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Thick deep-water sandstone successions are known from many localities in the Outer Western Carpathians. The present
study is focused on comparison of deposits of the Piwniczna (PwSM) and Poprad (PpSM) Sandstone members belonging to
the Magura Formation of the Magura Unit, outcropping in the eastern Slovakia and Poland border area. At the general level,
a close similarity of the sandstone successions was confirmed by this study. However, in more detail, facies analysis shows
differences in the thickness of the sandstone successions, in grain size and in the character of intervals between the thick
sandstones. Thin-section study, though, showed almost the same modal composition in the sandstones analysed. The
sandstone successions studied are interpreted as sandy debrites, the PwSM showing transitional facies to turbidites. These
deposits represent channelized depositional lobes in the proximal part of a submarine fan with the PpSM closer to the
source. The sediment source area was common to both lithostratigraphic units, and was most likely the South-Magura
Ridge.
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INTRODUCTION

The sandstones known as the Piwniczna (PwSM) and
Poprad (PpSM) Sandstone members, deposited in the Magura
Basin during the Eocene, on which this study is focused, repre-
sent an important feature of the palaeodepositional history,
demonstrating closure of the Outer Carpathian basins. These
tectonic patterns related to the convergence between the
ALCAPA microplate and the European Platform (e.g., Golonka
etal., 2006) and led to the contemporary nappe structure of the
Quter Carpathian Flysch Belt. As a result, from the north to the
south are distinguished several nappes (Skole, Sub-Silesian,
Silesian, Fore-Magura-Dukla and Magura Unit), which are all
thrusted on top of each other, and together, over the Carpathian
Foredeep. In the south, the Magura Unit is in tectonic contact
with the Pieniny Klippen Belt (PKB, Fig. 1). The recent position
of the uprooted nappes reflects the original configuration of the
sedimentary basins, which were separated from each other,
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and simultaneously supplied with sediment by “ridges”. The
most important source areas, considered in relation to the
Magura Basin, were the Czorsztyn Ridge separating the
Magura Basin from the PKB depositional area (Plasienka,
2003), South-Magura Ridge being active during the Early to
Late Eocene to the south of the Magura Basin (Misik et al.,
1991) and the Silesian Ridge separating the Magura Basin from
other flysch basins to the north (Ksiazkiewicz, 1960).

The sandstone successions studied were deposited in the
southern part of the Magura Basin. Lithologically, they are re-
garded as very similar with differences only in the character of
the mudstone intercalations (Oszczypko and Oszczypko-Clow-
es, 2010). Palaeogeographically, they are generally interpreted
as turbidites representing distributary channels and lobes of the
mid-parts of submarine fans (Oszczypko et al., 2005).

The provenance of Magura Unit rocks was studied mainly
on the basis of exotic pebbles in conglomerates. All genetic
types of rock are present (e.g.,, Nemcok et al., 1968;
Oszczypko, 1975; Misik et al., 1991; Oszczypko et al., 2006;
Salata and Oszczypko, 2010). Exotic pebbles are represented
by igneous rocks (volcanic rocks, rarely granitoids), metamor-
phic rocks (schists, gneisses, quartzites and cataclasites), sedi-
mentary rocks (limestones, radiolarites) and vein quartz.

The source of conglomerate pebbles was probably the
South-Magura Ridge and Czorsztyn Ridge that emerged during
the Early to Late Eocene as part of an accretionary wedge



882

Diana Dirnerova and Roman FarkaSovsky

i

:l Neogene basins

Alpine-Carpathian
Deth)erm esp

Il Pieniny Klippen Belt

DAIplne -Carpathian-
Dinaride internides

I Neogene volcanics

o~
b \E

[l folded Carpathian Foredeep

[ ISkole Unit

=co = [ subsilesian Unit
[ Isilesian Unit
e =[] Dukla Unit and its eqivalents

[ |Ra&a and Siary subunits
- Bystryca Subunit %
% [_| Krynica Subunit

.| Il Pieniny Klippen Belt

Tatricum and its sedimentary
| cover

Veporicum, Zemplinicum,
Hronicum, Gemericum,
Meliaticum, Turnaicum, Silicicum

[ ]Central Carpathian Paleogene
[ |Neogene molasses

cwy S‘%m?b

Stara Lubc

0 10 20 30km

01234 5km

[_|Kremna Facies

|:| Ujak Facies

[ ] Poprad Sandstone Member
Il Mniszek Shale Member

[ piwniczna Sandstone Member%

|:| Upper Cretaceous—Paleocene
the Krynica Subunit

Il Pieniny Klippen Belt
[ Central Carpathian Paleogene

gura
Formation
Krynica
St%u nit

Ma

location of the sedimentary profile

Leluch®w

Fig. 1. Geological setting of the area studied (compiled by Nemcok, 1990; Kovac et al., 2003; Oszczypko et al., 2005; Oszczypko
and Zuchiewicz, 2007; Plasienka and Mikus, 2010)

(Misik et al., 1991). The exotic rock clast provenance of the
Krynica zone (Magura nappe) may be connected with Eocene
exhumation of the Magura Basin basement or with crystalline
material supplied from the Dacia and Tisza mega-units
(Oszczypko et al., 2006; Salata and Oszczypko, 2010).

The heavy mineral composition of the Magura Basin sand-
stones shows that their southern source area was built of low-
to medium-grade metamorphic rocks and igneous rocks asso-
ciated with ophiolite sequences. The heavy mineral composi-
tion of the sandstones from the north-west indicates a source
from low- to high-grade metamorphic rocks and granitoids
(Oszczypko and Salata, 2005). Detrital chromian spinels from
the Raca and Krynica subunits of the Magura nappe have an
origin in mantle peridotites and in mid-ocean ridge basalts,
back-arc basin basalts and sporadically in ocean-island basalts
(Bonova et al., 2017).

This study analyses both the PwSM and PpSM to establish
whether there are any lithological and/or petrographic differ-
ences between them, since they are defined as very similar and
their interpretation is the same. At this stage of research, data
from outcrops of both types of sandstone were collected and
examined (Fig. 1).

GEOLOGICAL SETTING OF THE STUDY AREA

The study area is located in the vicinity of the Poprad River,
near the state border between Slovakia and Poland, where de-
posits of the Magura Unit are preserved. The Magura Unit, as
the innermost and largest of the Outer Carpathian group of
nappes, comprises four nappes: the Siary, Raca, Bystrica and
Krynica subunits, separated by thrust or reverse faults.

In this study, we analyse the sandstone successions of the
Krynica Subunit exposed in road or creek sections between
Piwniczna and Leluchéw as well as near the villages of Maly
Lipnik, Sulin, MniSek nad Popradom, and Jarabina (Fig. 1).

Stratigraphically, the Krynica Subunit of the Magura Unit
consists of Cretaceous to Lower Miocene deposits (Birken-
majer and Oszczypko, 1989). The oldest rocks of Jurassic to
Cretaceous age belong to the Grajcarek Group, which were de-
posited in the Magura Basin though subsequently they were in-
corporated into the PKB (Birkenmajer, 1977). Paleocene to
Oligocene deposits in the study area are designated as the
Beskid Group of the Krynica Subunit where, from the base to
the top, the following formations can be designated (sensu
Birkenmajer an Oszczypko, 1989; Nemcok et al., 1990;
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Fig. 2. Stratigraphy of the Krynica Subunit
(compiled by Birkenmajer and Oszczypko, 1989;
Kovagik et al., 2012)

Chrustek et al., 2005; Oszczypko et al., 2005; Zec et al., 2011;
Kovacik et al., 2012; Fig. 2):

The Szczawnica Formation represented by finely rhythmic
flysch with fine-grained, thin- to medium-bedded sandstones
and slightly calcareous shales. A conglomerate-sandstone
megabed, known as the Zyczanéw Member, occurs in the
turbidite succession.

The Zarzecze Formation consists of fine- and very
fine-grained sandstones alternating with marly shales, with a
sandstone to shale ratio of 1:2 or 1:1 and locally with intercala-
tions of Lacko type marls. Conglomerates, pebbly-mudstones
and thick-bedded sandstones are locally also preserved and
are defined as the Krynica Member.

The Frydman Formation is the transitional succession be-
tween the Szczawnica and Zarzecze formations evolved in the
peri-Pieniny zone.

The Magura Formation is predominantly characterized by
thick-bedded muscovite-rich sandstones with conglomerate
and pebbly mudstone intercalations, which are designated as
the PWSM and PpSM in Poland and as the Cergov and
Strihovce formations in Slovakia. These lithostratigraphic units
are separated from each other by the Mniszek Shale Member
(Polish name) or Variegated Formation (Slovak name) defined
by stripes and beds of red and green shales within thin- to me-
dium-bedded sandstones with clay interclasts.

The Malcov Formation consists of thin- and medium-bed-
ded muscovite-rich sandstones alternating with grey marly
shales, with a sandstone to shale ratio of 1:3. The unitis locally
represented also by marls of the Leluchéw Marl Member, and
the menilite-type shales of Smereczek Shale Member.

Kremna Formation is composed of thin- to medium-bedded
turbidites with intercalations of thick sandstone beds and very
thick dark grey marly shales.

METHODS

For the comparison of the two sandstone units, facies as
well as thin-section analyses were used. The fieldwork in the
area studied included detailed bed-by-bed logging of the pre-
served successions with focus on all sedimentary features such
as lithology, geometry, sedimentary structures, bounding sur-
faces etc. (Figs. 3, 4 and 5). Sedimentary profiles were ana-
lysed by facies analysis, which suppose the definition of: (a)
sedimentary facies based on their lithological attributes fol-
lowed by their interpretation in terms of sedimentary processes;
(b) facies associations based on genetic relation between the
sedimentary facies followed by their interpretation in terms of
ancient sedimentary environments.

Thin-sections of fine-grained sandstones from each profile
were petrographically analysed using an Olympus BX-53 mi-
croscope. A classification scheme based on the proportion of
matrix, quartz, feldspar and lithic fragments (Pettijohn et al.,
1972) was used to name and classify the sandstones studied.
The Gazzi-Dickinson method of point counting was applied to
evaluate the detrital composition of sandstones independent of
grain size (Gazzi, 1966; Dickinson, 1970; Ingersoll, 1978;
Ingersoll and Suczek, 1979; Ingersoll, et al., 1984). Point count-
ing data from sandstones of the PwSM and PpSM were inter-
preted in QmFLt ternary provenance diagrams (Dickinson and
Suczek, 1979; Dickinson, 1985; Dickinson, 1988) and potential
sources of clasts were considered. Data obtained from both
analyses were statistically evaluated and compared to establish
any differences between the sandstone members studied.

FACIES ANALYSIS

General consideration of the sedimentary profiles recorded
allow defininition of seven individual facies and three facies as-
sociations (Figs. 5 and 6).

The depositional environment of the sedimentary records
analysed is generally interpreted as of deep-water type (e.g.,
Golonka et al., 2006). Considering that in this type of the envi-
ronment, gravity flows represent the only way to transport large
amounts of coarse-grained sediment into the depositional ba-
sin, which is subsequently deposited in the form termed a sub-
marine fan, all of the following interpretations (both facies and
facies associations) relate to such depositional conditions.

FACIES

Gravelly sandstones (Sgy) — A1.4 sensu Pickering et al.
(1986), mGyS sensu Ghibaudo (1992)

This facies is represented by coarse- to very coarse-grain-
ed sandstones up to matrix-supported conglomeratic sand-
stones (Figs. 3A, 4A and 5A). The beds comprise subrounded
clasts, which are granule-sized in the conglomerates. Clast
imbrication or stratification was not observed. Most of the beds
belonging to this facies are not very well-sorted though have no
visible mudstone content. The thickness of these beds ranges
from 10 up to 350 cm. In case of the very thick beds amalgam-
ation is recognizable. Bounding surfaces are sharp or scoured,
although the scours are only flat (max 15 cm deep; Fig. 4A).

Coarser grain size as well as massive structure indicate
rapid en masse deposition by frictional freezing as the
depositional process in this facies (e.g., Pickering et al., 1986;
Kneller and Branney, 1995). Such abrupt deposition is most
typical of high-density gravity flows as highly unsteady currents.
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Fig. 3. Sedimentary profiles of the Piwniczna Sandstone Member and some features observed in the profiles

A — coarse-grained gravelly sandstone bed representing the Sgy facies; B — sandstone with elongated and deformed fragments of paral-
lel-laminated mudstone interpreted as a slump structure, and bed with free-floating rounded clasts suspended in a sandy matrix, both sand-
stone beds represent a sandy debrite; C —load casts on the lower bounding surface of a sandstone bed as an indicator of rapid deposition, in
addition, ichnofossils can be recognized on this surface; D — sandstone typical of a “reverse” Bouma sequence; E — parallel-laminated (fis-
sile) mudstones alternating with sandstone beds interpreted as deposits of low-density currents



Sedimentary record comparison of the Piwniczna and Poprad sandstones (Magura Unit, Outer Carpathians)...

885

| ! mud []san_d'l
silt gravel silt gravel silt gravel

Fig. 4. Sedimentary profiles of the Poprad Sandstone Member and some features observed in the profiles

A — scours and channelized amalgamation surfaces in gravelly sandstones with no signs of gradation or intensive erosion; B — elongated
mudstone clasts near the top of the bed, at the base sole structures can be seen; C — sandstone typical of a “reverse” Bouma sequence;
D — thick mudstone bed representing the Mpl facies; explanations as in Figure 3

Structureless sandstones (Sm) — B1 sensu Pickering et al.
(1986), mS sensu Ghibaudo (1992)

This is the most frequent facies in the successions studied.
It is very variable in grain size as well as in thickness, compris-
ing fine- to medium-grained sandstone beds, which are from 35
to 270 cm thick (B1.1 sensu Pickering et al., 1986; Fig. 5B). The
very thick beds are mostly amalgamated. Although these sand-
stones are identified as a structureless, rare traces of normal
grading are present. Beds are bounded by sharp, wavy or
scoured surfaces, in several cases with preserved sole struc-
tures (Figs. 3C and 4B). Some of these beds contain mudstone

clasts, which are small (0.1-0.3 cm size in diameter), rounded
and chaotically dispersed (Fig. 5C), or in some cases elongated
(1-3 cm) with parallel long axes (Fig. 4B). Facies Sm includes
also very thin to thin (2-7 cm) beds with sharp bases and no
mudstone clasts. These are preserved heterolithic successions
where they are developed as an isolated beds (Fig. 5J).
Structureless sandstones are interpreted as a Ta interval of
the Bouma sequence (Bouma, 1962) or S3 interval of the Lowe
sequence (Lowe, 1982). The deposition of the thick beds was
most by gradual aggradation from quasi-steady depletive
high-density turbidity currents, where grain interactions domi-



886 Diana Dirnerova and Roman Farkasovsky

FACIES FACIES ASSOCIATIONS

o
non M

Fig. 5. Facies and facies associations defined in the study area

A — gravelly sandstone (Sgy); B — structureless sandstone (Sm); C — structureless sandstone with preserved mudstone clasts;
D — parallel laminated sandstone (Spl); E — cross-laminated sandstone (Scl); F — convoluted sandstone (Sc); G, H — sandy
debrites; | — high-density turbidites; J — low-density turbidites; K — hemipelagites consisting of the parallel-laminated mudstones
(Mpl); for meaning of abbreviations see the text
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nate as a sediment support mechanism with hindered settling
(Kneller and Branney, 1995). Occasional mudstone clasts can
represent signs of inability of gravitational grain separation due
to the high concentration of the gravity flow, which was too rap-
idly deposited.

Slumped sandstone (Ss)

This facies was recorded only in one sedimentary profile
(profile 6, Fig. 3B). The sandstones are fine- to me-
dium-grained, structureless and well-sorted. Individual beds
reach 40-80 cm thick. The typical feature of these sandstones
is that they contain many deformed elongated mudstone lenses
up to intercalations (up to 50 cm long) as well as outsized
rounded clasts (Fig. 3B). The beds typically have loaded bases.

The character of the sandstones is very similar to that of fa-
cies Sm. The only difference is in the mudstone content, signs
of post-depositional deformation and/or slump structures and
loaded bases. All of these features most likely resulted from
fluidization or liquefaction, and therefore represent a second-
ary, not primary, structure. Accordingly, post-depositional
slumping is suggested as responsible for the formation of this
facies (Walker, 1976), which is therefore interpreted as a
subfacies of the structureless sandstones.

Parallel-laminated sandstones (Spl)

This facies consists mainly of thin, only rarely of thick, paral-
lel-laminated sandstone beds. The thickness of the beds com-
monly ranges from 2 to 35 cm and their bounding surfaces are
sharp with no preserved sole structures (Fig. 5D, I). Signs of
amalgamation were not recorded, and lamination is fine-scale.
Medium-bedded sandstones are fine- to medium-grained.
Within the sandstone successions analysed, they are incorpo-
rated in the massive structureless sandstones (in an upper,
middle or lower position), locally with ripple-cross laminated
parts (Figs. 3D and 4C). Very fine- to fine-grained sandstones,
on the other hand, represent thin beds. These are preserved as
interbedded with thin mudstone beds (Fig. 5J).

Parallel lamination in sandstone beds results from traction
and fall-out deposition. This kind of deposition can occur under
upper-stage flow regime, i.e. deposition under plane-bed condi-
tion (Tgo sensu Talling et al., 2012), but also under the
lower-stage flow regime, i.e. deposition by low amplitude
bed-waves (Tg1 sensu Talling et al., 2012). As a result, in the
sedimentary profiles analysed, this facies is interpreted as of
turbidite origin, high- as well as low-density. In the case of beds
that are incorporated in the massive sandstones, the more likely
depositional process is hindered settling typical of high-density
turbidity currents. Each lamina results from rapid sediment fall-
out from overlying flow leading to formation of a near-bed layer
with a sharp upper surface defined by relatively abrupt de-
crease in sediment concentration (Talling et al., 2012). Thin
fine-grained sandstone beds interbedded with mudstones were
deposited by more dilute flow, likely by fall-out deposition.

Cross-laminated sandstones (Scl)

This facies is not very frequent in the sedimentary succes-
sions analysed. Cross-lamination is typical of fine- to me-
dium-grained sandstone beds with thicknesses between 6 and
24 cm. Bounding surfaces are sharp or undulose. In all cases,
the lamination was determined as of small scale as the thick-
ness of individual forms does not exceed 3 cm (Fig. 5E). Within
the sandstone successions, intervals of cross-lamination were
recorded as following, or more rarely, as preceding parallel lam-
ination (Fig. 3D). In addition, interbedding with thin mudstone
beds was also distinguished in the sedimentary profiles ana-
lysed (Fig. 3E).

Formation of the cross-lamination relates to deposition in
the lower-stage flow regime, i.e. occur under ripple conditions.
Based on the preservation of this facies in association with the

parallel laminated sandstone beds, a turbidite origin is most
probable. The character of the preserved sequence (normal
Tb-Tc or “reverse” Tc-Tb) indicates the stage of the
depositional turbidity current, where the normal sequence rep-
resents the waning discharge period, and the “reverse” se-
quence reflects the waxing discharge period. Preservation of
the waxing discharge period is not common but it is possible in
case of hyperpycnal flows (Mulder et al., 2003; Lamb et al.,
2008).

Convolute sandstones (Sc)

Convolute sandstones are also not very common in the
sedimentary profiles analysed. They are fine-grained and are
deposited as thin to medium beds (6—-30 cm) with sharp or
undulose bedding surfaces (Fig. 5F).

This facies may be interpreted as a subfacies of both the
parallel- and ripple cross-laminated sandstones because it
forms by deformation of them. Consequently, convolute lami-
nation in the studied deposits is interpreted as a secondary sed-
imentary structure formed shortly after deposition and before
significant diagenesis due to fluidization or liquefaction of de-
posited sediment (Dzutynski, 1996). With respect to depo-
sitional processes in the primary sedimentary facies, convolute
sandstones are interpreted as Tb and Tc divisions of the
Bouma sequence.

Parallel-laminated mudstones (Mpl) — E2.2 sensu Pickering
et al. (1986)

This facies consists of parallel-laminated (fissile) mud-
stones of light grey to dark grey colour (Figs. 3E, 4D and 5K). In
some profiles, it is preserved as 40 to 100 cm thick intervals of
more clayey non-graded beds incorporated into thick sand-
stone successions (Fig. 5K). There are also thin, siltier beds 2
to 10 cm thick with rare signs of grading. These are mostly pre-
served as rhythmic alternations with thin sandstone beds
(Fig. 5J) or as caps on the thick sandstone successions. Lower
as well as upper bounding surfaces of all mudstone beds are
sharp. Signs of bioturbation or other secondary structures were
not recorded.

As is indicated by the small grain size of the mudstones,
their deposition relates to slow and gradual grain-by-grain or
aggregate settling (Pickering et al., 1986). Simultaneously, par-
allel lamination in the mudstones implies continuous sediment
accumulation as a single depositional event (Lazar et al., 2015;
Te4 sensu Talling et al., 2012). Regarding the association of
this facies with the sandstone successions, such sedimentation
can occur as the last stage of gravity flow deposition, the result-
ing deposits being interpreted as the Te division of the Bouma
sequence. This is the most probable depositional process in the
case of the thin to medium beds. On the other hand, parallel
laminated mudstones can also represent a calm stage of
deep-water deposition during which hemipelagites to pelagites
form, but these deposits are typically intensely bioturbated.
A transitional depositional process, known as hemiturbiditic
sedimentation (Stow and Wetzel, 1990) is also possible, by
which medium to thick successions of this facies have formed.

FACIES ASSOCIATIONS

Sandy debrites
The association is characterized by very high, 84-100%

(98% on average) sandstone content and all of these sand-
stones are structureless. Regarding the defined facies, it con-
sists of structureless sandstones (Sm), occasionally with a pre-
served thin layer of gravelly sandstone (Sgy) at the base, and
locally capped by thin beds of parallel laminated mudstones
(Mpl; Figs. 5H and 6A). In one of the sedimentary profiles stud-
ied, only gravelly sandstones were preserved (profile 1;
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Figs. 4A and 5G). The thickness of this facial association
ranges 0.5 to 3 m. Structureless sandstones, which represent
the main facies in this association, can be with or without
mudstone clasts and these can be preferably oriented or chaot-
ically dispersed (Figs. 4B and 5C). In one case, the
structureless sandstone beds are replaced by slumped sand-
stones (Ss), most likely as a result of post-depositional defor-
mation (Fig. 3B).

The thickness, grain size as well as the structureless char-
acter of preserved deposits of this facies association indicate
relatively rapid deposition from high-density gravity flows,
where suspension-load fallout rate was sufficiently high to sup-
press bedload development and traction transport (Lowe, 1982;
Arnott and Hand, 1989). Chaotically scattered mudstone clasts
also support the inference that the gravity flow was too concen-
trated and too rapidly deposited to allow grain-size separation
(as recorded in normal grading or a Bouma sequence).

As a high-density gravity flow, we may consider a debris
flow (Dcs sensu Talling et al., 2012) as well as a high-density
turbidity current, since the both of these are able to deposit the
sediments described in this association. However, once the
theory of the transformation of the gravity flows from high- to
low-density (e.g., Hampton, 1972) is taken into account, we as-
sume that these sandstone successions represent transitional
deposits between debrites and high-density turbidites. This
could be the reason why the signs of both kinds of flow are re-
corded. Consequently, the association is interpreted as depos-
its of lower part of high-density turbidity currents, i.e. grain flows
(sensu Lowe, 1979) or sandy debris flows (Shanmugam, 2013),
and is defined as comprising sandy debrites.

High-density gravity flows forming this association may be
an indicator of proximity to the source area, where mainly chan-
nel-fill sequences should be deposited (Mutti, 1987). These se-

quences are characterized by coarse-grained and scoured fa-
cies as well as the fining-upwards cycles (Mutti, 1987). How-
ever, occasionally preserved scours and gravelly sandstone
beds (Figs. 4A and 5G) typical of this association are not suffi-
cient developed; scours are too shallow and Sgy facies are an
exception rather than a rule. Consequently, a more probable in-
terpretation is as a depositional lobe, where the high sandstone
net to gross ratio and exclusively structureless character of the
beds indicate deposition in a lobe apex to axis area (sensu
Prelat et al., 2009; Spychala et al., 2017).

High-density turbidites

The second association defined is similar to the previous
one but with no mudstone clasts and with a higher incidence of
sedimentary structures. The sandstone to mudstone ratio is
high since 75-100% (92% in average) of the association thick-
ness consists of sandstones. Structureless sandstone beds
(Sm) are still predominant and are the beds of the greatest
thickness. They represent up to 80.5% of all sandstone beds.
They gradually pass into parallel laminated (Spl) and/or
cross-laminated sandstones (Scl; Fig. 5I). Occasionally, thin
layers of parallel laminated mudstone (Mpl) cap the sedimen-
tary succession (Fig. 6A). Rarely, convoluted sandstone beds
can be recognized, which most likely relates to dewatering of
the deposited sediment (Butler et al., 2016). The thickness of
the association reaches 1-2 m on average, although in one pro-
file it is up to 11 m (profile 3, Fig. 3).

The increased incidence of sedimentary structures indi-
cates that initially fully concentrated gravity flow was trans-
formed to bipartite flow with grain flow in the lower part
(structureless beds formed) and a turbidity current in the upper
part (structured beds formed). Such internal differentiation
within one gravity flow is typical for high-density turbidity cur-
rents (e.g., Lowe, 1979). The upper part of the flow is more di-
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lute and turbulence becomes a dominant sediment support
mechanism. In such depositional conditions, formation of trac-
tional structures is enhanced. Hence, the association described
is interpreted as deposits of high-density turbidity currents as a
whole (not only the lower part as in the case of the previous as-
sociation), i.e. high-density turbidites. Compared to “classical”’
turbidites (Bouma, 1962; Lowe, 1982), these differ in the pattern
of typical Bouma sequence divisions. Successions in which
such “reverse” sequences (Figs. 3D and 4C) are preserved
most likely represent the waxing — waning phases of a hyper-
pycnal turbidity current (Mulder et al., 2003).

As regards the depositional environment, as with the first
association, this one is also interpreted as representing a depo-
sitional lobe, although a more distal — lobe-off axis position
(sensu Prélat et al., 2009; Spychala et al., 2017) is suggested.
The more distal position is indicated by the lower sandstone to
mudstone ratio as well as the lower structureless to structured

sandstone ratio, i.e. deposition by less concentrated
depositional flow.
Low-density turbidites

The main sign of this association is that the sandstone to
mudstone ratio is more equal, as the sandstones are very thin
to thin, and only in a few cases are medium-bedded in this asso-
ciation (Fig. 5J). Recorded sandstone beds are massive (Sm),
parallel- (Spl) to cross-laminated (Scl) or convolute (Sc), and
they alternate with thin beds of parallel-laminated mudstones
(Mpl). Consequently, the association can be described as com-
prising thin-bedded sandstone-mudstone couplets (C2.3 sensu
Pickering et al., 1986; IMS sensu Ghibaudo, 1992). The thick-
ness of this association ranges from 30 to 180 cm.

The gravity flows that formed this association are inter-
preted as low-density turbidity currents, i.e. flows of very low
concentration and of fully turbulent flow regime (surge-like tur-
bidity flow sensu Mulder and Alexander, 2001). The preserva-
tion only of the upper part of the ideal Bouma sequence indi-
cates that sediments of this association were deposited from
the upper part of the initially bipartite high-density turbidity cur-
rent (of the previous association) during the final stage of its
depositional activity. Sedimentary particles in such a gravity
flow are maintained in suspension due to the upwards compo-
nent of turbulence and their settling is slow, with some traction,
producing sedimentary structures and bedforms of typical
Bouma Tb-Td divisions (Mulder and Alexander, 2001).

Based on the sedimentary character of this association, a
possible interpretation as the fringes of depositional lobes
(sensu Prelat et al., 2009; Spychala et al., 2017) as well as
channel-related overbank deposits (sensu Mutti, 1987). Re-
garding the interpretation of the previous associations and their
interconnection to this one, the most probable depositional en-
vironment relates to a lobe structure. Hence, in this study,
low-density turbidites are defined as the fringing parts of the
depositional lobe to interlobe areas in the lobe structure.

THIN-SECTION ANALYSIS

PIWNICZNA SANDSTONE MEMBER

Based on thin-section analysis, sandstones are classified
as feldspathic, sub-feldspathic and lithic arenites as shown by
their modal composition. They contain 64—-89% clastic material,
5-10% matrix and 2-31% cement. Clastic material consists
mainly of quartz, feldspar and different kinds of rock fragments.
Unstable feldspar and lithic carbonate fragments represent a
substantial part of the rocks indicating mineralogical immaturity
of the samples analysed. Texturally, they are identified as im-

mature to submature, moderately to poorly sorted sandstones.
The average grain size indicates very fine to fine sands, con-
sisting mostly of angular to subangular shaped grains, but there
are also larger (up to 750 um) more rounded grains repre-
sented mainly by feldspars, limestones and metamorphic rock
fragments.

Quartz grains represent 33-55% of sandstones’ volume and
mostly are represented by monocrystalline non-undulatory
grains (Figs. 7B, C and 9). These indicate mainly magmatic
sources of fragments, but in the case of the very fine to fine sand-
stones, the grains may have originated also by disintegration of
originally larger polycrystalline grains of metamorphic rocks.
Gradual reduction of detritus grain size can lead to decrease in
polycrystalline and undulatory quartz grain content in the sand-
stone. The feldspars form 9-19% of the sandstones’ volume. Al-
kali feldspars predominate over plagioclases, most likely be-
cause of their higher resistance to chemical weathering.
Microcline fragments and perthitic feldspar grains are common,
many being markedly altered to fine-grained aggregates of white
mica or clay minerals (Fig. 7E, F). Spme feldspars commonly in-
clude cloudy or brown-coloured parts. Sources of the feldspars
were probably granitic and gneissic rocks. Less frequent grains
are represented mainly by mica and opaque minerals. Muscovite
is more common than biotite, most likely due to higher weather-
ing resistance. A very rarely identified component was glauco-
nite, a mineral formed exclusively in marine sediments in
synsedimentary to diagenetic processes. Lithic fragments repre-
sent 10-17% of sandstone volume and they consist of carbonate
rocks (excepting the samples from profile 5), phylites, mica
schists, granitic rocks and occasionally also of sedimentary
cherts. The matrix is formed of aggregates of clay minerals, white
mica and quartz. Chlorite and iron oxides are preserved in lesser
amounts. The cement is composed of calcite that in most cases
infills pores. Higher content of the calcite cement was identified in
some parts of samples from profile 6.

POPRAD SANDSTONE MEMBER

From the modal composition, the Poprad Sandstones are
classified as sub-feldspathic and lithic arenites (Fig. 9), in one
case as a calclithite (profile 7) as a result of the substantial con-
tent of carbonate rock fragments. Clastic material in the sam-
ples studied represents 72-91%, matrix 5-14% and cement
4-14%. The most common clastic component is quartz but the
content of unstable feldspar and limestone grains is also signifi-
cant. Therefore, the sandstones are defined as mineralogically
immature. Based on the average grain size, samples can be in-
terpreted as a very fine- to fine-grained or in some samples up
to medium-grained sandstones (profile 7). The grains are
subangular to subrounded in most cases, although some less
stable larger fragments may be of subrounded to rounded
shape. Based on matrix content, sorting and roundness of indi-
vidual grains, the sandstones can be considered as texturally
immature.

The amount of quartz grains (Fig. 7B-D) in the sandstones,
mostly represented by monocrystalline undulatory grains, is
35-52% (Fig. 9). Eeldspar grains constitute 7-18% of sand-
stone volume and include alkali feldspars as well as
plagioclases (Fig. 7G, H). Alkali feldspars, consisting mainly of
orthoclase and rarely microcline, are more abundant. Fre-
quently, the feldspar grains are replaced by white micas and
clay minerals. The lithic fragments form 6-40% of the sand-
stone volume. They are represented by all rock types in the
samples studied (Fig. 8A-D). Lithoclasts of phyllites, mica
schists, limestones (dominant only in profile 7 comprising up to
82% of lithic fragments) and sporadically also larger grains of
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Fig. 7. Quartz and feldspars as common grains in both Piwniczna and Poprad sandstones

A — subrounded polycrystalline quartz grain of metamorphic origin with visible undulose extinction in the central part and
subgrains near the margin (profile 5); B — monocrystalline quartz grains originally representing phenocrysts of volcanic
rock, in which corrosion features due to remelting are visible (profile 7); C — angular monocrystalline quartz of magmatic
origin (left) and polycrystalline quartz of metamorphic origin (right) with typical fabric indicating dynamic recrystallization
and with shape-preferred orientation defining foliation (profile 8); D — subangular polycrystalline quartz of metamorphic
origin, in which subgrains show signs of shape-preferred orientation and ductile deformation (profile 7); E — angular
grains of microcline and slightly altered orthoclase as the most common alkali feldspars (profile 5); F — subangular
microcline with typical cross-hatched twinning (right) and hydrothermally altered sericitized feldspar (profile 2); G —
subrounded plagioclase with typical polysynthetic twinning (profile 7); H — rounded plagioclase with visible polysynthetic
twinning and feldspar with visible aggregates of white mica (profile 9); crossed polarized light; Cal — calcite, Fsp — feld-
spar, Hem —hematite, Ls — limestone, Mc — microcline, Ms — muscovite, Pl —plagioclase, Qtz — quartz, Sltst — siltstone
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Fig. 8. Different types of rock and mineral fragments in the Piwniczna and Poprad sandstones

A — fragment of plutonic granitic rock composed of quartz, feldspar and biotite (profile 9); B — rare fragment of basic vol-
canic rock with planar fabric composed mainly of plagioclase, dark and opaque minerals, in the upper right part of the
photomicrograph are clastic grains of white mica (profile 10); C — fragments of sedimentary carbonate rocks are formed
mainly by limestones, grains of calcite being present only occasionally (profile 7); D — fragments of siliciclastic argilla-
ceous sedimentary rocks and silicate siltstones are relatively common (profile 10); E — the most abundant metamorphic
rock fragments are phyllites, they are composed mainly of oriented quartz and white mica grains (profile 4); F — rounded
clast of phyllite formed by white mica with typical foliated fabric (profile 5); G — rare grains of zircon were constituents of
granitic rocks originally (profile 8); H — aggregate of calcite cement with typical cleavage planes among the clastic frag-
ments (profile 9); crossed polarized light; Bt — biotite, Cmt — cement, Gran — granite, Kfs — K-feldspar, Phyl — phyllite, Volc
Rk — volcanic rock, other explanations as in Figure 7
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granitic rocks were recognized. The sample matrix consists of
aggregates of fine-grained quartz, feldspar and mica minerals.
Clay minerals can be distinguished in some parts too. The ce-
ment is mostly formed of calcite (Fig. 8H) that infills space be-
tween the grains. Detrital grains in sandstones from profile 7 are
typified by a thin brown iron oxide coating.

SOURCE ROCKS

Considering the similarities between both types of sand-
stone analysed, they are interpreted as originating from mate-
rial of the same petrographically diverse source area. Most of
the sandstones studied represent petrofacies that plot near the
centre of the QmFLt diagram (Fig. 9). This region of mixed
provenance is not typical of any generic provenance type.
Petrofacies of mixed provenance could be derived from suture
belts or collision orogens where contrasting source terranes
have been placed into close proximity (Dickinson, 1988).

The sandstones studied contain fragments of plutonic gra-
nitic rocks (Fig. 8A) and basic volcanic rocks (Fig. 8B) only
rarely. However, substantial amounts of the quartz, feldspar
and mica grains are originally from granitoid rocks. Although
acid volcanic rocks were not recorded, non-undulatory quartz
grains with signs of magmatic corrosion with idiomorphic shape
(Fig. 5B) indicate the volcanic origin of some grains. Metamor-
phic rocks represented mainly by fragments of phyllite and mica
schist were identified, with distinct foliation formed mainly by ori-
ented aggregates of white mica and quartz (Fig. 8E, F). The
undulose extinction of the monocrystalline quartz grains
(Fig. 5A) and polycrystalline quartz aggregates with shape-pre-
ferred orientation of subgrains (Fig. 5C, D) are evidence for a
source area where moderate grade metamorphic rocks were
exposed to weathering. Finally, fragments of parallel laminated
quartz siltstone, carbonate and chert document the presence of
sedimentary rocks in the source area.

COMPARISON OF PIWNICZNA AND POPRAD
SANDSTONE MEMBERS

Analysis of the these two sandstone members of the
Magura Formation show the expected high similarity mainly in
general features like the distinct dominance of thick
structureless sandstone beds (almost 95%; Figs. 3, 4 and 9).
However, some differences were also recorded, allowing more
precise interpretation of their depositional settings. Focusing on
these differences, the sandstone profiles from the study area
are defined as structureless, fine- to medium-grained (PwSM)
and medium to coarse-grained (PpSM) sandstones interrupted
by rhythmically thin-bedded sandstone-mudstone flysch
(PwSM; Figs. 3, 5J and 9) and/or medium- to thick-bedded
mudstones (PpSM; Figs. 4, 5K and 9). Mudstones are in some
cases also dispersed within the sandstone beds as mm-size
clasts (PpSM; Fig. 5C) or rarely as a deformed lenses or inter-
calations (PwSM; Fig. 3B). A distinct difference is also seen in
the thickness of the continuous sandstone successions, lacking
mudstone intercalations. In case of the PwWSM such succes-
sions reach up to 12.3 m thick (profile 4, Fig. 3; 2 m in average),
whilst those of the PpSM do not exceed 3,5 m thick (profile 1,
Fig. 4; 1 min average).

Facies analysis show that the sedimentary successions
studied were deposited mainly by high-density gravity flows.
Most are preserved deposits of sandy debris flows (73% in
PpSM versus 63% in PWSM; Fig. 9) and in lesser amounts
those of high-density turbidity currents (14% in PpSM versus

26% in PwSM; Fig. 9). Deposits of a more muddy character are
identified as low-density turbidites (5% in PpSM versus 10% in
PwSM; Fig. 9) and hemiturbidites (7% in PpSM versus 1%
PwSM; Fig. 9). Regarding the calculated percentages of the in-
dividual kinds of the gravity flows, it can be inferred that sedi-
mentary deposition was relatively rapid and gradual transforma-
tion to more dilute flows was limited (PpSM), although in some
profiles gradual transition from sandy debrites to high-density
and/or to low-density turbidites can be seen (PwSM).

As regards the depositional environment, for both PpSM
and PwSM depositional lobes and interlobe areas of a subma-
rine fan are suggested. The difference comprises their position
within these lobes. While the PpSM represents more proximal,
lobe apex to axis positions, PwSM reflects lobe axis to off-axis,
as well as lobe fringe to interlobe, positions (Fig. 6B). As a re-
sult, both of the sandstone types analysed are interpreted as
lobe deposits of submarine fan, with the PwSM representing
more distal positions than the PpSM.

The source area of the sandstones, located in the
south-east in the the case of the studied deposits, as deduced
from sole structures (see also Birkenmajer and Oszczypko,
1989; Oszczypko et al., 1990; Misik et al., 1991), was most
likely the same. This interpretation is supported by the results of
thin-section analysis, which did not show any distinct differ-
ences between the sandstone successions compared. The
sandstones are interpreted as subfeldspathic to feldspathic and
lithic arenites. Only samples from profile 7 are characterized by
a higher carbonate content than other samples, which may re-
late to their greater proximity to the source area. As evident
from the QmFLt ternary provenance diagram (Fig. 9), the
source area is interpreted as the mixed provenance of a suture
area where tectonic collision occurred and petrographically
variable tectonic units were uplifted. In case of the deposits
studied, the South-Magura Ridge is proposed (Misik et al.,
1991; Oszczypko et al., 2006), representing the intensely
tectonised zone formed as part of the accretionary prism rising
between the Magura and PKB depositional areas.

On this basis, the PwSM and PpSM deposits are interpreted
as a very similar, while there are some of differences between
them, these are not fundamental. Therefore, it is very probable
that the depositional history of these two sandstone members is
closely linked and they represent the same depositional envi-
ronment, i.e., the same submarine fan.

CONCLUSIONS

The deposits of the PpSM and PwSM are very similar in
mineral composition as well as in sedimentary character. The
analyses presented in the study show that they both were most
likely supplied by the same source area and deposited as
depositional lobes in close proximity to this source. This inter-
pretation is supported by the immaturity of sandstones, their
poor sorting, the low degree of rounding of the grains as well as
by the content, although variable, of unstable plagioclases and
carbonate grains. The modal composition of the sandstones
analysed indicate a suture area characterized by petrographic
heterogenity as a source area. This might be the South-Magura
Ridge as a part of accretionary prism.

Despite their high similarity, facies analyses showed some
differences between the sandstone successions. Among the
most important, we note:

1. The clean sandstone successions of the PwSM are
thicker, reaching 0.2 to 12.3 m (2 m on average), than
the ones of the PpSM, reaching 0.1 to 3.5 m thickness
(1 m on average).
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2. The thick sandstones of the PpSM are coarser (me-
dium- to coarse-grained) than those of the PwSM (fine-
to medium-grained).

3. Sandstone intervals are in the PwSM separated mostly
by intervals of 0.2 to 3.6 m thick heterolithic deposits in-
terpreted as a low-density turbidites. In the PpSM, on
the other hand, there are intervals of mudstones inter-
preted as hemiturbidites 0.2 to 1 m in thickness.

4. The content of sandy debrites and high-density
turbidites is lower in the PwSM (2.5:1) than in the PpSM
(5:1).

5. The sandstone successions of the PwSM are inter-
preted as more distal parts of lobes (lobe axis to off-axis,
lobe fringes, interlobe areas) than those of the PpSM
(lobe apex to axis).

These differences are not fundamental. This is supported
by the interpretation of depositional processes, i.e. gravity
flows, forming the studied deposits, where the difference is in
the proportion but not in the kind of these flows. Similarly, in
both cases, the depositional lobes of a submarine fan are inter-
preted as the depositional environment, and the only difference
is in the position within them.
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