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Thick deep-wa ter sand stone suc ces sions are known from many lo cal i ties in the Outer West ern Carpathians. The pres ent
study is fo cused on com par i son of de pos its of the Piwniczna (PwSM) and Poprad (PpSM) Sand stone mem bers be long ing to
the Magura For ma tion of the Magura Unit, out crop ping in the east ern Slovakia and Po land bor der area. At the gen eral level,
a close sim i lar ity of the sand stone suc ces sions was con firmed by this study. How ever, in more de tail, fa cies anal y sis shows
dif fer ences in the thick ness of the sand stone suc ces sions, in grain size and in the char ac ter of in ter vals be tween the thick
sand stones. Thin-sec tion study, though, showed al most the same modal com po si tion in the sand stones ana lysed. The
sand stone suc ces sions stud ied are in ter preted as sandy debrites, the PwSM show ing tran si tional fa cies to turbidites. These
de pos its rep re sent channelized depositional lobes in the prox i mal part of a sub ma rine fan with the PpSM closer to the
source. The sed i ment source area was com mon to both lithostratigraphic units, and was most likely the South-Magura
Ridge.
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thin-sec tion anal y sis.

INTRODUCTION

The sand stones known as the Piwniczna (PwSM) and
Poprad (PpSM) Sand stone mem bers, de pos ited in the Magura
Ba sin dur ing the Eocene, on which this study is fo cused, rep re -
sent an im por tant fea ture of the palaeodepositional his tory,
dem on strat ing clo sure of the Outer Carpathian bas ins. These
tec tonic pat terns re lated to the con ver gence be tween the
ALCAPA microplate and the Eu ro pean Plat form (e.g., Golonka
et al., 2006) and led to the con tem po rary nappe struc ture of the
Outer Carpathian Flysch Belt. As a re sult, from the north to the
south are dis tin guished sev eral nappes (Skole, Sub-Silesian,
Silesian, Fore-Magura-Dukla and Magura Unit), which are all
thrusted on top of each other, and to gether, over the Carpathian 
Foredeep. In the south, the Magura Unit is in tec tonic con tact
with the Pieniny Klippen Belt (PKB, Fig. 1). The re cent po si tion
of the up rooted nappes re flects the orig i nal con fig u ra tion of the
sed i men tary bas ins, which were sep a rated from each other,

and si mul ta neously sup plied with sed i ment by “ridges”. The
most im por tant source ar eas, con sid ered in re la tion to the
Magura Ba sin, were the Czorsztyn Ridge sep a rat ing the
Magura Ba sin from the PKB depositional area (Plašienka,
2003), South-Magura Ridge be ing ac tive dur ing the Early to
Late Eocene to the south of the Magura Ba sin (Mišík et al.,
1991) and the Silesian Ridge sep a rat ing the Magura Ba sin from 
other flysch bas ins to the north (Ksia¿kiewicz, 1960).

The sand stone suc ces sions stud ied were de pos ited in the
south ern part of the Magura Ba sin. Lithologically, they are re -
garded as very sim i lar with dif fer ences only in the char ac ter of
the mudstone in ter ca la tions (Oszczypko and Oszczypko-Clow -
es, 2010). Palaeogeographically, they are gen er ally in ter preted
as turbidites rep re sent ing distributary chan nels and lobes of the 
mid-parts of sub ma rine fans (Oszczypko et al., 2005). 

The prov e nance of Magura Unit rocks was stud ied mainly
on the ba sis of ex otic peb bles in con glom er ates. All ge netic
types of rock are pres ent (e.g., Nemèok et al., 1968;
Oszczypko, 1975; Mišík et al., 1991; Oszczypko et al., 2006;
Salata and Oszczypko, 2010). Ex otic peb bles are rep re sented
by ig ne ous rocks (vol ca nic rocks, rarely granitoids), meta mor -
phic rocks (schists, gneiss es, quartzites and cataclasites), sed i -
men tary rocks (lime stones, radiolarites) and vein quartz. 

The source of con glom er ate peb bles was prob a bly the
South-Magura Ridge and Czorsztyn Ridge that emerged dur ing 
the Early to Late Eocene as part of an accretionary wedge
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(Mišík et al., 1991). The ex otic rock clast prov e nance of the
Krynica zone (Magura nappe) may be con nected with Eocene
ex hu ma tion of the Magura Ba sin base ment or with crys tal line
ma te rial sup plied from the Dacia and Tisza mega-units
(Oszczypko et al., 2006; Salata and Oszczypko, 2010). 

The heavy min eral com po si tion of the Magura Ba sin sand -
stones shows that their south ern source area was built of low-
to me dium-grade meta mor phic rocks and ig ne ous rocks as so -
ci ated with ophiolite se quences. The heavy min eral com po si -
tion of the sand stones from the north-west in di cates a source
from low- to high-grade meta mor phic rocks and granitoids
(Oszczypko and Salata, 2005). De tri tal chromian spi nels from
the Raèa and Krynica sub units of the Magura nappe have an
or i gin in man tle peri dot ites and in mid-ocean ridge bas alts,
back-arc ba sin bas alts and spo rad i cally in ocean-is land bas alts
(Bónová et al., 2017). 

This study anal y ses both the PwSM and PpSM to es tab lish
whether there are any lithological and/or petrographic dif fer -
ences be tween them, since they are de fined as very sim i lar and 
their in ter pre ta tion is the same. At this stage of re search, data
from out crops of both types of sand stone were col lected and
ex am ined (Fig. 1).

GEOLOGICAL SETTING OF THE STUDY AREA

The study area is lo cated in the vi cin ity of the Poprad River,
near the state bor der be tween Slovakia and Po land, where de -
pos its of the Magura Unit are pre served. The Magura Unit, as
the in ner most and larg est of the Outer Carpathian group of
nappes, com prises four nappes: the Siary, Raèa, Bystrica and
Krynica sub units, sep a rated by thrust or re verse faults.

In this study, we ana lyse the sand stone suc ces sions of the
Krynica Sub unit ex posed in road or creek sec tions be tween
Piwniczna and Leluchów as well as near the vil lages of Malý
Lipník, Sulín, Mníšek nad Popradom, and Jarabina (Fig. 1). 

Stratigraphically, the Krynica Sub unit of the Magura Unit
con sists of Cre ta ceous to Lower Mio cene de pos its (Birken -
majer and Oszczypko, 1989). The old est rocks of Ju ras sic to
Cre ta ceous age be long to the Grajcarek Group, which were de -
pos ited in the Magura Ba sin though sub se quently they were in -
cor po rated into the PKB (Birkenmajer, 1977). Paleocene to
Oligocene de pos its in the study area are des ig nated as the
Beskid Group of the Krynica Sub unit where, from the base to
the top, the fol low ing for ma tions can be des ig nated (sensu
Birkenmajer an Oszczypko, 1989; Nemèok et al., 1990;
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Fig. 1. Geo log i cal set ting of the area stud ied (com piled by Nemèok, 1990; Kováè et al., 2003; Oszczypko et al., 2005; Oszczypko
and Zuchiewicz, 2007; Plašienka and Mikuš, 2010)
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Chrustek et al., 2005; Oszczypko et al., 2005; Žec et al., 2011;
Kováèik et al., 2012; Fig. 2):

The Szczawnica For ma tion rep re sented by finely rhyth mic
flysch with fine-grained, thin- to me dium-bed ded sand stones
and slightly cal car e ous shales. A con glom er ate-sand stone
megabed, known as the ¯yczanów Mem ber, oc curs in the
turbidite suc ces sion.

The Zarzecze For ma tion con sists of fine- and very
fine-grained sand stones al ter nat ing with marly shales, with a
sand stone to shale ra tio of 1:2 or 1:1 and lo cally with in ter ca la -
tions of £acko type marls. Con glom er ates, peb bly-mudstones
and thick-bed ded sand stones are lo cally also pre served and
are de fined as the Krynica Mem ber.

The Frydman For ma tion is the tran si tional suc ces sion be -
tween the Szczawnica and Zarzecze for ma tions evolved in the
peri-Pieniny zone.

The Magura For ma tion is pre dom i nantly char ac ter ized by
thick-bed ded mus co vite-rich sand stones with con glom er ate
and peb bly mudstone in ter ca la tions, which are des ig nated as
the PwSM and PpSM in Po land and as the Èergov and
Strihovce for ma tions in Slovakia. These lithostratigraphic units
are sep a rated from each other by the Mniszek Shale Mem ber
(Pol ish name) or Var ie gated For ma tion (Slo vak name) de fined
by stripes and beds of red and green shales within thin- to me -
dium-bed ded sand stones with clay interclasts.

The Malcov For ma tion con sists of thin- and me dium-bed -
ded mus co vite-rich sand stones al ter nat ing with grey marly
shales, with a sand stone to shale ra tio of 1:3. The unit is lo cally
rep re sented also by marls of the Leluchów Marl Mem ber, and
the menilite-type shales of Smereczek Shale Mem ber.

Kremna For ma tion is com posed of thin- to me dium-bed ded
turbidites with in ter ca la tions of thick sand stone beds and very
thick dark grey marly shales.

METHODS

For the com par i son of the two sand stone units, fa cies as
well as thin-sec tion anal y ses were used. The field work in the
area stud ied in cluded de tailed bed-by-bed log ging of the pre -
served suc ces sions with fo cus on all sed i men tary fea tures such 
as li thol ogy, ge om e try, sed i men tary struc tures, bound ing sur -
faces etc. (Figs. 3, 4 and 5). Sed i men tary pro files were ana -
lysed by fa cies anal y sis, which sup pose the def i ni tion of: (a)
sed i men tary fa cies based on their lithological at trib utes fol -
lowed by their in ter pre ta tion in terms of sed i men tary pro cesses; 
(b) fa cies as so ci a tions based on ge netic re la tion be tween the
sed i men tary fa cies fol lowed by their in ter pre ta tion in terms of
an cient sed i men tary en vi ron ments.

Thin-sec tions of fine-grained sand stones from each pro file
were petro graphi cally ana lysed us ing an Olym pus BX-53 mi -
cro scope. A clas si fi ca tion scheme based on the pro por tion of
ma trix, quartz, feld spar and lithic frag ments (Pettijohn et al.,
1972) was used to name and clas sify the sand stones stud ied. 
The Gazzi-Dickinson method of point count ing was ap plied to
eval u ate the de tri tal com po si tion of sand stones in de pend ent of
grain size (Gazzi, 1966; Dickinson, 1970; Ingersoll, 1978;
Ingersoll and Suczek, 1979; Ingersoll, et al., 1984). Point count -
ing data from sand stones of the PwSM and PpSM were in ter -
preted in QmFLt ter nary prov e nance di a grams (Dickinson and
Suczek, 1979; Dickinson, 1985; Dickinson, 1988) and po ten tial
sources of clasts were con sid ered. Data ob tained from both
anal y ses were sta tis ti cally eval u ated and com pared to es tab lish 
any dif fer ences be tween the sand stone mem bers stud ied.  

FACIES ANALYSIS

Gen eral con sid er ation of the sed i men tary pro files re corded
al low defininition of seven in di vid ual fa cies and three fa cies as -
so ci a tions (Figs. 5 and 6).

The depositional en vi ron ment of the sed i men tary re cords
ana lysed is gen er ally in ter preted as of deep-wa ter type (e.g.,
Golonka et al., 2006). Con sid er ing that in this type of the en vi -
ron ment, grav ity flows rep re sent the only way to trans port large
amounts of coarse-grained sed i ment into the depositional ba -
sin, which is sub se quently de pos ited in the form termed a sub -
ma rine fan, all of the fol low ing in ter pre ta tions (both fa cies and
fa cies as so ci a tions) re late to such depositional con di tions.

FACIES

Grav elly sand stones (Sgy) – A1.4 sensu Pickering et al.
(1986), mGyS sensu Ghibaudo (1992)

This fa cies is rep re sented by coarse- to very coarse-grain -
ed sand stones up to ma trix-sup ported con glom er atic sand -
stones (Figs. 3A, 4A and 5A). The beds com prise subrounded
clasts, which are gran ule-sized in the con glom er ates. Clast
imbrication or strat i fi ca tion was not ob served. Most of the beds
be long ing to this fa cies are not very well-sorted though have no
vis i ble mudstone con tent. The thick ness of these beds ranges
from 10 up to 350 cm. In case of the very thick beds amal gam -
ation is rec og niz able. Bound ing sur faces are sharp or scoured,
al though the scours are only flat (max 15 cm deep; Fig. 4A). 

Coarser grain size as well as mas sive struc ture in di cate
rapid en masse de po si tion by fric tional freez ing as the
depositional pro cess in this fa cies (e.g., Pickering et al., 1986;
Kneller and Branney, 1995). Such abrupt de po si tion is most
typ i cal of high-den sity grav ity flows as highly un steady cur rents. 
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Fig. 2. Stra tig ra phy of the Krynica Sub unit
 (com piled by Birkenmajer and Oszczypko, 1989; 

Kováèik et al., 2012)
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Fig. 3. Sed i men tary pro files of the Piwniczna Sand stone Mem ber and some fea tures ob served in the pro files

A – coarse-grained grav elly sand stone bed rep re sent ing the Sgy fa cies; B – sand stone with elon gated and de formed frag ments of par al -
lel-lam i nated mudstone in ter preted as a slump struc ture, and bed with free-float ing rounded clasts sus pended in a sandy ma trix, both sand -
stone beds rep re sent a sandy debrite; C – load casts on the lower bound ing sur face of a sand stone bed as an in di ca tor of rapid de po si tion, in
ad di tion, ichnofossils can be rec og nized on this sur face; D – sand stone typ i cal of a “re verse” Bouma se quence; E – par al lel-lam i nated (fis -
sile) mudstones al ter nat ing with sand stone beds in ter preted as de pos its of low-den sity cur rents



Structureless sand stones (Sm) – B1 sensu Pickering et al.
(1986), mS sensu Ghibaudo (1992)

This is the most fre quent fa cies in the suc ces sions stud ied.
It is very vari able in grain size as well as in thick ness, com pris -
ing fine- to me dium-grained sand stone beds, which are from 35
to 270 cm thick (B1.1 sensu Pickering et al., 1986; Fig. 5B). The
very thick beds are mostly amal gam ated. Al though these sand -
stones are iden ti fied as a structureless, rare traces of nor mal
grad ing are pres ent. Beds are bounded by sharp, wavy or
scoured sur faces, in sev eral cases with pre served sole struc -
tures (Figs. 3C and 4B). Some of these beds con tain mudstone

clasts, which are small (0.1–0.3 cm size in di am e ter), rounded
and cha ot i cally dis persed (Fig. 5C), or in some cases elon gated 
(1–3 cm) with par al lel long axes (Fig. 4B). Fa cies Sm in cludes
also very thin to thin (2–7 cm) beds with sharp bases and no
mudstone clasts. These are pre served heterolithic suc ces sions 
where they are de vel oped as an iso lated beds (Fig. 5J).

Structureless sand stones are in ter preted as a Ta in ter val of
the Bouma se quence (Bouma, 1962) or S3 in ter val of the Lowe
se quence (Lowe, 1982). The de po si tion of the thick beds was
most by grad ual aggradation from quasi-steady depletive
high-den sity tur bid ity cur rents, where grain in ter ac tions dom i -
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Fig. 4. Sed i men tary pro files of the Poprad Sand stone Mem ber and some fea tures ob served in the pro files

A – scours and channelized amal gam ation sur faces in grav elly sand stones with no signs of gra da tion or in ten sive ero sion; B – elon gated 
mudstone clasts near the top of the bed, at the base sole struc tures can be seen; C – sand stone typ i cal of a “re verse” Bouma se quence;

D – thick mudstone bed rep re sent ing the Mpl fa cies; explanations as in Figure 3
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Fig. 5. Fa cies and fa cies as so ci a tions de fined in the study area

A – grav elly sand stone (Sgy); B – structureless sand stone (Sm); C – structureless sand stone with pre served mudstone clasts;
D – par al lel lam i nated sand stone (Spl); E – cross-lam i nated sand stone (Scl); F – con vo luted sand stone (Sc); G, H – sandy
debrites; I – high-den sity turbidites; J – low-den sity turbidites; K – hemipelagites con sist ing of the par al lel-lam i nated mudstones
(Mpl); for mean ing of ab bre vi a tions see the text



nate as a sed i ment sup port mech a nism with hin dered set tling
(Kneller and Branney, 1995). Oc ca sional mudstone clasts can
rep re sent signs of in abil ity of grav i ta tional grain sep a ra tion due
to the high con cen tra tion of the grav ity flow, which was too rap -
idly de pos ited.

Slumped sand stone (Ss)
This fa cies was re corded only in one sed i men tary pro file

(pro file 6, Fig. 3B). The sand stones are fine- to me -
dium-grained, structureless and well-sorted. In di vid ual beds
reach 40–80 cm thick. The typ i cal fea ture of these sand stones
is that they con tain many de formed elon gated mudstone lenses 
up to in ter ca la tions (up to 50 cm long) as well as out sized
rounded clasts (Fig. 3B). The beds typ i cally have loaded bases.

The char ac ter of the sand stones is very sim i lar to that of fa -
cies Sm. The only dif fer ence is in the mudstone con tent, signs
of post-depositional de for ma tion and/or slump struc tures and
loaded bases. All of these fea tures most likely re sulted from
fluidization or liq ue fac tion, and there fore rep re sent a sec ond -
ary, not pri mary, struc ture. Ac cord ingly, post-depositional
slump ing is sug gested as re spon si ble for the for ma tion of this
fa cies (Walker, 1976), which is there fore in ter preted as a
subfacies of the structureless sand stones.

Par al lel-lam i nated sand stones (Spl)
This fa cies con sists mainly of thin, only rarely of thick, par al -

lel-lam i nated sand stone beds. The thick ness of the beds com -
monly ranges from 2 to 35 cm and their bound ing sur faces are
sharp with no pre served sole struc tures (Fig. 5D, I). Signs of
amal gam ation were not re corded, and lam i na tion is fine-scale.
Me dium-bed ded sand stones are fine- to me dium-grained.
Within the sand stone suc ces sions ana lysed, they are in cor po -
rated in the mas sive structureless sand stones (in an up per,
mid dle or lower po si tion), lo cally with rip ple-cross lam i nated
parts (Figs. 3D and 4C). Very fine- to fine-grained sand stones,
on the other hand, rep re sent thin beds. These are pre served as
interbedded with thin mudstone beds (Fig. 5J).

Par al lel lam i na tion in sand stone beds re sults from trac tion
and fall-out de po si tion. This kind of de po si tion can oc cur un der
up per-stage flow re gime, i.e. de po si tion un der plane-bed con di -
tion (TB-2 sensu Talling et al., 2012), but also un der the
lower-stage flow re gime, i.e. de po si tion by low am pli tude
bed-waves (TB-1 sensu Talling et al., 2012). As a re sult, in the
sed i men tary pro files ana lysed, this fa cies is in ter preted as of
turbidite or i gin, high- as well as low-den sity. In the case of beds
that are in cor po rated in the mas sive sand stones, the more likely 
depositional pro cess is hin dered set tling typ i cal of high-den sity
tur bid ity cur rents. Each lamina re sults from rapid sed i ment fall -
out from over ly ing flow lead ing to for ma tion of a near-bed layer
with a sharp up per sur face de fined by rel a tively abrupt de -
crease in sed i ment con cen tra tion (Talling et al., 2012). Thin
fine-grained sand stone beds interbedded with mudstones were
de pos ited by more di lute flow, likely by fall-out de po si tion.

Cross-lam i nated sand stones (Scl)
This fa cies is not very fre quent in the sed i men tary suc ces -

sions ana lysed. Cross-lam i na tion is typ i cal of fine- to me -
dium-grained sand stone beds with thick nesses be tween 6 and
24 cm. Bound ing sur faces are sharp or undulose. In all cases,
the lam i na tion was de ter mined as of small scale as the thick -
ness of in di vid ual forms does not ex ceed 3 cm (Fig. 5E). Within
the sand stone suc ces sions, in ter vals of cross-lam i na tion were
re corded as fol low ing, or more rarely, as pre ced ing par al lel lam -
i na tion (Fig. 3D). In ad di tion, interbedding with thin mudstone
beds was also dis tin guished in the sed i men tary pro files ana -
lysed (Fig. 3E). 

For ma tion of the cross-lam i na tion re lates to de po si tion in
the lower-stage flow re gime, i.e. oc cur un der rip ple con di tions.
Based on the pres er va tion of this fa cies in as so ci a tion with the

par al lel lam i nated sand stone beds, a turbidite or i gin is most
prob a ble. The char ac ter of the pre served se quence (nor mal
Tb-Tc or “re verse” Tc-Tb) in di cates the stage of the
depositional tur bid ity cur rent, where the nor mal se quence rep -
re sents the wan ing dis charge pe riod, and the “re verse” se -
quence re flects the wax ing dis charge pe riod. Pres er va tion of
the wax ing dis charge pe riod is not com mon but it is pos si ble in
case of hyperpycnal flows (Mulder et al., 2003; Lamb et al.,
2008).

Con vo lute sand stones (Sc)
Con vo lute sand stones are also not very com mon in the

sed i men tary pro files ana lysed. They are fine-grained and are
de pos ited as thin to me dium beds (6–30 cm) with sharp or
undulose bed ding sur faces (Fig. 5F).

This fa cies may be in ter preted as a subfacies of both the
par al lel- and rip ple cross-lam i nated sand stones be cause it
forms by de for ma tion of them. Con se quently, con vo lute lam i -
na tion in the stud ied de pos its is in ter preted as a sec ond ary sed -
i men tary struc ture formed shortly af ter de po si tion and be fore
sig nif i cant diagenesis due to fluidization or liq ue fac tion of de -
pos ited sed i ment (D¿u³yñski, 1996). With re spect to depo -
sitional pro cesses in the pri mary sed i men tary fa cies, con vo lute
sand stones are in ter preted as Tb and Tc di vi sions of the
Bouma se quence.

Par al lel-lam i nated mudstones (Mpl) – E2.2 sensu Pickering 
et al. (1986)

This fa cies con sists of par al lel-lam i nated (fis sile) mud -
stones of light grey to dark grey col our (Figs. 3E, 4D and 5K). In
some pro files, it is pre served as 40 to 100 cm thick in ter vals of
more clayey non-graded beds in cor po rated into thick sand -
stone suc ces sions (Fig. 5K). There are also thin, silt ier beds 2
to 10 cm thick with rare signs of grad ing. These are mostly pre -
served as rhyth mic al ter na tions with thin sand stone beds
(Fig. 5J) or as caps on the thick sand stone suc ces sions.  Lower
as well as up per bound ing sur faces of all mudstone beds are
sharp. Signs of bioturbation or other sec ond ary struc tures were
not re corded.

As is in di cated by the small grain size of the mudstones,
their de po si tion re lates to slow and grad ual grain-by-grain or
ag gre gate set tling (Pickering et al., 1986). Si mul ta neously, par -
al lel lam i na tion in the mudstones im plies con tin u ous sed i ment
ac cu mu la tion as a sin gle depositional event (La zar et al., 2015;
TE-1 sensu Talling et al., 2012). Re gard ing the as so ci a tion of
this fa cies with the sand stone suc ces sions, such sed i men ta tion 
can oc cur as the last stage of grav ity flow de po si tion, the re sult -
ing de pos its be ing in ter preted as the Te di vi sion of the Bouma
se quence. This is the most prob a ble depositional pro cess in the 
case of the thin to me dium beds. On the other hand, par al lel
lam i nated mudstones can also rep re sent a calm stage of
deep-wa ter de po si tion dur ing which hemipelagites to pelagites
form, but these de pos its are typ i cally in tensely bioturbated.
A tran si tional depositional pro cess, known as hemiturbiditic
sed i men ta tion (Stow and Wetzel, 1990) is also pos si ble, by
which me dium to thick suc ces sions of this fa cies have formed.

FACIES ASSOCIATIONS

Sandy debrites
The as so ci a tion is char ac ter ized by very high, 84–100%

(98% on av er age) sand stone con tent and all of these sand -
stones are structureless. Re gard ing the de fined fa cies, it con -
sists of structureless sand stones (Sm), oc ca sion ally with a pre -
served thin layer of grav elly sand stone (Sgy) at the base, and
lo cally capped by thin beds of par al lel lam i nated mudstones
(Mpl; Figs. 5H and 6A). In one of the sed i men tary pro files stud -
ied, only grav elly sand stones were pre served (pro file 1;
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Figs. 4A and 5G). The thick ness of this fa cial as so ci a tion
ranges 0.5 to 3 m. Structureless sand stones, which rep re sent
the main fa cies in this as so ci a tion, can be with or with out
mudstone clasts and these can be pref er a bly ori ented or cha ot -
i cally dis persed (Figs. 4B and 5C). In one case, the
structureless sand stone beds are re placed by slumped sand -
stones (Ss), most likely as a re sult of post-depositional de for -
ma tion (Fig. 3B).

The thick ness, grain size as well as the structureless char -
ac ter of pre served de pos its of this fa cies as so ci a tion in di cate
rel a tively rapid de po si tion from high-den sity grav ity flows,
where sus pen sion-load fall out rate was suf fi ciently high to sup -
press bedload de vel op ment and trac tion trans port (Lowe, 1982; 
Ar nott and Hand, 1989). Cha ot i cally scat tered mudstone clasts
also sup port the in fer ence that the grav ity flow was too con cen -
trated and too rap idly de pos ited to al low grain-size sep a ra tion
(as re corded in nor mal grad ing or a Bouma se quence). 

As a high-den sity grav ity flow, we may con sider a de bris
flow (Dcs sensu Talling et al., 2012) as well as a high-den sity
tur bid ity cur rent, since the both of these are able to de posit the
sed i ments de scribed in this as so ci a tion. How ever, once the
the ory of the trans for ma tion of the grav ity flows from high- to
low-den sity (e.g., Hampton, 1972) is taken into ac count, we as -
sume that these sand stone suc ces sions rep re sent tran si tional
de pos its be tween debrites and high-den sity turbidites. This
could be the rea son why the signs of both kinds of flow are re -
corded. Con se quently, the as so ci a tion is in ter preted as de pos -
its of lower part of high-den sity tur bid ity cur rents, i.e. grain flows
(sensu Lowe, 1979) or sandy de bris flows (Shanmugam, 2013), 
and is de fined as com pris ing sandy debrites.

High-den sity grav ity flows form ing this as so ci a tion may be
an in di ca tor of prox im ity to the source area, where mainly chan -
nel-fill se quences should be de pos ited (Mutti, 1987). These se -

quences are char ac ter ized by coarse-grained and scoured fa -
cies as well as the fin ing-up wards cy cles (Mutti, 1987). How -
ever, oc ca sion ally pre served scours and grav elly sand stone
beds (Figs. 4A and 5G) typ i cal of this as so ci a tion are not suf fi -
cient de vel oped; scours are too shal low and Sgy fa cies are an
ex cep tion rather than a rule. Con se quently, a more prob a ble in -
ter pre ta tion is as a depositional lobe, where the high sand stone
net to gross ra tio and ex clu sively structureless char ac ter of the
beds in di cate de po si tion in a lobe apex to axis area (sensu
PrÀlat et al., 2009; Spychala et al., 2017).

High-den sity turbidites
The sec ond as so ci a tion de fined is sim i lar to the pre vi ous

one but with no mudstone clasts and with a higher in ci dence of
sed i men tary struc tures. The sand stone to mudstone ra tio is
high since 75–100% (92% in av er age) of the as so ci a tion thick -
ness con sists of sand stones. Structureless sand stone beds
(Sm) are still pre dom i nant and are the beds of the great est
thick ness. They rep re sent up to 80.5% of all sand stone beds.
They grad u ally pass into par al lel lam i nated (Spl) and/or
cross-lam i nated sand stones (Scl; Fig. 5I). Oc ca sion ally, thin
lay ers of par al lel lam i nated mudstone (Mpl) cap the sed i men -
tary suc ces sion (Fig. 6A). Rarely, con vo luted sand stone beds
can be rec og nized, which most likely re lates to dewatering of
the de pos ited sed i ment (But ler et al., 2016). The thick ness of
the as so ci a tion reaches 1–2 m on av er age, al though in one pro -
file it is up to 11 m (pro file 3, Fig. 3).

The in creased in ci dence of sed i men tary struc tures in di -
cates that ini tially fully con cen trated grav ity flow was trans -
formed to bi par tite flow with grain flow in the lower part
(structureless beds formed) and a tur bid ity cur rent in the up per
part (struc tured beds formed). Such in ter nal dif fer en ti a tion
within one grav ity flow is typ i cal for high-den sity tur bid ity cur -
rents (e.g., Lowe, 1979). The up per part of the flow is more di -
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Fig. 6. Fa cies as so ci a tions of the sed i men tary pro files ana lysed (A) and their in ter pre ta tion (B) in re la tion
 to depositional pro cess as well as depositional en vi ron ment

For explanations see Figure 3



lute and tur bu lence be comes a dom i nant sed i ment sup port
mech a nism. In such depositional con di tions, for ma tion of trac -
tional struc tures is en hanced. Hence, the as so ci a tion de scribed 
is in ter preted as de pos its of high-den sity tur bid ity cur rents as a
whole (not only the lower part as in the case of the pre vi ous as -
so ci a tion), i.e. high-den sity turbidites. Com pared to “clas si cal”
turbidites (Bouma, 1962; Lowe, 1982), these dif fer in the pat tern 
of typ i cal Bouma se quence di vi sions. Suc ces sions in which
such “re verse” se quences (Figs. 3D and 4C) are pre served
most likely rep re sent the wax ing – wan ing phases of a hyper -
pycnal tur bid ity cur rent (Mulder et al., 2003).

As re gards the depositional en vi ron ment, as with the first
as so ci a tion, this one is also in ter preted as rep re sent ing a depo -
sitional lobe, al though a more dis tal – lobe-off axis po si tion
(sensu PrÀlat et al., 2009; Spychala et al., 2017) is sug gested.
The more dis tal po si tion is in di cated by the lower sand stone to
mudstone ra tio as well as the lower structureless to struc tured
sand stone ra tio, i.e. de po si tion by less con cen trated
depositional flow.

Low-den sity turbidites
The main sign of this as so ci a tion is that the sand stone to

mudstone ra tio is more equal, as the sand stones are very thin
to thin, and only in a few cases are me dium-bed ded in this as so -
ci a tion (Fig. 5J). Re corded sand stone beds are mas sive (Sm),
par al lel- (Spl) to cross-lam i nated (Scl) or con vo lute (Sc), and
they al ter nate with thin beds of par al lel-lam i nated mudstones
(Mpl). Con se quently, the as so ci a tion can be de scribed as com -
pris ing thin-bed ded sand stone-mudstone cou plets (C2.3 sensu 
Pickering et al., 1986; lMS sensu Ghibaudo, 1992). The thick -
ness of this as so ci a tion ranges from 30 to 180 cm.

The grav ity flows that formed this as so ci a tion are in ter -
preted as low-den sity tur bid ity cur rents, i.e. flows of very low
con cen tra tion and of fully tur bu lent flow re gime (surge-like tur -
bid ity flow sensu Mulder and Al ex an der, 2001). The pres er va -
tion only of the up per part of the ideal Bouma se quence in di -
cates that sed i ments of this as so ci a tion were de pos ited from
the up per part of the ini tially bi par tite high-den sity tur bid ity cur -
rent (of the pre vi ous as so ci a tion) dur ing the fi nal stage of its
depositional ac tiv ity. Sed i men tary par ti cles in such a grav ity
flow are main tained in sus pen sion due to the up wards com po -
nent of tur bu lence and their set tling is slow, with some trac tion,
pro duc ing sed i men tary struc tures and bedforms of typ i cal
Bouma Tb-Td di vi sions (Mulder and Al ex an der, 2001).

Based on the sed i men tary char ac ter of this as so ci a tion, a
pos si ble in ter pre ta tion as the fringes of depositional lobes
(sensu PrÀlat et al., 2009; Spychala et al., 2017) as well as
chan nel-re lated overbank de pos its (sensu Mutti, 1987). Re -
gard ing the in ter pre ta tion of the pre vi ous as so ci a tions and their
in ter con nec tion to this one, the most prob a ble depositional en -
vi ron ment re lates to a lobe struc ture. Hence, in this study,
low-den sity turbidites are de fined as the fring ing parts of the
depositional lobe to interlobe ar eas in the lobe struc ture.

THIN-SECTION ANALYSIS

PIWNICZNA SANDSTONE MEMBER

Based on thin-sec tion anal y sis, sand stones are clas si fied
as feldspathic, sub-feldspathic and lithic arenites as shown by
their modal com po si tion. They con tain 64–89% clastic ma te rial, 
5–10% ma trix and 2–31% ce ment. Clastic ma te rial con sists
mainly of quartz, feld spar and dif fer ent kinds of rock frag ments.
Un sta ble feld spar and lithic car bon ate frag ments rep re sent a
sub stan tial part of the rocks in di cat ing min er al og i cal im ma tu rity
of the sam ples ana lysed. Tex tur ally, they are iden ti fied as im -

ma ture to submature, mod er ately to poorly sorted sand stones.
The av er age grain size in di cates very fine to fine sands, con -
sist ing mostly of an gu lar to subangular shaped grains, but there 
are also larger (up to 750 µm) more rounded grains rep re -
sented mainly by feld spars, lime stones and meta mor phic rock
frag ments.

Quartz grains rep re sent 33–55% of sand stones’ vol ume and
mostly are rep re sented by monocrystalline non-un du la tory
grains (Figs. 7B, C and 9). These in di cate mainly mag matic
sources of frag ments, but in the case of the very fine to fine sand -
stones, the grains may have orig i nated also by dis in te gra tion of
orig i nally larger polycrystalline grains of meta mor phic rocks.
Grad ual re duc tion of de tri tus grain size can lead to de crease in
polycrystalline and un du la tory quartz grain con tent in the sand -
stone. The feld spars form 9–19% of the sand stones’ vol ume. Al -
kali feld spars pre dom i nate over plagioclases, most likely be -
cause of their higher re sis tance to chem i cal weath er ing.
Microcline frag ments and perthitic feld spar grains are com mon,
many be ing mark edly al tered to fine-grained ag gre gates of white
mica or clay min er als (Fig. 7E, F). Spme feld spars com monly in -
clude cloudy or brown-col oured parts. Sources of the feld spars
were prob a bly gra nitic and gneissic rocks. Less fre quent grains
are rep re sented mainly by mica and opaque min er als. Mus co vite 
is more com mon than bi o tite, most likely due to higher weath er -
ing re sis tance. A very rarely iden ti fied com po nent was glauco -
nite, a min eral formed ex clu sively in ma rine sed i ments in
synsedimentary to diagenetic pro cesses. Lithic frag ments rep re -
sent 10–17% of sand stone vol ume and they con sist of car bon ate 
rocks (ex cept ing the sam ples from pro file 5), phylites, mica
schists, gra nitic rocks and oc ca sion ally also of sed i men tary
cherts. The ma trix is formed of ag gre gates of clay min er als, white 
mica and quartz. Chlorite and iron ox ides are pre served in lesser
amounts. The ce ment is com posed of cal cite that in most cases
infills pores. Higher con tent of the cal cite ce ment was iden ti fied in 
some parts of sam ples from pro file 6.

POPRAD SANDSTONE MEMBER

From the modal com po si tion, the Poprad Sand stones are
clas si fied as sub-feldspathic and lithic arenites (Fig. 9), in one
case as a calclithite (pro file 7) as a re sult of the sub stan tial con -
tent of car bon ate rock frag ments. Clastic ma te rial in the sam -
ples stud ied rep re sents 72–91%, ma trix 5–14% and ce ment
4–14%. The most com mon clastic com po nent is quartz but the
con tent of un sta ble feld spar and lime stone grains is also sig nif i -
cant. There fore, the sand stones are de fined as min er al og i cally
im ma ture. Based on the av er age grain size, sam ples can be in -
ter preted as a very fine- to fine-grained or in some sam ples up
to me dium-grained sand stones (pro file 7). The grains are
subangular to subrounded in most cases, al though some less
sta ble larger frag ments may be of subrounded to rounded
shape. Based on ma trix con tent, sort ing and round ness of in di -
vid ual grains, the sand stones can be con sid ered as tex tur ally
im ma ture.

The amount of quartz grains (Fig. 7B–D) in the sand stones,
mostly rep re sented by monocrystalline un du la tory grains, is
35–52% (Fig. 9). Feld spar grains con sti tute 7–18% of sand -
stone vol ume and in clude al kali feld spars as well as
plagioclases (Fig. 7G, H). Al kali feld spars, con sist ing mainly of
orthoclase and rarely microcline, are more abun dant. Fre -
quently, the feld spar grains are re placed by white micas and
clay min er als. The lithic frag ments form 6–40% of the sand -
stone vol ume. They are rep re sented by all rock types in the
sam ples stud ied (Fig. 8A–D). Lithoclasts of phyllites, mica
schists, lime stones (dom i nant only in pro file 7 com pris ing up to
82% of lithic frag ments) and spo rad i cally also larger grains of
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Fig. 7. Quartz and feld spars as com mon grains in both Piwniczna and Poprad sand stones

A – subrounded polycrystalline quartz grain of meta mor phic or i gin with vis i ble undulose ex tinc tion in the cen tral part and
subgrains near the mar gin (pro file 5); B – monocrystalline quartz grains orig i nally rep re sent ing pheno crysts of vol ca nic
rock, in which cor ro sion fea tures due to remelting are vis i ble (pro file 7); C – an gu lar monocrystalline quartz of mag matic
or i gin (left) and polycrystalline quartz of meta mor phic or i gin (right) with typ i cal fab ric in di cat ing dy namic recrystallization
and with shape-pre ferred ori en ta tion de fin ing fo li a tion (pro file 8); D – subangular polycrystalline quartz of meta mor phic
or i gin, in which subgrains show signs of shape-pre ferred ori en ta tion and duc tile de for ma tion (pro file 7); E – an gu lar
grains of microcline and slightly al tered orthoclase as the most com mon al kali feld spars (pro file 5); F – subangular
microcline with typ i cal cross-hatched twinning (right) and hy dro ther mally al tered sericitized feld spar (pro file 2); G –
subrounded plagioclase with typ i cal polysynthetic twinning (pro file 7); H – rounded plagioclase with vis i ble polysynthetic
twinning and feld spar with vis i ble ag gre gates of white mica (pro file 9); crossed po lar ized light; Cal – cal cite, Fsp – feld -
spar, Hem – he ma tite, Ls – lime stone, Mc – microcline, Ms – mus co vite, Pl – plagioclase, Qtz – quartz, Sltst – siltstone
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Fig. 8. Dif fer ent types of rock and min eral frag ments in the Piwniczna and Poprad sand stones

A – frag ment of plutonic gra nitic rock com posed of quartz, feld spar and bi o tite (pro file 9); B – rare frag ment of ba sic vol -
ca nic rock with pla nar fab ric com posed mainly of plagioclase, dark and opaque min er als, in the up per right part of the
pho to mi cro graph are clastic grains of white mica (pro file 10); C – frag ments of sed i men tary car bon ate rocks are formed
mainly by lime stones, grains of cal cite be ing pres ent only oc ca sion ally (pro file 7); D – frag ments of siliciclastic ar gil la -
ceous sed i men tary rocks and sil i cate siltstones are rel a tively com mon (pro file 10); E – the most abun dant meta mor phic
rock frag ments are phyllites, they are com posed mainly of ori ented quartz and white mica grains (pro file 4); F – rounded
clast of phyllite formed by white mica with typ i cal fo li ated fab ric (pro file 5); G – rare grains of zir con were con stit u ents of
gra nitic rocks orig i nally (pro file 8); H – ag gre gate of cal cite ce ment with typ i cal cleav age planes among the clastic frag -
ments (pro file 9); crossed po lar ized light; Bt – bi o tite, Cmt – ce ment, Gran – gran ite, Kfs – K-feld spar, Phyl – phyllite, Volc 
Rk – vol ca nic rock, other ex pla na tions as in Fig ure 7



gra nitic rocks were rec og nized. The sam ple ma trix con sists of
ag gre gates of fine-grained quartz, feld spar and mica min er als.
Clay min er als can be dis tin guished in some parts too. The ce -
ment is mostly formed of cal cite (Fig. 8H) that infills space be -
tween the grains. De tri tal grains in sand stones from pro file 7 are 
typ i fied by a thin brown iron ox ide coat ing.

SOURCE ROCKS

Con sid er ing the sim i lar i ties be tween both types of sand -
stone ana lysed, they are in ter preted as orig i nat ing from ma te -
rial of the same petro graphi cally di verse source area. Most of
the sand stones stud ied rep re sent petrofacies that plot near the
cen tre of the QmFLt di a gram (Fig. 9). This re gion of mixed
prov e nance is not typ i cal of any ge neric prov e nance type. 
Petrofacies of mixed prov e nance could be de rived from su ture
belts or col li sion orogens where con trast ing source ter ranes
have been placed into close prox im ity (Dickinson, 1988).

The sand stones stud ied con tain frag ments of plutonic gra -
nitic rocks (Fig. 8A) and ba sic vol ca nic rocks (Fig. 8B) only
rarely. How ever, sub stan tial amounts of the quartz, feld spar
and mica grains are orig i nally from granitoid rocks. Al though
acid vol ca nic rocks were not re corded, non-un du la tory quartz
grains with signs of mag matic cor ro sion with idiomorphic shape
(Fig. 5B) in di cate the vol ca nic or i gin of some grains. Meta mor -
phic rocks rep re sented mainly by frag ments of phyllite and mica 
schist were iden ti fied, with dis tinct fo li a tion formed mainly by ori -
ented ag gre gates of white mica and quartz (Fig. 8E, F). The
undulose ex tinc tion of the monocrystalline quartz grains
(Fig. 5A) and polycrystalline quartz ag gre gates with shape-pre -
ferred ori en ta tion of subgrains (Fig. 5C, D) are ev i dence for a
source area where mod er ate grade meta mor phic rocks were
ex posed to weath er ing. Fi nally, frag ments of par al lel lam i nated
quartz siltstone, car bon ate and chert doc u ment the pres ence of 
sed i men tary rocks in the source area.

COMPARISON OF PIWNICZNA AND POPRAD
SANDSTONE MEMBERS

Anal y sis of the these two sand stone mem bers of the
Magura For ma tion show the ex pected high sim i lar ity mainly in
gen eral fea tures like the dis tinct dom i nance of thick
structureless sand stone beds (al most 95%; Figs. 3, 4 and 9).
How ever, some dif fer ences were also re corded, al low ing more
pre cise in ter pre ta tion of their depositional set tings. Fo cus ing on 
these dif fer ences, the sand stone pro files from the study area
are de fined as structureless, fine- to me dium-grained (PwSM)
and me dium to coarse-grained (PpSM) sand stones in ter rupted
by rhyth mi cally thin-bed ded sand stone-mudstone flysch
(PwSM; Figs. 3, 5J and 9) and/or me dium- to thick-bed ded
mudstones (PpSM; Figs. 4, 5K and 9). Mudstones are in some
cases also dis persed within the sand stone beds as mm-size
clasts (PpSM; Fig. 5C) or rarely as a de formed lenses or in ter -
ca la tions (PwSM; Fig. 3B). A dis tinct dif fer ence is also seen in
the thick ness of the con tin u ous sand stone suc ces sions, lack ing 
mudstone in ter ca la tions. In case of the PwSM such suc ces -
sions reach up to 12.3 m thick (pro file 4, Fig. 3; 2 m in av er age),
whilst those of the PpSM do not ex ceed 3,5 m thick (pro file 1,
Fig. 4; 1 m in av er age).

Fa cies anal y sis show that the sed i men tary suc ces sions
stud ied were de pos ited mainly by high-den sity grav ity flows.
Most are pre served de pos its of sandy de bris flows (73% in
PpSM ver sus 63% in PwSM; Fig. 9) and in lesser amounts
those of high-den sity tur bid ity cur rents (14% in PpSM ver sus

26% in PwSM; Fig. 9). De pos its of a more muddy char ac ter are
iden ti fied as low-den sity turbidites (5% in PpSM ver sus 10% in
PwSM; Fig. 9) and hemiturbidites (7% in PpSM ver sus 1%
PwSM; Fig. 9). Re gard ing the cal cu lated per cent ages of the in -
di vid ual kinds of the grav ity flows, it can be in ferred that sed i -
men tary de po si tion was rel a tively rapid and grad ual trans for ma -
tion to more di lute flows was lim ited (PpSM), al though in some
pro files grad ual tran si tion from sandy debrites to high-den sity
and/or to low-den sity turbidites can be seen (PwSM).

As re gards the depositional en vi ron ment, for both PpSM
and PwSM depositional lobes and interlobe ar eas of a sub ma -
rine fan are sug gested. The dif fer ence com prises their po si tion
within these lobes. While the PpSM rep re sents more prox i mal,
lobe apex to axis po si tions, PwSM re flects lobe axis to off-axis,
as well as lobe fringe to interlobe, po si tions (Fig. 6B). As a re -
sult, both of the sand stone types ana lysed are in ter preted as
lobe de pos its of sub ma rine fan, with the PwSM rep re sent ing
more dis tal po si tions than the PpSM.

The source area of the sand stones, lo cated in the
south-east in the the case of the stud ied de pos its, as de duced
from sole struc tures (see also Birkenmajer and Oszczypko,
1989; Oszczypko et al., 1990; Mišík et al., 1991), was most
likely the same. This in ter pre ta tion is sup ported by the re sults of 
thin-sec tion anal y sis, which did not show any dis tinct dif fer -
ences be tween the sand stone suc ces sions com pared. The
sand stones are in ter preted as subfeldspathic to feldspathic and 
lithic arenites. Only sam ples from pro file 7 are char ac ter ized by
a higher car bon ate con tent than other sam ples, which may re -
late to their greater prox im ity to the source area. As ev i dent
from the QmFLt ter nary prov e nance di a gram (Fig. 9), the
source area is in ter preted as the mixed prov e nance of a su ture
area where tec tonic col li sion oc curred and petro graphi cally
vari able tec tonic units were up lifted. In case of the de pos its
stud ied, the South-Magura Ridge is pro posed (Mišík et al.,
1991; Oszczypko et al., 2006), rep re sent ing the in tensely
tectonised zone formed as part of the accretionary prism ris ing
be tween the Magura and PKB depositional ar eas.

On this ba sis, the PwSM and PpSM de pos its are in ter preted 
as a very sim i lar, while there are some of dif fer ences be tween
them, these are not fun da men tal. There fore, it is very prob a ble
that the depositional his tory of these two sand stone mem bers is 
closely linked and they rep re sent the same depositional en vi -
ron ment, i.e., the same sub ma rine fan.

CONCLUSIONS

The de pos its of the PpSM and PwSM are very sim i lar in
min eral com po si tion as well as in sed i men tary char ac ter. The
anal y ses pre sented in the study show that they both were most
likely sup plied by the same source area and de pos ited as
depositional lobes in close prox im ity to this source. This in ter -
pre ta tion is sup ported by the im ma tu rity of sand stones, their
poor sort ing, the low de gree of round ing of the grains as well as
by the con tent, al though vari able, of un sta ble plagioclases and
car bon ate grains. The modal com po si tion of the sand stones
ana lysed in di cate a su ture area char ac ter ized by petrographic
heterogenity as a source area. This might be the South-Magura 
Ridge as a part of accretionary prism.

De spite their high sim i lar ity, fa cies anal y ses showed some
dif fer ences be tween the sand stone suc ces sions. Among the
most im por tant, we note:

1. The clean sand stone suc ces sions of the PwSM are
thicker, reach ing 0.2 to 12.3 m (2 m on av er age), than
the ones of the PpSM, reach ing 0.1 to 3.5 m thick ness
(1 m on av er age).
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Fig. 9. Com par a tive graphs of some of the most im por tant fea tures and di a grams in di cat ing type 
(based on Dott, 1964 ter nary di a gram mod i fied by Pettijohn et al., 1972) as well as prov e nance

 (Dickinson, 1988) of the Poprad and Piwniczna Sand stone Mem ber de pos its



2. The thick sand stones of the PpSM are coarser (me -
dium- to coarse-grained) than those of the PwSM (fine-
to me dium-grained).

3. Sand stone in ter vals are in the PwSM sep a rated mostly
by in ter vals of 0.2 to 3.6 m thick heterolithic de pos its in -
ter preted as a low-den sity turbidites. In the PpSM, on
the other hand, there are in ter vals of mudstones in ter -
preted as hemiturbidites 0.2 to 1 m in thick ness.

4. The con tent of sandy debrites and high-den sity
turbidites is lower in the PwSM (2.5:1) than in the PpSM
(5:1).

5. The sand stone suc ces sions of the PwSM are in ter -
preted as more dis tal parts of lobes (lobe axis to off-axis, 
lobe fringes, interlobe ar eas) than those of the PpSM
(lobe apex to axis).

These dif fer ences are not fun da men tal. This is sup ported
by the in ter pre ta tion of depositional pro cesses, i.e. grav ity
flows, form ing the stud ied de pos its, where the dif fer ence is in
the pro por tion but not in the kind of these flows. Sim i larly, in
both cases, the depositional lobes of a sub ma rine fan are in ter -
preted as the depositional en vi ron ment, and the only dif fer ence
is in the po si tion within them.

Ac knowl edge ments. The pa per was writ ten thanks to the
sup port of the Op er a tion Pro gram Re search and De vel op ment
for Pro ject 26220220031 co-fi nanced from the re sources of the
Eu ro pean Foun da tion of Re gional De vel op ment. Au thors are
grate ful to L. Jankowski and anon y mous re viewer for their sug -
ges tions and crit i cal com ments that were very help ful and sig -
nif i cantly im proved the manu script.
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