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Through out the Cre ta ceous, Tethyan oce anic branches grad u ally closed, and var i ous ophiolites be came obducted and
eroded. Their rem nants, how ever, pro vide an abun dance of ex otic clasts of un known or i gin. Sand stone sam ples from the
old est, Albian exotics-bear ing strata of the Pieniny Klippen Belt and Cen tral West ern Carpathians were ana lysed for heavy
min er als. These sam ples were dom i nated by a high con tent of chrome-spi nels, zir con, tour ma line, ap a tite and rutile. Ti tan ite, 
kyan ite, monazite, epidote, sillimanite and staurolite were much less abun dant. Gar net was gen er ally also rare; how ever, it
was lo cally com mon, as were blue am phi boles, py rox enes and kyan ite. The spi nels found in the sam ples were pre dom i -
nantly de rived from harzburgites (su pra-subduction peri dot ites and vol ca nic rocks). The blue am phi boles rep re sented
glaucophanes to ferroglaucophanes, and were de rived from HP/LT metabasites. Py rox enes (en sta tite, less com monly
augite and di op side) most likely came from co eval volcanics. Most of the tour ma lines were de rived from metasedimentary
rocks and lo cally from granitoids. Fur ther more, some have a com plex zonation with two phases of tour ma line, or tour ma line
intergrown with quartz. These were likely de rived from ophiolitic sources. The re sults from our anal y sis in di cate a dom i nance
of ophiolites and older sed i ments with lo cal in put of con ti nen tal crust meta mor phic rocks. A re sult ing palaeogeographic re -
con struc tion in volves sec ond ary dou bling of the Neotethys su ture zone and its lat eral shift north of the Cen tral West ern
Carpathians, which formed a com mon source for exotics in the Pieniny Klippen Belt and the Cen tral West ern Carpathians.

Key words: ophiolites, Cr-spinel, blue am phi bole, tour ma line, py rox enes, Cre ta ceous palaeo ge ogra phy.

INTRODUCTION

The end of the Early Cre ta ceous was a time of fun da men tal
change across the Tethyan realm. Dur ing this time, car bon ate
sed i men ta tion ceased and was re placed by siliciclastic de po si -
tion as a re sult of grad ual clo sure of var i ous oce anic branches
(e.g., Neotethyan, Al pine At lan tic), crustal short en ing, for ma -
tion of accretionary wedges and obduction of ophiolitic com -
plexes. Most of the source com plexes were later underthrust,
bur ied or re moved by ero sion. The only re main ing wit ness of
the palaeo tectonic and palaeogeographic pro cesses from this
pe riod is the de tri tus of sed i men tary rocks. The re sult ing strata
are mostly deep-wa ter clastic de pos its con tain ing ma te rial of an 
un known, ex otic or i gin. In the West ern Carpathians, the ear li est 
oc cur rences of ex otic ophiolitic de tri tus (Cr-spi nels) were in ter -

ca la tions of Hauterivian sand stone turbidites in the Fatric and
Hronic units (Jablonský, 1992; Jablonský et al., 2001). Cr-spi -
nels had been pre vi ously dis cov ered in Aptian peb bles among
the Albian ex otic de tri tus (Mišík et al., 1980; Wagreich et al.,
1995). The first mas sive in put of ex otic ma te rial took place dur -
ing the Albian, and these de pos its thus be came the sub ject of
thor ough peb ble anal y ses (see ref er ences be low); how ever,
sys tem atic anal y sis of the sand frac tion has so far been lack ing. 
De spite pro longed re search, the prov e nance of the ex otic de -
pos its re mains mys te ri ous, and their in ves ti ga tion has pre -
sented an enor mous chal lenge to date.

The Albian exotics-bear ing units (Fig. 1) oc cur in the Pie niny 
Klippen Belt (Uhry and Upohlav for ma tions of the Klape Unit),
as well as in the Cen tral West ern Carpathians (the Poruba For -
ma tion within the Tatric and Fatric units). The rel a tively youn ger
Cenomanian Praznov For ma tion is lo cated in the Manín Unit. In 
the Pieniny Klippen Belt, which is a mélange zone con sist ing of
mixed blocks of var i ous units (see the re view of Plašienka,
2018), the Klape and Manín units be long among the non-Oravic 
units of the Pieniny Klippen Belt (typ i cally called the
Peri-Klippen Zone; Mahe¾, 1980). The Klape Unit is of un known
prov e nance and has been the sub ject of much de bate (e.g.,
Plašienka, 1995, 1996; Mišík, 1996; see the Dis cus sion sec -
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tion). The Manín Unit, which is pres ently sit u ated in the Pieniny
Klippen Belt, is con sid ered to have orig i nally de rived from the
Cen tral West ern Carpathians. There is on go ing dis cus sion as
to whether this unit be longed to the Tatric or the Fatric do main
(Andrusov, 1938; Mahe¾, 1978; see also Rakús and Hók, 2005
and the ref er ences therein). In the Pieniny Klippen Belt sensu
stricto (Oravic units), the in put of ex otic ma te rial be gan much
later, dur ing the Coniacian, be ing rep re sented by the
Sromowce For ma tion (Birkenmajer, 1977) oc cur ring in
deeper-wa ter units of this do main. Albian terrigenous sandy to
grav elly in put in the Oravic units was scarce, and was rep re -
sented by only a sin gle oc cur rence of the Albian flysch (Trawne
Mem ber) at trib uted to the Kysuca Unit (called the Branisko Unit
in Po land) as de scribed by Birkenmajer (1987). The most sur -
pris ing and un ex pected find ing was the fact that fine ex otic
ophiolitic ma te rial was also reg is tered in Up per Aptian–Albian
de pos its of the Czorsztyn Unit (Aubrecht et al., 2009). This unit
was orig i nally the shal low est of all the Oravic units and thought
to be iso lated from the ex otic clastic in put.

There is an other oc cur rence of Albian flysch of un known at -
tri bu tion in the Pieniny Klippen Belt. It oc curs be low a large
klippe of the Orava Unit (Havranský vrch Hill and Kozinský vrch
Hill) near the vil lage of Zázrivá in the re gion of Orava. Haško
(1977) in ter preted the su per po si tion as a tec tonic con tact be -
tween the main klippe and Albian turbidites. This was be cause
the Orava Unit is usu ally po si tioned to ward the Oravic do main,
whereas Albian sandy or con glom er atic strata are al most com -
pletely ab sent. How ever, the at tri bu tion of the Orava Unit to the
Oravic do main was put into doubt by Mahe¾ (1986), who in -
ferred that it may have been of more south ern Fatric prov e -
nance. Our closer in spec tion of this oc cur rence dur ing the sam -
pling shows that there is a grad ual, con tin u ous tran si tion from
the Barremian-Aptian marlstones to the Albian flysch, and the
con tact seems to be strati graphic rather than tec tonic. Thus,
the flysch can be most likely at trib uted to the Orava Unit.

In the Cen tral West ern Carpathians, the Albian exotics-
 bear ing flysch de po si tion pre ceded the main, Med i ter ra nean
orogenic phase, and lasted un til the Mid dle Turonian, when the
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Fig. 1. Sche matic lithostratigraphic col umns of the exotics-bear ing units in the West ern Carpathians ar ranged ap prox i mately
ac cord ing to their pres ent po si tions from north to south (left to right)

The scheme is based on: Birkenmajer (1977), Aubrecht et al. (2009) and Mello et al. (2011). The num bers in the cir cles rep re sent
the num bers of sam ples an a lysed from the in di vid ual for ma tions; CZ – exotics-bear ing sandy ad mix ture in the Up per Aptian/Lower 

Albian de pos its of the Czorsztyn Unit an a lysed by Aubrecht et al. (2009)



nappe thrust ing took place. In the Klape and Oravic units, sed i -
men ta tion of ex otic ma te rial lasted un til the end of the Cre ta -
ceous. This still con sisted of purely ex otic de tri tus with no ma te -
rial de rived from the neigh bour ing Oravic or Cen tral Carpathian
units. Af ter the Maastrichtian Laramian col li sion be tween these
blocks, the ex otic de po si tion con tin ued (Paleogene Jarmu -
ta– Proè for ma tions) mixed with non-ex otic ma te rial from the
neigh bour ing emerged units. Ex otic sources in flu enced de po si -
tion in these for ma tions un til the Eocene (Mišík et al., 1991;
Winkler and Œl¹czka, 1992, 1994; Oszczypko and Salata,
2005; Bónová et al., 2017, 2018; Madzin et al., 2019).

The re search pre sented in this pa per deals with the
Albian–Cenomanian flysch in the Pieniny Klippen Belt and the
Cen tral West ern Carpathians. The de pos its of the Klape Unit
were sedimentologically ana lysed by Marschalko (1986), and
the Poruba For ma tion in the Cen tral West ern Carpathians was
de fined and sys tem at i cally sedimentologically ana lysed by
Jablonský (1978, 1986). The ex otic con glom er ates of the Klape 
and Manín units were ana lysed mostly for their con tent of car -
bon ate peb bles (Mišík and Sýkora, 1981; Mišík and
Marschalko, 1988; Birkenmajer et al., 1990). Peb ble anal y ses
of crys tal line meta mor phic, mag matic and siliciclastic rocks
were pro vided by Krivý (1969), Kamenický et al. (1974),
Kamenický and Krá¾ (1979), Šímová (1982, 1985a, b, c),
Šímová and Šamajová (1982), Ivan and Sýkora (1993), Uher
and Marschalko (1993), Ivan et al. (2006) and Zat’ko and
Sýkora (2006). Sys tem atic peb ble anal y sis of car bon ate com -
po nents of the Poruba For ma tion in the Cen tral West ern
Carpathians was per formed by Mišík et al. (1981).

The abun dance of peb ble-anal y sis data caused rel a tive ne -
glect of the sand frac tion in ana lys ing the West ern Carpathian
ex otic ma te rial; the re sults in cluded only per cent age ra tios of
the heavy min er als (Mišík et al., 1980; Jablonský, 1986). Per -
cent age ra tios from sev eral lo cal i ties that were ac com pa nied by 
prov e nance anal y sis of spi nels were pub lished by Jablonský et
al. (2001). Other prov e nance anal y ses of the in di vid ual min er -
als in cluded only point lo ca tions (e.g., Sýkora et al., 1997;
Straka, 2011).

This pa per fo cuses on a sys tem atic prov e nance anal y sis of
heavy min er als in the Albian–Cenomanian exotics-bear ing de -
pos its in the West ern Carpathians. Some early pre lim i nary re -
sults of this re search were pub lished by Bellová et al. (2018) to
which the read ers are re ferred for some doc u men ta tion, e.g.
the ta bles of rep re sen ta tive anal y ses of min er als. Our sum mary 
ar ti cle is com ple mented by ten new lo cal i ties, new anal y ses of
heavy min er als, and by petrographic anal y sis of the sand stones 
ex am ined. The re sults are dis cussed in the con text of  data
from Cre ta ceous exotics-bear ing de pos its in other ar eas of the
Tethyan realm.

SAMPLED SITES, MATERIAL AND METHODS

Sam ples from 37 lo cal i ties were ana lysed for heavy min er -
als: 10 from the Klape Unit (Uhry and Upohlav for ma tions) and
24 from the Poruba For ma tion. From the lat ter, 12 lo cal i ties
from the Tatric units (Albian-Cenomanian) and 12 from the
Fatric units (Albian–Turonian) were sam pled (Figs. 1 and 2).
Ad di tion ally, two sam ples from the Manín Unit and one from the 
Orava Unit were ana lysed.

At tri bu tion of the sites sam pled near the vil lage of Moravské 
Lieskové (ML1, ML2) was prob lem atic. The Albian age of the
flysch rocks at the Bošáca and Moravské Lieskové vil lages has
been dem on strated by their ammonite as sem blages (Gross,
1963), but their at tri bu tion to any tec tonic unit has been in ter -
preted dif fer ently in the lit er a ture. Mišík et al. (1981) at trib uted

these rocks to Fatricum, whereas Hók et al. (2009) con sid ered
this zone as part of the Klape Unit. The low amount of peb bles
and their small av er age size (Mišík et al., 1981) point rather to a
Fatric prov e nance for this zone.

Most of the sam ples were point sam ples from scree, be -
cause the flysch units ex am ined very rarely form sta ble ex po -
sures, and only about four ex po sures were found for sam pling
(Fig. 3).

The petrographic com po si tion of ev ery sam ple (planimetric
anal y sis) was de ter mined by rib bon-count ing in a po lar iz ing mi -
cro scope. Af ter thin sec tion prep a ra tion, the sam ples (2 kg on
av er age) were crushed, washed and sieved to ob tain the
0.08–1mm frac tion. The heavy frac tion was then sep a rated by
heavy liq uids (bromoform, so dium polytungstate, with den si ties
of ~2.8). The 0.08 to 0.25 mm frac tion was stud ied in trans mit -
ted light, and per cent age ra tios of trans lu cent heavy min eral as -
sem blages were de ter mined by rib bon point count ing. The
num ber of mounts for count ing var ied, and there fore a min i mum 
of 300 grains were counted. Less trans lu cent chrome-spi nels
were counted un der re flected light us ing the same mounts as
for the other min er als. This pro vided their real num ber in the
sam ples ex am ined, as well as ex clud ing the omis sion of a part
of them due to their semiopaque char ac ter. We are aware that
this may cause prob lems when com par ing per cent age data
with the find ings from re search ers who used solely trans mit ted
light. Nev er the less, such data are gen er ally not com pa ra ble,
since the num ber of thin ner Cr-spinel grains seen in trans mit ted 
light re veals noth ing about their real amount.

Se lected min er als, such as tour ma lines, spi nels, gar nets,
py rox enes and blue am phi boles were hand-picked, em bed ded
in ep oxy resin, pol ished and coated with car bon. Their chem i cal
com po si tions were ana lysed us ing a JEOL JXA-8530FE
microprobe (Earth Sci ence In sti tute of the Slo vak Acad emy of
Sci ences in Banská Bystrica, Slovakia) un der the fol low ing con -
di tions: ac cel er at ing volt age 15kV, sam ple cur rent 20nA, probe
di am e ter 2–5 µm, count ing time 10s – peak and 5s for back -
ground, ZAF cor rec tion. The stan dards used, in clud ing lines
and de tec tion lim its (in ppm) were: Ca (Ka, 19–21) – di op side,
Mn (Ka, 49–62) – rodonite, Si (Ka, 45–50) – quartz, Mg (Ka,
35–37) – ol iv ine, F (Ka, 112–294) – flu o rite, Na (Ka, 31–36) –
jadeite, Al (Ka, 38–40) – kyan ite, K (Ka, 29–38) – orthoclase,
Fe (Ka, 43–57) – he ma tite, Ti (Ka, 35–38) – rutile, Cr – (Ka,
71–130) – Cr2O3, Cl (Ka, 27–34) – tugtupite. A small amount of
sam ples was also ana lysed us ing a CAMECA SX-100 elec tron
microprobe at the State Geo log i cal In sti tute of Dionýz Štúr in
Bratislava un der sim i lar con di tions.

RESULTS AND INTERPRETATIONS

PETROGRAPHIC ANALYSIS

The sand stone sam ples ana lysed may be clas si fied as fine- 
to me dium-grained psammites. Their grains are an gu lar,
subangular, with low to high sphe ric ity (Pettijohn, 1987), mostly
dis play ing very good sort ing, with out any pre ferred ori en ta tion.
The main com po nents are grains of quartz, lithic grains and ma -
trix. Feld spars are rare, rep re sented mostly by K-feld spars
(e.g., microcline) and al bite. Among the lithic grains, the most
com mon are mica-schists (Fig. 4A), quartzites (Fig. 4B), ba -
saltic vol ca nic rocks (Fig. 4C) and car bon ates (Fig. 4D). Slightly
recrystallized cherts and phyllites are less com mon. Bioclasts,
e.g. foraminiferal tests and coralline al gae are rare. The ma trix
of the sand stones is cal car e ous, rep re sent ing from 0 to lo cally
up to 50 vol.% of the rock. Some sam ples rep re sented sandy
lime stones, and these were not in cluded in the planimetric eval -
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u a tion. The amount of ma trix is high, mostly rep re sented by cal -
car e ous ce ment. There fore, the sand stones ex am ined are
mainly cal car e ous sand stones rather than wackes.

The pre vail ing fine-grained de tri tal frac tion of the sand -
stones does not al low for a full in ter pre ta tion of the pri mary rock
com po si tion from which the de tri tal ma te rial was de rived. The
only dis cern ible lithic frag ments are those of the fine-grained
rocks. Most of the coarser-grained rocks were disaggregated
into in di vid ual sand-sized grains.

Ac cord ing to the modal com po si tion di a gram pub lished by
Pettijohn et al. (1987), the sand stone sam ples ana lysed be long
mostly to litharenites and sublitharenites, ex tend ing into the
quartz arenite field (Fig. 5). The Klape Unit dis plays a rel a tively
equal and nar row dis per sion of the quartz/lithic frag ments ra tio,
which plots ex clu sively in the litharenitic field. Sam ples from the
Tatric and Fatric units (Poruba For ma tion) show wider dis per -
sion of the ra tios, since they are shifted to wards the sub -

litharenite and quartz arenite fields. Sam ples from the Ma nín
Unit are lo cated in a sim i lar po si tion to those of the Poruba For -
ma tion, whereas the sam ple from the Orava Unit is in the mid -
dle, just like the sam ples from the Klape Unit. In the prov e nance 
di a gram pub lished by Dickinson (1985), all the sand stones
ana lysed fall into the re cy cled orogen field (Fig. 6).

ABUNDANCE OF HEAVY MINERALS

Count ing of the heavy min er als (Fig. 7 and Ta ble 1) showed 
that in most units, the pre dom i nant min er als are chrome-spi -
nels, zir con, tour ma line and ap a tite. How ever, their per cent -
ages vary. Gar net is gen er ally less com monly rep re sented
(usu ally <11%), but in the sam ples from the ¼ubochnianska
Val ley (Tatricum, sam ple LD) and Medziholie Saddle back
(Fatricum, sam ple SM), its per cent age ranges up to 78 and
73%. The ap a tite con tent in the sam ple from Záskalie (Manín
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Fig. 2. Geo log i cal sche matic map of west ern Slovakia and the lo ca tion of the sites sam pled
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Unit, sam ple M) is 58.6%. In some sam ples, sphene, kyan ite,
monazite and epidote oc cur in rel a tively small amounts. At
Havranský vrch Hill (Orava Unit, sam ple H), the amount of
kyan ite reaches 13.1%. Sillimanite and staurolite ap pear less
fre quently. In sev eral in stances, blue am phi boles and py rox -
enes oc cur in sig nif i cant amounts. At the Predmier lo cal ity
(Klape Unit, sam ple N11), blue am phi boles form >20%; at the
Balcová (Tatricum, sam ple BA1) and Liptovská Osada
(Fatricum, sam ple LO) lo cal i ties, there were in creased amounts 
of py rox enes (>45%), as well as at the Malé Karpaty Mts.
Vývrat lo cal ity (Tatricum, sam ple MKV – >10%). Chloritoid is
pres ent in some sam ples (e.g., Uhry, sam ple M5), and it was
also found in the ex otic flysch of the East ern Alps (Woletz,
1963; Von Eynatten and Gaupp, 1999; Wagreich, 2003).
Baryte, which oc curred in some sam ples, e.g. from Uhry (N5),
Balcová (BA1), Stupné (ST2), Havranský vrch (H) and
Jasenská Val ley (JD2), was also not in cluded in the heavy min -
eral per cent ages, be cause it is most likely of authigenic or i gin
and its high per cent ages would dis tort the heavy-min eral spec -
tra used for prov e nance anal y sis. No sig nif i cant dif fer ences be -
tween the percentual ra tios of heavy min er als were ob served
among the tec tonic units, ex cept for a slightly in creased con tent 
of chrome-spinel in the Klape Unit ver sus a slightly higher ra tio
of zir con in the Poruba For ma tion.

The ZTR in dex of the sam ples ex am ined (pro por tion of the
ultrastable zir con-tour ma line-rutile trin ity; Hubert, 1962) is rel a -
tively mod er ate, but along with the chrome-spi nels (Ta ble 1),
ultrastable min er als pre vail (Cr-spi nels are ultrastable, too; Mor -
ton and Hallsworth, 2007). The ra tio is lower only in the sam ples 
with an ex cep tion ally higher con tent of gar net, pyroxene or ap a -
tite. How ever, the high amount of ultrastable min er als can not be 
sim ply in ter preted in terms of re work ing from older strata. The
high in put of Cr-spi nels is a new el e ment in the West ern
Carpathians; in the pre vi ous de tri tal event in the Early and Mid -
dle Ju ras sic, only sialic ma te rial pre vailed in the Pieniny Klippen 
Belt and the Cen tral West Carpathian units (Aubrecht, 2001). It
is then rea son able to as sume that these Cr-spi nels were pre -
dom i nantly de rived from a new, pri mary ophiolitic source that
emerged dur ing the Cre ta ceous.

Sta tis ti cal lin ear re gres sion anal y sis of the in di vid ual pairs of 
heavy min er als (Ta ble 2) shows good mu tual cor re la tion only
be tween gar net and staurolite. These were most likely de rived
from meta mor phic sources. How ever, re gres sion anal y sis of so
few grains has low va lid ity. The ZTR min er als (zir con-tour ma -
line-rutile) show a cor re la tion co ef fi cient (Pearson cor re la tion
co ef fi cient – R) vary ing from 0.56 to 0.62. The cor re la tion in di -
cates that at least part of the ZTR min er als, which are
ultrastable ones and so most re sis tant against weath er ing,

Fig. 3. View of some se lected ex po sures of the for ma tions sam pled

A – ex po sure of thin-bed ded turbidites of the Uhry For ma tion, lo cal ity N1 – above the rail way at the Nosice Dam, Klape Unit; B – turbiditic
sand stones of the Tatric Poruba For ma tion of vary ing thick ness, lo cal ity BR1 – val ley to wards the Brankovo Wa ter fall, Low Tatra Mts.; C –
thin-bed ded sand stone turbidites of the Tatric Poruba For ma tion in a field road near Liptovské Revúce, lo cal ity LR2; D – thin-bed ded sand -
stone turbidites of the Cenomanian Praznov For ma tion, Záskalie lo cal ity near Manín Gorge, Manín Unit
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trans port and intrastratal dis so lu tion (see Hubert, 1962), were
most likely de rived from a com mon source rep re sented by older 
de pos its or low-grade meta mor phosed sed i ments. The cor re la -
tion of spi nels with the ZTR trin ity is gen er ally weak; only tour -
ma line shows a mod er ate cor re la tion (0.58). This means that at
least part of the tour ma line may also be de rived from ophiolites.
Other heavy-min eral cou ples show no mu tual cor re la tion or
even a slightly neg a tive one. Heavy min eral spec tra thus point
to a com plex and vari able source area, dom i nated by older sed -
i ments and ophiolites. Pri mary meta mor phic and mag matic
sialic rocks were un evenly dis trib uted and rel a tively rare. In
some cases, an even tual better pri mary cor re la tion (e.g., be -
tween blue am phi boles and Cr-spi nels) was later erased by a
strongly dif fer ent re sis tance of the in di vid ual min er als dur ing
trans port and diagenesis pro cesses.

Fig. 4. Some ex am ples of lithic frag ments in the sam ples ana lysed

A – clast of mica-schist; B – lithoclast of quartz ite; both sam ple N8, Považská Bystrica, Klape Unit; C – clast of ba salt, sam ple N10,
Plevník, Klape Unit; D – carbonate clast, sam ple from Stupné, Klape Unit

Fig. 5. Plot of the petrographic com po si tion ob tained by
point-count ing in the sand stone clas si fi ca tion di a gram of

Pettijohn et al. (1987)

Al though the sand stones ex am ined of ten con tain >15% of ma trix, it
is cal car e ous and they do not be long to wackes; 1 – quartz arenite, 2 
– subarkose, 3 – sublitharenite, 4 – arkosic arenite, 5 – litharenite



CHEMICAL COMPOSITION OF DETRITAL SPINEL AND ITS ORIGIN

The spinel frag ments ana lysed were ho mo ge neous and un -
zoned. The spinel grains com monly con tain small vugs caused
by dis so lu tion of un sta ble in clu sions (e.g., pyroxene and ol iv ine) 
dur ing weath er ing (Bellová et al., 2018; Fig. 3A). No mea sur -
able in clu sions were pre served. One grain from the Uhry lo cal ity 
had an al ter ation rim (Bellová et al., 2018; Fig. 3B).

In di ag nos ing dif fer ent types of spinel, chem i cal vari abil ity in 
el e ments such as Mg, Fe, Cr, Al and Ti is im por tant. From the
cal cu lated IMA-ap proved end-mem ber spe cies, the most com -
mon were Cr-rich spinel, chro mite and magnesiochromite
mem bers (for rep re sen ta tive anal y ses see Bellová et al., 2018). 
For the pur pose of prov e nance, two types of di a gram are used.
The first di a gram, Mg/(Mg + Fe2+) vs. Cr/(Cr + Al) was in tro -
duced by Dick and Bullen (1984). It dis tin guishes three fields in -
di cat ing var i ous types of ophiolite: (1) Type I ophiolites rep re -
sent ing peri dot ites for which Cr/(Cr + Al) is <0.60 (mid-oce anic
ridge peri dot ites), (2) Type III ophiolites rep re sent ing peri dot ites 
with spi nels hav ing >0.60 Cr/(Cr + Al), rep re sent ing the early
stages of arc for ma tion, (3) Type II ophiolites bear ing spi nels
with a wide range of Cr/(Cr + Al), rep re sent ing tran si tional
phases. Herein, we use the mod i fied di a gram of Pober and
Faupl (1988) to dis tin guish spi nels de rived from harzburgites,
lherzolites, podiform chromitites and cumulates (Fig. 8). Most of 
the grains match the harzburgitic field, with some over lap over
the fields of podiform chromitites and cumulates. Some spi nels

664 Ro man Aubrecht, Simona Bellová and Tomáš Mikuš

Fig. 6. Plot of the petrographic com po si tion ob tained 
by point-count ing in the arenite prov e nance di a gram 

by Dickinson (1985)

Fig. 7. Per cent age ra tios of the heavy min er als in the sam ples ana lysed

Min eral ab bre vi a tions (from Whit ney and Ev ans, 2010): Amp – am phi bole, Ap – ap a tite, B-Amp – blue am phi bole, Ep – epidote, 
Grt – gar net, Ky – kyan ite, Mnz – monazite, Px – pyroxene, Rt – rutile, Sil – sillimanite, Spl – spinel, Spn – ti tan ite, St – staurolite, 

Tur – tour ma line, Zrn – zir con
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out side the fields dis tin guished were most likely al tered or meta -
mor phosed. Only three anal y ses plot ted on the non-over lap -
ping part of the lherzolite field, hav ing Cr/(Cr + Al) <0.3.

The sec ond type of di a gram used for pur poses of prov e -
nance is the Al2O3 vs. TiO2 di a gram in tro duced by Lenaz et al.
(2000) and Kamenetsky et al. (2001). This di a gram is based on
the fact that most man tle rock spi nels have TiO2 <0.2 wt.%. and
most vol ca nic spi nels have TiO2 >0.2 wt.% (for an over view.
see Lenaz et al., 2009). This di a gram in di cates that most of the
spi nels were de rived from su pra-subduction zone peri dot ites;
the oth ers, which have alu minium-de pleted and higher-ti ta nium
chem is try, were most likely de rived from vol ca nic arcs. The
grains that plot ted in the pure lherzolite field in the pre vi ous di a -
gram plot on the non-over lap ping part of the MORB peri dot ites
field (Fig. 9). The al tered spi nels have a low alu minium con tent,
and some of them plot out side any pre-de fined fields of fresh
mag matic spi nels.

CHEMICAL COMPOSITION OF DETRITAL TOURMALINE AND ITS ORIGIN

De tri tal tour ma line grains in the sam ples ana lysed have a
brown to green, but mostly khaki-green col our. They are mostly
subhedral, euhedral grains be ing rare. Ob ser va tions of BSE im -
ages show that the tour ma line grains are pre dom i nantly un -
zoned, but some pos sess dis tinct zonation dis play ing a com -
plex intergrowing pat tern of two phases of tour ma line or tour -
ma line with quartz, thus at tain ing a com plex zoned mo saic ap -
pear ance (Fig. 10).

Ac cord ing to the clas si fi ca tion di a grams of Henry et al.
(2011), most of the tour ma lines be long to the al kali and X-va -
cant groups (Fig. 11) with a schorl-dravitic, less foititic and
magnesio-foititic com po si tion with a higher pro por tion of X-site
va can cies (Fig. 12). The dis crim i na tion di a grams of Henry and
Guidotti (1985) re vealed that most of the tour ma line grains were 
likely de rived from metasedimentary rocks, i.e. from
metapelites and metapsammites, ei ther co ex ist ing or not with
an Al-sat u rat ing phase; some were also de rived from Fe3+-rich
quartz-tour ma line rocks, calc-sil i cate rocks and metapelites
(Fig. 13). The metase dimentary source rocks were mostly poor
in Ca. There is also a group of tour ma line crys tals (e.g., al most
the en tire sam ple from Havranský vrch Hill) which show com po -
si tions be long ing to the field of Li-poor granitoid rocks and their
as so ci ated pegmatites and aplites.

In the zoned crys tals, the over grow ing zones mostly plot on
the metasedimentary rock field, and in one grain, the over grow -
ing zone dis played a mag ne sium-de pleted com po si tion, thus

cor re spond ing to Li-poor granitoid rocks (Bellová et al., 2018;
Fig. 10). Comp lexly zoned tour ma line grains rep re sent two
types: (1) grains with fab ric con sist ing of sev eral tour ma line
phases cha ot i cally ar ranged as laths, (2) grains dis play ing a fine
inter growth of tour ma line and quartz. The first type of tour ma line
shows a con tin u ous trend of Al and its sub sti tu tion by Fe3+ at the
Y and Z sites, thus shift ing from a schorl-dravitic com po si tion to
bosiite. The sec ond type pre dom i nantly con sists of schorl-
 dravitic tour ma line, but with scarce oc cur rence of Al-en riched
oxy-dravitic, foititic and magnesio-foititic com po si tions (for fur ther 
de tails, see Aubrecht et al., 2020).

CHEMICAL COMPOSITION OF DETRITAL BLUE AMPHIBOLES 
AND THEIR ORIGIN

Blue am phi boles were found only at the Predmier lo cal ity.
They are char ac ter ized by a rich blue col our, with pleochroism
up to vi o let shades (Fig. 15A, B). The grains are mostly bro ken
and subhedral.

The microanalyses showed that the am phi boles are sodic,
with B(Na + Li)/SB ³ 0.75, BNa/SB ³ BLi/SB (Haw thorne et al.,
2012). Their for mu las show that AlVI³Fe3+ and the ma jor ity of
the am phi boles ana lysed plot on the field of glaucophane and
some on ferroglaucophane (Leake et al., 1997; Fig. 14). On the
ba sis of pres sure es ti ma tion ac cord ing to the so dium and alu -
minium con tents (Brown, 1977), the am phi boles mea sured
orig i nated at pres sures be tween 6 and 7 kb, but closer to 7 kb
(Bellová et al., 2018).

CHEMICAL COMPOSITION OF DETRITAL PYROXENES 
AND THEIR ORIGIN

Py rox enes were found in greater amounts (>40 %) at the
Liptovská Osada and Balcová lo cal i ties; sev eral grains were
found at the Vývrat lo cal ity (>10%). Small amounts (>1%) were
also found at the Havranský vrch and Stupné lo cal i ties. The
pyroxene grains are mostly of green ish-brown col our, with faint
pleochroism, bro ken, mostly subhedral, but fully euhedral
grains are also com mon (Fig. 15C, D). Ac cord ing to Ca, Fe and
Mg ra tios (Fig. 16), most are clas si fied as en sta tite; nine grains
were in the fields of augite and one of di op side (Morimoto et al.,
1988).

CHEMICAL COMPOSITION OF DETRITAL GARNET AND ITS ORIGIN

The gar net grains were trans par ent and colour less to pale
pink un der the mi cro scope; they rep re sented mainly frag ments
of crys tals with out pre served crys tal faces or zonation. Gar nets
from six lo cal i ties were ana lysed (Fig. 17). Most of the de tri tal
gar net grains ex am ined showed a clear dom i nance of
almandine mol e cules (up to nearly 74%); sev eral grains pos -
sessed higher pyrope con tents (>25% – 4 grains), thus at tain -
ing a pyrope-almandine com po si tion.

ZIRCON MORPHOLOGICAL TYPOLOGY

The vast ma jor ity of zir con grains were rounded and
anhedral, in di cat ing that they were pre dom i nantly re worked
from older clastic rocks. Only 35 euhedral zir con crys tals could
be se lected for zir con typology anal y sis (Pupin and Turco,
1972; Pupin, 1980) from the lo cal i ties of Stupné, Liptovské
Revúce, Havranský vrch, Moravské Lieskové and Brankovo
Wa ter fall. Sta tis ti cal di a gram matic eval u a tion was not pos si ble
due to the low num ber of grains. The most nu mer ous were the
S7–S8 (Fig. 18A, B) and less fre quently S12, S17 and P4

Min eral
pair

Cor re la tion
co ef fi cient (r) De gree of cor re la tion

Zrn-Ru 0.62 mod er ate pos i tive cor re la tion

Zrn-Tur 0.61 mod er ate pos i tive cor re la tion

Tur-Spl 0.58 mod er ate pos i tive cor re la tion

Rt-Tur 0.56 mod er ate pos i tive cor re la tion

Zrn-Spl 0.45 weak pos i tive cor re la tion

Tur-Ap 0.41 weak pos i tive cor re la tion

Rt-Spl 0.34 weak pos i tive cor re la tion

Rt-Ap 0.24 no lin ear re la tion ship

Zrn-Ap 0.13 no lin ear re la tion ship

T a  b l e  2

Re sults of sta tis ti cal lin ear re gres sion anal y sis 
of the in di vid ual pairs of heavy min er als
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Fig. 8. The spi nels mea sured from the in di vid ual units plot ted in the Mg/Mg + Fe2+ vs. Cr/Cr + Al di a grams
with fields dis tin guished by Pober and Faupl (1988)

Di a gram fields: solid line – podiform chromitites, dot ted line – cumulates, dashed line (short dashes) – lherzolites,
dashed line (long dashes) – harzburgites
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Fig. 9. The spi nels mea sured from the in di vid ual units plot ted in the TiO2 vs. Al2O3 di a gram 
of Lenaz et al. (2000) and Kamenetsky et al. (2001)

ARC – is land-arc mag mas, BABB – back-arc ba sin bas alts, LIP – large ig ne ous prov inces, MORB – mid ocean ridge
bas alts, OIB – ocean is land bas alts, SSZ – su pra-subduction zone peri dot ites
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Fig. 10. BSE im ages of the tour ma line grains ana lysed, with complex-zoned fab ric

A–C – com plex-zoned fab ric con sist ing of var i ous phases of tour ma line rep re sented by laths and ir reg u lar zones of schorl-dravitic tour ma line 
(Srl-Drv – schorl-dravite) and bosiite (Bos), A, B – sam ple N4, C – sam ple VD1 (nor mally zoned core, over grown with com plex-zoned fab ric);
D – com plex-zoned fab ric con sist ing of intergrown schorl-dravitic and quartz (Q) phases, sam ple ML2; ab bre vi a tions of min eral names from
Whit ney and Ev ans (2010)

Fig. 11. Clas si fi ca tion di a gram of the tour ma lines mea sured
show ing the re la tion ship of X-site va cancy vs. Na++K+ vs. Ca2+

(Henry et al., 2011)
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Fig. 12. Fe/(Fe+Mg) vs. x�/(x�+Na1++K1+) clas si fi ca tion di a gram of the tour ma lines mea sured (Henry et al., 2011)

Fig. 13. Ter nary di a grams ex hib it ing Al, Fe and Mg mo lec u lar
pro por tions of the tour ma lines ana lysed from the in di vid ual

units (from Henry and Guidotti, 1985)

Ex pla na tions of the di a gram fields: 1 – Li-rich granitoid pegmatites
and aplites; 2 – Li-poor granitoids and their as so ci ated pegmatites
and aplites; 3 – Fe3+-rich quartz-tour ma line rocks (hy dro ther mally
al tered gran ites); 4 – metapelites and metapsammites co ex ist ing
with an Al-sat u rat ing phase; 5 – metapelites and metapsammites
not co ex ist ing with an Al-sat u rat ing phase; 6 – Fe3+-rich quartz-tour -
ma line rocks, calc-sil i cate rocks and metapelites; 7 – low-Ca
metaultramafics and Cr, V-rich metasedimentary rocks; 8 –
metacarbonates and meta-pyroxenites
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Fig. 14. Si vs. Mg/(Mg+Fe2+) clas si fi ca tion di a gram 
of the blue am phi boles ana lysed from the Predmier 

lo cal ity (Leake et al., 1997)

Fig. 15A, B – microphotos of blue am phi boles, Predmier lo cal ity; C, D – microphotos of py rox enes, Balcová lo cal ity, plane
po lar ized light

Fig. 16. Clas si fi ca tion di a gram of the py rox enes ana lysed
(Morimoto et al., 1988)
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Fig. 17. Plot of the mea sured gar net (Grt) com po si tion in the pyrope-almandine-grossular and pyrope-almandine-spessartine
clas si fi ca tion di a grams by Méres (2008)

Sec tor A. White field – gar nets from UHP/HP con di tions. Po si tion around No. 1a – Grt de rived from UHP eclogites, gar net peri dot ites and
kimberlites. Po si tion around No. 1b – Grt de rived from UHP eclogites. Sec tor B. White field – gar nets from eclogite and granulite fa cies con -
di tions. Po si tion around No. 2 – Grt de rived from HP eclogites and HP mafic granu lites. Po si tion around No. 3 – Grt de rived from HP fel sic
and in ter me di ate granu lites. Sec tor C. White field – gar nets from am phi bo lite fa cies con di tions: Sec tor C1 – tran si tional sub group be tween
granulite and high am phi bo lite fa cies con di tions. Po si tion around No. 4 – Grt de rived from gneiss es meta mor phosed un der P-T tran si tional to 
granulite and am phi bo lite fa cies con di tions. Po si tion around No. 5 – Grt de rived from am phi bo lites meta mor phosed un der tran si tional P-T
granulite to am phi bo lite fa cies con di tions. Sec tor C2 – sub group am phi bo lite fa cies con di tions. Po si tion around No. 6 – Grt de rived from
gneiss es meta mor phosed un der am phi bo lite fa cies con di tions. Po si tion around No. 7 – Grt de rived from am phi bo lites meta mor phosed un -
der am phi bo lite fa cies con di tions. In the C2 sub group Grt from many other sources in te grate, e.g. Grt from ig ne ous rocks (granitoids,
syenites), Grt from HP/LT meta mor phic rocks, Grt from con tact-meta mor phosed rocks. Grey fields – immiscibility gap of Grt end-mem ber
com po si tions: A – from UHP/HP con di tions, B – from eclogite and granulite fa cies con di tions, C – from am phi bo lite fa cies con di tions

Fig. 18. Rep re sen ta tives of the zir con mor pho log i cal types

A – Havranský vrch lo cal ity, S7; B – Moravské Lieskové 1 lo cal ity, S8; C – Stupné lo cal ity, P4; the scale bars rep re sent 0.25 µm
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(Fig. 18C) zir con sub types. Only sin gle grains of S1-3, S8, S18,
S21-22 and S24 sub types were reg is tered.

The zir con sub types S7-S8 of Pupin (1980) are typ i cal of the
Tatric and Veporic Variscan gran ites (Broska and Uher, 1991;
Broska et al., 2012), whereas P zir con sub types are typ i cal of
the late to post-Variscan, mainly A-type gran ites and acid
volcanics of Perm ian age in the West ern Carpathians (Broska
et al., 1993, 2012; Uher and Broska, 1996). P-types of zir con
are char ac ter is tic of the ex otic Upohlav type of gran ite known
from the peb ble ma te rial of the Klape Unit (Uher and
Marschalko, 1993). How ever, they are dom i nated by the P5

sub type, whereas the P4 sub type were pres ent in our sam ples
in mi nor amounts.

Zir con typology un der SEM re veals only the lat est stages of
crys tal li za tion of the in di vid ual grains. Their com plete his tory in
the form of zonation can be re vealed only by trans mit ted light
mi cros copy or by elec tron mi cros copy of pol ished grains.

DISCUSSION

Our study pro vides an aug mented set of heavy min eral data 
from the Albian–Cenomanian sed i men tary rocks in the West -
ern Carpathians, rep re sent ing the ear li est mas sive in put of
ophiolitic de tri tus re lated to the con ver gence and clo sure of
oce anic realms dur ing the Al pine orog eny. Herein, we em pha -
size the new re sults which add to the dis cus sion of Bellová et al. 
(2018).

PETROGRAPHIC COMPOSITION OF THE SANDSTONES ANALYASED

Petrographic anal y sis showed that the sam ples are mostly
cal car e ous sand stones. The ra tio of the non-cal car e ous com -
po nents ranks them among litharenites and sublitharenites. Ac -
cord ing to the prov e nance di a gram of Dickinson (1985), their
source area can be clas si fied as re cy cled orogen. These re -
sults, which show a gen er ally im ma ture char ac ter of the sed i -
ment, may be re lated to a rel a tively fast emer -
gence-redeposition pro cess and cor re spond well with the peb -
ble anal y ses, since they show a great pre dom i nance of car bon -
ates and other rel a tively un sta ble com po nents (Mišík and
Sýkora, 1981; Mišík et al., 1981). More over, the pe trog ra phy re -
sults fit per fectly into the anal o gous, co eval, exotics-bear ing de -
pos its from the East ern Alps (Von Eynatten and Gaupp, 1999).

PERCENTAGES OF HEAVY MINERAL ASSEMBLAGES

The heavy min eral data com ple mented by the ten new lo -
cal i ties un der lined the vari abil ity of the per cent age ra tios of
heavy min er als, but with a con sis tent dom i nance of
chrome-spi nels, zir con, tour ma line, ap a tite and rutile. Other
min er als, such as gar net, ti tan ite, kyan ite, monazite and
epidote oc cur in lesser amounts, ex cept for some lo cal in -
creased pro por tions of gar nets, py rox enes, ap a tite, kyan ite or
blue am phi bole. Bellová et al. (2018) pre sented an er ro ne ous
in ter pre ta tion of the pre vi ous data, where they in di cated a
seem ing in con sis tency in tour ma line/zir con ra tio in the data
from Mišík et al. (1980), Jablonský (1986) and Jablonský et al.
(2001). Af ter a later re vi sion, a clear con sis tency was rec og -
nized in stead. How ever, these pre vi ous data can not be fully
com pared with those pre sented herein for sev eral rea sons.
First, the above-cited au thors used only a half-size grain frac -
tion for anal y sis. Our data al most com pletely en com passes the
av er age grain-size of the sand stones ex am ined, thus most
closely ap prox i mat ing the true con tent val ues. Sec ond, the pre -

vi ous au thors counted the opaque min er als as well, which
vastly pre vail in the heavy frac tion, and ra tios of the trans lu cent
min er als can not be cal cu lated from their data. Third, Mišík et al.
(1980), Jablonský (1986) and Jablonský et al. (2001) counted
the Cr-spi nels ex clu sively in trans mit ted light, thereby omit ting a 
large por tion of the grains. Our count ing un der the bin oc u lar
lens pro vides a more re al is tic ra tio of the Cr-spi nels vs. other
min er als.

Sta tis ti cal lin ear re gres sion anal y sis of the heavy min eral
pairs pro vided new data and showed that there is a mod er ate
pos i tive cor re la tion among the ultrastable min er als of zir con,
tour ma line and rutile. This con firmed the in ter pre ta tion by
Bellová et al. (2018) that an im por tant source of the clastic sed i -
ment was most likely de rived from older de pos its from which the 
ultrastable min er als were re worked. This is also in di cated by the 
very low con tent of euhedral zir con grains, that made it im pos si -
ble to make a zir con grain typology. Al though the peb ble anal y -
sis showed the pres ence of rhyolitic and gra nitic peb bles (Krivý,
1969; Kamenický et al., 1974; Kamenický and Krá¾, 1979; Mišík 
and Sýkora, 1981, Uher and Marschalko, 1993) from which pri -
mary zir cons might have been de rived, the zir con grains re -
worked from older strata ob vi ously form a much larger part.

The sec ond main source is rep re sented by the ophiolitic in -
put char ac ter ized by spi nels (mainly Cr-spi nels), which are lo -
cally ac com pa nied by py rox enes and blue am phi boles. Grains
of comp lexly zoned tour ma line most likely be long to this as sem -
blage (Aubrecht et al., 2020), which: (1) did not ap pear in the
pre vi ous de tri tal suc ces sions of the West ern Carpathians (Au -
brecht, 1993, 1994, 2001; Aubrecht and Krištín, 1995; Aubrecht 
et al., 2017), (2) oc curs in HP to UHP rocks ac com pa ny ing
ophiolite com plexes (Altherr et al., 2004; Marschall et al., 2006,
2008; Miller et al., 2009; Konzett et al., 2012; Broska et al.,
2015; Plašienka et al., 2019), (3) is most likely the por tion of
tour ma line which causes the mod er ately pos i tive cor re la tion
be tween tour ma line and Cr-spi nels. Scarcer min er als, such as
gar net, kyan ite, staurolite and sillimanite also re flect some small 
and un even pres ence of con ti nen tal-crust meta mor phic rocks
(re flected also by a strong pos i tive cor re la tion be tween gar net
and staurolite). Staurolite, sillimanite and kyan ite in di cate the
pres ence of rocks meta mor phosed in var i ous P/T con di tions,
but point mostly to the me dium- to high-grade barrovian meta -
mor phism. Heavy min eral per cent ages pro vided herein are also 
highly con sis tent with the re sults from the Arosa and Walsertal
zones be low the Austroalpine thrust (Winkler and Bernouilli,
1986; Winkler, 1988), as well as from the Tannheim, Losenstein 
and Branderfleck for ma tions of the low est Up per Austroalpine
nappes in the East ern Alps (Von Eynatten and Gaupp, 1999;
Wagreich, 2003). There is a slight dif fer ence in the con tents of
blue am phi boles, which oc cur in the Al pine units in rel a tively
small, but con stant amounts, which are higher in the
Branderfleck For ma tion (Von Eynatten and Gaupp, 1999). The
con tent of chloritoid grains was also con stant, part of which was
re lated to the HP/LT blueschist-fa cies meta mor phism (Von
Eynatten and Gaupp, 1999). In the sam ples pre sented herein,
chloritoid was not ana lysed.

COMPARISON OF HEAVY MINERAL DATA AND PEBBLE ANALYSIS

The con straints pro vided by heavy min eral anal y sis are
largely con sis tent with the pre vi ously pub lished re sults of peb -
ble anal y sis (Mišík and Sýkora, 1981; Mišík et al., 1981). Rocks
com pos ing the peb ble ma te rial are dom i nated by car bon ates
(lime stones and dolomites). How ever, they are mostly ir rel e vant 
for com par i son of the siliciclastic ma te rial. Peb bles of
siliciclastic rocks (sand stones and quartzites) are usu ally
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among the most com mon rel e vant rocks, and this cor re sponds
well with the main pre sumed source – older siliciclastic suc ces -
sions. How ever, the pos si ble ophiolitic source left lit tle in for ma -
tion in the gravel frac tion. Peb bles of ba saltic vol ca nic rocks oc -
cur com monly, whereas glaucophanite peb bles (Ivan and
Sýkora, 1993; Ivan et al., 2006), gab bros (Ivan et al., 1996) and
tourmalinites with com plex-zoned tour ma line (Baèík et al.,
2008) are rel a tively rare. De spite some men tions of ser pen tin ite 
de tri tus in the sand frac tion (Mišík and Sýkora, 1981; Mišík et
al., 1981), only one ser pen tin ite peb ble has been found so far
(P. Ivan – per sonal com mu ni ca tion, 2019). This can be in ter -
preted in terms of the very low re sis tance of serpentinized
ultrabasic rocks to weath er ing and trans port. Al though the peb -
ble ma te rial and modal anal y sis of the sand stones show low
sed i ment ma tu rity, this is not valid for the heavy min er als. The
high ZTR in dex, com ple mented by very sta ble Cr-spi nels, in di -
cate a very small por tion of un sta ble min er als. Un pro tected by
sur round ing rock in peb bles, min er als such as am phi boles, ol iv -
ine and py rox enes have been sub ject to se vere intrastratal dis -
so lu tion, which also dis torted the real pic ture that could have
been gained from the heavy min eral anal y sis.

Ophiolitic peb ble ma te rial is strongly underrepresented with
re spect to the vast amount of Cr-spi nels (and other po ten tial
ophiolitic min er als) in the sand grade ma te rial. On the other
hand, the sta bil ity of lime stones as peb bles is also very low, but
these are much more com mon. Con se quently, the most prob a -
ble in ter pre ta tion is that the ophiolites were resedimented from
older, Up per Ju ras sic ophiolitic mélanges and olistostromes,
whereas the lime stones were de rived from new nappes and
slices that emerged dur ing the Albian. Al ter na tively, the
ophiolitic de tri tus was de rived from more dis tant sources and
un der went lon ger trans port.

PALAEOGEOGRAPHIC CONSTRAINTS

The first re search con cern ing West ern Carpathian Cre ta -
ceous ex otic de tri tus was car ried out by Matìjka and Andrusov
(1931), Zoubek (1931) and Andrusov (1938), who in ves ti gated
the “Upohlav” con glom er ates in the Pieniny Klippen Belt. Their
source was in ter preted to be an ex otic Pieniny Ridge
(Andrusov, 1938, 1945), which was later re named by Birken -
majer (1988) as the Andrusov Ridge. Ac cord ing to Birkenmajer
(1977, 1988), the Andrusov Ridge was po si tioned south of the
Kysuca–Pieniny Ba sin (pass ing into oce anic crust) and north of
the Cen tral West ern Carpathians. Ac cord ing to Marschalko
(1986), the trans port di rec tion of the ex otic ma te rial in the Klape
Unit was from the south and south-east. This would in di cate the
po si tion of the Klape Unit north of the Andrusov Ridge. This
opin ion was chal lenged by Birkenmajer (1988), who placed this
unit south of the ridge. The Andrusov Ridge was in ferred to be
an accretionary wedge formed by subduction of the Ju ras sic,
Penninic–Vahic Ocean (e.g., Mahe¾, 1981, 1989; Birkenmajer,
1988).

In the Tatric and Fatric Poruba For ma tion, the trans port di -
rec tions largely dif fer from those in the Klape Unit (Jablonský,
1978, 1986). The data in the Tatric units are largely scat tered,
but in gen eral, trough-par al lel trans port dom i nated, with some
lat eral trans port di rec tions com ing from the south (in the Nízke
Tatry Mts.). In the Fatric units (Krížna Nappe), there were both
south ern and north ern sources in di cated by the mea sure ments. 
Hence, Mišík et al. (1980) sug gested the pres ence of two ad di -
tional ex otic sources, the Ultratatric and Ultrakrížna ridges,
which made the palaeogeographic sit u a tion quite com pli cated
and did not re flect the rel a tive uni for mity of the clastic ma te rial.

Peb bles of ba saltic volcanics of Late Ju ras sic–Early Cre ta -
ceous K-Ar age (Rybár and Kantor, 1978; Birkenmajer and
Pécskay, 2000) would fit into an at tri bu tion to Penninic
ophiolites. Some ex otic clasts were in ter preted as be ing de -
rived from the Carpathian fore land, e.g. Namurian black coal
(Havlena, 1956; Šilar, 1956) or from non-meta mor phosed De -
vo nian lime stone (Tomaœ et al., 2004).

How ever, there are many ex otic clasts which seem to be
de rived from more south ern zones rep re sent ing the In ner
West ern Carpathians and even Dinarides. There are peb bles to 
blocks of south ern types of Tri as sic, e.g. Wetterstein-type, plat -
form lime stones typ i cal of the Silicic units; ex otic gra nitic peb -
bles (the “Upohlav-type”) are most sim i lar to those of A-type
gran ites, e.g. Turèok or Velence Mas sif (Uher and Marschalko,
1993; Uher et al., 1994; Uher and Pushkarev, 1994; Uher and
Broska, 1996). The De vo nian lime stone peb bles noted above
might be al ter na tively de rived from a more south ern source,
such as the Transdanubian Cen tral Range. Deep-wa ter to oce -
anic Tri as sic de pos its are very char ac ter is tic, in di cat ing their re -
la tion ship with the Meliata Ocean (Mišík et al., 1977;
Birkenmajer et al., 1990). The Tri as sic deep-sea de pos its found 
among the peb ble ma te rial of the ex otic clasts (deep-wa ter
lime stones and cherts) are even older (Lower Anisian) than
those found in the Meliata Unit. More over, ra dio met ric dat ing of
some glaucophanite peb bles in di cated a Ju ras sic age of meta -
mor phism, which is in ac cor dance with the clo sure of the
Meliata ocean of the Neotethys (Rybár and Kantor, 1978; Dal
Piaz et al., 1995). A dom i nance of Neotethyan el e ments in the
ex otic con glom er ates led to spec u la tions about the prox im ity of
the Meliata and Oravic do mains (e.g., Mišík, 1978; Mišík and
Sýkora, 1981), al though later some au thors fa voured an al ter -
na tive ex pla na tion of two dif fer ent Tri as sic troughs, south and
north of the Cen tral West ern Carpathians (Birkenmajer et al.,
1990).

In the East ern Alps, where the sit u a tion re gard ing the ex otic 
ma te rial is very sim i lar to that in the West ern Carpathians, there 
has also been a long-last ing de bate about the north ern
(Penninic) and south ern (Meliata-Vardar) sources of the
ophiolite de tri tus in Cre ta ceous de pos its (e.g., Decker et al.,
1987; Pober and Faupl, 1988; Faupl and Pober, 1991; Faupl
and Wagreich,1992; Wagreich et al., 1995; Von Eynatten and
Gaupp, 1999; Wagreich, 2003). In re cent times, how ever, a
south ern source from a prop a gat ing Ju ras sic accretionary
wedge, which con tained obducted dis mem bered ophiolites,
has be come the con sen sus among re search ers (e.g., Stern
and Wagreich, 2013; Krische et al., 2014; Gawlick et al., 2015).

In the West ern Carpathians, in an at tempt to unify both
ophiolitic oc cur rences, with pri mary in the south and sec ond ary
(re de pos ited) in the north, Plašienka (1995, 1996) made the
rad i cal sug ges tion that the Klape Unit be longs to the Fatric do -
main, and its ex otic flysch de pos its rep re sent merely a prox i mal
part of the Poruba For ma tion turbiditic fan (the “Fatric Hy poth e -
sis” fur ther in the text). There are, how ever, many coun ter-ar gu -
ments against this Fatric Hy poth e sis (Mišík, 1996). Among
them, the most im por tant are the di min ish ing size of the Poruba
For ma tion clasts south wards, as well as the large vol ume of
Coniacian-Santonian exotics in the Klape and Kysuca units of
the Pieniny Klippen Belt with iden ti cal ma te rial, which had to
orig i nate ex clu sively by redeposition from Albian-Cenomanian
sed i ments, that is, if the Fatric Hy poth e sis was true. Al though
there are some signs of can ni bal ism of ear lier ex otic ma te rial
dur ing the Senonian (clasts of the Cenomanian Orlové sand -
stones and of Albian con glom er ates in the Coniacian– San -
tonian de pos its, etc. – Mišík and Sýkora, 1981; Marschalko,
1986), the di ver sity of peb ble ma te rial ap pears not to be af -
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fected by any resedimentation, and is even higher than in the
Albian with a higher por tion of the least sta ble car bon ate peb -
bles (Marschalko, 1986). The fi nal, most sig nif i cant coun ter-ar -
gu ment against the Fatric Hy poth e sis was the dis cov ery of ex -
otic ophiolitic de tri tus in the Up per Aptian-Albian strata of the
Czorsztyn Unit of Oravicum (Aubrecht et al., 2009). This unit,
which was pre sum ably de pos ited on the most el e vated Oravic
part, the so-called Czorsztyn Ridge, was con sid ered to be free
of any ex otic ma te rial (e.g., Mišík and Marschalko, 1988) and
was in ter preted to be sit u ated on the other side of the
Kysuce–Pieniny Ba sin than the Andrusov Ridge. Cr-spi nels
were also found in the Albian–Cenomanian Trawne Mem ber,
which is at trib uted to the Branisko (Kysuca) Unit (Winkler and
Œl¹czka, 1994). These coun ter-ar gu ments were not ac cepted
by Plašienka, and the Fatric Hy poth e sis still per sists in his
palaeogeographic re con struc tions of the West ern Carpathians
(e.g., Plašienka and Soták, 2015; Plašienka, 2018, 2019).

In our in ter pre ta tion, we main tain the no tion put for ward by
Aubrecht et al. (2009) and Bellová et al (2018) re gard ing the
dou bled su ture na ture of the closed Tri as sic (Neotethys) oce -
anic branch. The south ern su ture is rep re sented by the Meliata
su ture zone and the north ern one by the (Andrusov) Ridge,
which was po si tioned be tween the West-Carpathian externides 
and internides. The north ern branch was jux ta posed ver sus the 
internides by strike-slip mo tion in the Barremian to Albian in ter -
val and per sisted there un til the Paleogene (as the “Neopieninic 
Cor dil lera” – Mišík et al., 1991). Such an ar range ment of the ex -
otic source fits well with the con clu sions made by Marschalko
(1986), who argumented that the ex otic source rep re sented a
long-last ing el e va tion formed in a strike-slip zone rather than a
compressional wedge, which would be rap idly de stroyed.

The fol low ing palaeogeographic evo lu tion sce nario is pro -
posed (Figs. 19 and 20, see also Aubrecht et al., 2009). Mid dle
Ju ras sic Penninic rift ing caused de tach ment of the West-Car -
pathian internides (Austroalpine units) from their orig i nal po si -
tion south of the Mas sif Cen tral and the Oravic seg ment from its 
po si tion in con tin u a tion of the Moldanubian Zone of the Bo he -
mian Mas sif. The NE–SW ori en ta tion of the ini tial rift ing cor re -
sponds with many palaeogeographic re con struc tions (see dis -
cus sion in Aubrecht and Túnyi, 2001). The Oravic seg ment was 
orig i nally sit u ated in lat eral con ti nu ity with the West-Carpathian
internides seg ments (Michalík, 1994). South of both seg ments,
the older Tri as sic Meliata Ocean was sit u ated (part of the
Neotethys). This ocean closed in the Late Ju ras sic when the
crustal seg ments, which were de rived from the North-Eu ro pean 
Plat form, col lided with the South-Al pine/Dinaridic seg ments.
Rem nants of the ocean were ar ranged in a subduction mélange 
along the Meliatic su ture zone. Dur ing the Cre ta ceous, the
amal gam ated blocks ro tated fur ther clock wise to their fi nal
NW–SE ori en ta tion in the Paleogene (see Túnyi and Márton,
2002; Csontos and Vörös, 2004; Kováè et al., 2016). The ro ta -
tion caused de tach ment of the Oravic seg ment from its lat eral
po si tion, and its rel a tive lat eral shift along the north ern mar gin of 
the Cen tral West ern Carpathians (Fig. 19). The Meliatic
mélange was then sec ond arily po si tioned in the zone be tween
the Oravic seg ment and Cen tral West ern Carpathians, where it
formed an el e vated ridge (Andrusov ridge) that be came the
source of ex otic peb bles and ophiolitic de tri tus. The ridge si mul -
ta neously fed the Klape, Tatric and Fatric units on the SW and
the Oravic units on the NE (Fig. 20).

Fig. 19. Sim pli fied (lim ited num ber of microplates) schematic palaeogeographic map 
of the Al pine-Carpathian units (Albian) in the con text of the pos si ble po si tion of the source 

of ex otic ophiolitic ma te rial
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CONCLUSIONS

Sand stones from the Albian–Cenomanian exotics-bear ing
flysch de pos its were ana lysed for their heavy-min eral con tent
(Klape Unit in the Pieniny Klippen Belt, Tatric and Fatric zones
of the Cen tral West ern Carpathians, Manín Unit of the Pieniny
Klippen Belt and the Orava Unit of the Pieniny Klippen Belt. The
re sults are as fol lows:

1. The sand stone sam ples ana lysed are fine- to me -
dium-grained, petro graphi cally mostly be ing litharenites (Klape
and Orava units),  with over lap on sublitharenites (Tatric units)
and quartz arenites (Fatric and Manín units).

2. Most of the heavy-min eral sam ples were dom i nated by
chrome-spi nels, zir con, tour ma line, ap a tite and rutile in var i ous
ra tios. Gar net is rel a tively rare and un evenly dis trib uted, with lo -
cal abun dances of up to 78%. At the Havranský vrch lo cal ity,
there is a con sid er able kyan ite con tent. In some sam ples, there
were im por tant oc cur rences of blue am phi boles and py rox enes. 
No sig nif i cant dif fer ences were ob served be tween the in di vid ual 
units.

3. The heavy min eral spec tra ana lysed in di cate a large in put 
of min er als of pre dom i nantly ophiolitic prov e nance, such as
Cr-spi nels, blue am phi boles, and com plex-zoned tour ma line.
Zir con, the re main ing tour ma line, and rutile were likely de rived
from older sed i ments. Un evenly dis trib uted gar net, staurolite,
kyan ite, and sillimanite, which oc curred in rel a tively small
amounts, were mostly de rived from meta mor phic rocks of the
con ti nen tal crust of var i ous grade of meta mor phism. The py rox -
enes are not nec es sar ily re lated to an ophiolitic source, but may 
have been de rived from co eval Albian vol ca nic rocks.

4. The re sults show a close sim i lar ity with the co eval strata
from the East ern Alps and other exotics-bear ing suc ces sions in 
the Al pine-Carpathian-Dinaridic area.

5. The re sults are par tially in con sis tent with pre vi ous peb ble
anal y ses, since peb bles de rived from the ophiolitic source are
quan ti ta tively underrepresented with re spect to the dom i nant
Cr-spi nels in the sand frac tion. This can be ex plained by lower
re sis tance of the ophiolite rocks (mainly serpentinites), and by
con trast the strong re sis tance of Cr-spi nels to al ter ation. How -
ever, the great prev a lence of even less re sis tant car bon ate peb -
bles in di cate that the ophiolites might have been resedi mented
from ear lier, Ju ras sic mélange de pos its, whereas the car bon ates 
were de rived from pri mary nappe units in the vi cin ity.

6. Based on the Ju ras sic ages of high-pres sure meta mor -
phism de tected in the glaucophanite peb bles, we sup port the
idea that the ophiolitic source rep re sented a Tri as sic su ture of
the  Neotethys rather than from a Ju ras sic Penninic one. Our
palaeogeographic model is based on a tec tonic sec ond ary dou -
bling of this su ture zone, which was placed north of the Cen tral
West ern Carpathians by lat eral trans port of the Oravic seg -
ment, thus form ing a com mon source for ex otic clasts to the
Pieniny Klippen Belt and to the Cen tral West ern Carpathians.

Ac knowl edge ments. The au thors ac knowl edge fi nan cial
sup port from the pro jects APVV 17-0170, VEGA 2/0028/17 and 
VEGA 1/0115/18. Sug ges tions and com ments from Prof.
M. Wagreich (Vi enna Uni ver sity), Dr. D. Salata (Jagiellonian
Uni ver sity, Kraków) and an anon y mous re viewer greatly helped 
to im prove this ar ti cle.
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