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Nep tu nian dykes were re cently re corded within the Mid dle Mio cene (Up per Badenian and Lower Sarmatian) Medobory reef com plex of
the Carpathian Fore land in west ern Ukraine. The Up per Badenian reefs are cut by a reg u lar, semi-per pen dic u lar net work of in ter sect ing
fis sures that pen e trate the Badenian reef lime stone down for more than 10 m. The dykes are filled by sev eral gen er a tions of Sarmatian
microbialites coat ing the frac ture walls and by bed ded bioclastic sed i ment (in clud ing foraminifers) which is more im por tant vol u met ri -
cally. The fis sure fill ings con tain ing both the Sarmatian ma te rial as well as rare clasts of Badenian rocks in di cate that the fis sures were
open dur ing the on set of Sarmatian de po si tion. They orig i nated fol low ing the emer gence and frac tur ing of the Badenian lime stones, ei -
ther due to fault tec ton ics at ba sin mar gins in duced by ba sin sub si dence, around the Badenian-Sarmatian bound ary, or to grav i ta tional in -
sta bil ity of large lithified Badenian reef bod ies. Only one phase of frac ture open ing oc curred. The fill ing of frac tures was ep i sodic, with
pulses of ce men ta tion and mi cro bial growth and sed i ment in jec tion. Four dif fer ent foraminiferal as sem blages re corded in the nep tu nian
dykes in di cate that the pro cess of frac ture fill ing was long-last ing.
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INTRODUCTION

Nep tu nian dykes are bod ies of youn ger sed i ment in fill ing
fis sures in rocks ex posed on the sea-floor and are the ma rine
equiv a lents of ter res trial (of ten karstic) fis sure fills with which
they may be ge net i cally re lated. They are par tic u larly as so ci -
ated with car bon ate build ups due to three fac tors: (1) as car bon -
ates be come lithified much more rap idly than siliciclastic
rocks, they re spond in a brit tle man ner to stress and de velop
frac tures even at an early stage; (2) car bon ate slopes tend to
steepen up wards and de velop frac tures due to un load ing and
mass move ment along the plat form mar gins; (3) sub stan tial
voids can be formed due to cir cu la tion of undersaturated wa ters 
(Smart et al., 1988). 

Nep tu nian dykes were re cently re corded within the Mid dle
Mio cene (Up per Badenian and Lower Sarmatian) reef com plex 
that ex tends for more than 200 km in west ern Ukraine in the
Carpathian fore land lo cated north of the Carpathian Foredeep
Ba sin, a sub-ba sin of the Cen tral Paratethys (Fig. 1) that is

filled by mostly Mid dle Mio cene strata of thick ness reach ing
5.5 km. The reef com plex forms the Medobory Hills (Fig. 2).
Their most prom i nent com po nent are Up per Badenian coralline 
al gal reefs that are as so ci ated with a va ri ety of bioclastic, marly
and rhodoid fa cies. The coralline al gal reefs are cov ered by
Lower Sarmatian serpulid-microbialite reefs. The Sarmatian
reefs oc cur also within marly and clayey de pos its at the SW
foot of the Medobory Ridge where they build rocky hills a few
ten of metres high. The Mid dle Mio cene reefs of Medobory
have been stud ied for more than one cen tury (see Korolyuk,
1952; Maslov, 1962) but the oc cur rence of nep tu nian dykes has 
been men tioned only re cently (Radwański et al., 2006b). The
nep tu nian dykes are a po ten tially im por tant source of in for ma -
tion re veal ing the his tory of the reefs and in this pa per we fo cus
on three lo cal i ties: Maksymivka, Polupanivka and Hai Roz -
totski, where the Up per Badenian reefs are cut by a reg u lar,
semi-per pen dic u lar net work of in ter sect ing fis sures that pen e -
trate Badenian reef lime stone; the fis sures are more than 10 m
deep (e.g., Fig. 3). 



GEOLOGICAL SETTING

The Mid dle Mio cene strata of the Carpathian fore land in
west ern Ukraine rest upon Up per Cre ta ceous and Mid dle-
 Lower Pa leo zoic de pos its of the East Eu ro pean Plat form. Dur -
ing the Paleogene the area of Carpathian fore land was sub ject
to ero sion un til the Early Badenian re gional trans gres sion
(Oszczypko et al., 2006); only lo cally were Eocene de pos its 
en coun tered. The north ern mar ginal area of the Early Badenian 
sea was oc cu pied by lit to ral sands (Mykolaiv Beds) and coral -
line al gal de pos its (Naraiv Beds; Andreyeva-Grigorovich et al., 

1997; Wysocka et al., 2012). On the rel a tively wide
(50–100 km) north ern shelf (outer foredeep) siliciclastic sed i -
ments of the Zhuriv and Baranów beds were de pos ited. The
area of Medobory was flooded only in the Late Badenian ow -
ing to rel a tive sea level rise; the rise was per haps linked with
tec tonic sub si dence re lated to a Late Badenian in creased rate of
over thrusting within the Carpathian accretionary wedge and/or
in creased slab-pull pro cesses within the Carpathian subduction
zone (Oszczypko et al., 2006).

Up per Badenian and Lower Sarmatian reefs oc cur in a zone 
a few km to 40 km wide and more than 200 km long (Fig. 1).
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Fig. 1A – map of the Mid dle Mio cene de pos its in the Carpathian Foredeep Ba sin in Po land and Ukraine, show ing the dis tri bu tion of reef 
de pos its (solid shad ing); B – dis tri bu tion of the Badenian and Sarmatian reefs of the Medobory Hills with lo ca tion

of the out crops stud ied (af ter Korolyuk, 1952; mod i fied)

Fig. 2. Sche matic geo log i cal cross-sec tion through Medobory (af ter Górka et al., 2012, mod i fied)

B – Vyshhorodok Beds and Buhliv Beds (sands), P – Pidhirtsi Beds (sands), Tb – Ternopil Beds (reef fa cies),
Td – Ternopil Beds (organode tri tal fa cies), V – Volhyn Beds in clud ing Sarmatian serpulid-microbialite reefs (Vs)



The reef zone con sists pre dom i nantly of Up per Badenian
coralline al gal boundstones up to 100 m thick in its ax ial part
and bioclastic grainstones and rudstones on the reef slopes
(Korolyuk, 1952; Janakevich, 1977; Radwański et al., 2006a;
Górka et al., 2012). The main frame-build ers in the Up per
Badenian reefs are crustose coralline al gae with scat tered
hermatypic cor als. Par tic u lar coralgal build ups of vari able size
are com posed of red-al gal col o nies interfingering with, and/or
en crusted by, biolithic mats/crusts of sup pos edly blue-green al -
gal or i gin (Radwański et al., 2006a). The coralline al gae dis -

play dif fer ent growth morphologies rang ing from lam i nar
crusts to erect branch ing forms. Reef-as so ci ated biota com -
prises rich as sem blages of bi valves and gas tro pods, echi noids,
crus ta ceans, foraminifers, bryo zoans and serpulids. In places,
bor ing or gan isms are of great im por tance. The coralgal build -
ups are sep a rated by calcarenites and/or calcirudites. The Me -
dobory reefs sep a rated deeper en vi ron ments of the Carpa thian
fore land where mostly marls with in ter ca la tions of rho doid
lime stone were de pos ited; to wards the Carpathian Foredeep
Ba sin these pass into claystones and marls (Gedl and Peryt,
2011), with nearshore fa cies dom i nated by white quartzose
sands and sand stones, dis cor dantly over ly ing the pre-Neo gene
base ment (Maslov and Utrobin, 1958). Field ob ser va tions have 
shown the pres ence of brec cias, vadose silt and vadose leach ing 
in the up per most coralline-al gae boundstones, in di cat ing con -
sid er able sea level fluc tu a tions and a phase of emer gence of the
Medobory reefs in the lat est Badenian (Jasionowski, 2006).

The Lower Sarmatian serpulid-microbialite reefs cover the
west ern slopes of the Up per Badenian reefs and sel dom over lie
their tops; they also oc cur at the south-west foot of those reefs
form ing iso lated mounds (called toutra) up to a few tens of
metres high (Jasionowski, 2006; Górka et al., 2012). The reefs
are com posed of calcitic pre cip i tates of mi cro bial and in or ganic 
or i gin with nu mer ous serpulid tubes. The ma jor reef com po -
nent com prises microbialites. The reef biota is tax o nom i cally
very poor and rep re sented by a few spe cies of bi valves, gas tro -
pods, bryo zoans, foraminifers and ostracods typ i cal of a semi-
 ma rine en vi ron ment. The microbialites and the serpulid or
bryo zoan skel e tons to gether form a cav ern ous frame work that
is usu ally filled up with abun dant synsedimentary fi brous ce -
ments and micritic in ter nal sed i ments (Jasionowski, 2006; Stu -
dencka and Jasionowski, 2011).

The top sur face of the Up per Badenian reef in its ax ial part
is cut hor i zon tally and lev eled, sug gest ing that it rep re sents a
sub ma rine abra sion sur face. The over ly ing Sarmatian de pos its
are sev eral metres thick and show very high fa cies dif fer en ti a -
tion. The southwest ern slopes of the Up per Badenian reefs dip
steeply to wards the south and show very var ied re lief (Radwa -
ński et al., 2006b). The con tact of Up per Badenian and Sarma -
tian de pos its, of ten ver ti cal, is en crusted by red al gae and
nubecularian foraminifera.

MATERIAL AND METHODS

The Maksymivka Quarry (49.592°N, 25.868°E) is lo cated
20 km east of the city of Ternopil in the cen tral sec tion of the
Medobory Hills (Fig. 1). This huge quarry, em brac ing an area
of sev eral square kilo metres, is some tens of metres deep and
ex ploits mainly Up per Badenian reef lime stones (Fig. 3A). In
Maksymivka the larg est fis sures oc cur in the ex ter nal parts of
the reefs (Fig. 3B, C); to ward the reef cen tre they are nar rower
and even tu ally dis ap pear. The fis sure widths range from a few
centi metres  up to more than 1 m (Figs. 3–5 and 6A). A sim i lar
sit u a tion is ob served in other quar ries such as Polupanivka
(49.486°N, 25.960°E) or Hai Roztotski (49.831°N, 25.440°E).

The microfacies and pe trog ra phy of the fis sure fills were
stud ied in stan dard thin sec tion. For sta ble iso tope anal y sis, the
slabbed spec i mens (with the other slab used to pro duce stan -
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Fig. 3A – gen eral view of the Maksymivka Quarry; fis sures oc cur in
the south-west wall of the quarry (left). The pit is cut into the
Badenian reef. Sarmatian rocks oc cur in the up per most parts of the
quarry walls; B – wall of the the Maksymivka Quarry with semi-ver ti -
cal joints or very nar row fis sures that cut the Badenian reef lime -
stone; C – south west ern face of the Maksymivka Quarry built by the
Badenian reef lime stone cut by wide ver ti cal fis sures that are filled
with Sarmatian de pos its; ar rows point to the fis sures



dard thin sec tions) were sam pled se lec tively with a 1.5 mm di -
am e ter stain less steel drill with tung sten car bide coat ing. 23
sam ples from 5 slabs were ana lysed (cf. Ta ble 2). Con sid er ing
the di am e ter of sam pling (1.5 mm) and the petrographic vari -
abil ity shown by the rocks stud ied, the iso to pic sam pling has to
be re garded as rep re sent ing whole rock sam ples. 
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Fig. 5A, B – wide fis sures in the Badenian reef lime stone
(Maksymivka Quarry)

Red quad ran gle in A shows the frag ment in B; black ar rows in di cate fis sure 
walls that are coated with Sarmatian microbialite encrustations; white ar -
row shows sam ple shown in Fig ure 6; for other ex pla na tions see Fig ure 4

Fig. 4A, B – wide fis sures in the Badenian reef lime stone
(Maksymivka Quarry)

Ar rows in di cate fis sure walls that are coated with Sarmatian microbialite 
encrustations; BR – Badenian reef rock, sc – mi cro bial encrustation, s –
Sarmatian bed ded shelly de pos its fill ing the fis sures



CO2 was ex tracted from the sam ples us ing the se lec tive
chem i cal sep a ra tion tech nique de scribed by Al-Aasm et al,
(1990). CO2 was ob tained at 25°C in 2 hours of re ac tion with
100% phos pho ric acid for anal y sis of cal cite. Then the sam ple
kept on re act ing un til the next day and there af ter all CO2 was
pumped away. Af ter that, the re ac tion was con tin ued at 50°C
over 2 days and CO2 was col lected for the iso to pic anal y sis of
do lo mite. The iso to pic anal y sis was per formed on a dual in let
and tri ple col lec tor mass spec trom e ter with stan dard un cer -
tainty of d13C and d18O val ues of 0.07‰. Re sults of the sta ble
iso tope anal y ses made at the Mass Spec trom e try Lab o ra tory of
the Maria Cu rie-Skłodowska Uni ver sity (Lublin) are given rel -
a tive to the VPBD stan dard.

Min er al og i cal (XRD) and el e men tal geo chem i cal (XRF)
anal y ses (4 and 9 sam ples re spec tively) were mea sured on a se -
quence flu o res cence spec trom e ter XRF (us ing a Philips PW
2400 spec trom e ter at the Cen tral Chem i cal Lab o ra tory of the
Pol ish Geo log i cal In sti tute).

For micropalaeontological anal y sis three sam ples of marly
clays and clayey car bon ate sand were taken from Hai Roz -
totski, two sam ples from the fis sure shown in Fig ure 5 at
Maksymivka and three sam ples of marly clays and clayey car -
bon ate sand from the infills of fis sures and karst cav erns at
Polupanivka (see Peryt and Jasionowski, 2012). Washed res i -
dues for foraminiferal study were ob tained from the rocks by
disaggregation us ing Na2SO4. An aliquot of about 250 or more
spec i mens from the 100–700 mm size frac tion was used for
foraminiferal counts. The palaeoenvironmental in ter pre ta tion
based on foraminifers ap plies the re quire ments of pres ent-day
rep re sen ta tives of the taxa re corded (Murray, 1991, 2006;
Langer, 1993; Hay ward et al., 1997; Geslin et al., 2000).

RESULTS

FACIES

The fis sures lo cally show a reg u lar pat tern sug gest ing that
they are re lated to joints in me rid i o nal, SW–NE, and
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T a  b l e  1

Min er al ogy (XRD) and geo chem is try (XRF) of fis sure microbialites and ce ments 

No. Sam ple De scrip tion Min er al ogy
[XRD]

Sr
[ppm]

Mg
[ppm]

MnO
[%]

Fe2O3
[%]

SiO2
[%]

Al2O3
[%]

TiO2
[%]

P2O5
[%]

SO3
[%]

1 M4/02-1 microbialite cal cite   463   6151 0.053 1.11 1.35 0.27 0.01 0.079 0.01

2 M4/03TP-1 microbialite na 1234 10553 0.039 0.09 0.44 0.07 0.01 0.053 0.09

3 M5/03TP-1 ce ment cal cite 1687   4101 0.012 0.03 0.50 0.05 0.01 0.018 0.08

4 M12/03-1 microbialite na  508   8020 0.080 0.11 1.61 0.14 0.01 0.100 0.03

5 M15/03-1 microbialite Mg-cal cite,
cal cite 1215 10312 0.027 0.04 0.20 0.05 0.01 0.061 0.09

6 M19/03-1 microbialite na   410   6513 0.060 0.13 0.40 0.07 0.01 0.109 0.08

7 M19/03-2 microbialite na   328   5066 0.124 0.08 0.75 0.14 0.01 0.120 0.02

8 M20/03-1 microbialite Mg-cacite,
cal cite 1030   8865 0.040 0.06 0.25 0.05 0.01 0.070 0.12

9 M20/03-2 microbialite na 1305  9950 0.060 0.08 0.41 0.05 0.01 0.900 0.22

na – not ana lysed

T a  b l e  2

Sta ble C and O iso tope com po si tion
of microbialite crusts

No. Sam ple
d18O 

[‰ VPDB]
d13C 

[‰ VPDB]

1 MS20/03-0 –2.06   0.80

2 MS20/03-1 –0.52   2.17

3 MS20/03-2 –1.78   1.03

4 MS20/03-3 –0.46   1.69

5 MS20/03-4 –1.08   1.57

6 MS20/03-5   0.28   2.61

7 M2-1 –2.61 –0.11

8 M2-2 –0.02 –1.93

9 M2-2a –5.15   1.89

10 M2-3 –1.79   1.29

11 M2-4   0.16   2.45

12 M2-5 –6.60 –5.79

13 M16/03-1 –0.28   1.97

14 M16/03-2   0.58   2.12

15 M16/03-3   0.21   2.07

16 M16/03-4 –1.60   2.04

17 M16/03-5 –0.19   2.18

18 M12/03-1 –1.38   1.55

19 M12/03-2 –1.14   1.85

20 M12/03-3 –0.69   1.63

21 M19/03-1 –0.64 –0.99

22 M19/03-2 –3.50   0.79

23 M19/03-3 –5.32 –1.16
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Fig. 6. Three-gen er a tion microbialite encrustation at Maksymivka (sam ple M2-15)

A, B – each gen er a tion shows a dis tinct growth pat tern, di rec tion growth was from left to right and up wards: A – pol ished slab, nat u ral ori en ta tion, B
– mi cro pho to graph of large thin sec tion, equiv a lent to the slab por tion marked with the box at pic ture A; C–E – mi cro pho to graphs of var i ous

microbialite fab rics – clot ted and mas sive micro struc tures are eas ily vis i ble, lo ca tion of the pic tures marked at pic ture B 



WNW–ESE di rec tions char ac ter is tic of Neo gene de pos its of
the Podolian part of the East Eu ro pean Plat form (Klimchouk et
al., 1995). Their sur faces are of ten en crusted by mi cro bial
crusts and in some places also by crusts formed of skel e tal or -
gan isms (bryo zoans, nubecularians), while the mid dle parts of
fis sures are com posed of organodetrital ma te rial, of ten bi valve
and gas tro pod shells (Figs. 3–5). Sim i lar Sarmatian ma te rial
fills cav erns in the Badenian reefs, of ten sev eral metres be low
their tops (e.g., in Polupanivka). Some fis sures in clude brec cias 
or con glom er ates con tain ing clasts of var i ous Sarmatian rocks
(serpulid-microbialite lime stones, crusts of en crust ing or gan -
isms) and in some cases also Badenian reef lime stones.

The walls of fis sures are usu ally coated with 1 to 3 gen er a -
tions of mi cro bial encrustations (Figs. 6–9), that are vir tu ally
iden ti cal to microbialites form ing the over ly ing Sarmatian reefs
(see Jasionowski, 2006). Sev eral gen er a tions of wall coat ings
oc cur, and each gen er a tion shows a dis tinct growth pat tern,
which in wider fis sures is clearly phototropic. Mi cro bial encru -
stations show var i ous fab rics; they are mostly clot ted and mas -
sive, and in some cases peloidal clot ted fab rics are made up of
ag gre gates of small peloids and sparitic rims. In places, in par tic -
u lar in nar row fis sures, en crust ing coralline al gae, fora minifers
and bryo zoans are in cluded in the coat ings. In the cen tral part of
fis sures, bed ded de pos its con tain ing Sarmatian bi valves (mostly
the cockle Obsoleliforma and mytilids) and var i ous gas tro pods
(e.g., Mohrensternia, Calliostoma, Cerithium) oc cur.

GEOCHEMISTRY

Min er al ogy (XRD) and geo chem is try (XRF) of fis sure
microbialites and ce ments are shown in Ta ble 1, and Fig ure 10
shows mag ne sium and stron tium con tents in var i ous com po -
nents of Sarmatian reefs of Medobory and fis sure microbialite
coat ings in the Maksymivka Quarry. They usu ally con tain neg -
li gi ble terrigenous ad mix ture as shown by low con tents of SiO2

and Al2O3. 
The d18O and d13C val ues mea sured in the mi cro bial coat -

ings are quite vari able (Ta ble 2 and Fig. 11). The d18O val ues

range (ex cept for one iso to pi cally ex tremely light sam ple –
M2-5 – that was ex cluded) is from –5 to +0.5‰ (VPDB) (mean 
is –1.3‰; stan dard de vi a tion –1.6‰). They are in av er age
shifted ca. 1.7‰ to wards lower val ues in com par i son to the
microbialites con struct ing Sarmatian reefs (their mean is about
0‰, rang ing from ca. –3 to ca. +2.5‰ [VPDB] – see
Jasionowski, 2006). The d13C val ues range from –2 to over
+2.5‰ [VPDB] (mean +1.25‰; stan dard de vi a tion 1.2‰) and
are merely slightly lower than those typ i cal of the Sarmatian
reef microbialites (mean 1.9‰, rang ing from 0 to +2.8‰
[VPDB] – see Jasionowski, 2006). No ap par ent iso to pic trends
across the microbialite growth pro files are ob served both for
d18O and d13C. 

FORAMINIFERS 

At Maksymivka, the fol low ing taxa were iden ti fied in sam -
ple III of a weakly ce mented co quina: Lobatula lobatula
(Walker et Ja cob), Elphidium aculeatum (d’Orbigny), Elphi -
dium macellum (Fichtell et Moll), Elphidium sp., Articulina
problema Bogdanowicz, Pseudotriloculina consobrina (d’Or -
bigny), Quinqueloculina sarmatica Karrer (Fig. 12); Lobatula
lobatula dom i nates the as sem blage (Fig. 13). The fol low ing
taxa oc cur in sam ple II: Quinqueloculina sarmatica Karrer, Q.
akneriana d’Orbigny, Varidentella podolica (Didko wski), V.
inflatecarinata (Venglinski), Pyrgo clypeata (d’Orbigny).
Triloculina sp., Lobatula lobatula (Walker et Ja cob), Elphi -
dium joukovi (Serova) (Figs. 12 and 13). This as sem blage is
dom i nated by small hauerinids (Fig. 13). 

At Hai Roztotski, sam ple 5 con tains a Lobatula lobatula as -
sem blage with dom i nant Lobatula lobatula (Walker et Ja cob)
(90%), rare Cycloforina spp. and Varidentella spp., and spo -
radic Porosononion martkobi (Bogdanowicz), Elphidium
excavatum (Terquem), Nonion tumidulus Pishvanova, Articu -
lina problema Bogdanowicz and Quinqueloculina sarmatica
Karrer (Figs. 13 and 14). Sam ple 7 is char ac ter ized by an
Elphidium hauerinum as sem blage, Elphidium hauerinum
(d’Orbigny) is ac com pa nied by E. excavatum (Terquem), E.
macellum converia Venglinski, E. macellum tumidocamerale
Bogdanowicz and Porosononion martkobi (Bogdanowicz);
there are very rare hauerinids – Cycloforina spp., Varidentella
ro tunda (Gerke) and Triloculina inflata d’Orbigny (Figs. 13
and 14). Sam ple 8 yielded Elphidium hauerinum as sem blage
with very rare hauerinids (Fig. 13). 

In sam ples from Polupanivka the as sem blage is dom i nated
by elphidiids and hauerinids (Fig. 13; Peryt and Jasionowski,
2012). 

INTERPRETATION

The fis sures re corded are re garded as nep tu nian dykes. We
ap ply the def i ni tion given by Playford (1984) for the sed i men -
tary fill ing of a fis sure that cut the bed ding of the host rock and
formed rel a tively soon af ter de po si tion in early-ce mented lime -
stones. Nep tu nian dykes may form due to (1) tec tonic mech a -
nisms that cause rock frac tur ing or ini ti ate grav i ta tional move -
ment or (2) high lo cal depositional re lief and sed i ment in sta bil -
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Fig. 7. Peloidal clot ted fab rics made up of ag gre gates of small
peloids and sparitic rims (Maksymivka, SEM pic ture)
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Fig. 8. Nar row fis sure in fill ing with microbialite, coralline al gal and nubecularid foraminifer
encrustations at the edges and bioclastic de pos its in the cen tre (Maksymivka, sam ple M2-2)

A – pol ished slab across the whole fis sure fill in nat u ral po si tion; B, C – mi cro pho to graphs of thin sec tions (see
A for lo ca tion); D–G – de tails of the fis sure in fill ing (boxes at C mark po si tions of each mi cro pho to graph): D –
nubecularid foraminifer (top) coated with microbialite, E – co lum nar struc ture built by tiny coralline al gal coat -
ings, F – microbialite with clot ted fab rics, G – coralline al gal encrustation em bed ded in microbialite



ity that re sults in pas sive grav i ta tional move ment
and frac tur ing of the rock (Stanton and Pray,
2004). By ei ther mech a nism, the host rock must be
lithified in or der to frac ture and form a sfisure.
Most nep tu nian dykes oc cur where steep depo -
sitional slopes and early lithification fa voured gra -
v i ta tional frac tur ing in clud ing slump ing along an
oversteepened depositional mar gin or bend ing and
frac tur ing of lithified strata as a re sult of com pac -
tion of un der ly ing un con sol i dated sed i ment (Stan -
ton and Pray, 2004). In the case of Medobory, the
or thogo nal net work of dykes and par al lel joints
strongly sug gest that they are tec toni cally-con -
trolled.

The fis sure fill ings con tain ing both the Sar -
matian ma te rial as well as rare clasts of the Bade -
nian rocks in di cate that the fis sure were open dur -
ing Sarmatian de po si tion. The Sarmatian ma te rial
in cludes both char ac ter is tic microbialites as well as 
Elphidium reginum (d’Orbigny) and E. josephi -
num (d’Orbigny) that are re garded to be di ag nos tic
for the Early Sarmatian, al though the first spe cies
oc curs also in the Up per Badenian strata in Roz -
tocze (Szczechura, 1982) and at Kudryntsi, some
25 km west of the Medobory Ridge (Peryt and
Peryt, 2009). 

These fill ings orig i nated fol low ing the frac tur -
ing of the Badenian lime stones due to fault tec ton -
ics at ba sin mar gins in duced by ba sin sub si dence,
around the Badenian-Sarmatian bound ary, and/or
through grav i ta tional in sta bil ity of large lithified
Badenian reef bod ies. We as sume that there oc -
curred only one phase of frac ture open ing. The
joint sets could serve as con duits of the freshwa ter,
which led to karstification dur ing the sea level
with drawal from the area. Sub se quently, frac tures

were mod i fied by sub ma rine abra sion pos si bly re lated to the
trans gres sion-re lated planation sur face re corded at Maksy -
mivka (Radwański et al., 2006b). The fill ing of frac tures oc -
curred, as in typ i cal neptunial dykes (Playford, 1984), by com -
bi na tion of sed i ments pour ing in from above, or ganic growth
(mostly mi cro bial and en crust ing fora miniferal) and ce men ta -
tion. There is no ev i dence of fill ing ep i sodes due to tec tonic in -
sta bil ity by suc ces sive col lapses of the frac ture walls, as com -
monly ob served in nep tu nian dykes (e.g., Vennin, 2007); in -
stead, mi cro bial crusts on the frac ture walls and then lithoclasts
of Badenian and Sarma tian rocks as well as bioclastic sed i -
ments sug gest a pas sive sed i ment-fill by grav i ta tional-in duced
pro cesses.

The frac tur ing re sulted in sharp side walls of the fis sures.
Frac tures were cryp tic hab i tats. In re cent reef niches where ma -
rine microbialites are com mon struc tures in cav i ties and frac -
tures (Reitner et al., 2000), they con trib ute to frac ture fill ing as
fix ing and bind ing or gan isms.

The first gen er a tions of frac ture in fill ing con sist of mi cro bial
encrustations. Their geo chem i cal char ac ter is tics (first of all rel a -
tively high con tents of Mg and Sr) as well no ob vi ous petro -
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Fig. 9. Bioclastic in fill ing in the cen ter of the fis sure
(Maksymivka Quarry)

For lo ca tion see Fig ure 8C

Fig. 10. Mag ne sium and stron tium con tents in var i ous com po nents of Sarmatian
serpulid-microbialite reefs of Medobory and fis sure microbialite coat ings

in the Maksymivka Quarry



graphic sig na tures of me te oric diagenesis (such as dis so lu tion or
recrystallisation) seem to in di cate that they re mained diage -
netically un al tered. The com plex na ture of microbialites as well
as their geo chem i cal re cord in di cate fluc tu at ing en vi ron men tal
con di tions dur ing the ini tial phases of in fill ing. The sec ond
phase of in fill ing typ i cally con sists of bioclastic lime stone; the
com po si tion of bioclasts is iden ti cal to that re corded in the ad ja -
cent Sarmatian reef area (cf. Radwański et al., 2006a, b). The
bioclasts are greater in di men sion and abun dance com pared to
those of the microbialites. In gen eral, sed i ments fill ing the nep tu -
nian dykes cor re spond to sed i ments de pos ited in the ad ja cent
reef area, and thus, the sed i men tary en vi ron ment in nar row
chan nels did not dif fer sig nif i cantly from that on the sea-floor. 

The con clu sion is sup ported by geo chem i cal data that in di -
cate that the Mg and Sr con cen tra tions in mi cro bial pre cip i tates
in the fis sures are sim i lar to those char ac ter is tic of microbialites 
of the Sarmatian reefs (see Jasionowski, 2006, for de tails).
How ever, the d18O val ues mea sured in the mi cro bial coat ings
are lower by about 1.5‰ than those char ac ter is tic of the reef
microbialites and thus they may in di cate less sa line wa ter dur -
ing micro bialitic pre cip i ta tion in the fis sures than dur ing the de -
po si tion of the Sarmatian serpulid-microbialite reefs. The last
orig i nated in semi-ma rine, brack ish but strongly evap o rated
wa ter; the evap o ra tion ex plains their rel a tively heavy ox y gen
iso tope sig na tures (see Jasionowski, 2006; Studencka and

Jasionowski, 2011). In turn, the d13C val ues in the fis sure
microbialites are al most iden ti cal to val ues en coun tered in the
Sarmatian reefs with no in di ca tion of a con sid er able con tri bu -
tion of or ganic car bon di ox ide.

Each of the sam ples from fis sure in fill ings stud ied for
foraminifers can be eas ily as cribed to one of four foraminiferal
as sem blages that dif fer by the pro por tions of the spe cies and
groups of ben thic foraminifers oc cur ring: Lobatula lobatula
(Maksymivka III, Hai Roztotski 5, Polupanivka 5), hauerinid
(Maksymivka II, Polupanivka 4), Elphidium aculeatum (Polu -
panivka 3) and Elphidium hauerinum (Hai Roztotski 7, 8) (Fig.
13). In Maksymivka, so far two foraminiferal as sem blages
have been rec og nized: a hauerinid as sem blage and a Lobatula
lobatula as sem blage, and in both Hai Roztotski and Polu -
panivka three as sem blages oc cur (Fig. 13). 

Foraminiferal as sem blages from Hai Roztotski are dom i -
nated by forms of Elphidium which have a rounded test mar gin
and do not pos sess a keel. Such forms are char ac ter ized by very
low en vi ron men tal re quire ments (Murray, 1991, 2006): they
can ex ist in shal low en vi ron ments of wa ter sa lin ity rang ing
from 0 to 70‰, and oc cur in brack ish to hypersaline marshes
and la goons as well as in in ter nal shelf con di tions. Nonion has
similar en vi ron men tal needs, whereas hauerinids (Quinque -
loculina, Cycloforina, Varidentella, Triloculina, Pyrgo) pre fer
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Fig. 11. Ox y gen and car bon sta ble iso topes val ues of var i ous com po nents
 of the serpulid-microbialite reefs (from Jasionowski, 2006) 

and the fis sure microbialites (this study)



shal low ma rine en vi ron ments (0–50 m deep) of nor mal sa lin ity
to hypersaline char ac ter is tic of la goons.

Three foraminiferal as sem blages were re corded in Polu -
panivka: an Elphidium aculeatum as sem blage char ac ter ized by
low di ver sity and high dom i nance with com mon ab er rant forms,
in di cat ing a calm shal low-wa ter ma rine en vi ron ment with el e -
vated sa lin ity, a Hauerinidae as sem blage sug gest ing shal low

ma rine en vi ron ments (0–50 m deep) of nor mal sa lin ity to hyper -
saline char ac ter is tic of la goons, and a Lobatula loba tula as sem -
blage sug gest ing a shal low-ma rine, very high-en ergy en vi ron -
ment (Peryt and Jasionowski, 2012). Monospecific or very low
tax o nomic di ver sity foraminiferal as sem blages in di cate a stres -
sed en vi ron ment, char ac ter ized by physicochemical pa ram e ters
con sid er ably dif fer ent from those char ac ter is tic of typ i cal ma rine 
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Fig. 12. Foraminifers from the Maksymivka fis sure in fill ings 

A, B, D, E – Elphidium aculeatum (d’Orbigny); C – Elphidium sp.; F – Elphidium macellum (Fichtell et Moll); G – Pseudotriloculina
consobrina (d’Orbigny); H–J, L – Lobatula lobatula (Walker et Ja cob); K – Quinqueloculina sarmatica Karrer (mould); M, N – Elphidium
joukovi (Serova); O – Pyrgo clypeata (d’Orbigny) (mould); P – Varidentella podolica (Didkowski) (mould); Q – Triloculina sp. (mould); R –
Varidentella inflatecarinata (Venglinski) (mould); S – Quinqueloculina akneriana d’Orbigny (mould); A–J – sam ple III; K–S – sam ple II; 1 –

lat eral view, 2 – edge view; scale bars 200 mm



en vi ron ments (e.g., Peryt et al., 2004). The pre dom i nance of the
keeled elphidiids sug gests a dense arborescent al gal sub strate
dur ing the Early Sarmatian (Langer, 1993; Tóth and Görög,
2008). Lobatula lobatula is a per ma nently at tached foraminifer
that of ten lives on sea grass leaves or rhi zomes (Langer, 1993),
and thus the change of an Elphidium as sem blage to a Lobatula
lobatula as sem blage in all stud ied sites is ex plained by the tran si -
tion of al gal into sea grass veg e ta tion (cf. Tóth and Görög, 2008)
in the source area. 

DISCUSSION

A con sid er able hi a tus at the Badenian/Sarmatian bound ary
is in di cated by a strongly ero sive dis cor dance re corded in many 
places within the Pannonian Ba sin Sys tem (Kojumdgieva,
1969; Harzhauser and Piller, 2004, 2007; Piller and
Harzhauser, 2005; Kováč et al., 2007; Rögl et al., 2008) as well
as on the north ern mar gin of the Euxine-Cas pian Ba sin Sys tem
(Nevesskaja et al., 1987). It seems that the abra sion sur face in -
ferred for the Maksimivka site is re lated to that bound ary. 

There is re mark able sim i lar ity be tween the ini tial fis sure
fill ings and the old est Sarmatian de pos its on the top of the
Badenian reef that are lo cally formed by sev eral-cm-thick bed
of fine co lum nar stromatolites (cf. Fig. 6A) and by brec cias and 
con glom er ates com posed of the Badenian and Sarmatian reefs
in other places (Radwański et al., 2006b). The pres ence of
char ac ter is tic clasts of Sarmatian microbialites in di cates that

the fis sures were open at the on set of Sarmatian de po si tion in
the Medobory area, how ever, they were sealed not long af ter
ma rine de po si tion was re stored in the area. 

The gen eral sharp side walls of the fis sures in di cate that the
time in ter val be tween the frac tur ing and the on set of Sarmatian
de po si tion was short. On the other hand, the pro cess of frac ture
fill ing was quite long-last ing as in di cated by the pres ence of
var i ous foraminiferal as sem blages. The low er most Sarmatian
beds are of ten char ac ter ized by low di ver sity fau nal as sem -
blages and the al most com plete ab sence of stenohaline forms
prior to a transgressive event (TÙth et al., 2010 with ref er ences
therein). The vari able com po si tion of foraminifer as sem blages
im plies very un sta ble mar ginal ma rine con di tions (Koubová
and Hudáčková, 2010).

CONCLUSIONS

1. The fis sure net work re cog nised within the top most part
of Up per Badenian reef lime stones of the Medobory Hills
(west ern Ukraine) rep re sents a sys tem of nep tu nian dykes,
where steep depositional slope and lithification of Badenian
reefs fa voured frac tur ing as so ci ated with tec ton ics.

2. The dykes are filled with sev eral gen er a tions of Sarma -
tian mi cro bial de pos its coat ing the frac ture walls and with bed -
ded bioclastic sed i ment (in clud ing foraminifers) which is more
im por tant vol u met ri cally; this loose ma te rial ac cu mu lated on
the sea bot tom and fell into the extensional frac tures.
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Fig. 13. Rel a tive abun dances of ben thic foraminiferal spe cies and groups in the fis sure in fill ings 
(num bers in di cate sam ples dis cussed in the text)



3. Four foraminiferal as sem blages (Lobatula lobatula,
hauerinid, Elphidium aculeatum, and Elphidium hauerinum)
were re corded in the nep tu nian dykes which in di cates that the
pro cess of frac ture fill ing was rel a tively long-last ing and con -
tin ual ma rine con di tions were es tab lished.

Ac knowl edge ments. This study was sup ported by the pro -
jects 3 P04D 064 20 (Pol ish Com mit tee for Sci en tific Re -
search) and N 307 113635 (Pol ish Min is try of Sci ence and
Higher Ed u ca tion). We thank A.V. Poberezhskyy for field as -
sis tance, and Th. Brachert, F. Pomoni-Papaioannou and
J. Sotak for help ful com ments and re marks on the first draft of
the pa per. 
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Fig. 14. Foraminifers from the Hai Roztotski fis sure in fill ings

A, G – Porosononion martkobi (Bogdanowicz); B – Elphidium macellum tumidocamerale Bogdanowicz; C – Varidentella ro tunda (Gerke); D –
Triloculina inflata d’Orbigny; E, H, I, M – Elphidium hauerinum (d’Orbigny); F, J – Elphidium excavatum (Terquem); K – Nonion tumidulus
Pishvanova; L – Elphidium macellum converia Venglinski; N – Elphidium sp.; O, P – Lobatula lobatula (Walker et Ja cob); A–I, L – sam ple 7; J, K,

N–P – Sam ple 5; M – sam ple 8; 1 – lat eral view, 2 – edge view; scale bars 200 mm
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