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De tri tal chromian spi nels in sed i men tary rocks pro vide much in for ma tion con cern ing the tec ton ics of their pa ren tal ultrabasic
rocks. Chromian spi nels oc cur ring in the Eocene to Oligocene de pos its from the Magura Nappe were ex am ined to pro vide
some con straints on the his tory of the Magura Ba sin. The Magura Nappe is a part of the Flysch Belt be long ing to the Ex ter nal
West ern Carpathians. The Magura Nappe is sep a rated by a nar row zone as so ci ated with the Pieniny Klippen Belt and is di -
vided into three prin ci pal tectono-lithofacies units (from the S to N): the Krynica, Bystrica and Raèa units. Cr-spinel is a com -
mon ac ces sory min eral (2.3–5.9 vol% of heavy min eral spec tra) in the siliciclastic rocks of the Raèa and Krynica units. In
terms of tex ture and chem i cal com po si tion, two types of Cr-spi nels were rec og nized: un al tered and al tered. Un al tered spi -
nels were found to con tain sil i cate in clu sions such as chromio-par ga site, en sta tite, di op side, par ga site, plagioclase and ol iv -
ine (for ster ite). The chromian spi nels show wide vari a tions in compositional pa ram e ters such as Cr# (0.3–0.7), Mg#
(0.3–0.7), TiO2 (<0.03–1.9 wt.%) and Fe2+/Fe3+ (2.5–13) whereas the dif fer ences be tween the Raèa and Krynica units are in -
sig nif i cant. These pa ram e ters sug gest a peridotitic  and vol ca nic or i gin of the spi nels, re spec tively. The ophiolite source con -
sist ing of harzburgitic man tle peri dot ites was de vel oped mainly in a su pra-subduction zone set ting; vol ca nic spi nels in di cate
an or i gin in mid-ocean ridge bas alts, back-arc ba sin bas alts and spo rad i cally in ocean-is land bas alts. Con cern ing their geo -
chem i cal fea tures, we pro pose that dur ing the Eocene to Early Oligocene, the ophiolitic de tri tus in the east ern part of the
Magura Ba sin de pos its may have been de rived from a source area lo cated in the Fore-Marmarosh Su ture Zone (East ern
Carpathians) that is con sid ered an equiv a lent of the Black Flysch and Ceahlau units. Some Cr-spi nels found in the Eocene
sed i men tary suc ces sions may have resedimented from older Late Cre ta ceous-Paleocene for ma tions of the Magura Unit,
which are con sid ered as re worked sed i men tary ma te rial from the Pieniny Klippen Belt.
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INTRODUCTION

Chromian spi nels be long to a group of re sis tant min er als
that of ten oc cur as a com po nent of the heavy min eral frac tion of 
sed i men tary rocks. In the case of sed i men tary rocks, the com -
po si tion of un al tered Cr-spi nels may pro vide use ful petro gen -
etic in for ma tion about their source rocks. 

Re cently, at ten tion has been paid to the Cr-spi nels in dif fer -
ent rock types of the West ern Carpathians. They have been
geochemically in ves ti gated in metaultramafic rocks from the
Tatric crys tal line base ment (Spišiak et al., 1988, 1998), in

metaultrabasites from the East Slovakian Ba sin base ment
(Iòaèovce-Krichevo Unit; Spišiak et al., 2000, 2001), and in Me -
so zoic ultra mafic bod ies of the Meliata Unit (Mikuš and Spišiak,
2007). Cr-spi nels have also been rec og nized in sed i men tary
rocks from the Pieniny Klippen Belt (PKB; Starobová, 1962;
Mišík et al., 1980, 1991a; Jablonský et al., 2001; Aubrecht et al., 
2009), and in the Poruba flysch For ma tion lo cated in the Tatric
and Fatric (Krížna Nappe) units (Mikuš et al., 2006) and in de -
pos its from the Šambron flysch Zone (Cen tral Carpathian
Paleogene ba sin; Spišiak et al., 2001; Lenaz et al., 2009) and
the Gosau Group (Mikuš et al., 2006; Stern and Wagreich,
2013). The chem i cal com po si tion of Cr-spi nels from var i ous
sed i men tary rock units and strati graphic lev els of the West ern
Carpathians was in ves ti gated by Jablonský et al. (2001), who
also pro vided an over view of the Cr-spinel oc cur rences in the
West ern Carpathian Me so zoic sed i men tary rocks. The chem i -
cal com po si tion of de tri tal Cr-spi nels in the heavy min eral frac -
tion from re cent river sed i ments in the Nízke Tatry Mts.
(Tatricum Unit) was ex am ined by Stankoviè et al. (2001), while
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study of ultrabasic (metaultrabasic) rocks of the West ern
Carpathians was made  by Hovorka et al. (1985).

Pre lim i nary geo chem i cal data ob tained from de tri tal chro -
mian spi nels from the Mid dle–Late Eocene Magura Fm. sand -
stones (Krynica Unit, Pol ish West ern Carpathians) sug gest that 
Cr-spi nels were sup plied only from ophiolites with harzburgitic
af fin ity (Vardar Zone sub-prov ince; Lenaz et al., 2001). The
chem i cal com po si tion of Cr-spi nels from the Krynica Unit and
from the PKB was stud ied by Oszczypko and Salata (2005).
They pro posed that the grains rep re sent a mix ture of spi nels
orig i nat ing from dif fer ent parts of the obduced ophiolite.

Cr-spi nels were de scribed from the Paleocene to Eocene
de pos its which crop out in the East ern Slovakian part of the
Flysch Belt (Magura Nappe) by Starobová (1962). Križáni
(1985) con firmed their pres ence in re cent al lu vial de pos its on
the Magura Nappe. He pro posed that the Cr-spi nels rep re sent
the “min er al og i cal re cord of sources from the In ner Carpathian
prov e nance”. Cr-spi nels were also found within Orbitolinae
lime stones (with clasts of ba sic vol ca nic rocks) that form part of
the turbidite sand stone suc ces sion of the Strihovce Fm.
(Krynica Unit; Mišík et al., 1991b). They have been iden ti fied in
the Magura Nappe de pos its of Po land (Winkler and Œl¹czka,
1992, 1994).

This study de scribes the chem is try of de tri tal Cr-spi nels
from the Magura Nappe flysch sand stones and from re cent al -
lu vial de pos its in East ern Slovakia. Back-scat tered elec tron
(BSE) im ages and elec tron microprobe anal y ses have shown
that these Cr-spi nels are al tered to var i ous de grees, which pro -
vide a good op por tu nity to as sess their tex tural and compo -
sitional vari a tions as so ci ated with serpentinisation and/or meta -
mor phism. Ad di tion ally, the un al tered spinel grains are used as
a petro gen etic in di ca tor of their source rocks. Con se quently,
new geo chem i cal data of Cr-spi nels found in Eocene (to
Oligocene) flysch de pos its from the east ern part of the Magura
Nappe are com pared with those of the PKB and other suc ces -
sions con tain ing Cr-spi nels from the dif fer ent Wes t ern
Carpathian units (Meliata and Iòaèovce-Krichevo units,
Šambron flysch Zone) and from the Pol ish flysch West ern
Carpathians with eval u a tion of their po ten tial sources.

GEOLOGICAL SETTING

The Magura Nappe – the in ner most tec tonic unit of the
Flysch Belt (Outer West ern Carpathians, OWC) is sub di vided
into three prin ci pal tectono-lithofacies units: from south to north, 
the Krynica, Bystrica and Raèa units. These units con sist of
deep-sea, mostly siliciclastic de pos its of Late Cre ta ceous to
Oligocene age (see Fig. 2). In the south, the Magura Nappe is
tec toni cally bounded by the PKB, 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 Grybów Unit, as the in ner -
most unit of the Fore-Magura group of nappes, crops out in the
Smilno tec tonic win dow be neath the In ner Raèa Unit (e.g., Lexa 
et al., 2000).

The Raèa Unit rep re sents the north ern most tectono -
-lithofacies unit of the Magura Nappe in the area in ves ti gated.
Based on lithofacies dif fer ences mainly of the Zlín For ma tion in
its north ern and south ern parts, two zones are dis tin guished
(Fig. 1; e.g., Kováèik et al., 2011, 2012): the Outer Raèa Unit
(Siary Unit in the Pol ish OWC) and the In ner Raèa Unit (Raèa
Unit s.s. in the Pol ish OWC). These zones are sep a rated by the
Krivá O¾ka overthrust line, gen er ally of NW–SE trend (Menèík
and Pesl, 1959; Matìjka et al., 1964; Žec et al., 2011; Kováèik
et al., 2012). 

The Outer Raèa Unit crops out north of the Krivá O¾ka line
and con sists of the Beloveža and Zlín for ma tions. The Beloveža 
For ma tion (Lower Eocene–Midle Eocene) is formed of two fa -
cies: thin-bed ded flysch and var ie gated claystones. The Zlín
For ma tion (Mid dle Eocene–Early Oligocene) forms the pre vail -
ing part of the unit. In gen eral, the lower part of the for ma tion is
com posed of a glauconite-sand stone fa cies, whereas the up per 
part is usu ally formed of a claystone fa cies with thin ner inter -
beds of glauconite-sand stone fa cies and brown si lici fied
claystones and siltstones. Dark cal car e ous claystones in as so -
ci a tion with the claystone fa cies are lo cally pres ent in the up per -
most part of the Zlín Fm. The to tal thick ness of the for ma tion
reaches 2500 m.

The In ner Raèa Unit crops out south of the Krivá O¾ka line
be tween the Outer Raèa Unit in the north-east and the Bystrica
Unit in the south-west. It has a wider strati graphic range, cov ers a 
con sid er ably larger area and in com par i son with the Outer Raèa
Unit it has more var ied fa cies con tent. From its base up wards it is
built of the fol low ing for ma tions: the Kurimka Fm. (sensu Sam uel, 
1990), and the Beloveža, Zlín and Malcov fms. (Kováèik et al.,
2011, 2012). The Kurimka For ma tion (Up per Cre ta ceous–Lower
Eocene) crops out south of the Smilno tec tonic win dow. The na -
ture of the un der ly ing rock is not known, but up wards it grad u ally
passes into the Beloveža For ma tion. The for ma tion is di vided
into flysch fa cies (thin- to me dium-bed ded green and grey clay -
stones with interbeds of quartzose to quartzose-car bon ate sand -
stone) and sand stone fa cies (quartzose -greywacke sand stones,
lo cally with glauconite). The thick ness of the Kurimka Fm. is es ti -
mated at 500–800 m. The Beloveža For ma tion (Paleocene–Mid -
dle Eocene) crops out in the fron tal parts of par tic u lar slices (or in
cores of an ti cli nal struc tures) of the In ner Raèa Unit. The lower
part of the for ma tion is formed of the Mrázovce Mem ber,
whereas the up per part com prises thin-bed ded flysch with the in -
ter ca la tions of var ie gated claystone. The thick ness of the Belo -
veža Fm. com monly is 200–250 m, up to a max i mum of 2000 m
in the Zborov anticlinorium (Nemèok et al., 1990). The Beloveža
Fm. is over lain by the Zlín Fm. with a gradational con tact. The
Zlín For ma tion (Mid dle Eocene–Lower Oligocene) of the In ner
Raèa Unit cov ers an ex ten sive part of the ter ri tory stud ied and its
to tal thick ness reaches 2000 m. The for ma tion is com posed of
sev eral fa cies (or lower lithostratigraphic units): the Makovica
Sand stones with lo cal lay ers of con glom er ate, a glauconite -
-sand stone fa cies (quartzose, arkosic and glauconitic sand -
stones with ol ive-green cal car e ous claystones to siltstones),
coarse-grained sand stones and con glom er ates (com monly with
glauconite), a claystone fa cies (ol ive-green cal car e ous “Zlín -
-type” claystones and siltstones with glauconitic sand stones) and 
dark grey and ol ive-green cal car e ous claystones with quartzose -
-car bon ate and glauconitic sand stones. The tran si tion into the
over ly ing Malcov For ma tion is grad ual at nu mer ous places and a
com mon oc cur rence of the Malcov and Zlín lithotypes is ex -
pressed by a Zlín-Malcov fa cies (cal car e ous claystones,
quartzose -car bon ate and glauconitic sand stones). The Malcov
For ma tion (Up per Eocene–?Up per Oligo cene) reaches a thick -
ness of 1200 m and its bed suc ces sion dom i nates the flysch fa -
cies (grey cal car e ous “Malcov-type” claystones to siltstones with
interbeds of quartzose-car bon ate sand stone). Within this for ma -
tion sev eral smaller lithostra tigraphic units (or fa cies) of con sid er -
able strati graphic im por tance have been dis tin guished. The
lower part of the Malcov Fm. is built of thin interbeds of lam i nated
Tylawa lime stones and Globigerina Marlstones in close con tact
with var ie gated (mostly red-brown) claystones and the Menilite
Mem ber. In the up per parts of the for ma tion the youn ger ho ri zons 
of the Menilite Mem ber oc cur.

The Bystrica Unit is overthrusted on the In ner Raèa Unit on
the northeast ern side and in the south it is in tec tonic con tact
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with the Krynica Unit. The old est lithostratigraphic unit of the
Bystrica Unit is the Beloveža For ma tion (Paleocene–Mid dle
Eocene). The lower part is rep re sented by a sand stone fa cies
(lo cally with con glom er ates). The up per part is formed of thin -
-bed ded flysch lo cally with interbeds of var ie gated claystone.
The thick ness of this for ma tion is es ti mated at 50–200 m. The
Zlín For ma tion (Mid dle Eocene–Upper Eocene) is formed
mainly of a sand stone fa cies and claystone fa cies. In gen eral,
the sand stone fa cies mainly forms the lower part of the for ma -
tion, whereas the claystone fa cies is dominant in its upper part.

The Krynica Unit is the south ern most tectono-lithofacies unit
of the Magura Nappe and con sists of the Proè, Èergov,
Strihovce and Malcov for ma tions. The Proè Fm. is com monly re -
garded as a part of the PKB (e.g., Nemèok, 1990; Lexa et al.,
2000). How ever, sub se quent re search in the study area sho wed
a fa cies tran si tion (Jasenovce Mb.) 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 Èergov For ma tion (Lower Eocene–Mid dle Eocene) is pres -

ent in the Èergov Mts. (Nemèok, 1990) and con sists of two ba sic
fa cies: a sand stone fa cies (me dium to coarse -grained arkosic
sand stones) and a thin- to thick-bed ded sand stone -claystone fa -
cies (Nemèok et al., 1990). The Strihovce For ma tion (Lower
Eocene–Up per Eocene) dom i nates in the Nízke Bes ky dy Mts.
(cf. Žec et al., 2006; Kováèik et al., 2012) and rep re sents suc ces -
sion of quartzose-greywacke (Strihovce) sand stones sev eral
hun dred metres thick with in ter ca la tions of mos tly oligomict con -
glom er ate. Sig nif i cant fa cies is rep re sented by polymict con -
glom er ates with peb bles of ex otic rocks. Sandy claystones are
de vel oped above the polymict con glom er ates. The flysch fa cies
lo cally in cludes in ter ca la tions of var ie gated claystone.

The Malcov For ma tion (Up per Eocene–?Up per Oligocene)
is the youn gest for ma tion of the Krynica Unit in the re gion stud -
ied and its thick ness is es ti mated at 800–1200 m. The flysch fa -
cies (grey cal car e ous claystones and siltstones with lay ers of
quartzose-car bon ate sand stone) is the main and the most ex -
tended fa cies of this for ma tion. At sev eral lev els a sand stone fa -
cies is pres ent, lo cally with lay ers of con glom er ate. The lower
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Fig. 1. Sim pli fied and partly mod i fied struc tural sketch map of the NE part of the Slo vak Outer West ern Carpathians (ac cord ing
to Stránik, 1965; Koráb, 1983; Nemèok, 1990; Žec et al., 2006; Kováèik et al., 2011; Geo log i cal map of Slovakia at 1:50,000 scale

[on line], 2013 – taken from Bónová et al., 2016, mod i fied) with sam pling points (1–12)

Fields with pur ple dot ted lines show the sam pling points of panned con cen trates (SU, MF sam ples); palaeotransport di rec tions are shown
ac cord ing to Koráb et al. (1962), Stránik (1965), Nemèok (1990), Kováèik et al. (2009, 2012), Žec et al. (2011), Bónová et al. (2016); sam -
pling: 1 – BZK-318, 2 – BZK-700, 3 – BZK-264, 4 – BZK-322a, 5 – MRA-1, 6 – MRA-2, 7 – MRA-4, 8 – GIR-1, 9 – KOS-1, 10 – UD-1, 11 –
KNC-4, 12 – BZKo-765

https://gq.pgi.gov.pl/article/view/24909/pdf_1280
https://gq.pgi.gov.pl/article/view/24909/pdf_1280


part of the Malcov Fm. is spo rad i cally built of var ie gated clay -
stones and Menilite Mem ber. The Menilite Mem ber is known
also from the higher (youn ger) parts of this for ma tion.

All of these for ma tions con tain sand stones car ry ing heavy
min er als such as gar net, tour ma line, zir con, rutile, chromian

spinel, ap a tite, staurolite, glauconite, kyan ite and am phi bole
(ex cept the Makovica Ss.). Rare pyroxene oc curs in the
Strihovce and Malcov fms. Two grains of ti tan ite were found in
the Strihovce Fm., and traces of ti tan ite are also pres ent in the
Mrázovce Mb. (Ap pen dix 1*).
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Fig. 2. Lithostratigraphy of the Magura Nappe in the Nízke Beskydy Mts. and ad ja cent
 ar eas (com piled af ter Nemèok et al., 1990; Potfaj in Žec et al., 1997; Žec et al., 2011 

and Kováèik et al., 2012)

Li thol ogy  taken from Bónová et al. (2016), mod i fied; 
sam pling points are the same as in Fig ure 1

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1292
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PALAEOFLOW DIRECTIONS

Palaeoflow di rec tion anal y sis is also of great im por tance for
these prov e nance stud ies. We briefly sum ma rize the palaeo -
flow data of the units and for ma tions from which the sam ples
have been stud ied (Fig. 1).

The in ner and older part of the Magura Ba sin is formed of
rel a tively coarser-grained de pos its of the Krynica Unit (Proè,
Strihovce and Èergov for ma tions). Sed i men tary grav ity flows
brought clastic ma te rial mostly from the S, SE and E to the N,
NW and W (lon gi tu di nal fill ing, Koráb et al., 1962). Sev eral data
point to di rec tions from SW to NE. It was in ferred that lat eral
sed i ment in put turned to flow along the axis of the ba sin (Koráb
et al., 1962). The youn ger Malcov Fm. has a much more var ied
palaeoflow re cord in di cat ing con tri bu tion of sed i men tary ma te -
rial from sev eral di rec tions. As well as the dom i nant flow di rec -
tion from SE to NW there was also a sig nif i cant in put of clastic
sed i ment from pe riph eral parts – gen er ally from the SW to NE
and from the NE to SW (Bónová et al., 2016). 

The mid dle and outer (north ern) part of the Magura Ba sin is
mostly rep re sented by the Raèa Unit. The low er most part of the
Beloveža Fm. in the In ner Raèa Unit (Mrázovce Mem ber,
sensu Kováèik et al., 2012) has the char ac ter of an up ward-fin -
ing and up ward-thin ning flysch suc ces sion (chan nel-levee
com plex) with palaeoflow di rec tion mainly from NW to SE
(Kováèik and Bóna, 2005). The Makovica Sand stones Mem ber 
rep re sents a sig nif i cant part of the Zlín Fm. in the In ner Raèa
Unit and its palaeoflow re cord has been rel a tively well-stud ied
(Koráb et al., 1962; Nemèok and Koráb, 1963; Kováèik et al.,
2009). The Makovica Sand stones Mem ber is a “tur bid ity sys -
tem” char ac ter ized by lithofacies change along the flow di rec -
tion of grav ity cur rents. The main di rec tion of the flows was from 
SE to NW, though with some dif fer ences in the var i ous parts of
the sys tem. The SE part of the sys tem shows a palaeoflow di -
rec tion from SE to NW or NNW with lo cal vari a tions to the N and 
NE. In the NE part the dom i nant flow di rec tion is from ESE to
WNW with dis per sion to the NW and W (Kováèik et al., 2009).
Data from the Zlín Fm. of the Outer Raèa Unit in di cate sim i lar
palaeoflow di rec tions as those in the In ner Raèa Unit – lon gi tu -
di nal fill ing gen er ally from the SE to NW. Some dif fer ences
have been ob served near the north ern bor der of the unit, where 
di rec tions from the NE to SW and NW to SE have been re -
corded (Koráb et al., 1962; our ob ser va tions).

MATERIAL AND METHODS

12 sam ples were col lected from 10 lo cal i ties (Fig. 1). For
the Raèa Unit, the sam pled ma te rial in cludes the Beloveža
(Mrázovce Mem ber: 3 sam ples), Zlín (Makovica Sand stones: 3
sam ples) and Malcov (1 sam ple) for ma tions. For the Krynica
Unit, 4 sam ples were taken from the Strihovce Fm. and 1 sam -
ple from the Malcov Fm. 

Sand stone sam ples weigh ing 5–10 kg were col lected for
the prep a ra tion of heavy min eral con cen trates. Heavy min eral
con cen trates from sand stones were ob tained by the stan dard
meth ods from the 0.025 to 0.063 mm size frac tion with fi nal
sep a ra tion in heavy liq uid (tetrabromethane with D =
2.96 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 450 grains were op ti cally eval u ated. 

For com par i son, we in cluded Cr-spinel anal y ses from re -
cent al lu vial de pos its in the Magura Nappe (Fig. 1). Panned
con cen trates were taken by stan dard pan ning of 5–10 cu bic
decimetres of the sandyclay frac tion. The av er age sam pling

den sity cor re sponds to a scale of 1:50,000. For geo chem i cal
anal y sis, we used Cr-spi nels from two ar eas: the Peri-Klippen
zone of the Magura Unit (MF sam ple) and the In ner Raèa Unit
(SU sam ple). Spi nels were se lected to cover the en tire shape
and col our spec tra. The dis tri bu tion Cr-spi nels from the panned
con cen trates is shown on the map (Fig. 1).

Cr-spi nels were picked by hand and ana lysed in pol ished
thin-sec tions us ing an elec tron microanalyser 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, a beam cur rent of 20 nA and an 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: orthoclase
(Si Ka), TiO2 (Ti Ka), Al2O3 (Al Ka), Cr (Cr Ka), faya lite (Fe Ka),
rhodo nite (Mn Ka), for ster ite (Mg Ka), wollastonite (Ca Ka), Ni
(Ni Ka), wil lem ite (Zn Ka) and V2O5 (V Ka). 

For the Raèa Unit, chem i cal data of 18 de tri tal spi nels were
taken from the MRA-1, MRA-2, MRA-4 sam ples of the Mrá -
zovce Mb. (Mrázovce vil lage); from the BZK-700 sam ple
(Svidník – Kaštielik Quarry; 13 ana lysed grains), the BZK-318
sam ple (Vyšný Orlík Quarry; 12 ana lysed grains) and the
BZK-264 sam ple (Baòa Quarry; 14 ana lysed grains) – all from
the Makovica Sand stones (Zlín Fm.), and from the BZK-322a
sam ple (Štefurov lo cal ity; 5 ana lysed grains) of the Malcov Fm. 

For the Krynica Unit, Cr-spi nels were ana lysed from the
KNC-4 sam ple (Kamenica n/Cirochou Quarry; 14 ana lysed
grains), from the KOS-1 sam ple (Košarovce Quarry; 8 ana lysed 
grains), from the UD-1 sam ple (Udavské lo cal ity; 9 ana lysed
grains) and from the GIR-1 sam ple (Giraltovce lo cal ity; 13 ana -
lysed grains) of the Strihovce Fm., and from the BZKo-765
sam ple (K¾ušov lo cal ity; 9 ana lysed grains) of the Malcov Fm. 

Two anal y ses of each grain were made, one in the cen tre
(grain core) and the other near the rim, away from microveins.
Anal y ses of grains 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. Back-scat tered elec tron im age (BSE) ob ser va -
tions were car ried out us ing the same in stru ment. 

For clas si fi ca tion of am phi bole in clu sions Haw thorne’s et al. 
(2012) clas si fi ca tion scheme was used (chem i cal for mu lae
were cal cu lated sensu Locock, 2014). Pyroxene in clu sions
were clas si fied ac cord ing to Morimoto et al. (1988). 

RESULTS

OCCURRENCE OF CHROMIAN SPINELS

The amount of de tri tal chromian spinel in heavy min eral
spec tra in the siliciclastic rocks from the Magura Nappe is vari -
able: up to 5.9 vol% in the Krynica and up to 2.3 vol% in the
Raèa units, re spec tively (Ap pen dix 1). Spinel grains usu ally ex -
hibit subhedral to euhedral shapes (Fig. 3A, B, K). Frag ments
(an gu lar shapes) and rounded grains in di cat ing a re cy cled or i -
gin also oc cur. Spinel long di am e ter ranges from 60 to 150 mm.
From the tex tural point of view, two dif fer ent oc cur rences of
Cr-spi nels were found in siliciclastic rocks of both units – un al -
tered and al tered. Some grains are vis i bly zoned. The in clu -
sions are also pres ent (Fig. 3B–E). 

CHEMISTRY OF CHROMIAN SPINELS

Rep re sen ta tive chem i cal com po si tions of the de tri tal chro -
mian spi nels are shown in Ap pen dix 2. Ac cord ing to their chem -
i cal com po si tions, Cr-spi nels can be di vided into the low-Ti
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(TiO2 <0.2 wt.%) and high-Ti (TiO2 >0.2 wt.%) groups. Un der
the bin oc u lar mi cro scope, both high-TiO2 and low-TiO2 spi nels
are black.

Ac cord ing to Stevens’s (1944) clas si fi ca tion, which is based 
on Cr, Al and Fe3+ con tents, spi nels are rep re sented by alu -
minium-chro mite, chromian-spinel and ferritchromite (al tered
spi nels). The pa ram e ters Cr#, Mg# and Fe3+#, which are de -
fined as Cr/(Cr + Al), Mg/(Mg + Fe2+), and Fe3+/(Cr + Al + Fe3+),

re spec tively, clas sify them as chro mite and magnesiochromite,
more rarely spinel s.s. (Deer et al., 1992). Al ter ations shift the
spinel com po si tion closer to chro mite. Al ter ation usu ally oc curs
along the en tire pro file of the grains ana lysed. 

Pearson’s cor re la tion co ef fi cient (r) was used to check if any 
cor re la tion ex ists be tween dif fer ent cat ions in Cr-spi nels (Ap -
pen dix 3). This in dex is a mea sure of the lin ear cor re la tion be -
tween two vari ables, giv ing a value be tween +1 and –1, where 1 
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Fig. 3. Back-scat tered elec tron (BSE) im ages of Cr-spi nels from the Magura Ba sin de pos its

A – euhedral shape of an un zoned ho mog e neous Cr-spinel (MRA-4 sam ple); B – for ster ite in clu sion in un zoned
magnesiochromite (BZK-700 sam ple); C – chromio-par ga site cou pled with an en sta tite in clu sion in chro mite
(BZK-264 sam ple); D – in clu sion of par ga site, di op side and plagioclase inter growths in magnesiochromite (GIR-1 
sam ple); E – D photo in de tail; F – Cr-spinel with po rous “myrmekitic” struc ture; the pores are filled with sec ond ary 
chlorite (BZK-264 sam ple); G – mas sive al ter ation of Cr-spinel to ferritchromite (BZK-318 sam ple); H – zoned
Cr-spinel con sists of a dark grey magnesiochromite core fol lowed by an ir reg u lar ferritchromite zone show ing a
light grey col our and Cr-chlorite sur round ings (BZK-264 sam ple); I – chro mite shows signs of de com po si tion its
het er o ge neous struc ture (KNC-4 sam ple); J – Cr-spinel shows a po rous struc ture form ing a sieve tex ture; the
pores to wards the outer grain bound ary form round bub bles (KNC-4 sam ple); K – euhedral Cr-spinel with al tered
zone along its mar gin; L – up-grade al ter ation of Cr-spinel to ward to its core (MRA-4 sam ple); Fo – for ster ite, Apm 
– am phi bole, Px, CPx – pyroxene, Pl – plagioclase, Chl – chlorite, Spl – spinel
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is a to tal pos i tive cor re la tion (an in crease in one vari able is ac -
com pa nied by an in crease in the sec ond one), 0 is no cor re la -
tion, and –1 is to tal neg a tive cor re la tion (an in crease in one vari -
able is ac com pa nied by an de crease in the sec ond one). Fig -
ure 4 shows the strong neg a tive cor re la tions of Cr3+ (a.p.f.u.)
with Al3+ (r value ranges from –0.73 to –0.98) and Mg2+ with
Fe2+ (r = –1) for all for ma tions (Ap pen dix 3). The most im por tant 
compositional vari a tions in Cr-spi nels fol low the in flu ence of tet -
ra he dral Fe2+ « Mg2+ and oc ta he dral Al3+ « Cr3+ sub sti tu tions.
There is usu ally mod er ate neg a tive cor re la tion of Cr3+ with
other el e ments (Mg, Fe3+) in the bulk sam ples in ves ti gated from 
all for ma tions (ex cept for the SU sam ple, where there is no cor -
re la tion be tween Cr3+and Fe3+). A few al tered grains show a
more pro nounced neg a tive cor re la tion be tween Cr3+ and Fe3+.
This pe cu liar ity is ap par ent in sam ples from the Mrázovce
Mem ber (Beloveža Fm., Raèa Unit) and from the Malcov Fm.
A neg a tive cor re la tion with a higher dis persal of ana lysed points 
be tween Cr and Ti is also ob vi ous (Fig. 4A).

Raèa Unit. Chromian spi nels dem on strate a wide compo -
sitional range. Un al tered high-Ti grains are gen er ally pri mary
phase, op ti cally and chem i cally ho mo ge neous, with Cr# from
0.4 to 0.68 and Mg# from 0.3 to 0.69 (Ap pen dix 2). Gen er ally,
TiO2 con tent is high at in ter vals from 0.2 to 1.08 wt.%, Al2O3 is
be tween 17 and 32 wt.% and Fe2+/Fe3+ ra tio ranges be tween
1.8 and 8.6. The Cr# of low-Ti spi nels (TiO2 is around 0.1 wt.%)
ranges from 0.45 to 0.7 and the Mg# var ies from 0.37 to 0.7.
The Fe2+/Fe3+ ra tio ranges be tween 2.9 and 9.8 and the Al2O3

con tent is from 15 to 32 wt.%. We ob served a higher Al con tent
(50.1 wt.% Al2O3) in one sam ple from re cent al lu vial de pos its
(SU sam ple). Zn con tent in the Cr-spi nels var ies from 0.02 to
0.34 wt.% ZnO.

Al tered chromian spi nels show het er o ge neous tex tures
(Fig. 3F–L). Al tered zones have formed along the mar gins (Fig.
3K, L), less along the cracks of Cr-spinel grains. Al ter ation
along the rims and frac tures shows de ple tion of Cr, Al, and Mg
and en rich ment in Fe as ma jor el e ments and for mi nor el e -

Chromian spinels from the Magura Unit (Western Carpathians, Eastern Slovakia) 9

Fig. 4. Cor re la tion di a grams be tween main chem i cal el e ments (a.p.f.u.) in Cr-spi nels: 
A – Cr3+vs. Ti4+, B – Cr3+ vs. Mg2+, C – Cr3+ vs. Al3+, D – Cr3+ vs. Fe3+, E – Mg2+ vs. Fe2+
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ments there was en rich ment in Ti and less so in Mn, Zn and Si
(Ap pen dix 2). The sec ond group con sists of the al tered Cr-spi -
nels in which Cr2O3 con tent (Cr# ~86 mol%) mark edly in -
creases at the ex pense of Al2O3, while the con tent of TiO2 does
not usu ally change. Al ter ation types are de scribed be low. 

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 anal y ses lie
within the field of su pra-subduction zone peri dot ites and vol ca -
nic spi nels (BABB – back-arc ba sin ba salt and MORB – mid -
-ocean ridge ba salt, rarely OIB – ocean-is land ba salt), re spec -
tively (Fig. 5).

Krynica Unit. Mod er ate Cr# ra tios of 0.3 to 0.6 and of Mg#
from 0.4 to 0.74 are char ac ter is tic val ues for the un al tered
high-Ti spinel grains. TiO2 con tent var ies at in ter vals from 0.2 to 
1.9 wt.%, Al2O3 is be tween 18 and 39 wt.% and Fe

2+
/Fe

3+
 ra tio

ranges be tween 1.8 and 5.9. On the other hand, the Cr# of
low-Ti spi nels (TiO2 <0.1 wt.%) ranges from 0.5 to 0.6 and the
Mg# from 0.3 to 0.6, rarely 0.7 in sam ples from the re cent al lu -
vial de pos its (Ap pen dix 2). The Fe

2+
/Fe

3+
 ra tio ranges in ex -

tended in ter vals be tween 2.5 and 13. Al2O3 con tent is be tween
13 to 32 wt.%. 

Al tered spi nels (e.g., UD -1 sam ple) are char ac ter ized by an 
in crease in Fe and Cr. They are de pleted in Al and Mg. Ad di -
tional fea tures of some al tered spi nels are min i mal changes in
FeO con tent (i.e. Fe2O3 is neg li gi ble) but sig nif i cant gain of
Cr2O3 con tent (Cr# up to 83 mol%) at the ex pense of Al2O3.

This phe nom e non is re flected by high val ues of the Fe
2+

/Fe
3+

ra tio (up to 21).
Ac cord ing to the prov e nance di a gram (Lenaz et al., 2000;

Kamenetsky et al., 2001), anal y ses of Cr-spi nels lie, as do
those of the Raèa Unit, within the field of su pra-subduction zone 
peri dot ites and vol ca nic spi nels of BABB and MOR ba salt or i -
gin, re spec tively (Fig. 5). 

Malcov For ma tion (Raèa and Krynica units). The chemical 
com po si tion shows dif fer ent con tents of the main ox ides: Cr2O3

(~50 wt.%) dom i nates in most grains ana lysed. Al2O3 con tent is
within the range of 16 to 33 wt.%. High TiO2 (0.7–2.3 wt.%) and
low [Fe

2+
/Fe

3+
 = (1.0–2.15)] ra tios sug gest a vol ca nic or i gin for

the bulk of the grains ana lysed (Lenaz et al., 2000; Kamenetsky 
et al., 2001), with Mg# be tween 0.5 and 0.7. Grains con tain ing
TiO2 up to 0.1 wt.%, Fe

2+
/Fe

3+
 = (8.9–14.5) and Mg# = 0.4–0.5

are also pres ent. The spi nels are usu ally un zoned and ho mo ge -
neous. 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.%) and this may in di cate al ter ation, al though this is not
shown by the tex ture of the grains. Decrease in Al2O3 con tent at
the grain pe riph er ies, typ i cal of al ter ation and/or meta mor phic
pro cesses (e.g., Burkhard, 1993; Liipo et al., 1994; Power et al., 
2000; Mikuš et al., 2006; Mikuš and Spišiak, 2007), does not oc -
cur (Bónová et al., 2016). Ac cord ing to the di a gram ap plied 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 within the field of su -
pra-subduction 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. 5).

INCLUSIONS WITHIN CHROMIAN SPINELS

In clu sions are usu ally pres ent in fresh Cr-spinel grains that
are al most free of al ter ation (ac cord ing to BSE im ages, Fig.
3B–E). Sil i cate in clu sions of am phi bole, pyroxene, plagioclase
and ol iv ine are trapped in spi nels from both tectono-lithofacies
units: 

  1 – A chromian spinel with low Ti con tent (0.13 wt.%
TiO2) co ex ist ing with a for ster ite (Fo94) in clu sion has a
magnesio chromite com po si tion (sensu Deer et al.,
1992; BZK-700 sam ple, Raèa Unit, Fig. 3B, see Ap pen -
dixes 2 and 4). There are no cracks around and across
the for ster ite in clu sion. Cr-spinel com po si tion in equi lib -
rium with Fo94 ol iv ine in di cates a rel a tively low tem per a -
ture (~760°C) and sub-sol i dus re-equil i bra tion (Fe-Mg
ex change) be tween spinel and ol iv ine dur ing cool ing in
mag matic con di tions (cf. Farahat, 2008). The for ster ite
has a high con tent of NiO (0.5 wt.%) and its com po si tion
cor re sponds to that of ol iv ine from ultrabasic rocks (Deer 
et al., 1997). It may have been de rived from a nearly
prim i tive magma.

  2 – Chromio-par ga site cou pled with en sta tite (Ap pen dix
4) oc curs within chro mite in a sam ple (BZK-264) from
the Raèa Unit. The chro mite shows an un zoned ho mo -
ge neous tex ture. It has an al most iden ti cal chem i cal
com po si tion from the core to the grain pe riph ery. A
chlorite in clu sion trapped within the same chro mite (Fig.
3C) is en riched in Mg (MgO = 20.46 wt.%) and Cr (Cr2O3

= 4.32 wt.%) con tents. 
  3 – An in clu sion formed by par ga site and di op side

(+/-pla gio clase) inter growths ap pears in an un al tered
magne sio chro mite (sensu Deer et al., 1992) with very
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Fig. 5. Chromian spinel dis crim i na tion di a gram 
(Al2O3 vs. TiO2) show ing the com po si tion of Cr-spi nels

ana lysed from var i ous Magura flysch units

Compositional fields of spi nels are im aged sensu Kamenetsky et
al. (2001): 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 – peri dotite of su pra-subduction zone, MOR – peridotite;
BABB – back-arc ba sin ba salt (sensu Lenaz et al., 2000); Cr-spi -
nels from the Meliata Unit (light pink fields with dot-and-dash
lines; Mikuš and Spišiak, 2007), from the Czorsztyn Unit (light
blue fields with dou ble dot-and-dash lines; Aubrecht et al., 2009)
and from the Jarmuta and Szczawnica for ma tions (PKB and
Krynica Unit, re spec tively; colour less field with or ange dashed
line; Oszczypko and Salata, 2005) are plot ted for com par i son; ex -
pla na tions as for Fig ure 4
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low Ti (0.05 wt.% TiO2) from the Krynica Unit (GIR-1
sam ple, Fig. 3D, E).

The pri mary sil i cate in clu sions have been al tered to chlorite
(e.g., BZK-264, KOS-1 sam ples) in al tered chromian spi nels.

ALTERATION AND TEXTURE PARTICULARITY
OF CR-SPINELS 

The het er o ge neous tex tures of the spi nels stud ied are
shown in Fig ure 3. In the frame work of the grains in ves ti gated,
sev eral types of al tered tex tures have been iden ti fied op ti cally
and chem i cally: 

  1 – Cr-spinel with po rous “myrmekitic” struc ture, where
the pores are filled with sec ond ary chlorite (BZK-264
sam ple, Fig. 3F). The grain ex hib its a sig nif i cant zon ing
man i fested by a de crease in Al, Mg and in crease in Ti, Fe
and Mn to wards the rim. Al ter ation of spinel is ex pressed
more clearly by the SiO2 con tent (up to 0.7 wt.%). 

  2 – Mas sive al ter ation of Cr-spinel to ferritchromite
(BZK-318 sam ple, Fig. 3G). 

  3 – Op ti cally zoned Cr-spinel con sists of a dark grey
magnesiochromite core fol lowed by an ir reg u lar pale
grey ferritchromite zone. The slightly brighter edges of
this grain in BSE im ages re sult from an in crease in its
Fe2+ con tent and a de crease in Mg2+. The ferrian chro -
mite rim is not ac com pa nied by de vel op ment of Cr-mag -
ne tite at its mar gin. How ever, pe riph eral de vel op ment of
Cr-chlorite au re oles is com mon (Fig. 3H). The in ner
parts of the grains are usu ally not mod i fied by sec ond ary 
pro cesses. This phe nom e non was ob served mainly in
Cr-spi nels from the Raèa Unit (Makovica Ss., BZK-264,
BZK-318 sam ples). 

  4 – In sam ple KNC-4 (Krynica Unit), chro mite with signs
of the de com po si tion of its het er o ge neous struc ture is
char ac ter is tic. The chem i cal com po si tion of the grain is
the same along the whole pro file (Fig. 3I). 

  5 – Within the Krynica Unit sam ples (Kamenica and
Košarovce lo cal i ties), Cr-spi nels were iden ti fied show ing 
a po rous struc ture. The pores are not as so ci ated with
frac tures within the host spinel. The pores are lo cated ei -
ther con cen tri cally, trac ing the zones of Cr-spinel
growth, or they are pres ent along the whole grain pro file
as cross-cut ting veinlets form ing a sieve tex ture. In gen -
eral, pores be come larger to wards the outer grain
bound ary where they usu ally form round bub bles (Fig.
3J). Within the sieve spi nels, worm-shaped pores are
wide spread and mostly filled with an un known ma te rial
which could not be ana lysed by elec tron microprobe.
The chem i cal com po si tion of in di vid ual grains in the
cen tre-rim di rec tion is nearly un changed. They are rep -
re sented ei ther by magnesiochromite that from its
chem i cal com po si tion shows a peridotite or i gin or by
chro mite which in di cates a vol ca nic or i gin (sensu

Kamenetsky et al., 2001). 

DISCUSSION

INCLUSIONS AND ALTERATION IN CHROMIAN SPINELS

As well as com mon in clu sions, there is also un usual
chromio-par ga site. A high con tent of Cr2O3 in the chromio-par -

ga site in clu sion may be caused by host-spinel con tam i na tion.
On the other hand, SiO2 con tent in the host Cr-spinel is neg li gi -
ble in di cat ing no sub mi cro scopic sil i cate phases in the place of
dis solved el e ments (Burkhard, 1993; Barnes, 2000) and the
NiO2, ZnO and MnO con tents in the spinel are rather low. Nev -
er the less, the ex is tence of an other chlorite in clu sion trapped
within the same chro mite (Fig. 3C) in di cates al ter ation. Var i ous
types of in clu sion have been de scribed in both un al tered and al -
tered zones of chro mite grains in ophiolitic chromitites (Melcher
et al., 1997). It was ob served that some of these in clu sions con -
tained chlorite, in ter preted as formed dur ing meta mor phism or
serpentinisation, and then en closed by recrystallising chro mite
dur ing grain-bound ary mi gra tion. If a grain of al tered chro mite is 
heated enough, it can recrystallise as a new ho mo ge neous
chro mite with the same com po si tion as the orig i nal chro mite
(Gervilla et al., 2012). This ex plains why many chro mites, with
ho mo ge neous tex tures and com po si tions sim i lar to pri mary
chro mite, con tain polyphase in clu sions. Mul ti ple cy cles of al ter -
ation/re-equil i bra tion of the host-ultra mafic rocks might have
pro duced sev eral events of dis so lu tion-pre cip i ta tion-ho mogeni -
sa tion of grains (González -Jiménez et al., 2014). Chromio-par -
ga site is known from podiform chromitite de pos its scat tered in
serpentinised du nite as so ci ated with rocks of eclogite meta mor -
phic fa cies formed dur ing ret ro grade meta mor phism (Nishio -
-Hamane et al., 2012).

The com po si tion of an ol iv ine in clu sion in a magnesio -
chromite (BZK-700 sam ple, Raèa Unit) cor re sponds to that of
ol iv ine from up per man tle ultrabasic rocks and may have been
de rived from a nearly prim i tive magma. Its in creased Mg con -
tent cor re sponds to the com po si tion of spi nels doc u ment ing
gen e sis in ophiolite com plexes.

From the geo chem i cal fea tures, the al tered chromian spi -
nels oc cur ring in the Magura flysch de pos its are a re sult of
serpentinisation and re gional meta mor phism pro cesses within
their pa ren tal ultra mafic rocks (Eales et al., 1988; Jan and
Windley, 1990; Burkhard, 1993; Mellini et al., 2005; Mikuš and
Spišiak, 2007; Farahat, 2008; González-Jiménez et al., 2009).
The best-known fea ture of al ter ation pat terns in Cr-spinel is the
pres ence of Fe-rich rims (ferritchromite) with a higher re flec tivity 
(Fig. 3G) and de ple tion in some ma jor el e ments (Cr, Al, Mg),
due to el e ment ex change and mod i fi ca tion with the sur round ing 
sil i cate min er als such as ol iv ine and pyroxene (e.g., Lipin, 1984; 
Kimball, 1990; Merlini et al., 2009; Saumur and Hattori, 2013) in
the source mafic-ultra mafic rocks. The chem i cal com po si tions
of some Cr-spinel grains are con sis tent with the trend typ i cal of
meta mor phosed chro mites that are ex pressed as Mg and Al im -
pov er ish ment, mainly com pen sated by in creases in Fe2+ and/or 
Fe3+ (Khalil and El-Makky, 2009; González-Jiménez et al.,
2009), though their high Cr con tent. The pa ren tal rocks were
sub jected to a sub-greenschist to greenschist fa cies meta mor -
phic over print (Barnes, 2000; González-Jiménez et al., 2009).
The al tered Cr-spinel group, due to sig nif i cant changes in the
con tent of discriminant el e ments, can not be used for petro gen -
etic pur poses.

A spe cific fea ture of the Cr-spi nels ana lysed is the sieve
tex ture (Fig. 3J). Given the al most iden ti cal chem i cal com po si -
tion of the Cr-spinel in its cen tre and at the rim, along with in ter -
nal ar eas of the grain with a sieve tex ture, we in fer min eral
break down in duced by de com pres sion with rel a tively lit tle loss
of heat as magma en tered a shal low magma res er voir
(Stormer, 1972; Nel son and Montana, 1992; Su et al., 2011).
This tex ture is dis tinc tive, es pe cially in Cr-spi nels from the
Krynica Unit. 
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PROVENANCE OF DETRITAL SPINELS

Cr-spi nels in heavy min eral spec tra sig nal a com po nent of
mafic to ultra mafic rocks in the source ma te rial. A 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 was shown by Starobová (1962), and later
by Winkler and Œl¹czka (1992, 1994) and Oszczypko and
Salata (2005), which in volved a source in re-sedimented ma te -
rial from the Pieniny Klippen Belt, per haps even from the
Magura Ba sin base ment (Oszczypko and Salata, 2005; cf.
Schmid et al., 2008: plate 1; Cieszkowski et al., 2010; Oszczy -
pko et al., 2015). The pre lim i nary microchemical data ob tained
from the Magura Fm. sand stones (Krynica Unit) show that the
spi nels are quite sim i lar to those from the Eocene suc ces sion of 
the Krappfeld Gosau Group sug gest ing that Cr-spi nels
occuring in the OWC were sup plied from ophiolites with
harzburgitic af fin ity (Vardar Zone sub-prov ince, Lenaz et al.,
2001). Oszczypko and Salata (2005) ana lysed Cr-spi nels from
sand stones of the Raèa and Bystrica units (Szczawina Fm.),
the Krynica Unit (Szczawnica Fm.) and the Jarmuta Fm. sand -
stones be long ing to the PKB. The spi nels in ves ti gated did not
show compositional zon ing, chem i cal vari abil ity or in clu sions

and ad mix tures of other phases. Based on their chem i cal com -
po si tion Oszczypko and Salata (2005) noted an or i gin in
ophiolite se quences or Al pine type peri dot ites. They at trib ute
the Cr-spinel het er o ge neous com po si tions to the grad ual ero -
sion of rocks build ing an ophiolite com plex. 

In this study, the chem is try of the un al tered Cr-spi nels, with
TiO2 con tent <0.2 wt.%, shows a peridotite or i gin (the first
group). There is a set of rel a tively low Al2O3 and me dium Mg
(Mg# 37–67 mol%) con tents; Cr# var ies in a wide range of
45–70 mol%. Spi nels of this com po si tion cor re spond to su -
pra-subduction zone peridotite (so-called SSZ) sensu

Kamenetsky et al. (2001). Ac cord ing to Dick and Bullen‘s
(1984) clas si fi ca tion, they rep re sent mainly in ter me di ate type II
and type III – harzburgites. Some points plot in the field of type I
– lherzolites (Fig. 6). Cr-spi nels from SSZ peridotite oc cur in the
Raèa and Krynica units, re spec tively. The na ture of the in clu -
sions clearly con firms their prov e nance in ultra mafic bod ies.

Cr-spi nels with TiO2 con tents >0.2 wt.% de note the sec ond
group. They in di cate a vol ca nic source. Ac cord ing to Lenaz et al.
(2000), we dis crim i nate be tween peridotitic and vol ca nic spi nels
on the ba sis of their TiO2 con tent and FeO/Fe2O3 ra tio. Lenaz et
al. (2000) pointed out that peridotitic spi nels show TiO2 con tent
<0.2 wt.% and FeO/Fe2O3 ra tio >3, while spi nels crys tal lised from 
ba saltic mag mas show TiO2 con tent >0.2 wt% and FeO/Fe2O3

ra tio <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).
The Al2O3 con tent is more vari able. It reaches of 17–30 wt.%
(rarely 50 wt.%) in the Raèa Unit. Slightly higher val ues
(18–39 wt.%) are shown in Cr-spi nels from the Krynica Unit. Vol -
ca nic Cr-spi nels from the Raèa Unit rep re sent spi nels from bas -
alts of BABB and/or MORB. Vol ca nic spi nels from MOR bas alts
dom i nate in de pos its from the Krynica Unit (Fig. 5). 

In terms of chem i cal com po si tion, there is some dif fer ence
be tween Cr-spi nels from the Magura Unit compared to Cr-spi -
nels from Czorsztyn (Aubrecht et al., 2009) and Meliata units
(Mikuš and Spišiak, 2007; Fig. 7), per haps even to the Poruba
flysch Fm. lo cated in the Tatric and Fatric (Krížna Nappe) units
(Mikuš et al., 2006), which are con sid ered a Meliata melange
(Mikuš et al., 2006; Aubrecht et al., 2009). 

In creased TiO2 and FeO con tents are no tice able in most
Cr-spi nels in ves ti gated from the Magura flysch for ma tions. High 
Fe3+ and TiO2, along with lower Mg#, sug gest that Cr-spi nels
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Fig. 6. Re la tion ship be tween Mg/(Mg + Fe2+)
vs. Cr/(Cr + Al) in the peridotitic spi nels

Compositional fields are used ac cord ing 
to Dick and Bullen’s (1984) clas si fi ca tion 

Fig. 7. No men cla ture and com po si tion of spi nels based 
on the clas si fi ca tion of Deer et al. (1992)

The spi nels stud ied are com pared with the compositional fields of
spi nels from the Meliata, Klape and Manín and Czorsztyn units (ac -
cord ing to Aubrecht et al., 2009 with ref er ences therein); ex pla na -
tions as for Fig ure 4
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could be the prod uct 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 the ophiolite
source. On the other hand, high Fe3+ and in crease of Fe at the
ex pense of Cr si mul ta neously is typ i cal of al ter ation pro cesses.
Al tered spi nels as so ci ated with ser pen tine may show in creas -
ing Fe2+ con tent from core to rim but Cr need not show the gain
(Liipo et al., 1994). 

Cr-spi nels de rived from vol ca nic rocks are mod er ately com -
mon (rep re sent ing 40–44% of the spi nels in ves ti gated) in the
Magura flysch for ma tions; nev er the less, peridotite spi nels
dom i nate in the Czorsztyn (Aubrecht et al., 2009) and Meliata
units (Mikuš and Spišiak, 2007). In creased amounts of ox ides
(for ex am ple TiO2) may have been caused by al ter ation. How -
ever, the grains ana lysed of vol ca nic or i gin have op ti cally and
chem i cally ho mo ge neous com po si tions (Fig. 3A). Sig nif i cant
de crease 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; González-Jiménez et al., 2009), has not been
ob served in these grains. 

 Some Cr-spi nels ob tained from re cent al lu vial de pos its oc -
cur in the Peri-Klippen zone of the Magura Unit (the bed rock of
the re cent flu vial sys tem is com posed of the Strihovce Fm.)
show co in ci dence with those of the Czorsztyn or Meliata units
(Fig. 5). The same com po si tion of Cr-spi nels was ob served in
the Jarmuta and Szczawnica for ma tions (Oszczypko and
Salata, 2005; cf. Fig. 5).

Spišiak et al. (2001) con sid ered that Cr-spi nels from the
Šambron flysch Zone (be long ing to the Cen tral Carpathian
Paleogene Ba sin, CCPB) have been de rived from two sources
at least, al though they in cluded the pos si bil ity of resedi men -
tation. Ac cord ing to Spišiak et al. (2001), the spi nels in ves ti -
gated re sem ble the spi nels de rived from ultrabasic rocks from
the Zbudza and Merník lo cal i ties be long ing to the Iòaèovce -
-Krichevo Unit (Soták et al., 1990, 1991, 1995), or from ultra -
basic rocks crop ping out in Gemericum, as well as the spi nels
from the PKB or the Magura Unit. How ever, low Ti con tents in
Cr-spi nels from the Zbudza and Merník lo cal i ties (Spišiak et al.,
2001) are no ta ble. More over, the con tents of ma jor ox ides
(Cr2O3, Al2O3) are not the same. A het er o ge neous char ac ter of
Cr-spi nels in the Šambron Zone sed i ments was also noted by
Lenaz et al. (2001, 2009). Peridotite spi nels are prev a lent (rep -
re sent ing 90% of the spi nels de rived from peridotite of type II
sensu Dick and Bullen,1984), while scat tered vol ca nic spi nels
have OIB char ac ter (Lenaz et al., 2009). Lenaz et al. (2009) in -
ferred the sim i lar ity with spi nels from the Vardar Zone. We do
not con sider the Iòaèovce-Krichevo Unit as a pos si ble source of 
ultrabasic ma te rial since its out crop and ex hu ma tion are dat -
able to the Early Mio cene based on the FT zir con age (Soták et
al., 2000, 2005). The sub si dence of the CCPB reached its peak
dur ing the Eocene (Kováè et al., 1994). In ad di tion, the Cr-spi -
nels ana lysed from the Magura flysch de pos its show some dif -
fer ences com pared with those from the Iòaèovce -Krichevo Unit
(Fig. 5). An ab sence of ser pen tine is ap par ent in the heavy min -
eral spec tra from the Magura for ma tions (in east ern Slovakian
part), while it is a ma jor com po nent of sand stones from the
Šambron flysch Zone (Spišiak et al., 2001). 

Con sid er ation of re-eroded sed i ments from the Pieniny
Klippen Belt s.l. or more pre cisely from the Czorsztyn Ridge
realm (Winkler and Œl¹czka, 1994), as a pos si ble source of the
Cr-spi nels pres ent in the Magura Ba sin de pos its could not be
ab so lutely ex cluded, but only for de pos its form ing ex cept the

Eocene. Eocene con glom er ates of the Strihovce Fm. (Krynica
Unit) con tain no ma te rial from the PKB (Czorsztyn suc ces sion,
Mišík et al., 1991b; Oszczypko et al., 2015). They orig i nated
from a source that was sit u ated be tween the Magura flysch and
Klippen sed i men tary ar eas (South-Magura cor dil lera sensu

Marschalko, 1975; Marschalko et al., 1976). Oszczypko and
Oszczypko -Clowes (2006) sug gested that the prov e nance of
these rocks may be con nected with the Eocene ex hu ma tion of
the Magura Ba sin base ment (Valais-Rhenodanubian-Magura
oce anic accretionary prism sensu Schmid et al., 2008) or pos si -
bly with the In ner Carpathian realm rep re sented by the In ner
Dacides and/or Tisza ter rain (Oszczypko et al., 2006). Con sid -
er ing the char ac ter of the Cr-spi nels and their pres ence within
subjacent for ma tions, redeposition from the PKB dur ing the
Paleocene and/or dur ing the Oligocene may be pre sumed.
Spo radic vol ca nic Cr-spinel com po si tions ap pear to be more
het er o ge neous in this realm. It changed from ARC to MORB
(Lenaz et al., 2009). The vol ca nic spi nels from the Malcov Fm.
de pos its (Up per Eocene–Up per Oligocene) show some sim i lar -
ity to the spi nels from the Poruba Fm. in the Krížna Nappe
(Bónová et al., 2016). Cr-spinels from the Poruba Fm. show an
af fin ity to the Meliata ocean (Mikuš et al., 2006). Aubrecht et al.
(2009) pro posed the same or i gin for Cr-spi nels of the Czorsztyn 
Unit (PKB). They con sid ered 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 (later the PKB) in the north by
ophiolitic de tri tus si mul ta neously. Cr-spi nels from the Jarmuta
Fm. (Maastrichtian–Paleocene) lo cated along the tec tonic
bound ary be tween the PKB and the Krynica Unit and from the
Szczawnica Fm. (Paleocene–Lower Eocene) that rep re sents a
typ i cal lithofacies of the Krynica Unit with harzburgitic (or less
com monly lherzolitic) af fin ity, show sim i lar char ac ter is tics in di -
cat ing a source in ma te rial from the PKB (Oszczypko and
Salata, 2005; Fig. 5). The chem i cal com po si tion of Cr-spi nels
from the Meliata Unit sug gests the lherzolitic pat terns, while
harzburgitic par ent rocks have not been con firmed (Mikuš and
Spišiak, 2007). 

The sup ply of Cr-spi nels with the same chem i cal sig na ture
re mained dom i nant from the Eocene un til the ear li est
Oligocene in the Magura Ba sin, sug gest ing that ex posed rem -
nants of the same ophiolite belt per sisted through the Eocene to 
the Early Oligocene and that re cy cling was sig nif i cant. A di rec -
tional change in com po si tion of the de tri tal chromian spi nels
from the south (Krynica Unit) to the north (Raèa Unit) is not ev i -
dent, al though the sed i men ta tion ar eas of both units had al -
ready de vel oped in the Eocene. In deed, palaeoflow anal y sis in -
di cates the source of sed i men tary ma te rial from the NW in the
Mrázovce Mem ber (Beloveža Fm., Raèa Unit; Kováèik and
Bóna, 2005). Palaeotransport from the SE is pre dom i nant in the 
Makovica Sand stones (Zlín Fm.), while less sig nif i cant
palaeocurrent traces were ob served from the E in this for ma tion 
(Koráb et al., 1962; Kováèik et al., 2009, 2011) and siliciclastic
de pos its of the Krynica Unit were sup plied gen er ally from the
SE (Koráb et al., 1962; Bónová et al., 2010; Kováèik et al.,
2011) and to a lesser ex tent from the south (Mišík et al., 1991b). 
Nev er the less, in term of spinel geo chem i cal com po si tion from
the Raèa (Mrázovce Mb. ver sus Makovica Ss.) and Krynica
(Strihovce Fm.) units, re spec tively, the pos si bly dif fer ent prov e -
nance is ei ther not ev i dent (Fig. 5) or the Cr-spinel seems not to
be suf fi ciently dis crim i na tory. An other ex pla na tion is the con sid -
er able lon gi tu di nal (ax ial) di rec tion of en trance for the ophiolite
de tri tal ma te rial into the Magura Ba sin. 

For the Krynica Unit, as so ci a tion of Cr-spi nels with radio -
larites in the Strihovce Fm. de pos its (Mišík et al., 1991b) is a re -
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li able in di ca tor of the pres ence of an ophiolite com plex rep re -
sent ing a rel ict of oce anic crust among the source ma te rial.
Con sid er ing the ubiq uity of Cr-spi nels but the lack of the ophio -
litic lithoclasts, a source area con sist ing of obducted ophiolites
must have been a cer tain dis tance from the Magura Ba sin. 

For the Raèa Unit, the pres ence of gab bro olistoliths in the
Osielec sand stones, which was pri mar ily de scribed by Wieser
(1952) as “the ophiolite from Osielec“, may rep re sent an ophio -
lite suc ces sion in di cat ing oce anic crust (Cieszkowski et al.,
2010).

Tak ing into ac count the geo chem i cal char ac ter is tics of the
Cr-spi nels and palaeoflow di rec tions (in the Eocene es pe cially)
we con sider that the source of Cr-spi nels may have been the
ophiolite com plexes of the Fore-Marmarosh Su ture Zone
(Hnylko, 2011) rep re sented by struc tural-fa cies units such as
the Kamyanyi Potik, Rakhiv and Sukhiv-Burkut (Porkulets)
nappes in cor po rat ing the Trostyanets and Rakhiv-Chyvchyn
mag matic com plexes. These mag matic com plexes, lo cated in
the East ern Flysch Carpathians north of the Marmarosh Mas sif, 
con sist of ba sic ef fu sive rocks (basaltoids) formed on tran si -
tional and oce anic crust (Hnylko and Vashchenko, 2004;
Lyashkevich and Yatsozinskiy, 2005; Pavlyuk et al., 2013,
2014). The Trostyanets Com plex is built of vol ca nic rocks of the 
ophiolitic as so ci a tion though the picrites and bas alts have an al -
ka line char ac ter and were formed in the con di tions of intra -
continental rift ing (Lyashkevich et al., 1995; Varishchev, 1997;
Generalova et al., 2013). Based on their geo chem i cal com po si -
tion, Stupka et al. (2011) sug gested that they be long to early
vol ca nic rocks that de vel oped on an ensialic sub strate. On the
other hand, the Rakhiv and Sukhiv-Burkut nappes con tain rem -
nants of Ju ras sic-Neocomian mafic rocks. These rocks and
bas alts of the Kamyanyi Potik Unit are partly of oce anic or i gin
ac cord ing to pet ro chem i cal data (Lyashkevich et al., 1995;
Varishchev, 1997). The Kamyanyi Potik, Rakhiv and Sukhiv -
-Burkut nappes (Fore-Marmarosh Su ture Zone) be long to the
su ture and orig i nated from the oce anic realm and likely cor re -
spond to the Outer Dacides-Severinides (Œl¹czka et al., 2006;
Golonka et al., 2008; Sãndulescu, 2009). The Kamyanyi Potik
Unit is most prob a bly a pro lon ga tion of the Black Flysch Unit of
the Ro ma nian Carpathians (Œl¹czka et al., 2006; Hnylko et al.,
2015a). The Rakhiv and Sukhiv-Burkut nappes are likely con -
tin u a tions of the Ceahlau Unit (Œl¹czka et al., 2006; Balintoni
and Balica, 2013; Oszczypko et al., 2015). The base ment of the 
Ceahlau-Severin Ba sin crops out mainly in the Severin Nappe
(South Carpathians) and con sists of strongly dis mem bered
ophiolitic lithologies (Savu et al., 1985) such as harzburgitic
(rarely lherzolitic) ultra mafic rocks, gab bros and pil low bas alts.
The blocks of ophiolitic ma te rial were found em bed ded in
coarse-grained clastic de pos its of Late Ju ras sic and Cre ta -
ceous age. The Severin-Ceahlau ophiolites are thought to be
rem nants of an intracontinental oce anic ba sin within the Eu ro -
pean mar gin (Hoeck et al., 2006). 

Chro mites from ultrabasic rocks out crop ping in the Velyka
and Mala Uholka River val ley (Uholskyi Com plex, PKB in the
Ukrai nian Carpathians) are also known (Bilonizhka et al., 1995;
Lyashkevich et al., 1995).

The ophiolite ma te rial now pres ent as olistoliths in the
Vezhany Nappe (Marmarosh Klippen Zone; Hnylko and
Hnylko, 2016) may have par tially sourced the youn ger (Oligo -
cene) flysch de pos its of the Magura Ba sin (Malcov Fm.). The

Vezhany Nappe is lo cated to the north west of the Marmarosh
Crys tal line Mas sif. This nappe is thrust over the Cre ta ceous
flysch of the Outer Carpathians. The lower part of the Vezhany
strati graphic suc ces sion (Soymul Fm.) is rep re sented by an
Early Cre ta ceous olistostrome (in places an olistostrome-con -
glom er ate) 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 also of Lower
Cre ta ceous organogenic Urgonian-type lime stones (Hnylko
and Hnylko, 2016). Olistoliths of an ophiolitic as so ci a tion are
formed by serpentinised peri dot ites with spi nels (lherzolites,
harzburgites and websterites). A vol ca nic as sem blage formed
of metadolerites, picritic bas alts, bas alts and so on is an in te gral 
el e ment of the ophiolite as so ci a tion (Hnylko et al., 2015b).
Sedimentological data from the Paleocene-low er most Oligo -
cene Vezhany succesion (Metova Fm.) sup port the con clu sions 
based on foraminifera, in di cat ing a bathyal en vi ron ment
(Hnylko et al., 2015a; Hnylko and Hnylko, 2016) and dur ing de -
po si tion of the Eocene suc ces sion in the Magura Ba sin the
ophiolitic as so ci a tion of the Vezhany Nappe could not have
been the source for Cr-spi nels. Ophiolite com plexes of the
Vezhany Nappe are prob a bly rem nants of the Transylvanian -
-Mures (Vardar-Mures) Su ture Zone (Csontos and Vörös,
2004; Schmid et al., 2008) formed af ter col li sion of the Tisza
and Dacia Mega-units (Schmid et al., 2008; Hnylko et al.,
2015b). 

CONCLUSIONS

De tri tal chromian spinel grains in the Eocene to Oligocene
Magura flysch suc ces sions dis play rel a tively high Cr# and TiO2. 
De tri tal spi nels in these for ma tions were de rived from peridotitic 
and vol ca nic source rocks, re spec tively and can be dis crim i -
nated on the ba sis of their TiO2 and Fe con tents. Al tered
chromian spi nels were also dis tin guished. The ophiolite source
con sisted of harzburgitic man tle peri dot ites and was de vel oped
mainly in a su pra-subduction zone set ting. 

Palaeogeographic re con struc tions based on the geo chem -
is try of the Cr-spi nels (sup ported by pub lished palaeoflow data)
sug gest that dur ing the Eocene to Early Oligocene the source
area of ophiolitic de tri tus for the east ern part of the Magura Ba -
sin was most prob a bly lo cated in the Fore-Marmarosh Su ture
Zone (East ern Carpathians) that is con sid ered an equiv a lent of
the Black Flysch and Ceahlau units. Ophiolitic ma te rial at tached 
to sed i men tary rocks of the PKB, which is re garded as the
Meliata melange, is not in di cated un am big u ously as a source
for Cr-spi nels in the Eocene flysch de pos its of the Magura Ba -
sin. Al though a cer tain pro por tion of Cr-spi nels found in the
Eocene de pos its may have been resedimented from oldest
Cre ta ceous-Paleocene suc ces sions of the Magura Ba sin,
which are con sid ered to rep re sent re work ing of sed i men tary
ma te rial from the PKB. 

Un usual in clu sion of chromio-par ga site in chro mite in di -
cates the meta mor phism of its source rocks in the ret ro grade
stage of serpentinisation of a du nite body meta mor phosed to
eclogite facies.

The re sults pre sented in this con tri bu tion are still pre lim i nary 
and re quire fur ther com par i son with the neigh bour ing ar eas, pri -
mar ily with the Ukrai nian East ern Carpathians.
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