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De tri tal heavy min er als sep a rated from the Malcov Fm. de pos its (Magura Nappe) in di cate their source rocks and ar eas. The
heavy min eral as sem blages pre dom i nantly con sist of gar net, zir con, tour ma line, rutile and Cr-spinel. EPMA anal y ses re veal
a few groups of gar nets: zoned and un zoned Grs almandines, Prp-Sps almandines, un zoned Prp almandines, almandines,
Sps almandines and rare zoned spessartine grains (~85 mol% Sps). The gar net com po si tion in di cates that gneiss es, mica
schists, am phi bo lites and gran ites were their main source rocks, but low-grade metapelites with Mn mineralisation prob a bly
con trib uted as well. The de tri tal dravitic tour ma lines were mostly de rived from paragneisses and mica schists. Cr-spinel in di -
cates a vol ca nic source. Based on heavy min eral as sem blages, cou pled with palaeoflow anal y sis, we con clude that the
Marmarosh Mas sif and Fore-Marmarosh Su ture are the most prob a ble source ar eas. Aditionally, the Malcov sed i men tary
ba sin was sup plied by ma te rial from the crys tal line com plexes of the Tisza Mega-Unit and Pieniny Klippen Belt (PKB). The
bulk of the clastic de pos its com prise clas si cal turbidites. These lithofacies were de pos ited from ei ther tur bid ity cur rents or
from con cen trated den sity flows. The palaeoflow re cord is var ied and high lights the con tri bu tion of sed i men tary ma te rial from 
sev eral di rec tions and/or di ver sion of grav ity cur rents from the main flow di rec tion (SE–NW). The mar ginal parts of the
Malcov sub-bas ins were formed of de formed and up lifted older for ma tions of sur round ing units of the Magura Nappe and
PKB (sub merged ridges). Older (Late Cre ta ceous to Eocene) flysch sed i ments may have been re de pos ited from these
ridges to neigh bour ing sub-bas ins in a trans verse di rec tion (NE–SW).
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INTRODUCTION

The anal y sis of heavy min er als is a widely used tool in prov -
e nance re con struc tion of an cient and mod ern clastic sed i men -
tary rocks (e.g., Mor ton, 1984, 1987; Mor ton and Hallsworth,
1994, 1999; Mor ton et al., 2005). Heavy min er als, such as gar -
net, tour ma line, zir con and Cr-spinel, are re sis tant to weath er -
ing, me chan i cal ef fects of trans port and diagenesis. They usu -
ally re sist intrastratal dis so lu tion, as well. Their chem i cal com -
po si tion is gen er ally de pend ent on the par ent rock com po si tion,
tem per a ture and pres sure con di tions un der which they orig i -
nated (mag matic, postmagmatic/hy dro ther mal or meta mor phic

pro cesses) and there fore heavy min er als are good prov e nance
in di ca tors, and prov e nance data can then be used in
palaeogeographic re con struc tions.

Heavy min eral as sem blages have been suc cess fully used
in sed i men tary re search of the Ex ter nal West ern Carpathians.
The use of heavy min eral as so ci a tions for the in ter pre ta tion of
source ar eas in the Flysch Belt of the West ern Carpathians was 
ex ploited by Leško et al. (1959), Starobová (1962), Ïurkoviè
(1965, 1966), Koráb and Ïurkoviè (1966, 1973) and Fejdiová
(1990); more de ci sive re sults were ob tained by us ing the elec -
tron probe com bined with op ti cal meth ods (Otava et al., 1997,
1998; Salata and Oszczypko, 2000; Salata, 2002a, b, 2004,
2013, 2014a, b; Oszczypko and Salata, 2004, 2005; Grzebyk
and Leszczyñski, 2006; Bónová et al., 2009a, b, 2010a, b;
Salata and Uchman, 2012, 2013).

In this ar ti cle we deal with the Malcov For ma tion de pos its
from the Raèa and Krynica tectono-lithofacies units of the
Magura Nappe, pro vid ing brief lithological and petrographic
char ac ter is tics, and the chem i cal com po si tions of se lected
heavy min er als in or der to in di cate the source rock, as well as
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anal y sis of the depositional en vi ron ment. This study uses
heavy min eral anal y sis to better lo cate the sed i ment sources
sup ply ing the Malcov Basin. The re sults of petrographic-min er -
al og i cal re search of these de pos its, sup ple mented by
palaeoflow anal y sis, are ad di tional tools for the iden ti fi ca tion of
source ar eas.

GEOLOGICAL SETTING

This study anal y ses the prov e nance and sedimentology of
the youn gest fill (Potfaj et al., 2008; Kováèik et al., 2011) of the
Magura Ba sin, which is rep re sented by Malcov For ma tion, sit u -
ated in the west ern part of the Nízke Beskydy Mts. out crop ping
in the north east ern part of Slovakia (Fig. 1).

The Malcov beds were dis tin guished from the Richvald “se -
ries” by Œwidziñski (1961). Later the term Malcov For ma tion
was used (Leško and Sam uel, 1968). The Malcov Fm. is wide -
spread within NE Slovakia – Nízke Beskydy and the Èergov
Mts. (cf. Nemèok, 1961, 1990; Nemèok and Koráb, 1963;

Stránik, 1965; Leško and Sam uel, 1968; Nemèok et al., 1990).
Its oc cur rence is also known from the Pol ish part of the Flysh
Carpathians, south wards from Nowy S¹cz (Oszczypko, 1973),
near Nowy Targ (Cieszkowski and Olszewska, 1986) and the
vil lage of Leluchów (Blaicher and Sikora, 1967). Potfaj (1983)
and Potfaj et al. (1991) de scribed the Malcov Fm. within the
Oravská Magura Mts. The oc cur rence and con tin u a tion of the
Malcov Fm. is shown on the Geo log i cal Map of the West ern
Carpathians and ad ja cent ar eas (Lexa et al., 2000).

Ac cord ing to re cent work on the re gion (Kováèik et al., 2011, 
2012), the Malcov Fm. is an in te gral part of the Krynica and
Raèa tectono-lithofacies units. Both units, to gether with the
Bystrica Unit, form the Magura Nappe of the Flysch Belt ad her -
ent to the Outer West ern Carpathians (e.g., Lexa et al., 2000).
The lithological con tent of these units con sists of the deep-sea,
mostly siliciclastic de pos its of Late Cre ta ceous to Oligocene
age. In the south, the Magura Nappe is tec toni cally bounded by
the Pieniny Klippen Belt, while in the north-east it is in tec tonic
con tact with the Dukla Unit be long ing to the Fore-Magura group 
of nappes. The Grybow Unit, as the in ner most unit of the
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Fig. 1. Simplified and partly modified structural sketch map of the NE part of the Slovak Flysch Carpathians 
(according to Stránik, 1965; Koráb, 1983; Nemèok, 1990; Žec et al., 2006; Kováèik et al., 2011; 

Geological map..., 2013) with sampling locations

The numbers correspond to the marked samples in Appendix 1*; horizontal pattern shows the occurrence of the Malcov Fm.

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1285
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Fore-Magura group of nappes, crops out in the Smilno tec tonic
win dow be neath the In ner Raèa Unit (Fig. 1).

The Raèa Unit rep re sents the north ern most
tectono-lithofacies unit of the Magura Nappe in the area in ves ti -
gated. On the ba sis of lithofacies dif fer ences in its north ern and
south ern parts, two zones are dis tin guished – an ex ter nal
(Outer Raèa Unit, equiv a lent to the Siary Unit in Po land) and an
in ter nal (In ner Raèa Unit, Raèa Unit s.s. in Po land) in terms of
the cur rent geo log i cal map of the re gion at 1:50,000 scale
(Kováèik et al., 2011). In view of this di vi sion, the Malcov Fm. is
a part of the In ner Raèa Unit, where it is the main build ing block
of the Brezovka and Olšava synclinoria (cf. Bóna et al. in
Kováèik et al., 2012). The In ner Raèa Unit is built of the fol low -
ing for ma tions (Fig. 2): the Kurimka Fm. (sensu Sam uel, 1990),
the Beloveža Fm., the Zlín Fm. and the Malcov Fm. The Outer
Raèa Unit has a nar rower strati graphic range and con sists of
the Beloveža and Zlín for ma tions (Kováèik et al., 2011, 2012).

The Bystrica Unit is overthrusted on the In ner Raèa Unit to
the north. In the south, it is in tec tonic con tact with the Krynica
Unit. The lithostratigraphy of the Bystrica Unit is sim i lar to the
Outer Raèa Unit, the older Beloveža Fm. be ing over lain by the
Zlín Fm.

The Krynica Unit is the south ern most tectono-lithofacies
unit of the Magura Nappe in the area stud ied and con sists of the 
Proè, Èergov, Strihovce and Malcov fms. The Proè Fm. is com -
monly re garded as a part of the PKB (e.g., Nemèok, 1990; Lexa
et al., 2000). How ever, later re search in the study area showed
a fa cies tran si tion (Jasenovce Mem ber) be tween the Proè and
Strihovce fms. and so both for ma tions con sti tute an in te gral part 
of the Krynica Unit (Potfaj in Žec et al., 2006; Žec et al., 2011).

The strati graphic range of the Malcov Fm. is Late Eocene to
Late Oligocene. The thick ness of the strata in the Krynica Unit is
con sid er ably greater (ap prox i mately 1500–2000 m) than in the
Raèa Unit (about 800–1200 m) and its de po si tion be gan ear lier –
in the older part of the Late Eocene (nannoplankton zone NP18),
while in the Raèa Unit this oc curred at the Eocene–Oligocene
bound ary (zone NP21). The de po si tion of the for ma tion lasted at
least un til the Late Oligocene (zone NP24, Kováèik et al., 2012;
Fig. 2). The Late Oligocene age of the Malcov Fm. was also con -
firmed in the Pol ish part of the Magura Nappe (nannoplankton
zones NP24 and NP25, Osz czyp ko-Clowes, 2001).

The Malcov Fm. of the Raèa Unit grades from older strata of 
the Zlín Fm. (with interbedding of both for ma tions’ lithofacies in
the north ern part of the In ner Raèa Unit in the Early Oligocene),
whereas in the Krynica Unit, it is de vel oped in the over lap ping of 
the Strihovce Fm. – in the re gion stud ied as a part of Raslavice
and Richvald synclinoria. The lithofacies infills of the Malcov
Fm. are sim i lar in both units. Its dom i nant and main fa cies is
rep re sented by grey cal car e ous claystones and siltstones with
interbeds of quartzose-car bon ate sand stones (flysch fa cies).
This fa cies has a clas sic flysch char ac ter. There are a num ber
of other, sub or di nate lithostratigraphic units (or fa cies) of rel a -
tively large strati graphic sig nif i cance. At the bot tom of the for -
ma tion, the Globigerina Marls are pres ent (Leluchów Marl
Mem ber in the Pol ish part of the Magura Nappe, cf. Birkenmajer 
and Oszczypko, 1989), to gether with var ie gated claystones,
lam i nated Tylawa lime stones and the old est part of the Menilite
Mem ber. This mem ber (hard dark brown quartzose “menilite”
shales, pelocarbonates, cal car e ous claystones and sand -
stones; Smereczek Shale Mem ber in the Pol ish part of the
Magura Nappe, cf. Birkenmajer and Oszczypko, 1989) is pres -
ent at two youn ger strati graphic lev els. Com pared with the
Menilite Mb. of outer units of the Flysch Belt (Grybów or Dukla
units), the ab sence of black cherts – menilites – is char ac ter is tic 
of their li thol ogy. A coarse-grained, sand stone-con glom er ate
fa cies is lo cally also pres ent – it forms one part of the Malcov

Fm. of the In ner Raèa Unit and about four lev els are de vel oped
in the Krynica Unit.

The dom i nant Malcov Fm. palaeoflow di rec tion from SE to
NW was doc u mented  by Koráb et al. (1962), Ïurkoviè (1966),
Leško and Sam uel (1968), Nemèok and Ïurkoviè (1989),
Oszczypko (2006) and Oszczypko and Oszczypko-Clowes
(2009).

In terms of prov e nance, acid ig ne ous rocks and meta mor -
phic rocks cou pled with car bon ates are re garded as source
rocks for the Malcov de pos its (Koráb et al., 1962; Nemèok and
Ïurkoviè, 1989). The car bon ates were de rived from the Pieniny 
Klippen Belt (Koráb et al., 1962; Ïurkoviè, 1966; Nemèok and
Ïurkoviè, 1989; Olszewska and Oszczypko, 2010), rocks of
crys tal line base ment or i gin were sup plied by “the source area
sit u ated in the South” (Koráb et al., 1962) or by “multipoint
source ar eas” (Oszczypko and Oszczypko-Clowes, 2009).

MATERIAL AND ANALYTICAL METHODS

Sedimentological data were ac quired through in ves ti ga tion of
the suc ces sions and by the geo log i cal map ping. The sed i men tary
suc ces sions were in ves ti gated bed by bed. Lithofacies were spec -
i fied on the ba sis of grain size, bed thick ness and ge om e try, sed i -
men tary struc tures and tex tures, as well as com po si tion (sensu
Pickering et al., 1986). Depositional en vi ron ments were in ter -
preted us ing lithofacies as so ci a tions. Data on the di rec tion and ori -
en ta tion of sed i men tary struc tures of the lower bed sur faces are
also im por tant to the prov e nance anal y sis. Palaeoflow di rec tion in -
di ca tors were cor rected with re spect to the tilted bed sur faces,
which were re stored into a hor i zon tal po si tion.

Sam ples from the sand stone-con glom er ate, flysch and
menilite fa cies of Raèa and Krynica units were eval u ated by
petrographic (modal com po si tion) and petrofacies meth ods.
For the Raèa Unit, we have analysed 15 sam ples from flysch fa -
cies, 2 sam ples from menilite fa cies and 3 from sand stone-con -
glom er ate fa cies. For the Krynica Unit, 4 sam ples were taken
from flysch, 1 sam ple from menilite and 7 sam ples from sand -
stone-con glom er ate fa cies.

Heavy min eral as so ci a tions and the chem i cal com po si tion
of se lected min er als were in ves ti gated for 4 clastic sed i men tary 
sam ples: 2 sam ples from the Raèa Unit (Štefurov and Okrúhle
lo cal i ties) and 2 from the Krynica Unit (K¾ušov and Koprivnica
lo cal i ties).

Sam ples weigh ing 5–10 kg were col lected for the prep a ra -
tion of heavy min eral con cen trates. Prep a ra tion of the sam ples
was car ried out in the lab o ra to ries of the De part ment of Ap plied
Tech nol ogy of Raw Min er als (State Geo log i cal In sti tute of
Dionýz Štúr – Re gional cen tre Košice, Slo vak Re pub lic). Heavy 
min eral con cen trates were ob tained us ing the stan dard meth -
ods, from the 0.025 to 0.063 mm size frac tion and by fi nal sep a -
ra tion in heavy liq uid (tribromomethane with D = 2.89 g/cm3).
Con cen trates were qual i ta tively and quan ti ta tively eval u ated
with a fo cus on the trans lu cent heavy min er als. To tals of 350 to
400 grains were op ti cally eval u ated.

Gar net, tour ma line and Cr-spinel were ana lysed in pol ished
thin sec tions us ing an elec tron microanalyzer CAMECA SX 100 
(State Geo log i cal In sti tute of Dionýz Štúr, Bratislava, Slo vak
Re pub lic) with the WDS method at ac cel er at ing volt ages of
15 kV, beam cur rent of 20 nA and elec tron beam di am e ter of
5 mm. To mea sure con cen tra tions of var i ous el e ments the fol -
low ing nat u ral and syn thetic stan dards were used: fluorapatite
(PKa), orthoclase (SiKa), TiO2 (TiKa), Al2O3 (AlKa), Cr (CrKa),
faya lite (FeKa), rhodo nite (MnKa), for ster ite (MgKa),
wollastonite (CaKa), SrTiO3 (SrKa), al bite (NaKa), LiF (FKa)
and NaCl (ClKa). Chem i cal data of de tri tal gar nets were taken
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Fig. 2. Litostratigraphy of the Magura Nappe in the Nízke Beskydy Mts. and adjacent areas
(compiled after Kováèik et al., 2012; Potfaj in Žec et al., 1997; Žec et al., 2011 and Nemèok

et al., 1990)



from the BZK-322a and BZK-208 sam ples (Raèa Unit) and from 
the BZKo-765 and MF-1 sam ples (Krynica Unit).
Crystallochemical for mula of gar net was nor mal ized to 12
oxygens and con ver sion of iron va lence (Fe3+ and Fe2+) ac -
cord ing to ideal stoichiometry. Ana lysed points for tour ma line 
(BZK-322a, BZK-208 and MF-1 sam ples taken from the Raèa
and Krynica units, re spec tively) were lo cated in the cen tre, on
the core-rim and on the rim of the grains. Tour ma line struc -
tural for mula was cal cu lated on the ba sis of 31 oxygens,
(OH+F) = 4 a.p.f.u., B = 3 a.p.f.u. Chem i cal data of Cr-spinel
grains were ob tained from BZK-322a (Raèa Unit) and
BZKo-765 (Krynica Unit) sam ples. Anal y ses of spinel were
cal cu lated on the ba sis of 3 cat ions. Fe2+ and Fe3+ in spinel
were al lo cated ac cord ing to the ideal stoichiometry.
Cathodoluminescence was used for ob ser va tion of the zir con 
zon ing. It was car ried out in the same in stru ment at ac cel er at -
ing volt age of 8 kV and a beam cur rent of 1 ´ 10–3 nA.

RESULTS

SEDIMENTOLOGY

The bulk of the flysch fa cies has the char ac ter of clas sic
turbidites (lithofacies D2.1, C2.1, C2.2 and C2.3, sensu
Pickering et al., 1986). Thin to thick-bed ded sand -
stone-mudstone (C2.1 to C2.3) or siltstone-mudstone (D2.1)
cou plets gen er ally show nor mal grad ing with par tial or com plete 
Bouma se quences (Ta–Te, sensu Bouma, 1962). The most
com mon sole struc tures are flute, prod and groove casts.
These lithofacies were de pos ited from tur bid ity cur rents or con -
cen trated den sity flows (sensu Mulder and Al ex an der, 2001)
and shaped as flat lam i nar bod ies formed es pe cially in the mid -
dle and dis tal parts of sub ma rine lobes and in the spaces be -
tween them.

Lo cally, thick to very thick beds of greywacke quartz-car -
bon if er ous sand stone, over lain by very thick lay ers of grey cal -
car e ous silty claystone (lithofacies C2.4, sensu Pickering et al.,
1986), are pres ent. The sand stone-mudstone cou plets com -
monly reach up to 5 m in thick ness. Sand stone beds have a typ -
i cal com pos ite lam i na tion with al ter na tion of rip ple-cross, si nu -
soi dal and par al lel lam i na tion in a ver ti cal di rec tion. The in ter nal
struc tures may show dif fer ent flow di rec tions. This lithofacies
orig i nated from large-vol ume con cen trated grav ity cur rents,
which were re flected or de flected from the flow di rec tion on the
edges of sub-bas ins.

The sand stone-con glom er ate fa cies con sists of sev eral
10 m thick bed suc ces sions within the flysch fa cies of the
Malcov Fm. We have ob served sev eral lithofacies (sensu
Pickering et al., 1986): lithofacies A2.4 – a very thick to
thick-bed ded, clast-sup ported con glom er ate is com monly nor -
mally graded to strat i fied peb bly sand stone, lithofacies A2.8 – a
nor mally graded peb bly sand stone usu ally over lain by strat i fied
(rip ple-cross, si nu soi dal and par al lel lam i na tion) gran ule sand -
stone, lithofacies B1.1 – thick to me dium-bed ded mas sive
sand stones, lithofacies B1.2 – thin-bed ded mas sive sand -
stones and lithofacies C2.1 – thick-bed ded sand stone-mudsto -
ne cou plets with well-de vel oped Bouma in ter vals, mostly
Tac(d)e, Ta(d)e, Tbc(d)e. The lithofacies dis tin guished orig i -
nated mostly from con cen trated den sity flows in chan nels or in
tran si tion zones be tween chan nels and lobes. De po si tion from
tur bid ity cur rents was of mi nor im por tance in this case.

The most com mon coarser-grained clastic lithofacies as so -
ci ated with Menilite-type black shales are thin to me dium-bed -
ded very fine-grained sand stones and siltstones (Tcd, Td) nor -

mally graded to thin to thick-bed ded grey cal car e ous
mudstones (lithofacies C2.2, C2.3 and D2.1 sensu Pickering et
al., 1986). The de po si tion of these lithofacies was from tur bid ity
cur rents.

Flute and groove casts are the most im por tant sed i men tary
struc tures for the palaeoflow anal y sis (Fig. 3B). They are usu -
ally pres ent on the bases of the sand stone lay ers be long ing
mainly to lithofacies class C. The palaeoflow re cord is very var -
ied and high lights the con tri bu tion of sed i men tary ma te rial from
sev eral di rec tions and/or di ver sion of grav ity cur rents from the
main flow di rec tion. Be sides the dom i nant flow di rec tion from
SE to NW (lon gi tu di nal di rec tion, Fig. 3), trans verse in put of
clastics is also of great sig nif i cance. We have re corded three
other im por tant palaeoflow di rec tions (Fig. 3A): (1) from S and
SW to N and NE (mainly in the Krynica Unit), (2) from E and NE
to W and SW (mostly in the Raèa Unit), (3) from NW to SE (lo -
cally ob served in both units).
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Fig. 3A – geo log i cal map show ing the main palaeocurrent
trends in the Malcov Fm. de pos its (com piled af ter Koráb et al.,
1962; Stránik, 1965; Nemèok and Ïurkoviè, 1989 and our data);
B – rose di a grams with palaeocurrent trends in the Brezovka
and Olšava synclinoria

BS – Brezovka synclinorium, OS – Olšava synclinorium, SS – Sitník
syncline, MS – Malcov syncline, RiS – Richvald synclinorium, RS –
Raslavice synclinorium; hor i zon tal pat tern shows the occurence of
Malcov Fm.; other ex pla na tions as in Fig ure 1



PETROGRAPHY (AND DETRITAL MODES)

The re sults of de tri tal mode in ves ti ga tions of the Malcov
Fm. de pos its are given in Ap pen dix 1.

For the Raèa Unit, the flysch fa cies is rep re sented by
sublitharenites and rarely by lithic greywackes (Fig. 4; Pettijohn
et al., 1972). They are me dium- to coarse-grained, poorly to
better sorted, an gu lar to subangular. Monocrystalline quartz
dom i nates over polycrystalline quartz (Qm/Qp = 2.31–6.40) in
sam ples. Grains tend to be slightly rounded, but an gu lar clasts
are also pres ent. Sericitised plagioclase is found more of ten than 
K-feld spar, the ra tio Plg/Kfs vary ing from 1.09 to 1.44 (rarely 3),
spo rad i cally vice-versa (Plg/Kfs = 0.86). Clastogenic micas are
rep re sented by chloritised, baueritised bi o tite and mus co vite.
Mus co vite pre vails over bi o tite. The ac ces sory min eral as sem -
blage com prises de tri tal (rounded and euhedral) zir con, de tri tal
and acicular tour ma line, rutile, spinel, glauconite and framboidal
py rite (es pe cially near the fos sils). Lithic frag ments are mod er -
ately com mon: lime stones (micritic and sparitic), sand stones,
phyllites, mica schists, gneiss es, granitoids, vol ca nic rocks (also
vol ca nic glass). The bind ing ma te rial is formed by sparitic ce -
ment (some where up to 19%) and ma trix.

Un like the flysch fa cies, the sand stone-con glom er ate fa cies
con tains sublitharenites and lithic greywackes (Fig. 4; Pettijohn
et al., 1972) with slightly dom i nant polycrystalline quartz
(Qm/Qp = 0.61–0.92). Clastogenic plagioclase and K-feld spar
oc cur al most in iden ti cal amounts (Plg/Kfs = 1–1.17). The ma -
trix, which is formed from fine quartz ag gre gates and clay min -
er als (up to 20%), pre vails over sparitic ce ment. As well as the
lithic frag ments noted above, ba sic rocks are also pres ent.

The menilite fa cies is rep re sented by fine- to me -
dium-grained arenites (sublitharenites sensu Pettijohn et al.,
1972; Fig. 4A). The pre dom i nant monocrystalline quartz shows
cor ro sion signs. Feld spar frag ments are al tered to seri cite and
clay min er als. Plagioclase slightly pre dom i nates over K-feld -
spar, clastogenic mus co vite ex ceeds bi o tite. In places, bi o tite
flakes are as so ci ated with chlorite. Zir con, tour ma line, rutile,

glauconite, spinel and framboidal py rite oc cur as ac ces sory
min er als. Lithic frag ments are rep re sented by lime stones
(sparitic and micritic), pelites, phyllites, mica schists, gneiss es,
gran ites, silicic rock frag ments and vol ca nic glass.

In the Krynica Unit, clastic de pos its of the flysch fa cies are
rep re sented by sublitharenites (sensu Pettijohn et al., 1972;
Fig. 4A). They con sist of quartz and feld spar with mi nor bi o tite,
mus co vite and ac ces so ries. Among quartz, monocrystalline
quartz pre dom i nates over polycrystalline quartz (Qm/Qp ra tio
var ies in the in ter val from 3.7 to 8.14). Plagioclase ex ceeds
potasium feld spar (Plg/Kfs = 1.7–3.5). Microcline and perth ite
are rare. Clastogenic chloritised and baueritised bi o tite usu ally
dom i nates over mus co vite. Re sis tant heavy min er als such as
zir con, de tri tal and acicular tour ma line, gar net, rutile, glauconite 
and py rite are also pres ent in the arenites. Lime stones, meta -
mor phic rocks rep re sented by mica schists, gneiss es and
phyllites, and sand stones, silicic rock frag ments, gran ites,
volcanics and ba sics are also pres ent within this rock frame -
work. Two types of bind ing ma te rial are en coun tered, which are
cal cite ce ment and ma trix.

The sand stone-con glom er ate fa cies con tains sublithare -
nites and subarkoses (Fig. 4A; Pettijohn et al., 1972) with dom i -
nant monocrystalline quartz (Qm/Qp = 3.4–10.7). Plagioclase
slightly ex ceeds potasium feld spar (Plg/Kfs = 1.3–1.9), only one 
sam ple show ing an op po site trend (Plg/Kfs = 0.67). Clastogenic 
micas are rep re sented by chloritised bi o tite and mus co vite. Bi o -
tite pre vails over mus co vite, spo rad i cally vice-versa. The ac -
ces sory min eral as sem blage com prises of de tri tal zir con, tour -
ma line, gar net, rutile, glauconite and framboidal py rite. Lithic
frag ments are rep re sented by lime stones, sand stones,
phyllites, mica schists, gneiss es, granitoids, and vol ca nic and
ba sic rocks.The bind ing ma te rial is formed by sparitic ce ment
(some where up to 21%) and ma trix (usu ally up to 6%), too.

Fine-grained sublitharenites with dom i nant monocrystalline
quartz and abundand silicic rock frag ments are typ i cal for the
menilite fa cies. Feld spar con tent is neg li gi ble. Clastogenic mus -
co vite pre vails over bi o tite, chlorite is scat tered. Their ac ces -
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Fig. 4. Q-F-L classification of sandstones  containing (A) less than 15 % matrix  and (B)
more than 15% matrix after Pettijohn et al. (1972)

Circle – Inner Raèa Unit, square – Krynica Unit, Q – monocrystalline and polycrystalline
quartz, F – plagioclases and K-feldspars, L – lithic debris
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sory min eral as sem blage con sists of zir con, rutile, tour ma line,
glauconite, spinel and framboidal py rite. Lithic frag ments show
the same char ac ter as those ones in the Raèa Unit.

Dis crim i na tion of sand stone prov e nance is ac cord ing to the
Dickinson’s (1985) scheme and de tri tal modes were re cal cu -
lated to 100% as the sum Qt, Qm, F, L and Lt. The Qt-F-L tri an -
gu lar plot em pha sizes ma tu rity, where as the Qm-Fm-Lt plot
em pha sizes pri mary de po si tion from source rocks. Dickinson’s
(1985) schemes sug gest that the Malcov Fm. sed i ments were
de rived from a re cy cled orogen (Fig. 5A), mainly from a
quartzose one (less tran si tional re cy cled orogen; Fig. 5B).

HEAVY MINERALS

Heavy min eral as sem blages. The per cent ages of the
heavy min eral as sem blage com po nents are given in Ap pen -
dix 2. Gar net, rutile and zir con be long to the dom i nant group.
Apart from these min er als, tour ma line, ap a tite, pyroxene,
Cr-spinel, and traces of glauconite, staurolite, kyan ite, am phi -
bole, zoisite and chlorite were also found. Gar net dom i nates (up 
to 51 vol.%) over zir con and rutile in both the Raèa and Krynica
units. The pro por tion of opaque min er als – py rite and he ma tite
(not given in Ap pen dix 2), which are not im por tant for prov e -
nance, sig nif i cantly in creases in the flysch fa cies (largely in the
Raèa Unit).

Heavy min eral geo chem is try. The in ves ti ga tion of chem i -
cal com po si tion and of the in ter nal struc ture is fo cused on gar -
net, tour ma line, Cr-spinel and zir con, which are tra di tion ally
con sid ered as mod er ately to highly sta ble de tri tal min er als in -
dic a tive of prov e nance. The rep re sen ta tive chem i cal com po si -
tions of de tri tal gar nets, tour ma lines and chromian spi nels are
shown in Ap pen dix 3.

De tri tal gar net in the Malcov de pos its of ten ap pears as
slightly ir reg u lar-shaped frag ments, some times with signs of cor -
ro sion on grain sur faces with out re ten tion of the orig i nal shape.
Iso met ric grains oc cur oc ca sion ally, euhedral forms be ing rare
(Fig. 6A). They are usu ally pink, spo rad i cally colour less or or -

ange. In clu sions of rutile, zir con, monazite, xeno time, quartz, ap -
a tite, cal cite and il men ite are com monly found in the gar nets.

In the Raèa Unit, from a compositional as pect, de tri tal gar -
nets show a high vari abil ity. Grossular-almandine, pyrope-
 spes sartine almandine, pyrope-almandine, almandine,
spessartine-almandine and spessartine were rec og nized.
Grossular-almandines are ei ther (1) zonal, whereby the
grossular (and partly spessartine) com po nent (And1Prp5Sps8

 Grs31Alm55) slightly de creases to wards grain pe riph er ies  with
cor re spond ing in crease of the almandine mol e cule (Adr0Sps4

 Prp7Grs26Alm63), or (2) un zoned with a high almandine com po -
nent (Adr0Sps1–4Prp4–8Grs13–17Alm75–77). An other type of gar net
is zonal pyrope-spessartine almandine (Adr0–2Grs2–12Prp9

 Sps11–17Alm62–75) with in crease of grossular com po nent to -
wards the rim (Adr0Prp5–9Sps6–9Grs19–26Alm63). Ad di tional types 
of gar net are: un zoned pyrope-almandine with vari able con -
tents of the spessartine and grossular mol e cule (Adr0Grs1-13

 Sps1-9 Prp16-21Alm66-76), almandine (Adr0Grs5Sps8Prp8Alm79)
and spes sartine-almandine (Adr1Grs7Prp14Sps20Alm58). A zo -
nal spessartine gar net was also found – the spessartine com -
po nent in grain cen tre reaches 85.5 mol% (Adr1Prp1Grs6

 Alm7Sps86), while it rap idly drops at the rim at the ex pense of
the almandine com po nent (35.1 mol% Sps; Adr1Prp3Grs14

 Sps35Alm46).
In the Krynica Unit, the chem i cal com po si tion of de tri tal gar -

nets is like wise het er o ge neous. There are (1) al most unzoned
pyrope-spessartine-almandines (Adr0Grs1–3Prp3–10Sps17–25

 Alm66–71), (2) gar nets with in creas ing grossular (up to 27 mol%)
and  pyrope (up to 33 mol%) com po nents at the ex pense of
almandine (45–51 mol%) (Adr1Sps1Prp20–33Grs18–27Alm45–51;
the high-tem per a ture char ac ter of these gar nets is in di cated by
a lack of zoning), (3) pyrope-almandine, in which grossular
and spessartine con tents are vari able (Adr0Sps2–13Grs3–10

 Prp13–16Alm69–72), (4) grossular-almandine (Adr1Sps2Prp8Grs14

 Alm75) and (5) zo nal alman dine-spessartine (54 mol% Sps in
the cen tre of the grain; Adr0Prp1Grs17Alm29Sps54), which is en -
riched in grossular and almandine com po nents at the ex pense
of spessartine in the rim (Adr0Prp3Sps12Grs22Alm63).

Fig. 5. Qt-F-L (A) and Qm-F-Lt (B) tectonic discrimination diagrams of sandstone source areas after Dickinson (1985)

Qt – monocrystalline and polycrystalline quartz, Qm – monocrystalline quartz, Lt – lithic debris and polycrystalline quartz; other
explanations as in Figure 4
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Fig. 6. Back-scattered electron (BSE) images of (A) garnet, (B, C) tourmaline, (D) Cr-spinels and (E, F) cathodoluminescence
(CL) images of zircons from deposits of the Malcov Fm.



De tri tal tour ma line oc curs as short and abruptly ter mi -
nated pris matic grains. Euhedral acicular grains ap pear rarely.
Rounded and sub-rounded tour ma lines are scarcer, usu ally of
brown to dark brown col our. They are trans par ent to trans lu cent 
with a glassy lus tre. Some grains are in clu sion-rich (Fig. 6B),
with quartz, il men ite and chlorite (Raèa Unit). Zir con, rutile and
quartz are en closed in tour ma lines from the Krynica Unit. For
both units, tour ma line shows iden ti cal chem i cal com po si tion.

Geo chem is try of the tour ma lines re vealed that the dom i nant
cat ion oc cu py ing the X-site po si tion  in all grains in ves ti gated –
chem i cally ho mo ge neous and zoned – is Na, which var ies in the
range of 0.5 to 0.9 a.p.f.u. Ca amount does not ex ceed of 0.2
a.p.f.u, while K con tent is in the range of 0.0 to 0.01 a.p.f.u. X-site
va cancy is <0.4 a.p.f.u. Each of these may be clas si fied as al kali
tour ma line. Based on the dom i nant di va lent cat ions in the Y-site
po si tion, which are Fe and Mg, the tour ma lines stud ied be long to
dravitic tour ma line (Henry et al., 2011). Mo lar Fe/(Fe+Mg) val ues 
range from 0.22 to 0.49. Mg and Ca con tents in zonal tour ma line
usu ally in crease to wards the grain pe riph er ies but some zon ing
is re versed. In both cases, we as sume a meta mor phic or i gin of
the tour ma line. X-va can cies vs. Ca ra tio at the X po si tion in di cate 
low- to me dium-grade con di tions of meta mor phism (Henry and
Dutrow, 1996).

Some tour ma lines con sist of a de tri tal core of schorlitic-dra -
vitic com po si tion (Fe/(Fe+Mg) = 0.58), sur rounded by asym -
met ri cal overgrowths with in ner and outer rims, which mark
abrupt chem i cal dis con ti nu ities. Nev er the less, these tour ma -
lines re tain a dravitic com po si tion.

Rare in her ited tour ma line cores with slightly rounded edges
(Fig. 6C) dis play schorlitic com po si tions with rather high Mn
con tents (0.14 wt% MnO) and no Cr, while rims of this zonal
tour ma line show a dravitic com pound. The mo lar Fe/(Fe+Mg)
ra tio of the in her ited core is 0.71.

Un zoned tour ma lines also show a dravitic com po si tion.
De tri tal chromian spi nels are found as subhedral to

euhedral grains (Fig. 6D), with rare frag ments. Ac cord ing to
Stevens’s (1944) clas si fi ca tion, which is based on Cr, Al and
Fe3+ con tents, the spi nels are rep re sented by alu minium-chro -
mite and chromian-spinel. Cr# and Mg# pa ram e ters clas sify
them as chro mite, magnesiochromite and rarely spinel s.s.
(Deer et al., 1992).

Spi nels are usu ally un zoned and ho mo ge neous. The chem -
i cal com po si tion shows dif fer ent con tents of the main ox ides:
Cr2O3 (up to 50.50 wt.%) which dom i nates in most of the grains
ana lysed; Al2O3 con tent is within the range of 16.06 to
32.75 wt.%, while the high TiO2 (0.70–2.30 wt.%) and the low
[Fe2+/Fe3+ = (1.0–2.15)] ra tio sug gests a vol ca nic or i gin of the
bulk of the grains ana lysed (Lenaz et al., 2000; Kamenetsky et
al., 2001), with a Mg# be tween 0.5 and 0.7. Grains con tain ing
TiO2 up to 0.1 wt.%, Fe2+/Fe3+ = (8.9–14.5) and Mg# =
0.42–0.48 are also pres ent. Some grains are rich in TiO2, Al2O3

and FeO, which in crease at the ex pense of Cr2O3 to wards the
grain pe riph er ies. Other grains show higher con tents of MnO
(0.49 wt.%) and ZnO (0.43 wt.%), which may in di cate al ter ation
pro cesses, al though these are not shown by grain tex tures.
Also, Zhu et al. (2004) con sid ered the con tent of MnO
<0.5 wt.% as typ i cal of spi nels. A de crease in Al2O3 con tent at
the pe riph er ies of grains, typ i cal of al ter ation and/or meta mor -
phic pro cesses, does not oc cur.

Ac cord ing to the di a gram used to de ter mine Cr-spinel or i gin 
(Lenaz et al., 2000; Kamenetsky et al., 2001), the sam ples in -
ves ti gated lie in the field of suprasubduction zone peri dot ites
and vol ca nic spi nels, re spec tively. The vol ca nic spi nels fall out -
side the bound aries of dif fer ent tec tonic set tings (Fig. 7C). 

Zir con in ter nal struc ture. Zir con forms ei ther euhedral to
subhedral short-pris matic dipyramidal grains or long-pris matic

ones with out signs of cor ro sion and cut ting of edges. Both
groups are colour less or pink. Rounded zir con shapes are also
pres ent. Their col our is the same – colour less, pink, rarely yel -
low ish.

Ac cord ing to cathodoluminescence study, euhedral to
subhedral short-pris matic zir cons usu ally pre cip i tate from nu -
clei or around in her ited cores (Fig. 6E) and dis play a reg u lar os -
cil la tory zon ing with out mar ginal re sorp tion. In some grains, lo -
cal recrystallisation is ob served. This may be as so ci ated with a
late- to post-mag matic stage of zir con de vel op ment. The pres -
ence of in clu sions, such as ap a tite and melt, is com mon. The
in ter nal struc ture of the long-pris matic zir con also shows reg u -
lar os cil la tory zon ing.

Rounded zir cons in di cate a polycyclic his tory. The oc cur -
rence of in her ited cores is a com mon fea ture of many rounded
zir cons. For some zir cons an ir reg u lar zon ing is typ i cal. Ad di -
tional zir con grains are char ac ter ized by con vo lute zon ing due
to recrystallisation pro cesses (Fig. 6F). Zir cons have been
found with in her ited cores show ing no zon ing, on which a nar -
row zone with reg u lar os cil la tory zon ing is pres ent. 

Den dritic grains shift ing to poly he dral mor phol ogy with par -
al lel zon ing to the crys tal lo graphic c axis show ing rapid growth
of the zir con are also present.

DISCUSSION

SEDIMENTOLOGY AND PALAEOFLOW TRANSPORT

We in fer that the Malcov For ma tion (to gether with the up -
per most, Oligocene part of the Zlín Fm. in the Raèa Unit) orig i -
nated in sev eral small-sized sub-bas ins the axes of which run
NW–SE. For ma tion and iso la tion of these sub-bas ins are as so -
ci ated with Al pine tec ton ics and trans for ma tion of the rem nant
Outer West ern Carpathians ba sin into a flexed fore land ba sin
(e.g., Oszczypko, 2006). The sub-bas ins have char ac ter is tics
of piggy-back bas ins (sensu Ori and Friend, 1984) de vel oped
on the top of the fron tal part of the West ern Carpathians
orogenic wedge, which con sti tutes a wedge-top depozone
(sensu DeCelles and Giles, 1996) of the fore land ba sin. The
na ture of the pro cesses and sed i ments in the sub-bas ins was
also af fected by cli mate change at the bound ary be tween the
Eocene and Oligocene (Ter mi nal Eocene Event) when sig nif i -
cant cool ing of the cli mate and glacio-eustatic re gres sion
started (e.g., Leszczyñski, 1997; Soták, 2010; Oszczypko-
 Clowes and Zydek, 2012). From the Early Oligocene the
Carpathian bas ins pro vided the first re cords of iso la tion from
the open sea (Early Paratethys; Báldi, 1980, 1984). The
palaeoenvironmental changes re flected the cool ing of the cli -
mate and iso la tion of the Paratethys. The con se quences of
these changes are the Globigerina Marls, menilite fa cies and
lam i nated lime stones that com menced at the bound ary be -
tween the Eocene and Oligocene (nannoplankton zone NP21).
The shape and size of the sub-bas ins sig nif i cantly af fected the
sed i men ta tion of the clastic de pos its.

Mar ginal parts of the Malcov sub-bas ins [in our case two
sub-bas ins have been dis tin guished – the south ern (in ner)
sub-ba sin in the Krynica Unit and the north ern (outer) sub-ba sin 
in the In ner Raèa Unit] were de formed and older suc ces sions of 
sur round ing units of the Magura Nappe and Klippen Belt were
up lifted. The de for ma tion of the suc ces sions there fore oc curred 
be fore and dur ing sed i men ta tion, and im me di ately af ter wards,
re spec tively (e.g., Œwierczewska and Tokarski, 1998) and con -
tin ued to the Early Mio cene. We as sume that the south ern edge 
of the south ern sub-ba sin was formed from up lifted units of the

Heavy minerals from sedimentary rocks of the Malcov Formation and their palaeogeographic implications... 683

https://gq.pgi.gov.pl/article/view/7404


PKB and the Magura Nappe (the Proè, Èergov and Strihovce
fms.), whereas the north ern edge of the sub-ba sin was formed
from de formed strata of the Bystrica Unit sed i men ta tion area.
The struc tural el e va tion of the up lifted Bystrica Unit (the sed i -
men ta tion area of this unit) was also the south ern bound ary of
the north ern sub-ba sin. The north ern sub-ba sin was bounded
by a slightly up lifted ex ter nal part of form ing Raèa Unit on the
north ern side. We un der stand the in di vid ual struc tural el e va -
tions as sub merged ridges par al lel to the di rec tion of the
Magura Ba sin (NW–SE in re cent co or di nates of the study re -
gion). Older (Late Cre ta ceous to Eocene) flysch sed i ments may 
have been re de pos ited from these ridges via sub ma rine slumps 
and var i ous types of grav ity cur rents to neigh bour ing Malcov
sub-bas ins in a trans verse di rec tion (NE–SW). De po si tion of
the Malcov Fm. lithofacies in rel a tively small sub-bas ins is also
in di cated by the palaeoflow re cord. Vari able palaeoflow data
high lights the con tri bu tion of sed i men tary ma te rial from sev eral
di rec tions and/or di ver sion of grav ity cur rents from the main flow 
di rec tion. Be sides the dom i nant flow di rec tion from SE to NW
[lon gi tu di nal trans verse in put of clastic sed i ments from pe riph -
eral parts (struc tural el e va tions)] of sub-bas ins also had a sig -
nif i cant im pact on fi nal clastic com po si tion.

Palaeoflow anal y sis shows that the main clastic source area 
was sit u ated to SE of the Malcov sub-bas ins. We pro pose the
Marmarosh Mas sif as the main clastic source, de spite some
con sid er ations about its NE po si tion (Oszczypko, 2004;
Oszczypko et al., 2005b, 2015) or its po si tion be tween the
Dukla and Magura bas ins (Oszczypko and Oszczypko-Clowes, 
2009; G¹ga³a et al., 2012), re spec tively. The pres ence of the
intra-basinal Marmarosh Ridge be tween the Magura and Dukla
bas ins was sug gested by Leszczyñski and Malata (2002);
Œl¹czka et al. (2006), Warcho³ (2007) and G¹ga³a et al. (2012).
It up lifted along the forebulge dur ing the Late Eocene and
drowned in Early Oligocene due to tec tonic load ing (G¹ga³a et
al., 2012). On the other hand, Koráb and Ïurkoviè (1973, 1978)
dem on strated the ex is tence of a sin gle sed i men tary ba sin for
the Magura and Dukla units dur ing the Mid dle Cre ta ceous to
Early Oligocene in East ern Slovakia, i.e. these units were
sedimented in a ba sin which was not di vided by a ridge. 

HEAVY MINERALS AND THEIR POSSIBLE ORIGIN

The ZTR in dex (per cent age of the com bined zir con, tour -
ma line and rutile grains among the trans par ent, nonmicaceous, 
de tri tal heavy min er als sensu Hubert, 1962), which re flects sed -
i ment ma tu rity, is within the range of 47–56% for the Raèa Unit,
and of 36–50% for the Krynica Unit. The ZTR in dex sug gests
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Fig. 7A – com po si tion of de tri tal gar nets from the Malcov Fm. in
a Fe + Mn-Mg-Ca ter nary di a gram (Mor ton et al., 2004); B –
Al-Fe-Mg di a gram for tour ma lines (Henry and Guidotti, 1985); C
– com po si tion of ana lysed Cr-spi nels in a Al2O3 vs. TiO2 di a -
gram (Kamenetsky et al., 2001)

Type A – Grt from granu lites, type BI – Grt from in ter me di ate to acid
ig ne ous rocks, type B II – Grt from metasedimentary rocks of am phi -
bo lite fa cies, type C – Grt from metabasic rocks; 1 – Li-rich gran ites,
2 – Li-poor gran ites and aplites, 3, 6 – Fe3+-rich quartz-tour ma line
rocks, 4 – metapelites and metapsammites co-ex ist ing with Al-rich
phases, 5 – metapelites and metapsammites not co-ex ist ing with
Al-rich phases, 7 – low-Ca metaultramafic rocks, Cr- and V- rich
metasedimentary rocks, 8 – metacarbonates and metapyroxenites;
LIP – large ig ne ous prov inces, OIB – ocean-is land ba salt, MORB –
mid-ocean ridge ba salt, ARC – is land-arc ba salt, SSZ – peridotite of
su pra-subduction zone, BABB – back-arc ba sin ba salt (af ter Lenaz
et al., 2000)



the ero sion of crys tal line mas sifs, ex clud ing multi-cy cle sed i -
ments, for which ZTR >90% is typ i cal (Hubert, 1962). A me dium 
value of the ZTR in dex in di cates a rel a tively close source, and
in sig nif i cant role of intrastratal dis so lu tion, which is in flu enced
by burial depth (Mor ton, 1987). 

The gar net/zir con in dex (GZi; Mor ton and Hallsworth,
1994), the value of which could be af fected by diagenetic pro -
cesses and intrastratal dis so lu tion of gar net, var ies from 65 to
74% for the Krynica Unit and from 60 to 66% for the Raèa Unit.
The chromian-spinel/zir con in dex (CZi; Mor ton and Hallsworth,
1994), the value of which var ies from 6 to 9% and from 17 to
24% for the Raèa and Krynica units, re spec tively, pro vides a
good re flec tion of source area char ac ter is tics be cause these
min er als are com par a tively im mune to al ter ation dur ing the
sed i men tary cy cle. This in dex could be used to di rectly match
sed i ment with the source ma te rial, even for suites of first-cy cle
or i gin (Mor ton and Hallsworth, 1994). Its higher value in di cates
that an im por tant pro por tion of ophiolite de tri tus was sup plied
chiefly for the Krynica Unit.

In dex min er als such as staurolite, kyan ite and sillimanite
are valid only for cer tain set tings, i.e. Barrovian-type meta mor -
phism of Al-rich pelitic rocks. The pres ence of these rocks in the 
source area is ev i dent from tour ma line and gar net geo chem is -
try and peb bles such as clasts of gneiss and mica schist. The
ex is tence of staurolite in sand stone-con glom er ate fa cies of the
Malcov Fm. (Raèa Unit) is con firmed, while kyan ite is rare (Ap -
pen dix 2). Ïurkoviè (1965) de scribed a “rel a tively low con tent of 
staurolite in Malcov lay ers” within the Raèa Unit. It is rel a tively
abun dant in the subjacent Beloveža Fm. (Fejdiová, 1990).
Kyan ite is pres ent in the flysch fa cies of the Krynica Unit, while
staurolite is un com mon. De spite the con clu sions re sult ing from
the study of the trans for ma tion of smectite to illite
(Œwierczewska, 2005) or from the study of fluid in clu sions in hy -
dro ther mal quartz, which in volve the loss of 5.4–7.4 km of sed i -
ment by ero sion in the Magura Ba sin (Hurai et al., 2006), a de -
crease in staurolite and kyan ite con cen tra tion or their dis so lu -
tion in flu enced by sed i ment burial is not as sumed, be cause less 
sta ble min er als such as py rox enes and am phi boles (Ap pen -
dix 2) are re tained in the heavy min eral spec tra. As re gards
intrastratal dis so lu tion, these min er als are extremly sus cep ti ble
due to sed i ment burial depths be sides other fac tors af fect ing
dis so lu tion (Scavnicar, 1979; Mor ton, 1984; Mor ton and
Hallsworth, 1999, 2007). The trans for ma tion of smectite to illite,
which is di rectly de pend ent on fluid cir cu la tion, ex cludes a low
per me abil ity which could pro tect the sed i ment from cir cu la tion
of pore flu ids thus to pre vent the dis in te gra tion of un sta ble
heavy min er als. The pres ence of am phi bole sug gests that sig -
nif i cant post-depositional dis so lu tion is un likely to have taken
place. Py rox enes and rare am phi boles are also pres ent in the
subjacent for ma tions (Fejdiová, 1990). The ex is tence of Ca-rich 
gar nets, which are less sta ble than Ca-poor ones dur ing
diagenesis (Mor ton and Hallsworth, 2007), was also no ticed. In
gen eral, dis so lu tion of gar net is not sup ported be cause of the
high GZi value (Mor ton and Hallsworth, 1994, 1999). A de -
crease of min eral di ver sity with in creas ing burial depth is also
not ob vi ous (cf. Fejdiová, 1990). Etched gar net co-ex ists with
gar net grains that show no sign of cor ro sion, in di cat ing that the
etch ing did not take place in situ. 

Apart from the oc cur rence of spe cific min er als, sin gle grain
char ac ter is tics are used to de duce the meta mor phic or i gin of
de tri tal grains and to fur ther un ravel the type of meta mor phic
host-rocks. The compositional vari a tion of gar net is large, mak -
ing it a can di date for source rock dis crim i na tion based on sin -
gle-grain geo chem is try.

Chem i cal com po si tion of de tri tal gar nets, and also the dis -
tri bu tion of in clu sions in these grains sug gest that most of them

were de rived from meta mor phic rocks that orig i nated within
con di tions of am phi bo lite or even epidote-am phi bo lite fa cies.
Their meta mor phic or i gin is like wise dem on strated by the high
gar net/zir con in dex (GZi), which sen si tively re flects prov e nance 
char ac ter is tics of heavy min er als in sed i ments (Mor ton and
Hallsworth, 1994, 1999).

Gar nets with sig nif i cant Fe and Mn con tents may be de rived 
from low- to me dium-grade meta sedi ments or from in ter me di -
ate to acidic gneiss es (Deer et al., 1992; Mor ton et al., 2004;
Suggate and Hall, 2013). Gar nets from low-grade metapelites
are char ac ter ized by zon ing, and a zoned pat tern of some de tri -
tal gar nets is vis i ble (Ap pen dix 3). Zoned grossular-almandines
ob vi ously orig i nated from source rocks of low-grade am phi bo -
lite fa cies. The pres ence of low- to me dium-grade meta mor phic 
rocks (phyllites, mica schists) in the source area is sup ported by 
their ex is tence in the form of lithic frag ments in the de pos its
stud ied. Spessartine-almandine gar nets, in which chem i cal
zon ing is scarcer, though pyrope (around 10–12 mol%) and
grossular (around 15 mol%) mol e cules are rel a tively abun dant,
might have orig i nated in migmatites (?) or gneiss es.
Spessartine-almandines (with 1–3 mol% Grs) show ing the least 
chem i cal changes in the core – pe riph ery di rec tion point to a
gen e sis in gra nitic pegmatites or gran ites. They oc cur in de pos -
its of both the Raèa and Krynica units. Ac cord ing to Mange and
Mor ton's (2007) cri te ria, low Ca and Mg con tents in gar net in di -
cate their prov e nance in in ter me di ate to acidic ig ne ous rocks
(Fig. 7A). Gar nets with sig nif i cant grossular mol e cule (up to
27 mol%) and a slightly higher con tent of pyrope (up to
33 mol%), which in creases at the ex pense of almandine
(45–62 mol%) com po nent, in di cate their der i va tion from ba sic
meta mor phic rocks (am phi bo lites or mafic granu lites). 

Spessartine-rich gar net ap pears as a dis tinct in di ca tor of its
back ground. Spessartines with low amounts of grossular con -
tent are known to orig i nate from low-grade re gion ally meta mor -
phosed rocks such as metapelites, metacherts, es pe cially
those in ther mal au re oles (Miyashiro, 1955; Deer et al., 1982;
Spišiak et al., 1989; Méres, 2008), or from Mn car bon ate-sil i -
cate rocks (Matkovskyi, 1971; Deer et al., 1992; Mohapatra and 
Nayak, 2005; Matkovskyi et al., 2011; Kanungo et al., 2014),
more over, from garnetites (of ten with high an dra dite com po -
nent, Kropáè, 2012) and gondites (Melcher, 1995; Matkovskyi
et al., 2011; Vrána, 2011). They have rarely been found in gran -
ite pegmatites (Man ning, 1983; Baldwin and Von Knorring,
1983; Királi and Török, 2003), and in blueschists, with an ab -
sence of zon ing (Martínek and Štolfová, 2009). Nor mal zon ing
of spessartines de notes their for ma tion un der con di tions of pro -
gres sive meta mor phism. Ca en rich ment, cou pled with de ple -
tion of Mn at the rims of the gar nets, may have been caused by
pres sure in crease (Green, 1977) or by recrystallisation through
the me dium of Ca-rich flu ids (Királi and Török, 2003). 

Gen er ally, there are min i mal dif fer ences in the chem i cal
com po si tion be tween de tri tal gar nets from the Raèa and
Krynica units, re spec tively. How ever, the source rocks are het -
er o ge neous. Cer tain pro por tion of gar nets in the Malcov de pos -
its could have re sulted from resedimentation from the older for -
ma tions of the Magura Nappe.

Tour ma line is pri mar ily de rived from meta mor phic, mostly
metapelitic rocks. De tri tal tour ma lines, ac cord ing to the di a -
gram from Henry and Guidotti (1985; Fig. 7B), which is used for
de ter mi na tion of en vi ron ment for tour ma line or i gin, were de -
rived from Al-poor and Al-rich metasedimentary rocks. Their
meta mor phic or i gin is also in di cated by rel a tively high Ti (up to
0.3 a.p.f.u.) con tents.

The tour ma line in ves ti gated rep re sents mainly polycyclic
grains – they are ei ther (1) zoned with in her ited schorlitic-dra vitic
cores de rived from metapelite (metapsammite) co-ex ist ing with
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Al-sat u rated phases and with rims de rived from Al-sat u rated
phases-free metapelite (Henry and Guidotti, 1985); or (2) zoned
tour ma lines with in her ited schorlitic cores de rived from gran ite
(gran ite dif fer en ti ates). The in ner mar gins of zoned tour ma lines
from the sec ond group in di cates their or i gin in Al-sat u rated
phase-free metapelites, while their outer rim was formed in an
Al-rich metapelite en vi ron ment. The pres ence of the in ner and
outer rims sep a rated by compositional dis con ti nu ities around
some in her ited cores sug gests punc tu ated evo lu tion of the
overgrowths. This im plies that bo ron was spo rad i cally avail able
dur ing diagenesis and meta mor phism (Henry and Dutrow, 1992).

Tour ma lines orig i nated from Fe3+-rich quartz-tour ma line
rocks bor dered by zones formed in a metapelite en vi ron ment.

The scarce euhedral acicular tour ma lines were de rived
from metapelites with Al-sat u rated phases, most prob a bly rep -
re sent ing first-cy cle de liv ery from a nearby source. The very low 
con tents (of ten zero value) of tet ra he dral Al and the Xvac val ues
around 0.2–0.3 a.p.f.u. sug gest me dium-grade meta mor phic
con di tions dur ing their pre cip i ta tion (Henry and Dutrow, 1996).

Most stud ies have re ported a strong pre dom i nance of tour -
ma line from metasedimentary rocks, al though tour ma line is
very com mon in granitoids and their dif fer en ti ates (von
Eynatten and Gaupp, 1999; Mor ton et al., 2005; von Eynatten
and Dunkl, 2012). This might be caused by (1) in her ited grain
size ef fects and/or (2) the pos si bly higher sta bil ity of Mg-rich
tour ma line against ex treme weath er ing (Van Loon and Mange,
2007; von Eynatten and Dunkl, 2012). More im por tantly, there
might be a di rect re la tion ship be tween grain size and com po si -
tion, i.e. spe cific min eral phases may show sys tem at i cally con -
trast ing grain-size dis tri bu tions in the same or dif fer ent source
rocks (von Eynatten and Dunkl, 2012). Ul ti mately, the grain size 
dis tri bu tion in the source rocks con trols the avail abil ity of spe -
cific min eral grain sizes in the sed i ment (Mor ton and
Hallsworth, 1999). These pos si bil i ties may have caused the
dravitic tour ma line dom i nance in the Malcov Fm. de pos its.

De tri tal zir cons ex hibit vari a tions not only in ex ter nal mor -
phol ogy but also in in ter nal tex tures. Euhedral zir cons orig i nate
from pri mary ig ne ous rocks. Zir cons crystallising from nu clei
show ing fine reg u lar os cil la tory zon ing, of ten with out signs of
re sorp tion, may have formed in “early” melts (Hoskin and
Schaltegger, 2003). Zir con elon ga tion is con sid ered as a fac tor
re flect ing grain crystallisation ve loc ity (e.g., Corfu et al., 2003).
“Stubby” and equant forms are as so ci ated with slowly cooled
in tru sions, whereas elon gate acicular shapes oc cur as a re sult
of rapid crys tal li za tion and are tra di tion ally in ter preted as of vol -
ca nic or i gin (Hoskin and Schaltegger, 2003). Com plete
euhedral shapes of zir cons in di cate their ig ne ous or i gin with out
pro longed trans port from the source re gion. The pres ence of in -
clu sions, such as of ap a tite and melt, sup ports the ig ne ous or i -
gin of this zir con group. 

The or i gin of rounded grains in metasedimentary rocks, pos -
si bly in older re cy cled sed i ments, is doc u mented not only by the
zir con shapes, but also by their in ter nal tex tures (Fig. 6F). The
polymict char ac ter of the zir cons in di cates mul ti ple source rocks.

Chromian spi nels in the heavy min eral spec tra sig nal some
con tri bu tion of mafic to ultra mafic rocks. The lithic frag ments
orig i nated in these rocks are pre served in small amounts due to
their easy dis in te gra tion dur ing trans port or diagenesis
(BZKo-765, BZG-407 sam ples). Starobová (1962), Winkler and
Œl¹czka (1992, 1994) and Oszczypko and Salata (2005) noted
the sig nif i cant amount of Cr-spi nels in de pos its from the south -
ern most ar eas of the Magura Ba sin. Con sid er ation of re worked
or re-eroded sed i ments from the Pieniny Klippen Belt (sensu
lato) or more pre cisely from the Czorsztyn ridge realm (Winkler
and Œl¹czka, 1994), as a pos si ble source of Cr-spi nels oc cur ring
in the Magura Ba sin de pos its, can not be ex cluded com pletely.

Ac cord ing to Lenaz et al. (2000), we dis crim i nate be tween
peridotitic and vol ca nic Cr-spi nels on the ba sis of their TiO2 con -
tents and FeO/Fe2O3 ra tios. Lenaz et al. (2000) pointed out that
peridotitic spi nels show TiO2 con tents <0.2 wt.% and
FeO/Fe2O3 ra tios >3, while spi nels crys tal lised from ba saltic
mag mas show TiO2 con tents >0.2 wt.% and FeO/Fe2O3 ra -
tios <4. Cr-spi nels orig i nat ing from cu mu late and ex tru sive vol -
ca nic rocks tend to have higher TiO2 (Kamenetsky et al., 2001).
High Fe3+ and TiO2, along with lower Mg#, sug gest that the
Cr-spi nels could have been the prod ucts of frac tional
crystallisation and re-equil i bra tion at lower tem per a tures due to
slow cool ing (Arai, 1992; Kamenetsky et al., 2001;
Lužar-Oberiter et al., 2009), and thus prob a bly de rived from cu -
mu late mem bers of an ophiolite source. The in creased con tents 
of TiO2 in most Cr-spi nels from the Malcov Fm. are no tice able.
Com pared to Cr-spi nels from the Czorsztyn Unit (Aubrecht et
al., 2008, 2009), per haps even the Jarmuta Fm. (PKB) and the
Szczawnica Fm. (Magura Nappe, Krynica Unit, Salata, 2002a),
there are some dif fer ences: Cr-spi nels orig i nated from vol ca nic
rocks are pre dom i nant in the Malcov Fm., nev er the less
peridotite spi nels dom i nate in the Czorsztyn flysch. In creased
amounts of ox ides could have been caused by al ter ation. How -
ever, the ma jor ity of the grains ana lysed have op ti cally and
chem i cally ho mo ge neous com po si tions (Fig. 6D). Sig nif i cant
de creases in Al2O3, MgO and Cr2O3, which might re sult from
the al ter ation of Cr-spi nels (Burkhard, 1993; Power et al., 2000,
Spišiak et al., 2000, 2001; Mikuš et al., 2006; Mikuš and
Spišiak, 2007), has not been ob served.

Power et al. (2000) im puted the high Ti con tent in spi nels to
the sol i dus-sol i dus re ac tions be tween spinel and plagioclase in
ophiolites. Spišiak et al. (2001) con sid ered the Cr-spi nels from
the Šambron flysch zone (Cen tral-Carpathian Paleogene Ba -
sin) to have been de rived from two sources at least, al though
they in cluded the pos si bil ity of resedimentation. Ac cord ing to
Spišiak et al. (2001), the Cr-spi nels in ves ti gated re sem ble the
Cr-spi nels de rived from ultrabasic rocks from the Zbudza lo cal -
ity (Iòaèovce–Krichevo Unit; Soták et al., 1990, 1991, 1995), or
from ultrabasic rocks crop ping out in Gemericum, as well as the
spi nels from the PKB, or Magura flysch units of the Pol ish West -
ern Carpathians. How ever, low Ti con tents in these Cr-spi nels
are no ta ble (cf. Spišiak et al., 2001). The het er o ge neous char -
ac ter of Cr-spi nels in the Šambron Zone sed i ments was also
shown by Lenaz et al. (2001, 2009), who de scribed the sim i lar -
ity with spi nels from the Vardar Zone. Peridotite spi nels are
prev a lent (rep re sent ing 90% of the spi nels in ves ti gated, de -
rived from peridotite of type II sensu Dick and Bullen, 1984).
Scat tered vol ca nic spi nels have OIB char ac ter (Lenaz et al.,
2009). Cr-spi nels cou pled with leu co xene are dom i nant in
heavy min eral spec tra, while gar nets are en tirely ab sent
(Spišiak et al., 2001). Ser pen tin ite clasts pre dom i nate in sand -
stones of the Šambron flysch zone, so it shows the clear dom i -
nance of ba sic sources in the Paleogene (es pe cially the Late
Oligocene; Soták and Bebej, 1996). These are de pos its of
perisuture bas ins, which were orig i nally con nected with
trench-like flysch de pos its of the Magura Unit (Soták and Bebej, 
1996). Pre lim i nary geo chem i cal data of Cr-spi nels from the
Magura For ma tion of the Pol ish West ern Carpathians in di cate
their af fin ity to the Vardar Zone (Lenaz et al., 2001). 

The as so ci a tion of heavy min er als, their geo chem i cal com po -
si tion and petrographic anal y sis point to a het er o ge neous source
for the Malcov sed i ments. There is a com bi na tion of ma te rial, in
par tic u lar of su pra-crustal or i gin de rived from meta sedi ments
recrystallised at the con di tions of am phi bo lite and green-schist fa -
cies, partly from older strata, granitoid rocks and car bon ates.

The petrographic study of the Malcov de pos its re vealed the
pre dom i nance of monocrystalline quartz over polycrystalline
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quartz. This in di cates that the sed i ments may have been
partialy de rived from a gra nitic source (Basu et al., 1975). The
in flu ence of ig ne ous rocks on the sand stone com po si tion is
doc u mented (1) by the pres ence of feld spars (K-feld spars), (2)
by gran ite (and vol ca nic) frag ments in the de pos its and (3) by
the ex is tence of mag matic zir con in the heavy min eral spec tra.

Dickinson’s (1985) schemes sug gest that the Malcov sed i -
ments were de rived from re cy cled orogens shed ding ma te rial of 
con ti nen tal af fin ity into the ba sin. Ev i dence for par tial re cy cling
is ap par ent from bulk sed i ment com po si tion (high per cent ages
of quartz) in di cat ing up ward pet ro graph i cal ma tu rity (Qm > Qp), 
as well as from a zir con and chromian spinel en rich ment due to
their high sta bil ity within the sed i men tary cy cle. Heavy min eral
ra tios (CZi and GZi; Mor ton and Hallsworth, 1994) re flect min i -
mal al ter ation of the Malcov de pos its and/or in vari ant trans port.
The me dium to high ZTR value, cou pled with the het er o ge -
neous char ac ter of the heavy min eral spec tra, may point to a
mixed source which is char ac ter ized by first-cy cle de tri tus (e.g.
acicular tour ma line) from a meta mor phic base ment rep re sent -
ing rem nants of con ti nen tal mar gins, as well as by polycyclic de -
tri tus re cy cled from orog eny-de rived clastic wedges (Garzanti
et al., 2007).

PALAEOGEOGRAPHIC IMPLICATIONS

Min er als from rocks of su pra-crustal or i gin dom i nate in the
heavy min eral as so ci a tions analysed. Some in volve ment of ba -
sic sources is in di cated by Cr-spinel oc cur rence. Con sid er ing
their char ac ter and occurence within subjacent for ma tions, their 
redeposition may be inferred.

We do not con sider the Iòaèovce–Krichevo Unit as a pos si -
ble (orig i nal) source of ba sic ma te rial, since its out crop and ex -
hu ma tion are dat able to the Lower Mio cene based on the FT
zir con age (Soták et al., 2000, 2005). Ad di tion ally, Malcov de tri -
tal Cr-spi nels show some geo chem i cal dif fer ences com pared
with the spi nels from this unit (Zbudza lo cal ity).  

Cr-spi nels may have been de rived from the Pieniny Klippen
Belt (PKB). How ever, we note the pre dom i nance of vol ca nic
Cr-spi nels in the Malcov de pos its which are in a mi nor ity in the
Czorsztyn Unit (Aubrecht et al., 2008, 2009) or the Jarmuta Fm. 
(Salata, 2002a). Spo radic vol ca nic Cr-spinel com po si tions ap -
pear to be more het er o ge neous and change from ARC to
MORB in the PKB (Lenaz et al., 2009). Cr-spi nels from the
Malcov Fm. show some compositional sim i lar ity (vol ca nic or i -
gin) with those from the Poruba Fm. (cf. Mikuš et al., 2006).
Mikuš et al. (2006) in ferred an af fin ity to the Meliata Ocean.
Aubrecht et al. (2009) pro posed the same or i gin for Cr-spi nels
from the Czorsztyn Unit con sid er ing as a source the ex otic
Andrusov Ridge, rep re sent ing the Meliata melange sup ply ing
the Cen tral-Carpathian Zone in the south, and Oravicum (PKB)
in the north by ophiolite de tri tus si mul ta neously.

Com mu ni ca tion be tween the Magura and Cen -
tral-Carpathian Paleogene bas ins (CCPB; Leško, 1960;
Nemèok, 1961; Leško and Sam uel, 1968; Birkenmajer, 1986;
Soták and Bebej, 1996; Oszczypko et al., 2005a, 2010;
Jurewicz, 2005; Oszczypko and Oszczypko-Clowes, 2009;
Soták, 2010; Oszczypko-Clowes and Zydek, 2012) dur ing the
Late Eocene to Oligocene may be con sid ered. Malcov flysch
sed i ments de vel oped in the PKB de pres sions (Nemèok,
1961,1990; Oszczypko et al., 2005a; Plašienka and Mikuš,
2010; Plašienka, 2011), and in de pres sions be tween the PKB
and the Šambron–Kamenica Zone of the CCPB (Plašienka and 
Mikuš, 2010), also point to this. Nev er the less, we do not sug -
gest their to tal in ter con nec tion (Jurewicz, 2005).

Fol low ing the anal y ses of palaeocurrents and pe trog ra phy,
heavy min eral spec tra and geo chem i cal com po si tion of the de -
tri tal min er als, we con sider the Marmarosh Mas sif as the most
pos si ble source of ma te rial for the Malcov de pos its, es pe cially
in the Raèa Unit (Fig. 8). This prov e nance [Marmarosh Ridge
(Cor dil lera)/Marmarosh (Rakhov) Mas sif] was pro posed by
Leško and Sam uel (1968), Potfaj (1998), Oszczypko (2004),
Oszczypko et al. (2005b), Oszczypko and Oszczypko-Clowes
(2006) for Magura sed i ments in dif fer ent in ter vals of the
Paleogene. The rocks of the Marmarosh crys tal line base ment
(cur rently crop ping out along the Ukrai nian–Ro ma nian bor der)
are com posed of meta mor phic rocks of green-schist fa cies,

Fig. 8. Sche matic palaeogeographic sit u a tion of the Magura Ba -
sin and ad ja cent tec tonic units dur ing the ini tial Late Oligocene
(based on Koráb et al., 1962; Stránik, 1965; Contescu et al.,
1966; Nemèok and Ïurkoviè, 1989; Kováè et al., 1994;
Leszczyñski, 1997; Csontos and Vörös, 2004; Œl¹czka, 2005;
Oszczypko and Oszczypko-Clowes, 2006, 2009; Márton et al.,
2007, 2013; Schmid et al., 2008; Ustaszewski et al., 2008;
Merten, 2011; Merten et al., 2011; Handy et al., 2014; Hnylko and
Generalova, 2014; Plašienka and Soták, 2015; Hnylko et al.,
2015a, b; Hnylko and Hnylko, 2016)

Magura Ba sin: SZ – Siary Zone, RU – Raèa Unit (zone), BU –
Bystrica Unit (zone), B-KU –  Biele Karpaty–Krynica Unit (zone);
MnN – Monastyrets Nappe; DB – Dukla Ba sin, SR – Silesian Ridge
(Cor dil lera); BR – Bukowiec Ridge (Cor dil lera); CWC – Cen tral
West ern Carpathians; PKB – Pieniny Klippen Belt; CCPB – Cen -
tral-Carpathian Paleogene Ba sin; ŠB – Šambron Ba sin; I-KU –
Iòaèovce–Krichevo Unit; Tisza Mega-Unit (T): MZ – Mecsek Zone,
V-BZ – Villány–Bihor Zone, B-CZ – Békés-Codru Zone; Dacia
Mega-Unit (D): TB – Transylvanian Ba sin (land and epicontinental
area), MB – Maramures Ba sin (trough), AM – Apuseni Mts.; VU –
Vezhany Unit; EV – East ern Vardar ophiolitic unit; East ern
Carpathians (EC): MR – Marmarosh (Rakhov) Ridge,
Fore-Marmarosh Su ture (Ceahlau): KmN – Kamyanyi Potik Nappe,
RhN – Rakhiv Nappe, BrN – Burkut Nappe; KrN – Krasnoshora
Nappe, SvN – Svydovets Nappe, ChN – Chornohora Nappe; MHZ –
Mid-Hun gar ian Zone; LSZ – Latorytsa–Stryi strike-slip Zone; W –
Wien, e – emer gent ar eas
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epidote-am phi bo lite and am phi bo lite fa cies (mica schists with
gar net, spo rad i cally with staurolite, gneiss es, quartzites, am phi -
bo lites and am phi bo lite gneiss es, schists) and gran ites
(Sãndulescu and Bercia, 1974; Zlatogurskaya et al., 1976;
Rastochinskaya et al., 1981; Burov et al., 1986). The pres ence
of rocks with lenses of rodonite-rodochrozite min er ali sa tion
(with spessartine) in Pa leo zoic com plexes is also ob served
(Zlatogurskaya et al., 1976; Matkovskyi et al., 2011), and the
zoned spessartine gar net (~85 mol% Sps) could have orig i -
nated from it. Spessartines with sub or di nate con tent of grs and
alm com po nents are de scribed in gar net-mag ne tite-quartz ite,
gar net-quartz ite rocks (gondites) and cal car e ous-si li ceous
man ga nese ores within the north ern part of the Marmarosh
Mas sif (Chivchiny Moun tains; Matkovskyi, 1971; Matkovskyi et
al., 2011). Spessartines are also known from the Marmarosh
Mas sif at tached to the Ro ma nian Carpathians (Preluca Mas -
sif), usu ally with a higher mo lar con tent of an dra dite com po nent
(Udubaºa et al., 1996). 

Me so zoic gabrodiabases and diabases in the Marmarosh
Mas sif are a po ten tial source of the ba sic rock rel ics (Cr-spi -
nels) in the Malcov de pos its. Blocks of ba sic vol ca nic ma te rial
are found em bed ded in coarse-grained clastic de pos its of Late
Ju ras sic and Cre ta ceous age in the north of Ro ma nia and in
Ukraine, in the con tin u a tion of the Ceahlãu Black Flysch
(Fore-Marmarosh Su ture) units. The Severin-Ceahlãu
ophiolites and bas alts, re spec tively, are re garded as rem nants
of an intracontinental oce anic ba sin sit u ated within the Eu ro -
pean con ti nen tal mar gin (Hoeck et al., 2006, 2009).The
Chyvchyn For ma tion ad her ent to the Kaminnyi Potik Nappe
(Fore-Marmarosh Su ture) con sists of Late Ju ras sic ba sic vol -
ca nic rocks (Hnylko et al., 2015b). Tec tonic klippen of Ju ras -
sic–Early Cre ta ceous mafic vol ca nic rocks of both oce anic and
con ti nen tal or i gin are pres ent at the base of the Burkut Nappe
(Lyashkevich et al., 1995). The lower part of the Vezhany
Nappe lo cated to the north-west of the Marmarosh Crys tal line
Mas sif is rep re sented by an Early Cre ta ceous ~1.000 m thick
olistostrome with olistoliths of Pro tero zoic(?)–Pa leo zoic–Me so -
zoic rocks de rived from the Marmarosh Mas sif as well as
olistoliths of Me so zoic mafic-ultra mafic rocks and of Early Cre -
ta ceous organogenic Urgonian-type lime stones (Hnylko and
Hnylko, 2016).

The in ves ti ga tion of heavy min eral as so ci a tions as well as
their chem i cal com po si tion show that the na ture of the source
ma te rial for the Magura Ba sin de pos its (the Malcov Fm.) dur ing
the Eocene to Oligocene did not change sig nif i cantly. Crys tal -
line rocks still play an im por tant role in the source re gion. Dur ing 
this pe riod, crys tal line com plexes of the Dacia Mega-Unit were
el e vated (e.g., Hnylko, 2011a, c). Al beit burial is in di cated for
the NW part of the Transylvania Ba sin (in clud ing the Preluca
Mas sif), East and SE Carpathians dur ing Mid dle Eocene to
Oligocene (Merten, 2011; Gröger et al., 2013), small parts of
crys tal line base ment in the north ern part of the East ern
Carpathians (as shown by the AHe ages of ap a tite – cf. Merten,
2011: fig. 6.4D) and Apuseni Mts. (Tisza Mega-Unit) were ex -
humed (Merten, 2011; Merten et al., 2011). How ever, it should
be noted that the rocks from higher lev els of the meta mor phic
com plexes were ex posed, and ow ing to the in creased con tent
of car bon ate clasts along with the cover se quences or nappes
of the Fore-Marmarosh Su ture – Kaminnyi Potik, Rakhiv and
Burkut (Porkulets), rel a tively rich in car bon ates. 

The PKB may have been the source of car bon ate de tri tus
(Ïurkoviè, 1966; Olszewska and Oszczypko, 2010) but
Birkenmajer (1986) in ferred that it was bur ied dur ing the Late
Eocene–Early Oligocene. Tri as sic and Ju ras sic car bon ate
rocks in cluded in the Marmarosh Mas sif and Fore-Marmarosh

Su ture (Andrusov, 1936; Lashmanov and Zaydis, 1971; Burov
et al., 1986; Hnylko, 2011b, 2012; Hnylko et al., 2015b) ap pear
to be a more prob a ble source, but nev er the less part of the car -
bon ate de tri tus was de rived from Klippen Belt. 

The Tisza Mega-Unit is pro posed as a po ten tial source for
flysch sed i ments of the Magura Ba sin (e.g., Oszczypko et al.,
2006; Oszczypko and Oszczypko-Clowes, 2009), its lithological 
com po si tion sub stan tially cor re spond ing to the as sumed
source rocks – gneiss es, mica schists, am phi bo lites, granitoids
and mi nor calc-sil i cate rocks and eclogites. The po si tion of the
Tisza Mega-Unit dur ing the Eocene and Oligocene (cf. Csontos 
et al., 1992; Kováè et al., 1994; Csontos, 1995; Csontos and
Vörös, 2004; Kovács et al., 2007) and also dur ing the Early Mio -
cene (Kováè et al., 1994; Kovács et al., 2007; Ustaszewski et
al., 2008), as well as palaeoflow di rec tions (Koráb and
Ïurkoviè, 1966; Stráník, 1965; Nemèok and Ïurkoviè, 1989;
data from this work), in di cate this unit as a pos si ble source area
mainly for the Krynica Unit. The chem i cal com po si tion of de tri tal 
gar nets from the Krynica Unit is sim i lar to that of gar nets from
crys tal line rocks of the Variscan meta mor phic base ment of the
Görcsöny Ridge and/or Békés–Codru Zone which con tin ues to
the Apuseni Moun tains (Ro ma nia) (Árkai et al., 1999; Horváth,
2007); these units are also pos si ble sources for part of the
staurolite and tour ma line. High-grade meta mor phic com plexes
(with eclogite oc cur rences) of the Villány–Bihor Zone seem to
be a source for de tri tal gar nets with higher pyrope con tent.The
chem i cal com po si tion of gar nets from eclogite oc cur rences
within orthogneiss host rock in the Jánoshalma High (mid dle
part of the crys tal line base ment of the Tisza Mega-Unit, Zachar
et al., 2007) is the same.

CONCLUSIONS

1. The Malcov For ma tion orig i nated in sev eral small-sized
sub-bas ins the axis of which runs in NW–SE (pres ent co or di -
nates in the East ern Slovakia). The shape and size of sub-bas -
ins sig nif i cantly af fected the sed i men ta tion of the clastic de pos -
its.The bulk of the clastic de pos its has the char ac ter of clas sic
turbidites. These lithofacies were de pos ited from tur bid ity cur -
rents or con cen trated den sity flows. Very thick beds of
greywacke quartz-car bo na ceous sand stones with com pos ite
lam i na tion orig i nated from large-vol ume con cen trated grav ity
cur rents, which were re flected or de flected in flow di rec tion at
the edges of sub-bas ins. Coarse-grained lithofacies were de -
pos ited mostly from con cen trated den sity cur rents.

2. The palaeoflow re cord is very var ied and high lights the
con tri bu tion of sed i men tary ma te rial from sev eral di rec tions
and/or di ver sion of grav ity cur rents from the main flow di rec tion
(SE–NW). A sig nif i cant im pact was also in put of clastic sed i -
ments from pe riph eral parts of sub-bas ins – struc tural el e va tions, 
which at the time of sed i men ta tion were still be low sea level.

3. Anal y sis of the heavy min eral as so ci a tions showed a
dom i nance of gar net over zir con, rutile and tour ma line. The het -
er o ge neous chem i cal com po si tion of gar nets and tour ma lines
is sig nif i cant as re gards meta mor phic source rock or i gin, these
be ing es pe cially low- to me dium-grade (rarely high-grade)
metasedimentary rocks. Zoned spessartine gar nets were de -
rived from low-grade metasedimentary rocks with Mn min er al -
isa tion. Cr-spi nels in di cate a spe cif i cally vol ca nic or i gin. Some
heavy minerals originated from resedimentation. 

4. Fol low ing the heavy min eral spec tra and palaeoflow anal -
y ses, we con clude that the main part of the de tri tal ma te rial
form ing the Malcov For ma tion de pos its mainly in the Raèa Unit
was de rived from the Marmarosh Mas sif and Fore-Marmarosh
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Su ture. Be sides, we in fer for the Krynica Unit a sig nif i cant con -
tri bu tion of de tri tal ma te rial from me dium- to high-grade meta -
mor phic com plexes of the Villáni–Bihor and Békés–Codru
zones (crys tal line base ment of Tisza Mega-Unit; Fig. 8). The
Pieniny Klippen Belt prob a bly also sup plied the Malcov sed i -
men tary ba sin. Part of the clastic ma te rial was re de pos ited from 
older flysch for ma tions.
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