kováè et
al., 2011). The tim ing of the heterochronous progradation of
depositional sys tems across the in di vid ual bas ins due to fill ing
of deep ba sin depocenters is now well-con strained (e.g., Mag -
yar et al., 2013; Sztanó et al., 2016; Šujan et al., 2016). How -
ever, de tailed stud ies of the in ter nal ar chi tec ture of up per Mio -
cene al lu vial for ma tions of the PBS are still rare. This is true es -
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pe cially for the north ern Dan ube Ba sin. The aim of this study
was to iden tify the strati graphic ar chi tec ture of the up per Mio -
cene al lu vial Volkovce For ma tion and its com po nent Piešïany
Mem ber (which rep re sent an ex am ple of an cient FDS). More
than 500 bore holes were ana lysed for this pur pose to gether
with fa cies anal y sis of two key out crop lo cal i ties.

Be sides anal y sis of fa cies dis tri bu tion, the con trol ling fac -
tors in flu enc ing de po si tion of the al lu vial se quence were in ves ti -
gated by ex am in ing the spa tial vari abil ity of the al lu vial de pos its
and the mor phol ogy of strati graphic sur faces. The re search
was fo cused on fac tors af fect ing the vari abil ity of ac com mo da -
tion rate and sed i ment sup ply, such as tec tonic ac tiv ity, ini tial
to pog ra phy and com pac tion of the whole ba sin fill. Depositional
con di tions were spe cific be cause of the pres ence of a moun tain 
horst, which partly sep a rated the two de pres sions stud ied. In te -
gra tion of ge netic cri te ria to the stra tig ra phy of the north ern part
of the Dan ube Ba sin al lowed us to char ac ter ize the palaeo-river 
net work dur ing an in ter val of 4 My, be tween 10 and 6 Ma. The
frame work de scribed com prises a first at tempt of de tailed strati -
graphic ar chi tec ture anal y sis of the up per Mio cene al lu vial se -
quence in the Dan ube Ba sin.

GEOLOGICAL SETTING

The Dan ube Ba sin, a sub-ba sin of the Pannonian Ba sin
Sys tem, is lo cated be tween the moun tain ranges of the East ern 
Alps, West ern Carpathians and the Transdanubian Range
(Fig. 1). Its north ern part is rep re sented by sep a rate de pres -
sions/embayments be tween the moun tain ranges of the Malé

Karpaty, Považský Inovec and Tribeè Moun tains. These are
from north-west to south-east: the Blatné, Rišòovce, Komjatice
and Želiezovce de pres sions. The cen tral part of the ba sin is
called the Gabèíkovo–Gyõr de pres sion (Vass et al., 1988;
Kováè et al., 2011). The Csapod trough and Kenyeri de pres sion 
are sit u ated to the south-east of the cen tral depocenter (Fig. 1B; 
Mattick et al., 1996).

The ba sin sub si dence and ac cu mu la tion his tory con sists of
three main stages: (1) an early Mio cene piggy-back (wedge top) 
phase in which mostly ma rine de pos its were pre served mainly
in the north ern embayments, (2) a mid dle Mio cene phase with
ac cu mu la tion of high vol umes of mostly ma rine and deltaic se -
quences de pos ited dur ing the ba sin syn-rift sub si dence, which
was as so ci ated with vo lu mi nous vol ca nic ac tiv ity, and (3) a late
Mio cene to Plio cene phase with pre vail ing brack ish to fresh wa -
ter sed i men ta tion of Lake Pannon fol lowed by ter res trial sed i -
men ta tion in the phase of ther mal sub si dence (Kováè, 2000;
Kováè et al., 2011).

The study area, rep re sented by the north ern Blatné de pres -
sion and west ern part of the Rišòovce de pres sion, is char ac ter i -
zed by mod er ately low to hilly ter rain. The Neo gene ba sin is
bor dered by morphostructures com pris ing the pre-Ce no zoic
com plexes of the Tatric, Fatric and Hronic superunits: the Malé
Karpaty Mts. to the north-west, the Považský Inovec Mts. partly
sep a rat ing the two stud ied de pres sions and the Tribeè Mts. to
the south-east (Fig. 1B). The same rock com plexes of Pa leo -
zoic and Me so zoic age form the base ment of the part of the
Dan ube Ba sin stud ied. Lo cally, Paleogene strata un der lie the
Neo gene se quences (Maglay et al., 2011).
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Fig. 1. Location of the study area

A – approximate location of the Danube Basin in Central Europe; B – location of the study areas within the Danube Basin;
 names of depressions according to Vass et al. (1988), Kováè et al. (2011) and Mattick et al. (1996); 

position of the Lake Pannon shelf edges according to Magyar et al. (2013)



These north ern most depocenters of the Dan ube Ba sin were
sub ject to the most sig nif i cant sub si dence dur ing the mid dle Mio -
cene with a sed i ment thick ness of >3000 m (Fig. 1B; Rybár et al., 
2015, 2016). Af ter in tense rift ing dur ing the Langhian (lower
Badenian), the rate of sub si dence grad u ally de creased. The late
Serravallian (Sarmatian) se quence re flects brack ish re gres sive
sed i men ta tion, which con tin ued to the be gin ning of the late Mio -
cene (11.6 Ma; Kováè et al., 2011). Af ter iso la tion of the
Pannonian Ba sin Sys tem from the Med i ter ra nean and East ern
Paratethys, Lake Pannon grad u ally flooded the sur round ing ar -
eas un til it reached its high est ex tent at ~10.5–10.0 Ma (e.g.,
Mag yar et al., 1999; Harzhauser et al., 2008). Progradation of the 
shelf mar gin that was fed by deltaic sys tems of the palaeo-Dan -
ube and rivers drain ing the West ern Carpathians led to a grad ual
re treat of the Lake Pannon shore line to the south-east (Fig. 1B;
Mag yar et al., 2013). The main wa ter body was char ac ter ized by
brack ish sa lin ity for most of its ex is tence (Uhrin, 2011). The fill ing
of the north ern Dan ube Ba sin started in the north-west ~10.5 Ma
and prograded across the ba sin to wards the south-east up to
~8.7 Ma (Mag yar et al., 2013; Sztanó et al., 2016; Šujan et al.,

2016). Pre dom i nantly ter res trial sed i men ta tion pre vailed in the
whole north ern Dan ube Ba sin af ter 8.9–8.7 Ma (Kováè et al.,
2011; Šujan et al., 2016).

Con cern ing the up per Mio cene stra tig ra phy of the north ern
Blatné de pres sion, the Ivanka Fm. started to ac cu mu late in a
shal low brack ish lac us trine en vi ron ment prob a bly from
11.6–11.4 Ma (Fig. 2; Kováè et al., 2006; Rybár et al., 2016). The 
shal low lac us trine de po si tion was fol lowed by de po si tion of the
deltaic Beladice For ma tion that in cludes prodelta, delta front and
shoreface, delta plain and la goonal fa cies. The Beladice For ma -
tion typ i cally con tains a mix ture of brack ish and fresh wa ter
molluscs and ostracods (Baráth et al., 1999; Rybár et al., 2016).
Pre cise tim ing of the fi nal Lake Pannon shore line re gres sion in
the Blatné de pres sion was pro posed to be ~10.0 Ma (Sztanó et
al., 2016; Šujan et al., 2016). Nor mal re gres sion of Lake Pannon
co in cided with the start of de po si tion of the al lu vial Volkovce For -
ma tion, which is the sub ject of this study. The Volkovce For ma -
tion is dis cor dantly over lain by the Late Plio cene coarse-grained
al lu vial Kolárovo Fm. and Qua ter nary de pos its of al lu vial and ae -
olian or i gin (Fig. 2; Rybár et al., 2016).
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Fig. 2. Lithostratigraphy of the Neogene and Quaternary deposits in the Blatné and Rišòovce depressions

Lithostratigraphy is based on Kováè et al. (2011), Šujan et al. (2016) and Sztanó et al. (2016); stan dard Neo gene stages
sensu Co hen et al. (2013) and Cen tral Paratethys stra tig ra phy sensu Kováè et al. (2011); MN and MQ – mam mal biozone
stages sensu Steininger (1999); num bers in brack ets rep re sent thick nesses typ i cal for each lithostratigraphic unit



The Rišòovce de pres sion was char ac ter ized by a higher
rate of late Mio cene sub si dence and the form ing of a deep ba -
sin depocenter, which was filled by a turbidite-shelf slope-
 deltaic depositional sys tem in the time span 11.0–10.6 Ma
(Fig. 2; Sztanó et al., 2016; Šujan et al., 2016). The al lu vial en vi -
ron ment of the Volkovce Fm. started to dom i nate af ter this pe -
riod. In the area of the west ern Rišòovce de pres sion, the
Volkovce For ma tion is over lain by a rel a tively thin loess cover
and lo cally by small rem nants of ter races of the Early Pleis to -
cene coarse-grained al lu vial Lukáèovce Mem ber (Fig. 2;
Šarinová and Maglay, 2002).

The Považský Inovec Moun tains sep a rate the two de pres -
sions and formed a subaerially ex posed swell dur ing the de po -
si tion of the Volkovce For ma tion. This is doc u mented by the po -
si tion of the Piešïany Mem ber above the pre-Ce no zoic com -
plexes, with out the pres ence of older for ma tions (Fig. 2). There -
fore, the spe cific role of the Považský Inovec Moun tains in the
evo lu tion of these se quences is in ves ti gated by this study.

The Piešïany Mem ber is con sid ered in this study as a mem -
ber of the al lu vial Volkovce For ma tion (Fig. 2). This sev eral tens 
of metres thick sandy-grav elly suc ces sion crops out in the vi cin -
ity of the town of Piešïany in the west ern foot hills of the
Považský Inovec Moun tains. Small ex po sures rim the mar gin
of the morphostructure to wards the south (Fig. 3; Sliva et al.,
2007). The ex po sures around Piešïany pro vided an ex cel lent
op por tu nity to de ter mine depositional pro cesses through fa cies
anal y sis. Authigenic 10Be/9Be dat ing (five ages pub lished in
Šujan et al., 2016; lo ca tion of sam ples in Fig. 3) pro vided an
age of ~9.0 Ma for the start of the sandy-grav elly sed i men ta tion
of the Piešïany Mem ber and con strained its up per age limit to
~6.0 Ma (Fig. 2). This up per age limit is sup ported by the oc cur -
rence of a skull of Deinotherium proavum (Musil, 1959); than re -
in ter preted by (Tóth, 2010). The skull came from 19 m be low
ground in a con struc tion pit close to the well Bu-114 (Fig. 3),
and is rep re sen ta tive of the MN12 mam mal biozone with age
range 7.5 to 6.8 Ma (Agustí et al., 2001). Dat ing of the
Hlohovec–Pastuchov ex po sure, lo cated on the south ern mar -
gin of the Považský Inovec Mts. (Fig. 3), has con strained its
depositional age to 6.5–6.0 Ma (two ages pub lished in Šujan et
al., 2016). This en abled its in ter pre ta tion as a lat eral equiv a lent
of the youn ger part of the Piešïany Mem ber and it was the sec -
ond sub ject of a fa cies anal y sis.

The Hlavina Mem ber, which is im por tant for age de ter mi na -
tion of the suc ces sion stud ied, is ac cord ing to Fordinál and
Nagy (1997) formed of fresh wa ter car bon ates that ac cu mu lated 
along tec tonic lines bound ing the mar ginal moun tains of the
north ern Dan ube Ba sin, such as the Považský Inovec Moun -
tains. These de pos its were dated to ~8.0 Ma us ing small mam -
mal biostratigraphy and molluscs (Fordinál and Nagy, 1997;
Kováè et al., 2010, 2011). Their ac cu mu la tion is con sid ered to
have been a re sult of tec tonic ac tiv ity. Hlavina Mem ber de pos its 
crop out along both mar gins of the Považský Inovec Moun tains
and could be found to gether with the Piešïany Mem ber near
Ratnovce (Fig. 3). They con sist of sand stone clasts of the
Piešïany Mem ber (Maglay et al., 2011), in di cat ing that at least
the lower part of the mem ber had ac cu mu lated be fore 8.0 Ma.
The Hlavina Mem ber was con sid ered by Kováè et al. (2011) as
a mar ginal fa cies of the Volkovce For ma tion (Fig. 2).

The Volkovce For ma tion rep re sents a suc ces sion of al lu vial
de pos its dis trib uted across the Dan ube Ba sin with time span of
sed i men ta tion rang ing across 10.0–6.0 Ma. Its thick ness in the
Blatné de pres sion reaches 50–200 m and in the Rišòovce de -
pres sion it is 100–600 m. The in ter nal ar chi tec ture of the for ma -

tion has not been pre vi ously de scribed, rep re sent ing a gap in the
knowl edge of the depositional, tec tonic and cli ma tic evo lu tion of
the ba sin. This study in tends to pro vide this miss ing in for ma tion.

METHODS

The study is based on a de tailed anal y sis of bore hole strati -
graphic and geo phys i cal logs (pres ent in the ar chives of Slo vak
Geo log i cal Sur vey and of Nafta, a.s. com pany) and on fa cies
anal y sis of two ex po sures, to de ter mine the spa tial vari abil ity of
the in ter nal stra tig ra phy of the al lu vial Volkovce For ma tion in
the north ern Blatné de pres sion and west ern Rišòovce de pres -
sion of the Dan ube Ba sin.

De spite the poor ex po sure of the up per Mio cene se -
quences, two rep re sen ta tive out crops sit u ated along the
Považský Inovec Moun tains pro vided us with a win dow into the
de tailed lithofacies com po si tion of the al lu vial se quence stud -
ied. These rep re sent (1) a coarse-grained prox i mal se quence
of the type Piešïany Mem ber and (2) a dis tal sandy to
fine-grained Hlohovec–Pastuchov fa cies. A log of the
Piešïany–Banka lo cal ity was com posed from sev eral ex po -
sures lo cated close to each other. Sev eral out crops of the
Volkovce For ma tion with com pa ra ble lithologies were doc u -
mented in the west ern Rišòovce de pres sion. The Hloho -
vec– Pastuchov lo cal ity was se lected for de tailed re search as
the most rep re sen ta tive one. The lithofacies were de fined,
depositional pro cesses were de ter mined and fi nally fa cies as -
so ci a tions were in ter preted ac cord ing to Miall (2000, 2006).
Palaeocurrent di rec tions were de ter mined by field mea sure -
ment of dip di rec tion of pla nar or trough cross-strat i fied strata.
25 mea sure ments for the Piešïany–Banka lo cal ity and 27 mea -
sure ments for the Hlohovec–Pastuchov lo cal ity were per -
formed. Sim i larly, the di rec tion of mi gra tion of lat eral ac cre tion
at the Hlohovec–Pastuchov lo cal ity was de ter mined by dip di -
rec tion of ac cre tion sur faces based on 13 mea sure ments.

Sur face ex po sures of of this suc ces sion in the Blatné de -
pres sion are rare be cause of the gen tle sur face mor phol ogy
and thick blan ket of the Plio cene–Qua ter nary de pos its. It is
there fore pos si ble to study their de tailed com po si tion and spa -
tial lithological trends only us ing bore hole data and geo phys i cal
re cords. For the pur poses of this study, a num ber of bore holes
were ob tained from the Geofond ar chive of the Slo vak Geo log i -
cal Sur vey. The main dataset is based on 372 coun ter-flush
bore holes (CF), com pris ing the Buèany bore hole se ries with
depth of up to 600 m (129 bore holes) and the Piešïany and
Špaèince bore hole se ries both with depths of up to 300 m (243
bore holes). These bore holes were drilled dur ing the 1960’s in a
dense grid (dis tances 500–1000 m) for the pur pose of hy dro -
car bon prospection (Fig. 3). The orig i nal lithological de scrip -
tions of the bore hole pro files, which were used in this study, are
pro vided in manu script re ports ac ces si ble in the Slo vak Geo -
log i cal Sur vey (Hromec, 1961; Lunga, 1963, 1964a, b, 1965,
1966; Èermák, 1969). De pend ing on the drill ing method, the
pro files were in ferred from con tin u ous small di am e ter cores.
The grid of these bore holes was sup ple mented by lithological
pro files of 120 hydrogeological wells.

A well-log electrofacies study of the spon ta ne ous po ten tial
and re sis tiv ity re cord from 41 deep struc tural bore holes from
the north ern Blatné de pres sion pro vided a con trol for the
lithostratigraphic ar chi tec ture of the up per Mio cene al lu vial suc -
ces sion es pe cially for trends of lithological changes be tween
the sed i men tary units. The electrofacies are in ter preted ac cord -
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Fig. 3. Map of the area studied with analysed wells and type localities

Dating results were obtained by the authigenic 10Be/9Be dating method (Šujan et al., 2016; and this study); location of the upper Miocene 
outcrops according to Pristaš et al. (2000) and Maglay et al. (2006)



ing to prin ci ples sum ma rized by Catuneanu (2006), and ac -
cord ing to ex ist ing ap pli ca tions of Juhász et al. (2004), Nádor
and Sztanó (2011) and López and Steel (2015). The spa tial dis -
tri bu tion of all the bore holes ac quired from the north ern Blatné
de pres sion is shown in Fig ure 3.

The west ern Rišòovce de pres sion was not drilled as ex ten -
sively. 65 lithological pro files of wa ter ex plo ra tion wells were col -
lected. The lithological pro files of all hydrogeological wells stud -
ied were orig i nally based on cut tings or coun ter-flush (CF) cores,
de pend ing on the drill ing method used. These wells were sup -
ported by six CF bore holes of the Ve¾ké Zálužie se ries with
depths of up to 600 m, which pen e trated the whole Volkovce Fm.

The lithologies of the bore hole pro files were dig i tized us ing
the fol low ing code: (1) clays and silts, (2) sandy clays and sandy 
silts/clayey or silty sands, (3) sands, (4) grav elly sands, (5)
grav els and (6) coal lay ers and coaly clays. The lithotype of
clays and silts was di vided into two por tions ac cord ing to its or i -
gin sensu Mc Car thy et al. (1998) us ing the fol low ing fea tures:
(a) mas sive, of ten var ie gated, green ish to brown ish, con tain ing
red dish fer ric mot tles, cal car e ous nod ules and pedogenic ho ri -
zons, with a ter res trial or no mol lusc fauna, con sid ered as ter -
res trial and floodplain, and (b) oc ca sion ally lam i nated, with grey 
to blue colours, con tain ing a fresh wa ter and ter res trial mol lusc
fauna, and lack ing in di ca tions of subaerial weath er ing in ter -
preted as pond, ox bow lake or lac us trine in or i gin. The char ac -
ter is tics of the fa cies stud ied are sum ma rized in Fig ure 4. Apart
from these fa cies there are Qua ter nary loess and loess loams,
which could be clearly rec og nized in the logs. How ever, they
were not the ob ject of the study and were thus at trib uted to ter -
res trial clays and silts. The fa cies iden ti fied were in ter preted ac -
cord ing to their or i gin and grouped into fa cies as so ci a tions
based on Miall (2006), Amorosi et al. (2008) and Cam po et al.

(2016). The ge netic in ter pre ta tion of the strati graphic units is
based mainly on depositional pro cesses iden ti fied by fa cies
anal y sis of cor re la tive ex po sures.

Con trol fac tors on the spa tial vari a tion in the evo lu tion of the
al lu vial se quence stud ied were in ves ti gated in the north ern
Blatné de pres sion by con struc tion of four sur faces: (1) pre-Ce -
no zoic base ment map, (2) base of the up per Mio cene de pos its,
(3) base of the coarse-grained Piešïany Mem ber and (4) base
of the Plio cene–Qua ter nary de pos its, which over lie the
Piešïany Mem ber dis cor dantly. All four maps were con structed
by the or di nary kriging method in the area of the poly gon, which
lim its the dis tri bu tion of the CF bore holes (Fig. 3). The sur faces
of the up per Mio cene base and pre-Ce no zoic base were faulted 
in the in ter po la tion, con sid er ing faults in ter preted from seis mic
sec tions and well cor re la tions by oil sur veys (Vašek et al., 1961; 
Pavelka et al., 1963; Vejrostová and Adam, 1964; Pagáè, 1965; 
Lunga, 1968; Beinhauerová et al., 1969). Since the se quence
stud ied ap pears in depths above the reach of the seis mic sur -
veys, they were not used in the de tailed study. It was not pos si -
ble to con struct com pa ra ble struc tural maps in the west ern
Rišòovce de pres sion due to the low spa tial den sity of bore hole
data and be cause only a few bore holes reached the base of the
al lu vial se quence. The lat eral change of fa cies in the al lu vial se -
quence was in ves ti gated in the north ern Blatné de pres sion us -
ing an in ter po lated map of per cent age dis tri bu tion of the
coarse-grained lithotypes (grav els, sands with grav els, sands)
in bore hole pro files.

The re sult ing strati graphic model of the Volkovce For ma tion 
al lowed in ter pre ta tions in terms of in ter play be tween sed i ment
sup ply and ac com mo da tion rate (e.g., Heller and Paola, 1996;
Hickson et al., 2005; Nádor and Sztanó, 2011). This was per -
formed ac cord ing to se quence strati graphic prin ci ples in
intracontinental al lu vial se quences (e.g., Martinsen et al., 1999;
Püspöki et al., 2013).

The geo chron ol ogy of the up per Mio cene suc ces sion is in -
ferred mostly from authigenic 10Be/9Be dat ing. This dat ing
method was de vel oped by BourlÀs et al. (1989) and Lebatard et 
al. (2008), and a full de scrip tion of the meth od ol ogy used in the
north ern Dan ube Ba sin is given in Šujan et al. (2016). The lo ca -
tion of the pub lished dat ing re sults is in di cated in Fig ure 3, to -
gether with one new un pub lished re sult. Since the dat ing
method is re stricted to de pos its con tain ing clay par ti cles, the
new sam ple was taken from be neath the suc ces sion of the
Piešïany–Banka out crops, i.e. from the fine-grained part of the
lower Volkovce For ma tion (Figs. 2, 3 and 5).

RESULTS

The re sult ing strati graphic model con sists of four sep a rated
parts. Lat eral tran si tion in fa cies as so ci a tions of the Volkovce
For ma tion at two rep re sen ta tive lo cal i ties sit u ated along the
foot hills of the Považský Inovec Moun tains is stated in the first
part of the anal y sis. The sec ond and third parts com prise bore -
hole study of spa tial changes in the al lu vial se quence, which is
ana lysed sep a rately for the north ern Blatné and west ern
Rišòovce de pres sions. The fourth part is fo cused on the mor -
phol ogy of strati graphic sur faces in the north ern Blatné de pres -
sion (cf. Fig. 1B).

The Volkovce For ma tion was de pos ited in the ar eas of the
ex po sures stud ied, di rectly above the pre-Ce no zoic com plexes
of the Považský Inovec Moun tains (Fig. 2). Con versely, the
base ment of the se quence ex am ined in both the de pres sions
com prises the Beladice Fm., which could be dis tin guished in
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Fig. 4. Lithotypes of the al lu vial strata de fined in this study for
digitization of coun ter-flush well pro files Lithological char ac -
ter is tics, which were found dis tinc tive for in di vid ual
lithostratigraphic units dur ing re in ter pre ta tion of this study,
are men tioned when rec og nized



Late Miocene fluvial distributary system in the northern Danube Basin (Pannonian Basin System)... 527

Fig. 5. Sedimentological logs of the Piešïany–Banka locality with codes of lithofacies and labels of palaeoflow orientation

A – con tact be tween in clined len tic u lar bars (SGp) in the lower por tion of the out crop with on set of a new chan nel cy cle in the up per part
(GSp), bounded by a sharp ero sive base; B – tran si tion from bars of lithofacies SGh to SGp with grain size gra da tion; C – bars GSp with grain
size gra da tion; D – tran si tion from me dium to coarse sandy lithofacies to sandy-grav elly lithofacies; E – trough cross-strat i fied sands with out
gravel lag at the base; F – trough cross-strat i fied sands with a gravel lag at the base (St); G – me dium-grained sand with low-an gle in clined
lam i na tion (Si); lithofacies codes are ex plained in Ta ble 1; the age 10.54 ± 1.43 Ma was ob tained by the authigenic 10Be/9Be dat ing
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Fa cies as so ci a tion
Litho -
facies
code

Lithofacies de scrip tion Lithofacies ge om e try Depositional pro cess Sed i men tary en vi ron ment

Amal gam ated 
chan nels of a braided 
river in the prox i mal
zone of the flu vial
distributary sys tem

SGp

imbricated clast sup -
ported me dium grav els, 

pass ing up ward into
pla nar cross-strat i fied
ma trix sup ported me -
dium- to fine-grained
grav els, with coarse
sandy ma trix, and

caped by up per most
pla nar cross-strat i fied

coarse- to me -
dium-grained sand

len tic u lar in clined
body with sharp pla -

nar scoured base and 
top, with thick ness

50–80 cm

tran si tion from grav elly
to sandy bedload

channelized trac tion
cur rent

down stream mi grat ing
chan nel bar de pos ited in

main part of a braided
river chan nel

GSp

imbricated clast sup -
ported me dium grav els, 

pass ing up ward into
pla nar cross-strat i fied
ma trix sup ported me -
dium- to fine-grained
grav els, with coarse

sandy ma trix

len tic u lar in clined
body with sharp 

scoured strongly ero -
sive base and pla nar

scoured top, with
thick ness 50–150 cm

channelized trac tion
cur rent with dom i nance 
of grav elly bedload de -
pos ited by peak flow in

thalweg

down stream mi grat ing
chan nel bar de pos ited in
the deep est part of a river

chan nel

SGh

hor i zon tally ar ranged
clast sup ported fine
grav els, pass ing up -

ward into mas sive me -
dium- to

coarse-grained sand

len tic u lar in clined
body with sharp pla -

nar base and top,
with thick ness

~20 cm

tran si tion from grav elly
to sandy bedload shal -
low channelized trac -

tion cur rent

down stream mi grat ing
chan nel bar de pos ited in

shal low, al most filled
chan nel

River chan nel 
de pos its with out
spec i fy ing

St

trough cross-strat i fied
me dium to coarse

sand, lo cally with fine
gravel at the base

len tic u lar body with
sharp con cave up -

wards base and
sharp up per bound -

aries, 25–35 cm thick

sandy bedload
channelized trac tion

cur rent

3D dunes mi grat ing in
shal low parts of a chan nel 

and across the bars

Si
me dium-grained sand
with low an gle in clined

lam i na tion

pla nar strata few cm
thick with flu ent

bound aries

shal low unchannelized
trac tion cur rent

overbank de po si tion prox i -
mal to a chan nel

Me an der ing river
chan nel belt 
in the dis tal zone of 
the flu vial distributary 
sys tem

St

trough cross-strat i fied
coarse sand, oc ca sion -

ally with muddy
intraclasts

len tic u lar body with
sharp con cave base

and sharp up per
bound aries

sandy bedload
channelized trac tion

cur rent

3D dunes de pos ited in
thalweg of a lat er ally mi -
grat ing chan nel – sandy

bed macroform

Sr, SFf

rip ple cross-strat i fied
me dium- to

fine-grained sand, with
vary ing pro por tion of
mud drapes of flaser

bed ding

con tin u ous pla nar ho -
ri zon with slightly

sharp tran si tion from
un der ly ing St and flu -
ent tran si tion to over -
ly ing co-set of Fi and

Si

trac tion cur rent with
tran si tion from sandy

bedload to sus pended
load

lower part of the in clined
heterolithic strat i fi ca tion

on tran si tion from thalweg
de po si tion of mi grat ing rip -
ples to lat eral ac cre tion of

a point bar in a river
channel

Fi
silt to fine-grained silty
sand with low an gle in -

clined lam i na tion

in clined pla nar strata
with sharp scoured
ero sive up per and

lower bound aries, al -
ter nated with Si

sus pended load trac -
tion cur rent in clined heterolithic strat i -

fi ca tion (IHS) rep re sent ing 
lat er ally mi grat ing point

bar in a river chan nel with
cy clic vari a tion of high dis -
charge in a perennial riverSi, Sr

fine- to me -
dium-grained sand with 
low an gle in clined lam i -

na tion, lo cally with
small rip ples and mud

drapes

in clined pla nar strata
with sharp scoured
ero sive up per and

lower bound aries, al -
ter nated with Fi

sandy bedload trac tion
cur rent

Fm, Fh

mas sive or very weakly 
strat i fied clays and

silts, with red dish mot -
tles, calcretes, cal car e -
ous incrustations and

rootlets

ho ri zon con tin u ous in
lat eral di men sion

de po si tion mainly from
sus pen sion, then af -

fected by pedogenesis
with ap pear ance of

veg e ta tion

overbank de po si tion in
floodplain en vi ron ment

T a  b l e  1

Sum mary of lithofacies de scrip tion and in ter pre ta tion from the Piešïany–Banka and Hlohovec–Pastuchov lo cal i ties
 (see Figs. 5 and 6)



the bore holes from the over ly ing al lu vial se quence by the pres -
ence of mixed brack ish and fresh wa ter molluscs and ostracods, 
a high con tent of blue and green clays with out weath er ing
traces (subaquatic fa cies) and a much higher con tent of sandy
and grav elly fa cies com par ing with the over ly ing lower part of
the Volkovce For ma tion (Rybár et al., 2016). The Volkovce For -
ma tion is over lain in the Blatné de pres sion by the 20–40 m thick 
Plio cene–Qua ter nary Kolárovo For ma tion, which is com posed
mostly of flu vial grav els and grav elly sands (Fig. 2). This lo cally
leads to prob lems in dis tin guish ing from the un der ly ing
Piešïany Mem ber in the north ern most part of the de pres sion,
but the bound ary could be mostly cor re lated be tween bore holes 
us ing dif fer ences in pe trog ra phy and col our (Fig. 4). The cover
of the Volkovce For ma tion com prises, in the Rišòovce de pres -
sion, only a thin Qua ter nary flu vial and ae olian suc ces sion.

FACIES ANALYSIS OF THE VOLKOVCE
FORMATION OUTCROPS ALONG 

THE POVAŽSKÝ INOVEC MOUNTAINS

The prox i mal fa cies at the Piešïany–Banka lo cal ity
(Piešïany Mem ber). The Piešïany Mem ber ap pears on the
sur face in sev eral 3–5 m high ex po sures in the foot hills of the
Považský Inovec Moun tains be tween Piešïany and Banka
(Fig. 3). A com pos ite lithofacies log al most 20 m long was con -
structed from these out crops. It rep re sents a typ i cal re cord of
the prox i mal FDS (Fig. 5). The strata are strongly lithified by
sec ond ary ce men ta tion, prob a bly as so ci ated with springs –
feed ers of the fresh wa ter car bon ate sed i men ta tion of the
Hlavina Mem ber (cf. Fig. 2).

The low er most part of the ex po sures stud ied were sam pled
for authigenic 10Be/9Be dat ing. The new sam ple was taken from
clays be low the coarse sandy-grav elly suc ces sion of the
Piešïany Mem ber (Fig. 5), which cor re lates with the lower part
of the Volkovce For ma tion de scribed in the Blatné de pres sion
infill. The sam ple has an age of 10.54 ± 1.43 Ma, in agree ment
within un cer tainty with the ex pected time span of the lower part
of the for ma tion rang ing 10.0–9.0 Ma (cf. Fig. 2).

D e s c r i p t i o n. – The ex po sures con sist of 2.5 to 4 m
thick cy cles, bounded by sig nif i cantly ero sive, hor i zon tally ori -
ented sur faces with ob vi ous scours and an an gu lar con tact with
un der ly ing units (Fig. 5A). All ob served lithofacies are sum ma -
rized in Ta ble 1. Most of the ex po sures are built of three types of 
gravely to sandy up ward fin ing lithofacies:

1. Imbricated clast-sup ported me dium grav els, pass ing
up wards into pla nar cross-strat i fied ma trix-sup ported
me dium to fine-grained grav els and ter mi nat ing with pla -
nar cross-strat i fied coarse to me dium-grained sand
(lithofacies SGp; Fig. 5B). A grad ual up ward fin ing in -
side each unit is ob vi ous. The thick ness of the units is
be tween 50 and 80 cm and they com monly re duce in
thick ness up wards within a cy cle. The basal sur face is
rarely ero sive. The thick est units con tain an gu lar sand -
stone intraclasts near their base (po si tion in log 189.5 m
and 190.5 m a.s.l.). The units dip par al lel with the
palaeoflow di rec tion and have an in cli na tion of ~15°
(Fig. 5A). Un for tu nately, the qual ity of out crop al lows an
ob ser va tion of their len tic u lar na ture only lo cally.

2. Imbricated clast-sup ported me dium grav els, pass ing
up wards into pla nar cross-strat i fied ma trix-sup ported
me dium to fine grav els, with no sandy ter mi na tion
(lithofacies GSp; Fig. 5C). An up ward fin ing of the li thol -
ogy in a sin gle unit is also ob vi ous. These units are usu -
ally sit u ated in the lower part of the cy cles just above the

bound ing ero sive sur face and may reach a thick ness of
1.5 m. This sec ond type of up ward fin ing lithofacies GSp 
usu ally passes up into first type of up ward fin ing
lithofacies SGp. The ero sive base of unit is more com -
mon than in the first type. The in cli na tion and len tic u lar
na ture of the units is sim i lar to that of lithofacies SGp.

3. Hor i zon tally ar ranged clast-sup ported fine gravel, pass -
ing into mas sive sand stone (lithofacies SGh; Fig. 5B).
This type of up ward fin ing lithofacies is thin (~20 cm)
and oc curs less fre quently in com par i son with the pre vi -
ous two types. The gra da tion is more abrupt and its
lower bound ary is not ero sive. 

Grav els are rounded to well-rounded in all the de scribed
lithofacies, with the ex cep tion of sand stone intraclasts in the
lithofacies SGp. The pet ro log i cal com po si tion is char ac ter is tic,
with a pre dom i nance of quartz and a mi nor pro por tion of car -
bon ates and cherts. Quartz ite and gran ite oc cur lo cally (Maglay 
et al., 2011).

Trough cross-strat i fied coarse- to me dium-grained sand -
stone, lo cally with fine-grained gravel at its base, forms most of
the lower sandy part of the out crop log (St; Fig. 5D–F). Trough
cross-strat i fi ca tion reaches a thick ness of 25–35 cm and is typ i -
cal with a con cave up wards ero sive base. Me dium-grained
sand stone with low-an gle in clined lam i na tion was ob served be -
low the trough cross-strat i fied sands. Lithofacies Si forms a set of 
lay ers at least 60 cm thick with an in cli na tion of <15° (Fig. 5G).

I n t e r p r e t a t i o n. – The grav elly-sandy up ward fin ing
lithofacies rep re sents bar units formed by a channelized trac -
tion cur rent, which is in di cated by the thick ness of the in di vid ual
fin ing-up wards units (Ta ble 1). SGp was de pos ited dur ing the
change from gravel bedload trans port to sandy bedload, while
the GSp was formed by gravel bedload pass ing into grav -
elly-sandy bedload trans port. The gravel bedload trans port pre -
vails in the deeper part of a chan nel fill cy cle with thalweg de po -
si tion. Thin units of SGh were prob a bly de pos ited by trac tion
cur rent in the shal low est part of a chan nel, where 3D sandy
dunes of trough-cross strat i fi ca tion (St) also formed (e.g.,
Bridge and Lunt, 2006; Kostic and Aigner, 2007).

The thick ness of bar units and gravel con tent re flects vari -
ance of flow strength and depth in dif fer ent parts of a chan nel.
The ori en ta tion of the palaeoflow di rec tion is of low vari abil ity,
pre dom i nantly to the south (Fig. 5). This is in dic a tive of a down -
stream ac cre tion macroform ac cord ing to Miall (2006).
Palaeoflow depth should be com pa ra ble with the thick ness of a
sin gle chan nel-fill cy cle bounded by ero sive sur faces with an gu -
lar ter mi na tions of bar units (Bridge and Tye, 2000). Since the
cross-strat i fied units SGp and GSp are not con sid ered as
dunes, thick ness of in di vid ual units could not be used for flow
depth cal cu la tion. These units are of in clined len tic u lar shape,
form ing in te grated up ward fin ing cy cles bounded by ero sive
bound aries, which are con sid ered as sin gle chan nel fill bod ies.
Strongly ero sive con tacts in di cate that the up per parts of the
chan nel fills are prob a bly miss ing. The thick ness of sin gle up -
ward fin ing cy cles reaches 4 m and palaeoflow depth may
there fore be es ti mated to have been at least 4 m.

The stacked pat tern of the chan nel-fill fa cies and high de -
gree of ero sion, to gether with the oc cur rence of down stream
ac cre tion units and no pres er va tion of overbank strata, sug -
gests de po si tion by a braided river. The amal gam ation of river
chan nel bod ies may in di cate a low ac com mo da tion rate com -
pared to sed i ment sup ply (e.g., McLaurin and Steel, 2007;
López and Steel, 2015).

The lower part of the suc ces sion con tains a con sid er ably
higher sand pro por tion, which might have been de pos ited in a
mi nor chan nel of a braided stream. The low-an gle in clined and
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lam i nated sands (Si) may rep re sent a levee or a point-bar fa -
cies, char ac ter is tic of a me an der ing river. How ever, there is not
enough in for ma tion for the proper in ter pre ta tion of the
lithofacies Si (cf. Fig. 5D, F, G).

Sev eral in ter pre ta tions of the lithostratigraphic po si tion of
the Piešïany Mem ber have been pre vi ously made. Most re -
cently, Sliva et al. (2007) con sid ered this mem ber as a basal
transgressive de posit of the lac us trine Ivanka For ma tion. Sev -
eral au thors de scribed fresh wa ter and ter res trial molluscs, but
no brack ish spe cies was iden ti fied in situ from the Piešïany
Mem ber (Horusitzky, 1911; Ètyroký, 1959; Brestenská et al.,
1961). Basal transgressive fa cies are very rare in the Ivanka
For ma tion (Rybár et al., 2016), and in Lake Pannon usu ally
reach only sev eral metres of thick ness (Csillag et al., 2010).
Con sid er ing these facts and the flu vial or i gin of the ex po sures
ex am ined, the Piešïany Mem ber is clearly a part of the
Volkovce For ma tion (cf. Fig. 2).

The dis tal fa cies at the Hlohovec–Pastuchov lo cal ity.
The suc ces sion ob served at the Hlohovec–Pastuchov out crop
rep re sents the youn gest part of the Volkovce For ma tion, de -
pos ited at ~6.5–6.0 Ma ac cord ing to authigenic 10Be/9Be dat ing
(Šujan et al., 2016; dat ing re sults are shown in Figs. 3 and 6).
The fa cies is sim i lar to that seen in sev eral other sandpits,
which ap pear in the vi cin ity of the south ern mar gin of the
Považský Inovec Moun tains. The face of the ex po sure is up to
7 m high and 150 m wide. The main part of the out crop is de -
picted in Fig ure 6 and the lithofacies de scribed are sum ma rized 
in Ta ble 1.

D e s c r i p t i o n. – The ex po sure shows three ma jor al lu -
vial units with dif fer ent as so ci a tions of lithofacies:

1. A unit of coarse sandy trough cross-strat i fied sets, sit u -
ated in the lower part of the suc ces sion. The trough
cross-strat i fied len tic u lar strata with con cave-up wards
bases (St) are 25–60 cm thick, with a mean value of
40 cm (Fig. 6A, G). Mud intraclasts lin ing the
cross-strat i fi ca tion are com mon in the up per part of the
trough cross-strat i fied unit (Fig. 6B). The base of the
unit is not ex posed and there fore its thick ness could not
be de ter mined. The ori en ta tion of the trough cross-strat -
i fi ca tion var ies along the ex po sure face from SSW to W
(Fig. 6).

2. A unit of in clined heterolithic strat i fi ca tion (IHS) is sit u -
ated in the mid dle part of the suc ces sion. The unit be -
gins with a rip ple cross-strat i fied unit of me dium to fine
sand ~50 cm thick, with a vary ing pro por tion of mud
drapes form ing flaser bed ding (SFf; Fig. 6B, C, E1). The 
con tact with the un der ly ing trough cross-strat i fied ho ri -
zon is ap par ently not ero sive.
The pro por tion of silt in creases up wards. There are sep -
a rate silty to fine-grained sandy lay ers that al ter nate with 
fine- to me dium-grained sandy lay ers (Fig. 6D, E). This
com bi na tion is des ig nated as in clined heterolithic strat i -
fi ca tion (IHS) ac cord ing to Thomas et al. (1987). The
silts to fine-grained sands are lam i nated with low-an gle
in cli na tion (Fi), while the fine- to me dium-grained sandy
lay ers are lam i nated with low-an gle in cli na tion (Si) to rip -

ple cross-strat i fied (Sr) or flaser bed ded sands with an
ad mix ture of fines (SFf). The thick ness of the fine to me -
dium sandy lay ers de creases up wards (from 40 to
20 cm) and the silty to fine sandy lay ers thicken up wards 
(from 10 to 35 cm), lead ing to an over all fin ing-up wards
trend (see logs in Fig. 6). Con tacts be tween in di vid ual
lay ers are ero sive and small scours may be ob served
(Fig. 6D, E). The lam i na tion in the over ly ing lay ers usu -
ally fol lows the mor phol ogy of the ero sive sur face sit u -
ated be low. There are well-de vel oped fos sil roots in the
lower part of IHS (Fig. 6F). These roots were de vel oped
on a silty to fine sandy sur face and pen e trate into the un -
der ly ing me dium sandy de pos its. The palaeosurface on
which they formed is high lighted by cal ci fi ca tion fea tures 
of an ini tial pedogenic ho ri zon. The thick ness of IHS var -
ies from 2.0 to 3.0 m with an in cli na tion of ~25° to wards
the E to SSE along the ex po sure face. Con cave curved
heterolithic lay ers are pres ent in the up per part of IHS in
the left part of the out crop, form ing a de pres sion ~6 m
wide (Fig. 6).

3. A unit of mas sive or very weakly strat i fied clays and silts
at the top of the suc ces sion con sists of var ie gated mas -
sive clays with red dish mot tles, calcretes, cal car e ous
incrustations and rootlets (Fig. 6H). The ho ri zon has a
uni form thick ness of ~1.5 m. The suc ces sion is over lain
by a loess se quence of vari able thick ness (Fig. 6).

The pe trog ra phy of the de pos its was stud ied at a nearby
out crop. The com po si tion of the sands ex am ined con sist pre -
dom i nantly of quartz with vari able amounts of al tered feld spars
and rare mus co vite. Heavy min er als in clude almandine, zir con
and tour ma line (Šarinová and Slemenský, 2009).

I n  t e r  p r e  t a  t i o n . – The lower unit may be con sid -
ered as a set of 3D dunes, form ing a thalweg de posit that ac cu -
mu lated from trac tion cur rents – a sandy bed macroform (SB;
Miall, 2006). The IHS ho ri zon is in ter preted as a lat er ally
accreted point bar in a me an der ing stream as de scribed by
Thomas et al. (1987). This is sup ported by the dip ori en ta tion of
the lam i na tion, in which that of IHS is per pen dic u lar to that of the 
dunes that are sit u ated be low. The vari a tion in li thol ogy (finer
and coarser frac tion) in di cates cyclicity in the river flow re gime,
with al ter nat ing sed i men ta tion from trac tion cur rents and from
sus pen sion. Some ero sive sur faces reg u larly bound finer as
well as coarser lay ers. Their pres ence shows an in crease in
stream dy nam ics be fore the de po si tion of each layer. By con -
trast, the oc cur rence of fos sil roots in the lower part of IHS re -
flects very low dis charge and dy nam ics of the stream. There
fre quently is a grad ual in crease in the vol ume of the silty frac tion 
through flaser bed ding be tween the lay ers, in di cat ing a grad ual
de crease in the flow’s trans port ca pac ity. An up wards in crease
in the thick ness of the fine-grained lay ers within IHS is com mon
due to shallowing in the up per parts of the point bar re sult ing in
a lower trans port ca pac ity there. A con vex pat tern in IHS in the
up per left part of the out crop (Fig. 6) is in ter preted as a chute
chan nel formed in the up per part of the point bar, sim i lar to the
one de scribed by Ghazi and Mountney (2009). The up per most
mas sive to weakly strat i fied clays and silts were de pos ited from
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Fig. 6. Lithology of the Hlohovec–Pastuchov exposure with extent of macroforms, sedimentological logs, codes of lithofacies
and palaeoflow orientation

A – trough cross-strat i fied sands; B – tran si tion from trough cross-strat i fied sands to rip ple cross-strat i fied sands and to flaser bed ding, note
muddy intraclast a few cm in di am e ter marked in lithofacies St; C – rip ple cross-strat i fied sands; D – de tail of in clined heterolithic strat i fi ca tion
(IHS), note the chang ing li thol ogy and ero sive con tacts; E – de tail of IHS with oc cur rence of rip ples and flaser bed ding, for more de tails see
Fig ure E1; F – lower part of IHS con sist ing of fos sil roots, which are formed in a silty layer to gether with an ini tial pedogenic ho ri zon; G –
trough cross-strat i fied sands; H – floodplain fines over lain by a Qua ter nary loess se quence; lithofacies codes are ex plained in Ta ble 1; dat ing 
re sults are ac cord ing to Šujan et al. (2016)



Late Miocene fluvial distributary system in the northern Danube Basin (Pannonian Basin System)... 531



sus pen sion in an unchannelized overbank en vi ron ment, then
mod i fied by pedogenic and ox i da tion pro cesses that are, inter
alia, in dic a tive of a floodplain or i gin (Mc Car thy et al., 1998;
Cam po et al., 2016).

The com plete al lu vial suc ces sion at the out crop, to gether
with the over ly ing overbank fines, con sti tutes an up wards fin ing
cy cle, typ i cal of a me an der ing chan nel belt. The thick ness of
the lat er ally accreted point bar in di cates a flow depth of at least
3 m (Bridge and Tye, 2000). Tak ing into ac count sev eral pub -
lished ap proaches of palaeoflow depth cal cu la tion based on
mean thick ness of the trough cross-strat i fied sets, the es ti mate
ranges from 3.5 m (Allen, 1968; Bridge and Tye, 2000) to 5 m,
when con sid er ing ero sion of a dune be fore de po si tion of a new
cross-set (Leclair and Bridge, 2001). How ever, the de gree of
pres er va tion of a dune dur ing form ing of a cross-set is hard to
es ti mate. The gen eral palaeoflow di rec tion was to wards the SW 
and mi gra tion of the chan nel was to wards the SE.

STRATIGRAPHIC ARCHITECTURE 
OF THE VOLKOVCE FORMATION 

IN THE NORTHERN BLATNÉ DEPRESSION
INFERRED FROM BOREHOLES

The char ac ter is tic fa cies and well log pat terns of the al lu vial
se quence stud ied are de picted in Fig ure 7. The Volkovce For -

ma tion con sists of two dis tinct superposed units in the north ern
Blatné de pres sion. The lower Volkovce For ma tion with a ra tio
be tween sandy-grav elly de pos its and clays/silts rang ing usu ally 
from 0.1 to 0.25 across the de pres sion, con sists only of the
fine-grained al lu vial suc ces sion (Fig. 7C). The up per Volkovce
For ma tion, spa tially het er o ge neous with three lat er ally tran si -
tional zones, may be ob served on geo log i cal sec tions and on
maps of fa cies dis tri bu tion that are in cluded be low. The doc u -
mented tran si tion forms a dom i nantly grav elly suc ces sion on
the north (con sid ered as an equiv a lent of the Piešïany Mem ber; 
Fig. 7A), through a tran si tional suc ces sion (Fig. 7B), to the
prevailingly clayey suc ces sion with low fre quency of sandy bod -
ies to the south (Fig. 7C). The bound ing sur face be tween these
two units is an eas ily cor re lat able strati graphi cal bound ary in the 
north ern Blatné de pres sion.

LOWER VOLKOVCE FORMATION

D e s c r i p t i o n. – The lower unit of the Volkovce For ma -
tion is gen er ally of very fine-grained com po si tion, but lo cally
con tains up to 50% of grav elly lay ers and is spa tially het er o ge -
neous. It mainly con sists of light brown and var ie gated clays
with cal car e ous nod ules, pedogenic fea tures and red dish mot -
tles, while lam i nated clays of grey, green to blue colours are
less fre quent, form ing only sev eral metre-thick in ter vals. Clays
con tain com monly fresh wa ter (e.g., Brotia escheri, Bythinia sp.,
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Fig. 7. Definition of zones of the fluvial distributary system in the Volkovce Formation

Def i ni tion is based on their char ac ter is tic fa cies as so ci a tions in ferred from dis tri bu tion of lithotypes in well pro files, to gether with well log re -
sponses and their in ter pre ta tion typ i cal for each fa cies as so ci a tion; FDS – flu vial distributary sys tem; FA – fa cies as so ci a tion; SP – spon ta ne -
ous po ten tial well-log; Res – re sis tiv ity well-log



Planorbis sp., Unio sp.) and ter res trial mol lusc spe cies (e.g.,
Carychium sp., Isognomostoma sp.). Coal lay ers and coaly
clays oc cur rarely. Sandy-grav elly bod ies are usu ally 7 to 15 m
thick (Figs. 8–10). Sandy grav els fre quently have a red dish
sandy-clayey ma trix.

An in crease in the amount of sandy and grav elly lithotypes
can be ob served in the north ern part of the de pres sion (Fig. 9;
bore holes Pie-22, Pie-40, Pie-39, Pie-37, Bu-144) and in its
east ern part (Fig. 10; bore holes Bu-110, Bu-115, Pie-15,
Pie-14, Pie-13). The thick ness of the unit is uni form (~40 m;
Fig. 8) and (40–60 m; Fig. 10), while it in creases to 100 m to -
wards the cen tral part of the Blatné de pres sion (Fig. 9).

The well-log pat tern of the se quence is mostly ser rated with
low am pli tude, with only mi nor de flec tions (e.g., Rat-1, Mad-7;
Fig. 11). Up wards fin ing bell-shaped trends can be ob served in
bore holes Mad-4, Mad-1 and Mad-5; how ever, a 35 m thick up -
wards fin ing pat tern ap pears in bore hole Mad-6 (Fig. 11).

I n t e r p r e t a t i o n. – Four fa cies as so ci a tions ac cord -
ing to Miall (2006) and Cam po et al. (2016) were dis tin guished
in this con tri bu tion (Fig. 7). The dom i nant fa cies in the lower
Volkovce For ma tion com prises ter res trial clays and silts, de -
pos ited from sus pen sion on a floodplain fa cies as so ci a tion (F).
Subaquatic clays of grey to blue colours are mi nor, in di cat ing
the oc ca sional pres ence of ox bow lakes or ponds (P) pre serv -
ing plant de tri tus, con sid ered as coal lay ers. The sandy and

grav elly bod ies could be in ter preted as chan nel belts (CH).
Sandy units a few metres thick are con sid ered as cre vasse
splay de pos its (S). From the pro por tion of in-chan nel and
overbank de pos its, the se quence de scribed prob a bly rep re -
sents a me an der ing river en vi ron ment (Bridge and Diemer,
1983). The up ward fin ing trends in well logs in di cate point bar
de pos its of the chan nels. The me an der ing river en vi ron ment is
sug gested also by a good lat eral con ti nu ity of chan nel bod ies
be tween bore holes, which com monly ex ceeds 2.5 km. The av -
er age width/thick ness ra tio >200 re veals a high de gree of the
lat eral mi gra tion of a river chan nel (Gibling, 2006). How ever,
there are no cor re la tive ex po sures for prov ing the depositional
pro cesses by fa cies anal y sis. The dis tri bu tion of coarse de pos -
its in the north ern and east ern parts of the area im plies a pos si -
ble main course of the distributaries.

UPPER VOLKOVCE FORMATION – FLUVIAL DISTRIBUTARY SYSTEM

D e s c r i p t i o n. – The fa cies as sem blage of the N and
NE zone (the prox i mal zone) is char ac ter ized by a con tin u ous
suc ces sion of grav els and/or sandy grav els, only oc ca sion ally
sup ple mented by sands and rare var ie gated and brown clays
(Fig. 7). Its con tent of coarse lithotypes var ies be tween 100 and
60%, and usu ally is ~90% (Fig. 12). The thick ness of the up per
Volkovce For ma tion in this zone at tains 80–100 m. The prox i -
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Fig. 8. Geological section oriented in a NNE–SSW direction

Note the lateral lithological transition in the upper Volkovce Formation – Piešïany Member; for location see Figure 3
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Fig. 10. Geological section oriented in NW–SE direction

Note the asymmetry of the depicted basin fill; for location see Figure 3; for other explanations see Figure 8

Fig. 11. Correlation scheme of well-log electrofacies oriented generally in NNE–SSW direction

For location see Figure 3; for other explanations see Figure 8



mal zone reaches a width of at least 13 km in the study area, but 
prob a bly ex tends far ther to the north.

The prox i mal zone passes into a rel a tively nar row me dial
zone of tan gen tial shape, the width of which does not ex ceed
6 km (Fig. 12). This zone typ i cally has a 60–20% con tent of
coarse lithotype lay ers in its suc ces sion with sev eral lo cal ex -
cep tions (Figs. 8–10). The zone con sists of grav elly and sandy
bod ies 5–10 m thick. Thin (a few metres) lay ers of coarse de -
pos its are not com mon in this zone. Fine-grained lithotypes
com prise dom i nantly brown and var ie gated clays/silts, while
grey to blue clays/silts are rare. The me dial zone at tains a thick -
ness of 40 to 100 m and it fre quently oc curs in ar eas of lesser
thick ness of the up per Volkovce For ma tion (cf. Figs. 8–10).

The SW part of the study area is oc cu pied by the dis tal
zone, which typ i cally has no more than 20% of coarse lay ers
(Figs. 8–10). The main part of the suc ces sion is rep re sented
dom i nantly by brown, var ie gated and less com mon grey to blue
clays/silts. Sandy and grav elly lay ers are rare (cf. Fig. 7). The
dis tal zone reaches a thick ness of 80–100 m. Ter res trial and
fresh wa ter molluscs are oc ca sion ally re ported in this zone
(Lunga, 1964a, 1966).

The well-log re cord of the electrofacies for the prox i mal
zone in the NE area is mainly rep re sented by up wards fin ing cy -
cles and blocky pat terns, while the ser rated pat tern forms <35% 
(Fig. 11; be tween bore holes Mad-4 and Mad-5). The thick ness
in the range of 20–30 m of each in di vid ual sed i men ta tion cy cle
was de ter mined based on the ob served pat tern of the sig nal.
The me dial zone is rep re sented by bore holes Rat-1 and Tra-11
(Fig. 11). In the dis tal zone there is no ticed an in crease in the
ser rated pat tern and sym met ri cal to bell-shaped trends. Thus,
the lat eral tran si tion of the up per Volkovce For ma tion was doc -
u mented as well. The up wards fin ing trend of the SP curve in
bore hole Tra-12 at a depth of 50–80 m is con sid ered as un re li -
able due to a dis crep ancy with the li thol ogy of neigh bour ing
bore holes (Fig. 11).

I n t e r p r e t a t i o n. – It was dem on strated by fa cies
anal y sis of the suc ces sion that in-chan nel de po si tion of stacked 
braided river chan nels dom i nated in the prox i mal zone, while
me an der ing chan nels and floodplain de po si tion is at trib uted to
the dis tal zone. The lat eral tran si tion of fa cies com po si tion in the 
bore hole re cord cor re sponds well to the tran si tion in al lu vial
depositional fea tures in ferred from the out crops. Five fa cies as -
so ci a tions were dis tin guished in the up per Volkovce For ma tion,
in clud ing the amal gam ated chan nels (ACH), be side the four
ones men tioned above (CH, S, F, P).

The change from the al most 100% grav elly and sandy-grav -
elly prox i mal zone to the dis tal zone with 10–15% sandy and
grav elly lay ers on av er age among pre dom i nant floodplain fa cies
im plies a strong de crease in the trans port ca pac ity of the
palaeo-stream. A ra dial char ac ter of this tran si tion and in crease
in pro por tion of overbank fa cies in the dis tal zone sug gest that
the up per Volkovce For ma tion was de pos ited by a flu vial
distributary sys tem (FDS; Nichols and Fisher, 2007). The
palaeomargin of the ba sin, where the apex of the distributary sys -
tem was sit u ated, is hard to lo cate due to a lack of suf fi cient data
and be cause the suc ces sion was par tially eroded to wards the
north of the study area dur ing the Plio cene and/or Qua ter nary.

Al though the sed i men tary se quence in the prox i mal zone is
usu ally ho mo ge neous lithologically in bore holes, well log pat -
terns im ply the pres ence of in di vid ual 20–30 m thick units,
which are con sid ered to rep re sent amal gam ated chan nel cy -
cles. Floodplain fa cies are more com mon in the up per most part
of the prox i mal zone, in di cat ing some up ward de crease of
coarse sed i ment sup ply. The low width of the me dial zone in di -
cates a rapid de crease in trans port ca pac ity or change in ori en -
ta tion of distributaries. Sig nif i cantly, this lat eral tran si tion is ver -
ti cally stacked in the same place dur ing de po si tion of the
Piešïany Mem ber. Sheetflood sandy and grav elly de pos its of
de bris flows, which are ex pected to oc cur in the me dial to dis tal
zones of FDS (Nichols and Fisher, 2007), are not a com mon el -
e ment and coarse-grained lithotypes are lim ited to the chan nel
belts. Overbank fines (brown and var ie gated with cal car e ous
nod ules and fer ric mot tles) dom i nate in the com po si tion of
fine-grained lithotypes of the me dial and dis tal zones, while
pond or ox bow de pos its (grey to blue fines) are rare.

The fa cies as so ci a tions of the dis tal zone, rep re sent ing a
me an der ing river, are very sim i lar to those of the un der ly ing
lower Volkovce For ma tion. There fore, the po si tion of the
bound ary be tween the suc ces sions is, at the south ern mar gin of 
study area, lo cally ques tion able.

Be side these char ac ter is tics, an ob vi ous asym me try of the
FDS body stud ied could be ob served (Fig. 12). The shape of
FDS in di cates that sed i men ta tion oc curred also on re cently up -
lifted flanks of the Považský Inovec Moun tains. This is sup -
ported by ap pear ance of the Piešïany Mem ber at the sur face
and di rectly above the pre-Ce no zoic com plexes (cf. Fig. 3). The 
up lift of the Považský Inovec Moun tains to their re cent po si tion
took place mainly dur ing the Late Plio cene and Qua ter nary
(Kováè et al., 2001; Sliva et al., 2002).

STRATIGRAPHIC ARCHITECTURE 
OF THE VOLKOVCE FORMATION 

IN THE WESTERN RIŠÒOVCE DEPRESSION
INFERRED FROM BOREHOLES

The asym met ric shape of the FDS struc ture in the north ern
Blatné de pres sion and its po si tion above the pre-Ce no zoic of
the Považský Inovec Moun tains to gether with palaeoflow di rec -
tions in the Piešïany–Banka out crops in di cate that the gen eral
di rec tion of palaeotransport might have been con fined by the el -
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Fig. 12. Map of percentual pro por tion of coarse-grained
lithotypes (grav els, sands with grav els, sands) in the flu vial
distributary sys tem (up per Volkovce For ma tion) in the Blatné
de pres sion

Zonation of FDS is defined by distribution of different associations 
of lithofacies; other explanations as in Figure 3



e vated north ern por tion of the Považský Inovec Moun tains. Af -
ter the flow passed along the horst, the main sed i ment trans port 
may have been di verted to the SE in the di rec tion of the
Rišòovce de pres sion.

In or der to in ves ti gate whether the main di rec tion of trans port
of FDS in the north ern Blatné de pres sion was to wards the SE
and crossed over the gen tle base ment up lift of the Považský
Inovec Moun tains, 65 lithological logs of wa ter ex plo ra tion wells
and six CF bore holes were ob tained from the west ern Rišòovce
de pres sion (Fig. 13). The pro por tion of coarse lithotypes (grav -
els, sands with grav els, sands) was cal cu lated for each well
which pen e trated the Volkovce For ma tion (Fig. 13A).

D e s c r i p t i o n. – The thick ness of the Volkovce For ma -
tion is 180 m in the area of Hlohovec, where it is sit u ated above
pre-Ce no zoic gran ites (Fig. 13B; well HGH-2), and reaches up
to 550 m in the CF bore holes of the Ve¾ké Zálužie suc ces sion
lo cated near the vil lage of Lukáèovce (cf. Figs. 13 and 14). A
lithological zonation in the bore holes ex am ined could be de -
duced based on the pro por tion of sandy/grav elly units in al lu vial
se quence.

The area to the NE of the vil lage of Dolné Trhovište is char -
ac ter ized by a small pro por tion of coarse lithotypes (0–20%, ex -
cep tion ally 20–30%). The bore holes with the low est pro por tion
are sit u ated near sur face out crops of the Hlavina Mem ber in the 
foot hills of the Považský Inovec Moun tains. The coarse
lithotypes are rep re sented mainly by sands form ing 4 to 8 m
thick bod ies, while grav els are not com mon. Most of the
lithological pro files are com posed of var ie gated and light brown
clays/silts with cal car e ous nod ules and fer ric mot tles (Fig. 13B).

The pro por tion of coarse-grained lithologies in the Volkovce 
For ma tion reaches 30 to 50% and up to 70% lo cally in the SW
area. Grav elly lay ers are com mon in this ter ri tory and may form
con tin u ous suc ces sions that are sev eral tens of metres thick
(well HVH-1; Fig. 13B). Thick sandy bod ies ap pear also in the
bore holes ex am ined. The lower part of well HGH-2, ~80 m
thick, has a pre dom i nantly fine-grained com po si tion. The up per
part of the well shows a con sid er able in crease in the coarse
lithotypes with pres ence of grav els (Fig. 13B).

The SE area dif fers from pre vi ously in ves ti gated by a con -
sid er able thick ness of the Volkovce For ma tion. The al lu vial suc -
ces sion could be di vided into two units based on the Ve¾ké
Zálužie CF bore holes (Fig. 14). The low er most 125–175 m thick 
unit is finer-grained with ~15% of sandy units, from which only
few ex ceed 10 m in thick ness. Subaquatic clays are com mon
and to gether with var ie gated and brown ish clays form most of
the suc ces sion. The up per unit, up to 375 m thick, is gen er ally of 
up wards fin ing cy cles be gin ning with a com mon me dium to
coarse sandy bod ies. These sandy units form ~30% of the
lithological pro file and are 5–10 m, lo cally up to 15 m, thick.
Grav els as well as sub aque ous pond clays are rare. Fine sands
form units mostly 2–3 m thick. The tran si tion from the deltaic
Beladice For ma tion to the al lu vial Volkovce For ma tion is
marked here by the dis ap pear ance of brack ish fauna and lig -
nites as well as by a sig nif i cant de crease in the pro por tion of
sandy-grav elly strata (Fig. 14).

I n t e r p r e t a t i o n. – The Volkovce For ma tion is con sid -
er ably thicker in the west ern Rišòovce de pres sion than in the
north ern Blatné de pres sion, which sug gests a higher late Mio -
cene ac com mo da tion rate. A su per po si tion of two units with dif -
fer ent pro por tions of sands and grav els could be cor re lated with
the lower and up per parts of the Volkovce For ma tion, as in the
north ern Blatné de pres sion. Re gard ing the com po si tion of the
up per Volkovce For ma tion shown in Fig ure 13B, the 5–10 m
thick sandy/grav elly units rep re sent chan nel fills (CH), in ac cor -
dance with depositional pro cesses doc u mented from ex po sures
(cf. Fig. 6). How ever, a sig nif i cant pro por tion of amal gam ated
sandy-grav elly chan nels (ACH) sev eral tens of metres thick were 

ob served close to the west ern mar gin of the Rišòovce de pres -
sion (Fig. 13B). Far ther to the south (Fig. 14), the size and per -
cent age of the chan nel de pos its is re duced, but there is still an in -
crease in their pres ence at the bound ary of the two al lu vial units.
The sig nif i cant de crease of pond fa cies (P) from the lower to up -
per Volkovce For ma tion may in di cate a change from a poorly
drained to a well drained floodplain con nected with in creased
sed i ment in put (Fig. 14; Amorosi et al., 2016).

The bore hole data de scribed  re veal that the main al lu vial
in put of coarse sed i ments into the west ern part of the Rišòovce
de pres sion could not have come from ar eas lo cated to the
north, where chan nel-fill lithotypes form only a mi nor part of the
suc ces sion. More likely, the stream trans port ing coarse sed i -
ments to FDS in the north ern Blatné de pres sion con tin ued near 
the mar gin of the Považský Inovec morphostructure to wards
the SE and de pos ited a sandy-grav elly al lu vial suc ces sion in
the SW Rišòovce de pres sion. This palaeogeographic sce nario
might also ex plain the nar row char ac ter of the me dial FDS zone 
in the north ern Blatné de pres sion and the rel a tively sharp tran -
si tion to fine-grained sed i men ta tion to wards the south (Fig. 12).

The Volkovce For ma tion palaeotransport di rec tion var ied
to wards SW and SE in the Rišòovce de pres sion (Törokövá,
1999; Kováè et al., 2001, 2006; Sliva et al., 2002).
Sedimentological logs of the ex po sures show that cross-strat i fi -
ca tion does not reach a thick ness >30 cm, and usu ally vary be -
tween 10 to 20 cm (Törokövá, 1999). The ex pected palaeoflow
depth there fore reached no more than 1.8 m (Leclair and
Bridge, 2001). There is fur ther more only <20% pro por tion of
chan nel lithofacies in the lithological pro file of the north ern part
of the Rišòovce de pres sion. These ob ser va tions sug gest that
there were only small river streams with a low sup ply of sed i -
ment in this area be tween ~10.0–6.5 Ma. They merged with the
sed i ment-laden streams flow ing from the Blatné de pres sion in
the area be tween Hlohovec and K¾aèany (Fig. 13A).

GEOMETRY OF THE FDS STRUCTURE 
AND MORPHOLOGY OF THE STRATIGRAPHIC

SURFACES

There are a num ber of fac tors that may in flu ence the mor -
phol ogy of a strati graphic sur face in al lu vial de pos its: the ini tial
to pog ra phy of the sub strate con nected with pos si ble base-level
fall and de vel op ment of in ci sion fea tures dur ing de po si tion, dif -
fer en tial sed i ment load ing, dif fer en tial com pac tion of the un der ly -
ing strata, tec tonic sub si dence and fault ing af ter de po si tion (e.g.,
Miall, 2000; Catuneanu, 2006). To in ves ti gate the in flu ence of
these fac tors, four con tour maps of the north ern Blatné de pres -
sion were con structed (Fig. 15). These maps show the fol low ing
strati graphic bound aries of ero sive or i gin: the base of the Ce no -
zoic (Fig. 15A), the basal sur face of the up per Mio cene
(Fig. 15B), the basal sur face of the stud ied FDS of the Piešïany
Mem ber (Fig. 15C), and the basal sur face of the Plio cene–Qua -
ter nary se quence, which over lies the stud ied FDS (Fig. 15D).
The first sur face was con structed us ing deep bore hole data ob -
tained from Biela (1978) and ar chive data of seis mic re flec tion
(Vašek et al., 1961; Pavelka et al., 1963; Vejrostová and Adam,
1964; Beinhauerová et al., 1969). The next three sur faces are
based on CF bore hole data. A fault pat tern dis rupt ing the base of 
the up per Mio cene is in ferred from struc tural maps of oil sur veys
(Pavelka et al., 1963; Vejrostová and Adam, 1964; Pagáè, 1965;
Lunga, 1968; Beinhauerová et al., 1969).

The base of the Ce no zoic is dis rupted by faults ori ented in a
NE–SW di rec tion (Fig. 15A). They are prob a bly con nected to an
im por tant transtensional fault sys tem, the ac tiv ity of which led to
ac cu mu la tion of a mid dle Mio cene suc ces sion up to 3 km thick

Late Miocene fluvial distributary system in the northern Danube Basin (Pannonian Basin System)... 537
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dur ing the syn-rift sub si dence in this part of the ba sin (Kováè,
2000; Rybár et al., 2015, 2016). The base of the Ce no zoic is
asym met ri cal with a more el e vated NE mar gin. The main
depocenter is sit u ated in the SE part of the study area. The al ti tude 
dif fer ences be tween the mar gins of the study area and the cen tral
depocenter reach >3000 m, while off sets on faults in crease from
300–500 m in the NE to 1000 m in the SW (Fig. 15A).

The base of the up per Mio cene was dis rupted by a fault sys -
tem, which had al ready been iden ti fied by Pagáè (1965), Lunga
(1968) and Beinhauerová et al. (1969; Fig. 15B). The iden ti fi ca -
tion of faults was based on seis mic sur veys and cor re la tion of
coun ter-flush and deep struc tural bore holes. The dom i nant ori -
en ta tion of the cor re spond ing faults is NE–SW and N–S. These
struc tures are prob a bly con nected to transtensional faults,
which caused the mid dle Mio cene sub si dence. The off sets of
these faults reach 30 to 60 m in the cen tral part and up to 130 m
in case of faults which bound the NW mar gin (Fig. 15B). The
shape of the sur face is asym met ri cal with a more el e vated NW
mar gin. It dif fers from the pre-Ce no zoic base and is sim i lar to
the over ly ing base of FDS (cf. Fig. 15C). The SE mar gin of the
ac com mo da tion space is also clearly iden ti fi able. A de pres sion
may be ob served in the north ern part of the area. The shape of
the main de pres sion is elon gated in a NE–SW di rec tion. The
dec li na tion of the up per Mio cene base is ori ented to wards the
SW, where is sit u ated the max i mum of the thick ness of the up -
per Mio cene se quence in the Blatné de pres sion (Fig. 15B).

It may be con cluded that the base of the flu vial distributary
sys tem of the Piešïany Mem ber is a highly asym met ri cal sur -
face, with an el e vated NW mar gin, where FDS se quence thins
out (cf. Figs. 10 and 15C). The asym me try is com pa ra ble to that 
of the base of the up per Mio cene (cf. Fig. 15B). In con trast to
the up per Mio cene base, there is no ev i dence of a slope along
the SE mar gin of the sur face sit u ated di rectly along the
Považský Inovec Moun tains. As pre vi ously men tioned, this in -
di cates that the pre-Ce no zoic morphostructure of the Považský 
Inovec Moun tains was a part of the ac com mo da tion space of
FDS, in ac cor dance with the ge om e try of the FDS zones (cf.
Fig. 12). Fur ther more, the basal sur face of the FDS suc ces sion
has two lin ear de pres sions gen er ally ori ented NNW–SSE, with
a 50 to 70 m al ti tude dif fer ence with re spect to the sur round ing
ar eas (Fig. 15C). These de pres sions have a grad u ally deep en -
ing mor phol ogy. Their ori en ta tion is per pen dic u lar to the faults
af fect ing the base of the up per Mio cene. The base of FDS de -
clines over all to wards the south ern mar gin of the area stud ied.
This is in con trast with the shape of the main depocenters of the 
up per Mio cene base and the Ce no zoic base (cf. Fig. 15A–C).

The great est sim i lar ity be tween the two de pres sions (lo -
cated in the mid dle and NE ar eas) is clearly vis i ble when com -
par ing the palaeosurfaces of FDS base with the Plio cene–Qua -
ter nary one (Fig. 15C, D). These de pres sions, al though of
much lower al ti tude dif fer ence, are lo cated in very sim i lar po si -
tions. They are ori ented in a NW–SE di rec tion and they are sep -
a rated by a broad flat area trending from NE to SW. It is bound
by a lin ear de pres sion from the SW and then co mes from the
NW as a flat area, rep re sent ing a river ter race. By anal ogy with
the base of FDS, the Plio cene–Qua ter nary base is asym met ri -
cal with an el e vated NW mar gin and a dec li na tion to wards the
SE (Fig. 15D).
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Fig. 14. Geological section located in the central part of the
Rišòovce depression

Note the large thick ness of the Volkovce For ma tion; the bound ary
be tween the Beladice For ma tion and the Volkovce For ma tion is in -
ferred from fa cies change, dis ap pear ance of brack ish mol lusc fauna 
and of coal (lig nite) lay ers, while the tran si tion be tween the lower
and up per Volkovce For ma tion is based on in crease in chan nel FA
fre quency and the oc ca sional pres ence of amal gam ated chan nels



INTERPRETATION OF FACTORS CONTROLLING
THE VOLKOVCE FORMATION DEVELOPMENT

DEPOSITIONAL ENVIRONMENT OF THE VOLKOVCE FORMATION 
AND PALAEOCLIMATE

Cli mate af fects the river re gime di rectly through pre cip i ta -
tion in ten sity and its dis tri bu tion through out the year, by tem per -
a ture re gime, which is con nected with ero sion in ten sity and
sed i ment sup ply, and in di rectly through the den sity of veg e ta -
tion, which af fects both sed i ment sup ply and in ten sity of lat eral
chan nel mi gra tion (Miall, 1983). There fore, cli mate is a ma jor
driv ing fac tor of depositional pro cesses.

A con tin u ously channelized braided river en vi ron ment with
no sheetflood fa cies was de ter mined for the prox i mal zone of

FDS in the Piešïany Mem ber dur ing its de po si tion ~9–8 Ma. It is 
in ter preted as a pe ren nial flow re gime, which in di cates a sta ble
dis charge in rel a tively hu mid cli mate. A sed i men tary suc ces -
sion of age 6.5–6.0 Ma was de scribed in dis tal zone of FDS as a 
me an der ing river chan nel belt. Fos sil roots were doc u mented in 
the out crop in the lower part of the in clined heterolithic strat i fi ca -
tion – IHS (cf. Fig. 6). This in di cates a per ma nently high
ground-wa ter level, prob a bly as so ci ated with a hu mid cli mate
and high ac com mo da tion rate (Mc Car thy et al., 1998;
Retallack, 2001). The re cord of cy clic sed i men ta tion in IHS unit
with fre quent ero sional sur faces im plies high dis charge typ i cal
of pe ren nial rivers in a hu mid cli mate (Thomas et al., 1987).

Some de crease in river dis charge could be in ferred from
more fre quent floodplain strata in the up per most part of the prox i -
mal and me dial FDS zones (cf. Figs. 8 and 9). Gen er ally, it can
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Fig. 15. Structural maps of selected stratigraphic surfaces in the northern Blatné depression

A – basal sur face of the Ce no zoic ba sin fill; con tour in ter val 100 m; B – basal sur face of the late Mio cene suc ces sion, with faults in ter preted
ac cord ing to cor re la tion of wells and struc tural maps of Pagáè (1965), Lunga (1968) and Beinhauerová et al. (1969); con tour in ter val 10 m;
C – basal sur face of the FDS suc ces sion; con tour in ter val 5 m; D – basal sur face of the Late Plio cene and Qua ter nary braided river grav -
elly-sandy unit; con tour in ter val 5 m



be con cluded that the depositional en vi ron ment stud ied lasted in
hu mid con di tions un til the early Messinian, i.e. ~6.0 Ma.

SEDIMENT SUPPLY – ACCOMMODATION RATE INTERACTION

The strati graphic model of depositional en vi ron ments in ter -
preted for the Volkovce For ma tion at ~8 Ma is shown in Fig -
ure 16A. A strong spa tial vari a tion in thick ness of the Volkovce
For ma tion and vari a tion in dis tri bu tion of chan nel de pos its was
also dem on strated. Gen er ally, the north ern Blatné de pres sion
shows four times lower ac com mo da tion than the west ern
Rišòovce de pres sion (Fig. 16B, C). However, the main source
of sed i ment sup ply was lo cated to the N of the north ern Blatné
de pres sion and only amal gam ated chan nel fills were pre served
there be cause of low ac com mo da tion rate. The palaeotransport 
was af fected by a top o graphic bar rier formed by the pre-Ce no -
zoic rocks of the north ern Považský Inovec Moun tains
(Fig. 16B). The northern Považský Inovec Moun tains were ex -
posed only as a low to pog ra phy el e va tion, which re stricted sig -
nif i cant in put of sed i ments (Fig. 16A). The south ern part of the
moun tains was slowly sub sid ing, which al lowed FDS to cross
the bar rier be tween the two de pres sions to wards the area of
much higher sub si dence (Fig. 16C). The dif fer ence in sub si -
dence had to be high enough to form a top o graphic gra di ent
(Hickson et al., 2005). The sub merged part of the Považský
Inovec Moun tains acted as a bound ary be tween ar eas with low
and high ac com mo da tion rates and there fore a tran si tion be -
tween braided and me an der ing river en vi ron ments took place
there. Rapid sub si dence was com pen sated by in tense sed i -
ment sup ply in the Rišòovce de pres sion, which led to pres er va -
tion of both the thick overbank and chan nel belt de pos its
(Fig. 16C).

BASE LEVEL FALL, TECTONIC MOVEMENTS 
AND CAUSES OF DIFFERENTIAL SUBSIDENCE

The ori en ta tion of the two lin ear de pres sions at the base of
FDS is per pen dic u lar to the faults de scribed for the bases of the
Ce no zoic and up per Mio cene (Fig. 15A, B). How ever, there is
no sig nif i cant cor re la tion be tween these de pres sions and the
mor phol ogy of the late Mio cene base. This means that these
de pres sions were not formed by nor mal fault ac tiv ity.

These lin ear de pres sions are par al lel to the in ferred
palaeotransport di rec tion to wards the Rišòovce de pres sion.
Hence, it is ex pected that the de pres sions were formed dur ing
an ero sional phase, which gen er ated slightly in cised val leys.
The in cised to pog ra phy led to con fine ment of the flu vial
distributary sys tem. On the other hand, the cor re la tive strati -
graphic bound ary is not of ero sive or i gin in the Rišòovce de -
pres sion. Hence, it ap pears prob a bly as a cor re la tive con for mity 
caused by more rapid sub si dence (Fig. 16C).

The ero sional phase re sulted from base level fall. How ever,
the wa ter level drop of Lake Pannon could not be the main rea -
son, be cause this lake was too far dis tant at the time ~9 Ma (cf.
Fig. 1B; Mag yar et al., 2013; Šujan et al., 2016). Dif fer en tial
sub si dence along the stream doc u mented be tween the Blatné
and Rišòovce de pres sions is a prom i nent can di date as a driv -
ing fac tor. Up lift of the north ern Blatné de pres sion may also
have been re spon si ble for this in ci sion. Tec tonic ac tiv ity dur ing
9–8 Ma is in di cated by the de po si tion of the fresh wa ter car bon -
ates of the Hlavina Mem ber along mar ginal faults of the
Považský Inovec Moun tains.

This spa tial vari abil ity in sub si dence could have been gen -
er ated not just by tec ton ics but also by dif fer en tial com pac tion of 
the un der ly ing de pos its. A var ied thick ness of pro gres sively

com pact ing se quences ex erts a first-or der con trol on re cent
sub si dence, for ex am ple, in the coastal area of the Neth er lands
(Kooi, 2000), as well as on the de vel op ment of the Late Ce no -
zoic Niger delta (Fazli Khani and Back, 2015). Gvirtzman
(2001) de ter mined a de pend ence be tween spa tial vari abil ity of
sed i ment thick ness and as so ci ated dif fer ence in amount of
com pac tion-re lated sub si dence. In the case of the mid dle Mio -
cene se quence, which is ~3 km thick in the cen tral part of the
Blatné de pres sion and only a few hun dred metres thick at its
mar gin (Fig. 15C), com pac tion should pro duce two to three
times higher sub si dence in the cen tral part of the de pres sion
dur ing the late Mio cene.

How ever, FDS se quence thick ens to wards the SE, i.e. in
the di rec tion in which the ba sin fill abruptly thins (Figs. 10 and
15C). It is im por tant to con sider the ero sion phase, which is ex -
pected to have oc curred at the mid dle–late Mio cene bound ary
(Horváth et al., 2006). The Sarmatian (late Serravallian) de pos -
its were com pletely re moved from sev eral parts of the area
stud ied dur ing this in ter val. This means that there was ex hu ma -
tion and sub se quent re burial dur ing the late Mio cene. There -
fore, the ba sin fill may have been over-com pacted, de pend ing
on the un known thick ness of the eroded se quence (Gvirtzman,
2001), and con se quently com pac tion did not con trib ute to the
late Mio cene sub si dence rate.

The Plio cene–Qua ter nary base is char ac ter ized by the
pres ence of de pres sions sit u ated at the base of FDS (Fig. 15C,
D). Grav elly strata have a rel a tively low com pac tion po ten tial by 
com par i son with clays and a sig nif i cantly higher den sity than
un com pacted clays (Garga and Madureira, 1985; Rücknagel et 
al., 2013). There fore, it may be ex pected that the mostly grav -
elly body load of FDS in the north ern Blatné de pres sion was an
in flu ence on the com pac tion of the un der ly ing up per Mio cene
strata. This con tin ued to a slight ex tent af ter de po si tion of the
Plio cene–Qua ter nary se quence. Thus, this pro cess was a mi -
nor driv ing fac tor of the pres ent strati graphic ar chi tec ture.

Gen er ally, nor mal fault move ment of the Ripòany Fault,
bound ing the west ern mar gin of the Rišòovce de pres sion, is
iden ti fied as the main fac tor caus ing the spa tial vari abil ity of sub -
si dence (Fig. 16B, C; Bielik et al., 2002). De spite fault ing in the
Blatné de pres sion be ing neg li gi ble, dif fer en tial ver ti cal tec tonic
move ments caused river in ci sion at ~9 Ma as well as the cre ation 
of sandy-grav elly chan nel belts in the Tortonian–Messinian al lu -
vial se quence stud ied (cf. Figs. 2 and 16).

DISCUSSION

GENETIC ZONATION OF THE FLUVIAL DISTRIBUTARY SYSTEM

De spite the pres ence of sim plis tic clas si fi ca tions of flu vial
distributary sys tems (e.g., Stanistreet and Mc Car thy, 1993), it is 
widely ac cepted that depositional pro cesses may vary sig nif i -
cantly across FDS (Nichols and Fisher, 2007). A num ber of
stud ies have shown a tran si tion of depositional pro cesses com -
pa ra ble to the strati graphic ar chi tec ture de scribed herein. Ev -
ans (1991) re ported a hu mid trop i cal FDS con sist ing of grav elly
bedload river de pos its in a prox i mal zone, which pass into
sandy bedload and mixed load de pos its in the dis tal zone as
well as a low con tent of un con fined grav ity flow de pos its. Hu mid 
con di tions on the Po Plain led to de vel op ment of FDS with a
braided pat tern in the prox i mal zone and me an der ing river de -
pos its in the dis tal zone dur ing the Qua ter nary (Ori, 1982). Sev -
eral re cent FDSs of Alaska dis play a pat tern of stacked chan -
nels trans port ing coarse gravel that pass into me an der ing
chan nels with a high amount of overbank de pos its cov ered by
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Fig. 16. Interpretation of the spatial variability of the Volkovce Formation in response to palaeotopography, sediment supply,
accommodation rate and fault activity

A – palaeogeographic scheme of the study area for the time period around 8 Ma; B – schematic section oriented perpendicular 
to the palaeotransport direction and to the Považský Inovec horst; C – schematic section oriented parallel to the palaeotransport

direction; note that schematic sections are highly exaggerated vertically



dense veg e ta tion (Boothroyd and Nummedal, 1978). A me an -
der ing river re gime is fur ther more an im por tant fea ture of the
Late Pleis to cene–Ho lo cene Maros flu vial distributary sys tem in
Hun gary (Kiss et al., 2014).

LATE MIOCENE PALAEOCLIMATE IN THE CENTRAL EUROPE
 IN THE CONTEXT OF THE ALLUVIAL SEQUENCE STUDIED

The palaeoclimate var ied sig nif i cantly in the study re gion dur -
ing the Tortonian–Messinian in ter val. A “wash house” event with
mean an nual pre cip i ta tion (MAP) rang ing from 1000 to 1500 mm
was doc u mented for the Paratethys realm ~10.0 Ma, based on
the ecophysiological struc ture of herpetological as sem blages
(Böhme et al., 2008, 2011). Com pa ra ble val ues were doc u -
mented by a wide va ri ety of prox ies (Bruch et al., 2006, 2007; van 
Dam, 2006; Erdei et al., 2007; Kern et al., 2012, 2013). Dur ing
the fol low ing in ter val be tween 10.0 and 8.0 Ma, MAP in the re -
gion de creased to val ues be tween 500–1000 mm, and af ter
8.0 Ma the cli mate be came more arid by com par i son with the
pres ent day, with a MAP of ~400 mm (Böhme et al., 2011). Van
Dam (2006) de duced a de crease in MAP from ~800 mm at
around 8.0 Ma to ~600 mm at around 6.0 Ma, based on small
mam mal as so ci a tions. Com pa ra ble de crease in MAP was doc u -
mented in the north east ern Carpathians (Syabryaj et al., 2007).
How ever, Utescher et al. (2017) ar gue that the MAP in ferred for
the cen tral Pannonian Ba sin Sys tem from fos sil macroflora point
to al most no de crease be tween 8.0 to 6.5 Ma with val ues rang ing 
from 850 to 1300 mm. The cli mate in the re gion be came more
hu mid dur ing the Plio cene with a MAP be tween 700 and 1400
mm (Kovács et al., 2015). Mean an nual tem per a ture (MAT) for
the Tortonian age was sug gested to be in the range 15–17°C
(Prista et al., 2015). By com par i son, re cent MAP in the re gion
ranges usu ally be tween 500 and 600 mm and MAT reaches
9–11°C (Melo et al., 2007, 2013).

Depositional set tings doc u mented in our study in di cate hu -
mid con di tions for time in ter val 9–6 Ma, with no ev i dence for de -
crease of pre cip i ta tion. In con sis tency with data pub lished by
Böhme et al. (2011) and van Dam (2006) may be con nected
with their spa tial dis tri bu tion of stud ied lo cal i ties with no in for ma -
tion about the Dan ube Ba sin. Its mi cro cli mate might have had
dif fer ent MAP dur ing early Messinian, still af fected by the wa ter
body of Lake Pannon and com pa ra ble to the data of Utescher et 
al. (2017). Lower but no ta ble vari abil ity of re cent mi cro cli mate is 
still pres ent in the re gion (e.g., NiedŸwiedŸ et al., 2009; An ders
et al., 2014). This points to a care ful con sid er ation of pub lished
gen eral palaeoclimate mod els for lo cal stud ies.

REGIONAL LATE MIOCENE PALAEO-RIVER NETWORK
 AND TECTONIC DEVELOPMENT

The rel a tively high sed i ment sup ply of the flu vial distributary
sys tem stud ied (Piešïany Mem ber) reach ing the north ern
Blatné de pres sion was de rived from the up lift ing West ern
Carpathians. The up lift of this moun tain belt dur ing the mid dle to 
late Mio cene was de duced us ing thermochronology (Kováè et
al., 1994; Danišík et al., 2004; Králiková et al., 2016), but no sig -
nif i cant up lift event was de scribed that might have caused the
large in crease in sed i ment sup ply at ~9 Ma. We sug gest that
this in crease in sed i ment sup ply was a re sult of both the higher
mean pre cip i ta tion at ~10 Ma (e.g., Böhme et al., 2008), which
would have in creased ero sion rates, and a ma jor change in
river ba sin pat tern in the west ern part of the West ern
Carpathians that was prob a bly a re sult of stream cap ture.

The palaeo-stream, which de pos ited the stud ied FDS, rep re -
sented one of the main distributaries of sandy de pos its that came 

into the cen tral part of the Dan ube Ba sin, de spite its re stricted
scale of bankfull depth of up to 4 m. The al lu vial Volkovce For ma -
tion is strongly dom i nated by floodplain fa cies across the ba sin,
which is caused by ac com mo da tion rate of much higher in ten sity
com pared to sed i ment sup ply (Šujan et al., 2016). This high lights 
that no sig nif i cant source area ap peared up lifted di rectly at the
Dan ube Ba sin mar gin. The palaeo-stream was a trib u tary to a
larger river ba sin of the palaeo-Dan ube. This wa ter shed cov -
ered, dur ing the late Mio cene, an area from the East ern Alps,
through the Molasse Ba sin, Vi enna Ba sin, Dan ube Ba sin to -
wards to the cen tral Pannonian Ba sin in the south, where the
coast of Lake Pannon was pres ent dur ing that time (Frisch et al.,
1998; Mag yar et al., 2013).

On the other side, sev eral com pa ra ble flu vial distributary sys -
tems ex isted dur ing the same time on the foot hills of the East ern
Alps, when the Hausruck and Kobernaussen Gravel in the Aus -
trian Molasse Ba sin (Brügel, 1998; Kovar-Eder and Wojcicki,
2001; Daxner-Höck et al., 2016), and the Rohrbach Con glom er -
ate in the Vi enna Ba sin were de pos ited (Wagreich et al., 2009).
Ex hu ma tion of the East ern Alps is thought to have con tin ued
steadily dur ing the late Mio cene (Kuhlemann et al., 2006). De po -
si tion of these FDS struc tures, how ever, re sulted from in creased
sed i ment sup ply, which was prob a bly re lated to in creased ver ti -
cal tec tonic move ments sim i larly to our study area.

The strati graphic model of the Volkovce For ma tion of fers
in sight into the late Mio cene fault ac tiv ity in a mar ginal part of
the Dan ube Ba sin. The “Wide rift ing” sensu Lankreijer et al.
(1995) me di ated by ac tiv ity of NNE–SSW to NE–SW-strik ing
faults gen er ated a deep ba sin with a very large  avail abil ity of
ac com mo da tion space in the cen tral Gabèíkovo–Gyõr de pres -
sion in the early Tortonian (Marko et al., 1995; Fodor et al.,
1999; Kováè et al., 2011). The sub se quent phase of ther mal
sub si dence from ~9 Ma to the Plio cene (Kováè et al., 2011),
was char ac ter ized by lit tle fault ac tiv ity and large-scale flex ural
de for ma tion of strata across the ba sin doc u mented by seis mic
stra tig ra phy (e.g., Horváth, 1993; Lankreijer et al., 1999). Ac -
cord ing to the ev i dence pre sented in our study, the fault ac tiv ity
was neg li gi ble in the pe riod 9.0–6.0 Ma in the Blatné de pres -
sion. How ever, the con sid er able dif fer ence in ac com mo da tion
rate be tween the Blatné and Rišòovce de pres sions at that time
points to sig nif i cant ac tiv ity of the Ripòany Fault sys tem, which
lim its the Považský Inovec Moun tains. from the south-east
(e.g., Bielik et al., 2002). The nor mal fault throw might have
reached up to 400 m. We have to con clude that the pro posed
mod els, de scrib ing a de crease in fault ac tiv ity af ter
~10.0–9.0 Ma, are valid only lo cally and sig nif i cant ex cep tions
oc cur on the north ern mar gins of the Dan ube Ba sin.

CONCLUSIONS

The study pre sented dem on strates the strati graphic ar chi -
tec ture of the al lu vial Volkovce For ma tion of late Mio cene age
in the north ern Dan ube Ba sin, with spe cial em pha sis on the
Piešïany Mem ber form ing a flu vial distributary sys tem. The
study is based on fa cies anal y sis of two key lo cal i ties and on the 
sed i men tary re cord of >500 bore holes. Our at ten tion was fo -
cused on the north ern Blatné and west ern Rišòovce de pres -
sions, re cently sep a rated by the pre-Ce no zoic Považský
Inovec Moun tains. The Volkovce For ma tion was de pos ited
there af ter re gres sion of Lake Pannon in the time pe riod be -
tween 10.0 and 6.0 Ma (Šujan et al., 2016).

In both de pres sions, the lower Volkovce For ma tion com -
prises a me an der ing river suc ces sion, in which floodplain fines
(clays and silts) dom i nate and chan nel bod ies are dis trib uted ir -
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reg u larly. This thin sed i men tary suc ces sion was de pos ited be -
tween 10.0 and 9.0 Ma.

A sig nif i cant spa tial vari a tion of the sed i ment sup ply and ac -
com mo da tion rate was doc u mented in the up per Volkovce For -
ma tion (rang ing from 9.0–6.0 Ma) across the study area. A flu -
vial distributary sys tem (FDS) of the Piešïany Mem ber ac cu mu -
lated in the north ern Blatné de pres sion. Its prox i mal fa cies as -
so ci a tion is com posed of cross-strat i fied grav elly to sandy
braided river bars with a nor mal gra da tion, in di cat ing a
channelized depositional en vi ron ment with a chan nel depth
reach ing up to 4 m. The dis tal suc ces sion of FDS was de pos -
ited in a me an der ing river en vi ron ment, ac cord ing to fa cies
anal y sis of a type out crop. Trough cross-strat i fied strata of a
sandy bedform pass up wards into in clined heterolithic strat i fi ca -
tion (IHS) de pos ited through lat eral ac cre tion and are capped
by floodplain fines. The palaeochannel depth is in ferred to have 
been up to 3.5 m.

Track ing lat eral changes of fa cies as so ci a tions in bore holes 
al lowed us to de limit three zones of flu vial distributary sys tem in
the north ern Blatné de pres sion: the prox i mal zone on the north
with mostly amal gam ated grav elly and sandy-grav elly river
chan nels, the rel a tively nar row me dial zone with a bal anced ra -
tio of chan nel and floodplain de pos its, and the dis tal zone on
the south-west and south with a chan nel fa cies con tent of
<20%. A high pro por tion of chan nel bod ies in the prox i mal zone
in di cates high sed i ment sup ply and low ac com mo da tion rate.
The spa tial dis tri bu tion of these zones is ra dial and asym met ri -
cal, in di cat ing that part of the sys tem was de pos ited above the
re cently up lifted Považský Inovec Moun tains. The trans port of
sandy/grav elly ma te rial was traced in wells to wards the
Rišòovce de pres sion. It was ob served that the al lu vial se -
quence shows only a low con tent of small river chan nel bod ies
in the north ern part of the Rišòovce de pres sion, in di cat ing very
low sed i ment sup ply and a high ac com mo da tion rate. The ra tio
of sandy-grav elly bod ies con tent reaches 50% in the south -
west ern part above the sub merged Považský Inovec horst, with 
no ta ble sed i ment sup ply com par ing to the ac com mo da tion
rate. We con cluded that FDS of the Piešïany Mem ber was con -
fined by the horst in its north ern part and crossed the south ern
part of the horst from the Blatné de pres sion to wards the
Rišòovce de pres sion. The change in palaeotransport di rec tion
was caused by a more than four times higher ac com mo da tion

rate. The pro por tion of sandy chan nel bod ies de creases to -
wards the south ern Rišòovce de pres sion to 30% within an al lu -
vial se quence reach ing a thick ness of up to 550 m. This shows
a high ac com mo da tion rate, which ex ceeded the mod er ate sed -
i ment sup ply. Com pa ra ble con di tions are char ac ter is tic of the
whole Dan ube Ba sin with the up per Mio cene al lu vial se quence,
rep re sented by overbank de pos its in its main part, be ing
>1500 m thick.

The de po si tion in FDS was pre ceded by a base level fall as -
so ci ated with in ci sion of the river chan nels. Then, two lin ear
NW–SE elon gated de pres sions were formed in the north ern
Blatné de pres sion, em pha siz ing the di rec tion of palaeo -
transport across the re cently up lifted south ern Považský Inovec 
Moun tains. No sig nif i cant fault ac tiv ity dis rupted the al lu vial se -
quence stud ied in the Blatné de pres sion. How ever, the no tice -
able dif fer ence in ac com mo da tion rate be tween the two de pres -
sions im plies nor mal fault ver ti cal dis place ments of up to 400 m
on the Ripòany Fault sys tem, i.e. on the SE mar gin of the
Považský Inovec Moun tains. A fa cies in ven tory in di cates a pe -
ren nial river en vi ron ment ex ist ing in a hu mid cli mate for the pe -
riod 9.0–6.0 Ma, which is not con sis tent  with pub lished
palaeoclimate data. Our ob ser va tions point to the pos si bil ity of
a high spa tial vari abil ity of lo cal cli mate in the re gion dur ing the
early Messinian.
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