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Abstract: This sedimentological study was based on well cores from the Polish and Ukrainian parts of the Carpa-
thian Foredeep. It revealed general heterogeneity of facies in the middle Miocene of the sedimentary succession in
the basin. Fourteen sedimentary facies were distinguished and their origin was interpreted: massive, non-graded
sandstones; normal-graded, massive sandstones, with and without a stratified uppermost part; hydroplastically
deformed sandstones; planar-parallel-stratified sandstones; trough-cross-stratified sandstones; ripple-cross-lami-
nated sandstones; heterolithic deposits, composed of thinly interlayered sandstone and mudstone; massive and
laminated mudstones; and basal gypsum/anhydrite evaporites, often intercalated with mudstone. Four main
modalities of vertical facies organization were recognized and attributed to the following environments: (1) the
mid-late Badenian, shoal-water, evaporitic environment that preceded the latest Badenian—early Sarmatian, main
phase of foredeep development; (2) a littoral, tidal environment of the inner parts of storm-influenced, coastal bays
and tidal flats or possibly spit-sheltered lagoons; (3) a wave-dominated, littoral, sandy environment, considered to
be shoreface, extended by waves, in front of advancing deltas; and (4) a neritic to subneritic, muddy, offshore
slope, characterized by frequent incursions of tempestite and turbidite sand. The study contributed to a better
understanding of the mid-Miocene depositional systems in the basin, with significant implications for ongoing
hydrocarbon exploration. Interpretations of the origins of potential reservoir sandstones provided important
information on their possible stratigraphic distribution in the basin fill. The potential, economic importance of
stratigraphic hydrocarbon traps underscored the urgent need for a full-scale facies analysis and fully cored wells in
strategic parts of the basin.
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INTRODUCTION

The Carpathian Foredeep Basin for many decades has
attracted geological interest, related to prospecting for hy-
drocarbon resources, with numerous geological and geo-
physical studies (e.g., Dziadzio ef al., 1997, 2006; Dziadzio,
2000; Porgbski et al., 2002; Kurovets ef al., 2004; Lyzun et
al., 2004; Mysliwiec et al., 2004; Mastalerz et al., 2006;
Oszczypko et al., 2006; Popadyuk et al., 2006; Slaczka et
al., 2006; Pietsch et al., 2010; Warchot, 2011). Structural
and sedimentological data suggest that the area has consid-
erable potential for new discoveries through the use of mod-
ern exploration methods.

The Polish-Ukrainian, Carpathian Foredeep evolved
from an intracratonic, Paratethyan basin that was cut off
from the main Paratethys realm in the late Badenian (Osz-
czypko et al., 2006; and references therein). As a result,

evaporites formed (Peryt, 2006; and references therein) as
an important unit for correlation in the basin. They are over-
lain by a succession of calcareous and siliciclastic molasse
deposits (Vyalov, 1965; Oszczypko, 1996), with a thickness
of up to 3 km in the Polish part (Ney et al., 1974) and up to 6
km in the Ukrainian part of the basin (Oszczypko, 2006).
Sedimentation was controlled by tectonics, regional climate
and relative sea-level changes. Distinct zones of sedimenta-
tion are recognizable in the foredeep basin, with the Carpa-
thian-derived, terrigenous sediment dominating the higher-
relief southern part and with bioclastic limestones and nort-
herly-derived, terrigenous sediment, deposited in the shal-
low-water, northern part of the basin (Wysocka, 2002). The
deep, subneritic, axial zone of the basin was dominated by
eastward-flowing turbidity currents.
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The present study focussed on the middle Miocene
depositional environments and their sedimentation patterns,
associated with the southern margin of the Carpathian Fore-
deep, in the eastern part of the basin, which stretches across
the Polish-Ukrainian border (Fig. 1). The research project
was a result of co-operation between Polish and Ukrainian
institutions, which provided a unique opportunity to extend
the study area eastwards, by using well cores from both
sides of the border. On the basis of cores, a sedimentary fa-
cies analysis of the mid-Miocene deposits was conducted,
shedding light on their heterogeneity and yielding signifi-
cant implications with regard to regional prospecting for hy-
drocarbon reservoirs.

GEOLOGICAL SETTING

The Carpathian Foredeep is the latest part of a periph-
eral foreland basin, formed in front of the Carpathian oro-
genic belt. The basement consists of various Proterozoic
and Palaeozoic rocks of the European Platform, including
its Mesozoic cover (Oszczypko et al., 2006). The asymmet-
rical foreland basin developed by flexural basement subsi-
dence in front of the Outer Carpathian Thrust in Eggenbur-
gian—Sarmatian time (Oszczypko, 1996). The lithostratigra-
phic divisions of the basin-fill molasse succession in the
Polish and Ukrainian parts of the basin are somewhat differ-
ent, but broadly correlative (Fig. 2). A key marker unit is the
Badenian evaporites (the Krzyzanowice Formation in Po-
land and the Tyras Formation in Ukraine), which corre-
spond to the lower part of nannoplankton zone NN6 (Peryt,
1997, 1999).

Along the front of the Outer Carpathian Thrust (Fig. 1),
there is a wide zone of folded, Miocene deposits, both in
Ukraine and in Poland. These deposits form the Boryslav-
Pokuttya and Sambir nappes in Ukraine and the Stebnik
Nappe and Zglobice imbricate thrust-sheets in Poland (Osz-
czypko et al., 2006). The Stebnik Nappe is considered to be
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equivalent to the Sambir Nappe, whereas the exact, lateral
extension of the Boryslav-Pokuttya Nappe in the Polish area
remains unclear (Andreyeva-Grigorovich ez al., 2008). All
the wells studied, except for Lanivka 1 and Jodtéwka 18
(Fig. 1), are located outside this frontal fold-and-thrust belt.
The Polish wells are in the eastern part of the Polish Carpa-
thian Foredeep and the Ukrainian wells are in the so-called
Bilche-Volytsia Zone (Figs 1 and 2).

STUDY MATERIAL AND METHODS

Cores from eight wells were analysed in the Polish part
of the study area: the Pruchnik 22, Jodtowka 18, Kupno 2,
Stanistawice 2, Witkowice 2, Nowosielce 3, Chatupki D¢b-
nianskie 1 and Wierzchostawice 13 wells, with a total of
194 m of well cores logged (Fig. 3). In addition, cores from
ten wells in the Ukrainian part were studied: the Chorno-
kuntsi 1, Bortiatyn 1, Nyklovychi 26, Makuniv 1, Mosty 1,
Susoliv 5, Pivnichne Hirs’ke 1, Hrudivka 3, Pyatnychany 1
and Lanivka 1 wells, with a total of 519 m of cores logged
(Fig. 4). Unfortunately, the Ukrainian cores were consider-
ably poorer in quality, owing to their storage in unsuitable
conditions.

Conventional methods of stratigraphic logging and
standard, descriptive, sedimentological terminology were
used (Harms et al., 1975; Reineck & Singh, 1975; Collinson
& Thompson, 1982), paying particular attention to such fea-
tures as grain size, colour, and primary and secondary sedi-
mentary structures (including soft-sediment deformation),
as well as the occurrence of organic matter, intraformational
clasts and pronounced calcite cementation. Sedimentary fa-
cies were defined as the main types of deposits, distin-
guished on such a descriptive basis, with a thickness resolu-
tion of ~5 cm adopted in the present study. Thin (1-3 cm)
layers of massive or laminated siltstone or sandstone, inter-
calated with mudstone, were considered to be components
of a heterolithic deposit, which as a whole might be mud-
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Fig. 2.  Tentative correlation of Miocene, lithostratigraphic units in Polish and Ukrainian parts of Carpathian Foredeep (based on

Andreyeva-Grigorovich et al., 1997; Jasionowski, 1997; and Oszczypko et al., 2006)

stone- or sandstone-dominated. For easier reference in the
text and figures, facies have been labelled with the modified
letter code of Eyles ef al. (1983).

The quantitative method of embedded Markov-chain
analysis (Gingerich, 1969; Krumbein & Dacey, 1969) was
used for recognition of preferential trends in vertical facies
organization, with an improved, statistical test (Harper,
1984) for the significance of the observed frequency of ver-
tical facies transitions.

MIDDLE MIOCENE FACIES

Fourteen sedimentary facies have been distinguished in
the well cores of the middle Miocene deposits in the Polish
and Ukrainian parts of the study area. The facies, with their
key characteristics and brief interpretation, are listed in Ta-
ble 1 to give an overview. They are illustrated with core-
sample photographs in Figure 5, and are further described
and interpreted in detail in the present section. The strati-
graphic distribution of facies in the main well logs is shown
in Figures 6 and 7.

Facies Sm: massive sandstones

Description. These sandstones are whitish-grey, fine-
to medium-grained and massive, with no recognizable, in-
ternal stratification (see Sm in Fig. 5). Their beds have sharp
bases and either sharp or gradational tops and occur in both
the Polish (Fig. 6) and the Ukrainian wells (Fig. 7), but
seem to be most common in the Polish Jodtéwka 18 well
(Fig. 3). Bed thickness ranges from a few centimetres to 2.5
m (e.g., see well log Jodtowka 18 in Fig. 6, depth 2104.5—

2107 m). The beds lack any systematic, internal grain-size
grading, although some of the thicker ones show a subtle,
upward coarsening at the base and/or slight, upward fining
at the top. Many beds contain scattered fragments of bivalve
shells, carbonaceous plant detritus and abundant muscovite
flakes. Mudstone intraclasts occur in this sandstone facies
in the Nowosielce 3 well (Fig. 3, well depth 1173 m). How-
ever, this sandstone facies is generally arenitic and contains
little or no disseminated mud matrix.

Interpretation. The lack of internal stratification and
bed-scale, normal grading precludes the possibility of depo-
sition from turbulent flow and indicates sand emplacement
by a cohesionless debris flow in the frictional regime of
Drake (1990). Basal, inverse grading indicates intense grain
collisions at the base of self-lubricated shearing flow
(Campbell, 1989), whereas the normal-graded bed tops re-
flect the interaction of shearing flow with the overlying am-
bient water (Middleton & Southard, 1978). The arenitic tex-
ture and the occurrence of plant detritus and bivalve shells
indicate submarine resedimentation of river-derived sand,
which most likely would occur on the slopes of shelf-mar-
gin deltas (Porgbski et al., 2002; Porgbski & Steel, 2003).
The thicker, massive beds probably represent large delta-
slope failures, whereas the thinner ones may be due to sec-
ondary collapsing of the steep snouts of “frozen” debris
flows or to secondary, gravitational sloughing of the slope-
scar head scarps, left by large, gravitational failures.

Facies Sng: normal-graded sandstones

Description. These sandstone are whitish-grey to light
grey, fine- to medium-grained and non-stratified (massive),
but their beds show normal grading and occasionally also
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Table 1

Sedimentary facies, distinguished in middle Miocene, basin-fill succession, with their key, descriptive features and brief,
genetic interpretation (for details, see text)

with gypsum and anhydrites

FAciES FACIES MAIN FEATURES THIGKNERS DEPOSITIONAL MECHANISM
CODE [cm]
’ no stratification or ;
sSm Massive sandstone normal grading 5-140 debris flow
Sng g(’;{:’;li}g:ds::drg?jgge normal grading 10-70 turbulent high-density flow (HDTC)
Deformed sandstone intense soft-sediment .
Sd with sporadic intraclasts deformation 10-20 slumping
Planar parallel-stratified plane-parallel 8-80 plane-bed transport by waves with high orbital
Sh sandstone stratification velocities or by tractional current in upper flow regime*
Trough cross-stratified o SCS or dune transport by current
St <8 dgstone trough cross-stratification 30-35 in upper range of lower flow regime
Ripple cross-laminated : amineti ripple transport by waves with low orbital velocieties or
Sr sandstone, locally deformed HRple gross-emination 9 by tractional current in lower range of lower flow regime*
Sandstone-dominated : weak tractional current alternating
Hs>F | heterolithic deposits flaser biedding 108 with minor mud-suspension fallout
Sandstone-mudstone ; weak tractional current alternating
Hs<F heterolithic deposits wavy bedding 15-40 with major mud-suspension fallout
Mudstone-dominated : ; mud-suspension fallout alternating
Heos heterolithic deposits lenticutar bedding 5410 with sand-starved weak current
Fm Massive mudstone no structures 2-290 hemipelagic suspension fallout”
; flat parallel pulsating or weak current-driven
Fi Laminated mudstone lamination 40-900 fallout of hemipelagic suspension®
Fe Mudstones interlayered flat lamination 2 mud-suspension fallout with

sporadic evaporitic precipitation

evaporitic precipitation alternating

structures

Gypsum and anhydrites —
EF interlayered with mudstones Rattamination 120:500 with mud-suspension fallout
E Gypsum and anhydrites gecasional nodular 280 evaporitic precipitation

planar, parallel stratification at the top. This facies occurs
mainly in the Polish wells. Beds are 10 to 70 cm thick and
most commonly show consistent, normal grading (e.g., the
Kupno 2 well in Fig. 6, depth 586 m). Basal, inverse grading
is less common (e.g., well log Chatupki Dgbnianskie 1 in
Fig. 6, depth 687.7 m), whereas pensymmetric or symmet-
ric, inverse-to-normal grading is rare (e.g., well log Cha-
hupki Dgbnianskie 1 in Fig. 6, depths 688.8 and 855.5 m).
Some beds contain mudstone intraclasts, fragments of
coalified plant matter and/or abundant muscovite flakes.
Interpretation. The normal-graded massive beds with
or without a parallel-stratified top part indicate deposition
by rapid dumping from an excessively concentrated turbu-
lent suspension (Lowe, 1988), often followed by a trac-
tional phase of plane-bed transport. These beds in a subma-
rine setting would be neritic or subneritic turbidites Ta(b)
(Bouma, 1962; Allen, 1991), attributed to high-density tur-
bidity currents (sensu Lowe, 1982), or a variety of tempes-
tites, emplaced in sublittoral environment (Myrow & Sou-
thard, 1991, 1996). A relatively thin (< 10 cm) basal zone of
inverse grading may represent turbiditic traction carpet
(Lowe, 1982; Hiscott, 1994). Beds with a thicker inversely-
graded lower part are attributed to high-density turbidity
currents, generated by the retrogressive slumping of a delta
slope, where the first-mobilized, lower-slope sediment
would be finer-grained than the subsequently mobilized

*May form divisions of turbidite deposited by LDTC

sediment of a higher slope. The head part of the turbidity
current in such a case then would carry a finer-grained load
than that carried by the flow body. Alternatively, the up-
ward increase in grain size may reflect waxing of a delta-de-
rived, hyperpycnal flow (Kneller & Branney, 1995; Parsons
et al., 2001) or a storm-generated, seaward relaxation cur-
rent (Myrow & Southard, 1991).

Facies Sd: hydroplastically deformed sandstones

Description. These sandstones range from fine- to me-
dium/coarse-grained, are grey to light-grey in colour and
show hydroplastically deformed, internal, parallel stratifica-
tion and/or ripple cross-lamination (see Sd in Fig. 5). Bed
thicknesses are in the range of 4 to 20 cm and at least the up-
per bed boundaries are generally sharp. Some of the sand-
stone beds contain scattered mudstone intraclasts, typically
rounded in shape and from 0.5 cm (e.g., well log Pruchnik
22 in Fig. 6, depth 668 m) to 6 cm in size (e.g., the Jodtowka
18 well in Fig. 3, depth 2449.5 m).

Interpretation. All the thin beds of this facies were
convoluted in situ by such factors as sediment loading, par-
tial liquefaction, caused by a seismic tremor or an overpas-
sing bottom current (Dzulynski & Walton, 1965), and in
some cases by bioturbation (e.g., see Sd in Fig. 5) However,
at least some of the thicker and sharp-based beds may repre-
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Fig. 5.
as given in Table 1 and used in text

sent local intra-slope slumps, caused by an excess accumu-
lation of terrigenous sediment on the basin-margin, gentle,
neritic slope (Lewis, 1971).

Facies Sh: planar-parallel-stratified sandstones

Description. These sandstones range from very fine- to
medium-grained, are light-grey to grey in colour and char-
acterized by planar parallel stratification, horizontal or
slightly inclined (see Sh in Fig. 5). Stratification is marked
by subtle changes in grain size and/or colour. Bed thick-
nesses are from a few centimetres to 80 cm (e.g., well log
Pruchnik 22 in Fig. 6, depth 668 m). Mudstone intraclasts
and coalfield plant detritus are rare (e.g., found in the Jod-
towka 18 well, depth 2403.5 m; Fig. 3).

Interpretation. This facies is attributed to the plane-
bed transport of sand by a unidirectional current in the up-
per flow regime (Allen, 1968; Harms et al., 1975) or by
waves with relatively high, orbital velocities (Komar & Mil-
ler, 1975; Komar, 1998). The so-called lower stage, plane-
bed transport can be precluded, as it would require at least
coarse sand (grain size >0.7 mm). Inclined, planar-parallel

245

Well-core photographs, showing main, sedimentary facies, distinguished in mid-Miocene succession studied; facies letter code,

stratification is typically due to the plane-bed transport of
sand over a non-horizontal surface, such as a gentle scour,
formed by a current, an erosional substrate truncation by
storm waves, or a pre-existing, low-relief, depositional to-
pography (e.g., delta-slope mounds or storm-emplaced
shoreface sand patches).

Facies St: trough-cross-stratified sandstones

Description. The sandstones of this facies are fine- and
medium-grained and light grey in colour, characterized by
trough cross-stratification. Their concave-upwards sets of
tangential strata are 7-10 cm thick, occurring isolated in as-
sociation with the previous facies (Sh) or forming cross-
strata cosets, up to 30 cm thick (as found only in the Pruch-
nik 22 well at depths 670.5 and 1422.5 m; Fig. 6).

Interpretation. The sporadic isolated trough cross-
strata sets are thought to be scour-and-fill features, the asso-
ciation of which with facies Sh suggests swaley cross-strati-
fication and thus episodic, storm-generated conditions,
combining unidirectional currents and waves (Dumas & Ar-
nott, 2006). The cosets of trough cross-strata indicate the
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migration of small dunes, which implies deposition by a
unidirectional current in the upper range of the lower flow
regime (Harms et al., 1975). For the dunes to form, the cur-
rent could not have been a brief surge and was probably a
delta-derived, hyperpycnal flow, perhaps slightly channe-
lized or conveyed by a delta-slope chute (Nemec, 1990; Par-
sons et al., 2001).

Facies Sr: ripple-cross-laminated sandstones

Description. These sandstones are light grey, range
from very fine- to medium-grained and show ripple cross-
lamination. Well-core samples do not allow in all cases a
clear distinction between current- and wave-ripple cross-
lamination. The cross-laminae sets in the present case indi-
cate mainly asymmetrical ripples, often climbing at an angle
of 10-70° and occasionally deformed, but neither of these
features is discriminative (Allen, 1968; Collinson & Thom-
pson, 1982). Therefore, this sandstone facies includes both
varieties of ripple cross-lamination. These sandstones occur
in most wells and their beds vary in thickness from a few
centimetres to 40 cm (e.g., well-log Pruchnik 22, depth 663
m; Fig. 6). The bed bases are generally sharp, but their tops
often show the ripple-form relief preserved, particularly
when covered by mudstone facies.

Interpretation. This facies represents sand deposition
from a unidirectional current with flow power in the lower
range of the lower flow regime (Allen, 1968; Harms ef al.,
1975) or by waves with relatively low, orbital velocities
(Komar & Miller, 1975; Komar, 1998). The climbing of rip-
ples in either case would indicate a high rate of sand fall-out
from suspension, relative to the rate of lateral transport in
bedload traction (Allen, 1968). Sporadic deformation may
be due to the shearing action of an overpassing current,
stronger wave strokes, bioturbation or spontaneous, partial
liquefaction.

Facies H: heterolithic deposits

Description. These deposits consist of light-grey sand-
stone and grey siltstone, thinly interbedded with dark-grey
mudstone. The proportion of sandstone and siltstone to mud-
stone by thickness varies and accordingly the deposits have
been categorized as three heterolithic facies (Table 1): facies
Hs>F, dominated by sandstone and siltstone; facies Hg~f, with
an approximately equal proportion of sandstone/siltstone and
mudstone; and facies Hr~g, dominated by mudstone.

Facies Hs>F (see in Fig. 5) occurs in most of the wells
(Figs 6 and 7). Its coarser-grained component ranges from
siltstone to medium-grained sandstone and is commonly
cross-laminated. Bidirectional cross-lamination and subho-
rizontal, erosional truncations are common. Mudstone
forms thin, discontinuous flasers (simple or bifurcated) and
subordinate, continuous, undulating, wavy interlayers
(wavy bedding sensu Reineck & Singh, 1975). Mud-flame
load features, loaded ripples and pseudonodules (Dzutynski
& Walton, 1965) are common. The units of this facies are
1-9 m thick (e.g., see well log Pruchnik 22, depth 1413—
1422 m, Fig. 6), most often alternating with units of the
other heterolithic facies.

P. LIS & A. WYSOCKA

Facies Hs~F (see in Fig. 5) similarly occurs in most of
the wells (Figs 6 and 7). Its coarser-grained component is
predominantly very fine- to fine-grained sandstone, mainly
cross-laminated. Bidirectional cross-lamination and ero-
sional truncations are common. Mudstone forms compara-
bly thick, continuous and undulating wavy interlayers
(wavy bedding sensu Reineck & Singh, 1975). The units of
this facies are mainly 50-70 cm thick, but locally reach 3 m
(the Jodtowka 18 well, depth 2404-2407 m, Fig. 6), and are
alternating with the other heterolithic facies.

Facies Hp>g (see in Fig. 5) also occurs in most of the
wells (Figs 6 and 7). It is dominated by mudstone, and its
coarser-grained component forms mainly lenses of siltstone
and very fine- to fine-grained sandstone (lenticular bedding
sensu Reineck & Singh, 1975), although some sandstone
interlayers are laterally more continuous and mudstone
locally is reduced to flasers. Loaded ripples and pseudonodu-
les are common. The units of this facies are mainly about 1 m
in thickness, alternating with the other, heterolithic facies.

Interpretation. The alternation of sandstone/siltstone
and mudstone and the evidence of bidirectional cross-lami-
nation are diagnostic of a tidal environment (Reineck &
Singh, 1975), which in the present case is ascribed to inter-
deltaic, nearshore embayments, sheltered from wave action.
No evidence of coastal barriers was recognized, which ren-
ders tidal lagoons a less likely, alternative interpretation.
Facies Hs>F, Hs<r and Hf>g thus would represent sandflat,
mixed-flat and mudflat, tidal environments, respectively
(Reineck & Singh, 1975). The stratigraphic alternation of
these facies reflects variable, local delivery of silt and sand,
which may be due to the tidal environment’s autogenic
changes in sediment-dispersal pattern or may possibly re-
flect minor changes in relative sea level.

Facies F: mudstones

Description. These deposits are dark grey to blackish
grey mudstones, which are common in all of the well cores
studied (Figs 6 and 7) and range from massive (facies Fm)
to laminated (facie F1). The latter facies is characterized by
an alternation of darker and lighter grey, thin bands, 3-5
mm in thickness (see Fl in Fig. 5), which apparently reflects
variable proportions of the clay and silt fractions. Vertical
and horizontal burrows occur sporadically.

Interpretation. The origin of this facies is attributed to
the fall-out of hemipelagic mud suspensions, derived
mainly by storms, hyperpycnal flows and other turbidity
currents. The banded mudstones of facies F1 probably owe
their origin to a pulsating, seaward delivery of muddy sus-
pension by storms and delta-derived, hypopycnal plumes
(Nemec, 1995).

Facies E: evaporites

Description. This facies consists of whitish to light
grey evaporites, chiefly gypsum alternating with anhydrite.
The anhydrite is nodular or laminated, whereas gypsum has a
coarse-crystalline texture. Some depositional units are com-
posed solely of evaporites (facies E, see Fig. 5), whereas
other evaporitic units are thinly interlayered with subordinate
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mudstone (facies EF, see Fig. 5) or virtually dominated by the
latter (facies Fg). The inter-evaporitic mudstone layers are
dark grey and 1-5 mm in thickness. The units of facies Efr
encountered by the wells (Figs 6 and 7) are 120-500 cm
thick. Only one unit of facies E (~2.8 m thick) and one unit
of facies Fg (>15 m thick, not drilled to its base) were en-
countered by the well. These evaporitic facies are found in
the deepest parts of the wells (see the well logs Chatupki
Debnianskie 1 in Fig. 6 and Hrudivka 3, Lanivka 1 and Pya-
tnychany 1 in Fig. 7).

Interpretation. These evaporitic deposits represent the
Badenian Krzyzanowice Formation in Poland and the co-
eval Tyras Formation in Ukraine (Fig. 2), which are the
shallow-marine substrate, predating the late Badenian, flex-
ural subsidence of the foredeep basin. The depositional
conditions of the evaporites have been discussed by Peryt
(1997, 1999), among other authors. The precipitation of gyp-
sum and anhydrite occurred probably in coastal sabkhas or
shallow, marine embayments, isolated from the Paratethian
Sea domain by the foreland uplift. The differing, volumetric
proportion of the mudstone component in facies E, Er and Fg
reflects the variable degree of storm, tidal and deltaic influ-
ence in these protected shoal-water environments.

VERTICAL FACIES ORGANIZATION

The individual sedimentary facies (Table 1) differ
markedly in texture and depositional structures, which obvi-
ously has a bearing on their internal porosity and permeabil-
ity properties and is arguably the main source of the primary
heterogeneity of the sedimentary succession (e.g., see We-
ber, 1982, 1986). The vertical facies transitions in well logs
have thus been studied on a statistical basis, with the use of
Markov-chain analysis, in order to recognize the pattern of
vertical facies organization in the study area. The role of
secondary heterogeneities, related to faults and/or differen-
tial cementation, is not considered here and should be a sub-
ject for a separate study.

The results of Markov-chain analysis are shown in the
form of numerical matrices in Figure 8. The vertical facies
transitions that appear to be more frequent than random (see
the positive values in matrix D; Fig. 8) are displayed in Fig-
ure 9A, which thus reveals an overall pattern of high-fre-
quency, vertical facies changes within the mid-Miocene
sedimentary succession of the study area. In metric terms,
these frequencies can be scaled further, using the thickness
range of the individual facies (Table 1). The porosity and
permeability properties of the individual facies, once deter-
mined by a laboratory study, can be attached readily to the
facies organization model.

The statistically preferential trend of vertical facies
transitions, revealed by the Harper (1984) test (Fig. 8E), is
shown in Figure 9B and its interpretation is given in Figure
10. There seem to be four different modalities in the vertical
organization of facies, representing the following four
main, sedimentary environments (Fig. 10):

(1) A shoal-water evaporitic environment, with alter-
nation of facies E and Er (Fig. 9B), which formed prior to
the late Badenian ultimate phase of foredeep development;
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(2) A littoral, tidal environment (probably the inner
parts of open bays, coastal, tidal flats and/or spit-sheltered,
aerated lagoons), where the deposition of “domestic”, hete-
rolithic facies Hg>F, Hs~F and Hp>g was frequently inter-
rupted by the storm emplacement of facies Sm;

(3) A littoral, wave-dominated, sandy environment,
probably a shoreface zone, where wave-worked facies Sr
and Sh alternated with each other, according to the varying,
orbital velocity of sea waves;

(4) A neritic to subneritic, muddy, offshore slope envi-
ronment, frequently invaded by sandy tempestites Sh-Sr in
its shallower part and by surge-type turbidites Tad/Tbcd and
hyperpycnites Tbebe...d in the deeper part.

The one-directional, upward transition of the environ-
mental modalities 1, 2 and 3 into modality 4 (Fig. 10) indi-
cate their cessation by marine drowning, which probably re-
flects tectonically-induced, relative sea-level rises at the
inner foredeep margin.

The preferential, vertical facies transitions and environ-
mental modality changes revealed by the statistical analysis
(Fig. 10) may serve as a useful, tentative guide for regional
hydrocarbon-reservoir prospecting. The environmental mo-
dality 3, with its wave-worked sandstone facies, is the most
promising as a potential hydrocarbon reservoir. Modality 4
involves sandstone beds, separated by mudstone caps, but
the isolated sandstone tempestites and turbidites/hyper-
pycnites may be laterally extensive and volumetrically at-
tractive as a potential reservoir type. The heterolithic mo-
dality 2 (Fig. 10) is much less attractive, although many,
heterolithic reservoirs of this type have been produced suc-
cessfully (Martinius et al., 2005; Nordahl ef al., 2005;
Ringrose et al., 2005), provided that the initial reservoir
pressure is sufficiently high and the production wells are
well planned. The least attractive is facies modality 1 (Fig.
10), which includes no potential reservoir rocks and is prac-
tically a permeability barrier. However, this apparent barrier
is broken by numerous, minor thrusts and younger, normal
faults, which provide good connections with the deeper-
buried, potential hydrocarbon source rocks.

Importantly, the statistical model of vertical facies tran-
sitions (Fig. 10) supports the notion that the southern zone
of the Carpathian Foredeep basin evolved through episodes
of tectonically-induced marine drowning and subsequent
shoreline progradation. This means that a mudstone-rich,
neritic facies assemblage, encountered in an exploration
well, may signal an occurrence of a more promising sandy,
littoral facies assemblage, directly below.

DEPOSITIONAL PALAEOENVIRONMENT

The interpretive facies analysis (Table 1) and recogni-
tion of facies vertical-organization modalities (Figs 9B and
10) shed more light on the depositional environment of the
latest Badenian—early Sarmatian Machow Formation and its
Ukrainian stratigraphic counterparts (Fig. 2). Prior to its
flexural, tectonic roll-back that accommodated this thick
sedimentary molasse succession, the Polish-Ukrainian fore-
deep was a shallow-water, evaporitic basin (facies modality
1 in Fig. 10). The late Badenian tectonic down-warping tur-



248

P. LIS & A. WYSOCKA

Facies| Sm Sng Sd Sh St Sr Hsse Hs-¢ Hrss Fm Fl E Er
sm 4 0 16 1 13 8 6 5 28 1 0 0
Sng 1 0 0 0 3 1 1 1 2 0 0 0
sd 0 o-a 0 1 0 0 0 1 0 0 0
sh 8 3 1 1 36 2 2 1 14 0 0 0
st 1 0 0 0 1 0 0 0 1 0 0 0
Sr 14 1 1 21 1 9 4 2 24 1] 0 0
He-r 9 0 0 7 U-s- 0 0 3 0 0 0
Hs- 6 0 0 4 0 2 o-1 2 0 0 o
Hess 5 0 0 0 0 2 2 0 1 0 0 0
Fm 33 1 0 17 0 15 3 1 1-3 0 0
Fl 3 0 0 0 0 0 0 0 0 0 0 0
E 0 0 0 0 0 0 0 0 0 0 ol 1
Ee 1 0 0 0 0 0 0 0 0 0 0 1 A
Facies Sng Sd Sh St Sr Hs-p Hs-¢ Hesg Fm Fl E Er
Sm 0.0488 0 01951 00122 0.1585 00976 00732 0.061 03415 0.0122 0 0
sng | 0.1111 0 0 0 03333 01111 01111 0.1111 0.2222 0 0 0
Sd 0 0 0 0 05 0 0 0 05 0 0 0
Sh | 0.1176 0.0441 0.0147 0.0147 0.5294 0.0284 0.0294 0.0147 0.2059 0 0 0
st | 0.3333 0 0 0 0.3333 0 0 0 0.3333 0 0 0
sr | 01818 0013 0.013 02727 0.013 0.1169 0.0519 0.026 0.3117 0 0 0
Hee | 0.375 0 0 02917 nﬁ- 0 0 0125 0 0 0
Hs- 0.4 0 0 0.2667 0 0.1333 0 0.0667 0.1333 0 0 0
Hess 05 0 0 0 0 02 02 0 0.1 0 0 0
Fm | 0.4450 0.0135 0 0.2297 0 0.2027 0.0405 0.0135 0.0405 0 0
Fl 1 0 0 0 0 0 0 0 0 0
E 0 0 0 0 0 0 0 0 0 0 0 1
Er 0.5 0 0 0 0 0 0 0 0 0 o o5/ B
Facies Sng Sd Sh St Sr Hsp | Hs¢  Heag Fm Fl E Er
Sm 0.0069 0.2249 0.0104 0.2699 0.0865 0.0484 0.0381 0.263 0.0138 0.0035 n.aoasl
smg | 0. 0.0055 0.0083 0.2161 0.0693 0.0388 0.0305 0.2105 0.0111 0.0028 0.0028
sé | 0.2201 0.0082 0.212 0.0679 0.038 00299 0.2065 0.0109 0.0027 00027,
sh | 0.2656 0. ; 00098 0.2557 0.082 0.045 0.0361 02492 0.0131 00033 0.0033
st | 02207 0.0245 0.0054 0.1771 0.0681 0.0381 0.03 0.2071 0.0109 0.0027 0.0027
sr | 02774 00308 0.0068 0.2226 0.0377 0.2603 0.0137 0.0034 0.0034
Hsr | 0.2348 0.0261 0.0058 0.1884 0.0087 0.2261 0.0319 02203 0.0116 0.0029 0.0029
Hs-r | 0.2275 0.0253 0.0056 0.1826 0.0084 0.2191 0.0702) 0.0309 02135 0.0112 0.0028 0.0028
Hess | 0.2256 00251 0.0056 0.1811 00084 02173 0.0696 0. 0.0111 0.0028 0.0028
Fm | 02755 0.0306 0.0068 0.2211 0.0102 0.2653 0.085 0.0476 0.0374 0.0034 0.0034
Fl 0.2213 00246 00055 01776 0.0082 0.2131 0.0683 0.0383 0.030 0.0027 0.0027
E | 02195 00244 00054 0.1762 0.0081 02114 0.0678 0.0379 0.0298 0.206 0.0108 0.0027
Ef 0.2195 00244 00054 01762 0.0081 0.2114 0.0678 0.0379 00298 0.206 0.0108 [
Facies| Sm Sng Sd Sh St Sr Hsp  Hse  Heas Fm Fi E Er
Sm 0.0069 -0.0298 0.0018 -0.1114 0.0111 0.0247 0.0229 0.0785 -0.0016 -0.0035 -0.0035
sng [-0.1133 -0.0055 -0.0083 0.1173 0.0419 0.0723 0.0808 0.0117 -0.0111 -0.0028 -0.0028
sd |-0.2201 -0.0082 0.288 -0.0679 -0.038 -0.0299 0.2935 -0.0109 -0.0027 -0.0027
sh |-0.1479 0.0081 0.0049 0.2737 -0.0526 -0.0165 -0.0214 -0.0433 -0.0131 -0.0033 -0.0033
st | 0.1126 -0.0245 -0.0054 0.0681 -0.0381 -0.03 0.1262 -0.0109 -0.0027 -0.0027
sr |-0.0956 -0.0178 0.0061 0.0501 0.0313 0.004 -0.0117 0.0514 -0.0137 -0.0034 -0.0034
Hsr | 0.1402 -0.0261 -0.0058 0.1033 -0.0087 -0.0178 -0.0406 -0.0319 -0.0953 -0.0116 -0.0029 -0.0029
Hs+ | 0.1725 -0.0253 -0.0056 0.0841 -0.0084 -0.0858 -0.0702 0.0358 -0.0801 -0.0112 -0.0028 -0.0028
Hiss | 0.2744 -0.0251 -0.0056 -0.1811 -0.0084 -0.0173 0.1304 -0.039 -0.0111 -0.0028 -0.0028
Fm | 0.1704 -0.0171 -0.0068 0.0086 -0.0102 -0.0626 -0.0445 -0.0341 -0.0034 -0.0034
FI | 0.7787 -0.0246 -0.0055 -0.1776 -0.0082 -0.2131 -0.0683 -0.0383 -0.0301 -0.0027 -0.0027]
E |-0.2195 -0.0244 -0.0054 -0.1762 -0.0081 -0.2114 -0.0678 -0.0379 -0.0298 -0.208 -0. 0.9973
Er | 0.2805 -0.0244 -0.0054 -0.1762 -0.0081 -0.2114 -0.0678 -0.0379 -0.0208 -0.206 -0.0108 0.4973
Facies | Sm Sng Sd Sh St Sr Hsp  Hse Heas Fm Fi E Er
sm 0.2524 1 0575 0.4157 0.2065 0.2025 0.0709

Sng 0305 04758 0.2995 0.2431 0.5949

sd 0.379 0.3704

sh 03251 0.3607 04894 1E-06

st | 05267 B o 0.5015

sr 0.4109 0.1775 0.5485 0.2117 0.5077 0.1834

Hse | 0.0881 0.1506

Hs¢ | 0.1034 0.2875 03755

Hess | 0.0528 0.1505

fm | 0.0012 0.474 0.0803

Fl | 0.0108

£ -IM
Er | 0.1999 00054 E

Fig. 8.  Numerical results of Markov-chain analysis. Matrices: A — transition count matrix, B — probability matrix of observed transi-
tions, C — probability matrix of expected random transitions, D — probability diference matrix) and related, statistical significance test
(matrix E)
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ned the basin into an asymmetric, synclinal trough (Fig. 11),
shallower to the west, bounded by the Carpathian orogen
front from the south and by the outer-foreland peripheral
bulge from the north.

The basin’s northern margin was a broad, littoral shelf,
dominated by waves and influenced by tidal currents
(Wysocka, 2002; Mastalerz et al., 2006), with relatively lit-
tle of its bioclastic calcareous sediment released to the
deep-water, axial zone. The main sediment supply was from
the narrow and tectonically unstable, southern shelf zone
(Fig. 11), hosting deltas, separated by tide-dominated coastal
embayments, and passing seawards into a wave-worked,
sandy shoreface zone, swept by longshore currents (facies
modalities 2 and 3, Fig. 10). The influence of tidal currents
is well documented in the Miocene, western Paratethys
(e.g., Sztano & De Boer, 1995). The adjacent, offshore en-
vironment was a neritic to subnaritic, muddy slope (Fig.
11), accumulating sandy tempestitites and conveying delta-
derived, sand-laden turbidity currents (facies modality 4,
Fig. 10) to the basin’s deep zone. The turbidity currents in-
cluded both brief, collapse-generated surge flows and river-
generated, longer-duration, hyperpycnal flows (Porgbski &
Warchot, 2006; Warchot, 2011).

IMPLICATIONS FOR HYDROCARBON
EXPLORATION

The source rocks for microbial gas in the Carpathian
Foredeep are considered to be the Miocene claystones and
mudstones (Kotarba ef al., 2011), which volumetrically
dominate in the basin-fill sedimentary succession (e.g., Figs
6 and 7). They are intercalated abundantly with sandstones
that act as hydrocarbon reservoirs. The main issue for hy-
drocarbon exploration in the basin is a detailed understand-
ing of the paths of primary migration of gas from the source
rocks into sandstones and its secondary migration within the
sandstone bodies. Another crucial issue is the recognition of
hydrocarbon traps, some of which may be far more difficult
to recognize than others.

Structural traps. The evidence from seismic data,
cores and geophysical well logs and well-production tests
indicates that the most important reservoirs in the foredeep
basin are structural traps, such as compactional anticlines,
blind-thrust anticlines and thrust footwalls, as well as youn-
ger, extensional fault zones (Mysliwiec, 2004). Most of the
hydrocarbon production thus far has been from compactio-
nal anticlines, which formed in the Miocene deposits in re-
sponse to uneven bedrock morphology (i.e., Precambrian,
Palacozoic or Mesozoic rocks). Examples of such gas
fields, related to local bedrock highs, are the Cetynia, Ka-
mien, Jezowe, multihorizon Jarostaw, Kanczuga, Chatupki
Degbnianskie and Jodtowka fields (Fig. 1). Gas fields related
to the Carpathian thrusts are some of the largest in the Pol-
ish part of the basin, including the Przemysl-Jaksmanice,
Hus6w—Albigowa—Krasne and Pilzno fields (Karnkowski,
1999). The trap in such cases is formed by the thrust hang-
ing-wall to the south and the water-gas contact to the north.
The most difficult to recognize are traps, related to steep
fault zones and exemplified by such gas fields as the Rudka,
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Fig.9. Flow diagrams. A — vertical facies transitions that ap-
pear to be more frequent than random (see positive values in ma-
trix D in Fig. 8). B — vertical facies transitions that have an
occurrence probability > 80% according to statistical test (see val-
ues < 0.20 in matrix E, Fig. 8)

Ryszkowa Wola, Jarostaw and Dzikow fields (see Karn-
kowski, 1999). Two main regional systems of faults are rec-
ognized in the Carpathian Foredeep. The system of faults,
trending NW-SE, is related to tectonic extension, caused by
the latest approach and uplift of the Carpathian orogen
(Krzywiec, 1999), and is considered to provide the main mi-
gration paths for hydrocarbons (Karnkowski, 1999). The as-
sociated system of transverse faults is thought to provide the
gas-trapping seals (Karnkowski, 1999).

Stratigraphic traps. The other, main type of hydrocar-
bon trap in the Carpathian Foredeep is stratigraphic (Mysli-
wiec, 2004), although these are extremely difficult to inden-
tify from seismic sections, owing to the resolution limit and
have generally been underestimated in importance. The
Miocene basin-fill succession consists of highly contrasting
facies assemblages (Fig. 10), with the sandstone bodies, en-
veloped by and pinching out in muddy deposits, which
gives increased potential for numerous, stratigraphic traps.
On account of the great thickness of the sedimentary suc-
cession in the basin fill, (Figs 3 and 4), even small or “sub-
tle” stratigraphic traps in total may contain large volumes of
hydrocarbons. If correctly recognized and efficiently pro-
duced as groups, stratigraphic traps may be far more impor-
tant than presently is believed.

However, the recognition of stratigraphic traps relies
heavily on well data, particularly core samples, which allow
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Evaporitic shoal (sheltered bay, lagoon or coastal sabkha), turning into
a littoral tidal or sublittoral environment upon drowning

Littoral tidal environment (open coastal bay, tidal flat or lagoon) invaded by
tempestitic massive sands, turning into a neritic environment upon drowning

Wave-dominated littoral environment with alternating planar-parallel
stratified and wave-ripple cross-laminated sand, turning into a neritic

Neritic to subneritic slope environment with mud deposition and incursion
of sediment-gravity flows (massive debris flows, Tbc turbidites and Tbcbc...

Fig. 10. Palacoenvironmental interpretation of vertical, facies-transition modalities, revealed by Markov-chain analysis (Fig. 9B and

matrix E in Fig. 8)

sedimentary facies to be identified and their spatial distribu-
tion to be predicted. In this respect, the sparse, “economic”
coring, employed to date for wells drilled in the basin (e.g.,
see Figs 3 and 4), does not improve their sedimentological
resolution by comparison with that of seismic sections,
which is far below what might be regarded as optimum . It is
crucial, therefore, that a number of fully cored wells be
drilled in the most promising parts of the basin, recognized
from seismic sections, in accordance with present-day prac-
tice in global petroleum exploration.

CONCLUSIONS

The present sedimentological study, based on well
cores from the Polish and Ukrainian parts of the Carpathian
Foredeep, revealed general facies heterogeneity in the mid-
dle Miocene sedimentary succession of the basin and recog-
nized four main modalities of vertical facies organization.
These different facies assemblages represent:

— the mid-late Badenian shoal-water evaporitic environ-

ment that preceded the latest Badenian—early Sarmatian
main phase of foredeep development;

— a littoral, tidal environment, referable to the inner
parts of storm-influenced, coastal bays and tidal flats and
possibly some spit-sheltered lagoons;

— a littoral, wave-dominated, sandy environment, con-
sidered to be the shoreface zone, extended by waves in front
of advancing deltas;

— a neritic to subneritic, muddy, offshore slope environ-
ment, with frequent incursions of tempestitic and turbi- ditic
sand.

The study has contributed to a better understanding of
the depositional systems of the foredeep basin and yielded
significant implications for ongoing hydrocarbon explora-
tion. The origin of potential reservoir sandstones was recog-
nized, which also sheds light on their expected, stratigraphic
occurrence in the basin-fill succession. The potential, eco-
nomic importance of stratigraphic hydrocarbon traps was
noted. In this context, the urgent need for full-scale facies
analysis, with fully cored wells in strategic parts of the
basin, was indicated.
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@ MAIN ENVIRONMENTS

@ Wave-dominated river deltas
@ Tide- and wave-influenced embayments
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@ Neritic to subneritic slope dominated by hyperpycnal flows and delta resedimentation

@ Axial drainage system of turbidity currents

MAIN PROCESSES

RIVER-DOMINATED DELTA FRO|
INFLUENCED BY WAVES/TIDES

RIVER-GENERATED HYPERPYCNA
FLOWS (TURBIDITY CURRENTS

SLUMPS, DEBRIS FLOWS AND
RELATED TURBIDITY CURRENTS)

HEMIPELAGIC
SUSPENSION FALLO

Fig. 11.

Schematic, palacoenvironmental model of mid-Miocene, Carpathian Foredeep (diagram not to scale), showing spatial distribu-

tion of main, sedimentary environments and principal, depositional processes involved. Processes and deposits discussed in present paper

are associated with southern margin of basin
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