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The Up per Cenomanian mixed siliciclastic-car bon ate suc ces sion of the High-Tatric Unit was de pos ited dur ing the ini tial
stage of basinal clos ing of the Tatric area, part of the Zliechov (Križna) Ba sin (In ner Carpathian do main). As a re sult of tec -
tonic ac tiv ity tak ing place at the north ern Veporic mar gin, pulses of siliciclastic in put in ter rupted ma rine car bon ate sed i men -
ta tion. The siliciclastic ma te rial, part of the Zabijak For ma tion, has been stud ied along two sec tions (Pisana Gully and
Zdziarski Gully) in the West ern Tatra Moun tains. Microfacies, petrographic and geo chem i cal anal y ses re veal a vari abil ity of
siliciclastic ma te rial com posed of var i ous types of granitoids and me dium- or high-grade meta mor phic rocks, with schists
and gneiss es. Such in ter pre ta tion is con firmed by the re sults of el e men tal chem i cal anal y ses, in which im mo bile trace el e -
ments, such as REE, Th, Cr, Co, Zr, and Y were used as in di ces for sed i ment prov e nance. The par ent rocks sus tained mod -
er ate to in tense chem i cal weath er ing, doc u mented by chem i cal weath er ing in di ces (CIA, PIA, CIW, R). The weath er ing
oc curred in a hu mid cli mate with rel a tively high pre cip i ta tion that caused strong leach ing of par ti cles. Chem i cal in di ces re -
lated to sort ing pro cesses sug gest that the re cy cling of the source ma te rial was a mi nor sig nif i cance. The siliciclastic in put
dis plays a wan ing up ward ten dency in the sec tions, which can be as so ci ated with di min ish ing of the source area by grad ual
in land progradation of a car bon ate plat form, caused by a global sea level rise dur ing the Late Cenomanian.

Key words: pe trog ra phy, geo chem is try, Up per Cenomanian, Zabijak For ma tion, High-Tatric Units, Cen tral West ern
Carpathians.

INTRODUCTION

Dur ing the Albian, con ver gence be tween the mar gins of
Gond wana and Laurasia started, re sult ing in de struc tion of for -
mer basinal sys tems be long ing to the Penninic Ocean (Voigt et
al., 2008). Car bon ate plat forms ly ing on the south ern edge of
the Penninic Ocean in the Carpathian do main, in clud ing those
on the Tatric area, were cov ered mainly by cal car e ous-rich mud 
(Vašíèek et al., 1994). Dur ing the Late Cenomanian, turbidite
sed i men ta tion grad u ally re placed the hemipelagic cal car e ous
sed i men ta tion in the Tatric area (B¹k and B¹k, 2013). It was the 
ini tial stage of the Zliechov (Križna) Ba sin clos ing that lasted
through the Turonian–?Coniacian, re sult ing in fold ing and
thrust ing of the High- and Sub-Tatric nappes (Jurewicz, 2005
and ref er ences therein).

The fi nal stage of ma rine sed i men ta tion in the Tatric area,
with de po si tion of siliciclastic ma te rial is a sub ject of this pa per.
The ma te rial stud ied be longs to the autochthonous suc ces sion
of the High-Tatric Units (Cen tral West ern Carpathians), out -
cropped in the Tatra Moun tains (Fig. 1A, B; Passendorfer,
1930, 1978). The aim of this pa per is to char ac ter ize these sed i -
ments and to de tect their prov e nance based on their petro -
graphic, microfacial and geo chem i cal char ac ter is tics.

GEOLOGICAL SETTING

The de scribed siliciclastics com ing from mixed cal car e -
ous-siliciclastic sed i ments are the youn gest ma rine sed i ments
of the Tatric suc ces sions. They have been dis tin guished as the
Pisana Mem ber of the Zabijak For ma tion, the top most litho -
stratigraphic unit in the High-Tatric Units (Fig. 2; Lefeld, 1985;
Krajewski, 2003). These sed i ments are ex posed within the
para-autochthonous unit oc cur ring in the Tatra Moun tains,
which is part of a tec tonic unit called Tatricum. This unit rep re -
sents an up per crustal thrust sheet of the Cen tral West ern
Carpathians com pris ing the pre-Al pine crys tal line base ment
and the Late Pa leo zoic-Me so zoic sed i men tary cover (Pla šien -
ka, 1999, 2003).
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The most char ac ter is tic fea ture of the Pisana Mem ber is
the oc cur rence of grey thin-bed ded, lam i nated siltstones and
fine-grained sand stones with cal car e ous ce ment, which form
four pack ages, 6–20 m thick (Fig. 3; Krajewski, 2003). The
sed i men tary fea tures of these sed i ments sug gest their rhyth -
mic de po si tion from low-den sity and low-ve loc ity tur bid ity cur -
rents in a hemipelagic basinal en vi ron ment (Krajewski, 2003;
B¹k et al., 2016). The to tal thick ness of the Pisana Mem ber is
dif fi cult to mea sure due to tec tonic de for ma tion re lated to
thrust ing pro cesses. Ac cord ing to Krajewski (2003), the max i -
mum thick ness is ap prox i mately 170 m, how ever, tec tonic rep -
e ti tions are very likely. 

The age of sed i ments be long ing to the Pisana Mem ber has
been as signed in the study area based on the foraminiferal,
radiolarian and car bon iso to pic stud ies (B¹k and B¹k, 2013;
B¹k et al., 2016) as the Late Cenomanian. Their de po si tion took 
place dur ing global sea level fluc tu a tions that oc curred at ca.
95.5 Ma, com par ing with the Haq (2014) eustatic curve. The up -
per bound ary of the Pisana Mem ber is de fined along the
overthrust sur face of the High- or Subtatric units.

Micropalaeontological stud ies show that the sea-floor was
lo cated at up per bathyal depths and the wa ter col umn was
poorly ox y gen ated (B¹k et al., 2016). The scar city of ma rine
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Fig. 1A – the Carpathians on the back ground of sim pli fied geo log i cal map of Al pine orogens and their fore land; B – sim pli fied
geo log i cal map of the Tatra Moun tains with the lo ca tion of the study area (map af ter Bac-Moszaszwili et al., 1979); 

C – lo ca tion of the stud ied sec tions (black lines) in the Tatra Moun tains 

Re lief map af ter www.geoportal.gov.pl; GPS co or di nates are re lated to the base (Zabijak Gully) 
and the top (Zdziarski Gully) of the sec tions

Fig. 2. Lithostratigraphy of the Up per Albian–Cenomanian
sed i ments (Zabijak For ma tion) in the Pol ish part of the

High-Tatric Units, Tatra Moun tains (Krajewski, 2003)

Unit stud ied high lighted in grey



fos sils in re de pos ited ma te rial and fea tures of car bon ate litho -
clasts sug gest very low pro duc tiv ity in the nearshore sur face
wa ter, most prob a bly due to a low-den sity hyposaline cap as
sur face run off from the south ern mar gin of the Zliechov (Križna) 
Ba sin. In turn, the intrabasinal car bon ate microfossils in di cate
mod er ate pri mary pro duc tiv ity with rare pe ri ods of en hanced
upwelling that brought nu tri ent-rich oce anic wa ter, which
reached the north ern edge of the Tatric area (B¹k et al., 2016).

MATERIAL AND METHODS 

Two ex po sures of the Pisana Mem ber were stud ied in the
Pol ish part of the Tatra Moun tains. Both oc cur along gul lies
(Zabijak Gully and Zdziarski Gully) cross ing the Up per
Albian–Cenomanian strata in the Lejowa and Koœcieliska drain -
age bas ins (Fig. 1C). The out crops of the Pisana Mem ber in the
Zabijak Gully, a trib u tary of the Lejowa Val ley, oc cur on both
slopes of the gully. The sed i ments stud ied rep re sent the youn -
gest part of the Pisana Mem ber, cor re lated to the Late

Cenomanian in ter val pre ced ing the Oce anic Anoxic Event 2 sed -
i ments (Fig. 3; B¹k et al., 2016). The siliciclastics from this sec -
tion con tain four thick pack ages (6–20 m thick) of thin-bed ded
(up to 10 cm), lam i nated siltstone (Fig. 3B) and sand stone lay ers. 
They oc cur in a se quence of al ter nat ing grey to green marlstones 
and marly claystones that con tain from mm- to cm-thick siltstone
lay ers (Fig. 3A). Fine-grained thin-bed ded (5–10 cm) sand stone
lay ers are rare; oc ca sion ally, thicker beds reach 60 cm. The out -
crops of the Pisana Mem ber are scarce in the Zdziarski Gully,
how ever, four pack ages of siltstone and sand stone lay ers (from
6 to 15 m thick), re sis tant to weath er ing and ero sion, are well-rec -
og niz able (Fig. 3). Due to sim i lar tec tonic po si tion of the Zdziarski 
and Pisana sec tions, and rel a tively short dis tances be tween
them (~1 km), these four thick pack ages of siltstone and sand -
stone lay ers may rep re sent the same lith o logic ho ri zons (Fig. 3),
as was ear lier sug gested by Krajewski (2003).

Field sedimentological ob ser va tions, mi cro scopic anal y ses
in clud ing min er al ogy and pe trog ra phy of lay ers that con tain
siliciclastics, and geo chem i cal anal y ses were the ba sis of the
present study.

Anal y sis of the lay ers was per formed on 23 sam ples (Fig. 3) 
us ing a Nicon YM-EPI Eclipse E600POL op ti cal mi cro scope.
The microfacies com po si tion of these sam ples was de ter mined
in 18 thin-sec tions (Fig. 3) based on vi sual es ti ma tion of per -
cent age af ter Folk (1951) and Terry and Chilingar (1955). The
in ven tory of min eral com po nents was ob served milli metre by
milli metre un der light mi cro scope in mag ni fi ca tion 80x. Thick -
nesses of laminae, usu ally poorly sep a rated, vary from 0.2 to
3 mm de pend ing on changes in their li thol ogy. The laminae
were dis tin guished on the ba sis of ver ti cal dis tri bu tion of grains
and clas si fied into three frac tions.

The modal min er al ogy of the sed i ment were ob tained by
count ing at least 700 points with a ZEISS au to matic coun ter in
each thin-sec tion. Rock frame work com po si tion (modal anal y -
sis) was quan ti fied us ing the point-coun ter method de scribed by 
Dickinson (1985). In con trast to the Gazzi-Dickinson method
(Ingersoll et al., 1984), min er als >63 mm within lithoclasts were
counted as rock-form ing min er als of the lithoclast com po si tion
(Decker and Helmold, 1985). 

The JEOL 5410 elec tron mi cro scope equipped with an en -
ergy spec trom e ter Voy ager 3100 (NORAN) was used in micro -
probe chem i cal anal y ses of se lected rock-form ing min er als.
The mea sure ments were car ried out us ing a spot method. 

Seven sam ples of siltstone and sand stone lay ers (Zab-3, 3a,
6c, 7; Zd-1, 2, 11; Fig. 3) were ana lysed for the con cen tra tion of
ma jor and mi nor el e ments at the Bu reau Veri tas Min er als Lab o -
ra to ries, Van cou ver, Can ada. To tal abun dances of the ma jor ox -
ides and sev eral mi nor el e ments were ana lysed by ICP-emis sion 
spec trom e try fol low ing a lith ium metabo rate/tetraborate fu sion
and di lute ni tric acid di ges tion. Loss on ig ni tion (LOI) was de ter -
mined by weight dif fer ence af ter ig ni tion at 1000°C for >2h. Rare
earth and re frac tory el e ments were de ter mined by ICP mass
spec trom e try af ter fu sion with a mix ture of lith ium meta bo ra -
te/tetraborate fu sion and ni tric acid di ges tion. More over, sep a -
rate 0.5 g sam ples were di gested in Aqua Regia and ana lysed by 
ICP mass spec trom e try to re port the pre cious and base met als.
De tec tion lim its range from 0.002 to 0.01 wt.% for ma jor ox ides,
from 0.1 to 20 ppm for trace el e ments, and from 0.01 to 0.1 ppm
for the rare earth el e ments. The CANMET and USGS cer ti fied
ref er ence ma te ri als were used as mon i tors of data qual ity. The
trace el e ment and REE were nor mal ized us ing chondrite val ues
(Thomp son, 1982), PAAS val ues and UCC val ues (Tay lor and
McLennan, 1985).

The to tal cal cium car bon ate con tent of seven sam ples was
mea sured us ing the Scheibler method, in which CaCO3 con tent
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Fig. 3. Lithological logs of the Up per Cenomanian Pisana
Mem ber (Zabijak For ma tion) at the Zabijak Gully and
Zdziarski Gully sec tions (High-Tatric Units, Tatra Moun -
tains; af ter Krajewski, 2003) with the po si tion of sam ples
and pho to graphs of two subfacies: A – sand stone/ siltsto -
ne/marlstone (sds/slt/mrl) and B – lam i nated siltstone (slt)

“ – sam ples for microfacies anal y sis; * – sam ples for bulk
chem i cal anal y sis



is cal cu lated from the vol ume of emit ted car bon di ox ide, as a
con se quence of re ac tion of the pow dered rock sam ple (1 g)
with 10% hy dro chlo ric acid. The data have been cor rected in re -
la tion to air tem per a ture and at mo spheric pres sure.

The re sid ual rock sam ples used in petrographic stud ies,
and microfacies slides are housed at the In sti tute of Ge og ra -
phy, Ped a gog i cal Uni ver sity of Cra cow (col lec tion of K. B¹k).

RESULTS

MICROFACIES OF SILICICLASTIC-BEARING SEDIMENTS

Siliciclastic ma te rial has been stud ied in beds con tain ing an
ad mix ture of siliciclastic and cal car e ous grains from very fine
sand up to clay frac tions (Fig. 4A). Mac ro scop i cally, the rocks are 
rep re sented by sandy lime stones, cal car e ous sand stones, marly 
siltstones and silty marlstones. Ac cord ing to Folk (1980) clas si fi -
ca tion, these sed i ments be long gen er ally to arenites and mud -
rocks. Arenites rep re sent calcilithites from the litharenite group,
which con tain >30% of cal car e ous grains, and have im ma ture
tex ture. Mudrocks are rep re sented by siltstones, mud stones and 
claystones. Based on their min eral com po si tion, siltstones and
mudstones are of orthoquartzite through cal cilithite types, as
they con tain pre dom i nately quartz grains and up to 60% of cal -
car e ous grains ad mix ture. Some of the mud stones and clay -

stones are of phyllarenite type, as they con tain quartz grains in
the silt frac tion and abun dant white fine -grained micas.

Siliciclastic grains in arenites as well as in mudrocks con sti -
tute the grain frame work or they con sist of ma trix com po nents
(Fig. 4B–D). These are pre dom i nately quartz grains, other min er -
als and var i ous types of lithoclasts (Fig. 4D). Their to tal con tent is 
high in arenites, mudstones and siltstones (up to 60%), but they
dis play a gen eral trend of de creas ing up ward the sec tion (Fig. 5).
The con tent of cal car e ous grains in siliciclastic -bear ing sed i -
ments show an op po site trend, how ever, their max i mum con tent
in all frac tions reach 80% of to tal amount (Fig. 5). 

In arenite laminas, quartz grains are ori ented cha ot i cally.
Sharp con tacts be tween arenite and silt laminas are com monly
vis i ble (Fig. 6B). Car bon ate sparitic/micritic ce ment of basal
type is pres ent (Fig. 6C).

Siliciclastic grains con tain mostly quartz that may con sti tute
even up to 90% of a sin gle sam ple view (Fig. 5). Quartz grains
are both an gu lar and rounded. Rounded quartz grains are less
com mon in the sandy frac tion, but their con tent is sig nif i cantly
higher in mudstones and siltstones. The op po site trend is ob -
served for an gu lar quartz, with a much higher con tent in the
sandy frac tion, up to 95%. Mica flakes are also com mon, up to
40%, es pe cially in siltstones and claystones.

Re de pos ited cal car e ous grains are also as so ci ated with
terrigenous par ti cles (see also in B¹k et al., 2016). These are in
the very fine sandy to silty frac tions, usu ally poorly to mod er -
ately rounded. Cal car e ous grains con tain pre dom i nately mi -
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Fig. 4. Microfacies and com po nents in siltstones and sand stones from the Up per Cenomanian sed i ments 
of the Pisana Mem ber, High-Tatric Units, Tatra Moun tains

A – gen eral view, re la tion and thick ness of very fine-grained sand stone (VFS), mudstone (M) and claystone (C), sam ple Zab2; B
– grad ual tran si tion from mudstone to claystone with in creas ing con tent of mica flakes (mf) and or ganic de tri tus (od), sam ple
Zab2; C – com po nents of very fine-grained sand stone, sam ple Zab2/19: rounded quartz (Qr), an gu lar quartz (Qa), cal car e ous
grains (Cg), and seams of or ganic mat ter with py rite framboids (OM+Py); D – close-up view of sam ple Zab2/19, show ing more de -
tails of de tri tal grains and high ra tio of cal car e ous to siliciclastic grains, ab bre vi a tions as in Fig ure C
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Fig. 5. Per cent age con tent of main min eral con stit u ents of siliciclastic-bear ing Up per Cenomanian 
sed i ments of the Pisana Mem ber, High-Tatric Unit, Tatra Moun tains, based on thin-sec tion 

anal y ses of par tic u lar laminae rep re sent ing var i ous frac tions

To tal per cent age con tent of siliciclastic and cal car e ous grains – 100%; to tal per cent age con tent of rounded and 
an gu lar quartz grains – 100%; con tent of lithic grains as per cent age of siliciclastic grains; or der of sam ples was
com piled based on the po si tion of thick pack ages of thin-bed ded lam i nated siltstone in both sec tions – see Fig -
ure 3



crites and sparites, with out biogenic ad mix ture, which com -
prises al most 50% of to tal amount. Cal car e ous ben thic fora -
minifers as re de pos ited cal car e ous grains do not sur pass 20%.
Mol lusc shells are <1%. Do lo mite crys tals, some times rounded, 
oc cur also as re de pos ited grains. Their con tent does not ex -
ceed two per cent. 

The dis tri bu tion of an gu lar quartz and cal car e ous grains
along the sec tion stud ied is bi modal (Fig. 5). 

PETROGRAPHY OF SILICICLASTICS 
FROM SILICICLASTIC-BEARING SEDIMENTS

The siliciclastic com po nents from the sed i ments stud ied
are dom i nated by quartz grains in the sand frac tion, rang ing
from 0.063 mm to 0.21 mm in size. Quartz grains are an gu lar
to rounded in outer out line (Fig. 4C). Rounded quartz pre vail in 
the frac tion <0.2 mm. Their dis tri bu tion in the Zabijak Gully
sec tion is bi modal (Fig. 5). The an gu lar quartz con tent is uni -
form along the sec tions, rang ing from 40 to 50%. Most of the
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Fig. 6. Mi cro pho to graphs of min eral grains and lithoclasts in siltstones and sand stones from the Up per Cenomanian
sed i ments of the Pisana Mem ber, High-Tatric Unit, Tatra Moun tains

A – white mica flakes di rec tion ally ori ented in silty laminae, sam ple Zab7; B – sharp con tact be tween silty and sandy laminae, sam ple Zab4;
C – cor roded quartz grains by the car bon ate basal ce ment, sam ple Zab4/39; D, E – framboidal py rite in seams of or ganic mat ter (D – sam ple
Zab7, E – sam ple Zab3a); F – quartz grains (Qtz) dis play ing nor mal ex tinc tion, sam ple Zab2/19; G – mo saic quartz grains (Qtz), sam ple Zd2;
H – plagioclase grain (Pl) with mul ti ple twinning, sam ple Zab2/19; I – al tered orthoclase  grain (Or), sam ple Zab2/19; J – frame work with mica
flake (Ms), sam ple Zab2/19; K – al tered bi o tite (Bt) with sagenitic in ner tex ture, sam ple Zab2/19; L – chlorite grain (Chl), sam ple Zab2/19; M – 
fib ro lite sillimanite grain (Sil), sam ple Zab2/19



quartz grains dis play nor mal ex tinc tion (Fig. 6F) and mo saic
tex ture (Fig. 6G). Other min eral grains are less com mon. To -
gether with litho clasts, their av er age abun dance is 10%, how -
ever, in some sam ples (Zd1, Zd2, Zab7, Zab4/39), the con tent 
of lithoclasts and min er als, ex clud ing quartz, is up to 23%.
This con tent reaches the max i mum value in sam ple Zd2, that
is 60% (Fig. 5). Min eral grains and lithoclasts are mod er ately
sorted and ex hibit var i ous round ing classes, from an gu lar
through subangular to subrounded. 

Feld spar grains, i.e. plagioclase (Fig. 6H) and orthoclase
(Fig. 6I), flakes of white mica (Fig. 6J), al tered bi o tite with

sagenitic struc ture (Fig. 6K), chlorite (Fig. 6L), and sillimanite
fib ro lite ag gre gates (Fig. 6M) are very rare. Lithoclasts are
rep re sented by me dium-grade meta mor phic rocks, in clud ing
gneiss es (Fig. 7A) and schists (Fig. 7B), hy dro ther mally al -
tered gran ites with kaolinitized feld spars (Fig. 7C), cataclastic
gran ites (Fig. 7D), slates (Fig. 7E), and siderites (Fig. 7F). Ad -
di tion ally, grains of heavy min er als have been found in these
sed i ments, in clud ing tour ma line (Fig. 7G), rutile (Fig. 7H) and
zir con (Fig. 7I). In laminas of the silt frac tion, framboidal py rite
(ox y gen ated to var i ous de grees) was ob served (Fig. 6D, E).
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Fig. 7. Mi cro pho to graphs of lithoclasts and heavy min eral grains in siltstones and sand stones from the Up per Cenomanian
sed i ments of the Pisana Mem ber, High-Tatric Unit, Tatra Moun tains

A – gneiss lithoclast, sam ple Zab2/19; B – schist lithoclast, sam ple Zab2/19; C – hy dro ther mally al tered gran ite lithoclast, sam ple Zab2/19;
D – cataclastic gran ite lithoclast, sam ple Zab2/19; E – slate (phyllite) lithoclast, sam ple Zab2/19; F – sid er ite (Sid) lithoclast, sam ple Zd1; G – 
tour ma line (Tur) grain, sam ple Zab4/39; H – rutile (Rt) grain, sam ple Zab4/39; I – zir con (Zrn) grain, sam ple Zd2



GEOCHEMISTRY OF SILICICLASTICS 
FROM SILICICLASTIC-BEARING SEDIMENTS

MAJOR AND TRACE ELEMENTS

The geo chem i cal com po si tion of the sed i ments stud ied is
pre sented in Ap pen dix 1*, Ta bles 1 and 2. The siliciclastic-bear -
ing sed i ments are char ac ter ized by low/me dium con tent of SiO2

(33.6–47.7 wt.%, av er age 39.6 wt.%). It is re lated to the var i ous
amount of quartz grains in the frame work and re flects the dif fer -
ence be tween sed i ments of the silty and sandy frac tions. The
con tent of Al2O3 is higher in the sam ples in which the en rich -
ment in de tri tal quartz grains is ob served (Zab3a, 6c – 14.99
and 13.79 wt.%, re spec tively). High con tent of CaO (26.9 and
28.4 wt.%, av er age 19.34 wt.%) and LOI (26.6 and 26.8 wt.%,
av er age 20.5 wt.%) is ob served in the sam ples (Zd1, 2) ex hib it -
ing dis tinctly lower con tent of SiO2 (33.92 and 36.49 wt.%, re -
spec tively) and high amount of cal cite ce ment (Figs. 6G and 7F, 
I). The con tent of TiO2 is rel a tively low (0.23–0.48 wt.%, av er -
age 0.44 wt.%), how ever, the sam ples which are en riched in
the sandy frac tion and heavy min er als (e.g., rutile) show en rich -
ment in TiO2 (up to 0.66 wt.%).

The ma jor el e ments in clud ing Al2O3, Fe2O3, TiO2 and K2O
are pos i tively cor re lated with SiO2 (Fig. 8A, C–E). These cor re -
la tions sug gest that the dis tri bu tion of these el e ments is con -
trolled mainly by the oc cur rence of de tri tal min er als in clud ing

micas (mus co vite and bi o tite), chlorite and feld spars. Sim i lar
con tri bu tion, i.e. from bi o tite and mica-bear ing meta mor phic
lithoclasts, is in ter preted based on the pos i tive cor re la tions of
K2O and TiO2 with Al2O3 (Fig. 8P, Q), and based on the
K2O/Al2O3 ra tio (0.15–0.24; Ta ble 2) that is typ i cal of val ues of
mus co vite (Cox et al., 1995).

CaO shows a neg a tive cor re la tion with SiO2 (Fig. 8B) that is
re lated to an in flux of var i ous amounts of car bon ate ce ment dur -
ing diagenesis and other ma jor el e ments (Al2O3, Fe2O3, TiO2 –
Fig. 8J–L). 

The pres ence of de tri tal min er als in clud ing bi o tite flakes,
rutile and opaque min er als (e.g., sam ple Zab3a) is con firmed by 
the el e vated con tent of tran si tion met als (Ni, Co Sc, V; Ap pen -
dix 1). The con tent of Ga and Rb (19.9 and 141.9 ppm, re spec -
tively) in the same sam ple pro vides ev i dence that white mica
flakes and mica-bear ing lithoclasts pri mar ily con trol the abun -
dance of these el e ments. The high con tents of Zr (150.9 ppm),
Hf (4.4 ppm) as well as SREE + Y (171.6 and 25.5 ppm, re spec -
tively) in sam ple Zab6c re flect the oc cur rence of heavy min er -
als, such as zir con and ap a tite. In turn, the high est con tents of
Nb (12.8, 13.2 ppm) oc cur in two sam ples (Zab6c, 3a), in clud -
ing rutile grains. The con cen tra tion of LILE (Rb, Ba, Th and U,
with out Sr) is mark edly higher in the sam ples en riched in the
siliciclastic frac tion (Zab3a, 6c, Zd11). The Sr con tent
(653.7–695.6 ppm) is high in the sam ples (Zd 1, 2) en riched in
car bon ate ce ment (CaO – 28.42 and 26.86 wt.%, and LOI –
26.6 and 24.8 wt.%, re spec tively). 
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T a  b l e  1

Chem i cal in di ces of the Up per Cenomanian sed i ments of the Pisana Mem ber, High-Tatric Unit, Tatra Moun tains

Chem i cal in di ces Zab3 Zab3a Zab6c Zab7 Zd1 Zd2 Zd11
Av er age

(n = 7)

Th/Co 0.68 0.80 0.78 0.59 0.52 0.53 0.83 0.68

La/Sc 2.90 2.17 2.48 2.23 2.10 2.24 2.35 2.35

Th/Sc 0.81 0.78 0.81 0.76 0.64 0.70 0.84 0.76

Zr/Sc 18.0 8.3 10.8 10.8 14.0 14.7 10.2 12.4

Th/Cr 0.06 0.12 0.10 0.12 0.03 0.05 0.10 0.08

Th/U 2.3 3.9 3.0 3.0 2.7 2.5 2.3 2.8

La/Th 3.56 2.79 3.04 2.92 3.28 3.20 2.82 3.09

Zr/Sc 18.03 9.29 10.78 10.83 14.08 14.68 10.25 12.56

Fe2O3/K2O 3.42 1.61 2.01 2.15 5.32 4.23 1.75 2.93

K2O/Al2O3 0.17 0.22 0.21 0.20 0.15 0.16 0.24 0.19

Al2O3/TiO2 18.08 22.71 21.55 20.88 16.13 18.13 22.60 20.01

SREE 102.8 158.6 171.6 120.9 125.9 53.8 62.1 113.7

(Eu/Eu*)ch 0.73 0.57 0.60 0.63 0.93 0.81 0.62 0.70

(Eu/Eu*)PAAS 1.14 0.89 0.96 0.98 1.48 1.24 0.98 1.10

(Eu/Eu*)UCC

(La/Yb)ch

(La/Sm)ch

(Gd/Yb)ch

1.14

7.38

3.04

1.83

0.89

8.55

3.91

1.47

0.96

8.48

3.47

1.48

0.98

7.11

3.46

1.49

1.48

7.04

2.72

1.93

1.24

6.23

2.61

1.91

0.98

7.89

3.78

1.45

1.10

7.51

3.28

1.65

CIA 67 76 74 69 66 68 72 70

PIA 73 89 85 76 71 73 84 79

CIW 76 91 88 79 74 76 87 82

R ra tio
(SiO2/Al2O3)

6.2 3.0 3.4 4.0 9.1 8.4 3.1 5.3

CaCO3 [%] 28 15 22 18 31 33 20 23.9

Eu anom aly = Eu-nor mal ized/Eu* where Eu*= (Sm-nor mal ized+Pr-nor mal ized/2), nor mal ized to chondrite (ch), to
Post-Archean Aus tra lian Shale (PAAS), to Up per Con ti nen tal Crust (UCC)

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1316
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T a  b l e  2

Av er age ra tios of REE in di ces, Eu anom aly and to tal REE con tent in the Up per Cenomanian 
sed i ments of the Pisana Mem ber, High-Tatric Unit, Tatra Moun tains com pared

with av er ages in sands from mod ern tec tonic en vi ron ments

(La/Y)ch (La/Sm)ch (Gd/Yb)ch Eu/Eu* SREE

Pas sive mar gin1 9.80 3.67 1.40 0.74 107.0

Back-arc ba sin1 6.50 2.95 1.30 0.79 83.6

Con ti nen tal arc ba sin1 7.18 3.19 1.30 0.76 113.5

Fore-arc ba sin1 2.93 1.82 1.12 0.89 55.9

Fore-arc ba sin2 9.11 5.77 1.61 0.73 134.0

High-Tatric Unit 7.51 3.29 1.65 0.70 113.7

UCC ra tios from: 1 – McLennan (2001) and 2 – Mazur et al. (2010); shaded ar eas re flect sim i lar val ues 
of in di ces; for other ex pla na tions see Ta ble 1

Fig. 8. Cor re la tion di a grams be tween ma jor, trace, and REE el e ments in re la tion to SiO2, CaO, Al2O3,
and Zr from the up per Cenomanian siltstones and sand stones of the Pisana Mem ber, 

High-Tatric Unit, Tatra Moun tains



The pos i tive cor re la tions of Ba and Rb with SiO2 (Fig. 8F, G),
as well as Zr with Yb and Hf (Fig. 8R, S) show their as so ci a tion
with heavy min er als oc cur ring in the silty and sandy frac tions of
the siliciclastic sed i ments. En rich ment in zir con and ap a tite is re -
spon si ble for a neg a tive cor re la tion of Ba with CaO (Fig. 8N, O).
Among tran si tional el e ments, a pos i tive cor re la tion with CaO is
ex hib ited only by Sr (Fig. 8M), in di cat ing that Ca nad Sr were
prob a bly orig i nally added with car bon ate and/or feld spar. The
sig nif i cant en rich ments of Th, Zr, U, Nb and a high Al2O3 con tent
(up to 15 wt.%) are re lated to the oc cur rence of white mica (mus -
co vite and/or illite) and heavy min er als (tour ma line, zir con and
rutile) (cf. Bhatia and Crook, 1986).

The low con tent of Zn (121 ppm) and Cu (104.1 ppm) in
sam ple Zab7 may re flect traces of ore-bear ing min er ali sa tion in
the siliciclastic rocks. Small amount of TOT/S (up to 0.3 wt.%)
sug gests the oc cur rence of un al tered py rite framboids, which
was con firmed by min er al og i cal ob ser va tions (Fig. 6D, E).

Chondrite-nor mal ized pat terns of trace el e ments (Fig. 9A)
show de ple tion of Nb, Ta, P and Ti el e ments, whereas Rb, Th,
K, La, Ce, Nd, Sm, Zr, Hf, Tb con tents are el e vated, com pared
to the chondrite val ues. Sr is de pleted in quartz-rich sed i ments.

PAAS-nor mal ized pat terns of trace el e ments (Fig. 9B) ex -
hibit de ple tion of Co, V, Rb, Ba, Zr, Y, Hf, Th, U and Sc el e ment. 
The sed i ments stud ied are mark edly en riched in Sr and Nb with 
re spect to those of PAAS. Sr is sig nif i cantly en riched in car bon -
ate-rich sed i ments.

UCC-nor mal ized pat terns of trace el e ments (Fig. 9C) re veal 
de ple tion in Ba, Nb, Zr and Ti and en rich ment in Rb, Th, U, V,
La, Ce, Nd, Hf, and Sm. Only two sam ples of quartz-rich sed i -
ments (Zab 3a, 6c) are de pleted in Sr. This in di cates that Sr
may be as so ci ated with cal cite from the ce ment.

RARE EARTH ELEMENTS (REE)

The con cen tra tion of REEs is given in Ap pen dix 1.
Chondrite-nor mal ized REE pat terns are shown in Fig ure 9D
and Ta ble 2, and com pared with the Post Archean Aus tra lian
Shale (Fig. 9E and Ta ble 1) as well as the Up per Con ti nen tal
Crust-nor mal ized (Fig. 9E and Ta ble 1) pat terns (Tay lor and
McLennan, 1985).

In gen eral, the REE are con cen trated in fine frac tions of the
sed i ments stud ied (silt or clay ac cord ing to Cullers et al., 1987,
1988) be ing ac com mo dated in most phyllosilicates (micas),
which are en riched in Al and Fe. Tak ing into ac count ab so lute
con cen tra tion of REE (SREE), a large vari a tion be tween
quartz-rich (SREE = 120.9–171.6 ppm) and car bon ate-rich sed i -
ments (SREE = 53.8–62.1 ppm) is ob served. Chondrite -nor mal -
ized REE pat terns ap pear sim i lar (Fig. 9D), char ac ter ized by
LREE en rich ment [(Lan/Smn)ch = 2.61–3.91] and flat pat tern of
HREE [(Gdn/Ybn)ch = 1.45–1.93] with neg a tive anom a lies of Eu
[(Eu/Eu*)ch = 0.57–0.93]. The sam ples ex hibit mod er ate frac tion -
ation of REE (LREE/HREE) [(Lan/Ybn)ch = 6.23–8.55]. 

De spite vari able con cen tra tions of REE, their dis tri bu tion
pat terns are sim i lar to PAAS and UCC. The PAAS- and UCC-
 nor mal ized REE val ues (Fig. 9E, F and Ta ble 1) show a flat
LREE pat tern [(Lan/Smn)PAAS = 0.61–0.91 and (Lan/Smn)UCC =
0.63–0.94] and slightly en hanced HREE val ues [(Gdn/Ybn)PAAS

= 1.08–1.44 and (Gdn/Ybn)UCC = 1.04–1.38] with pos i tive Eu
anom a lies for car bon ate-rich sed i ments (Eu/Eu*)PAAS =
1.24–1.48 and (Lan/Ybn)UCC = 0.67–0.92]. The sam ples dis play 
a weak frac tion ation of REE [(Lan/Ybn)PAAS = 0.68–0.93 and
(Lan/Ybn)UCC = 0.67–0.92].

The REE, sim i larly as Y show a pos i tive cor re la tion with
SiO2 (Fig. 8H, I) pro vid ing ev i dence that they could be as so ci -
ated with the oc cur rence of detritic micas and feld spars in the

frame work. In turn, a neg a tive cor re la tion of REE with CaO (Fig. 
8N, O) may cor re spond to their en rich ment in heavy min er als
(zir con, ap a tite). 

DISCUSSION

Siliciclastic-bear ing sed i ments are rel a tively rare in the Up per 
Cenomanian se quence of the Pisana Mem ber. Their to tal thick -
ness is dif fi cult to es ti mate due to pos si ble tec tonic rep e ti tions,
but it may con tain less than one fifth of the stud ied suc ces sion.
This ma te rial is pres ent in laminae and thin lay ers in the silty and
very fine-grained (up to 0.21 mm) arenite frac tions, be ing as so ci -
ated with car bon ate grains, car bon ate and silici clastic ma trix, and 
cal cite ce ment. Min eral grains and lithoclasts are mod er ately
sorted and ex hibit var i ous round ing classes, from an gu lar
through subangular to subrounded. Frac tion re duc tion of quartz
grains in the sam ples stud ied, which range from very fine sand
up to silt, may be af fected by trans port (Folk, 1980). Ex clu sively
small grains that are pres ent in the sed i ments in di cate long trans -
port but also de po si tion from a weaker cur rent than those that
could carry coarser grains – ab sent in the stud ied sed i ments.
Grain sphe ric ity, vis i ble in more than 40% of quartz grains in the
sam ples is in ter preted as the fea ture re lated to the source area
and may in di cate both long-lasted abra sion in that source area,
and long river trans port on the land.

PARENT ROCKS COMPOSITION

The sed i ments stud ied in di cate en hanced min er al og i cal
ma tu rity and sta bil ity that is sug gested based on their low value
of the Fe2O3/K2O ra tio (2.93 on av er age; Ta ble 1). This ra tio is
re lated to an oc cur rence of min er als rich in po tas sium (e.g.,
white micas, hydromicas and K-feld spars) and with a low con -
tent of iron-bear ing min er als like biotites and chlorites.

The frame work of the siliciclastic sed i ments is dom i nated by 
quartz grains. Its op ti cal fea tures (mo saic and nor mal ex tinc -
tions) show that the quartz grains are de rived from fel sic ig ne -
ous and meta mor phic rocks. Terrigenous-de rived ox ides (SiO2

and TiO2) show a strong pos i tive cor re la tion with Al2O3 (Fig. 8A,
Q), point ing to a con clu sion that si li ceous or gan isms were in sig -
nif i cant in the ac cu mu la tion of sil ica at the sea floor.

The quartz grains are ac com pa nied by grains of feld spars,
micas, chlorite, sillimanite and rare lithoclasts (Figs. 5–7).
Sillimanite fib ro lite ag gre gates, found in these sed i ments, could
orig i nate from me dium- or high-grade meta mor phic rocks
(gneiss es and schists). Such schists and gneiss es have been
de scribed among oth ers from the Variscan granitoids in the Cen -
tral West ern Carpathians (e.g., Kreutz, 1930; Bur chart, 1970;
Skupiñski, 1975; Poller et al., 2000; Janák et al., 2001). Part of
them could rep re sent hy dro ther mal al tered gran ites, based on
the pres ence of hy dro ther mally al tered bi o tite (sagenitic bi o tite) in 
the sam ples stud ied (Fig. 6K). Peb bles of such mag matic rocks
are known from var i ous sec tions in the Tatric and Fatric tec -
tonic-fa cies units (Mišik et al., 1981).

The oc cur rence of ig ne ous and meta mor phic rocks in the
source area is also sug gested by chem i cal in di ces of the sed i -
ments. The Al2O3/TiO2 ra tio ranges from 16.1 to 22.7 in the
sam ples, the val ues typ i cal of in ter me di ate and fel sic rocks
(Hayashi et al., 1997). This prov e nance is con firmed by a low
amount of TiO2 (0.44 wt.% on av er age; Ap pen dix 1), lower than
in the PAAS (Tay lor and McLennan, 1985) that is char ac ter is tic
of more evolved (fel sic) rocks. 

928 Anna Wolska, Krzysztof B¹k and Marta B¹k



The ra tios be tween rel a tively im mo bile trace el e ments, in -
clud ing La/Sc, Th/Sc, Th/Co and Th/Cr, are also con sid ered suit -
able in di ca tors of par ent rock prov e nance (e.g., Wron kiewicz and 
Condie, 1990; Cox et al., 1995; Cullers, 1995; Cai et al., 2011; Ali 
et al., 2014). This is sup ported by the fact that La, Th and Hf are
en riched in fel sic rocks, whereas Co, Cr, and Sc are more con -
cen trated in mafic rocks. In the pres ent study, these ra tios (Ta ble 
1) are not sig nif i cantly dif fer ent from those of the MCS or PAAS,
sug gested to have been de rived from granitoid sources (Tay lor
and McLennan, 1985; Cullers, 1994, 2000, 2002). In the dis crim -
i na tion di a grams (af ter Floyd and Leveridge, 1987) that show re -
la tions be tween im mo bile trace el e ments and trace el e ments
char ac ter is tic of fel sic rocks (Fig. 10A, B), the sed i ments stud ied
gen er ally plot in the field of fel sic or silicic rocks. Sim i lar or i gin of
terrigenous ma te rial is sug gested by the U/Th ra tio (2.8 on av er -

age; Ta ble 1) that is close to val ues of fel sic rocks (Larsen and
Gottfried, 1960), and sig nif i cantly lower with re spect to sed i men -
tary rocks (Bhatia and Tay lor, 1981).

The REE pat terns of the par ent rocks are pre served in
clastics show ing dif fer ences in frac tion ation of REE and Eu
anom aly val ues (Tay lor and McLennan, 1985; Hanson, 1989;
McLennan, 1989). The mafic rocks have low SLREE/SHREE
ra tios with lit tle or no Eu anom a lies, whereas fel sic rocks usu ally 
con tain higher SLREE/SHREE ra tios and neg a tive Eu anom a -
lies (e.g., Cullers and Graf, 1984; Cullers, 1994). The sed i ments 
stud ied ex hibit mod er ate frac tion ation of REE (LREE/HREE)
[(Lan/Ybn)ch = 6.23–8.55], sim i lar to that of PAAS, en hanced by
the LREE en rich ment and al most flat HREE (Fig. 9D). They
also dis play a mod er ate neg a tive (Eu/Eu*)ch anom aly (Ta ble 1).
These data also sup port fel sic par ent rocks for the sed i ments.
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Fig. 9. Trace el e ment and REE spi der di a grams of the Up per Cenomanian siltstones and sand stones 
from the Pisana Mem ber, High-Tatric Unit, Tatra Moun tains 

A, D – chondrite-nor mal ized pat terns (nor mal iza tion data af ter Thomp son, 1982); B, E – PAAS-nor mal ized pat terns
(nor mal iza tion data af ter Tay lor and McLennan, 1985); C, F – UCC-nor mal ized pat terns

(nor mal iza tion data af ter Tay lor and McLennan, 1985)



Sum ming up, all these petrographic data and chem i cal in di -
ces show that the sed i ments are de rived from mod er ately frac -
tion ated fel sic ig ne ous rocks and their meta mor phic coun ter -
parts (gneiss es and shists).

WEATHERING AND RECYCLING PROCESSES

Re la tion ships be tween al kali and al ka line earth el e ments are
used in the in ter pre ta tion of chem i cal weath er ing his tory of the
sed i ments (Nesbitt and Young, 1982, 1984). This in volves the
deg ra da tion of feld spars that leads to the loss of Ca, Na and K.
The in ten sity of chem i cal weath er ing could be  mea sured by us -
ing var i ous in di ces: the Chem i cal In dex of Al ter ation (CIA), ac -
cord ing to Nesbitt and Young (1982), the Plagioclase In dex of Al -
ter ation (PIA) af ter Fedo et al. (1995), the Chem i cal In dex of
Weath er ing (CIW) af ter Harnois (1988), and the Ruxton ra tio (R)
af ter Ruxton (1968).

The CIA ex presses the de gree weath er ing of feld spars to
clays, de fined as CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)]
×100, where the CaO* re fers to CaO in sil i cates only. The PIA
ex presses weath er ing of plagioclase to clays, de fined as PIA =
[(Al2O3 – K2O)/(Al2O3 + CaO* + Na2O – K2O)] ×100. The CIW,
named as the po tas sium-free in dex, is de fined as CIW =
[Al2O3/(Al2O3 + CaO + Na2O)] ×100. The R is a very sim ply in -
dex given by the SiO2/Al2O3 ra tio, as sum ing that Al2O3 re mains
im mo bile dur ing weath er ing, so that changes in R re flect sil ica
loss as a proxy for to tal el e ment loss. Un for tu nately, the rel a -
tively high amounts of car bon ates in the sam ples, con firmed by
Scheibler anal y ses in the Zabijak Gully sec tion (CaCO3 ranges
from 15 to 28%; Ta ble 1) cre ate the prob lems in ap pli ca tion of
the weath er ing in di ces, re lated to sep a ra tion of Ca that may
come from both car bon ates and sil i cates. Nev er the less, we cal -
cu lated the val ues of CaO* by as sum ing that the con cen tra tion
of this ox ide is equal to that of Na2O, as pro posed by McLennan
(1993) and Bock et al. (1998). The cal cu lated val ues of weath -
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Fig. 10. Dis crim i na tion di a grams of the Up per
Cenomanian siltstones and sand stones from the

Pisana Mem ber, High-Tatric Unit, Tatra Moun tains

A – Th/Sc ver sus Zr/Sc di a gram af ter McLennan et al.
(1993); B – discriminant func tion 1–2 di a gram af ter Roser
and Korsch (1988); C – plot of La/Th ver sus Hf af ter Floyd
and Leveridge (1987); D – Th/U ver sus Th di a gram af ter
McLennan et al. (1993); E – Th/Co ver sus La/Sc di a gram af -
ter Cullers (2002)



er ing in di ces are rel a tively high (Ta ble 1): CIA = 70% on av er -
age, PIA = 79% on av er age, CIW = 81% on av er age, and the R
= 5.3 on av er age, in di cat ing mod er ate to in tense chem i cal
weath er ing pro cesses of rocks at the source area.

The Zr/Sc ra tio is an in di ca tor of zir con abun dance (e.g.,
McLennan et al., 1993), and thus it is con sid ered as a good in di -
ca tor of sed i ment re cy cling. This ra tio is rel a tively low in the
sed i ments stud ied, rang ing be tween 9.27 and 18.03 (Ta ble 1).
In turn, a pos i tive cor re la tion be tween Th/Sc and Zr/Sc cor re -
sponds to non-re cy cled sed i ments, while a more rapid in crease
in Zr/Sc (zir con en rich ment) than in Th/Sc is typ i cal of re cy cled
sed i ments (McLennan et al., 1993). The data pre sented on Fig -
ure 10C show rel a tively high Th/Sc (0.76 on av er age) and low
Zr/Sc ra tios (12.56 on av er age) in the sed i ments stud ied, which
is in ter preted as a mi nor (or lack of) sed i ment re cy cling and
sort ing ex pressed by zir con en rich ments. Fur ther more, a low
amount of TiO2 (0.44 wt.% on av er age; Ap pen dix 1) and low
amount of REE (113.7 ppm on av er age; Ta ble 2) com pared to
UCC val ues (146 ppm; McLennan, 1989) do not con firm en rich -
ment in heavy min er als. 

Microfacies anal y ses show seg re ga tion of min er als in the
stud ied ma te rial, de pend ing on the frac tion. Fine and very fine
sand stones are rich in quartz and lithic grains, while mudrocks
are ex clu sively rich in micas (Figs. 4B and 6J). Mica flakes are
usu ally eas ily win nowed from arenites or they are hy drau li cally
sorted (e.g., Folk, 1980), and orig i nate mostly dur ing weath er -
ing pro cesses. Thus, the abun dant micas in fine-grained sed i -
ments may in di cate stron ger win now ing of light, small par ti cles

dur ing a pe riod of more arid cli mate in land en vi ron ments. Suc -
ces sive trans port of re de pos ited ma te rial for a long dis tance
took place in a low-en ergy en vi ron ment. Such en vi ron ments
are del tas or slug gish rivers which de pos ited flu vial sands or
deltaic sed i ments far from the source area (Folk, 1980). Far ther
dis lo ca tion of fine sed i ments took place on the shelf due to sea -
sonal wa ter cir cu la tion, like in mod ern ma rine en vi ron ments.
Among the ex am ples of such en vi ron ment is the San Pedro
Shelf along the Cal i for nia Coast (e.g., Drake and Cacchione,
1985), where weak tide-gen er ated bot tom cur rents main tain
ma te rial in the silt and clay frac tions in sus pen sion above the
bot tom and trans port it off shore to ward the outer shelf. This ma -
te rial may be set tled dur ing pe ri ods of de clin ing cur rent ve loc ity
un der the thresh old value dur ing pe ri ods of sea sonal wa ter cir -
cu la tion change. The weak cur rents can trans port silt and clay
ma te rial, while the sand frac tion was moved dur ing strong storm 
events (e.g., Ferré et al., 2005).

TECTONIC SETTING

The ma jor and trace el e ment chem i cal com po si tions of sed i -
men tary rocks can be used to dis crim i nate tec tonic set tings of
sed i men tary bas ins (Bhatia and Crook, 1986; Roser and Korsch, 
1986, 1988; McLennan et al., 1993). Based on the bi nary dis -
crim i na tion di a gram of Roser and Korsch (1986), the par ent
rocks of the sed i ments stud ied are de rived from “im ma ture con ti -
nen tal mar gin mag matic arc” (Fig. 10D). As il lus trated in the tri an -
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Fig. 11. Ter nary and rect an gu lar di a grams of trace el e ments from the Up per
Cenomanian siltstones and sand stones in the Pisana Mem ber, High-Tatric Unit, 

Tatra Moun tains di a grams af ter Bhatia and Crook (1986)



gu lar di a gram La/Th–Sc (Fig. 11A), pro posed by Bhatia and
Crook (1986), the sed i ments are plot ted in the field re lated to
“con ti nen tal is land arc”. Furthemore, in the Th–Sc–Zr/10 ter nary
di a gram (Fig. 11B) of tec tonic set ting dis crim i na tion (Bhatia and
Crook, 1986), all of the data are plot ted in side the field cor re -
spond ing to “ac tive con ti nen tal mar gin”. Sim i lar tec tonic dis crim i -
na tion is sug gested on the Th–Co–Zr/10 tri an gu lar di a gram (Fig.
11C), where all sam ples plot in side the “ac tive con ti nen tal mar -
gin” field (Bhatia and Crook, 1986). 

The sed i ments dis play a low Th/U ra tio and low U abun -
dance (Ta ble 1 and Ap pen dix 1), which is char ac ter is tic of mod -
ern sed i ments orig i nated from de pleted man tle sources of arc
prov e nance in ac tive mar gin set tings (Fig. 10E), as was sug -
gested by Mc Lennan et al. (1993). The av er age ra tios of REE
in di ces (Eu anom aly and SREE; Ta ble 2) in the sed i ments are
typ i cal of av er ages in sands from mod ern con ti nen tal arc bas ins 
(McLennan, 2001). 

CONCLUSIONS

The petrographic and chem i cal com po si tions of the Up per
Cenomanian siliciclastic sed i ments of the Pisana Mem ber
(Zabijak For ma tion) in the Tatric area show vari abil ity of silici -
clatic ma te rial sup plied to the Zliechov (Križna) ma rine ba sin. In 
the source area, this ma te rial was trans ported by rivers flow ing
through the crys tal line mas sifs, built of fel sic rocks, most prob a -
bly con tain ing var i ous types of granitoids and low-, me dium- or
high-grade meta mor phic rocks (schists and gneiss es). Such in -

ter pre ta tion is based on petrographic anal y sis and have been
con firmed by the chem is try and geo chem i cal char ac ter is tics,
where trace el e ments, es pe cially the im mo bile el e ments, such
as REE, Th, Cr, Co, Zr, and Y, were used as the in di ces for sed -
i ment prov e nance. 

Geo chem i cal weath er ing in di ces (CIA, PIA, CIW, R) sug -
gest that the ma te rial trans ported to the ma rine en vi ron ment
was mod er ately or even in tensely chem i cally al tered. Min eral
grains and lithoclasts in the dis tal ma rine fa cies (Pisana Mem -
ber) are mod er ately sorted, and the grains ex hibit var i ous
round ing classes. Geo chem i cal in di ces re lated to sort ing pro -
cesses (low Zr/Sc ra tio, low amount of TiO2 and REE) con -
firmed the mi cro scopic ob ser va tions, ex clud ing the en rich ment
in heavy min er als (zir con, tour ma line, rutile; Fig. 7G–I), thus the
re cy cling of this ma te rial has a mi nor sig nif i cance. 

The small dif fer ences in chem i cal com po si tion of the sed i -
ments are re lated to their frac tions, thus they re sult from sort ing
pro cesses dur ing their trans port and de po si tion at the ba sin floor. 
The type and the frac tions of grains, and gen eral ma tu rity of
siliciclastic-bear ing sed i ments may in di cate their der i va tion and
long dis tance from source ar eas. Microfacies anal y ses show ing
frac tion-de pend ent seg re ga tion of min er als in the stud ied ma te -
rial sug gest trans port of re de pos ited ma te rial over a long dis -
tance in a low-en ergy en vi ron ment. First, it was a trans port in del -
tas of slug gish rivers, fol lowed by far ther dis lo ca tion of fine sed i -
ments on the shelf, re lated to sea sonal wa ter cir cu la tion. The
trans port of this fine-grained par ti cles was also likely in di luted
turbidites, as was sug gested ear lier by Krajewski (2003). In such
sense, this siliciclastic ma te rial has a “syno rogenic” char ac ter,
rep re sent ing the dis tal fa cies of di luted turbidites (Fig. 12) com ing 
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Fig. 12. Model with petrographic and geo chem i cal fea tures of the Late Cenomanian siliciclastic sed i men ta tion
 in the Zliechov (Križna) Ba sin, north ward of the underthrusting zone be tween the Tatric-Fatric and Veporic 

sed i men tary ar eas model based on Plašienka, 2012 (sup ple mented by B¹k et al., 2016)

P. Oc. – Penninic Ocean



from the shelf edge of the ac tive north ern Veporic mar gin, where
the Tatric–Fatric base ment, in clud ing var i ous Lower Cre ta ceous
car bon ate sed i ments at the top, was underthrusted be low the
Veporic base ment (e.g., Michalik, 2007; Prokešová et al., 2012;
Plasienka, 2012). The prox i mal fa cies are rep re sented by the
Poruba For ma tion that con sists of thicker clastic ma te rial con -
tain ing bod ies of ex otic-bear ing con glom er ates (Mišik et al.,
1981; Häusler et al., 1993). 

The low siliciclastic in put ob served up ward the sec tion might
be as so ci ated with di min ish ing of the source area com posed of
fel sic and meta mor phic rocks and with stepwise in land
progradation of a car bon ate plat form, caused by a sea level rise
dur ing the Late Cenomanian (B¹k et al., 2016). The up ward-de -
creas ing con tent of siliciclastic grains may also in di cate a cli mate

in flu ence, and a change from a hu mid cli mate with higher pre cip i -
ta tion and stron ger leach ing of par ti cles to a more arid cli mate
with stron ger win now ing of light, small mica flakes.
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