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The Mio cene sed i men ta tion his tory of the Brus de nu da tion rel ict (the west ern part of the Carpathian Foredeep, Czech Re -
pub lic) has been in ferred from 20 m of silt/siltstones, sand/sand stones and lime stones pen e trated by the Brus-1 bore hole.
De tailed multiproxy lithofacies and biofacies anal y ses have al lowed fa cies and palaeoenvironment in ter pre ta tions. The pres -
ence of molluscs, brachi o pods and fish fauna, as well as large ben thic and epiphytic foraminifera in di cates a gen er ally shal -
low, sub trop i cal, ma rine en vi ron ment. De spite the scar city of biostratigraphical mark ers, the sec tion can be cor re lated with
the low er most Badenian (~15–16 Ma). In the siltstones in the lower part of the bore hole, there are abun dant low-sa lin ity
foraminifera, which may in di cate in creased rain fall. Linked to this is the nu tri ent en rich ment of the sea bot tom wa ter in ferred
from the pres ence of the high-nu tri ent taxa ac com pa nied by abun dant cal car e ous nannoplankton eutrophic taxa such as
Coccolithus pelagicus and eutrophic plank tonic foraminifera of the Globigerina bulloides/praebulloides group. The main
Planostegina bloom was re corded in a sand stone in the in ter val 12.5–7 m, and was not in flu enced by a shift from high-or -
ganic con tent Valvulineria as sem blage of small foraminifera to an epiphytic one. The bound ary be tween siliciclastic and car -
bon ate sed i men ta tion (–7.5 m) shows a drop in K and Th con cen tra tions, and in the Th/U ra tio, but a rise in the Th/K ra tio.
This change in ra dio ac tive el e ment con tent may gen er ally in di cate a sig nif i cant de crease in ter res trial sed i ment in put which
is fur ther sup ported by the on set of lime stone de po si tion. Re ver sal of the de po si tion re gime and a de crease of clastic in put
into the ba sin may be re lated to the chang ing of the pre cip i ta tion regime, prob a bly trig gered by or bit ally-forced cyclicity.

Key words: Mid dle Mio cene, Cen tral Paratethys, siliciclastic sed i men ta tion, car bon ate sed i men ta tion, large ben thic
foraminifera, palaeo ec ol ogy.

INTRODUCTION

A mass oc cur rence of Planostegina (= Heterostegina of the
older lit er a ture; for com men tary see e.g., Cicha et al., 1998) has 
been de scribed from sev eral strati graphi cal ho ri zons of the
Cen tral Paratethys Mid dle Mio cene (Krach, 1947; Papp, 1978;
Gutowski, 1984; Szelmeczi et al., 2004; Martinuš et al., 2013).

A new re cord of the Planostegina bloom in the Brus bore -
hole (Zborník et al., 2013) rep re sents the first find ing of this ho -
ri zon in the Moravian part of the Carpathian Foredeep, at a
strati graphi cal level cor re lated with the Early/Mid dle Mio cene
tran si tion (Tomanová-Petrová, 2016). Pre lim i nary stud ies in di -
cate an un usual evo lu tion of the Mio cene infill in the wes tern -

most part of the Carpathian Foredeep (Eliáš, 1999) dur ing the
Early/Mid dle Mio cene tran si tion.

To de ter mi nate the pre cise age and spe cific
palaeoenvironment of the Planostegina bloom in this part of
Carpathian Foredeep, a de tailed study of the his tory of this area 
has been made. The re sults of sedimentological, gamma-spec -
tro met ric, cal car e ous nannoplankton, foraminiferal, mol lusc,
brachi o pod and fish (otolith) fau nas are de scribed in this work.

GEOLOGICAL SETTING

The west ern part of the Carpathian Foredeep (Czech Re -
pub lic) is a pe riph eral fore land ba sin which formed as a re sult of
the tec tonic em place ment and crustal load ing of the West ern
Carpathian thrust front onto the pas sive mar gin of the Bo he -
mian Mas sif (Nehyba and Šikula, 2007; Fig. 1). The sed i men -
tary infill of the ba sin is com posed of de pos its of the Egerian to
the Badenian age (Brzobohatý and Cicha, 1993).
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The re ac ti va tion of NW-trending faults of the Haná Fault
Belt (Fig. 1) dur ing the Al pine Orog eny played an im por tant role
in re shap ing the top o graphic re lief of the ba sin pas sive mar gin,
thus chang ing its ac com mo da tion space. The fault-re lated high
Neo gene re lief in cluded nar row de pres sions and intrabasinal
highs ori ented at a high an gle to the ba sin ax ial zone (Zapletal,
2004). Dur ing the Badenian, the Carpathian Foredeep ge om e -
try was re-or ga nized due to the trans for ma tion of the NW- to
NNW-ori ented struc tural com pres sion of the Carpathian
orogenic wedge to wards NNE- and NE-ori ented com pres sion
(Oszczypko, 1998, 2006; Kováè, 2000; Nehyba, 2000), with the 
depocentres mi grat ing gen er ally from the west to wards the east 
(Meulenkamp et al., 1996; Oszczypko et al., 2006). Nev er the -
less, iso lated out crops of ma rine de pos its in di cate that the
Carpathian Foredeep ex tended much far ther to the west and
that its pres ent-day west ern bound ary is re lated to ero sional
pro cesses oc cur ring mainly af ter the Mio cene (Nehyba and
Šikula, 2007).

The Neo gene de pos its of the area stud ied rep re sent the
sed i men tary infill of the wes tern most part of the Carpathian
Foredeep (Eliáš, 1999; Fig. 1). The old est Neo gene ma rine de -
pos its in the broad sur round ings of the study area are of
Karpatian age, but their oc cur rence is con nected with the Brus
lo cal ity (Vysloužil, 1981; Bubík and Dvoøák, 1996). The ba sin-fill 
con sists mainly of Lower Badenian de pos its with their max i -
mum thick ness (>100 m) in the Prostìjov and Lutín de pres -
sions, to the east of the pres ent study area (Kalabis, 1961;
Novák, 1975; Jašková, 1998; Zapletal et al., 2001). Nu mer ous
iso lated relicts of Neo gene de pos its in the Drahany High land
rep re sent an ex ten sion of the Prostìjov De pres sion to wards the 
NW (Jašková, 1998; Zapletal et al., 2001; Zapletal, 2004,
Zágoršek et al., 2012, Hladilová et al., 2014). The pre-Neo gene
base ment is formed of Lower Car bon if er ous/Culmian rocks of
the Drahany High land that over lie Pre cam brian crys tal line
base ment (Mísaø et al., 1983).

The Mio cene de pos its at Brus are rep re sented by cal car e -
ous silts and siltstones, sandy siltstones, quartzose sands, cal -
car e ous sand stones, al gal lime stones and silty lime stones
(Zborník et al., 2013).

The Brus lo cal ity with Mio cene de pos its was first de scribed
by Tietze (1893). Early palaeontological stud ies were pub lished 

by Spitzner (1898; 1906) and Schu bert (1900), who re ported
large ben thic foraminifera (Heterostegina sp.) from this site.
Kalabis (1934, 1937a, b, 1949) stud ied the lo cal ity in de tail, also 
de scrib ing the oc cur rence of Lithothamnion sp. and other al -
gae, sponge spicules, and macrofossils in clud ing echinoids
(Clypeaster sp.), ma rine molluscs, and shark and fish teeth.
Kalabis (1961) also com pared oc cur rences of Ter tiary rocks in
the broader sur round ings of Prostìjov. The lo cal ity has also
been men tioned by Remeš (1908, 1933), Blekta (1932),
Schwartz (1946), Barth (1957), Chlupáè and Kalabis (1966)
and Novák (1975). Most au thors con sid ered the age of the de -
pos its to be Early Badenian. How ever, Vysloužil (1981) and
Bubík and Dvoøák (1996) also de scribed Karpatian de pos its
here, which form the lower part of the sed i men tary suc ces sion.

Vysloužil (1981) de scribed basal sandy-clayey beds in di -
rect su per po si tion on pre-Neo gene bed rock. Whereas the
lower por tion of these beds is in ter preted to be Karpatian in age, 
for the higher por tion (formed by grey cal car e ous clays) of the
beds, a strati graphic in ter pre ta tion is miss ing. The basal beds
are cov ered by beds of brec cia and “Lithothamnion lime -
stones”, which are Lower Badenian in age, and were char ac ter -
ized by Doláková et al. (2008).

The newly drilled bore hole, marked as Brus-1, was pro -
duced to ob tain data for the strati graphic re vi sion of the sed i -
men tary suc ces sion. The po si tion of the bore hole is shown in
Fig ure 1, with a sim pli fied geo log i cal map of the lo cal ity.

MATERIAL AND METHODS

The Mio cene sed i men ta tion his tory of the Brus de nu da tion
rel ict was stud ied us ing the ma te rial from the Brus-1 bore hole,
drilled to a depth of 20 m and con sist ing of vari ably con sol i dated 
siltstones, sand stones and lime stones (Fig. 2). The bore hole
core was sam pled at 0.5 m in ter vals over the 3.0 to 20.0 m
depth in ter val.

Lithofacies anal y sis was based on tech niques de scribed by
Tucker (1988), Walker and James (1992) and Nemec (2005), us ing 
the eval u a tion of sed i men tary struc tures and tex tures. Be cause the
de pos its are mostly unlithified, the sed i men tary struc tures were
com monly de stroyed or de formed by the drill ing pro cess. The
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Fig. 1. Location of the area under study
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shape and round ness of the coars est grain frac tion (>4 mm) were
es ti mated vi su ally us ing the Pow ers (1982) method.

Com bined siev ing and la ser meth ods were used for grain
size anal y sis (34 anal y ses). A Retch AS 200 siev ing ma chine
was used to an a lyze the coarser grain frac tion (0.063–8 mm, wet 
siev ing), while a Cilas 1064 la ser dif frac tion granulometer was
used for the finer frac tion (0.0004–0.5 mm). Ul tra sonic dis per -

sion, dis tilled wa ter and wash ing in so dium polyphosphate were
used prior to anal y sis in or der to avoid floc cu la tion of the par ti cles 
ana lysed. The av er age grain size is rep re sented by the graphic
mean (Mz) and the uni for mity of the grain size dis tri bu tion/sort ing 
by the stan dard de vi a tion (sI; Folk and Ward, 1957).

Heavy min er als were sep a rated in the 0.063–0.125 mm
grain-size frac tion. The min eral com po si tions of se lected heavy

20 Jitka Kopecká et al.

Fig. 2. Lithostratigraphic log of the Brus-1 borehole (Zborník et al., 2013, modified; for other explanations see Table 1)

VFS – very fine sand, FS – fine sand, MS – medium sand, CS – coarse  sand 



min er als (gar net – 36 anal y ses, rutile – 20 anal y ses) were de -
ter mined us ing a Cam era SX 100 elec tron mi cro scope at the
Joint Lab o ra tory of Elec tron Mi cros copy and Microanalyses of
Masaryk Uni ver sity and the Czech Geo log i cal Sur vey, Brno.
The gamma-ray spec tra (GRS) were mea sured by a GR-320
enviSPEC lab o ra tory spec trom e ter with a 3 ´ 3 inch NaI (Tl)
scin til la tion de tec tor (Exploranium, Can ada). Counts per sec -
ond in se lected en ergy win dows were di rectly con verted to con -
cen tra tions of K (%), U (ppm) and Th (ppm). One mea sure ment
of 30 min utes was per formed for each sam ple mea sured (34
sam ples – min. 300 g).

For biofacies anal y sis based on micropalaeontological stud -
ies, dif fer ent types of grain size frac tion were used for each core 
sam ple. There fore, the sed i ments were washed un der run ning
wa ter through 0.063 mm, 0.4 mm and 2.0 mm mesh sieves af -
ter a one-day soak ing in warm wa ter with so dium car bon ate for
disaggregation.

Foraminifera were stud ied in 35 sam ples of the
0.063–2.0 mm frac tion (plank tonic and small ben thic
foraminifera) and 35 sam ples of the >2.0 mm frac tion (large
ben thic foraminifera). Spe cies abun dance was very vari able in
the sam ples; there fore, for quan ti ta tive eval u a tion only sam ples 
with more than ~100–150 spec i mens were used. Post-mor tem
as sem blage changes were eval u ated us ing the cri te ria of
Holcová (1999).

Cal car e ous nannoplankton was stud ied from each of the
core sam ples. Light mi cro scope tech niques were used for the
ex am i na tion of smear slides, which were pre pared us ing the
method de scribed by Zágoršek et al. (2007). The abun dance of
nannoplankton was ex pressed semi-quan ti ta tively as the num -
ber of spec i mens in the vi sual field of the mi cro scope. Ap prox i -
mately 200 to 500 cal car e ous nannoplankton spec i mens were
de ter mined from in di vid ual sam ples and used for the quan ti ta -
tive eval u a tion of as sem blages.

Ben thic and plank tonic foraminiferal as sem blages, as well
as cal car e ous nannoplankton, were sta tis ti cally ana lysed us ing
the palaeontological soft ware PAST (Ham mer et al., 2008). For

the clas si fi ca tion of sam ples, non-met ric mul ti di men sional scal -
ing (n-MMDS) was used.

The SEM study of foraminifera test walls showed strong
recrystallisation which pre cluded car bon and ox y gen sta ble iso -
tope anal y sis and Sr-dat ing.

The mol lusc and brachi o pod as sem blages were stud ied
from the washed sam ples of grain size >2.0 mm. The sys tem at -
ics and palaeo eco logi cal eval u a tion of the molluscs was based
on work by Bagdasaryan et al. (1966), Steininger et al. (1978),
Studencka (1986), Studencka et al. (1998), Schultz (2001),
Mandic and Harzhauser (2003) and Mandic (2004).

Brachi o pods were found in 20 sam ples, but were nu mer ous 
in only a few. For the SEM study, the spec i mens se lected were
coated with plat i num and ex am ined us ing a Philips XL20 mi cro -
scope at the In sti tute of Paleobiology, PAS, Warszawa.

Otolith as so ci a tions were stud ied from the >0.4 mm frac -
tion. Ev ery sam ple was an a lyzed us ing the palaeobathymetric
method pro posed for oto liths by Nolf and Brzobohatý (1994).

RESULTS

FACIES ANALYSES, SEDIMENTARY PETROGRAPHY, 
GAMMA-RAY SPECTRAL ANALYSES

Ten lithofacies were rec og nized ac cord ing to grain size,
(rarely pre served) sed i men tary struc tures, and shell con tent
(both quan tity and shell spec tra). The de scrip tion of lithofacies
is shown in Ta ble 1. The lithofacies have been com bined,
based on their spa tial group ing and depositional ar chi tec ture,
into two fa cies as so ci a tions (Read ing and Collinson, 1996). The 
dis tri bu tion of both lithofacies and fa cies as so ci a tions is marked 
in the lithostratigraphic log (Fig. 2).

The first fa cies as so ci a tion (FA1) is formed of five lithofacies 
(Mo, Mg, Mm, Mb, Mf; see Ta ble 1) and was rec og nized at the
depth of 7.5 to 20.0 m. The base of the FA1, which is also the
base of the Neo gene suc ces sion, was not reached by the bore -
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Fa cies
sym bol De scrip tion

Sp
Light yel low-brown to yel low-grey, silty very fine sand to sandy silt, cal car e ous, small ad mix ture of shells to the base,

cross-strat i fied. Mz = –5.5f, sI = 2.2f. This fa cies rep re sents 1.2% of the suc ces sion.

Sv
Light red dish-brown, light brown whit ish mot tled or green-grey, cal car e ous fine to very fine mas sive sand, poorly sorted due
to lo cal ad mix ture of peb bles of Culmian shales and greywackes up to 3 cm across. High con tent of red al gal shells. Lo cally

poorly pre served in clined pla nar par al lel lam i na tion. This fa cies rep re sents 6.8% of the suc ces sion.

Mb
Light grey-green cal car e ous silt, mas sive, well-sorted mas sive. Ir reg u lar gen er ally small ad mix ture of fine to very fine sand,
ir reg u larly dis trib uted. Com mon oc cur rence of bi valve shells. Mz =–5.9f, sI = 1.8f. This fa cies rep re sents 2.4% of the suc -

ces sion.

Mf
Light yel low-grey to grey-yel low cal car e ous sandy silt with a re mark ably high con tent of Planostegina tests and rare ad mix -
ture of bi valve shells, mas sive, well sorted. Mz = –5.1–5.8f, sI = 2.0–2.7f. This fa cies rep re sents 24.3% of the suc ces sion.

Mg Light grey-green, cal car e ous silt to siltstone with ir reg u larly dis trib uted ad mix ture of gran ules up to 3 mm across along the
base of the bed. Up per por tions of the bed are sig nif i cantly better sorted. This fa cies rep re sents 2.7% of the suc ces sion.

Mo Light grey, whit ish mot tled, cal car e ous clayey silt to siltstone with high con tent of shell de bris (oys ters). Crude pla nar strat i fi -
ca tion. This fa cies rep re sents 5.0% of the suc ces sion.

Mm
Light grey to grey-green mas sive cal car e ous silt to siltstone. Well-sorted with small ad mix ture of fine sand which mostly

formed thin laminae. Rare white cal car e ous con cre tions. Mz = –5.3–5.9f, sI = 1.8–2.0f. This fa cies rep re sents 39.1% of the
suc ces sion.

Lp Whit ish, green-grey sandy lime stone, with high con tent of allochems (rhodoliths). This fa cies rep re sents 12.4% of the suc -
ces sion.

Lm Whit ish cal car e ous siltstone to silty lime stone, mas sive. Rel a tively well-sorted. Lithification var ies. This fa cies rep re sents
1.2% of the suc ces sion.

Lg
Whit ish, yel low to brown, white mot tled sandy lime stone, high con tent of gran ules and peb bles (Culmian greywackes and

shales) up to 1.7 cm across. Pla nar lam i na tion, small ad mix ture of allochems (shells), rare thin silty laminae. This fa cies rep -
re sents 4.9% of the suc ces sion.

T a  b l e  1

List of fa cies (Zborník et al., 2013, mod i fied)



hole. The lower part of FA1 is typ i fied by the dom i nant role of
the lithofacies Mm, whereas the up per part is marked by the
dom i nant role of lithofacies Mf. Frag ments of Ostrea shells
were rec og nized in the low est por tion of FA1. Gran ules and
peb bles of Culmian rocks (greywackes are more com mon than
shales) re veal mostly discoidal or bladed shapes and are pre -
dom i nantly an gu lar to subangular. Peb bles are gen er ally rel a -
tively small (mostly <1 cm across), with the larg est one reach ing 
1.8 cm. A rise in sand con tent up wards in the suc ces sion of FA1 
is also doc u mented. The up per por tion of FA1 is typ i fied by its
rel a tively high con tent of Planostegina tests.

De pos its of FA1 (22 anal y ses) have rel a tively low and sta -
ble con cen tra tions of K (1.08–2.07%, with an av er age con cen -
tra tion Æ 1.50%, stan dard de vi a tion SD 0.29), as com pared
with the con cen tra tion of the av er age of the Earth’s crust. The
GRS logs show a con sid er able de gree of ver ti cal or ga ni za tion.
A trend of some up ward de cline of K con tent can be rec og -
nized. The con tent of U var ies greatly (1.69–8.23 ppm, Æ
4.56 ppm, SD 1.81), as does the con tent of Th
(4.65–10.37 ppm, Æ 7.71 ppm, SD 1.66). A sig nif i cant drop in
the con cen tra tion of both Th and U is trace able in the up per part 
of the FA1 (from 13 m). How ever, con cen tra tions of Th also re -
veal a gen eral trend of up ward de cline. The av er age value of
the Th/U ra tio is rel a tively low (Æ 2.04) and rel a tively sta ble (SD
0.67). The av er age value of the Th/K ra tio reaches 5.14, but the 
value is less sta ble (SD 1.0). The K and Th con cen tra tions
show high cor re la tion (lin ear re gres sion co ef fi cient; R = 0.79).
On the other hand, neg a tive or no cor re la tion was rec og nized
for con cen tra tions of Th and U (R = –0.05); the cor re la tion for K
and U is rel a tively low (R = –0.22). Thus we can pre sume a sim -
i lar source of sig nal for Th and K, but a dif fer ent one for U. Cor -
re la tions be tween the to tal con tent of nat u ral radionuclides and
con cen tra tions of K, Th and U re veal that U is the most im por -
tant source of the sig nal (R = 0.84). The roles of K (R = 0.43)
and Th (R = 0.27) are lower. There are low neg a tive cor re la -
tions be tween clay con tents: the con tent of U (R = –0.34), of K
(R = –0.35) and of Th (R = –0.28).

The sec ond fa cies as so ci a tion (FA2) is also formed of five
lithofacies (Sp, Sv, Lp, Lg, Lm). Lithofacies Lp plays a dom i nant 
role es pe cially in the lower por tion of FA2. The base of FA2 is
in ter preted at the depth of 7.40 m, where the rel a tively thick and 
mo not o nous de po si tion of Mf sharply changes into trac tion de -
pos its of lithofacies Sp. There is a higher ad mix ture of gran ules
and peb bles of Culmian rocks than in FA1, which is gen er ally
typ i cal of FA2 ex cept for the oc cur rence of lime stones. Peb bles
are gen er ally rel a tively small (mostly <1 cm across; max i mum
ob served 2.7 cm). The peb bles and gran ules are mostly an gu -
lar to subangular, whereas subrounded ones are less com mon. 
They are pre dom i nantly discoidal; less com monly bladed or
rod-shaped. Culmian greywackes or shales strongly dom i nate,
form ing up to 80% of the peb ble spec tra. Quartz, Ca con cre -
tions and bioclasts form the rest of the spec tra.

GRS (11 mea sure ments) re veal that de pos its of FA2 have
rel a tively low and sta ble con cen tra tions of K (0.37–1.23%,
Æ 0.72%, SD 0.3). The con cen tra tions of Th are also rel a tively
low, but more vari able (0.93–7.15 ppm, Æ 3.89 ppm, SDS 2.9).
Con cen tra tions of U are slightly higher (1.53–6.44 ppm,
Æ 3.74 ppm, SD 1.51) than the ones for FA1. The av er age
value of the Th/U ra tio is 1.46 (SD 1.32) and that of the Th/K ra -
tio is 5.75 (SD 1.13). These val ues are gen er ally lower than the
ones ob tained for FA1 (ex cept Th/K). Cor re la tions be tween the
to tal con tent of nat u ral radionuclides and con cen tra tions of K,
Th and U re veal that Th is mostly the prin ci pal source of the sig -
nal (R = 0.63), whereas the roles of U (R = 0.33) and es pe cially
K (R = 0.0) are sig nif i cantly lower. The K and Th con cen tra tions
show high pos i tive cor re la tion (lin ear re gres sion co ef fi cient;

R = 0.89). Neg a tive cor re la tions were re cog nised for con cen tra -
tions of Th and U (R = –0.42) and for K and U (R = –0.62). There 
were very low pos i tive cor re la tions be tween clay con tent and
the con tent of U (R = 0.14), the con tent of Th (R = 0.14), and the 
con tent of K (R = 0.13).

The GRS logs of FA2 show ver ti cal vari abil ity, which seems
to re flect lithofacies changes (Fig. 2). The sandy lithofacies Sp
and Sv have rel a tively sta ble con cen tra tions of Th
(2.90–5.81 ppm), a vari able con tent of U (1.53–6.44 ppm) and
lower con cen tra tions of K (0.61–1.14%). Lime stone lithofacies
(Lp, Lg and Lm) re veal sig nif i cantly higher vari a tions in the con -
tent of Th (0.93–7.15 ppm), a slightly more sta ble con tent of U
(1.49–4.76 ppm), and sim i larly low con cen tra tions of K
(0.37–1.24%). The source of the ra dio ac tive el e ments in FA2 is
thus slightly dif fer ent and con nected with siliciclastic in put in
gen eral.

The com po si tion of gar net re flects a rel a tively broad min er al -
og i cal spec trum, where 12 types of gar net have been iden ti fied
(de spite the re duced amount of data). Ta ble 2 shows the rel a tive
abun dance of the gar net types in the sam ples stud ied. The re -
sults of the anal y ses re veal a strong dom i nance of almandines.
The up per part of the Myslejovice For ma tion (Moravo-Silesian
Pa leo zoic, Drahany Culmian fa cies) con tains pre dom i nantly
pyrope-almandine gar nets (Otava et al., 2000, 2002; Èopjaková
et al., 2005; Èopjaková, 2007). So these rocks rep re sent the
dom i nant source area of the gar nets stud ied.

T a  b l e  2           

Gar net types of the stud ied de pos its 

Gar net type [%]

ALM(77-91) 17.1

ALM(60-80)-PRP(11-24) 20.0

ALM(72)-PRP(12)-SPS(11)   2.9

ALM(61-73)-PRP(13-17)-GRS(11-16)   5.7

ALM(56)-GRS(23)-SPS(12)   2.9

ALM(65-79)-GRS(11-22) 17.1

ALM(59-68)-GRS(16-23)-PRP(12-16) 11.4

ALM(66)-SPS(20)   2.9

ALM(56-74)-SPS(12-28)-PRP(11-15)   8.6

ALM(60)-SPS(17)-GRS(15)   2.9

SPS(71)-ALM(15-16)   5.7

SPS(44)-ALM(37)-GRS(14)     2.9

                ALM – almandine, GRS – grossular, PRP – 
                pyrope, SPS – spessartine

Rutile as one of the most sta ble heavy min er als is com -
monly used for prov e nance anal y sis (Force, 1980; Zack et al.,
2004a, b; Triebold et al., 2005, Stendal et al., 2006; Meinhold et
al., 2008). The con cen tra tion of the main di ag nos tic el e ments
(Fe, Nb, Cr, and Zr) var ies sig nif i cantly in the rutiles, in both FA1 
and FA2. The ma jor ity (70.6%) of rutiles re veal con cen tra tions
of Fe >1000 ppm. The con cen tra tions of Nb vary be tween 200
and 5180 ppm (AVG 1802 ppm); those of Cr vary be tween 40
and 3420 ppm (AVG 795 ppm); those of Zr be tween 60 and
1680 ppm (AVG 623 ppm), and the value of logCr/Nb is mostly
neg a tive (95%). These re sults in di cate that the pos si ble source
area re veals the high est pro por tion of metamafic rocks (52.9%), 
a sig nif i cant role of mag matic rocks (35.5%) and a less im por -
tant role of metapelites (17.7%). Zr-in-rutile ther mom e try was
ap plied for the metapelitic zir cons only (cf. Zack et al., 2004a, b;
Meinhold et al., 2008) and the re sults in di cate that they all be -
long to the granulite meta mor phic fa cies.
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Fig. 3. Calcareous nannoplankton assemblages from the Brus-1 borehole

Nannoplankton abundance: rare: <10 specimens in visual field of microscope; common: 10–100 specimens in visual
field of microscope; abundant: >100 specimens in visual field of microscope

Fig. 4. Non-metric MDS of calcareous nannoplankton from the Brus-1

Shepard plot in the left bottom corner together with stress 0.09 indicate a high reliability
 of statistical results; column on the right shows the distribution of typical assemblages 

along the section



FOSSIL ASSEMBLAGES

Cal car e ous nannoplankton. As sem blages of cal car e ous
nannoplankton (Ap pen dix 1*; Fig. 3) are rare to abun dant and
their com po si tion is dom i nated by Coccolithus pelagicus. Only
in sam ples –6.5 m and –5.5 m Thoracosphaera sp. dom i nated.
In the up per part of the bore hole (above the depth of 5.5 m), the
cal car e ous nannoplankton dis ap pears (Figs. 3 and 4). The
coccoliths are cor roded. There was re corded a high abun dance 
of re worked mainly Cre ta ceous nannoplankton. The abun -
dance of re worked taxa os cil lated in three cy cles: (1) base to
–16 m; (2) –16 to –11 m; (3) –11 to –7.5 m (Fig. 3). For ex am -
ples of cal car e ous nannoplankton spe cies, see Fig ure 5.

Foraminifera. Plank tonic foraminifera (Ap pen dix 2) are
well pre served with out no tice able signs of trans port. Nev er the -
less, plank tonic as sem blages are rare; they were found only in
the in ter val of 8–16 m of the bore hole. In all the as sem blages,
there was a low di ver sity of plank tonic foraminifera with dom i -
nantly co-oc cur ring Globigerina praebulloides/bulloides and
Globigerinella regularis (Fig. 6). Other plank tonic foraminifera
spe cies (i.e. Globigerina falconensis, G. concinna, G.
tarchanensis, Globigerinoides trilobus, Gl. quadrilobatus,
Turborotalia quinqueloba and T. connecta) oc cur only spo rad i -

cally. The per cent age of plank tonic foraminifera from the to tal
foraminiferal as sem blages (P/B-ra tio) var ies from 1 to 24%,
with prev a lence val ues up to 10% (Fig. 7). The cold-wa ter
eutrophic Globigerina praebulloides/bulloides (i.e. Sen Gupta,
1999) oc curs as a pre dom i nant spe cies in all the ranges of
–16.0 to –10.5 m, with a max i mum peak of 75% at the –15 m. At 
the depth of 8.0 to 8.5 m, there is a re cord of the oc cur rence of
G. praebulloides with Gl. regularis with a rel a tive abun dance of
only 47% (–8.5 m) and 32% (–8.0 m). At the depth of 9.0 m,
there is a rel a tive abun dance of Gl. praebulloides (100%).

The warm-wa ter oligotrophic spe cies Globigerinella
regularis (cf. Sen Gupta, 1999) oc curs in the in ter val of –14.5 to
–10.5 m. The rel a tive abun dance of this spe cies is gen er ally
>20% with the max i mum of 75% at –14.5 m. Other oc cur rences
of this spe cies were found at the depths of 15.5 m (rel a tive
abun dance of 50%), 8.5 m (26%) and 8 m (22%).

The ben thic foraminiferal as sem blages (Fig. 6 and
Appendicies 2, 3) in clude two types of foraminifera: small ben -
thic foraminifera and large ben thic foraminifera. Tests of small
ben thic foraminifera, sim i larly to plank tonic foraminifera, are not 
af fected by trans port ing, only by recrystallisation. Small ben thic
foraminifera are abun dant in all the as sem blages, with a rel a tive 
abun dance of gen er ally >90% (76–100%). Sim i lar to plank tonic
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Fig. 5. Examples of calcareous nannoplankton from the Brus-1 borehole

A–D – Thoracosphaera sp.: A –13.0 m, B –9.0 m, C, D –10.5 m; E, N, O – Reticulofenestra haqii Backman: E, O –10.5 m, N – 17.0 m; G, H, J
– Coccolithus pelagicus Schiller: G –10.5 m, H –9.0 m, J –17.0 m; I – Cyclicargolithus floridanus Bukry, –10.5 m; K–M – cor roded and bro ken
spec i mens: K, L – un de ter min able, K –13.0 m, L –9.0 m; M – Reticulofenestra bisecta Roth, –10.5 m; P, Q – re worked taxa: P – Eiffellithus sp. 
(Cre ta ceous–Eocene), –17.0 m; Q – Diazomatolithus sp. (Me so zoic), –17.0 m; R – Reticulofenestra bisecta Roth (Oligocene), –10.5 m; S –
Arkhangelskiella sp. (Cre ta ceous), –17.0 m; T – Micula sp. (Me so zoic), –17.0 m; U, V – Watznaueria sp. (Me so zoic): U –17.0 m, V –9.0 m

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1398

https://gq.pgi.gov.pl/editor/downloadFile/25744/37195
https://gq.pgi.gov.pl/editor/downloadFile/25744/37196
https://gq.pgi.gov.pl/editor/downloadFile/25744/37196
https://gq.pgi.gov.pl/article/downloadSuppFile/25744/3254
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Fig. 6. Examples of foraminifera from the Brus-1 borehole, SEM images

A – Elphidium crispum (Linne), –6.0 m; B – Cibicidoides sp., –4.0 m; C, D, I – Asterigerinata planorbis (d´Orbigny), C, D –9.0 m, I –7.5 m; E –
Elphidium fichtelianum (d´Orbigny), –18.5 m; F – Elphidium rugosum (d´Orbigny), –6.5 m; G – Melonis pompilioides (Fichtel & Moll), –10.0 m; 
H, J – Heterolepa dutemplei (d´Orbigny), H –7.5 m, J –10.0 m; K – Elphidium crispum (Linne), –18.0 m; L – Cibicidoides ungerianus
ungerianus (d´Orbigny), –5.5 m; M – Porosononion granosum (d´Orbigny), –16.5 m; N, O – Nonion com mune (d´Orbigny), N –12.5 m, O
–14.0 m; P – Uvigerina acuminata Hosius, –12.0 m; R – Bolivina pokornyi Cicha & Zapletalova, –7.5 m; S – Reussella spinulosa Reuss,
–12.5 m; T – Fursenkoina acuta (d´Orbigny), –12.5 m; U – Bolivina hebes Macfayden, –11.5 m; V – Laevidentalina elegans (d´Orbigny), –9.5
m; X – Globigerinella regularis (d´ Orbigny), –12.5 m; Y – Globigerina bulloides d´Orbigny, –11.5 m; Z – Globigerina praebulloides Blow,
–13.0 m; AA, AE – Planostegina granulatatesta (Papp & Küpper), AA –11.0 m; AE –14.5 m; AB, AC – Planostegina costata (d´Orbigny), AB
–8.0 m, AC –10.5 m; AD – Planostegina costata (d´Orbigny), –7.5 m; scale bars: A–Z: 100 µm, AA–AD: 1 mm
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foraminifera, small ben thic foraminifera di ver sity is rather low. It
was cal cu lated us ing the Shan non-Weaver in dex at a value of
1.9 (0.5–2.6). The num bers of spe cies in in di vid ual sam ples
vary around 20 (15–25) at –17.5 to –8.0 m; nev er the less, in the
lower and up per part of the pro file (–20 to –18 m, –7.5 to –3 m),
the num ber of spe cies drops be low 10 per sam ple.

The lower part of the pro file is char ac ter ized by a dom i -
nance of the epiphytic Elphidium spp. (see Langer, 1993) and
the low-sa lin ity taxon Am mo nia tepida, Porosononion grano -
sum (see Chendes et al., 2004), though a very low di ver sity. At
the lev els of –17.0 to –10.5 m, there is a sig nif i cant de crease of
these taxa, while the abun dance of the suboxic taxa Bolivina
spp., Bulimina spp., Uvigerina spp. (cf. Kaiho, 1994) in creases.
The rel a tive abun dance of suboxic taxa os cil lates be tween 4
and 80%, with peaks at the lev els of –16.5 m, –14.5 m, –12.0 m
and –10.5 m. At the –17.0 to –10.5 m lev els, there is also a
slight in crease in di ver sity (Fig. 7).

Along with the suboxic taxa, there are also the high-nu tri ent
taxa Nonion spp., Valvulineria complanata and Melonis spp.
(see Miller and Lohman, 1982; Jorrisen et al., 1992; Murray,
2003) with high rel a tive abun dance os cil lat ing be tween
26–64%. The last oc cur rence of suboxic/stenohaline Nonion
spp. is re corded at the level of –9.0 m; suboxic taxa (Bolivina
spp., Bulimina spp., Uvigerina spp.) at –8.0 m; and high-nu tri ent 
taxa at –6.5 m. In the up per part of the pro file, there is an ev i -
dent re cur rence of epiphytic taxa. In the in ter val –10.5 to
–6.0 m, there is a co-oc cur rence of Asterigerinata spp. and
Elphidium spp. with Cibicidoides spp., which is sig nif i cantly in
the mi nor ity. At the lev els of –6.0 to –3.0 m, there is an in crease
in the abun dance of Cibicidoides spp. along with Elphidium
spp.; their rel a tive abun dances vary be tween 85–95% (Fig. 7).

The multivariate sta tis tics (the PCA) showed clear sep a ra -
tion of three typ i cal as sem blages of small ben thic foraminifera
(Fig. 8): (1) hyposaline Am mo nia–Porosononion (–20 to
–15 m); (2) high-nu tri ent Valvulineria–Nonion com mune (–14.5
to –9.5 m), and (3) epiphytic Asterigerinata–Elphidium as sem -
blages (–9 to –3 m).

Large ben thic foraminifera (Fig. 6 and Ap pen dix 3) are re -
corded at the level of –14.5 m and in the in ter val –12.5 to –7 m,
with low di ver sity in all the sam ples. Tests of large ben thic
foraminifera are flat with out size sort ing, only show ing signs of
cor ro sion and abra sion, which could be due to bedload trans -
port (Holcová, 1999). Gen er ally, large ben thic foraminifera are
typ i cal for the reef and car bon ate shelf en vi ron ment and they
de pend on al gal sym bi o sis and on oligotrophic con di tions
(Hallock and Glenn, 1986; Bux ton and Pedley, 1989).

The as sem blages are char ac ter ized by a dom i nance of the
taxa Planostegina spp., rep re sented mainly by P. costata and
the mi nor ity spe cies P. politatesta, P. granulatatesta and P.
giganteoformis. The rel a tive abun dance of these taxa os cil lates 
gen er ally be tween 76 to 100% (with a low abun dance of 8% at
–12 m and 19% at –7.0 m). At –12.5 m, –11.5 m, –11.0 m,
–7.5 m and –7.0 m, there are co-oc cur rences with Planostegina 
costata, which is dom i nant at –12.0 m and –7.0 m. The last oc -
cur rence of large ben thic foraminifera in the pro file stud ied is re -
corded at –7.0 m, where is a co-oc cur rence of Planostegina
spp. and Amphistegina spp. (Fig. 7). These taxa are wide-rang -
ing in their bathymetric dis tri bu tion, lim ited only by wa ter trans -
par ency due to their sym bi o sis with photosynthetic or gan isms
(Saraswati et al., 2002; Mateu-Vicens et al., 2010). Their thin
and flat tests in di cate a deeper shelf en vi ron ment, mostly up to
70 m (e.g., Hallock, 1984; Hallock and Glenn, 1986;
Hohenegger, 1994, 1995; Mateu-Vicens et al., 2010).

Brachi o pods. Four brachi o pod taxa have been iden ti fied in 
the sam ples from the Brus-1 bore hole: the in ar tic u late
Discradisca sp. and the megathyrids Argyrotheca cuneata, A.
bitnerae, and Joania cordata (Fig. 9 and Ap pen dix 4).
Discradisca sp. was de tected in all the sam ples. Valves show
signs of hav ing been trans ported. About 200 bro ken dor sal
valves and frag ments of var i ous sizes were found. This brachi -
o pod has not pre vi ously been re ported from the Mio cene of the
Czech Re pub lic (see Zágoršek et al., 2012; Bitner et al., 2013;
Pavézková et al., 2013; Hladilová et al., 2014).
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Fig. 8. Small benthic foraminifera of the Brus-1 borehole: separation 
of hyposaline, high nutrient and epiphytic assemblages

https://gq.pgi.gov.pl/article/downloadSuppFile/25744/3254
https://gq.pgi.gov.pl/article/downloadSuppFile/25744/3255
https://gq.pgi.gov.pl/article/view/7686


The dom i nance of Discradisca makes the as sem blage from 
Brus unique among Paratethyan as sem blages. Al though
discinid brachi o pods have al ready been re corded from
Paratethyan com mu ni ties (Radwañska and Radwañski, 1984;
Kroh, 2003; Radwañski and Wysocka, 2004; Dulai, 2015;
Bitner and Motchurova-Dekova, 2016), they are rare to very
rare. To day Discradisca lives in the shal low-wa ter of trop i cal
and sub trop i cal ar eas, re stricted mainly to the con ti nen tal
shelves (Emig, 1997), thus its abun dance in the ma te rial stud -
ied in di cates a shal low-wa ter, warm en vi ron ment.

Megathyrids are much less fre quent. A. bitnerae was found
in the in ter val of –5.0 to –8.5 m; J. cordata was found at a level
of –17.0 m, in the in ter val of –6.5 to –5.5 m and at the level of

–3.5 m. A. cuneata is very rare and was found only in the sam -
ple from the level of –5.5 m; only one sam ple (at a depth of
–5.5 m) con tains all four spe cies.

Molluscs. The mol lus can fauna (Ap pen dix 5) is highly frag -
men tary, which rad i cally lim its the pre ci sion of their de ter mi na -
tion, and it con sists pre dom i nantly of bi valves – gen er ally, frag -
ments of pectinids (sig nif i cant Aequipecten malvinae,
Flabellipecten so lar ium, Hinnites crispus, “Chlamys” trilirata)
and oys ters; sca pho pods are much less fre quent; gas tro pods
are com pletely ab sent. In the lower parts of the pro file (–20 to
–16.5 m), a rel a tively higher amount of bi valves was re corded,
namely oys ters in the sec tions –20 to –18.5 m and –17 to
–16.5 m, and pectinids in the re main ing ones (Ap pen dix 5). In
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Fig. 9. Examples of Brachiopoda from the Brus-1 borehole, SEM images

A–D – Discradisca sp., bro ken dor sal valves and en large ment to show tu ber cu late ribs and nu mer ous ra dial microlines (D): A –5.5 m; B, D
–7.0 m, C –6.5 m; E – Argyrotheca cuneata (Risso), outer view of ven tral valve, –5.5 m; F– I – Argyrotheca bitnerae Dulai: F, G – dor sal views
of com plete spec i mens, –6.0 and –7.5 m, re spec tively; H, I – in ner and oblique views of dor sal valve, –7.5 m; J–M – Joania cordata (Risso), J, 
K – dor sal views of com plete spec i mens, –5.5 and –6.5 m, re spec tively; L, M – in ner views of dor sal valves, vis i ble mar ginal tu ber cles,
–5.5 m; scale bars: A, B, H–K, M – 1 mm; C, E, F, G, L – 500 mm, D – 100 mm

https://gq.pgi.gov.pl/article/downloadSuppFile/25744/3256


the in ter val –16.5 to –15 m, the amount of bi valves be gins to de -
crease in com par i son with the lower parts; in the rest of the pro -
file (–14.5 to –3 m), bi valves oc cur only spo rad i cally, be ing com -
pletely ab sent in sam ples from –10, –12, –14 and –16 m.

Fish fauna. Fish spe cies are few and fish spec i mens are
rare in the pro file stud ied (Ap pen dix 6). The fish fauna con sists
of iso lated teeth of Elasmobranchii (3 taxa) and iso lated teeth
and oto liths of Teleostei (9 taxa), al low ing oc ca sional spe cies
de ter mi na tion. Teleostei are rep re sented mostly by the teeth of
Diplodus spp.; less fre quent are Sparus spp. and Pagrus spp.
as well as in de ter min able taxa of the Sparidae and ?Labridae.
Oto liths rep re sent only the Gobiidae fam ily with the spe cies
Lesueurigobius vicinalis and Thorogobius ex gr. intimus and the 
in de ter min able taxa Gobiidae sp. 1 and Gobiidae sp. juv.

INTERPRETATION AND DISCUSSION

BIOSTRATIGRAPHY

The pres ence of large ben thic foraminifera and the bi valve
pectinid spe cies Aequipecten malvinae, Hinnites crispus,
Chlamys triliata and Flabellipecten so lar ium point to a Badenian 
age. The oc cur rence of Amphistegina mammilla (7 m) and
Planostegina spp. (–14.5 m, –12.5 to –7.0 m) in di cate the base
of the Badenian (cf. Piller et al., 2007). The pres ence of
Planostegina costata (–16.0 m, –12.0 m, –11.5 to –11.0 m,
–9.5 m, –7.5 to –7.0 m) al low cor re la tion with the ”Moravian
Substages” (NN5 Zone) of the Badenian (cf. Grill, 1943; Papp,
1978).

The ge nus Planostegina was de scribed as Heterostegina
from the Heterostegina sands in Korytnica Ba sin, Cen tral Po -
land (e.g., Szymanko and Wójcik, 1982; Rögl and Brandstätter,
1993; Krzywiec, 2001; Dulai and Stachacz, 2011). With re spect
to the com mon oc cur rence with Orbulina suturalis the
Heterostegina sands are cor re lated with the Lower Lagenidae
Zone (cf. Rögl and Brandstätter, 1993; Dulai and Stachacz,
2011; sensu Hohenegger et al., 2009, 2014). A co-oc cur rence
of Heterostegina sp. and O. suturalis was also de scribed from
Styrian Ba sin (cf. Hansen et al., 1987) and from the Tapolca Ba -
sin (Hun gary; cf. Selmeczi et al., 2004).

How ever, by con trast, in the Brus-1 bore hole no plank tonic
in dex taxa of the early Mid dle Mio cene have been re corded
(Helicosphaera ampliaperta, H. waltrans, Praeorbulina spp.,
Orbulina spp.). Be sides their ab sence from the shal low-wa ter
en vi ron ment, this may also in di cate a short in ter val of the Early
Badenian (sensu Hohenegger et al., 2014) with out
Helicosphaera ampliaperta, H. waltrans and orbulinas and with
only very rare Praeorbulina glomerosa. These in ter vals were re -
corded in the Leitha Lime stone in the Styrian Ba sin
(Hohenegger et al., 2009; Spezzafferi et al., 2009) and in the
Slovenian Cor ri dor (Bartol et al., 2008). How ever, in the
Carpathian Foredeep H. ampliaperta and H. waltrans co-oc cur
(Švábenická, 2002).

The dom i nance of Coccolithus pelagicus in cal car e ous
nannoplankton as sem blages in di cates rather the Karpatian or
base of Badenian (Early Badenian ac cord ing Hohenegger et
al., 2014). A marked de crease of the Coccolithus
pelagicus/Reticulofenestra minuta ra tio can be cor re lated with
the FO of H. waltrans and ap prox i mately with the LO of
Helicosphaera ampliaperta (Tomanová-Petrová and
Švábenická, 2007; Spezzaferri et al., 2009). Be cause in our
ma te rial Coccolithus pelagicus sig nif i cantly pre vails over
Reticulofenestra minuta, the up per bound ary of the bore hole
can be dated to ~15 Ma (Early Badenian ac cord ing to
Hohenegger et al., 2014). This in ter val un der lies the FO of

Orbulina suturalis and thus it is prob a bly ear lier than the Leitha
Lime stone and Heterostegina sands of the Korytnica Ba sin.
The sit u a tion is sim i lar to the Korytnica clays un der ly ing the
Heterostegina sands where Heterostegina spp., Amphistegina
mammilla and A. bohdanowiczi co-oc cur with the plank tonic
biostratigraphic marker Praeorbulina glomerosa and this co-oc -
cur rence char ac ter izes the Early Badenian be neath the
Orbulina suturalis Zone (cf. Rögl and Brandstätter, 1993). Pre -
vi ous study by Tomanová-Petrová (2016) based on spo radic
oc cur rence of the foraminifers Cassigerinella boudecensis,
Globigerina ottnangiensis, Pappina breviformis and the
ostracods Cytheridea paracuminata sug gested that these
strata were older, and cor re lated them with the
Karpatian–Lower Badenian bound ary. How ever, the spe cies
might be re worked from Karpatian sed i ments. Cicha et al.
(1998) de fined the on set of the Heterostegina/Planostegina
group at the base of the Badenian with pos si ble over lap of
Planostegina costata in the Karpatian.

DEPOSITIONAL ENVIRONMENT

The pro file of the Brus-1 bore hole stud ied is rep re sented by
two lithologically dif fer ent fa cies as so ci a tions: FA1 (–20.0 to
–7.5 m) and FA2 (–7.5 to –3.0 m). Fa cies as so ci a tion FA1 is
lithologically rel a tively mo not o nous. It is in ferred to rep re sent a
shal low-ma rine depositional en vi ron ment be low nor mal wave
base, above the photic zone and at storm wave base. The in put
of sand, gran ules and peb bles is re duced and may be ex -
plained by storm ac tion. The low and scat tered dis tri bu tion of
such coarser grains to gether with a very high con tent of silt and
sig nif i cant con tent of clay may re flect an area of de po si tion that
was rel a tively pro tected from wave and cur rent ac tion.

More over, the re sults of the grain size anal y ses can be used 
as a proxy for wa ter depth (Dunbar and Barrett, 2005). A rel a -
tively high con tent of mud and its grad ual de cline up wards con -
firm a rel a tively deep en vi ron ment and a grad ual shallowing
trend up wards to FA1 (see Fig. 2). The up per part of FA1 (–13.0 
to –3.0 m) re flects a grad ual de crease in siliciclastic sup ply to
the ba sin.

The FA1/FA2 bound ary shows a fur ther drop of K and
Th con cen tra tions and of Th/U ra tio; how ever, there is a rise in
the Th/K ra tio. This change in ra dio ac tive el e ment con tent may
in di cate a sig nif i cant de crease in ter res trial sed i ment in put
(Langmuir and Herman, 1980), which is fur ther con firmed by
the on set of lime stone de po si tion.

How ever, the start of de po si tion of FA2 re flects dune move -
ment on the sea bot tom and shal lower con di tions than in ter -
preted for FA1 (lower to mid dle shoreface?). The up per car bon -
ate fa cies of FA2 rep re sents a wave-worked, shal low-ma rine lit -
to ral en vi ron ment. In FA2, U is rel a tively en riched com pared to
other nat u ral radionuclides, which is also con sis tent with the low 
Th/U ra tio (sim i larly Berstad and Dypvik, 1982). The iden ti cal
po si tion of the low er most value of the Th/U ra tio and con cen tra -
tions of both K and Th may point to con di tions con nected with
the max i mum flood ing sur face = MFS (“ab so lute min i mum of
terrigenous in put”; cf. Lüning and Kolonic, 2003; Dove ton and
Merriam, 2004; Halgedahl et al., 2009; Nehyba et al., 2016).
The oc cur rence of lime stones lo cally with a high con tent of
clastic an gu lar to subangular par ti cles, up to peb ble size, in di -
cates pe ri od i cally in creased clastic in put. Such a sit u a tion may
re veal the role of storms and the rel a tive prox im ity of cliffs or cli -
ma tic changes. The sec ond pos si bil ity could be re flected by the
al ter na tion of lime stone lithofacies with siliciclastic ones. Such
cli ma tic changes could have af fected the weath er ing pro cesses 
in the source area, the cur rent re gime in the sea and changes in 
the tem per a ture and chem is try of the sea-wa ter.
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The high pos i tive cor re la tion of Th and K points to a com mon
source for both FA1 and 2, but a dif fer ent one for U. The neg a tive 
cor re la tions be tween the con tent of clay and the con cen tra tions
of Th, K and U in FA1 point to the im por tant role of sand frac tion
for the sig nal source rather than mud. The low con tent of sand is
then re spon si ble for the gen er ally low val ues of these el e ments
in FA1. The source of K and Th is traced in both heavy and light
min er als, es pe cially in de tri tal mica/feld spar that are pres ent in
the sand and silt frac tion, whereas the clay frac tion is prob a bly
rich in K-poor smectite (see Berstad and Dypvik, 1982). Sim i lar
trends in GRS were doc u mented by Hladilová et al. (2014) for
the Lower Badenian de pos its from the nearby lo cal ity of Hluchov. 
Sig nif i cant vari a tions in the con tent of Th prob a bly re flect vari a -
tions in the con tent of the sand frac tion.

Whereas the up per por tion of the sed i men tary pro file (FA2) is 
sim i lar in Brus and the nearby Lower Badenian lo cal ity of
Hluchov, the lower por tion of the pro file (FA1) sig nif i cantly dif fers
(cf. Hladilová et al., 2014). More over, the re sults of both gar net
and rutile prov e nance dif fer from the sup posed prov e nance for
these min er als in the nearby Lower Badenian lo cal i ties.

The sed i men tary suc ces sion of the Brus-1 bore hole does
not con tain ei ther the “basal-clayey beds” or the “youn ger sed i -
men tary brec cias” de scribed by Vysloužil (1981). Al though the
base of the Neo gene suc ces sion was not reached by the
Brus-1 bore hole, the silty fa cies of FA1 dif fer sig nif i cantly from
the de pos its de scribed by Vysloužil (1981). The base of the
Neo gene suc ces sion is sit u ated at the depth of 21.5 m be low
the sur face ac cord ing to ground-pen e trat ing ra dar data
(Hubatka, 2012). The lithofacies of FA2 can be com pared to
those of Lower Badenian out crops sur round ing Prostìjov
(Zágoršek et al., 2012; Hladilová et al., 2014). Other sim i lar
depositional en vi ron ments in the Moravian part of the
Carpathian Foredeep have been de scribed in the Kralice,
Kroužek, Podbøežice, Rousínov and Židlochovice ar eas
(Nehyba et al., 2008; Zágoršek et al., 2009; Doláková et al.,
2014; Holcová et al., 2015; Hrabovský et al., 2015).

PALAEOENVIRONMENT EVOLUTION

The palaeoenvironment rep re sented by the Brus-1 pro file
can be in ter preted as a shal low-wa ter ma rine en vi ron ment of in -
ner shelf with mixed siliciclastic and car bon ate sed i men ta tion
with an os cil la tion of sa lin ity and nu tri ent in put. The pres ence of
some molluscs (pectinids, oys ters), brachi o pods (Discradisca
sp., Argyrotheca spp., Joania cordata), fish (Diplodus spp.,
Sparus spp., Pagrus spp.), large ben thic foraminifera and
epiphytic foraminifera (Elphidium spp., Asterigerinata
planorbis, Cibicidoides spp.) point to shal low, sub trop i cal, ma -
rine en vi ron ments from the lit to ral to neritic zones.

Based on the sedimentological and palaeo bio logi cal re -
cords, com bined with nMMDS re sults of the sec tion, the pro file
can be sub di vided into the fol low ing in ter vals:

In ter val –20.0 to –15.0 m is char ac ter ized by the A1
siliciclastic fa cies formed by cal car e ous silts to siltstones with
vary ing de grees of sort ing. The sea-floor was set tled by the
low-sa lin ity taxa Porosononion granulosum and Am mo nia
tepida, to gether with epiphytic taxa with a pre dom i nance of
Elphidium sp., P. granulosum and A. tepida, which usu ally in -
habit a ma rine to brack ish-ma rine en vi ron ment (Resig, 1974;
Patterson, 1990). De crease in sa lin ity may have been caused
by fresh wa ter in put, which may have af fected the sea sonal
upwelling sys tem (de scribed also in the re cent Med i ter ra nean,
Coll et al., 2006; cf. e.g., Salat, 1996; Agostini and Bakun,
2002) and this may be as so ci ated with the oc cur rence of the
eutrophic spe cies Coccolithus pelagicus.

The oc cur rence of P. granulosum also si mul ta neously in di -
cates an infralittoral (tidal) zone with con ti nen tal in put and vig or -
ous wa ter cir cu la tion (Goubert et al., 2001) in a warm-wa ter en -
vi ron ment as shown by the pres ence of the tele ost gen era
Diplodus sp. and Sparus sp. and the brachi o pod ge nus
Discradisca sp. The higher in put of ter res trial ma te rial is also
shown by the rel a tively high K and Th con cen tra tions, as well as 
the Th/U ra tio.

Epiphytic foraminifera rep re sented mainly by Elphidium sp.
oc cu pied a shal low-wa ter sea up to 50 m deep (Rögl and
Spezzaferri, 2003; Murray, 2006) and the well-ox y gen ated en -
vi ron ment above the photic zone (Ramade, 1993; Kaiho, 1994). 
Elphidium spp. are also pri mary con sum ers that feed on the
biofilm of microalgae and bac te ria grow ing on sea grass blades.
This cor re sponds also with the spo radic oc cur rence of epibionts 
of the Pectinidae and Ostreidae point ing to a rocky infralittoral
zone with hard sub strata and sea grass (cf. Mandic and
Harzhauser, 2003).

In this con text, the high dom i nance of these taxa in di cates
that epiphytic foraminiferal com mu ni ties were re spon sive to a
nu tri ent-en riched en vi ron ment (Rich ard son et al., 2006), which
starts to be sig nif i cant in the fol low ing sec tions of the pro file.

In ter val –14.5 to –13.0 m is lithologically formed by the
same fa cies as the pre vi ous one. At the base of this in ter val,
there is a sig nif i cant de crease of hyposaline Am mo -
nia–Porosononion as well as epiphytic taxa while there is rapid
in crease in high-nu tri ent suboxic taxa (Nonion com mune) and
hypoxic taxa (Bolivina spp., Bulimina spp.). Re duc tion of the ox -
y gen con tent in the en vi ron ment is also shown by a rapid de -
crease in mol lusc and brachi o pod fauna. Sta bi li za tion of nor mal 
sa lin ity en abled suc cess ful im mi gra tion and the first bloom of
Planostegina as sem blages. How ever, the start of de po si tion of
FA2 in di cates dune mi gra tion on the sea bot tom and shal lower
con di tions than in ter preted for FA1 (lower to mid dle
shoreface?).

There was also sig nif i cant high food avail abil ity and or ganic
car bon con tent in the sed i ments ac com pa nied by the oc cur -
rence of Bulimina spp. and si mul ta neously a slight in crease in
the high-nu tri ent taxa Valvulineria complanata and Melonis
pompilioides.

These ben thic foraminiferal as sem blages are ac com pa nied 
by nannoplankton as sem blages of Coccolithus pelagicus from
–16.0 m of the sec tion and by the plank tonic foraminiferal spe -
cies Globigerina praebulloides/bulloides and Globigerinella
regularis. In this case, the oc cur rence of C. pelagicus points to
nu tri ent en rich ment of the sur face sea-wa ter (McIntyre and Bé,
1967; Rahman and Roth, 1990; Roth, 1994).

Gamma-spec tro met ric re cords show a rapid de cline in the
con cen tra tion of U and a grad ual in crease in the con cen tra tion
of K and Th, as well as in the value of the Th/K ra tio, while there
was os cil la tion in the value of the Th/U ra tio. In the in ter val of
–14.0 to –13.0 m there is an ob vi ous rapid in crease in the con -
cen tra tion of U and a si mul ta neous de cline in the con cen tra tion
of Th, as well as a de cline in the value of the Th/U ra tio. This
was ac com pa nied by a slow de cline of hypoxic and high-nu tri -
ent foraminifera. This may in di cate a short-term de crease in the
in put of ter res trial ma te rial into the ba sin.

This may have been the re sult of an in crease in rain fall, caus -
ing an in put of ter res trial ma te rial as well as in nu tri ent sup ply to
the ba sin. The rain fall prob a bly was con du cive to wa ter tem per a -
ture fluc tu a tions (to which C. pelagicus is tol er ant; Cachao and
Moita, 2000) as so ci ated with the co-oc cur rence of warm wa ter
Gl. regularis and cold wa ter G. praebulloides/bulloides.

There was also a sa lin ity de crease in the ba sin in di cated by
the co-oc cur rence of low-sa lin ity, high-nu tri ent and
sub-/dysoxic foraminiferal as sem blages with ep i sodic changes
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of re gime in the in ter val from –14.0 to –13.0 m as shown by the
os cil la tion in the high-nu tri ent and dysoxic foraminifera abun -
dances.

In ter val –12.5 to –8.0 m is formed by fa cies of well-sorted
cal car e ous silts and siltstones. This part is char ac ter ized by the
ab sence of low-sa lin ity taxa and a low abun dance of molluscs
(Pectinidae, Ostreidae), brachi o pods (Discradisca sp.) and fish
(Gobiidae). The sea-floor was set tled by the hypoxic
foraminifera Bolivina spp., Bulimina spp. and Uvigerina spp.,
suboxic Nonion com mune and by the high-nu tri ent spe cies V.
complanata. The P/B ra tio os cil lated be tween 5% and 13% in
the range of –12.5 to –10.5 m. In the range of –10.0 to –9.0 m
there is a rapid de cline of the P/B ra tio value (0–1%). In the up -
per part of this in ter val (–8.5 to –8 m), the P/B ra tio val ues in -
creases to 13% and 24%, re spec tively. In the in ter val –8 to
–10 m high-nu tri ent taxa grad u ally dis ap peared and epiphytic
taxa in creased. The sta tis ti cally de ter mined bound ary be tween
high-nu tri ent and epiphytic taxa is lo cated be tween –9.5 and
–9.0 m.

This in ter val is par tic u larly char ac ter ized by the pres ence of
the abun dant symbiont-bear ing larger ben thic foraminifera
(LBF) Planostegina costata. The first con tin u ous oc cur rence of
LBF in the pro file was re corded at –12.5 m, where there is a
pre-dom i nance of P. costata to gether with peak of warm-wa ter
plank tonic foraminifera.

The LBF show their larg est ex pan sion in the shal low
oligotrophic en vi ron ment of the circum-Tethyan ramps (Bux ton
and Pedley, 1989); their ap pear ance is of ten re lated to pe ri ods
of global warm ing, rel a tive drought, raised sea lev els, ex pan -
sion of trop i cal and sub trop i cal hab i tats, and re duced oce anic
cir cu la tion (Hallock and Glenn, 1986). The pres ent LBF in di vid -
u als grew to gi ant size, which may in di cate stressed con di tions
caused by low tem per a tures and in suf fi cient food and/or light.
These con di tions are tol er a ble for growth, but out side of the
range of tol er ance for re pro duc tion (Bradshaw, 1957). This is
ev i dent at –10 m, where abun dances of high-nu tri ent taxa de -
crease while abun dances of epiphytic foraminifera in crease

(Figs. 5 and 6). There was a si mul ta neous in crease in the test
size of Planostegina sp. where the en vi ron ment changed from
one of high or ganic mat ter con tent to low or ganic mat ter con tent 
(sea-grass mead ows; Fig. 10). How ever, Hallock (1985) and
Drooger (1993) pointed to the re la tion be tween an in creas ing
size of foraminiferal tests and an in creas ing depth of the hab i tat
range. As the LBF oc cur to gether with high-nu tri ent and dysoxic 
foraminifera, it can be as sumed that the main fac tor was the
change in nu tri ent and ox y gen con tents. This is shown by the
low di ver sity of LBF, be cause a re duc tion in spe cies di ver sity
may have been af fected by ox y gen de ple tion (see Golik and
Phleger, 1977; Ingle et al., 1980).

The in ter val with high nu tri ent and low ox y gen con tent and
abun dant LBF is char ac ter ized by a rapid de cline of U con cen -
tra tion; si mul ta neously, this in ter val shows a grad ual de cline in
K and Th con cen tra tions, which may re flect a grad ual re duc tion
in the con tri bu tion of ter res trial ma te rial into the area. The re -
duc tion of ter res trial ma te rial in put and the oc cur rence of gi ant
tests of the LBF may in di cate a short-term deep en ing of the
sed i men ta tion area or aridification of the cli mate, or a com bi na -
tion of both (Holcová et al., 2015). Deeper wa ter was ac com pa -
nied by the pres ence of Planostegina sp., which gen er ally in -
hab its poorly il lu mi nated sandy bot toms in calm deeper wa ter
(50–100 m; Hohenegger et al., 2000; Renema, 2006). Deeper
en vi ron men tal con di tions also cor re spond to the thin and flat
shells of the pres ent Amphistegina sp. and Planostegina sp.
Deeper wa ter en vi ron ments are char ac ter ized by lower light in -
ten sity and lower hy dro dy namic en ergy. Un der these con di -
tions, LBF re spond by flat ten ing their shells, al low ing sym bi onts 
to move closer to the outer wall, pro vid ing them with more light
(Leutennegger, 1977; Hottinger, 2005). The ab sence of low sa -
lin ity foraminifera in this case re sults from a re duc tion in pre cip i -
ta tion, caus ing a grad ual in crease in sa lin ity of the sea-wa ter.
The rel a tively low P/B ra tio val ues also cor re late with a high
abun dance of high-nu tri ent and hypoxic spe cies (van der
Zwaan et al., 1990).
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Mol lus can as sem blages are con sis tent with the palaeo eco -
logi cal in ter pre ta tion based on foraminifera and
sedimentological data. Costellamussiopecten sp. pre fers
deeper quiet wa ters with out strong cur rents and a rather soft
clay sub strate, be ing like many other pectinid spe cies, an ef fi -
cient ac tive swim mer (Bagdasaryan et al., 1966). The spe cies
“Chlamys” trilirata, Talochlamys multistriata and Aequipecten
macrotis, pos sess ing thin shells, be long to epibionts usu ally ex -
hib it ing byssal at tach ment to the sub strate. For the shell at tach -
ment they need pri mary and sec ond ary hard sub strata (for ex -
am ple rock sur faces, plants or ses sile an i mals). They are pre -
dom i nantly re corded from rocky sublittoral en vi ron ments
(Mandic and Harzhauser, 2003), namely in a less ex posed,
some what deeper infralittoral (shal low subtidal) zone.

The pres ence of stenohaline bi valves from the fam ily
Pectinidae, to gether with the al most to tal ab sence of brack ish
and estuarine el e ments as well as the prac ti cally con tin u ous
pres ence of echinoids and oc ca sion ally fre quent brachi o pod
shells, con firm a fully ma rine (of sa lin ity of ~35‰) sed i men tary
en vi ron ment in this part of the pro file of Brus-1.

Among the bi valves re corded, sus pen sion feed ers dom i -
nated, in di cat ing the ma rine en vi ron ment to have been rich in
or ganic de tri tus and plank tonic mi cro-or gan isms. Rep re sen ta -
tives of bryo zoans, balanids and brachi o pods are also sus pen -
sion feed ers. The abun dant re mains of echinoderms, es pe cially 
echinoids, rep re sent an other trophic level – car ni vores/pred a -
tors, and scav en gers.

The FA1/FA2 bound ary rep re sents the most pro nounced
event in the Brus-1 bore hole show ing a fur ther drop in K and Th
con cen tra tions, and the Th/U ra tio, but a rise in the Th/K ra tio.
This change in ra dio ac tive el e ment con tent may in di cate a sig -
nif i cant de crease in ter res trial sed i ment in put (Langmuir and
Herman, 1980) shown also by a de cline in high-nu tri ent spe cies 
likely caused by de crease in rain fall. Change in the pre cip i ta tion 
re gime is fur ther sup ported by the on set of lime stone de po si -
tion. This event might be cor re lated with the first aridification
event de fined by Hüsing et al. (2010) in the Med i ter ra nean area
and dated at ~15 Ma.

The start of de po si tion of FA2 (–7.5 to –3 m) re flects dune
mi gra tion on the sea bot tom. The up per car bon ate fa cies of
FA2 rep re sents a wave-worked, shal low-ma rine lit to ral en vi ron -
ment. In FA2, U is rel a tively en riched com pared to other nat u ral
radionuclides, which is con sis tent with the low Th/U ra tio (sim i -
larly Berstad and Dypvik, 1982). An iden ti cal po si tion of the low -
er most value of Th/U ra tio and con cen tra tions of both K and Th
could point to con di tions con nected with the max i mum flood ing
sur face MFS (“ab so lute min i mum of terrigenous in put”; cf.
Lüning and Kolonic, 2003; Dove ton and Merriam, 2004;
Halgedahl et al., 2009). Oc cur rences of lime stones lo cally with
high con tents of clastic an gu lar to subangular par ti cles, which
can reach peb ble size, in di cate pe ri od i cally in creased clastic in -
put. Such a sit u a tion may re flect storms and the rel a tive prox im -
ity of cliffs or cli ma tic changes. The sec ond pos si bil ity may be
re flected by al ter na tion of lime stone lithofacies with siliciclastic
ones. Such cli ma tic changes could have af fected weath er ing
pro cesses in the source area, the cur rent re gime in the sea and
changes in tem per a ture and chem is try of the sea-wa ter.

High pos i tive cor re la tion of Th and K points to a com mon
source of sig nal for both FA1 and FA2, but a dif fer ent one for U.
Neg a tive cor re la tion be tween clay con tent and con cen tra tions
of Th, K and U in FA1 points to an im por tant role of the sand
frac tion for the sig nal source rather than mud. Low con tent of
sand is then re spon si ble for gen er ally low val ues of these el e -
ments in FA1. The source of K and Th is traced in both heavy
and light min er als, es pe cially in de tri tal mica/feld spar pres ent in
the sand and silt frac tion, whereas the clay frac tion is prob a bly

rich in K-poor smectite (see Berstad and Dypvik, 1982). Sim i lar
trends in GRS were doc u mented by Hladilová et al. (2014) for
the Lower Badenian de pos its from the nearby lo cal ity of
Hluchov. Sig nif i cant vari a tions in Th con tent prob a bly re flect
vari a tions in the con tent of sand frac tion.

Foraminiferal as sem blages in this in ter val are char ac ter ized 
by the ab sence of hypoxic spe cies and by a re duc tion of
high-nu tri ent spe cies. At the same time, the plank tonic
foraminifera are com pletely miss ing; the symbiont-bear ing LBF
are re placed by epiphytic foraminifera. The in ter val at –7 to
–6 m is char ac ter ized by an in creased abun dance of
Asterigerinata planorbis and Elphidium spp.; the in ter val of –5.5 
to –5.0 m by Asterigerinata planorbis and Cibicidoides spp.; and 
the in ter val of –4.5 to –3.0 only by abun dant Elphidium spp.
These foraminiferal as sem blages in hab ited the highly oxic en vi -
ron ment of the in ner shelf of sea grass mead ows (Pezelj et al.,
2013; Wiedl et al., 2014). The very low di ver sity and the very
high abun dance (point ing to trans ported forms) of epiphytic
foraminifera (rotaliids) may in di cate a sublittoral zone (cf.
Gebelein, 1977). These palaeo eco logi cal con di tions also cor re -
spond with a slight in crease of the Teleostei taxa (mainly
Diplodus sp. and Gobiidae) as well as the mol lus can taxa
(Pectinidae, Ostreidae) and the brachi o pod taxa (Discradisca
sp., Argyrotheca spp., Joania cordata). In the rare cal car e ous
nannoplankton as sem blages, Thoracosphaera spp. dom i -
nated, rep re sent ing oligotrophy (Höll et al., 1998; Vink et al.,
2002) and char ac ter iz ing car bon ate de po si tion in the study area 
(Holcová et al., 2015).

CONCLUSIONS

1. De pos its of the Brus-1 bore hole rep re sent the sed i men -
tary infill of the wes tern most part of the Carpathian Foredeep.
Two fa cies as so ci a tions were rec og nized within the sed i men -
tary suc ces sion rep re sent ing al ter na tion of a siliciclastic fa cies
as so ci a tion (FA1) and a lime stone fa cies as so ci a tion (FA2). In
the siliciclastic fa cies three types of en vi ron ments al ter nated:
(a) the base of the sec tion with low-sa lin ity foraminifera
Porosononion granosum and Am mo nia tepida and epiphytic
foraminifera Elphidium spp. with Teleostei, Pectinidae and
Ostreidae point ing to a lit to ral en vi ron ment with warm brack ish
wa ter caused by in creas ing rain fall and river flow in put; in put of
ter res trial ma te rial is shown by rel a tively high K and Th con cen -
tra tions; in as much as brachi o pods are ex clu sively ma rine or -
gan isms, the in ar tic u late and megathyrid brachi o pods pres ent
were prob a bly re de pos ited from a nor mal ma rine en vi ron ment;
(b) the in ter val of low-sa lin ity, high-nu tri ent (Valvulineria
complanata, Melonis pompilioides) and sub-/dysoxic
foraminifera (Nonion com mune, Bulimina spp., Bolivina spp.,
Uvigerina spp.) and a rapid de crease/ab sence in mol lusc,
brachi o pod and Teleostei fos sils points to an en vi ron ment with
low sa lin ity and high nu tri ent con tent. In the cal car e ous
nannoplankton as sem blages, the higher abun dance of
Coccolithus pelagicus also in di cates a higher nu tri ent source for 
pri mary pro duc ers. In creased in put of nu tri ents was as so ci ated
with in tense riverine in put. This re sulted in the dis ap pear ance of 
epiphytic foraminifera and an in crease in infaunal high-nu tri ent
foraminifera to gether with dysoxic spe cies, the oc cur rence of
which was re lated to in tense de com po si tion pro cesses on the
sea-floor. Os cil la tions in the con cen tra tion of U, K and Th point
to vari a tion in the in put of ter res trial ma te rial into the ba sin; (c)
the in ter val with co-oc cur ring high-nu tri ent and sub/dysoxic
foraminifera spe cies and symbiont-bear ing ben thic foraminifera 
(Amphistegina spp., Planostegina spp.) which may in di cate an
en vi ron ment with a grad ual re duc tion in wa ter col umn tur bid ity
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as a re sult of grad ual de crease of the ter res trial in put. This is
also con sis tent with the grad ual re ap pear ance of epiphytic
foraminifera and rapid de cline in K and Th con cen tra tions.

2. Limestone fa cies with epiphytic foraminifera rep re sented
a dry pe riod. The on set of arid con di tions and car bon ate sed i -
men ta tion was as so ci ated with the rapid in crease in U con cen -
tra tion and de cline in K and Th con cen tra tions. The en vi ron -
ment is char ac ter ized by a de crease in nu tri ent in put from the
con ti nent, oligotrophic con di tions and the ex pan sion of sea -
grass mead ows with well-ox y gen ated and sun lit con di tions.
Low di ver sity and very high abun dance of the rotaliids ac com -
pa nied by a slight in crease of Teleostei and pectinids may in di -
cate a neritic/sublittoral en vi ron ment.

3. The biostratigraphic cor re la tion of the pro file is not ex act.
The pres ence of large ben thic foraminifera (mainly
Planostegina sp.) point to a Badenian age only. The mol lusc
spe cies Aequipecten malvinae, Hinnites crispus and Chlamys
triliata have a wide strati graphic range dur ing the Badenian.
The ab sence of Orbulina, Praeorbulina circularis and
Helicosphaera waltrans may in di cate an in ter val older than
15 Ma. The dom i nance of Coccolithus pelagicus in the cal car e -
ous nannoplankton as sem blages char ac ter izes the base of
Badenian (Early Badenian ac cord ing Hohenegger et al., 2014).
Cassigerinella boudecensis, Globigerina ottnangiensis,
Pappina breviformis re corded by Tomanová-Petrová (2016)
may be re de pos ited from the Lower Mio cene or may in di cate an 
older age of the base of Brus-1 bore hole. In any case, this in ter -
val can be cor re lated with the Mio cene Cli ma tic Op ti mum.

4. Al ter na tion of siliciclastic fa cies with car bon ate ones may
have been caused by an ep i sodic change in the pre cip i ta tion re -
gime. The hu mid re gime is rep re sented by the FA1 fa cies,
which is sig nif i cantly af fected by in put of ter res trial ma te rial into
the ba sin. This is shown also by rel a tively high con cen tra tions of 

Th and K and the pres ence of low-sa lin ity foraminifera
Porosononion granulosum and Am mo nia tepida. Then, hu mid -
ity was fol lowed by an in crease in arid ity, while de cline of in put
of ter res trial ma te rial and siliciclastic sed i men ta tion was fol -
lowed by car bon ate sed i men ta tion. This aridification event may
be cor re lated with one of the aridification events re corded in the
Med i ter ra nean and dated to 15.074 Ma and 14.489 Ma (cf.
Hüsing et al., 2010). The biostratigraphical data sug gest cor re -
la tion with the first aridification event is prob a ble.

5. Gen er ally, the lithologies and fos sil as sem blages of
Brus-1 bore hole dif fer from those of sur round ing Lower
Badenian de pos its. Cor re la tions with Heterostegina
(Planostegina) events from the Korytnica Ba sin and Leitha
Lime stone re main ques tion able. Due to the ab sence of (prae-)
orbulinas in the Brus-1 pro file its de pos its are prob a bly older
than the sur round ing lo cal i ties which are cor re lated with the
Lower Lagenidae Zone with orbulinas (sensu Wagreich et al.,
2014; Hohenegger et al., 2014). Oc cur rence of large ben thic
foraminifera (mainly Planostegina sp.) in the Brus-1 pro file was
prob a bly re lated to wa ter tur bid ity due to in tense rain fall that oc -
curred in the Early Badenian and pre ceded the arid pe riod lead -
ing to the Wieliczkian sa lin ity cri sis (13.81 Ma; cf. e.g., Peryt,
1997; Oszczypko et al., 2006; Kováè et al., 2007; de Leeuw et
al., 2010).
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